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Pathogenesis of polyglutamine diseases: Piecing
together a complex molecular puzzle

Esmeralda Villavicencio Gonzalez">*@® and Huda Y. Zoghbi***>¢@®

Polyglutamine (polyQ) diseases, caused by a CAG repeat expansion encoding a glutamine tract in nine distinct proteins,
present a complex molecular puzzle in which each piece contributes to neurodegeneration. While each of the causative proteins
has a distinct function, the downstream consequences of polyQ toxicity are often similar, including protein accumulation,
transcriptional dysregulation, somatic CAG repeat instability, disrupted energy homeostasis, compromised synaptic function,
and selective neuronal death. This review summarizes emerging insights into how proteins with an expanded polyQ tract
disrupt distinct cellular functions, and we examine a multitude of discoveries that are inspiring and reshaping novel

therapeutic strategies.

Introduction
Polyglutamine (polyQ) diseases are a group of monogenic neu-
rodegenerative disorders that share a mutational mechanism: a
CAG trinucleotide expansion in the disease gene that encodes for
an abnormally long glutamine tract. This expansion alters the
function of the host protein and leads to neuronal dysfunction
and degeneration. Nine polyQ disorders have been described to
date: spinobulbar muscular atrophy (SBMA), Huntington’s dis-
ease (HD), spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, and 17,
and dentatorubral-pallidoluysian atrophy (DRPLA) (Table 1).
These disorders share several characteristics. All, except for
SBMA, are inherited in an autosomal dominant manner. SBMA
is an X-linked recessive disorder, but the expanded polyQ tract
exerts dominant effects at the cellular level. This cellular dom-
inance would explain why some female carriers, despite reduced
levels of circulating androgens and random X-inactivation pro-
tecting about half of their cells, occasionally manifest subclinical
features of SBMA (Ishihara et al,, 2001; Sobue et al., 1993;
Schmidt et al., 2002). For all these disorders, longer CAG ex-
pansions are associated with earlier age of disease onset and
more severe symptomatology. Typically, polyQ disorders strike
in midlife and cause progressive degeneration over the next 10-
20 years, eventually leading to death. Larger expansions in
subsequent generations of affected individuals—a phenomenon
known as genetic anticipation—lead to infantile and juvenile-
onset cases. For the most part, the causative proteins are ubig-
uitously expressed, with the exception of CACNAIA, the protein
involved in SCA6, which is primarily restricted to cerebellar

Purkinje cells (PCs) (Westenbroek et al., 1995; Ishikawa et al.,
1999). Finally, while the nine disorders share some overlapping
clinical features, each disease is marked by a distinct pattern of
neurodegeneration affecting specific brain regions and neurons.

Genetic mouse models of polyQ diseases have been instru-
mental in elucidating important aspects of pathogenesis, disease
course, and therapeutic strategies. Given the shorter lifespan of
mice compared with humans, most polyQ disease models carry
transgenes or knock-in alleles with very large repeat sizes
resembling juvenile forms of each disorder. While different
models will be suitable for different research questions and
approaches, knock-in models are ideal for pathogenesis studies
because they maintain the mutation in its natural genetic
landscape (endogenous promoters and enhancers) and full-
length protein context. We have compiled a few widely used
mouse models that faithfully reproduce each polyQ disease
(Table 2). When drawing conclusions from experiments in the
field, careful consideration of the models used (i.e., whether
they are transgenic or knock-in, or express full-length versus
truncated protein) is essential for contextualizing and inter-
preting their relevance to human disease.

The field of polyQ diseases has undergone remarkable pro-
gress in recent years, revealing new mechanistic and thera-
peutic insights. This review seeks to highlight the most recent
advances in pathogenic mechanisms of polyQ disorders and
discuss how they support or reshape long-standing hypotheses
and ideas in the field. It concludes with an overview of the
current therapeutic efforts, their potential, and challenges.
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subthalamic nucleus), and

brainstem

deterioration (juvenile),

pathogenic

dementia (adults), and
psychiatric symptoms

aThese have also been described as alleles of uncertain clinical significance and should be interpreted within the context of family history and patient clinical presentation.

bShortest full-penetrance allele is not well defined.

Pathogenesis

PolyQ diseases, despite their monogenic nature, exhibit
complex pathogenic mechanisms that result in progressive
neurodegeneration. The expanded polyQ tract initiates a cascade
of cellular dysfunction that involves protein misfolding and
accumulation, altered protein-protein interactions, transcrip-
tional dysregulation, mitochondrial impairment, compromised
protein quality control, and somatic instability. These patho-
genic processes form an intricate network of interdependent
mechanisms that amplify cellular damage (Fig. 1).

PolyQ diseases are proteinopathies

The term “proteinopathies” describes disorders character-
ized by the abnormal accumulation of proteins in the brain
and peripheral tissues (Bayer, 2015). PolyQ diseases are part
of this group, along with prominent neurodegenerative
conditions like Alzheimer’s disease and Parkinson’s disease
(Ross and Poirier, 2004; Golde et al., 2013). PolyQ diseases
exhibit the main hallmarks of proteinopathies: misfolding
and aggregation of specific proteins, alterations of the target
protein function or gain of a toxic function, neuronal dys-
function, and neurodegeneration.

Protein misfolding and aggregation. One of the earliest his-
topathological observations in the field was that the proteins
with an expanded polyQ tract are prone to misfolding and ag-
gregation. Intranuclear ubiquitin-positive inclusions of
the disease proteins were observed in selective neuronal pop-
ulations in postmortem brains of human patients and some
mouse models of HD (Davies et al., 1997; DiFiglia et al., 1997;
Scherzinger et al., 1997), SCA3 (Paulson et al., 1997), SCAl
(Skinner et al., 1997), SBMA (Li et al., 1998), DRPLA (Hayashi
et al., 1998), SCA2 (Koyano et al., 1999), SCA7 (Holmberg et al.,
1998), and SCA17 (Nakamura et al., 2001). Inclusions are also
present in SCA6, but they are ubiquitin-negative and are mostly
cytoplasmic (Ishikawa et al., 1999).

Whether these inclusions are pathogenic, incidental, or
protective has been resolved for some polyQ diseases, but not all.
Early studies showed that polyQ inclusions increase with repeat
size and display amyloid-like structures similar to those seen in
Alzheimer’s disease (DiFiglia et al., 1997). Critical cellular ma-
chinery, including molecular chaperones, proteasomal compo-
nents, and transcription factors, colocalize with these inclusions
(Cummings et al., 1998; Steffan et al., 2000). The redistribution
of critical cellular factors initially emerged as a potential path-
ogenic mechanism. However, subsequent discoveries challenged
the idea that inclusions were a source of toxicity, demonstrating
that nuclear inclusions were not necessary for pathogenesis in
SCAI and SCA2 (Klement et al., 1998; Cummings et al., 1999;
Huynh et al., 2000; Handler et al., 2023), did not correlate with
cell death in HD (Saudou et al., 1998), and were virtually absent
in the most vulnerable neurons in HD, medium spiny neurons
(MSNs) (Gutekunst et al., 1999; Kuemmerle et al., 1999). Fur-
thermore, inclusions were shown to reduce intracellular levels
of the soluble mutant protein, reducing the risk of cell death
(Arrasate et al., 2004). These findings shifted the consensus
toward viewing inclusions as a protective cellular response to
cope with misfolded proteins.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

30f23



Table 2. Some of the most accurate mouse models of PolyQ disease

Disease Mouse
model name

Genetic approach and
repeat number

Behavioral phenotypes

Prominent
neuropathology

Major advantages or
special features

References

SBMA  ARII3Q Knock-in of human AR~ Weight loss, Myopathic and denervating Physiologically relevant  Yu et al. (2006)
exon 1 containing 113 neuromuscular weakness changes in skeletal muscle, expression of mutant
CAG repeats into mouse  (~8 wk), testicular nuclear inclusions (NIs) in  protein. Pathology is
Ar locus atrophy, reduced fertility, spinal neurons androgen-dependent
reduced survival (2-4 mo)
HD CAG140 Knock-in of human HTT  Hyperactivity followed by Selective striatal neuronal ~ Physiologically relevant ~ Menalled et al.
exon 1 containing 140 hypoactivity, motor loss, reduced spine density expression of mutant (2003), Hickey
CAG repeats into mouse  deficits (~4-6 mo), motor of MSNs, cortical and protein. Slower et al. (2008)
Htt locus, homozygote  learning impairment, striatal gliosis, Nls progression is a more
abnormal gait (>12 mo) accurate representation
of adult-onset HD
progression
YAC128 Full-length human HTT ~ Motor learning deficits Selective striatal neuronal  Earlier and more robust ~ Slow et al. (2003),
transgene with 128 (~2 mo), depression-like loss, cortical atrophy phenotypes than the Van Raamsdonk
repeats (mostly pure CAG behavior, abnormal gait  reduced brain weight, NIs,  knock-in model. Exhibits et al. (2005)
tract with some CAA (~8-12 mo), hyperactivity and reduced dopamine psychiatric phenotypes
interruptions), with all  followed by hypoactivity levels too. Repeat number is
endogenous regulatory stable
regions present
BAC-CAG HD Full-length human HTT ~ Motor learning deficits (6 No overt brain atrophy. Somatic CAG instability in  Gu et al. (2022)
transgene encoding 131 mo), hypoactivity, Loss of striatal MSNs striatum, which correlates
glutamines, with an reduced grip strength, synapses, Nls in striatum  with behavioral
uninterrupted stretch of ~and sleep disruption and cortex, astrogliosis, and impairment. The
120 CAGs. All microgliosis in the striatum sequence also includes
endogenous regulatory patient-associated SNPs
regions present
SCAl  AtxnI™¥2Q  Knock-in of 154 CAG Progressive motor deficits Nls, gradual PC pathology, Physiologically relevant ~ Watase et al.
repeats into mouse Atxnl (onset ~5 wk), cognitive  hippocampal neuronal expression of mutant (2002),
locus deficits (~7 wk), abnormal  dysfunction, reduced brain  protein. Extensively Jafar-Nejad et al.
gait, weight loss, weight, and ventricle characterized; closely (2011)
kyphosis, breathing enlargement reproduces SCA1
deficits, and premature phenotypes
death (~48 wk)
SCA2 Atxn2- Knock-in of 42 CAG Weight loss and late- Cytoplasmic inclusions in  Physiologically relevant ~ Damrath et al.
CAG42 repeats into mouse Atxn2 onset cerebellar motor PCs expression of mutant (2012)
locus phenotypes (~12 mo) protein
BAC-Q72 Full-length human ATXN2 Motor deficits (onset ~16 Gradual PC pathology Ubiquitous expression of ~ Dansithong et al.
transgene with 72 CAG  wk) and reduced body mutant protein (2015)
repeats, with all weight
endogenous regulatory
regions present
SCA3 YAC84Q Full-length human ATXN3 Abnormal gait, late-onset  Nls, neuronal loss in Expression of all isoforms Cemal etal. (2002)
(M)D84.2) transgene with 84 CAG  motor deficits (~30 wk), pontine and dentate nuclei, of ATXN3. Resembles
repeats, with all hypoactivity, kyphosis, and gliosis adult-onset SCA3
endogenous regulatory  and reduced body weight
regions present
SCA6  Sca6®4/84Q  Knock-in of human exon Progressive motor Cytoplasmic inclusions in  Physiologically relevant ~ Watase et al.

47 containing 84 CAG
repeats into mouse
Cacnala locus,
homozygote

impairment (onset at ~7
mo) and abnormal gait

PCs

expression of mutant
protein. Resembles adult-
onset disease

(2008)
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Table 2. Some of the most accurate mouse models of PolyQ disease (Continued)
Disease Mouse Genetic approach and Behavioral phenotypes Prominent Major advantages or  References
model name repeat number neuropathology special features
SCA7 Sca7?6Q/%Q  Knock-in of 266 CAG Ptosis, visual impairment, Nls in brain and retina, Physiologically relevant Yoo et al. (2003)
repeats into mouse Atxn7 ataxia, muscle wasting, cone-rod dystrophy, and expression of mutant
locus kyphosis and tremors reduced brain size protein. Rapid
(onset ~5 wk), progression, resembles
hypokinesia, and infantile SCA7
premature death (4-5
mo)
SCA17  Germline- Knock-in of human exon  Progressive motor deficits PC degeneration, muscle Proper spatiotemporal Huang et al.
TBP 105Q 2 containing 105 CAG (onset ~3 mo), ataxia, degeneration, and TBP expression of mutant (2011), Huang
repeats into Tbp mouse  kyphosis, reduced body  aggregation in muscle and  protein and relatively et al. (2015)
locus, flanked by loxP weight, premature death  brain rapid progression
sites under the control of (~5-10 mo)
Ella-Cre (germline)
DRPLA Q129 Full-length human DRPLA  Myoclonus and ataxic gait Nls, reduced brain weight,  Rapid onset of disease Sato et al. (2009)

transgene with 129 CAG
repeats, under the
control of endogenous
promoter

(onset ~3 wk), epileptic
seizures (onset ~9 wk),
and premature death (by
16 wk)

replicates juvenile-onset
DRPLA

and progressive cortical
atrophy

In the following years, aggregation was shown to be a two-
step process: initially, mutant proteins assemble into soluble
oligomers rich in B-sheet structures, which later form larger
insoluble inclusions (Ellisdon et al., 2006). Biochemical experi-
ments in cells expressing polyQ peptides suggested that soluble
oligomers, rather than insoluble inclusions, are the primary
toxic species and that inhibiting their formation can improve
cellular viability (Sdnchez et al., 2003; Takahashi et al., 2008). In
the Atxn*4Q/2Q mouse model of SCA1, oligomer levels correlated
with motor impairment (Lasagna-Reeves et al., 2015a), and in-
hibiting internalization of ATXNI oligomers by passive immu-
notherapy delayed disease progression (Lasagna-Reeves et al.,
2015b). Additionally, Congo red, a dye that inhibits oligomer for-
mation, resulted in amelioration of pathology in the R6/2 transgenic
mouse model of HD (Sanchez et al., 2003).

A few more recent studies in mouse and cell models ex-
pressing mutant HTT exon 1 (Httex1) challenge the view that
inclusions are purely cytoprotective, showing that perinuclear
inclusions can damage the nuclear membrane (Liu et al., 2015),
while cytoplasmic inclusions disrupt nuclear transport and
alter endoplasmic reticulum dynamics (Woerner et al., 2016;
Bauerlein et al., 2017). Another Httex1 study proposed a model
in which inclusions initially protect cells by sequestering toxic
oligomers but later contribute to slow cell death by gradually
trapping essential factors and inducing cellular quiescence
(Ramdzan et al., 2017). While interesting, these findings may
not fully reflect the behavior of full-length huntingtin, given
that they are solely based on the expression of a truncated HTT
fragment containing a long polyQ tract. Additional studies
using patient-derived samples or full-length protein models are
needed.

Mutant protein cleavage resulting in more toxic spe-
cies. Proteins with expanded polyQ regions tend to misfold and
undergo proteolytic cleavage, generating smaller fragments that
are more prone to aggregation than the full-length proteins.

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Mutant HTT (mHTT), ATXN3, ATXN7, AR, and ATNI are sub-
strates of caspases, a family of cysteine proteases, and the re-
sulting cleavage fragments are toxic to neurons (Wellington
et al., 1998; Kim et al., 2001; Wellington et al., 2002; Shoesmith
Berke et al., 2004; Ellerby et al., 1999b; Ellerby et al., 1999a;
Young et al., 2007). Calpains, another family of cysteine pro-
teases, also cleave mHTT, ATXN3, and TBP into pathogenic
fragments (Gafni and Ellerby, 2002; Hiibener et al., 2013; Weber
et al., 2022). In addition, a Drosophila screen identified three
enzymes of the matrix metalloproteinase family that cleave HTT
(Miller et al., 2010). Proteolytic cleavage of HTT results in the
release of toxic N-terminal fragments that accumulate and ag-
gregate more readily, which helps explain why animal models
expressing truncated HTT, such as the R6/2 mouse model, de-
velop more severe pathology than full-length models (Wang
et al., 2008; Landles et al., 2010). These findings suggest that
blocking proteolytic cleavage could ameliorate polyQ toxicity.
Supporting this, knockdown of matrix metalloproteinase ho-
mologs in a Drosophila model of HD rescues neuronal dysfunc-
tion (Miller et al., 2010), and mutation of caspase and calpain
sites in several polyQ-expanded proteins prevents cell death
in vitro and neurodegeneration in vivo (Ellerby et al., 1999a;
Ellerby et al., 1999b; Graham et al., 2006; Young et al., 2007).
Recent experiments have provided more insight into how
cleaved fragments disrupt cellular functions and lead to cell
death. For instance, the expression of truncated forms of ATXN3
resulting from calpain cleavage caused disrupted mitochondrial
dynamics and increased susceptibility to apoptosis (Harmuth
et al., 2018). C-terminal fragments of HTT that do not contain
the polyQ stretch have also been shown to cause cellular dys-
function. These fragments cause dilation of the endoplasmic
reticulum and cell death by inactivating dynamin-1, an impor-
tant player in membrane fission (El-Daher et al., 2015). How-
ever, while proteolytic cleavage appears to play a key role in the
disruption of several cellular functions, it may not be essential

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336
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Figure 1.
scribed, producing RNA that can misfold, undergo aberrant splicing, and exert

Pathogenesis of polyQ diseases. PolyQ pathogenesis involves the interplay of several disrupted cellular processes. The mutated gene is tran-

RNA toxicity. After translation takes place in the cytoplasm, the mutant protein is

often cleaved by proteolytic enzymes into aggregation-prone fragments. Many aberrantly spliced transcripts are also translated into fragments that aggregate
readily. Both full-length and fragmented proteins that contain a nuclear localization signal translocate into the nucleus, where they form toxic soluble oligomers
and, eventually, insoluble aggregates. These aggregates deplete the host protein and other essential cellular factors from their native functions, leading to
transcriptional dysregulation and widespread dysfunction. Additional cellular pathways including endoplasmic reticulum dynamics, mitochondrial bioenergetic

pathways, protein clearance, and calcium signaling are disrupted. Moreover,
progressive lengthening of the tract and exacerbation of toxicity (created in

for pathogenesis in all polyQ diseases. For instance, there is no
evidence that ATXN1 undergoes cleavage, and the role of ATXN2
fragments in SCA2 remains poorly understood. Therefore, tar-
geting protein cleavage may be a viable therapeutic avenue for
some, but not all, polyQ diseases.

Alteration in function: Mixture of gain and loss of func-
tion. Pathogenesis in polyQ diseases is driven by a combi-
nation of gain- and loss-of-function effects. For all polyQ
disorders, toxic gain-of-function effects are considered the
primary drivers of disease and usually stem from changes
in the mutated protein’s stability, abnormal accumulation,
transcriptional dysregulation, or altered interactions. Loss-of-
function mechanisms are still significant and usually occur due
to diversion of the protein away from its critical sites of action or
normal functions.

There are multiple well-established examples of gain-of-
function mechanisms across polyQ diseases. ATXNI natively

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

the CAG tract is prone to somatic expansion due to failed MMR, resulting in the
BioRender, https://BioRender.com/r78karc).

interacts with the transcription factor Capicua (CIC) to repress
CIC target genes. When ATXNI carries an expanded polyQ tract,
the ATXNI1-CIC complex acquires a toxic gain of function that
results in enhanced repression of target genes (Lam et al., 2006;
Fryer et al., 2011; Rousseaux et al., 2018). While there are some
CIC targets that show derepression in the cerebellum of
Atxn1>4Q/2Q mijce, reducing CIC levels in these mice relieves the
strong repression and improves motor phenotypes, suggesting
that a gain of CIC function drives cerebellar pathogenesis
(Fryer et al., 2011). Interestingly, disrupting the polyQ-expanded
ATXNI1-CIC interaction rescues pathology in a PC-specific mouse
model of SCAL, but it only partially rescues transcriptional
defects and phenotypes in the rest of the cerebellum of
AtxnI’4Q/2Q mice (Rousseaux et al., 2018; Coffin et al., 2023).
These findings suggest that ATXN1-CIC gain of function drives
PC pathology but may not underlie dysfunction in other cere-
bellar cell types. This underscores an important feature of
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polyQ diseases: different affected cell populations may exhibit
distinct pathogenic mechanisms.

Loss-of-function effects are usually determined by compar-
ing polyQ disease phenotypes with those seen in individuals
carrying loss-of-function mutations in the same gene, or with
knockout or knockdown experimental models. Androgen in-
sensitivity, which manifests as undervirilization in males, is a
phenotype seen in patients with loss-of-function mutations in
AR (Brinkmann, 2001). SBMA patients show relatively mild
androgen insensitivity phenotypes (manifested as gynecoma-
stia, testicular atrophy, and infertility), which suggests that
there is a partial loss of AR function contributing to non-
degenerative phenotypes (Dejager et al., 2002). Consistent with
this, key features of SBMA such as lower motor neuron degen-
eration and brainstem dysfunction are not seen in AR knockout
mouse models or patients with severe AR loss-of-function mu-
tations (Yeh et al., 2002; Batista et al., 2018). As another exam-
ple, knockout of ATXN1 in mice results in a mild learning and
memory phenotype (Matilla et al., 1998). This resembles the
cognitive decline seen in juvenile-onset SCAl patients and the
knock-in mouse model, suggesting that this phenotype may be
partly driven by loss of function of ATXN1 (Crespo-Barreto et al.,
2010). Similar to SBMA, loss of function of ATXN1 does not re-
produce the hallmark features of SCAl1—cerebellar ataxia and
brainstem dysfunction (Matilla et al., 1998). This suggests that
while some phenotypes might be partially driven by loss of
function of the respective protein, polyQ diseases are mainly
driven by gain-of-function mechanisms.

The role of the wild-type allele. Aside from SBMA, polyQ
diseases are autosomal dominant disorders, meaning that one
mutant allele is sufficient to cause disease. To study pathogen-
esis in a comprehensive manner, it is necessary to determine
how the wild-type allele influences disease progression in each
disorder. Early studies suggested that the wild-type allele has a
protective role. In a transgenic cellular model of HD, the over-
expression of the full-length wild-type protein reduced cell
death (Leavitt et al., 2006). Similarly, in a Drosophila model of
SCA3, the co-expression of full-length wild-type and mutant
ATXN3 ameliorated neurodegeneration phenotypes (Warrick
et al., 2005). Conversely, experiments that depleted the wild-
type host protein in the YAC72 mouse model of HD and in the
Atxn1>4Q/2Q model of SCALI resulted in worsened phenotypes,
supporting the idea of the wild-type allele conferring protection
(Leavitt et al., 2001; Lim et al., 2008). Additionally, a cis regu-
latory variant that reduces HTT expression is associated with
earlier age at onset when present in the wild-type allele in HD
patients (~3.9 years earlier), suggesting that reduction of the
wild-type protein is a modifier of disease (Be¢anovié et al., 2015).

More recent experiments have tested the effect of selectively
reducing the levels of the mutant protein compared with re-
ducing both mutant and wild-type protein levels. For instance,
phosphorylation at serine 776 of ATXN1 increases its stability by
preventing its degradation (Emamian et al., 2003; Chen et al,,
2003). Mutating this critical phosphorylation site in the ex-
panded allele of Atxn1*>4?/2Q mice reduced polyQ-expanded pro-
tein levels and resulted in a significant phenotypic rescue.
However, if wild-type protein levels were also reduced by
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mutating the S776 in the nonexpanded 2Q allele, the rescue was
significantly reduced, further supporting the hypothesis that
wild-type ATXNI is neuroprotective (Nitschke et al., 2021).

Understanding the role of the wild-type allele in the disease
state is critical for developing effective therapies. While loss of
the wild-type protein in an otherwise healthy background could
result in mild or no phenotypes, the disease background is
sensitized, and hence, reduced expression could be detrimental.
This is especially true if the wild-type protein competes with its
polyQ-expanded counterpart for interactors, dampening its
toxic effects. Thus, when studying protein reduction strategies
and potential therapeutic avenues, it is crucial to consider the
role of the wild-type protein in disease rather than extrapolating
from loss-of-function studies that occur in the absence of the
polyQ-expanded protein.

RNA toxicity
Some evidence suggests that the expression of the mutant RNA
can itself be toxic independently of the protein. A genetic screen
for modifiers of SCA3 toxicity in Drosophila revealed that upre-
gulation of muscleblind, a gene involved in RNA toxicity of CUG
expansion diseases, dramatically enhanced toxicity (Li et al.,
2008). Mutation of the CAG repeat sequence to an interrupted
CAACAG sequence (still coding the same number of glutamines)
resulted in a much milder phenotype in a SCA3 fly model.
Moreover, the expression of untranslated CAG repeats induced
neurodegeneration in the retina and brain of flies, as well as
muscle defects in mice, suggesting that the expanded CAG RNA
can be toxic (Li et al., 2008; Hsu et al., 2011). There is also evi-
dence that repeat-associated non-AUG (RAN) translation pro-
teins (polyAla, polySer, polyLeu, and polyCys) accumulate in the
brains of HD patients, particularly within regions most vulner-
able to HD pathology, and they exhibit toxicity in vitro (Bafiez-
Coronel et al., 2015). To date, HD is the only polyQ disorder in
which RAN translation has been clearly demonstrated, as con-
clusive evidence in other polyQ disorders is still lacking.

Several studies have attempted to find the mechanism behind
potential RNA toxicity. Analysis of the RNA structure of ex-
panded vs. wild-type HTT in vitro showed that mutant RNAs fold
into hairpin motifs that aberrantly recruit RNA binding pro-
teins. These RNAs form foci that colocalize with splicing factors
such as muscleblind-like 1 and stall the transport of RNA to the
cytoplasm for translation (De Mezer et al., 2011). Sequestration
of these splicing factors results in aberrant splicing of other
genes, which contributes to neuronal dysfunction in HD and
SCA3 (Mykowska et al., 2011; Schilling et al., 2019). Another
in vitro study suggested that CAG RNAs reduce ribosomal RNA,
causing nucleolar stress (Tsoi et al., 2012). Finally, it has been
proposed that expanded RNA is processed by Dicer, which pro-
duces short CAG-containing RNAs that cause toxicity by acti-
vating RNA interference (RNAi) (Krol et al., 2007; Bafiez-
Coronel et al., 2012), and that the amount of toxic short RNAs
is dependent on the length of uninterrupted CAGs (Murmann
et al., 2022).

There are, however, numerous successful rescue studies
across various polyQ diseases that target mechanisms inde-
pendent of the mutant RNA. Despite leaving the CAG RNA
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unchanged, these interventions have demonstrated abrogation
of toxicity, suggesting that protein-mediated toxicity is the main
mechanism driving neurodegeneration. For example, in the
AR113 knock-in mouse model of SBMA, surgical castration re-
sulted in the rescue of phenotypes, suggesting that deprivation
of androgens is enough to reduce toxicity (Yu et al., 2006). For
SCA1, mutation of the nuclear localization signal rescues toxicity
and improves lifespan (Klement et al., 1998; Handler et al., 2023),
and mutation of phosphorylation site S776 in the mutant allele,
which reduces protein stability, also rescues toxicity (Emamian
et al.,, 2003; Nitschke et al., 2021). Similarly, mutation of a
caspase-6 site in HTT prevents toxic proteolytic cleavage and
allows YACI28 mice to maintain normal neuronal function
without developing neurodegeneration (Graham et al., 2006).
Furthermore, mimicking phosphorylation in serine 421 of HTT
confers neuroprotection in induced pluripotent stem cells
(iPSCs) derived from HD patients (Xu et al., 2020) and amelio-
rates behavioral phenotypes and neurodegeneration in BACHD
mice (Kratter et al., 2016). These are only a few examples of
experiments in which the CAG tract of the RNA stayed intact, but
the phenotype was rescued. Finally, HD and SCA17 patients with
CAA interruptions in the mutant CAG tract often exhibit delayed
onset or reduced disease severity compared to those with un-
interrupted repeats of the same length. While this is consistent
with the idea of RNA toxicity, CAA interruptions may instead
confer protection by stabilizing the repeat tract and limiting
somatic expansion (Gao et al., 2007; Wright et al., 2019; Lee et al.,
2019).

Taken together, some studies suggest that RNA from CAG-
expanded transcripts can cause cytotoxicity through formation
of RNA foci, sequestering of RNA binding proteins, activation of
RNAI, and, in some cases, RAN translation. However, most ev-
idence for toxicity comes from in vitro experiments or relies on
artificial expression of untranslatable CAG constructs in vivo
rather than the full-length construct, so further validation is
needed. An extensive amount of evidence on protein-mediated
toxicity strongly suggests that while RNA toxicity might be a
contributor, it is not the main driver of pathogenesis.

Disrupted protein interactions and posttranslational modifications
The polyQ expansion alters protein conformation, affecting sites
involved in native interactions and posttranslational modifications
while potentially giving rise to novel pathogenic interactions or
exposing new modification sites. These interactions can have
widespread effects on cellular functions. Early studies, for
example, identified huntingtin-associated protein 1 (HAP1) asa
key interactor of huntingtin. HAP1 participates in intracellular
trafficking, and it binds mHTT more tightly than wild-type
HTT (Li et al., 1995). This enhanced binding to mHTT diverts
HAPI1 from other important complexes that are required for the
transport and release of essential factors that participate in
neurotrophic support and neurite outgrowth (Gauthier et al.,
2004; Rong et al., 2006; Wu et al., 2010). HAPI also regulates
autophagosome dynamics, and this function is disrupted by
mHTT binding, leading to defective cargo degradation (Wong
and Holzbaur, 2014). Another more recently discovered inter-
action is the translation factor eIF5A, which preferentially
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interacts with mHTT in vitro and is sequestered in aggregates,
altering translation dynamics (Aviner et al., 2024).

Importantly, each cell type provides a different molecular
context for a specific protein. The levels of co-expression of in-
teractors of a mutant protein in a specific cell will determine
which interactions get disrupted most significantly and the ef-
fect they have on cellular function. A recent longitudinal single-
cell study in the cerebellum of SCA1 knock-in mice found that
cerebellar cell types that show similar patterns of expression of
ATXN1 interactors also have similar general expression profiles,
suggesting that the cell type-specific effects might be dependent
on the co-expression of interactors (Tejwani et al., 2024).
These data suggest a potential mechanism for cell-specific
vulnerability.

In addition to binding partners, posttranslational mod-
ifications of the mutant protein also play a role in pathogenesis
as they can influence stability, degradation, and cleavage.
Ubiquitination of the mutant protein is generally protective in
all polyQ diseases, as it promotes its degradation (Johnson et al.,
2022). Thus, deubiquitination will have detrimental effects.
For example, the deubiquitinase USP7 shows preferential in-
teraction with polyQ-expanded AR and HTT, promoting their
aggregation and toxicity in knock-in mouse models of SBMA
and HD (Pluciennik et al., 2021). Other posttranslational
modifications like phosphorylation, SUMOylation, and acety-
lation also have a role in protein toxicity, but their effects can
vary depending on the protein and context. For example, SU-
MOylation can enhance toxicity in mouse models of SCA3 and
SBMA, but can exert a protective effect in HD. Specifically,
SUMOylation of lysine 166 in polyQ-expanded ATXN3 partially
increases its stability, which in turn enhances apoptosis rate
in vitro (Zhou et al., 2013). Disrupting SUMOylation sites in a
knock-in model of SBMA rescues muscular phenotypes and
prolongs survival (Chua et al., 2015). On the other hand, SU-
MOylation of mHTT reduces toxicity by decreasing soluble
mutant protein in vitro (O'Rourke et al., 2013).

These and more studies show that alteration of normal
protein interactions and posttranslational modifications
has downstream effects on stability, aggregation propensity,
transcriptional regulation, neuronal growth, autophagy, and
many other cellular functions.

Aberrant transcription and gene regulation

Transcriptional dysregulation emerges as a central pathogenic
mechanism in polyQ diseases, resulting from both the direct role
of disease proteins in transcriptional regulation and their altered
interactions with key regulatory factors. AR, ATN1, ATXNI,
ATXN?7, and TBP function as transcription factors or cofactors
(Table 1). In SCA7, mutant ATXN7 disrupts the STAGA histone
acetyltransferase complex, leading to widespread changes in
chromatin accessibility and gene expression that result in pho-
toreceptor dysfunction (Helmlinger et al., 2006). Similarly, in
SBMA, polyQ-expanded AR shows altered interactions with
nuclear receptor coregulators, disrupting hormone-dependent
transcription (Nedelsky et al., 2010). As described earlier, in
SCA1, mutant ATXNI’s interaction with the transcriptional re-
pressor CIC results in the hyper-repression of critical CIC target
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genes (Lam et al., 2006). Recent work has revealed that ATXN1
also interacts with other transcription factors like RFX1, ZBTBS5,
and ZKSCAN1, and some of the SCAI transcriptional changes
could be attributed to these factors (Coffin et al., 2023). Another
example is mHTT and the repressor element-1 silencing tran-
scription factor (REST). Wild-type HTT interacts with REST in
the cytoplasm, preventing it from repressing neuronal genes.
This interaction is weaker with polyQ-expanded HTT, which
results in greater inhibition of REST targets (Zuccato et al.,
2003). Transcriptional dysregulation can also arise from ag-
gregation and redistribution of proteins. For instance, both
mutant AR and HTT form nuclear aggregates that recruit CREB
binding protein, depleting it from its normal nuclear locations
and disrupting its transcriptional activation function,
which in turn affects neuronal survival (Nucifora et al.,
2001; McCampbell et al., 2000).

Transcriptional dysregulation in polyQ diseases is wide-
spread and progressive and has downstream consequences in
almost every aspect of cellular function, including metabolism,
autophagy pathways, cellular stress, and cell death.

Mitochondrial dysfunction

Mitochondrial dysfunction has been recognized as a critical
feature of polyQ diseases since early studies identified energy
metabolism deficits in patient tissues. Initial observation of HD
patient postmortem tissue revealed reduced activity of mito-
chondrial complexes II, III, and IV in the putamen and caudate,
and deficits in complex I in muscles, suggesting fundamental
defects in energy production (Parker et al., 1990; Gu et al., 1996;
Arenas et al., 1998). Similar bioenergetic deficits were subse-
quently identified across other polyQ disorders, pointing to
shared pathogenic mechanisms involving compromised respi-
ratory chain complexes and higher oxidative stress (Lago et al.,
2012; Yu et al., 2009; Cornelius et al., 2017).

The molecular basis of these defects is gradually becoming
clear. A study in iPSC-derived motor neuron-like cells from
SBMA patients showed that polyQ-expanded AR leads to wide-
spread repression of genes involved in oxidative phosphorylation
and fatty acid metabolism. This transcriptional dysregulation
results in reduced acetyl-CoA levels, low ATP production, and
altered lipid metabolism (Pourshafie et al., 2020). Similarly, the
top downregulated genes in the cerebellum of the Scag84Q/84Q
mouse model at disease onset were related to oxidative phos-
phorylation, cellular respiration, and mitochondrial function
(Leung et al., 2024). These transcriptional changes preceded
changes in function, but as mice aged, they showed more mito-
chondrial morphological defects and increases in oxidative stress
in PCs. Additionally, late-stage mice showed insufficient mi-
tophagy (Leung et al., 2024). Proteome analysis of the cerebellum
of Atxn1™>4Q/2Q mjce revealed significant downregulation of pro-
teins related to mitochondrial function in PCs. In this model,
treatment with the antioxidant MitoQ delayed mitochondrial
deficits and improved motor performance (Stucki et al., 2016).
In another study, SCA7 patient-derived iPSCs and the
Sca7?¢6Q/5¢ mouse model showed severe mitochondrial dys-
function characterized by abnormal mitochondrial morphol-
ogy and NAD+ depletion, which results in disrupted energy
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homeostasis (Ward et al., 2019). Direct protein interactions also
contribute to mitochondrial pathology. In HD, mHTT shows
enhanced binding to dynamin-related protein 1, a GTPase in-
volved in mitochondrial fission, leading to excessive mito-
chondrial fragmentation and impaired organelle function
(Cherubini et al., 2020). The current data suggest that mito-
chondrial dysfunction, oxidative stress, and insufficient mi-
tophagy create a cycle of cellular stress that exacerbates
pathogenesis. Treatment with antioxidants has a potential to
delay disease-onset and subdue symptoms.

Disrupted proteasomal machinery and autophagy pathways

The ubiquitin-proteasome system (UPS) and autophagy are the
two major pathways through which misfolded proteins are de-
graded. The UPS is functional in both the nucleus and cytoplasm,
and it tags short-lived proteins for proteasomal degradation by
ubiquitinating a lysine residue in the target protein through 3
enzymes: an activating (E1), a conjugating (E2), and a ligase (E3)
enzyme (reviewed in Pickart [2001]). In contrast, autophagy is
limited to the cytoplasm, and it involves the engulfment of long-
lived proteins, aggregated proteins, damaged organelles, or
pathogens into the autophagosome. This autophagosome then
fuses with lysosomes, where the engulfed contents are degraded
(reviewed in Khandia et al. [2019]).

Early on, studies suggested that aggregation and accumula-
tion of polyQ proteins impaired the UPS (Cummings et al., 1998;
Bence et al., 2001; Weinhofer et al., 2002; Venkatraman et al.,
2004). It has been shown that inclusions sequester molecular
chaperones such as Sispl, an essential chaperone of heat-shock
protein (Hsp) 40, which helps recognize and bind misfolded
proteins for ubiquitination (Park et al., 2013). Given that the UPS
is active in the nucleus, and this is an essential site of toxicity of
polyQ proteins, enhancing the UPS has been shown to be neu-
roprotective. For example, the overexpression of C-terminus of
heat-shock cognate protein 70-interacting protein, an E3 ligase,
has resulted in the amelioration of phenotypes in several models
of polyQ diseases, among them, a Drosophila model of SCA1 (Al-
Ramahi et al., 2006), a transgenic mouse model of SBMA (Adachi
et al., 2007), and cellular models of HD and SCA3 (Jana et al.,
2005).

Autophagy is also significantly disrupted in these disorders,
with impairments occurring at multiple steps, including
initiation, cargo recognition, autophagosome transport,
and degradation. One example is beclin-1 (BECN1), an autophagy-
initiating protein. Wild-type ATXN3 natively interacts with
BECNI1 via its polyQ domain and deubiquitinates it, preventing
its degradation and promoting autophagy. However, expanded
polyQ tracts in disease-causing proteins can outcompete wild-
type ATXN3 for this interaction, leading to reduced BECN1
levels and impaired autophagy initiation (Ashkenazi et al.,
2017). Another example is the cargo receptor p62, which has
been shown to aberrantly interact with mHTT, resulting in
impaired cargo recognition in vitro (Martinez-Vicente et al.,
2010). Moreover, HTT has been shown to natively bind dynein
and HAPI to regulate the axonal transport of autophagosomes,
and this process is also defective in cells derived from HD
knock-in mice, suggesting that the polyQ expansion in HTT
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functionally disrupts this complex (Wong and Holzbaur, 2014).
Consistent with this, neurons derived from HD patients exhibit
significant autophagic deficits, particularly in neurites, where
late autophagic structures accumulate and display defective
transport (Pircs et al., 2022).

Rescuing autophagic activity through different methods has
been shown to alleviate some of the pathology seen in different
disease models. In reprogrammed MSNs from symptomatic HD
patients, there is a significant downregulation of autophagy-
related genes, as well as a reduction in autophagic activity. En-
hancing autophagy, either by reducing levels of the autophagy
inhibitor miR-29b-3p or by treatment with a chemical autoph-
agy activator, ameliorated neurodegeneration phenotypes in
these cells (Oh et al., 2022). HD neurons in both mouse and rat
models showed a reduction in lysosomal density in dendrites,
and optogenetic relocation of lysosomes was able to rescue long-
term potentiation deficits, indicating that restoring lysosomal
function can also mitigate some of the synaptic impairments
associated with HD (Chen et al., 2023). Conversely, depleting
autophagy-linked FYVE protein, a scaffolding protein with a role
in selective autophagy of insoluble inclusions, accelerated ag-
gregate accumulation and hastened phenotypic onset in BACHD
mice, and increased aggregation (though not cell death) in HD
patient-derived MSNs (Fox et al., 2020). Overall, these data
suggest that modulation of autophagy can improve neuronal
function and delay disease progression.

PolyQ-expanded proteins affect both autophagy and the UPS
through various mechanisms, which results in impaired clear-
ance of mutant proteins and exacerbated toxicity. As a result,
improving autophagic and proteasomal responses could be
protective against neurodegeneration and a viable therapeutic
approach.

Other disrupted cellular functions

A substantial amount of data indicates that important cyto-
plasmic processes are disrupted in polyQ diseases. Fast axonal
transport (FAT), for instance, has been shown to be dysfunc-
tional in HD and SBMA (Szebenyi et al., 2003; Gunawardena
et al., 2003). FAT is the process through which membrane-
bound organelles like vesicles and mitochondria are trans-
ported within a neuron. Loss of function of a motor protein
involved in FAT is sufficient to cause neurodegeneration,
supporting the importance of this process for proper neuronal
function (Reid et al., 2002). Mutant AR and HTT have been
shown to inhibit FAT by activating c-Jun NH,-terminal protein
kinase 3, which in turn phosphorylates kinesin-1 and decreases
its ability to move cargo (Morfini et al., 2006; Morfini et al.,
2009). Additionally, mHTT’s altered interaction with HAP1
disrupts HAPI’s function in motor complexes and decreases the
transport of vesicles carrying essential factors such as brain-
derived neurotrophic factor (BDNF) (Gauthier et al., 2004;
Wong and Holzbaur, 2014). This disruption is particularly
significant because striatal cells depend on BDNF produced by
cortical neurons for their survival (Mizuno et al., 1994;
Ventimiglia et al., 1995), and lower BDNF levels have been seen
in the striatum, but not in the cortex, of HD brains (Ferrer et al.,
2000).
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Perturbations in calcium signaling have also been observed in
mouse models of HD, SCA2, SCA3, and SBMA (Tang et al., 2003;
Bezprozvanny and Hayden, 2004; Chen et al., 2008; Liu
et al.,, 2009; Marchioretti et al., 2023). Mutant ATXN2,
ATXNS3, and HTT have been shown to interact with inositol
1,4,5-trisphosphate receptor type 1, an intracellular calcium
release channel (Tang et al., 2003; Chen et al., 2008; Liu et al.,
2009). In vitro experiments showed that these interactions
sensitize this receptor to activation, resulting in an increased
efflux of calcium and thus an ionic imbalance within the neu-
ron. This imbalance further sensitizes vulnerable neurons like
PCs to glutamate-induced apoptosis in vitro (Chen et al., 2008;
Liu et al., 2009). Treatment of transgenic HD, SCA2, and SCA3
models with dantrolene, a calcium ion stabilizer, reduced pro-
tein aggregation and ameliorated motor deficits, suggesting that
defective calcium signaling contributes to pathogenesis in these
disorders (Tang et al., 2003; Chen et al., 2008; Liu et al., 2009).

Transcriptional dysregulation, ionic imbalance, deficits in
vesicle transport, and other disrupted pathways converge to
cause early and progressive electrophysiological abnormalities
that precede behavioral impairments and extensive neuronal
loss. Studies in several HD mouse models have shown that cor-
tical pyramidal neurons experience increased excitability,
which sensitizes the neurons to excitotoxicity (Cepeda et al.,
2003; Cummings et al., 2006; Cummings et al., 2009). The in-
creased cortical activity also affects MSNs, which receive inputs
from this region. In fact, studies in mice and postmortem patient
tissue suggest there is a progressive disconnection of cortex and
striatum networks in HD (Hong et al., 2012; Wilton et al., 2023).
Additionally, mHTT reduces the expression of functional
Kir4.1 K* channels in astrocytes, leading to impaired K* buffer-
ing, elevated extracellular K* in the striatum, and consequent
hyperexcitability of MSNs (Tong et al., 2014). As MSNs degen-
erate in HD, their outputs to the external and internal pallidal
segments are lost, resulting in chorea in early HD and akinesia in
late HD (Reiner and Deng, 2018). In several transgenic models of
SCA2, SCA3, and SCAS, firing of PCs is decreased and becomes
irregular, which is hypothesized to contribute to ataxia (re-
viewed in Meera et al. [2016]). While the breadth and complexity
of the electrophysiological disturbances in polyQ diseases are
beyond the scope of this review, it is clear that these early and
progressive disruptions set the stage for circuit failure and the
onset of clinical phenotypes.

Genetic instability and somatic expansion
CAG repeats are highly unstable and tend to expand further in
somatic cells over time. With the exception of SCA6, all polyQ
disorders have shown somatic instability of the CAG tract (re-
viewed in Donaldson et al. [2021]). The expansion rate differs
across tissues but is usually most pronounced in the striatum
across different polyQ diseases (Kennedy et al., 2003; Watase
et al., 2003; Kacher et al., 2021). Both the mechanisms of so-
matic mosaicism and its pathological contribution have been
most extensively studied in HD.

Repeat expansions are believed to result from misaligned
DNA secondary structures formed by the CAG repeats during
replication, transcription, or repair (reviewed in Pearson et al.
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[2005], Mirkin [2005]). In postmitotic neurons, where replica-
tion is absent, destabilization of CAG repeats is initiated by
transcription, and subsequent errors in DNA repair result in
repeat expansions (Lin et al., 2006; Nakamori et al., 2011). Initial
studies in bacteria and yeast showed that deficiency in several
genes involved in mismatch repair (MMR) destabilizes CAG
repeats, highlighting this pathway’s potential role in repeat in-
stability (Jaworski et al., 1995; Schweitzer and Livingston, 1997).
In the MMR pathway, mismatches in DNA are first identified
and bound by either of two specialized MutS complexes: MutSa
(MSH2-MSHS6), which recognizes small insertion-deletion
loops, or MutSB (MSH2-MSH3), which recognizes large ones
(Gupta et al., 2011). Once bound, they recruit another complex
that usually has an endonuclease function, MutL. The MMR
protein MLHI is an obligate component of MutL complexes,
which can be MutLa: MLH1-PMS2; MutLB: MLH1-PMS]; or
MutLy: MLH1-MLH3 (reviewed in Kunkel and Erie [2005]).

Over the past 25 years, a substantial body of evidence has
shown that genetic deficiency of specific MMR components can
prevent somatic expansion and neuronal loss in HD models, and
that variants in these genes are modifiers of disease in humans.
Knockout of MMR genes Msh2 and Msh3 in transgenic and
knock-in HD mouse models showed that the MutSP complex was
necessary for somatic expansion (Manley et al., 1999; Wheeler
et al., 2003; Dragileva et al., 2009; Kovalenko et al., 2012). By
leveraging linkage mapping in an HD mouse model (Hdh9™)
with higher somatic expansion in a C57BL/6 genetic background
compared with a 129 background, Pinto and colleagues found
that variants in Mlhl are modifiers of somatic expansion. Addi-
tionally, they showed that genetic deletion of Mlhl or its binding
partner MIh3 abolishes somatic expansion and slows disease
progression in mice, demonstrating that the MutLy complex is
also involved in this process (Pinto et al., 2013). A few years later,
a genome-wide association study identified several loci that in-
fluence age at onset in HD, and these loci harbor several MMR
genes: MSH3, MLHI1, PMS], and PMS?2, as well as the DNA repair
genes FAN1 and LIGI (Lee et al., 2015). The study found variants
that delayed age at onset in MSH3, FAN1, MLHI, and PMS2 by an
average of 6.1, 1.3, and 0.8 years (for both MLHI and PMS2), re-
spectively. Conversely, variants in PMSI and LIGI hastened age at
onset by 0.9 and 0.6 years, respectively (Lee et al., 2019). Unlike
MLH]1 and MLH3, the DNA repair nuclease FAN1 appears to act
as a suppressor of somatic expansion. Variants associated with
lower FAN1 expression correlate with earlier age at onset (Goold
et al., 2019). Knockdown of FAN1 in HD patient-derived iPSCs
and striatal neurons resulted in increased CAG expansion rate
(Goold et al., 2019). Deletion of Fanl in Hdh®™* mice causes
accelerated CAG expansion. However, if both Fanl and Mlhi are
knocked out, this effect is lost, suggesting the protective effect of
FAN1 is mediated by MLH1 (Loupe et al., 2020). Overall, these
data suggest that several MMR proteins are modifiers of age at
onset of HD, likely due to their role in accelerating or delaying
somatic instability.

While MMR has emerged as the main pathway driving ex-
pansions, other DNA repair mechanisms have also been impli-
cated. In the R6/1 transgenic model of HD, somatic expansion
correlates with oxidative DNA lesions, which are repaired by
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DNA glycosylases through the base excision repair (BER) path-
way (Kovtun et al., 2007). Loss of OGG1, the main DNA glyco-
sylase responsible for removing 8-oxoguanine bases, reduced
expansions in both the R6/1 and Hdh?° models (Kovtun et al.,
2007; Budworth et al., 2015). Similarly, loss of NEILI, another
glycosylase that removes pyrimidine-derived lesions, reduced
expansions in R6/1 mice (Mgllersen et al., 2012). While the
stoichiometry of BER proteins, like OGG1 and FENI, correlate
with tissue vulnerability for expansion in R6 models (Goula
et al.,, 2009), it remains to be determined whether this also
holds in HD knock-in mouse models and human postmortem
tissue.

A central question in the field is the extent to which somatic
instability patterns account for the selective regional vulnera-
bility in polyQ diseases. In both SCA1 and HD, somatic CAG ex-
pansion is most prominent in the striatum, which is the most
vulnerable region in HD, and least prominent in the cerebellum,
even though the cerebellum and brainstem are the primary sites
of pathology in SCA1 (Kennedy et al., 2003; Watase et al., 2003;
Pinto et al., 2020; Kacher et al., 2021). A recent study revealed
the potential mechanism driving striatal repeat instability.
Matlik and colleagues studied postmortem brains of HD and
SCA3 patients and found that the largest CAG expansions were
predominantly observed in MSNs for both diseases, despite this
population not being as vulnerable to cell death in SCA3 as they
are in HD. The authors showed that MSNs express higher levels
of MutSP components MSH2 and MSH3, and that these proteins
inhibit nucleolytic excision of CAG slip-outs by FANL. This re-
sults in the retention of slip-outs as somatic expansions and can
explain the higher vulnerability of MSNs to somatic instability
(Métlik et al., 2024). Interestingly, a study of SCA1, SCA2, SCA3,
and SCA7 postmortem brain tissue showed that somatic insta-
bility was the lowest in the cerebellum (Kacher et al., 2024). This
is particularly intriguing because the cerebellum is the most
vulnerable region to neurodegeneration and cell death in SCAs,
which would suggest that somatic expansion is not the mecha-
nism driving cerebellar pathology. So far, these data suggest that
the striatum is intrinsically vulnerable to CAG repeat expansion,
and that patterns in somatic instability are not sufficient to ex-
plain region-specific vulnerability across polyQ diseases.

Beyond regional distribution, the relative contribution of
somatic instability to pathogenesis remains contentious, with
some arguing that it is necessary yet insufficient to indepen-
dently cause neuronal death, while others contend that it func-
tions as a primary disease driver. Current scientific consensus
favors the former view. Two recent studies used fluorescence-
activated nuclear sorting followed by RNA sequencing in the
striatum, cerebellum, and cortex of postmortem brains from HD
patients, and found that somatic CAG repeat expansions occur
both in vulnerable populations (such as MSNs and layer 5a
corticostriatal pyramidal neurons) and in populations that ex-
perience dysfunction but remain resilient against cell death
(including cholinergic and layer 6 neurons) (Pressl et al., 2024;
Mitlik et al., 2024). The fact that neuronal populations with
divergent disease outcomes both show extensive CAG ex-
pansions led the researchers to conclude that while somatic
expansion represents a necessary element in the pathogenic
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cascade, it is not sufficient for neuronal loss. However, the
techniques used in this study could detect up to 113 CAG repeats,
and it is possible that MSN’s present much longer repeats that are
out of the limit of detection. Handsaker and colleagues recently
developed a single-cell RNA-sequencing method based on long
reads, which allows obtaining the transcriptional profile and the
HTT CAG size from each cell. Using this method in the anterior
caudate of postmortem HD brains, they found much longer
repeat expansions in MSNs (up to 842 CAG) and observed
that profound cell-autonomous transcriptional changes only
occurred in cells that surpassed a threshold of 150 CAGs
(Handsaker et al., 2025). With this, the authors proposed a
model called “ELongATE” in which repeats become toxic only
when they are very long (>150) and concluded that somatic
expansion is necessary and sufficient for pathology. Never-
theless, several studies have shown that there are significant
transcriptional and functional changes in iPSC-derived neu-
rons derived from HD patients and HD organoids that have
repeat sizes much lower than 150 and have not been in culture
long enough for any of the neurons to reach that level of ex-
pansion (Victor et al., 2018; Mehta et al., 2018; Ooi et al., 2019;
Galimberti et al., 2024). To resolve these contradictions, future
long-read single-cell studies should examine whether the toxic
threshold model holds across both resilient and vulnerable cell
types in other brain regions affected by HD. Additionally, in-
vestigating somatic expansion in other polyQ diseases, where
MSNs are not the primary vulnerable cell type, could provide
valuable insights, as the inherent susceptibility of MSNs to
expansion may confound HD-specific findings.

A few other studies have also explored the possibility of a
pathogenic threshold of somatic expansion, after which repeat
toxicity increases markedly. Wang and colleagues further dove
into the molecular, transcriptional, and neuropathological ef-
fects of knocking out MMR proteins in the CAG140 mouse model
of HD. The authors found that knockout of Msh3 and Pmsl
strongly reversed disease-related transcriptional changes in
striatal neurons and prevented mHTT protein aggregation. Ho-
mozygous knockout of Msh3 in CAG140 mice stabilized the CAG
repeat length and delayed the onset of transcriptional dysregu-
lation. While many of the same genes were affected in control
CAG140 mice, the changes in the Msh3 knockout were signifi-
cantly attenuated and had a later onset. This suggests that
transcriptional dysregulation can occur without expansion be-
yond 140 CAG repeats, but expansion significantly exacerbates
this process (Wang et al., 2025). Knocking out Msh3 in an HD
knock-in mouse model with a 185 CAG tract (zQ175) prevented
somatic expansion but had no effect on aggregation and tran-
scriptional dysregulation. This suggests that MMR proteins
might only be modifiers of disease up to a certain toxic threshold
of expansion, after which ultra-long repeats are inherently toxic
regardless of additional expansion (Aldous et al., 2024). This
supports a model in which MMR-driven somatic instability con-
tributes to disease progression at intermediate repeat lengths, but
ultra-long expansions impose intrinsic toxicity and accelerate
degeneration. Additionally, it underscores that preventing so-
matic expansion might only help a small percentage of cells that
have not crossed a toxic CAG length threshold, suggesting that
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therapies targeting this pathogenic mechanism need to be ad-
ministered as early as possible.

Therapeutic strategies

Despite significant advances in understanding polyQ disease
mechanisms, there are currently no effective disease-modifying
therapies. However, multiple therapeutic approaches targeting
different aspects of pathogenesis are under development (Fig. 2).
Given the widespread cytotoxic effects of polyQ-expanded pro-
teins, therapeutic approaches that reduce mutant protein levels
or stabilize nontoxic conformations are likely to provide greater
benefit than interventions targeting individual downstream
pathways. In this section, we have summarized some of
the therapeutic strategies that are being developed in the
recent years.

Conformation stabilization and aggregation inhibitors

These types of approaches aim to prevent the misfolding and
aggregation of the expanded proteins into toxic species such
as B-sheet soluble oligomers. Intrabodies, which are recom-
binant antibodies that bind specific targets inside cells, ini-
tially emerged as promising aggregation inhibitors. Several
intrabodies against different regions of the HTT protein have
been developed, such as scFv-C4 (Lecerf et al., 2001), V(L)12.3
(Southwell et al., 2009), and INT41 (Amaro and Henderson,
2016). Treatment with these antibodies has resulted in reduc-
tion of mHTT aggregates and amelioration of phenotypes in the
transgenic models of HD R6/1 and R6/2. However, intrabody-
based therapies face two significant challenges: first, existing in-
trabodies have not demonstrated long-term efficacy in aggregate
reduction; and second, the large molecular size of intrabodies
restricts brain delivery options exclusively to viral vector
systems.

More recently, small molecules that stabilize native protein
conformations or prevent B-sheet formation have shown
promise. An example of this is CLRO1, a molecular tweezer that
has been shown to inhibit self-aggregation of amyloid proteins
by binding to lysine residues, disrupting interactions that are
necessary for oligomerization (Sinha et al., 2011). While CLRO1
has shown great promise in mouse models of Alzheimer’s and
Parkinson’s disease (Di et al., 2021; Bengoa-Vergniory et al.,
2020), its effect on polyQ diseases is currently being explored. So
far, it has been shown to inhibit Httexl aggregation in vitro
(Vopel et al., 2017) and is currently being tested in SCA3 models.
However, no in vivo data have been published to date.

Additionally, arginine has been identified as another promis-
ing anti-aggregation compound for polyQ proteins. This chemical
chaperone has been shown to prevent the conformational
transition to toxic P-sheets, hindering oligomerization
(Minakawa et al., 2020). Oral administration of arginine re-
sulted in amelioration of molecular pathology and motor
symptoms in the Atxnl'>4Q/2Q and AR-97Q mouse models of
SCA1 and SBMA, respectively (Minakawa et al., 2020). Re-
cently, the phase 2 clinical trial of arginine in SCA6 patients
has been concluded (AJA030-002), and the results showed a
mild, but nonstatistically significant, amelioration of ataxia
symptoms in treated patients (Ishihara et al, 2024). A
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Figure 2. Therapeutic approaches for polyQ diseases. Although no effective disease-modifying therapies are currently available, several promising
strategies are under development. These approaches target different levels of pathogenesis. At the DNA level, CRISPR/Cas9 and base editing approaches seek
to correct the CAG-expanded tract or insert CAA interruptions. ZFP-TFs aim to reduce transcription of the disease gene. As the mutant RNA undergoes aberrant
splicing, splicing modulators correct aberrant RNA processing. Additionally, RNA-based therapies such as ASOs and miRNAs target mutant transcripts for
degradation or repress translation. At the protein level, conformation stabilizers and aggregation inhibitors help prevent protein misfolding and inclusion
formation, while caspase and calpain inhibitors prevent cleavage of the mutant protein into toxic fragments. Finally, autophagy-inducing compounds enhance

clearance of misfolded proteins (created in BioRender, https://BioRender.com/4(83pge).

potential phase 3 trial with a larger sample size has been
discussed but not yet confirmed.

Enhancing protein degradation

The objective of this strategy is to reduce neurotoxicity by in-
creasing the clearance of misfolded proteins through activation
of the UPS, autophagy, or molecular chaperones. Extensive
research has shown that modulating the levels of molecular
chaperones can ameliorate neurodegeneration by inducing
the heat-shock response. For example, pharmacological inhi-
bition of Hsp90 with compounds like geldanamycin and 17-
DMAG induces the proteasomal degradation of Hsp90 client
proteins (Zou et al., 1998; Tokui et al., 2009; Silva-Fernandes
et al., 2014). Treatment of transgenic mouse models of SBMA
and SCA3 with 17-DMAG reduces levels of polyQ-expanded
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protein and ameliorates motor coordination deficits (Tokui
et al., 2009; Silva-Fernandes et al., 2014).

Trehalose, an autophagy-inducing compound that also acts
as a conformation stabilizer preventing oligomerization, has
shown efficacy in alleviating phenotypes in transgenic mouse
models that express N-terminal fragments of expanded HTT
and ATXN3 (Tanaka et al., 2004; Santana et al., 2020). A
clinical trial of trehalose in SCA3 patients (NCT04399265) is
ongoing, and results are pending.

Reducing proteolytic cleavage

This approach seeks to prevent the generation of toxic fragments
that result from proteolytic cleavage by caspases and calpains.
Calpain inhibitors have resulted in amelioration of neuropa-
thology and motor deficits in two animal models of SCA3: a
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lentiviral mouse model and a zebrafish transgenic model
(Simdes et al., 2014; Watchon et al., 2017). Besides reducing
proteolytic cleavage, the calpain inhibitor calpeptin increased
autophagic flux, which was essential for the observed rescue
(Watchon et al., 2017). Another group designed a peptide en-
compassing part of the human HTT sequence that competes for
caspase-6 cleavage, functioning as a sink for this enzyme.
BACHD mice treated with this peptide showed reduced motor
deficits and alleviation of depression phenotypes (Aharony
et al.,, 2015). However, caspase and calpain inhibitors and
molecular sinks face the challenge of poor target specificity and
therefore have struggled to progress to clinical trials.

The challenge of target specificity could be solved by
strategies that target the cleavage site in the mutant gene.
There is a naturally occurring isoform of HTT, HTTA12, that
contains a truncated exon 12 and is resistant to caspase-6
cleavage. To mimic this isoform, Kim and colleagues de-
signed an antisense oligonucleotide (ASO) QRX-704 to skip
exon 12 of HTT, which reduced formation of toxic fragments
and decreased aggregation in the YAC128 mouse model of HD
(Kim et al., 2022). While no adverse effects were seen, more
studies are needed to evaluate rescue of pathology and be-
havioral phenotypes.

Lowering mutant protein levels

DNA-based approaches. Advances in gene-editing technolo-
gies and biomolecular engineering have led to the development
of allele-selective approaches that specifically target the ex-
panded allele in polyQ diseases. Techniques such as engineered
zinc finger protein transcription factors (ZFP-TFs) and CRISPR/
Cas9 have been employed to selectively repress the expression of
the mutant allele or to correct the CAG expansion. ZFP-TFs are
DNA-binding sequences that can be engineered to target a spe-
cific gene and control its expression. Zeitler and colleagues de-
signed poly-CAG targeting ZFP-TFs that successfully lowered
mHTT levels in three different mouse models of HD: R6/2,
Hdh50Q, and zQ175, and partially improved behavioral pheno-
types (Zeitler et al., 2019). Although this has not yet been tested
for these ZFP-TFs, any strategy that lowers transcription of the
mutant allele could also help limit somatic instability by re-
ducing transcription-dependent destabilization. Alternatively,
CRISPR/Cas9 strategies seek to correct the expansion in the
mutant allele by replacing it with a normal repeat length. This
has been successfully achieved in HD and SCA3 patient-derived
iPSCs, in which gene correction has rescued protein aggregation,
mitochondrial dysfunction, and cell death (Xu et al., 2017; He
et al., 2021). This strategy remains to be tested in vivo, and cer-
tain challenges still need to be overcome, such as optimized
delivery methods and minimization of off-target effects.

Since studies have shown that the length of the uninter-
rupted CAG repeat is the main determinant of age at disease
onset (Lee et al., 2019; Wright et al., 2019), emerging strategies
have attempted to introduce interruptions in the CAG tract. To
this end, base editing successfully introduced CAA interruptions
in HEK293T cells, but it remains to be thoroughly tested in
patient-derived cells and mouse models due to technical chal-
lenges (Choi et al., 2024). An approach of this type aims to delay
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age at onset by stabilizing repeat instability; however, it does not
address downstream protein toxicity effects.

RNA-based approaches. There are diverse methods that aim
to decrease translation of the mutant protein by targeting its
mRNA for degradation using either small interfering RNA,
ASOs, short hairpin RNA (shRNA), or microRNA (miRNA).
These approaches can be designed in two ways: non-allele-
specific, which reduce the levels of both wild-type and mutant
mRNA; or allele-specific, which selectively target the mutant
allele while preserving wild-type expression.

ASOs require repetitive intrathecal injections into the cere-
brospinal fluid, and they have reached clinical trials with mixed
results. The GENERATION HD1 study (NCT03761849; Roche),
which investigated the use of the non-allele-specific ASO to-
minersen (Tabrizi et al., 2019), revealed significant challenges.
Although initially promising by showing significantly reduced
HTT levels, the study was halted due to adverse effects, in-
cluding a transient increase in cerebrospinal fluid markers in-
dicative of neuronal injury (Tabrizi et al., 2022). Despite this,
post hoc analyses suggested that younger patients with lower
disease burdens might benefit from treatment (McColgan et al.,
2023), leading to the initiation of the GENERATION HD2 study
(NCT05686551; Roche), which is currently underway. While it is
possible that younger brains might be more resilient to the
treatment, it is also important to explore the deleterious effects
of lowering wild-type HTT in patients.

Other promising recent advances are the development of
allele-specific ASOs targeting the CAG tract or regions proximal
to it. Hauser and colleagues developed an ASO for SCA3 by
leveraging a single nucleotide polymorphism (SNP) proximal to
the CAG repeat stretch in ATXN3 (c.987G > C) that is frequent in
SCA3 alleles but rare in wild-type ones. This ASO achieved sig-
nificant reduction of mutant ATXN3 while sparing wild-type
protein levels in patient-derived neurons (Hauser et al., 2021).
While promising, further studies in animal models are required
to explore its efficacy and safety. A different approach targets
the CAG repeat tract directly using an ASO with the sequence
(CUG),. This ASO, named V0659, has been tested in knock-in
and transgenic mouse models of HD, as well as in SCA1 and
SCA3 knock-in models (Evers et al., 2011; Datson et al., 2017;
Kourkouta et al., 2019). Due to the length of the CUG sequence,
V0659 binds both the wild-type and expanded transcripts, but it
preferentially targets longer CAG tracts, causing a greater re-
duction of the mutant protein. It is currently in phase 1/2a
clinical trials for HD, SCA1, and SCA3 patients (NCT05822908;
VICO Therapeutics). By targeting the repeat itself, this approach
offers a promising avenue for developing a single therapeutic
strategy that is not only allele-preferential but applicable across
multiple polyQ diseases.

Other RNA-based therapeutic strategies include approaches
that utilize ShRNA or miRNA to achieve gene silencing through
RNAI. These therapies involve a single-dose treatment of an
adeno-associated virus (AAV) or a lentiviral vector that allows
continuous expression of the shRNA or miRNA. Currently,
AAV5-miHTT/AMT-130, a non-allele-specific miRNA that
showed promising results in HTT animal and cellular models
(Miniarikova et al., 2017; Keskin et al., 2019; Thomson et al.,
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2023), is undergoing two phase 1/2 clinical trials in early-stage
HD patients (NCT04120493 and NCT05243017; uniQure
Biopharma B.V.).

So far, the mixed clinical trial results highlight the com-
plexity of translating polyQ protein-lowering strategies into
effective treatments, though the approach remains promising
with multiple ongoing trials testing both allele-specific and
nonspecific RNA targeting methods.

Splicing modulators

A novel therapeutic approach targets disease-associated splicing
events. Branaplam (Novartis), an orally active small molecule
originally developed for spinal muscular atrophy, nonspecifi-
cally reduces both wild-type and mHTT levels while ameliorat-
ing splicing defects in HD models (Palacino et al., 2015; Keller
et al., 2022; Krach et al., 2022). Recently, a study found that
splicing modulators like branaplam and risdiplam also modify
CAG instability in vitro by promoting inclusion of a pseudoexon
in PMSI, a gene involved in MMR (McLean et al., 2024). The
VIBRANT-HD trial of branaplam in adults (NCT05111249),
however, was halted in phase 2 due to safety concerns. PTC518
(NCT05358717; PTC Therapeutics), another splicing modulator
(Bhattacharyya et al., 2021; Gao et al., 2024), is advancing to
phase 2A trials, showing HTT lowering without significant ad-
verse effects so far. While there are currently promising splicing
modulators, the data so far highlight that thorough investigation
into the effect of these approaches is crucial, especially into off-
target splicing modulation events that could cause toxicity.

Emerging approaches

A growing number of strategies aim to prevent, or even reverse,
somatic CAG expansion. One example is naphthyridine-
azaquinolone (NA), a small molecule that specifically binds
slipped-DNA structures formed by long CAG repeats during
transcription and interferes with the aberrant repair processes
that lead to expansions. Treatment with NA induced repeat
contractions in HD patient fibroblasts and in the striatum of the
R6/2 transgenic model of HD (Nakamori et al.,, 2020). In a
transgenic mouse model of DRPLA, NA induced small repeat
contractions in the striatum and was associated with a mild
motor improvement. While this treatment is allele-specific and
potentially applicable across polyQ disorders, more data are
needed in nontransgenic mouse models and patient neurons to
evaluate whether it leads to measurable phenotypic improve-
ments and whether its effects can extend beyond the striatum.
Other strategies being explored are the modulation of levels of
proteins like FAN1 and MSH3. For instance, ASO-mediated
reduction of MSH3 levels effectively prevented somatic ex-
pansion in striatal neurons derived from HD patients (Bunting
et al., 2025). In vivo work will need to demonstrate whether HD
phenotypes are rescued, and whether MSH3 loss is well-tolerated
in the long term. Moreover, it is important to consider recent
evidence suggesting CAG repeats may be inherently toxic beyond
a certain threshold (Aldous et al., 2024; Wang et al., 2025), which
raises important concerns about optimal therapeutic timing and
whether targeting DNA repair pathways might be only beneficial
in early-stage patients.
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Concluding remarks

The landscape of polyQ diseases is remarkably complex, chal-
lenging our initial quest for a single pathogenic trigger that ex-
plains all aspects of downstream dysfunction. The neurotoxicity
caused by polyQ expansions is mainly protein-mediated, re-
sulting in downstream consequences such as transcriptional
dysregulation, impaired protein clearance and energy homeo-
stasis, dysfunctional axonal transport, among others. Modern
molecular tools have illuminated previously hidden disease
mechanisms, yet fundamental questions persist about cellular
and regional vulnerability. Recently, certain abnormal cellular
processes such as somatic expansion have been debated as the
drivers of toxicity and cell death; however, further work needs
to be done to establish direct causality.

Although recent clinical trials have not yet achieved the ex-
pected outcomes, they have provided crucial insights, such as
the importance of maintaining wild-type protein function and
thoroughly testing off-target effects. Emerging approaches like
allele-specific targeting and advanced delivery systems hold
great promise. Looking ahead, success will likely come from
integrating multiple strategies that address the various facets of
disease pathogenesis, an approach made possible by our deeper
appreciation of disease complexity rather than hindered by it.

Acknowledgments

This work was funded by the Howard Hughes Medical Institute
(Huda Y. Zoghbi), and the National Institute of Neurological
Disorders and Stroke/NIH grant 5ROINS027699 (Huda Y.
Zoghbi).

Author contributions: Esmeralda Villavicencio Gonzalez:
conceptualization, data curation, formal analysis, investigation,
visualization, and writing—original draft, review, and editing.
Huda Y. Zoghbi: conceptualization, funding acquisition, project
administration, resources, supervision, and writing—review
and editing.

Disclosures: H.Y. Zoghbi reported personal fees from Regeneron,
Cajal Therapeutics, Lyterian, and The Column Group outside the
submitted work. No other disclosures were reported.

Submitted: 10 June 2025
Revised: 25 September 2025
Accepted: 30 September 2025

References

Adachi, H., M. Waza, K. Tokui, M. Katsuno, M. Minamiyama, F. Tanaka, M.
Doyu, and G. Sobue. 2007. CHIP overexpression reduces mutant an-
drogen receptor protein and ameliorates phenotypes of the spinal and
bulbar muscular atrophy transgenic mouse model. J. Neurosci. 27:
5115-5126. https://doi.org/10.1523/J]NEUROSCI.1242-07.2007

Aharony, 1., D.E. Ehrnhoefer, A. Shruster, X. Qiu, S. Franciosi, M.R. Hayden,
and D. Offen. 2015. A Huntingtin-based peptide inhibitor of caspase-6
provides protection from mutant Huntingtin-induced motor and be-
havioral deficits. Hum. Mol. Genet. 24:2604-2614. https://doi.org/10
.1093/HMG/DDV023

Al-Ramabhi, I., Y.C. Lam, H.K. Chen, B. De Gouyon, M. Zhang, A.M. Pérez, ].
Branco, M. De Haro, C. Patterson, H.Y. Zoghbi, and ]. Botas. 2006. CHIP
protects from the neurotoxicity of expanded and wild-type ataxin-1and

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

15 of 23


https://doi.org/10.1523/JNEUROSCI.1242-07.2007
https://doi.org/10.1093/HMG/DDV023
https://doi.org/10.1093/HMG/DDV023

promotes their ubiquitination and degradation. J. Biol. Chem. 281:
26714-26724. https://doi.org/10.1074/JBC.M601603200

Aldous, S.G., E.J. Smith, C. Landles, G.F. Osborne, M. Cafiibano-Pico, .M.
Nita, J. Phillips, Y. Zhang, B. Jin, M.B. Hirst, et al. 2024. A CAG
repeat threshold for therapeutics targeting somatic instability in
Huntington’s disease. Brain. 147:1784-1798. https://doi.org/10
.1093/BRAIN/AWAEO063

Amaro, LA, and L.A. Henderson. 2016. An intrabody drug (rAAV6-INT41)
reduces the binding of N-terminal huntingtin fragment(s) to DNA to
basal levels in PCI2 cells and delays cognitive loss in the R6/2 animal
model. J. Neurodegener. Dis. 2016:7120753. https://doi.org/10.1155/2016/
7120753

Arenas, ]., Y. Campos, R. Ribacoba, M.A. Martin, J.C. Rubio, P. Ablanedo, and
A. Cabello. 1998. Complex I Defect in muscle from patients with Hun-
tington’s disease. Ann. Neurol. 43:397-400. https://doi.org/10.1002/
ANA.410430321

Arnold, F.J., and D.E. Merry. 2019. Molecular mechanisms and therapeutics
for SBMA/Kennedy’s disease. Neurotherapeutics. 16:928-947. https://doi
.org/10.1007/s13311-019-00790-9

Arrasate, M., S. Mitra, E.S. Schweitzer, M.R. Segal, and S. Finkbeiner. 2004.
Inclusion body formation reduces levels of mutant huntingtin and the
risk of neuronal death. Nature. 431:805-810. https://doi.org/10.1038/
NATURE02998

Ashkenazi, A., C.F. Bento, T. Ricketts, M. Vicinanza, F. Siddiqgi, M. Pavel, F.
Squitieri, M.C. Hardenberg, S. Imarisio, F.M. Menzies, and D.C. Ru-
binsztein. 2017. Polyglutamine tracts regulate beclin 1-dependent au-
tophagy. Nature. 545:108-111. https://doi.org/10.1038/nature22078

Aviner, R., T.T. Lee, V.B. Masto, K.H. Li, R. Andino, and J. Frydman. 2024.
Polyglutamine-mediated ribotoxicity disrupts proteostasis and stress
responses in Huntington’s disease. Nat. Cell Biol. 26:892-902. https://
doi.org/10.1038/s41556-024-01414-x

Bafiez-Coronel, M., S. Porta, B. Kagerbauer, E. Mateu-Huertas, L. Pantano, I.
Ferrer, M. Guzman, X. Estivill, and E. Marti. 2012. A pathogenic
mechanism in huntington’s disease involves small CAG-repeated RNAs
with neurotoxic activity. PLoS Genet. 8:1002481. https://doi.org/10
.1371/JOURNAL.PGEN.1002481

Baflez-Coronel, M., F. Ayhan, A.D. Tarabochia, T. Zu, B.A. Perez, S.K. Tusi, O.
Pletnikova, D.R. Borchelt, C.A. Ross, R.L. Margolis, et al. 2015. RAN
translation in huntington disease. Neuron. 88:667-677. https://doi.org/
10.1016/j.neuron.2015.10.038

Bates, G.P., R. Dorsey, ].F. Gusella, M.R. Hayden, C. Kay, B.R. Leavitt, M.
Nance, C.A. Ross, R.I. Scahill, R. Wetzel, et al. 2015. Huntington disease.
Nat. Rev. Dis. Primers. 1:15005. https://doi.org/10.1038/nrdp.2015.5

Batista, R.L., E.M.F. Costa, A.d. S. Rodrigues, N.L. Gomes, J.A. Faria, M.Y.
Nishi, 1J.P. Arnhold, S. Domenice, and B.B.d. Mendonca. 2018. Andro-
gen insensitivity syndrome: A review. Arch. Endocrinol. Metab. 62:
227-235. https://doi.org/10.20945/2359-3997000000031

Bauerlein, F.J.B., L. Saha, A. Mishra, M. Kalemanov, A. Martinez-Sanchez, R.
Klein, I. Dudanova, M.S. Hipp, F.U. Hartl, W. Baumeister, and R.
Fernandez-Busnadiego. 2017. In situ architecture and cellular interac-
tions of PolyQ inclusions. Cell. 171:179-187.e10. https://doi.org/10.1016/]
.CELL.2017.08.009

Bayer, T.A. 2015. Proteinopathies, a core concept for understanding and ul-
timately treating degenerative disorders? Eur. Neuropsychopharmacol.
25:713-724. https://doi.org/10.1016/]. EURONEURO.2013.03.007

Becanovi¢, K., A. Ngrremolle, S.J. Neal, C. Kay, J.A. Collins, D. Arenillas, T.
Lilja, G. Gaudenzi, S. Manoharan, C.N. Doty, et al. 2015. A SNP in the
HTT promoter alters NF-«B binding and is a bidirectional genetic
modifier of Huntington disease. Nature Neurosci. 18:807-816. https://doi
.org/10.1038/nn.4014

Bence, N.F., R.M. Sampat, and R.R. Kopito. 2001. Impairment of the ubiquitin-
proteasome system by protein aggregation. Science. 292:1552-1555.
https://doi.org/10.1126/science.292.5521.1552

Bengoa-Vergniory, N., E. Faggiani, P. Ramos-Gonzalez, E. Kirkiz, N. Connor-
Robson, L.V. Brown, I. Siddique, Z. Li, S. Vingill, M. Cioroch, et al. 2020.
CLRO1 protects dopaminergic neurons in vitro and in mouse models of
Parkinson’s disease. Nat. Commun. 11:4885. https://doi.org/10.1038/
$41467-020-18689-x

Berke, S.J.S., F.A.F. Schmied, E.R. Brunt, L.M. Ellerby, and H.L. Paulson. 2004.
Caspase-mediated proteolysis of the polyglutamine disease protein
ataxin-3. J. Neurochem. 89:908-918. https://doi.org/10.1111/].1471-4159
.2004.02369.X

Bezprozvanny, I., and M.R. Hayden. 2004. Deranged neuronal calcium sig-
naling and Huntington disease. Biochem. Biophys. Res. Commun. 322:
1310-1317. https://doi.org/10.1016/].BBRC.2004.08.035

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Bhattacharyya, A., C.R. Trotta, J. Narasimhan, K.J. Wiedinger, W. Li, K.A.
Effenberger, M.G. Woll, M.B. Jani, N. Risher, S. Yeh, et al. 2021. Small
molecule splicing modifiers with systemic HTT-lowering activity. Nat.
Commun. 12:7299. https://doi.org/10.1038/s41467-021-27157-z

Brinkmann, A.O. 2001. Molecular basis of androgen insensitivity. Mol. Cell.
Endocrinol. 179:105-109. https://doi.org/10.1016/S0303-7207(01)00466
-X

Budworth, H., F.R. Harris, P. Williams, D.Y. Lee, A. Holt, J. Pahnke, B.
Szczesny, K. Acevedo-Torres, S. Ayala-Pefia, and C.T. McMurray. 2015.
Suppression of somatic expansion delays the onset of pathophysiology
in a mouse model of huntington’s disease. PLoS Genet. 11:e1005267.
https://doi.org/10.1371/JOURNAL.PGEN.1005267

Bunting, E.L., J. Hamilton, and S.]. Tabrizi. 2022. Polyglutamine diseases.
Curr. Opin. Neurobiol. 72:39-47. https://doi.org/10.1016/j.conb.2021.07
.001

Bunting, E.L., J. Donaldson, S.A. Cumming, J. Olive, E. Broom, M. Miclaus, J.
Hamilton, M. Tegtmeyer, H.T. Zhao, ]. Brenton, et al. 2025. Antisense
oligonucleotide-mediated MSH3 suppression reduces somatic CAG re-
peat expansion in Huntington’s disease iPSC-derived striatal neurons.
Sci. Transl. Med. 17:4600. https://doi.org/10.1126/SCITRANSLMED
.ADN4600

Cemal, C.K., C.J. Carroll, L. Lawrence, M.B. Lowrie, P. Ruddle, S. Al-Mahdawi,
R.H.M. King, M.A. Pook, C. Huxley, and S. Chamberlain. 2002. YAC
transgenic mice carrying pathological alleles of the MJD1 locus exhibit a
mild and slowly progressive cerebellar deficit. Hum. Mol. Genet. 11:
1075-1094. https://doi.org/10.1093/HMG/11.9.1075

Cepeda, C., R.S. Hurst, C.R. Calvert, E. Hernandez-Echeagaray, O.K. Nguyen,
E. Jocoy, L.J. Christian, M.A. Ariano, and M.S. Levine. 2003. Transient
and progressive electrophysiological alterations in the corticostriatal
pathway in a mouse model of huntington’s disease. J. Neurosci. 23:
961-969. https://doi.org/10.1523/JNEUROSCI.23-03-00961.2003

Chen, H.K., P. Fernandez-Funez, S.F. Acevedo, Y.C. Lam, M.D. Kaytor, M.H.
Fernandez, A. Aitken, E.M.C. Skoulakis, H.T. Orr, J. Botas, and H.Y.
Zoghbi. 2003. Interaction of Akt-phosphorylated ataxin-1 with 14-3-3
mediates neurodegeneration in spinocerebellar ataxia type 1. Cell. 113:
457-468. https://doi.org/10.1016/S0092-8674(03) 00349-0

Chen, X., T.S. Tang, H. Tu, O. Nelson, M. Pook, R. Hammer, N. Nukina, and I.
Bezprozvanny. 2008. Deranged calcium signaling and neuro-
degeneration in spinocerebellar ataxia type 3. J. Neurosci. 28:
12713-12724. https://doi.org/10.1523/JNEUROSCI.3909-08.2008

Chen, J.H., N.Xu, L. Qi, H.H. Yan, F.Y. Wan, F. Gao, C. Fu, C. Cang, B. Lu,
G.Q. Bi, and A.H. Tang. 2023. Reduced lysosomal density in
neuronal dendrites mediates deficits in synaptic plasticity in
Huntington’s disease. Cell Rep. 42:113573. https://doi.org/10
.1016/].CELREP.2023.113573

Cherubini, M., L. Lopez-Molina, and S. Gines. 2020. Mitochondrial fission in
Huntington’s disease mouse striatum disrupts ER-mitochondria con-
tacts leading to disturbances in Ca?* efflux and Reactive Oxygen Species
(ROS) homeostasis. Neurobiol. Dis. 136:104741. https://doi.org/10.1016/]
.NBD.2020.104741

Choi, D.E., J.W. Shin, S. Zeng, E.P. Hong, ].H. Jang, ].M. Loupe, V.C. Wheeler,
H.E. Stutzman, B. Kleinstiver, and ].M. Lee. 2024. Base editing strategies
to convert CAG to CAA diminish the disease-causing mutation in
Huntington’s disease. Elife. 12:RP89782. https://doi.org/10.7554/ELIFE
.89782

Chua, J.P., S.L. Reddy, Z. Yu, E. Giorgetti, H.L. Montie, S. Mukherjee, J. Hig-
gins, R.C. McEachin, D.M. Robins, D.E. Merry, et al. 2015. Disrupting
SUMOylation enhances transcriptional function and ameliorates poly-
glutamine androgen receptor-mediated disease. J. Clin. Invest. 125:
831-845. https://doi.org/10.1172/JCI73214

Coffin, S.L., M.A. Durham, L. Nitschke, E. Xhako, A.M. Brown, ].P. Revelli, E.
Villavicencio Gonzalez, T. Lin, H.P. Handler, Y. Dai, et al. 2023. Dis-
ruption of the ATXN1-CIC complex reveals the role of additional nuclear
ATXNI1 interactors in spinocerebellar ataxia type 1. Neuron. 11l:
481-492.e8. https://doi.org/10.1016/]. NEURON.2022.11.016

Cornelius, N., J.JH. Wardman, L.P. Hargreaves, V. Neergheen, A.S. Bie, Z.
Tiimer, J.E. Nielsen, and T.T. Nielsen. 2017. Evidence of oxidative stress
and mitochondrial dysfunction in spinocerebellar ataxia type 2 (SCA2)
patient fibroblasts: Effect of coenzyme Q10 supplementation on these
parameters. Mitochondrion. 34:103-114. https://doi.org/10.1016/].MITO
.2017.03.001

Crespo-Barreto, J., ].D. Fryer, C.A. Shaw, H.T. Orr, and H.Y. Zoghbi. 2010.
Partial loss of ataxin-1 function contributes to transcriptional dysre-
gulation in spinocerebellar ataxia type 1 pathogenesis. PLoS Genet. 6:
€1001021. https://doi.org/10.1371/journal.pgen.1001021

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

16 of 23


https://doi.org/10.1074/JBC.M601603200
https://doi.org/10.1093/BRAIN/AWAE063
https://doi.org/10.1093/BRAIN/AWAE063
https://doi.org/10.1155/2016/7120753
https://doi.org/10.1155/2016/7120753
https://doi.org/10.1002/ANA.410430321
https://doi.org/10.1002/ANA.410430321
https://doi.org/10.1007/s13311-019-00790-9
https://doi.org/10.1007/s13311-019-00790-9
https://doi.org/10.1038/NATURE02998
https://doi.org/10.1038/NATURE02998
https://doi.org/10.1038/nature22078
https://doi.org/10.1038/s41556-024-01414-x
https://doi.org/10.1038/s41556-024-01414-x
https://doi.org/10.1371/JOURNAL.PGEN.1002481
https://doi.org/10.1371/JOURNAL.PGEN.1002481
https://doi.org/10.1016/j.neuron.2015.10.038
https://doi.org/10.1016/j.neuron.2015.10.038
https://doi.org/10.1038/nrdp.2015.5
https://doi.org/10.20945/2359-3997000000031
https://doi.org/10.1016/J.CELL.2017.08.009
https://doi.org/10.1016/J.CELL.2017.08.009
https://doi.org/10.1016/J.EURONEURO.2013.03.007
https://doi.org/10.1038/nn.4014
https://doi.org/10.1038/nn.4014
https://doi.org/10.1126/science.292.5521.1552
https://doi.org/10.1038/s41467-020-18689-x
https://doi.org/10.1038/s41467-020-18689-x
https://doi.org/10.1111/J.1471-4159.2004.02369.X
https://doi.org/10.1111/J.1471-4159.2004.02369.X
https://doi.org/10.1016/J.BBRC.2004.08.035
https://doi.org/10.1038/s41467-021-27157-z
https://doi.org/10.1016/S0303-7207(01)00466-X
https://doi.org/10.1016/S0303-7207(01)00466-X
https://doi.org/10.1371/JOURNAL.PGEN.1005267
https://doi.org/10.1016/j.conb.2021.07.001
https://doi.org/10.1016/j.conb.2021.07.001
https://doi.org/10.1126/SCITRANSLMED.ADN4600
https://doi.org/10.1126/SCITRANSLMED.ADN4600
https://doi.org/10.1093/HMG/11.9.1075
https://doi.org/10.1523/JNEUROSCI.23-03-00961.2003
https://doi.org/10.1016/S0092-8674(03)00349-0
https://doi.org/10.1523/JNEUROSCI.3909-08.2008
https://doi.org/10.1016/J.CELREP.2023.113573
https://doi.org/10.1016/J.CELREP.2023.113573
https://doi.org/10.1016/J.NBD.2020.104741
https://doi.org/10.1016/J.NBD.2020.104741
https://doi.org/10.7554/ELIFE.89782
https://doi.org/10.7554/ELIFE.89782
https://doi.org/10.1172/JCI73214
https://doi.org/10.1016/J.NEURON.2022.11.016
https://doi.org/10.1016/J.MITO.2017.03.001
https://doi.org/10.1016/J.MITO.2017.03.001
https://doi.org/10.1371/journal.pgen.1001021

Cummings, C.J., M.A. Mancini, B. Antalffy, D.B. DeFranco, H.T. Orr, and H.Y.
Zoghbi. 1998. Chaperone suppression of aggregation and altered sub-
cellular proteasome localization imply protein misfolding in SCA1. Nat.
Genet. 19:148-154. https://doi.org/10.1038/502

Cummings, CJ., E. Reinstein, Y. Sun, B. Antalffy, Y. Jiang, A. Ciechanover,
H.T. Orr, A.L. Beaudet, and H.Y. Zoghbi. 1999. Mutation of the E6-AP
ubiquitin ligase reduces nuclear inclusion frequency while accelerating
polyglutamine-induced pathology in SCA1 mice. Neuron. 24:879-892.
https://doi.org/10.1016/S0896-6273(00) 81035-1

Cummings, D.M., A.J. Milnerwood, G.M. Dallérac, V. Waights, ].Y. Brown,
S.C. Vatsavayai, M.C. Hirst, and K.P.S.J. Murphy. 2006. Aberrant cor-
tical synaptic plasticity and dopaminergic dysfunction in a mouse model
of huntington’s disease. Hum. Mol. Genet. 15:2856-2868. https://doi.org/
10.1093/HMG/DDL224

Cummings, D.M., V.M. André, B.O. Uzgil, S.M. Gee, Y.E. Fisher, C. Cepeda,
and M.S. Levine. 2009. Alterations in cortical excitation and inhibition
in genetic mouse models of huntington’s disease. J. Neurosci. 29:
10371-10386. https://doi.org/10.1523/J]NEUROSCI.1592-09.2009

Damrath, E., M.V. Heck, S. Gispert, M. Azizov, ]. Nowock, C. Seifried, U. Ruib,
M. Walter, and G. Auburger. 2012. ATXN2-CAG42 sequesters PABPC1
into insolubility and induces FBXW8 in cerebellum of old ataxic knock-
in mice. PLoS Genet. 8:€1002920. https://doi.org/10.1371/JOURNAL
.PGEN.1002920

Dansithong, W., S. Paul, K.P. Figueroa, M.D. Rinehart, S. Wiest, L.T. Pflieger,
D.R. Scoles, and S.M. Pulst. 2015. Ataxin-2 regulates RGS8 translation in
a new BAC-SCA2 transgenic mouse model. PLoS Genet. 11:e1005182.
https://doi.org/10.1371/JOURNAL.PGEN.1005182

Datson, N.A., A. Gonzélez—Barriga, E. Kourkouta, R. Weij, ]. Van De Giessen, S.
Mulders, O. Kontkanen, T. Heikkinen, K. Lehtimaki, and J.C.T. Van
Deutekom. 2017. The expanded CAG repeat in the huntingtin gene as
target for therapeutic RNA modulation throughout the HD mouse brain.
PL0S One. 12:e0171127. https://doi.org/10.1371/JOURNAL.PONE.0171127

Davies, S.W., M. Turmaine, B.A. Cozens, M. DiFiglia, A.H. Sharp, C.A. Ross, E.
Scherzinger, E.E. Wanker, L. Mangiarini, and G.P. Bates. 1997. Forma-
tion of neuronal intranuclear inclusions underlies the neurological
dysfunction in mice transgenic for the HD mutation. Cell. 90:537-548.
https://doi.org/10.1016/s0092-8674(00)80513-9

De Mezer, M., M. Wojciechowska, M. Napierala, K. Sobczak, and W.J. Krzy-
zosiak. 2011. Mutant CAG repeats of Huntingtin transcript fold into
hairpins, form nuclear foci and are targets for RNA interference. Nucleic
Acids Res. 39:3852-3863. https://doi.org/10.1093/NAR/GKQ1323

Dejager, S., H. Bry-Gauillard, E. Bruckert, B. Eymard, F. Salachas, E. LeGuern,
S. Tardieu, R. Chadarevian, P. Giral, and G. Turpin. 2002. A compre-
hensive endocrine description of Kennedy’s disease revealing androgen
insensitivity linked to CAG repeat length. J. Clin. Endocrinol. Metab. 87:
3893-3901. https://doi.org/10.1210/jcem.87.8.8780

Di, ], I. Siddique, Z. Li, G. Malki, S. Hornung, S. Dutta, I. Hurst, E. Ishaaya, A.
Wang, S. Tu, et al. 2021. The molecular tweezer CLRO1 improves be-
havioral deficits and reduces tau pathology in P301S-tau transgenic
mice. Alzheimers Res. Ther. 13:1-20. https://doi.org/10.1186/s13195-020
-00743-x

DiFiglia, M., E. Sapp, K.O. Chase, S.W. Davies, G.P. Bates, ].P. Vonsattel, and N.
Aronin. 1997. Aggregation of huntingtin in neuronal intranuclear in-
clusions and dystrophic neurites in brain. Science. 277:1990-1993.
https://doi.org/10.1126/SCIENCE.277.5334.1990

Donaldson, ., S. Powell, N. Rickards, P. Holmans, and L. Jones. 2021. What is
the pathogenic CAG expansion length in huntington’s disease.
J. Huntingtons Dis. 10:175-202. https://doi.org/10.3233/JHD-200445

Dragileva, E., A. Hendricks, A. Teed, T. Gillis, E.T. Lopez, E.C. Friedberg,
R. Kucherlapati, W. Edelmann, K.L. Lunetta, M.E. MacDonald, and
V.C. Wheeler. 2009. Intergenerational and striatal CAG repeat
instability in Huntington’s disease knock-in mice involve different
DNA repair genes. Neurobiol. Dis. 33:37-47. https://doi.org/10
.1016/].NBD.2008.09.014

Du, X., and C.M. Gomez. 2018. Spinocerebellar ataxia Type 6: Molecular
mechanisms and calcium channel genetics. Adv. Exp. Med. Biol. 1049:
147-173. https://doi.org/10.1007/978-3-319-71779-1_7

Egorova, P.A., and LB. Bezprozvanny. 2019. Molecular mechanisms and
therapeutics for spinocerebellar ataxia type 2. Neurotherapeutics. 16:
1050-1073. https://doi.org/10.1007/S13311-019-00777-6

El-Daher, M.T., E. Hangen, J. Bruyére, G. Poizat, I. Al-Ramahi, R. Pardo, N.
Bourg, S. Souquere, C. Mayet, G. Pierron, et al. 2015. Huntingtin pro-
teolysis releases non-polyQ fragments that cause toxicity through dy-
namin 1 dysregulation. EMBO J. 34:2255-2271. https://doi.org/10.15252/
EMB]J.201490808

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Ellerby, L.M., R.L. Andrusiak, C.L. Wellington, A.S. Hackam, S.S. Propp, ].D.
Wood, A.H. Sharp, R.L. Margolis, C.A. Ross, G.S. Salvesen, et al. 1999a.
Cleavage of atrophin-1 at caspase site aspartic acid 109 modulates cy-
totoxicity. J. Biol. Chem. 274:8730-8736. https://doi.org/10.1074/JBC.274
.13.8730

Ellerby, L.M., A.S. Hackam, S.S. Propp, H.M. Ellerby, S. Rabizadeh, N.R.
Cashman, M.A. Trifiro, L. Pinsky, C.L. Wellington, G.S. Salvesen, et al.
1999b. Kennedy’s disease: Caspase cleavage of the androgen receptor is a
crucial event in cytotoxicity. J. Neurochem. 72:185-195. https://doi.org/
10.1046/j.1471-4159.1999.0720185.x

Ellisdon, A.M., B. Thomas, and S.P. Bottomley. 2006. The two-stage
pathway of ataxin-3 fibrillogenesis involves a polyglutamine-
independent step. J. Biol. Chem. 281:16888-16896. https://doi.org/10
.1074/JBC.M601470200

Emamian, E.S., M.D. Kaytor, L.A. Duvick, T. Zu, S.K. Tousey, H.Y. Zoghbi,
H.B. Clark, and H.T. Orr. 2003. Serine 776 of ataxin-1 is critical for
polyglutamine-induced disease in SCAI transgenic mice. Neuron. 38:
375-387. https://doi.org/10.1016/s0896-6273(03) 00258-7

Evers, M.M., B.A. Pepers, ]J.C.T. van Deutekom, S.A.M. Mulders, ].T. den
Dunnen, A. Aartsma-Rus, G.J.B. van Ommen, and W.M.C. van Roon-
Mom. 2011. Targeting several CAG expansion diseases by a single an-
tisense oligonucleotide. PLoS One. 6:€24308. https://doi.org/10.1371/
JOURNAL.PONE.0024308

Ferrer, 1., E. Goutan, C. Marin, M.J. Rey, and T. Ribalta. 2000. Brain-derived
neurotrophic factor in Huntington disease. Brain Res. 866:257-261.
https://doi.org/10.1016/S0006-8993(00)02237-X

Fox, L.M., K. Kim, C.W. Johnson, S. Chen, K.R. Croce, M.B. Victor, E. Eenjes,
J.R. Bosco, L.K. Randolph, I. Dragatsis, et al. 2020. Huntington’s disease
pathogenesis is modified in vivo by Alfy/Wdfy3 and selective macro-
autophagy. Neuron. 105:813-821.e6. https://doi.org/10.1016/j.neuron
.2019.12.003

Fryer, ].D., P. Yu, H. Kang, C. Mandel-Brehm, A.N. Carter, ]. Crespo-Barreto,
Y. Gao, A. Flora, C. Shaw, H.T. Orr, and H.Y. Zoghbi. 2011. Exercise and
genetic rescue of SCAI via the transcriptional repressor Capicua. Sci-
ence. 334:690-693. https://doi.org/10.1126/SCIENCE.1212673

Gafni, J., and L.M. Ellerby. 2002. Calpain activation in huntington’s disease.
J. Neurosci. 22:4842-4849. https://doi.org/10.1523/J]NEUROSCI.22-12
-04842.2002

Galimberti, M., M.R. Nucera, V.D. Bocchi, P. Conforti, E. Vezzoli, M. Cereda,
C. Maffezzini, R. Iennaco, A. Scolz, A. Falqui, et al. 2024. Huntington’s
disease cellular phenotypes are rescued non-cell autonomously by
healthy cells in mosaic telencephalic organoids. Nat. Commun. 15:6534.
https://doi.org/10.1038/541467-024-50877-x

Gao, R., T. Matsuura, M. Coolbaugh, C. Zithlke, K. Nakamura, A. Rasmussen,
M.J. Siciliano, T. Ashizawa, and X. Lin. 2008. Instability of expanded
CAG/CAA repeats in spinocerebellar ataxia type 17. Eur. J. Hum. Genet.
16:215-222. https://doi.org/10.1038/sj.ejhg.5201954

Gao, L., A. Bhattacharyya, B. Beers, D. Kaushik, A.L. Bredlau, A. Kristensen, K.
Abd-Elaziz, R. Grant, L. Golden, and R. Kong. 2024. Pharmacokinetics
and pharmacodynamics of PTC518, an oral huntingtin lowering splicing
modifier: A first-in-human study. Br. J. Clin. Pharmacol. 90:3242-3251.
https://doi.org/10.1111/BCP.16202

Gauthier, L.R., B.C. Charrin, M. Borrell-Pages, ].P. Dompierre, H. Rangone,
F.P. Cordeliéres, J. De Mey, M.E. MacDonald, V. Lessmann, S. Humbert,
and F. Saudou. 2004. Huntingtin controls neurotrophic support and
survival of neurons by enhancing BDNF vesicular transport along mi-
crotubules. Cell. 118:127-138. https://doi.org/10.1016/j.cell.2004.06.018

Golde, T.E., D.R. Borchelt, B.I. Giasson, and J. Lewis. 2013. Thinking laterally
about neurodegenerative proteinopathies. J. Clin. Invest. 123:1847-1855.
https://doi.org/10.1172/JC166029

Goold, R., M. Flower, D.H. Moss, C. Medway, A. Wood-Kaczmar, R. Andre, P.
Farshim, G.P. Bates, P. Holmans, L. Jones, and S.J. Tabrizi. 2019. FAN1
modifies Huntington’s disease progression by stabilizing the expanded
HTT CAG repeat. Hum. Mol. Genet. 28:650-661. https://doi.org/10.1093/
HMG/DDY375

Goula, A.V., B.R. Berquist, D.M. Wilson, V.C. Wheeler, Y. Trottier, and K.
Merienne. 2009. Stoichiometry of base excision repair proteins corre-
lates with increased somatic CAG instability in striatum over cerebel-
lum in huntington’s disease transgenic mice. PLoS Genet. 5:e1000749.
https://doi.org/10.1371/JOURNAL.PGEN.1000749

Graham, R.K,, Y. Deng, EJ. Slow, B. Haigh, N. Bissada, G. Lu, J. Pearson, J.
Shehadeh, L. Bertram, Z. Murphy, et al. 2006. Cleavage at the caspase-6
site is required for neuronal dysfunction and degeneration due to mu-
tant huntingtin. Cell. 125:1179-1191. https://doi.org/10.1016/j.cell.2006
.04.026

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

17 of 23


https://doi.org/10.1038/502
https://doi.org/10.1016/S0896-6273(00)81035-1
https://doi.org/10.1093/HMG/DDL224
https://doi.org/10.1093/HMG/DDL224
https://doi.org/10.1523/JNEUROSCI.1592-09.2009
https://doi.org/10.1371/JOURNAL.PGEN.1002920
https://doi.org/10.1371/JOURNAL.PGEN.1002920
https://doi.org/10.1371/JOURNAL.PGEN.1005182
https://doi.org/10.1371/JOURNAL.PONE.0171127
https://doi.org/10.1016/s0092-8674(00)80513-9
https://doi.org/10.1093/NAR/GKQ1323
https://doi.org/10.1210/jcem.87.8.8780
https://doi.org/10.1186/s13195-020-00743-x
https://doi.org/10.1186/s13195-020-00743-x
https://doi.org/10.1126/SCIENCE.277.5334.1990
https://doi.org/10.3233/JHD-200445
https://doi.org/10.1016/J.NBD.2008.09.014
https://doi.org/10.1016/J.NBD.2008.09.014
https://doi.org/10.1007/978-3-319-71779-1_7
https://doi.org/10.1007/S13311-019-00777-6
https://doi.org/10.15252/EMBJ.201490808
https://doi.org/10.15252/EMBJ.201490808
https://doi.org/10.1074/JBC.274.13.8730
https://doi.org/10.1074/JBC.274.13.8730
https://doi.org/10.1046/j.1471-4159.1999.0720185.x
https://doi.org/10.1046/j.1471-4159.1999.0720185.x
https://doi.org/10.1074/JBC.M601470200
https://doi.org/10.1074/JBC.M601470200
https://doi.org/10.1016/s0896-6273(03)00258-7
https://doi.org/10.1371/JOURNAL.PONE.0024308
https://doi.org/10.1371/JOURNAL.PONE.0024308
https://doi.org/10.1016/S0006-8993(00)02237-X
https://doi.org/10.1016/j.neuron.2019.12.003
https://doi.org/10.1016/j.neuron.2019.12.003
https://doi.org/10.1126/SCIENCE.1212673
https://doi.org/10.1523/JNEUROSCI.22-12-04842.2002
https://doi.org/10.1523/JNEUROSCI.22-12-04842.2002
https://doi.org/10.1038/s41467-024-50877-x
https://doi.org/10.1038/sj.ejhg.5201954
https://doi.org/10.1111/BCP.16202
https://doi.org/10.1016/j.cell.2004.06.018
https://doi.org/10.1172/JCI66029
https://doi.org/10.1093/HMG/DDY375
https://doi.org/10.1093/HMG/DDY375
https://doi.org/10.1371/JOURNAL.PGEN.1000749
https://doi.org/10.1016/j.cell.2006.04.026
https://doi.org/10.1016/j.cell.2006.04.026

Gu, M., M.T. Gash, V.M. Mann, F. Javoy-Agid, ].M. Cooper, and A.H. Schapira.
1996. Mitochondrial defect in Huntington’s disease caudate nucleus.
Ann. Neurol. 39:385-389. https://doi.org/10.1002/ANA.410390317

Gu, X., ]. Richman, P. Langfelder, N. Wang, S. Zhang, M. Bafiez-Coronel, H.B.
Wang, L. Yang, L. Ramanathan, L. Deng, et al. 2022. Uninterrupted CAG
repeat drives striatum-selective transcriptionopathy and nuclear
pathogenesis in human Huntingtin BAC mice. Neuron. 110:1173-1192.€7.
https://doi.org/10.1016/].NEURON.2022.01.006

Gunawardena, S., L.S. Her, R.G. Brusch, R.A. Laymon, L.R. Niesman, B. Gor-
desky-Gold, L. Sintasath, N.M. Bonini, and L.S.B. Goldstein. 2003.
Disruption of axonal transport by loss of huntingtin or expression of
pathogenic polyQ proteins in Drosophila. Neuron. 40:25-40. https://doi
.org/10.1016/S0896-6273(03) 00594-4

Gupta, S., M. Gellert, and W. Yang. 2011. Mechanism of mismatch recognition
revealed by human MutSB bound to unpaired DNA loops. Nat. Struct.
Mol. Biol. 19:72-78. https://doi.org/10.1038/nsmb.2175

Gutekunst, C.A., S.H. Li, H. Yi,].S. Mulroy, S. Kuemmerle, R. Jones, D. Rye, R.].
Ferrante, S.M. Hersch, and XJ. Li. 1999. Nuclear and neuropil ag-
gregates in huntington’s disease: Relationship to neuropathology.
J. Neurosci. 19:2522-2534. https://doi.org/10.1523/JNEUROSCI.19-07
-02522.1999

Handler, H.P., L. Duvick, J.S. Mitchell, M. Cvetanovic, M. Reighard, A. Soles,
K.B. Mather, O. Rainwater, S. Serres, T. Nichols-Meade, et al. 2023.
Decreasing mutant ATXNI nuclear localization improves a spectrum of
SCAl-like phenotypes and brain region transcriptomic profiles. Neuron.
111:493-507.e6. https://doi.org/10.1016/j.neuron.2022.11.017

Handsaker, R.E., S. Kashin, N.M. Reed, S. Tan, W.-S. Lee, T.M. McDonald, K.
Morris, N. Kamitaki, C.D. Mullally, N.R. Morakabati, et al. 2025. Long
somatic DNA-repeat expansion drives neurodegeneration in Hunting-
ton’s disease. Cell. 188:623-639.e19. https://doi.org/10.1016/].CELL.2024
.11.038

Harmuth, T., C. Prell-Schicker, J.J. Weber, F. Gellerich, C. Funke, S.
Driefen, J.C.D. Magg, G. Krebiehl, H. Wolburg, S.N. Hayer, et al.
2018. Mitochondrial morphology, function and homeostasis are
impaired by expression of an N-terminal calpain cleavage frag-
ment of Ataxin-3. Front. Mol. Neurosci. 11:368. https://doi.org/10
.3389/fnmol.2018.00368

Hauser, S., ]. Helm, M. Kraft, M. Korneck, J. Hilbener-Schmid, and L. Schéls.
2022. Allele-specific targeting of mutant ataxin-3 by antisense oligo-
nucleotides in SCA3-iPSC-derived neurons. Mol. Ther. Nucleic Acids. 27:
99-108. https://doi.org/10.1016/].0MTN.2021.11.015

Hayashi, Y., A. Kakita, M. Yamada, R. Koide, S. Igarashi, H. Takano, T.
Ikeuchi, K. Wakabayashi, S. Egawa, S. Tsuji, and H. Takahashi. 1998.
Hereditary dentatorubral-pallidoluysian atrophy: Detection of
widespread ubiquitinated neuronal and glial intranuclear inclusions
in the brain. Acta Neuropathol. 96:547-552. https://doi.org/10.1007/
S004010050933

He, L., S. Wang, L. Peng, H. Zhao, S. Li, X. Han, Habimana J.d. D., Z. Chen, C.
Wang, Y. Peng, et al. 2021. CRISPR/Cas9 mediated gene correction
ameliorates abnormal phenotypes in spinocerebellar ataxia type
3 patient-derived induced pluripotent stem cells. Transl. Psychiatry. 11:
479. https://doi.org/10.1038/s41398-021-01605-2

Helmlinger, D., S. Hardy, G. Abou-Sleymane, A. Eberlin, A.B. Bowman, A.
Gansmiiller, S. Picaud, H.Y. Zoghbi, Y. Trottier, L. Tora, and D. Devys.
2006. Glutamine-expanded ataxin-7 alters TFTC/STAGA recruitment
and chromatin structure leading to photoreceptor dysfunction. PLoS
Biol. 4:e67. https://doi.org/10.1371/JOURNAL.PBIO.0040067

Hickey, M.A., A. Kosmalska, ]. Enayati, R. Cohen, S. Zeitlin, M.S. Levine,
and M.F. Chesselet. 2008. Extensive early motor and non-motor
behavioral deficits are followed by striatal neuronal loss in Knock-
in Huntington’s disease mice. Neuroscience. 157:280-295. https://doi
.org/10.1016/].NEUROSCIENCE.2008.08.041

Holmberg, M., C. Duyckaerts, A. Diirr, G. Cancel, I. Gourfinkel-An, P. Damier,
B. Faucheux, Y. Trottier, E.C. Hirsch, Y. Agid, and A. Brice. 1998. Spi-
nocerebellar ataxia type 7 (SCA7): A neurodegenerative disorder with
neuronal intranuclear inclusions. Hum. Mol. Genet. 7:913-918. https://
doi.org/10.1093/HMG/7.5.913

Hong, S.L., D. Cossyleon, W.A. Hussain, L.J. Walker, S.J. Barton, and G.V.
Rebec. 2012. Dysfunctional behavioral modulation of corticostriatal
communication in the R6/2 mouse model of huntington’s disease. PLoS
One. 7:€47026. https://doi.org/10.1371/JOURNAL.PONE.0047026

Hsu, R.J., K.M. Hsiao, M.J. Lin, C.Y. Li, L.C. Wang, L.K. Chen, and H. Pan. 2011.
Long tract of untranslated CAG repeats is deleterious in transgenic
mice. PLoS One. 6:e16417. https://doi.org/10.1371/JOURNAL.PONE
.0016417

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Huang, S., JJ. Ling, S. Yang, X.J. Li, and S. Li. 2011. Neuronal expression of
TATA box-binding protein containing expanded polyglutamine in
knock-in mice reduces chaperone protein response by impairing the
function of nuclear factor-Y transcription factor. Brain. 134:1943-1958.
https://doi.org/10.1093/BRAIN/AWR146

Huang, S., S. Yang, J. Guo, S. Yan, M.A. Gaertig, S. Li, and X.J. Li. 2015. Large
polyglutamine repeats cause muscle degeneration in SCA17 mice. Cell
Rep. 13:196-208. https://doi.org/10.1016/].CELREP.2015.08.060

Hiibener, J.,].J. Weber, C. Richter, L. Honold, A. Weiss, F. Murad, P. Breuer, U.
Wiillner, P. Bellstedt, F. Paquet-Durand, et al. 2013. Calpain-mediated
ataxin-3 cleavage in the molecular pathogenesis of spinocerebellar
ataxia type 3 (SCA3). Hum. Mol. Genet. 22:508-518. https://doi.org/10
.1093/HMG/DDS449

Huynh, D.P., K. Figueroa, N. Hoang, and S.M. Pulst. 2000. Nuclear localiza-
tion or inclusion body formation of ataxin-2 are not necessary for SCA2
pathogenesis in mouse or human. Nat. Genet. 26:44-50. https://doi.org/
10.1038/79162

Ishihara, H., F. Kanda, H. Nishio, K. Sumino, and K. Chihara. 2001. Clinical
features and skewed X-chromosome inactivation in female carriers of
X-linked recessive spinal and bulbar muscular atrophy. J. Neurol. 248:
856-860. https://doi.org/10.1007/S004150170069

Ishihara, T., M. Tada, Y. Kanemitsu, Y. Takahashi, K. Ishikawa, K. Ikenaka, M.
Hirano, T. Yokota, E.N. Minakawa, K. Saito, et al. 2024. L-Arginine in
patients with spinocerebellar ataxia type 6: A multicentre, randomised,
double-blind, placebo-controlled, phase 2 trial. EClinicalMedicine. 78:
102952. https://doi.org/10.1016/j.eclinm.2024.102952

Ishikawa, K., H. Fujigasaki, H. Saegusa, K. Ohwada, T. Fujita, H. Iwamoto, Y.
Komatsuzaki, S. Toru, H. Toriyama, M. Watanabe, et al. 1999. Abundant
expression and cytoplasmic aggregations of [alpha]lA voltage-
dependent calcium channel protein associated with neuro-
degeneration in spinocerebellar ataxia type 6. Hum. Mol. Genet. 8:
1185-1193. https://doi.org/10.1093/HMG/8.7.1185

Jafar-Nejad, P., C.S. Ward, R. Richman, H.T. Orr, and H.Y. Zoghbi. 2011. Re-
gional rescue of spinocerebellar ataxia type 1 phenotypes by 14-3-3ep-
silon haploinsufficiency in mice underscores complex pathogenicity in
neurodegeneration. Proc. Natl. Acad. Sci. USA. 108:2142-2147. https://doi
.org/10.1073/pnas.1018748108

Jana, N.R., P. Dikshit, A. Goswami, S. Kotliarova, S. Murata, K. Tanaka, and N.
Nukina. 2005. Co-chaperone CHIP associates with expanded polyglut-
amine protein and promotes their degradation by proteasomes. J. Biol.
Chem. 280:11635-11640. https://doi.org/10.1074/jbc.M412042200

Jaworski, A., W.A. Rosche, R. Gellibolian, S. Kang, M. Shimizu, R.P. Bowater,
R.R. Sinden, and R.D. Wells. 1995. Mismatch repair in Escherichia coli
enhances instability of (CTG)n triplet repeats from human hereditary
diseases. Proc. Natl. Acad. Sci. USA. 92:11019-11023. https://doi.org/10
.1073/PNAS.92.24.11019

Johnson, S.L., W.L. Tsou, M.V. Prifti, A.L. Harris, and S.V. Todi. 2022. A
survey of protein interactions and posttranslational modifications that
influence the polyglutamine diseases. Front. Mol. Neurosci. 15:974167.
https://doi.org/10.3389/fnmol.2022.974167

Kacher, R., F.X. Lejeune, S. Noél, C. Cazeneuve, A. Brice, S. Humbert, and A.
Durr. 2021. Propensity for somatic expansion increases over the course
of life in huntington disease. Elife. 10:e64674. https://doi.org/10.7554/
ELIFE.64674

Kacher, R., F.X. Lejeune, I. David, S. Boluda, G. Coarelli, S. Leclere-Turbant, A.
Heinzmann, C. Marelli, P. Charles, C. Goizet, et al. 2024. CAG repeat
mosaicism is gene specific in spinocerebellar ataxias. Am. J. Hum. Genet.
111:913-926. https://doi.org/10.1016/].AJHG.2024.03.015

Keller, C.G., Y. Shin, A.M. Monteys, N. Renaud, M. Beibel, N. Teider, T. Peters,
T. Faller, S. St-Cyr, J. Knehr, et al. 2022. An orally available, brain
penetrant, small molecule lowers huntingtin levels by enhancing
pseudoexon inclusion. Nat. Commun. 13:1150. https://doi.org/10.1038/
S41467-022-28653-6

Kennedy, L., E. Evans, C.M. Chen, L. Craven, P.J. Detloff, M. Ennis, and P.F.
Shelbourne. 2003. Dramatic tissue-specific mutation length increases
are an early molecular event in Huntington disease pathogenesis. Hum.
Mol. Genet. 12:3359-3367. https://doi.org/10.1093/HMG/DDG352

Keskin, S., C.C. Brouwers, M. Sogorb-Gonzalez, R. Martier, J.A. Depla, A.
Vallés, S.J. van Deventer, P. Konstantinova, and M.M. Evers. 2019.
AAV5-miHTT lowers huntingtin mRNA and protein without off-target
effects in patient-derived neuronal cultures and astrocytes. Mol. Ther.
Methods Clin. Dev. 15:275-284. https://doi.org/10.1016/].0MTM.2019.09
.010

Khandia, R., M. Dadar, A. Munjal, K. Dhama, K. Karthik, R. Tiwari, M.I. Yatoo,
H.M.N. Igbal, K.P. Singh, S.K. Joshi, and W. Chaicumpa. 2019. A

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

18 of 23


https://doi.org/10.1002/ANA.410390317
https://doi.org/10.1016/J.NEURON.2022.01.006
https://doi.org/10.1016/S0896-6273(03)00594-4
https://doi.org/10.1016/S0896-6273(03)00594-4
https://doi.org/10.1038/nsmb.2175
https://doi.org/10.1523/JNEUROSCI.19-07-02522.1999
https://doi.org/10.1523/JNEUROSCI.19-07-02522.1999
https://doi.org/10.1016/j.neuron.2022.11.017
https://doi.org/10.1016/J.CELL.2024.11.038
https://doi.org/10.1016/J.CELL.2024.11.038
https://doi.org/10.3389/fnmol.2018.00368
https://doi.org/10.3389/fnmol.2018.00368
https://doi.org/10.1016/J.OMTN.2021.11.015
https://doi.org/10.1007/S004010050933
https://doi.org/10.1007/S004010050933
https://doi.org/10.1038/s41398-021-01605-2
https://doi.org/10.1371/JOURNAL.PBIO.0040067
https://doi.org/10.1016/J.NEUROSCIENCE.2008.08.041
https://doi.org/10.1016/J.NEUROSCIENCE.2008.08.041
https://doi.org/10.1093/HMG/7.5.913
https://doi.org/10.1093/HMG/7.5.913
https://doi.org/10.1371/JOURNAL.PONE.0047026
https://doi.org/10.1371/JOURNAL.PONE.0016417
https://doi.org/10.1371/JOURNAL.PONE.0016417
https://doi.org/10.1093/BRAIN/AWR146
https://doi.org/10.1016/J.CELREP.2015.08.060
https://doi.org/10.1093/HMG/DDS449
https://doi.org/10.1093/HMG/DDS449
https://doi.org/10.1038/79162
https://doi.org/10.1038/79162
https://doi.org/10.1007/S004150170069
https://doi.org/10.1016/j.eclinm.2024.102952
https://doi.org/10.1093/HMG/8.7.1185
https://doi.org/10.1073/pnas.1018748108
https://doi.org/10.1073/pnas.1018748108
https://doi.org/10.1074/jbc.M412042200
https://doi.org/10.1073/PNAS.92.24.11019
https://doi.org/10.1073/PNAS.92.24.11019
https://doi.org/10.3389/fnmol.2022.974167
https://doi.org/10.7554/ELIFE.64674
https://doi.org/10.7554/ELIFE.64674
https://doi.org/10.1016/J.AJHG.2024.03.015
https://doi.org/10.1038/S41467-022-28653-6
https://doi.org/10.1038/S41467-022-28653-6
https://doi.org/10.1093/HMG/DDG352
https://doi.org/10.1016/J.OMTM.2019.09.010
https://doi.org/10.1016/J.OMTM.2019.09.010

comprehensive review of autophagy and its various roles in infectious,
non-infectious, and lifestyle diseases: Current knowledge and prospects
for disease prevention, novel drug design, and therapy. Cells. 8:674.
https://doi.org/10.3390/CELLS8070674

Kim, Y.J., Y. Yi, E. Sapp, Y. Wang, B. Cuiffo, K.B. Kegel, Z.H. Qin, N. Aronin,
and M. DiFiglia. 2001. Caspase 3-cleaved N-terminal fragments of wild-
type and mutant huntingtin are present in normal and Huntington’s
disease brains, associate with membranes, and undergo calpain-dependent
proteolysis. Proc. Natl. Acad. Sci. USA. 98:12784-12789. https://doi.org/10
.1073/PNAS.221451398

Kim, H., S. Lenoir, A. Helfricht, T. Jung, Z.K. Karneva, Y. Lee, W. Beumer, G.B.
van der Horst, H. Anthonijsz, L.C. Buil, et al. 2022. A pathogenic
proteolysis-resistant huntingtin isoform induced by an antisense oli-
gonucleotide maintains huntingtin function. JCI Insight. 7:e154108.
https://doi.org/10.1172/JCI.INSIGHT.154108

Klement, L.A., P.J. Skinner, M.D. Kaytor, H. Yi, S.M. Hersch, H.B. Clark, H.Y.
Zoghbi, and H.T. Orr. 1998. Ataxin-1 nuclear localization and aggrega-
tion: Role in polyglutamine-induced disease in SCA1 transgenic mice.
Cell. 95:41-53. https://doi.org/10.1016/S0092-8674(00)81781-X

Kourkouta, E., R. Weij, A. Gonzalez-Barriga, M. Mulder, R. Verheul, S. Bosgra,
B. Groenendaal, J. Puolivali, J. Toivanen, J.C.T. van Deutekom, and N.A.
Datson. 2019. Suppression of mutant protein expression in SCA3 and
SCA1 mice using a CAG repeat-targeting antisense oligonucleotide. Mol.
Ther. Nucleic Acids. 17:601-614. https://doi.org/10.1016/j.0mtn.2019.07
.004

Kovalenko, M., E. Dragileva, J. St Claire, T. Gillis, J.R. Guide, J. New, H. Dong,
R. Kucherlapati, M.H. Kucherlapati, M.E. Ehrlich, et al. 2012. Msh2 acts
in medium-spiny striatal neurons as an enhancer of CAG instability and
mutant huntingtin phenotypes in huntington’s disease knock-in mice.
PLoS One. 7:e44273. https://doi.org/10.1371/JOURNAL.PONE.0044273

Kovtun, I.V., Y. Liu, M. Bjoras, A. Klungland, S.H. Wilson, and C.T.
McMurray. 2007. OGG1 initiates age-dependent CAG trinucleotide
expansion in somatic cells. Nature. 447:447-452. https://doi.org/10
.1038/NATURE05778

Koyano, S., T. Uchihara, H. Fujigasaki, A. Nakamura, S. Yagishita, and K.
Iwabuchi. 1999. Neuronal intranuclear inclusions in spinocerebellar
ataxia type 2: Triple-labeling immunofluorescent study. Neurosci. Lett.
273:117-120. https://doi.org/10.1016/S0304-3940(99)00656-4

Krach, F., ]. Stemick, T. Boerstler, A. Weiss, I. Lingos, S. Reischl, H. Meixner,
S. Ploetz, M. Farrell, U. Hehr, et al. 2022. An alternative splicing mod-
ulator decreases mutant HTT and improves the molecular fingerprint in
Huntington’s disease patient neurons. Nat. Commun. 13:6797. https://doi
.org/10.1038/541467-022-34419-x

Kratter, I.H., H. Zahed, A. Lau, A.S. Tsvetkov, A.C. Daub, K.F. Weiberth, X. Gu,
F. Saudou, S. Humbert, X.W. Yang, et al. 2016. Serine 421 regulates
mutant huntingtin toxicity and clearance in mice. J. Clin. Invest. 126:
3585-3597. https://doi.org/10.1172/JCI80339

Krol, J., A. Fiszer, A. Mykowska, K. Sobczak, M. de Mezer, and W.]. Krzyzo-
siak. 2007. Ribonuclease dicer cleaves triplet repeat hairpins into
shorter repeats that silence specific targets. Mol. Cell. 25:575-586.
https://doi.org/10.1016/j.molcel.2007.01.031

Kuemmerle, S., C.-A. Gutekunst, A.M. Klein, X.-J. Li, S.-H. Li, M.F. Beal, S.M.
Hersch, and R.J. Ferrante. 1999. Huntington aggregates may not predict
neuronal death in Huntington’s disease. Ann. Neurol. 46:842-849.
https://doi.org/10.1002/1531-8249 (199912)46:6<842::AID-ANA6>3.0
.CO;2-0

Kunkel, T.A., and D.A. Erie. 2005. DNA mismatch repair. Annu. Rev.
Biochem. 74:681-710. https://doi.org/10.1146/annurev.biochem
.74.082803.133243

Lago, M.N., C.R. Oliveira, H.L. Paulson, and A.C. Rego. 2012. Compromised
mitochondrial complex II in models of Machado-Joseph disease. Bio-
chim. Biophys. Acta. 1822:139-149. https://doi.org/10.1016/].BBADIS.2011
.10.010

Lam, Y.C., A.B. Bowman, P. Jafar-Nejad, J. Lim, R. Richman, ].D. Fryer, E.D.
Hyun, L.A. Duvick, H.T. Orr, J. Botas, and H.Y. Zoghbi. 2006. ATAXIN-
1 interacts with the repressor Capicua in its native complex to cause
SCALI neuropathology. Cell. 127:1335-1347. https://doi.org/10.1016/j.cell
.2006.11.038

Landles, C., K. Sathasivam, A. Weiss, B. Woodman, H. Moffitt, S. Finkbeiner,
B. Sun, J. Gafni, L.M. Ellerby, Y. Trottier, et al. 2010. Proteolysis of
mutant huntingtin produces an exon 1 fragment that accumulates as an
aggregated protein in neuronal nuclei in huntington disease. J. Biol.
Chem. 285:8808-8823. https://doi.org/10.1074/jbc.M109.075028

Lasagna-Reeves, C.A., M.W. Rousseaux, M.]. Guerrero-Munoz, J. Park, P.
Jafar-Nejad, R. Richman, N. Lu, U. Sengupta, A. Litvinchuk, H.T. Orr,

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

et al. 2015a. A native interactor scaffolds and stabilizes toxic
ATAXIN-1 oligomers in SCAl. Elife. 4:e07558. https://doi.org/10
.7554/ELIFE.07558

Lasagna-Reeves, C.A., M.W. Rousseaux, M.]. Guerrero-Munoz, L. Vilanova-
Velez, ]. Park, L. See, P. Jafar-Nejad, R. Richman, H.T. Orr, R. Kayed, and
H.Y. Zoghbi. 2015b. Ataxin-1 oligomers induce local spread of pathology
and decreasing them by passive immunization slows Spinocerebellar
ataxia type 1 phenotypes. Elife. 4:e10891. https://doi.org/10.7554/ELIFE
10891

Leavitt, B.R., J.A. Guttman, ].G. Hodgson, G.H. Kimel, R. Singaraja, A.W. Vogl,
and M.R. Hayden. 2001. Wild-type huntingtin reduces the cellular
toxicity of mutant huntingtin in vivo. Am. J. Hum. Genet. 68:313-324.
https://doi.org/10.1086/318207

Leavitt, B.R., ].M. Van Raamsdonk, J. Shehadeh, H. Fernandes, Z. Murphy,
R.K. Graham, C.L. Wellington, L.A. Raymond, and M.R. Hayden.
2006. Wild-type huntingtin protects neurons from excitotoxicity.
J. Neurochem. 96:1121-1129. https://doi.org/10.1111/].1471-4159.2005
.03605.X

Lecerf, J.M., T.L. Shirley, Q. Zhu, A. Kazantsev, P. Amersdorfer, D.E. Hous-
man, A. Messer, and J.S. Huston. 2001. Human single-chain Fv intra-
bodies counteract in situ huntingtin aggregation in cellular models of
Huntington’s disease. Proc. Natl. Acad. Sci. USA. 98:4764-4769. https://
doi.org/10.1073/pnas.071058398

Lee, ].M., V.C. Wheeler, M.]. Chao, J.P.G. Vonsattel, R.M. Pinto, D. Lucente, K.
Abu-Elneel, E.M. Ramos, ].S. Mysore, T. Gillis, et al. 2015. Identification
of genetic factors that modify clinical onset of huntington’s disease. Cell.
162:516-526. https://doi.org/10.1016/].CELL.2015.07.003

Lee, J.M., K. Correia, J. Loupe, K.H. Kim, D. Barker, E.P. Hong, M.]. Chao, J.D.
Long, D. Lucente, J.P.G. Vonsattel, et al. 2019. CAG repeat not poly-
glutamine length determines timing of huntington’s disease onset. Cell.
178:887-900.e14. https://doi.org/10.1016/J.CELL.2019.06.036

Leung, T.C.S., E. Fields, N. Rana, R.Y.L. Shen, A.E. Bernstein, A.A. Cook, D.E.
Phillips, and A.J. Watt. 2024. Mitochondrial damage and impaired mi-
tophagy contribute to disease progression in SCA6. Acta Neuropathol.
147:26. https://doi.org/10.1007/s00401-023-02680-z

Li, X.J., S.H. Li, A.H. Sharp, F.C. Nucifora, G. Schilling, A. Lanahan, P. Worley,
Snyder S.H., and C.A. Ross. 1995. A huntingtin-associated protein en-
riched in brain with implications for pathology. Nature 378:398-402.
https://doi.org/10.1038/378398a0

Li, M., S. Miwa, Y. Kobayashi, D.E. Merry, M. Yamamoto, F. Tanaka, M. Doyu,
Y. Hashizume, K.H. Fischbeck, and G. Sobue. 1998. Nuclear inclusions of
the androgen receptor protein in spinal and bulbar muscular atrophy.
Ann. Neurol. 44:249-254. https://doi.org/10.1002/ANA.410440216

Li, L.B., Z. Yu, X. Teng, and N.M. Bonini. 2008. RNA toxicity is a component of
ataxin-3 degeneration in Drosophila. Nature. 453:1107-1111. https://doi
.org/10.1038/NATURE06909

Lim, ., J. Crespo-Barreto, P. Jafar-Nejad, A.B. Bowman, R. Richman, D.E. Hill,
H.T. Orr, and H.Y. Zoghbi. 2008. Opposing effects of polyglutamine
expansion on native protein complexes contribute to SCAL. Nature. 452:
713-718. https://doi.org/10.1038/nature06731

Lin, Y., V. Dion, and J.H. Wilson. 2006. Transcription promotes contraction of
CAG repeat tracts in human cells. Nat. Struct. Mol. Biol. 13:179-180.
https://doi.org/10.1038/nsmb1042

Liu, J., T.S. Tang, H. Tu, O. Nelson, E. Herndon, D.P. Huynh, S.M. Pulst, and I.
Bezprozvanny. 2009. Deranged calcium signaling and neuro-
degeneration in spinocerebellar ataxia type 2. J. Neurosci. 29:9148-9162.
https://doi.org/10.1523/J]NEUROSCI.0660-09.2009

Liu, K.Y., Y.C. Shyu, B.A. Barbaro, Y.T. Lin, Y. Chern, L.M. Thompson, C.K.
James Shen, and J.L. Marsh. 2015. Disruption of the nuclear membrane
by perinuclear inclusions of mutant huntingtin causes cell-cycle re-
entry and striatal cell death in mouse and cell models of Huntington’s
disease. Hum. Mol. Genet. 24:1602-1616. https://doi.org/10.1093/HMG/
DDU574

Liu, Q., Y. Pan, X.J. Li, and S. Li. 2019. Molecular mechanisms and thera-
peutics for SCA17. Neurotherapeutics. 16:1097-1105. https://doi.org/10
.1007/S13311-019-00762-Z

Loupe, J.M., R.M. Pinto, K.H. Kim, T. Gillis, ].S. Mysore, M.A. Andrew, M.
Kovalenko, R. Murtha, I. Seong, J.F. Gusella, et al. 2020. Promotion of
somatic CAG repeat expansion by Fanl knock-out in Huntington’s dis-
ease knock-in mice is blocked by Mlh1 knock-out. Hum. Mol. Genet. 29:
3044-3053. https://doi.org/10.1093/HMG/DDAA196

Manley, K., T.L. Shirley, L. Flaherty, and A. Messer. 1999. Msh2 deficiency
prevents in vivo somatic instability of the CAG repeat in Huntington
disease transgenic mice. Nat. Genet. 23:471-473. https://doi.org/10
.1038/70598

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

19 of 23


https://doi.org/10.3390/CELLS8070674
https://doi.org/10.1073/PNAS.221451398
https://doi.org/10.1073/PNAS.221451398
https://doi.org/10.1172/JCI.INSIGHT.154108
https://doi.org/10.1016/S0092-8674(00)81781-X
https://doi.org/10.1016/j.omtn.2019.07.004
https://doi.org/10.1016/j.omtn.2019.07.004
https://doi.org/10.1371/JOURNAL.PONE.0044273
https://doi.org/10.1038/NATURE05778
https://doi.org/10.1038/NATURE05778
https://doi.org/10.1016/S0304-3940(99)00656-4
https://doi.org/10.1038/s41467-022-34419-x
https://doi.org/10.1038/s41467-022-34419-x
https://doi.org/10.1172/JCI80339
https://doi.org/10.1016/j.molcel.2007.01.031
https://doi.org/10.1002/1531-8249(199912)46:6%3c842::AID-ANA6%3e3.0.CO;2-O
https://doi.org/10.1002/1531-8249(199912)46:6%3c842::AID-ANA6%3e3.0.CO;2-O
https://doi.org/10.1146/annurev.biochem.74.082803.133243
https://doi.org/10.1146/annurev.biochem.74.082803.133243
https://doi.org/10.1016/J.BBADIS.2011.10.010
https://doi.org/10.1016/J.BBADIS.2011.10.010
https://doi.org/10.1016/j.cell.2006.11.038
https://doi.org/10.1016/j.cell.2006.11.038
https://doi.org/10.1074/jbc.M109.075028
https://doi.org/10.7554/ELIFE.07558
https://doi.org/10.7554/ELIFE.07558
https://doi.org/10.7554/ELIFE.10891
https://doi.org/10.7554/ELIFE.10891
https://doi.org/10.1086/318207
https://doi.org/10.1111/J.1471-4159.2005.03605.X
https://doi.org/10.1111/J.1471-4159.2005.03605.X
https://doi.org/10.1073/pnas.071058398
https://doi.org/10.1073/pnas.071058398
https://doi.org/10.1016/J.CELL.2015.07.003
https://doi.org/10.1016/J.CELL.2019.06.036
https://doi.org/10.1007/s00401-023-02680-z
https://doi.org/10.1038/378398a0
https://doi.org/10.1002/ANA.410440216
https://doi.org/10.1038/NATURE06909
https://doi.org/10.1038/NATURE06909
https://doi.org/10.1038/nature06731
https://doi.org/10.1038/nsmb1042
https://doi.org/10.1523/JNEUROSCI.0660-09.2009
https://doi.org/10.1093/HMG/DDU574
https://doi.org/10.1093/HMG/DDU574
https://doi.org/10.1007/S13311-019-00762-Z
https://doi.org/10.1007/S13311-019-00762-Z
https://doi.org/10.1093/HMG/DDAA196
https://doi.org/10.1038/70598
https://doi.org/10.1038/70598

Marchioretti, C., G. Zanetti, M. Pirazzini, G. Gherardi, L. Nogara, R. Andreotti,
P. Martini, L. Marcucci, M. Canato, S.R. Nath, et al. 2023. Defective
excitation-contraction coupling and mitochondrial respiration precede
mitochondrial Ca?* accumulation in spinobulbar muscular atrophy
skeletal muscle. Nat. Commun. 14:602. https://doi.org/10.1038/541467
-023-36185-W

Martinez-Vicente, M., Z. Talloczy, E. Wong, G. Tang, H. Koga, S. Kaushik, R.
De Vries, E. Arias, S. Harris, D. Sulzer, and A.M. Cuervo. 2010. Cargo
recognition failure IS responsible for inefficient autophagy in Hun-
tington’s disease. Nat. Neurosci. 13:567-576. https://doi.org/10.1038/NN
.2528

Matilla, A., E.D. Roberson, S. Banfi, ]. Morales, D.L. Armstrong, E.N. Burright,
H.T. Orr, ].D. Sweatt, H.Y. Zoghbi, and M.M. Matzuk. 1998. Mice lacking
ataxin-1 display learning deficits and decreased hippocampal paired-
pulse facilitation. J. Neurosci. 18:5508-5516. https://doi.org/10.1523/
JNEUROSCI.18-14-05508.1998

Matlik, K., M. Baffuto, L. Kus, A.L. Deshmukh, D.A. Davis, M.R. Paul, T.S.
Carroll, M.C. Caron, J.Y. Masson, C.E. Pearson, and N. Heintz. 2024.
Cell-type-specific CAG repeat expansions and toxicity of mutant Hun-
tingtin in human striatum and cerebellum. Nat. Genet. 56:383-394.
https://doi.org/10.1038/541588-024-01653-6

McCampbell, A., J.P. Taylor, A.A. Taye, J. Robitschek, M. Li, . Walcott, D.
Merry, Y. Chai, H. Paulson, G. Sobue, and K.H. Fischbeck. 2000. CREB-
binding protein sequestration by expanded polyglutamine. Hum. Mol.
Genet. 9:2197-2202. https://doi.org/10.1093/HMG/9.14.2197

McColgan, P., A. Thobhani, L. Boak, S.A. Schobel, A. Nicotra, G. Palermo, D.
Trundell, J. Zhou, V. Schlegel, P. Sanwald Ducray, et al. 2023. Tomi-
nersen in adults with manifest huntington’s disease. N. Engl. J. Med. 389:
2203-2205. https://doi.org/10.1056/NEJMc2300400

McLean, Z.L., D. Gao, K. Correia, J.C.L. Roy, S. Shibata, I.N. Farnum, Z. Val-
depenas-Mellor, M. Kovalenko, M. Rapuru, E. Morini, et al. 2024. Splice
modulators target PMS1 to reduce somatic expansion of the Hunting-
ton’s disease-associated CAG repeat. Nat. Commun. 15:3182. https://doi
.org/10.1038/541467-024-47485-0

McLoughlin, H.S., L.R. Moore, and H.L. Paulson. 2020. Pathogenesis of SCA3
and implications for other polyglutamine diseases. Neurobiol. Dis. 134:
104635. https://doi.org/10.1016/].NBD.2019.104635

Meera, P., S.M. Pulst, and T.S. Otis. 2016. Cellular and circuit mechanisms
underlying spinocerebellar ataxias. J. Physiol. 594:4653-4660. https://
doi.org/10.1113/]JP271897

Mehta, S.R., C.M. Tom, Y. Wang, C. Bresee, D. Rushton, P.P. Mathkar, J. Tang,
and V.B. Mattis. 2018. Human huntington’s disease iPSC-derived cor-
tical neurons display altered transcriptomics, morphology, and matu-
ration. Cell Rep. 25:1081-1096.e6. https://doi.org/10.1016/].CELREP.2018
.09.076

Menalled, L.B., ].D. Sison, 1. Dragatsis, S. Zeitlin, and M.F. Chesselet. 2003.
Time course of early motor and neuropathological anomalies in a
knock-in mouse model of Huntington’s disease with 140 CAG repeats.
J. Comp. Neurol. 465:11-26. https://doi.org/10.1002/CNE.10776

Miller, J.P., J. Holcomb, I. Al-Ramahi, M. de Haro, J. Gafni, N. Zhang, E. Kim,
M. Sanhueza, C. Torcassi, S. Kwak, et al. 2010. Matrix metal-
loproteinases are modifiers of huntingtin proteolysis and toxicity in
Huntington’s disease. Neuron. 67:199-212. https://doi.org/10.1016/j
.neuron.2010.06.021

Minakawa, E.N., H.A. Popiel, M. Tada, T. Takahashi, H. Yamane, Y. Saitoh, Y.
Takahashi, D. Ozawa, A. Takeda, T. Takeuchi, et al. 2020. Arginine is a
disease modifier for polyQ disease models that stabilizes polyQ protein
conformation. Brain. 143:1811-1825. https://doi.org/10.1093/BRAIN/
AWAAI11S

Miniarikova, J., V. Zimmer, R. Martier, C.C. Brouwers, C. Pythoud, K. Ri-
chetin, M. Rey, J. Lubelski, M.M. Evers, S.J. Van Deventer, et al. 2017.
AAV5-miHTT gene therapy demonstrates suppression of mutant hun-
tingtin aggregation and neuronal dysfunction in a rat model of Hun-
tington’s disease. Gene Ther. 24:630-639. https://doi.org/10.1038/GT
.2017.71

Mirkin, S.M. 2005. Toward a unified theory for repeat expansions. Nat.
Struct. Mol. Biol. 12:635-637. https://doi.org/10.1038/nsmb0805-635

Mizuno, K., ]J. Carnahan, and H. Nawa. 1994. Brain-derived neurotrophic
factor promotes differentiation of striatal GABAergic neurons. Dev. Biol.
165:243-256. https://doi.org/10.1006/DBI0.1994.1250

Mgllersen, L., A.D. Rowe, J.L. Illuzzi, G.A. Hildrestrand, K.J. Gerhold, L.
Tveteras, A. Bjglgerud, D.M. Wilson, M. Bjgras, and A. Klungland. 2012.
Neill is a genetic modifier of somatic and germline CAG trinucleotide
repeat instability in R6/1 mice. Hum. Mol. Genet. 21:4939-4947. https://
doi.org/10.1093/HMG/DDS337

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Morfini, G., G. Pigino, Szebenyi G., Y. You, S. Pollema, and S.T. Brady. 2006.
JNK mediates pathogenic effects of polyglutamine-expanded androgen
receptor on fast axonal transport. Nat. Neurosci. 9:907-916. https://doi
.org/10.1038/nn1717

Morfini, G.A., Y.M. You, S.L. Pollema, A. Kaminska, K. Liu, K. Yoshioka, B.
Bjorkblom, E.T. Coffey, C. Bagnato, D. Han, et al. 2009. Pathogenic
huntingtin inhibits fast axonal transport by activating JNK3 and phos-
phorylating kinesin. Nat. Neurosci. 12:864-871. https://doi.org/10.1038/
NN.2346

Murmann, A.E., M. Patel, S.Y. Jeong, E.T. Bartom, A. Jennifer Morton, and
M.E. Peter. 2022. The length of uninterrupted CAG repeats in stem
regions of repeat disease associated hairpins determines the amount of
short CAG oligonucleotides that are toxic to cells through RNA inter-
ference. Cell Death Dis. 13:1078. https://doi.org/10.1038/541419-022
-05494-1

Mykowska, A., K. Sobczak, M. Wojciechowska, P. Kozlowski, and W.].
Krzyzosiak. 2011. CAG repeats mimic CUG repeats in the misregulation
of alternative splicing. Nucleic Acids Res. 39:8938-8951. https://doi.org/
10.1093/NAR/GKR608

Nakamori, M., C.E. Pearson, and C.A. Thornton. 2011. Bidirectional tran-
scription stimulates expansion and contraction of expanded
(CTG) « (CAG) repeats. Hum. Mol. Genet. 20:580-588. https://doi.org/10
.1093/HMG/DDQ501

Nakamori, M., G.B. Panigrahi, S. Lanni, T. Gall-Duncan, H. Hayakawa, H.
Tanaka, J. Luo, T. Otabe, J. Li, A. Sakata, et al. 2020. A slipped-CAG
DNA-binding small molecule induces trinucleotide-repeat con-
tractions in vivo. Nat. Genet. 52:146-159. https://doi.org/10.1038/
541588-019-0575-8

Nakamura, K., S.Y. Jeong, T. Uchihara, M. Anno, K. Nagashima, T. Naga-
shima, S. Tkeda, S. Tsuji, and I. Kanazawa. 2001. SCA17, a novel auto-
somal dominant cerebellar ataxia caused by an expanded polyglutamine
in TATA-binding protein. Hum. Mol. Genet. 10:1441-1448. https://doi
.org/10.1093/HMG/10.14.1441

Nedelsky, N.B., M. Pennuto, R.B. Smith, I. Palazzolo, J. Moore, Z. Nie, G.
Neale, and ].P. Taylor. 2010. Native functions of the androgen re-
ceptor are essential to pathogenesis in a Drosophila model of spi-
nobulbar muscular atrophy. Neuron. 67:936-952. https://doi.org/10
.1016/j.neuron.2010.08.034

Niewiadomska-Cimicka, A., and Y. Trottier. 2019. Molecular targets and
therapeutic strategies in spinocerebellar ataxia type 7. Neurotherapeu-
tics. 16:1074-1096. https://doi.org/10.1007/S13311-019-00778-5

Nitschke, L., S.L. Coffin, E. Xhako, D.B. El-Najjar, ].P. Orengo, E. Alcala, Y. Dai,
Y.W. Wan, Z. Liu, H.T. Orr, and H.Y. Zoghbi. 2021. Modulation of
ATXN1 S776 phosphorylation reveals the importance of allele-specific
targeting in SCAL. JCI Insight. 6:€144955. https://doi.org/10.1172/JCI
INSIGHT.144955

Nowak, B., E. Kozlowska, W. Pawlik, and A. Fiszer. 2023. Atrophin-1 function
and dysfunction in dentatorubral-pallidoluysian atrophy. Mov. Disord.
38:526-536. https://doi.org/10.1002/MDS.29355

Nucifora, J., M. Sasaki, MLF. Peters, H. Huang, J.K. Cooper, M. Yamada, H.
Takahashi, S. Tsuji, J. Troncoso, V.L. Dawson, et al. 2001. Interference
by huntingtin and atrophin-1 with CBP-mediated transcription leading
to cellular toxicity. Science. 291:2423-2428. https://doi.org/10.1126/
science.1056784

Oh, Y.M., S.W. Lee, W.K. Kim, S. Chen, V.A. Church, K. Cates, T. Li, B. Zhang,
R.E. Dolle, S. Dahiya, et al. 2022. Age-related Huntington’s disease
progression modeled in directly reprogrammed patient-derived striatal
neurons highlights impaired autophagy. Nat. Neurosci. 25:1420-1433.
https://doi.org/10.1038/541593-022-01185-4

0o0i, J., S.R. Langley, X. Xu, K.H. Utami, B. Sim, Y. Huang, N.P. Harmston, Y.L.
Tay, A. Ziaei, R. Zeng, et al. 2019. Unbiased profiling of isogenic hun-
tington disease hPSC-derived CNS and peripheral cells reveals strong
cell-type specificity of CAG length effects. Cell Rep. 26:2494-2508.€7.
https://doi.org/10.1016/].CELREP.2019.02.008

O'Rourke, J.G., ].R. Gareau, J. Ochaba, W. Song, T. Raské, D. Reverter, J. Lee,
A.M. Monteys, J. Pallos, L. Mee, et al. 2013. SUMO-2 and PIAS1 modulate
insoluble mutant huntingtin protein accumulation. Cell Rep. 4:362-375.
https://doi.org/10.1016/].CELREP.2013.06.034

Palacino, J., S.E. Swalley, C. Song, A.K. Cheung, L. Shu, X. Zhang, M.
Van Hoosear, Y. Shin, D.N. Chin, C.G. Keller, et al. 2015. SMIN2
splice modulators enhance Ul-pre-mRNA association and rescue
SMA mice. Nat. Chem. Biol. 11:511-517. https://doi.org/10.1038/
nchembio.1837

Park, S.H., Y. Kukushkin, R. Gupta, T. Chen, A. Konagai, M.S. Hipp, M. Hayer-
Hartl, and F.U. Hartl. 2013. PolyQ proteins interfere with nuclear

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

20 of 23


https://doi.org/10.1038/S41467-023-36185-W
https://doi.org/10.1038/S41467-023-36185-W
https://doi.org/10.1038/NN.2528
https://doi.org/10.1038/NN.2528
https://doi.org/10.1523/JNEUROSCI.18-14-05508.1998
https://doi.org/10.1523/JNEUROSCI.18-14-05508.1998
https://doi.org/10.1038/s41588-024-01653-6
https://doi.org/10.1093/HMG/9.14.2197
https://doi.org/10.1056/NEJMc2300400
https://doi.org/10.1038/s41467-024-47485-0
https://doi.org/10.1038/s41467-024-47485-0
https://doi.org/10.1016/J.NBD.2019.104635
https://doi.org/10.1113/JP271897
https://doi.org/10.1113/JP271897
https://doi.org/10.1016/J.CELREP.2018.09.076
https://doi.org/10.1016/J.CELREP.2018.09.076
https://doi.org/10.1002/CNE.10776
https://doi.org/10.1016/j.neuron.2010.06.021
https://doi.org/10.1016/j.neuron.2010.06.021
https://doi.org/10.1093/BRAIN/AWAA115
https://doi.org/10.1093/BRAIN/AWAA115
https://doi.org/10.1038/GT.2017.71
https://doi.org/10.1038/GT.2017.71
https://doi.org/10.1038/nsmb0805-635
https://doi.org/10.1006/DBIO.1994.1250
https://doi.org/10.1093/HMG/DDS337
https://doi.org/10.1093/HMG/DDS337
https://doi.org/10.1038/nn1717
https://doi.org/10.1038/nn1717
https://doi.org/10.1038/NN.2346
https://doi.org/10.1038/NN.2346
https://doi.org/10.1038/s41419-022-05494-1
https://doi.org/10.1038/s41419-022-05494-1
https://doi.org/10.1093/NAR/GKR608
https://doi.org/10.1093/NAR/GKR608
https://doi.org/10.1093/HMG/DDQ501
https://doi.org/10.1093/HMG/DDQ501
https://doi.org/10.1038/s41588-019-0575-8
https://doi.org/10.1038/s41588-019-0575-8
https://doi.org/10.1093/HMG/10.14.1441
https://doi.org/10.1093/HMG/10.14.1441
https://doi.org/10.1016/j.neuron.2010.08.034
https://doi.org/10.1016/j.neuron.2010.08.034
https://doi.org/10.1007/S13311-019-00778-5
https://doi.org/10.1172/JCI.INSIGHT.144955
https://doi.org/10.1172/JCI.INSIGHT.144955
https://doi.org/10.1002/MDS.29355
https://doi.org/10.1126/science.1056784
https://doi.org/10.1126/science.1056784
https://doi.org/10.1038/s41593-022-01185-4
https://doi.org/10.1016/J.CELREP.2019.02.008
https://doi.org/10.1016/J.CELREP.2013.06.034
https://doi.org/10.1038/nchembio.1837
https://doi.org/10.1038/nchembio.1837

degradation of cytosolic proteins by sequestering the Sislp chaperone.
Cell. 154:134-145. https://doi.org/10.1016/J.CELL.2013.06.003

Parker, W.D., S.J. Boyson, A.S. Luder, and J.K. Parks. 1990. Evidence for a
defect in NADH: Ubiquinone oxidoreductase (Complex I) in Hunting-
ton’s disease. Neurology. 40:1231-1234. https://doi.org/10.1212/WNL.40
.8.1231

Paulson, H. 2012. Machado-Joseph disease/spinocerebellar ataxia type 3.
Handb. Clin. Neurol. 103:437. 449. https://doi.org/10.1016/B978-0-444
-51892-7.00027-9

Paulson, H.L., M.K. Perez, Y. Trottier, J.Q. Trojanowski, S.H. Subramony, S.S.
Das, P. Vig, ].L. Mandel, K.H. Fischbeck, and R.N. Pittman. 1997. Intra-
nuclear inclusions of expanded polyglutamine protein in spinocer-
ebellar ataxia type 3. Neuron. 19:333-344. https://doi.org/10.1016/S0896
-6273(00)80943-5

Pearson, C.E., K. Nichol Edamura, and J.D. Cleary. 2005. Repeat instability:
Mechanisms of dynamic mutations. Nat. Rev. Genet. 6:729-742. https://
doi.org/10.1038/nrgl689

Pickart, C.M. 2001. Ubiquitin enters the new millennium: Meeting review.
Mol. Cell. 8:499-504. https://doi.org/10.1016/S1097-2765(01)00347-1

Pinto, R.M,, E. Dragileva, A. Kirby, A. Lloret, E. Lopez, J. St Claire, G.B. Pan-
igrahi, C. Hou, K. Holloway, T. Gillis, et al. 2013. Mismatch repair genes
Mlh1 and MIh3 modify CAG instability in huntington’s disease mice:
Genome-wide and candidate approaches. PLoS Genet. 9:e1003930.
https://doi.org/10.1371/JOURNAL.PGEN.1003930

Pinto, R.M., L. Arning, J.V. Giordano, P. Razghandi, M.A. Andrew, T. Gillis, K.
Correia, ].S. Mysore, D.M. Grote Urtubey, C.R. Parwez, et al. 2020.
Patterns of CAG repeat instability in the central nervous system and
periphery in Huntington’s disease and in spinocerebellar ataxia type 1.
Hum. Mol. Genet. 29:2551-2567. https://doi.org/10.1093/HMG/DDAA139

Pircs, K., J. Drouin-Ouellet, V. Horvith, J. Gil, M. Rezeli, R. Garza, D.A. Grassi,
Y. Sharma, I. St-Amour, K. Harris, et al. 2022. Distinct subcellular au-
tophagy impairments in induced neurons from patients with Hun-
tington’s disease. Brain. 145:3035-3057. https://doi.org/10.1093/brain/
awab473

Pluciennik, A., Y. Liu, E. Molotsky, G.B. Marsh, B. Ranxhi, F.J. Arnold, S. St-
Cyr, B. Davidson, N. Pourshafie, A.P. Lieberman, et al. 2021. Deubi-
quitinase USP7 contributes to the pathogenicity of spinal and bulbar
muscular atrophy. J. Clin. Invest. 131:e134565. https://doi.org/10.1172/
JCI134565

Pourshafie, N., E. Masati, E. Bunker, A.R. Nickolls, P. Thepmankorn, K.
Johnson, X. Feng, T. Ekins, C. Grunseich, and K.H. Fischbeck. 2020.
Linking epigenetic dysregulation, mitochondrial impairment, and
metabolic dysfunction in SBMA motor neurons. JCI Insight. 5:e136539.
https://doi.org/10.1172/jci.insight.136539

Pressl, C., K. Matlik, L. Kus, P. Darnell, ].D. Luo, M.R. Paul, A.R. Weiss, W.
Liguore, T.S. Carroll, D.A. Davis, et al. 2024. Selective vulnerability of
layer 5a corticostriatal neurons in Huntington’s disease. Neuron. 112:
924-941.e10. https://doi.org/10.1016/j.neuron.2023.12.009

Ramdzan, Y.M., M.M. Trubetskov, A.R. Ormsby, E.A. Newcombe, X. Sui, M.].
Tobin, M.N. Bongiovanni, S.L. Gras, G. Dewson, ].M.L. Miller, et al. 2017.
Huntingtin inclusions trigger cellular quiescence, deactivate apoptosis,
and lead to delayed necrosis. Cell Rep. 19:919-927. https://doi.org/10
.1016/].CELREP.2017.04.029

Reid, E., M. Kloos, A. Ashley-Koch, L. Hughes, S. Bevan, LK. Svenson, F.L.
Graham, P.C. Gaskell, A. Dearlove, M.A. Pericak-Vance, et al. 2002. A
kinesin heavy chain (KIF5A) mutation in hereditary spastic paraplegia
(SPG10). Am. J. Hum. Genet. 71:1189-1194. https://doi.org/10.1086/
344210

Reiner, A., and Y.P. Deng. 2018. Disrupted striatal neuron inputs and outputs
in Huntington’s disease. CNS Neurosci. Ther. 24:250-280. https://doi
.org/10.1111/CNS.12844

Rong, J.,]J.R. McGuire, Z.H. Fang, G. Sheng, ].Y. Shin, S.H. Li, and X.J. Li. 2006.
Regulation of intracellular trafficking of huntingtin-associated protein-
1is critical for TrkA protein levels and neurite outgrowth. J. Neurosci. 26:
6019-6030. https://doi.org/10.1523/JNEUROSCI.1251-06.2006

Ross, C.A., and M.A. Poirier. 2004. Protein aggregation and neurodegenera-
tive disease. Nat. Med. 10:510-S17. https://doi.org/10.1038/nm1066

Rousseaux, M.W.C., T. Tschumperlin, H.C. Lu, E.P. Lackey, V.V. Bondar, Y.W.
Wan, Q. Tan, C.J. Adamski, J. Friedrich, K. Twaroski, et al. 2018. ATXN1-
CIC complex is the primary driver of cerebellar pathology in spino-
cerebellar ataxia type 1 through a gain-of-function mechanism. Neuron.
97:1235-1243.e5. https://doi.org/10.1016/j.neuron.2018.02.013

Sanchez, 1., C. Mahlke, and ]. Yuan. 2003. Pivotal role of oligomerization in
expanded polyglutamine neurodegenerative disorders. Nature. 421:
373-379. https://doi.org/10.1038/nature01301

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Santana, M.M., S. Paix#o, J. Cunha-Santos, T.P. Silva, A. Trevino-Garcia, L.S.
Gaspar, C. Nébrega, R.J. Nobre, C. Cavadas, H. Greif, and L. Pereira de
Almeida. 2020. Trehalose alleviates the phenotype of Machado-Joseph
disease mouse models. J. Transl. Med. 18:161. https://doi.org/10.1186/
512967-020-02302-2

Sato, T., M. Miura, M. Yamada, T. Yoshida, ].D. Wood, 1. Yazawa, M. Masuda,
T. Suzuki, R.M. Shin, H.J. Yau, et al. 2009. Severe neurological pheno-
types of Q129 DRPLA transgenic mice serendipitously created by en
masse expansion of CAG repeats in Q76 DRPLA mice. Hum. Mol. Genet.
18:723-736. https://doi.org/10.1093/HMG/DDN403

Saudou, F., S. Finkbeiner, D. Devys, and M.E. Greenberg. 1998. Huntingtin
acts in the nucleus to induce apoptosis but death does not correlate with
the formation of intranuclear inclusions. Cell. 95:55-66. https://doi.org/
10.1016/S0092-8674(00)81782-1

Scherzinger, E., R. Lurz, M. Turmaine, L. Mangiarini, B. Hollenbach, R. Ha-
senbank, G.P. Bates, S.W. Davies, H. Lehrach, and E.E. Wanker. 1997.
Huntingtin-encoded polyglutamine expansions form amyloid-like
protein aggregates in vitro and in vivo. Cell. 90:549-558. https://doi
.org/10.1016/S0092-8674(00)80514-0

Schilling, J., M. Broemer, I. Atanassov, Y. Duernberger, I. Vorberg, C. Diet-
erich, A. Dagane, G. Dittmar, E. Wanker, W. van Roon-Mom, et al. 2019.
Deregulated splicing is a major mechanism of RNA-induced toxicity in
huntington’s disease. J. Mol. Biol. 431:1869-1877. https://doi.org/10.1016/
JJMB.2019.01.034

Schmidt, B.J., C.R. Greenberg, D.J. Allingham-Hawkins, and E.L. Spriggs.
2002. Expression of X-linked bulbospinal muscular atrophy (Kennedy
disease) in two homozygous women. Neurology. 59:770-772. https://doi
.org/10.1212/wnl.59.5.770

Schweitzer, J.K., and D.M. Livingston. 1997. Destabilization of CAG trinucle-
otide repeat tracts by mismatch repair mutations in yeast. Hum. Mol.
Genet. 6:349-355. https://doi.org/10.1093/HMG/6.3.349

Silva-Fernandes, A., S. Duarte-Silva, A. Neves-Carvalho, M. Amorim, C.
Soares-Cunha, P. Oliveira, K. Thirstrup, A. Teixeira-Castro, and P.
Maciel. 2014. Chronic treatment with 17-DMAG improves balance and
coordination in A new mouse model of Machado-Joseph disease. Neu-
rotherapeutics. 11:433-449. https://doi.org/10.1007/s13311-013-0255-9

Simdes, A.T., N. Gongalves, R.J. Nobre, C.B. Duarte, and L. Pereira de Almeida.
2014. Calpain inhibition reduces ataxin-3 cleavage alleviating neuro-
pathology and motor impairments in mouse models of Machado-Joseph
disease. Hum. Mol. Genet. 23:4932-4944. https://doi.org/10.1093/HMG/
DDU209

Sinha, S., D.HJ. Lopes, Z. Du, E.S. Pang, A. Shanmugam, A. Lomakin, P.
Talbiersky, A. Tennstaedt, K. McDaniel, R. Bakshi, et al. 2011. Lysine-
specific molecular tweezers are broad-spectrum inhibitors of assembly
and toxicity of amyloid proteins. J. Am. Chem. Soc. 133:16958-16969.
https://doi.org/10.1021/ja206279b

Skinner, P.J., B.T. Koshy, C.J. Cummings, L.A. Klement, K. Helin, A. Servadio,
H.Y. Zoghbi, and H.T. Orr. 1997. Ataxin-1 with an expanded glutamine
tract alters nuclear matrix-associated structures. Nature 389:971-974.
https://doi.org/10.1038/40153

Slow, E.J., J. van Raamsdonk, D. Rogers, S.H. Coleman, R.K. Graham, Y. Deng,
R. Oh, N. Bissada, S.M. Hossain, Y.Z. Yang, et al. 2003. Selective striatal
neuronal loss in a YAC128 mouse model of Huntington disease. Hum.
Mol. Genet. 12:1555-1567. https://doi.org/10.1093/HMG/DDG169

Sobue, G., M. Doyu, T. Kachi, T. Yasuda, E. Mukai, T. Kumagai, and T. Mit-
suma. 1993. Subclinical phenotypic expressions in heterozygous fe-
males of X-linked recessive bulbospinal neuronopathy. J. Neurol. Sci. 117:
74-78. https://doi.org/10.1016/0022-510X(93)90157-T

Southwell, AL, J. Ko, and P.H. Patterson. 2009. Intrabody gene therapy
ameliorates motor, cognitive, and neuropathological symptoms in
multiple mouse models of Huntington’s disease. J. Neurosci. 29:
13589-13602. https://doi.org/10.1523/J]NEUROSCI.4286-09.2009

Steffan, ].S., A. Kazantsev, O. Spasic-Boskovic, M. Greenwald, Y.Z. Zhu, H.
Gohler, E.E. Wanker, G.P. Bates, D.E. Housman, and L.M. Thompson.
2000. The Huntington’s disease protein interacts with p53 and CREB-
binding protein and represses transcription. Proc. Natl. Acad. Sci. USA.
97:6763-6768. https://doi.org/10.1073/PNAS.100110097

Stucki, D.M., C. Ruegsegger, S. Steiner, J. Radecke, M.P. Murphy, B. Zuber,
and S. Saxena. 2016. Mitochondrial impairments contribute to Spino-
cerebellar ataxia type 1 progression and can be ameliorated by the
mitochondria-targeted antioxidant MitoQ. Free Radic. Biol. Med. 97:
427-440. https://doi.org/10.1016/]. FREERADBIOMED.2016.07.005

Szebenyi, G., G.A. Morfini, A. Babcock, M. Gould, K. Selkoe, D.L. Stenoien, M.
Young, P.W. Faber, M.E. MacDonald, M.J. McPhaul, and S.T. Brady.
2003. Neuropathogenic forms of huntingtin and androgen receptor

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

210f 23


https://doi.org/10.1016/J.CELL.2013.06.003
https://doi.org/10.1212/WNL.40.8.1231
https://doi.org/10.1212/WNL.40.8.1231
https://doi.org/10.1016/B978-0-444-51892-7.00027-9
https://doi.org/10.1016/B978-0-444-51892-7.00027-9
https://doi.org/10.1016/S0896-6273(00)80943-5
https://doi.org/10.1016/S0896-6273(00)80943-5
https://doi.org/10.1038/nrg1689
https://doi.org/10.1038/nrg1689
https://doi.org/10.1016/S1097-2765(01)00347-1
https://doi.org/10.1371/JOURNAL.PGEN.1003930
https://doi.org/10.1093/HMG/DDAA139
https://doi.org/10.1093/brain/awab473
https://doi.org/10.1093/brain/awab473
https://doi.org/10.1172/JCI134565
https://doi.org/10.1172/JCI134565
https://doi.org/10.1172/jci.insight.136539
https://doi.org/10.1016/j.neuron.2023.12.009
https://doi.org/10.1016/J.CELREP.2017.04.029
https://doi.org/10.1016/J.CELREP.2017.04.029
https://doi.org/10.1086/344210
https://doi.org/10.1086/344210
https://doi.org/10.1111/CNS.12844
https://doi.org/10.1111/CNS.12844
https://doi.org/10.1523/JNEUROSCI.1251-06.2006
https://doi.org/10.1038/nm1066
https://doi.org/10.1016/j.neuron.2018.02.013
https://doi.org/10.1038/nature01301
https://doi.org/10.1186/s12967-020-02302-2
https://doi.org/10.1186/s12967-020-02302-2
https://doi.org/10.1093/HMG/DDN403
https://doi.org/10.1016/S0092-8674(00)81782-1
https://doi.org/10.1016/S0092-8674(00)81782-1
https://doi.org/10.1016/S0092-8674(00)80514-0
https://doi.org/10.1016/S0092-8674(00)80514-0
https://doi.org/10.1016/J.JMB.2019.01.034
https://doi.org/10.1016/J.JMB.2019.01.034
https://doi.org/10.1212/wnl.59.5.770
https://doi.org/10.1212/wnl.59.5.770
https://doi.org/10.1093/HMG/6.3.349
https://doi.org/10.1007/s13311-013-0255-9
https://doi.org/10.1093/HMG/DDU209
https://doi.org/10.1093/HMG/DDU209
https://doi.org/10.1021/ja206279b
https://doi.org/10.1038/40153
https://doi.org/10.1093/HMG/DDG169
https://doi.org/10.1016/0022-510X(93)90157-T
https://doi.org/10.1523/JNEUROSCI.4286-09.2009
https://doi.org/10.1073/PNAS.100110097
https://doi.org/10.1016/J.FREERADBIOMED.2016.07.005

inhibit fast axonal transport. Neuron. 40:41-52. https://doi.org/10.1016/
S0896-6273(03)00569-5

Tabrizi, S.J., B.R. Leavitt, G.B. Landwehrmeyer, E.J. Wild, C. Saft, R.A. Barker,
N.F. Blair, D. Craufurd, J. Priller, H. Rickards, et al. 2019. Targeting
huntingtin expression in patients with huntington’s disease. N. Engl.
J. Med. 380:2307-2316. https://doi.org/10.1056/nejmoal900907

Tabrizi, S.J., C. Estevez-Fraga, W.M.C. van Roon-Mom, M.D. Flower, R.I.
Scahill, E.J. Wild, I. Mufioz-Sanjuan, C. Sampaio, A.E. Rosser, and B.R.
Leavitt. 2022. Potential disease modifying therapies for Huntington’s
disease, lessons learned and future opportunities. Lancet Neurol. 21:
645-658. https://doi.org/10.1016/S1474-4422(22) 00121-1

Takahashi, T., S. Kikuchi, S. Katada, Y. Nagai, M. Nishizawa, and O. Onodera.
2008. Soluble polyglutamine oligomers formed prior to inclusion body
formation are cytotoxic. Hum. Mol. Genet. 17:345-356. https://doi.org/10
.1093/HMG/DDM311

Tanaka, M., Y. Machida, S. Niu, T. Ikeda, N.R. Jana, H. Doi, M. Kurosawa, M.
Nekooki, and N. Nukina. 2004. Trehalose alleviates polyglutamine-
mediated pathology in a mouse model of Huntington disease. Nat.
Med. 10:148-154. https://doi.org/10.1038/nm985

Tang, T.S., H. Tu, E.Y.W. Chan, A. Maximov, Z. Wang, C.L. Wellington, M.R.
Hayden, and I. Bezprozvanny. 2003. Huntingtin and huntingtin-
associated protein 1 influence neuronal calcium signaling mediated by
inositol-(1,4,5) triphosphate receptor type 1. Neuron. 39:227-239.
https://doi.org/10.1016/s0896-6273(03)00366-0

Tejwani, L., and J. Lim. 2020. Pathogenic mechanisms underlying spinocer-
ebellar ataxia type 1. Cell. Mol. Life Sci. 77:4015-4029. https://doi.org/10
.1007/500018-020-03520-z

Tejwani, L., N.G. Ravindra, C. Lee, Y. Cheng, B. Nguyen, K. Luttik, L. Ni, S.
Zhang, L.M. Morrison, J. Gionco, et al. 2024. Longitudinal single-cell
transcriptional dynamics throughout neurodegeneration in SCAL
Neuron. 112:362-383.el15. https://doi.org/10.1016/j.neuron.2023.10.039

Thomson, S.B., A. Stam, C. Brouwers, V. Fodale, A. Bresciani, M. Vermeulen,
S. Mostafavi, T.L. Petkau, A. Hill, A. Yung, et al. 2023. AAV5-miHTT-
mediated huntingtin lowering improves brain health in a Huntington’s
disease mouse model. Brain. 146:2298-2315. https://doi.org/10.1093/
BRAIN/AWAC458

Tokui, K., H. Adachi, M. Waza, M. Katsuno, M. Minamiyama, H. Doi, K. Ta-
naka, . Hamazaki, S. Murata, F. Tanaka, and G. Sobue. 2009. 17-DMAG
ameliorates polyglutamine-mediated motor neuron degeneration
through well-preserved proteasome function in an SBMA model mouse.
Hum. Mol. Genet. 18:898-910. https://doi.org/10.1093/HMG/DDN419

Tong, X., Y. Ao, G.C. Faas, S.E. Nwaobi, ]. Xu, M.D. Haustein, M.A. Anderson,
I. Mody, M.L. Olsen, M.V. Sofroniew, and B.S. Khakh. 2014. Astrocyte
Kir4.1 ion channel deficits contribute to neuronal dysfunction in Hun-
tington’s disease model mice. Nat. Neurosci. 17:694-703. https://doi.org/
10.1038/NN.3691

Toyoshima, Y., and H. Takahashi. 2018. Spinocerebellar ataxia type 17
(SCA17). Adv. Exp. Med. Biol. 1049:219-231. https://doi.org/10.1007/978
-3-319-71779-1_10

Tsoi, H., T.C.K. Lau, S.Y. Tsang, K.F. Lau, and H.Y.E. Chan. 2012. CAG
expansion induces nucleolar stress in polyglutamine diseases. Proc.
Natl. Acad. Sci. USA. 109:13428-13433. https://doi.org/10.1073/pnas
1204089109

Van Raamsdonk, J.M., ]J. Pearson, E.J. Slow, S.M. Hossain, B.R. Leavitt, and
M.R. Hayden. 2005. Cognitive dysfunction precedes neuropathology
and motor abnormalities in the YAC128 mouse model of Huntington’s
disease. J. Neurosci. 25:4169-4180. https://doi.org/10.1523/JNEUROSCI
.0590-05.2005

Veldzquez-Pérez, L.C., R. Rodriguez-Labrada, and J. Fernandez-Ruiz. 2017.
Spinocerebellar ataxia type 2: Clinicogenetic aspects, mechanistic in-
sights, and management approaches. Front Neurol. 8:285086. https://
doi.org/10.3389/FNEUR.2017.00472/BIBTEX

Venkatraman, P., R. Wetzel, M. Tanaka, N. Nukina, and A.L. Goldberg. 2004.
Eukaryotic proteasomes cannot digest polyglutamine sequences and
release them during degradation of polyglutamine-containing proteins.
Mol. Cell. 14:95-104. https://doi.org/10.1016/S1097-2765(04) 00151-0

Ventimiglia, R., P.E. Mather, B.E. Jones, and R.M. Lindsay. 1995. The neuro-
trophins BDNF, NT-3 and NT-4/5 promote survival and morphological
and biochemical differentiation of striatal neurons in vitro. Eur.
J. Neurosci. 7:213-222. https://doi.org/10.1111/].1460-9568.1995.TB01057
X

Victor, M.B., M. Richner, H.E. Olsen, S.W. Lee, A.M. Monteys, C. Ma, C.J. Huh,
B.Zhang, B.L. Davidson, X.W. Yang, and A.S. Yoo. 2018. Striatal neurons
directly converted from Huntington’s disease patient fibroblasts

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

recapitulate age-associated disease phenotypes. Nat. Neurosci. 21:
341-352. https://doi.org/10.1038/541593-018-0075-7

Vopel, T., K. Bravo-Rodriguez, S. Mittal, S. Vachharajani, D. Gnutt, A. Sharma,
A. Steinhof, O. Fatoba, G. Ellrichmann, M. Nshanian, et al. 2017. Inhi-
bition of huntingtin exon-1 aggregation by the molecular tweezer
CLROL. J. Am. Chem. Soc. 139:5640-5643. https://doi.org/10.1021/JACS
.6B11039

Wang, C.E., S. Tydlacka, A.L. Orr, S.H. Yang, R.K. Graham, M.R. Hayden, S. Li,
A.W.S. Chan, and X.J. Li. 2008. Accumulation of N-terminal mutant
huntingtin in mouse and monkey models implicated as a pathogenic
mechanism in Huntington’s disease. Hum. Mol. Genet. 17:2738-2751.
https://doi.org/10.1093/HMG/DDN175

Wang, N., S. Zhang, P. Langfelder, L. Ramanathan, F. Gao, M. Plascencia, R.
Vaca, X. Gu, L. Deng, L.E. Dionisio, et al. 2025. Distinct mismatch-repair
complex genes set neuronal CAG-repeat expansion rate to drive selec-
tive pathogenesis in HD mice. Cell. 188:1524-1544.e22. https://doi.org/
10.1016/].CELL.2025.01.031

Ward, J.M., C.A. Stoyas, P.M. Switonski, F. Ichou, W. Fan, B. Collins, C.E. Wall,
I. Adanyeguh, C. Niu, B.L. Sopher, et al. 2019. Metabolic and organelle
morphology defects in mice and human patients define spinocerebellar
ataxia type 7 as a mitochondrial disease. Cell Rep. 26:1189-1202.€6.
https://doi.org/10.1016/].CELREP.2019.01.028

Warrick, J.M., L.M. Morabito, J. Bilen, B. Gordesky-Gold, L.Z. Faust, H.L.
Paulson, and N.M. Bonini. 2005. Ataxin-3 suppresses polyglutamine
neurodegeneration in Drosophila by a ubiquitin-associated mechanism.
Mol. Cell. 18:37-48. https://doi.org/10.1016/]. MOLCEL.2005.02.030

Watase, K., E.J. Weeber, B. Xu, B. Antalffy, L. Yuva-Paylor, K. Hashimoto, M.
Kano, R. Atkinson, Y. Sun, D.L. Armstrong, et al. 2002. A long CAG
repeat in the mouse Scal locus replicates SCA1 features and reveals the
impact of protein solubility on selective neurodegeneration. Neuron. 34:
905-919. https://doi.org/10.1016/S0896-6273(02) 00733-X

Watase, K., KJ.T. Venken, Y. Sun, H.T. Orr, and H.Y. Zoghbi. 2003. Regional
differences of somatic CAG repeat instability do not account for selec-
tive neuronal vulnerability in a knock-in mouse model of SCAl. Hum.
Mol. Genet. 12:2789-2795. https://doi.org/10.1093/HMG/DDG300

Watase, K., C.F. Barrett, T. Miyazaki, T. Ishiguro, K. Ishikawa, Y. Hu, T. Unno,
Y. Sun, S. Kasai, M. Watanabe, et al. 2008. Spinocerebellar ataxia type 6
knockin mice develop a progressive neuronal dysfunction with age-
dependent accumulation of mutant CaV2.1 channels. Proc. Natl. Acad.
Sci. USA. 105:11987-11992. https://doi.org/10.1073/PNAS.0804350105

Watchon, M., K.C. Yuan, N. Mackovski, A.J. Svahn, N.J. Cole, C. Goldsbury, S.
Rinkwitz, T.S. Becker, G.A. Nicholson, and A.S. Laird. 2017. Calpain
inhibition is protective in Machado-Joseph disease zebrafish due to
induction of autophagy. J. Neurosci. 37:7782-7794. https://doi.org/10
.1523/JNEUROSCI.1142-17.2017

Weber, ].J., S.C. Anger, P. Pereira Sena, R.D. Incebacak Eltemur, C. Huridou, F.
Fath, C. Gross, N. Casadei, O. Riess, and H.P. Nguyen. 2022. Calpains as
novel players in the molecular pathogenesis of spinocerebellar ataxia
type 17. Cell. Mol. Life Sci. 79:262. https://doi.org/10.1007/S00018-022
-04274-6

Weinhofer, 1., S. Forss-Petter, M. Zigman, and J. Berger. 2002. Aggregate
formation inhibits proteasomal degradation of polyglutamine proteins.
Hum. Mol. Genet. 11:2689-2700. https://doi.org/10.1093/HMG/11.22
.2689

Wellington, C.L., L.M. Ellerby, A.S. Hackam, R.L. Margolis, M.A. Trifiro, R.
Singaraja, K. McCutcheon, G.S. Salvesen, S.S. Propp, M. Bromm, et al.
1998. Caspase cleavage of gene products associated with triplet expan-
sion disorders generates truncated fragments containing the polyglut-
amine tract. J. Biol. Chem. 273:9158-9167. https://doi.org/10.1074/]JBC
.273.15.9158

Wellington, C.L., L.M. Ellerby, C.A. Gutekunst, D. Rogers, S. Warby, R.K. Gra-
ham, O. Loubser, J. Van Raamsdonk, R. Singaraja, Y.Z. Yang, et al. 2002.
Caspase cleavage of mutant huntingtin precedes neurodegeneration in
huntington’s disease. J. Neurosci. 22:7862-7872. https://doi.org/10.1523/
JNEUROSCI.22-18-07862.2002

Westenbroek, R.E., T. Sakurai, E.M. Elliott, ].W. Hell, T.V. Starr, T.P. Snutch,
and W.A. Catterall. 1995. Immunochemical identification and subcel-
lular distribution of the alpha 1A subunits of brain calcium channels.
J. Neurosci. 15:6403-6418. https://doi.org/10.1523/JNEUROSCI.15-10
-06403.1995

Wheeler, V.C., L.A. Lebel, V. Vrbanac, A. Teed, H. te Riele, and M.E. Mac-
Donald. 2003. Mismatch repair gene Msh2 modifies the timing of early
disease in HdhQI11 striatum. Hum. Mol. Genet. 12:273-281. https://doi
.org/10.1093/HMG/DDG056

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

22 0f 23


https://doi.org/10.1016/S0896-6273(03)00569-5
https://doi.org/10.1016/S0896-6273(03)00569-5
https://doi.org/10.1056/nejmoa1900907
https://doi.org/10.1016/S1474-4422(22)00121-1
https://doi.org/10.1093/HMG/DDM311
https://doi.org/10.1093/HMG/DDM311
https://doi.org/10.1038/nm985
https://doi.org/10.1016/s0896-6273(03)00366-0
https://doi.org/10.1007/s00018-020-03520-z
https://doi.org/10.1007/s00018-020-03520-z
https://doi.org/10.1016/j.neuron.2023.10.039
https://doi.org/10.1093/BRAIN/AWAC458
https://doi.org/10.1093/BRAIN/AWAC458
https://doi.org/10.1093/HMG/DDN419
https://doi.org/10.1038/NN.3691
https://doi.org/10.1038/NN.3691
https://doi.org/10.1007/978-3-319-71779-1_10
https://doi.org/10.1007/978-3-319-71779-1_10
https://doi.org/10.1073/pnas.1204089109
https://doi.org/10.1073/pnas.1204089109
https://doi.org/10.1523/JNEUROSCI.0590-05.2005
https://doi.org/10.1523/JNEUROSCI.0590-05.2005
https://doi.org/10.3389/FNEUR.2017.00472/BIBTEX
https://doi.org/10.3389/FNEUR.2017.00472/BIBTEX
https://doi.org/10.1016/S1097-2765(04)00151-0
https://doi.org/10.1111/J.1460-9568.1995.TB01057.X
https://doi.org/10.1111/J.1460-9568.1995.TB01057.X
https://doi.org/10.1038/s41593-018-0075-7
https://doi.org/10.1021/JACS.6B11039
https://doi.org/10.1021/JACS.6B11039
https://doi.org/10.1093/HMG/DDN175
https://doi.org/10.1016/J.CELL.2025.01.031
https://doi.org/10.1016/J.CELL.2025.01.031
https://doi.org/10.1016/J.CELREP.2019.01.028
https://doi.org/10.1016/J.MOLCEL.2005.02.030
https://doi.org/10.1016/S0896-6273(02)00733-X
https://doi.org/10.1093/HMG/DDG300
https://doi.org/10.1073/PNAS.0804350105
https://doi.org/10.1523/JNEUROSCI.1142-17.2017
https://doi.org/10.1523/JNEUROSCI.1142-17.2017
https://doi.org/10.1007/S00018-022-04274-6
https://doi.org/10.1007/S00018-022-04274-6
https://doi.org/10.1093/HMG/11.22.2689
https://doi.org/10.1093/HMG/11.22.2689
https://doi.org/10.1074/JBC.273.15.9158
https://doi.org/10.1074/JBC.273.15.9158
https://doi.org/10.1523/JNEUROSCI.22-18-07862.2002
https://doi.org/10.1523/JNEUROSCI.22-18-07862.2002
https://doi.org/10.1523/JNEUROSCI.15-10-06403.1995
https://doi.org/10.1523/JNEUROSCI.15-10-06403.1995
https://doi.org/10.1093/HMG/DDG056
https://doi.org/10.1093/HMG/DDG056

Wilton, D.K., K. Mastro, M.D. Heller, F.W. Gergits, C.R. Willing, ].B. Fahey, A.
Frouin, A. Daggett, X. Gu, Y.A. Kim, et al. 2023. Microglia and com-
plement mediate early corticostriatal synapse loss and cognitive dys-
function in Huntington’s disease. Nat. Med. 29:2866-2884. https://doi
.org/10.1038/541591-023-02566-3

Woerner, A.C., F. Frottin, D. Hornburg, L.R. Feng, F. Meissner, M. Patra, J.
Tatzelt, M. Mann, K.F. Winklhofer, F.U. Hartl, and M.S. Hipp. 2016.
Cytoplasmic protein aggregates interfere with nucleocytoplasmic
transport of protein and RNA. Science. 351:173-176. https://doi.org/10
.1126/science.aad2033

Wong, Y.C., and E.L.F. Holzbaur. 2014. The regulation of autophagosome
dynamics by huntingtin and HAP1 is disrupted by expression of mutant
huntingtin, leading to defective cargo degradation. J. Neurosci. 34:
1293-1305. https://doi.org/10.1523/J]NEUROSCI.1870-13.2014

Wright, G.E.B., J.A. Collins, C. Kay, C. McDonald, E. Dolzhenko, Q. Xia, K.
Becanovi¢, B.I. Drogeméller, A. Semaka, C.M. Nguyen, et al. 2019.
Length of uninterrupted CAG, independent of polyglutamine size, re-
sults in increased somatic instability, hastening onset of huntington
disease. Am. J. Hum. Genet. 104:1116-1126. https://doi.org/10.1016/].AJHG
.2019.04.007

Wu, LL.Y., Y. Fan, S. Li, XJ. Li, and X.F. Zhou. 2010. Huntingtin-associated
protein-1 interacts with pro-brain-derived neurotrophic factor and
mediates its transport and release. J. Biol. Chem. 285:5614-5623. https://
doi.org/10.1074/JBC.M109.073197

Xu, X., Y. Tay, B. Sim, S.I. Yoon, Y. Huang, J. Ooi, K.H. Utami, A. Ziaei, B. Ng, C.
Radulescu, et al. 2017. Reversal of phenotypic abnormalities by CRISPR/
Cas9-Mediated gene correction in huntington disease patient-derived
induced pluripotent stem cells. Stem Cell Rep. 8:619-633. https://doi.org/
10.1016/j.stemcr.2017.01.022

Xu, X., B. Ng, B. Sim, C.I. Radulescu, N.A.B.M. Yusof, W.I. Goh, S. Lin, ].S.Y. Lim,
Y. Cha, R. Kusko, et al. 2020. pS421 huntingtin modulates mitochondrial
phenotypes and confers neuroprotection in an HD hiPSC model. Cell Death
Dis. 11:809. https://doi.org/10.1038/541419-020-02983-Z

Yeh, S., M.Y. Tsai, Q. Xu, X.M. Mu, H. Lardy, K.E. Huang, H. Lin, S.D. Yeh, S.
Altuwaijri, X. Zhou, et al. 2002. Generation and characterization of
androgen receptor knockout (ARKO) mice: An in vivo model for the
study of androgen functions in selective tissues. Proc. Natl. Acad. Sci.
USA. 99:13498-13503. https://doi.org/10.1073/PNAS.212474399

Villavicencio Gonzalez and Zoghbi
Pathogenesis of polyglutamine diseases

Yoo, S.Y., M.E. Pennesi, E.J. Weeber, B. Xu, R. Atkinson, S. Chen, D.L. Arm-
strong, S.M. Wu, ].D. Sweatt, and H.Y. Zoghbi. 2003. SCA7 knockin mice
model human SCA7 and reveal gradual accumulation of mutant ataxin-7
in neurons and abnormalities in short-term plasticity. Neuron. 37:
383-401. https://doi.org/10.1016/s0896-6273(02) 01190-x

Young, J.E., L. Gouw, S. Propp, B.L. Sopher, ]J. Taylor, A. Lin, E. Hermel, A.
Logvinova, S.F. Chen, S. Chen, et al. 2007. Proteolytic cleavage of ataxin-
7 by caspase-7 modulates cellular toxicity and transcriptional dysre-
gulation. J. Biol. Chem. 282:30150-30160. https://doi.org/10.1074/JBC
.M705265200

Yu, Z., N. Dadgar, M. Albertelli, K. Gruis, C. Jordan, D.M. Robins, and A.P.
Lieberman. 2006. Androgen-dependent pathology demonstrates myo-
pathic contribution to the Kennedy disease phenotype in a mouse
knock-in model. J. Clin. Invest. 116:2663-2672. https://doi.org/10.1172/
JCI28773

Yu, Y.C., C.L. Kuo, W.L. Cheng, C.S. Liu, and M. Hsieh. 2009. Decreased an-
tioxidant enzyme activity and increased mitochondrial DNA damage in
cellular models of Machado-Joseph disease. J. Neurosci. Res. 87:
1884-1891. https://doi.org/10.1002/JNR.22011

Zeitler, B., S. Froelich, K. Marlen, D.A. Shivak, Q. Yu, D. Li, J.R. Pearl, J.C.
Miller, L. Zhang, D.E. Paschon, et al. 2019. Allele-selective transcrip-
tional repression of mutant HTT for the treatment of Huntington’s
disease. Nat. Med. 25:1131-1142. https://doi.org/10.1038/s41591-019
-0478-3

Zhou, Y.F., S.S. Liao, Y.Y. Luo, ].G. Tang, ].L. Wang, L.F. Lei, ].W. Chi, J. Du, H.
Jiang, K. Xia, et al. 2013. SUMO-1 modification on K166 of PolyQ-
expanded aTaxin-3 strengthens its stability and increases its cytotox-
icity. PLoS One. 8:e54214. https://doi.org/10.1371/JOURNAL.PONE
.0054214

Zou,]., Y. Guo, T. Guettouche, D.F. Smith, and R. Voellmy. 1998. Repression of
heat shock transcription factor HSF1 activation by HSP90 (HSP90
complex) that forms a stress-sensitive complex with HSF1. Cell. 94:
471-480. https://doi.org/10.1016/S0092-8674(00)81588-3

Zuccato, C., M. Tartari, A. Crotti, D. Goffredo, M. Valenza, L. Conti, T.
Cataudella, B.R. Leavitt, M.R. Hayden, T. Timmusk, et al. 2003.
Huntingtin interacts with REST/NRSF to modulate the transcrip-
tion of NRSE-controlled neuronal genes. Nat. Genet. 35:76-83.
https://doi.org/10.1038/ng1219

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20241336

620z JequiedeQ L0 uo 3senb Aq ypd-9egL¥20Z Wel/yz0zs61/98e L b20ze/ L/cze/pd-oie/wal/Bio ssaidnyj/:dpy woly papeojumoq

230f 23


https://doi.org/10.1038/S41591-023-02566-3
https://doi.org/10.1038/S41591-023-02566-3
https://doi.org/10.1126/science.aad2033
https://doi.org/10.1126/science.aad2033
https://doi.org/10.1523/JNEUROSCI.1870-13.2014
https://doi.org/10.1016/J.AJHG.2019.04.007
https://doi.org/10.1016/J.AJHG.2019.04.007
https://doi.org/10.1074/JBC.M109.073197
https://doi.org/10.1074/JBC.M109.073197
https://doi.org/10.1016/j.stemcr.2017.01.022
https://doi.org/10.1016/j.stemcr.2017.01.022
https://doi.org/10.1038/S41419-020-02983-Z
https://doi.org/10.1073/PNAS.212474399
https://doi.org/10.1016/s0896-6273(02)01190-x
https://doi.org/10.1074/JBC.M705265200
https://doi.org/10.1074/JBC.M705265200
https://doi.org/10.1172/JCI28773
https://doi.org/10.1172/JCI28773
https://doi.org/10.1002/JNR.22011
https://doi.org/10.1038/s41591-019-0478-3
https://doi.org/10.1038/s41591-019-0478-3
https://doi.org/10.1371/JOURNAL.PONE.0054214
https://doi.org/10.1371/JOURNAL.PONE.0054214
https://doi.org/10.1016/S0092-8674(00)81588-3
https://doi.org/10.1038/ng1219

	Pathogenesis of polyglutamine diseases: Piecing together a complex molecular puzzle
	Introduction
	Pathogenesis
	Outline placeholder
	Protein misfolding and aggregation
	Mutant protein cleavage resulting in more toxic species
	Alteration in function: Mixture of gain and loss of function
	The role of the wild
	RNA toxicity
	Disrupted protein interactions and posttranslational modifications
	Aberrant transcription and gene regulation
	Mitochondrial dysfunction
	Disrupted proteasomal machinery and autophagy pathways
	Other disrupted cellular functions
	Genetic instability and somatic expansion


	Therapeutic strategies
	Outline placeholder
	Conformation stabilization and aggregation inhibitors
	Enhancing protein degradation
	Reducing proteolytic cleavage
	Lowering mutant protein levels
	DNA
	RNA
	Splicing modulators
	Emerging approaches
	Concluding remarks


	Acknowledgments
	References


