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X-linked retinoschisis (XLRS) is the most common
cause of juvenile macular degeneration in males,
resulting in vision loss early in life. The gene involved
in XLRS was identified recently. It encodes a protein
with a disoidin domain, suggested to be involved in
cell—cell interactions. We have screened the gene for
mutations in 234 familial and sporadic retinoschisis
cases and identified 82 different mutations in 214 (91%).
Thirty one mutations were found more than once, i.e.
2-10 times, with the exception of the 214G —A mutation

which was found in 34 apparently unrelated cases. The
origin of the patients, the linkage data and the site of the
mutations (mainly CG dinucleotides) indicate that most
recurrent mutations had independent origins and thus
suggest the existence of a significant new mutation rate
in XLAS1. The mutations identified cover the entire
spectrum, from small intra-genic deletions (7%), to
nonsense (6%), missense (75%), small frameshifting
insertions/deletions (6%) and splice site mutations
(6%). Since, regardless of the mutation type, no females
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Table 1. Mutations and polymorphisms in the XLRS/ gene

A. Mutations

No. Exon Mutation RE site Protein Group Country Case

4 1 del exon 1 fs 4 4DK Fam

1 1 2T-C ~Mnll, +Maell Met1Thr 5 NL Fam

2 1 33-36del - fs 3,5 D, US Fam, Sp?
2 1 S52+1g—a +Mboll sd? 2,3 D, US Fam

1 1 52+1g—t -~ sd? 3 us Fam

1 1 52+2insT - sd? 3 us Fam

1 1 [52+5g—c; 35T—>A] - [sd?; Leul2His] 3 us Fam

5 2 53-78del? - fs 3 us Fam

1 2 68C—A - Ser23X 4/5 DK Fam

1 2 76G—T +Mael Glu26X 4 DK Fam

2 3 79-2a—g —Psil sa? 6, W D, UK Fam

5 3 79-184del - fs L5 SNL Fam

3 3 120C—A - Cys40X 3,4, W D, S, US Fam

2 3 175T—A - Cys59Ser 2,5 2D Fam, Sp
1 3 181-184+10del - sd? 5 D Fam

1 3 184+1g—c +Alul sd? 3 Us Fam

1 4 185-1g—c¢ —Bscl sa? 2 F Fam

1 4 185-326del fs 2 D

1 4 194A—-G Tyr65Cys 5 D

8 4 208G—A +Ddel Gly70Ser 3,4 8US 7Fam, 1Sp
34 4 214G—A ~Tagl Glu72Lys all DK, 2INL, 38, I2D, UK, 5US  33Fam, 1Sp
2 4 216G—C —Plel Glu72Asp 2,4 F, UK Fam

1 4 221G-T Gly74Val 3 S Fam

3 4 223G->T —Mnil Glu75X 2,3 2E LS Fam

2 4 266A—>G +T3pRI Tyr89Cys 2,5 2D Fam

1 4 267T—A - Tyr89X 6 UK Fam

8 4 286T—-C +Acil Tip96Arg 3, W D, 7US 7Fam, Sp
1 4 300delG —Haelll fs 5 D Fam

10 4 304C—>T +EcoRII Argl02Trp 3,6, W D, 9UK, US Fam

5 4 305G-»A +Alul Argl102Gin 3,56 D, 2UK, 2US Fam

1 4 308THG +Hhal, +Cfol Leul03Arg 4 us Fam

1 4 315&316insA - fs w D) Fam

7 4 325G-C - Gly109Arg 24,6, W FL E D, 3UK, US Fam

2 4 326+1g—a - sd? 3,6 UK, US Fam

1 ) 329G—HA -UbaEl Cys110Tyr 3 us Fam

I 5 336G—C —EcoR1l, +Mnll Trpl12Cys 2 F Fam

2 5 336G>T —EcoRll, +BsmAl  Trpl12Cys 1,2 21 Fam

1 5 337C>T +Drdll Leul13Phe 3 us Sp

1 5 350&351insT +Ncol fs 2 F Fam

1 5 375-378del —Bglll fs 4 IC Fam

1 5 380T—-C +Alwl, -Bglll Leul27Pro 3 us Fam

1 5 392-393delAA +T3pRI fs 5 D Fam

1 5 404G>T ~Xholl, —Bstl Gly135Val 2 NL Fam

1 5 407T—-C —BamH1 Ile136Thr 3 uUs Fam

1 S 412A-G —Hphl Thr138Ala 1 NL Fam

I 5 416delA +Smal fs 5 NL Fam

1 5 418G—A —Bsall Gly140Arg 3 us Fam

Continued overleaf
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Table 1. Continued

A. Mutations

No. Exon Mutation RE site Protein Group Country Case

1 5 419G—HA +Eco47I Gly140Glu 6 UK Fam

1 5 421C>G —Haell Argl41Gly 6 UK Fam

9 5 421C—-T ~Haell Argl41Cys 2-6 2DK, 2F, D, 3UK, US 8Fam, Sp?
2 5 422G—-A —Haell Argl41His 3,5 D, US Fam

1 5 428A—T —Maelll Aspl43Val 1 NL Fam

1 5 436G—A - Glul46Lys 2 D Fam

1 5 438G-C - Glul46Asp 1 NL Fam

1 5 460C—>T —Fokl Glnl154X 6 UK Fam

1 5 464A G —Afal, +BspWI1 Tyr155Cys 2 1 Fam

1 5 522+1g—t —Ncil, +Msel sd? 2 F Fam

1 6 523-2a—>g —Bfal sa? 3 us Fam

1 6 533G—A - Gly178Asp 3 us Fam

2 6 544C—>T +Bsgl Argl82Cys 3,5 D, US 7, Sp

9 6 574C—>T +Avall, —-Haelll Pro192Ser 3,4,6,W D, SC, 6UK, US Fam, 2Sp, 2?
1 6 575C-G —Haelll, +Cfol Prol192Arg 2 F Fam

1 6 576&577insT ~NlalV, +Mnil fs 2 A Fam

4 6 578C->T +Avall Pro193Leu 2,3, W A, 2D, US Fam

3 6 579&580insC ~Bbvl fs 2,3,6 A, UK, US Fam

4 6 589C—>T -Acil Argl97Cys 1-3,5 F, D, NL, US Fam

1 6 S90G—A ~Mwol Argl97His 3 us ?

2 6 596T—-C +Hphl Ile199Thr 3,6 UK, US Fam

4 6 598C—->T —Fokl Arg200Cys 1-3,6 F, NL, UK, US Fam

4 6 599G—>A —Acil Arg200His 2,3,6 F UK, 2US Fam

3 6 608C—HT -MspAll Pro203Leu 1,2,5 F, 2NL Fam

1 6 618G—HA —Fokl, +Afllll Trp206X 2 F Fam

1 6 621C—->G -Maell His207GIn 4 SC Fam

1 6 €25C—T —Acil Arg209Cys 1 NL Fam

4 6 626G—A - Arg209His 1,5, W 3D, NL 2Fam, Sp, ?
7 6 637C—T -Mspl Arg213Trp 3,56 2D, 3UK, 2US 4Fam, 3Sp
1 6 643G—>C —Fokl, +Pvull Glu215GIn 2 E Fam

1 6 647T—-C —Alu Leu216Pro 3 Us Fam?

1 6 655-679del fs 5 D Fam

1 6 655T—-C +Hhal Cys219Arg 5 D de novo
1 6 655T—>G +BsaHI Cys219Gly 6 UK Fam

1 6 655delT —Bbvl, +Mnil fs 1 NL Fam

B. Polymorphisms

Exon Polymorphism  RE site Protein Group Country Remark

5 330T/C Cys/Cys110 2,3 US, F

5 426T/C Cys/Cys142 3 Us 3/98 controls

5 472G/A Asp/Asn158 5 D 1/100 controls

6 606C/T —Fokl Tle/Me202 3 Us Sp. case K0193

6 666G/C Lys222Asn - GER Sauer et al. (1997)

6 678C—>T —Sfanl (3"-UTR) 3 uUs Fam. case POS97P

Mutation description follows standard nomenclature (21) using the XLRSI cDNA sequence as a reference (GenBank AF014459) with the ATG translation initiation
codon counted as +1. Amino acid changes in bold highlight those involving a Cys residue. All exon 6 sequences analysed contained a G at nucleotide 666 (Lys222)
instead of an A (and Asn222), and we considered this as the normal sequence. All mutations were analysed at the DNA level only. Indicated are the number of times
amutation was identified (unrelated cases), the mutated exon, the mutation at the DNA level, if arestriction enzyme recognition (RE) site was created (+) or destroyed
(=), the consequence of the mutation at the protein level (X, stop codon; fs, frameshift; sd, splice donor site; sa, splice acceptor site; ?, not yet confirmed at the RNA
level), group identifying the mutation, the country of origin of the patient/family (A, Austria; D, Germany; DK, Denmark; E, Spain; F, France; I, Italy; IC, Iceland;
NL, Netherlands; S, Sweden; SC, Scotland; FI, Finland; UK, United Kingdom; US, United States of America) and if the mutation was found in a familial (Fam) or

sporadic (Sp) case.

#Except for exon 2, the exon deletions, initially detected by a failure of the exons to amplify,

cDNA-derived probes.

were confirmed by Southern blotting and hybridization with

bNext to the 678C/T change in the 3’-UTR, patient P0597 carries a disease-causing 599G—A (Arg200His) mutation.
A more detailed overview of all XLRS! mutations identified is available through the Internet at http://www.dmd.nl/rs.html
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with a typical RS phenotype were identified, RS seems
to be caused by loss-of-function mutations only.
Mutations occurred non-randomly, with hotspots at
several CG dinucleotides and a Cg stretch. Exons 1-3
contained few, mainly translation-truncating mutations,
arguing against an important functional role for this
segment of the protein. Exons 4-6, encoding the
discoidin domain, contained most, mainly missense
mutations. An alignment of 32 discoidin domain
proteins was constructed to reveal the consensus
sequence and to deduce the functional importance of
the missense mutations identified. The mutation
analysis revealed a high preponderance of mutations
involving or creating cysteine residues, pointing to
sites important for the tertiary folding and/or protein
function, and highlights several amino acids which may
be involved in XLRS1-specific protein—protein inter-
actions. Despite the enormous mutation heterogeneity,
patients have relatively uniform clinical manifestations
although with great intra-familial variation in age at
onset and progression.

INTRODUCTION

X-linked retinoschisis (XLRS; MIM 312700) is the most
common cause of juvenile macular degeneration in males (1,2)
and leads to a vitreo-retinal degeneration characterized by cystic
spokewheel maculopathy, peripheral retinal lesions, alterations of
the vitreous body and a reduced b-wave of the electroretinogram
(ERG). Estimations of its prevalence range from 1:5000 to
1:25 000. Affected males have a deterioration in vision which
typically presents at between 5 and 10 years of age (3). Visual
impairment is usually mild until the fourth decade of life, but
thereafter progressive visual deterioration often occurs (3,4).
Complications in the later stages of RS include vitreal haemor-
rhage, choroidal sclerosis, retinal detachment and, in rare cases,

retinal atrophy resulting in blindness. There is a great intra-
familial variation in severity; mild, moderate and severe forms of
the disease may occur in one family. Female carriers of the disease
are unaffected (3).

Little is known about the aetiology of XLRS. Histopathological
findings include splitting within the superficial layers of the
retina, degeneration of the photoreceptors, thinning of the
ganglion layer and a focally absent or proliferative retinal
pigment epithelium (3,5). The underlying cause of XLRS is
thought to be a defect in the Miiller cell, the glial cell of the retina
which is thought to play a role in the organization of retinal cells
during development (5,6).

XLRS was first mapped to the distal region of Xp in 1969 (7),
and subsequent genetic and physical mapping studies eventually
localized the XLRS gene to a 2 cM region between DXS418 and
DXS§999 in Xp22.2 (8-12). Yeast artificial chromosome (YAC)
contigs (8,13-15) and a phage P1-derived artificial chromosome
(PAC) contig (14) have been constructed across the interval.
Based on the PAC contig, the Sanger Centre (Wellcome Trust
Genome Campus, Hinxton, UK) has undertaken the sequencing
of a 1.3 Mb region containing the RS gene which led to the
identification of several new human genes (16,17).

By mapping and expression analysis of expressed sequence
tags (ESTs), Sauer et al. recently identified a candidate gene for
XLRS, designated XLRS! (18), which maps within the sequenced
region. Mutational analysis of XLRS! in nine unrelated XLRS
families revealed a number of distinct mutations co-segregating
with the disease, thus providing strong evidence that XLRS is
caused by mutations in this gene (18). The XLRS! gene has six
exons and encodes a 224 amino acid protein, processed by
N-terminal cleavage into a mature protein with a calculated size
of 23 kDa (201 amino acids). The predicted protein sequence
contains a highly conserved discoidin domain, shared with a
number of other proteins (18,19). The discoidin domain is
implicated in cellcell adhesion and phospholipid binding, a
function which is in agreement with the observed splitting of the
retina in XLRS patients, indicating that XLRSI is important
during retinal development.

@ splice site
O missense
X promature stop
V¥ insertion

A deletion
— deletion

Figqre 1. Mutat.ions in the ?(LRS pmt;in. The XLRS! gene is drawn schematically; the six exons are represented by bars, numbers indicating their size in nucleotides,
anq introns by hr}es. Mutatlor}s are indicated by symbols (one for every mutation identified): X, nonsense mutations; open circles, missense mutations; closed circles,
splice site mutations; open triangles, small deletions; closed triangles, insertions; lines below exons, larger deletions.



Here we present, through an international collaborative effort,
a thorough mutational study of the XLRS1 gene by the analysis of
patients from 234 cases with X-linked retinoschisis, revealing
mutations in 214 cases (91%). Our analysis includes an extensive
alignment of discoidin domain-containing proteins which was
used as a guide to understand the potential functional conse-
quences of the missense mutations detected.

RESULTS

The six groups forming the RS consortium screened the entire
coding region of the XILRS gene in 234 cases for the presence of
mutations. The patient set contained both familial (apparently
unrelated by family history) and sporadic cases, all presenting
typical XLRS. Mutation analysis was performed using initial
scanning with single strand conformation analysis (SSCA) or
denaturing gradient gel electrophoresis (DGGE), or by direct
sequence analysis. Ultimately, we identified mutations in 91%
(214/234) of the cases (Table 1, Fig. 1). Eighty two different
mutations were identified, of which 51 were found only once.
Mutations included four different small one-exon deletions (6% of
all cases), 11 different splice site mutations (6%), 11 different
frameshifting insertions/deletions (indels) (5%, four small inser-
tions/seven small deletion mutations), seven different nonsense (6%)
and 49 missense (69%) mutations. Thirty one of the mutations were
found more than once, ie. 2-10 times, with the exception of the
214G—A mutation which was identified in 34 apparently unrelated
cases worldwide (14% of all mutations). The mutations were not
distributed randomty over the gene. Most mutations, predominantly
missense, were found in exons 4-6 encoding the discoidin domain.
Of the 33 mutations found upstream (exons 1-3), all but one, i.e.
Cys59Ser (see below), cause premature translation termination. The
mutational spectrum found in exons 1-3, in particular the absence
of missense mutations, argues against an important functional role
for this segment of the encoded protein.

To determine the potential effect of the mutations, we have
performed a detailed comparative analysis of the XLRS1 protein
sequence (Fig. 2). Sauer er al. (18) noted that the N-terminus
contains a highly hydrophobic putative secretary leader peptide
sequence, amino acids 1-23. No obvious protein homologies were
found for the N-terminal region, i.e. amino acids 1-60. The
remainder of the protein shows a clear homology with the so-called
discoidin domain (19). We constructed an alignment of 32 proteins
of diverse organisms containing one or two discoidin domains to
reveal the consensus sequence and the amino acid variation allowed
without affecting its function (Fig. 2). The alignment indicates that
the discoidin domain extends from amino acids 63 to 219, both
cysteine residues. Consequently, even extremely C-terminally
located mutations are expected to destroy the functional properties
of the discoidin domain.

The most obvious deleterious mutations are those which delete
parts of the gene. The most stringent in this respect are the exon
1 deletions, found in four apparently unrelated Danish families,
since these are expected to include the promoter region, thus
producing null alleles. The other exon deletions include exons 2
(five US families), 3 (five Dutch families) and 4; the latter was
found only once in a German case. The intragenic deletions are
expected to produce only severely truncated proteins with no
functional significance. The same holds true for the 11 different
splice site mutations identified. All but one, i.e. 52+5g—c at the
intron 1 splice donor site (see below), hit the 100% conserved GT
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splice donor or AG splice acceptor dinucleotides. Normal
splicing should thus be abolished, leading either to the skipping
of the entire exon or the activation of a cryptic splice site,
potentially introducing a (small) deleterious insertion or deletion.
Computer analysis, i.e. splice site prediction programs, confirm
the deleterious effects of the splice site mutations. However, since
either no patient-derived RNA was available or because ampli-
fication from blood- or fibroblast-derived RNA failed thus far, the
effect on splicing could not be confirmed experimentally.
Frequently, splice site mutations leave low levels of normally
spliced RNA (10% or less), and thus low levels of normal protein
would be produced. As far as we could check, splice site
mutations do not coincide with milder phenotypes.

Eighteen different small mutations introduce premature
translation termination (11% of the cases), i.e. 11 different small
indels and seven different nonsense mutations, again expected to
abolish any function of the XLRS1 protein. The most C-terminal
of these, 655delT and 655-679del, both destroy the Cys219
residue, the last, but 100% conserved, amino acid of the discoidin
domain (Fig. 2).

Most mutations, i.e. 161 out of the 234 cases analysed (69%, 49
different), are missense mutations. Of these, 2T—C, causing a
Met1Thr change, is the most dramatic since it abolishes the
translation initiation Met codon. Since RS contains only two other
Met codons, Met148 and Met214, both not imbedded in a proper
Kozak sequence, we expect that this mutation produces no protein
at all.

XLRSI1 contains a high number of cysteine residues, 10 in total.
Cys63 and Cys219 are absolutely conserved in all discoidin
domain-containing proteins. This indicates that Cys63/Cys219
are of special structural importance, probably involved in forming
S-S disvlfide bridges. Twelve different missense mutations
involve a cysteine residue; in three instances a cysteine is
destroyed, while in nine cases a new cysteine appears (Fig. 2).
The disease-causing potential of Cys219Arg/Gly is clear since a
100% conserved residue is affected. Twice, however, the
mutation seems to affect a non-conserved residue, Cys59 and
Cys110. Although the milk fat globule membrane proteins
(MFGMs in Fig. 2) contain a cysteine at the Cys59 position,
Figure 2 gives the impression that Cys59 lies just upstream of the
discoidin motif, clear conservation of which starts at Cys63.
However, the motif Cys59/Cys63 is, in a similar amino acid
context, conserved at the C-terminal end of XLRSI1 (i.e.
Cys219/Cys223). Furthermore, not visible from the alignment,
most proteins of the discoidin family contain two directly
flanking discoidin motifs, placing the last Cys of domain 1 within
4-6 residues of the first Cys of domain 2.

In three cases, the occurrence of a new Cys residue is probably
deleterious because it destroys a highly conserved residue
(Trp112Cys, Argl97Cys and Arg200Cys). However, in the six
other cases, this is not true. In four cases, a new cysteine occurs
at a position where it is never found (Tyr65Cys, Tyr89Cys,
Tyr155Cys and Arg182Cys). Once a novel cysteine (Arg141Cys)
occurs next to one which is normally present (Cys142), and once
(Arg209Cys) it appears at a position where other members of the
discoidin family do contain a cysteine (Fig. 2). The location of
these specific mutations might help to determine the three-
dimensional structure of XLRS1. Either they reside at a position
where the additional Cys residue provides a possibility to form
new, incorrect, disulfide bridges thus interfering with normal
XLRS1 folding, or at a position on the surface of the protein
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con c c plGmesG I d QItaSs W P aRLn naw p n keWlQVDL vtGV TQGa

55 g d 11 i i
XLRS1 TSLDCIPECPYHKPLGFESGEVTPDQITCSNPEQYVGWYS-S-WTANKARLNSQGFGCAWLSK~~FQ-DS~SQWLQIDLKEIKVISGILTQG-~RCD-—-
TRK3 KAQVNPAICRY-~-PLGMSGGQIPDEDITASSQ-~-WS—-~-EST-AAKYGRLDSEEGDGAWCPEIPVEPDDLKEFLOIDLHTLHFITLVGTQG--RHAGGH
EDD1 KGHFDPAKCRY-~ALGMQDRTIPDSDISASS~~S-WS~--DST-AARHSRLESSDGDGAWCPAGS-VFPKEEEYLQVDLQRLHLVALVGTQG--RHAGGL
AEBP WTPTEKVKCP---PIGMESHRIEDNQIRASSMLRHGLGAQRGRLNMQTGATEDDYYDGAWCA~~---EDDARTOQWIEVDTRRTTRFTGVITQG---RDSST
CAP AEGWGYYGC-DEELVGPLYARS~---LGASSYYSLL---—-— T~APRFARLH---GISGWSPRIG-DPNP-—-WLQIDLMKKHRIRAVATQGSF--NS--
MFGM-1 AGNHCETKC--VEPLGMENGNIANSQIAASSVRVTF-LGLQH-WVPELARLNRAGMVNAWTPS--—-SNDDNPWIQVNLLRRMWVTGVVTQGA-SRLAS-
MFGM-2 —===ELNGCA--NPLGLKNNSIPDKQITASSSYKTWGL-HLFSWNPSYARLDKOGNFNAWVAG-SYGND---QWLQVDLGSSKEVTGIITQGA--RN-FG
HEMO-1 STVSPPPECSPDNYIDLVMGDEPLPD-TAFSASSEFS-EIFAPHNARLNRGPTNSGAGSWNPKV-~-~NNDKQYIQVELPRREPIYGVVLQGSPIFD~~-~
HEMO-2 PTSESPLQCTE--PLGLI-GELPLENIQVSSNSEEKD-~YLSINGNRGWKPLYNT--PGWV~-MFDFT-GPRNITGILTKGGN--===~———m——=—— D---
COAG5~-1 PFLIMDRDCRM--PMGLSTGIISDSQIKAS-~~-EF-LGY-~-WEPRLARLNNGGSYNAWSVEKLAAEFASKPWIQVDMQKEVIITGIQTQGA-KHYLK-
COAG5-2 ——--EVNGCST--PLGMENGKIENKQITASSFKKSW--WG-DYWEPFRARLNAQGRVNAWQA—-K~--ANNN-KQWLEIDLLKIKKITAI ITQGC-KSLSS-
COAG8-1 LELVYSNKC--QTPLGMASGHIRDFQITASG-~~—=~ QYG-Q-WAPKLARLHYSGSINAWST-K~--~-EP-FSWIKVDLLAPMIIHGIKTQGA--RQKFS
COAG8-2 —-~=-DLNSCSM--PLGMESKAISDAQITASSYF-TNMF~~AT-WSPSKARLHLQGRSNAWRP~---QVNNPKEWLQVDFQKTMKVTGVTTQG-VKSLLT-
NRP-1 SSVSEDFKC-ME-ALGMESGEIHSDQITASS-~—-QY---S-TNWSAERSRLNYPE--NGW---~TPGEDSYREWIQVDLGLLRFVTAVGTQGAISKETKK
NRP-2 -~-KITDYPCSG--MLGMVSGLISDSQITSSNQGDRN-—-——-~-- WMPENIRLVT-SR-SGWALPPA-PHSYINEWLQIDLGEEKIVRGIIIQGG-KH-~~—
NRP2-1 QEPLENFQC~~NVPLGMESGRIANEQISASSTY~—-~=~ SDGRWTPQQSRLHGDD~~-NGW-—--TPNLDSNKEYLQVDLRFLTMLTAIATQGAISRET--
NRP2-2 --RVTDAPCSN--MLGMLSGLIADSQISASSTQEYL--~-——- WSPSAARLVS-SR-SGWFPR-IPQAQPGEEWLQVDLGTPKTVKGVIIQGARGGDSIT
DISCa Q-LLANAQCH--—-—---— LRTSTNYNGV-HT----QF--~NSALNYKNNGTNTIDGSEAWCSSIVDTN----QYIVAGCEVPRTFMCVALQG--RGDA-~-
mis * *C * C *k C *C * * * C * kk C
con v fki ySng W y d Xk FGN Dt V nlf PPi ARfvVRI p tW i 1R1ELIGC

144 y d n yi 224
XLRS1 IDEW-MTKYSVQYR-TDERLNWIYYKDQTG-NNRVFYGNSDRTSTV-QNLLRPPIISRFIRLIPLGWHV--RIAIRMELLECVSNCA*
TRK3 GIEF-APM--YKINYSRDGTRWISWRNRHGKQV--LDGNSNPYDIFLKDL-EPPIVARFVRFIPVTDHSMN-VCMRVELYGCVWLDGL
EDD1 GKEF--5-RSYRLRYSRDGRRWMGWKDRWGQ-E-VISGNEDPEGVVLKDL-GPPMVARLVRFYPRADRVMS-VCLRVELYGCLWRDGL
AEBP HDDF---VTTFFVGFSNDSQTWVMYTNGYE--EMTFHGNVDKDTPVLSELPE-PVVARFIRIYPLTWNG-S~-LCMRLEVLGCSVAPVY
CAP ~WDW---VTRYMLLYGDRVDSWTPFYQRGHNST~--FFGNVNESAVVRHDL-HFHFTARYIRIVPLAWNPRGKIGLRLGLYGCPYKADI
MFGM-1 -~HEY---LKAFKVAYSLNGHEFDFIHD~VNKKHKEFVGNWNKNA-VHVNLFETPVEAQYVRLYPTSCHT-A-CTLRFELLGC~~~——~
MFGM-2 SVQF---VASYKVAYSNDSANWTEYQDPRTGSSKIFPGNWDNHS-HKKNLFETPILARYVRILPVAWHN--RIALRLELLGC*
HEMO-1 -—QYVTSY-EIMYGDDGNTFSTVDGPDGKPK-I1~-~FRGPIDNTHPV-KQMISPPIEAKVVRIRPLTWHD-E-ISLRLEIIGC—----—
HEMO-2 -GWVTS-YK~-VLYTSDFETFNPVIDKD--GKE~KIFPANFDGIVSVTNE~FHPPIRARYLKVLPQKWNK-N-IELRIEPIGCFEPYPE
COAG5-1 -SCY~-T--TEFYVAYSSNQINWQIFKGNSTRNVMYFNGNSD~ASTIKENQFDPPIVARYIRISPTRAYN--RPTLRLELQGC~====~
COAGS5-2 -~-EM--YVKSYTIHYSEQGVEWKPYRLKSSMVDKIFEGNTNTKG-HVKNFFNPPIISRFIRVIPKTWNQ-S~IALRLELFGCDIY*
COAG8-1 S5L-—--YISQFIIMYSLDGKKWQTYRGNSTGTLMVFFGNVDSSG-IKHNIFNPPIIARYIRLHPTHYSI--RSTLRMELMGC~------
COAG8~2 --SM--YVKEFLISSSQDGHQWTLFFQNGKV~-KVFQGNQDSFTPV-VNSLDPPLLTRYLRIHPQSWVH-Q-IALRMEVLGCEAQDLY
NRP-1 K--Y--YVKTYKIDVSSNGEDWITIKEGNK--PVLFQGNTNPTDVVVA-VFPKFLITRFVRIKPATWET-G-ISMRFEVYGC—~---—-
NRP-2 REN-KVFMRKFKIGYSNNGSDWKMIMDDSKRKAKSFEGNNNYDTPELR-TF-PALSTRFIRIYPERATHGG-LGLRMELLGCEVEAPT
NRP2-1 —-ONG-YYVKSYKLEVSTNGEDWMVYRHGKNH=--KVFQANND-ATEVVLNKLHAPLLTRFVRIRPQTWHS-G-IALRLELFGC===m=~—
NRP2-2 AVEARAFVRKFKVSYSLNGKDWEYIQODPRTQQPKLFEGNMHYDTPDIRRF-D-PIPAQYVRVYPERWSPAG-IGMRLEVLGCDWTDSK
DISCa ~DQW-~-VTSYKIRYSLDNVSWFEYRN-GAA---~VTGVTDRNTVVNH~FFDTPIRARSIAIHPLTWNG--HISLRCEFYTQ~----——

Figure 2. Discoidin domain alignment. An alignment was made between 29 proteins containing one or two discoidin domains (12 and 17 proteins respectively). If
for a specific protein, sequences from more than one organism were known, only the human sequence is presented. Top line: mis, amino acids hit by XLRS! missense
mutations (C if a cysteine was hit or created, asterisk for other changes); con, consensus sequence with the amino acid in upper case bold when found in at least 16/18
sequences, upper case when found in 10/18 and lower case when found at least six times. The proteins aligned are (in parentheses known in N number of species,
full name and GenBank accession no.): XLRS1 (1* X-linked juvenile retinoschisis precursor protein, AF018963), TRK3 (2* tyrosine receptor kinase, Q16832), EDD1
(3* epithelial discoidin domain receptor 1 precursor, Q08345), AEBP1 (2* adipocyte transcription factor, JC5256), CAP (2* contactin-associated protein, U87223),
MFGM (5* milk fat globule membrane protein, Q08431), HEMO (1* silkworm haemocytin, $52093), COAGS (2* coagulation factor V precursor, M14335), COAGS
(2* coagulation factor VIII precursor, P00451), NRP (4* neuropilin, AF018956), NRP2 (3* neuropilin 2, AF022859) and DISCa (1* slime mold discoidin I chain
A, J01282). For proteins containing two discoidin domains, the first and second domain are indicated as —1 and <2 respectively.

where XLRS1-specific and functionally crucial interactions with

possibility that the changes represent rare polymorphisms is
other proteins are disturbed.

unlikely since they were never found in combination with another

Most of the other missense mutations affect highly conserved
amino acids in the discoidin domain, changing them to residues
which are never found at this position in related proteins (Fig. 2).
The exceptions to this rule are: Glyl09Arg, a change at a
non-conserved position found in several other discoidin proteins;
Leul13Phe, a minor change at a non-conserved position found in
normal neuropilin; and Arg141Gly/His, where the histidine at this
position is found in discoidin itself (Fig. 2). Potentially, these
mutations might influence RNA processing like, for example, a
silent mutation identified in the fibrillin-1 gene which unexpect-
edly turned out to affect mRNA splicing (20). Another possibility
is that these mutations disrupt the XLRS1-specific protein-—-
protein interactions encoded by the discoidin domain. The

mutation on the same allele, nor were they found in at least 100
control chromosomes analysed.

In all cases tested so far (37 families), the XLRS] mutation
identified co-segregated with the disease. An example is shown
in Figure 3. Pedigree D0392, analysed at the University of
Michigan, shows co-segregation of the 637C—T (Arg213Trp)
mutation through nine meioses. The family is of Mexican—
Spanish origin with an overall clinical assessment of a mild
disease phenotype by examination of four affected males and two
carrier females. Clinical signs include foveal and parafoveal
cystic changes causing reduced acuity, to 20/50 in a 13-year-old
(Fig. 3A, individual no. 5) and to 20/100 in a 22-year-old (Fig.
3A, no. 8). Two older males have acuities of 20/60 at age 54, and
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strategies based on the addition of functional XLLRS1 protein to
supplement the existing deficit to prevent the vitreo-retinal degener-
ation. It remains unclear, however, at which stage of development
the damaging effects of this deficit become irreversible.

MATERIALS AND METHODS
Mutation analysis

Blood samples from 234 RS patients (familial and sporadic) were
collected by ophthalmologists thronghout Europe and the USA
and analysed by the six participating groups. Genomic DNA was
isolated from the blood samples using standard protocols. The
coding sequences of the XLRS! gene were PCR amplified using
the primers described by Sauer et al. (18), in some instances
modified to improve yields and mutation detection, e.g. by
addition of GC clamps for DGGE, or facilitating direct sequen-
cing (for details, see http://www.dmd.nl/rs.html ). PCR products
were sequenced directly or pre-screened using SSCA or DGGE.
Fragments with a mobility shift were sequenced to identify the
mutation. In cases where no mutation was identified by the SSCA
or DGGE scan, all coding regions and splice sites were examined
by direct sequencing. To verify that similar changes were not
present in healthy individuals, i.e. they represent polymorphic
variants, all coding sequences were also analysed in at least 100
additional normal X-chromosomes.

Where possible, segregation of the mutation was checked using
the electrophoretic mobility shifts detected or, when the mutation
introduced new or removed existing restriction enzyme recogni-
tion sites (Table 1), by digestion of the amplification products.
The exon deletions, initially detected by a failure of the exons to
amplify, were confirmed by Southern blotting and hybridization
with cDNA-derived probes.
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