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Complete exon-intron structure of the
RPGR-interacting protein (RPGRIP1) gene allows
the identification of mutations underlying Leber
congenital amaurosis
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Leber congenital amaurosis (LCA) is a genetically heterogeneous autosomal recessive condition responsible
for congenital blindness or greatly impaired vision since birth. So far, six LCA loci have been mapped but only
4 out of 6 genes have been identified. A genome-wide screen for homozygosity was conducted in seven
consanguineous families unlinked to any of the six LCA loci. Evidence for homozygosity was found in two of
these seven families at the 14q11 chromosomal region. Two retinal specific candidate genes were known to
map to this region, namely the neural retina leucine zipper (NRL) and the retinitis pigmentosa GTPase
regulator interacting protein (RPGRIP1). No mutation of the NRL gene was found in any of the two families.
Thus, we determined the complete exon-intron structure of the RPGRIP1 gene. RPGRIPT encompasses 24
coding exons, nine of which are first described here with their corresponding exon-intron boundaries. The
screening of the gene in the two families consistent with linkage to chromosome 14q11 allowed the
identification of a homozygous null mutation and a homozygous missense mutation, respectively. Further
screening of LCA patients unlinked to any of the four already identified LCA genes (n=86) identified seven
additional mutations in six of them. In total, eight distinct mutations (5 out of 8 truncating) in 8/93 patients
were found. So far this gene accounts for eight out of 142 LCA cases in our series (5.6%). European Journal of
Human Genetics (2001) 9, 561 -571.
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Introduction

Originally described by Theodore Leber in 1869, Leber
congenital amaurosis (LCA, MIM 204000) is an autosomal
recessive condition distinct from other retinal dystrophies
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and responsible for congenital blindness.! The diagnosis is
usually made at birth or during the first months of life in an
infant with total blindness or greatly impaired vision, normal
fundus and non recordable electroretinogram (ERG,?). It is
usually accepted that LCA accounts for 5% of all retinal
dystrophies.®

LCA is a genetically heterogeneous condition, and four
disease genes have been hitherto identified: GUCY2D
(retGC-1),* RPE65,>® CRX’~? and AIPL1'°. Taken together
these four genes account for only one third of the LCA cases
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of our series. Two additional loci have been reported, namely
LCA3 and LCAS on chromosomes 14q24 and 6ql1-ql6,
respectively.!!12

In an effort to identify novel LCA loci, we have undertaken
a genome-wide search for homozygosity in seven consangui-
neous and multiplex families with no mutation in known
LCA genes, and unlinked to LCA3 or LCAS. We found
evidence of homozygosity at the D145283 and D14S275 loci
on chromosome 14qll in two out of seven families.
Interestingly, the gene encoding the ‘retinitis pigmentosa
GTPase regulator interacting protein’ (RPGRIP1) was found
to map to the 14q11 chromosomal region."*!*

Here, we report the characterization of the complete exon-
intron structure of the RPGRIP1 gene and the identification
of mutations in two families consistent with linkage to
chromosome 14ql1 as well as in six out of 86 unrelated
patients. Taken together, our results show that RPGRIP1
accounts for eight out of 142 LCA families (5.6%), while the
other four reported genes account for 49 out of 142 LCA
families (34.5%).

Patients and methods

Patients

In addition to the seven consanguineous and multiplex
families selected for the genome-wide search for homo-
zygosity, 86 families were studied of which 14 were multi-
plex, 11 were consanguineous, and five were consanguineous
and multiplex. All patients fulfilled the minimal criteria for
diagnosis of LCA described elsewhere,'®*

Genome-wide search for homozygosity

A genome-wide search for homozygosity was undertaken
independently in all patients of the seven LCA families
(n=17) using the 382 pairs of fluorescent oligonucleotides of
the Genescan Linkage Mapping Set, Version II (Perkin Elmer
Cetus) under conditions recommended by the manufacturer.
Amplified fragments were electrophoresed and analysed on
an automatic sequencer (ABI 377). The polymorphic markers
have an average spacing of 10 cM throughout the genome.

Mutation screening of NRL in the two families linked
to 14q11

The three exons (two coding exons) of the NRL gene were
amplified and sequenced using specific primers designed
from the intronic sequences nearby the intron-exon junc-
tions (data not shown, available on request).

Characterization of the complete exon-intron structure
of the human RPGRIP1 gene

Human retinal total RNA (4.5 ug) was heated for 10 min at
65°C, in a buffer (19 ul) containing 1 mM dithiotreitol, 5 mm
MgCl,, 1 mM dNTP, 2.5 uM random hexamers, 1 x bufferII, 1
unit RNase Inhibitor (GeneAmp RNA PCR Kit, Applied
Biosystems, Foster City, USA). After ice quenching (5 min),
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the RNAs were reverse transcribed by adding 2.5 units of
MulLV Reverse Transcriptase (GeneAmp RNA PCR Kit, Applied
Biosystems, Foster City, USA) for 1.5 h at 42°C.

Reverse transcribed mRNAs (1 ul) were subsequently
submitted to successive PCR amplifications using specific
forward primers designed from exons-4, -3, -2, -1 and 1 of the
C14000056 clone and a unique reverse primer located in
exon 10 of the RPGRIP1 gene (Figure 2). Reactions were
carried out in a buffer (20 ul) containing 20 mm Tris-HCl
(pH 8.4), 50 mm KClI, 1.5 mm MgCl, 200 um of each dNTP,
0.5 uM of each primer and 0.75 U of Tag DNA polymerase
(Life Technologies). After an initial denaturation for 5 min at
96°C, denaturation was at 96°C for 20 s, annealing was for
each combination of primers at 60°C for 15 s and extension
was at 72°C for 30s, for 34 cycles followed by a final
extension, for 7 min at 72°C. The 1 kb fragment amplified
between primers PF1/PR was loaded onto a 1% low melting
agarose gel and purified by phenol-chloroform extraction
and recovered by ethanol precipitation. The purified frag-
ment was directly sequenced using the Big Dye Terminator
Cycle Sequencing Kit (ABI Prism).

The genomic structure of the RPGRIP1 gene was deter-
mined by comparing the PF1/PR 1 kb sequence with the
genomic sequence of the C14000056 clone.

Mutation screening of the RPGRIP1 in the two families
linked to 14q11

The 24 exons encoding RPGRIP1 were amplified using
specific primers designed from the intronic sequences nearby
the intron-exon junctions (Table 1). The PCR and sequencing
conditions are similar to that described above except for
annealing temperature which was at 56°C for each exon.

Segregation analysis of the G2237A mutation

The G2237A mutation created a Taq1 restriction site. Exon 15
of the RPGRIP1 gene was amplified as described in the
previous section. PCR products were digested for 1 h at 65°C
using restriction enzyme Taq1 (5 u) in the buffer supplied by
the manufacturer (Life Technologies). Digested fragments
were electrophoresed on a 3% agarose low melting and 1%
agarose gel.

Screening of a large series of LCA patients

The search for mutations was carried out by single strand
conformation polymorphism (SSCP) analysis and/or dena-
turing high-pressure liquid chromatography (DHPLC).

For SSCP analysis, genomic DNA (200 ng) was submitted to
PCR amplification using 0.5 uM of specific primers (Table 1)
and alpha 3P dCTP (0.07 ul, 10 mCi/ml NEN). Amplified
DNA was mixed with an equal volume of formamide loading
dye (95% formamide, 20 mMm EDTA, 0.05% bromophenol
blue, 0.05% xylene cyanol), denatured for 10 min at 95°C,
loaded onto a polyacrylamide gel (30 x40 x0.04 cm MDE,
TEBU) and electrophoresed at room temperature for 14 h at
4 W, and at 4°C for 14 h at 8 W. Gels were transferred onto



Table 1 PCR primers designed for the amplification of the 24 exons encoding RPGRIP1

RPGRIP1, the fifth LCA-causing gene

S Gerber et al

Exon number Forward sequence (5'—3')

Reverse sequence (5'—3')

Size of amplified product (bp)

1 GACATCCTAAAGTTGCATG

2 CTCTCTGGACAAGATGTG

3 TAACTGTCATGAAAGGAGAAG
4 GTTCCGGAGGGTACTGTT

5 CCTCGACATGTACCAAGGT

6 AGGGCATAGTCAAGGAGAA

7 GACTACTTGGCAAGCTAGG

8 CGTGCTGAGTGATATGACC

9 GAAATCCTGTGCAGGGGAA
10 ACGTCATATCACACCCCTT
11 TGGTGATAAATAACTACAGAAT
12 CCTGTCATATTTATACTCCCT
13 TTGGTTTTAGGCCACTGAGA
14 GAAAGAGCTCCCTACCCTT
15 CTTGCCACACCATCTGTAT
16 ACAGTCTCAAGCTGCCCTT
17 CTTATTTCATGTGATCAGGTC
18 GTTGTTAAACTACCAGCTTG
19 CCAAGATATTACCAGCTATG
20 GGCTAAAGTGCTTTGAAACA
21 CTTGGAGCCTCACTAACC

22 CACTGCAACAGTATATGATTC
23 GCATTAAGAGTATCAACAGTG
24 AGTGTTCAACTGAGTGATGC

GTTCCACAGTGAGAGTTC 231
AAATTTAAGGAGAACTCTA 245
AGTCCTTCCCAGTGTCTT 366
CTTCCCTGATCATGCTGAA 263
TTCCTCTGAGATGGAGGAA 411
CTGAATTGTGGCTTCTCATA 282
TACTTGGAGATGAACATAGAT 282
ACACATTCTAACATCCCTGA 257
TCATAGTAACACTGCTCTG 175
GAGGTAGAGGATGCCACA 257
GCCAGAGATCTCTCTGCAG 261
TTCCCACGTTCCTGTTATC 240
CTGTGGAAGGGTCCCGAA 247
GGAAATTCTGCATTGGTGC 550
GTTTGGCTGAGGCTCCTC 250
AGACAACACTGGGAAGAGG 442
CATAGGATTGGCAGAGATC 278
GGGACACTACAACCCACAA 301
AGCCTGATCTCGTGATCTG 258
TATCGTCTTATCTCGTATGC 194
TTCATCAGACTTCCTCACC 287
CTGTCTCAATATCTCCTTTG 181
TTAGGATGATTTCCTTGGAA 228
ACTATGGTTCCCTCAGAGAC 200

3 MM Whatman paper, dried and autoradiographed with
Kodak BIOMAX-MR films for 16-48 h.

For DHPLC analysis, heteroduplex formation was in-
duced by heat denaturation of PCR products at 94°C for
10 min, followed by gradual reannealing from 94°C to
25°C over 30 min. DHPLC analysis was performed with
the WAVE DNA fragment analysis system (Transgenomic).
PCR products were eluted at a flow rate of 0.9 ml/min
with a linear acetonitrile gradient. The values of the buffer
gradients (buffer A, 0.1 M triethylammoniumacetate; buffer
B, 0.1 M triethylammoniumacetate/25% acetonitrile), start
and end points of the gradient, and melting temperature
predictions were determined by the WAVEMAKER software
(Transgenomic). Analysis per sample took 7.5 min, includ-
ing regeneration and re-equilibration to the starting
conditions. Optimal run temperatures were empirically
determined. Mobile-phase temperatures were assessed
within a 5°C window above and below the suggested run
temperature on the basis of each fragment’s characteristic
melting profile.

PCR fragments displaying SSCP and/or DHPLC abnormal
profiles were further sequenced as described above.

Results

Genome-wide search for homozygosity

The 382 polymorphic markers of the Genescan Linkage
Mapping Set Version II were tested in seven consangui-
neous families. For each of the seven families, evidence of
homozygosity was found for several independent loci on

various chromosomes. Subsequently, polymorphic markers
flanking the various homozygote loci were studied in the
corresponding families. These analyses allowed to exclude
several chromosomal regions since (i) homozygosity for
the marker only reflected a lack of informativity in the
parents, and surrounding markers were heterozygotes in
the patients, or (ii) the parents were indeed informative
for a given marker but flanking markers in the immediate
vicinity (®~0%) were heterozygotes in the patients (data
not shown, available on request). Conversely, we found
evidence for homozygosity at the D14S283 and D14S275
loci in all patients of two unrelated families (SED and NIL
families, Figure 1). Homozygosity for this chromosomal
region was confirmed by flanking markers and the
shortest area of homozygosity was defined by the
D14S261 and D14S257 interval (Figure 1). This hint of
mapping led us to search for candidate genes in this
chromosomal region. Interestingly, two genes highly
expressed in the retina were found to map to in this
genetic interval.

Screening of the neural retina-specific leucine zipper
(NRL) gene

A search for mutations in the neural retina-specific leucine
zipper gene'® was undertaken in the homozygote patients of
the two consanguineous families linked to this region
(Families SED and NIL; Figure 1). Direct sequencing of the
three exons of the NRL gene revealed no deleterious change
in any of the patients, supporting the exclusion of this gene
in the two families.
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Figure 1 Pedigree of the seven consanguineous and multiplex families ascertained for the genome-wide search for homozygosity and
haplotypes of two of them consistent with linkage to the 14q11 region. Regions of homozygosity are squared.

Characterization of the complete exon-intron structure
of the human RPGRIP1gene
Two groups have recently reported the identification of a full
length human RPGRIP1 c¢cDNA encoding a 902 amino acid
protein.'®!* Sequence alignment of this predicted protein
with the RPGRIP1 orthologues showed that the mouse and
bovine counterparts were extending forward the N-terminal
region (Entrez Protein Sequence Search accession numbers
AAG10247, NP_076368, respectively). Subsequently, we tried
to determine whether the human gene streched upstream the
5" end of this cDNA sequence, especially as several alternative
transcripts were described.’>'*!® A search in the Human
Genome Project Working Draft at USC using the Draft
Genome Browser v4 allowed the identification of a 58 kb
sequence (C14000056, nt17331166-17389186; Figure 2A),
5 kb upstream the 5’ end of the originally described RPGRIP1
gene (referred to as RPGRIP1 partial, nt17394268 - 17427972;
Figure 2A). This clone was predicted to contain 13 exons
(Fgenesh++ Gene Predictions; Figure 2A). The cDNA se-
quence including exons 1-9 contained an open reading
frame (ORE, start: nt17364655) encoding a 384 amino acid
sequence highly similar to the N-terminal part of the murine
RPGRIP1 protein.

No PCR amplifications of reverse transcribed human
retinal RNA were obtained when using primers PF-4/PR, PF-
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3/PR, PF-2/PR, PF-1/PR, giving support to the view that
predicted exons-4 to -1 of the C14000056 sequence did not
belong to the RPGRIP1 gene (Figure 2A). Conversely, a
1321 bp fragment was amplified using primers PF 1/PR
(Figure 2A). Direct sequencing of the PF 1/PR fragment
supported the location of the translation initiation codon at
position nt17364655 (referred to as ntl in Figure 3) and
showed that (i) the predicted intron 8/exon 9 boundary of
the C14000056 clone was to be shifted 6 bp in the &
direction, (ii) the four bases at the 3’ end of the C14000056
were intronic and (iii) the 5 kb sequence between the original
RPGRIP1 and C14000056 sequences corresponded to an
intron (Figure 2A). In total, the RPGRIP1 gene consists in 24
exons and 23 introns (Figure 3). The predicted product would
yield a protein product of 1287 amino acids (Figure 3).
Specific primers were designed from the intronic sequences
in order to screen the 24 coding exons in all patients of our
series (Table 1).

Identification of RPGRIP1 mutations in LCA patients

Very recently, analysis of radiation hybrids have resulted in
the assigment of the RPGRIP1 gene to chromosome 14q11, at
the D148932 locus.'®* Therefore, this gene was regarded as
an attractive candidate gene by virtue of both position and
function. A search for mutations was undertaken in
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From the Human Genome Project Working Draft at USC - Draft Genome Browser v4 - Chromosome 14, Bases 17331166-17427972

Human: 1 MSHLVDPTSGDLPVRDIDAIPLVLPASKGKNMKTQPPLSRMNREELEDSFFRLREDHMLVKELSWKQQDEIKXXXXXXXXXXXXXXXXXVAEBAAPLSETARRGQKAGWRQRLSMHQRPQ 120
M HL++ DLPVRD D+ PL L + GKN++ QP L RMN++EL L E+ LVKE S KQ+D+ + ALE RR + W
Mouse: 1 MQHLLEYMPEDLPVRDTDSSPL- LKGTSGKNVRAQPHLGRMNQKELNCRRLHLHEEPTLVKEPSPKQRDKNRRRRTNVQRSTTTQPDLRTL---AVLQEPERR-~RRPWVSASPSPSAPP 114

Human: 121 MHRLQG---HFHCVGPASP-RRAQPRVQVGHRQLHTAGAPVPEKPKRGPRDRLSYTAPPSFKEHATNEN-RGEVASKPSELVXXXXXXXXXXXXXXMAKPIGLCMPNSAHIMASNTMQVE 235
+G H + P+ AQPRV G R H AG P DR S+TAPP+FK++ ++N R E+ +PS+L H M +++ VE
Mouse: 115 RAPVPGRKAHVQRLCPSTAVGSAQPRVHAGRRLPHIAG--—------- PNDRRSHTAPPAFKDYVADKNTRIEITREPSQLT HTMTTDSTHVE 197

Human: 236 EPPKSPEKMWPKDENFEQRSSLECAQKAAELRASIKEKVELIRLKKLLHERNASLVMTKAQLTEVOEAYETLLOKNQGILSAAHEALLKQVNELRAELKEESKKAVSLKSQLEDVSILOM 355
E P+SPEK K E EQRSS EC QKARELRASIKE VELIRLKKLL ERN SL T+AQLT VQEAYE LLQKNQGIL AH A L QVNEL+AEL EESKKAVSL++QL DVSILQ+
Mouse: 198 EIPRSPEKT-SKVEKPEQRSSEECTQKAAELRASIKENVELIRLKKLLOERNTSLAATERQLTRVQEAYEDLLQKNQGILDTAHNAFLSQVNELKAELSEESKKAVSLRTQLGDVSILQI 316

™

Human: 356 TLKEFQERVEDLEKERKLLNDNYDKLLES 384
TLKEFQ RVEDLEKERKLL+D+YD+LLES

Mouse: 317 TLKEFQVRVEDLEKERKLLSDSYDRLLES 345

Figure 2 (A) Identification of nine additional exons of the human RPGRIP1 gene. Based on the Human Genome Project Working Draft,
the 34 kb sequence of chromosome 14 lying between nt17394268 and nt17427972 contained the 15 RPGRIP1 exons independently
reported in 2000 by Roepman et al'® and Boylan and Wright'* (‘RPGRIP1 partial’, exons 1-15 in brackets). Five kilobases upstream the 5’
end of this sequence, the 58 kb long C14000056 clone (nt17331166-17389186) was predicted to contain 13 exons (ex-4, ex-3, ex-2,
ex-1, ex1 to ex9). Nine of them (ex1 to ex9) were found to represent the nine first exons of the complete RPGRIP1 gene which consists in
24 encoding exons. PF-4, PF-3, PF-2, PF-1 and PF 1 show the location of forward primers alternatively used with the reverse primer PR to
amplify reverse transcribed human retinal mRNA. (B) Conservation of the predicted amino acid sequence encoded by exons 1-9 of the
C14000056 clone and the N terminal sequence of the mouse orthologue. The predicted exons 1 -9 of the C14000056 clone contains an
ORF encoding a 382 amino acid sequence similar to the mouse RPGRIP1 N-terminal region.

homozygote patients of the two families consistent with
linkage to 14q11 by direct sequencing of the 15 coding exons
originally reported'®'* as well as the nine additional exons
reported here.

The two patients of the first family of Moroccan origin were
found to carry a homozygous missense mutation in exon 15
at nucleotide 2237 (G2237A; Family SED, Figure 4A). This
mutation changed a glycine (non polar, uncharged amino
acid) into a glutamic acid (charged amino acid) in the protein
(G746E). The glycine at position 746 is present in both
human 1a and 1b RPGRIP1 isoforms.'®!* In addition, it is a
highly conserved amino acid, which lies in a very conserved
region in both bovine and murine sequences. This base
change created a restriction site for the Taql enzyme.
Restriction analysis of the entire family showed that the
mutation segregated with the disease (Figure 4A) and was
absent in 252 normal chromosomes. In the second family
(Family NIL, Figure 1), we found a homozygous deletion of nt
511 in exon 4 leading to a premature stop codon, 19 amino

acids downstream, in both affected children (Figure 4B). This
deletion was found to be inherited from both carrier parents
and was not identified in any of the 252 normal chromo-
somes studied.

Subsequently, we undertook a search for mutations in a
large panel of 86 LCA patients unrelated to any of the four
already identified LCA genes and found RPGRIP1 gene
mutations in six additional families. In one family of
compound origin (French, English, German and Bulgarian),
the affected child was found to harbour a heterozygote 2 bp
insertion (2566+2 insTT) in exon 16, leading to a premature
stop codon, three amino acids downstream (Family LOB,
Figure 5). The second mutation was found to be a
heterozygote insertion of a guanine in exon 23, at position
3629 (ins 3629+1G; Figure 5). This latter mutation resulted in
a frameshift and the apparition of a stop codon, five amino
acids downstream. The segregation of the two mutations in
the family revealed that the 2566+2TT and 3629+1G
insertions were inherited from the carrier mother and father,
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respectively (Family LOB, Figure 5). In addition, these two In another family of Belgian origin, the affected child was
mutations resulted into an abnormal DHPLC profile allowing found to be a compound heterozygote as well. The first
to demonstrate their absence in 252 normal chromosomes. mutation, a C-T transition at nucleotide 2668 (exon 16)
a
Exonl Exon 2
égQTCACATCTGGTGGACCCTACATCAGGAGACTTGCCAGTTAGAGACATAGATGCTATACCTCTGGTGCTACCAGCCTCAAAAGbTAAG 90
M §$ H L Vv D P T S G DL P V R DI DA ATI?PUL VL P A S K G K 30

AATATGAARRCTCAACCACCCTTGAGCAGGATGAACCGGGAGGARTTGGAGGACAGTTTCTTTCGACTTCGCGAAGATCACATGTTGGTG 180
N M XK T Q P P L 8 RMNNUREUELED S F F RULREUDUHMTIL V 60

Exon 3
AAGGAGCTTTCTTGGAAGCAACAGGATGAGATCAAAAGbCTGAGGACCACCTTGCTGCGGTTGACCGCTGCTGGCCGGGACCTGCGGGTC 270
K E L 8§ W K @ ¢ b ETI K R L R T T L L R LT T AAG R D L R V 90

GCGGAGGAGGCGGCGCCGCTCTCGGAGACCGCRAGGCGCGGGCAGAAGGCGGGATGGCGGCAGCGCCTCTCCATGCACCAGCGCCCCCAG 360
A E E A A P L 8§ E T AR RGQ K A G W R QR L S M H O R P Q 120

ATGCACCGACTGCRAGGGCATTTCCACTGCGTCGGCCCTGCCAGCCCCCGCCGCGCCCAGCCTCGCGTCCARGTGGGACACAGACAGCTC 450
M H R L Q G H FH CV G P A S P RIRAOQZ?PIRUV Q V G H R Q L 150
Exon 4
CACACAGC CGGTGCACCGGTGccGGAGAAACCCAAGAGGGbGCCAAGGGACAGGCTGAGCTACACAGCCCCTCCATCGTTTAAGGAGCAT 540
H T A G A P V P E K P KRG PRUDI RULS Y T A P P S F K E H 180
Exon §
GCGACAAATGAAAACAGAGGTGAAGTAGCCAGTAAACCCAGTGAACTerTTTCTGGTTCTAACAGCATAATTTCTTTCAGCAGTGTCATA 630
AT N ENIRGE VA S K P S$EUL VS G SN S I I S F s s v I 210

AGTATGGCTARACCCATTGGTCTATGCATGCCTAACAGTGCCCACATCATGGCCAGCAATACCATGCAAGTGGAAGAGCCACCCAAGTCT 720
$ M A K P I G L ¢C M PUN S AHTIMABASZSNTMOQVETEP P K § 240

Exon 6
CCTGAGAAAATGTGGCCTAAAGATGAARAATTTTGAACAGAGAAGCTCATT GGAGTGTGC‘I‘CAGAAGGCTGCAGAGCTTCGFGCT’I‘CCATT 810
P E XK M W P K D EN F EQR S S L ECAZQIE KA AZETULIRA S I 270

AAAGAGAAGGTAGAGCTGATTCGACTTAAGAAGCTCTTACATGARAGARATGCTTCATTGGTTATGACAARAAGCACAATTAACAGAAGTT 900
K E K vV E L I R L K KL L HEIRUNA AS LV MTI KA AZOQTILTE V 300
Exon 7 Exon 8§
CAAGAGbCATACGAAACCTTGCTCCAGAA ATCAGGGAARTCCTGAGTGCAGCCCATGAGGCCCTCCTCARGCAAGTGARTGAGCTCAGG 990
Q B A Y E T L L Q KN Q G I L §8 A A H EAUL L K Q V N E L R 330

Exon 9
GCAGAGCTGAAGGAAGAAAGCAAGAAGGCTGTGAGCTTGAAGAGCCAACTGGAAGATGTGTCTATCTTGCAGATGACTCTGAAGGAGFTT 1080
A E L K E E $ K K A V s L K s Q L EDV S$ I L QM TL K E F 360
Exon 10
CAGGAGAGAGTTGAAGATTTGGARARAGAACGRARARTTGCTGAATGACAATTATGACAAACTCTTAGRAAGLATGCTGGACAGCAGTGAC 1170
Q E R V E DL E K E R K L L NDWNY DI KULUL E S MULD S S D 390

AGCTCCAGTCAGCCCCACTGGAGCRACGAGCTCATAGCGGAACAGCTACAGCAGCAAGTCTCTCAGCTGCAGGATCAGCTGGATGCTGAG 1260
8 § §$ Q P H W S N E L I A E Q L Q@ Q Q V S Q L Q D @Q L D A E 420
gxon 1t
CTGGAGGACAAGAGAARAGTTTTACTTGAGCTGTCCAGGGAGARAGLCCARRATGAGGATCTGRAGCTTGAAGTCACCARCATACTTCAG 1350
L E D K RZK VL L ETULSU REI KA AOQNU EU DI LI KULEUV TDNTIIUILGQ 450

AAGCATARACAGGAAGTAGAGCTCCTCCAAAATGCAGCCACAATTTCCCAACCTCCTGACAGGCAATCTGAACCAGCCACTCACCCAGCT 1440
K H K Q E VvV EL L Q N A ATTI S QP PDIRQSEPATH P A 480
Exon 12
GTATTGCAAGAGAACACTCAGATCGAG*ZCAAGTGAACCCAAAAACCAAGAAGAAAAGAAACTGTCCCAGGTGCTAAATGAGTTGCAAGTA 1530
v L Q ENT QI E P S E P KN OQEE KK L 8 Q VL N B& L Q V 510
xon 13
TCACACGCAGAGACCACATTGGAACTAGAAARAGACCAGGGACATGCTTATTCTGCAGCGCARAAATCAACGTGTGTTATCAGHAGGAACTG 1620
S H A E T T L E L E KT RDMULIIL QR K I NV C Y Q E E L 540

GAGGCAATGATGACAAAAGCTGACARATGATAATAGAGATCACARAGAAAAGCTGGAGAGGTTGACTCGACTACTAGACCTCAAGAATAAC 1710
E A MM T KA DWNDNRDHIKEIZ KILEIRTILTHRILUILUDIL K NN 570

xon 14
CGTATCAAGCAGCTGGAAGGTATTTTAAGAAGCCATGACCTTCCAACATCTGg;CAGCTCAAAGATGTTGCTTATGGCACCCGACCGTTG 1800
R I K ¢ L E G I L R S HD L P T S E QL KDV A Y G T R P L 600

TCGTTATGTTTGGRAACACTGCCAGCCCATGGAGATGAGGATARAGTGGATATTTCTCTGCTGCATCAGGGTGAGAATCTTTTTGAARCTG 1890
s L ¢ L E T L P A H G DEDI K VDI S L L HQGENDNTLF E L 630

CARCATCCACCAGGCCTTCCTGACATCTGCCGCCCTAGCTCAGGCTGGAGATACCCAACCTACCACTTTCTGCACCTATTCCTTCTATGAC 1980
H I H QA F L T S A AL AQAG DT QP TTVF CT Y S F Y D 660

TTTGRRACCCACTGTACCCCATTATCTGTGGGGCCACAGCCCCTCTATGACTTCACCTCCCAGTATGTGATGGAGRCAGATTCGCTTTTC 2070
¥ E T H®HCT?PIL SV G P QP L Y DF T S QY VMETUDS L F 690

TTACACTACCT TCAAGAGGCTTCAGCCCGGCTTGACATACACCAGGCCATGGCCAGTGARCACAGCACTCTTGCTGCAGGATGGATTTGC 2160
L HY L Q EASs$s A RULODIHOQAMABASIEWHRSTTULAAGUWTIC 720
Exon 15
TTTGACAGGGTGCTAGAGACTGTGGAGRRRGTCCATGGCTTGGCCACACTGATTGFAGCTGGTGGAGAAGAGTTCGGGGTTCTAGAGTAC 2250
F D RV L ETV E KV H GGLATULIGAGGETETFG V L B Y 750

TGGATGAGGCTGCGTTTCCCCATARAACCCAGCCTACAGGCGTGCAATAAACGARAGAAAGCCCAGGTCTACCTGTCAACCGATGTGCTT 2340
W M RL R F P I K P § L QA CNIZKZ RIEKI KA AZOQUV YL $§$ T DV L 780
Exon 16
GGAGGCCGGAAGGCCCAGGAAGAGGAGkTCAGATCGGAGTCTTGGGAACCTCAGAACGAGCTGTGGATTGAAATCACCAAGTGCTGTGGC 2430
G G R K A QEEEF RS E S WEP QN ETILWTIETITIKCC G 810

CTCCGGAGTCGATGGCTGGGAACTCAACCCAGTCCATATGCTGTGTACCGCTTCTTCACCTTTTCTGACCATGACACTGCCATCATTCCA 2520
L R S RW L 6T QP s P Y A VY RFFTVFSDHDT®ATITIP 840
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resulted in the substitution of an arginine into a stop
codon (R890X). This non-sense mutation is expected to
truncate more than half of the protein. The second
mutation was a missense mutation in exon 21 at nucleotide
3341 (A3341G, Family NES; Figure 5). This latter mutation
changed an aspartic acid (charged amino acid) into a
glycine (non polar, uncharged amino acid) in the protein
(D1114G). The aspartic acid at position 1114 is present in
all known isoforms of the protein and is highly conserved
in bovine and murine sequences. In addition, this amino
acid lies in the highly conserved and predicted globular C-
terminal region corresponding to the cognate RPGR-
interacting domain (RID). Each mutation in this patient
was inherited from a healthy parent and was absent in 252
normal chromosomes. Interestingly, a patient born to
consanguineous parents of Moroccan origin was homo-
zygous for the same missense mutation (D1114G, Family
MOU, Figure 5).

In a family of French origin, the affected child was found to
carry a heterozygote C-T transition (C1525T) in exon 12
resulting in the substitution of a glutamine for a stop codon
(Q509X, Family GRA, Figure 5). The mutation was found to

b
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be inherited from the healthy father. In an other French
family, the LCA patient was found to carry a heterozygote
4 bp insertion in exon 12 (1501+4 insTGTC; Family HER,
Figure 5), leading to a frameshift and a premature stop codon,
eight amino acids downstream. This mutation was inherited
from his healthy mother. In both families, the RPGRIP1
mutation identified was not found in any of the 252 normal
chromosomes studied.

Finally, in a family of French origin, two first cousins were
affected with LCA. One of them (III2) was found to carry a
heterozygote 3 bp in frame deletion in exon 24 (del nt 3835 -
3837; Family GUY, Figure 5). The mutation led to the
deletion of the glutamic acid located eight amino acids
upstream to the stop codon (del E1279). This amino acid,
found in both RPGRIP1 a and b isoforms, is conserved in
bovine and murine sequences and lies in the highly
conserved RID domain. The E1279 deletion identified in
patient III2 was inherited from his healthy father (II1) and
was therefore absent in his affected cousin (III4, Figure 5).
Both mutations identified in this family resulted in an
abnormal DHPLC profile that was not found in any of the
252 normal chromosomes studied. For the last three families,

GCCAGTABCAACCCCTACTTTAGAGACCAGGCTCGATTCCCAGTGCTTGTGACCTCTGACCTGGACCATTATCTGAGACGGGAGGCCTTG 2610
A S NN P Y F RDQAURY F®PVL VTS DILUDIEEY YL URIREA AL 870

TCTATACATGTTTTTGATGATGAAGACTTAGAGCCTGGCTCGTATCTTGGCCGAGCCCGAGTGCCTTTACTGCCTCTTGCARBAAATGAA 2700
s I HV F DDEDULE?PGS YL G RAUR UV PULL P L A KN E 900

Exon 17

Figure 3 cDNA and predicted amino acid sequence of the human RPGRIP1 gene. The translation initiation codon is double underlined
while the translation initiation codon reported by Roepman et al'® and Boylan and Wright' is underlined. Intron-exon boundaries are

shown.

TCTATCAAAGbTGATTTTAACCTCACTGACCCTGCAGAGAAACCCAACGGATCTATTCAAGTGCAACTGGATTGGAAGTTTCCCTACATA
s I K 6 Db F NLLTDUPOAZEI K?PNGS I ¢ V QL D WK F P Y I

CCCCCTGAGAGCTTCCTGAARCCAGAAGCTCAGACTAAGGGGAAGGATACCAARGGACAGTTCARAGATCTCATCTGAAGAGGRAAAGGCT
P P E S F L K P EA QTXK G KDTXD S S K I 8 S E E E K A
Exon 18
TCATTTCCTTCCCAGkATCAGATGGCATCTCCTGAGGTTCCCATTGAAGCTGGCCAGTATCGATCTAAGAGAAAACCTCCTCATGGGGGA
S F P S QD QMA S P EV P IEAGS QYRS KRI KPP H G G

GARAGARAGGAGARGGAGCACCAGGTTGTGAGCTACTCAAGAAGAARACATGGCAARAGAATAGGTGTTCARGGARAGRATAGAATGGAG
E R K E K E H QV V S Y S RRKHGI K RTIGUV QG KNI RME
Exon 19
TATCTTAGCCTTAACATCTTAAATGGAAATACACCACAGhAGGTGAATTACACTGAGTGGAAGTTCTCAGAGACTAACAGCTTCATAGGT
Yy L §$ L N I L N G N T P Q Q VN Y T E W K F S E T VN S F I G

GATGGCTTTAAAAATCAGCACGAGGAAGAGGAAATGACATTATCCCATTCAGCACTGAAACAGAAGGAACCTCTACATCCTGTAAATG#%
D G F K N Q HEEU EUEMTIULSH S ALK Q KEPULHUPV N D

AMAGAATCCTCTGAACAAGGTTCTGAAGTCAGTGAAGCACAAACTACCGACAGTGATGATGTCATAGTGCCACCCATGTCTCAGARATAT
K E S S E Q G S EV S EAQTTUDS DDV I VP P M S Q K Y
Exon 21
CCTAAGGCA#ATTCAGAGAAGATGTGCATTGAAATTGTCTCCCTGGCCTTCTACCCAGAGGCAGAAGTGATGTCTGATGAGAACATAAAA
P K A DS EZ KMTCTIETIV S L AF Y P EAZEUVMSDENTI K

CAGGTGTATGTGGAGTACAARATTCTACGACCTACCCTTGTCGGAGACAGAGACTCCAGTGTCCCTAAGGAAGCCTAGGGCAGGAGRAGAA

Q vy VvV E Y K F Y DL P L S E T ET PV S L R KPR AG E E
IIgxon 22

ATCCACTTTCACTTTAGCAAGGPAATAGACCTGGACCCACAGGAGCAGCAAGGCCGRAGGCGGTTTCTGTTCGACATGCTGAATGGACAR

I H ¥F H F S KV I DULDUZPOQEIOQQGRIRIRYFILUFDMTILNG Q
ﬁxon 23

GATCCTGATCRAGGACAITTARAGTT TACAGTGGTAAGTGATCCTCTGGATGAAGAAAAGAAAGAATGTGAAGAAGTGGGATATGCATAT

pD P DQ G H L K F TV V S5 DPULDETEI K K ET CETZEV G Y A Y
xon 24

CTTCAACTGTGGCAGATCCTGGAGTCAGGAAGAGATATTCTAGAGCAAGAGCTAGACAE;GTTAGCCCTGAAGATCTGGCTACCCCAATA

L 9 L WQ I L ES GRDILEOQEL DI V S P EDTILA AT P I

GGAAGGCTGRAGGTTTCCCTTCAAGCAGCTGCTGTCCTCCATGCTATTTACAAGGAGATGACTGRAGATTTGTTTTCATGA
G R L KV $ L QA AAV L HATI Y KE EMTETDTLF 8§ *

2790
930

2880
960

2970
990

3060
1020

3150
1050

xon 20

3240
1080

3330
1110

3420
1140

3510
1170

3600
1200

3690
1230

3780
1260

3861
1287
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Figure 4 Identification and segregation analysis of the homozygous RPGRIPT mutations identified in two multiplex and consanguineous
families compatible with linkage on chromosome 14q11. (A) Right panel: identification of a homozygous missense mutation G—A in
exon 15 at nucleotide 2237 (G746E) in family SED; C=control; II1=LCA patient. (A) Left panel: restriction analysis of the mutation. The
G2237A substitution created a Taq1 site. PCR amplified genomic DNA was digested with using Taq1. Homozygous patients (11 and 112)
display two fragments of 181 and 69 bp. Heterozygous carriers of the G2237A (11, 12, 113) show three fragments of 250 (undigested), 181
and 69 bp. Individuals homozygous for the wild type allele (114 and the control: C) display the undigested fragment of 250 bp, only.
m=mutant allele; +=wild type allele. (B) Identification and segregation of the delT511 identified in the NIL family. m=mutant allele;

+=wild type allele.

the second mutation, searched by direct sequencing, remains
unidentified.

Discussion

LCA is a relatively common disease with a high rate of
consanguinity. We have long assumed that this condition
could be accounted for by mutations in various genes.
Indeed, six LCA genes have been hitherto mapped namely,
LCA1 and LCA4 on chromosome 17p13.1,1%1%17 LCA2 on
chromosome 1p31,°> LCA3 on chromosome 14q24,'' LCAS
on chromosome 6q11-q16'*> and LCA6 on chromosome
19q13.3.7 Among them, four out of six have been identified:
the retinal specific guanylate cyclase gene (retGC1, LCA1,*),
the gene encoding the 65-kD protein specific to the retinal
pigment epithelium (RPE65, LCA2,%), the cone-rod homeo
box-containing gene (CRX, LCA6,”) and the gene encoding

European Journal of Human Genetics

the arylhydrocarbon receptor interacting protein-like 1, only
2 Mb centromeric from LCA1 (LCA4,'%). LCA3 and LCAS
respectively account for the disease in a consanguineous
Saudi Arabian LCA family and a multigenerational kindred of
Old Order River Brethren, a religious isolate descended from
Swiss immigrants to America in the 1750s. All together, the
four identified genes accounted for only one third of the LCA
cases in our series.

We have found homozygosity for polymorphic markers
located on chromosome 14q11 in two unrelated consangui-
neous families. Two known candidate genes were reported to
map to this chromosomal region. One of them, NRL, was
excluded in both families. In the RPGRIP1 gene, we found a
homozygous missense mutation in one of the two families
(Family SED) but direct sequencing of the 15 known exons
(13-14) failed to detect any mutation in the second family
(Family NIL).
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Figure 5

To determine whether the missense mutation identified in
family SED involved a conserved amino acid, we aligned the
bovine, murine and human sequences. This analysis revealed
that this amino acid was conserved in all three species, and
that the murine and bovine proteins were longer than the
human one in the N-terminal region. This last finding along
with the lack of detection of mutation in the NIL family
prompted us to search for additional exons in the 5’ region of
the originally reported RPGRIP1 sequence (13-14). This
study allowed the identification of nine additional coding
exons, one of which was found to be homozygously mutated
in the NIL family. Further screening of the 24 RPGRIP1 exons
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Identification and segregation of the RPGRIPT mutations in LCA families. C=control; P=patient; +=wild type allele.

in 86 additional LCA patients allowed the identification of
mutations in six of them.

In total, we report here the identification of mutations in a
novel LCA causing gene, in eight unrelated families unlinked
to any of the four already identified genes. Among the nine
mutations identified, eight were different (five truncating
mutations, one in frame deletion of 3 bp and two missense
mutations). Three of the eight patients, born to consangui-
neous parents, harboured homozygous mutations, two out of
eight were compound heterozygotes of which one harboured
a truncating mutation on each allele of the gene and in three
out of eight individuals one single mutation was detected
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(two truncating mutations and one in frame deletion of
3 bp), and the direct sequencing of all RPGRIP1 exons and
intron-exon boundaries failed to detect the second mutation.

Among the 142 unrelated LCA patients of our series, 49
were found to harbour mutations in one of the four already
reported genes (34.5%) and eight in the RPGRIP1 gene
(5.6%). Among the eight different mutations identified in
this last gene, five out of eight are expected to result in the
truncation of the protein. Although it was unlikely that these
mutations were not disease-causing, we have studied 126
normal controls by DHPLC and evidenced that, conversely to
the LCA patients harbouring these truncating mutations, the
normal controls did not display abnormal DHPLC profiles.
The three others (two missense mutations and one in frame
3 bp deletion) concern highly conserved amino acids in
bovine and murine sequences and lie in highly conserved
regions (two in the RPGR-interacting domain). Hence, the
identification of null mutations and of mutations that
involve highly conserved amino acids suggest that the
interaction of RPGRIP1 with RPGR is severely altered in the
retina of patients with LCA.

RPGRIP1 is a novel protein that has been shown to
specifically interact with RPGR in bovine, mouse and
human.'®*!® Several alternatively spliced transcripts have
been identified in the three species. Some transcripts have a
retina-restricted expression and interact specifically with
RPGR in vivo and in vitro.'® Sequence analyses of all isoforms
revealed the presence of a highly conserved and predicted
globular C-terminal region corresponding to the cognate
RPGR-interacting domain (RID) and two coiled-coil domains
at the N terminus.'® Database analyses of the translated
products revealed that the coiled-coil domains have sig-
nificant homology to counterpart domains of proteins
involved in membrane and vesicular trafficking.'® Interest-
ingly, it has been shown that, in mouse, RPGRIP1 co-localised
with RPGR in the connecting cilia of both rod and cone
photoreceptors. It has been proposed that RPGRIP1 serves as
a scaffold to anchor regulatory complexes including RPGR
within the connecting cilium. In addition, RPGRIP1 might be
an essential factor so that RPGR can normally play its
putative role in maintaining the polarised protein distribu-
tion across the connecting cilium by facilitating directional
transport or restricting redistribution.'®

In conclusion, we report here the identification of a fifth
LCA gene involved in a physiological pathway different from
the previously reported ones and resulting from a novel
mechanism. Hopefully, the identification of the exact role of
RPGRIP1 in photoreceptor will improve our understanding of
this complex retinal pathology.

While this work was in the reviewing stage, Dryja et a
reported similar findings. Indeed, the study of the 24
RPGRIP1 coding exons allowed the identification of muta-
tions in four out of 57 LCA families. Among them, three
harboured two null RPGRIP1 alleles and one was compound
heterozygote for missense mutations.

lZ'l
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Taken together, these two independent studies strongly
support the involvement of the RPGRIP1 gene in about 6—
7% of LCA cases.
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