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Mutations in the BINI (Bridging Interactor 1) gene, encod-
ing the membrane remodeling protein amphiphysin 2, cause
centronuclear myopathy (CNM) associated with severe mus-
cle weakness and myofiber disorganization and hypotrophy.
There is no available therapy, and the validation of therapeu-
tic proof of concept is impaired by the lack of a faithful and
easy-to-handle mammalian model. Here, we generated and
characterized the BinI™*~~ mouse through Binl knockout
in skeletal muscle. BinI™* /'~ mice were viable, unlike the
constitutive Binl knockout, and displayed decreased muscle
force and most histological hallmarks of CNM, including
myofiber hypotrophy and intracellular disorganization.
Notably, Bin1™*~/~ myofibers presented strong defects in
mitochondria and T-tubule networks associated with
deficient calcium homeostasis and excitation-contraction
coupling at the triads, potentially representing the main
pathomechanisms. Systemic injection of antisense oligonu-
cleotides (ASOs) targeting Dnm2 (Dynamin 2), which codes
for dynamin 2, a BIN1 binding partner regulating membrane
fission and mutated in other forms of CNM, improved mus-
cle force and normalized the histological Bin1™* '~ pheno-
types within 5 weeks. Overall, we generated a faithful
mammalian model for CNM linked to BINI defects and vali-
dated Dnm2 ASOs as a first translatable approach to effi-
ciently treat BINI-CNM.

INTRODUCTION

A plethora of muscle diseases impair different steps of muscle forma-
tion or maintenance. Centronuclear myopathies (CNMs) are rare ge-
netic diseases associated with a severe generalized muscle weakness
associated with myofiber hypotrophy and premature death.”* The
name reflects the typical intracellular disorganization of myofibers
with organelle mis-positioning, including the centralization of nuclei
that are normally present at the periphery of muscle fibers.” In addi-
tion, myofibers are smaller, rounder, or heterogeneous in size. Despite
the significant impact on morbidity and mortality, to date there is no
specific therapy available for CNM patients.
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CNMs can be due to mutations in MTM1, DNM2, BIN1, or SPEG
genes, while mutations in additional genes, such as RYR1, TTN, CAC-
NA1IS, ZAK, and PYROXDI, combine CNM features with other his-
tological defects.””” Of note, several of these gene products directly
regulate excitation-contraction coupling at the skeletal muscle triad
(RYR1, CACNAI1S/Ca,1.1) or membrane remodeling (BINI,
DNM2), leading to the hypothesis that defects in triad structure
and function form a common disease cause.®

BINI encodes amphiphysin 2, a protein sensing and controlling
membrane curvature through its N-BAR (N-amphipathic Bin/Am-
phiphysin/Rvs) domain and recruiting through its SH3 (Src Homol-
ogy) domain effectors like dynamins (DNM1 and DNM2), which
tubulate and potentially fission membranes.”'® While BINI is not
the most frequent gene mutated in CNM, it is mutated in both domi-
'L12 Moreover, a founder mutation leads to
a potentially high prevalence in the Roma population (also known as
Gypsies), which is the most numerous ethnic minority in Europe,
with an estimated population of 11 million.'* BIN1 mutations either
modify the N-BAR domain, leading to decreased membrane tubula-
tion, or truncate or extend the SH3 domain, altering the binding to
DNM2.'»™

nant and recessive forms.

Regarding the understanding and treatment of BIN1-CNM, the two
main bottlenecks are the absence of a faithful and easy-to-handle
mammalian model and the lack of therapeutic proof of concept
necessary to trigger clinical development.

A Drosophila mutant for Amph, the BIN1 ortholog, is flightless, with
severe structural defects of the triads, the structural basis of
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excitation-contraction coupling formed by a T-tubule contacting 2
terminal cisternae of sarcoplasmic reticulum (SR)."> Downregulation
of binl with antisense morpholino in zebrafish led to myofiber disor-
ganization with centralized nuclei and structural and functional de-
fects of the triads.'® A spontaneous dog model was found with a splice
mutation of the muscle-specific exon 11 of BINI and muscle atrophy,
myofibers with centralized nuclei, and radial organization of the SR."”
In mice, constitutive Binl knockout presented embryonic or perinatal
lethality, probably due to feeding defects.'"™'® Similarly, a lethal
phenotype was reproduced in a skeletal-muscle-specific knockout us-
ing the Cre recombinase under the control of the human skeletal actin
(HSA) promoter.'®** Conversely, knockout of the muscle-specific
exon 11 led to viable mice that did not display CNM phenotypes.*’
Acute reduction of Binl with short hairpin RNA (shRNA) in adult
mice, however, showed disruption of the triad structure linked to
alterations of intracellular Ca®* release.”’

Some potential therapies for CNMs have been proposed.”> Moreover,
downregulation of Dnm2 with antisense oligonucleotides (ASOs) was
shown to efficiently ameliorate the skeletal muscle phenotype in
MTM1- and DNM2-CNM mouse models,”>** an approach that is
currently in clinical trials (NCT04033159). However, it was never
tested for BIN1-CNM due to lack of a faithful viable mouse model,
albeit genetic crosses recently suggested that decreasing Dnm2 pre-
vents the neonatal death of Binl knockout mice.'®

Here, we generated and characterized a viable Binl knockout mouse
faithfully reproducing most motor, histological, and structural
hallmarks of CNMs and validated Dnm2 ASOs as a first translatable
approach to efficiently cure this model.

RESULTS

Generation of a viable muscle-specific Bin1 knockout mouse
with decreased muscle force

To generate a viable mouse model without Binl expression in muscle,
we crossed mice floxed for Binl exon 20 (Bin¥*) with Binl hetero-
zygous mice (Bin1™**'~) expressing the Cre recombinase under the
control of the muscle creatine kinase promoter (MCK-Cre), which ex-
presses from 17 days post-coitum (dpc) (Figure 1A). In comparison,
the HSA promoter used to obtain perinatal lethal mice expresses from
9 dpc.'*?° Bin1~/"MCK-Cre (Binl mk=/=) mice were generated with
normal Mendelian ratio and were viable to at least 12 months of age
(Figures 1B and 1C), the maximum age analyzed in this study. Quan-
titative RT-PCR (qRT-PCR) confirmed the absence of BinI mRNA

1"k~/~ tibialis anterior (TA) muscle, and western blot
lmckf/f

levels in Bin
revealed the absence of BIN1 from Bin animals at 8 weeks

of age (Figures 1D and 1E).

Bin1™*~'~ mice did not present differences in body or muscle weight
at 8 weeks, while body weight was reduced at 4 months and
12 months, and TA weight ratio was reduced at 4 months only (Fig-
ures 1F and S1). Hanging capability until 8 weeks of age, endurance
and fatigue in treadmill at 4 months, and performances in the string
test and rotarod test at 6-7 weeks of age were comparable between

Bin" and Bin1™*~/~ animals, suggesting normal locomotor coordi-
nation (Figures S2A-S2E). For phenotypical and histological studies,
we used TA, as this muscle is commonly affected in other CNM
232526 We quantified the TA muscle force in situ
following sciatic nerve stimulation. At 8 weeks of age and at 4 months,
Bin1™*~/~ developed reduced maximal and specific force compared
to controls. While Bin1/"/ mice at 8 weeks of age reached an average
specific force of 18 mN/mg, Bin1™* '~ mice only produced a specific
force of 10.6 mN/mg, a 41% reduction (Figures 1G and S2F). Analysis
at different stimulation frequencies revealed a clear reduction at
several frequencies tested in 8-week- and 4-month-old animals (Fig-
ures 1H and S2G-S2J). Therefore, the absence of BIN1 did not have a
significant impact on the overall locomotor abilities, while it clearly
affected the muscle force at 8 weeks and 4 months of age.

mouse models.

Bin1™°*~"~ mice develop most of the histological hallmarks of
CNM

We further assessed the presence of CNM features at the histopatho-
logical level. Staining of Bin1™*~/~ TA sections revealed the presence
of darker hematoxylin and eosin (H&E) staining in the center of the
fibers that were enriched in mitochondrial oxidative activity, as indi-
cated in succinate dehydrogenase (SDH) and nicotinamide adenine
dinucleotide dehydrogenase (NADH) staining, while Gomori stain-
ing remained normal at 8 weeks (Figures 2A and S3A). Similar defects
in H&E and SDH staining were observed in 4 month and 12 month
TA from Binl”* " mice (Figures S3B-S3G). The gastrocnemius
presented with similar histological defects as observed in the TA,
while heart histology did not reveal any obvious defect at 8 weeks
of age (Figure S4A). Heterozygous knockout animals (Binl™**'™)
did not present any histological defect in TA, showing total reduction
of Binl is required to generate the histological phenotype and con-
firming this is a model for recessive BIN1-CNM (Figure S4B).
BinI™*~/~ TA presented smaller fibers and a strong reduction in
the number of large fibers when compared to Bin¥"/ controls at
8 weeks, 4 months, and 12 months of age (Figures 2B, 2C, S3D,
and S3E). Bin1™*~/~ mice also presented a slight but significant in-
crease in the percentage of fibers with high circularity at 8 weeks of
age (Figure 2D). The decrease in large fibers at 8 weeks of age was
in line with the reduction of fast-twitch IIb fibers and the slight but
not significant increase in type I fibers (Figure $4C). Bin1™*~/~ did
not present increased nuclear centralization at 8 weeks of age, but
the rate of TA fibers with internalized nuclei increased in 4-month-
and particularly in 12-month-old BinI™*~/~ mice (Figures 2E,
S3B, and S3F). Of note, the Dnm2XV"* mouse mimicking the most
common R465W mutation found in DNM2-CNM also displays
CNM hallmarks but has normal nuclei positioning at 8 weeks.”” Alto-
gether, Bin1™*~/~ mice display muscle weakness and most of the his-
tological hallmarks of CNM, highlighting the relevance of Binl™*—/~
mice as a model for BINI-CNM.

Bin1™°*"~ myofibers display mitochondria disorganization

To better characterize the pathomechanism linked to the defects in
muscle force and histology in Bin1"*—/~ mice, we performed elec-
tron microscopy on TA muscles and found a general intracellular
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Figure 1. Muscle-specific Bin1™*~~ mice are viable with impaired TA muscle force

(A) Homozygous Bin1 mek~/~ mice were generated by crossing Bin1 1 with heterozygous floxed Bin1 mice expressing the Cre recombinase under the control of the muscle
creatine kinase promoter (MCK-Cre). The represented situation refers to skeletal muscle. (B) Genotype proportion obtained 10 days after birth; expected ratio is 50/50. (C)
Bin1""and Bin 1™~ mice at 8 weeks of age. (D) Bin7 mRNA pan-isoform relative levels in TAfrom Bin1™" and Bin 1™/~ mice at 8 weeks of age (n = 4; Student’s t test with
Welch’s correction). (E) Western blot with TA muscle protein extracts probed with anti-BIN1 pan-isoform antibody. BINT is not detected in Bin 1™~ muscle. (F) Body weight
evolution of Bin1"" and Bin1™*~/~ mice (n = 8-9; two-way ANOVA and Bonferroni post hoc test). (@) Specific muscle force produced by TA of Bin1"" and Bin1™~/~ at
8 weeks of age (n = 8-9; Student’s t test). Bin1™*~/~ mice produce 41% less specific force than Bin1™" controls. (H) Specific force produced by Bin1"" and Bin1m~~ TA
when stimulated at different frequencies (n = 8-9; two-way ANOVA with Bonferroni’s post hoc test). Graphs represent mean + SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01.

disorganization with altered sarcomere width and spacing (Fig-
ure 3A). Nuclei position and shape were normal. Local accumulations
of mitochondria were observed, together with increased levels of pro-
hibitin protein, an inner mitochondrial membrane protein that also
presented a central and sub-sarcolemma accumulation pattern in
Binl”*'~ mice (Figures 3B, 3C, and S5A). To determine the cause
of mitochondrial accumulation, mitochondrial biogenesis and
removal were assessed. mRNA levels from the mitochondrial biogen-
esis master regulator Ppargcla were comparable between Bin1™*~/~
and Bin " mice (Figure 3D). In Bin1"*~'~ muscles, electron micro-
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scopy revealed autophagosomes in regions where mitochondria accu-
mulated, and LC3 immunofluorescence showed increased accumula-
tion of LC3-positive dots (Figure 3E). In line with this, the protein
expression level of P62 and lipidated LC3 were slightly, albeit not
significantly, increased in BinI™* '~ mice, while their gene expres-
sion in Bin1™*~/~ TA muscle was mostly comparable to Bin ™" lit-
termates (Figures 3F, 3G, S5B, and S5C), suggesting mild defects in
mitochondrial positioning consistent with mitochondria accumula-
tion. Therefore, the muscle weakness observed in Bin1”*~/~ muscles
may arise in part from sarcomere and mitochondria disorganization.
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Figure 2. Bin1™*~"~ mice develop most of the histopathological hallmarks of CNM in TA

(A) Representative H&E and SDH images of TA from Bin1"" and Bin1™°*~'~ mice at 8 weeks of age. Bin

1m°k~/= muscle sections present SDH accumulations in the center of

fibers (arrows; n = 3). Scale bar, 50 um. (B) MinFeret perimeter distribution of TA fibers (n = 4-5). (C) The percentage of large fibers with MinFeret diameter higher than 40 um is

reduced in Bin1™*~/~ compared to Bin1""

controls (n = 4-5; Student’s t test). (D) Myofiber circularity distribution in TA; a value of O corresponds to a line and a value of 1 to a

circle (n = 4-5). Bin1™*~/~ fibers are rounder. (E) Percentage of fibers with internalized nuclei reveals no difference between Bin1™**~'~ and Bin1"" muscles (n = 4-5;

Student’s t test). Graphs represent mean + SEM. **p < 0.01.

Bin1™°*~'~ myofibers present abnormal T-tubules and deficient
excitation-contraction coupling

BIN1 is a key player in the biogenesis of T-tubule in skeletal mus-
cle.'™"® To better understand the decreased muscle force observed
in Binl"*/~ mice, T-tubules were imaged and excitation-contrac-
tion coupling assessed in isolated muscle fibers from interosseus and
flexor digitorum brevis (FDB), muscles from which intact isolated
fibers can be easily obtained. While Bin1™* '~ FDB histology is
similar to Bin " littermates at 8 weeks of age (Figures S6A and
S6B), di-8-anneps staining of plasma membrane invaginations re-
vealed an altered network and a decreased density of T-tubules in
isolated Bin1™*'~ fibers (Figures 4A and 4B). The Ca* current
through the T-tubule Cay1.1 Ca** channel/voltage sensor and the
release of SR Ca®" through RYRI channels were simultaneously de-
tected in isolated fibers under voltage-clamp conditions (Figures
4C-4H). The Cayl.1 current density was smaller in the Bin1™*’
~ fiber, accompanied by an increased residual leak component
visible in response to the lowest-amplitude pulses (Figure 4C).
Mean values for the voltage dependence of the peak current in
the two groups are reported in Figure 4D. In each fiber, the voltage
dependence was fitted by the standard equation plus a linear out-
ward component. Mean values from the fits revealed that the
maximum conductance of the Cayl.l channel population in the
BinI™*~~ fibers was reduced by ~30% compared to the mean
value in Bin" fibers (Figure 4E), while corresponding mean values
for the apparent reversal potential (Figure 4E), and for the half-acti-
vation voltage and steepness factor, did not statistically differ be-
tween the two groups (Figure S6C). The effect on the conductance

was paralleled by a slight, though not significant, increase in the re-
sidual outward leak current (slope) in the BinI"*~'~ fibers (Fig-
ure 4E), indicating that besides affecting Cay1.1 channels, another
conductance component of the plasma membrane may be affected.
Rhod-2 Ca®" transients from Bin1™*~/~ fibers exhibited a reduced
peak amplitude compared to Bin1 fibers (Figure 4F). The rate of
SR Ca”" release calculated from the rhod-2 transients indicated that
the mean value for maximum rate was reduced by almost 60% (Fig-
ures 4G and 4H) in the Bin1™*~'~ fibers, while values for the mid-
activation voltage and steepness factor were unaffected (Figure S6D).
Overall, myofibers lacking BIN1 have an abnormal T-tubule
network and a strong defect in excitation-contraction coupling,
correlating with decreased muscle force.

Dnm2 downregulation improves the force production of
Bin1™%*~"~ mice

Our previous studies suggested BIN1 is a negative regulator of DNM2
in muscle, as decreasing Dnm2 through genetic cross prevented the
neonatal death of Binl™/~ mice."® We took advantage of the
BinI™*~/~ mice as a viable and faithful BIN1-CNM model to test a
therapeutic approach by injecting ASOs targeting Dnm2. We selected
a dose of 25 mg/kg that was previously validated as the safest and
most efficient dose in other CNM mouse models.”***>*° Bin1™*~/~
muscles presented a slight increase in DNM2 protein and RNA levels
(Figures 5A, 5B, and S7A). Dnm2 ASO treatment clearly reduced
Dnm2 mRNA and protein levels in both ASO-treated Bin?"" and
Bin1™*~~ mice (Figures 5B, 5C, and S7B). While the muscle force
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Figure 3. Bin1™°*'~ mice present myofibril disorganization and mitochondria accumulation in TA

(A) Electron microscopy images from Bin1™"

and Bin1™~/~ at 8 weeks of age reveal overall myofibril disorganization with higher inter-myofibril spaces (left), while

nuclear shape and position remain normal in Bin1™*~~ mice (right) (N = 2). Scale bar, 1 pm. (B) Mitochondria accumulations in Bin1"%~'~ muscle observed by
electron microscopy (left) and revealed with prohibitin staining (right) (N = 2). Scale bar, 1 um for electron microscopy and 10 um for confocal microscopy. (C)
Quantification of prohibitin protein expression (n = 3; Student’s t test). (D) Ppargc7a mRNA relative levels (n = 6; Student’s t test). (E) Regions with mitochondria
accumulation (arrow) in Bin1™*~/~ muscle present autophagosomes (arrowhead; left), and immunofluorescence labeling reveals increased number of autophagic
LC8-positive clusters (right) (n = 2). (F and G) P62 and lipidated LC3 (Il) protein levels (n = 4; Student’s t test for P62 and Student’s t test with Welch'’s correction for

lipidated LC3). Graphs represent mean + SEM. **p < 0.01.

of PBS-treated Bin1™*~/~ mice was significantly different from that
of PBS-treated Bin /" mice, Dnm2 downregulation slightly increased
the muscle force of ASO-treated Bin1™* '~ mice to a level not signif-
icantly different from the ASO-treated Bin """ controls (Figures 5D
and S8A). At low stimulation frequencies (1, 25, and 50 Hz), the
force produced by ASO-treated Bin1™*~~ mice was comparable to
the ASO-treated BinF™" controls and significantly increased
compared to PBS-treated Binl mek=/~ mice (Figure 5E). Overall,

872 Molecular Therapy Vol. 30 No 2 February 2022

Dnm2 downregulation increases the force production of ASO-treated
Bin1™*~~ mice.

Dnm2 downregulation improves the CNM histological hallmarks
of Bin1™*~"~ mice

As Dnm2 downregulation increased muscle force production of
Bin1™*~~ muscle, we then assessed rescue at the histopathological
level. The Dnm2 ASO treatment fully normalized the central
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Figure 4. Deficient voltage-dependent Ca?*
signaling in muscle fibers isolated from Bin1™m%~/~
mouse FDB

(A) Representative confocal images of the T-tubule
network in muscle fibers from Bin1"" and Bin1™*~/~ mice
at 8 weeks of age. Scale bar, 10 um. (B) Mean values for the
T-tubule network density index in the two groups (n = 3
mice per genotype, 9-13 fibers analyzed per mouse;
Student’s t test). (C) Examples of Cay1.1 Ca®* current
records from muscle fibers from a Bin 7" mouse (left) and
from a Bin1™~/~ mouse (right) in response to 0.5-s-long
depolarizing pulses to the range of indicated values
(voltage increment between —40 and +50 is 10 mV). (D)
Mean values for the peak Ca®* current versus voltage in the
two groups. The voltage dependence of the peak Ca®*
current in each fiber was fitted as described in Materials
and methods (n= 3 mice per genotype, 5-6 fibers analyzed
per mouse; Student’s t test). (E) Mean values, from fitting
the voltage dependence of the peak Ca®* current, for the
maximum conductance (Gnax), reversal voltage (Vie,), and
additional linear conductance (slope). Mean values for Ve,
and for the two other fitted parameters (half-activation
voltage and steepness factor) did not statistically differ
between the two groups (n = 3 mice per genotype, 5-6
fibers analyzed per mouse; Student’s t test). (F) Repre-
sentative line-averaged rhod-2 Ca?* transients from a
Bin1™" and from a Bin1™°*~/~ muscle fiber, in response to
the indicated voltage pulse protocol (same as in D). From
these records, the rate of SR Ca®* release was calculated
(dCaTot/dt, see Materials and methods). (G) Mean values
for the peak rate of SR Ca?* release versus voltage in the
two groups (n = 3 mice per genotype, 5-6 fibers analyzed
per mouse; Student’s t test). (H) Mean values for the
maximum rate of SR Ca®* release obtained by fitting the
voltage dependence of peak rate in each fiber with a
Boltzmann function. Mean values for the two other fitted
parameters (mid-activation voltage and steepness factor)
did not statistically differ between the two groups. Data are
from the same groups of fibers as in (E) (n = 3 mice per
genotype, 5-6 fibers analyzed per mouse; Student’s t test).

accumulations of mitochondrial oxidative activity observed in H&E,
SDH, and NADH staining of Bin1™*~/~ muscle sections, further
confirmed by mitochondrial TOMM20 immunofluorescence (Fig-
ures 6A, 6B, and S8B-S8D) Moreover, desmin, an essential regulator
of myofibril integrity, with aberrant localization in MTM1-CNM pa-
tients and mice,”>*’ is mislocalized in the center of PBS-treated
Bin1™*~'~ fibers, and its localization is fully restored in ASO-treated
BinI™*~'~ mice (Figures S8C and S8D). While myofibers from the
PBS-treated Bin1"*~/~ mice were smaller compared to Bin " con-
trols, Dnm2 ASO treatment normalized fiber size distribution and the
percentage of large fibers (Figures 6C-6E). Correlating with the effect
on large fibers, a slight but not significant decrease in Myh7 mRNA
levels (specific for type I fiber) and increase of Myh4 mRNA levels
(type IIb fiber) were noted in ASO-treated BinI”*~~ muscles
compared to PBS-treated Bin1™* /" muscles (Figure SSE). Alto-
gether, Dnm2 downregulation improved both motor function and

Graphs represent mean + SEM. **p < 0.01; *p < 0.05.

the CNM histological hallmarks of Binl™*~/~ mice, highlighting
Dnm2 ASO treatment as an efficient injectable therapeutic approach
to treat recessive BIN1-CNM.

DISCUSSION

In this study, we generated and characterized the Bin mouse
as a first viable mammalian model reproducing most signs of BIN1-
CNM. It provided a unique opportunity to test a potential treat-
ment. Dynamin 2 is a binding partner of BINI and also mutated
in CNMs. Injection of ASOs targeting Dnm2 led to about 50%
reduction in dynamin 2 compared to PBS-treated mice of the
same genotype and to the improvement of motor and histopatho-
logical phenotypes of the Bin1™*~~ mice. In these experiments,
dynamin 2 levels in both ASO-treated genotypes are below the base-
line of PBS-treated Binl mice. These results provide novel

lmckf/f
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Figure 5. Dnm2 downregulation ameliorates the TA muscle force of Bin1™*~~ mice

(A) DNM2 protein expression in TA at 8 weeks of age (n = 4; Student’s t test with Welch'’s correction). (B) Dnm2 mRNA levels in TA at 8 weeks of age by gRT-PCR for pan-
isoforms (n = 4; two-way ANOVA with Bonferroni’s post hoc test). (C) DNM2 protein expression in TA at 8 weeks (n = 4-7; two-way ANOVA with Bonferroni’s post hoc test).
(D) Maximal specific force produced by Bin7™" and Bin1™%~~ TA. Only muscle force produced by PBS-treated Bin 1™/~ muscles shows a significant decrease compared
to Bin1™ controls (n = 4-6; Kruskal-Wallis with Dunn’s post hoc test). (E) Specific force produced when stimulated at increasing frequencies (n = 4-6; one-way ANOVA with
Tukey’s post hoc test for 1, 25, and 50 Hz frequencies and Kruskal-Wallis with Dunn’s post hoc test for 100 and 125 Hz frequencies). *Between Bin1"" PBS and Bin 1™/~
PBS. PBetween Bin 1™/~ PBS and Bin1™°*~/~ ASO. Graphs in A-C show mean + SEM, and graphs in D-E shows median + interquartile range. **p < 0.01; *p < 0.05; Bpp <

0.01. We found no statistical difference between Bin17°~/~ ASO and Bin™" ASO.

insights in the role of BIN1 in skeletal muscle and validate a ther-
apeutic proof of concept.

Bin1™*~'~ mice represent a faithful model for autosomal recessive
BIN1-CNM, with a clear decrease in muscle force, and most histolog-
ical hallmarks, such as smaller and rounder myofibers with typical
central accumulation of oxidative activity and a general intracellular
disorganization. Alteration of the T-tubule network and the strong
defect in excitation-contraction coupling most probably explain the
decreased muscle force. However, such defects appear compatible
with a conserved locomotor activity and survival into adulthood. In
contrast to the neonatal lethality observed when Binl was deleted
using Cre recombinase under the control of CMV (cytomegalovirus)
or HSA promoters,ls’w’zo Binl"*/~
display a disease onset similar to patients, making this model suitable
for the establishment of treatment protocols.

mice are viable and fertile and

BIN1-CNM patients present high rates of fibers with centralized

nuclei, while BinI™*~~ mice only display increased nuclear

internalization at 12 months of age and not at 8 weeks,'” suggesting

progressive deterioration of muscle morphology in Binl™* ™/~
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mice. Similarly, in the mouse models for DNM2-CNM,”**’ the
abnormal nuclei centralization seen in patients is not reproduced.
Indeed, centronucleation might be an easier-to-see manifestation of
the same problem that causes mislocalization of other organelles in
these disorders. Furthermore, the percentage of centralized nuclei
in CNM patients is highly variable and does not correlate with disease
severity.”” A few studies linked centronucleation to muscle pathol-
ogy.”! However, centronucleation during muscle regeneration does
not lead to CNM, and muscle weakness is not often associated with
central nuclei (e.g., nemaline myopathy). Therefore, the strong exci-
tation-contraction coupling defects observed in Bin1™*~/~
sufficient to cause the myopathy. Yet, several lines of evidence support
the direct role of BIN1 in nuclei positioning. In particular, BIN1
controls nuclei and triad position with N-WASP in myofibers differ-
entiated in vitro.”> Moreover, BIN1 links the nuclear envelope protein
nesprin to both actin and microtubule cytoskeleton to locate nuclei in
C. elegans seam cells.” Altogether it suggests that BIN1 and DNM2
may be less important for nuclei position in mice than in humans.
Conversely, BIN1 loss strongly alters mitochondria positioning in
muscle, leading to accumulation of mitochondria in the center of my-
ofibers, as typically seen in patients.’

muscles is
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Figure 6. Dnm2 downregulation rescues the TA CNM histopathological hallmarks of Bin1™°*~ mice

(A and B) Representative H&E and SDH images of TA from PBS and ASO-treated Bin7™" and Bin 1™/~ mice at 8 weeks of age (n

= 4-6). Scale bar, 50 pm. ASO-treated

Bin1™%~/~ mice do not present the central SDH accumulations seen in PBS-treated Bin1"*~/~ mice (arrows). (C) MinFeret perimeter distribution of TA fibers from PBS- and
ASO-treated Bin1"" and Bin1™°*~/~ mice (n = 4-5). (D) Myofiber circularity from ASO-treated Bin 1"~ and Bin1™°<~/~ TA; avalue of O correspond to a line and a value of 1to a
circle (n = 4-5). (E) Percentage of fibers with MinFeret diameter higher than 40 um are comparable in PBS- and ASO-treated Bin 7™ and Bin1™*~'~ mice (n = 4-7; one-way
ANOVA with Tukey’s post hoc test). Graphs represent mean + SEM. **p < 0.01; *p < 0.05.

T-tubules start forming at around 14 dpc in the mouse embryo and
reach their final orientation soon after birth.** Deleting Binl with
the HSA promoter expressing from 9 dpc led to perinatal death,'®
while using the MCK promoter expressing from 17 dpc is compatible
with survival into adulthood. In addition, both the intramuscular in-
jection of shRNA or U7 small nuclear RNA targeting Binl expression
or splicing, respectively, in adult mice led to structural T-tubule defects
and alteration of intracellular Ca®" release.”’*> Altogether, it suggests
BINT1 is a major protein for T-tubule biogenesis, as proposed in differ-
entiating muscle cells and in cardiac muscle.'™***” BIN1 also has an
important role in T-tubule maintenance in adults. Of note, decreasing

DNM2 by about 50% in Binl '~ mice through a genetic cross led to
normal T-tubule and intracellular myofiber structure.'® Similarly, as
shown here, decreasing DNM2 by about 50% in Binl™* '~ mice
with ASOs led to normal oxidative staining, fiber size, and morphology
and increased muscle force. Hence, it is still unknown how T-tubules
can form and/or maintain without BIN1. Either the BIN1-DNM2
balance is the major regulator, or DNM2 alone or with another BAR
protein could control T-tubule biogenesis and maintenance.

Here, amelioration in all of the phenotypes tested correlates with the
decrease of DNM2 protein levels. Decreasing DNM2 in a time window
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from 3 to 8 weeks partially improved muscle force defects while fully
rescuing organelle mispositioning of Bin1™* '~
treatment period corresponds to the childhood-to-early-adulthood
transition, when most BIN1-CNM patients are affected. It supports
that DNM2 may be overactive in muscle lacking BIN1 and more gener-
ally that BAR-domain proteins could be negative regulators of dyna-
mins, as shown before for dynamin 1 and endophilin.”® BIN1 and
DNM2 form a complex, and the absence of BIN1 in Bin1™*/~
mice could result in an increase in DNM2 protein levels.'* In this
line, DNM2 reduction via ASOs may represent a first translational
approach to treat CNM related to BINI mutations. The existence of
atleast one founder BINI mutation in the Roma/Gypsy ethnic minority
should foster further pre-clinical development. Of note, as we previ-
ously showed that DNM2 downregulation rescues mouse models for
myotubular myopathy (MTM1-CNM) and dominant DNM2-CNM,
it becomes clear that DNM2 ASOs could represent a common therapy
to treat these different CNM forms.”> A 50% decrease in DNM2 in
mice, either from embryogenesis in the Drnm2"'~ knockout or upon
postnatal ASO treatment,' #**?>? does not lead to detectable toxic ef-
fects. DNM2 downregulation is on clinical trial for MTM1 and DNM2-
CNM patients older than 16 years of age (NCT04033159) by Dynacure,
and our present data on this novel BIN1-CNM model support the in-
clusion of BIN1-CNM patients in such a trial.

muscle fibers. This

BINI is also strongly associated with other diseases:’* BINI mis-
splicing was proposed to be a main cause of the skeletal muscle phe-
notypes of myotonic dystrophy,” decreased BINI plasma levels
correlate with arrhythmia and with heart failure,”® BIN1 was found
downregulated in several cancers including breast and colon can-
cers,*' and BINI is the second most important risk factor after
APOE for late-onset Alzheimer disease.’” The therapeutic proof of
concept validated here for CNMs may trigger additional avenues of
research for these and other diseases.

MATERIALS AND METHODS

Animals

Animal care and experimentation was in accordance with French and
European legislation and approved by institutional ethics committee
(project numbers 2016031110589922 and 2016052510176016). Mice
were placed in ventilated cages with free access to food and water in
temperature-controlled rooms with 12 h daylight/dark cycles. The
BinI™*~~ mouse line was established by crossing mice floxed for
exon 20 (Bin """ with Bin '+ mice expressing the Cre recombinase
under the control of MCK-Cre (The Jackson Laboratory, Bar Harbor,
ME, USA).** Both lines were on a pure C57BL/6] background. Tail
biopsies were used for genotyping testing for the floxed allele with
5'-AGTGACCTAGGACTGTACCCAGAG-3' and 5-ACAGGTAG
GTGAAAGAGACTTGG-3' and the Cre recombinase gene with 5'-
GAACCTGATGGACATGTTCAGG-3' and 5-AGTGCGTTCGAA
CGCTAGAGCCTGT-3'. Male littermates were analyzed in this study.

ASO treatment

ASOs used in this study (Ionis Pharmaceuticals, Carlsbad, CA, USA)
have phosphorothioate backbone and constrained ethyl (cET) modi-
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fications on the wings with a 3-10-3 gapmer design. They were de-
signed to target all the murine isoforms of Dnm2 and were previously
validated.”>** Bin ¥/ and Bin1™* '~ male mice were treated weekly
from 3 weeks to 8 weeks of age with intraperitoneal injections of
25 mg/kg body weight of ASOs diluted in sterile PBS or sterile PBS
only. Mice were randomly allocated in the ASO and PBS groups at
weaning (3 weeks old). Mice were killed 3 days after the last injection
for analysis.

RNA extraction and qRT-PCR

RNA was extracted from TA of 8-week-old mice using TRI Reagent
(Molecular Research Center, Cincinnati, OH, USA) and cDNA syn-
thesis performed with Superscript IV Transcriptase (Thermo Fisher
Scientific, Waltham, MA, USA). For qPCR, cDNAs were amplified
with SYBR Green Master Mix I (Roche Diagnostics, Basel,
Switzerland) using 0.1 uM of forward and reverse primers in a Light-
cycler 480 (Roche Diagnostics, Basel, Switzerland). Primer specificity
was validated by melting curve and sequencing of amplicons.
Several primers were used in previous studies and are summarized
in Table S1.”7***® qQRT-PCR was performed using technical tripli-
cates, and relative mRNA level was calculated with RpI27 as a house-
keeping gene. The data displayed in the figures are the average of the
triplicates and the result of a single experiment.

Protein expression studies

TA muscles from 8-week-old mice were lysed in radioimmunopreci-
pitation assay (RIPA) buffer supplemented with 1 mM PMSF and
complete mini-EDTA-free protease inhibitor cocktail (Roche Diag-
nostics, Basel, Switzerland). Protein concentrations were determined
using DC Protein Assay Kit (BioRad, Hercules, CA, USA). Samples
were denaturated for 5 min at 95°C with 5x Lane Reducing Buffer
(Thermo Fisher Scientific, Waltham, MA, USA) and loaded on 10%
SDS-PAGE gel. Proteins were transferred to a nitrocellulose or poly-
vinylidene fluoride (PVDF) membrane using Transblot Turbo RTA
Transfer Kit (BioRad, Hercules, CA, USA). Loading was controlled
by Ponceau S staining before membrane blocking. Membranes were
blocked for 1 h with 5% non-fat dry milk in 0.1% Tween 20 prior
to incubations with primary and secondary antibodies. The primary
and secondary antibodies used were: pan-BIN1 (rabbit, 1:1,000,
R3623; homemade anti-BIN1 SH3 domain), pan-DNM2 (rabbit,
1:700, R2865; homemade anti-DNM2 PRD),"” prohibitin (rabbit,
1:500, ab28172), P62 (mouse, 1:1,000, H00008878-MO01), LC3 (rabbit,
1:1,000, NB100-2220), peroxidase-coupled goat anti-rabbit (goat, 1/
10,000, 112-036-04), and peroxidase-coupled goat anti-mouse
(goat, 1/10,000, 115-036-068). The data displayed in the figures are
the result of a single experiment.

Mouse phenotyping

Hanging test was performed weekly from 4 weeks to 8 weeks of age.
Bin"" and Bin1™*~'~ male mice were suspended on a cage lid for up
to 60 s, and the time to fall was recorded. The test was replicated 3
times with a time interval of 5 min to rest, and the average hanging
time was calculated. At 6 weeks of age, the mice performed a rotarod
test with increasing speed (4-40 rpm) for a maximum of 5 min on a
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rotarod apparatus (Bioseb, Vitrolles, France). The mice were trained
on day 1 and tested on the following 4 days, when the latency time to
fail was recorded 3 times with 5 min resting intervals; the average la-
tency was calculated for each experimental day. At 7 weeks of age, the
mice performed the string test. Mice were suspended on a wire by
their forelimbs and the time to reach the wire with their hindlimbs
was recorded with a maximum time of 20 s; any fall was recorded
as 20 s. The experiment was replicated 3 times with a resting time
of 5 min. At 4 months of age, exhaustion test was performed using
a treadmill apparatus (Bioseb). The experiment was initialized with
5 degrees of inclination and 25 cm/s of speed that increased up to
15 degrees of inclination and 41 cm/s over 150 min. Stimulation to
keep the mouse on track was performed with an individual grip per
lane delivering mild electric shocks (less than 0.2 mA). The test was
stopped when mice receive more than 100 shocks/5 min or they
stayed 20 consecutive seconds next to the electrodes, and maximal
distance covered and latency time were recorded. Habituation for
this test was done the day before the experiment for 10 min, with
an inclination of 5 degrees and speed of 25 cm/s.

In situ muscle force

The force production of the TA was assessed with the Comple-
te1300A Mouse Test System (Aurora Scientific, Aurora, ON, Can-
ada). 8-week-, 4-month-, and 12-month-old Bin"" and Bin1™*/~
male mice were anesthetized through a triple shot cocktail by intra-
peritoneal injection of (1) domitor/fentanyl mix (2/0.28 mg/kg), (2)
diazepam (8 mg/kg), and (3) domitor (0.28 mg/kg). The distal tendon
was excised and attached to the muscle transducer while knees and
feet were fixed. The sciatic nerve was stimulated by electrical pulses
with increasing frequency from 1 to 125 Hz in order to measure
maximal force. The specific force was determined by dividing the
maximal force with the muscle weight (mg).

Histology, immunofluorescence, and electron microscopy

TA, gastrocnemius, FDB, and heart were dissected and frozen in
liquid-nitrogen-cooled isopentane, and 8 pm cryosections were
stained with H&E, SDH, NADH, or modified Gomori.

Fiber size distribution, circularity, and nuclei counting were deter-
mined on 8 pm cryosections from 8 week TA cryosections stained
with Hoechst (Sigma-Aldrich, St. Louis, MO, USA) and Wheat
Germ Agglutinin Alexa Fluor 555 conjugate (Thermo Fisher Scienti-
fic, Waltham, MA, USA) to stain nuclei and plasma membrane,
respectively. Images were recorded using the Nanozoomer 2HT slide
scanner (Hamamatsu, Japan), and the fiber size and nuclei counting
analysis were performed using a homemade Image] plugin as
described.”® For FDB from 8-week-old mice and TA from 4-month-
and 12-month-old mice, fiber segmentation was performed using
H&E images and Cellpose software for segmentation algorithm.** Fi-
ber MinFere diameter and nuclei counting were calculated or counted
using Image]. For fiber circularity distribution, the fibers were classi-
fied with a value from 0 to 1, where 0 corresponds to a line and 1 to a
circle, and one transversal section of the whole muscle was quantified.
For immunofluorescence, 8 um TA cryosections were fixed with

paraformaldehyde 4%, blocked with fetal calf serum, and sequentially
incubated with anti-prohibitin (rabbit, 1:500, ab28172), anti-LC3
(rabbit, 1:1,000, NB100-2220), anti-desmin (rabbit, 1:200, ab15200),
or anti-TOMM?20 (rabbit, 1:100, ab78547), and Alexa Fluor 594-
coupled goat anti-rabbit (goat, 1/250, A11012) and/or Alexa Fluor
488-coupled goat anti-rabbit (goat, 1/250, A11008) and Hoechst
(Sigma-Aldrich, St. Louis, MO, USA). Confocal microscopy images
were recorded on an SP8 confocal microscope (Leica, Wetzlar, Ger-
many), and image analysis and counting were performed with Image].

For electron microscopy, small pieces of TA were fixed in 2.5% glutar-
aldehyde, 2.5% paraformaldehyde, and 50 mM Ca®" in cacodylate
buffer (0.1 M, pH 7.4). For inclusion, samples were washed in caco-
dylate buffer for 30 min and postfixed in 1% osmium tetroxide in
0.1 M cacodylate for 1 h at 4°C. Samples were dehydrated through
graded alcohol (50%, 70%, 90%, and 100%) and propylene oxide
for 30 min each and embedded in Epon 812. 70 nm ultrathin sections
were cut on a Leica Ultracut microtome (Leica, Wetzlar, Germany),
contrasted with uranyl acetate and lead citrate, and examined at 70
kv with a Morgagni 268D electron microscope (FEL, Electron Optics,
Eindhoven, the Netherlands). Images were captured digitally by a
Mega View III Camera (Soft Imaging System, Miinster, Germany).

Electrophysiology, intracellular Ca%* measurements

Single fibers were isolated from the FDB and interosseus muscles of 3
Bin?"" and 3 Bin1™*~~ mice using previously described proced-
ures.”’ In brief, 8-week-old mice were anaesthetized by isoflurane
inhalation and killed by cervical dislocation. Muscles were removed
and incubated for 45 min at 37°C in Tyrode solution supplemented
with type 1 collagenase (Sigma-Aldrich, St. Louis, MO, USA). Single
fibers were then separated by gentle mechanical trituration within a
culture p-dish (Ibidi, Planegg/Martinsried, Germany).

For electrophysiology measurements, fibers from the FDB were used
(5-6 fibers per mouse). The bottom of a -dish was first covered with
a thin layer of silicone grease, and muscle trituration was performed
in culture medium containing 10% fetal bovine serum (MI199; Euro-
bio, France). Isolated fibers were painted with silicone so that only a
short portion of one fiber end remained out of the silicone, in contact
with the bathing solution. The culture medium was then replaced by
the experimental extracellular solution containing 140 mM TEA-
methane-sulfonate, 2.5 mM CaCl,, 2 mM MgCl,, 1 mM 4-aminopyr-
idine, 10 mM HEPES, and 0.002 mM tetrodotoxin (pH 7.2). Voltage-
clamp was achieved with a glass micropipette connected to an RK-400
patch-clamp amplifier (Bio-Logic, Claix, France) in whole-cell config-
uration, in combination with an analog-digital converter (Digidata
1440A, Axon Instruments, Foster City, CA, USA) controlled by
pClamp 9 software (Axon Instruments). The micropipette was filled
with a solution containing 120 mM K-glutamate, 5 mM Na,-ATP,
5 mM Na,-phosphocreatine, 5.5 mM MgCl,, 5 mM glucose,
15 mM EGTA, 6 mM CaCl,, 0.1 mM rhod-2, and 5 mM HEPES
(pH 7.2). The pipette tip was inserted into the silicone-insulated
part of the fiber. It was gently crushed against the bottom of the
p-dish to ease dialysis and reduce series resistance. The fiber cytosol
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was dialyzed for 30 min to allow for intracellular equilibration of the
solution before starting measurements.

Cayl.1 Ca?* current and rhod-2 (Thermo Fisher Scientific, Illkirch,
France) intracellular Ca** transients were simultaneously measured
in response to 0.5-s-long depolarizing steps from a holding voltage
of —80 mV. For Cayl.1 current analysis, the linear leak component
of the current during the test pulses was removed by subtracting
the adequately scaled current value measured during a 20 mV hyper-
polarizing step. A residual leak component (referred to as slope) was
found to be larger in fibers from Bin¥"" mice than in fibers from
Binl™*/~ mice. Thus, for each fiber, the voltage dependence of
peak Ca®" current values (normalized to fiber capacitance) was fitted
with the following equation: I(V) = G,ax(V — Viey)/(1 + [exp(Vo 5 —
V)/K]) + slope(V + 80), with I(V) the peak current density at the com-
mand voltage V, G, the maximum conductance, V., the apparent
reversal potential, V5 the half-activation potential, k the steepness
factor, and slope the conductance of the residual linear component.

Fluorescence imaging was conducted with a Zeiss LSM-800 system
equipped with a 63x oil immersion objective (numerical aperture
1.4). For detection of rhod-2 fluorescence, excitation was from a
561 nm diode laser, and fluorescence was collected above 570 nm. Fluo-
rescence changes were imaged using the line-scan mode (x,t) of the sys-
tem with a scanning frequency of 1.02 ms per line and expressed as F/
F,, where F, is the baseline fluorescence. Quantification of the Ca**
release flux underlying the rhod-2 Ca*" transients was performed as
previously described.”™”" In each fiber, the voltage dependence of the
peak rate of Ca®* release was fitted with a Boltzmann function.

For imaging the T-tubule network, interosseus muscle fibers were incu-
bated for 30 min in the presence of 10 uM di-8-anepps (Thermo Fisher
Scientific, Illkirch, France). Di-8-anepps was excited with a 488 nm
diode laser, and fluorescence was collected above 510 nm. The T-tubule
density index (9-13 fibers per mouse) was estimated as described
previously.””

Statistical analysis

All experiments were performed and analyzed in a blinded manner,
and the investigators were unaware of the genotype of the mice.
The normal distribution of the data was assessed using the Shapiro-
Wilk test and presented as mean =+ standard error of the mean
(SEM), with the exception of data compared with Kruskal-Wallis
test, where the data are presented as median + interquartile range.
For normally distributed data, the significance of changes was exam-
ined by two-tailed Student’s t test (with or without Welch’s correction
if variance was different or not) for comparison of 2 groups or by one-
way ANOVA followed by Tukey’s post hoc test for comparison of
more than 2 groups. In the case of not-normally distributed data,
the Mann-Whitney test was used to compare 2 groups and Krus-
kal-Wallis followed by Dunn’s multiple comparison test to compare
more than 2 groups. The significant difference of birth ratio was as-
sessed by chi-square test. Significant differences are illustrated as
*p < 0.05, **p < 0.01, **p < 0.001 and ***p < 0.0001.
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Data availability
The authors confirm that the data supporting the findings of this
study are available within the article and its supplemental material.
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Supplemental information can be found online at https://doi.org/10.
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