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Genomic analyses in Cavalier King

Charles spaniels identify loci associated

with clinical signs of Chiari-like malformation
and Syringomyelia
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Abstract

Background Chiari-like malformations (CM) and syringomyelia (SM) are common in Cavalier King Charles spaniels
(CKCS) leading to variable manifestations of pain and scratch. Inheritance studies suggest a polygenic mode of
inheritance and association studies have identified loci associated with the presence of SM on MRI. Given the poor
correlation of clinical signs of CMSM with MRI findings, we hypothesized that an association study with clinical signs
as the phenotype could reveal new loci of interest. The objectives of this study were to perform genome-wide
association studies on CKCS using SM and clinical sign phenotypes of pain and scratch and to use whole genome
sequencing (WGS) to identify variants in regions of interest. We collected DNA on 174 CKCS. Owners completed
questionnaires to establish the clinical pain and scratch phenotype and magnetic resonance imaging (MRI) was used
to identify CM and SM (linear T2 hyperintensity greater than 2 mm in height) in all dogs. Dogs were genotyped using
the Axiom K9 HD (710,000 snps) array. GWAS analyses were performed using GEMMA and categorical and quantitative
approaches were used to define clinical phenotypes. Whole genome sequencing (WGS) was performed on an
lllumina HiSeq 4000 high-throughput sequencing system.

Results There were no regions associated with SM presence. The presence of signs of pain and scratch was
associated with a region on Canis familiaris autosome (CFA) 26 downstream of ZWINT, previously associated with
skull changes in CKCS with SM, although genome-wide significance was not reached. Loci were also associated with
quantitative pain and scratch scores on CFA 13, 2 and 38. There were 66 variants that segregated with phenotype
including 2 missense variants that were predicted to have moderate effects on ZWINT function.

Conclusions The identification of a locus on CFA26 using the clinical phenotype of pain and scratch that coincided
with a locus identified in a morphological study provides strong support for this as a region of interest.
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Background

Cavalier King Charles spaniels (CKCS) commonly suf-
fer from Chiari-like Malformation and Syringomyelia
(CMSM) that together can cause neuropathic pain and
scratch [1-7]. Chiari-like malformation, considered
ubiquitous within the breed, is a result of abnormal skull
development that leads to overcrowding of the cerebel-
lum and craniocervical junction(8). As a result of these
conformational changes, it is hypothesized that altera-
tions in CSF dynamics lead to the development of SM,
fluid filled cavities within the spinal cord parenchyma,
in approximately 70% of CKCS [8-13]. The clinical syn-
dromes that result are complex with a syndrome in which
pain predominates manifesting in dogs with CM alone,
and a syndrome in which phantom scratch predomi-
nates in dogs with CM and SM [14]. There is considerable
overlap between these syndromes, and simple presence
or absence of CM and SM on MRI shows variable cor-
relation with clinical signs. (2,8) Understanding of the
pathogenesis of the clinical signs is evolving but centers
on the impact of these morphological changes on sensory
processing at various levels within the CNS (1).

The inheritance of CMSM has been studied in CKCS
and has been shown to be complex [15-17]. The herita-
bility of SM has been reported as moderate and breed-
ing guidelines have been shown to reduce prevalence of
CMSM within the breed [15, 18-20]. Canine genome-
wide association studies (GWAS) have been an extremely
successful tool for identifying simple, highly penetrant
traits [21] and have been used to investigate complex
traits [22]. Previous work, using GWAS methods, iden-
tified single nucleotide polymorphisms (SNPs) on Canis
familiaris autosomes (CFA) 15, 22, and 26 that were asso-
ciated with skull measurements that, in turn, are corre-
lated to SM [23]. Similarly, SNPs were identified on CFA
2,9, 12, 14, and 24 that were associated with skull mea-
surements and CM in another breed commonly affected
by CMSM, the Griffon Bruxellois [24]. These studies
highlight the feasibility of GWAS to identify candidate
loci in dogs with CMSM.

Table 1 Cohort characteristics of dogs with and without SM

SM(n=95) NoSM Un-
(n=74) known
(n=5)
Sex (F, M) 62,33 38,36 1,4
Age (years) (median, range) 335, 2.89, 2.72,
031-11.84 1.06-8.92 1.61-
7.28
Showing clinical signs (n, %) 66, 70% 23,31% 1,20%
No clinical signs (n, %) 23, 24% 43,58% 4, 80%
Unknown affected status (n, %) 6, 6% 8, 11% 0, 0%
TSS (median, range)® 6,0-14.5 1.5,0-155 6,0-12
TPS (median, range)® 2,0-18 0,0-16 5,0-10

@TSS and TPS were analyzed from 127 dogs
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Within dog breeds, genetic diversity is greatly reduced
due to selective breeding for breed-specific traits (i.e.
coat color, body size). Additionally, the prevalence of
CMSM in CKCS is high with an estimated 99% of CKCS
affected by CM [5], and of those with CM an estimated
70% [8] also have SM. Because of this, it is possible that
genetic variants may be fixed within the breed, making
case-control GWAS approaches challenging. Another
challenge in studying CMSM in CKCS stems from the
fact that there is often incongruity between clinical signs
and MRI findings. Numerous studies have reported a
high incidence of clinically normal dogs with SM as well
as those with classical clinical signs and no SM [2, 5, 8,
25-27]. To date, genetic approaches for studying CMSM
in dogs have used MRI parameters as the phenotype, but
the presence and severity of clinical signs have not been
used to define phenotypes thus far. Given the lack of cor-
relation between clinical signs and imaging findings, we
were interested in mapping the clinical phenotype as well
as the presence of SM in CKCS. The purpose of the cur-
rent study was to use GWAS to identify genomic regions
that are associated with clinical signs of pain and scratch
as well as the presence of SM in CKCS.

Results

A total of 175 CKCS were entered into the study with
MRIs, DNA samples, and general health questionnaires
completed. Cohort characteristics are summarized in
Table 1; Fig. 1 details the characterizations of pheno-
type for all study patients. Images were of inadequate
quality to determine the presence of SM in 5 (3%) dogs.
In 14 (19%) dogs, comorbidities such as skin disease or
missing data meant that clinical status could not be
clearly determined. These dogs were still included in the
overall analyses using clinical status (for dogs without
MRI phenotype) or SM status (for dogs without clini-
cal phenotype); however, the missing data were labeled
as unknown for each respective GWAS. Owners of 127
dogs completed the Chiari-like Malformation Pain and
Scratch tool (ChiMPS-T) (Supplemental data 1). This
survey asks owners about the presence, frequency and
severity of signs of pain and scratching and the responses
are allocated scores [2]. Total scratch score (TSS) and
total pain score (TPS) were generated accordingly.

DNA samples were collected and genotyped on
712,331 snps using the Axiom K9 HD array. Cluster
analysis revealed one sample was improperly labeled
and determined to be a different dog breed; this dog was
removed from analysis leaving 174 samples analyzed. A
sex check test revealed correct identification for all dogs.
All 174 dogs were included for the first GWAS case-con-
trol approach for both SM and clinical sign phenotypes.
A total of 4 GWAS were performed: 1 case-control study
for the presence of SM (174 dogs), 1 case-control study
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Fig. 1 Diagram of the methods and number of dogs analyzed for each categorical and quantitative phenotype

Table 2 Summary of GWAS parameters and data pruning for
Syringomyelia and clinical sign phenotypes

Syringo- Clinical phenotype
myelia GWAS
Phenotype
GWAS
Number of dogs analyzed 174 174 127
Sex (F, M) 101,73 101,73 72,55
Approach Case/Control Case/Control  QTL (TSS,
TPS,
Com-
bined
TSS+TPS)
Number of Cases/Controls/ 95/74/5 90/70/14 N/A
Unknown
Variants Analyzed (n) 626,843 626,843 626,843
Dogs removed due to Miss- 0 0 0
ing Genotype Data (n)
Variant Removed due to Miss- 0 0 0
ing Genotype Data (n)
Total Genotyping Rate (%) 99.8% 99.8% 99.7%
Variants removed due to HWE 5075 2828 5984
exact test (n)
Variants removed due to 280,993 280,993 276,805
MAF <0.01
Total Variants remaining 340,775 343,022 344,054

for analysis (n)

for the presence of clinical signs (174 dogs), and 2 quan-
titative approaches (127 dogs) for clinical signs using TSS
and TPS. A summary of GWAS parameters and pruning
results for all analyses is shown in Table 2.

Genome-wide association study - case/control approaches
A GWAS using a univariate linear model with age as a
covariate was applied to our characterizations of phe-
notype. Our first case/control approach compared
dogs with and without SM and the results are shown in
Fig. 2a. No locus was significantly associated with the SM

phenotype (all p>1le-5). Next, we evaluated the presence
or absence of clinical signs, including pain and scratch,
in all 174 dogs (Fig. 2b). This resulted in the identifica-
tion of 9 SNPs on CFA 26 associated with the presence
of clinical signs (all p<1e-5)(Table 3). These SNPs rep-
licated previous findings from a GWAS that used skull
measurements associated with SM to identify a locus on
CFA 26 from 32,735,128 to 32,738,238 bp. The region
containing these SNPs is situated near the ZWINT gene
(ZW, Interacting Kinetochore Protein) and expression
of this gene has been shown to increase with neuropathic
pain [28-30]. This region is significantly associated with
skull morphometry variables in CKCS that are predictive
of SM [23], as demonstrated in previous work, as well as
with the presence of clinical signs in our cohort of CKCS.

Genome-wide association study - quantitative approach
Next, GWAS analyses were performed using QTL
approaches with quantification of clinical signs (TSS and
TPS) and the results are shown in Fig. 3. The TSS phe-
notype mapped to regions on CFA 2 and 38 (Table 4)
including 9 significantly associated SNPs (p<1e-5). The
peak SNPs on CFA 2 are in a location containing the
KIAA1217 (Sickle Tail Protein Homolog) gene, which is
required for normal development of intervertebral discs
(https://www.genecards.org/cgi-bin/carddisp.pl?gene=KI
AA1217). The 2 loci on CFA 38 are located in intergenic
regions near the SUSD4 gene which encodes a trans-
membrane protein that is highly expressed in nervous tis-
sue and is involved in the complement system (https://w
ww.genecards.org/cgi-bin/carddisp.pl?gene=SUSD4,).
When using TPS as an ordinal scale of pain, there
was a group of 20 associated SNPs identified on CFA
13 (Fig. 2b; Table 4). These SNPs are located in a region
containing the KCTD8 (Potassium Channel Tetramer-
ization Domain Containing 8) gene. This gene encodes a
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Fig. 2 Manhattan plots (top) and QQ plots (bottom) of loci identified using a univariate linear model case/control association study for the categori-
cal phenotypes: (@) SM and (b) Clinically affected. A locus on CFA26 reached the threshold suggestive of significance with the presence of clinical

signs (green). SM: syringomyelia. Black horizontal line: p<1x 10~
significance

Table 3 Loci significantly associated with categorical

°, suggestive of significance, red horizontal line: p<5x 10~

phenotypes

Chromosome SNP Position Pvalue
Clinically Affected Case-Control GWAS

26 AX-167,722,786 32,810,375 1.43e-06
26 AX-167,835,112 32,751,879 4.50e-06
26 AX-167,701,085 32,755,912 5.06e-06
26 AX-167,726,693 32,817,412 5.11e-06
26 AX-167,592,907 32,706,507 6.72e-06
26 AX-168,001,132 32,711,258 7.07e-06
26 AX-167,520,772 32,691,954 7.28e-06
26 AX-168,238977 29,302,917 8092e-06
26 AX-168,050,640 32,786,452 8.78e-06

potassium channel that is located on the auxiliary subunit
of GABA-B receptors and may contribute to neuropathic
pain signaling in dorsal horn neurons (https://www.gen
ecards.org/cgi-bin/carddisp.pl?gene=KCTD8).  Regions
of LD were estimated (r?) surrounding each peak SNP on
CFA 2, 38, 13, and 26 and are summarized in Table 5.

8 reaching genome-wide

Whole genome sequencing

Whole genome sequencing data from 21 CKCS and 501
control dogs of other breeds were used to investigate
our regions of LD surrounding our peak SNPs on CFA 2,
38, 13, and 26. Of the 21 CKCS, 4 showed clinical signs
with SM, 3 were normal, 2 showed no clinical signs with
SM, and 12 had unknown phenotypes and were a part of
a database that is shared with NCSU and the University
of Minnesota. The 501 control breed dogs were also a
part of the multi-institution database of WGS data that
included dogs from breeds with specific cardiac or neu-
rologic conditions distinct from CMSM. The breakdown
of breeds is provided as supplementary data (Supple-
mental data 2). There were 148,558 variants (biallelic
and multiallelic) for all 4 regions impacting a total of 19
genes. Detailed information on variants for each region
of LD surrounding the lead SNPs are shown in Table 6.
We were particularly interested in variants that were
segregated with phenotype. Thus, we filtered the vari-
ants such that all 4 CKCS with clinical signs were homo-
zygous for the variant and at least 80% of the 5 clinically
normal CKCS had no variant. After filtering the data, 66
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Fig. 3 Manhattan plots (top) and QQ plots (bottom) of loci identified using a univariate linear model quantitative trait analysis for the quantitative pheno-
types: (@) TSS and (b) TPS. Two loci on CFA2 and CFA38 was significantly associated with TSS (green) and one locus on CFA13 was significantly associated
with TPS (green). TSS: total scratch score; TPS: total pain score. Black horizontal line: p < 1x 107>, suggestive of significance, red horizontal line: p<5x 1078,
reaching genome-wide significance

Table 4 Loci significantly associated with TSS and TPS

CFA SNP Position P value CFA SNP Position P value
TSS TPS continued

2 AX-167,822,102 9,009,354 3.103431e-06 13 AX-167,740,621 40,855,722 3.04e-06
2 AX-167,199,713 9,011,589 3.103437e-06 13 AX-167,201,105 40,882,198 3.04e-06
2 AX-167,994,378 9,049,119 3.103431e-06 13 X-167,652,582 40,899,335 3.04e-06
2 AX-167,172,978 9,049,327 3.103431e-06 13 AX-167,179,400 40,915,607 3.04e-06
2 AX-168,057,275 9,143,798 3.103437e-06 13 X-168,090,093 40,916,385 3.04e-06
38 AX-167,960,206 23,617,547 4.200984e-06 13 AX-167,158,069 40,926,093 3.04e-06
2 AX-167,643,321 9,121,165 9.197832e-06 13 AX-167,655,016 40,827,553 3.971e-06
2 AX-167,433,092 9,150,433 9.197832e-06 13 X-168,018,250 40,923,743 4.55e-06
38 AX-167,862,318 23,620,455 9.635262e-06 13 AX-167,823,206 40,816,784 5.084e-06
TPS 13 AX-167,867,298 40,862,806 5.084e-06
17 AX-167,899,205 42,805,289 2.119375e-06 13 X-167,595,827 40,907,266 5.084e-06
13 AX-168,167,845 40,834,152 2.342315e-06 13 AX-167,875,295 40,921,082 5.084e-06
13 AX-168,182,488 40,836,369 2.342315e-06 13 X-167,335,747 40,903,390 5.77e-06
13 AX-167,891,564 40,844,273 3.043704e-06 13 AX-167,554,609 40,918,644 6.22e-06
13 AX-167,894,838 40,853,536 3.043704e-06 13 AX-168,089,890 37,027,653 8.78e-06
13 AX-167,202,221 40,854,605 3.043704e-06 26 X-168,264,840 24,414,228 9.52e-06

variants remained. All of the variants are located on CFA  the remaining 2 are expected to have moderate effects
26 and impact the ZWINT gene. Of these variants, 61 are  on gene function. Detailed information on the variants
predicted to have modifying effects on gene function, 3  predicted to have moderate effects on ZWINT function
are predicted to have low impacts on gene function, and  are displayed in Table 7. These 2 variants are situated
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Table 5 Regions of LD surrounding each peak SNP. The genes closest to the significantly associated SNPs were KIAA1217, SUSD4,

KCTDS§; respectively (in bold)

Chromo-some Peak SNP Position (bp) Region of Linkage Disequi- Genes located within the region of LD
librium (LD) (bp range)

2 AX-167,822,102 9,009,354 8,124,511-9,894,677 ARHGAP21, C2H100rf67, ENKUR, GPR158,
KIAA1217,OTUD1, PRTFDCT, THNSL1

38 AX-167,960,206 23,617,547 23,331,252-23,823,235 CCDC185,CD1A6, CD1C, CD1D, DISPT, KIRRELT,
LOC608848, LOC610726, SUSD4, TLRS

13 AX-168,167,845 40,834,152 39,859,426-41,228,753 GNPDA2, GRXCR1, GUF1, KCTD8, LOC102156956,
LOC102157179, LOCA482124, YIPF7

26 AX-167,722,786 32,810,375 32,110,995-32,857,256 ZWINT

Table 6 Summary of variants identified in specified regions of LD

Chromosome: region Variants Variant effects (n) Impact of Variant effects Annotated Genes
(n) High Moderate Low Modifier (n)
2:8,124,511-9,894,677 78,380 22 136 555 439 77,250 7
38:23,331,252-23,823,235 51,667 27 96 553 547 50,471 6
13:39,859,426-41,228,753 13,240 24 13 58 67 13,102 6
26:32,110,995-32,857,256 5271 14 2 9 13 5247 1

Table 7 A summary of the 2 variants predicted to have a
moderate impact on ZWINT gene function. The number
and percentage of dogs that were homozygous wildtype,
homozygous for the variant, and heterozygous are shown,
differentiated by clinical status

ZWINT
Chromosome: Position 26: 26:
32,434,594 32,434,684

Homo- 9% Clinically Affected CKCS (n=4) 0 0
Zygous % Clinically normal CKCS (n=5) 80 80
wildtype o Unknown phenotype CKCS 167 16.7

(n=12)

% Control Dogs (n=501) 214 7.0
Homo- % Clinically Affected CKCS (n=4) 100 100
Zygous % Clinically normal CKCS (n=5) 20 20
Variant 9% Unknown phenotype CKCS 50 50

(n=12)

% Control Dogs (n=501) 392 674
Hetero- % Clinically Affected CKCS (n=4) 0 0
Zygous % Clinically normal CKCS (n=5) 0 0
Variant % Unknown phenotype CKCS 333 333

(n=12)

% Control Dogs (n=510) 394 25.6
Consequence of Variant missense missense
Reference: Alternate G:A G:A

at bp 32,434,594 and 32,434,684. One clinically normal
CKCS (20%) was homozygous for both variants while
the remainder of the clinically normal CKCS(80%) were
wild type homozygous. Linkage disequilibrium between
these two variants are the lead SNP (AX-167722786) is
0.7 (32434594) and 0.72 (32434684).

Structural variant detection and validation
We used the WGS data from eight CKCS dogs, each with
distinct phenotypes: three normal, two with clinically

silent SM, and three showing clinical signs with SM to
explore the potential influence of structural variants
(SV) on these phenotypes. One specific SV was a 2.5 kb
tandem duplication located downstream of the ZWINT
gene, situated within the linkage disequilibrium (LD)
boundaries of AX-167,722,786 (chr26:32817412). This
predicted SV was notably associated with the clinically
affected phenotype. Specifically, the duplication was pre-
dicted absent in the three dogs showing clinical signs,
and present in all dogs lacking clinical signs, while no
other SVs showed a relationship with CM or pain and
scratch. To validate our results, we performed DNA
extraction from a sample of five CKCS dogs, consisting
of three normal and two affected by SM, including one
normal and one clinically affected dog from the origi-
nal WGS dataset. Utilizing long-range PCR, we isolated
and sequenced the annotated region along with an addi-
tional 1 kb of flanking sequence. This resulting fragment
spanned chr26:32,509,985 -32,514,838. However, the
duplication identified by LUMPY was absent in the long-
range sequences.

Discussion

Given the high prevalence and complex inheritance
of CMSM in CKCS, simply eliminating dogs that pro-
duce CMSM from breeding programs will not neces-
sarily eradicate the disease. Further, mass elimination
of dogs from the breeding pool may increase the risk of
other genetic disorders. In fact, selective breeding for
specific coat colors in CKCS is believed to have contrib-
uted to the development of abnormal skull morphology
[16]. Thus, the primary goal of this study was to iden-
tify genetic markers associated with the presence of SM
and with clinical signs in CKCS. In particular, we were
interested in loci associated with the clinical phenotype
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rather than morphological features due to the reports of
discrepancies between MRI findings of SM and the pres-
ence of clinical signs in dogs with CMSM [2, 5, 8, 25-27].
The perplexing nature of CMSM with regards to incon-
sistencies in structural changes versus clinical phenotype
led to our hypothesis that there may be a genetic underly-
ing cause that predisposes some CKCS to develop clinical
signs while others remain clinically normal.

In this study, we prospectively recruited 175 CKCS
with varying morphological and clinical phenotypes. In
agreement with previous studies, we found disparities
in clinical presentation and MRI findings in this cohort
as 31% of dogs without SM were clinically affected and,
conversely, 24% of dogs with SM were clinically normal.
Given these differences, we first investigated whether
genetic differences could be identified among dogs with
and without SM using a straightforward case-control
GWAS study. This analysis was of low yield resulting in
no loci of interest. The age at time of MRI was highly
variable in this study; thus, it is possible that morpho-
logic evidence of disease was not yet present in some
dogs. Also, we defined the presence of SM as any syrinx
measuring>2 mm in height and, given the progressive
nature of this disease, it is likely that dogs with canal dila-
tion (measuring less than 2 mm) may develop SM in the
future [4]. Previous studies have identified associations
between the size and distribution of SM with clinical
signs; therefore, a more detailed analysis may be neces-
sary to account for syrinx characteristics. Nonetheless,
these results combined with the overall lack of correla-
tion between MRI findings and clinical signs provided
further support for the use of clinical status to define
phenotype in further genetic analyses.

Establishing the clinical phenotype in this condition is
fraught with difficulty because of the need for observers
to interpret behaviors shown by dogs as signs of pain. In
addition, there are many comorbidities that can cause
both pain and scratching. Medical records were used to
identify any potential condition that could present as a
phenocopy and these were excluded from clinical analy-
ses, but reliance on the medical history alone could result
in inaccuracies. Magnetic resonance images were avail-
able in all dogs allowing other spinal conditions to be
ruled out as a source of pain. To investigate the signifi-
cance of clinical phenotypes, we began with a simple cat-
egorical approach (clinical signs of pain and or scratch:
yes or no) and we identified a locus that suggested signifi-
cance on CFA26. These results corroborate the findings
of previous work done by Ancot et al.,, whereby a locus
on CFA26 was found to be significantly associated with
skull measurements that reflect a reduced caudal fossa in
CKCS [23]. This particular skull measurement was shown
to be correlated with syrinx transverse diameter [23].
The agreement between our two studies that addressed
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the complex syndrome associated with CMSM using
very different methods of establishing the phenotype
lends further support to this being an important locus in
CKCS.

The only coding gene in this region is ZWINT, a gene
that encodes a protein that is involved in kinetochore
function and chromosome segregation [31]. The ZWINT
gene is highly expressed in the brain and dorsal horn
laminae and is a known modulator of neurotransmit-
ter release [28, 32]. A chronic neuropathic pain model
has revealed ZWINT expression is increased with neu-
ropathic pain in rodents [28-30]. In contrast to the
present study, Ancot et al. failed to show an association
between this region and pain in a cohort of 65 dogs [23].
The authors acknowledged that pain phenotyping was
limited at the time of DNA sampling and dogs were only
differentiated by the presence or absence of SM; there-
fore they did not account for the cases where MRI find-
ings are inconsistent with clinical presentation [23]. In
this study, we failed to detect an association between
this region and SM; but, by using a larger cohort of dogs
with detailed phenotypic definitions of clinical signs
(regardless of SM diagnosis) we identified an association
between this region and the presence of clinical signs.
While WGS analysis did not reveal any high impact
variants, we did identify two mutations that predicted a
moderate effect on ZWINT function. These mutations
were present in all of our clinically affected dogs while
the majority of clinically normal dogs did not carry the
mutations. Ten (83%) CKCS with unknown phenotypes
had the mutations as well. Although these mutations
seemed to segregate well with clinical sign presentation
in CKCS, they were also highly prevalent in control breed
dogs demonstrating that these are common canine vari-
ants. Finally, a structural variant, 2.5 kb tandem duplica-
tion, was identified downstream of the ZWINT gene and
was clearly associated with the presence of clinical signs,
but this was unfortunately a false positive, revealed by
PacBio sequencing. Although disease-causing genetic
variant discovery has largely focused on coding regions,
it has become clear in recent years that the non-coding
genome harbors an abundance of variants that contribute
to genetic disease. In fact most GWAS studies in humans
map to non-coding regions [33]. Unfortunately, non-
coding variants are difficult to interpret and require addi-
tional analyses to effectively understand their role. A well
understood role of a fraction of the non-coding genome
is gene regulation. Future work may focus on gene
expression differences between dogs with and without
signs of pain and scratch through RNA sequencing. Fur-
ther, additional lab techniques like assay for transposase-
accessible chromatin with sequencing (ATACseq) and
Chromatin immunoprecipitation sequencing (ChIP-seq)
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can reveal epigenetic loci that could be relevant to this
complex disease.

Our quantitative GWAS approaches investigated
scratch and pain signs using ordinal scales, TSS and TPS.
These analyses provided a way to capture the wide-rang-
ing spectrum of clinical signs that are observed in CKCS
with CMSM. There were multiple snps at the P<10~°
significance level on CFA 2, 13, and 38. Interestingly, the
loci of interest were distinct when clinical signs were dif-
ferentiated by scratch (CFA 2 and 38) or pain (CFA 13).
To further support this concept, a retrospective study
identified that scratching-related signs were associated
with the size of SM; however, pain signs were present
regardless of the presence or severity of SM [8]. In addi-
tion, another study hypothesized that large dorsolateral
syrinxes cause damage to the dorsal horn such that lum-
bar scratching central pattern generators are disrupted
causing a fictive type scratch [34]. Hence, it’s plausible
that scratching related signs in dogs with CMSM are as a
result of physical damage to the dorsal horn whereas pain
signs may involve a genetic component including altered
pain processing.

The scratch phenotype, as quantified by TSS, mapped
to 2 regions on CFA 2 and 38 that were closest to
KIAA1217 and SUSD4, respectively. KIAA1217 gene
encodes a sickle cell protein homolog that is predicted
to play a role in skeletal system development [35] and
SUSD4 is highly expressed in the nervous system and
plays a role in the complement system. In contrast, when
we investigated pain on a continuous scale using GWAS,
we found a compelling locus on CFA13. The significantly
associated snps were all situated in a region containing
KCTDS8. Importantly, KCTDS8 encodes a protein that has
a tetramerization domain which binds to GABA-B recep-
tors [36]. GABA-B receptors are inhibitory neurotrans-
mitter receptors and their signaling is tightly regulated by
KCTD domains [37, 38]. The distribution of expression of
KCTDS in the rodent brain has been shown to be found
in the medial habenula, brainstem nuclei, and the cere-
bellum [39]. Variations in expression of KCTD8 are asso-
ciated with brain size in adolescent human females [40]
and there is some evidence it is associated with obesity
in Labrador retrievers [41]. The role of KCTD8 in dorsal
horn interneurons is still largely unknown but due to its
intimate connection and modulation of GABA recep-
tors, it is an interesting candidate gene to consider with
regards to pain in CKCS with CMSM. When analyzing
WGS data, there were 33 mutations that were predicted
to have moderate to high impact on KCTD8 expression
and thousands more that were modifiers. Unfortunately,
the majority of these variants had a high degree of miss-
ing variant data for our CKCS of known phenotypes
making it difficult to compare variant effects with clinical
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signs. Additional exploration of these variants in dogs
with well-documented pain phenotypes is warranted.

Conclusion

The CMSM condition in dogs is complex and most likely
polygenic. There are likely several genes that are involved
in the clinical manifestation of CMSM in dogs. The rep-
lication of the locus in the region of ZWINT between
a study using skull morphometry and our study using
clinical phenotype adds to the evidence that this region
is important in clinical CMSM in CKCS. More work
is required to investigate the genomic regions of inter-
est identified in this study. Sanger sequencing of these
regions and snps in well phenotyped dogs would allow
for additional insight into whether these regions segre-
gate with clinical signs. This is particularly important
for the KCTDS8 variants that were identified on WGS but
had a high degree of missing variant call data. Finally, we
used stringent criteria for analyzing variants from our
WGS data in this study including mostly variants with
high or moderate predictive impact. The CMSM con-
dition in dogs is rarely fatal, and therefore it is possible
that mutations causing modifications of gene function
are also relevant. Detailed investigation of all mutations
that are considered “modifiers” is warranted. If haplotype
analyses and sanger sequencing results suggest genes or
snps that are associated or are segregating with clinical
signs; then, tagsnps could be used to efficiently genotype
a large cohort of well-phenotyped CKCS in the regions of
interest.

To summarize, we collected DNA, MRIs, and detailed
information on clinical signs in a large cohort of CKCS.
We found that by differentiating dogs on the basis of
clinical signs, rather than the presence of SM, we were
able to detect several regions of interest including snps
that replicated previously published findings that used a
morphological measure of phenotype rather than a func-
tional one. We used categorical and continuous measures
of clinical signs to classify phenotypes and found snps on
CFA 2, 13, 26, and 38. Within these regions, we identi-
fied 2 moderate impact mutations affecting the ZWINT
gene. Further work is warranted to determine the seg-
regation of these regions and genes with disease in dogs
with CMSM.

Methods

Dogs and sample collection

Clinically normal and affected CKCS were recruited
through advertisements on North Carolina State’s Veteri-
nary Hospital (NC State VH) webpage, by referral from
veterinary general practitioners and neurologists, and
from dogs being seen through NC State VH. All dogs
were privately owned as pets or breeding dogs. All own-
ers reviewed an informed consent form, were given the
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opportunity to ask questions and signed the form. All
procedures were approved by NCSU’s Institutional Ani-
mal Care and Use Committee (Protocol #15-003-0).

Study involvement required digital copies of MRIs
of the cervical spine and brainstem at minimum, DNA
sample (blood or saliva), and completion of a general
health questionnaire by owners. The general health
questionnaire included questions regarding the pres-
ence of clinical signs of CMSM as well as whether the
dog suffered from comorbidities that could also cause
pain and/or scratch. Additionally, a clinical metrology
instrument (CMI) was used to quantify pain and scratch
associated with CMSM (Supplemental data 1) [2]. Medi-
cal records were reviewed by the investigators and the
dogs were examined by the investigators wherever pos-
sible, however, this was not a requirement of the study.
Whole blood or saliva samples were collected on all dogs.
Extraction of DNA was performed from whole blood
using QIAamp DNA Blood Midi Kit (Qiagen; Valen-
cia, CA), and from saliva using QlAamp DNA Mini Kit
(Qiagen; Valencia, CA). A NanoDrop 2000 spectropho-
tometer (Thermo Scientific; Wilmington, DE) was used
to measure DNA concentrations. Informed consent was
read and approved by owners and all procedures were
approved by NCSU’s Institutional Animal Care and Use
Committee (Protocol #15-003-0).

Phenotype determination: Syringomyelia

Magnetic resonance images were reviewed to ensure
that there was no other possible cause of clinical signs.
Horos Medical Imaging Software (Open Source Soft-
ware, https://horosproject.org) and eUnity software (V
ersion 6.3.0.1.4, Client Outlook Ink, Waterloo, Ontario)
were used to evaluate images in Digital Imaging and
Communication (DICOM) format. The presence of SM
was determined using T2-sagittal images of the cervi-
cal spinal cord. Dogs with linear T2 hyperintense signals
measuring more than 2 mm in height were determined to
have SM. The SM phenotype was recorded as unknown
for dogs with inadequate images or poor image quality;
however, these dogs remained in the analysis because of
the usefulness of their clinical phenotype information.

Presence and severity of clinical signs

Clinical status was assigned both categorically and
quantitatively. The presence of clinical signs (categori-
cal assessment) of CMSM was determined by collect-
ing a detailed history, reviewing medical records, and by
completion of a general health questionnaire that was
required for involvement in the study. This information
was used to identify dogs with a history of skin disease,
ear disease or allergies that could cause scratching, or
orthopedic, spinal or other neurologic disease that could
cause pain. Dogs were categorized as having pain and or
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scratch if the owners reported signs occurring at mini-
mum every week. The severity of clinical signs was deter-
mined using a disease-specific CMI that was developed
and instituted partway through enrollment of the study,
known as the Chiari-like malformation pain and scratch
tool (ChiMPS-T) [2] (Supplemental data 1). This ques-
tionnaire captures the presence, frequency and sever-
ity of owner reported signs of scratch and pain. A small
cohort of dogs had already had DNA and phenotypes
collected prior to development of ChiMPS and so these
were not included in the analyses performed using TSS
and TPS scores (Fig. 1). Responses were developed into
scores reflecting scratch and pain (total scratch score,
TSS (range 0-16); total pain score, TPS (range 0-20)).
Dogs with comorbidities that could cause pain or scratch
were recorded as unknown for the clinically affected phe-
notype; they remained in the study for the SM phenotype
analysis.

Genotyping and data analysis

A total of 175 dogs were genotyped using the Applied
Biosystems Axiom K9 HD (710,000 snps) array (Thermo
Fisher Scientific, Santa Clara, CA). Our goal was to gen-
otype 192 dogs based on published power analyses of
complex traits [21, 22] with a minimum of 70 dogs based
on a prior GWAS study of Cavalier King Charles spaniels
using skull morphometry [23].

The assays were performed by Thermo Fisher Scientific
according to the manufacturer’s instructions and files
were returned as VCEF, CEL, and ARR files to be viewed
in Axiom Analysis Suite Software. Axiom Analysis Suite
software was used to generate.PED and.MAP files com-
bining the genotype data for both cohorts. The genotypes
were pruned using PLINK (Version v1.90b6.9) whereby
data were removed if minor allele frequency was less
than 5%, snp genotyping rate was less than 90%, indi-
vidual genotype data was less than 90%, and if markers
failed the Hardy-Weinberg test at the P=.005 level. A sex
check test was performed in PLINK as a quality control
measure. Next, GEMMA (version 0.98) was used to fit
a univariate linear model and perform case/control and
quantitative trait association studies while accounting for
population structure and stratification [41]. A centered
relatedness matrix was generated (-gk 2), eigen decompo-
sition was performed on the relatedness matrix (-eigen),
and likelihood ratio tests were performed (-lm 2). Given
the increased prevalence of SM and clinical signs with
age [4, 29], we included age as a covariate for all analy-
ses. Analyses were performed using SM (yes or no) and
clinical signs (presence: yes or no; severity: TSS and TPS)
phenotypes. Linkage disequilibrium (LD) for each lead
SNP was calculated using r* decay to a value of 0.6.
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Whole genome sequencing

Eight CKCS including 3 normal CKCS, 3 severely clini-
cally affected with SM, and 2 clinically normal CKCS
with SM were sequenced. Whole genome sequencing was
performed at Genewiz LLC Next-Generation Sequencing
Laboratory, using a 150 bp paired-end read configuration
in a single lane of an Illumina HiSeq 4000 high-through-
put sequencing system. Variant calling from WGS data
was performed using a standardized bioinformatics pipe-
line for all samples as described previously [42]. Variants
that segregated with clinical phenotype were identified
and examined for potential impact on protein expression
and function, and gene relevance.

Structural variant query and validation
We used LUMPY [43] to detect structural variants
(SVs) in the 8 WGS samples above. Specifically, we
used Smoove 0.2.8 (https://github.com/brentp/smoove)
which integrates LUMPY best practices and other tools
to detect SVs. Briefly, SVs were called independently in
each sample, SVtools 0.5.1 [44] merged SV calls across
samples, SVs were genotyped with SVtyper 0.7.1 [45]
and annotated with depth of coverage using Duphold
0.2.1 [46]. SVs were filtered based on Duphold annota-
tions. Deletions with DHFFC (fold change of the vari-
ant) <0.7, duplications with DHFFC > 1.3 and inversions
with DHFFC between 0.7 and 1.3 were retained, per the
instructions’ recommendation. SVs within linkage dis-
tances of notable snps (Table 5) were further investigated.
We developed primers flanking a predicted duplication
using Primer3 and the CanFam3 assembly (Forward: 5’-A
GGGTCCAGAAATATCCTGTCTTT-3’; Reverse: 5-TG
ACGGAGAAACTGT CCT CCT-3). For the long range
PCR, 49 pl mastermix (25 pl type of Platinum™ SuperFi™
PCR Master Mix, 8 pl nuclease-free water, 8 ul of 5 pyM
or each primer) was combined with 1 pl extracted DNA.
Thermocycling conditions consisted of an initial denatur-
ation step of 30 s at 98 C, then 45 cycles (10sat 98 C, 10 s
at 66 C, 3 min 45 s at 72 C) and a final extension step of
5 min at 72 C. PCR products were visualized on 1% TBE
agarose gels. PCR products were purified using a com-
mercial PCR purification kit (GeneJET PCR Purification
kit, Thermo Fisher Scientific Inc.). PacBio library prep
and sequencing were performed by Genewiz. Hifi reads
were mapped to the reference genome using minimap2
[47] and SVs were called with PBSV.

Abbreviations

CFA Canis familiaris autosome

CKCS Cavalier King Charles Spaniel

(@] Chiari-like malformations
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GWAS Genome-wide Association Study

LD Linkage Disequilibrium
MRI Magnetic Resonance Imaging
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SM Syringomyelia
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