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Summary

X-linked retinitis pigmentosa (XLRP) is a severe form
of inherited progressive retinal degeneration. The RP3
(retinitis pigmentosa type 3) locus at Xp21.1 is believed
to account for the disease in the majority of XLRP fami-
lies. Linkage analysis and identification of patients with
chromosomal deletion have refined the location of the
RP3 locus and recently have led to the cloning of the
RPGR (retinitis pigmentosa GTPase regulator) gene,
which has been shown to be mutated in 10%-15% of
XLRP patients. In order to systematically characterize
the RPGR mutations, we identified 11 retinitis pig-
mentosa type III (RP3) families by haplotype analysis.
Sequence analysis of the PCR-amplified genomic DNA
from patients representing these RP3 families did not
reveal any causative mutation in RPGR exons 2-19,
spanning >98% of the coding region. In patients from
two families, we identified transition mutations in the
intron region near splice sites (IVS10+3 and IVS13-8).
RNA analysis showed that both splice-site mutations
resulted in the generation of aberrant RPGR transcripts.
Our results support the hypothesis that mutations in the
reported RPGR gene are not a common defect in the
RP3 subtype of XLRP and that a majority of causative
mutations may reside either in as yet unidentified RPGR
exons or in another nearby gene at Xp21.1.

Introduction

X-linked retinitis pigmentosa (XLRP) is one of the more
severe forms of inherited retinal degenerations that are
characterized by nightblindness, pigmentary retinopa-
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thy, and progressive loss of peripheral vision (Hecken-
lively 1988). XLRP is clinically and genetically heteroge-
neous; the major XLRP loci, RP3 (retinitis pigmentosa
type 3) and RP2 (retinitis pigmentosa type 2), have been
mapped to Xp21.1 (Musarella et al. 1991; Aldred et
al. 1994) and Xp11.3-11.23 (Bhattacharya et al. 1984;
Thiselton et al. 1996), respectively. In addition, the RP6
(retinitis pigmentosa type 6) locus has been postulated
at Xp21.3 by heterogeneity analysis (Ott et al. 1990),
and RP15 (retinitis Elgmentosa type 15) has been local-
ized at Xp22.13-22.11 in one kindred (McGuire et al.
1995). RP3 is believed to be the predominant form of
XLRP, representing 60%—90% of the affected families
(Musarella et al. 1990; Ott et al. 1990; Aldred et al.
1994; Teague et al. 1994).

The RP3 locus had been genetically localized within
a relatively small region at Xp21.1, between the flanking
markers DXS1110 and OTC (Musarella et al. 1991;
Aldred et al. 1994). The coincidental location, at
Xp21.1, of a large chromosomal deletion in a patient,
BB, who had retinitis pigmentosa as well as Duchenne
muscular dystrophy and chronic granulomatous disease,
made the proximal region of the deletion a primary fo-
cus of RP3-cloning efforts (reviewed in Egan and McIn-
nes 1996; Fujita and Swaroop 1996). However, recent
genetic linkage and haplotype analysis in a large XLRP
family have placed the mutation outside the BB deletion
(Fujita et al. 1996). Furthermore, two independent
XLRP patients have been reported to have deletions
~300 kb centromeric to the BB proximal breakpoint
(Meindl et al. 1995; Roepman et al. 19964). Consistent
with these findings, the gene RPGR (retinitis pigmentosa
GTPase regulator) has been identified 300-400 kb cen-
tromeric to the BB deletion, and microdeletions and mis-
sense and nonsense mutations in XLRP patients have
demonstrated its role in RP3 disease (Meindl et al. 1996;
Roepman et al. 1996b).

Although RP3 is anticipated to account for the disease
in a majority of XLRP patients, the reported mutation
data showed a remarkably low frequency of causative
RPGR mutations. Meindl et al. (1996) identified only
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two deletions and five single-base substitutions (two
nonsense and three missense) in a study of 74 XLRP
patients, whereas Roepman et al. (1996b) reported three
missense mutations and one deletion mutation in 5 of 28
XLRP families. It is evident that the number of identified
RPGR mutations is not close to the expected frequency
for the RP3 disease (for review, see Fujita and Swaroop
1996). To evaluate the role of RPGR in RP3 disease
and to gain molecular insights into the pathogenesis of
XLRP, we determined the Xp genotypes of 38 XLRP
pedigrees, to identify those with the RP3 subtype. DNA
samples from the RP3 families were then analyzed for
mutations in 18 of the 19 reported RPGR exons (span-
ning >98% of the coding region). Here we report the
haplotype data for 11 RP3 families, along with the re-
sults of RPGR-mutation analysis. Identification of caus-
ative mutations in only 2 of 11 independent RP3 patients
provides strong evidence for additional, as yet unidenti-
fied, RPGR exons and/or the existence of another RP3
gene in the Xp21.1 chromosomal region.

Subjects, Material, and Methods

XLRP Families

The diagnosis of XLRP in the families in this study
was made by ocular examination, complemented by vi-
sual field testing and/or electroretinograms (ERGs) (Ja-
cobson et al. 1989; Andréasson et al. 1993; Sieving
19935). In all pedigrees, there was RP in male family
members and no male-to-male transmission. Female
family members reported no visual symptoms or any
degree of visual impairment; many obligate carriers and
those indicated in figure 1 were documented, by ocular
examination and visual function tests, to have features
typical of the heterozygous state of XLRP. Clinical phe-
notypes of families XLRP-122 and XLRP-127 have been
reported elsewhere (Andréasson et al. 1997). Blood
samples were collected from >150 independent XLRP
families. DNA and/or RNA was extracted from lympho-
cytes by use of standard procedures. Informed consent
was obtained from patients and normal subjects after
the nature of the procedures had been fully explained.
The research procedures were in accordance with insti-
tutional guidelines and the Declaration of Helsinki.

Haplotype Analysis

Twenty polymorphic markers at the Xp22.13-
Xp11.22 chromosomal region (spanning XLRP loci
RP15, RP6, RP3, and RP2) were used for haplotype
analysis. Polymorphic markers and conditions for PCR
amplification have been described elsewhere (Fujita et
al. 1996; Genome Database).

Mutation Analysis

Eighteen primer sets that amplify RPGR exons 2—
19 (for primer sequences, see Meindl et al. 1996) were
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synthesized at the Biomedical Research Core Facility of
the University of Michigan. Amplified products were
directly sequenced with the corresponding forward and/
or reverse PCR primers, by the Sequenase™ PCR Prod-
uct Sequencing kit (USB Amersham). Ten microliters of
PCR-amplified DNA (5-50 ng) was treated with 10
units of exonuclease I and 2 units of shrimp alkaline
phosphatase for 30 min at 37°C. The enzymes were
inactivated by incubation at 80°C for 15 min. An aliquot
of treated template DNA (6 pul) was mixed with the
sequencing primer (1-5 pmol) (in 11 pl of total volume),
and the mixture was denatured at 100°C for 3 min.
After the template and primer were annealed at 4°C for
10-15 min, the following was added: 2 ul of 5 X Seque-
nase'™ reaction buffer, 1 ul of 0.1 M DTT, 0.4 ul of
labeling buffer, 1.6 of ul water, 0.5 pl of >*S[dATP], 1.9
ul of glycerol diluent, 0.125 ul of inorganic pyrophos-
phatase (5 units/ul), and 0.125 pl of Sequenase™ (13
units/ul). After the sample had been kept on ice for §
min, dideoxynucleotide termination reactions were per-
formed at 45°C for 5 min. Samples were denatured at
90°C for 3 min and were loaded onto a 6% glycerol-
tolerant sequencing gel prepared with Sequagel™ con-
centrated solution (National Diagnostics).

Restriction Analysis

An aliquot (10-15 ul) of the PCR-amplified product
was digested with the indicated restriction enzyme (ob-
tained from New England Biolabs), as suggested by the
manufacturer. The restriction digests were electropho-
resed in a 1.5%-2% agarose gel.

Reverse Transcriptase—PCR (RT-PCR) and Sequence
Analysis

Total RNA was extracted from lymphocytes of pro-
bands of families XLRP-122 and XLRP-127 and from
normal human retina by the guanidine isothiocyanate—
phenol method (Chomczynski and Sacchi 1987). cDNA
was synthesized by reverse transcription using reagents
from the 3’-RACE kit (GIBCO-BRL) and was used for
amplification of the RPGR sequence (Meindl et al. 1996)
by use of primers F8 (from exon 10; forward) (5’ TGG
TAG TTT TTG CTG CTC CTC ATC 3’) and B6 (from
exon 15; reverse) (5" CCA TGC ACC TTC ACA TTT
TCC T 3'). For the analysis of RNA from family XLRP-
122, 1 pul of the PCR product was reamplified by use of
F8 and a nested primer BS (from exon 14; reverse) (5’
TTC AGT AAG AGC TGT ATC C 3'). Approximately
30 ng of the reamplified product was sequenced with
the F8 primer. For the analysis of RNA from family
XLRP-127, 1 ul of the F8-B6 PCR product was reampli-
fied by use of B6 and a nested primer F9 (from exon
11; forward) (5’ CAC GAT GTT CTG AGA GAA ACC
TCC 3'), and the reamplified product was sequenced
with the BS primer.
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Results

Identification of RP3 Families by Haplotype Analysis

From 38 XLRP families (28 North American, 1 South
African, and 9 Swedish) characterized with polymorphic
Xp markers, we identified 11 pedigrees (6 North Ameri-
can and 5 Swedish) in which the disease locus cosegre-
gated with markers in the RP3 region and recombined
with RP2. (The disease locus in 8 of the 11 families
also recombined with RP1S, and in 7 of the families
it recombined with RP6.) Haplotypes of these 11 RP3
pedigrees are shown in figure 1.

Family XLRP 101.—Patient A26 carries allele 2 of the
marker MAOA, inherited from the noncarrier maternal
grandmother A13, which indicates a crossover with the
RP2 region. The carrier female A16 is homozygous for
allele 1 of DXS84, whereas allele 2 is present in other
affected chromosomes, indicating a recombination with
RP6 and RP15 loci.

Family XLRP 102.—This pedigree has been described
elsewhere as RP3 (Fujita et al. 1996).

Family XLRP 1712.—Recombination with the RP2
markers is evident from alleles of MAOB and DXS1003
loci in patient A287. A crossover event with RP15 is
suggested by discordance of DXS989 alleles between
patients A287 and A284.

Family XLRP 115.—Evaluation of haplotypes of pa-
tients A675, A457, and A455 indicates that alleles
flanking the RP3 locus are in phase (markers Mé6-
DXS7) and that those in the RP2, RP6, and RP15 region
recombine with the disease locus.

Family XLRP117.—An adult male A459, ascertained
as unaffected on the basis of clinical examination, carries
alleles identical to those of his affected brother (A458),
from the markers proximal to DXS7, excluding RP2 as
the disease locus in this family.

Family XLRP 121.—Haplotype comparison of patient
A361 and heterozygote carriers A808 and A809 indi-
cates that only markers CYBB and M6 (which are in
the RP3 region) are in phase with the disease. A recombi-
nation event is observed with DXS6679, a marker ~4
kb proximal to the RPGR gene. Lack of informative
polymorphic variations between M6 and DXS6679 does
not exclude RPGR as the disease locus. Obligatory re-
combinations with markers in the region of RP2, RP6,
and RP15 exclude these loci.

Family XLRP 122.—The two patients, A364 and
A365, share a common haplotype between markers
DXS1214 and DXS6679, which includes the RP3 locus.
Obligatory recombinations are observed with markers
in the RP2 region.

Family XLRP 125.—Clinical examination of the fe-
male individual A803 indicates a carrier status for RP.
However, haplotype analysis shows two crossover
events that occurred in either heterozygote carrier A375
or her deceased mother, leaving DXS6679 (at the RP3
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locus) as the only marker in phase with the disease and
excluding RP2, RP6, and RP15 as the disease loci.

Family XLRP 127 —Haplotype analysis of A384 and
A383 shows that the disease segregates in phase with
all tested markers between CYBB and DXS7, spanning
the RP3 locus. Proximal and distal recombinations rule
out RP2, RP6 and RP135 as the disease loci in this family.

Family XLRP 129.—Two affected patients, A395 and
A393, show a common haplotype with markers
DXS1214, CYBB and DXS6679, demonstrating linkage
to the RP3 locus. Obligatory recombination with DXS7
and proximal markers excludes RP2.

Family XLRP 151.—Two obligatory recombinations,
revealed by the analysis of affected brothers A656 and
A658 and affected distant uncle A174, restrict the dis-
ease locus to a region between CYBB and DXS1068,
demonstrating RP3 as the XLRP locus.

Paucity of RPGR Coding Region Mutations in RP3
Patients

Genomic DNA from one affected member of each of
the 11 RP3 families (shown in fig. 1) was subjected to
PCR amplification of RPGR exons 2-19, which include
>98% of the coding region. (The reported primer set
for the RPGR exon 1 [Meindl et al. 1996] did not am-
plify specific products from the genomic DNA and,
therefore exon 1 has not been analyzed in this study.)
Comparison of the RPGR sequences from the 11 pa-
tients with the reported cDNA sequence did not reveal
any variations in the coding region. The genomic se-
quence of 3-25 nucleotides (depending on the distance
between the primer and the splice site) at the intron-
exon junctions was also examined for mutations. In two
patients, sequence variations that result in possible splice
defects were detected in the intronic region (described
below).

Aberrant Splicing of the RPGR Transcript in Family
XLRP-122

Analysis of the RPGR sequence in patient A364 from
family XLRP-122 (see fig. 1) revealed an A—G transition
at the third base pair downstream of the exon 10 nucleo-
tide 1304 (sequence designation is according to Meindl
et al. 1996) in the splice-donor region of intron 10 (the
mutation is designated as “IVS10+3”). This sequence
alteration generated an Muwol restriction site (5’
GCNNNNNNNGC 3’, where the underlined nucleo-
tide represents the mutation), permitting an easy identi-
fication of the mutation. Sequencing and Mwol restric-
tion analysis of exon 10 amplified products from other
family members revealed that the IVS10+3 mutation
cosegregated with RP in hemizygotes or heterozygotes
(data not shown). This sequence change was not de-
tected in 100 unaffected and 51 affected X chromo-
somes, indicating that it is not a frequent variant allele
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Figure 1 Determination of the RP3 status in 11 XLRP families. RP3 was identified as the disease locus by haplotypes shown here. For each
pedigree, only selected individuals with critical recombinations and relevant markers are shown. Blackened squares denote affected individuals; circles
containing black dots denote carrier females; and unblackened squares and circles denote unaffected individuals. Markers spanning the RP3 locus that
are in phase with the disease are shown as boxed, and obligatory recombinations with the RP2, RP6, and RP15 loci are indicated by arrowheads. The
markers are, in correlative order from DXS989 at Xp22.13 (top) to DXS6849 at Xp11.23 (bottom), are pter—DXS989 (L) -DXS1214 (T), DXS84
(M), CYBB (Y), DXS1110 (F), DXS8349 (GB) -DXS8170 (R), M6 (W), DXS6679 (K), DXS1068 (S), DXS997 (E), DXS556 (H), DXS7 (D), MAOA
(A), MAOB (B), DXS8080 (C), DXS1003 (N), DXS426 (G), DXS1367 (P), DXS6849 (X), and cen. RP3 is genetically mapped between DXS8349 and
DXS6679 (Fujita et al. 1996; present study, family XLRP-121). The RPGR gene maps between the M6 and DXS6679 loci (Meindl et al. 1996). RP2
is genetically localized centromeric to DXS8080 and is linked to the indicated proximal markers (Thiselton et al. 1996). the markers DXS989 and
DXS1214 are in the region of RP15 and RP6, respectively (Ott et al. 1990; McGuire et al. 1995).
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Figure 2 A, Sequence of total RPGR RT-PCR products (sense strand) derived from lymphocyte RNA of the proband in family XLRP-

122. The arrow indicates the position of a new splice site produced by the IVS10+3 mutation. Beyond this, two sequences can be read; one
corresponds to the normal RPGR transcript, and the other corresponds to an aberrant transcript (shown to the right of the normal sequence).
Both transcripts appear to be produced at equal efficiency. B, Schematic representation of RPGR genomic DNA and transcripts in normal
(unaffected) chromosomes and in mutant chromosomes of family XLRP-122. The A—>G mutation (position IVS10+3) in the affected chromosome
(indicated by the arrow) results in inefficient splicing, and, in addition to the normal RPGR transcript, an aberrant transcript is generated by
activation of cryptic donor and acceptor sites within exons 10 and 11, respectively. The aberrant transcript retains the reading frame and
would result in a truncated RPGR protein with an internal deletion of 37 amino acids. Numbers correspond to the sequence of RPGR cDNA

reported by Meindl et al. (1996).

in the population (data not shown). No other RPGR
sequence variation was detected in family XLRP-122.

To determine the effect of IVS104+3 mutation on
splicing, RT-PCR analysis was performed, using the
lymphocyte RNA of the proband. Sequencing of the
total RT-PCR products spanning exons 10 and 11 dem-
onstrated two types of RPGR transcripts, which appear
to be generated with equal efficiency: one was the nor-
mal transcript generated by the joining of exon 10 with
exon 11, whereas the other transcript was produced by
activation of both a cryptic splice-donor site in exon 10
(GT dinucleotide at 1285-1286) and a cryptic splice-
acceptor site in exon 11 (AG dinucleotide at position
1394-13935) (fig. 2A and B). The latter contained a dele-
tion of 111 nucleotides. This aberrant transcript would
result in an RPGR protein with an internal deletion of
37 amino acids. We therefore hypothesize that the
RPGR splice defect resulting from the IVS10+3 muta-
tion leads to RP in family XLRP-122.

Aberrant Splicing of the RPGR Transcript in Family
XLRP-127

DNA from patient A384 (see fig. 1) from family
XLRP-127 presented an A—G sequence change in the
splice-acceptor region of intron 13 (fig. 3A), 8 bp up-
stream of nucleotide 1632 in exon 14 (the mutation
is designated as “IVS13-8”). This sequence alteration
destroys a recognition site for the Apol restriction en-
zyme (5’ PuAATTPy 3’, where the underlined nucleotide
is changed to G). Apol digestion of exon 14 PCR prod-

ucts from other members of this family (see fig. 1)
showed that the IVS13-8 mutation cosegregated with
the disease (data not shown). No other sequence varia-
tion was detected in this family. The A—G mutation was
not detected in 167 independent X chromosomes (116
normal and 51 XLRP chromosomes; of these, 22 normal
and 11 XLRP chromosomes were of Swedish origin),
suggesting that it is not a common allelic variant in the
unaffected or XLRP population.

To determine the effect of this mutation, we se-
quenced the total RT-PCR products, spanning exons 13
and 14, obtained by use of lymphocyte RNA of the
proband. Our results show that the mutant transcript
includes the last seven nucleotides (TTTACAG) of in-
tron 13, resulting in a frameshift with multiple stop
codons in exon 14 (fig. 3B and C). It also appears that
the use of a newly created splice-acceptor site is virtually
exclusive, at least in the lymphocytes. The truncated
RPGR protein produced by the mutant transcript is pre-
dicted to be the cause of RP in family XLRP-127.

Polymorphisms in the RPGR Gene

During the mutation analysis, we identified two sin-
gle-base substitutions that appear to be polymorphic
variants in the RPGR sequence (data not shown). The
first one was in exon 10 at nucleotide 1223 (the designa-
tion is based on the RPGR sequence reported by Meindl
et al. 1996), where a G—A change was detected in
~15% of chromosomes. This sequence variation
changes codon 388, GCG changes to GCA, both coding
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Figure 3

A, Genomic sequence at intron 13—exon 14 boundary of family XLRP-127. Lane A, A384 patient. Lane C, A386-heterozygote

carrier. Lane N, Unaffected male. Sequencing of the amplified product that includes exon 14 was performed by use of the forward primer. The
sequence change (A/G) and splice-acceptor site (SpA) are indicated. The A386-heterozygote carrier shows both A and G at the —8 position. B,
Sequence of total RPGR RT-PCR products from retinal RNA from an unaffected individual and from lymphocyte RNA from the proband in
family XLRP-127. The sequence of the antisense strand is shown here. The normal sequence presents the correct splice event between exon 13
and 14, whereas the mutated, xlrp product shows an addition of seven nucleotides as a consequence of the newly created splice-acceptor site.
The human retinal RNA was processed as a control in parallel with the patient’s sample. C, Schematic representation of RPGR genomic DNA
and transcripts in normal (unaffected) chromosomes and in mutant chromosomes of family XLRP-127. Asterisks (*) indicate the 3’ splice site.

for an alanine residue. The other variant was observed
in the splice-donor region of intron 18. This change
represented a T—C transition, 11 bp downstream of nu-
cleotide 2300 of exon 18, where C is observed with
20% frequency in XLRP chromosomes. Sequencing of
the total RT-PCR products derived from the lymphocyte
RNA of a patient with this sequence variation did not
reveal any effect on splicing of the RPGR transcript
(data not shown).

Discussion

After an intense search spanning more than a de-
cade, the first RP gene was identified by the positional

cloning strategy (reviewed in Egan and McInnes 1996;
Fujita and Swaroop 1996). This gene, RPGR, was
isolated from the Xp21.1 chromosomal region
(Meindl et al. 1996; Roepman et al. 1996b) that in-
cludes the RP3 locus. The RPGR gene appears to be
constitutively expressed; however, low levels of tran-
scripts are detected in the retina and retinal pigment
epithelium (RPE), the sites of disease manifestation in
XLRP. Nevertheless, nonsense and missense muta-
tions and intragenic deletions were demonstrated in
RPGR, confirming its involvement in causing RP3 dis-
ease (Meindl et al. 1996; Roepman et al. 1996b). A
low frequency of reported RPGR mutations (7 of 74
examined by Meindl et al. [1996] and 5 of 28 analyzed
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by Roepman et al. 1996b) presented a dilemma, since
the RP3 subtype is expected to account for 60%-90%
of XLRP (Ott et al. 1990; Musarella et al. 1990; Al-
dred et al. 1994; Teague et al. 1994). Several explana-
tions were proposed to account for the low frequency
of RPGR mutations in XLRP: (i) a low sensitivity of
the SSCP method used for mutation screening, (ii) the
use of all XLRP families (and not genetically charac-
terized RP3 families), (iii) alternative splicing with as
yet unidentified novel exon(s) in the retinal/RPE
RPGR transcript, and (iv) another gene in the RP3
region. To distinguish among these possibilities and
to gain further insights into the pathogenesis of the
disease, we identified RP3 pedigrees from our cohort
of XLRP families and searched for specific causative
RPGR mutations in these pedigrees.

The close proximity of XLRP loci at Xp makes it
difficult to distinguish among different genetic sub-
types; the two major loci, RP3 and RP2, are separated
by 10-15 ¢cM. Our haplotype analysis of 38 XLRP
pedigrees identified 17 families in which we were able
to ascertain the genetic status. In 11 of these families,
the disease locus cosegregated with markers spanning
the RP3 locus at the Xp21.1 chromosomal region and
recombined with other XLRP loci (RP2 in all 11 fami-
lies, RP6 in 7 families, and RP15 in 8 families). Since,
thus far, in no family has the condition been linked
to the RP6 locus, and since only one kindred exists in
which the condition is linked to the RP15 locus, we
concluded that all 11 families (shown in fig. 1) belong
to the RP3 subtype. In a majority (21 of 38) of studied
families, the genetic subtype has not been assigned,
because of the lack of key recombinants between the
RP3 and RP2 loci. The criterion of obligate-crossover
events to define the XLRP subtype, used in our studies,
is more stringent than the heterogeneity testing and
multipoint analysis that elsewhere have been utilized
to determine the estimated frequency of RP3 (Ott et
al. 1990; Musarella et al. 1990; Teague et al. 1994).
However, the relative proportion (11/17 [65%]) of
RP3 in our cohort of genetically subtyped XLRP pedi-
grees is consistent with earlier reports.

Mutation analysis in the 11 RP3 families showed a
paucity of causative mutations in the RPGR-coding re-
gion. However, we were able to identify splice-site muta-
tions in two of the families. Mutations in the invariant
splice-site nucleotides often result in splicing defects that
include exon skipping, intron retention, or utilization of
a cryptic splice signal (Maquat 1996). The consensus
splice-donor sequence is RGIGTRAGT (R = purine;
and | = splice site), where the GT dinucleotide is nearly
invariant. At first glance, the IVS10+3 transition muta-
tion (A—G at position +3) in family XLRP-122 would
not seem to have any effect on RPGR splicing; nonethe-
less, RT-PCR results show that the efficiency of correct
exon 10—exon 11 splicing is compromised by this se-
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quence change (see fig. 2A). Although a normal RPGR
transcript is also generated in the lymphocytes of the
proband, we suggest that either the splice defect is more
pronounced in the retina/RPE or the aberrant RPGR
protein has a dominant-negative effect. In any scenario,
the splice defect due to the IVS10+3 mutation appears
to be the cause of RP in family XLRP-122.

The consensus sequence at the 3’ splice site is
(Y)uNYAGIR (Y = pyrimidine; R = purine; and {
= splice site), where the AG dinucleotide is nearly invari-
ant. The A—G mutation in family XLRP-127 is appar-
ently at a variant nucleotide position (see fig. 3C). Al-
though this change produces an AG dinucleotide, the
neighboring sequence (AATTACTTCAAAAAGL(T) in
intron 13 still does not conform to the consensus at the
splice-acceptor region. RNA analysis showed that this
mutation created a new splice signal, which was utilized
almost exclusively in the lymphocytes. The utilization
of this splice-acceptor site, which is closer to the branch
point in the intron, provides in vivo support for the
5'>3’ scanning model of splice-site selection (Lang and
Spritz 1983; Smith et al. 1993), although other possible
mechanisms (Chiara and Reed 1995; Maquat 1996; Pas-
man and Garcia-Blanco 1996) cannot be ruled out.

The results presented here confirm that mutations in
the RPGR gene represent only a small proportion of the
genetic defects in XLRP. Our studies support the notion
that the majority of disease-causing mutations in RP3
families are localized in sequences other than the 18
RPGR exons and their corresponding splice-site regions
that have been analyzed in this investigation. We pro-
pose the following three possibilities to explain the low
frequency of RPGR mutations:

1. It is possible that a majority of mutations in RP3
patients are in exon 1 or in an as yet uncloned exon(s)
that may be present in an alternately spliced tran-
script expressed in the retina or RPE. Nevertheless,
the haplotype analysis of XLRP patients with poly-
morphic markers between CYBB and DXS1058 has
not revealed any linkage disequilibrium, suggesting
an independent origin of many, if not all, causative
RP3 mutations (R. Fujita, P. Forsythe, and A. Swar-
oop, unpublished data). In addition, although no
full-length human retinal/RPE RPGR ¢cDNA has been
isolated yet, RNA analysis using northern or rapid
amplification of cDNA ends (RACE) experiments
consistently yielded a similar-size transcript, of 2.9
kb (Meindl et al. 1996; Roepman et al. 19964,
1996b).

2. The disease-causing mutations may occur in the regu-
latory sequence (e.g., promoter) or intronic regions
of the RPGR gene. Such mutations are much less
common, compared with the coding region or splice-
site mutations, and probably could not account for
the disease in 80% of RP3 patients.
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3. Genetic heterogeneity exists at the RP3 locus, and
RPGR may not be the only RP3 gene at Xp21.1.
Haplotype data in family XLRP-121 (reported in fig.
1), along with our previous studies in family XLRP-
102 (Fujita et al. 1996), suggest that the location of
the RP3 gene is between the DXS8349 and DXS6679
loci. Since mutations in the RPGR gene cannot ac-
count for the disease in the majority of RP3 families,
we are tempted to consider the possibility of another
RP3 gene in the Xp21.1 region. In addition, the RP
disease in patient BB remains an enigma (for discus-
sion, see Fujita et al. 1996).

Further studies are in progress to resolve the molecular
and genetic complexity at the RP3 locus and to under-
stand the ontogeny of severe retinal degeneration ob-
served in patients with XLRP.

Acknowledgments

We are grateful to the XLRP patients and their family mem-
bers who participated in the study. We thank Dr. Kirk Alek
and Ms. Gina Osland for collecting data on family XLRP-
112, Ms. Kinga Buraczynska for technical assistance, and Drs.
Jean Bennett, Gerald Fishman, Jacquie Greenberg, and Dennis
Hoffman for XLRP families that they provided for our ongo-
ing investigations but that are not included in this study. This
work was supported by National Institutes of Health (NIH)
grants EY07961 (to A.S.) and EY05627 (to S.G.].), by a grant
from The Foundation Fighting Blindness (to S.G.]., P.A.S., and
A.S.), by a grant from The Chatlos Foundation (S.G.].), and
by a grant from Research to Prevent Blindness. We also ac-
knowledge NIH grants EY07003 (Core) and M01-RR00042
(General Clinical Research Center).

References

Aldred MA, Jay M, Wright AF (1994) X-linked retinitis pig-
mentosa. In: Wright AF, Jay B (eds) Molecular genetics of
inherited eye disorders. Harwood Academic, Chur, Switzer-
land, pp 259-276

Andréasson S, Ponjavic V, Abrahamson M, Ehinger B, Wu W,
Fujita R, Buraczynska M, et al (1997) Phenotypes in three
Swedish families with X-linked retinitis pigmentosa caused
by different mutations in the RPGR gene. Am ] Ophthalmol
124:95-102

Andréasson S, Ponjavic V, Ehinger B (1993) Full-field electro-
retinogram in a patient with cutaneous melanoma-associ-
ated retinopathy. Acta Ophthalmol 71:487-490

Bhattacharya SS, Wright AF, Clayton JF, Price WH, Phillips
CIL, McKeown CME, Jay M, et al (1984) Close genetic link-
age between X-linked retinitis pigmentosa and a restriction
fragment length polymorphism identified by recombinant
DNA probe L1.28. Nature 309:253-255

Chiara MD, Reed R (1995) A two-step mechanism for 5’ and
3’ splice-site pairing. Nature 375:510-513

Chomczynski P, Sacchi N (1987) Single-step method of RNA
isolation by acid guanidium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162:156-159

579

Egan SE, McInnes RR (1996) Blindness and the X. Nature
381:194-195

Fujita R, Bingham E, Forsythe P, McHenry C, Aita V, Navia
BA, Dry K, et al (1996) A recombination outside the BB
deletion refines the location of the X-linked retinitis pig-
mentosa locus RP3. Am J Hum Genet 59:152-158

Fujita R, Swaroop A (1996) RPGR: part one of the X-linked
retinitis  pigmentosa story. Mol Vis 2:4, http://
www.emory.edu/MOLECULAR__ VISION/v2fujita

Heckenlively JR (1988) Retinitis pigmentosa. JB Lippincott,
Philadelphia

Jacobson SG, Yagasaki K, Feuer W], Roman A (1989) Interoc-
ular asymmetry of visual function in heterozygotes of X-
linked retinitis pigmentosa. Exp Eye Res 48:679-691

Lang KM, Spritz RA (1983) RNA splice site selection: evidence
for a 5'-3’ scanning model. Science 220:1351-1355

Maquat LE (1996) Defects in RNA splicing and the conse-
quence of shortened translational reading frames. Am J
Hum Genet 59:279-286

McGuire RE, Sullivan LS, Blanton SH, Church MW, Hecken-
lively JR, Daiger SP (1995) X-linked dominant cone-rod
degeneration: linkage mapping of a new locus for retinitis
pigmentosa (RP15) to Xp22.13-p22.11. Am J Hum Genet
57:87-94

Meindl A, Carvalho MRS, Hermann K, Lorenz B, Achatz H,
Lorenz B, Apfelstedt-Sylla E, et al (1995) A gene (SRPX)
encoding a sushi-repeat-containing protein is deleted in pa-
tients with X-linked retinitis pigmentosa. Hum Mol Genet
4:2339-2346

Meindl A, Dry K, Herrmann K, Manson F, Ciccodicola A,
Edgar A, Carvalho MRS, et al (1996) A gene (RPGR) with
homology to the RCC1 guanine nucleotide exchange factor
is mutation in X-linked retinitis pigmentosa (RP3). Nat
Genet 13:35-42

Musarella MA, Anson-Cartwright L, Leal SM, Gilbert LD,
Worton RG, Fishman GA, Ott J (1990) Multipoint linkage
analysis and heterogeneity testing in 20 X-linked retinitis
pigmentosa families. Genomics 8:286-296

Musarella MA, Anson-Cartwright L, McDowell C, Burghes
A, Coulson SE, Worton RG, Rommens JM (1991) Physical
mapping at a potential X-linked retinitis pigmentosa locus
(RP3) by pulsed field gel electrophoresis. Genomics 11:263—
272

Ott J, Bhattacharya SS, Chen JD, Denton MJ, Donald J, Dubay
C, Farrar GJ, et al (1990) Localizing multiple X-chromo-
some-linked retinitis pigmentosa loci using multilocus ho-
mogeneity tests. Proc Natl Acad Sci USA 87:701-704

Pasman Z, Garcia-Blanco MA (1996) The 5’ and 3’ splice sites
come together via a three dimensional diffusion mechanism.
Nucleic Acids Res 24:1638-1645

Roepman R, Bauer D, Rosenberg T, van Duijnhoven G, van
de Vosse E, Platzer M, Rosenthal A, et al (19964) Identifica-
tion of a gene disrupted by a microdeletion in a patient with
X-linked retinitis pigmentosa (XLRP). Hum Mol Genet 5:
827-833

Roepman R, van Duijnhoven G, Rosenberg T, Pinckers AJLG,
Bleeker-Wagemakers LM, Bergen AAB, Post ], et al (1996b)
Positional cloning of the gene for X-linked retinitis pig-
mentosa 3: homology with the guanine-nucleotide-exchange
factor RCC1. Hum Mol Genet 5:1035-1041



580 Am. J. Hum. Genet. 61:571-580, 1997

Sieving PA (1995) Diagnostic issues with inherited retinal and analysis in 40 X-linked retinitis pigmentosa families. Am J
macular dystrophies. In: Gorin M (ed) Seminars in ophthal- Hum Genet 55:105-111
mology. Vol 10. WB Saunders, Philadelphia, pp 279-294 Thiselton DL, Hampson RM, Nayudu M, Maldergem LV,
Smith CW]J, Chu TT, Nadal-Ginard B (1993) Scanning and Wolf ML, Saha BK, Bhattacharya SS, et al (1996) Mapping

competition between AGs are involved in 3’ splice site selec- the RP2 locus for X-linked retinitis pigmentosa on proximal
tion in mammalian introns. Mol Cell Biol 13:4939-4952 Xp: a genetically defined 5-cM critical region and exclusion
Teague PW, Aldred MA, Jay M, Dempster M, Harrison C, of candidate genes by physical mapping. Genome Res 6:

Carothers AD, Hardwick L], et al (1994) Heterogeneity 1093-1102



	Analysis of the RPGRGene in 11 Pedigrees with the Retinitis Pigmentosa Type 3 Genotype: Paucity of Mutations in the Coding Region but Splice Defects in Two Families
	Summary
	Introduction
	Subjects, Material, and Methods
	XLRP Families
	Haplotype Analysis
	Mutation Analysis
	Restriction Analysis
	Reverse Transcriptase–PCR (RT-PCR) and Sequence Analysis

	Results
	Identification of RP3 Families by Haplotype Analysis
	Paucity of RPGR Coding Region Mutations in RP3 Patients
	Aberrant Splicing of the RPGR Transcript in Family XLRP-122
	Aberrant Splicing of the RPGR Transcript in Family XLRP-127
	Polymorphisms in the RPGR Gene

	Discussion
	Acknowledgments
	References


