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Core myopathies are congenital diseases with clinical, pathological and genetic heterogeneity. Main histological features are fiber
“cores” showing a focally reduced oxidative enzyme activity. Dusty Core Disease (DuCD) differs from Central Core Myopathy for the
presence of irregular areas, without clear borders and round/ovoidal shape, and myofibrillar disorganization characterized by
reddish purple granular material depositions. This disorder is defined clinically by severe phenotypes with early onset of disease
and molecularly by low level of RyR1 in muscle. Until now DuCD was associated only to biallelic recessive RYR1 mutations. We
analyzed the clinical aspects, pathological features and mutational spectrum of four DuCD patients, belonging to our cohort of
Congenital Myopathy probands. Molecular analysis detected 5 different RYR1 pathogenic variants, two of them so far unreported.
Patients presented a heterogeneous phenotype ranging from severe recessive infantile forms to moderate dominant adult-onset
presentations. Histological, immunological and ultrastructural techniques were employed to validate these dominant cases, which
expand our knowledge on the inheritance of this subgroup of diseases.

European Journal of Human Genetics; https://doi.org/10.1038/s41431-026-02080-3

INTRODUCTION
Core myopathies are congenital muscle diseases characterized by
clinical and genetic heterogeneity. The main pathological feature at
muscle biopsy is the presence of “cores”, areas ofmyofibrillar disruption
and reduced mitochondrial activity. Subtypes include Central Core,
Multi-Minicore and Core RodMyopathies [1]. A recently identified form,
Dusty Core Disease (DuCD), is distinguished by irregular, undefined
myofibrillar disorganization, reddish-purple granular deposits, patchy
oxidative enzyme staining, and absence of ATPase activity [2]. DuCD
has been associated only with recessive RYR1 variants, severe early
onset phenotypes and reduced RyR1 protein in muscle [2–4].
The RYR1 gene encodes the skeletal muscle ryanodine receptor

1, which forms a homotetrameric calcium-release channel in the
sarcoplasmic reticulum. This channel establishes contact with
DHPR (dihydropyridine receptor) in the triad, a muscle-specific
region, essential for excitation-contraction coupling [5–7].
RYR1 variants associated with Central Core Disease (CCD) and

Malignant Hyperthermia (MH) are mainly found in three “hot spot”
domains: N-terminal (residues 1–614), central region (2163–2458),
and C-terminal (4136–4973) [8]. Nevertheless, recent findings
show that variants causing a dominant disease can occur
throughout the entire gene [9]. RYR1 variants can result in
channel gain- or loss-of-function, RyR1-DHPR coupling

modification, or RyR1 global reduction, resulting in decreased
calcium release and muscle weakness [10, 11].
This study characterizes four DuCD patients by clinical,

pathological and genetic perspectives, highlighting heteroge-
neous phenotypes ranging from recessively inherited severe early-
onset forms to dominantly inherited adult-onset cases with
moderate disease. Histological, ultrastructural and immunohisto-
chemical techniques were employed to investigate myopathology
underlining these presentations and to expand understanding of
DuCD and its hereditary patterns.

MATERIALS AND METHODS
Patients
This study involved two adults and two pediatric subjects in compliance
with ethical standards, national legislation and institutional guidelines. All
participants provided written informed consent to undergo for muscle
biopsy, blood sampling and clinical data collection. Study protocol was
approved by the local Ethical Committee.

Muscle biopsy
Haematoxylin and Eosin (H&E, Bio-Optica, Milano, Italy) and Modified Gömöri
Trichrome (MGT, Bio-Optica) stains were performed on 8 μm-thick cryostat
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muscle sections. On H&E-stained sections, fibers with nuclear centralization
were counted as percentage on total fibers and the fibrotic area was quantified
using Leica Application Suite 4.9.0 and ImageJ 1.53c software. Morphological
analysis also included myosin ATPase (pH 9.4 - 4.6 - 4.3), cytochrome c oxidase
(COX), succinate dehydrogenase (SDH), acid phosphatase (AP), NADH
dehydrogenase staining (all reagents from Sigma-Aldrich, St. Louis, Mo, USA).

Genetic analysis
All patients were tested using Congenital Myopathy gene panels and the
data were analyzed using standard bioinformatic methods. Variants
without effect were excluded and while the others were filtered using
Ensemble, LOVD, dbSNP database. Allele frequency was assessed by
Exome Variant Server and gnomAD database. Pathogenicity was evaluated
by SIFT, PolyPhen-2, Mutation Taster and ACMG classification. Rare variants
were confirmed by Sanger re-sequencing (3130 Genetic Analyzer, Applied
Biosystems, Waltham, MA, USA). Genotype-phenotype relationships were
searched through Pubmed, ClinVar, OMIM and Genetable database.
Splicing variants were assessed by SpliceAI and Human Splicing Finder.
For CACNA1S and RYR1 splicing analysis, total muscle RNA was extracted

using TRIzol (Invitrogen Life Technologies, Carlsbad, California, USA), it was
retrotranscribed with Transcriptor High Fidelity cDNA Synthesis kit (Roche,
Basel, Switzerland) and cDNA was sequenced by Sanger.

Western blot
Muscle homogenates (40 μg) from patients and age-matched controls were
electrophoresed on 5% acrylamide and transferred onto LF-PVDF mem-
branes (Bio-Rad, Hercules, CA, USA). Membranes were probed with anti-RYR1
(1:4000 mouse monoclonal; Invitrogen Life Technologies, Waltham, MA,
USA), anti-DHPR (anti-CACNA1S 1:450 mouse monoclonal, Abcam, Cam-
bridge, UK). α-actinin-1 (1:4500 mouse monoclonal, Sigma-Aldrich, Burling-
ton, MA, USA) was used for normalization and IRDye 800CW as secondary
antibodies (1:18000; Li-Cor Biotech, Lincoln, NE, USA). Immunobands were
developed with Odyssey Fc Imaging System (Li-Cor Biotech) and were
quantitated densitometrically as arbitrary unit (AU) using n-Image Studio
Software (Li-COR Biosciences, Bad Homburg, Germany).

Statistical analysis
Statistical analysis on three different experiments was performed using
GraphPad Prism 10.1.0 (GraphPad Software Inc., LaJolla, CA, USA). Data
were expressed as mean ± SD with significativity set at p ≤ 0.001 (**) and
p ≤ 0.05 (*). Difference between patients and controls was assessed with
Wilcoxon–Mann–Whitney test.

Immunofluorescence staining
Muscle cryosections were fixed and blocked with normal goat serum
(Vector Laboratories, Newark, CA, USA). The following antibodies were
used: RYR1 (1:1000, mouse monoclonal; Invitrogen Life Technologies),
DHPR (anti-CACNA1S 1:100, mouse monoclonal, Abcam), desmin (1:100
mouse monoclonal; Chemicon, Millipore, Billerica, MA, USA), αB-crystallin
(1:100 rabbit polyclonal; Chemicon), myotilin (1:10, mouse monoclonal,
Novocastra, Nussloch, Germany), MHC-1 (anti-Myosin Heavy Chain,
monoclonal antibody FITC-coniugated, 1:50 Miltenyi Biotech, Bergisch
Gladbach, Germany). Perlecan (1:200 rat monoclonal, Sigma-Aldrich) was
used as membrane marker. Goat anti-mouse Alexa-488 or goat anti-rabbit
Alexa-596 (1:1000; Thermo Fisher, Waltham, MA, USA) was used as
secondary antibody. Slides were mounted in Vectashield anti-fade
mounting medium containing DAPI (Vector Laboratories, Burlingame, CA,
USA) for nuclei counterstaining.

Electron microscopy
Tiny muscle specimens were fixed in 2.5% glutaraldehyde (Electron Microscopy
Sciences EMS, Hatfield, PA, USA) and post-fixed in 2% osmium tetroxide. Next,
they were ethanol-dehydrated and embedded in Epon. Ultrathin sections,
prepared using Power Tome XL ultramicrotome (RMC, Tucson, AZ, USA) were
stained with lead citrate and uranyl acetate, and examined with a Hitachi
HT7800 transmission electron microscope (Hitachi, Japan).

RESULTS
Clinical aspects
The four patients presented heterogeneous phenotypes ranging from
severe childhood-onset forms to milder adult-onset presentations.

Three cases had no family history, whereas one subject (Pt1) came
from a family with four affected members (Table 1).

Patient 1. This mid-forties female showed congenital hip
dysplasia, delayed motor milestones, severe scoliosis and fatig-
ability with reduced global motor performance from childhood.
Muscular weakness slowly, but progressively worsened over the
years, more evidently so in the lower limbs. She presented a
myopathic face, rhinolalia without dysphagia, mild hypotonia and
proximal-distal weakness at four limbs. She showed difficulty in
climbing stairs and getting up from a sitting or squatting position.
Standing posture was maintained with a slightly widened base;
she had right-convex dorsal scoliosis, increased dorsal kyphosis
and mild lumbar hyperlordosis with anterior pelvic tilt. Gait was
limited by reduced lifting of the forefoot, though without clear
steppage. Clinically, the most involved muscles were triceps
brachii, iliopsoas and tibialis anterior (Medical Research Council
scale or MRC, 3–3.5 bilaterally). She denied muscle cramps or
myoglobinuria. Electromyography (EMG) showed a myopathic
pattern. Creatine kinase (CK) levels (138 U/L), cardiology assess-
ment and nocturnal oximetry were normal. Overall, her clinical
phenotype could be considered moderate. Three more family
members were affected with variable clinical course associated to
the same haplotype.

Patient 2. This middle-aged man had a three-year history of
proximal weakness and fatigability. EMG showed a myopathic
pattern and muscle magnetic resonance imaging (MRI) confirmed
muscle damage in the four limbs and axial compartment. More
specifically, muscle MRI did not show significant atrophy, but
detected signs of fibro-adipose infiltration. This was more
prominent in the adductor longus (right greater than left, fat
fraction 45%), as well as in the soleus and medial gastrocnemius
muscles bilaterally. Milder fibro-adipose infiltration involving the
paraspinal muscles, the distal portion of the vastus intermedius and,
in the upper limbs, the subscapularis, teres major, and latissimus
dorsi muscles, was also observed. Serum CK level was mildly
elevated (552 U/L). Neurological evaluation showed hypophonia,
severe weakness of neck muscles with head drop, and proximal
weakness of the four limbs (4/5 at MRC) with waddling gate and
dorsal kyphosis. Voluntary arm abduction was limited to 90
degrees. He could walk on his toes and heels. The overall clinical
presentation was moderate. No family history was reported.

Patient 3. This little girl was severely affected, indeed, she had
congenital arthrogryposis, scoliosis and progressive muscle
weakness. She achieved normal milestones for sitting and
crawling, but required support to stand, which she attained at 3
years. She underwent surgery for ankle and hip retractions. When
evaluated, she showed severe proximal muscle weakness with
retractions and was wheelchair-dependent even if she could stand
with orthesis. She had a severe left-convex thoracolumbar
scoliosis with pelvic rotation, dorsal kyphosis and lumbar lordosis
with right lower costosternal prominence. She denied dysphagia.
Cardiological evaluation was normal, whereas respiratory assess-
ment detected a mild restrictive pattern, which required non-
invasive ventilation 2 h daily. EMG studies performed shortly after
birth showed myopathic signs. CK values measured the day after
birth following acute tachypnea, were significantly increased
(10792 U/L), but subsequently spontaneously normalized and
remained normal thereafter. A likely perinatal trauma was
considered responsible for the temporary enzymatic increase.
Muscular MRI showed severe symmetric fibro-adipose substitution
of the gluteus maximus, the anterior thigh compartment and the
lateral leg compartment. She had no family history.

Patient 4. This little girl was adopted in early childhood along
with two older healthy siblings. No family information is available.
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We only know that her mother suffered cytomegalovirus infection
and toxoplasmosis during pregnancy and that she presented
hypotonia and poor sucking at birth. She was diagnosed at the
age of 4 years because of delayed motor milestones and frequent
respiratory tract infections. Neurological examination showed
moderate facial weakness, external ophthalmoparesis, pectus
excavatum and proximo-distal limb weakness. She was able to
rise to standing using Gowers’ manoeuvre and could walk
unsupported. EMG was myopathic in both proximal and distal
muscles (examined muscles: deltoid, biceps brachii, first dorsal
interosseus of the hand, vastus lateralis and tibialis anterior) and
serum CK levels were normal. Due to compression of underlying
organs (reduced caliber of the left main bronchus, compressed
heart in particular right atrium, proximal esophageal ectasia,
reduction of tracheal caliber at the passage of the innominate
artery) she underwent sternochondroplasty surgery before the
age of five years, with no complications. The clinical picture
gradually improved over the years and now she is still ambulant,
with mild dysphagia and respiratory restrictive syndrome.

Molecular analysis
Using the Next Generation Sequencing analysis, we identified four
subjects carrying RYR1 variants (NM_000540.3) and displaying
myopathological features compatible with Dusty Core Disease:
two pediatric cases (Pt3 and Pt4) presented recessive disease
inheritance, whereas two adult patients (Pt1 and Pt2) had
heterozygous causative defects with clear dominant inheritance
only for Pt1. DNA samples for segregation studies were obtained
only from relatives of Pt1 and Pt3. Five detected RYR1 variants
proved to be rare molecular defects (gnomAD MAF < 1%).
Specifically, the c.7600G>A variant (Pt2) displayed an extremely
low allele frequency, whereas the c.13622del variant (Pt4) was
absent from gnomAD; neither genetic alteration had been
reported in previous studies.
The previously described nucleotide changes c.131G>A (Pt3)

[12, 13], c.325C>T (Pt4) [14, 15] and c.14678G>A (Pt1) [12, 16–18]
were localized in RYR1 mutational hotspots linked to CCD and
impacted the NTD-A (c.131G>A, c.325C>T) and Pore (c.14678G>A)
domains. The novel missense change c.7600G>A, found in Pt2,
was located in a critical region for skeletal muscle excitation-
contraction coupling. cDNA analysis in skeletal muscle ruled out
any aberrant splicing or transcript instability. The microdeletion
c.13622del in Pt4 likely produced a frameshift introducing a
premature stop codon p.Phe4541Serfs*10. cDNA sequencing from
muscle tissue showed that the transcript carrying this variant was
partially absent, suggesting an almost complete nonsense-
mediated mRNA decay.
Two patients displayed additional genetic alterations. In Pt1 we

found a further RYR1 nucleotide change, c.8327C>T, previously
associated with MH, which was in cis with c.14678G>A. In Pt2 we
observed the heterozygous intronic variant c.398+3G>A in
CACNA1S (NM_000069): cDNA analysis ruled out splicing alteration
(data not shown).
All main features of each genetic defect are reported in Table 1.

Protein studies
Western blot analysis on RYR1 and DHPR showed different
expression levels among patients. Densitometric quantification
of RYR1 normalized versus actinin displayed a significant
reduction for Pt1 (28.49% ± 0.43%), Pt3 (5.56% ± 0.38%) and Pt4
(51.34% ± 1.4%), while Pt2 expressed a normal value (107.24% ±
4.36%). Expression levels of DHPR resulted variably reduced in all
patients: 27.03% ± 3.18% in Pt1, 46.88% ± 12.47% in Pt2, 16.87% ±
9.2% in Pt3 and 60.97% ± 5.52% in Pt4 (Fig. 1).

Morphological findings
Histological evaluation of muscle biopsies showed marked fiber
size variability with type 1 fiber hypotrophy, increased number of

fibers with internalized myonuclei and myopathic changes,
namely the increase in connective and adipose tissue (Fig. 2,
Table 2).

Patient 1. Brachial biceps muscle biopsy revealed moderate fiber
size variability characterized by scattered hypotrophic fibers. A
mild increase in peri- and endomysial connective tissue was
quantified at 12% (30,26% fat and 69,73% connective) while the
percentage of fibers with internalized myonuclei was 18%. NADH
enzymatic activity staining showed numerous muscle fibers
containing focal areas devoid of enzymatic activity. In some
fibers, single, well-circumscribed circular regions of reduced
staining were identified, located either at intracytoplasmic or at
subsarcolemmal level. Other fibers exhibited multiple, irregularly
distributed foci of diminished NADH activity throughout the
cytoplasm.
MTG showed deposition of reddish-purple granular material in

some fibers. ATPase staining at pH 4.3 and MyHc slow
immunofluorescence showed a fiber type uniformity for the
selective presence of type I fibers (Additional file 1: Supplementary
Fig. S1).

Patient 2. He underwent a brachial biceps muscle biopsy, which
revealed discrete fiber size variability caused by the presence of
several hypotrophic fibers. A mild increase in peri- and endomysial
connective tissue was quantified at 16% (32.84% fat and 67.15%
connective tissue) while the percentage of fibers with internalized
myonuclei was 12%. NADH activity was heterogeneously dis-
tributed, several fibers showing areas of central cytoplasmic
rarefaction without round or ovoidal shape (“core-like” areas). No
granular reddish material was observed with MGT. pH 9.4 ATPase
showed a normal fiber type differentiation with predominance of
type 2 fibers. Hypotrophic fibers predominantly belonged to type
I. This data was confirmed by MyHc slow immunofluorescence
(Additional file 1: Supplementary Fig. S1).

Patient 3. A brachial biceps muscle biopsy showed a consistent
amount of fibrotic tissue (38% totally: 8.66% fat and 91.33%
connective tissue) and a moderate fiber size variability with type I
predominance. The latter was confirmed by pH 4.3 ATPase
staining and by MyHc slow immunofluorescence even
if the quality of the tissue was not optimal for immunofluores-
cence studies (Additional file 1: Supplementary Fig S1). The
percentage of fibers with internalized myonuclei was 17%. NADH
activity was non-homogeneously distributed in all fibers,
many of them showing multiple areas of central, “core-like”
cytoplasmic rarefaction. MGT staining showed the presence of
reddish-purple granular materials deposition both inside and
outsides core area.

Patient 4. A quadriceps skeletal muscle biopsy revealed promi-
nent fiber type disproportion, type I fibers being more numerous
and almost all hypotrophic, a data confirmed by MyHc slow
staining (Additional file 1: Supplementary Fig. S1). Connective and
adipose tissues were mildly increased (14%: 18.54% fat and
81.45% connective tissue), whereas the percentage of fibers with
internalized myonuclei was 8%. NADH activity was centrally
rarefied in several type 2 fibers, with occasional “targetoid”
appearance in type 1 fibers. No granular reddish material was
observed with MGT.

Immunofluorescence analysis
The analysis showed both RYR1 and DHPR positivity in core areas,
but with different intensity and distribution. In Pt1 and Pt3 we
detected a positive signal for RYR1 and DHPR in association with
core areas. Pt4 showed a peculiar aggregation of DHPR in some
fibers, indeed, in this patient, the signal intensity was higher than
in the other cases. Furthermore, the immunoreactivity was mainly
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located in the subsarcolemmal area of the muscle fibers. No
significant RYR1 positivity was observed. In Pt2, some muscle
fibers showed a RYR1 positivity, but this was not strictly limited to
the central core areas. A similar, but less marked signal distribution
was observed for DHPR in few fibers (Fig. 2E, F).
The signal of αΒ-crystallin, desmin, myotilin was altered due to

the tendency to form aggregates, that in some fibers showed a
core-like deposition. In Pt4, the deposition of αΒ-crystallin and
myotilin differed from the other patients, indeed, signal positivity
was localized in the peripheral area of the fibers (Fig. 3A–D). In all
patients αΒ-crystallin and myotilin showed an almost complete
colocalization.

The main features are reported in Table 2.

Electron microscopy
Ultrastructural examination revealed several important alterations,
namely regions of sarcomeric disorganization of variable size,
shape and distribution. These abnormalities were distributed both
among and within individual fibers, some areas showing well-
preserved sarcomeres adjacent to markedly altered regions (Fig. 4).
Two main structural abnormalities were consistently identified
within the affected fibers. The first consisted of electrondense,
longitudinally smeared Z-line, extending over several sarcomeres
and forming irregular, elongated densities along the myofibrillar

Fig. 1 Western blot. Densitometric quantification of RYR1 (A) and DHPR (B) after normalization on actinin. N= 3. C Representative blot.
Significance was set at p ≤ 0.001 (**) and p ≤ 0.05 (*).

Fig. 2 Muscle biopsy findings. H&E (A), MGT (B), NADH activity (C) and ATPase staining at pH 9.4 or 4.3 (D) from patients and control. Asterisks
(*) indicates reddish-purple granular materials. Hashtags (#) mark dusty core area. Red arrows point to NADH activity with “targetoid”
appearance. Scale bar 50 µm. RYR1 (E) and DHPR (F) immunofluorescence staining in patients and control. Scale bar 50 µm.

S. Zanotti et al.

5

European Journal of Human Genetics



Ta
bl
e
2.

H
is
to
lo
g
ic
al
,u

lt
ra
st
ru
ct
u
ra
l
an

d
p
ro
te
in

st
u
d
ie
s
in

p
at
ie
n
ts
’
m
u
sc
le

b
io
p
si
es
.

Pa
ti
en

t
M
us
cl
e
b
io
p
sy

B
io
p
sy

(a
g
e

ra
n
g
e
at

b
io
p
sy
)

M
G
T

N
A
D
H

IF
R
Y
R
1/
D
H
PR

IF
α
B
cr
ys
t/
D
es
m
/

M
yo

t
El
ec
tr
on

m
ic
ro
sc
op

y
W
es
te
rn

B
lo
t
(%

re
si
d
ua

l
ex

p
re
ss
io
n
)

1
B
ic
ep

s
b
ra
ch

ii
C
en

tr
al

C
o
re

M
yo

p
at
h
y

(3
0–

40
y)

R
ed

d
is
h
p
u
rp
le

g
ra
n
u
la
r

m
at
er
ia
l

d
ep

o
si
ti
o
n

M
in
i
co

re
s
w
it
h

ir
re
g
u
la
r
ar
ea
s,

w
it
h
o
u
t
cl
ea
r

b
o
rd
er
s
an

d
ro
u
n
d
/o
vo

id
al

sh
ap

e
M
o
u
th
-e
at
en

fi
b
er
s,
m
yo

fi
b
ri
lla
r

d
is
ru
p
ti
o
n

Po
si
ti
ve

si
g
n
al
s
in

co
re

ar
ea
s
w
it
h

w
id
es
p
re
ad

d
ep

o
si
ts

o
f
RY

R
1
an

d
D
H
PR

M
yo

fi
b
ri
lla
r

ag
g
re
g
at
es

o
r

th
ic
ke
n
in
g
,t
h
at

in
so
m
e
fi
b
er
s
sh
o
w

a
co

re
-li
ke

d
ep

o
si
ti
o
n

So
m
e
sm

al
l
ar
ea
s
o
f

sa
rc
o
m
er
ic

d
is
o
rg
an

iz
at
io
n

ch
ar
ac
te
ri
ze
d
b
y

th
ic
ke
n
in
g
o
f
z-
lin

e

RY
R
1:

28
.4
9
±
0.
43

D
H
PR

:2
7.
03

±
3.
18

2
B
ic
ep

s
b
ra
ch

ii
C
en

tr
al

C
o
re

M
yo

p
at
h
y

(5
0–

60
y)

Ve
ry

lo
w

d
ep

o
si
ti
o
n
o
f

re
d
d
is
h
-p
u
rp
le

g
ra
n
u
la
r

m
at
er
ia
l

In
m
o
st

fi
b
er
s

p
re
se
n
ce

o
f

ir
re
g
u
la
r
co

re
ar
ea
s
w
it
h
o
u
t

cl
ea
r
b
o
rd
er
s
an

d
ro
u
n
d
/o
vo

id
al

sh
ap

e

Po
si
ti
ve

si
g
n
al
s
in

co
re

ar
ea
s
w
it
h

d
iff
er
en

t
in
te
n
si
ty

an
d

d
is
tr
ib
u
ti
o
n

W
id
es
p
re
ad

m
yo

fi
b
ri
lla
r

d
ep

o
si
ts

A
re
as

o
f
sa
rc
o
m
er
ic

d
is
o
rg
an

iz
at
io
n
w
it
h

ab
u
n
d
an

t
el
ec
tr
o
d
en

se
lo
n
g
it
u
d
in
al
ly

sm
ea
re
d

m
at
er
ia
l
an

d
th
ic
ke
n
ed

sh
o
rt

Z
-li
n
e
fr
ag

m
en

ts
.

M
u
lt
ip
le

co
re

ar
ea
s
m
ay

b
e
p
re
se
n
t
w
it
h
in

th
e

sa
m
e
fi
b
er

RY
R
1:

10
7.
24

±
4.
36

D
H
PR

:4
6.
88

±
12

.5

3
B
ic
ep

s
b
ra
ch

ii
C
en

tr
al

C
o
re

M
yo

p
at
h
y

(<
10

y)

Pr
es
en

ce
o
f

re
d
d
is
h
-p
u
rp
le

g
ra
n
u
la
r

m
at
er
ia
l

d
ep

o
si
ti
o
n

in
si
d
e
an

d
o
u
ts
id
e
co

re
ar
ea
s

Pr
es
en

ce
o
f

ex
te
n
si
ve

an
d

m
o
re

re
g
u
la
r
co

re
ar
ea
s
w
it
h
o
u
t

cl
ea
r
b
o
rd
er
s

Po
si
ti
ve

si
g
n
al
s
in

al
l

co
re

ar
ea
s
w
it
h
m
o
re

ev
id
en

t
ag

g
re
g
at
es

o
f

RY
R
1
an

d
D
H
PR

M
o
re

ev
id
en

t
m
yo

fi
b
ri
lla
r

ag
g
re
g
at
es

o
r

th
ic
ke
n
in
g
,t
h
at

in
so
m
e
fi
b
er
s
sh
o
w

a
co

re
-li
ke

d
ep

o
si
ti
o
n

La
rg
e
co

re
ar
ea
s,

so
m
et
im

es
sh
o
w
in
g

ir
re
g
u
la
r
n
et
w
o
rk

o
f

m
yo

fi
la
m
en

ts
w
it
h
m
ild

Z
-li
n
e
th
ic
ke
n
in
g
an

d
fr
ag

m
en

ta
ti
o
n
in

so
m
e

fi
b
er
s

RY
R
1:

5.
56

±
0.
38

D
H
PR

:1
6.
87

±
9.
2

4
Q
u
ad

ri
ce
p
s

Fi
b
er

Ty
p
e

D
is
p
ro
p
o
rt
io
n

(<
10

y)

Pr
es
en

ce
o
f
m
ild

an
d
sm

al
l

re
d
d
is
h
-p
u
rp
le

d
ep

o
si
ti
o
n
in

fe
w

co
re

ar
ea
s

Fi
b
er
s
w
it
h
co

re
-

lik
e
ar
ea
s
w
it
h
o
u
t

cl
ea
r
b
o
rd
er
s

So
m
e
fi
b
er
s
w
it
h

“t
ar
g
et
o
id
”

ap
p
ea
ra
n
ce

Po
si
ti
ve

si
g
n
al
s
in

co
re

ar
ea
s
w
it
h

d
iff
er
en

t
in
te
n
si
ty

an
d

d
is
tr
ib
u
ti
o
n
So

m
e

fi
b
er
s
w
it
h

ac
cu

m
u
la
ti
o
n
s
o
f

D
H
PR

M
yo

fi
b
ri
lla
r

ag
g
re
g
at
es

in
so
m
e
fi
b
er
s

C
o
re

ar
ea
s
o
f
va
ri
ab

le
si
ze
,i
rr
eg

u
la
r
n
et
w
o
rk

o
f

m
yo

fi
la
m
en

ts
an

d
Z
-li
n
e

th
ic
ke
n
in
g

RY
R
1:

51
.3
4
±
1.
4

D
H
PR

:6
0.
97

±
5.
52

S. Zanotti et al.

6

European Journal of Human Genetics



axis (Fig. 4B–D). The second type of alteration was represented by
thickened and fragmented Z-line segments of reduced length,
often appearing discontinuous and associated with an irregular
network of myofilaments (Fig. 4A). The degree of Z-line
fragmentation varied, ranging from mild irregularities to nearly
complete disruption of the normal transverse alignment.
In some fibers, the disorganization spanned the entire fiber width,

forming broad or elongated core regions. In longitudinal sections,
these elongated cores extended for up to 15–20 sarcomeres
(Fig. 4G). Multiple core areas were frequently observed within single
fibers, either as isolated regions or as larger zones of sarcomeric
disruption (Fig. 4C and Additional file 2: Supplementary Fig. S2A).
Mitochondrial were completely absent in all core areas (Additional
file 2: Supplementary Fig. S2C). Subsarcolemmal core areas were also
detected (Fig. 4F and Additional file 2: Supplementary Fig. S2D).
Also, additional minor alterations were observed, specifically mild
Z-line streaming and focal areas of partial myofibrillar disorganiza-
tion (Additional file 2: Supplementary Fig. S2B). These subtle
changes were frequently interspersed with regions of normal
structure. In Pt4, these highly disorganized regions also contained
membrane stacks [4], extending over several micrometers (Table 2,
Fig. 4H, Additional file 3: Supplementary Fig S3).

DISCUSSION
We describe the clinical, genetic and pathological features of four
Italian DuCD patients. These probands, more specifically three
isolated cases and one subject from a family with three other
affected relatives, were identified in our Congenital Myopathy
cohort. They present heterogeneous phenotypes including both
severe autosomal recessive (AR) early-onset cases (Pt3 and Pt4)
and less severely affected autosomal dominant (AD) adult-onset
forms (Pt1 and Pt2). Dusty Core Disease is reported as the most
common histopathological presentation of myopathies due to
RYR1-recessive mutations [2, 19]. Our finding of two likely AD RYR1
forms, characterized by DuCD typical histopathological features,
therefore enlarges the knowledge on the hereditary pattern of this
Core Myopathy subgroup. Due to the diagnostic complexity
associated to the validation of RYR1 variants, we employed
different histological, immunological and ultrastructural techni-
ques to support the pathogenic role of the identified variants in
the apparently AD cases.
The combined use of ACMG criteria [20, 21] and our experimental

evidence allowed the classification of all identified variants as
pathogenic or likely pathogenic. In particular, we propose a revised
reclassification for c.14678G>A and c.13622del, upgrading from

Fig. 3 Immunofluorescence staining. Altered expression and deposition of desmin (A), αΒ-crystallin (B), and myotilin (C) in both patients and
control. D Merge channel. Perlecan for membrane staining and DAPI for nuclei counterstaining. Scale bar 50 µm.
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likely pathogenic to pathogenic, and of the c.7600G>A variant,
upgraded from variant of uncertain significance to likely pathogenic
(Additional file 4: Supplementary Table 1).
Among our subjects, Pt3 presented the typical DuCD genotype-

phenotype association, indeed, she showed a severe phenotype
linked to a homozygous missense mutation in the important
functional domain NTD-A, involved in the stabilization of MIR
folding domain [2, 22]. The morphological evaluation demon-
strated the prevalence of type I fibers characterized by the
deposition of reddish-purple granular material in core areas,
sometimes multiple, that appeared ultrastructurally elongated
with Z-line thickening and fragmentation, often associated with
irregular myofilament network. The myofibrillar alteration was
confirmed by the presence of desmin, myotilin and αΒ-crystallin
aggregates, showing a core-like localization. In addition, as
reported in literature, there was an alteration in the expression
and distribution of RyR1 and DHPR, that resulted extremely
reduced and aggregated at the level of core area [2, 4].
Dusty cores in DuCD patients can be morphologically hetero-

geneous, ranging from large sarcomeric disorganization areas to
small subsarcolemmal or cytoplasmic spots. In addition, some
cases have been reported in which dusty cores were present only
in few fibers, and were thus underestimated, or appeared only late
in life [2]. This was the case of Pt4, whose morphological analysis
did not reveal any reddish-purple granular material, but exclu-
sively few fibers with a “targetoid” appearance.
Further DuCD confirmation in Pt 4 came from the ultrastructural

investigation, showing the presence of highly disorganized
sarcomeric regions, occasionally spanning the entire fiber width

and containing Z-line thickening and large membrane stacks,
similar to those described in literature [2, 4]. Regarding their
possible significance, multiple membrane stacks, observed in
response to reduced RYR1 expression, were thought to originate
from T-tubule and sarcoplasmic reticulum (SR) membranes, i.e.,
components of the triad [4]. This likely represents an adaptive
response to increased junctional surface and RyR1 density,
preserving Ca²⁺ release despite reduced SR storage.
Subsarcolemmal and intrafibral core areas were immunohisto-

chemically characterized by an altered network of myofilaments
with the particular deposition of myotilin and αΒ-crystallin, that
differed for their major localization in the peripheral fiber areas.
Immunostaining and western blot analysis showed a halving of
RyR1 and DHPR expression and a peculiar DHPR aggregation in
some fibers. These features associated with clinical and genetic
data pointed to a possible severe recessive case of DuCD.
For Pt1 and Pt2, carrying single heterozygous variants of RYR1,

we applied a combination of diagnostic tools to define the
pathogenicity of these molecular alterations and their possible
association with the DuCD. Our patients are interesting not only
for the presence of dusty cores, associated with a moderately
severe phenotype, but also for their peculiar genetic presentation.
Pt2 caught our attention because of the presence in most fibers

of a particularly heterogeneous NADH activity distribution, defined
by core areas without round/ovoidal shape and clear borders, very
different from the classical central core staining. The ultrastructural
analysis suggested a DuCD because the altered fibers turned out to
contain multiple core areas with variable sarcomeric disorganiza-
tion, also quite extended, characterized by short thickened

Fig. 4 Ultrastructural analysis. Representative electron microscopy (EM) images from patients 1 (A), 2 (B–D), 3 (E), and 4 (F–H), showing
sarcomeric disorganization of varying sizes. Arrows indicate thickened Z-lines, arrowheads smeared Z-lines and asterisks short Z-line
fragments. Multiple core areas are visible within single muscle fibers (C). Hashtags (#) indicate membrane stacks. Panel (H) is a high-
magnification view of the boxed region in panel (G). Scale Bar (A, B, D, E, G: 5 µm; C, F: 2,25 µm; H: 2 µm).
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fragments of the Z line and copious electrodense longitudinally
smeared material, similar to those described by Garibaldi and
colleagues [2]. In the patient’s biopsy there was also a widespread
irregular deposition of the myofibrillar network, which is an
additional, already described feature of the fibers with dusty cores.
The genetic analysis of this patient is quite peculiar because we
found a heterozygous variant in RYR1 (c.7600G>A, p.Ala2534Thr),
which causes a protein alteration in a critical region for excitation-
contraction coupling in skeletal muscle, and also a single splicing
site alteration in CACNA1S. Expression studies showed a reduction
in the DHPR protein level, but a normal RyR1 production, even if
both showed a similarly altered distribution, not clearly restricted to
dusty cores. In recent years, the increasing use of the Next
Generation Sequencing through the analysis of gene panels has led
to the discovery of an ever-increasing number of subjects carrying
coexisting pathogenic variants in skeletal muscle channelopathies
[23]. Causative loss- and gain-of-function variants in CACNA1S have
also been described in association with core myopathies, but
patients’ biopsies presented different histological features char-
acterized by an intermyofibrillar network displaying an “alveolar”
aspect [24]. To clarify whether RYR1 or CACNA1S caused the
pathology, we analyzed CACNA1S RNA splicing. No alteration was
found, supporting the pathogenic role of the RYR1 variant.
Therefore, in our opinion the presence of an altered expression
and distribution of DHPR is due to the RyR1 pathogenic variant that
is located in an important region for bi-directional coupling with
DHPR [24, 25]. Moreover, in skeletal muscle the EC coupling is
ensured by multiple physical interactions and a tight geometrical
alignment between DHPR and RyR1, but also by the presence of
other core components as STAC3 (SH3 and cysteine rich domain 3)
and junctophilin2 [26, 27]. Therefore, in our patient the alteration in
RyR1 distribution likely compromises the correct DHPR localization
and, consequently, the stability of the entire skeletal excitation
contraction coupling machinery, leading to a profound alteration of
the sarcomeric structure, namely the formation of dusty core-like
structures in the muscle fibers.
We identified another interesting case (Pt1) with irregularly

shaped multi-minicores at morphological analysis, which, how-
ever, showed some reddish-purple granular material deposition
similar to that described for DuCD [2]. An additional confirmation
of our hypothesis was the presence of small ultrastructural areas
with thickening of z-line and myofibrillar disorganisation, probably
due to an altered deposition of myotilin, αΒ-crystallin and desmin.
Interestingly, WB analysis disclosed a markedly reduced expres-
sion of RyR1 and DHPR, whereas at the immunostaining some
fibers showed a core-like accumulation similar to the distribution
observed in the RYR1 recessive Pt3. However, the peculiarity of Pt1
is the presence of two dominant alterations segregating in cis, the
c.14678G>A heterozygous pathological variation associated with
CCD and the c.8327C>T substitution linked to HM (Table 1).
Nowadays, two families with a double RYR1 mutation in the same
allele have been described and, in both cases, the associated
phenotype was Multiminicore Myopathy and Malignant
Hyperthermia susceptibility. The histochemical and ultrastructural
findings in the muscle biopsy of these cases were very similar to
those observed in our patient [28, 29]. Pt1’s genetic alterations
have been reported several times, but no functional studies have
ever been published; therefore, we studied Pt1 intracellular
calcium variations to evaluate the functional effect due to the
co-presence of these two variants, and observed an altered
sensitivity of Pt1 myoblasts to caffeine concentrations, which
suggests an altered activation threshold of the RyR1 channel
(Additional file 5).
This study expands the understanding of DuCD by describing

four Italian patients with different clinical, genetic and histopatho-
logical outcomes. The identification of severe early-onset recessive
and less severe adult-onset dominant cases reinforces the
heterogeneity of RyR1-related myopathies. Particularly, the

presence of DuCD-specific histopathological features in dominant
RYR1 cases broadens the knowledge about the inheritance
patterns of this disease subgroup. Furthermore, the RYR1 and
DHPR molecular expression observed in our patients confirms and
reinforces the relation between these proteins. Indeed, patho-
genic RYR1 variants, either loss- or gain-of-function, resulting in
reduced protein expression or in alterations of critical EC-coupling
domains, were also associated with a concomitant downregula-
tion of the DHPR α 1 subunit, focal accumulations of both proteins
within or around dusty-cores, and a marked disruption of the
spatial organization of the EC-coupling machinery [6, 30].
Overall, this study expands the current understanding of Dusty

Core Disease by demonstrating that DuCD is not exclusively a
recessive RYR1-related condition. The identification of two adult-
onset cases carrying heterozygous dominant pathogenic variants,
but showing unequivocal DuCD morphological features, reveals that
the disease can be both recessively and dominantly inherited. In light
of this result, we advocate further genetic, histological, and functional
analyses to refine diagnosis and understand disease mechanisms.
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