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Objective
To characterize an acquired carpal hyperextension syndrome reported by North American owners of Nigerian Dwarf
goats and examine potential genetic associations.

Methods

Affected (cases) and unaffected (controls) Nigerian Dwarf goats were recruited into this observational study from
2022 to 2023 through a small ruminant producer email list and social media. Animals with reported limb trauma,
cases with mild carpal angulation, and controls under 2 years old were excluded. Physical examination, carpal go-
niometry and blood mineral analysis were performed on all animals. Husbandry and registration information were
recorded by a standardized questionnaire. Imaging and histopathology were performed on a subset of cases. Pedi-
grees were analyzed for common ancestor(s) with Pedigraph. A genome-wide association study was performed
with the lllumina GoatSNP50 array.

Results

36 cases (carpal angle > 187°) and 64 controls were included. Owners recognized cases at a median age of 12
months (IQR, 12 to 24 months; range, 3 to 36 months); lameness was common in cases. Median standing carpal
angle of cases when bearing weight was 193.3° (IQR, 190.2° to 198.3°) versus 180.3° in controls (IQR, 180.0° to
180.7°). Imaging and histopathology did not identify a structural cause. Blood mineral concentrations were similar
between groups. Pedigree analysis indicated all cases shared a single ancestor. Genome-wide analysis identified a
region of interest (chr24:59,830,666-60,251,280) associated with the hyperextension phenotype.

Conclusions
Carpal hyperextension in Nigerian Dwarf goats was often associated with lameness and appears heritable.

Clinical Relevance
Small ruminant producers and veterinarians should be alert to this potentially heritable condition. Carpal goniom-
etry of standing animals represents an inexpensive and minimally invasive diagnostic procedure.
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he Nigerian Dwarf goat (NDG) is a US-devel-

oped dairy goat breed commonly used for milk
and cheese production, showing, and youth agri-
cultural projects. Nigerian Dwarf goats share com-
mon West African origins with the American Pygmy
breed.! Though multiple national and international
goat registries now accept the NDG, the breed was
initially established by the American Goat Society,
with 2,000 foundation animals accrued from 1984
to 1997, after which the herdbook was closed.! The
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breed has increased in popularity as a dairy breed,
and currently a large number of NDGs are registered
with the American Dairy Goat Association (ADGA).2
The ADGA registered more than 28,000 new NDGs in
the year 2024, accounting for nearly half of all new
caprine registrations.® The breed is now a well-rec-
ognized and popular choice throughout the US but
draws its origins from a fairly narrow genetic lineage,
increasing the risk for hereditary disease occurrence.

Over approximately the last 15 years, a syn-
drome of acquired carpal hyperextension has been
described by NDG owners and is anecdotally re-
ported to be increasing in incidence. The condition is
characterized by progressive hyperextension of one
or both carpal joints, often before 2 years of age,
frequently with concomitant lameness. Owners have
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reported that affected goats within their herds are
often related, suggesting potential heritability. The
disorder carries welfare and financial implications for
animals and their caregivers and producers, with in-
creased veterinary expense and constraint of show
and production value. Since this syndrome may not
be recognized in a timely manner and bucks reach
sexual maturity before 1 year of age, affected males
may sire many offspring prior to identification of car-
pal hyperextension. Since NDG females tend to have
large litter sizes, affected does may also have mul-
tiple offspring before phenotype recognition.

The purpose of this study was to (1) develop a
description of the clinical and pathological character-
istics of carpal hyperextension in NDGs for use as a
preliminary basis for diagnostic classification with car-
pal goniometry, imaging, and histopathology and (2)
determine heritability of this syndrome and candidate
genomic regions by use of pedigree and genome-wide
association analyses, respectively. We also aimed to
explore any contribution of management factors such
as housing, ration, and use to development of carpal
hyperextension via a standardized questionnaire and
evaluation of blood mineral concentrations.

Methods

Nigerian Dwarf goats were recruited for the study
from August 2022 to February 2023 through a small
ruminant producer email list and a preexisting so-
cial media site (the Carpal Hyperextension in Nige-
rian Dwarf Goats Facebook page?). All animals were
privately owned and examined either at the Oregon
State University Lois Bates Acheson Veterinary Teach-
ing Hospital or during on-site farm visits conducted
by the investigators in Oregon and Washington. This
study was approved by the IACUC at Oregon State
University (IACUC-2021-0239), and owners of all in-
cluded animals reviewed and signed a consent form
describing the study prior to animal enrollment.

Inclusion criteria for all animals were the following:
the animal was of the NDG breed, and either the individ-
ual or both dam and sire were ADGA registered. Candi-
date cases were selected based on owner-identified vis-
ible hyperextension of the carpus, at any age. Hyperex-
tension cases identified by owners were then confirmed
on examination by consensus of 2 investigators (LS,
EM). Up to 2 control animals/case were selected from
farms contributing cases, with preference given to se-
lection of controls that were related to cases (full or half
siblings or parents). To avoid misclassification of disease
status, we selected control animals that were at least 2
years of age and that owners perceived had no evidence
of carpal deformity, which was subsequently confirmed
by the investigators. Goats with any known history of
limb trauma were excluded from the study.

Bilateral forelimb ultrasound and radiography
were performed on a subset of affected goats. A num-
ber of these imaged animals were donated due to se-
verity of lameness associated with carpal hyperexten-
sion. Donated animals were humanely euthanized by
IV overdose of barbiturate solution, after which post-
mortem MRI of the forelimbs, followed by complete
necropsy and histopathology, was performed.
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A standardized questionnaire was used to collect
relevant information for each enrolled goat. Informa-
tion was collected in regard to signalment, housing,
use, medical history, ration and supplements, ADGA
registration number, parentage, and caprine arthritis
and encephalitis virus (CAE) test status. In affected
goats, additional information was collected to char-
acterize the history of their carpal hyperextension,
including age of onset, limb(s) affected, changes in
carpal deformity over time, and any diagnostic pro-
cedures or treatments performed.

All goats were weighed on the same digital scale
provided by investigators at the time of examination
and scored for body condition score by 1 of 2 inves-
tigators (LS, EM) with a 5-point system.> Lameness
was evaluated with animals at rest in a standing posi-
tion and during a 20-m in-hand walk and graded with
a modified 4-point Sprecher scale.b Goniometry was
performed on both carpi of all goats by use of land-
marks previously described in dogs (Figure 1).7-8 Dis-
tance between forelimb distal phalanges at the tips
of the claws during voluntary standing position was
also measured to quantify toe splay. All measure-
ments were obtained with goats standing on a hard,
flat surface. A single investigator (LS) performed
all measurements on all goats to limit interobserver
variability, under supervision of a second investiga-
tor (EM) for consensus. Measurements for each limb
were taken in triplicate to generate an average carpal
joint angle for each evaluated limb.

Forelimb radiography was performed on both front
limbs of 11 affected goats in a standing position with
both front feet positioned on top of 8-cm-high wood-
en blocks. One goat required a small amount of seda-
tion (xylazine; 0.02 mg/kg, IM) to facilitate the proce-
dure. Lateral, dorsopalmar, dorsolateral-palmaromedial
obligue, dorsomedial-palmarolateral oblique, and flexed
lateral views were obtained on both front limbs from
the mid antebrachium distally, including the digits. Ul-
trasound of both forelimbs from the distal antebrachium
to the second phalanx was performed on a subset (n =
8) of the radiographed goats with a MyLab SigmaVET
(Esaote SpA) equipped with a linear transducer (4-15
mHz; Esaote SpA). Magnetic resonance imaging (Signa
Horizon 1-T MRI; GE HealthCare) of the forelimbs was
performed immediately after death on these 8 animals
(6 were imaged bilaterally and 2 unilaterally on their
affected limb), with bodies left intact to facilitate posi-
tioning. Imaging from distal antebrachium to proximal
aspect of the proximal phalanx was performed in the
following sequences: (1) a T1-weighted sequence (echo
time, 14.9 milliseconds; repetition time, 566.6 millisec-
onds; flip angle, 90°; slice thickness, 2 mm; interslice
gap, 0.5 mm) acquired in transverse, frontal, and sagit-
tal planes; (2) a T2 fast spin echo sequence (echo time,
93.18 milliseconds; repetition time, 6,616.7 millisec-
onds; flip angle, 90°; slice thickness, 2 mm; interslice
gap, 0.5 mm) acquired sagittally; and (3) a proton-den-
sity fast spin echo sequence (echo time, 44 milliseconds;
repetition time, 2,000 milliseconds; flip angle, 90°; slice
thickness, 2.5 mm; interslice gap, 0.5 mm) acquired in
transverse and frontal planes. Allimaging was performed
and interpreted by the same board-certified veterinary
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Figure 1—Carpal goniometry. The center of the goniometer is placed over the axis of joint rotation. The proximal goniometer
arm is placed against the lateral humeral epicondyle, and the distal goniometer arm is placed along the lateral metacarpus
long axis, aligned with the palpable lateral prominence at the distal metacarpus. A—Carpal angle at 180°. B—Carpus in mild
flexion (< 180°). C—Carpus in mild hyperextension (> 180°). D—Carpal goniometry being performed on an affected goat.

radiologist (SSV; European College of Veterinary Diag-
nostic Imaging diplomate).

Whole blood was collected into EDTA for DNA ex-
traction. Samples were refrigerated until DNA extrac-
tion, which was performed within 5 days of collection.
The DNA was extracted according to manufacturer rec-
ommendations (Gentra Puregene Blood Kit; Qiagen),
resuspended in Tris-EDTA, and stored at -80 °C. Serum
or sodium heparinized plasma was also collected from
all animals at the time of evaluation. Supernatants were
stored at -80 °C and subsequently submitted to Tex-
as A&M Veterinary Medical Diagnostic Laboratory for
analysis of cobalt, copper, iron, manganese, molybde-
num, selenium, and zinc concentrations by inductively
coupled plasma mass spectrometry.

Necropsy and histopathology were performed
and interpreted by a single board-certified patholo-
gist (CL; American College of Veterinary Patholo-
gists diplomate) on a total of 10 of the imaged goats.
Carpal joints were sectioned sagittally to capture the
radiocarpal joint, intercarpal joint, and carpometa-
carpal joint, with joint capsule and ligaments. Super-
ficial and deep digital flexor tendons and associated
muscles were collected separately. Routine necropsy
samples (Supplementary Table S1) were also col-
lected and prepared with standard techniques.

Pedigrees were assembled from the breed registry
database (ADGA Genetics®), farm/breeder websites,

and Pedigree Online.X® A minimum of 5 to 7 genera-
tions were collected where records were available. Pedi-
graph! was used to create pedigrees and allow for the
visualization of affected animals and common relatives.

Genotyping was performed with the lllumina Goat-
SNP50 Beadchip genotyping array at Neogen Corp
(Lansing, Michigan). This array contains 53,347 single-
nucleotide polymorphisms (SNPs), which were mapped
with the goat assembly ARS1.2 (2016; GenBank acces-
sion GCA_001704415.2). Single-nucleotide polymor-
phism data cleaning and quality control were performed
with Plink (version 1.9; Christopher Chang, Carson
Chow, Shashaank Vattikuti, et al).12 Individuals missing
more than 10% of genotypes were excluded from analy-
sis. Single-nucleotide polymorphisms with a minor allele
frequency < 5% or genotyping call rate < 90% were ex-
cluded from analysis. Single-nucleotide polymorphism
association analysis used a standard case-control de-
sign. Genomic inflation (A) was calculated with Plink.12
Manhattan and quantile-quantile plots were generated
with ggman!3 and MultiMetal4 packages in RStudio (ver-
sion 2025.05; Posit Software PBC). A Bonferroni correc-
tion was used to adjust the critical a threshold for sta-
tistical significance at Pgonterroni < -05. Suggestive signifi-
cance was set at a false discovery rate of 10%. Regions of
interest around SNPs identified in genomic analysis were
screened for candidate genes with the goat genome as-
sembly ARS1.2 (2016).
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Statistical analysis

Stata/BE (version 19; StataCorp LLC) was used
for nongenomic statistical analysis. Continuous data
were assessed for normality with the Shapiro-Wilk
test; descriptive statistics are reported as median, in-
terquartile interval, and range for any data that were
not normally distributed. Statistical tests of group
differences in continuous data were performed with
the Mann-Whitney U (Wilcoxon rank sum) test or in-
dependent sample ¢t test, depending on normality.
Associations between management or demographic
factors were examined with univariate logistic re-
gression and/or exact logistic regression, depend-
ing on cell counts. Critical a for statistical signifi-
cance was set at < .05, with Bonferroni correction for
multiple comparisons.

Results

Clinical characteristics

A total of 105 goats from 17 farm sites were
recruited for enrollment in the study. Controls
were classified as animals with a standing carpal
angle of < 184°, Cases were defined as goats with
a standing carpal angle > 187°. To ensure a strict
phenotype, animals with standing carpal angles
between 184° and 187° on either limb (n = 5) were
excluded, leaving 36 cases and 64 controls for the
purposes of analysis.

Cases and controls were similarly aged at the
time of initial examination and similar in body weight,
body condition score, and height (Tables 1 and 2).

Table 1—Clinical characteristics of affected (cases) and
unaffected (controls) goats.

Affected Unaffected
goats goats P value*
Males 15 (42%) 9 (14%) .0022
Females 21 (58%) 55 (86%) —
Unilaterally 18 (n** = 36) - —
affected
Bilaterally 18 (n** = 36) - —
affected
*Univariate logistic regression for categorical variables.
**Number of animals with information recorded. — = Not
applicable.

A greater proportion of affected animals were male, com-
pared to controls. Median weightbearing carpal angle was
193.3° in cases and 180.3° in control animals (Figure 2).
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Figure 2—Dot plot of standing carpal angles in unaf-
fected (controls) and affected goats (cases). Each circle
represents 1 individual animal.

Half of all cases were bilaterally affected. Owners rec-
ognized carpal hyperextension in the affected goats
at a median age of 12 months. In all but 1 case, limb
changes were noticed at or after 6 months of age (Sup-
plementary Figure S1). Most affected animals in which
gait could be evaluated were lame (14 of 27 had grade
2 lameness, 11 of 27 had grade 1 lameness, and 5 of
27 had no lameness observed). In contrast to carpal
angles, toe splay was not different between cases and
controls (Supplementary Table S2).

Cases and controls were reported to be similarly
managed, with no significant differences evident in
feeding or supplement practices between the groups
(Supplementary Table S3). A higher proportion of
controls were used for breeding and/or dairy pro-
duction. A higher proportion of control animals were
tested for CAE infection, though no positive results
were reported in either group. Animals that were not
tested for CAE were reported to come from closed
herds. No significant differences were detected in se-
rum or plasma trace mineral concentrations between
the 2 groups (Supplementary Table S4).

Previous veterinary care for carpal deformity
was recorded for 13 affected goats; administration

Table 2—Additional clinical characteristics of affected (cases) and unaffected (controls) goats

Affected goats

Unaffected goats

Median IQR Range n** Median IQR Range n** P value*

Age (y) at examination 3.95 2.47-4.62 1.22-8.74 36 3.64 2.76-6.14 1.33-11.89 64 1174
Body weight (Ib) 72.5 54.4-90 29.1-116 34 75.0 64.5-87 43-108 64 .5705
Body condition score 3 2-3 1-5 33 3 2.5-3.5 1-5 61 .0979
Height (inches) 21.25 20-22.75 17.5-25.75 32 20.55 19.75-21.5 17.25-26 62 .2627
Standing carpal angle (°) 193.3 190.2-198.3 187.3-201.3 36 180.3 180.0-180.7 178.7-183.3 64 .0000
Males only 193.3 190.7-198.7 189.3-200 15 180.3 180-180.7 180.0-181 9 .0000
Females only 193.0 190.0-197.3 187.3-201.3 21 180.3 180-180.7 178.7-183.3 55 .0001
Age (mo) at which 12 12-24 3-36 30 - - - - -
condition noticed
Lameness score 2 1-2 0-3 27 0 0-0 0-2 60 .0000

*Mann-Whitney U (Wilcoxon rank sum) for continuous variables; univariate logistic regression for categorical variables. **Number of animals with
information recorded. — = Not applicable.
4
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of systemic NSAIDs, nutritional supplements, and
laser therapy were reported as treatments in 1 or
more cases. A total of 18 affected goats had been
removed from breeding programs by their owners
after they recognized carpal hyperextension.

Imaging

A total of 22 forelimbs from 11 affected goats
were radiographed. The majority of carpi had 1 or
more radiographic signs of degenerative joint disease
(periarticular osteophytes, n = 5; enthesophytes, 6; re-
modeled distal radius, 3), as well as radiocarpal joint
subluxation (3) and widened radiocarpal joint space (5;
Figure 3). Bilateral forelimb ultrasound was performed

Figure 3—Dorsopalmar and lateromedial radiographs
of the right (A and B) and left (C and D) carpus to dis-
tal phalanges of a 2-year-old buck with severe bilateral
carpal hyperextension with bilateral moderate radiocar-
pal degenerative joint disease and moderate right and
severe left enthesiopathy along the medial aspect of
the radiocarpal joint. There is bilateral mild palmar sub-
luxation of the radiocarpal joint.

in 8 of these 11 animals. Ultrasound abnormalities
were found in the forelimbs of 3 animals, while the
remaining 5 were unremarkable. On ultrasound, one
animal had mild right fetlock joint effusion and bi-
lateral distal flexor tendon sheath effusion with no
anomalies of the tendons. Another had mild ex-
tracapsular thickening of both carpi with arthritic
changes, and the third had a small amount of an-
echoic fluid adjacent to the distal aspect of the right
lateral oblique sesamoidean ligament. On MRI im-
ages of the tendons and ligaments of 14 legs of 8
affected goats (2 imaged only unilaterally, on their 1
affected leg), no abnormalities of the flexor or exten-
sor tendons or of the collateral ligaments of the car-
pus and metacarpophalangeal joint were found. In 1
animal, there was mild thickening bilaterally of the
extracapsular soft tissues along the dorsal aspect of
the carpi, worse dorsomedially and mildly heteroge-
neously hyperintense in signal intensity.

Gross and histopathologic examinations

Eight of the imaged goats (16 forelimbs) un-
derwent gross and histopathologic examinations
after humane euthanasia. Gross carpal lesions con-
sisted of expansion of 1 or more carpal synovial
sacs (carpi, n = 3), synovial thickening (carpi, 2),
and visibly evident cartilage thinning (carpi, 2). On
histopathologic examination, all carpal joints had
some degenerative changes; specifically, articular
cartilage erosion (carpi, n = 12), ulcerated and/or
necrotic cartilage (carpi, 6), and synovial hyper-
plasia (carpi, 10). No lymphocytic/plasmocytic
infiltrate was observed in any joint. One 2-year-
old buck showed small amounts of retained car-
tilage in the metaphyseal spongiosa in both legs.
Multiple nonmusculoskeletal gross and histologic
findings were also present in examined animals
(Supplementary Table S5).

Pedigree analysis

Over 20 generations were traced back with avail-
able records and mapped with Pedigraph. All affected
animals included in this study were traced back to a
single common ancestor (Supplementary Figure S2).

Genome-wide association analysis

A total of 94 animals were genotyped, 5 of
which failed sample quality control at Neogen. Two
additional goats were genotyped; however, nei-
ther met the case criteria and were excluded from
the analysis (one had an intermediate carpal angle
and another, initially classified as a control, was re-
ported by the owner to have developed carpal hy-
perextension after our evaluation). These goats were
therefore labeled as unknown and not included in
the analysis. After quality control of SNPs in Plink,
47,297 SNPs remained and 33 cases and 54 controls
had been genotyped at > 90% and were therefore
analyzed. The PLINK-calculated genomic inflation
factor was A = 1.06, suggesting minimal popula-
tion stratification. However, the quantile-quantile
plot from the genome-wide association suggest-
ed that the study was underpowered (Figure 4).
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Figure 4—A—Quantile-quantile plot from the genome-
wide association study of genotyped animals (n =87). P
values under the diagonal line suggest the study is un-
derpowered. B—Manhattan plot from the genome-wide
association study of genotyped animals (n = 87). The
red line denotes Bonferroni significance, and the blue
line denotes 10% false discovery rate correction. One
single-nucleotide polymorphism achieved suggestive
significance (chr24:59830666, P = 1.10 X 10-5).
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While no SNPs achieved genome-wide significance,
1 SNP on chromosome 24 approached sugges-
tive significance (chr24:59830666, P = 1.10 X 10-°).
Three SNPS, within the same region on chromo-
some 24, were the next highest associated SNPs
(chr24:59876409, P=2.77 X 1075, chr24:59940802, P
=9.40 X 10-°; and chr24:60251280, P = 2.09 X 10-4).

Based on the results of genome-wide asso-
ciation analysis, a region of interest was located on
chromosome 24 from bp 59,830,666 to 60,251,280.
We examined this region, and the surrounding 1
Mb region, for potential candidate genes. Genes in
this region included phorbol-12-myristate-13-ac-
etate-induced protein 1 (PMAIP1), melanocortin 4
receptor (MC4R), glutamate decarboxylase-like 1
(GADLI), cadherin-20 (CDHZ20), ring finger protein
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152 (RNF152), phosphatidylinositol glycan anchor
biosynthesis class N (P/IGN), RAB11l binding and
LisH domain, coiled-coil and HEAT repeat contain-
ing (KIAA1468/RELCH), a member of the tumor
necrosis factor receptor family (TNFRSF11A, also
known as RANK), zinc finger CCHC-type containing
2 (ZCCHC2), and PH domain and leucine-rich repeat
protein phosphatase 1 (PHLPPI). In addition, 2 long
noncoding RNAs (1oc106503556 and loc108633767)
are also annotated in the region.

Discussion

This study provided the first detailed clinical and ge-
netic description of a carpal hyperextension syndrome
in the NDG breed. Atraumatic carpal hyperextension in
this breed, particularly when noted between 3 and 24
months and accompanied by lameness, should prompt
evaluation for this condition by clinicians and owners. We
propose that goniometry performed in squarely weight-
bearing animals is a straightforward and inexpensive
diagnostic technigue for confirming and characterizing
the severity of hyperextension. Normal goats have very
straight forelimbs, with nil to very minimal angulation of
the carpi on goniometry. In contrast, goats between the
ages of 12 and 36 months with carpal angles of 187°
or greater should be strongly suspected of having the
condition. Affected goats are often lame and may
have radiographic signs of degenerative joint disease.
However, the various imaging techniques described
in this study as well as extensive necropsy evaluation
were unable to identify an etiologic cause or contrib-
uting structures. It was unclear whether the gross and
histopathologic changes in articular and periarticular
tissues described in this report were a cause or conse-
qguence of the underlying disorder; however, we spec-
ulate that carpal hyperextension may reflect a primary
problem of idiopathic joint instability leading to the
development of secondary degenerative changes.
Although a larger proportion of affected goats were
bucks, both sexes were commonly affected and we
could not distinguish an effect of sex from an effect of
the source populations used for sampling.

Similar forelimb hyperextension conditions have
been reported in dogs and llamas.15-18 Canine carpal hy-
perextension appears to be largely related to traumal®
though may be degenerative in some breeds or spon-
taneous in skeletally immature dogs.16 A series of stud-
ies1”.18 of metacarpophalangeal and metatarsophalan-
geal hyperextension in llamas found that affected llamas
had higher serum zinc and molybdenum and lower liver
copper and cobalt concentrations as compared to con-
trols. In the current study, we did not detect any man-
agement or nutritional factors associated specifically
with the occurrence of carpal hyperextension in goats
and found no difference in a wide range of serum min-
eral concentrations between cases and controls.

Pedigree analysis suggested that all hyperexten-
sion cases included in this study shared a single common
ancestor, lending support to owner reports of a familial
association. We were struck by parallels between this
syndrome in goats and inherited joint hypermobility syn-
dromes of humans.1® Human joint hypermobility often co-
occurs with a set of connective tissue disorders grouped as
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Ehlers-Danlos syndrome (EDS; comprised of 13 subtypes),
with classic EDSs associated with concomitant skin and/
or other connective tissue pathologies. Genes underlying
classic EDS subtypes in humans are well-defined, with the
greatest proportion of affected individuals carrying muta-
tions in structural collagen genes, collagen-processing pro-
teins, or extracellular matrix proteins.2® No genes underly-
ing human classic EDS map to chromosome 24 of goats. In
contrast to classic EDS, human hypermobile EDS (hEDS)
is a heritable condition with a female sex predilection and
primarily causes joint laxity with concomitant musculoskel-
etal complications, along with minor skin signs. This disor-
der has not yet been genetically defined.1920 Hypermobile
EDS has a large degree of phenotypic overlap with hyper-
mobility spectrum disorder (HSD), which is a diagnosis of
exclusion for cases that do not fully meet hEDS diagnostic
criteria.2! Both disorders are characterized by disruption of
fibroblasts’ extracellular matrix and cellular cytostructure
and now thought to represent a disease spectrum, rather
than 2 diistinct conditions.?223 Cultured hEDS and HSD cells
have altered transcriptome patterns of many cellular ad-
hesion molecules, namely cadherins and protocadherins
(along with desmosomal proteins and claudins), as well as
altered proteome profiles.2425 Thus, we found it interesting
that 3 classical type Il cadherins (CDH7, CDH19, CDH20)
map to goat chromosome 24, including 1 (CDH20) to the
region of interest. Type Il cadherins are poorly understood,
as compared to type | classical cadherins, yet are known to
play crucial role in organizing extracellular matrix, cell-cell
interactions, and connective tissue development via inter-
actions with B-catenin in cellular adherens junctions.?6:27
Cadherin-20 is linked to homologous genes cadherin-7
(CDH7) and cadherin-19 (CDH19) on human chromosome
18. All 3 are homologous to chicken cadherin-7, which is
crucial for limb bud chondrogenesis.2829 In the mouse (Mus
musculus) and human, CDH20 is maximally expressed in
CNS tissue; however, it is also expressed in a variety of oth-
er tissues, including the heart, alimentary structures, and
the limb. Tissue specificity of CDH20 expression in mice
is dependent on genetic background, with the degree of
expression within somite mesoderm dependent on mouse
strain.3% These strain-dependent differences in cell and tis-
sue specificity could relate to variability affinity in forming
heterodimers with other type Il family members.2’ Given
the role of cadherins in development, as well as perturbed
cadherin transcriptomes in cultured hEDS and HSD cells,
further evaluation of CDH20 may be warranted in goats
with carpal hyperextension.

PMAIP1, MC4R, PIGN, KIAA1468, TNFRSF11A, and
ZCCHC2 were all additional genes located within the
region of interest. These genes have been identified in
shared haplotypes of human patients with rheumatoid
arthritis.3> PMAIPI encodes the protein NOXA, which
plays an important role in apoptosis, and PMAIPI may
also represent a risk factor for osteoporosis via the sup-
pression of autophagy in osteoblasts.32 MC4R is a mela-
nocortin receptor expressed in the brain, mutations of
which are often associated with early-onset obesity in
both human and animal models.333* PIGN's enzyme
product participates in the synthesis of glycosylphos-
phatidylinositol-anchored proteins. Although a num-
ber of neurologic disorders have been linked to PIGN
variant alleles, none affecting musculoskeletal function

have been reported.3> KIAA1468, now known as RELCH,
encodes an intracellular cholesterol transporter,36 which
has a possible association with carcass composition in
swine.3” TNFRSF11A encodes RANK protein, a member
of the tumor necrosis factor superfamily that regulates
osteoclast activity. Reported mutations primarily mani-
fest as excessive bone deposition (osteopetrosis) or in-
creased bone turnover (Paget disease and related dis-
orders).38 Genetic variants in TNFRSF11A may also be
associated with increased severity in rheumatoid arthri-
tis.3¥ Finally, ZCCHC2 is a tumor suppressor gene associ-
ated with retinoblastoma.“® While several of these genes
may not necessarily fit within the clinical presentation of
carpal hyperextension, it is interesting that this combi-
nation of genes is notably associated with rheumatoid
arthritis in humans.3t

Other protein-encoding genes found in the re-
gion of suggestive SNP association have less plausible
relationships with a disorder of joint hypermobility.
RNF152 is one of a large family of ubiquitin ligases that
have been implicated in carcinogenesis, but not mus-
culoskeletal disorders. GADLI plays an important role
in the decarboxylation of amino acids that are essential
to skeletal muscle function and additionally contrib-
utes to carcass quality in beef cows.4* A GADLI knock-
out mouse model exhibited stunted growth, decreased
tissue levels of amino acids, and elevated markers of
oxidative stress.*2

Results from our genome-wide association anal-
ysis were quite preliminary due to the relatively small
sample size and high sampling bias towards females
in our overall study population. Analysis of addition-
al case and control animals must be undertaken to
robustly identify any SNPs associated with carpal hy-
perextension. Whole genome sequencing could sub-
sequently identify putative genetic variants between
cases and controls. Additionally, we have not yet
characterized carpal hyperextension syndrome at a
cellular biology or ultrastructural level. Transmission
electron microscopy of dermal and musculoskel-
etal connective tissue can show abnormal collagen
fibrils in a large proportion of human hEDS. In ad-
dition, ultrastructural characterization of additional
components of extracellular matrix in cases may aid
in defining underlying pathophysiology.4®> On a mo-
lecular level, proteome/transcriptome analysis from
cultured fibroblasts of affected and unaffected ani-
mals would also aid in characterizing perturbations
in cellular adhesion molecules.

Currently, it is not known whether any treatment
could prevent development of carpal hyperextension
or delay its progression. There is currently no evi-
dence-based directed treatment for human hEDS/
HDS; preliminary work in cell culture suggests that
inhibition of matrix metalloproteinases may delay
extracellular matrix disruption.#4 Analgesic medica-
tions may be used to control lameness and improve
welfare of affected goats. We do not recommend
breeding affected animals due to the possibility of
heritability suggested by our results.
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