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Istituti di ricerca del “Centro Dino Ferrari”: 
 

• IRCCS FONDAZIONE CA’ GRANDA OSPEDALE MAGGIORE 

POLICLINICO UNIVERSITA’ DEGLI STUDI DI MILANO 

 
 

• Laboratorio di biochimica, Genetica e Colture Cellulari 

 

• Laboratorio di Cellule Staminali Neurali 

 

• U.O.S.D. Malattie Neuromuscolari e Rare 

 

• U.O.S.D. Malattie Neurodegenerative – Unità Valutativa Alzheimer 

(U.V.A.) 

 

• Centro Sclerosi Multipla 

 

• Laboratorio Parkinson e altri Disturbi del Movimento 

 

• Laboratorio di Cellule Staminali 

 

• Unità Operativa Semplice Stroke Unit 

 

 

• IRCCS ISTITUTO AUXOLOGICO ITALIANO – UNIVERSITA’ 

DEGLI STUDI DI MILANO 

 

• U.O. Neurologia - Stoke Unit 

 

• Laboratorio di Neuroscienze 

•   IRCCS ISTITUTO SCIENTIFICO E. MEDEA BOSISIO PARINI (LC) 

• Laboratorio di Biologia Molecolare, Citogenetica, Analisi 

Biochimico- Cliniche Bioinformatiche 
 

mailto:centro.dinoferrari@policlinico.mi.it


 

 

 

  

 

 

 

COORDINATORE SCIENTIFICO PROF. GIACOMO PIETRO COMI 
Via F. Sforza, 35 - 20122 Milano – Tel. 02.5503.3809 - Fax 02.5503.3800 

E-mail: giacomo.comi@unimi.it - centro.dinoferrari@policlinico.mi.it - www.centrodinoferrari.com 

Centri Nazionali di Ricerca che collaborano con il “Centro 

Dino Ferrari” 

 

 

 
➢ Prof. Valerio Carelli, Università di Bologna 
 

➢ Prof. Daniele Ghezzi, Istituto Neurologico Carlo Besta Milano 
 

➢ Dott. Lorenzo Maggi, Istituto Neurologico Carlo Besta Milano 
 

➢ Prof. Enrico Silvio Bertini, Ospedale Pediatrico Bambin Gesù Roma 
 

➢ Prof. Antonio Toscano, Università di Messina 
 

➢ Prof. Michelangelo Mancuso, Università di Pisa 
 

➢ Prof. Gabriele Siciliano, Università di Pisa 
 

➢ Prof. Carlo Minetti, Università di Genova 
 

➢ Prof. Paola Tonin, Università di Verona 
 

➢ Prof. Serenella Servidei, Università Cattolica del Sacro Cuore 
 

➢ Prof. Eugenio Mercuri, Fondazione Policlinico Universitario Agostino Gemelli IRCCS 

Roma 
 

➢ Prof.ssa Anna Ludovica Fracanzani e Dott.ssa Paola Dongiovanni Fondazione IRCCS 
Ca’ Granda Ospedale Maggiore Policlinico. Milano 
 

➢ Dott.ssa Caterina Lonati Fondazione IRCCS Ca’ Granda Ospedale Maggiore 
Policlinico. Milano 

 

➢ Prof.ssa Stefania Mondello Collaborazione con l’Università degli Studi di Messina 
 

➢ “Basi Molecolari della Sclerosi Laterale Amiotrofica” SLAGEN consortium. 
 

➢ “European ALS population study”, EURALS Consortium. 
 

➢ “Sviluppo di una strategia terapeutica per mitofusinopatie” in collaborazione con 

l’Associazione Mitofusina 2 (http://www.progettomitofusina2.com/it/associazione). 
 

➢ Dr. Uberto Pozzoli, IRCCS E. Medea Bosisio, Parini, Italia. 
 

➢ Prof F. Feiguin, Centre for Genetic Engineering and Biotechnology Trieste.  
 

➢ Prof S. Barabino, Università degli Studi di Milano-Bicocca. 
 

➢ Dr. Bernasconi e Dr. Marcuzzo, Istituto Neurologico Besta. Milano 
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➢ Dr. Di Schiavi, CNR di Napoli. 

 

➢ Prof. Antonia Ratti, Department of Neurology - Stroke Unit and Laboratory of 

Neuroscience, Istituto Auxologico Italiano, IRCCS, Milano. 
 

➢ Prof. Valentina Bollati, Dipartimento di Scienze Cliniche e di Comunità, Università 

degli Studi di Milano, Milano. 
 

➢ Dr. Simona Lodato, Humanitas Research Center, Milano. 
 

➢ Prof. Diego Fornasari, Dipartimento di Biotecnologie Mediche Traslazionali, Università 

degli Studi di Milano 
 

➢ Prof. A. Maggi, Centro di Biotecnologie Farmacologiche, Dipartimento di Scienze 

Farmacologiche, Università di Milano 
 

➢ Dott. Gianluigi Forloni, Istituto di Ricerche Farmacologiche Mario Negri, Milano 
 

➢ Prof. Stefano Cappa, Università di Pavia 
 

➢ Proff. Alessandro Padovani e Barbara Borroni, Università di Brescia 
 

➢ Dott.ssa Claudia Verderio CNR instituite of Neuroscience, Università Milano-Bicocca 
 

➢ Prof. Marco Bozzali, Università di Torino 
 

➢ Dott.ssa Carmen Giordano, Politecnico di Milano  
 

➢ Humberto Cerrel Bazo, direttore Dipartimento Medicina riabilitativa AUSL Piacenza 
 

➢ Maurilio Sampaolesi, Stem Cell Research Institute, University Hospital Gasthuisberg, 

Leuven, Belgium, Human Anatomy Section, University of Pavia, Pavia, Italy,  

Interuniversity Institute of Myology (IIM), Italy 
 

➢ Giuseppe Perale, I.B.I. S/A, Svizzera, Dipartimento di Chimica, Materiali e Ingegneria 

Chimica "Giulio Natta" Sezione Chimica Fisica Applicata, Politecnico di Milano, 

Milano 
 

➢ Roberto Maggi, Professore universitario di seconda fascia Fisiologia, Facoltà di 

Farmacia, Università degli Studi di Milano 
 

➢ Mario Pellegrino, Prof. Associato presso il Dipartimento di Ricerca Traslazionale e delle 

Nuove Tecnologie in Medicina e Chirurgia, Università di Pisa 
 

➢ Daniele Cusi, Professore di Nefrologia, Università degli Studi di Milano  
 

➢ Cristina Barlassina, Dipartimento di Medicina, Chirurgia e Odontoiatria, Università 

degli Studi di Milano 
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➢ Anna Spada, U.O. di Endocrinologia e Diabetologia, Dipartimento di Scienze Mediche, 

Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico 

 

➢ Irene Cettin, Direttore UO Complessa di Ostetricia e Ginecologia, Direttore Centro di 

Ricerche Fetali Giorgio Pardi, Università degli Studi di Milano - Polo Universitario 

Ospedale L. Sacco di Milano 
 

➢ Paola Rossi, Professore universitario per il settore scientifico disciplinare BIOO9 

(Fisiologia Generale) presso il Dipartimento di Scienze Fisiologiche e Farmacologiche 

cellulari e molecolari- Sezione di Fisiologia dell’Università di Pavia. 
 

➢ Angelo Poletti, Biologia Applicata, Università degli Studi di Milano, Facoltà di 

Farmacia, Università degli tudi di Milano 
 

➢ Silvio Bicciato, bioinformatics unit, Faculty of Biosciences and Biotechnologies, 

University of Modena and Reggio Emilia  
 

➢ Enrico Tagliafico, clinical Biochemistry, University of Modena and Reggio Emilia 
 

➢ Sergio Abrignani, direttore del National Institute of Molecular Genetics (INGM), Milan, 

Italy 
 

➢ Silvano Bosari, direttore UOC Anatomia Patologica, Fondazione IRCCS Ca’ Granda 

Ospedale Maggiore Policlinico di Milano, Dipartimento di Fisiopatologia Medico-

Chirurgica e dei Trapianti, Università degli Studi di Milano 
 

➢ Carlo Agostoni, Direttore della Clinica Pediatrica II dell’Università degli Studi, IRCCS 

Ca’ Granda Ospedale Maggiore Policlinico di Milano 
 

➢ Lorenza Lazzari Cell Factory Center for Transfusion Medicine, Cell Therapy and 

Criobiology, Department of Regenerative Medicine, Fondazione IRCCS Cà Granda 

Ospedale Maggiore Policlinico di Milano 
 

➢ Laura Porretti, referente del Servizio di Citofluorimetria e Core Facility di 

Citofluorimetria e Cell Sorting del Laboratorio Analisi, Fondazione IRCCS Cà 

Granda Ospedale Maggiore Policlinico di Milano 
 

➢ Agostino Cortelezzi, direttore UOC Ematologia I e Centro Trapainti Midollo, 

Fondazione IRCCS Cà Granda Ospedale Maggiore Policlinico 
 

➢ Giuseppe D’Antona, Department of Molecular Medicine, University of Pavia, Pavia, 

Italy LUSAMMR, Laboratory for Motor Activities in Rare Diseases, Sport Medicine, 

Centre Voghera, Voghera, Italy 
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➢ Enzo Nisoli, Center for Study and Research on Obesity, Department of Medical 

Biotechnology and Translational Medicine, University of Milan, Milan, Italy; 
 

➢ Dario Parazzoli, Imaging Facility IFOM Foundation – The FIRC Institute of Molecular 

Oncology Foundation, Milan, Italy 

 

➢ Stefano Campaner, Center for Genomic Science of IIT@SEMM; Istituto Italiano di 

Tecnologia (IIT); Milan, Italy 
 

➢ Luciano Conti, Laboratory of Stem Cell Biology, CiBio, Università di Trento 
 

➢ Alessandro Quattrone, Director of CiBio, University of Trento 
 

➢ Elena Cattaneo, Department of Biosciences and Centre for Stem cell Research, 

Università degli Studi di Milano 
 

➢ Giovanna Cantarella, Dirigente Medico Otorinolaringoiatra e Foniatra, Padiglione 

Monteggia, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico di Milano 
 

➢ Mauro Pluderi e Nadia Grimoldi, UO Neurochirurgia, Fondazione IRCCS Ca’ Granda 

Ospedale Maggiore Policlinico di Milano 
 

➢ Paolo Vezzoni, Dirigente di Ricerca e Responsabile dell’Unità Operativa di Supporto 

(UOS) dell’Istituto di Ricerca Genetica e Biomedica (IRGB) del CNR. 
 

➢ Marina Bouchè, Unit of Histology, and IIM, Sapienza University, DAHFMO, Rome, 

Italy 
 

➢ Davide Gabellini, Dulbecco Telethon Institute and Division of Regenerative Medicine, 

San Raffaele Scientific Institute, Milan 
 

➢ Franco Rustichelli, Dipartimento di Scienze Cliniche e Odontostomatologiche, Sezione 

di Biochimica, Biologia e Fisica, Università Politecnica delle Marche, Ancona, Italy 
 

➢ Silvia Della Bella, Lab of Clinical and Experimental Immunology, Humanitas Clinical 

and Research Center, Rozzano (MI), Italy, Department of Medical Biotechnologies and 

Translational Medicine, University of Milan, Milan, Italy 
 

➢ Aldo Pagano, Department of Experimental Medicine, University of Genoa, Genoa, 

Italy, IRCCS Azienda Ospedaliera Universitaria SanMartino-IST, Genova, Italy 
 

➢ Francesco Meinardi, Professore di Fisica della Materia, l’Università di Milano Bicocca 
 

➢ Jose F Rodriguez-Matas-, Associate professor, LabS (www.labsmech.polimi.it) 

Chemistry, Materials and Chemical Engineering Department “Giulio Natta” 

Politecnico di Milano, Italy 

mailto:centro.dinoferrari@policlinico.mi.it
http://www.labsmech.polimi.it/


 

 

 

  

 

 

 

COORDINATORE SCIENTIFICO PROF. GIACOMO PIETRO COMI 
Via F. Sforza, 35 - 20122 Milano – Tel. 02.5503.3809 - Fax 02.5503.3800 

E-mail: giacomo.comi@unimi.it - centro.dinoferrari@policlinico.mi.it - www.centrodinoferrari.com 

 

➢ Giorgio Roberto Merlo, Dipartimento di Biotecnologie Molecolari e Scienze per la 

salute-Università di Torino 
 

➢ Giorgio Pajardi, Dipartimento di Scienze Cliniche e di Comunità, Università degli Studi 

di Milano, Direttore U.O.C. di Chirurgia e Riabilitazione della Mano Ospedale S. 

Giuseppe Milano, Gruppo MultiMedica IRCCS 

 

➢ Dr Yuri D’Alessandra – Unità di Immunologia e genomica funzionale, Centro 

Cardiologico Monzino IRCCS, Milan, Italy 
 

➢ Prof. Stefano Biressi – Centro di Biologia Integrata – CIBIO, Università degli Studi di 

Trento 
 

➢ Prof. Lorenzo Bello - Neurochirurgia Oncologica, Humanitas, Milano 
 

➢ Prof. Alberto Priori - U.O.C. Neurologia, Ospedale San Paolo, Milano 
 

➢ Prof. Pierluigi Mauri – Istituto di Tecnologie Biomediche, Consiglio Nazionale delle 

Ricerche (CNR-ITB), Milano 
 

➢ Prof.ssa M.G. Bruzzone – UOC Neuroradiologia, Istituto Neurologico Besta, Milan, 

Italy 
 

➢ Prof. Simone Guglielmetti - Dipartimento di Scienze per gli Alimenti, la Nutrizione e 

l'Ambiente, Università degli Studi di Milano, Milano 
 

➢ Prof. Umberto Galderisi – Dipartimento di Medicina Sperimentale, Università degli 

Studi della Campania "Luigi Vanvitelli” 
 

➢ D.ssa Barbara Cassani – Instituto di Genetica e Biomedicina (IRGB), National Research 

Council (CNR) Milano 
 

➢ Dott. Gianluigi Forloni, Istituto di Ricerche Farmacologiche Mario Negri, Milano 
 

➢ Prof. Lorenza Lazzari, Department of Regenerative Medicine, Fondazione IRCCS Cà 

Granda Ospedale Maggiore Policlinico di Milano 
 

➢ Dr. Massimo Aureli, Università Degli Studi di Milano, Ospedale san Raffaele, Milano  
 

➢ Dr. Franco Taroni – IRCCS Istituto C. Besta, Milano 

➢ Prof. Mario Clerici-Department of Physiopathology and Transplantation, University of 

Milan, 20090 Milan, Italy. and Don C. Gnocchi Foundation ONLUS, IRCCS, 20148 

Milan, Italy. 
 

➢ Prof. Lorenza Lazzari, Department of Regenerative Medicine, Fondazione IRCCS Cà 

Granda Ospedale Maggiore Policlinico di Milano 
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➢ Dr. Massimo Aureli, Università Degli Studi di Milano, Ospedale san Raffaele, Milano  
 

➢ Dr. Franco Taroni – IRCCS Istituto C. Besta, Milano 

➢ Prof. Mario Clerici-Department of Physiopathology and Transplantation, University of 

Milan, 20090 Milan, Italy. and Don C. Gnocchi Foundation ONLUS, IRCCS, 20148 

Milan, Italy. 
 

➢ Prof. Giacomo Comi, Prof. Stefania Corti, Dott.ssa Daniela Galimberti, Dott. Prof. Elio 

Scarpini, Dott. Alessio di Fonso “Centro Dino Ferrari” IRCCS Ca’ Granda – Ospedale 

Maggiore Policlinico, Milano  
 

➢ Dott.ssa Cinzia Gellera, Dott. Franco Taroni, Prof. Giuseppe Lauria Pinter, Dott.ssa 

Giacomina Rossi, Dott. FrabrizioTagliavini, Dott. PietroTiraboschi, Dott. F. Moda  

IRCCS Istituto C. Besta, Milano  
 

➢ Prof.ssa Valeria Sansone Centro Clinico Nemo, Milano 
 

➢ Prof.ssa Carolina Lombardi Centro Sonno Istituto Auxologico Italiano IRCCS, Milano 
 

➢ Prof. Luca Persani  Dipartimento di Endocrinologia IRCCS Istituto Auxologico Italiano, 

Milano 
 

➢ Prof.ssa Palma Finelli, Dott.ssa Daniela Giardino,  Laboratorio di Citogenetica, IRCCS 

Istituto Auxologico Italiano, Milano 

  

➢ Dott. Luigi Sironi, Dott. A.E. Rigamonti, Dipartimento di Farmacologia Università di 

Milano - CEND   
 

➢ Prof. Fabio Triulzi, Dott. Alessandro Sillani, Dott.ssa Clara Sina,  Dott. Giorgio Conte, Ing. 

Valeria Contarino, IRCCS Ca’ Granda – Ospedale Maggiore Policlinico, Milano  

   

➢ Prof. Massimo Filippi, Prof. ssa Federica Agosta, Neuroimaging Research Unit and 

Department of Neurology, Institute of Experimental Neurology, Milano  

   

➢ Prof. Andrea Falini, Division of Neuroscience and Department of Neuroradiology, Vita-

Salute University and San Raffaele Scientific Institute, Milan 
 

➢ Dott. Emanuele Buratti, Prof. Francisco Baralle, Dott. Marco Baralle Laboratory of 

Molecular Pathology International Centre for Genetic Engineering and 

Biotechnology (ICGEB), Trieste 
 

➢ Prof. Angelo Poletti, Dott.ssa Valeria Crippa Dipartimento di Scienze Farmacologiche 

Biomolecolari, CEND, Università degli Studi di Milano 
 

➢ Dott. Francesco Bifari, Dipartimento di Biotecnologie Mediche e Medicina 

Traslazionale, Università degli Studi di Milano 
 

➢ Dott. Marco Feligioni, Centro EBRI, Roma 
 

➢ Prof. Adriano Chiò, Prof. Andrea Calvo, Università degli Studi di Torino 
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➢  Dott.ssa R. Ghidoni, Dott.ssa L. Benussi, IRCCS Centro San Giovanni di Dio 

Fatebenefratelli, Brescia 
 

➢ Dott. FM Santorelli- Fondazione Stella Maris, Pisa 

➢ Prof Luca De Gioia - Department of Biotechnology and Biosciences, University of 

Milan-Bicocca, 20126 Milan, Italy. 

➢ Prof. Mario Clerici -Department of Physiopathology and Transplantation, University of 

Milan, 20090 Milan, Italy. and Don C. Gnocchi Foundation ONLUS, IRCCS, 20148 

Milan, Italy. 

➢ Prof Giuseppe Bianchi - Nephrology and Dialysis Unit, San Raffaele Scientific Institute, 

University Vita Salute San Raffaele, Milan, Ita 

➢ Dott. Matteo Cereda - Department of Experimental Oncology, European Institute of 

Oncology (IEO), 20139 Milano 
 

➢ Dott. Franca Guerini - Don C. Gnocchi Foundation ONLUS, IRCCS, 20100 Milan, Italy 

➢ Dott. Mara Biasin - Department of Biomedical and Clinical Sciences, University of 

Milan, 20157 Milan, Italy 

➢ Prof. Roberto de Franchis - IBD Unit, Chair of Gastroenterology, Luigi Sacco University 

Hospital, 20157  Milan 

➢ Dott. Sergio Lo Caputo - S. Maria Annunziata Hospital, 50122 Florence, Italy 

➢ Dott. Rosanna Asselta - Dipartimento di Biotecnologie Mediche e Medicina 

Traslazionale, Università degli Studi di Milano, Milano, Italy. 
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Centri Internazionali di Ricerca che collaborano con il 

“Centro Dino Ferrari” 
 

 

➢ Prof. Carsten G. Bönnemann, NIH, Bethesda, USA 
 

➢ Prof. Michio Hirano, Columbia University, New York, USA 
 

➢ Prof. Connie Bezzina, Amsterdam UMC, Amsterdam, Olanda 
 

➢ Prof. S. Przedborski and Prof. D. Re, Columbia University, NY, USA 
 

➢ Prof. Kathrin Mayer Ph.D, Columbus, Ohio, USA. 
 

➢ Prof. Eva Hedlund, PhD, University of Stockholm, Sweden.  
 

➢ Prof. H. Moulton”, Oregon University.  
 

➢ Prof. Jeroen Pasterkamp, UMC Utrecht. Paesi Bassi 
 

➢ Prof. Michela Deleidi, Institut Imagine, Parigi, Francia  
 

➢ Prof. Philip Van Damme, University of Leuven. Belgio 
 

➢ Prof. Stefano Stifani, Montreal Neurological Institute of McGill University, Canada. 
 

➢ Prof. Francesco Lotti, PhD, Assistant Professor, Columbia University Medical Center, 

New York, NY 10032, USA.  
 

➢ Dr. Marisa Cappella, Centre De Recherche En Myologie, Parigi, Francia. 
 

➢ Dr. Robert P. Lisak, Dip. di Neurologia, Detroit (USA)  
 

➢ Prof. Philip Scheltens, Prof. Yolande Pijnenburg, Dept. of Neurology, VU University 

Medical Center, Amsterdam, The Nertherlands 
 

➢ Prof. Janine Diehl, Univerity of Munich, Germany 
 

➢ Prof. Glenda Halliday, University of Sydney, Australia 
 

➢ Prof. Simon Ducharme, McGill University, Vancouver, Canada 
 

➢ Dr. Anne Cross, University of Saint Louis, USA 
 

➢ Prof. Jean Charles Lambert, Lille, France 
 

➢ Dr. Jonathan Rohrer, UCL, London, UK 
 

➢ Prof. An Goris, Leuven, Belgium 
 

➢ Dr. Marta Alarcon, Genyo, Granada, Spain 
 

➢ Luis Garcia, UPMC Um76, Inserm U974, CNRS UMR7215, Institut de Myologie, Paris, 

France 
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➢ Camillo Ricordi, Director of the Diabetes Research Institute (DRI) and the Cell 

Transplant Center, University of Miami (UM), Miami, Florida 
 

➢ Giulio Cossu, Institute of Infalmmation and repair, University of Manchester, 

Manchester, UK 
 

➢ Fulvio Mavilio, Scientific Director of Genethon, Evry, France 
 

➢ Pura Muñoz Cánoves, ICREA Research Professor and Cell Biology Professor at the 

Department of Experimental and Life Sciences, Pompeu Fabra University, Barcelona, 

Spain 
 

➢ Jacques Tremblay, Centre de recherche, Centre hospitalier de l’Université de Montréal, 

(CRCHUM), Montréal, Québec, Canada 
 

➢ Joao da Silva Bizario, AADM/UNAERP Ribeirao Preto, Sao Paolo, Brazil 

➢ Adolfo Lopez de Munain Arregui, Grupo Nerogenética, Hospital Donostia-Unidad 

Experimental San Sebastian, Espana 
 

➢ Kay Davies, Department of Physiology, Anatomy and Genetics, University of Oxford, 

Oxford, UK 
 

➢ Gillian Butler-Brown and Vincent Mouly, Institut de Myologie, Institut national de la 

sante´ et de la recherche me´ dicale, and L’Universite´ Pierre et Marie Curie Paris, 

Paris, France 
 

➢ Francesco Nicassio, Department of Experimental Oncology, European Institute of 

Oncology, IFOM-IEO Campus 
 

➢ Prof. Sabrina Sacconi – Nice University Hospital, Nice, France 
 

➢ Mattia Quattrocelli – Cincinnati Children’s Hospital Medical Center, Department of 

Pediatrics, Heart Institute, University of Cincinnati College of Medicine and Molecular 
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VPS13C-associated Parkinson’s disease: Two novel cases and review of the literature  
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A B S T R A C T   

VPS13C is a protein-coding gene involved in the regulation of mitochondrial function through the endolysosomal 
pathway in neurons. Homozygous and compound heterozygous VPS13C mutations are etiologically associated 
with early-onset Parkinson’s disease (PD). Moreover, recent studies linked biallelic VPS13C mutations with the 
development of dementia with Lewy bodies (DLB). Neuropathological studies on two mutated subjects showed 
diffuse Lewy body disease. In this article, we report the clinical and genetic findings of two subjects affected by 
early-onset PD carrying three novel VPS13C mutations (i.e., one homozygous and one compound heterozygous), 
and review the previous literature on the genetic and clinical findings of VPS13C-mutated patients, contributing 
to the knowledge of this rare genetic alpha-synucleinopathy.   

VPS13C is a protein-coding gene known to be involved in mito
chondrial homeostasis through Pink1/Parkin-mediated mitophagy in 
response to mitochondrial depolarization [1]. Biallelic VPS13C muta
tions cause a distinct form of early-onset Parkinson’s disease (PD), 
characterized by rapid and severe disease progression, early cognitive 
decline, dystonic features, pyramidal signs, and neuropathological 
findings consistent with diffuse Lewy body disease [1]. In addition, 
recent studies suggested that rare biallelic VPS13C variants are also a 
genetic cause of Dementia with Lewy Bodies (DLB) [2,3]. Here we aim to 
describe two cases of early-onset PD carrying novel VPS13C mutations 
and review the existing literature on genetic and clinical features of 
VPS13C-associated alpha-synucleinopathy. 

The first case is a 55-year-old female, daughter of consanguineous 
parents (Fig. 1A). The eldest brother of the proband was affected by 
rapidly worsening parkinsonism, which started when he was 44 and was 
complicated by cognitive deterioration, hallucinations, severe psycho
motor agitation, and violent behaviour. Institutionalized and bedridden, 
he died of pneumonia when he was 52. At the age of 42, the proband 
manifested hyposmia and slightly progressive bradykinesia of the left 
limbs. She performed a 123I-ioflupane SPECT, which showed severe 
symmetrical dopaminergic denervation (Fig. 1B). A dopamine agonist 
(pramipexole) was initiated and it was initially effective and well- 
tolerated, however, it was soon discontinued due to drug-induced vi
sual hallucinations. Levodopa was then started with good initial motor 
benefit but with rapid development of motor fluctuations and dyskine
sias. In addition, she developed urinary urgency, symptomatic ortho
static hypotension, and frequent falls. A bilateral sensorineural 
hypoacusia became apparent at that age. On neurological examination 
(Video part 1) she showed continuous vocalizations and echolalia. 
Hypomimia, limitation of the downward vertical gaze, and oculomotor 
apraxia were also appreciated. Vertical eye movements were conserved 
when prompted by Doll’s eyes maneuver, suggesting a supranuclear 
origin of the gaze palsy. Plastic hypertonia of the neck and limbs was 

present. Cortical release reflexes, such as snout and palmo-mental, as 
well as masseter reflex were elicitable. Pull test was positive. The gait 
was unsteady, wide-based, and slow. Sub-continuous choreodystonic 
dyskinetic movements of the hands were observed, associated with lips 
self-mutilations. The proband underwent an extensive assessment, 
including a brain MRI scan, displaying only a moderate frontal cortical 
atrophy without midbrain atrophy, an FDG-PET (normal), and neuro
psychological evaluation, which disclosed an important ideomotor 
slowing with memory, attention, and executive deficits, associated with 
oculomotor and ideomotor apraxia. A lumbar puncture was performed, 
revealing normal levels of Tau, Phospho-Tau, Aβ1-42, and 14-3-3 pro
teins. The parkinsonism progressed and at last examination she showed 
a stuporous, progressive supranuclear palsy-like face, with a complete 
downward vertical gaze paralysis and worsening of oculomotor and 
limbs apraxia (Video part 2). Genetic analysis showed the presence of a 
novel homozygous frameshift VPS13C mutation c.860_866dupATA
TACC predicted to code a highly deleterious early protein truncation (p. 
Pro290Tyrfs*45) (NM_020821) (Fig. 1C). 

The second case is a 43-years-old man without family history of 
movement disorders (Fig. 1D). Past medical history showed hearing 
impairment from the age of 18 years. He presented with painful dystonic 
dorsal flexion of the right big toe after moderate physical activity. One 
year after he showed bradykinesia affecting his right arm, micrography, 
and mild depression. At the age of 45 years, he started taking levodopa 
with good control of motor symptoms, except for foot dystonia. At the 
age of 48 years, he underwent the following investigations: 123I-ioflu
pane SPECT, which disclosed significant bilateral reduction in dopamine 
in the putamen and caudate; brain MRI, which showed only mild 
cortical cerebellar atrophy and mild parietal cortical atrophy in the left 
cerebral hemisphere; Mini Mental State Examination (MMSE), which 
was within the normal range (28/30). At the age of 49 years, he reported 
progression of his symptoms, with nocturnal akinesia, hypomimia, Pisa 
syndrome, wearing off, and forgetfulness. Rapid Eye Movement Sleep 

; MRI, Magnetic Resonance Imaging; SPECT, Single Photon Emission Computed Tomography; FDG-PET, F-fluorodeoxyglucose Positron Emission Tomography; STN 
DBS, Deep Brain Stimulation of the Subthalamic Nucleus; PSP, Progressive Supranuclear Palsy. 
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Behaviour Disorder (RBD), snoring and daytime sleepiness appeared. 
Urine and faecal urgency became manifest. Neuropsychological assess
ment disclosed severe deficits in language, memory, and executive 
functions (Supplementary Table 1). He was treated with rivastigmine 
and memantine with only temporary and subjective benefits. At 55, he 
was no longer able to stand and walk independently and he needed a 
wheelchair. At the age of 58, he was bedridden, unable to speak, and a 
percutaneous endoscopic gastrostomy (PEG) tube was placed due to 
severe dysphagia. Genetic analysis identified three rare variants: 
c.532delA (p.Lys178=fs*12), c.4669G>C (p.Ala1557Pro), and 
c.7806C>G (p.Tyr2602*) (Fig. 1E). The c.7806C>G and c.532delA are 
novel, while the c. 4669G > C is a known extremely rare variant of 
unknown significance (rs201577653). The frameshift substitution 
(c.532delA) is expected to lead to a premature stop codon (p. 
Lys178=fs*12). Conversely, the c.7806C > G is predicted to trunk the 
VPS13C protein at the amino acid position 2602 (p.Tyr2602*). Segre
gation analysis showed that the c.532delA (p.Lys178=fs*12) and 
c.4669G>C (p.Ala1557Pro) were associated in cis and derived from the 
father, while the c.7806C>G (p.Tyr2602*) originated from the mother. 

To date, only 16 clinically described cases of VPS13C-related PD cases 
have been reported in the literature [1,4,2,3,5–7] (Supplementary Table 
2, Fig. 1F). From the review of the literature and the two cases described 
here, it emerges clearly that VPS13C-related parkinsonism is character
ized, with only few exceptions [2], by the classical motor (bradykinesia, 
rigidity, rest tremor, freezing, postural instability) and non-motor clinical 
features of PD (dysautonomia, cognitive decline, visual hallucinations, 
and hyposmia). The clinical response to dopaminergic therapy appears to 
be favourable in most cases. Motor fluctuations and levodopa-induced 
dyskinesias are common. A single VPS13C-mutated patient underwent 
STN DBS, with clinical benefit. The age at onset is earlier in comparison to 
the idiopathic form (mean age at onset: 37.5 ± 10.5 years). The clinical 
progression appears to be generally faster. In addition, several associated 
motor features can be present, such as dystonia and, less frequently, py
ramidal signs. Progressive cognitive deterioration is present in most 
cases. Brain MRI can show symmetrical or asymmetrical lobar atrophic 
changes without a clear basal ganglia involvement. 123I-ioflupane 
SPECT shows features compatible with dopaminergic denervation, often 
in an asymmetrical fashion. 

The two probands described here exhibited some peculiar pheno
typic findings, such as hearing impairment (both subjects), oculomotor 
disturbances (subject 1), and self-mutilating behaviour (subject 1). 
Interestingly, the presence of supranuclear gaze palsy, cognitive 
dysfunction and postural instability in case 1 suggested a PSP-like 
phenotype, especially in the last years of clinical follow-up. In conclu
sion, we presented two novel cases and reviewed the existing literature 
on the clinical and genetic features of VPS13C-associated PD, contrib
uting to the knowledge of this rare monogenic alpha-synucleinopathy. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.parkreldis.2021.11.031. 
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Juvenile-onset dystonia with spasticity in Leigh syndrome caused by a novel NDUFA10 variant  
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Leigh syndrome (LS) is a mitochondrial neurodegenerative disease 
with an incidence of ~1/40,000 live births [1]. 

LS usually manifests in the first two years of life. Disease onset and 
progression are related to metabolic triggers such as infections, vacci
nations, fasting, dehydration, or surgery [1]. 

Patients with LS present intellectual and motor disability, including 
hypotonia, dystonia, spasticity, ataxia, and chorea-athetosis. They may 
also display epilepsy, feeding and respiratory difficulties, optic atrophy, 
oculomotor abnormalities, ptosis, and systemic involvement [1,2]. 

LS is characterized by bilateral T2-hyperintense lesions in basal 
ganglia and/or brainstem. Thalamus, cerebellum, optic nerve, and spi
nal cord may be involved as well. An increase in lactate levels and 
lactate/pyruvate ratio in serum and cerebrospinal fluid (CSF) is a 
common finding [2]. 

LS was etiologically linked to many genes, encoded by mitochondrial 
(mtDNA) or nuclear DNA (nDNA), and virtually involved in any mito
chondrial function, such as oxidative phosphorylation (OXPHOS), 
mtDNA replication, and coenzyme Q metabolism. OXPHOS complex I 
deficiency is the most frequent cause of LS, and over 80% of these cases 
are due to mutations of nDNA-encoded genes [1,3]. 

Biallelic mutations of NDUFA10, encoding a subunit of OXPHOS 
complex I, are an extremely rare cause of LS. Three cases of LS with 
biallelic NDUFA10 mutations were described so far [3–5]. Here we 
report the fourth case, distinguished for disease onset at 6 years with gait 
difficulties followed by severe dystonic-spastic tetraparesis. The IRCCS 
Foundation Ca’ Granda Ospedale Maggiore Policlinico (Milan, Italy) 
Ethics Committee approved this study. 

The patient is a 43-year-old male born to non-consanguineous 
healthy parents from Southern Italy. He has a healthy sister and no fa
miliarity for neurological disorders. Early psychomotor development 
was reportedly normal, gaining autonomous walking at the age of 15 
months. 

At the age of 6 years, walking impairment, frequent falls, and min
imal dysarthria were reported. The patient underwent an initial diag
nostic assessment. Electromyography and a wide spectrum laboratoristic 
screening performed on blood and CSF for neurometabolic disorders 
resulted normal. Brain MRI showed bilateral striatal T2- 
hyperintensities, with a greater involvement of the right putamen. 

At 10 years, he was unable to stand and walk autonomously and 
displayed dystonic-spastic tetraparesis, bilateral ankle clonus, chorea- 
athetosis, dysarthria, and dysphagia for fluids. Treatment with clonaz
epam, trazodone, and L-DOPA/benserazide was started with benefit on 
rigidity and chorea-athetosis. 

The disease progressed with a global deterioration of dysarthria, 
dysphagia, dystonia, and spasticity. The patient displayed a mild intel
lectual disability allowing him to write simple thoughts and perform 
simple arithmetic operations. Frequent depressive episodes were re
ported. The patient underwent further biochemical testing showing no 
abnormality but the elevation of p-OH-phenyllactic acid. A skeletal 
muscle biopsy showed several atrophic fibers and increased succinate- 
dehydrogenase activity, suggesting mitochondrial myopathy. 

At the last evaluation, he presented a painful dystonic-spastic tetra
paresis with a greater involvement of the left hemisoma, left-oriented 
laterocollis, bilateral Babinski sign and ankle clonus, bilateral striatal 
hand, hypotrophic lower limbs, dysarthria, fluid dysphagia, and eyes 
misalignment. The last brain MRI (Fig. 1A) confirmed bilateral striatal 
necrosis with a relative sparing of the anterior portion of the left puta
men, in absence of any other alteration. Routine blood tests, electro
cardiogram, electroencephalogram, and cardiac and abdominal 
ultrasonographies were normal. His electromyography showed axonal 
neuropathy for all four limbs. Enzymatic assays performed on his skel
etal muscle biopsy demonstrated a deficiency of OXPHOS complexes I 
and I + III. The patient was treated with clonazepam, trazodone, L- 
DOPA/benserazide, baclofen, trihexyphenidyl, medical cannabis, botu
linum toxin, venlafaxine, and clozapine. 

Whole-exome sequencing (WES) was performed on genomic DNA of 
the patient. Bioinformatic filtering based on a virtual gene panel for LS 
looking for rare (allele frequency <0.001) nonsynonymous variants 
revealed two heterozygous NDUFA10 (NM_004544.4) variants: 
c.233_235delCAG (p.Ala78del) and c.296G > A (p.Gly99Glu). Segre
gation analysis showed a biallelic status of these variants (Fig. 1B). 

The p.Gly99Glu is a known pathogenic NDUFA10 variant, already 
described in two Italian patients with LS [3,5]. The p.Ala78del is 
extremely rare (gnomAD allele frequency = 0.000004) and reported as a 
variant of unknown significance in genetic databases (i.e., ClinVar). It 
affects an evolutionary-conserved amino acid (Fig. 1C) and is predicted 
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Spinal muscular atrophy (SMA) is a motor neuron disease and
the leading genetic cause of infant mortality. Recently
approved SMA therapies have transformed a deadly disease
into a survivable one, but these compounds show a wide spec-
trum of clinical response and effective rescue only in the early
stages of the disease. Therefore, safe, symptomatic-suitable,
non-invasive treatments with high clinical impact across
different phenotypes are urgently needed. We conjugated anti-
sense oligonucleotides with Morpholino (MO) chemistry,
which increase SMN protein levels, to cell-penetrating peptides
(CPPs) for better cellular distribution. Systemically adminis-
tered MOs linked to r6 and (RXRRBR)2XB peptides crossed
the blood-brain barrier and increased SMN protein levels
remarkably, causing striking improvement of survival, neuro-
muscular function, and neuropathology, even in symptomatic
SMA animals. Our study demonstrates that MO-CPP conju-
gates can significantly expand the therapeutic window through
minimally invasive systemic administration, opening the path
for clinical applications of this strategy.

INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomal-recessive, degenera-
tive motor neuron disease, and is the main genetic cause of infant
mortality.1 SMA patients show progressive loss of motor neurons
(MNs) in the ventral horns of the spinal cord, causing progressive
muscle weakness, paralysis, and premature death. Homozygous mu-
tations of the survival motor neuron 1 gene (SMN) account for
reduced levels of SMN protein, which is critically important for
MN maintenance and survival.1,2 Humans have a nearly identical
copy of the SMN gene, SMN2, which differs from SMN in five nucle-
otides. One of them determines the exclusion of exon 7 in SMN2, pro-
ducing a truncated, non-functional SMN protein in 90% of cases.3

SMN2 copy number varies among individuals and is the most impor-
tant influence on the clinical phenotype.4

Currently, three disease-modifying treatments are approved by the
US Food and Drug Administration: nusinersen, onasemnogene abe-
parvovec, and risdiplam. Nusinersen is an antisense oligonucleotide
(ASO) that modulates SMN2 splicing by promoting the inclusion of

exon 7 and the production of a functional SMN protein. It requires
repeated intrathecal administration,5,6 a relatively invasive procedure
with side effects related to lumbar puncture, such as headache, local
pain, etc. In addition, late-onset patients are often affected by scoli-
osis, have undergone previous spine fusion operations, and frequently
have joint contractures and respiratory insufficiency, which compli-
cate lumbar puncture.7 Indeed, with currently available ASOs, limited
distribution of the molecules to the rostral spinal and brain regions in
some patients likely hamper the clinical response of their motor units
in these regions.8 Moreover, recent reviews have provided evidence
that nusinersen can improve with heterogeneity motor functions in
SMA type I and II but not always in SMA type III subjects.9 Onasem-
nogene abeparvovec is a gene therapy that provides wild-type full-
length SMN cDNA. It is systemically delivered, but its long-term
persistence in peripheral organs is not yet determined and it has
been linked to serious immunological side effects, particularly in
the liver.10 As yet, no clinical data are available regarding its use in
SMA II–IV. Risdiplam is a small molecule that increases SMN pro-
duction from SMN2mRNA. It has the great advantage of being orally
administered and systemically distributed, but possible nonspecific
effects of the molecule can lead to unexpected adverse side reactions.
All SMN-based approved therapies show a very narrow therapeutic
window: the compounds are strikingly efficient only in the pre- or
early symptomatic phases, for reasons not completely understood,11

and delayed intervention leads to a less efficient rescue of the patho-
logical phenotype.12 As SMA patients are a very heterogeneous group,
the only identified factor that is predictive of SMN-augmenting treat-
ment success is the age of the patient at treatment initiation, which is
closely related to disease duration.11 Nevertheless, universal newborn
screening remains a very distant prospect. Thus, we sorely lack a drug
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A B S T R A C T   

Maintenance of mitochondrial DNA (mtDNA) homeostasis includes a variety of processes, such as mtDNA 
replication, repair, and nucleotides synthesis, aimed at preserving the structural and functional integrity of 
mtDNA molecules. Mutations in several nuclear genes (i.e., POLG, POLG2, TWNK, OPA1, DGUOK, MPV17, TYMP) 
impair mtDNA maintenance, leading to clinical syndromes characterized by mtDNA depletion and/or deletions 
in affected tissues. In the past decades, studies have demonstrated a progressive accumulation of multiple mtDNA 
deletions in dopaminergic neurons of the substantia nigra in elderly population and, to a greater extent, in 
Parkinson’s disease patients. Moreover, parkinsonism has been frequently described as a prominent clinical 
feature in mtDNA instability syndromes. Among Parkinson’s disease-related genes with a significant role in 
mitochondrial biology, PARK2 and LRRK2 specifically take part in mtDNA maintenance. Moreover, a variety of 
murine models (i.e., “Mutator”, “MitoPark”, “PD-mitoPstI”, “Deletor”, “Twinkle-dup” and “TwinkPark”) provided 
in vivo evidence that mtDNA stability is required to preserve nigrostriatal integrity. Here, we review and discuss 
the clinical, genetic, and pathological background underlining the link between impaired mtDNA homeostasis 
and dopaminergic degeneration.   

1. Introduction 

Maintenance of mitochondrial DNA (mtDNA) homeostasis includes a 
variety of processes, such as mtDNA replication, repair, and nucleotides 
synthesis, aimed at preserving the structural and functional integrity of 
mtDNA molecules. Mutations in nuclear genes involved in mtDNA ho
meostasis (i.e., POLG, POLG2, TWNK, OPA1, DGUOK, MPV17, TYMP) 
result in the loss (depletion) or altered integrity (deletions) of mtDNA 
molecules in post-mitotic tissues, leading to clinical presentations 
collectively termed “mtDNA maintenance disorders”. The clinical 

landscape is dominated by muscle weakness, central nervous system 
(CNS) involvement and hepatic dysfunction, reflecting the high reliance 
of these tissues on oxidative metabolism. 

While mtDNA depletion mainly gives rise to pediatric-onset syn
dromes (Moraes et al., 1991), the accumulation of partially deleted 
mitochondrial genomes (mtDNA multiple deletions) is more frequently 
observed in adult patients (Zeviani et al., 1989). Due to the involvement 
of nuclear genes, these disorders display autosomal dominant or reces
sive inheritance. Early-onset presentations were initially thought to 
have a genetic basis distinct from adult presentations. Nonetheless, 

Abbreviations: mtDNA, mitochondrial DNA; SN, substantia nigra; PD, Parkinson’s disease; ATP, adenosine triphosphate; ROS, reactive oxygen species; mtSSB, 
mitochondrial single-stranded binding protein; D-loop, displacement loop; MPTP, N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Nrf2, nuclear factor erythroid 2- 
related factor 2; Progressive external ophthalmoplegia, external ophthalmoplegia; mtDNA4977, 5 kb common mtDNA deletion; MELAS, mitochondrial encepha
lopathy, lactic acidosis and stroke-like episodes; MERRF, myoclonic epilepsy with ragged red fibers; PCR, polymerase chain reaction; LR-PCR, long-range PCR; MSA, 
multiple system atrophy; DLB, dementia with Lewy bodies; AD, Alzheimer’s disease; COX, cytochrome c oxidase; AHS, Alpers-Huttenlocher Syndrome; MCHS, 
myocerebrohepatopathy spectrum; ANS, ataxia neuropathy spectrum; SANDO, sensory ataxic neuropathy, dysarthria and ophthalmoparesis; [18F]β-CFT, fluorine- 
18-labeled 2β-carbomethoxy-3β-[4-fluorophenyl]tropane; PET, positron emission tomography; 123I-β-CIT, iodine 123-labeled β-carboxymethyoxy-3-β-(4-iodophenyl) 
tropane; SPECT, single photon emission tomography; 123I-FP-CIT, iodine 123-radiolabeled 2β-carboxymethyoxy-3-β-(4-iodophenyl)-N-(3-fluoropropyl)nortropane; 
Poly-Q, poly-glutamine; TP, thymidine phosphorylase; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy; CS, citrate synthase; CNS, central nervous 
system. 
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Abstract
Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative disorder characterized by progressive degeneration of motor 
neurons (MNs). Most cases are sporadic, whereas 10% are familial. The pathological mechanisms underlying the disease are 
partially understood, but it is increasingly being recognized that alterations in RNA metabolism and deregulation of micro-
RNA (miRNA) expression occur in ALS. In this study, we performed miRNA expression profile analysis of iPSC-derived 
MNs and related exosomes from familial patients and healthy subjects. We identified dysregulation of miR-34a, miR-335 and 
miR-625-3p expression in both MNs and exosomes. These miRNAs regulate genes and pathways which correlate with disease 
pathogenesis, suggesting that studying miRNAs deregulation can contribute to deeply investigate the molecular mechanisms 
underlying the disease. We also assayed the expression profile of these miRNAs in the cerebrospinal fluid (CSF) of familial 
(fALS) and sporadic patients (sALS) and we identified a significant dysregulation of miR-34a-3p and miR-625-3p levels 
in ALS compared to controls. Taken together, all these findings suggest that miRNA analysis simultaneously performed in 
different human biological samples could represent a promising molecular tool to understand the etiopathogenesis of ALS 
and to develop new potential miRNA-based strategies in this new propitious therapeutic era.

Keywords  ALS · miRNA · Motor neurons · Exosomes · CSF
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Abstract
Myostatin is a negative regulator of skeletal muscle growth secreted by skeletal myocytes. In the past years, myostatin inhi-
bition sparked interest among the scientific community for its potential to enhance muscle growth and to reduce, or even 
prevent, muscle atrophy. These characteristics make it a promising target for the treatment of muscle atrophy in motor neu-
ron diseases, namely, amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA), which are rare neurological 
diseases, whereby the degeneration of motor neurons leads to progressive muscle loss and paralysis. These diseases carry a 
huge burden of morbidity and mortality but, despite this unfavorable scenario, several therapeutic advancements have been 
made in the past years. Indeed, a number of different curative therapies for SMA have been approved, leading to a revolution 
in the life expectancy and outcomes of SMA patients. Similarly, tofersen, an antisense oligonucleotide, is now undergoing 
clinical trial phase for use in ALS patients carrying the SOD1 mutation. However, these therapies are not able to completely 
halt or reverse progression of muscle damage. Recently, a trial evaluating apitegromab, a myostatin inhibitor, in SMA patients 
was started, following positive results from preclinical studies. In this context, myostatin inhibition could represent a useful 
strategy to tackle motor symptoms in these patients. The aim of this review is to describe the myostatin pathway and its role 
in motor neuron diseases, and to summarize and critically discuss preclinical and clinical studies of myostatin inhibitors in 
SMA and ALS. Then, we will highlight promises and pitfalls related to the use of myostatin inhibitors in the human setting, 
to aid the scientific community in the development of future clinical trials.

Keywords  Myostatin · Motor neuron diseases · Muscle atrophy · Activin receptors, type II · Monoclonal antibodies

Introduction

Motor neuron diseases (MND) are a group of progressive 
neurodegenerative disorders which selectively affect the 
cellular population of motor neurons (MNs) [1, 2]. MN are 

localized either in the cortex (upper MNs) or in the brain-
stem and anterior horns of the spinal cord (lower MNs). 
The two most common and widely known MNDs are amyo-
trophic lateral sclerosis (ALS) and spinal muscular atrophy 
(SMA), which differ for pathogenic mechanisms, age at 
onset and presence of upper MN involvement [1, 2].

ALS is a fatal disorder that targets both upper and lower 
MNs, causing progressive weakness and atrophy of skeletal 
muscles, which usually leads to paralysis and death within 
3–5 years [2]. ALS is divided in sporadic (sALS), when 
occurring in absence of family history, and familial (fALS), 
when at least two other family members are affected. sALS 
represents 85–90% of all cases and presents a later age of 
onset (58–63 years), while fALS accounts for the remaining 
10–15% of cases and shows a slightly younger age of onset 
(47–53 years) [2, 3]. Potential causative mutations have 
been described in over 50 genes. Among them, C9orf72, 
TARDBP, FUS and SOD1 account for almost 75% of fALS 
cases [2, 3]. As for now, the pathogenic mechanisms leading 
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Abstract
Genetic modifiers of Duchenne muscular dystrophy (DMD) are variants located in genes different from the disease-causing 
gene DMD, but associated with differences in disease onset, progression, or response to treatment. Modifiers described so far 
have been tested mainly for associations with ambulatory function, while their effect on upper limb function, which is espe-
cially relevant for quality of life and independence in non-ambulatory patients, is unknown. We tested genotypes at several 
known modifier loci (SPP1, LTBP4, CD40, ACTN3) for association with Performance Upper Limb version 1.2 score in an 
Italian multicenter cohort, and with Brooke scale score in the Cooperative International Neuromuscular Group Duchenne 
Natural History Study (CINRG-DNHS), using generalized estimating equation (GEE) models of longitudinally collected 
data, with age and glucocorticoid treatment as covariates. CD40 rs1883832, previously linked to earlier loss of ambulation, 
emerged as a modifier of upper limb function, negatively affecting shoulder and distal domains of PUL (p = 0.023 and 0.018, 
respectively) in the Italian cohort, as well as of Brooke score (p = 0.018) in the CINRG-DNHS. These findings will be useful 
for the design and interpretation of clinical trials in DMD, especially for non-ambulatory populations.

Keywords  Duchenne muscular dystrophy · Genetic modifiers · Upper limb function · SPP1–osteopontin · CD40

Introduction

Duchenne muscular dystrophy (DMD) is a severe and pro-
gressive muscle disease caused by complete dystrophin defi-
ciency in muscle fibers. It is an X-linked recessive disease, 
with an incidence of around 1 in 3800–4200 male births and 
prevalence between 19.9 and 95.5 in 1,000,000. Usually, 

symptoms are present in early childhood with delayed motor 
milestones and difficulties in rising from the floor, typically 
with a Gowers’ manoeuver, and in climbing stairs. Progres-
sive muscle degeneration causes loss of independent ambu-
lation (LoA) typically around the age of 13. Respiratory and 
cardiac involvement develop later, and are major causes of 
death [1].

Even if all DMD patients carry out-of-frame mutations 
that disrupt protein expression completely, still it is possible 
to observe a spectrum of phenotype severity within DMD 
[2–5]. This is primarily measured by age at LoA, because of 
its impact on daily life and the overall health of patients, and 
its correlation with overall survival and other disease mile-
stones, such as the onset of respiratory insufficiency and the 
need for scoliosis surgery [6]. All of these disease milestones 
may vary by several years, e.g. loss of ambulation may ensue 
from before 10 years to after 15 years of age.
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ABSTRACT
Background  Natural history of spinal muscular atrophy 
(SMA) in adult age has not been fully elucidated yet, 
including factors predicting disease progression and 
response to treatments. Aim of this retrospective, cross-
sectional study, is to investigate motor function across 
different ages, disease patterns and gender in adult SMA 
untreated patients.
Methods  Inclusion criteria were as follows: (1) clinical 
and molecular diagnosis of SMA2, SMA3 or SMA4 and (2) 
clinical assessments performed in adult age (>18 years).
Results  We included 64 (38.8%) females and 101 (61.2%) 
males (p=0.0025), among which 21 (12.7%) SMA2, 141 
(85.5%) SMA3 and 3 (1.8%) SMA4. Ratio of sitters/walkers 
within the SMA3 subgroup was significantly (p=0.016) 
higher in males (46/38) than in females (19/38). Median age 
at onset was significantly (p=0.0071) earlier in females (3 
years; range 0–16) than in males (4 years; range 0.3–28), 
especially in patients carrying 4 SMN2 copies. Median 
Hammersmith Functional Rating Scale Expanded scores were 
significantly (p=0.0040) lower in males (16, range 0–64) 
than in females (40, range 0–62); median revised upper limb 
module scores were not significantly (p=0.059) different 
between males (24, 0-38) and females (33, range 0–38), 
although a trend towards worse performance in males was 
observed. In SMA3 patients carrying three or four SMN2 
copies, an effect of female sex in prolonging ambulation was 
statistically significant (p=0.034).
Conclusions  Our data showed a relevant gender effect on 
SMA motor function with higher disease severity in males 
especially in the young adult age and in SMA3 patients.

Spinal muscular atrophy (SMA) is a rare genetic 
disease of spinal and bulbar motor neurons leading 
to progressive weakness and atrophy of limb, axial, 
bulbar and respiratory muscles.1 SMA is caused 
by mutations in the SMN1 gene on chromosome 

5q, with a homozygous deletion in exon 7 found 
in most cases.2 SMN2 is the paralogous of SMN1, 
from which it differs by a single C>T substitution 
in exon 7, determining a splicing defect with exclu-
sion of exon 7 from SMN2 mRNA and production 
of a truncated and unstable protein in around 90% 
of cases.1 Only around 10% of full-length SMN 
protein is produced by SMN2. However, SMN2 can 
be present in multiple copies, and acts as a genetic 
modifier of disease severity.3 Based on age at onset 
and maximal motor function achieved, SMA is 
currently classified into four subtypes (SMA 1–4) 
associated with different prognosis.1

Adults represent a relevant portion of the overall 
SMA population. However, natural history of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Natural history of spinal muscular atrophy 
(SMA) in adult age has not been fully clarified 
yet, including factors predicting disease 
progression and response to available 
treatments. The aim of this retrospective, cross-
sectional study is to investigate motor function 
across different ages, disease patterns and 
gender in adult SMA untreated patients.

WHAT THIS STUDY ADDS
	⇒ Our data showed a relevant gender effect 
on SMA motor function with higher disease 
severity in males especially in the young adult 
age and in SMA3 patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Gender should be considered as a factor 
predictive of disease severity and progression in 
SMA patients.
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markedly younger (mean age: 11.53 years) than those in our 
cohort, having excluded patients older than 30 years, and 
mean baseline HFMSE was much higher than in our study 
(44.0 vs 29.8).21 Similarly, a gender effect on motor func-
tion was not observed in a longitudinal study including 79 
SMA2/3 patients, even though mean age at baseline was again 
relatively low (11.3 years).4 In a previous study including 268 
SMA2 and SMA3 patients, mainly in the paediatric age (mean 
10.65), females tended to have better HFMSE baseline values 
and smaller changes at 12-month assessment in both ambu-
lant and non-ambulant patients, although differences were 
not significant.5 These data suggest that the gender effect on 
motor function decline may be more easily observed since the 
end of the second decade of life and it is not fully expressed 
in younger patients.

To our knowledge, this is the first study showing the effect 
of gender on motor function in adult SMA patients through 
HFMSE, RULM and 6MWT scores. Previous studies suggested 
some discrepancies of the gender-related adult SMA natural 
history in terms of age at presentation and age of LoA, but 
our study reveals the magnitude of the gender effect on motor 
function tested with objective outcome measures.

Phenotypic differences by gender may be explained by 
multiple sex-specific variables, such as sex-related differ-
ences in mitochondrial biology, sex hormones and X 
chromosome-related modifiers. No significant impairment of 
the hypothalamic-pituitary-gonadal axis function was shown 
in male and female SMA patients, but male infertility was 
reported.33 34 Interestingly, among the positive modifier genes 
of SMA, PLS3, USP9X and UBA1 are linked to X-chromo-
some.19 35 36 Genes in mitochondrial DNA or in the X chro-
mosome are better fine-tuned in females than in males under 
the pressure of evolution. Deletion of exons 5 and 6 of the 
NAIP gene, located on chromosome 5, as SMN1, has been 
associated with a more severe phenotype in a large cohort 
of SMA1/2/3 patients and much more frequently found in 
female patients.37 Furthermore, female mice showed greater 
endurance than males in the rotarod performance test in the 
mild SMA murine model.38 Similarly, an impairment of the 
neuromuscular junction function in males was also showed 
in the same model.38 Conversely, the gender-related impact 
of SMA on skeletal muscle involvement in mouse models is 
conflicting.38 39 Finally, female SMA mice had better improve-
ment than males when treated with specific antisense oligo-
nucleotide restoring SMN2 exon 7 inclusion.40 Overall, these 
data from the literature suggest a possible higher disease 
severity in SMA males. The gender effect may be progres-
sively stronger since puberty due to hormonal changes, as 
shown by our data in patients at the end of the second decade 
of life. In addition, the growth spurt during adolescence may 
potentially play a role in the motor decline of SMA patients, 
especially in males, with higher increase of weight and lean 
mass gain. Much less is known about the influence of sex-
related factors in later stages of life in patients with myopa-
thies and SMA.

This study has several limitations, mainly related to the 
retrospective cross-sectional design and the low SMA2 sample 
size, with the latter limiting the validity of observations in this 
SMA subgroup. However, retrospective studies are represen-
tative of the patient populations encountered in clinical prac-
tice, without the strict inclusion and exclusion criteria and 
sustained efforts required by longitudinal studies. We also 
believe that a cross-sectional design is a valid tool to inves-
tigate a possible gender effect on specific motor functional 

scores by age; of course, specific longitudinal studies in the 
future may provide more detailed data on possible different 
rates of disease progression based on gender.

In conclusion, our data suggest a relevant gender effect on 
motor function in paediatric and adult SMA patients. Further 
studies are needed to specifically address our findings and 
clarify the gender-related factors contributing to SMA disease 
progression.
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Natural history of Type 1 spinal muscular 
atrophy: a retrospective, global, multicenter 
study
Claude Cances1,2*   , Dmitry Vlodavets3, Giacomo Pietro Comi4,5, Riccardo Masson6, Maria Mazurkiewicz‑Bełdzi
ńska7, Kayoko Saito8, Edmar Zanoteli9, Angela Dodman10, Muna El‑Khairi11, Ksenija Gorni12, Isaac Gravestock13, 
Janine Hoffart12, Renata S. Scalco10 and Basil T. Darras14 on behalf of the ANCHOVY Working Group 

Abstract 

Background:  ANCHOVY was a global, multicenter, chart-review study that aimed to describe the natural history of 
Type 1 spinal muscular atrophy (SMA) from a broad geographical area and provide further contextualization of results 
from the FIREFISH (NCT02913482) interventional study of risdiplam treatment in Type 1 SMA.

Methods:  Data were extracted from medical records of patients with first symptoms attributable to Type 1 SMA 
between 28 days and 3 months of age, genetic confirmation of SMA, and confirmed survival of motor neuron 2 copy 
number of two or unknown. The study period started on 1 January 2008 for all sites; study end dates were site-specific 
due to local treatment availabilities. Primary endpoints were time to death and/or permanent ventilation and pro‑
portion of patients achieving motor milestones. Secondary endpoints included time to initiation of respiratory and 
feeding support.

Results:  Data for 60 patients from nine countries across Asia, Europe and North and South America were analyzed. 
The median age (interquartile range [IQR]) for reaching death or permanent ventilation was ~ 7.3 (5.9–10.5) months. 
The median age (IQR) at permanent ventilation was ~ 12.7 (6.9–16.4) months and at death was ~ 41.2 (7.3–not applica‑
ble) months. No patients were able to sit without support or achieved any level of crawling, standing or walking.

Interpretation:  Findings from ANCHOVY were consistent with published natural history data on Type 1 SMA demon‑
strating the disease’s devastating course, which markedly differed from risdiplam-treated infants (FIREFISH Part 2). The 
results provide meaningful additions to the literature, including a broader geographical representation.

Keywords:  ANCHOVY, FIREFISH, SMA natural history, Type 1 SMA, Spinal muscular atrophy

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Spinal muscular atrophy (SMA) is a severe, progressive, 
neuromuscular disease, and was the leading genetic cause 
of infant mortality prior to the availability of current 

disease-modifying treatments [1, 2]. It is caused by loss 
of functional survival of motor neuron (SMN) protein 
due to genetic mutations or deletions of the SMN1 gene 
[1, 3–5]. SMN2 is a paralogous SMN gene that also 
encodes SMN protein; however, during splicing, exon 7 
is excluded from the transcript, resulting in low levels of 
functional SMN protein [4, 5]. Prior to the availability of 
disease-modifying treatments, SMA subtypes were clas-
sified as Type 0 through 4 (most to least severe), based 
on age at onset and the most advanced motor milestone 
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included all patients who met the eligibility criteria of 
the study; this population was also used for the compari-
son with the FIREFISH Part 2 study data. Missing data 
were not imputed if not stated otherwise. The numbers of 
patients with missing data were reported for the HINE-2 
assessments. Motor function and anthropometric data 
were summarized in 3-month age windows centered 
around the nominal age. For example, the Month 3 win-
dow was from 1.5 to 4.5 months of age.

For the comparison of time to death or permanent 
ventilation between ANCHOVY and FIREFISH, a sen-
sitivity analysis was performed, herein referred to as the 
‘landmark analysis’. This analysis compensates for the 
differences in age at the start of the risk periods in each 
study. A time point was designated as the ‘landmark age’ 
and only patients who survived until the landmark age 
were analyzed. The landmark age was set at the young-
est age that an infant had an event in FIREFISH Part 2. 
ANCHOVY data used in the landmark analysis included 
only patients who were event free at the landmark age.

Abbreviations
CI: Confidence interval; HINE-2: Hammersmith Infant Neurological Examina‑
tion, Section 2; IQR: Interquartile range; PNCR: Pediatric Neuromuscular Clinical 
Research; SMA: Spinal muscular atrophy; SMN: Survival of motor neuron; SOC: 
Standard of care.
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Transcriptome deregulation of peripheral 
monocytes and whole blood in GBA‑related 
Parkinson’s disease
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William Janssen10, Allison Sowa8, Giacomo P. Comi11,12, Alessio Di Fonzo11,12, John F. Crary2,3,8,9, 
Steven J. Frucht1 and Towfique Raj2,3,4,5,13* 

Abstract 

Background:  Genetic mutations in beta-glucocerebrosidase (GBA) represent the major genetic risk factor for Parkin-
son’s disease (PD). GBA participates in both the endo-lysosomal pathway and the immune response, two important 
mechanisms involved in the pathogenesis of PD. However, modifiers of GBA penetrance have not yet been fully 
elucidated.

Methods:  We characterized the transcriptomic profiles of circulating monocytes in a population of patients with PD 
and healthy controls (CTRL) with and without GBA variants (n = 23 PD/GBA, 13 CTRL/GBA, 56 PD, 66 CTRL) and whole 
blood (n = 616 PD, 362 CTRL, 127 PD/GBA, 165 CTRL/GBA). Differential expression analysis, pathway enrichment analy-
sis, and outlier detection were performed. Ultrastructural characterization of isolated CD14+ monocytes in the four 
groups was also performed through electron microscopy.

Results:  We observed hundreds of differentially expressed genes and dysregulated pathways when comparing man-
ifesting and non-manifesting GBA mutation carriers. Specifically, when compared to idiopathic PD, PD/GBA showed 
dysregulation in genes involved in alpha-synuclein degradation, aging and amyloid processing. Gene-based outlier 
analysis confirmed the involvement of lysosomal, membrane trafficking, and mitochondrial processing in manifesting 
compared to non-manifesting GBA-carriers, as also observed at the ultrastructural levels. Transcriptomic results were 
only partially replicated in an independent cohort of whole blood samples, suggesting cell-type specific changes.

Conclusions:  Overall, our transcriptomic analysis of primary monocytes identified gene targets and biological 
processes that can help in understanding the pathogenic mechanisms associated with GBA mutations in the con-
text of PD.

Keywords:  Parkinson’s disease, Monocytes, GBA, beta-glucocerebrosidase, Transcriptomic analysis
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Background
Mutations of the GBA gene, encoding beta-glucocerebro-
sidase (GCase), have long been recognized as the major 
genetic risk factor for Parkinson’s disease (PD) [1–4]. 
Mono- and biallelic mutations of GBA can increase the 
risk of developing PD up to 10 times compared to the 
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CD14+ monocytes and whole blood. We compared the directionality of 
differentially expression genes between a) GBA/PD vs GBA/CTRL and PD 
vs CTRL in CD14+ monocytes (n = 197); b) GBA/PD vs GBA/CTRL and PD 
vs CTRL in whole blood (n = 207); c) GBA/PD vs GBA/CTRL in CD14+ 
monocytes and whole blood (n = 16); d) PD vs CTRL in CD14+ 
monocytes and whole blood (n = 103). Supplementary Fig. 11. 
Correlation between gene expression levels in isolated CD14+ monocytes 
and whole blood. Genes with expression with more than 1 CPM in 30% of 
the samples were considered from both cohorts (discovery cohort: 
isolated CD14+ monocytes (total number of genes: 13711), validation 
cohort: whole blood - PPMI cohort (total number of genes: 18111)). 
Spearman correlation between levels of normalized mean gene 
expression across subjects within each cohort per sub-group of subjects 
was calculated (R = 0.78 p < 0.001). Genes were normalized with TMM and 
voom, as detailed in the main text. Supplementary Fig. 12. Validation in 
whole blood of differentially expressed genes in monocytes. a) Differential 
levels of expression of the targeted genes (ATP13A2, LRRK2, NOTCH1, 
between manifesting and non-manifesting carriers in whole blood from 
manifesting and non-manifesting GBA-mutation carriers. b) Differential 
normalized expression count of SNCA, LMNA, and GBA between PD/GBA 
and PD, compared to CTRL/GBA and CTRL subjects in whole blood. In a) 
and b) each dot represents a subject. Dots are colored based on GBA 
mutations (as reported in the legend: GBA mild mutations (N370S, E326K, 
R496H), GBA severe mutations (L444P/A456P/RecNciI, V394L, 84GG, 84GG/
T369M, N370S/RecNciI)). p-value of different expression levels is reported 
on top (statistics: Mann-Whitney U test). c) Pathway enrichment analysis of 
differentially expressed genes in whole blood between PD/GBA vs PD 
subjects with p-value < 0.01 for GO terms are reported. Dark blue: 
pathways related to cell transport; Green: pathways related to immune 
response; Light blue: other pathways.
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CASE REPORT

Megaconial congenital muscular dystrophy 
due to novel CHKB variants: a case report 
and literature review
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Abstract 

Background:  Choline kinase beta (CHKB) catalyzes the first step in the de novo biosynthesis of phosphatidyl choline 
and phosphatidylethanolamine via the Kennedy pathway. Derangement of this pathway might also influence the 
homeostasis of mitochondrial membranes.

Autosomal recessive CHKB mutations cause a rare form of congenital muscular dystrophy known as megaconial con-
genital muscular dystrophy (MCMD).

Case presentation:  We describe a novel proband presenting MCMD due to unpublished CHKB mutations. The 
patient is a 6-year-old boy who came to our attention for cognitive impairment and slowly progressive muscular 
weakness. He was the first son of non-consanguineous healthy parents from Sri Lanka. Neurological examination 
showed proximal weakness at four limbs, weak osteotendinous reflexes, Gowers’ maneuver, and waddling gate. 
Creatine kinase levels were mildly increased. EMG and brain MRI were normal. Left quadriceps skeletal muscle biopsy 
showed a myopathic pattern with nuclear centralizations and connective tissue increase. Histological and histochemi-
cal staining suggested subsarcolemmal localization and dimensional increase of mitochondria. Ultrastructural analysis 
confirmed the presence of enlarged (“megaconial”) mitochondria. Direct sequencing of CHKB identified two novel 
defects: the c.1060G > C (p.Gly354Arg) substitution and the c.448-56_29del intronic deletion, segregating from father 
and mother, respectively. Subcloning of RT-PCR amplicons from patient’s muscle RNA showed that c.448-56_29del 
results in the partial retention (14 nucleotides) of intron 3, altering physiological splicing and transcript stability. 
Biochemical studies showed reduced levels of the mitochondrial fission factor DRP1 and the severe impairment of 
mitochondrial respiratory chain activity in patient’s muscle compared to controls.

Conclusions:  This report expands the molecular findings associated with MCMD and confirms the importance of 
considering CHKB variants in the differential diagnosis of patients presenting with muscular dystrophy and mental 
retardation. The clinical outcome of MCMD patients seems to be influenced by CHKB molecular defects. Histological 
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function in the rmd mouse model, confirming the cell-
autonomous nature of the disease. More importantly, 
AAV6-based intramuscular gene therapy improved dys-
trophy phenotype even after disease onset in preclinical 
models [16]. Altered lipid metabolism was also demon-
strated to result in the increase of the arrhythmogenic 
lipid acylcarnitine predisposing to arrhythmia in hyper-
trophic cardiac muscles [17]. Tavasoli and colleagues 
have recently demonstrated that a temporal change in 
lipid metabolism occurs in Chkb − / − affected muscles. 
They observed that impaired β-oxidation of fatty acids 
in mitochondria results in triacylglycerol accumulation 
as the disease progresses. Interestingly, the decrease in 
peroxisome proliferator-activated receptors (PPAR) and 
downstream target gene expression can be reversed by 
pharmacological PPAR agonism [18].

Irregular mitochondrial morphology is linked to ham-
pered mitochondrial fission consequent to decreased lev-
els of the fission protein DRP1, compromising OXPHOS 
activity [19]. Aksu‐Menges and colleagues have recently 
observed altered mitochondrial morphology, reduced 
levels of mitochondrial fission proteins and derange-
ment in several mitochondrial pathways in human pri-
mary skeletal muscle cells from a MCMD patient [20]. 
Our study confirms these findings in the muscle of our 
patient: engaged autophagy was indirectly suggested by 
increased levels of p62 and LC3 in some muscle fibers 
while decreased levels of DRP1 were associated with a 
severe multi-complex defect in presence of normal levels 
of respiratory chain protein subunits. The rarefication of 
mitochondria in the center of muscle fibers, observed in 
our case as well as in previous reports [1, 20], might be a 
consequence of sustained mitophagy.

Nowadays, modern diagnostic approach based on NGS 
sequencing bypass the need of invasive procedures to 
achieve a molecular diagnosis in a relevant number of 
patients with neuromuscular disorders. Nevertheless, 
we highlight the appropriateness of muscle biopsy for 
the validation of genetic findings and, as in the case of 
MCMD, for the identification of pathognomonic features 
which unequivocally direct the molecular analysis.

Conclusions
Our findings expand the genetic repertoire of MCMD 
and support the role of altered mitochondrial morphol-
ogy and dynamics in the establishment of the severe res-
piratory chain defect which underline muscle pathology 
in this form of congenital myopathy. Additional cases 
and prolonged follow up of CHKB-mutated patients are 
required to challenge the genotype–phenotype correla-
tion advanced in this report.
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Abstract 

Becker muscular dystrophy (BMD) is a severe X-linked muscle disease. Age of onset, clinical variability, speed of 
progression and affected tissues display wide variability, making a clinical trial design for drug development very 
complex. The histopathological changes in skeletal muscle tissue are central to the pathogenesis, but they have not 
been thoroughly elucidated yet. Here we analysed muscle biopsies from a large cohort of BMD patients, focusing 
our attention on the histopathological muscle parameters, as fibrosis, fatty replacement, fibre cross sectional area, 
necrosis, regenerating fibres, splitting fibres, internalized nuclei and dystrophy evaluation. We correlated histological 
parameters with both demographic features and clinical functional evaluations. The most interesting results of our 
study are the accurate quantification of fibroadipose tissue replacement and the identification of some histopatho-
logical aspects that well correlate with clinical performances. Through correlation analysis, we divided our patients 
into three clusters with well-defined histological and clinical features. In conclusion, this is the first study that analyses 
in detail the histological characteristics of muscle biopsies in a large cohort of BMD patients, correlating them to a 
functional impairment. The collection of these data help to better understand the histopathological progression of 
the disease and can be useful to validate any pharmacological trial in which the modification of muscle biopsy is 
utilized as outcome measure.

Keywords:  Histology, Becker muscular distrophy, Muscle biopsies, Fibrosis
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Introduction
Skeletal muscle dystrophies are a large and heterogene-
ous group of inherited disorders characterized by pro-
gressive muscle weakness. X-linked Duchenne muscular 
dystrophy (DMD, OMIM 310,200) and Becker muscular 
dystrophy (BMD, OMIM 300,376) are among the most 
severe.

In both disorders, most of the identified mutations are 
large deletions, spanning one or more exons, the remain-
ing patients harbour exon duplications or less frequently 
point mutations and small rearrangements [1, 2].

Muscle histopathological changes are central to DMD/
BMD pathogenesis. The lack of dystrophin results in 
sarcolemma instability and increased vulnerability to 
mechanical stress, causing inflammation, fibre necro-
sis and fibre regeneration. These changes lead to con-
stant cycles of degeneration and regeneration, but, with 
age, the repair phase becomes less and less successful 
as a consequence of exhaustion of satellite cell pools 
[3]. Muscle fibres are replaced with fat and connective 
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Data obtained from our statistical analysis suggested 
the importance of selected suitable clinical tests to be 
applied during pharmacological treatment or clinical 
trials, to be able to efficiently monitor patients’ clinical 
progress.

It is important to underline that this study recruited 
patients participating to a clinical trial and therefore meet-
ing specific inclusion criteria. In details, ambulant BMD 
patients aged ≥ 18 to ≤ 65 years and able to perform 6MWT 
at screening with a minimum distance of 200 m and maxi-
mum distance of 450  m, were recruited. These inclusion 
criteria prevented us from examining muscle biopsies from 
younger and older patients, therefore, individuals with a 
very mild or otherwise very severe disease were excluded.

Conclusion
At present, this work has collected one of the largest 
cohorts of ambulant BMD patients, providing relevant 
information about histological picture and showing 
extremely significant correlations between histological 
traits and some functional data making this information 
useful for any pharmacological trial in which the modifi-
cation of muscle biopsy is utilized as outcome measures.
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Tiziana Mongini11, Isabella Moroni12, Chiara Panicucci13, Angela Berardinelli14, Alice Donati15, Vincenzo Nigro16, 
Antonella Pini17, Melania Giannotta17, Claudia Dosi2, Enzo Ricci8, Eugenio Mercuri8, Giovanni Minervini18, 
Silvio Tosatto18, Filippo Santorelli2, Claudio Bruno13*† and Elena Pegoraro1*† 

Abstract 

Mutations in the RYR1 gene, encoding ryanodine receptor 1 (RyR1), are a well-known cause of Central Core Disease 
(CCD) and Multi-minicore Disease (MmD). We screened a cohort of 153 patients carrying an histopathological diagno-
sis of core myopathy (cores and minicores) for RYR1 mutation. At least one RYR1 mutation was identified in 69 of them 
and these patients were further studied. Clinical and histopathological features were collected. Clinical phenotype 
was highly heterogeneous ranging from asymptomatic or paucisymptomatic hyperCKemia to severe muscle weak-
ness and skeletal deformity with loss of ambulation. Sixty-eight RYR1 mutations, generally missense, were identified, 
of which 16 were novel. The combined analysis of the clinical presentation, disease progression and the structural 
bioinformatic analyses of RYR1 allowed to associate some phenotypes to mutations in specific domains. In addition, 
this study highlighted the structural bioinformatics potential in the prediction of the pathogenicity of RYR1 muta-
tions. Further improvement in the comprehension of genotype–phenotype relationship of core myopathies can be 
expected in the next future: the actual lack of the human RyR1 crystal structure paired with the presence of large 
intrinsically disordered regions in RyR1, and the frequent presence of more than one RYR1 mutation in core myopathy 
patients, require designing novel investigation strategies to completely address RyR1 mutation effect.
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Clinical and genetic features 
of a cohort of patients 
with MFN2‑related neuropathy
Elena Abati1,2,7*, Arianna Manini1,7, Daniele Velardo2,3, Roberto Del Bo2, Laura Napoli3, 
Federica Rizzo1,2, Maurizio Moggio1,3, Nereo Bresolin1,2, Emilia Bellone4, Maria Teresa Bassi5, 
Maria Grazia D’Angelo6, Giacomo Pietro Comi1,2,3 & Stefania Corti1,2

Charcot–Marie–Tooth disease type 2A (CMT2A) is a rare inherited axonal neuropathy caused 
by mutations in MFN2 gene, which encodes Mitofusin 2, a transmembrane protein of the outer 
mitochondrial membrane. We performed a cross-sectional analysis on thirteen patients carrying 
mutations in MFN2, from ten families, describing their clinical and genetic characteristics. Evaluated 
patients presented a variable age of onset and a wide phenotypic spectrum, with most patients 
presenting a severe phenotype. A novel heterozygous missense variant was detected, p.K357E. It 
is located at a highly conserved position and predicted as pathogenic by in silico tools. At a clinical 
level, the p.K357E carrier shows a severe sensorimotor axonal neuropathy. In conclusion, our 
work expands the genetic spectrum of CMT2A, disclosing a novel mutation and its related clinical 
effect, and provides a detailed description of the clinical features of a cohort of patients with MFN2 
mutations. Obtaining a precise genetic diagnosis in affected families is crucial both for family planning 
and prenatal diagnosis, and in a therapeutic perspective, as we are entering the era of personalized 
therapy for genetic diseases.

Abbreviations
CMT	� Charcot–Marie–Tooth
CMTESv2	� Charcot–Marie–Tooth Examination Score version 2
CMTESv2-R	� Rasch analysis-weighted CMTESv2
CMTNSv2	� Charcot–Marie–Tooth Neuropathy Score version 2
CMTPeds	� CMT pediatric scale
MFN1/2	� Mitofusin1/2
MNCV	� Motor nerve conduction velocity
NIV	� Non-invasive ventilatory support

Charcot–Marie–Tooth disease (CMT) includes a wide spectrum of primary inherited sensory-motor neuropa-
thies associated with more than 100 different genetic culprits1. With an overall prevalence of 1/1200-2500, it 
represents the most common genetically inherited neuromuscular disorder2. CMTs are classified according to 
their neurophysiological properties and inheritance pattern. Demyelinating CMT type 1 is characterized by 
reduced motor nerve conduction velocity (MNCV), while axonal CMT type 2 shows preserved MNCV1. Among 
CMT2, CMT2A is the most frequent form, accounting for approximately 10–40% of axonal CMT cases and 4–7% 
of all CMTs with a genetic diagnosis2–6.

CMT2A is associated with mutations in the nuclear-encoded mitochondrial gene mitofusin 2 (MFN2), which 
is translated into the 757-amino acid long protein Mitofusin2 (MFN2). MFN2 is a highly conserved GTPase, 
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Abstract

HTT full-penetrance pathogenic repeat expansions, the genetic cause of Hunt-

ington’s disease (HD), have been recently reported in a minority of frontotem-

poral dementia/amyotrophic lateral sclerosis (ALS) patients (0.13%). We

analyzed HTT CAG repeats in an Italian cohort of ALS patients (n = 467) by

repeat-primed polymerase chain reaction. One patient harbored two expanded

alleles in the HTT gene (42 and 37 CAG repeats). The absence of HD typical

symptoms and the clinical picture consistent with ALS, corroborated by the

diagnostic assessment, apparently excluded a misdiagnosis of HD.

Introduction

Dewan and colleagues have recently reported HTT full-

penetrance pathogenic repeat expansions in three probands

(0.12%) out of 2442 frontotemporal dementia (FTD)/amy-

otrophic lateral sclerosis (ALS), patients.1 After expanding

the analysis to an independent cohort of 3674 FTD/ALS

patients, five additional carriers of HTT pathogenic expan-

sions were identified (0.14%). Comparing these data to the

prevalence of pathogenic HTT repeat expansions in the gen-

eral population (0.03%),2,3 the authors concluded that the

carrier rate was significantly higher in FTD/ALS patients.

Thomas and colleagues have recently challenged this

finding, highlighting several points which argue against

the role of HTT pathogenic expansions in FTD/ALS.4

Among them, the authors cited a previously published

work which reported a 0.18% carrier rate of HTT repeat

expansions in the general population. Accordingly, they

suggested that the occurrence of HTT pathogenic expan-

sions in FTD/ALS might merely reflect their prevalence

among the general population.5 Furthermore, Thomas

and colleagues questioned the lack of clinical description

of the cases. Indeed, they could have been misdiagnosed

due to the clinical heterogeneity of HD, especially in juve-

nile forms, and to the age-dependent penetrance of HTT

pathogenic expansions.6,7 Regarding neuropathology,

Thion and coauthors stated that the absence of neostriatal

atrophy was coherent with the small repeat expansions of

1820 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Targeting PTB for Glia-to-Neuron Reprogramming In Vitro and
In Vivo for Therapeutic Development in Neurological Diseases
Matilde Contardo 1,†, Roberta De Gioia 2,†, Delia Gagliardi 1 , Giacomo Pietro Comi 1,2, Linda Ottoboni 2,
Monica Nizzardo 2,‡ and Stefania Corti 1,2,*,‡
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Abstract: In vivo cell reprogramming of glial cells offers a promising way to generate new neurons in
the adult mammalian nervous system. This approach might compensate for neuronal loss occurring
in neurological disorders, but clinically viable tools are needed to advance this strategy from bench
to bedside. Recently published work has described the successful neuronal conversion of glial cells
through the repression of a single gene, polypyrimidine tract-binding protein 1 (Ptbp1), which encodes
a key RNA-binding protein. Newly converted neurons not only express correct markers but they
also functionally integrate into endogenous brain circuits and modify disease symptoms in in vivo
models of neurodegenerative diseases. However, doubts about the nature of “converted” neurons, in
particular in vivo, have been raised, based on concerns about tracking reporter genes in converted
cells. More robust lineage tracing is needed to draw definitive conclusions about the reliability of this
strategy. In vivo reprogramming and the possibility of implementing it with approaches that could
be translated into the clinic with antisense oligonucleotides targeting a single gene like Ptbp1 are hot
topics. They warrant further investigation with stringent methods and criteria of evaluation for the
ultimate treatment of neurological diseases.

Keywords: PTB; reprogramming; neuron; neurodegenerative diseases

1. Introduction

Neurodegenerative diseases are disabling and often fatal disorders characterized by
the progressive loss of specific neuronal subpopulations in various parts of the nervous
system and thus specific profiles of neurological dysfunction.

Neurons in the human central nervous system (CNS) are not normally replaced
through adult neurogenesis once they are lost, aside from a negligible fraction [1–3]. Thus,
methods to promote the generation of new neural cells in the adult mammalian brain
have been intensively investigated during the past decades [4]. Three main approaches
to produce new neurons in the adult brain have been explored: (1) cell transplantation of
exogenous neuronal cells/precursors [3,5,6], (2) activation of the endogenous neurogenic
capacity of neuronal progenitors in specific zones [7], and (3) reprogramming (or direct
conversion or transdifferentiation) of non-neuronal cells, conventionally of abundant glial
cells into neurons [8–11].

The strategy of direct neuronal conversion is based on the combinatorial expression
of lineage-specific neural transcription factors (TFs) that can turn fibroblasts or glial cells
into neurons In Vitro, and likely also in vivo, without passage through a stem cell state [12].
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Abstract: Motor neuron diseases (MNDs) are a group of fatal, neurodegenerative disorders with
different etiology, clinical course and presentation, caused by the loss of upper and lower motor
neurons (MNs). MNs are highly specialized cells equipped with long, axonal processes; axonal defects
are some of the main players underlying the pathogenesis of these disorders. Microtubules are key
components of the neuronal cytoskeleton characterized by dynamic instability, switching between
rapid polymerization and shrinkage. Proteins of the stathmin family affect microtubule dynamics
regulating the assembly and the dismantling of tubulin. Stathmin-2 (STMN2) is one of the most
abundantly expressed genes in MNs. Following axonal injury, STMN2 expression is upregulated, and
the protein is transported toward the growth cones of regenerating axons. STMN2 has a critical role
in axonal maintenance, and its dysregulation plays an important role in neurodegenerative processes.
Stathmin-1 (STMN1) is a ubiquitous protein that is highly expressed during the development of the
nervous system, and its phosphorylation controls microtubule dynamics. In the present review, we
summarize what is currently known about the involvement of stathmin alterations in MNDs and the
potential therapeutic effect of their modulation, with a specific focus on the most common forms of
MND, amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA).

Keywords: stathmin; motor neuron diseases; ALS; SMA; STMN2; STMN1; axonal defects;
cytoskeleton; microtubules

1. Stathmins Are Relevant for Axonal Stability

Motor neurons (MNs) are highly specialized cells equipped with long, axonal pro-
cesses. Proper cytoskeletal structure is fundamental for maintaining shape, axonal stability,
anterograde and retrograde transport and inter-neuronal signaling. Microtubules are es-
sential for axonal outgrowth and regeneration and in maintaining the integrity of axonal
signal transduction and cellular transport systems [1]. Axonal defects are some of the main
players of the pathogenesis of motor neuron disorders (MNDs), and understanding the
biology underlying these processes may increase the comprehension and the development
of therapeutic targets in these diseases.

Microtubules are characterized by dynamic instability: they undergo periods of poly-
merization, shrinkage and rest, depending on the continuous balance between assem-
bly and disassembly which is largely mediated by microtubule-associated proteins such
as stathmins.
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Abstract: Cerebrovascular diseases are a leading cause of death and disability globally. The devel-
opment of new therapeutic targets for cerebrovascular diseases (e.g., ischemic, and hemorrhagic
stroke, vascular dementia) is limited by a lack of knowledge of the cellular and molecular biology of
health and disease conditions and the factors that cause injury to cerebrovascular structures. Here,
we describe the role of advances in omics technology, particularly RNA sequencing, in studying
high-dimensional, multifaceted profiles of thousands of individual blood and vessel cells at single-cell
resolution. This analysis enables the dissection of the heterogeneity of diseased cerebral vessels
and their atherosclerotic plaques, including the microenvironment, cell evolutionary trajectory, and
immune response pathway. In animal models, RNA sequencing permits the tracking of individ-
ual cells (including immunological, endothelial, and vascular smooth muscle cells) that compose
atherosclerotic plaques and their alteration under experimental settings such as phenotypic transition.
We describe how single-cell RNA transcriptomics in humans allows mapping to the molecular and
cellular levels of atherosclerotic plaques in cerebral arteries, tracking individual lymphocytes and
macrophages, and how these data can aid in identifying novel immune mechanisms that could be
exploited as therapeutic targets for cerebrovascular diseases. Single-cell multi-omics approaches will
likely provide the unprecedented resolution and depth of data needed to generate clinically relevant
cellular and molecular signatures for the precise treatment of cerebrovascular diseases.

Keywords: cerebral vessel; atherosclerosis; cerebrovascular disease; transcriptomics; stroke; single-
cell sequencing; single-cell omics; RNA

1. Introduction

Neurovascular diseases are a top cause of disability, morbidity, and death globally [1],
with an estimated 143 million disability-adjusted life-years in 2019 expected to grow with
an expanding and increasingly older population [2].

Therapeutic approaches in acute stroke are targeted at rapid recanalizing of the blocked
artery, either with intravenous thrombolysis or with thrombus lysis by endovascular
thrombectomy [3,4]. Often, this recanalization is not successful or is even inefficient in
removing the occlusion. Although therapeutic strategies have significantly improved, this
disease still poses an enormous burden on human health, and translational research in the
cerebrovascular field is an urgent unmet need to promote healthy living worldwide.

Atherosclerosis is important in the onset and progression of cerebral vascular disease.
Cells and fibrous and lipid-rich material can accumulate and form arterial plaques in

Biomedicines 2022, 10, 1693. https://doi.org/10.3390/biomedicines10071693 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines10071693
https://doi.org/10.3390/biomedicines10071693
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0001-8460-938X
https://doi.org/10.3390/biomedicines10071693
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines10071693?type=check_update&version=2
user1
Evidenziato

user1
Evidenziato



����������
�������

Citation: Nasca, A.; Legati, A.;

Meneri, M.; Ermert, M.E.; Frascarelli,

C.; Zanetti, N.; Garbellini, M.; Comi,

G.P.; Catania, A.; Lamperti, C.; et al.

Biallelic Variants in ENDOG

Associated with Mitochondrial

Myopathy and Multiple mtDNA

Deletions. Cells 2022, 11, 974.

https://doi.org/10.3390/

cells11060974

Academic Editor: Yan Burelle

Received: 12 February 2022

Accepted: 9 March 2022

Published: 12 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

Biallelic Variants in ENDOG Associated with Mitochondrial
Myopathy and Multiple mtDNA Deletions
Alessia Nasca 1 , Andrea Legati 1, Megi Meneri 2,3 , Melisa Emel Ermert 1,3 , Chiara Frascarelli 1,
Nadia Zanetti 1 , Manuela Garbellini 2, Giacomo Pietro Comi 3,4, Alessia Catania 1, Costanza Lamperti 1,
Dario Ronchi 2,3 and Daniele Ghezzi 1,3,*

1 Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto Neurologico Carlo Besta,
20126 Milan, Italy; alessia.nasca@istituto-besta.it (A.N.); andrea.legati@istituto-besta.it (A.L.);
melisaemel.ermert@studenti.unimi.it (M.E.E.); chiara.frascarelli@istituto-besta.it (C.F.);
nadia.zanetti@istituto-besta.it (N.Z.); alessia.catania@istituto-besta.it (A.C.);
costanza.lamperti@istituto-besta.it (C.L.)

2 Neurology Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, 20122 Milan, Italy;
megimeneri@gmail.com (M.M.); manuela.garbellini@policlinico.mi.it (M.G.); dario.ronchi@unimi.it (D.R.)

3 Department of Pathophysiology and Transplantation (DEPT), University of Milan, 20122 Milan, Italy;
giacomo.comi@unimi.it

4 Neuromuscular and Rare Diseases Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico,
20122 Milan, Italy

* Correspondence: daniele.ghezzi@unimi.it or daniele.ghezzi@istituto-besta.it

Abstract: Endonuclease G (ENDOG) is a nuclear-encoded mitochondrial-localized nuclease. Al-
though its precise biological function remains unclear, its proximity to mitochondrial DNA (mtDNA)
makes it an excellent candidate to participate in mtDNA replication, metabolism and maintenance.
Indeed, several roles for ENDOG have been hypothesized, including maturation of RNA primers
during mtDNA replication, splicing of polycistronic transcripts and mtDNA repair. To date, ENDOG
has been deemed as a determinant of cardiac hypertrophy, but no pathogenic variants or genetically
defined patients linked to this gene have been described. Here, we report biallelic ENDOG variants
identified by NGS in a patient with progressive external ophthalmoplegia, mitochondrial myopathy
and multiple mtDNA deletions in muscle. The absence of the ENDOG protein in the patient’s muscle
and fibroblasts indicates that the identified variants are pathogenic. The presence of multiple mtDNA
deletions supports the role of ENDOG in mtDNA maintenance; moreover, the patient’s clinical
presentation is very similar to mitochondrial diseases caused by mutations in other genes involved in
mtDNA homeostasis. Although the patient’s fibroblasts did not present multiple mtDNA deletions or
delay in the replication process, interestingly, we detected an accumulation of low-level heteroplasmy
mtDNA point mutations compared with age-matched controls. This may indicate a possible role of
ENDOG in mtDNA replication or repair. Our report provides evidence of the association of ENDOG
variants with mitochondrial myopathy.

Keywords: endonuclease G; ENDOG; mitochondrial DNA; mitochondrial myopathy; multiple
mtDNA deletions

1. Introduction

Endonuclease G (ENDOG) is a nuclear-encoded nuclease, member of the conserved
DNA/RNA non-specific ββα-Me-finger nuclease family [1]. The ENDOG protein is synthe-
sized in the cytoplasm as an inactive 33 kDa propeptide, which is activated by proteolytic
cleavage of the mitochondrial targeting sequence, thus producing a mature 28 kDa enzyme
which acts as a homodimer [1–3].

Initial experiments suggested an exclusive localization of ENDOG within the mitochon-
drial intermembrane space; later on, it was found to be mainly bound to the mitochondrial
inner membrane, facing the matrix [4]. Given its spatial closeness to mtDNA, as well as
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absence of ENDOG casts doubt on the assertion that loss-of-function mutations in ENDOG
are associated with impaired cardiac function. Although the functional results obtained are
preliminary, we provide novel evidence about a possible role of ENDOG linked to mtDNA
maintenance. More studies are needed to further test involvement of ENDOG in mtDNA
metabolism, not limited to replication but also to the complex repair systems for mtDNA,
which are still poorly understood.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11060974/s1. Table S1: biochemical analysis of OXPHOS
complexes; Table S2: Additional candidate variants from NGS analyses; Figure S1: Analysis of
the mtDNA by NGS; Figure S2: Structural analysis of residues affected by the missense variants;
Figure S3: Immunofluorescence studies in fibroblasts; Figure S4: Western blot analysis of C1QBP;
Figure S5: ENDOG transcript analysis in patient’s fibroblasts.
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Immunofluorescence signal intensity measurements as a semi-quantitative tool 
to assess sarcoglycan complex expression in muscle biopsy
Simona Zanotti,1 Francesca Magri,2 Francesca Poggetti,1 Michela Ripolone,1 Daniele Velardo,1
Francesco Fortunato,2,3 Patrizia Ciscato,1 Maurizio Moggio,1 Stefania Corti,2,3 Giacomo Pietro Comi,1,2,3

Monica Sciacco1

1Neuromuscular and Rare Disease Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan
2Neurology Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan
3Dino Ferrari Centre, Department of Pathophysiology and Transplantation (DEPT), University of Milan, Italy

Sarcoglycanopathies are highly heterogeneous in terms of disease progression, muscular weakness, loss of
ambulation and cardiac/respiratory involvement. Their clinical severity usually correlates with the residual pro-
tein amount, which makes protein quantification extremely relevant. Sarcoglycanopathy diagnosis is genetic,
but skeletal muscle analysis - by both immunohistochemistry and Western blot (WB) - is still mandatory to
establish the correct diagnostic process. Unfortunately, however, WB analysis cannot be performed if the biop-
tic specimen is scarce. This study provides a sensitive tool for semi-quantification of residual amount of sarco-
glycans in patients affected by sarcoglycanopathies, based on immunofluorescence staining on skeletal muscle
sections, image acquisition and software elaboration. We applied this method to eleven sarcoglycanopathies,
seven Becker muscular dystrophies, as pathological control group, and four age-matched controls.
Fluorescence data showed a significantly reduced expression of the mutated sarcoglycan in all patients when
compared to their respective age-matched healthy controls, and a variable reduction of the other sarcoglycans.
The reduction is due to the effect of gene mutation and not to the increasing age of controls. Fluorescence nor-
malized data analyzed in relation to the age of onset of the disease, showed a negative correlation of a-sarco-
glycan fluorescence signal vs fibrosis in patients with an early age of onset and a negative correlation between
d-sarcoglycan signal and fibrosis in both intermediate and late age of onset groups. The availability of a method
that allows objective quantification of the sarcolemmal proteins, faster and less consuming than WB analysis
and able to detect low residual sarcoglycan expression with great sensitivity, proves useful also in view of pos-
sible inferences on disease prognosis. The proposed method could be employed also to monitor the efficacy of
therapeutic interventions and during clinical trials.

Key words: sarcoglycans; immunofluorescence; protein quantification; histology; fibrosis.
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Case Report: Rare Homozygous
RNASEH1 Mutations Associated With
Adult-Onset Mitochondrial
Encephalomyopathy and Multiple
Mitochondrial DNA Deletions
Arianna Manini 1, Leonardo Caporali 2, Megi Meneri 1,3, Simona Zanotti 4, Daniela Piga3,
Ignazio Giuseppe Arena5, Stefania Corti 1,3, Antonio Toscano5, Giacomo Pietro Comi1,4,
Olimpia Musumeci5*, Valerio Carelli 2,6* and Dario Ronchi 1,3*

1Dino Ferrari Center, Department of Pathophysiology and Transplantation, University of Milan, Milan, Italy, 2Istituto delle Scienze
Neurologiche di Bologna, Programma di Neurogenetica, Bologna, Italy, 3Foundation IRCCS Ca’ Granda Ospedale Maggiore
Policlinico, Neurology Unit, Department of Neuroscience, Milan, Italy, 4Foundation IRCCS Ca’ Granda Ospedale Maggiore
Policlinico, Neuromuscular and Rare Diseases Unit, Department of Neuroscience, Milan, Italy, 5Unit of Neurology and
Neuromuscular disorders, Department of Clinical and Experimental Medicine, University of Messina, Messina, Italy, 6Dipartimento
di Scienze Biomediche e Neuromotorie (DIBINEM), University of Bologna, Bologna, Italy

Mitochondrial DNA (mtDNA) maintenance disorders embrace a broad range of clinical
syndromes distinguished by the evidence of mtDNA depletion and/or deletions in affected
tissues. Among the nuclear genes associated with mtDNA maintenance disorders,
RNASEH1 mutations produce a homogeneous phenotype, with progressive external
ophthalmoplegia (PEO), ptosis, limb weakness, cerebellar ataxia, and dysphagia. The
encoded enzyme, ribonuclease H1, is involved in mtDNA replication, whose impairment
leads to an increase in replication intermediates resulting from mtDNA replication
slowdown. Here, we describe two unrelated Italian probands (Patient 1 and Patient 2)
affected by chronic PEO, ptosis, and muscle weakness. Cerebellar features and severe
dysphagia requiring enteral feeding were observed in one patient. In both cases, muscle
biopsy revealed diffuse mitochondrial abnormalities and multiple mtDNA deletions. A
targeted next-generation sequencing analysis revealed the homozygous RNASEH1
mutations c.129-3C>G and c.424G>A in patients 1 and 2, respectively. The c.129-
3C>G substitution has never been described as disease-related and resulted in the loss of
exon 2 in Patient 1 muscle RNASEH1 transcript. Overall, we recommend implementing the
use of high-throughput sequencing approaches in the clinical setting to reach genetic
diagnosis in case of suspected presentations with impaired mtDNA homeostasis.

Keywords: RNASEH1, ribonuclease H1, mitochondrial DNA, mtDNA maintenance disorders, myopathy, CPEO

INTRODUCTION

Mitochondrial DNA (mtDNA) maintenance disorders, which produce a variety of clinical
presentations, including myopathy, progressive external ophthalmoparesis (PEO), ptosis,
parkinsonism, bulbar dysfunction, and cerebellar features, originate from mutations in more
than twenty-five nuclear genes involved in mtDNA homeostasis (Ahmed et al., 2015; Viscomi
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Adeno-Associated Virus
(AAV)-Mediated Gene Therapy for
Duchenne Muscular Dystrophy: The
Issue of Transgene Persistence

Arianna Manini 1†, Elena Abati 1†, Andi Nuredini 1, Stefania Corti 1,2 and

Giacomo Pietro Comi 1,2*

1Department of Pathophysiology and Transplantation (DEPT), University of Milan, Milan, Italy, 2Neurology Unit, Neuroscience

Section, Dino Ferrari Center, Fondazione Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Ospedale Maggiore

Policlinico, Milan, Italy

Duchenne muscular dystrophy (DMD) is an X-linked recessive, infancy-onset

neuromuscular disorder characterized by progressive muscle weakness and atrophy,

leading to delay of motor milestones, loss of autonomous ambulation, respiratory failure,

cardiomyopathy, and premature death. DMD originates from mutations in the DMD

gene that result in a complete absence of dystrophin. Dystrophin is a cytoskeletal

protein which belongs to the dystrophin-associated protein complex, involved in cellular

signaling and myofiber membrane stabilization. To date, the few available therapeutic

options are aimed at lessening disease progression, but persistent loss of muscle

tissue and function and premature death are unavoidable. In this scenario, one of the

most promising therapeutic strategies for DMD is represented by adeno-associated

virus (AAV)-mediated gene therapy. DMD gene therapy relies on the administration

of exogenous micro-dystrophin, a miniature version of the dystrophin gene lacking

unnecessary domains and encoding a truncated, but functional, dystrophin protein.

Limited transgene persistence represents one of the most significant issues that

jeopardize the translatability of DMD gene replacement strategies from the bench to the

bedside. Here, we critically review preclinical and clinical studies of AAV-mediated gene

therapy in DMD, focusing on long-term transgene persistence in transduced tissues,

which can deeply affect effectiveness and sustainability of gene replacement in DMD.

We also discuss the role played by the overactivation of the immune host system in

limiting long-term expression of genetic material. In this perspective, further studies

aimed at better elucidating the need for immune suppression in AAV-treated subjects

are warranted in order to allow for life-long therapy in DMD patients.

Keywords: Duchenne muscular dystrophy, adeno-associated virus, gene therapy, persistence, dystrophin,

microdystrophin
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Case report: Sodium and
chloride muscle channelopathy
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Non-dystrophic myotonias (NDM) encompass chloride and sodium

channelopathy. Mutations in CLCN1 lead to either the autosomal dominant

form or the recessive form of myotonia congenita (MC). The main symptom

is sti�ness worsening after rest and improving by physical exercise. Patients

with recessive mutations often show muscle hypertrophy, and transient

weakness mostly in their lower limbs. Mutations in SCN4A can lead to Hyper-,

Hypo- or Normo-kalemic Periodic Paralysis or to di�erent forms of myotonia

(Paramyotonia Congenita-PMC and Sodium Channel Myotonia-SCM and

severe neonatal episodic laryngospasm-SNEL). SCM often presents facial

muscle sti�ness, cold sensitivity, and muscle pain, whereas myotonia worsens

in PMC patients with the repetition of the muscle activity and cold. Patients

a�ected by chloride or sodium channelopathies may show similar phenotypes

and symptoms, making the diagnosis more di�cult to reach. Herein we

present a woman in whom sodium and chloride channelopathies coexist

yielding a complex phenotype with features typical of both MC and PMC.

Disease onset was in the second decade with asthenia, weakness, warm up

and limb sti�ness, and her symptoms had been worsening through the years

leading to frequent heavy retrosternal compression, tachycardia, sti�ness, and

symmetrical pain in her lower limbs. She presented severe lid lag myotonia,

a hypertrophic appearance at four limbs and myotonic discharges at EMG.

Her symptoms have been triggered by exposure to cold and her daily life

was impaired. All together, clinical signs and instrumental data led to the

hypothesis of PMC and to the administration of mexiletine, then replaced by

acetazolamide because of gastrointestinal side e�ects. Analysis of SCN4A

revealed a new variant, p.Glu1607del. Nonetheless the severity of myotonia

in the lower limbs and her general sti�ness led to hypothesize that the
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The nuclear gene TK2 encodes the mitochondrial thymidine kinase, an enzyme involved

in the phosphorylation of deoxycytidine and deoxythymidine nucleosides. Biallelic TK2

mutations are associated with a spectrum of clinical presentations mainly affecting

skeletal muscle and featuring muscle mitochondrial DNA (mtDNA) instability. Current

classification includes infantile- (≤1 year), childhood- (1–12 years), and late-onset (≥12

years) forms. In addition to age at onset, these forms differ for progression, life

expectancy, and signs of mtDNA instability (mtDNA depletion vs. accumulation of multiple

mtDNA deletions). Childhood-onset TK2 deficiency typically causes a rapidly progressive

proximal myopathy, which leads to wheelchair-bound status within 10 years of disease

onset, and severe respiratory impairment. Muscle biopsy usually reveals a combination

of mitochondrial myopathy and dystrophic features with reduced mtDNA content. Here

we report the case of an Italian patient presenting childhood-onset, slowly progressive

mitochondrial myopathy, ptosis, hypoacusis, dysphonia, and dysphagia, harboring the

TK2 variants c.278A>G and c.543del, the latter unreported so far. Compared to other

childhood-onset TK2-patients, our case displays atypical features, including slowly

progressive muscle weakness and absence of respiratory failure, which are usually

observed in late-onset forms. This report extends the genetic background of TK2-related

myopathy, highlighting the clinical overlap among different forms.

Keywords: thymidine kinase 2, TK2, mitochondrial DNA, mtDNA maintenance defects, myopathy,

deoxynucleosides

INTRODUCTION

Mitochondrial DNA (mtDNA) maintenance defects are a heterogeneous group of clinical
syndromes characterized by mtDNA deletions and/or depletion and derived from mutations in
nuclear genes variably involved in mtDNA homeostasis (i.e., POLG1, POLG2, TWNK, DGUOK,
TYMP) (1–5).
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Background: Hepatic encephalopathy is characterized by psychiatric and neurological

abnormalities, including epileptic seizure and non-convulsive and convulsive status

epilepticus. Conventional brain magnetic resonance imaging is useful in supporting

diagnosis since it can reveal specific radiological findings. In the literature, there is no

description of hepatic encephalopathy onset as non-convulsive status epilepticus; we

provide the first report.

Case Summary: We report a case of a 67-year-old woman, without history

of cirrhosis, presenting altered mental state, normal brain computed tomography

imaging, and electroencephalography suggestive of epileptic activity. We suspected

non-convulsive status epilepticus, and we administered diazepam and levetiracetam

with clinical improvement. Thus, we made a diagnosis of non-convulsive status

epilepticus. A radiological study with brain magnetic resonance imaging showed bilateral

hyperintensity on T1-weighted sequences of globus pallidus and hyperintensity of

both corticospinal tracts on T2-weighted fluid-attenuated inversion recovery sequences.

Blood tests revealed hyperammonemia, mild abnormality of liver function indices, and

chronic Hepatitis B and D virus coinfection. Hepatic elastosonography suggested

liver cirrhosis. The patient started antiviral therapy with entecavir and prevention of

hepatic encephalopathy with rifaximin and lactulose; she was discharged with a normal

mental state.

Conclusions: Hepatic encephalopathy can present as an initial manifestation with

non-convulsive status epilepticus. Electroencephalography is useful for differentiating

non-convulsive status epilepticus from an episode of hepatic encephalopathy, and

neuroimaging aids the diagnostic process.

Keywords: hepatic encephalopathy, non-convulsive status epilepticus, brain magnetic resonance imaging, case

report, corticospinal tract, globus pallidus
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Multiple System Atrophy (MSA) is a rare neurodegenerative disease, clinically defined

by a combination of autonomic dysfunction and motor involvement, that may be

predominantly extrapyramidal (MSA-P) or cerebellar (MSA-C). Although dementia is

generally considered a red flag against the clinical diagnosis of MSA, in the last decade

the evidence of cognitive impairment in MSA patients has been growing. Cognitive

dysfunction appears to involve mainly, but not exclusively, executive functions, and may

have different characteristics and progression in the two subtypes of the disease (i.e.,

MSA-P andMSA-C). Despite continued efforts, combining in-vivo imaging studies as well

as pathological studies, the physiopathological bases of cognitive involvement in MSA are

still unclear. In this view, the possible link between cardiovascular autonomic impairment

and decreased cognitive performance, extensively investigated in PD, needs to be

clarified as well. In the present study, we evaluated a cohort of 20 MSA patients (9 MSA-P,

11 MSA-C) by means of a neuropsychological battery, hemodynamic assessment (heart

rate and arterial blood pressure) during rest and active standing and bedside autonomic

function tests assessed by heart rate variability (HRV) parameters and sympathetic skin

response (SSR) in the same experimental session. Overall, global cognitive functioning,

as indicated by the MoCA score, was preserved in most patients. However, short- and

long-term memory and attentional and frontal-executive functions were moderately

impaired. When comparing MSA-P and MSA-C, the latter obtained lower scores in

tests of executive functions and verbal memory. Conversely, no statistically significant

difference in cardiovascular autonomic parameters was identified between MSA-P and
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Filamin C is a large dimeric actin-binding protein, most prevalent in skeletal and

cardiac muscle Z-discs, where it participates in sarcomere mechanical stabilization

and intracellular signaling, interacting with numerous binding partners. Dominant

heterozygous mutations of Filamin C gene cause several forms of myopathy and

structural or arrhythmogenic cardiomyopathy. In this report we describe clinical and

molecular findings of two Italian patients, in whom we identified two novel missense

variants located within the Filamin C actin binding domain. Muscle imaging, histological

and ultrastructural findings are also reported. Our results underline the extreme inter- and

intrafamilial variability of clinical manifestations, hence the need to extend the investigation

also to asymptomatic relatives, and the relevance of a broad diagnostic approach

involving muscle electron microscopy, skeletal muscle magnetic resonance imaging and

next generation sequencing techniques.

Keywords: Filamin C, actin binding domain, distal myopathy, muscle electron microscopy, muscle magnetic

resonance imaging, next generation sequencing

INTRODUCTION

Heterozygous defects in the human Filamin C gene (FLNC) located on chromosome 7q32.1 result
in clinical forms of myopathy and cardiomyopathy with marked phenotypic variability (1, 2).
FLNC-related myopathies comprise three main presentations, according to type and location of
the molecular defect: (i) missense or splice site changes affecting the rod domain result in late
onset, progressive, proximal muscular weakness with large sarcoplasmic inclusions; (ii) frameshift
mutations in the rod domain cause distal myopathy without sarcoplasmic inclusions; (iii) missense
variants in the actin-binding domain (ABD) result in proximal or distal myopathy with non-specific
myopathic changes (3–5). More recently, patients displaying restrictive, hypertrophic, dilated and
arrhythmogenic cardiomyopathies have been found harboring truncating and missense FLNC
mutations (6). Here we describe two novel FLNC variants located in the actin-binding domain
associated with different phenotypes in two distinct Italian families.
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Abstract: Limb-girdle muscular dystrophies (LGMD) are clinically and genetically heterogenous
presentations displaying predominantly proximal muscle weakness due to the loss of skeletal muscle
fibers. Beta-sarcoglycanopathy (LGMDR4) results from biallelic molecular defects in SGCB and
features pediatric onset with limb-girdle involvement, often complicated by respiratory and heart
dysfunction. Here we describe a patient who presented at the age of 12 years reporting high creatine
kinase levels and onset of cramps after strenuous exercise. Instrumental investigations, including
a muscle biopsy, pointed towards a diagnosis of beta-sarcoglycanopathy. NGS panel sequencing
identified two variants in the SGCB gene, one of which (c.243+1548T>C) was found to promote the
inclusion of a pseudoexon between exons 2 and 3 in the SGCB transcript. Interestingly, we detected
the same genotype in a previously reported LGMDR4 patient, deceased more than twenty years ago,
who had escaped molecular diagnosis so far. After the delivery of morpholino oligomers targeting
the pseudoexon in patient-specific induced pluripotent stem cells, we observed the correction of the
physiological splicing and partial restoration of protein levels. Our findings prompt the analysis of
the c.243+1548T>C variant in suspected LGMDR4 patients, especially those harbouring monoallelic
SGCB variants, and provide a further example of the efficacy of antisense technology for the correction
of molecular defects resulting in splicing abnormalities.

Keywords: LGMD; SGCB; beta-sarcoglycan; morpholino

1. Introduction

Limb-girdle muscular dystrophies (LGMD) are hereditary disorders characterized by
the loss of skeletal muscle fibers, resulting in predominantly proximal muscle weakness at
onset. The impressive genetic heterogeneity is acknowledged by the report of mutations in
more than 30 genes, displaying dominant and recessive patterns of inheritance, associated
with LGMD presentation [1].

Biallelic variants in SGCA, SGCB, SGCG, and SGCD encoding for alpha-, beta-, gamma-,
and delta-sarcoglycan proteins [2], respectively, are the molecular determinants of rare
recessive LGMD forms, collectively termed sarcoglycanopathies (LGMDR3-6, according
to the updated nomenclature) [3]. Sarcoglycans interact with the dystroglycan complex,
which links the subsarcolemmal protein dystrophin to the basement membrane. In this
way, sarcoglycans participate in the maintenance of muscle membrane integrity during
muscle fibers’ contraction and relaxation process [4]. Indeed, molecular defects in any of
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1  |  INTRODUC TION

Becker muscular dystrophy (BMD) is a neuromuscular disor-
der due to in-frame mutations in the DMD gene, located on the X 

chromosome.1 This gene encodes for dystrophin, whose lack leads 
to structural damages and disruption of the membrane of skeletal 
muscles with consequent activation of inflammation and regenera-
tion in the early phases of the disease and increase of connective and 
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Abstract
Becker muscular dystrophy (BMD) is an X-linked neuromuscular disorder due to muta-
tion in the DMD gene, encoding dystrophin. Despite a wide clinical variability, BMD 
is characterized by progressive muscle degeneration and proximal muscle weakness. 
Interestingly, a dysregulated expression of muscle-specific microRNAs (miRNAs), 
called myomirs, has been found in patients affected with muscular dystrophies, al-
though few studies have been conducted in BMD. We analysed the serum expression 
levels of a subset of myomirs in a cohort of 29 ambulant individuals affected by BMD 
and further classified according to the degree of alterations at muscle biopsy and in 
11 age-matched healthy controls. We found a significant upregulation of serum miR-
1, miR-133a, miR-133b and miR-206 in our cohort of BMD patients, supporting the 
role of these miRNAs in the pathophysiology of the disease, and we identified serum 
cut-off levels discriminating patients from healthy controls, confiming the potential 
of circulating miRNAs as promising noninvasive biomarkers. Moreover, serum levels 
of miR-133b were found to be associated with fibrosis at muscle biopsy and with 
patients' motor performances, suggesting that miR-133b might be a useful prognostic 
marker for BMD patients. Taken together, our data showed that these serum myomirs 
may represent an effective tool that may support stratification of BMD patients, 
providing the opportunity of both monitoring disease progression and assessing the 
treatment efficacy in the context of clinical trials.
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Letter

Molecular analysis of SMARD1 
patient-derived cells 
demonstrates that nonsense-
mediated mRNA decay 
is impaired

INTRODUCTION
Biallelic mutations in the immunoglobulin 
μ-binding protein 2 (IGHMBP2) gene lead 
to motor neuron (MN) degeneration in 
the brain stem and anterior horns of the 
spinal cord, causing fatal spinal muscular 
atrophy with respiratory distress type 
I (SMARD1). Patients exhibit a certain 
degree of phenotypic variability that has 
not been explained.1 No effective therapy 
is currently available, and understanding 
the function of IGHMBP2 is crucial for 
identifying specific disease targets.

IGHMBP2 is a DNA/RNA helicase 
protein involved in different cellular 
processes, but its precise function is 
unknown. IGHMBP2 exhibits similari-
ties to the human regulator of nonsense 
transcripts homolog UPF1,2 which is 
part of the core complex required for 
nonsense-mediated mRNA decay (NMD), 
a translation-dependent RNA degradation 
pathway implicated in different subtypes 
of amyotrophic lateral sclerosis (ALS).3

We analysed fibroblasts, induced plurip-
otent stem cells (iPSCs), and their derived 
MNs from eight patients with SMARD1 
carrying different IGHMBP2 mutations. 
All cell types exhibited a marked defi-
ciency in IGHMBP2 protein but not 
mRNA. We further demonstrated that the 
IGHMBP2 transcript is regulated by the 
NMD pathway, which resulted inhibited 
in SMARD1 condition.

RESULTS
Our eight SMARD1 patients are 
summarised in online supplemental table 
1. The identified mutations included four 
missense and four nonsense mutations, 
three point deletions, one inversion and 
one insertion mutation (figure  1A). We 
collected peripheral blood mononuclear 
cells and/or fibroblasts from the patients 
and three unaffected subjects (online 
supplemental table 2). We successfully 
reprogrammed iPSCs from four patients 
(online supplemental figure 1A) and 
differentiated them into MNs (online 
supplemental figure 1B) that exhib-
ited pathological features of increased 

apoptosis and decreased axon length 
(online supplemental figure 1C,D).

Western blot analysis of MNs, fibroblasts 
and iPSCs from patients and controls (online 
supplemental figure 2) showed three migra-
tion bands specific for IGHMBP2 (~110 
kDa,~75 kDa and ~55 kDa). Online 
supplemental figure 3 summarises the data 
regarding protein isoforms. Only the ~110 
kDa band corresponded to the full-length 
and functioning IGHMPB2 protein4; it 
was significantly reduced in all SMARD1 
samples (figure  1B; online supplemental 
figure 2) and nearly absent in cell lines with 
nonsense mutations. Immunofluorescence 
confirmed the western blot data in MNs 
(figure 1C) and iPSCs (online supplemental 
figure 4), with no difference in localisation. 
Interestingly, our analysis suggested that the 
reduction in IGHMBP2 was not the result of 
decreased mRNA (figure 1C; online supple-
mental figure 5A).

To determine whether the upregulation of 
IGHMBP2 mRNA in SMARD1 was attrib-
utable to impaired mRNA turnover, we 
evaluated the efficacy of IGHMBP2 mRNA 
decay after transcriptional inhibition in 
iPSCs. The ratio of mRNA before and after 
actinomycin D treatment was increased in 
SMARD1 iPSCs (online supplemental figure 
5B), suggesting an impairment of IGHMPB2 
transcript degradation. The treatment of 
SHSY-5Y neuroblastoma cells and control 
iPSCs with cycloheximide (CHX), which 
indirectly inhibits NMD by blocking trans-
lation, induced an increase of IGHMBP2 
mRNA levels suggesting NMD regulation of 
IGHMBP2 transcript (online supplemental 
figure 5C).

We observed an increase in the abundance 
of a set of NMD target genes in SMARD1 
MNs (figure 1E) and iPSCs (online supple-
mental figure 6A) compared with controls. 
Remarkably, the NMD-activating compound 
tranilast significatively decreased IGHMBP2 
expression in SMARD1 MNs (figure  1G), 
and iPSCs (online supplemental figure 5D) 
and rescued the mRNA accumulation of 
some NMD targets both in MNs (figure 1F) 
and in iPSCs (online supplemental figure 
6B). Importantly, NMD reactivation was 
also able to significantly rescue patholog-
ical MN hallmarks (figure  1H1). More-
over, in control iPSCs, NMD inhibition by 
CHX induced a variable increase in NMD-
sensitive transcript isoforms (hnRNPL and 
TRA2B), which was less steep in SMARD1 
iPSCs (online supplemental figure 7).

DISCUSSION
SMARD1 is a rare but fatal disease with 
onset in early childhood. It affects the 
lower MNs, causing distal limb paralysis 

and respiratory distress. In the present 
study, we described eight new SMARD1 
cases and reported updated data for two 
previously described cases. Given the 
rarity of this disease, this represents a 
substantial cohort of SMARD1 patients. 
Our results confirmed reduced expression 
of full-length IGHMBP2 protein (to<5%) 
in all cell types. In cases involving nonsense 
mutations, IGHMBP2 was absent, 
whereas the protein was mildly reduced in 
the presence of a missense mutation.

We also demonstrated that very low 
IGHMBP2 protein generally predicts a 
severe phenotype. However, SMARD1 
patients did not have significantly reduced 
IGHMBP2 mRNA levels, confirming 
previous findings.1 We demonstrated that 
IGHMPB2 mRNA is regulated by NMD, 
a mechanism that eliminates mRNAs 
containing premature translation–termina-
tion codons, but also regulates the expres-
sion of a large number of genes and that 
NMD is impaired in SMARD1. Several 
mRNAs that are normally target of NMD 
were upregulated in SMARD1 iPSCs and 
MNs, and these changes were rescued 
by NMD pathway reactivation. Thus, 
NMD is emerging as a critical regulator 
of neuronal development, MN viability 
and axon growth. Insufficient NMD may 
indeed underlie neurodegeneration, such 
as in ALS.3 5 Therefore, it is conceivable 
that NMD deficiency represents a patho-
genic mechanism for SMARD1, causing 
accumulation of aberrant defective mRNA 
to which MNs are particularly sensitive. 
NMD rescue can reestablish the mRNA 
balance in MNs improving their patholog-
ical phenotype. Importantly, reactivation 
of the NMD pathway was able to rescue 
axon length and apoptosis in affected 
MNs, supporting the NMD pathway as a 
potential target, as previously suggested 
for other MN disorders.3 Therefore, 
further investigations of drugs that can 
rescue NMD activity for potential thera-
peutic use in inherited motor neuropathies 
that share the same pathological molecular 
mechanism are warranted.

METHODS
Cell culture
Human samples were reprogrammed 
into iPSCs using the CytoTune-iPS 
V.2.0 Sendai Reprogramming Kit (Life 
Technologies). Spinal MNs were then 
obtained following a rapid multistage 
protocol.

The iPSCs and/or MNs were used 
in standard western blot analysis, and 
underwent immunohistochemistry for 
anti-human IGHMBP2 (Millipore) and 
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SMI-32 (Millipore) and the terminal 
deoxynucleotidyl transferase dUTP 
nick end labelling system protocol 
(Promega). IGHMBP2 expression was 
evaluated by standard TaqMan qPCR 
assay. For transcripts known to be regu-
lated by NMD, SYBR Green Real Time 
PCR was used.

The iPSCs and/or MNs were treated 
with transcription inhibitor actinomycin 

D at 2.5 µg/mL, with 100 µg/mL CHX 
for 6 hour and 5 µM tranilast (T0318-
10MG) for 24 hours.
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Figure 1  IGHMBP2 levels and nonsense-mediated mRNA decay (NMD) decay in hiPSC-derived motor neurons (MNs). (A) Schematic representation of the 
distribution along the immunoglobulin μ-binding protein 2 (IGHMBP2) gene of mutations found in the patient cohort. STOP codon mutations are indicated 
in red. (B) 110 kDa IGHMBP2 protein, assessed by western blot, decrease in spinal muscular atrophy with respiratory distress type I (SMARD1) MNs versus 
ctrl (***p<0.001, Student’s t-test). (C) Immunocytochemistry quantification confirmed lower levels of IGHMBP2 in affected MNs ***p<0.001, *p<0.05, 
Student’s t-test, ctrl versus patients (smard1, case 2, 3 and 6). (D) qPCR analyses of IGHMBP2 mRNA levels in affected MNs showed no correlation with 
protein level reduction, increasing in SMARD1 lines,*p<0.05, Student’s t-test, ctrl versus patients. (E) mRNA levels of NMD target genes were increased 
in SMARD1 MNs versus ctrl (**p<0.01, Student’s t-test). (F) RNA levels of NMD target genes were decreased after tranilast treatment in SMARD1 MNs 
(smard1, case 2, 3 and 6) versus ctrl (*p<0.05, Student’s t-test). (G) mRNA levels of IGHMBP2 were rescued after treatment with tranilast (5 µM) in 
SMARD1 MNs, ***p<0.001, Student’s t-test. (H,I) Treatment with the activator of NMD tranilast (5 µM) rescued pathological hallmarks of SMARD1 MNs 
(smard1, case 2, 3 and 6), namely apoptosis evaluated by tunel assay (E, **p<0.01, Student’s t-test) and axon length reduction (F, ***p<0.001, Student’s 
t-test). In B, E–H, each data point represents the mean obtained from three technical replicates for each biological replicate (n=3, smard1: case 2, 3 and 6). 
In D, each data point represents a technical replicate (biological replicates n=3 for ctrl, n=4 for smard1, case 2, 3, 6 and 7). In C and I, each point represents 
data from a single cell. Values are presented±SEM. All the images are original and made by the authors.
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ABSTRACT: Background: Parkinsonian fea-
tures have been described in patients harboring vari-
ants in nuclear genes encoding for proteins involved
in mitochondrial DNA maintenance, such as TWNK.
Objectives: The aim was to screen for TWNK variants
in an Italian cohort of Parkinson’s disease (PD) patients
and to assess the occurrence of parkinsonism in patients
presenting with TWNK-related autosomal dominant pro-
gressive external ophthalmoplegia (TWNK-adPEO).
Methods: Genomic DNA of 263 consecutively col-
lected PD patients who underwent diagnostic genetic
testing was analyzed with a targeted custom gene
panel including TWNK, as well as genes causative of
monogenic PD. Genetic and clinical data of
18 TWNK-adPEO patients with parkinsonism were ret-
rospectively analyzed.
Results: Six of 263 PD patients (2%), presenting
either with isolated PD (n = 4) or in combination with
bilateral ptosis (n = 2), carried TWNK likely pathogenic
variants. Among 18 TWNK-adPEO patients, 5 (28%)
had parkinsonism.
Conclusions: We show candidate TWNK variants
occurring in PD without PEO. This finding will require
further confirmatory studies. © 2022 Fondazione
IRCCS Ca’ Granda Ospedale Maggiore Policlinico.
Movement Disorders published by Wiley Periodicals
LLC on behalf of International Parkinson Movement
Disorder Society.

Key Words: TWNK; twinkle; Parkinson’s disease;
parkinsonism; mitochondrial DNA

Pathogenesis of Parkinson’s disease (PD) has long
been associated with mitochondrial dysfunction.1

Dopaminergic neurons of the substantia nigra pars
compacta seem to be particularly vulnerable to mito-
chondrial damage.2 Although sequencing of mitochon-
drial DNA (mtDNA) failed to reveal pathogenic
mutations associated with PD, population-specific com-
mon variants defining mtDNA haplogroups have been
implicated as possible risk factors.3 In addition, age-
related accumulation of somatic mtDNA deletions in
the substantia nigra has been reported to occur more
significantly in PD patients than in age-matched con-
trols.4,5 Moreover, the regulation of mtDNA copy
number seems to be affected in PD, leading to a relative
mtDNA depletion.6,7
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Abstract
Objectives
The c.254C>G (p.S85C) MATR3 variant causes vocal cord and pharyngeal weakness with
distal myopathy (VCPDM), which is characterized by progressive, asymmetric, predominantly
distal muscle weakness, dysphonia, dysphagia, and respiratory impairment. Herein, we describe
an Italian patient who harbored the p.S85C MATR3 variant and showed a composite phe-
notype of VCPDM and sensorimotor polyneuropathy.

Methods
The proband underwent neurologic evaluation, muscular MRI of the lower limbs, neuro-
physiologic assessment, muscle biopsy, and spirometry. After excluding common acquired and
genetic causes of sensorimotor polyneuropathy, a larger group of genes involved in inherited
forms of neuropathy, distal myopathy, and motor neuron disorders were analyzed by next-
generation sequencing targeted panels.

Results
The patient, affected by progressive distal muscle weakness and hypotrophy, myalgias, dys-
phonia, dysphagia, respiratory impairment, and sensory abnormalities, harbored the hetero-
zygous c.254C>G (p.S85C) MATR3 substitution. Neurophysiologic assessment revealed a
severe sensorimotor polyneuropathy. Variation of fiber size, central nuclei, and nonrimmed
vacuoles were evident at muscle biopsy.

Discussion
This finding extends the MATR3-associated VCPDM phenotypic spectrum and suggests
considering MATR3 analysis in suspected congenital polyneuropathies with odd features,
including dysphonia, dysphagia, and respiratory insufficiency.
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Abstract
Spinal muscular atrophy (SMA) is a severe disorder of motor neurons and the most frequent cause of genetic mortality, due to
respiratory complications.We are facing an exciting era with three available therapeutic options in a disease considered incurable
for more than a century. However, the availability of effective approaches has raised up ethical, medical, and financial issues that
are routinely faced by the SMA community. Each therapeutic strategy has its weaknesses and strengths and clinicians need to
know them to optimize clinical care. In this review, the state of the art and the results and challenges of the new SMA therapeutic
strategies are highlighted.

Keywords Antisense oligonucleotides . Gene therapy . Spinal muscular atrophy . Therapy . Nusinersen

Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive
disorder characterized by degeneration of alpha motor neu-
rons of spinal cord and destruction of motor neuron nuclei in
the lower brain-stem [1]. SMA is caused by homozygous de-
letion or, less commonly, smaller mutations of SMN1, leading
to deficiency of the ubiquitously expressed housekeeping pro-
tein “survival motor neuron” (SMN). This deficiency leads to
muscle wasting and weakness, and feeding and respiratory
difficulties [2, 3].

The estimated incidence of SMA is 1 in 6000 to 1 in 10,000
live births, with a carrier frequency of 1/40–1/60 [4, 5].

SMA is clinically classified into four phenotypes on the
basis of age of onset and maximal motor function achieved.
SMA type I (SMAI) accounts for ~50–60% of incident SMA
and is the most severe form. The disease onset occurs within
the first 6 months of lvhife. Affected babies exhibit general-
ized hypotonia, difficulty in swallowing, and paradoxical
breathing and they never develop the ability to sit. Usually,
they die of respiratory failure before the age of 2 years [6, 7].

SMA-II is characterized by onset of weakness before 18
months of age. Affected children achieve the ability to sit but
they never walk unaided.

In children with SMA-III, the disease occurs after the age
of 18months. They typically achieve the independent walking
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Abstract

Objective: A group of genes have been reported to be associated with myopa-

thies with tubular aggregates (TAs). Many cases with TAs still lack of genetic

clarification. This study aims to explore the genetic background of cases with

TAs in order to improve our knowledge of the pathogenesis of these rare

pathological structures. Methods: Thirty-three patients including two family

members with biopsy confirmed TAs were collected. Whole-exome sequencing

was performed on 31 unrelated index patients and a candidate gene search

strategy was conducted. The identified variants were confirmed by Sanger

sequencing. The wild-type and the mutant p.Ala11Thr of ALG14 were trans-

fected into human embryonic kidney 293 cells (HEK293), and western blot

analysis was performed to quantify protein expression levels. Results: Eleven

index cases (33%) were found to have pathogenic variant or likely pathogenic

variants in STIM1, ORAI1, PGAM2, SCN4A, CASQ1 and ALG14. Among them,

the c.764A>T (p.Glu255Val) in STIM1 and the c.1333G>C (p.Val445Leu) in

SCN4A were novel. Western blot analysis showed that the expression of ALG14

protein was severely reduced in the mutant ALG14 HEK293 cells (p.Ala11Thr)

compared with wild type. The ALG14 variants might be associated with TAs in

patients with complex multisystem disorders. Interpretation: This study

expands the phenotypic and genotypic spectrums of myopathies with TAs. Our

findings further confirm previous hypothesis that genes related with calcium

signalling pathway and N-linked glycosylation pathway are the main genetic

causes of myopathies with TAs.
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Peculiar histological and 
ultrastructural skeletal 
muscle alterations in a 
patient with CMV infection 
and autoimmune myositis: 
case evaluation and brief 
literature review 

Michela Ripolone1, Laura Napoli1, Vittorio Mantero2,  
Monica Sciacco1, Simona Zanotti1

1 Neuromuscular and Rare Disease Unit, Fondazione IRCCS Ca’ Granda 
Ospedale Maggiore Policlinico, Milan, Italy; 2 UOC Neurologia - Stroke Unit, 
Presidio “A. Manzoni”, ASST Lecco, Italy

We report the case of a young woman with CMV infection, high level of creatine 
kinase and myopathy. Electromyography showed a myopathic pattern. Muscle bi-
opsy showed a marked increase of NADH enzymatic activity in the central area of 
almost all type I fibres, few degenerative and necrotic fibres and scattered mono-
nuclear cell infiltrates. Ultrastructural analysis showed a marked disarrangement 
of sarcomeric structure and large inclusions of thin filaments in some fibres, while 
immunohistochemistry evidenced alteration in desmin, actin and αB-crystallin 
protein signals. PCR for CMV detection on muscle sections was negative. His-
tological, immunological and ultrastructural evaluations were compatible with a 
necrotic inflammatory myopathy. The correlations between CMV liver infection 
and the myopathic pattern are discussed. This case underscores the need to con-
sider CMV infection in the differential diagnosis of myopathy with undetermined 
aetiology, quickly providing directions for a targeted muscle pharmacological in-
tervention. 

Key words: CMV, muscle biopsy, myofibrillar disorganization, Z-band streaming

Introduction 
Viral infections have been frequently reported in association with de-

velopment of secondary myopathies characterized by different forms of 
muscle involvement that can vary from mild to severe inflammatory my-
opathy. Literature reported evidences of nemaline myopathy and myositis 
after human immunodeficiency infection (HIV) 1, myositis after infection 
by hepatitis B and C 2, Epstein-Barr virus 3, herpes simplex virus 4 and, 
less frequently, cytomegalovirus (CMV) 5. Few cases of severe rhabdomy-
olysis in association with CMV infection 6,7, and a case of polymyositis 
associated with primary CMV infection were reported 5. 

Herein, we describe the case of a young woman with hepatitis by pri-
mary CMV infection, muscle weakness, myalgia, oedema and increased 
serum creatine kinase (CK) levels associated with severe and marked 
structural alterations in skeletal muscle, whose symptoms improved after 
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ralysis probably associated with CMV infection was re-
ported 7.

Although the presence of viral particles has not been 
confirmed in skeletal muscle by real-time PCR or im-
munohistochemistry, and the mechanism through which 
the virus could affect skeletal muscle is still unknown, 
we can hypothesize that the CMV infection has caused 
the observed alterations in skeletal muscle as an indirect 
host-derived effect. Indeed, besides the direct viral liv-
er infection, indirect effects probably mediated by the 
immunological response can cause detrimental conse-
quences including skeletal muscle alterations 9. However, 
a possible direct viral muscle infection cannot be com-
pletely excluded. Indeed, viral count could have remained 
below threshold detection level due to methodological 
limits and/or very low (latent) viral activity when PCR 
was performed. Ultrastructural changes have been report-
ed in different types of CMV-infected cells as direct ef-
fects: in human bone marrow fibroblasts, mitochondrial 
enlargement, production of dense bodies and cytoplasmic 
accumulation were observed 10. During in vitro CMV in-
fection, a rapid and progressive alteration of actin, micro-
filaments and cytoskeleton was observed in both human 
embryo and lung fibroblasts 11, however what happens in 
cells and tissues not directly invaded by the virus is still 
poorly understood.

The clear improvement of the electromyographic pat-
tern following the acute phase, confirms the non-primary 
nature of the myopathy.

To summarize, several issues – clinical presentation, 
serological and neurophysiological evidence, skeletal 
muscle findings and progressive improvement of clinical 
and instrumental parameters after therapy –  favour the 
hypothesis of an autoimmune/inflammatory myopathy. 
We could not demonstrate the presence of viral particles 
in skeletal muscle, but, as explained, an indirect host-de-
rived effect is likely implicated, not to mention concom-
itance between liver infection and onset of myopathic 
symptoms. 

The study of this case has an important implication 
for the medical internist approach towards primary CMV 
viral infection; indeed, the presence of symptoms induced 
by viral hepatitis could cause underestimation of severe 
effects on other tissues/organs including skeletal muscle.

Also, our report underscores the need to consider 
CMV infection in the differential diagnosis of myopathy 
with undetermined aetiology, providing directions for a 
targeted muscle pharmacological intervention. 
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Immunofluorescence signal intensity measurements as a semi-quantitative tool 
to assess sarcoglycan complex expression in muscle biopsy
Simona Zanotti,1 Francesca Magri,2 Francesca Poggetti,1 Michela Ripolone,1 Daniele Velardo,1

Francesco Fortunato,2,3 Patrizia Ciscato,1 Maurizio Moggio,1 Stefania Corti,2,3 Giacomo Pietro Comi,1,2,3

Monica Sciacco1
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Sarcoglycanopathies are highly heterogeneous in terms of disease progression, muscular weakness, loss of
ambulation and cardiac/respiratory involvement. Their clinical severity usually correlates with the residual pro-
tein amount, which makes protein quantification extremely relevant. Sarcoglycanopathy diagnosis is genetic,
but skeletal muscle analysis - by both immunohistochemistry and Western blot (WB) - is still mandatory to
establish the correct diagnostic process. Unfortunately, however, WB analysis cannot be performed if the biop-
tic specimen is scarce. This study provides a sensitive tool for semi-quantification of residual amount of sarco-
glycans in patients affected by sarcoglycanopathies, based on immunofluorescence staining on skeletal muscle
sections, image acquisition and software elaboration. We applied this method to eleven sarcoglycanopathies,
seven Becker muscular dystrophies, as pathological control group, and four age-matched controls.
Fluorescence data showed a significantly reduced expression of the mutated sarcoglycan in all patients when
compared to their respective age-matched healthy controls, and a variable reduction of the other sarcoglycans.
The reduction is due to the effect of gene mutation and not to the increasing age of controls. Fluorescence nor-
malized data analyzed in relation to the age of onset of the disease, showed a negative correlation of a-sarco-
glycan fluorescence signal vs fibrosis in patients with an early age of onset and a negative correlation between
d-sarcoglycan signal and fibrosis in both intermediate and late age of onset groups. The availability of a method
that allows objective quantification of the sarcolemmal proteins, faster and less consuming than WB analysis
and able to detect low residual sarcoglycan expression with great sensitivity, proves useful also in view of pos-
sible inferences on disease prognosis. The proposed method could be employed also to monitor the efficacy of
therapeutic interventions and during clinical trials.

Key words: sarcoglycans; immunofluorescence; protein quantification; histology; fibrosis.
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Cell-penetrating peptide-conjugated Morpholino
rescues SMA in a symptomatic preclinical model
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Spinal muscular atrophy (SMA) is a motor neuron disease and
the leading genetic cause of infant mortality. Recently
approved SMA therapies have transformed a deadly disease
into a survivable one, but these compounds show a wide spec-
trum of clinical response and effective rescue only in the early
stages of the disease. Therefore, safe, symptomatic-suitable,
non-invasive treatments with high clinical impact across
different phenotypes are urgently needed. We conjugated anti-
sense oligonucleotides with Morpholino (MO) chemistry,
which increase SMN protein levels, to cell-penetrating peptides
(CPPs) for better cellular distribution. Systemically adminis-
tered MOs linked to r6 and (RXRRBR)2XB peptides crossed
the blood-brain barrier and increased SMN protein levels
remarkably, causing striking improvement of survival, neuro-
muscular function, and neuropathology, even in symptomatic
SMA animals. Our study demonstrates that MO-CPP conju-
gates can significantly expand the therapeutic window through
minimally invasive systemic administration, opening the path
for clinical applications of this strategy.

INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomal-recessive, degenera-
tive motor neuron disease, and is the main genetic cause of infant
mortality.1 SMA patients show progressive loss of motor neurons
(MNs) in the ventral horns of the spinal cord, causing progressive
muscle weakness, paralysis, and premature death. Homozygous mu-
tations of the survival motor neuron 1 gene (SMN) account for
reduced levels of SMN protein, which is critically important for
MN maintenance and survival.1,2 Humans have a nearly identical
copy of the SMN gene, SMN2, which differs from SMN in five nucle-
otides. One of them determines the exclusion of exon 7 in SMN2, pro-
ducing a truncated, non-functional SMN protein in 90% of cases.3

SMN2 copy number varies among individuals and is the most impor-
tant influence on the clinical phenotype.4

Currently, three disease-modifying treatments are approved by the
US Food and Drug Administration: nusinersen, onasemnogene abe-
parvovec, and risdiplam. Nusinersen is an antisense oligonucleotide
(ASO) that modulates SMN2 splicing by promoting the inclusion of

exon 7 and the production of a functional SMN protein. It requires
repeated intrathecal administration,5,6 a relatively invasive procedure
with side effects related to lumbar puncture, such as headache, local
pain, etc. In addition, late-onset patients are often affected by scoli-
osis, have undergone previous spine fusion operations, and frequently
have joint contractures and respiratory insufficiency, which compli-
cate lumbar puncture.7 Indeed, with currently available ASOs, limited
distribution of the molecules to the rostral spinal and brain regions in
some patients likely hamper the clinical response of their motor units
in these regions.8 Moreover, recent reviews have provided evidence
that nusinersen can improve with heterogeneity motor functions in
SMA type I and II but not always in SMA type III subjects.9 Onasem-
nogene abeparvovec is a gene therapy that provides wild-type full-
length SMN cDNA. It is systemically delivered, but its long-term
persistence in peripheral organs is not yet determined and it has
been linked to serious immunological side effects, particularly in
the liver.10 As yet, no clinical data are available regarding its use in
SMA II–IV. Risdiplam is a small molecule that increases SMN pro-
duction from SMN2mRNA. It has the great advantage of being orally
administered and systemically distributed, but possible nonspecific
effects of the molecule can lead to unexpected adverse side reactions.
All SMN-based approved therapies show a very narrow therapeutic
window: the compounds are strikingly efficient only in the pre- or
early symptomatic phases, for reasons not completely understood,11

and delayed intervention leads to a less efficient rescue of the patho-
logical phenotype.12 As SMA patients are a very heterogeneous group,
the only identified factor that is predictive of SMN-augmenting treat-
ment success is the age of the patient at treatment initiation, which is
closely related to disease duration.11 Nevertheless, universal newborn
screening remains a very distant prospect. Thus, we sorely lack a drug
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Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease

affecting upper and/or lower motor neurons and characterized by complex

etiology. Familial cases show high genetic heterogeneity and sporadic cases

(90%) are associated with several genetic and environmental risk factors.

Among the genetic risk factors, the contribution of non-coding elements,

such as microRNAs (miRNAs), to ALS disease susceptibility remains largely

unexplored.

Aim: This work aims to identify rare variants in miRNA genes in sporadic ALS

(sALS) patients whichmay cause a defective miRNAmaturation or altered target

gene recognition by changing miRNA secondary structure or seed sequence,

respectively.

Methods: Rare variants located in miRNA loci with a minor allele frequency

(MAF) < 0.01 were extracted from whole genome sequencing (WGS) data of

100 sALS patients. The secondary pre-miRNA structures were predicted using

MiRVas to evaluate the impact of the variants on RNA folding process. Human

TargetScan was used to retrieve all the potential target genes of miRNAs with

variants in the seed region. Over Representation Analysis (ORA) was conducted

to compare the lists of target genes for the reference and mutated miRNAs in

the seed sequence.

Results: Our analysis identified 86 rare variants in 77 distinct miRNAs and

distributed in different parts of the miRNA precursors. The presence of these

variants changed miRNA secondary structures in ~70% of MiRVas predictions.

By focusing on the 6 rare variants mapping within the seed sequence, the

predicted target genes increased in number compared to the reference miRNA

and included novel targets in a proportion ranging from 30 to 82%. Interestingly,
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Abstract
Molecular therapies exploit the understanding of pathogenic mechanisms to reconstitute impaired
gene function or manipulate flawed RNA expression. These therapies include (1) RNA in-
terference by antisense oligonucleotides, (2) mRNA modification using small molecules, and (3)
gene replacement therapy, the viral-mediated intracellular delivery of exogenous nucleic acids to
reverse a genetic defect. Several molecular therapies are approved for treating spinal muscular
atrophy (SMA), a recessive genetic disorder caused by survival motor neuron (SMN)1 gene
alterations. SMA involves degeneration of lower motor neurons, which leads to progressive muscle
weakness, hypotonia, and hypotrophy. Onasemnogene abeparvovec is a gene replacement therapy
for SMA that uses adeno-associated virus delivery of functional SMN1 cDNA to motor neurons.
Two other molecular therapies modulate SMN2 transcription: nusinersen, an antisense oligonu-
cleotide, and risdiplam, a small molecule designed to modify faulty mRNA expression. The most
suitable individualized treatment for SMA is not established. Here, we describe remarkable clinical
improvement in a 4-month-old patient with SMA type 1who received onasemnogene abeparvovec
therapy. This case represents an explanatory bridge from bench to bedside with regard to thera-
peutic approaches for genetic disorders in neurology. Knowledge of the detailed mechanisms
underlying genetic neurologic disorders, particularly monogenic conditions, is paramount for
developing tailored therapies. When multiple disease-modifying therapies are available, early ge-
netic diagnosis is crucial for appropriate therapy selection, highlighting the importance of early
identification and intervention. A combination of drugs, each targeting unique genetic patho-
mechanisms, may provide additional clinical benefits.
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1  |  INTRODUC TION

Becker muscular dystrophy (BMD) is a neuromuscular disor-
der due to in-frame mutations in the DMD gene, located on the X 

chromosome.1 This gene encodes for dystrophin, whose lack leads 
to structural damages and disruption of the membrane of skeletal 
muscles with consequent activation of inflammation and regenera-
tion in the early phases of the disease and increase of connective and 
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Abstract
Becker muscular dystrophy (BMD) is an X-linked neuromuscular disorder due to muta-
tion in the DMD gene, encoding dystrophin. Despite a wide clinical variability, BMD 
is characterized by progressive muscle degeneration and proximal muscle weakness. 
Interestingly, a dysregulated expression of muscle-specific microRNAs (miRNAs), 
called myomirs, has been found in patients affected with muscular dystrophies, al-
though few studies have been conducted in BMD. We analysed the serum expression 
levels of a subset of myomirs in a cohort of 29 ambulant individuals affected by BMD 
and further classified according to the degree of alterations at muscle biopsy and in 
11 age-matched healthy controls. We found a significant upregulation of serum miR-
1, miR-133a, miR-133b and miR-206 in our cohort of BMD patients, supporting the 
role of these miRNAs in the pathophysiology of the disease, and we identified serum 
cut-off levels discriminating patients from healthy controls, confiming the potential 
of circulating miRNAs as promising noninvasive biomarkers. Moreover, serum levels 
of miR-133b were found to be associated with fibrosis at muscle biopsy and with 
patients' motor performances, suggesting that miR-133b might be a useful prognostic 
marker for BMD patients. Taken together, our data showed that these serum myomirs 
may represent an effective tool that may support stratification of BMD patients, 
providing the opportunity of both monitoring disease progression and assessing the 
treatment efficacy in the context of clinical trials.

K E Y W O R D S
Becker muscular dystrophy, biomarkers, BMD, miR-133b, miRNA, serum, skeletal muscle
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Lab Resource: Multiple Cell Lines 

Generation of two hiPSC lines (UMILi027-A and UMILi028-A) from early 
and late-onset Congenital Central hypoventilation Syndrome (CCHS) 
patients carrying a polyalanine expansion mutation in the PHOX2B gene 

Ana Lucia Cuadros Gamboa a, Roberta Benfante a,b,c, Monica Nizzardo d, Tiziana Bachetti e,1, 
Paride Pelucchi f, Valentina Melzi d, Cinzia Arzilli g, Marta Peruzzi g, Rolland A. Reinbold f, 
Silvia Cardani a, Amelia Morrone h,i, Renzo Guerrini h,i, Ileana Zucchi f, Stefania Corti d,l, 
Isabella Ceccherini e, Raffaele Piumelli g, Niccolò Nassi g, Simona Di Lascio a,*,2, 
Diego Fornasari a,b,*,2 

a Department of Medical Biotechnology and Translational Medicine (BIOMETRA), Università degli Studi di Milano, Milan, Italy 
b CNR – Institute of Neuroscience, Milan, Italy 
c NeuroMi–Milan Center for Neuroscience, University of Milano Bicocca, Milan, Italy 
d Neurology Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy 
e UOSD Laboratory of Genetics and Genomics of Rare Diseases, IRCCS Istituto Giannina Gaslini, Genoa, Italy 
f Institute for Biomedical Technologies, National Research Council, Milan, Italy 
g Sleep Disordered Breathing and SIDS Center, Meyer Children’s Hospital, Florence, Italy 
h Neuroscience Department, Meyer Children’s Hospital, Florence, Italy 
i Department of Neurosciences, Psychology, Pharmacology and Child Health, University of Florence, Italy 
l Dino Ferrari Centre, Neuroscience Section, Department of Pathophysiology and Transplantation (DEPT), Università degli Studi di Milano, Milan, Italy  

A B S T R A C T   

Congenital Central Hypoventilation Syndrome (CCHS) is a rare disorder of the autonomic nervous system (ANS), characterized by inadequate control of autonomic 
ventilation and global autonomic dysfunction. Heterozygous polyalanine repeat expansion mutations in exon 3 of the transcription factor Paired-like homeobox 2B 
(PHOX2B) gene occur in 90% of CCHS cases. In this study, we describe the generation and characterization of two human induced pluripotent stem cell (hiPSC) lines 
from female CCHS patients carrying a heterozygous + 5 alanine expansion mutation. The generated iPSC lines show a normal karyotype, express pluripotency 
markers and are able to differentiate into the three germ layers.   

Resource Table  
Unique stem cell lines 

identifier  
1. UMILi027-A  
2. UMILi028-A 

Alternative name(s) of 
stem cell lines 

N/A 

Institution Department of Medical Biotechnology and Translational 
Medicine (BIOMETRA), Università degli Studi di 
Milano, Milan, Italy. 

Contact information of 
distributor 

Diego Fornasari 
diego.fornasari@unimi.it 

Type of cell lines iPSC 
Origin Human 

(continued on next column)  

(continued ) 

Additional origin info 
required 

UMILi027-A 
Age: 40 years 
Sex: F 
Ethnicity: Central European 
UMILi028-A 
Age: 24 years 
Sex: F 
Ethnicity: Central European 

Cell Source Skin fibroblasts 
Clonality Mixed 
Associated disease Congenital Central Hypoventilation Syndrome (CCHS) 

(continued on next page) 

* Corresponding authors at: Department of Medical Biotechnology and Translational Medicine, Università degli Studi di Milano, Via Vanvitelli 32, 20129 Milano, 
Italy. 

E-mail addresses: simona.dilascio@unimi.it (S. Di Lascio), diego.fornasari@unimi.it (D. Fornasari).   
1 Present address: IRCCS Ospedale Policlinico San Martino, U.O. Proteomica e Spettrometria di Massa, Genova, Italy.  
2 These authors share senior authorship. 
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Short communication 

A Bayesian approach to Essential Tremor plus: A preliminary analysis of the 
TITAN cohort 

Roberto Erro a,*, Andrea Pilotto b, Luca Magistrelli c, Enrica Olivola d, Alessandra Nicoletti e, 
Alessio Di Fonzo f, Carlo Dallocchio g, Francesca Di Biasio h, Matteo Bologna d,i, 
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A R T I C L E  I N F O   

Keywords: 
Differential diagnosis 
Soft signs 
Gait 
Cognitive 
Dystonia 

A B S T R A C T   

Background: The construct of Essential Tremor plus (ET-plus) refers to patients who also have rest tremor and/or 
mild neurologic signs of unknown significance. It is unclear whether soft signs represent confounding factors or 
are useful in suspecting an alternative condition. 
Methods: Using a Bayesian approach to ET-plus patients recruited in The ITAlian tremor Network (TITAN), we 
analyzed the probability that these patients do not have ET. 
Results: The data of 274 ET-plus patients were extracted from the TITAN database. The majority of patients (240/ 
274; 87.5%) had a single soft sign. The post-test probability of not having ET was different according to the 
specific soft sign: namely, 0.64 (rest tremor); 0.46 (questionable dystonia); 0.85 (questionable bradykinesia); 
0.19 (soft gait impairment); and 0.09 (questionable cognitive issues). In patients with multiple soft signs, the 
post-test probability of not having ET was higher than 50% for 7 out of 11 combinations, accounting for 44.1% of 
subjects. Overall, the post-test probability of not having ET was higher than 50% in up to 71.5% of ET-plus 
patients. 
Discussion: We have here shown that: 1) the soft signs differently contribute in modulating the probability that a 
patient does not have ET; and 2) the effect of multiple soft signs are not always addictive. Future studies are 
needed to collect prevalence figures of soft signs in different neurological disorders as well as in the elderly and 
to calculate their value in predicting the development of an alternative tremor syndrome.  

* Corresponding author. Department of Medicine, Surgery and Dentistry “Scuola Medica Salernitana”, Neuroscience section, University of Salerno, Via Allende, 
Baronissi, SA, Italy. 
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Abstract. Early-onset parkinsonism (EO parkinsonism), defined as subjects with disease onset before the age of 40 or 50
years, can be the main clinical presentation of a variety of conditions that are important to differentiate. Although rarer than
classical late-onset Parkinson’s disease (PD) and not infrequently overlapping with forms of juvenile onset PD, a correct
diagnosis of the specific cause of EO parkinsonism is critical for offering appropriate counseling to patients, for family and
work planning, and to select the most appropriate symptomatic or etiopathogenic treatments. Clinical features, radiological
and laboratory findings are crucial for guiding the differential diagnosis. Here we summarize the most important conditions
associated with primary and secondary EO parkinsonism. We also proposed a practical approach based on the current literature
and expert opinion to help movement disorders specialists and neurologists navigate this complex and challenging landscape.

Keywords: Parkinsonian disorders, Parkinson’s disease, autosomal recessive early-onset, secondary Parkinson’s disease,
dopa-responsive dystonia, adult-onset dystonia-parkinsonism, genetic counseling

INTRODUCTION

The term “early-onset Parkinson’s disease” (EO
PD, or young-onset PD - YOPD) refers to cases of
PD with onset between the age of 21 and 40 years,
as reported by Quinn et al. in their seminal paper
from 1987, or between 21 and 50 years, accord-
ing to other authors [1–4]. Compared with idiopa-
thic cases of PD (iPD), patients with EOPD usually
present a slower progression of the motor symptoms,

∗Correspondence to: Giulietta M. Riboldi, The Marlene and
Paolo Fresco Institute for Parkinson’s and Movement Disorders,
Department of Neurology, NYU Langone Medical Center, 222
East 41st Street, 13th Floor, New York, NY 10017, USA. Tel.: +1
212 263 4838; Fax: +1 212 263 4837; E-mail: giulietta.riboldi@
nyulangone.org.

a prevalence of bradykinesia over tremor, focal dysto-
nia at onset or during off-state, satisfactory response
even to low doses of levodopa, earlier motor compli-
cations (such as motor fluctuations and dyskinesias),
a lower incidence of cognitive impairment and non-
motor symptoms, while anxiety and depression are
frequent [1, 5–16]. A positive family history can
be often identified in these patients, suggesting an
important role of genetics in the pathogenesis of sev-
eral of these cases [15, 16].

Based on retrospective observational studies, clas-
sical EOPD accounts for about 3–7% of all cases of
PD in the Western world and up to 10–14% in Japan
[1, 3, 17–19], with an incidence between 0.29 and 3.3
per 100,000 persons-years in the current literature [8,
17, 20, 21].
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of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).
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Case Report: Effect of Targeted
Therapy With Carbamazepine in
KCNQ2 Neonatal Epilepsy
Robertino Dilena 1*, Eleonora Mauri 1, Alessio Di Fonzo 2, Cristina Bana 1,

Paola Francesca Ajmone 3, Claudia Rigamonti 3, Tamara Catenio 4, Silvana Gangi 5,

Pasquale Striano 6,7 and Monica Fumagalli 5

1Neurophysiopathology Unit, Department of Neuroscience and Mental Health, Foundation IRCCS Ca’ Granda Ospedale

Maggiore Policlinico, Milan, Italy, 2Neurology Unit, Department of Neuroscience and Mental Health, Foundation IRCCS Ca’

Granda Ospedale Maggiore Policlinico, Dino Ferrari Centre, University of Milan, Milan, Italy, 3Child and Adolescent

Neuropsychiatic Unit (UONPIA), Foundation IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy, 4Grioni Center,

Danelli Onlus Foundation, Lodi, Italy, 5 Foundation IRCCS Cà Granda Ospedale Maggiore Policlinico, University of Milan,

Neonatology and NICU, Milan, Italy, 6 Pediatric Neurology and Muscular Diseases Unit, IRCCS ‘G. Gaslini’ Institute,

Genoa, Italy, 7Department of Neurosciences, Rehabilitation, Ophthalmology, Genetics, Maternal and Child Health, University

of Genoa, Genoa, Italy

We present a family case of neonatal-onset KCNQ2-related epilepsy due to a

novel intronic mutation. Three members of an Italian family (father and offspring)

presented with neonatal-onset asymmetric tonic and clonic seizures with peculiar

video-electroencephalography and aEEG features referring to sequential seizures. The

father and the first son underwent standard of care treatments in line with current

neonatal intensive care unit protocols, with a prolonged hospitalization before reaching

full seizure control with carbamazepine. After the experience acquired with her family

and the latest advances in the literature, the younger daughter was directly treated

with carbamazepine, obtaining rapid seizure control and short hospitalization. They all

had normal development. Carbamazepine is rarely administered as a first-line option in

neonatal seizures. Recent evidence suggests that neonatal intensive care unit protocols

should implement a trial with sodium channel blockers such as carbamazepine as

first-option anti-seizure medication and a fast access to genetic testing in neonates with

sequential seizures without structural brain injury or acute causes. Moreover, we report

and discuss the laboratory studies performed on a novel causative intronic mutation

in KCNQ2 (c.1525+5 G>A in IVS13), since pathogenicity may be difficult to prove for

intronic variants.

Keywords: KCNQ2, SCN2A, self-limited neonatal epilepsy, carbamazepine (CBZ), developmental and epileptic

encephalopathy (DEE), EEG, sodium channel blocker, intronic mutation

INTRODUCTION

Seizures are the most frequent neurological sign observed in the neonatal intensive care unit
(NICU) (1), and according to etiology, seizures can be classified into structural, metabolic, toxic,
infectious, and genetic (2). Early recognition of the specific etiology has a significant impact on
therapeutic management of neonatal seizures and neonatal epilepsies.
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RESEARCH

Clinical uses of Bupropion in patients 
with Parkinson’s disease and comorbid 
depressive or neuropsychiatric symptoms: 
a scoping review
Matteo Vismara1,2*, Beatrice Benatti1,2, Gregorio Nicolini1, Ilaria Cova3, Edoardo Monfrini4, Alessio Di Fonzo5, 
Vincenza Fetoni6, Caterina A. Viganò1, Alberto Priori2,7 and Bernardo Dell’Osso1,2,8,9 

Abstract 

Objective:  Bupropion, an antidepressant inhibiting the reuptake of dopamine and noradrenaline, should be useful 
to treat depressive symptoms in patients with Parkinson’s disease (PD). Limited and conflicting literature data ques-
tioned its effectiveness and safety in depressed PD patients and extended its use to other neuropsychiatric symptoms 
associated with this disorder.

Design:  The databases PubMed, Embase, Web of Sciences, Cochrane Library, and the grey literature were searched. 
Following a scoping review methodology, articles focusing on Bupropion uses in PD patients who manifested depres-
sive or other neuropsychiatric alterations were reviewed.

Results:  Twenty-three articles were selected, including 7 original articles, 3 systematic reviews or meta-analyses, 11 
case reports, 1 clinical guideline, and 1 expert opinion. Bupropion showed considerable effectiveness in reducing 
depressive symptoms, particularly in relation to apathy. Solitary findings showed a restorative effect on compulsive 
behaviour secondary to treatment with dopamine as well as on anxiety symptoms. The effect on motor symptoms 
remains controversial. The safety profile of this medication seems positive, but additional precautions should be used 
in subjects with psychotic symptoms.

Conclusion:  The available literature lacks good evidence to support the use of Bupropion in PD patients presenting 
depressive symptoms. Further investigations are needed to extend and confirm reported findings and to produce 
accurate clinical guidelines.

Keywords:  Bupropion, Parkinson’s disease, Depression, Neuropsychiatric symptoms, Pharmacological treatment

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Motor symptoms are the cardinal manifestation of Par-
kinson’s disease (PD), however, the clinical picture 
typically also manifests with non-motor symptoms 

like neuropsychiatric alterations, autonomic dysfunc-
tions, sleep disturbances, sensory deficits, and cognitive 
impairment [1, 2]. Non-motor symptoms often antici-
pate the diagnosis of PD and their underrecognition 
might lead to delay in the correct diagnosis and treat-
ment [3]. Additionally, the frequent overlap between 
neurological and psychiatric symptoms complicates the 
course of the illness and remains a real challenge in terms 
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Conclusion
The present scoping review sought to provide a com-
prehensive and updated overview of Bupropion clinical 
uses in patients with PD who manifested depression or 
other neuropsychiatric symptoms. Figure  2 describes 
the main findings and related recommendations that 
emerged from the present work.

Considering the current literature limitations and 
the scarce number of patients with non-motor symp-
toms treated with Bupropion, it was not possible to 
stratify them according to specific disease variables, 
like severity, duration, or pharmacotherapy. How-
ever, we tentatively delineated a patient’s profile 
more suitable for treatment with Bupropion. Patients 
with PD and depressive symptoms in particular apa-
thy seem to favor the use of this medication, which 
should preferably not be used in subjects who pre-
sent a history of psychosis and in ones with a long 
history of PD or unstable response to treatment with 
dopamine.

Considering the unique mechanism of action of the 
medication and the encouraging results emerged in 
the present scoping review, further investigations in 
this area, in particular RCTs with larger sample sizes, 
are encouraged and needed to overcome current lit-
erature limitations and to better understand the effi-
cacy and safety profile of the compound in this specific 
population.
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Dysautonomia in Parkinson’s
Disease: Impact of
Glucocerebrosidase Gene Mutations
on Cardiovascular Autonomic
Control
Angelica Carandina1†, Giulia Lazzeri2,3†, Gabriel Dias Rodrigues4,5, Giulia Franco2,
Edoardo Monfrini2,3, Federica Arienti2,3, Emanuele Frattini2,3, Ilaria Trezzi2,3,
Pedro Paulo da Silva Soares5, Chiara Bellocchi1,4, Ludovico Furlan1,4, Nicola Montano1,4,
Alessio Di Fonzo2,3 and Eleonora Tobaldini1,4*

1 Department of Internal Medicine, Fondazione IRCCS Ca’ Granda, Ospedale Maggiore Policlinico, Milan, Italy, 2 Neurology
Unit, Fondazione IRCCS Ca’ Granda, Ospedale Maggiore Policlinico, Milan, Italy, 3 Centro Dino Ferrari, Neuroscience
Section, Department of Pathophysiology and Transplantation, University of Milan, Milan, Italy, 4 Department of Clinical
Sciences and Community Health, University of Milan, Milan, Italy, 5 Laboratory of Experimental and Applied Exercise
Physiology, Department of Physiology and Pharmacology, Fluminense Federal University, Niterói, Brazil

Evidence from clinical practice suggests that PD patients with the Glucocerebrosidase
gene mutations (GBA-PD) are characterized by more severe dysautonomic symptoms
than patients with idiopathic PD (iPD). Therefore, an accurate assessment of
cardiovascular autonomic control (CAC) is necessary to clarify the role of GBA
mutations in the pathophysiology of PD. We evaluated the CAC at rest and during
orthostatic challenge of 15 iPD, 15 GBA-PD and 15 healthy controls (CTR). ECG
and respiration were recorded in supine position and during active standing. The
analysis of Heart Rate Variability (HRV) was performed on ECG recordings using
two different approaches, linear spectral analysis and non-linear symbolic analysis.
GBA-PD patients presented more frequently an akinetic-rigid phenotype and cognitive
dysfunction than iPD patients. Both iPD and GBA-PD group were characterized by a
lower spectral HRV than CTR group. At rest, the GBA-PD group was characterized
by a lower parasympathetic modulation and a shift of the sympathovagal balance
toward a sympathetic predominance compared to the CTR group. Moreover, the GBA-
PD patients presented a lower HR increment and a lower or absent reduction of
the vagal modulation in response to the active standing than iPD patients. Lastly,
the cardiovascular autonomic dysfunction in PD patients was associated with longer
disease duration, and with the occurrence of REM sleep behavior disorder and
constipation. Our findings suggest a more severe impairment of the CAC in PD
patients with GBA mutations. These results and further studies on the role of GBA
mutations could allow a stratification based on cardiovascular risk in PD patients and
the implementation of specific prevention programs.

Keywords: Parkinson’s Disease, glucocerebrosidase gene mutations, cardiovascular autonomic control,
dysautonomia, heart rate variability (HRV)
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Genetic evaluation in phenotypically
discordant monozygotic twins with
Coats Disease

Rosario Alfio Umberto Lizzio1 , Edoardo Monfrini2,3,
Simona Romano1, Gloria Brescia3,4, Stela Vujosevic1,5 ,
Matteo Sacchi1, Alessio Di Fonzo2,3 and Paolo Nucci5

Abstract
Purpose: To report the unique case of a pair of phenotypically discordant monozygotic twins, with one of them affected

by unilateral Coats disease.

Case report: Both patients underwent a complete ophthalmologic evaluation and were genetically tested with whole-

exome sequencing (WES). Any known or unknown potential genetic determinant of Coats disease wasn’t found.
Conclusion: It may suggest a non-genetic etiology for this disorder. This represents, to the best of our knowledge, the

first case of genetic analysis of monozygotic twins, one of whom is affected by Coats disease. Further studies are war-

ranted, including performing genetic analysis directly on retinal biopsy tissue.

Keywords
Coats disease, Coats, genetic, monozygotic twins, genetic analysis, genetic evaluation, phenotypically discordant

monozygotic twins, retinal telangiectasia, idiopatic retinal vasculopathy

Date received: 10 March 2022; accepted: 17 May 2022

Introduction
Coats disease is an idiopathic retinal vasculopathy charac-
terized by retinal telangiectasia, intraretinal or subretinal
exudation, micro and macro-aneurysm, and exudative
retinal detachment.1 Vascular abnormalities are more
common in the peripheral retina, and exudation occurs
mostly in the macular area.2 Coats disease can manifest
at any age, but the majority of patients are children with
a diagnosis in their first or second decades of life.3 It’s a
rare disease, with an incidence estimated at 0.09 per
100,000 population in the UK.4 It occurs predominantly
in males without any ethnic differences. This disease is
usually unilateral, with a bilateral manifestation in less
than 10% of cases.2 In the last decades more sophisticated
diagnostic techniques2,5 and treatments of Coats disease
have been proposed. Vitreoretinal or subretinal/external
drainage surgery, laser photocoagulation,6 and periocular
and/or intravitreal medications have led to a reduction in
the need for enucleation, especially in advanced-stage
Coats disease.1 Coats disease is usually not associated

with systemic disease and its genetic etiology is still
debated. Several candidate gene mutations have been
described, including the Norrie Disease Protein (NDP),7

CRB1,8 PANK2,9 TERC,10 ABCD4.11 In addition, the
hypothesis of a somatic mutation has been proposed in
the years given the congenital, nonfamilial, and unilateral
features of the disease7
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ARTICLE OPEN

LRRK2 kinase activity regulates GCase level and enzymatic
activity differently depending on cell type in Parkinson’s
disease
Maria Kedariti 1, Emanuele Frattini2,3, Pascale Baden4, Susanna Cogo5,12, Laura Civiero 5,6,7, Elena Ziviani5, Gianluca Zilio5,
Federico Bertoli4, Massimo Aureli8, Alice Kaganovich5,9, Mark R. Cookson 9, Leonidas Stefanis 1,10, Matthew Surface 11,
Michela Deleidi4, Alessio Di Fonzo 2,3, Roy N. Alcalay11, Hardy Rideout1✉, Elisa Greggio 5,7✉ and Nicoletta Plotegher 5✉

Leucine-rich repeat kinase 2 (LRRK2) is a kinase involved in different cellular functions, including autophagy, endolysosomal
pathways, and immune function. Mutations in LRRK2 cause autosomal-dominant forms of Parkinson’s disease (PD). Heterozygous
mutations in GBA1, the gene encoding the lysosomal enzyme glucocerebrosidase (GCase), are the most common genetic risk
factors for PD. Moreover, GCase function is altered in idiopathic PD and in other genetic forms of the disease. Recent work suggests
that LRRK2 kinase activity can regulate GCase function. However, both a positive and a negative correlation have been described.
To gain insights into the impact of LRRK2 on GCase, we performed a comprehensive analysis of GCase levels and activity in
complementary LRRK2 models, including (i) LRRK2 G2019S knock in (GSKI) mice, (ii) peripheral blood mononuclear cell (PBMCs),
plasma, and fibroblasts from PD patients carrying LRRK2 G2019S mutation, (iii) patient iPSCs-derived neurons; (iv) endogenous and
overexpressed cell models. In some of these models we found a positive correlation between the activities of LRRK2 and GCase,
which was further confirmed in cell lines with genetic and pharmacological manipulation of LRRK2 kinase activity. GCase protein
level is reduced in GSKI brain tissues and in G2019S iPSCs-derived neurons, but increased in fibroblasts and PBMCs from patients,
suggesting cell-type-specific effects. Overall, our study indicates that LRRK2 kinase activity affects both the levels and the catalytic
activity of GCase in a cell-type-specific manner, with important implications in the context of therapeutic application of LRRK2
inhibitors in GBA1-linked and idiopathic PD.

npj Parkinson’s Disease            (2022) 8:92 ; https://doi.org/10.1038/s41531-022-00354-3

INTRODUCTION
Mutations in LRRK2 cause autosomal dominant Parkinson’s disease
(PD) with age- and mutation-dependent penetrance1–3, whereas
heterozygous mutations in GBA1 are the most common genetic
risk factors for PD and the cause of the lysosomal storage disorder
Gaucher disease when present in homozygosis4,5. Leucine-rich
repeat kinase 2 (LRRK2) is a large, multi-domain protein with two
enzymatic domains, a Ser/Thr kinase domain and a small GTPase
domain (ROC), where the bulk of the pathogenic PD-linked
mutations are located. While its full range of cellular functions has
yet to be characterized, it has been robustly associated with endo-
lysosomal pathways and vesicular trafficking (reviewed in Bonet-
Ponce and Cookson, 20216). These activities are likely mediated by
its phosphorylation of multiple members of the Rab GTPase
family, which is increased in the context of the disease-linked
mutations7, and potentially also in cases of PD not linked to
mutations in LRRK28.
The main function of the lysosomal enzyme glucocerebrosi-

dase (GCase) is to hydrolyze glucosylceramide and glucosyl-
sphingosine to glucose and either ceramide or sphingosine,
respectively; and most of the mutations in GBA1 associated with
PD risk reduce the activity of GCase4,9. High levels of α-synuclein,

another protein mutated in PD and the major component of
Lewy bodies, inhibit autophagic flux and the lysosomal activity of
GCase10. GCase activity has been shown to be reduced also in
peripheral monocyte extracts from PD patients without muta-
tions in GBA111,12 and in PD brains13, overall suggesting that
alterations of GCase activity may be a common underlying
feature of PD, similar to what has been proposed for changes in
LRRK2 kinase activity.
Using a novel method of assessing GCase activity in dried blood

spots, in 2015 Alcalay and colleagues reported a significant
increase in GCase activity in carriers of the LRRK2 G2019S
mutation14, suggesting that carriers of the gain of function
mutation have higher GCase activity and therefore the activities of
the two enzymes are positively correlated in blood cells. Shortly
after, using brain lysates from LRRK2 knock-out (KO) mice, we
found that loss of LRRK2 results in decreased GCase levels, which
corresponded to an increase in GCase-specific activity15. Because
of the role played by LRRK2 in the vesicular and endo-lysosomal
systems, several studies have followed to assess the link between
mutant LRRK2 and GCase activities.
Recently, GCase activity of induced pluripotent stem cell (iPSC)-

derived dopamine neurons from LRRK2-PD patients, carrying

1Division of Basic Neurosciences, Biomedical Research Foundation of the Academy of Athens, Athens, Greece. 2Neurology Unit, Foundation IRCCS Ca’ Granda Ospedale Maggiore
Policlinico, Milan, Italy. 3Dino Ferrari Center, Neuroscience Section, Department of Pathophysiology and Transplantation, University of Milan, Milan, Italy. 4German Center for
Neurodegenerative Diseases (DZNE), Tübingen 72076, Germany. 5Department of Biology, University of Padova, Padova, Italy. 6IRCCS San Camillo Hospital, Venice, Italy. 7Centro
Studi per la Neurodegenerazione (CESNE), University of Padova, Padova, Italy. 8Department of of Medical Biotechnology and Translational Medicine, University of Milan, Milan,
Italy. 9Laboratory of Neurogenetics, NIA, Bethesda, USA. 10Department of Neurology, University of Athens Medical School, Athens, Greece. 11Department of Neurology, Columbia
University Irving Medical Center, New York, USA. 12Present address: School of Biological Sciences, University of Reading, Reading, UK. ✉email: hrideout08@gmail.com;
elisa.greggio@unipd.it; nicoletta.plotegher@unipd.it
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Oligomeric α-synuclein and tau aggregates in NDEVs differentiate 
Parkinson’s disease from atypical parkinsonisms 

Mario Meloni a,1, Cristina Agliardi a,*,1, Franca Rosa Guerini a, Milena Zanzottera a, 
Elisabetta Bolognesi a, Silvia Picciolini a, Massimo Marano b, Alessandro Magliozzi b, 
Alessio Di Fonzo c, Andrea Arighi c, Chiara Fenoglio d, Giulia Franco c, Federica Arienti c, 
Francesca Lea Saibene a, Jorge Navarro a, Mario Clerici a,d 

a IRCCS Fondazione Don Carlo Gnocchi ONLUS, Via Capecelatro, 66, 20148, Milan, Italy 
b Unit of Neurology, Neurophysiology and Neurobiology, Department of Medicine, Fondazione Policlinico Campus Bio-Medico, Rome, Italy 
c Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Neurology Unit, Milan, Italy 
d Department of Pathophysiology and Transplantation, University of Milan, 20122 Milan, Italy   

A R T I C L E  I N F O   

Keywords: 
Parkinson’s disease 
Atypical parkinsonian syndromes 
Corticobasal degeneration (CBD) 
Supranuclear palsy (PSP) 
Neural-derived extracellular vesicles (NDEVs), 
α-Synuclein, tau 
Biomarker 
Exosomes 

A B S T R A C T   

The early differential diagnosis of Parkinson’s disease (PD) and atypical Parkinsonian syndromes (APS), 
including corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP), is challenging because of 
an overlap of clinical features and the lack of reliable biomarkers. Neural-derived extracellular vesicles (NDEVs) 
isolated from blood provide a window into the brain’s biochemistry and may assist in distinguishing between PD 
and APS. We verified in a case-control study whether oligomeric α-Synuclein and Tau aggregates isolated from 
NDEVs could allow the differential diagnosis of these conditions. 

Blood sampling and clinical data, including disease duration, motor severity, global cognition, and levodopa 
equivalent daily dose (LEDD), were collected from patients with a diagnosis of either PD (n = 70), PSP (n = 21), 
or CBD (n = 19). NDEVs were isolated from serum by immunocapture using an antibody against the neuronal 
surface marker L1CAM; oligomeric α-Synuclein and aggregated Tau were measured by ELISA. 

NDEVs analyses showed that oligomeric α-Synuclein is significantly augmented in PD compared to APS, 
whereas Tau aggregates are significantly increased in APS compared to PD (p < 0.0001). ROC analyses showed 
that these two biomarkers have a “good” power of classification (p < 0.0001 for both proteins), with high 
sensitivity and specificity, with NDEVs concentration of Tau aggregates and oligomeric α-Synuclein being 
respectively the best biomarker for PD/PSP and PD/CBD diagnostic differentiation. 

Logistic and multiple regression analysis confirmed that NDEVs-derived oligomeric α-Synuclein and Tau ag
gregates differentiate PD from CBD and PSP (p < 0.001). Notably, a positive correlation between NDEVs olig
omeric α-Synuclein and disease severity (disease duration, p = 0.023; Modified H&Y, p = 0.015; UPDRS motor 
scores, p = 0.004) was found in PD patients and, in these same patients, NDEVs Tau aggregates concentration 
inversely correlated with global cognitive scores (p = 0.043). 

A minimally invasive blood test measuring the concentration of α-synuclein and Tau aggregates in NDEVs can 
represent a promising tool to distinguish with high sensitivity and specificity PD from CBD or PSP patients. 
Optimization and validation of these data will be needed to confirm the diagnostic value of these biomarkers in 
distinguishing synucleinopathies from taupathies.   

Abbreviations: APS, Atypical Parkinsonian Syndromes; CD81, Cluster of Differentiation 81; CI, confidence interval; L1CAM, L1 Cell Adhesion Molecule; LEDD, 
Levodopa Equivalent Daily Dose; MISEV, Minimal Information for Studies of Extracellular Vesicles; NDEVs, Neural Derived Extracellular Vesicles. 

* Corresponding author. 
E-mail address: cagliardi@dongnocchi.it (C. Agliardi).   
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2021) L1CAM -based immunoprecipitation extracellular vesicles is 
nevertheless expected to enrich NDEVs rather than to yield a pure 
population. Moreover, in-depth characterization of L1CAM-isolated 
NDEV’s clearly showed that these particles carry specific exosomal 
and neural markers (Agliardi et al., 2021; Dutta et al., 2021). Rein
forcing the idea that NDEVs isolated in this way are indeed an extremely 
useful tool to allow a glimpse into the CNS. 

It has become evident that the clinicopathological heterogeneity of 
PSP and CBD impedes the development of specific clinical diagnostic 
criteria. Many studies have attempted to identify clinical features from 
clinicopathologic series in order to predict the underlying pathology. 
The overlapping clinical spectrum of PD and APS can make the differ
ential diagnosis of these conditions very challenging. The difficulty in 
discriminate between these forms is particularly evident in the early 
stages, when neurological sings and neuroimaging features can be 
indistinguishable. In this scenario, the need for precise, reliable and 
easily measurable biomarkers is warranted. 

The results presented here will need to be validated in larger inde
pendent cohorts and will need to be confirmed using next generation 
ELISA methods, that reach sub-picogram concentration sensitivity. It 
also has to be noted that the final diagnosis of patients, which was used 
to determine diagnostic accuracy, was based on clinical evaluation alone 
and has not yet been confirmed by neuropathologic examination. 
Although a team of movement disorders specialists has identified clin
ical diagnoses according to international diagnostic criteria, we cannot 
rule out that some patients may have received an erroneous diagnosis. 
These limitations notwithstanding, these results strongly suggest that 
NDEVs-associated oligomeric α-Synuclein and Tau aggregates concen
tration may serve as minimally invasive biomarkers for the early dif
ferential diagnosis of PD and APS, and could have a prognostic value in 
PD patients. 

5. Conclusions 

Data herein not only confirm very recent studies showing that 
increased α-synuclein in NDEVs can predict and differentiates PD from 
APS (Jiang et al., 2020), but also expand the knowledge by showing that 
the evaluation of α-synuclein and aggregated Tau in NDEVs allows to 
distinguish between PD and APS. This new observation suggests that 
these proteins have a promising potential to become disease-specific 
biomarkers in the clinical settings. 
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A B S T R A C T   

Ataxia is not a common feature in Parkinson’s disease. Nevertheless, some rare forms of parkinsonism have 
ataxia as one of the main features in their clinical picture, especially those with juvenile or early-onset. 

On the other side, in cerebellar degenerative diseases, parkinsonism might accompany the typical symptoms 
and even become predominant in some cases. 

Many disorders involving different neurological systems present with a movement phenomenology reflecting 
the underlying pattern of pathological involvement, such as neurodegeneration with brain iron accumulation, 
neurodegeneration associated with calcium deposition, and metabolic and mitochondrial disorders. The proto
type of sporadic disorders that present with a constellation of symptoms due to the involvement of multiple 
Central Nervous System regions is multiple system atrophy, whose motor symptoms at onset can be cerebellar 
ataxia or parkinsonism. Clinical syndromes encompassing both parkinsonian and cerebellar features might 
represent a diagnostic challenge for neurologists. Recognizing acquired and potentially treatable causes 
responsible for complex movement disorders is of paramount importance, since an early diagnosis is essential to 
prevent permanent consequences. The present review aims to provide a pragmatic overview of the most common 
diseases characterized by the coexistence of cerebellar and parkinsonism features and suggests a possible 
diagnostic approach for both inherited and sporadic disorders. 

This article is part of the Special Issue "Parkinsonism across the spectrum of movement disorders and 
beyond" edited by Joseph Jankovic, Daniel D. Truong and Matteo Bologna.   

1. Introduction 

Ataxia is not a common feature in Parkinson’s disease (PD). Never
theless, some rare forms of parkinsonism have ataxia as one of the main 
features in their clinical picture, especially those with juvenile or early- 
onset. 

On the other side, in cerebellar degenerative diseases, parkinsonism 
might accompany the typical symptoms and even become predominant 
in some cases. 

Many disorders involving different neurological systems present 
with a movement phenomenology reflecting the underlying pattern of 
pathological involvement, such as neurodegeneration with brain iron 
accumulation (NBIA), neurodegeneration associated with calcium 
deposition, and metabolic and mitochondrial disorders. The prototype 
of sporadic disorders that present with a constellation of symptoms due 
to the involvement of multiple Central Nervous System (CNS) regions is 
multiple system atrophy (MSA), whose motor symptoms at onset can be 
cerebellar ataxia (MSA-C) or parkinsonism (MSA-P). 

Clinical syndromes encompassing both parkinsonian and cerebellar 
features might represent a significant diagnostic challenge for 
neurologists. 

The number of genetic loci associated with inherited ataxias is 
rapidly growing and constitute a whole set of heterogeneous diseases. 
Nevertheless, some peculiar anamnestic, clinic or radiologic features 
may guide the correct diagnosis and, finally, might be of substantial 
support in defining the prognosis. 

Recognizing acquired and sometimes potentially treatable causes 
responsible for complex movement disorders combination is of para
mount importance, since an early diagnosis is essential to prevent per
manent consequences. 

The present review aims to provide a pragmatic overview of the most 
common diseases characterized by the coexistence of cerebellar and 
parkinsonism features and suggests a possible diagnostic approach for 
both inherited and sporadic disorders. 

* Corresponding author at: Foundation IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Neurology Unit, Milan, Italy 
E-mail address: Alessio.difonzo@policlinico.mi.it (A. Di Fonzo).  
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Progressive myoclonus without epilepsy due to a NUS1 frameshift insertion: Dyssynergia 
cerebellaris myoclonica revisited  

A R T I C L E  I N F O   
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1. Main text 

Within neurogenetic disorders, myoclonus usually occurs as part of a 
more complex phenotype, such as epileptic encephalopathy or cere
bellar ataxia [1]. Heterozygous pathogenic variants of the NUS1 gene 
have been linked to infantile-onset epilepsy, intellectual disability, 
cerebellar ataxia, neuropsychiatric features, and movement disorders, 
including dystonia, tremor, and myoclonus (Supplementary Table 1) 
[2–6]. The NUS1 gene encodes a transmembrane receptor for the neural 
and cardiovascular regulator Nogo-B (NUS1 or NgBR) [7]. In addition, 
NUS1 is essential for dolichol synthesis and protein glycosylation in the 
endoplasmic reticulum (ER) [7]. Here we present a non-epileptic NUS1 
patient presenting with a progressive myoclonic syndrome and mild 
cerebellar signs. 

The proband was a 14-years-old right-handed male, the only child of 
non-consanguineous parents (Fig. 1A), without family history of 
neurological disorders. He was born at term after an uncomplicated 
pregnancy. His mother reported infantile-onset motor clumsiness but no 
additional psychomotor development delay. At the age of 11, he started 
to develop involuntary twitching movements of his face, shortly fol
lowed by bilateral jerky distal movements of the arms. His handwriting 
deteriorated, although it was already poor. Social interaction and aca
demic performance were impacted by a suspected mild intellectual 
disability. 

He was initially evaluated at the age of 11. Brain MRI and laboratory 
analyses (including amino acids in serum, urinary copper and serum 
ceruloplasmin levels, CRP, ESR, CPK, thyroid function, RA Latex, Ab 
anti-ANA, urate, liver function test, creatinine, and electrolytes) had 
non-contributory findings. The jerks progressively increased in fre
quency and amplitude, significantly impacting his quality of life. At the 
age of 13, clonazepam was begun, initially at a dose of 2 mg twice daily 
that was soon reduced to 1 mg twice daily because of marked daytime 
sleepiness and limited benefit. 

He was first assessed at our center at the age of 14. Neurological 
examination showed almost continuous, multifocal myoclonus affecting 
his face, tongue, and upper limbs (distal more than proximal), both at 
rest and with action. There was mild dysdiadochokinesis. Gait was 

narrow-based, but standing on one leg and tandem walking were 
impaired. The remainder of the neurologic and general examination 
were unremarkable (Video 1). Brain MRI at that time showed mild at
rophy of the rostral part of the cerebellar vermis (Fig. 1B). EEG revealed 
diffuse excessive fast activity (likely due to clonazepam) without 
epileptiform discharges. 

Supplementary video related to this article can be found at https://d 
oi.org/10.1016/j.parkreldis.2022.03.016 

Whole-exome sequencing (WES) of genomic DNA of the proband was 
performed as part of a research protocol approved by the Institutional 
Review Board of NYU Langone Health. Written informed consent and 
assent for study participation and video publication were obtained from 
the patient and his mother. Variant prioritization looking for rare 
(AF<0.001) nonsynonymous variants in genes associated with neuro
logical disorders revealed a frameshift insertion in exon 4 of NUS1, 
causing a premature stop codon (NM_138459.5: 
c.754_755insGTTTTCTTCCCTGGCACATCAG, p.Thr261Serfs*9). The 
pathogenicity of the variant was supported by the following ACMG 
criteria: PVS1, PM2, and PP3 [8]. PCR amplification and subsequent 
Sanger sequencing of NUS1 exon 4 confirmed the presence of the 
frameshift insertion in the proband while indicating wild-type status of 
the mother (Fig. 1C, D, and 1E). The father of the patient was not 
available for testing since he was no longer in contact with the family 
but was reportedly healthy. 

The causative role of the identified nonsense mutation is consistent 
with the mechanism of haploinsufficiency previously described for this 
gene. Although it was not possible to test the proband’s father, we 
suspect that the identified mutation occurred de novo since he was 
reportedly healthy, while NUS1 pathogenic variants are considered fully 
penetrant at young age [4]. 

Previously reported pathogenic variants of NUS1 are mostly severe 
deleterious mutations (frameshift, stop, splice-disruptive, exon de
letions, and chromosomal deletions) with an expected complete protein 
loss (Table 1) [4]. The missense variant (p.Gly102Asp) was identified in 
a unique patient presenting with a milder phenotype (dystonia, 
myoclonic jerks, and mild intellectual disability) [9]. The frameshift 
variant found in this subject affects the C-terminus of the protein, 
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cerebellar features, myoclonus, and epilepsy. The cerebellar symptoms 
(“dyssynergia cerebellaris”) mostly presented with mild cerebellar 
dysarthria and upper limb ataxia, with less involvement of the gait and 
station, as described in the manuscript “the evidences of dyssynergia are 
appendicular rather than trunkal in distribution and that higher types of 
movement are chiefly affected” [10]. There has been some debate and 
overlaps in the literature, regarding these terms being used to define 
cases of progressive myoclonic epilepsy and progressive myoclonic 
ataxia, characterized by different degrees of rate of progression, severity 
of the intellectual impairment, and seizures [11]. Nonetheless, we sug
gest that the initial description proposed by Ramsay Hunt may be still 
relevant indicating a syndrome characterized by cortical myoclonus, 
ataxia, intellectual disability, and seizures with a spectrum of degrees of 
severity of these traits [12]. New genetics and biochemical diagnosis are 
helping define these conditions and better counseling patients about 
disease progression, as in the case we propose here. Interestingly, in his 
paper, Ramsay Hunt noticed that “there was no history of the familial 
occurrence of either myoclonus-epilepsy or cerebellar disease” [10]. 
This is consistent with the following identification of mostly de novo 
autosomal dominant genetic mutations causing these conditions, such as 
in our patient. Therefore, the present report helps further characterizing 
“dyssynergia cerebellaris myoclonica” genetics. 
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tiative; Celgene Corporation, a subsidiary of Bristol-Myers Squibb Com-
pany; GlaxoSmithKline plc (GSK); MJFF; Pfizer Inc.; Sanofi US Services
Inc.; and Verily Life Sciences. ACCELERATING MEDICINES PART-
NERSHIP and AMP are registered service marks of the U.S. Department
of Health and Human Services. Genetic data used in preparation of this
article were obtained from the Fox Investigation for New Discovery of
Biomarkers (BioFIND), the Harvard Biomarker Study (HBS), the
Parkinson’s Progression Markers Initiative (PPMI), the Parkinson’s Dis-
ease Biomarkers Program (PDBP), the International LBD Genomics Con-
sortium (iLBDGC), and the STEADY-PD III Investigators. BioFIND was
sponsored by MJFF with support from the NINDS. The BioFIND Investi-
gators have not participated in reviewing the data analysis or content of
the manuscript. For up-to-date information on the study, visit https://
www.michaeljfox.org/news/biofind. The HBS is a collaboration of HBS
investigators (a full list of HBS investigators can be found at: https://www.
bwhparkinsoncenter.org/biobank/) and funded through philanthropy and
NIH and non-NIH funding sources. The HBS Investigators have not par-
ticipated in reviewing the data analysis or content of the manuscript.
PPMI, a public–private partnership, is funded by MJFF and funding part-
ners (the full names of all of the PPMI funding partners can be found at:
https://www.ppmi-info.org/fundingpartners). The PPMI Investigators have
not participated in reviewing the data analysis or content of the manu-
script. For up-to-date information on the study, visit https://www.ppmi-
info.org/. The PDBP consortium is supported by the NINDS at the NIH.
A full list of PDBP investigators can be found at https://pdbp.ninds.nih.
gov/policy. The PDBP investigators have not participated in reviewing the
data analysis or content of the manuscript. “Genome Sequencing in Lewy
Body Dementia and Neurologically Healthy Controls: A Resource for the
Research Community” was generated by the iLBDGC, under the
codirectorship by Dr. Bryan J. Traynor and Dr. Sonja W. Scholz from the
Intramural Research Program of the NIH. The iLBDGC Investigators have
not participated in reviewing the data analysis or content of the manu-
script. For a complete list of contributors, see https://doi.org/10.1101/
2020.07.06.185066. STEADY-PD III is a 36-month, phase 3, parallel
group, placebo-controlled study of the efficacy of isradipine 10 mg daily
in 336 participants with early PD that was funded by the NINDS and
supported by MJFF and the Parkinson’s Study Group. The STEADY-PD
III Investigators have not participated in reviewing the data analysis or
content of the manuscript. The full list of STEADY PD III investigators
can be found at: https://clinicaltrials.gov/ct2/show/NCT02168842.
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Reply to: “No Association
between Rare TWNK Variants
and Parkinson’s Disease in

European Cohorts”

We thank Drs. Senkevich and Gan-Or for their interest in
our work1 and for their attempt to further explore the associ-
ation between rare variants of TWNK and Parkinson’s disease
(PD). To this aim, they performed a burden analysis of rare
deleterious variants by mining existing whole-exome sequenc-
ing datasets from two cohorts of PD patients and controls of
European ancestry. Next, they evaluated the frequency of
TWNK variants previously identified in our PD cohort in
their patients and controls. They conclude against an associa-
tion of rare TWNK variants with PD.2 Although we acknowl-
edge the importance of further exploring the link between
TWNK variants in PD, we raise some perplexities regarding
their conclusions.

First, none of the variants identified by us in the Italian PD
cohort were detected, suggesting that these variants are very
rare, possibly private. This observation does not argue against
their possible pathogenic role in PD, as rare variants might
contribute to the risk of PD along with more frequent variants
in other mitochondrial genes.3 In line with this hypothesis, a
large screening of multiple PD cohorts from Norway did iden-
tify an enrichment of variants in TWNK, as well as in other
genes implicated in mitochondrial DNA (mtDNA) replication
and maintenance.4

Second, we believe that a burden analysis for rare variants
may not comprehensively explore the contribution of TWNK
variants to PD. TWNK variants are a well-known cause of
autosomal dominant progressive external ophthalmoplegia
(adPEO), a syndrome that could remain underdiagnosed espe-
cially in late-onset patients or in those presenting very subtle

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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mitochondrial features.5 Therefore, it would not be surprising
to detect TWNK pathogenic variants also in the control
cohort.
Finally, they identified two known adPEO-causative

TWNK variants, p.R303W in two controls and p.Y537H in
several PD and control subjects, in line with the known fre-
quencies of both variants (0.0009% and 0.03% in Caucasian
non-Finnish individuals from GnomAD). It would be interest-
ing to explore whether any of the subjects carrying such vari-
ants already have or will develop any signs of PEO in the
future. It is worth mentioning that these variants were not
found in our PD cohort, but only in adPEO patients also dis-
playing parkinsonian signs. Therefore, this finding does not
provide any evidence against the possible contribution of
other TWNK variants toward PD risk.
In conclusion, we agree that caution is needed when

assessing the contribution to PD etiology of genes whose
pathogenic variants can lead to syndromes other than PD (eg,
TWNK and POLG). Genetic association studies in this direc-
tion should take into account in both PD and control cohorts
the possible presence of even subtle signs of PEO, a clinical
history of ptosis or blepharoplasty surgery, and/or a positive
family history for adPEO. This approach would reduce the
chance to detect rare TWNK variants, no matter whether in
controls or patients, related to an undiagnosed PEO. We
encourage pursuing more genetic and functional studies to
determine the pathogenic impact of distinct TWNK rare and
common variants on mitochondrial function, which may help
establishing their individual contribution on PD risk.
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Neurodevelopmental
Gene-Related Dystonia:
A Pediatric Case with

NAA15 Variant

We read with great interest the case report by Straka
et al.1 on the adult male patient with dystonia-parkinsonism
and a variant in the NAA15 (OMIM #617787) gene. N-
terminal acetylation is one of the most frequent
cotranslational and posttranslational protein modifications.2

The canonical human N-terminal acetyltransferase has three
subunits: a catalytic subunit (NAA10), an auxiliary subunit
(NAA15), and a regulatory subunit (HYPK).3 Both NAA10
and NAA15 are associated with neurodevelopmental disor-
ders. Because dystonia is a rare feature of NAA15-related
disorders and has been documented in only 1 of 38 patients
(2.6%) in a large cohort,4 we would like to report an
additional case.

A 13-year-old girl was referred for gait disturbance and
developmental delay evaluation. The legal guardians gave
their consent for publication, and the study received ethical
approval by the Ethics Committee (Institutional Review Board
#7659).

Pregnancy, delivery, and the neonatal period were unevent-
ful, except for neonatal hypoglycemia. As a result of the
maternal cognitive and mental issues, the patient lives in a fos-
ter home. She was suffering from astigmatism and hyperopia,
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ABSTRACT: Background: To date, variants in the
GBA gene represent the most frequent large-effect
genetic factor associated with Parkinson’s disease (PD).
However, the reason why individuals with the same GBA
variant may or may not develop neurodegeneration and
PD is still unclear.
Objectives: Therefore, we evaluated the contribution of
rare variants in genes responsible for lysosomal storage
disorders (LSDs) to GBA-PD risk, comparing the burden
of deleterious variants in LSD genes in PD patients ver-
sus asymptomatic subjects, all carriers of deleterious
variants in GBA.
Methods: We used a custom next-generation sequenc-
ing panel, including 50 LSD genes, to screen 305 patients
and 207 controls (discovery cohort). Replication and
meta-analysis were performed in two replication cohorts
of GBA-variant carriers, of 250 patients and 287 controls,
for whom exome or genome data were available.
Results: Statistical analysis in the discovery cohort rev-
ealed a significantly increased burden of deleterious

variants in LSD genes in patients (P = 0.0029). Moreover,
our analyses evidenced that the two strongest modifiers
of GBA penetrance are a second variation in GBA (5.6%
vs. 1.4%, P = 0.023) and variants in genes causing
mucopolysaccharidoses (6.9% vs. 1%, P = 0.0020).
These results were confirmed in the meta-analysis, where
we observed pooled odds ratios of 1.42 (95% confidence
interval [CI] = 1.10–1.83, P = 0.0063), 4.36 (95%
CI = 2.02–9.45, P = 0.00019), and 1.83 (95% CI = 1.04–
3.22, P = 0.038) for variants in LSD genes, GBA, and
mucopolysaccharidosis genes, respectively.
Conclusion: The identification of genetic lesions in lyso-
somal genes increasing PD risk may have important
implications in terms of patient stratification for future
therapeutic trials. © 2022 The Authors. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson Movement Disorder Society.

Key Words: Parkinson’s disease; GBA; lysosomal
genes; mutation burden
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Abstract
Introduction  The recently released classification has revised the nosology of tremor, defining essential tremor (ET) as a 
syndrome and fueling an enlightened debate about some newly conceptualized entities such as ET-plus. As a result, precise 
information of demographics, clinical features, and about the natural history of these conditions are lacking. 
Methods  The ITAlian tremor Network (TITAN) is a multicenter data collection platform, the aim of which is to prospectively 
assess, according to a standardized protocol, the phenomenology and natural history of tremor syndromes.
Results  In the first year of activity, 679 patients have been recruited. The frequency of tremor syndromes varied from 32% of 
ET and 41% of ET-plus to less than 3% of rare forms, including focal tremors (2.30%), task-specific tremors (1.38%), isolated 
rest tremor (0.61%), and orthostatic tremor (0.61%). Patients with ET-plus were older and had a higher age at onset than ET, but 
a shorter disease duration, which might suggest that ET-plus is not a disease stage of ET. Familial aggregation of tremor and 
movement disorders was present in up to 60% of ET cases and in about 40% of patients with tremor combined with dystonia. The 
body site of tremor onset was different between tremor syndromes, with head tremor being most commonly, but not uniquely, 
associated with dystonia.
Conclusions  The TITAN study is anticipated to provide clinically relevant prospective information about the clinical cor-
relates of different tremor syndromes and their specific outcomes and might serve as a basis for future etiological, patho-
physiological, and therapeutic research.

Keywords  Dystonic tremor · Prevalence · Rest tremor · Essential tremor · Classification

Introduction

Tremor is deemed to be the commonest movement disor-
der. A population study performed in Northern Italy found 
tremor syndromes to be the most frequent movement disor-
der with a prevalence of 14.5% in people aged > 50 years, 
followed by restless legs syndrome (10.8%) and parkin-
sonism (6.95%) [1]. Different disorders can present with 
tremor and they span from very common conditions, 

including enhancement of physiological tremor (EPT), 
which is usually transient and non-symptomatic [2], to 
rare forms of tremor [3]. Probably being the commonest 
form of tremor seen in clinical practice, Essential Tremor 
(ET) has an estimated prevalence of 1% of the general 
population and has been formerly construed to be a mono-
symptomatic condition with an autosomal dominant pat-
tern of inheritance and characterized by a slow progres-
sion of tremor intensity with age [4]. Despite its relative 
frequency, research efforts into the identification of key 
pathophysiologic markers and of a defined genetic etiology 
have been mostly inconclusive [5]. This probably owes to 
the fact ET has been over-diagnosed with the inclusion of 

 *	 Roberto Erro 
	 rerro@unisa.it

Extended author information available on the last page of the article

http://orcid.org/0000-0002-7800-7419
http://crossmark.crossref.org/dialog/?doi=10.1007/s10072-022-06104-w&domain=pdf
user1
Evidenziato



5374	 Neurological Sciences (2022) 43:5369–5376

1 3

Filippo Iorillo, Clinical Neurophysiology Unit, Cardarelli Hospital, 
Naples, Italy

Gabriella De Joanna, Clinical Neurophysiology Unit, Cardarelli 
Hospital, Naples, Italy

Lorena Belli, Neuromed Institute IRCCS, Pozzilli (IS), Italy
Luana Gilio, Neuromed Institute IRCCS, Pozzilli (IS), Italy
Silvia Gallo, Department of Translational Medicine, Movement 

Disorders Centre, Neurology Unit, University of Piemonte Orientale, 
Novara, Italy

Francesca Vignaroli, Department of Translational Medicine, Move-
ment Disorders Centre, Neurology Unit, University of Piemonte Ori-
entale, Novara, Italy

Massimo Sciarretta, Neurology Unit, Department of Medical Area, 
ASST Pavia

Gabriele Bellavia, Neurology Unit, Department of Medical Area, 
ASST Pavia

Tiziana Benzi Markushi, IRCCS Ospedale Policlinico San Martino, 
Genova, Italy

Luca Angelini, Department of Human Neurosciences, Sapienza 
University of Rome, Italy

Simone Aramini, Department of Advanced Medical and Surgical 
Sciences, Università della Campania “Luigi Vanvitelli”, Napoli, Italy

Maria Concetta Altavista, Neurology Unit,San Filippo Neri Hospi-
tal ASL Roma1, Rome, Italy

Andrea Fasanelli, Primary Care, APSS Trento, Italy
Simone Regalbuto, Parkinson's Disease and Movement Disorders 

Unit, IRCCS Mondino Foundation, Pavia, Italy
Gianluigi Rosario Palmieri, Department of Neurosciences and 

Reproductive and Odontostomatological Sciences, Federico II Uni-
versity, Naples, Italy

Roberta Vitaliani, Unit of Neurology, Department of Neuro-cardio-
vascular, Ca' Foncello Hospital, Treviso, Italy

Bianchi Marta, Unit of Neurology- Department of Medical Area. 
Esine Hospital, Esine (BS), Italy

Laura Bonanni, Department of Medicine and Aging Sciences, Uni-
versity G. d’Annunzio of Chieti-Pescara, Italy

Sandy Maria Cartella, Department of Clinical and Experimental 
Medicine, University of Messina, Italy

Vincenzo Di Lazzaro, Neurology Unit, Campus Bio-Medico Uni-
versity, Hospital Foundation, Rome, Italy; Unit of Neurology, Neuro-
physiology, Neurobiology, Department of Medicine, Università Cam-
pus Bio-Medico di Roma, Rome, Italy

Giulia Franco, Neurology Unit, Department of Neuroscience, Dino 
Ferrari Center, Fondazione IRCCS Ca’ Granda Ospedale Maggiore 
Policlinico, Milan, Italy

Federica Arienti, Neurology Unit, Department of Neuroscience, 
Dino Ferrari Center, Fondazione IRCCS Ca’ Granda Ospedale Mag-
giore Policlinico, Milan, Italy

Giovanni Mostile, University of Catania, Department “G.F. Ingras-
sia”, Section of Neurosciences, Catania, Italy; Oasi Research Insti-
tute—IRCCS, Troina, Italy

Stefano Zoccolella, Neurosensory Department, Neurology Unit, San 
Paolo Hospital, ASL Bari, Italy

Anna Castagna, Centro Disturbi del movimento-SAFLo IRCCS 
Fondazione Don carlo Gnocchi Onlus Milano, Italy

Laura Maria Raglione, Unit of Neurology of Florence, Central Tus-
cany Local Health Authority, Florence, Italy

Roberto Ceravolo, Department of Clinical and Experimental Medi-
cine, University of Pisa, Pisa, Italy

Francesca Spagnolo, Neurological Department, A. Perrino’s Hos-
pital, Brindisi, Italy

Susanne Buechner, Department of Neurology/Stroke Unit, General 
Hospital of Bolzano, Italy

Funding  Open access funding provided by Università degli Studi di 
Salerno within the CRUI-CARE Agreement.

Declarations 

Competing interests  Roberto Erro receives royalties from publication 
of Case Studies in Movement Disorders—Common and Uncommon 
Presentations (Cambridge University Press, 2017) and of Paroxysmal 
Movement Disorders (Springer, 2020). He has received consultancies 
from Sanofi and honoraria for speaking from the International Parkin-
son's Disease and Movement Disorders Society. Paolo Barone received 
consultancies as a member of the advisory board for Zambon, Lundbeck, 
UCB, Chiesi, Abbvie, and Acorda. Anna De Rosa received consultancies 
from Lundbeck, and from Bial as a member of advisory board. Andrea 
Pilotto received grant support from Ministry of Education, Research and 
University (MIUR) and IMI H2020 Initiative (IDEA-FAST project- MI2-
2018-15-06), received research support from Zambon SrL Italy and Bial 
italy; he received speaker honoraria from Abbvie, Biomarin, Bial and 
Zambon Pharmaceuticals. Alessandro Padovani received grant support 
from Ministry of Health (MINSAL) and Ministry of Education, Research 
and University (MIUR), from CARIPLO Foundation; personal compensa-
tion as a consultant/scientific advisory board member for Biogen 2019-
2020-2021 Roche 2019-2020 Nutricia 2020-2021 General Healthcare 
(GE) 2019; he received honoraria for lectures at meeting ADPD2020 from 
Roche, Lecture at meeting of the Italian society of Neurology 2020 from 
Biogen and from Roche, Lecture at meeting AIP 2020 and 2021 from 
Biogen and from Nutricia, Educational Consulting 2019-2020-2021 from 
Biogen. Lazzaro di Biase has received a speaker honoraria from Bial, 
consultant honoraria from Abbvie and research funding from Zambon, 
is the scientific director and one of the shareholders of Brain Innovations 
Srl, a University spinoff of Campus Bio-Medico University of Rome. All 
other authors have nothing to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Wenning GK, Kiechl S, Seppi K, Müller J, Högl B, Saletu M, Rungger 
G, Gasperi A, Willeit J, Poewe W (2005) Prevalence of movement dis-
orders in men and women aged 50–89 years (Bruneck Study cohort): 
a population-based study. Lancet Neurol 4(12):815–820

	 2.	 Elble RJ (1986) Physiologic and essential tremor. Neurology 
36(2):225–231

	 3.	 Erro R, Reich SG (2022) Rare tremors and tremors occurring in 
other neurological disorders. J Neurol Sci 435:120200. https://​doi.​
org/​10.​1016/j.​jns.​2022.​120200

	 4.	 Haubenberger D, Hallett M (2018) Essential tremor. N Engl J Med 
378(19):1802–1810

	 5.	 Espay AJ, Lang AE, Erro R, Merola A, Fasano A, Berardelli A, 
Bhatia KP (2017) Essential pitfalls in “essential” tremor. Mov 
Disord 32(3):325–331

	 6.	 Erro R, Fasano A, Barone P, Bhatia KP. Milestones in tremor 
research: 10 years later. Mov Disord Clin Pract. 2022. https://​doi.​
org/​10.​1002/​mdc3.​13418

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jns.2022.120200
https://doi.org/10.1016/j.jns.2022.120200
https://doi.org/10.1002/mdc3.13418
https://doi.org/10.1002/mdc3.13418
user1
Evidenziato

user1
Evidenziato



Parkinsonism and Related Disorders 94 (2022) 37–39

Available online 1 December 2021
1353-8020/© 2021 Elsevier Ltd. All rights reserved.

Correspondence 

VPS13C-associated Parkinson’s disease: Two novel cases and review of the literature  

A R T I C L E  I N F O   

Keywords 
VPS13C 
Parkinson’s disease 
Dementia with lewy bodies 
Genetics 
Review 

A B S T R A C T   

VPS13C is a protein-coding gene involved in the regulation of mitochondrial function through the endolysosomal 
pathway in neurons. Homozygous and compound heterozygous VPS13C mutations are etiologically associated 
with early-onset Parkinson’s disease (PD). Moreover, recent studies linked biallelic VPS13C mutations with the 
development of dementia with Lewy bodies (DLB). Neuropathological studies on two mutated subjects showed 
diffuse Lewy body disease. In this article, we report the clinical and genetic findings of two subjects affected by 
early-onset PD carrying three novel VPS13C mutations (i.e., one homozygous and one compound heterozygous), 
and review the previous literature on the genetic and clinical findings of VPS13C-mutated patients, contributing 
to the knowledge of this rare genetic alpha-synucleinopathy.   

VPS13C is a protein-coding gene known to be involved in mito
chondrial homeostasis through Pink1/Parkin-mediated mitophagy in 
response to mitochondrial depolarization [1]. Biallelic VPS13C muta
tions cause a distinct form of early-onset Parkinson’s disease (PD), 
characterized by rapid and severe disease progression, early cognitive 
decline, dystonic features, pyramidal signs, and neuropathological 
findings consistent with diffuse Lewy body disease [1]. In addition, 
recent studies suggested that rare biallelic VPS13C variants are also a 
genetic cause of Dementia with Lewy Bodies (DLB) [2,3]. Here we aim to 
describe two cases of early-onset PD carrying novel VPS13C mutations 
and review the existing literature on genetic and clinical features of 
VPS13C-associated alpha-synucleinopathy. 

The first case is a 55-year-old female, daughter of consanguineous 
parents (Fig. 1A). The eldest brother of the proband was affected by 
rapidly worsening parkinsonism, which started when he was 44 and was 
complicated by cognitive deterioration, hallucinations, severe psycho
motor agitation, and violent behaviour. Institutionalized and bedridden, 
he died of pneumonia when he was 52. At the age of 42, the proband 
manifested hyposmia and slightly progressive bradykinesia of the left 
limbs. She performed a 123I-ioflupane SPECT, which showed severe 
symmetrical dopaminergic denervation (Fig. 1B). A dopamine agonist 
(pramipexole) was initiated and it was initially effective and well- 
tolerated, however, it was soon discontinued due to drug-induced vi
sual hallucinations. Levodopa was then started with good initial motor 
benefit but with rapid development of motor fluctuations and dyskine
sias. In addition, she developed urinary urgency, symptomatic ortho
static hypotension, and frequent falls. A bilateral sensorineural 
hypoacusia became apparent at that age. On neurological examination 
(Video part 1) she showed continuous vocalizations and echolalia. 
Hypomimia, limitation of the downward vertical gaze, and oculomotor 
apraxia were also appreciated. Vertical eye movements were conserved 
when prompted by Doll’s eyes maneuver, suggesting a supranuclear 
origin of the gaze palsy. Plastic hypertonia of the neck and limbs was 

present. Cortical release reflexes, such as snout and palmo-mental, as 
well as masseter reflex were elicitable. Pull test was positive. The gait 
was unsteady, wide-based, and slow. Sub-continuous choreodystonic 
dyskinetic movements of the hands were observed, associated with lips 
self-mutilations. The proband underwent an extensive assessment, 
including a brain MRI scan, displaying only a moderate frontal cortical 
atrophy without midbrain atrophy, an FDG-PET (normal), and neuro
psychological evaluation, which disclosed an important ideomotor 
slowing with memory, attention, and executive deficits, associated with 
oculomotor and ideomotor apraxia. A lumbar puncture was performed, 
revealing normal levels of Tau, Phospho-Tau, Aβ1-42, and 14-3-3 pro
teins. The parkinsonism progressed and at last examination she showed 
a stuporous, progressive supranuclear palsy-like face, with a complete 
downward vertical gaze paralysis and worsening of oculomotor and 
limbs apraxia (Video part 2). Genetic analysis showed the presence of a 
novel homozygous frameshift VPS13C mutation c.860_866dupATA
TACC predicted to code a highly deleterious early protein truncation (p. 
Pro290Tyrfs*45) (NM_020821) (Fig. 1C). 

The second case is a 43-years-old man without family history of 
movement disorders (Fig. 1D). Past medical history showed hearing 
impairment from the age of 18 years. He presented with painful dystonic 
dorsal flexion of the right big toe after moderate physical activity. One 
year after he showed bradykinesia affecting his right arm, micrography, 
and mild depression. At the age of 45 years, he started taking levodopa 
with good control of motor symptoms, except for foot dystonia. At the 
age of 48 years, he underwent the following investigations: 123I-ioflu
pane SPECT, which disclosed significant bilateral reduction in dopamine 
in the putamen and caudate; brain MRI, which showed only mild 
cortical cerebellar atrophy and mild parietal cortical atrophy in the left 
cerebral hemisphere; Mini Mental State Examination (MMSE), which 
was within the normal range (28/30). At the age of 49 years, he reported 
progression of his symptoms, with nocturnal akinesia, hypomimia, Pisa 
syndrome, wearing off, and forgetfulness. Rapid Eye Movement Sleep 

; MRI, Magnetic Resonance Imaging; SPECT, Single Photon Emission Computed Tomography; FDG-PET, F-fluorodeoxyglucose Positron Emission Tomography; STN 
DBS, Deep Brain Stimulation of the Subthalamic Nucleus; PSP, Progressive Supranuclear Palsy. 
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Behaviour Disorder (RBD), snoring and daytime sleepiness appeared. 
Urine and faecal urgency became manifest. Neuropsychological assess
ment disclosed severe deficits in language, memory, and executive 
functions (Supplementary Table 1). He was treated with rivastigmine 
and memantine with only temporary and subjective benefits. At 55, he 
was no longer able to stand and walk independently and he needed a 
wheelchair. At the age of 58, he was bedridden, unable to speak, and a 
percutaneous endoscopic gastrostomy (PEG) tube was placed due to 
severe dysphagia. Genetic analysis identified three rare variants: 
c.532delA (p.Lys178=fs*12), c.4669G>C (p.Ala1557Pro), and 
c.7806C>G (p.Tyr2602*) (Fig. 1E). The c.7806C>G and c.532delA are 
novel, while the c. 4669G > C is a known extremely rare variant of 
unknown significance (rs201577653). The frameshift substitution 
(c.532delA) is expected to lead to a premature stop codon (p. 
Lys178=fs*12). Conversely, the c.7806C > G is predicted to trunk the 
VPS13C protein at the amino acid position 2602 (p.Tyr2602*). Segre
gation analysis showed that the c.532delA (p.Lys178=fs*12) and 
c.4669G>C (p.Ala1557Pro) were associated in cis and derived from the 
father, while the c.7806C>G (p.Tyr2602*) originated from the mother. 

To date, only 16 clinically described cases of VPS13C-related PD cases 
have been reported in the literature [1,4,2,3,5–7] (Supplementary Table 
2, Fig. 1F). From the review of the literature and the two cases described 
here, it emerges clearly that VPS13C-related parkinsonism is character
ized, with only few exceptions [2], by the classical motor (bradykinesia, 
rigidity, rest tremor, freezing, postural instability) and non-motor clinical 
features of PD (dysautonomia, cognitive decline, visual hallucinations, 
and hyposmia). The clinical response to dopaminergic therapy appears to 
be favourable in most cases. Motor fluctuations and levodopa-induced 
dyskinesias are common. A single VPS13C-mutated patient underwent 
STN DBS, with clinical benefit. The age at onset is earlier in comparison to 
the idiopathic form (mean age at onset: 37.5 ± 10.5 years). The clinical 
progression appears to be generally faster. In addition, several associated 
motor features can be present, such as dystonia and, less frequently, py
ramidal signs. Progressive cognitive deterioration is present in most 
cases. Brain MRI can show symmetrical or asymmetrical lobar atrophic 
changes without a clear basal ganglia involvement. 123I-ioflupane 
SPECT shows features compatible with dopaminergic denervation, often 
in an asymmetrical fashion. 

The two probands described here exhibited some peculiar pheno
typic findings, such as hearing impairment (both subjects), oculomotor 
disturbances (subject 1), and self-mutilating behaviour (subject 1). 
Interestingly, the presence of supranuclear gaze palsy, cognitive 
dysfunction and postural instability in case 1 suggested a PSP-like 
phenotype, especially in the last years of clinical follow-up. In conclu
sion, we presented two novel cases and reviewed the existing literature 
on the clinical and genetic features of VPS13C-associated PD, contrib
uting to the knowledge of this rare monogenic alpha-synucleinopathy. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.parkreldis.2021.11.031. 
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β-Glucocerebrosidase Deficiency Activates an Aberrant
Lysosome-Plasma Membrane Axis Responsible for the Onset of
Neurodegeneration
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Laura Mauri 1, Rosaria Bassi 1, Stefano Duga 2,3, Letizia Straniero 2,3 , Rosanna Asselta 2,3 , Giulia Soldà 2,3 ,
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Abstract: β-glucocerebrosidase is a lysosomal hydrolase involved in the catabolism of the sphin-
golipid glucosylceramide. Biallelic loss of function mutations in this enzyme are responsible for
the onset of Gaucher disease, while monoallelic β-glucocerebrosidase mutations represent the first
genetic risk factor for Parkinson’s disease. Despite this evidence, the molecular mechanism link-
ing the impairment in β-glucocerebrosidase activity with the onset of neurodegeneration in still
unknown. In this frame, we developed two in vitro neuronal models of β-glucocerebrosidase de-
ficiency, represented by mouse cerebellar granule neurons and human-induced pluripotent stem
cells-derived dopaminergic neurons treated with the specific β-glucocerebrosidase inhibitor conduri-
tol B epoxide. Neurons deficient for β-glucocerebrosidase activity showed a lysosomal accumulation
of glucosylceramide and the onset of neuronal damage. Moreover, we found that neurons react
to the lysosomal impairment by the induction of their biogenesis and exocytosis. This latter event
was responsible for glucosylceramide accumulation also at the plasma membrane level, with an
alteration in lipid and protein composition of specific signaling microdomains. Collectively, our data
suggest that β-glucocerebrosidase loss of function impairs the lysosomal compartment, establishing a
lysosome–plasma membrane axis responsible for modifications in the plasma membrane architecture
and possible alterations of intracellular signaling pathways, leading to neuronal damage.

Keywords: GBA1; glucosylceramide; Gaucher disease; lysosomes; plasma membrane; lipid rafts
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Abstract
Delayed wound healing and chronic skin lesions represent a major health problem. Over the past years, growth factors medi-
ated by platelet-rich plasma (PRP) and cell-based therapies were developed as effective and affordable treatment able to 
improve wound healing capacity. We have advanced existing concepts to develop a highly efficient high-throughput protocol 
with proven application for the isolation of PRP and pro-angiogenic cells (AngioPRP). This protocol outlines the effective-
ness of AngioPRP in promoting the critical healing process including wound closure, re-epithelialization, granulation tissue 
growth, and blood vessel regeneration. We coupled this effect with normalization of mechanical properties of rescued mouse 
wounds, which is sustained by a correct arrangement of elastin and collagen fibers. Proteomic analysis of treated wounds 
demonstrated a fingerprint of AngioPRP based on the up-regulation of detoxification pathway of glutathione metabolism, 
correlated to a decrease in inflammatory response. Overall, these results have enabled us to provide a framework for how 
AngioPRP supports wound healing, opening avenues for further clinical advances.

Keywords  Epithelialization · PRP · Angiogenic potential · Skin remodeling · Proteomics

Introduction

Wound healing is a dynamic and orchestrated sequence of 
events requiring the interaction of soluble mediators, blood 
cells and extracellular matrix that result in the restoration of 

skin integrity and homeostasis [1]. Wound repair proceeds 
in three overlapping and functionally distinct phases charac-
terized first by infiltration of neutrophils and macrophages, 
[2] followed by angiogenesis, fibroblasts and keratinocytes 
proliferation [3] that allows granulation tissue formation and 
extracellular matrix remodeling [4, 5]. An interruption in 
the normal wound healing process can lead to the develop-
ment of non-healing chronic wounds, a typical complication 
of several diseases, such as foot ulcer from diabetes and 
pressure ulcer resulting from spinal cord injuries [6]. As 
wound healing impairment represents a major health prob-
lem, the complexity of cell and molecular events required 
for appropriate repair constitute a major research focus [7, 
8]. In this regard, different dressing and ointments, such as 
hydrocolloids, alginates, foams, sulfadiazine silver patches, 
and honey gauzes, have been described to promote chronic 
wound healing [9]. Nevertheless, the systematic review [10] 
of local interventions do not support conclusive evidences 
for ulcer healing. Other evidences suggest that hyperbaric 
oxygen and negative pressure wound therapy systems can 
induce and accelerate wound healing [11]; however these 
interventions are limited by reduced availability, patients’ 

Cellular and Molecular Life Sciences

 *	 Yvan Torrente 
	 yvan.torrente@unimi.it

1	 Novystem Spa, viale Piave 21, 20129 Milan, Italy
2	 Unit of Neurology, Stem Cell Laboratory, Department 

of Pathophysiology and Transplantation, Universitá degli 
Studi di Milano, Fondazione IRCCS Ca’ Granda Ospedale 
Maggiore Policlinico, Centro Dino Ferrari, via Francesco 
Sforza 35, 20122 Milan, Italy

3	 Institute of Technologies in Biomedicine, National Research 
Council (ITB-CNR), Via Fratelli Cervi, 93, Segrate, 
20090 Milan, Italy

4	 Department of Molecular Biotechnology and Health Science, 
University of Torino, Via Nizza 52, 10126 Turin, Italy

5	 Flow Cytometry Service, Fondazione IRCCS Ca’ Granda 
Ospedale Maggiore Policlinico, via Francesco Sforza 35, 
20122 Milan, Italy

http://orcid.org/0000-0002-2705-3984
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04284-4&domain=pdf
user1
Evidenziato

user1
Evidenziato



Citation: Tripodi, L.; Molinaro, D.;

Fortunato, F.; Mella, C.; Cassani, B.;

Torrente, Y.; Farini, A.

Immunoproteasome Inhibition

Ameliorates Aged Dystrophic Mouse

Muscle Environment. Int. J. Mol. Sci.

2022, 23, 14657. https://doi.org/

10.3390/ijms232314657

Academic Editors: Vincenzo

Sorrentino and Stefano Perni

Received: 13 October 2022

Accepted: 21 November 2022

Published: 24 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Immunoproteasome Inhibition Ameliorates Aged Dystrophic
Mouse Muscle Environment
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Abstract: Muscle wasting is a major pathological feature observed in Duchenne muscular dystrophy
(DMD) and is the result of the concerted effects of inflammation, oxidative stress and cell senescence.
The inducible form of proteasome, or immunoproteasome (IP), is involved in all the above mentioned
processes, regulating antigen presentation, cytokine production and immune cell response. IP
inhibition has been previously shown to dampen the altered molecular, histological and functional
features of 3-month-old mdx mice, the animal model for DMD. In this study, we described the role of
ONX-0914, a selective inhibitor of the PSMB8 subunit of immunoproteasome, in ameliorating the
pathological traits that could promote muscle wasting progression in older, 9-month-old mdx mice.
ONX-0914 reduces the number of macrophages and effector memory T cells in muscle and spleen,
while increasing the number of regulatory T cells. It modulates inflammatory markers both in skeletal
and cardiac muscle, possibly counteracting heart remodeling and hypertrophy. Moreover, it buffers
oxidative stress by improving mitochondrial efficiency. These changes ultimately lead to a marked
decrease of fibrosis and, potentially, to more controlled myofiber degeneration/regeneration cycles.
Therefore, ONX-0914 is a promising molecule that may slow down muscle mass loss, with relatively
low side effects, in dystrophic patients with moderate to advanced disease.

Keywords: immunoproteasome; muscle mass; inflammation; sarcopenia; aging

1. Introduction

Duchenne muscular dystrophy (DMD) is a fatal disease caused by mutations in the
dystrophin gene. In DMD, inflammation and muscle invasion by several immune cells are
triggered by damage-associated molecular patterns (DAMPs) released by injured myofibers,
oxidative stress and defective calcium handling, and underlie muscular degeneration.
The asynchronous cycles of muscle fiber regeneration exacerbate muscle infiltration by
macrophages and lymphocytes and their secretion of pro-inflammatory cytokines, leading
to the replacement of myofibers with connective and adipose tissue, which becomes more
evident with age progression [1]. Senescence, oxidative stress and inflammation—together
with altered mitochondrial activity and proteostasis—are common features in aged organ-
isms, and are the main pathogenetic mechanisms leading to muscle wasting in sarcopenia,
which shares multiple features with DMD [2]. Moreover, detailed proteomic analysis of
skeletal muscles from aged individuals highlighted a downregulation of proteins related to
energetic metabolism and mitochondrial function and, conversely, an overexpression of
signaling molecules regulating proteostasis, autophagy and innate/adaptive immunity [3].
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ARTICLE OPEN

Inhibition of the immunoproteasome modulates innate
immunity to ameliorate muscle pathology of dysferlin-deficient
BlAJ mice
A. Farini1, L. Tripodi2, C. Villa2, F. Napolitano3, F. Strati 4, D. Molinaro1, F. Facciotti 4,5, B. Cassani6,7 and Y. Torrente 1,2✉

© The Author(s) 2022

Muscle repair in dysferlinopathies is defective. Although macrophage (Mø)-rich infiltrates are prominent in damaged skeletal
muscles of patients with dysferlinopathy, the contribution of the immune system to the disease pathology remains to be fully
explored. Numbers of both pro-inflammatory M1 Mø and effector T cells are increased in muscle of dysferlin-deficient BlAJ mice. In
addition, symptomatic BlAJ mice have increased muscle production of immunoproteasome. In vitro analyses using bone marrow-
derived Mø of BlAJ mice show that immunoproteasome inhibition results in C3aR1 and C5aR1 downregulation and upregulation of
M2-associated signaling. Administration of immunoproteasome inhibitor ONX-0914 to BlAJ mice rescues muscle function by
reducing muscle infiltrates and fibro-adipogenesis. These findings reveal an important role of immunoproteasome in the
progression of muscular dystrophy in BlAJ mouse and suggest that inhibition of immunoproteasome may produce therapeutic
benefit in dysferlinopathy.

Cell Death and Disease          (2022) 13:975 ; https://doi.org/10.1038/s41419-022-05416-1

INTRODUCTION
Mutations in dysferlin gene (DYSF, MIM*603009) are responsible
for recessively inherited dysferlinopathy which is most pro-
nounced in the pelvic and shoulder girdle muscles (Limb girdle
muscular dystrophy R2-LGMDR2, formerly LGMD2B), or distal
myopathy with onset in gastrocnemius and soleus muscles in
cases of Miyoshi myopathy (MM or MMD1), or distal myopathy
with onset in the tibialis anterior (DMAT) (also referred to as DACM
for distal anterior compartment myopathy) [1, 2]. Dysferlin is a
transmembrane proteins, that is implicated in protein vesicle
fusion and trafficking [3]: it is prevalently expressed in skeletal
muscle but it is also present in macrophages (Mø), adipocytes,
smooth muscle cells [4]. Dysferlin also interacts with Ca2+

handling proteins for excitation-contraction (EC) coupling at the
transverse-tubules (T-tubules) in skeletal muscle [5, 6]. Moreover,
dysferlin was detected in blood vessels and dysferlin-null mice
displayed impaired angiogenic response compared to control
mice [7]. LGMDR2 muscles are characterized by enhanced
infiltration of macrophages and CD4+ T-cells in the perimysium
[8] and the involvement of innate immune system [9–11].
The complement immune system including its activated

anaphylatoxins, C3a and C5a, facilitate innate immune response
[12]. Both C3a and C5a mediate vasodilation, increased vascular
permeability, chemotaxis, and inflammation by innate immune
cells through interaction with their specific receptors (C3aR,

C5aR) [13]. Murine C3aR was mainly detected on Mø, but not on
circulating neutrophils, T cells, and B cells [14], highlighting the
potential of anti-inflammatory properties of C3a/C3aR axis.
Consistently, C3a receptor signaling has been reported to be
involved in Mø recruitment and muscle regeneration [15]. In
addition, C3aR expression in aortic tissues confers protection
from atherosclerosis through modulation of Mø toward the anti-
inflammatory phenotype [16]. Muscle fibers of both animal
models and LGMDR2 patients present abnormal activation of
complement factors C4 and C5 together with the downregula-
tion of the complement inhibitory factor CD55, the upregulation
of major histocompatibility complex I (MHC-I) and the formation
of the membrane attack complex (MAC, C5b-9) on their surface
[11, 17, 18]. The lack of CD55 enhances the susceptibility of
skeletal muscle to complement attack [19], leading to over-
expression of inflammatory pathways dependent on heat shock
proteins and HMGB1 [20]. This scenario is worsened by
HMGB1 secretion from necrotic cells and by activation of
macrophages toward a pro-inflammatory phenotype through a
HMGB1-C1q signaling [21, 22]. Indeed, C1q can bind to PTX3 to
activate the classical component cascade and together modulate
Mø M1/M2 polarization [23]. Moreover, complement can
enhance the release of metalloproteinases (MMPs) [24]
and favor the expression of MMP2 through the C3a-C3aR
complex [25].
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Article

Microbiota dysbiosis influences immune
system and muscle pathophysiology of
dystrophin-deficient mice
Andrea Farini1, Luana Tripodi2 , Chiara Villa2, Francesco Strati3 , Amanda Facoetti4,5,

Guido Baselli6,†, Jacopo Troisi7,8 , Annamaria Landolfi7,8, Caterina Lonati9, Davide Molinaro1,2 ,

Michelle Wintzinger10,11, Stefano Gatti9 , Barbara Cassani5,12, Flavio Caprioli13, Federica Facciotti13,

Mattia Quattrocelli10,11 & Yvan Torrente1,2,*

Abstract

Duchenne muscular dystrophy (DMD) is a progressive severe
muscle-wasting disease caused by mutations in DMD, encoding
dystrophin, that leads to loss of muscle function with cardiac/res-
piratory failure and premature death. Since dystrophic muscles are
sensed by infiltrating inflammatory cells and gut microbial com-
munities can cause immune dysregulation and metabolic syn-
drome, we sought to investigate whether intestinal bacteria
support the muscle immune response in mdx dystrophic murine
model. We highlighted a strong correlation between DMD disease
features and the relative abundance of Prevotella. Furthermore,
the absence of gut microbes through the generation of mdx germ-
free animal model, as well as modulation of the microbial commu-
nity structure by antibiotic treatment, influenced muscle immunity
and fibrosis. Intestinal colonization of mdx mice with eubiotic
microbiota was sufficient to reduce inflammation and improve
muscle pathology and function. This work identifies a potential
role for the gut microbiota in the pathogenesis of DMD.

Keywords Duchenne muscular dystrophy; gut microbiota; immunity;

skeletal muscle metabolism; T-lymphocytes

Subject Categories Digestive System; Microbiology, Virology & Host

Pathogen Interaction; Musculoskeletal System
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Introduction

Duchenne muscular dystrophy (DMD) is an X-linked disease caused

by mutations in the DMD gene and loss of the dystrophin protein,

leading to myofiber membrane fragility and necrosis with weakness

and contractures. Affected DMD boys typically die in their second or

third decade of life due to either respiratory failure or cardiomyopa-

thy (Emery, 2002). Although the primary defects rely on skeletal

muscle structure, a multitude of secondary defects exist involving

deregulated metabolic and inflammatory pathways. Immune cell

infiltration into skeletal muscle is, indeed, a typical feature of DMD

pathophysiology and is strongly associated with disease severity

(Farini et al, 2009). In the dystrophic dystrophin-deficient mdx

murine model, we recently found the presence of activated T lym-

phocytes and the overexpression of immunoproteasome (IP), an

enzymatic complex that cleaves peptides to produce epitopes for

antigen presentation to T lymphocytes. We have demonstrated that

IP inhibition improved dystrophic muscle functions by reducing the

number of both circulating and infiltrating activated T cells, con-

firming a pathogenic role of immune cells (Farini et al, 2016).
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Lab Resource: Single Cell Line 

Reprogramming of dermal fibroblasts from a Duchenne muscular dystrophy 
patient carrying a deletion of exons 45–50 into an induced pluripotent stem 
cell line (CCMi005-A) 

Davide Rovina a,*, Elisa Castiglioni a, Sara Mallia a, Martina Rabino a, Andrea Farini b, 
Marzia Belicchi b, Giusy Di Giuseppe a, Cristina Gervasini c, Yvan Torrente b, Giulio Pompilio a,d, 
Aoife Gowran a 

a Unit of Vascular Biology and Regenerative Medicine, Centro Cardiologico Monzino-IRCCS, Milan, Italy 
b Stem Cell Laboratory, Department of Pathophysiology and Transplantation, Università degli Studi di Milano, Unit of Neurology, Fondazione IRCCS Ca’ Granda 
Ospedale Maggiore Policlinico, Centro Dino Ferrari, Milan, Italy 
c Medical Genetics, Department of Health Sciences, Università degli Studi di Milano, Milan, Italy 
d Department of Biomedical, Surgical and Dental Sciences, Università degli Studi di Milano, Italy  

A B S T R A C T   

Duchenne muscular dystrophy (DMD) is an X-linked syndrome that affects skeletal and cardiac muscle and is caused by mutation of the dystrophin gene. Induced 
pluripotent stem cells (iPSCs) were generated from dermal fibroblasts by electroporation with episomal vectors containing the reprogramming factors (OCT4, SOX2, 
LIN28, KLF4, and L-MYC). The donor carried an out-of-frame deletion of exons 45–50 of the dystrophin gene. The established iPSC line exhibited normal morphology, 
expressed pluripotency markers, had normal karyotype and possessed trilineage differentiation potential.   

Resource Table:  
Unique stem cell line 

identifier 
CCMi005-A 

Alternative name(s) of 
stem cell line 

DMD4 C3 

Institution Centro Cardiologico Monzino-IRCCS 
Contact information of 

distributor 
Davide Rovina; davide.rovina@ccfm.it 

Type of cell line iPSC 
Origin Human 
Additional origin info 

required 
for human ESC or iPSC 

Age: 10 years old (at biopsy) 
Sex: Male 
Ethnicity if known: Caucasian 

Cell Source Dermal fibroblasts 
Clonality Clonal 
Associated disease Duchenne Muscular Dystrophy 
Gene/locus DMD gene, Xp21.2-p21.1 
Date archived/stock date June 2021 
Cell line repository/bank https://hpscreg.eu/cell-line/CCMi005-A 
Ethical approval The study was approved by the ethical committee of the 

European Institute of Oncology and Monzino Heart 
Centre (Istituto Europeo di Oncologia e dal Centro 
Cardiologico Monzino, IEO-CCM, CEA20150411, 
ammed. 20,190,528 AN/sd). Informed consent was 

(continued on next column)  

(continued ) 

given to donate biopsy material for use in research to 
The Telethon Biobank or The Eurobiobank which were 
accessed via Grant No GTB12001 and GUP13013 
respectively.   

1. Resource utility 

This iPSC line carrying a DMD-causing mutation will be very useful 
in studying the pathophysiological mechanisms underlying dystrophin 
deficiency and discovering new therapeutic compounds. 

2. Resource details 

X-linked Duchenne muscular dystrophy is a neuromuscular disorder 
that affects both skeletal and cardiac muscle functions (D’Amario et al., 
2018). Dystrophin localizes below the sarcolemma and links the actin 
cytoskeleton and plasma membrane to the extracellular matrix through 
the dystrophin-associated protein complex (DAPC) (Rovina et al., 2020). 
DMD is caused by mutations that lead to absence of full-length 

* Corresponding author. 
E-mail address: davide.rovina@ccfm.it (D. Rovina).  
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Stem Cell Research 
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ABSTRACT
Background  Therapeutic trials are now underway in 
genetic forms of frontotemporal dementia (FTD) but 
clinical outcome measures are limited. The two most 
commonly used measures, the Clinical Dementia Rating 
(CDR)+National Alzheimer’s Disease Coordinating Center 
(NACC) Frontotemporal Lobar Degeneration (FTLD) and 
the FTD Rating Scale (FRS), have yet to be compared in 
detail in the genetic forms of FTD.
Methods  The CDR+NACC FTLD and FRS were 
assessed cross-sectionally in 725 consecutively recruited 
participants from the Genetic FTD Initiative: 457 
mutation carriers (77 microtubule-associated protein 
tau (MAPT), 187 GRN, 193 C9orf72) and 268 family 
members without mutations (non-carrier control group). 
231 mutation carriers (51 MAPT, 92 GRN, 88 C9orf72) 
and 145 non-carriers had available longitudinal data at a 
follow-up time point.
Results  Cross-sectionally, the mean FRS score was 
lower in all genetic groups compared with controls: GRN 
mutation carriers mean 83.4 (SD 27.0), MAPT mutation 
carriers 78.2 (28.8), C9orf72 mutation carriers 71.0 
(34.0), controls 96.2 (7.7), p<0.001 for all comparisons, 
while the mean CDR+NACC FTLD Sum of Boxes was 
significantly higher in all genetic groups: GRN mutation 
carriers mean 2.6 (5.2), MAPT mutation carriers 3.2 
(5.6), C9orf72 mutation carriers 4.2 (6.2), controls 0.2 
(0.6), p<0.001 for all comparisons. Mean FRS score 
decreased and CDR+NACC FTLD Sum of Boxes increased 
with increasing disease severity within each individual 
genetic group. FRS and CDR+NACC FTLD Sum of Boxes 
scores were strongly negatively correlated across all 
mutation carriers (rs=−0.77, p<0.001) and within each 
genetic group (rs=−0.67 to −0.81, p<0.001 in each 
group). Nonetheless, discrepancies in disease staging 
were seen between the scales, and with each scale and 
clinician-judged symptomatic status. Longitudinally, 
annualised change in both FRS and CDR+NACC FTLD 
Sum of Boxes scores initially increased with disease 
severity level before decreasing in those with the most 
severe disease: controls −0.1 (6.0) for FRS, −0.1 (0.4) 

for CDR+NACC FTLD Sum of Boxes, asymptomatic 
mutation carriers −0.5 (8.2), 0.2 (0.9), prodromal 
disease −2.3 (9.9), 0.6 (2.7), mild disease −10.2 (18.6), 
3.0 (4.1), moderate disease −9.6 (16.6), 4.4 (4.0), 
severe disease −2.7 (8.3), 1.7 (3.3). Sample sizes were 
calculated for a trial of prodromal mutation carriers: over 
180 participants per arm would be needed to detect a 
moderate sized effect (30%) for both outcome measures, 
with sample sizes lower for the FRS.
Conclusions  Both the FRS and CDR+NACC FTLD 
measure disease severity in genetic FTD mutation carriers 
throughout the timeline of their disease, although the 
FRS may be preferable as an outcome measure. However, 
neither address a number of key symptoms in the FTD 
spectrum, for example, motor and neuropsychiatric 
deficits, which future scales will need to incorporate.

INTRODUCTION
Frontotemporal dementia (FTD) is a spectrum of 
heterogenous disorders characterised by neuro-
degeneration of the frontal and temporal lobes. 
A total of 20%–30% of FTD cases are genetic,1 2 
with the majority caused by autosomal dominant 
mutations in three genes3: chromosome 9 open 
reading frame 72 (C9orf72),4 progranulin (GRN)5 
and microtubule-associated protein tau (MAPT).6 
Clinical syndromes span changes in behaviour 
(behavioural variant FTD, bvFTD),7 language 
(primary progressive aphasia, PPA)8 and motor 
function (progressive supranuclear palsy, PSP, corti-
cobasal syndrome, CBS and FTD with amyotrophic 
lateral sclerosis, FTD-ALS).9–11 Age of symptom 
onset, and disease progression and duration vary 
between and within genetic groups.12

The ability to accurately evaluate disease stage 
and track clinical change in FTD across the spec-
trum of phenotypes is critical for the design of 
future trials of disease-modifying therapies. Two 
candidate global severity measures specific to FTD 
are the Clinical Dementia Rating (CDR) Dementia 
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Abstract

The presymptomatic stages of frontotemporal dementia (FTD) are still poorly defined

and encompass a long accrual of progressive biological (preclinical) and then clinical

(prodromal) changes, antedating the onset of dementia. The heterogeneity of clini-

cal presentations and the different neuropathological phenotypes have prevented a

prior clear description of either preclinical or prodromal FTD. Recent advances in
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Abstract.
Background: COVID-19 pandemic worsened vulnerability of patients with dementia (PWD). This new reality associated
with government restriction and isolation worsened stress burden and psychological frailties in PWD caregivers.
Objective: To give tele-psychological support to caregivers and evaluate the effect of this intervention by quantifying stress
burden and quality of life during the first COVID-19 lockdown.
Methods: 50 caregivers were divided into two groups: “Caregiver-focused group” (Cg) and “Patient-focused group” (Pg).
Both groups received telephone contact every 2 weeks over a 28-week period, but the content of the call was different: in
Cg, caregivers answered questions about the state of the PWD but also explored their own emotional state, stress burden, and
quality of life. In Pg instead, telephone contacts were focused only on the PWD, and no evaluation regarding the caregiver
mood or state of stress was made. Psychometric scales were administered to evaluate COVID-19 impact, stress burden, and
quality of life.
Results: Considering the time of intervention, from baseline (W0) to W28, Zarit Burden Interview and Quality of Life-
caregiver questionnaires remained unchanged in Cg as compared with baseline (p > 0.05), whereas they worsened significantly
in Pg (p < 0.01), showing increased stress over time and decreased quality of life in this group. Moreover, Impact on Event
Scale values improved over the weeks in Cg (p = 0.015), while they remained unchanged in Pg (p = 0.483).
Conclusion: Caregivers who received telephone support about their mood and stress burden did not worsen their psychological
state during the time of intervention, as did instead those who did not get such support.

Keywords: Caregiver, COVID-19 pandemic, people with dementia, quality of life, stress burden, tele-psychological support
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INTRODUCTION

Currently, more than 50 million people have
dementia worldwide [1]. Dementia is associated with
varying degrees of cognitive decline and behavioral
changes, which have a huge impact on the quality
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cohorts would be needed to confirm our preliminary
data. Unfortunately, in this study the average of drop
out was high. Nevertheless, this would be hard to
avoid in a population with a considerable burden of
activity, linked to its own life and PWD care out of
our control. In addition, it cannot be excluded that the
sample participating in the study was not biased by
other variables (number of family members, social
condition, economic status. etc.), therefore confir-
matory future studies on larger and better-defined
populations would be needed.
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Several CSF and blood biomarkers for genetic frontotemporal dementia have been proposed, including those
reflecting neuroaxonal loss (neurofilament light chain and phosphorylated neurofilament heavy chain), synapse
dysfunction [neuronal pentraxin 2 (NPTX2)], astrogliosis (glial fibrillary acidic protein) and complement activation
(C1q, C3b). Determining the sequence in which biomarkers become abnormal over the course of disease could fa-
cilitate disease staging and help identify mutation carriers with prodromal or early-stage frontotemporal demen-
tia, which is especially important as pharmaceutical trials emerge. We aimed to model the sequence of biomarker
abnormalities in presymptomatic and symptomatic genetic frontotemporal dementia using cross-sectional data
from the Genetic Frontotemporal dementia Initiative (GENFI), a longitudinal cohort study.
Two-hundred and seventy-five presymptomatic and 127 symptomatic carriers of mutations in GRN, C9orf72 or
MAPT, as well as 247 non-carriers, were selected from the GENFI cohort based on availability of one or more of the
aforementioned biomarkers. Nine presymptomatic carriers developed symptoms within 18 months of sample col-
lection (‘converters’). Sequences of biomarker abnormalities were modelled for the entire group using discrimina-
tive event-based modelling (DEBM) and for each genetic subgroup using co-initialized DEBM. These models estimate
probabilistic biomarker abnormalities in a data-driven way and do not rely on previous diagnostic information or
biomarker cut-off points. Using cross-validation, subjects were subsequently assigned a disease stage based on their
position along the disease progression timeline.
CSF NPTX2 was the first biomarker to become abnormal, followed by blood and CSF neurofilament light chain, blood
phosphorylated neurofilament heavy chain, blood glial fibrillary acidic protein and finally CSF C3b and C1q.
Biomarker orderings did not differ significantly between genetic subgroups, but more uncertainty was noted in the
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C9orf72 and MAPT groups than for GRN. Estimated disease stages could distinguish symptomatic from presympto-
matic carriers and non-carriers with areas under the curve of 0.84 (95% confidence interval 0.80–0.89) and 0.90 (0.86–
0.94) respectively. The areas under the curve to distinguish converters from non-converting presymptomatic car-
riers was 0.85 (0.75–0.95).
Our data-driven model of genetic frontotemporal dementia revealed that NPTX2 and neurofilament light chain are
the earliest to change among the selected biomarkers. Further research should investigate their utility as candidate
selection tools for pharmaceutical trials. The model’s ability to accurately estimate individual disease stages could
improve patient stratification and track the efficacy of therapeutic interventions.
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Figure 1  Trajectories of global cognitive test scores in NC and PMC by mutated gene.(A) PMC-C9 
and NC (grey line, NC; yellow solid line, PMC-C9 with >5 years to expected symptom onset; yellow 
dashed line, PMC-C9 with <5 years to expected symptom onset). (B) PMC-GRN and NC (grey line, 
NC; blue solid line, PMC-GRN with >5 years to expected symptom onset; blue dashed line, PMC-GRN 
with <5 years to expected symptom onset). (C) PMC-MAPT and NC (grey line, NC; pink solid line, 
PMC-MAPT with >5 years to expected symptom onset; pink dashed line, PMC-MAPT with <5 years to 
expected symptom onset). All lines are fitted from the same linear mixed-effect model but plotted in 
A–C to simplify visualisation. Error bars represent the SEs of the means. §The difference between PMC-
MAPT with >5 years to expected symptom onset and NC is no longer observed when PMC-MAPTs are 
compared with age-matched and family-matched controls. C9, chromosome 9 open reading frame 72; 
GRN, progranulin; MAPT, microtubule-associated protein tau; NC, non-carrier; PMC, presymptomatic 
mutation carrier.

Letters

Practice effects in genetic 
frontotemporal dementia and 
at-risk individuals: a 
GENFI study

INTRODUCTION
Frontotemporal dementia (FTD) is a 
heterogeneous group of neurodegenera-
tive diseases with an onset usually before 
the age of 65 years even if it can appear 
also in older ages.1

On cognitive tests, patients with FTD 
show deficits in executive functions, 
social cognition and language, whereas 
the initial performances in memory 
and visuoconstruction tasks usually are 
preserved.1 The general approach to 
detect cognitive decline in dementia is 
to repeat cognitive testing and observe 
changes over time. However, exposure 
to similar tasks could improve perfor-
mance as the individual gets familiar 
with both the tasks themselves and the 
test setting (ie, practice effect or learning 
effect).2 3

Different attempts to adjust for prac-
tice effects in repeated testing have been 
proposed.4 However, recent research 
suggests that the phenomenon of prac-
tice effects can provide useful infor-
mation. Patients with neurological and 
psychiatric conditions show lower prac-
tice effects than healthy controls, and 
individuals with mild cognitive impair-
ment (MCI) that do not show prac-
tice effects are more likely to develop 
Alzheimer disease (AD) within a year 
than individuals with MCI that have 
preserved practice effects.3 In addition 
to the findings of lower practice effects 
in patients with dementia, Hassenstab 
et al5 found that preclinical individ-
uals who later progressed to AD had 
substantially reduced practice effects in 
episodic memory compared with cogni-
tively stable individuals. Thus, absence 
of practice effects might serve as an early 
marker for cognitive decline.

To our knowledge, practice effects 
have never been investigated in FTD 
before. The aim of this study was to 
examine practice effects in the GENetic 
Frontotemporal dementia Initiative 
(GENFI) cohort. More specifically, we 
investigated whether there is a difference 
in practice effects between presymptom-
atic mutation carriers (PMC) and muta-
tion non-carriers (NC).

MATERIALS AND METHODS
Participants
All participants (317 NC, 327 PMC and 
159 affected mutation carriers (AMC)) 
were recruited through GENFI from 
January 2012 to March 2018 (online 
supplemental table 1). Of the 803 partic-
ipants, 471 had two visits; 249 had three 
visits; and 108 had four visits. After the 
fourth visit, the number of participants 
rapidly decreased and only 12 had six test 
occasions (online supplemental figure 1).

Statistics
A global cognitive score was calculated 
including the mean z-scores of all tests 
in the standardised GENFI neuropsy-
chological battery. Additionally, practice 
effects for different cognitive domains 
were explored. A linear mixed-effects 
model was applied to examine potential 
practice effects. Further details including 
neuropsychological tests, composite score 
calculation and model selection criteria 
are described in the online supplemental 
materials.

RESULTS
Practice effects
An increase in mean global cognitive test 
scores was seen in NC over the first five 
visits (online supplemental figure 2). When 
investigating different cognitive domains, 
practice effects were found across visits 
1–3 in all domains except for visuocon-
struction (online supplemental table 2). 
The largest practice effect was observed 

in memory and social cognition. After 
the third visit, there was a plateau, and 
the practice effects between visits 3 and 4 
as well as visits 4 and 5 were not statis-
tically significant. In contrast, a progres-
sive decline in the mean global score was 
identified longitudinally in AMC, as could 
be expected (online supplemental figure 
2). PMC carrying a C9orf72 expansion 
and with less than 5 years to expected 
symptom onset (PMC-C9 in proximity to 
onset) showed no practice effect on their 
global test score and had the same mean 
performance at all three visits (figure 1A 
and online supplemental table 3). Further-
more, PMC-C9 with more than 5 years to 
expected onset had a lower practice effect 
between visits 1 and 2 than NC; however, 
the total practice effect (visits 1–3) was 
not significantly different from NC.

Similar to PMC-C9, there was a lower 
practice effect across visits 1–3 in PMC 
with a proganulin (GRN) mutation in 
proximity to onset compared with NC. 
However, PMC-GRN in proximity to 
onset appear to initially have a practice 
effect but subsequently do not improve 
their performance at the third visit 
(figure 1B).

PMC with a MAPT mutation (PMC-
MAPT) had a similar trajectory in mean 
cognitive test score across visits 1–3 as NC 
(figure 1C).

DISCUSSION
In this study, we explored practice effects 
due to repeated cognitive assessments in 
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a large cohort of individuals with genetic 
presymptomatic or symptomatic FTD 
as well as non-mutation carrier family 
members. Practice effects have been 
suggested to provide useful information 
of the progression of cognitive decline but 
have never been studied in the context of 
FTD before. Compared with their base-
line test scores, NC improved in global 
cognition at each visit (visits 2 and 3). 
Presymptomatic individuals carrying the 
C9orf72 expansion or a GRN mutation 
had significantly lower practice effects than 
NC, and this difference was most apparent 
in PMC-C9 within 5 years of expected 
symptom onset. However, it is not possible 
to know if the stable performance over 
time in PMC in proximity to onset is due 
to lower practice effects per se or an actual 
cognitive decline that is masked by practice 
effects. The question of genuine practice 
effects applies also to AMC, who showed a 
progressive decline in global cognitive test 
scores at each visit. The scores measured 
after repeated testing in AMC might 
include a ‘hidden’ practice effect, and there-
fore the true cognitive dysfunction would 
in fact be greater than what was captured 
in the test scores. Cognitive functions in 
FTD are expected to decline over the test 
interval used in this study (mean 1.3 years). 
Consequently, a potential absence of prac-
tice effects in clinical FTD, as reported in 
AD,3 cannot be evaluated with the current 
setup but could be addressed if the retest is 
performed within days or weeks of the first 
assessment. Besides the PMC in proximity 
to onset, also PMC-C9 with more than 
5 years to expected symptom onset had 
lower practice effects than NC which could 
not be explained by early conversion into 
a symptomatic stage. Progression of brain 
atrophy in C9orf72 expansion carriers 
can be slow, and some patients have been 
described with a remarkably long disease 
duration.1 Pathological changes in the 
brain of C9orf72 expansion carriers are 
present already in early adulthood, and the 
potential neurodevelopmental effects could 
lead to a long prodromal phase in PMC-
C9. Previous findings show that cognitive 
performance in PMC is not different from 
NC until very close to the disease onset,1 
which is in line with the results of the 
current study. Nevertheless, an inability 
to use acquired skills from previous tests 
might be a marker for very early disease 
development in PMC-C9. However, the 
diagnostic potential of practice effects and 
whether they can be used for differentiating 
PMC-C9 from NC are yet to be explored.

As the field of FTD research is greatly 
evolving and treatment opportunities 
are emerging, knowledge about different 

stages of the disease is highly required. As 
we are preparing for clinical trials, several 
initiatives have been searching for both 
fluid biomarkers as surrogate endpoints 
as well as clinical and neuropsychological 
tests used to evaluate a future treatment 
response. Practice effects can have impli-
cations for the interpretation of longitu-
dinal changes in cognitive performance as 
it could impact estimations of treatment 
effects after an intervention, particularly 
early in the disease course. Furthermore, 
one could speculate that identifying indi-
viduals with lower-than-expected practice 
effects would be a cost-effective approach 
for inclusion into clinical trials.3 The pres-
ence of practice effects should thus be 
considered in future clinical trials espe-
cially if neuropsychological measures are 
included as end points.
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Association of rs3027178 polymorphism in the circadian 
clock gene PER1 with susceptibility to Alzheimer’s disease 
and longevity in an Italian population
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disorders have been associated with aging and neu-
rodegenerative diseases including mild cognitive 

impairment (MCI) and Alzheimer’s disease (AD). 
In the present study, we aimed at investigating the 
genetic variability of clock genes in AD patients com-
pared to healthy controls from Italy. We also included 
a group of Italian centenarians, considered as super-
controls in association studies given their extreme 
phenotype of successful aging. We analyzed the exon 
sequences of eighty-four genes related to circadian 
rhythms, and the most significant variants identified 
in this first discovery phase were further assessed in 
a larger independent cohort of AD patients by matrix 
assisted laser desorption/ionization-time of flight 
mass spectrometry. The results identified a significant 
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Abstract  Many physiological processes in the 
human body follow a 24-h circadian rhythm con-
trolled by the circadian clock system. Light, sensed 
by retina, is the predominant “zeitgeber” able to 
synchronize the circadian rhythms to the light-dark 
cycles. Circadian rhythm dysfunction and sleep 
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association between the rs3027178 polymorphism in 
the PER1 circadian gene with AD, the G allele being 
protective for AD. Interestingly, rs3027178 showed 
similar genotypic frequencies among AD patients and 
centenarians. These results collectively underline the 
relevance of circadian dysfunction in the predispo-
sition to AD and contribute to the discussion on the 
role of the relationship between the genetics of age-
related diseases and of longevity.

Keywords  Aging · Alzheimer’s disease · 
Centenarians · CLOCK genes · Polymorphism · 
Circadian rhythms

Introduction

The circadian clock is an evolutionary-conserved 
internal time-keeping system, able to control vari-
ous physiological processes through the generation of 
approximately 24-h circadian rhythms in gene expres-
sion, which are translated into rhythms of metabo-
lism, sleep, body temperature, blood pressure, cardio-
vascular, immune, endocrine and renal functions [1, 
2]. Two major components include a central clock, 
residing in the suprachiasmatic nucleus (SCN) of the 
hypothalamus, and the peripheral clocks, present in 
nearly every tissue and organ system. Both central 
and peripheral clocks can be reset by environmental 
signals, also known as “zeitgebers”, the predominant 

of which for the central clock is light, sensed by ret-
ina and synchronizing the circadian rhythms to the 
light-dark cycles [3, 4]. The central clock entrains the 
peripheral ones through neuronal and hormonal sig-
nals, body temperature and feeding-related stimuli, 
ultimately aligning all clocks with the external light/
dark cycle.

In mammals, the regulation of circadian oscillators 
occurs through a series of positive/negative transcrip-
tional-translational feedback loops including at least 
nine core circadian genes [5]. Among them, period 
homolog (PER1, PER2 and PER3) and cryptochrome 
(CRY1 and CRY2) clock proteins form complexes 
to negatively inhibit the nuclear transcription activi-
ties of the heterodimers formed by the transcrip-
tion factors circadian locomotor output cycles kaput 
(CLOCK) [6] with aryl hydrocarbon receptor nuclear 
translocator-like protein 1 (ARNTL; also known as 
BMAL1) [7, 8]. Circadian gene regulation is a com-
plex, temporally orchestrated process that involves 
not only the main circadian factors mentioned above 
but also a growing list of secondary or cell type-spe-
cific transcription factors, transcription co-regulators 
and epigenetic activities [4].

The synchronization of the endogenously gen-
erated circadian clocks to the light-dark cycle 
is possible thanks to the projections of the reti-
nal ganglion cells expressing the photopigment 
melanopsin (mRGCs) to the SCN through the 
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Abstract.
Background: Association between cerebrospinal fluid (CSF)-amyloid-� (A�)42 and amyloid-PET measures is inconstant
across the Alzheimer’s disease (AD) spectrum. However, they are considered interchangeable, along with A�42/40 ratio, for
defining ‘Alzheimer’s Disease pathologic change’ (A+).
Objective: Herein, we further characterized the association between amyloid-PET and CSF biomarkers and tested their
agreement in a cohort of AD spectrum patients.
Methods: We included 23 patients who underwent amyloid-PET, MRI, and CSF analysis showing reduced levels of A�42

within a 365-days interval. Thresholds used for dichotomization were: A�42 < 640 pg/mL (A�42+); pTau > 61 pg/mL (pTau+);
and A�42/40 < 0.069 (ADratio+). Amyloid-PET scans were visually assessed and processed by four pipelines (SPMCL, SPMAAL,
FSGM, FSWC).
Results: Different pipelines gave highly inter-correlated standardized uptake value ratios (SUVRs) (rho = 0.93–0.99). The
most significant findings were: pTau positive correlation with SPMCL SUVR (rho = 0.56, p = 0.0063) and A�42/40 negative
correlation with SPMCL and SPMAAL SUVRs (rho = –0.56, p = 0.0058; rho = –0.52, p = 0.0117 respectively). No correlations
between CSF-A�42 and global SUVRs were observed. In subregion analysis, both pTau and A�42/40 values significantly
correlated with cingulate SUVRs from any pipeline (R2 = 0.55–0.59, p < 0.0083), with the strongest associations observed
for the posterior/isthmus cingulate areas. However, only associations observed for A�42/40 ratio were still significant in linear
regression models. Moreover, combining pTau with A�42 or using A�42/40, instead of A�42 alone, increased concordance
with amyloid-PET status from 74% to 91% based on visual reads and from 78% to 96% based on Centiloids.
Conclusion: We confirmed that, in the AD spectrum, amyloid-PET measures show a stronger association and a better
agreement with CSF-A�42/40 and secondarily pTau rather than A�42 levels.

Keywords: Alzheimer’s disease, A�42/40 ratio, amyloid, amyloid-PET, biomarkers, centiloids, cerebrospinal fluid, Flor-
betaben, standardized uptake value ratio, tau
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One further consideration speaks in favor of
A�42 + /aPET- being false positive cases, though
not unequivocally: the majority of A�42 + /aPET-
patients did not develop typical AD, defined as
an amnestic syndrome of the hippocampal type, at
follow-up (Table 1). However, clinical diagnoses, par-
ticularly in highly specialized centers, are recursively
linked to biomarker status and should thus not be
taken as per se evidence of disease.

A major limitation of this study is the lack of neu-
ropathological confirmatory data, though amyloid
PET data show very strong agreement with post-
mortem plaque measurements. Another limitation is
the rather low number of patients included. How-
ever, all data were collected from clinical practice, in
which two main issues arise: amyloid-PET is often
used as an alternative to CSF biomarkers in patients
who cannot undergo LP (e.g., anticoagulation) or as
a confirmatory exam in equivocal diagnoses after a
period of follow-up; MRI studies are often performed
in peripheral centers and thus not always available
for analysis. For these reasons, many patients lacked
either CSF or MRI in the pre-established one-year
interval from amyloid-PET. This was especially true
for A�42-/aPET+ patients. In fact, though we rec-
ognize the possibility of ‘PET-first’ pathway toward
established A� pathology [60, 61], a more inclusive
study design incorporating also A�42-/aPET+ cases
was not possible because most of them did not satisfy
the 365-days-interval criterion, consistently with a
clinical scenario in which CSF- patients need an ade-
quate span of time to accumulate detectable amount
of A� by PET.

The main strength of our study is that all CSF
analyses were performed according to the same rou-
tine and analyzed in the same laboratory and all
PET images were acquired at the same PET scanner
with the same standardized protocol, conferring high
homogeneity to data. Also, four different pipelines for
the quantification of SUVR were used, significantly
reducing the risk of SUVR quantification bias.

CONCLUSIONS

Our study suggests that, within the AD spectrum,
amyloid-PET measures show a stronger association
with CSF A�42/40 and secondarily pTau rather than
A�42 levels. CSF-A�42 and PET provide partially
independent and not interchangeable information
[16], the latter sharing with A�42/40 ratio [19, 65]
a greater concordance in defining A+ status. Since

A�42, A�42/40, and amyloid-PET are all included in
the “A” category of the ATN classification system,
different operationalizations of the AT(N) system
could have important effects on category preva-
lence [60,70], which would in turn negatively affect
patients selection and results comparability in future
clinical trials.
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Abstract 

Background:  Clinical endpoints for upcoming therapeutic trials in frontotemporal dementia (FTD) are increasingly 
urgent. Cognitive composite scores are often used as endpoints but are lacking in genetic FTD. We aimed to create 
cognitive composite scores for genetic frontotemporal dementia (FTD) as well as recommendations for recruitment 
and duration in clinical trial design.

Methods:  A standardized neuropsychological test battery covering six cognitive domains was completed by 69 
C9orf72, 41 GRN, and 28 MAPT mutation carriers with CDR® plus NACC-FTLD ≥ 0.5 and 275 controls. Logistic regres‑
sion was used to identify the combination of tests that distinguished best between each mutation carrier group and 
controls. The composite scores were calculated from the weighted averages of test scores in the models based on the 
regression coefficients. Sample size estimates were calculated for individual cognitive tests and composites in a theo‑
retical trial aimed at preventing progression from a prodromal stage (CDR® plus NACC-FTLD 0.5) to a fully sympto‑
matic stage (CDR® plus NACC-FTLD ≥ 1). Time-to-event analysis was performed to determine how quickly mutation 
carriers progressed from CDR® plus NACC-FTLD = 0.5 to ≥ 1 (and therefore how long a trial would need to be).

Results:  The results from the logistic regression analyses resulted in different composite scores for each mutation 
carrier group (i.e. C9orf72, GRN, and MAPT). The estimated sample size to detect a treatment effect was lower for 
composite scores than for most individual tests. A Kaplan-Meier curve showed that after 3 years, ~ 50% of individuals 
had converted from CDR® plus NACC-FTLD 0.5 to ≥ 1, which means that the estimated effect size needs to be halved 
in sample size calculations as only half of the mutation carriers would be expected to progress from CDR® plus NACC 
FTLD 0.5 to ≥ 1 without treatment over that time period.

Discussion:  We created gene-specific cognitive composite scores for C9orf72, GRN, and MAPT mutation carriers, 
which resulted in substantially lower estimated sample sizes to detect a treatment effect than the individual cognitive 

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
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jDepartment of Neurology, Hospital Universitario Donostia, San Sebastian, Gipuzkoa, Spain
kNeuroscience Area, Biodonostia Health Research Institute, San Sebastian, Gipuzkoa, Spain
lNeurology Department, Centro Hospitalar e Universitário de Coimbra, Portugal
mFaculty of Medicine, University of Coimbra, Coimbra, Portugal
nCentre of Neurosciences and Cell biology, Universidade de Coimbra, Coimbra, Portugal
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Amyloid PET imaging and dementias: 
potential applications in detecting 
and quantifying early white matter damage
Anna M. Pietroboni1,2,3*†  , Annalisa Colombi1,2,3†, Tiziana Carandini1,2,3, Luca Sacchi1,2,3, Chiara Fenoglio2, 
Giorgio Marotta1, Andrea Arighi1,2,3, Milena A. De Riz1,2,3, Giorgio G. Fumagalli1,2,3, Massimo Castellani1, 
Marco Bozzali4,5, Elio Scarpini1,2,3 and Daniela Galimberti1,2,3 

Abstract 

Purpose:  Positron emission tomography (PET) with amyloid tracers (amy-PET) allows the quantification of pathologi-
cal amyloid deposition in the brain tissues, including the white matter (WM). Here, we evaluate amy-PET uptake in 
WM lesions (WML) and in the normal-appearing WM (NAWM) of patients with Alzheimer’s disease (AD) and non-AD 
type of dementia.

Methods:  Thirty-three cognitively impaired subjects underwent brain magnetic resonance imaging (MRI), Aβ1-42 (Aβ) 
determination in the cerebrospinal fluid (CSF) and amy-PET. Twenty-three patients exhibiting concordant results in 
both CSF analysis and amy-PET for cortical amyloid deposition were recruited and divided into two groups, amyloid 
positive (A+) and negative (A−). WML quantification and brain volumes’ segmentation were performed. Standardized 
uptake values ratios (SUVR) were calculated in the grey matter (GM), NAWM and WML on amy-PET coregistered to MRI 
images.

Results:  A+ compared to A− showed a higher WML load (p = 0.049) alongside higher SUVR in all brain tissues 
(p < 0.01). No correlations between CSF Aβ levels and WML and NAWM SUVR were found in A+, while, in A−, CSF Aβ 
levels were directly correlated to NAWM SUVR (p = 0.04). CSF Aβ concentration was the only predictor of NAWM SUVR 
(adj R2 = 0.91; p = 0.04) in A−. In A+ but not in A− direct correlations were identified between WM and GM SUVR 
(p < 0.01).

Conclusions:  Our data provide evidence on the role of amy-PET in the assessment of microstructural WM injury 
in non-AD dementia, whereas amy-PET seems less suitable to assess WM damage in AD patients due to a plausible 
amyloid accrual therein.

Keywords:  amy-PET, Amyloid, Alzheimer’s disease, Non-AD dementias, White matter

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Alzheimer’s disease (AD) is the most common neuro-
degenerative disorder and the main cause of demen-
tia [1]. The hallmarks of AD pathology are the cortical 
deposition of beta-amyloid (Aβ) and the aggregation of 
tau protein into neurofibrillary tangles [2]. In addition 
to grey matter (GM) pathology, white matter (WM) 
changes were recently recognized as an important 
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quantification accuracy when dealing with brain PET 
imaging, mainly due to the limited spatial resolution. 
Some previous studies have used partial volume correc-
tion (PVC) for white matter SUVR quantification. How-
ever, quantitative amy-PET imaging is usually conducted 
without PVC, due to the lack of a standardized and widely 
accepted PVC method, and some authors reported worse 
results and comparability using PVC as compared to 
native images. We applied an iterative spatial resolution 
reconstruction algorithm (TrueX) to images before per-
forming SUVR quantification. Although TrueX cannot be 
fully equated to a PVC method, it already reduces signifi-
cantly the partial volume effect.

Conclusions
This study provides evidence on the role of amy-PET in 
the assessment of microstructural WM injury in non-AD 
dementia, whereas amy-PET seems less suitable to assess 
WM damage in AD patients due to a plausible amy-
loid accrual therein. Therefore, a specific study on AD 
patients is worth to be specifically performed. A replica-
tion in a larger cohort of patients is required to confirm 
these preliminary data.
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a b s t r a c t

Background: Reduced empathy is a common symptom in frontotemporal dementia (FTD).

Although empathy deficits have been extensively researched in sporadic cases, few studies

have explored the differences in familial forms of FTD.

Methods: Empathy was examined using a modified version of the Interpersonal Reactivity

Index (mIRI) in 676 participants from the Genetic FTD Initiative: 216 mutation-negative

controls, 192 C9orf72 expansion carriers, 193 GRN mutation carriers and 75 MAPT muta-

tion carriers. Using global scores from the CDR® plus NACC FTLD, mutation carriers were

divided into three groups, asymptomatic (0), very mildly symptomatic/prodromal (.5), or

fully symptomatic (1 or more). The mIRI Total score, as well as the subscores of Empathic

Concern (EC) and Perspective Taking (PT) were assessed. Linear regression models with

bootstrapping were used to assess empathy ratings across genetic groups, as well as across

phenotypes in the symptomatic carriers. Neural correlates of empathy deficits were

examined using a voxel-based morphometry (VBM) analysis.

Results: All fully symptomatic groups scored lower on the mIRI Total, EC, and PT when

compared to controls and their asymptomatic or prodromal counterparts (all p < .001).

Prodromal C9orf72 expansion carriers also scored significantly lower than controls on the

mIRI Total score (p ¼ .046). In the phenotype analysis, all groups (behavioural variant FTD,

primary progressive aphasia and FTD with amyotrophic lateral sclerosis) scored signifi-

cantly lower than controls (all p < .007). VBM revealed an overlapping neural correlate of

the mIRI Total score across genetic groups in the orbitofrontal lobe but with additional
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Abstract
Introduction  A third of frontotemporal dementia (FTD) is caused by an autosomal-dominant genetic mutation in one of 
three genes: microtubule-associated protein tau (MAPT), chromosome 9 open reading frame 72 (C9orf72) and progranulin 
(GRN). Prior studies of prodromal FTD have identified impaired executive function and social cognition early in the disease 
but few have studied naming in detail.
Methods  We investigated performance on the Boston Naming Test (BNT) in the GENetic Frontotemporal dementia Initiative 
cohort of 499 mutation carriers and 248 mutation-negative controls divided across three genetic groups: C9orf72, MAPT 
and GRN. Mutation carriers were further divided into 3 groups according to their global CDR plus NACC FTLD score: 0 
(asymptomatic), 0.5 (prodromal) and 1 + (fully symptomatic). Groups were compared using a bootstrapped linear regression 
model, adjusting for age, sex, language and education. Finally, we identified neural correlates of anomia within carriers of 
each genetic group using a voxel-based morphometry analysis.
Results  All symptomatic groups performed worse on the BNT than controls with the MAPT symptomatic group scoring the 
worst. Furthermore, MAPT asymptomatic and prodromal groups performed significantly worse than controls. Correlates of 
anomia in MAPT mutation carriers included bilateral anterior temporal lobe regions and the anterior insula. Similar bilateral 
anterior temporal lobe involvement was seen in C9orf72 mutation carriers as well as more widespread left frontal atrophy. 
In GRN mutation carriers, neural correlates were limited to the left hemisphere, and involved frontal, temporal, insula and 
striatal regions.
Conclusion  This study suggests the development of early anomia in MAPT mutation carriers, likely to be associated with 
impaired semantic knowledge. Clinical trials focused on the prodromal period within individuals with MAPT mutations 
should use language tasks, such as the BNT for patient stratification and as outcome measures.

Keywords  Frontotemporal dementia · Tau · Progranulin · C9orf72 · Naming · Cognition

Introduction

Frontotemporal dementia (FTD) is a heterogeneous neu-
rodegenerative disorder presenting with distinct changes 
in behaviour, language and motor function [1]. A third of 
cases are caused by an autosomal-dominant genetic mutation 
in one of three genes: microtubule-associated protein tau 
(MAPT), chromosome 9 open reading frame 72 (C9orf72) 
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outcome measure for international clinical trials in pre-
symptomatic MAPT mutation carriers, and in helping dif-
ferential diagnosis and severity staging by understanding 
the sources of naming difficulty.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00415-​022-​11068-0.
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ABSTRACT
Objective  A GGGGCC repeat expansion in the 
C9orf72 gene is the most common cause of genetic 
frontotemporal dementia (FTD) and amyotrophic 
lateral sclerosis (ALS). As potential therapies targeting 
the repeat expansion are now entering clinical trials, 
sensitive biomarker assays of target engagement are 
urgently required. Our objective was to develop such an 
assay.
Methods  We used the single molecule array (Simoa) 
platform to develop an immunoassay for measuring 
poly(GP) dipeptide repeat proteins (DPRs) generated by 
the C9orf72 repeat expansion in cerebrospinal fluid (CSF) 
of people with C9orf72-associated FTD/ALS.
Results and conclusions  We show the assay to 
be highly sensitive and robust, passing extensive 
qualification criteria including low intraplate and 
interplate variability, a high precision and accuracy 
in measuring both calibrators and samples, dilutional 
parallelism, tolerance to sample and standard freeze–
thaw and no haemoglobin interference. We used this 
assay to measure poly(GP) in CSF samples collected 
through the Genetic FTD Initiative (N=40 C9orf72 and 
15 controls). We found it had 100% specificity and 
100% sensitivity and a large window for detecting target 
engagement, as the C9orf72 CSF sample with the lowest 
poly(GP) signal had eightfold higher signal than controls 
and on average values from C9orf72 samples were 38-
fold higher than controls, which all fell below the lower 
limit of quantification of the assay. These data indicate 
that a Simoa-based poly(GP) DPR assay is suitable for 
use in clinical trials to determine target engagement 
of therapeutics aimed at reducing C9orf72 repeat-
containing transcripts.

INTRODUCTION
A GGGGCC repeat expansion in the first intron 
of C9orf72 is the most common genetic cause of 
both amyotrophic lateral sclerosis (ALS) and fron-
totemporal dementia (FTD), accounting for 38% 
and 25% of familial cases, respectively.1 Healthy 
individuals most commonly have two repeats,2 
while people with a C9orf72 repeat expansion 
(C9FTD/ALS) can carry hundreds to thousands 
of repeats.3–6 The repeats are transcribed in both 
sense and antisense direction, leading to the forma-
tion of RNA aggregates termed RNA foci.7–10 In 

Key messages

	⇒ Accurate measurement of dipeptide 
repeat proteins (DPRs) generated by the 
frontotemporal dementia and amyotrophic 
lateral sclerosis-causing repeat expansion in 
C9orf72 will be a key tool for assessing target 
engagement of repeat/DPR lowering strategies 
in clinical trials.

	⇒ Immunoassays have been developed that can 
detect the poly(GP) DPR in patient cerebrospinal 
fluid (CSF), but as some patients’ poly(GP) 
levels are close to background, enhanced 
sensitivity may be needed.

	⇒ We report the development of an ultrasensitive 
CSF poly(GP) detection assay that is fit-for-
purpose for clinical trials. This should allow 
target engagement to be assessed in the vast 
majority of trial participants, including those 
with low poly(GP) levels.
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combinations. In our experience not all polyclonal antibodies 
behave the same, even when the same peptide sequence was 
used for antigen. We tested the performance of a monoclonal 
antibody as both capture and detector in a Homebrew Simoa 
assay. Unfortunately, the monoclonal antibody tested here did 
not perform as well as a detector antibody as the polyclonal anti-
bodies, with much higher predicted LLOQs. The reason for this 
difference is unclear, but the different polyclonal antibodies may 
recognise different secondary structures of poly(GP).

We used our qualified poly(GP) assay to analyse CSF from a 
small cohort of CSF samples provided by GENFI, including 15 
healthy controls and 40 C9orf72 expansion carriers. Similar to 
previously published studies,17 24 37 our assay was able to distin-
guish controls and C9orf72 expansion carriers. In this cohort 
we had 100% sensitivity and 100% specificity with poly(GP) 
measured in CSF from all C9orf72 expansion carriers, while 
controls either measured below detection (13/15) or below limit 
of quantification (2/15), determined at 1 pg/mL. C9orf72 expan-
sion carriers had a range of poly(GP) from 6 to 148 pg/mL, with 
all positive sample signals at least eightfold higher than control 
signals, showing a clear separation of controls from C9orf72 
expansion samples. We did not detect poly(GP) above LLOQ 
in Alzheimer’s disease or patients with non-C9orf72 FTD. 
All previous studies used MSD immunoassays and reported 
the average CSF polyGP signal to be in the low nanogram 
range,17 37 while our assay gives average polyGP levels in the 
low–medium picogram range. This difference may be attributed 
to the different calibrators used in the studies, as we have noted 
that the same antibody can report different concentrations 
depending on the calibrator used. The use of different calibra-
tors precludes a direct comparison of the different assays. Simoa 
technology allows detection of single molecules by converting 
signal from individual beads into a digital output, which we 
predict will provide higher sensitivity than the MSD assays that 
rely on an analogue output from each sample well. Although 
Simoa assays will not be more sensitive than MSD assays in all 
cases, as this will depend on the specific antibodies used, we do 
observe higher sensitivity compared with our standard polyGP 
MSD assay.11 38 39 A limitation of our study is that we did not 
carry out robustness analysis, defined as the capacity of the assay 
to withstand small but deliberate changes in method parameters 
such as incubation times, temperatures and buffer pH.40

In our cohort of samples we found, similar to previous 
studies,17 24 that compared with presymptomatic carriers, symp-
tomatic carriers had higher levels of poly(GP) comparing mean 
levels, but this difference was not significant. As we observed 
a trend towards higher polyGP levels with increasing age at 
donation, the older age of symptomatic carriers may contribute 
to this effect, although we note that polyGP levels were shown 
to remain stable on longitudinal testing over 18–24 months.17 
Meeter et al37 found levels in symptomatic carriers were signifi-
cantly higher.37 This may be due to the larger cohort size tested 
with more symptomatic donors with higher than average 
poly(GP) levels included. Within our small cohort there was 
one symptomatic C9orf72 carrier with much higher poly(GP) 
levels than the rest. Age at onset (66 years) and age at dona-
tion (68 years) were both within 1 SD from the mean of other 
symptomatic donors, indicating no effect of higher levels of 
poly(GP) on these parameters. We did not have repeat length 
data for this cohort, although given the variability in repeat 
length between different tissues in the body it would be difficult 
to interpret repeat length data determined from blood DNA. 
Lehmer et al found no correlation between repeat size and CSF 
poly(GP) levels in 11 cases where DNA was available.24 Should 

postmortem tissue become available from donors in this cohort, 
it would be interesting to determine repeat length from brain 
tissue as well as measure propensity of DPR aggregates in the 
brain to see if poly(GP) CSF levels reflected aggregate burden.

Similar to previous studies we found no correlations between 
CSF poly(GP) levels and clinical features including; gender, age 
of onset or brain volume, analysing either total C9orf72 cases 
or just symptomatic C9orf72 carriers.17 24 37 We did observe a 
correlation between CSF poly(GP) levels and age at donation, 
which is potentially consistent with a relationship between 
C9orf72 expansion length and age at DNA sample collection.41 
We analysed NfL levels in a subset of donor matched plasma 
samples. As expected, symptomatic carriers had higher NfL 
plasma levels than presymptomatic or controls. As in previous 
studies that measured NfL in CSF,24 37 NfL plasma levels did 
not correlate with poly(GP) CSF levels. Despite the ability of 
the Simoa assays to detect at single-molecule levels, we were 
unable to measure poly(GP) in donor matched plasma samples. 
Signals for all samples were below quantification and did not 
correlate with poly(GP) CSF levels. If poly(GP) produced in the 
brain is present in plasma it will require a more sensitive assay 
platform and a better understanding of potential matrix effects. 
In summary, we show utility of the Simoa HD-X platform for 
detecting poly(GP) in the CSF of people with a C9orf72 expan-
sion, with assay reliability good enough to be used for target 
engagement analysis in clinical trials directly targeting C9orf72 
repeat containing transcripts.
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Table S1 Adjusted mean differences, 95% bootstrapped

confidence intervals, and p-values from the linear regres-

sion models (adjusted for age and sex): (A) TREM2, (B)

YKL-40, (C) CHIT1. PS is presymptomatic, S is sympto-

matic.

Table S2. Mean (standard deviation) concentrations of

the microglial activation markers in each decade of life

within the controls (excluding the two undetectable con-

centrations of CHIT1 in controls). Spearman correlation

of each measure with age was as follows: TREM2

r = 0.42, p = 0.0008, YKL-40 r = 0.71, p < 0.0001, CHIT1

r = 0.21, p = 0.1013.

Figure S1. Partial correlations (adjusting for age) of

CHIT1 with Mini-Mental State Examination in GRN

mutation carriers (A) presymptomatic and (B) sympto-

matic.
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A Novel Automated Chemiluminescence Method for Detecting
Cerebrospinal Fluid Amyloid-Beta 1-42 and 1-40, Total Tau and
Phosphorylated-Tau: Implications for Improving Diagnostic
Performance in Alzheimer’s Disease
Marina Arcaro 1,* , Chiara Fenoglio 2,*, Maria Serpente 1, Andrea Arighi 1 , Giorgio G. Fumagalli 1 ,
Luca Sacchi 3, Stefano Floro 1,3 , Marianna D’Anca 1 , Federica Sorrentino 3, Caterina Visconte 3,
Alberto Perego 4, Elio Scarpini 1,3 and Daniela Galimberti 1,3
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20122 Milan, Italy

2 Department of Pathophysiology and Transplantation, Dino Ferrari Center, University of Milan,
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20122 Milan, Italy

4 Fujirebio Italia S.r.l.-Via Pontina Km, 00071 Pomezia, Italy
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Abstract: Recently, a fully automated instrument for the detection of the Cerebrospinal Fluid (CSF)
biomarker for Alzheimer’s disease (AD) (low concentration of Amyloid-beta 42 (Aβ42), high con-
centration of total tau (T-tau) and Phosphorylated-tau (P-tau181)), has been implemented, namely
CLEIA. We conducted a comparative analysis between ELISA and CLEIA methods in order to
evaluate the analytical precision and the diagnostic performance of the novel CLEIA system on
111 CSF samples. Results confirmed a robust correlation between ELISA and CLEIA methods, with
an improvement of the accuracy with the new CLEIA methodology in the detection of the single
biomarkers and in their ratio values. For Aβ42 regression analysis with Passing–Bablok showed a
Pearson correlation coefficient r = 0.867 (0.8120; 0.907% 95% CI p < 0.0001), T-tau analysis: r = 0.968
(0.954; 0.978% 95% CI p < 0.0001) and P-tau181: r = 0.946 (0.922; 0.962 5% 95% CI p < 0.0001). The
overall ROC AUC comparison between ROC in ELISA and ROC in CLEIA confirmed a more accurate
ROC AUC with the new automatic method: T-tau AUC ELISA = 0.94 (95% CI 0.89; 0.99 p < 0.0001)
vs. AUC CLEIA = 0.95 (95% CI 0.89; 1.00 p < 0.0001), and P-tau181 AUC ELISA = 0.91 (95% CI 0.85;
0.98 p < 0.0001) vs. AUC CLEIA = 0.98 (95% CI 0.95; 1.00 p < 0.0001). The performance of the new
CLEIA method in automation is comparable and, for tau and P-tau181, even better, as compared with
standard ELISA. Hopefully, in the future, automation could be useful in clinical diagnosis and also in
the context of clinical studies.

Keywords: CSF; biomarkers; Alzheimer’s disease; ELISA; CLEIA

1. Introduction

Several studies report the usefulness of cerebrospinal fluid (CSF) biomarkers in the
diagnostic setting of Alzheimer’s disease (AD) [1] and recent evidence underline an impor-
tant association between CSF biomarkers such as Amyloid-beta 1-42 (Aβ42), tau and AD
neuropathological changes (ADNC) [2].

The biomarker pattern, commonly referred to as the “AD signature”, typically displays
decreased concentration of Aβ42 and increased concentration of total tau (T-tau) and
Phosphorylated-tau (P-tau181). In particular, by combining CSF Aβ42, T-tau and P-tau181,
a higher diagnostic accuracy for identification of AD from non-AD dementia, as well as the
prediction of progression to AD in patients with Mild Cognitive Impairment (MCI), can be
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Circulating Non-Coding RNA Levels Are Altered in Autosomal
Dominant Frontotemporal Dementia
Chiara Fenoglio 1,*, Maria Serpente 2, Caterina Visconte 3, Marina Arcaro 2 , Federica Sorrentino 3 ,
Marianna D’Anca 2 , Andrea Arighi 2 , Emanuela Rotondo 2, Roberto Vimercati 2, Giacomina Rossi 4 ,
Elio Scarpini 2,3 and Daniela Galimberti 2,3

1 Department of Pathophysiology and Transplantation, Dino Ferrari Center, University of Milan,
20122 Milan, Italy

2 Fondazione, IRCCS Ca’ Granda, Ospedale Maggiore Policlinico, 20122 Milan, Italy
3 Department of Biomedical, Surgical and Dental Sciences, Dino Ferrari Center, University of Milan,

20122 Milan, Italy
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20133 Milan, Italy
* Correspondence: chiara.fenoglio@unimi.it; Tel.: +39-02-55033858; Fax: +39-02-550336580

Abstract: Frontotemporal Dementia (FTD) represents a highly heritable neurodegenerative disorder.
Most of the heritability is caused by autosomal dominant mutations in the Microtubule-Associated
Protein Tau (MAPT), Progranulin (GRN), and the pathologic exanucleotide expansion of C9ORF72
genes. At the pathological level, either the tau or the TAR DNA-binding protein (TDP-43) account for
almost all cases of FTD. Pathogenic mechanisms are just arising, and the emerging role of non-coding
RNAs (ncRNAs), such as microRNAs (miRNA) and long non-coding RNAs (lncRNAs), have become
increasingly evident. Using specific arrays, an exploratory analysis testing the expression levels of 84
miRNAs and 84 lncRNAs has been performed in a population consisting of 24 genetic FTD patients
(eight GRN, eight C9ORF72, and eight MAPT mutation carriers), eight sporadic FTD patients, and
eight healthy controls. The results showed a generalized ncRNA downregulation in patients carrying
GRN and C9ORF72 when compared with the controls, with statistically significant results for the
following miRNAs: miR-155-5p (Fold Change FC: 0.45, p = 0.037 FDR = 0.52), miR-15a-5p (FC: 0.13,
p = 0.027, FDR = 1), miR-222-3p (FC: 0.13, p = 0.027, FDR = 0.778), miR-140-3p (FC: 0.096, p = 0.034,
FRD = 0.593), miR-106b-5p (FC: 0.13, p = 0.02, FDR = 0.584) and an upregulation solely for miR-124-3p
(FC: 2.1, p = 0.01, FDR = 0.893). Conversely, MAPT mutation carriers showed a generalized robust
upregulation in several ncRNAs, specifically for miR-222-3p (FC: 22.3, p = 7 × 10−6, FDR = 0.117),
miR-15a-5p (FC: 30.2, p = 0.008, FDR = 0.145), miR-27a-3p (FC: 27.8, p = 6 × 10−6, FDR = 0.0005), miR-
223-3p (FC: 18.9, p = 0.005, FDR = 0.117), and miR-16-5p (FC: 10.9, p = 5.26 × 10−5, FDR = 0.001). These
results suggest a clear, distinctive pattern of dysregulation among ncRNAs and specific enrichment
gene pathways between mutations associated with the TDP-43 and tau pathologies. Nevertheless,
these preliminary results need to be confirmed in a larger independent cohort.

Keywords: frontotemporal disease; microRNA; long non-coding RNA; GRN; MAPT; C9ORF72;
TDP-43; tau

1. Introduction

Frontotemporal dementia (FTD) represents the most common cause of presenile de-
mentia, usually affecting people under 60 years old [1]. Clinically, patients present with
changes in either behavior or personality. Up to 40% of patients have a history of familial
transmission, with nearly 10% of patients showing an autosomal dominant inheritance
pattern [1]. The majority of familial FTD patients carry mutations in the Microtubule-
Associated Protein Tau (MAPT) and Progranulin (GRN) genes, and the pathologic expan-
sion of the hexanucleotide G4C2 repeats in the first intron of the C9ORF72 gene [2]. At
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Primary progressive aphasia and
motor neuron disease: A review
Edoardo Nicolò Aiello 1,2*, Sarah Feroldi2, Giulia De Luca3,
Lucilla Guidotti4, Eleonora Arrigoni2, Ildebrando Appollonio5,
Federica Solca1, Laura Carelli1, Barbara Poletti 1,
Federico Verde1,6, Vincenzo Silani 1,6 and Nicola Ticozzi1,6

1Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano,
Milan, Italy, 2Ph.D. Program in Neuroscience, School of Medicine and Surgery, University
of Milano-Bicocca, Monza, Italy, 3Department of Brain and Behavioral Sciences, University of Pavia,
Pavia, Italy, 4Department of Psychology, University of Milano-Bicocca, Milan, Italy, 5Neurology
Section, School of Medicine and Surgery, University of Milano-Bicocca, Monza, Italy, 6Department
of Pathophysiology and Transplantation, “Dino Ferrari” Center, Università degli Studi di Milano,
Milan, Italy

Background: This study aims at reviewing, within the framework of

motor neuron disease-frontotemporal degeneration (MND-FTD)-spectrum

disorders, evidence on the co-occurrence between primary progressive

aphasia (PPA) and MND in order to profile such a complex at pathological,

genetic and clinical levels.

Methods: This review was pre-registered (osf.io/ds8m4) and performed

in accordance with the 2020 PRISMA guidelines. Case reports/series and

group studies were included if addressing (1) progressive non-fluent aphasia

(PNFA) or semantic dementia (SD) with MND or (2) MND patients with

co-morbid PNFA/SD.

Results: Out of 546 initial records, 56 studies were included. As to case

reports/series (N = 35), which included 61 PPA-MND patients, the following

findings yielded: (1) PNFA is more frequent than SD in PPA-MND; (2) in PPA-

MND, the most prevalent motor phenotypes are amyotrophic lateral sclerosis

and predominant-upper MND, with bulbar involvement being ubiquitous; (3)

extrapyramidal features are moderately frequent in PPA-MND; (4) PPA-MND

patients usually display frontotemporal, left-greater-than-right involvement;

(5) TDP-43-B is the typical pathological substrate of PPA-MND; (6) TBK1

mutations represent the most frequent genetic risk factors for PPA-MND.

As to group studies, including 121 patients, proportional meta-analytic

procedures revealed that: (1) the lifetime prevalence of MND in PPA is 6%;

(2) PPA occurs in 19% of patients with co-morbid MND and FTD; (3) MND is

more frequent in PNFA (10%) than in SD patients (3%).

Discussion: Insights herewith delivered into the clinical, neuropathological

and genetic features of PPA-MND patients prompt further investigations

aimed at improving clinical practice within the MND-FTD spectrum.

KEYWORDS

primary progressive aphasia, motor neuron disease, frontotemporal degeneration,
amyotrophic lateral sclerosis, language
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Reliable change indices for the Italian Edinburgh Cognitive and
Behavioral ALS Screen (ECAS)

EDOARDO NICOLÒ AIELLO1,2�, FEDERICA SOLCA1�, SILVIA TORRE1, LAURA
CARELLI1, ALESSIA MONTI3 , ROBERTA FERRUCCI4,5,6 , FEDERICO VERDE1,7,
NICOLA TICOZZI1,7, VINCENZO SILANI1,7� & BARBARA POLETTI1�
1IRCCS Istituto Auxologico Italiano, Department of Neurology and Laboratory of Neuroscience, Milano, Italy,
2PhD Program in Neuroscience, School of Medicine and Surgery, University of Milano-Bicocca, Monza, Italy,
3Department of Neurorehabilitation Sciences, Casa di Cura del Policlinico, Milano, Italy, 4Aldo Ravelli Center for
Neurotechnology and Experimental Brain Therapeutics, Department of Health Sciences, International Medical
School, University of Milan, Milano, Italy, 5ASST Santi Paolo e Carlo, San Paolo University Hospital, Milano,
Italy, 6IRCCS Ca’ Granda Foundation Maggiore Policlinico Hospital, Milano, Italy, 7Department of
Pathophysiology and Transplantation, “Dino Ferrari Center”, Universit�a Degli Studi di Milano, Milano, Italy

Abstract
This study aimed at providing standardized regression-based (SRB) reliable change indices (RCIs) for the Italian
Edinburgh Cognitive and Behavioral ALS Screen (ECAS). Thirty-one consecutive ALS patients undergoing the ECAS
were followed-up (T1) at 6.5±1 months (range¼5–8). Ceiling/floor effects, practice effect, and test–retest reliability
were assessed. Each ECAS measure was regressed by stepwise-entering as predictors demographics, respective T0 scores,
T0 disease duration and ALSFRS-R, retest interval, and progression rate (DFS) – i.e., (48 - ALSFRS-RT0)/disease
durationT0 in months. Ceiling effects were infrequently detected, no practice effect emerged and all ECAS measures
were reliable at retest (except for Language and Visuo-spatial subscales). T0 scores predicted all ECAS measures except
for the Visuo-spatial subscale. The availability of RCIs for the Italian ECAS will aid ALS-related clinical practice and
research within the longitudinal dimension.

Keywords: Reliable change index, Edinburgh Cognitive and Behavioral ALS Screen, amyotrophic lateral sclerosis,
neuropsychology, psychometrics

1. Background

Frontotemporal-spectrum cognitive deficits are
highly incident in ALS (1) and may worsen with
disease progression (2) – negatively affecting
patients’ prognosis (1). Thereupon, it is recom-
mended that ALS patients undergo periodical cog-
nitive screenings, ideally every 6 months (3).

However, when repeatedly assessing cognition
over time, multiple sources of systematic error
variance might enter test scores – these being both
test (i.e., reliability, practice effect, and ceiling/
floor effects), context (i.e., retest interval and
regression to the mean), and patient-related (i.e.,
baseline demographic, cognitive, and motor-

functional status) (4). It is thus a matter of interest
to identify clinically meaningful changes in
patients’ cognition net of such confounders (5).

Regression-based approaches to derive reliable
change indices (RCIs) for cognitive tests allow to
determine whether an individual difference
between repeated measurements actually reflects a
systematic, true (i.e., reliable) variation of the
underlying, target construct (i.e., cognition) net of
test-, context-, or patient-related intervening varia-
bles (4).

Since such methods are regarded as the current
gold-standard to the above scope (4) and have
been previously applied to the cognitive section of

�These authors contributed equally to this work.
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The Frontal Assessment Battery
(FAB) effectively discriminates
between MCI and dementia
within the clinical spectrum of
neurochemically confirmed
Alzheimer’s disease
Edoardo Nicolò Aiello1,2†, Federico Verde1,3†, Ilaria Milone1,
Eleonora Giacopuzzi Grigoli4, Antonella Dubini5,
Laura Carelli1, Roberta Ferrucci6,7,8, Alberto Priori6,7,
Antonia Ratti1,9, Erminio Torresani5, Nicola Ticozzi1,3,
Vincenzo Silani1,3† and Barbara Poletti 1*†

1Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano,
Milan, Italy, 2PhD Program in Neuroscience, School of Medicine and Surgery, University
of Milano-Bicocca, Monza, Italy, 3Department of Pathophysiology and Transplantation, Dino Ferrari
Center, Università degli Studi di Milano, Milan, Italy, 4Neurology Residency Program, Università degli
Studi di Milano, Milan, Italy, 5Laboratory of Clinical Chemistry, Department of Laboratory Medicine,
IRCCS Istituto Auxologico Italiano, Milan, Italy, 6Aldo Ravelli Center for Neurotechnology
and Experimental Brain Therapeutics, Department of Health Sciences, International Medical School,
University of Milan, Milan, Italy, 7ASST Santi Paolo e Carlo, San Paolo University Hospital, Milan, Italy,
8IRCCS Ca’ Granda Foundation Maggiore Policlinico Hospital, Milan, Italy, 9Department of Medical
Biotechnology and Translational Medicine, Università degli Studi di Milano, Milan, Italy

Background: This study aimed at testing the ability of the frontal assessment

battery (FAB) to differentiate between patients with mild cognitive impairment

(MCI) and dementia due to Alzheimer’s disease (AD), as well as comparing its

discriminative power to that of the Mini-Mental State Examination (MMSE).

Methods: The present retrospective cohort included N = 107 Aβ-positive

patients diagnosed with either MCI due to AD (N = 40) or probable AD

dementia (ADD; N = 67). A two-step multiple logistic regression (MLR) was

run to predict an MCI vs. ADD diagnosis based on FAB scores. Within the

baseline step, demographics, disease duration, MMSE scores, and information

on cognitive phenotypes were entered, with the FAB being added within the

second step. Receiver-operating characteristics analyses were also run to

derive intrinsic and post-test diagnostics.

Results: Within the baseline MLR step, only lower MMSE scores predicted

the occurrence of ADD; by adding the FAB, which likewise was able to

discriminate between MCI and ADD (p = 0.016), a significant increase in

model fit was detected (p = 0.007). The diagnostic efficiency of the FAB

(AUC = 0.85) was comparable (p = 0.583) to that of the MMSE (AUC = 0.82),
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Validity and diagnostics of the
Reading the Mind in the Eyes
Test (RMET) in non-demented
amyotrophic lateral sclerosis
(ALS) patients
Edoardo Nicolò Aiello1,2†, Laura Carelli1†, Federica Solca1,
Silvia Torre1, Roberta Ferrucci3,4,5, Alberto Priori3,4,
Federico Verde1,6, Vincenzo Silani1,6, Nicola Ticozzi1,6† and
Barbara Poletti 1*†

1IRCCS Istituto Auxologico Italiano, Department of Neurology and Laboratory of Neuroscience,
Milan, Italy, 2Ph.D. Program in Neuroscience, School of Medicine and Surgery, University
of Milano-Bicocca, Monza, Italy, 3Aldo Ravelli Center for Neurotechnology and Experimental Brain
Therapeutics, Department of Health Sciences, International Medical School, University of Milan,
Milan, Italy, 4ASST Santi Paolo e Carlo, San Paolo University Hospital, Milan, Italy, 5IRCCS Ca’ Granda
Foundation Maggiore Policlinico Hospital, Milan, Italy, 6“Dino Ferrari” Center, Department
of Pathophysiology and Transplantation, Università degli Studi di Milano, Milan, Italy

Background: The aim of this study was to explore the construct validity and

diagnostic properties of the Reading the Mind in the Eyes Test (RMET) in non-

demented patients with amyotrophic lateral sclerosis (ALS).

Materials: A total of 61 consecutive patients and 50 healthy controls (HCs)

were administered the 36-item RMET. Additionally, patients underwent a

comprehensive assessment of social cognition via the Story-Based Empathy

Task (SET), which encompasses three subtests targeting Causal Inference,

Emotion Attribution (SET-EA), and Intention Attribution (SET-IA), as well

as global cognitive [the Edinburgh Cognitive and Behavioral ALS Screen

(ECAS)] and behavioral screening [the Frontal Behavioral Inventory (FBI); the

Dimensional Apathy Scale (DAS); the Beck Depression Inventory (BDI); and

the State and Trait Anxiety Inventory-Y]. The construct validity of the RMET

was tested by regressing it within a stepwise model that encompassed as

predictors the abovementioned cognitive and behavioral measures, covarying

for demographic and motor confounders. Receiver-operating characteristics

(ROC) analyses allowed exploring intrinsic and post-test properties of the

RMET both in discriminating patients from HCs and in identifying patients with

a defective SET-EA performance.

Results: The RMET was solely predicted by the SET-EA (p = 0.003) and SET-

IA (p = 0.005). RMET scores showed high accuracy both in discriminating

patients from HCs (AUC = 0.81) and in identifying patients with a defective

SET-EA score (AUC = 0.82), with adequate-to-optimal both intrinsic and

post-test properties.

Frontiers in Psychology 01 frontiersin.org

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2022.1031841
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2022.1031841&domain=pdf&date_stamp=2022-11-02
https://doi.org/10.3389/fpsyg.2022.1031841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1031841/full
https://orcid.org/0000-0003-4398-2051
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
user1
Evidenziato

user1
Evidenziato



Frontiers in Psychology 01 frontiersin.org

Diagnostics and clinical usability 
of the Montreal Cognitive 
Assessment (MoCA) in 
amyotrophic lateral sclerosis
Edoardo Nicolò Aiello 1,2†, Federica Solca 1†, Silvia Torre 1, 
Laura Carelli 1, Roberta Ferrucci 3,4,5, Alberto Priori 3,4, 
Federico Verde 1,6, Vincenzo Silani 1,6, Nicola Ticozzi 1,6† and 
Barbara Poletti               1*†

1 Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, 
Milan, Italy, 2 PhD Program in Neuroscience, School of Medicine and Surgery, University of Milano-
Bicocca, Monza, Italy, 3 Department of Health Sciences, International Medical School, Aldo Ravelli 
Center for Neurotechnology and Experimental Brain Therapeutics, University of Milan, Milan, Italy, 
4 ASST Santi Paolo e Carlo, San Paolo University Hospital, Milan, Italy, 5 IRCCS Ca’ Granda Foundation 
Maggiore Policlinico Hospital, Milan, Italy, 6 Department of Pathophysiology and Transplantation, 
"Dino Ferrari Center", Università degli Studi di Milano, Milan, Italy

Background: The present study aimed at (1) assessing the diagnostic properties 

of the Montreal Cognitive Assessment (MoCA) in non-demented ALS patients and 

at (2) exploring the MoCA administrability according to motor-functional status.

Materials: N = 348 patients were administered the MoCA and Edinburgh 

Cognitive and Behavioural ALS Screen (ECAS). Administrability rates and 

prevalence of defective MoCA scores were compared across King’s and 

Milano-Torino clinical stages. Regression models were run to test whether the 

non-administrability of the MoCA and a defective score on it were predicted, 

net of the ECAS-Total, by disease duration, ALS Functional Rating Scale-

Revised (ALSFRS-R) and progression rate, computed as (48: ALSFRS-R)/disease 

duration. Intrinsic and post-test diagnostics were tested against a below-cut-

off ECAS-total score.

Results: The 79.9% of patients successfully underwent the MoCA, whose 

administrability rates decreased with advanced clinical stages, at variance 

with its defective score prevalence. The probability of the FAB not being 

administrable was predicted only by lower ALSFRS-R-bulbar and-upper-

limb scores; no motor features, but the ECAS-Total, predicted a defective 

MoCA performance. The MoCA showed high accuracy (AUC = 0.82) and good 

intrinsic and post-test properties—being slightly more specific than sensitive.

Discussion: In non-demented ALS patients, the MoCA is featured by optimal 

diagnostics as a screener for cognitive impairment, especially for ruling-out its 

occurrence, as long as patients are in the early stages of the disease and have 

sufficiently spared bulbar and upper-limb functions.

KEYWORDS

Montreal Cognitive Assessment, amyotrophic lateral sclerosis, cognitive screening, 
diagnostics, psychometrics
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Abstract
Background  Thepresent study aimed at evaluating the diagnostic properties of the Frontal Assessment Battery (FAB) in 
non-demented ALS patients by addressing the Edinburgh Cognitive Behavioural ALS Screen (ECAS) as the gold standard, 
as well as by examining the association between its administrability and scores with motor-functional measures.
Materials  N = 348 consecutive patients were administered the ECAS and FAB. Disease severity (ALSFRS-R), duration, 
progression rate (ΔFS), and stages (via King’s and Milano-Torino systems) were considered. Administrability rates and 
prevalence of below-cut-off FAB scores were compared across clinical stages; regression models allowed to test whether, net 
of the ECAS-Total, motor features predicted the probability of the FAB not being administrable and of a defective FAB score. 
Intrinsic and post-test diagnostics were explored against a combined defective ECAS-Executive and ECAS-Fluency scores.
Results  85.3% of patients managed to complete the FAB. FAB administrability rates decreased with advanced clinical 
stages, whereas the prevalence of below-cut-off FAB scores did not. The probability of the FAB not being administrable 
was predicted only by lower ALSFRS-R-bulbar and ALSFRS-R-upper-limb scores; no motor features, but the ECAS-Total, 
predicted a below-cut-off performance on the FAB. Raw and adjusted FAB scores showed high accuracy (AUC = .85 and 
.81, respectively) and good intrinsic and post-test properties.
Discussion  The FAB is featured by optimal diagnostics for detecting executive deficits in ALS, provided that it can be 
administered according to its original, standardized procedure, and thus that patients have sufficiently spared motor abilities 
to complete the test.

Keywords  Frontal assessment battery · Amyotrophic lateral sclerosis · Cognitive screening · Executive · Diagnostics · 
Psychometrics

Background

In ALS patients, the feasibility of the Frontal Assessment 
Battery (FAB) [1] as a screener for deficits of executive 
functioning (EF)—which are highly prevalent/incident in 
this population [2]—has been historically questioned due 
to its heavy reliance on motor-/verbal-mediated responses, 
and thus, the possibility of upper-limb disabilities/dysarthric 

features undermining test execution and/or confounding test 
scores [3].

Notwithstanding that disease-specific cognitive 
screeners [4] undisputedly come with the highest level of 
recommendation for use in both clinical practice [5] and 
research [6] as addressed to ALS patients, the FAB still 
appears to be a rather widespread test to screen for EF deficits 
in this population [7], being also supported by seemingly 
sound clinimetric evidence [8].

However, available information on the diagnostics 
of the FAB in ALS patients has the intrinsic downfall 
of coming from studies that compared it against gold 
standard measures that were disease-nonspecific [9, 10]. 
Analogously, those reports that focused on its feasibility 
in this population, albeit to the noble aim of accommo-
dating motor disabilities, included off-label adjustments 
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Abstract
Background  The present study aimed at (1) providing further validity and reliability evidence for the Italian version of the 
cognitive section of the ALS Cognitive Behavioral Screen (ALS-CBS™) and (2) testing its diagnostics within an Italian 
ALS cohort, as well as at (3) exploring its capability to discriminate patients from healthy controls (HCs).
Methods  N = 293 non-demented ALS patients were administered the cognitive sections of the ALS-CBS™ and Edinburgh 
Cognitive and Behavioural ALS Screen (ECAS). N = 96 HCs demographically matched with N = 96 patients were also 
administered the cognitive section of the ALS-CBS™. In patients, factorial and construct validity, internal reliability, and 
diagnostics against a defective score on the cognitive section of the ECAS were tested. Case–control discrimination was 
assessed via a logistic regression.
Results  ALS-CBS™ cognitive subscales were underpinned by a simple, unidimensional structure, internally reliable 
(McDonald’s ω = 0.74), and mostly related with ECAS executive and fluency scores (rs = 0.54–0.71). Both raw and age- and 
education-adjusted scores on the cognitive section of the ALS-CBS™ accurately detected ECAS-defined cognitive impair-
ment (AUC​ = 0.80 and .88, respectively), yielding optimal error-based, information-based and unitary diagnostics. A cut-off 
of < 15.374 was identified on adjusted scores. The test was able to discriminate patients from HCs (p < 0.001).
Discussion  The cognitive section of the Italian ALS-CBS™ is a valid, reliable, and diagnostically sound ALS-specific 
screener for detecting frontotemporal, executive-/attentive-based cognitive inefficiency in non-demented ALS patients, being 
also able to discriminate them from normotypical individuals.

Keywords  ALS Cognitive Behavioral Screen · Amyotrophic lateral sclerosis · Cognitive screening · Frontotemporal 
degeneration · Neuropsychology · Clinimetrics

Background

Cognitive deficits within the frontotemporal degeneration 
(FTD) spectrum—i.e., executive and language dysfunc-
tions—affect up to 50% of non-demented amyotrophic lat-
eral sclerosis (ALS) patients [1], negatively impacting on 

their prognosis and clinical management [2]. Early detect-
ing FTD-spectrum cognitive impairment in this population 
is thereupon clinically pivotal [3]. Additionally, cognitive 
measures are addressed as outcomes within clinical trials 
addressing ALS [4].

To such an aim, disease-specific cognitive screeners—
i.e., (1) sampling from those domains/functions typically 
involved in ALS and (2) controlling for motor disabilities 
possibly confounding cognitive performances—have been 
developed, namely the ALS Cognitive Behavioral Screen 
(ALS-CBS™) [5] and the Edinburgh Cognitive and Behav-
ioural ALS Screen (ECAS) [6]. The cognitive sections of 
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Abstract
Introduction  Clinical neurophysiology deals with nervous system functions assessed with electrophysiological and ultra-
sound-based imaging techniques. Even though the need for highly specialized neurophysiologists has increased, residency 
training rarely takes today’s requirements into account. This study aimed to snapshot the neurophysiological training provided 
by Italian specialization schools in neurology.
Methods  A single-page web-based survey comprising 13 multiple-choice categorical and interval scale questions was sent 
via e-mail to neurology specialization school directors. The survey addressed the programs’ structural neurophysiology 
organization, time dedicated to each clinical neurophysiology subspecialty, and descriptors assessing the discipline’s impor-
tance (e.g., residents who attempted residential courses, gained certifications, or awards gained).
Results  The most studied neurophysiological techniques were electroencephalography (EEG) and electromyography (EMG). 
Most specialization schools devoted less than 3 months each to multimodal evoked potentials (EPs), ultrasound sonography 
(US), and intra-operative monitoring. Of the 35 specialization schools surveyed, 77.1% reported that four students, or fewer, 
participated in the Italian Society of Clinical Neurophysiology Examination in Neurophysiology. Of the 35 specialization 
centers surveyed, 11.4% declared that the final evaluation required students to discuss a neurophysiological test.
Discussion  Our survey underlined the poorly standardized technical requirements in postgraduate neurology specialization 
schools, wide variability among training programs, and limited training on multi-modal evoked potentials, intraoperative 
monitoring, and sonography. These findings underline the need to reappraise and improve educational and training stand-
ards for clinical neurophysiology during postgraduate specialization schools in neurology with an international perspective.

Keywords  Medical education · Clinical neurophysiology · Specialization in neurology · Training in neurophysiology

Introduction

Clinical neurophysiology (CN) according to the Interna-
tional Federation of Clinical Neurophysiology (IFCN) is a 
“medical specialty concerned with function and dysfunction 
of the nervous system caused by disorders of the brain, spi-
nal cord, peripheral nerve and muscle, using physiological 
and imaging techniques to measure nervous system activity” 
(http://​www.​ifcn.​info).

Conventional neurophysiological techniques include two 
main areas: studies investigating brain activity: electroen-
cephalography (EEG) and those investigating the peripheral 
nervous system: nerve conduction studies (NCS) and elec-
tromyography (EMG). In the modern era, neurophysiologi-
cal methods have greatly expanded to include techniques tra-
ditionally used in daily clinical practice (EEG, NCS, EMG, 
evoked potential studies, polysomnography and assessment 
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GRN− /− iPSC-derived cortical neurons recapitulate the pathological 
findings of both frontotemporal lobar degeneration and 
neuronal ceroidolipofuscinosis 
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A R T I C L E  I N F O   
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Induced pluripotent stem cells 
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Fingerprints 

A B S T R A C T   

Heterozygous mutations in the gene coding for progranulin (GRN) cause frontotemporal lobar degeneration 
(FTLD) while homozygous mutations are linked to neuronal ceroidolipofuscinosis (NCL). While both FTLD/NCL 
pathological hallmarks were mostly investigated in heterozygous GRN+/− brain tissue or induced pluripotent 
stem cell (iPSC)-derived neurons, data from homozygous GRN− /− condition are scarce, being limited to a 
postmortem brain tissue from a single case. Indeed, homozygous GRN− /− is an extremely rare condition re
ported in very few cases. Our aim was to investigate pathological phenotypes associated with FTLD and NCL in 
iPSC-derived cortical neurons from a GRN− /− patient affected by NCL. iPSCs were generated from peripheral 
blood of a GRN wt healthy donor and a GRN− /− patient and subsequently differentiated into cortical neurons. 
Several pathological changes were investigated, by means of immunocytochemical, biochemical and ultra
structural analyses. GRN¡/¡ patient-derived cortical neurons displayed both TDP-43 and phospho-TDP-43 
mislocalization, enlarged autofluorescent lysosomes and electron-dense vesicles containing storage material 
with granular, curvilinear and fingerprints profiles. In addition, different patterns in the expression of TDP-43, 
caspase 3 and cleaved caspase 3 were observed by biochemical analysis at different time points of cortical dif
ferentiation. At variance with previous findings, the present data highlight the existence of both FTLD- and NCL- 
linked pathological features in GRN− /− iPSC-derived cortical neurons from a NCL patient. They also suggest an 
evolution in the appearance of these features: firstly, FTLD-related TDP-43 alterations and initial NCL storage 
materials were detected; afterwards, mainly well-shaped NCL storage materials were present, while some FTLD 
features were not observed anymore.   

Abbreviations: GRN, gene coding for progranulin; FTLD, Frontotemporal lobar degeneration; NCL, Neuronal ceroidolipofuscinosis; iPSCs, induced pluripotent stem 
cells; TDP-43, TAR-DNA binding protein-43; LAMP1, Lysosomal-associated membrane protein 1; TFEB, Transcription factor EB; PBMCs, Peripheral blood mono
nuclear cells; SCF, Stem cell factor; FTL-3, Fms-related tyrosine kinase ligand 3; KLF-4, Krüppel-like factor 4; OCT4, Octamer-binding transcription factor 4; Sox2, 
SRY-Box transcription factor 2; MOI, Multiplicity of infection; SSEA4, Stage-specific embryonic antigen-4; NGS, Normal goat serum; NSCs, Neural stem cells; NPCs, 
Neural progenitor cells; BDNF, Brain-derived neurotrophic factor; GDNF, glial cell derived neurotrophic factor; MAP2, Microtubule-associated protein 2; CUX1, cut 
like homeobox 1; PAX6, Paired box 6; TEM, Transmission electron microscopy; GRODs, Granular osmiophilic deposits. 
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Resting state functional brain networks associated with
emotion processing in frontotemporal lobar degeneration
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This study investigated the relationship between emotion processing and resting-state functional connectivity (rs-FC) of the brain
networks in frontotemporal lobar degeneration (FTLD). Eighty FTLD patients (including cases with behavioral variant of
frontotemporal dementia, primary progressive aphasia, progressive supranuclear palsy syndrome, motor neuron disease) and 65
healthy controls underwent rs-functional MRI. Emotion processing was tested using the Comprehensive Affect Testing System
(CATS). In patients and controls, correlations were investigated between each emotion construct and rs-FC changes within critical
networks. Mean rs-FC of the clusters significantly associated with CATS scoring were compared among FTLD groups. FTLD patients
had pathological CATS scores compared with controls. In controls, increased rs-FC of the cerebellar and visuo-associative networks
correlated with better scores in emotion-matching and discrimination tasks, respectively; while decreased rs-FC of the visuo-spatial
network was related with better performance in the affect-matching and naming. In FTLD, the associations between rs-FC and CATS
scores involved more brain regions, such as orbitofrontal and middle frontal gyri within anterior networks (i.e., salience and default-
mode), parietal and somatosensory regions within visuo-spatial and sensorimotor networks, caudate and thalamus within basal-
ganglia network. Rs-FC changes associated with CATS were similar among all FTLD groups. In FTLD compared to controls, the
pattern of rs-FC associated with emotional processing involves a larger number of brain regions, likely due to functional specificity
loss and compensatory attempts. These associations were similar across all FTLD groups, suggesting a common physiopathological
mechanism of emotion processing breakdown, regardless the clinical presentation and pattern of atrophy.

Molecular Psychiatry; https://doi.org/10.1038/s41380-022-01612-9

INTRODUCTION
Among the social cognitive functions, the perception of social
stimuli is a highly developed skill, gathering crucial information for
interpersonal communication. The capacity to associate specific
patterns of facial musculature contractions to discrete emotions is
an universal aspect of social communication, equally recognized
across different cultures [1]. To evaluate emotion recognition, the
most commonly used stimuli are the Ekman’s pictures of facial
affect, a collection of photos to investigate an individual’s ability to
discriminate and label the six basic emotions (disgust, surprise,
happiness, anger, fear and sadness) [2]. Defective emotion
recognition can lead to altered social interactions, especially in
disorders affecting the frontal and the temporal lobes, such as
those belonging to the frontotemporal lobar degeneration (FTLD)
spectrum. Specifically, patients with the behavioral variant of
frontotemporal dementia (bvFTD) [3], agrammatic/non-fluent
(nfvPPA) and semantic (svPPA) variants of primary progressive

aphasia (PPA) [4, 5], progressive supranuclear palsy syndrome
(PSPs) [6] and amyotrophic lateral sclerosis (ALS) [7, 8], all show
reduced emotional reaction and/or recognition mainly for
negative stimuli [3]. Subtle affect processing failures are already
present in presymptomatic C9orf72 mutation carriers at risk for
bvFTD, as compared with both controls and carriers of other
mutations [9, 10].
A set of brain regions, involving limbic and primary sensory

systems, are crucial for a rapid and automatic evaluation of the
perceived emotion and functional MRI (fMRI) studies showed that
they are also engaged during non-conscious subliminal percep-
tion of affective stimuli [11]. Emotion identification deficits in FTLD
patients have been linked to decreased gray matter (GM) volume
of amygdala, insula, inferior frontal, medial prefrontal and
orbitofrontal cortices, with a prevalent involvement of the right
side, as well as with diffusivity abnormalities of the right inferior
longitudinal and inferior fronto-occipital fasciculi, and fornix
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Abstract: Eye movement abnormalities in association with cognitive and emotional deficits have
been described in neurological, neurodevelopmental, and psychiatric disorders. Eye-Tracking (ET)
techniques could therefore enhance cognitive interventions by contingently providing feedback
to patients. Since no consensus has been reached thus far on this approach, this study aimed at
systematically reviewing the current evidence. This review was performed and reported according to
PRISMA guidelines. Records were searched for in PubMed, Web of Science, and Scopus (1990–2021)
through the following string: (‘Eye Tracking’ OR ‘Eye-Tracking’ OR ‘Oculomotor’) AND (‘Neuropsy-
chol*’ OR ‘Cognitive’) AND (‘Rehabilitation’ OR ‘Training’ OR ‘Stimulation’). Study outcomes were
thematically classified and qualitatively synthesized. A structured quality assessment was performed.
A total of 24 articles were included, addressing neurodevelopmental (preterm infants and children
with autism spectrum disorder, Rett syndrome, or ADHD; N = 14), psychiatric (mood and anxiety
disorders or alcohol dependence; N = 7), and neurological conditions (stroke; N = 3). Overall, ET
gaze-contingent training proved to be effective in improving cognitive and emotional alterations.
However, population heterogeneity limits the generalizability of results. ET gaze-contingent pro-
tocols allow researchers to directly and dynamically train attentional functions; together with the
recruitment of implicit, “bottom-up” strategies, these protocols are promising and possibly integrable
with traditional cognitive approaches.

Keywords: eye-tracking; gaze-contingent training; brain disorders; attention; inhibition

Brain Sci. 2022, 12, 931. https://doi.org/10.3390/brainsci12070931 https://www.mdpi.com/journal/brainsci

https://doi.org/10.3390/brainsci12070931
https://doi.org/10.3390/brainsci12070931
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0001-5963-7426
https://orcid.org/0000-0001-5109-9483
https://orcid.org/0000-0002-7698-3854
https://doi.org/10.3390/brainsci12070931
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci12070931?type=check_update&version=1
user1
Evidenziato

user1
Evidenziato



NeuroImage: Clinical 35 (2022) 103145

Available online 5 August 2022
2213-1582/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Pallidal functional connectivity changes are associated with disgust 
recognition in pure motor amyotrophic lateral sclerosis 
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A B S T R A C T   

In the present study, we aimed to investigate the resting-state functional connectivity (RS-FC) of the globus 
pallidus (GP) in patients with amyotrophic lateral sclerosis (ALS) compared to healthy controls, and the rela
tionship between RS-FC changes and disgust recognition. Twenty-six pure-motor ALS patients and 52 healthy 
controls underwent RS functional MRI and a neuropsychological assessment including the Comprehensive Affect 
Testing System. A seed-based RS-FC analysis was performed between the left and right GP and the rest of the 
brain and compared between groups. Correlations between RS-FC significant changes and subjects’ performance 
in recognizing disgust were tested. Compared to controls, patients were significantly less able to recognize 
disgust. In ALS compared to controls, the seed-based analysis showed: reduced RS-FC between bilateral GP and 
bilateral middle and superior frontal and middle cingulate gyri, and increased RS-FC between bilateral GP and 
bilateral postcentral, supramarginal and superior temporal gyri and Rolandic operculum. Decreased RS-FC was 
further observed between left GP and left middle and inferior temporal gyri and bilateral caudate; and increased 
RS-FC was also shown between right GP and left lingual and fusiform gyri. In patients and controls, lower 
performance in recognizing disgust correlated with reduced RS-FC between left GP and left middle and inferior 
temporal gyri. In pure-motor ALS patients, we demonstrated altered RS-FC between GP and the rest of the brain. 
The reduced left pallidum-temporo-striatal RS-FC may have a role in the lower ability of patients in recognizing 
disgust.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal and heterogeneous 
neurodegenerative disease of the motor system and its wider connec
tions in which the possible presence of cognitive and/or behavioural 
symptoms is a universally known neuropsychological feature (McKenna 
et al., 2021). In the past few years, a growing literature focused on the 
study of social cognition in ALS, from emotional processing to others’ 

intention attribution. Emotional and social deficits in ALS have a great 
clinical impact, since they may influence the quality of life of patients 
and increase caregiver burden (Caga et al., 2019). Several studies on 
emotion perception impairment reported that ALS patients have a 
diminished psychophysiological arousal to emotional stimuli and diffi
culties in recognizing and attributing emotions (Andrews et al., 2017; 
Crespi et al., 2014; Girardi et al., 2011; Oh et al., 2016; Savage et al., 
2014; Zimmerman et al., 2007), judging socio-emotional stimuli as more 

Abbreviations: RS-FC, resting-state functional connectivity; GP, globus pallidus; CATS, Comprehensive Affect Testing System; RS fMRI, RS functional MRI. 
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Abstract
Introduction  Amyotrophic lateral sclerosis (ALS) individuals carrying the hexanucleotide repeat expansion (HRE) in the 
C9orf72 gene (C9Pos) have been described as presenting distinct features compared to the general ALS population (C9Neg). 
We aim to identify the phenotypic traits more closely associated with the HRE and analyse the role of the repeat length as 
a modifier factor.
Methods  We studied a cohort of 960 ALS patients (101 familial and 859 sporadic cases). Motor phenotype was determined 
using the MRC scale, the lower motor neuron score (LMNS) and the Penn upper motor neuron score (PUMNS). Neuropsy-
chological profile was studied using the Italian version of the Edinburgh Cognitive and Behavioral ALS Screen (ECAS), 
the Frontal Behavioral Inventory (FBI), the Beck Depression Inventory-II (BDI-II) and the State-Trait Anxiety Inventory 
(STAI). A two-step PCR protocol and Southern blotting were performed to determine the presence and the size of C9orf72 
HRE, respectively.
Results  C9orf72 HRE was detected in 55/960 ALS patients. C9Pos patients showed a younger onset, higher odds of bulbar 
onset, increased burden of UMN signs, reduced survival and higher frequency of concurrent dementia. We found an inverse 
correlation between the HRE length and the performance at ECAS ALS-specific tasks (P = 0.031). Patients also showed 
higher burden of behavioural disinhibition (P = 1.6 × 10–4), lower degrees of depression (P = 0.015) and anxiety (P = 0.008) 
compared to C9Neg cases.
Conclusions  Our study provides an extensive characterization of motor, cognitive and behavioural features of C9orf72-related 
ALS, indicating that the C9orf72 HRE size may represent a modifier of the cognitive phenotype.

Keywords  ALS · Frontotemporal dementia · Genetics · Motor neuron disease

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disorder characterized by a progressive loss of upper 
(UMN) and lower motor neurons (LMN). Approximately 
90% of ALS cases are sporadic (SALS), while the remain-
ing 10% are familial (FALS). Mutations in four main genes 
(C9orf72, SOD1, TARDBP and FUS) are responsible for 
up to 75% of FALS cases, with variants in > 25 other genes 
being relatively uncommon [1].

A (G4C2)n hexanucleotide repeat expansion (HRE) in 
the C9orf72 gene accounts for 30–50% of FALS, as well 
as 5–10% of SALS cases [2], and represents the most com-
mon genetic defect in ALS and in frontotemporal dementia 
(FTD) [3, 4].
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Abstract 

Background:  Neuropsychological testing plays a cardinal role in the diagnosis and monitoring of Alzheimer’s dis-
ease. A major concern is represented by the heterogeneity of the neuropsychological batteries currently adopted in 
memory clinics and healthcare centers. The current study aimed to solve this issue.

Methods:  Following the initiative of the University of Washington’s National Alzheimer’s Coordinating Center (NACC), 
we presented the Italian adaptation of the Neuropsychological Test Battery of the Uniform Data Set (I-UDSNB). We 
collected data from 433 healthy Italian individuals and employed regression models to evaluate the impact of demo-
graphic variables on the performance, deriving the reference norms.

Results:  Higher education and lower age were associated with a better performance in the majority of tests, while 
sex affected only fluency tests and Digit Span Forward.

Conclusions:  The I-UDSNB offers a valuable and harmonized tool for neuropsychological testing in Italy, to be used 
in clinical and research settings.

Keywords:  Neuropsychological tests, UDS, Alzheimer’s disease, Cognition

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Neuropsychological testing plays a central role in the 
diagnosis of Alzheimer’s disease (AD). The concept of 
AD as a biological diagnosis based on biomarker posi-
tivity has a clear relevance for research, but in most 
clinical settings, the presence of objective cognitive dys-
function is still representing a “gateway” for a decision 
about biomarker assessment. The presence of a specific 
profile of neuropsychological impairment, associated 
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Abstract
Background and purpose: Cognitive dysfunction has been observed following recovery 
from COVID-19. To the best of our knowledge, however, no study has assessed the pro-
gression of cognitive impairment after 1 year. The aim was to assess cognitive functioning 
at 1 year from hospital discharge, and eventual associations with specific clinical variables.
Methods: Seventy-six patients (aged 22–74 years) who had been hospitalized for 
COVID-19 were recruited. Patients received neuropsychological assessments at 5 (n = 76) 
and 12 months (n = 53) from hospital discharge.
Results: Over half (63.2%) of the patients had deficits in at least one test at 5 months. 
Compared to the assessment at 5  months, verbal memory, attention and processing 
speed improved significantly after 1 year (all p < 0.05), whereas visuospatial memory did 
not (all p > 0.500). The most affected domains after 1 year were processing speed (28.3%) 
and long-term visuospatial (18.1%) and verbal (15.1%) memory. Lower PaO2/FiO2 ratios 
in the acute phase were associated with worse verbal long-term memory (p = 0.029) and 
visuospatial learning (p = 0.041) at 5 months. Worse visuospatial long-term memory at 
5 months was associated with hyposmia (p = 0.020) and dysgeusia (p = 0.037).
Conclusion: Our study expands the results from previous studies showing that cognitive 
impairment can still be observed after 1 year. Patients with severe COVID-19 should re-
ceive periodic cognitive follow-up evaluations, as cognitive deficits in recovered patients 
could have social and occupational implications.

K E Y W O R D S
COVID-19, cognition, long-COVID, neuropsychological evaluation
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Progressive motor neuron syndromes with single CNS lesions and CSF 
oligoclonal bands: never forget solitary sclerosis!
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Abstract
We describe 3 cases of solitary sclerosis (SS), a rare condition characterized by a single inflammatory demyelinating lesion 
in the white matter of the brain or spinal cord. All patients had progressive limb motor impairment (patient 1, 66-year-old 
female: left spastic hemiparesis; patient 2, 39-year-old male: right spastic hemiparesis; patient 3, 42-year-old female: proximally 
predominant left upper limb weakness with amyotrophy and fasciculations). In all patients, MRI disclosed a single small 
T2-hyperintense demyelinating lesion: in the right anterior paramedian upper medulla, in the median-left paramedian anterior 
lower medulla, and in the left paramedian anterior cervical spinal cord at C4 level, respectively. In patients 1 and 2, transcranial 
magnetic stimulation (TMS) demonstrated altered motor evoked potentials (MEPs) and increased central motor conduction 
time (CMCT) in the affected limbs; in patient 3, needle EMG revealed chronic neurogenic changes in C5–C7 muscles of left 
upper limb. Patients 1 and 2 had normal brain 18F-fluorodeoxyglucose positron emission tomography (18F-FDG PET). CSF 
analysis demonstrated IgG oligoclonal bands in all patients. In patients 2 and 3, levels of neurofilament light chain (NFL) in 
CSF and serum, respectively, were within normal limits. The three cases were consistent with the diagnosis of SS. Notably, 
while the first two cases mimicked Mills’ syndrome (the hemiparetic variant of primary lateral sclerosis, PLS), the third one 
was rather reminiscent of amyotrophic lateral sclerosis (ALS). This suggests including SS in the differential diagnosis not 
only of PLS, but also of ALS. We also report the first quantification of NFL levels in SS.

Keywords  Solitary sclerosis · Demyelinating diseases · Primary lateral sclerosis (PLS) · Motor neuron disease (MND) · 
Cerebrospinal fluid (CSF) · Oligoclonal bands
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Cerebrospinal fluid/serum albumin quotient (Q‑Alb) is not increased 
in Alzheimer’s disease compared to neurological disease controls: 
a retrospective study on 276 patients
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Abstract
Background  The cerebrospinal fluid (CSF)/serum albumin quotient (Q-Alb) is a marker of the blood-CSF barrier (BCSFB) 
and possibly of the blood–brain barrier (BBB). The latter is known to be altered in Alzheimer’s disease (AD) based on neu-
ropathological and neuroimaging studies. Following investigations performed on clinically diagnosed cohorts, we aimed at 
comparing Q-Alb in cognitively impaired patients with neurochemical demonstration of AD pathophysiology and neurologi-
cal disease controls (NDCs).
Methods  We evaluated N = 144 AD patients (MCI, N = 43; AD dementia — ADD, N = 101) and N = 132 NDCs. AD patients 
were all A + according to the A/T/N framework and were neurochemically classified based on T and N parameters.
Results  Q-Alb did not significantly differ between AD patients and NDCs. Moreover, it was not associated with disease 
stage (MCI vs. ADD), MMSE score, or CSF AD biomarkers.
Discussion  Our study indicates that BCSFB dysfunction is not a specific feature of AD. When interpreting Q-Alb as a marker 
of the BBB, the lack of difference from NDCs might be due to BBB dysfunction widely occurring in other neurological, 
non-degenerative, conditions or — more probably — to low sensitivity of this biochemical parameter towards subtle BBB 
alterations causing leakage of molecules smaller than albumin. Furthermore, Q-Alb is not associated with the degree of 
global cognitive deterioration in AD, nor with CSF AD neurochemical biomarkers.

Keywords  Albumin quotient (Q-Alb) · Alzheimer’s disease (AD) · Cerebrospinal fluid (CSF) · Blood-brain barrier (BBB) · 
Blood-cerebrospinal fluid barrier (BCSFB)

Background

The cerebrospinal fluid (CSF)/serum albumin quotient 
(Q-Alb) provides an estimation of the function of the blood-
CSF barrier (BCSFB) [1]. In a broader sense, Q-Alb might 

be regarded as a marker of the blood–brain barrier (BBB) 
[2]. Neuropathological and neuroimaging evidence indicates 
BBB dysfunction in Alzheimer’s disease (AD) [3]. Accord-
ingly, Q-Alb has been reported to be elevated in AD, com-
pared to healthy controls [2, 4, 5]. However, this finding has 
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ABSTRACT
Objective  Elevated levels of neurofilament light (NfL) 
and heavy (NfH) chain in amyotrophic lateral sclerosis 
(ALS) cerebrospinal fluid (CSF) and serum reflect 
neuro-axonal degeneration and are used as diagnostic 
biomarkers. However, studies comparing the differential 
diagnostic potential for ALS of all four parameters are 
missing. Here, we measured serum NfL/NfH and CSF 
NfL/NfH in a large cohort of ALS and other neurological 
disorders and analysed the differential diagnostic 
potential.
Methods  In total CSF and serum of 294 patients 
were analysed. The diagnostic groups comprised: ALS 
(n=75), frontotemporal lobar degeneration (FTLD) 
(n=33), Alzheimer’s disease (n=20), Parkinson’s disease 
(dementia) (n=18), Creutzfeldt-Jakob disease (n=11), 
non-neurodegenerative controls (n=77) (Con) and 60 
patients who were seen under the direct differential 
diagnosis of a patient with ALS (Con.DD).
Results  CSF and serum NfL and NfH showed 
significantly increased levels in ALS (p<0.0001) 
compared with Con and Con.DD. The difference between 
ALS and FTLD was markedly stronger for NfH than 
for NfL. CSF and serum NfL demonstrated a stronger 
correlation (r=0.84 (95% CI 0.80 to 0.87), p<0.001) 
than CSF and serum NfH (r=0.68 (95% CI 0.61 to 
0.75), p<0.0001). Comparing ALS and Con.DD, receiver 
operating characteristic analysis revealed the best area 
under the curve (AUC) value for CSF NfL (AUC=0.94, 
95% CI 0.91 to 0.98), followed by CSF NfH (0.93, 95% 
CI 0.88 to 0.98), serum NfL (0.93, 95% CI 0.89 to 0.97) 
and serum NfH (0.88, 95% CI 0.82 to 0.94).
Conclusion  Our results demonstrate that CSF NfL 
and NfH as well as serum NfL are equally suited for the 
differential diagnosis of ALS, whereas serum NfH appears 
to be slightly less potent.

INTRODUCTION
Neurofilaments as cytoskeletal proteins of 
neurons are widely accepted as markers of 
axonal damage in various diseases including 
amyotrophic lateral sclerosis (ALS).1–4 ALS, a 
severe neurodegenerative disease characterised 
by the dysfunction and death of the upper and 
lower motor neurons, affects approximately 
2.6–3.0 in 100 000 individuals and leads to 

death on average 3 years after first clinical 
symptoms.5 6 In patients with ALS cerebrospinal 
fluid (CSF) and serum levels of neurofilament 
light (NfL) and heavy (NfH) chain are elevated 
compared with most other neurological disor-
ders.7 Furthermore, neurofilaments in CSF and 
serum of patients with ALS are elevated early 
in the disease, which allows the diagnosis to be 
supported at a stage when possible treatment 
strategies could still be disease modifying.8 
Hence, at present, neurofilaments represent the 
most promising biomarker candidates to enter 
the clinical routine supporting the differential 
diagnosis and prognosis of ALS, the stratifica-
tion of patients in clinical trials and the moni-
toring of therapeutic effects.9–13 However, so far 
analyses investigating and comparing the differ-
ential diagnostic potential of CSF NfL and NfH 
as well as serum NfL and NfH in ALS in a single 
study are missing. Here, we apply the same 
microfluidic system for the analysis of all four 
markers in a group of patients with neurological 
disorders including ALS, frontotemporal lobar 
degeneration (FTLD), Alzheimer’s disease (AD), 
Parkinson’s disease (PD) and PD with dementia 
(PDD), Creutzfeldt-Jakob disease (CJD), a 
cohort of non-ALS patients whose initial differ-
ential diagnosis included ALS (Con.DD) as 
well as non-neurodegenerative control patients 
(Con). Furthermore, we perform correlations 
and compare by receiver operating characteristic 
(ROC) analysis the individual potential of the 
four neurofilament parameters for the discrimi-
nation of ALS from Con and Con.DD.

METHODS
Patients
All CSF and serum specimen examined in this study 
were from patients of the Department of Neurology 
Ulm (between 2014 and 2020) with the exception 
of patients with CJD, which were seen in the unit 
for transmissible spongiform encephalopathies 
of the Department of Neurology in Göttingen 
(1997–2003).

Neurofilaments were measured in CSF and serum 
of seven different diagnostic groups comprising 
ALS, FTLD, PD/PDD, AD, CJD, Con.DD and Con.
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less power for serum NfH in the (differential) diagnosis of 
ALS. These results confirm studies on either NfH or NfL in 
ALS which also reported a better discrimination for CSF NfH 
compared with blood NfH34 40 as well as similar good results 
for the NfLs.32 33 One possible explanation for the slightly 
worse performance of serum NfH and the weaker correlation 
of CSF and serum NfH might be that the heavily phosphory-
lated NfH in the blood stream is more prone to changes of its 
post-translational modifications and/or masking of its epitopes 
leading to a slightly lower affinity of the detecting antibodies. 
In contrast to our results, one study using ELISAs for anal-
ysis found a slightly better potential of CSF NfH compared 
with CSF NfL in discriminating ALS from disease mimics.41 
The same study also reported a better potential of CSF NfH 
compared with CSF NfL in discriminating ALS from disease 
controls. As the disease control group of the colleagues also 
comprised neurodegenerative patients, in fact many FTLD 
cases, this result, however, is not necessarily contradictory to 
our findings as we compared the ALS neurofilament levels to 
non-neurodegenerative controls. If anything the results could 
underline the higher potential of CSF NfH in the discrimina-
tion of ALS and FTLD as we describe above. The combinations 
of CSF NfL and NfH as well as serum NfL and NfH levels did 
not prominently improve the differential potential (data not 
shown). However, as our findings demonstrate, a complemen-
tary use of NfL and NfH could be beneficial in certain differ-
ential diagnostic questions and merits further investigation.

To conclude, we here propose that for the diagnosis and 
differential diagnosis of ALS, CSF and serum NfL as well 
as CSF NfH are equally well suited. For the discrimination 
between ALS and bvFTD our data suggests CSF NfH to be 

preferable, however, more research is needed for example, 
on the clearance mechanism of NfH to better understand 
possible differences regarding neurofilaments between the 
two diseases.

Author affiliations
1Neurology, University of Ulm, Ulm, Germany
2Department of Neurology - Stroke Unit and Laboratory of Neuroscience, Istituto 
Auxologico Italiano Istituto di Ricovero e Cura a Carattere Scientifico, Milano, Italy
3Department of Pathophysiology and Transplantation, “Dino Ferrari” Center, 
Università degli Studi di Milano, Milano, Italy
4Department of Neurology, Institute for Neurodegeneration, Universitätsmedizin 
Mannheim, Mannheim, Germany
5Deutsches Zentrum für Neurodegenerative Erkrankungen (DZNE e.V.), Ulm, Germany
6Department of Geriatrics, University Medical Center, Göttingen, Germany
7Department of Neurology, University Hospital Rechts der Isar, Munich, Bayern, 
Germany
8Institute for Epidemiology and Medical Biometry, Ulm University, Ulm, Germany
9Department of Neurology, University clinic, Martin Luther University Halle-
Wittenberg, Halle (Saale), Germany

Acknowledgements  We like to thank Stephen Meier (Department of Neurology, 
Ulm University) for his expert technical assistance and all patients for participating 
in this study.

Contributors  All authors made substantial contributions to conception and design, 
and/or acquisition of data, and/or analysis and interpretation of data. All authors 
gave final approval of the version to be submitted and agree to be accountable for 
all aspects of the work in ensuring that questions related to the accuracy or integrity 
of any part of the work are appropriately investigated and resolved.Conception 
and design of the study: SH, PS and MO; Sample collection and data management: 
SH, PS, FV, JW, PO, CVA, JD, EF, BM, AR, VS, ACL and MO; Study management 
and coordination: SH, MO; Statistical methods and analysis: SH, PS, BM and MO; 
Interpretation of results: SH, PS, FV, JW, PO, CVA, JD, EF, BM, AR, VS, ACL and MO; 
Manuscript writing (first draft): SH and MO; Critical revision of the manuscript: SH, 
PS, FV, JW, PO, CVA, JD, EF, BM, AR, VS, ACL and MO.

Funding  This study was supported by the EU Joint Programme-Neurodegenerative 
Diseases networks Genfi-Prox (01ED2008A), the German Federal Ministry of 
Education and Research (FTLDc 01GI1007A), the EU (Moodmarker) programme 
(01EW2008), the German Research Foundation/DFG (SFB1279), the foundation 
of the state Baden-Württemberg (D.3830), Boehringer Ingelheim Ulm University 
BioCenter (D.5009), the Thierry Latran Foundation (D.2468) and the ALS association 
(D.5809).

Competing interests  SH, PS, FV, JW, PO, JD, EF, BM, AR, VS and ACL report no 
competing interests. CVA received honoraria from serving on the scientific advisory 
board of Biogen, Roche, and Willmar Schwabe & Co. KG and has received funding 
for travel and speaker honoraria from Lilly GmbH, Daiichi Sankyo, Biogen, Roche 
diagnostics AG and Willmar Schwabe GmbH &Co. KG and has received research 
support from Roche diagnostics AG. MO gave scientific advice for Fujirebio, Roche, 
Biogen and Axon.

Patient consent for publication  Not required.

Ethics approval  The study was approved by local Ethics Commitees (approval 
numbers: Ulm 20/10, Göttingen 100305) and conducted following the Declaration 
of Helsinki. All participants gave their written informed consent to participate in the 
study.

Provenance and peer review  Not commissioned; externally peer reviewed.

Figure 3  Comparison of neurofilament ROC analyses of ALS versus Con 
and Con.DD. (A) ROC curves for the discrimination of ALS and Con for CSF 
and serum NfL and NfH. (B) ROC curves for the discrimination of ALS and 
Con.DD for CSF and serum NfL and NfH. ALS, amyotrophic lateral sclerosis; 
AUC, area under the curve; Con, non-neurodegenerative control patients; 
Con.DD, control patients with initial diagnostic suspicion of ALS but final 
diagnosis of different condition; NfL, neurofilament light chain; NfH, 
neurofilament heavy chain; ROC, receiver operating characteristic.

Table 3  Sensitivity and specificity of CSF and serum NfL and NfH for discrimination between ALS and con and between ALS and Con.DD

ALS vs Con
ALS vs Con.DD Discrimination Calculated cut-off (pg/mL)

Sensitivity
(95% CI) (%)

Specificity
(95% CI) (%)

Positive likelihood
ratio (95% CI) (%)

CSF NfL vs Con
vs Con.DD

>1324
>1599

87 (77 to 94)
83 (72 to 91)

90 (81 to 96)
96 (87 to 99)

9 (4 to 18)
22 (6 to 88)

CSF NfH vs Con
vs Con.DD

>1598
>1754

88 (78 to 95)
85 (75 to 92)

90 (80 to 96)
94 (85 to 98)

8 (4 to 17)
15 (5 to 46)

Serum NfL vs Con
vs Con.DD

>45
>34

87 (77 to 93)
93 (85 to 98)

90 (81 to 95)
80 (68 to 90)

8 (4 to 16)
5 (3 to 8)

Serum NfH vs Con
vs Con.DD

>529
>677

79 (68 to 87)
75 (63 to 84)

88 (79 to 95)
96 (88 to 99)

6 (4 to 13)
21 (5 to 82)

ALS, amyotrophic lateral sclerosis; CI, confidence interval; Con, non-neurodegenerative control patients; Con.DD, patients with initial diagnostic suspicion of ALS but final 
diagnosis of different condition; CSF, cerebrospinal fluid; NfH, neurofilament heavy chain; NfL, neurofilament light chain.
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Christopher E. Shaw9, Peter M. Andersen56, Allan F. McRae3, Michael A. van Es1, 
R. Jeroen Pasterkamp57, Naomi R. Wray3,44, Russell L. McLaughlin58, Orla Hardiman59,  
Kevin P. Kenna1,57, Ellen Tsai7, Heiko Runz7, Ammar Al-Chalabi9,60, Leonard H. van den Berg1, 
Philip Van Damme4,5,6, Jonathan Mill2‡, Jan H. Veldink1*‡

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with an estimated heritability between 
40 and 50%. DNA methylation patterns can serve as proxies of (past) exposures and disease progression, as well 
as providing a potential mechanism that mediates genetic or environmental risk. Here, we present a blood-based 
epigenome-wide association study meta-analysis in 9706 samples passing stringent quality control (6763 patients, 
2943 controls). We identified a total of 45 differentially methylated positions (DMPs) annotated to 42 genes, 
which are enriched for pathways and traits related to metabolism, cholesterol biosynthesis, and immunity. We 
then tested 39 DNA methylation–based proxies of putative ALS risk factors and found that high-density lipoprotein 
cholesterol, body mass index, white blood cell proportions, and alcohol intake were independently associated 
with ALS. Integration of these results with our latest genome-wide association study showed that cholesterol 
biosynthesis was potentially causally related to ALS. Last, DNA methylation at several DMPs and blood cell 
proportion estimates derived from DNA methylation data were associated with survival rate in patients, suggest-
ing that they might represent indicators of underlying disease processes potentially amenable to therapeutic 
interventions.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative 
disorder characterized by progressive degeneration of motor neu-
rons in the brain and spinal cord (1). The disease affects about 1 in 
350 people, with death typically occurring within 2 to 5 years after 
onset. The heritability of ALS is estimated to be around 50% (2), 
showing that a considerable portion of the risk could be conferred 
by environmental and lifestyle risk factors. However, the identifica-
tion of these factors has proven difficult because of several challenges 
such as recall and measurement bias, resulting in a large body of 
literature with conflicting results and only a few established factors 
related to ALS risk or patient survival (3–6). Epigenetic patterns, 
which act at the interface between genes and environment, can serve 
as proxies of (past) exposures, therefore enabling the study of these 
exposures and putative risk factors. Moreover, the identification of 

ALS-associated epigenetic factors could provide insights into disease 
etiology and disease processes.

DNA methylation is one of the best characterized and most stable 
epigenetic modifications and plays an important role in gene regu-
lation, genomic stability, and genomic imprinting (7–9). The develop-
ment of standardized assays for quantifying DNA methylation has 
enabled the systematic analysis of associations between methylomic 
variation and a wide range of human diseases, including cancer, 
schizophrenia, and various neurodegenerative diseases (10, 11). DNA 
methylation in whole blood captures a wide range of putative ALS 
risk factors at a molecular level, including smoking, alcohol intake, 
body mass index (BMI), biological age, and various metabolic and 
inflammatory proteins (12–18). Leveraging DNA methylation as 
proxies for these risk factors offers several advantages because it is 
(i) not prone to recall bias (relevant for smoking and alcohol), (ii) may 
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capture information not (accurately) captured by the self-report (such 
as passive and past smoking) and provides a quantifiable measure 
(19), and (iii) is relatively stable in the short term [especially rele-
vant for immunological proteins (18)]. Moreover, many risk factor 
studies have been conducted in small samples (3, 6), whereas our 
large DNA methylation study can provide a well-powered alternative 
that jointly considers the molecular correlates of many risk factors. 
We, therefore, performed a blood-based DNA methylation study of 
ALS incorporating 9706 samples that passed stringent quality control.

RESULTS
Epigenome-wide association study meta-analysis of ALS 
identifies 45 DMPs
We quantified genome-wide DNA methylation in whole blood 
from 10,462 individuals using the Illumina HumanMethylation450 
(450 k) array (6275 samples) and the Illumina MethylationEPIC 
(EPIC) array (4187 samples). We merged individual-level DNA 
methylation array data from 14 countries into four strata (MinE 450 K, 
MinE EPIC, AUS1, and AUS2; see Materials and Methods and 
fig. S1). A total of 6763 patients with ALS and 2943 control individuals 
passed our stringent quality control, which was followed by nor-
malization of signal intensities in each stratum (Table 1, data file S1, 
and tables S1 to S5). Samples excluded from our analyses did not 
show different demographic or clinical characteristics compared 
to the subset selected for analyses (data file S2).

We performed an epigenome-wide association study (EWAS) in 
each of the four strata using two methods to adjust for known and 
unknown confounders. First, we used a linear model adjusting for 
known confounders and a calibrated number of principal components 
(PCs) to adjust for unknown confounding factors (fig. S2), followed 
by correction for residual bias and inflation in test statistics using 
bacon (hereafter referred to as the LB model) (20). Second, we used 
MOA (mixed linear model–based omic association) as implemented 
in the OSCA software in which the random effect of total genome-
wide DNA methylation captures the correlation structure between 
probes and directly controls for the genomic inflation (21). The MOA 
algorithm did not converge for the AUS2 stratum, resulting in a total 
sample size of 9459 for the MOA results. Test statistics across strata 
were combined using an inverse variance-weighted (IVW) fixed-effects 
meta-analysis (22). Inflation of the test statistics was well controlled 
in both the LB ( = 1.046; Fig. 1) and the MOA results, respectively 
( = 0.984; Fig. 1), and we observed little heterogeneity between 
strata (figs. S3 to S5). Various sensitivity analyses indicated that the 
results were robust to changes in analysis strategy, including adjust-
ment for population stratification (10 genetic PCs), using M values 
instead of  values, using functional normalization (23) instead of 
dasen (24), and excluding specific strata or experimental batches 
(figs. S6 to S8). Last, application of a method that we recently 
described (25) led to the removal of likely cross-hybridizing probes, 
including four probes that showed high homology to the C9orf72 
repeat locus (fig. S9). In total, 724,712 positions passed quality control 
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SHORT REPORT

Expanding the phenotype of TARDBP mutation in a Tunisian family
with clinical phenotype heterogeneity

IMEN KACEM1,2,3, IKRAM SGHAIER1,3, NICOLA TICOZZI4,5, SALOUA MRABET1,2,3

, SILVIA PAVERELLI4, AMINA NASRI1,2,3, ANTONIA RATTI4,6, MOUNA BEN
DJEBARA1,2,3, AMINA GARGOURI-BERRACHID1,2,3, VINCENZO SILANI4,5,7 &
RIADH GOUIDER1,2,3

1Neurology Department, LR18SP03, Razi Universitary Hospital, Tunis, Tunisia, 2Faculty of Medicine of Tunis,
University of Tunis El Manar, Tunis, Tunisia, 3Clinical Investigation Center (CIC) "Neurosciences and Mental
Health", Razi Universitary Hospital, Tunis, Tunisia, 4Department of Neurology and Laboratory of Neuroscience,
Istituto Auxologico Italiano, IRCCS, Milan, Italy, 5Department of Pathophysiology and Transplantation, "Dino
Ferrari" Center, Universit�a degli Studi di Milano, Milan, Italy, 6Department of Medical Biotechnology and
Translational Medicine, Universit�a degli Studi di Milano, Segrate, Milan, Italy, 7Aldo Ravelli” Center for
Neurotechnology and Experimental Brain Therapeutics, Universit�a degli Studi di Milano, Milan, Italy

Abstract
We describe a Tunisian family carrier of the same rare mutation in TARDBP but developing different neurodegenerative
disease with heterogenous features. We explored the possible genetic modifiers leading to the observed intrafamilial
phenotypic variability. Genetic analysis identified TARDBP p.G294A mutation among4 members. Additionally, the ALS
case was muted in GBA. While the three cases of AD were carriers of PRKN and GBA mutations. Finally, the FTD-
parkinsonism patient was mutated for LRRK2 p.G2019S that might increase his susceptibility to develop Parkinsonism
spectrum. Genetic variants of TARDBP may influence the clinical manifestation in ALS case.

Keywords: TARDBP, oligogenic profile, inbreeding, heterogeneity, modulators, biomarker, DNA, genetics

Introduction

Amyotrophic lateral sclerosis (ALS), frontotempo-
ral dementia (FTD), and Alzheimer disease (AD)
are very prevalent neurodegenerative diseases
(NDD) worldwide related to aging (1). Despite
the heterogeneity of their clinical features, they
share a common pathological process which is the
aggregation of specific abnormal proteins (2–4).
We present an inbred Tunisian family character-
ized by wide clinical phenotype heterogeneity.

Clinical report

We considered a large Tunisian family showing
multiple cases of consanguineous marriage and a
wide clinical heterogeneity among the offspring,
including ALS, AD, FTD with Parkinsonism and
psychiatric disorders. A genetic screening was

conducted using target panel comprised 48 genes
associated to the ALS-FTD spectrum, AD and
Parkinson’s disease namely ALS2, ANG, DCTN1,
FUS, HNRNPA1, HNRNPA2B1, MATR3, NEK1,
OPTN, PFN1, SETX, SOD1, SPAST, SPG11,
SQSTM1, TARDBP, TBK1, TUBA4A, UBQLN2,
VAPB, CHM2B, GRN, MAPT, PRNP, VCP,
APOE, APP, PSEN1, PSEN2, TREM2, ATP13A2,
DJ1, DNAJ6, EIF4G1, FBXO7, GBA, GCH1,
LRRK2, PARK2, PINK1, PLA2G6, PRKRA,
SNCA, TAF1, TH, CHL1, VPS13C, VPS35 as
well as a two-step protocol was followed for the
detection of the hexanucleotide repeat expansion
in the C9orf72 gene. We found the TARDBP
p.G294Amutation, in 4 family members affected
by ALS (IV-1), AD (IV-3 and IV-4), and FTD
with parkinsonism (III-5). The NGS analysis
revealed additional pathogenic mutations in ALS
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a b s t r a c t 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease. To date, mutations in more than 

30 genes have been linked to familial ALS forms. However, no mutational screenings have been reported 

in African populations so far. We aimed to investigate the presence of rare genetic variants in the 4 most 

common ALS causative genes among a Tunisian cohort. Patients were screened for mutations in SOD1 

(exons 1-5), TARDBP (exon 6), FUS ( exons 5, 6, 13/14, and 15). Juvenile AL S (JAL S) patients were screened 

also for ALS2 (exons 3, 10, 28). Analysis of C9ORF72 was conducted by fluorescent amplicon-length anal- 

ysis and repeat-primed PCR. We analyzed 197 Tunisian ALS patients, including 11 familial forms (fALS) 

with 17 ALS cases, 167 sporadic (sALS) and 13 JALS cases. The pathogenic variant TARDBP p.G294A mu- 

tation was reported among 18 patients. Repeat expansion in C9orf72 was recorded in 9 patients. Inter- 

estingly, 2 unrelated patients carried a double mutation in both C9orf72 and TARDBP genes. Finally, the 

p.Asp91Val mutation in SOD1 was identified among 4 cases in homozygous state including 3 sALS and 1 

familial JALS with recessive inheritance. No pathogenic variants in FUS were identified, nor ALS2 variants 

in JALS cases. In our Tunisian cohort the most frequently mutated gene is TARDBP (9.4%), followed by 

C9orf72 ( 3.9%) and SOD1 (2.1%). Our study broadens the mutational spectrum in patients with ALS and 

defines for the first time the mutational frequency of the main ALS genes in patients of African ethnicity. 

© 2022 Elsevier Inc. All rights reserved. 

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative 

disease, affecting upper and lower motor neurons leading to a pro- 

gressive weakness and culminating in death typically, in 2–5 years 

after symptom onset ( Al-Chalabi et al., 2016 ). ALS etiology remains 

elusive and its complexity is partly due to the wide genetic and 

phenotypic heterogeneity of the familial and sporadic forms ( Chiò

et al., 2020 ). 

∗ Corresponding author at: Neurology Department, LR18SP03, Razi Hospital, Razi 

Hospital La Manouba 2010 Tunis, Tunisia. Tel.: + 0 0216 71 60 0 339 ×522; fax: 

+ 00216 71 601 300. 

E-mail address: riadh.gouider@gnet.tn (R. Gouider). 

The mechanisms of neurodegeneration among ALS cases are not 

fully clear. Indeed, there are several cellular and molecular pro- 

cesses and pathways associated to ALS pathogenesis ( Turner et al., 

2013 ). These include toxic protein aggregation that can trig- 

ger motoneuron death, such as the nuclear TAR DNA-binding 

protein 43(TDP-43), superoxide dismutase 1( SOD1 ) and ubiquilin 

2( UBQLN2 ). Moreover, the dysregulation of RNA metabolism may 

leads to abnormalities in RNA processing and transport( TARDBP 

and FUS ) as well as the formation of pathological RNA foci and 

dipeptide proteins with nucleolar impairment ( C9orf72 ) ( Kim et al., 

2020 ). 

Therefore, the 4 main ALS-related genes, SOD1, C9orf72, 

TARDBP ,and FUS, may have an appreciable influence on ALS 

phenotype ( Kim et al., 2020 ), although their mutational fre- 

quency strongly depends on the ancestral origins of ALS patients 

0197-4580/$ – see front matter © 2022 Elsevier Inc. All rights reserved. 
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Novel THAP1 missense variant with incomplete penetrance in a case of generalized young onset 
dystonia showing good response to deep brain stimulation  

A R T I C L E  I N F O   

Keywords 
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Generalized dystonia 
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Incomplete penetrance 
Pathogenic variant 

A B S T R A C T   

We describe a case of young onset generalized dystonia, harboring a previously unreported likely pathogenic 
THAP1 missense variant (c.109 G > A; p.Glu37Lys) that was inherited from her unaffected father. Moreover, we 
report a positive effect of deep brain stimulation, particularly on the cervical component of dystonia.   

THAP1 (MIM* 609520) is an established dystonia-associated gene, 
and several causative variants have been described, including both 
truncating and missense variants [1]. THAP1 pathogenic variants are 
associated with penetrance as low as 10% [2] Herein, we report a case of 
young onset generalized dystonia with prominent cervical and bulbar 
involvement, carrying a novel likely pathogenic THAP1 missense variant 
with incomplete penetrance, who showed good response to bilateral 
globus pallidus internus (GPi) deep brain stimulation (DBS), particularly 
in the cervical district. 

A now 27-year-old female patient of Irish and Italian ancestry pre
sented at the age of 14 with cervical dystonia that over the years spread 
to involve the upper and lower limbs, and orolingual region. 

Neurological examination showed left torticollis, right laterocollis 
and mild retrocollis. Neck posture improved with a sensory trick, i.e. 
touching her left ear or the back of her head. Her speech was markedly 
dysarthric, due to jaw tightness and involuntary tongue rolling. There 
were dystonic posturing of the right arm, shoulder elevation, and 
abnormal wrist extension when the patient attempted to hold a pen and 
write. Moreover, inward turning of the right foot could be seen during 
walking. On the severity subscale of the revised Toronto Spasmodic 
Torticollis Rating Scale (TWSTRS-2) the patient showed a score of 19 
(Table 1). 

Because the patient only responded partially to botulinum toxin, she 
underwent bilateral DBS targeting the GPi at age 25. Following DBS, 
substantial improvement in the severity of dysarthria and cervical dys
tonia was observed. Specifically, the patient showed a 7-point decrease 
of her TWSTRS-2 score (Table 1), mostly due to reduced torticollis and 
better range of motion. Such improvement was stable two years after 
surgery. 

To investigate a possible genetic etiology, an extensive panel for 
dystonia was ordered, which identified a previously unreported variant 
in THAP1 (NM_018105.2; exon 2 c.109 G > A; p.Glu37Lys), inherited 
from her unaffected father. Only one carrier (1/125,682) is reported in 
the genome aggregation database (gnomAD v2.1.1; https://gnomad. 
broadinstitute.org/). Whole-exome sequencing was additionally per
formed as reported elsewhere [3]. This analysis excluded additional 
relevant pathogenic variants in an extended list of genes linked to 

movement disorders or other de novo or bi-allelic variants in novel 
candidate disease-associated genes (Supplemental Table 1). According 
to ACMG/AMP guidelines, this variant is classified as likely pathogenic, 
meeting 2 moderate evidence (PM1, PM2) and 2 supporting evidence 
criteria (PP3, PP4) [4]. 

In summary, we report a novel missense variant in THAP1 in a case 
with a phenotype highly consistent with that of THAP1-related dystonia, 
including prominent cranio-cervical involvement. Given its low pene
trance, determining whether a newly identified variant in THAP1 is 
pathogenic with incomplete penetrance or benign can be a complex task. 
As for this case, the typical clinical presentation, the extreme rarity of 
the variant in healthy controls, together with a Combined Annotation 
Dependent Depletion (CADD) score of 24.9 (which puts the variant 
among the 1% most deleterious in the genome), strongly support its 
pathogenic role. Moreover, the variant is located within the DNA- 
binding domain of the protein, where majority of pathogenic variants 
identified up to date are found. Finally, the absence of additional 
pathogenic variants in established or novel candidate genes, further 
reinforces the likely pathogenic role of this variant. 

While positive responses to GPi DBS are consistently reported in 
cases with TOR1A or KMT2B -related dystonia [3,5], DBS outcome in 
cases with THAP1-related dystonia is less predictable. The reason of this 
variability is still unclear but can be partially explained by its allelic 
heterogeneity, and the fact that dystonia affecting the bulbar region, 
which is often prominent in THAP1 dystonia, is usually less responsive to 
DBS treatment [5]. Our case confirms this notion, by showing significant 
improvement of cervical dystonia without substantial change in oro
mandibular dystonia. 
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Table 1 
Severity subscale of the revised Toronto Spasmodic Torticollis Rating Scale 
(TWSTRS-2), showing sustained improvement two years after DBS.   

Before DBS 2 years after DBS 

Rotation 3 0 
Laterocollis 3 2 
Shoulder elevation/displacement 2 1 
Duration of CD during exam 4 4 
Range of motion 3 1 
Time holding head in midline 4 4 
TOTAL 19 12  
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Novel bi-allelic FBXO7 variants in a family with early-onset typical Parkinson’s disease  

A R T I C L E  I N F O   
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A B S T R A C T   

Bi-allelic mutations in FBXO7 are classically associated with a complex phenotype, known as parkinsonian- 
pyramidal syndrome. We describe two brothers affected by typical early onset Parkinson’s disease (EOPD), 
who carry novel compound heterozygous variants in FBXO7. Our report highlights that typical EOPD can be part 
of an expanding FBXO7-related phenotype.   

1. Main text 

Early onset Parkinson’s Disease (EOPD) is defined by appearance of 
motor symptoms before the age of 50. A substantial number of EOPD 
cases has a genetic etiology. FBXO7 belongs to a group of genes (also 
including PLA2G6, DNAJC6), whose variants are usually associated with 
complex syndromes including parkinsonism plus other features such as 
generalized dystonia, pyramidal signs, eye movement abnormalities, 
early cognitive decline, prominent bulbar dysfunction, and an aggres
sive disease course with limited response to dopaminergic treatments 
[1]. On the contrary, genes like PRKN, PINK1 and DJ1 are associated 
with typical levodopa-responsive parkinsonism presenting with tremor, 
rigidity, bradykinesia, and occasionally exercise-induced dystonia [1]. 

Herein, we report the case of two brothers carrying novel compound 
heterozygous variants in FBXO7, who presented with typical DOPA- 
responsive EOPD. 

Patient 1 is a 49-year-old male who presented at the age of 45 with 
six months of left arm rigidity, tremor, loss of dexterity, and progressive 
gait unsteadiness. Retrospectively, he reported a history of REM Sleep 
Behavior Disorder (RBD) since the age of 30. On examination, he 
exhibited asymmetric parkinsonism with mild left-sided bradykinesia 
and rigidity, reduced left arm swing, and mildly reduced stride length. 
His symptoms showed a good motor response to levodopa. Over the 
following five years, he developed camptocormia and markedly reduced 
stride length, along with progressive hypomimia, hypophonia, micro
graphia, and drooling. 

Patient 2, the older brother of Patient 1, is a 51-year-old who pre
sented at the age of 45 with two years of progressively slow movements 
and bilateral loss of hand dexterity. On examination, he had mild 
hypomimia, mild hypophonia, asymmetric bradykinesia (left greater 
than right) and rigidity, absent arm swing bilaterally, and slightly 
reduced stride length bilaterally. Motor symptoms responded well to 
low-dose levodopa. Over time, he also progressed with respect to his 
bradykinesia and rigidity. Unlike Patient 1, he denied tremor and RBD 
symptoms. 

Both patients lacked hyposmia, cognitive difficulty, freezing-of-gait, 
autonomic dysfunction, pyramidal signs, dystonia and levodopa- 
induced dyskinesias. They are of Northern and Eastern European 

ancestry, with no history of movement disorders in other family mem
bers and no consanguinity in the parents. 

Brain MRI was unremarkable in both subjects. Additionally, patient 1 
performed (123)I-Ioflupane single-photon emission computed tomog
raphy (SPECT) at age 47, which showed decreased radiotracer uptake 
within the left more than right putamen (data not shown). 

Because of the likely genetic etiology, patient 1 underwent genetic 
testing with a comprehensive parkinsonism panel (Supp. Table 1), 
which revealed two previously unreported heterozygous variants in 
FBXO7: a missense (NM_012179.3: c.992 G>T; p.G331V) and a 5bp 
frameshift duplication (NM_012179.3: c.1268_1272dupCATTC; p. 
Y425HfsX56). Both variants were predicted to be deleterious, as 
demonstrated by a Combined Annotation Dependent Depletion (CADD) 
score of 26.6 and 24.8, respectively, and are unreported in the Genome 
Aggregation Database v2.1 (https://gnomad.broadinstitute.org/). No 
other relevant variants were observed in other parkinsonism-related 
genes. Sanger sequencing confirmed the presence of the two variants 
in both affected siblings, while the unaffected mother carried only the 
heterozygous frameshift variant, confirming the compound heterozy
gous state of the variants (see Fig. 1). The father was deceased and not 
available for testing. 

The F-Box Protein 7 (FBXO7) gene encodes a protein involved in the 
ubiquitin-proteasome protein-degradation pathway. It is highly 
expressed in the cerebral cortex, globus pallidum, and substantia nigra. 
Moreover, it plays a crucial role in promoting mitophagy through its 
direct interaction with PRKN and PINK1 [2]. 

To date, only nine FBXO7 bi-allelic pathogenic variants in eleven 
families have been described. Homozygous variants in FBXO7 were first 
identified in ten cases from a large Iranian pedigree with a characteristic 
phenotype known as parkinsonian-pyramidal syndrome (PPS) [3]. All 
subjects presented in the third decade of life with prominent pyramidal 
signs and three of them also showed parkinsonian features. Subse
quently, other cases with PPS harboring bi-allelic variants in FBXO7 
were reported, expanding the phenotype to include cognitive impair
ment, upward gaze palsy, dysarthria, dysphagia, dystonia, and consis
tent response to dopaminergic therapy [2,4]. 

To date, only two publications have reported FBXO7 bi-allelic 
pathogenic variants in EOPD completely lacking any of those atypical 
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features [2,5]. 
Here, we present two additional related cases of FBXO7-related dis

ease, carrying previously unreported likely pathogenic compound het
erozygous variants in FBXO7 presenting with typical EOPD. Other 
instances of genes generally associated with complex phenotypes that 
can also underlie typical EOPD are PLA2G6 and DNJAC6. These findings 
challenge the traditional distinction between typical and atypical 
monogenic forms of EOPD. Our work suggests that genetic analysis of 
this group of genes is warranted in the workup of all EOPD cases, 
regardless of the presence or absence of atypical clinical features. 
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were tested with PCR (marked with *). Subject I1 was not available for testing. 
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ARTICLE OPEN

Structural variation analysis of 6,500 whole genome sequences
in amyotrophic lateral sclerosis
Ahmad Al Khleifat 1, Alfredo Iacoangeli1,2, Joke J. F. A. van Vugt3, Harry Bowles1, Matthieu Moisse 4, Ramona A. J. Zwamborn3,
Rick A. A. van der Spek 3, Aleksey Shatunov1, Johnathan Cooper-Knock5, Simon Topp1, Ross Byrne 6, Cinzia Gellera7,
Victoria López 7, Ashley R. Jones 1, Sarah Opie-Martin1, Atay Vural8, Yolanda Campos9, Wouter van Rheenen 3, Brendan Kenna 3,
Kristel R. Van Eijk3, Kevin Kenna3, Markus Weber10, Bradley Smith1, Isabella Fogh1, Vincenzo Silani7, Karen E. Morrison 11,
Richard Dobson 2,12, Michael A. van Es 3, Russell L. McLaughlin 6, Patrick Vourc’h13, Adriano Chio 14,15, Philippe Corcia13,16,
Mamede de Carvalho 17, Marc Gotkine 18, Monica P. Panades19, Jesus S. Mora 20, Pamela J. Shaw5, John E. Landers 21,
Jonathan D. Glass 22, Christopher E. Shaw1,23, Nazli Basak8, Orla Hardiman24,25, Wim Robberecht4,26, Philip Van Damme 4,26,
Leonard H. van den Berg3, Jan H. Veldink 3 and Ammar Al-Chalabi 1,23✉

There is a strong genetic contribution to Amyotrophic lateral sclerosis (ALS) risk, with heritability estimates of up to 60%. Both
Mendelian and small effect variants have been identified, but in common with other conditions, such variants only explain a little of
the heritability. Genomic structural variation might account for some of this otherwise unexplained heritability. We therefore
investigated association between structural variation in a set of 25 ALS genes, and ALS risk and phenotype. As expected, the repeat
expansion in the C9orf72 gene was identified as associated with ALS. Two other ALS-associated structural variants were identified:
inversion in the VCP gene and insertion in the ERBB4 gene. All three variants were associated both with increased risk of ALS and
specific phenotypic patterns of disease expression. More than 70% of people with respiratory onset ALS harboured ERBB4 insertion
compared with 25% of the general population, suggesting respiratory onset ALS may be a distinct genetic subtype.

npj Genomic Medicine             (2022) 7:8 ; https://doi.org/10.1038/s41525-021-00267-9

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
predominantly of motor neurons, characterized by progressive
weakness of the limbs, trunk, diaphragm, and bulbar musculature,
with death occurring from respiratory failure, typically within
3 years of onset. Despite the poor prognosis, there is considerable
variation in the survival rate, and up to 10% of people with ALS
live more than 8 years from first symptoms1. In about 25% of
people, the first symptom is difficulty with speaking or swallowing,
and in nearly all the rest, it is limb weakness. However, about 1%
to 2% of people experience onset with diaphragmatic weakness
and early respiratory failure2,3. No gene variant has been found to
predispose to a specific site of onset without also predisposing to
greater risk of ALS. For example, pathological hexanucleotide
expansion in the C9orf72 gene, a cause of ALS, increases the risk of
bulbar onset4. The possibility that respiratory onset ALS represents
a distinct subgroup is supported by the observation that despite

early diaphragm involvement, disease progression is in some
cases surprisingly slow5.
Genome-wide association studies have identified ALS risk

variants that are relatively common in the population, but such
alleles tend to have small effect sizes and can explain only a small
proportion of heritability6,7. The remaining heritability is presumed
to lie in other genomic variation, including rare variants, repeat
sequences and structural variants, not easily tagged by SNPs.
Structural variants comprise various forms of genomic imbal-

ance such as insertions, deletions, inversions, duplications and
inter-chromosomal translocations8. Such variants have been
associated with various neurological and psychiatric diseases
including Charcot-Marie-Tooth neuropathy9, schizophrenia10 and
autism11,12. Attempts to understand the relationship of structural
variation with ALS have been limited by sequencing technology,
computational burden, and the small number of samples13,14.
Measuring the intensity of signals derived from a genotyping array
is the most used method in detecting copy number variants15,16,
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Introduction: Functional hypothalamic amenorrhea (FHA) is a clinical

condition associated with high levels of physiological and psychological

stress ranging from weight loss to maladaptive behavior and coping skills. A

reliable measure of the psychophysiological response to stress and the ability

to cope with stimuli is heart rate variability (HRV). Through the sympathetic

(SNS) and parasympathetic nervous system (PNS), the autonomic nervous

system (ANS) promotes various changes in HRV that reflect the individual’s

psychophysiological response to stress. FHA patients are characterized by high

levels of PNS activation during psychological load, suggesting that

parasympathetic hyperactivation could be a pathology marker.

Methods: In the present study, we examine changes in HRV during observation

of erotic, neutral, and disgusting images in 10 patients with FHA [(mean ± S.D.)

age: 26.8 ± 5.9] and in 9 controls (age: 25.4 ± 6.4; BMI: 22.47 ± 2.97) to assess

the differential activation of PNS and SNS between FHA patients and controls

matched for age and without other clinical conditions.

Results: Our results showed that FHA patients had significantly higher HRV

activation while observing high emotional value images and not during the

observation of neutral images confirming a parasympathetic hyperactivation.
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TMEM106B Acts as a Modifier of Cognitive and Motor
Functions in Amyotrophic Lateral Sclerosis
Arianna Manini 1,2, Antonia Ratti 2,3, Alberto Brusati 2,4, Alessio Maranzano 1,2, Isabella Fogh 5, Silvia Peverelli 2,
Stefano Messina 2, Davide Gentilini 4,6, Federico Verde 2,7, Barbara Poletti 2, Claudia Morelli 2 ,
Vincenzo Silani 2,7 and Nicola Ticozzi 2,7,*
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Abstract: The transmembrane protein 106B (TMEM106B) gene is a susceptibility factor and disease
modifier of frontotemporal dementia, but few studies have investigated its role in amyotrophic lateral
sclerosis. The aim of this work was to assess the impact of the TMEM106B rs1990622 (A–major risk
allele; G–minor allele) on phenotypic variability of 865 patients with amyotrophic lateral sclerosis.
Demographic and clinical features were compared according to genotypes by additive, dominant,
and recessive genetic models. Bulbar onset was overrepresented among carriers of the AA risk
genotype, together with enhanced upper motor neuron involvement and poorer functional status in
patients harboring at least one major risk allele (A). In a subset of 195 patients, we found that the
homozygotes for the minor allele (GG) showed lower scores at the Edinburgh Cognitive and Behav-
ioral Amyotrophic Lateral Sclerosis Screen, indicating a more severe cognitive impairment, mainly
involving the amyotrophic lateral sclerosis-specific cognitive functions and memory. Moreover, lower
motor neuron burden predominated among patients with at least one minor allele (G). Overall, we
found that TMEM106B is a disease modifier of amyotrophic lateral sclerosis, whose phenotypic effects
encompass both sites of onset and functional status (major risk allele), motor functions (both major
risk and minor alleles), and cognition (minor allele).

Keywords: amyotrophic lateral sclerosis; frontotemporal lobar degeneration; TMEM106B; alleles;
cognition; motor neurons

1. Introduction

Frontotemporal dementia (FTD) is one of the most common causes of early onset
dementia, following Alzheimer’s disease (AD) and vascular dementia [1]. The spec-
trum of clinical phenotypes encompasses three subtypes, namely behavioral variant
(bvFTD), semantic-variant primary progressive aphasia (svPPA), and nonfluent-variant
PPA (nfvPPA) [2]. Neuropathological changes are represented by intranuclear and/or cyto-
plasmic accumulation of ubiquitinated proteins [3,4], mainly TAR DNA-binding protein 43
(TDP-43) [5,6] and, less frequently, hyperphosphorylated tau [7].

After the discovery that a non-coding hexanucleotide repeat expansion in the chro-
mosome 9 open reading frame 72 (C9orf72) gene could result in either FTD, amyotrophic
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Upper motor neuron dysfunction is associated with the 
presence of behavioural impairment in patients with 
amyotrophic lateral sclerosis
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Abstract
Background and purpose: Increasing evidence shows that approximately half of patients 
with amyotrophic lateral sclerosis (ALS) display cognitive (ALSci) or behavioural (ALSbi) 
impairment, or both (ALScbi). The aim of our study was to assess whether the burden of 
upper and lower motor neuron involvement is associated with the presence of cognitive 
and behavioural impairment.
Methods: A single-centre retrospective cohort of 110 Italian ALS patients was evalu-
ated to assess correlations between motor and cognitive/behavioural phenotypes. Upper 
motor neuron regional involvement was measured with the Penn Upper Motor Neuron 
Score (PUMNS), whilst lower motor neuron signs were assessed using the Lower Motor 
Neuron Score. The Edinburgh Cognitive and Behavioural ALS Screen—Italian version and 
the Frontal Behaviour Inventory were administered to evaluate patients’ cognitive and 
behavioural profiles.
Results: The PUMNS at first visit was significantly higher in behaviourally impaired ALS 
patients (ALSbi and ALScbi) compared to behaviourally unimpaired individuals (ALS and 
ALSci) (9.9 vs. 6.9, p = 0.014). Concerning the different Frontal Behaviour Inventory sub-
domains, higher PUMNS correlated with the presence of apathy, emotive indifference, 
inflexibility, inattention, perseveration and aggressiveness.
Conclusion: To our knowledge, this is the first study showing that a clinical prominent 
upper motor neuron dysfunction is associated with a more significant behavioural im-
pairment in ALS patients, suggesting the hypothesis of a preferential spreading of the 
pathology from the motor cortex to the ventromedial prefrontal and orbitofrontal cortex 
in this group of patients.
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amyotrophic lateral sclerosis, behavioural impairment, ECAS, motor phenotype, upper motor 
neuron
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The SOD1-mediated ALS phenotype shows a
decoupling between age of symptom onset
and disease duration

A list of authors and their affiliations appears at the end of the paper

Superoxide dismutase (SOD1) gene variants may cause amyotrophic lateral
sclerosis, someofwhich are associatedwith a distinct phenotype.Most studies
assess limited variants or sample sizes. In this international, retrospective
observational study, we compare phenotypic anddemographic characteristics
between people with SOD1-ALS and people with ALS and no recorded SOD1
variant. We investigate which variants are associated with age at symptom
onset and time from onset to death or censoring using Cox proportional-
hazards regression. The SOD1-ALS dataset reports age of onset for 1122 and
disease duration for 883 people; the comparator population includes 10,214
and 9010 people respectively. Eight variants are associated with younger age
of onset and distinct survival trajectories; a further eight associated with
younger onset only and one with distinct survival only. Here we show that
onset and survival are decoupled in SOD1-ALS. Future research should char-
acterise rarer variants and molecular mechanisms causing the observed
variability.

In 1993, variants in thegene superoxidedismutase 1 (SOD1, [NM_000454])
were identified as a causal factor in people with amyotrophic lateral
sclerosis (ALS), through analysis of 13 different families with 11 different
SOD1missense mutations1. SOD1 variants are reported in 15% of people
with familial ALS in European populations, 30% of people with familial
ALS in Asian populations, and 1–2% of people with apparently sporadic
ALS in both populations2. Limited information is available on other
populations.

SOD1-mediated ALS is characterised by distinct features related
to the clinical and pathological phenotype. Since the discovery that
variants in SOD1 can cause ALS, over 180 variants have been identi-
fied and they are distributed throughout the gene and protein3. This
is in contrast to other genetic determinants of ALS, for example
mutations in FUS, C9orf72 and TARDBP, where variants are con-
centrated in specific functional domains of the protein4–6. In SOD1-
mediated ALS there is very little reported association with cognitive
impairment, which, depending on cut-offs for neuropsychological
deficits is estimated to occur in up to 50% of people with sporadic
ALS in population-based studies7. People with SOD1-ALS are often
reported to have a lower motor neuron predominant phenotype,

withmore frequent limb onset than is observed in typical ALS8. At the
cellular level, TDP-43 protein aggregates, which are the pathological
hallmark in >95% of ALS cases, are absent in most people with SOD1-
mediated ALS implying that a different mechanistic pathway leads to
motor neuron death9,10.

Within the SOD1 ALS population, certain variants are associated
with atypical disease progression compared to ALS as reported in
population-based studies. For example, the p.A5V variant is associated
with shorter survival and the homozygous p.D91A variant with longer
survival11,12. Demographic factors also correlate with survival. For
example, men with SOD1-mediated ALS have shorter survival than
women13. Other variants, such as p.D125V and p.H44R have been
associated with faster disease progression in an Australian
population14. As gene-specific therapies for ALS are being developed it
is important to understand the prognostic implications of specific
variants. This was demonstrated in a trial of Tofersen, an anti-sense
oligonucleotide targeting the knock down of SOD1 mRNA, where a
significant impact on disease progression was noted in a subset of
patients carrying the p.A5V variant, who typically have a rapid disease
progression15.
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Background: Parkinsonian syndromes may rarely occur in motor neuron disease

(MND). However, previous studies are heterogeneous and mostly case reports or small

case series. Therefore, we aimed to identify and characterize patients with concurrent

parkinsonian syndromes extracted from a cohort of 1,042 consecutive cases diagnosed

with MND at a tertiary Italian Center.

Methods: Diagnosis of Parkinson’s disease (PD), progressive supranuclear palsy (PSP)

and corticobasal syndrome (CBS) was made according to current criteria. Clinical

characterization included: upper and lower motor neuron disease features, typical and

atypical parkinsonian features, oculomotor disorders, cognitive testing, MRI features,

and, when available molecular neuroimaging. Genetic testing was carried out for major

MND and PD-associated genes.

Results: Parkinsonian syndromes were diagnosed in 18/1042 (1.7%) of MND patients

(7 PD, 6 PSP, 3 CBS, 2 other parkinsonisms). Based on phenotype, patients could be

categorized into amyotrophic lateral sclerosis (ALS)-parkinsonism and primary lateral

sclerosis (PLS)-parkinsonism clusters. Across the whole database, parkinsonism was

significantly more common in PLS than in other MND phenotypes (12.1 vs. 1.1%,

p = 5.0 × 10−10). MND patients with parkinsonian features had older age of onset,

higher frequency of oculomotor disorders, cognitive impairment, and family history of

parkinsonism or dementia. Two patients showed pathogenic mutations in TARDBP

and C9orf72 genes.

Conclusion: Specific patterns in MND-parkinsonism were observed, with PLS patients

often showing atypical parkinsonian syndromes and ALS patients more frequently

showing typical PD. Systematic clinical, genetic, and neuropathologic characterization

may provide a better understanding of these phenotypes.

Keywords: motor neuron disease (MND), parkinsonism, amyotrophic lateral sclerosis, primary lateral sclerosis

(PLS), progressive supranuclear palsy
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Diffusion Magnetic Resonance Imaging Microstructural Abnormalities
in Multiple System Atrophy: A Comprehensive Review

Jacopo Pasquini, MD,1,2 Michael J. Firbank, PhD,3 Roberto Ceravolo, MD,2,4 Vincenzo Silani, MD,5,6 and
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7Department of Nuclear Medicine and PET Centre, Aarhus University Hospital, Aarhus, Denmark

ABSTRACT: Multiple system atrophy (MSA) is a neuro-
degenerative disease characterized by autonomic failure,
ataxia, and/or parkinsonism. Its prominent pathological
alterations can be investigated using diffusion magnetic
resonance imaging (dMRI), a technique that exploits the
characteristics of water random motion inside brain tis-
sue. The aim of this report was to review currently available
literature on the application of dMRI in MSA and to
describe microstructural abnormalities, diagnostic applica-
tions, and pathophysiological correlates. Sixty-four publi-
shed studies involving microstructural investigation using
dMRI in MSA were included. Widespread microstructural
abnormalities of white matter were described, especially in
the middle cerebellar peduncle, corticospinal tract, and
hemispheric fibers. Gray matter degeneration was identified
as well, with diffuse involvement of subcortical structures,
especially in the putamina. Diagnostic applications of dMRI
were mostly explored for the differential diagnosis between
MSA parkinsonism and Parkinson’s disease. Recently,

machine learning algorithms for image processing and dis-
ease classification have demonstrated high diagnostic
accuracy, showing potential for translation into clinical
practice. To a lesser extent, clinical correlates of micro-
structural abnormalities have also been investigated, and
abnormalities related to motor, ocular, and cognitive impair-
ments were described. dMRI in MSA has contributed to
in vivo identification of known pathological abnormalities.
Translation into clinical practice of the latest advancements
for the differential diagnosis between MSA and other forms
of parkinsonism seems feasible. Current limitations involve
the possibility of correctly diagnosing MSA in the very early
stages, when the clinical diagnosis is most uncertain. Fur-
thermore, pathophysiological correlates of microstructural
abnormalities remain understudied. © 2022 International
Parkinson and Movement Disorder Society.

Key Words: multiple system atrophy; diffusion; mag-
netic resonance imaging

Multiple system atrophy (MSA) is a neurodegenera-
tive disorder characterized by autonomic failure and a

variable combination of ataxia, parkinsonism, and
pyramidal signs.1 The neuropathological hallmark of
MSA is argirophilic oligodendroglial cytoplasmic inclu-
sions (GCIs)2 containing aggregates of insoluble α-syn-
uclein.3 Oligodendroglial pathology is in turn
associated with myelin pallor and degeneration and
neuronal loss; microglial activation and astrogliosis also
occur.4,5 GCIs can be found throughout the brain, but
their highest density has been reported in the basal
ganglia, especially in the highly myelinated
striatopallidal fibers (Wilson pencil fibers) of the puta-
men.6 The density of CGIs is also associated with neu-
ronal loss.4 The areas affected by prominent
demyelination and neuronal loss are the central
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Semiology and determinants of
apathy across
neurodegenerative motor
disorders: A comparison
between amyotrophic lateral
sclerosis, Parkinson’s and
Huntington’s disease
Barbara Poletti 1*, Federica Solca1, Sabrina Maffi2,
Silvia Torre1, Laura Carelli1, Edoardo Nicolò Aiello1,3,
Roberta Ferrucci4,5,6, Alberto Priori4,5, Alessia Monti7,
Federico Verde1,8, Nicola Ticozzi1,8, Simone Migliore2,
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Policlinico, Milan, Italy, 8Department of Pathophysiology and Transplantation, "Dino Ferrari Center,"
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Rome, Italy

Background: The semiology and determinants of apathy are largely unknown

across amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), and

Huntington’s disease (HD), due to both motor and non-motor confounders.

This study thus aimed at (1) profiling apathy in ALS, PD, and HD and (2)

exploring its clinical determinants.

Materials: Consecutive ALS (N = 99), PD (N = 73), and HD (N = 25)

patients underwent a motor-free assessment of apathy (Dimensional Apathy

Scale, DAS), global cognition, anxiety and depression. Function was assessed

through disease-specific scales. The DAS was also completed by N = 101

healthy controls (HCs). Between-group comparisons on DAS scores were

implemented by covarying for all applicable confounders. Predictive models

on DAS scores were built through multiple, stepwise regressions.
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ORIGINAL ARTICLE

Diagnostic properties of the Italian ECAS Carer Interview (ECAS‑CI)

Barbara Poletti1   · Edoardo Nicolò Aiello1,2 · Federica Solca1 · Silvia Torre1 · Laura Carelli1 · Roberta Ferrucci3,4,5 · 
Federico Verde1,6 · Nicola Ticozzi1,6 · Vincenzo Silani1,6

Received: 29 August 2022 / Accepted: 10 November 2022 
© The Author(s) 2022

Abstract
Background  This study aimed at providing diagnostic properties and normative cut-offs for the Italian ECAS Carer Inter-
view (ECAS-CI).
Materials  N = 292 non-demented ALS patients and N = 107 healthy controls (HCs) underwent the ECAS-CI and the Frontal 
Behavioural Inventory (FBI). Two ECAS-CI measures were addressed: (1) the number of symptoms (NoS; range = 0–13) 
and (2) that of individual symptom clusters (SC; range = 0–6). Diagnostics were explored against an FBI score ≥ than the 
95th percentile of the patients’ distribution.
Results  Both the NoS and SC discriminated patient from HCs. High accuracy, sensitivity, and specificity were detected for 
both the NoS and SC; however, at variance with SC, the NoS showed better post-test features and did not overestimate the 
occurrence of behavioural changes. The ECAS-CI converged with the FBI and diverged from the cognitive section of the 
ECAS.
Discussion  The ECAS-CI is a suitable screener for behavioural changes in ALS patients, with the NoS being its best outcome 
measure (cut-off: ≥ 3).

Keywords  Edinburgh Cognitive and Behavioural ALS Screen · Amyotrophic lateral sclerosis · Frontotemporal 
degeneration · Behavioural symptom · Psychometrics
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RESEARCH ARTICLE

Genetic and epigenetic disease modifiers in an Italian C9orf72
family expressing ALS, FTD or PD clinical phenotypes

ANTONIA RATTI1,2� , SILVIA PEVERELLI1� , ELISABETTA D'ADDA3,
CLAUDIA COLOMBRITA1, MICHELE GENNUSO3, ALESSANDRO PRELLE4 &
VINCENZO SILANI1,5

1Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, Milano, Italy,
2Department of Medical Biotechnology and Translational Medicine, Universit�a degli Studi di Milano, Milano,
Italy, 3U.O.C. of Neurology – Stroke Unit, ASST Crema, Crema, Italy, 4U.O.C. of Neurology – Stroke Unit,
ASST Ovest milanese, Legnano, Italy, 5Department of Pathophysiology and Transplantation, “Dino Ferrari”
Center, Universit�a degli Studi di Milano, Milano, Italy

Abstract
Objective: The presence of the hexanucleotide repeat expansion (HRE) in C9orf72 gene is associated to the ALS/FTD
spectrum, but also to parkinsonisms. We here describe an Italian family with the father diagnosed with Parkinson disease
(PD) at the age of 67 and the two daughters developing FTD and ALS at 45 years of age. We searched for C9orf72
HRE with possible genetic and epigenetic modifiers to account for the intrafamilial phenotypic variability. Methods:
C9orf72 mutational analysis was performed by fragment length analysis, Repeat-primed PCR and Southern blot.
Targeted next generation sequencing was used to analyze 48 genes associated to neurodegenerative diseases. Promoter
methylation was analyzed by bisulfite sequencing. Results: Genetic analysis identified C9orf72 HRE in all the affected
members with a similar repeat expansion size. Both the father and the FTD daughter also carried the heterozygous
p.Ile946Phe variant in ATP13A2 gene, associated to PD. In addition, the father also showed a heterozygous EIF4G1
variant (p.Ala13Pro), that might increase his susceptibility to develop PD. The DNA methylation analysis showed that
all the 26 CpG sites within C9orf72 promoter were unmethylated in all family members. Conclusions: Neither C9orf72
HRE size nor promoter methylation act as disease modifiers within this family, at least in blood, not excluding HRE
mosaicism and a different methylation pattern in the brain. However, the presence of rare genetic variants in PD genes
suggests that they may influence the clinical manifestation in the father. Other genetic and/or epigenetic modifiers must
be responsible for disease variability in this C9orf72 family case.

Keywords: C9orf72, genetic modifiers, DNA methylation

Introduction

A hexanucleotide repeat expansion (HRE) in
C9orf72 gene is the most frequent cause of familial
and sporadic amyotrophic lateral sclerosis (ALS)
and frontotemporal dementia (FTD) (1,2), rang-
ing from 2–23 units in the normal population to
>30–>4000 units in pathological conditions (3).
In contrast to other repeat expansion disorders, no
clear association between HRE size and phenotype
severity or disease state (ALS/FTD) has been

demonstrated so far. Genetic anticipation is not an
evident phenomenon and, within the same pedi-
gree, individuals with a similar HRE may manifest
indifferently ALS, FTD, or mixed phenotypes
(4–11). In addition, C9orf72 HRE has been
reported in a heterogeneous array of neurological
disorders, other than ALS and FTD, including
parkinsonism and psychosis (12,13). However,
also within the ALS/FTD disease spectrum, the
wide heterogeneity of clinical features and symp-
toms even intra-familiarly suggests that modifiers,
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Lab Resource: Single Cell Line 

Generation of an iPSC line from a patient with spastic paraplegia type 10 
carrying a novel mutation in KIF5A gene 

Serena Santangelo a,b, Patrizia Bossolasco b, Stefania Magri c, Claudia Colombrita b, 
Sabrina Invernizzi b, Cinzia Gellera c, Lorenzo Nanetti c, Daniela Di Bella c, Vincenzo Silani b,d, 
Franco Taroni c, Antonia Ratti a,b,* 

a Department of Medical Biotechnology and Translational Medicine, Università degli Studi di Milano, Milan, Italy 
b Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, Milan, Italy 
c Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto Neurologico Carlo Besta, Milan, Italy 
d Department of Pathophysiology and Transplantation, “Dino Ferrari” Center, Università degli Studi di Milano, Milan, Italy  

A B S T R A C T   

We generated an iPSC line from a patient with spastic paraplegia type 10 (SPG10) carrying the novel missense variant c.50G > A (p.R17Q) in the N-terminal motor 
domain of the kinesin family member 5A (KIF5A) gene. 

This patient-derived in vitro cell model will help to investigate the role of different KIF5A mutations in inducing neurodegeneration in spastic paraplegia and in 
other KIF5A-related disorders, including Charcot-Marie-Tooth type 2 (CMT2) and amyotrophic lateral sclerosis (ALS).   

Resource table  

Unique stem cell line identifier IAIi010-A 
Alternative name(s) of stem cell line KIF5A_C3 
Institution IRCCS Istituto Auxologico Italiano, 

Milan, Italy 
Contact information of distributor Antonia Ratti, antonia.ratti@unimi.it 
Type of cell line iPSC 
Origin Human 
Additional origin info required for 

human ESC or iPSC 
Ethnicity: Caucasian 
Age: 79 
Sex: Female 

Cell Source Skin fibroblasts 
Clonality Clonal 
Method of reprogramming CytoTune iPS 2.0 Sendai Reprogramming 

Kit 
Genetic Modification NO 
Type of Genetic Modification N/A 
Evidence of the reprogramming 

transgene loss (including genomic 
copy if applicable) 

RT-PCR 

Associated disease Autosomal dominant Spastic Paraplegia 
type 10 (SGP10) 

Gene/locus KIF5A, chromosome 12q13.13 
NM_004984.3: c.50G > A (p.R17Q) 

Date archived/stock date October 2022 
Cell line repository/bank 

(continued on next column) 

Resource table (continued ) 

https://hpscreg.eu/user/cellline/edit/ 
IAIi010-A 

Ethical approval Ethical committee Regione Lombardia, 
sezione Fondazione IRCCS Istituto 
Neurologico “Carlo Besta”, Milan, Italy, 
Approval n.64   

1. Resource utility 

Allelic mutations in KIF5A gene are associated to different neuro
degenerative disorders, such as spastic paraplegia type 10 (SPG10), 
axonal Charcot-Marie-Tooth type 2 (CMT2), and amyotrophic lateral 
sclerosis (ALS) as well as to neonatal intractable myoclonus (NEIMY) 
with distinct mutational hotspots. 

We generated an iPSC line from a SPG10 individual carrying the 
novel missense mutation p.R17Q (c.50G > A) in KIF5A protein motor 
domain. 

This iPSC line represents a new in vitro disease model to elucidate, 
upon differentiation into motoneurons, the pathomechanisms associated 
with KIF5A mutations. 
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Diagnostic properties of the 
Frontal Assessment Battery (FAB) 
in Huntington’s disease
Federica Solca 1†, Edoardo Nicolò Aiello 1,2†, Simone Migliore 3, 
Silvia Torre 1, Laura Carelli 1, Roberta Ferrucci 4,5,6, 
Alberto Priori 4,5, Federico Verde 1,7, Nicola Ticozzi 1,7, 
Sabrina Maffi 3, Consuelo Ceccarelli 8, Ferdinando Squitieri 3, 
Vincenzo Silani 1,7, Andrea Ciammola 1† and Barbara Poletti               1*
1Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, 
Milan, Italy, 2 PhD Program in Neuroscience, School of Medicine and Surgery, University of Milano-
Bicocca, Monza, Italy, 3 Huntington and Rare Diseases Unit, Fondazione IRCCS Casa Sollievo Della 
Sofferenza Research Hospital, San Giovanni Rotondo, Italy, 4 Aldo Ravelli Center for Neurotechnology 
and Experimental Brain Therapeutics, Department of Health Sciences, International Medical School, 
University of Milan, Milan, Italy, 5 ASST Santi Paolo e Carlo, San Paolo University Hospital, Milan, Italy, 
6 IRCCS Ca’ Granda Foundation Maggiore Policlinico Hospital, Milan, Italy, 7 Department of 
Pathophysiology and Transplantation, Dino Ferrari Center, Università degli Studi di Milano, Milan, 
Italy, 8 Italian League for Research on Huntington (LIRH) Foundation, Rome, Italy

Background: This study aimed at assessing the diagnostic properties of the 

Frontal Assessment Battery (FAB) as to its capability to (1) discriminate healthy 

controls (HCs) from patients with Huntington’s disease (HD) and (2) identify 

cognitive impairment in this population.

Materials: Thirty-eight consecutive HD patients were compared to 73 HCs 

on the FAB. Patients further underwent the Montreal Cognitive Assessment 

(MoCA) and the Unified Huntington’s Disease Rating Scale (UHDRS). Receiver-

operating characteristics (ROC) analyses were run to assess both intrinsic—

i.e., sensitivity (Se) and specificity (Sp), and post-test diagnostics, positive and 

negative predictive values (PPV; NPV) and likelihood ratios (LR+; LR–), of the 

FAB both in a case–control setting and to identify, within the patient cohort, 

cognitive impairment (operationalized as a below-cut-off MoCA score). In 

patients, its diagnostic accuracy was also compared to that of the cognitive 

section of the UHDRS (UHDRS-II).

Results: The FAB and UHDRS-II were completed by 100 and 89.5% of patients, 

respectively. The FAB showed optimal case–control discrimination accuracy 

(AUC = 0.86–0.88) and diagnostic properties (Se = 0.68–0.74; Sp = 0.88–0.9; 

PPV = 0.74–0.8; NPV = 0.84–0.87; LR+ = 5.6–7.68; LR– = 0.36–0.29), performing 

even better (AUC = 0.9–0.91) at identifying cognitive impairment among 

patients (Se = 0.73–1; Sp = 0.86–0.71; PPV = 0.79–0.71; NPV = 0.82–1; LR+ =5.13–

3.5; LR– = 0.31–0) and comparably to the UHDRS-II (89% vs. 85% of accuracy, 

respectively; p = 0.46).

Discussion: In HD patients, the FAB is highly feasible for cognitive screening 

aims, being also featured by optimal intrinsic/post-test diagnostics within 

both case-control and case-finding settings.
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