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Tahseen Mozaffar, University of California Abstract

Irvine, 200 South Manchester Ave, Suite Multisystem proteinopathy (MSP) is a pleiotropic group of inherited disorders that
110, Orange, CA 92868. . .

Email: mozaffar@hs.uci.edu cause neurodegeneration, myopathy, and bone disease, and share common patho-

physiology. Originally referred to as inclusion body myopathy associated with Paget
disease of bone and frontotemporal dementia (IBMPFD), attributed to mutations in
the gene encoding valosin-containing protein (VCP), it has more recently been discov-
ered that there are several other genes responsible for similar clinical and pathological
phenotypes with muscle, brain, nerve, and bone involvement, in various combina-
tions. These include heterogeneous nuclear ribonucleoprotein A2B1 and Al
(hnRNPA2B1, hnRNPA1), sequestosome 1 (SQSTM1), matrin 3 (MATR3), T-cell
restricted intracellular antigen 1 (TIA1), and optineurin (OPTN), all of which share dis-
ruption of RNA stress granule function and autophagic degradation. This review will
discuss each of the genes implicated in MSP, exploring the molecular pathogenesis,
clinical features, current standards of care, and future directions for this diverse yet

mechanistically linked spectrum of disorders.

KEYWORDS

amyotrophic lateral sclerosis, inclusion body myopathy, multiple system proteinopathy, Paget
disease of bone, VCP

Abbreviations: AAA, ATPase Associated with diverse cellular Activities; ALP, alkaline phosphatase; ALS, amyotrophic lateral sclerosis; ApoE4, apolipoprotein E 4; ATPase, adenosine
triphosphatase; BiPAP, bidirectional positive airway pressure; CK, creatinine kinase; CSF1, colony-stimulating factor 1; DMS-MFH, diaphyseal medullary stenosis with malignant fibrous
histiocytoma; DNA, deoxyribonucleic acid; EMG, electromyography; ER, endoplasmic reticulum; FSHD, facioscapulohumeral muscular dystrophy; FTD, frontotemporal dementia; FUS, fused in
sarcoma; GNE, UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase; hiPSCs, human induced pluripotent stem cells; hnRNPA1, heterogeneous nuclear ribonucleoprotein A1;
hnRNPA2B1, heterogeneous nuclear ribonucleoprotein A2B1; IBM, inclusion body myopathy; IBMPFD, inclusion +body myopathy associated with Paget disease of bone and frontotemporal
dementia; lkBa, NF-xB inhibitor alpha; LC3, microtubule-associated protein 1A light chain-3; LCD, low complexity domain; MATR3, matrin 3; MHC1, major histocompatibility complex 1; ML240,
2-(2-amino-1H-benzimidazol-1-yl) — 8-methoxy-N-(phenylmethyl) — 4-quinazolinamine; MND, motor neuron disease; MRI, magnetic resonance imaging; mRNA, messenger ribonucleic acid;
MSP, multisystem proteinopathy; MTAP, methylthioadenosine phosphorylase; mTOR, mammalian target of rapamycin; Nbr1, neighbor of BRCA1 gene 1; NF-kB, nuclear factor kappa B; NMS-
873, 3-[3-Cyclopentylsulfanyl-5-(4’-methanesulfonyl-2-methyl-biphenyl-4-yloxymethyl)-[1, 2, 4] triazol-4-yl]-pyridine; OPMD, oculopharyngeal muscular dystrophy; OPTN, optineurin; PDB,
Paget disease of the bone; PolyPhen-2, Polymorphism Phenotyping v2; RANK, receptor activation of nuclear factor kappa B; RBP, RNA binding protein; RIN3, Rab and Ras Interactor 3; RNA,
ribonucleic acid; RNP, ribonucleoprotein; SIFT, Sorting Intolerant from Tolerant; SQSTM1, sequestosome 1; TDP-43, TAR DNA binding protein; TIA1, T-cell restricted intracellular antigen 1;
TM7SF4, transmembrane 7 superfamily member 4; TNFRSF11A, tumor necrosis factor receptor superfamily 11A; TNFRSF11B, tumor necrosis factor receptor superfamily 11B; UBA, ubiquitin
associated; UPS, ubiquitin proteasome system; VCP, valosin-containing protein; VCPDM, vocal cord and pharyngeal weakness with distal myopathy.

The objectives of this activity are to: 1) understand and be able to use, in clinical evaluation, the phenotypic heterogeneity of this group of disorders; 2) understand, and be able to apply, in
diagnostic evaluation, the genotypic heterogeneity of these disorders; 3) use knowledge about the genetic basis of these disorders to understand the current research and directions of future
research.

442 © 2020 Wiley Periodicals LLC wileyonlinelibrary.com/journal/mus Muscle & Nerve. 2021;63:442-454.
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1 | INTRODUCTION
Multisystem proteinopathy (MSP) comprises a group of rare
genetic disorders that feature myopathy, bone disease, and neu-
rodegeneration. These disorders are generally autosomal dominant
and adult-onset, occurring as a result of various genetic defects to
the autophagy pathway. Protein aggregates in muscle, brain, and
bone, commonalities in pathophysiology, and the resultant clinical
syndrome are what tie the different genetic syndromes together
under the term MSP. The first ever recognized and most common
disorder results from mutations in the valosin-containing protein
gene (VCP), also termed MSP1.! Molecular analysis of patient fami-
lies with similar clinical features but without a VCP mutation led to
identification of mutations in the heterogeneous nuclear ribonu-
cleoprotein A2B1 and A1 (hnRNPA2B1 and hnRNPA1) genes, which
have been termed MSP2 and MSP3, respectively.? Additional MSP
mutations have been found in sequestosome 1 (SQSTM1; MSP4),
matrin 3 (MATR3; MSP5), T-cell restricted intracellular antigen 1
(TIA1), and optineurin (OPTN), and the list will likely continue to
grow.®” MSP most commonly is associated with inclusion body
myopathy (IBM), Paget disease of bone (PDB), frontotemporal
dementia (FTD), and less frequently amyotrophic lateral sclerosis
(ALS). The previously used term, inclusion body myopathy associ-
ated with PDB and frontotemporal dementia (IBMPFD), is no lon-
ger inclusive as several other phenotypes can be seen, including
motor neuron disease, Parkinson disease, hereditary spastic para-
plegia, and peripheral neuropathy, among others.>® In 2013, the
term multisystem proteinopathy (MSP) was proposed to group
together the genetic diseases with phenotypical and pathological
overlap to VCP disease and designated the three genes (VCP,
hnRNPA2B1, and hnRNPA1) as MSP1-3.7 Soon after SQSTM1 and
MATR3 were added as MSP4'%** and MSP5.*! In 2015, the VCP
related diseases consortium met in The Netherlands for the 215th
European Neuromuscular Centre International Workshop, and
reinforced the MSP nomenclature.}? It has also been suggested
that the term be applied to cases that have two or more of IBM,
PDB, or ALS, where ALS-FTD can be considered to be in the same
spectrum of disease.®

Importantly, the various genetic syndromes of MSP share a com-
mon molecular pathogenesis stemming from dysfunction of the two
major protein clearance pathways, the ubiquitin-proteosome system
(UPS) and autophagy, which are also disrupted in ALS and inclusion
body myopathy. VCP, hnRNPA2B1, hnRNPA1, SQSTM1, MATR3, and
TIA1 all can be found in or interact with stress granules, which are
cytoplasmic RNP granules that form due to cellular stress.*®> Mean-
while, VCP, SQSTM1, and OPTN mediate ubiquitin-dependent
autophagy. On pathology, tissues involved in MSP have ubiquitin-
positive inclusions that contain RNA-binding proteins (TAR DNA bind-
ing protein [TDP-43], hnRNPA1, hnRNPA2B1), and can also stain pos-
itive for proteins involved in ubiquitin-independent autophagy (p62/
SQSTM1, VCP, OPTN, and ubiquilin-2).24% It is evident that
autophagy facilitates stress granule turnover, and impairment of this

system can lead to neurodegeneration.*®
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1.1 | Myopathy

The myopathy in MSP is characterized by slowly progressive weakness
and atrophy of skeletal muscles. There is typically proximal and distal
weakness of upper and lower extremity muscles, foot drop, and scapular
winging (Figure 1)'?; paraspinal muscles are occasionally involved.?”
Myopathologically MSP1 is characterized by cytoplasmic rimmed vacu-
oles containing proteins such as tau, amyloid, and TDP-43.* Such
rimmed vacuoles are also seen in other myopathies such as sporadic IBM.
Inflammatory changes are rare, although upregulation of MHC-I or small
inflammatory infiltrates have been observed.'? Electromyography (EMG)
and muscle biopsy frequently show mixed myopathic and neurogenic
findings, suggesting the possible coexistence of a mild motor
axonopathy.'® While there are no described radiological hallmarks of
MSP on muscle MRI, VCP patients commonly have involvement of both
posterior and anterior compartments of the thighs and lower legs.*? The

creatinine kinase (CK) level is generally normal to mildly elevated.'??°

12 | PDB

PDB is a skeletal disease arising from dysregulation of osteoclast and
osteoblast formation. VCP (like the other six genes in PDB) is associ-
ated with a predisposition to development of PDB due to its role in
osteoclast differentiation and regulation, and it is also implicated
(along with SQSTMI and OPTN) in autophagy.?! The resultant disor-
ganized and weak bone of PDB can result in bone pain, pathological
fractures, hearing loss, and arthritis.?2 X-rays show coarse
trabeculation, bone expansion, cortical thickening, and sclerotic
lesions (Figure 2). Bone scintigraphy similarly shows anomalous con-
centration of radionuclides in these lesions. Serum testing can show
elevated alkaline phosphatase (ALP) levels. While the most common
symptom is bone pain, PDB patients may also be asymptomatic and

found to have disease incidentally through imaging or lab testing.?*

1.3 | FTD

Behavioral variant FTD, with changes in personality, behavior and
executive function, is the more common subtype associated with
MSP.12 MSP-related FTD generally arises at a younger age of onset
than isolated FTD.?® Diagnosis is made with a brain scan showing the
typical pattern of atrophy, and neuropsychologic testing. Brain histol-
ogy is not specific or necessary for diagnosis, but shows gliosis,

spongiosis, and neuronal intranuclear inclusions.?*

14 | ALS

ALS in MSP is indistinguishable from sporadic or other familial ALS.
Affected neuronal tissues in ALS and FTD have TDP-43 aggregates,
similar to MSP-related myopathy.*#?>2¢ Diagnosis is made clinically,

supported by electrodiagnostic studies showing motor neuronopathy.
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FIGURE 1 AB, A 66 y-old man with VCP myopathy (R155H mutation) demonstrating upper extremity weakness and atrophy: A, Scapular
winging and weakness of arm abduction. B, Deltoid, trapezius, pectoral, and forearm muscle atrophy. C, A 40 y-old man with VCP myopathy

demonstrating marked bilateral scapular winging, worse on the left

FIGURE 2 Skeletal X-ray of a 57 y-old woman with R155H
associated myopathy and Paget disease reveals sclerotic changes and
slight enlargement of the T10 vertebral body (arrow)

VCP mutations may account for ~1%-2% of familial ALS and VCP
testing should be included in familial ALS workup.

1.5 | Testing for MSP mutations

There is vast phenotypic heterogeneity not only between and within
the genetic syndromes, but also within members of the same family
with an MSP disorder. To prevent misdiagnosis, genetic testing for
mutations in MSP-related genes should be considered in patients with
a family history of myopathy or motor neuron disease and/or demen-
tia, even if individual family members are limited to one feature of
MSP.*? Similarly genetic testing should be considered in MSP mimics,
including facioscapulohumeral muscular dystrophy (FSHD) with nega-
tive genetic testing for FSHD1, familial ALS, familial Paget disease,
limb girdle muscular dystrophy, Welander myopathy, GNE myopathy,
and myofibrillar myopathies. Patients who have an MSP mutation but
only have myopathy should be periodically screened for the develop-
ment of dementia and PDB, as these can occur later in the course of
the disease. If clinical suspicion is high enough, with positive family
history and/or at least two of the organ systems of MSP involved, it
may be reasonable to forgo muscle biopsy and proceed straight to

genetic testing when available.

1.6 | Management

Currently, there is limited treatment for MSP outside of supportive
management.?23 Bisphosphonates have some efficacy in suppressing
bone remodeling and ameliorating the bone pain of PDB, and early
treatment may prevent pathological fractures and bone deformities.*?
However, there is limited literature on its effect in the PDB seen in
MSP, and its effect in altering the natural history of the disease.

FTD lacks disease-modifying therapy. Lifestyle modifications that
may be helpful for those with FTD and their families include
implementing a daily routine, avoiding confrontation, participating in
activities they enjoy, and removing triggers for maladaptive behaviors.
Selective serotonin reuptake inhibitors may have some benefit for the
behavioral symptoms of FTD, but again, there is limited literature
regarding their efficacy in this condition.?

IBM and ALS are best managed with a multi-disciplinary team
approach, including neurologists, physical and occupational therapists,
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speech therapists, respiratory therapists, and social workers. Riluzole
and edaravone are the only approved therapies for ALS, but their
effect is not adequate to change the inexorable and lethal course of
the disease. There is also still no effective treatment for slowing the
progression of IBM.12

The clinical features, genetics, pathogenesis, and therapeutic
strategies of multisystem proteinopathy syndromes will be discussed
in this review article. We reviewed the literature on MSPs and

expanded the current classification of MSP disorders (Table 1).

2 | MSP1:VCP

In 1966, McBride described PDB associated with muscle disease in a
Scottish family, with an autosomal dominant pattern of inheritance,?”
and in 1982, Tucker described an inherited case of PDB with motor
neuron disease.?® Kimonis et al. described a family of 11 individuals in
lllinois with early onset PDB associated with limb girdle muscular dys-
trophy in 2000.2° Subsequently, Kimonis found a similar pattern in
four other families who had inclusion body myopathy, PDB, and
frontotemporal dementia, thus naming the syndrome IBMPFD.%° Link-
age analysis identified chromosome 9p13 as the implicated locus, and
later missense mutations in the VCP gene, also called p97, were deter-
mined to be the pathogenic cause.*° However, as early as 2002,
additional genes were found to be responsible for the same syndrome,
so genetic heterogeneity was established. 243! Overall, mutations in
VCP are estimated to comprise about half of all MSP families®?; thus,
data on this gene comprise the bulk of our knowledge of MSP

syndromes.

21 | Clinical features

Myopathy is the most frequent feature of VCP-related MSP, and
occurs in about 90% of individuals.*”3® The mean age of onset is

TABLE 1 Clinical features of MSP mutations

MSP type Gene IBM/myo-pathy MND FTD
1 VCP X X X
2 hnRNPA2B1 X X X
3 hnRNPA1 X X X
4 SQSTM1 X X X
5 MATR3 X X X
N/A TIA1 X X X
N/A OPTN - X X
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43,233 and mean time to loss of ambulation is 13 + 7 y.*? The dis-
tribution almost always involves the proximal muscles, but with a high
frequency of involvement of intrinsic hand muscles, foot drop, and
scapular winging, and less frequently facial muscles. A study of
231 individuals with VCP mutations showed that PDB occurred in
42%, FTD occurred in 30%, ALS occurred in 9%, and Parkinson dis-
ease occurred in 4%.%% Other less common phenotypes include car-
diomyopathy, Charcot-Marie-Tooth disease, and anal incontinence,
among others, although these do not occur in isolation and are found
along with other clinical findings of the syndrome.?2029:34-37 The
PDB aspect of the disease has an average age of onset of 41 y, with a
range of 23 to 65 y, and is not always symptomatic.*”3° The PDB pre-
sents at a younger age in VCP-related cases than in typical cases. The
FTD aspect has an average age of onset of 55y and a range of 30 to
86 y,”’33 which is also earlier than in non-VCP related cases. Life
expectancy is reduced, with death at an average age of 58y as a
result of respiratory and cardiac failure.*? Interestingly, although VCP-
related MSP is often considered a triad of IBM, FTD, and PDB symp-
toms, only 10% of patients have symptoms of all three main
conditions,®® and the features can occur in various combinations in
various orders of onset.

Within and between families with VCP mutations, there are
immense variations and permutations of individuals' phenotypes, and
specific mutations generally do not correlate well with the presenta-
tion. A notable exception is that individuals with an R159C mutation
appear to have a later age of onset of myopathy and largely lack the
bone disease component.33 The R155H mutation, while common,
does not have statistically significant differences in the age of onset
of symptoms compared with other subtypes including R155C, R155P,
L198W, and R159C.32 Modifier genes have been studied and the apo-
lipoprotein E 4 (ApoE4) allele has been associated with a higher inci-
dence of dementia.®®

VCP mutations have been observed in a diverse group of ethnic
backgrounds, including mixed western European, Brazilian, African

American, Hispanic/Apache, Israeli-Arab, Australian, Korean, Chinese,

PDB Other major associated phenotypes®

X Parkinson disease, hereditary spastic paraplegia, Charcot-
Marie-tooth disease type 2

Isolated PDB, fragile X-associated tremor ataxia syndrome

Isolated IBM

X X X

Common in isolated PDB
- VCPDM
- Welander distal myopathy

X Autosomal dominant primary open angle glaucoma

Abbreviations: FTD, frontotemporal dementia; hnRNPA1, heterogeneous nuclear ribonucleoprotein A1l; hnRNPA2B1, heterogeneous nuclear
ribonucleoprotein A2B1; IBM, inclusion body myopathy; MATR3, matrin 3; MND, motor neuron disease; MSP, multisystem proteinopathy; N/A, not
applicable.; OPTN, optineurin; PDB, Paget disease of the bone; SQSTM1, sequestosome 1; TIA1, T-cell restricted intracellular antigen 1; VCP, valosin-
containing protein; VCPDM, vocal cord and pharyngeal weakness with distal myopathy.

2All of these mutations can also occur with isolated organ system involvement (ie, isolated myopathy without brain or bone involvement), and also can
occur with various combinations of organ system involvement (ie, MND with FTD but without PDB).



KORB ET AL.

“ | WILEY &NERVE

and Japanese descent.>*37*4 The incidence of the disease is reported
to be 1/300000 to 1/600000 among Scottish and British patients,
respectively.” However, the true incidence of the disease is likely
higher, as patients with MSP1 may be asymptomatic well into adult-
hood or only be symptomatic from one of the organ systems affected.
In addition, some family members may be asymptomatic carriers.?
The discrepancy in calculating incidence arises from lack of awareness
among physicians about the relatively newly described syndrome, vast
phenotypic heterogeneity within and between families, and varying
penetrance resulting in lack of all the components of the classic syn-
drome. Thus, comprehensive information about the incidence and
prevalence, genotype-phenotype correlations, penetrance, and natu-
ral history of the disease is lacking. It will be important to raise aware-
ness among healthcare professionals, ask appropriate questions about
family history, screen for PDB and FTD for certain IBM or ALS
patients, and consider genetic testing in those who have only parts of
the triad.

2.2 | Histology and imaging

The main finding on histopathology is rimmed vacuoles, particularly in
atrophic fibers (Figure 3A,B,E), without inflammation in the muscle
(unlike sporadic IBM). The rimmed vacuoles contain protein aggre-
gates of ubiquitin, TDP-43, and autophagy marker p62 (Figure 3G,H),
as is seen in other rimmed vacuolar myopathies including sporadic
IBM, GNE myopathy, Welander distal myopathy, and MATR3 distal
myopathy. Other pathologic attributes include increased fiber size

variation, internalized nuclei, and abnormal accumulation of
ubiquitylated proteins (Figure 3A,B,E). The muscle fibers infrequently
show myofibrillar disorganization with larger accumulations of Z-disc
or intermediate filament proteins like myotilin.12 Neurogenic features,
such as angular atrophic fibers, may also be seen (Figure 3B).Y
MHC-1 staining shows variable degrees of sarcolemmal and sarco-
plasmic staining.

Muscle MRI in VCP-related myopathy tends to show involve-
ment of nearly all muscles, with patchy regions of atrophied mus-
cle replaced by fatty connective tissue. In the thighs and lower
legs, both posterior and anterior compartment muscle involvement
is common.*? This pattern differs from several other muscular dys-
trophies that can tend to have highly selective patterns of muscle

involvement.

2.3 | Pathophysiology

VCP is an ATPase involved in degradation and autophagy.?® It is a
highly conserved “ATPase Associated with diverse cellular Activities,”
classifying it in the AAA-ATPase superfamily.?® It mediates ubiquitin-
dependent cellular processes, including protein quality control, organ-
elle biogenesis and elimination, membrane fusion, extracting
ubiquinated proteins from multimeric complexes, and cellular signal-
ing.*® It also participates in DNA repair and regulation of autophagy,
so disruption can interfere with cell death pathways.*® There are cur-
rently over 50 mutations that have been reported in VCP, the vast

majority being transmitted in an autosomal dominant and infrequently

FIGURE 3 Myopathologic findings in MSP. A-D, Panels A-B show morphological changes on hematoxylin-eosin (H&E) stain from muscle
biopsies from patients with VCP mutations (p.R155H and p.R191Q, respectively) while morphological changes are depicted in muscle biopsies
from mutations in the hnRNPA1 (C) and hnRNPA2B1 (D). Abnormalities include rimmed vacuolar changes, marked fiber size variability, increased
numbers of fibers with multiple internal nuclei, presence of small grouped atrophy, and increased endomysial connective tissue. B, The presence
of “mixed” neurogenic and myopathic findings in these biopsies. E,F, Modified Gomori-trichrome stain highlighting the rimmed vacuoles, multiple
internal nuclei and increased connective tissue in muscle biopsies from a patient with p.R155H mutation in the VCP gene (E) and a patient with
mutation in hnRNPA2B1 gene (F). Cytoplasmic bodies are also seen (arrowhead). G,H, Immunoperoxide staining for TDP-43 and p62 in a patient
with p.R155H mutation in the VCP gene. There is diffuse expression of TDP-43 in these muscle fibers (G), particularly in areas of rimmed
vacuoles. The rimmed vacuoles can also be stained for p62, highlighting a defect in autophagy in these muscles (H)
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in a sporadic fashion.*>*”*” Most are in the N terminus of VCP and
are exonic missense mutations.>>

VCP also helps defend against endogenous and exogenous cellu-
lar stressors, such as oxidative stress, temperature fluctuation, and
mechanical stress.*® Such factors can inhibit translation of mRNAs,
provoking cells to produce transient cytoplasmic aggregates of ribonu-
cleoprotein (RNP), called stress granules. VCP is required for auto-
phagic degradation of these membrane-less organelles.®*® These are
also seen in other MSP-related mutations, including RNA-binding pro-
teins (hnRNPA2B1, hnRNPA1) and SQSTM1.2®
transfecting C2C12 mouse skeletal muscle cell line myoblasts with

Furthermore,

mutant VCP results in impaired stress granule resolution and clear-
ance.* Consequently, there is considerable evidence that inability to
degrade RNA granules by autophagy is a hallmark of VCP mutations,
and the resultant protein aggregates can be observed in muscle, bone,
and neuronal tissue.*

Missense mutations of the VCP gene are associated with toxic
gain of function as indicated by studies of ATPase activity, with
increased binding to its cofactors and reduced mitofusin levels; how-
ever, future studies will provide evidence for possible gain of function
as a mechanism in the other MSPs.>951

Given the autosomal dominant pattern of inheritance, the hetero-
zygous state is pathogenic, although a homozygous mutation has
recently been described in a man of Belgian descent who presented
with younger age of onset and higher CK levels.!” This finding sup-
ports the viability of homozygous VCP mutations, and that such
patients can present with more severe phenotypes, similar to what
can be seen in other protein aggregate myopathies, such as des-

minopathy and myotilinopathy.>%>3

2.4 | Preclinical studies and future directions
Mouse and human VCP proteins differ by only one amino acid residue
at position 684. Homozygous deletion of VCP resulted in early embry-
onic lethality in mice, while heterozygous mice with one wild-type
allele and one deleted VCP allele were asymptomatic.’* However,
transgenic mice over-expressing a VCP mutation under a muscle-
specific promoter had progressive weakness, and were found to have
ubiquinated protein inclusions on muscle pathology.>®> Other VCP
mouse models overexpressing the A232E allele under a ubiquitous
promoter and the knock-in R155H mouse have shown progressive
muscle weakness, cognitive abnormalities, and bone, spinal cord, and
brain pathology with TDP-43 and ubiquitin positive inclusion bodies
in myofibrils and brain tissue.>¢">®

A potential therapeutic target for VCP-related MSP would be
inhibition of VCP ATPase activity, which could theoretically suppress
the build-up of aggregated proteins or stress granules as seen in VCP
MSP. Inhibition of VCP with NMS-873 and ML240 in a Drosophila
model and patient fibroblasts corrected muscle damage and cell
death.>? Additionally, VCP disease-specific human induced pluripotent
stem cells (hiPSCs) treated with autophagy stimulators rapamycin,

perifosine, and AT101 showed a decrease in VCP pathology markers,
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including TDP-43, light chain 3 I/Il, and p62/SQSTM1, showing that
such stem cells could be a valuable tool for drug discovery.®® A recent
study used agonists of core autophagy proteins, ULK1 and 2, in mice
to demonstrate increased stress granule disassembly through phos-
phorylation and activation of VCP.®* Such regulation of stress gran-
ules holds promise for treating IBM and VCP-related myopathy. VCP
mice have also been treated with arimoclomol, which prolongs activa-
tion of heat shock factor 1 in stressed cells, and demonstrated
improved muscle strength and disease pathology.®? Finally, Zhang
et al. have shown that early inhibitors of VCP were able to rescue dis-
ease phenotypes of mitochondrial dysfunction and cellular death in a
Drosophila model and in VCP patient fibroblasts.>”

3 | MSP2 AND MSP3: HNRNPA2B1 AND
HNRNPA1

Autosomal dominant missense mutations in the hnRNPA2B1 and
hnRNPA1 genes were identified by combined linkage analysis and
exome sequencing as another cause of MSP in families who had nega-
tive testing for VCP. In 2013 Kim et al. reported a family who had
degeneration of muscle, bone, brain, and motor neurons who was clin-
ically and histopathologically indistinguishable from VCP families, but
had a mutation in hnRNPA2B1.2 They also identified a family with
myopathy and PDB, and another family with ALS, who had mutations
in hnRNPA1.2

3.1 | Clinical features

The frequency of h(nRNPA2B1 and hnRNPA1 mutations in MSP is esti-
mated at <<1%.23293%% patients from each family identified by Kim
et al. in 2013 had muscle biopsy findings of atrophic fibers, central
nuclei, and rimmed vacuoles as seen in IBM (Figure 3C,D,F demon-
strate similar findings in other patients). In normal muscle,
hnRNPA2B1 and hnRNPA1 are located exclusively in nuclei, but in
MSP patients the hnRNPA2B1 can accumulate as cytoplasmic inclu-
sions in a minority of muscle fibers.?

Family 1 from Kim's study, with an hnRNPA2B1 mutation, had an
autosomal dominant pattern of myopathy, PDB, dementia (diagnosed
with FTD at autopsy in one of the family members), and motor neuron
dysfunction, in various combinations.2 Family 2 had a dominant pat-
tern of myopathy and PDB, associated with a missense mutation in
hnRNPA1. Finally, Family 3 exhibited a dominant pattern of ALS,
which was linked to a missense mutation at the same residue of
hnRNPA1.

A novel hnRNPA1 variant was identified on whole exome
sequencing in a Japanese population of ALS.%> Additionally, a novel
mutation in hnRNPA2B1 was identified in a Chinese family with multi-
ple members with early onset PDB, but no member had any of the
other MSP features.®® At this time, additional MSP2 and MSP3 fami-
lies have not been identified, making the hnRNP syndromes

exceedingly rare.
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3.2 | Pathophysiology

Despite the paucity of MSP2 and three cases, there is compelling
functional data to argue for its common pathogenicity to the other
MSP syndromes. hnRNP complexes, formed by RNA binding proteins
(RBPs) coupled with RNAs, control RNA processing, transcription,
splicing, translation, sequestration, and degradation. RBPs of hnRNPs
contain a conserved low complexity domain (LCD), also called prion-
like domain, that functions to mediate stress granule formation.®®
Normally stress granules dissolve after cellular stress passes, but
stress granules formed by mutant RBPs remain insoluble and conse-
quently sequester wild-type RBPs, resulting in irreversible toxic aggre-
gates. Whether the neurodegeneration that results is due to toxic
gain of function from stress granules, or due to loss of function of
trapped proteins, remains unclear, but it may be a combination of
both.¢”

Additional evidence for the hnRNPs' pathogenicity in MSP lies in
hnRNPA2B1 and hnRNPA1's direct interaction with TDP-43 via their
C-terminal glycine-rich domains, working together to mediate RNA
metabolism.2®® Both hnRNPs are prone to fibrillization, and disease
mutations accelerate this process by inducing potent steric zippers;
ultimately, this serves to accelerate nucleation and polymerization,
alter dynamics of RNA granule assembly, and disrupt RNA
metabolism.?

4 | MSP4:5QSTM1

In 2015, Bucelli et al. used whole exome sequencing to identify muta-
tions in SQSTM1 (encoding sequestosome 1, also known as the
ubiquitin-binding protein p62) in a family who had autosomal domi-
nant IBM that appeared similar to that seen with VCP, hnRNPA1B1,
and hnRNPA1 mutations.!® This family had late onset distal lower
extremity muscle weakness, and muscle pathology showed rimmed
vacuoles and inclusions of TDP-43 and SQSTM1. Various mutations
of SQSTM1 have been linked to IBM, as well as ALS, FTD, and PDB,
leading to this gene being termed MSP4.

41 | Clinical features

Mutations in SQSTM1 are frequently seen in PDB,* and rarely have
been reported to associate with sporadic and familial ALS and FTD.%?
They are found in 40% of familial PDB and 10% of sporadic PDB.%*
Given its association with a rimmed vacuolar myopathy in addition to
the ALS, FTD, and PDB, it was recently proposed that SQSTM1 be
considered MSP4.2° The IBM has been seen both in isolation and in
combination with PDB, and the FTD has been seen both in isolation
and in combination with ALS.23 It remains unclear why most patients
with SQSTM1 mutations develop PDB, and some go on to develop
myopathy, ALS, or FTD, but there may be susceptibility alleles in other
genes that render certain organ systems more likely to become

involved.*®

4.2 | Pathophysiology

SQSTM1 is found in neuronal and glial ubiquitin-positive inclusions in
various tauopathy and synucleinopathy neurodegenerative conditions.
In FTD and ALS-FTD, it co-localizes with TDP-43 and fused in sar-
coma (FUS) in the brain and spinal cord.”®”*

P62/SQSTM1 is an adaptor that interacts with ubiquinated pro-
teins and LC3 (microtubule-associated protein 1A light chain-3)
through its ubiquitin-associated (UBA) and LC3-associated domains to
mediate autophagic degradation. It then oligomerizes and interacts
with neighbor of BRCA1 gene 1 (Nbrl), another ubiquitin adaptor.”?
These sometimes work together to conduct autophagic degradation
of proteins.”® P62/SQSTM1 also plays a role in antioxidant response
pathways, mTORC1 activity, protein turnover, and autophagic turn-
over of nicotinic acetylcholine receptors in muscle.”*”” Most disease-
causing mutations in SQSTM1 are missense mutations or truncations
of the UBA domain, resulting in impaired protein homeostasis and dis-
ruption of autophagic degradation of ubiquinated proteins.”® Rare
UBA domain mutations correlate with widespread neuronal and glial
phospho-TDP-43 pathology, and can double the risk for development
of FTD.”? $QSTM1 mutations promote osteoclast formation by
enhancing receptor activation of NF-kB (RANK), causing abnormal
protein to accumulate in the endoplasmic reticulum (ER) through the
unfolded protein response.

5 | MSP5: MATR3

Mutations in the matrin 3 gene (MATR3), which encodes an RBP asso-
ciated with TDP-43, have been seen in familial ALS, FTD, and IBM.&°
MATRS-related neurodegeneration has been implicated as an MSP
given its overlapping molecular pathogenesis and clinical phenotypes
with MSP2 and MSP3.6

5.1 | Clinical features
In 2015, Lin et al. described a bulbar-onset patient with ALS with a
MATR3 mutation, conducted the relevant literature review, and
suggested that this mutation met criteria to stand alongside other
MSPs.581 However, it is unclear whether it is seen in PDB as yet, so
the classification as MSP5 is not yet widespread or well
established.8082:83

MATR3 mutations were originally identified as causative in vocal
cord and pharyngeal weakness with distal myopathy (VCPDM), 848 in
patients who had a dominant pattern of slowly progressive asymmet-
ric weakness and concomitant vocal cord paralysis.®® It was then iden-
tified in patients with familial ALS with dementia by whole exome
sequencing,®® before later being associated with MSP and distal onset
myopathy without vocal cord paralysis. Overall, the incidence of
MATR3 mutations in familial ALS and ALS-FTD remains rare.f”:88 A
study of 16 patients from six German families with MATR3 mutations

found that individuals had predominantly distal weakness, most
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severely affecting wrist and finger extensors and ankle dorsiflexion,
but six had proximal and axial weakness, five had respiratory weak-
ness, six had dysphagia, and seven had mild voice abnormalities,
although none had vocal cord dysfunction on laryngoscopy.> Muscle
biopsies in the German study demonstrated mild to severe dystrophic
changes, vacuoles, and absence of sarcomeres in the perinuclear
region.2> Whole-body muscle MRI performed on 15 MATR3-
associated distal myopathy patients demonstrated distinct findings:
distal legs were predominantly affected with severe fatty infiltration,
especially of the gastrocnemius and soleus; of note, there was also
preferential involvement of the semimembranosus, biceps femoris,
gluteus minimus, and thoracic axial muscles, which are less commonly

involved in other distal myopathies.8?

5.2 | Pathophysiology
Matrin 3 is a component of the nuclear matrix, which is proteinaceous
scaffolding throughout the nuclei of skeletal muscle tissue.® This
matrix is vital for RNA processing related to skeletal muscle structure
and function, and when disrupted can result in myofiber degenera-
tion.?® MATR3's two RNA binding domains are homologous to those
of hnRNPs L and 1% It also interacts with TDP-43, FUS, hnRNPA1
and hnRNA2B1, all of which have been associated with ALS or
MSP 6492

Transgenic mice overexpressing mutant MATR3 were found to
have myopathic changes including fiber size variation and rimmed
vacuoles, reduced motor neurons in spinal cord histology, activation
of microglia and astrocytes, and clinically had reduced body weight
and motor activity.'* Proteomic analysis of their muscle showed
upregulation of proteins associated with chaperones including pé2,
stress response, protein degradation, and nuclear metabolism, as can

be seen in other forms of MSP.1!

6 | TIA1

Mutations in stress granule protein T-cell restricted intracellular anti-
gen 1 (TIA1) are typically associated with Welander distal myopathy,
but have also been associated with IBM, FTD, and ALS, but not PDB,
so it may be considered part of the MSP continuum by some as well.
In addition, TIA1 mutations have similar pathophysiologic implications
as the other MSP syndromes. Adequate data for this gene as it applies

to MSP is still lacking, however, and cases remain rare.

6.1 | Clinical features

A founder mutation of TIA1 was described in Swedish and Finnish
patients, causing Welander distal myopathy, a rimmed vacuolar myop-
athy with clinical and histological similarity to the myopathy seen in
MSP1-5.7%%4 |n 2017, Mackenzie et al. used whole exome sequencing

to identify TIA1 mutations in a family with dominantly inherited ALS-
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FTD, in whom autopsy confirmed TDP-43 pathology.®® The same
year, a cohort of 1039 ALS and ALS-FTD patients were analyzed for
TIA1 mutations in the gene's LCD, and nine mutation carriers were
identified, representing 2.2% of familial ALS in this case.”® Of these
patients, the phenotype was characterized by frequent bulbar onset
weakness and expressive aphasia, an absence of parkinsonism or psy-
chotic features, and autosomal dominant inheritance, although some
cases lacked positive family history, suggesting variable penetrance.”®
Post-mortem neuropathological analysis of ALS-FTD patients with
TIA1 mutations revealed widespread TDP-43 accumulation, while
lower motor neurons had higher amounts of round eosinophilic and
Lewy-body like inclusions.”®

6.2 | Pathophysiology

TIA1 encodes an RNA-binding protein with an LCD, similar to TDP-
43, FUS, and hnRNPA1. It is an important component of stress gran-
ules, so mutations in the LCD of TIA1 can disrupt stress granule clear-
ance, in addition to promoting stress granule assembly by liquid-liquid
phase separation.®3* The accumulation of such stress granules
results in aggregated TDP-43, which becomes immobile and insolu-
ble.2% Additionally, TIA1 knockdown has been shown to inhibit the
protein tau from its misfolding and toxicity, and TIA1 and tau syner-
gistically act to modulate neurodegeneration as seen in ALS and
FTD.7?

Digenic mutations of both a TIA1-N357S variant and SQSTM1
pathogenic mutation have resulted in a distal myopathy with rimmed
vacuole IBM pathology, linking stress granule homeostasis and
ubiquitin-dependent autophagic degradation and suggesting an
oligogenic mechanism for the neurodegeneration.8? This theory was
supported by the finding that myoblasts expressing both the TIA1-
N357S variant and a SQSTM1-A390X mutation had synergistic

myotoxicity compared to control myoblasts.®2

7 | OPTN

OPTN, an adaptor required for ubiquitin-dependent autophagy, is also
implicated in the neurodegeneration of ALS, FTD, and PDB, thus ulti-
mately has been included under the umbrella of MSP by some

scientists.”¢?7

71 | Clinical features

Mutations in OPTN, primarily through loss of function, are responsible
for over 1% of familial ALS cases, although they were originally associ-
ated with autosomal dominant primary open angle glaucoma.”®78?
Mutant OPTN associated with ubiquinated inclusions is found in
familial ALS attributed to OPTN mutation, while wild type misfolded
OPTN is seen in sporadic ALS.1°° Wild-type OPTN is also seen in

pathogenic inclusions of other neurodegenerative diseases including
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Alzheimer, Parkinson, Huntington, multiple system atrophy, and
Creutzfeld-Jacob diseases.2°1'192 OPTN-associated ALS and ALS-FTD
may be associated with a more aggressive course of disease, with ear-
lier mortality.””

Patients with sporadic IBM and OPMD were found to have cyto-
plasmic TDP-43 and OPTN more frequently than patients with poly-
myositis, dermatomyositis, or neurogenic muscular atrophy,
suggesting that OPTN's predisposition to colocalize with TDP-43 may
play a role in the pathogenesis of myopathy with rimmed vacuoles,'°®
although further data about OPTN as a cause for myopathy is lacking.

Genetic variants of OPTN have been identified in PDB in several
populations and pathophysiological links have been proposed,
although a direct causal relationship has not yet been
established.’°41% To date, there have not been reported cases of

OPTN-associated ALS co-occurring with PDB.2®

7.2 | Pathophysiology

OPTN is a protein that plays a role in cellular trafficking and
autophagy. Specifically, it functions as an autophagy receptor that
binds to protein aggregates and microtubule associated protein
1A/1B-light chain 3.19%197 As autophagosomes interact with ER and
Golgi compartments, impaired cellular trafficking can provoke ER
stress and an unfolded protein response.'®® ER stress and impaired
intracellular trafficking, including dysfunctional fusion of the
autophagosomes to lysosomes, are pathologic features of ALS.1%? It
also mediates NFkB signaling, a known regulator of osteoclast differ-
entiation®; thus, mutations of OPTN can predispose to PDB develop-
ment similarly to SQSTM1.

8 | DISCUSSION

As knowledge and awareness increase about MSP and testing
becomes more accessible, more patients will be diagnosed who are
currently misdiagnosed with related disorders or are not recognized
as having a syndrome of multi-organ involvement.¢ Individuals with
MSP have wide phenotypic heterogeneity and variable penetrance at
the intra- and interfamilial level, which likely results from pleiotropy
and perhaps other various cellular and environmental factors. The
most common features, however, include myopathy, bone disease,
dementia, and/or motor neuron involvement. Most of the MSP sub-
types also share similar histopathology, with prominent ubiquitin and
fibrillar TDP-43 accumulation in the cytoplasm. The intersection of
the mechanistic pathways of VCP, hnRNPA2B1, hnRNPA1, SQSTM1,
MATRS3, TIA1, and OPTN helps to unify MSP as a spectrum syndrome.
MSP appears to stem from a common molecular pathogenesis
resulting from disruption of the two major protein clearance path-
ways, the UPS and autophagy, which are the same pathways that are
disrupted in ALS and inclusion body myopathy. The importance of
TDP-43 in pathogenesis was confirmed by the identification of muta-

tions in the gene encoding this RNA-binding protein.**° Disruption of

these pathways results in altered RNA granule homeostasis, TDP-43
accumulation and mislocalization, and impaired mitochondrial function
and mitophagy, which ultimately tie together multi-organ degenera-
tion. Determining a way to restore properly functioning RNA granules
in order to counter these mostly dominantly inherited mutations could
have broad implications for various age-related degenerative condi-
tions with a potentially common modifier of the pathogenesis.
Strategies to activate autophagy and the UPS have been stud-
ied for their potential role in treating ALS and FTD,*** and could
similarly be applied to MSP as a whole. In particular, the disease
burden caused by aggregates of TDP-43 could be ameliorated by
promoting UPS function, and this could be further boosted by
enhancing autophagy.!!! Using autophagy to remove damaged
mitochondria and protein aggregates has been shown to help slow
motor neuron disease.!'2"11* However, targeting autophagy has
not always worked in motor neuron disease, and in some cases,
can even worsen function.?*>**® The mammalian target of
(mTOR)
autophagy, has had mixed results as to the benefit in VCP mice

rapamycin pathway, which negatively regulates
models.11?-122 Other agents known to modify autophagy, including
trehalose, lithium, and Withaferin A, have also shown varying
results in ALS models.11>123124 A more selective and nuanced
method of enhancing autophagy, and understanding what other
quality-control pathways are playing a role, would be essential for
unlocking a remedy for the neurodegeneration in MSP.

Another potential treatment tactic for MSP lies in NF-xB inhibi-
tors, since NF-xB is implicated in the pathogenesis of PDB as well as
muscle disease.*?> Overactive mutated VCP can promote activation
of NF-kB,*2° subsequently increasing osteoclast formation and muscle
damage. In Duchenne muscular dystrophy, preclinical studies of NF-
kB inhibitors improved muscle regeneration and function in mice and

127 and blocked NF-xB pathways in patients after 1 wk of

dog models,
treatment.?® This same concept could potentially be applied to the
NF-kB mediated muscle and bone degeneration seen in MSP.

A major challenge with doing therapeutic trials in MSP is the
lack of natural history and reliable biomarkers that can be used to
understand disease progression and predict treatment response.
Given the rarity of this disease, no single center has enough
patients to perform a large longitudinal study of disease progres-
sion. It is unclear whether there are differences in tau-based
nuclear imaging characteristics between MSP related FTD vs. non-
MSP related, and whether they can be reliably used in a natural
history studies or therapeutic trials. There is prominent TDP-43
pathology in MSP, but we do not have information on TDP-43
levels in blood, skin, or platelet assays in relation to disease and
whether they can serve as a reliable biomarker. At this time, much
remains to be discovered regarding the incidence and penetrance
of MSP. It will be important to establish a reliable natural history
cohort and validate patient related outcome measures in order to
design effective clinical trials. However, the rarity of the MSP as
an entity will render such data collection and follow up measures
challenging. Consideration should be given to innovative virtual

ways of conducting these visits and collecting these data.
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