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Abstract

Background and objectives The EYS gene is an important cause of autosomal recessive retinitis pigmentosa (arRP). The
objective of this study is to report on novel pathogenic variants in EYS and the range of associated phenotypes.

Subjects and methods This retrospective case series at a tertiary referral centre for inherited retinal diseases describes
patients with an IRD and at least two variants in the EYS gene. Phenotyping included multimodal retinal imaging; geno-
typing molecular genetic analysis using targeted next generation sequencing. Sanger sequencing verification and analysis of
novel variants using in silico approaches to determine their predicted pathogenicity.

Results Eight male and four female patients were included. Age at onset ranged from 11 to 62 years with variable symptom
presentation; ten patients showed classical features of retinitis pigmentosa, albeit with great variation in disease severity and
extent. Two patients had atypical phenotypes: one with localised inferior sector pigmentation and a mild RP phenotype with
changes predominantly at the posterior pole. Eighteen variants in EYS were identified, located across the gene: six were
novel. Eight variants were missense, two altered splicing, one was a whole exon duplication and the remainder were
predicted to result in premature truncation of the protein.

Conclusion The marked variability in severity and age of onset in most patients in this ethnically diverse cohort adds to
growing evidence that that mild phenotypes are associated with EYS variants. Similarly, the two atypical cases add to the
growing diversity of EYS disease as do the six novel pathogenic variants described.

Introduction pigmentosa (RP) (OMIM #268000) collectively incorpo-

rates many genetic causes of IRD, with a worldwide pre-

Inherited retinal degenerations (IRDs) are a group of her-
editary retinal disorders that are characterised by pro-
gressive loss of vision. IRDs can display marked
phenotypic and genetic heterogeneity with variable age of
onset of symptoms and rate of progression. Retinitis
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valence of 1 in 4000 [1]. RP is characterised by progressive
loss of rod photoreceptors with symptoms of nyctalopia and
peripheral visual field loss, followed usually by secondary
cone loss. Fundus appearances typically include intraretinal
pigment deposition, vessel attenuation and optic disc pallor
[1]. To date, over 80 different genes have been associated
with RP [2, 3], however in ~40% of cases the causative
gene has not yet been identified [1].

In 1998 an RP locus (RP25) was mapped to a 16 cM
region on chromosome 6 (6pl2-ql5) in four Spanish
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Fig. 1 Schematic diagram
showing the protein domain
structure of EYS. The protein F ok
consists of EGF-like and EGF-
like calcium binding domains at
the N terminal end, a coiled coil
domain and 5 laminin G binding
domains at the C-terminal end.
The mutations identified in our
cohort are marked, those novel
to this study are shown above ”
the structure and those reported
previously are shown below (see I
*

p.(Arg26Trp)

p.(Cys436*) ¢.2137+1G>A

EGF-like, conserved site

Table 3 for details).

C] Laminin G
. Coiled-coil domain

families [4]. Subsequently the region was refined to a 2.67
cM region [5]. Two groups simultaneously identified the
human orthologue of the Drosophila eyes shut/spacemaker
(eys) gene EYS (OMIM #612424) at this locus [6, 7].
Subsequently mutations in EYS were reported to be one of
the most frequent causes of autosomal recessive RP (arRP)
in particular in the Japanese and Israeli populations,
accounting for up to a third of simplex and arRP cases
[8, 9], but with a frequency of approximately 5% in Eur-
opean and North American populations [10].

EYS is one of the largest genes expressed in the eye
comprising 44 exons spanning over 2 Mb of genomic DNA
[7, 11]. EYS encodes a 3165 amino acid protein (accession
number ENSTO00000370621.3), which contains multiple
epidermal growth factor (EGF)-like domains at its N-ter-
minus, a probable coiled-coil domain, and five Laminin G
domains interspersed by more EGF-like repeats (Fig. 1)
[7, 11]. The EYS protein is now known to have four iso-
forms (3144aa, 619aa, 594aa and 3165aa), all of which are
expressed in human retinal rod, cone and ganglion cells,
where they localise to the cytoplasm, centrosome and ciliary
axoneme [12]. Isoforms 2 and 3 are also expressed in
human testicular cells [12], although their function there has
not yet been investigated. The EYS protein is thought to be
involved in stabilising the photoreceptor ciliary axoneme,
and the organisation and function of other microtubule
structures within retinal cells in humans [12]. The invol-
vement of each EYS isoform in the pathogenesis of RP is
unknown, but the high degree of variation in the domain
structure between variants suggests they may perform
multiple functions [12].

We characterise the genotype and phenotype a cohort of
twelve patients from different ethnicities with EYS variants,
describing milder and diverse phenotypes and report novel
gene variants.

4 Q0L iini i ﬁ o I

p.(713-753dup)

p.(Glu3151del)

p.(Leul575Val) p.(Cys2130Ser) p.(Tyr2558fs12*) p.(Met3053fs16*)

p.(Lys3149fs7*)

p.(Lys1945fs42*) p.(Gly2623Glu) p.(Gly2966Glu)

p.(Gly2017Val) p.(Gly2658Glu) p.(Tyr2956*)

p.(Phe2733fs33*) p.(Cys2948Arg)

EGF-like calcium-binding, conserved site

EGF-type aspartate/asparagine hydroxylation site

Materials and methods

This study was conducted in adherence to the tenets of the
Declaration of Helsinki with local approval from the Essex
2 Research Ethics Committee (reference 08/H0302/96) with
written informed, patient consent.

Literature search

An extensive literature search was performed to find studies
reporting genotype or phenotype analysis of arRP patients
identified to have EYS pathogenic sequence variants.

Study population

The clinical data of all patients identified by the clinical
laboratory to have two or more pathogenic sequence var-
iants in EYS were reviewed retrospectively.

Clinical data

Clinical notes, imaging and investigation results were
reviewed for all patients and available family members.
Data extracted included basic demographics (age, sex,
ethnicity), pedigree and details of any family history,
including details of consanguinity, ocular symptoms, ocular
co-morbidity or systemic disorders. Examination and
investigations included best-corrected visual acuity, and
where available, Goldmann visual fields, fundus photo-
graphy, autofluorescence imaging (AF), spectral domain
optical coherence tomography (OCT) (OCT-Spectralis,
Heidelberg Engineering, Heidelberg) and electrodiagnostic
testing in accordance with ISCEV standards [13]. Patients
in this study are represented by an alphabetical identifier
A-L.
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Molecular genetic analysis

Molecular genetic testing was performed by the Oxford
Regional Genetics Laboratory. Enrichment for the EYS gene
was achieved as part of a customised HaloPlex enrichment
system kit (Agilent technologies, Stockport, UK) designed
to capture the coding exons and at least 10bp of the
flanking introns of 111 retinal genes in the Oxford NGS
IRD phenotype-based gene panel. HaloPlex reactions were
prepared as per manufacturer’s instructions. Libraries were
pooled into batches of 14 and sequenced on an Illumina
MiSeq instrument (Illumina) using a MiSeq v3 kit as per
manufacturer’s instructions. Reads were aligned using
BWA [14] and variant pathogenicity was called using Pla-
typus [15]. All reported variants identified by NGS were
confirmed by Sanger sequencing. In silico analysis was
performed on the variants identified using three different
prediction methods to determine the deleteriousness of the
variants: Polyphen [16, 17] and Mutation Taster [18].

Results
Literature search

A total of 66 studies report 449 distinct RP causing EYS
sequence variants. These consist of 219 missense, 43 gross
deletions, 92 small deletions, 39 splicing, 32 small inser-
tions, 5 small indels, 12 gross insertions, 4 regulatory and 3
complex rearrangement. However, only 28 studies report
phenotypic data (Supplementary Table S1).

Cohort characteristics

Twelve unrelated arRP patients with pathogenic sequence
variants in EYS were identified. Of these nine were male and
three female; five were Northern European, three South
Asian, one Middle Eastern, one East Asian, two unrecorded
ethnicities; age at most recent visit ranged from 42 to 77
years (see Table 1). Phenotypic information was available
for 11 of the 12 patients. Summaries of these phenotypes
are provided in Fig. 2 and Supplementary Table S3 with
corresponding descriptions of genotype in Tables 2 and 3. A
schematic showing the position of sequence variants in
relation to the gene structure is shown in Fig. 1.

Clinical presentation and phenotype

The age at onset of first symptom was variable, ranging
from 11-62 years. The most common presenting symptom
was nyctalopia, but peripheral and central field loss were
also reported, and two patients were asymptomatic. Visual
acuity ranged from 0.00 LogMAR to only being able to see

SPRINGER NATURE

hand movements. Where available, Goldman perimetry
measured from 20 to 150° of horizontal field (see Table 1).

The phenotype was relatively consistent, with varying
degrees of pigment, vessel attenuation and optic disc pallor
with loss of the photoreceptor layer seen on imaging with
central sparing in all but the most advanced cases (see
Table 1 and Fig. 2). Two subjects had distinct phenotypes
(patients E&F). Patient E, homozygous for the variant
c.5834delA, had a phenotype consistent with inferior sector
RP and was asymptomatic. Patient F, a compound hetero-
zygote for c.7868G>A, and c¢.8196_8200delCTTC, had
minimal visual loss with a mild limited RP phenotype
characterised by an inferior band of mottled early atrophic
appearing retinal pigment epithelium, with a corresponding
band of decreased AF signal in this area, accompanied by a
circumferential concentric ring of increased AF signal
confined to the posterior pole. Electrophysiology testing
confirmed mild disease with rod and cone ERGs showing
reduced amplitudes and but normal implicit times, and
visual fields were full.

Fundoscopy

The fundoscopic appearance of the majority of patients
demonstrated the peripheral intraretinal bone spicule pig-
mentation, vessel attenuation and disc pallor expected in
RP. Patients E and F showed a different phenotype with
limited location of disease.

Optical coherence tomography

In the majority of patients, OCT demonstrated generalised
atrophy of photoreceptor layers, with macular sparing of
the photoreceptor layers in all but the most advanced
cases. There was only one patient with cystic macular
oedema (G), which was very mild, but patient D had, in
addition, an epiretinal membrane. Patient F had a partial
thickness macular hole and patients D, H and J had
hyperreflective dots in the interdigitation zone (Supple-
mentary Table S3).

Fundus autofluorescence

In all patients, there was an increased signal within the
arcades, except for patient E, where there was a band of
increased AF external to the inferior atrophic sector RP. In
addition, in patients B, C, G and K there was a ring of
increased AF within the posterior pole.

Electroretinography

Electrophysiology results were available for three
patients and were consistent with both rod and cone
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Patient A

Patient E

-

Patient L

Fig. 2 Fundal imaging demonstrating phenotype of patients A, B,
C, E, J & L. For each patient, fundus photographs (or an Optos®
widefield image) is provided in the uppermost panel, a representative
Optical Coherence Tomography slice in the centre and Fundus

system involvement showing reduced a, b amplitudes
and increased implicit times in response to both dark
adapted and photopic flash stimuli (Supplementary
Table S2).
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Patient B

Patient F

Patient C

Patient J

Autofluorescence images in the lowermost panels. For patients
E&J, fundus photographs were not available. Please see Supplemen-
tary Fig. S1 for imaging of other patients.

Molecular genetic analysis

All twelve patients described herein have bi-allelic patho-
genic sequence variants in EYS. Four patients were



Genetic and clinical findings in an ethnically diverse EYS retinitis pigmentosa cohort 1445
;ZEZES itl?]e ?riﬁzs Iggl tified in Patient Gene Variant State Report
B AIPLI c.1108C>T p-(Pro370Ser) Het
CNGB3 c.1534A>G p.(Ile512Val) Het
SAG c.1043C>T p-(Ser348Phe) Het
C RIMS1 c.1744T>G p-(Ser582Ala) Het \AON
D CRX c.292C>T p.(Arg98+*) Het Pathogenic
E ABCA4 c.3386G>A p.(Argl129His) Het Pathogenic
LCAS ¢.338A>G p-(Asnl13Ser) Het
SEMA4A c.994G>A p.(Gly332Arg) Het
USH2A ¢.3395G>A p-(Gly1132Asp) Het
F ABCA4 c.643A>G p.(Ile215Val) Het
CACNA2D4 c.2683A>G p-(Asn895Asp) Het
CERKL c.17G>T p-(Arg6Leu) Het
RPGRIP1 ¢.2599C>T p.(Arg867Trp) Het
G C8orf37 c.375-2A>G Splicing Het Pathogenic
USH2A ¢.10633C>T p.(Arg3545Trp) Het
H GPRI179 c.1694G>A p-(Arg565Gln) Het
I ADAMY ¢.707G>C p.(Arg236Thr) Het
NR2E3 c.76A>C p.(lys26Gln) Het
J CNGBI c.2957A>T p-(Asn9861le) Hom VUS
UNCI119 c.649G>A p.(Ala217Thr) Het
K CNGAI c.1315G>A p.(Val439Met) Het
CNGBI c.3421G>A p-(Alal141Thr) Het
GPRI179 ¢.5660A>C p.(GIn1887Pro) Het
KCNV2 c.1344G>C p-(Trp448Cys) Het
RPGRIPI ¢.1802C>T p-(Ser601Leu) Het
L IMPG?2 ¢.745C>T p-(Leu249Phe) Het VUS
RGR ¢.544T>C p-(Phe182Leu) Het VUS
ABHDI?2 c.170G>A p-(Gly57Glu) Het
C2orf71 c.971C>T p-(Ala324Val) Het
MERTK c.1390G>A p.(Vald64lle) Het

VUS variant of unknown significance.

homozygous, and the remaining eight were compound
heterozygote (Table 3). Eighteen variants in EYS were
identified in total, six of which were novel (Table 3, Fig. 1).
As the patients were screened using a panel of 111 IRD
genes, variants in other genes were also described (Table 2).
None of these variants described were considered to be
pathogenic, either because they were seen in a heterozygous
state in genes causing autosomal recessive disease or
because the phenotype described for the gene did not fit. For
example, patients E and F both had a single variant in
ABCA4 but phenotypically did not have Stargardt disease.
However patient D (from consanguineous parents) as well
as being homozygous for an EYS variant (c.1308C>A, p.
(Cys436*), also had a heterozygous CRX variant
(c.292C>T, p.(Arg98*) and we cannot rule out involvement
of this gene as samples for segregation analysis were not
available.

Sixteen variants, six of which were small deletions,
resulted in missense or nonsense mutations, one was a
whole exon duplication (exon 14) and one was a splicing
mutation. One novel missense mutation, ¢.6389G>C,
p-(Cys2130Ser), was found in two unrelated patients, G
and L. Patient G is a compound heterozygote and the
other change, which is a small deletion is also novel,
€.9159_9165delGAGCTAT, p.(Met3053fs16*). Patient
L is homozygous for the change (Table 3). A previ-
ously reported small deletion, ¢.8196_8200delCTTTC,
p-(Phe2733fs33*) [19] was also seen twice in our cohort,
once as a homozygous change (Patient A) and once in a
compound heterozygote (Patient F). All variants identi-
fied were analysed using three different in silico pre-
diction methods: Polyphen2, SIFT and Mutation Taster,
which predict whether or not the changes are pathogenic
(Table 3).
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Discussion

In this study, we characterise the genotype and phenotype
of twelve patients with EYS variants from a variety of ethnic
backgrounds, reporting an expanded phenotype and novel
gene variants. To date 219 point variants (145 missense and
74 nonsense), 39 splicing, 4 regulatory, 92 small deletions,
32 small insertions, 5 indels, 43 gross deletions, 12 gross
insertions and 3 complex rearrangements) have been
reported [20]. We identified a similar distribution of variants
in our cohort with ten point mutations, six small deletions,
one splicing and one whole exon duplication.

Reports from some case series have raised the possibility
that EYS sequence variants may cause more rapidly pro-
gressive arRP than ciliopathies associated with other RP
genes [21, 22]. By contrast in our cohort there was sig-
nificant heterogeneity in the type and age of onset of
symptoms and extent of degenerative changes. There did
not appear to be any obvious relation between the severity
of disease and the type of mutation, nor its location in the
gene. Indeed, several patients in our cohort maintained
acuity and field beyond the sixth decade, suggesting marked
variability of expression in EYS associated RP. This sup-
ports the observation made by Pierrache et al. that EYS
associated IRD is variable [23]. However, as the EYS gene
encodes four different isoforms, further work to determine
the roles they play in the retina may uncover a genotype-
phenotype correlation.

The EYS variants detected in our cohort, including the six
novel ones, are distributed across the whole gene (Fig. 1)
which corroborates previous reported findings (see [24] for
summary).

The three patients with the most severe disease (visual
acuity <1.00logMAR in either eye (A, H, and I) all had EYS
sequence variants located in different parts of the gene.
Previous reports have suggested mutations in downstream
regions of the gene can be more deleterious [25], however
patient I's variants are located relatively upstream, which is
not in keeping with this. Apart from one mutation
(c.8196_8200delCTTC), seen in two unrelated patients of
South Asian heritage (A and F), there was no other mutation
in this series that was particularly found in one ethnic group.
The phenotype of A is quite different from F suggesting that
the more severe phenotype seen in A is because there is no
functional protein and F may have some residual function
because the second variant is a milder mutation.

Although EYS mutations lead to recessive disease, the
large coding sequences required for the retinal isoforms
(cDNA 9.4-9.5 kb) exclude adeno-associated viral vectors
for gene replacement therapy [26]. Alternative technologies
such as CRISPR gene editing may however offer ther-
apeutic options for long coding sequences [27] and for this
reason is it critically important to document all known

mutations in EYS, so that appropriate CRISPR targeting
strategies can be developed. Significantly, six of the muta-
tions we identified were single nucleotide transitions that
could potentially be amenable to potential CRISPR thera-
pies via adenosine or cytosine base editing applied to the
plus or minus strand (c.76C>T, c.2137 4 1G>A,
c.7868G>A, c.8054G>A, c.8842T>C, c.8897G>A) [28].

Seko et al. [29] recently, by using differentiated
photoreceptor-like cells, showed that the manner of decay
of the retina specific transcripts varied depending on the
EYS gene mutation ranging from complete nonsense
mediated decay (NMD) to minimal NMD. Further cell
modelling work may help elucidate the relevance of these
different isoforms in disease severity. However, given the
heterogeneity of mutations suggested by this series, a larger
cohort will be required to explore whether it is possible to
demonstrate any phenotype—genotype correlation.

In the majority of previous studies, the EYS-associated
IRD phenotype is consistent with typical RP with pigment.
More recently however, Pierrache et al described a case of
cone rod dystrophy with a ring of AF signal surrounding the
arcades (in their study labelled patient XXV [23]); our
patient F has very similar features on AF imaging with cone
rod dysfunction, however these patients have different
genotypes. Patient F is a compound heterozygote with a
missense variant ¢.7868G>A (p.(Gly2623Glu)) and a fra-
meshift variant ¢.8196_8200delCTTC (p.(Phe2733fs33%))
causing disease, whereas patient XXV has the homozygous
nonsense  variant  ¢c.9405T>A  (p.Tyr3135%). The
¢.7868G>A variant has been reported before in a compound
heterozygous patient, but with typical arRP and not sector
RP [25]. The other EYS variant identified in patient F
(c.8196_8200delCTTC) was also identified in patient A,
who was homozygous for this variant, but had a typical
ARRP phenotype; this same variant has been described in
one other study, in one patient in a Japanese arRP cohort but
phenotypic data were not presented [19].

The other mild phenotype we report is sector RP in
patient E. EYS related sector RP has been reported once
before by Bandah-Rozenfeld et al. [30]. Their patient had a
homozygous null mutation in exon 43, and they suggest that
this particular mutation may have escaped NMD, however
their patient developed severe widespread RP over time. It
is possible, as our patient E was 40 years old at presentation,
that progression may occur with development of a more
severe phenotype in time. Indeed, a clinical phenotype of
sectoral RP may be seen to have more widespread mani-
festations on imaging modalities such as autofluorescence.

In summary, this study describes an ethnically diverse
cohort of twelve patients with 18 pathogenic sequence
variants in EYS, six of which were novel, located through-
out the gene. We also report two atypical phenotypes of
sector RP and cone rod dystrophy with limited mild disease.
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Of the twelve patients only three had the more typical
severe RP as previously described associated with EYS. No
clear correlation between genotype, phenotype or age at
onset was identified. The EYS gene is an important cause of
arRP and with the practice of whole genome sequencing
becoming more widespread more copy number variations
and intronic variants will be identified as reported by
Zampaglione et al. [31]. Identification of EYS variants and a
better understanding of the gene and its function will help
enable progress towards a therapy.

Summary
What was known before

e Pathological variants in the EYS gene can cause
autosomal recessive retinitis pigmentosa.

What this study adds

e The Retinitis Pigmentosa caused by pathological
variants in EYS is heterogeneous at the genetic level
and in terms of severity and phenotypic pattern.

e Atypical phenotypes (including central and sectoral RP)
can be seen with EYS mutations.
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