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Abstract

Muscle contraction upon nerve stimulation relies on excitation-contraction coupling (ECC) to promote
the rapid and generalized release of calcium within myofibers. In skeletal muscle, ECC is performed
by the direct coupling of a voltage-gated L-type Ca?* channel (dihydropyridine receptor; DHPR)
located on the T-tubule with a Ca?* release channel (ryanodine receptor; RYR1) on the sarcoplasmic
reticulum (SR) component of the triad. Here we characterize a novel class of congenital myopathy at
the morphological, molecular and functional level. We describe a cohort of 11 patients from 7 families
presenting with perinatal hypotonia, severe axial and generalized weakness. Ophthalmoplegia is
present in 4 patients. The analysis of muscle biopsies demonstrated a characteristic intermyofibrillar
network due to SR dilatation in some samples, internal nuclei and areas of myofibrillar
disorganization. Exome sequencing revealed 10 recessive or dominant mutations in CACNALS
(Cavl.1), the pore-forming subunit of DHPR in skeletal muscle. Both recessive and dominant
mutations correlated with a consistent phenotype, a decrease in protein level, and with a major
impairment of Ca?" release induced by depolarization in cultured myotubes. While dominant
CACNALS mutations were previously linked to malignant hyperthermia susceptibility or hypokalemic
periodic paralysis, our findings strengthen the importance of DHPR for perinatal muscle function in
human. These data also highlight CACNALS and ECC as therapeutic targets for the development of
treatments that may be facilitated by previous knowledge accumulated on DHPR.

Keywords: DHPR; Congenital myopathy; excitation—contraction coupling; triad; centronuclear
myopathy; core myopathy; myotubular myopathy



Introduction

Excitation—contraction coupling (ECC) is the process by which an action potential triggered
by nerve-induced muscle membrane depolarization causes the muscle fiber to contract. In skeletal
muscle, ECC relies on a direct coupling between a Ca?* release channel (the ryanodine receptor;
RYR1) located on the sarcoplasmic reticulum (SR), and a voltage-gated L-type Ca?" channel (the
dihydropyridine receptor ; DHPR) on the T-tubule [27]. ECC occurs at the triad, a specialized
membrane structure formed by the apposition of a sarcolemma invagination (the T-tubule) and two SR
saccules containing RyRs [9]. Upon depolarization, activation of the DHPR induces the opening of
RyR1 and the release of Ca?* from the SR stores, subsequently triggering muscle contraction.

The CACNAL1S (Cay1.1) gene encodes the pore-forming subunit of DHPR in skeletal muscle. It
is composed of 44 exons and has an embryonic splice variant lacking the in-frame exon 29.
CACNALS is a 1873 amino acids protein with four transmembrane domains (I-1V), each with six
transmembrane segments (S1-S6) [33]. The loop between domains Il and Ill is instrumental in
mediating the activation of RYR1 [18,27,7]. The importance of CACNAILS in ECC has been
demonstrated in cellula and also in vivo. Cells lacking CACNALS have impaired ECC, and mice and
drosophila with defective CACNAL1S (DmcalD ortholog in the fly) are embryonically lethal [8,15,4].
In adult mice, CACNALS appears to control muscle mass as acute downregulation of Cacnals leads to
massive atrophy, although ECC was functional [24].

Heterozygous dominantly acting CACNALS mutations have been previously associated either
with malignant hyperthermia susceptibility (MHS5; MIM#601887) triggered by volatile anaesthetics
[20], hypokalemic periodic paralysis (HOKPP; MIM#170400) characterized by periodic attacks of
muscle weakness associated with a decrease in the serum potassium level [14,26], and thyrotoxic
periodic paralysis (TTPP1; MIM#188580) [17]. Moreover, alternative splicing of exon 29 is repressed
in patients with myotonic dystrophy and correlates with increased channel conductance and voltage
sensitivity [31]. However, the link between mutations of DHPR and a myopathy is not yet fully
established. More generally, triad defects due to mutations in other genes encoding for the ECC
machinery have been reported in a sub-class of myopathies known as triadopathies, while secondary
triad abnormalities may be observed in several other muscle diseases [1,5].

In this study we analyzed a cohort of patients with congenital myopathy, a clinically and
genetically heterogeneous group of muscle diseases of variable severity, characterized by antenatal,
neonatal or early onset, ranging from severe fetal akinesia to milder forms of hypotonia and muscle
weakness, in conjunction with the presence of characterisitic morphological hallmarks on skeletal
muscle biopsy [21,29]. Histopathologically and ultrastructurally, they can be sub-classified into
nemaline myopathies with rods inclusions and/or protein aggregates, core myopathies with well-
defined muscle fiber areas devoid of oxidative enzyme activity, centronuclear myopathy with several
fibers with internal and centralized nuclei. Fiber type disproportion with a bias toward smaller and
more abundant type 1 fibers is a feature common in several forms [22]. Advances in recent genetic
technologies, combined with extensive studies of large families and well-defined cohorts led to the
identification of approximately 30 causative congenital myopathy genes (www.musclegenetable.fr), of
which a majority encode for proteins associated with the sarcomere structure or its stability [21].
Despite these advances, approximately half of patients with congenital myopathies remain without a
confirmed genetic diagnosis, which is essential for appropriate disease management, prognosis,
genetic counseling and development of therapies [2].

Here we identified both recessive and dominant CACNALS mutations by exome sequencing as
a cause of a congenital myopathy characterized by specific morphological hallmarks in a cohort of 11
patients from 7 families.

Material and methods

Patients



Eleven patients from 7 unrelated families from Caucasian, Argentinean or Vietnamese origin
were included in the present study. The cohort comprises 3 sporadic cases (patients P2, P5 and P9), 2
families with dominant inheritance (P6-8; P10 and P11), and 2 families with several affected siblings
and recessive inheritance (P1; P3 and P4). All patients presented with a clinical history of a congenital
myopathy and underwent detailed clinical examinations. Clinical, histopathological and genetic
features are summarized in Table 1. Sample collection was performed with written informed consent
from the patients or parents according to the declaration of Helsinki.

Muscle Imaging
CT scan for P1 and MRI for P2, P4, P5, P7, P8, P9, P10, P11 were performed. T1-STIR was
performed for P4, P5, P7, P8, P9, P10 and P11.

Exome sequencing and analysis

Genomic DNA of patients and relatives was isolated from peripheral blood by phenol-
chloroform extraction. DNA storage and usage was IRB approved (DC-2012-1693 and 12-N-0095 for
NIH). Exome sequencing (ES) was performed for all living patients, the parents of families 1 and 6,
the mother of P3 and P4 in family 3, the father of P7 and P8 in family 5. ES was performed at CNG
(Evry, France), at DeCode as part of Neuromics (Reykjavik, Iceland), at the Broad Institute
(Cambridge, USA) and at the UCLA (Los Angeles, USA). Fragmented genomic DNA was enriched
for exons using the SureSelect Human all Exon 50Mb capture library v5 (Agilent, Santa Clara, USA)
and sequenced 90nt paired-end on Illumina HiSeq2000/2500 sequencers.

Sequence data were aligned to the GRCh37/hgl9 reference genome using the Burrows-
Wheeler aligner software (http://bio-bwa.sourceforge.net), and variant calling was performed with
SAMtools or the UnifiedGenotyper (https://www.broadinstitute.org/gatk). The following databases
were used for  variant  annotation and  filtering: Exome  Variant  Server
(http://evs.gs.washington.edu/EVS/), EXAC Browser (http://exac.broadinstitute.org/), dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/), 1000 genomes (http://www.1000genomes.org/), as well
as in-house exome databases. Variants ranking was performed with VaRank [11].

Confirmation of variants was performed by Sanger sequencing. Haplotype analysis between
families 1 and 2 was performed using four (CA)n microsatellites flanking the CACNALS gene, which
are localized 39kb and 25 kb upstream and 3.5kb and 18 kb downstream respectively (coordinates,
primers and conditions are available on request).

Morphological studies

An open deltoid muscle biopsy was performed for patients P1, 2, 4, 6, 7, 9 following informed
consent. Age at muscle biopsy varied from 6 months to 60 years. A needle quadriceps biopsy was
performed on patient 5 at 9 months and a bicep brachii biopsy was performed for P10 at 44 years of
age. For conventional histochemical techniques 10 pm cryostat sections were stained with
haematoxylin and eosin (H&E), modified Gomori trichrome (mGT), Periodic acid Schiff technique
(PAS), Oil red O, reduced nicotinamide adenine dinucleotide dehydrogenase-tetrazolium reductase
(NADH-TR), succinic dehydrogenase (SDH), Cytochrome Oxidase (COX), the Menadione-nitro blue
tetrazolium and Adenosine triphosphatase (ATPase) preincubated at pH 9.4, 4.63, or 4.35.
Immunocytochemistry analysis using antibodies against different myosins was performed for patient
5.

Digital photographs were obtained with a Zeiss AxioCam HRc linked to a Zeiss Axioplan
Bright Field Microscope and processed with the Axio Vision 4.4 software (Zeiss, Germany) for the
majority of patients with exception of patient 5 where a digital Leica scanner was used.

Electron microscopy

Electron microscopy analysis was performed in patients P1, 2, 4, 6, 7, 9, 10 Muscle specimens
were fixed with glutaraldehyde (2.5%, pH 7.4), post fixed with osmium tetroxide (2%), dehydrated
and embedded in resin (EMBed-812, Electron Microscopy Sciences, USA). Ultra-thin sections from
three blocks from each patient were stained with uranyl acetate and lead citrate. The grids were
observed using a Philips CM120 electron microscope (80 kV; Philips Electronics NV, Eindhoven, The
Netherlands) and were photo documented using a Morada camera (Soft Imaging System, France).
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Immunohistochemistry and immunofluorescence

Frozen muscle samples for immunohistochemical and immunofluorescence analyses were
available for 5 patients (P1, 5, 6, 7, 9). Fast, slow, developmental, neonatal myosin heavy chain (NCL-
MHCn, Novocastra Laboratories, Newcastle Upon Tyne, United Kingdom) antibodies were applied to
10 pum thick cryosections, and revealed by immunoperoxidase techniques (ROCHE-Benchmark XT).
For patient 5 was used a manual labelling with a biotinylated secondary conjugated to peroxidase.
Additionally, immunofluorescence analyses were assessed on 8-um-thick cryosections overnight at
4°C using different antibodies as Myosin alpha and beta-slow heavy chain, fast 2A heavy chain, and
2X myosin heavy chain (BA-D5, SC-71, and 6H1, Developmental Studies Hybridoma Bank,
University of lowa, lowa City, USA), CACNALS antibody (ab2862 mouse monoclonal, Abcam,
Cambridge, UK), Ryanodine Receptor 1 (C-terminal rabbit polyclonal), triadin (kind gift from Isabelle
Marty, rabbit polyclonal) [28]. Subsequently, sections were incubated with appropriate conjugated
secondary antibodies during one hour. A set of control slides was prepared with omission of the
primary antibodies, and using aged-matched non-myopathic muscles.

RNA studies

RNA was extracted from muscle samples of P1 and P3 and from myotubes differentiated from
fibroblasts infected by a MyoD expressing lentivirus for P5 using Tri-Reagent (Molecular Research
Center, Inc., Cincinnati, USA) according to the manufacturer’s instructions. Reverse transcription was
done using random and oligo-d(T) primers. Amplification of the regions of interest was performed
with specific CACNALS primers (Supplementary table 1) and PCR products were Sanger-sequenced.

Western Blot

Cryostat sections of fresh frozen muscle tissue were lysed in a buffer containing 2% SDS, 5%
beta-mercaptoethanol, and 62.5mM tris HCL ph6.8 with a mix of protease inhibitors (Sigma). Samples
were quickly micro-centrifuged. Laemmli buffer was added and samples were denatured at room
temperature. Total protein extract were separated on 10% SDS-PAGE and transferred to nitrocellulose
membranes, blocked with nonfat milk, and incubated overnight with anti-CACNALS antibody.
Immunoblots were visualized by Immobilon Western Chemiluminescent HRP Substrate (Millipore,
Saint Quentin in Yvelines, France) on a G-Box system using GeneSnap software (Ozyme, Montigny le
Bretonneux, France).

Myotubes from patient P1 and from healthy controls were lysed in a buffer containing 50mM
Tris, 100 mM NaCl, 1 mM EGTA, 0,5% NP-40, 0,5% Triton-X100, 0,1% SDS, 1mM DTT, 1mM
PMSF and a mix of protease inhibitor (Complete EDTA-free, Roche) and denatured in Laemmli
buffer at 95°C. Total protein extracts were separated on 6% SDS-PAGE gel and transferred to a
nitrocellulose membrane. Detection of CACNA1S was done with an antibody targeting the middle
part of the protein (HPA048892, Sigma, St-Louis, USA). Loading control was verified with the use of
a stain-free technique (Trichloroethylene, Sigma, St-Louis, USA) and imaged were acquired with the
ChemiDoc Touch Imaging System (Bio-Rad).

Cell culture and imaging

Muscle cells were established from patient P1 by the Cochin Center (Paris, France). Cells
were plated on a thin matrigel layer on 35 mm dishes (Ibidi, Martinsried, Germany) with proliferation
medium (DMEM/HAMF10 (1:1), 20% FCS, HEPES 10 mM, Penicillin 100 Ul/mL, Streptomycin 100
pg/mL), then differentiated into myotubes at 80% confluence by changing the medium (DMEM, 2%
HS, Penicillin 100 Ul/mL, Streptomycin 100 pg/mL). The next day, an upper layer of matrigel was
added and the differentiation medium was changed every two days for 10 days. Myotubes were fixed
with 4% PFA and incubated with antibodies against CACNA1S (HPAQ048892, Sigma, St-Louis, USA)
and RYR1 (R129, Sigma St-Louis, USA).

Intracellular calcium measurements

Patient P1, P10 and control muscle cells were transferred onto glass coverslips and allowed to
proliferate in growth medium until visible groups of > 10 cells were formed. The medium was then
switched to differentiation medium, and Ca?" measurements were performed 7-10 days later. Free
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cytosolic [Ca?**] was determined using the fluorescent Ca?" indicator Fura-2 as described.[3]
Coverslips were mounted onto a 37 °C thermostat chamber, which was continuously perfused with
Krebs Ringer medium. Individual cells were stimulated with a 12-way 100-mm diameter quartz
micromanifold computer-controlled microperfuser (ALA Scientific) as previously described.[32] On-
line (340 nm, 380 nm, and ratio) measurements were recorded using a fluorescent Axiovert S100 TV
inverted microscope (Carl Zeiss GmbH, Jena, Germany) equipped with a x20 water-immersion
FLUAR objective (0.17 numerical aperture) with filters (BP 340/380, FT 425, and BP 500/530) and
attached to a Cascade 125+ charge-coupled device camera. The cells were analyzed using Metamorph
(Molecular Devices) imaging system, and the average pixel value for each cell was measured at
excitation wavelengths of 340 and 380 nm. Ca?* calibration was performed as previously decribed
(Sekulic-Jablanovic et al., 2016).

Results

Characterization of a cohort of patients with congenital myopathy

Our cohort is composed of 11 patients from 7 unrelated families and includes 4 females (P3,
P4, P6, P11) and 7 males (P1, P2, P5, P7, P8, P9, P10). Ages range from 8 to 60 years. Clinical
summary, histopathological features and genetic characterization of all patients is provided in Table 1.
Family history reveals potentially recessive inheritance for 2 families (F1, F3) and 2 families had a
clear dominant transmission (F5 and F7), while P2, P5 and P9 were sporadic cases. All patients
presented with a congenital myopathy involving congenital or early-onset hypotonia, delayed motor
milestones and progressive muscle weakness, with prominent axial involvement in most patients.
Decreased fetal movement and breech presentation suggested antenatal involvement in several
patients. In addition, one patient (P5) also had periodic paralysis and loss of speech during periods of
iliness and stress. These symptoms improved significantly after treatment with acetazolamide, a
carbonic anhydrase inhibitor known to be beneficial for some HOKPP patients [19]. All patients had
mild facial involvement, 4 patients had ophthalmoplegia and one patient had ptosis. The respiratory
system is heterogeneously affected ranging from normal to severely impaired. Most of the patients had
mild to severe swallowing issues. There was no cardiac involvement nor clear involvement of other
non-neuromuscular functions. Serum creatine kinase (CK) levels were within normal range in 9
patients but elevated in the 2 patients from family 7 (1000-2000 U/l range).

Morphological study has been done on muscle biopsies for individuals in 6 families (Fig. 1,
Supplementary Fig. S1). Histological analyses of the muscle biopsies of 4 families (F1, F2, F5, F6)
showed an alveolar aspect of the intermyofibrillar network on NADH-TR staining (Fig. 1a-b). Fiber
size variability was present in 5 families (F1, F4, F5, F6, F7) (Fig. 1a-d). Centralized or internalized
nuclei were observed in 4 families (F1, F2, F5, F7) and core-like or focal disorganisation structures in
4 families (F1, F2, F4, F7). Uniformity of type 1 (consistent by immunofluorescence, not shown) was
observed in F1, F2, F6 and predominance of type 1 fibers in family 5 was noted. The biopsy of patient
P10 in family F7 showed a dystrophic aspect, with mild increase in endomysial connective tissue,
scattered split fibers, in addition to an increase in number of centralized nuclei and occasional fibers
with degeneration or regeneration, which is consistent with the finding of increased serum CK to
levels more than 1000 1U/1.

The ultrastructure of muscles from patients P1, P2, P3, P6, P7, P9 and P10 was investigated
with electron microscopy and uncovered common features such as dilated T-tubules and SR (Fig.
2b,d,e,g,h,i) and focal zones of myofibrillar disorganization (Fig. 2c). In P1, increased frequency of
triads per sarcomere has been observed (Fig. 2a). Long T-tubules and small areas of altered sarcomere
striation could be seen in P2 (Fig. 2d-f). Muscle sections from P6 and P7 displayed less abnormalities
and only some SR and T-tubules were dilated. However, the junctional feet between SR and T-tubules
appeared normal in all patients.

The overall histological and ultrastructural findings were suggestive of a diagnosis of
centronuclear or core myopathy. Exome analysis and targeted sequencing of the known related genes
including MTM1, BIN1, DNM2 and RYR1 did not reveal any pathogenic variations.



Muscle MRI or CT scan of the lower limbs was performed on nine patients (Fig. 3).
Symmetric involvement of anterior and posterior compartments at the level of the thigh was seen in
all, varying from mild atrophy in patients P7 and P8 to a marked atrophy in P5 and severe and
extensive fatty infiltration throughout all muscle groups in patients P5 and P10. Anterior compartment
muscles were slightly more involved than hamstrings in most. In some patients (P1, P2, P9) the
semitendinosus muscle was selectively more affected than the biceps femoris and semimembranosus.
In Patients P10 and P11, there was also relative sparing of the vastus intermedius and adductor
magnus. Where available, imaging at the level of the leg showed findings ranging from mostly
absence of involvement to a pattern with relative sparing of the tibialis anterior and posterior muscles
as compared to soleus and gastrocnemii. Overall, there is no specific pattern observed on muscle
imaging compared to other congenital myopathies.

In summary, all patients display a consistent phenotype of neonatal or early-onset progressive
muscle weakness with facial involvement and peculiar structural alterations on the muscle biopsy,
with variable extra-ocular involvement and CK elevation, suggesting a common genetic basis of the
disease.

Identification of dominant and recessive mutations in CACNALS

To identify the genetic cause of the disease, we performed exome sequencing on all available
affected individuals, as well as one or both parents of families 1, 3, 5 and 6. With the use of different
bioinformatics pipelines, we filtered and ranked the best candidate genes and identified several rare
variants in CACNA1S, the gene coding the alpha 1 subunit of the L-type voltage-dependent Ca?*
channel, a major protein for excitation-contraction coupling in skeletal muscle. All variants were
validated by Sanger sequencing in all available family members and segregation with the disease was
confirmed.

Four families (F1 to F4) displayed recessive disease segregation with compound heterozygous
mutations (Fig. 4a). P1 from Family 1 has two frameshift mutations in exons 9 (p.S397Pfs*3;
€.1189 1190del) and 40 (p.L1656Rfs*67; ¢.4967del). P2 from Family 2 carries a nonsense mutation
in exon 37 (p.Q1485*; ¢.4453C>T) and the same exon 40 frameshift as P1. The shared c.4967del
mutation in Families 1 and 2 is likely to be from a different origin considering that they do not share a
common haplotype for 2 upstream microsatellites loci, the nearest being 25 kb from the gene. The two
siblings P3 and P4 from Family 3 carry a missense mutation in exon 6 (p.F275L; ¢.825C>A) and a
frameshift in exon 18 (p.L791Cfs*37; ¢.2371delC). P5 from Family 4 carries two predicted missense
mutations in exons 30 (p.Q1265H; ¢.3795G>T) and 3 (p.E100K; ¢.298G>A). The respective parents
of the patients are carrier of one mutation each, and the 2 unaffected siblings in family 1 carry a single
variant, consistent with recessive inheritance.

In the remaining 3 unrelated families, 3 novel heterozygous variants were identified in 5
patients (Fig. 4b). The affected individuals P6, P7, and P8 from family 5 carry a missense mutation in
exon 16 (p.P742Q; ¢.2225C>A) that appears de novo in the mother and segregates in her two affected
sons. Patient P9 from family 6 carries a different de novo missense affecting the same amino acid
(p.P742S; ¢.2224C>T). Another de novo missense mutation was identified in both affected father
(P10) and daughter (P11) from family 7 (p.L1348V; ¢.4099C>G). None of the missense mutations
were found in unaffected family members, consistent with dominant inheritance.

All variants are present on both CACNALS isoforms, and affect different domains of the
protein (Fig. 4c). All variants were novel with the exception of the ¢.825C>A (p.F275L) and
€.3795G>T (p.Q1265H) variants. They were both found in recessive families 3 and 4 respectively, and
are listed in a heterozygous state at very low frequency in the ExAC exome database (3.10°° and 8.10°°,
respectively). With regards to the predicted missense changes in our recessive families, the p.F275L
substitution in family 3 affects a conserved amino acid of the pore-forming loop L5, which is in close
proximity to the selectivity filter. The ¢.3795G>T variant found in family 4 not only involves an
amino acid substitution, but is in addition predicted to impact on splicing, resulting in a shift of the
reading frame and a premature stop codon (p.Q1265Hfs*57, outlined below). The second missense
variant found in family 4 (p.E100K; ¢.298G>A) affects a glutamic acid that may interact with arginine
174 for the connection of transmembrane segments in the voltage-sensing domain, as modeled in the
recently resolved 3D structure of DHPR (Supplementary Fig. S2).

7



Concerning the missense mutations in the dominant families, proline 742 is affected by two
different mutations in two unrelated families (p.P742Q and p.P742S). This residue is conserved in
mouse and zebrafish and appears to be specific for the skeletal muscle alpha 1 subunit of DHPR, as it
is not conserved in other alpha 1 subunits expressed in other tissues as CACNALC or CACNA1D
(Fig. 4D). This residue is localized in the loop between domains Il and Il involved in DHPR-RyR1
coupling, and a previous study demonstrated that the artificial P742T mutation strongly reduced ECC
[16].

Altogether, those findings indicate that mutations in CACNALS cause early-onset myopathy
with dominant or recessive disease inheritance.

Impact of mutations on CACNALS transcript and protein

In total, we identified 10 different CACNALS mutations including 3 frameshift, 1 nonsense,
and 6 missense mutations including 3 confirmed de novo mutations. The truncating variants are
predicted to remove the C-terminal 217, 388 or 1476 amino acids from 1873 in the adult protein
isoform. In order to assess if the premature stop codons lead to nonsense-mediated mRNA-decay
(NMD), we extracted, reverse transcribed, and sequenced CACNALS muscle RNA from patients P1
(Family 1) and P3 (Family 3). For patient P1, we detected amplicons of both alleles in comparable
amounts, ruling out major mRNA-decay (Fig. 5a). In contrast, the p.L791Cfs*37 mutation in P3 leads
to MRNA-decay as only the other allele, carrying the missense mutation, was detected. As mentioned
above, one of the missense mutation in patient P5 (predicted protein impact p.Q1265H) is also
predicted to disrupt the donor splice site of exon 30. Sequencing of CACNA1S RNA extracted from
myotubes differentiated from P5 myoblasts indicated retention of 68 nucleotides from intron 30
leading to the frameshift p.Q1265Hfs*57 and the deletion of the last 608 amino acids (Fig. 5a). Both
alleles were detected, illustrating that mRNA decay does not occur. RNA from other patients were not
available. In summary, all recessive cases described here carry at least one mutation involving a
premature stop codon, although not all appear to trigger mMRNA decay.

In order to verify the impact of the mutations on the protein level, we performed western blot
on muscle biopsies and myotubes extracts. CACNALS was barely detectable by western-blot in
myotubes extracts from patient P1 with compound truncations (Fig. 5b). Similar results were obtained
from muscle extracts of P1 (Fig. 5b). Detectable protein level was observed in muscle extracts from
patient P3, harbouring one truncation and one missense mutations. Analysis of muscle extracts from
P6, P7 and P9 (all three from dominant families) revealed a strongly reduced level of CACNALS (Fig.
5b). These data support overall decreased protein stability following missense or frameshift mutations,
in both dominant and recessive cases.

The subcellular localization of some of the mutated CACNALS proteins was investigated in
cultured myotubes from patients and in skeletal muscle. In contrast to control myotubes, a very low
fluorescent signal was noted with an antibody against the N-terminal domain of CACNALS in
differentiated myotubes from patient P1 myoblasts, supporting western blot findings that overall
CACNAL1S is strongly reduced in this patient carrying recessive mutations (Fig. 5¢). RyR1 signals
appeared as longitudinally aligned dots in both control and patient myotubes, suggesting that the
CACNALS mutations do not impact on RyR1 localization, consistent with previous studies showing
that Cacnals knock out myotubes still show triadic localization of RyR1 [25]. The muscle sections
from the recessive patient P1 and the dominant patient P6 revealed decreased CACNALS
immunoreactivity and showed a peculiar alveolar aspect reminiscent of the observations with
oxidative staining (Fig. 1; Fig. 5d). Aberrant diffuse accumulations of CACNA1S were also observed
in the patient’s muscles (Fig. 5d). Triadin (junctional SR marker) labelling appeared mildly decreased
with lumps or irregular appearance in patients P1, whereas the signal was slightly decreased in patients
P6 and P9 (Fig. 5d).

In conclusion, most recessive and dominant mutations we investigated in this study are
associated with a decrease in CACNALS protein level and an abnormal localization pattern in
available mature muscle.

Physiopathological insights into CACNALS myopathy
CACNAIS is a subunit of the voltage-dependent Ca?* channel (DHPR) regulating Ca?* release
from the SR stores. To assess the functional impact of CACNA1S mutations, we investigated Ca?*
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homeostasis in myotubes from the recessive patient P1 and the dominant patient P10 (Fig. 6). Resting
cytosolic Ca?* levels were similar between both patients and control myotubes, showing that the
mutations do not affect resting Ca?* homeostasis.

We next studied Ca?* release induced by KCI depolarization. Although the dose response
curves have similar shapes in patients and controls (ECso 14.3+/-8.5 for control and 13.2+/-8.3 for
patient cells; Fig. 6), the maximum level of Ca?* released is 2.5 times lower in patients compared to
controls. The reduction of the depolarization-induced calcium release was not due to a reduction of the
size of intracellular Ca?* stores, since there was no significant difference in the total amount of
calcium released caused by thapsigargin and ionomycin (Supplementary Fig. 3). These results strongly
suggest that the CACNALS mutations impair excitation-contraction coupling, potentially through a
decreased activation of RyR1 due to the strong decreased content of CACNALS protein. These data
demonstrate that recessive truncations and the dominant p.L1348V mutation induce similar alterations
in the ECC function of CACNALS.

Consistent with defects in the ECC, the patients” muscle fibers showed several defects of the
triad, including dilated T-tubules and SR (Fig. 2).

Overall, these data indicate that the function of CACNALS and the muscle ultrastructure are
similarly altered in both recessive and dominant patients. Pathomechanistically, both mutation types
are associated with altered calcium homeostasis and reduced ECC with SR dilatation and myofibrillar
disorganisation.

Discussion

In the present study we describe a clinical and histopathological cohort of patients with a
consistent phenotype of early-onset myopathy and mutations in the skeletal muscle alpha 1 subunit of
DHPR, CACNALS. Mutations segregated either through recessive or dominant modes of inheritance,
or were found as de novo mutations in singletons. Two of the mutations, one dominant and one
recessive were tested functionally and both resulted in a significant decrease of EC coupling.

DHPR myopathy and DHPR-related diseases

The described 11 patients from 7 families all display severe early-onset myopathy with
progressive, generalized predominately axial muscle weakness, facial involvement with or without
ophthalmoplegia, elevated CK in one family and episodes of periodic paralysis in one patient. The
morphological and ultrastructural analyses revealed centralized or internalized nuclei and focal zones
of sarcomeric disorganisation in several patients. Taken together, this phenotype is reminiscent of
findings observed in the myotubular or centronuclear myopathy and in core myopathy, conditions in
which ophthalmoplegia (an uncommon feature in other congenital myopathies) is often observed.
Those myopathies are also associated with dominant and recessive mutations in RYR1 [5,21] and the
identification of CACNALS mutations in patients with overlapping phenotype is not unexpected, as
DHPR directly regulates the RyR1 Ca?* release channel. The “alveolar” aspect of the intermyofibrillar
network observed in the majority of the patients and highlighted with SR labelling both with specific
antibodies or oxidative staining and appearing as a dilated SR by electron microscopy, is a peculiar
and possibly a histopathological hallmark for CACNA1S mutations.

Muscle imaging of the lower limbs recapitulates some patterns seen in CNM and congenital
myopathies. While some patients show relatively mild and nonspecific atrophy of muscle groups,
three patients from different families had selective involvement of the semitendinosus muscle in the
posterior thigh, a finding reported both in early-onset CNM due to DNM2 mutations and in TTN-
related myopathies [30]. At the level of the leg, family 7 showed a differential pattern with relative
preservation of muscles in the anterior compartment (tibialis anterior and posterior) as compared to the
soleus and gastrocnemii, a finding which has been described in both DNM2 and RYR1-related
myopathies. However, in addition to such overlapping patterns there also seems to be a wide spectrum
of involvement ranging from very mild atrophy of thigh muscle groups to extensive marked fatty
infiltration, suggesting that the imaging of CACNA1S-related myopathy is heterogeneous.

In addition, muscle imaging recapitulates some patterns seen in CNM and congenital myopathies.
While some patients show relatively mild and nonspecific atrophy of muscle groups, three patients
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from different families had selective involvement of the semitendinosus muscle in the posterior thigh,
a finding reported both in early-onset CNM due to DNM2 mutations and in TTN-related myopathies
[30]. At the level of the leg, family 7 showed a differential pattern with relative preservation of
muscles in the anterior compartment (tibialis anterior and posterior) as compared to the soleus and
gastrocnemii, a finding which has been described in both DNM2 and RYR1-related myopathies.
However, in addition to such overlapping patterns there also seems to be a wide spectrum of
involvement ranging from very mild atrophy of thigh muscle groups to extensive marked fatty
infiltration, suggesting that the imaging of CACNALS-related myopathy is heterogeneous.

The finding of specific histological hallmarks and one of the muscle imaging pattern is of
major diagnostic importance, as it can aid in directing the molecular diagnosis towards CACNALS
testing. Patients with centronuclear myopathies or cores myopathies without molecular diagnosis
should be revaluated for specific hallmarks of CACNALS congenital myopathy and offered CACNALS
testing if appropriate. Patient P10 was the only patient displaying dystrophic features; the
characterization of additional families will confirm if CACNALS defect lead to dystrophy under certain
conditions.

. We believe the gene should be included both in NGS panels for congenital muscle disorders
and in filtering pipelines for whole exome sequencing in such cases.

The association of CACNALS with a congenital myopathy phenotype was recently suggested
in one patient [12]. This patient displayed a similar phenotype as in our cohort, with congenital
myopathy and ophthalmoplegia, and occasional internal nuclei and coarse myofibrillar architecture on
muscle biopsy. He carried compound CACNALS variants each inherited from a heterozygous parent,
€.4947delA (p.Q1649Qfs*72) and ¢.3795G>T (p.Q1265H). In that report, no functional validation of
the variants pathogenicity was provided, precluding a conclusion on the pathogenicity of the identified
variants. Of note is that the predicted frameshift is very close to the frameshift mutation
p.L1656Rfs*67 found in our recessive families 1 and 2 (Fig. 4), and we show here that the ¢.3795G>T
change in fact leads to altered splicing in our patient P5 (Fig. 5a).

Dominant CACNALS mutations have been associated with malignant hyperthermia or
hypokalemic periodic paralysis [14,20,26]. Here we report for the first time dominant and recessive
CACNALS mutations associated with a myopathy. Most CACNAL1S mutations linked to periodic
paralysis are missense changes residing in the voltage-sensing domain (transmembrane segment S4 in
each transmembrane domain), while most mutations in malignant hyperthermia are missense
mutations in the loop regions (Fig. 4c). In contrast, the myopathy mutations uncovered in this study in
congenital myopathy are evenly distributed in the sequence and structure of CACNA1S. Dominant
mutations are either in the pore-forming domain (L1367) or in the II-11l loop implicated in RYR1
coupling (P742), while recessive mutations primarily comprise truncations at different spots, or
missenses in the pore-forming or voltage-sensing domains. There is thus no strict correlation between
the type and location of mutations and the associated diseases, or their severity.

Noteworthy, recessive and dominant mutations in congenital myopathy lead to similar clinical
and histological phenotypes, and our functional studies demonstrated that both mutations types
comparably interfere with ECC, suggesting a similar overall alteration of CACNAL1S function (Fig. 5).
However, ophthalmoplegia is not a common sign even if observed in several patients, CK was
elevated in only one family and episodes of periodic paralysis was observed in one patient. The
discovery of additional CACNALS patients with congenital myopathies and future functional work
will specify the overall clinical phenotype and its potential correlation with the position and the
transmission mode of the mutations.

The fact that all dominant mutations are missense changes while heterozygous carriers of
recessive mutations are healthy excludes haploinsufficiency as the underlying pathomechanism in the
dominant cases. Instead, the dominant mutations may act through a dominant-negative manner on the
WT protein. Indeed, we noted that both recessive and dominant mutations correlated with a strong
decrease in overall protein level (Fig. 4), suggesting that DHPR complexes containing a mutant
CACNAL1S subunit form unstable tetrads prone to degradation.

None of our patients presented with cardiac involvement. The heart-specific CACNALC alpha
1 subunit is mutated in Brugada syndrome (MIM#611875) characterized by shortened QT interval and
high incidence of sudden death, and in Timothy syndrome (MIM#61005) characterized by multi-organ
dysfunction including lethal arrhythmias. These findings reflect the exquisite tissue-specific
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expression of DHPR alpha 1 subunits, CACNALC in heart and CACNALS in skeletal muscle. More
generally, this is also true for the other 10 different CACNAL (alpha 1) subunits that are mutated in
non-muscle diseases such as hemiplegic migraine, ataxias, bradycardia and deafness, night blindness,
or aldosteronism, in relation with their tissue-specific expression [13].

Pathophysiological mechanism

While future experimental work will be needed to decipher the detailed pathological
mechanism, the published and present data suggests a sequence of events leading from the CACNALS
mutations to the pathology and muscle disease. As both dominant and recessive mutations can lead to
a rather homogeneous phenotype, we hypothesize they both lead to a decrease in overall DHPR
function in skeletal muscle. We show here that several CACNA1S mutations strongly reduced Ca?*
release after depolarization, while basal cytosolic Ca?* and SR store Ca?* levels are not altered. Of
note, a previous study showed that the artificial P742T mutation, affecting the same amino acid that is
mutated in our dominant families F5 (p.P742Q), and F6 (p.P742S), strongly reduced ECC,
highlighting the importance of the loop between DHPR domains Il and 11l for RyR1 activation [16]. In
order to activate directly RyR1 we used 4-CMC and observed a reduced Ca2+ release from the SR in
patient 1 (Supplementary Fig. S3). We hypothesize that RyR1 function is impacted by the loss of
CACNALS through a feedback regulation or protein stabilization. The KCl-induced dose response
curves are strikingly similar to those obtained in patients with RyR1-related central core disease
(CCD) [6], although the resting calcium concentration were always higher in myotubes from RyR1
mutants compared to controls. This would then lead to the structural defects observed on histological
analysis. In most patient biopsies analyzed, the T-tubules and the SR were frequently dilated or
disrupted. Some of them presented an increased frequency of triads by sarcomere. It is unclear at
present whether this is an indirect effect of abnormal Ca?* signal or contraction (functional role), or
due to the direct alteration in CACNALS protein (structural role). These rather specific alterations
were not found in RyR1-related myopathies nor in centronuclear myopathies. However, in our study,
triads are still formed with visible « feet ». Indeed, mice lacking DHPR (muscular dysgenesis, mdg
mouse) or RyR1 (dyspedic) form triadic junctions, with a similar architecture compared to wildtype
[4,25,10]. These data in mice thus suggest that structural defects seen in patients are not linked to a
loss of DHPR but rather to altered ECC. Abnormal nuclei positioning and focal zones of myofibrillar
disorganisation are additional structural defects in patient muscles. The peculiar alveolar appearance of
the intermyofibrillar network could be a result of the SR dilatation. Complete knockout of CACNA1S
during development is lethal in the mdg mouse [4,23] and disease onset is antenatal or perinatal in our
patients, pointing to an important role of DHPR in perinatal development. Moreover, the role of
CACNALIS in adult muscle was studied by U7 mediated-skipping in adult mice, revealing that
decreased CACNALS protein level was linked to muscle atrophy [24]. These data in mice are in
agreement with the observation that a low level of CACNA1S has to be present in the muscle and can
lead to the muscle atrophy observed in our patients. While abnormal ECC can explain the severe
muscle weakness in patients, it is possible that the concomitant structural defects contribute to the
clinical phenotype.

Conclusions

Here we have characterized the CACNALS congenital myopathy as a specific entity, at the
interface between the structural congenital myopathies and the triadopathies defined by alteration of
the EEC. The identification of CACNALS mutations in a phenotype of early-onset myopathy should
allow a better molecular diagnosis, genetic counselling and prognosis. It also points to CACNALS and
ECC as therapeutic targets for the development of treatments that may be facilitated by the already
extensive prior knowledge accumulated on DHPR. In addition, treatment by acetazolamide showed
positive results on the episodes of periodic paralysis of one patient. The results of this study also
expand the clinical and genetic spectra of CACNALS mutations and highlight that DHPR cellular roles
are important for perinatal muscle function in human.
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