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Abstract: Tissue fragility, skin hyperextensibility and joint hypermobility are defining characteris-
tics of Ehlers-Danlos syndrome (EDS). Human EDS is subclassified into fourteen types including
dermatosparactic EDS, characterized by extreme skin fragility and caused by biallelic ADAMTS2
mutations. We report two novel, ADAMTS?2 variants in DNA from EDS-affected dogs. Separate
whole-genome sequences from a Pit Bull Terrier and an Alapaha Blue Blood Bulldog each contained
a rare, homozygous variant (11:2280117delC, CanFam3.1), predicted to produce a frameshift in the
transcript from the first coding ADAMTS2 exon (c.10delC) and a severely truncated protein product,
p-(Pro4ArgfsTer175). The clinical features of these dogs and 4 others with the same homozygous
deletion included multifocal wounds, atrophic scars, joint hypermobility, narrowed palpebral fissures,
skin hyperextensibility, and joint-associated swellings. Due to severe skin fragility, the owners of all 6
dogs elected euthanasia before the dogs reached 13 weeks of age. Cross sections of collagen fibrils in
post-mortem dermal tissues from 2 of these dogs showed hieroglyphic-like figures similar to those
from cases of severe dermatosparaxis in other species. The whole-genome sequence from an adult
Catahoula Leopard Dog contained a homozygous ADAMTS2 missense mutation, [11:2491238G>A;
p-(Arg966His)]. This dog exhibited multifocal wounds, atrophic scars, and joint hypermobility, but
has survived for at least 9 years. This report expands the spectrum of clinical features of the canine
dermatosparactic subtype of EDS and illustrates the potential utility of subclassifying canine EDS by
the identity of gene harboring the causal variant.
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1. Introduction

The Ehlers-Danlos syndromes (EDS) are a group of connective tissue disorders char-
acterized by tissue fragility, skin hyperextensibility, and joint hypermobility [1]. There
is extensive phenotypic and genetic heterogeneity in humans with EDS [2]. The current
system for distinguishing the various forms of human EDS recognizes 14 subtypes based
on differences in medical histories, laboratory findings, patterns of inheritance, and the
identities of the genes that harbor the causal variants [2]. Assignment of the correct EDS
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subtype is important because it helps establish the patient’s prognosis and the most appro-
priate medical management [3]. Because various clinical signs and ultrastructural features
are shared among the different EDS subtypes, medical histories and results from laboratory
procedures may be insufficient to establish a definitive diagnosis [2,4]. Therefore, the
identification of the molecular-genetic cause is recommended whenever feasible [3,4]. At
least 21 different genes have been reported to harbor variants that cause human EDS [2,5,6].

The clinical and genetic heterogeneity in canine EDS is likely to be as extensive as it
is in the human disease complex. Although canine EDS has been described in numerous
publications [7-32], the accumulated knowledge has been too sparse and fragmented to
support the classification of EDS into distinct subtypes in dogs. Thus, it is not currently
possible to determine which information from previously published reports in dogs is
most applicable to new cases. Recent advances in the generation and interpretation of
DNA sequence data have made it feasible to distinguish subtypes of canine EDS based
on the identity of the genes that harbor the causative alleles [4]. To date, six genetic
variants have been reported to be likely causes of canine EDS. Two different COL5A1
variants and a COL5A2 variant were found in the heterozygous state in independent canine
EDS cases, suggesting that these cases correspond to the “Classical” subtype of human
EDS [2,7,9]. Another case of canine EDS had compound heterozygous TNXB variants,
suggesting a correspondence to the “Classical-like” human subtype [2,8]. A homozygous
ADAMTS?2 variant occurred in another canine EDS case, indicating correspondence to the
“Dermatosparaxis” human EDS subtype [2,24].

Dermatosparactic EDS is caused by biallelic ADAMTS?2 variants that result in a defi-
ciency of procollagen-I-N-proteinase, an enzyme that excises the N-terminal propeptide
from the o-chains of fibrillar collagens [33,34]. Removal of the N-terminal propeptide is
necessary for proper assembly of highly organized, fully functional collagen fibrils that
provide tensile strength to connective tissue in skin and other organs [35]. While a wide
spectrum of clinical signs has been associated with dermatosparaxis, the most common
clinical manifestations of this subtype include hyperelasticity and extreme fragility of
the skin resulting in large lacerations from minor trauma [34,36]. A 1982 report showed
ultrastructural changes characteristic of dermatosparactic EDS in cross sections of collagen
fibrils from the dermis of a dog; however, no clinical information was provided [23]. A
more recent report described the clinical history of a Doberman Pinscher puppy with EDS
likely caused by a homozygous ADAMTS2 nonsense mutation [24]. Here, we expand
the knowledge about the canine dermatosparaxis subtype of EDS by reporting two novel,
likely-causal ADAMTS?2 variants and describing the disease phenotypes for seven dogs
carrying these variants in the homozygous state.

2. Materials and Methods
2.1. Animal Population, Criteria for Selection, and Sample Acquisition

With the goal of expanding our understanding of the phenotypic diversity and related
molecular-genetic causes of EDS in dogs, we have collected clinical records, tissues (biopsy
and necropsy), and blood samples as a source of DNA from affected dogs since 2017. Dogs
were eligible for inclusion if they had a tentative diagnosis of EDS based on at least two
of the following three clinical signs: skin hyperextensibility, joint hypermobility, and skin
fragility as indicated by a history of lacerations from minor trauma. Samples for DNA
analysis were also collected from unaffected dogs with known familial relationships to dogs
with EDS. Thus far, we have generated and analyzed whole genome sequences with DNA
from 26 dogs that exhibited signs of EDS. The current study includes three of these dogs
and four of their EDS-affected relatives. Experiments were performed in accordance with
the relevant guidelines and regulations set forth by the University of Missouri Institutional
Animal Care and Use Committee represented by the approved study protocol (#10125) and
signed owner consent.

EDTA-anticoagulated venous blood samples or buccal swabs on FTA Elute cards
(Whatman) were sent to the University of Missouri for molecular-genetic studies. Two dogs
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were donated by their owner for examination and euthanasia because of severe skin fragility.
Tissue samples from a 10.5-month-old Dachshund, euthanized for reasons unrelated to the
present study, were used as normal controls for histopathologic and ultrastructural studies.
Archived DNA samples from 492 Alapaha Blue Blood Bulldogs and 217 Pit Bull Terriers
were genotyped for the candidate variant: 11:2280117delC (CanFam3.1).

2.2. Molecular Genetic Analysis

Previously described methods were used to isolate DNA samples from EDTA anti-
coagulated blood or from FTA Elute cards [37,38]. To generate whole genome sequences,
individual DNA samples from three affected dogs (Dogs 1, 3, and 7) were submitted
to the University of Missouri Genomics Technology Core Facility for the preparation of
umina TruSeq PCR-free paired-end libraries with ~400 bp inserts. Dogs 1 and 3 were
sequenced on an Illumina NextSeq500 platform producing 188 million and 204 million
reads, respectively. Dog 7 was sequenced on an Illumina NovaSeq 6000 platform with
producing 411 million reads.

The Burrows-Wheeler Aligner (BWA-mem) was used to map the sequence reads to a
canine reference genome assembly (CanFam3.1) [39]. The reads were then sorted with SAM-
tools (ver. 1.11), and PCR duplicates were marked with Picard tools (ver. 2.23.8). A modified
Genome Analysis Tool Kit (GATK ver. 3.8) best practices pipeline was used for realignment,
recalibration, and variant calling. To help identify rare variants in the affected sample
sequences, an additional 4114 canine whole genome sequences were obtained from the
NCBI Sequence Read Archive (SRA) (https:/ /trace.ncbinlm.nih.gov/Traces/sra/sra.cgi,
accessed on 15 March 2022) and used as controls. The SRA accession numbers for all 4117
whole genome sequences used in this analysis are provided in the Supplemental Table S1.
Variants in each of the control samples were called individually with GATK Haplotype-
Caller in the gVCF mode. All sample gVCF files were joined with GATK CombineGVCFs,
and jointly genotyped using GATK GenotypeGVCFs. Functional effects of the called
variants were predicted with SnpEff software together with Ensembl annotation. SnpSift
software was used for filtering low quality variants and extracting annotated variants for
the affected samples. Variant reports were generated by tabulating the annotated output
to a Microsoft Excel spreadsheet with GATK VariantsToTable. Candidate variants were
visually inspected with the Integrative Genomics Viewer (IGV, ver. 2.8.10).

A 2-step allelic discrimination assay [40] was used to genotype DNA samples from individ-
ual dogs for the ADAMTS2 variant identified in Alapaha Blue Blood Bulldogs and Pit Bull Terri-
ers. The first step was PCR amplification with primers 5-AGCTGCGGTTTGGCTCCAGCT-3'
and 5'-CTGCCGCGGGGCTTTC-3'. These amplifications were conducted in 50 uL volumes
with an AccuPrime GC-Rich DNA Polymerase Kit (Invitrogen) and included an initial
denaturation at 95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s,
primer annealing at 60 °C for 30 s, extension at 72 °C for 1 min, and a final extension at
72 °C for 10 min. Next, 8 uL. of amplicons from the first stage amplification were used as
the template for the second stage of the assay, which was conducted in 25 puL volumes with
a custom-designed TagMan SNP Genotyping Assay reagent on a StepOnePlus Real-Time
PCR System (Applied Biosystems). Reaction mixtures consisted of the amplified DNA
template, (36 uM) primers, and (8 M) probes in TagMan Genotyping Master Mix. The PCR
primer sequences were 5'-CGGTCCGGCTGCCAT-3" and 5'-GCAGCAGCAGCAGCAG-3'. The
competing probes were 5'-VIC-CCGCCGGCGGATC-NFQ-3' (reference allele) and 5'-FAM-
CCCGCCGCGGATC-NFQ-3' (mutant allele).

2.3. Post-Mortem Sample Processing and Analysis

Two donated 8-week-old littermate Alapaha Blue Blood Bulldog puppies (Dogs
5 and 6) were examined and euthanized on the day of arrival at the University of Missouri.
Humane euthanasia was performed with intravenous administration of pentobarbital.
Tissues were collected immediately after euthanasia, placed in a fixative containing 2%
glutaraldehyde, 1.12% paraformaldehyde, 130 mM sodium cacodylate, 1 mM CaCl,, pH 7 4,
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and incubated at room temperature for at least 48 h. A small slice of each sample, approxi-
mately 3 mm X 3 mm X 1 mm, was then washed in 170 mM sodium cacodylate, pH 7.4,
post-fixed with osmium tetroxide, and embedded in epoxy resin.

Sections of the embedded samples were cut at a thickness of 0.25 ym, mounted on
glass slides, stained with toluidine blue, and examined with light microscopy to identify
areas of interest. Light microscopy images of these sections were obtained using a Leica
DMI 6000B microscope. The tissue blocks were then trimmed to leave only the areas of
interest on the block face. Sections of the trimmed blocks were then cut at thicknesses
of 70 to 90 nm and mounted on copper electron microscopy grids. These sections were
stained with uranyl acetate and lead citrate and were then examined with a JEOL JEM-1400
transmission electron microscope equipped with a Gatan digital camera.

3. Results
3.1. Clinical Histories and Postmortem Findings
3.1.1. Dogs 1 and 2

Two 5-day-old male dogs along with their unaffected mother and five littermates were
relinquished to a regional animal shelter. Shelter staff members considered the dogs to
be Pit Bull Terriers, based on the appearance of the mother. There were no abnormalities
identified in the mother or the seven puppies by physical examination at the time of
admission. Initially, all the puppies were housed with the mother. Wounds on the head and
neck of Dogs 1 and 2 were first identified at 2 weeks of age. These wounds were seen by staff
members to occur while the puppies played with littermates or when the mother would pick
them up by the neck to move them. The five other puppies did not develop any wounds.
Dogs 1 and 2 were then housed in separate foster homes but new wounds continued to
develop with each puppy. The wounds healed normally by second intention leading to the
accumulation of atrophic scars. Both puppies were subsequently euthanized at 8 weeks
old because of their severe skin fragility. At the time of euthanasia, both puppies had an
ideal body condition, as well as normal temperature, pulse, and respiratory rates. Thoracic
auscultation and abdominal palpation were unremarkable. Subjectively, Dog 1 seemed
to be more severely affected than Dog 2. Dog 1 had skin hyperextensibility, numerous
wounds at various stages of healing, atrophic scars, joint hypermobility, a large hematoma
on the pinna of the right ear, narrowed palpebral fissures, swelling of both tarsi and all four
paws. The joints did not seem overtly painful, but Dog 1 demonstrated difficulty walking
and was intermittently ataxic. Dog 2 had skin hyperextensibility, numerous wounds at
various stages of healing, atrophic scars, and a large, ruptured hematoma on the right ear
pinna. Notably, Dog 2 did not have joint swelling or difficulty walking; however, a full
orthopedic examination was not performed. Four of the five unaffected littermates were
alive at 18 months of age. One littermate was euthanized because of behavioral issues but
did not demonstrate any clinical signs associated with EDS.

3.1.2. Dogs 3 and 4

Two female Alapaha Blue Blood Bulldog littermates were part of a litter of four siblings.
Dog 3 was presented to the primary care veterinarian at 4 weeks old for evaluation of
swellings around both elbows and numerous small skin wounds located on the elbows,
face, and ear pinna. This dog was diagnosed with suspected cellulitis and treated with
amoxicillin/clavulanic acid. To avoid additional wounds, Dog 3 was then separated from
the littermates. Nonetheless, the puppy continued to develop wounds from minimal
trauma (e.g., bumping into a wall or being picked up by the owner). These wounds healed
normally by second intention, forming atrophic scars. The puppy was evaluated again at
8 weeks old and there were painful swellings around both elbows and tarsi. The puppy
continued to be active but had a noticeable lameness in all four limbs.

The clinical history of the littermate (Dog 4) was reported by the owner, as this puppy
was not evaluated by the primary care veterinarian. The clinical signs in Dog 4 were
subjectively less severe and had a delayed onset compared to the sibling (Dog 3). The
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wounds first became apparent at 5 weeks old. This puppy was then separated from the
unaffected littermates and housed with Dog 3. Both puppies continued to accumulate
wounds along the face, ear pinna, neck, abdomen, dorsum, and dorsal aspect of the paws.
At 10 weeks old, non-painful swellings around both tarsi were identified.

When 12 weeks old, Dogs 3 and 4 were presented to their primary care veterinarian
for humane euthanasia requested by the owner primarily because of severe skin fragility.
On physical examination, both puppies were mentally appropriate, had an ideal body
condition, as well as normal temperature, pulse, and respiratory rates. The palpebral
fissures for both dogs were nearly closed (Figure 1). Thoracic auscultation and abdominal
palpation were unremarkable. The oral cavity and dentition were age-appropriate in both
puppies. Both puppies had large, painful, fluctuant swellings on the caudal aspect of both
elbows and tarsi (Figure 1). These swellings appeared red, bruised, and had multiple small
wounds at various stages of healing. Dog 4 also had swelling of all four paws. Both puppies
had numerous wounds and atrophic scars located along the caudal aspects of both elbows
and tarsi, face, ear pinnae, abdomen, dorsum, and the dorsal aspect of all paws. The skin
was hyperextensible, especially along the dorsum and caudal aspects of the elbows. Joint
hypermobility was identified in the carpi and tarsi of both dogs. Dog 3 was subjectively
lame on all limbs but was more severe in the forelimbs. Dog 4 was not lame but did appear
to be ataxic, which coincides with the owner report that the puppy was “wobbly.” The
remainder of the physical examination was unremarkable.

Figure 1. Representative images from two female, 12-week-old, Alapaha Blue Blood Bulldog lit-
termates (Dog 3 (A—C); Dog 4 (D-F)) illustrating multifocal wounds at varying stages of healing,
atrophic scars, narrowed palpebral fissures, and joint swellings.

3.1.3. Dogs 5 and 6

Two 8-week-old littermate Alapaha Blue Blood Bulldogs were donated by their owner
to the University of Missouri, College of Veterinary Medicine for examination and eu-
thanasia because of severe skin fragility. Detailed medical histories before the time of
donation were not provided. The puppies were examined and euthanized on the same day
they arrived. On examination, both the male (Dog 5) and the female puppy (Dog 6) were
mentally appropriate, had an ideal body condition, and normal temperature, pulse, and
respiratory rates. Thoracic auscultation and abdominal palpation were unremarkable.

Both dogs had an ophthalmic examination performed by a board-certified veterinary
ophthalmologist (K.S.D.). Dog 5 demonstrated a positive direct and indirect pupillary light
reflex in both eyes. A cotton ball was successfully tracked when thrown into the puppy’s
visual field, indicating the puppy was visual. A Schirmer tear test II was performed
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resulting in 21 and 20 mm/min of wetting in the right eye and left eye, respectively.
Intraocular pressures of 15 mmHg in the right eye and 17 mmHg in the left eye were
measured with an iCare Tonovet rebound tonometer. Fluorescein staining was negative
in both eyes. The puppy exhibited slight micropalpebral fissure with both eyes (right eye
more than left eye) and mild entropion with both eyes. The cornea, anterior chamber, iris,
lens, vitreous and fundus were unremarkable. Dog 6 had a positive direct and consensual
pupillary light reflex in both eyes and appeared visual due to successful tracking of a
thrown cotton ball. This puppy exhibited severe micropalpebral fissure with both eyes,
such that obtaining a Schirmer tear test or tonometry was not possible. Additionally,
there was also moderate entropion with both eyes. The eyelid conformation limited the
examination of the globe, which appeared within normal limits. The narrowed palpebral
fissures and entropion can be seen in Figure 2.

A
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Figure 2. Representative images from two, 8-week-old, Alapaha Blue Blood Bulldog littermates
(Dog 5 (A—C); Dog 6 (D-F)) illustrating multifocal wounds at varying stages of healing, atrophic
scars, narrowed palpebral fissures, joint swellings and hypermobility.

The oral cavities were normal with age-appropriate dentition. Both puppies had large,
fluctuant swellings typical of seroma on the caudal aspect of both elbows and tarsi. There
were multiple skin lacerations in various stages of healing along with atrophic scars at
pressure points on the skin of the elbows and tarsi as well as on the head, neck, pinna of
the ears, abdomen, and dorsum in both puppies (Figure 2). The skin was extensible but
not necessarily more so than for other puppies of the same breed and age. The carpi and
tarsi were moderately hypermobile (Figure 2). Both puppies had medially luxating patellas
and crepitus on manipulation of the hips. The remainder of the physical examination
was unremarkable.

After euthanasia, examination of the connective tissue collagen from skin, tendons
and ligaments of Dogs 5 and 6 revealed profound ultrastructural abnormalities. In the
dermis of the control dog, the collagen fibrils were circular in cross-section and relatively
uniform in size (Figure 3A). In contrast, the dermal collagen fibrils of the affected puppies
had curved linear profiles in cross-section (Figure 3B). This ultrastructure has historically
been described as hieroglyphic or hieroglyphic-like [23]. The collagen fibrils in tendons
and ligaments from an unaffected control dog were circular with variable diameters in
cross-section (Figure 4A,C), although the average diameter of the ligament fibrils was
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greater than that of the tendon. This contrasted with the collagen fibrils in tendons and
ligaments from the two affected puppies that were markedly smaller in diameter and
irregularly shaped (Figure 4B,D). Compared to the cross-sectional profiles from the affected
ligament, the profiles from the tendon were more likely to be smaller and more lobulated.

Figure 3. Electron micrographs of dermal-collagen-fibril cross sections from an unaffected 10.5-month-
old Dachshund (A), and from an affected Alapaha Blue Blood Bulldog puppy (B).
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Figure 4. Electron micrographs of collagen-fibril cross sections from the quadriceps tendon of a
10.5-month-old unaffected Dachshund (A) and an affected Alapaha Blue Blood Bulldog puppy (B).
Similar depiction of collagen fibrils from the patellar ligament of the same unaffected Dachshund (C),
and from an affected Alapaha Blue Blood Bulldog puppy (D).

The corneas from Dogs 5 and 6 were irregular in thickness due to variations in the
thickness of the stroma (Figure 5). This resulted in a wavy appearance of the epithelial
surfaces of the corneas while the inner aspects of the corneas retained normal topography.
Descemet’s membrane in these two affected puppies was much thinner than that from the
control dog (Figure 5). Accompanying these apparent abnormalities in corneal morphology
were subtle differences in corneal collagen ultrastructure between the control and the
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affected dogs, which had looser packing of the fibrils and more irregularity in fibril cross-
sectional profiles (Figure 6).

A

300 pm

Figure 5. Light micrographs of cross sections of the corneas from an unaffected 10.5-month-old
Dachshund (A) and from one of the affected Alapaha Blue Blood Bulldog puppies (B). Unlike normal
corneas, the topography of the front surfaces of the corneas from the affected dogs was quite irregular,
although the average corneal thickness was relatively normal. Descemet’s membrane was much
thinner in the affected dogs than in the unaffected Dachshund.

Figure 6. Electron micrographs of cross sections of collagen fibrils from the corneas of an unaffected
10.5-month-old Dachshund (A) and from one of the affected Alapaha Blue Blood Bulldog puppies (B).
In the normal cornea, the collagen fibrils were circular in profile and quite uniform in diameter. The
diameters of the corneal collagen fibrils from the affected dogs were similar to those of the normal
cornea, but their boundaries were less distinct, and their profiles were more variable. In addition,
the packing of the collagen fibrils of the affected dog corneas was looser and less regular than in the
cornea from the unaffected dog.

3.1.4. Dog 7

We received the clinical history and a blood sample from a 7-year-old, male castrated
Catahoula Leopard Dog. Shortly after we acquired the blood sample, the dog was examined
by the primary care veterinarian for a routine wellness evaluation, conducted in the owner’s
home to avoid skin wounds that might result from transportation in the car. The physical
examination revealed hypermobility of the carpal, tarsal, and elbow joints as well as
medially luxating patellas (Figure 7). The skin was loose, hyperextensible, and had variably
sized atrophic scars that were too numerous to count (Figure 7). The scars were most
concentrated on the legs, but distribution was diverse (e.g., head, chest, abdomen, and



Genes 2022, 13, 2158

90f19

dorsum of the trunk). The largest scar measured about 7 cm and extended from midline
along the caudal dorsal aspect of the back to the right lateral thorax. There were no
ocular abnormalities.

Figure 7. Representative images from a Catahoula Leopard dog illustrating normal palpebral fissures
(A), hyperextensible skin (B), sagging skin (C,D), typical wounds (E F), joint hypermobility (G), and
atrophic scars (H).

The dog had 10 littermates, all of which were unaffected. The sire and dam were clini-
cally unremarkable. When the owner obtained the dog at 8 weeks of age, there were minor
wounds on the pinnae that were not identified on any of the littermates. Within 2 days of
acquisition, the dog developed several facial wounds that were observed to occur while
the dog played with another dog. The owners noticed that the dog would develop wounds
with minimal trauma such as walking under the fingernail of the owner or brushing against
a shrub. Skin punch biopsies were obtained from normal appearing skin on the trunk
when the dog was approximately 1-year-old. According to the pathology report, collagen
fibers displayed increased variability in thickness, and often appeared abnormally curled,
twisted and hypereosinophilic with prominently increased inter-fiber spaces, especially in
the deep dermis. The clinical history combined with the histopathologic abnormalities led
to a presumptive diagnosis of EDS.

Over the next 6 years, the dog experienced skin wounds that would heal by second
intention approximately once every 2 to 3 months. Skin lacerations that required primary
closure by a veterinarian occurred approximately once every 3 months. Wounds healed
normally but more severe injuries required more time to resolve. For example, one of
the most severe skin lacerations required 8 to 10 weeks to completely heal. The cause for
wound development was largely unknown as the dog was always separated from the other
dog in the home and kept in a crate when not supervised. Moreover, the dog was always
kept attached to a leash while outside. The owner reported three isolated episodes of mild,
transient, non-painful swellings around the elbows that resolved without intervention.

At the time of writing, the dog was 9 years of age and had experienced gradual
progression in the severity of skin looseness and hyperextensibility. The owner reported
that the dog continued to accrue skin wounds from minimal trauma with the same severity
and frequency as previously mentioned. The dog developed skin allergies that resulted
in a slight increase in frequency of minor wounds that would develop due to self-trauma
from licking, scratching, and biting. To mitigate the development of wounds secondary to
self-trauma, the owner fitted the dog with clothing that covered most of the body except
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the head, tail, and distal limbs. The dog was also kept in a padded Elizabethan collar to
prevent self-trauma while active wounds healed.

3.2. DNA Analysis

The average coverages of the whole genome sequences for Dogs 1, 3 and 7 were
19.5-fold, 21.4-fold, and 46.2-fold, respectively. The tabulated variant reports were filtered
for rare, protein-altering variants occurring in the affected dogs, with a focus on variants
in orthologs of genes known to be associated with human EDS [2]. Candidate variants
were validated by inspection of the aligned reads with IGV. The whole genome sequence
from Dog 7 contained a rare homozygous variant, 11:2491238G>A, predicted to produce
an altered ADAMTS?2 transcript, ¢.2897G>A, that encodes a protein in which a conserved
argininyl moiety is replaced by a histidyl moiety, p.(Arg966His).

The whole genome sequences from Dogs 1 and 3 each contained the same rare ho-
mozygous variant, 11:2280117delC, predicted to produce a frameshift in the transcript from
ADAMTS2, ¢.10delC, and encode a severely truncated protein product, p.(Pro4ArgfsTer175).
We have used a two-step allelic discrimination assay to genotype 492 individual Alapaha
Blue Blood Bulldogs for this deletion. Nine of these dogs including the four described
above tested homozygous for the deletion allele, 158 tested heterozygous, and 325 tested
homozygous for the reference allele. Thus, the allele frequency was 0.27 for this tested
cohort. In addition, we genotyped 217 samples from Pit Bull Terriers in our DNA archives.
Dogs 1 and 2 tested homozygous for the deletion allele, all the other Pit Bull Terriers tested
homozygous for the reference allele at 11:2280117.

4. Discussion

We have identified likely-causal, homozygous ADAMTS?2 variants in 4 of 26 whole
genome sequences generated with DNA from dogs that had been diagnosed with EDS. No
plausibly causal ADAMTS?2 variants were found in the other 22 whole genome sequences,
suggesting that dermatosparaxis is a significant though uncommon subtype of canine EDS.
One of the ADAMTS? variants discovered by whole genome sequencing has been described
in a previous case report [24]. In that case, the likely cause of the EDS in a Doberman
Pinscher puppy, hereafter referred to as Dog 8, was a rare, homozygous nonsense mutation,
11:2408978C>T, in the fourth of 22 ADAMTS?2 coding exons. Premature-termination-codon-
containing transcripts from that mutant gene were likely depleted by nonsense-mediated
decay [41]. Any proteins translated from transcripts that evaded nonsense-mediated decay
are predicted to be severely truncated and devoid of enzymatic activity.

In the current report, the whole genome sequences from an EDS-affected Pit Bull Terrier
puppy and an EDS-affected Alapaha Blue Blood Bulldog puppy each contained an identical
rare, homozygous single-nucleotide deletion and reading-frame shift, 11:2280117delC,
in the first coding exon of ADAMTS2. Similar to the ADAMTS2 mutation in Dog 8, this
ADAMTS?2 deletion and frameshift is predicted to have produced transcripts for a truncated
polypeptide with a premature termination codon rendering them subject to nonsense-
mediated decay and, thus, unable to encode a biological active gene product. A third
likely-causal ADAMTS?2 variant, 11:2491238G>A, was found in a whole genome sequence
that was generated with DNA from an adult Catahoula Leopard Dog with EDS. In this
case, the likely cause of the EDS was a rare, homozygous single-nucleotide substitution that
produced a nonsynonymous codon change in the 19th ADAMTS2 coding exon. The mutant
gene is predicted to encode a full-length protein product that differs from the normal protein
only by the substitution of a histidyl moiety for an argininyl moiety at amino acid 966.
Although arginine codons are highly conserved at orthologous positions in mammalian
ADAMTS? genes, it is plausible, but not demonstrated, that the protein encoded by the
Catahoula Leopard Dog variant retained residual procollagen I N-proteinase activity.

As summarized in Table 1, we have compared the molecular-genetic findings and
clinical features for eight dogs with dermatosparactic EDS including the four dogs with
whole genome sequences. In addition, we included a littermate (Dog 2) of the Pit Bull
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Terrier with the sequenced genome, a littermate (Dog 4) of the Alapaha Blue Blood Bulldog
with the sequenced genome and two Alapaha Blue Blood Bulldog littermates (Dogs 5 and 6)
of unknown relation to the Alapaha Blue Blood Bulldog with the sequenced genome. A
DNA test confirmed that these four dogs were homozygous for the 11:2280117delC variant
described above. Thus, the genomes of all 8 dogs harbored likely-causal ADAMTS?2 alleles
in the homozygous state, consistent with reports that dermatosparaxis is a recessive trait in
other species [42—44].

Table 1. Molecular-genetic and clinical features of dogs with dermatosparactic Ehlers-Danlos Syndrome.

Dog Identity Dog1 Dog 2 Dog 3 Dog 4 Dog 5 Dog 6 Dog 7 Dog 8
med PRBTewie PunalTemer  pRRRENC Mpafue o slpdothe  Mplafue o couted Db
Mutation 11:2280117delC  11:2280117delC  11:2280117delC  11:2280117delC  11:2280117delC  11:2280117delC  11:2491238G>A  11:2408978C>T
Mutation type Frameshift Frameshift Frameshift Frameshift Frameshift Frameshift Missense Nonsense
I\z/[;gtg:l?; Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous Homozygous
Euthanasia Yes Yes Yes Yes Yes Yes No Yes
Age at death 8 Weeks 8 Weeks 12 Weeks 12 Weeks 8 Weeks 8 Weeks >9 Years 8 Weeks
Fragile skin Yes Yes Yes Yes Yes Yes Yes Yes
Atrophic scars Yes Yes Yes Yes Yes Yes Yes Yes
Hyperéek);;enﬂble Yes Yes Yes Yes No No Yes Yes
Joint instability Yes No Yes Yes Yes Yes Yes Yes
Swollen joints Yes No Yes Yes Yes Yes Infrequent Yes
Periqcular Micrppalpebral None Micrppalpebral Micr.opalpebral Micr'opalpebral Micr.opalpebral None Ocular'
lesions fissures fissures fissures fissures fissures Chemosis
Ataxia Yes No No Yes No No No No

The most consistent and prominent clinical finding, observed in all eight dogs with the
dermatosparactic EDS subtype was fragile skin as evidenced by numerous atrophic scars,
lacerations at various stages of healing, and subcutaneous hematomas or seromas. Similar
lesions have often been described in previous reports of canine EDS [7-15,18,19,21,22,25-32].
Thus, this feature does not distinguish dermatosparactic EDS from other common canine
EDS subtypes. For seven of the dogs with dermatosparaxis, fragile skin was the reason
that the owners requested their dogs be euthanized. In all seven cases, the euthanasia
occurred when the puppies were 8 to 12 weeks old. Dog 8 had a life-threatening degloving
injury when euthanized; whereas, the six puppies, with the homozygous 11:2280117delC
variant were stable. Although fragile skin is a feature in most canine EDS case reports,
we found only two reports that described similar degloving injuries requiring humane
euthanasia [11,31]. Another report described EDS-affected littermates that died when four-
and eight weeks old, but did not describe the specific circumstances of their death [22]. It
is unclear whether Dogs 1 through 6 would have eventually developed life-threatening,
degloving injuries or continued to accrue manageable wounds.

The human dermatosparaxis EDS subtype is associated with extreme skin fragility
that results in congenital or postnatal skin lacerations, with secondary infections that can
lead to premature death [2,34]. Severe wounds continue to develop into adulthood and
additional complications can arise such as rectal prolapse and diaphragmatic/umbilical
hernia [45]. Extreme skin fragility necessitating euthanasia has also been described in
cattle and sheep with the dermatosparaxis subtype of EDS [43,44,46,47]. Nonetheless, less
severe forms dermatosparaxis have also been described in human patients and in cattle,
sheep and cats [45,48-51]. The presence or absence of residual procollagen-I-N-proteinase
enzymatic activity encoded by the various causal ADAMTS?2 variants most likely influences
the inter-species and intra-species differences in clinical severities. For instance, sheep
with dermatosparaxis caused by a homozygous nullifying ADAMTS2 nonsense mutation,
typically die or require humane euthanasia in first weeks of life [52,53]. In contrast, sheep
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with a homozygous ADAMTS?2 missense mutation that encodes a full-length protein with
25% residual procollagen-I-N-proteinase activity have endured frequent lacerations but
typically survived to adulthood [48,49].

Like the other dogs with the dermatosparactic EDS subtype, the Catahoula Leopard
Dog had fragile skin. In contrast with the dogs that were euthanized as puppies, the
Catahoula Leopard Dog has survived to adulthood. The specific reasons for this survival
difference are unknown, but likely reflected differences in the criteria that the owners used
when considering euthanasia. The four Alapaha Blue Blood Bulldogs were bred to be sold
as pets or used in future breeding. Therefore, the identification of a genetic disorder could
have influenced the owners’ decisions to euthanize because the dogs could not perform
the tasks for which they were bred. The two Pit Bull Terrier puppies were property of
an animal shelter, as they had not been adopted. The suspicion of a collagen disorder
potentially resulting in lifelong complications likely influenced their decision to euthanize
these puppies. In contrast, the Catahoula Leopard Dog was a pet with a dedicated owner
that was invested in optimizing the dog’s quality of life. It is also plausible, though not
demonstrated, that the ADAMTS2 variant in the Catahoula Leopard Dog encoded a protein
with residual procollagen-I-N-proteinase activity, which decreased clinical severity and has
contributed to the continued survival of the dog.

Most of the EDS-affected dogs had joint instability and hyperextensible skin (Table 1).
Either or both features have frequently been included in the previously reported clinical
histories of dogs with EDS [7-10,12,14,15,19,22,25-28,30,54]. Thus, joint instability and
hyperextensible skin do not distinguish canine dermatosparaxis from other more common
types of canine EDS.

Most of the Alapaha Blue Blood Bulldogs and Pit Bull Terrier puppies in this study
had swellings associated with one or more of their elbows, tarsi, carpi, or paws. These
swellings were often painful, bruised, exuded discharge, and had wounds at varying stages
of healing. A similar description of painful swelling around the carpi and tarsi was reported
in Dog 8 [24]. Swellings around appendicular joints have been reported in at least three
previous publications about canine EDS [7,28,54]. Another case report described occasional
hematomas on the legs, but did not indicate whether or not the hematomas were associated
with joints [22]. Nonetheless, descriptions of swellings around appendicular joints are
not common in previous clinical descriptions of canine EDS, suggesting that this sign
may be indicative of severe canine dermatosparaxis. Appendicular joint swellings were
infrequent occurrences in the long clinical history of the affected Catahoula Leopard Dog,
consistent with the possibility that this dog may have a less severe form of dermatosparaxis.
The specific causes for appendicular joint swellings are unknown and likely complex.
One possibility is that these regions are at pressure points that are frequently exposed to
varying magnitudes of injury and subsequent seroma formation, infection, or both. Another
potential explanation for the frequent appendicular joint-associated swellings is that they
resulted from, or were exacerbated by, joint instability; however, the joint-swellings in the
EDS-affected Pit Bull Terrier and Alapaha Blue Blood Bulldog puppies were more severe
than would be expected from joint instability alone.

Bilateral, narrowed palpebral fissures were a distinct clinical feature in five of the
six dermatosporactic Pit Bull Terrier and Alapaha Blue Blood Bulldog puppies (Table 1).
This feature has been used by experienced breeders of Alapaha Blue Blood Bulldogs
for early identification of affected puppies (personal communication: G.S.J.). Narrowed
palpebral fissures were not mentioned in the clinical descriptions of the Dogs 7 and §;
however, Dog 8 had ocular chemosis or conjunctival edema. We have not found mention
of micropalpebral fissures in previous reports about canine EDS. Nonetheless, infants
with dermatosparaxis typically have swollen, edematous eyelids and excessive periorbital
skin [42,45,55,56]. Edema of the eyelids and other areas of the skin has been reported in
ruminates with dermatosparaxis [43,57,58]. In affected human infants, the severity of the
periocular edema slowly diminishes with age [55]. If the edema resolves with age in dogs
with dermatosparaxis, it is plausible that Dog 7 had unrecognized or forgotten periocular
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edema as a young puppy. There is no obvious cause-and-effect relationship between de-
fective collagen fibrillogenesis and lymphedema. In this regard, it may be pertinent that,
besides the fibrillar procollagens, a variety of unrelated proteins are efficiently cleaved by
the procollagen-aminopeptidases encoded by ADAMTS2, ADAMTS3, and ADAMTS14 [35].
One such protein is vascular endothelial growth factor C (VEGF-C) which plays an essential
role in embryonic lymphangiogenesis and may be required for normal growth and develop-
ment of the lymphatic system [59-61]. VEGEF-C is secreted in an inactive form that requires
proteolytic removal of an amino-terminal propeptide for activation. In the embryo, VEGF-C
is activated by the peptidase encoded by ADAMTS3 [62]; however, based on developmental
and spatial expression patterns, it is likely that the procollagen-aminopeptidase encoded by
ADAMTS? activates VEGF-C in the dermis during perinatal development and beyond [61].
Periocular edema may be a distinguishing feature in young puppies with dermatosparaxis
and narrowed palpebral fissures may be a breed-specific or breed-type-specific expression
of that feature.

Intermittent ataxia was observed in one of the affected Pit Bull Terrier puppies (Dog 1)
and in one of the affected Alapaha Blue Blood Bulldogs (Dog 4). These observations were
unexpected, because we found no mention of ataxia or episodic ataxia in the clinical histo-
ries of humans or animals with EDS attributed to ADAMTS?2 variants. However, delayed
gross motor development has been reported in some children with the dermatosparaxis
EDS subtype [45]. Complete neurological examinations were not performed in the two
puppies with suspected ataxia. Thus, this observation must be interpreted cautiously. It is
possible that suboptimal coordination expected in a young developing puppy combined
with joint swelling and pain could have been mistaken for ataxia. Potential neurological
involvement of the dermatosparaxis subtype of EDS in dogs warrants future investigation.

The regularly spaced circular profiles of collagen fibrils in the electron micrograph of
the control-dog dermis (Figure 3A) are typical of the normal cross-sectional ultrastructure of
canine dermal collagen fibrils [63], but distinct from the ultrastructure of collagen fibril cross
sections from the dermis of Dogs 5 and 6. Similar abnormal collagen fibril cross-sectional
ultrastructure, which has been described by others as hieroglyphic-like, have been identified
in dermal samples from human, bovine, ovine and canine EDS patients [23,46,57,64]. This ab-
normal ultrastructure has been considered pathognomonic for severe dermatosparaxis [42]
and diagnoses have been based partly or completely on this laboratory finding [23,65].
Nonetheless, less extreme deviations from the normal ultrastructure have been found in
the dermis of individuals with less severe forms of dermatosparaxis [45,49,51,66], and
also in dermal samples from human patients with the Arthrochalasia subtype of EDS,
characterized by articular hypermobility, dislocations and subluxations, and by fragile
tissue and hyperextensible skin [67]. Arthrochalasia results from heterozygous COL1A1 or
COL1A2 mutations that disrupt the procollagen-aminopeptidase cleavage sites in the en-
coded proteins resulting in the retention of the aminopropeptide on some of the expressed
o1(I) or o2(I) subunits [2,34,67,68].

A plausible explanation for the abnormal cross-sectional ultrastructure of dermal col-
lagen fibrils from individuals with dermatosparaxis or arthrochalasia is that tropocollagen
molecules with retained aminopropeptides are incorporated into fibrils during fibrillo-
genesis, but constrained to the collagen-fibril surface [69-71]. At some point, increasing
the fraction of tropocollagen molecules with retained aminopropeptides will saturate
available sites on the cylindrical fibril surface forcing microanatomical adjustments that
increase the surface-to-mass ratios. This can be accomplished by decreasing the cross-
sectional diameters of the cylindrical fibrils and/or by altering the normally round cross-
sectional profiles. Minor ultrastructural changes may appear as serrated circles such as
those from patients with arthrochalasia caused by COL1A2 mutations [72] or mild der-
matosparaxis [45,46]. Compact “hieroglyphs” have been reported from dermal tissue from
patients with arthrochalasia caused by COL1A1 mutations [67] and moderately severe cases
of dermatosparaxis [51,73]. Because a high proportion of the procollagen-aminopeptidase
activity expressed in the dermis of post-natal mammals is encoded by ADAMTS2 [61], a
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high proportion of dermal fibrils in individuals with dermatosparaxis due to homozygous
nullifying ADAMTS2 mutations have retained aminopropeptides. The fibrils composed of
these modified tropocollagen molecules assume a ribbon- or sheet-like confirmation [69],
which may correspond to the curved linear figures seen in fibril cross sections from Dogs 5
and 6 (Figure 3B).

At least seven earlier canine-EDS case reports or reviews have included transmission
electron microscopy images showing dermal-collagen fibril ultrastructure [13,14,22,23,26,27,30];
however, only the image provided by Holbrook and Byers with no accompanying clinical
information [23], resembles the dermal collagen-fibril cross-sectional ultrastructures from
Dogs 5 and 6 (Figure 3B). Most of the other images in the previous reports were difficult
for us to interpret. Nonetheless, the fibril cross sections from an EDS-affected Garafiano
Shepherd appeared as compact hieroglyphs [22], perhaps resulting from a less severe case
of dermatosparaxis or from arthrochalasia. The image from an EDS-affected Greyhound
showed mostly normal circular cross sections with occasional cauliflower formations [14],
typical of the human “Classical” EDS subtype [74]. Finally, the image from a cross-bred dog
showed circular cross sections with a wide range of diameters [30], typical of the human
“Vascular” EDS subtype [74] and consistent with the report of the cross-bred dog’s sudden
death from a subclavian artery rupture.

The abnormalities in the cross-sectional ultrastructure of collagen fibrils from the tendons
and ligaments of Dogs 5 and 6 were less extreme than those from the dermis and resembled the
cross-sectional ultrastructure of fibrils from the dermis of individuals with less severe forms
of dermatosparaxis and from patients with arthrochalasia. Similarly, the abnormalities in the
cross-sectional ultrastructures of collagen fibrils from the tendons of dermatosparactic calves
and lambs were less extreme than those from the dermis [33,35,57]. Furthermore, in cattle
the proportion of type I collagen subunits with retained aminopropeptides is higher in the
dermis than in tendons [43]. A plausible explanation for these tissue-specific differences
is that nearly all of the procollagen-aminopeptidase activity in the dermis is encoded by
ADAMTS2; whereas, in the other tissues additional procollagen-aminopeptidases such
as those encoded by ADAMTS3 and ADAMTS14 are able to partially compensate for the
ADAMTS? deficiency [75].

The cornea and sclera comprise a protective outer surface of the eye. This requires
tensile strength, which is largely provided by collagen fibrils, as it is in the dermis and in
tendons and ligaments. The corneal collagen fibrils are the relatively narrow and distributed
within interlacing lamellae in which the fibrils are aligned in parallel [76,77]. Unlike the sclera,
dermis, tendons and ligaments, the normal cornea must be transparent and refract visible
light. Transparency in the cornea is thought to occur because within the lamellae, light scatter
from individual fibrils interferes with light scatter from neighboring fibrils such that they
cancel out in all directions except the forward direction [76]. Although the precise structural
constraints for corneal transparency have not been worked out, it appears that important
contributions are made by the narrowness of the corneal fibrils and by the uniformity of
both the cross-sectional diameters and the intra-fibril distances [76,78]. The transparency of
corneas from individuals with the dermatosparaxis and the minimal changes to corneal
fibril ultrastructure in the affected Alapaha Blue Blood Bulldogs (Figure 6) suggest that
ADAMTS2 has a relatively minor role in collagen fibrillogenesis in the cornea.

Without establishment of the normal range in age-matched control dogs, the signifi-
cance of the marked thickness difference in Descemet’s membrane between affected and
control samples (Figure 7) remains uncertain. The post-natal thickness of the Descemet’s
membrane increases continuously with age [79]. The affected Alapaha Blue Blood Bulldogs
puppies were 8 weeks old, whereas the control Dachshund was 10.5 months old. It is plau-
sible that this age difference is responsible for some or all of the thickness difference. The
wavy corneal surface shown in Figure 7 was unexpected and warrants further investigation.
It may reflect reduced rigidity of the cornea that only became apparent after dissection of
the cornea from the eye.
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We have received samples from 167 Alapaha Blue Blood Bulldogs that harbored at
least one likely-causal 11:2280117delC allele. The calculated variant-allele frequency of 0.27
for the cohort of genotyped Alapaha Blue Blood Bulldogs might not accurately estimate
the frequency of the variant allele among the general population of Alapaha Blue Blood
Bulldogs. Nonetheless, there are no previous reports of wide-spread distributions of EDS-
causing alleles among privately owned dogs. The accumulation of the likely-causal alleles
among Alapaha Blue Blood Bulldogs may have resulted from the extensive influence of
one or a few heterozygous popular sires in this relatively rare dog breed. Alternatively,
careful examination of phenotypic features shared by heterozygous dogs in comparison
to those from dogs homozygous for the ADAMTS?2 reference allele may reveal a basis for
selection of heterozygotes by Alapaha Blue Blood Bulldog breeders.

In contrast to the situation with Alapaha Blue Blood Bulldogs, the likely-causal
11:2280117delC allele was rare among genotyped Pit Bull Terriers. Pit Bull Terriers and
Alapaha Blue Blood Bulldogs are similar in appearance, although members of the latter-
mentioned breed tend to be larger. It is plausible that shelter workers were mistaken when
they concluded that Dogs 1 and 2 and their relatives were Pit Bull Terriers and that these
Dogs 1 and 2 were, in fact, Alapaha Blue Blood Bulldogs. In any event, genotyping Pit Bull
Terriers for the deletion at 11:2280117 is unlikely to be cost effective unless the subject dogs
or their close relatives have shown clinical signs of EDS.

As discussed in the introduction, human EDS cases are currently subclassified, based
on medical histories, laboratory findings, patterns of inheritance, and the identities of the
genes that harbor the causal variants [2]. Hesitancy to switch to a less complex system
based solely on the identity of the causal gene may have, in part, resulted from a reluctance
to abandon the current system because it has been broadly accepted and used in numerous
case reports and scientific investigations and because it provides a framework for extensive,
standardized clinical workups. Neither of these reasons apply to canine EDS, where few
previous case reports have classified the disease beyond a general diagnosis of EDS and
where minimal clinical workups are the norm. To promote a practical, causal-gene based
system for the subclassification of canine EDS, we encourage clinicians and investigators
with novel cases of canine EDS to establish the molecular-genetic causes by contacting one
of the several research laboratories around the world that routinely use whole-genome
sequencing to establish the likely causes for heritable canine diseases, often at little or no
cost to the dog owner.

5. Conclusions

This report has expanded the genotypic and phenotypic spectrum of the dermatosparaxis
subtype of canine EDS by identifying two novel ADAMTS?2 variants that, in the homozy-
gous state, were the likely causes for the dermatosparactic form of canine EDS and by
documenting the associated clinical histories and laboratory findings for seven dogs with
EDS likely caused by these variants. The clinical histories for these seven dogs were
discussed in combination with the previously described clinical history of a Doberman
Pinscher puppy with EDS likely caused by a homozygous ADAMTS2 nonsense mutation.
These clinical histories and associated postmortem findings were compared to those in
earlier descriptions of canine EDS and to descriptions of dermatosparaxis in other species.

We believe this report demonstrates the potential utility of subclassifying canine EDS
according to the identity of the gene harboring the likely-causal genetic variant. The
accurate diagnosis of canine EDS subtypes should facilitate a precision-medicine based
approach for optimizing prognosis and management in future cases of canine EDS.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/genes13112158/s1, Table S1: SRA BioSample IDs and metadata
for dogs sequenced in this study and control samples used in the WGS analysis cohort.
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