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Abstract 

Alpha-dystroglycan ( αDG) is a highly glycosylated cell surface protein with a significant role in cell-to-extracellular matrix interactions 
in muscle. αDG interaction with extracellular ligands relies on the activity of the LARGE 1 glycosyltransferase that synthesizes and extends 
the heteropolysaccharide matriglycan. Abnormalities in αDG glycosylation and formation of matriglycan are the pathogenic mechanisms for 
the dystroglycanopathies, a group of congenital muscular dystrophies. Muscle biopsies were evaluated from related 6-week-old Labrador 
retriever puppies with poor suckling, small stature compared to normal litter mates, bow-legged stance and markedly elevated creatine kinase 
activities. A dystrophic phenotype with marked degeneration and regeneration, multifocal mononuclear cell infiltration and endomysial fibrosis 
was identified on muscle cryosections. Single nucleotide polymorphism (SNP) array genotyping data on the family members identified three 
regions of homozygosity in 4 cases relative to 8 controls. Analysis of whole genome sequence data from one of the cases identified a stop 
codon mutation in the LARGE 1 gene that truncates 40% of the protein. Immunofluorescent staining and western blotting demonstrated the 
absence of matriglycan in skeletal muscle and heart from affected dogs. Compared to control, LARGE enzyme activity was not detected. 
This is the first report of a dystroglycanopathy in dogs. 
© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Muscular dystrophies due to abnormal glycosylation 

f α-dystroglycan ( αDG) are a common group of 
onditions referred to as dystroglycanopathies. Mutations 
n 18 genes have been identified in human patients 
ith dystroglycanopathy [1] . A broad spectrum of clinical 

onditions ranging from a severe congenital onset with 

tructural brain malformations (Walker Warburg syndrome, 
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uscle-eye-brain disease, Fukuyama muscular dystrophy, 
MD1D) to milder variants with no brain involvement 

congenital muscular dystrophy type 1C and limb-girdle 
uscular dystrophy type 2 variants) have been reported [2–5] . 
lpha-dystroglycan is a cell surface protein that plays a 

ignificant role in cell-to-extracellular matrix interactions in 

uscle and undergoes complex glycosylation steps to regulate 
ts ability to effectively interact with extracellular matrix 

roteins such as laminin, agrin and perlecan [2 , 6–7] . 
Congenital muscular dystrophy 1D (CMD1D) is caused 

y mutations in the Like-acetyl-glucosaminyltransferase 1 

 LARGE 1 ) gene. The LARGE 1 gene was identified as a 
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ossible candidate for human disease after the mutation in 

he equivalent gene was found in the spontaneously occurring 

arge myd dystrophic mouse [8] . LARGE 1 is ubiquitously 

xpressed, with the highest levels in heart, brain and skeletal 
uscle [4] . Homozygous mice display a severe, progressive 
uscle weakness and myopathy with a maximum lifespan 

f 39 weeks. LARGE 1 participates in the post-translational 
odification of αDG by synthesizing a heteropolysaccharide 

nown as matriglycan, which is required for the binding of 
DG and extracellular matrix ligands [9] . 

Several congenital myopathies and associated mutations 
ave been described in recent years in the Labrador 
etriever breed, including two distinct DMD mutations in 

-linked muscular dystrophy [10–12] , a mild form of 
-linked muscular dystrophy in which a mutation has 
ot yet been published [13] , a PTPLA 1 mutation in 

entronuclear myopathy [14] , an MTM 1 mutation in X- 
inked myotubular myopathy [15–16] , a COLQ mutation 

n congenital myasthenic syndrome [17] , and two different 
OL6A 3 mutations in collagen VI associated muscular 
ystrophy [18] . Here we describe for the first time a 
ystroglycanopathy in the Labrador retriever breed associated 

ith a mutation in the LARGE 1 gene. 

. Methods 

.1. Animals 

Related Labrador retriever puppies were evaluated at 6 

eeks of age as clinical cases by a practicing veterinarian. 
wner approval for all diagnostic evaluations was obtained 

nd IACUC approval was not required for evaluating 

iagnostic tissue specimens. Muscle or venous blood samples 
or DNA isolation from dogs in the original study pedigree, as 
ell as other related dogs, were obtained under the University 

f Minnesota IACUC protocol 1903–36865A. 

.2. Histopathology and immunofluorescent staining 

Samples from the biceps femoris, triceps and heart 
uscles of 3 affected Labrador retriever pups were collected 

mmediately following euthanasia and were either wrapped in 

 saline-dampened gauze sponge and chilled or immersion- 
xed in 10% neutral buffered formalin. Muscle samples were 
hipped by an overnight service under refrigeration to the 
omparative Neuromuscular Laboratory at the University of 
alifornia, San Diego, immediately flash frozen in isopentane 
re-cooled in liquid nitrogen and stored frozen at −80 °C 

ntil further processed. A full necropsy was performed on 

n additional related affected pup at Cornell University and 

NA from this dog brought the number of cases for genomic 
tudies to 4. 

Skeletal muscle cross-sections (10 μm) were stained and 

eacted with a standard panel of histochemical stains 
nd reactions [19] . Additional H&E staining on skeletal 
uscle and heart was carried out as previously described 

2] . Immunofluorescent staining was performed on muscle 
1170 
ryosections from affected pups and archived control dogs 
not age-matched) for detection of the carboxy terminus 
f dystrophin (1:250, Abcam, San Francisco, CA), for α- 
arcoglycan (1:10, R98), β-sarcoglycan (1:100, 5B1), γ - 
arcoglycan (1:100, 21B5), and δ-sarcoglycan (1:50, R214) 
ll from the Campbell Laboratory, and laminin α2 chain 

1:250, Enzo, Farmingdale, NY) by previously published 

ethods [20] . Immunofluorescence was also performed to 

etect matriglycan and beta-dystroglycan ( βDG) on skeletal 
uscle and heart cross-sections. For these studies, sections 
ere blocked with Background Buster (Innovex Biosciences, 
ichmond, CA) prior to primary antibody incubation. A 

ouse monoclonal antibody IIH6 to matriglycan on alpha- 
ystroglycan ( αDG; 1:25; Campbell Laboratory, University of 
owa; [21 , 22] was added to sections and allowed to incubate 
vernight at 4 °C. The secondary antibody Alexa Fluor- 
onjugated goat anti-mouse IgM (1:500; Invitrogen, Carlsbad, 
A) was added to the sections prior to adding mounting 

edium (ProLong Gold Antifade Mountant, Thermo Fisher 
cientific, Waltham, MA) and coverslips. The sections were 
lso stained with affinity purified βDG rabbit polyclonal 
P83 (1:50; Campbell Laboratory, University of Iowa [23] ) 

ollowed by Alexa-Fluor-conjugated 594 goat anti-rabbit IgG 

1:500) and coverslip mounting. Phosphate buffered saline 
PBS) was used for all immunofluorescence procedures. 
igital images of stained sections were captured with a 
S120-S5-FL Olympus slide scanner upright microscope 

Olympus Cooperation, Tokyo, Japan). 
Formalin fixed paraffin embedded sections from the brain 

rontal cortex of an affected pup and an archived control dog 

ere routinely stained with H&E and Luxol fast blue (LFB). 
dditional brain sections were deparaffinized and rehydrated, 

ollowed by heat-induced antigen retrieval overnight at 50 °C 

rior to staining for matriglycan localization (1:25, IIH6). 
taining was visualized using ImmPACT DAB substrate, 
eroxidase HRP (Vector laboratories, Burlingame, CA), and 

ounterstained with hematoxylin. 

.3. Whole genome sequencing and genotyping 

Genome wide association analysis- Genomic DNA was 
solated from whole blood or muscle using the Gentra 
ureGene blood kit (Qiagen). Four case and eight control 
ogs were genotyped on the Illumina CanineHD BeadChip 

30 K array. After pruning the dataset as described previously 

24] , 113,057 SNPs remained. Assuming an autosomal 
ecessive mode of inheritance, we utilized a homozygosity 

apping approach with the GENO test in PLINK [25] , in 

hich SNPs were required to be homozygous in all four 
ases, and heterozygous or homozygous for the alternative 
llele in unaffected parents and siblings. All genome positions 
efer to the CanFam3.1 reference sequence assembly. 

Whole genome sequence analysis- A PCR-free library 

as prepared from one case and sequenced in one 
ane of an Illumina HiSeq 4000 sequencer by GeneWiz 
South Plainfield, NJ 07,080). Briefly, a fragment library 

ith an average insert size of ∼ 680 bp was prepared 
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Fig. 1. Affected Pup and Pedigree. (A) 6-week-old Labrador retriever pup 
with poor suckling, small stature, and bow-legged stance. (B) One family of 
Labrador retrievers formed the basis for this study. Males are squares and 
females’ circles. Cases are solid symbols, unaffected are open. ? = phenotype 
unknown. A diagonal strikethrough indicates deceased pups. Genotypes for 
the LARGE 1 variant are provided for all dogs with available samples. 
TT = homozygous mutant, C / T = carrier, CC = clear. The case with WGS data 
is indicated with an asterisk. 
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rom which ∼ 125 million 2 ×150 bp paired-end reads 
ere generated, corresponding to roughly 17 ×genome-wide 

overage. The reads were mapped against the dog reference 
enome assembly (CanFam3.1) as described [26 , 27] and 

re available in NCBI’s Short Read Archive https://www. 
cbi.nlm.nih.gov/ sra/ PRJNA713494. Variants identified in the 
ritical interval from the SNP genotype data in the case 
ere compared to those of control genomes from the 
niversity of Minnesota’s private whole genome sequencing 

WGS) database containing 523 dogs of 55 diverse breeds 
including 16 Labrador retrievers from unrelated projects). 
atabases containing variants identified in WGS of more than 

300 dogs of 126 diverse breeds [28 , 29] were subsequently 

earched for the presence of an identified mutation. 
orward (5 

′ -AGACCAGCGATCCTGTCCTA-3 

′ ) and reverse 
5 

′ -CACCACCCTCACCAGAAGAC-3 

′ ) PCR primers were 
esigned to produce a 470 bp amplicon containing the 
ARGE 1 variant for genotyping by Sanger sequencing. 

.4. Western blotting 

Archived control and affected Labrador retriever skeletal 
nd heart muscle was used for biochemical analysis. Thirty 

lices were cut at 30 μM thickness from frozen biceps muscle 
n a cryostat (Leica CM3050S Research Cryostat). Samples 
ere solubilized in 1% Triton X-100 in 50 mM Tris (pH 

.6) and 150 mM NaCl with protease inhibitors. Samples 
ere vortexed for 4 min and solubilized at 4 °C with rotation. 
uscle samples were then spun at 14,000 rpm for 30 min 

t 4 °C. The supernatant was incubated with WGA-Agarose 
lurry (Vector BioLabs, Malvern, PA) overnight at 4 °C with 

otation. Samples were washed in 50 mM Tris (pH 7.6) and 

50 mM NaCl containing 0.1% TX-100. Laemmli sample 
uffer (5X LSB) was added, and samples were boiled for 
0 min. 

The mouse monoclonal antibody against matriglycan 

IIH6) was characterized previously [22 , 30] and used at 
:100. The polyclonal antibody, AF6868 (R&D Systems, 
inneapolis, MN), was used at a concentration of 1:100 

or the detection of core αDG and βDG proteins. Blots 
ere developed with infrared dye-conjugated secondary 

ntibodies (1:13,000; LI-COR Biosciences, Lincoln, NE) and 

canned using the Odyssey infrared imaging system (LI-COR 

iosciences). Blot images were captured using the Odyssey 

mage-analysis software. 
Laminin overlay assays were performed as described 

reviously [2] . PVDF-FL membranes were blocked in 

aminin-binding buffer containing 5% milk followed by 

ncubation with mouse Engelbreth-Hom-Swarm (EHS) 
aminin (ThermoFisher) overnight at a concentration of 
.5 nM at 4 °C in LBB containing 3% bovine serum albumin 

nd 2 mM CaCl 2 . Membranes were washed and incubated 

ith anti-laminin antibody (1:1000; Sigma-Aldrich) followed 

y IRDye 800 CW dye-conjugated donkey anti-rabbit IgG 

1:13,000; LI-COR). 
1171 
.5. Analysis of large enzymatic activity 

Solubilization of canine skeletal and heart muscle - Using 

 cryostat, 5 slices (30 μm each) were taken from both control 
nd affected skeletal and heart muscle tissue. The tissue was 
olubilized in 250 μl of 50 mM Tris-HCl pH 7.4, 100 mM 

aCl, 1% TX-100, with protease inhibitors (0.6 μg/ml of 
epstatin A, 0.5 μg/ml of leupeptin and aprotinin, 0.75 mM 

enzamidine and 1 mM phenylmethanesulfonyl fluoride). 
fter solubilization for one hour at 4 °C, the samples were 

pun down at 30,000 x g for 30 min. The resulting supernatant 
as saved for the enzyme assays. 
Enzymatic assays- The HPLC-based LARGE enzymatic 

ssay for 20 μl of the skeletal and heart muscle supernatants 
as performed using Xyl-1,3-GlcA -MU for GlcA-T activity 

s described previously [9 , 31] . For the assessment of 

https://www.ncbi.nlm.nih.gov/sra/PRJNA713494
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Fig. 2. Histopathology and Immunofluorescence Staining of Skeletal Muscle. Stainings are shown from a control dog and an affected Labrador retriever pup. 
(A). With the H&E stain, a dystrophic phenotype was present in the muscle biopsy from the affected pup. (B). Using the IIH6 monoclonal antibody to detect 
matriglycan on αDG, abnormal glycosylation consistent with a diagnosis of a dystroglycanopathy was identified. Positive staining was observed using the 
AP83 polyclonal antibody against βDG. Scale bars = 100 μM for all images. 
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ndogenous LARGE GlcA-T activity, skeletal and heart 
uscle supernatants (20 μl) were incubated in a volume 

f 50 μl for 18 h at 37 °C, with 0.4 mM Xyl-1,3-GlcA-MU 

nd 10 mM UDP-GlcA in 0.1 M MES buffer, pH 6.0, at 
 mM MnCl2, 5 mM MgCl2. The reaction was terminated 

y adding 25 μl of 0.2 M EDTA and boiling for 5 min, 
nd the supernatants were analyzed using a LC18 column 

4.6 ×250 mm Supelcosil LC-18 column (Supelco, Bellefonte, 
A)) with Buffer A (50 mM ammonium formate pH 4.0) 
nd Buffer B (80% acetonitrile in buffer A), using a 9% B 

socratic run at 1 ml/min using HPLC (Shimadzu Scientific). 
he elution of MU derivatives was monitored by fluorescence 
etection (325 nm for excitation, and 380 nm for emission). 

. Results 

.1. Animals 

Four affected Labrador retriever puppies ( Fig. 1 A), 
roduced by 2 pairs of parents each of which share 
elationships that go back several generations ( Fig. 1 B) were 
1172 
valuated for small stature, poor weight gain, bow legged 

tance, poor suckling, and weakness. Nine pups were born 

nto litter one (4 yellow females, 4 black females, 1 yellow 

ale) all with similar birth weights (0.3–0.5 kg). In the first 
eek 4 pups required supplemental tube feeding due to 

oor weight gain, and difficulties in prehension of food and 

wallowing. One of these 4 pups died during the first week 

nd another pup was euthanized at 2.5 weeks of age. At the 
ime of euthanasia at 6 weeks of age, body weights of the 
wo remaining affected pups were half that of the normal 
ups (1.3 and 1.4 kg compared to 2.7–2.9 kg). Four pups were 
orn into litter two (2 yellow females, 1 black female,1 black 

ale) all with similar birth weights (approximately 0.5 kg). 
ike the previous affected pups, difficulty feeding, and poor 
eight gain was found in 2 affected pups with weights at 

he time of euthanasia half that of normal littermates (2.7 

nd 2.9 kg vs 4.1 and 4.6 kg). Serum CK activities were 
arkedly elevated in all affected pups ranging from 10,587 

o 23,638 IU/L (reference 59–895 IU/L). postmortem muscle 
nd heart specimens were collected on 3 affected pups and a 
ull necropsy was performed on 1 affected pup at 6 weeks of 
ge. 
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Fig. 3. Additional Immunofluorescence Staining of Skeletal Muscle. 
Stainings with antibodies against laminin α−2 chain, dystrophin C-terminus, 
and α-, β-, γ -, and δ-sarcoglycans in the affected pup were like that of 
control muscle. Scale bars = 100 μM for all images. 
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.2. Histopathology and immunofluorescent staining 

Histopathology of skeletal muscle cryosections in three 
ffected pups showed degenerative and regenerative changes 
onsistent with a dystrophic phenotype ( Fig. 2 A). Similar 
egenerative and regenerative changes were observed in 

he muscles of the fourth pup that underwent a complete 
ecropsy. Immunofluorescent staining was performed with the 
IH6 antibody to evaluate whether muscle from the three 
ffected six-week-old pups lacked matriglycan. There was an 

bsence of IIH6 staining in the affected muscle, whereas the 
ontrol muscle displayed IIH6 staining along the sarcolemma. 
s detected by the AP83 antibody, βDG was observed along 

he sarcolemma in muscle sections from both control and 

ffected pups ( Fig. 2 B). 
Additional immunofluorescent stainings of skeletal muscle 

ryosections for the carboxy terminus of dystrophin, α, β, γ
nd δ- sarcoglycans, and laminin α−2 in affected muscles 
ere like those of archived control muscle ( Fig. 3 ). 
Histopathology of the heart in affected pups showed no 

pecific pathological changes ( Fig. 4 ). Like skeletal muscle, 
he heart muscle from affected pups showed an absence 
f IIH6 staining for matriglycan, whereas the control heart 
uscle displayed IIH6 staining along the sarcolemma. The 

rain frontal cortex of the pup submitted for necropsy did 

ot show any specific pathological evidence of dysplasia or 
bnormal growth patterns ( Fig. 4 ). Using the IIH6 antibody, 
eddish brown staining localized matriglycan on neurons and 

ssociated axons in the control frontal cortex but was absent 
n the brain of the affected pup ( Fig. 5 ), indicating that brain
ystroglycan is hypoglycosylated. 

.3. Genome wide association analysis, whole genome 
equencing, and genotyping 

As an autosomal recessive mode of inheritance was 
uspected, we employed a genotypic analysis model in 

hich all four cases were required to be homozygous 
or an allele, while controls could be either heterozygous 
r homozygous for the alternate allele. In total, 115 

NPs met this criterion; 91 of these SNPs reside in an 

12.5 Mb segment on chromosome 10 between bp positions 
2,958,819–35,483,256; 19 of the SNPs were on chromosome 
1 in an ∼5 Mb segment between 15,673,594–20,546,241; 
nd the 5 remaining sporadic SNPs were on chromosome 36 

Supplemental Table 1). 
We next obtained whole genome sequence from a case 

nd searched for homozygous coding variants residing 

ithin the identified homozygous chromosomal regions 
hat were unique to our case compared to 522 other 
ogs from 55 breeds within our laboratory’s private WGS 

atabase (including 16 Labrador retrievers from unrelated 

rojects). After this filtering, a single variant remained; 
 premature stop codon within the LARGE 1 gene on 

hromosome 10 (Chr10 g.30,357,716C > T ; c.1363C > T ; 
.R455 

∗, ENSCAFT00000074128.1, XM_038680042.1). The 
anine LARGE 1 gene has 15 exons that encode 756 amino 
1173 
cids. The predicted premature stop codon truncates the 
rotein, likely eliminating all enzymatic activity. 

Dogs within the pedigree of Fig. 1 B were then genotyped 

or this c.1363C > T variant. All four cases were homozygous, 
ll four parents were unaffected and heterozygous, and 

vailable littermates were unaffected and heterozygous; all 
onsistent with an autosomal recessive trait. This LARGE 1 

ariant was also not identified in external databases containing 



G.D. Shelton, K.M. Minor, L.T. Guo et al. Neuromuscular Disorders 31 (2021) 1169–1178 

Fig. 4. Histopathology and Immunofluorescence Staining of Heart Muscle. H&E stainings are shown for a control dog and an affected Labrador retriever 
pup. Except for the small muscle fiber size due to the young age of the affected pup, no pathological changes were identified compared to the control dog 
muscle. Using the IIH6 monoclonal antibody to detect matriglycan on αDG, abnormal glycosylation consistent with a diagnosis of a dystroglycanopathy was 
identified. Scale bars = 100 μm for all images. 
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ariants identified in whole genome sequence of more than 

300 dogs of 126 diverse breeds [28-29] . Further genotyping 

f 87 dogs closely related to those in Fig. 1 B, obtained 

rom a breeding program developed for service dog training, 
dentified 62 dogs who were homozygous wild type, 25 

ogs who were heterozygous, and no dogs were homozygous 
utant. 

.4. Western blotting and enzyme activity 

Wheat-germ agglutinin (WGA)-enriched extracts of 
keletal muscle (biceps femoris, Fig. 6 A–C) and heart 
entricular muscle ( Fig. 6 D–F) from archived control dogs 
nd affected pups were analyzed by western blotting for 
atriglycan and dystroglycan. Matriglycan, as detected by 

he IIH6 antibody, was absent in the skeletal muscles ( Fig. 
 A) and heart ( Fig. 6 D) from the affected pups, although 

DG and βDG were present ( Figs. 6 B and E). However, 
DG protein was detected at a reduced molecular weight 

n the affected muscle, confirming that αDG glycosylation, 
ot protein expression, was atypical. We then performed a 
aminin overlay assay to evaluate the ligand-binding capability 

n affected pup skeletal and heart muscle. Control skeletal 
nd heart muscle showed broad bands of αDG-laminin- 
inding ( Fig. 6 C and F). In contrast, αDG-laminin-binding 

as lacking in skeletal and heart muscle from affected pups, 
1174 
hus indicating a loss of αDG functional binding ability in 

ffected pup muscle. Of note, the tissue-specific modification 

f αDG is observable by the increased molecular weight 
f cardiac matriglycan and laminin overlay (centered near 
50 kDa) in controls, whereas the molecular weight in control 
keletal muscle is centered near 150 kDa. 

To study how the LARGE 1 stop codon mutation influenced 

nzymatic function, we assessed LARGE 1 activity on control 
nd affected muscle samples. LARGE 1 acts to synthesize and 

xtend matriglycan on αDG by adding xylose-glucuronic acid 

isaccharides; therefore, we examined LARGE 1 enzymatic 
ctivity through the glucuronyltransferase (GlcA-T) activity 

ssay. LARGE 1 activity was not detected in either the affected 

keletal ( Fig. 7 A) or cardiac muscle samples ( Fig. 7 B). 
ogether, these data provide further evidence of the absence 
f LARGE 1 in muscle from affected pups and are consistent 
ith a diagnosis of a dystroglycanopathy. 

. Discussion 

Over the past 10 years, several naturally occurring muscle 
iseases have been described in dogs with clinical and 

ene variant correlations to the human counterparts [10–
8] . Spontaneously occurring canine models are now used 

or testing new cell, gene and gene editing therapies for 
he treatment of both human and canine muscle diseases, 
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Fig. 5. Histopathology and Immunohistochemical Staining of Brain Frontal Cortex. H&E and Luxol fast blue stains of the frontal cortex are shown from a 
control dog and an affected Labrador retriever pup. No pathological evidence of dysplasia or abnormal growth patterns were identified in the affected pup 
compared to the control dog. Using the IIH6 monoclonal antibody to detect matriglycan on αDG, reddish brown staining identified matriglycan on neurons 
(arrowheads) and their associated axons (arrow) of control brain but not on similar structures from the affected pup. Unidentified cell processes are labeled 
around blood vessels. Scale bars = 100 μm for all images. 
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ncluding XLMTM [32 , 33] and dystrophin-deficient muscular 
ystrophy [34–37] . Many of these myopathies occur in the 
abrador retriever breed. Here we describe for the first time 
 LARGE 1 gene mutation resulting in a dystroglycanopathy 

n a family of Labrador retriever dogs. The functional and 

ausative nature of this mutation is strongly supported by 

he predicted significant truncation of the LARGE 1 protein 

nd the absence of detectable LARGE 1 enzyme activity, 
oupled with the absence of matriglycan determined by 

mmunofluorescent microscopy of affected skeletal muscles, 
eart and brain (frontal cortex). 

As in people, the clinical phenotypes, pattern of tissue 
nvolvement and spectrum of severity in muscle diseases 
esulting from gene variants can vary widely in dogs. 

utations in LARGE 1 have been identified in humans with 

ongenital muscular dystrophy and central nervous system 

nvolvement [3 , 38–41] . LARGE 1 is expressed in skeletal 
uscle, heart and brain, but clinical signs may not be directed 

pecifically to all three tissues. Heart irregularities were not 
1175 
etected from the necropsied pup’s histological evaluation. In 

ystroglycanopathies, heart abnormalities and dysfunction are 
ften progressive and are not detectable early in life [42] . At 
nly six-weeks of age, the necropsied pup may have been too 

oung to display signs of cardiac disruption. 
Further, in our family of Labrador retrievers, abnormal 

eurological signs or behavioral changes supportive of central 
ervous system disease were not clinically described despite 
he absence of matriglycan in the brain tissue examined 

 Fig. 5 ). It is possible that these changes were subtle 
nd not clinically obvious, or this may indicate a species 
ariability. In the one dog that underwent a complete 
ecropsy, no pathological evidence of dysplasia or abnormal 
rowth patterns were identified in the brain. Another potential 
xplanation for the apparent lack of neuropathology and 

linical signs of brain disease is that LARGE2 may play 

 compensatory role in the central nervous system in the 
resence of a LARGE 1 mutation; however, the expression 

nd activity of LARGE2 in the central nervous system of 



G.D. Shelton, K.M. Minor, L.T. Guo et al. Neuromuscular Disorders 31 (2021) 1169–1178 

Fig. 6. Western blotting of Skeletal and Heart Muscle. Glycoproteins were enriched from the biceps femoris muscle using wheat-germ agglutinin (WGA)- 
agarose. Immunoblotting (three replicates) was performed on control and affected Labrador retriever skeletal and heart muscle with A,D, IIH6 antibody for 
matriglycan; B,E, antibody AF6868, which recognizes core αDG and βDG; and C,F , laminin overlay to detect laminin binding respectively. 
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ogs is not well understood. A limitation to the histological 
nd immunohistochemical evaluation of the brain was the 
vailability of only paraffin embedded tissue and only from 

imited areas of the brain. Despite this, we were able to 

ocument hypoglycosylation of dystroglycan in this dog 

rain. 
LARGE 1 mutations described in human 

ystroglycanopathies include missense and frameshift 
utations as well as intragenic deletions/insertions [43] . 

n our family of dogs, a premature stop codon mutation 

as identified that truncates the protein. The position 

f the premature stop codon (p.R455 

∗) disrupts the 
lucuronyltransferase catalytic domain (positions 414–
56). Truncation of the protein presumably disrupts all 
nzymatic activity and increases the protein’s likelihood of 
eing degraded. The absence of LARGE enzymatic activity 

as confirmed in a functional assay ( Fig. 7 ). 
1176 
Although the mutation was not observed in whole genome 
equence variant databases available to us that included many 

reeds including Labrador retrievers, it was detected within 

 Labrador retriever breeding program where surveillance 
or disease-causing mutations is rigorously performed. As 
ith many other Mendelian disorders in dogs, owners, 
eterinarians, and breeders will now be able to use genetic 
esting to diagnose this condition, as well as reduce its 
ncidence in pedigrees where it is being observed. 

It was recently shown that overexpression of 
ARGE 1 in cells from humans affected with different 
ystroglycanopathies restored α-DG laminin binding, 
ndicating that the modulation of LARGE 1 activity may 

epresent a therapeutic strategy for the treatment of 
ystroglycanopathies [44 , 45] . As in X -linked myotubular 
yopathy and the X -linked dystrophinopathies, large animal 
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Fig. 7. LARGE enzyme activity. Lysates (20 μL) from control dog skeletal 
(Panel A, n = 3) and heart (Panel B, n = 3) muscle and LARGE mutant 
skeletal (Panel A, n = 3) and heart (Panel B, n = 3) muscle (affected) were 
assayed for enzyme activity for LARGE. Relative activity (%) with respect to 
control and standard deviation is for triplicate experiments. The activity was 
normalized by amount of βDG signal from a blot of control and LARGE 

mutant lane using monoclonal 7D11 which has an epitope to the c-terminus 
of βDG. 
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odels could play an important role in evaluating future 
herapies for this form of dystroglycanopathy. 

. Conclusions 

This study expands our knowledge of congenital 
yopathies affecting dogs with direct correlations to the 

orresponding human conditions. Here we describe a mutation 

n the LARGE 1 gene in a family of Labrador retriever dogs in 

hich histopathology, immunostaining, western blotting and 

nzyme activity confirm a diagnosis of a dystroglycanopathy. 
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