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The dominant cone-rod dystrophy gene CORD6 has  (12,13), the most severe form of inherited retinopathy with total

previously been mapped to within an 8 cM interval on blindness or greatly impaired vision recognized at birth or in early
chromosome 17p12—p13. The retinal-specific guanylate infancy. These mutations show a recessive pattern of inheritance
cyclase gene ( RETGC-1), which maps to within this with no reported heterozygous effects. .
enetic interval and previously was implicated in A number of examples have now been reported where different
9 P y P mutations in the same gene result in clinically distinct inherited

Leber's congenital amaurosis, was screened for retinopathies %-8,14-19) and where the pattern of inheritance
mutations within this family and in a panel of small also differs 20,21). It is possible, therefore, that a dominant
families and individuals with various cone and cone— phenotype is associated with mutationsRBTGC-1 and we

rod dystrophy phenotypes. A missense mutation have, accordingly, screened the original CORD6 family and a
(E837D) was identified in affected members of the panel of small families and individuals with various cone and

CORDS family, as well as a second missense mutation cone-rod dystrophy phenotypes RETGC-Imutations.

(R838C) in three other families with dominant cone—rod

dystrophy. RETGC-1 is only the fourth gene to be RESULTS

implicated in cone—rod dystrophy and this is the first The pedigree of the four generation British CORDG6 family in

report of dominant mutations in this gene. which the disease phenotype has been mapped to chromosome
17p12—p133) is shown in Figur&A. The first six individuals on

INTRODUCTION the left side of the pedigree are additional members of the family

who were recruited subsequent to its first publication. Cone—rod
Cone-rod dystrophies belong to a group of eye disorders, thgstrophy in this family displays an early onset, with loss of
chorioretinal dystrophies, that are the most common cause aéntral vision reported before 7 years of age and peripheral field
inherited eye disease. Cone—rod dystrophy is characterized by thes by the fourth decade. A notable feature is marked photo-
initial degeneration of cone photoreceptor cells, causing earphobia, particularly when dark-adapted. Fundoscopy shows a
loss of visual acuity and colour vision, followed by the'bull’'s eye’ maculopathy early in the disease (2#), with later
degeneration of rod photoreceptor cells leading to progressiug/olvement of the peripheral retina. Electroretinography showed
night blindness and peripheral visual field loss The disease no detectable cone responses early in disease, with progressive
displays phenotypic heterogeneity, and recent genetic studiglsnormality of rod responses appearing later. A detailed clinical
have implicated a number of different gene loci in its aetiologgescription of the disease in this and other families presented in
(2-4). However, as yet, mutations have only been identified ithis report will be given elsewhere (K. Gregory-Evahsl, in
three genegqeripherifRDS(5-8), CRX(9) andABCR(10). preparation).

We have recently localized a gene for a dominant cone—rodDirect sequence analysis of all 18 coding exorRETGC-1
dystrophy CORD§ to an 8 cM interval on chromosome inthe CORD6 family revealed a heterozygous alteration in exon
17p12—p133) thatincludes the retinal-specific guanylate cyclasé.3 at nucleotide 2584 (GC) in 10 affected individuals (FigA
gene RETGC-) (11). Mutations in this gene have been shownmand C) that was absent in 10 unaffected individuals of the family.
to be responsible for Leber’s congenital amaurosis (LCAIJhis sequence change results in the abolition ofHaal
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Figure 1. Co-segregation of the dominant-G& missense mutation in affected members of the CORD6 pedigie®efligree of the CORDfamily. (B)
Co-segregation of the abolishidtial site in exon 13 with affected individuals of the family. Affected individuals exhibit the larger undigested DNA produetdmuta
allele) as well as the smaller digested doublet (bands not resolved on the gel) (normal allele). Unaffected individudystebaloulniet. ) Reverse sequence

of an unaffected individual (left) and an affected individual (right). The heterozygeus fBissense mutation in exon 13 at nucleotide 2584 (E837D) is indicated
by an arrow.

restriction endonuclease site that co-segregates with all affectédmain of the RETGC-1 protei2?) (Fig. 4A). RETGC-1 is a
individuals (Fig.1B). The loss oHhal was not observed in any member of a subgroup of membrane-bound guanylate cyclases
of the unaffected individuals within the pedigree, nor in >60Qvhich are expressed specifically in sensory tisskids Align-
normal chromosomes from other British individuals (data noment of part of this domain (from codon 809 to 871) from human
shown). The absence of the mutation in such a large numberRETGC-1 and six other members of the subgroup shows that both
normal chromosomes would imply that the,G transversionis  Glu837 and Arg838 are fully conserved (FB). The predicted
the disease-causing mutation. However, an alternate possibilitysiscondary structure of this region of the protein is that of an
that this sequence alteration represents a very rare namhelix and the cysteine substitution is likely to cause a steric
pathological polymorphism. change. Although the aspartate substitution in the CORDG6 family
Approximately 50 additional small families or individuals with is unlikely to destroy the formation of the predictetielix, the
various cone or cone—rod dystrophy phenotypes were screenedtopservation of this amino acid at this site indicates that it may be
Hhal digestion of exon 13. Heterozygous loss of this site wasritical for the proper functioning of the enzyme.
detected in affected individuals in the three additional cone-rod
dystrophy families shown in FiguB Sequence analysis of all p;scussioN
affected individuals revealed that the loss oftilal site in this
case was the result of a-CT transition at nucleotide 2585. Guanylate cyclase is a critical component in the recovery process
Affected individuals in these families, although aware of pooof phototransduction in the vertebrate retina. In both rod and cone
vision in bright light from an early age, suffered loss of centrabhotoreceptors, photoactivated rhodopsin stimulates cGMP
vision in the late second or third decade, rather later therefore thaimosphodiesterase activity via GTP/GDP exchange on the G
in the CORDG6 family. The fundus appearance of affectegrotein transducin, with consequent hydrolysis of cGMP and the
members of these families was very similar to the CORDS6losure of cGMP-gated channels. The entry &f@arough the
phenotype (Fig.2B). Electrophysiological testing revealed channel is thereby blocked, but export continues, resulting in a
marked loss of photopic function by the mid-teens, with scotopicyperpolarization of the plasma membra®®.(In the recovery
function becoming compromised later. Genealogical studies hapbase, the drop in €aconcentrationd6) leads to a stimulation
failed to show that these families form a single large pedigreeof membrane-bound guanylate cyclase production via the
The G- C transversion in the CORD6 family results in theactivation of guanlylate cyclase-activating protelv)( The
replacement of glutamate by aspartate at codon 837 (E837Egtalytic conversion by the cyclase of GTP to cGMP results in the
whereas the C T transition in the other three families results inrestoration of cGMP levels to the dark state and the re-opening of
the replacement of arginine by cysteine at codon 838 (R838Ghe gated channel2&). Two isoforms of guanylate cyclase,
These amino acid changes occur within the putative dimerizati@mcoded by separate genes, have been identified in the mam-
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Figure 2. (A) Colour fundus photography of right and left eyes of a 48-year-old male from family 1 (CORDG6) showing strong bilateral tnogtyla@® Colour
fundus photography of right and left eyes of a 45-year-old female from family 2 (leftmost in Fig. A) showing similar nragiiar at

malian retina Z9). The active cyclase is a dime&¥0(31) and for the severe blinding condition of LCAL, it is unlikely that

although both are expressed in cone and rod photoreceptdRETGC-2 can compensate for the loss of RETGC-1 activity.
subunits are formed We have identified two new mutations in tRETGC-1gene

homomers between two identical
preferentiallyin vivo (31). In the human retina, the two isoforms that are associated with dominant cone—rod dystrophy, a E837D
are encoded byRETGC-1 and RETGC-2,with RETGC-1 substitution that co-segregates with the dystrophy in the CORD6
showing a higher levels of expression in cone than in rod celfamily (3), and a R838C substitution that is present in three
(32-34). Since recessive mutationsRETGC-1are responsible additional small families with cone-rod dystrophy. Neither
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Figure 3. The dominant C. T missense mutation in affected members of the three other cone—rod dystrophy faiiedidrees of the three families, with numbers
indicating the individuals for whom DNA samples were available for molecular anaB)st3o{segregation of the abolishidtial site in exon 13 with the affected
individuals of the families (see legend to Fig. 1B). $equence of an unaffected individual (left) and an affected individual (right). TAeh&terozygous missense
mutation in exon 13 at nucleotide 2585 (R838C) is indicated by an arrow.

mutation is present in >600 normal chromosomes, indicating thebne—rod dystrophy arising from structural changes in one of the
the cone-rod dystrophies in the respective families appear to &ezymic components of the phototransduction process. However,
caused by these mutations. However, until functional studies atee recent identification of a dominant mutation in the activator
undertaken, we cannot entirely rule out the possibility that thesé retinal guanylate cyclaseGUCA1A in dominant cone
mutations are very rare non-pathological polymorphisms. Thaystrophy 85) confirms the importance of a normal recovery
base changes are in adjacent nucleotides in the gene, suggegilvase in phototransduction to the maintenance of photoreceptor
of a mutation-prone region, although this will require thefunction.
screening of additional cone—rod dystrophy patients to determine
whether this is indeed the case. MATERIALS AND METHODS

The region of the gene where both mutations are located .
encodes the putative dimerization domain of the RETGC-Isolation of DNA

protein €3). Significantly, recessive LCAL mutations(13),  pNA was extracted from EDTA-blood samples with a Nucleon
although found throughout the catalytic and kinase-like domaing, it (Scotlab Bioscience). Genotyping was performed as
are notably absent from this region. This suggests a possiblgscriped previoush20).

mechanism for the dominant action of the two cone-rod
mutations. Substitutions in the dimerization domain may result i
a steric change during dimer formation that affects the activity o
both mutant-mutant and mutant—normal dimers. The resultinthe coding exons of thRETGC-1gene were amplified using the
loss of functional enzyme would result in a reduction in activityntronic primers and annealing temperatures essentially as described
below the 50% level expected in heterozygotes for recessive n(ll2), except that the' portion of exon 2 was amplified with primer
mutations. Such a dominant-negative effect has already bepair 5-TTACGGGGAGAACCCTAGGGGAGGCCG-3 (for-
demonstrated bin vitro mutagenesis in the rat orthologue, GC-Eward) and 5SAGAGAAGATGGGGTCGCAAG-3 (reverse) at an
(31). The consequent inability to regenerate cGMP woul@dnnealing temperature of 88, the middle portion of exon 2 with
account for the extreme photophobia exhibited by affectegrimer pair 5>CTCTCCGCCGTGTTCACGGT-3(forward) and
members of the CORDG6 family. 5-GCGATCCCGGCTTCTTCGGC-3reverse) at 60C, and the

To date, only three other genes have been implicated 81 portion of exon 2 with primer paif-3 CCGGTGAACCCTGC-
cone-rod dystrophyeripherin/RDY5-8), CRX(9) andABCR  GGCCT-3 (forward) and 5TGCCGGCAGGACCAGCCGAC-3
(10). TheRETGC-Imutations are the first examples therefore ofreverse) at 68C. A different forward primer (SGCATTCTGG-

utation screening
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Figure 4. Structural and functional organization of guanylate cycldgenfron—exon structure of the hum@BTGC-1gene with protein domains shown underneath.
E837D denotes the location of the,& missense mutation within exon 13 in the CORD6 family. R838C denotes the location of Tirai€sense mutation within
exon 13 of the other three cone-rod dystrophy families. Both are situated within the putative dimerization domain ohthre48odelC, nt693delC and F589S
denote published mutations which have been identified in exons 2 and 8 in three families with Leber’s congenital ama@pgisnjhd)acid sequence alignment
of human RETGC-1, rat GC-E (29), human RETGC-2 (34), rat GC-F (29), bovine ROS-GC (36), mouse GC-E (29) and rat GC-Dn(8%9). (dodabering from
the start of translation) denotes the end of the putative dimerization domain and the start of the catalytic domairef. thsterisks identify residues of identity,
and thea-helical domain within this region is also indicated. Residues Glu837, which is replaced by Asp in the CORD6 family, and/iiciB3&hanged to Cys
in the three other cone—rod dystrophy families, are indicated by the arrows.

GACAGTGAGCC-3) was used for exon 8. Exons 6 and 7 weraliscussions. This work was supported by a grant from the
amplified at an annealing temperature of Gbexon 11 at 68,  Wellcome Trust (grant no. 041905).

exon 15 at 58C and exon 17 at 6&8. PCR reactions (25 or )

were performed, each containing 1.5 mM Mg@.4 mM each ABBREVIATIONS

primer, 200 mM each dNTP, 16 mM (WRSQy, 67 mM Tris—HCI

pH 8.8, 0.01% Tween-20 and 1 U ©hq DNA polymerase ABCR retina-specific ABC transporter gene; boviR@S-GC
(Bioline). After an initial denaturation for 3 min at@, 30 cycles bovine rod outer segment guanylate cyclase ge@RDG

of denaturation at 9€ for 1 min, annealing at the exon-specific cone—rod dystrophy 6 ger@RX photoreceptor-specific homeo-
temperature for 1 min, and extension at@Zor 1 min were box gene;GUCA1A gene encoding thactivator of retinal
performed, with a final extension at“@for 3 min. Each exon was guanylatecyclase;LCA1, Leber’s congenital amaurosis gene 1;
sequenced directly in both directions, using the PCR generatiomouse GC-E, mouse guanylate cyclasepEripherin/RDS
primers. Sequencing was performed using AmpliTag FS polyeripherin retinal degeneration slow gene; rat GCE-D, GC-E and
merase cycle sequencing with dye-labelled dideoxyterminators, aBdC-F, rat guanylate cyclases D, E and F, respectiR&ly,GC-1

the products were visualized on an Applied Biosystems Model 3#hdRETGC-2 human retinal guanylate cyclase genes 1 and 2,
DNA Sequencer. Products obtained for exon 13 were digested wigtspectively.

Hhal and analysed on 2% agarose gels.
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