




less stringent, it was expected that the effect would be less strong.
Merging the discovery and replication datasets resulted in a
significant difference between the frequencies of affected (40%)
and unaffected (4%) dogs carrying at least one copy of the risk
haplotype (P = 1.5 × 10−5), supporting that the haplotype was
associated with risk (Table 3). We noted that of all DM-affected
PWCs in the present study (n = 47), 16 were heterozygous for the
risk haplotype and three were homozygous, whereas among the
unaffected PWCs (n = 48), the two carriers were heterozygous
for the risk haplotype. The population haplotype frequencies
based on 273 PWCs without phenotype information (Table 2)
illustrated that the population frequency of the risk haplotype
was between the frequencies of affected and unaffected PWCs.

The Modifier Affects Age at Onset. Due to the study design, the
mean age of onset was lower in the discovery dataset than in the
replication dataset (9.0 vs. 11.6 y; P = 4.7 × 10−11). To assess
whether having the risk haplotype at the modifier locus affected
age of onset, we performed Kaplan–Meier analysis using the de-
velopment of DM signs as the event and age of onset or age at
ascertainment as the time to event. The analysis incorporated both
the discovery and replication datasets (47 cases and 48 controls).
Comparing individuals with and without the risk haplotype
revealed a difference in the probability of developing signs of DM
over time (P = 4.8 × 10−6, log-rank test) (Fig. 3). The individuals
were all predisposed to DM through the SOD1 risk genotype, but
at the age of 11 y, the probability of showing signs of DM was 0.77
in dogs with the SP110 risk haplotype and 0.18 in dogs without the
risk haplotype.

The Haplotype Associated with Risk in PWCs Is Common in Boxers.We
evaluated whether the PWC risk haplotype also influenced risk of
DM in the Boxer breed. Haplotype data were available from 25
Boxers homozygous for the SOD1 risk allele: 15 affected by disease
with histopathology confirming DM (mean age of onset = 9.5 y,
SD = 2.0) and 10 without signs of DM at the age of 11 y. The
haplotype was common in Boxers; all 25 dogs studied carried at
least one copy (SI Appendix, Table S4), and 21 (including all un-
affected dogs) were homozygous, indicating reduced variability in
Boxers for this region of the genome.

The PWC Risk Haplotype Is Present in Dogs of Other Breeds and May
Influence DM Risk. Whole-genome sequencing data of dog pools
(26) showed variation at all five associated sites across dog breeds,
indicating that these variants were not unique to the PWC and
Boxer. To investigate the presence of PWC haplotypes in other
breeds, we genotyped representatives from 85 dog breeds for the

five SNPs. Complete genotyping was achieved for 265 dogs, and
the data were used to phase haplotypes. The four haplotypes ob-
served in the PWC were the most common in the other breed
dataset, representing 82% of all haplotypes (SI Appendix, Table
S4). The remaining 18% consisted of 10 haplotypes, each with an
overall frequency of less than 5%. The PWC risk haplotype was
detected in 38 breeds with an overall frequency of 23%. The DM
status of these dogs was unknown, except for a subset of confirmed
DM cases in other breeds with known mutations in SOD1 (n = 36).
In this subset of cases, 64% carried the PWC risk haplotype
compared with 30% of unphenotyped dogs that did not carry the
SOD1 mutation (n = 183).

The Associated Haplotype Resides Within SP110. The associated
haplotype encompassed 12.5 kb of exonic and intronic se-
quences within the gene SP110 on cfa25 that encodes the SP110
nuclear body protein. There were two coding substitutions in
the five SNPs with GWA; the SNP with the strongest association
(cfa25:45,443,320) was a synonymous substitution, and the variant
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Fig. 1. GWA analysis identified a modifier locus on cfa25 associated with risk of canine DM in the PWC breed. The final dataset consisted of 15 affected and
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(A) Analysis of the GWA data, together with an additional 101 SNPs identified
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significance. These SNPs were tightly linked and located in close proximity to
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mapped region.
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at cfa25:45,447,628 was a nonsynonymous substitution (Table 1).
The effect of the nonsynonymous variant on the dog protein iso-
forms was predicted to be neutral using scale-invariant feature
transform (SIFT) (27), Polymorphism Phenotyping version 2
(PolyPhen-2) (28), screening for non-acceptable polymorphisms
(SNAP) (29), and the consensus classifier PredictSNP (30).
To detect any additional variants on the haplotype, we deep-

sequenced the 12.5-kb region in 34 PWCs from the GWA dataset
with available DNA. This analysis revealed another 32 SNPs and
six INDELS that were merged with the GWA and fine-mapping
data and analyzed for association. Three of the additional vari-
ants were in perfect linkage disequilibrium (LD) with the top
SNP and showed equally strong association: cfa25:45,444,053,
cfa25:45,444,120, and cfa25:45,445,768 (P = 2.7 × 10−8). SI Ap-
pendix, Table S1 lists association results for all variants detected
in the haplotype region. Fig. 4 illustrates the final association re-
sults, including the sequence-detected variants, lifted over to the
corresponding region of the human genome hg 19 (GRCh37). In
addition to the two coding variants mentioned above, the var-
iants at cfa25:45,444,053 (translating to hsa2:231,067,960) and
cfa25:45,445,768 (translating to hsa2:231,072,975) were inter-
esting functional candidates because they overlap a hotspot for
transcription factor binding.

The Associated Noncoding Variants Show Regulatory Potential. To
validate the predicted regulatory potential of SNPs cfa25:45,444,053
and cfa25:45,445,768, we cloned genomic DNA fragments with the
variants in a luciferase reporter vector and measured the effect
of these alleles on luciferase gene expression after transfection
into the Jurkat human T-cell line (Fig. 5 A and B). In addition to
cfa25:45,445,768, the second DNA fragment contained variants
at cfa25:45,445,751, cfa25:45,445,837, and cfa25:45,445,891 that
were in LD with cfa25:45,445,768, and we thus measured the
total effect of four SNPs. The choice of cell line was based on the
fact that the highest levels of SP110 gene expression were
reported in immune cells, including T cells, at BioGPS (31). We
found that for both cloned fragments, the risk allele provides
lower expression levels compared with the nonrisk allele. The
DNA fragment with the cfa25:45,444,053 variant showed re-
pressive properties compared with the vector (Fig. 5A) but, upon
cell stimulation, induced the reporter gene expression almost
twofold compared with the nonstimulated cells. The fragment
with the cfa25:45,445,768 variant enhanced expression over the
control vector (Fig. 5B) but did not show a large induction of
gene expression upon cell stimulation. This effect may be due to
an inducible cell-specific enhancer located in the first fragment,
which is more active in, for example, B cells, dendritic cells, or
natural killer cells than in T cells. The fact that risk alleles from

both fragments are associated with lower gene expression indicates
that both SNPs may exert a cumulative effect on the levels of
SP110. Because the variant at cfa25:45,444,120 is located in a
region that does not translate to the human genome, its regulatory
potential could not be predicted by conservation of regulatory
marks; therefore, it was not analyzed in the functional experiment.
To investigate the roles of the intronic SNPs at cfa25:45,444,053

and cfa25:45,445,768 as potential regulatory binding sites, we per-
formed electrophoretic mobility shift assays (EMSAs). Assay of the
risk allele at cfa25:45,444,053 yielded two stronger bands compared
with the nonrisk allele, whereas assay of the nonrisk allele yielded a
band that was not seen in the risk allele assay (Fig. 5C). These
findings may indicate that the risk allele increases binding affinity
for yet unidentified transcription factors while eliminating binding
of a different factor. EMSA of the SNP at cfa25:45,445,768 revealed
one stronger band in the risk allele assay compared with the nonrisk
allele assay (Fig. 5D). In addition, we evaluated the top GWA SNP,
the synonymous substitution at cfa25:45,443,320. This evaluation
revealed two stronger bands in the risk allele assay compared with
the nonrisk allele assay, suggesting that a higher binding affinity
may be created by the SNP at this location (SI Appendix, Fig. S3).
Further experiments will be needed to evaluate the results of the
EMSAs quantitatively and to identify the factors involved in
differential binding.

Risk Alleles Correlate with Alternative Splicing of SP110 and Change
the Balance Between Isoforms. We next measured expression of
SP110 and the closely related gene SP140 in the blood cells of
healthy Nova Scotia Duck Tolling Retriever (NSDTR) dogs
genotyped for cfa25:45,444,053. The SP140 gene is located 5 kb
upstream of SP110 in a head-to-head position, and thus could share

Table 1. SNPs with genome-wide significant association in fine-mapping analysis

Minor allele
frequency PWC alleles

SNP OR Pemmax

Base pair
location Affected Unaffected

Minor
(risk) Major canFam2 hg19

LD with
topsnp (r2) Annotation

cfa25:45435040 1.8 1.5 × 10−7 25:45,435,040 0.42 0.02 A G A A 0.74 Intron of SP110
cfa25:45437568 2.0 3.1 × 10−8 25:45,437,568 0.38 0.02 T C T T 0.82 Intron of SP110
BICF2G630104165 1.9 2.7 × 10−8 25:45,443,320 0.40 0.03 G A A A 1 Synonymous coding

SP110
cfa25:45445891 1.9 6.0 × 10−8 25:45,445,891 0.42 0.03 G A G — 1 Intron of SP110
cfa25:45447628 1.9 6.0 × 10−8 25:45,447,628 0.42 0.03 T A A T 1 Nonsynonymous

coding SP110

Five SNPs displayed genome-wide significant associations in analysis performed by EMMAX incorporating two principal components to adjust for
population structure. The SNPs were in strong LD and located in a 12.5-kb region within the gene SP110. The five SNPs in the table were used to
construct the haplotypes displayed in Table 2. OR, odds ratio.

Table 2. Haplotype frequencies in PWC

GWAs Replication Population

Haplotype Affected Unaffected Affected Unaffected Unknown

(n = 15) (n = 35) (n = 32) (n = 13) (n = 273)
GCAAA 0.57 0.97 0.78 0.85 0.79
ATGGT 0.33 0.01 0.19 0.04 0.14
GCGGT 0.07 0.01 0.02 0.04 0.04
ACAAA 0.03 0.00 0.02 0.04 0.02

The four haplotypes present in PWC, and their frequencies across the
GWA and replication datasets, as well as the population estimate based on
unphenotyped PWC, are shown. Haplotypes were constructed by phasing
genotype data for the variants at cfa25:45,435,040, cfa25:45,437,568,
cfa25:45,443,320, cfa25:45,445,891, and cfa25:45,447,628 using PHASE (62, 63).
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regulatory regions with SP110. The NSDTR breed has a higher
frequency of the minor allele compared with the PWC breed,
which facilitated study of the SNP effect on gene expression.
The splicing of the canine SP110 gene is very complex, and

many aberrant alternative transcripts can be detected at low
levels (32). We found two major SP110 isoforms: a full-length
transcript and a previously unidentified transcript with in-frame
skipping of exon 8 (Δ exon 8 transcript) (Fig. 4C and SI Ap-
pendix, Fig. S4). Both transcripts include alternative splicing of
exon 16, bringing the total of highly abundant isoforms to four
(both the full-length and Δ exon 8 transcripts plus or minus exon
16). Although all four isoforms are constitutively coexpressed,
we found that the levels of exon 8 were dependent on the genotype
at cfa25:45,444,053 (Fig. 6 A and B and SI Appendix, Fig. S4A). The
risk allele (G) at cfa25:45,444,053 correlated with down-regulation
of the full-length transcript and up-regulation of the Δ exon 8 tran-
script, whereas the nonrisk allele (T) was associated with the opposite
trend. The inclusion of exon 16 was independent of genotype and
occurred equally in the full-length and Δ exon 8 transcripts. The

total SP110 gene expression measured by quantitative RT-PCR
with primers common for all isoforms showed a weak trend
toward gene down-regulation in the risk allele G, although this
trend did not reach statistical significance (P = 0.098) (SI Ap-
pendix, Fig. S5A). The risk allele had no effect on SP140 gene
expression (SI Appendix, Fig. S5B). Interestingly, the two cod-
ing variants, nonsynonymous cfa25:45,447,628 and synonymous
cfa25:45,443,320, are located in exons 6 and 9, and noncoding
SNPs cfa25:45,445,768 and cfa25:45,444,053 are correspond-
ingly located in introns 6 and 8 (Fig. 4C).
Careful examination of the genomic sequence brought two

more variants to our attention: SNP cfa25:45,445,274 in intron 7
and synonymous SNP cfa25:45,445,209 in exon 8. These SNPs
are in LD with the aforementioned four SNPs and also showed
high association (SI Appendix, Table S1). Although these two
SNPs do not alter the splicing sites directly (33, 34) (SI Appendix,
Fig. S6), the variant at cfa25:45,445,209 may be involved in the
correct splicing of exon 8 by stabilizing the binding of the SRp55
exonic splicing enhancer factor (35) (SI Appendix, Fig. S7).

The SP110 Locus in Human GWA Studies. The GRASP (36) tool was
used to search published GWA studies for supporting associations
in human patients. SNPs within or near SP110 were searched for
association with ALS specifically, or with the broader “Neuro”
phenotype category, which includes other neurodegenerative dis-
orders as well as neurodevelopmental or neuropsychiatric disor-
ders. Twenty-nine (29) associations with a P value less than 10−3

were found in 27 unique SNPs, including one association with
ALS (SI Appendix, Fig. S8 and Table S3). Due to the role of in-
flammation in the pathophysiology of ALS, we also searched
GRASP for SNPs associated with diseases in the “Inflammation”
category, finding five subsignificant associations with three unique
SNPs in the region, one of which overlaps both the Neuro and
Inflammation categories (SI Appendix, Fig. S8 and Table S3).
Overall, the associations in the region within and near the SP110
gene were enriched in the Neuro category, with 28 of 54 (51.9%)
of the total associations with P ≤ 10−3 falling within this category.
The ALS-associated SNP (rs12162384) is located 74 kb down-

stream of SP110 (P = 3.8 × 10−5). This association comes from a
GWA study of 266 sporadic cases of ALS and 1,190 controls in an
Italian population (37). A second, less significant ALS-associated
SNP (P = 3.1 × 10−3) is located 6 kb downstream of SP110 (38). The
most significantly associated SNP in the Neuro category near SP110
is associated with autism spectrum disorders (P = 6.8 × 10−6) (39).

Discussion
DM shares clinical, pathological, and biochemical characteristics
with upper motor neuron onset forms of ALS (16, 17, 20, 25).
We have previously shown that a mutation in SOD1 was associ-
ated with risk of DM in several dog breeds and that, as in patients
with SOD1-related ALS, cytoplasmic aggregates containing SOD1
protein were present in the spinal cord motor neurons of affected
individuals (17). No SOD1-containing aggregates were found in
control spinal cords from wild-type homozygotes. The mechanism

Table 3. Frequency of PWC carrying haplotype ATGGT differed between affected and unaffected individuals

Discovery Replication Merge

Carrier status Affected, n (%) Unaffected, n (%) Affected, n (%) Unaffected, n (%) Affected, n (%) Unaffected, n (%)

One or two copies of ATGGT 9 (60) 1 (3) 10 (31) 1 (8) 19 (40) 2 (4)
No copy of ATGGT 6 (40) 34 (97) 22 (69) 12 (92) 28 (60) 46 (96)

P using Fishers two-sided test 1.7 × 10−5 0.14 1.5 × 10−5

The frequency of individuals at least heterozygous for the haplotype ATGGT differed between affected and unaffected PWC; haplotype ATGGT was
associated with risk because it occurred in 40% of the cases but in only 4% of the unaffected cases.
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Fig. 3. Kaplan–Meier analysis of time to onset of DM signs comparing
carriers and noncarriers of the risk haplotype. Results of Kaplan–Meier sur-
vival analysis of PWCs with and without the risk haplotype using onset of
DM as the event and age at onset as the time to event are shown. Individuals
without an event were censored at the last time point when information
regarding signs of DM was available. Carriers of the risk haplotype showed
an increased probability of developing signs of DM over time (P = 4.8 × 10−6,
log-rank test). At the age of 11 y, the probability of not showing signs of
disease was 0.82 [SE = 0.05; 95% confidence interval (CI) = 0.74–0.92] in dogs
without the risk haplotype and 0.33 (SE = 0.10; 95% CI = 0.18–0.61) in dogs
with the risk haplotype.
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behind SOD1 toxicity in ALS pathology is still unclear, although
studies in transgenic rodent ALS models suggest that the expression
of the mutant SOD1 in nonneuronal cells, such as astrocytes and
microglia, has a definitive role in disease pathogenesis (40).
The current study aimed to reveal why some dogs homozygous

for the SOD1 mutation were susceptible to DM, whereas others
seemed resistant. We identified a modifier locus within the SP110
gene that was associated with an increased probability of devel-
oping signs of DM, and an earlier age of onset in PWCs. The risk
haplotype usually occurred as a single copy, suggesting that one
copy of the modifier allele was sufficient to affect function, thus
supporting a dominant effect.
The fact that most Boxers were genetically similar across the

SP110 locus implies that the locus is unlikely to modify the risk of
DM between individual Boxers homozygous for the SOD1 risk
allele, and illustrates that the genetics underlying susceptibility
could differ between breeds. Because the haplotype associated
with risk in PWC appears very common in the Boxer breed, the
locus may contribute to the overall genetic predisposition in
Boxers, but it is also possible that there are additional loci acting

as modifiers. The enrichment of the PWC risk haplotype among
confirmed DM cases in other breeds suggests that the PWC
modifier might affect multiple breeds. Future studies, including
well-characterized samples from unaffected dogs with the SOD1
mutation, are needed to understand fully the role of the PWC
modifier in the Boxer as well as in other breeds.
SP110 is a member of the SP100/SP140 family of nuclear body

proteins expressed in a variety of tissues, but most strongly in
immune cells (32, 41, 42). It is a component of promyelocytic
leukemia nuclear bodies, which form a part of the nuclear matrix
and influence transcription, apoptosis, senescence, and response
to DNA damage or infection (43).
Mutations in SP110 have been reported in “familial hepatic

venoocclusive disease with immunodeficiency,” suggesting that
SP110 plays a role in the immune response (44–47). Recently,
SP110 was identified as a regulator of the IFN-stimulatory DNA
sensing pathway, an important part of the innate antiviral re-
sponse (48). Interestingly, two other ALS genes, FUS and OPTN,
have already been linked to this pathway (49, 50). This recur-
ring connection suggests that the role of SP110 in DM may be
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Fig. 4. Associated haplotype and potential regulatory variants lie within the SP110 gene. (A) LiftOver of all variants in the associated region on cfa25 from
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(67). (B) Zooming in closer on the associated region revealed that the haplotype resided within the SP110 gene and harbored a number of strongly associated
sequence variants. The figure shows tracks of ENCODE data (68) with digital DNaseI hypersensitivity clusters, transcription factor binding sites, H3K27Ac and
H3K4Me1 histone marks, as well as the Multiz alignment of the dog genome in the lower track. The ENCODE tracks support the presence of regulatory
elements in this area, particularly around the top SNP and toward the end of the haplotype. Highlighted SNPs (in red) include the following:
(1) cfa25:45,443,320, a synonymous variant in dog exon 9, evaluated using EMSA; (2) cfa25:45,444,053, a dog intronic regulatory variant evaluated by lu-
ciferase assay, EMSA, and allele-specific PCR; (3) cfa25:45,445,209, within dog exon 8, potentially regulating splicing; (4) cfa25:45,445,274, within dog intron 7,
potentially influencing splicing; (5) cfa25:45,445,751, a dog intronic variant, evaluated by luciferase assay; (6) cfa25:45,445,768, a dog intronic regulatory
variant, evaluated by luciferase assay and EMSA; (7) cfa25:45,445,837, a dog intronic variant, evaluated by luciferase assay; and (8) cfa25:45,447,628, a
nonsynonymous change in dog exon 6, predicted to be neutral (genome.ucsc.edu) (67). (C) Schematic structure of the SP110 gene from exon 6 to exon 9 with
variants found associated and functionally relevant to gene regulation. The exon (exon 8) undergoing alternative splicing is shown as a red box. The direction
of transcription is shown by the red arrow.
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related to the same DNA sensing pathway. Neuroinflammation
is a prominent feature in ALS and is characterized by a dialogue
between microglia, T cells, and neurons, creating a balance between
neuroprotection and neurotoxicity (51).
The functional analysis of selected associated variants indi-

cates that they are involved in SP110 gene regulation. The risk
alleles of both intronic SNPs tested by the reporter assay were
associated with gene repression. Indeed, when we measured the
total expression of SP110 in blood cells, there was a trend toward
SP110 down-regulation in the risk genotype. However, this trend
did not reach statistical significance. Furthermore, we identified
dramatic changes in the balance of different splice transcripts
coding for proteins with or without an amino acid region encoded
by exon 8. Whereas the full-length transcripts coding for two
proteins of 720 and 705 amino acids (with or without exon 16)
were repressed in the risk allele, the Δ exon 8 transcripts coding
for 703 and 688 amino acids (with or without exon 16) were up-
regulated, which may indicate a tightly controlled regulation of
SP110 functionality. The exon 8-encoded portion is located in
the interdomain linker connecting the homogeneously staining
region (HSR) and Sp100, AIRE-1, NucP41/75, DEAF-1 (SAND)
domains (52), and it may potentially be involved in the protein–
protein interactions, which may result in expression changes of
target genes and/or execution of different transcriptional programs.

Interestingly, it was shown recently by yeast two-hybrid interaction
screening that SP110 physically interacts with survival of motor
neuron 1 (SMN1) and transthyretin (TTR) (53). This interaction is
noteworthy because these two proteins are known to be involved
in the degenerative neuromuscular disorders spinal muscular at-
rophy and TTR amyloidosis, pointing to the possibility of com-
mon or intersecting pathways affected in neurodegeneration
that may result in the development of different yet related
neuromuscular diseases.
In addition, SNPs with subsignificant associations with human

neurodegenerative, neuropsychiatric, and inflammatory disor-
ders are found within and around SP110 (SI Appendix, Fig. S8).
Although the associations in humans do not reach significance,
the strong signal in dogs may support the involvement of SP110
in the human disease pathogenesis and warrant a deeper analysis
of ALS cohorts.
The fact that ALS displays heterogeneity in both phenotype and

genotype complicates the development of treatments. Identifying
modifier loci that influence disease severity or age of onset is
important because such loci could point toward the final pathways
of neurodegeneration rather than initial events, and thereby offer
therapeutic opportunities that are shared across patients (8, 38).
To our knowledge, this study is the first proposing the in-

volvement of a nuclear body protein in DM or ALS susceptibility.
Establishing the role of the SP110 gene in the pathology of DM as
well as the potential role in ALS will require additional in-
vestigation, such as evaluating the effect of the risk haplotype on
expression of SOD1 and presence of SOD1 aggregates. We believe
our finding suggests that variation in the immune response asso-
ciated with variation in SP110 isoforms can alter the onset and
progression of these diseases. Developing an understanding of the
mechanism by which variation in SP110 influences DM disease
risk could help guide future clinical trials.
In conclusion, DM and ALS are fatal progressive neurode-

generative diseases with no effective treatments and where path-
ogenesis remains undefined. The aim of the present study was to
identify genetic modifiers of disease risk in dogs that are predis-
posed to DM by being homozygous for the SOD1 risk allele. We
report that variants within SP110modify the genetic risk and age of
onset of DM in PWC dogs homozygous for mutant SOD1, and that
those variants contribute to changes in the SP110 gene regulation
and isoform ratio expressed in blood cells.
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Fig. 5. Luciferase and EMSA analyses of variants assessing regulatory po-
tential. The regulatory potential of intronic SNPs cfa25:45,444,053 (A) and
cfa25:45,445,768 (B) was assessed by luciferase reporter assay in the Jurkat
T-cell line. After transfection, cells were left unstimulated or stimulated with
PMA and ionomycin for 12 h. The risk alleles for both SNPs correlate with
lower luciferase levels in nonstimulated and stimulated cells. RFU, relative
fluorescence units. Bars represent mean values ± SEM. Statistical analysis was
done using an unpaired t test. An EMSA was performed to test for differ-
ential DNA binding of Jurkat-cell nuclear extract between the nonrisk and
risk alleles at cfa25:45,444,053 (C) and cfa25:45,445,768 (D). (C) Binding to
the risk allele at cfa25:45,444,053 appears stronger than the corresponding
binding to the nonrisk allele at two locations (red arrowheads), and binding
of one transcription factor may be lost in the risk allele (blue arrowhead).
(D) At cfa25:45,445,768, binding to the risk allele at one location appears
stronger than in the nonrisk allele (red arrowhead). Lab. P., labeled probe;
NR, nonrisk allele; Nuc. Ex., Jurkat nuclear extract; R, risk allele; Unlab. P.,
unlabeled probe.
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Fig. 6. SP110 isoform expression by genotype at cfa25:45,444,053. Expression
levels of the full-length (A; FL) and Δ exon 8 (B; Δex8) transcripts measured in
the total RNA purified from blood of healthy NSDTRs genotyped for SNP
cfa25:45,444,053 are shown. Twenty-three dogs homozygous for the G allele,
46 heterozygotes for the G and T alleles, and 43 homozygotes for the T allele
were analyzed. Red boxes (risk), black boxes (heterozygotes), and blue boxes
(nonrisk) represent the 25–75% interquartile range with the median, and the
10–90 percentile range with maximum and minimum values. The gene ex-
pression was normalized to the levels of the housekeeping gene TBP and
analyzed using one-way ANOVA. The full-length transcript is down-regulated
in the risk, whereas the Δ exon 8 transcript is up-regulated.
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Methods
Samples: General. All blood samples in the study were collected from com-
panion dogs in North America, Sweden, or Norway. Samples for genetic
mappingwere collected by primary care or specialist veterinarians and sent to
the University of Missouri or the Broad Institute, obtained from dogs brought
to the University of Missouri for euthanasia and necropsy or collected in the
Canine Health Information Center DNA Bank (offa.org/chicdnabank.html).
DNA was extracted from whole blood or buccal swabs as previously de-
scribed (23). A presumptive diagnosis of DM was based on clinical signs, and
the diagnosis was confirmed by histopathology showing a characteristic pat-
tern of axonal degeneration, myelin loss, and gliosis in the thoracic spinal cord
(16). All spinal cord tissues were examined, with phenotype blinded, by the
same board-certified veterinary pathologist (G.C.J.). Sample collection proto-
cols were approved by the University of Missouri Animal Care and Use Com-
mittee (protocols 6054 and 7349), by MIT (MIT 0910-074-13), and by the Ethical
Board for Experimental Animals in Uppsala, Sweden (Dnr C138/6 and C417/12).
Homozygosity for the SOD1 risk allele was determined by pyrosequencing or
TaqMan allelic discrimination as previously described (17, 23).

Samples: PWC. The samples used for mapping the genetic modifier in the
discovery phase consisted of 15 DM-affected and 35 unaffected PWCs ho-
mozygous for the SOD1 E40K risk allele. The affected dogs were selected to
have onset of disease signs at the age of 9 y or younger. Among the affected
dogs, 14 were confirmed through histopathology of the spinal cord and one
dog was diagnosed through MRI ruling out other causes of the clinical signs.
The unaffected dogs were free of disease signs at the ages of 11–15 y.

To replicate the findings, we studied an additional set of 32 affected and 13
unaffected PWCs homozygous for the SOD1 risk allele. In the dogs with DM,
diagnosis was confirmed by histopathology (n = 28), or presumptively based
on clinical signs and MRI of the spinal cord (n = 2) or myelography (n = 2). The
age of onset ranged from 9 to 15 y. Of the additional controls, eight were
older than 11 y of age and five were reported as “older dogs without signs of
DM,” but exact age information was not available.

To obtain a population estimate of haplotype frequencies, 273 additional
PWC dogs of varying age were genotyped. Most of these (263 of 273) dogs
were homozygous for the SOD1 risk allele, but there was no information
regarding DM status.

Samples: Boxer. To examine the modifier locus in the Boxer breed, we eval-
uated haplotype frequencies in 15 Boxers with DM confirmed through histo-
pathology and 10 Boxers without DM at 11 y of age, all homozygous for the
SOD1 E40K risk allele.

Samples: Other Breeds. To examine the modifier locus in additional breeds, we
constructed haplotypes in a panel of 265 dogs from 85dog breeds. Among these
samples were 36 dogs that carried the SOD1 risk allele and had a confirmed
diagnosis of DM: 8 Bernese Mountain Dogs, 11 Chesapeake Bay Retrievers, 8
German Shepherd Dogs, and 9 Rhodesian Ridgebacks. No phenotypic in-
formation was available for the rest of the dogs. For gene expression
studies, blood samples collected from 112 healthy NSDTRs living in Sweden
or Norway were used.

GWAAnalysis. Samplesweregenotypedusing the IlluminaCanineHDGenotyping
BeadChip containing more than 170,000 SNP markers. The dataset was fil-
tered for call rate in SNPs (98%) and individuals (95%), deviation fromHardy–
Weinberg equilibrium in controls at P < 1 × 10−6, and nonvarying SNPs
(minor allele frequency < 0.01). Because all samples were selected to carry
two copies of the SOD1 risk allele, this dataset was affected by some
population structure. We used several strategies to control for population
structure. First, to identify and remove genetic outliers in the population,
multidimensional scaling plots were constructed using PLINK (54). Second,
relatedness was assessed by GCTA (55), estimating the genetic relationship
between all pairs of individuals in the dataset. For each pair of dogs related
at >0.25 (half-sibling level) with the concordant phenotype, one dog was
removed from the dataset, leaving 15 cases and 31 controls for the analysis.
In the final association analysis, population structure was further controlled
by using a mixed model approach in Efficient Mixed-Model Association
eXpedited (EMMAX) (56) with the first two principal components calculated
by GCTA as covariates. The threshold for genome-wide significance was
assessed in several ways: by Bonferroni correction accounting for 170,000
markers, which defines P < 2.9 × 10−7 as genome-wide significant, and by
plotting the 95% confidence intervals based on the distribution of beta
values (effect size estimates) obtained from EMMAX. To investigate patterns

of LD in the region, Haploview (57) was used to calculate pairwise estimates
of r2 values between individual SNPs.

Variant Discovery by Whole-Genome Sequencing. Three PWCs homozygous for
the SOD1 risk allele were subjected to whole-genome resequencing. These
dogs were selected based on phenotype; one reached the age of 14 y
without signs of DM, and the other two were phenotypically affected and
histologically confirmed to have DM with onset at the age of 9 y. For each
sample, a 300-bp insert size library and a 400-bp insert size library were
prepared according to Illumina standard protocols. Two insert sizes were
used to ensure sufficient library complexity and minimize bias from library
preparation. Paired-end 100-bp reads were generated using Illumina HiSeq.
Library preparation and sequencing were carried out at the University of
Missouri DNA Core Facility.

Fastq files were aligned to canFam2 using the Burrows–Wheeler Alignment
(BWA) tool version 0.6.2 (58). Realignment, duplicate marking, quality recali-
bration, and variant calling were carried out using Genome Analysis Toolkit
(GATK) version 1.4.5 (59) and Picard version 1.59 (broadinstitute.github.io/
picard/). The whole-genome sequence data provided information on available
variants for fine-mapping the region. The Integrative Genomics Viewer (IGV)
(60) was used for visual inspection of called variants. Variants were selected
based on their potential to affect function, giving priority to variants
overlapping coding sequence and noncoding conserved elements, and also
based on spacing to increase the resolution around the strongest SNPs in
the GWAs.

Additional Genotyping. To fine-map the association signal in the PWC GWA
samples, a total of 116 SNPs located in the cfa25:42,181,379–cfa25:46,659,998
region were genotyped using Sequenom iPLEX. These SNPs included 101
new SNPs selected from the sequencing data and 15 SNPs present in the
GWAs. The assay was designed using MassARRAY Assay Design 3.1, and
genotyping was performed at the Broad Institute’s Genomics Platform
according to the manufacturer’s instructions. The iPLEX genotyping included
all PWC GWA samples that had available DNA as well as some samples from
the PWC replication cohort, the Boxer samples, and confirmed DM cases
from other breeds.

Additional samples from the PWC replication cohort, the PWC population
cohort, and the other breeds panel were genotyped for the five haplotype-
defining SNPs by custom TaqMan SNP Genotyping Assays (Applied Biosystems).
Assays were run on a LightCycler 480 (Roche Life Science) using TaqMan
Universal PCR Master Mix, no AmpErase UNG, or TaqMan Genotyping Master
Mix, and 45–67.5 ng of genomic DNA in a 5-μL reaction volume. Each sample
was run in duplicate. End-point genotyping analysis was performed using
LightCycler 480 software (version 1.5.0.39). Further details are available upon
request. To ensure the consistency of the two genotypingmethods, 42 samples
were typed with both methods, yielding 206 of 207 concordant genotypes.

Further Association Analysis in the GWA Region Establishing the Risk
Haplotype. The iPLEX data were filtered for low call rate (<90%) in SNPs
or individuals and merged with the GWA data. BEAGLE version 3.3.2 (61)
was used to impute missing data in the cfa25:40–50 Mb region for the total
dataset using samples with both GWA data and iPLEX data as the reference
database and allelic R2 ≥ 0.8 as the cutoff denoting successful imputation.
Association was analyzed in the GWA dataset using the mixed model in
EMMAX. LD (r2) values between all variants of the associated region were
obtained from Haploview. Variants within 1 Mb and in strong LD (r2 > 0.7)
with the top SNP were identified using PLINK LD clumping and used as input
for haplotype phasing in PHASE version 2.1 (62, 63). For the final phasing of
haplotypes, all PWCs (n = 368) with available data for the variants at positions
cfa25:45,435,040, cfa25:45,437,568, cfa25:45,443,320, cfa25:45,445,891, and
cfa25:45,447,628 were used, regardless of phenotype information and SOD1
status. Differences in the frequency of affected and unaffected PWCs carrying
at least one copy of the risk haplotype were assessed using the Fisher exact
test, two-tailed in R.

Kaplan–Meier analysis was performed with the event defined as onset of
DM signs and time to event defined as age of onset for individuals with an
event. For individuals without an event, the age of ascertainment (the last
time point when information regarding signs of DM was available) was used
to indicate the time point for censoring. The analysis incorporated both the
discovery and replication datasets (affected = 47, unaffected = 48). The
analysis was performed using the survival package in R, and the difference
between carriers and noncarriers of the risk haplotype was assessed using
the log-rank test.

For samples from other breeds, genotype data for the variants at positions
cfa25:45,435,040, cfa25:45,437,568, cfa25:45,443,320, cfa25:45,445,891, and
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cfa25:45,447,628 were used as input for haplotype phasing in PHASE. The 25
Boxers with detailed phenotype information were analyzed separately from
the other breeds that had fewer representatives.

Deep Sequencing of the Associated Haplotype. To detect all variants present
on the associated haplotype, targeted sequencing of the haplotype region
was attempted for 39 of the samples used in the GWA analysis. The region
was enriched by long-range PCR; three overlapping primer pairs were
designed to provide coverage of the region: fragment 1: cfa25: 45,433,855–
45,440,186, amplicon size of 6,332 bp; fragment 2: cfa25: 45,439,220–45,444,832,
amplicon size of 5,612 bp; and fragment 3: cfa25: 45,443,583–45,449,113,
amplicon size of 5,531 bp. PCR was carried out using the Novagen KOD Hot Start
DNA Polymerase kit, according to manufacturer’s instructions, in a reaction
volume of 25 μL using 0.4 μM of each primer and 50–100 ng of genomic DNA.
Details regarding primer sequences and cycling conditions are available upon
request. Post-PCR clean-up was performed using Agencourt AMPure XP Mag-
netic Beads (1.6×; Beckman Coulter).

Each fragmentwas amplified for each individual separately and analyzed on
0.8%agarose gels. Based on visual inspection, equimolar amounts of fragments
1–3 were pooled for each individual. Five hundred nanograms of the pooled
DNA was fragmented by Covaris to generate 550-bp fragments and subjected
to AMPure Beads clean-up (1.6×). End repair, 3′ adenylation, and adapter li-
gation steps were performed; each step was followed by AMPure beads clean-
up. Illumina Compatible NEXTflex-96TM DNA Barcodes were added in the
adapter ligation. To ensure enrichment of fragments with ligated adapters,
10 ng of barcoded DNA was amplified for seven cycles with NimbleGen TS-PCR
Oligo 1 and TS-PCR Oligo 2. The amplification was followed by AMPure beads
purification, and the resulting products were eluted in water. Amplifica-
tion and library preparation were successful for 34 of 39 samples.

Forty nanograms of barcoded DNA from each individual was pooled and
submitted for paired-end sequencing by Illumina MiSeq 2 × 250-bp reads at
the SciLifeLab Uppsala SNP&SEQ Platform. Fastq files were aligned to can-
Fam2 using BWA version 0.7.8-r455 (58). Realignment, duplicate marking,
quality recalibration, and variant calling were carried out using GATK ver-
sion 2.8.1 (59) and Picard version 1.92. The targeted sequence data provided
genotype data for all variants detectable in the haplotype region in 34
samples from the GWA cohort. SEQscoring (64) was used to rate called
variants by conservation, defined as overlap with constraint elements de-
tected by the alignment of 29 eutherian mammals (65). SnpEff (66) was used
to annotate coding variants. Prediction of the effect of amino acid substi-
tutions on protein function was performed using SIFT (27), PolyPhen-2 (28),
SNAP (29), and consensus classifier PredictSNP (30). Coordinate positions
were transferred from the dog genome canFam2 to the human genome hg
19 (GRCh37) using LiftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver).

Association Analysis of All Variants on the Risk Haplotype. The variants from
sequencingweremergedwith the GWAand fine-mapping data for the cfa25:40
to 50-Mb region, and BEAGLE version 3.3.2 (61)was used to imputemissing data
in the total dataset using samples with both GWA data and iPLEX data as the
reference database and allelic R2 ≥ 0.8 as the cutoff denoting successful im-
putation. The imputed dataset was filtered for low call rate (<90%) in SNPs and
merged with the full GWA dataset. Association was analyzed in the total
dataset using the mixed model in EMMAX, as previously described.

Luciferase Reporter Assay. Two DNA fragments, one 251 bp long containing
SNP cfa25:45,444,053 and the other 397 bp long with SNP cfa25:45,445,768,
were amplified by PCR using genomic DNA obtained from dogs with known
genotypes as templates and cloned in the pGL4.26 reporter vector (Promega)
by EcoRV and HindIII sites. After sequence validation, the plasmids were
purified using an EndoFree Plasmid Maxi Kit (Qiagen) and transfected into
the Jurkat T-cell line as follows: 7 × 105 cells were seeded in each well in the
24-well plates in the RPMI-1640 medium supplemented with L-glutamine and
10% (vol/vol) heat-inactivated bovine serum. Seven hundred fifty nanograms of
the reporter plasmid or intact pGL4.26 vector and 50 ng of the pRL-TK (Promega)
vector were mixed with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol and added to each well. Thirty-six hours after trans-
fection, cells were additionally stimulated for 12 h with 20 ng/mL PMA and
0.5 μM ionomycin, and then harvested and assayed for Firefly and Renilla lu-
ciferase activities with the Dual-Luciferase Reporter Assay System (Promega).

The experiment was repeated three times with four technical replicates for
each plasmid. The unpaired Student’s t test was used for statistical analysis.

RNA Extraction from NSDTR Blood and cDNA Synthesis. For gene expression
studies, 112 healthy NSDTRs genotyped for the SNP cfa25:45,444,053 were
used. Briefly, total RNA from blood drawn directly in Tempus Blood RNA
tubes (Applied Biosystems) was purified using the Tempus Spin RNA Isolation
Reagent Kit (Applied Biosystems) according to the manufacturer’s instruc-
tions. cDNA synthesis was performed at 42 °C for 80 min using 2 μg of RNA,
5 μM oligo-dT primer, Moloney Murine Leukemia Virus Reverse Transcriptase
(MuLV-RT), and RNase inhibitor in the buffer supplemented with 5 mM
MgCl2 and 1 mM dNTPs. All reagents were purchased from Applied Bio-
systems. The reaction was stopped by heat inactivation at 95 °C for 5 min,
and cDNA was diluted to 15 ng/μL.

Quantitative RT-PCR. Before gene expression studies, the transcripts of the
canine SP110 gene were annotated by PCR with primers matching different
exons. Two major isoforms, the full-length and Δ exon 8, with in-frame
deletion of exon 8, were detected in the canine blood cells. Further, the
mRNA levels for the two major SP110 transcripts, the total SP110 transcripts,
and the total SP140 gene transcripts were measured by quantitative real-
time PCR using SYBR Green for signal detection. Gene-specific primers are
shown in SI Appendix, Table S2. After initial denaturation at 95 °C for 5 min,
45 cycles (denaturation at 95 °C for 15 s, annealing at 62 °C for 15 s, and po-
lymerization at 72 °C for 25 s) were carried out. PCR buffer was supplemented
with 1.5 mM MgCl2, 200 μM dNTPs (each), primers, SYBRGreen (Molecular
Probes), 15 ng of cDNA, and 0.5 units of Platinum Taq polymerase (Invitrogen).
Expression levels were normalized to the levels of the TBP gene. All experi-
ments were run in triplicate. Correlation of gene expression with genotypes
was performed using one-way ANOVA tests in PRISM 6 (GraphPad Software).

EMSA. EMSAs were performed to test for differential DNA binding between
the nonrisk and risk alleles at three SNPs: cfa25:45,443,320, cfa25:45,444,053,
and cfa25:45,445,768. Probes were designed as 31-bp duplex oligonucleo-
tides with the SNP at the midpoint. The probes were labeled with 5′ biotin
(Integrated DNA Technologies). Nuclear extract from the Jurkat cell line was
purchased from Active Motif.

EMSAs were performed using the Thermo Scientific LightShift Chemilu-
minescent EMSA Kit, following the manufacturer’s instructions with minor
adjustments. Briefly, for both the nonrisk and risk probes for each SNP, three
reactions were performed: (i) control with labeled probe and no nuclear
extract; (ii) 5 μg of nuclear extract and 20 fmol of labeled probe; and (iii) 5 μg
of nuclear extract, labeled probe, and a 200-fold molar excess of un-
labeled probe as a competitor. The reaction mixes were incubated for 40 min
at 4 °C and then run at room temperature on a prerun native 6% poly-
acrylamide gel (Invitrogen) at 100 V for 60 min. The DNA was then transferred
to a nylon membrane using the XCell II Blot Module (Invitrogen), and UV cross-
linked. Detection was performed using stabilized streptavidin-horseradish per-
oxidase conjugate, followed by a stable peroxide/Luminol/enhancer solution.
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