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Abstracf

Purpose: To describe the detailed phenotype, long-term @dincourse, clinical variability,
and genotype of patients with Enhanced S-Cone Symel(ESCS).

Design: Retrospective case series.

Participants: Fifty-six patients with ESCS.

Methods. Clinical history, examination, imaging and electmgpiological findings of 56
patients (age range 1 — 75 years) diagnosed witiSE®@ere reviewed. Diagnosis was
established by molecular confirmation of diseasgstegy variants in thBIR2E3 gene (n = 38)
or by diagnostic full-field electroretinography (BRfindings (n = 18).

Main outcome measures. Age at onset of visual symptoms, best-correctedaliscuity
(BCVA), quantitative age-related electrophysiol@jidecline and imaging findings.

Results. The mean age at onset of visual symptoms was 4afsyand median age at
presentation was 20.5 years, with the mean follpwrterval being 6.1 years. Six patients
were assessed once. Disease-causing varialNBRI&3 were identified in 38 patients. The
mean logMAR BCVA of the better-seeing eye was (a8baseline and 0.39 at follow-up.
BCVA remained stable in the majority of eyes (76%/100), with a mean BCVA change of
0.07 logMAR during follow-up. Nyctalopia was thensmonest initial symptom, reported in
92.9% (52/56) of patients. Clinical findings wernghly variable, and included foveomacular
schisis (41.1%, 26/56), yellow/white dots (57.192/58), nummular pigmentation (85.7%,
48/56), torpedo-like lesions (10.7%, 6/56) and wméerential subretinal fibrosis (7.1%,
4/56). Macular and peripheral patterns of autofisoence were classified as (i) minimal
change, (i) hypoautofluorescent (mild diffuse; racate speckled; moderate diffuse;
advanced), or (iii) hyperautofluorescent flecks. eOpatient had undetectable ERGs;
guantification of the main ERG components in afiestpatients revealed amplitude and peak

time variability, but with pathognomonic ERG featsr The main ERG components showed
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evidence of age-related worsening over 6.7 decadesrate indistinguishable from that seen
in unaffected control subjects. Eighteen sequenagants in NR2E3 were identified,
including four novel missense changes.

Conclusions ESCS has a highly variable phenotype with relatli@ical and imaging
stability over time. The ERGs have pathognomoniatuiees in most, but quantitative
assessment reveals variability and a normal mdanofaage-related decline, consistent with

largely non-progressive peripheral retinal dysfiorct
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Introduction

Enhanced S-Cone Syndrome (ESCS) (OMIM 268100) isaatmsomal-recessive retinal
dystrophy caused by disease-causing variants imeauceceptor subfamily 2, group E,
member 3 NR2E3), a member of the nuclear hormone receptor supdifaof ligand-
modulated transcription factors; also known as pieateptor-specific nuclear receptor (PNR;
OMIM 604485)'* Goldmann-Favre Syndrome has also been shown ¢aused by biallelic
variants inNR2E3, rendering distinction between the two entitieduredant™® Similarly,
recessive variants iNR2E3 have been described in cases of clumped pigmemnédinyal
degeneratiofi.A single missensBIR2E3 variant (p.G56R) has also been linked to autosomal
dominant retinitis pigmentosa (OMIM 611134)*

NR2E3 was first identified by its homology tdR2E1, which acts on cell-fate determination
in Drosophila and encodes an orphan receptor of the steroidithymormone receptor
superfamily of ligand-activated transcription fasttf’ **In the eye NR2E3 regulates the fate
of retinal progenitor cells during retinogene$i§’ The different cell subtypes in the
vertebrate retina derive from a common populatibormaltipotent progenitors® *° Cone
primordial cells arise earlier than rod céfis’ Cellular interactions between cones dictate the
ensuing spatial rearrangement, opsin expressiahratio of photoreceptor subtypes in the
mature retina. Disease-causing variantiNRRE3, expressed in late retinal progenitors and
differentiating photoreceptors in the outer nucleger of the retina, disrupt the determination
of photoreceptor cell-fate, affecting the normaiaand topographical distribution of the
different photoreceptor subtypes in the maturenaéti > S-cones are expressed earlier than
M (medium wavelength)- and L (long wavelength)- egrhotoreceptors and are therefore
regarded as the default primordial cone cgll8s a result, in the absence MR2E3, rods
develop into non-functional hybrid photoreceptonsd aL- and M-cone expression is

suppressed with a concomitant over-expression adsiral S-cone®.'> 1620232
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The unique photoreceptor arrangement in patiemsonag NR2E3 variantsis responsible for
the increased sensitivity to blue lighend is often reflected by pathognomonic full-field
electroretinography (ERG) responses. The dark-adag@DA) rod-specific dim flash
(DA0.01) ERG is typically undetectable; althoughedtable responses have been reported in
mild ESCS, which has been suggested to stem framstitnal dimerization ofNR2E3
mediated by ligand-binding domain variaft$® Responses in the retina are dominated by
short-wavelength-sensitive mechanisms, leading sordar simplified and severely delayed
waveform under DA and light-adapted (LA) conditipmsth a severely abnormal LA30Hz
flicker ERG?" 393390 ghort-wavelength-specific stimulation may elicithgh amplitude
response when compared to those of normal submmtsjstent with the increased number of
S-cone photoreceptofs.

Previously reported symptoms of patients with ES68ude nyctalopia, variable visual
acuity loss and constricted field of visidt> The clinical signs encompass a combination of
yellow/white dots, nummular pigmentation at theelewof the retinal pigment epithelium
(RPE), especially along the temporal vascular asadnd variable degrees of foveomacular
schisis®™ 3% 3*%°0Other signs include torpedo-like retinal lesiooygstoid macular edema and
circumferential subretinal fibrosis, the latter dight to occur secondary to choroidal
neovascularizatioff- *? Although clinical and electroretinographic chaedistics are well-
recognised, published analyses are often quaktand there is a lack of data relating to the
natural history of the disorder.

The purpose of the present study was to retroymdgti review clinical and
electrophysiological data of a large cohort of @atis diagnosed with ESCS to better define
variability of the phenotype, long-term visual cutwe, severity and stability of retinal

dysfunction, and the nature NR2E3 disease-causing variants.
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Patients and methods

A cohort of 56 patients with a clinical diagnostsE5CS were ascertained at Moorfields Eye
Hospital (n = 45) and at the Expertise Center feraditary Retinal Diseases of Amsterdam
University Medical Centers/Leiden University Medi€enter (n = 11), with a mean follow-
up time of 6.1 years (range 0 — 34 years). Allgras were first diagnosed between 1984 and
2018, with the latest examination performed in 20A%aseline ERG was performed in 31
patients and repeated in 3 patients. The coholttided 3 cases of pseudo-dominance with
consanguineous parents, and 5 sibships (4 sibairg, sibling pair with an affected parent,
and 2 pairs of 1 affected parent and 1 affecteldi)chiViolecular confirmation of the diagnosis
was established in 43 patients, and 24 of theserwoht baseline ERGs. The diagnosis was
established on pathognomonic ERG responses andofypeal retinal changes in the
remaining 13 patients. The protocol of the studigesdd to the tenets of the Declaration of
Helsinki and was approved by the Ethics Committealbinvolved institutions. Thirteen
cases were described previously but without detaH®G quantification and longitudinal

data33, 43, 44

Clinical Assessment

Fifty-six patients were ascertained. Six patienesevassessed on a single occasion, and all
others on at least 2 occasions. In the latter grth initial and last visits were taken as
baseline and follow-up examinations, respectivélgllow-up time was determined by the
interval between age at baseline and age at thst fallow-up examination.

Color contrast sensitivity was assessed in 12 ipatialong tritan, protan and deutan axes
using the “ChromaTest”, involving the use of cotbi@ptotypes presented on a randomized
luminance noise backgroufid.*® In all patients, a medical history was obtained an

comprehensive ophthalmologic examination performbath included best-corrected Snellen
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visual acuity converted to equivalent logarithmnahimal angle of resolution (logMAR) for
the purpose of data analy§isRetinal fundus photographs were obtained by cativesl 35°
fundus color photographs (Topcon Europe Medical B¥gpelle aan den IJssel, the
Netherlands) or wide-field confocal scanning laseaging (Optos PLC, Dunfermline, UK).
Spectral-domain optical coherence tomography (SO-OCHeidelberg Engineering,
Heidelberg, Germany) macular scans were performedl patients.

The patterns of macular and peripheral fundus adadscence (FAF) were assessed in 49
pairs of eyes. Macular FAF images were obtainechgush confocal scanning laser
ophthalmoscope with blue light excitatory beam ($qadis, Heidelberg Engineering). When
available, peripheral FAF was analyzed with widdefi Optos imaging with green light
excitatory beam. Specific macular and peripheraF F#atterns were classified as: (i) no
change; (ii) hypoautofluorescence - minimal chapagern, mild diffuse, moderate speckled,
moderate diffuse (mid-peripheral half-ring or rigg5000um widest diameter), moderate
diffuse > 5000um hypoautofluorescence, nummulatcfpy); and (iii) hyperautofluorescent

flecks.

Electrophysiology

A total of 32 patients underwent electrophysiolafji@ssessment at Moorfields Eye Hospital
(age range 6 — 73 years at the time of testingg. dlactrophysiological assessment included
full-field ERG and pattern electroretinography (RERincorporating the minimum standards
of the International Society for Clinical Electromiivlogy of Vision (ISCEV}® “° and
recorded using gold foil corneal electrodéglditionally, 28 patients underwent short-
wavelength flash ERG (S-cone ERG)obtained using a blue stimulus (445 nm, 80 égd/m
stimulus duration 5 ms) on a constant orange backgt (620 nm, 560 cdfn*® S-cone ERG

peak times were measured to the second or singiévgopeak; amplitudes were measured

8
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from baseline to the single or second positive Peak if an early negative trough was

present, as a trough to peak amplitude to betimackerize the magnitude of responses.

The patient data were compared with the controlrnf@ative) electrophysiological data

obtained from 160 healthy subjects (age range 1I1® -years) which included validated

recordings for DA0.01 (n =117), DA 10.0 (n = 1444 3.0 30 Hz (n = 131), and the LA 3.0

(single flash cone) ERG (n = 109).

The amplitude and peak time ratios between the LAERG a-wave and LA 30 Hz were

calculated for each patient and these and othen BRIG components compared with age
and the control data.

A total of 3 patients seen at the Amsterdam Unitieidedical Centers underwent baseline
electrophysiological assessment. Electrophysioldgdata concerning these patients were
excluded from analysis, given that flash ERGs wpegformed according to older or

abbreviated protocols using silver thread elecspdprecluding comprehensive ERG

phenotyping and direct comparison with ISCEV-stadaacordings.

Genetic screening

Patients were screened for disease-causing vatgntsrect sequencing of all 8 exons and
intron-exon boundaries oNRZ2E3. Subsequently, available relatives also underwent
sequencing. Genomic DNA was isolated from perighbtaod lymphocytes using a kit
(Gentra Puregene blood extraction kit; Qiagen). DMAs amplified using specifically
designed primers by polymerase chain reaction tla@gholymerase chain reaction fragments
were sequenced using standard protocols (detalsaailable from the author on request).
The likely pathogenicity of novel missense variamias assessed using the predictive
algorithms of InterVar [according to the guidelinleg the American College of Medical

Genetics and Genomics (ACMG) and the AssociationMolecular Pathology (AMP) for
9
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interpretation of causality of sequence variant§p:#wintervar.wglab.org], PROVEAN
(Protein Variation Effect Analyzer (http:/provepni.org/index.php)¥>* and PolyPhen-2
(http://genetics.bwh.harvard.edu/ppR2)Information regarding the domain structure of
NR2E3 was retrieved using UniProtKB - Q9Y5X4 (NR2ER®IMAN). To predict the
consequences of the ligand-binding domain missengations in the &limensional space,
we analyzed the crystal structure of apo NR2Elighinding domain with pdb code 4LOG,

retrieved from the SWISS-MODEL servér®

Statistical Analysis

The mean, standard error of mean, median, standewcition and range were used as
appropriate. Best-corrected visual acuities (BCWAre ascertained and converted to
logarithm of the minimum angle of resolution (logiRAscale for statistical analysisMean
BCVA change over follow-up was calculated per eagh, right and left, using the related
samples Wilcoxon signed rank test wRh< 0.05 deemed clinically significant. Variability
between BCVA in the right and left eye recordingdaseline and follow-up was assessed
using the paired samples Wilcoxon signed rank testh P < 0.05 deemed clinically
significant. Age was correlated with BCVA at baseliand follow-up applying a Spearman
correlation model withP < 0.05 deemed clinically significant. The relasbip between
visual acuity and electrophysiological responses assessed by multiple linear regression
analysis andP < 0.05 was considered statistically significargaion correlation coefficients
were calculated to compare the PERG P50 measiuneaaular function with central visual
acuity and age. Photopic ERG a-wave / 30Hz flickdios were compared with unpaired
Mann Whitney t-test. Statistical analyses were qreréd using IBM SPSS ver. 25.0 (IBM
Corp., Armonk, NY, USA) and GraphPad Prism 8 (GPRgd Software, San Diego, CA,

USA).
10
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Results

Clinical Findings

Fifty-six patients including 33 female (59%) and Bfle (41%) were included. Thirty
patients had European ethnic origin (54%), 20 haddM Eastern ethnic origin (36%), 4 had
South Asian ethnic origin (7%) and 2 had Black atharigin (3%). Nyctalopia was reported
as the first symptom in 52 patients (93%), withaathout reduced central visual acuity. The
remaining 4 patients described reduced centraltyaauithout nyctalopia as their initial
symptom. At presentation, a manifest squint waeesl in 9 patients and nystagmus was
recorded in 3 patients. Refractive assessment waducted in 21 patients; hyperopia in 12
(57.1%), myopia in 6 (28.5%) and plano in 3 (14.2@)lor contrast sensitivity was tested in
9 patients; 6 patients had relative sparing ofttiten axis and moderately elevated protan and
deutan thresholds, 1 patient had non-specific dgseatopsia, and 2 had normal results.

The median age at onset of visual symptoms wagetts (range, 0 — 27 years). The median
age of presentation to the eye clinic (baseline) falow-up were 20.5 years (range, 1 — 75
years) and 33.0 years (range, 2 — 81 years), riegplgc The mean follow-up interval was 6.1
years (range, 0 — 34 years). Six patients weresasdeonce. Twenty-eight patients (50%)
presented before 21 years of age. Thirteen pateatented after 50 years of age (23%).

The mean logMAR BCVA of the better-seeing eye aeliae and at follow-up were 0.32
[standard error of mean (SEM) 0.045; range, 0.07#4]1and 0.39 (SEM 0.054; range, 0.0 —
1.60), respectively (Table 1). No clinically sigodnt difference was found between BCVA
in the right and left eyesP(= 0.14 for baseline BCVAP = 0.22 for follow-up BCVA).
Overall, mean logMAR BCVA change was 0.01 logMARE[% 0.05), although this included
cases with short follow-up time (< 6 years). In greup with extended follow-up time 6

years, n = 21) mean logMAR BCVA change was 0.12MSEQ9, Figure 1). A score of

11
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BCVA severity was attributed for each eye and peegion over time was assessed for each
eye separately. Severity was graded as very nugMAR BCVA <0.1, n =7, 12.5%), mild
(£0.3, n =21, 37.5%), moderate .6, n = 12, 21.4%), severe {, n = 11, 19.6%) and very
severe (> 1.0, n=5, 9%). No progression was olskirv 79 of 100 eyes. Ten eyes progressed
from very mild and mild severity scores to moders¢eerity (10%). Five eyes progressed
from mild and moderate severity scores to seve¥g),(and six eyes progressed from severe
to very severe (6%). Poor visual acuity (logMar BEY 0.6) was observed in 16 patients at
baseline (28.5%, median age 29.0 years, range,— 65 years) and in 18 patients at last
follow-up (36%). In two patients, BCVA loss in oege could be directly attributed to other
significant ophthalmic events, namely retinal detaent and dense amblyopia. In five other
patients, BCVA loss could be partly ascribed toaorent ophthalmic pathology. In one
patient with undetectable cone and rod ERG respgorm#ic disc pallor was observed at
initial presentation. The patient was assessed dayorophthalmology and no underlying
neuro-ophthalmic aetiology was found for the optieuropathy. In 6 patients with
documented BCVA worsening over time, no other watesl significant ophthalmic events
were reported. The majority of patients (13/18)waevere visual outcomes had moderate to
advanced foveomacular schisis with accompanyingnsuing macular atrophy in 8 patients.
Three patients presented with advanced maculaplatrat initial visit. Cystoid macular
edema was confirmed on fluorescein angiographyne patient, and diagnosed based on
structural OCT appearance in three other patiertis severe visual outcomes. Treatment
with oral carbonic anhydrase inhibitors was atteadpin 4 patients, with a positive
anatomical response attained in two patients, tallagh no visual improvement noted post-
treatment. One patient was diagnosed with condamystagmus at birth, with delayed visual

development that might have contributed to pooualioutcome. There was no significant

12
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correlation between PERG responses and clinicarggvClinical findings are summarized

in Tables 1, 2 and 3.

Clinical and Fundus Autofluor escence Features

Clinical notes, imaging data and color fundus pgphs were reviewed in all patients.

In most cases, yellow-white dots and/or nummulagmantation were observed, located
within the vascular arcades in 16 patients (28.62Y in the mid-peripheral retina, outside
the vascular arcades in 49 patients (87.5%, FiggheE). Nummular pigmentation,
characterized by deep round-shaped pigmentatitredevel of the RPE, was usually located
in the mid-peripheral retina, along the vasculaades and often associated with RPE atrophy
and end-stage hypoautofluorescence (Figure 4J%. Wwas the most common clinical finding,
present in 48 patients (85.7%), followed by yellawite dots which were seen in 32 patients
(57.1%). The combined presence of nummular pignientavith yellow dots was observed
in 26 patients (46.4%). Two patients developed gledhand nummular pigmentary changes
in an area of the mid-peripheral retina with yeHathite dots (Figure 2K, L).

Other clinical findings included vitreous opaciti€xl.4%), peripheral torpedo-like lesions
(10.7%, Figure 2F), circumferential subretinal @bis (7.1%, Figure 2G), optic disc pallor
(5.4%), and recurring vitreous hemorrhages secgndgore-retinal neovascularization in one
patient (1.8%, Figure 2I). Color fundus photographd optical coherence tomography scans
of a representative group of patients depict trevabmentioned clinical features in Figures 2
and 3.

Foveomacular schisis was identified in 23 of 56iguas (41%, Figure 3B and 3C). Two
patients developed giant foveomacular schisis (€ig®D), which evolved into advanced
macular atrophy in one eye (Figure 3F and 4E) lliother patients, OCT appearances were

relatively stable. The schitic cavities were locatd the level of the inner nuclear layer,

13
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characterized by a round shape, and in the outeleaulayer (ONL) where they appeared
elongated in a stellate-like configuration (Fig®€). A total of 16 patients (28.6%,) were
diagnosed with presumed cystoid macular edema (CliSed on structural appearance on
SD-OCT. Four cases were treated with oral carbaniydrase inhibitors. Resolution of CME
was attained in two patients, albeit with no visgain, including in the single patient where,
prior to treatment, leakage had been demonstratéidiarescein angiography.

The majority of patients (55%) presented with miairautofluorescent changes at the level of
the macula (minimal change pattern), combined \thin presence of hyperautofluorescent
flecks in some cases. End-stage macular atrophyh gécondary severe macular
hypoautofluorescence was observed in one patiedt thns was preceded by giant
foveomacular schisis. The hyperautofluorescentkflecorrelated with the presence of
yellow/white dots (Figure 4K and 4L). In the pemphl retina, moderate decrease in
autofluorescence was observed in the majority diepts (31.7%), usually combined with
patchy severe hypoautofluorescence, the latteresponding to the presence of nummular
pigmentary deposition. A strong half-ring of proncad hyperautofluorescence along the
temporal macular rim was observed in all cases eptegy with peripheral half-ring
hypoautofluorescencdn 5 patients, the peripheral FAF pattern proggdsfom moderate
decrease in autofluorescence to patchy decreasautofluorescence, with documented
progression of pigmentary changes. Clinical FAFtggas are shown in Figure 4 and
summarized in Supplemental Table 1 (available gishtwww.ophthalmologyretina.org),

where the mean BCVA is presented in relation topiugern of macular FAF.

Electrophysiological Findings
The PERG P50 component (Supplemental Figure 1, lablai at

https://www.ophthalmologyretina.org) was undetelggln = 11), delayed and reduced (n =

14
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11), delayed and of normal amplitude (n = 3; serifé 5 for an example) or normal (n = 3).
The threshold values for the PERG P50 minimum dog/maximum peak time are
presented in Supplemental Table 2 (available ashitivww.ophthalmologyretina.org). There
was no correlation between the PERG P50 amplitandevesual acuity in right ( r= -0.2®, =
0.277; n = 31) or left eyes (r = -0.1B,= 0.326; n = 31). There was significant negative
correlation between age and PERG P50 amplitudedbt (r = 0.65,P < 0.05; n = 36) and
left eyes (r = 0.6P < 0.05) and positive correlation between age &l peak time for right
(r=0.6;P <0.05; n =23) and left eyes (r = 0.55< 0.05).

The full-field ERG waveforms were undetectable ire gatient with a genetically confirmed
diagnosis. All other individuals that underwent BGstandard testing (n = 31) had
pathognomonic ERG abnormalities, as described bdtgpical recordings are shown in
Figure 5). The DA3.0, DA10.0 and LA3.0 ERGs hadimilar simplified and delayed
waveform shape. The ranges of full-field ERG comgranamplitudes and peak times are
compared with those in a control group in Figurean@l 7. The rod-specific (DA0.01) ERG
was undetectable in all but one patient (age l4syeaith a detectable but subnormal
response (reduction 58% compared with the meathécontrol group). The DA10.0 ERG a-
and b-wave mean amplitudes were reduced by 52%3¥drespectively and mean a- and b-
wave peak times were 16 ms and 14 ms longer regplgctompared with those for the
control group (Figure 6).

The LA 30Hz ERG and LA3.0 ERG a- and b-wave amgbétiwere on average 93%, 28%
and 69% lower respectively and mean peak times 4,48rms and 20 ms greater respectively
compared with mean values for the control grougyfé 7). The LA30Hz flicker ERG was
smaller than the LA3.0 ERG a-wave in the majonity=(48 eyes of 27 subjects) and of equal
amplitude to the LA3.0 ERG a-wave in others (n ey@s of 7 subjects) including the 4 eyes

with the smallest detectable responses. The meaiitade ratio between the LA3.0 ERG a-
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wave and LA30Hz ERG was 1.86 f130; 44.53% coefficient of variation, SD = 0.9g#iie

8) in the ESCS cohort and 0.37 (n = 111, 24.38%ficeent of variation, SD = 0.09) in the
healthy controls. The peak time ratio between tA8.0 ERG a-wave and LA30Hz ERG was
0.55 (n = 30, 14.02 % coefficient of variation, S[M.08, Figure 8) in the ESCS cohdpt £
0.0001) and 1.85 (n =42, 5.0 % coefficient of &aon, SD = 0.09) in the healthy controls.
The mean S-cone ERG amplitude in the ESCS patwsmsgreater (mean 81 puV, median 54
MV, n =28, mean age 27 years) than in the cogtaalp (mean 43.35 puV, median 43 uV, n =
51, mean age 29 years, Figure 9A) and peak times s&verely delayed (mean peak time
difference (ESCS - control) = 28.3 ms, Figure 98)one ERGs in ESCS were largest in
some of the children and young adults but there m@ssignificant correlation between
amplitude or peak time and agé & 0.06 and ¥ = 0.001 respectively > 0.05, Figures
9A,9B). In ESCS there was significant correlati@iveen the S-cone ERG and LA3 ERG b-
wave amplitudes t= 0.56,P < 0.001) and peak times & 0.34,P < 0.05, Figures 9C, 9D).
Plots of the major ISCEV-standard ERG componentlidmties and peak times against age
are shown in Figures 6 and 7 . There was evideheg®related ERG reduction in the DA
and LA ERGs at a rate that was indistinguishaldenfthat seen in healthy subjects, over 6.7
decades (LA3.0 ERG a-wavé,=0.22,P = 0.006; LA3.0 ERG b-wave’ E 0.22,P = 0.007;
DA10 a-wave, 7= 0.17,P = 0.02 and DA10 b-wave? F 0.16,P = 0.03). The peak times of
the major ERG components in ESCS showed high gtalwith increasing age, as in the
control group.

The patient with compound heterozygous changeBIRAE3 (c.119-2A>C and the novel
p.L303P) had a particularly severe clinical phepetyvith early onset of visual symptoms,
severely reduced visual acuity (1.0 logMAR), segsoystagmus and giant foveomacular
schisis which evolved into end-stage macular ayof@upplemental Figure 2, available at

https://www.ophthalmologyretina.org). His ERGs, fpaned at the age of 53, differed from
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all other patients, characterized by undetectabfe ddd LA ERGs and an undetectable
PERG.

Five individuals underwent follow-up ERG testingeafintervals of 4, 6, 9, 10 and 17 years.
The mean annual rate of ERG reduction (averagesleaet eyes) for DA10 ERG a- and b-
wave amplitudes was 1.6% (range 0-6.0 %) and 3ra%gé 0-6.2 %) respectively; for LA3

ERG a- and b-wave amplitudes the mean rate of tesuwas 3.4% (range 2.0-4.7 %) and

1.3% (range 0-2.0 %) respectively.

Molecular Genetics

Forty-one out of 56 patients underwent screeninghef nine coding exons dR2ES.
Disease-causing variants were identified in 41 extbj Twenty-four subjects were
homozygous and 17 had compound heterozygous varigighteen sequence variants were
identified, including four novel missense variafpsF71L, p.R247W, p.L303P, p.R309Q)
(Table 4). The other reported variants encompasgedsplice acceptor variants in intron 1
(c.119-2A>C? and ¢.119-3C>8), ten missense mutations (p.R786@.C83Y°, p.A1020",
p.R104W?, p.G216S, p.R1048) p.R311Q° p.A256E, p.V342AY p.L371WY), one
frameshift mutation (p.P399Qfs*} and a 9-bp deletion leading to deletion of 3 avacid
residues (p.C67_G69d8).

The p.G216S substitution (c.646G>A; exon 5) wasfbas a homozygous change in one
patient. This variant, predicted to be benignai®rin gnomAD, but the amino acid change is
not predicted to be damaging by any of the in @ilicols utilised. This, however, may be
irrelevant to causality. The variant introducesexionic splice acceptor site: TGCGGCC >
tgcagCC (human splice finder [HSF] score: 91.23ptine score 0.97) into exon 5 which is
likely to lead to an out of frame deletion of the73bp of exon 5 and thus may represent a

loss of function allele. Without mMRNA analysis elevant patient tissue, it is not possible to
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determine if this predicted splice altering effescindeed occurring in vivo or if any normally
spliced transcript would escape and produce funatiprotein but we are of the opinion that
the case for causality is sufficient for this raegiant.

Four novel disease-causing variants were identifléese are likely to be pathogenic given
that all are located within highly conserved dorsamnitical to protein function, and all are
rare or absent from control datasets. The p.F7bstgution (c.211T>C; exon 2) was found
as a heterozygous change in one patient. The pWR&tibstitution (c.739C>T; exon 5) was
found as a heterozygous change in one patientpTI8)3P substitution (c.908T>C; exon 5)
was found as a heterozygous change in one pafieetp.R309Q substitution (c.926G>A;
exon 6) was found in a homozygous state in twoctdte siblings. The Phe71, Arg247,
Leu309 and Arg309 are highly conserved across NRBHEBologues. NR2E3 has the
evolutionarily conserved modular structure of naclesceptors, namely a highly conserved
DNA-binding domain that specifically binds to consas binding sites located in promoters
of target genes, and a ligand-binding donfaif® ®2Three of the afore-mentioned novel
mutations, p.R247W, p.L303P and p.R309Q, are lddat¢he evolutionary-conservéidand
binding domain ofNR2E3, in helices 4 and 7, causing a rearrangement efbtilky side
chains and loss of some hydrogen bonds, suggestieguction of protein stability (Figure
10). The p.F71L is located in the evolutionary-amedDNA binding domain oNR2E3.>*

%3 Definite confirmation of the pathogenicity of tfeur novel variants remains dependent on
functional studies that would assess the effectthe$e sequence variants with regards to
NR2E3 stability, targeting, and ability to interact resibly and effectively with DNA or

ligands.

Discussion
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This study describes the largest cohort of patidi#ggnosed with ESCS. We characterize the
clinical variability, and describe molecular chdeaistics, including four novel variants in
NR2E3. Detailed quantification of the electrophysiolaicfindings characterizes the
phenotypic variability of pathognomonic ERG featuand assesses the relative stability of
macular and retinal dysfunction over 6 decadestinat to possible future interventional
studies.

ESCS is characterized by early onset of visual $gmp. In this cohort, all but two patients
experienced symptoms in the first two decades fef hith the majority presenting in
childhood. Nyctalopia, with or without reduced aaht/isual acuity, was the most frequently
described initial complaint. Hyperopia with a véte degree of astigmatism was the most
common refractive error, in accordance with otlegorts> 3

Sparing along the tritan axis was demonstratedxirpatients that underwent color contrast
sensitivity testing, suggesting preservation ofrsh@velength discrimination. This is also
consistent with the high amplitude S-cone ERGs seemany individuals and with high
correlation between S-cone ERGs and LA3 ERGs, likedving identical S-cone-opsin-
mediated origins.

Visual function was highly variable amongst patentanging from normal to severely
reduced (2.0 logMAR). It is noteworthy that in mgsttients, BCVA remained relatively
stable throughout follow-up with no clinical progsson observed in 79 of 100 eyes. The
slight deterioration in BCVA with increasing age yrtze ascribed to the expected age-related
decline in the general population. In two casesyrposual outcome was related to non-
dystrophic significant ophthalmic events (retingtathment and dense amblyopia). Poorer
visual outcomes were associated with the presericenaderate to advanced (giant)
foveomacular schisis, but no other association fwasd, neither with age at onset of visual

symptoms, nor with genotype or electrophysiologresbonses. There was also a high degree
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of interocular symmetry, which could enable the wafethe contralateral eye as a valid
untreated control in future therapeutic trials iniet one eye received treatment.

In the family demonstrating a pseudo-dominance epatt clinical severity was highly
variable. While the father was found to have sdyerexuced BCVA in both eyes when first
assessed at the age of 17, his children had niddlyced BCVA when tested at an equivalent
age. Interestingly, clinical presentation was ndywariable within the same family, but also
observed in patients from different families harbgrthe same variant, suggesting that
modifier genes (and environmental factors) may natdudisease outconié.®®

One patient developed bilateral non-diabetic pteaé neovascularization and a
midperipheral vasoproliferative lesion in one ey&ah led to recurrent vitreous hemorrhages
(Figure 2I). This is an unusual finding and it remsaunanswered whether this is related to the
underlying retinal dystrophy. Choroidal neovasaak#tion (CNV), on the other hand, has
been previously described in patients with ESCSimfomatic development of CNV has
also been linked to the presence of torpedo-likmies and circumferential subretinal fibrosis,
both infrequent findings in ESC8.°%%8

Clinical appearance was highly variable, howevéred¢ consistent clinical signs were
observed in a large proportion of patients, yellskite dots, nummular pigmentation at level
of the RPE, and foveomacular schisis. In the appat® clinical context, the presence of
these combined features should raise the strorgjlplity of ESCS.

The yellow/white dots are often characterized byiremmease in autofluorescence signal and
present in both the macula and midperiphery atahel of the RPE. Histological analysis of
autofluorescent white dots seen across the retingh® rd7 mouse, which harbors a
homozygous deletion iNR2E3, showed that the autofluorescence signal arosélyrfosm

macrophages, which were associated with whorlsrasekttes of dysplastic photoreceptors in
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the outer nuclear lay&?.Furtherin vivo studies are warranted to ascertain the exactooi)i
the hyperautofluorescent dots observed in ESC$rgati

Nummular pigmentary deposition alone is not spedidi ESCS, and has been described in
other retinal dystrophies such as Bardet-Biedl syme/® CRBl-associated early-onset
severe retinal dystropHy, retinitis pigmentosa with preserved para-arterid¥°E RP12,
associated withCRB1)"? and thioridazine retinopatHy. Whenever present, nummular
pigmentary deposition was associated with disomgdimn of the neurosensory retina,
including marked loss of the ellipsoid zone andeabs of autofluorescence, in keeping with
previous report§® ** 3°|n some patients with mid-peripheral, nummular npégtation,
clumped pigmentary deposition was observed. Theemee of yellow/white dots has been
proposed as a harbinger of more marked pigmenthanges, developing early in the
pathogenesis of the disease, followed by the dpwabmt of nummular and clumped
pigmentary deposition at a later stdgeCorroborating this assumption, documented
progression of pigmentary changes over time wa®rgbd in two patients with extended
follow-up. The development of pigmentary changesuoed independent of age. In our
cohort, clumped or nummular pigmentary depositiafthough skewed towards older
subjects, was present in 11 young patients £a2@) and absent in 4 older patients (age > 20),
corroborating the high variability of clinical phetype.

The scarcity of fundus fluorescein angiographyhe tliagnosis of CME poses an important
limitation, as we are unable to confirm this sole§sed on SD-OCT structural appearance. It
is possible that the presumed CME documented inynmatients represents a variant of
foveomacular schisis that mimics the appearanceystoid spaces. A positive anatomical
response to carbonic anhydrase inhibitors was wedean solely two patients although this
did not translate into a significant gain in subijge and objective visual function.

Notwithstanding, poorer visual outcomes were asgedi with macular changes, namely
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foveomacular schisis, presumed CME and macularplayio rendering prevention and
treatment of maculopathy an invaluable target taritreatment strategies.

Pattern ERGs ranged from undetectable (indicatewgr® macular dysfunction) in a large
minority to normal (3 of 28 cases), with a highecidence of P50 delay (Figure 5) than in
many other forms of maculopathy. The PERG P5(hdiccorrelate with BCVA, highlighting
the value of objective assessment of macular fanctlikely to be of relevance in the
selection of candidates considered amenable tolp@$sture therapeutic interventions.

All but 3 eyes of 2 molecularly confirmed patierttad pathognomonic ERG features
consistent with ESCS. The full-field ERG findings the large majority quantified the
magnitude, severity and variability of pathognontoiRG abnormalities, pertinent to
diagnostic accuracy and precise phenotyping. Thiesystem specific (DA0.01) ERG was
undetectable in all but one individual, consisterth a lack of rod function, and the delayed
and simplified stronger flash (DA3.0 and DA10.0) &Rhad qualitative similarities to the
LA3.0 ERG. In any healthy (control) subject, the 30dz ERG peak to peak amplitude is
greater than the LA3.0 ERG a-wave and smaller thar,A3 ERG b-wavé? " The LA30Hz
ERG is smaller than the LA3 single-flash cone ER@aae in ESCS, as previously reported,
and relating to the minimal contribution of theldétesely slow) S-cone system to the 30Hz
flicker respons&’® The current study highlights both the variabiliyd high specificity of
this feature; the LA3 a-wave to LA30Hz ERG ampleudtio was never less than 1.0 and the
lowest ratios (1.0) included cases with grosslyucedl ERGs associated with a lower
signal:noise ratio. Furthermore, relatively inceshs sensitivity to short-wavelength
stimulation was observed, as demonstrated by latglayed and simplified S-cone ERG
responses or S-cone ERGs that were larger thanotinesponding LA3 ERGs. The S-cone
ERGs are not required for the diagnosis of ESCS$ thmi high correlation with the LA 3.0

ERGs, is consistent with both having the same S-cmminated origin.
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All but 3 eyes of 2 molecularly confirmed patiehisd the above-mentioned pathognomonic
ERG features, in accordance with previous repataahstrating that solely patients found to
harbor mutations iINR2E3 have pathognomonic ERG responses when comparneatisnts
with retinal dystrophies unrelated NR2E3.> Thus, in our cohort, the presence of clinical
features consistent with ESCS alongside typical EBSponses were deemed diagnostic for
ESCS, irrespective of molecular confirmation.

A comparison of multiple ERG component amplitudethwage, suggests a low mean rate of
reduction over more than 6 decades, with no eviel@ievorsening beyond that explained by
age. This finding highlights the relative stabilay peripheral retinal function in most ESCS
patients, and may be an important prognostic cenaitbn for retention of peripheral retinal
function. Marked inter-subject variability is evidewith some younger adults showing
markedly reduced ERG amplitudes, highlighting tioertance of detailed phenotyping and
need to manage cases individually. Peak timeseofhtain ERG components are delayed but
show a similar high level of stability to that imetcontrol group. Longitudinal ERG data were
available in three patients, showing relativelybktaresponses in two patients and mild
reduction of both LA and DA function in one.

Four evolutionary conserved domains are identifiredhe NR2E3 protein, shared by the
nuclear hormone receptor family; the highly varealB/B domain, n terminal DNA binding
domain, a flexible hinge region and the ligand-bgdand dimerization domain in the C
terminus’® Most mutations are located within the DNA bindidgmain and the ligand-
binding domairf: 3 > 1626

Genetic heterogeneity occurs in ESCS. Autosomatssage variants in the neural retina
leucine zipper NRL) gene have been identified in patients presentwty an ESCS-like
phenotype: >"® This gene had been proposed as a possible camdidiéowing the

phenotypical characterization of tiérl” mouse which revealed a complete loss of rod
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function and super-normal cone function, drivenober-expressed S-conEsExpression of
NR2E3 is almost absent in tHerl”, implying thatNR2E3 is completely dependent &iRL
expressiort? NRL encodes a basic-motif leucine zipper DNA bindingt@in that interacts
with the paired-type homeobox transcription faatone-rod homeoboxCRX) and NR2E3,
driving the differentiation of post-mitotic photaeptors into the rod lineag&’® 882

The function of genetic modifiers ™MR2E3, such as the nuclear hormone receptotdl
(Rev-erlm), has been explored as a therapeutic option iNBRE3-associated retinal disease,
rd7, mouse model® ® 3 Delivery of theNr1dl gene restored the retinal topography of the
NR2E3'"" neonates, and re-regulated the expression of keyesgeinvolved in
phototransductiof® Future studies will need to assess whether thpsoagh would be suited
for patients with advanced disease.

The present study describes the detailed cliniceging, molecular and electrophysiological
findings in a cohort of 56 patients with ESCS, whito the best of our knowledge, is the
largest cohort to date. Four noWR2E3 variants are identified. The data quantify diadgiwos
ERG criteria and phenotypic spectrum, with eviderioesuggest relative stability of
peripheral retinal function over more than 6 desaded additional evidence suggesting that
central visual function remains relatively stable the majority of patients, which is
invaluable for counseling on prognosis. Any futurervention directed at preventing visual
decline in ESCS will need to address its impacthendevelopment of macular complications,
namely foveomacular schisis and macular atrophyghvare largely responsible for the poor

visual outcome observed in a subset of affecteidmat
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FIGURE 1

(A) Plot of best-corrected visual acuity (BCVA, L\dgr) of the right eye at baseline and last follow-
up visit against patient’'s age. (B) Plot of BCVAofiMar) in the right eye as a function of period of
follow-up time per individual patient. (C) Plot &CVA change in the right eye (BCUA —

BCVAaseiing @s function of follow-up time (y = years) and (@pe at baseline.

FIGURE 2

Phenotypical variation of Enhanced S-Cone Syndramendividual patients (numbered). (A)
Nummular pigmentary deposition in the mid-peripheetina. (B) Circumscribed area of nummular
pigmentary deposition with halo of atrophy in inéerperipheral retina. (C) Nummular pigmentary
deposition, yellow/white dots and clumped pigmentahanges in the mid-peripheral retina. (D)
Yellow/white dots along vascular arcades, with @ased fundus autofluorescence inside the vascular
arcades, sparing the central macula. (E) Magnified of nummular pigmentary deposition, yellow-
white dots and clumped pigmentary changes in migperal retina. (F) Torpedo-like lesion in
peripheral retina. (G) Subretinal fibrosis and ¢$m@daomain optical coherence (SD-OCT)
tomography across lesion (marked) showing a lanbeesinal hyper-reflective deposit. (H) Magnified
view of yellow-white dots with early pigmentary hggplastic changes. (I) Retinal angioma in patient
with bilateral pre-retinal non-diabetic neovasciziaion. (J) Maculopathy, characterized by patchy
atrophic macular changes, more visible on FAF. @¢)Jor fundus photograph of the right peripheral
retina of patient 11 at baseline (right image) aidyears later, at last follow-up (left image, ye#r
OCT acquisition marked in left bottom corner). Atskline, retinal sclerosed vessels and yellow-white
dots are seen which progressed to nummular andpeldrmpigmentary deposition as observed in the
follow-up photograph of the same area. (L) Colardius photograph of right superior vascular arcade
in patient 15 at baseline (right image) and 11 ydater, at last follow-up (left image, year of OCT
acquisition marked in left bottom corner). A wedifthed area of yellow-white dots is observed at

baseline which developed into clumped pigmentapodeion, shown in the follow-up image.

FIGURE 3

Variation of optical coherence tomography featunésEnhanced S-Cone Syndrome in individual
patients (numbered). (A) Preserved foveal architecnd outer retinal atrophy, with loss of the
ellipsoid zone. (B) Foveomacular schisis. (C) Mégdi view of area outlined in (B), with pseudo-

color representation of the the schitic cavitiesu(d shape, in red) at the level of the inner rarcle
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784  layer (round shape, in red) and at the level ofdbier nuclear layer (elongated shape, in blue). (D
785 End-stage giant foveomacular schisis. (E) Disogtion of retinal layers in atrophic area of mid-

786  peripheral retina. (F) Macular atrophy.
787
788 FIGURE 4

789  Macular and peripheral fundus autofluorescence (Fgditerns in Enhanced S-Cone Syndrome in
790 individual patients (numbered). (A) Minimal changmacular FAF pattern. (B) (A) Minimal change
791 macular FAF pattern with hyperautofluorescent feck (C) Mild diffuse  macular
792  hypoautofluorescence. (D) Moderate speckled madwgoautofluorescence with increased para-
793 macular FAF. (E) Severe end-stage macular hypdaotescence. (F) Peripheral
794  hyperautofluorescent flecks. (G) Moderate diffusgd¢peripheral half-ring or ring < 5000 um widest
795 diameter) peripheral hypoautofluorescence with-hiaff of pronounced hyperautofluorescent ring
796 along the temporal macular rim. (H) Near-peripharaiderate diffuse hypoautofluorescence with
797  patchy advanced hypoautofluorescence. (I) Modetiffigse peripheral hypoautofluorescence (> 5000
798 um). (J) Advanced peripheral hypoautofluorescerig®. Colour fundus photograph and related
799 autofluorescence image showing the correspondenegwebn yellow-white dots and
800 hyperautofluorescent flecks. (L) Wide-field autaftascence image in control subject. The macula
801 was defined as the region encompassing 5.5 mmthertemporal margin of the optic nerve head and

802 the mid-periphery as 3 mm around the macula.
803
804 FIGUREDS

805 Full-field ERG and pattern ERG (PERG) recordingsrfrthe right (RE) and left (LE) eye of a patient
806 with Enhanced S-Cone Syndrome are compared witbrdems from a representative unaffected
807  control subject (N). ERGs include the dark-adajfi24) ERGs (flash strengths 0.01 and 10.0 ccfs/m
808 DA 0.01 and DA 10.0) and light-adapted (LA) ERGeddlash strength of 3.0 cd.</ifA 3.0; 30Hz
809 and 2Hz). The PERG is recorded to an alternatiegjoérboard. There is a 20ms pre-stimulus delay in
810 single flash ERG recordings, with the exceptiontitd S-cone ERG. Broken lines replace blink
811  artefacts occurring after ERG b-waves, for claf®gtient responses are superimposed to demonstrate
812  reproducibility. In this patient the PERG P50 comgat is delayed but of normal amplitude. The
813 DAO0.01 ERG is undetectable. The single flash DA, & 10.0, LA3.0 ERGs have similarly
814  simplified and severely delayed waveforms, qualitdy comparable in shape to the S-cone ERG and
815  consistent with generation by the same (S-coneharésm. The S-cone ERG is delayed and grossly
816 enlarged. The LA30 Hz ERG is smaller than the LERG a-wave whereas in the typical normal
30



817
818

819

820

821
822
823
824
825
826
827

828

829

830
831
832
833
834
835
836
837

838

839

840
841
842
843
844
845

846

Clinical Spectrum of Enhanced S-Cone Syndrome

subject, the LA30Hz ERG amplitude is between tlidhe LA3 a- and b-waves. Measurements of the

main ERG components are compared with the cordrge in supplementary table O.

FIGURE 6

The main dark-adapted (DA) full-field ERG componaniplitudes and peak times in each eye in the
Enhanced S-Cone Syndrome (ESCS) cohort (filledesrand squares) and in healthy controls (grey
circles) are plotted against age (in years) attithe of testing, illustrating the severity and ranf
ERG abnormality in the ESCS group. Data are shawrihie DA strong flash (DA10) ERG a-wave
amplitude (A) and peak time (B) and for the b-wareplitude (C) and peak time (D). Regression
analysis shows a similar, statistically signific@ig0.05) age-related reduction in amplitudes fathb

control (broken lines) and ESCS (solid lines) gmup

FIGURE 7

The main light-adapted (LA) full-field ERG comporemplitudes and peak times in each eye in the
Enhanced S-Cone Syndrome (ESCS) cohort (filledesrand squares) and in healthy controls (grey
circles) are plotted against age (in years) attithe of testing, illustrating the severity and rangf
ERG abnormality in the ESCS group. Data are shawvthie LA30 Hz flicker ERG amplitude (A) and
peak time (B) and for the single flash cone (LARG&a-wave amplitude (C) and peak time (D) and
for the LA3 ERG b-wave amplitude (E) and peak ti(R¢. Regression analysis shows a similar,
statistically significant® < 0.05) age-related reduction in amplitudes fathbmontrol (broken lines)

and ESCS (solid lines) groups.

FIGURE 8

Comparison of amplitude and peak time ratios betvibe LA3.0 ERG a-wave and LA30Hz ERG in
the Enhanced S-Cone Syndrome (ESCS) cohort (fiiletes and squares) and healthy controls (open
grey circles and squares). The horizontal bars sttmvmean +/- 1 standard deviation (SD) for
amplitudes in the ESCS group. The LA30Hz ERG haaraplitude greater than the LA3 ERG a-wave
in all control subjects. In ESCS the LA30Hz ERG #tuge is equal or smaller than the LA3 ERG a-

wave, resulting in a ratio greater or equal to*t.P = 0.0001
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FIGURE 9

The S-cone ERG component amplitudes (A) and peadsti(B) are shown for the Enhanced S-Cone
Syndrome (ESCS) cohort (n = 28, filled circles) arttealthy control group (n = 51, open grey cifcles
for comparison, plotted against age (in years)oised=RG amplitudes were measured from the early
negative trough to maximum peak, or in the absefian early trough from baseline to the peak of
the positive polarity S-cone ERG component. Thgdar S-cone ERGs were seen in some of the
younger ESCS individuals (solid regression lineveha negative slope) but there was no age-related
statistically significant differences. ComparisanS3cone ERG amplitudes (C) and peak times (D)
with those for LA3 ERG b-waves are shown for ES@8 eontrol groups, and illustrate high positive
correlation in the ESCS group, consistent with 8ecand LA3 ERGs being dominated by abnormal

S-cone-opsin-mediated activity. All data relateigint eye recordings.

FIGURE 10

(A). Stereo representation of the NR2E3 ligand-lsigddiomain (LBD) monomer (pdb code 4LOG),
starting at residue 217, and locations of the nowssense NR2E3 LBD mutations mapped on the
receptor. (B-D) Predicted effect of the mutatiopsR47W, p.L303P, p.R309Q) leading to a

rearrangement of the bulky side chains and lo$sydfogen bonds.
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Age

Pt Family Onset
ID ()
1 NA 0
2 19824 4
3 19824 0
4 19940 3
5 20195 3
6 20766 4
7 22497 5
8 16200 6
9 23115 2
10 27357 6
11 15494 10
12 27357 5
13 3006 0
14 4644 1
15 16337 20
16 15128 0
17 NA 6
18 18491 20
19 NA 12
20 20091 0
21 18411 27
22 NA 5
23 20907 0
24 19784 0
25 18115 4
26 18758 4
27 NA 4
28 22924 4
29 27135 5
30 22633 4
31 19530 4
32 23064 5
33 19530 4
34 24703 12
35 19668 5
36 18880 0
37 NA 20
38 17494 4
39 NA 3
40 NA 11
41 NA 4
42 NA 5
43 NA 4
44 NA 3
45 NA 3
46 NA 5
47 NA 5
48 25595 12
49 25690 3
50 23064 8
51 25574 10
52 247 10
53 NA 16
54 NA 25
55 26532 0
56 22052 0

27

10

No FU
12

No FU
76

36

No FU
2

50

54

No FU
No FU
33

55

A OOONNNNNNRPPRPWOWOWO!

£5
P
c

[N oy
[N

4

LogMar
BL

1
0.1/0.6
0.5/0.5
0.17/0.6
0.7/0.7
0.12/0
0.26/0.36
0.77/0.6
0.3/0.5
0.17/0.17
1771177
0.19/0.19
0.3/0.17
0/0.47
0.47/0.77
0.77/0.77
0.17/2
0.17/0.17
0.3/0.17
0.6/0.6
1/0.77
0.9/0.77
0.3/0.3
0.14/0
0.19/0.19
0.19/0.2
0.12/0
0/0
0/0.17
0.12/0
0/0
0.3/0.2
0.04/0.02
0.47/1.17
0.6/0.4
m
0.5/0.8
0/0
0.3/0.3
0.3/0.1
0.8/1.1
0.1/0.22
0.3/0.3
0.4/0.5
0.22/0.1
1/0.5
0.3/2
0.47/0.17
0.3/0.8
0.3/0.2
0.3/0.3
0.6/0.2
0/0

0/0
0.6/0.5
1

FU

1
0.1/0.6
0.4/0.3
0.86/1.2
16/1.6
0.17/0.17
0.6/0.5
1771
0.3/0.17
0.17/0.18
1.3/13
0/0
0.47/0.47
0.5/0.47
0.47/0.77
147/1
0.17/2
0.17/0.18
0.3/0

1

10.7

No FU
0.3/0.19
0/0
0.19/0.19
0.3/0.3
0/0

0/0
0.17/0.3
0.12/0.22
0.04/0.06
0.12/0.12
0.18/0.2
0.30/0.80
0.3/0.2
m

0.6/1
0.1/0.2
0.4/0.4
No FU
0.22/1.7
0.1/0.5
0.22/0.3
No FU
0.22/0.1
No FU
0.4/2
0.47/0.17
No FU
0.06/0.06
0.5/0.2
1/0.5

No FU
No FU
0.6/0.6
1

Variantsidentified

€.119-2A>C (Hom)

€.119-2A>C/ ¢.1194de T; p.P399Qfs*3
€.119-2A>C/ ¢.1194del T; p.P399Qfs*3
¢.305C>A; p.A102D / c.767C>A; p.A256E
€.119-2A>C/ ¢.1194de T; p.P399Qfs*3
€.211T>C; p.F71L / c.932G>A; p.R311Q
NA

€.119-2A>C (Hom)

€.119-2A>C/ ¢.1025T>C; p.V342A
€.311G>A; p.R104Q (Hom)

€.311G>A; p.R104Q (Hom)

€.311G>A; p.R104Q (Hom)

€.119-2A>C/ c.767C>A; p.A256E
€.119-2A>C (Hom)

€.119-2A>C/ ¢.932G>A,; p.R311Q
€.119-3C>G (Hom)

NA

€.932G>A; p.R311Q/ ¢.1112T>G; p.L371W

€.646G>A; p.G216S (Hom)
¢.305C>A; p.A102D (Hom)

NA

€.932G>A; p.R311Q/ ¢.747+1G>C
NA

€.932G>A; p.R311Q (Hom)

NA

€.310C>T; p.R104W (Hom)

NA

€.310C>T; p.R104W (Hom)
€.311G>A; p.R104Q/ c.767C>A; p.A256E
€.119-2A>C/ ¢.908T>C; p.L303P
NA

NA

€.119-2A>C (Hom)

€.932G>A; p.R311Q (Hom)
€.119-2A>C (Hom)

€.119-2A>C/ c.932G>A; p.R311Q
€.200_208del9del; p.C67_G69del (Hom)
€.932G>A; p.R311Q/ ¢.739C>T; p.R247W
€.932G>A; p.R311Q (Hom)
€.932G>A; p.R311Q (Hom)
€.119-2A>C/ c.227G>A; p.R76Q
€.932G>A; p.R311Q (Hom)
€.248G>A; p.C83Y (Hom)
€.310C>T; p.R104W (Hom)
€.119-2A>C (Hom)

€.119-2A>C/ c.932G>A; p.R311Q
€.926G>A; p.R309Q (Hom)
€.926G>A; p.R309Q (Hom)
€.119-2A>C (Hom)

€.119-2A>C (Hom)

Table 1. Clinical Dataand Molecular Genetic Status of 56 Patients with Enhanced S-Cone Syndrome.
Abbreviations: BL = baseline; FU = follow-up; LogMAR = logarithm of minimal angle of resolution; Hom
= homozygous variant; NA = not available; Pt = patient; VA = visua acuity. Putative novel changes are

shown in bold.
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1
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0.77/0.6
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0.77/0.77

0.17/2

0.6/0.6

1/0.77
0.9/0.77
0.47/1.17
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FU

1

0.86/1.2

1.6/1.6
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0.47/0.77

1.47/1
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11

1/0.7

No FU

0.30/0.80

11

0.6/1

0.22/1.7

No FU

No FU

11

Progression

NA
NA

N

Macular changes

Foveomacular
schisis

Y

Macular
oedema

N

CAl
treatment

Y (no
response)

Y
(response)

Y (no
response)

Y
(response)

N

N

Macular
atrophy

Y (in
one eye)

Y (in
one eye)

Y

Other
ophthalmic
pathology

Senile
cataracts

Squint,

amblyopia

Congenital
nystagmus

Amblyopia,
retinal
detachment
(age6)

Senile
cataracts

TED

ERM, Optic
nerve pallor

Table 2. Clinical characteristics of patients with severe visua impairment (LogMAR BCVA
> 0.6). Significant ophthalmic events that have contributed to poor visua acuity in one eye
are highlighted in bold. Abbreviations. CAl = Carbonic anydrase inhibitors;, ERM =
Epiretina membrane; FU = Follow.up; N = No; NA = Not applicable; Pt = Patient; TED =
Thyroid Eye Disease; Y = Yes



Pt (n) 56

Age at presentation (median. range) 4 0-27
Ageat first visit (median. range) 20.5 1-75
Ageat last FU (median. range) 33 2-81
Yearsof FU (mean. range) 6.1 0-34
BCVA (better-seeing eye) at presentation 0.32 0.0-
(mean. SEM) 1.77
BCVA (better-seeing eye) at last visit (mean. 0.39 0.0-1.6
SEM)
BCVA reduction (mean. SEM) 0.07 0.04
Gender
Female gender (n. percent) 33 58.9%
Male gender (n. percent) 23 41.1%
Ethnicity
White (n. percent) 30 53.6%
Non-White (n. percent) 26 46.4%
Refraction (n. percent)
Plano 4 7.1%
Myopia 5 8.9%
Hyperopia 12 21.4%
NA 35 62.5%
First symptom/sign (n. percent)
Nyctalopia 52 92.9%
Squint 9 16.1%
Nystagmus 3 5.4%
Clinical signs (n. percent)
Optic nerve pallor 3 5.4%
Macular edema (based on structural OCT 16 28.5%
appearance)
Foveomacular schisis 23 41.1%
Nummular pigmentation 48 85.7%
Y ellow dots 32 57.1%
Circumferential subretinal fibrosis 4 7.1%
Torpedo-like lesions 6 10.7%
Vitreous opacities 12 21.4%
Preretinal neovascularization 1 1.8%

Table 3. Clinical characteristics of the Enhanced S-Cone Syndrome Cohort. Abbreviations:
FU = follow-up; NA = not specified; Pt = patient; SEM = standard error of mean



InterVar PROVEAN PolyPhen 2

Exon Nucleotide Substitution and Previous Prediction Prediction Index Prediction Hum Var Allelic Frequency
Amino Acid Change Report Score (0-1)
IVS1 ¢.119-2A>C 2 NA NA 0.0005031
IVS1 ¢.119-3C>G 3 NA NA Not reported on gnomAD
2 €.211T>C; p.F71L Novel Uncertain significance l&erious -5.218 PRD 1.00 Not reported on gnomAD
2 c.200_208del9del; p.C67_G69def Deleterious  -26.485 NA 0.00001347
2 €.227G>A; p.R76Q 2 Uncertain significance Deleterious -3.343 PRD 1.00 0.0002140
3 €.248G>A; p.C83Y 8 Uncertain significance Deleterious -9.185 PRD 1.00 0.00001308
3 .305C>A; p.A102D 4 Likely pathogenic Deleterious  -4.862 PRD 0.99 0.00002792
3 .310C>T; p.R104W 2 Uncertain significance Deleterious  -6.962 PRD 1.00  0.00001964
5 €.646G>A; p.G216S 2 Uncertain significance Neutral 0.491 Benign 0 0.00003611
5 €.311G>A; p.R104Q 2 Likely pathogenic Deleterious -3.533 PRD 1.00 0.00001964
5 C.739C>T; p.R247TW Novel Uncertain significance  |dberious -7.733 PRD 1.00 Not reported on gnomAD
6 €.908T>C; p.L303P Novel Uncertain significance eldderious -6.552 PRD 1.00 Not reported on gnomAD
6 €.932G>A; p.R311Q 2 Likely pathogenic Neutral -1.831 PSD 0.627 0.0004071
6 C.767C>A; p.A256E 84 Likely pathogenic Deleterious  -3.659 PRD 0.998 00@B715
6 €.926G>A; p.R309Q Novel Likely pathogenic Delatas -3.520 PRD 0.959 0.00001528
7 €.1025T>C; p.V342A 8 Uncertain significance Deleterious -3.677 PRD 6.99 Not reported on gnomAD
8 c.1194delT; p.P399Qfs*3 8 NA NA Not reported on gnomAD
8 €.1112T>G; p.L371W 8e Uncertain significance Deleterious -5.107 PRD 1.00 Not reported on gnomAD

Table 4. NR2E3 variants. gnomAD = Genome Aggregatizatabase; Hum Var Score = human variation scbrerVar = Clinical
Interpretation of Genetic Variants by the 2015 ACMGIP Guidelines, which categorizes causality ofiaats as pathogenic, likely pathogenic,
uncertain significance, likely benign, and benidmtd:// http://wintervar.wglab.org. Accessed June 12, 20204 = not applicable; PRD =
probably damaging; PSD = Possibly damaging; PROVEARrotein Variation Effect Analyzer [http://provegvi.org/index.php. Accessed
February 15, 2019]. Variants with a score equalrtbelow -2.5 are considered "deleterious”. Vasgamith a score above -2.5 are considered
"neutral”. Polyphen 2 (vision 2.1) appraises maotaiqualitatively as benign, possibly damaging rmbpbly damaging based on the model's
false positive rate [http://genetics.bwh.harvard/pdh2/. Accessed February 28, 2020]. HumanVanédimodel of Polyphen 2 was selected,



since diagnostics of mendelian diseases requistmgliishing mutations with drastic effects frornthe remaining human variation, including

abundant mildly deleterious alleles.



Journal Pre-proof










4

..........-I.-,

: :
: 3
- |

»




RE

amplitude (V) amplitude (V)

amplitude (V)

DA 0.01

DA 3.0

DA 10.0

o 100 200

400 400
o 10 200 00 200 o0 100 200
00 a00
200 200 |
o o
200 200 |
400 400
o 100 20 00 20 0
time (ms) time (ms)

LA 30Hz

time (ms)

°

LA3.0

50
time (ms)

100

S-cone

50

time (ms)

100

°

PERG

50 100 150

50 100 150

w

°

50 100 150

time (ms)



5%
i

DA 100 bwave smpituds (1Y)

DA 10.0 aswave pesctima (ms)

~ DA 00 sumve RE
* A0 sumeLE

DA100 3w Conek

DA 10.0 b-wave pask ima (me)

- DA100 sumeLE
< DA 100 3wave ot

- DA 00 bvae RE
- DA 100 e Contl

= DA 100 bume RE
P ——



250+ B 60-
200 .
s 7 e o S8 0 1
3 . o Tw
3 150 . L o
2 £
g :
H i
Z 100 ]
N 8
3 <
504
0 o
0 20 40 60 80 ; ?'n "0
Age
= LA 30Hz RE Ave - LA30HZRE
@ LA30Hz LE @ LA30HzLE
o LAt Gontet LA 30 Hz Control
100 D
.
w0
= 30+
: £
2 -
g 5
: H
® 204
o H
: : :
Z . o H
s Se-efl . _wmoo 4
2 o305 e
3 . e 3 4o
20 aw o
o o3
° e " 0 20 “© ) [ 100
@ LA 30 awave RE Age
@ LA30awave LE = LA3.0awave RE
o+ LA3.0 awave Contral * LA30awaveLE
= « LA 3.0 a-wave Control
300+ F s
.
S — 60 .
2 ° i :
200 5 o H
H 1.4
403
i Tk
2 i
S 100 e
b S 20d
ol o3
r T v v V r - - - - ]
o 20 o & 0 o 20 “ ) 80 100
- LA30bwave RE
Ao Ave < LA3.0 bwave ms RE

-+ LA20bwave LE
@ LA30bwave LE

LA 3.0 b-wave Control

«0+ LA 3.0 bawave ms Control



Ratio (mean with SD)

1 -

Ak %k * %k %k

il il
J. . ESCS amplitude
..... - .................;...................6...Contr0| amplitude

- L e = ESCS peak time

# =EE' = Control peak time

Ratlo = Photopic a — wave
atto= 30 Hz




Journal Pre-proof

13
LRl
%0
¥
o K .
. i A\
% e8 .
&, A
&
3
M Y
: 3 ¥
i
- T - : T 3 e
(o) et s, [ T——
a
8 o
i3 ,
4o
<
3 .
:
i
J ok ¢
$
!
. ]
] T - £ H H
ot 3 e [ry—




B |0

D | roa




Précis

Enhanced S-Cone Syndrome, caused by mutations in the NR2E3 gene, has avariable clinical
phenotype and typical electrophysiological responses that are relatively stable over time.



