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Abstract
Dandy-Walker-like malformation (DWLM) is the result of aberrant brain development and

mainly characterized by cerebellar hypoplasia. DWLM affected dogs display a non-progres-

sive cerebellar ataxia. Several DWLM cases were recently observed in the Eurasier dog

breed, which strongly suggested a monogenic autosomal recessive inheritance in this breed.

We performed a genome-wide association study (GWAS) with 9 cases and 11 controls and

found the best association of DWLMwith markers on chromosome 1. Subsequent homozy-

gosity mapping confirmed that all 9 cases were homozygous for a shared haplotype in this re-

gion, which delineated a critical interval of 3.35 Mb. We sequenced the genome of an

affected Eurasier and compared it with the Boxer reference genome and 47 control genomes

of dogs from other breeds. This analysis revealed 4 private non-synonymous variants in the

critical interval of the affected Eurasier. We genotyped these variants in additional dogs and

found perfect association for only one of these variants, a single base deletion in the VLDLR
gene encoding the very low density lipoprotein receptor. This variant, VLDLR:c.1713delC is

predicted to cause a frameshift and premature stop codon (p.W572Gfs*10). Variants in the

VLDLR gene have been shown to cause congenital cerebellar ataxia and mental retardation

in human patients and Vldlr knockout mice also display an ataxia phenotype. Our

combined genetic data together with the functional knowledge on the VLDLR gene from

other species thus strongly suggest that VLDLR:c.1713delC is indeed causing DWLM in

Eurasier dogs.
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Introduction
In 2005 a 199 kb deletion including the VLDLR gene (very low density lipoprotein receptor)
was described in 8 patients of the Hutterite population with an autosomal recessive syndrome
of nonprogressive cerebellar ataxia, mental retardation, inferior cerebellar hypoplasia, and mild
cortical gyral simplification [1]. This study gave rise to the term “VLDLR-associated cerebellar
ataxia”, which is a clinically and molecularly well-defined subgroup of the so called dysequili-
brium syndrome. Dysequilibrium syndrome is a genetically heterogenous disorder, which is
generally characterized by a congenital onset of autosomal recessive nonprogressive cerebellar
ataxia, delayed ambulation, disturbed equilibrium and mental retardation, associated with cer-
ebellar hypoplasia with or without quadrupedal locomotion. VLDLR associated forms of dyse-
quilibrium syndrome were recently re-named into “cerebellar ataxia, mental retardation, and
dysequilibrium syndrome 1” (CAMRQ1, OMIM #224050). So far, 13 different VLDLR variants
were reported in human patients with dysequilibrium syndromes [1–10]. Most of the described
cases descended from consanguineous parents, supporting the assumed autosomal recessive
mode of inheritance.

VLDLR is a transmembrane receptor and belongs to the LDL (low density lipoprotein) re-
ceptor family. Together with the apolipoprotein E receptor 2 (APOER2), it is part of the reelin
(RELN) signaling pathway controlling neuroblast migration in the cerebral cortex and cerebel-
lum [11]. In the absence of these receptors, neuroblasts are unable to complete migration,
which results in an underdeveloped central nervous system [11–13].

The reelermouse mutant with a lack of functional Reln shows impaired coordination, trem-
ors and ataxia [12]. Vldlr deficient mice have a smaller cerebellum than wildtype controls and
show similar although less severe clinical symptoms than reelermice [13]. These symptoms are
similar to those of human patients with dysequilibrium syndrome.

In dogs there are several clinical and pathological reports describing cerebellar (vermian)
hypoplasia and symptoms similar to human dysequilibrium syndrome [14–16]. In each of
these cases the clinical signs were noted early on and may be assumed to have been present
from birth. One study investigated three litters of Chow Chows and found strong evidence for
an autosomal recessive inheritance [15]. To the best of our knowledge, the molecular genetic
defects in the canine patients have not been published.

The Eurasier dog breed was founded in the 1960s by crossing dogs from three existing
breeds, namely the Keeshound (Wolfspitz), Chow Chow, and Samoyed. As the Eurasier are a
very young breed started with only a few dogs, the degree of recent inbreeding is very high with
a concomitant risk of recessive inherited diseases. We recently characterized the clinical and ra-
diological features of a cerebellar hypoplasia termed Dandy-Walker-like malformation
(DWLM) in purebred Eurasier dogs [17]. The aim of the present study was to unravel the mo-
lecular genetics for this phenotype. We therefore performed a genome-wide association study
(GWAS) followed by whole genome sequencing (WGS) of an affected dog to identify the dis-
ease-causing genetic variant.

Results

Phenotypic description and mode of inheritance
We previously described the clinical and radiological findings of DWLM in detail [17]. Briefly,
the predominant clinical sign of the affected dogs in this study was a non-progressive mild to
moderate cerebellar ataxia, which became evident at an early age when the dogs started to
walk. Furthermore, affected dogs showed episodic rolling or leaning to one side and a subtle
hypermetric gait. Some dogs also had tremors, proprioceptive deficits, nystagmus, ventral
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strabismus, and reduced or absent menace reflex. Behavior and learning capacity was estimated
normal for breed standards. Magnetic resonance imaging (MRI) of the affected dogs revealed
an absence of the caudal and middle part of the vermis and hypoplasia of the caudal parts of
the cerebellar hemispheres. Some dogs showed additional supratentorial anomalies including
variable degrees of hydrocephalus, thinned appearance of the corpus callosum, and incomplete
septum pellucidum. We previously showed that DWLM is most likely following a monogenic
autosomal recessive mode of inheritance [17].

Mapping of the causative mutation
We genotyped DNA samples from 9 DWLM-affected and 11 non-affected Eurasier dogs with
the illumina canine_HD chip containing 173,662 evenly spaced SNPs. We pruned the raw data
and removed 62,814 markers, which had low call rates or were non-informative. The final data-
set thus contained 110,848 markers for the analysis. We performed a genome-wide allelic asso-
ciation study with this dataset. The seven best-associated SNPs were located at 92.5–93.8 Mb
on chromosome 1 and had equal raw p-values of 5.3 x 10-8 (Fig. 1). The corrected p-value after
100,000 permutations was 0.00045.

Subsequently, we applied a homozygosity mapping approach to fine-map the region contain-
ing the causative DWLM variant. We hypothesized that the affected dogs most likely were in-
bred to one single founder animal. Under this scenario the affected individuals were expected to
be identical by descent (IBD) for the causative mutation and flanking chromosomal segments.
We analyzed the cases for extended regions of homozygosity with simultaneous allele sharing. A
genome region, which coincided with the associated interval on chromosome 1, fulfilled our
search criteria. Here, all 9 affected dogs were homozygous and shared identical alleles over 248
SNP markers spanning a 3.33 Mb interval. We concluded that the causative mutation should be
located in the 3.35 Mb critical interval between the closest heterozygous markers on either side
of the homozygous segment (chr1:90,860,923–94,212,001, CanFam 3 assembly; Fig. 1).

We additionally obtained SNP chip genotypes from 14 non-affected relatives of our DWLM
cases. One obligate carrier, the clinically healthy mother of an affected dog, was also homozy-
gous for the disease-associated alleles at 481 consecutive markers over 6.2 Mb including the en-
tire critical interval.

Mutation identification
A total of 39 genes and loci are annotated in the critical interval on chromosome 1 (CanFam
3.1, NCBI annotation release 103). To get a comprehensive overview of all variants in the criti-
cal interval we sequenced the whole genome of one affected Eurasier dog. We collected 144
million 2 x 100 bp read pairs from a standard 300 bp fragment library corresponding to rough-
ly 10.6x coverage of the genome. We called SNPs and indel variants with respect to the refer-
ence genome of a non-affected Boxer. Across the entire genome, we detected 3.41 million
homozygous variants (Table 1). Within the critical interval there were 150 variants, of which
20 were predicted to be non-synonymous. We further compared the genotypes of the affected
Eurasier dog with 47 dog genomes of various breeds that had been sequenced in our laboratory
in the course of other ongoing studies (S1 Table). We hypothesized that the mutant allele at the
causative variant should be completely absent from all other dog breeds. With these filtering
steps only 4 non-synonymous variants remained in the critical interval, where the affected
Eurasier dog carried the homozygous variant genotype and all other 47 sequenced dogs carried
the homozygous wildtype genotype (Table 2).

We confirmed all remaining non-synonymous variants by Sanger sequencing and geno-
typed them in larger cohorts of dogs (Table 3). Three of these variants could be excluded as
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Fig 1. Mapping of DWLM in Eurasier dogs. (A) A genome-wide association study using 9 cases and 11
controls indicates a signal with multiple associated SNPs on chromosome 1. The p-values are inflated due to
the use of closely related animals. The inserted quantile-quantile (qq) plots show the observed versus
expected log p-values. The straight black line in the qq-plots indicates the distribution of SNPmarkers under
the null hypothesis. The straight red line visualizes the inflation of p-values caused by the close relatedness.
This inflation is randomly distributed across the entire genome. The skew at the right edge of the genome-
wide qq-plot indicates that several markers on chromosome 1 are stronger associated with DWLM than it
would be expected by chance. This skew is absent when chromosome 1 markers are omitted from the plot.
(B) The detailed view of chromosome 1 suggests an associated interval of approximately 10 Mb at ~91–101
Mb. (C) Homozygosity mapping. Each horizontal bar corresponds to one of the 9 analyzed cases.
Homozygous regions with shared alleles are shown in blue. A shared homozygous interval of ~3.4 Mb
delineates the exact boundaries of the critical interval from 90,860,923 bp to 94,212,001 bp (CanFam 3
assembly).

doi:10.1371/journal.pone.0108917.g001

Table 1. Variants detected by whole genome re-sequencing of an affected Eurasier.

Filtering step Number of
variants

Variants in the whole genomea 3,412,492

Variants in the critical 3.4 Mb interval on chromosome 1 6,649

Variants in the critical interval that were absent from 47 other dog genomes 150

Non-synonymous variants in the whole genomea 14,211

Non-synonymous variants in the critical 3.4 Mb interval on chromosome 1 20

Non-synonymous variants in the critical interval that were absent from 47 other dog
genomes

4

a The sequences were compared to the reference genome (CanFam 3) from a Boxer. Only homozygous

variants are reported.

doi:10.1371/journal.pone.0108917.t001
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being causative for DWLM, as we identified several non-affected Eurasier dogs carrying the
non-reference alleles in homozygous state. Only one variant, VLDLR:c.1713delC, remained per-
fectly associated with DWLM in a cohort of 34 Eurasier dogs. This variant was absent from
more than 500 dogs from other breeds. We observed perfect co-segregation of the VLDLR:
c.1713delC variant with DWLM in two complete and two partial Eurasier litters and their pa-
rents (Fig. 2).

The VLDLR:c.1713delC single nucleotide deletion results in a frameshift and premature stop
codon. It is predicted to truncate more than a third of the encoded very low density lipoprotein
receptor (p.W572Gfs�10).

Carrier frequency in the Eurasier population
We genotyped a random cohort of 96 Eurasier dogs, whose DNA had been archived indepen-
dently of the DWLM research study. Fifteen of these 96 dogs (16%) were heterozygous carriers
of the VLDLR:c.1713delC variant. None of these dogs was homozygous for the variant allele.

Table 2. Four non-synonymous variants in the critical interval of an affected Eurasier that were absent from 47 other dog genomes.

Position on Chr 1 (CanFam 3 assembly) Reference allele Variant allele Gene Variant (cDNA) Variant (protein)

91’266’144 C - VLDLR c.1713delC p.W572Gfs*10

93’082’389 A C CDC37L1 c.960A>C p.L320F

93’037’453 G A PPAPDC2 c.202G>A p.A68T

94’098’450 T A SPATA31E1 c.3782A>T p.Q1261L

doi:10.1371/journal.pone.0108917.t002

Table 3. Association of non-synonymous variants with DWLM.

Genotype Eurasier cases (n = 9) Eurasier obligate carriersa (n = 6) Eurasier controls (n = 19) Dogs from other breedsb (n = 546)

VLDLR:c.1713delC

C/C - - 14 545

C/del - 6 5 -

del/del 9 - - -

CDC37L1:c.960A>C

A/A - - 11 47

A/C - 5 7 -

C/C 9 1 1 -

SPATA31E1:c.3782A>T

A/A - - 1 47

A/T 1c 4 13 -

T/T 8 2 5 -

PPAPDC2:c.202G>A

G/G - - 8 46

A/G - 1 3 -

A/A 9 3 4 -

a Parents of affected dogs were classified as obligate carriers.
b These dogs consist of 47 control dogs with whole genome sequences (S1 Table) and 499 control dogs that were specifically genotyped for the VLDLR:
c.1713delC variant (S2 Table). One of the whole genome sequences (sample BC273) did not have any coverage at the VLDLR:c.1713delC and the

PPAPDC2:c.202G>A variant.
c The 9 cases carried identical homozygous marker haplotypes in the critical interval. Thus the heterozygous genotype at this position in one of the cases

was quite unexpected. We speculate that it may be due to an ancestral gene conversion event or, alternatively, a de novo revertation mutation.

doi:10.1371/journal.pone.0108917.t003
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Discussion
Using a hypothesis-free positional cloning approach, we identified the VLDLR:c.1713delC vari-
ant in the canine VLDLR gene as the most likely causative variant for DWLM in Eurasier dogs.
The single base deletion in exon 12 of the VLDLR gene causes a frameshift mutation, which
leads to a premature stopcodon. As we had no suitable tissue samples for RNA isolation we did
not assess whether the mutant transcript is subject to nonsense-mediated decay. However,
even if the mutant transcript were translated, the resulting protein would lack 301 amino acids
including the transmembrane domain. Thus, it seems highly likely that the mutant protein
would be non-functional. We thus assume that the deletion leads to a complete loss
of function.

The existing functional knowledge on the essential VLDLR function in the reelin signaling
pathway and brain development [11–13] together with the similarity of the clinical symptoms
of human patients with VLDLRmutations [1–10] very strongly support the causality of the ca-
nine variant for DWLM in Eurasier dogs.

In addition, we also would like to outline a genetic argument that virtually proves the causal-
ity of the VLDLR:c.1713delC variant for DWLM: In our GWAS study we included the non-af-
fected mother of a DWLM affected dog. We confirmed the normal brain development of this
dog by MRI. As this dog should represent a heterozygous carrier, we were initially quite sur-
prised when we noticed during the analysis of the SNP chip data that it carried the disease-as-
sociated SNP haplotype in homozygous state, just like the DWLM affected dogs. The further
analysis then revealed that this dog was heterozygous for the VLDLR:c.1713delC variant as ex-
pected for a carrier, but homozygous for every other tested variant in the critical interval. We
think that the only realistic explanation for the very particular genetic makeup of this dog can
be provided by a relatively recent inbreeding event to an ancestor of the DWLM founder ani-
mal. In this scenario our carrier dog must have received both copies of the disease-associated
chromosome 1 haplotype from this hypothetical ancestor, which are thus virtually identical by
descent. However, in one of the transmission paths this chromosome must have acquired a de
novo deletion in the VLDLR gene, while the other copy of the haplotype was transmitted faith-
fully in its ancestral state. As de novomutation events are quite rare and VLDLR:c.1713delC
represents a clearly damaging variant in a highly plausible functional candidate gene, we think

Fig 2. Experimental confirmation of the DWLM associated cytosine deletion by Sanger sequencing. (A) Electropherograms of the VLDLR:c.1713delC
variant. A fragment harboring exon 12 and flanking sequences of the VLDLR gene was PCR-amplified and sequenced with the Sanger method. The figure
shows representative traces from a normal and a DWLM affected Eurasier dog. The position of the deleted cytosine is indicated by an arrow. (B) Perfect
cosegregation of the VLDLR:c.1713delC variant with the DWLM phenotype in four litters of Eurasier dogs. Filled symbols represent DWLM affected dogs.
Obligate carriers are indicated by half-filled symbols. The transmission of the two different alleles is within the expected equal ratio and the offspring’s
genotype distribution corresponds to Mendelian rules.

doi:10.1371/journal.pone.0108917.g002
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that our data prove the causality of VLDLR:c.1713delC beyond any reasonable doubt. The same
line of genetic reasoning has previously been used to establish causality for the mutations in
the ovine callipyge phenotype and one form of bovine arachnomelia [18,19].

We could not determine the founder animal of DWLM with absolute certainty. It is possible
that the VLDLR:c.1713delC allele was already brought into the Eurasier population by one of
the founding dogs. It is thus of interest that a clinically related cerebellar hypoplasia was re-
ported in 1979 in Chow Chows [15]. Unfortunately, no DNA of these historic cases is available
and it is therefore not possible to clarify whether they were due to the same genetic defect. As
our results will enable genetic testing we recommend that the absence of this disease allele
should be experimentally verified in a representative cohort of Chow Chows.

In conclusion we identified a single base deletion in the VLDLR gene in dogs with cerebellar
hypoplasia and ataxia, a phenotype termed Dandy-Walker-like malformation (DWLM). Our
results enable genetic testing and the eradication of this inherited disease in the Eurasier dog
population and provide a defined animal model to develop a better understanding for VLDLR
associated cerebellar hypoplasia and dementia in humans.

Materials and Methods

Ethics statement
All animal experiments were performed according to the local regulations. The dogs in this
study were examined with the consent of their owners. The study was approved by the “Can-
tonal Committee For Animal Experiments” (Canton of Bern; permit 23/10).

Animal selection
We obtained EDTA blood samples from 9 affected and 25 non-affected Eurasier dogs. The
phenotypes were based on clinical neurological examination and MRI imaging as described
[17]. Four of the cases were full-siblings. The complete cohort for this study consisted of 34
Eurasier dogs and 546 dogs of diverse other breeds (S1 Table, S2 Table). For all of these samples
a non-affected phenotype was assumed (“population controls”) as the investigated cerebellar
hypoplasia is a young and relatively rare trait.

An additional cohort of 96 Eurasier dogs of the Kynologische Zuchtgemeinschaft Eurasier e.V.
was used to determine the carrier frequency. Blood samples of these dogs had been submitted to
the diagnostic lab Generatio Sol. on behalf of the owners.

DNA samples and SNP genotyping
We isolated genomic DNA samples from EDTA blood with the Nucleon Bacc2 kit (GE Health-
care). Genotyping on illumina canine_HD chips containing 173,662 SNP markers was per-
formed by GeneSeek. Genotypes were stored in a BC/Gene database version 3.5 (BC/Platforms).

Genome-wide association study (GWAS) and homozygosity mapping
We used PLINK v1.07 [20] to perform genome-wide association analyses (GWAS). We re-
moved markers and individuals with call rates< 90% from the analysis. We also removed
markers with minor allele frequency (MAF)< 5% and markers strongly deviating from
Hardy-Weinberg equilibrium (p< 10-5). We performed an allelic association study and deter-
mined an empirical significance threshold by performing 100,000 permutations of the dataset
with arbitrarily assigned phenotypes. It has to be cautioned that the samples were highly strati-
fied and the genomic inflation factor in this analysis was 2.57. This extremely high value was
probably caused by the use of closely related dogs including two full-sib pairs among the cases.
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When we tried to correct for the stratification by using the GenABEL software and a mixed-
model analysis [21] we did no longer see any genome-wide significant association (data not
shown). We used PLINK to search for extended intervals of homozygosity with shared alleles.

Gene analysis
We used the dog CanFam 3 genome assembly derived from a Boxer genome. All numbering
within the canine VLDLR gene corresponds to the accessions NM_001286978 (mRNA) and
NP_001273907 (protein).

Whole genome sequencing of an affected Eurasier dog
We prepared a fragment library with 300 bp insert size and collected one lane of illumina
HiSeq2500 paired-end reads (2 x 100 bp). We obtained a total of 287,996,124 paired-end reads
or roughly 10x coverage. We used fastq-mcf to clean the raw dataset (http://code.google.com/p/
ea-utils). Fastq-mcf found 50,191,228 reads too short (less than 50 bases) after clipping for bad
quality bases and Ns from the 3’-end. We mapped the reads to the dog reference genome using
the Burrows-Wheeler Aligner (BWA) version 0.5.9-r16 [22] with default settings. After sorting
the mapped reads by the coordinates of the sequence with Picard tools, we labeled 1.4% of the
reads as PCR and optical duplicates also with Picard tools (http://sourceforge.net/projects/
picard/). We used the Genome Analysis Tool Kit (GATK version 0591, [23]) to perform local re-
alignment and to produce a cleaned BAM file. In the clean BAM file we had 229,719,638 mapped
reads and 225,831,256 (95%) uniquely mapping reads. Variants calls were then made with the
unified genotyper module of GATK. Variant data for each sample were obtained in variant call
format (version 4.0) as raw calls for all samples and sites flagged using the variant filtration mod-
ule of GATK. Variant calls that failed to pass the following filters were labeled accordingly in the
call set: (i) Hard to Validate MQ0� 4 & ((MQ0 / (1.0 � DP))> 0.1); (ii) strand bias (low Quality
scores) QUAL< 30.0 || (Quality by depth) QD< 5.0 || (homopolymer runs) HRun> 5 ||
(strand bias) SB> 0.00; (iii) SNP cluster window size 10. The snpEFF software [24] together
with the CanFam 3.1 annotation was used to predict the functional effects of detected variants.

Sanger sequencing
We used Sanger sequencing to confirm the illumina sequencing results and to perform targeted
genotyping for selected variants. For these experiments we amplified PCR products using
AmpliTaqGold360Mastermix (Applied Biosystems). PCR products were directly sequenced on
an ABI 3730 capillary sequencer (Applied Biosystems) after treatment with exonuclease I and
shrimp alkaline phosphatase. We analyzed the sequence data with Sequencher 5.1
(GeneCodes).

Supporting Information
S1 Table. Dogs used for whole genome sequencing.
(XLSX)

S2 Table. Control dogs from other breeds.
(XLSX)
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