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A photoreceptor cell-specific ATP-binding
transporter gene (ABCR) is mutated in
recessive Stargardt macular dystrophy

Rando Allikmets?, Nanda Singh?, Hui Sun*, Noah F. Shroyer’, Amy Hutchinson!, Abirami Chidambaram?,
Bernard Gerrard?, Lisa Baird®, Dora Stauffer’, Andy Peiffer®, Amir Rattner*®, Philip Smallwood*$,
Yixin Li’, Kent L. Anderson’, Richard Alan Lewis”-®%, Jeremy Nathans®>¢, Mark Leppert?, Michael Dean' &

James R. Lupski’®

Stargardt disease (STGD, also known as fundus flavimaculatus; FFM) is an autosomal recessive retinal disorder
characterized by a juvenile-onset macular dystrophy, alterations of the peripheral retina, and subretinal deposition
of lipofuscin-like material. A gene encoding an ATP-binding cassette (ABC) transporter was mapped to the 2-cM
(centiMorgan) interval at 1p13-p21 previously shown by linkage analysis to harbour the STGD gene. This gene,
ABCR, is expressed exclusively and at high levels in the retina, in rod but not cone photoreceptors, as detected by
in situ hybridization. Mutational analysis of ABCR in STGD families revealed a total of 19 different mutations
including homozygous mutations in two families with consanguineous parentage. These data indicate that ABCR is

the causal gene of STGD/FFM.

Macular degeneration is a complex disorder affecting approxi-
mately 1.7 million individuals in the U.S. and is the most com-
mon cause of acquired visual impairment in those over the age of
65 (ref.1). Stargardt disease (STGD; MIM #248200) is the most
common hereditary recessive macular dystrophy (estimated inci-
dence 1:10,000 (ref.2}) and is characterized by juvenile to young
adult onset, central visual impairment, progressive bilateral atro-
phy of the macular retinal pigment epithelium (RPE) and neu-
roepithelium, with the frequent appearance of orange-yellow flecks
distributed around the macula and/or the midretinal periphery>*.
A clinically similar retinal disorder (fundus flavimaculatus, FFM?)
often displays later age of onset and slower progression®’. From
linkage analysis, it has been concluded that STGD and FFM are
most likely allelic autosomal recessive disorders with slightly dif-
ferent clinical manifestations caused by mutation(s) of a gene at
chromosome 1p13-p21 (refs 4, 8, 9). We have refined the local-
ization of the STGD gene to a 4-cM region flanked by the recom-
binant markers D15435and D15236 and constructed a complete
YAC contig of the region. Recently, the location of the STGD/FFM
locus on human chromosome 1p has been refined to a 2-cM inter-
val between polymorphic markers D15406 and D15236 by genet-
ic linkage analysis in an independent set of STGD families!?.
Autosomal dominant disorders with somewhat similar clinical
phenotypes to STGD, identified in single large North American
pedigrees, have been mapped to chromosome 13q34 (STGD2;
MIM #153900; ref.11) and to chromosome 6q11-q14 (STGD3;
MIM #600110; ref.12), although these conditions are not charac-
terized by the pathognomonic dark choroid observed by fluores-
cein angiography'>.

We have been characterizing the superfamily of mammalian
ABC transporters and mapping its members as possible candi-

dates for human disease phenotypes. The ABC superfamily
includes genes whose products are transmembrane proteins
involved in energy-dependent transport of a wide spectrum of
substrates across membranes'#'>, Many disease-causing members
of this superfamily result in defects in the transport of specific
substrates (CFTR!®; ALD!7; SUR!8; PMP70'%; TAP+2%9). In
eukaryotes, ABC genes typically encode four domains that include
two conserved ATP-binding domains (ATP) and two domains
with multiple transmembrane (TM) segments?!. The ATP-bind-
ing domains of ABC genes contain motifs of characteristic con-
served residues (Walker A and B motifs) spaced by 90-120 amino
acids. Both this conserved spacing and the ‘Signature’ or ‘C’ motif
just upstream of the Walker B site distinguish members of the ABC
superfamily from other ATP-binding proteins?""?2. These features
have allowed us to isolate new ABC genes by hybridization, degen-
erate PCR, and inspection of DNA sequence databases?3-2%,

Recently, we characterized 21 new members of the ABC super-
family and have begun to assign functions to these genes by deter-
mining their map locations and their patterns of expression?’.
That many known ABC genes are involved in inherited human
diseases suggests that some of these new loci will also encode pro-
teins mutated in specific genetic disorders. Here we describe a reti-
na-specific ABC transporter and its role in the recessive macular
dystrophy, STGD/FFM.

identification of the ABCR as a candidate gene for STGD

We identified one of the 21 new human genes from the ABC super-
family?’, hereafter called ABCR (retina-specific ABC transporter),
among expressed sequence tags (ESTs) obtained from 5,000 human
retina cDNA clones (J.P. Macke, PS., J.N., unpublished) and among
ESTs obtained from human retina cDNA clones by the LM.A.G.E.
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Fig. 1 Physical mapping of the ABCR
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consortium?®, ABCR is closely related to the described mouse and
human ABC! and ABC2 genes**2, To determine whether ABCR
might cause a disease phenotype, we mapped the gene with a whole
genome radiation hybrid panel (GeneBridge 4; Research Genetics).
ABCR mapped to the human chromosome 1p13-p21 region, close
to microsatellite markers D15236 and D1S188. To define further the
location of the gene, we used PCR primers from the putative 3’
untranslated region to screen YACs from the described contig
between these anonymous markers®. At least 12 YACs contain the 3'
end of the ABCR gene, including 924_e_9, 759_d_7, 775_c_2,
782_b_4,982_g 5,775_b_2,765_a_3,751_f 2,848 _e_3,943_h_8,

Fig. 2 Size and tissue
distribution of Abcr
transcripts in the adult
rat. Blot of total RNA
from the indicated tis-
sues was hybridized
with a 1.6-kb mouse
Abcr probe (top) or a
ribosomal protein 526
probe’? (bottom). The
ABCR probe revealed a
predominant transcript
of approximately 8 kb
that is found in retina
only. The mobility of
the 285 and 18S riboso-
mal RNAs are indicated
at the right. B, brain;
H, heart; K, kidney; Li,
liver; Ly, lung; R, reti-
na; S, spleen.
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the refined genetic interval delineat-
ed by historical recombinants®. Below
are results of agarose gel elec-
trophoresis of PCR amplification
products with primers from the 5'
(5'-GGTCTTCGTGTGTGGTCATT-3,
5'-GGTCCAGTTCTTCCAGAG-3°,
labelied 5' ABCR) or 3' (5'-ATCCTCT-
GACTCAGCAATCACA-3', 5'-TTG-
CAATTACAAATGCAATGG-3', labelled
3' ABCR) regions of ABCR on the 13
different YAC DNA templates indicat-
ed as diagonals above the gel. The
asterisk denotes that YAC 680_b_5
was positive for the 5' ABCR PCR but
negative for the 3' ABCR PCR. These
data suggest the ABCR gene maps
within the interval delineated by
markers D153361-D15236 and is tran-
scribed toward the telomere, as
depicted by the open horizontal box.

934_g 7,and 944_b_12 (Fig. 1). These YACs delineate a region con-
taining the STGD gene between markers D153361 and D15236 (for
a more detailed map of the region, see ref. 4).

Expression of the ABCR gene

Our expression studies and inspection of the EST databases added
further support that ABCR is the candidate STGD gene. Hybridiza-
tion of a 3' ABCR ¢cDNA probe to a multiple tissue northern blot
and a MasterBlot indicated that the gene was not expressed
detectably in any of the 50 non-retinal fetal and adult tissues we
examined (data not shown), consistent with our observation that
all 12 of the ABCR clones in the EST database originated from
retinal cDNA libraries. Furthermore, when we screened cDNA
libraries from both developing mouse eye and adult human reti-
na with ABCR probes we found a high frequency of ABCR clones,
estimated at 0.1%-1% of all cDNA clones in the library. Hybridiza-
tion of the ABCR probe to a northern blot containing total RNA
from rat retina and other tissues showed that the expression of
this gene is uniquely retina-specific (Fig. 2). The transcript size is
estimated to be 8 kb.

Sequence and exon/intron structure of the ABCR cDNA
We used several ESTs that were derived from retina cDNA libraries
and had high similarity to the mouse AbcI gene to facilitate the
assembly of most of the ABCR cDNA sequence. We linked the reti-
na cDNA clones by RT-PCR, and repetitive screening of a human
retina ¢cDNA library with 3' and 5' PCR probes together with 5’
RACE to characterize the terminal sequences of the gene. We
assembled a total of 7.1 kb of the ABCR sequence (Fig. 3) resulting
in a 6,705-bp (2,235-amino acid) open reading frame.
Screening of a bacteriophage A human genomic library with
c¢DNA probes yielded a contig that spans approximately 100 kb
and contains the entire ABCR coding region {data not shown).
WEe characterized the exon/intron structure of 36 exons of the gene
(corresponding to residues 652-2235) by direct sequencing of
genomic and cDNA clones. Primers used for amplification of indi-
vidual exons are shown in Table 2. We estimated the intron sizes
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Fig. 3 Below ¥ and opposite page. » Sequence of the ABCR coding region. The sequence of the ABCR cDNA is shown with the predicted protein sequence in
one-letter amino acid code below. The location of the splice sites identified starting from nucleotide 2161 is shown by the symbol |. Transmembrane domains
predicted by hydropathy plot are underlined, the ATP-binding domains are in bold type and the termination codon is indicated with an asterisk. The location
of missense mutations and the in-frame deletion are shown below the sequence.

-80 CTGGCTCTTAACGGCGTTTATGTCCTTTGLTGTCTGAGGGGCCTCAGCTCTGACCAATCTGG TS M COTSTGGTCATTAGCATGGRCTTCG TG AGACAGAT ACAGCTTTTCCTCTSGAAG
-26 M & F VR C I C L @ L % %

40  AACTGGACCCTGCGGAAAAGGCAAAAGATTCGC 'GTGGTGGAACTCCTGTGGCCTTTATCTTTATTTCIGGT CT TG ATCTGG T TAAGGAATGCCAACCCGCTCTACAGCTATCATEAA
14 N W T L R XK R Q K I R F V V E L V w P L § L F L VL I % L RN ANUP L Y 5 E HE

160 TGCCATTTCCCCAACAAGGCGATGCCCTCAGCAGGAA TGCTGCCGTGGC TCCAGCGGATCTTCTGCAATSTGAACAATCCCTGT T T PCAANGCCCCACCCCAGEAGAATCTICTGGAATT
4 C H F P N K A M P 8§ A G M L P W UL QG I ¥ CNVNNU®PCTFOQSEUPTUPGUES » G 1

280 GTGTCAAACTATAACAACTCCATCTTGGCAAGGGTATATCGACATTTTCAAGAACTCCTCATGAATGCACTAGAGAGCL

SCACCTTGGCCETATTTSCACAGACT TACACATITTGICE

9¢ V S N Y N N $ 1 L ARV Y R D F G E L LM N A P E S Q2 H L G R I W T E L 4 T L 8
409 CAATTCATGGACACCCTCCGGACTCACCCGGAGAGAATTGCAGGAAGAGGAATACGAATAAGGGATATC T TCAAAGATCAAGAAACACTGACACTATTTCTCAT TAAARACATCGLCUTG
734 0 F M DTULU RTHK ¥ ERI A GRGIURTIRDILKDEET?HLT L F L ! ¥ NTOGL
520 TCTGACTCAGTGGTCTACCTTCTGATCAACTC TCAAGTCCGTCCAGAGCAGTTCGC TCATGGAGTCICGGACTTGGCGCTGAAGGACA SCAGUGAGG "GCAGTGCTTC
174 S D S V V Y L L I N S Q VR PF K Q F A H GV P DL AULIEKU DI AT S EALLFE & F

640 ATCATCTTCAGCCAGAGACGCGGGGCAAAGACGGTGCGCTATGCCCTGTGCTCCL TCTCCCAGGGCACCCTACACTGGATAGAAGACAC TCTGTATGCCAACSTGGACT TCTTCAAGTTC
214 I I F $ Q R R G A K T V R Y A L T S L S QG T LW I EDT Y ANV D F 7 KL
760  TTCCGTGTGCTTCCCACACTCCTAGACAGCCGTTCTCAAGGTATCAATC TGAGATC TTCGGGAGGAATATTATCTGATATCTCACCAAGRRT TCAAGAGTTTATCCATCSGCCGAG IATG
25 F R VvV L P T L LD S K S 2 G I NULT RSWG G ! LS H>M S P R 1T QETF 1 ER®P S X
880 CAGGACTTGCTGTGGGTGACCAGGCCCCTCATGCAGAATGGTGGTCCAGAGACCT TTACAAAGC TGATGGGCAT CCTETCTGACL TCCTG T TGGCTACCCCCAGCGAGGTCGCTCTICG
29¢ Q D L L WV T R PLMOQNTG GG G®PETTFTIEKTLMSGTILSDLZLCCGYPESGGSGS R

1000 GTGCTCTCCTTCAACTGGTATGAAGACAATAACTATAAGGCCT TTCTGGGGATTGAC TCCACAAGGAAGGATCCTATC TATTCTTATGACAGAAGAACAATATCCT T T GTARTGCATTG
334 v L S F N w Y E D NN Y KA F L G 1 DS TRIKUDZPI1 Y SYDRRTTSTFICNARL

1120 ATCCAGAGCCTGGAGTCAAATCCTTTAACCAAAATCGC TTGGAGGGCGGCAAAGCCT TTGCTGATGGGAAAAATCC TGTACACTCCTGAT TCACCTGCAGCACGAAGGATACTGAAGAAT
3774 I Q § L E S N P L T K I AW R A A K P L L MGZEKTI LY TZPODS5 2?2 A A KR T L XN

1240 GCCAACTCAACTTTTGAAGAACTGGAACACGTTAGGAAGTTGGT CAAAGCCTGGCAAGAAGTAGGGC L CCAGATE TGGTACTICTTTCACAACAGCACACAGATCAACATGATCAGAGAT
414 A N S T F E E L E H V R K L V K A W E E V G P Q I w Yy F ¥ & N § T ¢ M N M ° R D

1360 ACCCTGGGGAACCCAACAGTAAAAGACTTTTTGAATAGGCAGCTTGGTGAAGAAGGTATTACTGCTGAAGCCATCCTAAACT TCOTCTACAAGGGCCL TCGGEAAAGUCAGGUTRALGAL
44 T L G N P T V K D F L N R Q L G E E G I T AEMW ATILNFILYXOG?FRESGCATD2D
1486 ATGGCCAACTTCGACTGGAGGGACATAT TTAACATCACTGATCGCACCCTCCGCCTGGTCARTCAATACCTGGAGTGE TTGGTCCTGGATAAGT TTGARAGCTAL ANTGATGAAACTCAG
454 M A N F D W R D 1 F N I T DR T L R L V NQVY L £ C L V L DK ¥ E S Y NDETZQ

1600 CTCACCCAACGTGCCCTCTCTCTAC TGGAGGAAAACATGTTCTCGGCCCGAGTGGTATTCCCTGACATGTATCCCTGGACTAGCTCTCTACCACCCCACSTCAAGTATAAGATICGAATG
534LTORALSLLEE‘IMFWAGVVFl’DMYZ"vJT"“LF'x‘H‘."K'x‘KlkM

1720 GACATAGACGTGGTGGAGAAAACCAATAAGATTAAAGACAGGTATTGGGATTCTGGTCCCAGAGCTGATCCCGTGGAAGAT TTCCGGTACATCTGGCGCGGETTTCCCTATCTCCACCAC
574 D 1 D V V E K T N K I K DR Y WD S G PR AD®PV EDTFR RY I WGGF AY L CUD

1840 ATGGTTGAACAGGGGATCACAAGGAGCCAGGTGCAGGCGGAGGCTCCAGTTGGAATC TACCTCCAGCAGATGCCCTACCCCTGCTTCGTSGACGATTCTTTCATGATCATICTGAATCGC
614 M V E Q 6 I T R S Q V Q A E A P V G ( Y L Qg Q ¥ F Y P C ¥ v DD 35 ¥ ¥ @ 1 L KR

1960 TGTTTCCCTATCTTCATGGTGCTGGCATGGATC TACTCTGTUTLCATGAC TGTUAAGAGCATUG TCT TEEAGAAGGAG TTGCOALTGaAGEAGACCT TCAAMAATCAGCE IS
654 ¢ F P I F M V L A W I Y S V 8 M T V K S I v - E K E L R L KZETLEKUP¥N¥QG V¥ 5 ¥

2080 GCAGTGATTTGGTGTACCTGGTTCCTGGACAGCTTCTCCATCATGTCGATGAGCATCTTCCTCCTGACGATATTCATCATG | CATGGAAGAATCCTACATTACAGIGACCTCATTICATICTC
69¢ A V I W C T W F L D g © i M s M s f F L L T I F I M 4 ¢ kK I L W Y S D F F o L

2200 TTCCTGTTCTTGTTGGCTTITCTCCACTGCCACCATCATSCTGTGC TTCTGCTCAGCACCTICTTC TCCAAGGCCAGTC TGGCAGCAGCCTGTAGTGG TG TCATCTATITCACTIICTAT
734 F L F L L AF S TaATTIMILOCTFTILTULSTF F §KASLAAAMCSEGV I ¥ F T LV

232C CTGCCACACATCCTGTGCTTCGCCTGGCAGGACCGCATGACCGCTGAGCTGARGANGGCTGTS | AGCT TACT GTCTCCGRTGGLATT TGGA CTTGGCACTGAGTACTTGG PICGET T IGAA
774LPH1LCFAWQDRMT}\ELKKAVSLLS?VA.GFGTEYLVRFE{

2440 GAGCAAGGCCTGGGGCTGCAGTGGAGCAACATCGGGAACAGTCCCACGGAAGGGGACGAATTCAGC TTCCTGCTGTCCATGCAGATGATGCTCUTTGATSL™ GCGTCCTATCCUTTACTC

844 E Q G . G L Q W S N I G N S P T E G D E F g F L L 5 ¥ O MM L L DA AC Y &G L L
G818E
2560 GCTTGGTACCTTGATCAGGTGTTTCCAG | GAGACTATGGAACCCCACTTCCTTGGTACTTTCTTCTACAAGAGTCGT ATTSGCT TAGCCGTGAAG | GGTGTTCAA GARGAAAGHA
854 A W ¥ L D Q vV F P G D Y G T P L P W Y F L I Q E § Y % L S GEG ¢ € TR I ER
GB63A
2680  CTGGAAAAGACCGAGCCCCTAACAGAGGAAACGGAGGATCCAGAGCACCCAGAAGGAATACAC i GACTCCTTCTTTGAACGTGAGCATCCAGGGTECGTTCCTGGECTATSCCTEANGART
894 L E K T E P L T E E T E D P E 4 P E G - H D S F F ¥ R E H » G W V P GV O V XN

PEE

2800 CTGGTAAAGATTTTTGAGCCCTGTGGCOGGCCAGCTGTGGACCGTCTGAACATCACCTTCTACGAGAACCAGATCACCGCAT TCCTGGCCCACAATCEAGCTGGUAMALT ACCACUTTGE

934 L vV K I F E P C G R P AV DR L NTITTF Y ENCGCI!I T AVF L GHWNGA G KT T TL
2920 TCCATCCmCm'CTGmCACCMCCTCTGGGACTGTGCTCG’I'I‘GGGGGAAGGGACA’?TGAAACCAGCC’E‘GGATGCAGTCCGGC}\GAGCC".’.GGCA?G’!‘UTL‘:_‘ ACAGCACAACATS
974 s I L T 6 L L P P T S G T V » V G G R D 1 & T § L DAV R QS5 L G M C P OH N I

“TCCACCAC

3040 CTGTTCCACCA : CCTCACCGTGGCTGAGCACATGCTGTTCTATGCCCAGC TGAAAGGAAAGTCCCACCACGAGGCCCAGCTGEAGAT GGAAGCCATGTTGGAGGATACAGS!

1004 L F 4 H L T V A E H M L F Y A Q I K 6 K 8 Q E E A QL E XN EAML PR S
Al028v
3160 AAGCGGAATGAAGAGGCTCAGGACCTAT ! CAGGTGGCATGCAGAGAAAGCTGTCGGTTGCCATTGCUTTTGTCGGAGA! GCCAMGGTGETGAT PUTGGACGAACCCATCTCTSSECTGTAT
1054KRNEEAQDLSGGMQRKLSVI\lAF‘JGDAKVVZI.I\I-:P'l'f:u‘/l;
V1072zZA E1CETK
3280 COTTACTCGAGACGCTCAATCTGGGATCTGCTCCTGAAGTATCECTCAG | GCAGAACCATCATCATGCCCACTCACCACATGGAT GAGGCCGACCAUCAAGGEGALCGUATIGCCATTIATT
1093P‘{SRRSINDLI»LKYRSGRT!IMFT!IHMI)F?ADHQCDRI)‘,il

3400 GCCCAGGGAAGGCTCTACTGCTCAGGCACCCCAC TCTTCCTGAAGAACTGCTTTGGCACAGSL TTGTACT TAACCTIGLT G GCAAGATGAAAAACATCCAGAGCTAAACCAAAGECAGT
1134AQGRLYCSGTPLFLKNC?G’.’GLYl.TL‘]RKMKHIQSQRKf.;S

3520  GAGIGGGACCTGCAGCTGCTCGTCTAAGGG TTTC TCCACCACGTGTCCAGCCCACGTCHATGALCT AACTCCAGAAT AAGTCCTGGAT | GOGGATSTARARTUACTTGATCCAT ST,
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CAZCATGTPCCAGAGGCARAGE TUGTGLAGTGCAT GG TCAAGAACTTATC TTCCTTCT TCCAAATAAGAAC TCAAGCACACAGCATATSCCAGCCT T CAGAGAGC TGGAGGAGACG
4 K Y » E A K L VvV F®F { T & Q E LI F L L PNKNTFEKIEHIRAYAS L FRE L FEET

CTGGCTGACCTTGCTCTCACGCAGTTTTGGAA] TGACACTCCCCTGGAAGAG | ATTTTTCT GAAGGTCACGGAGGATTCTCATTCACGACCTC TGTTTGCGG - GTGGCGCTCAGCAGAAA
L.AD L G L 88 F G 1 §DT&PL EEE I F L KV T EDSDS G P 1L ¥ A G G AC QK

AGAGAAAATGTCAACCCCCGACACCCCTGO GGG TCCCACACAGAAGGE TGGACAGACACCCTAGGACTCCAATS TC TGCTCCCCAGGGGCGCCCCCTCCTCACCCAGAGGGCCAGCET
R E NV N P RMH P C 1L G P RFKAGOQTUP P QDS NV TS S§ P G AP AAUHUPETGT©OT®P

CCCCTAGAGCCAGAGTSCUCAGH CAGCTCAACACGGGGACACAGCTCETCCTCCACTATGTGCAGGCGOTGCTGG TCAAGAGA M CCAACACACCATCCGCAGCCACAAGGACTIIC
PP E P X C P G P QL NTG T Q L VL ¢CE V QALU LV KR REFQH TTIIRSHIEKDTF

CTGGCGUAG ATCGTGCTCCCGGCTACC T T TOTCT T TTCGU P CTGATGC T TTCTATTGT TATCCT TCCTTTTGGCGAATACCCCGCTTTGACCC T PFCACCCCTGGATATATGGGCAGCAG

LA Qg IV L P AT ¥ VYV F L AL ML 51T VI L P ¥ G K Y P AL TLHEKPWI Y GC QQ

TACACCTTCTTCAG | CATGGATGAACCATCCAGTGAGCAGTTCACGG TAC TTGCAGACG PCCTCCTGAATAAGCCAGCU TTTGECAACCGCTGCCTGAAGGAAGEGTGGCTTCC | GTGCAGC
T T F F § MM D E P & S F Q F T V L A DV I L., N X P GF G NRC L EKEGWTIL P C §

ACCAGCGAGAASCTCACCATGCTCCCAGAGTHUCLCGAGGGE TGCCGGGGCCCTCCCCCCCCCCCAG I AGAACACAGCGCAGCACGGAAATTC TACAAGACCTGACGGACAGGAACATCTCC
r Kk E K L.~ M L F E C ? % G A G G L ? P ¥ Q R T Q¢ R S$TFE I L. ¢CDILTDURNTIS

CATCCTGCTCTTATAAGAAGCAG | CTTAAARGACCARATTITGGGTCAATCAACAGAG | GTATGGAGGAAT TTCCATTGGAGGAAACC TCCCAGTCGTCCCCATC
D F L ¥ ¥ T ¥ P A &L I R & S8 L K $ X ¥ § V N FE Q K Y G 6 I 8 1 G G K L P V V P I

ACGCELCAAGCAC T GTTGGGTTTTTAAGCGACCTTGGTCGGATCATGAATG TGAGCGGEG | GGCCCTATCACTAGAGAGGCCTCTAAACGAAATACCTGATTTCCTTAAACATCTAGAAACT
G F A L V & F L S 2L G R ! M NV S G G F I TR ® A S KETI PDFLIKEHTLET

GAAGACAACATTAAG | GTGTGGITTAATAACAANG
E D N T K vV & F N N K G

GGCATGCCCTGGTCAGCT T TCTCAATGTCCCCCACAACGCCATCTTACGGECCAGCCTGCCTAAGGACAGGAGCCCCGAGGAG
H a L v S r L N ¥V A H N A I L R A § L 2 KD ERE S P E E

TATGGAATCACCGTCATTAGCCAACCCCTCAACCTGACCAAGGAGCAGCTCTCAGAGAT TACAGT | GCTCACCACTTCAGTGGATCC TATGGTTGCCATC TGCGTGATTTTCTCCATGTCC
vy 6 1 T v I $ Q » L N L T K E Q T 8§ £ 1 TV L T TSV D A N VYV A L C ¥V I F S M

TTCCTCCCAGCCAGCT TG TCCTTTATTTGATCCAGGAGCCCCTGAACAAATCCAAGCACCTCCAGT TTATCAGTSGAGTCAGCCCCACCACCTACTGGGTGACCAACT PTCCTCTGGGAC
E ¥ P A S F VL Y L I Q ¥ R V¥V N X § K KL DQF I S GV S P T T Y WV TNTF L W D

ATC |ATGAATTATTCCGTGAGTCLUTGGGC TGS T GG TGGCCATCTTCATCEGG T TTCAGAAGAAACCCTACAL " CTCCAGAAAACC T TCCTGCCCTTSTGGCACTGLTCCTGCTGTATGG ! A
I M N Y 8 V 3 A G LV V G I F I G F¥ Q X KA Y T s PENTLZPAILVALULIL L Y &

"GGGCSGTCATTICCATGATGTACCCAGCATCCTICCTS T TGATC TCCCCAGCACAGCCTATGTGGC T T TATC MG TGC TAATC TG TTCATCGGCATCAACAGCAGTGCTATTACCTTC
w A YV T P M MM Y P A 5 F L FDVPSTAY VAL S CAN L F I GI NS S A { TF

ATCTTGGAATTATTTCATAATAACCGG | ACGCTGCTCAGG T TCAACGCCCTCCTGACGAAGC TGC MCATTGTCTTCCCCCACTTC TCCCTGGGCCGGGGCCTCATTGACCTTGCACTGAGT
I L ¥ 1L F DNNWK T L L R F N AV L RK L L I V 7 ? K F L GRGULTIDIULATLS

CAGGLTGTGACAGATGTUTATGCCCEGT TTG [GTCACGACCACTC TGCAAATCCGT TCCACTGGGACCTCAT TCGGAAGAACCT GT T TGCCATGG TGGTGGAAGGGSTGGTGTACTTCCTC
Q A Vv 1 L ¥ Y A R ¥V G Z E K 8§ AN P F 0 w DL I G KN L F A MV V E G V V XY F L

CTGACCCTGCTGGTCCAGCGCCACTTCTTCCTCTCCTAATG | GATTGCCGAGCCCACTAAGGAGCCCAT TG TTGATGARGATGATGATGTGCC TGAAGAAAGACAAAGAATTATTACTGGT
L T L Y ¢ R HF F L 5 QW I A EUPTKEUP 1! VDEUDDDV AEET RUOQRTITITG

GGAAATAAMACTGACATC TTAAGGC TACATGAACTAACCAA GATTTATCCAGCCACCTCCAGCCCAGCAGTCCACAGGCTGTGTGTCCGAGTTCGCCCTCGAG | AGTGCTTTGGCCTCCTG
¢ N X T D I L R L ¥ K L T X 1 Y F & T $ 8 P AV 2 RIL VGGV R F G & CF G L L

GOAGTGAATGGTGCCGGCAAAACAACCATATTCAAGATGC 'CACTGGCCACACCACAGTGACT TCAGGGGATGCCACCGTAGCAGGCAAGAGT | ATTTTAACCAATATTTC TGAAGTCCAT
G ¥V N G A ¢ K T T T F KM iIL T G 2T TV T S G D2 ATV AG K S rvTNTI S ¥ V H

CAAAN TATGGGCTACTETCCTCAGT MTGATCCAATCOATGAGC TGO TCACAGGACGAGAACATCTTTACCTTTATGCCCGGCTTCGAGGTGTACCAGCAGAAGAAATCGAAAAG | GTTGCA

O N M G Y C P Q F DA I DE®E L L T CRE KLY L Y A RULRUGCVY P AFRETEK VA
L1989F RZ2CCOW V20121,

AACTGGAGTATTAAGAGCCTCCCCCTGACTGTCTACCGCCGAL TGCCTGGC TGGCACCT ACAGTGGGGGC AACAAGCGGAAAC TCTCCACAGCCATCGCAC TCATTGGC TGCCCACCGCTG

N W § I K s 1L ¢ L T v Yy A DOCLAOGT Y § G G NKREKILSTA ! A L 1 G C P P L

R2039wW
GTGCTGCTC | GATGAGUCCACCACAGGGATGGACCCCCAGGCACGCCGCATGC I GTGGAACGTCATCGTGASCATCATCAGAAAAGGGAGGGC TGTGGTCCTCACATCCCACA | GCATGGAA
vV L L DB PTTTOTG M D P O A RRMILU®WNV Y T V S§T 1 R KGRAV VLT S H S ME
R2258C
GAATGTGAGGCACTCTCTACCCGGLTGECCATCATGGTAAAGGGCGCCTTTCGATG  ATGGGCACCATTCAGCATC TCAAGTCCAA | ATTTGGAGATGGC TATATCGTCACAATGAAGATC
E ¢C E A 1L ¢ TR . aA I M V XK G AT FERKCMGTTI QO H L K § K F ¢ 26 Y I vV T MK I

AAATCCCCGAAGGACGACCTGCTTCCTGACCTCAACCC TG TGGAGCAGTTC TTCCAGCGGAACTTCCCAGGTAGTGTGCAGAGGGAGAGGCACTACAACATGC TCCAGTTCCAGGTCTCC
K ¢ P XK D DL L 2?2 DI1L NPV E QFF Q GNF PGS VYV QRERUHYNMZGL ¢ F Q V S

TCCTCCTUCCTGGCGAGGATCTTCCACCTCCTCL PCTCCCACAAGGACAGCCTGOTCATCGAGGAGTACTCAGTCACACAGACCACACTGGACCAG | GTGTTTGTAAATTTTGC TAAACAG
$ 5§ . A R I ¥ QL L L $H KDsS$ L L I E 2 Y S$VTOQTT™ILDOQE VF VNV FAIKZQ

CAGACTGAAAGTCATUACCTCCT TCTGCACCCTCGAGCTGCTGCAGCCAG TCGACAAGCCCAG  GACTGATC TTTCACACCGC TG TICCTKIAGCCAGAAAGGAACTCTGCGCAGC TGGA
¢ T F § H 2 L P L P K AAG A 3 R QO A Q o

GGCGCAGGAGCCTCTCCCCATATGCTCATCCAAATGGACTGGCCCACCCTAAATGACCCCACTGCAGCAGAAAAC AAACACACGAGGAGCATGCAGCGAATTCAGAAAGACGCGTCTTTCAG

AAGGAAACCGAAACTCACTTGC " CACCTGGAACACCTGATGGTCAAACCAAACAAATACAAAATCCTTCTCCAGACCCCAGAAC TAGAAACTCCGGGCCATCCCACTAGCAGCTTTGGCC

TCCATATTGCTCTCATTTCAAGCACAUCTGUTTTTCTGCATGTTTCTCTCTOTG T CIGTCTTCTG TG GATTTTCATGGAAA

from the sizes of PCR products generated using primers from adja- and to another human gene (ABCC) which maps to

cent exons with genomic phage clones as templates.

Homology to ABC superfamily members
We performed a BLAST search and revealed that ABCR is most
closely related to the characterized mouse Abcl and Abc2 genes®®

chromosome

16p13.3 (ref. 29). These genes, together with ABCR and a gene

from C. elegans (GenBank #Z29117), form a subfamily of genes

nature genetics volume 15 march 1997

specific to multicellular organisms and not represented in
yeast22:?7, Alignment of the cDNA sequence of ABCR with the
Abcl, Abc2, and ABCC genes revealed, as expected, the highest
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Fig. 4 Alignment of the ABCR protein with other members of the ABC1 subfami-
ly. The deduced amino-acid sequence of ABCR is shown aligned to known human
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dicted amino-acid identity of the ABCR gene to mouse Abcl was corresponds to a methionine codon at the 5' end of AbcI (ref. 26).

init

ABCR
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The putat

85% (Fig. 4).

degree of homology within the ATP-binding cassettes. The pre-

Considerable identity is observed in the first 45 amino acids of

identity ranged between 55 and ABCR, Abcl, and ABCC.

70% within the ATP-binding domains; even within hydrophobic

membrane

-spanning segments,
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Table 1 » Mutations and polymorphisms in the ABCR gene in STGD familes

tions, 5892+1 G—T, occurs in family

Mutation Exon/Nucl. # families Con. Nucl. change Comment AR144 in which one of the affected chil-
G818E 2383 1 100 G24S3A dren is recombinant for the flanking
G863A 2383 3 100 G2588C AR-128¢ marker D15236 (ref. 4). This mutation,
V931M 2743 1 80 G2791A KKESH-2142 however, is present in the father as well as
2884delC 2743 1 80 frameshift in both affected children. Therefore, the
N965M 2743 1 80 A2893G AR-128b ABCR gene i bi t with
A1028V 3051 5 140 30837 AR-71¢, AR-181¢ gene 15 non-recombinant wi
3211insGT 3188 1 80 frameshift respect to the STGD locus.
V1072A 3188 1 80 T3216C The mutations are scattered through-
g;gngch z;gg ;l 1%(()) ?3259?1& out the coding sequence of the ABCR
e rameshi . Fi
AVVAIC1643 4905 1 170 4927del15 AR-293? gene (see Table 1; Fig. 3), although clus-
5082+42T—C 4905 1 170 splice donor site  AR-71° tering within the conserved regions of the
5892+1G—T 5783 1 80 splice donor site ATP-binding domains is noticeable. We
L1989F 5893 3 80 C5965T AR-181P detected homozygous mutations in two
R2000W 5893 ! 80 59987 likely consanguineous families, one Saudi
v2012L 6034 2 80 G6034C .
R2039W 6034 1 80 C6115T Arabian (KKESH214) and one North
R2068C 6169 1 80 €62027 AR-280¢ American (AR293; ref.4), in each of
6595insG 6366 i 80 frameshift AR-280° which only the affected individuals inher-
Pol hi ited the identical disease allele (Table 1;
olymorphisms Fig. 6). We identified four compound
D847H 2383 1 100 G2636C 0.02 heterozygous families where the two dis-
R943Q 2743 4 80 G2829A 0.06 . .
11985I 5893 5 80 C5955T 0.08 ease alleles were transmitted from differ-
12045! 6034 6 80 C6145T 0.10 ent parents to only the affected offspring
V2056V 6169 1 16 G6228A 0.00 (AR71, AR128, AR181, AR280; Table 1).

Mutations are named according to standard nomenclature. Exon/Nucl., exon numbering according to the

nucleotide position starting from the A in the initiator ATG. Con., the number of control chomosomes
tested for each missense alteration. The comment field indicates compound heterozygous families, in
which 2 independent altered alleles were identified, and homozygous families. For polymorphisms the
observed frequency of the rare allele in control chromosomes is shown. *#Consanguineous patients
homozygous for the alteration. PMaternally inherited mutation. ¢Paternally inherited mutation.

ABCR shows the composition of a typical full-length ABC trans-
porter that consists of two transmembrane domains (TM}), each
with six membrane spanning hydrophobic segments, as predicted
by a hydropathy plot (data not shown), and two highly conserved
ATP-binding domains (Figs 3, 4). In addition, the HH1 hydropho-
bic domain, located between the first ATP and second TM domain
and specific to this subfamily?, showed a predicted 57% amino
acid identity (24/42 aa) with the mouse AbclI gene.

To characterize the mouse orthologue of ABCR, we isolated
c¢DNA clones from a developing mouse eye library. We utilized a
partial sequence from the mouse cDNA to design PCR primers to
map the mouse Abcr gene in an interspecific backcross mapping
panel (Jackson BSS). The allele pattern of Abcr was compared to
2,450 other loci mapped in the Jackson BSS cross; we found link-
age to the distal end of chromosome 3 (Fig. 5). We observed no
recombinants between Abcr and D13Mit13. This region of the
mouse genome is syntenic with human chromosome 1p13-p21.
Thus far, no eye disease phenotype has been mapped to this region
of mouse chromosome 3.

Compound heterozygous and homozygous mutations in
STGD patients

We pursued mutational analysis of the ABCR gene in 48 STGD fam-
ilies previously ascertained by strict definitional criteria and shown
to be linked to chromosome 1p*°, So far, we have used a total of
21 exons for the mutation analyses. A total of 19 different muta-
tions was identified, the majority representing missense mutations
in conserved amino acid positions. However, we also found several
1-2-bp insertions and deletions representing frameshifts (Table 1).
Two missense alterations were found (D847H, R943Q) in at least
one control individual, suggesting that they are neutral polymor-
phisms. We only found the remaining mutations in STGD patients
and not in at least 40 unrelated normal controls (80 chromosomes),
consistent with the interpretation that these alterations represent
disease-causing mutations, not polymorphisms. One of the muta-
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In situ hybridization

STGD is characterized histologically by a
massive accumulation of a lipofuscin-like
substance in the retinal pigment epitheli-
um (RPE). This characteristic has led to
the suggestion that STGD represents an RPE storage disorder?. It
was therefore of interest that we found ABCR transcripts to be abun-
dant in the retina. To identify the site(s) of ABCR gene expression at
higher resolution and to determine whether the gene is also
expressed in the RPE, we visualized the distribution of ABCR tran-
scripts by in situ hybridization to mouse, rat, bovine, and macaque
ocular tissues. These experiments showed that ABCR transcripts
are present exclusively within photoreceptor cells (Fig. 7). ABCR
transcripts are localized principally to the rod inner segments, a dis-
tribution that closely matches that of rhodopsin gene transcripts.
Interestingly, we did not observe ABCR hybridization at detectable
levels in cone photoreceptors, as judged by comparisons with the
hybridization patterns obtained with a blue cone pigment probe
(compare Figs. 7a with d, 7e with fand 7g with h). Because melanin
granules might obscure a weak hybridization signal in the RPE of
a pigmented animal, we also examined the distribution of ABCR
transcripts in both albino rats and albino mice. In these experi-
ments, the ABCR hybridization signal was seen in the photorecep-
tor inner segments and was unequivocally absent from the RPE (Fig.
7e, data not shown). Given that ABCR transcripts in each of these
mammals, including a primate, are photoreceptor-specific, it is high-
ly likely that the distribution of ABCR transcripts conforms to this
pattern as well in the human retina.

Discussion

ABCR and the ABC family of transporters. We describe a retina-
specific ABC transporter (ABCR) that is mutated in patients with
the recessive macular dystrophy, STGD/FFM. ABCR is a member
of the subfamily of ABC transporters that contain a complete
transporter structure (two ATP-binding cassettes and two domains
of six predicted transmembrane segments) within a single
polypeptide chain. Among the known ABC transporters, ABCR
is most closely related to the Abcl and Abc2 genes. Abcl is highly
expressed in macrophages and has been associated with the scav-
enging of apoptotic cells*'. The human ABC2 gene is expressed
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Table 2 + Exon/intron primers for ABCR

Exon/Nucl. Primer Sequence
2161 12FOR 5'-AGGCTGGTGGGAGAGAGC-3'
12REV 5'-AGTGGACCCCCTCAGAGG-3'
2383 13FOR 5'—CTGTTGCATTGGATAAAAGGC-3'
13REV 5'-GATGAATGGAGAGGGCTGG-3'
25882 ExonJ-FOR 5'CTGCGGTAAGGTAGGATAGGG-3'
ExonJ-REV 5'-CACACCGTTTACATAGAGGGC-3'
26542 ExonK-FOR 5'-CTCTCCCCTCCTTTCCTG-3'
ExonK-REV S'-GTCAGTTTCCGTAGGCTTC-3'
2743 15FOR S'-TGGGGCCATGTAATTAGGC-3'
15REV 5'-TGGGAAAGAGTAGACAGCCG-3'
2920 2R3NFOR 5'-ACTGAACCTGGTGTGGGG-3'
2F3REV S'-TATCTCTGCCTGTGCCCAG-3'
3051 2R5NFOR 5'-GTAAGATCAGCTGCTGGAAG-3'
2F4NREV 5'-GAAGCTCTCCTGCTCCAAGC-3'
3188 2F5RFOR2 5'-AGGTACCCCCACAATGCC-3'
2FSREV 5 -TCATTGTGGTTCCAGTACTCAG-3'
3329 2R6FOR 5'-TTTTTGCAACTATATAGCCAGG-3'
2F6REV 5'-AGCCTGTGTGAGTAGCCATG-3'
3523 2F7RFOR S'-GCATCAGGGAGAGGCTGTC-3!
2F7REV 5'-CCCAGCAATACTGGGAGATG-3’
3607 2R11FOR 5'-GGTAACCTCACAGTCTTCC-3'
23F1REV 5'-GGGAACGATGGCTTTTTGC-3'
3863 23R3FOR 5'-GCTACCAGCCTGGTATTTCATTG-3'
23F3REV 5'-GTTATAACCCATGCCTGAAG-3'
4554 33G1FOR 5'-TTCATGTTTCCCTACAAAACCC-3
33G1REV 5'-CATGAGAGTTTCTCATTCATGG-3'
4660° ExonA-FOR 5'-GCTTAACTACCATGAATGAG-3'
ExonA-REV 5'-ATTCCTTGCTAGATTTCAGC-3'
47352 ExonB-FOR S'—GCAGCGTCTCAGATGTCCTC-3!
ExonB-REV 5'-AAGAGTGGAGAAGGTGACAAG-3'
49052 ExonF-FOR 5'-ATATGGGTGCTGTTGCATTG-3"
ExonF-REV S'-TAGAGGAGGATGCTTACCTGG-3'
5783 4RXFOR 5'CTTACCCTGGGGCCTGAC-3'
4FANNREV 5'—CTCAGAGCCACCCTACTATAG-3'
5893 62R4FOR 5'-GAAGCTTCTCCAGCCCTAGC-3'
62R3REV 5'-TGCACTCTCATGAAACAGGC-3'
6034 4R5FOR 5'—-GTTTGGGGTGTTTGCTTGTC-3'
4RSREV 5'-ACCTATTTCCCCAACCCAAGAG-3'
6169 E1RFOR 5'-GAAGCAGTAATCAGAAGGGC-3'
E1FREV 5'-GCCTCACATTCITCCATGCTG-3'
6366 E2RFOR 5'-ATTACCTTAGGCCCAACCAC-3'
E3FREV 5'-ACACTGGGTGTTCTGGACC-3'

PCR conditions were 95 °C, 8 min; S cycles of 62 °C, 205, 72 °C, 30 5; 35 cycles
of 60 °C, 20's, 72 °C, 30 5; 72 °C, 5 min. PCR conditions were 94 °C, 5 min; 35
cycles 94 °C, 40 s; 56 °C, 30's; 72 °C, 20 5; 72 °C, 5 min.

primarily in the brain; its function is at present unknown?,
Another human Abcl-related gene that is expressed ubiquitously
has also been characterized?”-?%. This subfamily of ABC trans-
porters is not represented by any homologue in yeast??, suggesting
that these genes evolved to perform specialized functions in mul-
ticellular organisms.

ABCR and photoreceptor function. ABCR transcripts are abun-
dant in the retina, suggesting that the corresponding protein is
also abundant in this tissue. We localized the ABCR mRNA to rod
photoreceptor cells by in situ hybridization, which implies a high-
ly specific function for this transporter protein. Interestingly, we
did not detect ABCR transcripts in cone photoreceptors, suggest-
ing that a different gene product may perform the corresponding
function in cones.

Both the localization of ABCR transcripts exclusively within
photoreceptor cells and the progressive retinal degeneration caused
by mutations of the ABCR gene, indicate that ABCR mediates the
transport of an essential molecule (or ion) either into or out of
photoreceptor cells. The accumulation in the RPE of a lipofuscin-
like substance in STGD/FFM further suggests that the site of
ABCR-mediated transport may be on the apical face of the pho-
toreceptor cell and that this transport might effect exchange
between the RPE and the photoreceptors. The RPE participates
in the continual renewal of visual pigments and of photoreceptor
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outer segments by recycling the 11-cis retinal chromophore and
by phagocytosing and digesting 10% of each outer segment per
day®2. Thus, on a time scale of days to weeks any material that
accumulates in the outer segment is transferred to the RPE as a
result of phagocytosis. The efficient recycling of outer segment
components between the photoreceptor cells and the RPE is evi-
denced by the large reduction in visual pigment regeneration that
occurs when the retina is isolated from the RPE3? and by the
unique ability of outer segments to maintain their high content
of essential polyunsaturated fatty acids following a shift from a
normal diet to one deficient in these fatty acids**.

The best studied molecules that cycle between photoreceptors
and the RPE are the retinoids”. In the photoreceptor, light acti-
vates the visual pigment by photoisomerization of its retinal chro-
mophore from the 11-cis to the all-trans configuration. On a time
scale of minutes, the photoactivated visual pigment is recycled by
dissociation of all-trans retinal and subsequent reattachment of
11-cis retinal. The released all-trans retinal is reduced rapidly in
the outer segment to all-trans retinol, transported to the RPE,
enzymatically isomerized to the 11-cis configuration, and trans-
ported back to the photoreceptor outer segment. As retinol is
poorly soluble in water, its transport between the photoreceptor
and the RPE is facilitated by binding to the interphotoreceptor
retinol binding protein (IRBP), an abundant extracellular protein
that is secreted by photoreceptor cells into the subretinal space®.
If ABCR is involved in either export or import of retinoids, then
mutations in ABCR should lead to an accumulation of retinoids or
their derivatives in the outer segment or the RPE, respectively.

Outer segment membranes are distinguished from other cell
membranes by a high fluidity, a property that appears to be
required for efficient diffusional encounters between integral and
peripheral membrane proteins involved in phototransduction.
This high membrane fluidity results from a lipid composition that
is low in cholesterol and extraordinarily high in essential polyun-
saturated fatty acids>’. Another membrane component that is pre-
sent in the outer segment at unusually high concentration is
vitamin E (alpha-tocopherol), which presumably acts to quench
photo-oxidation damage, especially among the polyunsaturated
fatty acids. Interestingly, vitamin E deficiency in monkeys causes
a large accumulation of lipofuscin in the RPE and a localized mac-
ular degeneration’®. In this animal model, lipofuscin accumula-
tion is presumed to result from an inability of the RPE to degrade
and/or to recycle peroxidized outer segment lipids. Therefore,
based on its site of expression and the pathophysiology of
STGD/FFM, ABCR might plausibly be involved in either the recy-
cling of fatty acids or the uptake of vitamin E by photoreceptors.

A number of ABC proteins transport hydrophobic molecules.
These include ABC proteins that transport vitamins into bacteria
(reviewed in ref.15), fatty acids into peroxisomes in mammals and
yeast!>3940 and phospholipids across the plasma membrane of
mammalian cells?#2, If ABCR mediates the recycling of retinoids,
lipids, or lipid components such as vitamin E, it is likely to do so
in conjunction with specific extracellular and/or intracellular bind-
ing proteins, the genes for which would then be candidates for
inherited retinopathies. Finally, we note that if ABCR mediates
the cycling of outer segment components between the RPE and
the retina, then it would be predicted to reside on the apical plas-
ma membrane of the photoreceptor cell, including, perhaps, the
outer segment membrane.

ABCR and the pathophysiology of STGD/FFM. The few
histopathologic studies of eyes with STGD/FFM show massive
accumulation of lysosomal material similar to lipofuscin within
RPE cells*>48, Other studies of normal and ageing eyes have iden-
tified lipofuscin accumulation in the RPE, with greater amounts
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Fig. 5 Location of Abcr on mouse
chromosome 3. Map from the Jack- Chromosome 3
son BSS Backcross showing a por-

tion of mouse chromosome 3. The o

map is depicted with the cen-

tromere toward the top. A 3-cM :

scale bar is shown to the right. Loci — D3Mit11
mapping to the same position are
listed in alphabetical order.
=t D3Bir15
—4= Adora3
=t D3Bir16, D3Bir17
=t D3Hun4
== #Abcr, D3Mit13

=t= D3Bir18, D3Bir19

3cM

= D3Mit16

accumulating in the posterior pole where the density of adjacent
photoreceptors is highest#?°0. A recent histopathologic and
immunocytochemical study of STGD/FFM additionally empha-
sized abnormal photoreceptor morphology and abnormal accu-
mulation of lipofuscin in photoreceptor inner segments*. Thus,
the clinical and histopathologic observations of abnormal and
premature accumulation of lipofuscin could result from any of a
number of principal defects, including: i) accelerated turnover of
photoreceptor cells; ii} increased phagocytosis of photoreceptor
outer segments; iii) abnormal photoreceptor membranes or con-
tents rendered indigestible by the RPE; iv) missing or mutated
degradative enzymes capable of digesting photoreceptor proteins
or lipids; or v) failed mechanisms to expel lipofuscin from the
cytoplasm of the RPE*6.

The localization of ABCR to rods and its apparent absence from
cones is consistent with the widespread distribution of lipofus-
cin-like material in the retinas of STGD/FFM patients, but is sur-
prising given that the principal symptoms in these patients are
referable to cone dysfunction. However, we note that the macular
area over which significant functional and anatomic defects are
found in STGD/FFM patients extends well beyond the 1-mm
diameter zone that encompasses the cone-dominated region of
the retina. These data suggest that the macular localization of
dysfunction in STGD/FFM may reflect regional differences in sus-
ceptibility of the RPE and/or photoreceptors to insult. Specifi-
cally, these data are consistent with a model in which cone
dysfunction is a consequence of RPE dysfunction which, in turn,
is a consequence of the primary lesion within the rods.

We observed a high frequency of missense mutations in the
ABCR gene in STGD families; in each family in which we iden-
tified two mutant alleles at least one of the alleles was a missense
change or in-frame deletion. This suggests that most STGD
patients may have at least one allele that retains partial function.
However, the 15-bp in-frame homozygous deletion identified in
family AR293 deletes five amino acids, including a portion of a
putative transmembrane domain. It will be interesting to deter-
mine if individuals with STGD/FFM or with other retinopathies
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have alterations that completely disrupt ABCR and whether spe-
cific mutations in ABCR correlate with the age-of-onset or pro-
gression of disease.

ABCR joins a growing and diverse collection of genes that
when mutated result in retinal degeneration. The best charac-
terized of these are the genes responsible for some forms of
retinitis pigmentosa, a group of recessive, dominant and X-linked
disorders that affect photoreceptor function. Mutations respon-
sible for autosomal recessive and/or dominant retinitis pigmen-
tosa have been identified in genes encoding photoreceptor
proteins that mediate phototransduction (rhodopsin, cGMP
phosphodiesterase, and the cGMP gated channel) or maintain
rod outer segment structure (peripherin/RDS and ROM-1)
(reviewed in ref. 51). The products of several other retinal dis-
ease genes are widely expressed and appear to act at diverse
points in the cell biology of the retina and/or the RPE. The gene
for one type of X-linked retinitis pigmentosa encodes a protein
with homology to guanine nucleotide exchange factors®?; the
choroideraemia gene encodes a geranylgeranyl transferase®’; the
gene encoding ornithine amino transferase is mutated in gyrate
atrophy4; the gene responsible for Sorsby’s fundus dystrophy
encodes a tissue inhibitor of metalloproteinase-3 (ref.55); and
the Norrie disease gene encodes an extracellular protein of
unknown function®¢>7.

Implications for other retinopathies. The identification of ABCR
as the gene responsible for STGD/FFM invites speculation regard-
ing a possible relationship between ABCR and other retinopathies,
in particular, age-related macular degeneration. Age-related mac-
ulopathies share several phenotypic similarities with STGD, includ-
ing the accumulation of cellular debris (drusen) in and under the
retinal pigment epithelium, and the progressive and geographic
atrophy of the foveal and macular RPE, with consequent loss of
photoreceptor function and resultant impairment of both central
acuity and the central visual field. It will be of interest to deter-
mine whether the estimated 1% of humans who are heterozygous
carriers of ABCR mutations have an elevated incidence of mild or
late-onset visual disorders. Once the biochemical activity of ABCR
is defined, the identification of additional components in the same
pathway may reveal fundamental mechanisms of pathogenesis of
both photoreceptor and pigment epithelial disease. Finally, the
possibility exists that STGD/FFM, and perhaps other retinopathies,
might be treatable with compounds that act on ABCR or the path-
way in which it functions.

Fig. 6 Segregation of SSCP variants

in the exon beginning of

nucleotide 4905 of the ABCR gene

in kindred AR293. Sequence analy-

sis of SSCP bands revealed the exis-
tence of wild-type sequence (bands

1 and 3) and mutant sequence

(bands 2 and 4). DNA sequencing 1
revealed a 15-bp deletion in the
aberrant bands. Parents are het-
erozygous for the in-frame 15-bp
deletion, while the affected chil- 2
dren (lanes 2 and 3) are homozy-

gous. Haplotype analysis

demonstrated homozygosity at the
STGD locus in the two affected
individuals (data not shown).
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Fig. 7 Localization of ABCR transcripts to photoreceptor cells. in situ hybridization was performed with digoxygenin-labelied riboprobes and visualized using
an alkaline phosphatase conjugated anti-digoxygenin antibody. a-d, Retina and choroid from a pigmented mouse (C57/B16); @, £, Retina and choroid from an
albino rat; g, h, Retina from a macaque monkey. 8, @, g, Mouse abcr antisense probe; b, Mouse abcr sense probe; ¢, Macaque rhodopsin antisense probe; d, £,
B, Mouse blue cone pigment antisense probe. ABCR transcripts are localized to the inner segments of the photoreceptor celi iayer, a pattern that matches the
distribution of rhodopsin transcripts but is distinct from the distribution of cone visual pigment transcripts. Hybridization is not observed in the RPE or choroid,
as seen most clearly in the albino rat eye (arrowhead in (e)). The retinal layers indicated in (b) are: OS, outer segments; IS, inner segments; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuciear layer; IPL, inner piexiform tayer; GCL, gangiion ceii layer.

Methods

STGD patients. Forty-five North American and three Saudi Arabian fam-
ilies with STGD/FFM were examined in this study. Among these, at least
four were consanguineous families in which the parents were first cousins.
Entry criteria for the characterization of the clinical and angiographic
diagnosis of Stargardt disease, ascertainment of the families and methods
of their collection, including the consanguineous families from Saudi
Arabia, are as described®*®,

Sequence analysis. Searches of the dbEST>® database were performed with
BLAST on the NCBI file service>®, Amino-acid alignments were generated
with PILEUP®. Sequences were analysed with programs of the Genetics
Computer Group package®! on a VAX computer.

Genomic and cDNA cloning. ¢cDNA clones containing ABCR sequences
were obtained from a human retina ¢cDNA library®? and fully sequenced.
Primers were designed from the sequences of cDNA clones from 5" and 3’
regions of the gene and used to link the identified cDNA clones by RT-PCR
with retina QUICK-Clone ¢cDNA (Clontech) as a template. PCR products
were cloned into pGEM-T vector (Promega). Mouse ABCR cDNA clones
were obtained from screening a developing mouse eye cDNA library (H.S.,
A. Lanahan, and J.N., unpublished). cDNA clones from various regions of
the ABCR gene were used as probes to screen a human genomic library in
A FIX I (#946203, Stratagene).

Exon/intron structure of the human ABCR gene. Primers for the cDNA
sequences of the ABCR were designed with the PRIMER program®. Both
ABCR ¢DNA clones and genomic clones were used as templates for
sequencing. Sequencing was performed with the Taq dye-deoxy termina-
tor cycle sequencing kit {Applied Biosystems), according to the manufac-
turer’s instructions. Sequencing reactions were resolved on an ABI 373A
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automated sequencer. Positions of introns were determined by compari-
son between genomic and cDNA sequences. Primers for amplification of
individual exons were designed from adjacent intron sequences 20-50 bp
from the splice site. Amplification of exons was performed with AmpliTaq
gold polymerase in a 25 pl volume in 1x PCR buffer supplied by the man-
ufacturer (Perkin Elmer). Samples were heated to 95 °C for 10 min and
amplified for 35-40 cycles of 96 °C, 20 s; 58 °C, 30 5; 72 °C, 30 s. PCR prod-
ucts were analysed on 1-1.5% agarose gels and in some cases digested with
an appropriate restriction enzyme to verify their sequence. Primer
sequences and specific reaction conditions are available upon request. The
sequence of the ABCR cDNA has been deposited with GenBank under
accession U88667.

Northern hybridization. DNA fragments used as probes were purified on
a 1% low-melting temperature agarose gel. DNA was labelled directly in
agarose with the Random primed DNA labelling kit (Boehringer) and
hybridized to a multiple tissue northern blot and a Master blot (Clontech),
according to the manufacturer’s instructions. Each blot contains 2 pg of
poly(A)* RNA from various human tissues. Total RNA was isolated from
adult rat tissues using the guanidinium thiocyanate method® and resolved
by agarose gel electrophoresis in the presence of formaldehyde®s.
Hybridization with the mouse ABCR probe was performed in 50% for-
mamide, 5X SSC at 42 °C, and filters were washed in 0.1X SSC at 68 °C.

Mutation detection. Mutations were detected by a combined SSCP% and
heteroduplex analysis®” under optimized conditions®®. Genomic DNA
samples (50 ng) were amplified with AmpliTaq gold polymerase in 1X
PCR buffer supplied by the manufacturer (Perkin Elmer) containing
[@-32P] dCTP. Samples were heated to 95 °C for 10 min and amplified
for 35-40 cycles of 96 °C, 20 s; 58 °C, 30 s; 72 °C, 30 s. Products were
diluted in 1:3 stop solution, denatured at 95 °C for 5 min, chilled in ice
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for 5 min, and loaded on gels. Gel formulations include 6% acry-
lamide:Bis (2.6% cross-linking), 10% glycerol at room temperature, 12
W; and 10% acrylamide:Bis (1.5% cross-linking), at 4 °C, 70 W. Gels
were run for 2-16 h (3000 Vh/100 bp), dried, and exposed to X-ray film
for 2-12 h. Some exons were analysed by SSCP with MDE acrylamide
(FMC) with and without 10% glycerol for 18 h, 4 W at room tempera-
ture with [0-P?3]-dCTP labelled DNA. Heteroduplexes were identified
from the double-stranded DNA at the bottom of the gels and SSCPs were
identified from the single-stranded region. Samples showing variation
were compared with other family members to assess segregation of the
alleles and with at least 40 unrelated control samples, from either
Caucasian or Saudi Arabian populations, to distinguish mutations from
polymorphisms unrelated to STGD. PCR products with SSCP or het-
eroduplex variants were obtained in a 25-ul volume, separated on a 1%
agarose gel, and isolated by a DNA purification kit (Jetsorb, Genomed).
Sequencing was performed on an ABI sequencer with both dye primer
and dye terminator chemistry.

Some mutations were identified with a heteroduplex analysis proto-
col®. Equimolar amounts of control and patient PCR products were
mixed in 0.2 ml tubes. Two volumes of PCR product from a normal indi-
vidual served as a negative control, and MPZ exon 3 from patient
BAB731 as a positive control’’. Samples were denatured at 95 °C for 2
min and cooled to 35 °C at a rate of 1 °C/min. Samples were loaded onto
1.0-mm thick, 40-cm MDE gels (FMC Bioproducts), electrophoresed at
600-800 V for 15-20 h, and visualized with ethidium bromide. Samples
showing a variant band were reamplified with biotinylated forward and
reverse primers and immobilized on streptavidin-conjugated beads”".
The resulting single strands were sequenced by the dideoxy-sequencing
method with Sequenase 2.0 (United States Biochemicals).

Mapping of the mouse abcr gene. Clones corresponding to the mouse
orthologue of the human ABCR gene were isolated from the mouse retina
¢DNA library and end-sequenced. The chromosomal location of the
mouse ABCR gene was determined on The Jackson Laboratory (Bar
Harbor, ME) interspecific backcross mapping panel (C57BL/6JEi X
SPRET/Ei)F1 X SPRET/Ei’?, known as Jackson BSS. Mapping was per-
formed by SSCP analysis with the primers MABCRIF 5'-ATC CAT ACC
CTT CCC ACT CC-3' and MABCRIR 5'~GCA GCA GAA GAT AAG CAC
ACC-3'. PCR reactions and acrylamide gel electrophoresis conditions are
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as described above. The allele pattern of the Abcr was compared to the
other 2,450 loci mapped in the Jackson BSS cross (http://www.jax.org).

In situ hybridization. In situ hybridization with digoxigenin-labelled ribo-
probes has been described’3. For mouse and rat, unfixed whole eyes were
frozen and sectioned; macaque retinas were obtained following cardiac
perfusion with paraformaldehyde as described’®. An extra incubation of
30 min in 1% Triton X-100, 1x PBS was applied to the fixed monkey reti-
na sections immediately after the acetylation step. The templates for probe
synthesis were: (i) a 1.6-kb fragment encompassing the 3' end of the
mouse Abcr coding region, (ii) a full length cDNA clone encoding the
mouse blue cone pigment’?, and (iii) a macaque rhodopsin-coding-region
segment encoding residues 133 to 254.

GenBank accession numbers, ABCR cDNA: U88667.
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