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RESUMO

Introdugdo: A Atrofia Muscular Espinhal (AME) ¢ uma doeng¢a neurodegenerativa
autossdmica recessiva, caracterizada pela degeneracao progressiva e irreversivel dos neurdnios
motores do corno anterior da medula espinhal, o que resulta em atrofia e fraqueza muscular
proximal progressiva. Nos ultimos anos, avangos significativos foram realizados no
entendimento da fisiopatologia da AME que culminaram com a emergéncia de drogas
modificadoras de doenga altamente eficazes. Desta forma, a descricdo da eficacia dessas drogas
em contexto de mundo real, bem como a identificagdo de biomarcadores que possam prever a
progressdo, gravidade e resposta as novas terapias modificadoras da doenga passaram a ser
questdes cruciais a serem respondidas. Objetivo: Descrever a Casuistica da AME em um
servigo de referéncia regional para doengas raras no Sul do Brasil, descrevendo os casos e
relatando experiéncia de mundo real com tratamentos modificadores de doenca. Além de
investigar o papel dos niveis séricos de miostatina e follistatina como biomarcadores para a
atrofia muscular espinhal, considerando a atrofia muscular secundéria a desnervagdo como a
principal manifestacdo clinica da doenga. Metodologia: O primeiro estudo trata-se de uma
coorte historica unicéntrica que incluiu todos os pacientes com diagnostico de atrofia muscular
espinhal vinculados ao Hospital de Clinicas de Porto Alegre. O segundo estudo inicialmente
avaliou a expressao génica diferencial de miostatina e follistatina em um modelo lesional de
desnervagdo do gastrocnémio em camundongos, assim como em uma meta-analise de trés
conjuntos de dados em modelos transgénicos de camundongos de atrofia muscular espinhal e
em dois estudos envolvendo humanos com atrofia muscular espinhal. Posteriormente, foi
conduzido um estudo caso-controle envolvendo 27 pacientes com atrofia muscular espinhal e
27 controles, seguido por um estudo de coorte de 12 meses com 25 desses pacientes.
Resultados: Identificamos que 74 pacientes estdo atualmente em acompanhamento no centro
de referéncia do Rio Grande do Sul (5,4% pré-sintomaticos, 24,3% AME tipo 1, 28,4% tipo 2,
36,5% tipo 3 e 5,4% tipo 4), dos quais, 41,9% receberam terapia especifica para AME, e, destes,
96,8% receberam Nusinersen, com 19,35% deles mudando para terapia génica com
Onasemnogene Abeparvovec, e 6,4% iniciaram Risdiplam. Dos tratados, 80% apresentaram
melhora no desempenho motor ao longo do periodo de acompanhamento, com menor resposta
terapéutica associada ao inicio tardio do tratamento e baixos escores de fungdo motora no inicio
do estudo. No segundo estudo, a expressdo génica da miostatina no musculo esquelético
diminuiu e a da folistatina aumentou apds a denervagao muscular lesional em camundongos,

consistente com os achados na meta-analise de camundongos transgénicos SMA e no musculo



iliopsoas de 5 pacientes com SMA tipo 1. Os niveis medianos de miostatina sérica foram
significativamente mais baixos em pacientes com atrofia muscular espinhal (98 pg/mL; 5-157)
em comparacdo com controles ( 412 pg/mL; 299-730) (P < 0.001). Niveis mais baixos de
miostatina estavam associados a maior gravidade da doenga com base em desfechos avaliados
pelo clinico (Rho = 0.493-0.812; P < 0.05). Ap6s 12 meses, houve uma redugdo adicional nos
niveis de miostatina entre os casos de atrofia muscular espinhal (P = 0.021). Os niveis de
follistatina ndo diferiram entre casos ¢ controles, ¢ ndo foram observadas mudangas
significativas ao longo do tempo. A razdo follistatina:miostatina aumentou significativamente
em sujeitos com atrofia muscular espinhal e correlacionou-se inversamente com a gravidade
motora. Conclusdo: O nosso estudo do mundo real reforca a eficicia das terapias
modificadoras da doenga para AME no Brasil e no contexto de paises com perfis
socioecondmicos semelhantes, que ¢ maior quanto mais precoce ¢ melhor for o estado
funcional do paciente. Além disso, os niveis séricos de miostatina mostram-se promissores

como um novo biomarcador para avaliar a gravidade e progressao da AME.

PALAVRAS CHAVE: Atrofia Muscular Espinhal; AME-5q; Biomarcadores; Miocinas;

Miostatina; Folistatina; Irisina.



ABSTRACT

Introduction: Spinal Muscular Atrophy (SMA) is an autosomal recessive neurodegenerative
disease characterized by progressive and irreversible degeneration of motor neurons in the
anterior horn of the spinal cord, resulting in progressive proximal muscle atrophy and
weakness. In recent years, significant advances have been made in understanding the
pathophysiology of SMA, culminating in the emergence of highly effective disease-modifying
drugs. Consequently, describing the effectiveness of these drugs in real-world contexts, as well
as identifying biomarkers that can predict disease progression, severity, and response to new
disease-modifying therapies, has become crucial. Objective: To describe the casuistry of SMA
in a regional reference center for rare diseases in southern Brazil, describing cases and reporting
real-world experience with disease-modifying treatments. Additionally, to investigate the role
of serum levels of myostatin and follistatin as biomarkers for spinal muscular atrophy,
considering muscle atrophy secondary to denervation as the main clinical manifestation of the
disease. Methodology: The first study is a unicentric historical cohort that included all patients
diagnosed with spinal muscular atrophy linked to the Hospital de Clinicas de Porto Alegre. The
second study initially evaluated the differential gene expression of myostatin and follistatin in
a denervation model of the gastrocnemius in mice, as well as in a meta-analysis of three datasets
in transgenic mouse models of spinal muscular atrophy and in two studies involving humans
with spinal muscular atrophy. Subsequently, a case-control study involving 27 patients with
spinal muscular atrophy and 27 controls was conducted, followed by a 12-month cohort study
with 25 of these patients. Results: We identified that 74 patients are currently under follow-up
at the reference center in Rio Grande do Sul (5.4% pre-symptomatic, 24.3% SMA type 1,
28.4% type 2, 36.5% type 3, and 5.4% type 4), of which 41.9% received specific therapy for
SMA, and of these, 96.8% received Nusinersen, with 19.35% switching to gene therapy with
Onasemnogene Abeparvovec, and 6.4% initiated Risdiplam. Of those treated, 80% showed
improvement in motor performance over the follow-up period, with poorer therapeutic
response associated with late initiation of treatment and low motor function scores at study
initiation. In the second study, myostatin gene expression in skeletal muscle decreased and
follistatin increased after muscle denervation injury in mice, consistent with findings in the
meta-analysis of SMA transgenic mice and in the iliopsoas muscle of 5 patients with SMA type
1. Median serum myostatin levels were significantly lower in patients with spinal muscular
atrophy (98 pg/mL; 5-157) compared to controls (412 pg/mL; 299-730) (P < 0.001). Lower

levels of myostatin were associated with greater disease severity based on clinician-assessed



outcomes (Rho = 0.493-0.812; P < 0.05). After 12 months, there was a further reduction in
myostatin levels among spinal muscular atrophy cases (P = 0.021). Follistatin levels did not
differ between cases and controls, and no significant changes over time were observed. The
follistatin:myostatin ratio significantly increased in subjects with spinal muscular atrophy and
correlated inversely with motor severity. Conclusion: Our real-world study reinforces the
effectiveness of disease-modifying therapies for SMA in Brazil and in the context of countries
with similar socioeconomic profiles, which is greater the earlier and better the patient's
functional status. Additionally, serum myostatin levels show promise as a new biomarker for

assessing the severity and progression of SMA.

KEY WORDS: Spinal Muscular Atrophy; AME-5q; Biomarkers; Myokines; Myostatin;

Follistatin; Irisin.
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1. INTRODUCAO

A Atrofia Muscular Espinhal (AME) ¢ uma doenga neurodegenerativa autossdémica
recessiva, caracterizada pela degeneragdo progressiva e irreversivel dos neurdnios motores do
corno anterior da medula espinhal, o que resulta em atrofia e fraqueza muscular proximal
progressiva (1). Sua incidéncia estimada ¢ de 1 em 6.000 a 1 em 10.000 nascidos vivos, e a
prevaléncia estimada de portadores da mutagdo ¢ 1 em 40 a 1 em 60 individuos na populacao
geral (2-5). E considerada a principal causa hereditaria de 6bito infantil, e é a segunda doenca
autossdmica recessiva fatal mais comum, sendo a primeira a fibrose cistica (6).

A AME ¢ causada por variantes patogénicas no gene de sobrevivéncia do neur6nio
motor 1 (SMNI), que foi descrito em 1990 por Melki e colaboradores no cromossomo 5q13
(7,8), sendo também chamada de AME-5q, para diferenciar este tipo de atrofia muscular
espinhal de outras formas descritas mais recentemente causadas alteracdes em outros genes.
Entretanto, utilizaremos o termo AME como sinénimo da AME-5q ao longo desta tese. Em
seres humanos, duas formas do gene sobrevivéncia do neurdénio motor (SMN) existem em cada
alelo: a forma telomérica (SMN1) e a forma centromérica (SMN2). A principal diferenca entre
SMN2 e SMNI é um unico nucleotideo, a substitui¢do do nucleotideo C pelo T na posi¢ao 840,
resultando na exclusdo do éxon 7 durante a transcri¢do, o que resulta na formagdo de uma
proteina SMN instavel, pouco funcional e rapidamente degradada (9).

A proteina SMN ¢ uma proteina multifuncional que ¢ expressa na maioria das células
somaticas, apresentando um papel essencial nas vias de homeostase celular. Estudos mostram
que essa proteina participa da montagem dos spliceossomos, da biogénese das
ribonucleoproteinas, do transporte e tradu¢do do RNA mensageiro (mRNA), da dindmica do
citoesqueleto, endocitose, autofagia, além de exercer influéncia na mitocondria e nas vias
bioenergéticas, havendo maior suscetibilidade a degeneracdo dos neurénios motores do corno
anterior da medula na perda de sua fung¢do (10).

Os pacientes com AME terdo um ndo funcionamento do gene SMNI/ e se tornardo
dependentes do gene SMN2, que ¢ ineficiente em produzir proteina SMN suficiente para o
adequado funcionamento dos motoneurdnios (11). A perda do SMNI ¢é essencial para a
patogénese da AME, mas ¢ o nimero de copias de SMN2 que determina a severidade da doenga.
Ha uma relagdo inversa entre o numero de copias de SMN2 e a gravidade do quadro (12).

A doenga ¢ dividida em 5 fenotipos principais (AME 0, 1, 2, 3, 4). Cerca de 80% dos
pacientes com AME tipo 1 tem uma ou duas cépias do SMN2, ja 82% dos pacientes com AME
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tipo 2 carregam trés copias do SMN2, enquanto os pacientes com AME tipo 3 ou 4, geralmente
carregam trés ou quatro copias desse gene (6,12).

No tltimo anos, avangos foram realizados no entendimento da fisiopatologia da AME,
possibilitando o surgimento de propostas terapéuticas para a condi¢do. Atualmente, ha trés
terapias ja aprovadas, inclusive em territorio nacional pela ANVISA, para o tratamento da
AME. Em 2016, o 6rgao regulatorio americano, FDA (Food and Drug Administration),
aprovou a Nusinersena (Spiranza), um oligonucleotideo antisense (ASO) (13,14). Dois anos
apos, em 2018, surgiu o Onasemnogene abeparvovec (15) e, mais recentemente, em agosto de
2020, surgiu a proposta oral de tratamento para a AME, o Risdiplam (Evrysdi) (16,17).

Os tratamentos modificadores de doenga em geral sdo mais eficazes quanto mais
precocemente administrados e quanto melhor o status funcional no inicio do tratamento (18).
No entanto, ha variabilidade fenotipica da AME e sua evolugdo e progressdo muitas vezes
diferem da histdria natural usual da doenca, e alguns pacientes irdo responder melhor do que
outros independentemente da idade de inicio da terapia (19,20). Deste modo, a busca por
biomarcadores que possam indicar a evolu¢dao da doenca e o progndstico de resposta a essas
novas terapias farmacologicas, serdo de grande importancia para o entendimento e para o
tratamento da AME.

Portanto, ¢ nesse contexto, ¢ também considerando a AME como uma doenga de
repercussdo multissistémica (21), com manifestagdo sobretudo de fraqueza e atrofia muscular,
que nos propomos a estudar as citocinas musculares (miocinas) como possiveis biomarcadores
dessa doenca. Poderiam essas moléculas funcionar como bons biomarcadores de dano
muscular na AME? Poderiam ser marcadores da progressdo da doencga e/ou resposta ao
tratamento? Como veremos na revisdo sistematizada da literatura, ainda ndo hé trabalhos que

possam responder essas perguntas de forma consistente.
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2. REVISAO DA LITERATURA

Realizamos uma revisdo sistematizada de publicagdes sobre Miocinas na Atrofia
Muscular Espinhal. Para a busca dos estudos foram consultados dois bancos de dados: PubMed
e EMBASE, no més de novembro de 2020. Utilizou-se os seguintes descritores fornecidos
pelo MeSH (Medical Subjects Headings):

- (Spinal Muscular Atrophy OR Atrophy, Spinal Muscular OR Spinal Amyotrophy
OR Amyotrophies, Spinal OR Amyotrophy, Spinal OR Spinal Amyotrophies OR Spinal
Muscular Atrophy OR Hereditary Motor Neuronopathy OR Hereditary Motor Neuronopathies
OR Motor Neuronopathies, Hereditary OR Motor Neuronopathy, Hereditary OR
Neuronopathies, Hereditary Motor OR Neuronopathy, Hereditary Motor OR Progressive
Myelopathic Muscular Atrophy OR Myelopathic Muscular Atrophy, Progressive OR
Progressive Proximal Myelopathic Muscular Atrophy OR Proximal Myelopathic Muscular
Atrophy, Progressive OR Myelopathic Muscular Atrophy OR Atrophy, Myelopathic Muscular
OR Muscular Atrophy, Myelopathic OR Adult-Onset Spinal Muscular Atrophy OR Adult
Onset Spinal Muscular Atrophy OR Muscular Atrophy, Adult Spinal OR Adult Spinal
Muscular Atrophy) AND ((Myostatin OR Growth Differentiation Factor § OR GDF-8) OR
(Follistatin OR Activin-Binding Protein) OR (Irisin OR FRCP2 protein, human OR irisin,

human OR fibronectin type III domain-containing protein 5 precursor, human)).

Fluxograma 1 — Selecdo dos estudos para elaboracdo do projeto.
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No PubMed obteve-se 22 resultados, dos quais 11 foram excluidos por ndo serem sobre
AME. Restaram 11 trabalhos relevantes ao nosso tema, mas 2 eram cartas ao editor, tendo sido
também excluidos desta revisdo. Por fim, 9 artigos foram incluidos por serem relevantes. A
maioria deles sobre as miocinas em modelos de animais com AME (22,23), alguns deles
mostrando o papel promissor da inibi¢do da miostatina e da agdo da folistatina na promocao do
aumento da massa muscular esquelética e na melhora da atrofia muscular (24-29). O unico
artigo sobre miocinas em humanos trata-se de um relato de caso, que sugere que a presenca da
mutagdo do gene TLL2 (Tolloid-like protein 2), um ativador da miostatina, pode funcionar com
um possivel amenizador da severidade da AME (30).

A busca no EMBASE resultou em 16 achados, dos quais apenas dois eram relevantes
ao tema estudado. Desses dois trabalhos, um se tratava de um estudo sobre um anticorpo
monoclonal inibidor da miostatina, que est4 sendo investigado com uma opgao terapéutica na
AME, mas ¢ apenas um resumo, nao havendo ainda um artigo completo publicado sobre o tema
(31). Por fim, o artigo mais relevante encontrado e incluido na nossa revisao foi sobre o papel
da regulacdo da miostatina em doengas neuromusculares, incluindo a AME (32), este trabalho
também traz descricdo aneddtica sobre os niveis de miostatina em 4 pacientes com AME,

comparando-nos com niveis em outras doengas musculares.

3. ATUALIZACAO DA REVISAO DA LITERATURA

Realizamos uma atualizagdo da revisdo sistematizada de publicagdes, a partir de 2021,
sobre Miocinas na Atrofia Muscular Espinhal. Para a busca dos estudos foram consultados dois
bancos de dados: PubMed e EMBASE, em fevereiro de 2024. Utilizou-se 0os mesmos
descritores fornecidos pelo MeSH (Medical Subjects Headings) descritos previamente.

No PubMed encontramos 9 novos resultados, dos quais 5 foram excluidos por ndo se
tratarem de AME. Dos 4 incluidos, dois sdo ensaios clinicos sobre a miostatina como alvo
terapéutico na AME (33,34), e os outros dois sdo revisdes sobre o papel da miostatina em
doencgas neuromusculares (35,36).

No EMBASE encontramos 4 novos resultados, dos quais 2 foram excluidos por ndo se
tratarem de AME (37,38), e os outros 2 por ndo serem sobre miocinas (39,40).

Em buscas manuais recentes na literatura também encontramos um resumo de
congresso com uma analise exploratoria do nivel sérico dessa molécula em pacientes com AME
(41). Foram encontradas também duas outras publicagdes sobre o papel da miostatina em outras

doengas musculares, incluindo as miopatias (42,43), que serdo detalhados na segdo 3.7,
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especifica sobre as miocinas. Antes disso, realizaremos uma descricdo mais detalhada da

condigao.

3.1 Aspectos Historicos e Caracteristicas Clinicas da AME

A primeira descri¢do de AME-5q infantil ocorreu em 1891, pelo médico austriaco
Guido Werdnig, apds a realizacdo de necropsia em duas criangas afetadas. Johan Hoffman foi
o segundo pesquisador a descrever a doenga, publicando dois relatos independentes, em 1891
e 1892. Sendo assim, a AME foi inicialmente conhecida como doenga Wernig-Hoffman, em
homenagem aos seus descobridores. No entanto, foi apenas na década de 50 que os cientistas,
Kugelberg e Welander, através das descri¢des de seus casos necropsiados, puderam contribuir
para identificar a fisiopatologia da doenga, como sendo degenera¢do do corno anterior da
medula e atrofia muscular severa (9). Em 1990, pesquisadores descreveram pela primeira vez
que a doenga envolvia o cromossomo 5q13 (7,8). Melki e seus colaboradores, descobriram o

gene envolvido nessa condi¢do e o nomearam de “sobrevivéncia do neurdnio motor” (SMN).

Em 1961, através da descri¢do de uma série de 52 casos, evidenciou-se pela primeira
vez o qudo variado pode ser o espectro fenotipico desta doenga (44), mas foi apenas 30 anos
apos, em 1991, no Consorcio internacional de Atrofia Muscular Espinhal, que se formalizou
um esquema de classificagdo da doenca em 3 tipos, o qual foi atualizado em 2007, quando se
acrescentou os tipos 0 e 4 (11,45). Dessa forma, atualmente, tem-se 5 fenotipos para a AME:
Tipo 0, Tipo 1 (doenca de Wednig-Hoffmann), Tipo 2 (forma intermediaria), Tipo 3 (doenca
de Kugelberg-Welander) e tipo 4 (11,45,46).

As principais caracteristicas clinicas da AME sdo a fraqueza e atrofia muscular, sendo
essa fraqueza geralmente simétrica, acometendo mais a musculatura proximal. A AME tipo 0,
¢ a forma mais severa, presente no periodo neonatal, caracterizada por fraqueza e hipotonia,
com relato de movimentos fetais reduzidos, e levando a 6bito até 6 meses de idade. No tipo 1,
sdo criangas hipotonicas, com paralisia flacida, sem controle do movimento da cabega e que
nunca adquirem a capacidade de se sentar sozinhas, os sintomas iniciam antes dos 6 meses de
idade e o Obito geralmente ocorre antes de 2 anos de vida previamente a disponibilidade das
terapias modificadoras de doenga. No tipo 2, os sintomas surgem entre 7 ¢ 18 meses de idade,
sdo criangas que conseguem sentar sem ajuda, mas nunca conseguem andar sozinhas. O tipo 3,
¢ uma forma mais heterogénea, sdo criangas ou jovens que conseguem andar sozinhos em

algum momento da sua vida, mas com a progressdo da fraqueza nos membros, evoluem para
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dependéncia de cadeira de rodas. Nesse grupo a capacidade cognitiva e a expectativa de vida
estdo preservados. O tipo 4, ¢ a forma mais leve e mais rara, cuja doenga inicia apos os 18 anos

de idade, geralmente apds os 30 anos (1,47,48).

3.2 Epidemiologia

Poucos estudos tentaram avaliar a prevaléncia da Atrofia Muscular Espinhal, dessa
forma os dados podem ser subestimados. Estima-se que a prevaléncia seja aproximadamente 1
a 2 para cada 100.000 pessoas, € que a incidéncia seja de 1 em 6000 a 1 em 11.000 nascidos
vivos (2,4,48-51). Alguns estudos mostram uma prevaléncia que chega a 6.56 para cada
100.000 individuos (52), indicando que existem diferencas regionais na incidéncia da doenga.
Acredita-se, também, que a frequéncia de portadores de variantes patogénicas no SMN/ seja
de 1 em 40 a 1 em 60 individuos na populagdo geral (5).

A AME-5q ¢ uma doenga autossdmica recessiva, causada pela mutacao do gene SMN/
localizado no cromossomo 5q13. A maioria dos pacientes (98%) tem uma alteracdo em
homozigose do SMNI, seja delegdo, rearranjo ou mutacdo, mas em raros casos, também pode
decorrer de uma mutacdo de ponto em dos alelos desse gene (53). O tipo mais frequente de
AME ¢ o 1 (doenca de Wednig-Hoffman), cerca de 60% dos doentes apresentam essa forma.
A segunda forma mais frequente € o tipo 2, com 27%, seguida da AME tipo 3, com cerca de

13% dos casos (5).

3.3 Genética Molecular e Fisiopatologia

A Atrofia Muscular Espinhal ¢ uma doenca autossOmica recessiva, causada por
anormalidades no gene SMN/ localizado no cromossomo 5q13, uma regido que tem um alto
grau de instabilidade genomica. SMNI ¢ uma cdpia telomérica do gene, que difere do SMN2,
copia centromérica, por apenas 5 pares de bases, e uma sequéncia codificadora que difere por
um unico nucleotideo, troca do nucleotideo C pelo T na posi¢do 840 (54,55).

A proteina SMN ¢ um polipeptideo de 294 aminoécidos, essencial para a manutencao
dos motoneuronios, sendo que niveis insuficientes dessa proteina resultam em degeneracio dos
neurdnios motores do tronco encefalico e da medula espinhal, levando a progressiva atrofia e
fraqueza muscular (9,10).

Na copia centromérica do gene SMN ha a exclusdo do éxon 7 durante a transcrigdo do
gene, levando a divisdo aberrante do pré-mRNA (4cido ribonucleico pré-mensageiro) do

SMN2, resultando na formacdo de uma proteina SMN instavel, pouco funcional e rapidamente
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degradada (Figura 2). Apenas 10% do SNM?2 consegue produzir uma proteina SMN funcional.
Sdo esses transcritos que parcialmente compensam pela perda dos SMNI, e por isso que o
nimero de copias de SMN2 serd o principal determinante genética da gravidade da doenga,

sendo quanto maior o nimero de copias de SNM2, menos grave a apresentacdo clinica da
doenga (1,56).

Figura 2: Esquema dos genes humanos SMN2 e SMNI e seus transcritos resultantes.
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Adaptado do Handbook of Clinical Neurology, Vol. 148, 2018(9).

Cerca de 98% dos pais de uma crian¢a doente sdao heterozigotos, sendo assim, apenas
2% dos pais ndo sdo portadores de uma variante patogénica do SMN1, e os filhos desses casais
apresentam uma variante patogénica de novo. Cada filho de um individuo afetado tem uma
chance aproximada de 25% de ser doente, 25% de chance de ser saudavel, e 50% de ser

portador assintomatico (47).
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3.3.1 Modelos Animais

Modelos animais de doengas sdo essenciais, pois permitem melhor entendimento da
fisiopatologia de cada condigdo, através da analise mais detalhada da doenca com a
possibilidade de proporcionar avangos terapéuticos que podem chegar na fase clinica.

Dentre os modelos animais da AME, temos os roedores (camundongos), estes tém
apenas o gene SMNI, cuja delecdo leva a letalidade embrionaria precoce. Desta forma, para a
geracdo de modelos animais de roedores que reproduzissem a doenca e ndo fossem letais, foi
necessario introduzir copias humanas transgénicas do SMN2 mediante técnicas de engenharia
genética. Os modelos dos camundongos com Smn1~~ (Figura 3) e SMN2T#T¢ foram criados
usando a inser¢do de uma a duas copias do SMN2 transgénico humano (57). Outro modelo de
camundongos ¢ o SMNA7 (Figura 4) , no qual os ratos recebem o transgene SMN2 com éxon

7 ausente (SMNA7) (58).

Figura 3: Modelo de camundongo Smn—/—.

Camundongo Smn—/— a esquerda. Adaptado de Human Molecular Genetics, Volume 9, Issue 3, 12 February
2000(57).

Figura 4: Modelo de camundongo SMNA?7.

Imagem mostrando um camundongo ndo SMA e dois camundongos SMNA7 SMA. Adaptado Human Molecular
Genetics, Volume 14, Issue 6, 15 March 2005(58).
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Também existem modelos animais com Drosophila larvae, que mostraram que a
deficiéncia de SMN reduz a expressdo de um subconjunto de genes contendo intron Ul2,
contribuindo, assim, para disfuncdo no circuito de atividade motora desses animais (9,59).

Pesquisadores também criaram modelo transgénico de zebrafish que carrega o gene
SMN?2 humano, que pode ajudar no entendimento da disfun¢cdo dos motoneurdnios na AME,

podendo ser utilizado para abordagens moleculares ou testes farmacologicos (60).

3.4 Diagnostico

O diagnostico da atrofia muscular espinhal foi definido no Consenso de 2007, em que
foi definido que o teste diagndstico para pacientes com suspei¢cao da doenca deveria ser o teste
genético da dele¢ao do gene SMN (61). A ndo ser que haja historia familiar, geralmente a
suspeicao da doenca ¢ induzida pelas manifestacdes clinicas do recém nascido.

Assim, o diagnostico ¢ baseado na testagem molecular para SMNI1/SMN2, sendo esta a
primeira linha de investigacdo (62). O padrido ouro de testagem molecular ¢ a andlise
quantitativa do SMNI e SMN2, usando a amplificagdo ligadura-dependente multiplex da ponta
de prova (multiplex ligation-dependent probe amplification - MLPA), reacdo em cadeia da
polimerase quantitativa (qQPCR) ou sequenciamento massivo paralelo (SMP) (12,63,64).

A auséncia das duas copias completas do SMNI permite o diagnostico. Se houver uma
copia completa do SMNI presente, mas o paciente tem clinica compativel com AME, deve-se
procurar variantes de ponto no gene SMNI remanescente por técnicas de sequenciamento.
Quando as duas copias completas do SMNI estdo presentes, o diagndstico de AME ¢
improvavel, no entanto, se o paciente tem o fendtipo compativel e for filho de casal
consanguineo, o sequenciamento do SMN1 também deve ser realizado(62).

Embora seja a presenga do gene SMN/ o definidor do diagnostico, a quantificagao das
copias do SMN2 ¢é importante, por influenciar na severidade da doenca, tendo, portanto,
implicacdo prognostica (12,65,66).

Exames complementares podem incluir: dosagem da enzima muscular creatina quinase,
que pode estar normal ou levemente aumentada; teste -eletrofisiolégico, como a
eletroneuromiografia (ENMG), que pode ser usado nas formas mais cronicas no qual o fenotipo
da doencga ¢ menos evidente (67); e estudo da condu¢do nervosa com estimulacdo repetitiva
(62,68). Estudo recente mostrou que o ultrassom do musculo parece ser um método de 6tima

acuracia e boa estratégia de screening para AME de inicio tardio(67).
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3.5 Tratamento

Até 2016 o tratamento da AME consistia apenas em medidas de suporte, mas avangos
recentes foram realizados no entendimento da fisiopatologia da AME, possibilitando o
surgimento de novas propostas terapéuticas.

Em dezembro de 2016, o o6rgdo regulatorio americano, FDA (Food and Drug
Administration), aprovou a Nusinersena (Spiranza), um oligonucleotideo antisense (ASO) para
o tratamento da AME. A Nusinersena ¢ uma sequéncia de fita Unica de 4cido nucleico
designada a regides especificas do pré-RNAm (4cido ribonucleico pré-mensageiro),
modulando a expressdo genética. Ele permite que o éxon 7 seja incluido durante o
processamento do RNAm transcrito a partir do gene SMN2, garantindo a leitura e a tradugado
correta deste gene, potencializando a sintese de proteinas SMN funcionais (13,14). Em 2019,
o Onasemnogene abeparvovec (Zolgesma) foi aprovado nos Estados Unidos para o tratamento
de criancas com AME menores de 2 anos de idade e com mutagdo bi-alélica no gene SMNI.
Onasemnogene abeparvovec ¢ um vetor adenoviral designado a entregar uma copia humana
funcional do gene SMN aos neurdnios motores de pacientes com AME (15). Mais
recentemente, em agosto de 2020, o Risdiplam (Evrysdi) que ¢ um modificador do processo
transcricional do RNA direcionado ao gene SMN2, também foi aprovado pelo FDA como
tratamento de pacientes com AME maiores de 2 meses de idade. Este farmaco, cuja
administracdo ¢ via oral, atua aumentando a inclusdo do éxon 7 nos transcritos do RNAm (dcido
ribonucleico mensageiro) do gene SMN2, impulsionando a capacidade deste gene produzir
proteinas SMN funcionais (16,17).

No entanto, nenhum dos tratamentos existentes possibilita a cura da doencga. Pesquisas
em andamento tém buscado potenciais agentes para o desenvolvimento de novos compostos
farmacologicos para o tratamento da AME (56). A variacdo da severidade clinica da doenga ¢
um desafio adicional para decisdo sobre o melhor momento de inicio do tratamento para se
obter o melhor beneficio. Nos individuos em tratamento, também ndo ha um consenso sobre a
melhor medida ou marcador para avaliar a resposta ao tratamento (20).

Atualmente, alguns estudos tém focado no musculo como alvo terapéutico na AME, ja
que ¢ a perda de forca a caracteristica mais marcante da doenga. Poderiam biomarcadores
musculares predizer o curso clinico da doenca e da resposta ao tratamento? E nesse contexto
que entram as miocinas, citocinas que tém seu papel na massa e funcionamento muscular (69).

Nao had muitos trabalhos nesse topico, mas ha um estudo que estd em andamento para avaliar
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um anticorpo monoclonal — Apitegromab que funcionaria como inibidor da miostatina, com o

objetivo de avaliar seu potencial terapéutico em individuos com AME (31,33,34,56).

3.6 Biomarcadores na AME

Biomarcadores sao usados para monitorar e avaliar o desenvolvimento de uma doenga,
do diagndstico ao 6bito, podendo ser moleculares ou tecnologias, bem como exames que
ajudam a avaliar as mudangas na fisiologia da condi¢do. Podem ser classificados em
biomarcadores de: diagnostico, progndstico, progressdo de doenga, e de resposta ao tratamento
(70).

De forma mais ampla, as escalas clinicas, ou desfechos de avaliacdo clinica (COA da
sigla do inglés), também podem ser considerados como marcadores biologicos. Diferentes
COAs foram validados na AME para acompanhamento dos pacientes, sendo utilizados como
desfechos de eficacia nos diversos ensaios clinicos que avaliaram terapias modificadoras da
doenca. Para AME de inicio precoce (tipo 1) temos: Children’s Hospital of Philadelphia Infant
Test of Neuromuscular Disorders (CHOP INTEND) e Hammer-smith Infant Neurological
Examination (HFMSE), e para AME de inicio tardio, temos as seguintes escalas: Hammersmith
Functional Motor Scale-Expanded (HFMSE) e Revised Upper Limb Module (RULM) (71,72).
A seguir faremos uma breve revisdo de cada um desses COAs.

A CHOP INTEND ¢ uma escala que avalia as habilidades motoras das criangas com
AME tipo 1 (ou que ndo possuem capacidade de sentar). O instrumento contém 16 itens
(movimentos espontdneos em membros superiores; movimentos espontdneos em membros
inferiores; preensdo voluntaria; movimentagdo da cabega; adugdo do quadril; rolar sem auxilio
das pernas; rolar sem auxilio dos bragos; flexdo dos ombros e cotovelos e abdugao horizontal;
flexdo dos ombros e cotovelos; extensdo dos joelhos; flexdo do quadril e dorsiflexdo dos pés;
sustentacdo da cabeca; flexdo do ombro; flexdo do pescoco; extensdo do pescogo e cabeca;
curvatura da coluna), cada um com uma pontuagdo que varia de 0 a 4. A pontua¢do maxima da
escala varia de 0 a 64, quanto maior, melhor o desenvolvimento motor da crianga (73-75). A
HINE ¢ uma avaliagdo quantificavel do funcionamento neuroldgico da crianga, validada para
criangas entre dois e 24 meses de idade. Contém 3 secdes e 37 itens. A primeira se¢ao inclui

26 itens que avaliam a fun¢do dos nervos cranianos, postura, movimentos, tonus e reflexos. A
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segunda seccdo contém 8 itens que avaliam o desenvolvimento da fungdo motora, através da
observagdo da aquisi¢do dos marcos motores (preensao voluntéria, chutes, controle da cabecga,
rolar, sentar, engatinhar, ficar em pé e andar), a pontuacdo varia de 0 a 26, com 0s maiores
escores representando um melhor funcionamento motor, sendo esta secdo a que ¢ utilizada
principalmente nos estudos em AME. A tltima se¢@o avalia o comportamento, através de 3
itens (73,76,77). A HFMSE ¢ uma escala que foi desenvolvida para criancas com AME tipo 2
e 3, particularmente aquelas com mobilidade reduzida, para fornecer informagdes sobre as
habilidades motoras e progressao clinica da doenga. Foi criada em 2003 (78) e atualizada em
2007 (79). A HFMS inicialmente avaliava 20 atividades, cada uma delas pontuando de 0 a 2
(0: incapacidade de realizar a atividade; 1: realiza com assisténcia, 2: realiza sem ajuda). A
pontuacao total da escala variava de 0, se o individuo falhasse em todas as atividades, a 40, se
realizasse todas as atividades. Em 2007, essa escala foi refinada com o acréscimo de 13 novos
itens de avaliacdo, sendo assim, a pontuagdo da HFMSE atualmente varia de 0 a 66, sendo
valores mais altos, representativos de melhor fungdo motora (72,80). A RULM foi criada em
2011, sendo destinada a avaliagdo da fun¢do dos membros superiores em pacientes com AME
incapazes de deambular, incluindo criangas pequenas ou aqueles pacientes com contraturas
severas (81). Em 2016 houve a revisdo dessa escala, que agora conta com 20 itens, mas o item
de entrada que serve como identificacdo da classe funcional, ndo contribui para a pontuagao
total. Cada item ¢ classificado de 0 a 2 (0: incapaz; 1: capaz, com modificagdo; 2: capaz, sem
dificuldade), exceto o primeiro item que pontua no maximo 1, sendo, assim, 37 ¢ a pontuacao
maxima (72,82).

Medidas eletrofisiologicas, como potencial de acdo muscular composto (CMAP),
estimativa do numero de unidades motoras (MUNE) e miografia de impedancia elétrica (EIM)
parecem ser sensiveis o suficiente para detectar alteragcdes neuromusculares antes da
manifestagdo clinica evidente, tornando-as biomarcadores de progressdo e resposta ao
tratamento na AME. O indice de nimero de unidade motora (MUNIX) e o indice de tamanho
de unidade motora (MUSIX) também podem funcionar como biomarcadores de progressao. Ja
a ressonancia magnética e a ultrassonografia do musculo sdo uteis para o diagndstico, e este
ultimo método também ¢ um potencial marcador de progressdo e severidade da AME

(70,83,84).


https://paperpile.com/c/u4U5Md/PlUk+UhwMW+Xd4Po
https://paperpile.com/c/u4U5Md/jtE1
https://paperpile.com/c/u4U5Md/iTs6n
https://paperpile.com/c/u4U5Md/cxq35+AzIg
https://paperpile.com/c/u4U5Md/TuFCg
https://paperpile.com/c/u4U5Md/hWDnp+AzIg
https://paperpile.com/c/u4U5Md/Do96+zrKc+9bQF

Outros estudos examinaram marcadores sanguineos, como mRNAm e niveis proteicos
de SMN (85), perfil de metilagdo do DNA de leucocitos (85,86) e proteinas plasmaticas
identificadas através de estudos protedmicos ndo enviesados, no entanto, esses marcadores nao
possuem diferenciacdo clara entre os subtipos de AME e mostraram associa¢ao limitada com
a gravidade da doenga, reduzindo sua utilidade clinica (87). Os niveis plasmaticos da cadeia
pesada do neurofilamento (pNF-H) (88,89) e da cadeia leve (NfL)(90-93) demonstraram
potencial como biomarcadores para dano axonal, refletindo a gravidade da doencga e a resposta
ao tratamento na AME de inicio infantil. No entanto, esses achados ndo foram reprodutiveis
em pacientes com AME tipos 2 e 3, nem em estagios cronicos de AME (91-93). Recentemente
outros autores focaram no envolvimento marcado do tecido muscular na doenga para buscar
biomarcadores, tendo encontrado que a creatina quinase (CK) e creatinina (Cr)
correlacionaram-se com a fun¢do motora e severidade de doenca, ndo sendo claro o seu papel

como biomarcadores de resposta ao tratamento (94).

3.7 Miocinas

As miocinas sdo citocinas ou peptideos sintetizados e liberados pelos miocitos em
resposta a contragdo muscular. O termo miocinas surgiu em 2007, mas sua primeira descri¢ao
foi feita em 1997, e desde entdo tem-se investigado o papel dessas substidncias na massa € na
fungdo muscular (69,95,96).

A miostatina, um membro da familia do fator transformador de crescimento 3 (TGF-
B3), € expressa e secretada principalmente pelo musculo esquelético e serve como regulador
negativo do crescimento muscular (69). Estudos demonstraram que ha niveis reduzidos de
miostatina em diversas doencas musculares, incluindo distrofias musculares, distirbios
miotonicos e miopatias de corpos de inclusao (42,43). Ha também um estudo anterior que se
propde a avaliar os niveis séricos de miostatina em pacientes com doengas musculares, e
também foram avaliados quatro pacientes com AME de inicio infantil, demonstrando uma
reducdo significativa em comparacdo aos controles e aqueles pacientes com miopatias
primarias (32). Um resumo apresentado recentemente em 2021 no Congresso da World Muscle
Society (WMS), posteriormente a escrita do projeto da tese, relatou estudo multicéntrico no
qual os niveis séricos de miostatina foram avaliados em pacientes com AME ndo tratados,
encontrando niveis reduzidos de miostatina em pacientes com AME tipo 2 quando comparados

ao tipo 3 e correlagdes significativas dos niveis reduzidos de miostatina com
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comprometimentos nos escores de fungdo motora (41). Estudos recentes com modelos animais
também tém mostrado que a inibigdo da miostatina, poderia aumentar a massa, a funcdo e a
performance muscular em modelos de ratos com AME (27-29,32,56).

A folistatina, que ¢ um antagonista endogeno da miostatina, também ja foi descrita em
modelo de ratos com AME como uma substancia que promoveria aumento da massa muscular
esquelética e melhoraria a atrofia muscular (24-26). Ao contrario da miostatina, a folistatina
apresenta um perfil de expressdo mais amplo, sendo a expressao hepatica mais de 8 vezes maior
que a expressao no musculo esquelético (97), consequentemente, o aumento da expressao da
folistatina no musculo pode ndo resultar necessariamente em niveis séricos elevados desta
miocina.

Outra miocina, a irisina, ¢ um hormdnio induzido pelo exercicio, resultado da clivagem
de seu precursor, dominio da fibronectina tipo III contendo a proteina 5 (FNDCS5), sendo
secretado pelas células da musculatura esquelética apos o exercicio. Estudos, inclusive em
modelo animal, evidenciaram que essa molécula ¢ capaz de atenuar a perda da massa muscular,
induzindo hipertrofia muscular, recuperando as atrofias induzidas por desnervagdo, e

contribuindo para regeneragdo da musculatura (98—101).
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4. JUSTIFICATIVA

A atrofia muscular espinhal ¢ uma doencga genética que embora seja rara (incidéncia de
cerca de 1 para cada 10.000 nascidos vivos), ¢ segunda doenca autossomica recessiva fatal
mais comum (6), sendo assim, um entendimento completo dessa doenca e fatores associados ¢

essencial para desenvolvimento de estratégias terapéuticas.

Essa doenca neuromuscular ¢ primariamente central, afeta os neurdnios motores,
levando a uma profunda atrofia muscular esquelética, mas serd que as miocinas poderiam
funcionar como bons biomarcadores de dano muscular na AME? Poderiam ser marcadores da
progressdo da doenca e/ou resposta ao tratamento? S3o essas perguntas que tentaremos

responder com esse trabalho.

Nossos servicos de Neurologia e Genética Médica, do Hospital de Clinicas de Porto
Alegre (HCPA), sdo o centro de referéncia estadual do Rio Grande do Sul para o tratamento de
pacientes com AME. Em janeiro de 2021 o servico acompanhava 52 individuos com AME,
entretanto os dados clinicos e epidemioldgicos de nosso centro, bem como a experiéncia do
mundo real com as novas terapias no contexto do sistema tnico de saude brasileiro no Sul do

Brasil ainda ndo haviam sido relatadas.

Desta forma, a presente tese iniciard pela descri¢do detalhada de nossa casuistica e da
resposta as novas terapias modificadoras de doenga. Tais dados também servirdo como base
para justificar a necessidade da identificacdo de biomarcadores de gravidade e progressdo de
doengca e farmacodindmicos. ApOs esta caracterizagdo e aproveitando do seguimento
longitudinal realizados pelos nossos servigos, realizaremos um estudo caso-controle, seguido
de um estudo de coorte para a descoberta de novos biomarcadores. Considerando que as
miocinas possam ser marcadores de grande potencial ainda ndo estudados em pacientes com
AME, e baseando-se em modelos animais (26-29,32,56) que ja demonstram que as miocinas
tem um potencial papel terapéutico na atrofia muscular espinhal, o estudo original principal
deste tese versara sobre o estudo dessas citocinas, objetivando ampliar o conhecimento sobre

o papel como biomarcadores de gravidade, progressdo e farmacodinamicos na AME.
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5. MARCO CONCEITUAL

Historia Natural
DESFECHOS DESFECHOS

Biomarcadores séricos: Biomarcadores séricos:
* Miostatina * Miostatina

* Folistatina * Folistatina

* lrisina * lrisina

Escalas Semiquantitativas: Escalas Semiquantitativas:
» CHOP INTEND « CHOP INTEND

» HINE » HINE

» HFMSE » HFMSE

* RULM * RULM

Estagio da doenca Estagio da doenga
Funcionalidade Funcionalidade

12 Meses 24 Meses

AME, Atrofia Muscular Espinhal; CHOP INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders;
HINE, Hammer-smith Infant Neurological Examination; HFMSE, Hammersmith Functional Motor Scale-Expanded; RULM,
Revised Upper Limb Module.
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6. OBJETIVO

6.1 Objetivo Geral:

Caracterizar o potencial das miocinas como marcadores biologicos de gravidade e de

progressdo da Atrofia Muscular Espinhal.

6.2 Objetivos Especificos:

6.2.1 Descrever a Casuistica da AME em um servigo de referéncia regional para doengas raras.
Descrevendo os casos e relatando experiéncia de mundo real com tratamentos modificadores
de doenca para esta condigdo.

6.2.2 Analisar dados de expressdo génica diferencial através de estudo de bioinformatica para
investigar potenciais biomarcadores da AME.

6.2.3 Caracterizar o perfil dos marcadores séricos: Miostatina e Folistatina na AME-5q.

6.2.4 Caracterizar o perfil dos marcadores séricos: Miostatina e Folistatina nos diferentes tipos
de AME-5q.

6.2.5 Avaliar a progressao apds 12 meses dos niveis sé€ricos desses biomarcadores.

6.2.6 Comparar a sensibilidade & mudanca dos marcadores bioldgicos em comparagdo com as

escalas clinicas.
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ABSTRACT

INTRODUCTION: The identification of biomarkers for spinal muscular atrophy (SMA) is
crucial for predicting disease progression, severity, and response to new disease-modifying
therapies. OBJECTIVE: This study aimed to investigate the role of serum levels of myostatin
and follistatin as biomarkers for SMA, considering muscle atrophy secondary to denervation
as the main clinical manifestation of the disease. METHODOLOGY: The study evaluated the
differential gene expression of myostatin and follistatin in a lesional model of gastrocnemius
denervation in mice, as well as in a meta-analysis of three datasets in transgenic mice models
of SMA, and in two studies involving humans with SMA. Subsequently, a case-control study
involving 27 SMA patients and 27 controls was conducted, followed by a 12-month cohort
study with 25 SMA cases. Serum levels of myostatin and follistatin were analyzed using
enzyme-linked immunosorbent assay at a single center in southern Brazil. RESULTS: Skeletal
muscle gene expression of myostatin decreased and of follistatin increased following lesional
muscle denervation in mice, consistent with findings in the SMA transgenic mice meta-analysis
and in the iliopsoas muscle of 5 patients with SMA type 1. Median serum myostatin levels
were significantly lower in SMA patients (98 pg/mL; 5-157) compared to controls (412 pg/mL;
299-730) (p<0.001). Lower myostatin levels were associated with greater disease severity
based on clinician-rated outcomes (Rho=0.493-0.812; p<0.05). After 12 months, there was a
further reduction in myostatin levels among SMA cases (p=0.021). Follistatin levels did not
differ between cases and controls, and no significant changes were observed over time. The
follistatin:myostatin ratio was significantly increased in SMA subjects and inversely correlated
with motor severity. CONCLUSION: Serum myostatin levels show promise as a novel
biomarker for evaluating the severity and progression of SMA. The decrease in myostatin
levels and the subsequent favorable environment for muscle growth may be attributed to
denervation caused by motor neuron dysfunction.

KEYWORDS: Spinal Muscular Atrophy, biomarker, myokine, myostatin, follistatin,
differential gene expression.



1. INTRODUCTION

Spinal Muscular Atrophy (SMA) is an autosomal recessive neurodegenerative disease
characterized by progressive motor neuron degeneration:>:. Its incidence is estimated at 1 in
6000-10,000 live births, with a prevalence of 1 in 40-60 individuals as mutation carriers in the
general population+. SMA is a leading cause of infant mortality and the second most common
fatal autosomal recessive disease:=.

The disease is caused by bi-allelic pathogenic variants in the survival of motor neuron 1 gene
(SMNT1), resulting in the absence of SMN protein production:2:c, The complete absence of this
protein would be lethal during the embryonic period, however, the presence of the SMN2 gene,
a paralogous gene which varies in copy number, allows for the production of a small amount
of functional SMN protein:=:. The severity of SMA exhibits significant variation, and its clinical
manifestations can be classified into five subtypes'. Type 0 is the most severe form, occurring
in the neonatal period. Type 1 is characterized by flaccid paralysis and the inability to sit
without support, with symptoms emerging before 6 months of age. Type 2 has an onset between
6 and 18 months, where children can achieve independent sitting but are unable to walk
independently. Type 3 is a more heterogeneous form, affecting children or young individuals
who can walk independently but gradually experience limb weakness progression. Type 4 is
the mildest form, with disease onset occurring after 18 years of age: :».Advancements in
understanding SMA pathophysiology have led to significant progress in disease-modifying
therapies targeting SMN levels like nusinersen, onasemnogene abeparvovec and risdiplamsz.
Early initiation of therapy has shown the greatest effectiveness, particularly in pre-symptomatic
children with 2 to 3 copies of SMN2z. However, individual patients' clinical courses and disease
progression sometimes deviate from the typical natural history, suggesting variations in
treatment response regardless of age at initiations.

Therefore, it is important to identify SMA biomarkers for assessing disease severity,
progression, prognosis, and therapeutic response. Previous studies have examined blood
markers such as SMN mRNA and protein levelsy, leukocyte DNA methylation profilewz, and
plasma proteins identified through unbiased proteomic studies:. However, these markers
lacked clear differentiation among SMA subtypes and showed limited association with disease
severity, reducing their clinical utility=. The plasma levels of neurofilament heavy chain (pNF-
H)«s and light chain (NfL)s=» have demonstrated potential as biomarkers for axonal damage,
reflecting disease severity and treatment response in infantile-onset SMA. However, these
findings have not been reproducible in patients with SMA types 2 and 3, nor in chronic stages
of SMA s,

Considering SMA as a neuronal disease with clinical manifestations primarily occurring due
to denervation-induced skeletal muscle alterations, we aimed to evaluate the potential of
myostatin, a negative regulator of muscle growth, its antagonist, follistatin, and their ratio as
biomarkers. We analyzed skeletal muscle differential gene expression (DGE) data from
lesional denervation and transgenic mice models of SMA, as well as from humans with SMA
in a bioinformatic study. Subsequently, we assessed the serum levels of myostatin and
follistatin in a clinical study to investigate their potential as biomarkers for disease severity,
progression, and treatment response to novel therapies.
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2. METHODOLOGY
2.1 Study Design

The study consisted of two phases. The first phase involved a bioinformatic study in which the
analysis of candidate myokine expression was performed using raw data from DGE studies in
muscle or blood samples from humans and mice, obtained from public repositories. The second
phase included a cross-sectional case-control study, followed by a cohort study conducted at a
single center.

2.2 Bioinformatic study

To investigate the potential alteration of myostatin and follistatin in SMA due to muscle
denervation, we initially manually selected a study that examined the temporal DGE of
myokines in the gastrocnemius muscle of mice following tibial nerve denervation». After that,
transcriptome datasets evaluating SMA disease were searched on publicly available
repositories Gene Expression Omnibus (GEO)x and ArrayExpress (AE)=. The following terms
were used as keywords: “(SMA) OR (SMA AND muscle) OR (SMA AND blood) OR (Spinal
muscular atrophy) OR (Spinal muscular atrophy AND muscle) OR (Spinal muscular atrophy
AND blood) . Filters were applied to meet the inclusion criteria of studies conducted on blood
or muscle samples of humans and/or mice through microarray and/or RNA-Seq methodologies.
Experiments performed in cell lines, with less than three samples per group, without control
groups, or without raw data available in the databases were excluded.

2.3 Clinical study

The first phase of the clinical study involved a cross-sectional case-control study, where serum
levels of myostatin and follistatin were measured in both groups. Additionally, in the case
group, clinician-rated outcomes (ClinRO) were assessed: Children's Hospital of Philadelphia
Infant-Test-of-Neuromuscular-Disorders (CHOP-INTEND); Hammersmith-Infant
Neurological-Examination ~ (HINE); Hammersmith-Functional-Motor-Scale—Expanded
(HFMSE); and Revised-Upper-Limb-Module (RULM). SMA functional status was
categorized as non-sitters; sitters (defined as able to sit without support, stand alone or stand
with assistance); and walkers (defined as able to walk independently). In the second phase, a
longitudinal cohort was conducted exclusively with the case group. This cohort involved a 12-
month follow-up period during which the analysis of biomarkers was repeated.

Subjects in the study were recruited consecutively from May to October 2021 at the
Neuromuscular Genetics outpatient clinic of Hospital de Clinicas de Porto Alegre and included
individuals with a confirmed genetic diagnosis of SMA-5q type 1, 2, or 3 undergoing regular
follow-up.

The control group consisted of healthy participants with a body mass index (BMI) appropriate
for their age, selected based on sex and age matching with the case group. The control group
was recruited from the hospital community through invitations extended to healthy relatives of
patients consulting at the hospital due to other diseases or patients seeking consultation for
other health issues that did not meet exclusion criteria (e.g., those on the waiting list for
umbilical or inguinal hernia surgery, etc.). Individuals with other neurological or systemic
conditions that could lead to additional motor impairments or negatively impact
cardiopulmonary performance, such as stroke sequelae, chronic obstructive pulmonary disease,
decompensated heart failure, severe asthma, were excluded from both groups.
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The study was conducted in accordance with ethical guidelines and was approved by the
institutional research ethics committee (GPPG-HCPA-2020-0731). Informed consent was
obtained from all participants, adhering to the ethical principles outlined in the Declaration of
Helsinki.

2.3.1 Serum analysis

Three mL of serum samples were obtained from peripheral venous blood of participants and
controls and placed in serum separator tubes. The samples were left at room temperature (18-
25°C) for 30-45 minutes to clot, then centrifuged at 1000xg for 10 minutes at a temperature of
23°C. Care was taken to avoid hemolysis and the separated serum was stored in a freezer at -
80°C until analysis. Serum levels of myostatin and follistatin were measured in duplicate with
a commercially available enzyme-linked immunosorbent-assay kit (R&D-Systems, DuoSet®
GDF-8/Myostatin, cat. no. DY788-05, and DuoSet® human Follistatin, cat. no. DY669,
Minneapolis, MN, USA), in accordance with the manufacturer's instructions.

2.4 Statistical analysis

2.4.1 Datasets processing and meta-analysis

The microarray studies were manually extracted through GEO/AE and later analyzed with the
affy package= in R v4.2.22 and RStudio v2022.7.2.576 softwares applying a robust multiarray
average (RMA) normalization. The raw data from the RNA-Seq datasets were processed on
the useGalaxy server= as follows: .fastq quality was evaluated in the FastQCx, alignment was
performed using the Bowtie2=, and quantification using the featurecounts= tools. DGE analysis
was conducted for each dataset in R and RStudio using the /imma package= for the microarray
studies and edgeR package» for the RNA-Seq assays. Principal Component Analysis was
performed for each dataset to evaluate the heterogeneity of the samples. The surrogate variable
analysis normalization was performed to reduce batch effects. The resulting genes from the
DGE analysis with logFC > 1 and P-Value < 0.05 were considered upregulated, whilst genes
with logFC < -1 and P-Value < 0.05 were considered downregulated.

2.4.2 Analysis of the clinical study

Statistical tests were selected according to the distribution of data given by Shapiro-Wilk test
and histograms. The variables in the study did not have normal distribution and were shown as
median (interquartile ranges), except for BMI, CHOP-INTEND, HFMSE and RULM which
are presented as mean (95% confidence intervals, CI). Comparisons between paired cases and
controls were performed with Wilcoxon signed-rank test, with corrections for weight and BMI
(covariates) performed using rank analysis of covariance (Quade's test), or Chi-Square.
Comparisons among SMA subtypes, functional status and SMN2 copy numbers were
performed with Kruskal-Wallis test. Comparisons between SMA treated and untreated subjects
at baseline were performed with Mann-Whitney U-test. Changes in myostatin and follistatin
serum levels and its ratio from baseline to 12 months of follow-up were performed with
Wilcoxon signed-rank test. Correlations between myokines levels at baseline with age, age at
onset, reported disease duration and the ClinROs were performed with Spearman correlation-
test. We also performed Spearman correlation test searching for the association of the
difference in myokines levels from 12 months to baseline (DeltaMyokine) with disease severity
variables at baseline and time since onset of treatment (TSOT). TSOT considered the number
of days of treatment when baseline samples were collected, with positive values indicating
subjects already taking the treatment at baseline, zero meaning that treatment was started at
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baseline visit and negative values that treatment was started after baseline. Untreated patients
were censored for this last analysis.

3. RESULTS

3.1 Bioinformatic Study: Transcriptome datasets
3.1.1 Temporal pattern of myostatin and follistatin DGE in muscle submitted

to lesional denervation

To investigate the potential alterations in myokine regulation due to muscle denervation and
atrophy in SMA, we examined the DGE of myostatin (Mstn) and follistatin (Fisf) in a mouse
model of neurogenic skeletal muscle atrophy». We analyzed RNA-seq data from the
gastrocnemius muscle of male mice following lesional denervation of the tibial nerve. The time
points evaluated included baseline, 1, 3, 7, 14, 30, and 90 days post-lesion, with four mice per
group. Our analysis revealed a significant decrease in Mstn expression and an increase in Fis¢
expression in the denervated muscle, starting at 7 days post-lesion and persisting until 90 days
(Figure 1A, Supplementary Table 1).

Figure 1 — Heat-map of the differential expression of myokines in acute and chronic neurogenic skeletal muscle
atrophy in mice.
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3.1.2 Systematic review of public databases on DGE in SMA

The systematic review of GEO/AE databases identified three relevant studies with RNA-Seq
in mice, two conducted with the Taiwanese model Smn—/—;SMN2 SMA mice:-=. one with the
SMN Delta7 model». In two studies, DGE was assessed in the tibialis anterior muscle, with
one study examining postnatal day 7 in three transgenic mice and three controls of both sexes
(GSE150510)= and the other examining postnatal day 10 in four transgenic mice (sex not
informed) and five controls (GSE158790)=. The third study (E-MTAB-3664): evaluated
skeletal muscle in four affected and four control mice (similar proportion of male and females)
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at postnatal days 1 and 4x, which were grouped together prior to analysis. A decrease in Mstn
expression in SMA mice was found on the GSE158790 dataset and the meta-analysis of all
three studies. Conversely, Fst expression was found to be increased in SMA mice across all
three datasets and in the meta-analysis (Figure 1B, Supplementary Table 1).

We identified two human studies that assessed transcriptomes in muscle tissue or blood
samples. In the study conducted by Ramos and colleagues= (GSE159642), DGE was examined
in post-mortem diaphragm and iliopsoas samples from five patients with SMA type 1 (aged 4-
16 months, except for one case with unknown age) and one additional diaphragm sample from
a patient with SMA type 2 (72 months old). These samples were compared to three control
samples from individuals who died of unknown causes/cardiac arrest (aged 19-168 months).
The findings of this study demonstrated a similar pattern of DGE to the mice studies, with
decreased expression of MSTN and increased expression of FST in the iliopsoas (I) muscle of
SMA patients, as well as increased expression of FST in the diaphragm (D) (Figure 1C,
Supplementary Table 1). In the study GSE174056, DGE analysis was performed on whole-
blood samples using RNA-seq. This study included five patients with SMA type 1 (all with 2
copies of SMN2) under 1 year of age (121-259 days) and five healthy age-matched controls
under 1 year old =. The results showed no significant differences in the expression of myostatin
(LogFC =-0.1894; P-Value = 0.891) or follistatin (LogFC = 0.2449; P-Value = 0.757) (Figure
1C). Due to the limited number of eligible human studies, a meta-analysis could not be
performed.

These results supported the hypothesis that myostatin and follistatin could serve as potential
biomarkers for SMA, warranting further evaluation in a clinical study.

3.2 Clinical Study

A total of 54 participants were included in the study, comprising 27 homozygous cases with
the common deletion in the SMNI and 27 healthy individuals. The detailed clinical, genetic,
and demographic characteristics of the participants can be found in Table 1. At baseline, 11
out of 27 (40.7%) cases were receiving disease-modifying therapies related to SMN levels.. All
of them received nusinersen, and four out of the eleven (27.3%) cases switched to
onasemnogene abeparvovec. During the 12-month follow-up period, four subjects initiated
treatment and one patient transitioned from nusinersen to onasemnogene abeparvovec.

Table 1. Main demographics, clinical and genetic characteristics of the study sample at baseline

Variable Controls (n=27) SMA subjects (n=27)
Male 14 (51.8%) 13 (48.2%)
Age - mo 143 (40 - 252) 132 (38 - 276)
Age at onset — mo - 7 (2-12.5)
Disease duration - mo - 110.5 (32.25 - 252.75)
Weight — kg 53.65 (15.87 - 75.75) 35 (14.54 - 60)
BMI - kg/m? 20.7 (19.01 - 22.38) 19.93 (16.85 - 23.0)
SMA type Type 1 — 12/27 (44.4%)

- Type 2- 9/27 (33.3%)
Type 3 — 6/27 (22.2%)
SMN?2 copy number 2 copies — 13/27 (48.1%)
- 3 copies — 10/27 (37%)
4 copies — 3/27 (11.1%)
Non-sitters 10/27 (37%)

Functional status Walkers 27/27 (100%) Sitters 15/27 (55.5%)
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Walkers 2/27 (7.4%)

Ventilatory support 0/27 (0%) 13 (48.1%)
CHOP-INTEND (N=17) - 25.29 (16.16 - 34.43)
HINE (N=16) - 4.25(1.32-17.18)
HFMSE (N=8) - 19.5 (8.57 - 30.43)
RULM (N=6) - 22.83 (12.12 - 33.5)
On disease modifying therapies - 11 (40.7%)
Use of nusinersen - 11 (40.7%)
Use of Onasemnogene abeparvovec - 4 (14.8%)

Data are shown as median (interquartile range) or frequencies (percentages), except for BMI which is shown as
mean (95% confidence interval). BMI, body mass index; CHOP INTEND, Children’s Hospital of Philadelphia
Infant Test of Neuromuscular Disorders; HINE, Hammersmith Infant Neurological Examination; HFMSE,
Hammersmith Functional Motor Scale—Expanded; Mo, months; RULM, Revised Upper Limb Module; SMA,
spinal muscular atrophy.

3.2.1 Serum levels of myokines

3.2.1.1 Myostatin

Serum myostatin levels were significantly lower in subjects with SMA, with a median of 98
pg/mL (5-157 pg/mL), compared to controls who had a median of 412 pg/mL (299-730 pg/mL;
p<0.001 corrected for weight or BMI; Figure 2A). Median myostatin levels were 40.92 pg/mL
(5-137.52 pg/mL) in the non-sitters group, 97.85 pg/mL (17.42-139.8 pg/mL) in the sitters
group, and 176.2 pg/mL (174.4-ND pg/mL) in the walkers group (p=0.138, Figure 2E).There
was no significant difference in myostatin levels among SMA subtypes (p=0.477, Figure 2B),
based on SMN2 copy number (p=0.465, Figure 2C), treatment status (p=0.422, Figure 2D), or
gender (p=0.830).

Figure 2 — Myostatin serum levels at baseline.
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There was moderate to strong direct correlations between myostatin levels and CHOP-
INTEND (N=17; Rho=0.493, p=0.044, Figure 3A), HFMSE (N=8; Rho=0.723, p=0.043,
Figure 3C) and RULM scores (N=6; Rho=812, p=0.05, Figure 3D), in which lower myostatin
levels were associated with worse motor performance (lower scale scores). However, there was
no significant correlation between serum myostatin levels and HINE (N=16; Rho=0.304,



p=0.252, Figure 3B). No significant correlations were found between serum myostatin levels
with age (Rho=0.041, p=0.840), weight (Rho=0.023, p=0.910), BMI (Rho=0.167, p=0.414),
age at onset of symptoms (Rho=0.185, p=0.365), or disease duration (Rho=-0.004, p=0.986).

Figure 3 — Serum myostatin levels correlation with clinician-rated outcomes.
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During the 12 months of follow-up, there was evidence of an additional reduction in myostatin
levels to 55 (5-104.5) pg/mL (p=0.021, Figure 4A). However, there was no correlation
between the change in myostatin levels over time and the severity of the disease at baseline
(p>0.05 for all comparisons) or the TSOT variable (Rho=0.022, p=0.940).

Figure 4 — Myokines levels on longitudinal 12-months follow-up.
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There was no significant difference in serum follistatin levels between SMA cases and controls
(cases: 573.5 pg/mL, controls: 790.8 pg/mL, p=0.288 - p=0.438 corrected for weight and



p=0.760 corrected for BMI, Supplementary-Figure 1A). Similarly, no differences were
observed in follistatin levels among SMA subtypes (p=0.610, Supplementary-Figure 1B),
based on SMN2 copy number (p=0.109, Supplementary-Figure 1C), between treated and
untreated patients (p=0.272, Supplementary-Figure 1D), among functional status groups
(p=0.680, Supplementary-Figure 1E) or between genders (p=0.458).

Supplemental Figure 1 - Follistatin serum levels at baseline.
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Follistatin levels only showed a correlation with age at symptoms onset (Rho=-0.425,
p=0.030), while no significant correlations were found with age (Rho=-0.208, p=0.297), weight
(Rho=-0.244, p =0.219), BMI (Rho=-0.300, p=0.137), disease duration (Rho=-0.192,
p=0.349), HINE (Rho=0.113, p=0.676), CHOP-INTEND (Rho=0.279, p=0.278), HFMSE
(Rho=0.084, p=0.844), or RULM (Rho=-0.429, p=0.397).

There was no significant change in follistatin levels over the 12-month follow-up period
(p=0.493), with levels measuring 813.0 pg/mL (418.25-1392.0 pg/mL) at the end of the study
(Figure 4B). Additionally, there was no correlation between the changes in follistatin levels
during the study and the baseline disease severity variables or the TSOT variable (p>0.05 for
all comparisons).

3.2.1.3 Follistatin:myostatin ratio

The follistatin:myostatin ratio was significantly increased in SMA subjects (10.39; 3.28-75.9)
compared to controls (1.55; 0.73-5.15, p<0.001 corrected for weight or BMI, Figure SA).
However, there was no difference in the follistatin:myostatin ratio between different SMA
subtypes (p=0.160, Figure 5B), based on the number of SMN2 copies (p=0.790, Figure 5C),
between treated and untreated patients (p=0.942, Figure 5D), among functional status groups
(p=0.215, Figure 5E) or between genders (p=0.905, data not shown).



Figure 5 — Follistatin:myostatin ratio at baseline.
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The follistatin:myostatin ratio showed a significant inverse correlation with HFMSE scores
(N=8; Rho=-0.850, p=0.007, Supplementary-Figure 2C). Although not statistically
significant, similar trends were observed for CHOP-INTEND (Supplementary-Figure 2A),
HINE (Supplementary-Figure 2B), and RULM (Supplementary-Figure 2D), where higher
ratios were associated with lower scores indicative of greater disease severity. The
follistatin:myostatin ratio did not show significant correlations with age (Rho=-0.188,
p=0.348), weight (Rho=-0.170, p=0.396), BMI (Rho=-0.297, p=0.141), age at onset of
symptoms (Rho=-0.295, p=0.144), or disease duration (Rho=-0.115, p=0.575). There was a
non-statistically significant trend towards an additional increase in the follistatin:myostatin
ratio over the 12-month follow-up period (p=0.083), with a ratio of 27.13 (4.59-115.5) at the
end of the study (Figure 4C). The difference in the follistatin:myostatin ratio during the study
correlated only with disease duration at baseline (Rho=-0.404, p=0.045), while no significant
correlations were found with other disease severity variables at baseline or with the TSOT
variable (p>0.05 for all other comparisons).



Supplemental Figure 2 — Follistatin:myostatin correlation with clinician-rated outcomes.
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4. DISCUSSION

Gene expression analysis in transgenic SMA models, as well as in chronically denervated mice
muscle and muscle tissue samples from SMA patients in our bioinformatic study supported a
potential role for myostatin and follistatin as biomarkers for SMA. The subsequent clinical
study confirmed the significance of myostatin as a biomarker, as SMA patients exhibited a
substantial reduction in serum levels. Notably, individuals with more severe motor impairments
demonstrated even lower myostatin levels, which further declined after a 12-month follow-up
period. Conversely, serum follistatin levels did not differ significantly between SMA cases and
controls, resulting in an increased follistatin:myostatin ratio in SMA. The decreased gene
expression of myostatin over time in acutely denervated skeletal muscle tissue along with an
increased follistatin:myostatin ratio, mirrored the observations in SMA patients, suggesting
that the denervation process resulting from motor neuron dysfunction/death in SMA may be a
key component responsible for lower myostatin serum levels.

Myostatin
Myostatin, a member of the transforming growth-factor B (TGF-8) family, is primarily

expressed and secreted by skeletal muscle and serves as a negative regulator of muscle growth.
It exerts its effects by binding to plasma membrane-associated activin type IIB and type IIA
(ActRIIB/ITA) receptors, leading to inhibition of muscle stem cell proliferation and fusion, as
well as modulation of local protein synthesis=z. Previous studies have demonstrated reduced
myostatin levels in various muscular diseases, including muscular dystrophies, myotonic
disorders, and inclusion body myopathies==. In a previous study, serum myostatin levels were
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assessed in four patients with infantile-onset SMA, with a mean age of 11 years at assessment,
demonstrating a significant reduction compared to controls and even lower levels than those in
patients with primary myopathies«. Our findings not only confirm this anecdotal report but also
establish a correlation between lower myostatin levels and greater motor disease severity
according to ClinROs, indicating its potential as a biomarker of disease severity. Additionally,
we observed a progressive reduction in myostatin levels over time, suggesting its role as a
candidate biomarker of disease progression. Of note, a potential floor effect was identified for
myostatin serum levels in advanced disease stages. Seven patients with SMA had myostatin
levels at the detection threshold of the method, with four out of the seven being patients with
SMA type 1 aged between 3 and 8 years, all in advanced stages, and one out of the seven being
a patient with SMA type 3 with a disease duration of 38 years. In all of these cases, myostatin
levels at the 12-month follow-up remained at the detection threshold of the method, including
in a SMA type 1 patient for whom treatment with nusinersen was initiated on the same day as
baseline sample collection.

The results of the clinical study were reinforced by the DGE analyses, which revealed
decreased myostatin expression in denervated gastrocnemius muscle in mice, skeletal muscle
of SMA transgenic mice, and iliopsoas muscle (severely affected muscle) of SMA patients
with advanced disease. The unaltered gene expression of myostatin in whole blood of SMA
patients= was expected, considering its preferential expression in muscle tissue=. Reduced Mstn
expression started after 7 days of tibial nerve lesion, which is coincident with the onset of
muscle atrophy in that model». However, taking into account the consistent findings of reduced
gene expression of Mstn in muscle tissue when normalized by protein levels across the
transgenic mice and human study in SMA, it is more likely that altered regulation of myostatin,
rather than muscle loss alone, explains the reduced circulating myostatin levels in SMA, similar
to what is considered for other neuromuscular diseases«. The lack of correlation between
myostatin levels and weight and BMI further supports this interpretation; however, future
studies correcting myostatin serum levels for lean mass based on dual energy X-ray
absorptiometry or MRI scans and also assessing its muscle tissue expression in a larger sample
of SMA subjects in different functional status and subtypes will be important to better
characterize the source of reduced myostatin levels in SMA. The progressive reduction in
myostatin expression following acute tibial nerve injury indicates that denervation processes
play a crucial role in the downregulation of myostatin. Thus, it is plausible to suggest that in
SMA denervation resulting from dysfunction or death of motor neurons in the anterior horn of
the spinal cord is a major contributing factor to the altered regulation of myostatin.

No differences in myostatin levels were observed between patients treated with disease-
modifying therapies and drug-naive individuals, nor was there an association between the
annual variation in myostatin levels and the variable TSOT. It is important to note that the
present study was not designed or adequately powered to detect differences in candidate
treatment response biomarkers. The inclusion of 11 patients undergoing treatment at the
baseline assessment, as well as four patients who started treatment on the same day or after
sample collection, may have introduced a confounding factor when assessing the differences
in biomarkers compared to controls and in relation to disease severity and SMA subtypes. The
sample of patients included in the treatment group was biased towards individuals with early
and more severe forms of the disease, as 83.3% of SMA type 1 patients and 55.5% of SMA
type 2 patients were receiving treatment. Conversely, the untreated group consisted mostly of
individuals with late-onset forms of the disease, as no patients with SMA type 3 were under
treatment. Considering the significant correlation between lower myostatin levels and more
severe disease based on ClinROs, it is conceivable to speculate that treatment could have led
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to increased myostatin levels in the early and severe forms of the disease, acting as a
confounding factor in the comparative analysis among SMA subtypes and in relation to the
number of SMN2 copies. Additionally, studies conducted in the SMN Delta7 mouse model
have demonstrated that neonatal treatment with antisense oligomers to restore SMN expression
can increase myostatin expression in muscle tissue, approaching levels similar to those in
controls, thus highlighting the potential of myostatin as a treatment response biomarker for
novel disease-modifying therapies=. Similarly, an interesting study in the Golden Retriever
muscular dystrophy model showed the role of myostatin as a treatment response biomarker in
other neuromuscular diseases*. Of note, the confounding factor related to access to disease-
modifying treatments in different SMA subtypes would play a diminished role in comparing
myokine levels between groups based on functionality. For instance, patients with SMA type
1 responding to treatment could exhibit a similar functional status to patients with SMA type 2
(sitters). We observed lower levels of myostatin in the non-sitters group, followed by the sitters
group, with the highest values observed among cases in the walkers group. However, given
that the magnitudes of the differences were smaller compared to those observed between cases
and controls, the study lacked the statistical power to detect such distinctions. Future studies
with larger sample sizes will be essential to assess differences in myostatin levels among SMA
functional statuses. Additionally, investigations exclusively involving treatment-naive patients
will aid in evaluating differences among subtypes and their correlation with the number of
SMN2 copies.. Furthermore, studies focusing primarily on evaluating myostatin as a treatment
response biomarker for novel disease-modifying therapies, with larger sample sizes stratified
by different SMA subtypes, and including patients ranging from early to advanced disease
stages are warranted.

Follistatin

Follistatin, a single-chain glycoprotein, is expressed in most tissues where activin mRNAs are
present. It functions by inhibiting the binding of myostatin and other members of the TGF-83
family to ActRIIB/IIA receptors, playing a crucial role in muscle fiber formation, growth, and
hypertrophy=+. In our study, serum levels of follistatin were slightly elevated compared to
controls, which is consistent with the previous anecdotal study involving four SMA cases«, but
the difference was not statistically significant. We did not observe any correlation between
follistatin levels and other clinical indicators of disease severity or disease progression. These
results differ from gene expression studies that consistently showed increased follistatin
expression in the skeletal muscle of transgenic SMA mice, SMA patients, and denervated
mouse gastrocnemius muscle. Unlike myostatin, follistatin exhibits a broader expression
profile, with liver expression being more than 8 times greater than skeletal muscle expressions.
Consequently, increased expression of follistatin in muscle may not necessarily result in
elevated serum levels of this myokine. Furthermore, changes in gene expression do not
necessarily lead to alterations in protein levels, as there are many post-transcriptional
regulatory mechanisms at play. In this sense, the role of serum follistatin as a biomarker for
neuromuscular diseases is less clear compared to myostatin, with some studies reporting
normal levelss+, while others indicate increased levels«” compared to controls.

Follistatin:myostatin ratio

The increase in the follistatin:myostatin ratio appears to be a consequence of the reduction in
myostatin levels in SMA and is associated with positive regulators of muscle growth in healthy
individuals, promoting muscle hypertrophy=. While not directly demonstrated, it can be
inferred that the study involving four cases of SMA also showed an increase in the
follistatin:myostatin ratio, considering the slightly elevated levels of follistatin and the reduced
levels of myostatin observed«. These findings differ from a study conducted in ALS, where a
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decrease in the follistatin:myostatin ratio was observed in patients compared to controls=.
Similarly, a recent study in a subtype of limb-girdle muscular dystrophy reported similar results
to our study, with an increased follistatin:myostatin ratio that correlated with disease severity
variables. In both studies, correlations were stronger when myostatin was evaluated
independently rather than in the context of the follistatin:myostatin ratio.

Therapeutic implications

Several studies in animal models of SMA have investigated the inhibition of myostatin as a
potential therapeutic target, often utilizing follistatin or follistatin analogues«s«-s, Initial studies
using recombinant follistatin administration in the SMN Delta7 mouse model demonstrated
increased muscle mass, improved motor performance, and extended survival, regardless of
SMN levels. However, more recent studies in the same model using transgenic inactivation of
myostatin or transgenic overexpression of follistatin did not replicate these resultss. More
promising results, albeit with smaller effect sizes, have been observed in animal models of
SMA with milder disease phenotypes«. Our study's findings, showing a marked reduction in
myostatin levels in SMA and an increased follistatin:myostatin ratio indicating a favorable
environment for muscle growth, raise questions regarding the biological plausibility of
myostatin inhibition as a highly effective therapeutic strategy for the disease. However, this
does not contradict the potential combined use of disease-modifying therapies targeting SMN
alongside myostatin pathway inhibition. In this regard, a recent study demonstrated a
synergistic effect of these interventions in SMN Delta7 mices«. In that study, myostatin
expression was restored to levels similar to controls using SMN-related therapy, and within
this context, myostatin inhibition led to increased body weight, muscle mass, fiber size, motor
function, and physical performance.

Study limitations

One of the limitations of our study is that it is a single-center study with a relatively small
sample size. As we only found one study that measured myostatin levels in four patients with
infantile-onset SMA and long-term illness, we conducted an exploratory study considering the
differences between cases and controls in serum myostatin and follistatin levels and their ratio,
all as main outcomes, without statistical corrections for multiple comparisons. Despite the
limitations of our convenience sample, we were able to identify significant differences in
myostatin levels and the follistatin:myostatin ratio. Regarding follistatin levels, we conducted
a sample size calculation using the final data, considering an 80% power to detect a type 1I
error and a 5% significance level. The calculation indicated that the sample size would need to
be increased to 506 subjects, which is not feasible for a study on a rare disease. Therefore, it
was considered that the study had sufficient power to identify relevant differences in the
outcomes of interest. The similarity of our results with those of the anecdotal study« and the
congruence with the findings of the DGE studies for myostatin indicate the robustness of the
data. The heterogeneity of the SMA population, encompassing different SMA subtypes, and
the recruitment during COVID-19 pandemic, resulted in a limited number of patients with
complete clinical rating outcomes (ClinROs) available. It is crucial for future studies with
larger sample sizes to assess the correlations between myostatin levels and ClinROs more
comprehensively among SMA subtypes. Another limitation is the lack of power to assess the
potential of serum myostatin levels as a treatment response biomarker. Future longitudinal
studies are necessary to address this question and to compare the sensitivity of myostatin serum
levels to changes in ClinROs and to determine if baseline myostatin levels and their changes
over time can predict treatment response. Finally, it will be important to compare the biomarker
properties (disease severity, progression and pharmacodynamic) of myostatin with that of other
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simpler to evaluate and widely available muscle markers like serum creatinine and creatine
kinase and of pNF-H and NfL levels in future studies.

S. CONCLUSION

In conclusion, our study highlights myostatin as a potential biomarker for disease severity and
progression in SMA, with its reduction likely linked to the denervation process caused by
dysfunction or loss of anterior horn neurons. The findings also suggest that targeting myostatin
alone may not be an effective therapeutic strategy for SMA, given the already substantial
inhibition of this pathway in the disease. Instead, combining myostatin inhibition with SMN-
related therapies may hold promise. Future research should focus on investigating the role of
myostatin as a treatment response biomarker in the context of disease-modifying therapies for
SMA.
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Figures Legends

Figure 1 — Heat-map of the differential expression of myokines in acute and chronic
neurogenic skeletal muscle atrophy in mice.

A - Differential gene expression (DGE) of Mstn and Fst RNA in gastrocnemii of C57BL/6J
male mice after 0 (baseline), 1, 3, 7, 14, 30, or 90 days of tibial nerve denervation from Ehmsen
et al, 2019 dataset. Significant gastrocnemius atrophy is induced within one week after
denervation in this model, with atrophy becoming progressively more severe over time. B -
DGE of Mstn and Fst RNA in two studies with the Taiwanese model Smn—/—;SMN2 (E-MTAB-
3664 and GSE150510, with similar proportion of male and female mice) and one with the SMN
Delta7 model (GSE158790, sex of mice not informed) and the meta-analysis of the three
studies. C - DGE of MSTN and FST RNA in post-mortem diaphragm and iliopsoas samples
from SMA patients (GSE159642) and on whole-blood samples of SMA type 1 patients and
controls (GSE174056). *indicates statistical significance with p-values. Heat colors indicate
increased while cold colors indicate reduced expression of RNA when compared to control
tissue. DGE analysis was conducted for each dataset in R and RStudio using the edgeR. DGE
analysis with logFC > 1 and P-Value < 0.05 were considered upregulated, whilst genes with
logFC < -1 and P-Value < 0.05 were considered downregulated. D, diaphragm; 1, iliopsoas;
LogFC, log-fold changes.

Figure 2 — Myostatin serum levels at baseline

SMA, spinal muscular atrophy. *** p<0.001. Paired comparisons between cases and controls
were performed with Wilcoxon signed-rank test, were Z=-4.036 and p<0.001 for myostatin
levels analysis. Comparisons among SMA subtypes, SMN2 copy numbers and functional status
were performed with Kruskal-Wallis test, comparisons between SMA treated, and untreated
subjects at baseline were performed with Mann-Whitney U-test. Dots represent single data
points.

Figure 3 — Serum myostatin levels correlation with clinician-rated outcomes

CHOP INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders;
HINE, Hammersmith Infant Neurological Examination; HFMSE, Hammersmith Functional
Motor Scale-Expanded; RULM, Revised Upper Limb Module. *p<0.05.

Figure 4 — Myokines levels on longitudinal 12-months follow-up

SMA, spinal muscular atrophy. *p<0.05. Paired comparisons were performed with Wilcoxon
signed-rank test, were Z=-2.427 and p=0.015 for myostatin levels analysis. Dots represent
single data points.

Figure 5 — Follistatin:myostatin ratio at baseline

*#% p<0.001. Paired comparisons between cases and controls were performed with Wilcoxon
signed-rank test, were Z=-4.036 and p<0.001 for myostatin levels and Z=3.646 and p<0.001
for follistatin:myostatin ratio analysis. Comparisons among SMA subtypes, SMN2 copy
numbers and functional status were performed with Kruskal-Wallis test, comparisons between
SMA treated, and untreated subjects at baseline were performed with Mann-Whitney U-test.
Dots represent single data points.

Supplemental Figure 1 - Follistatin serum levels at baseline

SMA, spinal muscular atrophy. Paired comparisons between cases and controls were
performed with Wilcoxon signed-rank test, comparisons among SMA subtypes, SMN2 copy
numbers and functional status were performed with Kruskal-Wallis test, comparisons between



SMA treated, and untreated subjects at baseline were performed with Mann-Whitney U-test.
Dots represent single data points.

Supplemental Figure 2 — Follistatin:myostatin correlation with clinician-rated outcomes
CHOP INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders;
HINE, Hammersmith Infant Neurological Examination; HFMSE, Hammersmith Functional
Motor Scale-Expanded; RULM, Revised Upper Limb Module. **p<0.01.



9. CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

Avangos cientificos tém sido feitos recentemente no entendimento da Atrofia Muscular
Espinhal, bem como na busca por novas terapias modificadoras de doenga, e de biomarcadores
que possam ser utilizados na avalia¢do desta condi¢do (gravidade, progressao) e de resposta as
terapias instituidas.

Realizamos um estudo de casuistica relatando a experiéncia de mundo real do nosso
centro com esta condicdo, trazendo dados relevantes, reforcando a eficacia de terapias
modificadoras de doenga para AME no Brasil e no contexto de paises com perfil
socioecondmico similar, a qual ¢ maior quanto mais precoce e quanto melhor o status funcional
do paciente

Utilizamos modelos de expressdo génica diferencial, analisados através de estudo de
bioinformatica, para propor novos biomarcadores para a AME com foco no acometimento do
tecido muscular. Apoés, realizamos um estudo clinico de centro Unico com duas fases
(transversal caso-controle e coorte prospectiva) que se propds a avaliar os biomarcadores
candidatos do estudo anterior em pacientes com AME, tendo sido o primeiro estudo a avaliar
de forma consistente e sistematizada o papel de biomarcador de diferentes miocinas em
individuos com essa doenga. Nosso trabalho trouxe relevantes achados em relagdo ao papel de
miocinas musculares como potenciais marcadores na Atrofia Muscular Espinhal, sugerindo
que a miostatina ¢ uma molécula promissora como biomarcadora de doencga, de gravidade e de
progressdao na AME. J4 folistatina, antagonista da miostatina, e a irisina, um hormoénio induzido
pelo exercicio, ndo se mostraram bons marcadores na AME, limitando seu potencial uso em
pesquisas futuras.

Espera-se que outros estudos possam ser conduzidos com uma amostra maior para
confirmar a validade externa dos nossos achados, e com um desenho que permita avaliar se tais
moléculas poderiam também ser potenciais marcadores de resposta ao tratamento, o que seria
um dado extremamente relevante para personaliza¢do do uso das novas terapias modificadoras

de doenga na AME.



10. ANEXOS

10.1 Termo de Consentimento Livre e Esclarecido

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
Grupo Controle

N° do projeto GPPG ou CAAE

Titulo do Projeto: MIOCINAS COMO BIOMARCADORES DA ATROFIA MUSCULAR
ESPINHAL

Vocé esta sendo convidado(a) a participar de uma pesquisa cujo objetivo ¢ avaliar
marcadores bioldgicos de doenca e de progressdo da Atrofia Muscular Espinhal. Para a
realizacdo do estudo ¢ necessario comparar os resultados obtidos com o grupo de pacientes que
apresentam a Atrofia Muscular Espinhal com um grupo de pessoas que ndo apresenta esta
doenga. Vocé estd sendo convidado para participar do grupo controle do estudo, ou seja, que
ndo possui a doenca.

Esta pesquisa estd sendo realizada pelos servigos de Neurologia e Genética Médica do
Hospital de Clinicas de Porto Alegre (HCPA).

Se vocé (ou responsavel) concordar com a participagdo na pesquisa, os procedimentos
envolvidos sdo os seguintes:

1) Coleta de sangue periférico para dosagem dos marcadores musculares: miostatina,
folistatina e irisina. O material bioldgico coletado serd armazenado de forma codificada. A
amostra de sangue sera utilizada apenas para fins desta pesquisa.

A coleta de sangue serd realizada no Centro de Pesquisa Clinica do HCPA. O tempo
total previsto para esta avaliagdo ¢ de 15 minutos.

Vocé poderé apresentar desconfortos relacionados a coleta de sangue como desconforto
no local da pungdo, com risco de hematoma e eritema (mancha vermelha/ roxa) no local da
coleta. O desconforto serda minimo, pois se trata de uma coleta de sangue geralmente da veia
do brago que serd realizada por profissional treinado e devidamente habilitado para realizar
esse procedimento.

A participagdo no estudo ndo trara beneficio direto ao participante. O estudo podera
possibilitar a definicdo de novos biomarcadores para a Atrofia Muscular Espinhal, ampliando
o entendimento sobre esta doenga, e fornecendo evidéncias que possam contribuir para o
desenvolvimento de novas terapias para o tratamento de individuos com essa condigdo.

Sua participagdo na pesquisa ¢ totalmente voluntéria, ou seja, ndo ¢ obrigatoria. Caso
vocé decida ndo autorizar, ou ainda, desistir da participa¢do e retirar sua autorizagdo, nao
havera nenhum prejuizo ao atendimento que a pessoa recebe ou possa vir a receber na
instituigao.

Nao esta previsto nenhum tipo de pagamento pela participagdo na pesquisa e vocé nao
terd nenhum custo com respeito aos procedimentos envolvidos.

Caso ocorra alguma intercorréncia ou dano, resultante da participacdo na pesquisa, o
participante recebera todo o atendimento necessario, sem nenhum custo pessoal.

Os dados coletados durante a pesquisa serdo sempre tratados confidencialmente. Os
resultados serdo apresentados de forma conjunta, sem a identificagao dos participantes, ou seja,
0 seu nome nao aparecera na publica¢do dos resultados.



Caso voce tenha duvidas, podera entrar em contato com o pesquisador responsavel Dr.
Jonas Alex Morales Saute pelo telefone (51) 3359-8011, com a pesquisadora Ana Leticia
Amorim de Albuquerque, pelo telefone (82) 99963-3213, ou com o Comité de Etica em
Pesquisa do Hospital de Clinicas de Porto Alegre (HCPA), pelo telefone (51) 3359-7640, email
cep@hcpa.edu.br ou no 2° andar do HCPA, sala 2229, de segunda a sexta, das 8h as 17h.

Esse Termo ¢ assinado em duas vias, sendo uma para o participante e outra para os
pesquisadores.

Nome do participante da pesquisa

Assinatura (Participante ou Responsavel)

Nome do pesquisador que aplicou o Termo

Assinatura

Local e Data:



mailto:cep@hcpa.edu.br

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
Grupo Casos

N° do projeto GPPG ou CAAE

Titulo do Projeto: MIOCINAS COMO BIOMARCADORES DA ATROFIA MUSCULAR
ESPINHAL

Vocé esta sendo convidado(a) a participar de uma pesquisa cujo objetivo ¢ avaliar
marcadores biologicos de doenca e de progressdo da Atrofia Muscular Espinhal. Esta pesquisa
estd sendo realizada pelos servicos de Neurologia e Genética Médica do Hospital de Clinicas
de Porto Alegre (HCPA).

Se vocé (ou responsavel) concordar com a participagdo na pesquisa, os procedimentos
envolvidos sdo os seguintes:

1) Exame clinico: serd realizado através de escalas padronizadas do exame neurolégico
que ja ¢é realizado em suas consultas;

2) Coleta de sangue periférico para dosagem dos marcadores musculares: miostatina,
folistatina e irisina. O material bioldgico coletado serd armazenado de forma codificada. A
amostra de sangue sera utilizada apenas para fins desta pesquisa.

A avaliagdo clinica e a coleta de sangue serdo realizadas no Centro de Pesquisa Clinica
do HCPA. As avaliacdes serdo realizadas no inicio do estudo e repetidas apds 1 e 2 anos da
consulta inicial.

Vocé poderé apresentar desconforto e/ou cansago relacionados a realizagdo do exame
fisico neuroldgico (com duragdo de cerca de 1 hora) e os desconfortos relacionados a coleta de
sangue como desconforto no local da pun¢do, com risco de hematoma e eritema (mancha
vermelha/ roxa) no local da coleta. O desconforto serd minimo, pois se trata de uma coleta de
sangue geralmente da veia do brago que sera realizada por profissional treinado e devidamente
habilitado para realizar esse procedimento.

A participagdo no estudo ndo trara beneficio direto ao participante. O estudo podera
possibilitar a definicdo de novos biomarcadores para a Atrofia Muscular Espinhal, ampliando
o entendimento sobre esta doenca, e fornecendo evidéncias que possam contribuir para o
desenvolvimento de novas terapias para o tratamento de individuos com essa condi¢do.

Sua participag@o na pesquisa ¢ totalmente voluntéria, ou seja, ndo ¢ obrigatoria. Caso
vocé decida ndo participar, ou ainda, desistir de participar e retirar seu consentimento, nao
havera nenhum prejuizo ao atendimento que vocé recebe ou possa vir a receber na instituicao.

Nao esté previsto nenhum tipo de pagamento pela sua participacdo na pesquisa € vocé
ndo terd nenhum custo com respeito aos procedimentos envolvidos.

Caso ocorra alguma intercorréncia ou dano, resultante de sua participa¢do na pesquisa,
vocé receberd todo o atendimento necessario, sem nenhum custo pessoal.

Os dados coletados durante a pesquisa serdo sempre tratados confidencialmente. Os
resultados serdo apresentados de forma conjunta, sem a identificagao dos participantes, ou seja,
0 seu nome nao aparecera na publica¢do dos resultados.

Caso vocé tenha duvidas, podera entrar em contato com o pesquisador responsavel Dr.
Jonas Alex Morales Saute pelo telefone (51) 3359-8011, com a pesquisadora Ana Leticia
Amorim de Albuquerque, pelo telefone (82) 99963-3213, ou com o Comité de Etica em



Pesquisa do Hospital de Clinicas de Porto Alegre (HCPA), pelo telefone (51) 3359-7640, email
cep@hcpa.edu.br ou no 2° andar do HCPA, sala 2229, de segunda a sexta, das 8h as 17h.

Esse Termo ¢ assinado em duas vias, sendo uma para o participante e outra para os
pesquisadores.

Nome do participante da pesquisa

Assinatura (Participante ou Responsavel)

Nome do pesquisador que aplicou o Termo

Assinatura

Local e Data:



mailto:cep@hcpa.edu.br
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Case-control study—Give the eligibility criteria, and the sources and
methods of case ascertainment and control selection. Give the rationale for
the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and
methods of selection of participants
(b) Cohort study—For matched studies, give matching criteria and number of|50-51
exposed and unexposed
Case-control study—For matched studies, give matching criteria and the
number of controls per case
\Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 50-51
and effect modifiers. Give diagnostic criteria, if applicable
Data sources/ |8 For each variable of interest, give sources of data and details of methods of | 50-51
measurement assessment (measurement). Describe comparability of assessment methods if
there is more than one group
Bias 9 Describe any efforts to address potential sources of bias 50-51
Study size 10 Explain how the study size was arrived at 50-51,
61
Quantitative 11 Explain how quantitative variables were handled in the analyses. If 50-51
variables applicable, describe which groupings were chosen and why
Statistical 12 (a) Describe all statistical methods, including those used to control for 51
methods confounding
(b) Describe any methods used to examine subgroups and interactions 51
(c) Explain how missing data were addressed 51-52
(d) Cohort study—If applicable, explain how loss to follow-up was addressed|S0-51

Case-control study—If applicable, explain how matching of cases and
controls was addressed

Cross-sectional study—If applicable, describe analytical methods taking
account of sampling strategy




| |(g) Describe any sensitivity analyses |51
Results
Participants |13 (a) Report numbers of individuals at each stage of study—eg numbers 52-54
potentially eligible, examined for eligibility, confirmed eligible, included in
the study, completing follow-up, and analysed
(b) Give reasons for non-participation at each stage INA
(c) Consider use of a flow diagram INA
Descriptive 14 (a) Give characteristics of study participants (eg demographic, clinical, social)[52-54
data and information on exposures and potential confounders
(b) Indicate number of participants with missing data for each variable of 52-54
interest
(c) Cohort study—Summarise follow-up time (eg, average and total amount) [54-58
Outcome data |15 Cohort study—Report numbers of outcome events or summary measures over |53-58
time
Case-control study—Report numbers in each exposure category, or summary [53-58
measures of exposure
Cross-sectional study—Report numbers of outcome events or summary INA
measures
Main results (16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 54-58
estimates and their precision (eg, 95% confidence interval). Make clear which
confounders were adjusted for and why they were included
(b) Report category boundaries when continuous variables were categorized [54-58
(c) If relevant, consider translating estimates of relative risk into absolute risk [54-58
for a meaningful time period
Other analyses (17 Report other analyses done—eg analyses of subgroups and interactions, and [54-58
sensitivity analyses
Discussion
Key results 18 Summarise key results with reference to study objectives 58-61
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias |61
or imprecision. Discuss both direction and magnitude of any potential bias
Interpretation 20 Give a cautious overall interpretation of results considering objectives, 62
limitations, multiplicity of analyses, results from similar studies, and other
relevant evidence
Generalisabilit 21 Discuss the generalisability (external validity) of the study results 61
Other information
Funding 22 Give the source of funding and the role of the funders for the present study 62

and, if applicable, for the original study on which the present article is based




10.3 Destaques

10.3.1 Destaque no Congresso Brasileiro de Neurogenética (2023)

Figura 6: Prémio no CBGM em 2023.
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10.3.2 Destaque no I Encontro Cientifico do PPGCM (2023)

Figura 7: Prémio Destaque no I Encontro Cientifico do PPGCM (2023).
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10.3.3 Publica¢io no Jornal da UFRGS em janeiro de 2024

Figura 8: Jornal da Universidade (2024).
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Um novo marcador da atrofia muscular espinhal

Jornal da Universidade / 11 de janeiro de 2024

Ciéncias da Saude | Julia Chadanowicz, Ana Leticia de Albuquerque e Jonas Saute apresentam resultados de estudo
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*Por Jilia Chadanowicz, Ana Leticia de Albuquerque e jonas Saute
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