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1 | INTRODUCTION
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Abstract

X-linked muscular dystrophy in cats (FXMD) is an uncommon disease, with few
reports describing its pathogenic genetic variants. A 9-year-old castrated male
domestic shorthair cat was presented with persistent muscle swelling and breathing
difficulty from 3 years of age. Serum activity of alanine aminotransferase, aspartate
transaminase, and creatine kinase were abnormally high. Physical and neurological
examinations showed muscle swelling in the neck and proximal limb, slow gait,
and occasional breathing difficulties. Electromyography showed pseudomyotonic
discharges and complex repetitive discharges with a “dive-bomber” sound. Histopa-
thology revealed muscle necrosis and regeneration. Whole-genome sequencing
identified a novel and unique hemizygous nonsense genetic variant, c.8333G > A in
dystrophin (DMD), potentially causing a premature termination codon (p.Trp2778Ter).
Based on a combination of clinical and histological findings and the presence of the
DMD nonsense genetic variant, this case was considered FXMD, which showed mild
clinical signs and long-term survival, even though immunohistochemical characteriza-

tion was lacking.
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dystrophin (DMD) gene, which is located on the X chromosome and

encodes dystrophin.? In human medicine, there are 2 main forms of mus-

Dystrophin-deficient muscular dystrophy, also called dystrophinopathy,

is a hereditary muscular disease caused by abnormality of the

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; BMD, Becker
muscular dystrophy; CK, creatine kinase; DMD, Duchenne muscular dystrophy; DMD,
dystrophin; EMG, electromyography; FPR, false-positive rate; FXMD, X-linked muscular
dystrophy in cats; LoF, loss-of-function; TIVA, total intravenous anesthesia.

cular dystrophy related to the DMD gene: Duchenne muscular dystrophy
(DMD), which is characterized by early-onset, rapidly progressive muscle
weakness and reported median life expectancy below 30 years®®; and
Becker muscular dystrophy (BMD), which is clinically heterogeneous
but usually has a later onset and slower progression.* Unlike DMD,

BMD has variable severity, ranging from severe to extremely mild.*
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In cats, several cases of dystrophin-deficient muscular dystrophy are
reported. Such cases are characterized by muscle hypertrophy and
designated as X-linked muscular dystrophy in cats (FXMD).>*°> Disease
progression varies depending on the case; for example, one had a
juvenile-onset and severe clinical course,'* and the other showed an
adult-onset that produces relatively mild clinical course.®

In humans, numerous genetic variants are associated with dystro-
phinopathy, and our understanding of the genotype-to-phenotype cor-
relation is increasing. However, in FXMD, few reports have identified
the associated DMD variants.'*1¢ Those reports identified the non-
sense variant ¢.1180C > T (p.Arg394Ter), associated with a juvenile-
onset, severe phenotype in the Maine coon cat,** the missense variant
c.4186C > T (p.His1396Tyr) in an adult-onset, mildly affected domestic
cat,’® and the nonsense variant, c.4849C > T (p.GIn1617Ter) in a
juvenile-onset, severely affected domestic cat.'®

In human patients with muscular dystrophy, complications associ-
ated with volatile anesthesia are reported,’’ as halothane, isoflurane,
sevoflurane, and desflurane might cause anesthesia-related rhabdomy-
olysis, although the exact mechanism remains unclear.?®? Similarly, in
veterinary practice, the association between volatile anesthesia and
rhabdomyolysis in FXMD is reported, even causing deaths.”® Although
in humans, total intravenous anesthesia (TIVA) is a safe alternative
for muscular dystrophy patients,? to date, no studies have investigated
its use in cats.

2 | CASEDESCRIPTION

2.1 | Clinical history and findings and histology

A 9-year-old, castrated, male, domestic shorthair cat presented at
Otakibashi Animal Hospital (Tokyo, Japan) with chronic muscle hypertro-
phy. From 3 years of age, the owner had noticed cervical muscle swelling
and occasional breathing difficulty. Blood chemistry showed higher activ-
ity of alanine aminotransferase (ALT) and aspartate transaminase (AST) at
1 year and 7 months of age (creatine kinase [CK] activity was not mea-
sured then). At 2 years and 9 months of age and thereafter, the activity
of ALT and AST were measured repeatedly, in addition to CK activity. At
3 years and 9 months of age, a serum sample was obtained from the cat
and submitted to a commercial laboratory (Monolith; Tokyo, Japan) to
analyze CK isoenzyme activities. CK isoenzyme activity analyses revealed
93% CK-MM (from skeletal muscle), 2% CK-BB (from brain), 3% CK-MB
(from myocardium), and 2% CK-subtype. At 4 years of age, the cat
showed dyspnea and underwent computed tomography, which revealed
skeletal muscle hypertrophy in the whole body; however, a definitive
diagnosis was not made. Initially, the cat was prescribed 0.5-1.0 mg/kg
Q24h of prednisolone, which stabilized the respiratory status but exerted
no relevant effect on muscle swelling. At 9 years of age, dyspnea
recurred, and a computed tomography scan was performed, without
anesthesia. Computed tomography findings showed skeletal muscle
hypertrophy, but no respiratory abnormalities were identified. Eventu-
ally, the cat was referred to Otakibashi Animal Hospital, and reevalua-

tion and further clinical work-up were performed.
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FIGURE 1 The cat presented with muscular hypertrophy of the
neck muscles: (A,B) marked muscular hypertrophy of the neck muscle;
(B,C) tongue protrusion; and (D) unobvious tongue hypertrophy.

Physical examination revealed cervical muscle and proximal
limb muscle hypertrophy. The cat also showed tongue protrusion,
although the tongue was not hypertrophic (Figure 1; Video 1).
Neurological examination showed normal postural and spinal
reflexes, without muscle stiffness, cramping, or dimpling after
palpation/percussion. However, the cat's gait was slightly slower
than normal. A thoracic X-ray showed normal heart size and
lung fields (Figure S1). Echocardiography could not be performed as
the cat showed breathing difficulty associated with the stress of
the examination. Abnormal blood chemistry was found at all ages,
with higher ALT, AST, and CK activity (Table 1). Feline coronavirus
antibody titer and the levels of N-terminal prohormone of brain
natriuretic peptide (NT-proBNP) concentration, thyroxine, and fast-
ing and postprandial serum bile acid were within the reference
range.

Electromyography (EMG) and muscle biopsy were performed under
TIVA, thus avoiding the risk of rhabdomyolysis associated with volatile
anesthesia, malignant hyperthermia associated with volatile anesthesia,
or both. The cat was premedicated with butorphanol (0.25 mg/kg) and
maropitant (1 mg/kg) IV while being oxygenated. Continuous rate infu-
sion was started with medetomidine hydrochloride (5 pg/kg/h) and pro-
pofol (10 mg/kg/h). Thereafter, propofol (1 mg/kg) was injected IV, and
tracheal intubation was performed after sufficient sedation was obtained.
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During the EMG and muscle biopsy, medetomidine hydrochloride was
increased (10 pg/kg/h), and the propofol was decreased (5 mg/kg/h).
Electromyography and muscle biopsy performed under TIVA had no
obvious adverse events during the perioperative period. Once
the procedures were completed, the continuous rate infusion was

terminated, and anesthesia was reversed with atipamezole

VIDEO 1 Appearance of the present case, revealing cervical
muscle hypertrophy. Tongue enlargement or abnormal function were
not observed. Labored breathing was often seen.

Video content can be viewed at https://onlinelibrary.wiley.com/doi/
10.1111/jvim.17024

TABLE 1
Reference ranges 19 months old® 33 months old
ALT (U/L) 22-84 410 463
AST (U/L) 18-51 841 650
CK(U/L) 87-309 NA 2000

Abbreviation: NA, not available.
@Age at the case's initial examination.

(A)

#M“ﬁk%#u | v ﬂ# U{A-M,« t‘?'fr"ﬁ“ﬁ‘f‘“ MV\ %th“wh ‘%W‘,JPL

FIGURE 2

hydrochloride 100 ug/kg IV. The cat recovered without hyperther-
mia or other complications.

Electromyography was performed, and the triceps brachii, vastus
lateralis, anterior tibial, and semispinalis capitis muscles on the right
side were evaluated. Electromyography findings included pseudomyo-
tonic discharges from the triceps brachii, vastus lateralis, and anterior
tibial muscles. Complex repetitive discharges were recorded from the
semispinalis capitis (Figure 2). The recorded discharges generated a
“dive-bomber” sound.

Muscle biopsy specimen samples were taken from the triceps bra-
chii, vastus lateralis, and anterior tibial muscles, contralateral to the
EMG to avoid artifacts caused by needle insertion. Two samples were
taken from the vastus lateralis and were shipped directly to the veteri-
nary pathology laboratory at the University of Tokyo (Tokyo, Japan).
Formalin-fixed vastus lateralis tissue exhibited a marked variation in
the size of muscle fibers, as small, angulated fibers were mixed with
large, round, hypertrophic fibers. Some fibers presented internal nuclei
suggestive of regeneration. Muscle fiber necrosis, macrophage infiltra-
tion, and mild fibrosis were also observed (Figure 3).

2.2 | Whole-genome sequencing

Informed consent was obtained from the owner for genomic inves-
tigation. DNA was extracted from blood by phenol-chloroform
method and submitted to the University of Missouri Genomics
Technology Core (Columbia, MO). Library preparation, whole-
genome sequencing, and data analysis were performed, as previ-
ously described.’® The cat in the present case corresponds to
accession number SAMN35992016. The present case's genome

data were compared with other 361 cats' whole-genome

Serum alanine aminotransferase (ALT), aspartate transaminase (AST), and creatine kinase (CK) activity.

43 months old 55 months old 107 months old 108 months old
325 97 88 122
856 222 225 220

>20 000 17 707 >20 000 14 292

Electromyography of the right-side muscles: (A) triceps brachii muscle presenting with pseudomyotonic discharges with a

“dive-bomber” sound; (B) longus colli muscle presenting with complex repetitive discharges.
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FIGURE 3 Histology findings in the present case. (A) Large fibers were seen, and one of them was indicated by black arrowheads. Muscle
fibers exhibiting internal nuclei (yellow circles). Hematoxylin and eosin, x200. (B) Muscle fiber necrosis (blue arrows) and infiltration of

macrophages (green circles). Hematoxylin and eosin, x400.

sequencing and 52 cats' whole-exome sequencing dataset in the
99 Lives Cat Genome Consortium (Appendix S1).

Both dominant and recessive inheritance were considered for variant
filtering, without a specific candidate gene. The numbers of unique vari-
ants for this case are presented in Table S1. Sixty-one homozygous/
hemizygous and unique variants were identified, including a nonsense
stop gain in DMD (Table S2). The DMD stop gain loss-of-function
(LoF) variant (XM_023249210.1:c.8333G > A; ENSFCAT00000068370:
¢.8333G > A; p.Trp2778Ter) is at position NC_018741.3: chromosome
X: 27361452 in Felis_catus_9.0 (Table S2) and at position NC_058386.1:
chromosome X:27110574 in F.catus_Fcal26_mat1.0. This variant had
15x sequencing reads for the case, suggesting good sequencing
coverage for a region on the X chromosome of a male cat. Considering
the present case as heterozygous, 824 variants were identified including
34 LoF variants and 252 missense variants (Table S3). All DMD variants
detected in the 99 Lives dataset are presented in Table S4.

2.3 | Candidate variant validation
The region of DMD including the variant, NC_058386.1: chromo-
some X: 27110467-27 110 663 in F.catus_Fcal26_mat1.0, was
sequenced to confirm the stop gained variant uniquely identified in
the case. The forward and reverse primer sequences used were
5'-TGAAAATGGCCAGAAAGTCC-3 and 5'-GTATCAATCGGCTCC
GTACC-3’, respectively. PCR was performed at an annealing
temperature of 61°C. PCR amplicons were purified, and Sanger sequenc-
ing and analysis were performed as described previously.?* An internal
primer (5-CTGGCTTTTTTTTTTTTTTACC-3) was developed for the
reverse sequencing after an intronic poly-A region.

Identified variants were validated by producing a single PCR
product of the expected size, 311 bp. The male control cat was hemi-

zygous for the reference allele, whereas the female control cat was

homozygous for the reference allele, and the affected male cat

was hemizygous for the nonsense LoF variant (Figure 4).

24 | Insilico analyses
Multispecies sequence alignment of the exon containing the variant
was performed by CLC Sequence Viewer 8 (QIAGEN, Hilden, Germany)
and included human, cat, dog, cow, pig, mouse, and zebrafish genomic
sequences. That showed high sequence homology with the reference
allele guanine (G) conserved across the 6 mammal species included in
the analysis (Figure S2).

The cat DMD ¢.8333G > A; p.Trp2778Ter variant was analogous
to the human p. Trp2786Ter (NM_004006.3[DMD]:c.8357G > A;
ClinVar???3 Variation ID: 217214), which is located at NC_000023.11;
X: 31507314 in the GRCh38.p14 human genome assembly and
NC_000023.10; X: 31525431 in the GRCh37 human genome assem-
bly, respectively. In humans, this truncating variant is considered
pathogenic and has been observed in a DMD patient.2* Similar to
the cat variant, the human variant is also a guanine to adenine transi-
tion, changing the codon from TGG to TAG, which is an amber termi-
nation codon. This variant is not present in the Genome Aggregation
Database (gnomAD).%°

The MutPred-LOF web application?® was used to evaluate the
effect of the LoF variant in cats and humans. For MutPred-LOF output,
3 score thresholds were suggested at different levels of the false-positive
rate (FPR): 0.40 (10% FPR), 0.50 (5% FPR), 0.70 (1% FPR). The predicted
complete cat mRNA (XM_023249210.1) was compared with the pre-
dicted mutant mRNA with the stop termination Trp2778Ter. The pre-
dicted score from MutPred-LOF was 0.4915 as compared with the
amino acid change, p.Trp2786Ter, introduced into human DMD isoform
X1 XP_006724531.1, which produced a score of 0.48435. Although
scores >0.7 are considered the most deleterious with a 1% FPR by this



1164 | Journal of Veterinary Internal Medicine AC\?' M

MUTO ET AL

terinary Int

American College of
Veterinary Internal Medicine

Trp

|

(A)

G

Control (male)

wt/—

(B)
Control (female)

wit/wt

(C)

Affected (male)

mut/-

prediction application, score thresholds of 0.40 with a 10% FPR and 0.5
with a 5% FPR were also suggested. Therefore, the MutPred-LOF score
of 0.4915 was considered pathogenic when a score threshold of 0.40
with a 10% FPR was used.

25 | Outcome

The cat was prescribed oral prednisolone (1 mg/kg Q24h), which
improved tongue swelling and breathing difficulty. Thereafter,
prednisolone was continued at 0.5 mg/kg Q48h. At 10 years of
age, the cat developed iatrogenic diabetes caused by the long-term
administration of prednisolone, which was well-controlled with
insulin treatment, thus maintaining sufficient quality of life. In
the present case, clinical and histological findings, in addition to the
presence of a unique hemizygous nonsense genetic variant in
the DMD gene, suggested that it was consistent with FXMD. At the
time of submission of this manuscript, the cat remains alive at
11.8 years of age.

FIGURE 4 Sanger sequencing
electropherograms for the DMD
region presenting the identified
nonsense genetic variant: (A) male
control cat; (B) female control cat;
(C) the cat of the present case. The
boxes indicate either the reference
alleles (A,B) or the variant allele (C).
Because of the presence of the
variant allele, Trp (TGG) is shown to
be converted to Ter (TAG) in the
- affected cat (C), compared with
control cats (A,B). wt/— or mut/—
indicates hemizygote for the
reference allele or the mutant allele
(the nonsense genetic variant),
respectively. wt/wt indicates
homozygotes for the reference allele.
mut, mutant; wt, wild type.

DISCUSSION

3 |

X-linked muscular dystrophy in cats, formerly known as hypertrophic
feline muscular dystrophy,® is characterized by skeletal muscle hyper-
trophy in cats.>*> X-linked muscular dystrophy in cats is diagnosed
based on clinical presentation, blood chemistry, EMG, histopathology,
and immunohistochemistry.>*®> To date, genetic characterization has
been performed in few cases.***¢ The most prominent clinical features of
cats with FXMD include symmetrical skeletal muscular hypertrophy, slow
gait, and dyspnea, with some cats also showing megaesophagus concur-
rent with hypertrophy of the diaphragm and tongue, leading to feeding
difficulties.>*31> Relevant increases in CK and AST activity are usually
observed. Cases with juvenile-onset often have a poor outcome, leading
to disease-related death®”'* or humane euthanasia.>****® These cases
often develop rhabdomyolysis when exposed to volatile anesthesia.””?
The current case presented with symmetrical muscle hypertro-
phy, slow gait, and occasional difficult breathing. Blood chemistry
showed increased CK and AST activities. Additional CK isoenzyme

analyses revealed an exclusive increase in serum CK-MM activity
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(93%), reflecting leakage from mature or somewhat immature myofi-
bers.?” Furthermore, the onset of clinical signs occurred at 3 years of
age (late-onset), with a mild clinical course compared with previously
reported cases.>*®?1114 The case did not present with megaesopha-
gus associated with diaphragmatic hypertrophy. Despite presenting
with tongue protrusion, tongue dysfunction leading to eating disor-
ders was not observed. The EMG findings of this case were consistent
with those of a previous report,'© revealing frequent recordings of
pseudomyotonic discharges and complex repetitive discharges with a
“dive-bomber” sound. Histopathological examination revealed muscle
fiber necrosis and regeneration, which are characteristic of FXMD.”
Unfortunately, comprehensive immunohistochemistry, including
dystrophin, laminin alpha 2, and beta-sarcoglycan, was not available
to assess sarcolemmal integrity.

Tongue swelling and respiratory distress occurred occasionally and
responded well to prednisolone treatment (1 mg/kg Q24h). Although
the cat maintains a slow gait and low activity level, its overall quality of
life is acceptable. In human medicine, prednisolone is recommended for
DMD patients®®; however, its effectiveness in FXMD remains to be
investigated. The present case showed an improvement of tongue
swelling and respiratory distress after continuous oral administration of
prednisolone, suggesting a beneficial effect of prednisolone in FXMD;
however, further studies are needed to confirm this effect.

In cats, the BMD-like phenotype, characterized by mild clinical
signs, is associated with a missense variant.!® Usually, the mRNA
corresponding to the nonsense variant is completely deleted by non-
sense-mediated mMRNA decay, resulting in the absence of dystrophin
expression associated with severe phenotypes.2?° In humans, approxi-
mately 10% of DMD patients with a nonsense genetic variant exhibit
mild BMD or intermediate between DMD and BMD phenotypes, caused
by the expression of alternatively spliced transcripts, based on the dis-
ruption/creation of splicing regulatory elements.®! Interestingly, a
human DMD variant (NM_004006.3:c.8357G > A; p.Trp2786Ter; Clin-
Var Variation 1D, 217214), which is analogous to the feline DMD genetic
variant identified in this study, was reported in a DMD patient, and the
variant was identified as a truncating variant by reverse transcription
PCR,%* which suggests that truncated dystrophin expression might also
be present in this case. However, any analysis assessing how the DMD
variants affected mRNA or protein was not performed in this case.

In humans, there is a known risk of rhabdomyolysis associated
with volatile anesthesia in DMD patients,'” which can be avoided by
TIVA.2° A similar effect has been reported in FXMD,””? although the
safety of TIVA has not yet been demonstrated in cats. Although no
anesthesia-related adverse events were observed in the present case,
the cat had a mild clinical course. Therefore, the safety of TIVA for
severe cases remains to be determined. We consider that volatile
anesthesia should be avoided whenever FXMD is considered as a
differential diagnosis based on clinical and laboratory findings.

The DMD nonsense variant (c.8333G > A; p.Trp2778Ter) was
unique to this cat in the 99 Lives Cat Genome Sequencing Consortium
database; thus, it can be considered rare. However, segregation analyses
were not available, and it remains unknown if the variant was inherited

or de novo. The short-read sequencing had good coverage, and validity
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was confirmed by Sanger sequencing. High sequence homology was
observed across multiple species. The MutPred-LOF result supports that
the genetic variant found in this study likely caused the cat's phenotype.

This study has several limitations. The pedigree of this case was
unknown. Comprehensive immunohistochemistry for proteins, including
dystrophin, laminin alpha 2, and beta-sarcoglycan, was not performed in
this case. No mRNA analysis and Western blotting was performed to
assess how the DMD genetic variant identified in this case affected
expression levels of mMRNA and protein and expression of truncated
mRNA and protein. Nevertheless, the nonsense genetic variant identified
in the DMD gene was considered as the likely causative variant for this
cat's phenotype. Population screening for the identified genetic variant
was also not performed in this study, although the same variant was
absent in other 413 cats of the 99 Lives Cat Genome Sequencing

Consortium dataset.
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