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Abstract

Purpose: Mutations in the eyes shut homolog (£YS) gene are a frequent cause of autosomal
recessive retinitis pigmentosa (arRP). This study used multi-modal retinal imaging to elucidate
genotype-phenotype relationships in £YS-related RP (EYS-RP).

Design: Cross-sectional study.

Method: Multimodal retinal imaging and electrophysiologic testing was assessed for 16 patients
with genetic confirmation of £YSRP.

Results: A total of 27 unique £YS variants were identified in 16 patients. Seven patients
presented with an unusual crescent-shaped hyperautofluorescent (hyperAF) ring on fundus
autofluorescence (FAF) imaging encompassing a large nasal-superior area of the posterior
pole. Three patients had a typical circular or oval perifoveal hyperAF ring and six patients
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had no hyperAF ring. Spectral domain optical coherence tomography (SD-OCT) and en face
OCT showed preserved ellipsoid zone and retinal thickness spatially corresponding to areas
within the hyperAF rings. Eleven patients presented with a rod-cone dystrophy on full-field
electroretinogram (ffERG), one patient presented with cone-rod dystrophy, and four patients
did not undergo ERG testing. A significant spatial association was found between £YS
variant position and autofluorescent phenotype, with variants occurring at a nucleotide position
greater than GRch37 6:65300137 (¢.5617C) being more associated with patients exhibiting
autofluorescent rings at presentation.

Conclusions: EYSRP is a heterogeneous manifestation. Variants occurring in positions closer
to the C-terminus of EYS are more common in patients presenting with autofluorescent rings on
FAF imaging.

Keywords
Retinitis Pigmentosa; £YS ; Autofluorescence

Introduction

Retinitis pigmentosa (RP) is an inherited and irreversible retinal degeneration that affects
approximately 1 in 4,000 individuals in its nonsyndromic form.1=3 Over 70 mutated

genes have been identified to cause nonsyndromic RP which includes several modes of
inheritance, illustrating its genetic heterogeneity (https://sph.uth.edu/RETNET, accessed
March 2018). RP is most commonly inherited in an autosomal recessive manner (arRP),3 of
which, biallelic mutations in the eyes shut homolog (£YS) gene (OMIM 612424) is a known
cause.*=8 Previous studies of arRP found £YS mutations in 5-33% of cases and amongst
various ethnicities, suggesting a global presence.® ~16 The highest prevalence exists in the
Japanese population, in which £YS mutations are estimated to be the most common cause of
inherited retinal degenerations.1’

Homozygosity mapping and positional cloning with comparative genomics led to the
identification of £YSmutations as a cause of arRP.* 6 Spanning 2 Mb of genomic

DNA, EYSis the largest known retina-specific gene and encodes a product 3,165 amino
acids in length.4 18 £YShas been characterized most in Drosophila, in which the
homologue is named spacemaker, or spam, which encodes a protein that plays a role in
light-sensitive rhabdomere assembly.1® In humans, photoreceptor outer segments are the
structural equivalent to insect light-sensitive rhabdomeres. Corroborating these findings is
recent evidence that localized EY'S to the outer segments of post-mortem human retina
which suggests an important role in formation and structural integrity of photoreceptor
architecture, specifically ciliary axoneme stability in rods and cones.2% Ablation of £YS
with TALEN technology in zebrafish causes outer segment protein mislocalization and
F-actin disruption, interestingly producing a cone-rod-like dystrophy.21

EYS appears to be relatively conserved across mammals, but deleted in many species
including little brown bats, armadillos, sheep, and cattle. Smaller species such as rodents
and guinea pigs have accumulated reading-frame disruptions and expression studies in
mice suggest an absence of protein product.* Thus, given the lack of animal models,
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studying disease phenotype in humans is increasingly important for understanding disease
presentation and progression. To date, studies discerning clinical characteristics and retinal
phenotype of £YS-associated RP (£YS-RP) patients are few in number,1% 2225 |n this
cross-sectional study, we identify a heterogeneous phenotype on short wavelength fundus
autofluorescence (FAF) and describe genetic correlates in a large cohort of £YS-RP patients.

This cross-sectional study was approved by the Edward S. Harkness Eye Institute and
Columbia University Internal Review Boards (IRB), and adhered to the tenets of the
Declaration of Helsinki. All data, imaging, and genetic information presented in this

study are in accordance with HIPAA and not identifiable to individual patients. Clinical
information, FAF imaging, spectral-domain (SD) and en face optical coherence tomography
(OCT), and full-field electroretinogram (ffERGSs) of sixteen unrelated patients seen between
2010 and 2017 at the Harkness Eye Institute electrophysiology clinic were retrospectively
studied. All patients harbored at least two £YS variants. Patients with only one £YS variant
were not included.

Genetic analyses.

For each patient, peripheral whole blood lymphocytes were collected and DNA was
subsequently isolated for sequencing. Eight patients underwent clinical laboratory
improved amendments (CLIA)-approved whole exome sequencing with Sanger sequencing
confirmation at the Center of Personalized Genomic Medicine (PGM) of Columbia
University Medical Center (CUMC) (New York, NY). Whole exome sequencing for P6
was performed in the laboratory of Dr. Rando Allikmets at CUMC (New York, NY).

One patient received next generation sequencing of 31 genes known to cause inherited
retinal dystrophies from Prevention Genetics (Marshfield, WI). The remaining patients
received next generation sequencing of candidate genes known to cause inherited retinal
dystrophies at the Casey Eye Institute Molecular Diagnostics Laboratory (Portland, OR).
All identified variants were analyzed using Alamut software version 2.2 (Interactive
Biosoftware, Rouen, France). Functional annotation of variants was carried out with
ANNOVAR using pathogenicity scores of M-CAP, REVEL, Eigen, CADD, DANN, and
SPIDEX.26-32 As a general guideline, pathogenic consequences are predicted for variants
with scores over 0.025 for M-CAP, 0.5 for REVEL, 0.5 for Eigen, 20 for CADD, 0.97 for
DANN, and more than 2 or less than -2 for SPIDEX psi z-score.

Retinal Imaging.

Following dilation, FAF and SD-OCT images were taken using a Spectralis HRA+OCT
device (Heidelberg Engineering, Heidelberg, Germany). FAF images were taken for all
patients in a 30-degree field with 1536 x 1536 pixel resolution, and a stimulus and barrier
filter of 486nm and 521nm, respectively. For patients in which a hyperautofluorescent ring
extended beyond the 30-degree field, a 55-degree field was acquired during follow-up with
a wide-angle lens. SD-OCT scans were acquired using real-time registration of an infrared
reflectance image in conjunction with an 870nm light source. All patients received high
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resolution scans of the fovea (horizontal cut, 9mm, ART, average of a minimum of 50
images). En face OCT of the central macula (6mm x 6mm) were acquired at least once for
seven patients during follow-up (Zeiss AngioPlex OCT Angiography; Dublin, CA).

Full-field Electroretinogram (ffERG).

Results

Twelve of 16 patients underwent ffERG testing for both eyes using a Diagnosys

Espion Electrophysiology system (Diagnosys LLC, Lowell, MA, USA). Recordings were
performed using Dawson, Trick, Lawson (DTL)-recording electrodes in accordance with
the International Society for Clinical and Electrophysiology of Vision (ISCEV) standards

in scotopic and photopic states.33: 34 In patients with 30 Hz-flicker ffERG recordings

that were less than 5uV or predicted to be based on dilated fundus exam, Burian-Allen

(BA\) contact lens electrodes were used instead to measure this response. The recorded
signal is subsequently passed through narrow band-passed filtering and undergoes computed
averaging.3>-37

Clinical data.

A total of 16 unrelated patients with two or more expected pathogenic mutations in
EYSwere included in this analysis. Fifteen patients were diagnosed with arRP based

on symptoms, family history, ocular exam, retinal imaging, and/or a rod-cone sequence

of degeneration on ffERG (Fig. 1). One patient was diagnosed with cone-rod dystrophy
based on presenting symptoms and ffERG (P7). Demographic and genetic information are
presented in Table 1. Clinical characteristics of patients in this study are shown in Table

2. The average age at presentation was 51 years (range, 28 to 83), affecting 12 males and
4 females. Best-corrected visual acuity ranged from 20/20 to light perception. Refractive
error was recorded for 20 eyes, of which 17 were myopic and three hyperopic. Six patients
had a history of prior cataract extraction and seven additional patients showed evidence of
opacification of at least one lens. Intraretinal pigment migration was observed in 14 of 16
cases.

Fundus Autofluorescence.

Short-wavelength FAF imaging with a 30-degree field was performed in 16 patients (31
eyes) (Fig. 2). Images of the right eye for one patient (P12) was unattainable due to difficulty
with fixation. In 10 patients, a distinct hyperautofluorescent ring could be observed, with
seven patients (P1-7) (13 eyes) exhibiting a unique crescent-shaped boundary whose edge
encroached on the central macula, generally advancing most from the temporal and inferior
directions. One patient (P3), showed a crescent-shaped ring in the right eye and a typical RP
ring in the left eye. FAF images were acquired with a 55 degree field of view in patients with
crescent-shaped rings, confirming a larger proportion of the nasal and superior retina being
encompassed by the crescent ring, in reference to the fovea (Fig. 3). Of the seven patients
with crescent-shaped rings, wide-field imaging of four patients (P1, P2, P4, and P6) revealed
an area of retina nasal to the optic disc which was located within the hyperautofluorescent
boundary. Crescent-shaped rings were symmetrical between eyes, except in previously
mentioned P3. Typical RP rings were observed in both eyes of three patients (P8, P9, and
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P10). The remaining patients (P11-16) did not have an easily-identifiable crescent-shaped or
typical RP ring. Areas between the inner and outer ring borders were hyperautofluorescent
on FAF with outer ring boundaries generally appearing more delineated, as seen in previous
studies.38 Inner ring boundaries were easily identifiable in seven of ten patients exhibiting
rings. Generally, extensive RPE atrophy could be appreciated up to the vascular arcades.
Coalescing lacunar or punched out-appearing RPE atrophy was seen in six patients. A
hypoautofluorescent bulls-eye-like pattern of maculopathy was present in six patients (P8,
P7, P9, P11, P14, and P15) and extensive foveal or macular RPE atrophy was seen in four
patients (P5, P7, P12, P15).

Optical Coherence Tomography.

All 16 patients showed evidence of thinning of the outer retinal laminae on SD-OCT
imaging. Generally, a preserved ellipsoid zone (EZ)-line spatially corresponded to the outer
boundary of the hyperautofluorescent rings seen on FAF. Thus, patients with a crescent ring
showed preservation of the EZ layer over a larger area of the retina. Cystoid macular edema
was present in three patients at presentation (P1, P9, and P13). En face OCT was performed
in seven patients to assess retinal thickness and the inner segment/outer segment (IS/OS)
junction (Fig. 4). The thickest areas of the retina localized to within the hyperautofluorescent
ring. En face sections approximating the EZ also show relatively preserved IS/OS junction
in areas corresponding to within the ring, however auto-segmentation did not consistently
select EZ throughout the entire 6mm x 6mm frame for each patient. The three patients with
crescent-shaped FAF rings who underwent en face OCT imaging had a higher proportion of
preserved retinal thickness and EZ, judged qualitatively.

Full-field electroretinography (ffERG).

Twelve of 16 patients underwent ffERG evaluation (Table 3). Eleven patients showed a
rod-cone sequence of degeneration and one patient (P7) was diagnosed with a cone-rod
dystrophy. Scotopic rod-specific B-wave was extinguished in 16 of 24 eyes and photopic
30 Hz-flicker cone response was less than or equal to one microvolt in 6 of 24 eyes. Three
of six patients with the crescent-ring phenotype in both eyes had an average 30 Hz-flicker
response greater than 5uV, compared to 0 of 5 patients with no crescent ring phenotype
evident in both eyes. Four of seven patients (57%) with crescent rings had recordable
scotopic rod-specific B waves in both eyes, compared to patients with typical or absent rings
all showing extinguished waveforms bilaterally. Two of seven patients with crescent rings
required BA contact lenses to obtain recordable waveforms compared to all patients with
either a typical or absent ring.

Genetic analysis.

Variants in £YSwere detected in all patients in the cohort (Table 1). In total, 27 unique
variants were identified of which 12 have not been reported in the Reference Sequence
(RefSeq) database (https://www.nchi.nlm.nih.gov/refseq, accessed July 2017). Pathogenicity
of each EYSvariant was assessed with predictive programs which are summarized in Table
4. The most predominant coding effect amongst the variants were frameshifts (42.2%),
followed by nonsense (23.7%) and non-coding variants (18.4%). All non-coding variants
were in canonical splice acceptor and donor sites. Most frameshift variants were caused
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by small deletions ranging from single to 20 bps, all resulting in premature STOP codons
and in several cases, the resulting mRNA is predicted to be targeted for nonsense mediated
decay. Duplications were found in two patients including a variant spanning a 7,545 bp
region of intron 28. The missense variants detected were mostly predicted deleterious

except two of three homozygous variants identified in P13: ¢.3250A>C (p.Thr1084Pro)

is of uncertain significance, and also ¢.4402G>C (p.Asp1468His) based on scores of M-CAP
(0.06), REVEL (0.33), Eigen (-0.0124), CADD (24.5) and DANN (0.994).

Approximately 71.1% of variants occurred in the conserved domains of EYS, including

12 truncating variants in the Laminin G and 15 in the epidermal growth factor (EGF)-

like domains. Nearly half (47.4%) of the variants harbored by the cohort were spatially
distributed across the Laminin G domains toward the carboxy (~COOH) end of the

protein (Fig 5). Of the 18 variants clustered within this portion of the protein, termed
LamG/C-terminal region, 11 (61%) were found in patients presenting with a crescent

ring; whereas only the ¢.5928delG (p.Arg1976Serfs*11) variant in P15 and the ¢.6794delC
(p.Pro2265GInfs*46) variant, homozygous in P12 and compound heterozygous in P14,
were associated with advanced-disease patients (no rings). An examination of the spatial
distribution of variants along the protein within each phenotypic group revealed that 69%
and 83.3% of variants in the crescent and typical ring group, respectively, cluster toward
the carboxy one-third end of the protein, while 75.0% of variants in the no ring group
cluster in the amino (-NH2) one-third end of the protein. A Fisher’s Exact contingency test
was used to assess the significance of this observation. Variants with a nucleotide position
greater than GRch37 6:65300137 (¢.5617C), which marks the beginning of the first Laminin
G domain, were classified as falling within the defined “LamG/C-terminal” end of the
protein (Fig. 5). A significant spatial association was found individually between ‘crescent’
versus ‘no ring’ phenotypes (p = 0.02), ‘typical’ versus ‘no ring’ phenotypes (p =0.02)

and collectively between ‘crescent’/’typical’ rings together versus ‘no ring’ (p = 0.004). A
statistical difference was not found between the ‘crescent’ and “typical’ ring phenotypes (p >
0.05).

Selected Case Studies

EYS-RP Masquerading as a Potential Drug Toxicity (P7).

A 65-year-old man presented by referral for an electrodiagnostics evaluation. He complained
of bilateral floaters in both eyes, more in the right, and decreased visual acuity bilaterally.
The progression was described to be slow but the patient was unable to describe the

exact duration of symptoms. Past medical history included skin melanoma that was
surgically removed four months prior and HIV infection controlled with multiple-drug
therapy that included abacavir, lamivudine, efavirenz, and tenofovir. Past ocular history and
family history were unremarkable. Referral to the Harkness Eye Institute electrophysiology
clinic was arranged to assess for inflammatory conditions, retinal drug toxicity, and cancer-
associated retinopathy. Visual acuity was best corrected to 20/50 and 20/60 in the right and
left eyes, respectively. The anterior segments were within normal limits on ocular exam
and mild nuclear sclerosis of the lens could be seen bilaterally. Intraocular pressures were
17 in the right and 18 in the left, respectively. Dilated fundus exam revealed an optic
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nerve with a healthy-appearing rim, clear vitreous, and bull’s eye maculopathy in both eyes.
No vascular attenuation or pigment migration was appreciated in the periphery. SD-OCT
revealed extensive thinning of the outer retinal laminae within the macula, with a relatively
spared foveal ellipsoid zone in both eyes. FAF imaging showed an amorphous crescent-
shaped ring that extended slightly superior and inferior to the optic disc; the rings were
symmetric between eyes. ffERG showed photopic cone responses affected to a greater extent
than scotopic responses and was non-progressive over two months, thus most consistent with
a cone-rod dystrophy. Whole exome sequencing identified two novel variants in £YSwhich
are predicted to be pathogenic; namely ¢.8111T>G (p.Leu2704*) and ¢.9317_9336del20
(p.Thr3106Lysfs*13). Family members were not available to complete segregation analyses.
The patient was recommended to maintain his current drug regimen and follow-up at regular
but infrequent intervals, as £YS-RP was the most likely diagnosis.

Delayed Diagnosis of EYS-RP in P13.

A 30-year-old woman presented by referral to the electrophysiology clinic of the Harkness
Eye Institute for evaluation of macular edema. Systemic past medical history was
unremarkable, however the patient’s past ocular history was notable for suspected uveitis
with presumed secondary macular edema for which she received an intravitreal steroid
injection from the referring ophthalmologist. This lead to subsequent steroid-induced
glaucoma requiring valve surgery. She reported night blindness since the age of 19 years
old. There was no family history of blinding disorders in her family. Vision could be

best corrected to 20/60 bilaterally. The anterior segment appeared quiet on slit lamp

exam with posterior subcapsular cataracts observed in both lenses. On dilated fundus
exam, intraretinal pigment migration could be seen in the inferior periphery and macular
changes spatially corresponding to cystoid macular edema on SD-OCT. Optic disc margins
were mildly indistinct with no disc edema. There were vitreous cells that appeared more
prevalent in the right eye. Peripheral thinning of the outer retinal layers and extensive
cystoid macular edema causing schisis of the inner retina was appreciated on SD-OCT

of both eyes. FAF imaging showed patchy areas of RPE atrophy and macular changes
spatially corresponding to CME seen on fundoscopy and SD-OCT. ffERG was performed
and showed completely extinguished maximal and rod-specific scotopic b-wave responses.
Photopic 30 Hz-flicker was less than 1V bilaterally using BA contact lens electrodes. An
inherited retinal dystrophy was suspected and next generation sequencing of DNA collected
from peripheral lymphocytes was performed for common genes known to cause inherited
retinal dystrophies. Three variants were identified in £YS, all of which were homozygous:
€.3443+1G>T, p.(?); ¢.3250A>C, p.(Thr1084Pro); ¢.4402G>C, p.(Aspl468His). All three
variants were heterozygous in the patient’s non-affected daughter and mother. Of the three,
the ¢.3443+1G>T, p.(?), variant is most likely the causal one. £YS-RP was diagnosed and
the patient was treated with acetazolamide to manage the CME which decreased after three
months of follow-up.

Discussion

Previous investigations have described £YSRP as a relatively homogenous and severe
phenotype amongst affected individuals, similar to other autosomal recessive RP
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phenotypes.”: 1415 The present cohort was seen at a single-center, and our cross-sectional
analysis strongly suggests high clinical and genetic heterogeneity amongst patients. Our
analysis suggests a relatively variable presentation, with patients exhibiting particular FAF
phenotypes that potentially relate to the location of their variants along £YS. In this

study, a spared ellipsoid zone was observed within the inner and outer borders of typical
and crescent-shaped hyperautofluoresent rings, as expected. In early RP, the peripheral

EZ is less visible and the edge of the EZ roughly approximates the visual field as the
disease progresses.39: 40 Several studies have further described EZ changes in RP and used
it as a reliable measure to monitor disease progression,*1=45 including in a longitudinal
progression study for £YS-RP.46 Future studies would be useful for assessing differences in
the visual function and progression rates of patients with and without the crescent-shaped
ring phenotype.

In two patients, panel-based and whole exome sequencing guided the clinical management.
In one case (P7), confirming the diagnosis of £YS-RP meant that medications for HIV

did not require adjustment and a non-progressive ffERG supported these recommendations.
Lack of intraretinal pigment on exam and the unusual crescent-shaped ring may have
contributed to an incomplete diagnosis. Additionally, the ffERG appeared most consistent
with a cone-rod dystrophy in conjunction with the patient’s symptoms. Interestingly, recent
data shows expression of £YSin both rods and cones, and ablation of £YS in zebrafish with
TALEN technology yields a phenotype similar to cone-rod dystrophy.?! Few other cases of
cone-rod dystrophy in £YS-patients are documented in the literature.4”: 48 In the second case
(P13), macular edema was initially ascribed to be secondary to uveitis, leading to intravitreal
steroid injection by the referring provider and a complication of subsequent glaucoma. Early
recognition of cystoid macular edema secondary to RP is important as CME may respond to
less toxic, oral or topical carbonic anhydrase inhibitors as a first-line therapy.49: 50

The phenotypic stratification proposed is further strengthened by the observation that
patients with crescent-shaped and typical rings are associated with variants in the distal
portion, or C-terminal one-third of the EY'S protein. Conversely, patients with no FAF ring,
predominantly harbor variants in the amino-terminus of the protein. Given the relatively
large size of the EY'S protein (~2Mbs), we speculate that variants near the distal portion of
the EYS protein result in less alteration of protein function, because the effect is not null,
but rather impairs EY'S binding via the affected Laminin G domains within its interactome.
In a recent study by McGuigan and colleagues, autofluorescent imaging was performed on
six £YS-RP patients,24 of which two showed preserved melanization on NIR-AF in a pattern
similar to what we describe as a crescent-shape on short-wavelength autofluorescence.
Genotype-phenotype correlations were not attempted in this study, but these two patients
had four variants all occurring at nucleotide positions greater than GRch37 6:65300137
(c.5617C), thus falling within the defined “LamG/C-terminal” end of the protein.

There are limitations to our study. Segregation analysis was performed in 5 patients.
EYSvariants were interpreted as homozygous in four of the remaining 11 patients. Low
availability of family members to confirm the phase of variants in the remaining seven
patients was a contributing factor. Additionally, ffERGs were performed with either BA
contact lenses or DTL-recording electrodes, and one patient manifested with a different ring
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subtype in each eye (P3) which hindered statistical comparison of electric responses between
groups.

Further genetic analyses are needed of larger cohorts to confirm genotype-phenotype
correlations presented in this study, as it is difficult to parse the contribution of a particular
allele to disease phenotype in small cohorts of patients harboring mostly compound
heterozygous variants. Genetic modifiers, in addition to the position of the variant within

the gene, likely explain the variability of FAF phenotype and disease severity amongst
patients. FAF imaging is useful in determining extent of disease involvement and, when used
in conjunction with other modalities, may hasten the diagnosis of £YS-RP in cases that
present atypically. Longitudinal studies and functional testing will be useful for comparing
the progression rates of patients with differing ring types on FAF imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. EYS-associated Retinitis Pigmentosa.
Digital color fundus photos of the right and left macula (top row) show attenuated arterioles,

pale discs, and sparse intraretinal pigment migration (arrows) in a patient with £YS-RP (P8).
Short wavelength FAF of both eyes (second row) reveals the typical phenotype of RP with

a circular perifoveal hyperautofluorescent ring (arrows) and peripheral RPE atrophy. Note
the ring is symmetric and round. High resolution SD-OCT imaging through the right (third
row) and left (fourth row) fovea shows characteristic peripheral thinning of the outer retinal
laminae and shortening of the ellipsoid zone line which is spared in the central macula. £YS,
eyes shut homolog; RP, retinitis pigmentosa; RPE, retinal pigment epithelium; FAF, fundus
autofluorescence.

Am J Ophthalmol. Author manuscript; available in PMC 2021 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sengillo et al.

Page 14

Figure 2. Heterogeneous phenotype of EYS-RP on FAF.
Short wavelength FAF imaging of each patient (30 degree field). Seven patients (P1-7)

had atypical, larger crescent-shaped FAF rings. £YS, eyes shut homolog; RP, retinitis
pigmentosa; FAF, fundus autofluorescence.
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Figure 3. Wide-field FAF imaging of an unusual EYS-RP phenotype with FAF ring boundaries
appearing crescent-like.

Short wavelength FAF imaging of the right and left eyes of each patient exhibiting
an atypical FAF ring phenotype (55 degree field). Note the varying levels of macular
involvement amongst patients and the asymmetric presentation of P3. £YS, eyes shut
homolog; RP, retinitis pigmentosa; FAF, fundus autofluorescence.
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SW-AF En face OCT

Crescent Ring

Typical Ring

No Ring

Figure 4. En face OCT of EYS-RP patients.
Short wavelength FAF images (first column) aligned with retinal thickness heat maps

(second column) and en face OCT at the level of the 1S/OS junction (third column) in £YS
RP. £YS patients with a larger ring exhibited a smaller area of thinned retina and EZ loss.
Preserved retinal thickness and spared EZ spatially corresponded to the shape of the ring. In
patients with no ring (P13 and P16), retinal thickness corresponded most to the nerve fiber
layer and greater EZ loss was noted. £YS, eyes shut homolog; RP, retinitis pigmentosa; FAF,
fundus autofluorescence; I1S/OS, inner segment/outer segment; EZ, ellipsoid zone.
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Figure 5. Schematic representation of EYS protein domains and the distribution of variants with
respect to FAF phenotype.
Variants identified in the coding region are listed in red with the putative position of non-

coding variants listed in black and indicated by black dotted lines. Patients in the crescent
and typical ring groups harbored variants which clustered predominantly in the Laminin G
domains toward the carboxy (~COOH) end of the protein. Patients that exhibited advanced
disease (no ring) harbored variants which clustered predominantly in the amino (-NH,)
end of the protein amongst the epidermal growth factor (EGF) domains. £YS, eyes shut
homolog; FAF, fundus autofluorescence.
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Age, gender, and identified £YS variants for all patients included in this cross-sectional study.

Table 1.

Genotype of EYS Patients.

ID Age Gender Genotype

P1 58 M EYS ¢.9383_9387delAATTA (p.Lys3128Serfs*5)
€.6571+5G>A (p.?)

Pz 46 M EYs c.8012T>A(p.Leu2671*)7
€.6416G>A (p.Cys2139Tyr) 7
€.1641_1644delTCAG (p.Ser547Argfs*62)

P3 66 M EYS ¢.1155T>A (p.Cys385*) homozygous
€.8648_8655del CATGCAGA (p.Thr2883Lysfs*4)

P4 33 F EYS ¢.3555C>G (p.Cys1185Trp)
€.8111T>G (p.Leu2704%)

P5 83 M EYS ¢.9286_9295delGTAAATATCG (p.Val3096Leufs*28) homozygous

P6 44 M EYS ¢.8413dupA (p.Thr2805Asnfs)
€.3443+1G>T (p.?)

P7 65 M EYS c.8111T>G (p.Leu2704%)
€.9317_9336del20 (p.Thr3106Lysfs*13)

P8 37 M EYS ¢.1961dupA (p.Asn654Lysfs*5)
€.5645-1197-c.5927+3169

P9 61 F EYS c.6714delT (p.lle2239Serfs*17)
€.9299_9302delCTCA (p.Thr3100Lysfs*26)

PIO 28 M EYS ¢.7578+1G>A (p.?) homozygous

P11 58 M EYS .1645G>T (p.Glu549+)
€.2992+1G>A (p.?)

P12 54 M EYS ¢.6794delC (p.Pro2265GInfs*46) homozygous

P13 30 F EYS ¢.3443+1G>T (p.?) homozygous
€.3250A>C (p.Thr1084Pro) homozygous
¢.4402G>C (p.Asp1468His) homozygous

P14 45 F EYS ¢.963_979delAAAAGGATCTTCCAGCC (p.Pro321Profs)
€.6794delC (p.Pro2265GInfs*46)

P15 70 M EYS ¢.1308C>A (p.Cys436%)
€.5928delG (p.Arg1976Serfs*11)

P16 30 M EYS ¢.4120C>T (p.Arg1374*) homozygous

Footnote:

r. .

,incis
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Table 2.
Clinical Characteristics.

Patient demographics and ocular exam findings for 16 £YS-RP patients.

Age at Visual Acuity . .

ID | Age | Sex Diagnosis (OD, 0S) Refraction (OD/OS) | Lens (OD/OS) | Pigment | CME
+2.75,-1.50 x 86 N

PL | 58 | m 50 20/70, 20/60 e ooty / + +
-150,-1.75 x 175 N ~ ~

P2 | 46 | ™ 4% 20120, 20/25 098 5 oo /

P3 [ 66 | ™ 65 20/20, 20/800 NR PCIOL OU + -
-3.75,-1.50 x 11 N ~

Crescentring | P4 | 3 | F 31 20/20, 20/20 R s / +

ps | 83 | m 65 20/100, 20/80 o a0 15 | acioLou + -

P6 | 44 | m NR 20125, 20000 | 1123 7015 %80 NSC/- + -

P7 | 65 | m 65 20/50, 20/60 T30 L0 NSC OU - -

pg | 37 | m 30 20/20, 20/20 LT PSC/PSC + -

TypicalRing [ pg [ g1 | F NR 20/50, 20/25 NR PCIOL OU + +

po | 28 [ m 27 20120, 20/25 NR PSC/- + -

P11 | 58 [ M 45 2020,20125 | (525 70-18%380 1 peioL ou + -

P2 | 54 [ m 28 20/LP, 20/LP NR PCIOL OU + -

-3.00, -
P3| 30 | F 30 20/60, 20/60 o300, PSC/PSC + +
No Ring 3.75,-0.25 75

pa | 45 | F 2 20/70, 20/80 his L0081 NSC/NSC + -

ps [ 70 [ m NR 20/70, 20/150 NR PCIOL OU + -

p6 | 30 [ m 10 20/25, 20/20 NR PSC/PSC + -

Footnotes: BCVA, best-corrected visual acuity; OD, right eye; OS, left eye; CME, cystoid macular edema; AR, not recorded; PCIOL, posterior
chamber intraocular lens; ACIOL, anterior chamber intraocular lens; PSC, posterior subcapsular cataract; NSC, nuclear sclerotic cataract.
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Table 3.

Full-field electroretinography of EYS-RP patients.

Page 20

Full-field electroretinogram 30 Hz-flicker and scotopic rod-specific B-wave amplitudes for 16 £YSRP

patients.

Scotopic Rod-specific B-wave

Scotopic Rod-specific B-wave

ID | 30Hz-flicker OD (uv) | 30Hz-flicker OS (uv) oD (u) 0S (uv)
P1 4.4 5.14 10.0 16.8
P2 18.6 16.44 42.3 53.7
P3 2.202% 10302 ext. ext.

CrescentRing | P4 29,17 31.54 54.7 67.8
P5 5.0% 4.9% ext. ext.
P6 1.0%2 4.3 ext. ext.
P7 30.6 34.0% 86.3 109.7
P8 0.8% 1.5% ext. ext.

Typical Ring | P9 0.6%2 0.9%2 ext ext
P10 5.0% 3.8% ext, ext.
P11 - - - -
P12 - - - -

_ P13 0.5% 0.462 ext. ext.
No Ring

P14 - - - -
P15 - - - -
P16 1.402 1.5% ext. ext.

Footnotes: ba’ Burian-Allen contact lens; dﬂ, Dawson, Trick, and Litzkow (DTL) electrodes;

*

, Crescent ring in OD and typical ring in OS; ext, extinguished; --, not performed.
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