Mutations in RD3 Are Associated with an Extremely Rare
and Severe Form of Early Onset Retinal Dystrophy
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Purposk. To identify the underlying mutation and describe the
phenotype in a consanguineous Kurdish family with Leber’s
congenital amaurosis (LCA)/early onset severe retinal dystro-
phy (EOSRD).

MerHoDps. Members of the index family were followed up to 22
years by ophthalmological examinations, including best
corrected visual acuity (BCVA), Goldmann visual field (GVF),
two-color-threshold perimetry (2CTP) and Ganzfeld electroret-
inogram (ERG), fundus photographs, fundus autofluorescence
(FAF), and optical coherence tomography (OCT). After
excluding seven of nine known LCA/EOSRD genes in the
index patient, linkage analysis was performed in the family
using a microarray followed by microsatellite fine mapping and
direct sequencing of candidate genes. RD3 was screened by
direct sequencing of 85 independent patients with LCA/
EOSRD presenting with a BCVA > 1.0 LogMAR before the age
of 2 years to assess the prevalence of RD3 mutations in LCA/
EOSRD. Since RD3 and RetGC1 have a functional relation,
study authors screened for a modifying effect of RD3 mutations
in 17 independent patients with mutations in GUCY2D.

Resurts. BCVA was severely reduced from the earliest
examinations (as early as 3 months), never exceeding 1.3
LogMAR. The disease presented as cone-rod dystrophy with
dystrophic changes in the macula and bone spicules in the
periphery on progression. Linkage analysis narrowed the
region of interest towards the LCA12 locus. Direct sequencing
of RD3 revealed a homozygous nonsense mutation (c.180C >
A) in all affected members tested. Screening of additional
unrelated LCA/EOSRD patients revealed only polymorphisms
in RD3.

Concrusions. This is the second family reported so far with
mutations in RD3. Mutations in RD3 are a very rare cause of
LCA associated with an extremely severe form of retinal
dystrophy. (Invest Opbthalmol Vis Sci. 2012;53:3463-3472)
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eber’s congenital amaurosis (LCA) is a genetically extremely

heterogeneous disorder of the retina. Currently, 21 genes
have been identified to cause various forms of retinal
dystrophies with early onset presenting as cone dystrophies,
cone rod dystrophies, and rod cone dystrophies (see Retina
International Scientific News Disease Database, http://www.
retina-international.org/sci-news/disloci.htm). Patients share a
severe reduction of visual perception before the age of 2
years.! In the first decade of life, some visual function may be
preserved at a low level. Fundus appearance varies from
unremarkable to severe dystrophic features, depending on the
underlying genetic cause.! LCA is progressive, but progression
may be difficult to quantify due to severely reduced visual
function prior to the ability of the patient to communicate.

Extremely severe phenotypes with very early visual loss of
cone-rod dystrophy type have been reported in cases with
pathogenic sequence changes in AIPL1, CEP290, GUCY2D,
RDH12, and RPGRIP?° Mutations in these genes also are the
most frequent causes of LCA worldwide. While homozygous or
compound heterozygous sequence changes in GUCY2D cause
very light or minimal morphological changes during child-
hood,! sequence changes of AIPLI, CEP290, RDHI12, and
RPGRIP present a phenotype with severe morphological
changes of the fundus observable within the first months of
age.7% Mutations in other identified genes—e.g., RD3, LCA5,
CABP4, IMPDH1, IQCB1, KCNJ13, PDEGC, SPATA7, TULPI,
ALMS1, CNGA3, and MYO7a—contribute only sporadically to
LCA, and the associated phenotypes vary considerably in
severity and onset.”~!?

After excluding the major genes of severe and early-onset
retinal dystrophies, study authors linked the genetic cause in a
Kurdish family with extremely severe early onset retinal
dystrophy to the LCA12 locus on chromosome 1q32.1, and
subsequently identified the underlying sequence change in
RD3. The precise function of RD3 is still unknown. It is
believed to be able to suppress retinal membrane guanylate
cyclase activity, and potentially plays an important role in
retinal maturation.?°

This is the second family reported so far worldwide.
Evaluation of other patients with early onset severe retinal
degenerations revealed only polymorphisms in the heterozy-
gous state in RD3.

METHODS

Patients

Four siblings (0659.1, 0659.2, 0659.4, 0659.5), affected with Leber’s
congenital amaurosis from an extended Kurdish family (Fig. 1A), were
seen repeatedly in the Department of Ophthalmology of the University
Medical Center Giessen between 1989 and 2010 at ages ranging from 4
months to 22 years. Three additional relatives were affected and two of
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these (0659.07 and 0659.10) were seen in the department at ages 3
months to 10 years.

A reference group of patients was chosen from the study authors’
database of patients with early-onset severe retinal dystrophy (EOSRD) and
a best-corrected visual acuity (BCVA) of 0.1 and less (1.0 LogMAR) before
the age of 2 years to evaluate the frequency of RD3 sequence changes.

To evaluate a modifier effect of RD3 on RetGCl1 function, patients
carrying disease causing sequence changes in GUCY2D were included
in the mutation screen.

The study was approved by the Institutional Review Board of the
Medical Faculty of the Justus-Liebig University Giessen (Application No.
149/07) and adhered to the tenets of the Declaration of Helsinki.

Clinical Examination

Visual acuities were obtained with best correction using Teller acuity
cards (TAC), LH cards, or orientation of the letter E. Further ophthalmic

examination included funduscopy and color vision testing using the
Farnsworth or Lanthony desaturated panel D 15 test. Pupil responses
were tested.

Perimetry. Kinetic Perimetry. Kinetic photopic visual fields
were measured with a Goldmann perimeter (Haag-Streit, Bern,
Switzerland) using 2 targets (V/4e, 1ll/4e).

Two-Color Threshold Perimetry. Two-color threshold perime-
try (2CTP) was performed under scotopic and photopic conditions to
assess the spatial distribution of rod and cone mediated function. A
modified Humphrey-Field-Analyzer (HFA, model 640 modified by E
Fitzke; Institute of Ophthalmology, London, UK) was used as reported
previously.?!

Electroretinography. Fullfield electroretinograms (ERGs) were
recorded with DTL electrodes with a Nicolet Spirit and a Ganzfeld bowl
(Nicolet, Madison, WI) following the guidelines of the International
Society for Clinical Electrophysiology in Vision (ISCEV).?? Artefacts
caused by nystagmus were rejected.
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Imaging. Fundus pictures were taken using a standard Zeiss
fundus camera (FF450; Carl Zeiss Meditec, Jena, Germany).

Fundus autofluorescence (FAF) was recorded using a confocal
scanning laser ophthalmoscope module (Heidelberg Retina Angiograph
[HRA] module of a Spectralis Unit; Heidelberg Engineering, Heidelberg,
Germany). A detailed description is given elsewhere.?> The FAF signal
was amplified by an automatic software tool of the Spectralis Unit.

Optical coherence tomography (OCT) was performed using the
same device with the second laser. The fovea and areas of the posterior
pole were scanned.

Molecular Genetics

Patient DNA was screened for sequence changes in retinal guanylate
cyclase (GUCY2D), RPE-specific 65 kDa (RPEG5) protein, lecithin
retinol acyltransferase (LRAT), aryl-hydrocarbon-interacting protein-
like 1 (AIPLI), cone-rod homeobox (CRX) protein, human crumbs
homolog 1 (CRBI), and for the p.C998X (c.2991+1655A > G)
sequence change in centrosomal protein 290kDa (CEP290) by PCR-
SSCP employing methods reported previously.!

Linkage studies were initiated submitting the core family of four
affected siblings, the unaffected brother and the parents, to single
nucleotide polymorphism (SNP)-genotyping using a microarray (Affy-
metrix Mapping 50k Xba 240; Affymetrix, High Wycombe, UK). The
microarray data were processed using ALOHOMORA?# and parametric
linkage analysis was performed in MERLIN?> (Fig. 1B).

To narrow down the area of linkage, short sequence repeat (SSR)
markers (Fig. 1B) were taken from the UniSTS and dbSNP database at
the National Center for Biotechnology Information (NCBD and from
the Ensemble Genome Browser. SSR markers were typed by
polymerase chain reaction (PCR) and capillary electrophoresis on an
automated analyzer (QIAxcell System; Qiagen, Hilden, Germany).

Data were transferred to the pedigree using a software database
(Cyrillic 2.1.3; FamilyGenetix Inc., Oxford, UK) and parametric linkage
analysis was performed in MERLIN.?>

For direct sequencing, two primer pairs covering coding and
flanking intronic sequences of RD3 (RD3-2: forward:
CTCTCCTGGGTCCCAGCTCT, reverse: AGCCACCTTTCCTGGAGCCT
- 466 bp; RD3-3: forward: TGAAGCAGTAGCAGCGTGGG; reverse:
CTGCAGAAGGCTCCGCTTCT - 496 bp) were designed from GenBank
record NG_013,042.1 using analysis software (Vector NTI Advance 11;
Invitrogen, Darmstadt, Germany). Two fragments of RD3 were
amplified by PCR from patient DNA and submitted to Sanger
sequencing at a commercial sequencing company (Seqlab, Gottingen).
Sequence data were compared with the wildtype sequence of RD3
GenBank record (NG_013,042.1) using GENtle software (Magnus
Manske).

RESULTS

Clinical Examination

Clinical data of the six patients examined every 2 or 3 years are
summarized in Table 1. BCVA was never better than 0.08
(LogMAR < 1.12) by TAC and 0.05 (LogMAR 1.3) by LH cards
or E signs. BCVA declined over time, finally resulting in light
perception only (Fig. 2A). Pupillary reactions were present at
all times, but sluggish in the index patient at his first
examination at 4 months. All patients reported glare sensitivity
and some improvement with longpass filters (Clarlet F580 and
F90; Carl Zeiss, Jena, Germany), or plastic lenses (ORMA RT70;
Essilor, Hanau, Germany).

Initial refraction was hypermetropic and changed to myopic
in the disease course (Fig. 2B).

Imaging. Patients were seen as early as 4 months (median
initial funduscopy). Funduscopy before the age of 2 years was
unremarkable. From approximately 2 years on, attenuated
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vessels and macular changes were noted progressing from loss
of macular wall reflex to a bull’s-eye lesion with central yellow
pigment in childhood (Fig. 3A). Fundus photographs obtained
in all but the youngest patients (see Table 1) allowed a side-to-
side analysis of these changes at the end of the first (patient
0659.07, see Fig. 3A) and second decade of life (patients
0659.01, 0659.02, 0659.04, 0659.05, see Figs. 3B-D). In
adolescence, these macular changes resolved into yellow spots
(Fig. 3B). At the beginning of the third decade of life, the
peripheral fundus demonstrated a hammer beaten appearance
and later bone spicules (Figs. 3C, 3D).

Meaningful FAF could only be obtained in patient 0659.07.
At age 7 years, it was strongly reduced within the macula,
diffusely increased in a broad ring around that area, and fading
out to the periphery (Fig. 4).

OCT recordings of the macular area could be obtained at
the age of 10 years (patient 0659.07, Fig. 5B) and at the turn of
the second into the third decade of life (patients 0659.02 and
0659.04, Fig. 5C). Due to severe nystagmus, all recordings
were difficult to obtain and to reproduce. At a younger age, the
stratification of the retina was disorganized in all layers. The
connecting cilia (CC), the photoreceptor outer segments
(POS), and the retinal pigment epithelium (RPE) layers were
absent at that age (Fig. 5A, white arrows). The photoreceptor
inner segments (PIS) and the external limiting membrane
(ELM) were preserved though irregularly displaced (Fig. 5,
black arrows). The thickness of the PIS and the outer nuclear
layer (ONL) were reduced as well as the subsequent neuronal
layers (outer plexiform layer [OPL]; inner nuclear layer [INL];
inner plexiform layer [IPL]) (Fig. 5, black asterisk). The
ganglion cell layer (GCL) (Fig. 5, white asterisk) was present,
although abnormal in appearance as well as the nerve fibre
layer (NFL) that was severely disorganized. At later ages, the
ELM was preserved but severely displaced and the PIS and ONL
layers gained more space. The OPL, INL, and IPL were severely
reduced in thickness and stratification was hard to distinguish.
The GCL and the NFL were also diminished. The reproduction
of the different layers was suboptimal at all ages due to the
recording conditions under the heavy nystagmus.

Visual Field and Sensitivity. Goldmann visual fields
(GVF) could be measured in five patients and as early as 5-7
years. Even then, it was severely constricted to 20° and less for
the Goldmann IIl/4e target. At later ages, recognition of that
target failed and only testing with V/4 revealed residual central
retinal light perception.

Retinal sensitivity was sufficiently preserved in three
patients to be measured by 2CTP. Scotopic sensitivity loss
was in the range of 5 log units. The tests revealed massive
sensitivity loss for blue stimuli under scotopic and photopic
conditions in the three patients tested (Table 1). Residual
sensitivity mediated presumably by cones (red stimulus,
scotopically matched blue stimulus too dim) could be obtained
in the eldest patient under scotopic conditions. Interindividual
variability was too large to draw any conclusions as to
progression with age.

Electrophysiology. ERGs were recorded in four patients
between the age of 5 and 10 years. All were below noise level
(Table 1). VEPs were recorded at 2 years in one patient, and
were below noise level, too.

Genetic Investigations

Seven individuals from the core family (see Fig. 1A) were
genotyped for SNPs using the microarray mentioned previously
(Affymetrix Mapping 50k Xba 240, Affymetrix). After process-
ing the data in ALOHOMORA and MERLIN, a genome wide
LOD score map was built indicating a maximum LOD score of
3.627 at 1q31-32 between nucleotide 209,473,694 and
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FiGure 2. Best corrected visual acuity. (A) Objective refractive error.
(B) Five of six patients. Open symbols denote data from the right eye;
closed symbols denote data from the left eye of each patient. Counting
fingers (CE LogMAR 1.85), movement (HM, LogMAR 2.28), and light
perception (LP, LogMAR 3.3) were digitalized according to Schulze-
Bonsel et al.38

214,664,986 (assembly RGCh37.p5). Study authors further
typed short sequence repeat markers within and flanking this
region to narrow down the region of interest (see Fig. 1B).
Recombination events flanking the LCA12 locus were identi-
fied.

Consequently, study authors directly sequenced the RD3
gene in the index case and identified a homozygous
nonsense mutation in codon 60 (p.Y60X, ¢.180C > A). This
mutation could be shown in the homozygous state in the
DNA of all available affected members of the family. All
parents of the patients carried the mutation in the
heterozygous state.

In addition, 85 patients were screened for sequence
changes in RD3. Among these, 44 patients were diagnosed
with LCA; 12 patients with early onset cone or cone rod
dystrophies including 3 index cases of dominant inheritance;
and 29 patients with EOSRD (Table 2). Among these patients,
six sequence changes were identified in 32 patients (p.R47C
[c.141C > T], p.G57V [c.170G > T], ¢.296+28G > A, ¢.297-
86A > T, ¢.297-124G > A, ¢.486C > T). The most frequent
sequence changes were ¢.297-86A > T (21 patients, 4
homozygous); ¢.297-124G > A (10 patients); and p.R47C (4
patients). p.R47C and p.G57V were reported elsewhere, with
p-R47C being regarded as benign sequence change and
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Ficure 3. Fundus photographs of patients at different ages. (A)
0659.07 at 10 years. (B) 0659.05 at 17 years. (C) 0659.02 at 19 years.
D) 0659.04 at 22 years. Black arrows indicate bone spicules
developing on disease progression, white arrows indicate bull’s-eye
maculopathy developing with yellow deposits into yellow spots, and
finally dissolute.

p.-G57V as a sequence change of uncertain pathogenicity.
p.G57V was identified in the heterozygous state in a
Scandinavian girl presenting with visual problems at the age
of 6 years making this sequence change an unlikely cause of
the disease.?

Seventeen of these patients carried GUCY2D sequence
changes. Even though no pathogenic mutation was identified,
nine of these patients carried the ¢.297-86A > T or ¢.297-124G
> A mutation in RD3.
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Ficure 4. FAF recoding from patient 0659.07 at age 7 years. (A) 50°-wide field recording of the right and left eye. (B) 30°field recording of the left
eye. Note absent FAF in macula and the increased FAF in the surrounding retina fading out to the periphery.
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Figure 5. Optical coherence tomography (OCT) recording. (A) Normal control individual. (B) Patient 0659.07 at 10 years. (C) Patient 659.02 at 19
years. (D) Patient 0659.04 at 22 years. Black arrows indicate the ELM to locate the disorganized photoreceptor layers, white arrows indicate the
position of the RPE layer. White asterisks indicate the GCL and black asterisks indicate the layers covering the neuronal cells (OPL, INL, IPL). Note
the missing CC, POS, and RPE, the reduced thickness of the ONL, and the neuronal cell layers in 0659.07. Reduced stratification of layers may be an
artifact of the lower resolution of the recording caused by the nystagmus, but also indicates intraretinal disorganization with progression.
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TaBLE 2. Summary of Patients Screened for Mutations in RD3

I0OVS, June 2012, Vol. 53, No. 7

Disease Cases screened RD3 polymorphisms GUCY2D mutations GUCY2D + RD3
LCA 44 4 10 3
COD/CRD 12 0 0 3*
EOSRD 29 10 0 1
Sum 85 14 10

* Patients with autosomal dominant inheritance.

DISCUSSION

This study is the second to identify a family with LCA/EOSRD
caused by a sequence change in RD3. The homozygous
nonsense mutation p.Y60X (c.180C > A) introduces a
premature stop codon before the final intron. The truncation
abolishes approximately two-thirds of the gene product
predicting nonsense-mediated decay to remove the mRNA
before translation.

The mouse model RD3 is a classical naturally occurring
animal model of inherited retinal degeneration in mice2®2”
occurring between postnatal weeks 2 and 3, starting with
slimming of the ONL and the PIS, CC, POS layers and
progressing into complete loss of all photoreceptors by post
natal weeks 7 to 8. At that time, ERG responses were already
below noise level. The ultrastructural and functional features
are accompanied by narrow vessels on funduscopy and an
increasing number of hypopigmented spots at postnatal week
21, progressing into areas of hypo- and hyperpigmentation by
postnatal week 40.

The naturally occurring dog model was reported much
earlier as rod cone dystrophy 2 (RCD2) in collies.?®2° Similar to
mice, these dogs are affected very early. Rod components of
the ERG response get lost early and cone components remain
normal to slightly reduced in amplitude and latency in the
beginning of progression.?® By 7 weeks, rods are almost
completely lost. At the same time, the cones show club-shaped
inner and disorganized outer segments. Compared with the
outer plexiform and ganglion cell layer, the photoreceptor
layer was much more affected.?® Levels of cGMP were
increased.?®

The gene underlying the mouse model RD3 was identified
in 2006'° and its involvement in RCD2 has been shown very
recently.? Identification of the mouse model RD3 gene
directly let to the identification of sequence changes in the
human RD3 gene as the underlying cause in an Indian family
with LCA.'° The patients presented with poor vision from
birth, nystagmus, and atrophic lesions in the macular area. The
periphery showed bone spicules. The underlying sequence
change was identified as a homozygous splice mutation
introducing a premature stop codon at position 100 abolishing
almost 50% of the gene product.

In this study, we followed six affected patients from one
family between the age of 3 months and 22 years. Based on
available data, this is the second family reported so far. The
phenotype resembles well those seen in both animal models.
BCVA and electrophysiology indicated a global and severe loss
of visual function from the earliest ages onwards. OCT revealed
disorganization of all retinal layers including the GCL and NFL
at later stages. This is comparable to the histological data from
the animal models.?>3!' The ELM was preserved though
dislocated possibly reflecting remaining PIS, as it was shown
in the RCD2 collies.3! Preservation of the PIS, ELM, and ONL
may provide some chance of successful application of
optogenetics.32-3% However, significant changes in the GCL
and NFL may represent serious limitations to success. Reduced
thickness of the OPL, INL, and IPL indicates incomplete

preservation of the neuronal layers. Whether this was present
from birth—and thus preventing the development of struc-
tures necessary for the formation of the visual cortex, thus
arguing against a useful application of optogenetics—or
whether it is acquired over time cannot be deduced from the
presented data.

The disease involves both rods and cones indicated by night
blindness, the narrowing visual fields, and the severely
impaired visual acuity, the nonrecordable ERG, and nystagmus.
Glare sensitivity was reported as a major problem and was
successfully diminished by blue light-blocking longpass filters.

The gene product of RD3 has been described to interact
with RetGC1 and RetGC2.2%35 Colocalization of RetGC1 and
RetGC2 has been shown by immunohistochemistry in the ER
and endosomal vesicles in mice.!®3> RD3 suppresses the
guanylate cyclase activity of RetGC in rods and cones in the
absence of GCAP, and inhibits RetGC function at low Ca’*
concentration. It antagonizes GCAP function but does not
change Ca?*-sensitivity of GCAP regulation of RetGC.?° From
these data, a chaperone function of RD3 on RetGC has been
predicted, which would explain reduced RetGC contents in
the outer segments of the mouse model RD3.3> RD3
suppresses cGMP synthesis at basic ¢cGMP levels.?° And,
indeed, increased cGMP levels are a common feature of several
mouse models and were shown in the initial studies of the
mouse model RD3 many years ago.?® In addition, the impaired
posttranslational intracellular transport of RetGC1 displaces
the ¢cGMP production from the outer to the inner segment,
impairing dissimilating enzymatic activity on cGMP by
phosphodiesterase thus increasing the cGMP level in the
photoreceptors.

The visual function of LCA1 (mutations of GUCY2D) and
LCA12 (mutations in RD3) patients should therefore be
comparably reduced, depending on the dose of functional loss
associated with the individual sequence changes carried by a
patient. Severe loss of visual function at birth is the prominent
feature of GUCY2D sequence changes.! The nonsense
mutation in RD3 in this study predicts a complete loss of
function of RD3, resulting in uncontrolled basal activity and
impaired intracellular transport of RetGC1. The resulting visual
function loss is comparably reduced to patients with GUCY2D
sequence changes and in line with the data obtained from the
LCA12 family reported previously.!® In contrast to GUCY2D
sequence changes a severe and early disorganization of the PIS,
CC, and POS layer is present together with the loss of function
by RD3 sequence changes. This resembles the morphological
data form the mouse model RD3 and RCD2 collies.2%31 The PIS
appeared thickened but preserved. The reason for this early
degenerative process in LCA12, compared with the less-
pronounced early degeneration in LCAl, may result from
increased cGMP concentrations by the basal activity of RetGC1
in the PIS and reduced amounts of RetGC1 in the POS that
result from loss of RD3 function in LCA12. In LCA1, RetGCl1
function is lost, impairing the production of cGMP, which is
less deleterious than an excess of cGMP. In addition, GUCY2D
mutations may not impair the synthesis of RetGC1 molecules,



I0OVS, June 2012, Vol. 53, No. 7

but only their activity thus providing RetGC1 molecules to
stabilize the POS.

Study authors screened other patients with very early and
severe loss of visual function and associated retinal degener-
ation in order to test for a possible involvement of RD3. Among
these patients, only single heterozygous conditions with either
missense mutations or intronic polymorphisms were identi-
fied. This is in line with previous studies screening for
sequence changes in RD3.'0:36:37

Finally, study authors sought to identify a possible
modifying activity of RD3 sequence changes in patients
carrying GUCY2D sequence changes. Study authors screened
17 index patients with autosomal recessive and autosomal
dominant GUCY2D sequence changes and identified almost
the same set of benign sequence changes as in the retinal
degeneration panel, thus indicating that RD3 does not play a
role in the etiology in this study’s set of LCA1 patients.

The findings of this study indicate that sequence changes in
RD3 are a very rare cause of LCA and if present, are associated
with a very severe phenotype. The most prominent morpho-
logical feature on OCT is the thickened PIS layer and the well
visible ELM.

Online Web Resources

Retina International Scientific News Disease Database: http://
www.retina-international.org/sci-news/disloci.htm Retina
International.

National Center of Biotechnology Information (NCBID),
http://www.ncbi.nlm.nih.gov/ National Institutes of Health,
Bethesda, MD, USA.

Integrating Markers and Maps (UniSTS): http://www.ncbi.
nlm.nih.gov/unists National Institutes of Health.

Nucleotide: http://www.ncbi.nlm.nih.gov/nuccore National
Institutes of Health.

Short Genetic Markers and Maps (dbSNP): http://www.
ncbi.nlm.nih.gov/snp National Institutes of Health.

Ensembl Genome Browser: http://www.ensembl.org/index.
html European Bioinformatics Institute of the European
Molecular Biology Laboratory (EMBL-EBD) and the Wellcome
Trust Sanger Institute.

GENtle Software: http://gentle.magnusmanske.de/ Magnus
Manske, University of Cologne, Germany.

Splice Sequence Finder: http://www.umd.be/HSF/ C.
Béroud INSERM US827.
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