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Introducción 
La distrofia miotónica es un trastorno neuromuscular multisistémico de 
aparición congénita, juvenil, adulta o tardía. Originalmente se pensaba que 
afectaba a entre 1 y 8000 personas en todo el mundo (Harper, 2009; Suominen 
et al., 2011), pero se ha demostrado, mediante el cribado genético, que la 
prevalencia es mayor, acercándose a 5-20 personas por cada 100.000 (Johnson 
et al., 2021). La forma más grave de esta enfermedad, el tipo 1 (DM1), incluye 
síntomas como miotonía, debilidad muscular, arritmias cardíacas, disfunción 
cognitiva y cataratas (OMIM #160900). Los síntomas más graves incluyen la 
insuficiencia respiratoria y cardíaca, que son las principales causas de muerte 
en los pacientes con DM1 y contribuyen a acortar la esperanza de vida (de 
Die-Smulders et al., 1998; Wahbi y Furling, 2020). Otros síntomas de la DM1 
son la resistencia a la insulina, la obesidad y la disfunción cardíaca (Mankodi 
y Thornton, 2002). 
 
La base genética de la DM1 se origina en una expansión repetida de un 
motivo "CTG" en el gen de la proteína quinasa DM1 (DMPK) (Brook et al., 
1992). Los individuos sanos presentan entre 5 y 37 repeticiones CTG en la 
DMPK. Los pacientes con DM1 pueden exhibir miles de repeticiones con la 
cantidad de repeticiones aproximadamente correlacionadas con la gravedad 
de la enfermedad (Tsilfidis et al., 1992). DMPK se transcribe en un transcrito 
de mRNA mutante que lleva las repeticiones "CUG" que forman estructuras 
de horquilla.  Estos complejos se acumulan como focos en el núcleo y se unen 
con alta afinidad a proteínas de la familia Muscleblind-like (MBNL) (Miller 
et al., 2000).  
 
Las proteínas MBNL llevan a cabo la regulación del splicing 
postranscripcional del desarrollo (Kanadia et al., 2003b; Konieczny et al., 
2014) y la regulación del sitio de poliadenilación (Batra et al., 2015). Además, 
la familia de la proteína de unión al RNA CUG (CELF), que también juega un 
papel en el splicing alternativo, se activa en los pacientes con DM1 (Philips et 
al., 1998). Las proteínas CELF y MBNL son funcionalmente antagónicas entre 
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sí en relación con la regulación de sus mRNA (Wang et al., 2015). La 
combinación del secuestro de la proteína MBNL y la inducción de la proteína 
CELF da lugar a numerosos eventos de mis-splicing que comúnmente 
presentan un patrón de splicing de tipo fetal en las células DM1 adultas 
(Fernández-Costa et al., 2011; Ladd et al., 2001). La familia Muscleblind 
consta de tres proteínas: MBNL1, MBNL2 y MBNL3, todas ellas secuestradas 
por el mRNA de DMPK (Jiang et al., 2004; Miller et al., 2000). Las proteínas 
Muscleblind tienen dos dominios de unión a dedos de zinc en tándem que, 
en presencia de repeticiones tóxicas, tienen una mayor afinidad de unión a 
los microsatélites CUG que a sus propias dianas de pre-mRNA (Pascual et 
al., 2006; Yuan et al., 2007). Cuando funcionan correctamente, MBNL1 y 2 
provocan específicamente un cambio del patrón de splicing fetal al adulto 
durante el desarrollo (Lin et al., 2006).  
 
Las alteraciones en la actividad de MBNL y CELF causan un patrón de 
splicing fetal anormal de varios transcritos, como el canal de cloruro 
muscular (CLCN1), el receptor de insulina (INSR), la troponina T cardíaca 
(cTNT), el canal de sodio cardíaco (SCN5A), entre otros, y a su vez dan lugar 
a síntomas clínicos. Por ejemplo, la miotonía y la resistencia a la insulina están 
directamente relacionadas con el mis-splicing de CLCN1 (Wheeler et al., 2007) 
e INSR (Savkur et al., 2001), respectivamente, mientras que SCN5A está 
relacionado con fenotipos cardíacos como defectos de conducción y arritmias 
(Pang et al., 2018). Otros tejidos afectados son el cerebro, que se ve 
específicamente afectado por el mis-splicing de la proteína tau asociada a los 
microtúbulos (MAPT) y está implicado en fenotipos neurodegenerativos 
(Goodwin et al., 2015). La espliceopatía también tiene un efecto sobre la 
localización de las proteínas MBNL en la célula. Concretamente, la inclusión 
aberrante del exón 5 en los transcritos de MBNL1 promueve la localización 
de MBNL1 en el núcleo (Terenzi y Ladd, 2010). Del mismo modo, la inclusión 
del exón 7 de MBNL1 promueve la dimerización de MBNL y la posterior 
unión de alta afinidad a las repeticiones CUG (Konieczny et al., 2014). 
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Las innovaciones técnicas han permitido la posibilidad de modular el código 
genético específico a través de técnicas como los oligonucleótidos antisentido 
(AON). Los AONs bloquean la expresión génica a través de la unión 
complementaria a través del impedimento estérico, el bloqueo del splicing, 
el bloqueo de la tapa 5' y la activación de la RNasa-H (ver revisiones (Chan 
et al., 2006; Chery, 2016)). Actualmente no hay ningún tratamiento 
antisentido aprobado por la FDA para la DM1. El éxito de la FDA de los 
AONs en varias enfermedades neuromusculares y de expansión de 
microsatélites, como se mencionó anteriormente, ha llevado a los 
investigadores a explorar las posibilidades de tratamiento antisentido en la 
DM1 (ver revisión (Overby et al., 2018)).  
 
Recientemente, se han identificado miR-23b y miR-218 como inhibidores de 
la traducción de MBNL1 y 2 (Cerro-Herreros et al., 2018). El experimento 
mostró cómo los antagomiRs, que son AONs dirigidos a miRNAs que 
contienen una fracción de colesterol, eran capaces de silenciar 
significativamente sus miRNAs diana en mioblastos de pacientes con DM1, 
así como en ratones HSALR. Sin colesterol, se denominan simplemente 
antimiRs. La administración de estos antagomiRs llegó al tejido muscular de 
los ratones y posteriormente aumentó las proteínas Mbnl (Mbnl1 y 2 
específicamente) al tiempo que mejoraba los fenotipos distintivos de la 
enfermedad, incluyendo las alteraciones de splicing, la histopatología y la 
miotonía. Los antagomiRs han seguido mostrando promesa terapéutica en 
ratones con DM1 después de que tanto el antagomiR-23b como el antagomiR-
218 fueron capaces de provocar una respuesta a la dosis con efectos 
duraderos (Cerro-Herreros et al., 2020; Cerro-Herreros, 2021). 
 

Objetivos 
Nuestro laboratorio ha demostrado recientemente que dirigirse a los 
miRNAs que regulan la traducción de los transcritos de MBNL en proteínas 
también puede rescatar la función de MBNL así como los efectos posteriores. 
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Específicamente, la focalización de miRNA-23b y miRNA-218 por 
antagomiRs fue capaz de aumentar la expresión de proteínas MBNL en 
mioblastos DM1 y aliviar la miotonía, la histopatología y la espliceopatía en 
modelos de ratón HSALR DM1 (Cerro-Herreros et al., 2020; Cerro-Herreros, 
2021; Cerro-Herreros et al., 2018). El uso de AONs ha crecido 
exponencialmente en los últimos años para el tratamiento de diversas 
enfermedades raras, incluyendo algunas con aprobación de la FDA (Rinaldi 
y Wood, 2018; Roberts et al., 2020). El desarrollo de las modificaciones de 
tercera generación ha aumentado enormemente la eficacia y la capacidad de 
entrega de estos oligos. El ya exitoso enfoque antagomiR podría 
perfeccionarse mediante la mejora selectiva de la química de los oligos para 
aumentar la especificidad y la potencia. Además, el papel recién descubierto 
de miR-23b y miR-218 abre la puerta a la exploración de diferentes tácticas 
para modular su regulación. Aquí se propone el uso de AONs de nuevo 
diseño dirigidos a la actividad de miR-23b y miR-218 para regular MBNL1 y 
MBNL2 a través de los siguientes objetivos: 
 

1. Explorar el bloqueo de miRNAs mediante AONs FANA-antimiR in 
vitro. 

2. Exploración del bloqueo del sitio de unión del miRNA a través de la 
estrategia blockmiR in vitro e in vivo con el uso de modificaciones 
químicas del LNA.  

3. Mejorar la química de la estrategia blockmiR mediante el uso de la 
tecnología de péptidos de penetración celular in vitro e in vivo. 

 

Resultados 
I. Objetivo 1: Estrategia antimiR de FANA 
Los antagomiRs dirigidos a miR-23b y miR-218 ya han sido introducidos con 
éxito en células de DM1 y en ratones provocando un aumento terapéutico de 
la proteína MBNL1 (Cerro-Herreros et al., 2020; Cerro-Herreros, 2021; Cerro-
Herreros et al., 2018). Recientemente, los AONs 2'-Deoxy-
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fluoroarabinonucleótidos (FANA) se han convertido en una atractiva mejora 
de tercera generación de las modificaciones 2'-fluoro de segunda generación 
porque pueden ser entregados gimnóticamente, es decir, sin el uso de 
reactivos de transfección. Para probar la eficacia de la entrega gimnótica, se 
diseñaron antimiRs con las mismas secuencias que los antagomiRs 
previamente probados y se administraron a cinco concentraciones diferentes 
según las instrucciones del fabricante para encontrar la concentración óptima 
de trabajo. 
 

I.I.  Los antimiRs de FANA muestran un derribo efectivo de 
miRNAs por administración gimnótica 
Se diseñó un antimiR de FANA para la unión complementaria a miR-23b y 
miR-218. También se generó un tercer antimiR con una secuencia codificada 
(Scramble) como control de la química de FANA. En primer lugar, se evaluó 
la inhibición del crecimiento celular tras el tratamiento con cada AON en 
fibroblastos DM1 inmortalizados derivados de pacientes y 
transdiferenciados en miotubos (células DM1) (Arandel et al., 2017) 
administrados gimnóticamente.  
 
Los antimiRs de FANA se compararon con los previamente estudiados 
AntagomiR-23b y -218 con y sin el reactivo de transfección genética X-treme. 
La viabilidad celular se analizó a 250 nM y 1 µM para el FANA mientras que 
los antagomiRs se administraron a sus concentraciones de trabajo anteriores 
según Cerro-Herreros et al. 2018. Este experimento se realizó dos veces: una 
con el uso del reactivo de transfección y otra administrando los oligos 
gimnóticamente. La viabilidad celular fue mucho mayor en los oligos FANA 
administrados sin reactivo de transfección. También fueron mucho más 
viables que las células administradas con antagomiR, que se mantuvieron 
igual que cuando se administraron con el reactivo de transfección. 
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I.II. Rescate de la proteína MBNL y del splicing tras el tratamiento 
con antimiRs de FANA  
Dado que se observó el derribo de miRNA y el aumento de MBNL incluso en 

la administración más baja de antimiRs, los experimentos avanzaron a 1 µM. 
El tratamiento con miR-23b-1 y miR-218-1 también fue capaz de aumentar los 
niveles de la proteína MBNL1 a esta concentración. Sin embargo, sólo miR-
218-1 fue capaz de aumentar MBNL2. Varios eventos de splicing alternativo 
están presentes en las células afectadas por la DM1, incluyendo los transcritos 
BIN1, cTNT, MBNL1 y SPTAN. El tratamiento con miR-23b-1 mostró el 
rescate de las alteraciones de splicing de BIN1, cTNT y MBNL1 en las células 
de DM1. Curiosamente, BIN1 también fue rescatado previamente por miR-
23b, pero cTNT no. Mediante el análisis in vitro, los antimiRs de FANA 
mostraron un rescate comparable al de sus homólogos antagomiR 
previamente probados, pero con entrega gimnótica. Las modificaciones 
FANA demostraron ser menos tóxicas que otras modificaciones AON sin 
perder potencia. 
 

II. Objetivo 2: estrategia de LNA blockmiR 
Para sortear el inconveniente de los efectos inespecíficos, aquí describimos 
una alternativa a la tecnología antimiR llamada "blockmiRs". En este caso, los 
blockmiRs se diseñaron con un núcleo de 2'-OMe de 8 polímeros con 
extremos de LNA asimétricos. De este modo, los oligos tenían la afinidad de 
unión mejorada de los LNA de tercera generación combinada con la 
flexibilidad estérica y la tolerabilidad de los 2'-O-metilos naturales. 
 

II.I.  Screen piloto para bloquear miRNAs en células DM1 
Los sitios de unión de miR-23b y miR-218 en las 3'UTRs de MBNL1 y MBNL2 
se predijeron con TargetScan y miRanda y se confirmaron mediante un 
ensayo de luciferasa dual en el estudio previo de antagomiR en células HeLa 
(Cerro-Herreros et al., 2018). Se diseñaron BlockmiRs para todos los sitios 
predichos y confirmados. Se analizaron las células para conocer los niveles 
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de los transcritos de MBNL1 y 2 y el nivel de knockdown de miRNAs tras el 
tratamiento a 1, 2,5 y 5 µM. El oligo Scramble no tuvo ningún efecto sobre los 
niveles de transcripción. El tratamiento con miR-23b-1 aumentó tanto 
MBNL1 como 2 a 1 µM en comparación con los niveles de DM1 sin tratar. 
MiR-218-1 también aumentó ambos transcritos pero a la concentración más 
alta de 2,5 µM. Se observó un derribo significativo de miR-23b y miR-218 por 
sus respectivos AON en todas las concentraciones.  
 
En primer lugar, se comprobó la toxicidad de los blockmiR tras la 
transfección en células DM1 después de cuatro días diferenciadas a 
concentraciones crecientes para determinar el TC50 de cada tratamiento. El 
Scramble mostró la menor toxicidad en comparación con todos los demás 
blockmiRs, excepto el M2-Block-218-1, lo que puede sugerir que hay otros 
factores que contribuyen a la toxicidad y no simplemente la estructura 
química. Todos los blockmiRs estaban por debajo del TC50 a 200 nM, que se 
determinó como la mayor concentración funcional. Sin embargo, en el 
estudio anterior (Cerro-Herreros et al., 2018), los antagomiRs para miR-23b 
mostraron resultados terapéuticos a una concentración de 50 nM y 200 nM 
para los antagomiRs dirigidos a miR-218. Por lo tanto, se eligió 50 nM para 
los antagomiRs dirigidos a los sitios de unión de miR-23b y 200 nM para los 
dirigidos a miR-218 para poder comparar ambos tratamientos. 
 

II.II.  El bloqueo del sitio de unión del miRNA muestra un rescate a 
nivel de transcripción 
Los efectos moleculares del tratamiento con miRNAs bloqueados se 
analizaron en células DM1 cuatro días después de la transfección y 
diferenciación. Se administró un control codificado, uno a 50 nM (Scramble 
50) y otro a 200 nM (Scramble 200), que no se prevé que tenga ninguna diana 
específica. Los BlockmiRs M1-Block-23b-1 y M2-Block-23b-1 fueron capaces 
de aumentar significativamente la expresión relativa de los transcritos 
MBNL1 y MBNL2 en comparación con el tratamiento Scramble. M2-Block-
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23b-1 tuvo un mayor efecto sobre los transcritos de MBNL2, lo que era de 
esperar ya que este blockmiR actúa sobre el sitio de unión de la 3'UTR de 
MBNL2. Los blockmiRs dirigidos a los sitios de unión de miR-218 no 
mostraron ningún aumento en la expresión de MBNL1 o 2. De hecho, M2-
Block-218-2 y -3 disminuyeron la expresión de MBNL1 en comparación con 
Scramble 218 mientras que no ejercieron ningún efecto sobre los transcritos 
de MBNL2. 
 
En las células DM1, se observan patrones de splicing anormales en los 
transcritos MBNL1, NFIX y SPTAN1 (Andre et al., 2019; Charizanis et al., 
2012; Konieczny et al., 2014; Nakamori et al., 2013; Wagner et al., 2016) y se 
pueden observar en comparación con las células control (CNT). De nuevo, 
M1-Block-23b-1 y M2-Block-23b-1 mostraron una inversión completa de la 
inclusión del exón 5 en los transcritos de MBNL1, mientras que los blockmiRs 
dirigidos a los sitios de unión de miR-218 no tuvieron ningún efecto. No hubo 
efecto por parte de ninguno de los blockmiRs en el caso del exón 7 de NFIX. 
Finalmente, todos los blockmiRs dirigidos a miR-218 mostraron un notable 
rescate con la inclusión del exón 23 en SPTAN1. Los blockmiRs dirigidos a 
miR-23b también mostraron un ligero rescate en la expresión de este exón. 
MBNL1 y NFIX están regulados por proteínas MBNL1 (Wagner et al., 2016) 
mientras que SPTAN1 está regulado por proteínas MBNL2 (Charizanis et al., 
2012). Esto podría explicar por qué se observó un mayor rescate con los 
blockmiRs dirigidos a sitios en MBNL2. Sin embargo, no se puede descartar 
que esto también podría estar relacionado con el objetivo del miRNA. 
 

II.III. El bloqueo de miR-23b de la unión a los sitios de MBNL 
muestra una respuesta a la dosis de rescate de la proteína MBNL1 
La función crítica del tratamiento con blockmiR es aumentar la producción 
de proteínas MBNL mediante el bloqueo de la regulación de miR-23b o miR-
218. Por lo tanto, se analizaron y cuantificaron los niveles de la proteína 
MBNL1 mediante tinción de inmunofluorescencia tras el tratamiento con los 
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blockmiRs. Las células de control muestran una intensa señal de MBNL1 en 
todo el núcleo y el citoplasma, lo que indica que la proteína MBNL1 está sana 
y es funcional. Por el contrario, las células DM1 muestran muy poca señal de 
MBNL1 en el citoplasma y sólo focos puntuales en el núcleo. La intensidad 
media de píxeles de la fluorescencia de MBNL1 se calculó para cada célula y 
se normalizó con respecto al área de la misma. De forma similar al aumento 
observado en los transcritos de MBNL1, M1-Block-23b-1 y M2-Block-23b-2 
presentaron aumentos significativos de la fluorescencia de la proteína 
MBNL1. También mostraron una localización subcelular citoplásmica difusa 
que indicaba que el MBNL1 adicional no estaba siendo atrapado en los focos 
nucleares. Las células tratadas con Scramble 50 y 200 no mostraron ningún 
aumento de la fluorescencia de MBNL1. Curiosamente, M2-Block-218-2 
también mostró un aumento en la intensidad de los píxeles de MBNL1. 
 

II.IV.  M1-Block-23b-1 muestra recuperación a nivel del 
transcriptoma 
Se realizó RNASeq para M1-Block-23b-1 con el fin de investigar la 
recuperación de la expresión génica tras el tratamiento y compararla con su 
homólogo antagomiR de estudios anteriores para visualizar el efecto global 
que tienen los oligos en las células DM1. En este experimento, se dejó que los 
fibroblastos inmortalizados se diferenciaran cuatro días más antes de la 
transfección con los AONs y luego se dejaron otros cuatro para su 
crecimiento con el fin de observar diferencias de expresión más pronunciadas 
entre las células DM1 y CNT y ver un patrón de expresión más comparable 
al de los músculos diferenciados in vivo.  
 
En primer lugar, se cuantificaron las uniones de splicing utilizando una 
fórmula de porcentaje de splicing delta (dPSI). Se identificaron 478 
alteraciones de eventos de splicing relacionados con la enfermedad entre las 
células sanas y las de DM1. Estos eventos se filtraron para los datos que 
tienen un dPSI superior al 25% y que tienen un efecto significativo cuando se 
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comparan con las células sanas y con las de DM1. Este filtro identificó 20 
eventos de splicing en 19 genes.  
 
Se generó otro gráfico de puntos geométricos para visualizar los 25 genes 
principales que mostraron una recuperación total de la expresión tras el 
tratamiento con M1-Block-23b-1. El blockmiR y el antagomiR mostraron un 
patrón de expresión similar en muchos genes, siendo el blockmiR menos 
intenso. De hecho, el antagomiR tendió a mostrar una recuperación excesiva 
en comparación con las células de control. El tratamiento con blockmiR 
todavía mostró cambios en la dirección de rescate de las biopsias para PODN, 
CLSTN2, RAI2 y MYH6. 
 
Es importante destacar que, de los genes totalmente recuperados por M1-
Block-23b-1, 14 estaban conectados por GOterms sobrerrepresentados, todos 
los cuales tienen relación con la función muscular y esquelética. Estos genes 
fueron analizados por STRING y se encontró que tenían vínculos 
significativos de interacción proteína-proteína. Esto implica al M1-Block-23b-
1 en la recuperación de la expresión génica de la infraestructura y los 
mecanismos neuromusculares vitales en el sistema muscular.  
 

II.V. La estrategia BlockmiR es altamente específica 
Una de las ventajas previstas del enfoque blockmiR es un efecto altamente 
específico sobre los transcritos MBNL. Se calculó un porcentaje de 
recuperación para todos los genes relacionados con la enfermedad y se 
comparó de forma cruzada con cada tratamiento. En comparación con las 
células sanas, el blockmiR y el antagomiR fueron capaces de un rescate 
parcial y total. El blockmiR mostró una mayor recuperación parcial mientras 
que el antagomiR mostró una mayor recuperación total e incluso 108 casos 
de sobre recuperación. El blockmiR también fue capaz de recuperar algunos 
genes que el antagomiR no pudo y viceversa. El antagomiR tiene un mayor 
efecto sobre el transcriptoma total.  
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Por último, para investigar la especificidad de los tratamientos con respecto 
a miR-23b, se analizaron los datos de RNASeq específicamente para los 
transcritos dirigidos por miR-23b. De las 57 dianas confirmadas identificadas 
mediante miRTarBase, sólo 1 de ellas mostró una alteración en la expresión 
tras el tratamiento con M1-Block-23b-1 en comparación con las células DM1 
no tratadas. Por el contrario, las células tratadas con antagomiR mostraron 
alteraciones en 28 de las dianas. Cuando se comparan con los controles sanos, 
las células tratadas con blockmiR mostraron más similitud con las células de 
control que las antagomiR. Esto indica que la estrategia blockmiR de dirigirse 
a los sitios de unión del miRNA es un método mucho más específico que 
dirigirse al propio miRNA. 

 
II.VI.  El sitio de unión de miR-23b está conservado en los ratones 
El éxito de los bloqueadores del blockmiR in vitro llevó a realizar pruebas in 
vivo en ratones. Pero antes de que este experimento pudiera llevarse a cabo, 
era necesario confirmar el sitio de unión de miR-23b en el ratón. Para 
confirmar los sitios predichos, se realizó otro ensayo de luciferasa en células 
C2C12 de ratón utilizando construcciones Mbnl1 3'-UTR. La expresión 
endógena de la unión de miR-23b en las células C2C12 se hizo evidente a 
través del aumento de la luminiscencia en los plásmidos de deleción del sitio 
de unión de miR-23b en comparación con el tipo salvaje. Por el contrario, la 
señal GLuc disminuyó tras la transfección con los plásmidos de unión 
perfecta. Esto confirma que miR-23b se une directamente a estos sitios. 
 

II.VII. Pruebas de blockmiRs en un modelo in vivo de DM1 
El sitio de unión conservado 1 para miR-23b en ratones tiene un nucleótido 
de diferencia en comparación con el sitio humano. Por lo tanto, se generó un 
nuevo compuesto, M1-Block23b-M, teniendo en cuenta esta diferencia y se 
administró a 12,5 mg/kg mediante inyección subcutánea en ratones del 
modelo HSALR DM1 (n = 5). La versión humana del blockmiR, M1-Block23b-
H, también se inyectó a la misma concentración (n = 5). A un grupo de ratones 
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sanos FVB (n = 5) y a un grupo de ratones HSALR (n = 5) se les administró 
PBS como dos controles separados. Después de cuatro días, se sacrificaron 
los ratones y se extrajeron sus músculos gastrocnemios y cuádriceps para el 
análisis molecular. 
 

II.VIII. El blockmiR específico de ratón muestra cambios 
toxicológicos en la sangre 
Tras el tratamiento con las versiones humana y de ratón de M1-Block23b, se 
extrajo y analizó la sangre y el suero. Se realizó un recuento diferencial de 
glóbulos blancos (WBC) después de cada tratamiento y se comparó con los 
niveles empíricos de FVB. También se añadieron mediciones externas de FVB 
como referencia, pero variaron mucho entre los estudios (Bogue et al., 2020; 
Schneck et al., 2000). Los niveles de FVB más similares a los medidos 
empíricamente en nuestro laboratorio fueron los de los machos de 8 semanas 
(§) (Bogue et al., 2020). Estos FVB también coincidían con las proporciones 
típicas normales de los ratones sanos en general: neutrófilos 20-30%, 
eosinófilos 0-7%, linfocitos: 70-80%, monocitos <2%, basófilos: 0-1% 
(O'Connell et al., 2015). Los tratamientos con PBS y M1-Block23b-H se 
mantuvieron dentro de estos rangos. Sin embargo, se observó un aumento de 
monocitos y linfocitos tras el tratamiento con M1-Block23b-M.  
 
Se realizó un recuento sanguíneo completo (CBC) y un análisis bioquímico 
para cada muestra y se comparó con los niveles de FVB. Con esta 
comparación, M1-Block23b-M mostró varios cambios, entre ellos un aumento 
significativo de la hemoglobina corpuscular media (HCM), de la 
concentración de hemoglobina corpuscular media (HCM), de las plaquetas y 
de la fosfatasa alcalina, así como una disminución significativa del volumen 
corpuscular medio (VCM), de la anchura de distribución de los glóbulos rojos 
(ADE), de la amilasa, del aspartato transaminasa (AST), de la creatina 
quinasa (CPK) y del lactato deshidrogenasa (LDH). En la mayoría de los 
casos, el M1-Block23b-H se mantuvo cerca del mismo nivel que el PBS. 
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Cuando se comparó el M1-Block23b-H con los niveles de FVB, sólo hubo un 
aumento significativo de la glucosa y el colesterol, que es un fenotipo de la 
enfermedad de los ratones HSALR, así como una ligera disminución de la 
AST.  
 

II.IX.  El tratamiento con BlockmiR aumenta el MBNL1 y rescata los 
fenotipos de DM1 en el músculo de los ratones 
Cuatro días después de la inyección, se sacrificaron los ratones y se 
extrajeron los músculos de las patas traseras, gastrocnemio y cuádriceps, 
para su examen molecular. Se observó un aumento significativo de la 
expresión del transcrito Mbnl1 en ambos músculos tras el tratamiento con 
M1-Block23b-M. Asimismo, se produjo un aumento similar que alcanzó los 
niveles normales de la proteína Mbnl1 del FVB tras el tratamiento con M1-
Block23b-M. 
 
M1-Block23-M también indujo un aumento fisiológico de la fuerza de 
agarre. El porcentaje de fuerza normal se calculó normalizando la fuerza de 
los ratones en un medidor de fuerza de agarre a su peso antes y después del 
tratamiento y luego comparándolo con los niveles de PBS. Se analizó el 
splicing de tres transcritos después del tratamiento, incluyendo Atp2a1, 
Clcn1 y Mbnl1. Se observaron ligeros aumentos del porcentaje de 
recuperación del splicing (PSR) en Atp2a1 y Clcn1. Sin embargo, al observar 
los ratones tratados individualmente, dos ratones en particular mostraron 
una gran cantidad de rescate. 
 
La migración de los núcleos de las fibras musculares hacia el centro de las 
mismas es un fenotipo bien conocido del músculo de los ratones HSALR 
(Mankodi et al., 2000). Por lo tanto, se realizó una tinción de hematoxilina y 
eosina (H&E) en el músculo gastrocnemio y en el cuádriceps para visualizar 
el porcentaje de fibras musculares que contienen núcleos centrales. En 
ambos tejidos, M1-Block23b-M mostró una reducción significativa del 



Resumen 

 15 

porcentaje de núcleos centrales en comparación con los controles de PBS. De 
hecho, las fibras tratadas con M1-Block23b-M son más similares 
morfológicamente a las de los ratones FVB. 
 

III. Objetivo 3: Estrategia de P-PMO blockmiR 
Los morfolinos de carga neutra (PMO) y los morfolinos ligados a péptidos 
que penetran en la célula (P-PMO) basados en AONs dirigidos a las 
repeticiones tóxicas DMPK fueron capaces de bloquear la unión de las 
proteínas MBNL (Leger et al., 2013; Wheeler et al., 2009). Los PMOs tienen 
una carga neutra que crea un compuesto altamente estable y facilita la 
entrega eficiente a la célula. Los antimiRs y antagomiRs han sido bien 
caracterizados por su viabilidad para bloquear la actividad de los miRNAs 
(Lopez Castel et al., 2019; Rupaimoole and Slack, 2017). En este caso, se 
diseñaron blockmiRs de PMO químicamente mejorados con el péptido 
Pip9b2 contra un sitio de unión de miR-23b en MBNL1 y se probaron en 
fibroblastos DM1 inmortalizados derivados de pacientes y 
transdiferenciados en miotubos (células DM1) (Arandel et al., 2017). El 
péptido está diseñado para facilitar la entrada eficiente en la célula sin el uso 
de reactivos de transfección y, por lo tanto, disminuir los efectos secundarios 
tóxicos. La carga neutra también mejorará la estabilidad del compuesto in 
vivo.  
 

III.I.  El PMO blockmiR ligado a Pip9b2 aumenta la MBNL1 en las 
células 
Pip9b2 es un péptido que penetra en las células sin necesidad de un reactivo 
de transfección. Para comprobar la toxicidad celular, el P-PMO blockmiR y 
un péptido enlazado con un PMO Scramble (P-SC), un control químico, se 
administraron en células DM1 a concentraciones crecientes. Los oligos 
ligados a péptidos mostraron poca o ninguna inhibición del crecimiento 
celular en todas las concentraciones, en contraste con los tratados con el 
reactivo de transfección, que empezaron a mostrar una inhibición del 
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crecimiento celular del 50% después de 50 nM. Por lo tanto, para el resto de 
los experimentos, P-PMO y P-SC se administraron a 1 µM según la 
recomendación del fabricante. 
 
Las células DM1 mostraron un aumento de los niveles de expresión de los 
transcritos MBNL1 y 2 tras el tratamiento con P-PMO blockmiR. Los 
patrones de splicing fetal aberrante en los transcritos MBNL1 y NFIX 
muestran un fuerte fenotipo en las células DM1. Tras el tratamiento con el 
blockmiR, se observó un ligero pero significativo retorno al patrón de 
splicing adulto. Las células también mostraron un llamativo aumento de la 
inmunofluorescencia de la proteína MBNL1 mediante el análisis de 
imágenes de microscopía confocal. Desde un punto de vista cualitativo, las 
células tratadas con el péptido penetrante blockmiRs eran visiblemente más 
prolíficas y mostraban un gran aumento de la fluorescencia de MBNL1 en el 
citoplasma. La cuantificación de la intensidad media de los píxeles de cada 
célula confirmó este aumento. 
 

III.II. P-PMO no es tóxico para los ratones y aumenta la fuerza de 
agarre 
El éxito del P-PMO blockmiR in vitro llevó a su administración en ratones 
HSALR. Se generó un nuevo P-PMO que tenía en cuenta la diferencia de un 
nucleótido entre los ratones y los humanos y se administró por vía 
intravenosa a 10 mg/kg. Se midió la fuerza de agarre de los ratones antes y 
después del tratamiento y se calculó el porcentaje de fuerza normal para 
cada grupo. Los ratones tratados con P-PMO mostraron un gran aumento 
del porcentaje de fuerza normal. Tras el tratamiento, se extrajo el suero 
sanguíneo de los ratones para su análisis bioquímico. Los niveles de FVB se 
establecieron como el nivel de control sano con el que se compararon todos 
los demás tratamientos. Uno de los pocos cambios significativos fue la 
disminución de los niveles de creatina fosfocinasa (CPK). Las cantidades 
más bajas observadas aquí indican la ausencia de daño tisular y están dentro 
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del rango de niveles normales en ratones sanos. También son 
significativamente diferentes a los de FVB los niveles de amilasa tras el 
tratamiento con el P-PMO y, curiosamente, el control PBS. Sin embargo, tras 
un examen más detallado, estos niveles también estaban dentro del rango 
normal para ratones sanos. Es importante destacar que el resto de los 
parámetros que indican hepatotoxicidad o daño tisular, incluyendo ALT, 
AST, bilirrubina, ácidos biliares y LDH, permanecieron sin cambios tras el 
tratamiento con blockmiR. Otros indicadores de salud, como la creatinina, 
el colesterol, la glucosa y los triglicéridos, así como el peso del ratón, también 
se mantuvieron estables. No se observaron cambios en los niveles de 
expresión relativa de Mbnl1 o 2. 
 

III.III.  BlockmiR induce el rescate de los fenotipos de los ratones 
HSALR 
Después de ver resultados prometedores a nivel fisiológico, se analizaron los 
ratones a nivel molecular para ver si había cambios en el fenotipo DM1 
específicamente en el músculo cuádriceps de la pierna. No se observaron 
cambios en ningún parámetro en el músculo gastrocnemio, por lo que los 
resultados se excluyeron del análisis. Los transcritos Atp2a1, Clcn1, Mbnl1 y 
Nfix muestran patrones anormales de splicing fetal en el modelo de ratones 
DM1 (Dixon et al., 2015; Du et al., 2010; Lin et al., 2006; Tanner et al., 2021). 
Tras la administración de blockmiR, se observó una corrección en los cuatro 
transcritos. El porcentaje de recuperación del splicing comparado con el 
control P-SC mostró un rescate significativo.  
 
Como se observó en la microscopía de células DM1, el P-PMO también 
aumentó la cantidad de proteína Mbnl1. El P-PMO mostró un aumento 
significativo en comparación con el P-SC y el control HSALR PBS. Por último, 
se realizó un análisis histológico de secciones de 10 µm del músculo del 
cuádriceps. Tras la tinción con H&E, se cuantificó el porcentaje de fibras 
musculares con núcleos centrales. Aunque no fue estadísticamente 
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significativo al promediar los seis ratones, se observó una disminución del 
porcentaje de fibras con núcleos centrales en comparación con las muestras 
de P-SC. Hubo dos ratones específicos que mostraron un rescate 
particularmente fuerte. La imagen muestra un sorprendente parecido con los 
cortes FVB. 
 

Conclusiones 

En resumen, se pueden extraer las siguientes conclusiones: 
1. Los antimiRs con modificaciones FANA dirigidos a miR-23b y miR-

218 administrados sin el uso de un reactivo de transfección son una 
alternativa adecuada a los antagomiRs con modificaciones 2'-O-
metilo y una fracción de colesterol debido a su mayor viabilidad 
celular en las células DM1 incluso a concentraciones más altas.  

2. La administración gimnótica de los antimiRs de FANA muestra una 
recuperación terapéutica comparable a la de los antagomiRs en las 
células DM1 al aumentar los transcritos de MBNL1 y MBNL2, reducir 
miR-23b y miR-218, y aumentar la proteína MBNL1 en las células 
DM1. MiR-218-1 fue capaz de aumentar la proteína MBNL2 y MiR-
23b-1 fue capaz de rescatar el splicing en el exón 11 de BIN1, el exón 
5 de cTNT y el exón 5 de MBNL1. 

3. Se demostró que los blockmiRs dirigidos a los sitios de unión de miR-
23b o miR-218 también eran capaces de tener efectos terapéuticos en 
las células DM1. Específicamente, M1-Block-23b-1 y M2-Block-23b-1 
aumentaron los transcritos de MBNL1 y MBNL2, rescataron los 
patrones de splicing del exón 5 de MBNL1 y del exón 23 de SPTAN, 
y aumentaron la inmunofluorescencia y corrigieron la localización 
subcelular de la proteína MBNL1. 

4. El bloqueo del sitio de unión de miR-23b por los blockmiRs causó 
aproximadamente un 40% menos de cambios en el transcriptoma 
relacionado con la enfermedad que la unión directa de miR-23b por 
los antagomiRs.   
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5. Los dos sitios de unión de miR-23b predichos en la 3'UTR de Mbnl1 
de ratón fueron confirmados tras un ensayo de luciferasa dual. El 
sitio 3 para la unión de miR-218 en Mbnl1 3'UTR fue confirmado, así 
como el sitio 1 y posiblemente el sitio 2 en Mbnl2 3'UTR. 

6. M1-Block-23b-1, denominado LNA blockmiR, es viable in vivo y 
muestra un aumento de la fuerza de agarre y del transcrito y la 
proteína Mbnl1 en los músculos cuádriceps y gastrocnemio de 
ratones HSALR. También mostró una disminución significativa en los 
núcleos centrales. 

7. El P-PMO blockmiR muestra un efecto terapéutico similar al LNA 
blockmiR sin toxicidad en células DM1. 

8. P-PMO blockmiR también es viable in vivo mostrando un aumento 
de la fuerza de agarre y sin cambios tóxicos. En el músculo del 
cuádriceps de los ratones HSALR, P-PMO también mostró un 
aumento de la proteína Mbnl1, y rescató eventos de splicing en el 
exón 22 de Atp2a1, el exón 7a de Clcn1, el exón 5 de Mbnl1 y el exón 
7 de Nfix. 

9. El papel de los miRNAs en la DM1 posiciona las estrategias antimiR 
y blockmiR en la vanguardia de la terapia potencial de la DM1. 

 

Metodología 
I. Condiciones de cultivo celular 
Todas las células utilizadas en este trabajo se cultivaron a 37°C en una 
atmósfera humidificada al 5% de CO2. Las células DM1, los fibroblastos CNT 
y las células C2C12 se cultivaron en medio de crecimiento DMEM + 4,5 g/L 
de glucosa suplementado con 10% de FBS y antibióticos. Para iniciar el 
programa miogénico, las células DM1 y CNT se cultivaron entonces en medio 
de diferenciación según Arandel et al., 2017 que las transdiferencia a 
miotubos mediante la activación con doxiciclina. 
 

I.I.  Transfección 
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24 h antes de la transfección, las células se sembraron a 100.000 células por 
mL en una placa de 24 pocillos (inmunofluorescencia), una placa de 96 
pocillos (ensayo de toxicidad), una placa de Petri de 3 mL (extracción de 
ARN) o una placa de Petri de 10 mL (extracción de proteínas). Para la 
administración gimnótica, los oligos se sonicaron y se agitaron 
vigorosamente en vórtex antes de administrarlos en el medio de 
diferenciación y dejarlos incubar. La mezcla de transfección se hizo 
mezclando X-treme Gene y el respectivo blockmiR en medio Optimem. 
 

I.II. Ensayo de toxicidad 
Para los ensayos de proliferación celular de los antimiRs de FANA y los 
blockmiRs de LNA y P-PMO, se sembraron células en placas de 96 pocillos y 
se transfectaron a concentraciones crecientes por cuadruplicado. Para medir 
la viabilidad de las células, se añadieron 20 μl de sal de tetrazolio MTS/PMS 
del ensayo de proliferación celular no radiactivo CellTiter 96 a cada pocillo y 
se incubaron las células durante cuatro horas a 37°C en una cámara 
humidificada con un 5% de CO2. La conversión de MTS en formazán soluble 
se midió por absorbancia a 490 nm utilizando un lector de placas Infinite 200 
PRO. 
 

I.III. Transformación de células competentes 
Las células competentes se transformaron con plásmidos. En primer lugar, se 
añadió el DNA del plásmido a las células competentes descongeladas y se 
sometió a un choque térmico durante 2 minutos a 37°C y luego 1,5 minutos a 
42°C (Froger y Hall, 2007). Las células se incubaron en hielo durante 1-2 
minutos y luego se añadieron a LB líquido y se incubaron durante 1 hora a 
37°C. A continuación, las células se centrifugaron, se resuspendieron y se 
extendieron en placas de agar LB recubiertas de ampicilina. Después de la 
incubación a 37°C durante la noche, se seleccionaron las colonias y se 
añadieron a LB líquido con ampicilina para incubar una vez más durante la 
noche a 37°C (Maniatis et al., 1982). 
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I.IV. Ensayo de luciferasa dual 
La luminiscencia de la luciferasa gaussiana (GLuc) y de la fosfatasa alcalina 
(SEAP) se midió utilizando el kit de luminiscencia dual de pares secretados, 
de acuerdo con los protocolos del fabricante. La actividad de la luciferasa 
gaussiana se normalizó con la actividad de la fosfatasa alcalina 
(GLuc/SEAP). La luminiscencia se midió utilizando un lector de placas 
Infinite M200 PRO. Se diseñaron plásmidos reporteros de Mbnl1 y Mbnl2 
3'UTR pEZX-MT05 que contenían Mbnl1 y Mbnl2 de tipo salvaje (WT), 
deleción de la región semilla de miR-23b o miR-218 (Del), o coincidencia 
perfecta de la secuencia completa de miR-23b o miR-218 (PM). Se repitió el 
mismo ensayo con células C2C12 co-transfectadas con el mímico miR-23b o 
miR-218, el mímico codificado (pVmiR) y los controles sin mímico. 
 

II. Extracción y análisis de RNA 

II.I. Extracción de células y tejidos de ratón 
El RNA total se aisló de miotubos transdiferenciados o de músculo 
gastrocnemio o cuádriceps de ratón utilizando el reactivo de lisis QIAzol y el 
RNeasy Mini Kit siguiendo las recomendaciones del fabricante. Se analizó la 
calidad y la concentración total de los productos mediante Nanodrop. Para 
las células, se lisaron con QIAzol y se rasparon las placas. En el caso de los 
ratones, los tejidos se añadieron a un tubo Eppendorf de 2 mL junto con una 
bola metálica de lisado y el reactivo QIAzol. Los tubos se agitaron 
enérgicamente con la máquina TissueLyser durante 5 minutos. 
 

II.II. DNA plasmídico de células competentes 
Tras la selección de colonias y la incubación, se aisló el DNA plasmídico 
utilizando el kit de aislamiento de plásmidos de alta pureza. Tras la 
extracción, se analizó la calidad de las muestras mediante Nanodrop y se 
sometió a la digestión de las enzimas de restricción AsiSI y SpeI. El producto 
se pasó por electroforesis en gel para confirmar que los plásmidos habían 
aceptado las construcciones y tenían el tamaño correcto (Maniatis et al., 1982). 
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II.III. RT-PCR 
Se llevó a cabo la transcripción inversa de la PCR para todos los aislados 
utilizando 1 μg de RNA total para obtener el cDNA. En primer lugar, las 
muestras se trataron con DNasa con un control sin transcriptasa inversa 
(NRT) para confirmarlo. La transcripción inversa fue seguida de una RT-PCR 
semicuantitativa sobre el cDNA. El producto de la PCR se corrió en un gel de 
electroforesis de agarosa al 2% con una escalera biomolecular para 
determinar el tamaño de los amplicones (Friedmann y Rossi, 2007). En el caso 
del análisis de miRNA, se añadió un paso adicional al principio de este 
protocolo utilizando la polimerasa A y el ATP para añadir una cola 3' poli-A 
a los miRNA.  
 
El índice de recuperación de splicing (PSR) se definió como el valor %SI 

menos 𝐗"%DSI, dividido por 𝐗"%DSI menos 𝐗"%HSI (donde SI es la inclusión de 
splicing de cada muestra, DSI es la inclusión de splicing de la enfermedad, y 
HSI es la inclusión de splicing saludable). 
 

II.IV. RT-qPCR 
Para la PCR cuantitativa basada en Taqman, se añadieron sondas marcadas 
con FAM o MAX junto con cebadores específicos para que todas las muestras 
pudieran ser normalizadas por controles endógenos en el mismo pozo. Todas 
las muestras se ejecutaron por triplicado en un sistema de PCR en tiempo real 
QuantStudio 5. Para la PCR cuantitativa de miRCURY basada en Sybr, cada 
miRNA se cuantificó en un pozo separado y se normalizó con respecto a los 
snRNA U6 y U1. Los niveles de expresión se normalizaron con respecto al 

gen de referencia utilizando el método 2-DDCt (Livak y Schmittgen, 2001). 
 

II.V.  RNASeq 
Los fibroblastos DM1 inmortalizados se sembraron a 100.000 células por mL 
en placas de Petri de 3 mL. Las células se trataron con medio de 
diferenciación y se dejaron transdiferenciar durante cuatro días. A 
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continuación, se transfectaron M1-Block-23b-1 y AntagomiR-23b a 50 nM y 
se dejaron durante cuatro días más. Al octavo día, se extrajo el RNA total 
siguiendo el protocolo de extracción de RNA. El siguiente análisis 
bioinformático se realizó amablemente en colaboración con Jorge Espinosa-
Espinosa (Universitat de Valencia). Las bibliotecas se prepararon utilizando 
el kit de preparación de bibliotecas de ARNm TruSeq Stranded siguiendo los 
protocolos de Illumina y se secuenciaron utilizando NextSeq 550 de extremo 
pareado en el centro de genómica de la Universitat de Valencia. Se 
obtuvieron unos 20 millones de lecturas de cada muestra. Un control de 
calidad eliminó cualquier lectura con un valor q inferior a 30 utilizando el 
programa Trim Galore! (RRID:SCR_011847, versión 0.6.4_dev). Todas las 
lecturas aceptadas se alinearon con la versión del genoma GRCh38.p12 
utilizando el software STAR (versión 2.7.3a). A continuación, los resultados 
bam se analizaron con el software RSEM (versión v1.3.2) para obtener 
recuentos de genes. Se utilizó el paquete R edgeR (versión 3.28.1) para 
realizar una prueba de expresión génica diferencial (DGE). El umbral para 
una llamada DGE fue un valor p ajustado < 0,05 y un log2FoldChange de 1. 
La recuperación de la expresión génica, es decir, los genes que se acercaban 
a un patrón de expresión normal, se realizó para todos los genes relacionados 
con la enfermedad utilizando esta fórmula:   

.  
 
Para el análisis STRING, la puntuación de interacción mínima requerida se 
fijó en una confianza media (0,400). Las fuentes de interacción activas 
incluyeron textmining, experimentos, bases de datos, coexpresión, vecindad, 
fusión de genes y coocurrencia. Los nodos desconectados se ocultaron de la 
red. 
 

III. Extracción y análisis de proteínas 

III.I.  Extracción de células y ratones 
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Para la extracción de proteínas totales, las células se sonicaron y 
homogeneizaron en el tampón RIPA de Pierce (Thermo Fisher Scientific) 
complementado con cócteles de inhibidores de proteasas y fosfatasas 
(Roche). La cuantificación de la proteína total se realizó con un kit de ensayo 
de proteínas BCA (Pierce) utilizando albúmina de suero bovino como 
estándar. Para el tejido de ratón, se utilizó el mismo tampón, pero en lugar 
de sonicarse, los tubos se agitaron enérgicamente con la máquina TissueLyser 
durante 5 minutos. 
 

III.II. Jess Simple Western 
Para el ensayo de inmunodetección en las células DM1 se utilizó el sistema 
Jess Simple Western para cuantificar MBNL1 por quimioluminiscencia 
utilizando anti-MBNL1 (1:50, 4A8, anti-ratón). A continuación, los capilares 
se sometieron a un paso Replex y se evaluó de nuevo la proteína total 
mediante quimioluminiscencia. Para los tejidos de ratón, se utilizó Jess para 
cuantificar la quimioluminiscencia de la proteína Mbnl1 utilizando anti-
MBNL1 (1:10, ab45899, anti-conejo) y se normalizó a la fluorescencia de la 
proteína total sin el paso Replex. 
 

III.III. Western Blot 
Se mezclaron 20 μg de proteína total con tampón de carga 6x y H2O y se 
hirvieron durante 5 min y se transfirieron a hielo. Las proteínas se separaron 
por electroforesis en geles de acrilamida/bisacrilamida SDS-PAGE con el 
sistema de electroforesis Mini-protean en tampón de electroforesis a 12 mA 
según el protocolo de electroforesis de poliacrilamida de BioRad. Como 
marcador molecular se utilizó el Precision Plus Protein Dual Color Standard 
(Bio-Rad). 
 
Tras la electroforesis, las membranas y el papel de filtro se empaparon en 
tampón de transferencia y se transfirieron a una membrana de nitrocelulosa 
(GE Healthcare) utilizando la célula de transferencia semiseca Trans-Blot SD 
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según el protocolo de protein blotting de BioRad. Después, las membranas se 
tiñeron con Ponceau para confirmar la transferencia de proteínas y, a 
continuación, se lavaron con agua del grifo hasta eliminar la tinción. A 
continuación, las membranas se bloquearon con una solución de bloqueo 
durante al menos 1 h. Las membranas se incubaron con los anticuerpos 
primarios disueltos en la solución de bloqueo durante la noche a 4°C. Tras la 
incubación, las membranas se lavaron con 1x PBST, tres veces durante 5 
minutos agitando, y se incubaron con anticuerpos secundarios conjugados 
con peroxidasa de rábano picante durante 1 h a temperatura ambiente 
agitando. Tras la incubación, las membranas se lavaron con 1x PBST y se 
detectó la quimioluminiscencia con el sustrato de máxima sensibilidad 
SuperSignal West Femto. Posteriormente, las membranas fueron despojadas 
de los anticuerpos adheridos para ser reutilizadas para la detección de la 
proteína de control endógena. Una vez eliminados los anticuerpos, se 
bloquearon las membranas y se volvió a realizar la inmunodetección como 
se ha descrito anteriormente La quimioluminiscencia se visualizó con 
ImageQuant LAS 4000 (GE Healthcare). 
 

III.IV.  Inmunofluorescencia 
Tras la transfección y cuatro días de diferenciación, las células DM1 se fijaron 
con PFA al 4%. Los miotubos se permeabilizaron con PBS-T y se bloquearon. 
A continuación, se incubaron con el anticuerpo primario MBNL1 (1:200, 4A8) 
a 4°C durante toda la noche. Después de tres lavados con PBS-T, las células 
se incubaron con un anti-IgG de ratón biotinilado (1:200) y posterior 
amplificación de Avidina-Biotina (kit Elite ABC). A continuación, se 
realizaron tres lavados con PBS-T y la incubación con fluoróforo 
estreptavidina-FITC (1:200). Después de tres lavados con PBS, las células se 
montaron con medio de montaje Vectashield que contenía 2 μg/mL de DAPI 
para detectar los núcleos. Se tomaron imágenes de las células DM1 en un 
microscopio confocal Olympus FluoView FV100 (Beesley, 1993). Las 
imágenes se tomaron con un aumento de 40x y se cuantificaron utilizando 
Image J con la siguiente fórmula con un umbral de 10: Intensidad media de 
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píxeles=valor de gris/área según la guía de ImageJ de la Dra. Christine Labno 
(Universidad de Chicago) (Schneider et al., 2012). 
 

IV. Manejo de ratones 
La manipulación de los ratones y los procedimientos experimentales se 
ajustaron a la legislación europea relativa al cuidado y la experimentación 
con animales de laboratorio (2003/65/CE) y fueron aprobados por la 
Conselleria de Agricultura de la Generalitat Valenciana ("Respuesta 
terapéutica a blockmiRs modificados en un modelo de ratón de DM1", 
número de referencia 2020/VSC/PEA/0203). 
 

IV.I.  Fuerza de agarre 
La fuerza de agarre de la extremidad anterior se midió con un medidor de 
fuerza de agarre según el protocolo de BioSeb. La medición se realizó tres 
veces consecutivas a intervalos de 30 s. La medición del peso corporal se 
realizó en paralelo. El porcentaje de fuerza normal se calculó normalizando 
la fuerza media después del tratamiento a la fuerza antes del tratamiento y 
dividiendo este valor por el peso corporal de cada ratón. 
 

IV.II. Bioquímica sanguínea 
Se recogió el suero sanguíneo de cada ratón y se analizaron los parámetros 
bioquímicos en los Laboratorios Montoro Botella (Valencia, España).  
 

IV.III. Inmunohistoquímica 
Se cortaron secciones congeladas de 10 μm de los músculos gastrocnemio y 
cuádriceps de los ratones con un criostato. A continuación, las secciones se 
tiñeron con hematoxilina y eosina y se montaron con el medio de montaje 
Vectashield (Feldman y Wolfe, 2014). Las imágenes se tomaron con un 
aumento de 100x con un microscopio Leica DM2500. Se cuantificó el 
porcentaje de fibras que contenían núcleos centrales en una media de 500 
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fibras en cada ratón. Todas las imágenes fueron etiquetadas al azar durante 
la cuantificación para facilitar un análisis ciego. 
 

V. Estadísticas 
Todos los análisis estadísticos se realizaron utilizando Prism 8.2.1 
(GraphPad) con la asistencia especial del Dr. Juan Carbonell (Bioestadístico, 
INCLIVA, Valencia, España). Se asumió una distribución normal para 
comparar las muestras utilizando la prueba t de Student. Se utilizó la 
corrección de Welch en caso de varianza desigual. Cuando no se pudo asumir 
una distribución normal, específicamente en el análisis bioquímico de la 
sangre, se utilizó la prueba no paramétrica de Kruskal Wallis con la 
corrección de Wilcoxon cuando fue necesario. 
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I. Myotonic Dystrophy Type 1 
I.I. Clinical overview 
Myotonic Dystrophy is a multi-systemic neuromuscular disorder with 
congenital, juvenile, adult, or late onset. Originally thought to affect 1 and 
8000 people worldwide (Harper, 2009; Suominen et al., 2011), it has been 
shown through genetic screening that the prevalence is higher at closer to 5-
20 people per 100,000 (Johnson et al., 2021). The most severe form of this 
disease, type 1 (DM1), includes symptoms such as myotonia, muscle 
weakness, cardiac arrhythmias, cognitive dysfunction, and cataracts (OMIM 
#160900). DM1 carries a high disease burden. Patients report that muscle 
weakness, fatigue, and pain regularly cause difficulties in daily life and 
impact their interpersonal relationships (Landfeldt et al., 2019). Up to 84% of 
patients have difficulty walking and 3% of patients must use a wheelchair 
(Bouchard et al., 2015).  
 
The most severe symptoms include respiratory and heart failure, which are 
the primary causes of death in DM1 patients and contribute to shortened life 
expectancy (de Die-Smulders et al., 1998; Wahbi and Furling, 2020). Indeed, 
the probability of survival in a 15 year period was 49±5% for DM1 patients in 
Belgrade (Mladenovic et al., 2006). More recently, it was shown that DM1 
patients are at an increased risk to contracting a severe case of COVID-19 due 
to impaired respiratory muscle function (Dhont et al., 2020). Other symptoms 
of DM1 include insulin resistance, obesity, and cardiac dysfunction (Mankodi 
and Thornton, 2002), which also increase the risk of severe COVID-19 
symptoms.  
 
Myotonic Dystrophy Type 2 (DM2) has similar symptoms to DM1 such as 
myotonia and cataracts but other symptoms are generally less severe 
(Machuca-Tzili et al., 2005). Indeed, the pattern of muscle weakness is much 
more variable and there are little reported cardiac and respiratory symptoms. 
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Disease onset is consistently later into adulthood in DM2 with no known 
congenital cases. 
 

I.II. Molecular basis of the disease 
The genetic basis of DM1 originates in a repeat expansion of a “CTG” motif 
in the DM1 Protein Kinase (DMPK) gene (Brook et al., 1992). Healthy 
individuals exhibit between 5-37 CTG repeats in DMPK. Patients with DM1 
can exhibit thousands of repeats with the amount of repetitions 
approximately correlating to the severity of the disease (Tsilfidis et al., 1992). 
Indeed, a significant correlation was found between patients reporting 
muscle weakness and the number of CTG repeats found on the DMPK allele 
(Bouchard et al., 2015; Landfeldt et al., 2019). A higher number of repeats is 
also related with the time of disease onset and death (de Die-Smulders et al., 
1998; Mladenovic et al., 2006). DMPK is transcribed into a mutant mRNA 
transcript carrying the “CUG” repeats that form hairpin structures.  These 
complexes accumulate as foci in the nucleus and bind with high affinity to 
proteins from the Muscleblind-like (MBNL) family (Miller et al., 2000) (Figure 
I1).  
 

Figure I1. DM1 pathogenic state. The DM1 pathogenic state includes the sequestration of 
MBNL proteins by toxic DMPK transcripts, CELF1 protein activation, and fetal-like splicing 
patterns. Concurrently, the transcription of MBNL into protein is regulated by miRNAS on the 
3’UTR. Figure from (Overby et al., 2018). 
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I.III. Role of MBNL proteins and downstream effects 
MBNL proteins perform developmental post-transcriptional splicing 
regulation (Kanadia et al., 2003b; Konieczny et al., 2014) and polyadenylation 
site regulation (Batra et al., 2015). Additionally, the CUG RNA-Binding 
Protein (CELF) family, which also plays a role in alternative splicing, is 
activated in DM1 patients (Philips et al., 1998). CELF and MBNL proteins are 
functionally antagonistic to one another in relation to the regulation of their 
mRNAs (Wang et al., 2015). The combination of MBNL protein sequestration 
and CELF protein induction results in numerous mis-splicing events most 
commonly exhibited by a fetal-like splicing pattern in adult DM1 cells 
(Fernandez-Costa et al., 2011; Ladd et al., 2001). The Muscleblind family 
consists of three proteins: MBNL1, MBNL2, and MBNL3, all of which are 
sequestered by DMPK mRNA (Jiang et al., 2004; Miller et al., 2000). The 
Muscleblind proteins have two zinc finger binding domains in tandem 
which, in the presence of toxic repeats, have a higher binding affinity to CUG 
microsatellites than their own pre-mRNA targets (Pascual et al., 2006; Yuan 
et al., 2007). When functioning properly, MBNL1 and 2 specifically cause a 
shift from fetal to adult splicing pattern during development (Lin et al., 2006). 
The activation and repression of mRNAs takes place in the nucleus and the 
cytoplasm depending on the localization of the target transcript (Wang et al., 
2012). MBNL1 is believed to play a larger role in cardiac and skeletal muscle 
while MBNL2 likely plays a larger role in the brain contributing to DM1 
central nervous system (CNS) phenotypes (Charizanis et al., 2012; Kanadia et 
al., 2003a). MBNL3 plays a role in a developmental capacity contributing to 
progressive muscle degeneration and age associated pathologies in DM1. It 
is also related to the impairment of muscle regeneration and repression of 
myogenesis (Choi et al., 2016; Lee et al., 2010; Lee et al., 2008; Pascual et al., 
2006; Poulos et al., 2013). 
 
Critically low levels of MBNL protein function in DM1 is considered the 
primary contribution to the DM1 phenotype. This is evidenced by a mouse 

model knockout (KO) for Mbnl1, Mbnl1DE3/DE3, which reproduces myotonia, 
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alterations in alternative splicing, and cataracts (Kanadia et al., 2003a). 
Conversely, Mbnl1 overexpression in DM1 skeletal cells and DM1 model 
mice increased proliferation and rescued muscle myopathy, respectively 
(Chamberlain and Ranum, 2012; Song et al., 2020). It  has also been described 

that Mbnl1DE2/DE2 mutants develop prominent cardiac problems (cardiac 
hypertrophy, interstitial fibrosis, alterations in transcript splicing), which 
suggests a key role of Mbnl1 in the initiation of heart problems in DM1 
(Dixon et al., 2015).  However, KO Mbnl1 does not recapitulate the full range 
of DM1 symptoms so it has been hypothesized that Mbnl2 could be 

compensating for the lack of Mbnl1 function in these mice. Mbnl2DE2/DE2 KO 
mice show typical neurological phenotypes of DM1 such as mis-splicing in 
brain tissues and impaired memory and learning (Charizanis et al., 2012). 
When making a compound loss of Mbnl1 and Mbnl2, the mice do not survive 
(Lee et al., 2013). Instead, Mbnl1-/-; Mbnl2+/- mice were generated and 
developed cardinal aspects of the disease, including reduced half-life, cardiac 
conduction blockage, severe myotonia, atrophic fibers, and progressive 
skeletal muscle weakness. According to the compensation hypothesis, the 
levels of Mbnl2 are high in KO Mbnl1-/- and Mbnl2 can regulate exons 

normally regulated by Mbnl1. Finally, Mbnl3DE2 KO mice show delays in 
muscle regeneration and muscle function impairment (Poulos et al., 2013). 
 
In corresponding gain-of-function experiments, overexpression of a 
Muscleblind isoform in a Drosophila DM1 model partially manages to rescue 
muscle atrophy (Bargiela et al., 2015). Overexpression of CUGBP1, a CELF 
family protein, also exacerbated muscle degeneration in flies (de Haro et al., 
2006). Mbnl1 administration to DM1 model mice by adeno-associates rescues 
myotonia and alterations in alternative splicing typical of DM1, which 
supports that Mbnl1 lack of function can be supplemented with more protein 
(Kanadia et al., 2006). 
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The alterations in MBNL and CELF activity cause an abnormal fetal splicing 
pattern of several transcripts, such as muscle chloride channel (CLCN1), 
insulin receptor (INSR), cardiac troponin T (cTNT), cardiac sodium channel 
(SCN5A), among others (see Table I1) and in turn lead to clinical symptoms. 
For example, myotonia and insulin resistance are directly related to  CLCN1 
(Wheeler et al., 2007) and INSR (Savkur et al., 2001) mis-splicing, respectively, 
while SCN5A is related to cardiac phenotypes like conduction defects and 
arrhythmias (Pang et al., 2018). Other affected tissues include the brain which 
is specifically affected by the mis-splicing of microtubule associated protein 
tau (MAPT) and is implicated in neurodegenerative phenotypes (Goodwin et 
al., 2015). Spliceopathy also has an effect on the localization of MBNL proteins 
in the cell. Concretely, the aberrant inclusion of exon 5 in MBNL1 transcripts 
promotes MBNL1 localization in the nucleus (Terenzi and Ladd, 2010). 
Likewise, the inclusion of MBNL1 exon 7 promotes MBNL dimerization and 
subsequent high affinity binding to CUG repeats (Konieczny et al., 2014). 

 

Table I1. Examples of splicing alterations in DM1 adults. Adapted from (Lopez-

Martinez et al., 2020). 

Gene 

Exon 

exclusion

/inclusion 

Functional 

implications 

Tissue 

Expression 

References 
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n  
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ATP2A1 

(SERCA1) 
22 exc. 

Ca2+ reuptake for 

muscle contraction; 

muscle dysfunction 

✓   

(Kimura et al., 2005; 

Tang et al., 2012; 
Vihola et al., 2013) 

BIN1 11 exc. 
T-tubule formation; 

muscle weakness 
✓   (Fugier et al., 2011) 

CLCN1 7a inc. 
Chloride channel ion 

conduction; myotonia 
✓ ✓  

(Charlet et al., 2002; 

Lueck et al., 2007; 
Mankodi et al., 2002; 

Nakamori et al., 2013; 

Wheeler et al., 2007) 



Introduction 

 38 

CACNA1S 29 exc. 

Excitation-contraction 

coupling; muscle 

weakness 

✓   (Tang et al., 2012) 

cTNT 

(TNNT2) 
5 inc. 

Calcium sensitivity for 

muscle contraction 
  ✓ 

(Dixon et al., 2015; 

Ho et al., 2004; 

Philips et al., 1998) 

DMD 78 exc. 

Membrane integrity; 

muscle fiber 

maintenance 

✓   (Rau et al., 2015) 

INSR 11 exc. 
Insulin signaling; 

insulin resistance 
✓   (Savkur et al., 2001) 

LDB3 

(ZASP) 
11 inc. 

Z disc muscle 

contraction; abnormal 

cardiac fibers 

 ✓ ✓ 

(Lin et al., 2006; 

Nakamori et al., 

2013) 

MAPT 

(TAU) 
2 exc. 

Microtubule 

stabilization; 

neurodegeneration 

 ✓  

(Carpentier et al., 

2014; Goodwin et 

al., 2015) 

MBNL1 

5 inc. 

MBNL1 subcellular 

localization; 

alternative splicing 

✓   

(Konieczny et al., 

2014; Lin et al., 
2006; Terenzi and 

Ladd, 2010) 

7 inc. 
MBNL1 dimerization, 

alternative splicing 
✓   

(Konieczny et al., 

2014; Nakamori et 

al., 2013) 

MBNL2 7 inc. Alternative splicing  ✓  

(Konieczny et al., 

2014; Lin et al., 

2006; Nakamori et 
al., 2013) 

NFIX 7 inc. 
Transcription factor; 

myogenesis 
✓   

(Konieczny et al., 

2014; Yamashita et 
al., 2012) 

SCN5A 6a inc. Cardiac arrhythmia   ✓ 

(Freyermuth et al., 

2016; Pang et al., 

2018) 

TTN 

(Titin) 
Mex5 inc. 

Cytoskeletal 

assembly 
  ✓ 

(Lin et al., 2006; 

Yamashita et al., 
2012) 
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I.IV. Other pathways contributing to DM1 pathogenesis 
As mentioned above, the traditional focus of the DM1 pathogenic phenotype 
has been rooted in the loss-of-function of the MBNL protein family through 
toxic repetition sequestration. Also of mention are the many signaling 
cascades that are implicated in contributing to this phenotype. For example, 
diminished signaling of protein kinase B (AKT), which regulates CELF1, is 
correlated to an increase in autophagy and apoptosis in this disease. Mis-
regulation of CELF1 by AKT and protein kinase C (PKC) both contribute to 
the pathogenic pathway in DM1 (see review ((Ozimski et al., 2021)). Similarly, 
less studied translational regulators such as miRNAs are known to play a role 
in DM1 pathology, (see review (Lopez Castel et al., 2019)) but will be 
discussed in more detail later. 

 
II. Models of DM1 
Myotonic Dystrophy can be studied through the use of model organisms. 
Live models of the disease can produce similar phenotypes to those seen in 
humans which can be studied for better understanding of disease 
mechanisms. Also, experimental study of potential therapies through mice, 
flies, and patient cells has the advantage of producing results contextually 
similar to human patients and are important for pre-clinical milestones. 
 

II.I. Patient-derived cells 
DM1 is studied in vitro through the use of DM1 cell cultures using muscle 
cells, cardiac cells, and neurons (see review (Matloka et al., 2018)). The most 
commonly used patient-derived cells are fibroblasts and myoblasts taken 
from patient biopsies. Primary fibroblasts are derived from the skin and 
therefore easier to procure but do not differentiate into myotubes. However 
primary myoblasts from skeletal muscle can activate the myogenic program. 
To circumvent this, fibroblasts can be virally transduced to express myogenic 
differentiation protein 1 (MYOD1) in order to force their differentiation into 



Introduction 

 40 

myoblasts. Furthermore, these myoblasts and fibroblasts can avoid cell 
senescence by immortalization through the expression of human telomerase 
reverse transcriptase (hTERT) and over-expression of cyclin-dependent 
kinase 4 (CDK4) (Arandel et al., 2017). These cells reproduce DM1 phenotypes 
such as fetal splicing patterns, nuclear foci, and activation of pathogenic 
pathways like autophagy (Table I2). 
 
Human pluripotent stem cells are also used to develop tissues that are more 
difficult to harvest such as cardiac and neuronal cells (see review (Kalra et al., 
2016)). Models have been developed using human embryonic stem cells 
(hESCs) as well as human induced pluripotent stem cells (hiPSCs). These 
cells can be reprogrammed into different cell types in order to model typical 
tissue-specific characteristics of DM1 such as heart defects and CNS 
phenotypes (Denis et al., 2013; Gao et al., 2016; Marteyn et al., 2011; Martineau 
et al., 2018; Ueki et al., 2017; Xia et al., 2013; Yanovsky-Dagan et al., 2015).  
 

II.II. Drosophila melanogaster 
In vitro studies are limited to a single tissue, whereas in vivo models allow for 
testing in a multi-systemic organism. Therefore, a DM1 model was generated 
in Drosophila melanogaster by introducing 480 CTG repeats in the context of a 
non-coding RNA (de Haro et al., 2006; Garcia-Lopez et al., 2008). This model 
reproduces molecular, genetic, and histological aspects of the disease such as 
nuclear foci, morphological eye phenotype, and muscle degeneration 
through the Myosin heavy chain (Mhc)-Gal4 driver. This causes the expansions 
to express specifically in muscles causing muscle atrophy and therefore a 
flightless phenotype. This same model was introduced with a heat-shock 
driver so that the toxic repetitions could be studied in adult form with no 
developmental contribution (Bargiela et al., 2015).  
 
Another Drosophila model was developed by driving 250 CTG repeats in a 
cardiomyocyte-specific driver GMH5-Gal4 in order to model heart-specific 
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phenotypes including arrhythmias and contractility defects (Chakraborty et 
al., 2015). Both Drosophila models have been important tools for discovering 
new components in the pathogenesis pathway and potential drugs for DM1 
treatment (Chakraborty et al., 2018; Chakraborty et al., 2015; Garcia-Lopez et 
al., 2011; Llamusi et al., 2014).  
 

II.III. Mus musculus 
Mus musculus as an animal model has the advantage of being a mammalian 
species which can more accurately mimic the human system and has also 
been used for the study of DM1 (see review (Gomes-Pereira et al., 2011)). The 

first model developed for this disease was the Mbnl KO Mbnl1DE3/DE3 
(Kanadia et al., 2003a; Matynia et al., 2010). This model was able to replicate 
aberrant splicing patterns, myotonia, and some cardiac and CNS events. 
 

Table I2. Examples of DM1 models. 

 

Model Mechanism 

Phenotypes 
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Primary 

myoblasts 

DM1 patient 

biopsies 
✓ ✓ 

    

(Furling et al., 2001) 

Immortalized 

myoblasts 

hTERT, CDK4 

immortalization 
✓ ✓     (Arandel et al., 2017; 

Bigot et al., 2009) 

Immortalized 

transdifferentia

ted fibroblasts 

hTERT 

immortalization; 

MyoD 

transdifferentiation 

✓ ✓ 
    

(Arandel et al., 2017) 

hESCs 
Differential 

reprogramming 

✓ ✓ ✓ ✓ 
  (Denis et al., 2013; 

Marteyn et al., 2011; 

Yanovsky-Dagan et al., 
2015) 



Introduction 

 42 

hiPSCs 
Differential 

reprogramming 

✓ ✓ ✓ ✓ 
  (Gao et al., 2016; 

Martineau et al., 2018; 

Ueki et al., 2017; Xia et 
al., 2013) 

Fl
ie

s 

i(CTG)480 Mhc-Gal4 driver ✓ ✓ 
  ✓ 

 (Garcia-Lopez et al., 

2008) 

CUG(250x) GMH5-Gal4 driver ✓ 
 ✓ 

   (Chakraborty et al., 

2015) 

i(CTG)480 Hs-Gal4 driver ✓ 
   ✓ 

 
(Bargiela et al., 2015) 

M
ic

e 

Mbnl1DE3/DE3 Mbnl1 knockout ✓ ✓ ✓ ✓ 
 ✓ 

(Kanadia et al., 2003a; 
Matynia et al., 2010) 

HSALR 
Long repeats in 

HSA 
✓ ✓   ✓ ✓ (Mankodi et al., 2000) 

DM500/ 

DMSXL 

Long repeats in 

DMPK 

✓ ✓ ✓ ✓ ✓ ✓ 
(Gomes-Pereira et al., 
2007; Seznec et al., 

2001) 

 
But without the presence of repetitions, the model was limited. HSALR 

transgenic mice have been engineered to express CUG long repeats (LR) in 
the human skeletal actin (HSA) gene. Expression of this toxic CUG expansion 
causes mice to exhibit molecular abnormalities similar to those of patients 
with DM1, such as spliceopathy and accumulation of RNA foci, as well as 
clinical manifestations like myotonia (Mankodi et al., 2000). However, HSALR 
mice are restricted by exclusive expression of repeats in skeletal musculature 
and their inability to reproduce the typical muscle degeneration of the 
pathology. 
 
The DM500 mouse model systemically expresses a 45 kb fragment of DM1 
patient DNA that includes 500 CTG repeats and the entire DMPK gene 
(Seznec et al., 2001). They exhibit phenotypic characteristics such as 
histological muscle abnormalities, myotonia, and the presence of nuclear foci. 
Also of mention are DMSXL mice, which are derived from DM500 mice 
differing only in having over a 1000 repeats instead of 500 (Gomes-Pereira et 
al., 2007). DM500 and DMSXL mice have the advantage of being able to 
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reproduce cardiac and CNS phenotypes that are not seen in HSALR mice. 
However, they are limited by difficult breeding and repeat instability. 
 

III. RNA therapeutics 
Correcting mutations at the DNA or RNA level can have a potentially higher 
therapeutic impact than targeting downstream effects at the splicing or 
protein level. Technical innovations have allowed the possibility of 
modulating specific genetic code through techniques like RNA interference 
(RNAi), antisense oligonucleotides (AONs), clustered regularly interspaced 
short palindromic repeats (CRISPR), and catalytic RNAs (Burnett and Rossi, 
2012; Chery, 2016; Roberts et al., 2020; Zhou and Rossi, 2017).  
 
RNAi uses the endogenous chemistries of short interfering RNAs (siRNAs) 
and micro RNAs (miRNAs) to regulate gene expression (see review 
(Kubowicz et al., 2013)). Protein levels are regulated by siRNAs and miRNAs 
in vivo through specific base-pair binding to target RNAs. The RNase III 
enzyme Dicer cuts double stranded RNA (dsRNA) or short hairpin RNA 
(shRNA) into short interfering RNAs with an average length of 21 bp. 
Complexes of Argonaute-type endoribonuclease (Ago) and RISC proteins 
bind and unwind the double stranded siRNA so that a single strand can be 
used to guide the protein complex. Once the siRNA guide strand recognizes 
and specifically binds to RNA of the complementary sequence, the transcript 
can be signaled for repression or degradation. A similar process is done with 
miRNAs, which are converted to mature miRNAs by Dicer and subsequently 
linked to an Argonaute complex to target complementary RNA and regulate 
expression. From a therapeutic perspective, these RNAs can be chemically 
synthesized to base-pair complement disease-causing genes in order to 
repress expression and potentially alleviate symptoms.  
 
RNAi has been applied to a wide range of medicine with some molecules 
currently undergoing clinical trials and on the market (see reviews (Chery, 
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2016; Hu et al., 2020; Kubowicz et al., 2013; Roberts et al., 2020)). However, 
RNAi as gene therapy must overcome the challenges of effective delivery to 
the cell as siRNAs are typically degraded by RNases before ever reaching the 
target transcripts (see review (Garber, 2017)). Vector delivery has improved 
sustainability of the drug. For example, RNAi-mediated knockdown of the 
FRG1 gene improved myopathy in transgenic mice modeling muscular 
defects related to facioscapulohumeral muscular dystrophy (FSHD). FRG1 
knockdown was achieved through the use of miRNAs delivered using the 
adeno-associated viral (AAV) vector system (Wallace et al., 2011). 
 
Antisense oligonucleotides enter the cell through endocytosis and bind to 
mRNA in the cytoplasm (see review (Geary et al., 2015)). They are single-
stranded made up of typically 15 – 25 DNA or RNA nucleotides. Like RNAi, 
AONs block gene expression through complementary binding, but through 
different mechanisms such as steric hindrance, splicing blocking, 5’ cap 
blocking, and activation of RNase-H (see reviews (Chan et al., 2006; Chery, 
2016)). Specifically, steric hindrance blocks the binding of ribosomal subunits 
to mRNA by binding the AON to the start codons of the transcript. The 
mechanism by which AONs can direct degradation is recruitment of RNase-
H endonucleases to bind and degrade the target RNA determined by the 
plethora of chemical modifications and structure of the antisense compounds 
(see review ((Roberts et al., 2020)). 
 

III.I. First generation AONs 
Like siRNAs, AONs have challenges with delivery and off-target effects (see 
reviews (Dowdy, 2017; Geary et al., 2015)), however improvements have been 
made for cellular uptake by modifying their chemical structure (see review 
(Khvorova and Watts, 2017)). The first generation of modifications to combat 
degradation by nucleases is a phosphorothioate (PS) backbone which 
substitutes one non-bound phosphoryl oxygen for a sulfur (Figure I2). PS 
modifications on oligonucleotides increase stability and cellular uptake while 
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also being compatible with the RNase-H pathway to degradation. 
Methylphosphonate (MP) backbones are highly similar but have a methyl 
group instead of a sulfur attached to the phosphate group (Reynolds et al., 
1996). 
 

III.II. Second generation AONs 
The PS and MP backbones alone are not enough to combat nuclease 
degradation therefore a second generation of sugar modifications was 
generated including 2’-O-methyl (2’-OMe), 2’-O-methoxyethyl (2’-MOE), 
and 2’-fluoro (2’-F). These have been used to improve binding affinity and 
stability and elicits less of an immune response. 2’-OMe modifications have 
even shown gymnotic cell uptake in DM1 myoblasts (Gonzalez-Barriga et al., 
2017). However, these sugar modifications do not support the recruitment of 
RNase-H pathway. To circumvent this, a gap can be added between the 
modified nucleotides with natural nucleotides to allow room for the RNase-
H protein to bind. AONs of this nature are termed “gapmers”.  
 

III.III. Third generation AONs 
The third generation of AONs are characterized by even more stable chemical 
conformations that allow for even greater cell acceptance. For example, 2’-
Deoxy-fluoroarabinonucleotides (FANA) also support RNase-H activation 
through gapmer design. They can also be interspaced with RNA/DNA 
nucleotides to improve affinity and stability and still be recognized by 
RNase-H (Souleimanian et al., 2012). They also have the attractive feature of 
being able to be delivered to cells gymnotically, that is, without the use of 
transfection or delivery agents. Locked 2’- Nucleic Acids (LNAs), 2’, 4’- 
BNANC[NMe] (BNANC), and constrained ethyl (cEt) are other forms of 3rd 
generations AONs but without RNase-H compatibility. However, the 2’-
oxygen 4’-carbon link in the ribose substantially increases affinity and 
decreases nuclease degradation in delivery by making the oligo less flexible.  
 



Introduction 

 46 

Finally, there are AONs carrying chemical changes that exhibit an overall 
neutral charge in order to increase stability. For example, phosphoroamidate 
morpholino oligomers (PMO) are made up of morpholino rings and 
phosphoroamidate linkages and Peptide Nucleic Acids (PNAs) have a 
polyamide backbone. By substituting these for phosphodiester backbones, 
these AONs are highly stable with high binding affinity and are hardly 
recognized by nucleases due to their conformational differences from natural 
nucleic acids. This has significantly increased their delivery efficiency. 
Indeed, some of these AONs have already been approved for clinical use by 
the FDA (Roberts et al., 2020), for instance, the PMO Eteplirsen, marketed as 
Exondys 51, treats Duchenne Muscular Dystrophy (McDonald et al., 2021), 
and Nusinersen, marketed as Spinraza, for the treatment of Spinal Muscular 
Atrophy (Neil and Bisaccia, 2019). 

 

IV. Antisense therapy in DM1 
Currently there is no FDA approved antisense treatment for DM1. The FDA 
success of AONs in various neuromuscular and microsatellite expansion 

Figure I2. Antisense oligonucleotide modifications. AONs have been progressively improved 
over time starting from first generation to third generation modifications. All modifications aim 
to stabilize oligos and increase their uptake and affinity for targets. Figure from (Sharma et al., 
2014). 
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diseases, as mentioned above, has led researchers to explore the possibilities 
of antisense treatment in DM1 (see review (Overby et al., 2018)). RNA 
medicine shows particular promise in DM1 therapeutics through the 
targeting of toxic CUG expansions (Figure I3). However, one of the major 
difficulties in antisense technology and RNAi is effective delivery. In fact, a 
study investigating the membrane integrity of DM1 patient muscle found 
that the membrane is no more permeable than healthy patients (Gonzalez-
Barriga et al., 2015). Therefore, DM1 therapies must overcome the barrier of a 
fully functional membrane in regard to drug delivery. Consequently, a 
diverse array of potential therapeutic molecules has been developed in 
response to the mutation found in this disease. 
 

IV.I. RNAi  
Small RNAs have been engineered to target the CUG expanded RNA 
transcripts in DM1 cells for therapeutic benefit. Using the lentiviral vector 

Figure I3. DM1 therapeutic mechanisms. Therapeutic strategies for DM1 targeting CUG-
expanded transcripts include antisense oligonucleotides, RNAi, and RNA-targeting nuclease 
dead Cas9. The goal of these methods is to restore MBNL protein function. ASOs either work 
through the RNase-H pathway or by other routes such as steric hindrance to release MBNL from 
sequestration. Likewise, dCas9 can function by PIN-activated cleavage of mRNA or by steric 
blocking to release MBNL. Furthermore, recent studies have shown that blocking miRNAs that 
regulate MBNL transcripts can increase MBNL protein expression. Figure from (Overby et al., 
2018). 
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pHIV7, shRNAs complementary to DMPK mRNA were cloned and 
transduced into human DM1 myoblasts. The shRNAs, labeled DM10 and 
DM130, down-regulated wild-type DMPK mRNA as well as mutant DMPK 
mRNA, even though the mutant RNA does not localize outside the nucleus. 
Additionally, a synthetic siRNA, termed ssiDM10, also effectively reduced 
levels of DMPK RNA transcripts in both wild-type and DM1 mutants. The 
siRNA was delivered through N-methylpurine DNA glycosylase enzyme 
(MPG) peptide transfection, which assists in nuclear transport of the siRNA. 
These results suggest that RNAi machinery may not exist exclusively in the 
cytoplasm but may as well appear in the nuclear region (Langlois et al., 2005). 
 
A subsequent group aimed to knockdown CUG-expanded RNA by siRNAs 
in HSALR mice. To accomplish this, they designed their siRNAs to target the 
CUG repeats directly and delivered them through transfection by 
electroporation. These siRNAs specific to the repeats were successful in 
reducing CUG repeat RNA as well as nuclear foci. Several splicing alterations 
were improved as well, such as Atp2a1 and Clcn1 (Sobczak et al., 2013). 
Systemic delivery of RNAi machinery has also had a therapeutic effect in 
HSALR mice. Recombinant AAV vector RNAi expression cassettes were 
delivered to mice through intravenous tail vein injection to express shRNAs 
targeting the 3’ untranslated region (UTR) of the HSA mRNA. The molecule 
rAAV6-HSA10 was particularly successful in reducing the level of HSA 

mRNA, myotonia, known up-regulated pathogenic genes Atp1β 4 and 

Mustn1, and nuclear foci. It also corrected splicing for Atp2a1, Clcn1, m-Ttn 
transcripts (Bisset et al., 2015). 
 

IV.II. Targeting CUG expansions by antisense blockers 
Antisense therapy through the use of RNase inactive oligo designs have also 
shown success in DM1 treatment. MBNL1 loss-of-function was restored in 
DM1 mice models using a 25 base-pair PMO. This morpholino, termed 
CAG25, functions by RNA blocking and is incompatible with RNase-H 
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degradation. In this way, non-toxic endogenous repeat transcripts are 
protected from being destroyed. CAG25 treatment in HSALR mice by 
intramuscular injection released Mbnl1 from sequestration, which in turn 
restored splicing abnormalities for at least 14 weeks after injection as well as 
reduced myotonia. Curiously, delivery of this oligonucleotide caused around 
a 50% reduction in toxic mRNA. However, the PMO did not reduce any 
endogenous “CUG” repeats (Wheeler et al., 2009). 
 
In an experiment from the same year, HSALR mice and DM500 mice cells were 
used to test the effect of a 2-O-methyl-phosphorothioate oligonucleotide. 
AONs with 2’-OMe modifications are predicted to be incompatible with 
nuclease degradation. This oligonucleotide also caused a reduction in toxic 
mRNA in DM500 mouse model myotubes and myoblasts. This effect was 
observed for as long as 10 days after transfection and was preferential only 
to the toxic repeat RNAs. The AON also reduced the appearance of nuclear 
foci in DM500 muscle cells as well as rescued the abnormal fetal splicing 
pattern in HSALR mice (Mulders et al., 2009). However, myotonia was not 
rescued as it was in the Wheeler et al., 2009 study. 
 
An experiment by the same group investigated the efficacy of a variety of 
AONs with regards to CUG repeat transcript knockdown in DM1 cell 
models. It was found that AONs with 2’-OMe modifications can more 
efficiently knockdown CUG repeat transcripts in DM500 myotubes if they 
contain more than four CAG triplets. Similar to their previous results, 2’-OMe 
and morpholino AONs caused a reduction in CUG repeat transcripts when 
they should only block, not degrade the transcript (Gonzalez-Barriga et al., 
2013). Taken together, this points to the possibility that the transcripts 
undergo degradation by another pathway once released from binding with 
MBNL proteins after AON treatment. In fact, a study using RNase active and 
inactive AONs showed that both were equally capable of reducing CUG-
expanded RNA. These AONs were LNA modified with one group being 
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gapmers (RNase active) and one group termed “mixmers” (RNase inactive) 
(Nakamori et al., 2011). 
 
Another RNA-mediated blocker engineered by Francois et al., is the U7-small 
nuclear RNA transcript containing an antisense sequence complementary to 
expanded-CUG mRNA. After transduction into DM1 human myoblasts, the 
toxic DMPK transcripts were selectively decreased by 71-82%. Nuclear foci 
were significantly reduced, and adult splicing patterns were restored. The 
mechanism for this molecule is not completely understood as it is not 
designed to activate RNase-H nor did it show evidence of following the 
RNAi pathway (Francois et al., 2011). 
 
A study using LNA oligomers showed that alternative splicing in DM1 
patient myoblasts and HSALR mice models can be corrected without 
activating RNase-H, keeping CUG transcripts intact. The oligomers 
contained all-LNA units instead of spaced out LNA units like mixmers or 
gapmers. The AONs effectively and stably bound to CUG repeat transcripts 
preventing the sequestration of MBNL proteins and the appearance of 
nuclear foci and mis-splicing without a strong reduction in expanded CUG 
transcripts (Wojtkowiak-Szlachcic et al., 2015).  
 
In order to study the effects of systemic delivery, a peptide-linked 
morpholino (P-PMO) was administered to HSALR mice targeting expanded 
CUG transcripts. The cationic peptide links were utilized to facilitate delivery 
to all tissues, not just muscle. The treatment was well tolerated by the mice 
and was also able to rescue abnormal splicing patterns, normalize Mbnl1 
distribution, and reduce myotonia (Leger et al., 2013). Likewise, an arginine-
rich peptide called Pip6a was conjugated to a PMO against the toxic repeats 
(Klein et al., 2019). Pip6a-PMO was able to rescue Clcn1, Mbnl1, and Atp2a1 
mis-splicing in both gastrocnemius and quadriceps muscles of HSALR mice. 
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IV.III. Targeting CUG expansions by antisense cutters 
Other therapeutic strategies include the direct employment of the RNase-H 
degradation pathway. Considering that RNase-H degradation is 
predominantly carried out in the nucleus, Wheeler et al., 2012 used the 
nuclear retention of expanded CUG transcripts to their advantage. They used 
oligonucleotides stabilized by MOE modifications and a 10-nucleotide gap 
for RNase activation. Interestingly, the gapmers were designed to target the 
3’UTR region or the coding region of the human HSA gene in the HSALR mice 
instead of the repeats directly. After injection of the MOE gapmers, 
alternative splicing and Mbnl sequestration were rescued and myotonia was 
reduced. Indeed, the use of RNase-H activated antisense technology may 
provide a “therapeutic advantage” in releasing nuclear sequestered MBNL 
proteins (Wheeler et al., 2012).  
 
After the promising results shown by Wheeler et al., 2012, the same group 
designed additional gapmers targeting the 3’UTR region of the mutant 
DMPK mRNA instead of the CUG repeats (Pandey et al., 2015). In this study, 
the gapmer, termed ISIS 486178, contained cEt oligonucleotides. The cEt 
successfully reduced toxic repeat RNA and nuclear foci in human patient 
DM1 myoblasts. ISIS 486178 was also tested in vivo in DMSXL mice. The cEt 
reduced expanded CUG RNA in heart and skeletal tissues and were well 
tolerated by the mice. The safety of this AON was also tested in Cynomolgus 
monkeys and wild-type mice for 13 weeks and 6 weeks respectively. 
Interestingly, both species tolerated the drug well despite the knockdown of 
endogenous DMPK mRNA. More recently, the same gapmer was shown to 
also improve body weight and muscle strength in DMSXL mice after 9 weeks 
of treatment (Jauvin et al., 2017). Jauvin et al., 2017 also tested a previously 
identified MOE gapmer, termed ISIS 445569, targeting the 3’UTR of the 
DMPK gene (Wheeler et al., 2012). As in the earlier study, ISIS 445569 was 
effectively able to reduce (CUG)exp mRNA as well as nuclear foci (Jauvin et 
al., 2017). 
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To test the efficacy of CUG-repeat knock-down between LNA and BNANC 
gapmers, which are structurally similar in their ribose bridge modifications, 
a study was performed using CUG-repeat transfected COSM6 cells. The 
BNANC gapmers were divided between those that target the CUG repeats 
directly (BNANC-CAG), or those that target the DMPK transcript upstream of 
the repetitions (BNANC-DMPK). Likewise, there was an LNA-CAG gapmer 
and an LNA-DMPK gapmer. Both LNA and BNANC gapmers successfully 
reduced toxic DMPK transcripts, however the BNANC-DMPK gapmer was 
noticeably more effective and more selective than BNANC-CAG in knocking 
down expanded CUG-repeats. BNANC gapmers also reduced nuclear foci and 
rescued several mis-splicing events. All the gapmers except LNA-CAG 
showed no induction of caspase activity (Manning et al., 2017). 
 

IV.IV. RNA-targeting Cas9 
CRISPR technology has also been used to target toxic DMPK mRNA in DM1 
cells. CRISPR Cas9 was used to permanently cut CUG repeats in DM500 mice 
myoblasts, DM1 patient myoblasts, and control patient myoblasts (van 
Agtmaal et al., 2017). This treatment was able to improve cytoplasmic 
localization of DMPK transcripts and reduction of ribonuclear MBNL1 foci in 
both human and mouse DM1 myoblasts without disturbing the expression 
of neighboring gene SIX5 or impairing their ability to differentiate into 
myotubes.  
 
Through the use of a modified CRISPR nuclease-dead Cas9 (dCas9) protein, 
mutant CUG-repeat RNA was targeted and degraded in COSM6 cells 
expressing 105 CTG repeats (Batra et al., 2017) as well as HSALR mice (Batra 
et al., 2021). In both models, RNA-targeting CRISPR-Cas9 (rCas9) was 
capable of knocking down toxic repeat RNA and rescue of abnormal splicing 
patterns as well as reduction of ribonuclear foci and myotonia in mice. 
CRISPR-Cas9 was also capable of foci elimination and transcriptome-wide 



Introduction 

 53 

splicing correction in DM1 iPSC-derived cardiomyocytes (Dastidar et al., 
2021). 
 

IV.V. Targeting downstream effects 
The loss-of-function of MBNL proteins and activation of CELF1 has been 
associated with an array of splicing errors evident in DM1 affected patients 
in pre-mRNAs including CLCN1, INSR, cTNT, BIN1, SCN5A (Freyermuth et 
al., 2016; Fugier et al., 2011; Ho et al., 2004; Ladd et al., 2001; Mankodi et al., 
2002). In particular, MBNL and CELF1 have been observed to act 
antagonistically to one another. CELF1 proteins induce skipping of exon 11 
in INSR (Savkur et al., 2001) but MBNL proteins promote its inclusion (Ho et 
al., 2004). Variations in expression of CELF1 and MBNL proteins cause an 
imbalance of splicing regulation leading to aberrant isoforms of several 
mRNAs and, consequently, clinical symptoms.  
 
Antisense technology in DM1 cells has also been able to correct downstream 
effects such as mis-splicing. For example, a morpholino AON was used to 
target exon 7a in Clcn1 pre-mRNA in HSALR mice which is normally excluded 
in healthy cells (Wheeler et al., 2007). By using the morpholino to restore the 
reading frame, Clcn1 transcripts were corrected and myotonia reduced in 
HSALR mice tibialis anterior muscle. A subsequent study used a similar 
morpholino to target exon 7a in Clcn1 RNA however using a different 
delivery technique (Koebis et al., 2013). The bubble liposome-ultrasound 
delivery method was used to administer the PMO more efficiently and less 
invasively. Consequently, exon 7a was correctly excluded and myotonia was 
alleviated in HSALR mice. 
 

IV.VI. Upregulation of MBNLs by miRNA blockers 
Therapeutic Gene Modulation (TGM) aims to up or down-regulate 
endogenous gene expression in order to alleviate a determined pathological 
state. Altering the expression of the Muscleblind-family of genes is especially  
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important in this disease, given that their loss-of-function is the principal 
cause of alterations seen in DM1 (Kanadia et al., 2006; Lee et al., 2013). TGM 
has already been applied through up-regulation of MBNL proteins and has 

Figure I4. Micro RNA (miRNA) mechanisms for mRNA translation, regulation, and 
therapeutic intervention. (A) The interaction between miRNA and mRNA targets trigger 
different mechanisms for transcript regulation through the RISC complex in order to achieve 
normal cellular protein levels (pink circles) (B) Alterations in miRNA biogenesis, editing, or in its 
biological stability, among others, may cause pathological upregulation or downregulation 
leading to decreased or increased target transcript translation regulation and final protein levels, 
respectively. (C) When a miRNA is upregulated, inhibition can be conducted by using antimiRs, 
blockmiRs, or sponges. When a miRNA is downregulated, mimics can be used to restore its 
function. Figure from (Lopez Castel et al., 2019). 
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alleviated certain DM1 symptoms. For example, overexpression of Mbnl1 in 
HSALR mice skeletal muscle rescues myotonia and splicing abnormalities 
(Kanadia et al., 2006) and is well tolerated over long-term administration 
(Chamberlain and Ranum, 2012). Overexpression of mblC in DM1 model flies 
ameliorates muscle wasting as well as decreased expression of autophagy 
related genes (Bargiela et al., 2015). Cardiac dysfunctions such as arrhythmia 
and contractility have been rescued in a DM1 heart model in flies after 
increasing mblC expression (Chakraborty et al., 2018). It is evident through 
these studies that the restoration of MBNL function is key to alleviating the 
most common and detrimental pathological characteristics of the disease. 
 
A less explored method of rescuing MBNL function in DM1 is through the 
targeting of miRNAs that regulate the expression of MBNL1 and 2 (Figure 
I4). MiRNA roles have been linked to key cellular pathways such as stem-cell 

self-renewal, cellular development, differentiation, proliferation, and 
apoptosis, etc. (Wienholds and Plasterk, 2005) with some ubiquitously 
expressed but others displaying tissue-specific expression. MiRNAs have 
been found to be mis-regulated in numerous diseases, including muscle and 
neurodegenerative ones (Li and Kowdley, 2012) as well as in Myotonic 
Dystrophy (Figure I5) (Lopez Castel et al., 2019). 
 
This approach was first tested in flies (Cerro-Herreros et al., 2016) where 
endogenous expression of the single fly MBNL homolog, muscleblind, was 
found to be under direct control of the miRNAs miR-277 and miR-304. 
Sequestration of each miRNA by sponge constructs boosted muscleblind 
protein expression in both wildtype and DM1 model flies expressing CUG 
trinucleotide repeats throughout the musculature. De-repression of 
muscleblind was sufficient to rescue significant splicing alterations in DM1 fly 
models as well as improve pathological phenotypes, including muscle 
function and lifespan. Subsequently, specific miRNAs have been identified 
as regulators of MBNL proteins, for example, miR-30a-5p and miR-30e-5p 
(Zhang et al., 2016), and miR-10b (Teplyuk et al., 2016), which could serve as 
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other future candidates for miRNA modulation in order to increase the 
expression of endogenous MBNL. 

 
Recently, miR-23b and miR-218 have been identified as inhibitors of 
translation of MBNL1 and 2 (Cerro-Herreros et al., 2018). The experiment 
showed how antagomiRs, which are miRNA-targeting AONs containing a 
cholesterol moiety, were capable of significantly silencing their target 
miRNAs in DM1 patient myoblasts as well as HSALR mice. Without 
cholesterol, they are simply termed antimiRs. The administration of these 
antagomiRs reached the muscle tissue of the mice and subsequently 
increased Mbnl proteins (Mbnl1 and 2 specifically) while improving 
hallmark phenotypes of the disease including splicing alterations, 
histopathology, and myotonia. The antagomiRs have continued to show 
therapeutic promise in DM1 mice after both antagomiR-23b and antagomiR-

Figure I5. Therapeutic proof-of-concept approaches for DM based on the modulation of 
miRNA levels. Currently three different model systems have been used for evaluation: cells* 
(human and murine lines), flies, and mice. In vivo miRNA interventions were performed in disease 
backgrounds to directly assess the therapeutic potential in DM. *Cell approaches used DM and 
non-disease lines indistinctly for therapeutic evaluation and for conceptual modulation of DM-
related targets, respectively. Figure adapted from (Lopez Castel et al., 2019). 
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218 were able to provoke a dose response with long-lasting effects (Cerro-
Herreros et al., 2020; Cerro-Herreros, 2021). 
 
An attractive alternative to direct miRNA inhibition is the blockmiR strategy. 
BlockmiRs are similar to antimiRs in that they both use antisense technology 
to reduce miRNA regulation. However, instead of binding to miRNAs, they 
bind specifically to the 3’UTR binding site on the target transcript. This blocks 
interaction with miRNAs thereby allowing translation to occur. In this way, 
blockmiRs are site-specific and not miRNA-specific. BlockmiRs have already 
shown success in the study of angiogenesis. Concretely, miR-27a was 
identified as a regulator of VE-Cadherin. MiR-27a upregulation blocks 
capillary tube formation and angiogenesis. Therefore, a blockmiR was 
designed against the binding site of miR-27a on the VE-cadherin 3’UTR 
(Young et al., 2013). When injected into mice after ischemic injury, the 
blockmiR blocked the regulation of miR-27a which promoted the formation 
of new blood vessels and reduced vascular leak. After the proof of concept, 
the 2’-O-methyl based blockmiR termed CD5-2 was tested in the context of 
diabetes-related retinal dysfunction which breaks down the blood-retinal-
barrier and leads to retinal damage and inflammation and, in some in cases, 
even blindness (Ting et al., 2019). CD5-2 again reduced vascular leakage and 
inflammation in diabetic mouse models. 
 
Further investigation is needed for the better understanding of miRNA roles 
in DM1. Additionally, proof-of-concept experiments testing different AON 
chemistries and strategies will help with this pursuit. New therapeutic 
strategies are key for revealing the full mechanisms of DM1 and the roles of 
MBNL proteins and miRNAs thereby bringing patients one step closer to life-
changing pharmaceuticals.
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The primary focus of current therapeutic methods in DM1 is to restore the 
function of Muscleblind-like proteins, be that through repeat-expansion 
targeting or MBNL protein up-regulation, as discussed in detail in the 
introduction. Moreover, our lab has recently shown that targeting miRNAs 
regulating the translation of MBNL transcripts into proteins can also rescue 
MBNL function as well as the downstream effects. Specifically, the targeting 
of miRNA-23b and miRNA-218 by antagomiRs was capable of increasing 
MBNL protein expression in DM1 myoblasts and alleviating myotonia, 
histopathology, and spliceopathy in DM1 HSALR mouse models (Cerro-
Herreros et al., 2020; Cerro-Herreros, 2021; Cerro-Herreros et al., 2018). The 
miRNAs were targeted by antagonistic antisense oligonucleotides termed 
“antagomiRs” containing a cholesterol moiety to facilitate cell entry.  
 
The use of AONs has grown exponentially in recent years for the treatment 
of various rare diseases including some with FDA approval (Rinaldi and 
Wood, 2018; Roberts et al., 2020). The development of 3rd generation 
modifications has greatly increased the efficacy and deliverability of these 
oligos. The already successful antagomiR approach could be refined by 
targeted improvement of the oligo chemistry to increase specificity and 
potency. Additionally, the newly discovered role of miR-23b and miR-218 
opens the door to exploring different tactics in modulating their regulation.  
Proposed here is the use of newly designed AONs targeting miR-23b and 
miR-218 activity in order to regulate MBNL1 and MBNL2 through the 
following objectives: 

 
1. Exploration of miRNA blocking through FANA-antimiR AONs in vitro. 

 
2. Exploration of miRNA binding site blocking through blockmiR strategy 

in vitro and in vivo with the use of LNA chemical modifications.  
 
3. Improve the chemistry of the blockmiR strategy through the use of cell 

penetrating peptide technology in vitro and in vivo.
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I. Objective 1: FANA antimiR strategy 
AntagomiRs targeting miR-23b and miR-218 have already been successfully 
introduced into DM1 cells and mice causing a therapeutic increase of MBNL1 
protein (Cerro-Herreros et al., 2020; Cerro-Herreros, 2021; Cerro-Herreros et 
al., 2018). The AONs used in these experiments are composed of 2’-O-methyl 
modified nucleic acids with a cholesterol moiety to enhance cell uptake. The 
2’-O-methyl, 2’-O-methoxyethyl, and 2’-fluoro modifications are part of the 
second generation of 2’-carbon (C-2) modified AONs (Sharma et al., 2014). 
Recently, 2’-Deoxy-fluoroarabinonucleotides (FANA) AONs have become an 
attractive third generation improvement of the second generation 2’-fluoro 
modifications. In these oligos, the fluorine is added to the C-2 on the sugar in 
the arabino conformation instead of in the C-2 ribo conformation. This 
modification allows increased stability and “gymnotic” delivery to cells 
without the use of transfection reagents (Souleimanian et al., 2012). The 
FANA technology also exhibits enhanced resistance to nucleases and much 
lower cell toxicity (Ferrari et al., 2006).  
 
The use of FANA modified oligos have shown successful silencing in various 
disease contexts. For example, the CD39 enzyme is downregulated in 
Crohn’s disease and is implicated in immunosuppression. Blocking of 
endogenous CD39 regulators using FANA based antisense oligonucleotides 
allows this enzyme to return to healthy levels in cells and in mice and 
ameliorates some disease symptoms (Harshe et al., 2020). FANA AONs have 
also already been successfully delivered gymnotically in mouse fibroblasts 
(Della Valle et al., 2020). 
 
To test the efficacy of gymnotic delivery, antimiRs were designed with the 
same sequences as the previously tested antagomiRs, but with FANA 
modifications and no cholesterol moiety. The FANA modifications were 
isolated to the extremities of the oligos to leave room for RNase-H binding 
thereby allowing target degradation. Just like antagomiRs, antimiRs 



Results 

 70 

complementary bind to miR-23b and miR-218 so that MBNL can be up-
regulated through protein synthesis activation. MiR-218 has three confirmed 
binding sites on MBNL2 3’UTR while miR-23b has one binding site on both 
MBNL1 and MBNL2 3’UTRs (Cerro-Herreros et al., 2018). Recently, another 
site on the on the MBNL1 3’UTR was also confirmed for miR-218 (Cerro-
Herreros et al., 2021).  The FANA antimiRs were administered at five different 
concentrations per manufacturer’s instructions in order to find the optimal 
working concentration. 
 

I.I. FANA antimiRs show effective miRNA knockdown by gymnotic 
delivery 
A FANA antimiR was designed for complementary binding to miR-23b or 
miR-218 (Figure R1A). A third antimiR was also generated with a scrambled 
sequence (Scramble) as a control for the FANA chemistry. First, cell growth 
inhibition was assessed after treatment with each AON in immortalized 
patient-derived DM1 fibroblasts transdifferentiated into myotubes (DM1 
cells) (Arandel et al., 2017) gymnotically delivered (Figure R1B). Cells were 
treated at five different concentrations: 0.5 µM, 1 µM, 2.5 µM, 5 µM, and 10 
µM, and a toxic concentration level at 50% (TC50) was calculated for each 
treatment. Compound miR-218-1 showed the lowest toxicity while the 
Scramble and miR-23b-1 showed a TC50 near 8 µM, which was nearly the 
highest dose. 
 
The FANA antimiRs were also compared against the previously studied 
AntagomiR-23b and -218 with and without X-treme gene transfection reagent 
(Figure R1C-D). Cell viability was analyzed at 250 nM and 1 µM for the 
FANA while the antagomiRs were administered at their previous working 
concentrations according to Cerro-Herreros et al. 2018. This experiment was 
performed twice: once with the use of transfection reagent and once 
delivering the oligos gymnotically. Cell viability was much higher in FANA 
oligos administered without transfection reagent. They were also much more 
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viable than the antagomiR administered cells which stayed the same as when 
delivered with transfection reagent. 
 

Cells were analyzed for levels of MBNL1 and 2 transcripts and level of 

miRNA knockdown after treatment at 1, 2.5, and 5 µM (Figure R2). The 
Scramble oligo had no effect on transcript levels. Treatment with miR-23b-1 

increased both MBNL1 and 2 at 1 µM in comparison to untreated DM1 levels. 
MiR-218-1 also increased both transcripts but at the higher concentration of 

Figure R1. FANA chemistry shows low toxicity in cells. (A) The oligos seen here have 
phosphorothioate linkages combined with a C-2 fluorine substitution. (B) DM1 cells were 
treated with miR-23b or miR-218 FANA antimiRs at five increasing concentrations (x-axis in 
black) along with a scrambled control. The percent of cell growth inhibition is shown in 
comparison with the log transformation of each concentration (x-axis in grey). The toxic 
concentration level at 50% (TC50) for each compound is shown untransformed in μM in the 
legend above. Cell viability percent was assessed in comparison to AntagomiR-23b and -218 
treatment (C) with transfection reagent and (D) without transfection reagent. X-treme gene is a 
transfection reagent only control. All samples were compared to DM1 cells control and 
statistically analyzed with Student’s t-Test. P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 
0.0002 (***), <0.0001 (****). Error bars = SEM. 
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2.5 µM. Significant knockdown of miR-23b and miR-218 was observed by 
their respective AON at all concentrations. This is to be expected since the 
FANA oligos were designed as gapmers capable of RNase-H degradation. 
Curiously, knockdown was also observed after treatment with the Scramble. 
But in all concentrations, the targeted treatment had a lower knockdown than 
the Scramble and was statistically significant in most cases. 
 

I.II. MBNL protein and splicing rescue after treatment with FANA 
antimiRs  
Since miRNA knockdown and MBNL up-regulation was seen even at the 

lowest antimiR administration, experiments moved forward at 1 µM. 
Treatment with miR-23b-1 and miR-218-1 were also able to increase levels of 

Figure R2. FANA oligos increase MBNL1 and 2 transcripts through miRNA functional 
knockdown. DM1 cells were measured for (A) MBNL1 and (B) MBNL2 transcripts after 
treatment at 3 different concentrations (see legend). Samples were normalized to GAPDH 
endogenous control. The same samples were also quantified for (C) miR-23b or (D) miR-218 
knockdown. Samples were normalized to U1 and U6 endogenous controls. All samples were 
compared to DM1 cells control and statistically analyzed with Student’s t-Test. P-value GP 
style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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MBNL1 protein at this concentration (Figure R3A-B).  However, only miR-
218-1 was able to increase MBNL2. Several alternative splicing events are 
present in DM1 affected cells including BIN1, cTNT, MBNL1, and SPTAN 
transcripts. Treatment with miR-23b-1 showed rescue of BIN1, cTNT, and 
MBNL1 splicing alterations in DM1 cells (Figure R3C). Interestingly, BIN1 
was also rescued previously by antagomiR-23b but cTNT was not. 
 

 
Through the analysis in vitro, FANA antimiRs showed comparable rescue to 
their previously tested antagomiR counterparts but with gymnotic delivery. 
The FANA modifications proved to be less toxic than other AON 
modifications without losing potency. 
 

II. Objective 2: LNA blockmiR strategy 
AntagomiRs and antimiRs have been well characterized for their viability in 
blocking miRNA activity (Lopez Castel et al., 2019; Rupaimoole and Slack, 
2017). However, because miRNAs can have hundreds of target transcripts 

Figure R3. MBNL protein and splicing rescue after treatment with FANA antimiRs. Western 
blot was used to quantify the relative (A) MBNL1 and (B) MBNL2 protein after FANA treatment 
at 1 µM. Representative membranes can be seen below the graphs. Band intensity was 
quantified using Image J. Samples were normalized to β-Actin endogenous control. (C) The 
same samples were analyzed for alternative splicing through semiquantitative RT-PCR. 
Representative gels can be seen below for each sample which were quantitated with Image J. 
Samples were tested for GAPDH as an endogenous control and were statistically analyzed by 
Student’s t-Test. P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). 
Error bars = SEM. 
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(Bartel, 2009), it is difficult to set apart the specific effects on MBNLs versus 
the additional effects on their other mRNA targets. To circumvent this 
drawback, here we describe an alternative to antimiR technology called 
“blockmiRs”. 
 
LNA and 2’-O-methyl based blockmiRs with phophorothioate linkages were 
designed against the binding sites of miR-23b and miR-218 on MBNL1 and 
MBNL2 3’UTR and tested in immortalized patient-derived DM1 fibroblasts 
transdifferentiated into myotubes (DM1 cells) (Arandel et al., 2017). Third 
generation LNA modifications are stabilized by a carbon bridge between the 
sugar C2 and C4 (Figure R4B). The combination of LNA and 2’-O-methyl 
modifications as CUG-repetition blockers has been tested before but without 
success in DM1 mouse myoblasts (Christou et al., 2020). There, LNA and 2’-
OMe nucleotides were interspaced which may have decreased their binding 
affinity. All-LNA based AONs have been tested in DM1 mice through 
intramuscular injection with success (Wojtkowiak-Szlachcic et al., 2015). 
However, these AONs were only 8 to 10-mer, much shorter than the typical 
15 to 25-mer AON. Here, the blockmiRs were designed with an 8-mer 2’-OMe 
core with asymmetrical LNA ends. In this way, the oligos had the enhanced 
binding affinity of third generation LNAs combined with the steric flexibility 
and tolerability of naturally occurring 2’-O-methyls. 
 

II.I. Pilot screen for blockmiRs in DM1 cells 
The binding sites of miR-23b and miR-218 on the 3’UTRs of MBNL1 and 
MBNL2 were predicted with TargetScan and miRanda and confirmed by 
dual luciferase assay in the previous antagomiR study in HeLa cells (Cerro-
Herreros et al., 2018). BlockmiRs were designed for all predicted and 
confirmed sites (Figure R4A; Table MM8). BlockmiRs for the confirmed 
binding sites are separated and highlighted in the following results. Analysis 
of blockmiRs for the unconfirmed binding sites can be found in additional 
figures (Figures R6 & R8G-I). Three blockmiRs were designed for the MBNL2 
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3’UTR for miR-218. One blockmiR was designed for the MBNL1 3’UTR and 
one for the MBNL2 3’UTR for miR-23b. Finally, a scrambled control 
(Scramble) was designed as a non-binding control in order to observe any 
effects related to the LNA chemistry.  
 

The blockmiRs were first tested for toxicity after transfection into DM1 cells 
after four days differentiated at increasing concentrations to determine the 
TC50 of each treatment (Figure R4C).  The Scramble showed the lowest 
toxicity in comparison to all the other blockmiRs, except M2-Block-218-1, 
which may suggest that other factors are contributing to toxicity rather than 
simply chemical structure. All the blockmiRs were below the TC50 at 200 nM 
which was determined to be the highest working concentration. However, in 

Figure R4. BlockmiRs designed according to confirmed binding sites. (A) Predicted miRNA 
binding sites on MBNL1 and MBNL2 3’UTRs were found using TargetScan and miRanda and 
confirmed with dual luciferase assay. (B) The blockmiRs were designed with LNA modifications 
and phosphorothioate linkages. (C) BlockmiRs were designed for each of the confirmed binding 
sites and screened for cell viability at increasing concentrations in DM1 cells. Samples were run 
in quadruplicate. Data are shown log(x) transformed and the toxic concentration values at 50% 
(TC50) for each compound can be seen on the table next to the legend. Error bars = SEM. 
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the previous study (Cerro-Herreros et al., 2018), antagomiRs for miR-23b 
showed therapeutic results at a concentration of 50 nM and 200 nM for the 
antagomiRs targeting miR-218. Therefore, 50 nM was chosen for the 
blockmiRs targeting miR-23b binding sites and 200 nM was chosen for those 
targeting miR-218 so that the two treatments could be compared. 
 

II.II. miRNA binding-site blocking shows rescue at the transcript level 
The molecular effects of blockmiR treatment were analyzed in DM1 cells four 
days after transfection and differentiation. A scrambled control was 
administered, one at 50 nM (Scramble 50) and another at 200 nM (Scramble 
200), which is not predicted to have any specific targets. BlockmiRs M1-Block-
23b-1 and M2-Block-23b-1 were both able to significantly increase the relative 
expression of MBNL1 and MBNL2 transcripts in comparison with Scramble 
treatment (Figure R5A-B). M2-Block-23b-1 had a greater effect on MBNL2 
transcripts which is to be expected since this blockmiR acts upon the MBNL2 
3’UTR binding site. The blockmiRs targeting miR-218 binding sites showed 
no increase in MBNL1 or 2 expression. Indeed, M2-Block-218-2 and -3 both 
decreased the expression of MBNL1 compared to Scramble 218 while exerting 
no effect on MBNL2 transcripts. 
 
In DM1 cells, abnormal splicing patterns are seen in MBNL1, NFIX, and 
SPTAN1 transcripts (Andre et al., 2019; Charizanis et al., 2012; Konieczny et al., 
2014; Nakamori et al., 2013; Wagner et al., 2016) and can be observed in 
comparison to control cells (CNT) (Figure R5C). Again M1-Block-23b-1 and 
M2-Block-23b-1 showed complete reversal of exon 5 inclusion in MBNL1 
transcripts while blockmiRs targeting miR-218 binding sites had no effect. 
There was no effect by any of the blockmiRs in the case of NFIX exon 7. 
Finally, all the miR-218 blockmiRs showed remarkable rescue with the 
inclusion of exon 23 in SPTAN1. BlockmiRs targeting miR-23b also showed 
slight rescue in this exon’s expression. MBNL1 and NFIX are regulated by 
MBNL1 proteins (Wagner et al., 2016) while SPTAN1 is regulated by MBNL2 
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proteins (Charizanis et al., 2012). This could explain why greater rescue was 
seen by blockmiRs targeting sites on MBNL2. However, it cannot be dismissed 
that this could also be related to the miRNA target. 
 

Figure R5. BlockmiR effects on transcript expression and splicing. Expression of (A) MBNL1 
and (B) MBNL2 transcripts was relatively quantified in quadruplicate after treatment with 
blockmiRs through semiquantitative RT-qPCR. Scramble 50 serves as a control for samples 
transfected at 50 nM while Scramble 218 serves for samples transfected at 200 nM. GAPDH 
was used as an endogenous control and MBNL levels were calibrated with the levels in the 
respective Scrambles. (C) Alternative splicing was analyzed for transcripts MBNL1, NFIX, and 
SPTAN1 with GAPDH used as an endogenous control through semi-quantitative RT-PCR. 
Healthy cells (CNT) and DM1 cells are shown in duplicate as splicing controls. A representative 
gel is seen above. In total, three different gels were run for statistical analysis using Image J. All 
statistical comparisons were performed against the respective Scrambles (50 or 200) via 
Student’s t-test. P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). 
Error bars = SEM. 
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II.III. Blocking miR-23b from binding to MBNL sites show dose-
response MBNL1 protein rescue 
The critical role of blockmiR treatment is to increase the production of MBNL 
proteins by blocking the regulation of miR-23b or miR-218. Therefore, the 
levels of MBNL1 protein were analyzed and quantified through 
immunofluorescence staining after treatment with the blockmiRs. 
Representative images can be seen showing MBNL1 in green and nuclear 

Figure R6. Treatment with blockmiRs for unconfirmed binding sites. (A) BlockmiRs with 
miRNA binding sites not confirmed with dual luciferase assay were screened for cell viability at 
increasing concentrations in DM1 cells. The toxic concentration values at 50% (TC50) for each 
compound can be seen on the table. Samples were run in quadruplicate. Expression of (B) 
MBNL1 and (C) MBNL2 transcripts was relatively quantified in quadruplicate after treatment with 
blockmiRs. MiR-23b targets were transfected at 50 nM while miR-218 targets were transfected 
at 200 nM. GAPDH was used as an endogenous normalization control and MBNL levels were 
calibrated with the levels in the respective Scrambles. The DM1 control was calibrated to both 
Scrambles. All statistical comparisons were performed against the respective Scrambles via 
Student’s t-test. (D) Alternative splicing was analyzed for transcripts MBNL1, NFIX, and SPTAN1 
with GAPDH used as an endogenous control after semiquantitative RT-PCR. Healthy cells, CNT, 
and DM1 cells are shown in duplicate as splicing controls. A representative gel is seen above. In 
total, three different gels were run for statistical analysis using Image J. All statistical 
comparisons were performed against the respective Scrambles (50 or 200) via Student’s t-test. 
P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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DAPI in blue (Figure R7A-F). Control cells show intense MBNL1 signal 

Figure R7. Immunofluorescence and quantification of MBNL1 protein. (A-F) CNT and DM1 
cells were stained in parallel for MBNL1 protein (green) and nuclei (DAPI blue). (A) Healthy 
control cells show intense signal and disperse localization of MBNL1 fluorescence throughout 
the entire cell. (B) DM1 cells show only punctate fluorescence of MBNL1 in nuclear foci. (Cell 
count: CNT n=63; DM1 n=106; Scramble 50 n=105; M1-Block-23b-1 n=86; M2-Block-23b-1 
n=145; M2-Block-218-2 n=155) (G) MBNL1 protein fluorescence was quantified by measuring 
pixel intensity using Image J with a threshold of 10 and normalized by cell area. All samples 
were compared to their respective Scrambles (50 or 200) via Student’s t-test.  (H) Quantitative 
dot blot (QDB) analysis of MBNL1 levels calibrated to GAPDH levels in DM1 cells after treatment 
with M1-Block-23b-1 at increasing concentrations. Data are shown log(x) transformed and 
normalized relative to untreated DM1 cell MBNL1 levels. Samples were run in quadruplicate. 
Black line represents linear regression with R2 value seen above. P-value GP style: 0.1234 (ns), 
0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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throughout the nucleus and the cytoplasm, indicative of healthy and 
functional MBNL1 protein. Conversely, DM1 cells show very little MBNL1 
signal in the cytoplasm and only punctate foci in the nucleus. The mean pixel 
intensity of MBNL1 fluorescence was calculated for each cell and normalized 
to cell area (Figure R7G). Similar to the increase seen in MBNL1 transcripts, 
M1-Block-23b-1 and M2-Block-23b-2 had significant increases of MBNL1 
protein fluorescence. They also showed a diffuse cytoplasmic subcellular 
localization indicating that additional MBNL1 was not being trapped in 
nuclear foci. Cells treated with Scramble 50 and 200 showed no increase in 
MBNL1 fluorescence. Curiously, M2-Block-218-2 also showed an increase in 
MBNL1 pixel intensity. Only the cell images treated with blockmiRs showing 
rescue are shown in Figure R7. The remaining treatment photos can be found 
in Figure R8A-F. 
 
With all the results taken together, the most promising and consistent rescue 
observed in DM1 cells was seen after treatment with M1-Block-23b-1 and M2-
Block-23b-1. Both compounds increased MBNL1 transcripts and protein 
levels a significant amount as well as showed splicing rescue in MBNL1 and 
SPTAN1. They also showed toxicity levels below the TC50 at the lower 
concentration of 50 nM while still inducing phenotypic improvements in the 
DM1 cells. M2-Block-218-2 also showed an increase in MBNL1 fluorescence 
and SPTAN1 exon 23 inclusion but failed to increase MBNL1 and 2 
transcripts or rescue other splicing events. 
 
With future in vivo experiments in mind, human MBNL1 transcripts show 
more homology to mice than MBNL2. Indeed, there are no predicted binding 
sites for miR-23b on the mouse Mbnl2 3’UTR. Therefore, M1-Block-23b-1 was 
chosen as the candidate compound and promoted for further analysis and 
optimization. Five different concentrations of the blockmiR were 
administered to DM1 cells and were measured for MBNL1 protein level 
through quantitative dot blot (QDB) (Figure R7H). With exception of the 10 
nM treatment, the treatment shows a dose response increase of MBNL1. The 
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50 nM treatment was also consistent with the results seen in 
immunofluorescence image quantification. 
 

Figure R8. Immunofluorescence of MBNL1 protein for additional blockmiRs. (A-F) 
Continuation of Figure 7 depicting the immunofluorescence of MBNL1 after treatment with the 
remaining site-confirmed blockmiRs. DM1 cells were stained for MBNL1 protein (green) and 
nuclei (DAPI) blue (Cell count: CNT n=63; DM1 n=106; Scramble 200 n=17; X-treme Gene 
n=119; M2-Block-218-1 n=108; M2-Block-218-3 n=109) (G-H) Immunofluorescence detection 
of DM1 cells transfected with blockmiRs targeting unconfirmed binding sites. (Cell count: M1-
Block-218-1 n=79; M1-Block-218-2 n=91) (I) MBNL1 protein fluorescence was quantified by 
measuring pixel intensity using Image J with a threshold of 10 and normalized by cell area. All 
samples compared to Scrambles as a reference via Student’s t-test. P-value GP style: 0.1234 
(ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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II.IV. M1-Block-23b-1 shows recovery at the transcriptome level 
RNASeq was performed for M1-Block-23b-1 to investigate gene expression 
recovery after treatment and compare it to its antagomiR counterpart from 
previous studies to visualize the global effect the oligos have in DM1 cells. In 
this experiment, the immortalized fibroblasts were allowed to differentiate 
four extra days before transfection with the AONs and then left another four 
for growth in order to observe more pronounced expression differences 
between the DM1 and CNT cells and to see a more comparable pattern of 
expression to differentiated muscles in vivo.  
 
First, splicing junctions were quantified using a delta percent spliced-in 
(dPSI) formula. 478 disease related splicing event alterations were identified 
between healthy and DM1 cells. These events were filtered for data that has 
a dPSI over 25% and have a significant effect when compared to both healthy 
and DM1 cells. This filter identified 20 splicing events in 19 genes (Figure 
R9A). Geometric points are shown only for events with 10 reads or more. 17 
out of the 20 events showed a reversal of the splicing event frequency after 
treatment with M1-Block-23b-1. The splicing recovery events included 
SORBS1, which plays a role in insulin signaling and which is regulated by 
MBNL1 and CELF1 proteins (Suenaga et al., 2012; Wang et al., 2009). Also 
recovered was MLH3, which is part of the DNA mismatch repair pathway 
(MMR) and is implicated in somatic expansion of CAG repeats in DM1 and 
Huntington’s disease (Flower et al., 2019; Pinto et al., 2013). Also of mention 
is the recovery of BAG4, which is a known target of miR-1 regulation 
(Fleming et al., 2013). This miRNA has a varied expression pattern in DM1 
tissues and is a likely regulator of DMPK expression (Koscianska et al., 2015; 
Lopez Castel et al., 2019). 
 
Another geometric point graph was generated to visualize the top 25 genes 
that showed total expression recovery after treatment with M1-Block-23b-1 
(Figure R9B). For this reason, the far-right column shows no geometric points 
due to the fact that there is no difference in expression levels between control 
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cells and DM1 cells treated with M1-Block-23b-1. The blockmiR and 
antagomiR showed a similar pattern of expression in many genes with the 
blockmiR being less intense (see Figure R9B gold box). Indeed, the antagomiR 

Figure R9. BlockmiR recovery through RNASeq transcriptome analysis. (A) Splicing events 
were analyzed through exon/intron junctions and quantified using delta percent spliced-in (dPSI). 
Only events with greater than 25% dPSI, adjusted p-value <0.05, and with >10 reads are shown. 
Geometric points are shown for each event in green for more frequency and pink for less 
frequency for each comparison. (B) Geometric points are shown for the top 25 genes that are 
totally recovered after treatment with the blockmiR. The size of each point represents the intensity 
of the change in log2 fold change, while the color represents the over or under expression of each 
comparison. (C) GOterm analysis was performed for the 135 genes with total recovery by the 
blockmiR. 14 edges were found with overrepresented GOterms. The edges were analyzed by 
STRING protein indicating both functional and physical protein associations. Line thickness 
indicates the strength of data support. 
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Figure R10. Comparison of blockmiR- and antagomiR-treated DM1 transcriptomes. (A) 
After comparing healthy control cells and DM1 cells, 2177 genes were altered and identified 
as disease related genes. antagomiR-23b (antagomiR) and M1-Block-23b-1 (blockmiR) 
treated cells were compared to untreated DM1 cells and a total of 1057 genes and 166 genes 
respectively had altered expression. The number of genes up- or down-regulated for each 
comparison can be seen in the respective red and blue horizontal bars to the left. The black 
circles and dotted lines show which groups share the same altered genes. The intersection 
ratio is the number of altered genes found in common between groups divided by the total 
number of unaffected genes from the groups. Gold squares represent genes whose 
expression was reversed after treatment. (B) The percent recovery of disease related genes 
in comparison to normal expression was calculated for both antagomiR and blockmiR. 
Unrecovered <10%; partially recovered between 10% and 50%; total recovery between 50% 
and 150%; over recovered > 150%. The number of genes for AntagomiR or BlockmiR treated 
cells in each recovery group can be seen in the horizontal bars to the left. The black circles 
and dotted lines show which groups share genes in the same percent recovery range. The 
intersection ratio is the number of genes found in common between percent recovery groups 
divided by the total number of genes not found in common.  
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tended to show over recovery when compared to the control cells. RNASeq 
data was also retrieved from http://DMSeq.org for DM1 muscle biopsies to 
compare the cellular models (Wang et al., 2019). DMSeq.org is deep 
sequencing data repository for transcriptome data from DM biopsies, 
autopsies, and animal models. There is a marked difference between the 
biopsies and the DM1 cell model with many genes showing expression 
alterations in the DM1 transdifferentiated myotubes while the biopsies 
showed no difference. However, blockmiR treatment still showed changes in 
the direction of rescue of biopsies for PODN, CLSTN2, RAI2, and MYH6. 
 
Importantly, of the genes totally recovered by M1-Block-23b-1, 14 were 
connected by overrepresented GOterms all of which have relation to 
muscular and skeletal function (Figure R9C). These genes were analyzed by 
STRING and were found to have significant protein-protein interaction 
linkages. This implicates M1-Block-23b-1 to the gene expression recovery of 
vital neuromuscular infrastructure and mechanisms in the muscle system.  

 

II.V. BlockmiR strategy is highly specific 
BlockmiR technology builds off of the already effective antagomiR strategy 
outlined in our previous study (Cerro-Herreros et al., 2018). BlockmiRs have 
a similar goal in recovering MBNL protein functionality through the 
blocking of miR-23b and -218 binding sites but without affecting the total 
levels of these miRNAs. One anticipated advantage of the blockmiR 
approach is a highly specific effect on MBNL transcripts. When comparing 
DM1 cells and healthy control cells, 2177 genes were found to be altered 
(Figure R10A). These genes were termed “disease related genes”. Of these 
genes, antagomiR-23b had 1057 altered genes while M1-Block-23b-1 had 166 
when compared to untreated DM1 controls. Of the 1057 genes altered by 
antagomiR treatment, 48.53% were reversed in their disease related 
expression (see Figure R10A gold squares). As for the blockmiR treated cells, 
29.52% were reverted. These reversals suggest an approach to a normal 
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expression pattern but cannot 
assume so. Therefore, in order to 
further quantify the exact 
recovery patterns, a recovery 
percentage was calculated for all 
the disease related genes and 
cross compared to each treatment 
(Figure 10B). In comparison to 
healthy cells, the blockmiR and 
antagomiR were capable of 
partial and total rescue. The 
blockmiR showed greater partial 
recovery while the antagomiR 
showed greater total recovery and 
even 108 cases of over recovery. 
The blockmiR was also able to 
recover some genes that the 
antagomiR could not and vice 
versa. Combined with the data 
seen in Figure 9B, the antagomiR 
has a stronger effect on the total 
transcriptome.  
 

Finally, to investigate the specificity 
of the treatments in regard to miR-
23b, RNASeq data was analyzed 
specifically for the transcripts 
targeted by miR-23b. Of the 57 
confirmed targets identified using 

miRTarBase, only 1 of these showed an alteration in expression after 
treatment with M1-Block-23b-1 in comparison to untreated DM1 cells (see 
Figure R11 gold box). On the contrary, the antagomiR treated cells showed 

Figure R11. Geometric point graph of 
blockmiR- and antagomiR-treated DM1 
transcriptomes. Geometric points are shown 
for the targets of miR-23b after treatment with 
the blockmiR or antagomiR. The size of each 
point represents the intensity of the change in 
log2 fold change, while the color represents 
the over or under expression of each 
comparison.  
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alterations in 28 of the targets. When compared to the healthy controls, the 
blockmiR treated cells showed more similarity to the control cells than the 
antagomiR. This indicates that the blockmiR strategy of targeting the miRNA 
binding sites is a much more specific method than targeting the miRNA itself. 
 

II.VI. miR-23b binding site is conserved in mice 
The success of the blockmiRs in vitro led to in vivo testing in mice. But before 
this experiment could take place, the binding site of miR-23b needed to be 
confirmed in mouse. Site 1 on the MBNL1 3’UTR has previously been 
confirmed in HeLa cells through dual luciferase assay (Cerro-Herreros et al., 
2018). This site shares sequence homology with Site 2 of the two predicted 
miR-23b binding sites in mice save for one nucleotide. To confirm these 
predicted sites, another luciferase assay was performed in mouse C2C12 cells 
using Mbnl1 3’UTR constructs. Three reporter plasmids were generated, one 
containing the wildtype Mbnl1 (WT), one with deletion of the respective miR-
23b seed region in the binding site (Del), and one with a complementary 

Figure R12. Dual luciferase assay confirms conservation of miR-23b binding site. (A) Gluc 
and SEAP luminescence was quantified in C2C12 mouse cells after transfection with reporter 
plasmids containing the 3’UTR of Mbnl1 either wildtype (WT), the miR-23b seed region deleted 
(Del) or perfect match to miR-23b (PM). (B) To further confirm the luminescence observed was 
due to miR-23b, the experiment was repeated with co-transfection of a miRNA mimic of miR-
23b. Two mimic controls were used, one with no mimic (WT-Æ) and one with a scrambled mimic 
(WT-SC). All dual luciferase assays were normalized to SEAP and compared to WT for statistical 
comparison using Student’s t-Test. P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 
(***), <0.0001 (****). Error bars = SEM. 
 

… 
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perfect match to the full miR-23b sequence (PM). The plasmids were 
transfected in C2C12 cells and the GLuc and SEAP luminescence was read 
after 48 h. If miRNA binding occurs, GLuc translation is inhibited and 
therefore luminescence decreases. SEAP is constitutively translated as a 
normalization control. Endogenous expression of miR-23b binding in the 
C2C12 cells was apparent through the increase of luminescence in the miR-
23b binding site deletion plasmids in comparison to the wildtype (Figure 
12A). In contrast, GLuc signal was decreased upon transfection with perfect 
match plasmids. This confirms that miR-23b is directly binding to these sites. 
 
In order to further validate these binding sites, the experiment was repeated 
using a miR-23b mimic (Figure 12B). Upon seed region deletion, GLuc 
luminescence increased once again. Also supporting this information was the 
wildtype no-mimic control and the wildtype scrambled-mimic control which 
both showed less miRNA repression compared to wildtype and mimic co-
transfection.  
 
In scanning for potential binding sites to the 3’UTR in mouse Mbnl1 and 
Mbnl2, potential sites were also recognized for miR-218 (Figure R13A). M2-
Block-218-2 showed a strong increase in MBNL1 protein fluorescence in DM1 
cells (Figure R7F). All miR-218 blockmiRs also showed significant SPTAN 
rescue (Figure 5C). The potential for blockmiRs targeting miR-218 binding 
sites could not be dismissed. Therefore, for the sake of future study, the 
binding sites of miR-218 were also assessed by dual luciferase assay in C2C12 
cells (Figure R13B). The procedure was conducted in the same manner as 
Figure 12B but using a miR-218 mimic and also including the perfect match 
plasmids. Of the four potential sites on Mbnl1, only Site 3 showed increased 
luminescence after deletion. All perfect match samples showed a significant 
decrease in luminescence while the wildtype scrambled miR-218 mimic 
showed an increase. This indicates that the co-transfection was successful. On 
the other hand, the PM-Site 2 on Mbnl2 did not show a decrease in 
luminescence suggesting that the mimic may not have been accepted by the 
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cells or was inadvertently skipped during transfection. Indeed, the sample 
was significantly increased in comparison to the WT showing the lack of 
mimic but is still slightly less than the WT-SC suggesting that endogenous 
miR-218 is still binding to the perfect match. However, upon deletion of site 
2, luminescence increased meaning that the binding site is most likely viable. 
Del-Site1 and PM-Site1 on Mbnl2 also confirmed existence of a binding site. 

Figure R13. miR-218 also binds to Mbnl1 and Mbnl2 3’UTR. (A) Predicted binding sites for 
miR-23b and miR-218 on Mbnl1 and Mbnl2 were scanned using bioinformatic tools TargetScan 
and miRanda. (B) Gluc and SEAP luminescence was quantified in C2C12 mouse cells after 
transfection with reporter plasmids containing the 3’UTR of Mbnl1 either wildtype (WT), the miR-
23b seed region deleted (Del) or perfect match to miR-23b (PM). They were co-transfected with 
a miR-218 mimic as well as a scrambled mimic control (WT-SC). The dual luciferase assays were 
normalized to SEAP and compared to WT for statistical comparison using Student’s t-Test. P-
value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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M2-Block-218-2 shares strongest homology with M2-218-Site2 with only two 
nucleotide differences. The co-transfection for PM-Site2 could be repeated to 
further confirm the existence of M2-218-Site2 before moving forward with 
this blockmiR in vivo. 
 

II.VII. Testing blockmiRs in an in vivo DM1 model 
Through these luciferase assays, Sites 1 and 2 were both confirmed as miR-
23b binding sites in the mouse Mbnl1 3’UTR. Therefore, the blockmiR was 
approved for testing in vivo. The conserved binding Site 1 for miR-23b in mice 
has one nucleotide difference in comparison to the human site (Figure R14).  
Therefore, a new compound, M1-Block23b-M, was generated accounting for 
this difference and was administered at 12.5 mg/kg through subcutaneous 
injection in HSALR DM1 model mice (n = 5). The human version of the 
blockmiR, M1-Block23b-H, was also injected at the same concentration (n = 
5). A group of FVB healthy mice (n = 5) and a group of HSALR mice (n = 5) 
were administered PBS as two separate controls. After four days, mice were 
sacrificed and their gastrocnemius and quadriceps muscles were extracted 
for molecular analysis. 

Figure R14. In vivo blockmiR administration. The blockmiR sequence used in DM1 cells has 
one nucleotide difference (red) for the same site in mice. A new blockmiR adjusting for this 
small difference was synthesized for more precise binding in HSALR mice. Both the human and 
mouse version of blockmiRs were administered at a single dose of 12.5. mg/kg to HSALR mice. 
After four days, the mice were sacrificed and the gastrocnemius and quadriceps muscle were 
extracted for analysis. 
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II.VIII. Mouse specific blockmiR shows toxicological changes in 
blood 
After treatment with both human and mouse versions of M1-Block23b, blood 
and serum were extracted and analyzed. A differential white blood cell 
(WBC) count was performed after each treatment and compared to empirical 
FVB levels (Figure R15). Outside FVB measurements were also added as 
reference but varied greatly between study (Bogue et al., 2020; Schneck et al., 
2000). The most similar FVB levels to those empirically measured in our lab 
were those of 8 week males (§) (Bogue et al., 2020). These FVB also coincided 
with typical normal ratios of healthy mice in general: neutrophils: 20-30%, 
eosinophils: 0-7%, lymphocytes: 70-80%, monocytes: <2%, basophils: 0-1% 
(O'Connell et al., 2015). PBS and M1-Block23b-H treatments both stayed 
within these ranges. However, an increase in monocytes and lymphocytes 
was observed after treatment with M1-Block23b-M.  

 
A complete blood count (CBC) and biochemical analysis were performed for 
each sample and compared to the FVB levels (Figure R16). With this 

Figure R15. Differential WBC count. (A) Reference FVB levels from outside sources. (B) 
Empirical FVB levels measured in this study. All ratios sum to a total of 100%. 
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Figure R16. Serum and blood biochemical analysis. 
Blood and serum parameters were analyzed for all 
treatment groups and compared to empirical FVB 
controls through one-way ANOVA. The range of 
empiric empirical FVB levels are shown in green. Reference FVB levels are shown by dashed grey lines (see legend). 

P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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comparison, M1-Block23b-M showed various changes including a significant 
increase in mean corpuscular hemoglobin (MCH), mean corpuscular 
hemoglobin concentration (MCHC), platelets, and alkaline phosphatase as 
well as a significant decrease in mean corpuscular volume (MCV), red cell 
distribution width (RDW), 
amylase, aspartate transaminase 
(AST), creatine kinase (CPK), 
and lactate dehydrogenase 
(LDH). In most cases, M1-
Block23b-H remained near the 
same level as PBS. When M1-
Block23b-H was compared to the 
FVB levels, there was only a 
significant increase in glucose 
and cholesterol, which is an 
HSALR mice disease phenotype, 
as well as slight decrease in AST.  
 
The acceptable ranges of 
biochemical parameters in blood 
differ between mouse strains 
(Champy et al., 2008). To better 
understand the acceptable 
ranges of each measurement, 
empirical data from 12 male FVB 
mice between 12-18 weeks old 
from our lab were averaged and 
their upper and lower standard 
deviation was added to each 
graph in green. Averages of male 
FVB mice ‡6-8 weeks old 

Figure R17. Molecular outcomes of blockmiR 
treatment. Relative expression of Mbnl1 
transcripts was relatively quantified in triplicate 
from muscles after treatment with the blockmiRs 
in mice (A) gastrocnemius and (B) quadriceps 
muscles. Values were normalized to Gapdh 
endogenous control. (C-D) Relative Mbnl1 
protein was also quantified in each muscle using 
Jess Simple Western technology and normalized 
to total protein. A representative lane view shows 
the bands observed below each graph. All 
statistical comparisons were performed against 
PBS via Student’s t-test. P-value GP style: 
0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), 
<0.0001 (****). Error bars = SEM. 
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Figure R18. Physiological and splicing outcomes of blockmiR treatment. (A) Mouse grip 
strength was measured before and after treatment with M1-Block23b-M by grip meter to 
calculate the percent of normal force normalized to mouse weight. Semiquantitative RT-PCR 
was performed to analyze alternative splicing patterns in exons of interest for (B) Atp2a1 (C) 
Clcn1 and (D) Mbnl1 transcripts. Gapdh was run as an endogenous control. PSR was calculated 
normalized to FVB samples. Representative gels can be seen below for (E) gastrocnemius and 
(F) quadriceps. The PSR for each sample can be found below each gel. Individual mice are 
labeled below Gapdh by numbers after treatment with M1-Block23b-M. Statistical comparison 
was performed against PBS via Student’s t-test. P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 
(**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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(Schneck et al., 2000), †16-week and §8-week males (Bogue et al., 2020) were 
added with a dashed grey line when data was available. With these results 
in context, some of the values that were significantly changed after M1-
Block23b-M treatment were still within the known values of healthy FVB 
ranges. 
 

II.IX. BlockmiR treatment increases Mbnl1 and rescues DM1 
phenotypes in mice muscle 
Four days after injection, mice were sacrificed and their hind leg muscles, 
gastrocnemius and quadriceps, were extracted for molecular examination. A 
significant increase was observed in Mbnl1 transcript expression in both 
muscles after treatment with M1-Block23b-M (Figure R17). Likewise, a 
similar increase reaching normal levels of FVB Mbnl1 protein was achieved 
after M1-Block23b-M treatment. 
 
M1-Block23-M also induced physiological increase of grip strength (Figure 
R18A). The percent normal force was calculated by normalizing the strength 
of mice on a grip strength meter to their weight before and after treatment 
and then comparing to the PBS levels. Splicing for three transcripts was 
analyzed after treatment including Atp2a1, Clcn1, and Mbnl1 (Figure R18B-
F). Slight increases of percent splicing recovery (PSR) were observed in Mbnl1 
and Clcn1. However, when looking at the treated mice individually, two mice 
in particular showed a large amount of rescue in all transcripts (see mice 2 
and 3 in Figure R18E-F).  
 
The migration of muscle fiber nuclei towards the center of the muscle fibers 
is a well-known phenotype of HSALR mice muscle (Mankodi et al., 2000). 
Therefore, hematoxylin and eosin (H&E) staining was performed on both 
gastrocnemius and quadriceps muscle to visualize the percent of muscle 
fibers containing central nuclei (Figure R19). In both tissues, M1-Block23b-M 
showed significant reduction in the percentage of central nuclei in 
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comparison to PBS controls. Indeed, the fibers treated with M1-Block23b-M 
are more morphologically similar to the FVB mice. Nuclei quantification was 
done blindly after randomizing images to avoid bias. Detailed statistical 
information can be found in Table R1 including SEM and number of fibers 
counted for each individual mouse.  

 

Table R1. Statistical data for histological image quantification in Figure R19. 

Mouse 
Gastrocnemius Quadriceps 

Mean SEM # of 
fibers Mean SEM # of 

fibers 
FVB1 6.61 ±1.67 514 10.51 ±1.32 465 

FVB2 6.83 ±1.46 595 8.43 ±1.39 473 

FVB3 7.92 ±1.11 538 21.74 ±8.65 483 

FVB4 10.38 ±2.51 446 10.40 ±3.85 480 

FVB5 12.86 ±2.30 434 12.63 ±1.56 416 

PBS1 54.82 ±6.90 428 50.45 ±11.11 269 

PBS2 128.33 ±17.77 327 121.04 ±14.77 273 

PBS3 70.73 ±5.18 363 72.08 ±7.20 433 

PBS4 61.73 ±4.95 726 55.60 ±10.54 352 

Figure R19. Histological improvements from blockmiR therapy. First, 10 µm sections of 
quadriceps and gastrocnemius muscle were cut and stained with hematoxylin and eosin in 
order to visualize the localization of central nuclei within the muscle fibers. (A & E) An 
average of 600 fibers were analyzed and quantified per mouse. Representative images of 
each treatment can be seen for (B-D) gastrocnemius and (F-H) quadriceps. Black scale bar 
= 100 µm. The white arrows signal nuclei that have central localization. All samples were 
statistically compared to PBS through Student’s t-Test. P-value GP style: 0.1234 (ns), 
0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. SEM and number of 
fibers for panels A and E can be found in Table R1. 
 

… 
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III. Objective 3: P-PMO blockmiR strategy 
Charge-neutral morpholino (PMO) and cell-penetrating peptide-linked 
morpholino (P-PMO) based AONs targeting the toxic DMPK repetitions 
were able to block the binding of MBNL proteins (Leger et al., 2013; Wheeler 
et al., 2009). PMOs have a neutral charge that create a highly stable compound 
and facilitate efficient delivery to the cell. A PMO called Eteplirsen has 
already obtained FDA approval for the treatment of Duchenne muscular 
dystrophy (DMD) (Lim et al., 2017). PMOs can also be covalently linked with 
cell penetrating peptides to further promote cell uptake. For example, the 
Pip6a-PMO compound has shown cardiac improvements in DMD mouse 
models (Blain et al., 2018; Forand et al., 2020). Pip6a-PMO has also been used 
for the treatment of DM1 by targeting the toxic repeat sequence in DMPK 
(Klein et al., 2019). A P-PMO has also produced therapeutic results in DM1 
HSALR mice, including splicing rescue, myotonia and reduction of nuclear 
foci (Leger et al., 2013). 
 
AntimiRs and antagomiRs have been well characterized for their viability in 
blocking miRNA activity (Lopez Castel et al., 2019; Rupaimoole and Slack, 
2017). And as seen in Objective 2, the blockmiR strategy targeting miRNA 
binding sites showed proof of concept in DM1 cells and mice. Therefore, M1-
Block23b-M needed more study and refinement. Here, chemically improved 
Pip9b2 peptide-linked PMO blockmiRs were designed against a binding site 
of miR-23b on MBNL1 and tested in immortalized patient-derived DM1 
fibroblasts transdifferentiated into myotubes (DM1 cells) (Arandel et al., 

PBS5 80.96 ±13.25 348 100.96 ±11.66 297 

M1-Block23b-1-M1 15.94 ±1.97 1157 23.97 ±1.93 932 

M1-Block23b-1-M2 14.29 ±1.56 962 8.64 ±0.96 1249 

M1-Block23b-1-M3 7.50 ±1.07 1461 15.77 ±1.27 867 

M1-Block23b-1-M4 8.41 ±0.92 1416 26.62 ±2.48 692 

M1-Block23b-1-M5 45.96 ±5.84 314 14.72 ±1.13 816 
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2017). The peptide is designed to facilitate efficient entry into the cell without 
the use of transfection reagents and therefore decrease toxic side effects. The 
neutral charge will also improve the stability of the compound in vivo.  
 

III.I. Pip9b2-linked PMO blockmiR increases MBNL1 in cells 
Pip9b2 is a cell penetrating peptide that contains two flanking regions 
enriched with arginines (cationic amino acids) and a central hydrophobic 
core (Figure R20A). The peptide-linkage to the PMO blockmiR is designed to 
facilitate cell entry without the need for transfection reagent. To test for cell 

Figure R20. P-PMO blockmiR effects on DM1 cells. (A) The P-PMO blockmiR along with the 
scramble control (P-SC) was tested for cell viability at increasing concentrations with and 
without the use of transfection reagent. The peptide conjugation is designed to penetrate the 
cell without the need for transfection reagent. Expression of (B) MBNL1 and (C) MBNL2 
transcripts was relatively quantified in triplicate from cells after treatment with the P-PMO 
blockmiR at 1 µM. Values were normalized to endogenous Gapdh and compared to P-SC using 
Student’s t-Test. Percent Splicing Recovery (PSR) was calculated after semiquantitative RT-
PCR and exon band quantification for (D) MBNL1 exon 5 and (E) NFIX exon 7 and normalized 
to CNT samples. Representative gels can be seen below each graph. GAPDH was run as an 
endogenous control (see Figure R25). Values were compared to P-SC using Student’s t-Test. 
P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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toxicity, the P-PMO blockmiR and a peptide-linked with a scrambled PMO 
(P-SC), a chemistry control, were administered in DM1 cells at increasing 
concentrations (Figure R20B). The peptide-linked oligos showed little to no 
cell growth inhibition across all concentrations in contrast to those treated 
with transfection reagent which began to show 50% cell growth inhibition 
after 50 nM. Therefore, for the rest of the experiments, P-PMO and P-SC were 
administered at 1 µM per manufacturer’s recommendation. 
 
DM1 cells showed an increase in MBNL1 and 2 transcript expression levels 
after P-PMO blockmiR treatment (Figures R20C-D). Aberrant fetal splicing 
patterns in MBNL1 and NFIX transcripts show a strong phenotype in DM1 
cells. After treatment with the blockmiR, a slight but significant return to the 
adult splicing pattern was observed (Figure R20E-F).  
 

Figure R21. P-PMO blockmiR effects on DM1 cells. Immunofluorescence of MBNL1 protein 
(green) and DAPI (blue) was observed in (A) controls cells, (B) DM1, (C) P-SC treated DM1 cells, 
and (D) P-PMO treated DM1 cells. (E) The mean pixel intensity of each was quantified. Cell 
count: CNT n=118, DM1 n=83, P-SC n=96, P-PMO n=108.  All statistical comparisons were 
performed against P-SC via Student’s t-test. P-value GP style: 0.1234 (ns), 0.0332 (*), 0.0021 
(**), 0.0002 (***), <0.0001 (****). Error bars = SEM. 
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The cells also showed a striking increase in MBNL1 protein 
immunofluorescence through analysis of confocal microscopy images 
(Figures R21A-D). From a qualitative standpoint, the cells treated with cell-
penetrating peptide blockmiRs were visibly more prolific and showed a large 
increase in MBNL1 fluorescence in the cytoplasm. Quantification of the mean 
pixel intensity for each cell confirmed this increase (Figure R21E). 
 

III.II. P-PMO is non-toxic to mice and increases grip strength 
The success of P-PMO blockmiR in vitro led to its administration in HSALR 
mice. A new P-PMO was generated accounting for the one nucleotide 
difference between mice and humans and was administered intravenously at 
10 mg/kg (Figure R22).  
 

Mice grip strength was measured before and after treatment and the percent 
normal force was calculated for each group (Figure R23A). The P-PMO 
treated mice showed a large increase in percentage of normal force. The 
change was statistically significant compared to the same mice treated with 
PBS through Student’s t-Test. After treatment, blood serum was extracted 
from the mice for biochemical analysis (Figure R23B). The FVB levels were 
set as the healthy control level to which all other treatments were compared. 
One of the few significant changes was a decrease in creatine phosphokinase 

Figure R22. P-PMO administration in vivo. A new P-PMO was generated for treatment in mice 
to account for the one nucleotide difference. Then P-SC and P-PMO were administered by tail 
vein injection at 10 mg/kg. After four days, the mice were sacrificed and their blood and tissues 
analyzed. 
 
 



Results 

 101 

(CPK) levels. CPK is released into the blood during muscle tissue damage 
(Veenstra et al., 1994). The lower amounts seen here indicate a lack of tissue 
damage and are within the range for normal levels in healthy mice. Also 
significantly different from FVB are the amylase levels after treatment with 
the P-PMO and, curiously, the PBS control. However, after closer look, these 
levels were also within the normal range for healthy mice. Importantly, the 

Figure R23. Pip9b2-linked blockmiR affects grip strength without toxicity. (A) Mouse grip 
strength was measured before and after treatment with P-PMO or P-SC by grip meter to 
calculate the percent of normal force normalized to mouse weight. Student’s t-Test was used 
for statistical comparison. (B) Blood serum biochemistry was analyzed after treatments. All 
samples were statistically compared to FVB mice through Kruskal-Wallis ANOVA and Wilcoxon 
test if applicable. All parameters were within the normal range for healthy mice. Relative 
expression of (C) Mbnl1 and (D) Mbnl2 transcripts was relatively quantified in triplicate from 
muscles after treatment with P-PMO and P-SC in quadriceps muscles. Values were normalized 
to endogenous Gapdh and compared to P-SC using Student’s t-Test. P-value GP style: 0.1234 
(ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM.  
 
 

… 
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rest of the parameters indicating hepatotoxicity or tissue damage, including 
ALT, AST, bilirubin, bile acids, and LDH, remained unchanged after 
blockmiR treatment. Other health indicators such as creatinine, cholesterol, 
glucose, and triglycerides, as well as mouse weight were also stable. No 
change was observed in the levels of Mbnl1 or 2 relative expression (Figure 
23C-D). 
 

III.III. BlockmiR induces rescue in HSALR mice phenotypes 
After seeing promising results at the physiological level, the mice were 
analyzed at the molecular level for changes in the DM1 phenotype 
specifically in the quadriceps leg muscle. Little change was observed in any 
parameter in gastrocnemius muscle therefore the results have been excluded 
from analysis. Transcripts Atp2a1, Clcn1, Mbnl1, and Nfix all show abnormal 
fetal splicing patterns in the DM1 mice model (Dixon et al., 2015; Du et al., 
2010; Lin et al., 2006; Tanner et al., 2021). After blockmiR administration, 
correction was seen in all four transcripts (Figures R24A-D). The percent 
splicing recovery compared to the P-SC control showed significant rescue.  
 
As seen in DM1 cell microscopy, the P-PMO also increased the amount of 
Mbnl1 protein (Figure R24E-F). Jess Simple Western technology was used to 
quantify the level of Mbnl1 normalized to the total protein level. The P-PMO 
showed significant increase compared to the P-SC and the HSALR PBS 
control. 
 
Finally, a histological analysis was made of 10 µm sections of the quadriceps 
muscle (Figure R24G-K). After H&E staining, the percent of muscle fibers 
with central nuclei were quantified. Although not statistically significant 
when averaging all six mice, a decrease in the percent of fibers with central 
nuclei was observed in comparison to the P-SC samples. There were two 
specific mice that showed particularly strong rescue. The image in Figure 
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R24K is representative of one of these mice and shows a striking resemblance 
to the FVB cuts.  
 

 
 

Figure R24. P-PMO blockmiR rescues molecular and histological phenotypes of HSALR 
mice. Semiquantitative RT-PCR was performed to analyze alternative splicing patterns in exons 
of interest for (A) Atp2a1 (B) Clcn1 (C) Mbnl1 and (D) Nfix transcripts. Gapdh was run as an 
endogenous control (see Figure R24). PSR was calculated normalized to FVB samples. 
Representative gels can be seen below each graph. (E) Relative protein was quantified using 
Jess Simple Western technology. (F) A representative lane view shows the bands observed 
compared to total protein normalization (green dots and scale). Finally, 10 µm sections of 
quadriceps muscle were cut and stained with hematoxylin and eosin in order to visualize the 
localization of central nuclei within the muscle fibers. (G) An average of 500 fibers were analyzed 
per mouse. Representative images of each treatment can be seen in (H-K). Black scale bar = 
50 µm. The white arrows signal nuclei that have central localization. All samples were 
statistically compared to P-SC through Student’s t-Test. P-value GP style: 0.1234 (ns), 0.0332 
(*), 0.0021 (**), 0.0002 (***), <0.0001 (****). Error bars = SEM. SEM and number of fibers for panel 
G can be found in Table R2. 
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Table R2. Statistical data for 
histological image quantification in 
Figure R24G. 

Mouse Mean SEM # of 
fibers 

FVB1 38.91 ±0.32 1791 

FVB2 39.61 ±0.57 455 

FVB3 32.79 ±0.38 877 

FVB4 28.50 ±0.71 452 

FVB5 38.36 ±0.34 816 

PBS1 77.86 ±1.38 276 

PBS2 50.92 ±1.00 297 

PBS3 60.57 ±1.24 424 

PBS4 79.69 ±0.98 342 

PBS5 57.89 ±0.75 799 

P-SC1 68.36 ±1.42 214 

P-SC2 71.89 ±0.98 575 

P-SC3 56.83 ±1.09 332 

P-SC4 60.90 ±1.21 178 

P-SC5 53.32 ±0.67 738 

P-SC6 61.24 ±1.02 482 

P-PMO1 61.41 ±1.48 238 

P-PMO2 39.29 ±0.59 1325 

P-PMO3 72.69 ±1.28 180 

P-PMO4 26.22 ±0.93 325 

P-PMO5 52.22 ±0.86 953 

P-PMO6 67.55 ±2.26 88 

 
 

Figure R25. Endogenous GAPDH controls. 
Semiquantitative RT-PCR was performed to 
analyze alternative splicing patterns in exons of 
interest for Atp2a1, Clcn1, Mbnl1, and Nfix 
transcripts in DM1 cells and mice. GAPDH and 
Gapdh was run as endogenous controls. 
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There are currently no disease-modifying therapies that address more than 
one symptom in DM1. Despite all the encouraging results obtained in animal 
models using different oligonucleotide-based approaches in DM1 treatment, 
only one AON-based drug has ever entered past phase 2 clinical trials 
(ClinicalTrials.gov Identifier: NCT02312011) (Pascual-Gilabert et al., 2021). 
The primary goals of the clinical trial were to use dose escalation to evaluate 
safety, tolerability, and muscle tissue effects of the drug as well as search for 
drug interaction biomarkers.  
 
Despite the relevant results achieved using this AON in murine models, the 
development of this drug was discontinued because of inadequate 
therapeutic benefit in short-term trials in DM1 patients (see Ionis 
Pharmaceutical Report (Mignon, 2017)). However, IONIS pharmaceuticals 
have reported pertinent conclusions from this study. First, that heterogeneity 
of the patient population within and across dosing groups complicated the 
interpretation of results. Second, that the limited effect of the treatment may 
be because the drug did not reach target concentrations in muscle tissue of 
trial participants. Therefore, more potent chemistries or improved muscle 
delivery technologies would circumvent the poor efficacy of this drug in 
patients. Once the barrier of delivery in human patients is surmounted, the 
promising therapeutic effects of antisense technology may be realized. At 
least five AON pharmaceuticals are currently in preclinical phase study 
(Pascual-Gilabert et al., 2021). To this end, the advancement of efficient drug 
possibilities was the overarching aim of this thesis divided into three 
objectives. 
 

I. FANA antimiRs 
I.I. AONs targeting miRNAs can be delivered gymnotically 
Building upon the success of antagomiR-23b and antagomiR-218 in DM1 cells 
(Cerro-Herreros et al., 2018), new AONs were designed to target miR-23b and 
miR-218. The antisense technology used to target miRNAs incorporated third 
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generation 2’-fluoro modifications, also known as FANA antimiRs. The most 
distinguishing feature of FANA is that they can be delivered gymnotically to 
cells without the use of transfection reagent. As seen in Figures R1C and R1D, 
the transfection reagent causes a significant reduction in cell viability. 
Importantly, the FANA antimiRs are also less toxic to cells than the 
antagomiRs even when both were delivered gymnotically. Strictly from a 
chemical perspective, it can be deduced that FANA modifications cause less 
cell death in DM1 cells 4 days after transfection than those with 2’-O-methyl 
modifications, even at higher concentrations.  
 
Interestingly, second generation 2’-fluoro gapmer AONs have shown toxicity 
in HeLa cells and hepatotoxicity in mice (Shen et al., 2018).  This is interesting 
because FANA modifications only differ from second generation 2’-fluoro 
AONs in that the fluorine on C2 is conformationally trans to the phosphate 
group instead of cis (Figure D1). Similarly, the O-methyl group on 2’-OMe 
oligos is also cis to the phosphate group. Perhaps the trans conformation of 
modifications on C2 is key to reducing toxic response of second generation 
AONs. Indeed, in endogenous RNA, C2 only carries a small cis -OH group 
while DNA has just a hydrogen. It is possible that the size of the O-methyl or 
fluorine groups attached in the cis conformation on C2 is sterically bulkier 
than in the trans conformation. The trans C2 fluorine could be balancing the 
sugar molecule making it more stable and tolerable as seen in these results. 

 

Figure D1. Chemical modifications on C2 of the nucleotide sugar. Each carbon is 
numbered in red and the C2 modifications are highlighted in yellow. 
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I.II. FANA antimiRs show functional rescue of DM1 phenotypes 
Not only did the antimiRs have low toxicity, but they also were able to 
improve other DM1 dysfunction in cells. MBNL1 and MBNL2 expression 
were both increased after treatment with miR-23b-1 and miR-218-1. Similar 
to antagomiR-218 in Cerro-Herreros et al., 2018, even miR-218-1 was able to 
increase MBNL1 expression at higher concentrations (Figure R2A) even 
though it has no binding sites on the MBNL1 3’UTR but could have binding 
sites elsewhere. MiR-218-1 also showed a 2.5-fold increase in MBNL1 protein 

at 1 µM. This could be due to the partial redundancy of the MBNL1 and 2 
proteins and regulatory feedback loops existing between the two (Konieczny 
et al., 2017). In this way, increase in one protein could be expected in the other. 
 
Indeed, miR-218 has already been shown to be over-expressed in several 
DM1 models including, HSALR mice, patient-derived myotubes and biopsies 
(Cerro-Herreros, 2021). The overexpression of miR-218 was also positively 
correlated to the number of CTG repeats found in the patient biopsies. 
Therefore, miR-218 is not only a regulator of MBNL1 translation but its 
overexpression is a part of the DM1 phenotype. AntagomiR-218 was just as 
capable of rescuing MBNL1 relative protein expression as AntagomiR-23b 
(Table D1). This suggests the existence of signaling between miRNA 
regulation and MBNL transcripts in DM1.  
 
AntagomiR-23b had higher rescue of MBNL1 expression at three times the 
level of SC treated DM1 controls, whereas FANA miR-23b-1 increased the 
expression by 1.7 times the controls (Table D1). MiR-218-1 only had rescue of 
MBNL1 transcript when administered at higher concentrations. For MBNL2 
transcript expression, both FANA antimiRs showed similar rescue to the 
antagomiRs by increasing the transcript approximately 1.5-1.7 times. 
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Recently, the competing endogenous RNA (ceRNA) hypothesis has given 
possible explanation to the finely tuned balance of RNA regulation (Ala, 
2020). In this hypothesis, it is proposed that RNAs that are targeted by the 
same miRNAs can indirectly regulate one another due to the competitive 
binding of these miRNAs from shared miRNA response elements (MREs). 
For instance, in DM1, miR-23b has binding sites on both MBNL1 and MBNL2 
3’UTRs. According to the theory of ceRNAs, competitive binding of miR-23b 
between MBNL1 and 2, could cause decreased miRNA regulation of both 
transcripts through indirect crosstalk of ceRNAs between the MBNL1 and 2. 
Taking into account this hypothesis, decreasing the amount of miR-23b by 
antimiRs would have an effect on both transcripts.  
 
This hypothesis also applies to the increase in MBNL1 at higher 
concentrations of miR-218-1. When miR-218-1 derepresses the expression of 
MBNL2, higher levels of MBNL2 transcripts could sponge more miR-23b and 
in turn also derepress expression of MBNL1 since miR-23b regulates both 
transcripts. Thus, the ceRNA hypothesis could help explain why RNA 
transcripts sharing MREs may have coordinated changes in expression 
patterns. 
 

Table D1. AntagomiR-23b and -218 and FANA effects in DM1 cells (Cerro-Herreros et al., 
2018). All values listed are approximate fold changes. 

 AntagomiR-23b 
(50 nM) 

AntagomiR-218 
(200 nM) 

FANA 
miR-23b-1 

(1 µM) 

FANA 
miR-218-1 

(1 µM) 
MBNL1 3X increase 1.9X increase 1.7X increase No change 

MBNL2 1.5X increase 1.5X increase 1.7X increase 1.5X increase 

miR-23b 0.1X decrease -- 0.3X decrease -- 

miR-218 -- 0.3X decrease -- Total reduction 

MBNL1 5X increase 4X increase 2X increase 2.5X increase 

MBNL2 2.3X increase 3.5X increase No change 1.5X increase 

BIN1 ex11 Rescue Rescue Rescue No change 

cTNT ex5 No change No change Rescue No change 

MBNL1 ex5 -- -- Rescue No change 
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Importantly, FANA antimiRs reduced the relative expression of their 
respective miRNAs by half or more when compared to DM1 controls. (Figure 
R2C-D). This is the same amount of reduction seen by antagomiRs when 
compared to their SC controls (Table D1). Curiously, the FANA scrambled 
controls also showed a decrease in miRNA levels even though they are not 
predicted to have any specific binding. However, even compared to these 
scrambles, the FANA antimiRs still provoked a stronger reduction. As 
previously stated, the levels of miRNA regulation are dependent on a 
complex system of direct and indirect signaling through miRNA 3’UTR 
binding as well as ceRNA crosstalk. Although the scrambles are not 
predicted to bind to miR-23b or miR-218, this does not preclude the existence 
of shared MREs with other miRNAs which could affect these levels. 
 
Also of note are the technical difficulties of precise miRNA quantification 
after treatment with AONs. The short length of miRNAs makes RT-qPCR 
particularly difficult, which is why a precursor Poly-A adaptor step is taken 
during reverse transcription to increase the length of the sequences and 
therefore the efficiency of binding of specific miRNA primers. However, this 
step does not preclude the interaction of the antimiRs themselves. As they 
are also short sequences, it is possible that RT-qPCR could be quantifying the 
antimiRs along with the miRNAs of interest. It is also unknown how 
strongly, or reversible, the binding is between miRNA and its respective 
antimiR. The RNA extraction and purification process also complicates this 
factor. Finally, although the FANA antimiRs are predicted to be RNase-H 
active, destruction is not guaranteed, and RT-qPCR could still be detecting 
non-functional miRNA. However, as evidenced by the low expression levels 
of miR-23b and miR-218 after treatment with FANA antimiRs compared to 
controls, it is most likely that true miRNA destruction is occurring. 
 
Finally, the FANA antimiRs also showed effective MBNL1 and 2 protein 
increase as well as functional rescue of certain splicing patterns (Figure R3). 
In comparison, antagomiRs-23b and -218 effectively quadrupled the amount 
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of MBNL1 while miR-23b-1 and miR-218-1 doubled it (Table D1). The 
antagomiRs also showed higher rescue of MBNL2 protein. MiR-23b-1 was 
unable to rescue MBNL2 levels while miR-218-1 did significantly increase 
them 1.5 times. On the contrary, miR-218-1 failed to rescue splicing patterns, 
however miR-23b-1 was able to significantly recover BIN1, cTNT and MBNL1 
exon splicing (Figure R3C). An additional transcript, SPTAN, which is known 
to be regulated by MBNL2 was also analyzed in order to see if miR-218-1 only 
had effects on MBNL2 regulated transcripts. A slight increase in the inclusion 
of exon 23 can be seen but is not statistically significant. AntimiR miR-23b-1 
had a qualitatively similar, but slightly weaker, pattern of rescue of BIN1 as 
antagomiR-23b (Table D1). Interestingly, miR-23b-1 was able to significantly 
rescue cTNT exclusion when antagomiR-23b could not. 
 

I.III. FANA antimiR modifications could be a safety improvement to 
antagomiRs 
The results seen in this objective are encouraging advances in the safety of 
AONs. The use of 2-O-methyl antagomiRs with a cholesterol moiety showed 
stunning improvements in disease related phenotypes in Cerro-Herreros et 
al., 2018. FANA antimiRs miR-23b-1 and miR-218-1 were designed and 
administered with the hypothesis of providing similar therapeutic effects of 
the antagomiRs while causing less cell death. This was achieved with the 
increase of MBNL1 and 2 transcripts and the decrease of miR-23b and miR-
218 to their respective AON all while having significantly fewer toxic effects 
in DM1 cells in comparison to the antagomiRs. Additionally, the antimiRs 
were also capable of improving molecular defects such as increasing MBNL1 
and MBNL2 proteins. MiR-23b-1 also showed promising recovery of splicing 
patterns. 
 
To conclude, FANA modifications could be a potential improvement to the 
already successful antagomiR strategy in DM1 therapy. Although FANA 
antimiRs had more subtle disease recovery effects, they were still able to 
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reproduce the same molecular improvements with higher cell viability. This 
could be due to the non-toxic fluorine modifications which are less toxic than 
2’-OMe modifications. However, the cholesterol moiety of the antagomiRs 
may have been key to their higher potency in vivo. Cholesterol conjugations 
are popular attachments to other larger drugs such as polymers for its natural 
permeability to cell membranes (Misiak et al., 2020). Indeed, the cholesterol-
conjugation on siRNAs has helped with association to plasma lipoproteins 
(Seth et al., 2019). 
 
Most informative would be future experiments in mice to test for 
physiological improvements and blood and serum inflammatory 
biomarkers. This could also be performed in the form of dose and time 
response experiments. Also of interest could be to test the delivery of both 
antimiRs at once targeting miR-23b and miR-218 at the same time.  
 

II. LNA blockmiRs 
II.I. Targeting miRNA binding sites is effective in cells 
After exploring the effects of FANA AONs, a new possibility was explored 
using an alternative pathway for modulating miRNAs implicated in DM1. 
The use of blockmiR technology is a highly specific method of blocking 
miRNA binding sites in order to restore MBNL protein function in DM1 cells 
without disturbing the regulation of other non disease-related miRNA 
targets. The goal of the blockmiRs was to cause meaningful improvements in 
the DM1 phenotype with little toxicity and off-target effects. This strategy is 
a refinement of the already successful antagomiR study which identified 
miR-23b and miR-218 as regulators of Muscleblind-like proteins. 
 
For proof-of-concept, a set of five blockmiRs targeting each binding site on 
MBNL1 or MBNL2 were first tested in cells. The third generation LNA-based 
oligos showed an increase in the expression of MBNL transcripts as well as 
corrected alternative splicing (Figure R5). Specifically, M1-Block-23b-1 and 
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M2-Block-23b-1 showed particular rescue of MBNL1 and 2 transcripts as well 
as MBNL1 and SPTAN1 mis-splicing. Importantly, MBNL1 exon 5 inclusion 
is associated with the nuclear localization of MBNL1 proteins (Tran et al., 
2011; Wang et al., 2018). Indeed, the same blockmiRs with exon 5 rescue made 
a significant change in the intensity and subcellular localization of MBNL1 
proteins in the cell. This is a critical therapeutic effect in DM1 treatment, as 
MBNL sequestration in the nucleus is the limiting factor in this disease. M1-
Block-23b-1 specifically showed a dose response increase of MBNL1 protein 
when treated at increasing concentrations. 
 
It is curious that M1-Block-23b-1 was able to upregulate the activity of 
MBNL2 due to the fact that the blockmiR is specific only to MBNL1 and vice 
versa for M2-Block-23b-1. An explanation for the case of M1-Block-23b-1 
could be that the increase in MBNL1 transcripts after blockmiR treatment 
logically increases available binding sites for miRNAs. In turn, these 
transcripts act as “sponges” for miRNAs relative to MBNL2. This is also 
related to the previously mentioned theory of ceRNAs in which transcripts 
with the same MREs can have crosstalk through competitive binding (Kartha 
and Subramanian, 2014). Concretely, MBNL1 and MBNL2 share common 
MREs. As MBNL1 expression is increased, so is miRNA binding to MBNL1, 
leading to less miRNAs downregulating MBNL2 thereby increasing its 
relative expression as well. This also could explain why slight rescue was 
seen in SPTAN1 alternative splicing after treatment with M1-Block-23b-1 
even when SPTAN1 is regulated by MBNL2 proteins. This “decoy” theory 
has already been described in relation to PTEN and its respective miRNAs 
(Rigoutsos and Furnari, 2010).  
 
Curiously, the M2-Block-218-2 showed a large increase in MBNL1 pixel 
intensity without any MBNL1 or -2 transcript increase or MBNL1 splicing 
rescue (Figure R7). This could also be due to MBNL protein functional 
overlap mentioned previously. Another hypothesis is that perhaps the de-
regulation of MBNL2 transcripts and subsequent increase in MBNL2 protein 
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could increase competitive binding to the DMPK repetitions. In this way it is 
possible that an increase in MBNL2 could trigger an increase in functional 
MBNL1 that has been released from DMPK repetitions. 
 
It is also curious that though MBNL1 protein was increased after treatment 
with M2-Block-218-2, there was no discernable splicing rescue in MBNL1 
exon 5. Indeed, exon 5 inclusion is associated with the nuclear localization of 
MBNL1 proteins. However, the exclusive distribution of MBNL1 in the 
nucleus relies on the concurrent inclusion of exon 5 and exon 6 in MBNL1 
(Tran et al., 2011). Therefore, even though the DM1 cells still showed exon 5 
inclusion after treatment with M2-Block-218-2, exon 6 exclusion could be 
responsible for contributing to the cytoplasmic subcellular distribution. 
There is also evidence for the role of exon 7 in the effects on MBNL1 
localization (Konieczny et al., 2014). 
   
Another explanation for this splicing pattern could be due to the site-specific 
nature of the blockmiRs. Unlike antagomiR technology, blockmiRs only 
block binding sites of miRNAs, not the miRNAs themselves. In this way, the 
miRNA of interest is still free to bind to other target sites. In the context of 
this experiment, miR-218 could still bind to other binding sites on MBNL2 
while M2-Block-218-2 is bound and cause regulation of the transcript. 
Repression of miR-218 on MBNL2 could cause an overcompensation of miR-
218 activity on other 3’UTR binding sites. Perhaps blocking all miR-218 sites 
at one time would increase effectiveness such as the combinatorial usage of 
M2-Block-218-1 and -2, and -3. Also, DM1 model cells can show repeat 
instability which could cause potential variability in treatment (Tome and 
Gourdon, 2020).  
 

II.II. BlockmiR strategy is highly specific at transcriptome level 
M1-Block-23b-1 was chosen as the candidate compound after the preliminary 
screening due to its performance in cells and due to the fact that this is the 
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only binding site for miR-23b in human MBNL1 3’UTR. Therefore, potential 
effects could be more easily interpreted. After performing RNA sequencing 
and looking at the top 25 genes rescued by M1-Block-23b-1 treatment, a 
network of important proteins involved in muscle function and 
infrastructure was revealed through STRING analysis (Figure R9C). Most 
notably the myosin heavy chain (MYH) family of proteins and myogenin 
protein (MYOG) are critical in cell signaling for myogenic differentiation of 
myoblasts into mature skeletal muscle (Jang and Baik, 2013). Indeed, 
upregulation of the MYH family of proteins is strongly associated with DM 
patient biopsies (Vihola et al., 2010).  
 
When compared to the previously studied antagomiR-23b, M1-Block-23b-1 
showed gene expression recovery less dramatically than antagomiR-23b 
(Figure R10). Indeed, the antagomiR is a miRNA specific technology while 
the blockmiRs are site-specific. However, there were no cases of blockmiR 
induced over-recovery unlike antagomiR treated cells where 108 genes were 
over-recovered. Finally, the blockmiR had no effect on other miR-23b targets 
whereas antagomiR-23b had many (Figure R11). This confirmed the 
hypothesis that the blockmiR strategy has highly specific effects on the cell 
transcriptome and merits further study in vivo. 
 

II.III. miRNA binding sites are conserved in mice 
Through dual luciferase assay, the two predicted binding sites of miR-23b 
were confirmed on the Mbnl1 3’UTR (Figure R12). This is of key significance 
when it comes to the preclinical analysis of blockmiRs and the future of miR-
23b investigation in the context of DM1. Mus musculus models are critical for 
preclinical testing any potential human therapy due to its homology with 
humans. But although they are similar, the human and mouse binding site 
does contain one nucleotide difference. For this reason, both a human and a 
mouse version of the blockmiR were generated. This is because, though the 
human version may not bind with high specificity, it can still give us critical 
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information about the chemistry’s specificity, delivery, tolerability and will 
be valuable for other future in vivo testing. Therefore, if the drug performs 
well in mice, there is a foundation already established in vivo for the human 
version. 
 
If predicted binding site 2 had not been conserved in mice, M1-Block-23b-1 
would have been unable to move forward in this model and a substitute 
would have been necessary. For instance, M2-Block-218-2 showed 
considerable therapeutic value in DM1 myoblasts. The binding site for this 
blockmiR closely matches predicted binding Site 2 in mouse Mbnl2 3’UTR. 
This compound could have certainly been a viable backup for further study 
if the miR-23b binding site was absent. This also allows for the possibility of 
future combinatorial experiments such as co-transfecting M1-Block-23b-1 
and M2-Block-218-2. In this way, two different implicated miRNAs could be 
blocked on two different important transcripts: MBNL1 and MBNL2. Perhaps 
the simultaneous dosage of these two blockmiRs could have a synergistic 
effect. Clearly, the modulation of even just one miRNA binding site has 
shown to have effects on both MBNL1 and MBNL2. It is possible that dual 
administration could have a compounded effect like increasing the 
expression of MBNL1 and 2 transcripts caused by M1-Block-23b-1 while also 
incorporating the strong SPTAN splicing rescue and immunofluorescence of 
M2-Block-218-2. 
 

II.IV. BlockmiRs induce toxicological changes 
After the WBC, CBC, and biochemical blood and serum analysis, M1-
Block23b-M showed various changes when compared to FVB while M1-
Block23b-H remained near the same level as PBS. First in the WBC count, 
there was a large variation in the reference FVB levels (Figure R15). This 
could be due to differences in age, diet, and other living conditions becoming 
variables in different laboratories. Curiously, our labs 12-18 week-old FVB 
mice and HSALR mice (PBS) most closely matched the ratios seen in 8 week 
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males from Bogue et al., 2020. In comparison to the PBS treated mice in our 
lab, treatment with M1-Block23b-H increased the number of neutrophils 
slightly, while decreasing lymphocytes. M1-Block23b-M treatment most 
notably increased monocytes and lymphocytes, decreasing neutrophils. High 
monocytes and lymphocytes usually occur after an infection as an immune 
response. This suggests an inflammatory response to M1-Block23b-M as, 
according to O’Connell et al., 2015, general mice monocyte levels are typically 
seen at <2%. 
 
Many significant changes were observed when comparing M1-Block23b-M 
to FVB levels in the CBC and biochemical analysis. However, when these 
results are put in context of the added reference FVB levels, some of the 
values that were significantly changed were still within the known values of 
healthy FVB ranges such as platelets, alkaline phosphatase, and LDH. 
 
In some cases, M1-Block23-M caused a favorable change such as lowering 
cholesterol, RDW, AST, ALT, and CPK (Cabaniss, 1990; Evans and Jehle, 
1991; Gowda et al., 2009; Senior, 2012; Tabas, 2002). Indeed, in this case, the 
decreases in ALT and AST also caused the AST:ALT ratio to decrease. An 
AST:ALT ratio closer to 1 is considered healthy (Botros and Sikaris, 2013). 
Additionally, CPK, cholesterol, LDH, and ALT have all been found increased 
in DM2 (Heatwole et al., 2011). Therefore, their decrease after treatment with 
M1-Block23b-M could be interpreted as favorable. When comparing to all-
LNA gapmers that showed high toxicity in hepatic biomarkers in CD-1 mice 
(Burdick et al., 2014), ALT, AST, and alkaline phosphatase levels of blockmiR 
treated mice were well within the control values as well.  
 
Some results are less clear, concretely the decreased levels of MCV and 
increased MCH. Typically, the amount of hemoglobin mirrors the cell 
volume (Sarma, 1990). While lower levels of MCV are not necessarily cause 
for alarm, the inverse changes to this level in comparison to the MCH is 
unusual and could indicate anemia or vitamin deficiency. This is supported 
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by the increase in MCHC which can have similar causes (Northrop-Clewes 
and Thurnham, 2013; Sharma et al., 2010). Finally, low amylase is linked to 
insulin resistance, a common symptom in DM1 patients (Nakajima, 2016). 
Overall, the drug was tolerated generally well with no significant changes in 
weight. But there is room for improvement on the acceptance of this 
particular chemistry. More information on hepatic reporter RNA levels 
would be helpful to better understand the exact of the effects of this drug. 
 

II.V. BlockmiRs are also viable in vivo 
M1-Block23b-M, administered at the same concentration and treatment time 
as antagomiR-23b (12.5 mg/kg; 4 days), was able to make stunning increases 
in Mbnl1 transcript expression and protein. Mbnl1 expression and Mbnl1 
protein were increased 2.8 – 3.2-fold after blockmiR treatment in quadriceps. 
To compare, antagomiR-23b when treated in mice, increased Mbnl1 
transcript by 1.5 and Mbnl1 protein by 2 (Table D2). 
 
Mice grip strength was also fully restored with the use of M1-Block23b-M 
(Figure R18) just as antagomiR-23b (Table D2). The percentage of central 
nuclei was also decreased by M1-Block23b-M similar to antagomiR 
treatment. FVB quadriceps percentages stayed around 15% while fibers from 
M1-Block23b-M treated mice had on average 20% central nuclei; a significant 
decrease compared to PBS (Figure R19).  
 

Table D2. AntagomiR-23b and -218 effects in HSALR mice quadriceps (Cerro-Herreros et 
al., 2018 and 2020). All values listed are approximate fold changes or percentages. 

 AntagomiR-23b 
(50 nM) 

LNA 
blockmiR 
(50 nM) 

P-PMO 
blockmiR 

(1 µM) 
MBNL1 1.5X increase 2.8X increase No change 

MBNL1 2X increase 3.2X increase 1.5X increase 

Grip strength 90% 110% 100% 

% of fibers w/ central nuclei 15% 20% No change 

Atp2a1 ex22 Rescue No change Rescue 

Clcn1 ex7a Rescue No change Rescue 
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Mbnl1 ex5 -- No change Rescue 

Nfix ex7 Rescue -- Rescue 

 
In splicing, blockmiRs showed less consistent results (Figure R18). However, 
mice 2 and 3 showed exceptional rescue of fetal splicing patterns in Atp2a1, 
Clcn1, and Mbnl1. The qualitative splicing patterns of mice 2 and 3 after 
blockmiR treatment showed similar patterns to antagomiR-23b rescued 
samples in transcripts Atp2a1 and Clcn1. The rescue of these transcripts is of 
clinical importance to DM1. Atp2a1 exon 22 exclusion is associated with 
muscle dysfunction, Clcn1 exon 7a inclusion is associated with myotonia, and 
Mbnl1 exon 5 inclusion is associated with MBNL1 subcellular localization 
(Table I1). Indeed, antagomiR-23b which also showed Clcn1 splicing 
restoration in mice, showed a tendency towards a reduction in myotonia. 
 
Overall, M1-Block23b-M showed curative effects in DM1 cells and HSALR 
mice that were comparable to previously studied antagomiR-23b. The 
experiments seen here demonstrate a proof of concept that site-specific 
binding by AONs to miRNA 3’UTR regulation sites can have similar effects 
to targeting the miRNAs themselves. The important advantage to this 
method was shown through RNA-Seq in that the blockmiRs had less effects 
on the wider transcriptome in human cells. High specificity is a key goal for 
AON design in order to mitigate undesired off-target effects.  
 
However, of singular importance in drug development is safety and 
tolerability. Third generation LNAs are certainly an improvement of 
previous AON stability due to the bridged carbons on the sugar molecule. 
But the chemistry could be lacking in regards to in vivo immune response. 
Indeed, M1-Block23b-M was able to ameliorate certain disease related 
biochemical parameters such as cholesterol however some of the WBC and 
CBC parameters showed unexplained changes (Figures R15-16). Reference 
values from healthy FVB mice were added to the results to help interpret the 
significance of these changes. These values can vary greatly depending on 
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mouse age, sex, and general laboratory conditions. Furthermore, there 
simply is not enough data on the baseline values of HSALR mice to make 
meaningful conclusions. Consequently, the development of a similar AON is 
necessary in order to introduce the lowest amount of toxicological 
perturbations. To this end, cell-penetrating peptide, Pip9b2, conjugated 
morpholinos were developed. 
 

III. P-PMO blockmiRs 
III.I. Pip9b2 modified blockmiRs reproduce similar recovery to LNA 
blockmiRs 
A significant increase in MBNL1 protein was observed after treatment with 
P-PMO blockmiR in cells through immunofluorescence analysis and in mice 
through Simple Western. Importantly, the treatment also did not over rescue 
the abundance of MBNL1 as the levels reached were comparable to the 
healthy controls. The MBNL1 protein increase was also functional as 
evidenced by the significant splicing rescue in cells and mice. MBNL proteins 
play a critical role in the alternative splicing patterns of the transcripts. 
Specifically, a recent study comparing mis-spliced transcripts in HSALR mice 
to Mbnl1−/− and Mbnl2+/− knockout mice showed 81% overlap which 
included Atp2a1, Clcn1, Mbnl1, and Nfix (Tanner et al., 2021). Indeed, ATP2A1, 
MBNL1, and NFIX splicing correction showed a dose response to MBNL1 
knockout in human cells (Wagner et al., 2016). Likewise, Clcn1 also shows 
response to Mbnl knockout (Choi et al., 2015). The results of P-PMO blockmiR 
treatment not only indicates an increase in MBNL1 protein but the rescue of 
the various transcripts in cells and mice also indicates an upstream rescue of 
MBNL1 functionality. The functionality of Mbnl1 is also evidenced by the 
increase in mice grip strength.  
 
Curiously, the splicing improvements in mice by P-PMO blockmiR were 
much superior to the splicing patterns seen after treatment with LNA-based 
M1-Block23b-M (henceforth referred to as LNA blockmiR). Both P-PMO and 
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LNA blockmiR had similar increases of MBNL relative protein expression 
and grip strength. Conversely, in the case of histochemistry, the LNA 
blockmiR had a more consistent and stronger effect than P-PMO blockmiR. 
The abundance of central nuclei decreased greatly for two mice in particular 
after treatment with P-PMO blockmiR but was not statistically significant. 
 
Interestingly, P-PMO blockmiRs showed no increase in either Mbnl1 or 
Mbnl2 transcripts even when they were both increased after treatment in 
DM1 cells. Mbnl transcript increase is not required for increase in Mbnl 
protein but is expected and has been seen after antagomiR and LNA 
blockmiR treatment. As more Mbnl is translated from miRNA de-regulation, 
it is likely that internal feedback loops can signal for the increase in even more 
Mbnl translation. In the case of P-PMO blockmiR, a large increase in Mbnl1 
protein is observed as well as impressive splicing improvements. Just like 2’-
OMe modifications, morpholinos are not predicted to activate the RNase-H 
degradation pathway. Therefore, it is curious that the Mbnl transcripts do not 
correspond to the increase in protein. A future immunofluorescent 
microscopy experiment tagging the localization of Mbnl transcripts or P-
PMO blockmiRs could give valuable information as to the subcellular 
quantities and locations of Mbnl after treatment. 
 
One of the principal delimiting factors in antisense therapy is transporting 
the AONs across the cell membrane barrier (Crooke et al., 2017). In an 
experiment testing the cell membrane of HSALR mice, it was concluded that 
their cell membranes have a fully functional barrier (Gonzalez-Barriga et al., 
2015). Therefore, all ASO treatments in DM1 must consider the integrity of 
the cell. The therapeutic effects of P-PMO blockmiR seen here in cells and 
mice suggest that the cell-penetrating peptides are indeed capable of crossing 
the cell membrane. However, the most troubling observation here is the 
unsuccessful delivery to gastrocnemius muscle. Indeed, no significant 
therapeutic change was observed in gastrocnemius muscle after treatment 
with P-PMO. This weakness suggests inadequate delivery method rather 
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than ineffective chemistry because P-PMO blockmiR was capable of 
tremendous recovery in quadriceps. More likely, the dosage was not enough 
to reach all tissues or tail vein injection is not the most efficient administration 
method. Perhaps an intramuscular injection would be more effective. The P-
PMOs should also be labelled and quantified in each tissue after injection to 
identify weaknesses.  
 
Other possibilities include the use of tissue-specific AONs (Seth et al., 2019). 
For example, Transferrin receptor 1 (TfR1; also known as CD71) -mediated 
delivery has been used for siRNAs in mice (Sugo et al., 2016). TfR1 is an iron-
binding glycoprotein found in abundance in cardiac and skeletal cells. By 
targeting TfR1 antibodies, anti-CD71 conjugated siRNAs were able to 
knockdown genes specifically in the heart and skeletal muscle and was 
particularly effective in gastrocnemius. Perhaps a more tissue targeted 
approach could improve the P-PMO delivery. 
 

III.II. Cell-penetrating peptide morpholinos are less toxic than LNA-
based AONs 
While both blockmiR chemistries were similar in the amount of MBNL 
protein rescue and splicing in cells, a striking difference was noticeable 
through toxicity assays. First, LNA blockmiR treated cells valued TC50 at 
0.862 µM (Figure R4). P-PMO blockmiRs showed virtually no toxicity after 
treatment in DM1 cells even at concentrations as high as 10 µM (Figure R20). 
This difference was even perceptible through microscopy. Although, the 
immunofluorescence intensity of MBNL1 was nearly the same for both 
treatments, the P-PMO treated cells were visually much more proliferative. 
The P-PMOs are designed for safe cell entry without the use of transfection 
reagent. Qualitatively and quantitatively, the chemical safety advantages of 
cell-penetrating peptide technology are extremely apparent in cells. 
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In agreement with results seen in 
cells, the P-PMO blockmiR showed 
significantly less changes in the 
biochemical parameters measured 
than LNA blockmiR. When 
compared to the levels of FVB, P-
PMO blockmiR only showed a 
significant decrease in CPK and a 
slight increase in amylase. As 
mentioned before, increase in CPK 
is an indicator for muscle injury. 
The decrease seen here is well 
within the range of healthy levels 
of CPK. Additionally, amylase 
levels are significantly increased in 
PBS as well, indicating that this 
may be a disease related symptom 
and that the P-PMO has actually 
lowered this value. 

 
To compare the toxicological differences, all biochemical parameters were 
combined from LNA and P-PMO treatments into a comprehensive heatmap 
compared to the average of PBS treated HSALR mice from both experiments 
(Figure D2). This differs from previous figures that compared all treatments 
to the level of FVB mice. Here in figure D2, no conclusions are being drawn 
on whether the changes observed are therapeutic. Rather it is simply 
comparing which AONs induce significant changes in HSALR mice. 
Compared to P-PMO blockmiR, the LNA-based scramble and blockmiR both 
induced significant changes in amylase, bilirubin, CPK, and LDH. Creatinine 
was also increased but not statistically significant.  
 

Figure D2. Comparing P-PMO and LNA 
toxicity in mice. Data compiled from Figures 
R15 and Figures R22. HSALR mice treated with 
PBS were used as the normalization standard 
and all samples were compared to P-PMO 
blockmiR using Kruskal-Wallis ANOVA and 
Wilcoxon test if applicable. P-value GP style: 
0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), 
<0.0001 (****). 
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Systemic administration of LNA gapmers have been known to show 
increased hepatotoxicity outside of DM1 (Burdick et al., 2014; Swayze et al., 
2007). Burdick et al., 2014 delivered mice a 3-8-3 gapmer design with LNAs 
on the ends at a concentration of 25 mg/kg. While Swayze et al., 2007 tested 
various gapmer combinations in mice such as 4-10-4, 3-10-3, 3-12-3, and 2-14-

2 at concentrations as high as 4.5 µM/kg. Here, LNA blockmiR has a 6-8-2 
configuration in order to avoid such symmetry. It was also tested at 12.5 

mg/kg (~2.3 µmol/kg) which is much lower than the toxic concentrations 
seen in previous studies. However, perhaps the LNA – 2’-OMe gapmer 
pattern is simply not well tolerated in vivo. 
 

IV. Preclinical conclusions 
IV.I. P-PMO blockmiRs are the safer option 
While both LNA and P-PMO blockmiR were able to provoke significant 
beneficial changes in both DM1 cells and mice, it is clear through 
toxicological analysis that the P-PMO is better received in both disease 
models. Through cell-penetrating technology and highly stable morpholino 
design, the P-PMO was able to enter DM1 cells without the use of transfection 
reagent. Confocal microscopy showed that cells were intense and diffuse 
with MBNL1 fluorescence and highly proliferative. Subsequent toxicological 
analysis in vivo showed similar receptibility especially when compared to the 
LNA blockmiR. The P-PMO blockmiR also induced a stronger mis-splicing 
pattern reversal which could be interpreted as a stronger functional MBNL 
increase. The P-PMO chemistry has a critical safety advantage and merits 
further in vivo study that could potentially be applied to other antisense 
treatment strategies. Its disadvantage in lack of gastrocnemius muscle 
delivery is a challenge that could be overcome with further refinement. Just 
as was seen in the only DM1 AON clinical trial, sufficient delivery into the 
muscle tissue is one of the biggest obstacles in AON development. 
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IV.II. MiRNA overexpression is part of the DM1 phenotype 
Recently, Cerro-Herreros et al., 2018 published another significant 
contribution showing that miR-218 is over-expressed in several DM1 models 
including, HSALR mice and patient-derived myotubes and biopsies. 
Preliminary data from our lab has shown that miR-23b also shows the same 
overexpression pattern in these samples. This discovery gives even greater 
significance to the potential therapeutic benefits of AONs targeting miRNAs 
in DM1. This finding also supports the incredible results seen from blockmiR 
treatment.  
 
Since, miR-218 and miR-23b have both been shown to be a part of the DM1 
disease phenotype, their modulation therefore merits the same focus that has 
already been given to AONs targeting CUG repetitions. Perhaps the future 
of DM1 therapy lies not in invasive repetition cutting and degradation, but 
in more subtle fine-tuning of the many miRNAs in balance. Indeed, with 
treatments like FANA antimiRs targeting just one miRNA, non-toxic 
improvements were seen in DM1 cells that mirror similar effects seen by 
preclinical phase DM1 drugs. Even more refined and specific blocking of 
miRNA binding sites with the use of LNA and P-PMO blockmiRs also 
showed potent therapeutic effects in vitro and in vivo. Most importantly, these 
experiments showed proof of concept that miRNA binding-site blocking has 
less off-target effects in the transcriptome than direct miRNA binding. 
Finally, the antisense chemistries tested in this study give elucidating 
information on the tolerability in cells and mice. Some of these drugs have 
never before been tested in the context of DM1 and the immunological 
responses documented here will be hugely beneficial for future selection of 
AON design. To conclude, the in vivo and in vitro success of miRNA 
modulation in DM1 is edifying evidence for antimiR and blockmiR 
marketability as restorative medicine for DM1 patients. Coupling the 
potency of miRNA knockdown with the safety and deliverability of state-of-
the-art AON chemistries, potential is on the rise for an effective treatment for 
those suffering from DM1. 
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In sum, the following conclusions can be made: 
 

1. AntimiRs with FANA modifications targeting miR-23b and miR-218 
administered without the use of transfection reagent are a suitable 
alternative to antagomiRs with 2’-O-methyl modifications and a 
cholesterol moiety due to their increased cell viability in DM1 cells 
even at higher concentrations.  

2. Gymnotic delivery of FANA antimiRs shows comparable 
therapeutic recovery to antagomiRs in DM1 cells by increasing 
MBNL1 and MBNL2 transcripts, reducing miR-23b and miR-218, and 
increasing MBNL1 protein in DM1 cells. MiR-218-1 was capable of 
increasing MBNL2 protein and MiR-23b-1 was capable of splicing 
rescue in BIN1 exon 11, cTNT exon 5, and MBNL1 exon 5. 

3. Proof of concept was shown that blockmiRs targeting the binding 
sites of miR-23b or miR-218 were also capable of therapeutic effects 
in DM1 cells. Specifically, M1-Block-23b-1 and M2-Block-23b-1 both 
increased MBNL1 and MBNL2 transcripts, rescued MBNL1 exon 5 
and SPTAN exon 23 splicing patterns, and increased 
immunofluorescence and corrected subcellular localization of 
MBNL1 protein. 

4. MiR-23b binding site blocking by blockmiRs caused approximately 
40% less changes in the disease related transcriptome than direct 
miR-23b binding by antagomiRs.   

5. The two predicted miR-23b binding sites on mouse Mbnl1 3’UTR 
were confirmed after dual luciferase assay. Site 3 for miR-218 binding 
on Mbnl1 3’UTR was confirmed, as well as Site 1 and possibly Site 2 
on Mbnl2 3’UTR. 

6. M1-Block-23b-1, termed LNA blockmiR, is viable in vivo showing an 
increase in grip strength and Mbnl1 transcript and protein in HSALR 
mice quadriceps and gastrocnemius muscle. It also showed a 
significant decrease in central nuclei. 
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7. P-PMO blockmiR shows similar therapeutic effect to LNA blockmiR 
with no toxicity in DM1 cells. 

8. P-PMO blockmiR is also viable in vivo showing increased grip 
strength and no toxic changes. In the quadriceps muscle of HSALR 
mice, P-PMO also showed increased Mbnl1 protein, and rescued 
splicing events in Atp2a1 exon 22, Clcn1 exon 7a, Mbnl1 exon 5, Nfix 
exon 7. 

9. The role of miRNAs in DM1 positions antimiR and blockmiR 
strategies at the forefront of potential DM1 therapy. 
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I. Materials 
I.I. Vectors and constructs 

I.I.I. Cloning vectors 
The plasmid vector pEZX-MT05 (Table MM1) was used to subclone Mbnl1 
and Mbnl2 3’UTR constructs (Table MM2). The vector is part of the Secrete 
Pair Dual Luciferase Assay containing a GLuc and SEAP reporter system 
under the control of a SV40 promoter. It also contains an ampicillin resistance 
gene. The 5’ restriction site can be cut with AsiSI and EcoRI while the 3’ 
restriction site can be cut with XhoI and SpeI. 
 

  

I.I.II. Constructs 
Various constructs were developed for the Secrete Pair Dual Luciferase Assay 
including wildtype 3’UTRs for mouse Mbnl1 and Mbnl2. Other constructs 
were made with deletions of predicted binding sites of miR-218 and miR-23b 
as well as perfect matches for these miRNAs. 
 

Table MM1. Vectors and enzymes. 

Vector Application Provider 

pEZX-MT05 Dual Luciferase Assay Genecopoeia 

Restriction Enzyme Used Site Provider 

SpeI 5’ cutting site Thermo Fisher Scientific 

AsiSI 3’ cutting site Thermo Fisher Scientific 

Table MM2. Predicted binding sites on wildtype  

miR-218-5p predicted sites Human blockmiRs miR-218 

miR-23b-3p predicted sites Human blockmiRs miR-23b 

Predicted by: *Target Scan †miRDB ‡microrna.org 

Mbnl1 3’UTR Wildtype  

(NCBI: NM_020007.4) 
CCACAAGTATGTTACCCAGATGTAGAGCTGTCGTCACAAAACAATCATACAAAGAGGAAAGGACAGTGTG
CTTGATTAGAGTAAGGACGACGTCATTAGCCATATTGTATATACCGTCAAGCAACACATACAAAAATCCC
TCAGCCACAAGACATCCACATATTGCATGTTAACCAGAAGAAACGACAACATGGGAACCTGCTGCACACT
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GTTGCCTACACACTTTGTACATTCAGTTGGTATTTGTGCTGAGGTGATATTCCTATCTAAAACAACAACA
TTGTCTTTCTTTTGTAGCACA‡GAGTTATGCATTAAAATATGCATACGTAATTAGTTTCCTATATATTCA
TGCCATCTTGAAAAGACAGACTATGGTGTGACCATGATTCTATTATGTATTGGTACGTCTGTAGACCAAG
ATATAATTTTTTAAAAATAAGTTTATTTCTTTCAAGGTTTACAAGTAACCAAGGTGCACCTTGTATTTAA
AATCGCCGTTAGAGCTGAGAGCGCGCATGCAGAGTCATTTTTGTTTGAGAGTAATATTTTTACTGTAATA
GATTGTACGACATGGTGAGGGAGGGAACTGACAGATGAATGTGCCAAGCAAAACCACAACTGTGTATATT
TTAAAGCACA*†‡CCATGGCTTTAAGTACCATGTTGTTAAGGATTCTCATGAAGTGCCATAGACTGTACAT
CAAATTAGAGTATTATTTCTTCAGTGTTATTGTTTCTGGAGCCACATTTTGTTGCTTATTTGCTAGTACT
AATCAATCAAAGGGCACCATTCTTTTCTTTTTTGTTTTTGAAACCAAAGCTGTCTCAGAAATGGCCAATT
TAACTTTACAGTAACAATAGACAGCACA*†‡ACACAAACTCAATACAGATAACCTTTCACATACTGGAGAT
ATATATGATAGATATATAAAATTATTTTAATGCATTGTAGTGTAATATTTATGCATACTCTACTATATAA
CATGTTATTCAAAAGGGATATGCCATTTCTGAGACACAATAACAAAAAATGTTTGAGGAAATTATTTTGC
TTCTATTTATAGCCTCTGTCAAAAGTCAAAAGACTATAAATGCTTTGCAGAAATGGGTTCACGTTTGCTT
AAACGCTTCATCACAGTCACATTCAAAATAGTGACTCTAAACAAAGAGAACAGCACTGTCATCAGATGCA
TGATAAACCAAAATATGAAAATGGGAAATGTTTAATTAACCTAGTAATTGGGTGGGTTAAGTACATGGGT
GAATTTTATATGTGA‡TTCTTTTGTTCAGATTAACTGCTTATAGCCTTAGAAAGCCTTTTAAAAAATTTT
AAAAATAGATGTGCATTCAGTTTTTAAGAATGGATTCATCCAAAGGAATTCCCCTTTTTTGTGGTTTGGA
TGTTGCAGCTAGGAAAGGCTATTTTTGCTCTGTTCAGCAGTTCTAAAATCGCTGAGTAGGGGCCAGGTCA
CTGGCAGTTCTAGTGTGGAATGGGAGAAGTGAGAGTTCTGTTATAGAACTTTCCATACTTCCAAGTTTAC
TGCAAGTTTTTATGCTTGAGAGAGATGCTTTCTAATATAAGACTGATGTGTTGATTTTCCTGATTGTACT
GTACATCTATTAAAGCCTTAGATTATTACATTACGGGTTGGAACCCATACCAATGTAATTTCAATCGTGT
TAAGAGAGTAATGGTGACTTCACATGTTATTGTAGTTAGTTACGTTATAGAATATTACTTATTTTTCTTG
TTAAAATGTAGTTTTTCATTTCCTACATTTATTGGATTTTCATTTTCTATTAACAGTTGAATACCATTTC
AGTTTTTAGACTATTGTTTTATTAGATTTTACCAATGAATTTTTCAAAATACAAAAAAATTAAAGTAGTT
TTTTCTTCATAACATACTCAGTTTTAAATTACATGTAGTGTCATATGAATATCCGTATTATTGTTAACTA
AATGATTTATATTTTACTGATTTAATATTACAGTGTAAGAATGTCAGTCATTGTTCTTGTCTAGTTTTCA
TTAAAAGAACAAAGATCTTTTATATGGATATCTTATAAATATATAATCATTGCTAAGTAAGAAGTTAAGT
TGTTGCTATGGCAACAATCCTGGCAGACAATTGAGTAATATTTTGATGATTTATTTTGTTTGTAATTAGT
TATTATGAGAAGATCTAGATCCTAGATATTAGAATAAAATTTATTTTCTACTGTATCCATTTCAAATGTT
AAAGTATTGTTTAATATTTTTGAAATCCCTGAATATCAGGCCTTGTTATAAATAAGCTGCATAATCAATA
AATAGAACAAGGGACTTTTTGTTGATAATCCAAATACTCAAAGTTTACGTAATGAGAATTTTAGCGTGTG
TGCAAACTCTTGAGGGTTGATGATGCTGCAATTTAGCATGTTGGAAAGTCTAGAGAGAAGGTTGACTTTT
TGCACTTCTGTATATAGTCAAAAGAGAGAAACCTGTATAATAGCAAGATCTTATTTTGAATAAAAACGTC
TATAATTACAAGGAGTTTTGTTAAGGCTAATGAAATGACAGACTGAGCAAAATTGCTTGCAAAAGTGGCA
CAGAGTTAGCACTCCATACCCTTCAAACACGTCGCTTTGCTTTTTGTGGACAGCTTGTAGTTTGCCAGGA
TTTTTCAGCTGGAAAGATTTGCCATCCTTCCAAGATCTCATGACTGACAAAACTCCATTGGGCCAAATCT
GCCTGAAGATCATTACCAAAAAATAGCAGGTACTTCAGCCACTAAGATGAAATCATGGATCAGATATCCC
TTACATTGTTTTCAAAACTACTGCATGTTTAAAACTTCAACAAAAAGAGAGAAAGAACTATGCTAAGGAC
ATATATTATTCAGATCGATATCTACCAATTTCAGTGGTTTAATGTTCACAAAATGAAATCTTGAAAATAA
CTATTGACTTTCACAAAATTTTAACCATAAACAGGCAAACCAAACAGCACA‡CCTGTAGTTGTTCTGTGA
TTGTTTTTTAATTGCTGTAGATCATGTTCTTTCCGCAGGTGGAAAAAAAAAAAAAAAAAAAAAAAGAAGT
TCAAATTTCACAGTTTTAATTTTCAACTCAGAAGCAAAAGAGCAAAATGTGA‡CAATGGCCACTTGTTTA
ATGACTTGGTTGCCCAGCTGTCACTGCAGCTGGCTACTGATGTTGCACTTACCAGCAACCCACCCACCTT
CATCTGCCGAAAGGACAGTGAGCTTGGTTTTACGATTATGTAATCACAACTTACTTTCTGCTTGTAGTGG
CTTAAAATTATGTATTTTGTCTAGGGCTGCAATTTGTTTTATGCTTACTTTATTATTACTGCAGTAGTTG
ACTTTGCTGTATGGAAAAATAAAGCGAAATTGCCCTAATAAAACTTCTCTTTCTTAAGTATAAAAAAAAA
AAAAAAAAAA 

Mbnl2 3’UTR Wildtype  

(NCBI: NM_175341.4) 
TCAACAGAAATGGAATGGAATGCCAAGAATCTGCATTGAGAATAACTAAACATTGTTACTGTACATATT
ACCCCGTTTCCTCCTCAATAGAATTGCCACAAACTGCATGCTAAATTTAGTTCTTCTGGACAGACCACA
ACCCTAAGGCTAGTTCTGCTATGTCATATATGAGTATTAAATATGGTATGCTTAGTATACTCCAGCCTA
AGATAGTTAACCACCTGAGACCAGCTGTGATGTTCGAAGACATACAGGATGAGGTTTTCTTTCACAGGG
TTCTGAGCATAGTTTCTGTCCCAGGAATATTGTCTTATCTCCATAACTATAGCTGATGCAGAAAGTCCA
GACAATATACTCATTTCGACTCAGAATATTTCAAATTTAGCAATAAACAGTTAGCTTTAGTTTTAAGTA
CCTATTCCAAGGGCAGGTTCGATTGTAACTCCAATCACAACCATTTCATTTCCTGACTGGATCGAAGGG
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TATGATTCACTTCTTGAGGAGACGGACAGTCGCAGCAGAGAGAAGTGAAGTAAAACATACGCCTGCCTC
GCAGGTCTAAAGTCTGAGTGGCAGCTCAAGCACA*†‡ATTGCCAGGGGACACATCAGAGTGTGGGGTTC
GCTTTGCCAGGAGATGCCGCACTGAATCATGGGATTCTAGAATAACATTGCATAGATTGAAAAAAAAAA
AAAAACTTTGCACGGTATGAGCTTCATACCCAACCCAACAAAGTCTTGAAGGTATTATTTTACAAGTAT
ATTTTTAAAGTTGTTTTATAAGAGAGACTTTGTAGAAGTGCCTAGATTTTGCCAGACTTCATCCAGCTT
GACAAGAATGAAAGGCTCATGCCAATAGTCGAATCTAAGGGATTGGTCTTTCAAACTCGCCCTCCGGTT
GCCTGTTACCGAATAACTCTTCTAAACTAAAACCTAGTCAAACAGGGAAGCTGTAGGTGAGGAGGTCTG
TATAATATTCCAGTTTAAGTACGTCTGAGTTTAGTCACTACAGATGCAAACTGTGACTTTAATCTAAAT
TACTATGTAAACGAAAAAAAAAAGTAGATAGTTTCACTTTTTAAAAACTCCATTACTGTTTTTGCATTT
TAAGAGTTGGATTAAAGGGTTGTAAGTAACTGCAGCATGGAAAAATAGTTCTTTTAATTCTTTCACCTT
AAAGCATATTTTATGTCTCAAAAGTATAAAAAACTTTAATACAAGTACACACATATTATATATACACAT
ACATATATATACTATATATGGATGAAACATATTTTAATGTTGTTTACTTTTTTTAAATACTTGGTTGAT
CTTCAAGGTAATAGCGATACAATTAAATTTTGTTCAGAAAGTTTGTTTTAAAGTTTATTTTAAGCACTA
TCGTACCAAATATTTCATATTTCACATTTTATATGTTGCACATAGCCTACACAGTACCTACATAGTTTT
TAAATTATTGTTTAAGAAATGAAACAGCTGTTATAAATGGATATTATGTGTAATTGTTTAAAACATCCA
TTTTCTTTGTGAACATTTTAGTGATTGAAGTATTTTGACTTTTGAGATTGAATGTAAAATATTTTAAAT
TTTGGTATCATCGCCTGTTCTGAAAACTAGAGGCATCCAACCATATCATTTTTTTTGATTGAAAAAAGA
TCTGCATTTAATTCATGTTGGTCAAAGTCTAATTACTATTTATCTTACATCATAGATCTGATAACTGTA
TCGAAAAGAGAAATCACATTCTGAGTGTAATCTTGCATAGTGCTTGTGTCGTGTTTGTTTTTAATTTGT
GGAAAGGTATTGTATCTAACTTGTATCACCTTGATAGTTCTCATCTTTATGTATTATTGATATTTGTAA
TTTCCTCAGCTATAACAATGTAGTTACGCTACAACTTGCCTAAAACACTCATACTTTTTTTTTTCTTTA
CTTACTCATTTAAACTCATTGAGAAGATAGTAGACTAAAAAGGTAAATTATGGGAATCACTGAAATATT
TTTGTAGACTAATTGTTGTAACTGTCCTTTCTTCCTTTCATTTCATGATTTTTATTTTAAAAATTATTA
GCACA‡TAGCTATTTTCAGCCCTTTAATAACTGATCATCAAAACATCACCTGTATCCCCCAGCCAATAT
AGATGACTGTATTTTTTACTATGATATCCATTTTCCAGAATTGTGATTATAATATGCAGAGTCAAATAT
GCCATTTACAATAAGGAGGAGGCCAGGCAAATGCATAGATGTACAAATATATGTACAACAGATTTTGCT
TTTTATTTATTTATAATGTAATTTTATAGAATAATTCTGGGATTTGAGAGGATCTAAAACTATTTTTCT
GTATAAATATTATTTGCCAAAAGTTTGTTTATATTCAGAAGTCTGACTATGATGGATAAATCTTAAATG
CTTTGTTTAATTACAAAAACAAAATCACCAATATCCAAGACAGGAAGATCTCAGTTCAACAGCTCCGGT
AGTTAGGGAACTAACTCCACTTGCACAGGACTTCATTTCACTCTTGGTTTTCAGGCTATAACAGCACTT
CACAGAACTATTCTTTCAGCCATACACCACTGGTCACATTTCTACTAAATCTTTCTGTAACACTTCTTA
AAGAATTCCCTCATTCGTTATCTTACAGTGTAAACAGGACTCTAATTTGTATCAATTATATGTTTTGGT
TGTAATATTCAGTTCACTCACCCAATGTACAACCAATGAAATAAAAGAAGCATTTAAAAGGAAAAAAAA
AAAAAAAAAAAAAAAAAAA 

Table MM3. Constructs 

Highlighted in green and blue are the respective miRNA seed regions. 

Mature miRNA sequence 

miR-218-5p ACATGGTTAGATCAAGCACAA miR-23b-3p GGTAATCCCTGGCAATGTGAT 

Predicted 
Site 

Deletion Perfect Match 

M1-218 Site1 TTCTTTTGTAGCACAGAGTTATGCA TACATGGTTAGATCAAGCACAAAGTTATGCA 

M1-218 Site2 ATATTTTAAAGCACACCATGGCTTT CACATGGTTAGATCAAGCACAACATGGCTTT 

M1-218 Site3 ACAATAGACAGCACAACACAAACTC AACATGGTTAGATCAAGCACAACACAAACTC 

M1-218 Site4 AAACCAAACAGCACACCTGTAGTTG AACATGGTTAGATCAAGCACAACTGTAGTTG 

M1-23b Site1 GAATTTTATATGTGATTCTTTTGTT AGGTAATCCCTGGCAATGTGATTCTTTTGTT 

M1-23b Site2 AAGAGCAAAATGTGACAATGGCCAC AGGTAATCCCTGGCAATGTGATAATGGCCAC 

M2-218 Site1 GGCAGCTCAAGCACAATTGCCAGGG CACATGGTTAGATCAAGCACAATTGCCAGGG 

M2-218 Site2 AAAATTATTAGCACATAGCTATTTT AACATGGTTAGATCAAGCACAAAGCTATTTT 
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I.II. Polymerase Chain Reaction  
The following section details the materials used for conducting polymerase 
chain reaction (PCR) assays. This includes semiquantitative RT-PCR, 
miRNA-specific RT-PCR, and qRT-PCR. 
 

I.II.I. Enzymes 
Enzymes used in PCR experiments can be found in Table MM4. 
 

Table MM4. Enzymes and enzyme mixes used for PCR. 

Enzyme and Enzyme Mixes Application Provider 

DNase RT-PCR Zymo Research 

Superscript II Reverse 

Transcriptase 
RT-PCR Invitrogen 

Poly(A) polymerase miRNA RT-PCR New England Biolabs 

GoTaq G2 DNA Polymerase RT-PCR Promega 

HOT FIREPol Probe Universal 

qPCR Mix 
qRT-PCR Solis Biodyne 

miRCURY LNA Sybr Green miRNA qRT-PCR Bionova 

 

I.II.II. Primers for semiquantitative RT-PCR 
Primers used in RT-PCR experiments can be found in Table MM5. All RT-
PCRs were run with 30 cycles. 

Table MM5. Primer and probe sequences used in RT-PCR. 

Primers Sequence (5’ – 3’) Tm (ºC) 

GAPDH F CAACGGATTTGGTCGTATTGG 
55 

GAPDH R TGATGGCAACAATATCCACTTTACC 

MBNL1 exon 5 F AGGGAGATGCTCTCGGGAAAAGTG 
60 

MBNL1 exon 5 R GTTGGCTAGAGCCTGTTGGTATTGGAAAATAC 

NFIX exon 7 F GAGCCCTGTTGATGACGTGTTCTA 
55 

NFIX exon 7 R CTGCACAAACTCCTTCAGTGAGTC 

SPTAN1 exon 23 F GATTGGTGGAAAGTGGAAGTGAACGAT 
60 

SPTAN1 exon 23 R TGATCCATTGCTGTAGTTCATTCGCT 
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Atp2a1 exon 22 F GGGTCAGTGCCTCAGCTTTG 
58 

Atp2a1 exon 22 R GCTCATGGTCCTCAAGATCTCAC 

Clcn1 exon 7a F GTCCTCAGCAAGTTTATGTCC 
58 

Clcn1 exon 7a R GAATCCTCGCCAGTAATTCC 

Gapdh F GAACGGATTTGGCCGTATTGG 
58 

Gapdh R GATGGCAACAATCTCCACTTTGCC 

Mbnl1 exon 5 F AGGGGAGATGCTCTCGGGAAAAGTG 
66 

Mbnl1 exon 5 R GTTGGCTAGAGCCTGTTGGTATTGGAAAATAC 

Nfix exon 7 F TCGACGACAGTGAGATGGAG 
58 

Nfix exon 7 R CAAACTCCTTCAGCGAGTCC 

 

I.II.III. Primers for qRT-PCR 
Primers and probes used for quantitative RT-PCR experiments can be found 
in Table MM6. 
 

Table MM6. Primer and probe sequences used in RT-qPCR. 

Primers Sequence (5’ – 3’) 

MBNL1 F CTGCATCTGTCTATGCCAAACT 

MBNL1 R GGGAATCTCCTCACAGCTGAAT 

MBNL1 FAM-labelled probe ACCGATTGCACCACCAAACTCCATTGCA 

MBNL2 F CCACCACGCCTGTTATTGTT 

MBNL2 R CAGTCCTGAGAAGTTTCTGAGTTG 

MBNL2 FAM-labeled probe ACCGGTCACTGTCCCGGGCTCAACT 

GAPDH F CAACGGATTTGGTCGTATTGG 

GAPDH R TGATGGCAACAATATCCACTTTACC 

GAPDH MAX-labelled probe CGCCTGGTCACCAGGGCTGCT 

Mbnl1 F TACCGATTGCACCACCAAAC 

Mbnl1 R GCTGCTTTCAGCAAAGTTGTC 

Mbnl1 FAM-labeled probe TCGCAAATCAGCTGTGAGGAGATTCCCT 

Mbnl2 F GAGACAGACTGCCGCTTTG 
Mbnl2 R GGTTACGGTGTTGTCGTTTGT 

Mbnl2 FAM-labeled probe CCCGGCAGACAGCACCATGATCGA 

Gapdh F GAACGGATTTGGCCGTATTGG 
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Gapdh R GATGGCAACAATCTCCACTTTGCC 

Gapdh MAX-labeled probe CGCCTGGTCACCAGGGCTGCT 

 

I.III. Antisense oligonucleotides 
The sequences of the AONs used in this study can be seen in Table MM7-9. 
In Table MM7, the FANA modifications are localized to the extremities of the 
oligo to leave room for RNase-H binding. 
 

Table MM7. FANA antimiR design. 

Name Sequence (5’ – 3’) Concentration 

AUM-miR-23b-3p-1 GGUAAUCCCTGGCAAUGUGAU 1, 2.5, & 5 μM 

AUM-miR-218-5p-1 ACAUGGUTAGATCAAGCACAA 1, 2.5, & 5 μM 

AUM-SC-1 AUAUCCUTGTCGTAUCCCAGU 1, 2.5, & 5 μM 

 
AON modifications can be found in Table MM8 legend for the LNA based 
blockmiRs. 
 

Table MM8. LNA blockmiR design.  

Legend: 
2’-O-Methyl-Nucleotides: lower-case a, g, c, u 
LNA Nucleotides: Ab Gb Tb Cb 
Phosphorothioate linkages: s 
* Not confirmed in Cerro-Herreros et al., 2018 luciferase assay 

Name Sequence (5’ – 3’) Concentration 

M1-Block-23b-1 CbsCbsAbsTbsTbsAbsuscsascsasusususTbsGb 50 nM 

M2-Block-23b-1 AbsuscsascsasusgsasTbsTbsCbsAbsAbsCbsGb 50 nM 

M1-Block-218-1* GbsAbsusgsusgscsusususAbsAbsAbsTbsAbsTb 200 nM 

M1-Block-218-2* GbsususgsusgscsusgsTbsCbsTbsAbsTbsTbsGb 200 nM 

M2-Block-218-1 AbsCbsTbsusgsusgscsususGbsAbsAbsusTbsTb 200 nM 

M2-Block-218-2 GbsTbsTbsGbsusgsusgscsusasasTbsAbsAbsTb 200 nM 

M2-Block-218-3 CbsGbsAbsTbsAbsgsusgscsususAbsAbsAbsAb 200 nM 

Scramble TbsGbscsascscsusususgsTbsTbsAbsTbsTbsTb 50 & 200 nM 
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Finally, the sequence for the PMO blockmiRs can be found in Table MM9. 
Each PMO was conjugated with Pip9b2 described below. 

 
Table MM9. P-PMO blockmiR design 

X = aminohexanoic acid; B = β‐alanine 
Name Sequence (5’ – 3’) Concentration 

PMO CCATTATCACATTTTGCTCTT 1 μM 

SC TCTTACCTCAGTTACAATTTA 1 μM 

Peptide Conjugate 

Pip9b2 (P) Ac-RXRRBRR FQILY RBRXRB-pmo 

 
I.IV. Cell culture  
Table MM10 describes all reagents used in cell culture. 
 

Table MM10. Cell culture reagents 

Reagents Provider 

apo-Transferrin human (10 mg/mL) Sigma Aldrich 

Corning PBS (1X) Thermo Fisher Scientific 

Doxycycline (10 mg/mL) Sigma Aldrich 

Gibco Dulbecco's Modified Eagle Medium 

(DMEM) with 4.5 g/L glucose 
Thermo Fisher Scientific 

Gibco FBS  Thermo Fisher Scientific 

Gibco Horse Serum Thermo Fisher Scientific 

Gibco Opti-MEM with GlutaMAX Thermo Fisher Scientific 

Gibco Penicillin/Streptomycin Thermo Fisher Scientific 

Gibco Trypsin-EDTA 0.25% Thermo Fisher Scientific 

Insulin (10 mg/mL) Sigma Aldrich 

X-tremeGENE HP DNA Transfection Reagent Roche 

 

I.V. Kits 
Kits used in this work along with the commercial provider can be found in 
Table MM11. 
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Table MM11. Commercial kits 

Kit Provider 

BCA Protein Assay Pierce 

CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay Promega 

ECL Western blotting substrate Pierce 

High Pure Plasmid Isolation Kit Roche 

RNeasy Mini Kit Qiagen 

Protein Normalization Assay Module for Jess ProteinSimple 

Quantitative Dot Blot (QDB) plates Quanticision Diagnostics 

Secrete-Pair™ Dual Luminescence Assay Kit GeneCopoeia 

SuperSignal West Femto Maximum Sensitivity Substrate Pierce 

Vectastain elite ABC-peroxidase Staining Kit Vector 

 

I.VI. Antibodies 
Antibodies and stains were used in various assays including western blot, 
quantitative dot blot, Jess Simple Western, and immunofluorescence 
staining. These antibodies and their concentrations can be found in Table 
MM12. 
 

Table MM12. Antibodies 

Primary 

Antibody Target Host Application Dilution Provider 

Anti-MB1a 

(4A8) 

MBNL1 

Mbnl1 
Mouse 

Western blot 
1:200 

Developmental 

Studies 

Hybridoma Bank 

Immunofluorescence 

Jess Simple Western 1:50 

Anti-MBNL1 

(ab77017) 

MBNL1 

Mbnl1 
Mouse 

Western blot 
1:1000 Abcam 

QDB 

Anti-MBNL1 

(ab45899) 
MBNL1 Rabbit Jess Simple Western 1:10 Abcam 

Anti-MB2a 

(3B4) 

MBNL2 

Mbnl2 
Mouse 

Western blot 1:100 Developmental 

Studies 

Hybridoma Bank 
Jess Simple Western 1:10 

Anti-b-ACTIN 
(AC-15) 

ACTIN Mouse Western blot 1:5000 Sigma Aldrich 
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Anti-GAPDH 

(G-9) 

GAPDH 

Gapdh 
Mouse 

Western blot 1:3000 
Santa Cruz 

Biotechnology 
QDB 1:500 

Jess Simple Western 1:2000 

Secondary 

Antibody Host Application Dilution Provider 

Anti-Mouse IgG Goat 
Western blot 1:3500 

Sigma Aldrich 
Immunofluorescence 1:200 

Anti-Rabbit IgG Goat Western blot 1:3500 Sigma Aldrich 

Other stains 

Name Application  Dilution Provider 

DAPI Immunofluorescence 2 µg/mL Vectashield 

Streptavidin-FITC Immunofluorescence 1:200 Vector 

 

I.VII. Equipment 
Table MM13 includes a list of all the equipment and model used in this work. 
 

Table MM13. Equipment  

Equipment Model 

Centrifuges 

5430 Eppendorf 

5810R Eppendorf 

5417R Eppendorf 

Legend Micro 21R, Sorvall 
Cell counter Countess II FL, Thermo Fisher Scientific 

Spectrophotometer Nanodrop 2000, Thermo Fisher Scientific 

Plate reader Infinite M2000 Pro, Tecan 

Microscopes 

DM2500, Leica 

DM4000 B, Leica 

MZ 6, Leica 

FluoView FV1000 Olympus 

Ultrasonic Processor UP100H  Hielscher 

Imagers 

ImageQuant LAS 4000, GE Healthcare 

Gel Documentation System – BL, Axygen 

Image Quant 800 Imager, Amersham 

Water purification system Milli-Q, Millipore 
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Protein transfer  Trans-Blot SD semi-dry transfer cell, Bio-Rad 

Thermocycler 

Gene Max Tc-s-B Thermocycler, BIOER 

QuantStudio 5 Real-Time PCR System 

Mastercycler Gradient, Eppendorf 

Simple Western Jess, Protein Simple 

Cryostat Leica CM1950 

Tissue homogenizer TissueLyser II, Qiagen 

Shakers and incubators 

KS 250 basic, IKA 

Drying Oven, JP Selecta 

Shaking Incubator SH maxi, Controltecnica 

GyroMini Nutating Mixer, Labnet 

Orbital shaker, SBS Tecman 

Laboratory Hoods 

PCR Workstation UVT-S-AR, Grant-bio 

Laminar flow AH-100, Telstar 

Fume hood B ST 1200, Burdinola 

LabGard Class II NV-437-400E, Nuaire 

Electrophoresis 
Wide Mini-Sub Cell GT, Bio-Rad 

Mini-protean Electrophoresis System, Bio-Rad 

Grip strength meter BIO-GS3, Bioseb 

 

I.VIII. Cell lines 

I.VIII.I. Immortalized patient-derived DM1 and CNT fibroblasts  
The cells in this study were developed from DM1 patient fibroblasts taken 
from skin biopsies that were immortalized using human TERT re-expression 
(Lee et al., 2004). The immortalized fibroblasts were transduced to express 
MYOD1 under activation by doxycycline (Arandel et al., 2017). This initiates 
the myogenic program which trans-differentiates the fibroblasts into 
myotubes. Control fibroblasts (CNT) were developed in the same way from 
healthy patients. These cell lines were kindly provided by Dr. Denis Furling 
(Institute of Myology, Paris). 



Materials and Methods 

 149 

I.VIII.II. C2C12 
C2C12 cells are immortalized fibroblasts developed from a subclone of Mus 
musculus leg muscle that quickly differentiate into myotubes (Blau et al., 
1985). They are commonly used for the study of myogenesis and 
differentiation. 

 

I.IX. Mice  

I.IX.I. HSALR  
The HSALR (line 20 b) mouse strain is a transgenic line expressing 
approximately 250 CUG long repeats (LR) in the human skeletal actin (HSA) 
gene (Mankodi et al., 2000). Homozygous mice were kindly provided by Prof. 
Charles Thornton (University of Rochester Medical Center, Rochester, NY, 
USA). 

 

I.IX.II. FVB 
FVB mice are an inbred strain of mice carrying the same genetic background 
as HSALR mice and are therefore used as healthy controls. This strain was 
outbred from the Swiss mouse NIH general purpose mouse (Taketo et al., 
1991).  
 

II. Methods 
II.I. Cell culture  

II.I.I. Culture conditions 
All cells used in this work were cultured in 37°C in a humidified atmosphere 
at 5% CO2. DM1, CNT fibroblasts, and C2C12 cells were grown in DMEM + 
4.5 g/L glucose growth medium supplemented with 10% FBS and antibiotics 
(Table MM13). All cells are adherent therefore cell passage was performed at 
confluency by washing with PBS 1X and adding trypsin 0.25% for 3 min to 



Materials and Methods 

 150 

release from the flask. Then fresh growth medium was added which 
deactivates the trypsin. To initiate the myogenic program, DM1 and CNT 
cells were then grown in differentiation medium according to Arandel et al., 
2017 which trans-differentiates them into myotubes through doxycycline 
activation. 

Table MM13. Cell culture mediums 

Reagents Details 

Growth medium 

DMEM (1x) + 4.5 g/L glucose 

10% FBS 

1% Penicillin/Streptomycin 

Differentiation medium 

DMEM (1x)  

2% Horse Serum  

1% apo-transferrin 

1% Penicillin/Streptomycin  

0.02% Doxycycline  

0.1% Insulin 

 

II.I.II. FANA antimiR transfection 
24 h before transfection, cells were seeded at 100,000 cells per mL in either 96 
well plate (toxicity assay), 3 mL petri dish (RNA extraction), or 10 mL petri 
dish (protein extraction). For gymnotic delivery, FANA were administered 
in differentiation medium and left to incubate. See Table MM7 for 
concentrations used. 
 

II.I.III. LNA blockmiR transfection 
24 h before transfection, cells were seeded at 100,000 cells per mL in either 24 
well plate (immunofluorescence), 96 well plate (toxicity assay), 3 mL petri 
dish (RNA extraction), or 10 mL petri dish (protein extraction). Transfection 
mix was made by mixing X-treme Gene and the respective blockmiR in 
Optimem medium and was allowed to incubate for 30 min at room 
temperature to form the transfection complex. The transfection mix was then 
administered dropwise to the plates. 4 h later, differentiation medium was 
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added, and the cells were left to incubate. See Table MM7 for concentrations 
used. 
 

II.I.IV. P-PMO blockmiR transfection 
24 h before transfection, cells were seeded at 100,000 cells per mL in either 24 
well plate (immunofluorescence), 96 well plate (toxicity assay), 3 mL petri 
dish (RNA extraction), or 10 mL petri dish (protein extraction). For gymnotic 
delivery, P-PMOs were sonicated and vortexed vigorously before being 
administered in differentiation medium and left to incubate. See Table MM8 
for concentrations used. 
 

II.I.V. Toxicity assay 
For the cell proliferation assays for FANA antimiRs and LNA and P-PMO 
blockmiRs, cells were seeded in 96 well plates and transfected at increasing 
concentrations in quadruplicate (see Table MM13). To measure cell viability, 
20 μl of MTS/PMS tetrazolium salt from the CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay was added to each well and cells were 
incubated for four hours at 37°C in a humidified chamber with 5% CO2. The 
conversion of MTS into soluble formazan was measured by absorbance at 490 
nm using an Infinite 200 PRO plate reader. 
 

Table MM13. Toxicity assay concentrations 

AON Tested concentrations 

FANA antimiRs 0.5, 1, 2.5, 5, 10 μM 

LNA blockmiRs 0.002, 0.01, 0.05, 0.2, 1, 5 μM 

P-PMO blockmiRs 0.01, 0.05, 0.2, 1, 5, 10 μM 

 

II.I.VI. Transformation of competent cells 
Competent cells were transformed with plasmids from Table MM1 
containing constructs from Table MM2. First, plasmid DNA was added to 
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thawed competent cells and heat shocked for 2 min at 37°C then 1.5 min at 
42°C (Froger and Hall, 2007). The cells were incubated on ice for 1-2 min and 
then added to liquid LB and incubated for 1 h at 37°C. The cells were then 
centrifuged, resuspended, and spread onto ampicillin coated LB agar plates. 
After 37°C incubation overnight, colonies were selected and added to liquid 
LB with ampicillin to incubate once more overnight at 37°C (Maniatis et al., 
1982). 
 

II.I.VII. Dual Luciferase Assay 
Luminescence of Gaussian luciferase (GLuc) and alkaline phosphatase 
(SEAP) were measured using the secreted pair dual luminescence kit 
according to the manufacturer’s protocols. Gaussian luciferase activity was 
normalized to alkaline phosphatase activity (GLuc/SEAP). Luminescence 
was measured using a Infinite M200 PRO plate reader. Mbnl1 and Mbnl2 
3’UTR reporter pEZX-MT05 plasmids were designed containing wildtype 
Mbnl1 and Mbnl2 (WT), deletion of miR-23b or miR-218 seed region (Del), or 
perfect match of the full miR-23b or miR-218 sequence (PM). C2C12 cells 
were seeded into 24 well plates and transfected with the respective plasmid 
in triplicate. Each sample was given 500 ng of the respective construct in 200 
μL of Optimem in an X-treme gene transfection complex (Table MM14). The 
next day, the EGFP control was checked for fluorescence to confirm cell entry. 
Fresh medium was added to each well and time 0 h was recorded. Medium 
was collected and luminescence was measured after 24 h. The same assay 
was repeated with C2C12 cells co-transfected with miR-23b or miR-218 
mimic, scrambled mimic (pVmiR), and no mimic controls. Full plasmid 
sequences can be found in Table MM2. 
 

Table MM14. Dual luciferase assay transfection guide 

Mix Mimic 500 ng 
(μL) 

3’UTR Construct 500 ng 
(μL) 

X-treme 
Gene (μL) 

Optimem 
(μL) 

Mix 1 miR-23b 1 Mbnl1 WT 1.31 3 200 
Mix 2 miR-23b 1 Mbnl1 Del-Site-1 2.75 3 200 
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Mix 3 miR-23b 1 Mbnl1 Del-Site-2 3.35 3 200 
Mix 4 miR-23b 1 Mbnl1 PM-Site-1 2.22 3 200 
Mix 5 miR-23b 1 Mbnl1 PM-Site-2 2.96 3 200 
Mix 6 miR-218 0.5 Mbnl1 WT 1.31 3 200 
Mix 7 miR-218 0.5 Mbnl1 Del-Site-1 3.13 3 200 
Mix 8 miR-218 0.5 Mbnl1 Del-Site-2 4.15 3 200 
Mix 9 miR-218 0.5 Mbnl1 Del-Site-3 3.39 3 200 

Mix 10 miR-218 0.5 Mbnl1 Del-Site-4 4.03 3 200 
Mix 11 miR-218 0.5 Mbnl1 PM-Site-1 3.21 3 200 
Mix 12 miR-218 0.5 Mbnl1 PM-Site-2 2.45 3 200 
Mix 13 miR-218 0.5 Mbnl1 PM-Site-3 3.66 3 200 
Mix 14 miR-218 0.5 Mbnl1 PM-Site-4 3.09 3 200 
Mix 15 pVmiR 1 Mbnl1 WT 1.31 3 200 
Mix 16 NONE -- Mbnl1 WT 1.31 3 200 
Mix 17 miR-218 0.5 Mbnl2 WT 1.38 3 200 
Mix 18 miR-218 0.5 Mbnl2 Del-Site-1 3.63 3 200 
Mix 19 miR-218 0.5 Mbnl2 Del-Site-1 2.93 3 200 
Mix 20 miR-218 0.5 Mbnl2 PM-Site-1 3.58 3 200 
Mix 21 miR-218 0.5 Mbnl2 PM-Site-2 4.64 3 200 
Mix 22 pVmiR 1 Mbnl2 WT 1.38 3 200 
Mix 23 NONE -- Mbnl2 WT 1.38 3 200 

   EGFP 1.00 1 200 
 

II.II. RNA extraction and analysis 

II.II.I. Cell and mouse tissue extraction 
Total RNA was isolated from transdifferentiated myotubes or mouse 
gastrocnemius or quadriceps muscle using QIAzol Lysis Reagent and 
RNeasy Mini Kit following manufacturer’s recommendations. The products 
were analyzed for quality and total concentration by Nanodrop. For cells, the 
plates were washed with PBS 1X and lysed with QIAzol. The plates were 
scraped and the lysate was collected and extraction continued following the 
RNeasy kit. For mice, the tissues were added to a 2 mL Eppendorf tube along 
with a metal lysing ball and QIAzol reagent. The tubes were then shaken 
vigorously by the TissueLyser machine for 5 min. Following this step, the 
extraction continued following the RNeasy kit. 
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II.II.II. Plasmid DNA from competent cells 
After colony selection and incubation (see section II.I.VI), plasmid DNA was 
isolated using the High Pure Plasmid Isolation Kit. After extraction, the 
samples were analyzed for quality by Nanodrop and subjected to AsiSI and 
SpeI restriction enzyme digestion. The product was run on gel electrophoresis 
to confirm the plasmids had accepted the constructs and were the correct size 
(Maniatis et al., 1982). 
 

II.II.III. RT-PCR 
Reverse transcription PCR was performed for all isolates using 1 μg of total 
RNA in order to make cDNA. First the samples were treated with DNase at 
37°C for 10 min to ensure there was no genomic DNA contamination. A no 
reverse-transcriptase (NRT) control was always added to confirm this. The 
DNase treatment was inactivated by EDTA at 65°C for 10 min. Then the 
samples received a universal hexanucleotide and dNTPs at 65°C for 5 min 
followed by 5X Buffer, DTT, and RNase Out at 25°C for 2 min. Finally, the 
samples (except for NRT) received superscript II and began at 25°C for 10 
min, 42°C for 50 min, and finally 70°C for 15 min. Reverse transcription was 
followed by semiquantitative RT-PCR on the cDNA using primers in Table 
MM4. PCR product was then run on a 2% agarose electrophoresis gel with a 
biomolecular ladder to determine amplicon sizes (Friedmann and Rossi, 
2007) 
 
In the case of miRNA analysis, an extra step was added to the beginning of 
this protocol using Polymerase A and ATP to add a 3’ poly-A tail to the 
miRNAs. This lengthens the miRNAs and allows them to be recognized by 
an RT primer followed by conventional reverse transcription (Shi et al., 2012). 
 
Percentage splice recovery (PSR) index was defined as value %SI minus 

X"%DSI, divided by X"%DSI minus X"%HSI (where SI is splicing inclusion of each 
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sample, DSI is disease splicing inclusion, and HSI is healthy splicing 
inclusion). 
 

II.II.IV. RT-qPCR 
For Taqman based quantitative PCR, cDNA from reverse transcription was 
diluted 1:50. FAM or MAX-labelled probes were added along with specific 
primers from Table MM5 so that all samples can be normalized by 
endogenous controls in the same well. All samples were run in triplicate on 
a QuantStudio 5 Real-Time PCR System. For Sybr based miRCURY 
quantitative PCR, cDNA from reverse transcription was diluted 1:60. Each 
miRNA was quantified in a separate well and normalized to U6 and U1 
snRNAs. The expression levels were normalized to the reference gene using 

the 2-DDCt method (Livak and Schmittgen, 2001). 
 

II.II.V. RNASeq 
Immortalized DM1 fibroblasts were plated at 100,000 cells per mL in 3 mL 
petri dishes. The cells were treated with differentiation medium and allowed 
to transdifferentiate for four days. Then M1-Block-23b-1 and AntagomiR-23b 
were both transfected at 50 nM and left for four more days. On the eighth 
day, total RNA was extracted following the RNA extraction protocol 
mentioned in section II.II.I.  The following bioinformatics analysis was kindly 
conducted in collaboration with Jorge Espinosa-Espinosa (Universitat de 
Valencia). Libraries were prepared using the TruSeq Stranded mRNA library 
preparation kit following Illumina protocols and were sequenced using 
paired-end NextSeq 550 in the Universitat de Valencia genomics core facility. 
Around 20 million reads were obtained from each sample. A quality check 
eliminated any read with a q-value under 30 using the Trim Galore! 
(RRID:SCR_011847, version 0.6.4_dev) software. All accepted reads were 
aligned to genome version GRCh38.p12 using the software STAR (version 
2.7.3a). Next, the bam results were analyzed with RSEM (version v1.3.2) 
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software to obtain gene counts. R package edgeR (version 3.28.1) was used to 
perform a differential gene expression (DGE) test. The threshold for a DGE 
call was an adjusted p-value < 0.05 and log2FoldChange of 1. Gene 
expression recovery, i.e. genes that approached a normal expression pattern, 
was performed for all disease-related genes using this formula:  

. DM1 muscle biopsy 
RNASeq data was retrieved from http://DMSeq.org. 
 
For the STRING analysis, the minimum required interaction score was set to 
medium confidence (0.400). Active interaction sources included textmining, 
experiments, databases, co-expression, neighborhood, gene fusion, and 
co-occurrence. Disconnected nodes were hidden from the network. Excluded 
lncRNAs include AL731556.1, AL606500.1, AL135999.1, AC124301.1, 
AC112907.3, AC009690.1, MYG1-AS1, SEMA3F-AS1. 

 

II.III. Protein extraction and analysis 

II.III.I. Cells and mice extraction 
For total protein extraction, cells were sonicated and homogenized in Pierce 
RIPA buffer (Thermo Fisher Scientific) supplemented with protease and 
phosphatase inhibitor cocktails (Roche). Quantification of total protein was 
performed with a BCA protein assay kit (Pierce) using bovine serum albumin 
as the standard. For mouse tissue, the same buffer was used but instead of 
being sonicated, the tubes were then shaken vigorously by the TissueLyser 
machine for 5 min, then centrifuged for 15 min at 16,000 g at 4°C. The 
supernatant was then passed to a fresh tube and also analyzed by BCA. 

 

II.III.II. QDB  
The QDB immunodetection assay was performed in collaboration with 
Estefanía Cerro-Herreros and Irene González-Martínez (Universitat de 
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Valencia). 1 μg/well of cell samples were denatured (100 °C for 5 min) and 
loaded in QDB plates (Quanticision Diagnostics Inc). Each cell sample was 
loaded at 2 μg/well in quadruplicate in two different plates; one was used to 
detect MBNL1 and the other for GAPDH, which was used here as an 
endogenous control. The QDB plate was placed in transfer buffer (0.039 M 
Glycine, 0.048 M Tris, 0.37% SDS, 20% methyl alcohol) and gently shaken for 
1 min. The plate was then rinsed with TBST (137 mM NaCl, 2.7 mM KCl, 20 
mM Tris, pH7.4, plus 0.1% Tween-20) three times, and soaked in blocking 
buffer (5% non-fat milk in TBST) and then incubated with primary mouse 
anti-MBNL1 (1:1000) or mouse anti-GAPDH (1:500) overnight at 4ºC. The 
plate was then washed three times with TBST and incubated again with the 
secondary antibody anti-mouse-POD (1:200, Sigma-Aldrich) for 2 hours 
before the plate was washed again for three times with TBST. The plate was 
inserted into a 96 well plate loaded with 100 μL/well ECL substrate (Pierce) 
solution for 1 minute before it was inserted into a white 96 well plate for 
chemiluminescence signal quantification using a Infinite M200 PRO plate 
reader (Zhang et al., 2019). 
 

II.III.III. Jess Simple Western 
For the immunodetection assay in DM1 cells the Jess Simple Western system 
was used to quantify MBNL1 by chemiluminescence using anti-MBNL1 
(1:50, 4A8, anti-mouse). The capillaries are then subjected to a Replex step 
and again evaluated for total protein through chemiluminescence. For mouse 
tissues, Jess was used to quantify Mbnl1 protein chemiluminescence using 
anti-MBNL1 (1:10, ab45899, anti-rabbit) and normalized to total protein 
fluorescence without the Replex step. 
 

II.III.IV. Western Blot 
20 μg of total protein was mixed with 6x loading buffer and H2O up to the 
final volume of 25 μL. Tubes were sealed with Parafilm, boiled for 5 min and 
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transferred to ice. The proteins were separated by electrophoresis in 
acrylamide/bisacrylamide SDS-PAGE gels with the Mini-protean 
Electrophoresis System in electrophoresis buffer (27 mM Tris, 200 mM 
glycine, 0.1% SDS) at 12 mA according to BioRad polyacrylamide 
electrophoresis protocol. Precision Plus Protein Dual Color Standard (Bio-
Rad) was used as molecular marker. The resolving and stacking gel 
components can be found in Table MM15. 
 

Table MM15. Gel components for SDS-PAGE 

Gel Components 

Stacking 4% 

0.13 M Tris-HCl pH 6.8 

4% acrylamide/bisacrylamide (5:1) 

0.5% SDS 

0.1% APS 

0.1% TEMED 

Resolving 12% 

0.39 M Tris-HCl pH 8.8 

12% acrylamide/bisacrylamide (5:1) 

0.1% SDS 

0.1% APS 

0.04% TEMED 

 
After electrophoresis the membranes and filter paper were soaked in transfer 
buffer (48 mM Tris, 39 mM glycine, 0.025% SDS, 20% methanol) and 
transferred to a nitrocellulose membrane (GE Healthcare) using the Trans-
Blot SD semi-dry transfer cell for 1 h at a constant voltage of 15 V according 
to BioRad protein blotting protocol. After, the membranes were dyed with 
Ponceau (0.5% Ponceau, 1% acetic acid) for approximately 1 min to confirm 
protein transfer and then washed with tap water until the stain was removed. 
Next, the membranes were blocked with blocking solution (5% of non-fat 
milk in PBST; 1x PBS, 0.1% Tween 20) for at least 1 h shaking at room 
temperature. Membranes were incubated with the primary antibodies (see 
Table MM11) dissolved in the blocking solution overnight at 4°C. After the 
incubation, the membranes were washed with 1x PBST, three times for 5 min 
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shaking, and incubated with secondary antibodies conjugated with 
horseradish peroxidase (see Table MMII) for 1 h at room temperature 
shaking. After incubation, the membranes were washed with 1x PBST and 
chemiluminescence was detected with SuperSignal West Femto Maximum 
Sensitivity Substrate. Subsequently, the membranes were stripped of the 
attached antibodies to be re-used for the detection of the endogenous control 
protein. The stripping process was performed by washing the membrane for 
5 min in distilled H2O followed by 5 min in NaOH 0.2 N, and another 5 min 
in distilled H2O. Once the antibodies were removed, the membranes were 
blocked, then immunodetection was performed again as described above 
Chemiluminescence was imaged with ImageQuant LAS 4000 (GE 
Healthcare). 
 

II.III.V. Immunofluorescence 
After transfection and four days of differentiation, DM1 cells were fixed with 
4% PFA for 15 minutes at room temperature (RT) and washed three times 
with 1x PBS. Myotubes were permeabilized with PBS-T (0.3% Triton-X in 
PBS) and blocked (PBS-T, 0.5% BSA, 1% donkey serum) for 30 minutes at RT. 
They were then incubated with MBNL1 primary antibody (1:200, 4A8) at 4°C 
overnight. After three PBS-T washes, the cells were incubated for 1 hour with 
a biotinylated anti-mouse-IgG (1:200) and subsequent Avidin-Biotin 
amplification (Elite ABC kit) for 30 minutes at RT. They were followed by 
three PBS-T washes and incubation with streptavidin-FITC fluorophore 
(1:200) for 2 hours at RT. After three washes with PBS, the cells were mounted 
with Vectashield mounting medium containing 2 μg/mL DAPI to detect the 
nuclei. Images of DM1 cells were taken on an Olympus FluoView FV100 
confocal microscope (Beesley, 1993). The images were taken at a 40x 
magnification and quantified using Image J with the following formula at a 
threshold of 10: Mean Pixel Intensity=Gray value/Area according to ImageJ 
guide by Dr. Christine Labno (University of Chicago) (Schneider et al., 2012). 
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II.IV. Mice handling 
Mouse handling and experimental procedures conformed to the European 
law regarding laboratory animal care and experimentation (2003/65/CE) 
and were approved by the Conselleria de Agricultura, Generalitat Valenciana 
(“Respuesta terapéutica a blockmiRs modificados en un modelo de ratón de 
DM1”, reference number 2020/VSC/PEA/0203). 
 

II.IV.I. Grip strength 
The forelimb grip strength was measured with a Grip Strength Meter 
according to BioSeb protocol. The peak pull force (measured in grams) was 
recorded on a digital force transducer when the mouse grasped the bar. The 
gauge of force transducer was reset to 0 g after each measurement. Tension 
was recorded by the gauge at the time the mouse released its forepaws from 
the bar. The measurement was performed three consecutive times at 30 s 
intervals. The bodyweight measurement was performed in parallel. 
Percentage of normal force was calculated by normalizing the average 
strength after treatment to the strength before treatment and dividing this 
value by the body weight of each mouse. 
 

II.IV.II. Blood biochemistry 
Blood serum was collected for each mouse and analyzed for biochemical 
parameters by Laboratorios Montoro Botella (Valencia, Spain).  
 

II.IV.III. Immunohistochemistry 
Frozen 10 μm sections of mouse gastrocnemius and quadriceps muscles were 
cut with a cryostat. The sections were then stained with haematoxylin and 
eosin and mounted with Vectashield mounting medium (Feldman and 
Wolfe, 2014). Images were taken at a 100x magnification with a Leica DM2500 
microscope. The percentage of fibers containing central nuclei was quantified 
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in an average of 500 fibers in each mouse. All images were labelled randomly 
during quantification to facilitate a blind analysis. 

 

II.V. Statistics 
All statistical analyses were performed using Prism 8.2.1 (GraphPad) with 
special assistance from Dr. Juan Carbonell (Biostatistician, INCLIVA, 
Valencia, Spain). A normal distribution was assumed in order to compare 
samples using Student’s t-test. Welch’s correction was used in the case of 
unequal variance. When a normal distribution could not be assumed, 
specifically in the biochemical blood analysis, the Kruskal Wallis non-
parametric test was used with the Wilcoxon correction when necessary. 
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