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Abstract: To report the clinical phenotype and associated genotype of a European patient cohort with
GUCY2D-related autosomal-dominant (AD) cone–/cone–rod dystrophy (COD/CORD), we retrospec-
tively analyzed 25 patients (17 female, range 12–68) with GUCY2D-related AD-COD/CORD from
three major academic centers in Europe and reviewed the previously published data of 148 patients
(visual acuity (VA), foveal thickness, age of first symptoms, and genetic variant). Considering all the
patients, the onset of first symptoms was reported at a median age of 7 years (interquartile range
5–19 years, n = 78), and mainly consisted of reduced VA, photophobia and color vision abnormality.
The disease showed a high degree of inter-eye symmetry in terms of VA (n = 165, Spearman’s ρ = 0.85,
p < 0.0001) and foveal thickness (Spearman’s ρ = 0.96, n = 38, p < 0.0001). Disease progression was
assessed by plotting VA as a function of age (n = 170). A linear best-fit analysis suggested a loss
of 0.17 logMAR per decade (p < 0.0001). We analyzed the largest cohort described so far (n = 173),
and found that the most common mutations were p.(Arg838Cys) and p.(Arg838His). Furthermore,
the majority of patients suffered severe vision loss in adulthood, highlighting a window of opportu-
nity for potential intervention. The emerging patterns revealed by this study may aid in designing
prospective natural history studies to further define endpoints for future interventional trials.

Keywords: GUCY2D; guanylate cyclase 2D; inherited retinal disease; cone dystrophy; cone–rod
dystrophy; visual acuity; disease progression; eye; OCT; symmetry

1. Introduction

Inherited retinal diseases (IRD) are a group of heterogeneous disorders caused by
mutations in over 250 different genes that are important for retinal function [1]. A sub-
group of these are autosomal-dominant (AD) cone–/cone–rod dystrophies (COD/CORD),
which primarily affect cones, while rods may degenerate later and to a varying extent [2].
Therefore, the initial symptoms in COD/CORD typically include a decline in visual acuity
(VA), photophobia, dyschromatopsia, and reading difficulties due to a central scotoma [2,3].
Only subtle RPE changes may be observed in the early phase of the disease, which can
later progress to bull’s eye maculopathy and, finally, to central atrophy [4,5]. Electrophysio-
logical examination often describes a shift in implicit time at the 30 Hz flicker responses
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in the initial phase, and a decrease in the amplitudes of both a- and b-waves in photopic
responses during the course of the disease [2].

Mutations in GUCY2D are among the most common causes of AD COD/CORD [6–8].
Its gene product is retinal guanylate cyclase 2D (RetGC-1), which is crucial in the photo-
transduction process of cones and rods. After stimulation by photons, changes in ion flows
lead to hyperpolarization of the photoreceptor cells. The RetGC-1 protein plays a pivotal
role in restoring the original depolarized (dark-adapted) state of photoreceptors through
the production of cGMP, thereby indirectly opening cGMP-dependent ion channels, which,
in turn, leads to depolarization of the photoreceptors.

There is substantial phenotypic heterogeneity of GUCY2D-related retinal disease. Se-
vere loss-of-function variants on both alleles result in autosomal recessive Leber congenital
amaurosis type 1 (LCA1) [9,10]. In contrast, AD COD/CORD is usually associated with
mutations in codon 838, or those in close proximity to it. The resulting protein seems to be
functional, but has altered Ca2+ sensitivity of RetGC-1, leading to a later onset of symptoms,
usually in childhood or adolescence [10].

The aim of this study was to report the data of patients with GUCY2D-related AD
COD/CORD from three major academic tertiary IRD referral centers in Europe, and to
compare them with information that has already been published.

2. Methods

Out of the identified 25 patients with GUCY2D-related AD COD/CORD, nine patients
(2, 3, 13, 14, 15, 16, 22, 23 and 24) underwent a clinical examination at the Ophthalmology
Department of the University Hospital of Tübingen, six patients were examined at the De-
partment of Ophthalmology at Amsterdam University Medical Centers (patients 4, 17, 18,
19, 20, 21), and 10 patients were examined at the Department of Ophthalmology, University
Hospital Bonn (patients 1, 5, 6, 7, 8, 9, 10, 11, 12, 25). Six patients were examined more than
once. Of these, only one set of results, from the day with the most complete examinations,
was used for further analysis. Our chart review collected records of visual acuity, intraocu-
lar pressure, optical coherence tomography and fundus autofluorescence imaging (both,
Spectralis HRA + OCT, Heidelberg Engineering, Germany), fundus photography, visual
field (Octopus 900, Haag-Streit, Germany), and a Farnsworth panel D-15 color examination.
Clinical information of patients 2, 3, 13, 14, 15, 22, 23, and 24 has partly been described in
previous reports [5,11]. Two members of family five (patients 17 and 21) were part of a
publication in 1992, before the causative gene and variant were known [12].

Low visual acuity measurements such as counting fingers and hand movement were
converted to logMAR 1.98 and logMAR 2.28, respectively (Lange et al., 2009). Two patients
with light perception in their left eye only were excluded from the analysis of visual
acuity symmetry.

The study was conducted according to the guidelines of the Declaration of Helsinki,
and was approved by the Ethics Committee of the University of Tübingen, Germany
(149/2018BO2, 21. March 2018).

For the review of previously published clinical data on GUCY2D, a MEDLINE/PubMed
search was performed on 1 May 2020 (gucy2d eye, gucy2d dystrophy) and all publications
with available clinical data have been included for further analysis (20 out of 112 publica-
tions) [11,13–31]. For statistical analysis and creation of graphs, Graph Pad Prism 6 as well
as R version 3.6.0 were used.

3. Results
3.1. Patient Cohort Characteristics

In this study, 25 patients (17 female) with AD COD/CORD associated with mu-
tations in GUCY2D were included. The median age upon examination was 36 years
(range 12–68). Fourteen patients from five families were related; no consanguinity was
known. The ages at the onset of the first symptoms ranged from the first weeks of life
to 54 years of age (data available for 21 patients). The symptoms at subjective disease
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onset included deterioration of visual acuity (17/21), glare/photophobia (3/21), and color
vision abnormalities (2/21). Visual acuity at presentation ranged from logMAR 0.00 to
hand movement. Six patients were examined more than once and their visual acuity
values over time are presented in Supplementary Figure S3. Fundus autofluorescence
imaging (n = 20) was abnormal in 19 out of 20 patients with central hyper- and hypo-
fluorescence (9/20), central reduced autofluorescence (6/20), central increased autofluo-
rescence (1/20), bull’s eye pattern (2/20), and an unspecified pattern was present in one
patient (Supplementary Table S1 and Figure S2). The representative patients are shown
in Figure 1.
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Figure 1. Fundus color picture, fundus autofluorescence and OCT scan of study patients. (A) ID 13
p.(Arg838Cys) (45-year-old female, logMAR 1.3, central reduced autofluorescence; first symptoms:
vision loss at the age of 19). (B) ID 14 p.(Arg838Cys) (34-year-old male, logMAR 0.3, bull’s eye
configuration in autofluorescence; first symptoms: vision loss). (C) ID 15 p.(Arg838Cys) (58-year-old
female, logMAR 1.1, central reduced autofluorescence; first symptoms: color vision distortion and
photophobia at the age of 54). (D) ID 16 p.(Arg838Cys) (41-year-old male, logMAR 1.1, central reduced
autofluorescence; first symptoms: vision loss from birth on). (E) ID 24 p.(Arg838His) (26-year-old
female, logMAR 1.3, normal autofluorescence).
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3.2. Molecular Assessment

Genetic analysis identified five different GUCY2D variants in the 25 patients included.
Thirteen patients (52%) were revealed to have the c.2512C>T mutation (p.(Arg838Cys)), and
eight patients (32%) had the c.2513G>A mutation (p.(Arg838His)); two of those patients
had an additional sequence variant of unknown significance in GUCA1B, which was also
observed in some healthy family members. Two patients were shown to have the variant
c.2512C>G (p.(Arg838Gly)), and the c.2492T>C (p.(Leu831Pro)) variant was identified in
one patient. One patient showed two sequence variants in the GUCY2D gene (c.74C>T,
c.2516C>G; p.(Ser25Phe) and p.(Thr839Arg)). The point mutation at the N-terminal end of
the protein product only affects the signal peptide of GUCY2D (Figure 2).
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Figure 2. Schematic of the protein product as transcribed and translated from the GUCY2D gene.
The extracellular domain follows a short signal peptide at the N-terminus and is subject to some
posttranslational modifications (glycosylation and disulfide bonds). A short transmembrane domain
links it to the cytoplasmic domain with enzymatically active domains (green and blue). All disease-
causing sequence variants are located between those domains, between amino acids 830 and 840
(arrows and denominations top right). On the bottom, additional known mutations causing AD
COD/CORD are indicated [13–33].

3.3. Disease Symmetry between Eyes

Both the structural and functional characteristics showed high symmetry (Figure 3).
The analysis of anatomical endpoints between both eyes showed high symmetry for the
retinal volume of the central 1 mm (available in 22 patients) (Spearman’s ρ = 0.96, n = 22,
p < 0.0001), and for foveal thickness (available in 23 patients of our cohort and 15 published
patients [15]) (Spearman’s ρ = 0.96, n = 38, p < 0.0001). The analysis of visual acuity was
performed on 25 patients in this study, supplemented by the previously reported visual
acuity data of 140 patients with GUCY2D-associated AD COD/CORD [11,13–31]. The
median age of all the patients with VA data was 34 years (interquartile range 23–53 years).
Visual acuity ranged from light perception to logMAR 0.00 (OD: median 1.0, interquartile
range 0.5–1.3; OS: median 1.0, interquartile range 0.5–1.3) and showed a high level of
symmetry (Spearman’s ρ = 0.85, p < 0.0001).
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Figure 3. Analysis of symmetry between OD and OS. (A) High symmetry of foveal thickness in
n = 38 patients (Spearman’s rho = 0.96). (B) High symmetry of visual acuity in n = 165 patients
(Spearman’s rho = 0.85).

3.4. Disease Progression

The disease progression of the patients in our cohort and the previously published
GUCY2D-associated AD COD/CORD patients was assessed by plotting central foveal
thickness (n = 38) and visual acuity (n = 170) as a function of age (Figure 4). A linear best fit
analysis suggested a loss of 0.17 logMAR per decade (p < 0.0001). Furthermore, it is esti-
mated that severe vision loss (logMAR > 1.0) is reached, on average, at the age of 38. More
than 73% of the patients younger than 38 years of age had a better VA than 1.0 logMAR.
Applying linear regression, the foveal thickness decreased by 7.2 µm per decade (p = 0.127).
A similar decrease in VA and foveal thickness over time was found for left eyes (loss of
0.16 logMAR per decade (p < 0.0001)), where foveal thickness decreased by 5.1µm per
decade (p = 0.261).
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Figure 4. (A) Linear regression of foveal thickness (OD) associated with age (n = 38). (B) Linear
regression of visual acuity values (OD) associated with age in GUCY2D-related AD COD/CORD
patients (n = 170).

Comparing the two most common mutations (p.(Arg838Cys) and p.(Arg838His)),
neither a significant difference in visual acuity (p = 0.99) nor in the disease progression rate
(p = 0.08) were detected (Supplementary Figure S4).

The median time for symptom-free survival for all the patients (data available for
n = 78 patients) was seven years (interquartile range 5–19 years) (Figure 5).
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Figure 5. Kaplan–Meier survival curve for symptom-free survival (95% confidence interval) in
n = 78 patients. Predicted incidence of first symptoms at a median age of 7.

4. Discussion

We report the aggregated data of 173 patients with GUCY2D-related COD/CORD, a
leading cause of AD COD/CORD. Considering the current efforts to develop gene-editing
approaches, such information may be valuable for upcoming clinical studies [2,6,7,21,34].

The codon 838 of GUCY2D is considered a mutational hotspot due to its nucleotide
sequence—CGC—which is prone to spontaneous deamination of methylated cytosine [35].
In codon 838, this would lead to p.(Arg838Cys) or p.(Arg838His) [21,35]. All but two of our
25 patients showed a mutation in this codon, with thirteen cases of p.(Arg838Cys), eight
with p.(Arg838His), and two with p.(Arg838Gly) mutations. The genetic findings in our
cohort are in line with previous reports (Supplementary Figure S1) [8,11,13–31,36].

Previous reports suggest that patients with p.(Arg838Cys) and p.(Arg838His) muta-
tions typically present with a pure COD phenotype (i.e., without rod involvement), disease
onset in late childhood or adolescence, increased light sensitivity (glare), and color vision
abnormalities, but intact peripheral vision [21,31]. It is, therefore, of interest to consider
the proposed disease mechanism. Previous studies reported that the RetGC-1 mutants
p.(Arg838Cys) and p.(Arg838His) have an altered affinity for guanylyl cyclase-activating
protein 1 and Ca2+, which, together, increases the activation of RetGC-1 at higher Ca2+

levels compared to the wild type [37,38]. Consequently, this may lead to an elevated Ca2+

concentration and death of photoreceptors via caspase activation and apoptosis [37,39].
Crucially, RetGC-1 is more strongly expressed in cone than in rod photoreceptors [40]. If
cones were predominantly affected by the underlying disease mechanism, a phenotype
primarily affecting cone photoreceptor function would be plausible. In our cohort, almost
all the patients with p.(Arg838Cys) or p.(Arg838His) mutations showed color vision dis-
orders, and the first reported symptom was a decline in visual acuity. However, only
approximately half of these patients had normal peripheral visual fields (data available in
15 of 21 patients, eight of 15 showed normal peripheral visual fields) when they presented
themselves, on average, 16 years (median 14.5 years) after the first symptoms (data avail-
able for 14 of 21 patients). Our findings support the notion that patients with p.(Arg838Cys)
and p.(Arg838His) mutations share a similar phenotype and rate of disease progression.

In the patient with two variants of GUCY2D (c.74C>T, p.(Ser25Phe) and c.2516C>G,
p.(Thr839Arg)), one is located immediately next to the 838 ‘hot spot’ codon (codon 839) on
exon 13 and is deemed likely to be pathogenic by ClinVar (variation ID 635421). The other
variant (p.(Ser25Phe)) is classified by ClinVar as likely to be benign (variation ID 444397).
Our patient was a simplex case and their family members were not available for segregation
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analysis. Previous reports have interpreted the c.74C>T variant as not diseasecausing in
two patients with a different composition of compound heterozygote sequence variants,
as follows: c.74C>T (p.(Ser25Phe)) and c.2513G>A (p.(Arg838His)). It is currently unclear
whether this c.74C>T (p.(Ser25Phe)) variant has an influence on the enzymatic activity and,
consequently, on the photoreceptor function/survival, given the fact that the sequence
variant is located in the N-terminal signal peptide domain [41]. In this context, we found it
most appropriate to keep this patient in our analysis as a patient with autosomal dominant
COD/CORD caused by the c.2516C>G, p.(Thr839Arg) variant.

So far, there is no treatment available for GUCY2D-associated COD/CORD. Even
though progress has been made in the field of retinal gene therapy, most developments
are based on the idea of introducing a normal coding sequence of the affected gene into
the nucleus of the affected cells [42]. This, however, would most likely not be effective for
GUCY2D-related COD/CORD because it will not address the presumed dominant-negative
disease mechanism. However, gene-editing tools, such as CRISPR/Cas9, provide potential
opportunities to disrupt the dominant allele. The first steps towards this goal have already
been achieved by disrupting RetGC-1 expression in mice and macaque in vivo, using an
adeno-associated virus delivered via CRISPR/Cas9 [34].

Appropriate controls are paramount for interventional clinical trials, which can be
achieved by using inter-individual controls, or by using the fellow eye as an intra-individual
control. Natural history studies show symmetry of the disease as the basis of a one-sided
treatment, with the fellow eye serving as the internal control. This can be an attractive
option in disease entities with large inter-individual variability due to, e.g., unknown
environmental and/or additional genetic factors, which may be even more relevant for
more multi-factorial diseases, such as age-related macular degeneration.

We have shown the inter-eye symmetry of VA and fovea thickness in patients with
GUCY2D-associated AD COD/CORD. Since VA is a critical factor influencing the quality
of life, and central retinal thickness is related to central visual function, we consider VA to
be the most relevant endpoint. As cones are primarily affected in this disease and VA is a
cone-driven visual function, this will also reflect disease progression and/or the efficacy
of any treatment. The difficulty here lies in the linearity of photoreceptor degeneration.
Once foveal cone photoreceptors have died, no significant VA gain is to be expected. There
may only be a small window of opportunity to gain VA by treating dysfunctional cone
photoreceptors before they die. Our analysis shows that VA decreases, on average, by about
nine EDTRS letters per decade, leading to severe vision loss (logMAR > 1.0) by age 38.

The two main limitations of this study are the retrospective study design and the
limited number of subjects. Despite the low prevalence of GUCY2D-related COD/CORD,
we managed to pool data from 25 patients across multiple sites.

To our knowledge, in combination with the data from previous reports, this study
provides an analysis of the largest combined cohort described so far, and emerging patterns
can be used to design prospective natural history studies to help define endpoints for future
interventional trials.

5. Conclusions

Supported by the data presented, it was shown that a sufficiently large therapeutic win-
dow exists for the majority of patients before severe visual impairment occurs. Moreover,
future therapeutic treatments should focus on p.(Arg838Cys) and p.(Arg838His), as they
are the most common variants of this rare disease. While our data cannot be used to infer
the disease progression of individual patients, we were able to show that natural history
studies and clinical interventions would require sufficiently long observation periods, and
that the fellow eye could be used as an intra-individual control.



Genes 2022, 13, 313 8 of 10

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes13020313/s1: Figure S1: overview of GUCY2D mutation frequency (n = 173). Figure S2:
overview of different autofluorescence patterns. Figure S3: visual acuity values (OD and OS) associ-
ated with age in GUCY2D-related AD COD/CORD patients who have been examined more than
once. Figure S4: linear regression of visual acuity values (OD) associated with age in patients with
p.(Arg838Cys) (n = 85) and p.(Arg838His) (n = 38). Table S1: clinical data of 25 GUCY2D-related AD
COD/CORD patients.

Author Contributions: Conceptualization, J.N. and M.D.F.; methodology, J.N., P.C.I. and M.D.F.;
validation, J.N., L.H., J.B., C.J.F.B., P.C.I. and M.D.F.; formal analysis, J.N. and M.D.F.; investigation,
J.N., L.H., J.B., C.J.F.B., P.C.I. and M.D.F.; resources, J.N., L.H., J.B., C.J.F.B., P.C.I. and M.D.F.; data
curation, J.N., L.H. and J.B.; writing—original draft preparation, J.N. and M.D.F.; writing—review
and editing, J.N., L.H., J.B., C.J.F.B., P.C.I. and M.D.F.; visualization, J.N.; supervision, J.N. and M.D.F.;
project administration, M.D.F.; funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: Supported by the Dr. Werner Jackstädt Foundation, Wuppertal, Germany (grant no.: S0134-
10.22 (J.B.)); the Bayer Global Ophthalmology Awards Program (J.B.), and the National Institute for
Health Research (NIHR) Oxford Biomedical Research Centre (BRC). The views expressed are those of
the authors and not necessarily those of the National Health Service, the National Institute for Health
Research, or the Department of Health. The sponsor and funding organization had no role in the
design or conducting of this research. We acknowledge support by Open Access Publishing Fund of
University of Tuebingen.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of the University of Tübingen,
Germany (149/2018BO2, 21 March 2018).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the
study and the analysis used only anonymous clinical data.

Data Availability Statement: The collected clinical data of the 25 patients is available in a
Supplementary Table.

Conflicts of Interest: The authors declare no conflict of interest. MDF is on the advisory board of
and/or consulting and/or receiving honoraria/grant money/travel support from the following
companies: Adelphi Values, Advent France Biotechnology, AlphaSights, Arctos Medical, Atheneum,
Axiom Healthcare Strategies, Biogen, Cambridge Consultants, Decision Resources, Dialectica, Fron-
tera Therapeutics, Janssen Research & Development, Navigant, Novartis, Roche, RegenxBio, Sirion,
Sparing Vision, System Analytic, and STZeyetrial. He is the director of Fischer Consulting Lim-
ited and Merton Medical Ltd. and holds a patent (50%) on a gene therapy product for X-linked
Retinitis Pigmentosa.

References
1. RetNet. Summaries of Genes and Loci Causing Retinal Disease. Available online: https://sph.uth.edu/retnet/sum-dis.htm

(accessed on 16 February 2020).
2. Hamel, C.P. Cone Rod Dystrophies. Orphanet J. Rare Dis. 2007, 2, 7. [CrossRef]
3. Birtel, J.; Yusuf, I.H.; Priglinger, C.; Rudolph, G.; Charbel Issa, P. Diagnosis of Inherited Retinal Diseases. Klin. Monbl. Augenheilkd

2021, 238, 249–259. [CrossRef] [PubMed]
4. Kurz-Levin, M.M.; Halfyard, A.S.; Bunce, C.; Bird, A.C.; Holder, G.E. Clinical Variations in Assessment of Bull’s-Eye Maculopathy.

Arch Ophthalmol. 2002, 120, 567–575. [CrossRef] [PubMed]
5. Nasser, F.; Kurtenbach, A.; Kohl, S.; Obermaier, C.; Stingl, K.; Zrenner, E. Retinal dystrophies with bull’s-eye maculopathy along

with negative ERGs. Doc. Ophthalmol. 2019, 139, 45–57. [CrossRef] [PubMed]
6. Gill, J.S.; Georgiou, M.; Kalitzeos, A.; Moore, A.T.; Michaelides, M. Progressive Cone and Cone-Rod Dystrophies: Clinical

Features, Molecular Genetics and Prospects for Therapy. Br. J. Ophthalmol. 2019, 103, 711–720. [CrossRef]
7. Stone, E.M.; Andorf, J.L.; Whitmore, S.S.; DeLuca, A.P.; Giacalone, J.C.; Streb, L.M.; Braun, T.A.; Mullins, R.; Scheetz, T.;

Sheffield, V.; et al. Clinically Focused Molecular Investigation of 1000 Consecutive Families with Inherited Retinal Disease.
Ophthalmology 2017, 124, 1314–1331. [CrossRef]

8. Birtel, J.; Eisenberger, T.; Gliem, M.; Müller, P.L.; Herrmann, P.; Betz, C.; Zahnleiter, D.; Neuhaus, C.; Lenzner, S.; Holz, F.G.; et al.
Clinical and genetic characteristics of 251 consecutive patients with macular and cone/cone-rod dystrophy. Sci. Rep. 2018, 8, 4824.
[CrossRef]

https://www.mdpi.com/article/10.3390/genes13020313/s1
https://www.mdpi.com/article/10.3390/genes13020313/s1
https://sph.uth.edu/retnet/sum-dis.htm
http://doi.org/10.1186/1750-1172-2-7
http://doi.org/10.1055/a-1388-7236
http://www.ncbi.nlm.nih.gov/pubmed/33784788
http://doi.org/10.1001/archopht.120.5.567
http://www.ncbi.nlm.nih.gov/pubmed/12003605
http://doi.org/10.1007/s10633-019-09694-7
http://www.ncbi.nlm.nih.gov/pubmed/30945053
http://doi.org/10.1136/bjophthalmol-2018-313278
http://doi.org/10.1016/j.ophtha.2017.04.008
http://doi.org/10.1038/s41598-018-22096-0


Genes 2022, 13, 313 9 of 10

9. Hanein, S.; Perrault, I.; Gerber, S.; Tanguy, G.; Barbet, F.; Ducroq, D.; Calvas, P.; Dollfus, H.; Hamel, C.; Lopponen, T.; et al.
Leber Congenital Amaurosis: Comprehensive Survey of the Genetic Heterogeneity, Refinement of the Clinical Definition, and
Genotype-Phenotype Correlations as a Strategy for Molecular Diagnosis. Hum. Mutat. 2004, 23, 306–317. [CrossRef]

10. Sharon, D.; Wimberg, H.; Kinarty, Y.; Koch, K.-W. Genotype-functional-phenotype correlations in photoreceptor guanylate cyclase
(GC-E) encoded by GUCY2D. Prog. Retin. Eye Res. 2018, 63, 69–91. [CrossRef]

11. Zobor, D.; Zrenner, E.; Wissinger, B.; Kohl, S.; Jagle, H. Gucy2d- or Guca1a-Related Autosomal Dominant Cone-Rod Dystrophy:
Is There a Phenotypic Difference? Retina 2014, 34, 1576–1587. [CrossRef]

12. Went, L.N.; van Schooneveld, M.J.; Oosterhuis, J.A. Late onset dominant cone dystrophy with early blue cone involvement. J.
Med Genet. 1992, 29, 295–298. [CrossRef] [PubMed]

13. Tsokolas, G.; Almuhtaseb, H.; Griffiths, H.; Shawkat, F.; Pengelly, R.; Ennis, S.; Lotery, A. Long term follow-up of a family with
GUCY2D dominant cone dystrophy. Int. J. Ophthalmol. 2018, 11, 1945–1950. [CrossRef] [PubMed]

14. Oishi, M.; Oishi, A.; Gotoh, N.; Ogino, K.; Higasa, K.; Iida, K.; Makiyama, Y.; Morooka, S.; Matsuda, F.; Yoshimura, N. Next-
generation sequencing-based comprehensive molecular analysis of 43 Japanese patients with cone and cone-rod dystrophies. Mol.
Vis. 2016, 22, 150–160. [PubMed]

15. Jiang, F.; Xu, K.; Zhang, X.; Xie, Y.; Bai, F.; Li, Y. GUCY2D mutations in a Chinese cohort with autosomal dominant cone or
cone–rod dystrophies. Doc. Ophthalmol. 2015, 131, 105–114. [CrossRef]

16. Lazar, C.H.; Mutsuddi, M.; Kimchi, A.; Zelinger, L.; Mizrahi-Meissonnier, L.; Marks-Ohana, D.; Boleda, A.; Ratnapriya, R.; Sharon,
D.; Swaroop, A.; et al. Whole Exome Sequencing Reveals GUCY2D as a Major Gene Associated With Cone and Cone-Rod
Dystrophy in Israel. Investig. Opthalmol. Vis. Sci. 2014, 56, 420–430. [CrossRef]

17. Mukherjee, R.; Robson, A.; Holder, G.E.; Stockman, A.; Egan, C.; Moore, A.T.; Webster, A.R. A detailed phenotypic description of
autosomal dominant cone dystrophy due to a de novo mutation in the GUCY2D gene. Eye 2014, 28, 481–487. [CrossRef]

18. Zhao, X.; Ren, Y.; Zhang, X.; Chen, C.; Dong, B.; Li, Y. A novel GUCY2D mutation in a Chinese family with dominant cone
dystrophy. Mol. Vis. 2013, 19, 1039–1046.

19. Garcia-Hoyos, M.; Auz-Alexandre, C.L.; Almoguera, B.; Cantalapiedra, D.; Riveiro-Alvarez, R.; Lopez-Martinez, M.A.; Gimenez,
A.; Blanco-Kelly, F.; Avila-Fernandez, A.; Trujillo-Tiebas, M.J.; et al. Mutation Analysis at Codon 838 of the Guanylate Cyclase 2d
Gene in Spanish Families with Autosomal Dominant Cone, Cone-Rod, and Macular Dystrophies. Mol. Vis. 2011, 17, 1103–1109.

20. Kim, B.J.; Ibrahim, M.A.; Goldberg, M.F. Use of Spectral Domain-Optical Coherence Tomography to Visualize Photoreceptor
Abnormalities in Cone-Rod Dystrophy 6. Retin Cases Brief Rep. Retin. Cases Brief Rep. 2011, 5, 56–61. [CrossRef]

21. Kitiratschky, V.B.; Wilke, R.; Renner, A.B.; Kellner, U.; Vadala, M.; Birch, D.G.; Wissinger, B.; Zrenner, E.; Kohl, S. Mutation
Analysis Identifies Gucy2d as the Major Gene Responsible for Autosomal Dominant Progressive Cone Degeneration. Investig.
Ophthalmol. Vis. Sci. 2008, 49, 5015–5023. [CrossRef]

22. Small, K.W.; Silva-Garcia, R.; Udar, N.; Nguyen, E.V.; Heckenlively, J.R. New Mutation, P575L, in the GUCY2D Gene in a Family
With Autosomal Dominant Progressive Cone Degeneration. Arch. Ophthalmol. 2008, 126, 397. [CrossRef] [PubMed]

23. Smith, M.; Whittock, N.; Searle, A.; Croft, M.; Brewer, C.; Cole, M. Phenotype of autosomal dominant cone–rod dystrophy due to
the R838C mutation of the GUCY2D gene encoding retinal guanylate cyclase-1. Eye 2006, 21, 1220–1225. [CrossRef] [PubMed]

24. Ito, S.; Nakamura, M.; Ohnishi, Y.; Miyake, Y. Autosomal Dominant Cone-Rod Dystrophy with R838H and R838C Mutations in
the GUCY2D Gene in Japanese Patients. Jpn. J. Ophthalmol. 2004, 48, 228–235. [CrossRef]

25. Ito, S.; Nakamura, M.; Nuno, Y.; Ohnishi, Y.; Nishida, T.; Miyake, Y. Novel complex GUCY2D mutation in Japanese family with
cone-rod dystrophy. Investig. Opthalmol. Vis. Sci. 2004, 45, 1480–1485. [CrossRef] [PubMed]

26. Downes, S.M.; Payne, A.; Kelsell, R.E.; Fitzke, F.W.; Holder, G.E.; Hunt, D.; Moore, A.T.; Bird, A.C. Autosomal Dominant Cone-
Rod Dystrophy With Mutations in the Guanylate Cyclase 2D Gene Encoding Retinal Guanylate Cyclase-1. Arch. Ophthalmology
2001, 119, 1667–1673. [CrossRef] [PubMed]

27. Gregory-Evans, K.; Kelsell, R.E.; Gregory-Evans, C.Y.; Downes, S.M.; Fitzke, F.W.; Holder, G.E.; Simunovic, M.; Mollon, J.D.;
Taylor, R.; Hunt, D.M.; et al. Autosomal Dominant Cone-Rod Retinal Dystrophy (Cord6) from Heterozygous Mutation of Gucy2d,
Which Encodes Retinal Guanylate Cyclase. Ophthalmology 2000, 107, 55–61. [CrossRef]

28. Huang, L.; Xiao, X.; Li, S.; Jia, X.; Wang, P.; Sun, W.; Xu, Y.; Xin, W.; Guo, X.; Zhang, Q. Molecular genetics of cone-rod dystrophy
in Chinese patients: New data from 61 probands and mutation overview of 163 probands. Exp. Eye Res. 2016, 146, 252–258.
[CrossRef]

29. Huang, L.; Li, S.; Xiao, X.; Jia, X.; Wang, P.; Guo, X.; Zhang, Q. Screening for variants in 20 genes in 130 unrelated patients with
cone-rod dystrophy. Mol. Med. Rep. 2013, 7, 1779–1785. [CrossRef]

30. Xiao, X.; Guo, X.; Jia, X.; Li, S.; Wang, P.; Zhang, Q. A recurrent mutation in GUCY2D associated with autosomal dominant cone
dystrophy in a Chinese family. Mol. Vis. 2011, 17, 3271–3278.

31. Van Ghelue, M.; Eriksen, H.L.; Ponjavic, V.; Fagerheim, T.; Andreasson, S.; Forsman-Semb, K.; Sandgren, O.; Holmgren, G.;
Tranebjaerg, L. Autosomal Dominant Cone-Rod Dystrophy Due to a Missense Mutation (R838c) in the Guanylate Cyclase 2d
Gene (Gucy2d) with Preserved Rod Function in One Branch of the Family. Ophthalmic Genet. 2000, 21, 197–209. [CrossRef]

32. Perrault, I.; Rozet, J.-M.; Gerber, S.; Kelsell, R.E.; Souied, E.; Cabot, A.; Hunt, D.M.; Munnich, A.; Kaplan, J. A retGC-1 Mutation in
Autosomal Dominant Cone-Rod Dystrophy. Am. J. Hum. Genet. 1998, 63, 651–654. [CrossRef] [PubMed]

33. De Castro-Miro, M.; Pomares, E.; Lorés-Motta, L.; Tonda, R.; Dopazo, J.; Marfany, G.; Gonzàlez-Duarte, R. Combined Genetic and
High-Throughput Strategies for Molecular Diagnosis of Inherited Retinal Dystrophies. PLoS ONE 2014, 9, e88410. [CrossRef]

http://doi.org/10.1002/humu.20010
http://doi.org/10.1016/j.preteyeres.2017.10.003
http://doi.org/10.1097/IAE.0000000000000129
http://doi.org/10.1136/jmg.29.5.295
http://www.ncbi.nlm.nih.gov/pubmed/1583655
http://doi.org/10.18240/ijo.2018.12.12
http://www.ncbi.nlm.nih.gov/pubmed/30588428
http://www.ncbi.nlm.nih.gov/pubmed/26957898
http://doi.org/10.1007/s10633-015-9509-7
http://doi.org/10.1167/iovs.14-15647
http://doi.org/10.1038/eye.2014.7
http://doi.org/10.1097/ICB.0b013e3181cd1d8b
http://doi.org/10.1167/iovs.08-1901
http://doi.org/10.1001/archopht.126.3.397
http://www.ncbi.nlm.nih.gov/pubmed/18332321
http://doi.org/10.1038/sj.eye.6702612
http://www.ncbi.nlm.nih.gov/pubmed/17041576
http://doi.org/10.1007/s10384-003-0050-y
http://doi.org/10.1167/iovs.03-0315
http://www.ncbi.nlm.nih.gov/pubmed/15111605
http://doi.org/10.1001/archopht.119.11.1667
http://www.ncbi.nlm.nih.gov/pubmed/11709018
http://doi.org/10.1016/S0161-6420(99)00038-X
http://doi.org/10.1016/j.exer.2016.03.015
http://doi.org/10.3892/mmr.2013.1415
http://doi.org/10.1076/1381-6810(200012)2141-HFT197
http://doi.org/10.1086/301985
http://www.ncbi.nlm.nih.gov/pubmed/9683616
http://doi.org/10.1371/journal.pone.0088410


Genes 2022, 13, 313 10 of 10

34. McCullough, K.T.; Boye, S.L.; Fajardo, D.; Calabro, K.; Peterson, J.J.; Strang, C.E.; Chakraborty, D.; Gloskowski, S.; Haskett, S.;
Samuelsson, S.; et al. Somatic Gene Editing of GUCY2D by AAV-CRISPR/Cas9 Alters Retinal Structure and Function in Mouse
and Macaque. Hum. Gene Ther. 2019, 30, 571–589. [CrossRef]

35. Cooper, D.N.; Youssoufian, H. The CpG dinucleotide and human genetic disease. Qual. Life Res. 1988, 78, 151–155. [CrossRef]
[PubMed]

36. Payne, A.M.; Morris, A.G.; Downes, S.M.; Johnson, S.; Bird, A.C.; Moore, A.T.; Bhattacharya, S.S.; Hunt, D.M. Clustering and
frequency of mutations in the retinal guanylate cyclase (GUCY2D) gene in patients with dominant cone-rod dystrophies. J. Med.
Genet. 2001, 38, 611–614. [CrossRef]

37. Wilkie, S.E.; Newbold, R.J.; Deery, E.; Walker, C.; Stinton, I.; Ramamurthy, V.; Hurley, J.B.; Bhattacharya, S.S.; Warren, M.J.; Hunt,
D.M. Functional characterization of missense mutations at codon 838 in retinal guanylate cyclase correlates with disease severity
in patients with autosomal dominant cone-rod dystrophy. Hum. Mol. Genet. 2000, 9, 3065–3073. [CrossRef]

38. Tucker, C.; Woodcock, S.C.; Kelsell, R.E.; Ramamurthy, V.; Hunt, D.; Hurley, J.B. Biochemical analysis of a dimerization domain
mutation in RetGC-1 associated with dominant cone-rod dystrophy. Proc. Natl. Acad. Sci. USA 1999, 96, 9039–9044. [CrossRef]

39. Green, D.R.; Reed, J.C. Mitochondria and Apoptosis. Science 1998, 281, 1309–1312. [CrossRef]
40. Liu, X.; Seno, K.; Nishizawa, Y.; Hayashi, F.; Yamazaki, A.; Matsumoto, H.; Wakabayashi, T.; Usukura, J. Ultrastructural

localization of retinal guanylate cyclase in human and monkey retinas. Exp. Eye Res. 1994, 59, 761–768. [CrossRef]
41. Jespersgaard, C.; Fang, M.; Bertelsen, M.; Dang, X.; Jensen, H.; Chen, Y.; Bech, N.; Dai, L.; Rosenberg, T.; Zhang, J.; et al. Molecular

genetic analysis using targeted NGS analysis of 677 individuals with retinal dystrophy. Sci. Rep. 2019, 9, 1–7. [CrossRef]
42. Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.F.; Tillman, A.; Wittes, J.; Pappas, J.; Elci, O.; McCague, S.; et al.

Efficacy and Safety of Voretigene Neparvovec (Aav2-Hrpe65v2) in Patients with Rpe65-Mediated Inherited Retinal Dystrophy: A
Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet 2017, 390, 849–860. [CrossRef]

http://doi.org/10.1089/hum.2018.193
http://doi.org/10.1007/BF00278187
http://www.ncbi.nlm.nih.gov/pubmed/3338800
http://doi.org/10.1136/jmg.38.9.611
http://doi.org/10.1093/hmg/9.20.3065
http://doi.org/10.1073/pnas.96.16.9039
http://doi.org/10.1126/science.281.5381.1309
http://doi.org/10.1006/exer.1994.1162
http://doi.org/10.1038/s41598-018-38007-2
http://doi.org/10.1016/S0140-6736(17)31868-8

	Introduction 
	Methods 
	Results 
	Patient Cohort Characteristics 
	Molecular Assessment 
	Disease Symmetry between Eyes 
	Disease Progression 

	Discussion 
	Conclusions 
	References

