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Abstract
Recent studies have identified a number of forms of muscular dystrophy, termed
dystroglycanopathies, which are associated with loss of natively glycosylated α–dystroglycan. Here
we identify a new animal model for this class of disorders in Sphynx and Devon Rex cats. Affected
cats displayed a slowly progressive myopathy with clinical and histologic hallmarks of muscular
dystrophy including skeletal muscle weakness with no involvement of peripheral nerves or CNS.
Skeletal muscles had myopathic features and reduced expression of α–dystroglycan, while β–
dystroglycan, sarcoglycans, and dystrophin were expressed at normal levels. In the Sphynx cat,
analysis of laminin and lectin binding capacity demonstrated no loss in overall glycosylation or ligand
binding for the α-dystroglycan protein, only a loss of protein expression. A reduction in laminin-α2
expression in the basal lamina surrounding skeletal myofibers was also observed. Sequence analysis
of translated regions of the feline dystroglycan gene (DAG1) in affected cats did not identify a
causative mutation, and levels of DAG1 mRNA determined by real-time QRT-PCR did not differ
significantly from normal controls. Reduction in the levels of glycosylated α–dystroglycan by
immunoblot was also identified in an affected Devon Rex cat. These data suggest that muscular
dystrophy in Sphynx and Devon Rex cats results from a deficiency in α-dystroglycan protein
expression, and as such may represent a new type of dystroglycanopathy where expression, but not
glycosylation, is affected.
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1. Introduction
Muscular dystrophies are a diverse group of inherited myopathies that have been reported in
a variety of species including humans [1-5], dogs [6-8], cats [9,10], mice [11-13], hamsters
[14] and chicken [15]. The most common human forms of muscular dystrophy (MD) result
from mutations of the gene coding for dystrophin [4]. Other relatively common forms of MD
result from mutations in genes encoding dystrophin-associated glycoproteins within the
dystrophin-glycoprotein (DAG) complex [16]. The DAG complex is a multimeric
transmembrane protein complex that links the cytoskeleton to the extracellular matrix and is
thought to confer structural stability to the sarcolemma during contraction [17].

Dystroglycan is a central component of the DAG complex. The dystroglycan protein is
composed of α and β subunits that are derived from a single mRNA via post-translational
cleavage [18,19]. α-dystroglycan (α-DG) is an extracellular membrane-associated protein that
binds to a variety of extracellular matrix proteins including laminin-α2 [19], while β-
dystroglycan (β-DG) is a transmembrane protein that binds strongly to α-DG via its
extracellular domain and to dystrophin (and utrophin) via its intracellular domain [20]. As such,
dystroglycan is a critical component of the DAG complex with regards to maintaining
membrane integrity in skeletal muscle, as well as in other tissues, including brain and heart.
Indeed, loss of dystroglycan, specifically in skeletal muscle, causes muscular dystrophy in mice
[21], akin to observations with loss of other members of the DAG complex, including
dystrophin. Dystroglycan may also serve important roles in cell signaling, as it can mediate
activation of a number of signal transduction pathways [22-26].

Although mutations of the dystroglycan gene (DAG1) have not been identified in any human
muscular dystrophies to date, glycosylation of α-DG, which is essential for the binding of
extracellular matrix proteins, including laminin, to the dystroglycan protein has been shown
to be altered in multiple forms of the disease. This group of neuromuscular disorders display
varying severity of dystrophic changes in skeletal muscle and can include severe brain
malformation and structural eye abnormalities [3,5]. Reported syndromes include Walker-
Warburg syndrome (WWS), muscle-eye-brain disease (MEB), Fukuyama congenital muscular
dystrophy (FCMD), congenital muscular dystrophy type 1C (MDC1C) and type 1D, and limb
girdle muscular dystrophy type 2K and type 2I (LGMD2I). Six genes have been identified as
giving rise to this spectrum of neuromuscular disorders, including POMT1 (protein O-
mannosyltransferase 1), POMT2 (protein O-mannosyltransferase 2), POMGnT1 (UDP-
GlcNAc:N-acetylglucosaminyltransferase), FKTN (fukutin), FKRP (fukutin-related protein),
and LARGE (N-acetylclucosaminyltransferase-like protein) [27-35]. In almost all cases,
reduced or absent levels of natively glycosylated α-DG have been demonstrated, either by
immunolabelling or immunoblot analysis of skeletal muscle, using glycosylation-dependent
monoclonal antibodies [28,31,33-39]. In contrast, both underglycosylated α-DG polypeptide
and β-DG, which is co-translated with α-DG from the DAG1 gene [18], are expressed at normal
levels [39]. Typically, both clinical and pathological findings correlate with the extent of loss
of native α-DG expression resulting from its under-glycosylation and loss of laminin binding
in affected tissues.

In a previous report [40], six closely related Devon Rex cats afflicted with a slowly progressive
congenital muscle disease were described. Physical findings included passive ventroflexion of
the head and neck, head bobbing, dorsal protrusion of the scapulae, megaesophagus,
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generalized appendicular weakness and fatigability. Signs became evident at 3 to 23 weeks-
of-age and then usually progressed slowly or remained static. Plasma levels of creatine kinase
(CK) and aspartate aminotransferase were not elevated, and only mild changes were evident
using needle electromyography. Histologic examination of tissues from affected cats showed
changes indicative of muscular dystrophy, with neither peripheral nerve, spinal cord or cardiac
involvement, and normal staining for dystrophin. Four of the six cats died suddenly of
laryngospasm after obstruction of the pharynx or larynx with food. Earlier genetic studies
[41] had established that this condition was inherited in an autosomal recessive fashion,
although there was considerable variation in the severity of clinical signs amongst affected
cats.

In this study we investigated two young Sphynx cats, a breed closely related to the Devon Rex,
presenting with slowly progressive signs of neuromuscular weakness, abnormal
electromyograms and mild myopathic changes within muscle biopsy specimens. Compared to
control feline muscle, both Sphynx cats had decreased levels of natively glycosylated α-DG
on immunostaining and immunoblotting of skeletal muscle. Sequence and mRNA analyses of
DAG1 revealed no abnormalities compared to control normal cats, suggesting the muscular
dystrophy of Sphynx cats is not due to a defect in α-DG protein. Surprisingly, the extent of
glycosylation and the lectin binding glycosylation profile of α-DG was unchanged in affected
animals. α-DG protein expression, however, was reduced, both relative to total cellular protein
and relative to β-DG. α-DG protein from Sphynx cats showed no deficit in laminin binding if
protein levels were normalized to those found in non-dystrophic animals. These data suggest
that the muscular dystrophy occurring in the Sphynx and Devon Rex cats is due to a defect in
α-DG protein expression or turnover and represents a novel animal model for an expanding
group of dystroglycanopathies described in humans.

2. Methods and Materials
2.1 Animals

Case 1—Three 15 month-old male castrated Sphynx cat littermates were presented to the
Veterinary Medical Teaching Hospital (VMTH), University of California, Davis with a history
of progressive generalized weakness that had been present since 10 to 16 weeks-of-age. Two
additional male littermates were unaffected, as were the sire and dam. Physical findings
included an inability to jump, passive ventroflexion of the head and neck, difficulty swallowing,
dorsal protrusion of the scapulae, decreased muscle mass and fatigability that occurred
following short periods of activity. The cats would commonly assume a “chipmunk” posture
or rest their heads on objects to compensate for their cervical muscle weakness (Fig 1). The
most severely affected cat was investigated further including a complete blood count, serum
chemistry (including CK activity), urinalysis, brain magnetic resonance imaging (MRI) and
cisternal cerebrospinal fluid (CSF) analysis. Electromyography (EMG) and muscle and nerve
biopsies were performed under general inhalation anesthesia. Disease features remained static,
as reported by the owner. All cats died within a three-month period, approximately one year
after examination. Although necropsies were not performed, death was assumed to be the result
of aspiration or choking.

Case 2—An 11-month-old female Sphynx cat was presented to the VMTH for investigation
of progressive weakness present since 10 weeks-of-age. The cat had required hand feeding for
the first two months of its life. Physical findings were similar to Case 1 with decreased muscle
mass, cervical ventroflexion, prominent scapulae and a crouching gait. Further diagnostics
were done as for Case 1. Disease features remained static as reported by the owner, however,
the cat was found dead approximately 10 months after examination.
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Case 3—A male Devon Rex cat presented to the University Veterinary Centre Sydney with
physical findings consistent with “hereditary myopathy of Devon Rex cats” [40]. Its physical
signs were apparent at 6 weeks-of-age and were similar to those of the Sphinx cats. The cat
could ambulate reasonably well, and could jump up onto small raised platforms. A barium
swallow under fluoroscopy showed normal bolus formation in the pharynx, but slow transit of
barium along the esophagus. Routine laboratory examinations were unremarkable, and the
patient was followed over a six year period. During that time, there appeared to be a slow
progression in the extent of the muscle weakness, with loss of skeletal muscle mass (body
weight declining from 3.4 kg on initial presentation to 2.8 kg). The cat developed a number of
upper and possible lower respiratory tract infections over the course of its life, and these were
often very slow to respond to empiric antimicrobial therapy. Radiographs taken in the last year
of life demonstrated pronounced bridging vertebral osteophytes between the twelfth thoracic
and second lumbar vertebrae. After several years, it was decided that the cat had insufficient
quality of life, and accordingly it was euthanized. Muscle specimens were collected
immediately after euthanasia, snap frozen and transported to the Institute for Neuromuscular
Research (INMR) Laboratory (KNN) for further studies. The main gross necropsy findings
were megaesophagus and irregular thickening of the mitral valve. Histologically, there was
chronic esophagitis without ulceration. Cardiac muscle was unremarkable in routine
hematoxylin and eosin (H&E) stained sections.

2.2 Electrophysiology
Electrophysiological examination was performed under general anesthesia as previously
described [42], and consisted of EMG, superficial peroneal motor (MNCV) and sensory
(SNCV) nerve conduction studies and repetitive nerve stimulation. Electrophysiological data
from affected cats were compared with laboratory and published normal values [43-45].

2.3 Histology, Histochemistry, and Immunofluorescence Staining
For Cases 1 and 2, biopsies were collected by an open procedure under general inhalational
anesthesia from the lateral head of the triceps, vastus lateralis and cranial tibial muscles, and
superficial peroneal nerve. The muscle biopsies were flash frozen in isopentane that was pre-
cooled in liquid nitrogen and stored at -80°C until further processed by a standard panel of
histochemical stains and reactions. Additional muscle specimens were immersion fixed in 5%
glutaraldehyde in 0.1M phosphate buffer and stored in 0.1M phosphate buffer. Samples of
peroneal nerve were flash frozen in pre-cooled isopentane, as well as immersion-fixed in 2.5%
glutaraldehyde in 0.1M phosphate buffer prior to processing for plastic sections.
Glutaraldehyde-fixed nerve biopsy specimens were post-fixed in osmium tetroxide, and
dehydrated in serial alcohol solutions and propylene oxide prior to embedding in araldite resin.
Longitudinal sections of frozen nerve were stained with H&E, modified trichrome and acid
phosphatase stains. Transverse resin embedded nerve sections (1 μm) were stained with
toluidine blue-basic fuchsin for light microscopy. Tissues were collected at necropsy on the
Devon Rex cat and handled similarly.

Unfixed 8 μm cryostat sections were processed by indirect immunofluorescence to assess the
presence or absence of staining for dystrophin, dystrophin-associated glycoproteins and
laminin-α2 using the following monoclonal antibodies (dilutions within parentheses):
antibodies against the rod domain (1:20, NCL-DYS1) and carboxy terminus (1:20, NCL-
DYS2) of dystrophin, utrophin (1:5, NCL-DRP2), spectrin (1:1000, NCL-SPEC2), α-
sarcoglycan (1:50, NCL-a-SARC), β-sarcoglycan (1:50, NCL-b-SARC), γ-sarcoglycan (1:50,
NCL-g-SARC), and β-dystroglycan (1:100, NCL-b-DG) were purchased from Novocastra
(Newcastle-upon-Tyne, UK). A monoclonal antibody against laminin-α-2, 5H2 [46] (1:20,000,
MAB1922) was purchased from Chemicon (Temecula, CA). Monoclonal antibodies that
recognize natively glycosylated α-dystroglycan protein were a gift from Kevin Campbell (IIH6,
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University of Iowa) or purchased (1:100, VIA4-1, Upstate Biotechnology, Lake Placid, NY).
Rabbit polyclonal antibodies against α-sarcoglycan (1:200) [47] and laminin-α2 [46] were as
previously described. All dilutions of primary antibodies were made in 3% bovine serum
albumin in phosphate-buffered saline, and incubations were for 1 h at 37°C or overnight at 4°
C. Secondary antibodies were goat anti-mouse IgG-FITC (1:200, Jackson Imunolab) or goat
anti-rabbit IgG-FITC (1:200) or goat anti-mouse IgG-Alexa 488 (1:200, Jackson Immunolab)
and incubation was for 1 h at room temperature. In addition to biopsy specimens from the
Sphynx and Devon Rex cats, matched muscle specimens from a healthy domestic short-haired
cat and a healthy Devon Rex cat were included as controls.

Three anti-peptide antisera were made in rabbits against mouse α-DG polypeptides; DG1-
EPSEAVDRWENQLEA, DG2-HIANKKPPLPKRVRR, and DG3-C-KIALVKKAFAFGDR.
Amino acid sequences DG2 and DG3 are identical in mouse and cat, while the cat sequence
for DG1 contains a 3 amino acid deletion (EAV) not present in the mouse sequence. Antisera
were purified against the immunogenic peptides and characterized on purified mouse or rabbit
α-DG protein to verify binding, as previously described [48].

2.4 Immunoblotting
Extraction of whole cell muscle proteins, immunoblotting, and quantification using scanning
densitometry in the Sphynx cats were done as previously described [48-50]. For data shown
in Fig. 5, identical amounts of whole cell muscle protein (80 μg, that had been extracted in 2%
SDS with 4M urea and reducing agent) from the Sphynx cats and a normal cat were compared
on 6% or 12% SDS-PAGE gels. Antibodies used were as described for immunostaining, and
additionally DE-U-10, an antibody to desmin (Sigma; St. Louis, MO) and E62320 (Upstate
Biotechnology; Lake Placid, NY), an antibody to dystrobrevin that recognizes all dystrobrevin
splice forms, and DG3, a purified rabbit anti-peptide antibody to the C-terminal region of the
α-DG polypeptide, were also used. Immunoblot analysis in the dystrophic Devon Rex cat was
performed as previously described [51]. Proteins extracted from two 8 μm cryosections of
skeletal muscle from the Devon Rex and a normal cat were compared on 3-8% NuPAGE gels
(Invitrogen, Carlsbad, CA). Densitometry of bands was quantitated using ImageJ software. For
data shown in Fig. 6, skeletal muscles were extracted in non-ionic detergent buffer (NP40), as
before [48], and variable amounts of protein from control (C) and Sphynx (S) cats were
compared on gradient SDS-PAGE gels. In addition, 40 μg of normal cat protein was compared
to 40 μg of normal mouse protein from C57Bl/6 to show the differential gel migration of α-
DG from these two species.

2.5 Laminin overlay
Proteins were separated by 6% or 8% SDS-PAGE, followed by transfer to PVDF membranes.
Laminin (LN) overlays were performed using mouse Engelbreth-Holm-Swarm (EHS) laminin
(0.1 ug/ml), as previously described [39]. Similar results were also obtained using recombinant
G1-G5 laminin α2 (0.1 ng/ml) (not shown in Fig. 7). Laminin was added in ligand binding
buffer (LBB, 10 mM triethanolamine, 140 mM NaCl, 1 mM Ca2Cl, 1 mM MgCl2, pH 7.6)
containing 3% BSA. After washing in the same buffer, binding was detected using a rabbit
anti-laminin 1 antisera (1:10,000, Sigma-Aldrich, St. Louis, MO), followed by binding of HRP
conjugated goat-anti rabbit secondary, all in binding buffer as above. Signals were detected
using enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL).

2.6 Lectin precipitation
Skeletal muscle proteins were solubilized in lysis buffer (TBS, pH7.5, 2 mM EDTA, 1% NP-40,
protease inhibitors, 1mM PMSF) overnight at 4°C. Cell lysate was clarified by centrifugation
at 14000 rpm for 10 min and the supernatant quantified for protein amount using a modified
Bradford assay [48]. 150ug of control non-dystrophic cat lysate was compared to 300ug of
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Sphynx cat lysate. Lysates were incubated with 50ul of Triticum vulgaris (Wheat germ)
agglutinin (WGA) agarose, Canavalia ensiformis (Concanavalin A) agglutinin (ConA)
agarose, Maackia amurensis lectin (MAA) agarose, Arachis hypogaea (Peanut) agglutinin
(PNA) agarose, Vicia Villosa Agglutinin Isolectin B4 agarose (VVA-B4), Lens culinaris
(Lentil) agglutinin or (LCA) agarose overnight at 4C. Lectin agarose beads were separated by
centrifugation at 1000g, washed 3-4 times in lysis buffer, and then centrifuged once at 14,000
rpm for 10 minutes. After removal of the final wash, beads were solubilized in 100ul of SDS
lysis buffer with reducing agent, boiled, and analyzed by for α-DG or β-DG by immunoblot
or for laminin binding by LN overlay.

2.7 Feline DAG1 Amplification and Sequencing
Using conserved sequence data for DAG1 from human (NM_004393.1), mouse (NM_010017)
and canine (AJ012166.1), and the scaffold sequence for the cat (167915), primers were
designed to the coding regions of only exons 2 and 3, since exon 1 is non-coding (Table 1).
Total genomic DNA from Cases 2 and 3, an unrelated normal Devon Rex, an additional affected
Devon Rex cat and a Devon Rex shown by test-mating to be a carrier of the Devon Rex
dystrophy [40], as well as two unaffected random bred domestic short-haired cats, were used
as PCR templates. To evaluate the exon 2 and 3 intron-exon junction, RNA from muscle was
isolated using the Qiagen RNeasy kit (Qiagen; Valencia, CA) and cDNA was produced using
SuperScript III Reverse Transcriptase (Invitrogen; Carlsbad, CA) according to the
manufacturer’s protocol. The genomic and cDNA amplicons of DAG1 were each produced in
30 μl PCR reactions containing the following; 2 pmol of each forward and reverse primer, 2.0
mM dNTP, 1.75 mM MgCl2, 1X PCR buffer II and 0.375 U Amplitaq polymerase (Applied
Biosystems; Foster City, CA). For each reaction, 25ng of template DNA or cDNA was
amplified in a Perkin Elmer 9700 (Applied Biosystems; Foster City, CA) using the following
PCR profile: 3 min denaturation at 94°C, 5 touchdown cycles of denaturation at 94°C for 30
s, annealing at 63°C for 20 s, and extension at 72°C for 90 s with the annealing temperature
decreasing at 1°C/cycle. The touchdown cycles were followed with 30 cycles with a 58°C
annealing temperature and a final extension of 10 min at 72°C. PCR amplicons were size
separated on 1.8% agarose gels, fragments were excised and purified using the QIAquick Gel
Extraction kit (Quiagen) according to manufacturers protocols. Purified template DNA was
quantified and directly sequenced using the Big Dye terminator cycle sequencing kit V3.1
(Applied Biosystems). Sequencing products were purified with Centri-Sep Spin Columns
(Princeton Separations; Adelphia, NJ) and size separated on an ABI 3730 DNA Analyzer.
Sequences were visualized and interpreted using the Sequencher Software (Gene Codes Corp;
Ann Arbor, MI) and sequence identity was confirmed using a basic local alignment search tool
(BLAST) [52].

2.8 DAG1 Transcript Quantification
Muscle biopsies from five domestic short-haired cats with no signs of neurological disease,
and from two affected Sphynx cats (Cases 1 and 2) were used to quantify the DAG1 transcript.
Total RNA extraction, cDNA preparation and real-time TaqMan PCR was done as previously
described [53]. Real-time PCR primers and probe for DAG1 were designed based on feline
sequence data, as described above (Table 1). A real-time PCR system for the feline
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was designed and
validated as previously described [52]. PCR products were designed to be less than 150 bp in
length, with either one of the primer pairs or internal probe (Table 1) placed over an exon-exon
junction to allow discrimination between cDNA and gDNA. Transcript quantification was
determined using the comparative CT method and reported as relative transcription, or the n-
fold difference relative to the mean value for individual normal cerebral cortex samples [53].
Statistical significance was determined using a Mann-Whitney U test comparing the median
values for control and affected cats.
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3. Results
3.1 Animals

A complete blood count, serum chemistry analysis (including CK activity), urinalysis, brain
MRI and cisternal CSF analysis were all unremarkable in Case 1. Cardiac auscultation revealed
a grade 3/6 systolic murmur, maximal over the cardiac apex. Echocardiographic findings were
consistent with hypertrophic cardiomyopathy. In Case 2, with the exception of a mature
neutrophilia (23,990 /μl; reference range 2-9,000 /μl), decreased creatinine (49 μmol/L;
reference range 110-220 μmol/L) and cholesterol (60mg/dl; reference range 89-258mg/dl), and
mildly elevated CK activity (325 IU/L; reference range 73-260 IU/L) and globulins (5.6 g/dl;
reference range 2.9-5.3 g/dl), routine laboratory evaluations, brain MRI and cisternal CSF
analysis were all unremarkable. Ophthalmic examination revealed mild ulcerative keratitis and
conjunctivitis in the right eye consistent with feline herpesvirus type 1 infection. Iris, lens and
fundic examinations were unremarkable. In Case 3, routine laboratory evaluations including
CK activity were within normal limits.

3.2 Electrophysiology
In Case 1, EMG showed spontaneous activity consisting of fibrillation potentials and complex
repetitive discharges in multiple muscle groups. Waveform configuration and motor and
sensory nerve conduction velocities were within normal limits for feline peroneal nerve, and
cord dorsum potentials and late waves were present. Repetitive supramaximal nerve
stimulation at 1-3 Hz revealed a decremental response that was not reversed by intravenous
edrophonium. Electrophysiological findings in Case 2 were similar to Case 1 with fibrillation
potentials, positive sharp waves and complex repetitive discharges in multiple muscle groups,
and normal motor and sensory nerve conduction studies. A decremental response to repetitive
nerve stimulation was not found, however. Electrophysiological studies were not performed
on Case 3.

3.3 Histology, Histochemistry, and Immunofluorescence Staining
Biopsies from the quadriceps, triceps and cranial tibial muscles were evaluated from the
Sphynx cats and controls (Fig 2), and from the dorsal cervical and triceps muscles of the Devon
Rex cat (not shown). Pathological changes in the Sphynx cats were mildly myopathic (Fig. 2)
with the most consistent findings including excessive variability in myofiber size, type 1 fiber
predominance as demonstrated by the NADH-dehydrogenase reaction (Fig. 2C), and
infrequent centrally located myofiber nuclei (not shown). Intramuscular nerve branches were
unremarkable. No abnormalities were found in either frozen or resin embedded nerve biopsy
sections (not shown). Pathologic changes in the muscle specimens from the Devon Rex cat
also included excessive variability in myofiber size and internal nuclei; however, occasional
necrotic fibers with histiocytic infiltration and several regenerating fibers were also noted.
Interestingly, changes in the dorsal cervical muscle were more marked than in the triceps
muscle (not shown).

In the Sphynx cats, compared to sections from control (domestic short-haired and a normal
Devon Rex cat) muscle, there was no difference in immunofluorescence staining for the rod
and carboxy terminus of dystrophin, -α, β, and γ SG, and spectrin, while staining for laminin-
α2 was decreased (Fig. 3). Compared to control muscle, staining for natively glycosylated α-
DG, using the IIH6 monoclonal antibody, was decreased in the Sphynx cat, while staining for
β-DG was similar to controls (Fig 4). Immunofluorescence of muscle sections from the affected
Devon Rex cat and a control cat revealed no difference in staining for dystrophin, α-SG,
laminin- α2, β-DG and glycosylated α-DG (not shown). Three anti-peptide antisera made
against the α-DG protein (DG1, DG2 and DG3) did not stain muscle sections, but did work on
immunoblots.

Martin et al. Page 7

Neuromuscul Disord. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.4. Immunoblotting and Laminin Overlays
Identical amounts of whole cell muscle protein from both affected Sphynx cats and a normal
control were compared by immunoblotting (Fig 5A). Levels of dystrophin, laminin-α2, β-DG,
α,β,and γ-SG, desmin and dystrobrevin were similar in both samples, while the amount of α-
DG (recognized by the IIH6 antibody) was reduced. A comparison of 3 separate immunoblots
by scanning densitometry showed α-DG levels reduced by 68%, on average, relative to control.
Signal for IIH6 on immunoblots, however, was present in the same molecular weight range
for Sphynx cat samples as for controls (with both centered on 160 kDa MW). The level of
utrophin protein expression was increased, as can occur in response to regeneration in some
dystrophies [54,55]. Some increase in β-SG may also have occurred, though this signal was
very weak on immunoblots.

Muscle lysates from the affected Devon Rex cat and a control cat were also examined by
immunoblot analysis, but in a different laboratory. An approximately 29% reduction in the
level of expression of glycosylated α-DG was found in the affected Devon Rex compared to
control (Fig. 5B). By comparison, densitometry showed only a small decrease in levels of
laminin-α2 (9%) compared to control.

When different amounts of muscle protein lysate from the control (C) and Sphynx cats were
compared to determine the extent of loss of α-dystroglycan expression (Fig. 6), reduced
expression of natively glycoyslated α-DG (IIH6, reduced by 45%) and also of all dystroglycan
protein (DG3), was found in the Sphynx, while β-DG levels were within 5% of each other.
Anti-peptide sera (DG1 and DG2) made to different regions of the α-DG polypeptide also
showed reductions in total signal in Sphynx muscle (not shown). LN binding was reduced by
31% when comparing equivalent amounts of total cell protein at 20μg. If Sphynx protein was
increased in amount, such that IIH6 binding was equivalent to or surpassed wild type levels,
LN binding showed no deficit. Thus, neither a reduction in α-DG glycosylation, which would
be evident by a change in molecular weight, nor a deficit in LN binding occurs in dystrophic
Sphynx muscle. Rather, there is a reduction in α-DG protein expression, while β-DG is
expressed at normal levels. Cat α-DG (both normal and dystrophic) migrated at a molecular
weight of 140kDa on 6% SDS-PAGE gels. This is about 20kDa below the level normally found
in mouse and human. As the cat α-DG polypeptide is predicted to be only 3 amino acids shorter
than that of mouse or human (which would account for only 353Da in molecular weight), the
reduced migration suggests cat skeletal muscle α-DG is less glycosylated than mouse or human
skeletal muscle α-DG.

3.5 Lectin Binding
To confirm that glycosylation of α-DG was not altered in Sphynx cat skeletal muscle, we
performed lectin precipitations using skeletal muscle cell lysates from control (C) and Sphynx
(S) cats (Fig. 7). Protein amounts in lectin precipitations were designed such that each lectin
had access to an equivalent amount of α–DG protein. Lysates were precipitated with lectins
that bind GlcNAc and sialic acid (WGA), N-linked mannose structures (ConA), α2,3-linked
sialic acid (MAA), Galβ1,3GalNAcα- structures (PNA), α2,6-linked fucose (LCA), and
GalNAc (VVA-B4). As before, WGA precipitated equal amounts of natively glycosylated α–
DG protein, as evidenced with IIH6, when α–DG levels were normalized between samples.
α-DG also precipitated well with ConA and PNA, at an intermediate level by VVA-B4, and
very poorly with MAA and LCA. Importantly, there was no difference between control and
Sphynx samples in the amount of α-DG precipitated by any lectin. Likewise, laminin binding
paralleled antibody IIH6 blotting in all instances.

Cat α-DG appears to be underglycosylated with sialic acid, as it contains little MAA positive
material (which binds α2,3 linked sialic acid, a glycan known to be present on α–DG in skeletal
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muscle), but it contains high levels of core 1 glycan (Galβ1,3GalNAcα), which is bound by
PNA, and possibly also O-linked GalNAc, which is bound by VVA-B4. Thus, reduced amounts
of sialic acid may explain the reduced molecular weight of cat α–DG in skeletal muscle.
Comparing relative glycosylation with all lectins, however, there was no difference between
Sphynx and normal samples that would suggest a glycosylation defect in α-DG.

3.6 Feline DAG1 Amplification and Sequencing
Case 2 (Sphynx), Case 3 (Devon Rex), an additional affected Devon Rex [40], two clinically
normal Devon Rex cats and two normal domestic short-haired cats were chosen for sequence
level evaluation for polymorphisms in the DAG1 (GenBank Accession no: EU024645). Feline
DAG1 exon 2 was found to share a 9 bp/3 amino acid deletion in exon 2 with the dog. The
feline gene has 90.3% sequence and 95.1% amino acid homology to humans. No
polymorphisms were identified between the affected and unaffected cats for the entire 2680
translated bps of DAG1, although exon 1 (which is not translated) remains to be sequenced.
Additionally, 554 bp of cDNA flanking the exon 2 and exon 3 junctions were evaluated for
splicing variations and none were identified.

3.6 DAG1 Transcript Quantification
Relative transcription of the DAG1 gene in skeletal muscle biopsies was compared between
five normal domestic short-haired cats, one normal Devon Rex and the two affected Sphynx
cats. α-DG products were amplified from all animals. While levels of DAG1 expression in
Sphynx skeletal muscle were reduced, on average, this did not result in a significant difference
between the normal and affected samples (Fig. 8).

4. Discussion
Counter to previous dystroglycanopathies, where dystroglycan glycosylation is clearly
perturbed, we describe a potential new model for dystroglycanopathy where dystroglycan
expression is reduced but its glycoslyation pattern appears unchanged. Reduced expression of
natively glycosylated α-DG without altered expression of β-DG is consistent with findings in
human muscular dystrophies where such an α-DG deficiency is the primary molecular correlate
of disease (i.e. the dystroglycanopathies). Also consistent with a primary α-dystroglycan
deficiency were our findings that dystrophin and other dystrophin-associated proteins were not
altered in their expression (Figs. 3-5) and that the dystroglycan gene harbored no mutations or
changes in expression at the level of transcription (Fig. 8). Most dystroglycanopathies,
however, result in underglycosylation of α-DG, evidenced by reduced migration of the protein
on SDS-PAGE gels using reagents that either identify the natively glycosylated protein (e.g
IIH6) or the core polypeptide. Typically, laminin binding to α-DG is also reduced. In the
Sphynx cats identified here, α-DG protein expression was reduced in skeletal muscle, but no
decrease in molecular weight or LN binding capacity was observed that would suggest altered
glycosylation. The lectin binding profile of α-DG from Sphynx skeletal muscle also showed
no change relative to unaffected controls when α-DG protein levels were normalized between
samples.

Although reduction of α- and β-DG protein has been associated with dystrophin deficiency in
mice [56] and dogs [57], this is not due to the loss of dystroglycan glycosylation but to failure
of dystroglycan to be properly anchored to the sarcolemmal membrane in the absence of
dystrophin. The Sphynx and Devon Rex cats described here, by contrast, express normal
amounts of dystrophin, yet native α-DG protein expression was reduced while β-DG was
expressed at normal levels. Such a specific reduction in natively glycosylated α-DG would
make the Sphynx and Devon Rex cats a new large animal model of dystroglycanopathy. While
the gene defect involved has not yet been identified, we have shown that this disorder does not
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arise from mutations in the coding region of the cat dystroglycan (DAG1) gene. A potential
change in DAG1 gene expression could not be excluded definitively because of the low number
of affected Sphynx cats available. It is possible, therefore, that loss of α-DG protein may be
due partially to reduced DAG1 gene expression. Given that α and β-DG are co-translated and
co-spliced from the same two exons of the DAG1 gene, differential gene expression of α and
β-DG at the level of mRNA seems unlikely. Differential expression of α and β-DG protein, on
the other hand, could be caused by the preferential degradation of α-DG (for example by altered
protease activity).

Alternatively, the Sphynx and Devon Rex cats studied here may bear a mutation in one of the
genes known to affect the glycosylation of α-DG, which may in turn lead to its reduced
expression in skeletal muscle. α-DG undergoes N-linked and extensive O-linked glycosylation
and mutations in 6 glycosylation related genes (POMT1, POMT2, POMGNT1, FKTN, FKRP
and LARGE) have been associated with a variety of clinical syndromes presenting with variably
overlapping phenotypes [3,16,35,58,59]. As this list of genes is likely incomplete, this new
model may also result from mutations in a novel, but as yet undescribed muscular dystrophy
gene.

The phenotypic severity of dystroglycanopathy patients is extremely variable [35]. The Sphynx
and Devon Rex cats described here had no clinically evident neurological abnormalities,
similar to mutations in FKRP associated with LGMD2I and some cases of MDC1C [3]. While
the spectrum of clinical severity and systems involvement associated with FKRP mutations is
wide [30,33,35,38], mutations that give rise to LGMD2I could be consistent with the
presentation seen in dystrophic Sphynx and Devon Rex cats [34]. The serum CK concentrations
in affected cats were normal to mildly elevated. A broad range of serum CK concentrations
(4-50X normal) has recently been reported in human patients with dystroglycanopathy [35].
Further, a wide variation in the extent of α-DG glycosylation can occur in these patients, with
absent α-DG in some and almost normal levels on immunoblotting in others (KNN, personal
communication). Some natively glycosylated α-DG is usually present in such LGMD2I cases
(e.g. [60]), in contrast to many of the more severe non-FKRP syndromes that are associated
with profound loss of glycosylated α-DG [33,34]. Conversely these cats could represent a new
type of dystroglycanopathy where glycosylation of a dystroglycan is not affected, but
expression of the native glycoprotein is.

One of the Sphynx cats in this study had a decremental response following repetitive nerve
stimulation, suggestive of defective neuromuscular transmission. α-DG can bind both laminins
and agrin at the neuromuscular junction and is involved in consolidation and maintenance of
acetylcholine receptor clusters [61]. Defects in neuromuscular structure were reported in mice
with skeletal muscles lacking fukutin [62] or dystroglycan [63], suggesting that defects in
neuromuscular transmission could arise in such disorders. Further, aberrant neuromuscular
junctions and delayed terminal muscle fiber maturation have recently been described in human
α-dystroglycanopathies [64]. Although cardiac tissue was not examined histologically except
for the Devon Rex case, the presence of mild hypertrophic cardiomyopathy in one cat is
consistent with reported human cases [65-69], although a definitive cause was not established.

Sphynx cats are a hairless pedigreed breed of cat that are found throughout the world but are
relatively rare compared to other breeds [70]. Hairless mutations in cats have been repeatedly
identified over the past 70 years [71-75]. The current Sphynx breed has been expanded and
developed using Devon Rex and other cat breeds, with the Devon Rex having had the most
significant influence. Genetic evaluations of cat breeds have also confirmed the strong
relationships between Devon Rex and Sphynx [75,76]. A congenital muscular dystrophy with
an overlapping clinical presentation to the Sphynx has been described in the Devon Rex breed
and shown to be inherited as an autosomal recessive trait [40]. Our results suggest that a
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deficiency of α-DG is present in affected cats of both breeds, which would be consistent with
their very similar clinical presentation. Thus, inherited muscular dystrophies found in these
two breeds of cats may indeed be conditions that are identical by descent, or may represent
disease heterogeneity within and across the breeds.

In summary, our findings in the Sphynx and Devon Rex cats support a diagnosis of muscular
dystrophy associated with deficiency of α-DG expression. This form of dystroglycanopathy
has not yet been reported in human patients, and thus, this cat model of an expression defect
adds to the expanding group of dystroglycanopathies. Phenotypic characteristics,
immunohistochemistry, immunoblotting, ligand binding, dystroglycan gene sequencing and
transcriptional analysis all suggest that this disorder results from underexpression of the α-DG
protein, with many similarities to some of the milder human phenotypes associated with
FKRP gene mutations. Further studies to elucidate the possible role of FKRP and other
candidate genes in the Sphynx and Devon Rex dystrophy may provide a spontaneously
occurring feline model for human dystroglycanopathies. The presence of a large animal model
for this class of MD would have numerous advantages both for clinical and biochemical
research, including the possibility of gene therapy.
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Figure 1. Sphynx cats with muscular dystrophy showing postures consistent with generalized
muscle weakness
(A) dorsal protrusion of the scapulae, (B) “chipmunk” or “squirreling” posture, and (C)
ventroflexion of the head and neck.
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Figure 2. Muscle biopsies from dystrophic Sphynx cats show only mild myopathic changes
Pathological changes include variability in myofiber size (all figures) and a type 1 fiber
predominance (C). A: H&E; B: Modified Gomori trichrome; C: NADH dehydrogenase; D:
Periodic acid-Schiff. Bar = 50 μm for all figures.
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Figure 3. Immunofluorescence staining of frozen muscle biopsy sections from a dystrophic Sphynx
cat showed decreased staining for laminin α-2 and increased staining for utrophin compared to a
control cat
Staining intensity with monoclonal antibodies against the rod (DYS1) and carboxy terminus
(DYS2) of dystrophin, β-sarcoglycan (β-SG), β-dystroglycan (β-DG), and spectrin in the
Sphynx cat (S) was similar to control (C) muscle. Staining for laminin α-2 (Lama2) was
decreased while staining for utrophin (UTR) was increased in the dystrophic Sphynx cat
compared to control muscle. Bar = 50 μm.
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Figure 4. Compared to staining in normal cats, staining for natively glycosylated α-dystroglycan
was decreased
Immunofluorescence staining of fresh frozen muscle biopsy sections from a dystrophic Sphynx
cat, and control (mixed breed and normal Devon Rex) cats was compared with antibodies
against natively glycosylated α-dystroglycan (IIH6 anti-carbohydrate antibody). Bar = 50 μm.
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Figure 5. Protein expression of natively glycosylated α-dystroglycan is reduced in Sphynx and
Devon Rex cats
A. Muscle protein lysate from a Sphynx cat (S) and a normal (N) cat were compared by
immunoblotting. Levels of dystrophin (DYS), laminin α2 (Lamα2), β dystroglycan (βDG), α-
δ sarcoglycan (α-δSG), desmin (DES), and dystrobrevin (DB) were similar in both samples,
while the amount of native α-dystroglycan (αDG, recognized by the IIH6 anti-carbohydrate
antibody) was reduced and the level of utrophin (UTR) was increased. Some increase in β
sarcoglycan may also have occurred, although this signal was very weak on immunoblots.
Tentative molecular weights are 140 kDa and 120 kDa for α- DG, 43 kDa for β-DG, 50-55
kDa for desmin, 55 kDa for α- SG, 43 kDa for β-SG, 35 and 90 kDa for γ-SG, 50 kDa for δ-
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SG, 350 kDa for laminin-α2, 350-400 kDa for dystrophin and utrophin, and 80-100 kDa and
35-50 kDa for dystrobrevin. B. Muscle proteins from the affected Devon Rex (D) and control
(C) cats were compared by immunoblot analysis. By densitometry, amounts of native α-DG
(recognized by the VIA4-1 antibody) was reduced approximately 29% in the Devon Rex cat
compared to control. This antibody also shows a high level of cross-reactivity with myosin
heavy chain. By comparison, densitometry showed only a small decrease in levels of laminin-
α2. Coomassie blue staining of actin demonstrates relative loading of skeletal muscle protein.
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Figure 6. Relative expression of α-dystroglycan to β-dystroglycan and to total cell protein was
reduced in Sphynx cat skeletal muscle
Different amounts of total muscle cell lysates were loaded to compare α- and β-dystroglycan
expression by immunoblotting. An antibody that recognizes natively glycosylated α-
dystroglycan (IIH6) and one that recognizes α-dystroglycan polypeptide (DG3) were used, and
laminin-1 binding to α-dystroglycan was visualized by laminin overlay. Levels of α-
dystroglycan, both by IIH6 and DG3 immunoblotting, were lower in Sphynx cat skeletal
muscle than in normal controls (C), as was laminin binding to α dystroglycan, when comparing
equivalent amounts of loaded protein (20ug). Increasing the amount of Sphynx protein lysate
loaded increased IIH6 blotting and laminin binding to levels beyond wild type. α-dystroglycan
in normal cat skeletal muscle migrates about 20kDa lower than α-dystroglycan in mouse
skeletal muscle.
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Figure 7. Lectin precipitation profile of α dystroglycan did not differ between Sphynx and normal
cat skeletal muscle
Skeletal muscle protein lysates were normalized to allow for precipitation of equivalent
amounts of α-dystroglycan between control (C) and Sphynx (S) samples. Lysates were then
subjected to lectin precipitation followed by immunoblotting for native (glycosylated) α-
dystroglycan (IIH6) or β-dystroglycan. Laminin overlays were done on precipitated protein to
visualize laminin binding to α-dystroglycan. ConA, PNA, and WGA precipitated α-
dystroglycan well. VVA-B4 showed intermediate levels, while LCA and MAA showed poor
precipitation. The profile of α-dystroglycan binding to lectins, and also of laminin binding of
precipitated α-dystroglycan protein, was unchanged between Sphynx and normal cat muscle.
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Figure 8. Expression of DAG1 mRNA in muscle biopsy specimens did not differ between dystrophic
Sphynx cats and controls
The top and bottom edge of the box plot represent the upper and lower quartile respectively.
The line within the box represents the median. The tails extend to the farthest point that is
within 1.5 interquartile ranges of the quartiles. DAG1 expression levels varied markedly
between individual muscle samples, although DAG1 mRNA was present in all affected Sphynx
muscle samples and no statistical difference in expression level was seen between control (5
control cats: 3 samples from each cat) and two Sphynx (3 samples from each Sphynx) cats
(p=0.57).
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Table 1
PCR primers for the analysis of feline DAG1.

Target Forward (5’->3’)
Reverse (5’->3’)

Length
(bp)

Real-time PCR Probe
(5’->3’)

DAG1 GCAGGGACTGGGAGAACCA
ACAGCCTCGTGAAGGTCTGAA

67 CTTGAGGCGTCCATGCACTCAG
TGC

Exon 2 TTGAACTGGACAGCACAGG
ACAGGTCCTAGAAGAACTGAGC

663

5’ Exon 3 ATGGCATCTGCTCTCAGG
CCGTCAGAACAGTCACAGG

595

Exon 3 ACAGAGCCACACCCTGGA
GTGGTGGTTGAGGAGTCA

999

Exon 3 CTGGCTCCCTGAACCAGAA
AGCTTGCCCGGCCGCTTC

546

3’ Exon 3 TATGTGGAGCCCACAGCAG
TTTGTCTCTCGACCTGCCC

1507

mRNA GGGCCTTTCGCTACTGCT
CCGTCAGAACAGTCACAGG

554

GAPDH GCCGTGGAATTTGCCGT
GCCATCAATGACCCCTTCAT

81 CTCAACTACATGGTCTACATGT
TCCAGTATGATTCCA
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