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DNMZ2 levels normalization improves muscle
phenotypes of a novel mouse model
for moderate centronuclear myopathy
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Dynamin 2 (DNM2) is a ubiquitously expressed GTPase regu-
lating membrane trafficking and cytoskeleton dynamics. Het-
erozygous dominant mutations in DNM2 cause centronuclear
myopathy (CNM), associated with muscle weakness and atro-
phy and histopathological hallmarks as fiber hypotrophy and
organelles mis-position. Different severities range from the se-
vere neonatal onset form to the moderate form with childhood
onset and to the mild adult onset form. No therapy is approved
for CNM. Here we aimed to validate and rescue a mouse model
for the moderate form of DNM2-CNM harboring the common
DNM2 R369W missense mutation. Dnm2®*°"/* mice pre-
sented with increased DNM2 protein level in muscle and mod-
erate CNM-like phenotypes with force deficit, muscle and fiber
hypotrophy, impaired mTOR signaling, and progressive mito-
chondria and nuclei mis-position with age. Molecular analyses
revealed a fiber type switch toward oxidative metabolism corre-
lating with decreased force and alteration of mitophagy
markers paralleling mitochondria structural defects. Normali-
zation of DNM2 levels through intramuscular injection of
AAV-shDnm?2 targeting Dnm2 mRNA significantly improved
histopathology and muscle and myofiber hypotrophy. These re-
sults showed that the Dnm2**"/* mouse is a faithful model
for the moderate form of DNM2-CNM and revealed that
DNM2 normalization after a short 4-week treatment is suffi-
cient to improve the CNM phenotypes.

INTRODUCTION

Dynamin 2 (DNM2) is a large mechanochemical GTPase that is
implicated in several cellular processes including endocytosis,
apoptosis, cytokinesis, phagocytosis, and cell migration,' > being
engaged in cell membrane trafficking and cytoskeleton remodeling.*
DNM2 is composed of several protein domains: the N-terminal
GTPase domain, the middle domain (MID) and GTPase effector
domain forming a stalk responsible for protein oligomerization, a
pleckstrin homology domain (PH) binding membrane, and the C-ter-
minal proline-arginine-rich domain (PRD) binding to effector pro-
teins with an Src homology (SH3) domain (Figure 1A).”° DNM2 is
ubiquitously expressed and has different isoforms, either containing
exon 10a/b in mutually exclusive splicing or including the alternative
spliced exons 12b and 13b.">"" Exon12b inclusion is specific to mus-
cles and increases during development, while human and mouse adult

muscles express this muscle-specific and the ubiquitous DNM2 iso-
forms equally."’

Heterozygous mutations in DNM2 gene are one of the main causes of
centronuclear myopathy (CNM), a subclass of congenital myopathies
with slowly progressive muscle weakness affecting children to adults
of both sexes and diverge ethnic origin (ADCNM, MIM: 160150).'*
These mutations act in a dominant inheritance pattern and are believed
to be gain of function. Indeed, in vitro experiments with mutated DNM2
revealed increased stability of oligomers and GTPase activity, indepen-
dently of lipid binding,">""> and overexpression of wild-type (WT)
DNM2 triggers a CNM-like phenotype in mice.'®'” Patients carrying
DNM?2 mutations present a broad variability in the symptoms severity
and age of onset, from a severe neonatal form to a moderate (interme-
diate) severity and to a mild form with adult onset. 12,18-24
severe cases, the symptoms include generalized muscle weakness, hypo-
tonia, facial weakness, ophthalmoplegia, ptosis, and breathing diffi-
culties.”” Moderate cases have delayed motor development milestones
during childhood, difficulties for walking, running, or climbing stairs,
while mild cases display a diffuse and slowly progressive myopathy
from 20 to 40 years. As histopathological hallmarks, muscle biopsies
show a predominance of oxidative fibers, fiber size heterogeneity, and
central accumulation of oxidative activity and nuclei.*®

In early onset

The CNM pathomechanism is only partially understood. Analysis of
zebrafish models and mice knockin for a severe (S619L) or mild
(R465W) mutation reported defects in neuromuscular junctions,
organelle positioning, calcium handling, and autophagy.”**° No ther-
apies are currently available to treat CNM patients, but therapeutic
proof of concepts have been successful in pre-clinical models. Acetyl-
choline esterase inhibitors and DNM2 downregulation were proposed
for DNM2-CNM. Acetylcholine esterase inhibitors target the alter-
ation of neuromuscular junctions.”"”> DNM2 downregulation, with
antisense oligonucleotides or shRNA, rescued the locomotor, histo-
logical, and force defects of Dnm25°Y+ and Dum2R*°™’* mice,
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Figure 1. Creation and validation of Dnm27%*W/+ mice

(A) Dnm2 exonic representation and the respective DNM2 protein domains: GTPase, middle, pleckstrin homology, GTPase effector, and proline rich. The exons 10a, 10b,
12b, and 13b can be alternatively spliced. DNM2 R369W mutation was knocked in by CRISPR-Cas9 in the exon 8. The shDnm2 that was used in this study to downregulate
DNM2 targets exon 4. (B) Chromatopherograms of WT and Dnm27%%9* mice, which present a GAG>GAA synonym mutation for genotyping purpose and the Arg>Trp
R369W CNM mutation (CGC to TGG). (C) Example of genotyping with amplicons of different molecular weights: the WT allele as a 427-bp band and the Dnm27%59Y mutated
alleles as two bands of 243 bp and a 184 bp, generated by the cleavage of the Glu GAA site by the restriction enzyme Xmnl. (D) Proportion of genotypes in the mouse offspring
at 8 weeks of life (n = 30 mice). Chi-square test, p = 0.75. (E) Body weight (n = 10 up to 8 weeks, n = 5 from 12 to 24 weeks). (F) Dnm2 mRNA expression of pan (ubiquitous +
muscle-specific), muscle-specific (exon 12B), and ubiquitous and Dnm2 isoforms (n = 5). (G) Absolute quantification of mutated and WT forms of Dnm2 by ddPCR. Two-way
ANOVA for allelic source of variation: p = 0.0002. (H) DNM2 protein expression in Dnm27%%* mice (n = 10, ~110, and 120 kDa) or () patients harboring the CNM DNM2
R369W mutation (n = 3). (J) Immunofluorescence of longitudinal and (K) transversal muscle sections for DNM2 localization with the Z line marker a.-actinin and the satellite cell
marker PAX7 (n = 3). Samples from mice at 8 weeks old. Mean = SEM, unpaired t test, *p < 0.01: CNM DNM27W/* differs from healthy controls, ***p < 0.0001:
Dnm2"359W/+ diiffers from WT. Bars represent 20 um.

models for the severe and mild DNM2-CNM respectively.”””” Specific A main bottleneck in this field is whether DNM2 downregulation
reduction of the Dnm2 mutated allele with siRNA also improved the ~ would be therapeutic on different severity forms and mutations in
phenotypes of the Dnm2®°™W* mice.** DNM?2.>° Here, we first created a mammalian model for the moderate
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DNM2-CNM form and tested DNM2 downregulation with in vivo
expression of a specific sShRNA against Dnm2. We selected the
R369W DNM?2 mutation, as among the most common mutation
linked to moderate cases with age of onset ranging from childhood
to adulthood and with variable symptoms that may include
muscle weakness (either proximal, distal, or diffuse), facial weakness,
ophthalmologic involvement, hyperlordosis, walking difficulties, and
impairment of tendon reflexes at different intensities.”” We found the
Dnm2™%™* mouse is a faithful model for the moderate CNM form
and presents increased DNM2 level and alteration of metabolic and
mitochondria functions in addition to a CNM histopathology and
muscle involvement. DNM2 normalization upon a single injection
of adeno-associated virus (AAV)-shDnm2 was sufficient to improve
these alterations.

RESULTS

Creation and initial characterization of the Dnm27%%°""* mouse
for moderate DNM2-CNM

The DNM2 R369W mutation in the middle domain was introduced
in mice using CRISPR-Cas9. Three point mutations were created in
the exon 8 of the Dnm2 gene: the CGC>TGG mutations resulting
in the substitution of an arginine by a tryptophan and a flanking syn-
onymous mutation GAG>GAA (Glu) for genotyping purposes
(Figures 1A and 1B). The presence of these heterozygous mutations
was confirmed by genotyping and Sanger sequencing (Figures 1B
and 1C).

Dnm2®"* males and females were successfully generated and
fertile. They were bred with WT mice, producing offspring following
Mendelian proportion (Figure 1D). Dnm2*""* mice were studied
at different ages from 3 to 24 weeks to assess the clinical, histological,
and force phenotypes. No postnatal deaths were observed up to
24 weeks of life. At all ages studied, Dnm2R3°W* mice presented
no clear physical signs associated with myopathy such as kyphosis,
breathing or walking difficulties, nor body weight loss (Figure 1E),
albeit unilateral ptosis was observed in 2% of them. We observed three
males of each genotype up to their natural death, and their lifespan
was around 1 year and 8 months, regardless of the genotype.

We next assessed if the mutation in Dnm2 gene impacts the corre-
sponding mRNA and protein expression. No alteration was observed
in gene expression of pan-Dnm2, muscle-specific, nor ubiquitous iso-
forms in the TA (tibialis anterior) muscles of Dnm283*W/+
8 weeks of age (Figure 1F), and the expression of the mutated and
WT forms of Dnm2 mRNA each accounted for about 50%, as verified
by reverse transcription droplet digital PCR (RT-ddPCR, Figure 1G).
However, DNM2 protein level was significantly increased by 50% in
the Dnm2"*°"* mouse model (Figure 1H), mimicking the upregu-
lation found in the muscles of CNM patients carrying the DNM2
R369W mutation versus healthy controls (Figure 1I).

mice at

Immunofluorescence in longitudinal muscle sections indicated that
DNM2 was mainly colocalized with o-actinin, a Z line marker (Fig-
ure 1J). DNM2 was also present in PAX7-negative cells adjacent to

muscle fibers and at the periphery of the fiber in transverse sections
(Figure 1K). All these results indicate that the R369W mutation has
no strong effect on protein localization but causes DNM2 increased

R369W/+

levels in muscles of the Dnm?2 mouse.

Muscle weakness in Dnm2°3*W/* mice
We next submitted Dnm2**""* mice to force grip and four limbs
hanging tests from 3 to 24 weeks of age and verified the contractile
properties of TA muscles at 8 weeks of age. Dnm2"3¢"/*
the same performance in the grip and hanging tests as the control
WT mice; however, they may have compensated a lack of distal force
by relying on the forelimbs to keep holding the grid (Figures 2A-2C
and Video S1). Thus, the contractile properties were measured based
on the force response by isolated TA muscles after sciatic nerve stim-
ulation to simulate the maximum force production (stimulations at
ascendant frequencies) or the susceptibility to fatigue (repeated
40-Hz stimulations). Dnm2°*"* performed as WT mice in the
simulation of susceptibility to fatigue (Figure 2D). However, the
experiment of force production revealed decreased submaximal force
(=50 Hz) and decreased maximum absolute and specific force (at
100 Hz), supporting that Dnm2®**"/+
(Figures 2E and 2F).

mice had

mice present force deficit

Dnm2R38W* myscle recapitulates CNM histological hallmarks

Alteration in fiber diameter is among the histological hallmarks of
CNM, also including centralized nuclei and abnormal oxidative stain-
ing.”> At 8 weeks of age, the TA muscles from Dnm2™*™"* mice
were hypotrophic compared to WT, as indicated by the reduction
of 10% in the ratio of TA muscle weight normalized to body weight
(Figure 3A). Transverse sections of soleus muscles stained with
hematoxylin and eosin (H&E) did not present obvious alterations
(Figure S1), while TA muscles had fibers with smaller diameter
(<40 um), a decreased number of large fibers (>40 pm), and nuclei
correctly placed at the periphery of the fibers (Figures 3B-3D). The
succinate dehydrogenase (SDH) staining presented central and neck-
lace-like accumulation of oxidative activity in 9.6% and 2.17% of the
fibers, respectively, while these defects were never noted in WT
(Figure 3E). In the soleus muscles, central staining was found in
3.23%, while absent in WT (Figure S1). Together, the impaired histol-
ogy, the deficits in muscle force, and DNM2 overexpression validate
the Dnm2°"/* mice as a faithful CNM mouse model.

Dnm2®%"/* mice were also analyzed at 24 weeks old to assess a po-
tential progression of the muscle disease. The gastrocnemius (GA)
and TA muscles from mutated mice presented a reduction in the
mass when comparing 24 and 8 weeks of life. In the case of the TA
muscles, the ratio of muscle per body weight decreased by 22% (Fig-
ure 3A), and the number of internalized nuclei was five times higher
compared to controls (Figures 3B and 3C). Although the SDH
abnormal staining remained at the same levels, the profile of accumu-
lation changed from predominantly centralized (9.6%) at 8 weeks to a
half-half mix of centralized SDH staining and necklace-like staining
(7.7% and 7.2% respectively) at 24 weeks (Figure 3E). Nearly 1% of
the fibers evolved to a radial disposition of SDH staining (aspect of
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Figure 2. Muscle strength tests and deficits in the contractile properties

(A) Four limbs grip test and (B) hanging test (n = 10 up to 8 weeks, n = 5 from 12 to 24 weeks). (C) Representative rotatory movements of the tail and forelimbs during the
hanging test at 6 weeks of age (see Video S1). (D) TA muscle resistance to fatigue after sciatic nerve stimulations at 40 Hz. (E) Submaximal and maximum absolute force
outputs and (F) maximum absolute force and (G) maximum specific force (n = 5 at 8 weeks old). The maximum force was calculated at 100 Hz. The specific force is expressed
as the ratio of the force produced (mN) by the cross-sectional area of the muscle analyzed (CSA = muscle weight (mg)/muscle length (mm) x muscle density 1.06 mg/mm3).
Mean + SEM, Mann-Whitney or unpaired t test, *p < 0.05 and **p < 0.01: Dnm2759W/* diitfers from WT.

"spoke of wheels"), a typical pattern in CNM patients. These results
suggest that the TA muscle phenotype of Dnm2%*7"/+
gressed from 8 to 24 weeks old.

mice pro-

Muscle fiber disorganization underlies the muscle weakness

To assess the cause of the muscle weakness, we investigated further the
fiber ultrastructural organization. In accordance with the result of
abnormal SDH oxidative staining, structural mitochondrial defects
were found in electron microscopy (n = 2, Figure 4A). Dnm2®""+
muscles presented with a subgroup of mitochondria with normal shape
and size but also enlarged mitochondria sometimes with disrupted
cristae. In corroboration, we found that prohibitin, a marker of inner
mitochondrial membrane and a mitophagy receptor,’® was downregu-
lated in Dnm2®*°"/* mice (Figure 4B). No mitochondrial fragmenta-
tion nor autophagic vacuoles were observed in electron microscopy.

One of the main mitophagy pathways is mediated by PTEN-induced
putative kinase 1 (PINK1)/Parkin 2 (PARK2)*"*° and regulated by
Sirt1.** We found that the mRNA levels of Sirt] were half of the values
found for the WTs (Figure 4C) and, although PinkI and Park2 mRNA
expression did not differ between genotypes (values normalized to
the WTs = 1: Pinkl 0.97 SEM = 0.07 p = 0.11, Park2 1.10 + 0.03
SEM p = 0.23, n = 5 each genotype), the E3 ubiquitin ligase PARK2
was found increased (Figure 4D). The mTOR pathway is

324 Molecular Therapy: Nucleic Acids Vol. 33 September 2023

related with mitochondrial homeostasis and implicated in mitochon-
drial function®' and autophagy suppression.*” We investigated the
activity of the mTOR pathway through the phosphorylation level of
S6K, a major downstream target. The phosphorylation of S6K was
indicated by the 2.5-fold higher ratio of phosphorylated per
total form in Dnm2*"/* (Figure 4E). Altogether, these results
suggest that mitophagy is impaired in the TA muscles of
Dnm2%"* mice.

The electron microscopy also revealed a combination of triads with
normal aspect and others with shape defects in the Dnm2™%"/*
muscles, as enlargement of the T-tubule (Figure 4A). Triads are essen-
tial membrane structures for excitation-contraction coupling and are
composed of two terminal cisternae from the sarcoplasmic reticulum
and a central T-tubule.*’ To evaluate further the T-tubules, immuno-
fluorescence experiments were performed for dihydropyridine
receptor (DHPR), a voltage-gated calcium channel found at the T-tu-
bule,*** and for amphiphysin 2 (BIN1), a protein implicated in
T-tubules formation.”*” While DHPR and BIN1 localization was
not obviously altered (Figure 4F), correlating with the normal locali-
zation of triad seen by electron microscopy, BIN1 protein was found
20% overexpressed in TA muscles of Dnm2%°*"/* mice at 8 weeks,
confirming alteration of T-tubule maintenance as a pathomechanism
(Figure 4G).
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Figure 3. Muscle hypotrophy and histological hallmarks of centronuclear myopathy

(A) Ratio of hindlimbs muscle weight per body weight at 8 and 24 weeks of age (8w and 24w). GA, gastrocnemius; TA, tibialis anterior; SOL, soleus; EDL, extensor digitorum
longus. Analyses of muscle sections at 8 weeks old, with 2 mm? analyzed per muscle. The TA muscles sections stained with hematoxylin and eosin were used for determining
(B) the general histological aspect (n = 5), (C) the percentage of fibers presenting internalized nuclei (n = 3), and (D) the fiber diameter (n = 4). (E) SDH oxidative staining showed
abnormal central accumulation (c), necklace fibers (n), or spokes of wheels aspect (s) (N = 3). Mean + SEM, Mann-Whitney or unpaired t test, *p < 0.05, **p < 0.01,
**p < 0,001, and ****p < 0.0001: Dnm2FW/* differs from WT at the same age; o p < 0.05, aa p < 0.01, and aaa p < 0.001: Dnm27W* at 8 weeks differs from
Dnm27389W/ gt 24 weeks; n p < 0.05: Dnm2 %"+ necklace fibers at 8 weeks differs from Dnm2%%"/* 24 weeks. Bars represent 50 pm.

Desmin is a protein found at the Z line that is pivotal for maintaining
the muscle structure and function®® and the correct mitochondrial
and nuclei positioning.”” DNM2-CNM patients accumulate desmin
in the center of the fibers.”> Accordingly, 6.7% of the Dnm2™**"/*
fibers were positive for internal desmin accumulation at 8 weeks of
age versus 0.38% in WT controls (n =3, p =0.015) (Figure 4H). These
results indicate that Dnm25°*"/* mice present disorganization of the
muscle fiber structure and accumulation of muscle-specific proteins,
similarly to DNM2-CNM patients.

Dnm2R369W+ myscles present alterations in muscle fiber
metabolism

Alteration in fiber type specification toward an increase in slow-
twitch fibers with high oxidative capacity (i.e., type I) is a hallmark

of CNM and more generally congenital myopathies.”> However, a
previous study conducted in Dnm2***"/* mice showed WT fiber
type composition may be linked to the mild-form muscle phenotypes
of this model.”® Here, we estimated the myofibers profile through
mRNA expression of myosin isoforms and immunofluorescent co-la-
beling of myosins type I (MYH?7), Ila (MYH2), and IIb (MYH4) in the
TA muscles of Dnm2*"* mice at 8 weeks of age. We focused on
the TA muscles as they were the most affected of the muscles tested
(Figure 5A) and are fast-twitch muscles with no slow type I fibers
and very low intermediate type Ila fibers,”">>> where a slower specifi-
cation would be easy to highlight. Fast fibers positive for type IIb
myosin accounted for around 60% in both Dnm2%**°"* and WT
mice (Figure 5A). However, a fiber switch occurred toward interme-
diate type Ila fibers with 25.5% in Dnm2"***""* versus 10.5% in WT
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Figure 4. Muscle structure disorganization in Dnm2°%%°W/+ mice

(A Different populations of mitochondria and triads found in electron microscopy: normal mitochondria (NM), enlarged mitochondria (EM), damaged mitochondria (DM, with
abnormal cristae), normal triad (NT) and altered T-tubule (AT) (n = 2). Bars in the larger panel and mitochondria represent 1 um; bars in the triads represent 0.1 um. (B) Prohibitin
protein levels (~30 kDa, n = 3), (C) mRNA level of Sirt 1 and protein levels of (D) PARK2 (~55 kDa, n = 4), and (E) phosphorylated and total S6K (60 kDa, n = 5). (F) BIN1 and DHPR
localization in longitudinal muscle sections (n = 3, bar represents 10 um) and (G) BIN1 protein expression (n = 5, ~60 kDa). (H) Desmin mislocalization (arrows) in transverse
muscle sections (n = 3). Mice at 8 weeks old. Bar represents 50 pm. Mean + SEM. Unpaired t test, *p < 0.05 and **p < 0.01: Dnm273¢9W* differs from WT.

muscles. In addition, fibers with negative labeling most probably
representing type IIx/d fibers decreased to 15.5% in Dnm2*"W/*
compared to 29.6% in WT muscles. No type I fibers were found for
any genotypes. The mRNA expression of genes coding for the myosin
isoforms Ila, IIx/d, and IIb (MyH7, MyH2, MyHI, and MyH4)
corroborated the immunofluorescence results with overexpression
of type ITa (1.36-fold) and downregulation of IIx/d (0.57-fold) corre-
sponding myosin transcripts (Figure 5B). This fiber type profile indi-

326 Molecular Therapy: Nucleic Acids Vol. 33 September 2023

cates a significant switch to slower fibers at 8 weeks and a similar
tendency at 24 weeks (p = 0.057) (Figure S2). This fiber type
switch could explain the force decrease and suggests a trend from a
glycolytic toward a more oxidative metabolism in Dnm2®*"/+
muscles.

To confirm the metabolic switch, we investigated the expression
of the muscle isoform of glycogen phosphorylase (PYGM),
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Figure 5. Alterations in muscle fiber metabolism in Dnm2736%W/* mice
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(A) TAmuscle fibers positive for myosin isoforms lla (MYH2) and llb (MYH4) per muscle section (total area of 2 mm?). Negative or light labeling were considered mixed fiber type
or type lIx/d. No fiber type | fiber (MYH7) was found. (B) gRT-PCR of genes coding for myosins type lla, lix/d, and llb (MyH2, MyH1, and MyH4, respectively; n = 4) and (C)
PYGM (n = 8, ~100 kDa), (D) GAPDH (n = 8, ~37 kDa), and (E) OXPHOS (n = 5, ~15, 25, 35, 40, and 55 kDa) protein levels. Mice at 8 weeks old. Bar represents 100 um.
Mean + SEM, Mann-Whitney test or unpaired t test: *p < 0.05, **p < 0.01, and **p < 0.001: Dnm276W/* differs from WT.

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the
mitochondrial oxidative phosphorylation system (OXPHOS).
PYGM is implicated in energy generation for muscle contraction
through glycogenolysis, and GAPDH participates in the sixth step
of glycolysis.”>>* The OXPHOS (mitochondrial complexes I to V)
regulates the electron transport chain in the inner mitochondrial
membrane for mitochondrial oxidation.” The expression of these

three markers on western blot was altered in the TA muscles of
Dnm2®*"* mice at 8 weeks of age when compared to WT
(Figures 5C-5E). PYGM was downregulated (18.2%), GAPDH was
upregulated (42.5%), and the quantification of OXPHOS indicated
increased expression of all five mitochondrial complexes. These
data corroborate with the fiber type switch and support a metabolic

R369W/+

alteration toward oxidation in Dnm2 mice.
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Normalization of DNM2 levels by shDnm2 injection improved the
Dnm2°3%W* phenotypes

As we found the CNM:-like phenotypes of Dnm2°"/* mice, ie.,
muscle hypotrophy with decreased muscle force and altered struc-
tural organization of myofibers, correlates with increased level of
DNM2 protein, we sought to reduce DNM2 level to improve the dis-
ease. shDnm?2 targeting the exon 4 of Dnm2 mRNA was expressed
from adeno-associated virus (AAV9) (Figure 1A). One of the TA
2R369W mice and WT littermates received a single
intramuscular injection of AAV-shDnm2 at 4 weeks old, before
reaching mature adulthood.”™ The contralateral TA muscles of the
same mice were injected with control AAV-shScramble, which does
not hybridize with endogenous Dnm2 mRNA. The muscles were
analyzed at 8 weeks.

muscles of Dnm.

56

The injection of shDnm2 caused downregulation of pan-Dnm2 by
25% and 27% in the TA muscles of WT and Dnm2%°"/* mice,
respectively, and the reduction in DNM2 protein expression by
14% in WT and 38% in Dnm2R3¢°W/* mice, in comparison to contra-
lateral muscles injected with scramble (Figures 6A and 6B). Impor-
tantly, the reduction caused the normalization of Dnm2 expression
in the TA muscles of Dnm2***"/* mice compared to the level of
WT scramble. Dnm2®*"/* mice injected with shDnm2 displayed
normalization of muscle hypotrophy, as indicated by the ratio of mus-
cle to body weight (Figure 6C). The reason for this normalization was
the increase in myofiber diameter noted from the (H&E) staining. In
particular, there was a significant improvement in the number of large
fibers (>40pm minFeret) reaching WT level (Figures 6D and 6E). The
aspect of SDH oxidative staining was also improved in Dnm2®*"/+
mice with the reduction of the number of fibers with abnormal central
accumulation of oxidative staining from 14% in scramble to 10.3% in
shDnm?2 (Figures 6D and 6F). The injection of shDnm2 did not have a
noticeable impact in WT muscle (Figure S3).

Normalization of DNM2 levels improved myofiber organization

We observed through electron microscopy that DNM2 normalization
by AAV-shDnm2 injection in TA muscles of Dnm2™*""* mice led
to some improvements in myofiber organization (Figure 6G). In
particular, mitochondria with disrupted cristae were no longer pre-
sent, albeit there were still some enlarged mitochondria. Concerning
the ultrastructure of the triads, they were in normal shape without

R36IW/+ -
7* mice after shDnm2

T-tubules alterations in muscles of Dnm2
injection (Figure 6G). Thus, the improvement of the functional and
histological CNM phenotypes of the Dnm2***"/* mice correlated

with some improvement in myofiber intracellular organization.

Correlating with the amelioration of the histology and the aspect of
the mitochondria and triads in electron microscopy, the absolute
force and the specific force of the isolated TA injected with shDnm2
increased by 26% and 16% respectively, compared to the contralateral
scramble TA muscles (Figures 6H and 6I). Thus, DNM2 reduction
through shDnm2 intramuscular expression improves muscle hypo-
trophy and force and the CNM-like histopathology of Dnm2™*¢*""*
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mice. Noteworthy, DNM2 normalization to WT levels is sufficient
to achieve this rescue.

DISCUSSION

This study aimed to create, validate, and rescue a mouse model for the
moderate form of DNM2-CNM harboring the common Dnm2
R369W missense mutation and to assess to which extent Dnm2
targeting is sufficient for a potential therapy. Dnm2®**™* mice
presented with increased DNM2 protein level as in patients and mod-
erate CNM-like phenotypes in the TA muscles at 8 weeks, including
force deficit, muscle and fiber hypotrophy, and alterations in the my-
ofibers organization including mitochondria with disrupted cristae
and some triad structural defects. Normalization of DNM2 levels
by AAV-shDnm2 injection targeting Dnm2 mRNA improved the
different phenotypes. These results reveal that the Dnm2*"’*
mouse is a faithful model for the moderate form of DNM2-CNM
and suggest that DNM2 normalization would be enough to improve
the phenotypes in young patients carrying the common DNM2
R369W mutation.
The Dnm273%*"/* mouse is a faithful model for the moderate
form of DNM2-CNM

DNM2 R369W patients may manifest a variable number of CNM
symptoms at different intensities, such as muscle weakness (proximal,
distal, or diffuse) and muscle hypotrophy, with onset ranging from
early childhood to early adulthood.****** Fiber diameter heterogene-
ity, mis-localized organelles like nuclei and mitochondria, and
altered oxidative stain are histological hallmarks of DNM2 R369W
patients.|>% RIGIW/+
and decreased muscle force. These defects are obvious in the TA mus-
cle, a muscle especially affected in other mouse models for different

genetic forms of CNM.***” DNM2-CNM is described as slowly
R36IW/+

Dnm mice reproduce the muscle hypotrophy

progressive in patients.'> Comparative analysis of the Dnm
phenotypes at 8 and 24 weeks showed worsening of muscle hypotro-
phy in the TA and GA muscles, and the histology was progressively
impacted concerning the number of internalized nuclei and alter-
ations in SDH oxidative stains. A typical and specific oxidative
pattern found in DNM2-CNM patients and named “spokes of a
wheel” (radial arrangements of sarcoplasmic strands) could also be
observed at 24 weeks.

Apart from this new Dnm2®°"/* mouse, two other Dnm2-CNM
mice were characterized and represent models for the mild and severe
forms of the disease, respectively Dnm2™*V/* and Dnm25¢'*,
D 2RA65W/+

muscle histology disorganization (mainly central accumulation of
oxidative stains), muscle and fiber hypotrophy, and compromised
muscle contraction.”®*® TA muscles were affected by hypotrophy at
2 months of age, but the overall histological aspect in H&E
staining remained close to normal up to 8 months of age. DNM2
levels were normal at 8 weeks, although contractile properties were
impaired at that age. Dnm2°"""* mice present decreased body
weight since the very early days postnatal, important impairment in
motor function, muscle fiber hypotrophy, abnormal oxidative

mice present progressive CNM phenotypes including
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Figure 6. Intramuscular injections of AAV-shDnm2 normalized DNM2 expression, rescued the histopathology, and improved muscle force and
ultrastructure

Injections of TA muscles at 4 weeks old, muscles analyzed at 8 weeks old. (A) Dnm2 mRNA and (B) DNM2 protein expression (n = 5-6). (C) TA muscle weight (n = 6). (D)
Transversal muscle sections stained with hematoxylin and eosin and SDH (c: central accumulation) (n = 4). (E) Sections stained with H&E were used to calculate fiber diameter
(n = 4). (F) Quantification of SDH staining (n = 3). (G) Electron microscopy of TA muscles from Dnm2 W+ mice injected with AAV-shDnm2 presenting a mix of enlarged
mitochondria (EM) and normal triads (NT) (n = 2). (H) Maximum absolute force and (I) specific force at 100 Hz (n = 6). Mean £ SEM. DNM2 protein level: Wilcoxon matched
pairs test, *p < 0.05: Dnm2FW* shpDnm2 differs from Dnm2%%°"/* scramble; Mann-Whitney test, a p < 0.05: Dnm27%9W+ scramble differs from WT scramble. Central
staining *p < 0.05: Dnm 27359+ shDnm2 vs. Dnm2"P%9* scramble; aaae p < 0.0001: Dnm27%59* shDnm2 vs. WT shDnm2 or Dnm27%59* scramble vs. WT scramble.
Others: unpaired t test, o p < 0.05, . p < 0.01, and aaa p < 0.001: Dnm2F%W* difers from WT injected with the same treatment; paired t test, *p < 0.05, **p < 0.01, and
**p < 0.0001: scramble vs. shDnm2 within the same genotype.

staining, and enlarged and round-shaped mitochondria with disrup- ure 7B). Thus, the Dnm2®°"’* mouse is a valuable tool to further
ted cristae from 3 weeks of age.”® Obviously, the phenotype onset and ~ decipher the phenotype-genotype correlation, to better understand
severity of the Dnm2™%°"/* mouse are intermediate compared to the ~ CNM pathomechanism and disease progression, and to assess if a po-
Dnm28W* and Dnm2%¢"Y* mice, indicating the Dnm2™*"™*  tential therapy will be applicable to different DNM2 mutations and
mouse is a faithful model for the moderate DNM2-CNM form (Fig- ~ CNM severity.
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Figure 7. Improvement in CNM-like muscle phenotypes of Dnm273%9W/+
mice after DNM2 normalization with shDnm2

(A) Summary of the mean results obtained in WT and Dnm2°"+ mice at 8 weeks
old submitted to a single injection of AAV-shDnm2 in the TA muscle and scramble in
the contralateral TA at 4 weeks old. 100% represents the normalized values for WT
muscles injected with scramble. (B) Mean results obtained for the characterization
of Dnm2R%%+ mice compared to previously published Dnm2-mutated CNM
mouse models at 8 weeks old: the severe Dnm256"9+%% and the mild
Dnm27#65W/+ 28 The data are normalized to the WT values originally reported for
each model. *No hanging was test described in the original publication of
Dnm27#8W/+ mice, but it was assumed as equal to the WT. Some of these pa-
rameters were not analyzed in (A) as the treatment was intramuscular (for body
weight and hanging test) or as centralization of nuclei appeared later than the age of
analysis.

Pathological mechanism linked to DNM2-CNM

In patients with DNM2-CNM, the main histopathological hallmarks
are organelle mis-positioning and a switch of fiber type toward oxida-
tive metabolism (type I fiber predominance).”® Dnm2°"/* pre-
sented alterations in the expression of myosin isoforms, supporting
a switch toward a more oxidative metabolism. Indeed, oxidative or
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glycolytic fibers correlate with force production: slow oxidative type
I fibers are known to produce less force than fast glycolytic type II fi-
bers.”>*" This difference may be based on the energy production,
myosin isoforms, and sensitivity of the contractile apparatus to
calcium. Thus, the myosin isoform and metabolic switch discovered
in the Dnm2®3¢W’+
force decrease. We cannot exclude additional explanation as alter-
ation of excitation-contraction coupling that was reported in the
Dnm2%W* mouse.”” The upregulation of the muscle-specific iso-
form of BIN1 that regulates T-tubule biogenesis and maintenance
can potentially represent a compensatory mechanism to such ECC
defects. This hypothesis is in accordance with the demonstration
that overexpression of BIN1 through transgenesis or AAV transduc-
2RISSWIE bhenotypes.”!

mouse is a plausible explanation for the

tion improves Dnm
Organelles mis-positioning was evidenced in the Dnm20%"’*
mouse, and we showed it is progressive with age concerning mito-
chondria and nuclei. In addition to accumulating toward the central
area of the fiber, mitochondria can show enlargement and disrupted
cristae. We discovered alteration of upstream and downstream mi-
tophagy markers, strongly supporting that mitochondria defects
may be partly caused by defective mitochondrial quality control. It
is yet unknown if altered mitophagy is a common finding to several
forms of DNM2-CNM as it remains to be tested in the models for
the other forms. Of note, we also found internal accumulation of des-
min that is found in the Dnm2****"/* mouse and in the MTM1-CNM
form,”>°*"** suggesting general alteration of autophagy is a common
pathological mechanism.

Normalization of DNM2 level is sufficient for phenotypic
amelioration

DNM?2 is overexpressed in patients and mouse models harboring
other CNM mutations,”**”*® and we confirmed that DNM2 levels
were increased in the Dnm2™**°""* mice and DNM2 R369W patients.
Local DNM2 reduction was achieved by intramuscular expression of
shDnm?2 targeting Dnm2 mRNA through AAV transduction (Fig-
ure 7A). A rather short treatment period (4 weeks) was sufficient to
achieve both DNM2 normalization to WT level and improvement
of the main phenotypes including the muscle hypotrophy, myofiber
hypotrophy, and mitochondria mis-position. Similar rescue results
were reported for mouse models of the other forms of DNM2-
CNM.*** Here we demonstrate that DNM2 normalization is enough
to achieve a therapeutic benefit. These data also highlight that a
similar treatment could work for different mutations and severity
of CNM linked to DNM2.

Concerning the choice of AAV-shRNA instead of siRNA for reducing
DNM2 level through RNA interference, the AAV-shRNA approach
that was chosen as a single injection was enough to downregulate
DNM2 and improve the phenotypes. siRNA has a transient nature
that usually requires repeated injections. Moreover, specific and effi-
cient delivery to the tissue of interest is still a major bottleneck. For
AAV-shRNA, efficient muscle transduction and long-term expres-
sion after several years in human were reported.”® However, a high



www.moleculartherapy.org

dose of AAV induced liver toxicity in specific disease populations like
X-linked CNM.®” The recent and ongoing development of novel AAV
serotype de-targeting the liver and with increased muscle transduc-
tion efficiency (thus requiring a lower dose) could help reducing
the AAV-shRNA bottlenecks.*®

MATERIALS AND METHODS

Mice

Dnm2R3°W* C57BL/6N  knockin  mice (MGI nomenclature
Dnm2™%) were created by PHENOMIN-Institut Clinique de la
Souris (www.phenomin.fr/en-us, Illkirch-Graffenstaden, France)
using CRISPR-Cas9 to insert a mutation in the Dnm2 gene (RefSeq:
NM_001039520.2): the CNM-related R369W mutations 1293C>T
and 1295C>G leading to the substitution Arg - CGC per Trp - TGG,
plus a synonym mutation 1292G>A (GAG>GAA) creating an
Xmnl restriction site for genotyping purposes. C57BL/6N fertilized
oocytes were microinjected with a mix of sgRNA (TGAGCGCTTT
CCCTTTGAAGC, 12 ng/uL), spCas9 mRNA (25 g/uL), and single-
stranded oligodeoxynucleotides (ssODN, AGATCAAGTAGACACA
CTAGAGTTGTCTGGTGGAGCCCGCATCAATCGTATCTTTCA
TGAATGGTTTCCCTTTGAACTGGTAAAGGTAGGTGTTCAGC
CTGGAGTTAAGTCAGACACTCTCATGCTTGGTCTTTG, 10 ng/
pL). The microinjected eggs were re-implanted in CD1 foster females
and the germ line transmission was achieved in pups carrying the
Xmnl restriction site and the R369W mutation. The mice were geno-
typed with the primers 5'-CATGCCTCCTTCCAATACACAAAT-3'
and 5-GAGATCTGGGAAGATGGGGACATGT-3, and the PCR
products were digested with XmnlI restriction enzyme (20 u/uL) for
30 min at 37°C, followed by electrophoresis and Sanger sequencing.

The mice were housed in the Institut Clinique de la Souris animal fa-
cility in 12-h/12-h light/dark cycles, under controlled conditions of
temperature and humidity, food and water ad libitum. The mice
were euthanized by CO, inhalation followed by cervical dislocation.
All experiments were conducted in accordance with French and
European legislations (ethics approval 25185-2020042209385997).

Muscle strength assessment

The hanging test was performed in triplicate by placing the mice hor-
izontally on a grid in suspension, where they were expected to hold
against the gravity force for up to 60 s. For the grip test, the mice
were weighted, and their force was measured in triplicate using a
grip meter (Bioseb Grip Test V3.22, Pinellas Park, FL, USA). The
mice were allowed to grab the grip grid and were then gently pulled
backward in the horizontal plane. The force obtained was normalized
to the body weight.

AAV-shDnm2

AAV2/9-shDnm2 under the control of a U6 promoter was modified
from the sequences created and validated in Buono et al. and Tasfaout
et al.’>>*® for the removal of the plasmid region responsible for the
GFP expression. The AAV-shDnm2 targeting Dnm2 exon 4
(shDnm2, AAGGACATGATCCTGCAGTTCAT, Figure 1A) was in-
jected in the TA muscle. This sequence has 100% homology to the hu-

man genome sequence RefSeq: NM_001005360.3.°” The control
AAV-shScramble has no homology to mouse genome (scramble,
GGGCTATCCCAACGCTATTAGT) and was injected in the contra-
lateral muscle of 4-week-old-mice at 1.2 x 10'° vg in a final volume of
20 pL. At 8 weeks old, mice were euthanized, and muscles were
processed.

Muscle contractile properties

The mice were anesthetized by sequential intraperitoneal injections of
Domitor (1 mg/kg)/fentanyl (0.14 mg/kg), diazepam (4 mg/kg), and
fentanyl alone (0.14 mg/kg). In sequence, the sciatic nerve was
exposed trough a small opening in the gluteus, and the ipsilateral
TA muscle was detached and connected to a force transducer Com-
plete1300A mouse Test System (Aurora Scientific, Aurora, Canada).
The TA muscle contraction was assessed after sciatic nerve tetanic
stimulations at 1, 10, 20, 30, 50, 75, 100 and 150 Hz. The specific force
values were obtained by normalizing the absolute force indexes by the
cross-sectional area of the muscle analyzed (CSA, TA muscle weight
[mg]/TA muscle length [mm] x skeletal muscle density [1.06 mg/
mm?]).”%”" The fatigue simulation was realized after 3 min of rest
by repeated stimulations of TA muscles at 40 Hz (from 1 to 80 pulses).

Tissue processing and histology

The hindlimb muscles were dissected, weighed, snap frozen in liquid
nitrogen, cooled in isopentane, and stored at —80°C until processing.
Transverse sections of TA muscles (8 um width) were cut for H&E
and SDH stainings and scanned in a NanoZoomer 2HT (Hamamatsu,
Iwata, Japan) and processed using Image] software (NIH, Bethesda,
MD, USA).

Electron microscopy

The TA muscles were fixed in 2.5% glutaraldehyde and 2.5% parafor-
maldehyde diluted in 0.1 M cacodylate buffer (pH 7.4), washed in ca-
codylate buffer, postfixed in 1% osmium tetroxide, and dehydrated in
ascendant graded alcohol and propylene oxide. The samples were ori-
ented and embedded in Epon 812, sectioned at 70 nm in Ultracut
UCT (Leica Biosystems, Wetzlar, Germany) and contrasted with ura-
nyl acetate and lead citrate. In sequence, they were examined at 70 kv
with a Morgagni 268D electron microscope (FEI Electron Optics,
Eindhoven, Netherlands), and the images were captured using the
Mega View III camera (Olympus Soft Imaging Solutions, Tokyo,
Japan).

Protein extraction and western blotting

TA muscles from the mice and muscle biopsies from patients (healthy
controls: 1 and 2 paraspinal, 3 latissimus dorsi; CNM DNM2 R369W:
1 deltoid, 2 and 3 vastus lateralis) were lysed in RIPA buffer supple-
mented with protease inhibitor cocktail EDTA-free (Roche
11873580001, Basel, Switzerland). A total of 10 pg of proteins was
applied to SDS-PAGE gels, and the proteins were transferred to
nitrocellulose membranes using Trans-blot semi-dry transfer system
(Bio-Rad, Hercules, CA, USA). Protein load control was obtained as
quantification of Ponceau S staining in the membranes photographed
in an Amersham Imager 600 (GE Healthcare Life Sciences, Boston,
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MA). The membranes were blocked in 5% milk and incubated with
anti-BIN1 (1:20,000, homemade 2405), anti-DNM2 (1:50,000, home-
made 2865), anti-GAPDH (1:10,000, Millipore MAB374, Burlington,
MA, USA), anti-OXPHOS (1:500, ABCAM ab110413, Cambridge,
United Kingdom), anti-PARK2 (1:3,000, Invitrogen, 702785, Wal-
tham, MA, USA), anti-prohibitin (1:1000, ABCAM, ab28172, Cam-
bridge, United Kingdom), anti-PYGM (1:1000, ABCAM ab63158,
Cambridge, United Kingdom), anti-total S6K (1:1000, Cell Signaling,
2708, Danvers, MA, USA) or anti-phosphorylated S6K (1:1000, Cell
Signaling, 9208, Danvers, MA, USA) and for 1 h with 1:10,000 sec-
ondary antibodies conjugated with horseradish. The membranes
were exposed to ECL and scanned in an Amersham Imager 600. Blots
and total protein (Ponceau S) densities were quantified in Image].

RNA extraction, gqRT-PCR, and RT-ddPCR

RNA was extracted from TA muscles with Tri Reagent (Molecular
Research Center TRI118, Cincinnati, OH, USA) according to
the manufacturer’s indications, and the ¢cDNA was transcribed
using SuperScriptIV Reverse Transcriptase (Thermo Fisher Scientific
18090050, Waltham, MA, USA) and ribonuclease inhibitors
(40 U/pL, Promega N2511, Madison, WI, USA). The qRT-PCRs
were performed in a LightCycler 480 (Roche, Basel, Switzerland) in
triplicate reactions set up with SYBR Green (Qiagen 204145, Hilden,
Germany) and Rpl27’* as the housekeeping gene (primers’>™”” in
Table S1).

The RT-ddPCR experiments were performed as previously
described.”® In brief, RNA was extracted from the TA muscles of
mice at 8 weeks old and transcribed into the cDNA. The RT-
ddPCR used FAM or HEX reporter dyes and ZEN/Iowa Black FQ
double-quenched nuclease probes (IDT, Coralville, IA, USA) either
targeting the 5" region of WT or mutated form of Dnm2. The reac-
tions were conducted in a QX200 Droplet Digital PCR System
(Bio-Rad, Hercules, CA, USA), and the Hprt gene was used for house-
keeping (Table S2).

Immunofluorescence

For immunofluorescence, TA muscles from mice were used. Longitudi-
nal sections of TA muscles were fixed in PFA 4% overnight, cryopre-
served in sucrose 30% and sectioned in cryostat. Transverse sections
were fixed in PFA 4% prior to the immunofluorescence reactions.
The samples were permeabilized with Triton 0.2% and blocked in 5%
BSA. The slides were incubated with 1:100 of anti-a actinin (Sigma-
Aldrich A7811, St. Louis, MO, USA), anti-BIN1 IgG2 (Sigma-Aldrich
B9428, St. Louis, MO, USA), anti-desmin (ABCAM AB15200,
Cambridge, United Kingdom), anti-DHPR IgGl (ABCAM ab2862,
Cambridge, United Kingdom), anti-DNM2 (homemade 2680) or
anti-PAX7 (Developmental Studies Hybridoma Bank PAX7, Iowa,
IA, USA), and 1:250 of the suitable fluorescent secondary antibody
plus 1:1,000 DAPI for 1 h 30 min at room temperature.

The fiber type immunofluorescence was performed in non-fixed and

non-permeabilized transverse muscle sections. The samples were
blocked in 3% BSA and incubated with a mix of the primary anti-
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bodies 1:50 anti-myosin type I, MYH7 (Developmental Studies Hy-
bridoma Bank BA-D5, IgG2b, Iowa, IA, USA), 1:50 anti-myosin
type ITa, MYH2 (Developmental Studies Hybridoma Bank SC-71,
IgGl, Iowa, IA, USA), and 1:50 anti-myosin type IIb, MYH4 (Devel-
opmental Studies Hybridoma Bank BF-F3, IgM, Iowa, IA, USA).
Next, the samples were incubated with a mix of the secondary anti-
bodies 1:100 anti-IgG2b Cy3 dye (Jackson ImmunoResearch 115-
165-207 West Grove, PA, USA), 1:100 anti-IgG1 Alexa Fluor 488
dye (Jackson ImmunoResearch 115-545-205 West Grove, PA,
USA), 1:100 anti-IgM DyLight 405 dye (Jackson ImmunoResearch
115-475-075 West Grove, PA, USA), plus 1:200 wheat germ agglu-
tinin Alexa Fluor 647 dye (Invitrogen W32466, Waltham, MA, USA).

Statistics

Statistical analyses were performed in the GraphPad Prism 8 software
(GraphPad, San Diego, CA, USA). After the determination of samples
distribution profile by Shapiro-Wilk test, the appropriate statistic test
was performed as indicated in the figure legends. Significant varia-
tions were accepted when p < 0.05.

Study approval

All experiments were conducted in accordance with French and Eu-
ropean legislations and approved by the institutional ethics commit-
tee (project number 25185-2020042209385997 and CE-2022-3).
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