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ABSTRACT: Advances in genetic technologies and dis-
ease modeling have greatly accelerated the pace of intro-
ducing and validating molecular-genetic contributors to
disease. In dystonia, there is a growing convergence
across multiple distinct forms of the disease onto core bio-
logical processes. Here, we discuss two of these, the
endosome-autophagosome-lysosome pathway and the
integrated stress response, to highlight recent advances in
the field. Using these two pathomechanisms as examples,
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we further discuss the opportunities that molecular-genetic
grouping of dystonias present to transform dystonia care.
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What does it mean to be part of a family? In dystonia,
relationships have been proposed across a number of
features. There are dystonia groupings based on clinical
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features, neuroimaging findings, and increasingly, on
molecular genetic mechanisms. Just as the understanding
of Parkinson’s disease has followed a trajectory from
clinical phenomena to neuropathology to isolated mono-
genic causes to biological groupings,” the field of dysto-
nia is also rapidly approaching this possibility and the
benefits of moving toward biological classifications are
increasingly recognized.’

In this review, we present accumulated evidence
from human genetic and functional studies that
support the consideration of molecular-genetic families
in dystonia for two processes, the endosome-
autophagosome-lysosome pathway (EALP) and the
integrated stress response (ISR). We further submit
that the time is ripe for biological classifications of
dystonias. Molecular mechanistic groupings matter
because they help move toward more accurate and
personalized treatments for people with dystonia.
Mechanistic groupings provide a path for diagnostic
assays and patient stratification. They may also shed
light on a common conundrum in dystonia by helping
to predict genetic penetrance. Ultimately, they provide
a focused lens to improve therapeutic approaches in a
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field that has many unmet treatment needs and cur-
rently largely relies on a “one size fits all” approach.

Here, we present two examples of multiple dystonias
converging around common cellular mechanisms and
discuss the issues and opportunities that arise within
this mechanistic framework. We selected endolysosomal
trafficking and protein synthesis regulation by the ISR
because of the substantial recent advancements in these
areas. We recognize that emerging evidence can support
even more “dystonia families” than we are able to cover
in this format and the reader is encouraged to consider
additional emerging findings regarding the significance
of synaptic signaling,” nuclear pore complexes,™ and
myelination.®” This abundance also raises the point
that some of these mechanistic families are likely to be
inter-related, intersecting at either upstream or down-
stream nodes. Later, we highlight an example of this
possibility between EALP and ISR.

Last, associating particular cellular pathways with
dystonia helps to alert clinicians working with individ-
uals with rare syndromic (complex) disorders to con-
sider this clinical component in instances where
underlying genes intersect the dystonia-implicated path-
way. Dystonia can be a subtle clinical presentation and
is often overlooked or mistaken by non-subspecialty cli-
nicians. The overarching goal of this conceptual
approach is to shorten the time to diagnosis and opti-
mize the therapeutic approach for the movement disor-
der patient while contributing to a fuller appreciation
of the underlying causes of dystonia.

Dystonia and the EALP

The EALP is the central cellular mechanism for
degrading macromolecules and defective organelles,
mediating clearance of extracellular particles by endo-
cytosis and intracellular contents by autophagy®
(Fig. 1). Lysosome-related degradation is a dynamic
process, regulated by cellular signaling and environ-
mental influences, and plays an essential role in the
function and control of the abundance of many pro-
teins. Ensuring adequate protein levels is critical for
homeostasis of highly dynamic structures in the nervous
system including synapses and myelin.”

Defects in vesicular trafficking, fusion, export, import,
and degradation within the EALP often result in lyso-
somal dysfunction syndromes. Lysosomal disorders are
classically characterized by progressive multi-system
clinical manifestations and abnormal accumulation of
undigested macromolecules or catabolic materials inside
cytoplasmic vesicles and/or enlarged dysfunctional lyso-
somes.'? These conditions, many of which are collec-
tively referred to as “lysosomal storage disorders”
(LSDs), are mostly caused by genetic defects in lysosomal
hydrolases, but may also be a consequence of mutational
lesions in genes encoding non-enzymatic components of

the EALP.'"'? For instance, a growing number of
Mendelian disorders linked to specific impairments in
endosome/autophagosome trafficking to the lysosome
are being recognized.'*'* The majority of causally impli-
cated genes in EALP-related disorders are associated
with autosomal recessive inheritance, whereas X-linked
transmission has also been documented.'” This is consis-
tent with a strong effect of bi-allelic or hemizygous
variants on disease with expressions of classic severe
LSDs.'° Many LSDs and other EALP-related conditions
are classically associated with variable presentations of
dysmorphia, musculoskeletal abnormalities, organ-
omegaly, and heterogeneous neurological disturbances.
Neurological problems are present in up to two-thirds
of cases and most frequently include developmental
delay, hypotonia, seizures, cognitive impairment, and/or
ataxia.'”

Moreover, a growing body of evidence suggests that
hyperkinetic movement disorders including dystonia
can also be the predominant or even the sole expression
of monogenic syndromes caused by EALP defects'>>'®
(Table 1). Three early examples introducing this
were prominent dystonic phenotypes in X-linked and
autosomal  recessive  diseases with  dysfunctional
autophagy. These clinical presentations were mixed
neurodevelopmental-neurodegenerative pathologies,
such as a form of neurodegeneration with brain-iron
accumulation (NBIA) and predominant dystonia linked
to WDR45 mutations (abnormal autophagosome for-
mation)'’; a striatonigral-degeneration disorder with
progressive dystonia and status dystonicus caused by
VAC14 mutations (defective maturation of the
autophagosome)'®; and a childhood-onset combined
movement disorder with ataxia, spasticity, and dystonia
related to variants in VPS13D (impaired autophagic
clearance of mitochondria).'” Similarly, typical lysosomal
enzyme-deficient LSDs including fucosidosis,”’ Gaucher
disease type IIL,>' GM1 and GM2 gangliosidosis,”
Krabbe disease,”* and ceroid lipofuscinosis,** all of which
result in abnormal accumulation of substrates with for-
mation of neurotoxic deposits and stored material, can
present with dystonic phenotypes in some rare cases."
Although these observations supported the idea that defi-
cits in autophagic/lysosomal function may be sufficient to
produce dystonia, it remained unclear whether EALP
defects are a major principal mechanism in the broader
group of dystonic diseases including the more common
isolated dystonias.

Most recently, the lysosome and the EALP have
gained new prominence as cellular structures that may
be crucially implicated in dystonia pathogenesis in a
wider set of patients. A series of independent publica-
tions reported (isolated) dystonia-associated variants in
genes encoding components of the homotypic fusion
and protein sorting (HOPS) complex (ie, VPS16,
VPS11, VPS41), which represents the structural bridge
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FIG. 1. Schematic of genes associated with dystonia and endosome-autophagosome-lysosome function overlaid onto potential relevant biological pro-
cesses. Endosomal vesicle trafficking, autophagosome formation, and fusion with the lysosomes are illustrated. Endocytosis is depicted in the upper
left corner. The endosomal system selects molecules for recycling via the trans-golgi network (TGN) or lysosomal degradation. The endoplasmic reticu-
lum (ER) is involved in autophagy induction (upper right corner). Mitophagy and ferritinophagy, specific autophagic clearance processes required for
degradation of mitochondria and ferritin, respectively, are also shown. Fusion of autophagosomes and late endosomes with lysosomes is essentially
mediated by the assistance of the homotypic fusion and vacuole protein sorting (HOPS) complex, a highly conserved functional tether consisting of
vacuolar protein sorting (Vps) proteins (black box). Following fusion, target molecules are degraded via lysosomal hydrolases. Dystonia-related genes
and products affecting various stages of the endosome-autophagosome-lysosome pathway (EALP) are highlighted, alongside the mechanism(s) to
which they are functionally linked. EALP impairments are likely to impact neurodevelopment and neuronal survival. The figure is a modification of previ-
ous illustrations of HOPS-complex defects in dystonia>?” and was created with Biorender.com. Brain-2 icon by Servier https://smart.servier.com/ is
licensed under CC-BY 3.0 Unported https://creativecommons.org/licenses/by/3.0/. [Color figure can be viewed at wileyonlinelibrary.com]

required for fusion of endosomes and autophagosomes
with the lysosomes.”>® The findings provided evidence
for a remarkable degree of allelic heterogeneity (both
dominant and recessive variants were found in
VPS16)*°° and phenotypic variability (specific vari-
ants were associated with either isolated dystonia or
severe classic LSD-like multisystem syndromes, eg, in
VPS16 and VPS11).>>*73132 In various families of dif-
ferent geographic origins, heterozygous loss-of-function
and bi-allelic missense variants in VPS16 were identi-
fied as a cause of isolated dystonia as well as dystonia
with comorbid neurodevelopmental features.>*>2”>%3°
Incomplete penetrance in dominant VPS16-related dysto-
nia seems to be common, and the condition was associ-
ated with NBIA-like structural alterations on magnetic
resonance imaging (MRI) (pallidal T2 hypointensities) in

a subset of described patients.”>*” In two published ped-
igrees, a completely different phenotype resembling LSDs
with dysmorphic features, skeletal abnormalities, and
progressive psychomotor impairment has been docu-
mented in association to bi-allelic VPS16 mutations.>?
Bi-allelic VPS11 variants were originally linked to
an infantile classic LSD-like disease with develop-
mental delay, epilepsy, tetraplegia, hearing loss, and
neuroimaging changes suggestive of cerebral hyp-
omyelination.*? Recently, Monfrini et al*® expanded
the clinical spectrum of VPS11-related diseases to
include slowly progressive generalized dystonia with
onset in adulthood and no major neurologic comor-
bidity and bilateral T2 hypointensities in the globus
pallidus on MRI. Finally, several back-to-back papers
reported bi-allelic VPS41 variants as a new etiology of
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neurodegenerative-neurodevelopmental syndromes with
intellectual disability, optic atrophy, neuropathy, mixed
movement disorders with prominent dystonia, and
NBIA-like T2 hypointensities in globus pallidus.>>-*¢-**

Functional studies using cellular systems and model
organisms in the context of dystonia-related VPS gene
variants demonstrated abnormalities in the cellular path-
ways that deliver intracellular cargo to lysosomes for deg-
radation. This result is consistent with impaired function
of the HOPS complex, because it is a specialized adaptor
connecting the endosomal-autophagosomal-lysosomal
compartments.”” In one series of experiments performed
on fibroblasts and lymphoblasts carrying heterozygous
VPS16 mutations, Steel et al*® showed the presence of
microscopic vacuolar changes consistent with defects in
fusion of vesicles containing cargo and lysosomal dys-
function. Similar abnormalities were found in cultured
cells from patients with bi-allelic VPS11 and VPS41
variants.”” Moreover, suggestive of a transport block
in the EALP with accumulation of autophagosomes
and upregulation of lysosomal enzymes, VPS11-
mutant dystonia-patient fibroblasts displayed a signifi-
cant increase in expression of autophagic markers and
lysosomal-hydrolase activity.”® Zebrafish studies of
VPS41 mutations revealed lysosomal dysregulation
throughout the brain, accompanied by microglial
abnormalities.”® Additionally, an in vitro study of
VPS41-depleted HeLa cells, modeling the situation in
some patients with recessive VPS41-related dystonia,
showed impaired formation of a functional HOPS
complex with aberrant lysosomal delivery of endocytic
and autophagic cargo.’® All of these results identify
EALP defect-associated lysosomal cytopathology in
dystonia models.

Although there is clarity that the EALP process is
disrupted, it remains to be understood how these
defects lead to dystonia. Three mechanistic consider-
ations with potential wider relevance for dystonia and
associated research initiatives deserve mention. First, it
is interesting to note that the EALP broadly influences
many cellular processes because they rely on lysosomal
degradation of components to regulate protein levels.'®
To what extent does the impaired EALP function in

Dystonia phenotype
combined dystonia (dystonia-

Part of complex picture;
parkinsonism)

Disease (OMIM)
mitochondrial, with abnormal
movements and lactic acidosis,

parkinsonism-dystonia, 3;

with or without seizures;
childhood-onset

Neurodevelopmental disorder,

Functional defect
Mitochondrial translation defect

AR

Inheritance disease/
mutation mode

Note: Tsolated dystonia: dystonia, associated or not with tremors that are the only additional movement disorder; combined dystonia: dystonia is combined with other movement disorders; dystonia as part of complex picture: dystonia is

Abbreviations: EALP, endosome-autophagosome-lysosome pathway; OMIM, Online Mendelian Inheritance in Man; AR, autosomal recessive; AD, autosomal dominant; het, heterozygous; LoF, loss of function; XL, X-linked; ISR,

integrated stress response; NA, not available; GEF, guanine exchange factor; NPC, nuclear pore complex; inframe, inframe deletion.
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518 £ VPS gene-related dystonias impact other dystonia-
g2 g associated pathways, perhaps indicating a convergence of
g : pathways, perhap g g
I g final downstream mechanisms? For example, it is conceiv-
§ = - able that lysosomal dysfunction in VPS16-related dystonia
S g Z may result in alterations of mitochondrial integrity (via
g £ 5 impaired mitophagy)®® and/or integrated stress response
3 n{-’. § i signaling,”®>” because both are mechanistically linked to
S £ lysosomal homeostasis.*® This intersection could connect
S = processes implicated by other monogenic dystonias. Sec-
- 2 2 ond, there has been strong interest in understanding the
M 2 | S i mechanistic underpinnings of neuroanatomical changes
9 3 = g associated with dystonia.>” The striking observation of
H ; NBIA-like signal alterations in basal ganglia as a unifying
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feature across multiple VPS-gene-related dystonias®’ pro-
vides evidence to support the idea that EALP impairments,
potentially also in a wider context of dystonia-manifesting
NBIAs, may directly or indirectly contribute to this pathol-
ogy. Notably, the lysosome is the key organelle for
recycling and handling of intracellular iron, indicating that
changes in lysosomal function could disrupt iron transit
through the lysosomal compartment,*® potentially leading
to abnormal iron deposition and/or NBIA-typical neuro-
imaging signals in patients with dystonia. Here, again,
there is potential for mechanistic connections between
dystonia-implicated pathways, as iron homeostasis pertur-
bations may engage the ISR to prevent ferroptosis.*'**
Third, one key question in dystonia research is whether
the disease is of neurodevelopmental or neurodegenerative
origin (or results from combined defects).*> Here, the
study of VPS-gene-related dystonias may offer critical
clues. Moreover, it is well known that EALP abnormali-
ties, particularly arrested autophagy and/or primary lyso-
somal dysfunction, act as key pathogenic events in diverse
neurodegenerative disorders with protein aggregates such
as Parkinson disease.** As such, further studies of VPS-
gene-related dystonias may provide the potential to better
characterize the functional relationships between dystonia,
Parkinsonism, and neurodegeneration. On the other hand,
mounting evidence indicates that the EALP is also critically
implicated in neurodevelopmental cellular processes,
including maintenance of neural stem-cell homeostasis, dif-
ferentiation, and synaptogenesis.** In this regard, it
would be of major interest to identify the lysosomal
defect-associated target molecules that contribute to dysto-
nia pathogenesis in a neurodevelopmental context. One
hypothesis may be that certain unprocessed substrates or
abnormal lysosomal byproducts could directly impair neu-
rodevelopment. It has been shown that mutational defects
of an isolated dystonia-related gene product, the transcrip-
tion factor THAP1, can be associated with abnormal
catabolism of glycosaminoglycans (a core class of lyso-
somal substrates) and neurodevelopmental myelination
deficits in the CNS.*” Intriguingly, abnormal glycosamino-
glycan levels and myelination abnormalities were also seen
in several cases of VPS gene-related disorders.””**> Further
work is necessary to define the multiple roles of defective
EALP in dystonia and elucidate pathophysiological mecha-
nisms that may range from neurodevelopmental to synap-
tic/network dysfunction to accelerated neuronal death.
Ultimately, it will be an important objective of future
studies to clarify whether therapeutic modulation of
autophagy, lysosomal function, and/or other compo-
nents of the EALP might be a successful strategy to
treat one or more types of dystonia.*® Potential consid-
erations include repurposed drugs and products that
are already known to have beneficial potential in the
therapy of lysosomal defect-associated disorders, such
as autophagy activators (eg, trehalose), substrate-
reducing molecules (eg, small molecule inhibitors of

glycosphingolipid metabolism), as well as other strate-
gies that may stimulate the pathway to restore normal
levels of activity (eg, modulation of Zn2+ levels to con-
trol acidity, glycosaminoglycan-clearance therapy).
However, the identification of clinical therapeutic win-
dows, definition of optimal target molecules, and evalu-
ation of pharmacodynamic markers for monitoring of
EALP activity (among others) would also be necessary
to establish these therapies for application in dystonia.

Dystonia and Translational Regulation by the
ISR Pathway

The ISR is a highly conserved biochemical pathway
that is activated by a diverse range of cellular stressors
from classic unfolded proteins, to nutrient deficiencies
and viral infection®” (Fig. 2). The ISR restores cellular
homeostasis by regulating protein synthesis and is
used body-wide. Although originally named for its
identified role in proteostasis, additional uses for this
biochemical pathway have been discovered in specific
organs/cells. Examples of these roles include circadian
rhythms,’° learning, memory and synaptic plasticity,”"
developmentally regulated axonogenesis,’> and cholin-
ergic neuromodulation.’?

Genetic diseases involving ISR pathway genes tend to
cause phenotypes involving pancreas, liver, lung, and
brain organ systems. Examples of clinical manifesta-
tions include diabetes, acute liver failure, pulmonary
hypertension, demyelination, and intellectual disabil-
ity.”*>” More recently, convergent human genetics and
functional studies in model systems supports ISR dys-
function as a cause for dystonia (Table 1).

The earliest direct connection between the ISR and
dystonia was made when mutations in the gene
encoding the Prkra protein were identified in Brazilian
families with an autosomal recessive disorder that fea-
tured prominent dystonia and parkinsonism, DYT16/
DYT-PRKRA.’® Prkra plays a role in activating the
eif2a kinase, PKR (EIF2AK2). Because of those initial
findings, causative mutations have been confirmed by
multiple groups across several ethnicities.””*° The most
common clinical phenotype is early onset generalized
dystonia with mild parkinsonism that has been described
as a non-levodopa response bradykinesia. Substantial
variation exists within and across families, and reports
of worsening with febrile illnesses highlight the potential
for a two-hit process involving genetic and environmen-
tal factors. Isolated early and adult-onset dystonia pre-
sentations have also been described,’”®' including
finding Prkra mutations in approximately 5% of idio-
pathic dystonia cases in Brazil.°! A separate study of idi-
opathic cervical dystonia cases in the United States
implicated another ISR gene, ATF4/CREB2, finding
pathological variants in approximately 3% of cases.®”
The discovery of ATF4 variants were reported alongside
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functional studies in DYT1/TOR1A that identified a role
for the ISR. The mechanistic convergence between Prkra,
ATF4, and TOR1A dystonias led to the hypothesis that
ISR dysregulation was a pathological driver for dysto-
nia.%> Subsequently, variants in EIF2AK2/PKR were
identified as a cause for autosomal dominant syndromic
disorders in which dystonia was either a prominent or
sole clinical feature furthering the human genetic evi-
dence for the ISR.®*¢*

Several syndromic genetic disorders that include dys-
tonia are also predicted to dysregulate the ISR. These
include leukoencephalopathy, vanishing white matter
disease (VWMD) because of EIF2B mutations®’; dys-
tonia with tremor because of frameshift mutations in
the EIF4A2 gene®®; transfer RNA (tRNA) synthetase
genetic disorders such as WARS2°7%° and CARS’Y;

r EALP

N

mitochondrial dysfunction is a potent activator of the
ISR 377172

A number of functional studies using cellular systems
and model organisms has helped define the effects of
mutations in the ISR-associated genes, and also intro-
duced evidence of ISR dysregulation in models for iso-
lated dystonia genetic disorders that would not have
otherwise been connected to the ISR. Current evidence
supports that PRKRA mutations enhance and prolong
ISR activation”>’*; Atf4 missense variants reduce Atf4
transcriptional activity®?; and EIF2AK2/PKR mutations
have shown disparate effects across two studies charac-
terizing distinct variants—reduced ISR activity®* and
delayed resolution of ISR activation.®® Finally, the caus-
ative mutations for DYT1/TOR1A and DYT6/THAP1
have been shown to dysregulate the ISR.°*”°"7 Because

AND ISR IN DYSTONIA

and even mitochondrial  disorders®>  because findings indicating ISR directionality have been done in
Impaired ISR pathway
Mitochondrial X ROS £ Fe?
L) tRNA synthetases OMA1-DELE1-HRI Fez* Fe*
AARS2 | CARS2 | FARS2  ROS €
. (AARS2 )( CARS2 )( FARS2 ) -
‘ ‘ \'/\ /\"/;\ 7 (/\ l\\ .
\\EAI:SZH)\&H/\II/?:SZ)J‘{}RSZ/, Mitochondrial dysfunction homeostasis
(LARS2 )(WARSZ) impaired mitophagy and
mitochondrial translation Double stranded RNA
L) ° viral infection
o * (PRKRA)
NTEGRATED STRE PC
“o Nutrient deficiency/
: O Autophagy i aE PKR GEN2 impaired translation
Secretion EIF2AK3 EIF2AK1 (EIFZAKZ) EIF2AK4 CytOSO“C
' _ L L J ) 4———— tRNAsynthetases
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> ER/ > (KARS1 )( EPRST )
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THAP1 : Global plasticity physiology
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Transcriptional reprogramming

(GENES WITH DYSTONIA ASSOCIATED MUTATIONS)

FIG. 2. Schematic of genes associated with dystonia and the integrated stress response (ISR) overlaid onto potential relevant biological processes.
Summary diagram illustrating cellular components, biological processes and dystonia-associated genes that intersect the function of the ISR pathway.
Several regulators function in the activation of the ISR and the ISR impacts many downstream effector cascades including translational control.
Dystonia-associated genes are highlighted in light pink. NPC, nuclear pore complex; ER, endoplasmic reticulum; ROS, reactive oxygen species.
Brain-2, mitochondrium-1, DNA-nucleotides, endoplasmatic-reticulum-medium, and golgi-2d-1 icons by Servier https://smart.servier.com/ is licensed
under CC-BY 3.0 Unported https://creativecommons.org/licenses/by/3.0/. Interneuron, Nuclear_pore_complex, and Motor_neuron icons by DBCLS
https://togotv.dbcls.jp/en/pics.html is licensed under CC-BY 4.0 Unported https://creativecommons.org/licenses/by/4.0/. [Color figure can be viewed
at wileyonlinelibrary.com]
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disparate assays and research teams, it is as yet uncer-
tain whether signaling differences relate to technical/
model choices or biological mechanistic differences.
This is an important area for future research.

Experiments involving bi-directional ISR pathway
manipulation provide insight into the causal relation-
ship between ISR activity and dystonia-related pheno-
types in DYT1/TOR1A and DYT6/THAP1 models. In
DYT1/TOR1A knockin mice, boosting ISR activity
with selective elF2a phosphatase inhibition by salubrinal”®
in vivo, delayed neonatal mortality of homozygous mice
and by Sal-003” ex vivo, rescued synaptic plasticity defects
in brain slices.*” Similar to findings in DYT1/TOR1A
knockin mice, some striatal synaptic plasticity deficits in
DYT6/THAP1 mouse models were rescued when brain
slices were preincubated with Sal-003.”> Another drug rec-
ognized to activate the ISR is ritonavir,”” which has also
shown corrective effects for multiple DYT1/TOR1A model
phenotypes—protein  mislocalization,®  microstructural/
white matter brain defects,®* paradoxical cholinergic
interneuron responses,”’ and the protein composition
of extracellular vesicles.®' Additionally, in wild-type mice,
ISR inhibition with integrated stress response inhibitor
(ISRIB)** has been shown to reproduce DYT1/TOR1A
knockin phenotypes of impaired corticostriatal synaptic
plasticity®* and paradoxical dopamine regulation of cholin-
ergic interneuron activity.”®> These two brain phenotypes
have also been found in DYT6/THAP1 models,”"** indi-
cating a potential for shared therapeutic benefit if the ISR
is targeted.

The use of the ISR in cells body-wide poses a conun-
drum when considering the relatively selective expres-
sion of only one or a few symptoms in human genetic
diseases involving ISR genes. What aspect of cellular
function might lead to vulnerabilities that generate dys-
tonia? Below, we briefly discuss three hypothesized
pathomechanisms for dystonia that intersect biological
processes associated with the ISR. These are dysfunction
of brain white matter tracts,®* synaptic plasticity,®>-%¢
and striatal cholinergic interneuron signaling.®>*”

In the normal brain, the ISR has been shown to be
critical for early developmental establishment of white
matter tracts.’”> EIF2B mutations that activate the ISR
cause a progressive leukoencephalopathy (VWMD).®
Both DYT1/TOR1A and DYT6/THAP1 show reduced
white matter microstructural integrity on diffusion ten-
sor magnetic resonance imaging (DTI) sequences in
humans and mouse models.*®”° Using ritonavir to acti-
vate the ISR,”" a brief neonatal period of drug treat-
ment was sufficient to normalize DTI abnormalities of
DYT1 knockin mice when examined in adulthood.®’
This result establishes a mechanistic link between ISR
dysregulation during development and the brain white
matter abnormalities in DYT1/TOR1A dystonia.

Outside of disease settings, the ISR has been shown
in numerous studies to be a potent modifier of synaptic

plasticity and learning and memory behavior.”""*

A number of clinical features in dystonia have led to
the hypothesis that corruption of motor skill learning
may contribute to dystonia.®>®® In dystonia mouse
models, abnormalities in the brain’s main biological
process for learning and memory, synaptic plasticity
have been described.®® The corticostriatal circuitry,
which is central to motor skill learning has been most
extensively studied. ISR signaling is required for a form
of long-term synaptic depression (LTD) in cor-
ticostriatal circuits.®* Deficits in corticostriatal LTD
have been described in DTY1/TOR1A and DYTé/
THAP1 mouse models.”>*”®> Pharmacologically boosting
the ISR (phosphatase inhibitor, Sal-003) rescues cor-
ticostriatal LTD deficits in DYT1/TOR1A knockin
mice®” and a drug-induced form of corticostriatal LTD
in DYT6/THAP1 model mice.”> These results establish
causal relationships between ISR pathway signaling
and dystonia animal model synaptic plasticity deficits.

Finally, striatal cholinergic interneurons in the nor-
mal healthy brain have been found to constitutively
activate the ISR rather than to activate it transiently in
response to stressors.’> Dysregulation of the striatal
cholinergic system figures prominently in dystonia.
Clinically, anti-cholinergic medications remain the most
effective (though poorly tolerated) drugs for multiple
forms of dystonia. Alongside this clinical observation,
deficits in striatal cholinergic signaling have been
described in multiple mouse models of monogenic forms
of dystonia. Originally reported in DYT1/DYT-TOR1A,
and later found in two other models, DYT6/DYT-
THAP1 and GNAL, the tonic action potential firing of
striatal cholinergic interneurons (CIN) shows an abnor-
mal response to dopamine (via type 2 dopamine recep-
tors), in that rather than causing the normal slowing in
firing, it paradoxically accelerates CIN firing.**** This
paradoxical dopamine response phenotype is also
observed when the ISR is inhibited in CINs.”®> Here
again, ISR dysregulation is connected to dystonia pheno-
types, in this case cholinergic dysfunction.

In summary, multiple brain abnormalities associated
with dystonia animal models have also been shown to
result from perturbations of the ISR alone. Addition-
ally, in dystonia models, corrective effects of ISR
interventions have been shown for several of these phe-
nomena.®*>”>-*" Although these phenotypes are ostensi-
bly disparate, it may be that the broad proteomic
effects of ISR activity cause multiple consequences. This
would also explain the broad corrective effects of ISR
interventions.

Exactly which circuits and developmental timing that
the ISR’s role in myelination, synaptic plasticity, cholin-
ergic signaling, or as yet unrecognized ISR role contrib-
ute to dystonia is an important future area for study.
Additionally, the aforementioned studies focus on corti-
cal and striatal brain regions. Relatively little has been

RIGHTS

rs, 2024
L

35U 17 suoLIWIOD A1) a|eal|dde ayy Ag peusenob ae sapie YO ‘85N Jo S3|NJ o) A%eiqiauluQ A8|1IAN UO (SUOIIIPUOI-pUE-SLUBI/W0Y" A3 | 1M AReiq U1 uO//:SdNy) SUORIPUOD pue swe | 8Y1 39S *[7202/0T/62] U0 Aiqi]auljuQ 8|1 ‘wnnuezsBunyosio4 saydssine ueyousn ) WnIueZ zyjoyw pH Ag ZE£00€ 'SPW/Z00T OT/I0p/Wod’ A3 | IM* Afeiq | pU 1 |UO'S JBPIOS IPILBLUBAOWL// SNy WOl peapeojumoq ‘0 ‘/SZ8TEST


https://movementdisorders.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fmds.30037&mode=

r EALP AND ISR IN DYSTONIA

studied about the ISR in other brain regions implicated
in dystonia, such as cerebellum and spinal cord.

Can the insight of the ISR’s role in dystonia be
harnessed to develop more effective therapies for dys-
tonias? There are several ISR-modifying compounds
with drug-like properties that may be suitable for
human clinical trials in the near future. These include
compounds with activating (sephinl, raphinl) and
inhibiting (ISRIB, 2Bact) properties.®>”>” For clinical
translation, directionality of ISR modulation and timing
of treatment should be addressed for each type of dys-
tonia. For ISR treatment directionality, so far, only the
DYT1/DYT-TOR1IA knockin mouse model has
published data with chronic in vivo exposure to ISR-
modifying compounds.®*®® In these cases, ISR-
activating compounds were well-tolerated and showed
corrective effects. More study is needed to understand
when ISR-modifying treatments will work because there
may be a developmentally sensitive window for certain
interventions.”® However, it is notable that in animal
studies, ISR interventions show corrective effects both
when delivered acutely to adult brain tissue (synaptic
plasticity)®>”> and also when delivered during a brief
development window (DTI).®° A better understanding
of which phenotypes matter for dystonia expression
will be helpful to provide guidance for clinical trial
design. Fortunately, for translational efforts, the broad
effects the ISR exerts on the proteome facilitate identify-
ing biomarkers for patient stratification and determina-
tion of target engagement.®!

Concluding Remarks

Recent, and rapidly accumulating, insights have
introduced dysfunction in two core cellular biological
processes, the EALP and the ISR, as causative factors
for dystonia. In the preceding discussion, we presented
the foundational human genetic evidence for EALP and
ISR-related genes in dystonia and follow-on functional
studies that validated dysfunction of these core pro-
cesses in dystonia models. With this evidence to support
focus on the biological pathway, we further speculated
on mechanistic connections between other genetic dys-
tonias and dystonia-implicated pathomechanisms that
are predicted to impinge on processes regulated by
EALP and ISR (summarized in Figs. 1 and 2). Finally,
we proposed specific new therapeutic inroads that arise
from these pathomechanisms and highlighted key
knowledge gaps to fill to translate these insights to the
clinic.

The degree of convergent evidence in human genetic
and functional studies leads us to argue that the time is
ripe to consider biological classifications in dystonia. As
to exactly how many distinct dystonia molecular
pathomechanisms there are and to what degree current

N

biological groupings are inter-related, are two important
questions to resolve. Moreover, further understanding of
how defects of EALP and ISR cause varying clinical out-
comes with predominant dystonic presentations in some
individuals and completely different syndromes in other
patients may provide important mechanistic insights with
therapeutic implications. Future studies should address
mechanisms of variable expressivity in these disorders,
whereby a range of factors could play a role including
epigenetics, genetic modifiers, environmental influences,
and stochastic variation. Related to these efforts, a fourth
critical question for future scientific efforts in dystonia is
to understand how the pathomechanisms identified for
rare monogenic forms relate to the more common, late-
onset, idiopathic dystonias.

In this review, we provided extended discussion for
two pathomechanisms to provide examples of the kinds
of data contributing to such mechanistic groupings.
Here, a cautionary note is to highlight some of the chal-
lenges in associating a dystonia with a mechanistic
group. Diverse types of data may lend support, each
with its own caveats. For genetic associations, these
typically include the strength of the genetic association
data, including replication, and gene annotations. For
functional studies, there is much more diversity in the
nature of experiments. Examples include pathway anal-
ysis of observed protein or transcriptional differences,
specific biological process assays, and responses to
pharmacological or genetic manipulations targeting a
process. Gene and pathway annotations have limita-
tions in that they are often based on overly simplistic
functional annotations. Functional studies directly
targeting specific processes are an important validation
component; although each technical approach will have
its own caveats and sources of false positives and nega-
tives to consider. Even with these cautions in mind,
emerging data support new molecular-genetic group-
ings in dystonia. As is generally true, recurrent and rep-
licated findings across multiple lines of investigation
strengthen the validity of the identified mechanism. The
two processes we highlight provide examples of such
recently accumulated evidence.

Knowledge of the EALP and ISR contributions to
dystonia can further understanding of brain and circuit
phenomena that have previously been associated with
dystonia. For example, EALP functionally intersects
with several processes that have independently been
associated with dystonia pathogenesis. Aberrant traf-
ficking to the lysosome, as caused by VPS gene muta-
tions, may induce iron deposition or ultrastructural
iron accumulation in vulnerable neurons.*’ Iron accu-
mulation is a pathological hallmark of many dystonic
disorders including those referred to as NBIA syn-
dromes.”” Impaired EALP function may also lead to
mitochondrial dysfunction,'®® which in turn triggers
the ISR”""? (Fig. 3). Roles for the ISR have been
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FIG. 3. Schematic highlighting potential mechanistic intersections and targeted therapeutics for endosome-autophagosome-lysosome pathway (EALP)
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[Color figure can be viewed at wileyonlinelibrary.com]

directly established in several biological processes that
are known to be disrupted in dystonia models (eg, syn-
aptic plasticity, white matter ultrastructure, and cholin-
ergic interneuron signaling). The ISR is a potent
modifier of synaptic plasticity,’"'°" which has been
separately identified as a dystonia patho-mechanism.*#¢
Striatal cholinergic interneurons and oligodendrocytes
are cell types independently identified to be dysfunc-
tional in dystonia,®®® that may also be particularly vul-
nerable cell types for ISR impairment.”®”> Finally, it is
likely that dysfunction of EALP and ISR may converge
mechanistically to cause dystonia because many conse-
quences of EALP dysfunction engage the ISR for resolu-
tion, including autophagy, mitochondrial integrity and
iron homeostasis*”*"""7> (Fig. 3). Understanding
whether and where dystonia biological processes inter-
sect and final common pathways to dystonia pathogen-
esis is important work that lies ahead.

Harvesting the fruits of these efforts will bring many
advantages for individuals with dystonia. Biological
classifications can stratify patients with dystonia accor-
ding to main underlying mechanisms of pathogenesis,
supporting personalized care. In practice, grouping of
patients on a molecular-genetic classification scheme
could also guide careful assessment of broader pheno-
typic expressions, with a focus on identification of
potentially treatable comorbidities that are known to
be more often associated with the respective molecular

pathology (eg, neurodevelopmental, behavioral or epi-
leptic features in synapse dysfunction, possible systemic
involvement in EALP defects, leukoencephalopathy in
ISR etc.). Perhaps most importantly, the identification
of a small number of common biological processes rele-
vant to multiple dystonias will foster the development
of mechanism-targeting therapeutics. In a rare disease,
this is an important advantage because it increases the
number of individuals that would be eligible for a clini-
cal trial that might otherwise focus on more narrow
genetic definitions. The genetic landscape of dystonia is
too heterogeneous for efficient development of interven-
tions at the specific gene (variant) level for all individual
patients.

Notably, the biological classifications we have dis-
cussed already suggest the potential use of a number of
small molecule therapeutic strategies. For EALP, small
molecule modifiers of autophagy and lysosome may
emerge as promising treatments. Studies have shown
that the maintenance or upregulation of EALP activity
may foster neuronal health and is effective in treating
patients with motor symptoms (eg, in Parkinson’s dis-
ease).'%> Enzymatic activity enhancement in the EALP,
specific substrate reduction, and/or autophagic activa-
tion may be useful strategies and deserve potential con-
sideration in future clinical trial designs. For the ISR,
small molecules in mouse models for DYT1/TOR1A
and DYT6/THAP1 models indicate that interventions
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boosting the ISR are corrective.®>”53%31 Drug opp-
ortunities to boost the ISR include inhibition of its
phosphatases (raphin, sephin, and guanabenz)’®"”'%% or
novel activators like human immunodeficiency virus
(HIV) protease inhibitors.*>”" However, should some
dystonias require ISR down modulation, there are also
promising pharmacological interventions to reduce ISR
activation (ISRIB and related molecules).®* Interestingly,
the same economy of scale that incentivizes therapeutic
development for mechanistically connected groups by
underlying pathways can also apply to genetic mutation
type-specific therapies, for example, mutations causing
premature stop codons could be regarded as a shared
molecular target for development of effective stop-codon
read-through compounds or biologics.'**

Overall, we hope to convey that the time is ripe to
consider molecular-genetic pathomechanisms and har-
vest those insights to pursue targetable interventions to
transform therapeutic opportunity in dystonia. Today,
most people with dystonia can expect lifelong persis-
tence of the disorder and access to only symptomatic
therapies. We believe that the amassing insights in dys-
tonia research can lead us to a future with better diag-
nostics, earlier intervention and disease-modifying
therapies, if not outright cures. ®
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