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Abstract

Recessive ryanodine receptor 1 (RYR1) mutations cause congenital myopathies including multiminicore disease (MmD),
congenital fiber-type disproportion and centronuclear myopathy. We created a mouse model knocked-in for the
Q1970fsX16+A4329D RYR1 mutations, which are isogenic with those identified in a severely affected child with MmD. During
the first 20 weeks after birth the body weight and the spontaneous running distance of the mutant mice were 20% and 50%
lower compared to wild-type littermates. Skeletal muscles from mutant mice contained ‘cores’ characterized by severe
myofibrillar disorganization associated with misplacement of mitochondria. Furthermore, their muscles developed less
force and had smaller electrically evoked calcium transients. Mutant RyR1 channels incorporated into lipid bilayers were
less sensitive to calcium and caffeine, but no change in single-channel conductance was observed. Our results demonstrate
that the phenotype of the RyR1Q1970fsX16+A4329D compound heterozygous mice recapitulates the clinical picture of
multiminicore patients and provide evidence of the molecular mechanisms responsible for skeletal muscle defects.
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Introduction

The propagation of the action potential deep into the muscle
fiber by means of the transverse tubular system [i.e. transverse
tubules (TTs)] leads to a massive release of Ca?* from the
sarcoplasmic reticulum (SR) throughout the entire length of
the muscle fiber via a process called excitation-contraction
coupling (ECC) (1-3). The voltage-dependent release of Ca?* from
the SR initiates muscle contraction, while muscle relaxation is
brought about by SR Ca?t uptake via the sarco(endo)plasmic
reticulum CaATPAse (SERCA) (4). ECC occurs at the contact
region between the TT and the SR membrane, a subcellular
domain encompassing a macromolecular complex made up by
the dihydropyridine receptor (DHPR), the ryanodine receptor 1
(RyR1) and calsequestrin, as well as other accessory proteins
(5-7). Under resting conditions the DHPR inhibits the RyR1
but upon TT membrane depolarization, DHPRs generate an
orthograde signal to the RyR1s causing opening of the Ca’*
channel; in turn, RyR1s send a retrograde signal to DHPRs that
are important to support DHPR channel activity (8-10).

Because of their central role in ECC, alterations of RyR1
function are the primary cause of a number of neuromuscular
disorders including malignant hyperthermia (MH) susceptibility
(MIM #145600), central core disease (CCD; MIM #11700), specific
forms of multiminicore disease (MmD; MIM #255320) and cen-
tronuclear myopathy (CNM; MIM #255320) [for a recent review,
see (11)], as well as critical care illnesses such as sepsis and
intensive care polyneuropathy (12,13).

Experimental results obtained from many laboratories indi-
cate that RYR1 mutations result mainly in four types of channel
defects (14): the first class of RYR1 mutations (MH) causes the
channels to become hypersensitive to activation by electrical
and pharmacological stimuli. The second class of RYRI muta-
tions (CCD) results in leaky channels leading to depletion of
Ca?* from intracellular (SR) stores. The third class of RYR1 muta-
tions linked to some forms of CCD causes excitation-contraction
uncoupling, whereby activation of the voltage-sensing DHPR is
unable to cause release of Ca?* from the SR. The fourth class is
characterized by a decrease of mutant RyR1 channels expression
on SR membranes and is distinctive of recessive RYR1 mutations
(15-17). Most studies on ryanodinopathies have so far focused
on the pathophysiology of RyR1 mutations belonging to class
1, 2 and 3, and few studies have focused on the pathophysio-
logical changes induced by recessive (class 4) RYR1 mutations
(18-20).

Patients with congenital myopathies linked to recessive
(class 4) RYR1 mutations typically exhibit proximal muscle
weakness that can be accounted for, at least in part, by the
reduction of RyR1 content observed in muscle biopsies (11,15-
17). This decrease of RyR1 is also accompanied by a moderate
fiber atrophy, which may additionally contribute to the decrease
of muscle strength. Furthermore, in adult muscle fibers from
patients carrying recessive RYR1 mutations an epigenetic loop
leading to (i) increased content of HDAC-4 and HDAC-5; (ii)
increased genomic RYR1 gene methylation; (iii) reduction of the
transcription of MEF-2-dependent genes; and (iv) depletion of
muscle-specific miR-1 and -133, as well as miR-22 and -124 (20),
is also activated, which may further impinge on muscle function.

A number of unsolved questions have been raised concern-
ing the pathophysiological mechanisms and abnormal signaling
pathways that are activated in the muscles of patients carrying
recessive RYRI mutations. In particular, what mechanisms are
responsible for the reduction of RyR1 expression? What is the
role of epigenetic changes in the pathomechanism of disease?

To address these questions, we have developed a mouse model
carrying recessive RYR1 compound heterozygous mutations iso-
genic with RYR1 mutations identified in severely affected MmD
patients (16,21), namely the RYR1 p.Q1970fsX16 (in exon 36) plus
p-A4329D (in exon 91). Comparison of RyR1Q1970fsX16+A4329D
compound heterozygous mice with age-matched wild-type (WT)
littermates showed that the phenotype of the mutant mice
recapitulates that of MmD patients. On the basis of these results
we believe that the compound heterozygous RYR1 mutant mouse
is a good model for congenital myopathies linked to recessive
RYR1 mutations; this double knock-in (DKI) mouse that can be
exploited for preclinical studies aimed at developing therapeutic
strategies to treat neuromuscular disorders linked to recessive
RYR1 mutations.

Results

In vivo phenotype of RyR1Q1970fsX16+A4329D
compound heterozygous mice

The presence of the frameshift mutation in ex36 and mis-
sense mutation in ex91 of the RYRI gene in the mice that
were used for the experiments was confirmed by diagnostic
digestion of polymerase chain reaction (PCR) fragments with
the restriction enzyme Pvull (Supplementary Material, Fig. S1).
RyR1Q1970fsX16+A4329D compound heterozygous mice did not
exhibit a postnatal lethal phenotype or defects in embryonic
development and were undistinguishable from WT or heterozy-
gous RYRI mutant carrier littermates (Fig. 1a). However, their
postnatal development was remarkably different compared
to WT or heterozygous RYRI mutant carrier littermates.
Analysis of the growth curves performed during the observation
period of 18 weeks indicates that both male and female
RyR1Q1970fsX16+A4329D compound heterozygous mice exhibit
a 20% lower body weight compared to that of WT littermates
(Fig. 1b and c). The growth curves of mice carrying the single
RYR1 heterozygous mutation were similar to those of their
WT littermates (Supplementary Material, Fig. S3). The reduced
growth rate occurred after weaning since at E17-E18 and up
to 2 weeks of postnatal developments, the mice of the four
different genotypes, namely WT, RyR1Q1970fsX16, RyR1A4329D
and RyR1Q1970fsX16+A4329D had a similar body weight.

RyR1Q1970fsX16+A4329D compound heterozygous
mutations affect voluntary motor activity

We next investigated the skeletal muscle phenotype in vivo by
analyzing the running capacity of the mice using the volun-
tary running wheel set-up. Such an experimental system avoids
potential problems linked to the effect of the circadian rhythm
on animal activity since the mice have free access to the running
wheel. We measured the dark phase (5 p.m. to 5 a.m.) running
distance of 3-month-old RyR1Q1970fsX16+A4329D compound
heterozygous mice and compared it to that of WT littermates
(Fig. 2). Two weeks of training improved running performance in
both mouse groups; nevertheless, on day 21 the total dark phase
running distance of WT mice was ~68% greater compared to
that of RyR1Q1970fsX16+A4329D compound heterozygous mice
(Fig. 2a) (167.52+5.43 km, n=9 versus 99.34+9.98 km, n=7 for
WT and p.Q1970fsX16+p.A4329D, respectively; mean =+ standard
error of the mean (SEM), Mann-Whitney two-tailed test, calcu-
lated over the 21 days of running P < 0.05). The shorter running
distance was also associated with a lower median cruise speed
of the RyR1Q1970fsX16+A4329D compound heterozygous mice
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Figure 1. The body weight of RyR1Q1970fsX16+A4329D compound het-
erozygous mice is significantly diminished starting 3 weeks after birth. (a)
E17 RyR1Q1970fsX16+A4329D compound heterozygous embryos are undis-
tinguishable from WT or single RYR1 heterozygous mutant littermates. (b)
RyR1Q1970fsX16+A4329D compound heterozygous mice at 8 weeks are visibly
smaller than their WT littermates. The picture shows a male WT mouse (bottom)
and a RyR1Q1970fsX16+A4329D compound heterozygous mouse (top). (c) Body
weight growth curves of female and male WT (filled squares, continuous line)
and RyR1Q1970fsX16+A4329D (filled triangles, dashed line) monitored during a
period of 16 weeks. Each symbol shows the average (+SD) weight of n=11-13
mice. P < 0.05 Mann-Whitney two-tailed test, for time points after 3 weeks of age.

compared to that of WT littermates (Fig. 2b) (Mann-Whitney
two-tailed test, calculated over 21 day running period P < 0.05).

Decrease of isometric force development in
RyR1Q1970fsX16+A4329D compound heterozygous
mice

The reduced speed and total running distance of the
RyR1Q1970fsX16+A4329D compound heterozygous mice may
result from alterations of the mechanical properties of skeletal
muscles and/or metabolic effects. To discriminate between these
two possibilities, we investigated the mechanical properties of
intact extensor digitorum longus (EDL) and soleus muscles from
WT and RyR1Q1970fsX16+A4329D compound heterozygous
mice upon delivery of a single action potential (Fig. 3a and b)
or by a train of pulses of 1.0 msec duration delivered at
150 Hz for 400 msec (EDL) or 120 Hz for 1100 msec (soleus)
to obtain maximal tetanic contracture (Fig.3c andd). The
averaged specific twitch peak force induced by a single action
potential in EDL from RyR1Q1970fsX16+A4329D compound
heterozygous mice was ~60% lower compared to that obtained
from EDLs from WT mice (88.39 + 21.80 mN/mm?, n =10 versus
35.76 £9.87* mN/mm?, n=10, respectively; mean + standard
deviation (SD); Mann-Whitney two-tailed test *P < 0.01; Supple-
mentary Material, Table S3). Soleus muscles from RyR1Q1970fsX
16+A4329D compound heterozygous mice also exhibited a
decrease of specific twitch peak force compared to soleus
muscles from WT littermates (55.65423.33 mN/mm?, n=9
versus 28.46+5.21* mN/mm?, n= 10, respectively; mean + SD;
Mann-Whitney two-tailed test *P <0.01; Supplementary Mate-
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rial, Table S3). The decrease of twitch force in soleus was
less pronounced compared to that occurring in EDL muscles
(~50% versus 60% for soleus and EDL, respectively). The
decrease of specific twitch force was paralleled by differences
of the twitch kinetics (Supplementary Material, Table S3). In
particular, the time to peak both in EDL and soleus muscles
from RyR1Q1970fsX16+A4329D compound heterozygous mice
were faster (10.65+1.77* msec, n=10 and 24.23+1.74* msec,
n=10, respectively) compared to those of WT littermates
(14.70+1.96 msec, n=10 and 28.44 +3.19 msec, n= 10, respec-
tively; mean+SD, Mann-Whitney two-tailed test *P <0.01).
Additionally, soleus muscles from RyR1Q1970fsX16+A4329D
compound heterozygous mice showed a faster half relaxation
time compared to those of WT littermates (34.38+4.00 msec,
n=10 and 40.89+6.92 msec, n=9, respectively; mean =+ SD,
Mann-Whitney two-tailed test *P <0.01). Furthermore, the
presence of the compound heterozygous RYRI mutations
affected the force developed during tetanic contractures. The
maximal specific tetanic force developed in EDL muscles from
RyR1Q1970fsX16+A4329D compound heterozygous mice during
stimulation with a train of pulses delivered at 150 Hz was
~30% lower than that developed in EDL muscles from WT
mice (296 £ 58.6* mN/mm?, n=10 versus 415.479.76 mN/mm?,
n= 10, respectively; mean + SD, *P < 0.05) (Fig.3c and e). A similar
decrease in maximal specific tetanic force generation was also
observed in soleus muscles from RyR1Q1970fsX16+A4329D com-
pound heterozygous mice (Fig. 3d and f) (151 +£23.26* mN/mm?,
n=9) compared to WT (218.58 + 48.4 mN/mm?, n=9, mean =+ SD,
Mann-Whitney two-tailed test *P < 0.05). The decrease in force
output is not due to fast-to-slow fiber transition since we
didn’t observed any changes in the expression of myosin
heavy chain (MyHC) isoforms in EDL and soleus muscles
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Figure 2. RyR1Q1970fsX16+A4329D compound heterozygous mice show dimin-
ished in vivo muscle function as assessed using the voluntary running wheel.
(a) Total running distance and (b) total running speed. Spontaneous running
activity was measured for 21 days in individually housed 12-week-old WT
(filled squares, continuous line) and RyR1Q1970fsX16+A4329D (filled triangles
squares, dashed line) mice during the dark phase. Each cage was equipped
with a running wheel. Each symbol represents the mean+SEM (n=9 WT and
n=7 RyR1Q1970fsX16+A4329D compound heterozygous mice). P <0.05 (Mann-
Whitney two-tailed test).

1202 Jequisdeq g uo 1senb Aq $212815//862/81/8¢/21011e/Buy/woo dno-ojwepeoe//:sdiy wolj pepeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz092#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz092#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz092#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz092#supplementary-data

2990 | Human Molecular Genetics, 2019, Vol. 28, No. 18

A EDL B Soleus
60

©
H

Force (mN/mm?)
Force (mN/mmZ )
g

S

>

0 20 4o 60 80 100 0 80 160 240 320
Time (msec)

Time (msec)

@
=

400+ 200
< &
£ 300 L 160
g E
> > 120
z 4
£ 200 £
=2 )
@ 5 80
£ -
£ 100 €
04 04
0 100 200 300 400 500 600 0 400 800 1200
Time (msec) Time (msec)
e'gsoo .CE‘m
.
§ 40 s 5 0 ]
z ** o B sed sk s
3 30 T b PYAaN A
0 M—1 PRI, (4 [
£ x* wiog M R IR N vre B R vy
S 200- T t S . o Lagsi i
- =100 o T * .
2 . 3 L
Sl : o
] s b}
=0 = 2

50 Hz 100 Hz 150 Hz 50 Hz 100 Hz 120 Hz

Figure 3. Mechanical properties of EDL and soleus muscle from WT and
RyR1Q1970fsX16+A4329D compound heterozygous mice. (a) and (b) show rep-
resentative traces of single twitches. (c) and (d) show representative traces of
maximal tetanic forces in EDL and soleus muscles isolated from WT (continuous
line) and RyR1Q1970fsX16+A4329D compound heterozygous mice (dotted line).
(e) and (f) Whisker plots of tetanic force generated by isolated muscles from
WT and RyR1Q1970fsX16+A4329D compound heterozygous mice electrically
stimulated at 50 Hz, 100 Hz and 150 Hz (EDL muscles) and electrically stimulated
at 50 Hz, 100 Hz and 120 Hz (soleus muscles). Each symbol represents the value
from a single mouse. **P < 0.01 (Mann-Whitney two-tailed test).

(Fig. 4). The reduced peak tetanic force observed in EDL and
soleus muscles from the RyR1Q1970fsX16-+A4329D compound
heterozygous mice is consistent with a decrease of ~10% of
the wet weight of both EDL (10.10 + 1.51* mg, n=10) and soleus
(10.95+1.12* mg, n=10) muscles compared to that of muscles
from WT mice (12.77+0.99 mg and 12.24+1.02 mg, n=10
and n=9, respectively; mean + SD; Mann-Whitney two-tailed
test *P<0.05) (Supplementary Material, Table S3). EDL mus-
cles from RyR1Q1970fsX16+A4329D compound heterozygous
mice also showed a shift of minimal Feret’s fiber diameter
distribution to lower values, indicating an atrophy of the fast
fibers a result that is consistent with the impaired muscle
performance observed by in vivo and in vitro. Soleus muscles
from RyR1Q1970fsX16+A4329D compound heterozygous mice
were not different from those isolated from WT mice (Fig. 4), a
result that likely reflects differences in fiber-type composition
between EDL and soleus muscles. The latter muscles are
composed of 60% slow type I fibers and by ~40% fast oxidative
type 2A/X fibers while EDL contain ~90% fiber-type 2B/2X and
small fraction of type I fibers (22,23).

RyR1 content is decreased in muscles from
RyR1Q1970fsX16+A4329D compound heterozygous
mice

The decreased muscle strength observed in RyR1Q1970fsX16+
A4329D compound heterozygous mice is a feature also shared

by the heterozygous RyR1Q1970fsX16 mice (24). The latter
mouse model, as well as the human patient isogenic for
these mutations, also shows a decrease of the RyR1 protein
content in total muscle homogenates (16), and this observation
may further explain the poor muscle performance of this
mouse model. Thus, we investigated the expression levels
of the major protein components (and/or their transcripts)
encompassing the supramolecular complex involved in ECC
coupling in total homogenates of EDL and soleus muscles from
WT and RyR1Q1970fsX16+A4329D compound heterozygous
mice (Fig. 5a). The total content of calsequestrin 1, SERCAL,
SERCA2 and f31a was similar in total homogenates from
EDL and soleus muscles of WT and RyR1Q1970fsX16+A4329D
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Figure 4. EDL muscles from RyR1Q1970fsX16+A4329D compound heterozygous
mice are atrophic. (a) EDL and soleus muscles were sectioned with a cryostat,
stained with anti-laminin and anti-MyHC I Ab, imaged with an inverted fluores-
cent microscope and analyzed as described in the Methods section. Bar indicates
200 pm. (b) Quantification of the fiber-type composition of soleus (left panel) and
EDL (right panel) muscles from WT (black bars) and RyR1Q1970fsX16+A4329D
compound heterozygous mice (white bars). Values are presented as mean (+SEM)
% fibers. (c) Minimal Feret fiber distribution. Measurements were carried out
on cross sections of soleus (left) and EDL (right) muscles from WT (black
squares, continuous line) and RyR1Q1970fsX16+A4329D (black triangles, dashed
line). WT soleus = 3144 fibers, RyR1Q1970fsX16+A4329D soleus = 3392 fibers, WT
EDL = 2232 fibers and RyR1Q1970fsX16+A4329D EDL = 3415 fibers, (n =2 mice per
genotype). Data points are expressed as mean + SEM.
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Figure 5. RyR1 protein and transcript levels are decreased in muscles from RyR1Q1970fsX16+A4329D compound heterozygous mice. (a) Biochemical characterization
of total homogenates of EDL and soleus muscles from WT and RyR1Q1970fsX16+A4329D compound heterozygous mice. Left panels show representative immunoblots
probed with the indicated antibodies. Right panels show % content of the indicated proteins in EDL (top) and soleus (bottom) muscles. Whisker plots represents the
values from n=9 to 10 mice; a minimum of three repeats were done for each data point. The intensity values obtained from WT mice were considered 100%. (b)
Quantitative real-time PCR of the indicated transcripts in skeletal muscles from RyR1Q1970fsX16+A4329D compound heterozygous mice relative to WT mice (the
latter were set as 1). Transcript levels were normalized to DES as a muscle specific gene using the AACt method. *P < 0.05; ***P < 0.005; ****P < 0.001 (Mann-Whitney

two-tailed test).

compound heterozygous mice. However, compared to WT,
the RyR1 content in total homogenates of EDL and soleus
muscles from RyR1Q1970fsX16+A4329D compound heterozy-
gous mice was reduced by 68.0+20.0% and 64.0+22.0%
(mean=+SD, n=11; Mann-Whitney two-tailed test P <0.0001),
respectively. Quantitative real-time polymerase chain reaction
(qPCR) analysis confirmed that the RYR1 transcript was
significantly reduced (Mann-Whitney two-tailed test P < 0.0005)
in RyR1Q1970fsX16+A4329D compound heterozygous mice
compared to WT littermates (n=8 and n=9, respectively),
whereas CACNA1S (n=9) and RYR3 transcript levels were
unchanged (n=7 and n=9 in RyR1Q1970fsX16+A4329D and
WT, respectively) (Fig. 5b). Since skeletal muscles from human
patients show significant up-regulation of transcripts encoding
enzymes involved in epigenetic regulation, including histone
deacetylases (HDACs) and DNA methyltransferases (DNMTs)
(20), we investigated these as well. Significant up-regulation
of HDAC-4 protein was observed in both EDL and soleus mus-
cles from RyR1Q1970fsX16+A4329D compound heterozygous
mice (Mann-Whitney two-tailed test *P <0.05). Furthermore,
transcripts encoding HDAC-4, HDAC-7 and HDAC-9 (class II)
(range n=5 and n =9 mice) were also up-regulated, but not those
encoding class I HDACs or DNMTs (Fig. 5b).

To verify whether the quantitative decrease of RyR1 induces
alterations of the calcium release unit (CRU) arrays along
the muscle fiber we analyzed the intracellular distribution
of RyR1 and Ca,1.1 in single EDL, flexor digitorum brevis (FDB)
and soleus fibers by high-resolution immunohistochemistry.
The density profile of the immunofluorescence staining
with anti-RyR1 Ab was not homogenous in fibers from the
RyR1Q1970fsX16+A4329D compound heterozygous mice, and
the changes were more pronounced in fibers isolated from EDL

muscles compared to FDB and soleus muscles. In fact, EDL
fibers show areas, which are randomly distributed along the
longitudinal axis of the fiber, having very low, if any anti-RyR1
fluorescent signal (Fig. 6), arrow. The poor RyR1 fluorescence is
specific, since the very same areas display typical triadic double
row fluorescent signals with anti-Ca,1.1 Ab. The apparent lack
of changes of RyR1’s fluorescence in FDB and soleus fibers could
be due to the fact that the disarrangement of the RyR1 clusters
occurs at a lower frequency in the latter muscles and/or they
occur in areas of smaller dimensions.

Electron microscopy analysis revealed reduced CRUs in
EDLs from RyR1Q1970fsX16+A4329D compound
heterozygous mice compared to WT

Electron microscopy analysis showed the presence of structural
alterations in muscle fibers from RyR1Q1970fsX16+A4329D com-
pound heterozygous mice. Adult EDL fibers from WT mice are
usually characterized by regular transverse pale-dark striations
(Fig. 7a). Within the fiber interior mitochondria (Fig. 7a, asterisks)
are usually placed at the I band on both side of the Z lines next
to CRUs or triads [Fig. 7a and b; see (25,26) for additional details].
On the other hand, in EDL fibers from RyR1Q1970fsX16+A4329D
compound heterozygous mice both CRUs and mitochondria are
visually less numerous (Fig.7c, asterisks). In addition CRUs
morphology is often altered i.e. CRUs formed by only two
elements named dyads (Fig. 7d). Quantitative analysis confirmed
the visual observations (Supplementary Material, Table S4).
In muscle fibers from RyR1Q1970fsX16+A4329D compound
heterozygous mice we found (i) a significant reduction in
number/100 pm? of CRUs (triads plus dyads; 38.2+2.3 versus
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Figure 6. The organization of the SR is disrupted in muscle fibers from RyR1Q1970fsX16+A4329D compound heterozygous mice. Left panels show representative
confocal images of EDL, FDB and soleus fibers labeled with anti-RyR1 (green), anti-Cay 1.1 (red) antibodies and merged images. Bar = 10 ym. Right panels show intensity
profile plots for RyR1 and Cay1.1 distribution. The intensity profile of RyR1 is visibly disrupted in the EDL muscle from the RyR1Q1970fsX16+A4329D compound
heterozygous mice. Experiments were carried out on fibers isolated from three WT and four RyR1Q1970fsX16+A4329D compound heterozygous mice. Images of EDLs
were from 32 WT and 36 RyR1Q1970fsX16+A4329D fibers (9 fields per fiber). Images of FDBs were from 31 WT and from 32 RyR1Q1970fsX16+A4329D fibers (6-9 fields
per fiber). Images from soleus were from 24 WT and 30 RyR1Q1970fsX16+A4329D fibers (9 fields per fiber).

Figure 7. Ultrastructure of EDL from WT and RyR1Q1970fsX16+A4329D compound heterozygous mice. (a) In adult WT EDL fibers mitochondria are usually placed
at the I band in proximity of Z lines (asterisks), next to CRUs. CRUs are mostly in the form of triads: two SR vesicles closely opposed to a central T-tubule (b). (c) In
EDL fibers from RyR1Q1970fsX16+A4329D compound heterozygous mice, mitochondria are visually less abundant and CRUs are often found in the form of dyads
(d). (e) In some fibers from RyR1Q1970fsX16+A4329D compound heterozygous mice mitochondria are misplaced from their correct triadic position forming clusters
between the myofibrils (arrows). Relocation of mitochondria leaves areas where mitochondria and CRUs are almost completely absent (f). (g) Cross section of a fiber
from RyR1Q1970fsX16+A4329D muscle showing a core region: degenerated area characterized by total disruption of the myofibrillar organization. Within the core region
CRUs and mitochondria are completely absent (h). Scale bars: a and ¢, 1 pm; b and d, 0.1 pm; e and g, 1 pm; f and h, 0.5 pm.

65.5+1.8 in WT), mitochondria (23.0+1.3 versus 34.1+1.4 in
WT) and mitochondria/CRUs pairs (16.3+0.9 versus 26.4+1.2
in WT) and (ii) a significant increase in percentage of dyads
(3.3+0.7 versus 1.0+ 0.8 in WT).

Finally RyR1Q1970fsX16+A4329D compound heterozygous
mice muscles showed fibers (~18%) presenting regions (cores) of
severe myofibrillar disorganization (Fig. 7e-h). In these regions
a frequent modification is the misplacement of mitochondria
from the I band into clusters and/or longitudinal columns
(Fig. 7e, arrows). Clusters of mitochondria are always in

proximity of fiber regions lacking intermyofibrillar mitochondria
and CRUs (Fig. 7e). Indeed in some core areas both mitochondria
and CRUs are completely absent (Fig. 7g and h).

Calcium transients in isolated EDL and soleus muscle
fibers from RyR1Q1970fsX16+A4329D compound
heterozygous mice are significantly diminished

The presence of the RyR1Q1970fsX16+A4329D compound
heterozygous mutations causes a remarkable reduction of
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Figure 8. Electrically evoked peak Ca?t transients are reduced in muscle
fibers from RyR1Q1970fsX16RyR1Q1970fsX16+A4329D compound heterozygous
miceA4329D compound heterozygous mice. Enzymatically dissociated FDB, EDL
and soleus fibers were loaded with Mag-Fluo-4 and electrically stimulated by
field stimulation. Left panels show representative Ca?*t transient elicited by a
single 50 V pulse of 1 msec duration. Right panels show representative CaZt
transient elicited by a train of pulses delivered at 100 Hz for 300 msec. Black
trace, WT; red trace, RyR1Q1970fsX16+A4329D.

RyR1 protein content in skeletal muscles. In the next set of
experiments we investigated whether the quantitative reduction
of RyR1 protein content was accompanied by changes in Ca?*
homeostasis. The resting [Ca?']; concentration as measured
with the ratiometric Ca?* indicator Fura-2 in EDL, FDB and soleus
fibers from RyR1Q1970fsX16+A4329D compound heterozygous
mice was similar to that of WT littermates. The mean (+SEM)
resting [Ca%?"]; in nM was 66.26 £2.60 (n=5 mice and n=43
fibers) and 67.46+2.88 (n=>5 mice and n=39 fibers) for EDL,
60.33+4.74 (n="5 mice and n=45 fibers) and 62.70+2.39 (n=5
mice and n=66 fibers) for FDB and 82.14+4.42 (n=7 mice
and n=29 fibers) and 80.33+3.93 (n=7 mice and n=21 fibers)
for soleus in WT and RyR1Q1970fsX16+A4329D compound
heterozygous mice, respectively. In the presence of 1.8 mM
Ca’?t in the extracellular medium, the averaged peak Ca’t
transients induced by a single action potential in EDL fibers
from RyR1Q1970fsX16+A4329D compound heterozygous mice
showed a 50% reduction compared to that observed in EDL
from WT mice (0.65+0.15***, n=40 versus 1.18 £0.26, n=62,
RyR1Q1970fsX16+A4329D and WT, respectively; AF/F, values
are mean+SD **P<0.005 two-tailed Mann-Whitney test;
Fig. 8 and Supplementary Material, Table S5). The peak calcium
induced by an action potential in soleus and FDB fibers
from RyR1Q1970fsX16+A4329D compound heterozygous mice
were ~40% and 50% lower compared those of WT (for soleus
0.44 +0.10***, n=39 versus 0.65+0.22, n=233, respectively; for
FDB 0.66 +0.15*** n=51 versus 1.20+0.17 n=40, respectively;
AF/F, values are mean=+SD, ***P <0.005 two-tailed Mann-
Whitney test; Fig.8 and Supplementary Material, Table S5).
Additionally, the kinetics of the rising phase of the peak Ca?*
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transient were 15% faster in EDL fibers from RyR1Q1970fsX16+A4329D

compound heterozygous mice compared to WT (for EDL
1.55+0.31** msec, n=40 versus 1.77+0.38 msec, n=62,
respectively; values are mean + SD P < 0.01 Mann-Whitney two-
tailed test). No significant differences in the kinetics of the
Ca?t transient rising phase were observed in soleus or FDB
fibers (Supplementary Material, Table S5) (for soleus and FDB
the time to peak were 2.32 +0.59 n=39 versus 1.96 &+ 0.40 msec,
n=233and 1.384+0.36 msec, n=>51 versus 1.4140.28 msec, n =40,
respectively in RyR1Q1970fsX16+A4329D and WT, values are
mean + SD). The half relaxation time was significantly prolonged
in soleus and FDB fibers from RyR1Q1970fsX16+A4329D
compared to WT, whereas in EDL the half relaxation time was
significantly lower (Supplementary Material, Table S5). Further-
more, the peak Ca’?* induced by a train of action potentials
delivered at 100 Hz was reduced by ~50%. The mean (+SD) AF/F
were 1.83+0.35 (n=22) versus ***1.02 +0.27 (n=20) in EDL fibers
and 1.58 +0.48 (n=20) versus ***0.86+0.21 (n=25) in FDB fibers
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Figure 9. Gating characteristics of single RyR1 channels from skeletal muscle
of RyR1Q1970fsX16+A4329D compound heterozygous mice. (a) Representative
mouse skeletal RyR1 single-channel current fluctuations from WT (left) and
RyR1Q1970fsX16+A4329D compound heterozygous mice (right) in the presence
of 15 pM cytosolic Ca?t (top traces), 100 pM cytosolic Ca?* (middle traces)
and 1 mM cytosolic Ca2t (bottom traces). The Po above each trace is the value
determined over 3 min. O and C indicate the open and closed channel levels,
respectively. (b) Single-channel current-voltage relationships for RyR1 channels
from WT (squares) and RyR1Q1970fsX16+A4329D compound heterozygous mice
(triangles). (c) Relationship between cytosolic [Ca2t] and RyR1 Po for chan-
nels derived from WT (squares) and RyR1Q1970fsX16+A4329D (triangles) mice.
Error bars are SEM for n=12 (WT) and n=12-13 (RyR1Q1970fsX16+A4329D);
*¥4%P < 0.0001. Where not shown, error bars are within the symbol. (d)
Mean Po values for single channels derived from either WT (white) and
RyR1Q1970fsX16+A4329D (black) as indicated, in the presence of 15 M CaZt
and 1 mM caffeine. Error bars are SEM for n=12; ***P < 0.001.
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in WT and RyR1Q1970fsX16+A4329D compound heterozygous
mice, respectively (Fig. 8 and Supplementary Material, Table S5;
***P < 0.005 two-tailed Mann-Whitney test). Fibers from soleus
from RyR1Q1970fsX16+A4329D compound heterozygous mice
exhibited a less pronounced decrease of peak tetanic cal-
cium transients compared to that occurring in EDL and FDB
(1.26 +£0.32 n=29 versus 1.45+0.39 n=31, in RyR1Q1970fsX16+
A4329D and WT, respectively; AF/F, values are meanz=+SD
*P <0.05 two-tailed Mann-Whitney test; Fig. 8 and Supplemen-
tary Material, Table S5).

Reduced Ca’" sensitivity of mutant RyR1 channels

In addition to a quantitative reduction of the RyR1 protein
content, the reduced Ca’* transients in single fibers from
compound heterozygous mice might also be linked to alterations
in the conductance or gating properties of the mutant channels.
We tested this hypothesis by examining single-channel RyR1
function after incorporation of the skeletal muscle SR vesicles
from WT and RyR1Q1970fsX16+A4329D compound heterozy-
gous mice into planar phospholipid bilayers. Figure 9a compares
representative current fluctuations through RyR1 from WT
and RyR1Q1970fsX16+A4329D compound heterozygous mice
obtained at various cytosolic free [Ca?"]| and with millimolar
luminal Ca?* as the permeant ion. The single-channel current—
voltage relationship of mutant channels was similar to that
of channels from WT mice (Fig.9b) yielding similar single-
channel conductances (105 pS mutant and 98 pS WT); however,
the sensitivity of the RyR1Q1970fsX16+A4329D channels to
cytosolic Ca?* was severely blunted over the whole range
of [Ca?*] tested. This can be observed in the single-channel
traces (Fig.9a) and in the Po-[Ca?"] relationship (Fig. 9c). The
diminished sensitivity to activation by Ca?* was also confirmed
by performing experiments in the presence of 1 mM caffeine
and 15 pM Ca?*. As shown in Figure 9d under these activating
conditions, mutant channel activity was significantly lower
compared to WT channels (Po was 0.06+0.03 and 0.30+0.03
in RyR1Q1970fsX16+A4329D and WT, respectively).

Discussion

Here we investigated the phenotype of a compound heterozy-
gous mouse model carrying mutations (p.Q1970fsX16+p.A4329D)
in the RYR1 gene that are isogenic with the mutations present
in the RYR1 gene of a severely affected child suffering from a
recessive form of RyR1-related MmD (16,21). The phenotype of
the compound heterozygous mice recapitulates many aspects
of the clinical picture of the MmD patients carrying recessive
RYRI1 mutation. Indeed, the mice carrying RYR1 compound
heterozygous mutations show a 20% decrease of their body
weight during the first 20 weeks after birth, a 70% reduction
of the RyR1 protein content in total homogenates from fast
and slow muscles, loss of in vivo muscle performance and of
in vitro muscle strength, atrophy of fast fibers especially in
EDL muscles, which are associated with a deterioration of the
ultrastuctural organization of the CRUs and the presence of
cores made up by disorganized myofilaments. The recessive
RYR1 mutations are accompanied by a decrease of the peak
calcium transients, an event consistent with the 70% reduction
of the RyR1 protein content in SR membranes. In addition,
however, the gating of the mutant RyR1 channels is so severely
affected that sensitivity to changes in cytosolic [Ca?*] is
almost abolished. This effect on RyR1 gating would also be

expected to contribute to the decrease of the peak calcium
transients.

To date there are no effective therapies available for
congenital myopathies in general, and in particular for MmD
and CNMs, rare disorders linked to recessive mutations
in the RYRI. To tackle such an unmet clinical need it is
important to develop animal models to test small molecules
against pharmacological targets. We are confident that the
RyR1Q1970fsX16+A4329D compound heterozygous mouse reca-
pitulates most the phenotypic features of the human disease
and could be exploited for preclinical studies aimed to treat
patients with congenital myopathies linked to recessive RYR1
mutations.

Because of nonsense-mediated RNA decay, the mutant allele
carrying the RYR1 Q1970fsX16 mutation of the compound het-
erozygous mice is not expressed (24). The consequence of such
an event is (i) the monoallelic expression of the RyR1 p.A4329D
missense mutation and (ii) its quantitative reduced expression.
Based on the monoallelic expression of RYR1, one would expect
a 50% reduction of the RyR1 protein content, and yet its content
in muscles from the RyR1Q1970fsX16+A4329D compound het-
erozygous mice only reaches ~30% of that present in muscles
from WT mice. Although we do not have an exact explanation
for the discrepancy between the real and expected RyR1 pro-
tein level in RyR1Q1970fsX16+A4329D compound heterozygous
mice, we believed that the RyR1 p.A4329D missense mutation
in combination with the frameshift mutation are involved in
the down-regulation of RYR1 gene expression by several mecha-
nisms including the induced expression of class II HDACs. This
idea is consistent with data we obtained from analyzing RyR1
expression and content in RyR1Q1970fsX16 heterozygous mice
(24). In the latter mouse model, the hemizygous expression of
the WT RYR1 allele is also associated with a decrease of the RyR1
protein content; nevertheless, this reduction is less pronounced
compared to that observed in RyR1Q1970fsX16+A4329D com-
pound heterozygous mice and did not affect the expression level
of HDACs. Other explanations including a lower stability of the
RyR1 p.A4329D channels may account for this; however, western
blots of RyR1 on muscles from the heterozygous RyR1 p.A4329D
mice did not show a decrease in RyR1 content (Supplementary
Material, Fig. S4).

The quantitative analysis of the CRU in muscle fibers
from RyR1Q1970fsX16+A4329D compound heterozygous mice
by electron microscopy confirmed the biochemical data on
the RyR1 protein expression. In fact, the EM data revealed a
reduction of the number of the CRU per area, and this was also
accompanied by a reduction of the double strip arrays of RyR1,
as indicated by the increase in the number of dyads. The most
interesting results observed in the RyR1Q1970fsX16+A4329D
compound heterozygous mice pertain to the disarrangement of
the RyR1 arrays on the junctional SR membrane that are not
evenly distributed in the muscle fibers, and in such areas the
RyR arrays do not exhibit the typical double strip organization.
The RyR1 array disarrangements are mostly distributed along
the longitudinal axis of the fast glycolytic muscles such as EDLs,
whereas FDB and soleus fibers do not show evidence of such an
event. Moreover, the extent of the area lacking the typical RyR1
double strip organization and their localization is irregular. The
predominance of RyR1 array disarrangement in EDL compared
to FDB and soleus muscles may reflect the larger fraction of
the junctional SR membrane in fast fibers compared to slow
oxidative fibers (27). Interestingly, the areas devoid of RyR1 array
are stained with anti Ca, 1.1 Ab, which show a typical double strip
pattern. These results are consistent with the normal content
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of the Ca,1.1 within TT membranes. The presence of the Ca,1.1
in the TT membranes, which are opposed to the junctional SR
membrane depleted of RyR1 array, suggests that at least in the
RyR1Q1970fsX16+A4329D compound heterozygous mice, the TT
targeting of the Ca,1.1 is independent from the targeting of the
RyRs to the junctional SR membranes.

The activation of calcium release via RyR1 is due to the
delivery of an orthograde signal from Ca,1.1. In the past few
years a great deal of data has shown that the RyR1 not only
receive a signal from Ca,1.1 but also generate a retrograde sig-
nal that is important for the activation of Ca,1.1 Ca?* cur-
rents. Thus, the depletion of RyR arrays in some area of the
junctional SR from RyR1Q1970fsX16+A4329D compound het-
erozygous mice would down-regulate the retrograde signal from
RyR1 to Cay1.1 which in turn would lead to a reduction of L-
type Ca?tcurrents via Ca,1.1. If there is a direct correlation
between the L-type Ca?*currents and the RyR1 content in skele-
tal muscles of RyR1Q1970fsX16+A4329D compound heterozy-
gous mice, then one can assume a dramatic down-regulation
of the Ca?" signaling pathways activated by the L-type Ca?*
that are involved in the maintenance of an appropriate mus-
cle function (28). If this were the case then the poor muscle
performance of the RyR1Q1970fsX16+A4329D compound het-
erozygous mice might also be linked to altered Ca,.1.1-mediated
signaling activity, in addition to the reduction of Ca’*release
because of the marked quantitative reduction of RyR1 protein
content and inability of the mutant RyR1 channels to be signifi-
cantly activated by cytosolic Ca?*.

Muscle biopsies of patients with recessive RYR1 mutations
typically show multiple minicores running along a limited
length of the longitudinal axis of muscle fibers (11,29). These
minicores are areas devoid of mitochondria and do not stain
with oxidative stains such NADH and cytochrome oxidase.
Minicores may occur in type 1 or type 2 fibers and have a
heterogeneous morphology. Electron microscopy studies on
human biopsies have revealed that minicores present areas
of myofibrillar disorganization, sarcomeric disruption and
structural changes of the SR and TTs (29). EM analysis of the EDL
from the RyR1Q1970fsX16+A4329D compound heterozygous
mice revealed the presence of areas that are structurally similar,
if not identical, to the cores described in patients carrying
recessive RYR1 mutation. Although these areas are observed
in 18% of the EDL a frequency that is lower compared to that
described in human muscle biopsies, they retain the main
ultrastructural features, namely disorganization of sarcomeric
proteins, lack of CRUs and mitochondria. We don’t have an exact
explanation as to why mice EDL fibers show a lower frequency
of cores, but this discrepancy may be linked to species-specific
differences, decreased ambulation time of the mice and/or
different stages of postnatal development.

Overall comparison of the phenotype of RyR1Q1970fsX16
mice versus RyR1Q1970fsX16+A4329D compound heterozygous
mice indicate that the latter mice are more severely affected.
Indeed, monoallelic RyR1 p.A4329D expression versus monoal-
lelic WT RyR1 expression was accompanied by (i) the presence
of cores as well as a misalignment of RyR1 and Cav1.1 in EDL
fibers; (ii) ~10% fewer CRU and 30% more dyads; (iii) a 30-50%
decrease in the specific force generated by isolated muscles after
stimulation by a single twitch; (iv) a 36-45% decrease in the peak
Ca?* transient elicited by electrical stimulation of soleus and EDL
fibers, respectively; (v) ~50% shorter running distance; and (vi) a
20% decrease in body weight in the RyR1Q1970fsX16 mice.

In conclusion the results of our study show that the pheno-
type of the RyR1Q1970fsX16+A4329D compound heterozygous
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mice largely recapitulate the clinical picture of MmD patients
harboring recessive RYR1 mutations. These results also sug-
gest that the RyR1Q1970fsX16+A4329D compound heterozygous
mouse is an animal model that can be exploited for preclinical
studies aimed to treat congenital myopathies linked to recessive
RYR1 mutations.

Materials and Methods
Compliance with ethical standards

All experiments involving animals were carried out on 8-12-
week-old male mice unless otherwise stated. All experimental
procedures were approved by the Cantonal Veterinary Authority
of Basel Stadt (BS Kantonales Veterindramt Permit numbers 1728
and 2115). All experiments were performed in accordance with
relevant guidelines and regulations.

Creation of the RyR1Q1970fsX16+A4329D compound
heterozygous mice

The ex36gRNA was designed to target the following sequence
in the mouse genome: aagatgcagggcaaccagcgggg (the last
three nucleotides being the protospacer adjacent motif (PAM)
sequence). Homologous recombination was achieved by using
a targeting oligo encompassing the following mutated mouse
genomic sequence: CAGATGTGCCACCTCCTGGAGTATTTCTGT-
GACCAAGAGCTGCAGCACCGGGTGGAGTCCTTGGCGGCCTTTGCA
GAGTGTTATGTGGACAAGATGACAGCTGGGCAACCAGCGGGGTCG
CTACGGCCTCCTCATGAAAGCCTTCACCATGAGCGCAGCCGAGAC
CGCAAGGCGCACCCGAGAGTTCCGTTCTCCACCCC. To identify
mutant mice a Pvull restriction site flanking the mutation site
was introduced (Supplementary Material, Fig. S1A).

The ex91 gRNA was designed to target the following
sequence of the mouse genome: gagcagcgcggecaccgeegtgg (the
last three nucleotides being the PAM sequence). Homologous
recombination was achieved by using a gene-targeting vector
encompassing the following mutated mouse genomic sequence:
tagttgtagcctaatctggactacttaagtcccagtctcaaaggggectgetacaatgaac
cccaccatctgeteeectettetgeaggtgaaggagtccaagegeeagttcatettegacgt
ggtgaacgagggcggegagtccgagaagatggagatgttegtgagtttetgegaggacac
gatctttgagatgcagatcgcagcetcagatctccgagectgagggegagecggaggagga
cgaggacgagggegragaggaggetgaggagggegrggeggsticcgacgggtegggc
tctgeageggetgegggegtgtggatgatggetggeagegactgegggecgaactetacgg
ggtctgagctaccggageetgeggegacgegtgeggaggetgeggeggetgacggegeg
ggaggctgctacagetgtggacgegetgetetgggegetggtgaccegegeggggggegc
gggrgrggergrggrageeggggrgctgeggetgetetggggetegetgtttggeggteg
gctggtagacagegecaagaaggtgacagtgacggagetectggeaggeatgeeggace
ccaccggegacgaggtgeacggecageagecgageggegetggeagegatgeagaggg
cgagggtgagggagaaggcgaaggegatgetgeegacggegecggagatgaagaggcet
geageggaccaggetggeacgggaggtgeegacggggeggtggeegtggeagatggga
gtcecttecggecagaaggegecggtggteteggggatatgggtgacacgacgecagtgg
agccccccacgecagaaggetegectatectcaagaggaagetgggggtgagagagtec
tgcaaggc cloned in the EcoRV site of the pUC57 plasmid. To iden-
tify mutant mice a Puull restriction site flanking the mutation
site was introduced (Supplementary Material, Fig. S1B).

Modification of the exon36 and exon9l sequence was
carried out using CRISP/Cas9 directly in fertilized mouse
oocytes. C57BL/6 ] female mice underwent ovulation induction
by intraperitoneal (i.p.) injection of 5 IU equine chorionic
gonadotrophin (PMSG; Folligon, InterVet, Dublin, Ireland),
followed by i.p. injection of 5 IU human chorionic gonadotropin
(Pregnyl, Essex Chemie, Luzern, Switzerland) 48 h later. For the
recovery of zygotes, C57BL/6 ] females were mated with males of

1202 Jequisdeq g uo 1senb Aq $212815//862/81/8¢/21011e/Buy/woo dno-ojwepeoe//:sdiy wolj pepeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz092#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz092#supplementary-data

2996 | Human Molecular Genetics, 2019, Vol. 28, No. 18

the same strain immediately after the administration of human
chorionic gonadotropin. All zygotes were collected from oviducts
24 h after the human chorionic gonadotropin injection and were
then freed from any remaining cumulus cells by a 1-2 min
treatment of 0.1% hyaluronidase (Sigma-Aldrich, Darmstadt,
Germany) dissolved in M2 medium (Sigma-Aldrich, Darmstadt,
Germany). Mouse embryos were cultured in M16 medium
(Sigma-Aldrich, Darmstadt, Germany) at 37°C and 5% CO,. For
micromanipulation, embryos were transferred into M2 medium.
All microinjections were performed using a microinjection
system comprised of an inverted microscope equipped with
Nomarski optics (Nikon, Amsterdam, The Netherlands), a set
of micromanipulators (Narashige, London UK) and a FemtoJet
microinjection unit (Eppendorf, Schonenbuch, Switzerland).
Injection solution containing sgRNA (300 ng/pl), Cas9 mRNA
(100 ng/pl), Cas9 protein (50 ng/pl) and homologous recombi-
nation template (ssDNA oligonucleotide for ex36 or plasmid
ex91, respectively) (10 ng/pl) was microinjected into the male
pronuclei of fertilized mouse oocytes until 20-30% distension of
the organelle was observed.

Embryos that survived the microinjection were transferred
on the same day into the oviducts of 8-16-week-old pseudopreg-
nant Crl:CD1 (ICR) females (0.5 d used after coitus) that had been
mated with sterile genetically vasectomized males (30) the day
before embryo transfer. Pregnant females were allowed to deliver
and raise their pups until weaning age.

The single RyR1Q1970fsX16 and RyR1A4329D heterozygous
RYR1 mice were intercrossed to obtain RyR1Q1970fsX16+A4329D
compound heterozygous mice, which represented 20-25% of
the littermates, indicating a Mendelian transmission of each
mutant allele.

Genotyping RyR1Q1970fsX16+A4329D compound
heterozygous mice and real-time qPCR

PCR amplification of RYR1 exon 36 and exon 91 was performed
as previously described (24) on genomic DNA of WT and
RyR1Q1970fsX16RyR1Q1970fsX16+A4329D compound heterozy-
gous miceA4329D compound heterozygous mice using specif-
ically designed primers (Supplementary Material, Table S1).
GoTaq® DNA Polymerase (Promega, Wisconsin, USA) was used
in the amplification of the product. Briefly, the reactions were
performed using the following conditions: for exon 36 the PCR
was initiated with a 5 min hold at 95°C followed by 30 cycles of
95°C for 30 s, 59°C for 30 s and 72°C for 30 s and final extension
step at 72°C for 7 min. For exon 91 the PCR was initiated with a
10 min hold at 94°C followed by 35 cycles of 98°C for 10 s, 62°C for
30 s and 72°C for 90 s and final extension step at 72°C for 5 min.
The amplified DNA products were digested with Pvull (R0O151L
BioLabs, Zurich, Switzerland) for 1 h at 37°C, separated on a
7.5% polyacrylamide gel and stained with ethidium bromide
to visualize DNA bands. For qPCR, cDNA was prepared from
total RNA extracted from frozen hind limb muscles using
TRIzol® (Thermo Fisher Scientific, UK; 15596026) according to
the manufacturer’s instructions. DNA was removed using DNase
I (Invitrogen, Darmstadt, Germany; 18068-015) and 1000 ng RNA
were reverse-transcribed into ¢cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt,
Germany; 4368814). The cDNA was amplified by gPCR using
the primers listed in Supplementary Material, Table S1, and
transcript levels were quantified using Power SYBR® Green
reagent Master Mix (Applied Biosystems, Darmstadt, Germany;
4367659), using the Applied Biosystems, Darmstadt, Germany

7500 Fast Real-Time PCR System running 7500 software version
2.3. Transcript quantification was based on the comparative
AACt method. Each reaction was performed in duplicate and
results are expressed as relative gene expression normalized to
desmin (DES).

In vivo muscle strength assessment

Mice were individually housed in cages equipped with a running
wheel carrying a magnet as previously described (31). Wheel
revolutions were registered by reed sensors connected to an I-
7053D Digital-Input module (Spectra, Winterthur, Switzerland),
and the revolution counters were read by a standard laptop
computer via an [-7520 RS-485-to-RS-232 interface converter
(Spectra, Winterthur, Switzerland). Digitized signals were pro-
cessed by the ‘mouse running’ software developed at Santhera
Pharmaceuticals, Pratteln, Switzerland. Total running distance
(meter) and speed (Km/h) were evaluated.

In vitro muscle strength assessment

To test muscle force in vitro, (WT and RyR1Q1970fsX16+A4329D)
EDL and soleus muscles were dissected from 12 weeks old
mice and mounted onto a muscle force transducing set-up
(Heidelberg Scientific Instruments, Munich, Germany) as
previously described (31). Muscle force was digitized at 4 kHz
by using an AD Instrument converter and stimulated with 15V
pulses for 1.0 msec. EDL tetanus was recorded in response to a
train of pulses of 400 msec and 1100 msec duration delivered at
10/20/50/100/150 Hz and 10/20/50/100/120 Hz for EDL and Soleus,
respectively. Specific force was normalized to the muscle cross-
sectional area [CSA_wet weight (mg)/length (mm)_1.06 (density
mg/mm?3)].

Quantitative analyses by EM

Data were collected from 3-month-old WT (n=2 mice) and
RyR1Q1970fsX16+A4329D (n=2 mice) EDL muscles. In each
sample, 20 fibres were analyzed. In each fibre 2-3 micrographs
(all at the same magnification, 14 K, and of non-overlapping
regions) were randomly collected from longitudinal sections.
CRUs and mitochondria were marked and counted in each
micrograph. The number of CRUs/area, mitochondria/area
and mitochondria-CRUs pairs/area is reported as an average
number/100 pm? (25). In each EM image, we also determined
(i) the mitochondrial positioning with respect to the I and A
bands. If an individual mitochondrion extended from one I
band to another, it was counted in both; (ii) the number of
dyads i.e. incomplete triads expressed as percentages over the
total number of CRUs. Note that in RyR1Q1970fsX16+A4329D
compound heterozygous muscle fibers there was a consistent
percentage of fibers (~18%) presenting regions (cores) of
severe myofibrillar disorganization; the EM quantification was
performed only on the apparently normal regions.

Isolation of single fibers from EDL, FDB and soleus
muscles

Animals 6-7 weeks of age were killed by pentobarbital overdose
according to procedures approved by the local animal care
committee. Mouse hearts were exposed and washed with an
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injection of Tyrode’s normal mammalian Ringer buffer (137 mM
Nacl, 5.4 mM KCl, 0.5 mM MgCl,, 1.8 mM CaCly, 0.1% glucose,
11.8 mM HEPES, pH 7.4 NaOH), followed by an injection of
premix; 0.1% Collagenase type I (Clostridium hystoliticum
Type I, Sigma-Aldrich, Darmstadt, Germany), 0.08% Collagenase
type II (Clostridium hystoliticum Worthington biochemical
corporation) and 0.05% Elastase (porcine pancreas Worthington
biochemical corporation) diluted in Tyrode’s buffer. Following
the washing steps, EDL, FDB and soleus muscles were isolated
and digested with 0.2% of Collagenase type I (Clostridium
hystoliticum Type I, Sigma-Aldrich, Darmstadt, Germany) and
0.2% of Collagenase type II (Clostridium hystoliticum Type II,
Worthington, New Jersey, USA) in Tyrode’s buffer for 45 min at
37°C 5% CO, for FDB muscles, 50 min for EDL muscles and 55 min
for soleus muscles. The muscles were washed with Tyrode’s
buffer to block the collagenase activity and gently separated
from tendons using large to narrowest set of fire-polished
Pasteur pipettes. Fibers obtained by this procedure remained
excitable and contracted briskly when assayed experimentally.
Finally, fibers were placed either on 35 mm glass bottom dishes
(MatTek Corporation, Massachusetts, USA) for measurements of
the resting [Ca?*] or on ibiTreat 15 p-Slide 4 well cells in focus
(Tbidi, Munich, Germany), previously coated with 5 pl (1 mg/ml)
of laminin (Thermo Fisher Scientific, Massachusetts, USA) and
placed in the incubator for 1 h to settle down. The fibers were
then used for electrically evoked measurements of the Ca?*
transients and for immunohistochemistry.

Resting [Ca?"] measurements

Single EDL, FDB and soleus fibers were isolated from 5 to 7
mice and plated on a 35 mm glass bottom dishes (MatTek
Corporation, Massachusetts, USA) coated with 5 pl (1 mg/ml)
of laminin (Thermo Fisher Scientific, Massachusetts, USA).
The fibers were incubated for 20 min at 20°C in normal
mammalian Ringer’s buffer (137 mM NacCl, 5.4 mM KCI, 0.5 mM
MgCl,, 1.8 mM CaCl,, 0.1% glucose, 11.8 mM HEPES, pH 7.4
NaOH) containing 5 pM Fura-2, AM (Invitrogen, Sigma-Aldrich,
Darmstadt, Germany). The excess fura-2 was diluted out by the
addition of fresh Ringer’s solution, and measurements of the
resting [Ca%*] were carried out as previously described (32), using
an inverted Zeiss Axiovert fluorescent microscope. Only those
fibers that contracted when an electrical stimulus was applied
were used for the [Ca?"] measurements.

Electrically evoked Ca?* transients

Single EDL, FDB and soleus fibers were incubated for 10 min
at 19°C in Ringer’s solution containing 10 pM low affinity
calcium indicator Mag-Fluo-4 AM (Thermo Fisher Scientific,
Massachusetts, USA) and 50 pM N-benzyl-p-toluene sulfon-
amide (BTS, Tocris, Zug, Switzerland). Fibers were rinsed twice
with fresh Tyrode’s solution, and measurements were carried
out in Tyrode’s solution containing 50 pM BTS. Measurements
were carried out with a Nikon, Amsterdam, The Netherlands,
Eclipse inverted fluorescent microscope equipped with a 20x
PH1 DL magnification objective. The light signals from a spot of
1 mm diameter of the magnified image of FDB, EDL and soleus
fibers were converted into electrical signals by a photomultiplier
connected to a Nikon, Amsterdam, The Netherlands, Photometer
P101 amplifier. Fluorescent signals were acquired using a
custom-designed software (RCS AUTOLAB) and analyzed by Pow-
erLab Chart5 and Origin.6 programs. Changes in fluorescence
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were calculated as AF/Fo= (Fmax- Frest)/(Frest). Kinetic parameters
were analyzed using Chart5 software. Fibers were excited at
480 nm and then stimulated either with a single pulse of 50 V
with a duration of 1 msec or with a train of pulses of 50 V with
a duration of 300 msec delivered at 100 Hz. Fibers were isolated
from 3 to 5 mice.

Immunostaining

Single fibers from EDL, FDB and Soleus muscles were isolated
from 6 to 7 weeks old WT and RyR1Q1970fsX16+A4329D
compound heterozygous mice. The fibers were fixed in 4%
paraformaldehyde for 30 min at room temperature, followed
by free aldehyde group quenching with 0.1 M glycine for 10 min
at room temperature. The fibers were then permeabilized with
1% Triton X-100 in PBS for 30 min at 37°C and non-specific
binding sites were blocked with 1% blocking buffer (Roche,
Mannheim, Germany catalogue N°11500694001) in PBS for 1 h
at room temperature. After washing the fibers were incubated
with the primary antibodies, RyR1 (Cell Signaling, Leiden,
The Netherlands) (1:50) and Cay1.1 (Developmental Studies
Hybridoma Bank, Iowa, USA) (1:5), overnight at 4°C. Fibers
were then incubated for 60 min at room temperature with the
appropriate Alexa Fluor conjugated secondary antibody (chicken
anti-rabbit and donkey anti-mouse conjugated Alexa-Fluor 488
and Alexa-Fluor 568, respectively; Thermo Fisher Scientific, Mas-
sachusetts, USA). Nuclei were counterstained with 4/,6-diamino-
2-phanylindole (Thermo Fisher Scientific, Massachusetts,
USA). Fibers were observed with a Nikon Alplus, Amsterdam,
The Netherlands confocal microscope equipped with Nikon
Plan Apo, Amsterdam, The Netherlands 60x oil objective (NA
1.4) and with Coherent® Sapphire lasers (488 and 561 nm) and
an MPBC®CW Visible Fiber laser (647 nm) controlled by Nikon®,
Amsterdam, The Netherlands, NIS-Elements Confocal software
(version 4.6).

Histological examination

EDL and soleus muscles from RyR1Q1970fsX16+A4329D and WT
mice were isolated and mounted for fluorescence microscopy
imaging. Changes in muscle fiber type and calculation of the
minimal Feret diameter, the closest possible distance between
the two parallel tangents of an object, were determined as
described (33). Images were obtained using an Olympus, Tokyo,
Japan, IX series microscope and analyzed using the CellP
software.

Biochemical analysis of total muscle homogenates

Total muscle homogenates were prepared from EDL and
soleus muscles of WT and RyR1Q1970fsX16+A4329D compound
heterozygous mice. Sodium dodecyl sulfate-polyacrylamide
electrophoresis and western blots of total homogenates
were carried out as previously described (20,32). Western
blots were stained with the primary antibodies listed in
Supplementary Material, Table S2, followed by peroxidase-
conjugated Protein G (Sigma-Aldrich, Darmstadt, Germany,
P8170; 1:130'000) or peroxidase-conjugated anti-mouse IgG
(Fab Specific) Ab (Sigma-Aldrich, Darmstadt, Germany, A2304;
1:200'000). The immuno-positive bands were visualized by
chemiluminescence using the WesternBright ECL HRP
Substrate (Witec AG, Sursee, Switzerland). Densitometry of the
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immune-positive bands was carried out using the Fusion Solo
S (Witec AG, Sursee, Switzerland). A representative immunoblot
of each antibody on total muscle homogenates from WT mice is
shown in Supplementary Material, Fig. S2.

Single-channel recordings

Mouse skeletal membrane fractions were prepared as described
previously (34) from WT and RyR1Q1970fsX16+A4329D com-
pound heterozygous mice aged 8-12 weeks. RyR1 channels were
incorporated into planar phosphatidylethanolamine lipid bilay-
ers as previously described (35) and current fluctuations through
RyR1 channels were recorded under voltage clamp conditions
with 250 mM HEPES, 80 mM Tris, 5 uM free Ca?*, pH 7.2 and
250 mM glutamic acid, 10 mM HEPES, pH to 7.2 with Ca(OH),
(free [Ca?*] ~50 mM) on the trans (luminal) side of the bilayer
at 21°C. The trans chamber was voltage-clamped at ground. The
free [Ca?*] and pH of the solutions were maintained constant
during the experiment and were determined using a Ca?* elec-
trode (Orion 93-20, Thermo Fisher Scientific) and a Ross-type pH
electrode (Orion 81-55, Thermo Fisher Scientific, Massachusetts,
USA) as previously described [28]. Free cytosolic Ca?* levels were
increased by additions of CaCl,.

Single-channel analysis

Single-channel recordings were digitized at 20 kHz and low-pass
filtered at 800 Hz. Open probability (Po) was determined over
3 min of continuous recording at 0 mV using 50% threshold
analysis (36) in Clampfit 10.6 (Molecular Devices, USA) as pre-
viously described (37). Where Po values are shown in figures,
the Po above each trace refers to the value determined over
3 min for that particular channel. Where more than one channel
incorporated into the bilayer, Po is reported as an average (total
Po divided by number of channels).

Statistical analysis

Statistical analysis was performed using the Student’s unpaired
t-test for normally distributed values and the Mann-Whitney
U test when values were not normally distributed. P < 0.05 was
considered significant. For the single-channel recordings a two-
way analysis of variance (ANOVA) with a within-subjects factor
([Ca?*]) and between-subjects factor (genotype) was performed.
We first checked for statistical significance for the interaction of
the two independent variables ([Ca?*] and genotype) and then
for main effects for each of the two independent variables. The
interaction between [Ca?t] and genotype was found to be sta-
tistically significant (P =0.011). There were also significant main
effects of [Ca?*] (P=0.007) and genotype (P < 0.0001). Performing
multiple comparisons tests with Sidak’s correction showed that
there was also a statistically significant difference between the
response of WT and RyR1Q1970fsX16+A4329D compound het-
erozygous mice at 100 pM Ca?* (P <0.0001).

Supplementary Material

Supplementary Material is available at HMG online.
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