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Methods: Fifteen patients from 12 families with inherited retinal disorder (IRD) and
harboring GUCY2D variants were ascertained from 730 Japanese families with IRD.
Comprehensive ophthalmological examinations, including visual acuity (VA) measure-
ment, retinal imaging, and electrophysiological assessment were performed to classify
patients into three phenotype subgroups; macular dystrophy (MD), cone-rod dystrophy
(CORD), and Leber congenital amaurosis (LCA). In silico analysis was performed for the
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Results: The median age of onset/examination was 22.0/38.0 years (ranges, 0-55 and
Keywords: macular dystrophy; cone 4 73y \ith a median VA of 0.80/0.70 LogMAR units (ranges, 0.00-1.52 and 0.10-1.52) in
rod dystrophy; GUCY2D; autosomal the right/left eye, respectively. Macular atrophy was identified in seven patients (46.7%),
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Introduction

Inherited retinal disorder (IRD) is a leading cause
of blindness,' and includes disorders such as retinitis
pigmentosa (RP), cone/cone-rod dystrophy (CORD),
macular dystrophy (MD), Stargardt disease (STGD),
Leber congenital amaurosis (LCA) and others.! ® IRD
is characterized by heterogeneity both in the clinical
and genetic aspects, with different inheritance patterns,
including autosomal dominant (AD), autosomal reces-
sive (AR), X-linked, and mitochondrial inheritance.”°
Significant clinical and genetic overlap is well-known
in the spectrum of IRD, and diverse clinical pheno-
types, including CORD, MD, STGD, RP, and LCA,
can manifest as a result of pathogenic variants in a
single gene (e.g., ABCA4, BESTI, PRPH2, RPGR,
CRX, GUCY2D, RSI, POCIB, PROMI, CNGA3,
CNGB3).2-37:8:10-18

GUCY2D, denoted as guanylate cyclase 2D
(OMIM: 600179), is located on 17p13.1 and contains
20 exons and encodes one of the two retinal membrane
guanylyl cyclase isozymes expressed in photorecep-
tors.!”-?" Retinal membrane guanylyl cyclase isozymes
synthesize the intracellular messenger of photore-
ceptor excitation, cyclic guanosine monophosphate,
which is regulated by the intracellular Ca’*-sensor
proteins of guanylate cyclase-activating proteins.!®2¢
RetGCs and guanylate cyclase-activating proteins
are responsible for the Ca’" -sensitive restora-
tion of cyclic guanosine monophosphate levels
after the light activation of the phototransduction
cascade.?®

A locus and gene for LCA was first mapped
and identified as GUCY2D (LCAIl) in 1995 and
1996.1%-27 Since then, more than 200 variants in the
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fundus (40.0%). There were 11 patients with generalized cone-rod dysfunction (78.6%),
two with entire functional loss (14.3%), and one with confined macular dysfunction
(7.1%). There were nine families with ADCORD, one with ARCORD, one with ADMD, and
one with ARLCA. Ten GUCY2D variants were identified, including four novel variants
(p.Val56GlyfsTer262, p.Met246lle, p.Arg761Trp, p.Glu874Lys).

Conclusions: This large cohort study delineates the disease spectrum of GUCY2D-RD.
Diverse clinical presentations with various severities of ADCORD and the early-onset
severe phenotype of ARLCA are illustrated. A relatively lower prevalence of GUCY2D-RD
for ADCORD and ARLCA in the Japanese population was revealed.

Translational Relevance: The obtained data help to monitor and counsel patients,
especially in East Asia, as well as to design future therapeutic approaches.

GUCY2D gene have been associated with a wide range
of different phenotypes of IRDs.”!?:20:28-3% Sharon
et al. reported that 88% of GUCY2D-associated
retinal disorder (GUCY2D-RD) is AR-LCA, whereas
pathogenic heterozygous missense GUCYZ2D variants
cause AD-CORD.? In that, pathogenic GUCY2D
variants are one of the major causes of LCA, as well as
a major cause of AD-CORD.?® Recently, Stunkel et al.
identified five patients with AR congenital night blind-
ness caused by biallelic GUCY2D variants, which may
slowly progress to mild retinitis pigmentosa.*’ Thus,
AR-LCA, AD-CORD, and AR congenital night blind-
ness are the main clinical presentations of GUCY2D-
RD.

Studies of GUCY2D-RD have been conducted
separately for each phenotype, such as CORD or
RP/LCA; thus, it has been hard to comprehensively
understand the disorder with diverse clinical manifes-
tations and different modes of inheritance. To grasp the
whole picture of GUCY2D-RD, large cohort studies
with standardized clinical and genetic investigations for
IRD in total are required.

The purpose of this study was to characterize the
clinical and molecular genetic features of GUCY2D-
RD in a large nationwide cohort of Japanese subjects
diagnosed with IRD.

The protocol of this study followed the tenets of
the Declaration of Helsinki. Informed consent was
obtained from all affected subjects and unaffected
subjects after explanation of the nature and possi-
ble consequences of the study. This research was
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approved by the Institutional Review Board of the
National Institute of Sensory Organs, National Hospi-
tal Organization Tokyo Medical Center (Reference
R18-029).

Participants from the Japan Eye Genetics
Consortium Study

Participants with a clinical diagnosis of IRD
and available genetic data by whole-exome sequenc-
ing (WES) were studies between 2008 and 2018
as part of the Japan Eye Genetics Consor-
tium Study (JEGC studies; http://www.jegc.org/)
conducted in collaboration of 38 institutes all over
Japan.*! A total of 1294 subjects from 730 families
were reviewed, including 30 families with AD-
CORD/MD/STGD (defined as families with clear AD
family history) and 41 families with AR or sporadic
LCA.

Clinical Examinations

A detailed history was obtained in all affected
subjects and unaffected family members (where avail-
able). The onset of disease was defined as the
age when any visual symptom was first noted by
patients or parents or when the subject was first
diagnosed. The duration of disease was defined as
the time between the onset of disease and the latest
examination.

Comprehensive ophthalmological investigations
were performed, including measurements of the best-
corrected decimal visual acuity (BCVA) converted to
the logarithm of the minimum angle of resolution
(LogMAR) units, ophthalmoscopy, fundus photogra-
phy, fundus autofluorescence (FAF) imaging, spectral-
domain optical coherence tomography (SD-OCT),
visual field testing, and electrophysiological assess-
ments mainly according to the international standards
of the International Society for Clinical Electrophysi-
ology of Vision.#>#

Phenotype Subgroup

For the purpose of this study, the phenotype
subgroup was defined based on clinical findings such
as disease onset, symptoms, natural course, affected
part on retinal imaging, the pattern of retinal dysfunc-
tion, and the history and phenotype of affected family
members, partially according to the previous report!?:
LCA (including early-onset RP), a severe retinal
dystrophy with early onset (<10 years) and complete
loss of retinal function; RP (including rod-cone dystro-
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phy), a progressive retinal dystrophy initially often
affecting the peripheral retina with generalized rod
dysfunction; CORD, a progressive retinal dystro-
phy initially often affecting the macula with gener-
alized cone dysfunction; MD, a progressive retinal
dystrophy presenting macular atrophy with confined
macular dysfunction despite no abnormal general-
ized retinal function; and SNB, a stationary night
blindness presenting congenital or early-onset night
blindness, often affecting generalized rod function
despite essentially normal visual acuity (VA) and no
atrophy.

GUCY2D Variant Detection

Genomic DNA was extracted from affected subjects
and unaffected family members (where available for
cosegregation analysis). WES with target analysis of
301 retinal disease-associated genes (RetNET) was
performed based on the previously published method
and through the Phenopolis platform.*-4¢ The identi-
fied variants were filtered with the allele frequency (less
than 1%) of the Human Genetic Variation Database
(HGVD), which provides the allele frequency of the
general Japanese population. Depth and coverage for
the target exons were examined with the integrative
Genomics Viewer.

Disease-causing variants were determined from the
detected variants in the 301 retinal-disease-associated
genes, considering the clinical findings of the affected
subjects, the pattern of inheritance in the pedigree, and
the results of cosegregation analysis.

In Silico Molecular Genetic Analysis

Sequence variant nomenclature was performed
according to the guidelines of the Human Genome
Variation Society (HGVS). The allele frequency of all
detected GUCY2D variants in the HGVD, Integra-
tive Japanese Genome Variation (iIJGVD 2k), the
1000 Genomes Project, and the genome Aggregation
Database (gnomAD) was established according to the
previous method.*!

All detected GUCY2D variants were analyzed
with the following prediction programs; Mutation-
Taster, FATHMM, SIFT, PROVEAN, and PolyPhen-
2. Evolutional conservation scores were calculated
for all detected GUCY2D variants by the UCSC
database. Pathogenicity classification of all detected
GUCY2D variants was performed based on the guide-
lines of the American College of Medical Genetics and
Genomics.’
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Pedigrees of 12 Japanese families with inherited retinal disorder harboring GUCY2D variants. The solid squares and circles (men

and women, respectively) represent the affected subjects and the white icons represent the unaffected family members. The slash symbol
indicates deceased individuals. The generation number is noted on the left. The proband is marked by an arrow; the clinically investigated

individuals are indicated by a cross.

Participants

Fifteen affected subjects from 12 families with a
clinical diagnosis of IRD and harboring GUCY2D
variants were ascertained. The detailed demographic
features and summarized genetic results are provided
in Table 1, and the pedigrees of 12 families are shown
in Figure 1.

All affected and unaffected subjects were Japanese,
and any mixture with other ethnicity was not reported.
There were four families with clear AD family history
(4/12, 33.3%; families 4-7), and eight sporadic families
with no affected family members than the proband
(8/12, 66.7%; families 1-3, 8-12). There were four
families with unknown familial information (families 3,
9, 11, 12). Consanguineous marriage was not reported
in any of the 12 families.

There were five affected females (5/15, 33.3%) and
10 affected males (10/15, 66.7%). The median age at
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the latest examination of the 15 affected subjects was
38.0 years (range, 1-73).

Onset, Chief Complaint, and Visual Acuity

The median age of onset and duration of disease
of the 12 affected subjects with available records was
22.0 years (range, 0-55), and 11.5 years (range, 1-40),
respectively.

Four subjects had childhood-onset of 15 years or
earlier (4/12, 33.3%; patients 1, 2, 7, 13). Later onset of
disease (45 years or later) was reported in one subject
(1712, 8.3%; patient 15).

Reduced visual acuity/poor visual acuity was
reported as a chief complaint at the initial visit in 12
of 14 affected subjects with available records (12/14,
85.7%; patients 1, 2, 4-9, 12-14,15), one with photo-
phobia (1/14, 7.1%; patient 11), and one with night
blindness (1/14, 7.1%; patient 3).

The median BCVA in the right and left eyes of the 12
affected subjects with available records was 0.80 (range,
0.00-1.52) and 0.70 (range, 0.10-1.52) LogM AR units,



TVST | May 2020 | Vol.9 | No. 6 | Article2 | 5

A Japanese Cohort with GUCY2D Retinopathy

*191205 UoIeLIEA BWOUID UBWNH 31 JO SaulapInb a1 01 Hulpiodde pawioyiad sem 2IN1ejPUSWOU JUeLIBA 9DUaNbag
‘ejep [e2160]01sAyd01103]3 10 YA 3qe|ieARUN 0) SNP JUSWISSASSE AJISASS 10) d]qe|IeARUN 319M JYOD YHM s123fgqns om] *(1 | ‘g ‘9 syuaiied) uoiduny pos pazijesauab paniasaid Ajpaneal

pue YA 3|qeloney AjpAe[21 Y1im $193(qNns gyOD Pl 93141 pue ‘(1 ‘€1 ‘6 ‘S ‘b ‘g S1ualied) uoiduny [eunal 1o YA JOo A1LI9ASS 21eIpawIdul YIim $103(gns qyOD 21eIapowl XIs ‘(£ ‘¢ suaiied) uodunysAp [eunal a1aAas pue YA 10od ylim $103[gns gyQD 21943 OM] I9M Y |
‘“Aydoize ou pue Ayinde |ensiA [ewou Ajennuasss aydsap uonouny pol pazijelauab bundaye usyo ssaupuljq 3ybiu 19suo-Ajies 1o jeyusbuod bunussaid ssaupuliq ybiu Lieuoness e ‘gNs pue
‘uonouny [eunal pazijesauab [ewsouge ou adsap uonduNysAp Jejndew pauyuod yum Aydoaie sejndew bunuasaid AydoaisAp jeunai aaissaiboid e ‘g ‘uonounysAp auod pazijesausb yum endew syl bundaye usyo Ajjeniul AydonsAp [eunal saissaiboid e ‘gyQd ‘uonounysip
pou pazijelauab yum eunal jessyduad ay) Hundaye usyo A 1 AydonsAp [eunai aaissaiboud e ‘(AydoaisAp auod-pos buipnpdul) dy ‘uonouny jeurias Jo ssoj 213|dwod pue (s1eak 0 >) 19suo-Aj1ea yum AydoaisAp [eunnai a1anss e ‘(dy 19suo-Aiea buipnppul) v 14odas snoiaaid

3y 01 buipiodde AjjenJed ‘siaquiaw Ajiwey paldaye jo adAlouayd pue A101s1y ay) pue ‘uondunysAp jeunai jo uianed ay) ‘HBuibew [eunal uo 1ied paydaye ‘9s1nod [einjeu ‘swodwAs 1asuo aseasip se yans ‘sbuipuy [ediulpd uo paseq pauyap sem dnoibgns adAlouayd ay |
"1oeIR1ED PRY | PUB 0| SIUSIIR] "P3IDIIP 1SIYy Sem Buipuy [eurias [ewlouge ue uaym ‘syuaned dnewoldwAse, ayi ui o yuaned ayi A palou 1siy SeM SSO| [BNSIA YdIYM Je 3be ay3 J1ayua se pauyap

sem 13suo Jo abe ay| "pauwioyiad sem uoneuIweX? 15318| 9Y) Uaym abe 3y Se pauysp sem UwN|od 3yl Ul pagudsap by “saljiwey Inoj ul pariodal AlJea|d sem (suonelsaush aAnNI3sUOd oM Ul $123qns paidaje oml Buiey 1ses)| 1e) £101s1Yy Ajiwie) JUBUILIOP [eWOSOINY
‘“AydousAp Jejnoew

‘aw ‘A1inde [ensiA uoinjosal Jo 3|6ue wnwiuiw ay) Jo wyiiebo| pa1da.1I0d 1594 ‘YA YYINGO0T ‘24 1ybu ‘Jy ‘9|qe|ieAe Jou ‘YN ‘djew ‘| 943 3| ‘37 ‘sisoinewe [e)1usbuod 1aga 'y ‘ojeway ' ‘AydonsAp pol auod ‘gy0) ‘DAISSID3I [BLUOSOINE ‘Y JUBUILIOP [BLIOSOINE ‘QY

Aynoe [ensia
J00d /Aunoe (st
yloLed|rd d<1/y/T> av aw so 50 0 0 eigoydoloyd [ensiA paonpay  §§ WA 4 dlpeiods  juaned) Gill-gl - (ZONW) ZL
Aynoe [ensia
(91e19pOWI) SSO| paY J00d /Aunoe WL
y1oLed|rd d<1/v/T> av adod 90 80 45 OL—  [ensIA|esusd [ensIA padNpay VN 34 W dipeiods  juaned) Zill-LL - (ZONN) LL
Aynoe [ensia
(91e19pOWI) J00d /Aunoe (€1
nazo6leAd L <Dr0LT (onou ap) v ayod L L gL+ L+ eqoydoloyd [ensiApadnpay 0 ol W dlpesods  juaned) Z:(I-0L (E0DWL) OL
Aynoe [ensia
J00d /Aunoe 4}
sA1Lygnod ‘'v<Dlzsed av (VN)@4od  ¥N VN VN VN VN [eNsIA pdNPaY LY 9 W dlpeiods  jusned) € (zonax 6
A
-lewiouqe [
sIHge8bIv'd 'Y <DELSTD (onou ap) v (Pw) @40d  SL°0 S1'o SLll— SlLL— uoisiA 1ojod eiqoydojoyd €2 €C W dlpesods  jusned) Z:|I-8 (zonn 8
sIHeghIy'd 'Y <DELSTD av (VN) @40D L 80 — L+ VN VYN VN 89 W av (ol udned) zil-£ (tonn £
Aunde jensia
(91e19pOW) Jo0d /Aynde
siHgesbiy'd 'Y<DgLSTd av a4od L0 L0 S9—  9— VN [ensiA padnpay  0€ 32 E| av (63usned) ¢ (tonr) £
Aunde jensia
Jood /Aynde
sIHeghIy'd 'Y <DELSTD av (Plw) @40d TS0 (444} §'9— 9— VN |BNSIA padNpay  G€ 9¢€ E| av (giusned) g (tonn
Aynoe [ensia
Jo0d /Aynde
SIHge8bIy'd 'Y <DELSTD av (219A35) @YOD  TS'L 4" S— S— eiqoydoloyd [ensiApadnpay £ 8¢ W av (£iusned) L} (z0OW1) 9
Aynoe [ensia
Jo0d /Aynde
SIHge8bIy'd 'Y <DELSTD av (PIlwW) 40D L0 0 L= [—  eiqoydoloyd lensiA padnpay gl 1€ q av (91usned) g (tono) s
Aynoe [ensia
(91e19pOWI) J00d /Aunoe
sAogegbiyd 1<dz1sT? av g4od SOl SOl Sl— SL— egoydojoyd lensiA pasnpay  LZ 19 E| av (siusned) zi-y  (Lona) v
Aynoe [ensia
(91e19pOWI) J00d /Aunoe
skogegbiy'd 1 <dz15T? av adod 780 780 ST ST VN [eNSIAPdNPaY €T o€ W av (yiuened) Lilii-z - (LONAM) ¥
di19/Bayd’1<D1822 av (949195) @HOD  TS'L L ge+ gLt VN ssaupulqIybIN - YN €L W dlpelods (g3udned) € (LONN) €
Aynoe [ensia
sA1v£8N19°d ‘Y <D0Z9Zd (91e19pOW) ssaupul|q Jo0od /Aynde
‘]opygna1 0ge|y'd ‘]opzST 8€CD uv ddod  ¢zo o [ [ 1Y6IN |ensiA padnpay € 4% W dlpesods (ziusned) ZiII-Z - (LODWL) T
Aynoe jensia
3l19IdBN'd D <D8ELD l1ood/Aynoe
‘79tIa1s}A1D95|eAd 'DLIPPILTLILD uv VD1 VN VN VN VN snwibeisAN |eNSIA pa5NpaYy 0 L E| dlpesods (L 1usned) Z:|I-L (tonw) L
adAjousn sisoubelp dnoibgns ERl EN] ERl EN] swoldwAs wieidwo) Jaiyd 19sUQ  (uoneujwexy X3S  ddueIdyu| ‘ON 1udnled ‘ON Ajlwe4
J112uab Jejndsjoy adAiouayd Je|nd0 JdY10 15917 1e) 9bY
Kq paisabbng
PueIBYYl VA dv¥Wbo uondelysy
AQmuQN>UDUV 19pIosId |eunlay pP=1eIdOSSY-JZADND YIM Saljilie | Wodj sjualied wmwcmo_m_. Gl JO Sainjeo U_F.\_thmogwﬁ_ ‘L 9|qel

A30]0Uy03) 7 90USIOS UOISIA [euol}ejsuel)

j Is.org on 05/29/2020

.arvojourna

Downloaded from tvst



translational vision science & technology

A Japanese Cohort with GUCY2D Retinopathy

Patient 2, LCA, 2-11:2

,2-1I: Patient 7, CORD, 6-ll1:1
[c.238_252del, p.AB0_L84del];[c.G2620A, p.E874K]

[c.G2513A, p.R838H]

L ]
&

Patient 3 ,CORD, 3-1I:7
[c.C2281T, p.R761W]

Patient 8, CORD, 7-1I:5
[c.G2513A, p.R838H]

\

Patient 9, CORD, 7-I1:3
[c.G2513A, p.R838H]

Patient 4, CORD, 4-lIl:1
[c.C2512T, p.R838C]

-

——(

Patient 10, CORD, 7-1:2

Patient 5, CORD, 4-1I:2 [c.G2513A, p.RB38H]

[c.C2512T, p.R838C]

by “ “
>

w

Patient 6, CORD, 5-111:5

[c.G2513A, p.R838H] [c.G2513A, p.R838H]

Figure 2.

Patient 11, CORD, 8-1I:2

TVST | May 2020 | Vol.9 | No. 6 | Article2 | 6

Patient 12, CORD, 9-l1I:3
[c.G2521A, p.E841K]

(

Patient 13, CORD, 10-l:2
[c.G2704T, p.vo02L]

8

Patient 14, CORD, 11-11:2
[c.T2747C, p.1916T]

& 4

Patient 15, MD, 12-1I:5
[c.T2747C, p.1916T]

Fundus photographs and fundus autofluorescence images of 14 patients with GUCY2D-associated retinal disorder (GUCY2D-RD;

patients 2-15). Fundus photographs and fundus autofluorescence (FAF) images of the right eyes demonstrated macular atrophy in seven
affected subjects (patients 4,5, 7,9, 10, 12, 13) with intrachoroidal cavitation in three subjects (patients 5, left; 10, left; 13) and slight fine dots
at the macula in two subjects (patients 4, 9). Atrophic change at the posterior pole extending to the periphery was observed in patient 7 and
subtle diffuse disturbance at the posterior pole with vessel attenuation was found in patient 7. Normal fundus appearance was noted in five
subjects (patients 1, 2, 6, 8, 14). Patient 11 had essentially normal retinal appearance except for optic disk cupping. The atrophic changes
were more evident on FAF images. A loss of AF signal at the macula was identified in five subjects (patients 5, 7, 10, 12, 13). Increased AF
signal at the macula was observed in five subjects (patients 2, 4, 6, 8, 11). A patchy area of decreased AF signal at the posterior pole extending
to the periphery surrounded by a ring of increased AF signal was found in patient 7.

respectively. One of the two subjects with unavailable
LogMAR VA testing had nystagmus (patient 1). Four
subjects of 13 with available records had relatively
favorable VA (4/13, 30.8%, patients 2, 6, 8, 11; 0.22 or
better LogMAR units in the better eye), five subjects
had intermediate VA (5/13, 38.5%, patients 4, 9, 10, 14,
15; between 0.22 and 1.0 LogMAR units in the better
eye), and four subjects had poor VA (4/13, 30.8%;
patients 3, 5, 7, 13; 1.0 or worse LogMAR units in the
better eye).
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Retinal Imaging and Morphological Findings

Fundus photographs were obtained in 14 affected
subjects (patients 2—15), and FAF images were available
in 12 affected subjects (patients 2, 4-13, 15). A descrip-
tion of funduscopy was available in one subject (patient
1). The representative images are presented in Figure 2,
and the detailed findings are described in Table 2.

Macular atrophy was identified in seven affected
subjects (7/15,46.7%; patients 4, 5,7,9, 10, 12, 13), with



TVST | May 2020 | Vol.9 | No.6 | Article2 | 7

A Japanese Cohort with GUCY2D Retinopathy

punoibydeq ejndew
|ewsouqe 3y 1e syop
ON ON ON ON S9N Anybis ON ON ON ON ON ON auyspgns ON ON ON ON S9A ayod (zo-1onn 6
afe
Wb ayy
JO @30
ayrie 4y
ejndew ay) paseainul
18 7| J0 5507 SOA S9A ON ON ON Anybis ON ON ON S9A S9A ON |ewuioN ON ON ON ON ON ayod (Lo-tonn 8
Kiayduad
ay101
papuaixd
ajod
Joud1s0d
ay11e yum
sabueyd
oN OoN SIA SIA SIA OoN SIA SIA SIA OoN SIA siydony S9A SOA SOA SOA S9A ayod  (L0-TODWL) Z
©IN0)
dyrie 4y
e|ndew ay) paseainul
17|40 507 S9A SIA ON ON ON Apybs ON ON ON ON S9A ON |ewoN ON ON ON ON ON adyod (Lo-1ono) 9
ejnoew
pIETIEIIB L
uojeyined
|epioJoyd
-enu|
‘eppew ay)
®z1/Z3
4O ss0| EVE)
pue eunai pIETEIVR]]
Kiosuas uolejned
pauulyl ON ON S9A SOA SOA ON ON ON SOA ON SOA |eptoioysenu| ON ON ON SIA SIA a4od  (zo-Lonad s
230 ejnoew
ayrie ayy e sjop
Z1/Z340 5501 ON ON ON ON ON ON ON ON ON SIA ON auy apqng ON ON ON ON S9A adgod  (Lo-Lonax) v
9jod
afa Jouysod
Wb Y1 Ul ay
Y3 yum 1e dueq
ejndewW ay) -In)sip
1e 7| J0 5507 S9A S9A ON S9A ON VN VN VN VN VN VN asnylp spqns ON SIA ON ON ON ayod (LO-LONN) €
©IN0)
ayrie 4y
e|ndew ay) paseainul
17|40 5507 S9A SIA ON ON ON Apybs ON ON ON ON S9A ON |ewuoN ON ON ON ON ON a4od  (L0-L0DWL) T
Jewou
VN VYN VYN VN VYN VN VN VN VN VN VN ‘kdodsnpuny ON ON ON ON ON Vo1 (Lo-LoNW) L
SjuUsWIWOD) 37) (34) ploioy) ay) eanojeieq 29A04 Sjuswwo)  eanojeled  Aisydusd  spedy Aususg ejndepy syl eunay sjuswwo) uoneuswbld uonenusny  Aydony  spedty  Aydony dnoibgng "ON 1ualed
B9AOJOY11e  BAAOJIYIle o [eubis aylie ay1ie ay) ayjursealy ay)buoly paseanu| e ANsusg [eaudd ayl |95SaA jesayduad  ayy  Jejndepy adAjousyd
UOIeAIDSDId  UOIBAIDSAId  paseasdu] uondnisig uondnisig e Ausuag  AusuaQg Aysuag jobury  paseanu|] 1eAususag buoly
73 73 leunay |eunay paseanag |ewlouqy |ewlouqy joealy  paseanaqg Aydony
1IN0 1IN0 Aq josealry  josealy Jo eary
papunouns
buneds
|eano4
120-as 4vd shpung

Qay-azAdNo yum siuaned g jo sbuipuly jesibojoydiopy pue buibew| [eunsy z a|qeL

A30]0Uy03) 7 90USIOS UOISIA [euol}ejsuel)

Downloaded from tvst.arvojournals.org on 05/29/2020



TVST | May 2020 | Vol.9 | No. 6 | Article2 | 8

A Japanese Cohort with GUCY2D Retinopathy

"4y paseaidap Jo eale ay1 Aq papunouns [eubis 4y [eanoy bulurewas se pauyap sem bupieds [eanog
*Aydeibowoy adua1yod [eando urewop [e2ads 1 )0-AS ‘@43 1B ‘Jy ‘S|qejieae 10u yN ‘Bjew | 943 19| ‘37 ‘Bulieds [eanoy ‘54 ‘aduadsalon|joine snpuny 4y ‘auoz prosdia ‘73 ‘saks yloq ‘3g

sjod
Jouysod
ayy
punoibydeq 1e adueq
ejndew ay) Jewlouqe -Inisip
18 7|40 5507 SoA S3A oN OoN oN Apubls  oN OoN oN OoN oN OoN asngip apqgns oN oN oN oN oN aw (L0-zoNW) SL
ejndew
aylie
71/73 40 5507 OoN ON ON OoN ON VN VN VN VN VN VN |ewIoN OoN ON ON oN OoN ayod  (LO-ZONN) ¥L
e[ndew
ayiie
uof1eyAed
|eploioydenul
/eunal e|ndoew ayl
Kiosuas 1e [eubis uoneyAed (10
pauuy oN oN S3A SOA S3A 4vJ0sso7  oN OoN oN OoN oN SSA  [eploioydesnu) OoN oN oN SOA SoA ayod -€0DW1) €L
ejndew ayy
®71/73
JO ssO|
pue eunas uonpuod
Kiosuas |eIpaw ay1
pauuiyL ON ON EEN SoA SOA  O1anpieynly  ON ON OoN ON ON S\ SoA oN OoN oN SA ayod  (Lo-zona) zt
puiddno
osip oido
Joj1dadxa
ejndew ayy Jewiou
1871405507 SoA SOA oN ON oN SOA ON ON ON SOA ON [enuass3 OoN ON ON oN OoN ayod  (Lo-zonr) LL
EYE]
MIETEINEV]
uonelned
|epioioyd
-enui
‘e[noew ‘safo yloq
ya|ay1e e[ndew ay) ul ejndew
uolneuAed 1e [eubis ayrie
|epooydeiu] OoN OoN EN S9A SOA 4vjosso7  OoN ON ON ON ON saA  uoneuswbig SA oN ON ON SA ayod  (€0-lonr) oL
SJUBWWOD) 3 3y) ploioy) 3yl eanojeied BI04 SJusWWo)  eanojeied Aidydusd  apedly Aisus@ ejndepy Lyl eunay sjuswwo) uoneuswbld uonenuany  Aydony  spedly Aydony dnoibgng ‘ON uaned
B39A0JBYI1e  EAAOJ3Ylle o [eubis ayrle ayre 9yl ayrursealy ayibuoly paseanu| e Ausuag |enusd syl [9SSOA Jeroydusd  ayy  Jendely adAjousyq
UOIBAIDSDId  UONBAIDSAId pasealnu| uondnisig uondnisiq e Ausuag  Ausuaqg Ausuaqg jobuly  paseanu| 1eAususg buoly
Z3 73 Jeunay leunay paseanaq [ewlouqy  [euwloudy joealy  paseanag Aydony
pEITe) JR1IN0 Aq josealy  Josealy Jo ealy
papunoung
buneds
|eano
1250-as 4v4 snpun4

panunuod 'z 3|qeL

A30]0Uy03) 7 90USIOS UOISIA [euol}ejsuel)

Downloaded from tvst.arvojournals.org on 05/29/2020



translational vision science & technology

A Japanese Cohort with GUCY2D Retinopathy

intrachoroidal cavitation in three subjects (patients 5,
10, 13) and slight fine dots at the macula in two subjects
(patients 4, 9). Atrophic change at the posterior pole
extending to the periphery was observed in one subject
(1/15, 6.7%; patient 7). Subtle diffuse disturbance at the
posterior pole with vessel attenuation was found in two
subjects (2/15, 13.3%; patients 3, 15). Normal fundus
appearance was noted in five subjects (5/15, 33.3%;
patients 1, 2, 6, 8, 14). One subject had a normal retinal
appearance except for optic disk cupping (1/15, 6.7%,
patient 11).

The retinal atrophy at the macula was more evident
on FAF images, and the loss of AF signal at the macula
was identified in five subjects (5/12, 41.7%, patients 5,
7, 10, 12, 13). Increased AF signal at the macula was
observed in five subjects (5/12, 41.7%; patients 2, 4,
6, 8, 11), one of whom showed subtle fine dots at the
macula and the other four subjects had no abnormal
findings at the macula on fundus photography. One
subject showed patchy areas of decreased AF signal
at the posterior pole extending to the periphery (1/12,
8.3%; patient 7).

SD-OCT images were obtained in 14 affected
subjects (patients 2—-15), and the representative images
are presented in Figure 3. One subject had an epireti-
nal membrane (patient 3, right). Outer retinal disrup-
tion at the fovea and/or parafovea was identified in six
subjects (6/14, 42.9%; patients 5, 7, 9, 10, 12, 13), three
of whom showed intrachoroidal cavitation (patients 5,
left; 10, left; 13). A relatively preserved photoreceptor
ellipsoid zone (EZ) line at the fovea was found in six
subjects (6/14, 42.9%; patients 2, 3, 6, 8, 11, 15), one of
whom showed outer retinal disruption at the parafovea
(patient 3).

Visual Fields and Electrophysiological
Findings

The detailed findings of visual fields and electro-
physiological assessments are described in Table 3.
Visual field testing was performed in nine affected
subjects (patients 2, 4-9, 12, 13), with Goldmann
perimetry (seven subjects) and Humphrey visual field
analyzer (four subjects). Central scotoma was detected
in eight subjects (8/9, 88.9%; patients 4-9, 12, 13) and
paracentral scotoma was observed in all nine subjects
(9/9; 100%). Peripheral visual loss was found in four
subjects (4/9, 44.4%; patients 2, 5-7).

Full-field electroretinograms were recorded in 14
affected subjects (patients 2-9, 11-15). Multifocal
ERGs (mfERGs) were recorded in three subjects
(patients 4, 6, 11), and focal macular ERGs (FMERGS)
were obtained in one subject (patient 15).
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Undetectable light-adapted (LA) responses were
demonstrated in seven subjects (7/14, 50.0%; patients
1-3, 5, 7, 11, 13), with undetectable dark-adapted
(DA) responses in two subjects (patients 1, 3), severely
decreased DA responses in two subjects (patients 2,
7), moderately decreased DA responses in one subject
(patient 13), and mildly decreased DA responses in
two subjects (patients 5, 11). Severely decreased LA
responses were identified in four subjects (4/14, 28.6%;
patients 6, 8, 12, 14), with moderately decreased
DA responses in one subject (patient 12) and mildly
decreased DA responses in three subjects (patients 6,
8, 14). Moderately decreased LA responses with mildly
decreased DA responses were shown in one subject
(1/14, 7.1%; patient 9). Mildly decreased LA responses
with normal DA responses were found in one subject
(1/14, 7.1%; patient 4). Normal responses both in LA
and DA conditions were noted in one subject (1/14,
7.1%; patient 15). A lower b-to-a ratio (ratio of b wave
to a wave for dark-adapted bright flash responses was
less than 0.9) was observed in three subjects (3/14,
21.4%; patients 5, 11, 14). Reduced central responses
were detected by mfERG in three subjects (patients 4,
6, 11), and reduced central focal responses were demon-
strated by FMERGsS in one subject (patient 15).

Generalized entire loss of function was identified
in two subjects (2/14, 14.3%; patients 1, 3), general-
ized cone rod dysfunction was found in 11 subjects
(11/14, 78.6%; patients 2, 4, 5-9, 11-14), and confined
macular dysfunction was noted in one subject (1/14,
7.1%; patient 15).

Phenotype Subgroups

Phenotype subgroup classification was performed
in all 15 affected subjects. There were 13 subjects with
CORD (13/15, 86.7%; patients 2—14), one with MD
(1/15, 6.7%; patient 15), and one with LCA (1/15, 6.7%;
patient 1). There were no subjects with RP or SNB.

The mean age of onset of the 13 subjects with
CORD/one with MD/one with LCA was 20.0 (range,
0-41)/55/0 years, with the mean duration of disease of
14.7 (range,0-40)/1.0/16.0 years, respectively. The mean
VA for eyes with CORD/MD was 0.73 (range, 0.00-
1.52)/0.52 in LogMAR units.

There were two severe CORD subjects with poor
VA and severe retinal dysfunction (patients 3, 7), six
moderate CORD subjects with intermediate severity
of VA or retinal function (patients 2, 4, 5, 9, 13, 14),
and three mild CORD subjects with relatively favorable
VA and relatively preserved generalized rod function
(patients 6, 8, 11). Two subjects with CORD were
unavailable for severity assessment because of unavail-
able VA or electrophysiological data.
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Patient 2, CO Patient 7,CORD, 6-I1I:1 Patient 12, CORD, 9-111:3
[c.238_. 252de| p. A80 _L84del];[c.G2620A, p.E874K] lc. G2513A p.R838H] [c.G2521A, p.E841K]

R 3,
~ranaantil

*{?,{ ?\A\"}\\
i

Patient 3,CORD, 3-11:7 Patient 8, CORD, 7-I1:5 Patient 13, CORD, 10112
[c.C2281T, p.R761W] [c.G2513A, p.R838H] [c.G2704T, p.V902L]

Patient 4 , CORD, 4-1I:1 Patient 9, CORD, 7-1I:3 Patient 14, CORD, 11-I1:2
[c.C2512T, p.R838C] [c.G2513A, p.R838H] [c.T2747C, p.1916T]

Patient 5,CORD, 4-I1:2 Patient 10, CORD, 7-1:2 Patient 15, MD 12-11:5
[c.G2513A, p.R838H] [c.G2513A, p.R838H] [c.T2747C, p.I916T]

Patient 6,CORD, 5-111:5 Patient 11, CORD, 8-I1:2
[c.G2513A, p.R838H] [c.G2513A, p.R838H]

Figure 3. Spectral-domain optical coherence tomographic images of 11 patients with GUCY2D-RD (patients 2, 3, 6-11, 13-15). Spectral-
domain optical coherence tomography of the right eye demonstrated outer retinal disruption at the fovea in six subjects (patients 5, 7, 9,
10, 12, 13) and at the parafovea in six subjects (patients 3, 5, 7, 10, 12, 13) with intrachoroidal cavitation in one subject (patient 13, right).
A relatively preserved photoreceptor ellipsoid zone (EZ) line at the fovea was found in six subjects (patients 2, 3, 6, 8, 11, 15), one of whom
showed outer retinal disruption at the parafovea (patient 3). One subject had an epiretinal membrane (patient 3).

GUCY2D Variants fied in the heterozygous state: c¢.167_168delTG,
. p-Val56GlyfsTer262; c.238_252del, p.Ala80_Leu84del;

The variant data of 15 aff;qted and seven 738G-C, p.Met246lle; c.2281C>T, p.Arg761Trp;
u‘naﬂ‘e.cted subjects from 12 famyhes are summa- ¢ 9513G>A, p.Arg838His; c.2512C>T, p.Arg838Cys:
rized in Table 4. Ten GUCY2D variants were identi- . 9571G> A, p.Glu841Lys; ¢.2620G> A, p.Glu874Lys:
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Table 4. Summary of Detected Variants of 15 Affected and 7 Unaffected Subjects from 12 Families with GUCY2D-

RD
Affected/
Family ID Subject ID Unaffected Exon Nucleotide and Amino Acid Changes State
1(MUO0T) 1-11:2 (patient 1) Affected 2 ¢167_168delTG, p.Val56GlyfsTer262 Heterozygous
3 ¢.738G>C, p.Met246lle Heterozygous
2 (TMCO01) 2-11:2 (patient 2) Affected 2 ¢.238_252del, p.Ala80_Leu84del Compound
heterozygous
14 ¢.2620G>A, p.Glu874Lys
2-1:1 Unaffected 14 ¢.2620G>A, p.Glu874Lys Heterozygous
2-1:2 Unaffected 2 ¢.226_240del, p.Ala76_Ala80del Heterozygous
3 (NUO01) 3-1I.7 (patient 3) Affected 12 ¢.2281C>T, p.Arg761Trp Heterozygous
4 (KDUO1) 4-11:1 (patient4)  Affected 13 c2512C>T, p.Arg838Cys Heterozygous
4-11:2 (patient 5) Affected 13 c2512C>T, p.Arg838Cys Heterozygous
4-11:1 Unaffected 13 c2512C>T, p.Arg838Cys ND
5 (GU01) 5-111:5 (patient 6) Affected 13 ¢.2513G>A, p.Arg838His Heterozygous
6 (TMC02) 6-1ll:1 (patient 7) Affected 13 ¢.2513G>A, p.Arg838His Heterozygous
7 (Juo1) 7-1I:5 (patient 8) Affected 13 ¢.2513G>A, p.Arg838His Heterozygous
7-11:3 (patient 9) Affected 13 ¢.2513G>A, p.Arg838His Heterozygous
7-1:2 (patient 10)  Affected 13 ¢.2513G>A, p.Arg838His Heterozygous
8 (JU02) 8-11:2 (patient 11)  Affected 13 ¢.2513G>A, p.Arg838His Heterozygous
(de novo)
8-1:2 Unaffected 13 ¢.2513G>A, p.Arg838His ND
8-1:1 Unaffected 13 ¢.2513G>A, p.Arg838His ND
9 (KDUO02) 9-1ll:3 (patient 12)  Affected 13 ¢.2521G>A, p.Glu841Lys Heterozygous
10 (TMC03)  10-lI:2 (patient 13)  Affected 14  ¢c.2704G>T, p.Val902Leu Heterozygous
(de novo)
10-1:2 Unaffected 14  ¢.2704G>T, p.Val902Leu ND
10-1:1 Unaffected 14  ¢.2704G>T, p.Val902Leu ND
11 (NU02) 11-1I:2 (patient 14)  Affected 14 c2747T7>C, p.lle916Thr Heterozygous
12 (MUO02) 12-1I:5 (patient 15)  Affected 14  c2747T7>C, p.lle916Thr Heterozygous

GUCY2D transcript ID: NM_000180.3
ND, not detected
Novel variants are shown in italic.

Whole-exome sequencing with targeted analysis for retinal disease-causing genes on RetNET (https://sph.uth.edu/retnet/)
was performed in 15 affected and 7 unaffected subjects from 12 families.

c.2704G>T, p-Val902Leu; and
p.11e916Thr (NM_000180.3).

There were eight missense variants, one with a 2-
bp deletion leading to a frame shift, and one with
an in-frame deletion. Three variants were identi-
fied in multiple families: p.Arg838Cys (families 4, 5),
p.Arg838His (families 6-8), and p.I1e916Thr (families
11, 12). Intrafamiliar cosegregation analysis was
performed in five families (families 2, 4, 7, 8, 10),
and the de novo (patient 11, p.Arg838His; patient
10, p.Val902Leu), compound heterozygous (patient
2; p.Ala80_Leu84del, p.Glu874Lys), and heterozy-
gous (patient 4, p.Arg838Cys; patient 8, p.Arg838His;
patient 11, p.Arg838His) states were confirmed.

c.2747T>C,
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GUCY2D-RD caused by six detected variants has
been reported before: CORD for p.Ala80_Leu84del’;
ADCORD for p.Arg838His;***® ADCORD for
p.Arg838Cys,”3*  ADCORD for p.Glu841Lys,*
ADCORD for p.Val902Leu,?® ADCORD for
p.11e916Thr.??> Four variants have never been reported;
p.Val56GlyfsTer262, p.Met246lle, p.Arg761Trp, and
p.Glu874Lys.

In Silico Molecular Genetic Analysis

The detailed results of in silico molecular genetic
analyses for the 10 detected GUCY2D variants are
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Figure4. Multiple alignment of eight species of GUCY2D. The alignment was performed with the Clustal Omega program (https://www.ebi.
ac.uk/Tools/msa/clustalo/) and the amino-acid-sequence alignment was numbered in accordance with the Homo sapiens GUCY2D sequence
(ENST00000254854.4). *Complete conservation across the eight species. The positions of eight missense variant residues are highlighted
with gray background: p.Met246lle, p.Arg761Trp, p.Arg838His, p.Arg838Cys, p.Glu841Lys, p.Glu874Lys, p.Val902Leu, and p.lle916.

presented in Supplementary Tables S1 and S2. A Seven variants are located in exons 12-
schematic genetic and protein structure of GUCY2D 14  (p.Arg761Trp, p.Arg838His, p.Arg838Clys,
and multiple alignments of eight species of GUCY2D p.Glu841Lys, p-Glu874Lys, p-Val902Leu,
are shown in Figures 4 and 5. p.11e916Thr), which are presumably associated
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Figure 5.

A schematic genetic and protein structure of GUCY2D and the location of the detected variants. The GUCY2D gene

(ENST00000254854.4) contains 20 exons that encode a protein containing an extracellular domain, transmembrane domain, kinase-like
domain, dimerization domain, catalytic domain, and others (Lazar et al., 2014). The 10 variants detected in this study are presented. The four
novel variants are shown: p.Val56GlyfsTer262, p.Met246lle, p.Arg761Trp, and p.Glu874Lys.

with the dimerization domain in the GUCY2D
protein, and the other missense variant was
in exon 3, which is associated with the extra-
cellular domain (Fig. 4). Complete evolution-
ary conservation was confirmed in six missense
variants (p.Met246lle, p.Arg838His, p.Arg838Clys,
p.Glu841Lys, p.Glu874Lys, p.Val902Leu) and
relatively high conservation was found in two variants
(p-Arg761Trp, p.1le916Thr) (Fig. 5).

The allele frequency available for three
GUCY2D variants (p.Ala80_Leu84del, p.Arg761Trp,
and p.Arg838Cys) in the East Asian/South
Asian/African/European  (non-Finnish)  general
population  was  0.0%/0.000055%/0.00085%/0.0%,
0.0%/0.0%/0.0%/0.000045%, and
0.0%/0.0%/0.0%/0.0%,  respectively. All detected
GUCY2D variants were not found in the general
Japanese population according to the HGVD and
1IJGVD databases.

General prediction, functional prediction, and
conservation were assessed for the 10 GUCY2D
variants, and the pathogenicity classification accord-
ing to the American College of Medical Genetics
and Genomics guidelines was pathogenic for the
four missense variants (p.Arg838His, p.Arg838Clys,
p.Glu841Lys, p.Val902Leu); likely pathogenic for the
truncating variant, the in-frame deletion variant,
and the missense variant (p.ValS6GlyfsTer262,
p.Ala80_LeuS4del, p.Ile916Thr, respectively); and
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uncertain significance for the three missense variants
(p.Met246lle, p.Arg761Trp, p.Glu874Lys).

Overall, 10 disease-causing variants in the GUCY2D
gene were ascertained in nine families with ADCORD,
one family with ARCORD, one family with MD, and
one family with ARLCA. Together with the clinical
features of the affected subjects and the models of
inheritance in the pedigree, 10 disease-causing variants
in the GUCY2D gene were determined.

The detailed clinical and genetic characteristics of
a cohort of 15 affected subjects from 12 families
with GUCY2D-RD are illustrated in a nationwide
cohort with IRD in Japan. Different clinical presenta-
tions were identified with different inheritance patterns,
including ADCORD with various severities, severe
ARLCA, severe ARCORD, and mild ADMD.

To our knowledge, this large cohort of GUCY2D-
RD patients includes the highest number of ADCORD
patients to date. Four of 30 families (13.3%) with AD-
CORD/MD/STGD in the JEGC IRD cohort were
associated with ADGUCY2D-CORD. The propor-
tion of GUCY2D-RD in molecularly confirmed AD-
CORD/MD/STGD in the JEGC cohort was 27.2%
(6/22 families). In a previous report of a Chinese
cohort, Jiang et al. reported nine unrelated probands
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with GUCY2D-RD ascertained from 74 probands with
CORD (9/74, 12.2%) and seven of 15 ADCORD
families had GUCY2D-RD (7/15, 46.7%).” The
proportion of GUCY2D-RD in molecularly confirmed
ADCORD was 34.6% in a UK cohort and 29.4% in
a French cohort.>* Given these results, the preva-
lence of GUCY2D-RD for CORD in Japan was
not as high as that in other populations in Asia or
Europe; however, GUCY2D-RD is amajor cause of the
ADCORD.

One family with ARLCA was ascertained from 41
families with AR or sporadic LCA in the JEGC cohort
(1/41 families, 2.4%). The proportion of GUCY2D-
RD for molecularly confirmed LCA in the JEGC
cohort was 5.3% (1/19 families). Hosono et al. reported
two families with ARLCA in 34 Japanese families
with LCA (2/34, 5.9%).%¢ In previous reports of
Chinese cohorts, Wang et al. reported the prevalence
of GUCY2D-RD as 10.7% (14/131 LCA families), and
Xu et al. reported the prevalence as 10.7% (17/159
LCA families).*>>° In European cohorts, GUCY2D-
RD accounts for approximately 10% to 20% of LCA.*
These findings imply the low prevalence of ARLCA in
the Japanese population, although data from a larger
cohort of ARGUCY2D-LCA patients are still to draw
conclusions.

In the present study of Japanese GUCY2D-RD,
there were no patients with SNB. There was one
12-year-old subject with night blindness, favorable
VA, normal fundus, and compound heterozygous
GUCY2D variants (patient 2). These findings were
consistent with the spectrum of SNB; however, this
subject demonstrated undetectable generalized cone
function with severely decreased rod function, which is
not compatible with the striking ERG features of SNB
(undetectable rod responses with identical traces for a
single cone and DA bright flash ERGs).*

Thirteen affected subjects from nine families
with molecularly confirmed GUCY2D-associated
ADCORD demonstrated various findings, in terms
of onset (0-41 years), the duration of disease (0-
40 years), VA (0.0-1.52) in LogMAR units, fundus
appearance (normal to extended atrophy, without/with
intrachoroidal cavitation), and morphological finding
(EZ preservation at the fovea to outer retinal disrup-
tion at the macula and paramacula); however, ocular
symptoms such as reduced VA/poor VA, photophobia,
and the pattern of dysfunction in electrophysiology
with early involvement of generalized cone function
were commonly shared.

Several reports have described patients with
COD/CORD showing a coloboma-like macular
atrophy caused by pathogenic variants in several genes,
such as NMNATI1,>"52 ADAM9,” GUCAIA,>* and
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GUCY2D.> In the present study, an intrachoroidal
cavitation resembling coloboma-like macular atrophy
was presented in three subjects bilaterally or unilat-
erally. Poor visual acuity was observed in the eyes
with intrachoroidal cavitation; thus, this strik-
ing finding implies severe central visual loss. The
mechanism that causes the coloboma-like macular
atrophy/intrachoroidal cavitation remains uncertain.

All eight subjects with normal or subtle changes
demonstrated generalized retinal dysfunction (patients
2-4, 6, 8, 9, 11, 14), which is crucial to make
a clinical diagnosis of GUCY2D-RD. Interestingly,
a lower b-to-a ratio in dark-adapted bright flash
responses was identified in three subjects (3/14,
21.4%). This electronegative finding is also observed
in the early stage of other CORD and may not
be specific for GUCY2D-RD.!!~13:16:56 These findings
are consistent with previous reports of ADGUCY2D-
CORD.?-3%:37.38  Therefore, comprehensive clinical
investigations, including electrophysiological assess-
ments, are essential for the diagnosis and monitoring
of GUCY2D-RD.

Ten GUCY2D variants were identified in our
cohort, including six previously reported and four
novel variants. Six pathogenic and three likely
pathogenic variants have been previously reported, and
the phenotype subgroups determined in our cohort
were compatible with those of the previous reports,
whereas the phenotype subgroup for p.11e916Thr in
our cohort was MD, and the phenotype subgroup for
this variant in the previous report was CORD. Two
variants (p.Arg838His, p.Val902Leu) were found in the
de novo state in our cohort (patients 11, 13), and these
variants were also identified as de novo in the previous
report.’!-* Because haplotype analysis around these
variants was not performed, the possibility of the
nonpaternity cannot be formally excluded in these
families (families 8, 10). Therefore, it is more precise to
describe these variants not found in parents as “most
likely de novo.” A different inheritance pattern of
ADCORD was described for p.Ala80_Leu84del in the
previous report’; however, the detailed information of
the parents of the proband was not shown. Thus, the
disease causation by this variant, in our case with AR
inheritance (patient 2), is still unclear.

Four novel GUCY2D variants were found in our
cohort: one variant with likely pathogenic frameshift
(p.Val56GlyfsTer262) and three variants of uncertain
significance (p.Met246lle, p.Arg761Trp, p.Glu874Lys).
Two variants in the compound heterozygous state
(p.Val56GlyfsTer262, p.Met246lle) were found in a
subject with ARLCA (Patient 1). Because there
are no candidate variants for the other ARLCA-
associated genes, the putative causation of these
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two GUCY2D variants is predicted. One missense
variant (p.Arg761Trp) was found in a subject with
night blindness, normal fundus, relatively preserved
foveal structure, and a loss of generalized retinal
function. Although there were no candidate variants
causative for ARRP, ARCORD, and ARLCA, further
detailed analyses with more samples/information of
the other family members are required to decide the
conclusive genetic diagnosis. Another missense variant
(p.Glu874Lys) was identified with the aforementioned
in-frame deletion variant (p.Ala80_Leu84del) in a
subject with ARCORD (patient 2). Given the clinically
examined unaffected mother harboring this variant
(p.Glu874Lys), the possibility that the disease was
caused by this variant in an AR manner cannot be
excluded.

This study has several limitations. The selection
bias related to disease severity is inherent because it is
uncommon for genetically affected subjects with good
vision to visit clinics or hospitals. The resources of
clinical information or genomic DNA from unaffected
family members are limited in our cohort, and it was
hard to conclusively determine the inheritance pattern
in most families. Further information on clinical and
genetic assessment both in affected and unaffected
subjects could improve the accuracy of clinical inher-
itance, as well as molecularly confirmed inheritance.

The data of the current study were obtained from
the JEGC IRD database. The clinical data from
patients registered from multiple institutions were
uploaded into the database and shared among the
JEGC study group. However, the examination devices
used at the different institutions could have been differ-
ent because the diagnostic criteria and monitoring
methods were shared. It is of note that the informa-
tion was collected retrospectively, and that some of
the interpatient variability may be due to differences
in methods of testing patients in different institutions.
Therefore, a detailed quantitative analysis could not be
performed.

WES with targeted analysis applied in the current
study could miss the disease-causing variants in the
genes outside of the target (301 retinal disease-
associated genes) and structural variants, including
large deletions in the target region. More compre-
hensive gene screening and analysis by methods such
as long-read whole-genome sequencing could help to
determine the genetic aberrations, including structural
and noncoding variants, in our cohort. The molecu-
lar mechanisms of some AD missense, AR missense,
and AR in-frame deletion variants have not yet been
clarified, and further functional investigation for each
variant is required to draw concludes on the disease
causation.
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In conclusion, this nationwide large cohort study
delineates the clinical and genetic characteristics of
GUCY2D-RD, including nine ADCORD families,
one ARCORD family, one MD family, and one
ARLCA family. Diverse clinical presentations with
various severities were demonstrated in ADCORD,
and an early-onset severe phenotype was shown in
ARLCA. A relatively low prevalence of GUCY2D-RD
for ADCORD and ARLCA in the Japanese population
was identified compared to the other populations. This
information helps to monitor and counsel patients,
especially in East Asia, as well as to design future thera-
peutic approaches.

Acknowledgments

We thank Kazuki Yamazawa and Satomi Inoue,
National Institute of Sensory Organs, National Tokyo
Medical Center, Japan, for their help in the clinical
genetic data analysis.

The laboratory of Visual Physiology, Division for
Vision Research, National Institute of Sensory Organs,
National Hospital Organization, Tokyo Medical
Center, Tokyo, Japan is supported by grants from
Astellas Pharma Inc. (NCT03281005), outside the
submitted work. Supported by grants from Grant-
in-Aid for Young Scientists (A) of the Ministry of
Education, Culture, Sports, Science and Technol-
ogy, Japan (16H06269); grants from Grant-in-Aid for
Scientists to support international collaborative studies
of the Ministry of Education, Culture, Sports, Science
and Technology, Japan (16KK01930002); grants from
the National Hospital Organization Network Research
Fund (H30-NHO-Sensory Organs-03); grants from
FOUNDATION FIGHTING BLINDNESS ALAN
LATIES CAREER DEVELOPMENT PROGRAM
(CF-CL-0416-0696-UCL); grants from Health Labour
Sciences Research Grant, the Ministry of Health,
Labour and Welfare (201711107A); and grants from
the Great Britain Sasakawa Foundation Butterfield
Awards (KF). Supported by grants from Grant-in-
Aid for Young Scientists of the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan
(18K16943) (YF-Y). Supported by a Fight for Sight
(UK) early career investigator award, NIHR-BRC at
Moorfields Eye Hospital and the UCL Institute of
Ophthalmology, NIHR-BRC at Great Ormond Street
Hospital and UCL Institute of Child Health, and Great
Britain Sasakawa Foundation Butterfield Award, UK
(GA). Funded by the NIHR-BRC at Moorfields
Eye Hospital and the UCL Institute of Ophthalmol-
ogy (NP). Supported by Tsubota Laboratory, Inc, Fuji



translational vision science & technology

A Japanese Cohort with GUCY2D Retinopathy

Xerox Co., Ltd, Kirin Company, Ltd, Kowa Company,
Ltd, Novartis Pharmaceuticals, Santen Pharmaceutical
Co. Ltd, and ROHTO Pharmaceutical Co.,Ltd. (TK).
Supported by the Japan Agency for Medical Research
and Development (AMED) (18e¢k0109282h0002) (TT).
Supported by AMED; the Ministry of Health, Labor
and Welfare, Japan (18¢k0109282h0002); Grants-in-
Aid for Scientific Research, Japan Society for the
Promotion of Science, Japan (H26-26462674); grants
from the National Hospital Organization Network
Research Fund, Japan (H30-NHO-Sensory Organs-
03) and Novartis Research Grant (2018) (KT). The
funding sources had no role in the design and conduct
of the study; the collection, management, analysis, and
interpretation of the data; the preparation, review, and
approval of the manuscript; or the decision to submit
the manuscript for publication.

Kaoru Fujinami has full access to all the data in the
study and takes responsibility for the integrity of the
data and the accuracy of the data analysis. Research
design: Xiao Liu, Kaoru Fujinami, Lizhu Yang,
Yu Fujinami-Yokokawa, Kazushige Tsunoda. Data
acquisition and/or research execution: All authors.
Data analysis and/or interpretation: All authors.
Manuscript preparation: Xiao Liu, Kaoru Fujinami,
Lizhu Yang, Yu Fujinami-Yokokawa, Gavin Arno,
Nikolas Pontikos, Kazushige Tsunoda.

Disclosure: X. Liu, None; K. Fujinami, Astellas
Pharma Inc. (C, F), Kubota Pharmaceutical Holdings
Co. Ltd (C, F), Acucela Inc. (C, F), Novartis AG (C),
Janssen Pharmaceutical K.K. (C), NightStar (C, F),
SANTEN Company Limited (F), Foundation Fighting
Blindness (F), Foundation Fighting Blindness Clini-
cal Research Institute (F), Japanese Ophthalmology
Society (F), Japan Retinitis Pigmentosa Society (F);
K. Kuniyoshi, None; M. Kondo, None; S. Ueno, Noneg;
T. Hayashi, None; K. Mochizuki, None; S. Kameya,
None; L. Yang, None; Y. Fujinami-Yokokawa, None;
G. Arno, None; N. Pontikos, None; H. Sakuramoto,
None; T. Kominami, None; H. Terasaki, None; S.
Katagiri, None; K. Mizobuchi, None; N. Nakamura,
None; K. Yoshitake, None; Y. Miyake, None; S. Li,
None; T. Kurihara, Tsubota Laboratory, Inc. (F),
Fuji Xerox Co., Ltd. (F), Kirin Company, Ltd. (F),
Kowa Company, Ltd. (F), Novartis Pharmaceuticals
(F), Santen Pharmaceutical Co., Ltd. (F), ROHTO
Pharmaceutical Co., Ltd. (F); K. Tsubota, None; T.
Iwata, None; K. Tsunoda, None

* XL and KF are joint first authors.

Downloaded from tvst.arvojournals.org on 05/29/2020

TVST | May 2020 | Vol. 9 | No. 6 | Article2 | 17

References

1. Liew G, Michaelides M, Bunce C. A compari-
son of the causes of blindness certifications in
England and Wales in working age adults (16-
64 years), 1999-2000 with 2009-2010. BMJ Open.
2014;4:¢004015.

2. Tee JJ, Smith AJ, Hardcastle AJ, Michaelides
M. RPGR-associated retinopathy: clinical fea-
tures, molecular genetics, animal models and ther-
apeutic options. Br J Ophthalmol. 2016;100:1022—
1027.

3. Hirji N, Aboshiha J, Georgiou M, Bainbridge J,
Michaelides M. Achromatopsia: clinical features,
molecular genetics, animal models and therapeutic
options. Ophthalmic Genet. 2018;39:149-157.

4. Kumaran N, Pennesi ME, Yang P, et al. Leber con-
genital amaurosis/early-onset severe retinal dystro-
phy overview. In: Adam MP, Ardinger HH, Pagon
RA, et al. (eds), GeneReviews((R) ). Seattle (WA);
2018.

5. Gill JS, Georgiou M, Kalitzeos A, Moore AT,
Michaelides M. Progressive cone and cone-rod
dystrophies: clinical features, molecular genet-
ics and prospects for therapy. Br J Ophthalmol.
2019;103:711-720.

6. Tanna P, Strauss RW, Fujinami K, Michaelides
M. Stargardt disease: clinical features, molecular
genetics, animal models and therapeutic options.
Br J Ophthalmol. 2017;101:25-30.

7. Neveling K, Collin RW, Gilissen C, et al. Next-
generation genetic testing for retinitis pigmentosa.
Hum Mutat. 2012;33:963-972.

8. Stone EM, Andorf JL, Whitmore SS, et al. Clin-
ically focused molecular investigation of 1000
consecutive families with inherited retinal disease.
Ophthalmology. 2017;124:1314-1331.

9. Carss KJ, Arno G, Erwood M, et al. Compre-
hensive rare variant analysis via whole-genome
sequencing to determine the molecular pathology
of inherited retinal disease. Am J Hum Genet.
2017;100:75-90.

10. Michaelides M, Hardcastle AJ, Hunt DM, Moore
AT. Progressive cone and cone-rod dystrophies:
phenotypes and underlying molecular genetic
basis. Surv Ophthalmol. 2006;51:232-258.

11. Fujinami K, Lois N, Davidson AE, et al. A
longitudinal study of Stargardt disease: clini-
cal and electrophysiologic assessment, progres-
sion, and genotype correlations. Am J Ophthalmol.
2013;155:1075-1088 ¢1013.



A Japanese Cohort with GUCY2D Retinopathy

12.
13.
14.
15.
16.
17.
18.
19.

i-fﬁ 20.

S

(@]

I=

o 2L

(]

o+

oJ

(]

o 22.

c

D

(@]

@3,

c

O

2

S

©

o

- 24

)

&

® 25

LS

)

Fujinami K, Sergouniotis PI, Davidson AE, et al.
The clinical effect of homozygous ABCA4 alleles in
18 patients. Ophthalmology. 2013;120:2324-2331.
Hull S, Arno G, Plagnol V, et al. The phenotypic
variability of retinal dystrophies associated with
mutations in CRX, with report of a novel mac-
ular dystrophy phenotype. Invest Ophthalmol Vis
Sci. 2014;55:6934-6944.

Oishi M, Oishi A, Gotoh N, et al. Comprehensive
molecular diagnosis of a large cohort of Japanese
retinitis pigmentosa and Usher syndrome patients
by next-generation sequencing. Invest Ophthalmol
Vis Sci. 2014;55:7369-7375.

Arai Y, Maeda A, Hirami Y, et al. Retinitis pig-
mentosa with EYS mutations is the most preva-
lent inherited retinal dystrophy in Japanese popu-
lations. J Ophthalmol. 2015;2015:819760.
Fujinami K, Zernant J, Chana RK, et al. Clinical
and molecular characteristics of childhood-onset
Stargardt disease. Ophthalmology. 2015;122:326—
334.

Nakanishi A, Ueno S, Hayashi T, et al. Clini-
cal and genetic findings of autosomal recessive
bestrophinopathy in Japanese cohort. Am J Oph-
thalmol. 2016;168:86-94.

Oishi M, Oishi A, Gotoh N, et al. Next-generation
sequencing-based comprehensive molecular analy-
sis of 43 Japanese patients with cone and cone-rod
dystrophies. Mol Vis. 2016;22:150-160.

Perrault I, Rozet JM, Calvas P, et al. Retinal-
specific guanylate cyclase gene mutations in Leber’s
congenital amaurosis. Nat Genet. 1996;14:461-464.
Sharon D, Wimberg H, Kinarty Y, Koch KW.
Genotype-functional-phenotype correlations in
photoreceptor guanylate cyclase (GC-E) encoded
by GUCY2D. Prog Retin Eye Res. 2018;63:69-91.
Goraczniak RM, Duda T, Sitaramayya A, Sharma
RK. Structural and functional characterization
of the rod outer segment membrane guanylate
cyclase. Biochem J. 1994;302(Pt 2):455-461.

Yang RB, Foster DC, Garbers DL, Fulle HJ. Two
membrane forms of guanylyl cyclase found in the
eye. Proc Natl Acad Sci USA. 1995;92:602-606.
Goraczniak R, Duda T, Sharma RK. Struc-
tural and functional characterization of a sec-
ond subfamily member of the calcium-modulated
bovine rod outer segment membrane guanylate
cyclase, ROS-GC2. Biochem Biophys Res Commun.
1997;234:666-670.

Pugh EN, Jr., Duda T, Sitaramayya A, Sharma
RK. Photoreceptor guanylate cyclases: a review.
Biosci Rep. 1997;17:429-473.

Dizhoor AM, Hurley JB. Regulation of photore-
ceptor membrane guanylyl cyclases by guanylyl

Downloaded from tvst.arvojournals.org on 05/29/2020

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

TVST | May 2020 | Vol.9 | No.6 | Article 2 | 18

cyclase activator proteins. Methods. 1999;19:521—
531.

Hunt DM, Buch P, Michaelides M. Guanylate
cyclases and associated activator proteins in retinal
disease. Mol Cell Biochem. 2010;334:157-168.
Camuzat A, Dollfus H, Rozet JM, et al. A gene for
Leber’s congenital amaurosis maps to chromosome
17p. Hum Mol Genet. 1995;4:1447-1452.

Downes SM, Payne AM, Kelsell RE, et al. Auto-
somal dominant cone-rod dystrophy with muta-
tions in the guanylate cyclase 2D gene encod-
ing retinal guanylate cyclase-1. Arch Ophthalmol.
2001;119:1667-1673.

Kelsell RE, Gregory-Evans K, Payne AM,
et al. Mutations in the retinal guanylate cyclase
(RETGC-1) gene in dominant cone-rod dystrophy.
Hum Mol Genet. 1998;7:1179-1184.

Lazar CH, Mutsuddi M, Kimchi A, et al. Whole
exome sequencing reveals GUCY2D as a major
gene associated with cone and cone-rod dystrophy
in Israel. Invest Ophthalmol Vis Sci. 2014;56:420-
430.

Wimberg H, Lev D, Yosovich K, et al. Photore-
ceptor guanylate cyclase (GUCY2D) mutations
cause retinal dystrophies by severe malfunction
of Ca(2+)-dependent cyclic GMP synthesis. Front
Mol Neurosci. 2018;11:348.

de Castro-Miro M, Pomares E, Lores-Motta L,
et al. Combined genetic and high-throughput
strategies for molecular diagnosis of inherited reti-
nal dystrophies. PLoS One. 2014;9:¢88410.

Ito S, Nakamura M, Nuno Y, Ohnishi Y, Nishida
T, Miyake Y. Novel complex GUCY2D mutation
in Japanese family with cone-rod dystrophy. Invest
Ophthalmol Vis Sci. 2004;45:1480-1485.

Ito S, Nakamura M, Ohnishi Y, Miyake Y. Auto-
somal dominant cone-rod dystrophy with R§38H
and R838C mutations in the GUCY2D gene in
Japanese patients. Jpn J Ophthalmol. 2004;48:228—
235.

Hosono K, Harada Y, Kurata K, et al. Novel
GUCY2D gene mutations in Japanese male twins
with Leber congenital amaurosis. J Ophthalmol.
2015;2015:693468.

Hosono K, Nishina S, Yokoi T, et al. Molecular
diagnosis of 34 Japanese families with Leber con-
genital amaurosis using targeted next generation
sequencing. Sci Rep. 2018;8:8279.

Jiang F, Xu K, Zhang X, Xie Y, Bai F, Li Y.
GUCY2D mutations in a Chinese cohort with
autosomal dominant cone or cone-rod dystrophies.
Doc Ophthalmol. 2015;131:105-114.

Payne AM, Morris AG, Downes SM, et al. Clus-
tering and frequency of mutations in the retinal



A Japanese Cohort with GUCY2D Retinopathy

translational vision science & technology

39.

40.

41.

42.

43.

44,

45.

46.

47.

guanylate cyclase (GUCY2D) gene in patients
with dominant cone-rod dystrophies. J Med Genet.
2001;38:611-614.

Mukherjee R, Robson AG, Holder GE, et al
A detailed phenotypic description of autoso-
mal dominant cone dystrophy due to a de novo
mutation in the GUCY2D gene. Eye (Lond).
2014;28:481-487.

Stunkel ML, Brodie SE, Cideciyan AV, et al.
Expanded retinal disease spectrum associated with
autosomal recessive mutations in GUCY2D. Am J
Ophthalmol. 2018;190:58-68.

Fujinami K, Kameya S, Kikuchi S, et al. Novel
RPIL1 wvariants and genotype-photoreceptor
microstructural phenotype associations in cohort
of Japanese patients with occult macular dystro-
phy. Invest Ophthalmol Vis Sci. 2016;57:4837-4846.
Hood DC, Bach M, Brigell M, et al. ISCEV
standard for clinical multifocal electroretinogra-
phy (mfERG) (2011 edition). Doc Ophthalmol.
2012;124:1-13.

McCulloch DL, Marmor MF, Brigell MG, et al.
Erratum to: ISCEV Standard for full-field clinical
electroretinography (2015 update). Doc Ophthal-
mol. 2015;131:81-83.

McCulloch DL, Marmor MF, Brigell MG,
et al. ISCEV Standard for full-field clinical elec-
troretinography (2015 update). Doc Ophthalmol.
2015;130:1-12.

Terasaki H, Miyake Y, Nomura R, et al. Focal
macular ERGs in eyes after removal of macular
ILM during macular hole surgery. Invest Ophthal-
mol Vis Sci. 2001;42:229-234.

Pontikos N, Yu J, Moghul I, et al. Phenopolis:
an open platform for harmonization and analy-
sis of genetic and phenotypic data. Bioinformatics.
2017;33:2421-2423.

Richards S, Aziz N, Bale S, et al. Standards
and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of
the American College of Medical Genetics and

Downloaded from tvst.arvojournals.org on 05/29/2020

48.

49.

50.

51.

52.

53.

54.

55.

56.

TVST | May 2020 | Vol.9 | No.6 | Article 2 | 19

Genomics and the Association for Molecular
Pathology. Genet Med. 2015;17:405-424.
Boulanger-Scemama E, El Shamieh S, Demontant
V, et al. Next-generation sequencing applied to a
large French cone and cone-rod dystrophy cohort:
mutation spectrum and new genotype-phenotype
correlation. Orphanet J Rare Dis. 2015;10:85.
Wang H, Wang X, Zou X, et al. Comprehensive
molecular diagnosis of a large Chinese Leber con-
genital amaurosis cohort. Invest Ophthalmol Vis
Sci. 2015;56:3642-3655.

Xu Y, Xiao X, Li S, et al. Molecular genetics of
Leber congenital amaurosis in Chinese: new data
from 66 probands and mutation overview of 159
probands. Exp Eye Res. 2016;149:93-99.

Falk MJ, Zhang Q, Nakamaru-Ogiso E, et al.
NMNATI mutations cause Leber congenital
amaurosis. Nat Genet. 2012;44:1040-1045.

Nash BM, Symes R, Goel H, et al. NMNAT! vari-
ants cause cone and cone-rod dystrophy. Eur J
Hum Genet. 2018;26:428-433.

El-Haig WM, Jakobsson C, Favez T, Schorderet
DF, Abouzeid H. Novel ADAMY9 homozygous
mutation in a consanguineous Egyptian family
with severe cone-rod dystrophy and cataract. Br J
Ophthalmol. 2014;98:1718-1723.

Kamenarova K, Corton M, Garcia-Sandoval B,
et al. Novel GUCA1A mutations suggesting possi-
ble mechanisms of pathogenesis in cone, cone-rod,
and macular dystrophy patients. Biomed Res Int.
2013;2013:517570.

Xu F, Dong F, Li H, Li X, Jiang R, Sui R. Phe-
notypic characterization of a Chinese family with
autosomal dominant cone-rod dystrophy related
to GUCY2D. Doc Ophthalmol. 2013;126:233—
240.

Khan KN, Kasilian M, Mahroo OAR, et al.
Early patterns of macular degeneration in
ABCAA4-associated retinopathy. Ophthalmology.
2018;125:735-746.



