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Abstract A family, with two affected identical twins with early-onset recessive inherited
retinal degeneration, was analyzed to determine the underlying genetic cause of patholo-
gy. Exome sequencing revealed a rare and previously reported causative variant
(c.1923_1969delinsTCTGGG; p.Asn643Glyfs∗29) in the PDE6B gene in the affected twins
and their unaffected father. Further investigation, using genome sequencing, identified a
novel ∼7.5-kb deletion (Chr 4:670,405–677,862del) encompassing the ATP5ME gene,
part of the 5′ UTR of MYL5, and a 378-bp (Chr 4:670,405–670,782) region from the
3′ UTR of PDE6B in the affected twins and their unaffected mother. Both variants segregated
with disease in the family. Analysis of the relative expression of PDE6B, in peripheral blood
cells, also revealed a significantly lower level of PDE6B transcript in affected siblings com-
pared to a normal control. PDE6B is associated with recessive rod–cone degeneration and
autosomal dominant congenital stationary night blindness. Ophthalmic evaluation of these
patients showed night blindness, fundus abnormalities, and peripheral vision loss, which
are consistent with PDE6B-associated recessive retinal degeneration. These findings suggest
that the loss of PDE6B transcript resulting from the compound heterozygous pathogenic var-
iants is the underlying cause of recessive rod–cone degeneration in the study family.

[Supplemental material is available for this article.]

INTRODUCTION

Autosomal recessive rod–cone degeneration (arRCD) is a genetically heterogeneous inherited
retinal disease (IRD), affecting approximately 1 in 4000 individuals worldwide (Hartong et al.
2006). At least 46 loci associated with arRCD have been reported, and 44 of these genes
have been identified so far (RetNet; https://sph.uth.edu/RetNet/). Pathogenic variants in
some of these genes are also associated with multiple phenotypes including syndromic and
nonsyndromic inherited RCD (Ferrari et al. 2011; Roosing et al. 2014). Furthermore, a few of
these genes such as CRX and PRPH2 are implicated in both dominant and recessive retinal
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degenerations (Sankila et al. 2000; Sullivan et al. 2006; Coussa et al. 2015). Overall, a broad
genetic and phenotypic variation has been observed in these diseases.

Pathogenic variants in known genes explain arRCD pathology in ∼60% of recessive cases
(Perez-Carro et al. 2016; Bujakowska et al. 2017; Weisschuh et al. 2020; Zampaglione et al.
2022). Based on current evidence, it is likely that the causative variants in the remaining 40%
of cases involve sequence changes in the noncoding regions or alterations that are challeng-
ing to find by routine methodologies in genes previously implicated in IRD rather than novel
genes (Bujakowska et al. 2017). Genome analysis has enabled the identification of coding
and noncoding variants in both known and novel genes improving the outcome of mutation
discovery studies.

Here, we describe the genetic analysis of a family that includes a set of twins affected by
recessive retinal degeneration. We describe the detection of compound heterozygous var-
iants in the PDE6B gene, including a known insertion–deletion (indel) and a novel large dele-
tion involving three different genes, which segregate with disease.

RESULTS

Clinical Presentation and Family History
An RCD family (OGI773) with two affected sisters was recruited (Fig. 1). Themother reported
European ancestry, whereas the father reported Jewish and European ancestry. Cases 1511
and 1513 were 29-yr-old female twins, who presented with progressive impairment of night
vision and reduced peripheral vision, at 18 yr. However, they both reported to have hadmild
visual symptoms in the first decade of life. Their past medical histories were unremark-
able. They were born as homozygotic twins from an uncomplicated delivery from a
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Figure 1. Imaging of left and right eyes of cases (1511 and 1513) and left eye of unaffected father (1514).
(A) Widefield pseudocolor fundus imaging showed dark bone-spicule pigmentation (asterisk) and mild atten-
uation of retinal arterioles in both eyes (arrow), compared to the unaffected control. (B) Widefield fundus auto-
fluorescence imaging showed reduced patchy autofluorescence in the areas of pigmentation. A ring of
increased autofluorescence (arrow) was also observed in the parafovea bilaterally. (C ) Spectral domain optical
coherence tomography lines scans encompassing the fovea showed a loss of the ellipsoid zone (EZ) in the pe-
ripheral macula in the cases (arrows), compared to normal EZ in the unaffected control.
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nonconsanguineous marriage. They had no systemic disease, were otherwise well, and had
no history of use of medications associated with toxic retinopathy.

At her examination, individual 1511 had best corrected visual acuity of 20/20 in the right
eye and 20/25 in the left eye. Her sister, 1513, had a best corrected visual acuity of 20/25 in
the right eye and 20/35 in the left eye. Anterior segment examination was normal with an
intraocular pressure within normal limits bilaterally for both. Fundus examination for both re-
vealed a normal optic disc, with mild attenuation of retinal arterioles in both eyes. The most
prominent finding was bilateral midperipheral bone-spicule type pigmentation encompass-
ing the temporal retinal vascular arcades and encircling temporally and nasally in both eyes
of both affected cases (Fig. 1A). Reduced patchy autofluorescence was noted on fundus
autofluorescence imaging in the areas of pigmentation and also encroaching into the
macula. A ring of increased autofluorescence was seen in the parafovea bilaterally (Fig.
1B). Spectral domain optical coherence tomography (SD-OCT) showed a posterior vitreous
detachment and mild epiretinal membrane in both eyes of the affected twins. Additionally,
there was loss of the ellipsoid zone—namely, the layer corresponding to the inner/outer seg-
ment of photoreceptors, peripherally at the clivus and loss of the external limitingmembrane
just peripheral to the clivus (Fig. 1C). The parents did not report visual symptoms; however,
only the father, 1514, was clinically evaluated in a retinal clinic (Fig. 1).

Detection of a Novel Large PDE6B Deletion
Exome sequencing (ES) analysis of affected twins initially detected only one heterozygous
pathogenic variant in PDE6B, c.1923_1969delinsTCTGGG, resulting in a frameshift and pre-
mature stop codon formation (p.Asn643Glyfs∗29) within the phosphodiesterase catalytic
domain (Table 1). This variant was absent in gnomAD and previously reported in several
IRD patients (Supplemental Table S1; Shen et al. 2014; Ellingford et al. 2016; Carss et al.
2017; Haer-Wigman et al. 2017; Jespersgaard et al. 2019; Khateb et al. 2019; Jauregui
et al. 2020;Weisschuh et al. 2020; Kuehlewein et al. 2021).We have classified it as pathogen-
ic according to the American College of Medical Genetics and Genomics (ACMG) and
the Association for Molecular Pathology (AMP) guidelines using the following criteria
(loss-of-function variant, PVS1, detected in trans with a pathogenic variant, PM3, absent in
population databases, PM2_SUPP) (Table 1). Segregation analysis confirmed the paternal
transmission of this variant (Fig. 2).

No other high-impact likely pathogenic variants in currently known IRD genes (RetNet,
https://sph.uth.edu/RetNet/) segregating with the phenotype were found (Supplemental
Table S2).

Analysis of the ES and genome sequencing (GS) reads revealed a putative ∼7.5-kb dele-
tion in the 3′ UTR of PDE6B in the mother and the affected twins (Supplemental Fig. S1) that

Table 1. Variant information

Gene Chromosome HGVS DNA reference
HGVS protein
reference

Variant
type

Predicted
effect Genotype

Parent
of origin Comments

PDE6B 4 c.1923_1969delinsTCTGGG p.(Asn643Glyfs∗29) Deletion/
insertion

Frameshift Heterozygous Father Pathogenic
(PVS1,
PM2_SUPP,
PM3)

PDE6B 4 Chr 4:670405-677862del p.(?) Deletion 3′-UTR
truncation

Heterozygous Mother Pathogenic
(PVS1,PS3)

Variants have been classified as pathogenic according to the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular
Pathology (AMP) guidelines using the following criteria (loss-of-function variant, PVS1; deleterious effect confirmed by functional studies, PS3; detected in trans
with a pathogenic variant, PM3; absent in population databases, PM2_SUPP).
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was later confirmed by polymerase chain reaction (PCR) (Table 1; Fig. 2). This deletion (Chr 4:
g.670,405–677,862del) removes part of the 3′ UTR of PDE6B, together with the ATP
SynthaseMembrane Subunit E (ATP5ME) and part of the 5′ UTR ofMYL5. Because themoth-
er does not present with an ocular phenotype, haploinsufficiency of the ATP5ME and the
MYL5 genes is not likely to be causal. The partial 378-bp deletion of the 3′ UTR of PDE6B
in trans with the frameshift variant c.1923_1969delinsTCTGGG (p.Asn643Glyfs∗29) were
the most likely cause of the retinal phenotype in the affected cases.

Relative Expression of PDE6B
To investigate if a 378-bp deletion of the PDE6B 3′ UTR leads to decreased expression of
PDE6B, we investigated mRNA expression in peripheral blood samples (Fig. 3). The periph-
eral blood mRNA of affected siblings, the unaffected father of the study family, and an un-
related normal control were isolated to analyze the expression profile of PDE6B. The level
of PDE6B transcript was significantly decreased in the proband (1511) (P<0.0001) and her
affected twin sister (1513) (P<0.0001) compared to the unrelated unaffected control.
Further, the level of PDE6B transcript was also significantly lower in 1511 (P=0.001) and
1513 (P=0.0007), compared to their unaffected father (1514). Interestingly, the expression
of PDE6B was also significantly lower in the unaffected father (P=0.0007), carrying the
c.1923_1969delinsTCTGGG (p.Asn643Glyfs∗29) in the heterozygous state compared to
the level of expression observed in the normal control (Fig. 3). We have classified this variant
as pathogenic according to the ACMG/AMP guidelines using the following criteria (loss-of-
function variant, PVS1, deleterious effect confirmed by functional studies, PS3) (Table 1).

DISCUSSION

We describe a family with twins affected with RCD, harboring compound heterozygous var-
iants in the PDE6B gene. Although the p.Asn643Glyfs∗29 is a known pathogenic variant, the
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Figure 2. Pedigree of the rod–cone degeneration (RCD) family OGI-773 and segregation analysis of causal
variants. (A) Affected twins are represented with black circles and proband is indicated by a black arrow.
Patients are compound heterozygotes for one small PDE6B deletion/insertion causing frameshift (V1) and
one larger ∼7.5-kb deletion on Chromosome 4 (V2) encompassing the PDE6B 3′ UTR and downstream geno-
mic segment. All presented variants refer to the PDE6B transcript NM_000283.4. (B,D) The large deletion Chr
4:670405–677862del, shown as a 300-bp polymerase chain reaction (PCR) fragment, was inherited from the
unaffected mother. (C,E) The c.1923_1969delinsTCTGGG results in a smaller 424-bp band compared to
the wild-type amplicon (465 bp). Unaffected father was carrier for this variant. (NC) Negative control.
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large 7.5-kb deletion (Chr 4:g.670,405–677,862del) is novel. Evidence of this variant was
found through detailed manual review of the ES reads and was only clearly identified with
GS. The RCD phenotype of these patients is consistent with the one associated with
PDE6B in the literature, and it matches with the phenotype of patients harboring the known
p.Asn643Glyfs∗29 variant (Shen et al. 2014; Ellingford et al. 2016; Carss et al. 2017; Haer-
Wigman et al. 2017; Jespersgaard et al. 2019; Khateb et al. 2019; Jauregui et al. 2020;
Weisschuh et al. 2020; Kuehlewein et al. 2021).

Although the impact of the loss of a portion of the 3′ UTR of PDE6B is unknown, the Chr 4:
g.670,405–677,862del does not disrupt the PDE6B coding sequence. However, this dele-
tion could alter gene expression if the deleted region is involved in regulation.
Quantitative PCR (qPCR) analysis using peripheral bloodmononuclear cell (PBMC)-extracted
RNA of both affected twins confirmed this hypothesis, as PDE6B expression was significantly
decreased (P<0.0001) compared to the control samples. Their unaffected father, carrying
the heterozygous p.Asn643Glyfs∗29 variant alone, also demonstrated a significant reduction
of PDE6B expression (P=0.0007) when compared with the expression in an unaffected con-
trol individual. However, the level of expression of PDE6B in unaffected father with a hetero-
zygous wild-type allele is significantly higher compared to the expression levels in affected
siblings with compound heterozygous mutations.

Although qPCR data suggest that PDE6B variants alone were sufficient to cause the RCD
phenotype, the potential contribution of the heterozygous deletion ofATP5ME andMYL5 to
retinal disease is unknown. Currently, these two genes have never been associated to any
disease phenotype. Our data suggest that haploinsufficiency of the ATP5ME and the
MYL5 is not likely to be causal, yet we do not have evidence to rule out a possible role of
these genes in a recessive form of retinal degeneration. In addition, the large deletion
may alter the topologically associated chromatin domains in the region that may affect sur-
rounding gene expression (Rao et al. 2014). In fact, recent evidence has shown that large de-
letions in intergenic regions may alter gene expression by perturbing the finely regulated
and self-interacting topological associating chromatin domains that share the same tran-
scriptional units, by disrupting, removing or rearranging the protein binding sequences
needed to demarcate those functional units (Lupiáñez et al. 2015; Franke et al. 2016;
Spielmann et al. 2018; de Bruijn et al. 2020; Ibrahim and Mundlos 2020).

Figure 3. Relative expression levels of the PDE6B transcript in both affected sisters, unaffected father, and con-
trol sample. PDE6B expressionwas evaluated by quantitative polymerase chain reaction (qPCR) using peripheral
blood mononuclear cell (PBMC)-extracted RNA. Significant decrease in the expression of PDE6B (P<0.0001)
was observed in both affected sisters 1511 and 1513 compared to the healthy control individual. The expression
level of PDE6B transcript was also significantly lower in both affected sisters (P=0.001 and P=0.0007, respec-
tively) compared to the level of transcript in their unaffected father 1514. The expression of PDE6B is also
significantly lower in the unaffected father (P=0.0007) carrying the c.1923_1969delinsTCTGGG
(p.Asn643Glyfs∗29) in the heterozygous state compared to the level of expression observed in normal control.
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Incomplete molecular diagnosis is quite common in ophthalmic genetics, as at least
30%–40% of IRD patients remain genetically unexplained following conventional genetic
testing (Abu-Safieh et al. 2013; Xu et al. 2014; Tiwari et al. 2016; Haer-Wigman et al.
2017; Villanueva-mendoza et al. 2021; Falsini et al. 2022). Thus, this study highlights the clin-
ical andmolecular importance of integrating GS and gene expression analyses into diagnos-
tic pipelines. We successfully analyzed the PDE6B expression, using PBMCs as a source of
RNA, even though the average expression of this gene in whole blood is only ∼1 transcript
per million (TPM), as indicated in the GTEx portal (https://gtexportal.org). Thus, our results
encourage the use of a more accessible specimen, such as whole blood, to investigate al-
tered expression or splicing defects of IRD genes (Shankar et al. 2015; Chen et al. 2018;
Mihalich et al. 2022). GS alone also increases the diagnostic yield by detecting structural var-
iations in known disease associated genes (Fadaie et al. 2021), and rare noncoding variants
that may lead to altered gene expression or splicing defects.

In conclusion, we were able to provide complete molecular diagnosis of RCD in a set of
twins and describe a novel, large deletion in PDE6B. This result carries an important signifi-
cance as precise molecular diagnosis enables patients to be enrolled in gene therapy clinical
trials or receive approved treatments (Russell et al. 2017; Fuller-Carter et al. 2020). A clinical
trial for the PDE6B-associated disease is currently underway (NCT03328130), and thus de-
pending on the outcome of this trial the molecular diagnosis can be clinically actionable
for the described patients.

METHODS

Clinical Evaluation
A full dilated ophthalmological examination was performed that included assessment of best
corrected visual acuity (BCVA) using a LogMAR vision chart at 4 m and measurements con-
verted to Snellen visual acuity. Spectacle correction or a pinhole was used to achieve best
corrected visual acuity. Additionally, slit lamp biomicroscopy and ophthalmoscopy was per-
formed. Multimodal imaging was also performed, which included an SD-OCT (Heidelberg
Engineering Inc.), widefield pseudocolor photos, and fundus autofluorescence (FAF)
(Optos Inc.).

The study was approved by both the University of California San Diego and
Massachusetts Eye and Ear, Mass General Brigham institutional review boards (IRBs) and ad-
hered to the Declaration of Helsinki. Informed consent was obtained from all individuals on
whom genetic testing and further molecular evaluations were performed.

Genetic Analysis
Blood samples were obtained from the proband (1511), her affected twin (1513), and their
unaffected parents (1512, mother; 1514, father). Genomic DNAwas isolated from peripheral
blood lymphocytes by standard procedures.

ES was performed at the Center for Mendelian Genomics at the Broad Institute of the
Massachusetts Institute of Technology and Harvard using methodology described previous-
ly (Zampaglione et al. 2022). ES data were aligned to hg38 and variants were called using the
GATKHaplotypeCaller package version 3.5 (https://software.broadinstitute.org/gatk/). Data
were displayed and analyzed with an online tool (https://seqr.broadinstitute.org).

The proband and her parents also underwent GS according to previously published pro-
tocols (Chaisson et al. 2019). In these patients, structural variants (SVs) were interrogated by
GATK-SV package (Collins et al. 2020) and direct inspection of the read data using the
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integrated genomic viewer (IGV) (Robinson et al. 2011). Coverage for both ES and GS sam-
ples can be found at Supplemental Table S3.

Guidelines of the American College of Medical Genetics (Richards et al. 2015) were used
for the interpretation of sequence variants. Variants were verified to have an allele frequency
of <1% in the Genome Aggregation Database (gnomAD; https://gnomad.broadinstitute
.org/) (Karczewski et al. 2020).

Variant Validation
Variant segregation was performed by direct Sanger sequencing and analysis of next-gener-
ation sequencing (NGS) reads (Supplemental Fig. S1). Genomic DNA was amplified using
Phusion High-Fidelity DNA Polymerase (New England Biolabs M0530) and primers flanking
the deletions (Supplemental Table S4).

To sequence the PDE6B c.1923_1969delinsTCTGGG region, the full-length and smaller
PCR amplicons were first cloned into the pCR2.1 plasmid by TA-cloning kit (Invitrogen 45-
0046) (see Supplemental Table S4). Sanger sequencing was performed on ABI 3730xl
(Applied Biosystems) using BigDye Terminator v3.1 kits (Life Technologies 4337455).
Sequence analysis was done using SeqManPro (Lasergene 11, DNAStar).

mRNA Extraction and qRT-PCR
A minimum of 2.5 mL whole blood samples was collected in PAXgene Blood RNA tubes.
Extraction of mRNA was performed using PAXgene Blood RNA Kit (PreAnalytiX GmbH
762174) by following the company instruction.

The cDNA synthesis and qPCR analysis of the PDE6B gene to the housekeeping genes
GAPDH and ACTB were performed as described earlier (Mandal et al. 2006) (qPCR primers
and Ct values are listed in Supplemental Tables S4 and S5, respectively). For the experimen-
tal data sets, the mean and standard deviation were calculated, and the significance was cal-
culated using the Student’s t-test. The P-value < 0.0001was indicated by ∗∗∗ and determined
as statistically significant.

ADDITIONAL INFORMATION

Data Deposition and Access
The novel causal variant identified in the present study has been deposited to ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/) and can be found under accession number
SCV002589126. Exome and genome sequencing data have been deposited in the NCBI
database of Genotypes and Phenotypes (dbGaP) (Submission IDs phs002459.v1.p1 and
phs002459.v1.p1, respectively).

Ethics Statement
The study was approved by the institutional review board at the Massachusetts Eye and Ear
(MEE), an affiliate of Mass General Brigham (MGB) healthcare system (Human Studies
Committee MGB, Boston), the IRB of the UC San Diego and complied with the Health
Information Portability and Accessibility Act (HIPAA). All aspects of the project adhered to
the tenets of the Declaration of Helsinki. Informed consent was obtained from all individuals
on whom genetic analysis and further molecular evaluations were performed.
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