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Las distrofias musculares son un grupo de enfermedades de origen genético 
que causan debilidad muscular disminuyendo la movilidad y dificultando las 
actividades de la vida diaria. Dentro de este grupo, las distrofias de cinturas, 
también llamadas LGMD, forman un gran subgrupo heterogéneo de enfermedades 
caracterizadas por la debilidad proximal que afecta a la cintura escapular y pélvica. 
La forma más frecuente de distrofia de cinturas es la causada por mutaciones en el 
gen CAPN3. Esta enfermedad conocida previamente como LGMD2A ha sido 
recientemente renombrada como LGMDR1. A pesar de que comúnmente se ha 
considerado una enfermedad recesiva, los últimos hallazgos indican la existencia de 
una forma con un patrón hereditario dominante, que recibe la nomenclatura 
LGMDD4. Actualmente estas enfermedades carecen de tratamiento eficaz. 

El gen CAPN3 codifica la proteína calpaína 3 (CAPN3), una cisteín-proteasa 
no lisosomal necesaria para el correcto funcionamiento del músculo. Por el momento 
se desconoce en detalle la función principal de CAPN3 en el músculo esquelético y los 
mecanismos fisiopatológicos que subyacen en la enfermedad. Diversos estudios 
indican que la CAPN3 posee una función proteolítica y una función estructural. Esto 
podría explicar en parte las diferentes características fenotípicas de la enfermedad. 

Los mecanismos fisiopatológicos de la enfermedad han sido estudiados 
mediante el uso de herramientas como las biopsias musculares de pacientes y los 
cultivos de mioblastos derivados de las mismas. Sin embargo, en la actualidad la 
disponibilidad de biopsias de pacientes con LGMDR1 para la investigación es muy 
limitada, ya que el diagnóstico de la enfermedad se realiza mediante estudios 
moleculares a partir de muestras sanguíneas. A ello habría que sumarle la baja 
capacidad de los mioblastos humanos para proliferar al aumentar el tiempo de 
cultivo, especialmente en el caso de las enfermedades neuromusculares. Por ello, la 
generación de nuevas herramientas como los modelos in vitro de mioblastos 
humanos inmortalizados o los modelos animales se ha hecho imprescindible para 
avanzar en el conocimiento de los mecanismos fisiopatológicos de estas 
enfermedades.  

En el presente proyecto nos hemos centrado en la alteración de la homeostasis 
del calcio como mecanismo patogénico de LGMDR1. Así, hemos caracterizado varios 
modelos in vitro generados a partir de mioblastos humanos inmortalizados. Por un 
lado, hemos empleado dos muestras de donantes sanos en los que hemos silenciado 
la expresión de CAPN3 mediante partículas lentivirales portadores de una pequeña 
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molécula de ARN interferente (shRNA). Por otro lado, hemos empleado mioblastos 
humanos inmortalizados procedentes de dos pacientes de LGMDR1 con diferentes 
mutaciones en el gen CAPN3. De este modo, los miotubos de pacientes nos han 
permitido estudiar diferentes escenarios debido a la naturaleza de las mutaciones en 
CAPN3, ya que una de las muestras expresa CAPN3 mientras que la otra 
prácticamente carece de CAPN3. 

Los modelos in vitro de mioblastos silenciados han demostrado que la 
deficiencia de CAPN3 genera una reducción concomitante de los niveles de proteína 
SERCA1 y SERCA2, sin que su expresión génica se vea alterada. Esto, a su vez, 
afecta a la homeostasis del calcio, lo que resulta en una mayor concentración de 
calcio intracelular en estado basal en los miotubos distróficos. Por otro lado, los datos 
obtenidos de los miotubos derivados de pacientes LGMDR1 evidencian que la 
reducción de las proteínas SERCA1 y SERCA2 es más evidente cuando los niveles de 
CAPN3 están disminuidos. Esto sugiere que la función no proteolítica de CAPN3 
juega un papel esencial en la estabilización de las proteínas SERCA. Por ello, 
planteamos la hipótesis de que la desregulación del calcio observada en LGMDR1 es 
en parte resultado de un déficit de SERCA, y proponemos que las proteínas SERCA 
pueden ser dianas terapéuticas para esta enfermedad. 

El déficit de las proteínas SERCA, junto con la mayor ubiquitinación de 
SERCA1 y SERCA2 observada previamente en miotubos silenciados, sugiere que en 
los modelos deficientes en CAPN3 las proteínas SERCA se degradan anormalmente. 
Por ello, hemos utilizado el Bortezomib (BTZ), un inhibidor específico del 
proteosoma, como estrategia para evitar la degradación exacerbada de las proteínas 
SERCA que se produce en los modelos in vitro de LGMDR1. El BTZ ha sido aprobado 
por la Administración Estadounidense de Alimentos y Medicamentos (FDA) para el 
tratamiento del mieloma múltiple. Además, se ha utilizado en estudios preclínicos y 
clínicos de distrofias musculares como Duchenne y LGMDR2. 

Hemos podido observar que el tratamiento con BTZ es capaz de normalizar la 
concentración de calcio intracelular basal que se encuentra aumentada en los 
miotubos deficientes en CAPN3. Además, el BTZ aumenta los niveles de proteína 
SERCA2 en los miotubos distróficos, aunque no parece afectar a los niveles de 
SERCA1. Hemos descubierto que el BTZ también aumenta los niveles de la proteína 
CAPN3 en miotubos de pacientes con LGMDR1. Reforzando este resultado, 
previamente se ha observado un efecto similar en modelos animales de distrofia 
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muscular de Duchenne, con mutaciones puntuales en el gen Dmd que codifica la 
proteína distrofina. En estos modelos se ha demostrado que el tratamiento con BTZ 
aumenta los niveles de la distrofina mutada en las fibras musculares, recuperando 
parcialmente su función estructural. Esto indica que en los pacientes con LGMDR1 
el BTZ podría rescatar las deficiencias tanto de SERCA2 como de CAPN3 en las 
fibras musculares. Cabe mencionar, además, que el tratamiento con BTZ aumenta la 
expresión génica de marcadores de estrés del retículo y la respuesta a las proteínas 
mal plegadas en los miotubos silenciados, al mismo tiempo que aumenta la expresión 
génica de la proteína anti-apoptótica c-FLIP. A pesar de ello, los miotubos tratados 
con BTZ durante 24h no muestran cambios morfológicos en comparación con los 
miotubos controles. 

Los modelos animales son una herramienta esencial para el estudio de la 
fisiopatología de diferentes enfermedades. En concreto, se han generado diversos 
modelos animales de LGMDR1, entre los que se destaca el ratón knockout para 
CAPN3, C3KO, que ha sido generado por el grupo de la Dra. Spencer y es 
actualmente uno de los más utilizados en el campo. La caracterización de este 
modelo indica un fenotipo distrófico leve, junto con alteraciones mitocondriales y 
desregulación de la homeostasis del calcio.   

En el presente trabajo hemos ampliado la caracterización del fenotipo 
distrófico en ratones C3KO de 2 meses de edad, los cuales se encuentran en un 
estadio pre-sintomático de la enfermedad. Estos ratones presentan niveles reducidos 
de la proteína SERCA1 en el músculo sóleo y niveles reducidos de proteína SERCA1 
y SERCA2 en el diafragma. También se encontraron déficits de SERCA2 en los 
mismos músculos de ratones C3KO de 9 meses, mientras que en esta edad las 
alteraciones de SERCA1 no fueron evidentes. A su vez, hemos observado que los 
ratones C3KO tienen una tendencia a aumentar la expresión de Ppargc, un 
regulador principal de la biogénesis mitocondrial, y Tgfb1, una citoquina 
inflamatoria capaz de inhibir la miogénesis. Interesantemente, el tratamiento con 
BTZ parece revertir los aumentos observados en la expresión de estos genes. No 
obstante, la posología de BTZ empleada en este trabajo (0.8mg/kg cada 3,5 días) no 
ha mostrado ningún efecto sobre la actividad del proteasoma en el músculo, ni 
tampoco se observó un efecto claro sobre los niveles de las proteínas SERCA1 y 
SERCA2. En cualquier caso, no se han observado diferencias relevantes entre los 
ratones C3KO y los ratones control respecto al área transversal de las fibras o la 
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distribución de éstas, la capacidad de ejercicio voluntario, ni tampoco respecto al 
porcentaje de fibras con núcleos centrales. A su vez, estos fenómenos no parecen 
verse afectados por el tratamiento con BTZ. 

Debido al fenotipo leve de los ratones C3KO, decidimos analizar la eficacia del 
BTZ en el modelo de rata de LGMDR1, un modelo knockout de Capn3, C3 null, 
generado recientemente por el grupo de la Dra. Richard, que muestra un fenotipo 
más grave. En primer lugar, hemos analizado los niveles de las proteínas SERCA1 y 
SERCA2, y observamos que los niveles de ambas proteínas están reducidos en el 
diafragma de ratas jóvenes C3 null, comparadas con las ratas control. En edades 
más adultas, a los 6 meses de edad, las ratas C3 null muestran menor fuerza de 
agarre en las patas delanteras respecto a las ratas controles. Además, las ratas C3 
null muestran un aumento evidente de marcadores de daño muscular como son el 
incremento observado en la actividad Creatina Quinasa (CK, de sus siglas en inglés) 
del suero, y el mayor porcentaje de fibras con núcleos centrales, que alcanza el 
8%, respecto al 4% observado en ratas controles. Por contra, no se han observado 
diferencias en el área transversal de las fibras ni en la proporción de fibras rápidas y 
lentas.  

De acuerdo a las características moleculares, observamos que los genes que 
hacen que las fibras sean de fenotipo lento no muestran cambios en su expresión, o 
se incrementaron ligeramente en las ratas C3 null, como en el caso de Pnpla2, Lpl o 
Myo18b. A su vez, la sobreexpresión de Tgfb1 y Mmp9 observada en las ratas C3 null 
puede ser indicativa de una mayor inflamación y fibrosis en estos animales. 
Finalmente, mientras que los niveles de SERCA2 están reducidos en los diafragmas 
de las ratas distróficas, encontramos un aumento en los niveles de SERCA1 en el 
sóleo de estas ratas. Estos resultados concuerdan con la actividad de SERCA 
observada en estos músculos. 

En las ratas el tratamiento con BTZ se ajustó a 0,2mg/kg cada 3,5 días, 
teniendo en cuenta estudios previos y el volumen corporal de las ratas. Sin embargo, 
en vista de la pérdida de peso observada en los animales tratados con BTZ, que es 
indicativa de una posible toxicidad, la dosis tuvo que reducirse aún más a 0,15mg/kg. 
Si bien el tratamiento con BTZ parece mejorar la fuerza de agarre de las ratas C3 
null, cuando se normalizan los valores con el peso corporal, este resultado es difícil 
de interpretar dado que los animales tratados con BTZ mostraron una pérdida de 
peso significativa durante el estudio. En cualquier caso, el tratamiento no empeora 
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los valores de actividad CK sérica, la nucleación central o la fuerza de agarre. 
Tampoco hay cambios importantes en el área transversal de las fibras, o en la 
proporción de fibras rápidas y lentas. Sin embargo, el tratamiento con BTZ parece 
normalizar la expresión de genes relacionados con el programa miogénico de fibras 
lentas, al igual que reduce la expresión de genes relacionados con la fibrosis como 
Tgfb1 y Mmp9. Finalmente, no se han observado cambios tras el tratamiento con 
BTZ respecto a los niveles de las proteínas SERCA1 o SERCA2. 

En conclusión, las deficiencias en CAPN3 pueden dar lugar a niveles 
reducidos de proteínas SERCA, lo que resulta en una alteración de la homeostasis 
del calcio. El tratamiento con BTZ constituye una estrategia terapéutica para la 
recuperación de SERCA que repercute en la homeostasis del calcio. Los estudios in 
vitro realizados demuestran la eficacia del BTZ para recuperar la expresión proteica 
de SERCA2 y los niveles de calcio citosólico. Estos estudios han revelado además el 
potencial del BTZ para recuperar la expresión de la CAPN3 mutada, recuperando 
parcialmente su función estructural, en miotubos de pacientes con ciertas 
mutaciones puntuales en el gen CAPN3. Los estudios in vivo desarrollados en los 
modelos múridos C3KO y C3 null no han resultado concluyentes en cuanto a la 
eficacia del tratamiento de BTZ para recuperar los niveles de proteínas SERCA, 
probablemente debido a que no se ha alcanzado la posología óptima de BTZ en 
ninguno de los dos modelos. A su vez, el fenotipo leve que presenta el ratón C3KO 
dificulta el ensayo de fármacos en este modelo. Por el contrario, las ratas C3 null 
presentan un fenotipo distrófico más severo, por lo que en principio sería un modelo 
más adecuado para el ensayo de fármacos que el ratón C3KO. Desafortunadamente, 
las ratas son más susceptibles a la toxicidad generada por BTZ, por lo que el modelo 
de rata de LGMDR1 no sería el más apropiado para testar la eficacia de este 
tratamiento. En cualquier caso, nuestros resultados apoyan a SERCA2 como diana 
terapéutica prometedora para las terapias frente a LGMDR1, dado que los niveles de 
esta proteína están reducidos en los modelos celulares y animales de esta 
enfermedad, así como en pacientes con LGMDR1. Asimismo, nuestros resultados 
indican que el tratamiento con BTZ también puede aumentar los niveles de la 
proteína CAPN3 mutada en algunos pacientes LGMDR1 portadores de mutaciones 
puntuales, recuperando parcialmente su función estructural. En el futuro, los 
estudios deberían estar dirigidos hacia la generación de nuevos modelos animales de 
LGMDR1 con mutaciones de CAPN3 similares a las humanas y un fenotipo distrófico 
más similar al observado en los pacientes con LGMDR1. Estos modelos también 
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ayudarían a comprender los mecanismos fisiopatológicos subyacentes a esta 
enfermedad y permitirían avanzar en el desarrollo de nuevas terapias para 
LGMDR1.   
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Muscular dystrophies are a group of genetic diseases that cause muscle 
weakness, reducing mobility and making daily live activities challenging. Within 
this group, limb-girdle muscular dystrophies or LGMDs comprise a large 
heterogeneous subgroup of diseases characterized by proximal weakness of shoulder 
and pelvic girdle muscles. LGMDR1, previously known as LGMD2A, is the most 
common form of limb-girdle dystrophy and is caused by mutations in the CAPN3 
gene. This disease has been considered a strictly recessive illness; however, recent 
studies have reported different mutations with a dominant inheritance pattern, 
categorizing them as LGMDD4. Currently, there is no effective treatment for these 
diseases. 

CAPN3 gene encodes calpain 3 protein (CAPN3), a non-lysosomal cysteine 
protease necessary for proper muscle function. The main function of CAPN3 in 
skeletal muscle and the pathophysiological mechanisms underlying the disease 
remain to be clarified. However, previous studies indicate that CAPN3 has both 
proteolytic and structural functions. This may partly explain the different 
phenotypic characteristics of this disorder. 

The pathophysiological mechanisms of the disease have been mainly studied 
using muscle biopsies from patients and myoblast cultures obtained from them. 
However, nowadays availability of LGMDR1 muscle biopsies for research is greatly 
diminished due to the fact that diagnosis is currently performed through molecular 
studies from blood samples. It must also be considered the low proliferation 
capability of human myoblasts in long-term cultures, and in particular, when 
myoblasts are derived from patients with neuromuscular diseases. For these 
reasons, the generation of new tools such as immortalized human in vitro models or 
animal models has become essential to gain further insight into the 
pathophysiological mechanisms of these diseases. 

The present study focuses on the dysregulation of calcium homeostasis as a 
pathogenic mechanism of LGMDR1. We have characterized several in vitro models 
generated from immortalized human myoblasts. First, we have generated a novel 
LGMDR1 in vitro model by silencing CAPN3 expression in myoblasts from two 
healthy donors with lentiviral particles carrying a small hairpin RNA. On the other 
hand, we have used immortalized human myoblasts from two LGMDR1 patients 
carrying different mutations in the CAPN3 gene. The nature of the different CAPN3 
mutations in these patients has allowed us to study different scenarios in LGMDR1 
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illness since one of the samples expresses CAPN3 whereas in the other sample 
CAPN3 is virtually absent. 

Silenced myoblast in vitro models have shown that CAPN3 deficiency 
generates a concomitant reduction of SERCA1 and SERCA2 protein levels, with no 
modification in gene expression. This, in turn, affects calcium homeostasis, resulting 
in a higher concentration of basal cytosolic calcium in dystrophic myotubes. On the 
other hand, data obtained from LGMDR1 myotubes show that the reduction of 
SERCA1 and SERCA2 protein levels is more evident when CAPN3 levels are greatly 
diminished, suggesting that the non-proteolytic CAPN3 function plays an essential 
role in stabilizing SERCAs. Hence, we hypothesize that calcium dysregulation 
observed in LGMDR1 is partly a result of SERCA deficiency, and we propose 
SERCAs as therapeutic targets for this disease. 

The deficit in SERCA proteins, together with the higher ubiquitination levels 
previously found in SERCA1 and SERCA2 proteins observed in CAPN3 knockdown 
myotubes, suggest that in CAPN3-deficient models SERCA proteins are abnormally 
degraded. Therefore, we have used Bortezomib (BTZ), a specific proteasome 
inhibitor, as a strategy to prevent the exacerbated degradation of SERCA proteins 
occurring in LGMDR1 models. BTZ has been approved by the American Food and 
Drug Administration (FDA) for the treatment of multiple myeloma. In addition, it 
has been used in preclinical and clinical studies of muscular dystrophies such as in 
Duchenne and LGMDR2. 

We have found that BTZ treatment is able to normalize basal intracellular 
calcium levels that are increased in CAPN3 knockdown myotubes. Moreover, BTZ 
increases SERCA2 protein levels in dystrophic myotubes but does not seem to affect 
SERCA1 levels. Interestingly, we have also found that BTZ increases CAPN3 protein 
levels in myotubes from LGMDR1 patients. A similar effect has been previously 
observed in Duchenne muscular dystrophy animal models carrying missense 
mutations in the Dmd gene, where BTZ has been shown to increase mutated 
dystrophin protein levels in the muscle fibres, recovering partially its structural 
function. This indicates that BTZ could target CAPN3 as well as SERCA2 
deficiencies in LGMDR1 patients. Remarkably, we also found that BTZ treatment 
increases the expression of sarcoplasmic reticulum stress and unfolded protein 
response markers in myotubes, while also increasing c-FLIP mRNA levels, which 
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encodes a major antiapoptotic protein. All in all, myotubes treated with BTZ for 24 
hours did not show morphological alterations compared to control myotubes. 

Animal models are essential tools to study the pathophysiology of different 
diseases. Specifically, several animal models of LGMDR1 have been generated, 
though the murine CAPN3 knockout model generated by Dr Spencer’s group, C3KO, 
is currently one of the most commonly used in the field. Previous studies 
characterizing this C3KO mouse model report a mild dystrophic phenotype, together 
with alterations in mitochondria, and calcium dysregulation.  

In this study, we have performed a thorough characterization of the C3KO 
phenotype in 2-month-old mice, which are at an early pre-symptomatic stage of the 
disease. These mice show reduced SERCA1 protein levels in the soleus muscle, and 
reduced SERCA1 and SERCA2 levels in the diaphragm. SERCA2 deficits were also 
found in older C3KO mice, while no clear changes in SERCA1 levels were 
observed. We have also found that C3KO mice have a tendency to increased 
expression of Ppargc, a master regulator of mitochondrial biogenesis, and Tgfb1, an 
inflammatory cytokine that represses muscle growth. Interestingly, BTZ treatment 
seemed to revert increases observed in the expression of these genes. However, BTZ 
treatment used in this study (0.8 mg/kg every 3.5 days) did not show any effect on 
the ubiquitin-proteasome activity in the muscles analysed, neither it showed a clear 
effect on SERCA1 and SERCA2 protein levels. In any case, we did not find any 
obvious difference between C3KO and control mice in myofibre area and 
distribution, voluntary exercise, or percentage of centrally nucleated myofibres, nor 
did we find any apparent difference in these outcomes with BTZ treatment. 

Due to the mild phenotype of C3KO mice, we decided to test the efficacy of 
BTZ in C3 null rats, a CAPN3 knockout model recently developed by the group of Dr 
Richard, reported to display a more severe phenotype. First, we have analysed 
SERCA1 and SERCA2 protein levels and found that both proteins are indeed 
reduced in the diaphragms of adult C3 null rats compared to controls. Six-month-old 
rats show lower forelimb grip strength compared to controls and markers of muscle 
damage are apparent in C3 null rats, such as increased serum creatin kinase (CK) 
activity, and higher percentage of centrally nucleated myofibres, 8% vs. 4% in control 
animals. However, no differences in the cross-sectional area or in the ratio fast / slow 
myofibres have been observed. According to their molecular characteristics, genes 
related to the slow myogenic program show no change or were slightly increased in 
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C3 null rats, such as Pnpla2, Lpl or Myo18b. Likewise, upregulation of Tgfb1 and 
Mmp9 observed in C3 null rats may be indicative of a higher inflammation and 
fibrosis in these animals. Finally, we have found contrary trends in diaphragm and 
soleus muscles regarding SERCA proteins. While SERCA2 levels are reduced in C3 
null diaphragms, we find an increase in SERCA1 levels in the soleus. These results 
are concordant with the SERCA activity values present in these muscles. 

In rats, BTZ dosing was adjusted to 0.2mg/kg every 3.5 days, taking into 
account their body volume and previous reports. However, as BTZ-treated animals 
lost weight, indicative of potential toxicity, BTZ dose had to be further lowered to 
0.15mg/kg. While BTZ treatment of C3 null rats seems to improve grip strength 
when normalized to body weight, this result is difficult to interpret given that BTZ-
treated animals had significant weight loss. In any case, BTZ treatment does not 
seem to worsen serum CK activity, central nucleation or grip strength. There are 
also no major changes in myofibre mean cross-sectional areas, or in the ratio fast / 
slow myofibres. BTZ treatment appears to normalize the expression of genes related 
to the slow myogenic program, and also to reduce fibrosis-related genes such as 
Tgfb1 and Mmp9. Finally, no changes in SERCA1 or SERCA2 protein levels are 
observed after BTZ treatment. 

In conclusion, CAPN3 deficiency leads to reduced SERCA protein levels, 
which results in abnormal calcium homeostasis. Treatment with BTZ constitutes a 
therapeutic strategy for the recovery of SERCA, affecting calcium homeostasis. In 
vitro studies have demonstrated the efficacy of BTZ in recovering SERCA2 protein 
levels and intracellular calcium levels. Most interestingly, these studies have further 
revealed BTZ potential to recover CAPN3 mutated protein, recovering its structural 
function, in patients with missense mutations in the CAPN3 gene. In vivo studies 
performed in mouse and rat models of LGMDR1 have proved inconclusive, in terms 
of the efficacy of BTZ, in rescuing SERCA levels, due to the fact that optimal doses 
were not reached in any of the models. Furthermore, the extremely mild phenotype 
of the C3KO mouse model makes testing drug efficacy very challenging. In contrast, 
C3 null rats display a more apparent dystrophic phenotype, and thus, it seems to be 
a more suitable model of LGMDR1 to test the efficacy of potential therapies. 
Unfortunately, rats are also more susceptible to BTZ toxicity, and therefore C3 null 
rats are not appropriate for testing BTZ efficacy. In any case, our results support 
SERCA2 as a promising molecular target for LGMDR1 therapies, given that this 
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protein is reduced in cellular and animal LGMDR1models, as well as in LGMDR1 
patients. Our results further indicate that BTZ may also increase CAPN3 levels in 
some LGMDR1 patients carrying missense mutations. Further studies should focus 
on the generation of new animal models with human-like CAPN3 mutations, giving 
rise to more similar dystrophic phenotype as the observed in human patients. These 
models would also pave the way to a better understanding of the different 
pathophysiological mechanisms underlying this disease and move forward towards 
the development of new therapies for LGMDR1. 
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Muscle tissue - Skeletal muscle 

Muscle tissue is one of the most relevant/important tissues in the body, 
characterized by allowing movement of internal organs as well as the skeleton. It is 
a very complex tissue containing many different cell types and well supplied with 
blood vessels. This tissue is elastic and excitable, generating cell contraction after 
receiving stimuli from the nervous system. Depending on the structure and the 
function, this tissue can be classified in 3 types: smooth muscle (non-striated and 
involuntary), cardiac muscle (striated and involuntary) and skeletal muscle (striated 
and voluntary) [1],[2]. 

Skeletal muscle, the higher representative muscle tissue, is attached to bones 
by tendons and, under the voluntary control of the nervous system, triggers the 
movement of the skeleton, being essential for breathing and whole-body metabolism. 
Its mass depends on the balance between protein synthesis and degradation, which 
can be modulated by different mechanisms as nutrition, hormones, physical activity, 
injury or disease [3]. 

Skeletal muscle is a tissue integrated by various cell types, including skeletal 
muscle fibres, blood vessels, nerve fibres, and connective tissue, among others [4]. The 
organization of this tissue is well defined and organized, based on assembling long, 
cylindrical, multinucleated myofibres in fascicles. Each structure within the skeletal 
muscle is covered by different layers of connective tissue. Muscle fibres are 
surrounded by a layer called endomysium, while fascicles are covered by the 
perimysium. These fascicles are grouped forming skeletal muscle, which is protected 
by the epimysium, the outer layer of connective tissue in skeletal muscles [3] (Figure 
1). 

Skeletal muscle has a robust regenerative capacity that is tightly regulated 
by specific transcription factors. This process is supported by the satellite cells (SC), 
a pool of undifferentiated resident myogenic stem cells, which supply myoblasts for 
both muscle homeostasis and repair [5]. SCs are characterized by the expression of 
paired box transcription factor 7 (Pax7), which controls the activation of the 
myogenic program, by regulating myogenic regulatory factors (MRFs) [5]. Once SCs 
get activated, they enter the cell cycle proliferating and expanding the myogenic 
population. Proliferative myogenic cells are known as myoblasts and they express 
determination protein 1 (MYOD) and myogenic factor 5 (MYF5), although MYF5 can 
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be expressed by quiescent SCs as well. Up-regulation of secondary MRFs such as 
myogenin (MYOG) and MRF4 induces terminal differentiation of myoblasts into 

myocytes, that eventually fuse to form myotubes that express myosin heavy chain 
(MyHC) [5]–[7]. 
 
Figure 1. Representation of the skeletal muscle structure. Different fascicles are surrounded by the 
epimysium. Each fascicle is covered by the endomysium and fascicles are formed by myofibres that are 
surrounded by the endomysium. 

Muscle fibre o myofibre is the functional unit of the skeletal muscle, which is 
a multinucleated structure, built by fusion of myoblasts and covered by a membrane 
called sarcolemma. Myofibres are composed of myofibrils, which are mainly formed 
by thick myosin filaments and thin actin filaments. These myofibrils are organized 
creating the contractile unit of the myofibre, the sarcomere [8]. Besides myosin and 
actin, other proteins are present at the sarcomere contributing to its structure, 
excitation-contraction coupling process, energy release and force generation [3].  

Sarcomeres have very defined organization due to the distribution of actin 
and myosin filaments, as they generate cross-bridges leading to a repetitive specific 
pattern of transversal bands. I-bands are the regions where only actin is present. 
These bands are divided by Z-dishes, where actin filaments of two consecutive 
sarcomeres join together. On the other hand, A-bands are regions where myosin 
filaments overlap with actin. In these bands, it is possible to distinguish a region 
where only myosin is present, the H-bands. In the middle of those bands, M-lines are 
found, where myosin filaments come together [9] (Figure 2). Noteworthily, sarcomeres 
are linked to the sarcolemma by some protein complexes associated with Z-line, 
called costameres. These characteristic structures are composed by different protein 
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complexes, as the dystrophin-glycoprotein complex and the integrin–vinculin–talin 
complex, and have important roles in force transmission from the sarcomere to the 

sarcolemma and extracellular matrix [10]. 

Figure 2. Representation of the sarcomere structure. Schematic representation of the sarcomere, 
showing the protein composition of different bands. 

The contraction of the sarcomere is produced by the cross-bridge between 
actin and myosin, and it requi.res ATP consumption. This interaction is modulated 
by troponin and tropomyosin. Troponin is able to change its conformation in 
presence of calcium (Ca2+) producing tropomyosin movement and letting myosin bind 
to actin. This interaction triggers muscle contraction [11]. In addition to the 
sarcomere, other components in the muscle fibre are required to reach muscle 
contraction. On one hand, the energy required for this process is supplied by 
mitochondria, which are distributed between myofibrils. On the other hand, the 
nuclei, which are located right below the sarcolemma in the periphery of the 
myofibre, contain the genetic information for the production of large amounts of 
proteins and enzymes needed for contraction (Figure 3).  

The sarcolemma and sarcoplasmic reticulum (SR) also play important roles in 
the contraction process. The sarcolemma has specialized regions called 
neuromuscular junctions (NMJ) where a motor neuron’s (MN) terminal meets the 
muscle fibre. The releasement of acetylcholine (Ach) by these MNs generates 
sarcolemma depolarization, which propagates along the sarcolemma reaching 
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transverse-tubules (T-tubule). These membrane invaginations ensure that the 
membrane can get close to the SR to trigger the release of Ca2+ from SR. A T-tubule 
with the membranes of SR on both sides integrates a very specialized structure 
called triad, critical for the excitation – contraction coupling process [12],[13]. 

Figure 3. Representation of the muscle fibre. Sarcolemma is the membrane surrounding the myofibre 

were different organelles like mitochondria, nucleus and sarcoplasmic reticulum (SR) can be found 
around the myofibrils. Each myofibril is formed by organised thick (myosin) and thin (actin) filaments 
creating sarcomeres. Finally, the invaginations of the sarcolemma and the terminal cisternae from SR 
integrate the triad. 

Muscle fibres are broadly classified as slow (type I) and fast (type II) fibres. 
This classification is based on their movement rate, response to neural inputs and 
metabolic style. Regarding their myosin heavy chain (MyHC) expression, fast fibres 
can be subclassified as IIA, IIX or IIB, being type IIB the fastest ones. Their energy 
production is also different. Type I and IIA fibres primarily use oxidative metabolism 
while type IIX and IIB are more glycolytic [14]. IIB fibre type has been probably lost 
in large mammals in accordance with energy conservation. Therefore, in normal 
adult human skeletal muscle, type I, IIA, and IIX fibres predominate, but vary with 
functional differences in individual muscles [15]. 
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In mammalian skeletal muscles, a single muscle group can be made by 
multiple fibre types and their proportions can be variable. These proportions are 
plastic and fibres have the ability to remodel their phenotypes to help muscles to 
adapt to different uses. Remarkably, there are many inherited myopathies and other 
acquired muscle-related disorders that preferentially affect specific skeletal muscle 
fibre types [14]. For instance, in sarcopenia and in muscle dystrophies such as 
Duchenne Muscular Dystrophy (DMD), fast to slow muscular transition occurs [16]–[18] 

whereas, in limb-girdle muscular dystrophy type R1 (LGMDR1) slow fibres are 
preferentially affected [19]. 

Calcium homeostasis in skeletal muscle 

Calcium (Ca2+) plays a vital role in a wide range of cellular processes such as 
gene transcription, membrane resealing, secretion, neurotransmission, as well as cell 
differentiation, proliferation, or survival [20],[21]. In skeletal muscle fibres, Ca2+ is 
crucial for both, electric activation along the motor endplate and skeletal muscle 
contraction. In addition, Ca2+ is involved in many other functions such as protein 
synthesis, protein degradation, fibre type shifting, Ca2+-regulated proteolysis, 
transcription factor modulation, mitochondrial adaptation, cell plasticity and 
respiration [22]. In skeletal muscle, changes in cytosolic Ca2+ levels are particularly 
frequent and diverse, and therefore, tight regulation of Ca2+ levels is essential in this 
tissue (Figure 4). 

Muscle contraction 

Muscle contraction initiates upon Ach release from the MNs in the NMJ, 
which trigger sarcolemma depolarization. The action potential propagates into the 
triads, which play an essential role in excitation-contraction coupling (ECC). 
Membrane depolarization activates dihydropyridine receptors (DHPRs) in the T-
tubules, generating a conformational change, which results in activation of the 
closely apposed ryanodine receptors (RyRs) [23]. RyR1 is the predominant RyR 
isoform in skeletal muscle, being the main Ca2+ release channels in the SR [24]. Either 
activation by DHPRs or increased cytosolic Ca2+ levels can trigger Ca2+ release from 
the SR into the cytosol [25]. RyR1 function can be modulated by post-translational 
modifications, such as S-nitrosylation, S-glutathionylation, and phosphorylation by 
both, Protein Kinase A (PKA) and Ca2+/calmodulin-dependent protein kinase II 
(CaMKII) [26] (Figure 4).  
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Figure 4. Representation of Ca2+ fluxes in the muscle fibre. Upon sarcolemmal depolarization reaching 
T-tubules, DHPRs undergo a conformational change that activates RyR1 channels and results in Ca2+ 
release from the SR (sarcoplasmic reticulum). Ca2+ diffuses to the sarcomere where it initiates muscle 
contraction. Muscle relaxation takes place when Ca2+ is sequestered into the SR by SERCAs or pumped 
out from the myofibre by membrane channels (NCX, PMCA). Cytosolic Ca2+ also binds calmodulin 
(CaM), which activates Ca2+-dependent signalling pathways resulting in muscle gene regulation. 
Cytosolic Ca2+ also reaches mitochondria, where it stimulates metabolism and ATP synthesis required 
for muscle contraction and relaxation [27]. 

In order to maintain the balance between Ca2+ release, Ca2+ storage, and Ca2+ 
reuptake, RyRs operate in coordination with other proteins [28]. Indeed, a variety of 
proteins and small molecules both, in the SR lumen and cytosol, are needed for this 
tight coordination [26]. On the cytosolic side, calmodulin (CaM), a Ca2+ sensor, has a 
dual effect on RyR1, functioning as an activator at low cytosolic Ca2+ levels and as an 
inhibitor at high cytosolic Ca2+ levels [29]. On the SR luminal side, calsequestrin 
(CSQ) forms a complex with junctin and triadin, which activates or inhibits RyR1 in 
a Ca2+-dependent manner [30]. CSQ is the main Ca2+-binding protein in the SR lumen, 
functioning as an endogenous regulator of Ca2+ fluxes and as a Ca2+ reservoir with a 
moderate affinity but high capacity to bind Ca2+ [31].  

After Ca2+ release into the cytosol, Ca2+ binds to various cytosolic Ca2+ buffers, 
such as ATP and CaM, and it can also be up-taken by mitochondria. On the other 
hand, at the sarcomere, troponin C undergoes a Ca2+-dependent conformational 
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change that results in myosin and actin cross-bridge and consequently in muscle 
contraction [32]. Muscle relaxation initiates by lowering of cytosolic Ca2+ back to 
resting levels, which mainly relies on sarco/endoplasmic reticulum Ca2+ ATPase 
(SERCA) pumps [33], sarcolemmal Ca2+ transporters such as Na+/Ca2+ exchangers 
(NCX1-3) and plasmalemmal Ca2+-ATPase (PMCA) [22].  

Sarcoplasmic Reticulum (SR) 

The SR is a very specialized form of endoplasmic reticulum, which embraces 
myofibres. It works as Ca2+ storage and it includes Ca2+ release channels as well as 
Ca2+-ATPase pumps for Ca2+ reuptake to achieve tuned control of the storing and the 
ECC. 

RyR receptors 

RyR receptors as well as IP3R (inositol 1,4,5-triphosphate receptors) are the 
main Ca2+ release channels in ER. The main isoform in skeletal muscle and 
therefore, the one in SR, is RyR1. Mutations in the gene coding for RyR1 underlie 
diseases such as central core disease and malignant hyperthermia. In both cases, an 
abnormal release of Ca2+ has been described [34],[35]. 

RyR is composed by four identical subunits and three domains can be 
distinguished: a luminal, a transmembrane and a cytoplasmic domain. At the triads, 
the luminal domain of RyR and DHPR are located very close to each other: an 
essential contact for the voltage-induced Ca2+ release performed by RyR1 [34]. 
Therefore, DHPR can modulate RyR activity. Moreover, various ions, small 
molecules and proteins as PKA, FKBP12, CaM, CaMKII, CSQ, triadin and junction 
can also regulate Ca2+ release through RyR1 [25]. 

SR Ca2+-ATPase (SERCA) pumps 

SERCA is the most abundant protein in SR. It belongs to the family of P-type 
ATPases, using the energy from the hydrolysis of ATP to move ions across a 
biological membrane. In case of SERCA, this energy is used to transport Ca2+ from 
the sarcoplasm to the SR against the gradient. [36]. Since SERCA pumps are major 
ATP consumers, they are strongly affected by changes in cell energetics and ATP 
supply [37]. 
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SERCA is a single polypeptide chain formed by a transmembrane region and a 
cytoplasmic region which contains 3 domains: the nucleotide binding domain, the 
domain that gets phosphorylated with the phosphate from ATP, and the actuator 
domain that coordinates the phosphorylation [38].  

SERCA pump isoforms are encoded by three genes, SERCA 1, 2, and 3, which 
are differentially expressed in muscle and determine SR Ca2+ dynamics by affecting 
the rate and amount of Ca2+ uptake, thus, affecting SR store and release of Ca2+ in 
muscle [36]. Between them, there is a 75-84% of homology, which suggests that there 
is almost no difference in their tertiary structure. Two of these genes (SERCA1 and 
SERCA2) have alternative splicing products. SERCA1a isoform is predominantly 
expressed in fast twitch skeletal muscle, whereas its alternative splicing product, 
SERCA1b, is expressed in neonatal skeletal muscle. Conversely, SERCA2a, which is 
the predominant isoform expressed in cardiac muscle, is expressed in relatively high 
levels in slow skeletal muscle, while SERCA2b, is expressed in smooth muscle. 
Finally, SERCA3 isoform appears to be ubiquitously expressed in low levels, having 
lower Ca2+ affinity than the other isoforms [33]  

Regulation of SERCA pumps is performed by PLN, SLN, myoregulin (MLN) or 
Dwarf Open Reading Frame (DWORF) [39]–[42]. Previous studies suggest that PLN can 
modulate SERCA2 while MLN does it over SERCA1. On the other hand, SLN can 
regulate SERCA1 and SERCA2. Finally, DWORF has been proposed to regulate the 
3 isoforms [33],[39]–[41]. The mechanism to modulate SERCA is also different for each 
regulator. It is known that PLN and SLN inhibit SERCA function in a Ca2+-
dependent manner. However, the mechanism for MLN and DWORF are still 
unknown, although it has been suggested that MLN inhibits SERCA while DWORF 
activates it. Further studies would be needed to understand their mechanism over 
SERCA [43]–[46]. On the other hand, post-transcriptional modifications such as N-
glycosylation, S-glutathionylation, and phosphorylation can also regulate SERCA 
function[47]. 

SR stress 

Apart from being one of the main Ca2+ storages in myotubes, SR has an 
essential function orchestrating the synthesis, folding, and structural maturation of 
cellular proteins. To accomplish these functions, different chaperons and enzymes 
are needed in SR, requiring high levels of Ca2+ for their proper activity [48]. By 
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contrast, upon altered activity, unfolded proteins accumulate in SR generating 
unfolded protein response (UPR). Different physiological or pathological events, 
including alterations in Ca2+ levels, inflammatory challenges or oxidative stress may 
underlie the capacity for protein folding [49]. UPR involves transcriptional induction 
of SR chaperon proteins to increase the folding process to avoid aggregation, 
translational attenuation to reduce protein overload, and removal of misfolding 
proteins through degradation by the ubiquitin proteasome system (UPS) [50]. This 
answer is mediated by the SR transmebrane sensors: protein kinase R (PKR)-like 
endoplasmic reticulum kinase (PERK), inositol-requiring protein 1a (IRE1a) and 
activating transcription factor 6 (ATF6) [51]–[53] (Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic representation of UPR signalling pathways. Upon stress conditions, for instance 
ER (endoplasmic reticulum) Ca2+ decrease, unfolded proteins accumulate in the ER lumen, which 
triggers the dissociation of BiP/GRP78 from the three ER stress sensors, IRE1α, ATF6α and PERK. 
Therefore, these three sensors get active and, through different pathways, some transcription factors 
translocate to the nucleus to induce the expression of genes involved in protein folding, ER-associated 
degradation (ERAD), autophagy, and amino acid metabolism. Upon persistent ER stress, pro-apoptotic 
signalling is induced and the cell undergoes programmed cell death. 

In normal state, one of the best-characterized ER chaperones, 78-kDa glucose-
regulated protein GRP78, also referred as BiP, binds to these three proteins blocking 
their activity [54]. Nevertheless, upon SR stress, GRP78 binds unfolded proteins 
letting those stress sensors get active. As a result, the expression of CHOP, a 
transcriptional factor promoting apoptosis through down-regulation of pro-survival 
proteins, is increased [55]. On the other hand, splicing of a 26-base intron from X-Box 
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Binding Protein (XBP1) is promoted. XBP1 spliced (XBP1s)-encoded proteins can 
translocate into the nucleus to induce the expression of ER-resident chaperones and 
ER-associated degradation (ERAD) components [56],[57], enabling misfolded proteins to 
be degraded by UPS or by autophagy-lysosomal system [58],[59]. Noteworthily, UPR is 
necessary to promote cell survival; however, chronic unmitigated SR stress can lead 
to death [51] (Figure 5). 

Ca2+-mediated signalling pathways 

In addition to its key function in muscle contraction, Ca2+ has also a main role 
in the regulation of gene transcription. For instance, the transcriptional changes 
necessary for muscle adaptation upon different stimuli are mediated by Ca2+-
dependent signalling [60]. CaMK pathway and Calcineurin (Cn), a Ca2+/CaM-
dependent serine/threonine protein phosphatase, have crucial roles in many of these 
Ca2+-mediated signalling processes. Cn stimulates the transcription of both NFAT 
and NF-κB targeted genes [61],[62]. While Cn/NFAT pathway responds preferentially 
to sustained and low-amplitude elevations of intracellular Ca2+, high amplitude 
oscillations activate NF-κB [63]. NFAT signalling induces the slow gene program 
during muscle regeneration and maintains the slow fibre phenotype in the adult 
muscle tissue. On the other hand, NF-κB regulates the gene program for myoblast 
proliferation and differentiation [64],[65]. Remarkably, NF-κB can behave either as a 
booster or antagonist of apoptosis [66], depending on the stimulus nature. 

CaMK pathway regulates contraction-induced Ca2+-handling and 
mitochondrial biogenesis. It is also involved in the regulation of gene expression in 
skeletal muscle promoting the slow to fast fibre shift [67]. Moreover, during muscle 
development and adaptation, CaMK may activate crucial transcription factors as 
MEF2 (myocyte enhancer factor 2) [68]. The main CaMK isoform in skeletal muscle is 
CaMKII, which is involved in the maintenance of myofibre phenotype and muscle 
growth.[69],[70]. Additionally, CaMKII is one of the upstream activators of AMP-
activated protein kinase (AMPK), an energy sensor that coordinates cell growth and 
autophagy, which consists in removing misfolded or aggregated proteins and clearing 
damaged organelles as a survival mechanism [71]. Furthermore, AMPK is able to 
regulate mitochondrial function and biogenesis. Under low intracellular ATP levels, 
AMPK promotes catabolic pathways to generate more ATP, and suppresses anabolic 
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pathways, such as the high ATP consuming mTORC1 pathway, to inhibit cell growth 
[72]. 

Ca2+ in mitochondria  

SR and mitochondria are the main Ca2+ storages [21]. Mitochondria account for 
about 15% of the cytosolic volume of muscle fibres,[73] and they are located close to 
the SR. In fact, there is a significant interplay between both organelles through the 
mitochondria-associated SR membrane (MAM), structure that is essential for cell 
physiology and Ca2+ homeostasis [74].  

Ca2+ has several functions related to mitochondria. For instance, it regulates 
mitochondrial metabolism, biogenesis, motility, distribution, and plasticity [75]–[77]. 
Likewise, mitochondria can affect intracellular Ca2+ levels. ECC triggers transient 
Ca2+ increases in the mitochondrial matrix, which promotes mitochondrial 
metabolism and ATP synthesis. The last is required to supply the necessary ATP for 
actomyosin cross-bridge cycling and SERCA pumps during contraction and 
relaxation, respectively [78]. Alternatively, Ca2+ overload in the mitochondria may 
induce the opening of permeability transient pores (PTP), that results in a massive 
release of Ca2+ and pro-apoptotic factors such as cytochrome C (Cyt-c) into the 
cytosol, which in turn, activate caspase 9 and initiate the apoptotic program [79],[80]. 
Regarding mitochondrial biogenesis, Ca2+ is involved in its regulation through 
modulation of the CaMKII pathway. Indeed, Ca2+-mediated activation of CaMKII is 
in charge of the expression of peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha (PGC1α), a key regulator of mitochondrial biogenesis [81]. Lastly, 
mitochondrial motility also relies on cytosolic [Ca2+]. Indeed, myosin-Va, a Ca2+ 
sensor molecule, regulates mitochondria-bound molecular motors allowing 
mitochondrial movement along cytoskeletal fibres, and controlling mitochondria 
distribution to enhance Ca2+ buffering and ATP production in regions with high 
cytosolic [Ca2+] [77]. 

Limb-Girdle Muscle Dystrophy type R1  

Limb girdle muscle dystrophy recessive 1 (LGMDR1), or calpainopathy, is 
caused by mutations in the CAPN3 gene encoding for the proteolytic enzyme calpain 
3 (CAPN3) [82]. This disease is characterized by a slow progressive muscular 
weakness that affects both scapular and pelvic girdles, as well as proximal lower 
limb muscles [83]–[85]. Despite it has been described to present an autosomal recessive 
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inheritance pattern, recently, heterozygous mutations in the CAPN3 gene have been 
reported to cause autosomal dominant limb-girdle muscular dystrophy-4 (LGMDD4), 
with a later onset and milder phenotype [86]–[91]. Nevertheless, the underlying 
mechanisms of these disorders still need some clarification [92]. 

The prevalence of LGMDR1 ranges from 1 to 9 cases per 100,000 people, and 
it represents almost 30% of all LGMD cases in open populations [93]–[99], with some 
ancestral mutations responsible for specific ethnic or geographic clusters (Table 1) 
[84],[100]–[103].  

Table 1. Description of the clusters for calpainopathy. 

Geographic location Mutation References 
Reunion Island in the Indian Ocean c.946-1G>A [83] 
Old Order Amish Community in Northern 
Indiana (USA) 

c.2306G>A [104],[105] 

Russia, Croatia, Turkey, Czech Republic, 
Bulgaria, Germany, Italy, Poland 

c.550delA [93],[106],[115],[107

]–[114] 
Basque Country (Spain), Brazil c.2362_2363delAGinsTCATCT [97],[100] 
Japan c.1795_1796insA [85],[96] 
Chioggia village (Venetia, Italy) c.1469G>A [109] 
Mòcheni community (Fersina River Valley, 
Italian Alps) 

c.1193+6T>A [103] 

Agarwal community (Northern India) c.2338 G>C, c.2099-1G>T, 
c.2051-1G>T 

[116],[117] 

Northern European Countries (UK, 
Norway, Sweden, Denmark (“dominantly 
inherited”) 

c.643_663del21 [86] 

Tlaxcala village (central Mexico) c.348C>A [102] 
The United States of America c.598_612del15 [89] 
France (“dominantly inherited”) c.1333G>A [118] 

Molecular genetics 

LGMDR1 is caused by mutations in the CAPN3 gene, which encodes an 
enzyme known as calpain 3 or p94 [82]. This gene is located in the chromosome region 
15q15.1-q21.1, extends over 50 kb, and contains 24 exons [82]. As a result of the 
alternative splicing of the gene, and due to different promoters that can activate its 
transcription in different tissues, several transcript variants have been described 
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[119],[120]. Among them, the longest and most common isoform leads to an 821 amino 
acid calpain 3 protein. 

Up to day, more than 480 pathogenic variants of CAPN3 have been reported 
in the Leiden Open Variation database [121]. The molecular spectrum covers all 
CAPN3 exons, with some hot regions related to either severe or benign phenotypes, 
as well as intronic variants [97],[122].  

Clinical and histological features 

LGMDR1 is characterized by progressive muscle weakness and degeneration, 
with predominant affection of shoulder, pelvic, and proximal limb muscles [93],[123]. 
Age of onset is highly variable, although initial symptoms usually appear between 8 
and 15 years [124]. Patients have difficulties to lift weight, climb stairs, run and/or get 
up from chair or floor, and they become wheelchair-bound approximately one or two 
decades after the symptoms begin [84],[100]. Cardiac and facial muscles are not 
affected, and no cognitive defects have been reported in this disease. Interestingly, 
benign forms are lately being increasingly reported with preserved ambulation even 
after reaching 60 or more years old. In general, these benign forms have metabolic 
symptoms at onset (myalgia, cramps, and exercise intolerance) or even 
asymptomatic hyper-CKemia, which is a muscle damage biomarker [125], that may 
carry on for years before muscle weakness. Symptoms of the classical LGMDR1 
phenotype fit with the criteria described by Erb in 1884 to define juvenile muscular 
dystrophy [84]. However, there is certain variability regarding disease progression 
and severity related to gender, as well as the type and localization of mutations [97]. 
Moreover, a phenomenon known as de novo intermolecular complementation (iMOC) 
of CAPN3, may also lead to a milder phenotype in compound heterozygotes, as the 
autolysis of each CAPN3 mutant can generate two autolytic fragments that are able 
to reconstitute the WT CAPN3 activity [126],[127]. Additionally, in some families, there 
is considerable phenotypic variability among patients with identical mutations [128], 
which makes prognosis in LGMDR1 very challenging [93]. 

Weakness usually begins in the pelvic girdle. Nevertheless, in some patients, 
shoulder girdle muscles are firstly affected, or both girdles suffer a simultaneous 
weakness. Trunk muscles and posterior thigh muscles suffer a prominent atrophy. 
Among these muscles, adductor magnus and semimembranous are predominantly 
affected. However, soleus, vastus intermedius and biceps femoralis have been 
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recently described to suffer a pronounced decline in affected patients [123]. Actually, 
magnetic resonance imaging (MRI) has shown that in the early stages of the disease 
some distal muscles, such as soleus, are also affected [129]. Contractures in hips, 
knees, elbows and fingers can also be a sign, as well as Achiles tendon contractures 
[84],[130]. Patients can also develop shoulder bone protrusions known as scapula alata 
[131]. 

Since the discovery of CAPN3 mutations as responsible for LGMDR1, several 
groups have been trying to identify the pathogenic mechanisms underlying 
LGMDR1. Although these mechanisms are not entirely understood to date, there is 
solid evidence indicating that CAPN3 is a multifunctional protein. Different studies, 
performed in animal models and human samples, have shown that CAPN3 
deficiency is associated with different features in the skeletal muscle such as 
oxidative damage [132],[133], Ca2+ dysregulation [134],[135], sarcomere disorganization [136], 
mitochondrial abnormalities [133],[137]–[139], abnormal muscle adaptation [19],[43] and 
impaired muscle regeneration [138] (Figure 6). Together, all lead to the characteristic 
inflammation, necrosis, fibrosis, atrophy, central nucleation and progressive muscle 
degeneration, observed as histological LGMDR1 features [140] (Figure 7). Indeed, 
patients in the early stages of the disease present increased concentration of serum 
creatine kinase (CK) [100],[140]. Some patients at this stage present eosinophilic 
infiltrations associated with peripheral blood eosinophilia, with unclear pathogenic 
significance [84],[96],[141]. Fibrosis is often present, and it tends to increase with disease 
progression, while the presence of muscle fibres becomes residual, being finally 
replaced by adipose tissue [140]. 
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Figure 6. Illustration of pathological features of CAPN3 deficiency in the skeletal muscle [27]. 

 
Figure 7. Muscle biopsy of a LGMDR1 patient. Haematoxylin and eosin staining shows endomysial 
fibrosis (black asterisks), central nuclei (arrows), fibre splitting (yellow arrowhead), necrosis (black 
arrowheads), and increased variation in fibre size and shape. Scale bar: 25μm [27]. 

Calpain 3 

Calpain 3 (CAPN3) belongs to the calpain superfamily of calcium-dependent 
non-lysosomal cysteine proteases. Calpains have relevant functions in many cellular 
processes, including cell motility, apoptosis, cell differentiation and cell-cycle 
regulation. In these processes, calpains are activated by intracellular Ca2+ and they 
cleave specific substrates [142]–[145]. In mammals, more than a dozen of calpains have 
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been identified, being the ubiquitous CAPN1 (µ-calpain) and CAPN2 (m-calpain) the 
most extensively studied. The primary structure of the calpain catalytic subunit 
consists on a multi-domain structure of: i) a cysteine protease domain (CysPc) 
composed of two protease cores subdomains (PC1 and PC2), ii) a calpain-type beta-
sandwich domain (CBSW), and iii) a Penta E-F hand domain (PEF) [146]. CAPN3 
shares this catalytic domain structure with CAPN1 and CAPN2. However, CAPN3 
has three unique regions namely NS, IS1 and IS2, that confer this protein unusual 
features such as an extreme instability and fast autodegradation, and Na+ dependent 
activation [146] (Figure 8).  

 
Figure 8. Schematic representation of CAPN3 structure. CAPN3 is comprised of two protease core 
domains (PC1 and PC2), a calpain-type β-sandwich domain (CBSW), and a Penta E-F hand domain 
[PEF(L)] that binds four Ca2+ ions and may contribute to CAPN3 dimerization. The three specific 
regions of CAPN3 (NS, IS1 and IS2) are shown in blue. Schematics have been modified from Ye et al., 
2018 [147]. The left panel depicts the estimated tertiary structure of CAPN3 [27]. 

 
One of the most remarkable features of CAPN3 is its extreme 

autodegradation rate [148], which has hindered conventional biochemical analysis. 
Indeed, the native structure of CAPN3 remains unresolved, as well as the accurate 
interactions of CAPN3 with other proteins. Another extremely unusual 
characteristic of CAPN3 is its ability to regain proteolytic function after its autolytic 
dissociation. This occurs through iMOC, a process where two autolytic fragments of 
CAPN3 reconstitute an active core protease domain [127]. Regarding its proteolytic 
function, CAPN3 can be activated at physiological intracellular concentrations of 
Ca2+ (100nM) and Na+ (15mM) [149], and thus, Na+ is responsible for the low Ca2+ 
levels required to activate CAPN3. In fact, in absence of Na+, the [Ca2+] required for 
CAPN3 autolysis is around 0.1mM. Hence, in the skeletal muscle, CAPN3 autolytic 
activity is suppressed in vivo through its binding to connectin/titin [150]. CAPN3 
presents both proteolytic as well as non-proteolytic functions [146]. Different studies 
have identified several mechanisms dependent on CAPN3 proteolytic function, such 
as mechanosensory transduction and sarcomere remodelling after exercise [146],[151]. 
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Non-proteolytic features of CAPN3, independent of its protease activity, have been 
identified through comparative studies in CAPN3 knockout and knockin mice. These 
studies indicate that CAPN3 contributes to the maintenance of Ca2+ homeostasis 
through the stabilization of critical Ca2+-handling proteins, which relies on non-
proteolytic CAPN3 functions [152]–[154]. CAPN3 presents a broad distribution within 
the muscle fibre, having been found at the sarcomere, membrane fraction, SR, 
cytosol, and even in the nucleus [152],[155],[156].  

Research tools for the study of CAPN3 functions 

In vitro models  

Obtaining human muscle samples for research purposes is getting 
increasingly more difficult as nowadays diagnosis of muscle dystrophies are 
performed by less invasive methods, such as genetic diagnosis performed in blood 
samples [122]. Moreover, the growth rate and myogenic capacity of primary healthy 
myoblasts decline after few passages [157]. Thus, immortalized myoblasts have come 
up as a more convenient source of cells compared to primary myoblasts. Actually, 
immortalized myoblast from healthy rodents are the most common in vitro model for 
investigating myotube fusion or degeneration for instance [158],[159]. Nevertheless, 
proliferation and differentiation processes in these cells are not always controlled by 
the same mechanisms as in human myogenic cells [160],[161]. Hence, new protocols have 
been recently described; for instance, the immortalization of , human primary 
myoblasts by inducing the expression of human telomerase reverse transcriptase 
(hTERT) and cyclin dependent kinase 4 (CDK-4) [162]. Myotubes derived from these 
myoblasts have shown relatively mature sarcomeres and the ability to form NMJs 
when co-cultured with motor neurons, as well as regenerative capacity after 
transplantation [162]–[164]. On the other hand, to overcome the limitations of primary 
myoblasts, new strategies as the use of myogenic cells derived from human 
embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) 
have emerged [165]. Both, primary myoblasts and myogenic cells derived from stem 
cells, are compatible with gene editing techniques such as CRISPR/Cas9 [166],[167] or 
gene silencing by RNA interference [134],[168]. In this way, cell models with the 
different pathogenic mutations of a specific disease can be obtained, expanding the 
spectrum of muscle dystrophy in vitro models.  
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Obtention of hESCs or hiPSCs and the subsequent differentiation into 
myotubes is difficult and time-consuming. Regarding hESCs, myoblasts are obtained 
by lentiviral-based inducible gene expression of ectopic MYOD and exposing them to 
skeletal muscle media for approximately 10 days [169]. Then, they are cultured in 
myoblast medium for 4–5 days before triggering myoblasts fusion into myotubes [170]. 
In hiPSCs, however, the process is even more arduous, as somatic cells must be 
reprogrammed by introducing four transcription factors (OCT3/4, SOX2, C-MYC and 
KLF4) into the cells using retroviral vectors in order to behave as hESC [171]. Apart 
from inducing MYOD overexpression, Darabi R. et al.[172] suggested using a lentiviral 
vector encoding DOX-inducible PAX7 to obtain myogenic cells. This kind of cells may 
be really useful for studying the differentiation process from muscle stem cells. 
Nonetheless, when studying terminal differentiation, immortalized human myoblast 
offer a reliable and less time-consuming model. Moreover, myotubes derived from 
primary myoblasts show grater maturity compared to myotubes derived from hESCs 
or hiPSCs [173], which is essential when analysing the expression of the main proteins 
involved in the pathogenesis of muscular dystrophic proteins that are mainly present 
in highly mature myotubes as calcium handling proteins [135]. 

In order to increase maturation and mimic exercise and adaptive responses 
characteristic of the skeletal muscle, several strategies have been developed, such as 
exogenous application of electrical pulse stimulation to cultured myotubes [174]–[176] 
and mixed cultures of human myotubes with either spinal cord explants [177]–[179] or 
human MNs.[180]. Recently, in our group, we have developed a novel tool based on the 
human immortalized myoblast cell line LHCN-M2. These cells were transduced by 
lentiviral particles containing shRNAs to silence the gene of interest. To obtain 
mature myotubes, we optimized a differentiation media containing several 
components with reported activity for promoting myotube survival and maturation, 
such as agrin and neurotrophins [135].  

In vivo models 

In the last decades, several research groups have developed different models 
for calpainopathy. These include CAPN3 transgenic and knockout mice. 

Transgenic mice 

In 2000, a heterozygous transgenic mouse expressing a proteolytically 
inactive CAPN3 but maintaining its integral structure was generated. In this model, 
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Cys129 was replaced by Ser (p94:C129S) [181]. This mutation has not been described 
in humans, however, mice show a dystrophic phenotype, including decreased grip 
strength, increased number of lobulated and split fibres in soleus and extensor 
digitorum longus (EDL) muscles from aged transgenic heterozygous mice [181]. On the 
other hand, a homozygous model with the same mutation was later generated by the 
same group [182]. In this case, mice showed disrupted fibre membranes, increased 
central nucleation and higher levels of CK [182]. This mutation reduces autolytic 
activity and therefore, authors suggest that accumulation of this form of CAPN3 was 
the cause of these dystrophic features.  

Transgenic mice lacking exons 6 and 15 of CAPN3 have also been generated 
displaying immature muscle fibres by Spencer and colleagues [183]. Moreover, they 
have developed some transgenic mice carrying missense mutations that show how a 
less stable but active CAPN3 is able to rescue both, the growth defect in fast fibres 
and the muscle strength observed in Capn3-/- mice [184].  

Knockout (KO) mice 

The first Capn3-deficient mouse model reported was generated by Richard et 
al. [185]. This model was generated by the replacement of exons 2 and 3 of Capn3 gene 
with a neomycin resistance cassette. Due to this change, CAPN3 expression was 
absent. Nevertheless, the cassette employed for the substitution was able to trigger 
the expression of a recombinant CAPN3 protein with the capability to bind titin, 
although the autolysis property was absent. The modification was generated in two 
different backgrounds: 129Sv and a mixed C57BL/6 - 129Svter. In both cases, mice 
displayed similar dystrophic features as centrally nucleated fibres, necrotic and 
regenerative areas, inflammatory cell infiltrates, and split fibres. These affections 
were observed mainly in psoas, soleus, and deltoid muscles, whereas tibialis anterior 
(TA) and biceps showed a mild phenotype, and the quadriceps, gastrocnemius, and 
triceps brachii did not seem to be affected. 

Some years later, a full Capn3 knockout (C3KO) mouse model was developed 
by Kramerova and colleagues [136]. These mice showed reduced fibre size with 
inflammation, necrotic and regenerative areas in cross-sections of gastrocnemius, 
soleus, TA and diaphragm. The most affected muscles in this model were the soleus 
and diaphragm muscles. These muscle fibres showed that lack of CAPN3 led to 
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delayed myofibrillogenesis and reduced myofibre maturity. This has been the most 
characterised calpainopathy animal model. 

C3 null rat 

Just recently, a rat model for LGMDR1 has been generated by Dr Richard’s 
group, following the same procedure as the one employed for generating their mouse 
model (unpublished data). In these rats, psoas, gastrocnemius, soleus, TA and 
diaphragm are the most affected muscles. Higher central nucleation and more 
inflammation signs, especially in TA, have been observed. Moreover, grip strength 
from their forelimbs is lower compared to wild-type rats (unpublished data). 

CAPN3 functions in skeletal muscle 

Employing the different in vitro and in vivo models of calpainopathy, several 
functions have been attributed to CAPN3. These functions will be further discussed 
in the following sections. 

CAPN3 and sarcomere remodelling 

CAPN3 has been mainly implicated in the regulation of muscle contraction 
and sarcomere stability [149],[156],[186],[187]. Within the sarcomere, CAPN3 is localized in 
several regions where it interacts with different proteins. CAPN3 interacts at the Z-
line with α-actinin-3, tropomyosin and LIM-domain binding protein 3. CAPN3 also 
interacts with titin, a large scaffold protein that plays a vital role in sarcomere 
assembly and passive tension of myofibrils, as well as in mechanosensory 
transduction pathways [156],[188]. Interestingly, CAPN3 binds to titin at the N2A and 
M-line regions, with different affinity depending on the sarcomere length. Thus, the 
presence of CAPN3 at the N2A region is increased compared to the M-line region 
when the sarcomere stretches. This location shift along different titin regions is 
facilitated by CAPN3 proteolytic activity [186], and it is crucial for the dissociation of 
Muscle Ankyrin Repeat Protein-2 (MARP-2) from titin, and its translocation to the 
nucleus to transmit signals of mechanical perturbation [182], suggesting that CAPN3 
may function as a sensor of sarcomere integrity. 

Titin stabilizes CAPN3 by preventing its autodegradation [136], and therefore, 
CAPN3 activity may be regulated by titin binding. Moreover, since titin is also a 
CAPN3 substrate, CAPN3 may be responsible for the fast turnover of titin [189], an 
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aspect that, like accounting for other sarcomere proteins, is necessary for 
appropriate maintenance of the sarcomere structure [190],[191]. In this line, C3KO mice 
present abnormal A-bands at the sarcomere and delayed myofibrillogenesis [136], and 
an accumulation of high molecular weight ubiquitin-protein conjugates [151]. 
Together, these findings suggest that proper interaction between CAPN3 and titin is 
essential for sarcomere maintenance and remodelling [192]. 

Activity of the cytosolic pool of CAPN3, not associated to the sarcomere, has 
been suggested to be regulated by PLEAID (Platform Element for Inhibition of 
Autolytic Degradation). Depending on the cellular context, PLEIAD is able to 
alternate its major role of CAPN3 suppression with the recruitment of CAPN3 
substrates [193]. 

Ca2+-mediated pathogenic mechanisms involved in CAPN3 deficiency 

Evidence obtained from animal models and human patients implicates Ca2+ 
homeostasis as a pathophysiological mechanism underlying different muscular 
dystrophies, including LGMDR1 [194]. Several mouse models of LGMDR1 have been 
used to understand the pathogenic mechanisms resulting from CAPN3 deficiency. 
Among these models, the CAPN3 knockout mouse lines Capn3-/- and C3KO [136],[185], 
and the CAPN3 knockin mice Capn3CS/CS expressing a structurally intact but 
inactive CAPN3 [182],[183], have enabled to identify specifically non-proteolytic and 
proteolytic functions of CAPN3. Noteworthily, the phenotype of these mouse models 
does not fully recapitulate the severity of LGMDR1 in human patients, likely due to 
the higher regenerative potential of the murine muscle [195] and/or the increased Ca2+ 
buffering capacity of murine myofibres [134]. Therefore, data from cellular models and 
muscle samples of patients with LGMDR1 need to be considered in order to unravel 
the molecular pathways involved in LGMDR1. During the last years, our group has 
been working on understanding these mechanisms using human biopsies as well as 
primary and immortalized human myotubes [134],[135],[196]. Here below, recent findings 
on pathogenic mechanisms associated with CAPN3 deficiency are reviewed, with a 
particular focus on the involvement of Ca2+ dysregulation (summarized in Figure 9). 
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Figure 9. Schematic representation of recognized Ca2+-mediated pathogenic mechanisms triggered by 
CAPN3 deficiency. CAPN3 deficiency results in reduced levels of RyR1, SERCA, and CaMKII. In 
addition, NCX3 activity may also be reduced. The decreased function of major Ca2+-handling proteins 
results in Ca2+ dysregulation and increased intracellular [Ca2+]. Reduced CaMKII levels together with 
Ca2+ dysregulation compromise CaMK downstream pathways, which may lead to impaired gene 
transcription, mitochondrial abnormalities, oxidative stress, altered fibre phenotype, and impaired 
muscle regeneration. Mitochondrial abnormalities aggravate Ca2+ dysregulation and oxidative damage. 
They may also impact energy production and promote apoptosis through Cyt-c release and activation of 
caspases. Among these mechanisms, multiple feedback loops lead to altered Ca2+ levels and may result 
in myoapoptosis and muscle waste. Red arrows indicate decreased protein expression. Text in boxes 
represent several pathological features of CAPN3, as described in Figure 6 [27].  

Calcium dysregulation 

CAPN3 has been found to interact with several key Ca2+-handling proteins, 
such as RyR1, CSQ, and SERCA [152]. In this line, several studies have shown that 
CAPN3 deficiency results in abnormal Ca2+-handling in the skeletal muscle. Indeed, 
previous studies performed on the CAPN3 knockout mice C3KO and Capn3-/-, 
indicate that these mice present reduced RyR1 expression together with a decrease 
in SR Ca2+ release [153],[154]. Furthermore, Capn3-/- knockout myotubes display reduced 
SR Ca2+ levels and a lower response to SERCA inhibitors compared to wild-type 
myotubes [154]. Notably, the group also contributed to a study showing reduced RyR1 
expression and CaMKII signalling in muscles from LGMDR1 patients and C3KO 
mice [19]. At the triads, CAPN3 is part of a complex comprised of RyR1, AldoA and 
CaMKII. Interestingly, in the absence of CAPN3 in C3KO mice, both RyR1 and 
CaMKII protein levels are decreased while AldoA is mislocalized. Thus, CAPN3 has 
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been proposed as a structural stabilizer of RyR1 complexes at the triads [19],[153]. This 
structural function of CAPN3 may depend on specific genetic regions since a recent 
study with LGMDR1 patients has reported a new CAPN3 mutation that does not 
result in diminished RyR1 in the skeletal muscle [137]. 

Our group had previously found that mouse and human CAPN3-deficient 
myotubes display decreased SERCA levels as well as impaired Ca2+ reuptake into 
the SR [134],[135]. Moreover, we also found reduced SERCA expression in muscle 
samples from LGMDR1 patients. In line with these findings, a recent study has 
shown that in sporadic inclusion body myositis, a common acquired muscle disease 
associated with aging, there is a secondary calpainopathy and a concomitant 
reduction of SERCA proteins that leads to Ca2+ dyshomeostasis [197]. Interestingly, 
we have found that SERCA deficiency in CAPN3 knockdown myotubes resulted in 
increased resting intracellular [Ca2+] in human myotubes, but not in mouse 
myotubes [134]. This is likely due to the fact that mouse muscle myofibres have a 
higher Ca2+ buffer capacity, since parvalbumin, a major cytosolic Ca2+ buffer, is 
highly expressed in the mouse muscle [135]. In any case, SERCA (ATP2A1/ATP2A2) 
mRNA levels were found unchanged in CAPN3-deficient samples, and therefore, we 
propose that CAPN3 is necessary to stabilize SERCA proteins and prevent their 
degradation, similarly to RyR1 and CaMKII. Moreover, SERCA was suggested to be 
abnormally ubiquitinated, what could lead to its faster degradation by UPS.  

Finally, CAPN3 may also regulate Ca2+ homeostasis by increasing the activity 
of NCX3. In HEK293T cells, Michel et al. describe an increased activity of the NCX3 
muscle isoform, NCX3-AC, following CAPN3 cleavage [198]. This Na+/Ca2+ exchanger 
is found at the triads and extrudes Ca2+ across the sarcolemma to lower intracellular 
[Ca2+] during relaxation [198]. Nevertheless, more studies need to be performed in 
order to verify the regulation of NCX3 by CAPN3 in myotubes as well as in LGMDR1 
models. 

Abnormal muscle adaptation 

Skeletal muscle is a remarkably adaptable tissue that responds to 
physiological and environmental challenges by altering its size and composition [199]. 
Ca2+ plays a fundamental role in muscle adaptation to changes in functional demand 
by activating specific Ca2+-dependent transcriptional pathways, such those where 
CaMK is involved, in order to control muscle growth, myofibre type transition, or 
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mitochondrial biogenesis. In particular, CaMKII has been proposed as a major 
sensor of muscle activity that translates it into phenotypic adaptations by regulating 
the transcription of specific genes [70]. CaMKII signalling has been found severely 
compromised in the C3KO mice, and thus, abnormal muscle adaptation has been 
proposed as a major instrumental mechanism in LGMDR1 [19],[43]. Indeed, in C3KO 
mice, reduced CaMKII expression results in an impaired slow myogenic program [19]. 
This may explain why muscles highly enriched in  oxidative slow-twitch fibres such 
as soleus and diaphragm are the most severely affected muscles in C3KO mice, and 
also why it seems to be a preferential involvement of slow fibres in LGMDR1 muscle 
biopsies [19]. Moreover, after endurance exercise, Capn3-deficient mice muscles fail to 
upregulate several groups of genes associated with muscle adaptation, such as 
myofibrillar (Myl2, Ckmt2, Myom3, Myo18b), mitochondrial (Ppargc1), and 
metabolic genes (Lpl, Pnpla2) [43].  

Mitochondrial abnormalities 

Several studies support the notion that CAPN3 is an important modulator of 
mitochondrial function, and its absence seems to have major consequences over this 
organelle [139],[200]. LGMDR1 patients and Capn3 knockout mice present abundant 
mitochondria with abnormal spatial distribution [96],[139],[201], and a recent study 
points towards mutation-specific patterns of mitochondrial dysfunction in different 
LGMDR1 patients [137]. Moreover, in C3KO mice, mitochondria display a swollen 
appearance with disrupted membranes [139], while in LGMDR1 muscle biopsies, 
several mitochondrial genes have been found deregulated [202]. Mitochondrial 
abnormalities would have a direct impact on several pathomechanisms in LGMDR1, 
including Ca2+ dysregulation, energy deficits, oxidative stress, which ultimately, 
could lead to cell death through the release of different pro-apoptotic factors into the 
cytosol (Figure 4). Indeed, C3KO muscles present decreased ATP production and 
increased oxidative stress [139], while LGMDR1 muscles show Cyt-c mislocalization to 
the cytosol [155], which may promote activation of caspases and apoptosis [203]. 
Likewise, mitochondria biogenesis and function are severely affected by Ca2+ 
dyshomeostasis [194]. Thus, while Ca2+ promotes mitochondrial metabolism and ATP 
synthesis, sustained high intracellular Ca2+ levels, such as those found in CAPN3-
deficient myotubes [134],[135], may result in mitochondrial Ca2+ overload, and 
eventually lead to mitochondrial dysfunction and muscle cell degeneration. On the 
other hand, mitochondria biogenesis is modulated by PGC1α, which is in turn 
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regulated by Cn and CaMK pathway, and therefore, it is highly susceptible to Ca2+ 
dysregulation [81],[204]. In this line, during muscle regeneration, Capn3 knockout mice 
have proved unable to increase mitochondrial DNA content, as well as Ppargc1α and 
Atp5d transcripts, likely due to diminished CaMKII signalling [138].  

Oxidative stress 

Oxidative and nitrosative stress have been associated with muscle wasting in 
several muscular dystrophies, including LGMDR1, where NAPDH oxidase appears 
to be one potential source of oxidative stress in LGMDR1 muscle biopsies [132]. In 
LGMDR1 biopsies, elevated reactive oxygen species (ROS), increased oxidized 
proteins and lipid peroxidation have been reported [132],[133]. Oxidative stress has also 
been associated with C3KO mouse muscles [139], where defective mitochondria may 
be a contributing factor since they are considered to generate the majority of cellular 
free radicals. Reciprocally, oxidative stress may also lead to mitochondrial damage 
[205], as well as Ca2+ dysregulation [206]. Therefore, identification of the cause-effect 
relationship among these features is very challenging. In any case, oxidative stress 
can cause cell death through necrotic or apoptotic pathways.  

In response to oxidative stress, several protective mechanisms are activated 
to buffer extra ROS, such as superoxide dismutases (SOD). An increment in their 
concentration is indicative of oxidative stress. Accordingly, in Capn3 knockout mouse 
increased levels of SOD have been reported, indicating a suitable protective response 
against oxidative stress [133]. In contrast, a reduction of antioxidant defence 
mechanisms has been described in LGMDR1 biopsies [133], pointing towards a higher 
vulnerability of human LGMDR1 muscles compared to mouse C3KO muscles. 

Impaired muscle regeneration 

Impaired muscle regeneration is another main pathological feature of 
LGMDR1 [138]. Muscle regeneration is a complex process that is initiated upon injury 
of muscle cells and can be divided into several stages: activation and proliferation of 
satellite cells, which are the muscle stem cells, differentiation and fusion of the 
myoblasts, maturation of the newly formed muscle fibres, and the remodelling of 
muscle fibres. This process requires high levels of protein synthesis, proper mRNA 
translation, and energy consumption. Different signalling pathways underlie these 
processes, such as AMP-activated protein kinase (AMPK) signalling, which is 
regulated by CaMKII and liver kinase B1 (LKB1) [207],[208]. In C3KO mice, during 
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muscle regeneration after cardiotoxin (CTX)-induced damage, muscle fibre growth is 
arrested due to increased AMPK phosphorylation, inhibition of mTORC1, and energy 
shortage [138]. Regeneration is one of the most energy-consuming cellular processes, 
and therefore, C3KO mice fibres are not able to activate genes necessary to adapt to 
a new situation [209],[210]. Moreover, abnormal sarcomere organization in C3KO mice 
may also contribute to impaired muscle regeneration [136]. 

Interestingly, in regenerating C3KO muscles [138], as well as in LGMDR1 
biopsies [211], a similar miRNA pattern has been reported to the one described in 
muscles with impaired myofibre repair/regeneration and subsequent fibrosis, 
showing increased Pax7 expression and downregulation of the muscle specific 
miRNAs miR-1, miR-133a, and miR-206. These miRNAs, also known as dystromirs, 
are involved in myogenesis by promoting muscle proliferation (miR-133a) and 
differentiation (miR-1 and miR-206) [212]. Downregulation or inhibition of miR-1 and 
miR-206 is associated to an increase in satellite cells proliferation and Pax7 
expression in vivo [213],[214]. On the other hand, miR-133a is involved in the 
maintenance of adult skeletal muscle structure, function, bioenergetics and myofibre 
identity [215]. Remarkably, miR-1, miR-206 and miR-133a have been proposed as 
disease biomarkers for DMD [212]. 

Finally, MYOD modulation by CAPN3 has been demonstrated in murine cell 
cultures, which signals CAPN3 as a potential player during muscle regeneration [216]. 
Moreover, a defective fusion of C3KO myoblast has been described in vitro, due to an 
accumulation of the β-catenin-M-cadherin complex at the membrane [217]. CAPN3 
regulates the localization of β-catenin [217]. At the same time, frizzled-related protein 
3 (FRZB), through Wnt pathway inhibition, may prevent the translocation of β-
catenin to the nucleus [196]. Interestingly, upregulated FRZB expression has been 
found in LGMDR1 muscle samples [196]. Therefore, CAPN3 seems to be involved in 
the fusion and maturation processes of myogenic cells. 

Myoapoptosis 

Several studies have reported apoptotic myonuclei in muscle samples from 
LGMDR1 patients [155] and Capn3-/- mice [185]. Conversely, similar studies performed 
in the C3KO mouse model fail to detect apoptotic nuclei in muscle fibres [136]. 
Differences in Ca2+ buffer capacity or protective response against oxidative stress 
may account for the lack of apoptotic nuclei in this LGMDR1mouse model.  
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In LGMDR1, apoptosis may be triggered through several pathways (see 
Figure 9). Firstly, CAPN3 activates NFκB in a Ca2+ dependent manner, through 
degradation of the NF-κB inhibitor IκBα [185]. Activation of NF-κB in the skeletal 
muscle may lead to protein degradation, inflammation, and fibrosis [218], but it also 
may promote muscle cell survival under certain conditions [219],[220]. This seems to be 
the case in LGMDR1, since previous works have shown that CAPN3 regulates the 
expression of NF-κB-dependent survival genes to prevent apoptosis in skeletal 
muscle, such as c-FLIP [219]. In particular, the expression of c-FLIP, a master anti-
apoptotic regulator downstream NF-κB signalling pathway, is downregulated in 
human myotubes and CAPN3-deficient mouse muscles [135]. Deregulations in the NF-
κB pathway could be part of the mechanism responsible for the muscle wasting 
resulting from CAPN3 deficiency. 

Secondly, Cn also plays a significant role in apoptosis through the 
dephosphorylation of proteins involved in the apoptotic pathway, such as caspase 9. 
Phosphorylation of caspase 9 by Akt pathway results in caspase 9 inhibition, while 
Cn triggers caspase activity via dephosphorylation [221]. Thirdly, Cyt-c leakage from 
mitochondria promotes the generation of the apoptosome in the cytosol, which 
activates caspase 9 and the downstream caspase cascade, that may result in 
myoapoptosis [203]. Interestingly, our group has collaborated in a report of the 
cytosolic Cyt-c localization in LGMDR1 muscle biopsies [155]. 

Lastly, sustained SR stress, elevated intracellular calcium and oxidative 
stress, all of which underlie LGMDR1 pathology, may also lead to apoptosis through 
caspase activation. Therefore, further studies are needed to elucidate the molecular 
mechanisms that trigger the apoptotic pathway and muscle waste in LGMDR1. 
These findings may be highly valuable for identification of novel therapeutic 
candidates.  

Muscle atrophy and degradation 

Muscle atrophy, the loss of skeletal muscle mass, is due to an imbalance 
between protein synthesis and protein degradation [222]. Ubiquitin-proteasome (UPS) 
and the autophagy-lysosome systems are the two most important cell proteolytic 
processes controlling protein turnover in muscle [223]. 
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In muscle, upon changes in muscle activity, sarcomeric proteins are removed 
by the UPS [223]. In this process, a cascade of catalytic reactions is essential to tag the 
targeted proteins by ubiquitin molecules and to drive them to the proteasome, where 
they will be subsequently degraded. Briefly, E1 enzymes activate ubiquitin, E2 
ubiquitin-conjugating enzymes take then the activated ubiquitin, and transfer it to 
the target substrate by an E3 ubiquitin ligase [224]. Intriguingly, some muscle specific 
E3 ligases such as atrogin-1, MuRF1, Nedd4-1 or TRIM32, have been suggested to 
play a crucial role in muscle wasting [225]. Once the labelled protein is recognized by 
the proteasome, the ubiquitin chains are removed by deubiquitinating enzymes to 
allow recycling of this ubiquitin for reuse in future conjugation reactions [225]. 

It has been suggested that in LGMDR1 patients, UPS mediated protein 
degradation is the main pathway that leads to muscle atrophy, as overexpression of 
UPS-related genes has been reported in their muscle biopsies [132],[226]. Moreover, 
previous reports suggest that UPS is under the regulatory effect of CAPN3 since 
CAPN3 was found to proteolyze the proteasome regulatory subunit RPS6A [227]. 
Similarly, upregulation of UPS system has been suggested in other muscle 
dystrophies such as sarcoglycanopathies, dysferlinopathies, and merosin-deficiencies 
[228]–[233]. Indeed, pharmacological inhibition of this degradation pathway has shown 
to prevent the removal of mutated proteins, to promote functional recovery and to 
improve the dystrophic phenotype associated with these disorders [228],[229],[238],[230]–[237]. 

Autophagy, however, plays a crucial role in the turnover of cell components. 
Among this pathway, three different mechanisms have been described in mammals 
for the delivery of the autophagic cargo to lysosomes: macroautophagy, chaperone-
mediated autophagy (CMA) and microautophagy [223]. In particular, macroautophagy 
seems to be also involved in LGMDR1 muscle atrophy, but in a lesser extent [226].  

Briefly, in autophagy, ubiquitinated proteins are aggregated and then 
selectively kidnaped by the phagophore membranes forming autophagosomes, which 
are double-membrane vesicles. Subsequently, these vesicles merge with lysosomes 
forming autolysosomes, where proteins will be degraded. The selection of the 
proteins to be degraded is mediated by p62 protein, which binds ubiquitin and LC3 
proteins. During autophagosome formation, LC3 is lipidated into its LC3-II isoform. 
Interestingly, in LGMDR1 muscle biopsies, increased expression of LC3-II, p62 
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proteins and up-regulation of p62 and Bnip3 (key regulator of cell death/autophagy) 
have been reported [226]. 

Therapeutic strategies 

Alike other hereditary disorders, there are currently no effective therapies to 
treat LGMD. Moreover, treatments for these diseases have mostly been symptomatic 
so far. However, new treatments, both non-disease- and disease-specific, are 
emerging for LGMD [239]. Among non-disease-specific treatments, both strength and 
aerobic exercise training are beneficial for LGMD. In particular, strength training 
improves strength in LGMDR1, although improvement generally seems smaller than 
with endurance training [240],[241]. One proposed pharmacological approach is to 
increase muscle mass by enhancing positive regulators of muscle growth, or by 
inhibiting negative regulators, such as myostatin. In this regard, in the Capn3-/- 
mouse model of LGMDR1, treatment with an adeno-associated virus (AAV) carrying 
a mutant myostatin pro-peptide with an inactive C-terminal domain has shown 
increased muscle mass and improved force generation [242]. Strikingly, a Phase I/II 
trial with MYO-029, a recombinant human antibody that inhibits myostatin activity, 
has shown good tolerability but minimal improvement in the muscle strength and 
the pathology of patients with LGMD [243]. More recently, the new pharmacological 
compound AMBMP has been proposed to activate CaMKII signalling, restoring the 
phenotype in the C3KO mouse model [244]. 

To date, although a meaningful effort has been made in all these areas to 
address the challenge of developing therapies for LGMDR1, most groups are focused 
on correcting the primary genetic defect through the use of AAV gene therapy, 
transcriptional modification approaches (exon skipping and induction of stop codon 
read-through), or cell therapy (stem cells and iPSCs) [245]. In the particular case of 
LGMDR1, there are currently few ongoing therapeutic approaches, and so far, they 
are only showing moderate efficacy. Therefore, there is a need for developing new 
therapeutic strategies directed towards alternative targets of the disease, such as 
the ones summarized in Figure 4. Until now, transfer of the AAV-mediated CAPN3 
gene has shown safety and efficacy in the LGMDR1 mouse model, resulting in 
significant myopathology amelioration [246]. Plasmid DNA containing the non-
mutated CAPN3 gene injection into the bloodstream has also been suggested in 
preclinical trials, avoiding viruses for its delivery to muscle fibres [247]. Moreover, 
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gene correction in LGMDR1 patient-specific iPSCs has been successfully achieved. 
Those genetically corrected iPSCs can be evaluated in vitro and in vivo once 
differentiated into skeletal muscle progenitors, in order to address the efficient 
restoration of full-length CAPN3 [167]. Finally, Sarepta Therapeutics, in association 
with Nationwide Children’s Hospital, has recently announced a gene therapy 
program using the AAVrh74 vector, designed to replace CAPN3 in the skeletal 
muscle via systemic administration. AAVrh74 has a robust affinity for muscle cells, 
with a relatively low level of pre-existing immunity [248]. This vector has been 
previously used in other gene therapy programs targeting DMD and five other 
LGMDs [249],[250]. All these therapeutic approaches for LGMDR1 are summarized in 
Table 2. 

Table 2. Therapeutic strategies for LGMDR1. Modified from Lasa-Elgarresta J. et al.  [26] 

Therapy Clinical- 
pharmacological use State Comments Reference

s 
Pharmacological 

therapy     

MYO-029 
Myostatin human 

recombinant 
neutralizing 

antibody 

Competed 
for I/II 
trial 

Minimal 
improvement in 
muscle strength 

[243] 

AMBMP 
 

Activator of Wnt 
signalling without 
inhibiting GSK-3β 

Preclinical 
Reprograming 
skeletal muscle 
toward a slow 

muscle phenotype 

[244] 

Gene therapy     
AAV-delivered 

mutant myostatin 
propeptide 

Prevention of the 
cleavage of 
myostatin 
propeptide 

Preclinical 
Increased muscle 
mass and force 

generation in mice 
[242] 

AAV-mediated 
transfer of Calpain 

3 

 
Increase of Calpain 

3 expression and 
function 

Preclinical 
Rescue of the 

contractile force 
deficits in mice 

[246] 

Plasmid DNA 
 

Increase of CAPN3 
expression and 

function 

Active 
project  [247] 

AAVrh74 vector 
 

Increase of Calpain 
3 expression and 

function 

Active 
project 

Systemic delivery to 
muscle 

[251] 

Cell therapy     
iPSC 

 

 

Increase of Calpain 
3 expression and 

function 
Active 
project  [167] 
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Considering the importance of calcium homeostasis in the pathophysiology of 
LGMDR1, targeting calcium handling proteins could also conform another 
therapeutic strategy to ameliorate this calpainopathy outcome. Specifically, 
restoring the expression or the activity of altered proteins such as RyR, SERCA or 
CaMKII, should be considered. Actually, since exacerbated degradation of SERCA 
proteins due to SERCA over-ubiquitination has been suggested previously by our 
group [134], the inhibition of its degradation could restore its expression contributing 
to normalize physiological calcium homeostasis. 



 

 
 

 



 

 
 

 

 

 

 

 

 

 

 

HYPOTHESIS AND 
OBJECTIVES 



 

 
 

 



Hypothesis and objectives 

 

71 
 

Working hypothesis 

Calcium dyshomeostasis is one of the pathophysiologic mechanisms underlying 
LGMDR1. Therefore, the working hypothesis is that CAPN3 deficiency may trigger 
calcium handling proteins dysfunction such as Sarco-Endoplasmic Reticulum 
ATPase pumps (SERCA) by the induction of their abnormal degradation through the 
Ubiquitin Proteasome System (UPS). Thus, inhibiting this anomalous degradation 
by pharmacological treatments could improve the deleterious outcome of this muscle 
dystrophy. 

 
Figure 10. Scheme of the hypothesis. Pathologic mutations in CAPN3 trigger abnormal SERCA 
ubiquitination (UB) and its consequent exacerbated degradation by Ubiquitin Proteasome System 
(UPS). SERCA reduction would generate increase cytosolic calcium concentration ([Ca2+]). However, 
inhibition of UPS by Bortezomib (BTZ) treatment, could avoid over-ubiquitinated SERCA protein 
degradation, and therefore, restoring normal cytosolic [Ca2+]. 

Aims and objectives 

Current knowledge of the implication of calcium dysregulation in LGMDR1 
and the lack of efficient therapies for these patients highlight the necessity of the 
research for new therapeutic approaches. Therefore, the main objective of this thesis 
is to advance in the finding of pharmacological therapies against this disease. 
Specifically, this thesis describes the effect of CAPN3 deficiency over SERCA 
(sarco/endoplasmic reticulum Ca2+ ATPase pumps) and the effect of Bortezomib 
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(BTZ), a specific inhibitor of UPS, in impeding SERCA degradation, which could 
enhance SERCA activity. Actually, correct calcium re-uptake could restore calcium 
homeostasis heading this target in LGMRD1. 

The specific objectives can be summarized as follows: 

1. To characterize calcium handling proteins in CAPN3 deficient human cellular 
models. 

2. To assess the effect of proteasome inhibition on SERCA expression and 
activity in CAPN3-deficient myotubes in vitro. 

3. To analyse BTZ treatment in Capn3-deficient animal models in vivo. 
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Cell culture 

LHCN-M2 [162] and 8220 [252],[253] control and KM900 and 918 LGMDR1 human 
immortalized myoblast lines were kindly provided by Dr Vincent Mouly from the 
Myology Institute in Paris (Table 3). These cells had been previously immortalized 
by the platform Immortalization of Human Cells from the same institution. 

For culturing, cells were seeded on 0.5% gelatine-coated dishes and grown in 
skeletal muscle growth medium (SGM, Promocell) supplemented with 10% FBS, 1X 
Glutamax and 50µg/ml gentamicin. At confluence, cells were washed with 1X DPBS 
and then, basic differentiation medium was added (DMEM, 10µg/ml insulin, 
100µg/ml apotransferrin and, 50µg/ml gentamicin). Two days after, when fusion of 
myoblasts was evident, basic differentiation medium was replaced by complete 
differentiation medium, which is enriched with neurotrofic factors and extracellular 
matrix components. After 5 days of differentiation, mature myotubes with 
spontaneous contractile capacity were obtained. In LHCN-M2 myoblast cultures, an 
overlay of extracellular matrix (ECM Gel from Engelbreth-Holm-Swarm murine, 
Sigma-Aldrich) was added once confluence was reached before adding basic 
differentiation medium as previously described [135]. 

Table 3. Summary of molecular data of the cell lines from LGMDR1 patients. 

Cell 
line Sex Mutated site DNA 

mutation 
Protein 

mutation 
     

KM900 Male 
EX13 
EX13 

c.1699G>T 
c.1699G>T 

 

p.(G567W) 
p.(G567W) 

 
     

918 Male EX6 
EX13 

c.865C>T 
c.1637G>T 

p.(R289W) 
p.(R546L) 

Silencing of CAPN3 with shRNA 

LHCN-M2 and 8220 control lines were transduced with lentiviral particles 
containing shRNAs to knockdown CAPN3 gene expression. Lentiviral particles were 
obtained from Viral Vector Unit (ViVU) from The Centro Nacional de Investigaciones 
Cardiovasculares Carlos III (CNIC). They contained the following plasmids: 
TRCN0000003494 (human, CAPN3-shRNA) and SHC002 (non-mammalian shRNA 
control, NS-shRNA) (MISSION® pLKO.1-puro, Sigma-Aldrich). 
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Human myoblasts were transduced with these particles at a multiplicity of 
infection (MOI) 5 in proliferation medium with 4µg/ml polybrene for 24h. 
Afterwards, cells were differentiated to myotubes as described above. 

Cell treatment with Bortezomib (BTZ) 

Myotubes were treated after 4 days on differentiation, for 24h, with BTZ 
(Selleckchem), a specific inhibitor of UPS. For treating, complete differentiation 
medium was removed and replaced by fresh medium containing 5nM BTZ. After 
treatment, myotubes were washed with 1X DPBS before obtaining the pellet. 

Animal models 

In this study, two animal models have been employed: C3KO mouse model 
and the C3 null rat. C3KO mouse was generated in a C57BL/6 background using 
embryonic stem cells disrupted at the C3 locus using a gene trap retroviral vector as 
previously described [136]. Rat model was generated by Dr. Richard’s group using 
CRIPR/Cas9 technology to delete exon 3 in a CD (Sprague Dawley) rat. Experiments 
were conducted in accordance with protocols approved by the Institutional Animal 
Care Ethical Board Committee of Biodonostia (CEEA 17_015) and by Ethical 
Committee for Animal Experimentation of Généthon (DAP 2017-016-B #14253). 

BTZ treatment 

C3KO mice were treated with 0.8mg/kg BTZ (Velcade®) in saline by 
intravenous injection (IV) every 72h for 3 weeks under isoflurane anaesthesia. On 
the other hand, C3 null rats were treated with 0.2mg/kg BTZ (Selleckchem) in saline 
by intraperitoneal injection (IP) every 72h for 2.5 weeks under isoflurane 
anaesthesia. However, due to the weight loss observed in treated rats, the dose was 
reduced to 0.15mg/kg for another 1.5 week. 

Protein analysis 

Protein extraction and quantification 

Cell pellets were homogenized with 50µl lysis buffer (0.125M Tris/HCl, 1% 
glycerol, 1% SDS, 4M Urea, 5% β-mercaptoethanol, 0.001% bromophenol blue) by 
pipetting. Samples were boiled for 5min afterwards. 
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On the other hand, proteins from muscle biopsies were obtained by adding 
100µl lysis buffer to each 10mg of muscle. Samples were homogenized with Tissue 
Lyser (QIAGEN). 3 cycles of 30s at 30Hz were applied in order to get complete tissue 
disaggregation. Between each cycle, samples were placed on ice for 1min. Later, 
samples were boiled for 5min and centrifuged at 8,000 rpm for 3min. Finally, the 
supernatant was recovered. 

Protein quantification was performed by Bradford protein assay (Bio-Rad). 
Protein samples were diluted 1:20 or 1:50 for samples from cell pellet or muscle 
biopsy, respectively, and then 1:5 dilution of Bradford was added. The absorbance of 
the unknown samples and the serial of standards was measured at 595nm in a 
microplate spectrophotometer (Appliscan, Thermo scientific). Finally, protein 
concentration of the unknown samples was obtained by substitution of the 
absorbance in the lineal regression obtained from the serial of standards. 

Protein homogenization was carried out with a different protocol for CAPN3 
detection. In this case, muscle biopsies and cell pellets were homogenized with a 
different lysis buffer [0.025M Tris/HCl, 25% glycerol, 1.5% SDS, 4M Urea, 1M 
Thiourea, 0.37M DTT, 0.015% bromophenol blue, 1:200 protease inhibitor (Sigma-
Aldrich)] and denaturalized for 10min at 95°C. 

Western Blotting 

Protein extracts were solved in Min-PROTEAN® TGX™ 4-20% gradient SDS-
PAGE precast gels (Bio-Rad). Electrophoresis was carried out in a Miniprotean 
system (Bio-Rad) in a Tris-glycine buffer (25mM Tris, 200mM glycine, 0.15% SDS) at 
constant voltage (100V) for 90min. For CAPN3 detection, NuPAGE™ 4 to 12% Bis-
Tris precast gels were employed, using a Mini gel talk (Invitrogen) in MOPS buffer 
(Invitrogen) at 80V for the first 10min, continuing at 130V for another 75min.  

 Proteins were transferred onto low fluorescence PVDF membranes and 
blocked with TBS-tween and 5% skim milk powder. After that, membranes were 
incubated with primary antibodies overnight at 4ºC (Table 4). 

After washing, membranes were incubated with Alexa Fluor 647- or 488-
conjugated secondary antibodies and fluorescence images were acquired with an 
iBright apparatus (Thermo scientific). For image quantification, Image Studio Lite 
4.0 software was used. 
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Table 4. List of antibodies employed for western blot and immunohistochemistry. 

Antibody  Reference Supplier Host Use 
Calpain 3 12A2 
mAb 

 MONX10794 Monosan m WB (1:100) 

Collagen IV pAB  LSL-LB-1403 Antibody 
BCN 

r IHC (1:1000) 

DHPRα2 mAb  ab2864 Abcam m WB (1:1000) 

Fast MyHC mAB  A4.74 DSHB  IHC (1:25) 

Gapdh mAB   MAB374 Millipore m WB (1:5000) 

MyHC mAb  A4.1025 DSHB m WB (1:5000-
20000) 

MyHC-CFS mAb*  IC4470F  R&D m IHC (1:50) 

P-CaMKII pAB  PA537833 Invitrogen r WB (1:500) 

RyR1 mAb  MA3-925 Thermo m WB (1:1000) 

SERCA1 mAb  MA3-912 Thermo m IHC (1:100)/ 
WB (1:1000) 

SERCA2 mAb  sc-376235 Santa Cruz m WB (1:250) 

SERCA2 pAb  9580 Cell 
signalling 

r IHC (1:100) 

Slow MyHC mAb  A4.840 DSHB m  IHC (1:25) 

SR-actin pAB  ab97378 Abcam r WB (1:5000) 

β-CaMKII mAB  13-9800 Invitrogen m WB (1:250) 

SERCA activity assay 

SERCA hydrolyses ATP to re-uptake Ca2+ to the SR. Based on a chain of 
reactions that used the resultant ADP and consume NADH, SERCA activity can be 
measured by spectrophotometry, as previously described [134]. In fact, decline of 
NADH absorbance at 340nm is used as the indicator of steady state ATP hydrolysis, 
and consequently, of SERCA activity (Figure 10).  

Muscle biopsies were manually homogenized by a homogenization pestle with 
reaction buffer (200mM KCl, 20mM HEPES, pH 7.0, 15mM MgCl2, 10mM NaN3, 
10mM phosphoenolpyruvate, 5mM ATP, 1mM EGTA) with 1X Halt™ Protease and 
Phosphatase Inhibitor Cocktail (ThermoScientific). 200µg protein was diluted in a 
total volume of 100µl reaction buffer. Right before starting the reaction, 2µl of 
Pyruvate kinase/Lactate dehydrogenase (PK/LDH) 18 U/ml and 0.53µl of 0.19mM 
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calcimycin (both from Sigma-Aldrich) were added to the reaction buffer, and this last 
was used as a blank. Addition of 2µl of 100mM NADH (Sigma-Aldrich) triggered the 
reaction. To determine basal activity once the reaction started, 3 measurements 
were taken in 1min intervals using a NanoDrop® ND-1000 apparatus. To determine 
maximal SERCA activity, 4µl of 20mM CaCl2 were added and measurements were 
recorded every 30s for 5min. SERCA activity was then inhibited by adding 1mM 
thapsigargin (Sigma-Aldrich) and measurements were repeated for another 5min. 
The rate of ATP hydrolysis (mmol of ATP/mg of protein/min) was estimated from the 
equation: 

ΔOD340/(Δt· ε· L · [Prot]) 

ΔOD340/Δt: indicates the decrease in absorbance at 340nm during 5min, 
estimated by linear regression analysis of plotting OD340 vs. time (min) 

ε: represents NADH extinction coefficient (6.22 x10-3 ml/mmol/cm) 

L: optical pathlength (0.1 cm) 

[Prot]: amount of protein in mg/ml.  

For SERCA ATPase specific activity calculation, ATPase activity in the 
presence of thapsigargin was subtracted from the maximal ATPase activity. 

Figure 11. Schematic representation of the enzymatic reactions determining SERCA activity. 
Phosphoenolpyruvate, ATP, PK (pyruvate-kinase) and LDH (lactate dehydrogenase) are added to the 
protein homogenates. Then, NADH is added and the decline in its absorbance is used to estimate 
SERCA enzymatic activity [134]. 

 

Real-time quantitative PCR (qPCR) 

First, total RNA from cell pellets was extracted by miRNeasy Mini kit 
(Qiagen), following the instructions supplied by the manufacturer. Optional step 
with DNase I (Qiagen) was also performed. Once RNA was quantified, 1µg RNA was 
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retrotranscribed into cDNA using SuperScript® Vilo cDNA Synthesis Kit (Thermo 
Fisher). Finally, qPCR was performed with Power SYBR® Green PCR Master Mix 
(Thermo Fisher) and with CFX384 apparatus (Bio-Rad). Primers for the genes of 
study were designed using Primer Express software (Thermo Fisher) and specificity 
and primer dimers were checked with in silico PCR tool from The University of 
Santa Cruz (California) [254] and Multiple Primer Analyzer tool from Thermo Fisher 
[255], respectively. Employed primers are collected in Table 5. 

Table 5. Sequence of primers used for real-time qPCR analysis. 

Gene Forward primer Reverse primer Species 
ATP2A1 TACGATGAGATCACAGCCATGAC ATCCCATGGCAATGCCAAT Human 

ATP2A2 AAAGCTAAAGACATAGTTCCTGGTGA
T 

AGCAGGAACTTTGTCACCAACA Human 

ATP2A3 CGATACCTGGCTATCGGAGTGTAC CAGGAAGTTCCTCAGCTGGTAGAA Human 

CAPN3 GAAAAGAGGAACCTCTCTGAGGAA CGAAGATGATGGGCTTGGTT Human 

Capn3 CTGTTCAAAGGTGAGAAGGTGAAG  AGCTCCAGTCCTTCCAACCAT  Mouse/Rat 

c-FLIP TCCTTCAAATAACTTCAGGCTCCATA GGATTTCTTCACTGGTTCTTGTTGA Human 

CHOP CTCCTGGAAATGAAGAGGAAGAAT TGCTTGTGACCTCTGCTGGT Human 

CK GAAGCTCTCTGTGGAAGCTCTCA CCTTCTCCGTCATGCTCTTCA Human 

Ckmt2 [43] ATAGGCAGAAGGTATCTGCTGATG GTGTCATCTTGTTTCGGAGTTTGG Mouse/Rat 

DHPRα1 GCCATCTCCGTGGTGAAGAT CACTGCACCACGTGCTTCA Human/Mous
e 

DYST ACAGGGCAAAAACTGCCAAA CGCAGTGCCTTGTTGACATT Human/Mous
e 

Gapdh CCTGGCCAAGGTCATCCAT TGGCATGGACTGTGGTCATG Mouse 

GRP78 AGAAGGTTACCCATGCAGTTGTTACT CTCATAACATTTAGGCCAGCAATAGTT Human 

HERP CAAGGTGGCTGAATCCACAGA  GCCTTAAACCATCACTTGAGGAAT Human 

HPRT1 CATGGACTAATTATGGACAGGACTGA TGAGCACACAGAGGGCTACAA Human/Mous
e 

Lpl [43] TCGTCATCGAGAGGATCCGA TGTTTGTCCAGTGTCAGCCA Mouse/Rat 

Mmp9[256] CAATCCTTGCAATGTGGATG AGTAAGGAAGGGGCCCTGTA Mouse/Rat 

Myl2 [43] AGTTCAAGGAAGCCTTCACAATC ATTGGACCTGGAGCCTCTTTGAT Mouse/Rat 

Myo18b [43] TGAGGTCGTCATGGAAAGGC CCAGACTTTCTGTGCCTCGT Mouse/Rat 

Myom3 [43] CGGCAAGTACCGTATCACCA ATCTCCGAGTCAAAGCCAGC Mouse 

Pnpla2 [43] CTCACATCTACGGAGCCTCG CCAGGTTGAAGGAGGGATGC Mouse/Rat 

Ppargc1 [257] AATCAGACCTGACACAACGC GCATTCCTCAATTTCACCAA Mouse/Rat 

Tgfb1 [258] GCGGACTACTATGCTAAAGAGG GTAGAGTTCCACATGTTGCTCC Mouse/Rat 

XBP1  GCAGGTGCAGGCCCAGTTGTCAC CCCCACTGACAGAGAAAGGGAGG Human 

XBP1s GCTGAGTCCGCAGCAGGT CCCCACTGACAGAGAAAGGGAGG Human 

 

Human gene expression was normalized by the geometric mean expression of 
4 genes as normalization factor: CK, DHPRα1, DYST and HPRT1. On the other 
hand, for mouse and rat gene expression the normalization factor was based on 
Dhprα1, Dyst, Gapdh and Hprt1. 
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Calcium imaging 
Cytosolic calcium imaging was analysed in human myotubes using 

ratiometric calcium dye Fura-2AM. First, myotubes were loaded with 4µM Fura-
2AM in presence of 0.02% pluronic acid for 30min at 37°C in culture medium. Then, 
medium with dye was replaced by Ringer solution (125mM NaCl, 5mM KCl, 1.2mM 
MgSO4, 6mM glucose, 2mM CaCl2 and 25mM HEPES, pH 7.4) for another 30min at 
37ºC. This step allows removing extracellular dye and the de-esterification. 
Experiments were performed in continuous perfusion (2ml/min; 37ºC) with Ringer 
buffer. Images were obtained with ECLIPSE Ti/L100 microscope (Nikon) equipped 
with a 20X S-Fluor objective and attached to a lambda-DG4 illumination system 
coupled to an Orca-Flash 2.8 camera (Hamamatsu). Analysis of the obtained results 
was performed with Ar NIS elements software (Nikon). 

Serum creatine kinase 

Blood extracted by intracardiac puncture was collected in BD Microtainer® 
SST tubes. Samples were centrifuged at 6,000 g for 10min at 4ºC and serum was 
kept at -80ºC until analysis. Creatine kinase determination was performed by the 
Biochemistry Service at Donostia University Hospital following a standardized 
photometric technique. Samples were haemolysis was detected were discarded from 
data analysis. 

Grip Strength test 

Forelimb grip strength was performed using a grip strength meter (Bioseb) 
following the standard procedure [259]. Briefly, mice were lifted by the tail and left to 
grasp the grid with the forelimbs. Five consecutive measurements were done with a 
rest of 1min between them. For data analysis, only the three highest measurements 
were considered. Data were normalized to the body weight. 

Fatigue resistance 

Mice were subjected to running exhaustion experiment. Before exhaustion 
test, mice were accustomed to the treadmill (Columbus Instruments) with a 20min 
run once per day at 10 m/min for 2 days. Based on previously  described protocol [43], 
mice run at 16cm/s for the first 10min (0–10min), at 20 cm/s during 10–30min and 
24 cm/s during 30–60min. After that time, the speed was increased by 4 cm/s every 
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5min until the mouse was unable to continue running. A mouse was considered 
exhausted when it was not able to continue running on the treadmill for 1min, and 
when during that time it received 3 or more electrical shocks [260]. 

Diaphragm strength in vitro measurement 

Diaphragm strength of C3KO mice has been assessed by a contractility 
apparatus (Model 1300A, Aurora Scientific Inc, Canada). Once mice have been 
sacrificed, diaphragms were extracted (including the insertion site of the diaphragm 
at the ribs) and placed in a dissecting dish with oxygenated cold Ringer Mammalian 
Buffer (137mM NaCl, 24mM NaHCO3, 11mM glucose, 5mM KCl, 2mM CaCl2, 1mM 
MgSO4, 1mM NaH2PO4 adjusted to pH 7.4). A small strip of the diaphragm from the 
central tendon to the ribs along the orientation of the fibres in the central portion of 
the lateral hemidiaphragm was cut. Sutures were tied to the central tendon and 
then to the ribs. Finally, a large loop was done in each size of the diaphragm tying 
the sutures.  

Diaphragms were placed in the Aurora Scientific apparatus in its in vitro set 
up, which has a bath filled with oxygenated Ringer Mammalian Buffer at room 
temperature.  

First of all, the length of the muscle has been adjusted to make sure the 
muscle is not slack but is not taut. To establish supramaximal stimulation 
conditions, single 0.5msec stimulation pulses have been applied to generate a twitch. 
Unlike in in vivo assays, in vitro 1A current is applied. The current increases until 
the force reaches a maximum but steady level. A 10% higher current was applied for 
the rest of the experiment. Optimum length (L0) was fixed at the point where 
maximal force was obtained. Then, the maximal isometric tetanic force was 
measured applying 10, 30, 50, 80 and 100Hz stimuli for 500msec. Between the 
stimuli trains, muscle rested for 2min. The following equation was used to obtain the 
specific force: 

𝑠𝑃 =
𝑃

𝑤𝑒𝑖𝑔ℎ𝑡
𝐿𝑓 𝑥  𝐷

 

Where weight is obtained after weighing the piece of diaphragm employed in 
the assay; Lf is the result of multiplying the length of the tissue by length-to-fibre 
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length ratio (the value of this ratio is 1 for diaphragm tissue); and D is the density of 
the skeletal muscle tissue (1.06g/mm3) [260].  

Finally, eccentric contractions were performed applying a 10% L0 stretch. 5 
stimuli trains were induced at 150Hz with 2min rest between them. Moreover, 
during each train after the first 500msec 10% L0 stretch was applied in the final 
200msec. These data are represented as %-change from the first measure.  

Open field test 

Impact of exercise on mice was tested performing treadmill run at 5cm/s for 
5min and 25cm/s for another 5min more. Afterwards, their behaviour was recorded 
in open-field [261]. Mice movements were recorded for 6min in a 45x45x45cm box. 
Videos were analysed by Smart video tracking software (Panlab, Harvard 
Apparatus). 

Voluntary exercise 

Mice were located into a cage with a running wheel (Med Associates Inc.) for 
48h to get conditioned. Next, mice performed two 6min walk test in open field, with 
treadmill running exercise in between. Finally, voluntary exercise data were 
collected for the next 24h by wheel manager software (Med Associates Inc.). 

Histological analysis 

At the end of the treatment, mice were sacrificed by cervical dislocation and 
diaphragm and soleus muscles were dissected for histological assays. Right demi-
diaphragms were embedded in OCT (Optimal Cutting Temperature Compound) and 
freeze in liquid nitrogen-cooled isopentane. Similarly, soleus muscles were mounted 
onto a cork slice with OCT and frozen following the same procedure. All muscles 
were stored at -80°C until sectioning. Cross-sections of 8µm were performed in a 
Leica CM3050S cryostat.  

Haematoxylin & Eosin (HE) and Sirius Red were performed at the Histology 
service of Généthon (Évry, France). Briefly, for HE, slices were immersed into 
haematoxylin solution for 1min, and then the excess was removed washing with 
water. Sections were differentiated with an alcoholic acidic solution, a process that 
was stopped by returning to an alkaline environment. Then, sections were stained 
with an alcoholic solution of eosin and they were passed through several changes of 
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increasing alcohol % solutions and dehydrated in several baths with xylene. Finally, 
sections were mounted with a thin layer of Shandon Consul mounting medium and a 
coverslip. For Sirius Red, slices were washed in tap water before rinsing them with 
distilled water. Then, slices were treated in phosphomolybdic acid 0.2% aqueous for 
1-5min and stained in Sirius Red 0.1% in saturated picric acid for 90min. Next, 
sections were washed for 2min in 0.01N HCl before rinsing in 70% ethanol for 45s. 
Finally, samples were dehydrated, cleared and mounted in Permount. Images were 
taken at 10X with a Zeiss Axio Scan.Z1 at the Image service (Généthon). A whole 
section of the diaphragm of each animal has been analysed (approximately 2,000 
muscle fibres have been counted). 

Analysis of muscle fibres´ phenotype was performed by immunofluorescence. 
Briefly, sections were fixed in pre-cooled acetone and then blocked for an hour (2% 
BSA, 1% GS, 0.5% Triton X100 and 0.02% NaN3 in PBS). Then, sections were 
incubated with primary antibodies overnight at 4ºC. After washing, slices were 
incubated with Alexa Fluor 647- or 555-conjugated secondary antibodies for 1h at 
room temperature. Subsequently, sections were incubated with FITC-conjugated 
MyHC antibody or slow MyHC for 1h at 37ºC. Sections incubated with slow MyHC 
were then incubated with IgM Alexa Fluor 488-conjugated secondary antibody for 1h 
at room temperature. Finally, slices were mounted with Prolong® Gold antifade 
reagent with DAPI (Life technologies). Images were acquired by an ECLIPSE 
Ti/L100 microscope (Nikon) equipped with a 10X S-Fluor objective and an Orca-
Flash 2.8 camera (Hamamatsu). The analysis was performed using Fiji software 
(ImageJ, NIH).  

Ubiquitin proteasome activity 

Ubiquitin proteasome activity was measured in soleus muscles from control, 
untreated and BTZ treated C3KO mice by cleavage of specific fluorogenic substrates 
modifying ta previously described method [262]. Briefly, muscle samples were 
homogenised in 50mM HEPES, 100mM NaCl, pH 8.0 and centrifuged. The protein 
concentration of supernatants was determined by Bradford protein assay (Bio-Rad) 
as described in the western blot section. 12.5µg protein was incubated for 60min at 
37°C in the presence of a specific fluorogenic substrate (LLVY-R110, Sigma-Aldrich). 
The fluorescent signal was read with Glomax® Discover microplate reader 
(Promega) at 525nm. Homogenization buffer was employed as negative control and 
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50µM BTZ was added to the protein sample as a positive control. Unspecific activity 
from positive control was subtracted from sample signals as well as background 
signal from the negative control. 

Data analysis and statistical procedures 

All results are expressed as mean ± standard error of the mean (SEM). After 
detecting and removing outlier data, distribution data has been analysed by Saphiro 
wilk’s test. When sample number was too small, we considered normal distribution 
and student’s t-test was applied in comparisons of two groups. Paired t-test were 
applied in infections carried out at the same time while unpaired t-test was used 
when samples were not matched among them. On the other hand, multiple t-test 
was performed when multiple measures from samples were analised among two 
groups. In case of 3 group comparisons, one-way analysis of variance (ANOVA) was 
used. In all cases, when interaction between two factors was significant, single 
effects were analysed by one-way ANOVA followed by post-hoc Dunnet's test taking 
as a reference non-treated CAPN3 deficient group. When multiple measures from 
samples were analised among three groups repeated one-way ANOVA was 
employed. The level of significance was set at p<0.05 (*) and p<0.01 (**), p<0.001 
(***) and p<0.0001 (****). GraphPad Prism version 6.04 was used to perform 
statistical analysis. 
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Downregulation of SERCA protein in CAPN3 deficient in vitro 
models 

Calcium homeostasis disruption is one of the pathophysiological presented 
mechanisms in LGMDR1. With the aim of delving into the role that CAPN3 plays on 
this mechanism, we have generated different in vitro models by using lentiviral 
particles carrying an shRNA to block the translation of mRNA into CAPN3 protein. 

Once the myotubes have been obtained, we have analysed the expression of 
different proteins involved in calcium homeostasis by western blotting. We have seen 
that the generated CAPN3 deficit causes a clear detriment of the protein expression 
of SERCA1 and SERCA2 (69% and 86%, respectively; *p<0.05). However, we have 
not observed changes in SERCA expression at the mRNA level. These data together 
with the greater ubiquitination of SERCAs previously reported by our group [134] 
indicate that the observed posttransductional changes in SERCA levels are possibly 
due to a destabilization of SERCA proteins caused by the absence of CAPN3 (Figure 
11). 

Decreased expression of SERCA, the main calcium transporter from the 
cytosol to the SR, could generate a severe alteration in intracellular calcium 
homeostasis. To verify this, we have analysed intracellular calcium levels using the 
ratiometric calcium fluorochrome Fura-2AM. Myotubes have been treated with this 
fluorochrome, and the obtained images have been analysed in real-time. Thereby, we 
observe that dystrophic myotubes show a 41% increase in intracellular calcium 
levels compared to control myotubes (100 ± 8% in NS-shRNA vs. 142 ± 11% in 
shCAPN3; **p<0.01) (Figure 12). 

Furthermore, a decreased expression of SERCA could generate an increase of 
SR stress due to its reduction in calcium levels in SR lumen. This effect has been 
evaluated by analysing the expression of different genes related to SR stress such as 
CHOP, HERP, GRP78 and the ratio between the isoforms XBP1s and XBP1, which 
is commonly used as a marker of activation of the unfolded protein response (UPR), 
which is related to SR stress [57]. Furthermore, the expression of c-FLIP, an 
antiapoptotic factor whose reduction has been previously described in biopsies of 
LGMDR1 patients, has been analysed [219]. On the one hand, we have observed that 
reticulum stress markers are increased in the CAPN3 silencing model in LHCN-M2 
myotubes. Additionally, as in patients´ biopsies, we observed that c-FLIP factor is 
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decreased in silenced cells, compared to control myotubes. Therefore, we conclude 
that by silencing CAPN3 in the LHCN-M2 myotubes, we have obtained an in vitro 
model capable of recapitulating the molecular characteristics of LGMDR1 shown by 
LGMDR1 animal models that still need to be clarified in humans (Figure 13). 

 
Figure 12. CAPN3-deficiency in human LHCN-M2 myotubes. A) Representative western blot images of 
CAPN3, SERCA1, SERCA2, MyHC and Actin in human LHCNM-2 control (NS-shRNA) and CAPN3-
deficient (shCAPN3) myotubes. B) Quantification of western blotting signals from CAPN3-deficient 
LHCN-M2 myotubes compared to control myotubes represented as a discontinuous line. N=3 
independent experiments. C) Analysis of ATP2A1, ATP2A2 and ATP2A3 mRNA levels by quantitative 
PCR (qPCR) in human LHCNM-2 NS-shRNA and shCAPN3 myotubes. Data expressed as mean 
percentage over Ns-shRNA signal ±SEM. N=3 independent experiments; *p<0.01 vs. NS-shRNA (paired 
t-test). No significant differences were observed in C.  

 

Figure 13. Intracellular Ca2+ imaging of human LHCN-M2 myotubes. A) Representative pseudocoloured 
images of control (NS-shRNA) and CAPN3-deficient (shCAPN3) myotubes loaded by FURA-2AM at 
basal conditions. Scale bar: 25μm. B) Resting intracellular calcium levels of LHCN-M2 NS-shRNA and 
shCAPN3 myotubes. Data expressed as mean percentage over NS-shRNA ±SEM. 200–500 myotubes 
analysed from at least N=3 independent experiments; **p<0.01 vs. NS-shRNA (unpaired t-test).  
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Figure 14. Analysis of mRNA expression in CAPN3 deficient LHCN-M2 myotubes. mRNA expression of 
CAPN3, c-FLIP, CHOP, HERP, GRP78, and the XBP1s (spliced) /XBP1 ratio in human LHCN-M2 NS-
shRNA- and shCAPN3-treated myotubes after 14 days in differentiation. Data expressed as mean fold 
change over NS-shRNA ±SEM of technical replicates. N=1. 

To verify the cellular model of LGMDR1 by CAPN3 silencing, we have tried to 
replicate this strategy in another control line of human myoblasts (8220). In this 
case, we observe that the 8220 myoblasts are capable of differentiating into mature 
myotubes showing spontaneous contractility in a shorter time, even without the 
addition of the upper layer of ECM. As in LHCN-M2, CAPN3 silencing in the 8220 
cells is effective, and a significant reduction of 68% in the level of CAPN3 protein is 
observed with respect to control myotubes (p<0.05) (Figure 15). Unlike what it was 
previously observed in the C3KO murine model, in this silenced model there are no 
differences in the expression of β-CaMKII or in its phosphorylated form [19]. However, 
as in CAPN3-deficient LHCN-M2, we observe a concomitant reduction in SERCA 
proteins. In particular, in 8220 CAPN3-silenced myotubes, SERCA1 and SERCA2 
proteins are reduced by 50% and 67%, respectively, although they do not reach 
statistical significance (p=0.27 in SERCA1 and p=0.22 in SERCA2) (Figure 15B-C). 

According to mRNA levels, the degree of CAPN3 silencing in 8220 myotubes 
is similar to the observed in LHCN-M2 myotubes. In both cases, a significant 
reduction of more than 50% is obtained with respect to the control myotubes 
(p<0.01). On the other hand, regarding the expression of SERCA, as in the previous 
case, no differences are observed in mRNA levels between control and silenced 
myotubes. One of the major differences that we have observed between both models, 
LHCN-M2 and 8220, is with respect to the SR stress. In the case of 8220, no 
significant changes have been observed in the CAPN3-silenced myotubes in terms of 
SR stress markers and c-FLIP expression, compared to control cells (Figure 16). 
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Figure 15. Analysis of Ca2+ handling proteins in CAPN3 deficient 8220 myotubes. A) Representative 
bright-field images of 8220 human myotubes transduced with NS-shRNA and shCAPN3 after 5 days in 
differentiation. Scale bar: 50µm. B) Representative western blot signals of CAPN3, SERCA1, SERCA2, 
p-CaMKII, β-CaMKII, GAPDH, MyHC, SR-Actin and gel load from A). C) Quantification of western 
blotting signals from CAPN3-deficient 8220 and control myotubes. Expression values from NS-shRNA 
myotubes are represented as a discontinuous line. Data expressed as mean fold change over NS-shRNA 
±SEM. N=3 independent experiments; *p<0.05 vs. NS-shRNA (ratio paired t-test). 

 
Figure 16. Analysis of mRNA expression in LGMDR1 model based on CAPN3 silencing in 8220 control myotubes. 
mRNA expression of CAPN3, ATP2A1, ATP2A2 and SR stress markers (c-FLIP, CHOP, GRP78, HERP) 
in CAPN3-silenced human 8220 myotubes. Data from NS-shRNA are represented as a discontinuous 
line. Data expressed as mean fold-change ±SEM. N=3 independent experiments; **p<0.01 vs. NS-
shRNA (ratio paired t-test). 

 



Results 
 

93 
 

 Finally, 8220 CAPN3-silenced myotubes do recapitulate the intracellular 
calcium increases previously observed in the LHCN-M2 silenced line. In this case, 
we observe that the CAPN3 deficit and the concomitant reduction of SERCA1 and 
SERCA2 result in a significant increase in basal intracellular calcium levels of 21% 
(100 ± 2.88 in NS-shRNA vs. 121.2 ± 5.96 in shCAPN3; p<0.01) (Figure 17). 

 
Figure 17. Intracellular Ca2+ imaging of 8220 myotubes after being loaded by ratiometric dye Fura 
2AM. A) Representative pseudocoloured images of NS-shRNA and shCAPN3-silenced myotubes at basal 
conditions after being loaded by FURA-2AM. Scale bar: 25µm. B) Resting intracellular calcium levels of 
8220 NS-shRNA and shCAPN3 myotubes. Data expressed as mean % over NS-shRNA ±SEM. 120-160 
myotubes were analysed; **p<0.01 vs. NS-shRNA (unpaired t-test).  

Effect of Bortezomib (BTZ) over CAPN3 deficient myotubes 

Taking into account that CAPN3-deficient myotubes show decreased levels of 
SERCA proteins, but maintain mRNA levels similar to those of the control, we 
hypothesized that SERCA proteins are destabilized in the absence of CAPN3 and 
consequently, increasing its degradation by the UPS. Indeed, in previous studies 
developed in our laboratory, we observed an increase in the ubiquitination of 
SERCA1 and SERCA2 [134], which suggests that the ubiquitin proteasome pathway is 
involved in the degradation of these proteins. Therefore, we wanted to study the 
effect of inhibition of this pathway on the expression of CAPN3, SERCA1 and 
SERCA2. We decided to use Bortezomib (Velcade®) for this study, as it is a specific 
UPS inhibitor approved by the FDA for the treatment of multiple myeloma [263], 
which has been previously used in preclinical trials of other muscular dystrophies 
[230],[262],[264]. 

First, we have treated the 8220 CAPN3-silenced myotubes with 5nM 
Bortezomib (BTZ), non-toxic for human myotubes, as previously described [265]. After 
24 hours of BTZ treatment, CAPN3-deficient myotubes present a significant increase 
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in 21% SERCA2 protein levels (p<0.01), with no changes in SERCA1 levels with 
respect to untreated myotubes (Figure 18). Strikingly, we also observe a markedly 
increased of CAPN3 levels in the myotubes treated with BTZ, although they do not 
reach statistical significance. 

Next, we have analysed gene expression at the mRNA level, and we have 
observed that treatment with BTZ does not alter CAPN3 levels, while it increases 
the expression of SR CHOP stress markers (10.52 ± 5.36 in shCAPN3 BTZ vs. 1.16 ± 
0.2 in shCAPN3 ND), GRP78 (2.47 ± 0.64 in shCAPN3 BTZ vs. 0.96 ± 0.10 in 
shCAPN3 ND) and HERP (1.68 ± 0.47 in shCAPN3 BTZ vs. 1.34 ± 0.28 in shCAPN3 
ND; p<0.05). Moreover, we have been able to detect an increase in the expression of 
c-FLIP with BTZ treatment (2.436 ± 0.55 in shCAPN3 BTZ vs. 1.187 ± 0.14 in 
shCAPN3 ND; p<0.05) (Figure 19). 

 
Figure 18. Effect of BTZ treatment over calcium handling proteins in CAPN3-deficient 8220 myotubes. 
A) Representative bright-field images of 8220 human myotubes differentiated for 5 days, transduced 
with shCAPN3, non-treated (ND) and after 5nM BTZ treatment for 24h. Scale bar: 50µm. B) 
Representative western blot signals of CAPN3, SERCA1, SERCA2, p-CaMKII, β-CaMKII, GAPDH, 
MyHC, SR-Actin and gel load in NS-shRNA, shCAPN3 and BTZ treated shCAPN3 8220 myotubes. C) 
Quantification of western blotting signals of BTZ treated and non-treated shCAPN3, normalized by 
MyHC signal. Reference NS-shRNA shown as a discontinuous line. Data expressed as mean fold change 
±SEM. N=3 independent experiments; **p<0.01 vs. shCAPN3 ND (ratio paired t-test). 
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Finally, we have analysed whether the increase in SERCA2 observed in the 
silenced myotubes treated with BTZ translates into a reduction in intracellular 
calcium levels. Remarkably, we observe that BTZ is able to significantly normalize 
intracellular calcium levels, which is increased in CAPN3-silenced myotubes with 
respect to control (91.70 ± 2.97 in shCAPN3 BTZ vs. 121.2 ± 5.96 in shCAPN3 ND; 
p<0.0001) (Figure 20). This indicates that the SERCA2 transporter has a 
predominant action on the calcium increase observed in the 8220 CAPN3-deficient 
myotubes. 

 
Figure 19. Gene expression analysis in BTZ treated CAPN3-deficient 8220 myotubes. Quantification of 
the expression of CAPN3, ATP2A1, ATP2A2, c-FLIP, CHOP, GRP78 and HERP in 5nM BTZ treated 
and non-treated (ND) CAPN3-deficient 8220 myotubes after 5 days in differentiation. Reference NS-
shRNA represented by a discontinuous line. Data expressed as log mean fold change ±SEM. N=3 
independent experiments; *p<0.05 vs. shCAPN3; **p<0.01 vs. shCAPN3 (ratio paired t-test). 

 

 
Figure 20. Intercellular Ca2+ imaging of BTZ treated and no-treated CAPN3-deficient 8220 myotubes 
by loading with ratiometric marker Fura 2AM. A) Representative pseudocoloured images of shCAPN3 
ND (non-drug) and 5nM BTZ treated shCAPN3 myotubes at basal conditions. Scale bar: 25µm. B) 
Resting intracellular calcium levels of non-treated and BTZ treated CAPN3-deficient 8220 myotubes 
after 5 days in differentiation. Basal level from NS-shRNA is represented by a discontinuous line. Data 
expressed as mean % ±SEM. 120-160 myotubes analysed; ****p<0.0001 vs. shCAPN3 (unpaired t-test).  
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SERCA protein deficiency in human primary immortalized 
myoblasts from LGMDR1 patients and BTZ treatment. 

In addition to the control myoblast lines used in the silencing assays, we have 
been able to obtain 2 samples of immortalized myoblasts from LGMDR1 patients: 
Km900 (LG1) [266] and 918 (LG2) [266]. Myoblasts have been differentiated following 
the same protocol as for control myoblasts (8220), obtaining myotubes with similar 
morphology, as shown in the culture images (Figure 21). The CK activity of the 
cultures is similar between control and LG myotubes (469.1 in LG1, 460.85 in LG2 
vs. 484.23 in control), and no significant differences are observed in the mean width 
of the myotubes. However, a more detailed analysis shows that LG1 myotubes show 
a higher percentage of smaller width-myotubes than control and LG2 myotubes 
(p<0.05) (Figure 21). 

 

Figure 21. Immortalized human LGMDR1 myotubes. A) Representative bright-field images from 
immortalized human myotubes from a control and two LGMDR1 samples (LG1 and LG2) after 5 days in 
differentiation. Scale bar: 50µm. B) Mean and C) cumulative distribution of myotube width from 
control, LG1 and LG2 myotubes after 5 days in differentiation. 90-170 myotubes analysed from at least 
N=3 independent experiments. Data are expressed as mean % ±SEM. No significant changes are 
observed in B.*p<0.05 LG1 vs. control; **p<0.01 LG1 vs. control in C (one-way ANOVA post hoc 
Dunnett’s test in B; repeated-measures one-way ANOVA post hoc Dunnett’s test in C).  



Results 
 

97 
 

Subsequently, we have characterized gene expression of these samples, 
focusing on the expression of CAPN3 and ATP2A1, ATP2A2 genes, which code for 
SERCA1 and SERCA2, respectively. Furthermore, we have analysed the expression 
of SR stress markers and c-FLIP to compare it with that observed in the CAPN3 
silencing models. We have observed that unlike LG1, LG2 myotubes, present lower 
expression of CAPN3 compared to control cells (0.29 ± 0.05 in LG2 vs. 1.00 ± 0.24 in 
control, p<0.05). In these myotubes a tendency to a reduced expression of ATP2A1 is 
also observed (0.19 ± 0.07 in LG2 vs. 1 ± 0.53 in control, p=0.46). In addition, the 
expression of ATP2A2 is significantly reduced by 50% in the LG1 and LG2 myotubes 
with respect to control myotubes (0.43 ± 0.039 in LG1; 0.5 ± 0.035 in LG2 vs. 1 ± 0.12 
in control, p=0.05). On the other hand, the expression of RYR is not altered. Finally, 
regarding SR stress markers and c-FLIP, LGMDR1 myotubes do not present obvious 
alterations in the expression of these genes in comparison with control myotubes 
(Figure 22).  

 

 
Figure 22. Gene expression analysis in primary immortalized LGMDR1 and control human myotubes. 
qPCR expression analysis of CAPN3, ATP2A1, ATP2A2, RYR, c-FLIP, CHOP, GRP78 and HERP in 
control, LG1 and LG2 myotubes after 5 days in differentiation. Data are expressed as mean fold change 
±SEM. N=3 independent experiments. *p<0.05 vs. control; **p<0.01 vs. control (one-way ANOVA post 
hoc Dunnet’s test). 

The expression of these genes at the mRNA level shows a high correlation 
with protein levels. As observed in Figure 23, LG1 myotubes present levels of 
CAPN3 protein similar to control myotubes (8220), while the expression of CAPN3 
protein is barely detected in the LG2 myotubes. Furthermore, we have been able to 
observe that the levels of SERCA proteins are decreased in patients´ myotubes, 
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especially in the LG2 myotubes, which present very low expression of CAPN3 
(Figure 23). 

Then, we assessed the effect of BTZ treatment on myotubes derived from 
LGMDR1 patients. In this case, we have observed an upward trend in CAPN3 
expression that carries upregulation in SERCA2 protein expression, but not in 
SERCA1 (Figure 24A-B). 

 
Figure 23. Characterization of human primary immortalized LGMDR1 and control myotubes at the 
protein level. A) Representative images of western blot signals for CAPN3, SERCA1, SERCA2 and 
RyR1. B) Quantification of the signals from western blot, normalized by the signal from DHPRα2. Data 
expressed as mean fold change. N=1.  

According to the effect of mRNA levels, after 24h of BTZ treatment, we 
observe a two-fold increase in SERCA2 protein expression in LG1 and LG2 
myotubes, together with a very pronounced decrease in SERCA1 levels, 
approximately 10 times. Furthermore, in both cell lines, BTZ causes an increase in 
SR stress markers, especially in the cases of CHOP and GRP78 (Figure 24C). c-FLIP 
levels are also increased in the myotubes of the two patients after BTZ treatment. 
Overall, the effect of BTZ is very similar in myotubes from patients and CAPN3-
silenced myotubes, causing an increase in the levels of SERCA2, c-FLIP and SR 
stress markers, and a reduction in the levels of SERCA1 (Figure 24).  
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Figure 24. Effect of BTZ treatment on protein and mRNA expression in immortalized human primary 
LGMDR1 myotubes. A) Representative western blot signals from LG1 and LG2 myotubes treated with 
5nM BTZ for 24h after 5 days in differentiation. Signals of CAPN3, SERCA1, SERCA2, p-CaMKII, β-
CaMKII, GAPDH, MyHC, and gel load are represented. B) Quantification of western blotting signals of 
BTZ treated LG myotubes, represented by fold change over non-treated myotubes. Non-treated (ND) LG 
expression levels are shown as a discontinuous line. C) Gene expression of CAPN3, ATP2A1, ATP2A2, 
c-FLIP, CHOP, GRP78 and HERP in 5nM BTZ treated LG myotubes. Non-treated LG expression levels 
are shown as a discontinuous line. Data expressed as mean fold change ±SEM. N=2 LG. 

 

SERCA protein expression in C3KO model 

Up to now, several animal models have been generated with the idea of 
recapitulating the pathophysiological characteristics of LGMDR1. One of the most 
used models is the C3KO mouse generated by the group led by Dr Melissa J. 
Spencer, (UCLA, USA). In this model, a premature STOP translational signal is 
generated in the Capn3 gene resulting in the absence of the protein. This model has 
been previously characterized in adulthood. However, we wanted to study its 
phenotype at an earlier stage of the disease in order to evaluate SERCA levels in 
preclinical stages. As we expected, when evaluating C3KO mice at 2 months of age, 
no significant changes have been observed in terms of grip strength (Figure 25) or in 
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terms of resistance to fatigue of the dystrophic mice compared to controls (Figure 
26). 

Figure 25. Forelimb grip strength of young control and C3KO mice. A) Non-normalized grip strength 
data. B) Grip strength normalised to body weight. Data expressed as mean ±SEM. N=8 2-month-old 
male mice for each genotype. No significant differences were observed (unpaired t-test). 

Figure 26. Results of run-to-exhaustion test in young control and C3KO mice. A) Running time; B) 
speed; and C) distance for control and C3KO mice are shown. Data expressed as mean ±SEM. N=5 2-
month-old male mice per group. No significant differences were observed (unpaired t-test). 

Soleus and diaphragm are among the most affected muscles in the C3KO 
model [136]. To date, the expression of SERCA has not been analysed in this model, so 
we have assessed its expression in the mentioned muscles. Indeed, we have observed 
that in the soleus the expression of SERCA1 in C3KO mice is significantly lower 
than in controls, decreasing by 23% (0.78 ± 0.043 in C3KO vs. 1 ± 0.055 in control; 
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p<0.05). However, no changes are observed in SERCA2 expression (Figure 27). 
Regarding the diaphragm, we observe that the levels of both, SERCA1 and SERCA2, 
are significantly reduced, by 20% for SERCA1 (0.8 ± 0.056 in C3KO vs. 1.0 ± 0.06 in 
control; p<0.05) and 39% for SERCA2 (0.61 ± 0.052 in C3KO vs. 1.0 ± 0.053 in 
control; p<0.0001) (Figure 28). 

 
Figure 27. Characterization of SERCA expression in soleus muscle of young control and C3KO mice. A) 
Representation of western blot signals obtained from SERCA1, SERCA2 and MyHC expression. B) 
Analysis of the western blot signals normalized by maturation marker MyHC signal. Data expression 
are represented as mean fold change ±SEM. N=8 per each genotype (2-month-old mice). **p<0.01 vs. 
control (unpaired t-test).  

Figure 28. Characterization of SERCA expression in the diaphragm of young control and C3KO mice. A) 
Representation of the signals obtained from SERCA1, SERCA2 and MyHC expression by western blot. 
B) Analysis of the western blot signals normalized by MyHC expression and represented as mean 
±SEM. N=8 per each genotype (2-month-old mice). *p<0.05 vs. control; ****p<0.0001 vs. control 
(unpaired t-test). 

Taking into account the decrease in the expression of SERCAs in the 
diaphragm, we have analysed whether this phenomenon translates into a lower force 
of this specific muscle using the in vitro set up of the 1300A whole animal system 
apparatus (Aurora Scientific). In this case, we have observed that the specific twitch 
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force of the diaphragm is 54% lower in C3KO mice compared to the diaphragms of 
controls (p<0.05) (Figure 29A). Moreover, the tetanic isometric force shown is also 
significantly lower in the case of dystrophic animals, reduced approximately by half 
(p<0.05) (Figure 29B).  

 
Figure 29. In vitro diaphragm force analysis in young control and C3KO mice. A) Specific force obtained 
by single 1A isometric stimulation on a 4mm wide diaphragm strip from control and C3KO mice. Data 
are normalised by diaphragm piece weight. B) Tetanic force of control and C3KO diaphragms. Data are 
normalised by diaphragm cross-sectional area (CSA). Data expressed as mean ±SEM. N=9 control, 
N=10 2-month-old C3KO mice. *p<0.05 vs. control (unpaired t-test in A; multiple t-test in B). 

In addition to the loss of strength, previous studies suggest that hyper-
CKemia could be a phenomenon that can occur in humans, in early stages [100],[140]. 
For this reason, we wanted to check if the C3KO murine model replicates this fact, 
observing that, at 2 months of age, no significant differences are seen between C3KO 
and control mice, although there is a slight upward trend (Figure 30). 

Figure 30. Serum creatine kinase (CK) levels of young control and C3KO mice. Data are expressed as 
mean ±SEM. N=4 2-month-old mice per each genotype. No significant differences were observed 
(unpaired t-test). 

Another of the pathophysiological mechanisms described in LGMDR1 
muscular dystrophy is the dysregulation of calcium homeostasis. Along these lines, 
Dr Spencer's group has described alterations in calcium homeostasis in adult C3KO 
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mice [153],[267]. In our case, we have observed in the isolated fibres of the flexor 
digitorum brevis (FDB) muscle that C3KO mice do not present differences in basal 
intracellular calcium levels compared to control mice at 2 months of age (Figure 31). 
This result wasn´t unexpected, since we previously described that CAPN3-deficient 
murine myotubes do not present alterations in basal calcium levels in contrast to 
human myotubes [134]. A possible explanation for this phenomenon could be the 
greater capacity of murine muscle to buffer intracellular calcium levels, by 
expressing the protein parvalbumin, which has a great capacity to chelate cytosolic 
calcium.  

Figure 31. Resting intracellular calcium levels of FDB-isolated myofibres from young control and C3KO 
mice. Data expressed as mean ±SEM. 115-155 fibres analysed from N=4 2-month-old mice. No 
significant differences were observed (unpaired t-test). FDB, flexor digitorum brevis. 

Next, we have evaluated the deficiencies of SERCA in the C3KO model of 
almost one year of age, since the most severe phenotype is described in adulthood 
[19],[43],[153]. The evaluation of grip strength concludes that at this age, C3KO mice do 
not show significant differences with respect to controls. In both, control and C3KO 
mice, a significant reduction in normalized force is observed with respect to 2-month-
old young mice. This decrease in normalized force is probably due to the gain of 
weight of the mice (p<0.05 in controls and p<0.0008 in C3KO) (Figure 32). 
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Figure 32. Forelimb grip strength of young and adult control and C3KO mice. A) Non-normalised grip 
strength. B) Grip-strength data normalised to the body weight. mo, months. Data expressed as mean 
±SEM. N=8 mice for young (2mo) mice from each genotype; N=9 mice for adult (9mo) mice from each 
genotype. No significant differences were observed in A. *p<0.05 vs. control; ****p<0.001 vs. C3KO in C 
(unpaired t-test).  

Subsequently, we have evaluated the ability of dystrophic animals to perform 
voluntary exercise by introducing voluntary wheels installed in individual cages 
(Med Associates Inc.). This analysis has not previously been performed in C3KO 
mice, but has been used in other muscular dystrophy models [268]. In our study, we 
have observed that C3KO mice show a tendency to run a shorter distance in 24h 
than controls, but none of the parameters evaluated (distance, average speed, 
maximum speed or exercise time) reached statistical significance (Figure 33). 

Moreover, the locomotor function of C3KO mice has been analysed using the 
six-minute walk test following a protocol previously described in the literature [261]. 
To do this, we analyzed the distance covered by the mice for 6min in an open field 
before and after performing a light force training of 13 minutes on the treadmill [261]. 
However, no differences were observed in terms of the covered distance during the 
six minutes of open field as well as after performing the forced exercise (Figure 34). 

In addition to the aforementioned functional tests, we wanted to analyse the 
phenotype at the histological level, where it had been previously observed that C3KO 
mnice had a smaller cross-sectional area (CSA) in both, fast (gastrocnemius [136]) and 
slow (soleus [136],[201]) fibres. In this case, we have analysed the CSA of the diaphragm 
fibres of this model without observing significant differences between dystrophic and 
control mice (Figure 35). Differences in the percentage of fast and slow fibres have 
been neither found, although C3KO mice show a small tendency to have greater 
number of slow fibres compared to controls (Figure 36). 
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Figure 33. Voluntary exercise performed for 24h by adult control and C3KO mice. A) Running time; B) 
running distance; C) maximum speed; and D) mean speed. Data expressed as mean ±SEM. N=10 
control; N=9 C3KO. Adult, 9-month-old mice. No significant differences were observed (unpaired t-test). 

Figure 34. Six-min-walk test in open field of adult control and C3KO mice. A) Walking distance over 6 
minutes, before treadmill mild exercise. B) Walking distance over 6 minutes, after treadmill mild 
exercise. Data presented as mean ±SEM over time. N=10 control; N=9 C3KO. Adult, 9-month-old mice. 
No significant differences were observed (multiple t-test). 
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Figure 35. Analysis of muscle fibres CSA of adult control and C3KO mice diaphragms. Cumulative 
frequency of cross-sectional area (CSA) (left panels) and mean CSA (right panel) of A-B) total fibres, C-
D) fast fibres, and E-F) slow fibres. Data are presented as mean ±SEM. N=3 for each genotype (9-
month-old mice). No significant differences were observed (multiple t-test in A, C and E; unpaired t-test 
in B, D and F). 

On the other hand, we have analysed the central nucleation present in the 
fibres, as it is a marker of muscle regeneration, symptom of impair homeostasis [269]. 
We have been able to verify that in the 9-month-old C3KO mice there is a significant 
increase in the central nucleation of the fibres compared to the controls (0.74 ± 0.14 
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in C3KO vs. 0.13 ± 0.88 in control; p<0.05), but in less than 1% (Figure 37), much 
lower than that which occurs in other dystrophic models, such as the mdx mouse, 
with frequencies greater than 40% [270]. In any case, this result corresponds to data 
previously reported in the soleus muscle of 8-week-old C3KO mice, which shows a 
frequency of fibres with central nuclei of less than 5%  [271]. 

Figure 36. Percentage of fast and slow fibres among total fibres in adult control and C3KO mice 
diaphragms. Data are presented as mean % ±SEM. N=3 for each genotype (9-month-old mice). No 
significant differences were observed (unpaired t-test). 

Figure 37. Analysis of central nucleation of control and C3KO adult mouse diaphragm cryosections by 
immunofluorescence. A) Representative images of immunofluorescent staining of Collagen IV (green) 
and nuclei (blue). Orange arrow indicate central nuclei. Scale bar: 50µm and 25µm in magnification. B) 
Quantification of the percentage of nucleated fibres. Data are presented as mean % ±SEM. N=3 for each 
genotype (9-month-old mice). *p<0.05 (unpaired t-test). 
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Effect of BTZ treatment in C3KO mice 

After observing the decrease in SERCA expression in the 2-month-old mice 
and the tendency to low voluntary mobility of dystrophic mice at 9 months, we 
decided to analyse the effect of the ubiquitin proteasome inhibition by BTZ on the 
phenotypic altered factors of the 9-month-old C3KO mice. 

To do so, an administration protocol was carried out based on a previous 
study in the Duchenne animal model, mdx mice, with the aim of recovering the 
expression of dystrophin [262]. 0.8mg/kg BTZ (Velcade®) was administered twice 
weekly intravenously for 3 weeks. During the treatment, no drastic changes have 
been observed in the evolution of mice body weight (Figure 38). 

Figure 38. Body weight evolution during BTZ treatment of adult mice. Data are presented as mean 
±SEM. N=10 non-treated control, N=9 vehicle-treated (ND) C3KO, N=7 BTZ-treated (0.8 mg/kg) C3KO. 
Adult, 9-month-old mice. No significant differences were observed (one-way ANOVA post hoc Dunnett’s 
test). 

Figure 39. Forelimb grip strength of adult mice after BTZ treatment. A) Non-normalised grip strength. 
B) Grip strength data normalised to body weight. Non-treated (ND) C3KO control values are 
represented as a discontinuous line. Data expressed as mean ±SEM. N=9 vehicle-treated C3KO, N=7 
BTZ-treated (0.8 mg/kg). C3KO. Adult, 9-month-old mice. No significant differences were observed (one-
way ANOVA post hoc Dunnett’s test). 

Assessing grip strength tests performed prior to sacrifice, no changes have 
been detected in BTZ treated mice compared to untreated dystrophic mice (Figure 
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39). Likewise, no changes have been observed in the running distance, the running 
time, or the speed achieved during voluntary exercise with the BTZ treatment 
(Figure 40). However, BTZ treated mice show a little trend to have greater mobility 
in six minute-walk test after treadmill mild exercise (Figure 41). 

Figure 40. Voluntary exercise of adult mice after BTZ treatment. A) Running time; B) distances; C) 
maximum speed; and D) mean speed are represented in C3KO BTZ vs. C3KO ND. Non-treated (ND) 
C3KO control values are represented as a discontinuous line. Data expressed as mean ±SEM. N=9 
C3KO ND, N=7 BTZ-treated (0.8 mg/kg) C3KO. Adult, 9-month-old mice. No significant differences 
were observed (one-way ANOVA post hoc Dunnett’s test). 

Figure 41. Six-min-walk test in the open-field of adult mice after BTZ treatment. Walking distance of 
C3KO mice over six minutes A) before and B) after performing treadmill mild exercise. The 
discontinuous line represents control non-treated (ND) C3KO mice behaviour. Data presented as mean 
±SEM over time. N=9 C3KO ND; N=7 BTZ-treated (0.8 mg/kg) C3KO. Adult, 9-month-old mice. No 
significant differences were observed (one-way ANOVA post hoc Dunnett’s test). 
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Figure 42. Analysis of muscle fibres CSA in adult mice after BTZ treatment.  Cumulative frequency of 
cross-sectional area (CSA) (left panels) and mean CSA (right panel) of A-B) total fibres, C-D) fast fibres, 
and E-F) slow fibres. Control values are represented as a discontinuous line. Data are presented as 
mean ±SEM. N=3 for each genotype (9-month-old mice). No significant differences were observed in A, 
B, C, D and F. *p<0.05; **p<0.01; ***p<0.001 C3KO ND vs. control; ++ p<0.01 C3KO BTZ vs. control 
(Repeated-measures one-way ANOVA post hoc Dunnett’s test in A, C and E; one-way ANOVA post hoc 
Dunnett’s test in B, D and F). 
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According to histological analysis, the inhibition of UPS did not significantly 
affect the percentage of fibres with central nuclei, nor did it affect the proportion of 
fast and slow fibres observed in the diaphragms of C3KO mice or their size. (Figures 
42-44). 

Figure 43. Proportion of fast and slow fibres in soleus from adult mice after BTZ treatment. A) Fast 
fibres percentage over total fibres. B) Slow fibres percentage over total fibres from non-treated (ND) 
C3KO and BTZ-treated (0.8 mg/kg each 3.5 days) C3KO mice. Data are presented as mean % ±SEM. 
N=3 for each genotype (9-month-old mice). No significant differences were observed (one-way ANOVA 
post hoc Dunnett’s test). 

 
Figure 44. Analysis of central nucleation of adult mouse diaphragms after BTZ treatment. A) 
Representative images of immunofluorescent staining of Collagen IV (green) and nuclei (blue). Orange 
arrows indicate central nuclei. Scale bar: 25µm. B) Quantification of the percentage of centrally 
nucleated fibres. A discontinuous line shows data from control diaphragms. Data are presented as mean 
% ±SEM. N=3 for each genotype (9-month-old mice). No significant differences were observed (unpaired 
t-test). ND, non-drug. BTZ, 0.8 mg/kg. 
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At the molecular level, the effect of BTZ treatment on the expression of 
different genes whose expression has been previously altered in this same model has 
been analysed [43]. At the same time, we have evaluated the expression of genes 
whose transcription is affected by the activation of CaMKII, which are myofibrils 
genes such as Myl2, Myom3, Ckmt2 and Myo18b, or which are related to lipid 
metabolism, such as Lpl and Pnpla2. Our results indicate that there is a global trend 
to increase the expression of these genes in C3KO mice. Strikingly, its expression is 
downregulated with BTZ treatment even beneath control levels (Figure 45). We have 
also checked the expression of Mmp9, an activator of fibrosis inductor Tgfb1, which 
remains unchanged in untreated dystrophic mice. These data suggest that the slow 
fibre myogenic program is unaffected in non-exercised mice while supporting the 
absence of changes in slow fibre ratio and area shown in figures 35-36 and 42-43. 

Figure 45. Gene expression analysis of adult mouse diaphragms after BTZ treatment. Among the genes 
activated by CaMKII signalling, Myl2, Ckmt2, Pnpla2, Lpl, Myo18b and Myom3 are shown. Data are 
expressed as mean fold change ±SEM. N=6-9 mice per group (9-months-old mice). *p<0.05; **p<0.01 vs. 
control; # p<0.05 vs. C3KO ND (non-drug) (one-way ANOVA post hoc Tukey’s test). BTZ, 0.8 mg/kg. 

Muscle regeneration upon muscle injury has been suggested to be another of 
the affected processes in C3KO mice. For the correct performance of the process, the 
activation of different genes is necessary, among them, Ppargc1 and Tgfb1 [138]. 
Ppargc1 is the gene that encodes the PGC1α protein, being a key regulator of 
mitochondrial biosynthesis. Previous studies suggested that Ppargc1 expression is 
slightly decreased in Capn3-deficient mice due to low signalling of the CaMKII 
pathway [43]. In control mice, the expression of this gene increases during the muscle 
regeneration process; however, C3KO mice fail in its induction. In our study, on the 
contrary, we have detected that in the diaphragm of dystrophic mice the expression 
of Ppargc1 tends to increase (Figure 46). Furthermore, BTZ treatment restores the 
expression, reaching the expression observed in control mice (Figure 46). 
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On the other hand, Tgfb1 is a potent inhibitor of myogenic differentiation that 
increases after muscle damage, participating in the early transitory inflammatory 
process, which, if persisting, contributes to the formation of fibrotic tissue [272]. 
Previously, it had been observed that undamaged C3KO mice did not show altered 
expression of Tgfb1 [138]. However, our data show a clear increase in its expression in 
the diaphragm. Moreover, BTZ treatment decreases Tgfb1 levels, an effect that could 
be beneficial as previously described for other myopathies [273]–[278] (Figure 46). 

Figure 46. Gene expression analysis of mitochondrial biosynthesis marker Ppargc1 and myogenic 
inhibitor Tgfb1 of adult mouse diaphragm.  Data are expressed as mean fold change ±SEM. N=3-7 mice 
per group (9-months-old mice). No significant differences were observed (one-way ANOVA post hoc 
Dunnett’s test). ND, non-drug. BTZ, 0.8 mg/kg. 

Finally, the effect of BTZ treatment on SERCA expression has been assessed 
with no effects on its expression. Besides, CaMKII activation also did not undergo 
any modification (Figure 47). 

 

 Figure 47. Characterization of SERCAs and p-CaMKII expression in diaphragms from adult BTZ-
treated mice. A) Representation of the signals obtained by western blot for SERCA1, SERCA2, CAPN3, 
p-CaMKII, MyHC, GAPDH, SR-actin and gel load of non-treated (ND) control, non-treated C3KO and 
BTZ-treated (0.8 mg/kg) C3KO mice. B) Analysis of western blot signals from SERCA1, SERCA2, and p-
CaMKII normalized by gel load signal. Data expressed as mean fold-change ±SEM. N=5-9 per each 
group (9-month-old mice). No significant differences were observed (one-way ANOVA post hoc 
Dunnett’s test). 



Results 

114 

Since SERCA expression was not significantly modified by BTZ treatment, we 
assessed the activity of the UPS degradation pathway in non-treated and BTZ 
treated mice, observing inefficient inhibition of UPS with the employed BTZ dose 
(Figure 48). Therefore, BTZ treatment could trigger little molecular modifications 
but without effective big changes. 

Figure 48. Ubiquitin proteasome activity in soleus muscle of adult mice after BTZ treatment. UPS 
activity measured by fluorometric enzymatic assay in non-treated (ND control, non-treated C3KO and 
BTZ-treated (0.8 mg/kg) C3KO mice. Data represented as mean ±SEM. N=6 control; N=3 C3KO ND; 
N=3 BTZ-treated C3KO. Adult, 9-month-old mice. No significant differences were observed (one-way 
ANOVA post hoc Dunnett’s test). 

SERCA protein expression in C3 null rat model and the effect of 
UPS inhibition. 
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CAPN3 deficiency generates SERCA deficiency in human in vitro 
myotubes 

CAPN3 deficiency leads to alteration in calcium homeostasis in murine 
models where the structural function is absent [152]. Additionally, as part of the triad, 
CAPN3 may play a role stabilizing RyR, AldoA, and CaMKII within this structure, 
in addition to interacting with SERCA1 [19],[152],[153]. Due to the high homology among 
SERCA1 and SERCA2, it has been suggested that CAPN3 could interact with 
SERCA2 as well [134]. Recently, we have found reduced SERCA protein expression in 
muscle biopsies from LGMDR1 patients [134], which could prompt higher resting 
cytosolic [Ca2+] in human myotubes [134], and lower SR Ca2+ content, as observed in 
C3-/- mice myotubes [154]. Therefore, our first objective focused on analysing the effect 
of CAPN3 deficiency over SERCA expression and function in human in vitro 
LGMDR1 models. 

To delve in the role of CAPN3 deficiency in calcium homeostasis, we have 
generated new human in vitro models based on downregulating CAPN3 gene 
expression. For this purpose, we have used immortalized human myotubes from two 
healthy donors, confirming that induced CAPN3 deficiency triggers concomitant 
decrease of SERCA1 and SERCA2 proteins. However, the expression levels of 
ATP2A1 (SERCA1) and ATP2A2 (SERCA2) mRNAs remain unaltered, indicating 
possible post-trascriptional or post-traslational modifications on SERCA that could 
affect its protein expression and/or function. Therefore, SERCA expression might be 
reduced by lower SERCA protein synthesis or by an exacerbated degradation of the 
protein. Interestingly, in our previous studies, higher ubiquitination of SERCA was 
observed, suggesting that greater degradation may underlay this misbalance [134].  

In addition to increased basal [Ca2+], inhibition of SERCA activity can lead to 
reduced [Ca2+] in the SR, driving the activation of the Unfolded Protein Response 
(UPR) [282] in the reticulum. Indeed, our results in CAPN3-deficient LHCN-M2 
myotubes have shown upregulation of different SR stress markers, such as CHOP, 
HERP, GRP78 and the ratio of XBP1 spliced and XBP1, in highly mature CAPN3-
deficient myotubes. Moreover, we have observed that mRNA expression of the 
antiapoptotic protein c-FLIP is reduced. According to these data, it should be noted 
that persistent induction of ER stress promotes pro-apoptotic signalling, activating 
NF-κB pathway, whose activity is actually increased in LGMDR1 muscles [132],[155]. In 
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physiologic conditions, upon NF-κB activation, c-FLIP  expression is induced, 
promoting cell survival and cell resistance to apoptosis [283]. However, this 
compensatory mechanism fails to be induced in LGMDR1 patients [219]. 

Evidence for enhanced SR stress and UPR has been reported in several other 
neurodegenerative diseases as in Parkinson’s disease, Huntington’s disease, 
amyotrophic lateral sclerosis, sporadic inclusion body myositis, myotonic dystrophy 
type 1, and dysferlin-deficient muscular dystrophy [49],[50],[284]–[286]. In fact, FDA 
approved chemical chaperons, IRE1, PERK, ATF6α inhibitors, and AAV-based gene 
therapies, which are reviewed in [49],[287], have been proposed as different therapeutic 
strategies for targeting SR stress and UPR. 

It is worth mentioning that neither increased SR stress or UPR nor c-FLIP 
deficiency have been detected in CAPN3-deficient 8220 myotubes, implying that 
these features could depend on different factors related to muscle sample origin or 
the employed differentiation protocol. Certainly, despite both healthy donors were 
male, LHCN-M2 myoblasts are derived from pectoralis major from a 41-year-old 
man while 8220 cells were obtained from an unknown muscle from a 12 years-old 
boy. On the other hand, while 8220 myoblasts were able to differentiate into mature 
myotubes in absence of ECM in culture, LHCN-M2 myoblasts needed the addition of 
an ECM overlay to improve differentiation into mature myotubes. This supplemental 
component confers myotubes a richer microenvironment as interactions between 
molecules present in ECM and their receptors play essential roles in muscle 
development and maintenance, hence,  promoting higher mature level [288]. 

Besides human myoblasts immortalization from healthy donors, Dr Mouly’s 
group has generated immortalized myoblasts from dystrophic patients [289]. Due to 
the dual function of CAPN3 that comprises the catalytic and the structural function, 
unlike the silencing method, this strategy lets us analyse the role of specific 
mutations of CAPN3 over the pathophysiological features previously described in the 
literature. In particular, we have had access to two LGMDR1 samples (LG1 and 
LG2) carrying different pathogenic missense variants, which in contrast to the 
abnormal morphology previously observed when differentiating primary myoblasts 
from LGMDR1 patients [196], these myotubes present similar appearance to control 
myotubes. 
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On the one hand, LG1 has homozygous c.1699G>T mutation that was 
described for the first time in 1997 [95] with no report about a possible modulation of 
CAPN3 expression. Thus, we first analysed this sample, detecting that CAPN3 
expression in myotubes was not affected. On the other hand, the LG2 sample carries 
two mutations: c.1637G>T and c.865C>T. c.1637G>T mutation is not included in the 
CAPN3 transcript variants database of Leiden [121]. However, c.865C>T mutation has 
been previously described in combination with c.550delA mutation, to severely 
reduce CAPN3 expression and delete its catalytic activity [290]. Actually, we have 
verified that in LG2 myotubes, with combined c.865C>T and c.1637G>T mutations, 
CAPN3 expression is almost lost. Thereby, we have used two patient samples with 
different CAPN3 outcomes. In one case CAPN3 is expressed (LG1), though mutated, 
while in the other sample CAPN3 is absent (LG2). 

According to SERCA gene expression in these LG immortalized myotubes, we 
have observed a significant decrease in ATP2A2 in both samples. However, this 
mRNA downregulation is only translated into lower SERCA2 levels when CAPN3 
expression is reduced (LG2 myotubes). Moreover, the detriment of SERCA1 at 
protein and mRNA levels is only detected in this sample. These data suggest that 
despite having lower gene expression of ATP2A1 and ATP2A2, the non-proteolytic 
function of CAPN3 plays an essential role maintaining correct SERCA protein 
expression. Noteworthily, in general, patient carrying two null mutations in their 
CAPN3 alleles develop a more severe phenotype with an earlier onset, compared to 
patients that port at least one missense mutation [83],[84],[96],[97],[291],[292]. Thus, if 
missense mutations generate CAPN3 catalytic deficiency while maintaining its 
structural function, SERCA expression could be stabilized and thus, calcium flux 
into SR may be restored inducing milder muscle phenotype. Actually, studies 
performed in LGMDR1 mouse models with inactive Capn3 expression or Capn3 
knockout mice, suggest calcium dyshomeostasis as a feature present only in the 
absence of CAPN3 [152]. 

Similar to CAPN3-deficient 8220 myotubes, we have not detected 
upregulation of SR stress or UPS markers nor the c-FLIP decrease observed in the 
LHCN-M2-silenced model. The reasons for that may be also the different origin of 
the muscle biopsies and the lack of ECM in the differentiation process.  
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Figure 60. Hypothetic model of SERCA deficiency upon CAPN3 reduction in SR network. CAPN3 
deficiency triggers abnormal SERCA ubiquitination (UB) and its consequent exacerbated degradation 
by Ubiquitin Proteasome System (UPS). SERCA reduction generates increase cytosolic calcium 
concentration ([Ca2+]) whereas [Ca2+] in sarcoplasmic reticulum (SR) may be downregulated. Depleted 
SR [Ca2+] induces the expression of SR stress and Unfolded Protein Response (UPR) markers such as 
BiP/GRP78, ATF6, ATF4 or XBP1s. In turn, elevated SR stress/UPR induce greater UPS activation. 

Bortezomib treatment can restore SERCA2 expression and 
functionality in CAPN3-deficient in vitro human myotubes but 
induces SR stress 

In agreement with our data from the characterization of in vitro models and 
the higher SERCA ubiquitination previously described by our group [134], reduction of 
CAPN3 may generate the greater degradation of SERCA by the proteolytic pathways 
Ubiquitin Proteasome System (UPS) or autophagy. Actually, it has been suggested 
that the activation of atrophy in LGMDR1 seems to relay mainly on the induction of 
UPS and not so much on autophagy [226]. In addition, previous studies have shown 
the potential of UPS inhibition by Bortezomib (BTZ) or MG132 treatments to restore 
the expression of mutated SERCA1 in Chianina cattle congenital pseudomyotonia, 
suggesting it as a therapeutic approach for Brody disease, which is caused by 
mutations in ATP2A1 gene [293]. Therefore, we have hypothesized that UPS 
inhibition could restore SERCA protein expression in our LGMDR1 in vitro models.  
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Unlike the proteasome inhibitor MG-132, which also inhibits the calpain 
system, BTZ has selectivity and high affinity for the proteasome. This means that 
this compound would be optimal to test its therapeutic capacity in muscular 
dystrophies [262]. Strikingly, BTZ has shown a potent antitumoral effect in several 
tumour types [294],[295], being approved by the US Food and Drug Administration 
(FDA) for the treatment of multiple myeloma (plasma cells cancer) [263]56] and for the 
treatment of mantle cell lymphoma (lymph nodes cancer) [296].  

BTZ treatment in LGMDR1 in vitro models showed partial restoring of 
SERCA2 in CAPN3-deficient 8220 myotubes, as well as in the two immortalized LG 
samples. However, the effect over SERCA1 protein expression is inconclusive, 
although its gene expression tends to decrease by the treatment. Remarkably, the 
recovery of SERCA2 expression in 8220 dystrophic myotubes by 5nM BTZ, which is 
its IC50 and the range of plasma concentration following administration of 1.3 mg/m2 
in patients [297]–[299], is accompanied by a decrease in basal intracellular calcium 
levels.  

Furthermore, BTZ treatment increased mutated CAPN3 expression without 
affecting its mRNA in myotubes derived from the two LGMDR1 patients, so 
preserving its structural function. On the other hand, in silenced myotubes, a slight 
increment is observed, as the residual expression of CAPN3 after silencing could not 
undergo its physiological degradation due to the UPS inhibition. These data, 
together with the observed recovery of SERCA2, suggest that recovering the non-
proteolytic function of CAPN3 could stabilize SERCA2. Furthermore, considering the 
significant increase in SERCA in silenced 8220 myotubes, the treatment could also 
directly inhibit SERCA2 degradation. Together, these results indicate that by 
avoiding abnormal degradation of SERCA2 by UPS inhibition, SERCA function 
could be recovered, and consequently, calcium homeostasis may be partially restored 
in CAPN3-deficient myotubes, although further studies are needed. 

Noteworthily, the mechanism of inhibiting the proteasome by BTZ has its 
limitations due to possible side effects [300]. For instance, the most common dose 
limiting side effect of BTZ in multiple myeloma is peripheral neuropathy, which is 
characterized by burning sensation, paraesthesia, numbness and/or neuropathic 
pain [301],[302]. BTZ is usually administered as a short intravenous (IV) infusion at 1.3 
mg/m2 starting dose on days 1, 4, 8, 11 of a 3 weekly cycle [297],[303], and patients 
usually receive up to eight cycles [263],[296]. This posology becomes really important as 
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cells must recover the normal proteasome inhibition in order to prevent excessive 
side effects. Notably, due to BTZ posology in multiple myeloma, neuropathy 
improves or resolves once treatment is completed over an average of 3 months [302]. In 
addition to peripheral neuropathy, metabolic myopathy has also been suggested as 
another effect of BTZ administration, characterized by excessive storage of lipid 
droplets together with mitochondrial abnormalities [265]. Indeed, high concentrations 
of BTZ (10-20nM) or long periods of treatment may generated metabolic symptoms 
and cytotoxic effect [265]. Despite no cytotoxic effects were observed after treating 
LGMDR1 in vitro models with 5nM BTZ for 24h, SR stress and the UPR markers are 
increased at the mRNA level. Moreover, upon BTZ treatment c-FLIP expression is 
increased, which could imply a compensatory mechanism upon greater UPR. 

To overcome the undesired effect of BTZ over SR stress and UPR, additional 
complementary therapeutic strategies could be considered such as FDA approved 
chemical chaperons, IRE1, PERK, ATF6α inhibitors, and AAV-based gene therapies, 
which are reviewed in [49],[287],  

Together, these observations suggest that inhibition of UPS by BTZ 
treatment may restore the structural function of mutated CAPN3 as well as 
SERCA2 expression by preventing their degradation, restoring calcium homeostasis 
in LGMDR1. However, chronic generalized UPS inhibition may be ineffective or even 
potentially deleterious, because of undesirable accumulation of mutated proteins and 
unsustainable perturbation of cellular protein homeostasis. Therefore, special 
attention should be paid over BTZ administration protocol design for in vivo studies. 

LGMDR1 animal models show mild LGMDR1 phenotype though 
SERCA deficiency is observed.  

C3KO 

Often, due to its easy accessibility and less invasiveness, we use in vitro 
models in order to decipher different mechanisms affecting a specific scenario, 
disease or homeostasis. However, in vitro results are really difficult to translate into 
human condition, especially when exploring future treatments. Thus, a more 
physiological system is necessary to understand the disease in its complexity to 
favour translational approaches when searching for therapies. Therefore, the 
generation of animal models that recapitulate the different human diseases is 
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essential. Mouse and human share 90% of their genes [304], thus, mouse models have 
been developed for years as an approximation for whole system research. 

Up to now, different LGMDR1 mouse models have been generated, covering 
different possible Capn3 deficiency scenarios that may take place. On the one hand, 
similarly to LG1 human sample, in Capn3 knockin models [181],[183],[184], endogenous 
CAPN3 is replaced by CAPN3:C129S, a protease-inactive mutant, to abolish CAPN3 
protease activity. On the other hand, knockout (KO) models do not express Capn3 at 
all [136],[185], therefore losing all its functions, including catalytic and structural 
activities. In fact, the development of these two scenarios has let the characterization 
of the non-proteolytic function of CAPN3 [152]. 

Among these models, the KOs are the most widely used, especially the C3KO. 
Most of the tests carried out for the functional characterization of the C3KO mice 
have been developed in adult animals. Interestingly, it has been recently shown that 
calcium dyshomeostasis may be an early phenomenon in this model [267]. Therefore, 
we decided to analyse different functional characteristics in young C3KO mice. 

First, we assessed grip strength of the forelimbs and their resistance to 
fatigue in young male mice. Unlike the observation in these two functional tests of 4-
6 month-old male mice reported by Dr Spencer’s group [43],[184],[244], 2 month-old C3KO 
mice behave similar to control mice, suggesting that at this age C3KO are pre-
symptomatic. However, we have not observed grip strength difference even in 9 
month-old C3KO mice. 

Additionally, Hyper-CKemia has been previously described in the early stages 
of the disease [140],[305], as creatine kinase (CK) constitutes the most sensitive 
indicator of muscle damage, being the most used enzyme in the diagnosis and 
monitoring of muscle diseases [306]. However, in our young C3KO mice no significant 
differences have been observed compared to controls, suggesting that in this pre-
symptomatic stage muscle damage is not evident.  

Considering previous findings, altered calcium homeostasis in C3KO 
corresponds to the aberrant calcium exit from the reticulum to the cytosol in animals 
older than 2 months [153]. In this line, flexor digitorum brevis (FDB) muscle did not 
show alterations in basal calcium levels in 2-month-old mice. This fact may be due to 
the higher expression of proteins capable of buffering calcium in murine muscles 
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compared to humans, such as parvalbumin [194],[307]. Yet, we did not stimulate muscle 
fibres in order to asses Ca2+ release and re-uptake flux in these muscles fibres as it 
was reported. 

As alteration of calcium homeostasis has been described as an early feature, 
we wanted to check if SERCA deficiency could underlay this early phenomenon, 
assessing SERCA expression in young C3KO mice. Specifically, we have analysed 
the expression of SERCA in the soleus and diaphragm, as they are the most affected 
muscles in this model [136]. In fact, these muscles are made up of a significant 
proportion of slow fibres and are the most similar to human skeletal muscles [308]. 
Interestingly, despite soleus is mainly build up by slow twitch fibres [309], previous 
reports suggest greater decrease in the cross sectional area of fast fibres (28%) than 
in slow fibres (21%) in C3KO mice compared to controls [136],[184]. SERCA1 is mainly 
express in fast fibres, and accordingly, SERCA1 but not SERCA2 is significantly 
downregulated in soleus; however, in diaphragm, a mixed fibre-type skeletal 
muscle[310], both isoforms are affected, with a more prominent decrease in SERCA2. 
Together, these data suggest that Capn3 deficiency affects these muscles differently 
depending on the proportion of fast / slow fibres and on the affection of each 
phenotype in different muscles; nonetheless, SERCA affection is evident in both. 
Strikingly, SERCA proteins deficit in mice muscles is not as evident as the observed 
in human samples. This effect could follow the same trend of the buffered 
intracellular calcium levels observed in mice myofibres due to parvalbumin 
expression. Normalized calcium homeostasis could prevent the prolonged UPR 
activation, and therefore, the greater UPS activation, which in turn could increase 
polyubiquitinated SERCA protein degradation.  

Furthermore, downregulation of SERCA and its consequent activity loss can 
affect calcium homeostasis in the diaphragm myofibres. Therefore, the strength of 
this muscle can be affected in C3KO mice, as we have demonstrated in diaphragms 
response to an isolated electrical stimulus. Moreover, the tetanic isometric force is 
significantly lower in young C3KO mice. However, this effect is not reflected in the 
resistance to endurance exercise on the treadmill, where different muscle groups are 
also involved and might compensate lower diaphragm force. 

All in all, as well as RyR and αDHPR decrease previously observed in young 
C3KO [267], SERCA protein reduction at this age might be independent of the 
degenerative processes occurring in the pathogenesis of C3KO muscles during 
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disease progression. The consequent Ca2+ reduction in skeletal muscle can affect 
several downstream signalling pathways involved in different processes such as 
muscle adaptation or muscle regeneration for instance. During disease progression, 
consequences of abnormal Ca2+ fluxes may become more evident, since possible 
compensatory mechanisms may be reduced, triggering a cumulative effect of altered 
Ca2+ homeostasis. However, further protocol optimization and analysis are required 
to test this hypothesis.  

Certainly, since LGMDR1 is a muscular dystrophy characterized by 
progressive strength loss, adult C3KO mice had been characterized in greater depth. 
Previous reports suggested reduced forelimb grip strength in 4-6-month-old C3KO 
mice. Moreover, skeletal muscle adaptation upon physiological and environmental 
changes has been studied in these mice [199]. On the one hand, it has been shown that 
muscle fibre area in soleus is reduced as well as slow fibre area in gastrocnemius 
muscle [19]. Additionally, lower proportion of slow myofibres has been observed [19]. 
On the other hand, it has been suggested that upon muscle damage, the C3KO 
model does not have the ability to induce the expression of genes related to slow 
myogenic program as Myl2, Ckmt2 Pnpla2 Lpl, Myo18b, and Myom3, due to lower 
activation of CaMKII-dependent pathway in plantaris muscle, leading to muscle 
dysfunction [39],[311]. Furthermore, according to induced gene expression during 
muscle regeneration, an impaired activation of Ppargc1 and Tgfb1 genes had been 
suggested [138]. Ppargc1, which encodes the PGC1α protein, a key regulator of 
mitochondrial biosynthesis, has been suggested to be slightly downregulated in 
Capn3-deficient mice due to low signalling of the CaMKII pathway [43]. On the other 
hand, although undamaged C3KO mice did not show altered expression of Tgfb1 [138], 
upon muscle damage, C3KO mice had been reported to fail in the induction of Tgfb1 
expression, a potent inhibitor of myogenic differentiation which participates in the 
early transitory inflammatory process, and contributes to the formation of fibrotic 
tissue [272]. 

In our study, we couldn´t recapitulate the loss of grip strength in 9 month-old 
mice previously reported in Ermolova N. et al. [184] with 6 moth-old mice, probably 
due to a smaller experimental group (N=9 vs. N=31). Moreover, we did not observe 
large differences in the mobility of dystrophic mice by voluntary exercise or 6-min 
walk test. According to histological features, due to SERCA deficiency in young 
C3KO diaphragms, we focused on analysing this muscle, were no differences neither 
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in the proportion nor in the Cross-Sectional Area (CSA) of fast or slow fibres were 
observed. However, compared to control mice, only a little increase in central 
nucleation was detected.  

In terms of muscle adaptation and slow program gene expression, in basal 
stage, Myl2, Ckmt2 Pnpla2 Lpl, Myo18b, and Myom3 genes have shown a tendency 
to increase their expression in C3KO diaphragms, despite the high variability among 
mice. In contrast, no changes of this genes have been previously described, but after 
forced exercise in treadmill[43]. Furthermore, we have not detected modification of 
CaMKII phosphorylation in C3KO diaphragms. Considering the preferential 
affection of slow fibres suggested in this C3KO mice model [19], upregulation of these 
genes could act as a compensatory mechanism trying to maintain the correct fibre 
proportion. 

In the same line, our results indicate an upregulation of Ppargc1 expression 
in adult C3KO mice, suggesting greater mitochondrial biosynthesis, which a trend to 
increase PGC1α expression in sedentary C3KO mice [43]. Since mitochondrial 
dysfunction had been previously reported in these mice [139], Ppargc1 upregulation 
may also be part of the compensatory mechanisms in C3KO mice. However, further 
analyses are needed in order to check that, upon muscle damage, induction of 
Ppargc1 expression fails also in the diaphragm. In addition, in the C3KO 
diaphragms, we have observed a clear increase of Tgfb1 expression in contrast to the 
undamaged gastrocnemius [138], suggesting that muscle fibrosis could be more 
prominent in the diaphragm. 

Considering the observed SERCA downregulation in diaphragms of 
dystrophic mice and that, as in the in vitro models, its decrease could be a 
consequence of abnormal degradation by UPS, BTZ treatment could be a therapeutic 
strategy to try to recover SERCA expression in C3KO mice. Consequently, the 
cumulative effect of abnormal calcium homeostasis may be ameliorated.   

BTZ treatment has previously been tested in dystrophic models showing 
significant improvements on its phenotype [230],[236],[238],[262],[264], in addition of proving 
the safety of treatment posology. Moreover, this treatment has reached phase I 
clinical trials for LGMDR2 treatment (NCT01863004) [312]. However, applying the 
dosage previously described by Gazzerro E. et al. [262], we could not observe a large 
inhibition of UPS activity. Therefore, we have not been able to see significant 



Discussion 
 

135 
 

differences regarding histological features. Furthermore, BTZ shows little SERCA2 
protein expression increase as well as partial restoration of several of the studied 
genes. This can be explained as compensation to the possible accumulation of their 
coded proteins due to UPS inhibition. Remarkably, MYL2, which has been 
previously reported to be degraded by UPS [313], is significantly downregulated upon 
BTZ treatment. Nonetheless, this effect has not been detected at histological level. 
On the other hand, reduced Tgfb1 expression after BTZ treatment may suggest 
lower fibrotic tissue in treated C3KO diaphragms. 

Together, in this study, we have focused in the characterization of adult 
C3KO diaphragm, which despite being one of the affected muscles, not much data 
has been published about it so far. According to our results and previously reported 
features, these mice show really mild phenotype compared to LGMDR1 patients, 
hindering phenotypic improvements with any treatment. Therefore, although BTZ 
dose protocol should be optimized to efficiently inhibit UPS activity, other LGMDR1 
animal models with more severe and closer to human dystrophic phenotype should 
be employed to obtain more conclusive data about this therapeutic approach. 

C3 null rat 

Given that rats show more precise motor coordination and a more enriched  
behaviour compared to mice [314], rats have been considered a very useful specie for 
the development of drugs, testing of pharmacological effects, and the evaluation of 
toxicity. Interestingly, rat models have been generated for the study of muscular 
dystrophies as DMD, which display severe muscle phenotype than the widely used 
mdx mice [315]. For instance, fibrosis is more marked, lower strength has been 
reported as well as locomotion impairment [315]. Thus, considering the mild 
phenotype presented by C3KO mouse model, the group led by Dr Isabelle Richard 
has generated a LGMRD1 rat model, which has higher number of affected muscles 
compared to mouse models (unpublished data). This fact makes LGMDR1 rat a more 
promising model than those in mice. 

Similar to C3KO mouse model, one of the most affected muscles in the rat is 
the diaphragm, where through a preliminary study of 4-month-old rats, we have 
verified the tendency to reduce SERCA1 and SERCA2 expression in early stages. 
Likewise, these data corroborate that the recovery of SERCA expression may be a 
therapeutic strategy to be addressed in this dystrophy. Therefore, as well as in the 
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C3KO model, BTZ treatment has been conducted in older rats. In this case, due to 
availability, female rats have been used and the dose of BTZ has been determined 
taking into account the clinical dose and adapting it to rats tolerance [279]. However, 
during the experiment, rats lost their weight as possible sign of compound toxicity 
and, consequently, the dose was readjusted stabilizing the weight of the animals. 

Noteworthily, due to the low number of animals available for the experiment, 
we have obtained trends but no significant differences when evaluating phenotypic 
aspects of the model, such as the forelimbs grip strength. In fact, this dystrophic 
model seems to have lower strength, which seems to be recovered by BTZ treatment. 
However, force restoration due to BTZ treatment may be affected by the toxic effect 
of BTZ on rats, since it has clearly affected its weight. 

On the other hand, unlike the mouse model but similar to humans, hyper-
CKemia was detected in dystrophic rats serum as a sign of muscle damage [140],[305]. 
Interestingly, BTZ treatment seems to restore CK levels. Moreover, according to the 
greater central nucleation observed in soleus histological sections, muscle 
degeneration-regeneration process seems to be more pronounced than in control rats. 
However, BTZ do not affect overtly this feature. Besides, contrary to previous 
findings in C3KO soleus [136], we have neither observed differences in myofibres area 
nor the proportion of each of them. 

In the rat model, as in the mouse C3KO, the soleus and the diaphragm are 
two of the most affected muscles, as previously mentioned. Therefore, we have 
analysed the expression of SERCA1 and SERCA2 in both muscles, observing that, as 
in the C3KO, there is a differential expression between both muscles, being the 
diaphragm the most affected muscle. Actually, the expression of SERCAs correlates 
with their specific activity. In this case, BTZ treatment seems to affect the 
expression of SERCA1 but not SERCA2. Strikingly, this small increase in SERCA1 
was translated into the increased SERCA activity after treatment. 

Muscle adaptation has not been characterized in the rat model so far. 
Therefore, we characterized the expression of genes related to the slow myogenic 
program as previously done in the C3KO mouse model. As in C3KO mice, expression 
of these genes shows a tendency to increase in Capn3-deficient rats. Moreover, BTZ 
treatment also shows a tendency to restore the expression of these genes. 
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Nonetheless, unlike in C3KO mice, Capn3-deficient rats show decreased Ppargc1 
expression, that BTZ treatment was unable to restore. 

Moreover, fibrosis mediator Tgfb1 is increased in C3 null rats, as observed in 
C3KO and the mdx dystrophic model [316],[317]. Furthermore, its activator Mmp9 [281] is 
also elevated in the diaphragm of Capn3-deficient rats. In both cases, BTZ treatment 
manages to slightly reduce its expression, suggesting that this model may display 
lower fibrosis areas in muscle, as occurs in mdx mice when Mmp9 expression is 
reduced [318]. Interestingly Sirius Red staining showed greater fibrosis proportion in 
C3null rats which is reduced with BTZ treatment as well. This reduction in fibrosis 
is accompanied by a reduction in serum CK levels in mdx mice [318], a phenomenon 
that also takes place in C3 null rats with BTZ treatment. 

In conclusion, both, the functional and molecular data obtained from the C3 
null rat, suggest that this LGMDR1 model recapitulates more severely the studied 
features compared to C3KO mouse model. However, due to rats’ sensitivity to BTZ, it 
is not the best model for testing BTZ effectiveness.  

Future direction 

According to the role of Ca2+ dysregulation as a pathological mechanism 
underlying LGMDR1, it would be interesting to test different compounds as well as 
other therapeutic approaches targeting Ca2+-handling proteins compromised in 
LGMDR1 such as SERCA. 

We have tried to restore SERCA protein expression and its consequent 
activity by UPS inhibition, observing some beneficial features in vitro as restoration 
of intracellular calcium levels. However, in vivo, we have not been able to observe 
significant differences after BTZ treatment. On the one hand, C3KO mouse model 
shows no big functional differences compared to wild type according to the tests we 
have performed, making it difficult to obtain phenotypic improvements with any 
treatment. On the other hand, LGMDR1 rat model presents a more severe 
phenotype than C3KO mice, making it a better model to test therapeutic strategies 
although it remains still far from recapitulating human pathophysiological features. 
Due to the sensitivity to BTZ observed in rats, we couldn´t observe very clear 
beneficial effects after treatment. Therefore, BTZ treatment posology should be 
redesign in rats, lowering the dose or expanding the treatment time, but considering 
the addition of treatment-free periods in order to avoid the possible side effects 
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previously mentioned. Nevertheless, this posology changes can imply the 
ineffectiveness of the treatment.  

Considering the narrow therapeutic window between effectiveness and 
toxicity of BTZ treatment, other therapeutic strategies should be considered. For 
instance, SERCA overexpression by AAV-mediated gene therapy [319],[320] or the use of 
drugs which could increase SERCA expression or function, including adrenoceptor 
blockers, adrenergic agonists, hormones, glucocorticoids, natural antioxidants, and 
small molecule SERCA activators such as CDN1163 [194],[321],[322], could be assessed. 

Actually, further studies should focus on the generation of new animal models 
with human-like CAPN3 mutations and a dystrophic phenotype more similar to the 
one observed in human patients. However, in this project, we propose a therapeutic 
target to ameliorate the dystrophic phenotype in this illness as well as new 
LGMDR1 in vitro models as preclinical tools. These models would also help 
understand the different pathophysiological mechanisms underlying this disease and 
move forward towards the development of new therapies for LGMDR1 
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1) CAPN3-silencing in healthy human myotubes results in a reduction of 
SERCA proteins, but not mRNA expression, resulting in a significant 
increase of the resting cytosolic Ca2+ levels. Moreover, evidence of 
sarcoplasmic reticulum stress was found in LHCN-M2 but not in the 8220 
silenced-myotubes. 

2) Immortalized myotubes from two LGMDR1 patients present normal 
differentiation and maturation levels. KM900 (G567T mutation) myotubes 
express CAPN3 while 918 (R289W/R546L mutations) myotubes present 
reduced levels. Both lines present lower SERCA2 mRNA levels compared to 
control myotubes. SERCA proteins are mostly affected when CAPN3 
expression is severely reduced. 

3) CAPN3-silenced human myotubes treated with the proteasome inhibitor 
Bortezomib significantly increases SERCA2 protein levels and normalizes 
resting cytosolic Ca2+ levels to control levels. Bortezomib treatment seems to 
reduce SERCA1 mRNA levels without affecting protein levels. 

4) Bortezomib treatment increases the expression of CAPN3 and SERCA2 in 
immortalized myotubes from two LGMDR1 patients. This indicates that 
inhibiting UPS activity may stabilize CAPN3 and SERCA2 protein 
expression. The effect of Bortezomib on SERCA1 expression is inconclusive.  

5) In all analysed cellular models, Bortezomib treatment upregulates 
sarcoplasmic reticulum stress markers such as CHOP, GRP78 and HERP, 
and c-FLIP, the antiapoptotic factor found reduced in LGMDR1 muscle 
biopsies. 

6) Young C3KO mice present very mild dystrophic phenotype, with no 
significant differences in the grip strength, endurance resistance, and 
voluntary exercise tests. At the histological level, C3KO mice present more 
central nucleation and reduced cross-sectional area of the muscle fibres. At 
the protein level, SERCA expression is downregulated particularly in the 
diaphragm.  

7) Bortezomib treatment did not affect muscle histology or function in C3KO 
dystrophic mice. Bortezomib does not rescue SERCA protein expression in 
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C3KO diaphragms. The unchanged ubiquitin-proteasome activity observed in 
these muscles suggests that a higher dose may be needed to analyse efficacy. 

8) Adult C3 null rats present more severe dystrophic phenotype than C3KO 
mice, with reduced grip strength test, higher number of centrally nucleated 
muscle fibres and increased fibrosis. Several genes downstream CaMKII 
pathway, such as Pnpla2, Lpl and Myo18b are upregulated in C3 null rats, 
which is indicative of abnormal muscle adaptation.  

9) C3 null rats are more sensitive to Bortezomib treatment than C3KO mice, 
with major weight loss, compelling a reduction of the dose. This renders the 
LGMDR1 rat model unsuitable for testing Bortezomib efficacy. 

10) Bortezomib treatment is not able to restore SERCA2 downregulation in C3 
null rat diaphragms. No other negative effect of Bortezomib has been 
observed over the skeletal muscle.  

 

The extremely mild phenotype of C3KO mice, together with the high 
susceptibility of the rat model to Bortezomib treatment, have been major limitations 
to this study. In any case, our results support SERCA2 as a promising molecular 
target for Calpainopathy therapies, given that this protein is reduced in the 
analysed cellular models, as well as in the LGMDR1 mouse and rat models. In fact, 
SERCA2 deficiency was found in young C3KO mouse model. Further studies should 
focus on using other approaches to stabilize SERCA2 protein in the skeletal muscle. 
Ideally, this approach may also target stabilization of mutant CAPN3. Generation of 
new animal models with human-like CAPN3 mutations may be needed to analyse 
stabilization of mutant CAPN3. Moreover, these models would also help understand 
the different pathophysiological mechanisms underlying this disease to pave the way 
for the development of new therapies. 
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