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Glaucoma is the leadmg cause ior blmdness aﬁectmg 60 million people worldwide. The optmeurm (OPTN) E50K
mutation was first 1dent|f|ed in famlhal primary open-angle glaucoma (POAG), the onset of which is not asso-
ciated with intraocular pressure (IOP) elevation, and is classified as normal- tensnon glaucoma (NTG).
Optineurin (OPTN) is a multifunctional protein and its mutations are assocaated with neurodegeneratlve dis-

eases such as POAG and amyotrophic lateral sclerosis (ALS). We have prewously described an E50K muta- .
tion-carrying transgenic (ESOK“Q) mouse that exhibited glaucomatous phenotypes of decreased retinal

ganglion celis (RGCs) and surroundmg cell death at normal 10P. 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 cells 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 ES0K 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 intracellular transition. Treatment with a TBK1 inhibitor, BX795, abrogated the aberrant in-
solubility of the E50K 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.

iINTRODUCTION

Glaucoma 1s 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 intraocular pressure

(I0P). In the lugh-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), IOP elevation does not necessarily

cause glaucoma, but some [OP-independent factors are thought

to be mvolved (2). According to a population-based glaucoma
~ survey conducted in Japan, NTG s the most prevalent subtype

of glaucoma in the country (3, 4) This epidemiological study
in Japan reported that the subjects’ average IOP was
~15 mmHg and the POAG prevalence was almost equivalent
m groups with JIOP higher or lower than the average IOP (4).

. Wehave investigated the onset mechanism of the latter glaucoma

subset, with lower IOP than average, as NTG. Interestingly
enough, IOP-unrelated genetic mutations have been found re-

- cently in NTG (5, 6) and the Optineurm (OPTN) ESOK mutation

was the first one 1dentified in familial NTG (7).
OPTN, a scaffold protein with various biological functions,
has a few coiled-coil domains and a ubiquitin-binding domain

*To whom correspondence should be addressed at. Division of Molecular and Cellular Biology, National Institute of Sensory Organs,
National Hospital Orgamization Tokyo Medical Center, 2-5-1 Higashigaoka, Meguro-ku, Tokyo 152-8902, Japan. Tel/Fax. 481 334111026,

Email 1watatakeshi@kankakuki.go.jp

© The Author 2013. Published by Oxford University Press. All vights rveserved.

For Permissions, please email: journals. permissions@oup.com

€102 ‘12 KBIAL UO I8JU80) [BOIPIIA OK)[OL [BUOIJBN I8 /810'smumofqu;xo'Suxq//:dnq wolj papeojumo



2 Human Molecular Genetics, 2013

at C-terminal, It associates with membrane trafﬁckmg proteins
Myosin VI and Rab 8 to form Golgi ribbons and is involved m
exocytosis (8,9). And thus ESOK mutation yields several pheno-

types, such as fragmentation of Golgi apparatus (10), transport L

failure (8, 11) or apoptotic cell'death (12, 13).

OPTN also participates in innate immunity response by regu-
lating NF-kB activation and autophagy in anti-infection pro-
cesses (14, 15) and via its interaction with some other proteins

(16). Among the several OPTN mutations described in the ori-:

gmal report, the role of a glutamlc ac1d-to-lysme conversion at
amino acid 50 (E50K) in NTG is well accepted worldwide
(17-19). A famuly with a history of NTG was previously identi-
fied with the E50K mutation, and- in affected members of this

famuly, visual failure starts at about the age of 30 years: (Supple-
mentary Material, F1g, S1) and progresses to glaucoma without -

elevation of IOP until vision 1s entirely lost at about the age of
70 years (19) Recently, Maruyama et al. (20) identified three
additional mutations in OPTN, a deletion in exon 5, a nonsense
mutation (Q398X) and a missense mutation (E478G) that was

associated with.amyotrophic lateral sclerosis. (ALS) Among,
these three mutations, the former two were recessive mutations.

and the latter E478G mutation was a dominant mutatlon, like

ES0K. The authors further showed the attenuanon of the inhibi-
tory effect of NF-kB activation by OPTN carrying the E478G

mutation, but that the inhibitory function remained intact

with 'the E50K mutation. Though the underlying causes of

OPTN mutation-driven changes are - different in POAG and
ALS, 1t is still mmgumg that OPTN plays erucml roles m

neural homeostasis:- .
All these results suggest that the ESOK mutant expression. .
restricts retinal neural cell SLX"”VQI and is thug mvg]ved in the.

SLACLS cell a1 Al LIUS 11 L2

progression of POAG. The underlymg molecular mechamsm

of how the glaucoma phenotype is. evoked by a smgle amino
d vonl ent in OPTN ig still unkno\vn

ISP cementin Or 1IN 1s st

In this study, we further charactenzed the effects of the ESOK

mutation in OPTN in E50K transgenic (E50K™*®) miice and
explored the endogenous OPTN dynamics in neural cells differ-
entiated from induced plunipotent stem cells (iPSCs) derived
from NTG patients with the genetic mutation corresponding to
E50K. At the molecular level, abnormal insclubility of the en-
dogenous E50K OPTN mutant was demonstrated in this study
for the first time. This insolubility was sumultaneously attributed
to the formation of a distinct protein complex, and to disabled
oligomerization of OPTN, associated with an enhanced
E50K —tank-binding kinase (TBK)1 interaction. The abnormal
insolubility of the E50K mutant was rescued by tieatment with
a TBK 1-specific inhibitor.

RESULTS

OPTN ESOK transgenic mice exhibit profound gliosis
in the retina

In our previous report, we showed that ESOK"g mice exhibited
phenotypes, such as a decreased number of RGCs and progres-
sive diminution of retinal thickness without elevation of IOP
(19). Immuno}nstochemlstry of the flat-mount retinas of
B50K™ nuce showed pefSistem guan uuu.uax_y acidic protein
(GFAP)-positive dot-staimng between astrocytes, compared

with the staining pattern in retinas of wild-type mice (Fig 1A

ES50K-g
AN

N Oy

GFAP+ Score / Area O

[~

Wild-Type E50K7

Figure 1. Persistent reactive gliosis in E50K-transgenic (ESOK-8) mouse retinas.

Representative retinal flat-mount immunohistochemistry images of anti-GFAP
n (A) wild-type and (B) E50K™*® muce. Scale bar = 200 pm. Flat-mount speci-

mens were analyzed (blinded evaluamon) for ghosis assessment. The scores of

GFAP—posmve gliosis area/retinal area are ‘plotted (data are mean + SD; four

“fields-of mucrographs were chosen randomly and analyzed from one specxmen
n=4 *P < 0. 05\ (D) The appearance of CFAp.anlﬁ\JP Miiller cells in

ESOK ' muce. The dashed lme indicates the border of the retinal fumunal
surface'and the incised surface of the retina; arrowheads indicate the feet of

GFAP-positive astrocytes. Scale bar = 100 um. Some of the gliosis harbors

the retmal vessel leakage (Supplementary Matenal, Fig. S1A).

and B). Evaluation of the pathological condition in age-matched
wild-type and mutant mice by pathologsts blinded to the sample
source indicated significantly increased gliosis in the ESOK™®
mice, compared with the wild-type mice (Fig 1C). GFAP-
positive Miiller cells are known as one of the hallmarks for
retinal neurodegenerative conditions, including glaucoma
(21), which can be simulated by various retinal insults such as
the optic nerve axonal damage, laser ablation and intravitreal in-
Jection of kainicacid (22~24). From the morphological analysis
of the cells that appeared in the vertically incised retinal surface
(Fig. 1D, dashed line), the GFAP-positive dots shown in the flat-

- mount specimen were concluded to be Miiller cells, from their

peculiar spindle shape (Fig. 1D, arrowheads) Reactive glosis
has been reported to be associated with retinal physical insults;
thus, this phenotype 1n ESOK™*® mice in the absence of physical
insults was of particular mterest. Therefore, in addition to the re-
active ghosis in-the retinas of ESOK™ muce, the retinal vessels
were examined by z-axis confocal laser microscopy after tail
vein injection of red fluorescent dye-conjugated isolectin. The
confocal microscopy images revealed a number of gliosis

scars embracing leakage of 1solectin from vessels (Supplemen-
tarvy Matenal F}g QZA\ These findines cnrynpct that the

Wiy AVaailiiai, 3G ES

retinas of’ ESOK'tg mice are under contmuous stress and are struc-
turally vulnerable.
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OPTN ES50K protein accumulates in the outer plexiform
layer of the retinas of ES0K' mice

Considening the previous report of the deposu—ﬁke pathology in -

motor neurons in the ALS-associated OPTN E478G mutation

{20), we also investigated the localization of the OPTN E50K
protein in the retinas of ES0K ™ mice by immunohistochemistry.

Negative control slides, treated with rabbit IgG cocktail alone,
did not exhibit significant signals (Fig. 2A and B), while the
retinas of ESOK™® mice exhibited positive staiming for OPTN

n the outer plex1f0rm layer (OPL) and the mner nuclear layer

(INL), as small dot-like deposits (Fig. 2D and F, arrows). The
retinas of wild-type littermates did not exhibit such a pattern
(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 E50K mutant-

protemn. HA-tagged ESOK was mainly detected insthe OPL of

the retinas in E50K "8 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 shides in the retinas of wild-type mice and
i those treated with the IgG alone (Supplementary Matenal,

Fig. S3A=~C). Thus, OPTN deposits in the retinas of E50K™#

mice were-caused exclusively from the expression of the E50K
mutant. These pathology findings point to the capamty of the
ESO0K mutant protem to aggregate

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

To clarify the cause of ESOK mutant protemn deposits n the

retinas of ES0K™€ mice, we first examined the intracellular lo-
calization of wild-type OPTN and the E50K mutant by trans- .

fecting vectors encoding the two proteins fused with
enhanced green fluorescent protein (EGFP) (ES**OPTN and
EGFP-E50K, respectively) into HEK 293 cells. ****-OPTN

could be seen as small puncta widely distributed intracellularly, -

while ES*P-E50K was seen as larger puncta accumulated in the
pcrmuclear region, and the Golgi body 1 the E5S0K-expressing
cells was fragmented (Supplementary Material, Fig. S4B,

arrowheads) as previously reported (10, 20). Since Golgt-

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).

Agam, the wild-type OPTN was observed as small puncta dis-
persed within the cytosol (Fig. 3A), whﬂe the larger vesicles of
the E50K 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 ESOK and examined OPTN lo-
calization 1 these cells. The pluripotency of iPSCs was con-
firmed by immunostaining with antibodies specific for Oct3
and Nanog, pluripotency markers (Supplementary Material,

Fig. S5A). 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). iPSC-derived

~ outer nuclear. layer s
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Figure2. ESOKm t [
1sG negatlve control for the 1mmuno}ustochemxstry analysxs of the retina of a
wild-type mouse. (B) abbit IgG negative control for the immunohustochemistry
analysis. of the reti 50}("g mouse.. Both neganve control slides showed
nunimum backgro

wild-type: mousé
were detected (md

Stina,. some strong deposxt—hke signals from INL to OPL
ed with arrows) Scale bars = 50 um. High magnification
a of () wild-type and (F) ES0K*® mice. Arrows indicate
signals. Scale bars = 10.un. The OPTN signals consists
ent, the ESOK e transvene product from the results of

try
tenial, Fig. S2D). INL, mner nuc}eax layer; OPL, outer plexiform layer; ONL,

neural cells from NTG patients with the mutation correspond-
mg to ES0K were ummunostained for OPTN and GM130, as a
Golgi body marker, along with ER staiming. In the 1PSCs with
wild-type OPTN, derived from a non-glaucoma subject,
OPTN-associated vesicles were dispersed within the cells
from ER to Golg1 networks, n 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 ESQK, 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 Golg1 ribbons
(Fig. 3E), while the ESOK OPTN mutant mn 1PSCs from NTG
patients accumulated in the ER and Golgi body (Fig 3F).
Co-localization of wild-type OPTN and the Golg: body was
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Figure 3. Distinct mtracellular localization of wild-type OPTN and the ESO0K
mutant, Intracellular localization of OPTN and E50K in- over-expression
studies. (A) **F"OPTN (green) and ER (red) localization 1 day after transfection.
(B) ESFFE50K mutant (green) and ER (red) localization 1 day after transfection.
Both micrographs are shown with nuclear counter-staining with Hoechst 33342
(blue). Arrowheads mndicate the E50K accumulation in the ER. Scale bars =
10 um. 1PSCs were established from iPSCs without the ESOK mutation,
derived from non-glaucoma subjects, as a control and with the ES0K mutation,
derived from glaucoma patients for endogenous analyses. Ten days after
neural induction, OPTN (green), ER (red) and Golg: (imagenta) co-locahization
were analyzed by immunocytochemustry. (C) Endogenous OPTN localization
in neural control cells or (D) ESOK glaucoma patient-derived neural ceils.
OPTN signals exhibited an accumulated pattern i cells with the ES0K mutation.

Higher magnification of endogenous OPTN signals in (E) control cells and (F)

cells with the ESOK mutation. In control cells, OPTN 51gnals (green vesicles)

etz d aae tlan dessn A wililiais 3alne hads, hila dw tho ~olle woith tho
Weie xv\,mu.cu Oii UiC 1iP3 O1 1ivotit UOagi ooaY, Wil i e C8iS Witn Wal

ES0K mutation, the number of OPTN signals was decreased and largely accumu-

lated within the ER and to a shrunken Golg: body {(shown by the white signal in_

merged micrographs, respectively). All scale bars = 10 um.

frequently observed (Supplementary Material, Fig. S4A,
arrow), but such a co-localization was scarce for the ES0K
mutant (Supplementary Material, Fig. S4B). These results indi-
cate that the expression of the E50K mutant affects OPTN
transition from ER to Golgi body prior to Golgi shrinkage/
fragmentation.

Insolublllty of OPTN iniPSCs and 1PSC-der1ved neural cells
from NTG patients with the mutation correspondmg
to ES0K

While performing the over-expression “experiments, we

noticed that the protein amount of over-expressed E50K was:

decreased to half- that of wild-type OPTN in HEK293T
cells. A similar result has been previously reported in
dermal fibroblasts from the E50K :mutation-carrymg patients
(29). Since there was no significant difference in the. mRNA
levels in both groups (Supplementary Material, Fig. S6A),
we speculated that E50K 1s. more susceptible to intracellular
degradation. Our previous studies have shown that OPTN 1s
degraded by proteasomal and lysosomal pathways (30).
Therefore, we first treated cells with MG132, a proteasomal
inhibitor, and bafilomycm, a lysosomal inhibitor, along with

cycloheximide, a protein synthesis inhibitor, to compare the -

amount of protein degradation. The levels of over-expressed
OPTN in cells treated only with cycloheximide were lower,
while co-treatment with MG132 or bafilomycin restored the
OPTN protein levels, as previously reported-(Supplementary
Material, Fig. S7A, OPTN lanes). However, over-expressed
E50K mutant protein was not restored, unlike over-expressed
wild-type OPTN, upon treatment of cells with inhibitors (Sup-
plementary Material, Fig. S7A, ESOK lanes) These results in-

Avn wrraa ;e naoecintine l ot a s dla s Toaeaa

ante st 4l
dicate that there was no association betweeén the lower levels

~ of the ESOK mutant and intracellular degradation of OPTN.

We predicted that ESOK might be expressed at levels compar-
able to the wild-type protein, but was probably insoluble and
was being precipitated with the insoluble pellet (Ppt.) fraction

- of the cell lysate after routine cell-lysate collection Although

an equivalent amount of calnexin, a Ppt. marker, was detected
in the Ppt. fraction of both wild-type- and E50K-expressing
HEK293 cells, ~2- to 5-fold higher amounts of E50K
protein, compared with the wild-type OPTN, was detected
in the Ppt. fraction (Fig. 4A and B). The insolubilized E50K
increased in- an ES0K expression-dependent ~manner
(Fig. 4C). To elucidate the reason for this altered solubility

of E50K mutant protein, we utilized the aforementioned”

iPSCs and examined the OPTN protein levels by western blot-
ting. Although the OPTN ‘expression was moderate in undif-
ferentiated iPSCs, OPTN was detected in the Sup. fraction of
control iPSC lysates (Fig. 4D, control 1~4), while OPTN was
detected m the Ppt. fraction of iPSCs from NTG patients with
the mutation corresponding to E50K (Fig. 4D, ES0K 1-6).
OPTN expression was significantly increased after neural induc-
tion (Fig. 4E Sup. lanes). The iPSC-derived neural cells recapi-

tulated these results, 1.e. abundant OPTN 1 the Ppt. fraction m "
ES0K mutation-carrying NTG patient-derived cells (Fig. 4E;

Ppt. ianes). These findings mdicate that regardiess of the expres-

sion levels, the ESOK mutant protein exhibits higher intracellu-

lar insolubility.
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Figure 4. Distinct proten solubility of wild—tybe OPTN:and t}ie E50K 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’ E50K ‘mutant
protein was detected in the precipitated fraction (Ppt.), after supematant (Sup:)
collection. Semi-quantitative western blotting analysis was performed using
Chemidoc (BioRad) with imaging software and the results are shown under
cach band. Approximately 2-fold reduction of E50K mutant protein in the Sup.
fraction and 2- to 5-fold induction m the Ppt. fraction were observed. (B) Al-

though calnexin, an ER membrane marker, 1s detected in both the Ppt. fraction -
of wild-type. OPTN—expressmg and ESOK mutant-expressing cells, only. the .

E50K mutant is detected m the Ppt. fraction. (C) The E50K mutant 1 the Ppt.
fraction was increased in an ES0K expression-dependent manner (D) Endogen—
ous expression and higher hydrophobicity of OPTN in iPSCs with the E50K mu-

tation. Endogenous OPTN is also detected in the Ppt. fraction in iPSCs from

ESOK mutation-carrymng NTG patients. (E) Abundant endogenous expression
and lgher hydrophobicity of OPTN in iPSC-derived neural cells 10 days after
induction from E50K mutation-carrying NTG patients. Seml-quanmanve
western blotting analysis by Chemidoc with imaging software 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 to the E50K mutant protein
affects the proper oligomerization and solubility of OPTN

To elucidate the factors that affect the solubility of OPTN, we
first examuned the native state of wild-type OPTN and the
E50K mutant. FLAG-tagged OPTN was expressed in cells and

- lysates were routmely prepared without detergent and separated
© by native-polyacrylamide gel electrophoresis (PAGE). Western

blotting analysis after native-PAGE - indicated more
ES0K-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 bmdmg 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. 5Cand D). Intrigumgly, E50K exhibited enhanced affinity
to TBK1, while 1ts self-oligomerization was largely decreased
(Fig. SC, arrowhead). Oligomernized OPTN bands clearly seen

1 wild-type OPTN were restored by treatment with intracellular
" degradation inhibitors (Supplementary Material, Fig S7A, left
“panel, Ohgomer 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 ESOK mutant (Supple-
mentary Matenal, Fig. STA 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 ESOK mutant. BX795 treatment had no
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
E50K 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 E50K
mutant protein to the Sup. fraction (Fig 5F). These findings in-
dicate that the enhanced affinity of E50K for TBK1 is one of
the inmitial 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 ES0K mutation is the only mutation currently
affirmed as causative for NTG, and therefore, it is a clinically
relevant mutation for elucidating the mechamism of disease
onset at a molecular level (4). Although the ESOK mutation 1s
arare event in familial POAG, the pathology 1s usually progres-
sive, leading to full blindness even under strict IOP control (Sup-
plementary Material, Fig. S1) (17). Previous reports on E50K
mutant phenotypes were focused mainly on in vitro models
using over-expression studies Though our initial report on the
phenotypic analyses of ESOK™ mice was mformative (19),
there 15 a strong necessity for further establishment of the
model for OPTN and 1its target molecules in the endogenous
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Flgure 5, Consntutxve interaction of the ES0K mutant protein and TBK1 evokes the aberrant solubility of OPTN (A) Natwe-PAGE of mock-transfected controls,
wild-type OPTN-transfected cells and ESOK-transfected cells revealed the distinct protemn complex formation. (B) Silver-stamming of immunoprecipitates of mock-
transfected controls, wild-type OPTN-transfected cells and ESOK-transfected cells using an antibody specific for the FLAG-tag. The relevantbands, wild-type OPTN-
specific binding molecule (white arrowhead) and ESOK mutant-specific binding molecule (black arrowhead), were detected and further analyzed with LC—MS/MS.
(€) Oligomerization of OPTN. The band indicated with white arrowhead m (B) turned out OPTN itself, i.e. wild-type OPTN is able to oligomenze, while ESOK mutant
protein largely lacks this ohgomenzanon abllxty (D) E50K mutant and TBK | interaction. The band indicated with black arrowhead in (B) turned out TBK1 and ESOK.
mutant protemn exhibited higher affinity to TBK1 protein than Wlld-type OPTN (E) The treatment with BX795,a TBK1 inhibitor, decreases the aberrant precipitation
of E50K mutant protein in the Ppt. fraction in 4 concentration-dependent manner. Dimethylsulfoxide (DMSO) was used as the vehicle control and BX [1], BX [10]
indicates the BX795 treatment concentrations of 1 ug/ml and 10 ug/ml, respectively, for 3 h. (F) Longer treatment with BX795 (6 h with 10 ug/ml) suppressed ab-
errant precipitation of E50K mutant protein i the Ppt. fraction and simultaneously restored ESOK to the soluble fraction.

context to understand the exact molecular functions of CPTN
andits mutations in glaucoma. In addition to the previously iden-
tified glaucomatous phenotypes, suchas RGC loss, ESOK "¢ mice
also exhibit prominent retinal reactive gliosis with GFAP-
positive Miiller cells. It has been reported that GFAP-positive
Miilter cells can be experimentally induced in animal models
mimicking glaucomatous phenotypes through vartous retinal
insults, such as axonal damage, ntravitreal injection and laser
ablation (22-24). Thus, the persistent gliosis and inner layer
cell death in ESOK™8 mice, without elevation of IOP, were of
great interest, and this suggests that increased IOP is not the
sole cause for POAG. The deposit-like ES0K mutant protein
seen in the INL of the retinas of ES0K™'® mice was encouraging,
because similar abnormal protem inclusions are frequently
found in clinical specimens of neurodegenerative tissues, in-
cluding ALS (20, 33). Why E50K expression, which occurs
throughout the body, only affects retinal homeostasis remains
unknown. OPTN is also endogenously expressed in many
other types of cells, like fibroblasts (7). In addition, most of the
other cells expressing OPTN are proliferative and replaced
usually within a few months, whereas the neural cells are
usually non-proliferative and long-lived. We surmise that this
is why the accumulation of ES0K over time is critical in the
pathogenesis of neurodegenerative diseases; including NTG.
Though the ESOK " mice exhibit some representative neurode-
generative disease phenotypes, further investigation of the ES0K
accumulation in the endogenous context over time in vivo in the
retina is needed, preferable in retinal specimens from ESUK
mutation-carrying NTG patient or from a mouse model, such
as a site-specific knock-in mouse model.

Previous in vitro studies on E5CK have shown large vesicle
formatton and Golg: fragmentation (10, 20), whale there are no
reports ofendo genous E50K localization and behavior, especial-
xy in patient neuronal cells. I general, data pertaining to CPTN
in clinical samples of patients with neurodegenerative diseases,
including the retinal disease, is scarce. The iPSC technology 1s
one solution to overcome this longstanding himitation by wndir-
ectly generating the desired target cells from iPSCs derived
from patients with genetically driven neurodegenerative dis-
eases (34). With thus first report of the establishment of
E50K-glaucoma iPSCs and their neuronal induction, molecular
and cellular characterization of POAG onset can now be studied
n the endogenous context. iPSC-dertved neural cells froth ES0K

mutation-carrying patients revealed for the first time that OPTN.

accumulated at the constricted Golgi body. In our current experi-
ments, unlike the results of the ES0K over-expression studies,

Golgi was constricted but not fragmented. This discrepancy

should be carefully examined to elucidate whether fragmenta-
tion of Golg1 body is an endogenous phenotype or just an artifact
induced by the over-expression. In any case, excess accumula-
tion of E50K triggers Golgi body deformation and further dete-
riorates intracellular traffic, and eventually leads to cell death. It
is well known that OPTN has a role in secretory vesicle transport
and that ESOK expression decreases the release of the neuro-

trophic factor NT3 (9, 35). Furthermore, prostaglandin' E2 -

(PGE2)release via exocytosis is also decreased by ESOK expres-
sion (Supplementary Material, Fig. S1B). These results indicate
that due to the intraceiiuiar iransport faifure in ceiis expressing
the ESOK mutant, the paracrine activity for cellular protection
and blood flow within the retina would also be attenuated,
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Retmal vessel vulnerability in ESOK™® mice is explamed by
these indirect extracellular E5S0K effects.

This study demonstrated that the E50K mutant 1s insoluble
and is-associated with the hydrophobic precipitate in lysates,
compared with the wild-type OPTN, 1n iPSCs and 1PSC-derived
neural cells. Abnormal protein deposits, as shown in the retinas
of the ESOK™8 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 ESOK mutant (39). Although the

prediction of isoelectric points (Compute pI/Mw, ExPASy) of

wild-type OPTN and ES0K do not differ (OPTN = 5.21,
E50K = 5.26), therr intracellular protem complex formation is
considerably different. The amino acid characteristic of hydro-

phobic glutamate (E) against hydrophilic lysme (K) suggests -

that the ES0K mutation is a possible charge swap mutation.
E50K 1s located adjacent to the coiled-coil domain, which 1s a
domain mmplicated in the interaction between OPTN and
TBKI1 (31, 15). The hydrophobicity of the ES0K mutant was
closely related with its enhanced interaction w1th 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 wath fammilial
POAG suggested that an extra copy of the TBKI gene and 1ts
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 TRKI mis-
sense mutations are related with NTG onset. The abnormal phys-
ical protein interaction with TBK1 is responsible for the major
cause of NTG inrelation to the OPTN-E50K mutation. Together
with the clinical facts, it has been reported that TBK1 has an im-
portant role in innate immumty 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 involved with the failure of the ESOK
OPTN protein to transition from ER to Golgi. Although TBK1

contributes to infection-related ‘1mumunological responses, it
also seems to contribute to the intracellular clearance of unneces-
sary components, such as by autophagy (1 5). Many other oph-
thalmic diseases, like macular diseases, are associated with
abnormal protem metabolism (44); thus, the crosstalk of
OPTN and TBK1 in the maintenance of intracellular clearance
inretinal cells is likely to play a significant role in not only glau-
comatous but also various other retinal diseases. Even though the
exact function of TBK1 and the mechanism ofthe OPTN-TBK1
crosstalk in retinal homeostasis needs to be elucidated, com-
pounds that abrogate the interaction between the ESOK mutant

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

patients.

Our current results pmpomt the molecular basis and concepts
of NTG onset in ESOK mutation-carrying patients and suggest
that the RGC loss, the hallmark of glauéoma is rather a terminal
consequence of the sequential events, i.e. 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 protem recapitulated the partial
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neurodegenerative pathology, including reactive gliosis, vulner-
ability of retinal vessels and increased apoptotic cell death.
RGC loss 1s a hallmark of glaucoma; however, the results of
this study showed that this phenomenon in ESOK-NTG model
is at the terminal stage of sequential abnormal events in the
retina. In-depth characterization of the mutant protemn in a

- physiologically relevant context and the proper choice/availabil-

ity of a suitable animal model will help to elucidate and explore‘
therapeutics for personalized treatment of glaucoma in the
future.

MATERIALS AND METHODS
Antibodies and biochemical analysis

All the antlbodles 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, BX795, and cycloheximide were purchased
from Calbiochem. Mini-PROTEAN TGX Gel and Transblot
turbo 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 immunochistochemistry

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 Amimals
m Vision Research and approved by the Tokyo Medical
Center Experimental Animal Commuttee. The OPTN mutant
E50K ¢ mouse used in this study has been described previously
(19). Twenty-two to 24-month-old male E50K™* mice (n = 4)
and their littermates (n = 4) were sacrificed for the assessment
of retinal gliosis. Both eyes were dissected and immunostained
in flat-mounts as prevmusly 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-free blocking buffer, and all specimens were mcubated
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, m 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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Light microscopy was performed with an Eclipse 600 micro-

scope (Nikon).

Cell culture, transfection and immuhocytochemistry

HEK293T cells were cultured in Dulbecco’s modified Eagle
medium (DMEM), supplemented with 10% heat-inactivated
FBS The TransIT-PRO Transfection Kit (Mirus) was used
according to the manufacturer’s mstmctxons HEK293T cells
were transfected with pAC-SF AC-"FOPTN  and

pAC-S"PESOK to assess the mtracellular localization of
tagged OPTN. The ER-ID Red assay kit (Enzo) was used for

endoplasmic reticulum staming.. Anti-GM130 and -Alexa633-
conjugated anti-mouse IgG antibodies were used for

Golgi 1mmunostammg The followmg constructs were used

for over—expressxon studies: pEF- -BOS-F4C9  (45), pEF-
BOS-F&4 'Optmeunn and pEF-BOS- FLAGESOK.

Generanon of lPSC and induction of dnfferentlatlon
to neural cells

Human E50K mutation-carrying iPSCs and the corresponding
control 1PSCs ‘were established by Sendai-viral (DNAVEC) in-
fection as previously reported (46) from circulating T-cells in
the peripheral blood of human familial glaucoma patients with
fully informed consent. All procedures were approved by the
Ethics Committee of National-Hospital-Organization Tokyo
Medical Center. For mamtammg the plunpotency, iPSCs'were

cultured in bovine fibroblast growth factor (bFGF)-containing
1PSC media on Mamgel—coated culture dishes. Oct3 and
Nanog were used as pluripotency markers and Tujl was used
as the neuronal marker Neural cell widuction was performied
via embryoid body formation as described previously (27, 28),
utilizing the Neuron differentiation Kit (R&D Systems) in ac-
cordance with the manufacturer’s procedures.

Identiﬁcaﬁoh of ES50K-binding proteins by LC-MS/MS

Samples for LC~MS/MS analysis were prepared by preparing
lysates from HEK293T cells over-expressmg FLAG-tagged
OPTN' from gEF—BOS-FLAG pEF-BOS-F “Optineurin or
pEF-BOS-FL“A%E50K. Each lysate sample was immunoprecipi-
tated with M2-FLAG-Agarose (Sigma) for 2h at 4°C. The
immunoprecipitated beads were washed with lysis buffer five
times and then eluted with 2 M urea. The eluates were electro-
phoresed on 7.5% SDS—-PAGE gels and the gels were silver-
stained with the Silver Quest Kat (Invitrogen). The band of inter-
est was processed for in-gel digestion for further LC—-MS/MS
analysis.  Samples were analyzed with LCQ-DECA XP
{Thermo Scientific). The obtained binding candidates and their
interaction with OPTN/ES0K were confirmed by immunopreci-
pitation and western blottmg

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Purpose: To report the clinical characteristics of occult macular dystrophy (OMD) in
members of one family with a mutation of the RP7L7 gene.

Methods: Fourteen members with a p.Argd5Trp mutation in the RP1L7 gene were
examined. The visual acuity, visual fields, fundus photographs, fluorescein angiograms, full-field
electroretinograms, multifocal electroretinograms, and optical coherence tomographic images
were examined. The clinical symptoms and signs and course of the disease were documented.

Resuits: All the members with the RPTL7 mutation except one woman had ocular
symptoms and signs of OMD. The fundus was normal in all the patients during the entire
follow-up period except in one patient with diabetic retinopathy. Optical coherence tomog-
raphy detected the early morphologic abnormalities both in the photoreceptor inner/outer
segment line and cone outer segment tip line. However, the multifocal electroretinograms

were more reliable in detecting minimal macular dysfunction at an early stage of OMD.

Conclusion: The abnormalities in the multifocal electroretinograms and optical
coherence tomography observed in the OMD patients of different durations strongly
support the contribution of RP7L7 mutation to the presence of this disease

RETINA 32:1135-1147, 2012

ccult macular dystrophy (OMD) was first

described by Miyake et al to be a hereditary mac-
ular dystrophy without visible fundus abnormalities.
Patients with OMD are characterized by s progressive
decrease of visual acuity with normal- appean'ng fundus
and normal fluorescein angiograms (FA). The important
signs of OMD are normal full-field electroretinograms
(ERGs) but abnormal focal macular ERGs and mul-
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tifocal electroretinograms (mfERGs) alsc exist. These
findings indicated that the retinal dysfunction was con-
fined to the macula."™ Optical coherence tomography
(CCT) showed structural changes m the ocuter nuclear
and photoreceptor layers."!

Recently, we found that dominant mutations in the
RPILI gene were responsible for OMD.'? The RPILJ
gene was originally cloned as a gene derived from
common ancestors as a retinitis pigmentosa 1 (RPI)
gene, which is responsible for 5-10% of autosomal
dominant retinitis pigmentosa worldwide, on the same
Chromosome 8."*7'7 A number of attempts have been
made to identify mutations in RPIL/ in various retini-
tis pigmentosa patients with no success. An immuno-
histochemical study on cynomolgus monkeys showed
that RP1L1 was expressed in rod and cone photorecep-
tors, and RPJLI is thought to play important roles 1n
the morphogenesis of the photoreceptors.'>'® Hetero-
zygous RPJL] knockout mice were reported to be
normal, whereas homozygous knockout mice develop
subtle retinal degeneration.'® However, the RP1L1
protein has a very low degree of overall sequence
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identity (39%) between humans and mice compared
with the average values of sequence similarity ob-
served between humans and mice proteins. The results
of linkage studies have strongly supported the contri-
bution of RPIL] mutations to the presence of this
disease,'? but the function of RPILI in the human
retina has not been completely determined.

A large number of cases of OMD have been
repoﬂed7’l°’]9; however, we did not always find the
same mutations in sporadic cases or in small families,
which had less than three affected members. This led
us to hypothesize that several independent mutations
can lead to the phenotype of OMD, that is, OMD is not
a single disease caused by a specific gene mutation,
but may represent different diseases with similar reti-
nal dysfunctions.

Thus, the aim of this study was to determine the
characteristics of OMD by investigating the pheno-
types of patients with the RPJ/L] mutation from a sin-
gle Japanese family.

Patients and Methods

We investigated 19 members from a single Japanese
family. A homozygous mutation, pArg45Trp m the
RPILI gene, was confirmed in 14 members,'” and 13
of the 14 were diagnosed with OMD. Among the 14
members with a mutation in the RPIL] gene, 11 were
followed-up at the Niigata University in Niigata,
Japan. The other three were examined at the National
Institute of Sensory Organs in Tokyo, Japan. Each
member had a complete ophthalmic examination
including best-corrected visual acuity (BCVA), refrac-
tion, perlmetry, fundus photography, FA, full-field
ERGs,”® mfERGs,” and OCT. The visual fields were
determined by Goldmann perimetry or by Humphrey
Visual Field Analyzer (Model 750i; Carl Zeiss Meditec,
Inc, Dublin, CA). The SITA Standard strategy was used
with the 30-2 program or the 10-2 program for the
Humphrey Visual Field Analyzer.

Electroretinograms were used to assess the retinal
function under both scotopic and photopic conditions.??
Full-field ERGs were recorded using the International
Society of Clinical Electrophysiology and Vision stan-
dard protocol. Multifactorial electroretinograms were
recorded with the Visual Evoked Response Imaging
System (VERIS science 4.1; EDI, San Mateo, CA). A
Burian—Allen bipolar contact lens electrode was used to
record the mfERGs. The visual stimuli consisted of
61 or 103 hexagonal elements with an overall subtense
of approximately 60°. The luminance of each hexa-
gon was independently modulated between black
(3.5 cd/m?) and white (138.0 cd/m?) according to

a binary m-sequence at 75 Hz. The surround lumi-
nance was 70.8 cd/m?2,

The OCT images were obtamed with a spectral-
domain OCT (HD-OCT; Carl Zeiss Meditec or a 3D-
OCT-1000, Mark II; Topcon) from 21 eyes of 12 cases
in the same pedigree.

The procedures used adhered to the tenets of the
Declaration of Helsinki and were approved by the
Medical Ethics Committee of both the Niigata Uni-
versity and National Institute of Sensory Organs. An
informed consent was received from all the subjects
for the tests.

Results

The findings of 5 generations of 1 family with OMD
are shown in Figure 1. The numbered family members
had the same mutation in RPILI (p.Argd5Trp), and
family members designated with the filled squares or
filled circles were phenotypically diagnosed with
OMD by routine examinations including visual field
tests, FA, mfERGs, and Fourier-domain OCT. Only
Patient 5 (age 60 years) had normal phenotype,
although she had the RPJIL] mutation.

The clinical characteristics and the results of ocular
examinations of all the 14 family members with the
RPILI mutation (p.Arg45Trp) are listed in Tables 1
and 2. Family Member #5 was diagnosed as normal
because she had normal mfERGs.

Among the 13 OMD patients (average age at the
final examination, 57.2 + 22.1 years), 12 complained
of disturbances of central vision and 4 complained of
photophobia (Table 1). Patient 1 did not report any
visual disturbances in the right eye as did Patient 6
for both eyes. The visual dysfunciion in these eyes was
confirmed by mfERGs. For 13 patients, the age at the
onset of visual difficulties varied from 6 years to 50
years with a mean of 27.3 + 15.1 years.

All the patients were affected in both eyes, and the
onset was the same in the 2 eyes except for Patients 1,
11, 12, and 14. Patient 1 first noticed a decrease in her
visual acuity in her left eye at age 50 years, and she
still did not have any subjective visual disturbances in
her right eye 30 years later. However, a clear decrease
in the mfERGs in the macular area was detected in
both eyes. Patient 11 first noticed a decrease in the
visual acuity in her right eye at age 47 years when the
BCVA was 0.2 in the right eye and 1.2 in the left eye
(Figure 2). Seven years later at age 54 years, she no-
ticed a decrease in the vision in her left eye. Similarly,
Patients 12 and 14 did not report any visual disturban-
ces in their right eyes until 2 (Patient 12) or 8 (Patient
14) years after the onset in their left eyes.
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Fig. 1. Pedigree of a family with OMD. The identification number of the patients is marked beside the symbols. The proband 1s indicated by an arrow
The open squares and circles with crosses are the relatives whose visual function was confirmed to be normal by routine examimations mcluding
Humphrey visual field tests, mfERGs, and Fourier-domamn OCT Those designated by hatched squares or circles were reported to have poor vision with
similar severity and onset as the other genetically confirmed OMD patients. One relative marked by an asterisk had unilateral optic atrophy because of

retrobulbar neuritis

The duration of the continuous decrease in the
BCVA varied from 10 years to 30 years (mean, 15.6
+ 7.7 years) in 16 eyes of 9 adult patients. After this
period, these patients reported that their vision did not
decrease. Patients 2, 3, 8, and 14 complained of pho-
tophobia, and the degree of photophobia remained un-
changed after the visual acuity stopped decreasing.
Patients 1, 2, 4, 7, and 9 had additional disturbances
of vision because of senile cataracts, and Patients 2 and
4 had bilateral cataract surgery. The visual disturbances
because of the OMD were still progressing at the last
cxamination in the left eye of Patient 11 (age 57 vears),
and both eyes of Patient 12 (age 20 years), Patient 13
(age 18 years), and Patient 14 (age 28 years).

Different systemic disorders were found in some of
the patients; however, there did not seem to be a specific
disorder, which was common to all of them (Table 1).

In the 16 eyes of 9 patients whose BCVA had
stopped decreasing, the BCVA varied from 0.07 to 0.5
(Table 2). The BCVA of the left eye of Patient 6 was
0.07 because of an untreated senile cataract. If this eye
is excluded, the final BCV As of all the stationary eyes
range from 0.1 to 0.5. Patient 2 had photophobia, and
her BCVA measured by manually presenting Landolt
rings on separate cards under room light was 0.4 in the
right eye and 0.5 1 the left eye, which was better than
that measured by a Landolt chart of 0.3 in the right eye
and 0.3 in the left eye with background illumination.

For the 13 patients whose original refractions were
confirmed, 11 of 26 eyes were essentially emmetropic

(<= 0.5 diopters). Both eyes of Patients 1, 3, 4, 6, and
8 and the left eye of Patient 5 were hyperopic (+0.675
to +4.625 diopters). The right eye of Patient 7, the left
eye of Patient 12, and both eyes of Patient 13 were
moderately myopic (—0.625 to —=2.75 diopters). These
results indicate that there is no specific refraction
associated with OMD patients in this family.

The visual fields were determined by Goldmann
perimetry or Humphrey Visual Field Analyzer. All the
patients had a relative central scotoma in both eyes except
for Patient 1 whose right eye was normal by Goldmann
perimetry. In all cases, no other visual field abnonmalities
were detected during the entire course of the disease. In
the patients examined shortly after the onset, a relative
central scotoma was not detected by Goldman perimetry
and was confirmed by static perimetry.

The fundus of all except one eye was normal. The
left eye of Patient 9 had background diabetic retinop-
athy. At the first consultation at age 46 years, Patient 9
did not have diabetes, and the funduscopic examina-
tion and FA revealed no macular abnormalities. At the
age 66 years, there were few microaneurysms in the
left macula away from the fovea; however, OCT did
not show any diabetic changes such as macular edema.
The OMD was still the main cause of visual acuity
reduction in this patient.

Six patients consented to FA, and no abnormality
was detected in the entire posterior pole of the eye. It is
noteworthy that both the fundus and FA of Patient 4
were normal at the age 73 years, which was >50 years



Table 1. Clinical Characteristics of the Family Members With RP1L1 Mutation (p.Arg45Trp)

Case Age and Gender

Chief
Complaint

Affected
Eye

Age at

Onset (Years)

Duration of
Continuous Decrease
in BCVA (Years)

Duration
After the

Onset (Years)

Systemic
Disorders

7
2

~

QNG

11
12
13
14

81, F
71, F

74, M
83, M
60, F
50, F

69, F
69, M

Decreased visual acuity
Decreased visual acuity
and photophobia
Decreased visual acuity
and photophobia
Decreased visual acuity

None

None

Decreased visual acuity

Decreased visual acuity
and photophobia

Decreased visual acuity
Decreased visual acuity

Decreased visual acuity Bilateral
Decreased visual acuity Bilateral§

Decreased visual acuity

Decreased visual acuity Bilateralq]

and photophobia

Bilateral*
Bilateral

Bilateral

Bilateral

-7
Bilateral*
Bilateral

Bilateral

Bilateral
Bilateral

Bilateral

50
25

30

20

Unknown
50
28

30
10

47
14

6
18

20
25

10

10

Unknown
10
10

15
30

0D, 10, 08, still progressing
Still progressing
Still progressing
Still progressing

31
46

44

63

Unknown
19
41

36
48

Hypertension
Diabetes mellitus since 64 years of age

Hyperlipidemia, angina pectoris

Hypertension, Multiple cerebral
infarction at 73 years of age

Hypertension since 67 years of age, Surgery
for ossification
of the posterior longitudinal
ligament at 45 years of age
Diabetes mellitus since 63 years of age
Rheumatoid arthritis since 46 years
of age, Bronchiectasis since
43 years of age

Atopic dermatitis

*Patient 1 has subjective visual disturbance only in the left eye, and Patient 6 does not have any subjective visual disturbances in both eyes. The visual dysfunction was confirmed by

mfERG.

1This woman has a mutation in RP1L1, but her visual function was confirmed normal after routine examinations including mfERG.

}This patient noticed visual disturbance only in the right eye at 47 years of age. The visual disturbance in the left eye was first noticed at 54 years of age.
§This patient noticed visual disturbance only in the left eye at 14 years of age. The visual disturbance in the right eye was first noticed at 16 years of age.
fiThis patient noticed visual disturbance only in the left eye at 18 years of age. The visual disturbance in OD was first noticed at 26 years of age.
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Table 2. Results of Ocular Examinations of the Family Members With RP1L1 Mutation

Relative
Amplitude in
mfERG at Fovea

Age . - . . Visual Fundus Full-Field (Ring 1/Ring 5 or Other Ocular
and BCVA at Final Visit Refraction (D) Field Appearance FA ERG Ring 6)t Disorders
Case Gender OD 0S oD (O
1 81, F 1.2 0.1 +4.25 +4.625  Relative Normal, OU Normal, OU NE 2.34, OD, 0.60, Senile
central (O1) cataract, QU
scotoma,
0S
2 71, F 0.4 0.5 Unknowni Unknowni Relative Normal, QU NE NE Not measurable, Cataract
central ou surgery, OS
scotoma, at 58 years
(0]8] of age, OD
at 69 years
of age,
Ptosis, OU
3 74, M 0.2 0.3 +2.875 +3.375  Relative Normal, OU NE NE Not measurable, Laser
central ou peripheral
scotoma, ) iridotomy,
ou QU at 73
years of age
4 83, M 0.2 0.2 +1.0 +1.625  Relative Normal, QU Normal, OU Normal ISCEV Not measurable, Cataract
central standard ou surgery, OU
scotoma, protocol ERG, at 80 years
ou ou of age
5 60, F 1.2 1.2 -0.25 +0.875  Normal, QU Normal, OU NE NE 4.24, OD, NE, -
0Ss
6 50, F 1.2 1.2 +1.0 +1.0 Relative Normal, OU NE NE 2.74, 0D, 2.23, —
central oS
scotoma,
ou
7 69, F  0.1§ 0.07§ -0.625 +0.25 Relative Normal, OU NE Normal ISCEV Not measurable, Senile
central standard Oou cataract,
scotoma, protocol ERG, ouU
ou ou
8 69, M 0.1 0.1 +1.125 +0.675  Relative Normal, OU NE Normal ISCEV 1.01, OD, 1.30, -
central standard 0s
scotoma, protocol ERG,
ou ou
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