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Background: Cystinuria, one of the first recognized inborn errors of metabolism, has been reported in many dog

breeds.

Hypothesis/Objectives: To determine urinary cystine concentrations, inheritance, and mutations in the SLC3A1 and

SLC7A9 genes associated with cystinuria in 3 breeds.

Animals: Mixed and purebred Labrador Retrievers (n = 6), Australian Cattle Dogs (6), Miniature Pinschers (4), and 1

mixed breed dog with cystine urolithiasis, relatives and control dogs.

Methods: Urinary cystinuria and aminoaciduria was assessed and exons of the SLC3A1 and SLC7A9 genes were

sequenced from genomic DNA.

Results: In each breed, male and female dogs, independent of neuter status, were found to form calculi. A frameshift

mutation in SLC3A1 (c.350delG) resulting in a premature stop codon was identified in autosomal-recessive (AR) cystinuria

in Labrador Retrievers and mixed breed dogs. A 6 bp deletion (c.1095_1100del) removing 2 threonines in SLC3A1 was

found in autosomal-dominant (AD) cystinuria with a more severe phenotype in homozygous than in heterozygous Austra-

lian Cattle Dogs. A missense mutation in SLC7A9 (c.964G>A) was discovered in AD cystinuria in Miniature Pinschers

with only heterozygous affected dogs observed to date. Breed-specific DNA tests were developed, but the prevalence of

each mutation remains unknown.

Conclusions and clinical importance: These studies describe the first AD inheritance and the first putative SLC7A9

mutation to cause cystinuria in dogs and expand our understanding of this phenotypically and genetically heterogeneous

disease, leading to a new classification system for canine cystinuria and better therapeutic management and genetic control

in these breeds.
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Cystinuria (OMIA 000256-9615)1 is one of the first
inborn errors of metabolism recognized by Sir

Archibald Garrod2 and is an inherited selective renal
transport defect3,4 involving cystine and the dibasic
amino acids ornithine, lysine and arginine, collectively
known as COLA.4 In contrast to the normal near
complete reabsorption of COLA in the proximal renal
tubules, these amino acids reach high concentrations in
the urine in affected individuals, but only cystine
causes a clinical problem.5 The low solubility of cys-
tine in acidic and neutral urine may lead to the forma-
tion of cystine crystals and uroliths in the urinary
tract,6 which result clinically in stranguria, hematuria,
urinary obstruction and renal failure.7,8

In 1823, cystinuria was the first reported inborn
error of metabolism in dogs,9 and now is known to
affect >70 canine breeds according to reports of veteri-
nary urolith analysis laboratories worldwide.8,10,11

Based upon the varied clinical presentations, metabolic

derangements, and genetic studies, we previously
divided canine cystinuria into type I and nontype I
cystinuria.12 Type I cystinuria has been characterized
in Newfoundlands and Landseers13 and causes massive
aminoaciduria of COLA and juvenile to adult onset
calculi formation. It is an autosomal recessive trait
affecting both males and females independent of neu-
tering status, although more often cystinuric males
show clinical signs of urinary obstruction, presumably
because of anatomical differences between males and
females.13 In nontype I cystinuria, exemplified by Mas-
tiffs and related breeds, Scottish Deerhounds, and Irish
Terriers, only intact adult males show variable degrees
of aminoaciduria and the average age of urolith for-
mation is later than in Newfoundlands. The molecular
basis and mode of inheritance of nontype I cystinuria
remain unknown, but it is not an X chromosomal dis-
order and appears to be testosterone dependent.,a,[14]

Two genes, SLC3A1 and SLC7A9, encode the subun-
its of b0,+, the basic amino acid transporter system.4,15,16

The SLC3A1 gene encodes the extracellular heavy chain
referred to as rBAT, and the SLC7A9 gene the light
chain called b0,+AT.3 The subunit b0,+AT has 12
transmembrane domains typical of cell membrane

From the Section of Medical Genetics, School of Veterinary
Medicine, University of Pennsylvania, Philadelphia, PA(Brons,
Henthorn, Raj, Fitzgerald, Liu, Giger); and the Department of
Pediatrics, University Children’s Hospital, Frankfurt am Main,
Germany(Sewell). This study was performed at the School of
Veterinary Medicine, University of Pennsylvania, in part as
fulfillment of the doctoral thesis work of the first author Ann-
Kathrin Brons at the University of Z€urich, Switzerland.

Corresponding author: Dr. U. Giger, Ryan Veterinary Hospital,
3900 Delancey Street, Philadelphia, PA 19104-6010;
e-mail: giger@vet.upenn.edu.

Submitted April 9, 2013; Revised July 11, 2013; Accepted
July 24, 2013.

Copyright © 2013 by the American College of Veterinary Internal
Medicine

10.1111/jvim.12176

Abbreviations:

AD autosomal dominant

AR autosomal recessive

bp base pair(s)

DNA deoxyribonucleic acid

COLA cystine, ornithine, lysine, and arginine

PCR polymerase chain reaction

SNP single nucleotide polymorphism

J Vet Intern Med 2013;27:1400–1408



transporters and heterodimerizes with rBAT exclusively
to form the COLA amino acid transporter.17 Among all
the cystinuric dogs to date, only 1 mutation in SLC3A1,
an early stop codon precluding the production of the
rBAT protein, and leading to the loss of b0,+ function,
was identified in cystinuric Newfoundlands in 2000.18

And although the disease was widely recognized in the
breed, screening programs for the mutation have
markedly decreased the incidence of cystinuria in
Newfoundlands and Landseers worldwide.

We report here the clinical, metabolic, and molecu-
lar genetic characterization of cystinuric Labrador
Retrievers, Australian Cattle Dogs, Miniature Pins-
chers, and mixed breed dogs. Because our data demon-
strate multiple genetic etiologies and modes of
inheritance for cystinuria, we propose a new expanded
classification system for canine cystinuria.

Materials and Methods

Dogs of three different breeds and mixed breed dogs presented

with cystine uroliths and relatives of these dogs were included in

the study. Voided urine and EDTA-anticoagulated blood samples

were sent chilled or frozen to the Metabolic Genetics Laboratory

at the University of Pennsylvania.b Archival urine and EDTA-

blood samples were used as controls. Medical records and pedi-

gree information were reviewed, as provided. These studies were

approved by the Institutional Animal Care and Use Committee

of the University of Pennsylvania. Genetic nomenclature is in

accordance with the Guidelines and Recommendations for Muta-

tion Nomenclature by the Human Genome Variation Society.19

All laboratory procedures were performed by standard tech-

niques that are described in the Data S1. Urine was evaluated for

hexagonal crystalluria by microscopic sediment evaluation,20

crystallographic calculi analysis, urinary nitroprusside testing for

cystine21 and urine amino acid quantitation. Molecular genetic

studies included genomic DNA isolation, polymerase chain reac-

tion (PCR) amplification, and sequencing of the SLC3A1 and

SLC7A9 genes and assays to detect specific DNA mutations

identified in this study.

Results

Clinicopathological Findings

Dogs with cystine urolithiasis included 4 purebred
(LABR 1-4) and 2 mixed breed (LABX 1-2) Labrador
Retrievers, 6 Australian Cattle Dogs (AUCD 1-6), 1
mixed breed dog (MIXB 1), and 4 Miniature Pinschers
(MINP 1-4). Control dogs with no clinical signs of cys-
tinuria included Labrador Retrievers (LABR 5-7
related to LABR 4 and LABR 8-11), Australian Cattle
Dogs (AUCD 7-10 related to AUCD 2) and Miniature
Pinschers (MINP 5-13, all related to MINP 1-4) and
historical urine amino acid analyses. Uroliths, surgi-
cally removed by cystotomy, consisted of 100% cys-
tine, based on crystallographic analyses by various
commercial urolith laboratories.

All 5 male mixed and purebred Labrador Retrievers,
4 of them castrated at least 3 months before testing,
developed voiding problems attributable to cystine cal-
culi at ages ranging from 6 to 14 months. The spayed
female LABR 4 showed no evidence of cystine calculi

in bladder and kidney until 7 years of age, requiring
unilateral nephrectomy and cystotomy at that time
(Table 1). Available dogs related to LABR 4 did not
show any urinary tract signs and were 7, 12 and
13 years old at the time of testing. Dogs in an addi-
tional Labrador family (LABR 8-11), related to a cys-
tine stone former that was not available for the study,
also showed no urinary tract signs.

Among the Australian Cattle Dogs studied, all
from different parts of the United States, 2 neutered
males and 1 intact male developed urinary tract signs
caused by cystine uroliths within their first year of
life, whereas the 2 other affected males and the female
did not show signs of urinary obstruction until 4–
5 years of age (Table 1). The available dogs related
to AUCD 2 did not show any clinical signs of cystin-
uria.

In addition, a male castrated mixed-breed dog
(MIXB 1), obtained from a shelter, experienced uri-
nary obstruction because of cystine calculi twice by
2 years of age. This dog has been managed with uri-
nary alkalization, diet, and tioproninc and has since
not become obstructed again as of the time of this
study, at age 5 years.

The family of 13 Miniature Pinschers (MINP 1-13)
was comprised of 7 male dogs, 1 of them neutered,
and 6 intact females. Two males, 1 intact and 1 neu-
tered, as well as 2 females had been diagnosed with
problems urinating because of cystine uroliths and
crystalluria. MINP 1 first developed signs of cystinuria
at 11 months of age, whereas the other males and the
females were first recognized as affected at the age of
2 years and older (Table 1). All other related dogs
showed no clinical signs of cystinuria.

Metabolic Urine Analyses

Urine samples from Labrador Retrievers and Aus-
tralian Cattle Dogs with a history of cystine calculi
formation all were strongly positive by the cyanide-
nitroprusside test, whereas this test was negative for
the related dogs of either breed and also all unrelated
dogs, if tested. The stone formers included male and
female dogs and the cystine test results were positive
even after neutering. For the Miniature Pinschers,
urine samples were not available for the cyanide-nitro-
prusside test.

Similarly, quantitative amino acid determination
identified increased urinary cystine, ornithine, lysine,
and arginine concentrations and thus high COLA val-
ues (Table 1), but normal urinary concentrations for
other amino acids (Data not shown). In 1 stone-form-
ing dog (LABR 4), cystine was found by the nitroprus-
side test, but had a normal quantitative cystine result,
perhaps because of the precipitation of excess cystine
in the urine during storage or laboratory error. Inter-
estingly, among the early Australian Cattle Dog stone
formers, the COLA values were at least twice as high
as those from the male with later stone formation. Uri-
nary nitroprusside test results were negative (COLA
values were not determined) for all related Labrador
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Retrievers and Australian Cattle Dogs that showed
no clinical signs of cystinuria. In the Miniature
Pinschers, all 4 cystine stone formers and 1 other male
were strongly cystinuric, and 1 male and 2 females had
moderately increased COLA concentrations. The
degree of increase in urinary COLA concentrations did
not correlate with the observation of stone formation
or age. Of note, some cystinuric Miniature Pinschers
showed higher urine cystine concentrations than the
combined concentrations for ornithine, lysine, and
arginine.

DNA Sequencing and Mutation Analyses

All exonic DNA sequence differences in SLC3A1
and SLC7A9 genes between the CanFam 3.1 canine
reference genome assembly and cystine stone-forming
dogs LABR 2, LABX 1, AUCD 1 and 5, MIXB 1 as
well as MINP 8 are shown in Table 2. Neither the
mutation found to cause cystinuria in the Newfound-
lands,18 nor the formerly described amino acid poly-
morphisms in exon 6 (I192V) and 10 (S698G) of
SLC3A1 and exon 5 (A217T) of SLC7A9 in English
Bulldogs were observed in any of the dogs studied
here.22 The sequence differences resulting in cystinuria
are detailed below for each breed studied.

Mixed and Purebred Labrador Retrievers. A homo-
zygous 1 bp deletion (c.350delG) in exon 1 of the
SLC3A1 gene was found in the DNA from the 1
cystinuric Labrador Retriever and 1 Labrador mixed
breed dog (LABR 2 and LABX 1). The deleted
guanine in codon GGC (coding for glycine) causes a
shift of the open reading frame (p.Gly117Alafs*41)
leading to a premature stop codon 41 codons later
(Fig 1A).

Based on SLC3A1 exon 1 sequencing, the additional
3 cystinuric Labrador Retrievers as well as the cystinu-
ric Labrador-mixed breed dog also were homozygous
for the single bp deletion. Among the related noncys-
tinuric Labrador Retrievers tested, the parents of the
affected LABR 4 were heterozygous for the deletion,
whereas the 1 available littermate had 2 normal alleles.
In the unrelated Labrador family (LABR 5-8), 1 par-
ent and 1 female offspring were heterozygous for the
mutation. In addition, exon 1 of SLC3A1 contains 2
polymorphic hexamer repeat sequences, GAGCCC
and GTCGGG, which have been shown to be poly-
morphic within and among dog breeds.18,22 All
sequenced mixed and purebred Labrador Retrievers
were homozygous and had 8 copies of the GAGCCC
sequence and 6 copies of the GTCGGG sequence
(referred to as haplotype 8/6).

Table 1. Comparison of clinicalpathologic, metabolic, and genetic findings in cystinuric Labrador Retrievers,
Labrador mixed breed dogs, Australian Cattle Dogs, and Miniature Pinschers

Dog # Sex (n)

Initial

Signs

(years)

Amino Acid Quantitation in the Urine (lmol/g Creatinine)a

GenotypeCystine Ornithine Lysine Arginine COLA

Labrador Retriever SLC3A1

c.350delG

LABR 1-3 M/MC

(1/2)

0.7 355b 289b 5,708b 7,213b 13,565b 2-2

LABR 4 F

(1)

7 5 1,099 2,143 81 3,328 2-2

LABX 1 and 2 MC

(2)

1.1 834 557 4,660 4,200 10,251 2-2

Australian Cattle Dog SLC3A1

c.1095_1100del

AUCD 1, 3-4 M/MC

(1/2)

0.7 716 � 474 723 � 179 5,852 � 3,151 5,376 � 1,163 12,667 � 4,068 2-2

AUCD 6 FS

(1)

4 822 510 4,052 4,852 10,236 2-2

AUCD 2,5 M/MC

(1/1)

5 1,253b 214b 2,339b 228b 4,034b 1-2

MIXB 1 MC

(1)

2 98 2,756 3,912 4,211 10,977 2-2

Miniature Pinscher SLC7A9

c.964G>A

MINP 1-4 M/MC

(3/1)

1.7 386 � 234 149 � 14 255 � 118 96 � 66 737 � 272 1-2

MINP 5-8 F

(4)

4 485 � 305 67 � 5 355 � 385 61 � 38 918 � 719 1-2

Normal Upper Limit ≤178 ≤100 ≤200 ≤100 ≤500 1-1

M, male; MC, male castrated; F, female; FS, female spayed; 1-1, normal genotype; 1-2, heterozygous for the mutation; 2-2, homozy-

gous for the mutation.
aMean value (� SD for ≥ 3 dogs)
bCOLA values only available for LABR 1 and AUCD 2
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Australian Cattle Dogs. A heterozygous deletion of
6 bases (c.1095_1100del) was found in exon 6 of the
SLC3A1 gene from AUCD 2. This deletion removes 2
of 3 consecutive threonines (p.Thr366_Thr367del) from
the rBAT polypeptide (Fig 1B). Sequencing of this
exon in other cystinuric Australian Cattle Dogs
showed that 4 were homozygous (AUCD 1, 3-4 and 6)
and 2 were heterozygous (AUCD 2 and AUCD 5) for
this deletion. Two dogs related to AUCD 2 were
homozygous for the normal allele, whereas 1 young
male also was heterozygous for the deletion (lost to
follow-up and no urine available for study). Only the
7/6 haplotype for the hexamer repeats in exon 1 was
observed in the sequenced Australian Cattle Dogs.

Mixed Breed Dog. Interestingly, the cystinuric dog
MIXB 1 had the same homozygous 6 bp deletion in
the SLC3A1 gene as found in the Australian Cattle
Dogs. This was an unexpected finding, given the physi-
cal appearance of MIXB 1. Because of the simple
sequence repeat nature of the 6 bp deletion, potentially
predisposing this region for a high mutation rate, we
examined the possibility that the same deletion event
occurred independently in Australian Cattle Dogs and
in the ancestors of MIXB 1. Examination of all exons
and some flanking intronic regions in the SLC3A1
gene indicated that this dog was entirely homozygous
for the same silent and intronic polymorphisms
(Table 2) observed in the homozygous affected Austra-

Table 2. Differences in the coding and flanking intronic sequences of SLC3A1 and SLC7A9 of 5 cystine stone
formers (LABR 2, LABX 1, AUCD 1, AUCD 5, MIXB 1 and MINP 8) to the canine genome reference sequence.

Gene Exon/Intron Genomic Variations Predicted Protein Variations Heterozygous Homozygous

SLC3A1 Exon 1 c.350delG p.(Gly117Alafs*41) LABR 2

LABX 1

Exon 1 c.378G>A Silent LABR 2

LABX 1

Exon 6 c.1095_1100del p.(Thr366_Thr367del) AUCD 5 AUCD 1

MIXB 1

Exon 7 c.1308G>C Silent AUCD 5 AUCD 1

MIXB 1

MINP 8

SLC7A9 Intron 2 c.96+8T>C LABR 2

LABX 1

Exon 4 c.267C>T Silent AUCD 5 AUCD 1

LABX 1

Intron 4 c.487+11A>G

c.487+13G>A

MIXB 1

MINP 8

Intron 7 c.759-8G>A LABX 1

Exon 9 c.928C>T Silent AUCD 1

Exon 9 c.964G>A p.(Gly322Arg) MINP 8

Intron 12 c.1409-25G>T LABR 2 LABX 1

AUCD 1

A Bnormal

C T C A C G G G C G C C A C C A
 Leu   Thr   Gly   Ala   Thr

mutant

C T C A C G G C G C C A C C A  . . .  T G A
 Leu   Thr   Ala   Pro   Pro  (41 aa)   *

c.350delG

normal

T T C A C C A C C A C G  C A A
 Phe   Thr   Thr   Thr    Gln

T T C A C G  C A A
 Phe   Thr    Gln

mutant c.1095_1100del

C
normal (reverse complement)

G T C C C G T T
     Gly   Asn

mutant (reverse complement)

G T C C Y G T T
     Arg   Asn

c.964G>A

Fig 1. Sequencing chromatograms displaying the mutations found and their effect on the protein sequence. (A) A single bp deletion in

SLC3A1 exon 1 in purebred and mixed breed Labrador Retrievers is predicted to cause a frameshift and a premature stop codon to

truncate the translated protein. (B) A 6 bp in-frame deletion in SLC3A1 exon 6 in Australian Cattle Dogs and a mixed breed dog is pre-

dicted to delete 2 threonines in a repeat of 3. (C) A single nucleotide substitution in SLC7A9 exon 9 found heterozygous in cystinuric

Miniature Pinschers, is predicted to change the amino acid from glycine to arginine.
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lian Cattle Dogs, compared to the canine reference
genome sequence. The hexameric repeat haplotype was
7/6 as seen in the Australian Cattle Dogs.

Miniature Pinschers. In exon 9 of the SLC7A9 gene,
a single base change (c.964G>A) was detected, causing
the substitution of a large positively charged, hydro-
philic arginine for the very small, hydrophobic glycine
residue (p.Gly322Arg); (Fig 1C). All additional cys-
tinuric Miniature Pinschers (as defined by stone forma-
tion or increased urine COLA concentrations) studied
were found to be heterozygous for this missense muta-
tion, whereas all dogs homozygous for the normal
allele had normal urinary COLA concentrations and
no history of calculi formation (Fig. 2). The exonic
sequence of the SLC3A1 gene did not indicate any
mutations, and the observed number of hexameric
repeats in exon 1 was 7/5 in all Miniature Pinschers
tested.

DNA Mutation Tests

The presence of the mutations in Labrador Retriev-
ers and Miniature Pinschers can be easily detected by
the established TaqMan SNP genotyping assays,d and
retesting all studied DNA samples by this method con-
firmed the genotype results from sequencing.

A simple DNA amplification of a small region sur-
rounding the 6 bp deletion found in Australian Cattle
Dogs readily differentiates between the normal and
mutant allele due to the 6 bp fragment size difference
and can be used as a screening test to discriminate het-
erozygous or homozygous affected or normal geno-
types (Fig 3).

Breed and Mixed Breed Determination

Because these molecular genetic studies included
purebred and mixed breed dogs, the breed composition
of some dogs was examined using the Wisdom Panel
Test.e The cystinuric Labrador mixed breed dogs were

reported to have Labrador contributions. The 2 het-
erozygous cystinuric Australian Cattle Dogs were
found to be purebred Australian Cattle Dogs, as stated
by their owners.

The mixed breed dog (MIXB 1), weighing 18.5 lbs
and measuring 16.5 inches at the shoulder with a
white soft long hair coat, had a breed constitution of
1/4 each from Miniature Poodle, Chihuahua, and Shi
Tzu, with several other breeds constituting the last
quarter, but no evidence of Australian Cattle Dog.
Despite the many breeds represented, this dog had a
high degree of homozygosity (69%) for the informa-
tive 312 single nucleotide polymorphism (SNP) mark-
ers, which typically is seen with inbred and purebred
dogs according to an extended report of the breed
testing results.

The Miniature Pinschers were not subjected to breed
testing because these dogs were registered with official
pedigrees showing common ancestry. Interestingly,
these dogs were from Europe (mostly from Germany)
and belonged to a single 4-generation pedigree (Fig 2).

Discussion

Although cystinuria is one of the classic inborn
errors of metabolism and has been described in several
species,12 the disease is phenotypically heterogeneous
in humans and animals, and its molecular basis is not
yet completely understood.12,23,24

The genetic studies in 3 breeds presented here docu-
ment some of the heterogeneity in canine cystinuria.
We identified a new mutation in the SLC3A1 gene in
an autosomal recessive form of the disease, phenotypi-
cally and genetically similar to that previously
described in Newfoundland dogs.13,18 We also charac-
terized the first examples of both SLC3A1 and
SLC7A9 gene mutations that are associated with auto-
somal dominant patterns of inheritance of cystinuria
in dogs. These genes together encode the heteromeric
b0,+ amino acid transporter.16,17 Unfortunately, we

12

6

9
?

2

?

4

?
7

?

10
?

?

?

5

?

11 8

?

13

1

?

3

Heterozygous for the mutation

?

Cystinuric

Homozygous for the mutation

Normal geno- and phenotype

Unknown geno- and phenotype

Fig 2. Pedigree of the Miniature Pinscher family displaying the genotype and the phenotype of the dogs studied, showing their correla-

tion and the inheritance in an autosomal dominant trait.
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did not have access to kidneys of any cystinuric dogs
for protein and mRNA studies, but computer model-
ing of the observed mutations and current knowledge
of the protein structure and functional domains
strongly suggest defective reabsorption by the trans-
porter system b0,+. Based upon the genetic findings,
we propose a novel classification nomenclature for cys-
tinuria in dogs (Table 3), which also has important
implications for management and genetic control.

Similar to cystinuria in the Newfoundland and Land-
seer breeds, cystinuria in Labrador Retrievers is caused
by an early frameshift mutation (c.350delG) in the
SLC3A1 gene, leading to a premature stop codon that
truncates the rBAT protein to 157 amino acids instead
of 784 (Fig 1A). The early termination likely causes
accelerated RNA decay and decreased or no protein
synthesis. Regardless of the amount of protein, the
truncated protein would only contain 13 amino acids of
the extracellular domain, and would likely be unstable
and unable to dimerize precluding normal function.
Several human type I cystinuric patients with premature
stop mutations in the amino terminal region of the
protein show partial or complete loss of the rBAT
protein.25 Only Labrador Retrievers homozygous for

the deletion were cystinuric and both males and
females, regardless of neuter status, were cystinuric and
developed cystine calculi early in life, albeit more fre-
quently and earlier in males (by 1.1 years in this study)
than females, presumably due to anatomic differences
(Table 1). Interestingly, the spayed female Labrador
Retriever dog developed nephrolithiasis, which also has
been reported in cystinuric Newfoundland dogs,13 but
generally is rarely reported in dogs with any type of
uroliths.

Labrador Retrievers that were heterozygous for this
nonsense mutation neither showed clinical urinary
tract signs nor positive nitroprusside urine test results,
consistent with an autosomal recessive mode of inheri-
tance as previously reported for the Newfoundland
breed.13,18 Based upon information from urolith labo-
ratories and particularly when considering the popular-
ity of the Labrador Retriever breed, the incidence of
cystinuria in this breed appears low.8,26 Although the
information presented here can be used to devise
genetic tests differentiating among affected, carrier
(asymptomatic) and normal dogs, general screening of
the population of pedigreed Labrador Retrievers cur-
rently is not recommended. Those Labrador Retrievers

200 bp 

100 bp 

AUCD#           1       2      3      4       5      6     Mx   

nC

Genotype 1-1       2-2        2-1      2-2        2-2        2-1       2-2       2-2 

140 bp 
134 bp 

L L

Fig 3. Fragment length analysis on a 5% polyacrylamid gel, discriminating the normal DNA amplicon of 140 bp from the smaller frag-

ment of 134 bp in presence of the 6 bp deletion in SLC3A1 exon 6 found in cystinuric Australian Cattle Dogs (see AUCD #) and a

mixed breed dog (here Mx). L, marker lane; nC, negative control.

Table 3. New expanded classification system for canine cystinuria according to the novel metabolic and genetic
findings (nd = not determined).

Phenotype Type I – A Type II – A Type II – B Type III

Inheritance Autosomal recessive Autosomal dominant Autosomal dominant Sex limited

Gene SLC3A1 SLC3A1 SLC7A9 Undetermined

Sex Males and Females Males and Females Males and Females Intact Adult Males

Androgen dependence No No No Yes

COLA

lmol/g creatinine

(normal ≤500)
homozygous ≥8,000 ≥8,000 nd ≤4,000
heterozygous ≤500 ≥3,000 ≥ 700

Breeds Newfoundland

Landseer

Labrador

Australian Cattle Dog Miniature Pinscher Mastiff &

Related Breeds

Scottish Deerhound

Irish Terrier
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showing clinical signs of cystinuria should be screened
by urine testing, followed by DNA testing of related
dogs. And because the mutation seems rare, it is rea-
sonable to consider elimination of carrier and cystinu-
ric dogs from the large breeding stock of Labrador
Retrievers without depleting the gene pool of the
breed.

The cystinuric Australian Cattle Dogs had an in-
frame 6 bp deletion removing 2 of the 3 adjacent thre-
onine residues in exon 6 of the SLC3A1 gene (Fig 1B).
This mutation may have occurred during DNA repli-
cation by mispairing or polymerase slippage within the
repeat of a CAC sequence. This portion of the rBAT
protein is found in a highly conserved portion of the
extracellular domain (Fig 4A). This domain is
responsible for substrate trafficking,27 suggesting the
deletion may interfere with normal transport function.
All dogs, male and female, homozygous or heterozy-
gous for this deletion were cystinuric, but all homozy-
gous males and the 1 homozygous female had higher
urinary cystine and COLA concentrations than the
heterozygous dogs (Table 1). Moreover, the homozy-
gous males showed obstruction earlier in life than het-
erozygous male Australian Cattle Dogs. Again, the
later age of onset of clinical signs in the homozygous
female Australian Cattle Dog may be explained by the
anatomic differences between the sexes. The heterozy-
gous offspring of AUCD 2 was 3 months old when it
tested negative by nitroprusside test and this dog
unfortunately was not available for follow-up cystine
and COLA testing. As the tested dam showed a nor-
mal genotype and cyanide nitroprusside test results,
the sire of AUCD 2 likely was heterozygous for the
deletion and therefore cystinuric, but this dog also was
not available for study. Failure to detect any other
mutations in the SLC3A1 or SLC7A9 genes excludes

the possibility of compound heterozygotes with 2 dif-
ferent mutations in the same gene (common in people)
or 1 in the SLC3A1 and 1 in the SLC7A9 gene.28

Therefore, cystinuria in the Australian Cattle Dog is
inherited in an autosomal dominant trait; a similar
mutation has not been found in humans. Although
mutations in the SLC3A1 gene typically are inherited
recessively in human patients, rare dominant traits
have been documented.24

More Australian Cattle Dogs need to be studied to
determine the mutant allele prevalence in this breed.
However, the cystinuric Australian Cattle Dogs studied
here were from very different parts of the United
States, ranging from the Southeast to the Northwest,
suggesting that the defect may be somewhat wide-
spread in the United States. Therefore, it might be
appropriate to screen any Australian Cattle Dog
intended for breeding or those showing clinical signs
involving the urinary tract. Australian Cattle Dogs can
be simply screened for cystinuria by examining urine
for cystine crystals and performing the nitroprusside
test, followed by using the established DNA test
(Fig 3) to differentiate between cystinuric heterozyg-
otes and homozygotes.

Surprisingly, the mixed breed dog (MIXB 1) that
formed cystine calculi early in life was also found to be
homozygous for the same 6 bp deletion in SLC3A1
(c.1095_1100del). However, phenotypically, with small
stature and somewhat curly white fur, this dog did not
resemble an Australian Cattle Dog. Breed testing identi-
fied more than 3 breed contributions (but no Australian
Cattle Dog) and also high homozygosity for the ana-
lyzed SNPs, suggesting close inbreeding. Moreover, this
MIXB 1 dog also was homozygous for other variations
within the SLC3A1 gene and identical to the homozy-
gous cystinuric Australian Cattle Dogs (Table 2). These

A

B

Dog:        E L Y H D F T T T Q V G M H D I V R S F R Q T M
Affected dog:  E L Y H D F T - - Q V G M H D I V R S F R Q T M 
Human:     E L Y H D F T T T Q V G M H D I V R S F R Q T M
Cat:        E L Y H D F T T T Q V G M H D I V R S F R Q T M
Mouse:      E L Y H D F T T T Q V G M H D I V R D F R Q T M 
Rabbit:     E L Y H D F T T T Q E G M H D L V R S F R Q T M
Cow:        Q L H H D F T T T Q V G M H D I V R S F R Q T M
Chicken:    E L Y H D Y T T T Q V G M H D I I R S F R Q T M

Dog:         P L F V A F S T I G A A N G T C F T A G R
Affected dog:  P L F V A F S T I G A A N R T C F T A G R
Human:      P L F V A F S T I G A A N G T C F T A G R
Mouse:      P L F V A F S T I G A A N G T C F T A G R
Cow:         P L F V A F S T I G A A N G S C F T A G R
Opossum:    P V F V A F S T I G A A N G T C F T A G R
Chicken:    P L F V A F S T I G S A N G V C F T A G R
Xenopus:    P L F V A F S T I G A A N G T C F T S G R
Zebrafish:  P V F V V C S T F G A A N G S C F T A G R

Fig. 4. Alignment of the amino acid sequences from different species, surrounding (A) the deletion of two threonines, predicted in

SLC3A1 exon 6 in cystinuric Australian Cattle Dogs and a mixed breed dog, and (B) the exchange of a glycine to an arginine, found in

cystinuric Miniature Pinschers, both showing a highly conserved sequence in the protein.
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findings suggest that the SLC3A1 haplotypes in MIXB
1 and Australian Cattle Dogs are identical and they
share a common ancestry rather than being caused by 2
separate events leading to the same mutation.

Finally we describe here the first putative mutation in
the SLC7A9 gene associated with autosomal dominant
cystinuria, in Miniature Pinschers from Europe. It is a
single base missense mutation (c.964G>A) changing the
small hydrophobic glycine residue to the larger, charged
basic amino acid arginine (p.Gly322Arg) in transmem-
brane domain 9 of the light subunit bo,+AT (Fig 1C),
which is highly conserved in vertebrates as evolution-
arily distant as zebrafish (Fig 4B). According to SIFTf

analysis, which predicts the consequences of gene muta-
tions on protein function based on known evolutionary
conservation and 3-dimensional structure, this substitu-
tion is not compatible with normal function.

In the small family of Miniature Pinschers studied,
only cystinuric heterozygous dogs were observed. The
mutation segregated with increased urinary cystine
concentrations throughout the entire pedigree, tracing
back to a common heterozygous dam. Therefore, this
missense mutation appears to cause an autosomal
dominant form of cystinuria (Fig 2). Although for
dominantly inherited traits, homozygosity for the dis-
ease-causing allele can be lethal, this seems unlikely in
cystinuria because homozygous individuals with
SLC7A9 mutations have been observed in humans.24,25

Although we have no direct evidence explaining why
this mutation causes a dominant type of cystinuria in
dogs, we hypothesize that because this missense muta-
tion does not affect the binding site to rBAT, it likely
results in a malfunctional transporter channel, rather
than inhibiting heterodimerization of the 2 subunits.
Having a malfunctioning and normal functioning
b0,+AT protein anchored in the membrane, may result
in defective transport. Furthermore, it has been sug-
gested that the COLA transporter is a heterotetramer
formed from 2 heterodimers, potentially explaining
abnormal or diminished transport when mutant and
normal dimers interact.29 As indicated, all Miniature
Pinschers heterozygous for the missense mutation in the
SLC7A9 gene were cystinuric, and some repeatedly
developed cystine calculi independent of sex and neuter
status. The extent of COLA excretion was less severe
than with the SLC3A1 mutations described above, but
surprisingly seemed to cause relatively higher urinary
concentrations of cystine compared to ornithine, lysine
and arginine (Table 1). This is in contrast to observa-
tions in cystinuric Newfoundlands and dogs of other
breeds studied here, where the sum of the dibasic amino
acids always exceeded that of cystine alone. Additional
studies are needed to define the molecular mechanism of
this mutation altering the b0,+AT protein.

The prevalence of cystinuria in the Miniature Pin-
scher breed currently is unknown, but it is not a breed
that has been reported to have a higher incidence of cys-
tine urolithiasis by any urolith laboratory.11,26 All cys-
tinuric Miniature Pinschers studied belonged to a single
family. The single common ancestor was 11 years old
when tested and its parents or other informative rela-

tives were not available. Hence we do not know if the
mutation originated in this dog, any of its ancestors or
even in the line of the common sire with an unknown
genotype (Fig. 2). Based upon our current knowledge,
all Miniature Pinschers related to this family in Europe
should be screened by the mutation-specific DNA test,
particularly when related to any cystinuric dogs.
Because it is a dominant trait, all dogs homozygous or
heterozygous for the mutation should be excluded from
breeding.

We had previously divided cystinuria in dogs into 2
types, with type I referring to an SLC3A1 mutation
showing autosomal recessive inheritance and nontype I
to cystinuria exhibiting a milder degree of cystinuria
observed in mature, non-neutered male dogs of various
breeds (unpublished data).,a,[14] Although the metabolic
and genetic studies reported here in 3 additional canine
breeds clearly expand our understanding of the hetero-
geneity of cystinuria in dogs, the molecular basis of
cystinuria in many breeds has not been elucidated. For
example, the fact that the average age of urolith-forma-
tion in the breeds with known associated mutations is
much lower than the reported mean age of dogs when
cystine calculi are removed (4.8–5.6 years),7,30,31 and
the fact that several breeds have been shown to be free
from protein-coding mutations in the SLC3A1 and
SCL7A9 genes,8,12,22 indicates that the basis for addi-
tional heterogeneity in canine cystinuria remains to be
elucidated. And although cystinuria also is complex in
humans and several classification systems have been
proposed, no sex-linked or sex-limited forms of the dis-
ease have been identified.3,24 We therefore propose a
classification system that encompasses both discrimi-
nating aspects of the phenotype (e.g., sex related,
androgen dependence, mode of inheritance) and the
gene associated with the disease (Table 3). We desig-
nate type I cystinuria when the disease shows autoso-
mal recessive inheritance, type II when it shows
autosomal dominant inheritance, and type III for sex-
limited inheritance (unpublished data). Specific muta-
tions within each type should lead to phenotypes that
are sufficiently similar that the same medical manage-
ment and breeding advice applies to all cases within
that type. Involvement of the SLC3A1 gene is indicated
by adding A, and similarly B indicates mutations in
SLC7A9. If no letter is appended, the genetic basis is
unknown. Alternatively, stating simply the mode of
inheritance and mutant gene could be used. These
recent discoveries will have major clinical impact
including selection of the best clinical management and
genetic control of cystinuria in future generations.
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