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Neuronal ceroid lipofuscinoses (NCLs) represent the most common
group of inherited progressive encephalopathies in children. They
are characterized by progressive loss of vision, mental and motor
deterioration, epileptic seizures, and premature death. Rare adult
forms of NCL with late onset are known as Kufs’ disease. Loci
underlying these adult forms remain unknown due to the small
number of patients and genetic heterogeneity. Here we conﬁrm
that a late-onset form of NCL recessively segregates in US and
French pedigrees of American Staffordshire Terrier (AST) dogs.
Through combined association, linkage, and haplotype analyses,
we mapped the disease locus to a single region of canine chromosome 9. We eventually identiﬁed a worldwide breed-speciﬁc variant in exon 2 of the Arylsulfatase G (ARSG) gene, which causes
a p.R99H substitution in the vicinity of the catalytic domain of the
enzyme. In transfected cells or leukocytes from affected dogs, the
missense change leads to a 75% decrease in sulfatase activity, providing a functional conﬁrmation that the variant might be the NCLcausing mutation. Our results uncover a protein involved in neuronal homeostasis, identify a family of candidate genes to be
screened in patients with Kufs’ disease, and suggest that a deﬁciency in sulfatase is part of the NCL pathogenesis.
animal model
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n humans, neuronal ceroid lipofuscinoses (NCLs) are neurodegenerative disorders characterized by various neurologic alterations and intracellular accumulation of autoﬂuorescent storage
material. NCLs represent the most common group of progressive
encephalopathies in children (1). Some 10% of NCLs are sporadic
or inherited adult-onset forms known as Kufs’ disease (2–4). All
NCLs, except rare autosomal dominant adult forms, segregate as
autosomal recessive morbidity traits and are subclassiﬁed into 10
genetic forms, designated CLN1–CLN10, 8 of which (CLN1–3,
CLN5–8, and CLN10) have been characterized molecularly (1).
Genes underlying Kufs’ disease (CLN4) and CLN9 remain to be
identiﬁed.
NCLs compose a subgroup of lysosomal disorders in which altered biochemical pathways affect primarily neurons. Because
these postmitotic neurons are metabolically very active, individuals
with an NCL cannot dilute aggregates during cell division. These
aggregates induce cellular damage or oxidative stress, eventually
leading to early neuronal apoptosis (5). Although most CLN proteins have been identiﬁed, their speciﬁc contribution to NCL
pathogenesis remains largely unknown. Indeed, CLN2 is a soluble
lysosomal enzyme, but its various physiological substrates are not
accumulated in the storage material (reviewed in ref. 1). More
likely, a large panel of lysosomal and nonlysosomal CLN proteins
www.pnas.org/cgi/doi/10.1073/pnas.0914206107

are involved in cellular mechanisms, including compartments outside the lysosome (5). For instance, intracellular autoﬂuorescent
storage material comparable to that found in NCLs has been reported in lymphoblasts treated with pharmacological inhibitors of
microtubule assembly (6). To date, the three main cellular mechanisms likely impaired in NCLs are intracellular and membrane
trafﬁcking, autophagy, and calcium storage. First, cytoskeletonassociated proteins display abnormalities in CLN1- and CLN5deﬁcient neurons that are associated with changes in the growth
cone assembly (7), and CLN1 modulates the early stages of endocytic vesicule formation (8). Second, reduced autophagy through
inhibition of fusion between autophagosomes and lysosomes is observed in most NCLs (5). This results in the accumulation of polyubiquitinated proteins and damaged mitochondria (potent generators of reactive oxygen species), and also in the activation of the
endoplasmic reticulum stress, whose pathways converge to the
caspase 9-induced apoptosis signal (5, 9). Third, lysosomal dysfunction may promote calcium-mediated cell death through membrane, mitochondrial, or endoplasmic dysfunction. Elevated calcium
concentrations are cytotoxic. Specialized proteins from these compartments are required to maintain low calcium levels. An example
of altered calcium cycling in CLN3-deﬁcient neurons has been
reported (10). Finally, these cellular mechanisms are presumably
interconnected, given that, for example, CLN5 has been found to
interact with CLN1, CLN2, CLN3, CLN6, and CLN8 (11).
Several mammalian models have been described, most of which
recapitulate early- or juvenile-onset NCLs (www.caninegeneticdi
seases.net/CL_site/mainCL.htm and refs. 1, 12, and 13). Adult
American Staffordshire terriers (ASTs) may suffer from ataxia,
a condition deﬁned by uncoordinated and inaccurate movements
and awkward positions (14, 15). Histopathological brain examination in affected ASTs has revealed severe cerebellar cortical
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abiotrophy and remodeling with loss of Purkinje cells (15, 16).
Segregation analysis of ataxia in ASTs supports an autosomal recessive mode of inheritance with an alarming incidence of the
deleterious allele, estimated at ∼40% (15). Another study of ﬁve
unrelated Swiss cases revealed the presence of autoﬂuorescent
cytoplasmic storage material in Purkinje cells, suggesting that the
ataxia might result from NCLs (16). Here we conﬁrm that ASTs
represent a model of a late-onset form of NCL that led us to identify
tentatively arylsulfatase G, a sulfatase ensuring long-term neuronal
survival, as a candidate protein for CLN4.
Results
Affected Ataxic ASTs Suffer from a Late-Onset NCL. We analyzed
a total of 138 French and US ASTs that exhibited locomotor
disabilities. All of the dogs displayed static and dynamic ataxia,
a condition detected early by owners (Fig. 1A). Ataxia initially
involved loss of balance and stumbling when turning corners,
walking uphill or downhill, or negotiating stairs (Movie S1).
Neither owners nor veterinarians reported visual impairment in
any of the affected dogs. A majority of the dogs (70%) ﬁrst displayed locomotor ataxia between 3 and 5 y of age (Fig. S1). All 58
of the 138 dogs diagnosed by MRI exhibited signiﬁcant cerebellar
atrophy (Fig. 1B and ref. 17). At necropsy, the affected dogs
displayed cerebellar atrophy. The most prominent histological
ﬁnding recorded in each of these dogs was a marked loss of
Purkinje cells (Fig. 1C and D). PAS reagent–, Luxol fast blue–,
and Sudan black–positive material was observed in the cytoplasm
of surviving or remnants of Purkinje cells (Fig. 1D), macrophages
and neurons in the occipital cortex, the hypoglossal nuclei, the
posterior nuclei of the thalamus (Fig. S2), and pyramidal cells

Fig. 1. Clinical and histopathological features of the disease. (A) The widebased stance (white polygon) of a 5-y-old affected AST illustrates loss of
motor coordination. (B) Sagittal 2-T weighted MRI of the brain from a 6-yold AST through the cerebellum. (Inset) A similar image at the same scale of
the cerebellum from an age-matched healthy AST, the outline of which has
been projected on the cerebellum of the main image (white dotted line). A
reduction of gray matter is demonstrated by the enlarged sulci (arrowheads). (C and D) Transverse sections of the cerebellum from healthy dogs
(C) and affected dogs (D), stained with PAS reagent and counterstained in
Mayer’s hematoxylin solution. (C) In a normal cerebellum, the large PASnegative Purkinje neurons lie between the molecular (top left) and granular
(bottom right) layers. (D) In the cerebellum from an affected dog, massive
Purkinje cell loss results in a blurry line. The remaining Purkinje neurons
(arrows) or neuron remnants (arrowheads) accumulate perinuclear PASpositive granular material. (Inset) Affected Purkinje neurons imaged on
transmission electron microscopy show accumulated lysosomal material
composed of concentric straight or curved proﬁles with alternating clear and
dense bands. (Scale bars: 50 μm for the sections; 250 nm for the inset.)
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from the hippocampus and Ammon’s horn. This material was
highly suggestive of pathological ceroid lipofuscin accumulation.
Ultrastructural examination of Purkinje cells revealed abnormal
lysosomes ﬁlled with inclusions of material of medium electron
density displaying curved, straight, or concentric proﬁles with alternate clear and dense bands (Fig. 1D, Inset). The white matter,
lymph nodes, and spleen appeared histologically normal in the
necropsied dogs. Unlike in other NCL dog models, degenerative
lesions or lipofuscinosis were not observed in the retina.
Based on these clinical and histopathological features, we conﬁrmed that the ataxia frequently seen in French and US AST
populations is highly reminiscent of an NCL. Our earlier conclusion
based on a panel of US ASTs suggesting that NCL segregates as an
autosomal recessive trait (15, 18) was conﬁrmed once we included
73 French ASTs for which pedigree information was available
(Table S1).
Mapping the NCL Locus and Identiﬁcation of an ARSG Missense
Mutation. To map the NCL locus, we genotyped 77 unrelated

French ASTs with 247 microsatellites from the MSS2 screening set
(19). The cohort included 39 affected dogs (22 males and 17
females) and 38 nonaffected dogs age >3 y (22 males and 16
females). A single marker strongly associated with NCL (C09.173;
χ2 test, Bonferroni-corrected P = 4.1 × 10−13) (Fig. 2A) was identiﬁed on canine chromosome 9 (CFA09). This association was
conﬁrmed by genotyping the cohort with 14 additional polymorphic
microsatellites or SNPs (Table S2 and Fig. 2A). The highest P value
was obtained for ABCA5-SNP (χ2 test, Bonferroni-corrected P =
1.1 × 10−15). In parallel, we genotyped 48 related US ASTs with
a genome-wide panel of 315 microsatellites. The NCL locus mapped to the same region on CFA09. A peak in linkage yielding
a maximum LOD score of 9.4 was detected for a 2.8-Mb segment
between FH2263 and CAP09S (18) (Fig. 2B). To identify additional
informative markers, we genotyped 12 affected and 10 healthy
French ASTs using the Illumina Inﬁnium CanineSNP170 array. We
chose six polymorphic SNPs to genotype the cohort of 77 French
ASTs. A haplotype spanning a 678-kb region between rs8736681
and C09.173 was common to 100% of the affected dogs and 58.5%
of the healthy dogs (χ2 = 40.7; P < 0.001) (Fig. 2B). This haplotype
includes four Illumina SNPs, the ABCA5-SNP, C09.173 from the
MSS2, and two microsatellites identiﬁed in our laboratory (Table
S2). By combining the haplotype and linkage data, we deﬁned
a 1,039-kb critical region delimited by DTR9Alf1 and CAP09S. This
region is syntenic to human chromosome 17 and to mouse chromosome 11, on which neither NCL nor cerebellar ataxia loci have
been mapped (www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM and
www.informatics.jax.org).
The 1,039-kb critical region spans nine protein-coding genes,
a U6 noncoding small nuclear RNA gene (Fig. 2B), and two nonannotated genes. To select candidate genes, we compiled functional and expression data on the described or putative function of
the 12 genes, their expression pattern in human and mouse tissues,
and their expression pattern in dog tissues assessed by RT-PCR
(Fig. S3 and Table S3). Three genes were candidates: the ATPbinding cassette, subfamily A, member 5 (ABCA5) gene, because the
C09.173 marker is located within ABCA5 intronic sequence, and
the Arylsulfatase G (ARSG) and the Mitogen-activated protein kinase
6 (MAP2K6) genes, because they are expressed in the central nervous system and may play a role in neuronal homeostasis. Sequence
analysis of the coding and intron–exon boundaries of the three
genes in four healthy dogs and four affected dogs revealed two
differences between the healthy and affected dogs: (i) a synonymous ABCA5-SNP associated with NCL (Fig. 2A and Table S3)
and (ii) a nonsynonymous c.296G > A substitution in exon 2 of the
ARSG gene (ARSG-SNP). This nonsynonymous c.296G > A substitution was detected in two copies in all 138 affected ASTs, but
not in 47% (86/181) of healthy ASTs, and was detected in a single
copy in 50% (91/181) of healthy ASTs from the French and US
Abitbol et al.

panels (Table 1). The presence in 50% of healthy carriers was
compatible with the high prevalence of the disease allele inferred in
the AST breed (15). Moreover, the c.296G>A substitution was
absent in 525 healthy dogs from 54 other breeds (Table S4). Remarkably, four ASTs from the healthy group were genotyped A/A
and shared the 678-kb spanning haplotype speciﬁc to NCL. Three
of these dogs were 9 y old at the time of the study (June 2010).
Because their owners did not give consent, these dogs could not be
evaluated by MRI, but their clinical status is currently being monitored. The fourth dog died at age 13 y from a nonneurologic disease. However, histopathological examination of this dog’s brain
Abitbol et al.

revealed mild accumulation of ceroid lipofuscin in Purkinje neurons, the level and staining pattern of which were clearly different
from those routinely observed in aging dogs. Thus, this accumulation was considered a subclinical consequence of the low
expressivity of the mutation in this dog. In conclusion, multibreed
segregation analyses of the c.296G>A substitution in the ARSG
gene conﬁrmed that the mutation is speciﬁcally associated with
NCL in ASTs.
Reduced Arylsulfatase Activity of the Mutated ARSG. The c.296G>A
substitution results in the p.R99H substitution in the canine
PNAS | August 17, 2010 | vol. 107 | no. 33 | 14777
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Fig. 2. Mapping, ﬁne-mapping, and identiﬁcation of a candidate gene for NCL in ASTs. (A) A single locus with strong genome-wide signiﬁcance was
identiﬁed on CFA09 (larger black diamonds) and conﬁrmed (white diamonds); see Table S2. The −log(P values) are reported on the y-axis. The 2.8-Mb
candidate region deﬁned by our linkage analysis (18) is shown. (B) Fine-mapping using haplotype analysis for NCL. Haplotypes identiﬁed in affected ASTs are
shown as boxes (NCL allele, black boxes; alternative allele, white boxes). Genotyped microsatellites and SNPs are indicated in their 5′-3′ position, and their
position on CFA09 is shown. The Haplotypes with a frequency <2% are omitted. In the bottom part, candidate genes within the critical region are shown. The
relative positions of markers are indicated by vertical black lines, and the nonsynonymous associated ARSG-SNP is represented by an asterisk. (C) (Left)
N-terminal sequence of ARSG or predicted ARS from metazoans is aligned with the N-terminal amino acids of human ARS. Conserved amino acids are in bold
type. Arrows point to two of the 10 residues involved in the catalytic site of arylsulfatases (22), with positions referring to the canine ARSG. The R99 mutant in
affected dogs is highlighted by an asterisk. (Right) The sequence ﬂanking the R99 of the canine WT ARSG protein (ARSG) is aligned with the corresponding
sequence of the mutated protein (ARSG-NCL) and best aligned with the R84 of the human WT ARSA (ARSA), replaced by a glutamine (Q) or a tryptophane (W)
in some patients affected by metachromatic leukodystrophy [ARSA-ML1; (25) and ARSA-ML2, (24)].

Table 1. Genotype frequencies for the ARSG-SNP in healthy and affected ASTs
Clinical status of dogs
Genotype at the ARSG-SNP locus
French ASTs
US ASTs

Healthy
G/G
53.5% (n = 38)
43.6% (n = 48)

G/A
45.1% (n = 32)
53.6% (n = 59)

Affected
A/A
1.4% (n = 1)
2.7% (n = 3)

A/A
100% (n = 66)
100% (n = 72)

The number of dogs is indicated in brackets. The high frequency of heterozygotes (50%) is compatible with
the frequency of the deleterious allele that has been estimated to ∼40% in US pedigrees (15).

protein. ARSG belongs to a large family of sulfatases conserved in
metazoans (20). To evaluate the functional impact of the p.R99H
substitution, we assessed the selective pressure exerted on the R99
residue by sequence alignments. The canine R99 is conserved
with all of the functionally characterized human ARSs (Fig. 2C),
a maximum conservation level previously reported for the 10
residues of the catalytic domain (20, 21). Moreover, the R99 of
canine ARSG best aligns with R84 of human ARSA (Fig. 2C).
The crystal structure of ARSA indicates that R84 might be essential for its enzymatic activity (22). Indeed, p.R84Q or p.R84W
substitution in human ARSA induces decreased enzymatic activity, eventually leading to metachromatic leukodystrophy (Fig.
2C) (23–25).
To test whether R99 plays a role in ARSG activity that would
be impaired in affected dogs, we overexpressed the WT and
p.R99H variants in HEK293T and compared the resulting ARSGspeciﬁc activity (Fig. 3 A and B). To prevent redundant activity due
to other ARSs (26–28), we applied speciﬁc inhibiting conditions.
ARSC, ARSE, and ARSF were inhibited at pH 4.6, and ARSB was
inhibited in the presence of 10% NaCl. In addition, ARSA and
ARSE activity was blocked by warfarin at 187.5 mM (Fig. S4). In
HEK293T cells transfected with the p.R99H variant–expressing
vector, the ARSG activity reached only 18.1% of the ARSG activity measured in HEK293T cells transfected with the WTexpressing vector (10.28 ± 1.66 and 56.7 ± 1.78, respectively; n = 7;
Mann–Whitney–Wilcoxon P = 0.0017). ARSG activity did not
differ signiﬁcantly in HEK293T cells transfected with the p.R99H
variant–expressing vector and with the control vector (12 ± 1.73;
n = 7; Mann–Whitney–Wilcoxon P = 0.403). These ﬁndings indicate that the p.R99H variant is unable to restore WT ARSG activity in overexpressing cells.
To conﬁrm the loss of activity of the p.R99H variant under
physiological conditions, we compared the ARSG activity in
healthy and affected ASTs. Because the canine ARSG gene is
ubiquitously expressed in dogs (Table S3), we evaluated the
arylsulfatase activity in leukocytes (Fig. 3C). After 1 h of incubation with the substrate, the ARSG activity of leukocytes was
signiﬁcantly lower in affected dogs compared with healthy dogs
[110.2 ± 10.82 (n = 5) vs. 446.2 ± 80.89 (n = 5); Mann–Whitney–
Wilcoxon P = 0.009]. This reduced activity remained signiﬁcantly
lower in affected dogs after 2 h of incubation [73.2 ± 3.79 (n = 5)
vs. 256.3 ± 70.15 (n = 3); Mann–Whitney–Wilcoxon P = 0.025].
Taken together, these data support the assumption that the
p.R99H substitution abolishes most of ARSG activity and that
it is the pathogenic mutation. The strong association between
ARSG-SNP and NCL was used to develop a predictive DNA test
currently exploited by AST breeders worldwide.
Discussion
AST Canine Model Identiﬁes ARSG as a Candidate Gene for Human
Late-Onset NCLs. In humans, CLN4 includes a rare adult-onset form

of NCL known as Kufs’ disease. Two groups of phenotypes have
been recognized, with some cases demonstrating characteristics of
both (2, 29). Because neither the gene mutation nor the pathological mechanism has been identiﬁed in inherited forms of CLN4,
the diagnosis is currently based on clinical, histopathological, and
ultrastructural data (4). Animal models have seldom been de14778 | www.pnas.org/cgi/doi/10.1073/pnas.0914206107

scribed, and none of these models fully recapitulates human
symptoms. Historically, the closest and most-studied model has
been the Tibetan Terrier, but nevertheless, the molecular etiology
of this inherited canine disorder remains obscure (30, 31). We
conﬁrmed that AST dogs suffering from an inherited form of locomotor ataxia are affected by a form of NCL that shares various
features with Kufs’ disease, including late onset and slow progress,
absence of visual impairment, marked cerebellar atrophy, and accumulation of PAS-positive lipopigment in Purkinje cells and
thalamic neurons.

Fig. 3. The highly conserved R99 is critical for ARSG activity. (A) In HEK293T
cells, similar overexpression levels of C-ter Myc-tagged WT (WT-Myc) or
variant (p.R99H-Myc) human ARSG are validated in a Western blot assay
(WB) by their speciﬁc immunoreactivity with an anti-Myc antibody (asterisk).
Proteins are detected at the expected molecular weight (63 kDa). NT, nontransfected cells. Adjusted levels of total proteins are conﬁrmed by levels of
the housekeeping calnexin. (B) These HEK293T cells were used to measure
ARSG activity, expressed in nmol/h/mg of protein, using a method adapted
from Frese et al. (32). Vertical bars represent the SEM for seven experiments.
(C) Total leukocyte arylsulfatase activity was compared between homozygous (G/G) healthy controls, taken as the 100% reference activity level, and
homozygous (A/A) affected ASTs. The number of sampled dogs is identiﬁed
within each histogram, and vertical bars represent SEM.
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Using combined association, linkage, and haplotype analyses,
we identiﬁed a variant in the ARSG gene that speciﬁcally segregates with the disease. Because the complete 1,039-kb candidate
region has not yet been fully sequenced, we cannot ascertain
whether the c.296G>A substitution found in ARSG is the only
important variant in linkage disequilibrium with NCL. However,
p.R99H impairs ARSG activity when overexpressed in HEK293T
cells or when naturally expressed in leukocytes of affected dogs,
suggesting a strong genotype–phenotype correlation. Further
reports of ARSG mutations in Kufs’ patients or analysis of ARSGmutagenized mice would help to validate this causative hypothesis. Meanwhile, we suggest that screening of ARS enzymatic
activity might be useful in the early diagnosis of patients affected
by Kufs’ disease.

phenotyped affected dogs is ongoing and should help to identify
modiﬁers and new candidates for NCL pathogenesis in humans.

Linking ARSG Deﬁciency to NCL Pathogenic Mechanisms. NCLs represent a subgroup of lysosomal storage disorders characterized by
the accumulation of autoﬂuorescent ceroid or lipofuscin lipopigments in neural and peripheral tissues (1, 3). ARSG acts as a monomeric lysosomal enzyme (32). How a deﬁciency in ARSG leads
to NCL can be explained by a multistep mechanism. In the ﬁrst
step, neurons lacking ARSG activity might accumulate undegraded
substrates in their lysosomes. In the second step, lysosomal storage
may induce impaired autophagy, cellular trafﬁcking, or calcium
dynamics, which are common secondary changes seen in NCLs
(5, 8). Neurons are metabolically very active and sensitive to the
effects of lysosomal storage; indeed, increasing autophagy efﬁciency in cultured Pukinje neurons protects these neurons from
death (33).
The speciﬁc composition of the storage material in neurons of
affected ASTs is unknown. This composition might not be informative, however, because the storage material is not speciﬁc to
a NCL form, and because it does not provide precise clues regarding the biochemical mechanisms altered by the pathogenic
mutation. Indeed, although NCLs are genetically heterogeneous,
the storage material is composed essentially of subunit c of mitochondrial ATP synthase or of sphingolipid activator proteins
A and D (1). Nonspeciﬁc secondary lipid storage materials also
are frequently associated (34). In contrast, characterization of
ARSG endogenous substrate(s) may be relevant because it may
identify essential molecular pathways for neuronal homeostasis.
ARSG belongs to a large family of 17 sulfatases known to catalyze
the hydrolysis of sulfate esters and sulfamates in a wide variety of
substrates, including steroids, carbohydrates, proteoglycans, and
glycolipids (20). The 11 known arylsulfatases form a subgroup
deﬁned by the ability of most of its members to hydrolyze in vitro
small aryl substrates, such as p-nitrocatechol sulfate (pNCS);
however, only a few endogenous substrates have been identiﬁed
as sulfatides for ARSA or chondroitin and heparan sulfates for
ARSB (35, 36). The identiﬁcation of ARSG substrates might
beneﬁt the canine NCL model.
Defective mutations characterized in the six lysosomal proteins
of the sulfatase family have been found to induce non-NCL lysosomal storage diseases (20, 32). Thus, the AST canine model
represents a relevant example of a lysosomal sulfatase deﬁciency
leading to an NCL and offers a unique opportunity to establish
a functional link, as-yet unelucidated, between lysosomal sulfatase activity and CLN proteins. The fact that 4 of 181 ASTs from
our clinically healthy group were homozygous for the affected
haplotype and the ARSG variant demonstrates that NCL penetrance is variable. In addition, clinical and pathological differences observed among affected dogs show varying expressivity.
This phenotypic diversity in dogs sharing the same disease-causing
mutation may reﬂect environmental or genetic interactions. In
a Drosophila model of CLN10, modiﬁers have been identiﬁed that
are involved in endocytosis and metabolism/oxidation of lipids
(37). These data emphasize that lysosomal function is supported
by a still-growing complex network. Collection of more fully

Histology and Electronic Microscopy. Whole brains including the cerebellum
were removed from 23 affected ASTs aged 4–8 y and euthanized for medical
reasons. Lymph node, eye and spleen samples were collected. Routine histological examinations were performed. Selected areas of the cerebellar
cortex from a 4-y-old affected female were used for observations by transmission electron microscopy.
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Methods
See SI Methods for more details.
Dogs. A total of 138 affected ASTs were included. Of these 138 dogs, 116
were diagnosed by a European or American board-certiﬁed veterinary
neurologist. For each of these dogs, a clinical history was compiled and
complete clinical and neurologic evaluations were performed. The remaining
22 affected ASTs were diagnosed by their regular veterinarian. The 181
healthy control dogs were ≥3-y-old French (n = 71) and US (n = 110) ASTs that
failed to exhibit any of the symptoms seen in affected dogs. Thirty-eight of
the healthy French dogs were chosen to compose the control group for the
genome scan.

MSS2 and SNP Marker Genotyping. DNA was extracted from blood. Microsatellite markers from the MSS 2 (19) were individually ampliﬁed for each dog
using a ﬂuorescent primer in PCR. Labeled products were size-separated. The
CanineHD BeadChip Panel (Illumina) featuring validated SNPs derived from
the CanFam2.0 assembly (38) was used to obtain genotype calls. Microarray
work was performed following the manufacturer’s recommendations by the
Centre National du Génotypage, Evry, France. Select SNP genotyping of our
complete cohort of ASTs was determined using a pyrosequencing method
adapted from Ahmadian et al. (39) on a Biotage PSQTM 96 pyrosequencer.
The PCR primers are discussed in SI Methods and listed in Table S3.

RT-PCR. Organ samples were collected from a 7-y-old affected AST and a 4-yold Labrador Retriever suffering from an incurable nonneurologic disease.
Samples were frozen and stored at −80 °C. RT-PCR is described in more detail
in SI Methods.
Expression of the p.R99H Protein. A Myc-FLAG-ARSG expression vector was
purchased from Origene (human ARSG, NM_014960). A single amino acid
substitution was obtained using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s protocol. PCR and sequencing primers are provided in SI Methods. Transfection of the expression
vectors into HEK293T cells and Western blot analysis were performed following a protocol reported in detail in SI Methods.
Enzymatic Assays. Arylsulfatase activity was assessed in transfected HEK293T
cells and leukocytes from affected and healthy ASTs using a method adapted
from Frese et al. (32) and detailed in SI Methods.
Statistical Analysis. Correction for multiple testing was done according to the
Bonferroni method. The χ2 test and the nonparametric Mann–Whitney–
Wilcoxon test for small distributions were performed with StatView F-4.1
(SAS Institute). All error bars represent SEM.
GenBank Accession Codes. Reference and submitted sequences were Homo sapiens ARSG cDNA, NM_014960; Canis familiaris ABCA5 exon 36 containing the
ABCA5-SNP, FM211813; Canis familiaris ARSG exon 2 containing the ARSG-SNP,
FM246885.
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Mapping Strategy and Association Analysis. Our genome-wide mapping
strategy relied on a case-control association analysis. In the ﬁrst step, dogs
were tested for both phenotype and genotype at each MSS2 locus using the
STRAT software (40). The P values were corrected according to Bonferroni
procedures. In the second step, ﬁne-mapping of the CFA09 critical region was
performed using the PLINK software package (41). Individuals were tested for
both phenotype and a genotype at each locus. We assumed that both genotype and phenotype were binary, denoting the alleles by A and non-A. The
A allele was deﬁned as the disease-associated allele (i.e., the most frequent
allele in the affected dog cohort). Multiallelic loci were accommodated by focusing on the A allele and grouping the remaining as non-A alleles. The P values
were corrected according to Bonferroni procedures. NCL-associated haplotypes
were identiﬁed using HAPLOVIEW software (42).
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