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Abstract 

Inherited neuromuscular diseases comprise a highly heterogeneous group of disorders characterized 

by the impairment of the neural structures or motor unit components responsible for the generation 

of movement. 

While as single gene-associated disorder the majority of them are rare, taken together their estimated 

prevalence reaches 1 – 3 cases / 1000 individuals. Due to their elevated morbidity and mortality, they 

represent a significant health burden for the affected individuals, their families, and the healthcare 

systems. Moreover, their clinical and genetic heterogeneity makes their diagnosis a long and complex 

process, which often requires specialized diagnostic procedures and poses a challenge in about half 

of the cases. However, thanks to decreasing costs and increased availability of next-generation 

sequencing technologies, the last years had witnessed a rise in the number of novel genes associated 

to neuromuscular disorders.  

In this study, we identified three novel neuromuscular disease-causing genes: PIEZO2, whose biallelic 

loss-of-function mutations cause distal arthrogryposis with impaired proprioception and touch; VAMP1, 

whose biallelic loss-of-function mutations cause a novel presynaptic congenital myasthenic syndrome; 

CAPRIN1, whose specific p.Pro512Leu mutation causes a neurodegenerative disorder characterized by 

ataxia and muscle weakness. 

For PIEZO2, we identified biallelic loss-of-function mutations using exome sequencing, SNPchip-based 

linkage analysis, DNA microarray, and Sanger sequencing in ten affected individuals of four 

independent families showing arthrogryposis, hypotonia, respiratory insufficiency at birth, scoliosis, 

and delayed motor development. This phenotype is clearly distinct from distal arthrogryposis with 

ocular anomalies which characterize the autosomal dominant distal arthrogryposis 3 (DA3), distal 

arthrogryposis 5 (DA5), and Marden-Walker syndrome (MWKS). While these disorders are caused by 

heterozygous gain-of-function mutations in PIEZO2, the novel reported mutations result in the loss of 

PIEZO2, since they lead to nonsense-mediated mRNA decay in patient-derived fibroblast cell lines. 

PIEZO2 is a mechanosensitive ion channel playing a major role in light-touch sensation and 

proprioception. Mice ubiquitously depleted of PIEZO2 die postnatally because of respiratory distress, 

while individuals lacking PIEZO2 develop a neuromuscular disorder, likely due to the loss of 

proprioception inputs in muscles. 

For VAMP1, we identified biallelic loss-of-function mutations using exome or genome sequencing in 

two pairs of siblings from two independent families affected by a novel congenital myasthenic 

syndrome. Electrodiagnostic examination showed severely low compound muscle action potentials and 

presynaptic impairment. The two described homozygous mutations are a frameshift and a missense 

mutation of a highly conserved residue, therefore are likely to result in the loss of VAMP1 function. 

Indeed, the phenotype is resembled by VAMP1lew/lew mice, which carry a homozygous VAMP1 

truncating mutation and show neurophysiological features of presynaptic impairment. 

For CAPRIN1, we identified the identical de novo c.1535C>T (p.Pro512Leu) missense variant using 

trio exome sequencing in two unrelated individuals displaying early-onset ataxia, dysarthria, cognitive 

decline and muscle weakness. This mutation causes the substitution of a highly conserved residue and 
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in silico tools predict an increase in the protein aggregation propensity. Overexpression of CAPRIN1P512L 

caused the formation of insoluble ubiquitinated aggregates, sequestrating proteins associated with 

neurodegenerative disorders, such as ATXN2, GEMIN5, SNRNP200, and SNCA. Upon differentiation in 

cortical neurons of induced pluripotent stem cell (iPSC) lines where the CAPRIN1P512L was introduced 

via CRISPR/Cas9, reduced neuronal activity and altered stress granules dynamics were observed in 

the lines harboring the mutation. Moreover, nano-differential scanning fluorimetry revealed that 

CAPRIN1P512L adopts an extended conformation, and fluorescence microscopy demonstrated that RNA 

greatly enhances its aggregation in vitro. 

Taken together, this study associates: (1) biallelic loss-of-function mutations in PIEZO2 with the 

autosomal recessive distal arthrogryposis with impaired proprioception and touch; (2) biallelic loss-of-

function mutations in VAMP1 with an autosomal recessive presynaptic congenital myasthenic 

syndrome; (3) a recurrent de novo p.Pro512Leu mutation of CAPRIN1 with a neurodegenerative 

disorder characterized by ataxia and muscle weakness. 
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Zusammenfassung 

Erbliche neuromuskuläre Erkrankungen umfassen eine sehr heterogene Gruppe von Krankheiten, 

welche durch eine Beeinträchtigung der neuronalen Strukturen oder der Komponenten der 

motorischen Einheiten, die für die Erzeugung von Bewegungen verantwortlich sind, charakterisiert 

sind. 

Während die meisten von ihnen als gen-assoziierte Einzelerkrankungen selten sind, liegt die geschätzte 

Prävalenz der gesamten Krankheitsgruppe bei 1 - 3 Fällen / 1000 Menschen. Aufgrund ihrer hohen 

Morbidität und Mortalität stellen sie eine erhebliche gesundheitliche Belastung für die betroffenen 

Personen, ihre Familien und die Gesundheitssysteme dar. Darüber hinaus macht ihre klinische und 

genetische Heterogenität die Diagnosestellung zu einem langwierigen und komplexen Prozess, der 

häufig spezielle Diagnoseverfahren erfordert und in etwa der Hälfte der Fälle immer noch eine 

Herausforderung darstellt. Dank sinkender Kosten und der zunehmenden Verfügbarkeit von „next-

generation“ Sequenzierungstechnologien konnte in den letzten Jahren jedoch ein Anstieg neuer Gene 

verzeichnet werden, die mit neuromuskulären Störungen in Verbindung gebracht werden konnten.  

In dieser Studie haben wir drei neue Gene, die neuromuskuläre Erkrankungen verursachen, 

identifiziert: PIEZO2, dessen biallelische Loss-of-function-Mutationen eine distale Arthrogrypose mit 

beeinträchtigter Propriozeption und Tastsinn verursachen; VAMP1, dessen biallelische Loss-of-

function-Mutationen ein neuartiges präsynaptisches kongenitales myasthenisches Syndrom 

verursachen; und CAPRIN1, dessen spezifische p.Pro512Leu-Mutation eine neurodegenerative Störung 

verursacht, die durch Ataxie und Muskelschwäche gekennzeichnet ist. 

Für PIEZO2 identifizierten wir biallelische Loss-of-function-Mutationen mittels Exom-Sequenzierung, 

SNPchip-basierter Kopplungsanalyse, DNA-Microarray und Sanger-Sequenzierung bei zehn 

betroffenen Individuen aus vier unabhängigen Familien. Die Betroffenen weisen Arthrogrypose, 

Hypotonie, respiratorische Insuffizienz bei der Geburt, Skoliose und verzögerte motorische Entwicklung 

auf. Dieser Phänotyp unterscheidet sich deutlich von der distalen Arthrogrypose mit Augenanomalien, 

die autosomal dominante distale Arthrogrypose 3 (DA3), distale Arthrogrypose 5 (DA5) und dem 

Marden-Walker-Syndrom (MWKS) kennzeichnen. Während diese Erkrankungen durch heterozygote 

Gain-of-function-Mutationen in PIEZO2 verursacht werden, führen die hier neu beschriebenen 

Mutationen zum Verlust von PIEZO2, da sie in von Patienten abgeleiteten Fibroblasten-Zelllinien zu 

einem Nonsense-mediated mRNA Decay führen. PIEZO2 ist ein mechanosensitiver Ionenkanal, der 

eine wichtige Rolle bei der Wahrnehmung von leichten Berührungen und der Propriozeption spielt. 

Mäuse, denen PIEZO2 ubiquitär fehlt, sterben postnatal an Atemnot, während Individuen, denen 

PIEZO2 fehlt, eine neuromuskuläre Störung entwickeln, die wahrscheinlich auf den Verlust der 

Propriozeption in den Muskeln zurückzuführen ist. 

Für VAMP1 haben wir mittels Exom- oder Genomsequenzierung bei zwei Geschwisterpaaren aus zwei 

unabhängigen Familien, die von einem neuartigen kongenitalen myasthenischen Syndrom betroffen 

sind, biallelische Loss-of-function-Mutationen identifiziert. Die elektrodiagnostische Untersuchung 

ergab stark erniedrigte zusammengesetzte Muskelaktionspotenziale und präsynaptische 

Beeinträchtigungen. Bei den beiden beschriebenen homozygoten Mutationen handelt es sich um eine 
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Frameshift-Mutation und eine missense Mutation einer hochkonservierten Aminosäure, die 

wahrscheinlich zu einem Verlust der Funktion von VAMP1 führen. Der Phänotyp ähnelt dem der 

VAMP1lew/lew-Mäuse, die eine homozygote VAMP1 trunkierende Mutation tragen und 

neurophysiologische Merkmale einer präsynaptischen Beeinträchtigung aufweisen. 

Für CAPRIN1 identifizierten wir die identische de novo c.1535C>T (p.Pro512Leu) missense Variante 

mit Hilfe der Trio-Exom-Sequenzierung bei zwei nicht verwandten Personen, die eine früh einsetzende 

Ataxie, Dysarthrie, kognitiven Abbau und Muskelschwäche aufweisen. Diese Mutation führt zur 

Substitution einer hochkonservierten Aminosäure und in silico-Tools sagen eine erhöhte 

Aggregationsneigung des Proteins voraus. Die Überexpression von CAPRIN1P512L führte zur Bildung 

unlöslicher ubiquitinierter Aggregate, die Proteine sequestrieren, die mit neurodegenerativen 

Erkrankungen in Verbindung gebracht werden, wie ATXN2, GEMIN5, SNRNP200 und SNCA. Nach der 

Differenzierung in kortikale Neuronen von induzierten pluripotenten Stammzellen (iPSC), in denen die 

CAPRIN1P512L Mutation mittels CRISPR/Cas9 eingeführt wurde, wurde in diesen Linien eine verringerte 

neuronale Aktivität und eine veränderte Dynamik der Stressgranula beobachtet. Darüber hinaus ergab 

die Nano-Differential-Scanning-Fluorimetrie, dass CAPRIN1P512L eine verlängerte Konformation 

annimmt, und die Fluoreszenzmikroskopie zeigte, dass die RNA seine Aggregation in vitro stark fördert. 

Insgesamt assoziiert diese Studie: (1) biallelische Loss-of-function-Mutationen in PIEZO2 mit der 

autosomal rezessiven distalen Arthrogrypose mit beeinträchtigter Propriozeption und Tastsinn; (2) 

biallelische Loss-of-function-Mutationen in VAMP1 mit einem autosomal rezessiven präsynaptischen 

kongenitalen myasthenischen Syndrom; (3) eine wiederkehrende de novo p. Pro512Leu-Mutation von 

CAPRIN1 mit einer neurodegenerativen Störung, die durch Ataxie und Muskelschwäche 

gekennzeichnet ist. 
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Thesis Outline 

This PhD thesis describes the identification of three novel neuromuscular disease-causing genes and 

is structured in 10 chapters organized as follows. 

The “Introduction” briefly summarizes the neural structures responsible for the generation of 

movement (“Movement and Its Control”, “The Motor Unit”), which represent the systems affected by 

neuromuscular diseases. A general overview of the classification of these disorders and the workflow 

of their diagnosis follows (“Neuromuscular Diseases”, “NMD diagnosis”). The chapter ends with a more 

detailed synopsis of the specific NMDs that are reported in this work (“Overview of specific NMDs”) 

and an overview of the NMD models, focusing on induced pluripotent stem cells (“NMDs Models”). 

Afterwards, the research aim is outlined in “Aim”, followed by an overview of the main publications 

and relative contributions (“Main Publications”), which are appended in the chapter “Appendix”. 

The “Discussion” section contains a summary of the novel cases affected by the NMDs described in 

this thesis and reported after the publication and an update of the knowledge about the associated 

gene. 
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1 Introduction 

1.1 Movement and Its Control 

Movement is by definition a change of position. It is one of the key features of an organism, accounting 

not only for its ability to interact with the surrounding environment, but also for basal autonomic 

functions in complex organisms (Purves, 2018). 

While a movement itself is the result of a biochemical process happening in the muscle, its control is 

the result of the interaction between four circuits (Figure 1) (Purves, 2018). The neural structure in 

direct connection with the skeletal muscle is represented by the motor neurons (MNs) localized in the 

brainstem or in the spinal cord (lower MNs, LMNs), which receive most of their inputs from local circuit 

neurons (Kandel, 2013). These interneurons perform an integration of the inputs received by sensory 

neurons and by other descending systems (Purves, 2018). These higher pathways comprise the axons 

of neurons localized in the motor cortex and in other brainstem centers (upper MNs, UMNs) which are 

responsible for initiating and guiding the execution of movements, and regulating muscle tone and 

orienting eyes, head, and body according to the information received from vestibular, somatic, auditory 

and visual clues (Purves, 2018). The last two circuits are the basal ganglia and the cerebellum, which 

have essential functions in the indirect modulation of movements: the former prevents UMNs from 

starting unwanted movements while the latter coordinates ongoing movements reducing the errors 

between intended and performed actions (Purves, 2018). 

 

Figure 1. The neural circuits involved in motor control 

Four systems – spinal and brainstem circuits, descending systems in the cerebral cortex and brainstem, basal 

ganglia and cerebellum – control the execution of movements. Adapted from Purves (2018). 
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1.2 The Motor Unit 

While each one of these circuits is fundamental for the proper execution of a movement, their activity 

converges on a motor unit. This element is formed by a single α-MN, a LMN having a large body size, 

and the extrafusal muscle fibers it innervates through a synaptic connection, the neuromuscular 

junction (NMJ). These muscle fibers are responsible for generating the force required for a movement 

and owe their name to the fact that they do not belong to muscle fuses (or muscle spindles) (Figure 

2). These structures are stretch receptors formed by encapsulated intrafusal muscle fibers receiving 

afferent innervation by sensory neurons that form synapses with LMNs and interneurons and are 

responsible for the stretch reflexes (or deep tendon reflexes, DTRs). They also receive efferent 

innervation from γ-MNs, smaller LMNs that regulate their excitability. Their function is to detect 

changes in the muscle length and regulate dynamically the stretch of the muscle. Moreover, they are 

responsible for the basal level of tension in the muscle, the muscle tone.  

 

Figure 2. The motor unit 

A motor unit is formed by a α-MN and the muscle fibers it innervates. α-MNs receive excitatory innervation 

from agonists’ muscle spindles, which send inhibitory signals to the antagonists’ α-MNs through inhibitory 

interneurons. γ-MNs innervate intrafusal muscle fibers and regulate their excitability. Adapted from Pearson 

Education, Inc. and Kandel (2013). Created with BioRender.com. 

1.3 Neuromuscular Diseases 

The impairment of one or more neural structures or motor unit components responsible for the 

generation of movement results in a neuromuscular disease (NMD). 

This is an umbrella term encompassing a heterogeneous group of disorders with an estimated 

prevalence of 1 – 3 cases / 1000 individuals (Deenen et al., 2015). They are characterized by elevated 

morbidity and mortality, representing therefore a significant health burden for the society (Laing et 

al., 2021; Ryder et al., 2017). The great variety of structures that can be affected and the multiplicity 

of pathomechanisms involved make the establishment of a systematic classification of the disorders 

difficult. For the purposes of this work, NMDs will be divided into acquired and inherited. 
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1.3.1 Acquired NMDs 

Acquired NMDs are disorders affecting the neuromuscular system that develop after birth and are not 

congenital or hereditary. Metabolic diseases, such as diabetes, can cause symmetric polyneuropathies. 

Inflammatory diseases can involve directly nerves (Guillain-Barré Syndrome) or muscles (idiopathic 

inflammatory myopathies). Viruses (HIV, VZV) or bacteria (Borrelia genus, T. pallidum) can cause 

infections neuropathies. Vitamin deficiencies (cobalamin, pyridoxine, thiamine deficiencies) or 

exposure to toxic substances (drugs, industrial agents, metals) can cause neuropathies. The NMJs can 

also be affected in myasthenia gravis, Lambert-Eaton myasthenic syndrome, snake-venom, and 

botulism poisoning (Feldman, 2021).  

1.3.2 Inherited NMDs  

The other group of NMDs has a genetic origin. Thanks to next-generation sequencing (NGS) 

technologies, the number of genes linked to NMDs is continuously increasing. An updated list is 

published every year on Neuromuscular Disorders or is available online (Cohen et al., 2021; GeneTable 

of Neuromuscular Disorders). Due to the high genetic and phenotypic heterogeneity of NMDs, the 

current 641 genes are associated with 1037 different phenotypes, classified into 16 groups (Table 1). 

For example, mutations in ATXN2 are linked to two different NMD phenotypes: a hereditary ataxia 

(spinocerebellar ataxia 2, SCA2) and a MN disease (amyotrophic lateral sclerosis, ALS). 

Table 1. Classification of inherited NMDs 

NMD group NMD number 

1. Muscular Dystrophies 66 

2. Congenital Muscular Dystrophies 53 

3. Congenital Myopathies 68 

4. Distal Myopathies 28 

5. Other Myopathies 39 

6. Myotonic Syndromes 9 

7. Ion Channel Muscle Diseases 13 

8. Malignant Hyperthermias 6 

9. Metabolic Myopathies 30 

10. Hereditary Cardiomyopathies  176 

a. Non-Arrhythmogenic 102 

b. Arrhythmogenic 74 

11. Congenital Myasthenic Syndromes 42 

12. Motor Neuron Diseases 105 

13. Hereditary Ataxias 102 

14. Hereditary Motor and Sensory Neuropathies 130 

15. Hereditary Paraplegias 83 

16. Other Neuromuscular Disorders 87 

 1037 

From GeneTable of Neuromuscular Disorders   

1.4 NMD diagnosis 

Due to the rarity and the great complexity of these disorders, reaching the correct diagnosis is a long 

and painstaking process, requiring a high level of medical specialization and a broad range of 

diagnostics procedures (Barp et al., 2021).  
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1.4.1 Clinical assessment 

The first step in the evaluation of an individual with neuromuscular symptoms is a comprehensive 

clinical assessment (Thompson et al., 2020; Yubero et al., 2021). This phase is crucial because it 

allows clinicians to discriminate between an acquired or an inherited NMD. It includes an exhaustive 

personal and familial clinical history and a thorough neurological examination, gathering information 

about the age of onset and the progression of the symptoms, the degree and localization of the 

affected muscle groups and the presence of extramuscular manifestations (Feldman, 2021). Common 

NMD features are muscle weakness, contractures, pain and spasticity (Barbosa-Gouveia et al., 2022).  

Elements supporting a genetic cause are: familiarity, early onset, progression, association with 

musculoskeletal abnormalities (pes cavus, scoliosis, contractures) (Barp et al., 2021). These 

characteristics are fundamental not only to establish the following workup, but also to guide the 

diagnosis when an inherited NMD is suspected. Indeed, the introduction of a phenotypic annotation 

system based on Human Phenotype Ontology (HPO) terms allowed the development of bioinformatics 

tools that aid in finding the correct diagnosis between thousands of rare phenotypes (Kohler et al., 

2021). Examples are the Phenomizer, a web-based application allowing clinicians to rank diagnoses of 

genetic diseases based on observed phenotypic similarities (Kohler et al., 2009), and the Exomiser, a 

program prioritizing likely causative variants obtained from NGS technologies according to a set of 

phenotypes encoded by HPO terms (Kohler et al., 2019; Smedley et al., 2015; Thompson, 

Papakonstantinou Ntalis, et al., 2019). 

1.4.2 Ancillary testing 

Ancillary tests are often used as second step to exclude acquired pathologies and narrow down the 

candidate list (Barp et al., 2021). These tests include a wide range of investigations, such as blood 

tests (serum CK, autoantibodies, vitamins), imaging techniques (cardiac ultrasound, muscle magnetic 

resonance imaging (MRI)), neurophysiological studies (electromyography (EMG), nerve conduction 

studies (NCS)), lumbar puncture, and muscle/nerve biopsies. These examinations encompass non-

invasive techniques, such as MRI, to very invasive ones, such as muscle or nerve biopsies. Moreover, 

they usually are time-consuming, require high expertise, and dedicated facilities. Therefore, their role 

is increasingly challenged by genetic testing (Thompson et al., 2020). 

1.4.3 Genetic testing 

Genetic testing represents a fundamental step in the diagnosis of inherited NMDs. Even if a detailed 

clinical assessment and additional testing can exclude some disorders and orient the diagnosis toward 

others, the constantly increasing genetic heterogeneity of NMDs makes almost impossible to pinpoint 

with these elements alone the causing mutation.  

In the traditional approach to NMDs, a single-gene diagnostic test represented the last step of the 

diagnostic workflow. This strategy was revolutionized by NGS, which allowed multiple genes to be 

sequenced in parallel. In just more than a decade, the number of genes more than doubled, passing 

from 290 in 2010 to 643 in 2021 (Cohen et al., 2021; Thompson et al., 2020). In the last few years, 

its decreasing costs and increasing availability prompted its use as a first-tier test in the diagnostic 
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workflow (Thompson et al., 2020; Yubero et al., 2021). However, ancillary tests are often conducted 

in parallel providing useful diagnostic information, while single-gene testing still represents a first-line 

procedure for some NMDs (Barp et al., 2021; Thompson et al., 2020; Yubero et al., 2021).  

 

Figure 3. Suggested NMD diagnostic workflow 

In the suggested diagnostic workflow for NMDs by Thompson et al. (2020), the first step is a detailed clinical 

investigation. If the clinical findings point to a specific diagnosis, a single-gene testing follows. Otherwise, 

exome or genome sequencing should be carried out to identify the disease-causing mutation. Additional 

biochemical, electrophysiological or histological tests can be used to confirm the diagnosis. Other Omics 

approaches (such as transcriptomics or proteomics) help define the impact of the NGS-discovered variant. 

Adapted from Thompson et al. (2020). Created with BioRender.com. 

1.4.3.1 Single-gene testing 

Single-gene testing is recommended for several NMDs when there is a strong suspicion of a specific 

cause and/or NGS is not appropriate for the diagnosis (Table 2). 

Table 2. Single gene testing in NMDs 

 MLPA CMA NGS TP-PCR Sanger 
Southern 
Blotting 

Long-
Range 
PCR 

Dystrophinopathies 1 - 2 - 3 - - 

5q-SMA 1 - - - 2 - - 

DM1 / DM2 - - - 1 - 2 - 

FSHD1 / FSHD2 - - - - 2 1 - 

CMT1A dup / HNPP del 1 1 - - - - - 

FRDA - - - 1 2 3 3 

The number indicates the test’s tier. MLPA: Multiplex Ligation-dependent Probe Amplification; CMA: 
Chromosomal MicroArray; NGS: Next-Generation Sequencing; TP-PCR: Triplet repeat Primed PCR; SMA: Spinal 
Muscular Atrophy; DM: Myotonic Dystrophy; FSHD: FacioScapuloHumeral muscular Dystrophy; CMT1A: 
Charcot-Marie Tooth disease type 1A; HNPP: Hereditary Neuropathy with Pressure Palsies; FRDA: Friedreich’s 
Ataxia. 

Adapted from Yubero et al. (2021) 



INTRODUCTION  Andrea Delle Vedove 

6 

For example, Karakaya et al. (2018) screened for mutations in SMN1 a cohort of more than 3400 

individuals showing clinical signs of a LMN disorder, due to the high prevalence and the broad age of 

onset and clinical severity of spinal muscular atrophy (SMA) and reached a diagnosis in 51.6% of the 

cases. 

1.4.3.2 Targeted Gene Panel Testing 

Targeted gene panels (TGPs) are NGS tests where the exons of a certain number of genes are 

sequenced in parallel. They are often used as first-tier diagnostic test when the clinical examination 

did not lead to a specific diagnostic hypothesis (Barp et al., 2021). Most often they are custom-made 

and have the advantage to be cheaper than other NGS techniques, requiring less resources for data 

processing, analysis and storage, and the avoidance of incidental findings (Barp et al., 2021). However, 

their major drawbacks are: (1) their design, which has to be carefully planned in order to maximize 

the diagnostic yield and minimize costs, (2) and the need of periodical updates in order to include the 

latest findings (Barp et al., 2021). Therefore, their diagnostic yield is very variable. The use of a gene 

panel covering 479 NMD-related genes in a cohort of 65 individuals provided the diagnosis in 33% of 

the cases (Karakaya et al., 2018). 

1.4.3.3 Exome Sequencing 

Exome sequencing (ES) is a technique that allows the sequencing of the exons of the human genome. 

This represents ~ 2% of the genome (Gilissen et al., 2012), and is believed to be its most informative 

part, harboring roughly 85% of the known genetic causes for Mendelian disorders (Gilissen et al., 

2012). ES is often performed when a TGP fails to identify the causative mutation or there is no other 

reasonable diagnostic hypothesis (Barp et al., 2021). Therefore, it allows the analysis of the already 

known disease-causing genes, but also the identification of novel ones. Due to its decreasing costs, 

ES has the potential of replacing TGP: in silico gene panels, that is the analysis of a subset of genes 

from ES data, can be carried out with rapid turnaround time. Moreover, these panels can be easily 

updated upon the discovery of novel genes. If these in silico panels are negative, the remaining ES 

data can be analyzed and novel disease-causing genes can be found. Between the different strategies 

to perform an ES analysis (Gilissen et al., 2012), trio-based ES, namely sequencing the proband and 

the parents, is one of the most successful and enables the direct identification of de novo variants (de 

Ligt et al., 2012; Deciphering Developmental Disorders, 2015). For neurodevelopmental disorders, this 

approach led to a 40% diagnostic rate, with a 12% increase in comparison to the proband-only ES 

(Wright et al., 2018). Moreover, in the case of a negative result, ES data can be re-analyzed 

subsequently, focusing on the latest findings. If the suspected disease-causing variant is not described, 

due to the rarity of these disorders it is often critical to find other individuals having the same 

phenotype and carrying a variant in the same gene. Nowadays, this “matching” process is facilitated 

by online databases, such as GeneMatcher (Sobreira et al., 2015).  

1.4.3.4 Genome Sequencing 

Genome sequencing (GS) represents the following step in the diagnostic workflow. Due to the lack of 

capture enrichment, it provides a more uniform coverage in comparison to ES, especially for exon 1 

and GC-rich regions, and allows a more reliable detection of copy number variations (CNVs). Moreover, 
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it spans deep intronic and regulatory regions, which are missed by ES (Barp et al., 2021; Thompson 

et al., 2020; Yubero et al., 2021). Despite these advantages, the use of GS led to a very modest 

increase in the diagnostic rate (Wright et al., 2018), and is burdened by challenges in the interpretation 

of the variants, and higher costs and storage requirements (Barp et al., 2021). 

1.4.3.5 Further Analyses 

Even though the NMD field experienced tremendous advances, unfortunately about half of the patients 

remains without a genetic diagnosis (Thompson et al., 2020). New technologies, such as long-read 

sequencing compensate for the shortcomings of short-read techniques, enabling not only the detection 

of structural variations, such as repeat expansions and large indels, but also direct haplotype phasing 

and methylation studies (Barp et al., 2021; Marwaha et al., 2022). For example, nanopore sequencing 

was able to identify the D4Z4 repeat contraction in affected individuals suffering from 

facioscapulohumeral dystrophy 1 (Mitsuhashi et al., 2017). 

Even if GS is able to cover deep intronic sequences, often the interpretation of variants in these regions 

is difficult, in particular concerning the effects on splicing events (Thompson et al., 2020). A 

complementary approach can be RNA sequencing, which can provide information about expression 

outliers, splice-disrupting mutations, allele-specific expression and transcriptomic structural variants 

(Marwaha et al., 2022; Thompson et al., 2020). While this approach can increase the diagnosis rate 

(Cummings et al., 2017), tissue selection assumes particular consideration because of the tissue-

specific gene expression (Gonorazky et al., 2019). 

Lastly, proteomics from patient-derived muscle tissue allow the study of post-translational 

modifications and protein networks (Thompson et al., 2020), and are useful to identify prognostic 

markers or targets for therapeutic intervention (Yubero et al., 2021). 

1.5 Overview of specific NMDs 

In this thesis, three genes were associated to novel neuromuscular disorders: 

 PIEZO2 to a novel type of distal arthrogryposis; 

 VAMP1 to a novel congenital myasthenic syndrome; 

 CAPRIN1 to a novel neurodegenerative disorder characterized by early-onset ataxia and 

muscle weakness. 

Therefore, a short introduction about these NMDs will follow. 

1.5.1 Distal Arthrogryposis 

Distal Arthrogryposis (DA) belongs to the spectrum of arthrogryposis multiplex congenita (AMC), a 

group of disorders characterized by contractures in more than two joints and at multiple body areas 

at birth. The incidence of AMC is 1 to 3000 – 5000 live births (Ma & Yu, 2017). DA is characterized by 

congenital non progressive contractures of the distal joints. The hands usually show clenched fists, 

ulnar deviation of fingers and camptodactyly, while the feet have deformities (Kimber, 2015). The 

other joints are variably involved. No associated visceral anomalies are described, and intelligence is 

normal (Desai et al., 2020).  
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Bamshad et al. (2009) classified DA in 10 different types (Table 3). They are usually transmitted with 

an autosomal dominant pattern and are associated to gain-of-function mutations in several sarcomeric 

proteins and PIEZO2 (Figure 4, Table 3) (Desai et al., 2020).  

1.5.1.1 Pathophysiology 

The common pathophysiological mechanism of AMC is the reduction in the movements during the 

fetal life (Kimber, 2015), which leads to the formation of extra connective tissue around the joints. 

Therefore, DA can be caused by disorders of the central nervous system, of the neuromuscular 

junction, of muscle or connective tissue, but also compromised space in utero or drugs (Kimber, 2015). 

 

Figure 4. DA-associated mutations in sarcomeric proteins 

The majority of DA are caused by mutations in sarcomeric proteins, such as tropomyosin, troponin and myosin 

chains. The sarcomere is the functional unit of the muscle and it is comprised between two Z-lines. These 

lines are located in the I-band, occupied by light filaments. Between these bands, A-bands are present and 

contain both light and thick filaments. Within the A-band is present the H-zone, formed only by thick filaments. 

The M-line occupies the middle of the H-zone. Adapted from Desai et al. (2020). Created with BioRender.com. 
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Table 3. Distal Arthrogryposis 

Disorder In
h
e
ri
ta

n
ce

 
Chromosome Gene Protein function Clinical presentation 

DA1      

DA1A1 AD 9p13 TPM2 
Structural and Ca2+-dependent 
regulation of striated muscle 

contraction 
Camptodactyly, ulnar deviation of the fingers, finger overlap, clubfoot, triangular face 
with prominent nasolabial folds, downward-slanting palpebral fissures DA1B AD 12q23 MYBPC1 

Stabilization of actomyosin cross-
bridges 

DA1C AD/AR 16p11 MYL11 
Maintainment of muscle integrity 
during development 

DA2      

DA2A AD 17p13 MYH3 
Striated muscle contraction (myosin 
heavy chain) 

Camptodactyly, clubfoot, flatfoot, calcaneovarus deformities, kyphoscoliosis, “whistling 
face” 

DA2B1 AD 11p15 TNNI2 
Ca2+-mediated regulation of striated 
muscle contraction 

DA2B2 AD 11p15 TNNT3 
Ca2+-mediated regulation of striated 
muscle contraction 

DA2B3 AD 17p13 MYH3 
Striated muscle contraction (myosin 
heavy chain) 

DA3 AD 18p11 PIEZO2 Mechanosensation Camptodactyly, clubfoot, low stature, palatoschisis 

DA4 na na na  Contractures, severe scoliosis 

DA5 AD 18p11 PIEZO2 Mechanosensation Contractures, ptosis, strabismus, firm muscle tone, restrictive lung disease 

DA6 na na na  Contractures, sensorineural hearing loss 

DA7 AD 17p13.1 MYH8 
Striated muscle contraction (myosin 
heavy chain) 

Trismus, pseudocamptodactyly 

DA8 AD 17p13 MYH3 
Striated muscle contraction (myosin 
heavy chain) 

Contractures, short stature, pterygia involving neck, axilla, elbows and knees, 
shortened hamstring muscles 

DA9 AD 5q23 FBN2 Assembly of elastic fibers Contractures, Marfan-like syndrome, but without cardiovascular anomalies 

DA10 AD 2q na  Plantar flexion contractures 

DA: Distal Arthrogryposis; AD: Autosomal Dominant; AR: Autosomal Recessive; na: not available. 

Adapted from Desai et al. (2020); Ma and Yu (2017); Online Mendelian Inheritance in Man, OMIM®. MIM Number: #108120.   
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1.5.2 Congenital Myasthenic Syndromes 

Congenital myasthenic syndromes (CMSs) are inherited disorders affecting the function of the NMJ. 

Their prevalence is likely underestimated and varies considerably among countries and studies, 

spanning around 9.2 - 22.2 / 1000000 (Finsterer, 2020). 

The onset is usually at birth or in early childhood, rarely later in life (Engel et al., 2015). Their clinical 

features vary broadly, but generally comprises transient/permanent muscle fatigability/weakness 

affecting extraocular, facial, bulbar, truncal, respiratory, or limb muscles (Finsterer, 2019). The 

severity ranges from mild, phasic weakness to early lethality (Finsterer, 2019). 

Blood tests may be carried out to exclude the presence of antibodies anti-AChR, anti-MuSK and anti-

LRP4, or to test serum creatine kinase (CK) levels. 

Electromyography with low-frequency repetitive nerve stimulation (2 – 5 Hz) shows a compound 

muscle action potential (CMAP) decrement > 10% and single fiber electromyography shows increased 

jitter or blockings. High-frequency repetitive nerve stimulation (20 – 50 Hz) may show a CMAP 

increment in some presynaptic subtypes (PREPL- and vesicle exocytosis–related) (Abicht et al., 2003). 

Muscle biopsy is generally normal, but can show tubular aggregates in some CMS linked to protein 

glycosylation (Abicht et al., 2003; Finsterer, 2019). 

A common classification of CMSs defines four CMS categories based on the location of the affected 

protein or of the functional impairment: presynaptic, synaptic, postsynaptic and pre- and post-synaptic 

(Table 4, adapted from Abicht et al. (2003)). 
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Table 4. Congenital Myasthenic Syndromes 

Localization of the defect P
re

v
a
le

n
ce

 

(%
) 

Gene In
h
e
ri
ta

n
ce

 

Clinical presentation 
AChE inhibitors 

response 

Presynaptic 5 – 10     

Axonal transport < 1 MYO9A AR 
Early onset, ptosis, ophthalmoplegia, moderate global weakness, bulbar 
involvement, respiratory crises. ID or learning difficulties, nystagmus, oculomotor 
apraxia 

Improvement 

Mitochondrial 
metabolism 

< 1 SLC25A1 AR Relatively mild phenotype, ID, subtle mitochondrial abnormalities - 

Acetylcholine synthesis 
and recycling 

< 5 CHAT AR Hypotonia, respiratory failure at birth, episodic apnea, improvement with age Improvement 

< 1 SLC18A3 AR 
Early onset, arthrogryposis/joint contractures, apneic crisis at birth, marked ptosis, 
ophthalmoplegia, muscle fatigability. Sometimes learning difficulties 

Some 
improvement 

< 1 PREPL AR Congenital hypotonia, feeding difficulties, ptosis, proximal muscle weakness 
Some 

improvement 

Vesicle exocytosis 

< 1 UNC13A AR 
Hypotonia, feeding difficulties, respiratory insufficiency, microcephaly, facial 
dysmorphism 

Some 
improvement 

< 1 SNAP25 AD Epileptic encephalopathy of infancy, severe ID, cerebellar ataxia, brain atrophy Ineffective 

< 1 SYT2 
AD 
/ 

AR 

AD: slowly progressive distal motor neuropathy, hypotonia, weakness Some 
improvement AR: severe congenital hypotonia and weakness 

Synaptic 15 - 20     

Basal lamina / NMJ 
development 

< 5 COL13A1 AR 
At birth, respiratory distress and dysphagia. Recurrent apnea triggered by 
infections. In adulthood, bilateral non fatigable ptosis and marked axial weakness 

Likely 
ineffective 

Anchoring of 
acetylcholinesterase 

10 - 15 COLQ AR 
Often severe. General muscle weakness, more severe of axial muscles. Extraocular 
muscles are spared. 

Deterioration 
or ineffective 

Basal lamina defects 
< 1 LAMA5 AR Muscle weakness, myopia, facial tics Improvement 

< 1 LAMB2 AR Pierson syndrome (microcoria and nephrotic syndrome), respiratory distress, ptosis Deterioration 

continues  
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 Table 4 (continued) 

Localization of the defect P
re

v
. 

(%
) 

Gene In
h
. 

Clinical presentation 
AChE inhibitors 

response 

Postsynaptic 70 - 75     

AChR deficiency 40 - 50     

Primary AChR deficiency 30 - 35 
CHRNA1, CHRNB1, 

CHRND, CHRNE 
AR Early onset. Mild to severe. Ptosis, EOP, bulbar and limb weakness Improvement 

Slow-channel CMS 5 – 10 
CHRNA1, CHRNB1, 

CHRND, CHRNE 
AD 

Childhood to adult onset. Selective severe cervical, wrist, finger 
extensor weakness. Progressive respiratory insufficiency 

Deterioration 

Fast-channel CMS 10 - 15 
CHRNA1, CHRNB1, 

CHRND, CHRNE 
AR Early childhood. Mild to severe phenotype Improvement 

γ-subunit mutations < 1 CHRNG AR 
Syndromic phenotype (lethal multiple pterygia syndrome or Escobar 
syndrome) 

- 

Endplate development and 
maintenance 

< 1 AGRN AR 
Early-onset or late-onset phenotype. If late onset: distal muscle 
weakness and wasting in addition to myasthenia 

Deterioration 

< 1 LRP4 AR 
Respiratory failure and feeding difficulties at birth, delayed motor 
milestones, ptosis, ophthalmoparesis, limb weakness 

Deterioration or 
ineffective 

< 1 MUSK AR 
Broad phenotype. Early onset with ptosis, respiratory failure and 
proximal muscle weakness. Late-onset with limb girdle weakness 

Deterioration or 
ineffective 

10 - 15 DOK7 AR 
Limb-girdle pattern of predominantly proximal weakness, waddling 
gait and ptosis. No EOP 

Deterioration or 
ineffective 

15 - 20 RAPSN AR 
Early onset: mild to severe hypotonia, respiratory failure at birth, 
episodic apnea, arthrogryposis multiplex congenita 
Late onset: limb weakness in adolescence or adulthood 

Improvement 

Intermediate filaments linking < 1 PLEC AR 
Childhood to adulthood onset: fatigable proximal myopathy and 
ptosis, with or without epidermolysis bullosa 

Improvement 

Muscle action potential < 1 SCN4A AR 
Early-onset hypotonia, dysphagia, periodic paralysis, myotonia, 
myopathy 

Some improvement 

Pre- and post-synaptic 1 - 5     

Protein glycosylation 

< 5 GFPT1 AR 
Limb-girdle pattern of weakness. No ptosis or EOP. In some muscle 
biopsies tubular aggregates are present. ID was reported with 

DPAGT1 mutations. High CK and muscular dystrophy with GMPPB 
mutations. 

Improvement 

< 1 DPAGT1 AR 

< 1 GMPPB AR 

< 1 ALG2 AR 

< 1 ALG14 AR 

Prev.: Prevalence; Inh.: Inheritance; AChE: AcetylCholinEsterase; AD: Autosomal Dominant; AR: Autosomal Recessive; ID: Intellectual Disability; EOP = External OphtalmoPlegia; 
CMS: Congenital Myasthenic Syndrome; CK: Creatine Kinase; -: no data. 

Adapted from Abicht et al. (2003); Finsterer (2019) 
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1.5.2.1 Pathophysiology 

CMSs arise from defects of the NMJ function. NMJs are the interface between MN axons and muscle 
fibers. They are composed by three elements: (1) the presynaptic MN terminal, (2) the synaptic cleft 

and (3) the postsynaptic muscle membrane (Figure 5). 

 

Figure 5. Overview of the pathophysiology of CMS 

CMSs are caused by defects in the NMJ function. They can be divided in: (1) presynaptic, if they affect the 

MN terminal, (2) synaptic, if they affect the NMJ / basal lamina development, or the AChE anchoring, (3) 

postsynaptic, if they affect the muscle endplate. Protein glycosylation defects are considered both pre- and 

post-synaptic. The cellular processes impaired in CMSs are displayed in grey, with the related proteins in black. 

Drugs that can be used to treat the disorders are highlighted in dark red. Adapted from Ramdas and Beeson 

(2021); Thompson, Bonne, et al. (2019). Created with BioRender.com. 

The presynaptic terminal is a specialized axonal ending of the MN, which enlarges in a synaptic bouton 

filled with vesicles containing the neurotransmitter acetylcholine (ACh) (Rodriguez Cruz et al., 2020). 

Its correct branching and guidance are likely to rely on MYO9A (Ramdas & Beeson, 2021). ACh is 

synthetized by the enzyme choline acetyltransferase (ChAT / CHAT gene) and loaded into the synaptic 

vesicles by the vesicular acetylcholine transporter (VAChT / SLC18A3 gene) (Rodriguez Cruz et al., 

2020). The trafficking of this transporter between vesicles and cytoplasm depends on AP-1, whose 

membrane binding is regulated by PREPL (Finsterer, 2019). The release of these vesicles is mediated 

by the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, 

formed by the vesicle SNARE (v-SNARE), the target membrane SNARE (t-SNARE) and SNAP25 

(Ramdas & Beeson, 2021). This process involves (1) docking, the contact of the synaptic vesicle and 

the plasma membrane, (2) priming, the maturation process necessary for vesicle (3) fusion with the 

plasma membrane (Finsterer, 2019). UNC13A mediates the docking-priming phases, bringing in close 

proximity the components of the SNARE complex (Finsterer, 2019). This allows the v-SNARE VAMP1 

to form a ternary complex with the t-SNARE syntaxin and SNAP25 (Ramdas & Beeson, 2021). Upon 
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action potential, voltage-gated calcium channels (VGCC) open and the increase in Ca2+ is sensed by 

the Ca2+ sensor SYT2, which binds the SNARE complex favoring fusion and ACh release (Ramdas & 

Beeson, 2021; Rodriguez Cruz et al., 2020). Mutations of UNC13A, SNAP25 and SYT2 are associated 

with presynaptic CMS. 

In the synaptic cleft, ACh binds its two binding sites on the ACh receptor (AChR) (Engel et al., 2015). 

The AChR is clustered on the crests of the junctional folds and is formed by 5 subunits, α2βδγ in the 

fetus or α2βδε in the adult, encoded by the genes CHRNA1, CHRNB, CHRND, CHRNG and CHRNE 

(Winterthun et al., 2005). AChR deficiency on the postsynaptic membrane is commonly due to CHRNE 

mutations, whose severity is partially reduced by low expression of the fetal CHRNG (Ramdas & 

Beeson, 2021). Mutations of this subunit are linked to lethal multiple pterigia syndrome or its non-

lethal Escobar variant (Finsterer, 2019). AChR mutations affecting its kinetics can lead to a slow-

channel CMS, caused by a secondary endplate myopathy due to prolonged channel opening, or rapid-

channel CMS, caused by the reduction of muscle fiber depolarization due to its shortened opening 

time. The correct AChR clustering and NMJ stability depends on the AGRN-LRP4-MUSK-DOK7 pathway 

(Ramdas & Beeson, 2021). AGRN is released by the nerve terminal and binds LRP4, activating the 

dimerization of MUSK and its autophosphorylation. This is amplified by DOK7, which leads to RAPSN 

clustering and AChR anchoring (Ramdas & Beeson, 2021). Mutations in the AGRN-LRP4-MUSK-DOK7 

pathway are responsible for an impaired NMJ formation/maintenance and AChR clustering. At the 

junctional folds is present PLEC, an intermediate filament-linking protein important for junctional folds 

maintenance, whose mutations are also associated with CMS (Engel et al., 2015). Fundamental for 

correct AChR assembly and transport, but also NMJ integrity, is protein glycosylation by enzymes like 

GFPT1, DPAGT1, GMPPB, ALG2 and ALG14 (Ramdas & Beeson, 2021). Even if ubiquitously expressed, 

the glycosylation defects affect primarily the NMJ, which can show structural changes like the presence 

of tubular aggregation. 

ACh binding to its receptor triggers the short opening of the channel pore. Then, ACh dissociates and 

is hydrolyzed by acetylcholinesterase (AChE) in choline and acetate (Purves, 2018). Choline can then 

be recycled in the presynaptic terminal by the Na+-dependent high-affinity choline transporter 1 (ChT 

/ SLC5A7 gene) (Finsterer, 2019). The AChE is anchored to the basal lamina by COLQ, a triple-stranded 

collagen-like tail (Finsterer & Stollberger, 1999). COLQ mutations lead to lack of AChE, prolonged ACh 

stimulation of the muscle fiber and endplate myopathy. Other components of the basal lamina 

important for the NMJ stability are LAMA5, LAMB2 and COL13A1 (Ramdas & Beeson, 2021). Mutations 

of some of these components often cause syndromic phenotypes. The cation influx due to the 

depolarization of the endplate potential (EPP) has to reach the threshold needed to activate the Nav1.4 

channels (SCN4A) of the postsynaptic membrane in order to generate a sustained action potential. 

This difference is the margin of safety, which allows the NMJ to function under physiological or stress 

conditions (Rodriguez Cruz et al., 2020). SCN4A mutations are a rare cause of CMS and are linked to 

channelopathies, such as hyperkalemic and hypokalemic periodic paralysis, paramyotonia congenital 

and sodium channel myotonia (Ramdas & Beeson, 2021). 
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1.5.2.2 Therapy 

The rarity and the phenotypic variability of the CMSs hinders the development of standardized 

treatments (Ramdas & Beeson, 2021). However, several drugs are often used off-label as symptomatic 

measure. Importantly, reaching a genetic diagnosis is crucial, since drugs that improve symptoms in 

some CMSs subtypes may worsen them in others (Ramdas & Beeson, 2021). 

An AChE inhibitor (Pyridostigmine) is the most commonly used drug. It acts increasing the availability 

of ACh in the synaptic cleft. It worsens the COLQ-, LAMB2-, LRP4-, MUSK- and DOK7-related CMS 

(Finsterer, 2019). 

3,4-diaminopyridine (3,4-DAP) prolongs the presynaptic action potential and increases the amount of 

ACh. It can be given in combination with AChE inhibitors, and not only in presynaptic syndromes 

(Finsterer, 2019). 

β2-adrenergic agonists (Salbutamol, Albuterol, Ephedrine) are effective for CMSs caused by mutations 

in genes related to synaptic and endplate developments and maintenance CMSs. Their exact 

mechanism of action is not known and they need a prolonged administration in order to observe a 

response (Finsterer, 2019). 

Fluoxetine and quinidine are used in slow channels CMSs (Ramdas & Beeson, 2021). 

Beside drug treatments, physiotherapy, speech and occupational therapies are required. Orthoses, 

walkers, wheel chairs allow mobility (Finsterer, 2019). 

More invasive measures like intubation and mechanical ventilation, or percutaneous endoscopic 

gastrostomy (PEG) are sometimes necessary (Finsterer, 2019). 

 

1.5.3 Hereditary Ataxias 

Hereditary Ataxias (HAs) comprise a heterogeneous group of NMDs and include 102 phenotypes in 

the last version of GeneTable of Neuromuscular Disorders. There is a great uncertainty in the 

epidemiology of HA, not only due to the variety of the disorders, but also due to the differences 

between the populations’ genetic background and the availability of diagnostic testing (Klockgether et 

al., 2019). Nevertheless, HA prevalence should range between 5 – 10 / 100000 (Haj Salem et al., 

2021; Ruano et al., 2014). 

Ataxia means “lack of order” and denotes the lack of coordination of the affected individuals. This 

disease hallmark is evident as unsteady gait, unexpected falls and often occurs together with slurred 

speech (dysarthria) (Klockgether et al., 2019). The onset of HAs is usually mid-adulthood, but they 

can occur in childhood or old age too. In general, if an ataxia has an age of onset before 25 years 

(early-onset ataxia), there is a high likelihood that its cause is genetic or metabolic (Witek et al., 2021). 

The diagnosis of these cases is complicated by their heterogeneity and the fact that ataxia could be a 

sign of a more complex phenotype, like congenital hindbrain abnormalities (Joubert syndrome), 

metabolic (glucose transporter type 1 deficiency syndrome) or mitochondrial (neuropathy, ataxia, 

retinitis pigmentosa (NARP)) disorders (Krygier & Mazurkiewicz-Beldzinska, 2021). 

In the diagnostic approach to early-onset ataxias, the first step is the exclusion of conditions 

resembling HAs, such as “ataxia mimics”, like vestibular dysfunction, sensory ataxia or myopathies, or 
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acquired ataxias, due to toxins, inflammation or nutrient deficiencies (Witek et al., 2021). Afterwards, 

a brain MRI should be acquired in order to reveal cerebellar atrophy, structural defects, vascular 

malformations and leukodystrophy. Moreover, imaging can give important diagnostic clues if 

characteristic brain abnormalities are present, such as the “molar tooth sign” of Joubert syndrome or 

the superior vermian atrophy and pontine striations of the Charlevoix-Saguenay syndrome. 

Electrophysiological studies may uncover a polyneuropathy, which is axonal in Friedreich’s ataxia and 

demyelinating in the Charlevoix-Saguenay syndrome. According to the anomalies detected, a complete 

blood count and vitamin E or α-fetoprotein levels measurements can address the diagnosis to specific 

ataxic phenotypes. 

HAs are classified according to their inheritance mode in autosomal dominant ataxias (or 

spinocerebellar ataxias, SCAs), autosomal recessive cerebellar ataxias (ARCAs) or X-linked ataxias 

(Table 5). 
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Table 5. Hereditary Ataxias (selection) 

Disorder In
h
e
ri
ta

n
ce

 

Gene Mutation Protein function Clinical presentation 

Repeat expansion mutations 

SCA1 AD ATXN1 CAG c Chromatin-binding factor 
Ataxia, spasticity, ophtalmoplegia, early bulbar symptoms, pyramidal signs, 
peripheral neuropathy; occasional cognitive decline 

SCA2 AD ATXN2 CAG c RNA binding protein Ataxia, slow saccads, peripheral neuropathy, chorea, dementia 

SCA3 AD ATXN3 CAG c Deubiquitinating enzyme 
Ataxia, ophtalmoplegia, fasciculations, amyotrophy, sensory loss; 
pyramidal/extrapyramidal signs 

SCA6 AD CACNA1A CAG c 
α1A subunit of the P/Q type Ca2+ 
channel  

Late-onset ataxia, very slow progression; onset may be episodic; normal life span 

SCA7 AD ATXN7 CAG c 
Histone acetyltransferase complex 
subunit 

Ataxia, spasticity, visual loss with retinopathy; often rapidly progressive 

SCA8 AD 
ATXN8 CAG c 

Unknown 
Slowly progressive ataxia, spasticity; rarely, cognitive impairment in persons with 
earlier onset ATXN8OS CTG nc 

SCA10 AD ATXN10 ATTCT nc Unknown Ataxia, seizures in certain families 

SCA12 AD PPP2R2B CAG nc 
Brain-specific regulatory subunit of 
protein phosphatase 2A 

Ataxia, action tremor in the 4th decade, cognitive/psychiatric disorders (dementia, 
hyperreflexia, subtle parkinsonism) 

SCA17 AD TBP CAG / CAA c TATA-box-binding protein Ataxia, mental deterioration; occasional chorea, dystonia, myoclonus, epilepsy 

SCA31 AD BEAN1 TGGAA nc 
Brain-expressed protein binding 
NEDD4 homologue 

Late-onset ataxia, slow progression with normal sensation 

SCA36 AD NOP56 GGCCTG nc 
Nucleolar protein 56 involved in 
RNA maturation 

Ataxia, hyperreflexia, muscle fasciculations, tongue atrophy, hearing loss 

DRPLA AD ATN1 CAG c Transcriptional corepressor Ataxia, chorea, dementia, myoclonus, seizures; mimics Huntington’s disease 

FRDA AR FXN GAA nc 
Mitochondrial protein regulating 
iron transport and respiration 

Childhood-onset, slowly progressive ataxia, absent tendon reflexes, Babinski 
reflex, posterior column sensory loss, cardiomyopathy, scoliosis, pes cavus, 
diabetes; in some: onset ≥ 25 years, slower progression and retained reflexes 

CANVAS AR RFC1 AAGGG nc 
Subunit of the replication factor C 
involved in DNA replication and 
repair 

Spectrum ranging from cerebellar ataxia, neuropathy, vestibular areflexia 
syndrome (CANVAS), to cerebellar, sensory, vestibular impairment, or phenotypes 
involving predominantly or exclusively one of the systems involved in balance 
control 

FXTAS XL FMR1 CGG nc 
Polyribosome-associated RNA-
binding protein 

Late-onset ataxia, mental deterioration; occasional chorea, dystonia, myoclonus, 
epilepsy 

continues  
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  Table 5 (continued) 

Disorder In
h
e
ri
ta

n
ce

 

Gene Mutation Protein function Clinical presentation 

Non-repeat mutations 

Episodic 
ataxia type 2 

AD CACNA1A del / ns / mis 
α1A subunit of the P/Q type Ca2+ 
channel 

Early-onset episodic ataxia, often progressive 

SCA13 AD KCNC3 missense Kv3.3 subunit Slowly progressive ataxia with adult onset. Non-progressive congenital ataxia 

SCA14 AD PRKCG missense Protein kinase Cγ Ataxia, often slow progressive, slight hyperreflexia 

SCA15/16 AD 
ITPR1 

del / mis Channel mediating Ca2+ release 
from the endoplasmic reticulum 

Adult onset, slowly progressive ataxia 

SCA29 AD mis Non-progressive congenital ataxia, intellectual disability 

SCA19/22 AD KCND3 del / mis Kv4.3 subunit Ataxia, cognitive impairment, myoclonus 

SCA28 AD 
AFG3L2 

del / mis ATP-dependent protease in the 
inner mitochondrial membrane 

Ataxia, spasticity, ophthalmoparesis, slow saccades, ptosis 

SPAX5 AR mis Ataxia, spasticity, myoclonic epilepsy 

SCA5 AD 
SPTBN2 

del / mis Cytoskeletal protein that stabilizes 
membrane proteins, including 
glutamate receptors 

Ataxia with variable disease onset 

SCAR14 AR ns / mis Severe early-onset ataxia, intellectual disability 

AT AR ATM ns / mis 
Serine/threonine protein kinase 
activating checkpoint signaling 

Early-onset ataxia, oculomotor apraxia, choreoathetosis, telangectasias of the 
conjunctiva, immunodeficiency, cancer risk, ↑ alphafetoprotein 

ARSACS AR SACS ns / mis Co-chaperone regulating Hsp70 
Early-onset ataxia with spastic paraparesis and axonal/demyelinating 
sensorimotor neuropathy; hypointense pontine stripes on T2-weighted MRI 

SCAR8 AR SYNE1 ns / mis 
LINC (LInker of Nucleoskeleton 
and Cytoskeleton) complex 
component 

Ataxia with variable spasticity, further multisystemic disorder with impaired 
intellectual development 

SCAR10 AR ANO10 ns / mis 
Cl- channel and phospholipid 
scrambler 

Early-onset ataxia with spasticity, downbeat nystagmus, fasciculations 

EAOH AR APTX ns / mis 
DNA-binding protein involved in 
DNA repair 

Early-onset ataxia, oculomotor apraxia, extrapyramidal features, sensorimotor 
neuropathy, hypoalbuminemia; secondary coenzyme Q10 deficiency 

SCAN2 AR SETX ns / mis Probable RNA/DNA helicase  
Early-onset ataxia, oculomotor apraxia, sensorimotor neuropathy, ↑ 
alphafetoprotein 

Spastic 
Paraplegia 7 

AR SPG7 del / ns 
ATP-dependent zinc 
metalloprotease 

Progressive ataxia with spasticity and ophtalmoplegia 

SCA: SpinoCerebellar Ataxia; DRPLA: DentatoRubral-Pallidoluysian Atrophy; FRDA: Friedreich’s Ataxia; CANVAS: Cerebellar ataxia, Neuropathy, Vestibular Areflexia Syndrome; 
FXTAS: Fragile X-associated Tremor/Ataxia Syndrome; SPAX: SPastix ATaxia; SCAR: Spinocerebellar ataxia Autosomal Recessive; AT: Ataxia-Telangectasia; ARSACS: Autosomal 
Recessive Spastic Ataxia of Charlevoix-Saguenay; EAOH: Early-onset Ataxia with Oculomotor apraxia and Hypoalbuminemia; SCAN2: Spinocerebellar ataxia with Axonal Neuropathy 
2; AD: Autosomal Dominant; AR: Autosomal Recessive; XL: X-linked; c: coding; nc: non-coding; del: deletion; ns: nonsense: mis: missense; DTR: Deep tendon Reflex 

Adapted from Perlman (1998), Klockgether et al. (2019) and Krygier and Mazurkiewicz-Beldzinska (2021) 

 



Andrea Delle Vedove  INTRODUCTION 

19 

1.5.3.1 Pathophysiology 

The most common pathomechanism of HAs is the presence of short tandem repeat (STR) expansions 

(Perlman, 1998). These consist in the repetition of 1 – 6 nucleotide and can be inherited in an AD, AR 

or X-linked pattern (Perlman, 1998). SCAs caused by repeat expansions are characterized by 

anticipation: the disease occurs earlier and with a more severe phenotype in subsequent generations 

as a result of the expansion of the repeat size during transmission (Klockgether et al., 2019). The 

repeats can belong to the coding sequence or be localized in intronic or untranslated regions (UTR). 

Six SCAs (SCA1, SCA2, SCA3, SCA6, SCA7 and SCA17) and the dentatorubral-pallidoluysian atrophy 

(DRPA) are caused by pathological CAG expansions in the coding sequence, which result in the 

translation of polyglutamine (polyQ) stretches within the disease-causative proteins (Klockgether et 

al., 2019). These disorders are thuis referred as poliQ disorders, along with other neurodegenerative 

disorders like Huntington disease (Klockgether et al., 2019). A common hallmark of these disorders is 

the accumulation and aggregation of cellular deposits, through a process starting from the formation 

of oligomers and ending with the constitution of sedimentable aggregates. While the role of these 

different species is still under debate, the correlation between the repeat length, protein aggregation 

and disease anticipation suggests an important role of protein misfolding in the disease pathogenesis 

(Klockgether et al., 2019). Moreover, these aggregates could sequester important protein quality 

control components, like molecular chaperones or the proteasome. PolyQ expansions may influence 

protein-protein interactions, altering protein function or localization within the cell (Klockgether et al., 

2019). These mechanisms are not unique to poliQ SCAs: missense variants in PRKCG increase amyloid 

fibril formation of protein kinase Cγ and mutations in SPTBN2 alter the stability of glutamate receptors 

in Purkinje cells (Klockgether et al., 2019). Although polyQ toxicity is a well-recognized SCA 

pathomechanism, the evidence of repeat-associated non-ATG-mediated (RAN) translation and 

consequent homopolymeric production in Huntington disease indicates their possible role in these 

disorders too (Klockgether et al., 2019). 

The repeat expansions of other SCAs (SCA10, SCA31, SCA36) are instead localized in not-coding 

regions. In contrast to the coding expansions, which are usually shorter than 100 repeats, these may 

comprise hundreds of repeats. The expanded repeat-containing transcripts accumulate in RNA foci, 

sequestering RNA-binding proteins and altering RNA-dependent processes (Klockgether et al., 2019). 

While repeat expansion mutations account for a substantial number of HAs, many ataxias are caused 

by non-repeat mutations. Examples of these disorders are SCAs associated to variants in genes 

encoding ion channels (CACNA1A, KCNC3, KCND3, ITPR1). These proteins are responsible for the 

regulation of the autonomous firing of Purkinje cells or of their neuronal inputs, therefore their 

dysfunction is believed to result in impaired Ca2+ homeostasis and neuronal degeneration (Klockgether 

et al., 2019) (Muller, 2021). 

Other pathological mechanisms include impaired bioenergetics due to mitochondrial dysfunction 

(SPAX5), deficits in DNA integrity (ataxia-telangectasia, early-onset ataxia with oculomotor apraxia 

and hypoalbuminemia, spinocerebellar ataxia with axonal neuropathy 2) or changes in gene expression 

(SCA7). 
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1.6 NMDs Models 

Due to the high heterogeneity of NMDs, several in vitro and in vivo models have been adopted in order 

to understand their pathophysiology (Fralish et al., 2021). Traditionally, these investigations start with 

the collection of samples from the affected tissue and their direct observation or their further 

processing to establish cell lines harboring the disease-causing mutation (Sen & Thummer, 2022). 

However, in many NMDs, the affected cell types are difficult to access and ethical issues hinder their 

availability (Logan et al., 2019). Therefore, the acquisition of primary samples is limited to post-

mortem tissues, which, however, represent the end stage of the disease (Sen & Thummer, 2022).  

In order to circumvent these hurdles, different models have been introduced to investigate the 

pathophysiology of these conditions.  

1.6.1 Animal Models  

Several organisms have been used to model NMDs and investigate possible treatments (Fralish et al., 

2021): Caenorhabditis elegans (Sleigh & Sattelle, 2010), zebrafish (Babin et al., 2014), Drosophila 

melanogaster (Shields et al., 2017), and mice (Burgess et al., 2016). Nevertheless, rodents are the 

most commonly used species, due to their deep genetic characterization, short life span, and easy 

genetic manipulation (Gama Sosa et al., 2012). Animal models allow scientists to study the effects of 

a mutation in a complex organism, investigating differences at macro- and microscopic level, and give 

the opportunity to study phenotypes like behavioral changes. However, they present several 

drawbacks: their brain anatomy and physiology differ considerably from the human ones, and their 

shorter life expectancy hinders the development of ageing-related phenotypes (Sen & Thummer, 

2022). These shortcomings can lead to the inability to recapitulate phenotypes caused by human 

variants and are responsible for the discordance between the efficacy of drug in preclinical animal 

trials and their failure in clinical human ones (Logan et al., 2019). For example, for neurodegenerative 

disorders, the overexpression of a mutant protein or of a protein carrying several mutations is often 

required in order to observe a phenotype in a mouse model (Gama Sosa et al., 2012). This is probably 

necessary because of the long time needed in order to see a phenotype, but makes it difficult to 

separate the effects of the mutation from the ones of the overexpression of the protein, especially if 

the study lacks an appropriate control overexpressing the wild-type protein at similar levels (Logan et 

al., 2019). 

1.6.2 Induced Pluripotent Stem Cells 

The introduction of induced pluripotent stem cells (iPSCs) as a disease model represented a turning 

point in the field of NMDs, and in particular neurodegenerative disorders. Human iPSCs have key 

advantages in comparison to animal models: (1) their self-renewal ability supplies a virtually unlimited 

source of experimental material, (2) their human origin grants the identical genomic organization of 

the affected organism, (3) the possibility of reprogramming patient-derived cells provides the peculiar 

genetic background of the affected individual, (4) the availability of cell-type specific protocols allows 

their differentiation in the most disease-relevant cell types (Logan et al., 2019). 
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In order to study a specific disease-associated variant, two approaches are possible: 

1. reprogramming patient-derived cells into iPSCs 

This method requires patient-derived cells, whose collection can sometimes be problematic. 

However, while the first protocols generated iPSCs from fibroblasts and thus required a skin 

biopsy, novel ones reprogram other cell types using blood or urine (Loh et al., 2009; Xue et al., 

2013). Direct reprogramming has the advantage to preserve the genetic background of the 

affected individual, but a thorough characterization (morphological evaluation, pluripotency 

marker expression, karyotyping) of the newly established iPSC line is required (Steeg et al., 

2021).  

2. genome editing of an established iPSC line 

The introduction of the desired variant in a wild-type cell line has the advantage of rendering 

superfluous the use of patient-derived material. Genome editing can be achieved using several 

tools, such as zinc-finger nucleases (ZFN), Transcription Activator-Like Effector Nuclease 

(TALEN), CRISPR/Cas9 or base editing (McTague et al., 2021). In particular, the versatility and 

ease of the CRISPR/Cas9 technology made it the method of choice for genome editing (McTague 

et al., 2021). This approach requires the screening of potential off-target sites of the tool used, 

but it proves less laborious and presents a fundamental advantage: the generation of isogenic 

lines, which just differ for the introduced mutation. Therefore, the observed experimental 

differences can be reliably attributed to the genetic modification and confounding effects of the 

genetic background or reprogramming strategies can be minimized (McTague et al., 2021). 

Moreover, genome editing can also be alternatively applied to correct the disease-causing 

variant in iPSCs reprogrammed from patient-derived cells, in order to test the reversal of the 

mutation-related phenotypes (McTague et al., 2021). 

iPSC can be then differentiated into: 

 two-dimentional (2D) cultures 

These represent the most commonly used modelling systems (Logan et al., 2019). Using 

different protocols, iPSCs can be differentiated into different subtypes of neural cells, obtaining 

a homogeneous culture in relatively short time and in a fairly reproducible way, thus allowing 

the analysis of cell-type specific physiology and cell morphology with high resolution (Logan et 

al., 2019). However, the short differentiation time and the lack of complex organization and 

interaction between different cell types produces immature cells (McTague et al., 2021).  

 three-dimentional (3D) organoids 

Organoids represent a more complex model, since they are composed by multiple cell types 

and are able to recapitulate to some extend the brain architecture and function (Logan et al., 

2019; McTague et al., 2021). Due to their longer generation time, they resemble more mature 

cells and allow for complex neuronal network formation (McTague et al., 2021). However, the 

diffusion of nutrients and oxygen to their core limits their growth and long-term culture (Logan 

et al., 2019). Therefore, novel strategies to provide support are currently under investigation, 
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like alternative scaffolds or methods to induce their vasculature development (McTague et al., 

2021). Unfortunately, due to the technical challenges, the reproducibility of cerebral organoids 

is low, with high batch-to-batch variability and their generation requires longer time and higher 

money investments (McTague et al., 2021). 

Both 2D cultures and 3D organoids produce immature cells resembling neural populations of the 

human fetal nervous system (McTague et al., 2021). For this reason, phenotypes commonly seen in 

neurodegenerative disorders might not be observed in these models (Logan et al., 2019). For example, 

a common pathological finding in these disorders is protein aggregation: Alzheimer’s disease is 

characterized by the presence of extracellular senile plaques of β amyloid and intracellular 

neurofibrillary tangles (Hampel et al., 2021), Parkinson’s disease displays Lewy bodies as pathological 

hallmark (Spillantini et al., 1997), Huntington’s disease presents intraneuronal inclusions of huntingtin 

(DiFiglia et al., 1997), and ALS MNs show TARDBP-positive inclusions (Neumann et al., 2006). 

However, the majority of the studies that used iPSCs to model these disorders did not address or 

report the presence of protein aggregation, whose lack is likely attributed to their immaturity (Logan 

et al., 2019). 

Therefore, strategies to boost cellular maturation have been investigated (Logan et al., 2019). For 

example, the use of high-passage iPSCs has been proposed, due to the induction of ageing marks 

(Petrini et al., 2017). However, this method is unpractical because of the long waiting time and the 

increased risk of the chromosomal abnormalities occurrence in the cell line. Other published 

approaches have been the expression of progerin or the treatment with telomerase-inhibitors of the 

iPSC cultures (Miller et al., 2013; Vera et al., 2016). 

As an alternative to these iPSC-ageing strategies, methods for the direct reprogramming of somatic 

cells into neural cells were developed (Mertens et al., 2015; Tang et al., 2017). Even if these techniques 

allow the retention of ageing hallmarks, they have major limitations: (1) the derived neurons cannot 

be further expanded, resulting in a reduction of experimental material available; (2) each 

reprogramming event is independent from the others, introducing higher batch-to-batch differences 

and decreasing the reproducibility of the results (Logan et al., 2019). In order to overcome these 

drawbacks, several protocols have been developed to generate proliferating induced neural progenitor 

cells (iNPCs) and differentiate them in neural subtypes (Hou et al., 2017; Meyer et al., 2014; Mirakhori 

et al., 2015). However, it is not clear if iNPCs-derived cultures mimic better than the iPSC-derived ones 

the disease phenotypes (Logan et al., 2019). 
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2 Aim 

The aim of the study performed in this PhD thesis was to identify novel genes underlying 

neuromuscular diseases and to provide insights in their pathomechanisms. 

This work started in the frame of the “Workpackage 2” of the EU-funded Horizon 2020 NeurOmics 

project, whose goal was the identification of novel NMD genes. To achieve this goal, the workflow 

reported by Karakaya et al. (2018) was followed. Briefly: 

1. Individuals showing signs compatible with LMN disease, such as muscle weakness, hypotonia or 

muscle atrophy were enrolled and clinically characterized based on a questionnaire including 

patient and family history, neuromuscular clinical alterations, biochemical testing, 

electrophysiological and imaging studies; 

2. Deletions or mutations in SMN1 were tested by MLPA and long-rage PCR and sequencing of SMN1 

genomic region; 

3. If negative, a targeted Gene Panel Testing, covering 62 - 479 genes, was performed and 

analyzed; 

4. If negative, exome / genome sequencing were carried out and analyzed; 

5. In the presence of a candidate gene for the NMD, further functional studies were implemented. 

These investigations depend on the pathophysiological hypothesis. For example, in presence of 

variants predicted to lead to altered gene expression, control and patient-derived fibroblasts or 

lymphoblastoid lines can be established and reverse transcription PCR can be carried out. 

Alternatively, especially if a gain-of-function mechanism is suspected, wild-type or mutant 

constructs can be designed and expressed in cellular models, such as HEK293T and SH-SY5Y 

cell lines. The effect of a variant can also be investigated in more sophisticated systems, as 

iPSCs, which can be genetically engineered to introduce the studied mutation and subsequently 

differentiated in the affected cell type. Furthermore, animal models carrying mutations 

comparable to the affected individuals’ can be examined, in particular when complex 

phenotypes involving the interaction between different tissues or organs need to be researched. 
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3 Main Publications 

3.1 Biallelic Loss of PIEZO2 causes Distal Arthrogryposis 

Delle Vedove A*, Storbeck M*, Heller R, Hölker I, Hebbar M, Shukla A, Magnusson O, Cirak S, Girisha 

KM, O'Driscoll M, Loeys B, Wirth B. Biallelic Loss of Proprioception-Related PIEZO2 Causes Muscular 

Atrophy with Perinatal Respiratory Distress, Arthrogryposis, and Scoliosis. Am J Hum Genet. 2016 Nov 

3;99(5):1206-1216. doi: 10.1016/j.ajhg.2016.09.019. Epub 2016 Oct 27. Erratum in: Am J Hum Genet. 

2016 Dec 1;99(6):1406-1408. PMID: 27843126; PMCID: PMC5097934. 

* The authors contributed equally to this work 

3.1.1 Description 

Biallelic loss-of-function mutations in PIEZO2 (GenBank: NM_022068) were identified in ten affected 

individuals from four independent families showing distal arthrogryposis (congenital talipes 

equinovarus, hands camptodactlyly), transient respiratory distress at birth, hypotonia, delayed motor 

milestones, absent deep tendon reflexes, muscle weakness, and scoliosis. After negative SMN1 testing, 

the index patient from one family and two affected individuals from another family underwent ES with 

the respective unaffected parents. Due to the consanguinity of the families, an autosomal recessive 

mode of inheritance was assumed and homozygous variants were prioritized in the affected 

individuals. This allowed the identification of the homozygous c.5621del and c.1550_1552delinsCGAA 

variants in PIEZO2. In a third family, three individuals showing a similar phenotype were first 

investigated by homozygosity mapping, which detected a 13 Mb region containing PIEZO2. Therefore, 

PIEZO2 exons harboring the dominant variants causing distal arthrogryposis type 3 (DA3), distal 

arthrogryposis type 5 (DA5) and Marden-Walker Syndrome (MWS) (exons 15, 20, 43, 45, 52) (Coste 

et al., 2013; McMillin et al., 2014; Okubo et al., 2015) were sequenced by Sanger sequencing, which 

led to the identification of the c.3019_3029del variant. An additional individual belonging to a fourth 

family and displaying similar clinical features underwent microarray analysis, which revealed a 

homozygous deletion of ~63 kb containing PIEZO2 exons 6 and 7. Available additional family members 

were Sanger sequenced for their relatives’ specific variants for the segregation analysis, which 

confirmed an autosomal recessive pattern of inheritance. Since three variants were frameshift and the 

out-of-frame deletion of two exons was likely to result in the loss of PIEZO2 due to nonsense-mediated 

mRNA decay, we established fibroblast cell lines from several individuals of the first two families in 

order to verify changes in PIEZO2 expression. Indeed, cell lines of affected individuals showed reduced 

gene expression, which could be partially rescued using nonsense-mediated mRNA decay inhibitors, 

such as emetine and cycloheximide. Moreover, we investigated the possible effects of the variants on 

splicing, and discovered the expression of a Δ13 isoform in the individuals harboring a variant in exon 

13 of PIEZO2. 
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3.1.2 Own Contributions 

I analyzed the exome sequencing data of family A together with the postdoc Dr. Markus Storbeck and 

we identified the variant in PIEZO2. I analyzed the exome sequencing data from family C and identified 

the corresponding PIEZO2 variant. I designed, carried out and analyzed the Sanger sequencing from 

families A, B and C. Together with Dr. Raoul Heller, I collected clinical information from families A and 

C during the affected individuals’ examination. I kept in culture fibroblasts from families A and C, and 

performed the reverse-transcription PCR experiments. I wrote the “Supplemental Case Reports” in the 

“Supplemental Data and the Considerations for differential diagnosis” with Dr. Raoul Heller. I drew 

Figure 1 with Dr. Markus Storbeck. I compiled Table 1 together with Dr. Markus Storbeck and Dr. 

Raoul Heller. I reviewed the draft of the manuscript. 

 

3.2 Biallelic Loss of VAMP1 causes a Congenital Myasthenic Syndrome 

Salpietro V*, Lin W*, Delle Vedove A*, Storbeck M, Liu Y, Efthymiou S, Manole A, Wiethoff S, Ye Q, 

Saggar A, McElreavey K, Krishnakumar SS; SYNAPS Study Group, Pitt M, Bello OD, Rothman JE, Basel-

Vanagaite L, Hubshman MW, Aharoni S, Manzur AY, Wirth B, Houlden H. Homozygous mutations in 

VAMP1 cause a presynaptic congenital myasthenic syndrome. Ann Neurol. 2017 Apr;81(4):597-603. 

doi: 10.1002/ana.24905. Epub 2017 Mar 29. PMID: 28253535; PMCID: PMC5413866. 

* The authors contributed equally to this work 

3.2.1 Description 

Biallelic loss-of-function mutations in VAMP1 (GenBank: NM_014231) were identified in four affected 

individuals from two independent families showing severe hypotonia, muscle weakness, feeding 

difficulties, and delayed motor milestones. The index patient from the first family tested negatively for 

SMN1 deletions and for pathological variants in 62 NMD-causing genes present in a targeted gene 

panel (Karakaya et al., 2018). Therefore, together with his affected sister and their unaffected parents, 

he underwent genome sequencing, which allowed the identification of the homozygous c.146G>C 

variant in VAMP1. A second family with two individuals showing a similar phenotype was examined 

independently and the trio-based ES of the index patient and the unaffected parents identified the 

homozygous variant c.51_64del. Sanger sequencing confirmed the segregation of the variants in other 

affected individuals. Vamp1 is expressed at the mouse presynaptic MN terminal (Liu et al., 2011), and 

mice carrying a homozygous nonsense variant in Vamp1 (Vamp1lew/lew) display the lethal-wasting 

phenotype characterized by immobility by post-natal day 10 (P10) and death around P15 (Nystuen et 

al., 2007). Therefore, affected individuals underwent EMG and NCS, which detected 

electrophysiological alterations compatible with a presynaptic congenital myasthenic syndrome. 

Indeed, treating the affected individuals with acetylcholinesterase inhibitors improved the symptoms. 

Electrophysiological evaluation of Vamp1lew/lew mice confirmed a reduction of the amplitude of endplate 

potentials (EPP) and synaptic facilitation upon low-frequency (10 Hz) repetitive nerve stimulation, 

compatible with a presynaptic CMS. 
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3.2.2 Own Contributions 

I analyzed the genome sequencing data of family 2 (B) together with the postdoc Dr. Markus Storbeck.  

I wrote the draft of the clinical part of the manuscript and compiled the Table 1 part about family 2 

(B). I drew parts of Figure 1 and reviewed the manuscript draft.  

3.3 CAPRIN1P512L causes early-onset ataxia, muscle weakness and  

Delle Vedove A, Natarajan J, Zanni G, Eckenweiler M, Muiños-Bühl A, Storbeck M, Guillén Boixet J, 

Barresi S, Pizzi S, Hölker I, Körber F, Franzmann TM, Bertini ES, Kirschner J, Alberti S, Tartaglia M, 

Wirth B. CAPRIN1P512L causes aberrant protein aggregation and associates with early-onset ataxia.  

Cell Mol Life Sci. 2022 Sep 22;79(10):526. doi: 10.1007/s00018-022-04544-3. PMID: 36136249; 

PMCID: PMC9499908. 

3.3.1 Description 

The identical de novo c.1535C>T variant in CAPRIN1 (GenBank: NM_005898) was identified in two 

affected individuals from two independent families showing early-onset ataxia, muscle weakness, 

cognitive delay with cerebellar atrophy on MRI. The first individual developed of gait abnormalities 

and predominantly proximal muscle weakness at 10 years of age. In the following years, her symptoms 

worsened with ataxia, increased muscle weakness and cognitive decline, which made her bedridden. 

A second individual from an independent family showed dysarthria at 4 years of age, ataxia and 

learning difficulties at 7 years of age and ataxia and muscle weakness around 12 years of age. The 

first individual tested negative for SMN1 deletions or pathological variants in a targeted gene panel 

containing 62 NMD-causing genes (Karakaya, 2018). Both affected individual-parents trios underwent 

ES, which identified the identical CAPRIN1 p.Pro512Leu mutation (CAPRIN1P512L). A third 14-year-old 

individual with ataxia, cerebellar atrophy and axonal neuropathy, carrying the same de novo variant 

was identified through GeneMatcher just after the approval of the manuscript and was added as a 

note edit in proof (Sobreira et al., 2015). Since CAPRIN1 is a RNA-binding protein harboring a prion-

like domain (PrLD) and PrLD-containing proteins are associated to neurodegenerative disorders 

through increased protein aggregation, we hypothesized an analogous mechanism for CAPRIN1P512L. 

Indeed, in silico analyses uncovered an increased aggregation propensity of the mutant protein and 

overexpression of CAPRIN1P512L in HEK293T cells demonstrated a reduction of its solubility. 

CAPRIN1P512L overexpression in SH-SY5Y cells led to the formation of ubiquitinated aggregates, which 

sequestered other proteins associated with neurodegenerative disorders (ATXN2, GEMIN5, SNRNP200 

and SNCA). To investigate the mutant effects in neurons, we generated a heterozygous 

CAPRIN1WT/P512L and a homozygous CAPRIN1P512L/P512L iPSC lines by CRISPR/Cas9 gene editing. iPSC-

derived cortical neurons harboring the CAPRIN1P512L mutation displayed reduced neuronal activity and 

altered stress granule dynamics. To further study the P512L effects on the protein, we used nano-

differential scanning fluorimetry and fluorescence correlation spectroscopy, which revealed that 

CAPRIN1P512L adopts an extended conformation. Moreover, fluorescence anisotropy measurements 

detected a decrease in the RNA-binding affinity of CAPRIN1P512L, and fluorescence microscopy 

uncovered a dramatic increase in protein aggregation upon RNA addition.  
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3.3.2 Own Contributions 

I analyzed the exome sequencing data of the first family together with the postdoc Dr. Markus 

Storbeck. I carried out the in silico modeling of the effects of CAPRIN1P512L, performed the 

overexpression experiments in HEK293T and SH-SY5Y cells. I performed the solubility analysis of 

CAPRIN1. I carried out the immunofluorescence experiments in SH-SY5Y cells, acquired the images 

and quantified the aggregates’ parameters. I generated isogenic CAPRIN1WT/P512L and 

CAPRIN1P512L/P512L iPSC lines from the CAPRIN1WT/WT one using CRISPR/Cas9 gene editing and 

differentiated them into cortical neurons. I performed the NaAsO2 treatment and compiled a macro to 

analyze the images. I recorded the spontaneous neuronal activity using a microelectrode array system 

and analyzed the data. I wrote the manuscript and drew the figures. 
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4 Discussion 

This work confirms the extreme clinical and genetic heterogeneity of NMDs and the use of high-

throughput sequencing as valuable tool to reach a diagnosis. 

In addition to the discussion in the specific paper, this section provides an update about the knowledge 

regarding the identified genes that was attained after their publication. 

4.1 PIEZO2 & Distal Arthrogryposis 

Other classifications of DA have been suggested in addition to the one of Bamshad et al. (2009) (Hall 

et al., 2019), which still remains useful as clinical classification, because of the unique features that 

aid in making a diagnosis. Recently, Griffet et al. (2021) classified DA into disorders caused by 

mutations in sarcomeric proteins and PIEZO2. He identifies some clinical features shared by the 

individuals carrying mutations of the sarcomeric proteins, such as ulnar deviation of the fingers, finger 

overlap, camptodactyly, foot deformities, while he recognizes blepharophimosis, restrictive lung 

disease, and muscle hypertonicity as characteristics of the individuals carrying PIEZO2 mutations.  

Since the publication of Delle Vedove et al. (2016), several articles and/or reports presented other 

individuals carrying biallelic mutations in PIEZO2 and displaying a phenotype now known as distal 

arthrogryposis with impaired proprioception and touch (DAIPT, MIM: #617146) (Behunova et al., 

2019; Chesler et al., 2016; Haliloglu et al., 2017; Klaniewska et al., 2021; Mahmud et al., 2017; 

Masingue et al., 2019; Oakley-Hannibal et al., 2020; Yamaguchi et al., 2019). Other affected 

individuals are reported in other works, but their detailed clinical description is lacking (Marshall et al., 

2020; Szczot et al., 2018). The summary of the main phenotypes of these individuals is summarized 

in Table 6. Most of them are born from consanguineous parents and carry homozygous loss-of-function 

PIEZO2 variants, often causing a frameshift or disrupting splicing. The main clinical characteristics are 

the presence of DA, hypotonia at birth and motor development delay. Very common at birth is the 

presence of respiratory insufficiency, and/or feeding difficulties. Spine deformities, such as scoliosis or 

kyphosis, often develop during infancy and childhood. When investigated, light touch sensation and 

proprioception are compromised, while there are no alterations in the perception of pain. Cognitive 

impairment was reported only in few individuals and is not a main feature of the affected individuals.  

Many progresses regarding PIEZO2 were done after the publication of Delle Vedove et al. (2016). Due 

to the large size of the protein, the presence of multiple transmembrane domains and the formation 

of oligomers, uncovering its structural features has been particularly challenging. While it was clear 

that PIEZO channel pore properties were dictated by the C-terminal region (Coste et al., 2015), cryo-

electron microscopy allowed the resolution of the channel structure just recently (Saotome et al., 

2018; Wang et al., 2019; Zhao et al., 2018). PIEZO2 is a three-bladed, propeller-like trimer, forming 

a nano-dome with an extracellular cap-like structure and a intracellular beam. Each protomer contains 

36 transmembrane segments organized in 9 units of four transmembrane helices (THU) and 2 

transmembrane segments enclosing the central pore (Wang et al., 2019). Interestingly, Delle Vedove 

et al. (2016) observed exon 13 skipping in patient-derived fibroblast cell lines harboring a homozygous 

frameshift mutation in this exon. While PIEZO2 expression in these cell lines is clearly reduced, the 
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presence of this alternative isoform is not sufficient to counteract the lack of the full-length PIEZO2. 

Indeed, a Δ13 isoform would lack the residues 510-586, leading to the deletion of the transmembrane 

segments TM10 and TM11 of the THU3, therefore probably altering PIEZO2 activation properties.  

Moreover, over the past years the knowledge about the role of PIEZO2 in several physiological 

processes was deepened. In particular, many of the phenotypes presented by the individuals carrying 

biallelic loss-of-function mutations in PIEZO2 were mirrored in mouse models (Szczot et al., 2021). 

A good percentage of the individuals lacking PIEZO2 displayed respiratory insufficiency and feeding 

difficulties after birth. While it was already reported that constitutive Piezo2 knock-out (KO) in mice 

leads to perinatal death (Dubin et al., 2012), Nonomura et al. (2017) was able to pinpoint the 

fundamental PIEZO2 role in airway stretch sensation: constitutive Piezo2 KO mice show signs of 

respiratory distress and fail to suckle, they display a lower respiratory frequency and O2 blood 

saturation (Nonomura et al., 2017), without defects in embryonic lung development. Piezo2 conditional 

KO in sensory neurons demonstrated that the respiratory deficits depend on the lack of airway stretch 

sensing by these neuronal population.   

Due to the difficulties in a reliable assessment of light-touch sensation and proprioception, their 

alterations were investigated only in a subset of affected individuals (Case et al., 2021; Chesler et al., 

2016), where they were found compromised. Comparably, mice lacking PIEZO2 in Merkel cells and 

sensory neurons showed a reduction in the neuronal firing rate upon skin stimulation and in the 

sensitivity to von Frey filaments stimulation (Ranade et al., 2014; Woo et al., 2014). PIEZO2 loss in 

Merkel cells was also linked to a reduction in inhibitory signals in pruriceptive pathways, leading to the 

development of alloknesis, the sensation of itch upon innocuous mechanical stimuli (Feng et al., 2018). 

However, this condition was not reported by any affected individual. A possible justification is that 

alloknesis is a condition associated with ageing and the individuals lacking PIEZO2 might not have 

developed it, since they have generally a young age. Moreover, it was recently demonstrated the 

important role of PIEZO1 in pruriception (Hill et al., 2022). When investigated, individuals lacking 

PIEZO2 showed proprioceptive deficits, compatible with sensory ataxia (Chesler et al., 2016). These 

features are recapitulated by selective Piezo2 KO in sensory neurons, which led to a dramatic reduction 

in muscle spindles firing upon stretch and abnormal limb positioning compatible with proprioceptive 

deficits (Woo et al., 2015). Moreover, proprioceptive deficits are the likely underlying pathomechanism 

of the spinal and hip deformities found in several individuals: indeed, Piezo2 conditional KO in 

osteoblasts and condrocytes does not lead to the development of any skeletal abnormality. On the 

contrary, Piezo2 KO in sensory neurons leads to alterations of the hip and the development of spinal 

scoliosis and/or kyphosis (Assaraf et al., 2020).  

Urinary symptoms represent another subtle phenotype: a small cohort of 8 affected individuals 

reported several complains, such as a reduction of the voiding frequency, sudden urge incontinence, 

or feeling of incomplete voiding (Marshall et al., 2020). Piezo2 was found to be expressed in the 

urothelium and in the sensory neurons innervating the urinary bladder. Mice carrying a conditional 

Piezo2 KO in these cell types showed impaired bladder-stretch sensing and bladder control (Marshall 

et al., 2020). 
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Moreover, PIEZO2 was detected in the outer hairy cells of the mouse inner ear (Wu et al., 2017), 

whose function is the regulation of the sensitivity of the inner hairy cells to the auditory stimuli. Piezo2 

conditional KO in these cells leads to an increase in the acoustic brain response (ABR) threshold for 

frequencies higher than 32 kHz. No changes in the auditory system of the PIEZO2 affected individuals 

was reported. This is in agreement with the fact that the human ear is only able to perceive frequencies 

in the range comprised between 20 and 20000 Hz (Purves, 2018). 

PIEZO2 was also detected in the baroreceptors innervating the aorta and the carotid sinus (Zeng et 

al., 2018). Ablation of PIEZO1 and PIEZO2 in the nodose and petrosal sensory ganglia neurons leads 

to the abolition of the baroreflex, a physiological decrease in the heart rate upon blood pressure 

increase (Zeng et al., 2018). Furthermore, the ablation PIEZO2 in vagal and glossopharyngeal aortic 

baroreceptors eliminated the baroreceptor reflex, pinpointing PIEZO2 as the main mechanoreceptor 

for blood pressure sensation (Min et al., 2019). However, neither complains of orthostatic hypotension 

(OH) were expressly made by affected individuals, nor alterations in the baroreflex were reported. 

This could be related to the relatively young age of the affected individuals, while it is known OH 

prevalence increases with age (From the American Association of Neurological Surgeons et al., 2018), 

or the existence of compensatory mechanisms, owing to the PIEZO1 expression.  

Piezo2 is expressed in enteroendocrine cells (EC), where it regulates neurotransmitter release upon 

mechanical stretch (Alcaino et al., 2018). However, there is no reported phenotype in individuals 

carrying biallelic PIEZO2 loss-of-function mutations. 
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Table 6. Overview of PIEZO2-related DAIPT cases 

Study Delle Vedove et al. (2016) 
Chesler et al. 

(2016) 
Mahmud et al. 

(2017) 

Haliloglu 
et al. 

(2017) 

Masingue 
et al. 

(2019) 

Behunova 
et al. 

(2019) 

Yamaguchi 
et al. 

(2019) 

Oakley-
Hannibal 

et al. 
(2020) 

Klaniewska et al. 
(2021) Tot. 

Nationality TR IN LY PK BD EU/JP BD TR TN AT JP IQ PL PL PL  

Parental 
consanguinity 

+ + + + - - + + + - + + - - - 9/15 

Gender M M F M F M M F F M F F M F F M F F M F F F F M  

Age 9 23 12 17 10 27 6 5 25 25 19 10 30 23 14 18 20 24 3 12 9 1 2 3  

Zygosity hom hom hom hom hom hom hom hom hom hom CHZ CHZ hom hom hom hom hom hom CHZ hom hom CHZ CHZ CHZ  
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Consequence fs fs fs sp fs fs fs mis fs fs fs fs sp fs fs sp sp fs sp fs sp  

Short stature - + + + + + + + na + na na + + + + na na - + - na na na 13/16 

Feeding 
difficulties 

- na + na na na + na na + + + na na na + - - + + + + + + 12/15 

Perinatal 
respiratory 
distress 

+ + + + + na + na na na na na na na na - + + + - - + - + 11/15 

Hypotonia + + + + + na + + na + + + + + + + + + + + + + + + 22/22 

Motor delay + + + + + + + + + + + + + + + + + + + + + + + + 24/24 

continues  
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  Table 6 (continued) 

Study Delle Vedove et al. (2016) 
Chesler et al. 

(2016) 
Mahmud et al. 

(2017) 

Haliloglu 
et al. 

(2017) 

Masingue 
et al. 

(2019) 

Behunova 
et al. 

(2019) 

Yamaguchi 
et al. 

(2019) 

Oakley-
Hannibal 

et al. 
(2020) 

Klaniewska et al. 
(2021) Tot. 

Touch 
impairment 

na + + na na na na na na na + + + + + na na na na + na na na na 8/8 

Vibration 
impairment 

na + na na na na na na na na + + na na na - na na na + na na na na 4/5 

Proprioception 
impairment 

na na na na na na na na na na + + + + + + + + na + na na na na 9/9 

Pain 
impairment 

na na na na na na na na na na - - + + + - na na na na na na - na 3/7 

Absent DTR + + + + + + + + + na + + + + + na + + + + - + + + 21/22 

DA hand foot + + + + + + + + + + + + + + + + + + + + + + + + 24/24 

Thumb 
deformity 

+ + - + - + + + na + + - + + + + na na - + - na - + 14/20 

Spinal deformity + + + + - + + + + + + + + + + + + + + + + + - + 22/24 

Urinary 
symptoms 

+ na na na na na na na na na + + na na na na na na na na na na na na 3/3 

Cognitive 
impairment 

- - - - - - + + - + - - - - - - - - - - na - - + 4/23 

TR: Turkey; IN: India; LY: Libya; PK: Pakistan; BD: Bangladesh; EU/JP: Europe/Japan; TN: Tunisia; AT: Austria; JP: Japan; IQ: Iraq; PL: Poland; +: present; -: absent; na: not 
available; M: male; F: female; hom: homozygous; CHZ: compound heterozygous; fs: frameshift; sp: splicing; mis: missense 
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4.2 VAMP1 & Congenital Myasthenic Syndromes 

Since our work associating VAMP1 biallelic variants with CMS, additional cases of VAMP1-associated 

CMS were described (Table 7) (Monies et al., 2017; Nair et al., 2018; Polavarapu et al., 2021; Shen 

et al., 2017). The affected individuals mostly belong to consanguineous families and carry homozygous 

VAMP1 frameshift variants. They present congenital severe hypotonia, feeding difficulties and/or 

respiratory distress, muscle weakness with delayed motor milestones. If administered, AChE inhibitors 

improved the symptoms. 

Moreover, variants in novel genes have been associated with CMS (Table 8). 
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Table 7. Overview of VAMP1-related CMS cases 

Study 
Shen et al. 

(2017) Salpietro et al. (2017) Monies et al. (2017) 

Nair et 
al. 

(2018) Polavarapu et al. (2021) Total 

Nationality Brazilian Kuwaiti Israeli Saudi Arabian Lebanese Indian  

Parental 
consanguinity 

+ + + + + - na + + + + 9/11 

Gender F F M M F F M na F F F  

Zygosity hom hom hom hom hom hom hom hom hom hom hom  

cDNA change c.340del c.51_64del c.146G>C c.129+1G>A c.128_129del c.97C>T c.66del c.202C>T c.97C>T  

Protein 
alteration 

p.Ile114Serfs*72 p.Gly18Trpfs*5 p.Arg49Pro p.? p.Glu43Glyfs*24 p.Arg33* p.Gly23Alafs*6 p.Arg68* p.Arg33*  

Onset birth birth birth PN birth birth birth na birth birth birth  

Hypotonia + + + + + + + na + + + 10/10 

Feeding 
difficulties / 
respiratory 
distress 

+ + + + + na na na + + + 8/8 

Muscle 
weakness 

+ + + + + + + na + + + 10/10 

Delayed motor 
milestones 

+ + + + + na + na + + + 9/9 

Ophtalmoplegia + + + + + na na na + - na 6/7 

CMAP  ↓ ↓ ↓ na na na na na na na  

Low freq. RNS ↓ na na na na na na na na na na  

High freq. RNS ↑ ↑ ↑ na na na na na na na na  

Muscle biopsy 
Type 2 fiber 

atrophy 
na 

Myopatic 
features 

na na na na na 
Fiber size 
variation 

na 
Fiber 
size 

variation 
 

AChE inhibitors 
response 

+ + + + + na na na + + na 7/7 

CMAP: Compound Muscle Action Potential; RNS: Repetitive Nerve Stimulation; AChE: Acetylcholinesterase; +: present; -: absent; na: not available; F: female; M: male; hom: 
homozygous; PN: prenatal 
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Table 8. Novel CMS-related genes 

Localization of the defect P
re
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(%
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Gene In
h
e
ri
ta

n
ce

 

Clinical presentation 
Response to 

AChE inhibitors 

Presynaptic 5 – 10     

Acetlycholine synthesis 
and recycling 

< 1 SLC5A7 AR 
Early onset, arthrogryposis/joint contractures, apneic crisis at birth, marked 
ptosis, ophthalmoplegia, muscle fatigability. Sometimes learning difficulties 

Some 
improvement 

Synaptic 15 - 20     

Basal lamina defects < 1 LAMA5 AR Muscle weakness, myopia, facial tics Improvement 

AChE: Acetylcholinesterase; AR: autosomal recessive 
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4.3 CAPRIN1-related disorders 

As shortly stated in the paper, just after the acceptance for publication of the article, a third 14-years-

old female individual affected by ataxia with cerebellar atrophy and axonal neuropathy, harboring the 

identical de novo c.1535C>T variant in CAPRIN1 was reported through GeneMatcher by S. Donkervoort 

and C. G. Bönnemann at the National Institute of Neurological Disorders and Stroke (NINDS) of the 

National Institutes of Health. This unexpected finding represents additional evidence of the causality 

of the CAPRIN1P512L mutation, which was identified as likely causative by three independent research 

groups. 

Importantly, the phenotype described in these individuals allows the discrimination with other early-

onset hereditary ataxias caused by repeat expansion mutations, which cannot be identified by short-

read sequencing technologies. In particular, Friedreich’s Ataxia (FRDA), which represents the most 

common autosomal recessive ataxia (Pandolfo, 2008), could be considered in the differential diagnosis 

because of the following features: (1) the affected individuals have unaffected parents and this could 

be compatible with an autosomal recessive inheritance pattern; (2) the disorder has an early onset 

(<25 years of age); (3) presence of progressive limb ataxia with muscle weakness, dysarthria, absent 

deep tendon reflexes, scoliosis and sensorimotor neuropathy (Pandolfo, 2008). However, FRDA 

individuals show mostly subtentorial white matter atrophy with no obvious cerebellar atrophy at MRI 

imaging (Pandolfo, 2008), while individuals harboring the CAPRIN1P512L mutation show both cerebellar 

and cerebral atrophy. Besides, the latter results in intellectual disability, which is absent in FRDA 

individuals (Pandolfo, 2008). Moreover, most FRDA individuals develop hypertrophic cardiomyopathy 

and visual deficits late in the disease course (Pandolfo, 2008), which were not described in individuals 

with the CAPRIN1P512L mutation.  

The other autosomal recessive HA due to repeat expansion mutations is cerebellar ataxia, neuropathy, 

vestibular areflexia syndrome (CANVAS). However, the age of onset of this disorder is after 35 years 

(Cortese et al., 2020), and it can reasonably be excluded. 

The remaining repeat expansion-related HAs have an autosomal dominant pattern, which is not 

compatible with the pedigrees of the affected individuals. Even if highly unlikely, the possibility of de 

novo occurrence of the mutations or anticipation cannot exclude completely these diagnosis 

(Brandsma et al., 2019), which can be discarded because of their clinical features: SCA2 shows 

parkinsonism; SCA6 has a late-onset and a slow progression; SCA8 displays spasticity; SCA10 and 

SCA12 are characterized by epilepsy; SCA17 exhibits psychiatric features and chorea (Brandsma et al., 

2019). 

Of note is the recently reported neurodevelopmental disorder associated with CAPRIN1 

haploinsufficiency by Pavinato et al. (2022). While there have been sporadic reports associating 

CAPRIN1 and autism spectrum disorder (ASD) (Du et al., 2020; Jiang et al., 2013), this work presents 

a cohort of 12 individuals from 10 independent families showing language impairment, intellectual 

disability, attention-deficit/hyperactivity disorder (ADHD), and ASD as main features. These subjects 

carry heterozygous loss-of-function variants in CAPRIN1. Except for two cases where the variant was 

inherited by a parent, the others are de novo variants, as in previous reports (Du et al., 2020; Jiang 
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et al., 2013). Indeed, CAPRIN1 is predicted to be intolerant to loss-of-function variants (pLI = 0.97, 

gnomAD) and haploinsufficient CAPRIN1+/- mice exhibited ASD-like phenotypes, such as a reduction 

in sociality, response to novelty and flexibility in learning (Ohashi et al., 2016). Moreover, CAPRIN1-/- 

cultured neurons show an alteration in the dendritic localization of synaptic mRNAs and proteins and 

alterations in the development of neuronal networks (Ohashi et al., 2016; Shiina et al., 2010). 

CAPRIN1+/- iPSC-derived cortical neurons display a reduction in neurite length, electrical activity, and 

overall survival (Pavinato et al., 2022). The latter could be associated to Ca2+ overload and increased 

oxidative stress (Pavinato et al., 2022). 

Therefore, mutations in CAPRIN1 can be associated with two distinct disorders: the CAPRIN1P512L 

mutation causes an early-onset neurodegenerative disorder characterized by ataxia, muscle weakness, 

and mild intellectual disability, while CAPRIN1 haploinsufficiency causes a neurodevelopmental 

disorder characterized by language impairment, intellectual disability, ADHD and ASD (Table 9).  

Table 9. Comparison of CAPRIN1-related disorders 

 CAPRIN1P512L CAPRIN1 haploinsufficiency 

Clinical features 
Muscle weakness, ataxia, 

intellectual disability 

Language impairment, 
intellectual disability, ADHD, and 

ASD 

Onset Childhood Childhood 

Genetic alteration P.Pro512Leu mutation 
CAPRIN1 heterozygous loss-of-

function mutations 

Inheritance de novo de novo / AD 

iPSC-derived neurons phenotypes 

 

↓ electric activity 
↑ SG+ cells ratio 

↑ SG duration 

↓ electric activity 
↓ survival 

↑ Ca2+ flow 

↑ ROS 
↑ global translation 

↓ dendritic translation 

Additional features 

↑ aggregation upon 
overexpression 

↑ aggregation upon RNA binding 
in vitro 

↓ RNA affinity in vitro 

na 

Mouse model na 

↓ sociality 
↓ response to novelty 
↓ flexibility in learning 

(from Ohashi et al. (2016)) 

AD: Autosomal Dominant; ROS: reactive oxygen species; na: not available. 

The differences between these phenotypes reflect the distinct pathomechanism of the disorders: 

CAPRIN1 is an RNA-binding protein present in dendritic RNA transport granules (Shiina et al., 2005), 

therefore its haploinsufficiency likely causes an alteration in the neurodevelopment. In neuronal 

cultures from Caprin1-/- mice, there was a reduction in the dendritic localization of Na+/K+ ATPase 

subunits and a poor neuronal network development, or a reduction in the distribution of the GRIA1 

subunit of the alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors (Ohashi et 

al., 2016; Shiina et al., 2010). On the contrary, individuals carrying the CAPRIN1P512L mutation showed 

a normal development until they presented cerebellar signs, muscle weakness and intellectual 

disability. Therefore, a distinct pathomechanism is likely to be the cause of this disorder. 

Our hypothesis is that protein misfolding and aggregation play an important role in the 

pathophysiology of this disorder. Indeed, a broadly recognized mechanism for several 
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neurodegenerative disorders, such as ALS or Parkinson’s Disease, is protein misfolding (Sprunger & 

Jackrel, 2021). These diseases are often driven by mutations that decrease the protein solubility and 

increase their aggregation propensity (Sprunger & Jackrel, 2021). Interestingly, many of these 

disease-causing mutations affect proteins containing a prion-like domain (PrLD) (Sprunger & Jackrel, 

2021). PrLD-containing proteins mainly comprise RNA-binding proteins and have unique properties 

that allow them to form transient condensates with RNAs and other proteins through a process called 

liquid-liquid phase separation (LLPS) (Sprunger & Jackrel, 2021). Pathological mutations impair this 

dynamic and transient process, leading to the formation of gel-like or insoluble condensates, which 

cause cell toxicity and neuronal degeneration (Sprunger & Jackrel, 2021). Therefore, it is reasonable 

to hypothesize a similar mechanism for the CAPRIN1P512L mutation. Several in silico models (PLAAC, 

ZipperDB, CamSol) predict an increase in CAPRIN1 aggregation (Goldschmidt et al., 2010; Lancaster 

et al., 2014; Sormanni et al., 2015). Importantly, these algorithms use different strategies to predict 

the aggregation propensity: the prion aggregation prediction algorithm (PAPA) score from the PLAAC 

tool is exclusively based on the aminoacid composition (Lancaster et al., 2014; Toombs et al., 2012), 

while the ZipperDB uses a structure-based approach for its modeling (Goldschmidt et al., 2010). These 

in silico predictions are confirmed by: (1) the biochemical assays proving a reduction of CAPRIN1P512L 

solubility, (2) the presence of aggregates upon its overexpression and (3) the in-depth biochemical 

studies of the protein. 

4.3.1 Open questions and possible future research directions 

While this study has provided evidence of an association between the CAPRIN1P512L mutation and a 

novel neurodegenerative disorder, several points can be further investigated: 

 the exact role of protein misfolding and aggregation 

While several lines of evidence point in the direction of an increased CAPRIN1P512L misfolding, 

this mechanism can be definitively demonstrated just in specimens of the affected tissue. Since 

all the affected individuals are alive, and there are obvious limitations in accessing brain tissues, 

this approach was not pursued. An alternative option would be the study of protein aggregation 

from other patient samples. In other neurodegenerative disorders, such as Parkinson’s disease 

or Alzheimer’s disease, several assays have been developed to identify protein aggregation from 

cerebrospinal fluid or blood serum (Leuzy et al., 2021; Lobanova et al., 2022; Park et al., 2011; 

Tokuda et al., 2010). For example, Lobanova et al. (2022) recently detected an increase in 

aggregates’ size using phase-controlled and high resolution atomic force microscopy (AFM) on 

Parkinson’s disease serum and cerebrospinal fluid samples. This method could be used to test 

the presence of aggregates of increased size in the individuals harboring the CAPRIN1P512L 

compared to controls, but cannot identify if they are specifically due to CAPRIN1 aggregation. 

However, the post-mortem analysis of the tissues would be fundamental to confirm this theory. 

Moreover, neurodegenerative disease-related proteins undergo misfolding and often organize 

in amyloid (Soto & Pritzkow, 2018), highly ordered aggregates that can be stained with specific 

dyes, such as thioflavin T and Congo red (Yakupova et al., 2019). The presence of CAPRIN1 

aggregation and amyloidosis could be verified in histopathological sections of these specimens. 
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Additionally, samples could be fractionated using sarkosyl (Tarutani et al., 2022), and processed 

with novel methods such as cryo-electron microscopy (Arseni et al., 2022; Yang et al., 2022).  

Increasing evidence shows that the real toxic species responsible for neuronal degeneration are 

misfolded oligomers (Soto & Pritzkow, 2018). While fluorescence correlation spectroscopy 

analysis shows that in absence of RNA CAPRIN1P512L association properties do not change, they 

could be tested with AFM and biochemical methods in iPSC-derived neurons, or fluorescence 

recovery after photobleaching (FRAP) experiments in cells overexpressing the mutant protein 

(Chetri et al., 2022). 

iPSC-derived neurons harboring the CAPRIN1P512L mutation do not show overt protein 

aggregation, but do show signs of reduced electrical activity. This finding is in line with the 

majority of the studies that used iPSC-derived neurons to model neurodegenerative disorders, 

which did not report overt protein aggregation (Logan et al., 2019). However, this prompts the 

search for other phenotypes, such as impaired neurite length, increased oxidative stress, or 

mitochondrial disfunction (Logan et al., 2019). Moreover, since CAPRIN1 is involved in dendridic 

RNA transport (El Fatimy et al., 2012; Shiina et al., 2005; Shiina et al., 2010), and fluorescence 

anisotropy measurements show a reduction in RNA-binding affinity, changes in global or local 

translation can be investigated. 

 the relationship between CAPRIN1 and FMR1 

CAPRIN1 is an interacting partner of FMR1 (El Fatimy et al., 2012). Interestingly, loss-of-

function mutations of both genes are associated to a phenotype characterized by language 

impairment, ADHD and ASD: CAPRIN1 haploinsufficiency causes the novel neurodevelopmental 

disorder described by Pavinato et al. (2022), while trinucleotide repeat expansions > 200 units 

leading to FMR1 methylation and silencing cause Fragile X syndrome (FXS) (Hagerman et al., 

2017; Pavinato et al., 2022). On the other side, CAPRIN1P512L causes a neurodegenerative 

disorder while shorter trinucleotide repeat expansions (55 – 200 units) of FRM1 cause FXTAS. 

Both phenotypes present ataxia and intellectual disability (Hagerman & Hagerman, 2021). 

However, these disorders differ for (1) the age of onset, which is childhood for the CAPRIN1P512L-

related disorder and > 50 years for FXTAS (Jacquemont et al., 2003); (2) the MRI findings, 

which is cerebellar and cerebral atrophy for CAPRIN1P512L-related disorder and white matter T2 

hyperintensities at MRI at the middle cerebellar peduncles for FXTAS (Hagerman & Hagerman, 

2021). Of note, many individuals with FXTAS present parkinsonism and 10% of them Lewy 

bodies in the substantia nigra upon post-mortem examination (Salcedo-Arellano et al., 2020). 

This is particularly interesting since in several disorders characterized by protein misfolding 

cross-seeding, namely the incorporation of distinct aggregation-prone proteins, has been 

described (Soto & Pritzkow, 2018). Therefore, it is possible that other proteins with prion 

characteristics, such as ATX2 or α-synuclein could be found in these aggregates (Jan et al., 

2021; March et al., 2016). Moreover, Asamitsu et al. (2021) recently demonstrated that the 

FMR1 CGG repeat expansion produces via RAN translation a toxic FMRpolyG protein with prion-
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like properties that undergoes phase transition upon the binding of CGG quadruplexes. 

Therefore, the presence of FMR1 can be studied in CAPRIN1P512L aggregates.  

 the relationship between CAPRIN1 and GEMIN5 

GEMIN5 biallelic loss-of-function mutations have recently been associated to a more severe 

neurodevelopmental disorder characterized by neurodevelopmental delay and cerebellar 

atrophy due to disruption of the small ribonuclear proteins (snRNPs) complex or RNA translation 

(Francisco-Velilla et al., 2022; Kour et al., 2021). Since CAPRIN1 binds GEMIN5 (Vu et al., 2021), 

its sequestration in CAPRIN1P512L aggregates could cause a reduction in GEMIN5 levels. Since 

GEMIN5 biallelic mutations result in altered GEMIN5 and GEMIN2 localization in iPSC-derived 

neurons (Kour et al., 2021), these can be directly investigated in CAPRIN1P512L iPSC-derived 

neurons. Moreover, alterations in translation can be studied, since GEMIN5 mutants impair 

GEMIN5 binding to polysomes for specific mRNAs and CAPRIN1 is also involved with translation 

regulation (El Fatimy et al., 2012; Francisco-Velilla et al., 2022). 
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5 Additional Publications, Presentations & Scholarships 

5.1 Additional Publications 

5.1.1 Eisenberger T et al., 2018 

Eisenberger T, Di Donato N, Decker C, Delle Vedove A, Neuhaus C, Nürnberg G, Toliat M, Nürnberg 

P, Mürbe D, Bolz HJ. A C-terminal nonsense mutation links PTPRQ with autosomal-dominant hearing 

loss, DFNA73. Genet Med. 2018 Jun;20(6):614-621. doi: 10.1038/gim.2017.155. Epub 2017 Oct 12. 

PMID: 29309402; PMCID: PMC5993672. 

5.1.1.1 Own contributions 

I cultured control and patient-derived fibroblasts and performed the semiquantitative reverse 

transcription PCR experiment in Figure 4. 

5.1.2 Karakaya M et al., 2018 

Karakaya M, Storbeck M, Strathmann EA, Delle Vedove A, Hölker I, Altmueller J, Naghiyeva L, 

Schmitz-Steinkrüger L, Vezyroglou K, Motameny S, Alawbathani S, Thiele H, Polat AI, Okur D, 

Boostani R, Karimiani EG, Wunderlich G, Ardicli D, Topaloglu H, Kirschner J, Schrank B, Maroofian R, 

Magnusson O, Yis U, Nürnberg P, Heller R, Wirth B. Targeted sequencing with expanded gene profile 

enables high diagnostic yield in non-5q-spinal muscular atrophies. Hum Mutat. 2018 Sep;39(9):1284-

1298. doi: 10.1002/humu.23560. Epub 2018 Jul 25. PMID: 29858556. 

5.1.2.1 Own contributions 

I analyzed the ES/GS data of some of the individuals reported in the publication. I reviewed the draft 

of the manuscript. 

5.1.3 Janzen E et al., 2019 

Janzen E, Wolff L, Mendoza-Ferreira N, Hupperich K, Delle Vedove A, Hosseinibarkooie S, Kye MJ, 

Wirth B. PLS3 Overexpression Delays Ataxia in Chp1 Mutant Mice. Front Neurosci. 2019 Sep 

19;13:993. doi: 10.3389/fnins.2019.00993. PMID: 31607845; PMCID: PMC6761326. 

5.1.3.1 Own contributions 

I compiled the Fiji macro for the analysis of the image set in Figure 3A. 

5.1.4 Pavinato L et al., 2022 

Pavinato L, Delle Vedove A, Carli D, Ferrero M, Carestiato S, Howe JL, Agolini E, Coviello DA, van de 

Laar I, Au PYB, Di Gregorio E, Fabbiani A, Croci S, Mencarelli MA, Bruno LP, Renieri A, Veltra D, 

Sofocleous C, Faivre L, Mazel B, Safraou H, Denommé-Pichon AS, van Slegtenhorst MA, Giesbertz N, 

van Jaarsveld RH, Childers A, Rogers RC, Novelli A, De Rubeis S, Buxbaum JD, Scherer SW, Ferrero 

GB, Wirth B, Brusco A. CAPRIN1 haploinsufficiency causes a neurodevelopmental disorder with 

language impairment, ADHD and ASD. Brain. 2022 Jul 27:awac278. doi: 10.1093/brain/awac278. 

Epub ahead of print. PMID: 35979925. 
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5.1.4.1 Own contributions 

I generated the isogenic CAPRIN1+/- iPSC line by CRISPR/Cas9 genome editing. I reviewed the draft 

of the manuscript. 

5.1.5 Overhoff M et al, 2022 

Overhoff M, Tellkamp F, Hess S, Tolve M, Tutas J, Faerfers M, Ickert L, Mohammadi M, De Bruyckere 

E, Kallergi E, Delle Vedove A, Nikoletopoulou V, Wirth B, Isensee J, Hucho T, Puchkov D, Isbrandt 

D, Krueger M, Kloppenburg P, Kononenko NL. Autophagy regulates neuronal excitability by controlling 

cAMP/protein kinase A signaling at the synapse. EMBO J. 2022 Oct 11:e110963. doi: 

10.15252/embj.2022110963. Epub ahead of print. PMID: 36217825.  

5.1.5.1 Own contributions 

I assisted with the microelectrode array experiment setup and analysis. 
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5.2 Oral Presentations 

2022.07.25 – 28 Mechanotransduction, Muscle Spindles and Proprioception 

Physiological Institute – Munich (Germany) 

„Biallelic loss of PIEZO2 in humans causes arthrogryposis and proprioceptive 

deficits“ 

2022.06.22 – 23 IPMM Days 2022 

Center for Molecular Medicine Cologne (CMMC) – Cologne (Germany) 

„A recurrent de novo CAPRIN1 variant causes progressive early onset ataxia“ 

2022.03.16 – 18 Gesellschaft für Humangenetik Tagung 2022 

Congress Centrum Würzburg – Würzburg (Germany) 

„A recurrent de novo CAPRIN1 mutation causes a novel progressive early 

onset neurodegenerative disorder“ 

2021.11.12 Symposium of the Institute of Human Genetics 

Institute of Human Genetics, University of Cologne – Cologne (Germany) 

„A recurrent de novo CAPRIN1 mutation causes a novel progressive early 

onset neurodegenerative disorder“ 

2021.05.04 Research Track 

University of Cologne – Cologne (Germany) 

„Gene hunting: finding a needle in a haystack“ 

2019.04.09 – 10 IPMM Days 2019 

Center for Molecular Medicine Cologne (CMMC) – Cologne (Germany) 

„A de novo mutation of CAPRIN1 causes a novel progressive NMD“ 

2017.03.15 – 16 IPMM Days 2017 

Center for Molecular Medicine Cologne (CMMC) – Cologne (Germany) 

„PIEZO2 homozygous frameshift mutations cause muscle atrophy with 

arthrogryposis, perinatal respiratory distress and scoliosis“ 

 

5.3 Poster Presentations 

2021.10.18 – 22 American Society of Human Genetics Annual Meeting 2021 

Virtual Meeting 

„A recurrent de novo CAPRIN1 mutation causes a novel progressive early 

onset neurodegenerative disorder“ 

2021.06.15 – 16 IPMM Days 2021 

Center for Molecular Medicine Cologne (CMMC) – Cologne (Germany) 

„CAPRIN1: how a recurrent de novo mutation causes a progressive early 

onset neurodegenerative disorder in a prion-like domain-harbouring protein“ 
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2020.06.06 – 09 European Society of Human Genetics Conference 2020 

Virtual Conference 

„A recurrent de novo CAPRIN1 mutation causes a novel progressive early 

onset neurodegenerative disorder“ 

2019.06.15 – 18 European Society of Human Genetics Conference 2019 

Swedish Exhibition and Congress Centre – Gothenburg (Sweden) 

„A de novo mutation of the stress granules-associated CAPRIN1 causes a 

novel progressive neurodegenerative disorder“ 

2018.11.15 Symposium of the Institute of Human Genetics 

Institute of Human Genetics, University of Cologne – Cologne (Germany) 

„A de novo mutation of the stress granules-associated CAPRIN1 causes a 

novel progressive neurodegenerative disorder“ 

2018.03.28 – 29 IPMM Days 2018 

Center for Molecular Medicine Cologne (CMMC) – Cologne (Germany) 

„Homozygous Mutations in VAMP1 Cause a Presynaptic Congenital 

Myasthenic Syndrome“ 

2017.03.17 1st Neuroscience Day 

MIT Lecture Hall Building, University of Cologne – Cologne (Germany) 

„PIEZO2 homozygous frameshift mutations cause a novel autosomal 

recessive neuromuscular disorder“ 

2016.02.25 – 26 IPMM Days 2016 

Center for Molecular Medicine Cologne (CMMC) – Cologne (Germany) 

„Identification and functional assessment of novel neuromuscular disease-

causing genes“ 

2016.03.07 – 09 NeurOmics Annual Meeting  

Autonomous University of Barcelona – Bellaterra, Barcelona (Spain) 

„PIEZO2 homozygous frameshift mutations cause a novel autosomal 

recessive neuromuscular disorder“ 

 

5.4 Scholarships 

2017 “IPaK – Promoting International Doctorates at the University of 

Cologne” 

University of Cologne – Cologne (Germany) 

Mobility Grant for travel expenses for the „Clinical Genomics and NGS“ course 

taking place from the 30th April to the 5th May 2017 in Bertinoro (Italy) 
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Biallelic Loss of Proprioception-Related PIEZO2
Causes Muscular Atrophy with Perinatal Respiratory
Distress, Arthrogryposis, and Scoliosis

Andrea Delle Vedove,1,2,3,9 Markus Storbeck,1,2,3,9 Raoul Heller,1 Irmgard Hölker,1,2,3 Malavika Hebbar,4

Anju Shukla,4 Olafur Magnusson,5 Sebahattin Cirak,1,2,6 Katta M. Girisha,4 Mary O’Driscoll,7

Bart Loeys,8 and Brunhilde Wirth1,2,3,*

We report ten individuals of four independent consanguineous families from Turkey, India, Libya, and Pakistan with a variable clinical

phenotype that comprises arthrogryposis, spontaneously resolving respiratory insufficiency at birth, muscular atrophy predominantly

of the distal lower limbs, scoliosis, and mild distal sensory involvement. Using whole-exome sequencing, SNPchip-based linkage anal-

ysis, DNA microarray, and Sanger sequencing, we identified three independent homozygous frameshift mutations and a homozygous

deletion of two exons in PIEZO2 that segregated in all affected individuals of the respective family. The mutations are localized in

the N-terminal and central region of the gene, leading to nonsense-mediated transcript decay and consequently to lack of PIEZO2 pro-

tein. In contrast, heterozygous gain-of-function missense mutations, mainly localized at the C terminus, cause dominant distal arthrog-

ryposis 3 (DA3), distal arthrogryposis 5 (DA5), or Marden-Walker syndrome (MWKS), which encompass contractures of hands and feet,

scoliosis, ophthalmoplegia, and ptosis. PIEZO2 encodes a mechanosensitive ion channel that plays a major role in light-touch mecha-

nosensation and has recently been identified as the principal mechanotransduction channel for proprioception. Mice ubiquitously

depleted of PIEZO2 are postnatally lethal. However, individuals lacking PIEZO2 develop a not life-threatening, slowly progressive

disorder, which is likely due to loss of PIEZO2 protein in afferent neurons leading to disturbed proprioception causing aberrant muscle

development and function. Here we report a recessively inherited PIEZO2-related disease and demonstrate that depending on the type of

mutation and the mode of inheritance, PIEZO2 causes clinically distinguishable phenotypes.

Mechanotransduction describes various mechanisms to

convert mechanical stimuli into biological signals. It is

important for several biological processes including sen-

sory perception like pain,1 touch,2 hearing,3 and proprio-

ception,4 but also for embryonic development of tissues

and organs.5 Proprioception is the sensing of body part

positioning and muscle stretch, which is mediated by me-

chanosensation in proprioceptors like muscle spindles in

striated muscles or the Golgi tendon organs (GTOs) in ten-

dons.4 These structures sensemechanical forces like stretch

or pressure upon their cell membranes via mechanically

activated ion channels, and they propagate proprioceptive

information via afferent nerve fibers. Activity of mechano-

sensitive ion channels has been widely reported in a vari-

ety of cell types including dorsal root ganglia sensory

neurons,6,7 skeletal myotubes,8,9 and others.10 In 2010,

Coste and colleagues identified Piezo channels as essential

components of mechanically activated cation channels11

and later demonstrated that Piezo proteins themselves

are the pore-forming subunits of mechanically activated

channels.12 Piezo channels are non-selective cation chan-

nels and there are two Piezo genes in mammals, PIEZO1

(GenBank: NG_042229.1, MIM: 611184) and PIEZO2

(GenBank: NG_034005.1, MIM: 613629). These encode

proteins with respective sizes of up to 2,521 aa and 2,777

aa that share approximately 50% of sequence identity.13

Both PIEZO genes are strongly expressed in the urinary

bladder and lung, PIEZO1 is expressed in kidney and

skin, and PIEZO2 is specifically expressed in dorsal root

ganglia11 and in Merkel cells in the skin.14 There are mul-

tiple mRNA isoforms described for PIEZO1 and PIEZO2 in

human and mouse, but it is unknown whether they are

translated into proteins or have diverse functionality.13

Dominant gain-of-function mutations in PIEZO2 have

been shown to cause Gordon syndrome/distal arthrogry-

posis 3 (DA3 [MIM: 114300]), distal arthrogryposis 5

(DA5 [MIM: 108145]), and Marden-Walker syndrome

(MWKS [MIM: 248700]).15–17 In view of their phenotypic

overlap, DA3, DA5, and MWKS have been proposed to be

etiologically related and probably have a common devel-

opmental mechanism.18,19 All three syndromes typically

involve congenital contractures of hands and feet. Features

of the dominant PIEZO2 phenotypic spectrum include

cleft palate, ophthalmoplegia, ptosis, and cerebellar mal-

formations. Some cases present with pulmonary hyperten-

sion secondary to restrictive chest disease.18,20

Here we describe ten individuals from four indepen-

dent consanguineous families with autosomal-recessive
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Figure 1. Identification of Homozygous Frameshift Variants in PIEZO2 in Ten Affected Individuals of Four Independent Families
(A–D) Pedigrees and Sanger sequencing results of four independent families with homozygous frameshift mutations (A–C) or homozy-
gous exon deletions (D) in PIEZO2. DNA was not available for individuals with gray outline. The unequivocal individual identifier is
assembled of family, generation, and individual (e.g., A-III.1). Deletion of a genomic region comprising the PIEZO2 exons 6 and 7 in
individual D-II.2 (D) was confirmed by PCR analysis and by identification of the breakpoint region. PIEZO2 exons 5, 6, 7, and 8 were

(legend continued on next page)
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inheritance of PIEZO2 alterations (Figure 1, Table 1, Sup-

plemental Data) from Turkey, India, Libya, and Pakistan.

Written informed consent for study participation, analyses

of proband material, the generation of individual-derived

primary fibroblasts, and publication of anonymized data

was obtained from affected individuals, parents, and close

relatives. The study was approved by the ethical committee

of the University of Cologne. Affected individuals variably

presented with congenital contractures, spontaneously

resolving postnatal respiratory distress for a few days after

birth, scoliosis, slowly progressive muscular weakness and

hypotonia, absent deep tendon reflexes, and short stature

(Figure 2). Congenital contractures of the feet were always

present (e.g., congenital talipes equinovarus), and addi-

tionally claw toes, varus or valgus deformities, and ankle

contractures were observed (Figure 2B). Contractures of

the wrist or hands presenting as camptodactyly, arachno-

dactyly, or bilateral duck bill deformity of the thumb

were present in the majority of affected individuals

(Figure 2C). The extent of muscle weakness and atrophy

affected mostly the distal extremities and showed interfa-

milial variability: whereas some individuals have diffi-

culties sitting without assistance, others are able to practice

wheelchair sports. In some individuals, proximal and trun-

cal muscle involvement caused reduced shoulder girdle

strength, severe scoliosis, and delayed or reduced head

control. Muscular weakness and atrophy caused strongly

delayed motor development and some individuals were

non-ambulatory at the age of 10. Three of seven examined

individuals presented with hypomimia. One individual

(A-III.1) presented bladder dysfunction with bilateral hy-

dronephrosis. However, since his two affected cousins

did not, this is most likely an unrelated finding. CK levels

were normal in the majority of case subjects or were just

slightly elevated. Two out of four affected individuals

who underwent EMG and NCS showed a sensory neurop-

athy. When performed, brain or spine MRI or CT did not

show any abnormality (Supplemental Data).

In an effort to identify the genetic etiology of the disease,

whole-exome sequencing (WES) was conducted for the

affected son of family A (A-III.1), both of his unaffected

parents (A-II.1, A-II.2), and both affected siblings of family

C (C-II.2, C-II.3) (Figures 1A and 1C). DNA samples were

prepared for WES using the Nextera Exome Enrichment

method from Illumina. In short, 50 ng of gDNA was

‘‘tagmented’’ using the Nextera transposome complex,

generating adaptor-ligated DNA fragments ready for

enrichment. All samples were barcode/index-labelled as a

part of the tagmentation process. Samples were quantified

using Picogreen measurements and the quality of each

sample was assessed using the Agilent BioAnalyzer. Up to

12 samples were pooled together in equal quantities before

capture. A bait library of >340,000, 95-mer biotinylated

probes was used to enrich a 62 Mb region of the genome

containing 201,121 coding exons (20,794 genes), UTRs,

and ncRNA regions. The biotinylated probes were used to

hybridize to the target sequences, followed by capture us-

ing streptavidin beads. The captured DNA was further

amplified by PCR and the quality of the pooled, enriched

sequencing libraries was determined on the BioAnalyzer.

Further, quality control was done by sequencing each

12-sample pool on the Illumina MiSeq instrument, assess-

ing optimal cluster densities, distribution of reads from

each sample within the pool, and other quality metrics

such as insert size and duplications. WES samples were

sequenced on Illumina HiSeq 2500 instruments (four lanes

per pool), using TruSeq v4 cluster and SBS kits, respectively.

Variants were analyzed using the Clinical Sequence Miner

application (DeCODE Genetics, Iceland). Low-quality var-

iants, variants with call ratios of less than 20%, and vari-

ants with global allele frequencies higher than 0.01 were

excluded from analysis. Variants were analyzed under the

assumption of being present or homozygous in all affected

individuals and absent or heterozygous in all unaffected

individuals. We detected the homozygous frameshift

variants c.5621_5621delT (p.Leu1874Argfs*5) (GenBank:

NM_022068, exon 37) in affected individual A-III.1 and

c.1550_1552delGCTinsCGAA (p.Ser517Thrfs*48) (exon

13) in both affected siblings C-II.2 and C-II.3 in PIEZO2.

Homozygosity mapping was performed for affected indi-

viduals of family B (B-II.7, B-III.1, B-III.4) using an Illumina

Cyto-SNP12v2 array, resulting in a 13 Mb-linked region on

chromosome 18 including PIEZO2. In an effort to identify

possible variants in the affected individual B-III.1, we

Sanger sequenced PIEZO2 exons for which dominant

mutations had been found in individuals affected by

DA3, DA5, or MWKS (exons 15, 20, 43, 45, 52).16 We iden-

tified the homozygous frameshift variant c.3019_3029del

(p.Pro1007Leufs*3) (exon 20), which was also present in

the other affected individuals of family B. All identified ho-

mozygous frameshift variants were validated by Sanger

sequencing and were present in the homozygous state in

all affected individuals of the families A, B, and C, but

not in tested unaffected members of the respective family

(Figure S1). As expected, all parents were heterozygous car-

riers of the respective variant, and available unaffected sib-

lings were either heterozygous or did not carry themutated

variant (Figures 1A–1C). Neither of the detected frameshift

variants was listed in the ExAC database (Exome Aggrega-

tion Consortium [ExAC], Cambridge, MA, 05/02/2016),

amplified in multiplex with RYR1 exon 93 as PCR-positive control. Breakpoint regions were identified by Sanger sequencing of a long-
range PCR product amplified from the genomic region between exon 5 and exon 8.
(E) PIEZO2 protein structure and mutations identified: homozygous loss-of-function mutations (black) and dominant gain-of-function
mutations for DA3 (blue), DA5 (green), and MWKS (red) are given. Protein isoforms refer to UniProt entry Q9H5I5. Bright regions indi-
cate putative transmembrane domains (approximated scale); blue regions indicate missing or inserted regions in different isoforms. The
bottom line shows exons in which homozygous frameshift mutations were identified.
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Table 1. Phenotypical Characterization of Affected Individuals with Homozygous PIEZO2 LoF Variants

Family - Individual A-III.1 A-III.5 A-III.6 B-III.1 B-III.4 B-II.7 C-II.2 C-II.3 C-I.7 D-II.2 Dominant disease

Origin Turkey India Libya Pakistan

Sex M M F M F M M F F M

Age at exam (current age) [year] 5 (9) 23 (23) 12 (12) 15 (17) 7 (10) 27 (27) 6 (6) 4 (5) 25 (26) 25 (25)

Exon exon 37 exon 20 exon 13 del exons 6-7 variable

Zygosity hom hom hom hom het

cDNA change c.5621delT c.3019_3029del c.1550_1552delGCTinsCGAA c.493-?_917þ?del variable

Protein alteration p.Leu1874Argfs*5 p.Pro1007Leufs*3 p.Ser517Thrfs*48 p.0? variable

Birth to Infancy

Congenital respir. insuff. þ þ þ þ þ NA þ NA NA NA NA

Neonatal hypotonia þ þ þ þ þ NA þ þ NA þ NA

Delayed motor milestones þ þ þ þ þ þ þ þ þ þ NA

Cognitive delay � � � � � � þ þ NA þ 3/67

Phenotypical Findings

Short stature � þ þ þ þ þ þ þ NA þ 33/63

UL weakness P � D > P NA � � D D NA D NA

LL weakness D > P D D > P NA D � D D NA D NA

Absent deep tendon reflexes þ þ þ þ þ þ þ þ NA þ NA

Mild dysarthria þ þ þ þ þ þ NA NA NA þ NA

Other � reduced sensitivity reduced sensitivity (L)RTI, GER � � feeding difficulties � � (L)RTI, GER, feeding
difficulties

�

Musculoskeletal

Scoliosis þ þ þ þ � þ þ þ þ þ 21/60

Arachnodactyly � � � þ þ þ � � NA þ NA

Camptodactyly � � � þ þ þ þ þ NA þ 7/7

Duck bill deformity of the
thumb

þ þ � þ � þ þ þ NA þ NA

(Continued on next page)
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which provides datasets of 60,706 unrelated individuals.

Strikingly, for the whole PIEZO2 gene, only 15 loss-of-func-

tion (LoF) variants with an average allele count of 1.2 were

reported at ExAC, while none of these variants was found

in the homozygous state. This supports the probably detri-

mental nature of homozygous LoF variants in PIEZO2. For

the affected individual II.2 of family D, microarray analysis

was performed. Analysis revealed a homozygous deletion

of ~42 kb of chromosome 18 (p11.22) containing exon 6

(ENSE00001018194) and exon 7 (ENSE00001111048) of

PIEZO2 and a homozygous deletion of ~63 kb of chromo-

some 15 (q15.3), which contains CATSPER2, STRC, and

part of CKMT1B. Homozygous deletions of STRC are asso-

ciated with non-syndromic sensorineural hearing loss21

and indeed individual D-II.2 shows hearing loss, most

likely caused by this deletion. Other individuals with

mutations of STRC do not present with any of the neuro-

muscular features present in individual D-II.2 and thus, it

is unlikely that the STRC deletion accounts for his full

phenotype. To validate the genomic deletion of PIEZO2

exons, we carried out exon-specific PCR on DNA of indi-

vidual D-II.2 and on DNA of healthy control individuals.

PCR was carried out as multiplex PCR, amplifying the

exons 5, 6, 7, and 8 each together with an independent

genomic region (here, RYR1 exon 93) as control. While

control DNAs allowed amplification of PIEZO2 exons,

DNA of individual D-II.2 failed to yield PCR products for

exons 6 and 7, while the multiplexed independent

genomic region was successfully amplified (Figure 1D).

Likewise, the neighboring exons 5 and 8 were successfully

amplified from D-II.2 and control DNA. This suggests that

indeed the PIEZO2 exons 6 and 7 are homozygously

deleted in the affected individual D-II.2. Detection of

exons 5 and 8 indicates that the deletion breakpoints

must localize within intron 5 and intron 7, respectively.

To determine the exact deletion breakpoints, long-range

PCR was carried out using the KOD FX Neo polymerase

(Toyobo Life Science). Using a touchdown PCR protocol,

we amplified an approximately 65 kb genomic region of

PIEZO2 ranging from exon 5 to exon 8 using the

oligonucleotides 50-TAGCTTAAAGGGAGCTGATGCTG-30

(fw) and 50-TGTGTTGGAATAGAGTATCGATTAGTCAG-30

(rev). Due to the assumed ~42 kb deletion in individual

D-II.2, the PCR yielded a product exceeding 10 kb. The

respective band was extracted from an agarose gel using

the QiaExII gel extraction protocol (Qiagen) for large

DNA fragments. Sanger sequencing was carried out on

the PCR product targeting intron 5 in the forward direc-

tion, while approaching exon 6 in 1 kb intervals. Break-

point regions were detected within Alu elements mapping

to chr18: 10,866,287–10,866,582 (AluSc8) and chr18:

10,813,970–10,814,262 (AluY), respectively (Figure 1D).

Due to high sequence similarity of both Alu elements, it

was not possible to determine the exact deletion break-

point. However, Sanger sequencing indicated that the

breakpoint must localize within a 44 bp region that both

Alu elements have in common. These regions correspondT
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to the chromosomal coordinates chr18: 10,866,366–

10,866,410 in PIEZO2 intron 5 and chr18: 10,813,895–

10,813,851 in intron 7, respectively (Figure 1D). Thus, a

region of ~52.3 kb is deleted in the affected individual

D-II.2. The fused intronic sequence between the exons 5

and 8 comprises ~4.75 kb of intron 5 and ~6.9 kb of intron

7, which makes a splicing aberration of exons 5 and 8 to

appear unlikely. With exon lengths of 211 bp (exon 6)

and 214 bp (exon 7), respectively, deletion of both exons

would result in disruption of the reading frame and thus

in loss of PIEZO2 protein function. Whether absence of

exons 6 and 7 causes downstream missplicing events

cannot be answered with certainty, because we do not

have access to RNA from the proband. The position of all

newly identified homozygous variants in PIEZO2 and pre-

viously reported dominant heterozygous mutations for

DA3, DA5, and MWKS are depicted in Figure 1E.

Both frameshift mutations and out-of-frame exon skip-

ping will cause termination of protein synthesis via prema-

ture termination codons (PTCs). Disregarding some known

exceptions, transcripts that carry PTCs at least 50 to 55 bp

upstream of the most 30 coding exon-exon boundary

undergo nonsense-mediated decay (NMD) and are not

translated into functional proteins.22,23 To validate our hy-

pothesis that the homozygous presence of PTCs in PIEZO2

transcripts leads to NMD in affected individuals, we

Figure 2. Phenotypic Characteristics of Affected Individuals with Homozygous LoF Variants in PIEZO2
Photographs of individuals with homozygous frameshift variants/exon deletions in PIEZO2.
(A) Frontal photographs. Facial muscle weakness was present in some of the examined affected individuals. Note weak facial expression/
hypomimia in individual B-III.4 and C-II.2.
(B) Foot deformities were present in all examined affected individuals including congenital bilateral talipes equinovarus, pes planus,
sandal gap deformity, and other valgus and varus deformities.
(C) Common hand abnormalities included arachnodactyly and camptodactyly. Note the characteristic hyperextension of the proximal
interphalangeal joint with flexion of the metacarpophalangeal joint of the thumb (duck bill deformity) that was present in the majority
of case subjects.
(D) Spinal skeletal deformities were present in all affected individuals and have been in part surgically corrected. Affected individuals
have a short stature (e.g., A-III.5).
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analyzed RNA isolated from affected individual-derived

primary fibroblasts by RT-PCR. Fibroblast cell lines derived

from skin biopsies of affected and unaffected family mem-

bers were cultured in either normal DMEM containing

10% FCS, penicillin-streptomycin, and amphotericin B

or treated in medium containing 1.0 mg/mL cyclohexi-

mide or 10 mg/mL emetine for 8 hr to inhibit NMD. RNA

was isolated with the QIAGEN RNeasy Mini Kit and

300 ng of total RNA were reversely transcribed to cDNA

using the QIAGEN QuantiTect Reverse Transcription Kit.

Successful inhibition of the NMD mechanism was assayed

by PCR amplifying SRSF6 (SRP55) transcripts (fw, 50-GCTA

CGGAAGCCGCATGACCAATGG-30 and rev, 50-GGCCA

CAAAACACGCAAGGTAACAG-30), which is a well-known

NMD target under physiological conditions.24 SRSF6 PCR

products were visualized on EtBr-stained agarose gels.

SRSF6 transcripts were weakly detectable in untreated con-

trol and affected individuals’ fibroblasts but were markedly

increased in cycloheximide- or emetine-treated cells

(Figure 3A). This suggests that NMD is inhibited effectively

under the applied condition.

PIEZO2 has four annotated transcripts that are translated

into proteins (Figure 1E, UniProt): three encode a full-

length protein with some alternative exons, and one tran-

script (ENST00000538948) encodes a shorter protein map-

ping to the C-terminal end of PIEZO2. To detect PIEZO2

transcripts, oligonucleotides were designed mapping to

the terminal exons 51 and 52 of PIEZO2 (fw, 50-AACTCT
CAGGCCCTGGAACTGGT-30 and rev, 50-TTTGATCATTG

TCTCTGGTGAGCGA-30). PIEZO2 transcripts were PCR

amplified and PCR products were visualized on EtBr-

stained agarose gels. HPRT1 (GenBank: NG_012329.1)

was amplified as loading control (fw, 50-GCTATTGTAAT

GACCAGTCAACAGGGGAC-30 and rev, 50-CCTTGACCA

TCTTTGGATTATACTGCC-30).
Semiquantitative RT-PCR (low cycle number) specifically

showed a prominent band of PIEZO2 transcripts in un-

treated control cell lines, while PIEZO2 transcripts were

strongly and significantly diminished or absent in affected

individuals with homozygous frameshift variants support-

ing the LoF nature of these variants (Figure 3A). To check

whether the strong downregulation of PIEZO2 transcripts

is based on NMD, PIEZO2 RNA levels in fibroblast derived

from affected individuals were compared between un-

treated and cycloheximide- or emetine-treated samples,

respectively. PIEZO2 transcripts were easily detectable in

RNA derived from cycloheximide- or emetine-treated fibro-

blasts but only minimally in untreated cells (Figure 3A),

suggesting that large portions of PIEZO2 transcripts

indeed undergo NMD in individuals carrying homozygous

frameshift variants. NMD inhibition experiments were

carried out in triplicate and results were statistically

analyzed using Student’s t test (Figure 3B). Interestingly,

Figure 3. Homozygous Frameshift Variants in PIEZO2 Cause
Nonsense-Mediated Decay of PIEZO2 Transcripts
Determination of PIEZO2 transcript levels by semiquantitative
PCR. RNA was isolated from control and affected individual-
derived fibroblasts that were either treated or non-treated with
anNMD-inhibiting agent. 300 ng of RNAwas reversely transcribed
into cDNA.
(A) RT-PCR of SRSF6 and PIEZO2. SRSF6 (PCR product size: 253 bp)
is a physiological target of NMD used as control. A region span-
ning exons 51 and 52 of PIEZO2 (28 cycles; PCR product size:
306 bp) was amplified. Both cycloheximide (C) and emetine (E)
treatment efficiently inhibited NMD. HPRT1 was amplified as
loading control (product size: 168 bp).
(B) Quantification of PIEZO2 transcripts. Bars show the mean and
standard errors of triplicate NMD inhibition experiments. Aster-
isks indicate statistical significance (p < 0.05).
(C) Oligonucleotides in PIEZO2 exons 12 and 14 were used to
coordinately amplify transcripts containing (FL) or lacking (D13)
exon 13 (38 cycles; FL-PCR product size: 430 bp; D13-PCR product
size: 199 bp).
(D) D13 PCR products were Sanger sequenced demonstrating skip-
ping of PIEZO2 exon 13 in presence of the variant c.1550_
1552delGCTinsCGAA.

Abbreviations are as follows: C, cycloheximide; E, emetine; hom,
homozygous; het, heterozygous; FL, full-length; D13, delta exon
13 (exon skipping).
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NMD-related transcript decay was significant and some-

what stronger in individual A-III.5 compared to both

tested affected individuals of family C. PIEZO2 levels in

affected individuals C-II.2 and C-II.3 were also increased

upon NMD inhibition, but the effect was weaker and

not significant in most cases. During routine splicing anal-

ysis (Human Splicing Finder 3), the variant c.1550_

1552delGCTinsCGAA of family C generated a 100% bind-

ing site match for the SR-rich splice factor SF2/ASF in

PIEZO2 exon 13. SF2 may have both a positive or negative

effect on exon inclusion by regulating U1 snRNP andU2AF

interaction with splice sites.25–27 To test whether the

homozygous frameshift variant in family C altered the

splicing of PIEZO2 exon 13, RT-PCR was carried out. Oligo-

nucleotides were designed for PIEZO2 exon 12 and exon 14

to generate differently sized PCR products for respective

transcripts containing (430 bp, FL ¼ full-length) or

lacking (199 bp, D13) exon 13 (fw, 50-GCGAGAGGAG

GAAGAGGAAGAGAA-30 and rev, 50-TTGCTCTGTGAGGT

GCTGCCTC-30). A 38 cycle RT-PCR specifically showed

strong expression of FL transcripts in control cells and

slightly diminished expression in fibroblasts of affected in-

dividual A-III.5 (variant in exon 37) (Figure 3C). FL tran-

scripts were strongly diminished in affected individuals

C-II.2 and C-II.3, instead replaced by D13 transcripts. Strik-

ingly, FL transcripts were detectable in affected individuals

of family C after NMD inhibition. Sanger sequencing of

PCR products confirmed the identity of D13 transcripts

(Figure 3D). The PIEZO2 exon 13 is 231-bp long and is

thus an in-frame exon encoding exactly 77 amino acids.

These data suggest that skipping of exon 13 due to the

identified indel variant does not disrupt the reading frame

in PIEZO2 D13 transcripts. Thus, they escape NMD and are

detectable under physiological conditions. In contrast, FL

transcripts undergo NMD and are detectable solely after

NMD inhibition. Therefore, weaker NMD of PIEZO2 tran-

scripts in affected individuals of family C, as compared to

family A, is probably attributable to the partial escape of

transcripts from NMD by restoration of the reading-frame

due to exon skipping. The affected individuals C-II.2 and

C-II.3 have a phenotype comparable to affected individuals

from other families described here, so it appears unlikely

that restored PIEZO2D13 transcripts can sufficiently restore

protein function to ameliorate the disease. Functional im-

plications of protein domains encoded by exon 13 are not

available at present. Neither did skipping of exon 13 cause

the downstream exons 14 to 17 to be aberrantly spliced,

as investigated by exon-specific RT-PCRs (data not shown).

Indeed, affected individuals of family C showed trace levels

of PIEZO2 transcript expression (assay for exon 52) under

low cycle quantitative conditions, which were absent in

A-III.5 (Figure 3A). This supports our hypothesis that

exon 13 skipping in part protects PIEZO2 transcripts from

NMD, but also underlines that frame-correcting exon skip-

ping occurs in only a small fraction of transcripts. In silico

splicing analysis of the frameshift variant in PIEZO2 exon

37 (family A), for which we had fibroblasts available, did

not predict any alteration in splicing inclusion of exon

37. Neither did RT-PCR demonstrate expression of PIEZO2

transcripts lacking exon 37 under normal or NMD-inhibit-

ing conditions (data not shown).

NMD of PIEZO2 transcripts based on homozygous

frameshift mutations should lead to strongly diminished

or absent PIEZO2 protein levels. To validate this hypothe-

sis, we performed SDS-PAGE and western blotting of pro-

tein isolated from affected individual-derived fibroblasts.

We sought to optimize immunological detection of

PIEZO2 by using three commercially available antibodies

for PIEZO2. Neither of the employed antibodies allowed

specific detection of PIEZO2 bands. None of the two ex-

pected protein sizes (~700 aa and ~2,700 aa) were specif-

ically detectable in fibroblasts derived from affected or

unaffected individuals or in HEK293T cells. This might

be due to absence or low abundance of PIEZO2 proteins

in these cell types. Even though PIEZO2 is expressed in

skin, its expression is thought to be restricted to Merkel

cells. Most likely, PIEZO2 protein levels in the tested cell

lines are insufficient for specific detection by western blot-

ting and thus we rely on reduced expression levels and

NMD detected in previous RNA expression analyses.

In conclusion, we present a clinical entity related to ho-

mozygous LoF mutations in PIEZO2. This phenotype

differs from the autosomal dominant for several reasons.

First of all, although almost all individuals affected by reces-

sive PIEZO2-related disease show spine deformities like ky-

phoscoliosis, only about a third of individuals affected by

dominant PIEZO2-related disease present this feature.15–17

Furthermore, in contrast to the individuals affected by the

dominant disease spectrum, who show ophthalmoplegia

or ptosis in 53 of 70 and in 48 of 68 case subjects, respec-

tively,15–17 the individuals carrying PIEZO2 homozygous

LoF variations display no specific ocular phenotype. Several

authors reported pulmonary disease with dominant

PIEZO2 disorders (18 of 72 case subjects), particularly in in-

dividuals affected by DA515–17 due to restrictive chest dis-

ease,18,20 as a consequence of increased resting muscle

tone that occurs in later life. Respiratory involvement in

the individuals reported here is mainly represented by

neonatal respiratory insufficiency, which fully recovered

during the first days of life, which is in contrast to other

conditions, such as SMARD, where permanent assisted

ventilation is required.28,29 This suggests a distinct func-

tional etiology of neonatal respiratory distress in recessive

PIEZO2-related disease, and this phenotype may serve as a

hallmark to clinically distinguish dominant from recessive

types of PIEZO2-related disease. DA3 or MWKS may also

present with cerebellar malformations.16 In the present

study, the few affected individuals that underwent brain

and spinalMRI did not show any cerebellar or spinal abnor-

malities. A mild dysarthria is another feature shared by

some of the affected individuals with homozygous PIEZO2

variants that has not been reported for the autosomal-

dominant disease. Adelayed cognitive development and/or

reduced communication skills were present in three of the
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examined affected individuals. All the heterozygous car-

riers of the LoF mutations in the four families were fully

asymptomatic and did not show any of the main features

of the disorder reported here, such as spine deformities,

congenital talipes equinovarus, respiratory distress at birth,

short stature, dysarthria, or delayed motor milestones.

DA3,DA5, andMWKSare causedbydominantmutations

that aremainly localized at the C-terminal end of PIEZO216

(Figure 1E). Dominant disease-causing PIEZO2 mutations

change the biophysical properties of PIEZO2 channels

which inactivate slower and/or recover faster from inactiva-

tion.15 This leads to increased channel activity and is func-

tionally in agreement with the gain-of-function (GoF) na-

ture of mutations that cause dominantly inherited

PIEZO2-related diseases. LoF variants identified here were

distributed across the PIEZO2 gene and do not map to

any hotspots as is the case for dominant GoF variants.

Interestingly, the only heterozygous nonsense mutation

p.Trp2746* associated with dominant DA3 is localized in

the last exon of PIEZO2 and thus transcripts carrying that

mutation are expected to escape NMD.22,23 Accordingly,

heterozygous absence of the terminal amino acids causing

a phenotype fully matching DA3 argues for a GoF effect of

this mutation but not for haploinsufficiency as the cause

of disease. Indeed, the C-terminal region of PIEZO2 has

been previously speculated to fulfill regulatory roles for

this ion channel,15 which is supportive of a GoF mecha-

nism. The frameshift mutations (families A, B, C) and

exon deletions (family D) described here are LoF

mutations, as expression levels of PIEZO2 transcripts were

markedly reduced in the tested individuals (Figure 3A).

The distinct clinical manifestations of the AD PIEZO2-

related spectrum and the recessive PIEZO2-related disease

suggests thatGoF andLoF variants in PIEZO2have different

effects on muscle development and disease pathophysi-

ology. Thus, depending on their nature and their position,

PIEZO2 variants may lead to distinct clinical phenotypes.

Similar distinguishable phenotypes caused by different

type of mutations have been reported for other genes.30–32

PIEZO2, but not PIEZO1, is expressed in murine dorsal

root ganglia,11 which relay somatosensory information

like mechanical, thermal, noxious, and chemical stimuli.

We hypothesize that loss of PIEZO2 channels in dorsal

root ganglia leads to dysregulation of muscle propriocep-

tive function and thus to impaired muscle development

in humans. Due to its lowmRNA level, it is highly unlikely

that PIEZO1 is relevant for mechanically activated (MA)

currents in dorsal root ganglia. In contrast, PIEZO2 has

been demonstrated to be sufficient to evoke large MA cur-

rents in various cell types upon heterologous expression.11

Moreover, dorsal root ganglia, as PIEZO2-expressing tissue,

have been implicated in normal muscle development.33

Nikolaou and colleagues have demonstrated that upon

motor denervation, maintaining the innervation of

afferent fibers to the muscle was effectively counteracting

arthrogryposis.33 This suggests that sensory input and

intact afferent connectivity play important roles during

muscle development and regeneration. Indeed, reduced

fetal movement, regardless of its etiology, is associated

with impaired muscle development. Whether the lack of

fetal movement (i.e., muscle contraction) or the lack of

sensing/coordinating this muscle contraction (i.e., defi-

cient afferent innervation leading to failure in contractile

feedback) finally result in the same consequences (e.g., ar-

throgryposis) is still unclear. However, Woo and colleagues

clearly demonstrated that Piezo2 is mainly expressed in

proprioceptive neurons but not in skeletal muscle and

that PIEZO2 MA-currents are necessary for normal muscle

development in the mouse.34 Indeed, mice depleted of

Piezo2 in proprioceptive neurons fail to show rapidly

adapting MA currents in dorsal root ganglia (DRG) with

no obvious quantitative or structural changes observable

upon Piezo2 conditional knock-out (cKO). cKO mice are

born normally but develop limb coordination abnormal-

ities and gait instability at P7. Moreover, Piezo2-deficient

proprioceptive neurons were mechanically unresponsive

to induced muscle stretch.34 To our knowledge there is

no published data demonstrating the expression of PIEZO2

in human proprioceptive neurons. PIEZO2 ion channels

with dominant GoF mutations are hyperactive due to

decelerated channel inactivation but accelerated channel

regeneration, so mutated channels induce stronger firing

upon mechanical stimulation.15 Thus, in PIEZO2-related

human disease, there is either increased afferent firing

upon mechanical stimulation (GoF in dominant disease)

or failure in afferent responsiveness to mechanical stimuli

(LoF in recessive disease). Indeed, nerve conduction studies

performed on affected individuals A-III.6 and D-II.2

showed clearly diminished sensory nerve conductance ve-

locities. The expression pattern of PIEZO2 inMerkel cells of

the skin and in dorsal root ganglia sensory neurons is in

good concordance with sensory conductance deficits in

the two tested individuals. We propose that homozygous

frameshift variants in PIEZO2 lead to the loss of PIEZO2

protein and thus to reduced rapidly adapting MA currents

in dorsal root ganglia afferents. Interestingly, Woo and col-

leagues have demonstrated an increase of intermediately

adapting (IA) MA currents and hyperexcitability in

Piezo2-deficient proprioceptive neurons.34 Increased IA

currents and a decreased tolerance to evoke action

potentials might result in neuronal activity that is

independent of mechanical stimuli. Each of these mecha-

nisms may cause aberrant feedback of muscle stretch and

muscle contraction, and as a developmental consequence,

disturbed muscle morphology and function.

The muscle-related phenotype observed in individuals

carrying PIEZO2 homozygous LoF variations is in line

with observations in Piezo2 cKO mice.34 Homozygous

frameshift mutations are expected to cause the loss of

PIEZO2 protein in all cell types. However, mice ubiqui-

tously depleted of PIEZO2 were reported to die shortly after

birth,35 whereas individuals with homozygous LoF muta-

tions survive until adulthood and currently there is no

sign of a reduced life expectancy. Strikingly, most of the
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affected individuals that we have included in this report

presented with postnatal respiratory distress, which was

spontaneously resolving. Even though the reason for early

postnatal lethality of ubiquitous Piezo2-depleted mice was

not disclosed by the authors, we speculate that respiratory

insufficiency might have equally occurred in mice.

We speculate whether there is another entity that

makes the human phenotype milder compared to ubiqui-

tous Piezo2-KOmice: there are four annotated protein-cod-

ing isoforms for human PIEZO2 (Figure 1E). However,

all reading-frame-disrupting variants and aberrations iden-

tified here occur in the N-terminal and central region of

PIEZO2. The short isoform 3 (709 aa) uses an alternative

initial exon (i.e., exon 39b, ENSE00002321328) that is

not used by any other annotated PIEZO2 isoform. Thus,

isoform 3 should not be affected, as all identified LoF

mutations were located upstream of exon 39. To our

knowledge, there is no literature providing data about

the function or expression patterns of this C-terminal iso-

form. Our attempts to identify isoform 3 in human control

fibroblasts and in fibroblasts derived from affected individ-

uals using multiple primer sets targeting exon 39b and

downstream exons were unsuccessful (data not shown),

indicating that this isoform is probably not expressed in

human fibroblasts. However, despite the lack of functional

implications of this isoform and lack of expression in fibro-

blasts, we cannot rule out a possible compensatory effect

evoked by isoform 3 in neurons and other cell types.

Furthermore, we demonstrated that the frameshift variant

c.1550_1552delGCTinsCGAA in exon 13 of PIEZO2 causes

skipping of exon 13, while the immediate downstream

exons were not affected by this missplicing event. Interest-

ingly, all exons harboring homozygous frameshift muta-

tions (exons 13, 20, and 37) are in-frame exons. Possible

skipping of these exons would remove frameshift variants

from transcripts, restore the reading frame, and allow tran-

scripts to escape fromNMD. Indeed, we demonstrated that

D13 transcripts escaped NMD, while transcripts containing

exon 13 with frameshift variants were detectable only un-

der NMD inhibition (Figure 3C). For testing, we had fibro-

blast cell lines harboring homozygous mutations only in

exon 13 and exon 37 and we did not identify transcripts

lacking exon 37. Still, it could be postulated that frame-cor-

rected transcripts may encode (partly) functional PIEZO2

protein, which might in turn explain the relatively mild

phenotype in these affected individuals as compared to

ubiquitous Piezo2 KO mice.35

In conclusion, we identified homozygous LoF variants

in PIEZO2 as the underlying cause for an autosomal-reces-

sive distal muscular atrophy with arthrogryposis, kypho-

scoliosis, and neonatal respiratory insufficiency distinct

from previously described dominant PIEZO2 diseases.

We speculate that loss of PIEZO2 proteins in afferent neu-

rons cause aberrant muscle development and function,

probably due to impaired proprioceptive feedback.

Although PIEZO2 in mice is physiologically highly ex-

pressed in dorsal root ganglia, further molecular and

electrophysiological functional studies will be required

to validate afferent neurons as the disease-causing,

PIEZO2-deficient tissue leading to disturbed muscular

function and development.

Accession Numbers

Whole-exome sequencing data were deposited at the European

Genome-phenome Archive (EGA) under the accession number

EGAD00001002694.

Supplemental Data

Supplemental Data include case reports and one figure and can be

found with this article online at http://dx.doi.org/10.1016/j.ajhg.

2016.09.019.

Acknowledgments

We are grateful to Dr. Spier and Dr. Lyding from the University

Hospital Bonn and to Dr. Herkenrath from the University Hospital

of Cologne for referral of affected individuals, and to Dr. Wunder-

lich for electrophysiological examination. The research leading to

these results has received funding from the European Commun-

ity’s Seventh Framework Programme (FP7/2007-2013) under grant

agreement no. 2012-305121 ‘‘Integrated European -omics research

project for diagnosis and therapy in rare neuromuscular and

neurodegenerative diseases (NEUROMICS).’’ The work was also

partially funded by The Department of Science and Technology,

India, through the project titled ‘‘Application of autozygosity

mapping and exome sequencing to identify genetic basis of disor-

ders of skeletal development’’ (SB/SO/HS/005/2014).

Received: July 13, 2016

Accepted: September 26, 2016

Published: October 27, 2016

Web Resources

Ensembl Genome Browser, http://www.ensembl.org/index.html

European Genome-phenome Archive (EGA), https://www.ebi.ac.

uk/ega

ExAC Browser, http://exac.broadinstitute.org/

GenBank, http://www.ncbi.nlm.nih.gov/genbank/

GeneCards, http://www.genecards.org

HGMD Professional, http://www.hgmd.cf.ac.uk/ac/index.php

Human Splicing Finder, http://www.umd.be/HSF3/HSF.html

NCBI, http://www.ncbi.nlm.nih.gov/

OMIM, http://www.omim.org/

UCSC Genome Browser, http://genome.ucsc.edu

UniProt, http://www.uniprot.org/

References

1. Viana, F. (2016). TRPA1 channels: molecular sentinels of

cellular stress and tissue damage. J. Physiol. 594, 4151–4169.

2. Zimmerman, A., Bai, L., and Ginty, D.D. (2014). The gentle

touch receptors of mammalian skin. Science 346, 950–954.

3. Goutman, J.D., Elgoyhen, A.B., and Gómez-Casati, M.E.
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Supplemental case reports: 

A‐III.1 

9‐year‐old male, son of consanguineous parents of Turkish ancestry. Prenatal USS diagnosis of bilateral CTEV 

and bilateral hydronephrosis, but good foetal activity. Born at term, floppy and cyanotic infant (APGAR: 6/8/9). 

After  initial CPAP ventilation, oxygen administration needed no  longer but  residual  inspiratory  stridor  in  the 

first days. Good facial grimacing. CK: 266 UI/L. A muscular biopsy at 3 years of age  (y.o.a.) yielded unspecific 

findings: mild calibre variation of the muscular fibres with atrophy and hypertrophy of individual type I as well 

as type II fibres.  

On examination at 5 years of age he could stand and walk a few steps only with support. He presented with 

generalized hypotonia, distal symmetrical muscular atrophy of the  legs, mild muscular atrophy of upper  limb 

girdle and  kyphoscoliosis. Absent or weak deep  tendon  reflexes. The  large  joints were  slightly hypermobile. 

Intelligence was normal. 

A‐III.5 

23‐year‐old male, son of consanguineous Turkish parents, first cousin of A‐III.1. Born at term, APGAR 9/9/10, 

even  though  he  showed  signs  of  laboured  respiration  and  inspiratory  stridor  within  the  first  48  hours. 

Postnatally and during early childhood generalized hypotonia and absent deep tendon reflexes. Mildly elevated 

CK  at  2  years  of  age  (118  U/l,  reference  15‐90  U/l).  Delayed motor milestones  (sitting:  2  years  1 month; 

standing:  2  years  5  months,  walking:    approx.  5  years).    Ocular  motor  findings  and  restrictive  or  other 

pulmonary disease were excluded. EMG and NCS, EEG and evoked potentials, cranial MRI all performed around 

1 y.o.a. were reported as normal. At 11 y.o.a. pulmonary function tests excluded an obstructive/restrictive lung 

disease. 

On examination at 23 y.o.a. his height was 163 cm, and there was symmetrical distal muscular atrophy of lower 

limbs with bilateral pes planovalgus and bilateral hallux valgus. He wore ankle splints. Scoliosis (29o Cobb) was 

treated with Cheneau bracing. He had an athletic upper body, but sloping shoulders, and early fatigue limited 

the  elevation  of  his  arms.  He  nevertheless  played  wheelchair  basketball.  Hyperextended  proximal 

interphalangeal joint (PIP) with flexion of metacarpophalangeal joint (MCP) of thumb bilaterally (so called duck 

bill  or  90
o
  angle  deformity).  Absent  deep  tendon  reflexes. Mildly  reduced  light  touch  sensitivity, markedly 

impaired sensation of vibration. Normal intelligence, speech therapy for marked dysarthria.  

A‐III.6 

12‐year‐old  female, sister of A‐III‐5. Born at term, CTEV, floppy  infant and respiratory distress  (APGAR 4/7/8) 

necessitating  intubation  for  the  first  three postnatal days. Partially  tube‐fed during  the 1st year due  to weak 

uncoordinated  suck.  Initially more marked  reduction  of motor  activity  in  upper  than  lower  limbs.  During 

childhood, she presented a generalized hypotonia and motor delay (sitting: 2 years 1, month; standing: 2 years 

6 months). CTEV was surgically corrected, but she developed a bilateral pes planus and pes transversoplanus. 

Scoliosis (40° Cobb) at 4 years of age required brace treatment. 

On examination at 12 y.o.a. she had symmetrical distal and proximal muscular weakness with lowest scores of 

3/6 points for flexor and extensor hallucis longus and abductor polllicis as well as for neck flexor and extensors, 

but also involvement of upper limb girdle with sloping shoulders. Abduction of arms not possible beyond 150o. 

Absent deep tendon reflexes. Bilateral pes planovalgus. 26/34 points in the North Star Ambulatory assessment. 

She  still wore  a  brace. No  oculomotor  anomalies.  CK  values were  normal.   N.  tibialis  derived motor  nerve 

conduction velocity and muscle action potential were within normal  range, whilst n.  suralis derived  sensory 

conduction  velocities  (37 m/s)  and  sensory  nerve  action  potentials  (6  μV) were  bilaterally  reduced.  These 

findings were compatible with an axonal‐demyelinating sensory neuropathy.   Normal  intelligence, hypomimic 

face and dysarthria for which she received speech therapy. 

   



B‐III.1 

17‐year‐old male,  son  of  consanguineous  parents  of  Indian  ancestry. At  birth  he  presented with  CTEV  and 

respiratory  insufficiency with  cyanosis  in  the  first  days  of  life were  reported. During  childhood  he  showed 

hypotonia and he was frequently admitted to the hospital due to recurrent episodes of LRTI. Febrile and tonico‐

clonic  seizures  were  also  reported.  Delayed motor milestones  (head  control:  7 months;  sitting:  1  year  7 

months;  standing  without  support:  5  years;  walking:  6  years).  Kyphoscoliosis  and  lumbar  lordosis  are 

documented at 10 y.o.a. and were surgically corrected at 12 y.o.a. 

On  examination  at  15  y.o.a.  his  height was  149  cm,  and  he  had  pectus  carinatum, wide  nipples,  a  small 

umbilical hernia, long neck with drooping shoulders. He showed a long face with long nose, wide nasal bridge, 

thin upper lip, high arched palate and small chin. Contractures at the wrist joints, arachnodactyly and a bilateral 

single palmar  crease are  reported. Bilateral duck bill deformity of  the  thumb. Absent deep  tendon  reflexes. 

Bilateral  hallux  valgus.  Normal  intelligence  with  mild  dysarthria.  CK  levels  were  reported  as  normal.  No 

abnormalities at ENMG and EEG were reported. Brain and spine CT, spine MRI were also normal. 

B‐III.4 

10‐year‐old  female,  sister  of  B‐III.1.  At  birth  bilateral  CTEV  and  asphyxia.  During  childhood  she  showed 

hypotonia and  febrile seizures. Motor milestones were delayed  (head control: 6 months; sitting: 18 months; 

standing: 4 years; walking: 5 years). 

On examination at 7 y.o.a. she was 107 cm tall and showed similar facial features as her brother. She presented 

hand  (arachnodactyly and camptodactyly) and  foot deformities  (valgus deformity of  the  right  foot and varus 

deformity of the  left foot, bilateral hallux valgus). Absent deep tendon reflexes. No scoliosis.  Intelligence was 

normal with mild dysarthria. CK levels were normal (240 UI/L).  

B‐II.7 

27‐year‐old male,  son of  consanguineous parents, uncle of B‐III.1  and B‐III.4. At birth CTEV. Delayed motor 

milestones. Arachnodactyly and camptodactyly.  

On examination at 27 y.o.a., he showed severe kyphoscoliosis and lordosis. Wide nasal bridge, prominent nose, 

long philtrum and  thin upper  lip were also present. Bilateral pes  varus and hallux  valgus. Bilateral duck bill 

deformity of the thumb. Normal intelligence with mild dysarthria.  

 

 

C‐II.2 

6‐year‐old male, son of consanguineous parents of Libyan origin. During pregnancy normal  fetal activity was 

reported. At birth pocket‐knife position of the  lower  limbs. Postnatally non‐invasive oxygen supplementation 

for 8 days, weak suck, but tube feeding was not necessary. He suffered from recurrent upper respiratory tract 

infections. Symmetrical hypotonia, more marked at the lower extremities, scoliosis. Motor milestones (sitting:  

2  years,  5  months)  but  also  global  development  are  delayed,  probably  partly  because  of  the  difficult 

socioeconomic background of refugee family. 

On  examination  at  6  y.o.a.  he  showed  short  stature, myopathic  facies with  ptosis,  reduced  head  control, 

marked  distal  symmetrical  limb  weakness  (1/6)  and  truncal  hypotonia,  resulting  in  inability  to  stand 

unsupportedly and severe kyphoscholiosis  (47o Cobb). Managed a  few seconds of supported upright position 

with genu recurvatum. Absent deep tendon reflexes. He used a wheelchair. 



C‐II.3 

6‐year‐old female, sister of C‐II.2. During pregnancy reported normal foetal activity. Born at term. She achieved 

unsupported sitting at 2 years of age. Generalized hypotonia, including  orofacial hypomimia. At 3 years and 11 

months she showed bilateral pes valgus. 

On examination at 4 y.o.a., myopathic facies with ptosis, reduced head control, marked distal symmetrical limb 

weakness  (2/6 on MRC scale) and truncal hypotonia, resulting  in  inability to stand unsupportedly and severe 

kyphoscoliosis (43o Cobb). Managed to pull herself for a few seconds into supported upright position with genu 

recurvatum.  Bilateral  duck  bill  deformity  of  the  thumb.  Absent  deep  tendon  reflexes. Mild  developmental 

delay, but difficult socioeconomic background of refugee family 

C‐I.7 

26‐year‐old affected female, paternal aunt of C‐II.2 and C‐II.3. who reportedly started walking at 8 y.o.a. and 

shows pronounced scoliosis. No further details were available for this individual. 

 

 

D‐II.2 

25‐year‐old male,  son  of  consanguineous  parents  of  Pakistani  ancestry.  He  showed  bilateral  CTEV,  severe 

hypotonia, frequent infections, feeding problems and stridor during infancy. He was developmentally delayed 

(walked at 5‐6 years of age) and had  short  stature  (Ht/Wt < 0,4th centile) and  reduced head  circumference. 

GER, hepatosplenomegaly with normal USS of the abdomen and liver biopsy and a large umbilical hernia were 

reported. Hands were notable for arachno‐ and camptodactyly. Bilateral duck bill deformity of the thumb. He 

underwent surgery to correct his scoliosis. Urine organic acids and plasma aminoacids were normal. CK > 700 

UI/L  (1990), subsequently normal. Electrophysiological studies showed an axonal neuropathy. Brain MRI was 

normal. Congenital fibre type disproportion was described in the muscle biopsy. 

On examination at 25 y.o.a, he showed plagiocephaly, myopia, hearing  loss, prominent nose, short philtrum, 

thin  upper  lip  and  underbite.  Absent  deep  tendon  reflexes.  A  mild/borderline  learning  disability  is  also 

reported.  



Considerations for differential diagnosis: 

The  key  features  that  define  the  core  phenotype  are  the  combination  of  transitional  neonatal  respiratory 

distress,  symmetrical  distal  lower  limb  muscle  atrophy  of  variable  severity  with  hallux  valgus  and  pes 

planovalgus,  only mild  upper  limb  involvement with  duckbill  deformity  of  thumbs, mild  upper  limb  girdle 

weakness with sloping shoulders and neck weakness, truncal hypotonia with potentially severe kyphoscoliosis, 

and mild distal sensory involvement. 

The recessive PIEZO2‐associated phenotype described here is not associated with increased early lethality, and 

does not appear to be primarily progressive. Initial hypotonia improves with age and the major complication is 

progressive scoliosis. 

CK may  initially be mildly elevated, but normal  later on, the  findings on muscle biopsy were unspecific  (fibre 

type disproportion) where performed. 

This phenotype excludes disorders with early high lethality like DSMA1 (MIM 604320), SMAX2 (MIM 301830), 

CFTD/NEM3  (MIM  255310/161800),  lethal  congenital  contracture  syndromes  (PS253310).  It  is  also 

incompatible  with  those  congenital  arthrogryposis  syndromes  that  are  regularly  associated  with  pterygia, 

increased  bone  fragility,  structural  brain  anomalies  and  microcephaly,  persistent  dysphagia,  or  ocular 

involvement as in DA5 (MIM 108145) and Marden‐Walker syndrome (MIM 248700). Distal arthrogryposis type 

2  (MIM 193700 and 601680,  respectively) and  type 9  (MIM 121050) can be distinguished by  the absence of 

characteristic  perioral  contractures  and  marfanoid  habitus,  cardiac  involvement  and  crumpled  ears, 

respectively. 

 

   



Figure S1: Sanger sequencing and segregation analysis in affected and unaffected 

individuals. Sanger sequencing results of all available individuals of families A, B and C. 

Homozygous frameshift variants are present in all affected individuals. Available unaffected 

family members were heterozygous carriers of the indicated variant.  
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We report 2 families with undiagnosed recessive pre-
synaptic congenital myasthenic syndrome (CMS).
Whole exome or genome sequencing identified segre-
gating homozygous variants in VAMP1: c.51_
64delAGGTGGGGGTCCCC in a Kuwaiti family and
c.146G>C in an Israeli family. VAMP1 is crucial for vesi-
cle fusion at presynaptic neuromuscular junction (NMJ).
Electrodiagnostic examination showed severely low com-
pound muscle action potentials and presynaptic impair-
ment. We assessed the effect of the nonsense mutation
on mRNA levels and evaluated the NMJ transmission in
VAMP1lew/lew mice, observing neurophysiological fea-
tures of presynaptic impairment, similar to the patients.
Taken together, our findings highlight VAMP1 homozy-
gous mutations as a cause of presynaptic CMS.

ANN NEUROL 2017;81:597–603

The congenital myasthenic syndromes (CMSs) are a

heterogeneous group of inherited diseases of the neu-

romuscular junction (NMJ), with fatigable muscle weak-

ness as the clinical hallmark.1 Several molecular causes

can be implicated in CMS pathophysiology, including

mutations in genes encoding proteins associated with the

muscle nicotinic acetylcholine receptor and the synaptic

basal lamina, or (more rarely) involved in the NMJ pre-

synaptic transmission.2–6

We describe 2 families from Kuwait and Israel

where 2 of the siblings in each family presented clinical

and neurophysiological features typical of a presynaptic

CMS. Whole exome sequencing (WES) or whole

genome sequencing (WGS) followed by Sanger sequenc-

ing unraveled either a homozygous frameshift or missense

variants in VAMP1 segregating with the phenotype in the

2 families. Screening a cohort of 63 undiagnosed CMS

individuals failed to show any further causative variant in

VAMP1.

Materials and Methods

Subjects
This study was approved by the institutional review boards of

the participating centers. Informed consent was obtained from

the families. Clinical details were obtained from medical
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records. Neurophysiological studies were performed according

to standard procedures.7,8

Genetic Studies
Before WES, the Kuwaiti probands (Family 1) underwent exten-

sive molecular investigations that included sequencing of AGRN,

mitochondrial DNA (mtDNA) sequencing, and deletion/duplica-

tion analysis and array comparative genome hybridization, which

were all negative. Clinical trio-based WES of Family 1 and WGS

of the Israeli probands and their parents (Family 2) were per-

formed as previously described.9,10 Immortalized lymphoblastoid

cell lines were used for RNA extraction, reverse transcription

polymerase chain reaction (RT-PCR) analysis, and semiquantita-

tive RT-PCR assay. Sanger sequencing was performed to analyze

segregation of the variants identified by WES/WGS.

Vamp1lew/lew Mice
Breeder pairs of Vamp11/lew mice (C3H/HeDiSnJ-Vamp1lew/GrsrJ,

stock # 004626) were obtained from the Jackson Laboratory

(Bar Harbor, ME) and mated to generate homozygous mutant

(Vamp1lew/lew) mice. Electrophysiological and morphological anal-

yses of the NMJ in the Vamp1lew/lew mice were performed as previ-

ously reported.11,12 All experimental protocols were approved by

the University of Texas Southwestern Medical Center institutional

animal care and use committee.

Results

Clinical and Neurophysiological Characteristics

FAMILY 1. Both affected individuals A.II-1 and A.II-3

(Fig 1A) presented shortly after birth with hypotonia and

muscular weakness. Feeding difficulties requiring gavage

feeding, delayed motor development, and ophthalmopa-

resis characterized the disease course. A.II-3 also pre-

sented joint contractures. Creatine kinase and plasma lac-

tate were normal in the 2 children. On initial evaluation

of Patient A.II-3, muscle biopsy showed myopathic fea-

tures and borderline low complex IV activity (0.011; nor-

mal range 5 0.014–0.034), but congenital myopathy

gene panel and mtDNA analysis were negative. Although

hypotonia slightly improved in Patient A.II-1, at the age

of 3 years she still had difficulties standing upright and

was unable to walk without support. Electrodiagnostic

examination (EDX) in the 2 individuals showed similar

findings (Table), with marked reduction in the amplitude

of the compound muscle action potentials (CMAPs) and

an increase in the amplitude to >200% of baseline on

repetitive nerve stimulation (RNS) to 20Hz, indicating

presynaptic impairment of NMJ transmission. The child-

ren’s weakness slightly ameliorated under pyridostigmine

treatment.

FAMILY 2. The affected individuals of this family

(B.II-2 and B.II-3; see Fig 1B) showed severe hypotonia

and muscle weakness since birth. Both siblings had

feeding difficulties and required percutaneous endoscopic

gastrostomy. They presented severe impairment of devel-

opmental milestones. B.II-1 also showed joint laxity and

kyphoscoliosis. B.II-3 presented knee contractures and

breathing difficulties. During disease course, both chil-

dren showed markedly reduced ability to generate anti-

gravity posture and movements. B.II-2 never reached

autonomous walk; his EDX showed severely low CMAPs

and increased neuromuscular jitter, indicating NMJ trans-

mission abnormalities (see Table 1). In both siblings, pyri-

dostigmine treatment improved symptoms.

Identification of the VAMP1 Mutation
Trio-based WES of Family 1 (A.I-1, A.I-2, A.II-1; see

Fig 1A) indicated in the index case 3 genes (Supplemen-

tary Table 1) carrying homozygous exonic variants pre-

dicted to have a possible pathogenic effect on protein

function, based on the guidelines for variant classifica-

tion.13 Full Sanger-based segregation analysis of the can-

didate variants reduced the gene list to only 1 mutation

in VAMP1 (NM_014231: c.51_64delAGGTGGGG

GTCCCC; p.Gly18TrpfsTer5*), which was found to be

homozygous in the affected individuals and heterozygous

in their healthy sister and in the unaffected parents

(see Fig 1C; data shown for the index case and her

parents).

WGS of the 4 members of Family 2 (B.I-2, B.I-

3, B.II-2, B.II-3; see Fig 1B) identified 6 genes carry-

ing rare (likely) damaging variants (Supplementary

Table 2), which were homozygous in the affected indi-

viduals and heterozygous in the parents.12 Among

these 6 variants, a homozygous missense mutation in

VAMP1 (NM_014231: c.146G>C; p.Arg49Pro; see

Fig 1D) emerged as the most likely explanation for

the disease pathogenesis, as supported by protein func-

tion (the mutation affects a conserved amino acid

within the active domain of the protein),14,15 expres-

sion and role of this gene in the NMJ,12,16 and the

homozygous mutation identified in the patients

from Family 1 presenting the same phenotype (see

Fig 1C–G).

RT-PCR assay (performed to analyze possible

nonsense-mediated decay associated with the VAMP1

truncating variant in Family 1) found a mild reduction

of mutant cDNA expression in the index case compared

to the heterozygous carriers and the wild-type control

(see Fig 1E, F).

Impairments of the Neuromuscular Junction in
Vamp1lew/lew Mice
To further investigate whether a biallelic null mutation in

VAMP1 in animal models may cause presynaptic NMJ
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FIGURE 1: Family trees, Sanger sequencing, and VAMP1 mutation analysis. (A) Pedigree from Family 1. (B) Pedigree from Fam-
ily 2. (C) Electropherograms of carrier parents and index case with the c.51_64delAGGTGGGGGTCCCC variant. (D) Electro-
pherograms of carrier parents and the 2 patients with the c.146G>C variant. (E) Reverse transcription polymerase chain
reaction (PCR) amplifying the mutant cDNA transcript from mRNA extracted from the immortalized lymphoblastoid cell lines of
the index case, her father, and her healthy sister (both carriers of the heterozygous deletion), and a wild-type control (CTRL).
(F) Analysis of the semiquantitative PCR using the densitometry software ImageJ after normalization relative to a housekeep-
ing gene (GAPDH) and calculation using a relative relationship method. (G) Multiple-sequence alignment showing complete
conservation of protein sequence across species and SNARE homolog VAMP2 in the v-SNARE coiled coil homology, in which
the disease-segregating mutation p.Arg49Pro was found. (H) VAMP1 protein representative. The c.51_
64delAGGTGGGGGTCCCC deletion causes a nonsense mutation, putatively producing a truncated protein lacking the v-SNARE
and the transmembrane (TM) domains, whereas the p.Arg49Pro mutation affects an active site of the conserved v-SNARE
domain.



abnormalities similarly to affected individuals, we re-

examined Vamp1lew/lew mutant mice that were previously

described.11,12 The endplates were localized along the cen-

tral regions of the muscle in both control and Vamp1lew/lew

mice (Fig 2). Individual neuromuscular synapses were

found markedly smaller in Vamp1lew/lew mice compared

with control, and a severe reduction in endplate potentials

(EPPs) was also observed in the mutant mice. Importantly,

a low-frequency, repetitive stimulation (10Hz) led to a

run-down of EPPs in control mice, but synaptic facilita-

tion in Vamp1lew/lew mice, indicating presynaptic defects.

Discussion

Here, we report 4 children from 2 consanguineous

families who presented with typical clinical and neuro-

physiological features of presynaptic CMS associated

with homozygous mutations in VAMP1.

The protein encoded by this gene is a member

of the synaptobrevin family.14 Synaptobrevins (eg,

Vamp1, Vamp2), syntaxins, and the synaptosomal-

associated protein Snap25 represent the main compo-

nents of the SNARE (soluble N -ethylmaleimide-

sensitive factor attachment protein receptors) complex,

which is involved in docking and fusion of synaptic

vesicles with the presynaptic membrane at the central

and the neuromuscular synapses.15,16 Proteins belonging

to this complex are involved in vesicle docking through

the evolutionarily conserved active v-SNARE coiled coil

homology domain and present high sequence similarity

across the different SNAREs.17–19

Notably, the c.51_64delAGGTGGGGGTCCCC

frameshift deletion identified in Family 1 leads to a

change in the gene reading frame with the generation of

a premature stop codon 5 amino acids downstream

(see Fig 1H). The result is a putative VAMP1 product of

only 21 amino acids, with a resulting function that is

highly likely to be disrupted due to the absence of the

downstream v-SNARE domain (amino acids 33–93). The

TABLE 1. Clinical and Neurophysiological Features of VAMP1-Associated Congenital Myasthenic Syndrome in

Our Families

Feature A.II-1 A.II-3 B.II-1 B.II-2

Parental consanguinity 1 1 1 1

Onset Birth Birth Antenatal, DFM Birth

Muscle weakness 11 11 11 11

Developmental delay 11 11 11 11

Feeding difficulties 11 11 11 11

Ophthalmological

abnormalities

Strabismus,

mild ophthalmoplegia

Mild

ophthalmoplegia

Strabismus Strabismus

GI abnormalities 2 GERD Dysphagia Dysphagia

Skeletal joint abnormalities 2 Joint

contractures

Joint laxity,

kyphoscoliosis

Joint

contractures

Chest infections, aspiration 1 1 1 1

Response to pyridostigmine 1 1 1 1

Sensory studies Normal Normal Normal NT

Motor studies AH CMAP ## AH CMAP ## ACL CMAP ## NT

EMG Myopathic Myopathic Myopathic NT

Repetitive stimulation AH: 3Hz, 1 32.8%;

20Hz, 1 640%

AH: 3Hz, 1 60%;

20Hz, 1 207%

NA NT

Jitter EDC, no twitch Orb oculi, no twitch "" mean MCD 5 74.3ms NT

ACL 5 accessorius motor left; AH 5 abductor pollicis; CMAP 5 compound muscle action potential; DFM 5 decreased fetal movements;

EDC 5 extensor digitorum communis; EMG 5 electromyogram; GERD 5 gastroesophageal reflux disease; GI 5 gastrointestinal; MCD 5 mean

consecutive difference; NA 5 not available; NT 5 not tested; Orb oculi 5 orbicularis oculi.
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homozygous mutation identified in Family 2 consists of a

substitution of a highly conserved arginine (Gerp11

score 5 5.77) by a proline within the v-SNARE domain.

The mutated arginine residue in position 49 corresponds

to the arginine in position 47 of the better-studied

SNARE homolog VAMP2, encoding another synaptobre-

vin with similar functions to VAMP1.20

Interestingly, it has been shown that disruption of

this specific site in VAMP2 interferes with SNARE com-

plex assembly, impairing neurotransmission, likely due to

lack of association with other proteins involved in vesicle

fusion.21–23 The Arg49Pro mutation is predicted as dele-

terious by SIFT, PolyPhen, and Mutation Taster and is

carried in the heterozygous state by only 1 individual in

the ExAC database (http://exac.broadinstitute.org, last

accessed January 2017). Of note, in the ExAC database

of 60,706 individuals there are only 17 individuals with

heterozygous nonsynonymous single nucleotide substitu-

tions within the v-SNARE domain and 4 individuals in

total carrying heterozygous truncating variants in

VAMP1. None of these variants is present as homozy-

gous, providing supportive evidence of pathogenicity for

FIGURE 2: Synaptic defects at the neuromuscular junctions in Vamp1lew/lew mice. (A, B) Low-power images of the whole-mount
diaphragm muscles (P14) labeled by Texas Red—conjugated a-bungarotoxin. The endplate band (arrow) is similarly localized
along the central regions of the muscle in both control (A) and Vamp1lew/lew mice (B). (C–H) High-power confocal images of
individual neuromuscular synapses in triangularis sterni muscles, labeled by Texas Red–conjugated a-bungarotoxin (arrowheads
in C and F) and antineurofilament NF150 and antisynaptotagmin2 antibodies (arrowheads in D and G point to the nerve termi-
nals). Merged images are shown in E and H, for control and Vamp1lew/lew mice, respectively. (I, J) Individual neuromuscular syn-
apses (arrows) in triangularis sterni muscles labeled by antisyntaxin1 antibodies. The synapses are markedly smaller in
Vamp1lew/lew mice compared with the control. Asterisks indicate nerve bundles. (K) An example of endplate potentials (EPPs)
recorded in the diaphragm muscle in control and Vamp1lew/lew mice. (L) EPP traces responding to a low-frequency, repetitive
nerve stimulation (10Hz). (M) Quantitative measurement of the ratios of EPP amplitudes: EPP(n) to the first EPP amplitude,
(EPP1). A low-frequency, repetitive stimulation (10Hz) led to a run-down of EPPs in control, but synaptic facilitation in
(Vamp1lew/lew) mice.
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biallelic VAMP1 variants, either resulting in changes of

the gene reading frame or affecting conserved active sites

crucial to v-SNARE domain function.

Interestingly, we also showed that the electrodiag-

nostic anomalies recorded in VAMP1-associated CMS are

consistent with the abnormal features of presynaptic

transmission we recorded in the VAMP1 null mutant

mice (including the incremental response to RNS; see

Fig 2). These animals, of a model called lethal wasting

(carrying a homozygous mutation that causes the trunca-

tion of half of the protein), lack movement because of an

impaired NMJ transmission and die within 3 weeks of

birth.11,12

To date, biallelic variants in VAMP1 have never

been reported, but heterozygous mutations in this gene

have been described by a single study in association with

a phenotype of autosomal dominant spastic ataxia.23

However, we have not observed any neurological pheno-

type in the heterozygous carriers from the 2 families.

In conclusion, the identification of biallelic variants

in VAMP1 as a novel cause of CMS, in addition to other

genes (eg, SNAP25B, SYT2) previously associated with

similar presynaptic abnormalities of neuromuscular trans-

mission,5,6 highlights the crucial role of different

SNAREs in NMJ physiology. Intriguingly, the relatively

mild phenotype showed by our patients compared to the

mouse model, which dies prematurely, suggests the possi-

ble existence of species-specific compensation of vesicle

fusion and release at the nerve terminal, perhaps through

genetic modifiers in humans but not in mice or fruit

flies. This highlights a promising area of future research

aimed at the pathways involved in physiological presyn-

aptic vesicle exocytosis at the motor endplate.
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Abstract
CAPRIN1 is a ubiquitously expressed protein, abundant in the brain, where it regulates the transport and translation of 
mRNAs of genes involved in synaptic plasticity. Here we describe two unrelated children, who developed early-onset ataxia, 
dysarthria, cognitive decline and muscle weakness. Trio exome sequencing unraveled the identical de novo c.1535C > T 
(p.Pro512Leu) missense variant in CAPRIN1, affecting a highly conserved residue. In silico analyses predict an increased 
aggregation propensity of the mutated protein. Indeed, overexpressed CAPRIN1P512L forms insoluble ubiquitinated aggre-
gates, sequestrating proteins associated with neurodegenerative disorders (ATXN2, GEMIN5, SNRNP200 and SNCA). 
Moreover, the CAPRIN1P512L mutation in isogenic iPSC-derived cortical neurons causes reduced neuronal activity and 
altered stress granule dynamics. Furthermore, nano-differential scanning fluorimetry reveals that CAPRIN1P512L aggrega-
tion is strongly enhanced by RNA in vitro. These findings associate the gain-of-function Pro512Leu mutation to early-onset 
ataxia and neurodegeneration, unveiling a critical residue of CAPRIN1 and a key role of RNA–protein interactions.

Keywords  Neurodegeneration · Prion-like domain · Protein misfolding · De novo variant · CRISPR/Cas9
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PQC	� Protein quality control
PrLD	� Prion-like domain
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RBP	� RNA-binding protein
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UTR​	� Untranslated region
WES	� Whole exome sequencing
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Introduction

Cell Cycle-Associated Protein 1 (CAPRIN1 [MIM: 601178]) 
is a ubiquitously expressed protein, whose levels are high 
in tissues characterized by an elevated cell turnover, but is 
also abundant in the brain [1–4]. There, it plays a crucial 
role as an RNA-binding protein (RBP), which regulates the 
transport and translation of mRNAs of synaptic proteins [2, 
5]. CAPRIN1 binds to mRNAs via C-terminal RGG motifs 
and contains a prion-like domain (PrLD) [6, 7]. PrLDs are 
characterized by the lack of a defined three-dimensional 
structure and a low complexity sequence composition [8, 
9]. They interact dynamically with other proteins and RNAs, 
and these interactions can trigger phase transitions as well as 
protein aggregation [10]. Indeed, CAPRIN1 is a component 
of stress granules (SGs), cytoplasmic assemblies of RBPs 
and stalled mRNAs that form under stress conditions [6, 
11]. The N-terminal part of CAPRIN1 harbors a dimeriza-
tion domain and the binding sites for the RBPs G3BP1 and 
FMR1 [6, 12, 13].

Interestingly, many PrLD-containing RBPs (ATXN2, 
TARDBP, FUS, TIA1, HNRNPA1 and HNRNPA2B1) have 
been associated with neurodegenerative disorders (NDs) [7]. 
However, missense mutations in CAPRIN1 have not been 
linked to neurodegeneration so far. Constitutive Caprin1 
knockout in mice causes perinatal death and impairs the for-
mation and maintenance of synapses and neuronal network 
[5], while CAPRIN1 deficiency has been associated with 
autism spectrum disorders (ASD) and long-term memory 
impairment [3, 14–17].

Here we describe a novel early-onset ataxia and neuro-
degenerative disorder caused by a single recurrent missense 
variant in CAPRIN1. We propose a gain-of-function mecha-
nism mediated by increased protein aggregation propensity 

and highlight the crucial role of RNA–protein interactions 
in its pathophysiology.

Materials and methods

Genetic studies

Genetic studies were performed as part of clinical and/or 
research investigations dependent on clinical presentation 
and family history. DNA was extracted from blood. DNA 
samples from A-I.1, A-I.2, A-II.3, B-I.1, B-I.2 and B-II.2 
were prepared for whole exome sequencing (WES) and ana-
lyzed as described in detail in Note S1. CAPRIN1 exon 14 
genomic region was amplified by PCR following the manu-
facturer's protocol (Multiplex PCR Kit—QIAGEN) with 
specific primers (CAPRIN1-E14, Table S1).

In silico CAPRIN1P512L modeling

Human CAPRIN1 (Q14444-1) and CAPRIN1P512L FASTA 
protein sequences were pasted in PLAAC [18]. The Rela-
tive weighting of background probabilities (α) was set to 0 
and Homo Sapiens was selected as organism background 
frequency.

The CamSol intrinsic solubility profile was obtained from 
the CamSol web server using the same FASTA sequences 
[19].

Cell culture

HEK293T cells were cultured in DMEM (ThermoFisher 
Scientific) supplemented with 10% FBS (SIGMA), 1% Pen 
Strep (ThermoFisher Scientific), 0.7 µg/ml Amphotericin B 
(ThermoFisher Scientific). SH-SY5Y cells were cultured in 
DMEM/F-12, GlutaMAX (ThermoFisher Scientific) supple-
mented with 10% FBS, 1% Pen Strep. All cells were cultured 
at 37 °C with 5% CO2.

iPSCs were cultures in Matrigel-coated plates (Corning) 
in mTeSR1 or mTeSR Plus medium (StemCell Technolo-
gies). All cells were cultured at 37 °C with 5% CO2.

Constructs cloning

Total RNA was extracted from HEK293T (RNeasy Kit—
QIAGEN) and reversely transcribed to cDNA (QuantiTect 
Reverse Transcription Kit—QIAGEN) following the man-
ufacturer's protocol. CAPRIN1 [GenBank: NM_005898.5] 
cDNA was amplified with specific primers (CAPRIN1_cl, 
Table S1) and cloned into pcDNA-3.1/V5-His following 
the manufacturer's protocol (pcDNA3.1/V5-His TOPO TA 
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Expression Kit—Invitrogen). The c.1535C > T variant was 
introduced using site-directed mutagenesis with specific 
primers (CAPRIN1_P512L_SDM, Table S1) following the 
manufacturer's protocol (QuikChange II XL Site-Directed 
Mutagenesis Kit—Agilent Technologies). The cDNAs were 
then subcloned into a pEGFP-C2 vector using XhoI and 
BamHI restriction sites.

For the experiments in insect cells, CAPRIN1 open read-
ing frame optimized for insect cell expression was sub-
cloned into pOCC468 or pOCC305 vector [20]. pOCC468-
CAPRIN1 contains Twinstrep-MBP-Prescission-mGFP at 
the 5’ end of CAPRIN1 and Prescission-6xHIS at the 3’ 
end. pOCC305-CAPRIN1 contains Twinstrep-MBP-Prescis-
sion- at the 5’ of CAPRIN1 and Prescission-6xHIS at the 3’. 
The P512L substitution was introduced with the Q5R Site-
Directed Mutagenesis Kit (New England BioLabs) using 
specific primers (CAPRIN1-P512L_MG, Table S1).

For the gRNA insertion in the Cas9 expression vector 
(pX330-hCas9-long-chimeric-grna-g2p; Leo Kurian’s lab-
oratory), the plasmid was digested with BbsI (NEB) and 
annealed oligos (CAPRIN1-P512L_gRNA, Table S1) were 
ligated to it.

Protein expression in HEK293T/SH‑SY5Y cells

HEK293T cells were transfected with pcDNA-3.1/V5-His 
harboring CAPRIN1 (1–709, WT or P512L) using Lipo-
fectamine 2000 Transfection Reagent (ThermoFisher Sci-
entific) and samples were further processed for Solubility 
analysis.

SH-SY5Y cells were seeded on glass coverslips (VWR), 
transfected with pEGFP-C2 harboring CAPRIN1 (1–709, 
WT or P512L) using FuGENE HD Transfection Reagent 
(Promega) and processed for immunofluorescence.

Solubility analysis

Sequential extraction of proteins from the different soluble 
fractions was performed following a published protocol [21]. 
Briefly, 24 h post transfection, cells were washed twice with 
PBS, lysed in cold RIPA buffer (SIGMA), and sonicated. 
Cell lysates were centrifuged at 100,000 g for 30 min at 
4 °C to generate RIPA-soluble samples. Pellets were washed, 
sonicated and centrifuged twice with PBS. RIPA-insoluble 
pellets were then extracted with urea buffer (8 M urea, 4% 
CHAPS, 30 mM Tris, pH 8.5), sonicated, and centrifuged 
at 100,000 g for 30 min at 22 °C. Protease inhibitors were 
added to all buffers before use. Protein concentration was 
determined with the Bradford method.

Immunoblotting

Protein lysates (10 μg) in Laemmli Buffer were heated at 
95 °C for 5 min, then separated on 12% polyacrylamide gels 
and transferred onto nitrocellulose membranes (Merck Mil-
lipore). Membranes were blocked for 1 h in 5% BSA in TBS-
T, incubated overnight with primary antibodies (Table S2) 
in 2.5% BSA in TBS-T at 4 °C, washed three times in TBS-T 
and incubated with HRP-conjugated secondary antibodies 
(Table S2) for 1 h at room temperature. Proteins were visual-
ized using the Immobilon Western chemiluminescent HRP 
substrate (Merck Millipore). Quantification was performed 
with ImageLab (Bio-Rad).

Immunofluorescence

Coverslips were washed in PBS and fixed in 4% PFA for 
10 min. They were then washed three times in PBS, per-
meabilized in PBS-T for 10 min and blocked for 1 h at room 
temperature in 5% BSA in PBS-T. Coverslips were then 
incubated overnight with primary antibodies (Table S2) in 
5% BSA in PBS-T at 4 °C, washed three times in PBS-T, 
incubated with conjugated secondary antibodies (Table S2) 
for 1 h at room temperature, washed three times in PBS-T, 
rinsed in water and mounted with ProLong Gold antifade 
reagent with DAPI (Invitrogen) on Polylysine slides (Ther-
moFisher Scientific). Images were acquired with a Zeiss 
AxioImager M2 microscope equipped with ApoTome2 sys-
tem and processed using ZEN software (Zeiss). Pearson’s 
colocalization coefficient was obtained using the Coloc 2 
tool in ImageJ. Stress granules were quantified with a self-
compiled macro in ImageJ, which uses the Weka Trainable 
Segmentation plugin on the G3BP1 signal. A cell was con-
sidered positive if ≥ 3 signals were detected.

CRISPR/Cas9 P512L knock‑in in iPSCs

Homozygous CAPRIN1P512L/P512L cell line

HUVEC iPSCs were CRISPR/Cas9 genetically edited into 
homozygous CAPRIN1P512L/P512L based on a published 
protocol [22, 23]. Briefly, cells were seeded in mTeSR1 
medium (StemCell Technologies) supplemented with 10 μM 
Y-27632 (Selleckchem) in a 6-wells plate at a confluency 
of 1.8 × 104 cells/cm2. After 24 h cells were transfected 
with a Cas9 expression vector harboring a gRNA target-
ing CAPRIN1 exon 14 and a 400 bp ssODN (CAPRIN1-
ssODN1, Table S1) using Lipofectamine 3000 Reagent 
(ThermoFisher Scientific). Starting 24 h post-transfection, 
cells were selected for 72 h with 1.5 µg/ml Puromycin 
(ThermoFisher Scientific). Afterwards they were split with 
Accutase (ThermoFisher Scientific) and seeded in mTeSR1 
medium with 10  μM Y-27632 into a 96 wells plate at 
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single-cell density. The day after, the medium was changed 
to mTeSR1 medium. After 12 days, colonies were split into 
6-well plates and further expanded. After DNA extraction 
using QuickExtract DNA Extraction Solution (Lucigen), a 
326 bp region targeted by the gRNA was amplified by PCR 
(CAPRIN1-SA, Table S1) and genome editing was screened 
by T7 Endonuclease (NEB) assay. In the case of a posi-
tive result, a 901 bp region (CAPRIN1-E14, Table S1) was 
sequenced by Sanger sequencing.

Heterozygous CAPRIN1WT/P512L cell line

HUVEC iPSCs were CRISPR/Cas9 genetically edited into 
heterozygous CAPRIN1WT/P512L iPSC lines following the 
manufacturer's protocol [24]. One hour before nucleofection, 
mTeSR Plus medium (StemCell Technologies) was changed 
with medium supplemented with 10 μM Y-27632. After 
detachment with Accutase, 106 HUVEC iPSCs were resus-
pended in OptiMEM (ThermoFisher Scientific), mixed with 
a crRNA, tracrRNA-ATTO550, Cas9:dCas9 1:4, Electropo-
ration enhancer, 150 bp ssODN (IDT) (CAPRIN1-ssODN2, 
Table S1) and nucleofected using Nucleofector 2b Device 
(Lonza). Cells were plated in mTeSR Plus medium with 
HDR enhancer (IDT). After 24 h, single cells were sorted 
in 96-well plates and the remaining cells in 6-well plates 
in mTeSR Plus medium with CloneR (StemCell Technolo-
gies) and Y-27632. Since no colonies were observed in the 
96-well plates, after 5 days colonies from the 6-well plates 
were split again at single-cell density in a 96-well plate 
and subsequently expanded. Screening of the colonies was 
performed using an allele-specific PCR (CAPRIN1-P512L-
ASP, Table S1). In the case of a positive result, a 901 bp 
region was sequenced by Sanger sequencing (CAPRIN1-
E14, Table S1).

Off- targets  for  both CAPRIN1WT/P512L and 
CAPRIN1P512L/P512L lines were excluded by Sanger sequenc-
ing in the first five gRNA off-targets sites predicted using 
CRISPOR. Expression of pluripotency markers was con-
firmed by immunofluorescence.

Neuronal differentiation

Neurons of cortical layer V and VI were generated according 
to a published protocol with minimal modifications [25]. In 
brief, iPSCs were dissociated with Accutase (ThermoFisher 
Scientific) and seeded on matrigel-coated (Corning) wells at 
a density of 3 × 105/cm2 in mTeSR Plus medium (StemCell 
Technologies) supplemented with 10 μM Y-27632 (Sell-
eckchem) (day 0—D0). On D1, the medium was replaced 
daily by a neural induction medium [N2/B27 (ThermoFisher 
Scientific), 0.5 µM LDN-193189 (Selleckchem) and 10 μM 
SB431542 (StemCell Technologies)]. On D8, NIM was sup-
plemented with 20 ng/ml FGF2 (Sigma). On D9, cultures 

were split with Accutase and seeded in N2/B27 medium with 
20 ng/ml FGF2 and 10 μM Y-27632 onto Matrigel-coated 
wells. On D10, N2/B27 medium with 20 ng/ml FGF2 was 
added. On D11, cells were cultured in N2/B27 medium with 
a change of medium every other day. On D19, neural pre-
cursors were dissociated and frozen. For maturation, frozen 
precursors were thawed and seeded in N2/B27 medium with 
10 μM Y-27632, with a change of medium every other day. 
On D26, cells were detached with Accutase and reseeded 
at 5 × 104/cm2 density on 0.05% PEI (Sigma-Aldrich) and 
20 µg/ml Laminin (Sigma) coated wells/coverslips. On D27 
and D29, the medium was changed to N2/B27 supplemented 
with 10 μM PD0325901 (Tocris) and 10 μM DAPT (Tocris). 
From D31 the cells were cultured in N2/B27 medium with 
medium changes every other day.

Microelectrode array recordings

On D26, 7.5 × 104 cells / well were seeded in a 24-well 
epoxy plate with a microelectrode array (MEA) (Multi 
Channel Systems). Cells were recorded with a Multiwell-
MEA-System (Multi Channel Systems) for 3 min at 37 °C 
between D29 and D57 using the Multiwell-Screen software 
(Multi Channel Systems) and analyzed with the Multiwell-
Analyser software (Multi Channel Systems). When no activ-
ity was recorded, the parameter was set to 0. The following 
parameters were used: 2nd order low-pass filter frequency: 
3500 Hz; 2nd order high-pass filter frequency: 100 Hz; 
rising/falling edge of the automatic threshold estimation: 
5.5/− 5.5 SD; minimum spike count in burst: 3; minimum 
channels participating in a network burst: 5; minimum 
simultaneous channels for a network burst; minimum spikes 
per minute: 5; minimum amplitude: 10 µV.

SG dynamics study

On D36, iPSC-derived neurons plated onto coverslips were 
treated for 1 h with 0.5 mM Sodium Arsenite (SA, NaAsO2, 
Sigma-Aldrich), then washed in PBS and incubated in N2/
B27 medium for 0–240 min to study SG resolution. Cover-
slips were then processed for Immunofluorescence.

Recombinant protein expression and purification

mGFP-CAPRIN1 WT and P512L, as well as CAPRIN1 
WT were purified from Sf9 insect cells using a baculovirus 
expression system [26, 27]. Cells expressing recombinant 
TwinstrepII-MBP-mGFP- CAPRIN1-6xHis were lysed in 
50 mM Tris–HCl pH 7.5, 300 mM KCl, 150 mM Arginine-
HCl, 1 mM DTT and 1 × EDTA-free protease inhibitor 
cocktail (Roche Applied Sciences) using a LM10 Micro-
fluidizer (Microfluidics) at 5000 psi. The lysate was cleared 
by centrifugation at a maximum speed for 1 h at 4 °C. The 
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supernatant was applied to a 5 ml Strep-Tactin®XT 4Flow® 
column (IBA Lifesciences GmbH) using an ÄKTA pure 25 
(GE Healthcare). The column was washed with 10 column 
volumes (CV) of 50 mM Tris–HCl pH 7.5, 300 mM KCl, 
150 mM Arginine-HCl and 1 mM DTT and the protein was 
eluted with 3 CV of 50 mM Tris–HCl pH 7.5, 300 mM 
KCl, 1 mM DTT and 50 mM biotin. The eluted protein was 
applied to a 5 mL HiTrap Q HP column (GE Healthcare). 
The column was washed with 20 CV of 50 mM Tris–HCl 
pH 7.5, 50 mM KCl and 1 mM DTT. Elution was achieved 
with a linear gradient of 20 CV of 50 mM Tris–HCl pH 
7.5, 1000 mM KCl and 1 mM DTT. The elution fractions 
containing MBP-mGFP-CAPRIN1-6xHis were pooled and 
incubated 6 h at RT with 6xHis-Prescission protease (1:300 
w/w) to cleave off the MBP and 6xHis tags. The sample was 
then applied to a HiLoad 16/600 Superdex 200 pg column 
(GE Healthcare) equilibrated in 50 mM Tris–HCl pH 7.5, 
300 mM KCl and 1 mM DTT. mGFP-CAPRIN1 fractions 
were pooled, concentrated to ~ 100 µM with Amicon Ultra 
centrifugal 30 KDa MWCO filters (Merck Millipore), flash-
frozen with liquid nitrogen and stored at − 80 °C. Purified 
proteins were quality controlled by SDS-PAGE and Coomas-
sie staining. The homogeneity of GFP-tagged proteins 
was determined by imaging the gels using the Amersham 
typhoon scanner.

Nano‑differential scanning fluorimetry (nanoDSF)

mGFP-CAPRIN1 (WT or P512L) was diluted to a final pro-
tein concentration of 5 µM in 50 mM Tris/KOH pH 7.5 and 
75 mM KCl. Unfolding transitions were recorded with a 
Prometheus Panta (Nanotemper) in high sensitivity capillar-
ies (Nanotemper) at 0.3 °C min−1. Data analysis and plotting 
were with the R/RStudio software package.

Total RNA and mRNA isolation

Total RNA was isolated from HeLa cells using the RNe-
asy Mini Kit (QIAGEN). mRNA was isolated from total 
RNA using the DynabeadsTM mRNA purification Kit 
(ThermoFisher). The tangled total RNA was prepared 
according to published work [20]. Poly(A) (Sigma-Aldrich, 
Cat#10108626001), Poly(C) (Sigma-Aldrich, Cat#P4903), 
Poly(G) (Sigma-Aldrich, Cat#P4404), Poly(U) (Sigma-
Aldrich, Cat#P9528), and Ribosomal RNA (Bioworld, 
Cat#11020001-2) were all purchased. The 5’UTR-KpnB1-
nanoLUC mRNA was transcribed with an mMESSAGE T7 
kit (Invitrogen).

RNA‑induced aggregation of CAPRIN1

5 µM mGFP-CAPRIN1 (WT or P512L) were incubated 
for 4 h at RT in 25 mM HEPES/KOH pH 7.5, 75 mM, 

2 mM MgCl2, 1% PEG-20 K with and without 50 ng/µl of 
RNA. When indicated, KCl concentration was increased to 
500 mM or 100 µg/µl RNase A was added. Samples were 
mounted in 384-well plates (Greiner bio-one, #781000-06) 
with custom attached pegylated glass coverslips [28]. Sam-
ples were imaged with a Nikon Eclipse Ti2 inverted micro-
scope, equipped with a Prime 95B 25 mm camera (Photo-
metrics) and a 60x/1.2 Plan Apo Lambda water objective. 
Images were analyzed with Fiji.

Fluorescence anisotropy measurements

100  nM of ATTO590-labelled RNA were mixed with 
increasing concentrations of the mGFP-CAPRIN1 or mGFP-
CAPRIN1P512L, in 25 mM HEPES–KOH, pH 7.5, 75 mM 
KCl and incubated for 10 min at 25 °C. Fluorescence ani-
sotropy was measured with a Tecan Spark plate reader in 
384-well plates (Greiner bio-one). Fluorescent excitation 
was at 598 nm/20 slit width and emission was recorded at 
664 nm/30 slit width. Fluorescence anisotropy was calcu-
lated using the manufacturer’s software. For RNA competi-
tion assay, x100 nM of ATTO590-labelled RNA and 3 μM of 
mGFP-CAPRIN1 was preincubated  for 10 min at 25 °C and 
then competed for with an increasing concentration of unla-
beled long homopolymeric polyA RNA. The complex then 
competed with an increasing concentration of unlabeled 
long homopolymeric polyA RNA. Fluorescence anisotropy 
data were fitted to Eq. (1), where r is the determined fluo-
rescence anisotropy at a given protein concentration (c), Lt 
is the ligand concentration, KD is the apparent dissociation 
constant and rfree and rbound the fluorescence anisotropy of 
the free and protein-complexed ATTO590-labelled RNA, 
respectively. Data analysis and plotting were carried out with 
R/RStudio software package.

FCS measurements

FCS measurements were carried out using a LSM780 (Zeiss) 
confocal microscope. The system and measurements were 
calibrated using ATTO488 (D = 4.0 ± 0.1 × 10–6 cm2 s−1 at 
25 °C) [29]. Diffusion times were recorded using a 488 nm 
argon laser for excitation and a 495–555 nm bandpass filter 
for emission, at 3.5 μW laser power, AOTF dampening fac-
tor of 10% with 15 rep for 10 s. The diffusion coefficients 
were calculated using Eq. (2).
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The radius of the proteins was then calculated using the 
Stokes–Einstein Eq. (3).

All FCS measurements were carried out with 50 nM of 
mGFP-CAPRIN1 WT or P512L or mGFP in 25 mM Tris-
KOH, pH 7.5, 75 mM KCl and 1 mM DTT at 22 °C. For 
oligomerization experiments 50  nM mGFP-CAPRIN1 
WT were mixed with either 100 or 2000 nM unlabelled 
CAPRIN1. ATTO488 dye and mGFP were used as stand-
ards to calculate the diffusion volume and the number of 
GFP molecules in the diffusion volume respectively. Data 
analysis and plotting were carried out with R/RStudio soft-
ware package.

Statistical analysis

All statistical analyses were performed using the software 
Prism 9 (GraphPad). Unpaired t test were used for the com-
parison of two groups (solubility analysis, aggregates num-
ber/size, circularity, colocalization, biochemical properties), 
while one-way ANOVA was used for the comparison of 
three groups. Chi-square test was applied to compare fre-
quencies of aggregates in transfected SH-SY5Y cells.

Results

Two independent ataxic individuals carry the same 
de novo Pro512Leu mutation in CAPRIN1

Affected individual II.3 of family A was referred for genetic 
counseling at the age of 10 years because of the develop-
ment of gait abnormalities and predominantly proximal 
muscle weakness (positive Gower’s sign). She was born to 
non-consanguineous parents of Turkish descent and had two 
older healthy siblings (Fig. 1a). Her symptoms worsened 
over the following years, with increased muscle weakness 
and the development of ataxia with light tremor and dysdia-
dochokinesis. The progressive trunk instability and scoliosis 
lead her to be first confined to a wheelchair and later to a 
bed. The motor deficits were accompanied by bulbar symp-
toms (dysphagia and dysarthria), deficits in sustained atten-
tion, social withdrawal and cognitive decline. She attended 
a mainstream school but later changed to a special needs 
school. Formal testing revealed an intelligence quotient of 
64. Standard laboratory and metabolic tests were negative. 
Electromyography and nerve conduction studies identified 
a sensorimotor axonal neuropathy. Muscle biopsy revealed 
neurogenic fiber atrophy and suralis nerve biopsy uncovered 
a chronic axonal neuropathy with loss of small- and big-
caliber nerve fibers. Magnetic resonance imaging (MRI) at 

(3)D = k
b
T∕6��R

h

16 years of age displayed cerebral and cerebellar atrophy 
(Fig. 1b). Deletions of SMN1 were excluded and no causa-
tive variant was found using an in-house NGS gene panel 
covering 62 genes associated with lower motor neuron dis-
orders [30].

Affected individual II.2 of family B was born to non-
consanguineous parents of Italian descent and had a healthy 
sister (Fig. 1a). He articulated his first words with slight 
phonetic problems and presented with dysarthria at the age 
of 4 years. At the age of 7 years, he developed slowly pro-
gressive ataxia and learning difficulties (IQ: 77). By the age 
of 11 years, his trunk stability worsened and standing up 
became more difficult. At the age of 12 years, MRI showed 
global cerebellar atrophy (Fig. 1b). At the age of 13 years, 
he showed increased muscle fatigue and muscle hypotrophy, 
with absent deep tendon reflexes in all four limbs. He also 
became increasingly anxious but improved with psychother-
apy. Standard laboratory and metabolic tests were negative. 
Somatosensory evoked potentials (SSEPs) were reduced in 
the lower limbs.

Both affected individuals and the respective par-
ents (A-I.1, A-I.2, A-II.3, B-I.1, B-I.2, B-II.2) were 
subjected to trio whole exome sequencing. Variant fil-
tering followed standard metrics (quality, allele fre-
quency < 0.01 in gnomAD; Note S1). Variants were 
prioritized assuming an autosomal recessive model of inher-
itance or a de novo mutation occurrence. The c.1535C > T 
(NC_000011.10:g.34090659C > T, exon 14, p.Pro512Leu) 
CAPRIN1 (GenBank: NM_005898.5) variant resulted as 
the most likely candidate in both families: this variant was 
absent in gnomAD [31], affects a highly conserved resi-
due and was predicted to be deleterious by multiple scores 
(CADD PHRED score: 29.8; SIFT: 0 [deleterious]; Poly-
Phen-2: 0.993 [probably damaging]) (Fig. 1c–e) [32, 33]. In 
addition, the likelihood that the same de novo variant occurs 
in two independent individuals is extremely rare (1 in 154 
million, Note S2).

Several other characteristics support the involvement 
of CAPRIN1 as a neurodegeneration-causing gene: (i) 
CAPRIN1 is highly expressed in the human and murine 
central nervous system, and in particular in the cortex and 
cerebellum [3, 4]; (ii) CAPRIN1 is an RBP harboring a 
PrLD (Fig. 1f and g) [2, 7], feature shared by many ND-
linked genes [10]; (iii) CAPRIN1 is a component of SGs [6], 
whose role in NDs is well documented [34]; CAPRIN1 is an 
interacting partner of ATXN2 and GEMIN5 [35, 36], whose 
pathogenic variants are associated with ataxia [37, 38], and 
FMR1 (Fig. 1f) [13], a protein associated with fragile X 
tremor/ataxia syndrome (FXTAS) [39].

Note added in proof: Just after the acceptance of our man-
uscript, we were notified by GeneMatcher of a patient iden-
tified at NINDS, NIH (female, 14 yrs old) with exactly the 
same de-novo variant and an identical phenotype (cerebellar 
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Fig. 1   Clinical and genetic characterization of the patients car-
rying the CAPRIN1 mutation. a Pedigrees of the families. Indi-
viduals marked with asterisks underwent WES. b Cerebellar and 
cerebral atrophy in the affected individuals. Sagittal brain MRI sec-
tion of affected individuals A-II.3 and B.II-2 at 16 and 12  years of 
age, respectively. c Sanger sequencing of the families’ individuals. 
Pherograms confirm the heterozygous de novo c.1535C > T variant 
in CAPRIN1 in the affected individuals and its absence in the unaf-
fected parents. d CAPRIN1 Pro512 residue is highly conserved. 
Protein sequence alignment of CAPRIN1 orthologues displays high 
conservation in the region of the P512L mutation (red). e HMM 
logo of CAPRIN1 protein sequence alignment confirms the high 
conservation of the Pro512 residue. f Schematic representation of 

CAPRIN1. Highlighted are: homology region 1 and 2 (HR-1,  resi-
dues 56-248; HR-2, residues 352-685) with CAPRIN2; CAPRIN1 
dimerization region (residues 132-251,  //) [12]; FMR1 binding 
region (residues 231-245, blue) [13]; G3BP1 binding region (residues 
352-380,  green) [6]; RGG motifs (RGG) [1]. g CAPRIN1 C-termi-
nal region is a PrLD. PLAAC application predicts a PrLD between 
residues 537 – 709. The position of the CAPRIN1P512L mutation is 
highlighted in red. h PLAAC in silico modeling of the P512L muta-
tion. The CAPRIN1P512L mutation lowers the -4*PAPA score (green 
solid line), crossing the cutoff (green dashed line) and indicating an 
increased aggregation propensity. i CamSol in silico modeling of 
the CAPRIN1P512L mutation. The CAPRIN1P512L mutation lowers 
CAPRIN1 solubility
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Fig. 2   CAPRIN1P512L is less soluble than CAPRIN1. a Immuno-
blot from sequential protein extraction with RIPA and urea buff-
ers in HEK293T transfected cells. While CAPRIN1-V5 is mostly 
eluted in the RIPA fraction, CAPRIN1P512L-V5 is more insoluble 
and is eluted in the urea fraction (Bars: mean ± SD; n = 3; unpaired 
t test: ***p < 0.001, *p < 0.05). b CAPRIN1P512L forms aggregates. 
SH-SY5Y cells transiently expressing EGFP, EGFP-CAPRIN1 

and EGFP-CAPRIN1P512L. While EGFP-CAPRIN1 mostly shows 
a diffuse cytoplasmatic distribution, EGFP-CAPRIN1P512L forms 
few, bulky aggregates. The exposure time for the green chan-
nel is reported in the panel. (Scale bar: 10  µm. Bars: mean ± SD; 
n ≥ 3; χ2 test: ***p < 0.0001; unpaired t test: *p < 0.05; **p < 0.01; 
***p < 0.001). c CAPRIN1P512L aggregates are positive for Ubiquitin. 
d CAPRIN1.P512L aggregates are positive for p62. (Scale bar: 10 µm)
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Fig. 3   CAPRIN1P512L aggregates are positive for NDs-related pro-
teins. a EGFP-CAPRIN1P512L aggregates are positive for SCNA. b 
EGFP-CAPRIN1P512L aggregates are positive for ATXN2. c EGFP-

CAPRIN1P512L aggregates are positive for GEMIN5. d EGFP-
CAPRIN1P512L aggregates are positive for SNRNP200. (Scale bar: 
10 µm)

Table 1   Pearson’s correlation coefficients for colocalization

*p < 0.05, **p < 0.01, ***p < 0.001

CAPRIN1 CAPRIN1P512L p value

Ubiquitin 0.07 ± 0.09 0.71 ± 0.17 ***
p62 0.39 ± 0.09 0.69 ± 0.17 **
SNCA 0.34 ± 0.14 0.89 ± 0.12 ***
ATXN2 0.43 ± 0.07 0.75 ± 0.02 ***
GEMIN5 0.40 ± 0.07 0.81 ± 0.22 **
SNRNP200 0.11 ± 0.06 0.94 ± 0.03 ***

Table 2   Biochemical properties of mGFP-CAPRIN1 and mGFP-
CAPRIN1P512L

*p < 0.05, **p < 0.01, ***p < 0.001
a F350/F330 fluorescence ratio at 20 °C
b Unfolding temperature

CAPRIN1 CAPRIN1P512L p value

Ratio, 20 °C (F350/330)a 0.84 ± 0.006 0.86 ± 0.009 **
Tm (°C)b 47.8 ± 0.1 48.4 ± 0.1 ***
Radius (FCS, nM) 4.8 ± 0.5 5.8 ± 0.2 *
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atrophy, ataxia and motor > sensory axonal neuropathy) as 
the other two patients (S. Donkervoort and C.G. Bönne-
mann, direct communication).

In silico CAPRIN1P512L modeling predicts increased 
aggregation propensity

Since mutations linked to NDs in PrLD-containing proteins 
cause increased protein misfolding and the P512L substitu-
tion occurs close to the PrLD (Fig. 1f) (residues 537–709) 
[20, 40–43], we hypothesized that it would render CAPRIN1 
prone to misfolding and aggregation. Indeed, in silico anal-
ysis of CAPRIN1 and CAPRIN1P512L using the PLAAC, 
CamSol and ZipperDB tools predicted an increase in aggre-
gation propensity and an increase in protein insolubility for 
CAPRIN1P512L (Fig. 1h, i and S1a) [18, 19, 44].

CAPRIN1P512L forms insoluble aggregates

To investigate the potentially increased aggregation pro-
pensity of CAPRIN1P512L, we overexpressed V5-tagged 
CAPRIN1 and CAPRIN1P512L in HEK293T cells and 
sequentially extracted proteins from a more soluble (RIPA) 
and less soluble (urea) fraction. CAPRIN1-V5 was mainly 
eluted in the RIPA-soluble fraction, while CAPRIN1P512L-V5 
exhibited reduced solubility and was recovered in the urea-
soluble fraction (Fig. 2a), a behavior found in other mutant 
PrLD-containing proteins related with degenerative disor-
ders [21].

Remarkably, in SH-SY5Y cells, overexpression of EGFP-
tagged CAPRIN1 mostly revealed diffuse cytoplasmic local-
ization and coalesces in small round clusters (Fig. 2b and 
S1b), compatible with the induction stress granules, as previ-
ously reported [2, 6]. On the contrary, EGFP-CAPRIN1P512L 
mostly formed a few, large aggregates (Fig. 2b–d, 3a–d and 
S1b–d).

CAPRIN1P512L aggregates are positive for typical NDs 
markers

Since protein misfolding and impairment of the protein 
quality control (PQC) are widely recognized pathomecha-
nism of NDs [45], we investigated protein homeostasis 
markers, such as ubiquitin and p62. Under physiologi-
cal conditions, the formation of aggregates is prevented 
by the activity of molecular chaperons of the PQC, which 
are also able to unfold misfolded proteins. When folding 
is not possible, misfolded proteins are ubiquitinated by 
E3 ubiquitin ligases and directed to proteasomal degrada-
tion via the ubiquitin–proteasome system (UPS) [46, 47]. 
Indeed, bulky CAPRIN1P512L aggregates were positive for 
ubiquitin (Fig. 2c). Moreover, since insoluble aggregates 
can inhibit the 26S proteasome and be targeted for lysoso-
mal degradation by macroautophagy [48, 49], we stained 
CAPRIN1P512L aggregates for p62/SQSTM1 positivity 
and we could indeed detect a strong signal, as reported for 
other NDs (Fig. 2d) [50]. Taken together, these results sug-
gest that CAPRIN1P512L misfolds and becomes targeted for 
degradation.

CAPRIN1P512L aggregates sequester ataxia‑related 
proteins

We next investigated if CAPRIN1P512L inclusions seques-
ter other proteins, resembling the pathophysiology of other 
age-related neurodegenerative disorders: for example, 
α-synuclein (SNCA) inclusions (Lewy bodies) can be found 
in Parkinson’s disease (PD) and Lewy bodies dementia 
(LBD) [51]. Likewise, TARDBP aggregates are a common 
feature in both amyotrophic lateral sclerosis (ALS) and fron-
totemporal lobar degeneration (FTLD) pathology despite 
their genetic heterogeneity [52, 53]. CAPRIN1 has also 
been detected in aggregates in TARDBP or FUS-positive 
ALS spinal cord motor neurons [35, 54, 55]. We detected 
a strong SNCA positivity for CAPRIN1P512L aggregates 
(Fig. 3a, Table 1), but no colocalization with TARDBP and 
FUS (Fig. S1c and S1d).

We next examined whether CAPRIN1P512L aggregates 
would sequester other known CAPRIN1 binding partners. 
We focused on specific candidates: ATXN2, whose polyQ 
expansions cause spinocerebellar ataxia 2 (SCA2) [37], and 
GEMIN5, whose biallelic mutations cause neurodevelop-
mental delay and ataxia [38]. Indeed, both proteins were 
present in the CAPRIN1P512L inclusions (Fig. 3b and c; 
Table 1).

Due to the progressive muscle atrophy of the affected 
individuals, we additionally investigated if the aggregates 
contained SNRNP200, another CAPRIN1 interacting part-
ner that has been reported in the cortical and spinal motor 
neurons of ALS cases and indeed we could detect it (Fig. 3d; 

Fig. 4   CAPRIN1P512L neurons show reduced neuronal activity. a 
At maturation (D36), CAPRIN1WT/P512L and CAPRIN1P512L/P512L 
do not show overt protein aggregation. b Representative traces 
from a MEA electrode at day 37 (D37) and 53 (D53). c Rep-
resentative activity plots of a MEA well at day 37 (D37) and 
53 (D53). d CAPRIN1WT/P512L and CAPRIN1P512L/P512L iPSC-
derived neurons show reduced spike rate in comparison with 
CAPRIN1WT/WT ones (Bars: mean ± SEM; n = 3; one-way ANOVA: 
*CAPRIN1WT/WT vs CAPRIN1WT/P512L, ˟CAPRIN1WT/WT vs 
CAPRIN1P512L/P512L,  CAPRIN1WT/P512L vs CAPRIN1P512L/P512L, 
*/˟/^p < 0.05, ˟˟p < 0.01). e CAPRIN1WT/P512L and CAPRIN1P512L/

P512L iPSC-derived neurons show reduced burst counts in compari-
son with CAPRIN1WT/WT ones (Bars: mean ± SEM; n = 3; one-way 
ANOVA: *CAPRIN1WT/WT vs CAPRIN1WT/P512L, ˟CAPRIN1WT/WT 
vs CAPRIN1P512L/P512L,  CAPRIN1WT/P512L vs CAPRIN1P512L/P512L, 
*/˟/^p < 0.05)

◂
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Table 1) [36]. Taken together, these results indicate that 
CAPRIN1P512L inclusions are able to sequester multiple ND 
and ataxia-related proteins.

CAPRIN1P512L iPSC‑derived neurons show reduced 
neuronal activity

To study the effects of the P512L substitution in a human 
neuronal cell model, we generated the heterozygous 
CAPRIN1WT/P512L and the homozygous CAPRIN1P512L/P512L 
isogenic cell lines from the CAPRIN1WT/WT HUVEC iPSC 
line using CRISPR/Cas9 genome editing (Fig. S2a). We 

Fig. 5   CAPRIN1P512L neurons show impaired stress granules dynam-
ics. a Representative pictures of the neurons. iPSC-derived neurons 
were treated for 60  min with 0.5  mM NaAsO2. Medium was then 
exchanged with normal medium and cells were incubated at differ-
ent time points and fixed. The number on top indicate the time in 

minutes. b Quantification of the SG+ cell ratio (Bars: mean ± SEM; 
n = 3; one-way ANOVA: *CAPRIN1WT/WT vs CAPRIN1WT/P512L, 
˟CAPRIN1WT/WT vs CAPRIN1P512L/P512L,  CAPRIN1WT/P512L vs 
CAPRIN1P512L/P512L, */˟/^p < 0.05; **/˟˟/^^p < 0.01; ^^^p < 0.001. 
Scale bar: 20 µm)
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then differentiated them in cortical neurons using the pro-
tocol from Schuster et al. 2020 (Fig. S2b and S2c). These 
iPSC-derived neurons do not show any significant change 
in CAPRIN1 levels at neuronal maturation (D36), nor any 
overt morphological alteration of the cell soma or the neu-
rites (Fig. 4a).

In particular, both iPSCs and iPSC-derived neurons 
harboring the CAPRIN1P512L mutation did not display any 
protein aggregates, even upon proteasomal inhibition (Fig. 
S3a-b and S4a). Their absence, however, is reported for 
many other iPSC-derived neuronal cells lines that harbor 
mutations associated with protein aggregation in tissue sec-
tions from individuals suffering of ataxia, Parkinson’s dis-
ease or Huntington’s disease (HD) [56–58].

Since in several disease models electrophysiological 
changes in neurons precede neuronal loss [59], we recorded 
the spontaneous neuronal activity using a microelectrode 
array system. Interestingly, while CAPRIN1WT/WT and 
CAPRIN1WT/P512L neurons increased their firing rate upon 
maturation, CAPRIN1P512L/P512L neurons showed a clearly 
reduced spike rate and almost no bursting throughout the 
whole recording period (Fig. 4b–e). On the other hand, after 
an initial overlap, also the activity of CAPRIN1WT/P512L neu-
rons progressively decreased (Fig. 4b–e).

CAPRIN1P512L iPSC‑derived neurons show impaired 
stress granules dynamics

Since CAPRIN1 represents one of the main components of 
SGs [6, 11], and disease-linked mutations in TARDBP, FUS 
or C9ORF72 cause an increase of cells presenting SGs upon 
stress [60–62], we hypothesized that the CAPRIN1P512L 
mutation could alter their dynamics. Therefore, we treated 
the iPSC-derived neurons with sodium arsenite (SA), a com-
mon SG inducer [6], and studied their resolution at differ-
ent time points. Intriguingly, upon SA treatment, a higher 
fraction of CAPRIN1WT/P512L neurons showed SGs in com-
parison to both CAPRIN1WT/WT and CAPRIN1P512L/P512L 
neurons (Fig. 5a and b). Moreover, in CAPRIN1WT/P512L 
neurons the resolution of the SGs occurred slower than in 
the other cell lines, resulting in the persistence of SG for 
a longer time after stress removal. Strikingly, this differ-
ence could not be observed in CAPRIN1P512L/P512L neurons, 
where the SGs resolution tended to be even faster than in 
the CAPRIN1WT/WT neurons, suggesting a more complex 
scenario where the CAPRIN1 properties and interactions 
might play a major role.

CAPRIN1P512L adopts an extended conformation

To investigate whether the P512L mutation inf lu-
ences CAPRIN1 structure, we characterized recom-
binantly produced and purified mGFP-CAPRIN1 and 

mGFP-CAPRIN1P512L (Fig. 6a). We used nano-differential 
scanning fluorimetry (nanoDSF) to monitor the tertiary 
structure and unfolding transitions of CAPRIN1. This 
revealed significant differences in the fluorescence ratio 
(F350/F330) at 20 °C and increased stability of mGFP-
CAPRIN1P512L in comparison to mGFP-CAPRIN1 (Fig. 6b, 
Table 2). These data suggest that the mutation does not 
cause a substantial destabilization of the protein and that the 
two proteins have a similar tertiary structure. Dynamic light 
scattering (DLS) and fluorescence correlation spectroscopy 
(FCS) measurements showed that mGFP-CAPRIN1P512L 
exhibits an increased hydrodynamic radius compared to 
that of mGFP-CAPRIN1 (Fig. 6c, Table 2). Taken together, 
the data suggest that CAPRIN1P512L adopts an extended yet 
near-native conformation.

The P512L mutation does not impair CAPRIN1 
dimerization

Given the differences in hydrodynamic radius between 
CAPRIN1 and CAPRIN1P512L and the ability of CAPRIN1 
to form dimers [12], we used FCS to test for changes in 
CAPRIN1 oligomerization. We measured the brightness of 
mGFP-CAPRIN1 and mGFP-CAPRIN1P512L and compared 
it to the brightness of free GFP. Both proteins were shown 
to associate into dimers in solution even at concentrations 
as low as 50 nM (Fig. 6d). Consistent with the formation 
of CAPRIN1 dimers, the GFP brightness decreased when 
mGFP-CAPRIN1 was mixed with an excess of unlabeled 
CAPRIN1, demonstrating the formation of spectroscopic 
heterodimers (Fig. S5a). In accordance with the distance 
between the mutated residue and the annotated dimerization 
domain (residues 132–251) [12], our data demonstrate that 
the P512L mutation does not affect dimerization, but rather 
results in an expanded conformation of the protein.

CAPRIN1P512L aggregation is enhanced by RNA

Since CAPRIN1 is an RBP, we examined whether this 
conformational change would alter its affinity for RNA. 
To this end, we incubated CAPRIN1 with ATTO590-
labelled single-stranded RNA (ssRNA). CAPRIN1P512L 
showed reduced RNA affinity (KD

CAPRIN1: ~ 506 ± 223 nM; 
KD

CAPRIN1−P512L: ~ 947 ± 239 nM; Fig. 6e). We then tested 
the reversibility of the CAPRIN1-RNA interaction by adding 
unlabeled long homopolymeric polyA RNA as a competi-
tor. In accordance with the previous data, CAPRIN1 binds 
ssRNA ~ twofold tighter than CAPRIN1P512L (KI

CAPRIN1: 
60.5 ± 0.7 ng/µl; KI

CAPRIN1−P512L: 33.5 ± 12 ng/µl; Fig. 6f).
To further investigate CAPRIN1P512L properties, we 

observed mGFP-CAPRIN1 and mGFP-CAPRIN1P512L by 
fluorescence microscopy. While mGFP-CAPRIN1 dis-
played a diffuse signal, mGFP-CAPRIN1P512L formed 
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small agglomerates, confirming the increased aggrega-
tion propensity seen in our cell models (Fig. 6g). Since 
CAPRIN1 is an RBP and recent studies demonstrated the 
pivotal role of RNA in the modulation of protein aggrega-
tion [63, 64], we next incubated the purified proteins with 
RNA. Strikingly, while mGFP-CAPRIN1 remained soluble, 
mGFP-CAPRIN1P512L formed large, microscopically vis-
ible aggregates (Fig. 6g). This effect was independent of 
the RNA type, and all RNA types tested caused aggregation 
of mGFP-CAPRIN1P512L (Fig. S5b). Since the association 
of RBPs with nucleic acids is often driven and stabilized 
through electrostatic interactions, we increased the salin-
ity after complex formation to distinguish weaker (revers-
ible) from stronger (irreversible, indicative of aggregates) 
interactions. Increasing the salinity reduced the degree of 
aggregation only to some extent, and the addition of RNase 
A did not dissolve the aggregates (Fig. 6g). This suggests 
that CAPRIN1P512L misfolding might be triggered by RNA, 
but that RNA is not necessary for aggregate persistence. 
Consistent with this, our FISH analysis in CAPRIN1P512L 
transfected cells showed that the formed aggregates do not 
contain polyA RNA (Fig. S5c).

Taken together, these data indicate that the Pro512Leu 
mutation alters the dynamics of binding to RNA which 
might influence the aggregation propensity of CAPRIN1.

Discussion

To date, CAPRIN1 has been associated with two conditions: 
increased CAPRIN1 expression has been connected to cer-
tain cancers [65], while its reduction has been linked with 

autism spectrum disorders and speech delay [14–17]. In con-
trast, we identify the recurrent de novo CAPRIN1P512L muta-
tion in two independent individuals with early onset pro-
gressive ataxia and intellectual disability, which increases 
the protein propensity to aggregate and causes electrophysi-
ological alterations in iPSC-derived neurons.

Strikingly, both affected individuals carry the identical de 
novo c.1535C > T variant, an event which is per se highly 
unlikely to occur by chance (Note S2). This variant is not 
reported in gnomAD, where CAPRIN1 constraint metrics 
indicate that the gene has a reduced tolerance for missense 
mutations (Z = 1.69; o/e: 0.76 (95% CI 0.69–0.84)) and mis-
sense SNVs in the ± 100 bp range from the variant have all 
very rare frequencies (< 0.0001).

The P512L substitution affects the highly conserved pro-
line residue exchanging a secondary structure breaker for a 
non-polar, aliphatic leucine (Fig. 1d and e) [65]. Although 
this amino acid substitution affects a residue close to 
CAPRIN1 PrLD (residues 537–709) and its surrounding 
region is enriched for residues found in prion-like domains, 
such as serine and glutamine, the proline-surrounding 
sequence is highly conserved. This suggests that this region 
is not disordered but adopts a specific fold that is most prob-
ably disrupted by the introduction of the leucine residue. In 
particular, the fact that the P512L substitution lead to an 
increase in the hydrodynamic radius of the protein, suggests 
that this proline is in the cis configuration in the wild-type 
protein and generates a kink in the polypeptide chain [66]. 
We hypothesize that this kink is absent in CAPRIN1P512L, 
causing the observed extended conformation. Moreover, 
due to the distance of this residue from potential post-trans-
lational modifications sites, this substitution is unlikely to 
influence them [67].

Our data suggest that the leucine substitution renders 
the protein prone to misfolding and aggregation, which is 
accelerated by the presence of RNA. Therefore, it is highly 
likely that the P512L acts in a gain-of-function manner. Fur-
thermore, the gain-of-function model is in accordance with 
the increasing evidence that, conversely, CAPRIN1 reduc-
tion (e.g. haploinsufficiency) causes a different phenotype, 
characterized by language impairment, attention-deficit/
hyperactivity disorder.

deficit hyperactivity disorder (ADHD) and ASD [14–17]. 
This suggests an intriguing parallel between CAPRIN1 and 
FMR1: FMR1 loss-of-function mutations are linked to Frag-
ile X syndrome, a neurodevelopmental disorder character-
ized by intellectual disability due to hypermethylation of 
long CGG repeats (> 200) [68], while FMR1 gain-of-func-
tion mutations are linked to FXTAS, a neurodegenerative 
disorder where shorter CGG expansions (50–200) lead to 
increase in FMR1 expression [39, 69]. An important dif-
ference between the CAPRIN1 neurodegenerative disorder 
and FXTAS is the different disease onset: while the former 

Fig. 6   Dynamics of CAPRIN1P512L and RNA. a Purified mGFP-
CAPRIN1 and mGFP-CAPRIN1P512L stained with Coomassie (CBB) 
on SDS-PAGE. b CAPRIN1P512L adopts a more extended conforma-
tion than CAPRIN1. The fluorescence ratio (F350/F330) at 20 °C of 
the two proteins is shown (mGFP-CAPRIN1: 0.845 ± 0.006; mGFP-
CAPRIN1P512L: 0.864 ± 0.009; n = 9; unpaired t test: ***p < 0.001). c 
CAPRIN1P512L adopts a more extended conformation than CAPRIN1. 
Hydrodynamic radii (rH) were calculated using FCS (mGFP-
CAPRIN1P512L: 4.8 ± 0.5  nm; mGFP-CAPRIN1P512L: 5.8 ± 0.2  nm; 
n = 3; unpaired t test: p < 0.05). d CAPRIN1P512L dimerization is 
not impaired. The GFP brightness comparison of 50  nM mGFP-
CAPRIN1 and mGFP-CAPRIN1P512L to mGFP indicate that both 
proteins form dimers. e CAPRIN1P512L has a reduced RNA affinity. 
Fluorescence anisotropy measured the binding affinity of CAPRIN1 
and CAPRIN1P512L using ATTO590ssRNA. (KD

CAPRIN1: 506 ± 223 nM; 
KD

CAPRIN1−P512L: ~ 947 ± 238.6  nM; n = 3). f CAPRIN1P512L 
has a reduced RNA affinity. An increasing amount of unlabeled 
polyA was added to ATTO590ssRNA-bound mGFP-CAPRIN1 or 
mGFP-CAPRIN1P512L and changes in anisotropy were measured 
(KI

CAPRIN1: 60.5 ± 0.7 ng/µl; KI
CAPRIN1−P512L: 33.5 ± 12 ng/µl; n = 2). 

g CAPRIN1P512L aggregation is enhanced by RNA incubation. Upon 
RNA addition, mGFP-CAPRIN1P512L aggregates while mGFP-
CAPRIN1 remains soluble. KCL or RNase A were added to check the 
reversibility of the interaction (Scale bar: 10 µm)

◂
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occurs during childhood, the latter affects individuals older 
than 50 years of age [39]. This suggests that the protein 
quality control machinery is unable to control the aggre-
gation properties of CAPRIN1P512L and it could be related 
to the importance of the other proteins sequestered in the 
aggregates.

Intriguingly, we observed that CAPRIN1P512L inclusions 
contain ATXN2 and GEMIN5. This is interesting because 
ATXN2 polyQ repeats cause autosomal dominant SCA2 
(≥ 33 repeats) or increase ALS risk (31–32 repeats) through 
neuronal ATXN2 aggregation [10] and the affected individu-
als show both progressive ataxia and muscle weakness and 
atrophy. On the other side, biallelic mutations in GEMIN5 
have recently been linked to early-onset neurodevelopmen-
tal delay and ataxia [38]. This suggests that sequestration 
of ATXN2 and GEMIN5 in CAPRIN1P512L inclusions 
could at least in part be responsible for the observed gain-
of-function phenotypes. In fact, CAPRIN1 and many other 
stress granule proteins are embedded in a dense network of 
protein–protein interactions even before they assemble into 
stress granules [70–72]. The fact that mutant CAPRIN1 is 
in a near-native state, suggests that many of these interac-
tions will remain intact during misfolding and aggregation. 
Accordingly, CAPRIN1 aggregation may inactivate many 
associated proteins, providing an explanation for the severity 
of the disease phenotype.

Given the importance of the cell-specific environment 
in investigating a phenotype [25], we prioritized a neu-
ronal model over patient-derived cell lines. Therefore, we 
generated the heterozygous CAPRIN1WT/P512L and the 
homozygous CAPRIN1P512L/P512L isogenic iPSC lines using 
CRISPR/Cas9 technology and differentiated them in corti-
cal neurons, since both affected individuals suffered also 
from intellectual disability and even showed cortical atrophy 
and to avoid the considerable limitations of iPSC-derived 
cerebellar neurons, such as low cellular yield, need of co-
culture with mice-derived progenitors or long differentia-
tion duration of the available protocols [73]. At neuronal 
maturation (D36), we did not observe marked differences in 
differentiation efficiency (Fig. S2b and S2c), which would 
indicate a correct neuronal maturation and confirm the neu-
rodegenerative nature of the disorder. We did not observe the 
formation of CAPRIN1 aggregates, even after proteasomal 
inhibition in both iPSCs and iPSC-derived neurons (Fig. 
S3a, S3b and S4a). One possible justification is a caveat 
of the disease model per se: iPSC-derived neurons usu-
ally lack the maturity of postnatally differentiated neurons 
and this acquires particular relevance when investigating a 
neurodegenerative disorder, where neuronal ageing plays a 
crucial role in the development of a phenotype [58]. In fact, 
iPSC-derived neurons used to study diseases characterized 
by protein aggregation like Alzheimer’s disease, Parkin-
son’s disease or Huntington’s disease mostly failed to detect 

amyloid beta, α-synuclein or HTT aggregation, respectively 
[56–58]. Based on the characterization of the iPSC-derived 
neurons conducted in the protocol’s original paper [25], it 
is reasonable to expect that the iPSC-derived neurons used 
in this study are not mature enough. Indeed, studies have 
shown that bypassing the iPSC state through direct repro-
gramming of somatic cells maintained aging hallmarks and 
recapitulated some disease phenotypes that are not present 
in iPSC-derived neurons [74]. This alternative approach was 
not pursued because of reproducibility concerns. However, it 
is important to note that iPSC-derived neurons could exhibit 
disease-specific alterations even in the absence of overt 
protein aggregation [58]. Interestingly, the activity of the 
iPSC-derived neurons decreases with the number of mutated 
CAPRIN1 alleles: while the spike rate and burst number 
of CAPRIN1WT/P512L neurons is initially comparable to the 
one of CAPRIN1WT/WT neurons, that of CAPRIN1P512L/P512L 
neurons is always low: this suggests that pathophysiologi-
cal changes in the neurons precede the formation of aggre-
gates. This is in agreement with many NDs characterized 
by protein aggregation, where alterations in several cellu-
lar processes are found in neurons without inclusions, even 
in animal models [59, 75]. In CAPRIN1WT/P512L neurons, 
the mutation causes an increase in the SG formation and 
a reduction in their resolution, in line with disease-linked 
mutations in other ND-related genes (TARDBP, FUS or 
C9ORF72) [60–62]. However, the homozygous mutation 
does not cause an increase in their formation, but even a 
slightly faster resolution. A possible explanation of this 
phenomenon is that the increased aggregation propensity 
of CAPRIN1P512L might be counterbalanced by its reduced 
affinity for RNA. In homozygous CAPRIN1P512L neurons, 
the protein’s low affinity for RNA tends to hinder the for-
mation of SGs, compensating its increased aggregation. By 
contrast, in heterozygous neurons, the aggregation-prone 
but low-RNA-binding CAPRIN1P512L can still form dimers 
with the wild-type CAPRIN1, and its aggregation propensity 
might increase SGs formation. These data suggest differ-
ences in the assembly of SGs that could be due altered RNA 
binding affinity, but whether SGs promote the formation of 
pathological CAPRIN aggregates or whether CAPRIN1 
aggregates independently of SGs remains to be investigated.

Indeed, the pivotal role of protein-RNA interactions in 
aggregation is becoming increasingly clear: while for some 
mutations of ALS-related genes, such as TARDBP, FUS, 
HNRNPA2B1 and HNRNPA1, the purified mutated proteins 
alone were often sufficient to enhance its aggregation pro-
pensity [20, 40–42], recent studies demonstrated the RNA 
ability to hinder or promote aggregation [63, 64, 76]. For 
example, RNA is able to antagonize TARDBP aggregation 
and disease-associated mutations would promote aberrant 
phase transitions of RNA-deficient TARDBP proteins [77]. 
Conversely, RNA increases the aggregation propensity of 
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CAPRIN1P512L and RNA removal does not revert the confor-
mational change: this indicates that the misfolding might be 
irreversible. Interestingly, polyG RNA is able to trigger not 
only CAPRIN1P512L aggregation but the one of CAPRIN1 
too. A possible explanation for this phenomenon could be 
the intrinsic ability of polyG RNA to undergo phase separa-
tion due to the formation of G-quadruplex structures [78].

In conclusion, we identify with the P512L mutation a 
highly critical domain in CAPRIN1, the alteration of which 
associates with early-onset ataxia and intellectual disabil-
ity, thereby associating another PrLD-containing protein to 
a novel neurodegenerative disorder. Moreover, we provide 
further evidence for the pivotal role of protein-RNA interac-
tions in the assembly of aggregates.
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Supplementary Notes 

Note S1. WES and data analysis 

For Family A, DNA was prepared using the Nextera Exome Enrichment method from Illumina. In short, 50 ng of 

genomic DNA was ‘‘tagmented’’ using the Nextera transposome complex, generating adaptor-ligated DNA 

fragments ready for enrichment. All samples were barcode/index-labelled via index primers during the enrichment 

PCR. Samples were quantified using Picogreen measurements and the quality of each sample was assessed using 

the Agilent BioAnalyzer. Up to 12 samples were pooled together in equal quantities before capture. A bait library 

of >340,000, 95-mer biotinylated probes was used to enrich a 62 Mb region of the genome containing 201,121 

coding exons (20,794 genes), UTRs, and non coding RNA regions. The biotinylated probes were used to hybridize 

to the target sequences, followed by capture using streptavidin beads. The captured DNA was further amplified 

by PCR and the quality of the pooled, enriched sequencing libraries was determined on the BioAnalyzer. Further, 

quality control was done by sequencing each 12-sample pool on the Illumina MiSeq instrument, assessing optimal 

cluster densities, distribution of reads from each sample within the pool, and other quality metrics such as insert 

size. WES samples were sequenced on Illumina HiSeq 2500 instruments (four lanes per pool), using TruSeq v4 

cluster and SBS kits, respectively. Variants were analyzed using the Clinical Sequence Miner application 

(DeCODE Genetics, Iceland). Low-quality variants, variants with call ratios of less than 20%, and variants with 

global allele frequencies higher than 0.01 were excluded from analysis. Variants were prioritized based on 

pathogenicity predictions by multiple scores (CADD, SIFT, PolyPhen-2). The analysis for homozygous or 

compound heterozygous variants did not produce any likely candidate. 

For Family B, DNA was extracted from circulating leukocytes and enriched by means of IDT Exome Research 

v1.0 kit for parallel sequencing. Raw data were processed and analyzed using an in-house pipeline based on the 

GATK Best Practices [1]. The UCSC GRCh37/hg19 version of genome assembly was used as reference for reads 

alignment by means of BWA-MEM aligner [2]. Germline variant calling was performed giving BAM files as 

input to HaplotypeCaller algorithm [1]. SnpEff v.4.3 and dbNSFP v.3.5 tools was used for known disease variants 

annotation (ClinVar) [3, 4], variant functional annotation, as well as for in silico prediction of impact by means 

of Combined Annotation Dependent Depletion (CADD) v.1.4 [5], Mendelian Clinically Applicable Pathogenicity 

(M-CAP) v.1.3 and Intervar v.2.0.1 [6, 7]. Population frequencies were annotated from both gnomAD database 

and in-house database including ~2500 exomes. Filters were applied in order to extract high-quality variants 

(GATK hard-filtering, QUAL>100), low-frequency (gnomAD MAF<0.1%, in-house exomes database<1%) non-

synonymous SNV and INDELs within coding exons and splice regions. Functional impact evaluation of variants 

was made assigning a higher priority to variants with CADD score>20, M-CAP score>0.025, tagged as 

pathogenic/likely-pathogenic by InterVar, as well as relying on Phenolyzer score [8], a tool for gene/phenotype 

associations. The exome enrichment evaluation showed 150x average coverage and 20x depth at least for 95% of 



 

 

the target regions. Among 78,877 high-quality variants, 14,329 affected either CDS or splice sites, whereas 444 

had low or unknown frequencies according to the aforesaid frequency thresholds. 

  



 

 

Note S2. Probability calculation for occurrence of identical de novo variants in individuals with similar 

phenotype 

These calculations were based on Marbach et al, 2019.  

In humans, the germline SNV de novo mutation (DNM) rate averages 1.29 × 10-8 (95%CI: 1.02 × 10-8 - 1.56 × 

10-8) per base pair per generation [9]. Therefore, for an average 45 Mb exome, the highest expected SNV DNM 

number is 0.72. 

The p likelihood for a second individual to carry the variant in the same nucleotide is 1.12 × 10-8 or about 1 in 89 

million, based on the formula (1). 

𝑝 = 1 − (1 − 𝑟)𝑛 (1) 

where r is the de novo mutation rate and n the number of expected DNMs per individual.  

Since the non-CpG C>T transition likelihood is 58% [10], the probability of the occurrence of the C>T transition 

at the same position is 0.65 × 10-8, or about 1 in 154 million). 

This calculation assumes no multiple testing. Even though the two variants were independently discovered, in the 

hypothesis of a cohort of 100 phenotypically similar ataxic individuals in a database (e.g. GeneMatcher), all of 

them recruited through trio-WES, the adjusted probability of finding an additional occurrence of the identical de 

novo would be 0.65 × 10-6 (1 in 1,5 million). 

  



 

 

Supplementary Figures and Legends 

 

Figure S1. CAPRIN1P512L aggregates characteristics 

a) ZipperDB predicts an increase in the amyloid fibril–forming potential of CAPRIN1P512L.  

b) Representative images of CAPRIN1 and CAPRIN1P512L in SH-SY5Y cells (cell contour marked by the 

dashed white line) (Scale bar: 10 μm).  

c) CAPRIN1P512L aggregates are TDP-43- and FUS- (Scale bar: 10 μm). 

  



 

 

 

Figure S2. Characterization of iPSC lines and iPSC-derived neurons 

a) Pherograms from Sanger sequencing of the CAPRIN1WT/WT, CAPRIN1WT/P512L and CAPRIN1P512L/P512L 

iPSC lines confirm the correct editing of the c.1535C>T variant in CAPRIN1 (NM_005898.5).  

b) CTIP2 staining confirms the differentiation of the iPSCs in cortical layer V and VI neurons according to 

Schuster et al, 2020 [11] (Scale bar: 50 µm). 

c) Quantification of CTIP2+ neurons (*: p<0.05).  

d) Immunoblotting showing that CAPRIN1 levels are not changed in CAPRIN1P512L-harboring cell lines.  

e) Quantification of the immunoblot data in Figure S2D.  

  



 

 

 

Figure S3. Proteasomal inhibition does not lead to aggregates formation in iPSCs 

a) iPSCs treated with the proteasomal inhibitor Bortezomib (BTZ) for 24 h show colony shrinkage at 25 

nm and almost complete cell death at 50 nM (Scale bar: 200 µm).  

b) iPSC treated with 25 nm for 24 h do not show aggregation (Scale bar: 10 µm). 



 

 

 

Figure S4. Proteasomal inhibition does not lead to aggregates formation in iPSC-derived neurons 

a) iPSC-derived neurons treated with up to 10 µM of the proteasomal inhibitor Bortezomib (BTZ) for 24 h 

do not show aggregation (Scale bar: 10 µm). 

  



 

 

 



 

 

Figure S5. CAPRIN1P512L dimerizes and its aggregation is triggered by RNA.  

a) Upon mixing mGFP-CAPRIN1 with an excess of unlabeled CAPRIN1, the reduction in GFP brightness 

shows that CAPRIN1 forms dimers. 

b) CAPRIN1P512L aggregates independently of the RNA type. Several RNA types were added to mGFP-

CAPRIN1 and mGFP-CAPRIN1P512L. While only polyG RNA was able to form overt mGFP-CAPRIN1 

aggregates, mGFP-CAPRIN1P512L formed aggregates with all RNA types (Scale bar: 10 µm). 

c) CAPRIN1P512L aggregates do not contain RNA in SH-SY5Y cells. polyA FISH showing the lack of 

polyadenylated RNAs in CAPRIN1P512L aggregates (aggregate contour marked by the dashed white line) 

(Scale bar: 10 µm). 

  



 

 

Supplementary Methods 

Bortezomib treatment 

iPSC and iPSC-derived neurons (D35) were treated with several concentrations of the proteasomal inhibitor 

Bortezomib (BTZ) (Selleckchem S1013) or its vehicle (0.1% DMSO) for 24 h. 

PolyA FISH 

Transfected SH-SY5Y cells were fixed with 4% PFA for 10 minutes, washed with PBS and permeabilized with 

0.2% Triton X-100 diluted in PBS for 10 min. Afterwards, cells were washed with 2× SSC and hybridized by 

incubation for 2 h at 37°C in 4× SSC containing 10% formamide, 5% dextran sulfate, 1% BSA, 0.5 mM EDTA, 

and 100 nM biotinylated oligo-dT probe (23-mer, IDT). They were then washed three times in 2× SSC and blocked 

in 3% BSA diluted in 4× SSC for 1 h at room temperature. Then, they were incubated with an anti-biotin antibody 

(Sigma-Aldrich, B3640) diluted in 1% BSA (in 4× SSC) for 1 h. Cells were then washed in 4× SSC and incubated 

with secondary antibodies conjugated with secondary antibodies/probes (see Table S2) diluted in 1% BSA (in 4× 

SSC) for 1 h. Finally, they were washed in 4× SSC, then 2× SSC, and mounted with ProLong Gold antifade 

reagent with DAPI (Invitrogen) on Polylysine slides (ThermoFisher Scientific). They were then imaged as 

described in the ‘Immunofluorescence’ section of ‘Material and methods’. 

  



 

 

Supplementary Tables 

Table S1. Nucleotide sequences of oligos and ssODNs 

Name Sequence (5’ → 3’) 

CAPRIN1_cl_F ACGATGCCCTCGGCCACCAG 

CAPRIN1_cl_R ATTCACTTGCTGAGTGTTCATTTGCGGC 

CAPRIN1_P512L_SDM_F AATCAATGTAAATGCAGCTCTATTCCAATCCATGCAAACGG 

CAPRIN1_P512L_SDM_R CCGTTTGCATGGATTGGAATAGAGCTGCATTTACATTGATT 

CAPRIN1-P512L_MG_s GTTAATGCAGCTCTATTTCAGAGCATGC 

CAPRIN1-P512L_MG_as ATTAATGCCGGAGCTGTGGAGTGGC 

CAPRIN1-P512L_gRNA_F CACCGACCGTTTGCATGGATTGGAA 

CAPRIN1-P512L_gRNA_R AAACTTCCAATCCATGCAAACGGTC 

CAPRIN1-SA_F1 TCCCTTCCTGCTGCGTCTCA 

CAPRIN1-SA_R1 ACAGGCACATCACTCATAAGGCTAA 

CAPRIN1-E14_F1 TCATCCACAAGTGAGGGGTACACA 

CAPRIN1-E14_R1 AGGTGCTTGCTCAAGAATCAAGGTA 

CAPRIN1-ssODN1 

CCGCTAAAGTGCATCTATTCACTTTGTGTTTAGGCAACAATCTCTTTAAATAC
AGACCAGACTACAGCATCATCATCCCTTCCTGCTGCGTCTCAGCCTCAAGTA

TTTCAGGCTGGGACAAGCAAACCTTTACATAGCAGTGGAATCAATGTAAAT

GCAGCTCTATTCCAATCCATGCAAACGGTAAGCAAATTAACTAACATTAATT
GCCTAGTATGTAATATGAATCATGGTAGATTTTCTTTTCTTTGTTAAAGGTCT

TCATTTAACTGTGCTTGAGTCTGCATCTTTCATTAACTGTAGGGTATATTTAA

TTGAACATAAACTGATTATTCCAGAGATTAACTGATACTAACGGATATTCTA
GAGATAAATTTTAGCCTTATGAGTGATGTGCCTG 

CAPRIN1-ssODN2 
TCCTGCTGCGTCTCAGCCTCAAGTATTTCAGGCTGGGACAAGCAAACCTTTA
CATAGCAGTGGAATCAATGTAAATGCAGCTCTATTCCAATCCATGCAAACGG

TAAGCAAATTAACTAACATTAATTGCCTAGTATGTAATATGAATCA 

CAPRIN1-P512L-ASP_F GTTTACCGCTAAAGTGCATC 

CAPRIN1-P512L-ASP_MUT_R CGTTTGCATGGATTGGAAGA 

CAPRIN1-P512L-ASP_WT_R CGTTTGCATGGATTGGAAGG 

 

  



 

 

Table S2. Antibodies 

Target Antigen Species Manufacturer Reference 

ACTB mouse Proteintech 
HRP-60008 

RRID:AB_2819183 

ATXN2 mouse Santa Cruz Biotechnology sc-515602 SAMPLE 

CAPRIN1 rabbit Proteintech 
15112-1-AP 

RRID:AB_2070016 

CTIP2 rabbit Abcam ab240636 

FUS mouse Santa Cruz Biotechnology 
sc-47711 
RRID:AB_2105208 

GEMIN5 rabbit Proteintech 
24897-1-AP 
RRID:AB_2879784 

G3BP1 mouse Santa Cruz Biotechnology 
sc-365338 

RRID:AB_10846950 

p62 mouse Abcam 
ab56416 

RRID:AB_945626 

SNCA mouse Santa Cruz Biotechnology 
sc-12767 SAMPLE 

RRID:AB_628318 

SNRNP200 mouse Santa Cruz Biotechnology sc-393170 

TDP-43 rabbit Proteintech 
10782-2-AP 
RRID:AB_615042 

TUJ1 chicken Novus Biologicals 
NB100-1612 
RRID:AB_10000548 

Ubiquitin mouse Santa Cruz Biotechnology 
sc-8017 
RRID:AB_628423 

V5 rabbit Abcam 
ab9116 
RRID:AB_307024 

Biotin goat Sigma-Aldrich 
B3640 
RRID:AB_258552 

Probe Species Manufacturer Reference 

Alexa Fluor 488 donkey anti-rabbit IgG (H+L) donkey Invitrogen 
A21206 

RRID:AB_2535792 

Alexa Fluor 568 donkey anti-rabbit IgG (H+L) donkey Invitrogen 
A10042 

RRID:AB_2534017 

Alexa Fluor 568 F(ab')2 fragment of goat anti-

mouse IgG (H+L) 
goat Invitrogen 

A11019 

RRID:AB_143162 

Alexa Fluor 568 donkey anti-goat IgG (H+L) donkey Invitrogen 
A11057 

RRID:AB_142581 

Alexa Fluor 647 goat anti-chicken IgG (H+L) goat Invitrogen 
A21449 

RRID:AB_2535866 

Alexa Fluor™ 647 Phalloidin  Invitrogen A22287 

Anti-rabbit IgG, HRP-linked goat Cell Signaling Technology 
7074S 

RRID:AB_2099233 
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