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Abstract

Objective
To identify and characterize patients with calsequestrin 1 (CASQI)-related myopathy.

Methods

Patients selected according to histopathologic features underwent CASQI genetic screening.
CASQI-mutated patients were clinically evaluated and underwent muscle MRI. Vacuole
morphology and vacuolated fiber type were characterized.

Results

Twenty-two CASQI-mutated patients (12 families) were identified, 21 sharing the previously
described founder mutation (p.Asp244Gly) and 1 with the p.Glyl03Asp mutation. Patients
usually presented in the sixth decade with exercise intolerance and myalgias and later developed
mild to moderate, slowly progressive proximal weakness with quadriceps atrophy and scapular
winging. Muscle MRI (n = 11) showed a recurrent fibrofatty substitution pattern. Three
patients presented subclinical cardiac abnormalities. Muscle histopathology in patients with
p-Asp244Gly showed vacuoles in type II fibers appearing empty in hematoxylin-eosin, Gomori,
and nicotinamide adenine dinucleotide (NADH) tetrazolium reductase stains but strongly
positive for sarcoplasmic reticulum proteins. The muscle histopathology of p.Glyl03Asp
mutation was different, showing also NADH-positive accumulation consistent with tubular
aggregates.

Conclusions

We report the clinical and molecular details of the largest cohort of CASQI-mutated patients. A
possible heart involvement is presented, further expanding the phenotype of the disease. One
mutation is common due to a founder effect, but other mutations are possible. Because of
a paucity of symptoms, it is likely that CASQI mutations may remain undiagnosed if a muscle
biopsy is not performed.
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Glossary

BSA = bovine serum albumin; CASQ = calsequestrin; CK = creatine kinase; NADH = nicotinamide adenine dinucleotide;
ORAI1 = calcium release-activated calcium modulator 1; PBS = phosphate-buffered saline; SERCA1 = sarco/endoplasmic
reticulum Ca®* ATPase 1; SERCA2 = sarco/ endoplasmic reticulum Ca** ATPase 2; SR = sarcoplasmic reticulum; STIM1 =
stromal interaction molecule 1; TC = terminal cisternae; TR = tetrazolium reductase.

Ca®" transients are crucial in skeletal muscle excitation-
contraction coupling. Synchronous Ca>* release from the
sarcoplasmic reticulum (SR) terminal cisternae (TC) into the
cytoplasm and its reuptake into the SR store are granted by
a structural and functional unit of Ca>* sensors, release
channels, buffering proteins, and ATP-dependent Ca**
pumps at the junction of T tubule and TCs, i.e., the triad.! A
number of Ca2+-handling diseases involving the triad have
been recently described,” underlining the importance of its
constituents in maintaining a correct Ca** homeostasis.

Calsequestrin (CASQ) represents the main Ca>" buffer in the
TC.> The CASQl and CASQ2 isoforms are preferentially
expressed in skeletal and cardiac/smooth muscle tissues, re-
spectively, CASQI being largely predominant in fast-twitch (type
1) fibers.* CASQI buffers Ca®" in the TC and prevents it from
precipitating, thus maintaining a large-capacity gradient that can
rapidly release large amounts of Ca®" on stimulus. Despite this
crucial role, the first human myopathy associated with CASQ1
mutations was only recently reported: a founder mutation
(c.731A>G, p.Asp244Gly) was first described in patients pre-
senting a nondebilitating vacuolar myopathy,>® and other
mutations were described in tubular aggregate myopathy.”*

We report clinical and molecular characterization of the largest
cohort of CASQI-mutated patients, including 21 patients car-
rying the common p.Asp244Gly mutation and 1 carrying the
p-Glyl103Asp mutation. We expanded the clinical spectrum of
the disease, identified a peculiar muscle MRI pattern, and further
deepened molecular, immunohistochemical, and ultrastructural
characterization of muscle biopsies, thus providing new details
on the pathophysiologic aspects of this myopathy.

Methods

Informed consent and ethics
The study was conducted in accordance with the ethics rules
and guidelines issued by local ethics committee and with the
Declaration of Helsinki. Every patient provided written in-
formed consent to study procedures.

Patients

All patients with unresolved vacuolar myopathy were selected
from the database of patients referred to Padova Neuromus-
cular Center if they fulfilled the following inclusion criteria:
vacuoles optically empty and/or containing amorphous ma-
terial debris, no rimmed vacuoles, and no other causes of
myopathy (i.e, normal muscular protein levels and acid
maltase level; no exposure to chloroquine or colchicine).
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Genetic analyses

Genomic DNA was extracted from peripheral blood by standard
salting-out procedure. Tetra-primer Amplification Refractory
Mutation System was designed to verify the presence of the
CASQI ¢.731A>G variant, and positive results were confirmed
by Sanger sequencing (primers and PCR conditions available on
request). Total RNA was isolated from patients’ skeletal muscle
biopsies and reverse transcribed; CASQI cDNA (NM_001231)
was amplified and Sanger sequenced. Any variation was checked
against dbSNP, Exome Variant Server, 1000Genomes, and Ge-
nome Aggregation Database (Broad Institute, Cambridge, MA).
Haplotype analysis was based on genotyping of 4 polymorphic
400-kb dinucleotide repeats around CASQI.

In silico investigation of p.Gly103Asp

Sequence of human CASQl was retrieved from UniProt’
(identifier P31415), while orthologous sequences were collected
from OMA Browser'® (accessed August 29, 2017). Sequences
were visualized with Jalview."' The mutation was modeled with
Modeller'” using the wild-type crystal structure of CASQI6
(PDB code: 3UOM, chain A) as a template. The resulting model
was used to perform molecular dynamics simulation to highlight
the structural effect of the amino acid substitution. Pathogenicity
of the p.Gly103Asp variant was assessed with a combination of 7
different predictors of protein stability, i.e., NeEMO,"> MUpro,"*
Polyphen-Z,15 SIFT,"® Pmut,"” SuSPect,'® and Imutant 2.0."
Electrostatic properties were calculated with Bluues™ and visu-
alized by means of Chimera.” Secondary structure and sequence
features were predicted with FELLS,”> while networks of inter-
acting amino acids affected by mutations were calculated with
RING 2.0.> The overall fold stability was studied by performing
40 ns of molecular dynamics simulation with NAMD** using the
CHARMM 27 force field. All simulation runs consisted of 100
conjugate gradient minimization steps, 100 ps in NVT conditions,
100 ps in NPT conditions, and 40 ns of classic molecular dy-
namics simulation. Temperature was kept at 300 K, with pressure
at 1.0132S bar, excluding NVT presimulation steps. The in-
tegration time step was set to 2 fs. PhospoSitePlus>® was used to
predict phosphorylation sites.

Clinical protocol

The clinical features and progression of CASQI-mutated
patients were evaluated by revising medical records, struc-
tured questionnaires, and a specific evaluation protocol for
motor, cardiac, and respiratory functions.

Muscle imaging
Patients underwent muscle MRI (1.5T, Avanto, Siemens,
Erlangen, Germany) with T1-weighted axial scans. Analyzed
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muscles included pelvic, lower, and upper limb muscles. De-
generation and fatty infiltration were graded according to the
modified Mercuri score.”” A final score ranging from 1 (nor-
mal) to 4 (severe involvement) was assigned to each muscle.

Muscle histopathology

and immunofluorescence

Serial cryosections of muscle biopsies were stained with
hematoxylin-eosin, ATPase, nicotinamide adenine dinucleotide
(NADH), and mouse monoclonal antibodies against calse-
questrin (clone VIIID12; Thermo Fisher, Waltham, MA), rya-
nodine receptor, RYR1 (clone 34C; Abcam, Cambridge, UK),
sarco/endoplasmic reticulum Ca>" ATPase 1 (SERCALI; clone
VE121GY; Santa Cruz Biotechnology, Santa Cruz, CA), stromal
interaction molecule 1 (STIM1; clone 44/GOK; BD, San Jose,
CA), rabbit polyclonal calcium release-activated calcium mod-
ulator 1, (ORAIl; Sigma-Aldrich Stl, Milan, Italy), and goat
polyclonal sarco/endoplasmic reticulum Ca®>* ATPase 2
(SERCA2; N19; Santa Cruz). For immunofluorescence),
muscle cryosections were collected on Superfrost slides, fixed
with 4% paraformaldehyde for 10 minutes, permeabilized with
0.3% Triton X-100, incubated in blocking solution (0.5% bovine
serum albumin [BSA], 10% horse serum in phosphate-buffered
saline [PBS]) for 30 minutes, and incubated with antibodies at
4°C overnight (0.5% BSA, 2% horse serum in PBS). Anti-goat
Cy2-coniugated (Jackson Laboratory, Sacramento, CA), anti-
mouse Cy3-coniugated, or anti-rabbit Cy3-coniugated (Invi-
trogen, Carlsbad, CA) secondary antibodies were incubated
(0.5% BSA, 2% horse serum in PBS) at room temperature for 1
hour. Slides were mounted with DAPI stain (Vector, Burlin-
game, CA) and examined in an upright microscope (Olympus
BX60, Tokyo, Japan) equipped with a charge-coupled device
camera (DP70, Olympus). Images were postprocessed with the
Image] suite. Single fibers were followed throughout serial
sections, counted, and distinguished for the fiber type, presence
of single or multiple vacuoles, and immunoreactivity of the
vacuoles for the indicated antibodies. On average, 115 (range
40-240) fibers per patient were evaluated. Values were
expressed as mean * SD percentage for the examined patients.

Electron microscopy

Small muscle specimens were fixed just after surgery in 2.5%
glutaraldehyde in 0.1 mol/L phosphate buffer at pH 7.2 to 7.4
and postfixed in 1% OsOy, in the same buffer. After dehydration
in graded ethanol the specimens were embedded in Araldite.
Thin sections were stained in uranyl acetate and lead citrate and
observed in a Philips 410T transmission electron microscope.

Statistical methods

Median age at the onset of symptoms was estimated with the
Kaplan-Meier method. Frequency of vacuolated fibers was
compared by the Fisher exact test. Statistical significance was
set at p < 0.0S.

Data availability
Anonymized data will be shared by request from any qualified
investigator.
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Results

CASQ1 mutation analyses

Forty-seven unrelated patients were tested for presence of
the c.731A>G (p.Asp244Gly) variant. The mutation was
identified in 10 patients in heterozygosis. The collection of
detailed family history information identified 7 additional
affected family members. Four already reported patients
(patients 9-12°) were also included. Overall, we identified
the common p.Asp244Gly mutation in 21 patients belonging
to 12 unrelated pedigrees. A common haplotype was shared
by all p.Asp244Gly alleles, confirming the known founder
effect.’

CASQI sequencing was performed in 37 patients negative for
the p.Asp244Gly variant and identified in 1 patient the het-
erozygous variant ¢.308G>A (p.Gly103Asp).

In silico investigation of p.Gly103Asp

Sequence conservation analysis shows Glyl03 to be fully
conserved among mammals (figure 1, A). This residue is lo-
cated in a mostly conserved large region, forming a (Ca*)-
independent high-affinity Ca**-binding site. The mutation
was predicted to decrease protein stability, possibly in-
troducing a local unfold (figure 1, B), by most predictors.
Pmut'” predicted a putative neutral effect. CASQ1 is mostly
acidic with several negative charged residues, so the in-
troduction of a further negative charge may induce local
unfolding driven by electrostatic repulsion. Previous evidence
showed p.Gly103Asp to be more susceptible to trypsin pro-
teolysis,® suggesting this mutation to have a destabilizing ef-
fect on protein structure. To shed light on these findings, we
performed fine electrostatic change analysis coupled with
molecular dynamics simulations. Predictions with Bluues*
showed p.Gly103Asp to induce a relevant electrostatic change
(figure 1, C). In particular, Gly103 is close to Asp6S, and we
believe that the electrostatic repulsion may trigger a local
backbone reorganization. This finding is in agreement with
molecular dynamics simulations (figure 1, C). The
p-Gly103Asp mutation is predicted to induce unfolding of an
a-helix (residues 78-102). Furthermore, Gly103 forms a bend
connecting 2 structured elements, and substitution with Asp is
predicted to induce a local structural rearrangement. In-
spection with RING>® confirms the repulsive interaction be-
tween p.Glyl03Asp and Asp6S. Of note, the a-helix, which is
predicted to unfold, is in contact with a putative phosphory-
lation site, i.e, Tyr43. A similar destabilizing effect is also
predicted by FELLS,** which predicts an increased tendency
to form intrinsically disordered conformations in this region

(figure 1, D).

Clinical evaluation

Twenty-two CASQI-mutated patients were included (18
male, 4 female patients) (table). Age at last evaluation ranged
from 16 to 83 years (mean S1.5 + 18.5 years). Ten patients 29
to 71 years of age were asymptomatic, and the diagnosis was
posed because of asymptomatic hyperCKemia or family
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Figure 1 In silico investigation of p.Gly103Asp
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(A) Multiple sequence alignment of calsequestrin 1 (CASQ1) ortholog proteins from different mammals. (B) Stability prediction assessed with different tools.
The predicted stability change is reported as predicted by the different tools, with a confidence score reported when available. (C) Cartoon representation of
human CASQ1. Magenta spheres represent the position of mutations, and green is used for the putative phosphorylation site. Electrostatic change and
molecular dynamics simulation are presented in the box. (D) Sequence feature and secondary structure prediction. Gray, purple, and yellow fells represent

disorder, a-helix, and B-sheet, respectively. WT = wild type.

history. Median age at the onset of symptoms was 65 years
(95% confidence interval S4-undetermined) (figure 2). On-
set symptoms included myalgia (6 cases), exercise intolerance
(5), pelvic girdle weakness (4), and falls (2). Of note, 3
patients reported minimal symptoms since childhood (run-
ning and sport difficulties, scoliosis). Creatine kinase (CK)
levels at disease onset or before first symptoms were elevated
atrest in all but 1 patient, ranging from 1 to 75 times the upper
limit of normal (median 5.5). Exertional rhabdomyolysis was
reported in 3 cases. No cases of malignant hyperthermia were
reported.

Manual muscle testing showed mild to moderate weakness
in 10 of 20 patients, more frequently in hip flexors (8
cases), triceps brachii (7), scapular muscles (6), knee
flexors (4), neck flexors (3), deltoid (3), and biceps brachii
(2). Scapular winging (8 cases), quadriceps atrophy (4), or
pectoral atrophy and distal lower limb atrophy (3) were
frequent. Knee deep tendon reflexes were brisk in 9 of 20
patients. Two patients presented mild knee and elbow
contractures. Respiratory evaluation (8 patients) showed
a mild decrease of respiratory muscle strength in 2 patients
(patients 1 and 2) and mild chronic obstructive pulmonary
disease in 1 patient (patient 9). Echocardiography (per-
formed in 12 patients) showed in patient 17 a left ven-
tricular hypertrophy predominantly at the septal level, not
related to hypertension, with minimal signs of fibrosis,
confirmed by cardiac MRI. Two other patients presented
subclinical ~echocardiographic abnormalities, i.e., a
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reduction in longitudinal strain in an asymptomatic 18-
year-old (patient 20) and hypertensive heart disease in
a 79-year-old man (patient 9).

Muscle imaging

Eleven patients (age range 16-79 years) underwent muscle
MRI (figure 3). Four patients (aged 16-37 years) showed
normal T1-weighted sequences. In the others, a peculiar
pattern of fibrofatty substitution was observed, with a corre-
lation between severity of degeneration and age. Muscle
alterations appeared first in the distal portion of the vastus
lateralis, in the semitendinosus, and in the gluteus maximus.
With increasing age, fibrofatty substitution spread to all an-
terior thigh muscles, with relative sparing of vastus inter-
medius; to posterior thigh muscles, with relative sparing of
sartorius and proximal biceps femoris; and to the posterior
compartment of the leg, especially in the gastrocnemius. Of
note, remarkable asymmetry was observed in all patients. In
the upper limbs, only the 2 oldest patients presented mild
involvement of triceps brachii (2 of 2), deltoid, and sub-
scapularis (1 of 2).

Histopathology and

immunofluorescence studies

Serial cryosections of 9 p.Asp244Gly-mutated patients and 1
p.Glyl03Asp—mutated patient were analyzed. An average of
116 + 59 (SD) fibers were analyzed per patient. As described,’
p-Asp244Gly resulted in the appearance of optically empty

vacuoles in hematoxylin-eosin and acidic ATPase. We also
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Table Clinical features of CASQ7-mutated patients

Disease onset

Disease course

CK at Upper Lower
onset Age at last limb limb Axial
Patient Family  Age at first First (x evaluation, muscular muscular muscles Deep Cardiac Respiratory  Associated
n., sex No. symptoms, y symptoms n.v.) y weakness weakness weakness  Muscle trophism reflexes  function function pathologies
1,F 1a 34 Muscle pain, x1.5 52 Triceps Knee Neck Scapular winging Knee Normal Mild Hemicrania
frequent falls brachii; flexors, hip flexor reflexes respiratory
scapular flexors very muscle
muscles brisk weakness
2, M 1b 65 Muscle pain x6 67 Triceps Hip flexors, No Quadriceps Absent Normal Mild Hypertension,
(x10 brachii; ankle hypotrophy inspiratory Dupuytren
after scapular dorsiflexion muscles syndrome
effort) muscles weakness
3, M 1b 70 Exercise x4 83 NA NA NA Normal Brisk Normal Normal Hypertension,
intolerance, sensorineural
lower limb hearing loss
proximal
weakness
4, M 1b 45 Exercise x7 55 No No No Quadriceps Brisk Sensorineural
intolerance hypotrophy hearing loss
5 M 2 47 Exercise x7 60 Triceps Knee No Quadriceps Brisk Hypertension
intolerance, brachii flexors, hip hypotrophy,
muscle pain flexors scapular winging
6, F 2 Asymptomatic HyperCKemia x11 37 No No No Mild scapular Brisk
(35) winging
7. M 3 Asymptomatic HyperCKemia x11 37 No No No Normal Brisk
(37) (x27
after
effort)
8, M 4 43 Exercise x5 61 No No No Normal Normal Normal Nonprogressive
intolerance demyelinating
encephalopathy
9, M 5 65 Frequent falls, x4 79 Biceps Knee No Scapular winging, Reduced  Hypertensive Mild chronic Chronic
mild lower brachii, flexors, hip muscle hypotrophy heart disease obstructive obstructive
limb proximal triceps flexors, of quadriceps, pulmonary pulmonary
weakness brachii knee pectoral, distal leg disease disease
extensor
10, M 5 Asymptomatic HyperCKemia x2 35 No No No Normal Very Normal Normal Multiple
(35) (x21 brisk sclerosis
after
effort)
Continued
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Table Clinical features of CASQ7-mutated patients (continued)

Disease onset

Disease course

CK at Upper Lower
onset Age at last limb limb Axial
Patient Family  Age at first First (x evaluation, muscular muscular muscles Deep Cardiac Respiratory  Associated
n., sex No. symptoms, y symptoms n.v.) y weakness weakness weakness  Muscle trophism reflexes  function function pathologies
1, M 6 Asymptomatic HyperCKemia NA 69 Deltoid, No No Scapular winging Normal Ulcerative colitis
(69) scapular
muscles,
triceps
brachii
12, M 6 Asymptomatic HyperCKemia x12 33 No No No Scapular winging Normal Normal
(33)
13, M 6 54 Mild proximal x5 57 Deltoid, Hip flexors No NA NA
weakness triceps
brachii
14, M 7 NA Exercise NA 52 NA NA NA NA NA.
intolerance,
muscle pain
15, M 8 15 Mild proximal x11 16 No Hip flexors No Pectoral and distal Normal
weakness leg muscles
hypotrophy
16, M 8 Asymptomatic HyperCKemia x4 59 No No No Pectoral and distal Normal
(59) leg muscle
hypotrophy
17, M 9 Asymptomatic HyperCKemia x3 59 No No No Normal Normal Left Normal
(59) ventricular
hypertrophy
18, F 9 Asymptomatic HyperCKemia x1 64 Deltoid, Hip flexors Neck Scapular winging Brisk
(63) scapular flexor
muscles,
triceps,
biceps
19, M 9 Asymptomatic HyperCKemia x13 29 No No No Normal Normal Normal Epilepsy
(29) (longitudinal
strainin lower
normal limits)
20, M 10 12 Muscle pain x75 18 No No No Normal Normal Strain Normal
reduction
21M (N 39 Muscle pain x11.5 40 Scapular Knee No Scapular winging Brisk Normal
muscles flexors, hip
flexors

Continued
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Associated

Respiratory
function

Cardiac

Deep

muscular muscular muscles

evaluation,

First

Age at first

Family
No.

Patient
n., sex

pathologies

function

weakness  Muscle trophism reflexes

weakness

weakness

V.)

n.

symptoms

symptoms, y

Normal Hypertension

Normal

Normal

Neck Normal

No

Scapular
muscles

12 Asymptomatic HyperCKemia x5 71
(71)

22, F

flexor

not available; n.v. = normal values.

creatine kinase; NA =

Abbreviations: CASQT = calsequestrin 1; CK

Figure 2 Cumulative incidence plot of the onset of

symptoms
_ 1004— Cumulative onset of symptoms
3 —— 95% confidence intervals
7 + No symptoms at last visit
c
2
B 754
3 ]
o
=) ——+
©
§
—++H

5 504
£
=
wn
Y
o
5 25
=
o
a
o
j .
o

O -

T T T T T
0 20 40 60 80

Age (years)

Muscle weakness, myalgia, or exercise intolerance in 22 calsequestrin 1
(CASQT)-mutated patients. 95% Confidence intervals are indicated as
dashed lines. Asymptomatic patients are marked by a censoring symbol (+)
at the age at last evaluation.

observed an increased variation in fiber size diameter
(6-86 um), rare necrotic fibers, central nuclei, splitting, and
acid phosphatase activation in scattered fibers. Immuno-
fluorescence analysis of sarcoplasmic Ca*" influx/efflux
machinery proteins showed reactivity for CASQ1, RYRI,
ORAI1, SERCAL, and STIM1 at the edge of the vacuoles.
Vacuoles were observed almost exclusively in type II fibers
(204 of 488 type 1 fibers vs 4 of 557 type I fibers, p < 0.001)
and most of the time were multiple (82 * 14% of all vacu-
olated fibers). CASQ1 and SERCALI displayed the highest
levels of enrichment, which was observed in 86 + 16% and
74 + 20% of type II vacuolated fibers, respectively, while
lower levels of enrichment on vacuole margins were ob-
served for ORAIL, RYRI, and STIM1, which were detected
in 72 £ 30%, 60 + 23%, and 57 + 33%, respectively. The
weakest increase in signal and the smallest frequency of
enrichment of vacuoles were seen for SERCA2, normally
expressed at low levels in fast-twitch fibers (38 + 18% of
vacuolated fibers) (figure 4).

The p.Glyl03Asp mutation resulted in a different muscle
morphology, showing vacuoles filled with amorphous mate-
rial (in 1S of 62 fibers, type II only) that appeared red on
Gomori trichrome and dark blue on NADH tetrazolium re-
ductase (NADH-TR) staining and were negative with
succinic-dehydrogenase staining, consistent with tubular
aggregates (figures 4 and S). Unfortunately, ultrastructural
analysis was not performed because of tissue unavailability.
No optically empty vacuoles were observed. The intrafiber
vacuoles were strongly immunoreactive for CASQI, ORAII,
RYRI1, SERCA1, and STIM1 and weakly immunoreactive for
SERCA2 (figure 4).
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Figure 3 Muscle MRIs

A Patient 17, M, 58 years

Patient 2, M, 69 years

Pelvis

Thigh
(proximal)

Thigh
(distal)

B Patient 2, M, 69 years

Scapular girdle

Upper limb

TIW STIR

Patient 9, M, 79 years

Patient 9, M, 79 years

-

(A) Lower limb muscle MRI. T1-
weighted (T1W) sequences in 3
patients of different ages. Age-de-
pendent and asymmetric degree of
fibrofatty substitution can be ob-
served initially in the distal portion
of vastus lateralis, semitendinosus
muscle, and gluteus maximus, late
spreading to all anterior thigh mus-
cles with relative sparing of the
vastus intermedius and to posterior
thigh muscles with relative sparing
of sartorius and proximal portion of
biceps femoris. A severe in-
volvement of gastrocnemius medi-
alis is shown. (B) Scapular and
upper limb muscle MRI. T1W
sequences in the 2 oldest patients
show moderate involvement of tri-

STIR ceps brachii.

Electron microscopy

Ultrastructural analysis was able to dissect the mechanisms of
accumulation of electron-dense polygonal structures in
p-Asp244Gly-mutated specimens (figure 6). Various stages of
ultramicroscopic alterations were identified. In the early
stages, areas of myofibrillar lysis (figure 6, A) seemed to be
replaced by a progressive accumulation of glycogen granules
(figure 6, B), followed by the appearance of triangular and/or
quadrangular electron-dense, sharp-margined inclusions, with
outlines resembling puzzle pieces (figure 6, C). Geometric
inclusions appear to be outlined by a thin layer of glycogen
particles. Mitochondrial aggregates with normal morphology
could be detected. Some of the muscle biopsies showed SR-
derived tubular aggregates detectable mainly in the sub-
sarcolemmal area (figure 6, D).
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Discussion

Recently, CASQI has been established as a muscle disease
gene.” ®*® CASQI-related myopathy is clinically character-
ized by high CK levels, mild proximal weakness, and myalgia.
In this study, we further defined the clinical spectrum of the

disease.

The CASQI genetic screening in unresolved vacuolar myo-
pathies confirmed a high prevalence of CASQI mutations (12 of
49,24%). The identification of the p.Asp244Gly mutation in 21
patients confirmed a founder effect possibly arising in the
Padova district area. The recently described p.Glyl03Asp
mutation”® was detected in an additional patient hailing from
central Italy (Tuscany) who had a tubular aggregate myopathy.
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Figure 4 Histopathology and immunofluorescence in CASQ-1 myopathy

Patient #8

ATPase pH 4.35

Patient #8 Patient #14

Serial cryosections of p.Asp244Gly (patient 8) and p.Gly103Asp (patient 14) muscle biopsy (all panels original magnification x20). In patient 8, in hematoxylin-
eosin (H&E) optically empty vacuoles almost exclusively in type Il fibers, increased fiber size variation, central nuclei, and splitting are shown. Immunoflu-
orescence analysis of sarcoplasmic Ca®* influx/efflux machinery proteins shows reactivity for calsequestrin 1 (CASQ1), ORAI1, SERCA1, and STIM1 at the edge
of the vacuoles that appear optically empty with acidic ATPase. In patient 14, vacuoles filled with amorphous material (H&E) corresponding to tubular
aggregates are shown. No optically empty vacuoles are detected. The intrafiber vacuoles are strongly immunoreactive for CASQ1, ORAI1, SERCA1, and STIM1

and weakly immunoreactive for SERCA2.

In our case series, the clinical features are homogeneous.
The onset typically occurs around the sixth decade with
relatively mild symptoms (myalgia, exercise intolerance, or
mild proximal weakness). HyperCKemia is common and
sometimes the unique clinical sign leading to diagnosis,
suggesting that CASQI-related myopathies may be under-
diagnosed. The clinical progression of CASQI myopathy is
usually slow. However, some patients presented with un-
recognized clinical symptoms since a very young age, in-
dicating a very early and subtle onset, while some older
patients presented with severely disabling muscular weak-
ness. Muscle MRI studies further confirmed a progression
toward severe fibrofatty substitution. The recurrence of
rhabdomyolysis in 3 cases (marked CK increase and post-
exertional myalgia) and the presence of exercise intolerance
indicate that CASQI myopathies may also present as
a pseudometabolic myopathy with dynamic symptoms in-
stead of fixed weakness.

Neurology.org/N

Muscular weakness was relatively mild and age dependent and
mostly involved triceps brachii, scapular muscles, hip flexors,
and knee flexors. We frequently observed muscle atrophy
involving the quadriceps, scapular muscles, or pectoral mus-
cles. This is different from previously described cohorts,>*® in
which patients sometimes presented with mild hypertrophy.
An accurate neurologic examination showed brisk knee
reflexes in 9 of 20 patients, a sign not frequently observed in
myopathic patients with quadriceps involvement. This feature
could indicate a possible role of CASQ1 in the CNS. Indeed,
CASQ1 is also expressed in nonexcitable tissues, where it
plays a role in buffering endoplasmic reticulum calcium and in
calcium release.””*° There is increasing evidence that CASQ1
is expressed in the cerebral cortex (the Human Protein At-
las®') where it might be enriched in discrete brain areas, as
previously described for CASQ2.3>% Hypothetically,
a CASQI-mutated protein in upper motor neuron may be
responsible for brisk reflexes observed in patients. Curiously,
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Figure 5 Histopathology in calsequestrin 1 p.Gly103Asp muscle biopsy

Serial cryosections (*) of patient 14 muscle biopsy (all panels original magnification x20). Several muscle fibers show vacuoles that appear basophilic in
hematoxylin-eosin (H&E), stained red in trichrome (TRI), stained dark blue in nicotinamide adenine dinucleotide (NADH), and did not react with succinic-

dehydrogenase (SDH), consistent with tubular aggregates.

2 of 22 patients had been diagnosed with a nonprogressive
demyelinating encephalopathy, adding to the possible role of
CASQI in CNS. However, brain MRI has not been per-
formed systematically, and results are very preliminary. The
clinical “red flags” for diagnosing CASQI-related myopathy
are proximal and axial muscle weakness with scapular winging,
quadriceps hypotrophy, relative sparing of rectus anterior,
brisk patellar reflexes, mild joint contractures, and high CK.
The diagnosis of CASQI1 myopathy can also be suspected if
muscle MRI is performed. An asymmetric age-dependent
fibrofatty substitution of distal vastus lateralis, semite-
ndinosus, gluteus maximus, and gastrocnemius medialis, with
a relative sparing of vastus intermedius, sartorius, and proxi-
mal biceps femoris, was recurrent in our case series.

In 1 patient, left ventricular hypertrophy with minimal signs of
fibrosis was observed. This patient presented with asymp-
tomatic hyperCKemia, and he was not hypertensive. The
association between heart disease and CASQI mutation has
not been described to date, and it is known that CASQ1 is not
highly expressed in heart. A single case observation does not
allow us to rule out a chance association of an independent
heart disease. Nevertheless, this finding indicates the necessity

Neurology | Volume 91, Number 17 | October 23,2018

for careful monitoring of cardiac function in all CASQI-mu-
tated patients.

The most important clue for the diagnosis of CASQ1-related
myopathy remains the histopathologic picture, which in
p.Arg244Gly-mutated patients is always characterized by
myopathic changes and vacuolar inclusions, optically empty in
standard colorations. These vacuoles strongly react with
antibodies against SR calcium-machinery proteins. It is
known that CASQI regulates store-operated Ca** entry,
interacting with STIM1 and inhibiting STIM1/ORAII in-
teraction as demonstrated in HEK293 cells,3>*-3¢
colocalizes with RYR1 at couplons36’37
allosteric communication among voltage sensors, Ca”" release
channels, and Ca>* storage proteins takes place."’7 These
findings confirm that abnormal polymerization and aggrega-
tion of mutated CASQI lead not only to decreased Ca>*
release but also to an accumulation of all other interacting
proteins, causing sarcomere destabilization and cell toxicity, as
previously suggested.ss’39 Moreover, it is interesting to note
the histopathologic differences between p.Arg244Gly and
p-Glyl03Asp muscle. In fact, the latter showed vacuoles
containing amorphous material, consistent with tubular

and
where mechanical or
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Figure 6 Electron microscopy of CASQ7-related myopathy in patients carrying the p.Asp244Gly mutation

Scattered myofibrillar lysis area replaced by (B) a progressive accumulation of glycogen granules is shown. (C) Multiple inclusions, partially or entirely
membrane bounded, sometimes gathered to constitute a conglomerate mass with a geometric shape in the myofiber sarcoplasm. The inclusions feature
variable electron density from a light loosely textured fibrillar matrix to a homogeneous dark-appearing content. (D) Few tubular aggregates can be also

detectable (*) in the subsarcolemmal area.

aggregate pathology, as recently reported also for other
CASQI mutations.® Furthermore, the CASQl-interacting
proteins ORAIl, STIM1, RYRI (data not shown), and
SERCAL appear to fill the vacuoles instead of decorating the
edge. These results suggest that the effect of CASQI muta-
tions on the interacting proteins differs according to the
mutated residue and its functional consequences.

The slow evolution of the CASQ1 myopathy may be due to
redundance of the complex molecular mechanisms regulating
calcium homeostasis, which can compensate for the abnormal
functioning of calsequestrin. However, these mechanisms
need further investigation.

The triadopathies are emerging muscle diseases due to genetic
defects in 1 of the components of the triad (RYR1, ORAIL,
STIM1, CASQ1).” These pathologies frequently present with
overlapping phenotypic, molecular, and histopathologic
characteristics that are being just recently clarified. Each gene

Neurology.org/N

may be associated with different clinical pictures, but similar
histopathologic changes can be caused by mutations in dif-
ferent genes. For example, myalgia or rhabdomyolysis can be
observed in CASQI- but also RYRI- and ORAII-related
myopathies.*>*" In these myopathies, histopathologic fea-
tures are different and characterized either by core-like
structures on oxidative stains (RYRI) or by tubular aggregates
(ORAIL, STIMI) and vacuolar inclusions (CASQI). Our
patient presenting the p.Glyl03Asp mutation showed
NADH-TR-positive inclusion on muscle biopsy, confirming
an overlap with tubular aggregate myopathies.”®

In the light of our findings, the phenotypic spectrum of
CASQI-related myopathies appears expanded to include
patients with severe muscle weakness, fibrofatty substitution,
and a possible heart involvement. At the same time, its
boundaries with other triadopathies and Ca**-related myo-
pathies appear more blurred, with many shared clinical and
histopathologic features.
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