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Haplotype-defined linkage region for gPRA in Schapendoes dogs
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Purpose:In order to determine the molecular basis of canine generalized progressive retinal atrophy (gPRA), we initiated
whole-genome scanning for linkage in gPRA-informative pedigrees of the Schapendoes breed.

Methods: Detailed pedigree and ophthalmological data were assembled in selected Schapendoes pedigrees. A whole-
genome scan was initiated by two-point linkage analysis using microsatellite markers in combination with haplotype
analyses. Mutation screening was carried out in respective candidate genes by DNA sequencing of amplified products and
guantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR).

Results: Genotyping data of the microsatellite genome scan evidenced a peak two-point lod score of 4.78 for marker
REN93EO7 on CFA20. Haplotype analyses inferred the gPRA locus in a 5.6 megabase (Mb) region between markers
FH3358 and TL336MS. Mutation screening in the geDAENA2D3 HT017, andWNT5Arevealed no causative se-

guence deviations. In additioBACNA2D3mRNA levels were equivalent in retinas of affected and healthy dogs.
Conclusions: By genome-wide linkage analysis a region for g°PRA was identified and fine-localized in Schapendoes
dogs. Although the mutation causing gPRA in Schapendoes dogs has not yet been identified, we established indirect DNA
testing for gPRA in this breed based on linkage analysis data.

Generalized progressive retinal atrophies (gPRAS) in doAWGS) using markers spread evenly across the canine genome
mestic dogs@anis familiarig are a group of inherited retinal for linkage in gPRA-informative pedigrees of the Schapendoes
dystrophies that share a similar phenotype. gPRA causes phareed. Here we demonstrate linkage of the gPRA trait to mark-
gressive loss of vision, usually leading to blindness. Initiallyers on canine chromosome 20 (CFA20) in Schapendoes. In
rod photoreceptor vision is affected, causing night blindnesaddition, the critical region was fine mapped, and the novel
followed by progressive loss of cone photoreceptors with dezandidate geneSACNA2D3 HT017, andWNT5Awere in-
teriorations in daytime vision. gPRAs can be classified by ageestigated.
of onset and rate of progression [1]. Certain breeds show early
onset forms, e.g. Collies, Irish Setters, Norwegian Elkhounds METHODS
and Miniature Schnauzers. In these breeds, the disease reséltsmals: All dogs were collected from the general breeding
from abnormal or arrested development of the photorecept@opulation of pure-bred Schapendoes. Five pedigrees, com-
cells in the retina, and gPRA affects pups very early in life. liprising 57 Schapendoes dogs including 13 gPRA-affected
other breeds (including Miniature Poodles, English and Amerianimals, were available in which gPRA is transmitted in an
can Cocker Spaniels, Labrador Retrievers) gPRA onset o&R manner. Ophthalmologically experienced veterinarians
curs much later. Affected dogs in these latter breeds appeeonfirmed the gPRA status of affected and unaffected dogs by
normal when young, but develop gPRA as adults. ophthalmoscopy as documented in certificates of eye exami-

Two X-linked [2] and an autosomal dominantly inheritednations. gPRA in Schapendoes is characterized by late onset
trait [3,4] have been described, yet most gPRA forms are tranand slow progression as documented by veterinarians of the
mitted in an autosomal recessive (AR) mode. Up to now, cau®ortmunder Ophthalmologenkreis (DOK). Affected
ative mutations have been identified only in few breeds oSchapendoes dogs appear normal when young, but develop
dogs with AR transmitted gPRA [5-11]. gPRA at an age of onset between 2-5 years. Early in the dis-

In addition to the respective pedigree material highly inease, affected dogs are night-blind, lacking the ability to ad-
formative polymorphic DNA markers [12,13] are the necesjust their vision to dim light; later, their daytime vision also
sary tools for mapping chromosomal locations of disease geffi@ils. This process of complete photoreceptor degeneration
loci by linkage analysis. In order to determine the moleculatakes up to 2 years.
basis of canine gPRA, we initiated whole-genome scanning Genomic DNA was extracted from peripheral blood ac-
cording to standard protocols [14]. For isolation of RNA and
Correspondence to: Gabriele Dekomien, Human Genetics, Ruhfetina sections we obtained an eye of a gPRA-affected, five
University, UniversitatsstraRe 150, 44801 Bochum, Germany; Phor¢ear-old Schapendoes with complete loss of night vision yet
49-234-3225764; FAX: 49-234-3214196; email: anecdotally remaining, very limited day-time vision. Retinas
gabriele.dekomien@rub.de of gPRA-free Saarloos/Wolfshounds were used as controls.
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Histology: The enucleated eyes from a five year old, TaBLE 1. MICROSATELLITE MARKERS FOR MAPPING , PRIMERS FOR
gPRA-affected Schapendoes dog and control eyes from aPCRAWPLIFICATION , THEIR LOCATION AND PCR PRODUCTS SIZES

gPRA-free Sarloos/Wolfshound were sagittally cut at the level M crosat _ Location  Size
of the optic nerve, immersion-fixed in 100% ethanol and par- "®ke" ~ type ~ Primer sequence (5'-3) — on GFA20  (bp)
Ta i 1 1 REN100J131 di TGATTGACTCTACTTTACACA 25,817, 177 164
affin-embedded. Serlal sectlon's, i) thlck, were cut over ' i S TacTTTAcA e oy o
the whole extension of the retina, stained with hematoxylim+ssss2 tetra CATCACCCAAATTCAAAGGCA 33,006,985 268
. CCATCAAGGCCCTAATATTTAAAGATT 33, 097, 252
and eosin and photo-documented. REN149D232  di GACAGAAGAGCCCATCGAG 37,609,209 168
. . . CATAGTCACACCCACCAATG 37, 609, 376
Markers and genotypingFor the WGS highly informa-  rensisezz2 i FAAANGACOATGOATOAG 36 133 100 154
tive autosomal microsatellite markers were analyzed from thg....s 4 A o sue ges 126
ini i - i i 1 CACTTTCTCTCCCCCTCTG 38, 313, 607
m|n|m'al screening sgt 2 (MSS-2) [1'2]. M.Ic.:rosatgllltes for' fine pamors GoTe 3o ope %08 170
mapping (Table 1, Figure 1) were identified using publlsheqL sovs . TGACGACTECCACT GTAMATA 3,528,877
I ' '
dog markers [15], the dog genome sequence (May 2005) and _ CCTTATGTCCATCOCCATC 38,727, 303
the Tandem Repeats Finder included in the UCSC Genond&®™® A AT TG S8 o0 708
H H H H 327MB di TGGCTTGTTATGAAGT TGGCC 39, 812, 660 167
Browser. Only microsatellites with a repeat length exceeding ' iiebiaieansiioe 39 812 826
I I I I 9511 di AACTGAGGTTCCCTTGITCC 47,049, 704 232
15. units were selected. PCR primers were designed using ArCTEARCGTTOOCTTCTTC pARSEINE
Primer Express software (PE Biosystems). For PCR we useeluismer  di CCATACAGCCACACCAAGTG 56,553,756 192

GCTCCCTGACCACAGGTCT 56, 553, 948

the “tailed primer PCR” as described before [16]. This method _
requires three oligonucleotides for amplification: 1. tailed forLocation ascertained from UCSC Genome Browser (assembly: dog
ward primer (tailed F), 2. reverse primer and 3. labeled priméY'ay 2005).

Diseass sD1 O [!
Markers:  haplotype:
RENIODJIZ 2 S0 57 sojz2 s0j23
FH3358 8 z| |4 2|4 2|4
REN145D23 2 L] 4 5h0 E1E3
RENJEEZY 2 2| |s ofo 2|4
TL33SMS 3 2|3 3|2 2|3
RENGIEOT 2 3|2 2|3 32
TLIIBMS 2 2| o 102 2o
TL337TMS 2 20 |3 3(2 2|3
TLI2TMS 2 2|3 olo 2|3
TLIosiME 4 2| |1 1|z HE
4115 54 4|5

S sDfs7  sOf|ks sD7F7 L_'_| sﬁ
alla 2|[js 2s 2[4]] 4[4
sls alll+ a5 afig sls
43 2|« afs 2(z HE
als EN | E.I E 22 H
2fa Kl | E3 2|2 3|3 3|z
15 2|l 100 2[2 2fi0
s 2l afs (2 HE
afa EN| | ] E] 22 HE
12 alllv 1 2|2 2|1
H s|lls  sls 4fa 4ls
S0 o[ sg.e s0| o4 sgi Sgi SD3  SD35 sSD36  sSDA7  SD41 s030  sD20
04 2|||2 2(2 all4n 2|s 14 [4 4[] 4+ 4+ a4+ P24 4] ole]
HE alll1 5|2 11 a7 45 als|| |7 slt sl fas 4 afin
2|4 2 3 23 4 2 2|4 Z|4 2|2 2|2 2]2 212 2|2 4|2 1|2
2 2| ||+ 2[4 1]z 23 23 2|2 1l 11 1l 22 3l 22
3 3|||+ 3[4 e a2 3l2 safl 4fs 2la afs fafs z|3 1|2
2 z|ls 2[5 10| |2 z[to 2fio 22 o oo 3 EE gzl ¢z
2 2|ls 2[5 a2 2|3 23 2|2 4 a4 FIr Fif slzf 2l
2 HlE 2(3 1]z oo olo oo 1l 1[1 1l 22 oo 1|2
2 2|||2 2[4 4|2 2|1 2|1 2zl 4fs als afs J2fz 1|2 2|z
4|5 4 & 4]5 5 4 4|5 4[5 5 515 515 515 alsl) sla Gla
O emD = > = O
S033 SDM3 SD[E  SD21 SDOY SDS0 D06 SDO; 3010 5D58 S0 |48
3|4l 4 2|a 2|2 2|2 z|2 NE LIEEIE 4|41 4|a 2| |2
1L al? als HE N E alsl| 2fs 4|5 7l 9f [s
4z 4fs fzf2 2lz 2z Jz|+ zlzf  afe 2|2 fz 2| |2
2 I E 2fz zlzf 2|5 HE R 2|2 3 2| |3
a3 aj2 3la E1E] i3 3|2 33 3|3 3|3 203 3 2
wz] oo Bzho alz 2|z fzho 2|2l w2 22 100 2| o
alzf 4fs fz|4 2lz HE B HE 2|2 1]z 2[2 a4 2| [s
20 ofe Jofo alo HH N HE HE BB 2|2 af 2| [3
a1z al 2|a 212 2|z Fd L) 2|2 3z Z|2 1|a 2 1
4 5 [afs 4 afa] Bals alsl  ala nn 4f [s
]
SD15 sSDig SDS6 SDT9 SD19  SD2B  SD112 SD51 S5D52 SD53  SD54 5074 SDTS SD8T SDBY  SD8%0 SD109
'I?a 414l B2 2|2 2|2 |44 2|4 HE 2]4 H L HE 2|4 HE 4|4 HE 2[4 4|4
T|e T4 ala a|6| ]9 a7 als &l olo als als 515 als 5|5 95 85 5|5
FIERE I E{Fl I EdE| W EdEl B E1EE EiEd 220 Bel+ Bels 24 2f« Qz|s oo Jzfs 2|20 afs
2|1 168 N 5 N BE B EE N a8k 2|2 EHH B BERE EENE HEH 2fs  f22 FIEN F1EE E1El BEIE
ala  z[a] Jefs SE N EE A als alaf k22 §elz iz afz M3z 2|2 alz ol zf2
FICINNRE 1 B E1E BN E1E! BN E1E1 B EICE E1Ed 2120 Rzpo Bzpe Jepe 2o fzfo apo  fzo Jelzl aoho
z|a 3|2 2|2 2|2 FiF 2|4 2|2 00 0)3 o3 of3 23 203 33 oo 2|3 33
a1 168 N EE N B B B N A 2|2 oo Relz fol2 Jofe ofo  fz|2 ala Qoo P23l 33
HE izl fzlz0 Bzlz0 Rz20 R:zl+ Bel HH N 8 2|1 2[1 21 HI 11 2|1 2zl 11
als slsl 4lsl 4|6l ol0 415 a6 4 |4 al5 als 415 415 als 515 415 4150 515

Figure 1. Haplotypes of the gPRA Schapendoes families SD1-5 as established by microsatellite markers for chromosomed@ogsffect
are represented by black, unaffected by white and those with known carrier status are represented by half-filled syrabotprégeht
females and squares represent males. Genotype that could not be ascertained are scored as “0”. Black bars indicatbdpgffected
the box, genotyped markers and the disease haplotype are indicated. The observed recombination events evidence thiaglieeasdrcaus
the region between markers FH3358 and TL195IIMS.
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TABLE 2. PRIMERS FOR AMPLIFICATION OF EXONIC REGIONS OF
CACNA2D3, HT017, AnND WNT5A INCLUDING EXON/INTRON

BOUNDARIES

8F
8R
9F
9R
10F
10R
11F
11R
12F
12R
13F
13R
14F
14R
15F
15R
16F
16R
17F
17R
18+19F
18+19R
20F
20R
21+22F
21+22R
23F
23R
24F
24R
25F
25R
26F
26R
27F
27R
28F
28R
29F
29R
30F
30R
31F
31R
32F
32R
33F
33R
34F
34R
35+36F
35+36R
37F
37R
HT017 1F
1R
2aF
2aR
2bF
2bR
3F
3R
WNT5A 1F
1R
2F
2R
3F
3R
4F
4R
5F
5R

Sequence (5'-3")

GGTGCTGGCAGTTTCTACCC
ATCGCTTCCTGCCACCAC
AAGAGAGGCAGTCCTATTTATTCCTTG
GAACAACTGAGTCAACTTCACTCTTTG
AAGGCTCCAGGTCATAATGCAC
CTTACCATTTCTTGTTTGGCAGC
GACACCCTTACCTGCCTTTGC
TGTCCCCCATACCCTCTGITC
CTCATGCTGCTATTGCCAGC
TCATTTTCCCCTATTGGGAGG
CAGGGCTGGTCATTGCATG
AGGCGGGACATCTAATGCTG
GGTACCCCTCAAATGATTAATTGTG
TAGGTTTGTATCATGACCCTTGATG
CCATTCCAGTCTGAGACTCGTTG
GCCAAGGCTAACCATAATGCTG
GGGAAATGCTTATCGTGTAGGTTC
AGAGCCATAGTATTCGGITTGGTC
CCTACAGATGGGAAGCCTGG
CTCTTAACTATCCCAACTTGCGC
TGAGAGGTGGGTTTATGGTTGAC
GGTTAACACGGTCTTCTGGAATTAAC
TTGCCAGTGGTGACCAAATG
GTACTGAATGCACAAAATCATGGAG
ACTGGTCTGITCCCAATGGC
CACCAGAGCTTGAGTCAGAGAATG
AAACTTTGAGAAGGCACCAGATG
AGGTATCTTGGACGCTTAGTCCTG
TGAATTCACCAGGGAGCCAG
AAACGCTGCTGCAAAAGTGTC
GCTTCTCTCCAATATCCCTCCAC
TGGCCTCCAGGTACAGAACTG
AGCATGCTGACTTGGTGCC
CACTCTTTCCAGCCTTTTGEC
AAACCAACACCAACTATAATCAGT GG
TCTTTCATTAATCCAATGACTGGC
GGGAGATGCAAGT GAGGAGG
GCTGGATTTGATGGGACCG
AGAACTGTTCCATATTTTCAGCTGG
TCGAGCTCTTGTGGTTTGGAG
TTGCATTCTGTGCTTGGTGC
ATCAAGAAACGCAAGCCTCC
TCTCCACACTTTCGCCAACAC
GGCCAATATTCAACACTGCCTC
CACAGCAGCTATGGCGTCAC
ACCAGCTGTCAGAATCTTGAATTG
TGCTTGCATCAGCTTCTTGC
GCACTTTTAGGCTCCGGGTAC
TAAGTGGCAATCATAGCAGATGC
TCAGGAGCAATCTGTCAGACAAG
CCATGGCCTTAACTCCTAGAGC
GGCTGTGACATTTTTAGAGGGATAG
TCCTGATTCTTCTCTGGTCCTTG
GGCTTGCTTTATTTGACCTTGG
GACTTTGCATGITCCTGGITTG
CACAGATAAAGATATGCTCACGCTC
GGTATCCAACCATGITCTTCTTGTAG
TGGTCTCAGCTTTCAATATTTCGAG
GGGTAACACAACCAACCATACTGTAC
TGTATGTTTGTCCATCCTTGGTG
GAGCGGAACTGGGTTCTGAG
TCTAGCGAAGCCAAATGATGC
GGGAGTTTTCCTCAGGATCTTTG
ATGAGACTCTCATGGTGAATCTGG
AAGACTTGATTCCTACTTTGGAGAGC
AAGTCTCTGCCAACAACCATCC
GOGTTGAAGAAAAGCACAAGC
AGTCCCTTCCTCCCACGG
ATTCCTTGTGACTTCAGAGGGAC
GGAGCTTGATTTGTCATCAAACA
GCAGACTTTTCCACTCCCTCC
CCTGCGTGT TACCAGCCTAGT
GCTGTATATATTCCATCTGCCTGAG
GTGAATGCATCAACCCTACTCATATAC
GTAAAGTCTTTTGCACAATCACGC
AAAAAGT GGCGAGCGTCG
AACTCAACGGAGGAGAAGCG

AATAAAACAAAGCATATGTACTTAGAAGGAAC

ACTTTGT CATGAGGACAAGCAGG
TCTTCAGGAGAACACTTGATCCG
GGGTCAGAGTGGAGACGCC
TTGTCAGGCAGCATCAGEC
GGAGCGGAGCTTTGGTAACC
AAATAAGTGGGTCCTGGGAGC

Si ze
(bp)
268
329
261
355
326
546
201
311
422
277
394
208
266
248
221
279
693
310
637
406
359
484
410
251
232
381
231
304
373
290
352
551
630
209
487
319
605
468
302
440
503

599
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(labeled F) corresponding to the 5'-tail sequence of tailed F.
PCR conditions were as follows: 1-PCR buffer (Genecraft,
Ludinghausen, Germany), 0.2 mM each dNTP, 1.5 to 3 mM
MgCl,, 0.2 pmol tailed F, 2.5 pmol labeled F, 2.5 pmol reverse
primer, 0.5 U BioTherm DNA Polymerase (Genecraft) and 50
ng DNA. PCRs were performed in 96-well microtiter plates
(Thermowell Costar Corning, NY). Each well contained a re-
action volume of 1@u. A “touchdown” PCR procedure was
applied in a thermocycler (Biometra, Gottingen, Germany):
initial denaturation (5 min at 9%C), two initial cycles 6C

and 3°C above the annealing temperature, 40 cycles €95
(30 s), annealing temperature of"&3(30 s), elongation at 72
°C (30 s) and a final elongation step at'Z2(3 min).

Electrophoreses were run using Amersham Biosciences
standard protocols for genotyping on the automated capillary
DNA sequencer (MegaBACE 1000, Amersham Biosciences,
Freiburg, Germany). PCR products of two markers were di-
luted (each 1:10), pooled andPof this dilution were mixed
with 0.5ul of MegaBACEM ET-R Size Standard and 256
loading solution (70% formamide, 1 mM EDTA). Raw data
were analyzed by the MegaBACE Fragment Profiler software
version 1.2 (Amersham Biosciences, Freiburg, Germany) and
a table of genotypes was exported. For a few markers no PCR
products were obtained for specific dogs.

Linkage analyses:Using the LINKAGE package ver-
sion 5.1 [17], we undertook two-point linkage analyses be-
tween the gPRA locus and each marker. The disease trait was
coded as being AR transmitted with full penetrance, no phe-
nocopy and a frequency of 0.1 for the disease allele. The data
were controlled for Mendelian inheritance using the unknown
program, and two-point linkage analyses were performed us-
ing mlink program [17]. Marker-allele frequencies were cal-
culated on the basis of genotype data of 10 unrelated indi-
viduals of the schapendoes breed.

Mutation screening of candidate gen@éACNA2D3,
HTO017, andWNT5A: Exon/ intron boundaries of the canine
geneCACNA2D3HTO017 andWNT5Awere searched for by
comparison of the mRNA sequence of the human gene (ac-
cession numbersCACNA2D3 NM_018398HT017,

TaBLE 3. PRIMERS FOR AMPLIFICATION oF CACNA2D3 cDNA

Si ze

Pri mer Sequence (5'-3") (bp)
CACNA2D3 Ex2 F ATGGAAGAGATGT TTCACAAAAAGTC 605
CACNA2D3 Ex7 R GCAATAATGT TGAAAAAGT CATCATCC
CACNA2D3 Ex6 F ATTAAATGGGAACCAGATGAGAATG 375
CACNA2D3 Ex9 R ATCACTGAGAATGT TGAAGGCC
CACNA2D3 Ex9 F CACTTCAGGGAGCATCTGGAC 728
CACNA2D3 Ex17 R CACTCCACCTCAGAGAGGTCAAC
CACNA2D3 Ex15 F  AGATCGAAAGGCATTCTTCTGG 624
CACNA2D3 Ex23 R GGCATCAAAGAGGACTTCTTGTATC
CACNA2D3 Ex20 F  AGGTGTGGCGCTCTCCAG 752
CACNA2D3 Ex29 R CCAGAATAAACCCATTATTGICTATGAG
CACNA2D3 Ex28 F  GCCTCTCTGGATGGCAAATG 762
CACNA2D3 Ex37 R TCACCTTGAGAAGAGCATTAAGAGC

The exonic primer sequences for amplification of overlapping poly-

The intronic primer sequence for amplification of corresponding exmerase chain reaction products of the cDNA and the product sizes
ons and 50 intronic bases on either end of the exons and the prodggs shown.

sizes are shown.
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NP_065729%VNT5A NM_003392) with the publicly avail- QuantiTect SYBR Green assay (Qiagen, Hilden, Germany) as
able dog genome sequences in UCSC Genome Browser (akescribed by the manufacturer and the iCycler iQ real-time
sembly: dog May 2005). For sequencing of the coding regionBCR detection system (Bio-Rad, Minchen, Germany). PCR
of the three genes, intronic PCR primers flanking the exongrimers were designed using Primer Express software (PE
were designed in order to amplify at least 50 intronic bases dBiosystems). In order to avoid amplification of contaminat-
either end of the exon in order to cover the splice junctionsig genomic DNA, the primers span an intr@ACNA2D3
(Table 2). PCRs were performed under standard PCR conditRNA/cDNA was amplified using primers CACNA2D3 Ex9-
tions [18] with BioTherm DNA Polymerase (Genecraft) andF (5'-CAC TTC AGG GAG CAT CTG GAC-3") and
1.5 mM MgC|, at an annealing temperature of &7. CACNA2D3 Ex10-R (5'-GGC TGC AGATGC TTC CTTG-

For sequencing of th e ACNA2D3cDNA total RNA of  3'). ATP-binding cassette, sub-family A, member 4 gene
retinal tissue was isolated. For this purpose peqGOLD TriFagABCA4 and guanine nucleotide binding proteirtransduc-
reagent (Peglab, Erlangen, Germany) was added to the frozieg activity gene GNATY) are retina specific. They were am-
tissue samples, the mixture was immediately homogenized aptified using primers ABCA4-F (5'-TGG AGG AAA GCT
total RNA was then extracted using guanidiniumCCC AAT CC-3') and ABCA4-R (5'-GCC TCT CTG GTG
isothiocyanate (RNeasy Mini Kit, Qiagen, Hilden, Germany) ATA GGG CC-3') and GNAT1-F (5'-GCT CGC GTG TCA
cDNA was synthesized by oligo-dT priming with the AGACCAC-3") and GNAT1-R (5'-ATCCACTTCTTG CGC
Sensiscript RT Kit (Qiagen, Hilden, Germany). OverlappingTCT GAG-3'). Hypoxanthin phosphoribosyltransferase 1
PCR products of the cDNA of tii@ACNA2D3ene were gen- (HPRT1) served as internal reference and was amplified us-
erated using the primers in Table 3. ing primers HPRT1-F (5'-AGC TTG CTG GTG AAA AGG

All sequencing reactions were carried out by the dideoxyAC-3") and HPRT1-R (5'-TTATAG TCAAGG GCATAT CC-
chain termination method using the Dyenamic ET Terminato8'). One-step PCR cycling was carried out by reverse tran-
Kit (Amersham Biosciences, Freiburg, Germany) accordingcription at 50°C for 30 min, initial activation step at 9&
to the manufacturer’s instructions. Reaction products were ruior 15 min x1 cycle, 4-step cycling at 98 for 15 s, at 60C
on an automated capillary DNA sequencer (MegaBACE 100Gor 30 s, at 72C for 30 s x 40 cycles. As soon as the PCR was
Amersham Biosciences, Freiburg, Germany). completed, baseline and threshold values were set automati-

Quantitative real-time RT-PCR of candidate genecally and threshold cycle (CT) values were calculated. CT
CACNA2D3Total RNAs from the retinae of a gPRA-affected values were exported to Microsoft Excel for calculating the
Schapendoes and an unaffected Saarloos/Wolfshound weeal copy number. The CT value represents the PCR cycle at
subjected to quantitative real-time RT-PCR analysis using thehich an increase in fluorescence can first be detected above

Figure 2. Hematoxylin-, eosin-stained paraffin sections illustrating normal canine retina and gPRA-affected retina of doBsltqupA:
The retina of a Saarloos/Wolfshound exhibited regular nuclear layers with the nerve fiber layer (NF), ganglion cell layer{&@lgxi-
form layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), photoreceptor layergiRCibhe
pigment epithelium (PEB: In the degenerated retina of a Schapendoes dog the outer retina with the RCL and ONL was missing, the INL and
the IPL reduced, the GCL was comparatively preserved. CH represents choroid. The sc8edyaesents 2(m; same magnification for
A andB.
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a base line signal level. Signals were quantified by normaliz-etina showed reduced inner nuclear and inner plexiform lay-

ing with GAPDH expression. ers, whereas the ganglion cell layer appeared comparatively
preserved.
RESULTS A detailed ophthalmological examination was performed

Compared to a normal retina (Figure 2A), the gPRA-affectedn all 57 Schapendoes of five different families revealing 13
eyes of a five year old Schapendoes displayed typical degedegs with bilateral affection. Evaluation of gPRA in these five
eration signs in peripheral and central areas (Figure 2B). THamilies suggested that the disease segregates as an AR trait
outer retina with the photoreceptor layer and the outer nucleéfigure 1). A case of inbreeding was identified in family SD3.
layer was missing in all retinal parts investigated. The innelnitially, WGS for linkage was performed in the five pedi-
grees using markers of the MSS-2 [12]. Having completed
oo Locaton o Loosion Vaker the typing of 165 microsatellites (CFA1-20 and 24-26) of 325
25,817,100 REN100OI1 MSS-2 markers, the WGS was abbreviated after a two-point
lod score of 4.78 at q=0.000 was obtained for marker
REN93EOQ7. The high lod score indicated that the gPRA phe-
notype was linked to a mutation on CFA20. For fine mapping
of the gPRA region in the Schapendoes breed nine additional
microsatellite markers from CFA20 were genotyped between
marker REN100J13 and TL195IIMS (Table 1, Figure 1) in
the five pedigrees. With one exception all microsatellites rep-
resent dinucleotide repeats. Heterozygosity values range
around 0.5, and 4-10 different alleles were analyzed in the
Schapendoes population. Two-point lod scores for linkage
between the gPRA locus and microsatellite markers gave still
a maximum lod score of 4.78 with marker REN93EOQ7.
Genotyping of ten microsatellite markers for all 57 dogs

33,097,050 FH3358

v TT00E | 57809250 RENASZS of the five pedigrees revealed that the “2-2-3-2-2-2-2" haplo-
oy 3322009 189200 RENIOE2S type (marker REN149D23 to TL327MS) segregates with the
canAzD 3518321323'@ Soszoen RENGR gPRA trait and has a frequency of 50% in the analyzed pedi-

38,056,600 TL33TMS

grees (Figure 1). Analysis of this haplotype placed the gPRA
locus in a region between marker FH3358 and TL1951IMS. A
potential double recombination event in the dog SD90 of family
SD5 may be interpreted to confine the size of the critical hap-
lotype to 5.6 Mb flanked by markers FH3358 and TL336MS.

39,812,700 TL327MS

1.4 4
1.2
5 1.0 1
e}
E
2038
= W CACNA2D3
808 W GNATY
]
&4 W ABCR4
0.2
49,094,800 TL19SIIMS
0 —
1 Mb
Sa SD
56553800 REN{44WH2 Figure 4. Analysis of gene expression by quantitative real-time re-

verse transcriptase polymerase chain reaction. Real-time RT-PCR
was used to determine the expression of the gEA&SNA2D3
Figure 3. Schematic overview of the critical region on chromosom&NAT1 andABCA4by calculating the real copy number. Expres-

20 in which the gPRA locus maps in Schapedoes dogs. On the lefion levels were normalized to those of HfeRT1gene. No differ-

hand side of the chromosome the analyzed genes and their genoraiwes were obvious between the unaffected Saarloos/Wolfshound (Sa;
location are shown, on the right hand side genotyped microsatellitd=2) and the g-PRA affected Schapendoes (SD; N=DA®@NA2D3
markers are depicted. Location ascertained from UCSC GenonmeRNA. GNAT1landABCA4mRNA expression is substantially re-
Browser (assembly: dog May 2005). duced or absent in retinal tissue of the affected Schapendoes.
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For the “recombined region” of dog SD90 no canine gene haestral recombination event, but rather be due to non-mendelian
been published in the different gene banks so far. Comparisamheritance. Yet non-mendelian inheritance appears less likely
of the canine DNA sequence of the critical region with theor two adjacent microsatellites in the absence of any addi-
human genome in UCSC Genome Browser (assembly: htional slippage mutations of these microsatellites in all the other
man May 2004) shows homology with chromosome 3p. Iranalyzed meiotic events. Consequently, we concentrated ini-
man this region comprises candidate genes for retinitisally on the smaller critical interval between FH3358 and
pigmentosa (RP)-and thus also for gPRA in Schapendoes. Thi€336MS, albeit the genomic region between TL337MS and
marker with the peak lod score REN93EOQ7 is located in inTL1951IMS must not be excluded formally to comprise addi-
tron 7 of candidate gef@ACNA2D3(Figure 3) which spans tional candidate genes.
a genomic region of about 830 kb (kb) and consists of 37 ex- An interesting candidate in the critical genomic interval
ons. The mRNA of this gene encodes the calcium chandel represents theACNA2D3ene. The marker with the highest
subunit, which is mainly expressed in brain [19] and also ifmod score REN93EQ7 was located in intron 7. Direct sequenc-
the eye UniGene. In intron 26 of the hun@RCNA2D3yene ing of all coding exons for homozygously affected and nor-
theHTO017/LRTM1gene is located (Figure 3). This gene en-mal SD dogs exclude a gPRA-causing mutation in the coding
codes the leucine-rich repeat and transmembrane domainskequence of th€ACNA2D3gene. This fact implies that the
Upstream ofCACNA2D3heWNT5Agene is situated (Figure mutation causing gPRA in Schapendoes may be located
3) encoding member 5A of the wingless-type MMTV integra-intronically in theCACNA2D3gene affecting splicing. Yet,
tion site family. Sequencing of the candidate gai€617  extensive sequence analysis of retinal cDNA revealed no splice
andWNT5Adid not reveal any pathogenic mutations, neithemutation in theCACNA2D3gene. Furthermore, in order to
in the coding sequences nor in intron/exon junctions of afexclude theCACNA2D3gene as causative for gPRA in
fected individuals. Five single nucleotide polymorphismsSchapendoes, we analyzed the expressiocBAENA2D3
(SNPs) were detected in tidCNA2D3gene: IVS16-7T>C, mRNA in retinal tissue: mMRNA levels were nearly identical
IVS23-51A>T, IVS29+18A>G, IVS29+57C>T, IVS30- between a gPRA-affected Schapendoes and an unaffected
57T>C. Yet, these SNPs occur in homozygous state not onfyaarloos/Wolfshound. In contrast, the expression of the retina-
in gPRA-affected dogs, but also in healthy Schapendoes (dadpecific gene&NAT1landABCA4appeared reduced substan-
not shown). Thus these SNPs do not cause gPRA itally or even absent. Photoreceptor cells in the retina of the
Schapendoes. Additionally, a thymin-insertion in intron 6affected Schapendoes have vanished so that an expression of
(IVS6-38_-34insT) was identified in comparison to the UCSQretina-specific genes cannot be demonstrated. Since its mMRNA
dog genome sequence (assembly: dog May 2005). Further iexpression is unaltered in a retina without photoreceptor cells,
vestigations revealed that this insertion was present in homozthe CACNA2D3gene appears expressed mainly in the cell
gous state in healthy dogs of other breeds, implying a nonypes not affected by gPRA. Yet also photoreceptor cells may
pathogenic polymorphism. Furthermore, sequencing of therell produce small but crucial amounts@ACNA2D3tran-
CACNA2DZXDNA from a diseased Schapendoes eye revealestripts that do not significantly affect the mRNA levels from
no sequence deviations, thus excluding “hidden” mutationanseparated retinal extractions. Given the availability of re-
affecting the splicing process. In addition, altogether 25 kb ispective tissue samples, we could nevertheless use the haplo-
introns 5, 7 and 8 of theACNA2D3gene comprising evolu- type-defined linkage region data to examine obligatorily ho-
tionarily conserved sequences were analyzed without any himozygotic mutation carriers for altered retinal mMRNA expres-
on the gPRA mutation in question (data not shown). sion already presymptomatically.

In order to exclude potential transcriptional impact of the  Since gPRA in Schapendoes is probably not caused by a
elusive gPRA mutation, the expressiolC&fCNA2D3NRNA  CACNA2D3mutation, mutation analysis of th¢T017 and
in retinal tissue was determined by real-time RT-PCR (norWWNT5Agenes were performed. Yet, g°PRA-causing mutations
malized to the level of the housekeeping geR&®T). MRNA  were excluded in the coding sequence of these two genes. In
expression of two unaffected Saarloos/Wolfshounds was concomparison to the UCSC dog genome sequence (assembly:
pared to a gPRA-affected Schapend@$SATlandABCA4  dog May 2005) the critical region between marker FH3358
gene expression was substantially reduced in retinal tissue afid TL336MS comprises further candidate genes, which are
the affected Schapendoes. In contrast, no reduction was obbie investigated. In case the causative mutation is not identi-

ous for theCACNA2D3mRNA levels (Figure 4). fied in this critical interval, additional candidate genes are to
be investigated in the region between TL337MS and
DISCUSSION TL195IIMS. Although the mutation causing gPRA in

The responsible locus for gPRA in Schapendoes, a canirf@&hapendoes has not yet been identified, the critical region
counterpart for RP in man, maps to the central region of CFA2@or the location of the mutation was reduced to 5.6 Mb. Our
Haplotype analyses defined the critical interval between markdindings for gPRA in the Schapendoes breed constitute an in-
FH3358 and TL195IIMS. The haplotype potentially confin-teresting naturally occurring model for RP, the human coun-
ing a smaller critical interval (between FH3358 and TL336MS}erpart of gPRA.
occurred exclusively in individual SD90 of family 5. A caveat Based on linkage analysis data, we established an indi-
remains to accept this confinement: Alleles 3 for markersect DNA test for gPRA in this breed. Nearly 600 dogs with a
TL336MS and TL337MS might not represent a recent or anmean age of five years have been tested so far. Based on the
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age of onset of 2-5 years in the Schapendoes breed, affecteddekomien G, Runte M, Godde R, Epplen JT. Generalized pro-
dogs among the tested individuals are likely to show initial ~ gressive retinal atrophy of Sloughi dogs is due to an 8-bp inser-
gPRA symptoms. All 18 phenotypically affected dogs were tgignzigle>;on 21 of the PDEG6B gene. Cytogenet Cell Genet 2000;
tested as harbounng the linked haplotype n homozygqus sta e.’Petersen-Jones SM, Entz DD, Sargan DR. cGMP phosphodi-
and all healthy obligatory carriers were typed as being het- ) . . )
. esterase-alpha mutation causes progressive retinal atrophy in
erozygous. The degreg of certainty for atest' res.ult dependson .o Cardigan Welsh corgi dog. Invest Ophthalmol Vis Sci 1999:
the rate of recombination (so far no recombinations were ob-  40.1637-44.
served) or new mutations. Theoretically small uncalculatablg. Mellersh CS, Boursnell ME, Pettitt L, Ryder EJ, Holmes NG,
risks remain for false negative and positive results, respec- Grafham D, Forman OP, Sampson J, Barnett KC, Blanton S,
tively. Notwithstanding, the established indirect DNAtest fa-  Binns MM, Vaudin M. Canine RPGRIP1 mutation establishes
cilitates the eradication of gPRA among Schapendoes. Known cone-rod dystrophy in miniature longhaired dachshunds as a
mutation carriers can still produce offspring by selective cross- homologue of human Leber congenital amaurosis. Genomics

. . : 2006; 88:293-301.
ing to dogs with mutation-free haplotypes. ’
9 9 plotyp 10. Goldstein O, Zangerl B, Pearce-Kelling S, Sidjanin DJ, Kijas

JW, Felix J, Acland GM, Aguirre GD. Linkage disequilibrium
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