single or multiple molecules of ubiquitin to a target protein.
The ubiquitinated protein is then marked for degradation by
the multisubunit 26 S proteasome complex. The proteolytic
core of the complex, the 20 S proteasome, contains multiple
peptidase activities that include chymotrypsin-like, postglu-
tamyl peptidase or caspase-like and trypsin-like activities.
Ubiquitination has been shown to be a pivotal player in regu-
lating a host of cellular processes, including cell cycle control,
differentiation, and quality control (22). It is important not
only in cellular homeostasis in tissues/organs, including the
nervous system, but also in degradation of misfolded and ab-
errant proteins.

Autophagy is an evolutionally conserved mechanism re-
sponsible for the nonselective bulk degradation of long lived
proteins and cytoplasmic recycling of organelles during devel-
opment, tissue homeostasis, and environmental stress such as
starvation or amino acid depletion (23, 24). There are three
types of autophagy as follows: macroautophagy, chaperone-
mediated autophagy, and microautophagy. Among them,
macroautophagy (hereafter referred to as autophagy) is the
one mediated by the organelle termed autophagosome. Chap-
erone-mediated autophagy involves the direct translocation of
cytosolic proteins across the lysosomal membrane, which re-
quires protein unfolding by chaperone proteins. Microauto-
phagy involves inward invagination of lysosomal membrane,
which delivers a small portion of cytoplasm into the lysosomal
lumen.

Autophagy begins with the formation of double membrane-
bounded autophagosomes (25-27), which then fuse with
lysosomes to form autolysosomes. The contents of autolyso-
somes are finally degraded by acidic lysosomal hydrolases and
the degraded products are transported back to the cytoplasm.
Autophagy has been shown to play a role in organelle turn-
over, cancer cell biology, aging, and neurodegenerative disor-
ders (23, 28 -30).

In this study, we determined the involvement of UPP and
autophagy in processing of the endogenous optineurin in
RGC5 cells, a neuronal cell type recently shown to be of
mouse origin (31) and an established model for RGCs (31, 32),
as well as neuronal rat adrenal pheochromocytoma PC12 cells
(33). The processing of overexpressed wild type optineurin
and E50K mutant protein was also studied to test the hypoth-
esis that, similar to other neurodegenerative diseases, UPP
function is compromised and autophagy is induced with ele-
vated level or mutation of aggregate-prone optineurin.

EXPERIMENTAL PROCEDURES

Cell Lines—RGC5 cells were obtained from the University
of Illinois, Chicago, Ophthalmology Departmental Core Facil-
ity, deposited by Dr. Paul Knepper (34) and originally from
Dr. Neeraj Agarwal, North Texas Health Science Center, Fort
Worth, TX (31). PC12 cells were purchased from American
Type Culture Collection (Manassas, VA). The cells were cul-
tured in serum-containing complete medium as described
previously (18, 35).

In some experiments, RGC5 cells were treated with tumor
necrosis factor-a (TNF-a, 100 ng/ml, R & D Systems, Minne-
apolis, MN) or interferon-y (IFN-v, 20 ng/ml, R & D Systems)
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for 24 h. Both have been shown to elevate the level of op-
tineurin (14, 15, 36). Tetracycline-regulated (Tet-On) wild
type optineurin (OPTNy,1)-green fluorescence protein
(GFP)-inducible stable RGC5 cell line was established as de-
scribed previously (17). Tet-On-inducible E50K optineurin
(OPTNg5ox)-GEP RGC5 cell line was, in addition, created
following the same procedures and strategies. The only excep-
tion was that the OPTNy,-GFP fragment was replaced with
OPTNggo-GEP during the first cloning step (17). The cells
were maintained in DMEM complete medium with 10% Tet
system certified fetal bovine serum (Clontech), essential and
nonessential amino acids, and antibiotics. To induce expres-
sion of OPTNy,-GFP and OPTNgsq,-GFP, cells were treated
for 16 h with doxycycline (DOX, 1 ug/ml) (Clontech) in
DMEM complete medium.

DNA Constructs—Optineurin expression vectors pTarget-
OPTNyy, pTarget-FLAG-OPTNygr, pPOPTNy,--EGEP,
pOPTNy,;-DsRed, as well as pTarget-OPTNgg .
POPTNgg4i-GEP, and pOPTNg5 - DsRed were constructed
as described previously (18). Transient transfection was per-
formed using Lipofectamine LTX and Plus reagent (Invitro-
gen) for 2048 h according to the manufacturer’s protocol.

Western Blotting—To examine the effects of various inhibi-
tors on levels of the endogenous optineurin, RGC5 and PC12
cells in 6-well plates (300,000 cells/well) were treated for 16 h
with vehicle dimethyl sulfoxide (DMSO) or H,0O, proteasomal
inhibitors lactacystin (LCT, 1 um) and epoxomicin (5 pm),
autophagic inhibitor 3-methyladenine (3-MA, 5 mm), lysoso-
mal inhibitor NH,Cl (1 mm), or autophagic inducer rapamy-
cin (2 uM). LCT is a proteasomal inhibitor, but it also inhibits
enzymes such as cathepsin A. Epoxomicin, on the other hand,
is a potent and specific proteasomal inhibitor. 3-MA inhibits
class III phosphatidylinositol 3-kinase (PI13K) that is essential
for autophagosome formation, as well as other classes of
PI3K. It is used as an effective and selective drug to inhibit
autophagy degradation. At 5 mM, it has no detectable effecis
on other proteolytic pathways (27). NH,Cl is a lysosomo-
tropic weak base that blocks the intralysosomal degradation
of macromolecules via inhibition of the acidification of the
endosome-lysosome system. It does not affect enzyme
activities.

The cells were lysed with lysis buffer (250 mm NaCl, 50 mm
Tris/HCI, pH 7.5, 5 mm EDTA, 0.5% Nonidet P-40) supple-
mented with protease inhibitor mixture (Sigma). Protein con-
centration was determined by bicinchoninic acid protein as-
say (Pierce). Total cell lysate was then subjected to SDS-PAGE
under reducing conditions. The proteins were transferred to
nitrocellulose membrane, and the level of endogenous op-
tineurin was assessed by Western blotting using rabbit anti-
C-terminal optineurin (1:1000, Cayman Chemical). The
membrane was also immunoblotted with polyclonal anti-glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) (1:5000,
Trevigen, Gaithersburg, MD) for loading control. Immunore-
active protein bands were detected by chemiluminescence
using SuperSignal substrate (Pierce). Densitometry was per-
formed. The band intensity of the endogenous optineurin was
normalized to that of GAPDH.
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For levels of proteasome regulatory 85 subunit (PSMB5)
that is responsible for the chymotrypsin-like activity of the
proteasome (37) and an established autophagic marker micro-
tubule-associated protein 1 light chain 3 (LC3) (25), RGC5
and PC12 cells were transfected for 20 h with pTarget empty
vector, pTarget-OPT Ny, or pTarget-OPTNg;q. Total ly-
sate was subject to SDS-PAGE, and levels of PSMB5, LC3, and
GAPDH were assessed by immunoblotting using polyclonal
rabbit anti-PSMB5 (1:1000, Abcam, Cambridge, MA), mono-
clonal anti-L.C3 (1:1000, Enzo Life Sciences, Farmingdale,
NY), and rabbit anti-GAPDH (1:5000).

Immunoprecipitation (IP)—Lysates from RGC5 cells un-
treated or treated with 1 um LCT for 16 h were immuno-
blotted using polyclonal anti-optineurin or monoclonal anti-
ubiquitin (1:2000, Biomol, Enzo Life Sciences). Lysates were
also immunoprecipitated with rabbit anti-C-terminal op-
tineurin or rabbit normal IgG (negative control) using the
Catch and Release kit (Millipore, Billerica, MA). The proteins
pulled down were subjected to SDS-PAGE under reducing
conditions. The ubiquitinated proteins were detected with
mouse anti-ubiquitin antibody.

Fluorescence Microscopy and Immunohistochemistry—
RGC5 and PC12 cells were transfected for 20 h with
pEGFP-N1 (mock control), pOPTNy,-EGEP, or
POPT N0 -EGFP. The cells were subsequently treated for 24
or 48 h with autophagic inhibitor 3-MA (5 mm) or overnight
with rapamycin (2 um). The cells were fixed, and images were
acquired.

For immunofluorescence, the cells were fixed after trans-
fection or treatments, and single or double stained with rabbit
anti-optineurin (1:100), rabbit anti-PSMB5 (1:100), or rabbit
(MBL International, Woburn, MA) or mouse anti-LC3 (1:
100). FITC-goat anti-rabbit IgG, Cy3-goat anti-rabbit IgG, or
Cy3-goat anti-mouse IgG (1:200, Jackson ImmunoResearch,
West Grove, PA) was used as the secondary antibody. The
slides were mounted in Vectashield (Vector Laboratories,
Burlingame, CA) with 4',6-diamidino-2-phenylindole (DAPI).

Photography was carried out using a 63X oil objective on
an Axioscope (Carl Zeiss Microlmaging, Thornwood, NY)
with the aid of Metamorph software (Molecular Devices,
Downingtown, PA). In some experiments, confocal micro-
scopic analysis was performed on a Leica SP2 confocal system
(Leica Microsystems, Bannockburn, IL) using the Leica confo-
cal software following sequential scanning to minimize the
bleed through.

GEP* Reporter Assay—To visualize the change of protea-
some activity by optineurin transfection, a GFP" reporter
plasmid (American Type Culture Collection) was used. It is a
designer reporter consisting of a short 16-amino acid degron
CL1 (a substrate for UPP) fused to the C terminus of GFP (38,
39). For GEP" reporter assay, cells co-transfected with GFP"
and pDsRed empty vector (mock control), pPOPTNy,-DsRed,
or pOPTNg;0-DsRed for 24 h were examined by confocal
microscopy. lmages were captured after sequential scanning,
and the intensity of green fluorescence in at least 60 red fluo-
rescent-transfected cells was quantified.

Transmission Electron Microscopy—RGC5 cells transfected
for 20 h to express GFP, OPTNy,1-GFP, or OPTNg54-GFP
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were fixed in 2.5% glutaraldehyde, 2% paraformaldehyde in
sodium cacodylate buffer, pH 7.4, postfixed in osmium tetrox-
ide, and embedded in Epon resin. Ultra thin sections (70 nm)
were counterstained with uranyl acetate and lead citrate and
observed under a JEOL JEM-1220 transmission electron
microscope.

For immunogold experiments, inducible cells without or
with DOX treatment were fixed at 4 °C in 4% paraformalde-
hyde, 0.1% glutaraldehyde, in phosphate-buffered saline, pH
7.4, for 2 h and sequentially dehydrated in ethanol solutions
and embedded in LR-White resin. Sections (90 nm) mounted
on 200-mesh nickel grids were blocked and then incubated
with polyclonal anti-GFP (1:100, for wild type or E50K op-
tineurin-GFP) and monoclonal anti-LC3 (1:50). The second-
ary antibodies used were 25-nm colloid gold-conjugated goat
anti-rabbit IgG and 10-nm gold-conjugated goat anti-mouse
IgG (1:25, Jackson ImmunoResearch).

Apoptosis Assay—Apoptosis was evaluated by the Biomol
CV-caspase 3/7 detection kit (Enzo Life Sciences) that utilizes
the fluorophore, cresyl violet, coupled to the C terminus of
the optimal tetrapeptide recognition sequences for caspase
3/7, DEVD (CR(DEVD),). Cleavage of the target sequences by
activated enzymes yields red fluorescence throughout the cell,
indicative of apoptotic activity. RGC5 and PC12 cells on glass
chamber slides were transiently transfected for 48 h to ex-
press GFP, or wild type, or E50K optineurin-GEP. Cells were
incubated with CR(DEVD), for 60 min after treatment with
rapamycin for 30 h. The untreated control did not receive
rapamycin treatment. The slides were mounted in Vectash-
ield with DAPIL, which stained nuclei of all transfected and
nontransfected cells.

The total number of DAPI-stained transfected cells (green)
and the number of CR(DEVD),-stained transfectants (display-
ing both green and red fluorescence) in 20 of randomly se-
lected 10X fields were counted (40). The percentage of
caspase 3/7-positive apoptotic cells in ~100 transfectants
(number of green and red cells/number of green only cells)
was calculated. The experiments were repeated three times.
Statistical analysis was performed using Student’s £ tests.

Transgenic Mice—The E50K transgenic mice were gener-
ated as described previously (41). All the experiments using
mice were performed in accordance with the Association for
Research in Vision and Ophthalmology statement for the Use
of Animals in Vision Research.

The intraocular pressure of the transgenic mice was mea-
sured using an impact-rebound tonometer (Colonial Medical
Supply, Franconia, NH) and optical interferometry tonometer
(FISO Technologies, Quebec, Canada). Optic disk imaging
and light microscopic histopathological examination of the
optic nerve were carried out. Paraffin sections of retinal tis-
sues were prepared for TUNEL assay (39). Sections (5 pum)
from 12-month-old normal and transgenic mice were depar-
affinized and stained in parallel with hematoxylin and eosin,
monoclonal anti-TUJ1 (anti- BIII-tubulin, 1:400, Covance,
Princeton, NJ) to highlight RGC layer (42), or polyclonal anti-
optineurin (1:100), anti-PSMBS5 (1:250), or anti-LC3 (1:200).
Qdot 655 goat anti-mouse or rabbit IgG (1:100, Invitrogen)
was used as the secondary antibody. The slides were mounted
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FIGURE 1. Effects of proteasomal, autophagic, and lysosomal inhibitors
on levels of the endogenous optineurin in RGC5 (A4) and PC12 (B) cells.
Cells were treated for 16 h with vehicle DMSO or H,0, or proteasomal (lacta-
cystin) and epoxomicin (Epoxo)), autophagic (3-MA), or lysosomal (NH,Cl)
inhibitors. In a separate experiment, cells were also treated with rapamycin
(Rapay or vehicle (H,0) for 16 h. Proteins (25 ug) in cell lysates were immu-
noblotted with anti-optineurin or anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). Densitometry was performed. The optineurin/GAPDH
relative to the DMSO or H,0 control ratios are presented.

in Vectashield, examined under Axioscope, and photo-
graphed. In some experiments, sections from 4- and
8-month-old mice were prepared and immunostained with
anti-optineurin, anti-PSMB5, and anti-LC3. For EM, 12-
month-old mouse eyes were fixed in 2.5% glutaraldehyde, 2%
paraformaldehyde in phosphate buffer. The retinas were dis-
sected out and the tissues were postfixed in 1% osmium te-
troxide, sequentially dehydrated, and embedded in Spurr’s
resin. Thin sections (90 nm) were cut and stained for exami-
nation under JEOL 1200 EX transmission electron
microscope.

RESULTS

Endogenous Optineurin Level in RGC5 and PC12 Cells—

Cells were treated with proteasomal, autophagic, and lyso-
somal inhibitors. As can be seen in Fig, 1, the endogenous op-
tineurin level in both RGC5 and PC12 cells was increased by
2-3-fold upon treatment with proteasomal inhibitors, LCT
and expoxomicin, but only by 1.1-1.4-fold with autephagic
and lysosomal inhibitors. Rapamycin, an autophagic inducer,
did not alter the optineurin level, supporting the 3-MA results
that autophagy has a minimal role in the processing of the
endogenous optineurin.

Optineurin Is Ubiguitinated—Lysates from RGC5 cells
were immunoprobed for optineurin and ubiquitin, Consistent
with results from Fig. 1, the level of optineurin was increased
upon treatment of LCT. Also seen were higher molecular
weight bands with stronger intensities in LCT-treated sam-
ples (Fig. 24, left panel). Meanwhile, LCT treatment, as antici-
pated, resulted in an enhanced level of total ubiquitinated
proteins in cell lysates (Fig. 24, right panel).

Lysates were in addition immunoprecipitated with poly-
clonal anti-optineurin and immunoprobed with monoclonal
anti-ubiquitin. Multiple bands immunoreactive to anti-ubiq-
uitin were observed in the immunoprecipitated protein pool,
indicating that the endogenous optineurin in RGC5 cells was
ubiquitinated (Fig. 2B, left panel). The intensity of the ubig-
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FIGURE 2. A, total lysates from RGC5 cells without or with treatment of lacta-
cystin (LCT, 1 pum, 16 h) were immunoblotted (1B) with polyclonal anti-op-
tineurin (anti-OPTN, left panel), anti-GAPDH, or monoclonal anti-ubiquitin
(anti-Ub, right panel). B, total lysates from RGC5 cells without or with the LCT
treatment were immunoprecipitated (IP) with rabbit anti-OPTN polyclonal
antibody or normal rabbit I9G (as a negative control, NC) followed by immu-
noblotting (IB) with mouse anti-Ub monoclonal antibody. Optineurin
pulldown by rabbit anti-OPTN, but not the rabbit IgG control, showed multi-
ple bands immunoreactive to anti-ubiquitin (left panel). The intensity of the
ubiquitin-positive bands was enhanced by prior LCT treatment. The same
blot was also probed with anti-OPTN (right panel) to verify the IP procedure.
*, the 74-kDa optineurin band.

uitin-positive bands was enhanced by prior LCT treatment.
The same blot was also probed with anti-optineurin to verify
the IP procedure (Fig. 2B, right panel).

Optineurin Foci Formation— After transfection, the overex-
pressed optineurin-GFP fusion protein distributed diffusely in
the cytoplasm of RGC5 and PC12 cells with dots or granular
structures observed most notably near the nucleus (Fig. 3).
These structures, referred to as foci, were also observed previ-
ously in human retinal pigment epithelial and trabecular
meshwork cells (18). Foci formation in addition was noted in
cells after transfection to overexpress E50K optineurin-GFP.
The number and the size of the ES0K-GFP foci were greater
than those of the wild type (Fig. 3), as was reported previously
in retinal pigment epithelial cells (18).

Reduced Proteasome Activity in Optineurin Overexpressing
Cells—RGC5 cells transfected for 20 h to express wild type
and E50K optineurin-GFP were immunostained for PSMB5 as
an indication of proteasome activity (37). The staining inten-
sity in green optineurin-overexpressing RGC5 cells was much
reduced compared with mock controls and nontransfected
cells (Fig. 44). Western blot analyses indicated that the
PSMBS5 protein level was decreased (0.36 = 0.10 and 0.30 =
0.14, respectively, # = 3, p < 0.002) as the optineurin level
was increased by 8 ~10-fold upon transfection of pTarget-wild
type and E50K optineurin (Fig. 4B). Similar alterations were
also observed in PC 12 cells (data not shown).
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The cells were subsequently co-transfected with pOPT -
Nyyr-DsRed and GFP" reporter plasmid. This ubiquitin pro-
teasome system reporter has been shown to be degraded in
mammalian cells in an ubiquitin-dependent manner (38, 39).
Proteasomal inhibitors such as LCT, but not other protease
inhibitors, increased the steady state level of GFP® (39). Its
fluorescence readout and dependence on ubiquitin thus make
GFP" a simple and reliable tool (30). Results shown in Fig. 4,
C and D, revealed that the GFP" green fluorescence was in-
creased, indicating a lowered proteasome activity in cells
transfeCted with pOPTNy,+-DsRed compared with those of
DsRed control and nontransfected cells. A decreased protea-
some activity was also seen in cells transfected with
pOPTNgg-DsRed (Fig. 4C).

) . ’ ' ' Induction of Autophagy in Optineurin Overexpressing
FIGURE 3. Foci formation in RGC5 (A) and PC12 (B) cells after 20 h of . . . . .
transfection with pEGFP-N1 (mock control), pOPTN,,,-GFP, and Cells—Following optineurin transfection, RGC5 (Fig. 5) and

POPTNL,-GFP to express GFP, wild type, and E50K optineurin-GFP. PC12 (data not shown) cells were stained for the autophagic

The optineurin-GFP fusion proteins distributed diffusely in the cytoplasm of . . . YD e e e & . .
RGC5 and PC12 cells with dots or granular structures (arrows) observed marker LC3. The intensity of LC3 staining in optineurin-

most notably near the nucleus. These structures are referred to as foci. Scale  transfected green cells was found stronger than that seen in
bar, 10 pm. mock controls and nontransfected cells (Fig. 54). Partial co-

A EGFP-N1 OPTNwr-GFP OPTNesoxk-GFP

B EcFp-N1 OPTNesok-GFP

OPTNwr-GFP

A B g &
GFP OPTNwT-GFP  OPTNEsoK-GFP & &
; Ko : g & Qa);’
P
Q¥ ] R

OPTN (74 kDa)r s st Sonee

PSMB5 ( 23 kDa)~

GAPDH (37 kDa)~> i

PSMB5/GAPDH Ratio 1 0.31 0.22

O

DsRed OPTNwr-DsRed OPTNesok-DsRed D 100K

o & : 80K
> 3 =
7]
% o 60K * ;
= = A
= z
3 40K -
L L
o L
o] 0) -
o 20K %
%
Bz
° > >
&£
Q

GFpU
%,

FIGURE 4. A, PSMB5 immunostaining {(in red) in RGC5 cells. The cells were transfected for 20 h to express GFP, OPTNy,-GFP, or OPTNsq,-GFP. All transfec-
tants displayed green fluorescence. Note a reduced PSMBS5 staining intensity in optineurin-GFP-expressing green cells compared with GFP-expressing or
nontransfected cells. The reduction was more striking with the ES0K mutation than the wild type. Scale bar, 10 um. B, Western blotting for PSMBS5 protein
level. RGC5 cells were transfected for 20 h with pTarget, pTarget-OPTN,;, or pTarget-OPTN . Total lysate was subject to SDS-PAGE and immunoblotting
(IB) using polyclonal rabbit anti-optineurin, anti-PSMBS5, or anti-GAPDH. The optineurin (OPTN) level, normalized to that of GAPDH, was increased by 9.8- -
and 7.5-fold, respectively, after wild type and ESOK optineurin-GFP transfection. The PSMB5/GAPDH relative to the GFP control ratios are presented. Similar
results were also obtained with PC12 cells (data not shown). C, GFPY reporter assay. RGC5 cells were co-transfected with GFPY and pDsRed, pOPTN,,-DsRed,
or pOPTNgso-DsRed for 20 h. The transfected cells displaying both green and red fluorescence were examined by confocal sequential analyses. The loss of
GFPY green fluorescence is an indication of proteasome activity. The fluorescence intensity from GFP" is thus inversely correlated to the proteasome activ-
ity. Scale bar, 10 um. D, intensity of green fluorescence from GFPY in red fluorescent-transfected cells was quantified. Results are presented as mean % S.E.
(n >60) per transfected cells. The higher the value, the lower is the proteasome activity. ¥, p < 0.0001 compared with DsRed controls.
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FIGURE 5. A, LC3 immunostaining in transfected RGC5 cells. The cells trans-
fected for 20 h to express GFP, OPTNy,-GFP, or OPTNg,,~GFP were stained
with rabbit anti-LC3 in red. The GFP and LC3 merged images are presented.
Note an increased LC3 staining in optineurin-transfected green cells. The
optineurin foci {green) and LC3 (red) were co-localized partially in the pe-
rinuclear region in yellow. Bar, 10 pm. B, Western blotting for LC3 protein
level. RGCS cells were transfected for 20 h with pTarget, pTarget-OPTN,, or
pTarget-OPTNgsqy. Total lysate was subject to SDS-PAGE and immunoblot-
ting (/B) using rabbit anti-optineurin, mouse anti-LC3, or rabbit anti-GAPDH.
Both LC3-I and LC3-ll protein bands were detected. The OPTN level, normal-
ized to that of GAPDH, was increased by 11.5- and 12.3-fold, respectively,

after wild type and E50K optineurin transfection. The LC3/GAPDH relative to -

the pTarget control ratios are presented. Similar alterations were also ob-
served in PC12 cells (data not shown). :

localization between optineurin foci and LC3 staining was
observed.

LC3 exists in two forms. LC3-I (18 kDa) is cytosolic and”
LC3-1I (16 kDa) is lipidated (conjugated to phosphati-
dylethanolamine) which is inserted into the membrane.
The amount of LC3-I1 is correlated with the extent of auto-
phagosome formation, and increasing levels of LC3-11 on
immunoblots have been used to document induction of
autophagy (27). In RGC5 cells, the level of LC3 protein,
especially the active LC3-II form, was found substantially
increased (2.4 = 0.4 and 2.7 * 0.5 respectively, n = 5, p <
0.002) by Western blotting upon overexpression of wild
type and E50K optineurin (Fig. 5B).

In separate experiments, RGC5 cells were treated with
TNF-a and IFN-vy for 24 h. The optineurin level was in-
creased by ~2-fold, as was reported previously (14, 15, 36).
Foci formation was not apparent, but the PSMB5 level was
found reduced by 40 - 60%, and the LC3-11 level was elevated
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by 1.9-2.5-fold (Fig. 6). Similar PSMB5 and LC3 alterations
were also observed in inducible cell lines when wild type and
E50K optineurin-GFP levels were induced by 10-12-fold, and
foci were formed upon DOX treatment (data not shown). It is
of note that the overexpressed or up-regulated optineurin
levels seen in Figs. 4— 6 are not the expression levels but
rather the stationary state levels set by expression and degra-
dation. The resulting level depends not only on the transla-
tional increase but also on the maximum ability of the cell to
degrade the excess proteins. This indicates that the transient
overexpression might be much higher than 10 times but could
be reguiated somewhat by the autophagic degradation
process. '

Furthermore, electron dense as well as electron-light dou-
ble or multiple membrane autophagosome- and autolyso-
some-like structures or vesicles (43, 44) were prominently
observed by electron microscopy in RGC5 cells after op-
tineurin transfection (Fig. 74, panels a—c). These structures
were rarely detected in GFP control (Fig. 74, panel d) and
nontransfected (data not shown) cells.

Autophagosome-like structures were also observed in in-
ducible wild type (data not shown)- and E50K (Fig. 7B, panels
a and b)-GFP-expressing cells following DOX induction but
not in noninduced cells (Fig. 7B, panel b, inset). Immuno-
gold studies showed co-localization of E50K optineurin-
GFP and LC3 in autophagosome-like structures (Fig. 7B,

- panels ¢ and d).

Optineurin Foci Formation Is Regulated by Autophagy—
RGC5 (Fig. 8, A and B) and PC12 (data not shown) cells trans-
fected with pOPTNy,-GFP and/or pOPTN 5, ~GEP for 20 h
were treated with 3-MA or rapamycin for 24 or 48 h. The
3-MA-treated cells showed more optineurin wild type foci
formation compared with the untreated controls (Fig. 84),
and the foci enhancement was more dramatically seen at the
48-h time point. The rapamycin-treated cells, on the other
hand, showed less foci formation compared with the un-
treated group in both pOPTNy,~GFP and pOPTN -GEP
transfectants (Fig. 8B), suggesting that the overexpressed op-
tineurin was cleared, at least in part, via the autophagy
pathway.

Rapamycin Treatment Reduces the Level of Apoptosis In-
duced by Overexpressed Optineurin—RGC5 (Fig. 8C) and
PC12 (data not shown) cells were transiently transfected to
express GFP alone, wild type or E50K optineurin-GFP fol-
lowed by treatment of rapamycin. Images were captured, and

‘the percentage of cells that exhibited activated caspase 3/7
©enzymes, representing apoptotic activity, in the transfected

population was determined. Results indicated that without
the rapamycin treatment, the percentage of caspase 3/7-posi-
tive cells in total wild type- and E50K optineurin-GFP-overex-
pressing transfectants was increased by ~1.8-2.5-fold (p <
0.008) compared with that in pEGFP-N1-transfected mock
controls (Fig. 8C). After the rapamycin treatment, the level of
apoptosis in optineurin transfectants was declined to within
the control limits (Fig. 8C).

Transgenic ES0K Mouse—The E50K mouse is transgenic,

not a knock-in mouse. The transgene was expressed using the .

chicken B-actin promoter (pCAGGS) with CMV enhancer.
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FIGURE 6. A, optineurin and PSMBS immunostaining in RGC5 cells. The cells were treated with TNF-« (100 ng/ml) or IFN-y (20 ng/ml) for 24 h and were
stained with polyclonal rabbit anti-optineurin in green or polyclonal rabbit anti-PSMB5 in red. The micrographs shown for optineurin and PSMBS staining
were from different specimens. B, optineurin and PSMB5 immunostaining in RGC5 cells. The cells were treated with TNF-w or IFN-y as in A. The specimens
were double stained with rabbit anti-optineurin in green and monoclonal anti-LC3 in red. Cells from the same fields are shown for both optineurin and LC3
staining. Scale bar, 10 um. C, immunoblotting (IB) using anti-optineurin (OPTN), anti-PSMBS, anti-LC3, and anti-GAPDH in cells untreated (/ane 1, control), or
treated with TNF-a (lane 2) or IFN-vy (lane 3) for 24 h. Note that the 18-kDa LC3-I band was barely visible. Only the 16-kDa LC3-ll band is shown. As stated
earlier, LC3 exists in two forms. LC3-lis cytosolic and LC3-l is lipidated and membrane-bound. The amount of LC3-l is correlated with the extent of auto-
phagosome formation, and an increasing level of LC3-ll on immunoblots signals autophagy induction. Bar graph depicts the relative intensities (levels) of
OPTN, PSMBS5, and LC3 compared with untreated controls after normalization to the GAPDH level.

The copy number for the mutant gene was ~12-14 per
mouse (41). Although the distribution remained similar, the
overall optineurin expression was higher in the retina of E50K
transgenic mice compared with the endogenous optineurin
expression. The RGC loss and retinal thinning were seen 12
months after birth in the transgenic mice. By 16 months,

3624 JOURNAL OF BIOLOGICAL CHEMISTRY

~43% of the retinal thickness and ~20% of RGC numbers
were reduced (41). Excavation of the optic nerve head was
also observed. Apoptotic RGCs were detected in 16- month or
older E50K mice. The average intraocular pressure reading for
mutant mice was in the normal range of 15 = 1 mm Hg for all
ages examined (41).
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FIGURE 7. A, autophagosome- and autolysosome-like structures in op-
tineurin wild type (panels a and b)- and ESOK-GFP (panel c)-expressing RGC5S
cells. By electron microscopy, the electron dense, organelle-sequestrating,
double or multiple membrane structures with diameter averaged between
400 and 600 nm were not observed in GFP-expressing mock-transfected
cells (panel d). Scale bar, 5 pm in panel a, 0.5 um in panels b and c, and

1 pmin panel d. B, autophagosome- and autolysosome-like structures are
observed in inducible RGC5 cells after DOX induction to express ES0K
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Tissue sections from 12-month-old E50K transgenic mice
displayed a fainter staining of PMSB5 but a stronger staining
of LC3 in RGCs compared with those from control littermate

- mice (Fig. 9B). Staining with anti-optineurin also yielded a

higher intensity in the transgenic tissues as expected (Fig. 9B).
The enhanced LC3 and reduced PSMB5 staining was also ob-
served in sections from the 4- and 8-month-old transgenic
mice (data not shown). Interestingly, no pathology was appar-
ent in the former mice although retinal thickness appeared to
be somewhat reduced in the latter.

The staining results in 12-month-old E50K transgenic and
normal mice were confirmed by Western blotting of retinal
extracts (Fig. 9C). By electron microscopy, autophagosome-
like structures were demonstrated in RGCs of E50K trans-
genic eyes (Fig. 9D). Quantification analyses indicated that the
structures were found in 22 of 33 RGCs examined in trans-
genic mouse sections, but only in 1 of 23 RGCs in controls.

DISCUSSION

In eukaryotic cells, the ubiquitin-proteasome and autoph-
agy pathways are two major routes for protein clearance (19—

s 21). This study demonstrates that proteasomal inhibition led

to an increase in the endogenous optineurin level in neuronal
RGC5 and PC12 cells (Fig. 1). On the other hand, autophagic
and lysosomal inhibition as well as autophagic activation had
little effect. The UPP thus appeared to be the major pathway
for endogenous optineurin processing. Autophagy and lyso-
somes had a rather minor, if any, role. Supporting this conclu-
sion, the endogenous optineurin in RGC5 cells was found
ubiquitinated (Fig. 2). UPP has been shown to be the pathway
that degrades in a specific manner short lived proteins. The

_involvement of UPP is therefore consistent with our finding

that the half-life of the endogenous optineurin is ~8 h (17).
Ubiquitination of the endogenous optineurin also agrees with
a previous observation that **S-labeled, in vitro-translated
optineurin binds to ubiquitin and is ubiquitinated (16).

Our study further indicates that upon optineurin overex-
pression or mutation, the proteasome activity in neuronal
cells is decreased (Fig. 4) whereas autophagy is induced. The
induction of autophagy is evidenced by an increased immuno-
staining (Fig. 54) for an established autophagic marker LC3
(25), an increased protein level of LC3-11 (Fig. 5B), the lipi-
dated form of LC3 that inserts into the membrane and corre-
lates with the appearance of LC3-positive autophagosomes
(27, 45— 47), plus the detection of autophagosome- and au-
tolysosome-like structures in transfected cells (Fig. 6). The
overexpressed wild type and E50K optineurins appeared to be
processed largely through autophagy, as autophagic activator
rapamycin diminishes, whereas the inhibitor 3-MA augments
the foci formation (Fig. 8, A and B).

optineurin-GFP (panels a-d). A lower magnification micrograph is shown in
panel a demonstrating those structures in the cytoplasm of several cells.
Co-localization of optineurin-GFP (25 nm gold particles) and LC3 (10 nm
gold particles) in those structures is seen by immunogold labeling experi-
ments (panels ¢ and d). The autophagosome- and autolysosome-like struc-
tures are barely detected in noninduced controls (inset in panel b). Scale bar,
1 umin panel a,0.5 pmin panel b, and 0.2 pm in inset, panels c and d.
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FIGURE 8. Effects of 3-MA and rapamycin on optineurin foci formation.
A, RGC5 cells transfected for 20 h with pOPTN,,-GFP were untreated (con-
trol) or treated for 24 or 48 h with 3-MA (5 mm), an autophagy inhibitor. Op-
tineurin foci formation was visualized under a Zeiss fluorescence micro-
scope. Note an increased foci formation in 3-MA-treated cells. B, RGCS5 cells
transfected with pOPTN,-GFP and pOPTNgs,~GFP were treated for 20 h
with rapamycin (2 iM), an autophagy inducer. Note a reduction in foci for-
mation with rapamycin treatment. Scale bar, 10 um. Similar results were
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A decrease in the PSMB5 level and an increase in the LC3
level were similarly observed in cells treated with TNF-a and
IFN-y (Fig. 6) as well as in inducible cell lines (data not

- shown). Such i vitro changes were likewise observed in vivo
. in E50K transgenic mice. The E50K-overexpressing mice de-

veloped phenotype that mimicked the clinical features of
NTG patients, including neuropathy of the optic disc and de-

- generation of the RGCs without an increased intraocular
_ pressure (41). This mouse line thus appears to be the first

' NTG mouse model. It is notable that the intensity changes of
- PSMBS5 and LC3 staining, although not dramatic, were readily
- visible (Fig. 9B). The protein level changes in the 12-month-

old E50K mice were confirmed by Western blotting (Fig. 9C).

~Autophagosome- and autolysosome-like structures were also

observed in the E50K specimens (Fig. 9D).

It has been documented that when a cytosolic protein is
aggregate-prone, it becomes a poor proteasome substrate.
One example is a-synuclein, a protein of unknown function
and a major component of Lewy bodies (aggregates) observed
in Parkinson disease. Mutations of a-synuclein are known to
cause autosomal dominant, early onset Parkinson disease.

- Previous studies have disclosed that both UPP and autophagy

are routes for a-synuclein degradation, and that although sol-
uble a-synuclein is cleared by proteasome, the aggregated
protein or mutants are preferentially cleared by autophagy

(30, 47).

The optineurin degradation hence parallels that described
for a-synuclein. The endogenous optineurin seems to be de-
graded chiefly through the ubiquitin pathway. When op-

tineurin is up-regulated or mutated in neuronal cells, autoph-

agy becomes involved (Figs. 5-7).

The optineurin overexpression characteristics bear similar-
ities to those seen in neurodegenerative diseases, including
Alzheimer and Huntington (20, 38, 48). After transfection
with wild type or E50K optineurin, the optineurin foci are
observed to distribute in the perinuclear region in proximity
to the Golgi complex (17, 18, 40). Following precedent of
those described for aggresomes, inclusion bodies, or Lewy
bodies, the optineurin foci are formed in a microtubule-de-
pendent manner (17, 18). They appear to be LC3-positive
(Fig. 54). Also, the proteasome function is impaired (Fig. 4, C
and D) as was seen in neurodegenerative diseases (38, 50, 51).
In addition, overexpression of both wild type and E50K op-
tineurin leads to apoptosis in cultured cells (40), and the tox-
icity can be rescued by rapamycin treatment (Fig. 8C). These
analogies further underline that glaucoma shares common
features with neurodegenerative diseases (52—54).

also obtained with PC12 cells (data not shown). C, percentage of caspase
3/7-positive apoptotic cells in transfected RCG5 cells. The cells transfected
for 48 h to express GFP {mock control), wild type optineurin-GFP (OPTN-
GFP), and E50K optineurin-GFP (E50K-GFP) were examined by a caspase 3/7
detection kit. One set of cells was treated with 2 um of rapamycin ((+) Rapa-
mycin) for the last 30 h and another was untreated ((—) Rapamycin). Images
in 20 of 10X fields were captured, and cell counting was performed to de-
termine the total number of transfected cells {green) and the number of
caspase 3/7-positive transfectants (green and red). Percentage of caspase
3/7-positive apoptotic transfected cells was calculated. Results from three
independent experiments are shown in mean * S.E. %, p < 0,008 compared
with GFP controls. Similar patterns were also observed with PC12 cells (data
not shown).
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FIGURE 9. A, retinal sections from 12-month-old E50K transgenic and normal littermate mice were stained with monoclonal anti-TUJ1 (in red) to highlight

the RGC layer and with hematoxylin and eosin to demonstrate retinal layers. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer; POS, photoreceptor outer segments; and RPE, retinal pigment epithelium. Note that the retinal thickness is
reduced in the E50K transgenic specimen compared with normal control. Scale bar, 50 pm. B, retinal sections from normal and E50K mice were stained in
parallel with polyclonal anti-optineurin, anti-PSMBS, or anti-LC3 (all in red). All staining was done using the same antibody concentrations with identical
exposure times. As RGCs are the focus of the study, staining in RGCs and the adjacent inner plexiform layer is shown at a higher magnification. Negative
controls (NC) in which serial sections were stained only with secondary antibodies (for both monoclonal and polydonal primary antibodies) are shown as
insets. There was a modest decrease in staining intensity of PSMB5 but an increase in LC3 staining in the RGC layer in transgenic sections compared with
normal controls. The optineurin staining was also enhanced in the transgenic mouse. Scale bar, 50 um. C, Western blotting for OPTN, PSMBS5, LC3, and
GAPDH levels in retinal extracts from normal (lane 1) or E50K (lane 2) mice. Note that for LC3, the 18-kDa LC3-1 band was extremely faint. Only the 16-kDa
LC3-ll band is shown. Bar graphs, representing results from three experiments, depict the levels of optineurin, PSMB5, and LC3 relative to normal after nor-
malization to the GAPDH level. *, p < 0.0053 compared with normal. D, autophagosome- and autolysosome-like structures are observed in RGCs of E50K

mouse (left and middle panels) but are rarely seen in normal littermates (right panel). Bar, 1 um in the left panel, and 0.5 wm in middle and right panels.

The role or significance of the foci observed in glaucoma is
at present unclear. Interestingly, the roles of inclusion bodies
and aggresomes formed in other neurodegenerative diseases
are also not clear. As summarized in a number of reviews (21,
26, 55, 56), the inclusion bodies and aggresomes may play a
protective role by sequestering toxic, misfolded protein spe-
cies and providing the cells with an opportunity of delayed
protein degradation. They may also inactivate the proteasome
and mediate cytotoxicity. Inhibition of proteasome is believed
to induce autophagy, which serves as a default mechanism for
degradation of the accumulated abnormal proteins. However,
when the autophagic clearance system reaches saturation,
unable to eliminate the excess proteins, dysregulation or de-
fection may occur, contributing to apoptosis and pathology

A CEVEN
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(26). Supporting this notion, diffuse and abnormal proteins
accumulate and aggregate to form inclusions that can disrupt
the neural system in Atg5 (autophagy-related gene 5)-defi-
cient mice (57). Also, the protein accumulation and neurode-
generative phenotype could be reverted by activation of the
autophagy pathway with a gene therapy approach (58) or in-
fusion of rapamycin (55). It is suggested that there may exist a
threshold as a point of divergence between physiological and
pathological autophagy (59), and both the physiological and
pathological roles of autophagy remain as critically important
areas for investigations. Furthermore, inhibition of protea-
some function has also been shown to trigger apoptosis (60)
depending on cell types and conditions. Defects in the UPP
may drive human pathologies, including neurodegenerative
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diseases (30), although there have been controversies that still
await further clarification (61).

A similar scenario may take place in optineurin-related
glaucoma. In this context, it is intriguing that a persistent ac-
cumulation of autophagosomes was observed in a recent
study (62) in the rat optic nerve following an optic nerve
crush injury. The autophagy observed, possibly related to the
lesion-induced calcium influx, was thought to be the major
pathophysiological mechanism contributing to the ensuing
axonal degeneration. It is also of interest that very recently
mutations of optineurin are reported to be involved in the
pathogenesis of amyotrophic lateral sclerosis (8). Although
the role of foci in pathology remains to be precisely defined,
an amyotrophic lateral sclerosis case with the FA78G op-
tineurin mutation did show optineurin- and ubiquitin-posi-
tive cytoplasmic inclusions. Optineurin in addition is linked
to Paget disease (9), a condition characterized by focal in-
creases in bone turnover. The osteoclasts in affected bone also
contain intranuclear inclusion bodies (63).

There is growing evidence that ubiquitin may be involved
in “selective” autophagy (21, 64). It has been shown that ubiq-
uitin-binding receptors such as p62 are required in the pro-
cess of autophagic clearance of protein aggregates (61, 64). By
binding simultaneously to ubiquitin and autophagosome-as-
sociated ubiquitin-like LC3, the receptors mediate docking of
ubiquitinated protein aggregates to the autophagosome for
selective degradation. Optineurin is ubiquitinated, but
whether its aggregates are processed through the “selective”
autophagy process is currently unknown.

Taken together, this study provides compelling evidence
that in normal homeostatic situations, the turnover of endog-
enous optineurin involves mainly UPP. When optineurin is
up-regulated or mutated, the UPP function is compromised,
and autophagy comes into play. A decreased PSMB5 level and
an induced autophagy were also demonstrated iu vivo in
RGCs of E50K transgenic mice, validating and making rele-
vant the in vitro findings.

Optineurin and E50K mutant have been shown to inhibit
NF-«B activation (8, 15). Studies from our laboratory reveal
that the interaction with Rab8 and transferrin receptor is
stronger with the E50K mutant than the wild type optineurin.
The mutant also produces a more prominent foci formation
(17, 18), more severe fragmentation of the Golgi complex (18),
and a higher level of apoptosis (40) than overexpression of the
wild type optineurin. Representing a gain-of-function muta-
tion, E50K in addition impairs more dramatically the trans-
ferrin trafficking (65). Based on these observations, we sur-
mise that the defective trafficking, deregulated NE-«xB
signaling, along with fragmentation of the Golgi complex and
increased apoptosis may be the underlying bases how the
E50K optineurin mutation renders the patients predisposed
to the glaucoma pathology. Antophagy, on the other hand,
may not be a primary factor in the disease development. This
pathway may simply be induced initially as a protective re-
sponse with buildup of the aggregate-prone mutant protein.
Autophagy may contribute to the demise of the cells only
when the buildup exceeds the capacity, exacerbating then the
disease condition.
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It is additionally noteworthy that although the E50K find-
ings have pathological significance, the wild type optineurin
overexpression results may also be of physiological relevance.
Optineurin, for example, is known to be up-regulated by
proinflammatory cytokines TNF-« (14, 36) and IEN (14). Its
expression may be heightened to set off adverse consequences
upon acute or chronic inflammation and infection. Increases
of TNF-« in the retina and the optic nerve head have been
associated with glaucomatous conditions (66).

Knowledge of the degradation pathways acting on op-
tineurin can help in the design of novel therapeutic strategies
(30). For example, proteasome activity can be promoted by
overexpression of proteasome subunit or molecular chaper-
ones, and autophagy can be up-regulated by rapamycin (30),
rapamycin plus lithium combination (67), or small molecule
autophagy enhancers (49). Future studies will be focused on
this translational aspect.
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Abstract

Retinitis pigmentosa (RP) is the most common inherited human eye disease resulting in night blindness and visual defects. It
is well known that the disease is caused by rod photoreceptor degerieration; however, it remains incurable, due to the
unavailability of disease-specific human photoreceptor cells for use in mechanistic studies and drug screening. We obtained
fibroblast cells from five' RP. patients with distinct mutations in the BPT, RP9, PRPH2 or RHO gene, and generated patient-
specific induced pluripotent stem (iPS) cells by ectopic expression of four key reprogramming factors. We differentiated the
iPS cells into- rod photoreceptor cells, which had been lost in the patients, and found that they exhibited suitable
immunocytochemical features and electrophysiological properties. Interestingly, the number of the patient-derived rod cells
with distinct mutations decreased in vitro; cells ‘derived from patients with a specific mutation expressed markers for
oxidation or endoplasmic reticulum stress, and exhibited different responses to vitamin E than had been observed in clinical
trials. Overall, patient-derived rod cells recapitulated the disease phenotype and expressed markers of cellular stresses. Our
results demonstrate that the use of patient-derived iPS cells will help to elucidate the pathogenic mechanisms caused by
genetic mutations in RP.
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successfully induced differentiation of photoreceptor cells from
both human embryonic stem (ES) cells [8] and iPS cells [9,10].
Modeling pathogenesis and treatinent in vitro using patient iPS cell-
derived photoreceptors will elucidate disease mechanistas; cir-
cumvent problems related to differences among species that arise
when using animal models; decrease patient risk; and reduce the
cost of carly-stage clinical trials. Here, we generated iPS cells rom
RP patients with different mmtations and demonstrated  the

Introduction

Retinits pigmentosa (RP) leads inevitably to visual impairment
due to irreversible retinal degeneration, specifically of primary rod
photoreceptors. The condition causes night blindness and visual
field defects. The disease onset spans a wide range of ages, but RP
most often occurs in late life. There is no treatment that allows
patients to avoid deterioration of visual function. RP encompasses

a mumber of genetic subtypes, with more than 45 causative genes
and a large number of mutations identified thus far. The genetic
heterogeneity of RP suggests a diversity of disease mechanisms,
which remain largely unclear. Furthermore, for many of the RP
subtypes, 1o appropriate animal models are available. Although
large clinical trials have been conducted with a-tocopherol and -
carotene, these studies found no statistically significant change of
visual fimction in RP patients [1,2]. The underlying mutations
causing discase in the patients tested in the clinical trials were not
revealed, and the variability of individual responses to these drugs
is unknown. One of the reasons why these clinical trials [ailed to
examine the effectiveness of drugs is that the effect of a drug may
be different between patients with diflerent underlying mutations.

Induced pluripotent stem (iPS) cells reprogrammed from
somatic cells [3,4] have enabled us to easily generate patient-
derived terminally differentiated cells i oitro [5-7]. We have

‘;@: PLoS ONE | www.plosone.org

potential of patient-derived photoreceptors for disease modeling.

Materials and Methods

RP patients and genetic mutations

The protocol of this study adhered to the tenets of the
Dedlaration of Helsinki. The study was approved by the ethical
committees of the Institute of Biomedical Rescarch and Innova-
tion Hospital and the RIKEN Center for Developmental Biology,
Japan. Written informed consent from all patients was obtained.
We selected five RP patients from four families whose disease-
causing mutations have been identified (Fig. 1A-D and Fig. S1).
Of the five RP patients in this study, three late-onset patients
carried the following mutations: 721L722X m RP1, W316G
PRPH?, and G188R in RHO. Two relatively early-onset patients
from the same family carried 2 H137L mutation in RPY, which we

February 2011 | Volume 6 | Issue 2 | e17084
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Figure 1. iPS cells derived from RP patients. Mutations identified in patients K21 (RP1) (A), K11 and K10 (RP9) (B), P101 (PRPH2) (C), and P59
(RHO) (D). Patient-derived fibroblast cells (E) were reprogrammed into iPS cells (F). The iPS cells expressed SSEA-4 (G) and Nanog (H). A teratoma

formation test confirmed iPS cells’ ability to generate all three germ layers:

bars, 50 pm.
deiz10.1371/journal pone.0017084.g001

confirmed by both genomic and ¢DNA sequencing (Fig. $2). All
patients  showed  typical manilestations of RP (Tab. $1).
Peripheral blood obtained from patients was used for DNA
isolation. A comprehensive screening of disease-causing genes was
carried out as described previously [11]. For the RP9 mutation,
total RINA was isolated from (resh blood samples and iP$ cells, and
synthesized cDNA was subjected to PCR and direct sequencing to
confirm whether the mutation was located in the RPY gene or the
pseudo-RPY gene (paralogous variant). Both fibroblast and iP$S
cells were analyzed to re-confimm the identified mutation.

iPS cells generation

To generate iP$ cells, retroviral transduction of Oct3/4, Sox2,
Kif4, and c-Myc into patient-derived fibroblast cells was carried
out as described previously [3]. Established iPS cell lines were
maintained on a feeder layer of mitornycin C-treated SNL cells (a
murine-derived fibroblast STO cell line expressing the neomycin-

resistance gene cassette and LIF) in a humidified atmosphere of

5% COq and 95% air at 37°C. Cells were maintained in DMEM-
F12 supplemented with 0.1 mM non-essential amino acids,
0.1 mM 2-mercaptoethanol, 2 mM L-glutamine, 20% KnockOut

'@ PLoS ONE | www.plosone.org

endoderm (1), mesoderm (J) and ectoderm (K). Karyotype analysis (I). Scale

Serum Replacement (KSR), and 4 ng/ml basic fibroblast growth
factor (Upstate Biotechnology).

Transgene quantification

To examine the copy number of transgenes integrated into the
host genome, DNA was isolated and quantitative detection of viral
transgenes was performed using real-time PCR. The endogenous
gene was used as a control. Before quantitative PCR, a standard
curve for each primer and/or probe set was determined using a set
of plasmid DNA dilutions. Tagman gPCR to detect integrated
OCT3/4, KLF4, and MYC was performed using 20 pl reactions
consisting of 10 pl TaqgMan Master Mix with uracil N-glycosylase,
4.9 pM primers, 250 nM probe, and 1 pl of the DNA saraple.
Quantification of viral SOX2 was assayed using SYBR Green.

Teratoma formation

Animal protocols were approved by the RIKEN Center for
Developmental Biology ethical committee (No. AH18-05). A total
of 107 trypsinized iPS cells were injected subcapsularly into the
testis of SCID mice (two mice per iPS cell line). Four weeks later,
the testis was fixed and sectioned for H&E staining.

February 2011 | Volume 6 | Issue 2 | e17084



Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 15 min at 4°G
and then permeabilized with 0.3% Triton X-100 {or 45 min. Alter
1 h blocking with 5% goat serum, cells were incubated with
primary antibodies overnight at 4°C and subsequently with
secondary antibodies for 1 h at room temperature. The primary
and second antibodies used are listed in Tab. $2.

Karyotype analysis :
Karyotype analysis of the iP$ cell chromosomes was carried out
using a standard G-band technique (300-400 band-level).

Photoreceptor differentiation and drug testing
In vitro differentiation of rod photoreceptor cells was performed
as previously reported [8], but with a minor modification. To find

a KSR optimal for retinal dilferentiation, lot testing was conducted
before differentiation. iPS colonies were dissociated into clumps

with 0.25% trypsin- and 0.1 mg/ml. colldgcndsc IV m PBS
containing 1 mM CaCly and 20% KSR. Teeder cells were
removed by incubation of the iPS cell suspension on a gelatin-
coated dish for 1 h. iPS clumps were moved to a non-adhesive
MPC-treated dish (NUNC) in maintenance medium for 3 days, in
20% KSR-containing dilferentiation mediura (DMEM-12 supple-

mented with 0.1 mM non-essential * amino- acids, 0.1 mM  2-

mercaptoethanol, 2 mM L-glutamine) for 3 days, then in 15%
KSR-containing diflerentiation medium for 9-days, and Gually in
10% KSR-containing mediurm for 6 days. Cells were treated with
Lefty-A and Dkk-1 during floating culture. At day 21, the cells
were plated en bloc on poly-D-lysine/laninin/ fibronectin—coated
"—wc]l culture slides (BD Biocoat) at 4 density o 1520 aggregates/
an?. The cells were cultured in 10% KSR-containing differenti-
ation medium until day 60. Cells were further tlcdted with
100 nM retinoic acid (Sigma) and 100 M taurine (Sigma) in
photoreceptor  differentiation médium (GMEM 5% KSR,
0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoethanol,
1 mM pyruvate, N2 supplement, -and 50 units/ml - penicillin,
20 pg/ml streptomycin). Dillerentiated cells [rom both normal
and patient iPS cells were treated with 100 pM a-tocopherol,
9200 uM ascorbic acid and 1.6 pM B-carotene starting  at
dilferentiation day 120. One week later, cells were fixed for
Tinunostaining.

Electrophysiological recording

Recombinant lentiviral vectors expressing GFP under the
control of the Nrl or RHO promoters were generated in HEK293t
cells RIKEN Cell Bank), and differentiated cells were infected
with virus on day 90. Cells expressing GFP were targeted for patch
darap recordings. Voltage-clamp recordings were perlormed with
19-15 MQ glass electrodes. Signals were amplified using Multi-
clamp 700B amplifiers (Molecular Devices). The internal solution
was 135 mM K-gluconate, 10 mM HEPES, 3 mM KCl, 0.2 mM
EGTA, 25mM MgCly, 5mM adenosine 5'-triphosphate,
0.3 mM guanosine-5'-triphosphate, 0.06 mM Alexa Fluor 594
(Molecular probes), adjusted to pH 7.6 with KOH. The retinal
cells were perfused with oxygen-bubbled external medium:
23 M NaHCO,, 0.5 mM KHyPO,, 120 mM NaCl, 3.1 mM
KC1, 6 mM Glucose, 1 mM MgSOy, 2 mM CaCly, and 0.004%
Phenol red. The mediam was heated to 37°C with a terperature
controller (Warner Instrumnents).

Cell count and statistical analysis

Dillerentiated cells visualized with specific antibodies were
counted blindly by an independent observer. Data are expressed

@ PLoS ONE | www.plosone.org
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as means = s.ean. The statistical significance of differences was
determined by one-way ANOVA followed by Tukey’s test or
Dunnett’s test, or by two-way ANOVA followed by Bonferrom test
using the GraphPad Prizm software. Probability values less than
0.05 were considered sigmlicant.

Results

Generation of iPS cell lines from patients with RP
Mutations identified in the five patients were confirmed by bi-
directional sequencing (Fig. S1). Through genotyping of four
patients and two normal relatives in the RP9 family, we found the
H13%7L mutation in the RPY gene co-segregated with the disease,
strongly indicating that the mutation is indeed the genetic cause of
the disease. We cultured fibroblasts from skin samples of these
patients on gelatin-coated dishes (Fig. 1E) and infected thern with

‘retroviral vectors encoding OCT3/4 - (dso known as POUSFI),
- 80X2, KLF4, and ¢-MYC, using a previously established method [3].
. Each mutation was re-confinned in both fibroblasts and 1PS cells.
“Established iP$ colonies showed human embryonic stem cell-like

morphology (Fig. 1F and Fig. S3A) and expressed pluripotency
markers (Fig. 1G-D). We sclected iPS cell lines for each patient
using multiple criteria. First, we excluded iPS cell lines in which

. spontaneous differentiation occurred repeatedly during mainte-

- mance (Fig. S3B).

We chose iP$ colonies that maintained
morphologies similar to those of human ES cells through more
than 10 passages. Second, we quantified the transgene copy number
and selected iPS cell lines with the fewest integrations, as the risk of

‘gene disruption - through random - insertion increases with the

mumnber of transgenes (Fig. S4A-E). Third, in order to select iP3S
cell lines with fall phuipotency, we verified the ability to form
teratormas. Teratomas formed by injecting iPS colomies into the
testis in owo showed contributions to all three embryonic germ layers:
éctoderm, mesoderm, and endoderm (Fig. 1E-G). . Finally,
karyotype analysis was carried out to examine the chromosome
imtegrity. The patientiPS cells showed normal karyotypes alter
extended passage, indicating chromosomal stability (Fig. TH).
These results provide in vitro and in zivo functional prool of
pluripotency for RP patient-derived iPS cells.

Generation of patient-specific retinal photoreceptor

We previously demonstrated. i vitro differentiation of retinal
photoreceptor cells rom wild-type human ES [8] and iPS cells [9,10]
using 2 stepwise differentiation method known as serum-free culture
of embryoid body-like aggregates [12]. We first evaluated -the
dilferentiation elliciency of three selected iPS cell lines of the five
patients (Fig. 2A). Retinal progenitor, photoreceptor precursor,
retinal pigment epitheliurn (RPE) and rod photoreceptor cells were
sequentially induced (Fig. 2B-K), consistent with our previous
studies [8-10,12]. All patient-derived iPS cell lines differentiated into
RPE cells that form ZO-1+ tight junctions on dillerentiation day 60,
with taning, morphology, and efficiency sivailar to that of wild-type
iPS cells (Fig. 2D-E; Fig. 85). Immature photoreceptors expressing
Crx and Recoverin (day ~60) were observed as clusters in the
colonies (Fig. S6A-B). The patient-iP$ cells also dilferentiated into

‘blue Opsint or red/ green Opsint cone photoreceptor cells (Fig. 2H

and data not shown). Immunostaining of Rhodopsin (a marker of
matore Tod photoreceptors) revealed no Rhodopsint cells at
differentiation day 100 {data not shown). Rhodopsint cells appeared
at differentiation day 120 with a stable efficiency of the three
independent iPS cell lines from cach patient (Fig, 2K,N and Fig.
$6C). Additionally, 15.1+0.60% and 13.51.65% cells were positive
for Recoverin (a conventional marker for both rod, cone photore-
ceptors and cone bipolar cells) in K21- and K11-PS cells, respectively

February 2011 | Volume 6 | Issue 2 | 17084
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Figure 2. Induction of patient-specific retinal photoreceptor cells. Retinal cells were induced sequentially by in vitro differentiation.
(A) Experimental schema. (B) Neural retina progenitor cells (Pax6+Rx+) and RPE progenitor cells (Mitf+) were separated in the culture dish (C). Patient-
specific RPE cells exhibited hexagonal morphology and pigmentation (D) and expressed the tight junction marker ZO-1 (E). Photoreceptor cells were
positive for immature photoreceptor markers Crx and Recoverin on day 60 (F). Recoverin+ cells did not co-express Ki67, a proliferating cell marker (G).
Differentiation of rod photoreceptors (Rhodopsin+) and cone photoreceptors (Opsin+) from patient iPS cells (H). Rhodopsin + rod photoreceptors
induced from K21-iPS at day 120 (I). K11-derived rod photoreceptors were observed at day 120 (J). No Rhodopsint+ cells were detected, but
Recoverint cells were present at day 150(K). Induced rod photoreceptor cells (Crx+) labeled with lentiviral vectors encoding GFP driven by a rod
photoreceptor-specific promoter Nrl (L: Nrl-GFP) or Rhodopsin (M: Rho-GFP). Arrows indicate cells co-expressing Crx and GFP. (N) Whole-cell
recording of rod photoreceptor cell differentiated human iPS cells. Recorded cells expressed GFP under the control of the Rhodopsin promoter.
(O) Relationship between voltage and membrane current (i) produced a non-linear curve, suggesting that voltage-dependent channels exist in iPS
cell-derived rod photoreceptors Rec, Recoverin; Rho, Rhodopsin. Scale bars, 50 um.

doi:10.1371/journal.pone.0017084.g002
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(data from three selected lines), consistent with stable differentiation.
Furthermore, we confirmed rod induction by labeling with lentiviral

vectors driving GFP from the Rhodopsin and Nid promoters, either of
which is specifically expressed fn rod photoreceptors (Fig. 2L-M)..
Whole-cell patch-clamp  recording “demonstrated” that the rod -
photoreceptor cell membrane contains voltage-dependent charmels,

suggesting that differentiated patient-derived rod cells are electro-
physiologically fanctional (Fig. 2N—0). Meanwhile; the excluded iPs

cell Tines (ones that showed spontaneous differentiation during

maintenance, or had 2 high copy number of transgenes), demon-

strated a significant diversity of dillerentiation (Fig. S7). Together,

these data show that patient-derived iPS cells can dillerentiate into

cells that exhibit many of the immunochemical and electrophysio-

logical features of mature rod photoreceptor cells.

Patient-specific rod cells undergo degeheraﬁon in vitro

As compared with normal iPS cells, there s no sw‘mﬁcdnt

dillerence in rod cell differentiation efficiency at day 120 in
K21RPL), PIOIPRPHY)-, and PSYRHOKMPS cell lies (Fig. 3).
iP8 cells from both K11(RPY) and K10RPI) carried a RP9 mutation;
however, rod cell number was significantly lower than in normal iP$

cells (Fig. 3). We asked whether early deathi of precursor cells leads to :

a swaller number of mature rod photox eceptor L(,l]s To deterrmne
whether genetic mutations induce degeneration i photoreceptors
cells in vitro, we extended the culture period and evaluated the runber
of rod photoreceptors at day 150. Iu differentiated iPS cells from
patient K21(RP1) at day 150, the number of Rhodposint cells was
significantly decreased (Fig. 3). For the KI114PS cells, no
Rhodposint cells were found at day 150 (Fig. 3). Importantly, some
K1 1-cells at day 150 were positive for Recoverin (10.3%1.99%) and
Crx, markers for the rod, cone photoreceptors, and/or bipolar cells
(Fig. 2K and data not shown), strougly suggesting that cone
phiotoreceptor and/or blpoldr cells survived, whereas the rod
photoreceptors underwent degeneration i zito. In addition, we
detected cells positive for Islet] (a marker for retinal amacrine, bipolar

and ganglion cells), again consistent with the survival of other types of

retinal cells (Fig. S6F). From these results, we concluded that mature
rod photoreceptors dillerentiated from patient iPS cells selectively
degenerate in an RP-specific manner in vilro.
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Figure 3. RP patient-derived rod photoreceptors undergo
degeneration in vitro. iPS cells were differentiated into Rhodopsin+
rod photoreceptors in serum-free culture of embryoid body-like
aggregates (SFEB culture). The percentages of Rhodopsin+ rod
photoreceptors were evaluated at both day 120 and day 150,
respectively. Data were from three independent iPS cell lines derived
from the patients. ANOVA followed by Dunnett's test. * p<0.05;
**%p< 0,001, Values in the graphs are means and s.e.m.
doi:10.1371/journal.pone.0017684.g003
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Cellular stresses involved in patient-derived rod cells
We next asked how the patient-derived rod photoreceptors

. degenerate. We evaluated apoptosis and cellular stresses in cach
* ¢ell line at both day 100 and day 120, respectively. Interestingly, in

the RP9-iPS (K10 and K11) cells, a subset of Recoverint cells co-

“expressed cytoplasmic 8-hydroxy-2-deoxyguanosine (8-OHdAG), a

major oxidative stress marker, indicating the presence of DNA

~oxidation in RP9 patient- dcnvcd photoreceptors by differentiation

day 100 (Fig. 4A and Fig. $8). More caspase-3+ cells were
presented in the Crx+ photoreceptor cluster of RPY-iPS than in

~ those from other lines (Fig. 4C-D). Alter maturation of the rod

photoreceptors from RP9-iPS cells, Rhodopsing cells co-expressed

Acrolein; a marker of lipid - oxidation (Fig. 4E), while no
* Rhodopsin+/Acroleint cells were observed in iPS cells derived

from other patients carrying different mutations or in normal iPS
cells (Fig. 4F). This pattern was similar to the cases of 8-OHdAG
and activated caspase-3. Thus, we conclude that oxidation is
involved in the RPY-rod photoreceptor degeneration.

In differentiated RHO-PS (P59) cells, we found that Rhiodopsin

 proteins were localized in the cytoplasm (Fig. 4G), as determined

by immunostaining with anti-Rhiodopsin antibody Ret=P1). This

 pattern_is unlike the normal localization of Rhodopsin at the cell
‘membrane in photoreceptors derived from normal iPS or other
| patient-derived iPS cells (Fig. 4H and data not shown). This result

suggests - accurmulation of - unfolded Rhiodopsin, - as - reported
previously in rhodopsin mutant mice cells [13]. We next examined
the possible mvolvement of endoplasmic reticulur (ER) stress in
RHO-PS cell line degeneration. The Rhodopsint or Recoverint
cells co-expressed immunoglobulin heavy-chain binding protein
(BiP) or C/EBP homologous protein (CHOP), two conventional
markers of endoplasiic reticulum (ER) stress, from day 120
(Fig. 41K and Fig. 89), while cells derived from coutrol iP5 or
other mutant iPS cells were negative for BiP and CHOP
(Fig. 4],L). Taken together, these results demonstrate that ER
stress is involved in rod photoreceptors carrying a RHO mutation.

Drug evaluation in patient-specific rod cells

The antioxidant vitamins o-tocopherol, ascorbic acid, and B-
carotene have been tested in clinical trials as dietary therapies for
RP [2] and in another major retinal degenerative disease, age-
related macular degeneration [14]. Thus far, mosty duc to the
lack of appropriate validation models, there has been no evidence
supporting the beneficial effects of these compounds on rod
photoreceptors. We therefore assessed the effects of these agents
on rod photoreceptors derived {rom patient iPS cells. In mouse
retinal culture, short-term treatment with a-tocopherol, ascorbic
acid and B-carotene at 100 pM, 200 pM and 1.6 pM, respective-
ly, exerted no significant toxic ellects on rod photoreceptor cells
(Fig. S10). Since the dilferentiated rod photoreceptors underwent
degencration after day 120, we treated the cells for 7 days with
these agents starting at day 120 (Fig. 2A). o-Tocopherol treatment
significandly increased the mumber of Rhodopsint cells in iPS cells
derived from K11- and K10-4PS with the RPY mutation, while it
had no siguificant effects on iPS cells with the either the RP1,
PRPH2 or RHO mutation (Fig. 5). In contrast, neither ascorbic
acid nor B-carotene treatment had any ellect on iPS cells of any
genotype (Fig. $11). We canmot currently explain the discrepancy
between the ellects of these antioxidants. It has been reported that
under certain circurnstances, anti-oxidants can act as “pro-
oxidants” [15]. Taken together, our results indicate that treatment
with a-tocoplierol is beneficial to RP9-rod photoreceptor survival,
and causes different effects on Rhodposint cells derived from
different patients.
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Figure 4. Cellular stress in patient-derived rod photoreceptor cells. Oxidative stress and apoptosis in differentiated rod photoreceptor cells
derived from RP9-iPS (A,C,E) and RP1-iPS (B,D,F). (A) 8-OHdG, a marker for DNA oxidation, was found in K11- or K10-iPS—derived differentiated cells
(day 100), but not in K21-iPS (B). Arrow indicates a cell double-positive for 8-OHdG and Recoverin. (€} The number of activated Caspase-3+ cells was
greater in K11-iPS differentiation than in K21-iPS (D). From day 120, rod photoreceptor cells (Rhodopsin+) derived from RP9-iPS co-expressed the
oxidative stress marker Acrolein (E); whereas RP1-iPS derivatives did not (F). (G-L) Abnormal cellular localization of Rhodopsin proteins and
endoplasmic reticulum stress in RHO-iPS—derived rod photoreceptors. High magnification revealed cytoplasmic localization of Rhodopsin in rod
photoreceptor cells carrying a RHO mutation (G) and a normal localization in the cell membrane in K21 cells (H). Rod cells derived from RHO-iPS co-
expressed the ER stress markers BiP (I) and CHOP (K). K21-iPS—derived rod cells did not express BiP (J} or CHOP (L). Arrows indicate double-positive
cells. Rec, Recoverin; Rho, Rhodopsin. All scale bars are 50 pm except for G and H (20 um).

doi:10.1371/journal pone.0017084.g004

Discussion

By using patient-derived iPS cells and i vitro differentiation
technology, we have shown that RP9-retinitis pigmentosa is
involved, at least in part, in oxidative stress pathways; this has not

5 Normal T
[ K21 (RP1)
4 [ K11 (RP9)

K10 (RP9)
P101 (PRPH2)
P59 (RHO)

Rhodopsin+ cell number {fold}

|

been reported previously im any animals or cell models.
Furthermore, we have demonstrated that the antioxidant o-
tocopherol exerts a beneficial effect on RPY-rod cells. Additionally,
we have dearly shown that rod photoreceptors derived from
patients with a RHO mutation are associated with ER stress; this 1s

Unea‘xed wu~Tocophero}

Figure 5. Disease modeling of patient-derived rod photoreceptor cells. u-Tocopherol treatment of patient-specific rod photoreceptors
yielded a significant beneficial effect in RP9 mutant cells. Two-way ANOVA Bonferroni post-test showed no significance in other group {n=3-8). Data
represent 1-2 selected iPS cell lines of each patient. ***p<0.001. Values in the graphs are means and s.e.m.
doi:10.1371/journal.pone.0017084.g005
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the first report of ER stress in a cell culture model for human rod
cells. These cell models will be very useful for disease mechanism
dissection and drug discovery. By screening several drugs that had
already been tested in RP patients, we have revealed that rod
photoreceptor cells derived from RP patients with different genetic
subtypes exhibit significant dillerences in drug responses. Among
the different types of antioxidants, o-tocopherol has either
beneficial or non-beneficial effects on discased photoreceptors,
depending on the genetic mutation. This is the first report of the
utilization of iPS cells related to personalized medicine, which will
be helpful for routin clinical practice. Our results also provided
evidence that genetic diagnosis is essential for optimizing
personalized treatment for patients with retinal degenerative
diseases [11]. An important future study made possible by this
work is the screening of a compound library for drugs that could
be used to treat RP. Patient-derived iPS cells revealed differences
in pathogenesis and the efficacy ol antioxidants among patients
with different disease-causing mutations. Although the microen-
vironment aflects the pathogenesis of  diseases, and - vilro
evaluation is not perfect, this study suggests that iPS cells could
be used to select between multiple available treatments, allowing
physicians to advise each patient individually. The weakuess of our
method for disease modeling is that differentiation requires a long
period of time. Shortening the induction period and identifying
appropriate surface markers for rod cells will improve disease
modeling using patient-specific iPS cells.

In bref, we generated pluripotent stemn cells [rom retinitis
pigmentosa  patients and induced them into retinal cells.
Compared with normial cells, patient-derived rod cells simulated
the discase phenotype and exhibited diflerent responses to specilic
drugs. We found that patient-specific rod cells underwent
degeneration in witro, which maybe related to different cellular
stresses. To our knowledge, this is the first report of disease
modeling of retinal degeneration using patient-derived iPS cells.

Supporting Information

Figure S1 Pedigrees of K21 (A), P59 (B), K10 and K11 (C).
Tamilies of P59 B) and K10 and K11 (C) show autosomal
dominant mode of inheritance. (G) Mutation analysis was
performed i four patients and two normal relatives in the RP9
family. The H137L mutation in RP9Y gene was co-segregated with
the disease in the (amily. Closed symbols indicate individuals with
RP and open symbols indicate unaffected subjects. Question
marks indicate symptom unknown. The bars above the symbols
indicate examined subjects. Arrow, proband; slash, deceased.

(T1E)

Figure $2 Mutation in the RPY gene. (A) Alignment of R’9 »

sequence and pseudo-gene shows the same nucleotide in the
mutated location. (B) Sequence chromatogram of cDNA sequence
demonstrates the ¢.410A>T (H137L) mutation in the RP9 gene,
instead of the paralogous variant in pseudo-gene which was
documented in RetNet (www.sph.uth.truc.edu/retnet/ disease.
hitim).

JrG)

Figure 83 Selection by colony morphology. (A) iPS colony
(K2184) shows ES-like morphology. (B) Spontaneous differentia-
tion in the colony during maintenance (K21814). Scale bars,
50 pamn.

(T1F)

Figure S4 Quantification of transgene copy number.
Total copy number of four transgenes in the selected iPS lines.

'@ PLOS ONE | www.plosone.org
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Selected iPS cells with fewest integrations and two high copy
nurnber lines used {or i viro dillerentiation.
(TIF)

Figure 85 Efficiency of RPE induction in patient-iPS
cells. RPE production ol the five patient-iP$ cells showed no
significant diflerences (m=4). Data represent the percentage ol
RPE area at differentiation day 60. One-way ANOVA followed by
Dummett’s test. Values are mean and s.ca.

(TIF)

Figure 86 Induced retinal cells from patient iP5 cells
(K2184). Crx+ photoreceptor precursor cells present in the cell
cluster on dillerentiation day 60 (A). Crx+ cells co-expressed
Recoverin, indicating dillerentiation into photoreceptor cells (B).
Rhodopsint cells had a long process at day 150 (C). In the
differentiated cells, we also observed cells positive of PKCa (a
marker for bipolar cells) (D). Cells positive for Mathb and Bru3b
(markers for ganglion progenitor or ganglion cells (day 60) (E).
Cells positive for Islet-1 (a marker for amacrine, bipolar and
gauglion cells) (F). Scale bars, 50 pm (A, D, E, and F); 20 pm (B
and C).

(TIF)

Figure S7 Differentiation of the patient-iP§ cells. iP5
colony was cut into uniform sized pieces (A) and subjected to a
(loating culture (P59MS8, day 20) (B). RPE (pigmented) and
recoverint (green) cells were efliciently induced (P59MS8, day 60)
(C). D) An excuded iPS line, P59MI16, with high nuwmber
transgenes showed a striking lentoid formation during the lloating
culture (day 20). Scale bars, 50 pm.

(T1F)

Figure S8 Oxidative stress in photoreceptor cells with
the RP9 mutation (K11). (A) Recoverin, (B) 8-OHdG, (C)
Recoverin/8-OHdG, () Recoverin/8-OHAG/DNA.  Arrows
indicate cells with weak Recoverin signal positive for 8-OHAG;
Arrowhieads represent cells with strong Recoverin signal positive
for 8-OHAG; Asterisks represent Recoverint cells negative for 8-
OHAG. Scale bar, 50 pum.

(PG)

Figure S9 ER stress in photoreceptor cells with the
RHO mutation (P59). (A) CHOP, (B) Recoverin, (C)
Recoverin/CHOP, (D) Recoverin/ CHOP/DNA. Arrows mdicate
cells with weak Recoverin signals positive for CHOP in nuclei;
Arrowheads represent cells with strong Recoveriu signals positive
for CHOP; Asterisks represent Recoverint cells negative for
CHOP. Scale bar, 50 pm.

(rG)

Figure S10 Toxicity testing of the antioxidants in
murine retina-derived rod photoreceptor cells. Primary
culture of mouse retinal cells treated with 100 uM a-tocopherol,
200 pM ascorbic acid or 1.6 pM B-carotene for 24 hours and the
rod photoreceptors were counted using flow cytometry. Value
represents the ratio of treated-rod photoreceptors compared with
control cells. n= 4. One-way ANOVA followed by Dunmett’s test.
Values are mean and s.can. NS, not significant.

gre)

Figure S11 Differentiated rod cells from normal and
patient iPS cells treated with 200 pM ascerbic acid or
1.6 pM p-carotene did not show statistically significant
diffexrences. Two-way ANOVA Bonlerroni post-test. Values are
mean and s.e.m.

gre)
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Table S1 Phenotypic data of the RP patients. M, male; F,
female; AD, age at diagnosis; BCVA, best corrected visual acuity;
HM, hand motion.

(DOC)

Table S2 Autibodies used in the present study.
DOC)
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One case of peripheral ulcerative
keratitis (Leroux et al. 2004) and one
case of paralimbal keratitis caused by
candida glabrata (Djalilian et al. 2001)
have been reported in patients with
CGD. However, no case with so cen-
trally positioned infiltrate and such
deterioration of BCVA has been
reported. The negative culture can be
interpreted as noninfectious infiltrate
in the left cornea, but the profound
clinical and subjective improvement
after the prescription of levofloxacin
drops implies the opposite. The fact
that antibiotic drops were prescribed
2 days earlier can perhaps explain the
negative culture, as this can interfere
with microbiology testing. The other
possibility but less likely would be a
sterile inflammatory keratitis (maybe
related to granuloma formations
already known in other organs),
which has not been described earlier
in such patients. Regarding other pos-
sible systemic causes of granulomas,
the patient has regular contact with
infection clinic, and no other infec-
tions have been diagnosed.
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Editor,
S targardt disease (STGD) has a
juvenile to young-adult onset,
a rapid decrease of central vision and
a progressive bilateral atrophy of the
sensory retina and retinal pigment epi-
thelium (RPE) in the macula. Yellow-
orange flecks are often detected
around the macula, the midretina and
or both (Rotenstreich et al. 2003).
Mutations in the gene encoding the
ATP-binding cassette transporter gene
(ABCA4) are responsible for autoso-
mal recessive STGD (Allikmets 1997,
Webster et al. 2001). We examined a
patient who had the characteristic
signs of STGD but had good visual
acuity.

A 66-year-old man complained of
photophobia and a paracentral sco-
toma which was present since his
teens and had not worsened. None of
his family members had similar symp-
toms. His visual acuity was 20/15
OU, and ophthalmoscopy identified a
dark brown, well-demarcated area at
the fovea surrounded by RPE atrophy
and flecks (Fig. 1A). Fluorescein angi-
ography showed window defects at
the flecks and a dark choroid
(Fig. 1B). The optical coherence
tomographic (OCT) images showed a
well-preserved sensory retina and nor-

mal thickness RPE at the fovea
(Fig. 1C, D). The foveal area was sur-

~rounded by atrophic sensory retina
and RPE. Static perimetry showed

ring-shaped paracentral relative sco-
toma which surrounded the mormal
area seeing area of 5° (Fig. lE).
Focal macular electroretinograms

(FMERGS) also demonstrated a well-

preserved retinal function at the fovea
(Fig. 1F). Compared to age-matched
controls, the FMERGs had normal
responses elicited by a 5-degree stimu-
lus  spot and severely  reduced
responses elicited by 10-degree and
15-degree spots: (Fig. 1F, G). Genetic
analysis with direct DNA sequencing
of amplified products revealed four
reported polymorphisms (Allikmets
1997; Briggs et al. 2001; Webster et al.
2001; Fukui et al. 2002) and one novel
mutation, Met280Thr, in exon 7 of
the ABCA4 gene (Table 1).

Our patient had clinical findings
that were pathognomonic of - typical
STGD, except that the clinical course
was stationary and he had 20/15
vision because of well-preserved
foveal function. The preserved foveal
area was small and well demarcated.
Visual acuity, fundus appearance,
OCT images, static perimetry and
FMERGs supported the well-pre-
served foveal function. We report
our case because the patient had a
unique phenotype with a novel puta-
tive mutation in the ABCA4 gene,
not yet shown to segregate with the
disease.

The well-demarcated dark brown
foveal RPE appeared to be hyperpig-
mented although the thickness mea-
sured by OCT was 29 ym which was
within normal limits. The findings in
our case could indicate that the non-
atrophic foveal RPE had an effect in
preserving the foveal morphology and
function.

The inheritance of STGD is autoso-
mal recessive; however, our patient
had four polymorphisms and one het-
erozygous gene mutation ¢.839T>C
in exon 7 in the ABCA4 gene. A sec-
ond mutation was not found, but it
may well exist outside of the coding
sequence of the ABCA4 gene. The
new mutation in our patient was
located outside the known functional
domains of ATP-binding or trans-
membrane site (Lewis et al. 1999),
which may explain the mild effect of
the missense mutation. We should
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