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Summary In the horse, the term occipitoatlantoaxial malformation (OAAM) is used to describe a
developmental defect in which the first cervical vertebra (atlas) resembles the base of the
skull (occiput) and the second cervical vertebra (axis) resembles the atlas. Affected
individuals demonstrate an abnormal posture and varying degrees of ataxia. The homeobox
(HOX) gene cluster is involved in the development of both the axial and appendicular
skeleton. Hoxd3-null mice demonstrate a strikingly similar phenotype to Arabian foals with
OAAM. Whole-genome sequencing was performed in an OAAM-affected horse (OAAM1)
and seven unaffected Arabian horses. Visual inspection of the raw reads within the region of
HOXD3 identified a 2.7-kb deletion located 4.4 kb downstream of the end of HOXD4 and
8.2 kb upstream of the start of HOXD3. A genotyping assay revealed that both parents of
OAAM1 were heterozygous for the deletion. Additional genotyping identified two of 162
heterozygote Arabians, and the deletion was not present in 371 horses of other breeds.
Comparative genomics studies have revealed that this region is highly conserved across
species and that the entire genomic region between Hoxd4 and Hoxd3 is transcribed in mice.
Two additional Arabian foals diagnosed with OAAM (OAAM 2 and 3) were genotyped and
did not have the 2.7-kb deletion. Closer examination of the phenotype in these cases
revealed notable variation. OAAM3 also had facial malformations and a patent ductus
arteriosus, and the actual malformation at the craniocervical junction differed. Genetic
heterogeneity may exist across the HOXD locus in Arabian foals with OAAM.

Keywords atlas, axis, cervical, equine, homeobox, whole-genome sequencing

. into six groups (Chowdhary 2013). The first, occipitaliza-
Introduction . i o .
tion of the atlas with atlantalization of the axis, appears to
be an inherited form of OAAM in Arabian horses (Mayhew

etal. 1978). Subluxation of the atlantoocciptal joint and

Craniocervical junction abnormalities are rare diseases
encompassing a range of phenotypes that have been

identified in humans (Menezes etal. 1980) and many fusion of the atlas and axis with lateral deviation of the

domestic animals species (Leipold et al. 1972; Mayhew et al.
1978; Watson et al. 1985, 1988; Schmidt et al. 1993; Helie
etal. 1999; Seva et al. 2008). In the horse, craniocervical
junction abnormalities are termed occipitoatlantoaxial
malformations (OAAM) and are characterized by an
abnormal occiput, atlas (first cervical vertebra) and axis
(second cervical vertebra). Equine OAAM has been classified
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atlantoaxial joint and 20-degree rotation of the atlas was
reported in a one half-Arabian colt (Blikslager et al. 1991).
Other groups include: congenital asymmetrical OAAM
(Rosenstein et al. 2000), asymmetric atlanto-occipital
fusion (Mayhew et al. 1978), duplication of axis or atlas
(De Lahunta et al. 1989) and symmetrical OAAM in non-
Arabian horses (Wilson et al. 1985; Bell et al. 2007).

In familial OAAM of Arabian horses, the atlas resembles
the occiput and the axis resembles the atlas (Mayhew et al.
1978). The dens is often hypoplastic, with a partial or
complete absence of articulation into the atlas. Clinical signs
include abnormal head position, progressive ataxia,
extended neck posture and visible irregularities along the
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cervical spine. In OAAM-affected Arabian horses, there is a
characteristic ‘clicking’ sound, most likely due to the
hypoplastic dens luxating during neck extension and
subsequently properly repositioning during neck flexion.
Equine OAAM affects the mobility of the neck, with loss of
extension and flexibility. Affected foals may be found dead at
birth or alive with tetraparesis, or progressive ataxia may
develop due to vertebral canal stenosis (Mayhew et al.
1978).

Homeobox genes direct the formation of many body
structures during early embryonic development. In humans
and mice, there are currently 38 identified homeobox genes
assigned to clusters (A through D) across four different
chromosomes. With targeted knockout mice, it has been
determined that HOXD3 encodes for the development of the
occiput, axis and atlas and HOXD4 for the development of
cervical vertebrae 1-3 and components of the sternum.
Hoxd3™'~ mice display a similar phenotype to familial
Arabian horse OAAM, with fusion of the atlas and occiput
and anterior transformations of the atlas and axis (Condie &
Capecchi 1993). Although these mice display slight varia-
tions in their skeletal phenotype, basioccipital-anterior arch
fusion is always apparent along with a complete absence of
the dens. Based on this mouse model and the previously
described autosomal recessive mode of inheritance of OAAM
in Arabian horses (Mayhew et al. 1978), we hypothesized
that a functional variant in HOXD3 resulted in the
development of OAAM in Arabian horses.

Materials and methods

Animals

All animal procedures were approved by the University of
California—Davis and University of Minnesota Institutional
Animal Care and Use Committees, and owners’ consent was
obtained for all horses. The index case (OAAM1) was a
1-week old Arabian filly, examined at the University of
Minnesota, College of Veterinary Medicine for extension of
the neck and ataxia. The filly demonstrated an abnormal
extended neck posture when nursing and, following nursing,
she would attempt to flex at the poll at which time a ‘clicking’
noise was audible. A symmetric grade 3/5 general proprio-
ceptive ataxia of all four limbs was apparent on neurologic
evaluation, according to a published grading scale (Lunn &
Mayhew 1989). Gross asymmetry of the atlas was apparent
(Fig. 1), and equine OAAM was diagnosed on cervical
radiographs, documenting malformation of the occipital
condyles and C1. Although the vertebral body of C2 appeared
relatively unremarkable, the dens was hypoplastic. The
owners elected to maintain the filly on pasture and did not
use her for any performance-related or breeding activity. At
9 years of age, a repeat examination revealed abnormal head
carriage and an unchanged symmetric grade 3/5 proprio-
ceptive ataxia of the pelvic and thoracic limbs. When circled,

the mare demonstrated difficulty in turning her neck. Both
the sire and the dam of this mare were available for
examination and demonstrated a normal head carriage and
no neurologic abnormalities. Whole blood samples were
collected from the trio for DNA preparation.

For next-generation sequencing, whole blood samples
were collected from an additional seven healthy Arabian
horses used for performance (five geldings and two mares; age
range 9-29 years). To resolve the missing reference sequence
in the EquCab2.0 assembly (http://www.ncbi.nlm.nih.gov/
genome/145)  extending from  chr18:54 619 627-
54 620 959, whole blood was collected from three unaffected
Quarter Horse mares at the UC Davis Center for Equine Health
research facility for Sanger sequencing. Additionally, samples
from two post-mortem confirmed additional OA AM-affected
Arabian foals (DAAM2, a 20-day old colt, and OAAM3, a
1-month old colt) were available from one of the investigators
(MA).

Genomic DNA preparation

DNA isolations were prepared from whole blood samples.
DNA isolations were performed according to the protocol
provided through the ArchivePure™ DNA Blood Kit (5').
The sample DNA concentrations were then determined
using QIAxpert (QIAGEN) and diluted to 20 ng/ul in water
for use in end-point PCR.

Sanger sequencing

Primers were designed using priver3pLus software (Unter-
gasser et al. 2012) (Table S1) to amplify annotated equine

Figure 1 One-week old Arabian filly with occipitoatlantoaxial malfor-
mation. The arrow indicates the asymmetric atlas.

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12531
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exons 1 and 2 of HOXD3, along with the 100-bp flanking
intronic sequence, in OAAMI1 and its sire and dam.
Additionally, primers were created to amplify the ortholo-
gous region of the annotated non-coding exon 1 in human
HOXD3 (http://www.ncbi.nlm.nih.gov/genome/51?genome_
assembly_id=273342). PCR reactions comprised 2 U of Hot-
start TAQ and 2.0 pl of 10x Buffer (Applied Biosystems),
0.25 mm of dNTPs (Thermo Fisher), 0.5 pwm of both forward
and reverse primers (Invitrogen) and 20 ng of genomic
DNA. Standard PCR conditions were performed as follows:
95 °C for 15 min, 35 cycles of 95 °C denaturation for 30 s,
primer-specific annealing temperature for 1 min, 72 °C
extension for 45 s and a final extension at 72 °C for
20 min. PCR products were purified using ExoSAP-IT® PCR
Product Cleanup Kit (Affymetrix). Sanger sequencing was
performed using Applied Biosystems 2500 automated
sequencers. The resulting sequences were aligned to Equ-
Cab2.0 (http://www.ncbi.nlm.nih.gov/genome/145) and
analyzed with seouencer® software (Gene Codes Corp.). As
segregating variants following the proposed autosomal
recessive mode of inheritance within this trio were not
identified, DNA from OAAMI1 underwent whole-genome
sequencing.

Whole-genome next-generation sequencing

Using Illumina’s TruSeq DNA PCR-free Library Preparation
Kit and following the manufacturer’s instructions, libraries
were prepared with a median insert size of 355 bp from the
OAAM-affected case and seven unaffected Arabian horses.
The eight libraries were barcoded and pooled across eight
lanes of a 100PE flow cell on an Illumina HiSeq2000,
generating an average of 13x coverage per horse. Follow-
ing quality trimming, reads were mapped to the EquCab2.0
reference genome using the BURROWS-WHEELER ALIGNER (BWA)
version 0.7.5a (Li & Durbin 2009) using default settings.
After sorting the mapped reads by the coordinates of the
sequence, PCR duplicates were labeled with Picard tools
(http://sourceforge.net/projects/picard/).

The GENOME ANALYSIS TOOL KIT (GATK version v.2.7.4) was
used to perform local realignment (McKenna et al. 2010).
Variant calls were made across all eight samples simulta-
neously using standard hard filtering parameters or variant
quality score recalibration with HAPLOTYPE CALLER according
to GATK Best Practices Recommendations (DePristo et al.
2011; Van Der Auwera et al. 2013). sneerr (Cingolani et al.
2012b) and snesier (Cingolani et al. 2012a) were used to
predict the functional effects of detected variants across the
genome and within the HOXD cluster region of interest and
filtered by segregation using Fisher’'s Exact Test. A second
algorithm, perLy (Rausch et al. 2012), was performed on the
OAAM-affected horse to attempt to identify larger duplica-
tions, deletions and insertions. Functional homozygous
variants segregating in OAAMI1 with ‘moderate’ or ‘high’
effects, as defined by sneerr (Cingolani et al. 2012b), were

OAAM in an Arabian horse

further evaluated using all publically available mapped
whole-genome sequences in the NCBI Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/sra). Any variant
that remained unique to OAAM1 was further evaluated
using Sanger sequencing, as described above (Table S1:
primer sequences). Visual inspection of the raw reads using
the INTEGRATED GENomIcS VIEWER (Robinson et al. 2011) within
the region of HOXD was additionally performed. The whole-
genome sequence from OAAM1 was deposited in the NCBI
SRA (SRP077507).

Deletion confirmation

To confirm the putative deletion identified on whole-
genome sequencing of OAAMI1 between HOXD4 and
HOXD3, the approximately 1.3-kb gap in EquCab2.0 was
first determined. Primers were designed to walk across
sequence flanking the deletion through Sanger sequencing
using genomic DNA from three healthy Quarter Horses.
Primers were designed using priver3pLUs software (Unter-
gasser etal. 2012) (Table 2) and DNA oligonucleotides
synthesized by Invitrogen (Life Technologies). Amplification
of products was performed using end-point PCR and
visualized with the QIAxcel Advanced System (QIAGEN)
and the QIAxcel DNA Screening Kit (QIAGEN). The 20-pl
PCR reactions comprised 2 U of Hot-start TAQ and 2.0 pl of
10x buffer (Applied Biosystems), 0.25 mm of dNTPs
(Thermo Fisher), 0.5 um of both forward and reverse
primers (Invitrogen Life Technologies) and 20 ng of
genomic DNA. Standard PCR conditions were performed
as follows: 95 °C for 10 min, 35 cycles of 95 °C denatura-
tion for 30 s, 60 °C annealing for 1 min, 72 °C extension for
1 min and a final extension at 72 °C for 10 min. PCR
products were purified using the ExoSAP-IT® PCR Product
Cleanup Kit (Affymetrix). Sanger sequencing was performed
using ABI 2500 automated sequencers (Applied Biosys-
tems). Resulting sequences were aligned to EquCab2.0
(http://www.ncbi.nlm.nih.gov/genome/145) and analyzed
with seouencer® software (Gene Codes Corp.).

Once the entire contig was established in healthy horses,
OAAM1 and its sire and dam were assayed using the same
primer sets.

Genotyping assay

To investigate the incidence of the deletion in Arabians and
other breeds, genotyping of additional horses from the UC
Davis Veterinary Genetics Laboratory database was done for
162 Arabians, 125 Colombian Creole horses, 37 Con-
nemara Ponies, 112 Quarter Horses and 97 Thorough-
breds. The OAAM status of the Arabians was unknown, and
all other horses were presumed to be unaffected. DNA
samples were prepared from four to five tail or mane hair
roots from each horse using a Proteinase-K digestion
procedure (Locke etal. 2002). PCR amplification was

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12531
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Table 1 Significantly segregating genome-wide variants identified in OAAM1 included 6 single nucleotide variants (SNVs) and one 2.7-kb deletion.

Public database (.bam files)

Ref Alt OAAM1 Homo Het
Variant allele allele  genotype SNPEFF Alt allele  Alt allele  Breeds Ensembl transcript ID
chr9:82 287 859 G A AA (WGS) HIGH 0 0 N/A ENSECAT00000012645
AG (Sanger)  Nonsense
chr20:27 996 691 T C CcC MODERATE 0 5 Franches-Montagnes =~ ENSECAT00000022878
Missense Standardbred
Unspecified
chr25:28 840 158 G A AA MODERATE O 3 Icelandic ENSECAT00000016101
Missense Norwegian Fjord
chr7:24 869 230 C T T MODERATE 0 2 Haflinger ENSECAT00000005230
Missense Franches-Montagnes
chr7:65 101 509 T G GG MODERATE 0 9 German Warmblood ENSECAT00000007397
Missense Haflinger
Unspecified
Franches-Montagnes
Aedigenberger
chr8:29 207 931 T G GG MODERATE O 4 Franches-Montagnes =~ ENSECAT00000020160
Missense Friesian dwarf
Standardbred
Norwegian Fjord
chr18:54 616 748 Del Del/Del N/A 0 0 N/A Intergenic (HOXD4/3)

54 619 464

Of these, five were identified in the heterozygote state in other breeds as determined by publically accessible 121 mapped genomes of Equus caballus
within the Sequence Read Archive database (SRA; https://www.ncbi.nlm.nih.gov/sra). This dataset included two Arabian horses. One SNV
(chr9:82 287 859) was unique to OAAM1 and predicted to result in a nonsense mutation in ZNF707 (ENSECAT00000012645) but was found to be a

heterozygous variant via Sanger sequencing.

Alt, alternate; Het, heterozygous; Homo, homozygous; Ref, reference; WGS, whole-genome sequencing.

performed with primers OAAM-F3: GCAGGGATCCCAA
GAATACCA, OAAM-F4: GCCTGGGGAGGAGAAGAGC and
OAAM-R2b: FAM-CCCGATCTTCCACTAGACTG, designed
to detect the presence (wild-type allele, 178-bp product)
and absence (variant allele, 217-bp product) of the deleted
sequence. PCR reactions in 17 pl of total volume contained
2 ul of DNA template (ca. 10 ng total), 0.5 um each of
forward primers (F3 and F4), 1 um of the reverse primer
(R2b), 1 x PCR buffer (750 nm of Tris-HCI pH 8.8, 200 nwm of
(NH4)2S04, 0.1% Tween 20) (Denville Scientific), 2.5 mm of
MgCl,, 200 pm of dNTPs, 0.33% DMSO and 1 U Choice Taq
(Denville Scientific). Fluorescence-labeled PCR products
were resolved by capillary electrophoresis on an ABI3730
DNA Analyzer (Applied Biosystems) and genotyped with
STRAND software (available at https://www.vgl.ucdavis.edu/
informatics/strand.php). DNA from a known carrier was
included in all PCR runs as a positive control for wild-type
and variant alleles.

Results

Variant identification

Sanger sequencing of annotated equine exons 1 and 2 of
HOXD3, along with 100-bp flanking intronic sequence, in
OAAMI1 and its sire and dam identified 20 variants,
including six previously annotated in dbSNP and 14 novel

variants (Table S2; novel variants uploaded to dbSNP).
None of these variants segregated in an autosomal recessive
manner with the OAAM phenotype in this trio.

Whole-genome sequencing was performed on OAAM1 at
~13x coverage. Using HAPLOTYPE CALLER according to GATK
Best Practices Recommendations (DePristo et al. 2011; Van
Der Auwera etal. 2013), 516 598 360 variants [single
nucleotide variants (SNVs) and insertions/deletions) were
identified in OAAM]1, of which 2587 were homozygous
in OAAM1 as compared to the unaffected Arabian
cohort (Fisher’s Exact Test, P <0.009). None of the 2587
variants were within the annotated HOXD region
(chr18:54 000 000-55 000 000). Of these variants, one
was classified as ‘high effect’ and five as ‘moderate effect’ by
sneerF (Cingolani et al. 2012b) (Table 1).

Visual inspection of the raw reads using the INTEGRATED
GeNomics VIEWER (Robinson et al. 2011) within the region of
HOXD identified a 2.7-kb deletion 5’ to a gap in the
reference sequence (Fig. 2). Although multiple gaps, repre-
senting regions where the assembly (EquCab2.0) is most
likely incorrect, are noted in all horses, there was one gap
spanning 2.7 kb that was present only in the OAAM-
affected Arabian. This deletion was located 4.4 kb down-
stream of the end of HOXD4 and 8.2 kb upstream of the
start of HOXD3. Both variant-calling algorithms—mnaprLoTYPE
catriR (SNV and small indel detection) and priLy (duplica-
tions, deletions, insertions)—failed to detect this deletion.

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12531
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Figure 2 Whole genome sequencing as visualized in the Integrated Genome Viewer (Robinson et al. 2011). Four horses are depicted (OAAM-
affected Arabian and three unaffected Arabians) across the HOXD gene cluster on chr18. Annotations are provided in the bottom pane (Ensembl,
with only HOXD3 and HOXD1 annotated in black and a custom annotation file using RNA-seq data (https://github.com/drtamermansour/horse_tra
ns) with HOXD4, HOXD3 and HOXD1 annotated in blue). Although multiple gaps are noted in all horses, which represent regions where the
assembly (EquCab2.0) is most likely incorrect, there is one gap spanning 2.7 kb that is present only in the OAAM-affected Arabian.

MIR10B = microRNA

The six unique SNVs (Table 1) and 2.7-kb deletion
were further evaluated in all publically available mapped
whole-genome sequences (n=121) from the Sequence
Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra)
(Table 1). Heterozygote genotypes were observed for the
five moderate SNVs across various breeds. The alternate
allele for the SNV at chr9:82 287 859 and the 2.7-kb
deletion were not observed in any other dataset. The
SNV at chr9:82 287 859 is within an annotated gene
(ENSECAT00000022023) encoding for a zinc finger
(ZNF707). sneerr defined this SNV as resulting in a
nonsense mutation. This chr9 SNV and the 2.7-kb
deletion in the HOXD region were prioritized for further
evaluation.

Genotyping of chr9:82 287 859

Primer pairs were designed to amplify and subsequently
genotype the SNV at chr9:82 287859 in OAAMI,
OAAM2, OAAM3 and the sire and dam of OAAM1. Using
Sanger sequencing, OAAM1 and its dam were determined
to be heterozygous for the SNV, and all other horses were
homozygous the The SNV at
chr9:82 287 859 was therefore excluded as a putative
functional variant for OAAM in OAAMI1. The 2.7-kb
deletion remained prioritized for further assessment.

for major allele.

Defining the gap sequence of the 2.7-kb deletion

In unaffected horses, sequencing of amplicons generated a
contiguous sequence in healthy unaffected horses with all
base pairs defined along chr18:54 616 116-54 621 918.
Although the IGR 9 primer set (Table 2) spanned the gap
sequence, the fragment was too large (1658 bp) for
standard Sanger sequencing. Therefore, primer sets IGR
10 and IGR 11 (Table 2) were designed based on the
contiguous sequence developed using the sequenced reads
from IGR 9 amplicons. This allowed for complete sequenc-
ing across the gap in EquCab2.0.

Deletion confirmation

After all the primer sets were amplified using end-point
PCR, each set was assayed in OAAMI1, along with its
dam and sire, as presumed obligate carriers. Primer sets
IGR 1 and IGR 9-13 amplified in OAAM]1, whereas IGR
2-8 did not (Table 2). All primer sets amplified in the
parents of OAAMI1. Forward and reverse primers at the
boundaries of the deletion (IGR1_F and IGR8_R) were
then wused for additional genotyping. The resulting
sequence aligned to two different regions of the consensus
sequence, defining the beginning and end of the deletion.
The deletion in OAAM1 was localized to chr18:54
616 748-54 619 464.

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12531
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Table 2 Forward and reverse primer sequences used for the confir-
mation of the deletion sequence.

Amplification

Primer name  Sequence (5'-3’) in OAAM1

IGR 1 F: TTGTGAAGTGGTGGGTGAGA Yes
R: TATTCTTGGGATCCCTGCAC

IGR 2 F: AGGGCCTTTCATAACCCAGA No
R: CCTCCTCACACACACCCTCT

IGR 3 F: AGTGGCCGAGTGTGTGTGT No
R: TTCATAACGGAGGAAACTTTGTC

IGR 4 F: CACCCCAGCAAGAAGTTTTC No
R: TCGCACCCTTTCAGGAATTA

IGR 5 F: AGAGAGGAACCCGCAAAAG No
R: AGTCTTGGACAGGCGAAGGT

IGR 6 F: CTGCCTTTGGTGGTTGTTTT No
R: ATCCCCAAAGTCTCGCTTTC

IGR 7 F: GCGGAGAAGCTTACCCTCTT No
R: CGGAGGTGTCTCTGAAGCA

IGR 8 F: GTACAGGTCACGGCAAACAG No
R: TGTTTTGCTTTCGGAATGTG

IGR 9 F: GAGGAGAAGAGCAGCGTGTC Yes
R: GACCCAGAAGCCCTAAACCT

IGR 10 F: TTCCGAAAGCAAAACAAACC Yes
R: GCCAACAGCAAGAGATAAAGG

IGR 11 F: GGGTCACGTGAACAAATATGC Yes
R: CATTTTTCAGCCCATTCTCA

IGR 12 F: TGCCAAAGTAAGATGGAGCA Yes
R: AATGCTGCTCGCAGTAATTG

IGR 13 F: ACCCCCAAACTACCCAAAAG Yes
R: AGTCCCCAGCGACTTCTCTT

All primer sets utilized an annealing temperature of 60 °C.

Transcripts within deleted region

With the recent creation of an open-source, refined equine
transcriptome (https://github.com/drtamermansour/horse_
trans), the deleted region on OAAM1 was investigated. A
custom transcript was identified (TCONS_00073653;
chr18:54 619 060-54 632 596), with the first exon of this
transcript  located  within the OAAMI1 deletion.
TCONS_00073653 was annotated as a variant of HOXD3,
with exons 3 and 4 of TCONS_00073653 aligning with
exons 1 and 2 of the Ensembl annotated HOXD3
(ENSECAG00000022129) (Fig. 2). When this region was
investigated in depth using the publically available reads
from this open-source transcriptome, only one to two reads
were evident over this putative exon in brainstem, cerebel-
lum and spinal cord, suggestive of low expression levels in
the adult horse.

Conservation across species

To investigate the potential functional significance of this
deletion, conservation was evaluated across 10 species
using the open-access software EVOLUTIONARY CONSERVED RE-
GIONS (ECRr; https://ecrbrowser.dcode.org/). The orthologous
region spanning the HOXD cluster (HOXD4, HOXD3 and
HOXD1; chr18:54 605 908-54 650 486) was identified in
human (chr2:177 011 292-177 058 499; 90.1% of bases

and 100% of span) using the UCSC genome browser. This
region was evaluated in eck and was highly conserved
across seven mammalian species (Fig. 3). The region of the
deletion (human orthologous region chr2:177 022 138-
177 024 877; 95.2% of bases, 100% of span) included at
least one highly conserved evolutionary peak across all 10
species.

Equine OAAM genotyping assays

The resulting PCR products were either a 756-bp band,
representing the allele with the deletion, or a 3511-bp band,
representing the wild-type allele (Fig. S1). The dam and sire
of OAAM1 genotyped for both the variant and wild-type
bands. The two additional OAAM-affected Arabian foals
(OAAM2 and 3) genotyped as homozygous wild type. A
second genotyping assay was subsequently designed to
screen a large number of horses for the identified deletion.
Genotyping with the genotyping assay developed at the
Veterinary Genetics Laboratory included 162 Arabians,
125 Colombian horses, 37 Connemara Ponies, 112 Quarter
Horses and 97 Thoroughbreds. Two Arabians were identi-
fied as heterozygous for the deletion, and all other horses
were homozygous wild type.

Discussion

In this study, a 2.7-kb deletion of highly conserved
sequence within the HOXD3/4 region was identified in an
Arabian mare clinically affected with OAAM (OAAM1).
Both parents were heterozygous for the deletion, as were
two additional Arabian horses on a larger screening panel.
The deletion has not been identified in any other breeds to
date. The deletion appeared to be private to the OAAM1
family, with OAAM2 and OAAM3 identified as homozygous
wild-type for this mutation. Although functional signifi-
cance for this deletion was not attainable, evidence of a
similar phenotype in Hoxd3-null mice supports a potential
association in this one horse. A whole-genome approach to
variant detection identified six other potential variants
(Table 1), one of which appeared unique to OAAMI1 but
was in fact heterozygous at that particular locus. Whole-
genome sequencing over the chr9 SNV was only at
4x coverage, and this SNV was most likely incorrectly
genotyped using whole-genome sequencing. Therefore, the
2.7-kb deletion within the HOXD3/4 region remains the
strongest candidate for a putative functional variant in
OAAM1.

The intergenic region between HOXD4 and HOXD3
containing the identified deletion is highly conserved across
species. Using expression-tiling arrays in mouse embryos at
12.5 days, it was demonstrated that transcription is active
throughout this intergenic region in the brachial, thoracic
and lumbosacral spinal cord (Tschopp et al. 2012). Addi-
tionally, targeted deletions that included this region in

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12531
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Figure 3 Evolutionary conserved regions (https://ecrbrowser.dcode.org/) of the orthologous human region (chr2:177 011 292-177 058 499;

90.1% of bases and 100% of span) spanning the HOXD cluster in horse (HOXD4, HOXD3 and HOXD1; chr18:54 605 908-54 650 486). The region
of the deletion (red stars) included at least one highly conserved evolutionary peak across all 10 species. Blue, exon; yellow, intron or untranslated
region; red, intergenic; green, repeated sequence. Species (listed at right) include Fugu rubripes (pufferfish, genome build fr3), Xenopus (Silurana)
tropicalis (western clawed frog, genome build xenTro3), Gallus gallus (chicken, genome build galGal3), Monodelphis domestica (opossum, genome
build monDom3), Mus musculus (mouse, genome build mm10), Rattus norvegicus (rat, genome build m4), Canis lupus familiaris (dog, genome

build canFam2), Bos Taurus (cow, genome build bosTau6), Rhesus macaque (rhesus macaque, genome build rheMac2) and Pan troglodytes

(chimpanzee, genome build panTro3).

E12.5 mice led to the ectopic anterior activation of posterior
Hoxd genes (Hoxd10, Hoxd12 and Hoxd1 3), with downreg-
ulation of Hoxd3. Although these studies were not able to
evaluate the resulting phenotype, we hypothesize that a
similar craniocervical malformation that is observed in
Hoxd3~'~ mice would be expected. Therefore, there is
strong evidence that the intergenic region deleted in
OAAM1 is required for normal transcription of the HOXD
locus, providing support that this deletion resulted in the
phenotype observed in this horse.

The 2.7-kb deletion was not present in two additional
postmortem-confirmed OAAM-affected Arabians (OAAM2
and OAAM3). Based on comparative
humans, genetic heterogeneity may exist for this condition

information in

within the HOXD region. Craniocervical junction abnor-
malities in humans are typically classified into five cate-
gories: (i) fusion of the atlas and occipital bone, (ii) basilar
invagination of the occipital condyles, (iii) atlantoaxial
subluxation of dislocation, (iv) Klippel-Feil malformation
(i.e. fusion of cervical vertebrae) and (v) platybasia or
flattening of the skull base (Saltzman et al. 1991). Within
one family, nine of 12 family members were reported to be
affected with a craniocervical junction abnormality, with all
members having abnormalities of C1 and some with
involvement of C2 or C3 (Saltzman et al. 1991). When re-
evaluating the postmortem reports of OAAM2 and OAAM3,
it was observed that OAAM2 also had mandibular malfor-
mation and a patent ductus arteriosis. This phenotypic
variability may be an indicator that genetic heterogeneity
exists for these craniocervical junction abnormalities in the
Arabian horse. Careful phenotyping of these malformations
is required, even in the Arabian breed where OAAM has

been presumed to be a monogenic Mendelian disease
(Mayhew et al. 1978). The potential for genetic heterogene-
ity is strengthened by the reports of OAAM across horse
breeds, including half-Arabians (Wilson et al. 1985; Bell
et al. 2007).

This study highlighted the limitations of detecting large
genetic variants using standard 100-bp paired-end whole-
genome sequencing and available algorithms. Mate-pair
libraries, in conjunction with paired-end libraries, are
required for the perLy program to detect larger structural
variants (Rausch et al. 2012). Mate-pair libraries, which
could have resulted in the ability to detect the deletion with
this algorithm, were not used in this study. This finding
highlights the importance of direct visualization of aligned
sequences (i.e. bam files) using a viewer such as the
INTEGRATED GENOMICS VIEWER (Robinson et al. 2011) to identify
structural variants that were not called with the available
variant detection algorithms.

In conclusion, with the insight provided by the Hoxd3 ™/~
mouse model and the discovered deletion in this Arabian
horse (OAAM1), HOXD3 and HOXD4 would be strong
candidates for further investigation in human craniocervi-
cal junction abnormalities and future OAAM cases across
equine breeds.
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