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TabLE 3. ELECTROPHYSIOLOGICAL FINDINGS OF FOUR JAPANESE PATIENTS Wit KCNV2-RETIONPATHY

DA 0.01 DA 30.0 Excessive LA 3.0 1.A 3.0 30Hz
v A-wave B-wave . Square  enlargement 4 o0 B-wave B-wave
Pt Amp PT (ms) shaped of b-wave in
(1v) Amp PT Amp PT a-wave  theextended 5,5 T Amp PT Amp PT
protocol
1 N Del N Del Super N NA ) + Sub N Del Sub N un UuD uD
2 UuD Ub N Del Super N NA )] NA Sub N Del SubN Del Sub N Del
3 Sub N Del N Del Super N N ) NA Sub N Del Sub N Del Sub N N
4 Sub N Del N Del Super N NA ) ) SubN Del Sub N Del Sub N Del

Pt = patient; Amp = amplitude; PT = peak time; N = normal; UD = undetectable response; Sub N = subnormal; Del = delayed response; Super N=supernormal response; NA
= not available. Full-field electroretinography (ERG) incorporating the standards of the International Society for Clinical Electrophysiology of Vision (ISCEV) included: (i)
dark adapted dim flash 0.01 cdesenmr® (DA0.01), (ii) dark adapted bright flash 30.0 cd=s»m™* (DA30.0), (iii) light adapted 3.0 cd=s*m* at 2 Hz (LA 3.0), and (iv) light adapted 3.0

cdes*m? 30 Hz flicker (LA 3.0 30 Hz). The extended protocol also included the recording of dark adapted responses to an intensity series of flashes in order to detect an excessive
enlargement of dark adapted b-wave (paticats 1 and 4).
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Figure 2. Electrophysiological findings of each patient with potassium channel, subfamily V, member 2 (KCNV2) retinopathy. Full-field
electroretinograms (ERGs) of patient 1 (top row), patient 2 (second row), patient 3 (third row), and patient 4 (forth row) are shown. The ERGs

from a normal control (bottom row) are also shown for comparison.

All four patients underwent full-field ERG testing with the minimum

standards of the International Society for Clinical Electrophysiology of Vision (ISCEV): (i} dark adapted dim flash 0.01 cdesem™ (DA 0.01),
(ii) dark adapted bright flash 30.0 cd-s*m™ (DA 30.0), (iii} light adapted 3.0 edessm™ at 2 Hz (LA 3.0), and (iv) light adapted 3.0 cdss*m™? 30
Hz flicker ERG (LA 3.0 30H2). The extended protocol was applied to two subjects (patients | and 4), including the recording of dark-adapted
ERGs to an intensity series of flashes; 0,001 cd=s+m-?, 0.01 cdss=m®, 0.3 cdes*m™, 3.0 cdesen?, and 30.0 cdesem™,

p-Arg206Pro, were not identified. Three missense variants,
p.Arg27His, p.Cysl77Arg, and p.Arg206Pro, were highly
conserved among the orthologs, and one missense variant,
p.Gly461 Arg, was completely conserved (Figure 3).

A model of the KCNV2 protein structure showing the
approximate position of the missense disease-causing vari-
ants identified is presented in Figure 4, The KCNV2 protein
comprises 545 amino acids and contains an N-terminal A and
B box (NAB) and six transmembrane domains, {(S1-S6), with
a K selective motif, GlylyrGly, in the pore-forming loop (P
loop) between S35 and S6 [18]. One variant is located within
the N-terminus (p.Arg27His), two variants, p.Cysl77Arg and
p.Arg206Pro, within the NAB, and one variant, p.Gly461Arg,
within the P-loop.

Detailed molecular results of two non-disease-causing
variants (polymorphisms) including the in silico analyses are
summarized in Appendix 2. These two homozygous variants,
p.Gly61Gly and p.Ala265Ala, were synonymous changes in
the cording region and were predicted to be benign or have
no effect on splicing (Polyphen2 and Human Splicing finder
program analysis). Both were present in a high number
of chromosomes in the Exome Variant Server database
{(7647/13006 for p.Gly61Gly and 5636/13006 for p.Ala265Ala,
respectively).
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Figure 3. Multiple alignment of
eight species of potassium channel,
subfamily V, member 2 ortho-
logs. The amino acid-sequence
alignment is numbered in accor-
dance with the Homo sapiens
potassium channel, subfamily
V, member 2 (KCNVZ2) sequence
(ENSP00000371514). The positions
of mutated residues, Arg27 (c.80
G>A, p. Arg27His), Argl77 (¢.529
T>C, p.Cysl77Arg), Arg206 (c.617
G>C, p.Arg206Pro), and Gly46l
(¢.1381 G>A, p.Gly461Arg), are
highiighted. The alignment was
performed with the Clustal Omega
program, and the asterisk indicates

* HhkH REK *************** KWk hhkh khhdhhhhdhkkkhdhkkihhk

a completely conserved residue.

DISCUSSION

Qur results showed the molecular genetic characteristics of
four Japanese patients with CDSRR, which, to the best of
our knowledge, is the first report of these characteristics
of KCNV2 retinopathy in an East Asian population. Qur
four patients harbored the likely disease-causing vari-
ants in KCNV2. Compound heterozygosity for two alleles,
p-Cysl77Arg and p.Gly461 Arg, in three patients and homozy-
gosity for two complex alleles, p.Arg27His and p.Arg206Pro,
in one subject were confirmed. Three of the four variants,
p.Arg27His, p.Cysl77Arg, and p.Arg206Pro, were novel,
which indicates all genotypes identified in our series have
never been described before.

The clinical and electrophysiological characteristics of
our four patients were similar to those of reported patients
{8-11,13,14,17,18]. Additionally, all four patients presented
with a decrease in central vision whose onset was in the
first decade of life with minimal fundus changes and a char-
acteristic ring enhancement of the AF signal (Table 2 and
Figure 1). These findings are also in accordance with earlier
reports [9-12,14]. SD-OCT demonstrated a discontinuous or

absent inner and outer segment junction line in two patients

£C1 EC2

Extracofiutar

Il

Intraceliutar

Figure 4. Model of the potassium channel, subfamily V, member
2 protein structure. A schematic representation of the potassium
channel, subfamily V, member 2 (KCNV2) subunit of the K channel
is drawn showing the approximate position of missense disease-
causing variants identified in this study. The XCN¥2 protein
consists of an N-terminus, an N-terminal A and B box (NAB), and
six transmembrane domains (S1-86), with two extracellular loops
(EC 1, 2) and a K selective motif, GlyTyrGly, in the pore-forming
loop (P loop) between S5 and S6.
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as previously reported [10]. In addition, the absence of the
cone outer segment tip line at the macular region was also
confirmed in all four patients.

The pathognomonic electrophysiological features were
demonstrated in all four patients, viz., delayed and reduced
photopic ERGs, delayed ERGs for DA 0.01, and a square-
shaped a-wave with a supernormal b-wave for DA 30.0
{Table 3 and Figure 2), An excessive increase in the b-wave
for the DA ERGs to an intensity series of flashes was also
confirmed in patients 2 and 3. Therefore, the unique rod
system abnormalitics were identical to those reported for
KCNV2 retinopathy [9,14].

Compound heterozygosity for two alleles, p.Cysl77Arg
and p.Gly461Arg, was found in patients 1, 2, and 3. The
p.Gly461Arg with relatively higher allele frequency affects
the third residue of the ultraconserved-GYG-tripeptide motif
that acts as an ion selectivity filter in the K channel’s pore-
forming loop, P loop, between S5 and S6 (Figure 4) [30].
The clinical effect of p.Gly461Arg was well characterized
earlier [10,16,17]. Friedburg et al. reported that three siblings
with homozygous p.Gly461 Arg had a relatively severe pheno-
type with an early onset and nystagmus at <5 years of age,
visual acuity decrease {0.1-0.25, constantly), minimal fundus
changes, ring enhancement at the foveal AF image, and an
excessive increase in the b-wave for scotopic ERGs to an
intensity series [17]. In contrast to the previous reports on
homozygous patients, the three patients with heterozygous
p.Gly461Arg in our series did not have nystagmus, and two of
our patients had less severe BCVA decrease (0.7-0.8). These
findings imply that the phenotype of the compound hetero-
zygous for p.Glyd61Arg and p Cys177Arg could have a less
severe phenotype than those homozygous for p.Glyd461Arg. It
is of interest that the phenotypic spectrum, compound hetero-
zygous for p.Gly461 Arg and p Cysl77Arg, was also observed
in our series. Two relatively mild phenotypes were observed
in the two siblings in our series (patients 1 and 2). In addi-
tion, one relatively severe phenotype, with more severe visual
acuity decrease (0.1) and photareceptor/RPE abnormalities at
the macula, was detected in patient 3.

Three of the new disease-causing missense variants were
located within the N-terminal region of the protein (Figure
4): p.Arg27His within the N-terminus and p.Cysl77Arg and
p.Arg206Pro within NAB. p.Cys177Arg was completely
segregated, and the predicted pathogenesis and evolutionary
conservation were confirmed. The coexistence of two likely
disease-causing variants, p.Arg27His and p.Arg206Pro, on
the same chromosome was also identified in our series with
segregation analyses. The patient who was homozygous for
these two complex variants had a severe phenotype, with an

© 2013 Molecular Vision

early onset (2 years), nystagmus, and severe visual acuity
decrease (0.1 to 0.08). Both variants were predicted to be
pathogenic with evolutionary high conservation (Appendix
land Figure 3). Whether one of these variants is a neutral
polymorphisms in cis with disease~causing one, or whether
family 4’s alleles are complex with two independently
damaging missense variants remains to be determined,

To conclude, this study further delineates the molecular
genetic findings of KCNV2 retinopathy. Three putative novel
variants were identified in our four Japanese patients with
CDSRR, and our findings suggest there may be a distinct
spectrum of KCNV2 alleles in the Japanese population.
However, the clinical findings were similar to that of the
reported other population. Electrophysiology was funda-
mental to the diagnosis with pathognomonic findings due
to channelopathy. The pathognomonic characteristics may
be a useful method of determining the success of clinical
therapeutic trials with gene replacement or pharmacological
treatments for channelopathy.

APPENDIX 1. RESULTS OF IN SILICO MOLECULAR
GENETIC ANALYSIS OF KCNV2 MUTATIONS
IDENTIFIED,

To access the data, click or select the words “Appendix 1.7
Pt= patient; Hom = homozygous; Het = heterozygous; SIFT
= sorting Intolerant from Tolerance; HSF = human splicing
finder program; CV = consensus values; EVS = exome
variant server; POD = possibly damaging; PRD = probably
damaging; ND = not detected. SIFT (version 4.0.4) results are
reported to be tolerant if tolerance index > 0.03 or intolerant
if tolerance index < 0.05. Polyphen-2 (vision 2.1) appraises
mutations qualitatively as Benign, Possibly Damaging or
Probably Damaging based on the model’s false positive rate.
The ¢DNA is numbered according to Ensemble transcript 1D
ENST00000382082, in which +1 is the A of the translation
start codon. Human splicing finder version 2.4.1 was applied
to predict the effect of each variant on splicing. The results
from HSF matrix indicate the values for the wild type and
mutant sequences. The larger difference of values between
the wild type and the mutant sequences indicates the greater
change that the variant can affect on the splice site. EVS
denotes variants in the Exome Variant Server, NHLBI Exome
Sequencing Project, Seattle, WA.

APPENDIX 2. MOLECULAR ANALYSIS OF KCNV2
POLYMORPHISMS,

To access the data, click or select the words "Appendix 2.
Pt = patient; Hom = homozygous; Het = heterozygous; SIFT
= sorting Intolerant from Tolerance; HSF = human splicing
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finder program; CV = consensus values; EVS = exome
variant server.
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Glaucoma is the leading cause for blindness affecting 60 million people worldwide. The optineurin (OPTN) E5S0K
mutation was first identified in familial primary open-angle glaucoma (POAQG), the onset of which is not asso-
ciated with intraccular pressure (IOP) elevation, and is classified as normal-tension glaucoma (NTG).
Optineurin (OPTN) is a multifunctional protein and its mutations are associated with neurodegenerative dis-
eases such as POAG and amyotrophic lateral sclerosis (ALS). We have previously described an E50K muta-
tion-carrying transgenic (E50K™%) mouse that exhibited glaucomatous phenotypes of decreased retinal
ganglion cells (RGCs) and surrounding cell death at normal IOP. Further phenotypic analysis of these mice
revealed persistent reactive gliosis and E50K mutant protein deposits in the outer plexiform layer (OPL).
Over-expression of E50K in HEK293 celis indicated accumulation of insoluble OPTN in the endoplasmic reticu-
lum (ER). This phenomenon was consistent with the results seen in neurons derived from induced pluripotent
stem cells (iPSCs) from E50K mutation-carrying NTG patients. The E50K mutant strongly interacted with TANK-
binding kinase 1 (TBK1), which prohibited the proper oligomerization and solubility of OPTN, both of which are
important for OPTN intraceliular transition. Treatment with a TBK1 inhibitor, BX795, abrogated the aberrant in-
solubility of the ES0K mutant. Here, we delineated the intracellular dynamics of the endogenous E50K mutant
protein for the first time and demonstrated how this mutation causes OPTN insolubility, in association with

TBK1, to evoke POAG.

cause glaucoma, but some I0P-independent factors are thought

INTRODUCTION
to be involved (2). According to a population-based glaucoma

Glaucoma is one of the world’s leading cause of adult-onset
blindness that causes optic nerve degeneration characterized by
progressive and . irreversible loss of retinal ganglion cells
(RGCs) and retinal nerve fiber layer defects accompanied by
the corresponding visual field damage (1). Open-angle glaucoma,
the most prevalent subtype among various glaucomas, is further
subdivided into two major types according to intraccular pressure
(IOP). In the high-IOP type or primary open-angle glaucoma
(POAG), elevated IOP due to disturbance of aqueous humor
outflow in the trabecular meshwork or Schlemm’s canal mechan-
ically damages RGCs (2). In the normal-IOP type or normal-
tension glaucoma (NTG), 10P elevation does not necessarily

survey conducted in Japan, NTG is the most prevalent subtype
of glaucoma in the country (3, 4). This epidemiological study
in Japan reported that the subjects’ average IOP was
~15mmHg and the POAG prevalence was almost equivalent
in groups with IOP higher or lower than the average IOP (4).
We have investigated the onset mechanism of the latter glaucoma
subset, with lower JOP than average, as NTG. Interestingly
enough, 10P-unrelated genetic mutations have been found re-
cently in NTG (5, 6) and the Optineurin (OPTN) E50K mutation
was the first one identified in familial NTG (7).

OPTN, a scaffold protein with various biological functions,
has a few coiled-coil domains and a ubiquitin-binding domain
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OPTN E50K protein accumulates in the outer plexiform
layer of the retinas of ESO0K ™ mice

Considering the previous report of the deposit-like pathology in
motor neurons in the ALS-associated OPTN E478G mutation
(20), we also investigated the localization of the OPTN ES0K
protein in the retinas of ES0K "¢ mice by immunohistochemistry.
Negative control slides, treated with rabbit [gG cocktail alone,
did not exhibit significant signals (Fig. 2A and B), while the
retinas of ESOK™® mice exhibited positive staining for OPTN
in the outer plexiform layer (OPL) and the inner nuclear layer
(INL), as small dot-like deposits (Fig. 2D and F, arrows). The
retinas of wild-type littermates did not exhibit such a pattem
(Fig. 2C and E). We designed this transgenic mouse with
N-terminally HA-tagged OPTN protein, which would enable
us to confirm whether the deposits include ES0K mutant
protein. HA-tagged ES0K was mainly detected in the OPL of
the retinas in ESOK™*® mice, which was consistent with the immu-
nostaining results with the anti-OPTN antibody (Supplementary
Material, Fig. S3D, arrows). Positive signals were not detected
for OPTN in control slides in the retinas of wild-type mice and
in those treated with the IgG alone (Supplementary Material,
Fig. 83A~C). Thus, OPTN deposits in the retinas of ES0K™8
mice were caused exclusively from the expression of the ES0K
mutant. These pathology findings point to the capacity of the
ES0K mutant protein to aggregate.

Examination of induced neural cells from NTG
patient-derived iPSCs indicates disturbed OPTN transition
frem ER to Golgi and Golgi body constriction

To clarify the cause of ES0K mutant protein deposits in the
retinas of ESOK™ mice, we first examined the intracellular lo-
calization of wild-type OPTN and the ESOK mutant by trans-
fecting vectors encoding the two proteins fused with
enhanced green fluorescent protein (EGFP) (***FOPTN and
EGFIESOK, respectively) into HEK 293 cells. E9FQPTN
could be seen as small puncta widely distributed intracellularly,
while ESFP"E50K was seen as larger puncta accumulated in the
perinuclear region, and the Golgi body in the E50K-expressing
cells was fragmented (Supplementary Material, Fig, S4B,
arrowheads) as previously reported (10, 20). Since Golgi
body formation and its membrane trafficking are associated
with the endoplasmic reticulum (ER) (25, 26), ER structure
was also examined using an ER detection kit (ER-ID, Enzo).
Again, the wild-type OPTN was observed as small puncta dis-
persed within the cytosol (Fig. 3A), while the larger vesicles of
the ES0K mutant were accumulated in the perinuclear region
surrounded by the ER membrane (Fig. 3B, arrows). To eluci-
date the intracellular localization of endogenous OPTN, we
generated induced pluripotent stem cells (iPSCs) from periph-
eral blood mononuclear cells isolated from NTG patients with
the mutation corresponding to ES0K and examined OPTN lo-
calization in these cells. The pluripotency of iPSCs was con-
firmed by immunostaining with antibodies specific for Oct3
and Nanog, pluripotency markers (Supplementary Material,
Fig. 85A). Neural induction was conducted as previously
reported (27, 28) and neuronal differentiation was confirmed
by staining with an antibody specific for Tujl, a neuronal
marker (Supplementary Material, Fig. S5B). {PSC-derived
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Wild-Type E50Kw

Figure 2. E50K mutant protein depaosits in the retinas of ESOK "® mice. (A) Rabbit
1gG negative control for the immunohistochemistry analysis of the retina of a
wild-type mouse. (B) Rabbit1zG negative control for the immunohistochemistry
analysis of the retina of an ES0K™* mouse. Both negative control slides showed
minimum background staining, (C) Anti-OPTN immunchistochemistry of the
wild-type mouse retina. Moderate OPTN signals were detected in luminal to
inner layers of the retina, (D) Anti-OPTN immunohistochemistry of the
E50K"® mouse. In addition to the moderate OPTN signals similar to-that in the
wild-type mouse retina, some strong deposit-like signals’from INL to OPL
were detected (indicated with arrows). Scale bars = 50 pm. High magnification
micrograph of the retina of (E) wild-type and (F) E50K™ mice. Arrows indicate
the OPTN deposit-like signals. Scale bars = 10 gum. The OPTN signals consists
of, at least to some extent, the E50K™® transgene product, from the results of
immunolistochemistry analysis with an anti-HA antibody (Supplementary Ma-
terial, Fig. 82D). INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer puclear layer.

neural cells from NTG patients with the mutation correspond-
ing to E50K were immunostained for OPTN and GM130, as a
Golgi body marker, along with ER staining. In the iPSCs with
wild-type OPTN, derived from a non-glaucoma subject,
OPTN-associated vesicles were dispersed within the cells
from ER to Golgi networks, in a pattern identical to that in
HEK293 cells over-expressing wild-type OPTN (Fig. 3C).
However, in the iPSCs from the NTG patient with the mutation
corresponding to ES0K,, the number of OPTN-associated vesi-
cles was decreased, compared with that in the control iPSCs,
with dense aggregation in perinuclear regions and shrinkage
of the ER/Golgi body (Fig. 3D). Upon microscopic examin-
ation under higher magnification, we found that wild-type
OPTN frequently localized on the tips of Golgi ribbons
(Fig. 3E), while the ES0K OPTN mutant in iPSCs from NTG
patients accumulated in the ER and Golgi body (Fig. 3F).
Co-localization of wild-type OPTN and the Golgi body was
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Figure 4. Distinct protein solubility of wild-type OPTN and the ESOK mutant,
{A) Wild-type OPTN and E50K expression under the same transfection condi-
tion. There were no differences in mRNA expressions under these transfection
conditions (Supplementary Material, Fig. S4A). The *Missing’ ESOK mutant
protein was detected in the precipitated fraction (Ppt.), after supernatant (Sup.)
collection. Semi-quantitative western blotting analysis was performed using
Chemidoc {BioRad) with imaging software and the results are shown under
each band. Approximately 2-fold reduction of E50K mutant protein in the Sup.
fraction and 2- to 5-fold induction in the Ppt. fraction were observed. (B} Al-
though calnexin, an ER membrane marker, is detected in both the Ppt. fraction
of wild-type OPTN-expressing and E50K mutaat-expressing cells, only the
ES0K mutant is detected in the Ppt. fraction. {C) The ESOK mutant in the Ppt.
{raction was increased in an E50K expression-dependent manner. (D) Endogen-
ous expression and higher hydrophobicity of OPTN in iPSCs with the E50K nu-
tation. Endogenous OPTN.is also detected in the Ppt. fraction in iPSCs from
ES0K mutation-carrying NTG patients. () Abundant endogenous expression
and higher hydrophobicity of OPTN in iPSC-derived neural cells 10 days after
induction from ES0K mutation-carrying NTG patients, Semi-quantitative
western blotting analysis by Chemidoc with imaging sofiware was performed
and the results are shown under each band. The OPTN amounts in each fraction
were normalized to the actin amount and then plotted. Sup., supernatant fraction;
Ppt., precipitated fraction.
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The enhanced affinity of TBK1 te the ES0K mutant protein
affects the proper oligomerization and solubility of OPTN

To elucidate the factors that affect the solubility of OPTN, we
first examined the native state of wild-type OPTN and the
ES0K mutant. FLAG-tagged OPTN was expressed in cells and
lysates were routinely prepared without detergent and separated
by native-polyacrylamide gel electrophoresis (PAGE). Western
blotting analysis after native-PAGE indicated more
E50K-protein complexes compared with those formed by wild-
type OPTN (Fig. 5A). The complexes were immunoprecipitated
(IP) using an anti-FLAG antibody and then separated by SDS—
PAGE, which revealed distinct binding partners of OPTN and
E50K (Fig. 5B, OPTN, white arrowheads; E50K, black arrow-
heads). We identified each binding partner by liquid chromatog-
raphy—tandem mass spectrometry (LC-MS/MS). The OPTN
partner was identified as OPTN itself, indicating tight oligomer-
ization, while the ESOK protein partner was identified as TBK1,
which has been previously shown to interact with OPTN by a
yeast two-hybrid screening (31). Each candidate interacting
partner was further confirmed by IP and western blotting
(Fig. 5C and D). Intriguingly, E50K exhibited enhanced affinity
to TBK1, while its self-oligomerization was largely decreased
(Fig. 5C, arrowhead). Oligomerized OPTN bands clearly seen
in wild-type OPTN were restored by treatment with intracellular
degradation inhibitors (Supplementary Material, Fig. S7A, left
panel, Oligomer lanes), indicating the importance of OPTN
oligomerization in intracellular traffic and intracellular degrad-
ation. In contrast, these intracellular inhibitors had no effect on
the diminished oligomerization of the E50K mutant (Supple-
mentary Material, Fig. S7TA right panel, Oligomer lanes). Treat-
ment with a specific inhibitor treatment for TBK1, BX975 (32),
was used to examine the relevance of TBK1 binding and the ab-
normal insolubility of the E50K mutant. BX795 treatmenthadno
effects on the trace amounts of either wild-type OPTN (Supple-
mentary Material, Fig. S7B} or calnexin in the Ppt. fraction
(Fig. 5E); on the other hand, the amount of the insolubilized
ES50K mutant in the Ppt. fraction was drastically decreased by
treatment with BX795 in a concentration-dependent manner.
Prolonged BX795 treatment was able to restore the ES0K
mutant protein to the Sup. fraction (Fig. 5F). These findings in-
dicate that the enhanced affinity of ES0K for TBK1 is one of
the initial pathogenic events that trigger the intracellular insolu-
bility of OPTN leading to improper OPTN transition from the ER
to the Golgi body. ’

DISCUSSION

The OPTN E50K mutation is the only mutation currently
affirmed as causative for NTG, and therefore, it is a clinically
relevant mutation for elucidating the mechanism of disease
onset at a molecular level (4). Although the ESOK mutation is
arare event in familial POAG, the pathology is usually progres-
sive, leading to full blindness evenunder strict IOP control (Sup-
plementary Material, Fig. S1) (17). Previous reports on ES0K
mutant phenotypes were focused mainly on in vitro medels
using over-expression studies. Though our initial report on the
phenotypic analyses of ESOK™® mice was informative (19),
there is a strong necessity for further establishment of the
mode! for OPTN and its target molecules in the endogenous
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Retinal vessel vulnerability in ES0K™® mice is explained by
these indirect extracellular ESOK effects.
This study demonstrated that the ESOK mutant is insoluble

and is associated with the hydrophobic precipitate in lysates,
compared with the wild-type OPTN, in iPSCs and iPSC-derived
neural cells. Abnormal protein deposits, as shown in the retinas
of the E50K™® mice, and protein hydrophobicity are frequently
reported in neurodegenerative diseases (36-38). Recent
reports in yeast models also supported the distinct hydrophobici-
ties of wild-type OPTN and the E50K mutant (39). Although the
prediction of isoelectric points (Compute pI/Mw, ExPASy) of
wild-type OPTN and E50K do not differ {OPTN =521,
E50K = 5.26), their intracellular protein complex formation is
considerably different. The amino acid characteristic of hydro-
phobic glutamate (E) against hydrophilic lysine (K) suggests
that the ESOK mutation is a possible charge swap mutation.
E50K is located adjacent to the coiled-coil domain, which is a
domain implicated in the interaction between OPTN and
TBK1 (31, 15). The hydrophobicity of the ESOK mutant was
closely related with its enhanced interaction with TBK1, a well-
known infection-responsive molecule. TBK1 induces macro-
autophagy by interacting with wild-type OPTN only under con-
ditions of infection, and mediates crosstalk between innate
immune response and autophagy (15). Additionally, the copy
number variation of TBK/ was associated with NTG onset (5,
6). The duplication of genes on chromosome 12q14 with familial
POAG suggested that an extra copy of the 7BK7 gene and its
copy number variation were responsible for NTG (40). More re-

cently, NTG-related TBK1 mutations were also reported (41).

Thus it is now well established that both OPTN and TBK! mis-
sense matations are related with NTG onset. The abnormal phys-

ical protein interaction with TBK1 is responsible for the major
cause of NTG in relation to the OPTN-E50K mutation. Together
with the clinical facts, it has been reported that TBK1 has an im-

portant role in innate immunity pathways, and phosphorylated

the ER-resident adaptor protein stimulator of IFN genes

(STING) to enable IFN production (42, 43). Complexes of
these molecules may be invelved with the failure of the ES0K

QPTN protein to transition from ER to Golgi. Although TBK1

contributes to infection-related immunological responses, it
also seemsto contribute to the intracellular clearance of unneces-

sary components, such as by autophagy (15). Many other oph-

thalmic diseases, like macular diseases, are associated with

abnormal protein metabolism (44); thus, the crosstalk of
OPTN and TBK! in the maintenance of intracellular clearance

in retinal cells is likely to play a significant role in not only glau-

comatous but also various otherretinal diseases. Even though the

exact function of TBK and the mechanism of the OPTN-TBK1

crosstalk in retinal homeostasis needs to be elucidated, com-

pounds that abrogate the interaction between the ES0K mutant

and TBK1 are likely to be beneficial in the treatment of NTG
patients.

Our current results pinpoint the molecular basis and concepts
of NTG onset in E50K mutation-carrying patients and suggest
that the RGC loss, the hallmark of glaucoma, is rather a terminal
consequence of the sequential events, i.c. altered affinity of the
E50K mutant inhibits self-oligomerization, leading to increased
hydrophobicity, which affects downstream functions of OPTN,
and eventually leads to cell death. Chronic and excessive accu-
mulation of the ESOK mutant protein recapitulated the partial
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neurodegenerative pathology, including reactive gliosis, vulner-
ability of retinal vessels and increased apoptotic cell death,

RGC loss is a hallmark of glaucoma; however, the resuits of
this study showed that this phenomenon in E50K-NTG niodel
is at the tenminal stage of sequential abnormal events in the
retina. In-depth characterization of the mutant protein in a
physiologically relevant context and the proper choice/availabil-
ity of 4 suitable animal model will help to elucidate and explore
;herapeutics for personalized treatment of glaucoma in the
uture. ,

MATERIALS AND METHODS
Antibodies and biechemical analysis

All the antibodies for biochemical studies were purchased from
the following companies: anti-OPTN antibody (Cayman);
anti-TBK1 antibody (Cell Signaling Technology); anti-FLAG
(Sigma); anti-HA (Roche) and anti-Actin (Millipore). The
TBK1 inhibitor, BX793, and cycloheximide were purchased
from Calbiochem. Mini-PROTEAN TGX Gel and Transblot
furbo system (BioRad) were used for native and SDS-PAGE
western blotting according to the manufacturer’s instructions.
Quantitative western blotting was performed with ChemiDoc
XRS+ with the Image lab software package (Biorad).

Animal experiments, preparation of retinal flat-mounts
for staining and immunehistochemistry

All animal experiments were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals (National
Institutes of Health) and the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals
in Vision Research and approved by the Tokyo Medical
Center Experimental Animal Commitiee. The OPTN mutant
ES0K"*® mouse used in this study has been described previously
(19). Twenty-two to 24-month-old male E50K™® mice (2 = 4)
and their littermates (n = 4) were sacrificed for the assessment
of retinal gliosis. Both eyes were dissected and immunostained
in flat-mounts as previously described (19). Briefly, dissected
eyes were fixed in 2% paraformaldehyde and permeabilized
with 0.1% Triton-phosphate-buffered saline (PBS). Non-
specific binding was prevented by blocking with DAKO’s
serum~-fiee blocking buffer, and all specimens were incubated
with Alex488-conjugated anti-GFAP antibody (Millipore) for
4°C, over two nights. After radial dissection, retinas were
mounted in DAKO’s fluorescent mounting medium. A total of
16 retinal specimens, with four micrographs per one retinal spe-
cimen, were imaged by LSM700 confocal fluorescence micros-
copy (Zeiss) using a blinded method. Image analysis was
conducted using the ZEN software (Zeiss) and the GFAP-
positive area per retinal area was scored. The anti-OPTN
(Cayman) and anti-HA (COVANCE) antibodies were used
under heated antigen-retrieval conditions. Endogenous peroxid-
ase was quenched by 3% H,0, in MeOH. After primary antibody
reaction for 4°C overnight, simple rabbit IgG-horse radish per-
oxidase (HRP) stain and mouse IgG-HRP stain for mouse
tissue (Nichirei) were used as secondary HRP-conjugated poly-
mers. After developing with 3,3’-diaminobenzidine (DAB) sub-
strate, specimens were counter-stained with Gill’s hematoxylin.
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Abstract

Purpose To report the longitudinal clinical course of
three Japanese patients from two families with Leber
congenital amaurosis/early-onset retinal dystrophy
(LCA/EORD), and the results of next-generation
DNA sequences on them.

Puatients and methods The patients were three Japa-
nese children: a 4-year-old girl, a 6-vear-old boy, and a
3-year-old girl. Patients 1 and 2 were siblings, and patient
3 was from an unrelated family. Standard ophthalmic
examinations including perimetry, electroretinography,
optical coherence tomography, and ultrasonography
were performed on each patient. The patients were
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observed for 28, 16, and 10 years. Whole exomes of the
patients and their non-symptomatic parents were ana-
Iyzed using a next-generation sequence technique.
Results  The decimal visual acuity varied between
0.07 and 0.6 at the initial visit and decreased to
counting finger to hand motion in their teens. Fundus-
copy showed diffuse retinal and macular degeneration.
During the follow-up period, a posterior staphyloma
developed and the macular area became atrophic.
Patient 1 developed cataracts in her early twenties.
Genetic analysis revealed a homozygous AI126V
substitution in the RDH 2 gene in all patients.
Conclusions  The three patients with LCA/EORD
had a progressive decrease of their vision with the
formation of a posterior staphyloma. This is the first
report of Japanese patients with LCA/EORD with a
RDHI2 mutation.
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Introduction

Leber congenital amaurosis (LCA) is the most severe
form of early-onset retinal dystrophy and was first
reported by Theodor Leber in 1869 [1]. He reported
blind infants who had nystagmus and no pupillary
light reflexes, and their fundus was initally normal
and progressed to pigmentary retinal dystrophy [1].
For the diagnosis of LCA, it is necessary to show the
presence of searching nystagmus, absence of pupil-
lary light reflexes, and non-recordable electroretino-
grams (ERGs) (2]. Leber also described milder forms
of this disease [3], which is now referred to as early-
onset severe retinal dystrophy (EOSRD), severe

early-childhood-onset retinal dystrophy (SECORD),
or early-onset retinal ‘dystrophy (EORD). The
appearance of the fundus of LCA/EORD varies
widely, including normal fundus appearance, flecked
retina, diffuse pigmentary retinal degeneration, and
macular coloboma/posterior staphyloma. In addition,
keratoconus and cataract can be present in these
patients [4]. ;

Most cases of LCA/EORD have an autosomal
recessive inheritance pattern. To date, 17 causative
genes have been identified for LCA/EORD (LCAI1-17,
Table 1) [5, 6]. Since RDHI2 was reported as a
causative gene for LCA/EORD in 2004 [7, 8], several
studies have reported on the phenotype of LCA/EORD
patients with a RDHI2 mutation [9-16). These studies
reported a progressive reduction in vision leading to
legal blindness in young adulthood, and the presence
of diffuse retinal degeneration with macular degener-
ation and cataract formation [7-16]. However, the
longitudinal clinical course of cases of LCA/EORD
with the RDHJ2 mutation has not been reported.

Table 1 Genes reported as causative for Leber congenital amaurosis or early-onset retinal dystrophy (LCA/EORD) [5.6)

Phenotype Name Loci Year reported Note
in LCA/EORD
LCAL (an) GUCY2D 17q13.1 1996 CORD6 (ad)
LCA2 (ar) V RPE6GS 1g31.3-2 1997 keratoconus, RP20 (ar)
LCA3 (ar} SPATA7 149313 2009
LCA4 (an) AIPL] 17pi3.2 2000 macular degeneration,
juvenile CRD (ad)
LCAS (ar) LCAS 6gi4.1 2003 coloboma
LCAS (ar) RPGRIPI 14q11.2 2001 CORDI3 (ar)
LCAT7 (adfan) CRX 19¢13.32 1998 coloboma, CORD2 {ad)
LCAS {ar) CRB} 1g31.3 2001 coloboma, PPRPE (ar), RP12 {ar)
L.CAY (ar) NMNATI 1g36.22 2012 coloboma
LCALQ (an) CEP290 12921.32 2006 B’BSM (ar), JBTSS (ar), SLSNG (ar),
MKS4 (ar)
LCALL (ad) IMPDH! 7q32.1 2006 RP10 (ad)
LCAI2 (ar) RD3 19323 2006
LCAI13 (ar) RDHI2 14q24.1 2004 maculopathy, RP33 (ad)
LCAl4 (ar) LRAT 4g32.1 2001
LCAI1S (ar) TULPI 6g21.31 2004 maculopathy, RP14 (ar)
LCAIL6 {ar) KCNIIZ 2437.1 201t SVD (ad)
LCA17 {ar) GDF6 8q22.1 2013

ar autosomal recessive, ad autosomal dominant, CORD and CRD cone-rod dystrophy, RP retinitis pigmentosa, PPRPE RP with para-
arteriolar preservation of the retinal pigment epithelium, BBS Bardet-Bied! syndrome, JBTS Joubert syndrome, SLSN Senior-Loken

syndrome, MKS Meckel syndrome, SVD snowflake vitreoretinal degeneration
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Fig. 1 Pedigrees of two kinki-F18
unrelated families with

Leber congenital amaurosis/

early-onset retinal

dystrophy (LCD/EORD)

with RDHI2 mutation. Kinki-1046
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Patients 1 and 2 were
siblings (Jeft, kinki-F18),
and Patient 3 is from an
unrelated family (right,
kinki-F33). No
consanguinity was reported

Patient 1 Patient 2
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between parents of the @ B rreow
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patients
Q’ m Deceased
ﬂ Visual disturbance
{cause unknown) Patient 3
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We report the 10- to 28-year continuous course of
three Japanese patients with LLCA/EORD, and the
~ results of next-generation sequence analyses on them.

Patients and methods

The patients were three Japanese individuals from two
unrelated families (Fig. 1). Patients 1 and 2 were
siblings (kinki-F18), and Patient 3 was a member of
another unrelated family (kinki-F33; Fig. 1).

The research protocol was approved by the Ethics
Review Board of the Kinki University Faculty of
Medicine in November 2011, and the procedures
conformed to the tenets of the Declaration of Helsinki.
The genetic analysis was performed after obtaining a
signed informed consent form from all patients and/or
their parents.

Clinical studies

The ophthalmic examinations consisted of measure-
ments of the visual acuity, slit-lamp biomicroscopy,
ophthalmoscopy, Goldmann kinetic perimetry, full-
field ERGs, optical coherence tomography (OCT), and
ultrasonography. ERG recordings were performed
according to the guideline of the International Society
for Clinical Electrophysiology of Vision (ISCEV
Standard, 2008 update) [17]. OCT was performed
with the Cirrus™ HD-OCT version 5.1 (Carl Zeiss
Meditec, Dublin, CA, USA). All clinical tests were
performed in the Kinki University Hospital, and all
patients were examined yearly from the initial visit to
year 2013,

130

DNA preparation and exome sequencing analysis

The genetic analyses were performed in 2013, We
obtained venous blood samples from the patients and
their non-symptomatic parents in the Kinki University
Hospital. The blood samples were sent to the Division
of Molecular and Cellular Biology in National Insti-
tute of Sensory Organs of the National Hospital
Organization Tokyo Medical Center, and genomic
DNA was extracted from the blood samples using
Gentra Puregene Blood Kit (Qiagen, Tokyo, Japan).
The purified genomic DNA was sent to RIKEN or
Macrogen Japan (Tokyo, Japan) and shared with
Covaris Ultrasonicator™ (Covaris, Woburn, MA,
USA). Construction of paired-end sequence libraries
and exome capture were performed using the Agilent
Bravo Automated Liquid Handling Platform with
SureSelect XT Human All Exon V4 4+ UTRs kit
(Agilent Technologies, Santa Clara, CA, USA)
according to the manufacturer’s instructions. Enriched
libraries were sequenced with the Illumina HiSeq
2000 sequencer (San Diego, CA, USA), according to
the manufacturer’s instructions for 100-bp paired-end
sequencing. The results of the sequence analysis were
sent to Laboratory of DNA Data Analysis in National
Institute of Genetics and analyzed. Reads were
mapped to the reference human genome (1,000
genomes, phase 2 reference, hs37d5) with the Bur-
rows-Wheeler Aligner software, version 0.6.2 [18].
Duplicated reads were then removed by Picard
MarkDuplicates module version 1.62, and mapped
reads around insertion—deletion polymorphisms (IN-
DELs) were realigned using the Genome Analysis

a Springer
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Toolkit (GATK) version 2.7-4 [19]. Base-quality scores
wererecalibrated using GATK. The calling of mutations
was performed using the GATK UnifiedGenotyper
module, and the called single-nucleotide variants and
INDELs were annotated with the snpEff software,
version 3.3 [20]. The mutations were annotated with the
snpEff score (“HIGH,” “MODERATE,” or “LOW™)
and with the allele frequency in the 1,000 genomes
database and Human Genetic Variation Browser
(HGVD) [21]. The mutations were then filtered so that
only those with “HIGH” or “MODERATE” snpEff
scores indicating that the amino acid sequence would be
functionally affected, and a frequency <1 %inthe 1,000
genomes database and HGVD were further analyzed.
We also used new variations, which were not found in
the in-house database of exome data of seven people
with control individuals without ocular diseases. Muta-
tions were classified by hereditary information into
homozygous recessive, heterozygous recessive, and de
novo mutations in the family members. Filtered muta-
tions were scored with PolyPhen software version 2.2.2
[22], which predicts the effect on. the structure and
function of the protein. This exome analysis pipeline is
available at Management and Analysis System for
Enormous Reads (Maser) [23].

Results

The clinical course of the visual acuity in the three
patients is presented in Fig. 2. Summaries of the
clinical findings are shown in Figs. 3, 4, and 5.
Patient 1 (Fig. 3, kinki-1044 in Fig. 1): Patient 1
was a girl who was 4-year old when we first examined
her in 1986. Her parents reported that she seemed to
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Fig. 3 Fundus photographs (leff), optical coherence tomo-p
graphic (OCT) and ultrasonographic images (lower lefh),
Goldmann kinetic visual fields (right), and full-ficld ERGs

-(botrom righty of Patient 1. Fundus photographs and OCT

images taken at age 27 and 30 years are blurred because of
cataracts. The last perimetric examination was performed on
August 12, 1999, when no isopter could not be detected. The
flash ERGs are dark-adapted 30.0 ERG with 20-] xenon strobe,
and the flicker ERG was recorded using red light-cmitting diode
built-in contact lens electrode (Tomey, Nagoya, Japan)

have difficulty in the dark from the age of 3 years. Her
decimal best-corrected visual acuity (BCVA) at the
initial visit was.0.6 with +1.25 diopter sphere (DS)
and —0.75 D cylinder (DC) ax 160° in the right eye
and 0.6 with ++0.5 DS and —0.25 DC ax 20° in the left
eyve. Her visual fields were severely constricted, and
ophthalmoscopy showed diffuse retinal degeneration
with macular degeneration (Fig. 3). Her fundi
appeared reticulated before the age 10 years. Her
vision markedly decreased in her middle teens result-
ing in hand motion vision at age 17 years (Fig. 2). At
this age, the macular degeneration appeared atrophic
and a posterior staphyloma was present in both eyes
(Fig. 3). A posterior subcapsular cataract was noticed
when she was 23-year old. She is now 31-year old, and
her vision is light perception in both eyes (Fig. 2).

Single-bright flash full-field ERGs recorded at age
S vears were non-recordable, and the flicker ERGs
were barely recordable (Fig. 3). OCT and ultrasonog-
raphy performed at 30 and 31 years of age showed
deep excavation and a thinning of the retina at the
posterior pole of both eyes (Fig. 3). The axial length at
age 31 years was 22.72 % 0.05 mum in the right eye
and 21.20 £ 0.09 mm in the left eye.

When the sequences of her whole exome were
compared with the reference human genome (hs37d53),
940,138 mutations were found. We focused only on
mutations that could change the amino-acid sequence
and excluded common mutations by 1,000 genomes,
HGVD [21], and our in-house database (see methods).
As a result, 467 mutations remained as candidate
mutations, We filtered the remaining mutations by
using the pattern of inheritance (homozygous reces-
sive, heterozygous recessive, or de novo mutation)
with her parents and her brother (Patient 2) and found
only 2 genes as causal candidates. Finally, RDH]2,
which was the only one of the genes registered in the
RetNet database of genes and the loci causing
inherited retinal diseases [6], was assumed to be the
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Fig, 5 Fundus photographs (Jeft), OCT and ultrasonographic images (lower left), Goldmann kinetic visual fields (righf), and full-field
ERGs (bortom right) of Patient 3. Patient 3 was from unrelated family to that of Patients 1 and 2 (Fig. 1)

discase-causing gene. Then, genetic analysis revealed him in 1997. He was the younger brother of Patient 1
a homozygous ¢.377C>T transition in exon 4 resulting (Fig. 1). He visited our clinic because his parents
in an alanine126 to valine substitution (A126V) in the noticed he was having visual difficulties since age
RDH]I2 gene. Genetic analyses of her non-symptom- 5 years. His decimal visual acuity was 0.07 in his right

atic parents (kinki-1046 and 1047, Fig. 1) revealed a eye. The vision was uncorrectable, and his left BCVA
heterozygous A126V substitution in the RDH 12 gene. was 0.4 with 0 DS and —1.5 DC ax 160°. Ophthal-

Patient 2 (Fig. 4, kinki-1045 in Fig. 1): Patient 2 moscopy showed diffuse retinal degeneration, but it
was a boy who was 6-year old when we first examined was especially severe in the macula which was similar
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to that of his older sister, Patient 1 (Fig. 3, 4). The
fundi appeared reticulated before the age 10 years.
The macular degeneration gradually spread, and a
posterior staphyloma developed and progressed in
both eyes (Fig. 4). His central vision decreased to
hand motion in his late teens (Fig. 2). He is now
22-year old, and he still has some peripheral vision but
no cataracts in both eyes.

The full-field ERGs, OCT, and ultrasonographic
findings were similar to those of his older sister (Patient
1), namely, non-recordable single-bright flash ERGs,
barely recordable flicker ERGs, and deep excavation
and thin retina at the posterior pole of both eyes (Fig. 4).
The axial length atage 22 years was 23.82 + 0.05 mm
in the right eye and 24.06 =+ 0.02 mm in the left eye.

Genetic analysis revealed a homozygous A126V
substitution in RDHI2 gene, the same as his sister
(Patient 1).

Patient 3 (Fig. 5, kinki-1076 in Fig. 1): Patient 3
was a girl who was 3-year old when we first examined
her in 2004. She was a member of a family (kinki-F33)
unrelated to that of Patients | and 2 (Fig. 1). She was
brought to our clinic because of esotropia and nystag-
mus. Her decimal BCVA was 0.07 with +6.0 DS and
—1.0 DC ax 115° in the right eye and 0.07 with +5.5
DS and —1.5 DC ax 175° in the left eye. Ophthalmos-
copy showed diffuse retinal degeneration with pigmen-
tation in the macular area (Fig. 5). Her fundi appeared
reticulated before the age 10 years. She was followed
until the age of 13 years, and her vision gradually
decreased to light perception in both eyes (Fig. 2).

Single-bright flash full-field ERGs were non-
recordable, and flicker ERGs were barely recordable
at age 11 years (Fig. 5). OCT and ultrasonography
performed at 11 and 13 years of age revealed exca-
vation of the posterior pole of both eyes (Fig. 5). The
axial length at age 13 years was 20.92 & 0.37 mm in
the right eye and 21.22 & 0.93 mm in the left eye.

When the sequence of her whole exome was
compared with the reference human genome (hs37d5),
1,488,313 mutations were found. After excluding
common mutations, 406 mutations remained. We
fillered the remaining mutations by the pattern of
inheritance with her parents and found 16 genes as
causal candidates. Finally, they were compared to that of
Patients 1 and 2, and only RDHI2 was shared between
three patients. As a result, genetic analysis showed a
homozygous ¢.377C>T transition in exon 4 resulting in
alanine 12610 valine substitution (A126V) inthe RDHI2

&) springer
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gene. Genetic analyses on her non-symptomatic parents
(kinki-1077 & 1078, Fig. 1) showed heterozygous
A126V substitution in the RDHJ2 gene.

Discussion
ERG findings in carrier relatives

The RDHI2 gene is located at 144 24.1 and encodes a
photoreceptor cell retinol dehydrogenase. Mutation of
the RDHI2 gene is estimated to account for <4 % of
all autosomal recessive LCA/EORD patients [5, 8]. To
date, 16 different mutations have been reported in this
gene [6]; however, the homozygous substitution of
A126V in the RDHI2 gene has never been reported
except in a highly consanguineous Arabic family {13]
and our patients. In the Arabic family, a non-symp-
tomatic relative who was a heterozygous carrier of
A126V had markedly reduced rod ERGs, and the cone
ERGs were at the lower limits of normal [13]. Another
study reported that heterozygous mutations in the
RDHI2 gene can cause a late-onset, relatively mild
autosomal dominant retinitis pigmentosa [24].

The parents of our patients were non-symptomatic,
and their fundi were normal. The rod and cone ERGs
performed on three of them (kinki-1047, kinki-1077,
and kinki-1078 in Fig. 1) were normal.

Clinical course of visual acuity

The initial visual disturbance in our patients was
noticed at age 2-5 years, and there was a progressive
decrease thereafter (Fig. 2). Their central vision
decreased to light perception in the teens. Patients 2
and 3 maintained some peripheral vision at age 22 and
13 years although Patient 1 lost vision in the entire
visual field at age 17 years (Figs. 3, 4, 5).

The vision in patients with LCA/EORD was
investigated by Fulton et al. [25] and Walia et al.
[26]. Walia et al. [26] related the vision of patients
with LCA/EORD to their causative genes and reported
that LCA/EORD caused by RPE6S (LCA2), CRB!
(L.CA8), and RDH]2 (LCA13) mutations led to a wide
variations in visual disturbances, whereas LCA/EORD
caused by GUCY2D (LCAL), AIPL]I (LCA4),
RPGRIPI (LCAG6), and CRX (LCA7) gene mutations
had severe visual disturbances which began in the first
year of life. Other studies on LCA/EORD associated
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with RDHI2 mutations reported au initial vision
reduction occurring between birth to 20 years with
most of them at age 37 years [7-16].

These results are consistent with our patients who
had decreased vision at age 2-5 years and loss of their
central vision in their teens (Fig. 2).

Colobomal/posterior staphyloma and LCA/EORD

The fundus of our three patients appeared similar;
namely, they showed diffuse retinal degeneration and
macular atrophy (Figs. 3, 4, 5). The fundi also had a
reticulated appearance (Figs. 3, 4, 5). These findings
are similar to the phenotype reported for RDHI2-
associated LCA/EORD [7-16].

In our patients, the macular degeneration pro-
gressed to atrophic macula with the formation of a
posterior staphyloma which resembled a coloboma
(Figs. 3, 4, 5). The relationships between LCA and
macular coloboma have been discussed in several
papers [27-29], before the causative genes for LCA/
EORD were discovered. Recently, a macular colo-
boma/posterior staphyloma was reported in patients
with LCAS (LCAS) [30], CRX (LCAT7) [31], CRB!
(LCA8) [32], NMNATI (LCA9) [33], and RDHI2
(LCA13) mutations {7, 9-11, 14, 16]. A relationship
between LLCA/EORD and the macular coloboma/
posterior staphyloma is still unknown. Single-gene
mutation cannot explain the formation of a macular
coloboma/posterior  staphyloma because they are
present in cases of LCA/EORD associated with
several different causative genes.

In our patients, the reticulated appearance of the
fundus was presentin early childhood, and it became less
apparent after the formation of the posterior staphyloma.
Whether the reticulated appearance was related to the
development of the staphyloma was not determined.

One limitation of this study is the small number of the
patients. Tn addition, a more detailed screened investi-
gation of the phenotypes and genotypes of patients with
LCA/EORD is needed to confirm our results.

In conclusion, we report the longitudinal clinical
course of three patients in two families with LCA/
EORD who had homozygous A126V substitution in
the RDH 12 gene. All of the patients had a progressive
retinal degeneration and posterior staphvioma, and
impairment of the central vision. This is the first report
of Japanese patients with LCA/EORD which was
caused by RDHJ2 gene mutation.
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