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Abstract
Background Canine models of Duchenne muscular dystrophy (DMD) are valuable to evaluate therapies
because they faithfully reproduce the human disease. Several cases of dystrophinopathies have been
described in canines, but the GRMD (Golden Retriever Muscular Dystrophy) model remains the one used
in most preclinical studies.

Methods We report a new spontaneous dystrophinopathy in a Labrador retriever strain, named LRMD
(Labrador Retriever Muscular Dystrophy), for which a colony was established. Fourteen LRMD dogs were
followed-up and compared to the GRMD standard.

Results The clinical features of the GRMD disease were found in LRMD dogs, and the functional tests
provided data roughly overlapping those measured in GRMD dogs, with similar inter-individual
heterogeneity. Molecular techniques including RNA-sequencing allowed to map and identify the LRMD
causal mutation, consisting in a 2.2-Mb inversion disrupting the DMD gene within its intron 20, and
involving TMEM47 gene. In skeletal muscles, the Dp71 isoform was ectopically expressed as a probable
consequence of the mutation. We found no evidence of polymorphism in the two LTBP4 and Jagged1
modi�er genes that would explain the observed inter-individual variability.

Conclusions This study provides a full comparative description of a new spontaneous canine
dystrophinopathy, that we demonstrate is phenotypically equivalent to the GRMD model. We report a
novel large DNA mutation within the DMD gene and provide evidence that LRMD is a relevant model to
pinpoint additional DMD modi�er genes.

Background
Duchenne muscular dystrophy is an X-linked inherited disorder due to mutations in the Dystrophin gene,
which large size explains the relatively high incidence of this genetic disease affecting 1 in 3600 to 9300
male births [1]. The dystrophin-de�ciency leads to severe muscle lesions including necrosis, regeneration,
in�ammation, �brosis and fatty degeneration. The patients initially present with gait di�culties and
frequent falls and are usually diagnosed around �ve years of age [2]. The disease is then rapidly
progressive and leads to a permanent use of the wheelchair at around 10 years of age. During teenage
and young adulthood, respiratory muscle weakness progresses, patients need ventilatory assistance, and
a dilated cardiomyopathy develops [2]. Both respiratory and cardiac insu�ciencies lead to premature
death of these patients in their third to fourth decade, despite the dramatic progress in the medical
management of these patients made over the last decades [2, 3].

In parallel to this active clinical research that has substantially increased the lifespan but also the quality
of life of the DMD patients, innovative therapies including gene, cell and pharmacological therapies have
been and are developed with the aim to cure or alleviate DMD. The phase of development of such
strategies requires validation steps in animal models. Among the animal models of DMD, dystrophin
de�cient dogs reproduce the main histopathological and clinical features of DMD, in a large size
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organism [4, 5]. Therefore they represent a challenging preclinical context, compared to smaller animals,
to ultimately validate the functional bene�t provided by large-scale produced therapeutic agents, and
secure the translation to humans [5–7].

Twenty-nine spontaneous muscular dystrophy cases have been described in 26 different dog breeds,
belonging to 9 over the 10 canine breed groups [5, 8–34]. Causative mutations in the dystrophin gene
have been identi�ed in 14 dog strains: a Cocker Spaniel with a 4 bp deletion in exon 65 [5], a Corgi with an
insertion in intron 13 [22], a Cavalier King Charles Spaniel with a splice site mutation in intron 50 [23],
another Cavalier King Charles Spaniel with a 7 bp deletion in exon 42 [30], a Rottweiler with a non-sense
mutation in exon 58 [14], a Tibetan terrier with an exon 8 to 29 deletion [5], a German shorthaired pointer
and a miniature Poodle with a large deletion of the whole DMD locus [16, 31, 35], a Norfolk terrier with a
1 bp deletion in exon 22 [27], a Japanese Spitz with an inversion in the intron 19 [29], a Border Collie with
a 1 bp deletion in exon 20 [32], a Labradoodle with a point mutation in exon 21 [33], a Labrador retriever
with a 184 bp insertion in intron 19 [5], and a Golden retriever with a splice site mutation in intron 6 [36].
The latter mutation was maintained in the Golden retriever background, or introgressed into the Beagle
background [37], both models having been extensively used in preclinical trials for DMD.

The so-called GRMD (Golden Retriever Muscular Dystrophy) dog is well known and described: clinical
signs include early and progressive gait impairment, dyspnea, dysphagia and delayed dilated
cardiomyopathy, altogether resembling the human DMD clinical pro�le, including a strong inter-individual
heterogeneity, under investigation to identify disease modulators [4, 38–40]. Quantitative evaluation
tools, often adapted from techniques used in patients, have been developed for the GRMD dog model,
and have allowed demonstrating promising bene�cial effects of therapies for DMD at the preclinical step
[41–44]. However this model is sometimes criticized because of the inter-individual heterogeneity, in
addition to its low availability [6, 45]. The GRMD mutation located out of the DMD major hotspot of
mutations, is therefore not a perfectly similar genetic context to most of DMD cases [23], and the
presence of revertant �bers might be confusing by conferring an immune tolerance to engineered
dystrophins [7]. Therefore the interest of candidate canine models, alternative or complementary to
GRMD should be investigated each time a spontaneous case is identi�ed. Recently, the intron 50
mutation identi�ed in Cavalier King Charles, introgressed and maintained in a beagle background, has
been used to provide proof of concept of successful targeted gene editing in DMD dogs [46].

Here we report a canine X-linked muscular dystrophy in a Labrador retriever strain, named LRMD
(Labrador Retriever Muscular Dystrophy), for which a breeding colony was established. In this paper, we
provide a comprehensive molecular and clinical characterization as well as a functional description,
relative to the reference GRMD dog model, in order to evaluate the possible interest of this model in
genetic or preclinical studies.

Methods

Animals and colony establishment
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The two �rst affected dogs (LRMD1 and 2) belonged to a Labrador retriever breeder, and were referred at
the age of 4 months by their veterinarian to the neurology consultation of the Alfort school of veterinary
medicine (EnvA), where they underwent complete neurological assessment, CK dosage,
electromyographic studies, and muscle biopsies. The breeder donated to the Neurobiology laboratory
(EnvA) two affected brothers from another litter (LRMD3 and 4) as well as a sister with a 50% risk to be a
carrier. A �rst litter, obtained from this female and the male LRMD4, contained an affected male and an
affected female attesting the heterozygous status of the dam. A colony was then established from these
two founders and using crossings between affected males and carrier females. The reproduction was
assisted by arti�cial insemination. A total of 10 litters allowed the obtention of 26 LRMD dogs among
which 10 remained alive after 1 month of age. A total of 14 LRMD dogs were thus studied (4 born in the
breeding farm and 10 in the laboratory) among which 9 males and 5 females. Before having the genetic
diagnosis available, the LRMD dogs’ identi�cation was based on sustained high serum CK values, and on
clinical and histological observations; the unaffected females were de facto considered as heterozygous
due to the crossing which was used (diseased father). For ethical reasons, the breeding of this colony has
now been stopped and frozen semen from LRMD males has been saved in order to be able to rebuild a
colony if needed.

Survival analysis
A �rst Kaplan-Meier survival curve was performed encompassing all the born LRMD (n = 30). Given the
fact that the GRMD dogs are not bred in the laboratory but in an external breeding farm to arrive in the lab
around two months of age, the comparison of the survival between both colonies was performed from
the age of two months. The 14 LRMD dogs having survived after two months of age were compared with
181 GRMD dogs that were not included in any systemic treatment protocol, and to 14 healthy dogs from
the GRMD colony. Survival data were censored in two cases: if a dog was still alive at time of the
analysis, or if the dog left the laboratory to be adopted, in the case of healthy dogs. Percentiles of survival
were calculated in the software Statistica 10 (StatSoft ®). A Kaplan-Meier curve was also obtained and a
log-rank test used to compare GRMD and LRMD survival.

Clinical scoring
The dogs were clinically scored using the grid developed and validated in the laboratory for GRMD dogs
[47]. Seven LRMD dogs (three females, four males) underwent iterative clinical scoring from weaning (2
months of age) and during their whole life. Their clinical scores were compared to values obtained in an
age-matched male GRMD population encompassing 21 animals, using t-tests, and the dispersion of both
populations was evaluated by calculating coe�cients of variation. Seven LRMD dogs (three females, four
males) including �ve among the seven longitudinally followed-up animals underwent clinical scoring at
an adult age (mean 23.6 months, SD 12.0 months, min 13.9 max 46.4 months). Eleven adult male GRMD
dogs (mean 23.2 months, SD 13.9, min 9.9 max 49.3 months) were used to compare both colonies using
a t-test, given that there was no signi�cant difference in ages of both populations (p = 0.9).

Gait analysis using 3D-accelerometry
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The gait quality was quanti�ed using a method previously described in GRMD dogs based on 3D-
accelerometric recordings near to the centre of gravity during spontaneous locomotion [48]. Brie�y, the
dogs were prompted to walk or run along a corridor, and were allowed to self-select their gait and speed.
During the test, 3 orthogonally-positioned accelerometers inserted in a small device (Locometrix ®) were
maintained near to the xiphoid process using a thoracic belt, and recorded accelerometric curves
(acquisition frequency 100 Hz).

A dedicated software (Equimetrix ®) was used to calculate the following variables, described as relevant
in growing GRMD dogs: the speed, the stride frequency, the stride length, the regularity, the dorso-ventral,
cranio-caudal and medio-lateral powers, and the total power. The speed and stride length were used after
normalization by the height at withers, and the axial powers were expressed as relative powers after a
normalization by the total power.

Three LRMD dogs (two female, one male) could be tested iteratively during the progressive phase of the
disease. The �rst test was performed between 2 and 3 months of age, and the dogs were subsequently
tested every two weeks until the age of 9 months. They were compared to a population of 24 age-
matched male GRMD dogs and 6 healthy male golden retrievers. Four LRMD dogs (2 females, 2 males)
were tested at an adult age (mean 20.7 months SD 10.4 months, min 12.7 months max 35.4 months) and
compared to 18 male GRMD and 11 healthy male adult golden retriever dogs (mean GRMD 17.8 months
SD 14.5 months ; mean healthy dogs 21.3 months, SD 21.9 months). As previously described [49], a
principal component analysis (PCA) using 7 variables (the stride frequency, stride length, regularity, the
three relative powers and the total power), the 18 GRMD and the 11 healthy dogs as active individuals
was performed in order to produce a reference PCA plane that represents 90.6% of the variance (68.2% by
the component 1 and 22.4% by the component 2). In order to position the LRMD dogs relative to GRMD
and healthy dogs, they were projected as supplementary individuals on this PCA plane.

Force measurement
An in vivo force measurement on both hindlimbs was performed at the age of 4 and 6 months in two
LRMD dogs (one male, one female), as previously described [50]. The dogs were generally anaesthetized
using a propofol (6.5 mg/kg) intravenous induction, and a maintenance with iso�urane in 100% O2. A
continuous monitoring of ECG, SpO2, ETCO2, rectal temperature was set up, and an automatic ventilator
was used to maintain normocapnia. They were positioned in dorsal recumbency and their both hindlimbs
were successively positioned into a dedicated device already used to assess muscle force after
therapeutic procedures [42, 51]. The device was composed of two force transducers (HBM PW6DC3)
linked to a vertical plate supporting the anatomical segment encompassing the tarsus, metatarsus and
digits. The tarsus was 90° �exed, so that the leg rested horizontally, the femur being vertically positioned
by gently maintaining a 90° �exion of the knee. A percutaneous stimulation of the �bular nerve was
performed, and the stimulation intensity progressively increased until force reached a plateau, and then
increased by 150% in order to ensure supramaximal stimulation. Once the supramaximal stimulation
intensity was �xed, 6 1-minute-spaced tetanic stimulations (50 Hz, 2 seconds duration) were applied,
leading to the contraction of the cranial compartment of the leg inducing a tarsal �exion and a digital
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extension. The signal produced by the transducers was ampli�ed (Grass CP122 ampli�ers), and digitally
converted and recorded (iWorx 214 and Labscribe software). The maximal tetanic isometric force was
obtained by averaging the values of the six tetanic contractions. For the analysis, and to compare
animals with different sizes (healthy dogs larger than diseased ones), this absolute force value was
normalized by the length of the leg measured in the force measurement device, leading to a relative force
index (N/m). Since an incomplete relaxation after a tetanic contraction is seen in GRMD dogs [50], this
type of abnormality was also looked for in LRMD dogs. The post-tetanic residual contraction index was
calculated as the difference between the baselines before and after the tetanic contraction, and
expressed as a percentage of the tetanic absolute force. The results obtained in the two LRMD dogs were
compared to age-matched values obtained in 8 healthy and 17 GRMD age-matched dogs, examined at 4
and 6 months of age. Given the low number of tested LRMD dogs this comparison remained qualitative
(no statistical test performed).

Respiratory function analysis
Two different methods already routinely used in GRMD dogs by us and others were used to evaluate the
respiratory function of LRMD dogs [52]. The �rst one is based on �uoroscopic acquisitions focused on
the diaphragmatic region, performed using a �uoroscopy imaging system (GE® OEC 9800). Conscious
dogs were positioned in right lateral recumbency, reassured and gently maintained in this position during
a 9 second acquisition at 25 Hz that could be repeated in case of low respiratory frequency, in order to
record a minimum of four respiratory cycles. End-inspiratory and end-expiratory images were used to
calculate the range of motion of the diaphragm: the ventral edge of the caudal vena cava foramen was
tagged in both images, which were then superimposed in order to measure the distance between both
tags, in the software Photoshop CS3. This diaphragm excursion distance was normalized by the length
of the 13th thoracic vertebra on the images in order to take into account differences in dogs’ size. A
second indice was calculated on end-expiratory images, to quantify the position of the diaphragm at rest.
The angle formed at the ventral edge of the diaphragmatic foramen of the caudal vena cava, by a
perpendicular to the vertebral axis and a straight line joining the caudal edge of the 11th thoracic vertebra
was measured, in the software Visilog 7.0. The lowest the angle is, the more caudally retracted is the
diaphragm. Four adult LRMD dogs (two males and two females) were tested at a mean age of 24.0
months (SD 17.1 months; min 9.0 months; max 44.9 months), and compared with �ve adult healthy male
dogs (mean 15.2 months of age SD 5.3 months min 10.7 months max 23.8 months) and eleven adult
GRMD male dogs (mean 25.0 months, SD 24.3 months; min 9.7 max 77.5 months).

The second method used was the analysis of Tidal breathing �ow-volume loops, acquired on conscious
dogs. A pneumotachometer (Spirobank II, MIR®) was linked to a tight-�tting facemask placed over the
muzzle including lip commissures. Tidal breathing �ow-volume loops were acquired and analysed in the
software WinSpiro PRO (MIR®). A selection of loops without any artifact was performed and the
following measurements were used: the peak expiratory �ow (PEF) and the peak inspiratory �ow (PIF)
de�ned as the maximal �ow value registered during the expiratory/inspiratory phases, and the expiratory
�ow once 75% of the expiratory volume is reached (EF75). Two ratios known of interest in GRMD dogs
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were then calculated: the PIF/PEF and the EF75/PEF ratios [52]. Four adult LRMD dogs (two males and
two females) were tested at a mean age of 24.9 months (SD 16.0 months; min 9.9 months; max 44.7
months), and compared with eight adult healthy male dogs (mean 23.1 months of age SD 8.1 months
min 11.0 months max 37.5 months) and eleven adult GRMD male dogs (mean 25.7 months, SD 25.0
months; min 9.6 max 77.9 months).

Comparisons between LRMD and healthy or GRMD dogs were performed using t-tests.

Echocardiography
Two LRMD dogs could be examined using echocardiography: LRMD4 at 5 months of age, and LRMD7 at
5.4 and 7.4 years of age. Dogs were unsedated during the imaging session. Conventional 2D and M
mode echocardiography was performed. In particular, a right parasternal short axis view 2D-guided M-
mode acquisition allowed the calculation of the shortening fraction (%). In complement, in the youngest
dog, tissue doppler imaging was performed and the difference between systolic left free-ventricular
endocardial and epicardial velocities was calculated and named myocardial gradient of velocities, as
previously described [53].

Histological techniques
Muscle biopsies were either surgically taken, with the same anaesthetic protocol as for the muscle force
measurement with a morphine-ensured per-operative analgesia, or were sampled during necropsy. They
were immediately vertically mounted on a cork-piece, using tragacanth gum, and snap-frozen in
isopentane cooled in liquid nitrogen. They were kept at -80 °C before cutting. Biopsies were cut at -28 °C
using a cryostat (CM3050S, Leica). Sections of 10 µm were used for morphological stainings, and
sections of 7 µm for immunohistological experiments.

Histopathological evaluation using H&E staining

Dried sections were stained 10 minutes in hematein and 5 minutes in 1% Eosin, dehydrated in four
consecutive baths of ethanol, and mounted in Canada balsam after a soak in xylene. A total of 112
biopsies from different skeletal muscles of diseased dogs until the age of 76 months were sampled and
qualitatively evaluated. Among these biopsies, 38 were taken at necropsy from neonates. Still among
these 112 samples, a selection of 33 biopsies from different skeletal muscles (biceps femoris, sartorius
cranialis, tibialis cranialis, vastus lateralis, triceps brachii, extensor carpi radialis and diaphragm),
sampled at different ages (2 to 24 months) were analysed using a pathological quanti�cation based on a
random sampling and annotation of histological events on entire sections as previously described [50].

Alizarin red S staining

Dried sections were stained during 5 minutes in a 2% alizarin red S solution at pH 5.4. They were rinsed
and dehydrated in acetone and acetone-xylene volume/volume, and mounted in Canada balsam. Fibers
with a normal calcium content appeared pale pink, whereas the calcium overloaded �bers appeared deep
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pink, to bright red for the more strongly overloaded. This staining was used on the 38 biopsies from
deceased neonates in order to investigate a potential neonatal form.

Immunohistochemistry
Seven- micrometers sections from each biopsy were dried, rehydrated and �xed in cold acetone-methanol.
Antibodies against dystrophin were all used at a 1:20 dilution and were either purchased from
Novocastra: NCL-Dys2 (C-terminal part), NCL-Dys 1 (rod domain repeats 8–9), or kindly gifted by Pr Glenn
E. Morris (CIND): MANEX1A (N-terminal part of dystrophin), MANEX1011C (rod domain repeat 1),
MANDYS107 (rod domain repeat 15). Secondary antibodies used were anti-mouse FITC (1:50) or Cy3
(1:800) (Jackson Immunoresearch laboratories Inc.).

Western blot
Multiplex Western-Blot

Muscle protein analysis, including dystrophin, was performed on muscle surgical biopsy samples by
multiplex Western blot analysis using the procedure described by Anderson and Davison [Anderson LVB,
Davison K, Am J of Pathology, 1999]. Monoclonal antibodies used for multiplex Western blots are from
Novocastra (Newcastle, United Kingdom; www.novocastra.co.uk). For multiplex Western blots
combinations of antibodies are as follows: 1) multiplex A includes the antibodies Dys8/6C5 (NCL-
DYS2/dystrophin C-ter), Cal3c/2A2 (NCL-CALP-12A2/calpain 3 exon 8), 35DAG/21B5 (NCL-g-SARC/g-
sarcoglycan), and Ham1/7B6 (NCL-Hamlet/dysferlin); 2) multiplex B includes the antibodies Dys4/6D3
(NCL-DYS1/dystrophin rod domain), Calp3d/2C4 (NCL-CALP-2C4/calpain 3 exon 1), and ad1/20A6 (NCL-
a-SARC/a-sarcoglycan).

Dystrophin Western-Blot

Proteins were extracted from muscle sections using a treatment with 250 mM sucrose, 10 mM Tris pH
7.6, 0.1 mg/ml leupeptin, 1 mg/ml aprotinin, and 20 mg/ml PMSF. After protein dosage (BCA kit, Pierce),
the proteins were denatured using a solution containing 20% SDS 20% sol, 20% glycerol, 10% β-
mercaptoethanol, and 12.5% migration buffer, and 100 °C heating during 3 minutes. 10% glycerol, and
0.001% bromophenol blue. 250 µg proteins from two muscles biopsies from LRMD3 (biceps femoris,
interosseous) were loaded and migrated on a 4–12% NuPAGE Bis-Tris polyacrylamide gel (Life
Technologies ®), as well as 50 µg of proteins from a healthy dog’s muscle biopsy. After a transfer on
nitrocellulose membrane, the immunoblotting was performed using NCL-Dys2 antibody (Novocastra,
1:50), and secondary horseradish peroxidase-conjugated antibody (1:1000). The membrane was �nally
revealed using ECL (Amersham).

Identi�cation of the mutation
RT-PCR screening of the Dp427m transcript
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Total RNA was extracted from muscle biopsies from LRMD3 and a healthy littermate using the RNeasy
kit (Qiagen ®). The reverse transcription was performed using the Superscript II RT kit (Invitrogen®). The
Dp427m transcript was explored using nested RT-PCRs with nine pairs of primers designed to amplify
overlapping segments of the cDNA, based on the published canine dystrophin cDNA sequence
(ESNCAFT00000036277) as follows: exons 3 to 10, exons 10 to 20, exons 15 to 22, exons 21 to 26, exons
25 to 36, exons 35 to 46, exons 45 to 56, exons 55 to 67 and exons 66 to 79 (sequences in Table S1). For
these RT-PCR experiments the PCR MasterMix kit (Promega) was used.

Southern Blot analysis

The genomic DNA from two LRMD dogs (LRMD3 and LRMD4) as well as from two unrelated healthy
Labrador retriever dogs were studied by Southern blotting after EcoRI restriction. After electrophoresis on
0.8% agarose gel, the DNA was transferred from the gel by passive diffusion to a nitrocellulose
membrane. Blots were hybridized with three dystrophin 32P-labeled cDNA probes: probe 1 encompassing
exon 18 to 24, probe 2 covering exon 21 and probe 3 covering exon 20. After washing, the membrane was
exposed on an autoradiography �lm at -70 °C.

PCR of the intron 20

Genomic DNA was extracted from blood using DNeasy kit (Qiagen). Four pairs of primers named F1-R1 to
F4-R4, allowing the ampli�cation of the whole intron 20 in four overlapping segments were designed
based on the published canine dystrophin gene sequence (ENSCAFG00000023562). F1 was designed in
the exon 20, and R4 in the exon 21 (sequences in Table S1) Supplementary primers (F4i, and R4i) were
designed in between F4 and R4 in order to better explore this zone. Sanger sequencing of the PCR
products was performed after DNA gel extraction using the QIAquick gel extraction kit (Qiagen).

RNA-seq analysis

Frozen muscle biopsies were homogenized in 20 mM Tris*Cl pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM
DTT, and 1% Triton X-100, and total RNA was extracted from using TRIzol® LS reagent (Life
Technologies) followed by isopropanol precipitation according to the manufacturer’s instruction.
Cytoplasmic and mitochondrial rRNA was depleted from ~ 1 microgram of total RNA using tiling
oligodeoxynucleotides and the RNase H digestion method [54]. Illumina TruSeq Stranded Total RNA
library kits were used to prepare random-primed, indexed RNA-seq libraries from the rRNA-depleted total
RNA preparations and these libraries were sequenced on an Illumina HiSeq 2500 instrument using either
single-end 50 bp v4 read chemistry. Quality metrics for FASTQ reads were evaluated with FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and reads were quality trimmed and
adapter clipped using the Trimmomatic tool [55] with standard parameters. FASTQ sequence reads were
mapped to the Broad CanFam3.1/canFam3 (Sep. 2011) reference genome using the STAR v2.7 RNA-seq
aligner [56]. Strand-speci�c coverage plots were generated from the alignment �les using the BEDTools
genomecov function and displayed in the UCSC genome browser after conversion with the UCSC
bedGraphToBigWig utility.
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Genetic diagnostic test development

In order to be able to reliably identify healthy, carrier and affected animals, a PCR-based genetic test was
developed. The F4R4 pair corresponding to the 5’ end of the intron 20 was used to amplify the WT allele.
A pair of primers across the distant breakpoint, named mutF-mutR (normal size 1939 bp) and supposed
to amplify the WT allele but not the LRMD one was also designed. PCR was set up using the Phusion
high �delity DNA polymerase (Thermo Scienti�c ®). The LRMD F4-mutR and mutF-R4 bands were gel
extracted using a Nucleospin Gel and PCR Cleanup kit (Macherey-Nagel), and Sanger sequencing was
performed in order to characterize the mutation breakpoints. The diagnostic PCR was designed to be run
with three primers in a single PCR: F4, R4 (1661 bp band WT allele), and mutR (890 bp band LRMD
allele).

RT-PCR of the Dp71 transcript
Total RNA was extracted from tissues using the RNeasy kit (Qiagen ®). The following samples were
used: liver from a healthy dog (Dp71 expression positive control), biceps femoris muscle from a healthy
dog, a GRMD dog and a LRMD dog (LRMD8), sartorius cranialis, tibialis cranialis muscles from a LRMD
dog (LRMD8). The reverse transcription was performed using the Superscript II RT kit (Invitrogen®). cDNA
concentration was determined by spectrophotometry (Nanodrop). The PCR was performed on 120 ng of
each of the 7 cDNA samples using the Phusion high �delity DNA polymerase (Thermo Scienti�c ®). The
forward primer was designed at the junction of the speci�c �rst exon of the Dp71 transcript and the exon
63 of the Dp427 transcript (exon 2 of the Dp71), the reverse primer was designed at the junction between
exons 64 and 65 of the Dp427 transcript (exons 3–4 of the Dp71) based on published canine sequences
AY566609 and ENSCAFT00000036277 (Sequences in Table S1). The expected size of the PCR product
was 164 bp.

Jagged1 PCR and sequencing
A PCR involving the point G > T mutation described to lead to very mild clinical forms in GRMD dogs was
run in 5 LRMD dogs with diverse phenotypes, using the primers published in [39] and the Phusion high
�delity DNA polymerase (Thermo Scienti�c ®). Sanger sequencing of the PCR products was then
performed in order to look at this point mutation in the promoter region of the Jagged1 gene.

LTBP4 SNPs analysis
The Ensembl genome browser was used to identify known polymorphisms in the 30 coding exons from
the canine latent transforming growth factor beta binding protein 4 (LTBP4) gene. Genotypes at these
variant sites were called from the RNA-seq data from 5 LRMD dogs (LRMD 8, 9, 10, 12 and 13) using the
Genome Analysis Toolkit (GATK, https://software.broadinstitute.org/gatk ) best practices work�ow for
SNP and indel calling on RNA-seq data. The known sites in LTBP4 ENSCAFG00000005133 included 4
missense SNP variants (Ensembl Variant ID: rs851496729:p.Pro425Thr, rs851016279:p.Ser439Pro,
rs853156464:p.Pro545Ala, and rs21954920:pAla668Thr) and 7 synonymous SNP variants (Ensembl
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Variant ID: rs851354589, rs21999801, rs21954918, rs853084197, rs851625070, rs852260326, and
rs850783330); no novel coding variants were observed from the LRMD RNA-seq data.

For all the statistical tests performed, the level of signi�cance was set at p ≤ 0.05.

Results

First cases report
Two four-month-old male Labrador retriever littermates owned by a breeder were referred by their
veterinarian to the neurology consultation of the Alfort school of veterinary medicine. The puppies
presented with gait stiffness, exercise intolerance, and marked palmigradic and plantigradic posture
(Fig. 1A). At the clinical examination, normore�exia and absence of proprioceptive defect were observed.
The two puppies had markedly elevated serum creatine kinase (LRMD1: 83000 UI/L; LRMD2: 30000
UI/L), and the electromyogram (EMG) revealed normal nerve conduction velocities, but spontaneous
activity in all the tested muscles (mainly complex repetitive discharges, Fig. 1B). Muscle biopsies from
the biceps femoris muscle were sampled on both dogs and revealed lesions of active necrosis,
regeneration, endomysial fribrosis and few in�ammatory foci with calci�cations (Fig. 1C). The phenotype
of these two dogs, together with the high CK, the myopathic EMG pro�le and the histological lesions were
evocative of a muscular dystrophy process. An immunostaining of the biopsies showed no reactivity with
an anti-dystrophin antibody directed against the central rod domain (Dys 1, Fig. 1D). A multiplex western
blot was also performed (Fig. 1E), con�rming the absence of Dp 427 dystrophin, and the presence at
expected size of other proteins implicated in human limb-girdle muscular dystrophies: dysferlin, γ-
sarcroglycans, and calpain 3. Another litter was obtained by the breeder from the same parents, and once
more two affected males were born, reinforcing the hypothesis of an X-linked transmission. The breeder
kindly gifted to our research unit these two affected males (LRMD3 and 4) as well as an unaffected
daughter from the same parents possibly carrying the causal mutation, allowing us to establish a LRMD
colony in the same facilities as a pre-existing GRMD one.

LRMD colony establishment
A �rst litter was obtained by crossing the presumed female carrier and one of the affected males
(LRMD4), and the subsequent litters were obtained by crossings between the descendant dogs (carrier
females x affected males). The inbreeding of the colony was high (ranging from 25% for LRMD5 and 6,
to 41% for LRMD11 to 14). Over a period of 6 years, ten litters were obtained (Fig. 2). A total of 14 LRMD
dogs (9 males and 5 females) survived the neonatal period and were followed-up.

Main phenotypic features
Neonatal period
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At birth, the LRMD dogs had a weight comparable to their healthy littermates, but rapidly showed for
most of them striking di�culties to suck and needed intensive nursing during their �rst days to ensure
their survival (feeding by oro-gastric gavage, temperature monitoring and stay in incubator if needed).
Despite these cares, around 50% of the LRMD newborns died within their 48 �rst hours (Fig. 3A) following
a paroxystic weakness episode associated for most of them by a severe dyspnea. Myoglobinuria could
be assessed in some of these puppies, as well as very high serum CK values (> 100000 UI/L) and
hyperkalaemia. The rhabdomyololysis was con�rmed in these animals, with a selective involvement of
some muscles such as the diaphragm, the tongue or the sartorius cranialis (Fig. S1), con�rming that this
mortinatality syndrome reproduces the neonatal fulminating form well described in the GRMD dog model
[57].

Clinical observations

Locomotor signs

After few days of intensive nursing, the surviving LRMD puppies became able to suck by themselves and
only exhibited growth retardation in comparison to their healthy littermates. At around the age of 2
months, the LRMD puppies showed a stiff gait and di�culties to jump over an obstacle. In the
subsequent months, they became stiffer, and rapidly developed posture abnormalities resembling those
seen in GRMD dogs notably marked pelvic verticalization, palmigrady and plantigrady. After six months
of age most of the LRMD dogs were unable to run and used a walking gait. However, most of them
remained ambulant, except one dog, (LRMD8) who completely lost ambulation at 6 months of age and
was therefore euthanized. His littermate (LRMD9) also developed a severely compromised locomotion.

Respiratory and digestive signs

At a young age (2–3 months) the LRMD dogs began to show signs of dyspnea mainly paradoxical
thoraco-abdominal movements. In the following months, the dogs developed moderate-exercise induced
polypnea, noisy breathing, and in some cases intermittent cyanosis accompanied by an elevated serum
bicarbonate concentration. Oro-pharyngeal dysphagia became a major feature of the LRMD from the age
of 4 months, with a prominent aggravation in the following months. This severe dysphagia probably
explained by the co-occurence of markedly reduced jaw opening, prominent macroglossia, retraction of
the tongue, and weakness of the paryngeal muscles themselves, was observed in all the LRMD dogs, and
was a cause for humane euthanasia for half of them, who were even unable to maintain a convenient
hydration state. As a complication of this oro-pharyngeal dysphagia, LRMD dogs frequently developed
aspiration bronchopneumonias, which could be successfully treated for most of them, but which caused
the death of 4 out of the 14 affected dogs. On chest radiographs, the usual abnormalities found in GRMD
dogs were seen: hiatal hernias, megaoesophagus, pectus excavatum, pulmonary hyperin�ation
associated with a diaphragm �attening [58].

Survival
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The mean survival of these 14 LRMD dogs was 21.6 months, with a �rst quartile at 10.8 months and a
third quartile at 31.4 months. The LRMD dog with the longest survival (LRMD7) died at the age of
103.5 months (8.6 years), probably following paroxystic cardiac arrhythmias (sudden death without
signi�cant �ndings at necropsy in a dog known to have prominent ventricular arrhythmias). A compared
survival analysis was performed between LRMD and GRMD dogs and showed that LRMD dogs tended to
have a better survival (log-rank test p = 0.01) despite close curve pro�les between both colonies, and very
distinct from the one of healthy dogs (Fig. 3B).

Histological observations

Among the studied biopsies, the general trend for a given muscle was a predominance of necrosis-
regeneration lesions in dogs younger than 1 year-old. In�ammatory foci and calci�cations were observed
in some biopsies from 4- and 6-month-old dogs. Later on, the predominant lesions became the
endomysial �brosis and adiposis after two years (Fig. S2). In parallel, the CK values were highly
�uctuating but remained roughly strongly elevated during the �rst year, and decreased to lower values in
older LRMD dogs. Among the sampled muscles, the more affected were the diaphragm and the extensor
carpi radialis, according to a pathological scoring (pathological index > 60%).

Functional evaluation and comparison with the GRMD model

The overall phenotypic characteristics of the LRMD dogs resemble those observed in GRMD dogs. In
order to position the model in comparison to the “reference” GRMD dog model, a quantitative
comparative study between both canine muscular dystrophies was performed, using the tools developed
to evaluate GRMD dogs.

Clinical score

As a re�ect of the disease progression described above, the clinical score rapidly increased during the �rst
months of the studied LRMD dogs, and tended to progress slower or stabilize after 7–8 months. The
same type of evolution was seen in the GRMD population (Fig. 4A). However when comparing more in
detail both colonies, the LRMD dogs seemed to have a more rapid and homogeneous evolution in the
very �rst months: at the age of 4 months the LRMD dogs had nearly signi�cantly higher scores (p = 0.07)
and the coe�cient of variation of the clinical score was less in the LRMD colony (12% vs 34% in GRMD
dogs). After this point, two subpopulations emerged, with two more severely affected LRMD dogs from a
locomotor point of view (LRMD8 and 9), suggesting that as in the GRMD colony, there may be a severe
form leading to a loss of ambulation in LRMD dogs [38]. The less affected LRMD dogs seemed to have
higher clinical scores than GRMD dogs in the 10–16 months interval. This was con�rmed by a
comparison between both colonies at an adult age (Fig. 4B), showing that LRMD dogs had signi�cantly
higher clinical scores (mean 67.5%, SD 12.1%) than GRMD dogs (mean 48.1%, SD 11.7%; p = 0.005).

Gait analysis
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The LRMD dogs that were gait-tested using accelerometry exhibited similar pro�les as GRMD dogs
compared to healthy dogs: decreased speed, stride length and frequency, decreased total power and
increased medio-lateral relative power signing the waddling gait of these dogs. Among the three LRMD
dogs longitudinally followed-up (Fig. 5), two showed values amongst the more affected GRMD dogs, and
a decrease of the gait quality with age, notably with a dramatic increase of the gait waddle. The third dog
(LRMD14) had rather preserved ambulation, attesting to the existence of an inter-individual heterogeneity
in LRMD dogs. Despite this heterogeneity and the low number of animals followed-up, the total power, a
very discriminating variable, was found signi�cantly decreased at all tested ages (p = 0.035 at 4 months
of age, p = 0.0001 at 6 months of age, p = 0.002 at 9 months of age), similarly to GRMD dogs (no
signi�cant difference between both models). The four LRMD dogs examined at an adult age obtained
gait indices values overlapping those usually measured in the GRMD population and signi�cantly
different from the healthy one (p = 0.036 for the stride frequency to p < 0.0001 for the total power). No
signi�cant difference was found between LRMD and GRMD dogs, though the relative medio-lateral power
was nearly signi�cantly increased in LRMD dogs (p = 0.059, mean LRMD = 42% (SD = 10%), mean GRMD 
= 29% (SD = 13%)). When projecting these four dogs as supplementary individuals on a PCA plane
constructed using healthy and GRMD adults as active individuals, the LRMD dogs projected in the GRMD
cloud, attesting the gait characteristic similarities between both colonies (Fig. 5).

Force measurement

Two dogs could be muscle force-tested, at 4 and 6 months of age. At both ages, the muscle force
appeared decreased compared to healthy dogs, at similar level as for GRMD dogs at 4 months of age,
and at a more intermediary level at 6 months of age (Fig. 6). Muscle relaxation impairment is a feature of
GRMD dogs, with an incomplete relaxation after a tetanic contraction or a twitch, at varying levels in
function of the animals, and with a correlation to the severity of the phenotype. This feature was also
found in the LRMD dogs, with an increase of this residual post-tetanic contraction at the 6 months of age.

Respiratory function

The four adult LRMD dogs that underwent respiratory tests showed again similar patterns as GRMD
dogs. They had a signi�cantly caudally retracted diaphragm as assessed by the angle index (p < 0.001),
at similar levels as GRMD dogs (no signi�cant difference between both models) (Fig. 7A). The LRMD
diaphragm was hypokinetic with a decreased range of motion (p = 0.005), but slightly less than GRMD
dogs (p = 0.02) (Fig. 7B). The �ow-volume loops analysis showed the same abnormalities as those
described in GRMD dogs including a dramatic �ow decrease at the end of expiration, quanti�ed by the
EF75/PEF ratio, which was signi�cantly decreased in LRMD dogs (p = 0.0004) at similar levels as GRMD
dogs (no signi�cant difference between both models) (Fig. 7C). The PIF/PEF ratio was also dramatically
decreased (p < 0.0001), as in GRMD dogs (no signi�cant difference between both models), however the
LRMD dogs tended to overlap with the lowest GRMD values regarding this �ows ratio (Fig. 7D).

Echocardiographic �ndings
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The dog examined at a young age (LRMD4, 5 months) exhibited hyperechoic lesions of the left
ventricular free wall, but the measures performed using conventional echocardiography were within
normal ranges (shortening fraction 47.5%). However the use of tissue Doppler imaging to analyze the
radial motion of the left ventricular free wall revealed slightly decreased endo-epicardial gradient of
velocity, a hallmark of early presymptomatic dilated cardiomyopathy reported in GRMD dogs [53]. The
dog examined at later stages (LRMD7) showed dilated cardiomyopathy with a marked decrease of the
shortening fraction evolving with time (21.5% at 5.5 years of age and 10.3% at 7.5 years of age). This dog
also showed frequent ventricular arrhythmias (left and right ventricular extrasystoles), which were
suspected to have led to the sudden death of this animal one year after the last echocardiographic
examination.

Identi�cation of the causal mutation
RT-PCRs covering the dystrophin cDNA led to the ampli�cation of all parts of the DMD transcript in LRMD
dogs, with the exception of the sequence encompassing exons 20 and 21. Indeed, RT-PCRs between
exons 10 and 20 and between exons 21 and 26 ampli�ed normal products while no product could be
obtained between exons 15 and 22 (Fig. 8A).

A Southern blot of the EcoRI-digested genomic DNA of LRMD dogs and using cDNA probes
encompassing exons 18–24, exon 21 or exon 20 revealed abnormal bands (Fig. 8B), con�rming at the
DNA level a putative remodeled spot, mapped between exons 20 and 21 of the DMD gene.

The whole intron 20 (4.5 kb) was then explored using four overlapping couples of primers (Fig. 8C). The
three �rst pairs covered the 3.2 kb 5’ segment of intron 20 and allowed ampli�cation of amplicons at the
expected size. By contrast, the fourth PCR using the F4 - R4 primers yielded no amplicon in LRMD dogs
(Fig. 8C), pinpointing a sequence remodeling lying in the 1.6 kb of the 3’ region of intron. New primers
designed to approach the putative mutation site allowed to correctly amplify the 640 bp segment
covering the 3’ end of the intron, and sequencing of the amplicon con�rmed a normal acceptor splice in
LRMD dogs. However a 700 bp region (X:27,623,229 to X: 27,622,528) was delineated and remained non-
ampli�able even using long-range PCR conditions. Altogether, these molecular data con�rmed in LRMD
dogs a gross genomic DNA rearrangement involving the nearly 3’ end of intron 20. In addition, when
compared to a healthy unrelated Labrador retriever, a slight size difference was seen in the amplicon
using the F1 – R1 pair of primers, which appeared longer in dogs from the LRMD colony whatever their
clinical status (data not shown). Sanger sequencing showed normal donor splice site in LRMD dogs, but
revealed the insertion, 960 bp downstream the 5’ extremity of intron 20, of 36 bp including a 21 bp polyA
and the repetition of 15 bp of the adjacent normal sequence. This insertion explained the shifted size of
the smallest band revealed on the southern blot using the exon 20 probe (Fig. 8B). We identi�ed this
insertion in all animals of the colony, including healthy dogs and thus concluded to a DMD-unrelated
polymorphism that segregates in this line of Labradors.

The LRMD-causing mutation involving the 3’ region of intron 20 was then approached by RNA-
sequencing to measure DMD transcription levels from both exons and introns using strand-speci�c
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libraries prepared from total RNA. This experiment revealed that minus strand transcription from the
Dp427m promoter abruptly decreased within the F4 - R4 PCR region between exons 20 and 21 (Fig. 9A).
Ectopic transcription was observed in a region normally located 2 Mb farther toward the centromere on
the plus strand 100 kb proximal of TMEM47 gene, where this novel transcription continued for ~ 0.3 Mb
(X:29,824,000–30,122,000) into a “no man’s land” of the X chromosome. The level and pattern of
transcription across this ~ 0.3 Mb region was similar to DMD large introns, suggesting the causal
mutation may be a 2.2 Mb inversion disrupting the DMD gene and involving TMEM47 (Fig. 9A).

In light of this characterization, a new PCR experiment was performed intending both to sequence the
breakpoint �anking regions, and also to develop a LRMD mutation diagnostic test able to identify carriers,
healthy and diseased dogs. A pair of primers (mutF - mutR) was designed �anking the presumed distant
breakpoint, and the lack of ampli�cation between them in the LRMD context con�rmed the location of a
breakpoint between these primers. The use of these primers in combination with primers located �anking
the intron 20 breakpoint (F4 – R4) ampli�ed a PCR product in LRMD but not in healthy dogs. The
sequencing of these PCR products allowed the precise characterization of the LRMD mutation as a
2.2 Mb inversion of a region encompassing nucleotides 27,622,834 to 29,823,785 and which can be
annotated : chrX:g.27,622,834_29,823,788 inv. This inverted region encompassed the entire TMEM47
gene without disrupting it. The sequencing of the two breakpoints revealed a 27,622,834 to 29,823,789
junction on the one hand (PCR F4-MutR), and a 27,622,824 to 29,823,785 junction on the other hand (PCR
MutF-R4). This indicated that the inversion is associated with a 9 nt loss in intron 20 and a 3 nt loss in
the distant region, probably attesting to the LRMD mutation probably occurred after two double strand
breaks 2.2 Mb apart, and repair by non-homologous end joining after inversion of the released fragment.
Based on PCR con�rmation of the breakpoint from genomic DNA, close inspection of the RNA-seq data
revealed several intronic reads that mapped across the 27,622,834 to 29,823,789 breakpoint and several
spliced exonic reads that mapped from DMD exon 20 to multiple locations beyond the inversion
breakpoint, con�rming transcription and splicing from the DMD region. At last, a multiplex PCR was
designed to propose a genetic test able to reliably identify LRMD, carrier, and healthy dogs, and con�rmed
to discriminate the three genotypes (Fig. 9B).

Characterization of the dystrophin expression in muscles
The dystrophin immunostainings performed on LRMD muscle biopsies using an antibody directed
against the C-terminal part of the protein (Dys2) showed a faint but undoubted signal with a normal
subsarcolemmal localization (Fig. 10A). The amount of Dys2-positive myo�bers was evaluated on 32
skeletal muscle biopsies from 7 LRMD dogs at levels ranging from 0.2% (LRMD6, sartorius cranialis
muscle) to 44.1% (LRMD1, tibialis cranialis), with a mean of 11.6% (SD = 12.3%). In order to better
characterize this protein, monoclonal antibodies cross-reacting with different regions of the protein were
used on serial sections. No staining of the Dys2 positive �bers was obtained using any of the antibodies
cross-reacting with upstream regions of the dystrophin protein: the staining was negative for the N-
terminal part (MANEX 1A), the �rst repeat of the rod domain (MANEX 1011 C), or for parts of the rod
domain located downstream the mutation (Dys1, MANDYS 107 (Fig. S3)) (Fig. 10A). In some rare �bers
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however, a positive staining for the N-terminal part of the protein was found (Manex 1A + and
Manex1011C+) but these �bers were negative for the C-terminal part (Dys2) (Fig. S3).

A western blot was performed using the Dys2 antibody cross-reacting with the C-terminal part of the
dystrophin, in order to know the size of the expressed dystrophin. A band was visible in the two biopsies
tested, at around 70 kD (Fig. 10B). Given the cross-reactivity of the protein speci�cally with an antibody
targeting the C-terminal part of the protein, and the size of approximately 70 kD, we addressed the
hypothesis of an expression of the Dp71 isoform. A RT-PCR using a forward primer designed in the
speci�c �rst exon of the Dp71 con�rmed an expression of this isoform in the three tested muscle biopsies
(Fig. 10C) and was consistent with RNA-seq coverage data observed in the Dp71 region (Fig. 9A). No
expression was found in the biopsy originating from a GRMD dog, suggesting that this Dp71 expression
is not a compensatory mechanism in a context of canine dystrophinopathy, but rather a speci�city of the
LRMD context.

Analysis of two modi�er genes, Jagged1 and LTBP4

In order to asses if the inter-individual heterogeneity observed in the LRMD colony could be related to
polymorphisms in known modi�er genes, the mutation in the Jagged1 gene promoter leading to ‘escaper’
phenotypes in dogs [39] was investigated in 5 LRMD dogs with diverse phenotypes, including the mildest
and the oldest survivor. The sequence was identical in every tested LRMD dogs. None of these dogs
harbored the G > T point mutation described in GRMD escapers.

Further, coding LTBP4 SNPs were analyzed, since polymorphisms in this gene have been described that
strongly modulate the mdx mouse and human DMD phenotype [59, 60]. Eleven SNPs were found in the
canine LTBP4 coding sequence, among which only 4 were responsible for amino-acid changes (amino
acids number 425, 439, 545 and 668). The 5 LRMD dogs tested were all homozygous and identical for
each of the SNPs, in particular the 4 leading to amino acid changes: amino acid 425 was a Threonine,
439 and 545 a Proline, and 668 an Alanine. The similar LTBP4 SNPs pro�le between LRMD dogs shows
that this known modi�er is, not more than Jagged1, implicated in the inter-individual heterogeneity seen
in this dog model. The homozygosity of the tested LRMD dogs relates to the high inbreeding rate of the
colony, which probably makes this LRMD model a facilitated context to discover new DMD phenotype
modi�ers.

Discussion
This study provides a full description of a new alternative canine model of Duchenne muscular dystrophy
in a Labrador retriever strain, named LRMD. Since several descriptions of dystrophin-de�ciencies have
been reported in the canine species (Table S2), the originality of the present study relies in the direct
comparison with the ‘reference’ canine model, the GRMD dog. One of the aims of this study was to
identify the potential interest of the LRMD model relative to the most commonly used GRMD one. A
comparison to other canine models will also be discussed and is summarized in Table S2.
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Clinical, histological and functional �ndings were comparable to what is usually seen in the GRMD
model. Interestingly, the evaluation tools developed for the GRMD model were completely transposable to
the LRMD, and the values obtained for the most relevant indices used to evaluate GRMD dogs were in
most cases perfectly overlapping those obtained. These tools can thus be used in other dog models, and
are able to reveal and quantify a dystrophic muscle function pro�le. For some measured indices, there
was a trend towards a slightly more severe phenotype in LRMD dogs. This might be related to the high
inbreeding rate of the colony, since it has been reported to be a disease severity enhancer in dogs [5]. The
severity of the LRMD disease described here make these LRMD dogs strikingly different, from a
phenotypic point of view, from the ones described to be almost asymptomatic, for which the mutation
remains unknown [26].

One of the characteristics of the GRMD model, which could argue in favor of the use of an alternative
model improving this point, is the strong inter-individual heterogeneity, reported by all the teams working
on this model. A special attention was therefore paid to this speci�c point in the studied LRMD dogs.
Despite a very high degree of relationship between studied individuals, which could have accounted for a
higher phenotypic homogeneity, an inter-individual heterogeneity, comparable to the one seen in GRMD
dogs, was observed in the 14 LRMD dogs followed-up. The only period at which the animals seemed
more homogeneous from the one to another was the very beginning of the clinical evolution, i.e. the 2 to 4
months of age period. After that point all the evaluation methods showed a marked divergence between
animals, from relatively mildly affected dogs with preserved ambulation, to dogs with severe ambulation
disability. These latter may parallel the so-called ‘severe forms’ of GRMD described in the French colony
and associated with an early loss of ambulation in around 25% of the dogs [38]. In the present study it
was observed in 2 over 14 LRMD dogs suggesting it could be less frequent in this colony, but this should
be taken with caution given the low number of LRMD dogs examined. In order to start to look for clues
explaining the inter-individual heterogeneity, we focused on two described DMD modi�er genes, the �rst
one in dogs (Jagged1) [39] and the second one in DMD patients (LTBP4) [59], but neither of them
explained the phenotype variability seen in LRMD dogs. The existence of a wide inter-individual
heterogeneity in a context of a relatively homogeneous genetic background (attested by perfect
homozygosity in LTBP4 SNPs, and due to the high inbreeding rate associated with the establishment of
the colony), makes this LRMD colony a unique opportunity to identify modulators of the disease, in a
facilitated genetic context.

The low number of examined dogs is one of the weaknesses of this descriptive study. In particular, for
some functional tests, this would probably require the follow-up of supplementary dogs to obtain a
complete natural history, in case this model would be used in therapeutic trials. This was due to the
concomitancy between the establishment of the LRMD colony and the development of evaluation tools,
which explains why the �rst animals were not evaluated using accelerometry or tidal-breathing �ow-
volume loops. A limitation was the use of both females and males, which were compared to a purely
male GRMD population. The obtention of female LRMD dogs was due to the fact that diseased males
were used as fathers, in order to be able to deduce the genotype of females without a genetic testing,
since the mutation was not completely characterized when the colony was established. Given the low
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number of animals and the fact that all the used indices potentially impacted by the size were normalized
to avoid interpretation bias due to size differences, we chose to introduce functional data from female
LRMD dogs in this study. However there are some reports stating that female dystrophin-de�cient dogs
could be less affected than males [4]. In the present case, an inter-individual heterogeneity was seen
within the 5 affected females, though the mildest clinical form (LRMD14), and the oldest survivor
(LRMD7) were females.

Another optimization axis relative to GRMD dogs for a new canine model would be the mutation type.
Most of human DMD cases are due to large mutations and predominantly deletions, preferentially
affecting the major hotspot of mutation spanning exons 45 to 55 or to a lesser extent the minor hotspot
(exons 2–20) [61]. Duplications also account for a signi�cant part of the identi�ed mutations, with a
frequent occurrence of exon 2 duplication [61, 62]. The GRMD mutation is a point mutation in a splice site
and therefore not a model of large mutation. Splice site mutations however account for 3% of the DMD
referenced mutations. The LRMD mutation is a gross rearrangement, but inversions are a rare cause of
human DMD mutations, maybe in part because they are di�cult to detect: querying the Leiden Duchenne
Muscular Dystrophy database provides 8 inversions entries [63], and 5 supplementary inversion reports
have been found in the literature [64–68]. Thus the LRMD mutation, even if located in the minor human
hotspot, is not more than the GRMD one a model for most of the human DMD mutations, as it is the case
for example of the Cavalier King Charles dog which carries a splice site mutation in intron 50 amenable to
exon 51 skipping like 14% of the DMD patients, and recently successfully used in a gene therapy study
[23, 46, 61].

The LRMD mutation would not be amenable to exon skipping therapy since it is a too complex
rearrangement. However this mutation could serve to modelize complex/large mutations which could not
bene�t from exon skipping strategies but rather, for example, from gene replacement strategies. In this
context the LRMD model can probably be considered as naïve, from an immune point of view, to a portion
of the protein spanning exons 21 to 30 (beginning of the Dp260 transcription, presumably preserved).
This context is different from the one of the GRMD dog, in which revertant �bers express a protein lacking
only exons 3 to 9 or 5 to 12 [69]. Both GRMD and LRMD models are therefore not optimal to modelize
immune response questions in the context of most common human mutations. The German shorthaired
pointer muscular dystrophy dog (GSHPMD) in which a deletion of the whole dystrophin-gene occurred, as
well as the more recently described miniature Poodle are undoubtedly good candidates for such
investigations [16, 35]. The GSHPMD deletion not only involves the whole dystrophin gene but also the
TMEM47 (Transmembrane protein 47) gene. Though not disrupted in LRMD dogs but only inverted, the
transcription of this gene could be perturbed, and this would have to be checked, even if the GHSPMD
dog, a canine spontaneous ‘KO’ for this gene, does not exhibit clinical signs more than those due to
muscular dystrophy [35]. TMEM47 encodes for a highly conserved transmembrane claudin-like protein,
which is implicated in transition from adherents to tight junctions, and is highly expressed in several
tissues including the fetal and adult brain [70, 71]. It has therefore been suspected to be implicated in
some cases of X-linked mental retardation. Even if a screening involving 16 affected patients revealed no
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TMEM47 implication [72], a recent case of TMEM47 disruption has been linked to intellectual disability
and language delay [71].

This 15th reported mutation in canine DMD gene was identi�ed using RNA-sEq. This method shows
arousing interest in the �eld of mutation characterization in undiagnosed rare disease and particularly
neuromuscular diseases. Even now in the era of Whole Genome Sequencing (WGS) and Whole Exome
Sequencing (WES), a signi�cant amount of patients actually still have unknown mutations. RNA-seq has
been recently proposed to help detecting mutations in such patients, and reveals particularly powerful in
cases of mutations affecting the splicing process, that can escape the WES and WGS [73, 74].

The inversion reported here is the second one causing Duchenne-type muscular dystrophy in dogs, after
the resembling mutation described in a Japanese Spitz dogs strain, which disrupts the DMD gene within
the intron 19, involves the TMEM47 gene, and disrupts the RPGR (Retinitis pigmentosa GTPase regulator)
gene [29]. Interestingly, in this very comparable context, a protein demonstrated to be the Dp71 isoform
was also expressed in muscles [29]. This isoform is normally expressed in all non-muscle tissues, and its
expression is downregulated during myogenesis. It has been demonstrated that two transcription factors,
Sp1 and Sp3 bind to the Dp71 promoter to activate transcription of this short isoform, and that the loss
of Dp71 in mature muscle �bers is due to the repression of their expression by MyoD [75], allowing the
availability of the sub-sarcolemmal region to the Dp427m isoform. However these examples of
spontaneous expression of Dp71 in adult muscle in a context of inversion of the proximal end of the
dystrophin gene, unique to our knowledge, also suggest a role for the Dp427m promoter activation on the
Dp71 promoter repression. In LRMD and Japanese Spitz cases, the Dp427m promoter could play a
regulatory role at distance on the Dp71 transcription, with Dp71 promoter activation maintained because
a lack of control from the inverted proximal end of the dystrophin gene. The expression of this isoform
composed of the C-terminal part of the Dp427 protein was con�rmed to allow the correct localization of
members of the dystrophin-associated protein complex. However, the Dp71 lacks actin-binding domains,
and has been therefore described as nonfunctional in skeletal muscle, not providing any bene�t when
expressed in a mdx background, and even suspected to be deleterious [76–78]. This was con�rmed by
our �ndings showing similar phenotypes between LRMD and GRMD dogs with a trend towards an
increased severity in LRMD dogs, attesting to the lack of functional advantage provided by the Dp71
isoform and maybe con�rming a possible deleterious effect. Such an expression of the Dp71 isoform in
skeletal muscles has to our knowledge never been described in DMD patients, and represents a
discrepancy between this dog model and the human disease. Moreover, it can be questioned if this
expression could be counteracted, in this particular model, by a therapeutic fully functional protein, since
some competition may exist between both proteins at the sub-sarcolemmal region.

Conclusions
This study provides a comprehensive description of a new canine dystrophinopathy, from the molecular
characterization to the quantitative phenotypic description, together with a comparison to the GRMD dog
model which is the most commonly used in preclinical trials for DMD. Both diseases were phenotypically
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comparable, including inter-individual heterogeneity, and no major advantage of the LRMD model over
the GRMD one could be found, for a use in preclinical therapeutic trials. Moreover, the particular
mutational and transcriptional context described in the LRMD dog could be confusing in a context of
therapeutic trials intending to bring clear responses about DMD treatment options. This model could
however be of interest to better understand the mechanisms involved in the dystrophin isoforms
transcriptional regulation. Most importantly, the LRMD colony, which displays phenotype heterogeneity in
a likely less heterogeneous genetic background than GRMD, represents an opportunity to help identify
and validate disease modulator candidates, in a large animal model faithfully reproducing the human
DMD disease course.
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Figure 1

First cases’ �ndings orientate towards a dystrophinopathy. A: Pictures of the two �rst affected brothers
(LRMD1 and 2), at 4 months of age, at time of their presentation to the neurology consultation of the
Alfort school of veterinary medicine. Note the markedly plantigradic and palmigradic posture and the
pelvic verticalization. B: Electromyographic recording showing complex repetitive discharges, observed in
both animals especially in proximal appendicular muscles. C: H&E stainings of a biceps femoris biopsy
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taken from LRMD2 at 4 months of age, showing a dystrophic pro�le: necrosis, regeneration, endomysial
�brosis, hypercontracted �bers, in�ammatory foci and calci�cations. D: Dystrophin (rod-domain)
immunostaining in LRMD1 and 2 biceps femoris muscles compared to an unaffected dog, showing the
absence of signal delineating the membrane of the muscle �bers, as it is seen in the control dog. E:
Multiplex western-blot con�rming the absence of dystrophin immunoreactivity in the two affected dogs,
using two different anti-dystrophin antibodies (Dys2, anti- C-terminal part, and Dys1, anti- rod domain).
The γ-sarcoglycan was present in both affected dogs however weaker than in the healthy dog, probably
because of a disruption of the dystrophin-associated protein complex. The other revealed proteins were
unmodi�ed, except the α-sarcoglycan for which the human antibody showed no cross-reactivity with
canine muscles.

Figure 2

Pedigree of the LRMD colony. The colony was founded using a crossing between an affected male and
his carrier sister. Ten subsequent litters were obtained, and a total of 14 LRMD dogs could be examined
exception made of the deceased neonate puppies. A high inbreeding level was present in the colony
(consanguinity coe�cients min 25 % max 41 %).
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Figure 3

Survival of LRMD dogs. A: Kaplan-Meier survival curve showing that half of the LRMD dogs die within
their �rst days of life due to neonatal fulminating forms, only 25 % of the LRMD dogs survived more than
18.9 months. The longest survival was 103.5 months in one LRMD dog. B: Kaplan-Meier survival curve
comparing LRMD to GRMD and healthy dogs’ survival without taking into account the neonatal period
(beginning of the follow-up: 2 months of age). In both colonies the survival was markedly impaired
compared with healthy dogs. However the LRMD survival seemed better, and this trend was con�rmed by
a signi�cant log rank test (p = 0.01).

Figure 4

Clinical scoring in LRMD dogs. GRMD dogs are represented in gray, and LRMD dogs in black. A:
longitudinal evolution of the clinical score during the progressive phase of the disease. In both colonies,
the clinical score is low at the age of two months and rapidly increases to roughly stabilize after the age
of 8 months, signing the rapid aggravation of the clinical signs in the �rst months. Although apparently
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more homogeneous during the 2-4 months period with a rapid evolution in all the studied dogs, the
clinical scores of LRMD dogs became more heterogeneous afterwards, with two dogs presenting with a
more severe evolution, and one with a milder. This shows that a phenotypic heterogeneity is present in
this colony as well as in GRMD dogs in which it is well-known. At later stages the clinical scores of LRMD
dogs seemed more elevated than those obtained in GRMD dogs. This was con�rmed by a comparison in
adult dogs: B: comparison of clinical scores in adult LRMD vs GRMD dogs. The clinical scores obtained
in adult clinically stabilized LRMD dogs were signi�cantly increased in comparison to GRMD dogs (p =
0.005), suggesting that adult LRMD dogs could be globally more affected than GRMD dogs. However the
values of both colonies were partly overlapping.

Figure 5

Gait analysis in LRMD dogs using accelerometry. A and B: longitudinal follow-up in 3 LRMD dogs during
the evolutive phase of the disease. The white and gray areas respectively represent the mean ± 1 SD of
the healthy dogs and GRMD dogs populations; the black curves represent the evolution of each of the
three LRMD dogs. A: evolution of the total power from the age of 2 to the age of 9 months. Two among
the three LRMD dogs had markedly decreased total power values, at levels comparable to GRMD dogs.
The third one (LRMD14) exhibited rather preserved total power values, especially in the second part of the
follow-up, from the age of 6.5 months, where some values overlapped with healthy dogs ones. B:
evolution of the relative medio-lateral power from the age of 2 to the age of 9 months. Two among the
three LRMD dogs showed a dramatic increase of their medio-lateral relative power with age and disease
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progression, while the third dog (LRMD14) maintained normal values all along the follow-up period. C:
projection of 4 adult LRMD dogs as supplementary individuals on a PCA (principal component analysis)
plane built with adult healthy and GRMD dogs as active individuals. Healthy and GRMD populations are
well separated and LRMD dogs appear in the cloud of GRMD dogs. D: projection of the variables. The
dispersion of the dystrophic populations from the healthy one is mainly explained by decreased total
power, stride length and frequency, and increased medio-lateral power. Abbreviations: MLP/TP: medio-
lateral power/total power; DVP/TP: dorso-ventral power/total power; CCP/TP: cranio-caudal power/total
power; HW: height at withers.

Figure 6

Force and relaxation measurement in LRMD dogs at 4 and 6 months of age. The histograms represent
the mean value of the healthy (white), GRMD (gray) or LRMD (black) populations, and the error bars ±1
SD. The black symbols represent the individual values of the two LRMD dogs studied (2 legs measured
each). A and B: relative maximal tetanic force, at 4 (A) and 6 (B) months of age, obtained after a
normalization by the leg length in order to take into account differences in dogs’ size. The muscle force
appeared decreased in LRMD dogs, at a slightly lower level than GRMD dogs at 4 months and 6 months.
C and D: post-tetanic residual contraction as a percentage of the tetanic force at 4 (C) and 6 (D) months
of age, was measured by normalizing the difference between pre- and post-tetanic baselines by the
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maximal tetanic force. An incomplete relaxation after a tetanic stimulation was observed in LRMD dogs
as in GRMD dogs, with an increase of this relaxation defect with age.

Figure 7

Respiratory function in LRMD dogs. Healthy dogs are represented by empty gray circles, GRMD dogs by
gray dots, and LRMD dogs by black symbols. All the dogs were adults (>10 months). A and B: results of
diaphragmatic kinematics on video�uoroscopic acquisitions. A: The angle formed at the ventral
diaphragmatic edge of the caudal vena cava foramen, by a perpendicular to the vertebral axis and a
straight line joining the caudal edge of the 11th thoracic vertebra is reduced in LRMD dogs attesting to
the caudal retraction of the diaphragm at similar levels as GRMD dogs. B : The diaphragm range of
motion is decreased in LRMD dogs compared to healthy dogs, but to a lesser extent than GRMD dogs. C
and D : results from spirometric acquisitions. C: the expiratory �ow at 75 % of the expired volume,
expressed as a percentage of the peak expiratory �ow, is decreased in LRMD dogs, in comparison to
healthy dogs, with values overlapping those obtained in GRMD dogs. D: The ratio of the peak inspiratory
�ow on the peak expiratory �ow is decreased in LRMD dogs, overlapping the lowest values obtained in
the GRMD population. Abbreviations: T13: 13th thoracic vertebra; EF75: expiratory �ow at 75 % of the
expired volume; PEF: peak expiratory �ow; PIF: peak inspiratory �ow.
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Figure 8

Mapping of the LRMD mutation. A: Nested RT-PCR on the DMD cDNA. Normal-sized amplicons were
obtained in LRMD dogs all along the cDNA, including using primers in exons 10 and 20 (expected size
1373 bp) or exons 21 and 26 (expected size 807 bp). A RT-PCR using primers in exons 15 and 22 yields a
normal-sized amplicons (1095 bp) in the WT dog, but no band in the LRMD dog. B: Southern blot on the
gDNA from two WT Labrador dogs unrelated to the LRMD colony, and two LRMD dogs after an EcoRI



Page 36/38

digestion. The EcoRI restriction map of this region is schematized below the southern blot. The digestion
pro�le revealed by Probe 1 covering exons 18-24 differs from the WT in the two LRMD dogs, with an
extra-band around 13 kb and a 2.5 kb band replacing the 2.4 kb wild-type band. The use of Probe 2
covering exon 21 shows an abnormal band at 13 kb, shifted from its normal size at 10 kb is in the
restriction fragment containing the exon 21, which normal size is 10 kb. The use of Probe 3 covering exon
20 shows an abnormal band at 2.5 kb, shifted from its normal size at 2.4 kb. These results suggest a
gross rearrangement in the intron 20. C: Exploration of intron 20 (4.5 kb in WT dogs) by PCR, using 4
overlapping reactions, in a LRMD vs a WT littermate, showing that a band at normal size could be
obtained using the �rst three pairs of primers. The last pair exploring a 1661 bp zone including the
junction between intron 20 and exon 21, downstream the EcoRI site, failed to amplify any product in
LRMD dogs, even using long-range PCR conditions.

Figure 9

RNA-seq-based identi�cation of the LRMD mutation. A: A 4 Mb region spanning canFam3
chrX:30,200,000-26,200,000 is shown with RNA-seq read depths observed in biceps femoris biopsy
experiment plotted with RefSeq gene annotations. The upper panel shows the major Dp427m minus-
strand transcript levels (DMD exons 1 through 79) seen with an unaffected dog, while the lower panel
shows the inversion inferred from minus-strand DMD transcription and plus-strand ectopic transcription
seen with LRMD8. The boxed inset shows a detailed view of intron 20 transcription from these two
animals. B: Schematic representation of the LRMD mutation, and LRMD genetic diagnosis by PCR. Two
pairs of primers were used: the �rst one F4-R4 ampli�es a 1661 bp product in the WT dog but not in the
LRMD dog (breakpoint between these two primers). A second pair of primers (MutF –MutR) was
designed in the distant site across the breakpoint, allowing the ampli�cation of a 1939 bp product in the
WT situation but not in the LRMD (data not shown). The proposed diagnostic PCR test relies on the use
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of F4 as a forward primer, and the combination of R4 and MutR as reverse primers to amplify the WT or
the LRMD allele, respectively. Using this test, a unique PCR product around 1600 bp is observed in two
LRMD healthy littermates (amplicon including F4-R4); a unique PCR product around 900 bp is observed in
two affected LRMD dogs (amplicon including F4-mutR); and both amplicons are observed in carrier
females.

Figure 10

Expression of the Dp71 isoform in LRMD muscles. A: Comparative immunohistochemistry on biopsies
from the biceps femoris muscle of a healthy dog, a GRMD dog and a LRMD dog. Three �rst antibodies
were used: Manex 1A (N-terminal part), Dys 1 (Rod domain, downstream the mutation), Dys2 (C-terminal
part). As expected, the staining was positive in the healthy dog, and negative for the GRMD dogs using
the three antibodies. In the LRMD dog, the staining was negative with Manex 1A and Dys 1, and positive
with Dys 2, with a heterogeneous level from one �ber to another. B: Western blotting using the Dys 2
antibody (C-terminal part). Muscle protein extracts from two healthy samples were loaded in wells 1 and
4 (50 µg) showing a band at the normal size of the full-length dystrophin (427 kD). Muscle protein
extracts from LRMD muscles (250 µg) were loaded in wells 2 (LRMD3, biceps femoris) and 3 (LRMD3,
interosseus muscle), showing a band at around 70 kD. C: RT-PCR using a forward primer designed at the
junction between the speci�c �rst exon of the Dp71 and the exon 64, and a reverse primer at the junction
between exons 65 and 66. cDNA from a canine liver was used as a positive control showing a band at
expected size (164 bp). A very faint band was obtained using the cDNA from a healthy dog, and no band
for the GRMD dog. Conversely, in the three cDNAs originating from LRMD muscles (LRMD 8, sartorius
cranialis, biceps femoris, tibialis cranialis) a band at the same size as the positive control, though less
strong, was seen, showing that the Dp71 transcript is present in LRMD muscles. Abbreviations: Sart:
sartorius cranialis muscle; BF: biceps femoris muscle; TC: tibialis cranialis muscle.
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