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Figure 4. Distinct protein solubility of wild-type OPTN and the ES0K 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 ES0K 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 mutant-expressing cells, only the
E30K mutant is detected in the Ppt. fraction. (C) The ES0K mutant in the Ppt.
fraction was increased in an ESOK expression-dependent manner. (D) Endogen-
ous expression and higher hydrophobicity of OPTN in iPSCs with the ESOK mu-
tation. Endogenous OPTN is also detected in the Ppt. fraction in iPSCs from
E50K mutation-carrying NTG patients. (E) 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 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 examined the native state of wild-type OPTN and the
E50K 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-FLAGantibody and then separated by SDS—
PAGE, which revealed distinct binding partners of OPTN and
E50K (Fig. 5B, OPTN, white arrowheads; ESOK, 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 E50K protein partner was identified as TBK 1.
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, ESOK 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. STA, 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 ESOK mutant (Supple-
mentary Material, Fig. S7A right panel, Oligomer lanes). Treat-
ment with a specific inhibitor treatment for TBK1, BX975 (32),
was used to examine the relevance of TBK 1 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
E5S0K 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 E50K 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 ES5S0K 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 E50K mutation is
a rare event in familial POAG, the pathology is usually progres-
sive, leading to full blindness even under strict IOP control (Sup-
plementary Material. Fig. S1) (17). Previous reports on E5S0K
mutant phenotypes were focused mainly on in vitrro models
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
model for OPTN and its target molecules in the endogenous



3564

Human Molecular Genetics, 2013, Vol. 22, No. 17

b Ex Ex
0. A & A
S0wWwFOow
oV U QU O
Z Z x S::S: 3
A B c 22 &8 [AG-IP
FTOw FOouw —
Z¥ [~ -] o8 @ .
& 2 sS:3 S33
g O w kDa  “Tysate  FLAG-IP
S ¢ ¢ 250! f
sz 3
Native

IB: FLAG + Actin

{Reblot}
1B: Calnexin

1B: Actin
{Reblot}

Sup.

s
a

IB: FLAG]
(Reblot) 122

;a_l I1B: FLAG

Figure 5. Constitutive inferaction of the ES0K mutant protein and TBK 1 evokes the aberrant solubility of OPTN. (A) Native-PAGE of mock-transfected controls.
wild-type OPTN-transtected cells and ESOK-transfected cells revealed the distinct protein complex formation. (B) Silver-staining of immunoprecipitates of mock-
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specific binding molecule (white arrowhead) and ES0K mutant-specific binding molecule (black arrowhead), were detected and further analyzed with LC - MS/MS.
(C)Oligomerization of OPTN. The band indicated with white arrowhead in (B) turned out OPTN itself, i.e. wild-type OPTNisable to oligomerize, while ES0K mutant
protein largely lacks this oligomerization ability. (D) ESOK mutant and TBK 1 interaction. The band indicated with black arrowhead in (B) turned out TBK 1 and E50K
mutant protein exhibited higher affinity to TBK1 protein than wild-type OPTN. (E) The treatment with BX795, a TBK 1 inhibitor, decreases the aberrant precipitation
of E50K mutant protein in the Ppt. fraction in a concentration-dependent manner. Dimethylsulfoxide (DMSO) was used as the vehicle control and BX [1], BX [10]
indicates the BX795 treatment concentrations of 1 pg/ml and 10 pg/ml, respectively, for 3 h. (F) Longer treatment with BX795 (6 h with 10 pg/ml) suppressed ab-
errant precipitation of E50K mutant protein in the Ppt. fraction and simultaneously restored ES0K to the soluble fraction.

context to understand the exact molecular functions of OPTN
and its mutations in glaucoma. In addition to the previously iden-
tified glaucomatous phenotypes, such as RGC loss, ES0K ¢ mice
also exhibit prominent retinal reactive gliosis with GFAP-
positive Miiller cells. It has been reported that GFAP-positive
Miiller cells can be experimentally induced in animal models
mimicking glaucomatous phenotypes through various retinal
insults, such as axonal damage, intravitreal injection and laser
ablation (22-24). Thus, the persistent gliosis and inner layer
cell death in ES0K™ 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 protein inclusions are frequently
found in clinical specimens of neurodegenerative tissues, in-
cluding ALS (20, 33). Why ES0K 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 ES0K™ 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 E50K
mutation-carrying NTG patient or from a mouse model, such
as a site-specific knock-in mouse model.

Previous in virro studies on ESOK have shown large vesicle
formation and Golgi fragmentation (10, 20), while there are no
reports of endogenous ESOK localization and behavior, especial-
ly in patient neuronal cells. In general, data pertaining to OPTN
in clinical samples of patients with neurodegenerative diseases,
including the retinal disease, is scarce. The iPSC technology is
one solution to overcome this longstanding limitation by indir-
ectly generating the desired target cells from iPSCs derived
from patients with genetically driven neurodegenerative dis-
eases (34). With this first report of the establishment of
E50K-glaucoma iPSCs and their neuronal induction, molecular
and cellular characterization of POAG onset can now be studied
in the endogenous context. iPSC-derived neural cells from 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 E50K over-expression studies,
Golgi was constricted but not fragmented. This discrepancy
should be carefully examined to elucidate whether fragmenta-
tion of Golgi 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 ES0K expression decreases the release of the neuro-
trophic factor NT3 (9, 35). Furthermore, prostaglandin E2
(PGE2)release via exocytosisis also decreased by ES0K expres-
sion (Supplementary Material, Fig. S1B). These results indicate
that due to the intracellular transport failure in cells expressing
the ESOK mutant, the paracrine activity for cellular protection
and blood flow within the retina would also be attenuated.



Retinal vessel vulnerability in ESOK™® mice is explained by
these indirect extracellular ES0K effects.

This study demonstrated that the ESOK mutant is insoluble
and is associated with the hydrophobic precipitate in l[ysates,
compared with the wild-type OPTN, in iPSCs and iPSC-derived
neural cells. Abnormal protein deposits, as shown in the retinas
of the ES0K™ 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 ES0K mutant (39). Although the
prediction of isoelectric points (Compute pl/Mw, ExXPASy) of
wild-type OPTN and ESOK do not differ (OPTN =5.21,
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 ES0K 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 TBK 1, a well-
known infection-responsive molecule. TBKI 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 7TBK/ gene and its
copy number variation were responsible for NTG (40). More re-
cently, NTG-related TBK 1 mutations were also reported (41).
Thus it is now well established that both OPTN and TBK mis-
sense mutations 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 TBK 1 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 involved with the failure of the ESOK
OPTN protein to transition from ER to Golgi. Although TBK
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 TBK1 in the maintenance of infracellular clearance
in retinal 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 TBK 1 and the mechanism of the OPTN-TBK 1
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 pinpoint the molecular basis and concepts
of NTG onset in ES0K mutation-carrying patients and suggest
that the RGC loss, the hallmark of glaucoma, 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 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 results of
this study showed that this phenomenon in E50K-NTG model
is at the terminal 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 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 antibodies for biochemical studies were purchased from
the following companies: anti-OPTN antibody (Cayman);
anti-TBK 1 antibody (Cell Signaling Technology); anti-FLAG
(Sigma); anti-HA (Roche) and anti-Actin (Millipore). The
TBKI 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 immunohistochemistry

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 Committee. The OPTN mutant
ES0K™ mouse used in this study has been described previously
(19). Twenty-two to 24-month-old male E50K™ mice (n = 4)
and their littermates (1 = 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-free 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,0O, in MeOH. After primary antibody
reaction for 4°C overnight, simple rabbit 1gG-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 immuneocytochemistry

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 instructions. HEK293T cells
were transfected  with pAC-SF pAC-“OPTN and
pAC-SFT"E30K to assess the intracellular localization of
tagged OPTN. The ER-ID Red assay kit (Enzo) was used for
endoplasmic reticulum staining. Anti-GM130 and Alexa633-
conjugated anti-mouse IgG antibodies were used for
Golgi immunostaining. The following constructs were used
for over-expression studies: pEF-BOS-F“*% (45), pEF-
BOS-"-45-Optineurin and pEF-BOS-F"*“E50K.

Generation of iPSC and induction of differentiation
to neural cells

Human E50K mutation-carrying iPSCs and the corresponding
control iPSCs 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 maintaining the pluripotency, iPSCs were
cultured in bovine fibroblast growth factor (bFGF)-containing
iPSC media on Matrigel-coated culture dishes. Oct3 and
Nanog were used as pluripotency markers and Tujl was used
as the neuronal marker. Neural cell induction was performed
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.

Identification of ES0K-binding proteins by LC-MS/MS

Samples for LC-MS/MS analysis were prepared by preparing
lysates from HEK293T cells over-expressing FLAG-tagged
OPTN from pEF-BOS-"-4¢ pEF-BOS-FLA?“}'Optineurin or
pEF-BOS-F-*“"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 Kit (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/ESOK were confirmed by immunopreci-
pitation and western blotting.

AUTHORS’ CONTRIBUTIONS

Y.M.and T.1designed the study; Y.M.,D.1.,. HK.,Z-L.C.. HK.,
performed the experiments; K.K., T.Y., T.S., 8.Y., K.F. contrib-
uted new reagents/techniques; Y.M. and T.1. analyzed the data;
Y.M. and T.I. wrote the paper.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.

FUNDING

This work was supported by grants to T.1. by the Japanese Min-
istry of Health, Labour and Welfare (10103254), National Hos-
pital Organization of Japan and the Japan Society for the
Promotion of Science (09005752 to T.I., 24791885 to Y.M.).
The pEF-BOS vector was a kind gift from Dr Seisuke Hattori
in Kitasato University.

REFERENCES

1. Quigley. H.A. and Broman, A.T. (2006) The number of people with
glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol.. 99, 262 -

2. Quigley, H.A. (2011) Glaucoma. Lancer, 377, 1367-1377.

3. Suzuki, Y.. Iwase, A., Araie. M.. Yamamoto. T.. Abe. H.. Shirato, S.,
Kuwayama, Y., Mishima, H.K., Shimizu, H.. Tomita, G. e7 al. (2006) Risk
factors for open-angle glaucoma in a Japanese population: the Tajimi Study.
Ophthalmology, 113, 1613~ 1617.

4. Iwase, A., Suzuki, Y., Arale, M., Yamamoto, T., Abe. H.. Shirato, S..
Kuwayama. Y.. Mishima, H.K., Shimizu, H.. Tomita, G. er ¢l. (2004} The
prevalence of primary open-angle glaucoma in Japanese: the Tajimi Study.
Ophthalmology, 111, 1641 - 1648.

. Fingert, J.H., Robin, A.L.. Stone, I.L., Roos, B.R.. Davis, L.K.. Scheetz,
T.E., Bennett, S.R., Wassink, T.H., Kwon, Y.H., Alward, W.L. et al. (2011)
Copy number variations on chromosome 12q14 in patients with normal
tension glaucoma. Hum. Mol. Gener., 20, 24822494,

6. Kawase, K., Allingham, R.R., Meguro, A., Mizuki. N., Roos, B.,
Solivan-Timpe, F.M., Robin, A.L., Ritch. R. and Fingert, J.H. (2012)
Confirmation of TBK.1 duplication in normal tension glaucoma. Exp. Eve
Res., 96, 178~ 180.

7. Rezaie, T., Child, A., Hitchings. R., Brice, G., Miller, L.. Coca-Prados. M.,
Heon, E.. Krupin, T., Ritch, R.. Kreutzer, D. ¢ al. (2002) Adult-onset
primary open-angle glaucoma caused by mutations in optineurin. Science.
295,1077-1079.

8. Sahlender, D.A., Roberts, R.C., Arden, S.D., Spudich, G., Taylor, M.J..
Luzio, J.P.. Kendrick-Jones, J. and Buss. F. (2005) Optineurin links myosin
V1 to the Golgi complex and is involved in Golgi organization and
exocytosis. J. Cel] Biol., 169, 285-295.

9. Bond, L.M., Peden, A.A.. Kendrick-Jones, J.. Sellers, J.R. and Buss, F.
(2011) Myosin Vland its binding partner optineurin are involved in secretory
vesicle fusion at the plasma membrane. Mol. Biol. Cell, 22, 54-65.

10. Park, B.C., Shen, X.. Samaraweera, M. and Yue, B.Y. (2006) Studies of
optineurin, a glaucoma gene: Golgi fragmentation and cell death from
overexpression of wild-type and mutant optineurin in two ocular cell types,
Am. J. Pathol.. 169, 1976- 1989.

11. Nagabhushana, A., Chalasani, M.L., Jain, N., Radha, V., Rangaraj. N.,
Balasubramanian, D. and Swarup, G. (2010) Regulation of endocytic
trafficking of transferrin receptor by optineurin and its impairment by a
glaucoma-associated mutant. BA/C Cell Biol., 11. 4.

[2. Chalasani, M.L., Radha, V.. Gupta, V., Agarwal, N., Balasubramanian. D.
and Swarup, G. (2007) A glaucoma-associated mutant of optineurin
selectively induces death of retinal ganglion cells which is inhibited by
antioxidants. Invest. Ophthalmol. Vis. Sci., 48, 1607-1614.

13. Meng, Q..Lv.]., Ge. H.. Zhang, L., Xue, F.. Zhu, Y. and Liu, P. (2012)
Overexpressed mutant optineurin{ ESOK) induces retinal ganglion cells
apoptosis via the mitochondrial pathway. Mol. Biol. Rep.. 39, 5867 ~5873.

14. Gleason, C.E., Ordureau, A., Gourlay, R., Arthur, 1.S. and Cohen. P. (2011)
Polyubiquitin binding to optineurin is required for optimal activation of
TANK-binding kinase | and production of interferon beta. J. Biol. Chem.,
286, 35663~ 35674. Y

15. Wild, P., Farhan, H., McEwan, D.G., Wagner, S., Rogov, V.V.. Brady. N.R.,
Richter. B.. Korac, J., Waidmann, O., Choudhary, C. e al. (2011)
Phosphorylation of the autophagy receptor optineurin restricts Salmonella
growth, Science, 333, 228-233.

16. Ying, H.and Yue, B.Y.(2012) Cellular and molecular biology of optineurin.
Int. Rev. Cell. Mol. Biol., 294, 223--258.

267.

hn



. Aung, T., Rezaie, T., Ckada, K., Viswanathan, A.C., Child, A.H., Brice. G.,

Bhattacharya, S.S., Lehmann, 0.1, Sarfarazi, M. and Hitchings, R.A. (2005)
Clinical features and course of patients with glaucoma with the ES0K

mutation in the optineurin gene. /nvest. Ophthalmeol. Vis. Sci., 46, 2816—
2822.

. Hauser. M.A., Sena. D.F., Flor. J., Walter, J., Auguste, J.,

Larocque-Abramson, K., Graham, F.. Delbono, E., Haines, J.L.,
Pericak-Vance, M.A. et al. (2006) Distribution of optineurin sequence
variations in an ethnically diverse population of low-tension glaucoma
patients from the United States. J. Glaucoma, 15, 358-363.

. Chi, Z.L., Akahori, M., Obazawa, M., Minami. M.. Noda, T., Nakaya. N..

Tomarev, S., Kawase, K., Yamamoto, T., Noda, S. er o/, (2010)
Overexpression of optineurin ES0K disrupts Rab8 interaction and leads to a
progressive retinal degeneration in mice. Hum. Mol. Gener., 19,2606-26135,

20. Maruyama, H., Morino, H., lto, H., Izumi, Y., Kato, H., Watanabe, Y.,

Kinoshita, Y., Kamada, M., Nodera, H., Suzuki, H. e7 ¢/, (2010) Mutations of
optineurin in amyotrophic lateral sclevosis. Nature, 465, 223226,

. Ganesh, B.S. and Chintala, S.K. (2011} Inhibition of reactive gliosis

attenuates excitotoxicity-mediated death of retinal ganglion cells. PLoS
One, 6, ¢18305.

. Wurm. A, fandiev. L., Uhlmann, S.. Wiedemann, P., Reichenbach. A..

Bringmann, A. and Pannicke, T. (2011) Effects of ischemia-reperfusion on
physiological properties of Muller glial cells in the porcine retina. /nvest.
Ophthalmol. Vis. Sei., 52, 3360-3367.

. Giani. A.. Thanos, A., Roh. M., Connolly, E., Trichonas, G., Kim, L.

Gragoudas, E., Vavvas, D. and Miller, J.W. (2011) In vivo evaluation of
laser-induced choroidal neovascularization using spectral-domain optical
coherence tomography. Invest. Ophthalmol. Vis. Sci., 52, 3880~ 3887.

24, Ueda, K., Nakahara, T., Hoshino, M.. Mori, A., Sakamoto. K. and Ishii. K.

(2010) Retinal blood vessels are damaged in a rat model of NMDA-induced
retinal degeneration. Neurosci. Leir., 485, 55--59.

25. Lasiecka, Z.M. and Winckler, B. (2011) Mechanisms of polarized

membrane trafficking in neurons - focusing in on endosomes. Aol Cell.
Newrosci., 48. 278 287.

26. Farhan, H., Freissmuth, M. and Sitte, H.H. (2006) Oligomerization of

neurotransmitter transporters: a ticket from the endoplasmic reticulum to the
plasma membrane. Handb. Exp. Pharmacol., 175, 233-249,

27. Tsuji, O., Miura, K., Okada, Y., Fujiyoshi, K., Mukaino, M., Nagoshi, N..

Kitamura, K., Kumagai, G.. Nishino, M., Tomisato, S. ¢7 «l. (2010)
Therapeutic potential of appropriately evaluated safe-induced pluripotent
stem cells for spinal cord injury. Proc. Natl Acad. Sei. US4, 107, 12704
12709.

. Tucker, B.A., Scheetz, T.E., Mullins, R.F., DeLuca, A.P., Hotfimann, J.M.,

Johnston, R.M., Jacobson, S.G., Sheffield. V.C. and Stone, E.M. (2011)
Exome sequencingand analysis ofinduced pluripotent stem cells identify the
cilia-related gene male germ cell-associated kinase (MAK) as a cause of
retinitis pigmentosa. Proc. Narl Acad. Sci. US4, 108, E569- 576.

29. Sarfarazi, M. and Rezaie, T. (2003) Optineurin in primary open angle

glaucoma. Ophthalmol. Clin. Norih Am., 16, 529-541.

. Shen, X.. Ying, H., Qiu, Y., Park, 1.S., Shyam. R.. Chi, Z.L., Iwata, T. and

Yue, B.Y. (2011) Processing of optineurin in neuronal cells. J. Biol. Chem..,
286, 36183629, .

. Morton, S., Hesson, L.. Peggie, M. and Cohen, P. (2008) Enhanced binding

of TBK.1 by an optineurin mutant that causes a familial form of primary open
angle glaucoma. FEBS Lert., 582, 9971002,

32.

34,

41.

43.

44,

46.

Human Molecular Genetics, 2013, Vol. 22, No. 17 3567

Clark, K., Plater, L., Peggie, M. and Cohen, P. (2009) Use of the
pharmacological inhibitor BX795 to study the regulation and physiological
roles of TBK1 and IkappaB kinase epsilon: a distinet upstream kinase
mediates Ser-172 phosphorylation and activation. J. Biol. Chem., 284,
1413614146,

. Ito, H., Nakamura, M.. Komure, O., Ayaki, T., Wate, R., Maruyama, H.,

Nakamura, Y., Fujita, K., Kaneko, S., Okamoto, Y. er al. (2011)
Clinicopathologic study on an ALS family with a heterozygous E478G
optineurin mutation, Acia Neuroparhol., 122, 223229,

Imaizumi, Y., Okada, Y., Akamatsu, W., Koike, M., Kuzumaki, N.,
Hayakawa, H., Nihira, T., Kobayashi, T., Ohyama, M., Sato, S. ez «l. (2012)
Mitochondrial dysfunction associated with increased oxidative stress and
alpha-synuclein accumulation in PARK?2 iPSC-derived neurons and
postmortem brain tissue. Mol. Bruin, 5, 35.

5. Sippl, C., Bosserhoff, A.K., Fischer, D. and Tamm. E.R. (2011) Depletion of

optineurin in RGC-5 cells derived from retinal neurons causes apoptosis and
reduces the secretion of neurotrophins. Exp. Eve Res., 93, 669—-680.

. Nukina, N, Kosik, K.S. and Selkoe, D.J. (1987) Recognition of Alzheimer

paired helical filaments by monoclonal neurofilament antibodies is due to
crossreaction with tau protein. Proe. Nadl Acad. Sci. US4, 84, 34153419,

. Hoffner, G.. Kallem, P. and Djian, P. (2002) Perinuclear localization of

huntingtin as a consequence of its binding to microtubules through an
interaction with beta-tubulin: relevance to Huntington's disease. J. Cell Sci..
115,941 -948.

. LaVoie, ML, Ostaszewski, B.L., Weihofen, A, Schlossmacher, MG, and

Selkoe. D.J. (2005} Dopamine covalently modifies and functionally
inactivates parkin. Nut. Med., 11. 1214~ 1221,

. Kryndushkin, D., Ihrke, G., Piermartiri, T.C. and Shewmaker, F. (2012) A

yeast model of optineurin proteinopathy reveals a unique aggregation pattern
associated with cellular toxicity. Mol. Microbiol., 86, 1531~ 1547,

40. Fingert, J.H., Darbro, B.W., Qian, Q., Van Rheeden, R., Miller, K., Riker.

M., Solivan-Timpe, F., Roos, B.R., Robin, A.L. and Mullins, R.F. (2013)
TBK 1 and flanking genes in human retina. Ophithalinic Genet. . doi:10.3109/
13816810.2013.768674.

Seo. S., Solivan-Timpe, F., Roos, B.R., Robin, A.L., Stone, E.M., Kwon,
Y.H.. Alward, W.L. and Fingert. J.H. (2013} Identification of proteins that
interact with TANK binding kinase | and testing for mutations associated
with glaucoma. Curr. Eve Res., 38, 310-315.

2. Saitoh. T.. Fujita, N., Hayashi, T.. Takahara, K., Satoh, T., Lee, H..

Matsunaga, K., Kageyama, S., Omori, H., Noda, T. ¢/ a/. (2009} Atg9a
controls dsDNA-driven dynamic translocation of STING and the innate
immune response. Proc. Nail Acad. Sci. US4, 106, 20842-20846.
Tanaka, Y. and Chen. Z.J. (2012) STING specifies IRF3 phosphorylation by
TBKI in the cytosolic DNA signaling pathway. Sci. Signal., 5, ra20.
Shaw. P.X., Zhang, L., Zhang, M., Du, H.. Zhao, L., Lee, C., Grob, S., Lim,
S.L., Hughes, G., Lee, J. e al. (2012) Complement factor H genotypes
impact risk of age-related macular degeneration by interaction with oxidized
phospholipids. Proc. Natl Acad. Sci. USA, 109, 13757-13762.

. Mizushima, S. and Nagata, S. (1990) pEF-BOS, a powerful mammalian

expression vector. Nucleic Acids Res., 18, 5322,

Seki, T.. Yuasa, S.. Oda, M., Egashira, T., Yae. K.. Kusumoto, D., Nakata,
H., Tohyama, S., Hashimoto, H., Kodaira, M. ef a/. (2010) Generation of
induced pluripotent stem cells from human terminally differentiated
civeulating T cells. Cell Stem Cell. 7, 11-14.







