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Abstract  Objective To investigate the clinical symptoms and 

genetics of  a Han Chinese family with enhanced S-cone syndrome 

(ESCS).  

Methods From June to September 2021, we adopted a pedigree 

investigation approach to examine a Han Chinese family with 

suspected ESCS. Eight family members from three generations were 

recruited to Henan Eye Hospital, of  which one was suspected with 

ESCS, and two members had passed away. Eye symptoms of  

proband were evaluated, including visual acuity, strabismus degree, 

anterior segment and fundus by using autofluorescence imaging, 

fluorescein fundus angiography (FFA), full-field electroretinogram 

(ERG), multifocal ERG, and optical coherence tomography. 

Peripheral blood samples were taken from the proband and 5 family 

members to extract DNA, and pathogenic genes and variations were 

screened using whole exome sequencing (WES). Variations and 

co-segregation were verified by Sanger sequencing. Variation 

deleteriousness was analyzed by SIFT, Polyphen2, and 

MutationTaster methods. Variation pathogenicity was evaluated in 

accordance with standards and guidelines issued by the American 

College of  Medical Genetics and Genomics (ACMG). Conserved 

amino acid sequence analyses were performed using SIFT. This 

study adhered to Declaration of  Helsinki principles and the study 

protocol was approved by an Ethics Committee of Henan Eye 

Hospital (No. HNEECKY-2017[6]). Written informed consent was 

obtained from all participants.  

Results  This pedigree was consistent with an autosomal recessive 

inheritance mode. The proband displayed some clinical symptoms 

such as night blindness, hyperopia, accommodative esotropia, 

peripheral retinal pigmentation, retinoschisis, and photopic ERG 

responses dominated by large-amplitude waves mediated by S-cone 

cells. Variations comprising a compound heterozygous variation, 

c.671C>T: p.S224L on exon 5 and c.955G>A: p.E319K on exon 6 

of  nuclear receptor subfamily 2, group E, member 3 (NR2E3) were 

identified by WES. Variations were consistent with co-segregation. 

Both loci were missense mutations; the mutation frequency of  both 

was 0 in East Asian populations as indicated by the gnomAD 

database. Variations were predicted as deleterious by SIFT, 

Polyphen2, and MutationTaster programs. The c.671C>T variation 

was assigned ‘unknown significance’ in the Clin Var database, and 

the c.955G>A variation was an unreported new locus. According to 

ACMG standards and guidelines, both variations were assigned 

uncertain clinical significance and were highly conserved across 

multiple species.  

Conclusions  This proband exhibited the clinical characteristics of  

ESCS and met diagnostic genetic criteria. Two novel variations 

c.671C>T: p.S224L and 955G>A: p.E319K in NR2E3 were 

identified. 
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Enhanced S-cone syndrome (ESCS) is a rare autosomal recessive 

retinal disease usually caused by mutation in nuclear receptor 

subfamily 2, group E, member 3 (NR2E3), which is expressed in 

photoreceptor cells 1. The major clinical manifestations of  ESCS are 

night blindness, hyperpresbyopia, accommodative esotropia, macular 

retinoschisis, photopic electroretinogram (ERG) responses, and 

S-cone-mediated large-amplitude waves. In 1990, Marmor et al. 2 

first reported eight ESCS cases. In China, no such case reports exist. 

In this study, we conducted genetic testing using whole exome 

sequencing (WES) on a Han Chinese family with suspected ESCS. 

Pathogenic loci were identified and patient clinical symptoms 

analyzed, thereby providing a reference point for the clinical 

diagnosis of  ESCS. 

1 Materials and methods 

1.1 General data 

We conducted a pedigree investigation in a Han Chinese family with 

suspected ESCS. Eight members from three generations were 

enrolled at the Henan Provincial Eye Hospital from June to 

September 2021, of  which two with normal phenotype had passed 

away. The clinical data of six families were collected. Five family 

members were phenotypically normal, and one was suspected with 

ESCS. Another 60 healthy subjects who received physical 

examinations at the hospital during the same period, and had no eye 

and systemic diseases, were enrolled as normal controls. The study 

was conducted following the principles of  the Declaration of  

Helsinki, and the study protocol was reviewed and approved by an 

Ethics Committee of  Henan Provincial Eye Hospital [Approval No: 

HNEECKY-2017(6)]. All participants understood the study 

objectives and voluntarily signed informed consent forms.  

1.2 Methods  

1.2.1 Clinical examination of  the family   

We gathered comprehensive information on family, fertility, and 

systemic disease history, and also marital status. Eye examinations 

were performed on the proband and phenotypically normal family 

members. Uncorrected visual acuity and best corrected visual acuity 

were measured using a logarithmic visual acuity chart. The degree of 

binocular strabismus was determined using a corneal reflection test, 
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and extraocular muscle functions were examined. Anterior segment 

and fundus examinations were performed using slit lamp 

microscopy and binocular indirect ophthalmoscopy, respectively. 

Retinal autofluorescence was examined using a panoramic fundus 

camera (OPTOS, UK), visual field was examined using Octopus 

perimetry (Haag-Streit, Switzerland), and macular structures were 

examined using Ophthalmic Optical Coherence Tomography 

v1.33.1 (SVision Imaging, Henan, China). A laser ophthalmic fundus 

angiography instrument (Heidelberg, Germany) was used for 

fluorescein fundus angiography (FFA), and a RETI-port visual 

electrophysiology system  was u(Roland, Germany)sed to record 

full-field ERG. In accordance with International Society for Clinical 

Electrophysiology of  Vision standards (2015) for recording ERG, 

four scotopic adaptation tests were successively conducted: (1) 

scotopic 0.01 ERG, light stimulation intensity = 0.01 (cd·s)/m2; (2) 

scotopic 3.0 ERG, light stimulation intensity = 3.0 (cd·s)/m2; (3) 

scotopic 3.0 oscillatory potential, light stimulation intensity = 3.0 

(cd·s)/m2; and (4) scotopic 10.0 ERG, light stimulation intensity = 

10.0 (cd·s)/m2. Following 10 min photopic adaptation, two photopic 

adaptation tests were performed: (1) photopic 3.0 ERG, light 

stimulation intensity = 3.0 (cd·s)/m2 and (2) photopic 3.0 flicker 

ERG, light stimulation intensity = 3.0 (cd·s)/m2. All tests were 

performed by the same doctor. Both a and b waveforms of mixed 

light responses, a and b waveforms of photopic ERG responses, and 

30 Hz flicker ERG response waveforms were analyzed. Moreover, 

multifocal ERG (mfERG) was recorded using the RETI-port visual 

electrophysiology system (Roland, Germany). The mean amplitude 

density of N1 and P1 waves in the corresponding retinal area of 

each ring was analyzed using 61 hexagonal stimuli at 47 s per cycle. 

1.2.2 WES of  pathogenic genes   

WES was performed on the proband and her brother, father, 

maternal grandfather, and uncle, and retinal diseases- and eyeball 

development-related genes were analyzed. 

1.2.2.1 Genomic DNA extraction   

From participants, 5 mL peripheral blood was taken and genomic 

DNA extracted using a magnetic bead blood genomic DNA 

extraction kit (Tiangen Biotech, Beijing). DNA concentrations and 

quantities were determined (concentrations were ≥ 50 ng/µL and 

purity at A260/280: 1.8–2.0 were ≥ 6 µg) using a Qubit 3.0 

fluorometer (Qubit double-stranded DNA assay kit, Invitrogen, 

USA). DNA purity and integrity were also visually assessed using 

agarose gel electrophoresis.  

1.2.2.2 Genome library construction   

Eligible genomic DNA fragments were generated using a Covaris 

M220 Focused-ultrasonicator, and liquid phase capture was 

performed on whole exome regions using the xGen® Exome 

Research Panel v2.0 kit (Integrated DNA Technologies, USA), 

followed by library construction. 

1.2.2.3 WES and Sanger sequencing validation  

The DNA library was subjected to paired-end sequencing (2×150 

bp) of  whole exome sequences using the Illumina Hiseq X 

sequencing platform (Illumina, USA). Original sequencing data were 

acquired, followed by quality control. Eligible data were compared 

using the UCSC human genome reference sequence GRCh38 in the 

Burrows-Wheeler Aligner program (version 0.7.16a, http://bio-bwa. 

sourceforge.net/). The resultant bam file was assessed for variations, 

including single nucleotide polymorphisms, insertions, and deletions 

using the Genome Analysis Tool Kit (version 4.0.8.1). Based on 

sequencing depth and variation quality, variations were filtered 

(Quality/Depth ratio > 2 and variation locus depth of  at least 20×). 

Variations in loci were annotated using ANNOVAR 

(http://annovar.openbioinformatics.org/) to generate candidate 

pathogenic mutated loci. Then, Sanger sequencing was conducted 

on all these loci to rule out false positives, and used to determine if  

loci co-segregated with clinical symptoms. Finally, pathogenic 

mutated loci were determined. 

1.2.3 Pathogenic and conserved loci 

Variation deleteriousness was analyzed using SIFT, Polyphen2, and 

MutationTaster programs, and loci pathogenicity analyzed in 

accordance with standards and guidelines of  the American College 

of  Medical Genetics and Genomics (ACMG) for the Classification 

of  Genetic Variations. Conserved amino acid sequences were 

analyzed using the SIFT program. 

2 Results 

2.1 Clinical characteristics of  the ESCS pedigree  

Autosomal recessive inheritance was verified in this pedigree (Figure 

1). Proband III-1, who was 21 years old, had complained of  night 

blindness since childhood, esotropia in near vision, and asthenopia. 

Optometry results showed the following; +4.50 DS-0.75 DC×5° = 

0.7 for the right eye and +5.00 DS-1.25 DC×175° = 0.3 for the left 

eye. Binocular strabismus ranged from 0° to +10°. The alternate 

cover test showed internal eyeball and positive movement (Figure 2). 

Binocular movement examinations showed mild hyperfunction of  

the right inferior oblique muscle and mild decline in the superior 

oblique muscle. Horizontal binocular latent nystagmus was also 

confirmed. No obvious abnormalities of  anterior segment were 

found in both eyes. The bilateral optic discs were normal with clear 

boundary and color. Pigment-like deposition was observed in the 

peripheral retina, and light yellow lesions were observed at the 

vascular arch above the macular area, and retinal pigment epithelium 

defects had occurred in both eyes (Figure 3). Autofluorescence of  

the macular area in the vascular arch was enhanced in both eyes 

(Figure 4). Small hyporeflective cavities between the retinal layers of  

the outer plexiform layer in the macular area were observed on the 

image of  OCT , showing a worm bite-like appearance (Figure 5). 

Retinal vessels and the optic disc had normal morphology, and no 

fluorescein leakage in the macular area was observed by FFA (Figure 

6). Annular scotomas and paracentral scotomas were identified in 

binocular visual field tests (Figure 7). Also, rare characteristic 

changes had occurred by ERG; ERG could not be recorded upon 

low-intensity light (0.01) stimulation under scotopic adaptation, 

while large and slow response waves were recorded upon 

high-intensity light (3.0) stimulation. The waveform showed no 

change with increased background light intensity (photopic 

adaptation), which was distinct to normal ERG responses to 

long-wavelength light. Moreover, scotopic adaptation was seriously 

damaged, and retinal rod response was unrecordable. 30 Hz flicker 

ERG presented very small and delayed waveforms (Figure 8). As 

indicated by mfERG, the amplitude density of  N1 and P1 waves in 

Ring 1 had decreased slightly, the waveform was normal, and latency 
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was delayed with increased eccentricity. As shown in two-dimension 

mfERG, the central peak of  the left eye shifted to the temporal side, 

exhibiting paracentral fixation (Figure 9). The proband's mother 

(II-2) had died of  cerebral hemorrhage in 2018, and her ocular 

condition was normal before death. The proband's brothers (III-2 

and III-3, 25 and 28 years old, respectively), father (II-3, 52 years 

old), maternal grandfather (I-1, 78 years old), and uncle (II-1, 56 

years old) had a normal bilateral gaze position, and no obvious 

abnormalities as indicated by fundus examinations and full-field 

ERG. Thus, pedigree co-segregation was confirmed in this family.  

 

Figure 1 Pedigree of  the ESCS family  : male carrier; ●: female patient; □: 
normal male; ○: normal female; ∅:deceased; ↗: proband 

 
Figure 2 The cardinal position of  gaze in proband  In nine cardinal positions used to 
diagnose accommodative esotropia, the reflective spot on cornea appeared in the temporal 
side of  the left pupil. No muscle paralysis signs were observed in other positions. (A) gaze 
toward upper right  (B) upward gaze  (C) gaze toward upper left  (D) gaze toward right  
(E) primary position  (F) gaze toward left (G) gaze toward down right  (H) downward 
gaze  (I) gaze toward down left  

 
Figure 3 Fundus images of  proband  The optic discs were normal in both eyes 
with clear boundary and color. Peripheral retinal pigmentation, and yellowish lesions 
around the vessel arches were observed   (A) right eye   (B) left eye 

 
Figure 4 Fundus autofluorescence images of  proband   Autofluorescence 
was enhanced in the macular area within the vascular arch in both eyes. (A) right 
eye and (B) left eye 

 

 
Figure 5 OCT images of  proband  Dense irregular hyporeflective cavities 
were observed between retinal layers near the macular outer plexiform layer  (A) 
right eye  (B) left eye 

 
Figure 6 Fluorescein fundus angiography (FFA) images of  proband   
Patchy weak fluorescence (arrows) was observed in the superior temporal beyond 
the vascular arch in both eyes but not consequentially enhance in the late stage of  
FFA, and no fluorescein leakage was observed in the macular zone  (A and B): 
right eye  (C and D): left eye 

 
Figure 7 Perimetry results of  proband   Ring scotomas and paracentral 
scotomas were found in both eyes  (A) Grayscale map of  the right eye  (B) 
Pattern deviation map of  the right eye  (C) Grayscale map of  the left eye  (D) 
Pattern deviation map of  the left eye 
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Figure 8  Electroretinogram (ERG) findings of proband  (A1, B1): Curve 1 shows maximal responses were unrecordable in the right eye (A1) and left 
eye (B1) in scotopic 0.01 ERG. Curve 3 displayed moderate to severe reductions of  a-wave, moderate decrease of  b-wave, and delayed latency of  b-wave in 
scotopic 3.0 ERG. Curve 5 showed a moderate reduction of  a- and b-waves and delayed latency in scotopic 10.0 ERG (A2, B2): Mild reduction of  a- and 
b-waves and increased latency were seen in the maximal response in the right eye (A2) and left eye (B2) in photopic 3.0 ERG  (A3, B3):Moderately reduced 
N1-P1 amplitude in the right eye (A3) and left eye (B3) in photopic 3.0 flicker ERG (30 Hz)  (C1, C2, C3): Maximal responses, scotopic 3.0 ERG and 
photopic 3.0 flicker ERG in a normal control 

 
Figure 9  Multifocal electroretinogram (mfERG) findings of  proband  A1: A three-dimension (3D) display of  the P1 wave showing central fixation in 
the right eye  B1: A 3D display of  the P1 wave showing paracentral fixation with temporal deviation in the left eye  A2, A3, A4, B2, B3, B4: In ring 1, the 
amplitude density of  N1 and P1 waves decreased with a relatively normal waveform, and latency was delayed as centrifugation degree increased  A: right eye   
B: left eye 

 

2.2 Genetic testing of  the ESCS pedigree 

The proband had a compound heterozygous variation in NR2E3 

gene, and two loci variations were identified as missense mutations 

and comprised c.671C>T on exon 5 and c.955G>A on exon 6. The 

former changed serine to leucine at position 224 of  the NR2E3 

protein, while the latter altered glutamic acid to lysine at position 

319 (Figure 10). Using gnomAD, the c.671C>T variation frequency 

in East Asian populations was 0. It was recorded as ‘undetermined 

significance’ in ClinVar and was not reported in the literature. The 

c.955G>A variation was not included in East Asian populations in 

gnomAD and ClinVar databases, and was similarly unreported in the 

literature. Both variations were deleterious as predicted by SIFT, 

Polyphen2, and MutationTaster programs, and were of  

undetermined clinical significance based on ACMG standards and 

guidelines. From pedigree analyses, the c.955G>A variation was 

inherited from the proband's father, but the source of  the c.671C>T 

variation could not be determined as the proband’s mother was 

deceased. Comparative analysis of  NR2E3 amino acid sequences 

between Homo sapiens, Bos taurus, Pan troglodytes, Mus musculus, Danio 

rerio, and Gallus gallus showed that amino acids 224 and 319 were 

highly conserved across species (Figure 11), and that pathogenicity 

after mutation was high. When combined with clinical symptoms, 

ESCS caused by mutated NR2E3 was diagnosed.  

 
Figure 10  Sanger sequencing map of  the ESCS family   A 

compound he terozygous variation c.671C>T/c.955G>A was identified in 

NR2E3 in the proband 
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Figure 11 NR2E3 structure and conservation across species analyses   
NR2E3 amino acid positions at 224 and 319 were highly conserved across 
Homo sapiens, Bos taurus, Pan troglodytes, mus musculus, Danio rerio, and Gallus 
gallus species 

3 Discussion 

At the age of  2 years, the proband was diagnosed with night 

blindness. After admission to our hospital, ERG and OCT showed 

that retinal rod and cone functions were damaged, multiple small 

retinoschisis chambers were present between macular retinal layers, 

accommodative esotropia was observed in both eyes, and scotopic 

adaptation was severely impaired, consistent with ESCS. Gene 

sequencing indicated the proband had two mutated loci at c.671C>T 

(p.S224L) and c.955G>A (p.E319K) in NR2E3, which were not 

previously reported in the literature. When combined with clinical 

symptoms, ESCS was confirmed in the proband and was caused by 

a compound heterozygous variation. 

In total, 78 ESCS-related eye disease studies were retrieved from 

PubMed. In studies reporting ESCS caused by NR2E3 mutations, 

84 mutated loci were listed, including 58 missense, 15 splicing, six 

frameshift, and four deletion mutations, and also one nonsense 

mutation. Amongst mutations, three were located in the N-terminal 

A/B domain, 24 in the DNA binding domain, five in the hinge 

region, and 37 in the ligand binding domain. We observed that 

c.119-2A>C and c.932G>A (p.R311Q) were two commonly 

mutated loci 3-29. 

ESCS is an autosomal recessive retinal dystrophy caused by 

mutations in the nuclear receptor gene NR2E3 on chromosome 

15q23. In childhood, patients usually present with normal fundus or 

a few discrete white spots in the retinal pigment epithelium, retinal 

mass pigmentation is usually seen at 9–11 years old and also macular 

cystoid changes not accompanied by fluorescein leakage or cleavage 

by FFA 30-31. Three cone photoreceptor types exist in the human 

retina: short-wave-sensitive (S, blue), medium-wave-sensitive (M, 

green), and long-wave-sensitive (L, red) cones. In all types, inherited 

retinal dystrophy generates progressive rod and cone cell 

degeneration. However, ESCS has enhanced short-wave cone 

function, severe medium- and long-wave cone function impairment, 

and characteristic rod function changes. Based on such 

pathophysiological changes, rare characteristic changes can be 

identified by ERG in such patients, i.e., ERG cannot be recorded 

upon low-intensity light (0.01) stimulation under scotopic adaptation, 

while large and slow response waves are recorded upon 

high-intensity light (3.0) stimulation, and waveforms show no 

changes with increased background light intensity (photopic 

adaptation), distinct to normal ERG responses to long-wavelength 

light.  

NR2E3 is specifically expressed in photoreceptor cells and was 

identified due to its high conservation with the protein sequence and 

structure of NR2E1. NR2E1 is implicated in cell fate determination 

mechanisms during Drosophila forebrain and eye development, and 

encodes an orphan receptor of  the steroid/thyroid hormone 

receptor superfamily of  ligand-activated transcription factors 33-34. 

Mutations in human NR2E3 may cause several retinal diseases such 

as autosomal dominant and recessive retinitis pigmentosa, 

Goldmann-Favre syndrome, clumped pigmentary retinal 

degeneration, and ESCS 17, 35-40. ESCS shares some symptom 

similarities with Goldmann-Favre syndrome, which is considered a 

serious version of ESCS 40. NR2E3 encodes a 410 amino acid 

polypeptide (relative molecular mass = 45.5 kDa) and contains an 

amino-terminal A/B domain, DNA binding domain, hinge region, 

and carboxyl-terminal ligand binding domain. The DNA binding 

domain binds to target gene promoters, while the ligand binding 

domain binds to as yet unknown ligands, and the hinge region is the 

nuclear localization signal 9,41-42. In NR2E3-deficient rd7 M. musculus, 

rod cell development, differentiation, and maturation are normal 
1,43-46. NR2E3 is conserved in rod cell development/regulation in H. 

sapiens and D. rerio. Rod precursor cells cannot differentiate into 

mature rod cells in D. rerio expressing a NR2E3 mutation, while rod 

cell functions in ESCS patients are severely damaged at early disease 

stages 47, resulting in early night blindness.  

In early stage of  ESCS, congenital static night blindness and 

non-pigmented retinitis pigmentosa has some similar manifestations, 

such as poor night vision, mild to moderate visual loss, and no 

serious abnormalities in peripheral and normal visual fields, 

therefore, these diseases are difficult to distinguish only by chief  

complaint and fundus phenotype, but all have different ERG 

characteristics. During clinical diagnoses, it is vital to understand the 

ERG characteristics of  retinopathies with similar early symptoms. 

ERG examinations should be considered when the disease type 

cannot be clearly identified by the patient, and a definitive diagnosis 

should be made in combination with genetic testing results, thereby 

facilitating targeted treatment and improving the patient's quality of  

life. The phenotypic heterogeneity of  ESCS is high, causal 

relationships between retinal cell degeneration and NR2E3 

mutations are unclear, and phenotypes following NR2E3 mutation 

vary across different species. Consequently, it is difficult to 

comprehensively determine NR2E3 functions, therefore no effective 

clinical treatments for the condition have been identified. In our 

pedigree, the proband is 21 years old, and a long-term follow-up 

observation to monitor fundus disease development is available to 

contribute to ESCS genetic analyses. 

In this study, two unreported mutated loci c.671C>T:p.S224L and 

c.955G>A:p.E319K were identified in NR2E3. Our study has 

enriched the gene mutation spectrum of autosomal recessive ESCS, 

generated comprehensive insights on ESCS pathogenesis, and 

provided a reference point for clinical genetic counseling and 

fertility guidance. 
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