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Abstract
PURPOSE: To develop a systematic approach for the molecular diagnosis of retinitis pigmentosa
(RP) and to report new genotype-phenotype correlations for phosphodiesterase 6 (PDE6) based RP
mutations.

DESIGN: Clinical and molecular studies on a retrospective case series.

METHODS: We screened 40 unrelated RP patients with an autosomal recessive RP microarray.
Individuals with RP caused by PDE6 deficiency underwent genetic segregation and phenotype
analysis.

RESULTS: A disease-associated allele was identified in 32% of patients. Two probands (5%) had
PDE6 mutations. The first proband was a compound heterozygote for known R102C and N216S
alleles in PDE6A (MIM#180071). Pedigree analysis determined that the N216S variant was benign
and direct sequencing discovered a novel, S303C allele. The second proband had a homozygous
D600N mutation in the PDE6B gene (MIM#180072). Visual acuities of PDE6 deficient patients
ranged from 20/40 to 20/200. Clinical studies showed unusual vitreomacular traction, cystoid
macular edema, macular atrophy, and ring hyperfluorescence in PDE6 deficient patients. Such
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extensive vitreoretinal degeneration is not characteristic of photoreceptor-specific enzyme
deficiencies.

CONCLUSION: High throughput DNA microarray chips can be used in combination with clinical
imaging to precisely characterize patients with RP. Identifying the precise mutation in RP may
become the standard of care as gene therapy emerges.

INTRODUCTION
Death of light-sensing photoreceptors in the retina causes irreversible vision loss in individuals
with retinal degenerations such as retinitis pigmentosa (RP). Various forms of RP affect
approximately one in 3000 people with an estimated one and a half million RP patients
worldwide 1. Genetically heterogeneous, autosomal recessive RP (arRP) is associated with
mutations in at least 17 different genes
<www.sph.uth.tmc.edu/Retnet/sum-dis.htm#B-diseases>. Aggregate carrier frequency for
arRP in North America is estimated to be 15% 2.

Individuals with RP typically present with night blindness due to rod degeneration, but
eventually they may progress to lose central vision as a result of cone death 3. About 36,000
cases of simplex and familial RP worldwide are due to defects in rod-specific cyclic guanosine
monophosphate (cGMP) phosphodiesterase-6 (PDE6), estimated to account for approximately
8% of all diagnosed arRP 4, 5 Mutations in the β-subunit of cGMP-phosphodiesterase
(PDE6B) (MIM#180072) can lead to either progressive retinal disease, such as RP, or
stationary disease, such as congenital stationary night blindness (CSNB) 6. Heterozygous
carriers of PDE6 mutations are at a risk of losing vision when excessively inhibiting PDE6
with drugs such as sildenafil, tadalafil, or vardenafil 7.

PDE6 consists of catalytic (PDE6A and PDE6B) and regulatory (PDE6G) subunits 8-13; light
stimulates PDE6 activity, which eventually leads to photoreceptor activation 14. Mechanisms
that initiate rod photoreceptor death are unclear; however, low levels of PDE6 activity are
thought to lead to rod-cone degeneration. One hypothesis is that in PDE6 mutants an influx of
calcium (Ca2+) causes rod apoptosis, due to lack of PDE activation 15. Pharmaceutical
intervention to block excessive Ca2+ influx into rods has been attempted with variable success
in mouse models (Pde6brd1/Pde6brd1mice) of the disease and Irish Setter dogs 16-19.

The key to gene-based treatments is efficient and accurate genotyping 20, 21. Known causes
of arRP are underlied by defects in at least 17 genes, and all conventional mutation detection
techniques remain labor-intensive, time-consuming, and cost inefficient. Disease-associated
alleles in the 17 genes have shown substantial heterogeneity; currently >500 disease-associated
variants have been identified in these genes combined with only a few alleles detected in more
than 1-2 families. Comprehensive mutation analysis, therefore, involves screening of at least
120 amplicons (exons) that encompass most of the entire open reading frames of the 17 genes.
To overcome these challenges and to generate a high throughput, cost-effective, and efficient
screening tool, we used the arRP genotyping microarray (Asper Ophthalmics, Tartu, Estonia).

Herein, we describe the use of the arRP microarry for genetic screening of RP patients, followed
by sequencing and segregation analysis. Together with a comprehensive clinical examination,
the cause of arRP can be precisely determined in patients formerly left without a specific
diagnosis.
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METHODS
Imaging and Psychophysical Testing

Patients were enrolled with the approval of the Institutional Review Board (protocol
#AAAB6560) at Columbia University. The tenets of the Declaration of Helsinki were followed.
Forty unrelated individuals with autosomal recessive RP were phenotyped. If applicable,
additional family members were examined. Fundus photographs, optical coherence
tomography (OCT, Zeiss Stratus and Zeiss Cirrus), and fundus autofluorescence (AF) images
were reviewed. AF was obtained by illuminating the fundus with argon laser light (488 nm)
and viewing the resultant fluorescence through a band pass filter with a short wavelength cut
off at 495nm 22. Microperimetry (MP1, Nidek Technologies, Milan, Italy) static perimetry
program with monitoring of fixation of a 3-degree red cross was used to monitor macular
sensitivity. For each test point location light sensitivity threshold values were recorded.

Electrophysiological Testing
Pupils were dilated before full-field electroretinogram testing using tropicamide (1%) and
phenylephrine hydrochloride (2.5%). Full-field ERGs were performed using extended testing
protocols incorporating the International Society for Clinical Electrophysiology of Vision
(ISCEV) standard 22. The protocol incorporated the rod-specific and standard bright flash
ERGs, both recorded after a minimum of 20 minutes dark adaptation. Following 10 minutes
light adaptation, the photopic 30 Hz flicker cone and transient photopic cone ERGs were
recorded. A stimulus 0.6 log units greater than the ISCEV standard flash was also used to better
demonstrate the a-wave, as suggested in the recent revision of the ISCEV standard for ERG.

Mutation Analyses
DNA extracted from blood samples of 40 unrelated simplex and arRP patients was screened
on the arRP genotyping microarray. Microarrays were designed and manufactured with the
arrayed primer extension (APEX) technology.23-24, 28 Briefly, 5′-modified sequence-specific
oligonucleotides, designed with their 3′ end immediately adjacent to the variable site, are
arrayed on a glass slide. Fragmented patient DNA are amplified using polymerase chain
reaction and annealed to oligonucleotides on the slide, followed by sequence-specific extension
of the 3′ ends of primers with dye-labeled nucleotide analogs (ddNTPs) by DNA polymerase.
The APEX reaction is, in essence, a sequencing reaction on a solid support. Every known
disease-associated sequence change (501) described in all 17 known arRP genes was included
on the chip via sequence-specific oligonucleotides.

For screening purposes, a total of 120 amplicons (exons) from 17 known arRP genes (CERKL,
CNGA1, CNGB1, MERTK, LRAT, PDE6A, PDE6B, PNR, RDH12, RGR, RLBP1, SAG,
TULP1, CRB1, RPE65, USH2A, USH3A) were PCR-amplified as described previously
23-25. Primer sequences are available upon request. In the amplification mixture, 20% of the
dTTP was substituted by dUTP 23, 24, 26. UTP is added to fragment the PCR products with
uracil n-glycosylase. The amplification products were concentrated and purified by Generall
PCR kit (Biosystems, Seoul, Korea). Fragmentation of amplification products was achieved
by adding thermolabile uracil n-glycosylase (Epicentre Biotechnologies, Madison, WI) and
the following heat treatment 26.

One-sixth of every amplification product was utilized in the primer extension reaction on the
arRP array (http://www.asperophthalmics.com/ARRPgenetest.htm). Each APEX reaction
consisted of a fragmented and denatured PCR product, 4 units of ThermoSequenase DNA
Polymerase (Amersham Biosciences, Piscataway, NJ), 1x reaction buffer and 1.4 μM final
concentration of each fluorescently labeled ddNTP: Texas Red-ddATP, fluorescein-ddGTP
(Amersham Biosciences, Piscataway, NJ), Cy3-ddCTP, Cy5-ddUTP (NEN). The reaction
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mixture was applied to a microarray slide for 15 minutes at 58° C. The reaction was stopped
by washing the slide at 95° C in Milli-Q water 27. The slides were imaged with the Genorama™
QuattroImager (Asper Ophthalmics, Tartu, Estonia) and the sequence variants were identified
by Genorama Genotyping Software 23, 24, 27. Further details about APEX arrays and analysis
can be found elsewhere 24, 28.

Array-identified variants were confirmed by direct sequencing with the Taq Dyedeoxy
Terminator Cycle Sequencing kit (Applied Biosystems, Framingham, MA), according to the
manufacturer's instructions. Sequencing reactions were resolved on an ABI 377 automated
sequencer.

RESULTS
Genetic Screening

Screening of 40 unrelated patients diagnosed with autosomal recessive or sporadic RP on the
arRP array resulted in identification of at least 1 (out of 2, as per definition of a recessive
disease) possible disease-associated mutation in 32.5% (13/40) individuals. The likely disease-
associated variants were identified in the following genes: PDE6A (R102C and N216S),
PDE6B (D600N), CRB1 (T745M and P836T), USH2A (E478D, L555V, W4149R, P1978S,
G713R, E767fs, and C759F) and RPE65 (A132T).

A proband with array-identified R102C and N216S variants in the PDEA gene was a member
of a large family from which eight people were available for examination (Figure 1). Of these,
two additional siblings (cases II-4, II-5 and II-8) were clinically diagnosed with RP. Both
parents and five other siblings were unaffected. Segregation analysis showed that all three
affected family members and one unaffected sibling carried a 304 C>T transition in exon 1
causing the R102C mutation. However, the N216S variant was found in all family members,
including the carrier of R102C. Therefore, it was defined as a benign missense polymorphism.
The PDE6A gene was completely sequenced in the proband, which resulted in confirmation
of the R102C and N216S variants but, more importantly, in finding a novel mutation 908C>G
(S303C, Figure 2). The S303C variant segregated with the disease in the family; only affected
family members possessed both R102C and S303C mutations (Figure 1).

In the second RP proband of no relation to the previous family, genetic analysis showed
homozygous 1798 G>A mutation in exon 14 of PDE6B gene. This mutation introduces a
D600N amino acid change.

Case II-4. (Figure 3)
The proband was a 41-year old man who presented with 20/100 vision in each eye. Cataract
extraction in the right eye had improved his vision from 20/200 to 20/100. He had a posterior
intraocular lens in his right eye and there was a visually significant posterior subcapsular
cataract in his left eye. Dilated funduscopic exam showed extensive non-nummular intraretinal
pigmentation from the arcades to the mid-peripheral retina. There were extensive epiretinal
membranes with thickened hyaloid in both eyes, which extended to cover circumferentially
the entire arcades in both maculae. He had bilateral vitreomacular traction and cystoid edema
confirmed by optical coherence tomography (OCT). Central macular thicknesses were 304
microns in the right and 472 microns in the left. We felt that the patient was unlikely to benefit
from surgical intervention to remove the epiretinal membranes at the present time.

Case II-5. (Figure 4)
A 38-year old man presented with visual acuity of 20/60 in each eye. Anterior segment
examination was remarkable for trace posterior subcapsular cataracts. Ophthalmoscopy
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showed extensive intraretinal pigment migrations extending from the mid-periphery equatorial
region to the arcades in both eyes with extensive arterial attenuation. There was some central
sparing of the RPE in both maculae, and the eyes were without edema (confirmed with OCT).
Scanning laser ophthalmoscopy autofluorescence (AF) examination showed central high
density AF rings.

Case II-8. (Figure 5)
A 27-year old man presented with 20/50 vision in each eye. Anterior segment examination was
within normal limits. There was extensive non-nummular intraretinal pigment migration from
the equatorial region to the arcades in both eyes with extensive arteriolar attenuation. There
was mild bilateral cystoid macular edema, which was confirmed by OCT. Scanning laser
ophthalmoscopy AF showed rings of high-density signal in both maculae with pigment
displacement and a petalloid pattern within the larger ring. MP1 sensitivities were decreased
in the area of hyperfluorescence. (Figure 5) The patient was treated with 1 gram daily of oral
acetazolamide for three months with improvement of visual acuity to 20/25- as well as
functional improvement as measured by MP1.

Case of PDE6B Mutation. (Figure 6)
An 81-year old woman presented with 20/200 vision in her right eye and 20/30 vision in her
left eye. There was no known family history of visual impairment. Her past medical history
was significant for poorly differentiated gastric adenocarcinoma with metastasis to her
esophagus. She was pseudophakic in both eyes with posterior intraocular lenses. Fundus photos
showed atrophic RPE in both maculae with pale optic nerves and intraretinal pigment migration
in the mid-periphery of both eyes. AF showed severe loss of RPE function in both eyes, except
a central foveal island in the left.

Electrophysiological Features of PDE6 Deficiency
In all four PDE6-deficient RP patients tested, ERG showed severe generalized rod-cone
dysfunction. Scotopic rod specific ERG, maximal ERG, photopic 30 Hz flicker ERG and
transient photopic ERG were all severely abnormal. There was relative preservation of the
photopic 30 Hz flicker ERG (II-8) compared to rod-specific ERG responses. This signified the
rod system was more severely affected than the cone system, which is consistent with PDE6A
and PDE6B mutations (Figure 7).

Neither R102C or S303C mutations caused any abnormal physiological or funduscopic features
in the four heterozygous carriers analyzed (Figure 7).

DISCUSSION
Genetic heterogeneity in retinitis pigmentosa (RP) makes it challenging to advise patients
regarding their visual prognoses. Genotyping and comprehensive phenotyping with ERG, AF,
OCT, and MP1 mapping are helpful to specify prognosis and for gene-based treatment trials
3, 14, 29. Therefore, we applied a high throughput genotyping array platform,
electrophysiological testing, imaging and psychophysical studies to genotype and phenotype
patients with PDE6-related RP.

In one patient, AF imaging revealed abnormal foci of high density that corresponded with
retinal sensitivity map obtained with the MP1 (Figure 5). High density AF lesions suggest
localized accumulation of lipofuscin and disruption of RPE metabolism that may eventually
be associated with photoreceptor death and RPE atrophy. These annuli of high density have
been shown to constrict with time 30. The increase in autofluorescence may represent an
intermediate stage of increased photoreceptor-RPE metabolic load before apoptosis initiates.
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Although PDE6A is a photoreceptor-specific gene, two of our PDE6A deficient patients
exhibited extensive vitreoretinal degenerations (Figure 3 and 5) as well as tractional vitreous
rings (Figure 3). One mechanism to explain this may be that loss of the photoreceptors elicits
new glial barriers causing Muller cells to migrate. In a ten year follow-up on a PDE6B deficient
patient, there were structural changes in the inner retinal (retinal remodeling) 31, which may
also account for the changes in the vitreoretinal interphase. Mice lacking PDE6 also display
extensive retinal remodeling following rod death 32-34.

Phenotype-genotype correlation studies are essential as genetic testing is more readily available
and gene-based therapies are emerging. After mutations in the USH2A gene, PDE6 defects are
the second most common dentifiable cause of arRP 4, 5. Two probands with PDE6 defects
were identified from a pool of 40 unrelated RP patients. Three affected individuals (cases 1 to
3) from the family of the first proband carried compound heterozygous mutations in PDE6A.
Both R102 and S303 are conserved residues in PDE6A in different species (Figure 2). N216S
was a benign polymorphism found in all non-affected and affected family members. Case 4
had a homozygous mutation in PDE6B. D600 is located in a highly conserved zinc (Zn2+) and
magnesium (Mg2+) binding site of PDE6B based on modeling of the PDE4 crystal structure
35.

Loss of rod PDE6 catalytic activity and photoreceptor dysfunction can be detected by
electroretinography (Figure 7). Electrophysiological testing helps to diagnose and predict
patient's course of disease. A mouse model (Pde6brd1/Pde6brd1) with extinguished PDE6
function has been used to study RP for the past 80 years 36. Mice lacking PDE6 activities
exhibit a dramatic elevation of retinal cGMP with subsequent rapid rod degeneration within 3
weeks after birth. Abnormally high outer segment cGMP 37-39, and Ca2+ 15 levels underlie
degeneration of rods seen in Pde6brd1/Pde6brd1. Since high cGMP levels opens cGMP-gated
Na+/Ca2+ channels (CNG), it is believed that high Ca2+ concentrations accompany high cGMP
levels in Pde6brd1/Pde6brd1mutants between P10 and P14.

High throughput array-based DNA screening and functional clinical evaluation, such as
electrophysiology and AF, help verify and prognosticate PDE6-related retinal degenerations.
This information is important for genetic counseling of families with retinal degenerations.
Early diagnosis enables better utilization of special educational services for children who will
eventually have learning difficulties.

Gene specific therapeutics for early onset retinal dystrophy patients are already undergoing
clinical trials, and to recruit patients for any genetic trial, their specific gene-defects must be
known 28. Furthermore, in theory patients with PDE6 defects may specifically benefit from
Ca2+channel blockers 17, or other PDE6 gene-based therapies 24, 40-43.

In conclusion, a combination of comprehensive phenotyping and precise genotyping improves
patient counseling and contributes to the future of gene-based therapy in arRP, one of most
heterogeneous and complex disorders in human genetics.
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Figure 2.
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