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PURPOSE. Autosomal recessive retinitis pigmentosa (arRP) can be caused by mutations in
the phosphodiesterase 6A (PDE6A) gene. Here, we describe the natural course of disease
progression with respect to central retinal function (i.e., visual acuity, contrast sensitivity,
and color vision) and establish a detailed genotype-–phenotype correlation.
METHODS. Forty-four patients (26 females; mean age ± SD, 43 ± 13 years) with a confirmed
genetic diagnosis of PDE6A-associated arRP underwent comprehensive ophthalmological
examinations including best-corrected visual acuity (BCVA) with Early Treatment Diabetic
Retinopathy Study charts, contrast sensitivity (CS) with Pelli–Robson charts at distances
of 3 m and 1 m, and color vision testing using Roth 28-Hue and Panel D-15 saturated
color cups.
RESULTS. The most frequently observed variants were c.998+1G>A/p.?, c.304C>A/
p.R102S, and c.2053G>A/p.V685M. Central retinal function in patients homozygous for
variant c.304C>A/p.R102S was better when compared to patients homozygous for variant c.998+1G>A/p.?, although the former were older at baseline. Central retinal function
was similar in patients homozygous for variant c.304C>A/p.R102S and patients heterozygous for variants c.304C>A/p.R102S and c.2053G>A/p.V685M, although the latter were
younger at baseline. Annual decline rates in central retinal function were small.
CONCLUSIONS. We conclude that the severity of the different disease-causing PDE6A mutations in humans with respect to central visual function may be ranked as follows:
c.2053G>A/p.V685M in homozygous state (most severe) > c.998+1G>A/p.? in homozygous state > c.304C>A/p.R102S and c.2053G>A/p.V685M in compound-heterozygous
state > c.304C>A/p.R102S in homozygous state (mildest). The assessment of treatment
efficacy in interventional trials will remain challenging due to small annual decline rates
in central retinal function.
Keywords: retinitis pigmentosa, phosphodiesterase, gene therapy

R

etinitis pigmentosa (RP) is a clinically and genetically heterogeneous group of inherited retinal disorders (IRDs) and is one of the most common types of retinal
degenerations worldwide with a prevalence of 1/4000.1 So
far, several dozens of genes have been associated with RP,
defects in which cause a progressive loss of rod photoreceptor function, followed and accompanied by cone photoreceptor dysfunction.2 Although the pathophysiological origin
can vary depending on the disease-causing genetic defect,
RP clinically manifests with early-onset night blindness,
followed by daytime visual field defects progressing from
the mid-periphery to the periphery and the center. Best-

corrected visual acuity (BCVA) typically remains relatively
preserved until macular involvement by macular edema
and/or photoreceptor atrophy causes additional central
vision loss.3
Mutations in the phosphodiesterase 6A (PDE6A) gene
(OMIM *180071, #613810) were first reported to cause autosomal recessive RP (arRP) in humans in 1995.4,5 The PDE6A
gene encodes the alpha subunit of the cyclic guanosine
monophosphate (cGMP) phosphodiesterase, which plays a
central role in the rod phototransduction cascade.6 Dysfunction or loss of the PDE6A protein leads to defective biochemical signaling of light stimuli and dysregulation of cGMP in
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rod photoreceptor outer segments, triggering cell death in
rods and secondarily in cones.
In recent years, important advances have been made in
the development of treatments that aim to slow or stop
disease progression or even to restore some visual function
in patients with IRDs. However, an imbalance exists between
the rapid advances in therapy development and the available
knowledge on the clinical disease course and the phenotypic spectrum for each specific gene of interest.7 Prospective observational studies are rare in these often relatively
small patient populations. PDE6A is one of several candidate
genes currently under investigation. In 2012, the RD-Cure
Consortium was established as a collaborative project for the
clinical translation of gene therapy for patients with PDE6Aassociated arRP. Homologous animal models including a dog
model with a frameshift truncating mutation (p.N616Tfs*39)
and three mouse models with missense mutations (p.V685M,
p.D562W, and p.D670G) have been studied, all showing a
range of phenotype severities, and proof-of-concept supplemental gene therapy was demonstrated in these animal
models.8–16 Parallel to preclinical experiments and vector
development, a prospective longitudinal study on the clinical features and genetic findings of patients with PDE6Aassociated arRP was initiated to precisely characterize the
natural course of the disease.8
Previous studies have reported a prevalence of PDE6A
mutations in about 3% to 4% of arRP patients in North
America, in about 2% of cases in cohorts of French and
Pakistani patients, and in about 1% of families with IRDs
in Israel.17–20 Our PDE6A-RP patient cohort indicates a
frequency of PDE6A-associated arRP of 1.6% in Germany
and shows a highly heterogeneous disease course depending on the genotype. To further investigate disease characteristics, we focus here on the natural course of disease
progression with respect to central retinal function (i.e.,
visual acuity, contrast sensitivity, and color vision). These are
crucial in determining patient eligibility criteria and clinical
endpoints in ongoing and future clinical trials to assess the
safety and efficacy of novel treatments.

METHODS
This prospective longitudinal observational cohort study
(ClinicalTrials.gov NCT02759952) was conducted in accordance with the tenets of the Declaration of Helsinki with
approval from the ethics committee of the University of
Tübingen, Tübingen, Germany. Written informed consent
was obtained from all patients. Patients were recruited from
the Clinics for Inherited Retinal Degenerations at the Centre
for Ophthalmology of the University of Tübingen and from
12 collaborating European referral centers. All patients were
examined at the Centre for Ophthalmology of the University of Tübingen. The patients enrolled in this study had a
confirmed genetic diagnosis of PDE6A-associated arRP as
previously described.8 Of the 57 patients included in our
initial patient cohort, 44 underwent more detailed testing
and were included in this analysis. Subgroup analyses were
performed for the most common variants observed in this
cohort. Outcome variables were tested for both eyes of each
subject at each visit, but without fixed intervals between
visits. Patients were included in this study from 10 European
countries, requiring significant efforts for traveling, which
hampered evenly spaced intervals between visits. Ten of the
44 patients (23%) were lost to follow-up after the first visit.
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Ophthalmological Examinations
Comprehensive ophthalmological examinations were
performed in all patients, including BCVA as determined
by Early Treatment Diabetic Retinopathy Study (ETDRS)
charts, contrast sensitivity (CS) with Pelli–Robson charts at
distances of 3 m and 1 m, and color vision testing using Roth
28-Hue and Panel D-15 saturated color cups. To determine
BCVA, the ETDRS charts (Lighthouse Low Vision Products,
New York, NY, USA) were viewed at a distance of 4 m for
both eyes independently with optimal optical correction. If
the patient read less than 20 letters at 4 m, the chart was
moved from 4 m to 1 m with an additional +0.75 diopter (D)
lens in the frame to account for the distance. If the patient
was unable to read letters correctly at both distances, the
patient was tested for count fingers (CF), hand movement
(HM), and light perception (LP) or no light perception,
recording the distance at which CF, HM, or LP was seen.
BCVA was converted to logMAR visual acuity for statistical
analysis.21 CS was determined with Pelli–Robson contrast
sensitivity charts (Metropia Ltd., Harlow, UK) viewed at
distances of 3 m and 1 m for both eyes independently with
optimal optical correction. The test was stopped when the
patient failed to identify two of the three letters in a triplet
correctly, despite encouraging the patient to read or guess.
CS was then recorded as logCS units.
Color vision was determined with color cups (Roth 28Hue and/or Panel D-15 saturated) viewed at reading distance
on a table illuminated with constant cold lighting (270 lux)
for both eyes independently with optimal optical correction.
The color cups were put on the table in a randomly mixed
group with the colors facing up. The patient was instructed
to select the cups most closely matching in chromaticity and
arrange them in a row. The sequence of the numbers on the
back of the cups was recorded. The total error score (TES)
and color confusion index (CCI) were calculated for Roth 28Hue and Panel D-15 color vision testing, respectively.22–25

Statistical Analysis
Statistical analyses were carried out using SPSS Statistics for
Windows (IBM, Chicago, IL, USA) and JMP (SAS Institute,
Cary, NC, USA). Random effects models, fit by restricted
maximum likelihood estimates, were used for best unbiased
linear prediction (BLUP) of the progression per year of age
of the dependent variables (Y) (BCVA, CS at 3-m distance,
CS at 1-m distance, Roth TES, and Panel CCI).26 To account
for the repeated measures, the examined eye (right eye, OD;
left eye, OS) nested in participant and genetics and participant nested in genetics were included as additional random
effects (Equation 1):
Yi jk = μ + age + geneticsi + participant j(i) + eyek(i, j ) + εi jk
(1)
Prior to utilizing the results of the models, the normal distribution of the conditional model residuals was confirmed
visually. The homoscedasticity of the variances was assessed
using the Brown–Forsythe test and reported in case of violations of the assumptions.27

RESULTS
Of the 44 patients included in this study, 59% (26/44) were
female. Mean age ± SD at baseline was 43 ± 13 years
(range, 18–78). Information on the onset of disease and
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disease duration was collected from all patients at the first or
subsequent visits. Statistical analyses were performed with
disease duration or the age of the patient at the respective visit and yielded the same results. Disease onset was
defined as the first symptom noticed by the patient or
parents, and this was usually night blindness from birth
or during early childhood. We believe that, if the patient
reported first symptoms during his or her first decade
of life in particular, the variable “disease duration” would
give rise to estimated rather than precise numbers. In our
study, 33 of the 44 patients (75%) reported first symptoms during their first decade of life. Given these findings, we decided to report only values calculated with
the age at the visit rather than disease onset or disease
duration.
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Genetic Results
Variants were classified according to their pathogenicity based on American College of Medical Genetics and
Genomics guidelines.8,28 All 44 patients harbored potentially disease-causing variants compatible with autosomal recessive PDE6A-associated arRP (Table 1). Fifty-nine
percent (26/44) were homozygous for disease-causing variants, and 41% (18/44) were heterozygous for two different PDE6A variants each. Biallelism was validated in
59% cases (26/44). The mutation spectrum was comprised
of 25 unique variants (Fig. 1). The most frequently
observed variants were c.998+1G>A/p.? (14 alleles,
homozygous in seven patients), c.304C>A/p.R102S (17 alleles, homozygous in five patients), and c.2053G>A/p.V685M

TABLE 1. General, Genetic, and Ophthalmological Characteristics of Patients with PDE6A-Associated arRP at Baseline
BCVA (logMAR)
ID

Gender

Age (y)

Variant 1

Variant 2

OD

OS

23
8
25
26
12
22
24
27
34
47
7
1
49
30
29
15
16
10
11
50
5
4
17
20
6
36
48
21
2
28
3
14
35
19
46
44
41
18
31
33
38
39
45
32

F
M
F
F
F
M
F
F
M
M
F
F
M
F
F
M
M
F
M
F
F
F
M
F
M
F
F
M
F
M
M
F
F
M
M
F
F
M
M
F
F
M
F
F

29
33
35
37
42
46
47
37
40
44
50
78
26
29
37
37
49
45
46
18
22
23
23
33
33
34
35
37
38
38
40
42
42
43
49
53
55
55
56
60
62
63
65
66

c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.1957C>T/p.R653*
c.769C>T/p.R257*
c.769C>T/p.R257*
c.769C>T/p.R257*
c.1957C>T/p.R653*
c.1620+1G>A/p.?
c.1705C>A/p.Q569K
c.1683G>A/p.W561*
c.1957C>T/p.R653*
c.63_68del/p.K21_Y23delinsN
c.305G>A/p.R102H
c.304C>A/p.R102S
c.1862T>G/p.L621R
c.84C>G/p.Y28*
c.1957C>T/p.R653*
c.304C>A/p.R102S
c.627+2T>G/p.?
c.612del/p.K205Rfs*16
c.1235T>C/p.F412S
c.1705C>A/p.Q569K
c.1705C>A/p.Q569K
c.1705C>A/p.Q569K
c.1957C>T/p.R653*
c.959A>G/p.D320G
c.1705C>A/p.Q569K

c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.998+1G>A/p.?
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.304C>A/p.R102S
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.2053G>A/p.V685M
c.998+2T>G/p.?
c.769C>T/p.R257*
c.769C>T/p.R257*
c.769C>T/p.R257*
c.1957C>T/p.R653*
c.1705C>A/p.Q569K
c.1705C>A/p.Q569K
c.1263+1G>A/p.?
c.1957C>T/p.R653*
c.1926+1G>A/p.?
c.305G>A/p.R102H
c.1689C>A/p.H563Q
c.2053G>A/p.V685M
c.84C>G/p.Y28*
c.2332_2335del/p.D778Lfs*42
c.1705C>A/p.Q569K
c.627+2T>G/p.?
c.612del/p.K205Rfs*16
c.1966G>T/p.E656*
c.1065+2T>A/p.?
c.1065+2T>A/p.?
c.1705C>A/p.Q569K
c.1956_1957ins20/p.R653*
c.1749C>G/p.Y583*
c.1065+2T>A/p.?

0.60
0.10
1.00
0.30
0.20
0.70
1.00
0.20
−0.10
0.10
0.20
1.00
0.00
0.30
0.20
0.20
0.10
1.20
0.70
0.00
0.30
0.40
0.00
0.50
0.00
0.00
0.10
0.20
0.30
0.20
0.00
0.10
1.20
0.30
0.20
0.50
0.50
1.50
0.50
0.60
2.30
0.30
0.40
1.10

0.00
0.10
1.00
0.20
0.20
0.90
0.70
0.20
0.00
0.10
0.50
0.30
0.00
0.20
0.10
0.20
0.20
1.00
0.90
0.00
0.30
0.30
0.00
0.40
0.10
0.00
0.00
0.20
0.70
0.50
0.10
0.10
1.20
0.30
0.10
0.80
0.20
2.30
0.50
0.20
2.30
0.30
0.30
1.10

Patients are sorted by their genetic background and age at baseline. F, female; M, male.
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FIGURE 1. Variant distribution. (A) The 22 exons of PDE6A (NM_000440.3) are represented by gray boxes. Note that exons and the intervening
intronic sequences (represented by black horizontal lines) are not drawn to scale. Each variant identified in our cohort is shown above the
respective exon (for missense, nonsense, and indel variants) or below the respective intron (for splice site variants). (B) Protein structure
with the non-catalytic cGMP-binding domain and the PDEase I catalytic domain.

FIGURE 2. Pedigree of family ARRP 291 carrying variant c.998+1G>A/p.? homozygously. Circles indicate female family members, squares
indicate male family members. Affected family members are indicated by black symbols. Note that the father of the six siblings also carries
the respective variant homozygously. Also note the consanguinity in the parents.

(10 alleles, homozygous in two patients). Five patients
carried the c.304C>A/p.R102S and c.2053G>A/p.V685M
variants, each heterozygously (Table 1). In these, compound
heterozygosity was confirmed in all cases except one (case
number 49). Of note, the high number of c.998+1G>A/p.?
alleles in this study related to the fact that six siblings from
the same family carried this variant homozygously. The pedigree of this family is provided in Figure 2.
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Clinical Results
Symmetry Between Eyes and Correlation
Between Modalities. Baseline data are shown in Table 2.
BCVA symmetry between right and left eyes at baseline
was high (r = 0.89; P < 0.01; n = 44). The difference in
BCVA between right and left eyes was 0.2 logMAR and
greater in 11 of the 44 patients (25%). All of these 11
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TABLE 2. Baseline Findings of Patients with PDE6A-Associated arRP
OD
Eye

n

Median (Range)

BCVA (logMAR)
logCS at 3 m distance
logCS at 1 m distance
Roth TES
Panel CCI

44 0.3 (−0.1 to 2.30)
36 1.50 (0–2.0)
39 1.50 (0–2.0)
33 24 (0–732)
36 1.16 (1.0–3.0)

OS
n Median (Range)
44
40
39
32
37

0.2
1.35
1.50
42
1.12

(0–2.30)
(0–2.0)
(0–2.0)
(0–744)
(1–4)

patients exhibited additional and asymmetrical macular
pathology: cystoid macular edema (three patients), epiretinal membrane with or without traction (four patients),
macular hole (one patient), and atrophy (three patients).
CS symmetry between right and left eyes at baseline was
calculated as r = 0.75 (P < 0.01; n = 36) at 3-m distance
and r = 0.83 (P < 0.01; n = 39) at 1-m distance. Color
vision symmetry between right and left eyes at baseline was
calculated as r = 0.85 (P < 0.01; n = 31) for Roth TES and
r = 0.83 (P < 0.01; n = 36) for Panel CCI.
Correlation was strong between BCVA and CS at the 3-m
distance (r = −0.87; P < 0.01; n = 76 measurements) and
BCVA and CS at the 1-m distance (r = −0.85; P < 0.01; n =
78 measurements). Similarly, correlation was strong between
BCVA and Roth TES (r = 0.72; P < 0.01; n = 65 measurements) and BCVA and Panel CCI (r = 0.75; P < 0.01; n = 73
measurements). The correlation between CS at 3-m distance
and CS at 1-m distance and the correlation between Roth
TES and Panel CCI are shown in Figure 3.
Genotype–Phenotype Correlations. We analyzed
subgroups according to the results of their genetic
analysis: group 1, patients homozygous for variant
c.998+1G>A/p.? (n = 7); group 2, patients homozygous
for variant c.304C>A/p.R102S (n = 5); and group 3,
patients heterozygous for variants c.304C>A/p.R102S and
c.2053G>A/p.V685M (n = 5). Only two siblings carried the
variant c.2053G>A/p.V685M homozygously. Baseline findings of all groups are shown in Figure 4. Central retinal
function in group 2 was better when compared to group
1, although patients were older at baseline. Central retinal

function was similar in groups 2 and 3, although patients in
group 3 were younger at baseline. The two siblings homozygous for variant c.2053G>A/p.V685M (ages 45 and 46 years,
respectively) showed markedly reduced visual function at
baseline (BCVA of 1.2/1.0 and 0.7/0.9 logMAR in their right
and left eyes, respectively).
Progression. Mean duration ± SD between baseline
and last follow-up was 28 ± 12 months. Median follow-up
between visits was 27 months (range, 9–53). The residuals
of both statistical models (see above) for color vision (Roth
TES and Panel CCI) did not follow a normal distribution
and were heteroscedastic: Brown–Forsythe Roth TES, F(1,
149) = 53.84, P < 0.01; Panel CCI, F(1, 170) = 86.77, P <
0.01. The other models satisfied the assumptions for normality and homoscedasticity of residuals. Progression rates are
provided in Table 3 and shown in Figure 5.

DISCUSSION
PDE6A-associated arRP is a primary rod disease, leading
to typical rod–cone dystrophy presenting with night blindness and progressive visual field loss, but with relatively
preserved central vision during the course of the disease.
Previously, we reported on the largest patient cohort with
arRP associated with variants in the PDE6A gene, showing a
range of phenotypic severities but overall mild to moderate
disease characteristics.8
Central retinal function is an important clinical endpoint
in current phase I/II interventional trials targeting photoreceptors in RP, such as gene therapy trials for RP associated with variants in RHO (ClinicalTrials.gov identifier
NCT 04123626), MERTK (NCT 01482195), PDE6B (NCT
03328130), and RPGR (NCT 03316560).7,12,29 In this work,
we assessed central retinal function in PDE6A-associated
arRP (BCVA, CS, and color vision) and their decline rates
during the natural course of the disease.
We observed an excellent intra-individual symmetry in all
tested modalities, but most so in BCVA. Differences in BCVA
of >0.2 logMAR were found in only a few cases and were
caused by various macular pathologies that were present or
more pronounced in one eye when compared to the other
eye. The high degree of symmetry is highly relevant for any

FIGURE 3. Correlation between contrast sensitivity at distances of 3 m and 1 m (r = 0.91; P < 0.01; n = 71 measurements) and between
Roth 28-Hue and Panel D-15 saturated tests (r = 0.90; P < 0.01; n = 61 measurements) in PDE6A-associated arRP. Note the ceiling effect in
Panel D-15 saturated color vision testing.
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FIGURE 4. Genotype-associated age, visual acuity, contrast sensitivity, and color vision in PDE6A-associated arRP. Baseline findings of right
eyes. Group 1 was comprised of patients homozygous for variant c.998+1G>A/p.? (n = 7); group 2, patients homozygous for variant p.R102S
(n = 5); and group 3, patients heterozygous for variants c.304C>A/p.R102S and c.2053G>A/p.V685M (n = 5). The two siblings carrying
the variant c.2053G>A/p.V685M homozygously are indicated with a black asterisk. The remaining patients are sub-summarized by “other.”
Note that the central retinal function in group 2 was better when compared to group 1, although patients were older at baseline. Also note
that central retinal function was similar in groups 2 and 3, although patients in group 3 were younger at baseline.

TABLE 3 Progression Rates for Visual Acuity, Contrast Sensitivity, and Color Vision Findings of Patients with PDE6A-Associated arRP
Progression Per Year
Modality
BCVA (logMAR)
logCS at 3-m distance
logCS at 1-m distance
Roth TES
Panel CCI

n

BLUP

95% Confidence Interval

208
194
184
151
172

0.015
−0.02
−0.02
11.23
0.020

(0.007–0.023)
(−0.03 to −0.01)
(−0.03 to −0.01)
(6.25–16.21)
(0.002–0.039)

interventional trial treating patients with novel treatments
such as gene therapy, as the second eye will usually be
chosen as a control.
As expected, CS at a distance of 3 m strongly correlated
with CS at a distance of 1 m, as did color vision tested with
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Parameter Estimates
t-Statistic
t
t
t
t
t

(82.78)
(56.54)
(53.30)
(40.74)
(21.85)

=
=
=
=
=

3.95
−3.52
−4.64
4.55
2.27

P
<0.01
<0.01
<0.01
<0.01
0.03

the Roth 28-Hue and Panel D-15 tests in our sample of visually impaired patients. The correlation between BCVA and
CS was stronger than the correlation between BCVA and
color vision testing. Annual decline rates were 0.015 log
units for BCVA and 0.02 log units for CS at distances of 3 m
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FIGURE 5. Estimated progression rates in visual acuity, contrast sensitivity, and color vision in PDE6A-associated arRP. The dashed lines
indicate the 95% confidence intervals.

and 1 m. The progression rates determined for color vision
testing (Roth TES and Panel CCI) should be regarded with
caution, as the models failed the assumptions of normality
and homoscedasticity of residuals, resulting in a possible
overestimation of the statistical significance of the reported
values. Annual decline rates of 0.015 and 0.02 logMAR (i.e.,
as seen for BCVA and CS in this study) are small, given that a
change in BCVA is usually considered clinically meaningful
when exceeding 15 letters (i.e., 0.1 logMAR).30–32 A progression rate of 0.037 log units has been reported for a different cohort of patients with PDE6A-associated arRP.17 Other
studies have reported annual decline rates of 1%, 2%, and
8.6% for RP overall.33–36 The small estimated progression
rates suggest, on one hand, a slow disease course favorable for patients but, on the other hand, clearly limit BCVA
changes as useful endpoints in treatment trials that aim at
slowing down disease progression. A minimum difference
of 15 letters between treated and control eyes would require
an observational study to last 15 years. Similar observations
concerning the non-suitability of BCVA as endpoint in clinical trials were made in the PROGSTAR study, which calculated that 22 years of observation would be required to reach
the necessary difference between treated and untreated eyes
in patients with Stargardt disease.37
The model implied in this study to calculate progression
rates included genetics as a random effect. We found no
statistically significant effect on the progression rate with
respect to the genotype of the patient. Moreover, interindividual differences were found to have a larger effect on the
progression rate than the age of the patient. We thus decided
to report mean progression rates including the whole cohort.
At the genetic level, several recurrent variants were
observed in our cohort: c.304C>A/p.R102S (17 of 88
mutant alleles in the cohort), c.998+1G>A/p.? (14 of 88
mutant alleles in the cohort), and c.2053G>A/p.V685M
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(10 of 88 mutant alleles in the cohort). Note that the
high frequency of variant c.998+1G>A/p.? in this study
relates to the fact that six siblings from the same family
carried this variant homozygously. Our clinical findings
revealed a remarkable genotype–phenotype correlation:
Although variant c.304C>A/p.R102S was associated with
milder disease, variants c.998+1G>A/p.? and c.2053G>A/
p.V685M led to a more severe phenotype. This held
true for central retinal function, as patients homozygous for variant c.304C>A/p.R102S (group 2) had better
central retinal function, but patients homozygous for either
c.998+1G>A/p.? (group 1) or c.2053G>A/p.V685M showed
worse central retinal function. Patients heterozygous for variants c.304C>A/p.R102S and c.2053G>A/p.V685M (group 3)
had worse central retinal function when compared to group
2, indicating a negative contribution of the second variant
(c.2053G>A/p.V685M) to the phenotype of the patients.
Given this detailed analysis and previously published
clinical findings,8 we argue that the severity of the different disease-causing PDE6A mutations in humans may
be ranked as follows: c.2053G>A/p.V685M in homozygous state (most severe) > c.998+1G>A/p.? in homozygous state > c.304C>A/p.R102S and c.2053G>A/p.V685M
in compound-heterozygous state > c.304C>A/p.R102S in
homozygous state (mildest).8 Our results are comparable to
the clinical findings reported by Khateb et al.17 ; however,
note that the two patient cohorts showed differences in their
genotypic composition. In the latter study, only four of the
patients harbored the milder variant c.304C>A/p.R102S (one
patient homozygously), whereas only one of the patients
was heterozygous for c.998+1G>A/p.?, and no patients were
included with variant c.2053G>A/p.V685M.17
Our clinical findings are in line with biochemical and
preclinical observations. Both variants, c.304C>A/p.R102S
and c.998+1G>A/p.?, affect the non-catalytic cGMP-binding
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domain of the PDE6A protein; however, c.998+1G>A/p.?
is considered a null allele, in contrast to the missense
variant
c.304C>A/p.R102S.
The
missense
variant
c.2053G>A/p.V685M affects the catalytic domain of
PDE6A. A valine residue at position 685 is completely
conserved across species for alpha- and beta-catalytic
subunits, suggesting an important and specific role in the
catalytic function of the PDE6 complex.20,38 Sothilingam
et al.16 performed a detailed analysis of several Pde6a
missense variants in mouse models (namely, p.V685M,
p.R562W, and p.D670G), which confirmed the severity
of different Pde6a variants and indicated that compound
heterozygous mutant mice (p.V685M/p.R562W) show an
intermediate phenotype when compared to the respective
homozygous mutants. Specifically, the severity of the four
different PDE6A genotypes could be ranked by the pace of
photoreceptor degeneration: p.V685M homozygous (fastest)
> p.V685M;p.R562W > p.R562W homozygous > p.D670G
homozygous (slowest). Note that the p.V685M variant in the
mouse mutant is homologous to the c.2053G>A/p.V685M
variant in human patients.
Results of this detailed analysis on central retinal function in patients with PDE6A-RP show remarkable and strong
association with the respective genetic variants within this
cohort. Such a correlation is rarely described and may help
in determining whether a patient is eligible to participate
in interventional trials. Given that PDE6A is rod specific,
ideally, endpoints for treatment trials will include measures
of rod function (e.g., dark-adapted chromatic perimetry,
pupil campimetry). Yet, safety and efficacy measures in clinical trials still focus on cone-derived measures, as the benefit
for the patient in daily life unequivocally rests on a wellfunctioning cone system, especially in the central retina.
Nevertheless, treatment of rods in some forms of IRD seems
crucial, as cones rely on rods to maintain their metabolism.39
Therefore, assessing and interpreting central retinal function in RP is highly important. Anatomical endpoints such
as ellipsoid zone width on optical coherence tomography
imaging may also be useful in future clinical trials. The same
applies to microperimetry, especially at the border zones of
functioning retina. The criterion for microperimetry concerning responders to therapy, accepted by the U.S. Food and
Drug Administration, is a demonstration of improvement in
sensitivity of at least 7 dB in at least five testing locations in
the centermost 36 points of a 10-2 grid.40 This criterion may
be applicable to PDE6A-RP, as well. The results of our study
also point out disease-specific limitations. Annual decline
rates in central retinal function are small; therefore, interpretation of treatment safety and efficacy remains challenging. Finally, our study will help clinicians in counseling their
patients.
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