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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 degeneration; 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 RP1, 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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Introduction

Retnitis pigmentosa (RP) leads inevitably to visual impairment
due to irreversible retinal degeneration, specifically of primary rod
photoreceptors. The condition causes might blinduess and visual
field defects. The disease onset spans a wide range of ages, but RP
most oftent occurs in late lite. There is no treatment that allows
patients to avoid deterioration of visual function. RP encompasses
a nuriber 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 mechanisius,
which remain largely unclear. Furthermore, for many of the RP
subtypes, no appropriate anitnal models are available. Although
large clinical trials have been conducted with o-tocopherol and B-

carotene, these studies found no statistically significant change ol

visual function in RP patients [1,2]. The underlying mutations
causing disease in the patients tested in the chinical trials were not
revealed, and the variability of individual responses to these drugs
is unknown. Omne of the reasons why these clinical trials failed to
examine the effectiveness of drugs is that the effect of a drug may
be diflerent between patients with dillerent underlying mutations.

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

.@ PLoS ONE | www.plosone.org

success(ully induced diflerentiation of photoreceptor cells from
both human embryonic stem (ES) cells [8] and iPS cells [9,10].
Modeling pathogenesis and treatiment i vitro using patient iPS cell-
derived photoreceptors will elucidate disease mechanisims; 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 from
RP patients with different mutations and demonstrated the
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
Declaration of Helsinki. The study was approved by the ethical
committees of the Institute ol 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 lamilies whose disease-
causing mutations have been identified (Fig. 1A-D and Fig. 81).
Of the five RP patients in this study, three late-onset patients
carried the following mutations: 721LIs722K i RPI, W316G in
PRPH?2, and G188R in RHO. Two relatively early-onset patients
from the same family carried a H137L mutation in RPY, which we
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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: endoderm (I), mesoderm (J) and ectoderm (K). Karyotype analysis (1). Scale

bars, 50 pm.
doi:10.1371/journal.pone.0017084.g001

confirmed by both genomic and ¢cDNA sequencing (Fig. $2). All
patients  showed typical manilestations of RP (Tab. SI).
Peripheral blood obtained from patients was used for DNA
isolation. A comprehensive screening of disease-causing genes was
carried out as described previously [11]. For the RP9 mutation,
total RNA was isolated from fresh blood samples and iP8$ cells, and
synthesized cDNA was subjected to PCR and direct sequencing to
confirm whether the mutation was located in the RP9 gene or the
pseudo-RP9 gene (paralogous variant). Both fibroblast and iPS
cells were analyzed to re-conlirm the identified mutation.

iPS cells generation

To generate iPS cells, retroviral transduction of Oct3/4, Sox2,
K4, 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 mitomycin 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% COy 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

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

Transgene quantification

To examine the copy mumber 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 plastmid DNA dilutions. Taqman qPCR to detect integrated
OCT3/4, KLF4, and MYC was performed using 20 pl reactions
consisting of 10 pl TagMan Master Mix with uracil N-glycosylase,
4.9 uM primers, 250 uM probe, and 1 pl of the DNA sample.
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 miice (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% paratormaldehyde for 15 min at 4°C
and then permeabilized with 0.3% Triton X-100 for 45 min. Alter
1 b blocking with 5% goat serun, cells were incubated with
primary antibodies overnight at 4°C and subsequently “with
secondary antibodies lor 1 h at room temperature. The primary
and second antibodies used are listed in Tab. 82.

Karyotype analysis
Karyotype analysis of the iPS 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
2 KSR optimal for retinal differentiation, lot: tcstmg was conducted
before differentiation. iPS colonies were dissociated ‘nto clumps
with 0.25% trypsin and 0.1 mg/ml Lollagcndsc IV in PBS
containing 1 mM CaCly and 20% KSR. Feeder cells. were
removed by incubation of the iPS cell suspension-on a gc]atm—
coated dish for 1 h. iPS clumps were moved to a non-adhesive

MPC-treated dish (NUNC) in maintenance. medmm for 3 ddys i
20% KSR-containing dillerentiation mcdlum (DMEM—IZ supple-
mented with 0.1 mM non-essential - atmino . 4c1ds 0.1nM - 2-
mercaptoethanol, 2 mM Le-glutamine) for 3 days, then in 15%

KSR-containing dillerentiation medinm for 9 days, and finally in

10% KSR-containing medium for 6 days. Cells were trcatt:d with

Lefty-A and Dkk-1 durmg floating culoure. At day 21, the cells
were plated en bloc on poly-D-lysine/laminin/. by Olchtnl—L.()dth
"—W(,ll culture slides (BD Biocoat) at a density of 15-20 aggregates/
cm®. The cells were cultured in 10% KSR-contdmmv differenti-

ation medium until day 60. Cells were further treated ‘with

100 nM retinoic acid (Sigma) and 100 pM- taurine (Sigma) in
photoreceptor  differentiation medium (GMEM, 5% KSR,
0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoetharnol,

. 1 M pyruvate, N2 supplement, and 50 units/ml - penicillin,
20 pg/ml streptomycin). Dilferentiated cells from both normal
and patient iPS cells were treated with 100 pM a-tocopherol,
200 pM ascorbic acid and 1.6 pM f-cavotene  starting  at
dillerentiation day 120. One week later, cells were ﬁxcd for
fnmmunostaining.

Electrophysiological recording

Recorabinant lentiviral vectors expressing GFP under the
control of the Nrl or RHO promoters were generated m HEK293t
cells RIKEN Cell Bauk), and differentiated cells were infected
with virus on day 90. Cells expressing GFP were targeted {or patch
clamp recordings. Voltage-clamup recordings were performed with
12-15 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 KC(l, 0.2 mM
EGTA, 2.5mM 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 NaHCO3, 0.5 mM KHyPOy, 120 mM NaCl, 3.1 M
KCl, 6 mM Glucose, 1 mM MgS50,, 2 mM CaCly, and 0.004%
Phenol red. The medivm was heated to 37°C with a temperature
controlier (Warner Instruments).

Cell count and statistical analysis

Dillerentiated cells visualized with specilic 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 [ollowed by Tukey’s test or
Dunnett’s test, or by two-way ANOVA followed by Bonferroni test
using the GraphPad Prizin software. Probability values less than
0.03 were considered signilicant.

Results

Generation of iPS cell lines from patients with RP
Mutations identified in the five patients were corfinmed by bi-
directional sequencing (Fig. S1). Through genotyping of four
patients and two normal relatives in the RP9 family, we lound the
HI137L 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 (also known as POUSFI),
SOX2, KLF4, and ¢-MYC, using a previously established method [3].
Each mutation was re-confinmed in both fibroblasts and iPS cells.

Established iPS colomies showed human embryonic stem cell-like
morphology (Fig. 1F and Fig. S3A) and expressed pluripotency
‘markers (Fig. 1CG-D). We selected iPS cell lines for each patient
‘using multiple criteria. First, we excluded iPS cell lines in which

spontaneous differentiation occurred repeatedly during mainte-

nance (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 muruber
and selected 1PS cell lines with the [ewest integrations, as the risk ol
gene disruption through random insertion increases with the
number of transgenes (Fig. S4A-E). Third, in order to select iPS
cell lines with full pluripotency, we verified the ability to form
teratornas. Teratornas formed by injecting 1PS colonies ito the
testis i vivo showed contributions to all three ernbryonic germ layers:
ectoderm, mesoderm, and endoderm (Fig. 1E-G). Finally,
karyotype analysis was carried out to examine the chromosome

integrity. The patient-iPS cells showed normal karyotypes  alter

extended passage, indicating chromosornal stability (Fig. 1H).
These results provide in vt and in swo functional proof of
pluripotency for RP patient-derived iPS cells.

Generation of patient-specific retinal photoreceptor

We previously demonstrated  zitro differentiation of retinal
photoreceptor cells from wild-type human ES [8] and iPS$ cells [9,10]
using a stepwise differentiation method known as serum-free culture
of embryoid body-like aggregates [12]. We first evaluated the
dillerentiation efliciency. 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

sequentally induced (Fig. 2B-K), consistent with our previous

studies [8-10,12]. All patient-dexived iPS cell lines differentiated into
RPE cells that form ZO-1+ tight junctions on dillerentiation day 60,
with tining, morphology, and efliciency similar to that of wild-type
iPS cells (Fig. 2D-E; Fig. 85). Immature photoreceptors expressing
Crx and Recoverin (day ~60) were observed as clusters m the
colomes (Fig. S6A-B). The patient-iPS cells also dillerentiated into
blue Opsint or red/ green Opsint cone photoreceptor cells (Fig. 2H
and data not shown). Immunostaining of Rhodopsin (a maker of
mature rod photoreceptors) revealed no Rhodopsint cells at
dillerentiation day 100 (data not shown). Rhodopsint cells appeared
at differendation day 120 with a stable efficiency of the three
independent iPS cell lnes from each patient (Fig. 2K,N and Fig.
S6C). Additionally, 15.1 £0.60% and 13.3+1.65% cells were positive
for Recoverin (a conventional marker for both rod, cone photore-
ceptors and cone bipolar cells) in K21- and K114PS cells, respectively
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Colany morphology
} Copy nuiber of integrations
i | Full pluripotency

do 20 30 40 120
R S A
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~ RPE Rod
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Figure 2. Induction of patient-specific rétinal‘ph'oto,rece‘ptor 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 (1. K11-derived rod photoreceptors were observed at day 120 {J). No Rhodopsin+ cells were detected, but
Recoverin+ 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.
{0) Relationship between voltage and membrane current (i) produced a non-finear curve, suggesting that voltage-dependent channels exist in iPS
cell-derived rod photoreceptors Rec, Recoverin; Rho, Rhodopsin. Scale bars, 50 pm.

doi:10.1371/journal.pone.0017084.9002
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(data from three selected lines), consistent with stable differentiation.
Furthermore, we confinmed rod induction by labeling with lentiviral

vectors driving GFP from the Rhodopsin and Nl promoters, either of

which is specilically expressed in rod photoreceptors (Fig. 2L--M)

Whole-cell patch-clamp  recording * demonstrated ~that' the ‘rod

photoreceptor cell membrane contaiis Voltdge-dcpcndcnt charmiels,
suggesting that differentiated patient-derived rod cells are: “lectro-

physiologically fimctional (Fig. 2N-0): Meauwlile, the excluded iPs

cell lines (ones that showed spontaneous. dlﬁelcnnanon durmu

maintenance, or had a high copy number. of tmnsgenc.s}, demon—

strated a significant diversity of differentiation (Fig. §7). Touedxcr

these data show that patient-derived 1?5 cells can dilferentiate into

cells that exhibit many of the immuanoch
logical features of mature rod photoreccptor cells.

Patient-specific rod cells undergo degenerat;on in vitro o
As compared with normal iPS cells; there is no s;trmhcamt"“
difference in tod cell differentiation - clhucm.y at’ day " 120
PI01(PRPH2)-, and I’VQ(RHO) -PS cell lines (Fig. 3).
iP8 cells from both K11(RPY) and KIO(RPS)) L.u'ncdal\l)i) mutation; -

K21RPI),

however, rod cell number was slumhc,dmly lowcr than in normal be

cells (Fig. 3). We asked whether early death ol precursor cells 1Cddb o
a smaller nuriber of mature rod photm eceptor cells. To detcmnnc :
whether genetic mutations induce degeneration i photorcwptors
" suggests  accurnulation - of unfolded Rhodopsin, as reported

cells in vito, we extended the culture period and evaluated the mumnber
of rod photoreceptors at day 150. In differentiated iPS cells from
patient K21(RP1) at day 150, the number of Rhodposint cells was
significantly decreased - (Fig. 3). For the K11-PS cells, no
Rhodposint cells were found at day 150 (Fig. 3). Importantly, some
Kll-cells at day 150 were positive for Recoverin (10.321.99%) and
Crx, markers for the rod, cone photoreceptors, and/or bipolar cells
(Fig. 2K and data not shown), strongly suggesting that cone
photoreceptor and/or bipolar cells survived, whereas the rod
photoreceptors underwent degeneration i vitro. 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 ruanner in sibo.

Rhodopsin+ cells (%)

Q S D QO @ A\ Q,Q Q ‘DQ D D
R N N I S A S

i [} 1 3 L 1 i ! It 3 1 1

Normal K21 K11 K10 P101 P59

Figure 3. RP patient-derived rod photoreceptors undergo
degeneration in vitro. iPS cells were differentiated into-Rhodopsint
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;

***n<0,001. Values in the graphs are means and s.em.
doi:10.1371/journal.pone.0017084.9003
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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
cell line at both day 100 and day 120, respectively. Interestingly, in
~the RP9-PS (K10 and K11) cells, a subset of Recoverint cells co-
~ expressed cytoplausmm 8-hydroxy- 2’-dcoxygudnosme (8-OHJG), a
: 'f:magox oxidative stréss marker, indicating the presence of DNA
*oxidation in RP9 patient-derived photoreceptors by dlﬂereutmtwn
"ddy 100 (Fig. 4A and Fig. S8). More  caspase-3+ cells. were
“Incscnted in the Croet photouucptor cluster of RP9-PS than in

those [rom other lines (Fig. 4C-D). Alter maturation of the rod
_ photoreceptors from RPY-PS cells, Rhodopsint cells co- expressed
“Acrolein, a marker of lipid oxidation (Fig. 4E), “while no
: ;Rhodopsm+/Acrolcm+ 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 §- OHd(y

and activated c¢spase—5 Thus, we conclude that 0x1d4non is

‘involved in the RPY-rod photoreceptor degeneration.

In dlﬂcrcntmted RHO-PS (¥59) cells, we found that Rhodopsin

‘proteins were localized in the cytoplasm (Fig. 4G), as determined
by immunostaining with anti-Rhodopsin antibody (Ret-P1). This

pattern is unlike the normal localization of Rhodopsm at the cell

_membrare in photoreceptors derived from normal iPS ‘or other

patient-derived iPS cells (Fig. 4H and data not shown). This result

previously in rhodopsin mutant mice cells [13]. We next examined
the possible involvement of endoplasmic reticalum (ER) stress i
RHO-PS cell line degeneration. The Rhodopsint or Recoverint
cells co-expressed irmmunoglobulin heavy-chain binding protein
(BiP) or C/EBP homologous protein (CHOP), two conventional
markers of endoplasmic reticulum (ER) stress, from day 120
(Fig. 4K and Fig. 89), while cells derived from cortrol iPS or
other mutant iPS cells were negative for BiP and CHOP
(Fig. 4J,L). Taken together, these results demonstrate that ER
stress is involved in rod photoreceptors carrying 2 RHO mutation.

Drug evaluation in patient-specific rod cells

The antioxidant vitamins o-tocopherol, ascorbic acid, and -
carotene have been tested in clinical trials as dietary therapies for
RP [2] aud in another major retinal degenerative disease, age-
related macular degeneration [14]. Thus far, mostly due 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 ellects of these agents
on rod photoreceptors derived from patient iPS cells. In mouse
retinal culture, short-term treatment with o-tocopherol, ascorbic
acid and B-carotene at 100 pM, 200 pM and 1.6 uM, respective-
ly, exerted no significant toxic effects on rod photoreceptor cells
(Fig. S10). Since the differentiated rod photoreceptors underwent
degeneration after day 120, we treated the cells for 7 days with
these agents starting at day 120 (Fig. 2A). a-Tocopherol treatment
significantly increased the number of Rhiodopsint cells in iPS cells
derived from K11- and K10-iPS with the RPY mutation, while it
had no significant effects on iPS cells with the either the RP1,

o PRPH? or RHO mutation (Fig. 5). In contrast, neither ascorbic

acid nor B-carotene treatment had any ellect on iPS cells of any
genotype (Fig. 811). We cannot currently explain the discrepancy
between the eflects of these antioxidants. It has been reported that
under certain circurnstances, anti-oxidants can act as “pro-
oxidants” [15]. Taken together, our results mdicate that treatment

* with o-tocopherol is beneficial to RP9-rod photoreceptor survival,

and causes different effects on Rhodposint cells derived from
different patients.
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K11 (RP9) K21 (RP1) P59 (RHO) K21 (RP1)

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. (C) 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 () 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 um except for G and H (20 um).

doi:10.1371/journal.pone.0017084.g004

Discussion been  reported previously in any amimals or cell models.
Furthermore, we have demonstrated that the antioxidant o-

By using patient-derived iPS cells and @ vitro differentiation tocopherol exerts a beneficial effect on RP9-rod cells. Additionally,
technology, we have shown that RP9-retinitis pigmentosa is  we have clearly shown that rod photoreceptors derived from
volved, at least in part, in oxidative stress pathways; this has not patients with a RHO mutation are associated with ER stress; this is

&k

§- E2 Normal
B8 K21 (RP1)
4 K11 (RP9)
K10 (RP9)
3 P101 (PRPH2)
[E3 P59 (RHO)

Rhodopsin+ cell number (fold)

Untreated , a-Tocopherol

Figure 5. Disease modeling of patient-derived rod photoreceptor cells. a-Tocopherol treatment of patient- -specific fod photoreceptors -
yielded a significant beneficial effect in RP9 mutant cells. Two-way ANOVA Bonferroni post-test showed no significance m 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

.@ PLoS ONE | www.plosone.org 6 February 2011 | Volume 6| Issue 2 | e17084'



the first report of ER stress in a cell culture model for human rod
cells. These cell models will be very useflul for disease mechamism
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 dilferent genetic
subtypes exhibit significant differences in drug responscs. Among
the different types of antioxidants, a-tocopherol has . either
beneficial or non-beneficial effects on diseased photoreceptors,
depending on the genetic mutation. This is the first report of the
utilization of iP8 cells related to personalized medicine, which will
be helptul for routinn clinical practice. Our results also provided
evidence that genetic diagnosis is essential for optimizing
personalized treatinent 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 of antioxidants among patients
with different disease-causing mutations. Although the microen-
vironment aflects the pathogenesis’ of diseases, and i oilro
evaluation is niot perlect, this study suggests that iPS cells could
be used to select between multiple available treatments, allowing
Pphysicians to advise each patient individually. The weakness 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 briel, we generated pluripotent stem cells [rom retinitis
pigmentosa patients and induced them into retinal - cells.
Compared with normal cells, patient-derived rod cells simulated
the disease phenotype and exhibited different responses to specilic
drugs. We [ound that patient-specific rod cells underwent
degeneration i zitro, which maybe related to different cellular
stresses. To our knowledge, this is the first report ol disease
modeling of retinal degeneration using patient-derived iPS cells.

Supporting Information

Figure 81 Pedigrees of K21 (A), P59 (B), K10 and K11 (C).
Families of P39 (B) and K10 and K11 (C) show autosomal
dominant mode of inheritance. (C) Mutation analysis was
performed in four patients and two normal relatives in the RP9
family. The HI37L mutation in RPY 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.

(T1TF)

Figure 52 Muiation in the RPY gene. (A) Alignment of RP9
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 RPY gene,
instead of the paralogous variant in pseudo-gene which was
documented in RetNet (www.sph.uth tinc.edu/retnet/ disease.
hitm).

0PG)

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

(TIF)

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
number hines used f{or i vitro diflerentiation.

(TIF)

Figure 85 Efficiency of RPE induction in patient-iPS
cells. RPE production of the five patient-iPS cells showed no
significant dillerences (m=4). Data represent the percentage of
RYE area at differentiation day 60. One-way ANOVA followed by
Dunnett’s test. Values are mean and s.e.an.

(TIF)

Figure 56 Induced retinal cells from patient iPS cells
(K2184). Crx+ photoreceptor precursor. cells present i the cell
cluster on dilferentiation 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
(mmarkers for ganglion progenitor or ganglion cells (day 60) (E).
Cells positive for Islet-1 (2 mnarker for amacrine, bipolar and
ganglion cells) (F). Scale bars, 50 pm (A, D, E, and F); 20 pm (B
and Q).

(TTF)

Figure S7 Differentiation of the patient-iP§ cells. iPS
colony was cut into uniforin sized pieces (A) and subjected to a
lloating culture (P59MS8, day 20) B). RPE (pigmented) and
recoverint (green) cells were elliciently induced (P59MS, day 60)
(C). D) An excluded iPS hine, P59MI16, with high number
transgenes showed a striking lentoid formation during the floating
culture (day 20). Scale bars, 50 pm.

(TIF)

Figure 8§ Oxidative stress in photoreceptor cells with
the RP9 mutation (K11). (A) Recoverin, (B) 8-OHdG, (C)
Recoverin/8-OHAG, (D) Recoverin/8-OHAG/DNA.  Arrows
mdicate cells with weak Recoverin signal positive for 8-OHdAG;
Arrowheads represent cells with strong Recoverin signal positive
for 8-OHdG; Asterisks represent Recoverint cells negative for 8-
OHJG. Scale bar, 50 pm.

(128

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

JrG)

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

grG)

Figure 811 Differentiated rod cells from mormal and
patient iPS cells treated with 200 pM ascorbic acid or
1.6 pM f-carotene did not show statistically significant
differences. Two-way ANOVA Bonferroni post-test. Values are
mean and s.em.

JrG)
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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.

oo ,

Table 2 Antibodies used in the present study.

(DOC

Acknowledgments

We thank C. Ishigarni and Y. Tada for assistance of mutation screening; K.
Iaekl, N. Sdkzu Y WAtdoka K. badamoto, A. Td(.hlbdud C. Yd.n’ld.dd. for

References

1.

=

Weleber RG, Gregory-Evans K (: 2006) Retinits: Pigmentosa and: Allied
Disorders. In: Hilton DR, Schachat AP, Ryan 8], eds. Retina. Elsevier Mosby.
pp. 595498,

. Berson EL, Rosner B, Sandberg MA, Hayes KG, Nicholson BW, et al. (1993) A
‘r‘mdomlzcd trial of vitarmn-A and witarmine E supplemenmtmn for retimtis

pigmentosa. Arch Ophthalmol 11: 761-772..

. Takahashi K, Tanzbe K, Ohnuki M, Narita M, Ichisaka T, et al. (2007)

Induction of pluripotent stem cells*fror adult hurnan fbroblasts by defined
factors. Cell 191: 861-872.

. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, et al,

(2007) Induced pluripotent stem cell lines derived from human somatic cells,
Science 318:-1917-1920,

. Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, et al. (2008) Discase-specilic

induced pluripotent stem cells, Cell 134: 877-886.

. Raya A, Rodriguez-Pizd I, Guenechea G, Vassena R; Navarro' S; et al. (2009)

Disease-corrected haernatopoietic. progenitors from Fanconi anaemia indoced
pluripotent stem cells. Nature 460: 53-59.

. Yamanaka' S (2007) Strategies and néw dcvélopmcms in the generation of

patient-specific pluripotent stemn- cells. Cell Stern Gell 1: 5949,

. Osukada F, Ikeda H, Manda M, Wataya T, Watanabe K, et al. (2008) Toward

the generation of rod and cone pho[on eceptors from mouse, monkey and hurman
embryomc stern cells. Nat Biotechnol 26 215-224.

.@ PLoS ONE | www.plosone.org

Disease Modeling of Retinal Degeneration

techmical assistance; Y. Axata, W. Meng, C. Li, A. Suga, M. Mandai and -
all members in the Takahashi lab for advice.

Author Contributions

Concéived and designed the experiments: ZB] MT. Performed the
experituents: ZB] SO FO KH JA. Analyzed the data: ZBJ SO: FO.
Contributed reagents/naterials/analysis touls MT YH TL Wrote the
paper: ZB] MT.

10

 Generation of retinal cells from rmouse and human induced pluripotent stem

15.

. - Osakada F, Jin ZB, Hirami Y, Ikeda H; Danjyo T, et al. (2009) In vitro

diflerentiation. of retinal cells frorn human pludpotent stem cells by small-
molecule mduction. J Gell Sci 122: 3169-3179. )
Hirami Y, Osakada F, Takahashi K, Okita K, Yamanaka S, et al. (2009)

cells. Neurosci Lett 458: 126131

. Jin ZB, Mandai M, Yokota T, ngudn K, Ohmon K, et Al (2008) Idenhlymg

pathogenic genetic background of mmplt:x or yetinitis pi gt Sd
patients: a ldl ge scale mutation screening study. J Med Genet 45 465—472‘

1einsle
T

. Ikeda H, Osal;ada F, Watanabe K; Mizuscki K, Haraguchn T; et al. (2005)

Generation of Rx+/Pax6+ neural retinal precursors from embryonic stem cells.

* Proc Natl Acad Sci U § A 102: 11331-11336.
. Sung CH, Davenport CM, Natharis J (1993) Rhodopsin mutations responsible

for .Lutosumd.l dominant retinitis pigmentosa, Clustering ol functional classes
along the polypeptide cham, J Biol Chemn 268: Z()MJ—ZG(AQ

. van Lenuwcn R, Boekhoorn 8, Vingerling JR, Wittemnan JC, Klaver CC, et al,

(2005) Dietary intake of antioxidants and risk ‘of age-related macular
degeneration. JAMA 294: 3101-3107. )
van Helden YG, Kefjer J, Heil SG, Pico C, Palou A, et al. (2009) Be[a—caru[t:nc‘
affects oxdative stress-related DNA damage in lung epithelial cells and in {erret
lung. Carcinogenesis 30+ 2070-2076.

February 2011 | Volume 6| Issue 2 | €17084



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,
4 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-

- Focal
_ (FMERGs) also demonstrated a well-
* preserved retinal function at the fovea
“(Fig. 1F). Compared to age-matched

.mal thickness RPE at the fovea
 (Fig. I1C, D). The,foveal area was sut-
. rounded by -atrophic sensory retina

identification of a putative

and RPE. Static perimetry showed

‘ring-shaped paracentral relative sco-
~toma which surrounded the normal

area seeing area of 5° (Fig. 1E).
macular - electroretinograms

controls, the FMERGs had normal
responses elicited by 4 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 Dbecause 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 um 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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Fig. 1. Fundus photograph (A), fluorescein angiogram (FA) (B), optical coherence tomography
(OCT) (C, D), Humphrey static perimetry (E), and focal macular electroretinograms
(FMERG:s) (F) of an eye of a patient with Stargardt disease. (A) Fundus photograph showing
dark brown, well demarcated area in the fovea surrounded by orange-yellow flecks in the mac-
ula. (B) FA showing blockage in the foveal area, ring-shaped mottled hyperfluorescence in the
macula, and dark choroid. (C, D) OCT images (C; horizontal, D; vertical) showing well-pre-
served sensory retina and retinal pigment epithelium (RPE) layer in the fovea. In the juxta-
foveal region, an atrophy of both sensory retina and RPE can be seen. The enlarged images
within the red lines are attached. (E) Humphrey static perimetry showing ring-shaped paracen-
tral relative scotoma (10-2 strategy). (F, G) FMERGs showing normal responses elicited by a
5-degree stimulus spot and severely reduced responses elicited by 10-degree and 15-degree spots,
when compared with the age-matched control.

Table 1. ABCA4 GENE MUTATION AND Polymorphisms.

Nucleotide .
Exon Change Effect Changes Het/Hom References
Mutation
7 c.839T>C p-Met280Thr Het Present study
Polymorphisms
10 ¢.1269C>T p-His424His - Hom Webster AR et al.
45 c.6249C>T p.11e20831le Het Allikmets R et al.
46 c.6285T>C p.Asp2095Asp Het Briggs CE et al.
49 c.6764G>T p.Ser2255Me Het ~Allikmets R et al.

The translational start codon ATG/methionine is numbered as + 1. One novel disease-associ-
ated mutation [c.839T >C (p.Met280Thr)] was found. References of previously reported poly-
morphisms are indicated.

Het, heterozygote; Hom, homozygote.

also consider a modifier gene effect in
our patient.

Although the relationship between
the new mutation of the 4BCA4 gene
and the well-preserved foveal structure
is unresolved, the unique phenotype
and genotype of our patient may give
additional information on the mecha-
nism of photoreceptor degeneratlon in
eyes with STGD. :
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Purpose: Previous studies have described a possible association between exfoliation syndrome (EX) and various ocular
and systemic vascular disorders; however, the association between EX and branch retinal vein occlusion (BRVO) remains
unclear. Because slit-lamp examination may overlook latent deposits of exfoliation materials, an ocular biopsy is usually
needed for a precise diagnosis. We evaluated a possible association between EX and BRVO using lysyl oxidase-like 1
(LOXLI) gene variants as alternative markers for EX.

Methods: Allelic and genotypic frequencies of three LOXLI variants (rs1048661, 153825942, and rs2165241) were
determined for 78 consecutive Japanese patients with BRVO (11 patients with exfoliation syndrome [EX+], 67 patients
without exfoliation syndrome [EX-]), and 158 patients with cataract without EX (CT) as controls.

Results: The rs1048661 variant differed between the BRVO and CT groups in allelic and genotypic frequencies (p=0.0137
and p=0.0203, respectively). Subgroup analysis, compared to the CT group, showed that BRVO EX+ had significantly
different allelic and genotypic frequencies of rs1048661 (p=0.00011 and p=0.000189, respectively), while BRVO EX-
did not (p=0.175 and p=0.288, respectively). The frequencies of 1s3825942 and rs2165241 did not differ between the
BRVO and CT groups.

Conclusions: No association was found between BRVO and EX if LOXLI variants were used as disease markers for
clinically undetectable EX. The results suggested that LOXLI variants, well established markers for EX, are not likely

© 2011 Molecular Vision

genetic markers for BRVO in Japanese subjects.

Retinal vein occlusions (RVOs), including central retinal
vein occlusion (CRVO), an occlusion at the central trunk of
the retinal vein, and branch retinal vein occlusion (BRVO),
an occlusion at an arteriovenous crossing where the retinal
artery and vein are bound by a common adventitial sheath, are
important causes of ocular morbidity [1,2]. Although CRVO
and BRVO have several risk factors in common, including
systemic hypertension, smoking, hyperlipidemia, and
elevated plasma homocysteine [1,2], they do not fully explain
the involvement of the central trunk or branch of the retinal
vein circulation.

Exfoliation syndrome (EX), the most common
identifiable cause of open-angle glaucoma worldwide, is an
age-related, generalized disorder of the extracellular matrix
characterized by the production and progressive accumulation
of fibrillar extracellular material in many ocular tissues [3]. A
recent genome-wide association study reported that one
intronic single nucleotide polymorphism (SNP; rs2165241)
and two exonic SNPs (rs1048661 [R141L], rs3825942
[G153D]) in the first exon of the lysyl oxidase-like 1

Correspondence to: Masaki Tanito, Department of Ophthalmology,
Shimane University Faculty of Medicine, Enya §9-1, lzumo,
Shimane, 693-8501, Japan; Phone: +81-853-20-2284; FAX:
+81-853-20-2278; email: tanito-oph@umin.ac.jp

(LOXLI) gene on chromosome 15q24.1 are highly associated
with EX in Icelandic and Swedish populations, and that none
of these SNPs was associated with primary open-angle
glaucoma in the two populations [4]. Several studies have
confirmed the association of these SNPs with EX in other
populations [5], including a Japanese population [6-11].

In addition to ocular tissues, production and progressive
accumulation of exfoliation materials occur in skin and
various visceral organs [3,12]. The association of EX with
various systemic vascular and neurodegenerative disorders
has been described in ischemic heart disease [13,14], carotid
stiffness [15], cerebrovascular disease [16], Alzheimer
disease [17], and hearing loss [18]. Regarding RVO, several
studies have described a possible association between CRVO
and EX diagnosed based on chart review [19], slit-lamp
examination [20], histopathologic studies in enucleated eyes
[21,22], and a combination of slit-lamp examination and
conjunctival biopsy [23], while only a few studies have
evaluated the association between BRVO and EX [19,20].
Recently, the role of the LZOXLI polymorphism has been
tested in several ocular [24] and systemic [25,26] pathologies
to explore the association between EX and these pathologies,
suggesting the usefulness of analyzing LOXLI variants as a
disease marker for EX.
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TABLE 1. SUMMARY OF STUDY POPULATIONS.

BRVO

Total EX- EX+ CT p-value
No. of subjets 78 67 11 158
Men/Women
No. 32/46 29/38 3/8 45/113 0.0568*
% 41/59 33/67 27173 28/72 !
Age (years)
Mean+SD 73.245.6 72+9.4 80.5+6.8 76.9+4.9 5.81x10757
Range 47-88 47-87 69-88 70-90 ‘

*Fisher’s exact probability test between BRVO (total) and CT groups. $Unpaired z-test between BRVO (total) and CT groups.

In the cutrent study, we tested the association between
LOXLI variants and BRVO in a Japanese population to
explore a possible association between EX and BRVO.

METHODS

Subjects: Unrelated Japanese subjects with BRVO (n—78)
were consecutively recruited at the Shimane University
Hospital and linan Hospital in Shimane, Japan. The BRVO
group was divided into two subgroups based on the presence
(EX+, n=11) or absence (EX-, n=67) of clinically detectable
ocular deposits of exfoliation material. The data set from
patients with cataract without deposits of exfoliation material
(CT, n=158) reported in our previous study [11] served as a
control. The demographic data including age and gender for
each group are summarized in Table 1.

Methods: The current study adhered to the tenets of -the
Declaration of Helsinki. The institutional review boards of
both . hospitals reviewed and approved the research. All
subjects provided written informed consent. All subjects
underwent a dilated pupil examination of the anterior
segments, ocular media, and fundus using a slit-lamp
(RO5000, Buchmann Deutschland, Disseldorf, Germany)
and a funduscope (BS-I1I, Neitz Instruments, Tokyo, Japan).
BRVO was diagnosed if the fundus examination revealed
venous dilation and tortuosity with flame-shaped and dot-blot
hemonhdges in a wedge-shaped region. Patients with CRVO
and hemi-CRVO were excluded. Deposits of exfoliation
material were identified if the slit-lamp exammatlon revealed
a typical pattern of exfohanon material on the anterior lens
surface and/or pupillary margin.

DNA genotyping: Genomic DNA. was extra(,ted ilom the
peripheral white blood cells of each subject. A polymerase
chain reaction was performed. using primers designed to
amplify the genomic region containing both rs1048661 and
r$3825942 (forward primer: 5-AGG TGT ACA GCT TGC
TCA ACT C-3' and reverse primer: 5-TAG TAC ACG AAA
CCC TGG TCG T-3") or only 152165241 (forward primer: 5'-
AGA ATG CAA GAC CTC AGC ATG AG-3" and reverse
primer: 5-TAG TGG CCA GAG GTC TGC TAA G-3'). The
sequence was determined based on the dideoxy terminator

method using an ABI PRISM 3130xl Genetic Analyzer
(Applied Bmsystems, Foster City, CA) according to the
manufacturer’s protocol. Weused Sechape Software version
2.5 (Ap_phed Bwsystcms) to analyze the sequence alignment.
Statistical analysis: Statistical analysis was performed using
R version 2.6.2. Fisher’s exact test was used to compare the
allele or genotype frequencies of each group with the controls.

RESULTS

The allelic and genotypic counts and f'requcncies of SNPs

rs1048661, 13825942, and rs2165241 within LOXLI are
shown in Table 2. Compared to the CT group, the T allele and
TT genotype frequencies 0f1s1048661 were higher in patients
with BRVO  (p=0.0137 and p=0.0203, respectively). In
subgroup analysis, compared to the CT group, the group with
BRVO with exfoliation material deposits (EX+) had
significantly different allelic and genotypic frequencies
(p=0.00011 and p=0.000189, respectively), while the group
with BRVO without exfoliation material deposits (EX-) had
no difference in allelic and genotypic frequeni:ies (p=0.175
and p=0.288, respectively). Compared to the CT group, the
frequencies of the G allele of r53825942 and the C allele of
152165241 were higher in the BRVO EX+ groups with
borderline  significance  (p=0.0933 and p=0. 0908

respectively), but the allelic and genotypic frequencies dld not
differ between any pairs of BRVO total or BRVO EX- and the
CT group.

: , DISCUSSION
To the best of our knowledge this is the first study to 1dent1fy
a possible association between LOXL I variants and BRVO.
The prevalence of clinical EX increases with age, especially
after age 60 [3]. Accordingly, detection of exfoliation material
deposits by slit-lamp examination may overlook latent EX.
Indeed, previous studies have suggested that the prevalence

-of exfoliation material deposits found on histopathologic

assessment of ocular . specimens was roughly . double
compared - with the slit-lamp examination [27.28]. A
conjunctival biopsy can detect preclinical EX that is not
evident on slit-lamp examination [23]; however, because the
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TABLE 2. ALLELIC AND GENOTYPIC COUNTS AND FREQUENCIES OF SNPs r§ 1048661, 153825942, AND rs2165241.

TIge

BRVO
Total EX- EX+ CT p-value*
Count - Frequency Count Frequency Count Frequency Count - Frequency Total BRVO EX+
versus EX- versus
i CT versus CT
131048661 : , CT
Allele
T 86 0.566 67 0.515 19 0.864 140 0.443 0.0137 0.175 1.10x10-4
G 66 0.434 63 0.485 3 0.136 176 0.557
Genotype
TT 24 0.316 16 0.246 8 0.727 25 0.158 0.0203 0.288 1.89x10™4
TG 38 0.500 35 0.538 3 0.273 90 0.570
GG 14 0.184 14 0.215 0 0 43 0.272
153825942
Allele
G 131 0.862 110 0.846 21 0.955 255 0.807 0.155 0.348 0.0933
A 21 0.138 20 0.154 1 0.045 61 0.193
Genotype
GG 57 0.750 47 0.723 10 0.909 101 0.639 0.212 0.424 0.209
AG 17 0.224 16 0.246 1 0.091 53 0.335
AA 2 0.026 2 0.031 0 0 4 0.025
152165241
Allele
C 135 0.877 113 0.856 22 1.000 277 0.877 1 0.541 0.0908
T 19 0.123 19 0.144 0 0 39 0.123
Genotype
cC 61 0.792 50 0.758 11 1.000 123 0.778 0.765 0.685 0.335
CT 13 0.169 13 0.197 0 0 31 0.196
TT 3 0.039 3 0.045 0 0 4 0.025

~ *Pisher's exact probability test.
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biopsy is invasive, it cannot be used for all patients. The role
of the LOXLI polymorphism has been tested in several
pathologies including wet and dry age-related macular
degeneration and polypoidal choroidal vasculopathy in a
Japanese population [24], Alzheimer disease in a Swedish
population [25], and cardiovascular disease in a Hungarian
population [26]. Fuse et al. found a significant association
between the rs1048661 polymorphism and wet age-related
macular degeneration in a Japanese population [24]. These
studies encouraged us to use the LOXL I polymorphism as an
alternative marker of clinically undetectable EX other than
invasive biopsy/histopathology. '

Among the three SNPs reported [4], 51048661 has been
consistently suggested as the most significant indicator of EX/
glaucoma in Icelandic, Swedish, and Japanese populations
[6-11]. Accordingly, our results of a significant difference in
allelic and genotypic frequencies of rs1048661 between all
subjects with BRVO and CT or BRVO EX+ and CT groups
confirmed previous observations of the strong role of this SNP
in EX. The results also suggested that using this SNP, we can
detect a case—control association for EX even with such a
small number of subjects (n=11) in a case group. In the same
context, the other two SNPs, which showed only a borderline
difference between BRVO EX+and CT groups, may not have
enough discriminatory power with this small number of
subjects.

Since both the BRVO EX- and CT groups, which were
classified based on slit-lamp examination as not having EX,
were identical except for the presence or absence of BRVO,
comparison between these two groups should provide the
most reliable information about the possible role of the
LOXL1 variants in BRVO. As a result, the significant
difference observed in rs1048661 between the case and
control groups was canceled in the analyses between the
BRVO EX- and CT groups, suggesting that the percentage of
the population at risk of EX is not significantly higher in the
BRVO group. A retrospective chart review reported
exfoliation material deposits in 6.0% of eyes with BRVO and
6.9% of eyes with CRVO [19], suggesting a lesser extent of
BRVO than CRVO in these subjects, since the BRVO/CRVO
ratio was 3.2 in the general population [29]. By clinical
observation of consecutive cases, the prevalence rates of EX
were 8.2% in eyes with BRVO and 20.8% in eyes with CRVO
compared with 5.2% in control eyes; thus the authors
concluded that EX is likely a risk factor for CRVO [20]. A
retrospective chart review showed that RVO occurs more
frequently in eyes more affected by EX, and that the most
frequent type of RVO that occurred in EX was CRVO (50%)
followed by about half that prevalence of BRVO (28%) [23].
In this study, the prevalence rate of EX was 14% in eyes with
BRVO from consecutive cases, which may be higher than the
rate of EX in BRVO cases and normal control subjects in

subjects may explain the discrepancy, but this needs to be

© 2011 Molecular Vision

clarified. Taken together with previous studies, our results
suggest that there is no direct role of LOXL1 variants or EX
in the development of BRVO in our Japanese subjects.

In summary, we tested the possible association of
LOXL1 variants with BRVO. We did not find an association
between BRVO and EX if the LOXL1 variants were used as
disease markers for clinically undetectable EX.
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