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Figure 2. Electrophysiological findings of each patient with potas

sium channel, subfamily V, member 2 (KCNT?2) retinopathy. Full-field

electroretinograms (ERGs) of patient | (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 Electrophysiolog
(ii) dark adapted bright flash 30.0 cdesem * (DA 30.0), (iii) light ada

y of Vision (ISCEV): (i) dark adapted dim flash 0.01 cdesem ? (DA 0.01),
pted 3.0 cdesem *at 2 Hz (LA 3.0). and (iv) light adapted 3.0 cdesem ? 30

Hz flicker ERG (LA 3.0 30Hz). The extended protocol was applied to two subjects (patients I and 4), including the recording of dark-adapted

ERGs to an intensity series of flashes; 0.001 cdesem-~. 0.01 cdesem

2, 0.3 cdesem 2. 3.0 cdesem *, and 30.0 cdesem >.

p.Arg206Pro, were not identified. Three missense variants,
p.Arg27His, p.Cys177Arg, and p.Arg206Pro, were highly
conserved among the orthologs, and one missense variant,
p.Gly461Arg, 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 KCNV?2 protein
comprises 545 amino acids and contains an N-terminal A and
B box (NAB) and six transmembrane domains, (51-S6), with
a K selective motif, GlyTyrGly, 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.Cys177Arg 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 tor p.Ala265Ala,
respectively).
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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 (KCNV2) sequence
(ENSP00000371514). The positions
of mutated residues, Arg27 (c.§
G>A, p.Arg27His), Argl77 (c.529
T>C, p.Cys177Arg), Arg206 (c.617
G>C, p.Arg206Pro). and Gly46l
(c.1381 G>A, p.Gly46lArg). are
highlighted. The alignment was
performed with the Clustal Omega
program, and the asterisk indicates
a completely conserved residue.
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DISCUSSION

Our 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 KCNV?2 retinopathy in an East Asian population. Our
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
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Figure 4. Model of the potassium channel, subfamily V, member
2 protein structure. A schematic representation of the potassium
channel, subfamily V, member 2 (KCNT2) subunit of the K channel
is drawn showing the approximate position of missense disease-
causing variants identified in this study. The KCNT2 protein
consists of an N-terminus, an N-terminal A and B box (NAB), and
six transmembrane domains (S1-S6), 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 abnormalities 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.Gly461 Arg 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.Gly461Arg and p Cysl77Arg could have a less
severe phenotype than those homozygous for p.Gly461 Arg. It
is of interest that the phenotypic spectrum, compound hetero-
zygous for p.Gly461Arg 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 photoreceptor/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.Cysl77Arg 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 delinedtes the molecular
genetic findings of KCNT2 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 KCNV'2 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 pathognomeonic 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.”
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 > 0.05 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 ¢cDNA is numbered according to Ensemble transcript ID
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 KCNJ2
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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Glaucomais the leading cause for blindness affecting 60 million people worldwide. The optineurin (OPTN) E50K
mutation was first identified in familial primary open-angle glaucoma (POAG), the onset of which is not asso-
ciated with intraocular 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 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 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 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.

INTRODUCTION

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 intraocular pressure
(10P). In the high-IOP type or primary open-angle glaucoma
(POAG), elevated 10P 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 involved (2). According to a population-based glaucoma
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
~15 mmHg and the POAG prevalence was almost equivalent
in groups with IOP higher or lower than the average 10P (4).
We have investigated the onset mechanism ofthe latter glaucoma
subset, with lower 1IOP than average. as NTG. Interestingly
enough, IOP-unrelated genetic mutations have been found re-
cently in NTG (5, 6) and the Optineurin (OPTN) E5S0K 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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at C-terminal. It associates with membrane trafficking proteins
Myosin VI and Rab 8 to form Golgi ribbons and is involved in
exocytosis (8, 9). And thus E50K mutation yields several pheno-
types, such as fragmentation of Golgi apparatus (10), transport
failure (8, 11) or apoptotic cell death (12, 13).

OPTN also participates in innate immunity response by regu-
lating NF-xB 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-
ginal report, the role of a glutamic acid-to-lysine conversion at
amino acid 50 (E50K) in NTG is well accepted worldwide
(17-19). A family with a history of NTG was previously identi-
fied with the ESOK mutation, and in affected members of this
family, visual failure starts at about the age of 30 years (Supple-
mentary Material, Fig, S1) and progresses to glaucoma without
elevation of IOP until vision is entirely lost at about the age of
70 years (19). Recently, Maruyama ef 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 E473G mutation was a dominant mutation, like
ES0K. The authors further showed the attenuation 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, it is still intriguing that OPTN plays crucial roles in
neural homeostasis.

All these results suggest that the ES0K mutant expression
restricts retinal neural cell survival and is thus involved in the
progression of POAG. The underlying molecular mechanism
of how the glaucoma phenotype is evoked by a single amino
acid replacement in OPTN is still unknown.

In this study, we further characterized the effects of the ES0K
mutation in OPTN in E50K transgenic (E50K™) mice and
explored the endogenous OPTN dynamics in neural cells differ-
entiated from induced pluripotent stem cells (iPSCs) derived
from NTG patients with the genetic mutation corresponding to
E5S0K. At the molecular level, abnormal insolubility of the en-
dogenous ES0K OPTN mutant was demonstrated in this study
for the first time. This insolubility was simultaneously 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 ESOK mutant was rescued by treatment with
a TBK 1-specific inhibitor.

RESULTS

OPTN ES0K transgenic mice exhibit profound gliosis
in the retina

In our previous report, we showed that ES0K™® mice exhibited
phenotypes, such as a decreased number of RGCs and progres-
sive diminution of retinal thickness without elevation of 10P
(19). Immunohistochemistry of the flat-mount retinas of
E50K™® mice showed persistent glial fibrillary acidic protein
(GFAP)-positive dot-staining between astrocytes, compared
with the staining pattern in retinas of wild-type mice (Fig. 1A
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Figure 1. Persistent reactive gliosis in ESOK-transgenic (ESOK™®) mouse retinas.
Representative retinal flat-mount immunohistochemistry images of anti-GFAP
in (A) wild-type and (B) ES0K™™ mice. Scale bar = 200 jum. Flat-mount speci-
mens were analyzed (blinded evaluation) for gliosis assessment. The scores of
GFAP-positive gliosis area/retinal area are plotted (data are mean + SD; four
fields of micrographs were chosen randomly and analyzed from one specimen,
n=4, *P <0.05). (D) The appearance of GFAP-positive Miiller cells in
ES0K™ mice. The dashed line indicates the border of the retinal luminal
surface and the incised surface of the retina; arrowheads indicate the feet of
GFAP-positive astrocytes. Scale bar = 100 pm. Some of the gliosis harbors
the retinal vessel leakage (Supplementary Material, Fig. S1A).

and B). Evaluation of the pathological condition in age-matched
wild-type and mutant mice by pathologists blinded to the sample
source indicated significantly increased gliosis in the ES0K™
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 kainic acid (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 specinen were concluded to be Miiller cells, from their
peculiar spindle shape (Fig. 1D, arrowheads). Reactive gliosis
has been reported to be associated with retinal physical insults;
thus, this phenotype in ES0K™¢ mice in the absence of physical
insults was of particular interest. Therefore, in addition to the re-
active gliosis in the retinas of ES0K™¢ mice, the retinal vessels
were examined by z-axis confocal laser microscopy after tail
vein injection of red Huorescent dye-conjugated isolectin. The
confocal microscopy images revealed a number of gliosis
scars embracing leakage of isolectin from vessels (Supplemen-
tary Material, Fig. S2A). These findings suggest that the
retinas of ES0K " mice are under continuous stress and are struc-
turally vulnerable.
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OPTN ES0K protein accumulates in the outer plexiform
layer of the retinas of ES0K™¢ 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 E50K
protein in the retinas of ES0K ¢ mice by immunohistochemistry.
Negative control slides, treated with rabbit 1gG 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 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 ES0K mutant
protein. HA-tagged E50K 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 1gG alone (Supplementary Material,
Fig. S3A-C). Thus, OPTN deposits in the retinas of ESOK™®
mice were caused exclusively from the expression of the E50K
mutant. These pathology findings point to the capacity of the
E5S0K mutant protein to aggregate.

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

To clarify the cause of ESOK mutant protein deposits in the
retinas of ESOK™ mice, we first examined the intracellular lo-
calization of wild-type OPTN and the ES0K mutant by trans-
fecting vectors encoding the two proteins fused with
enhanced green fluorescent protein (EGFP) (ESFP-OPTN and
EGFP-E50K, respectively) into HEK 293 cells. EF"OPTN
could be seen as small puncta widely distributed intracellularly,
while *9FP"E50K was seen as larger puncta accumulated in the
perinuclear region, and the Golgi body in the ES0K-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 ESOK 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. 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
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Figure 2. ESOK mutant protein deposits in the retinas of ES0K™¢ mice. (A) Rabbit
1gG negative control for the immunohistochemistry analysis of the retina of a
wild-type mouse. (B) Rabbit [gG negative control for the immunohistochemistry
analysis of the retina of an ES0K™ mouse. Both negative control slides showed
minimum background staining. (C) Anti-OPTN immunohistochemistry 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 pum. High magnification
micrograph of the retina of (E) wild-type and (F) ES0K™® mice. Arrows indicate
the OPTN deposit-like signals. Scale bars = 10 pum. The OPTN signals consists
of, at least to some extent, the ES0K™ transgene product, from the results of
immunohistochemistry analysis with an anti-HA antibody (Supplementary Ma-
terial, Fig. S2D). INL, inner nuclear layer; OPL., outer plexiform layer; ONL,
outer nuclear layer.

neural cells from NTG patients with the mutation correspond-
ing to ESOK 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 E50K, 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 3. Distinct intracellular localization of wild-type OPTN and the E50K
mutant. Intracellular localization of OPTN and E50K in over-expression
studies. (A)““"""OPTN (green)and ER (red) localization | day after transfection.
(B) ““*P"E50K mutant (green) and ER (red) localization 1 day after transfection.
Both micrographs are shown with nuclear counter-staining with Hoechst 33342
(blue). Arrowheads indicate the E50K accumulation in the ER. Scale bars =
10 pm. iPSCs were established from iPSCs without the ES0K mutation.
derived from non-glaucoma subjects, as a control and with the E30K mutation,
derived from glaucoma patients for endogenous analyses. Ten days after
neural induction, OPTN (green), ER (red) and Golgi (magenta} co-localization
were analyzed by immunocytochemistry. (C) Endogenous OPTN localization
in neural control cells or (D) ESOK glaucoma patient-derived neural cells.
OPTN signals exhibited an accumulated pattern in 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 signals (green vesicles)
were localized on the tips of ribbon Golgi body, while in the cells with the
ES0K mutation, the number of OPTN signals was decreased and largely accumu-
lated within the ER and to a shrunken Gelgi body (shown by the white signal in
merged micrographs, respectively). All scale bars = 10 pm.

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

Insolubility of OPTN in iPSCs and iPSC-derived neural cells
from NTG patients with the mutation corresponding
to ESOK

While performing the over-expression experiments, we
noticed that the protein amount of over-expressed ES0K was
decreased to half that of wild-type OPTN in HEK293T
cells. A similar result has been previously reported in
dermal fibroblasts from the ES0K mutation-carrying patients
(29). Since there was no significant difference in the mRNA
levels in both groups (Supplementary Material, Fig. S6A),
we speculated that E50K is more susceptible to intracellular
degradation. Our previous studies have shown that OPTN is
degraded by proteasomal and lysosomal pathways (30]

Therefore, we first treated cells with MG132, a proteasomal
inhibitor, and bafilomycin, 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. S7TA, 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, ES0K lanes). These results in-
dicate that there was no association between the lower levels
of the E50K 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 ESOK-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 ESOK 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 in the Ppt. fraction of iPSCs from NTG patients with
the mutation corresponding to ES0K (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, i.e. abundant OPTN in the Ppt. fraction in
E50K mutation-carrying NTG patient-derived cells (Fig. 4E,
Ppt. lanes). These findings indicate that regardless of the expres-
sion levels, the ESOK mutant protein exhibits higher intracellu-
lar insolubility.





