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The abbreviations used are: ALS, amyotiophxc lateral sclerosns Ath autophagy—related gene 5 NH4Cl

ammonium  chloride; DAPI,  4',6-diamidino-2-phenylindole; - DMSO, ' dimethylsulfoxide; DOX,

doxycycline; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ES50K, Glu50Lys; Epoxo,
epoxomicin; GFP, green fluorescence protein; H & E; hematoxylin and eosin; His, histidine; IFN-y,
interferon-y; IB;, immunoblotting; IP, immunoprecipitation; kb, kilobases; kDa, kilodaltons; LC3,
microtubule-associated protein’ 1+light ¢hain 3; LCT, lactacystin; 3-MA, 3-methyladenine; NC, negative
control; NEMO, NF-kB essential modulator; NTG normal:-tension glaucoma, OPTN, optineurin; PCR,
polymerase chain reaction; PI3K, phosphatidylinositol 3-kinase;" POAG, primary open angle glaucoma;
~~PSMBS, proteasomeregulatoryB5 “subunit; RGC, ’ retinal “ganglion céll; RPE cell, retinal pigment
epithelial cell; Rapa, rapamycm SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
TNF-0, tumor necrosis factor—a TUNEL termmal deoxynucleotldyl transferase dUTP mck end labelmg,
WT, wild type.

- FIGURE LEGENDS

... Fig; -1.-Effects- of-proteasomal; autophaglc -and lysesomal ‘inhibiters ‘on levels-of* the endogenous ‘

optmeurm (OPTN) in RGCS5 (A) and PC12 (B) cells. Cells were treated for 16 h with vehicle DMSO or

__H,0, or proteasomal_(lactacystin [LCT] and. epoxomicin [Epoxol),—autophagic. (3-MA),—or.lysosomal. ... ...

(NH,€I) inhibitors. In a separate experiment, cells were also treated with rapamycin (Rapa) or vehicle
(H;0) for 16 h. Proteins (25 pg) in cell lysates were immunoblotted with anti-optineurin or anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Densitometry was performed. The

optineurin/GAPDH relative to the DMSO or H,O control ratios are presented.

Fig. 2. A. Total lysates from RGCS5 cells without or with treatment of lactacystin (LCT, 1 uM, 16 h)
were immunoblotted (IB) with polyclonal anti-optineurin (anti-OPTN, left panel), anti-GAPDH, or
monoclonal anti-ubiquitin (anti-Ub, right panel).-B. Total lysates from RGCS5 cells’ without or with the
LCT treatment were immurioprecipitated (IP) with rabbit anti-OPTN polyclonal antibody or hormal rabbit
IgG (as a negative control, NC) followed by immunoblotting (IB) with mouse anti-Ub monoclonal
antibody. Optineurin pull down by rabbit anti-OPTN, but not the rabbit IgG control, showed multiple
bands immunoreactive to anti-Ub (left panel). The intensity of the ubiquitin-positive bands was enhanced
by prior LCT treatment. The same blot was also probed with anti-OPTN (rxght pane]) to Verlﬁf the IP
procedure.*, the 74-kDa optineurin band. -

Fig. 3. Foci formation in RGCS (A) and PC12 (B) cells after 20 h-transfection with pEGFP-Nl (mock
control), pOPTNwr-GFP, and pOPTNEsx-GFP to express GFP, wild type and E50K optineurin-GFP.
The optineurin-GFP fusion proteins distributed diffusely in the cytoplasm of RGC5 and PC12 cells with

dots or granular structures (arrows) observed most notably near the nucleus: These structures are referred.

to as foci. Scale bar, 10 um.

Fig. 4. A. PSMB5 immunostaining (in red) in RGCS cells. The cells were transfected for 20 h to
express GFP, OPTNwr-GFP, or OPTNgsox-GFP. All transfectants displayed green fluorescence. Note a
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reduced PSMBS5 . staining- infensity in. optineurin-GFP-expressing green. cells compared with GFP-
expressing or non-transfected cells. The reduction was more striking with the ESOK mutation than the
wild type. Scale bar, 10 yum. B. Western blotting for PSMBS5 protein level. RGC5 cells were transfected
for 20 h with-pTarget, pTarget-OPTNwr, or pTarget-OPTNgsox. Total lysate was subject to SDS-PAGE
and immunoblofting (IB) using polyclona] rabbit. anti-optineurin,. anti-PSMBS5 or anti-GAPDH. The
optineurin (OPTN) level, normalized to that. of GAPDH was. mcreased by 9.8 and 7.5 fold, respectively,
after wild type-and ESOK optineurin-GFP transfection. The. PSMBS/GAPDH relative to the GFP control
ratios are presented. Similar results were. also obtalned thh PC12 cells (data not shown) C. GFP®
reporter -assay. RGCS5: cells were co“transfected with - GFP“ and stRed pOPTNwr-DsRed, or
- pOPTNEgsox-DsRed  for 20 h. The transfected cells displaying both -green and red fluorescence were
- -examined- by :confocal :sequential- analyses ‘The loss- of GFP" green fluorescence is an mdlcatmn of
proteasome activity. The fluorescence intensity from GFP" is thus inversely correlated to the proteasome
activity. Scale bar;»10-pm. D. The intensity .of .green fluorescence from: GFP" in red fluorescent
- - transfected cells was .quantified. Results are presented as mean = SEM (n > 60) per transfected cells. The
L hlgher the value the lower is the proteasome activity. *, P <0.0001 compared to DsRed controls.

. Fi g 5 A LCB 1mmunosta1nmg in transfected RGCS cells The cells transfected for 20 h to express
GFP, OPTNwrGFP, or OPTNgsox-GFP were stained with rabbit-anti-L.C3 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 colocalized partially in the perinuclear region in yellow. Bar,

10 pm: B. Western blotting for LC3 protein level. RGCS cells were. transfected for 20 h with pTarget,

- pTarget-OPTNwr, or: pTarget-OPTNgsox. Total lysate was subject to SDS-PAGE and immumoblotting

' . (IB) using rabbit anti-optineurin, mouse anti-L.C3 or rabbit anti-GAPDH. Both LC3-I and L.C3-II protein

bands were detected. The optineurin. (OPTN) level, normalized to that of GAPDH, was increased by.11.5
and 12.3 fold respectively after wild type and ESOK optineurin transfection. The LC3/GARDH relative to
the pTarget control ratios are .presented. Similar alterations were also observed in PCI2 cells (data not
shown) : : : o » : :

- 'Fig. 6. A. Optmeurm and PSMBS 1mmunostammg in RGCS cells. The cells were: treated w1th TNF -0
. (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-PSMBS in red. The micrographs shown for optineurin and PSMBS staining were
-from different specimens. B. Optineurin and PSMBS5 immunostaining in RGCS5 -cells. The cells were
treated with TNF-a or IFN-y.as in A: The specimens were double stained with rabbit. anti-optineurin in
- green and monoclonal anti-L.C3 in red: Cells from the same fields are shown for.both optineurin-and.L.C3
- staininig. Scale bar,-10 um.-C. Immunoblotting (IB) using anti-optineurin (OPTN), anti-PSMBS5, anti-LC3,
-and anti-GAPDH in cells untreated (lane 1, control), or treated with TNF-a.(lane 2) or IFN~y (lane 3) for
- 24-h. Note that the 18-kDa: [:C3-1 band was barely visible. Only the 16-kDa LC3-Il band is shown. As
-stated earlier, LC3 exists in two forms. LC3-Iis cytosolic and LC3-I1 is lipidated-and membrane bound.
The amount of LC3-II is correlated with the extent of autophagosome formation and an increasing level
of LC3-1I on immunoblots signals autophagy induction. Bar graph depicts the relative intensities (levels)
of OPTN, PSMBS, and LC3 compared to untreated controls after normalization to the GAPDH level.

Fig. 7. A. Autophagosome- and autolysosome-like structures in optineurin wild type (a and b)- and
E50K-GFP (c)-expressing RGCS5 cells. By electron microscopy, the electron dense, organelle-
sequestrating, double- or multi-membrane structures with diameter averaged between 400-600 nm were
not observed in GFP-expressing mock transfected cells (d). Scale bar, 5 um ina, 0.5 pm in b and ¢, and 1
um in d. B. Autophagosome- and autolysosome-like structures are observed in inducible RGC5 cells after
DOX induction to express E50K optineurin-GFP (a-d). A lower magnification micrograph is shown in a
demonstrating those structures in 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
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experiments (¢ and d). The autophagosome- and autolysos(Jme like structures are barely detected in' non-

mduced controls (msert in. b) Scale bar 1 um m a, 0 5 um ln b and 0 2 pm in msert ¢ and d

Fi g 8. Effects of 3-MA and rapamycin on optineurin fom formatlon A. RGCS cells transfected for 20 ‘

h with pOPTNWT-GFP were untreated’ (control) or-tréated for 24 or 48 h with 3-MA (5 mM), an

~.autophagy ‘inhibitor. Optineutin foci formation was visualized under a Zeiss fluorescence microscope.
~Note an increased foci formatlon in 3-MA Treated cells. B RGC5 cells transfected with: pOPTNWT-GFP

and’ pOPTNESOK-GFP ‘were treated for 20 h with rapapmycin (2 uM), an autophagy inducer. Note a
reduction in ‘foci formation with rapamycin treatment. Scale bar, 10 pm. Similar results were 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 ESOK optineurin-GFP (E50K-GFP) were examined by a caspase 3/7

detection kit. One set of cells was treated with 2 pM .of rapamycin [(+) Rapamycin} for:the last 30 h and:

another was untreated [(-) Rapamycin]. Images' in 20 of 10x fields were captured and cell counting was

performed to determine 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 3-independent’experimeiits are shown in‘meain '+ SEM. *,'P'< 0.008 compared to
GFP controls. Slmllar pattems were also observed w1th PC12 cells (data not: shown) :

- Fig. 9 A. Retinal sections from’ 12-month—old ESOK transgemc and normal httermate mice. were
stained with monoclonal anti-TUJ1 (in red) to highlight the'RGC layer, and with hematoxylin and eosin
(H & E) to demonstrate retinal layers. GCL; ganglion cell-layer; TPL, inner plexiform layer; INL; inner

nuclear layer; OPL; outer plekiform layer; ONL, outer nuclearlayer; POS, photoreceptor outer segments;

and RPE, retinal pigment epithelium. Note that the retinal thickness is reduced in E50K transgenic
specimen compared to normal control. Scale bar, 50 pm. B. Retinal sections from normal and ES0K mice
- were stained.in parallel-'with-polyclenal anti-optineurin;-anti-PSMBS5; or-anti-L.€3 -(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.in a.higher-magnification.

Negative controls (NC) in which' serial sections ‘were stained only with secondary antibodies {for both
monoclonal and polyclonal primary antibodies) are shown in inserts. There was a modest decrease in
staining intensity of PSMB5 but an increase in LC3 staining. in RGC layer in transgenic sections
compared to normal controls. The -optineurin staining was also enhanced in the transgenic mouse. Scale
bar, 50 pm. C.- Western blotting for: optineurin (OPTN), PSMB35, LC3, and GAPDH levels in retinal

extracts from normal (lane 1) or E50K (lane 2) mice. Note that for LC3, the 18-kDa LC3-I band was.

extremely faint. Only the 16-kDa LC3-II band is shown. Bar graphs, representing results from 3
experiments, depict the levels of optineurin, PSMBS5, .and LC3 relative to normals after normalization to
the GAPDH level. *, P < 0.0053 compared to normals. 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 pm in the left panel, and 0.5 pm in middle and right panels.
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Dominant Mutations in RPILI
Are Responsible for Occult Macular Dystrophy

Masakazu Akahori,! Kazushige Tsunoda,! Yozo Miyake, 1.2 Yoko Fukuda,3 H1royuk1 Ishlura 3 Sho i Tsuji,3
Tomoaki Usui,* Tetsuhisa Hatase,# Makoto Nakamura,5 Hisao Ohde, Takeshi Itabashi,! Haru Okamoto 1
Yuichiro Takada,! and Takeshi Iwatal* :

Occult macular dystrophy (OMD) is an inherited macular dystrophy characterized by progressive loss of macular function but normal
ophthalmoscopic appearance. Typical OMD is- characterized by a central cone dysfunction leading to a loss of vision desplte normal
ophthalmoscopic appearance, normal fluorescein angiography, and normal full-field electroretinogram (ERGs), but the amplitudes of
the focal macular ERGs and multifccal ERGs are significantly reduced at the central retina. Linkage analysis of two OMD families was
performed by the SNP High Throughput Linkage analysis system (SNP HiTLink), localizing the disease locus to chromosome
8p22-p23. Among the 128 genes in the linkage region, 22 genes were expressed in the retina, and four candidate genes were selected.
No mutations were found in the first three candidate genes, methionine sulfoxide reductase A (MSRA), GATA binding 4 (GAT/M), and
pericentriolar material 1 (PCMI). However, amino acid substitution of p.Arg45Tip in retinitis pigmentosa l-hke 1 (RP1L1) was found
-in three OMD families and p.Trp960Arg in a remaining OMD farmly These two mutations were detected in all affected individuals
but in none of the 876 controls. Immunohistochemistry of RP1L1 in the retina section of cynomolgus monkey revealed expression
in the rod and cone photoreceptor, supporting a role of RP1L1 in the photoreceptors that, when disrupted by mutation, leads to
OMD. Identification of RPIL1 mutations as causative for OMD has potentially broader 1mphcatlons for understandmg the dxfferentxal
cone photoreceptor functions in the fovea and the peripheral retina.

Occult macular dystrophy (OMD) is an autosomal-domi-
nant form of inherited macular dystrophy characterized
by progressive decrease of visual acuity due to macular
dysfunction, which was first reported by YM. et al. in
1989.1 The disorder was called “occult” because of the
fact that the macular dysfunction of this disease is hidden
by a normal fundus appearance. Typical OMD, as described
by Y.M. et al., is characterized by central cone dysfunction
and in some cases rod dysfunction, leading to a loss of
vision despite normal ophthalmoscopic appearance,
normal fluorescein angiography, and normal full-field
electroretinograms (ERGs). However, the amplitudes of
the focal macular ERGs and multifocal ERGs are signifi-
cantly reduced, indicating dysfunction of the central
retina.»"** OMD is known for its broad range of age at
disease onset, from 6 to 81 yrs. Brockhurst et al. have re-
ported age at onset of four out of eight OMD patients at
over 65 yrs® and similar findings have also been observed
in earlier cases."” The patient III-3 in family 1 did not
notice any visual disturbance in her right eye even at the
age of 81 yrs.

The four families shown in Figure 1 demonstrate domi-
nant inheritance of the OMD phenotype. None -of the

_ patients had ocular diseases other than OMD, except senile

ERGs. For this study, the ethics review committees of the
National Hospital Organization Tokyo Medical Center,
the Niigata University Graduate School of Medical and
Dental Sciences, and the Nagoya University Medical
School approved the study, and written informed consent

-was obtained from both affected and unaffected subjects.

Linkage analysis of OMD families 1 and 2 was per-
formed. Eighteen individuals from family 1 and eleven
individuals from family 2 were genotyped by Affymetrix’s
Genome-Wide Human SNP array 6.0 in accordance with
the manufacturer's instructions (Affymetrix, Santa Clara,
CA). DNA samples from family 2 were subjected to
whole-genome amplification with the use of REPLI-g
(QIAGEN, Tokyo, Japan) prior to SNP genotypmg With
SNP HiTLink® used as a pipeline, SNPs with a Hardy-Wein-
berg p value > f 0.001, a call rate of 1, and a maximum
confidence score > 0.02 were used for the analysis. SNPs
with the minor allele frequency of 0 in controis were elim-
inated from the analysis. Parametric multipoint linkage
analysis (autosomal-dominant model with a setting of
liability classes; age-dependent penetrance of 0.19, 0.55,
and 0.91 for 0-20, 21-40, and > 41 yrs old, respectively,
and disease frequency of 0.000001) was performed with
Allegro version 2,7 intermarker distance from 80 kb to

cataract or diabetic retinopathy. Control family members
were confirmed to be normal via a complete ophthalmic
examination including focal macular ERGs or multifocal

120 kb with the use of SNP HiTLink. Because of the lmnta-
tion of computational capacity, farmly 1 was divided into
two branches (branch 1-1: descendants of II-1; branch

!National Institute of Sensory Organs, National Hospital Organization Tokyo Medical Center, 2-5-1 Higashigaoka, Meguro-ku, Tokyo 152-8902 Japan;
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A | Family1

" Figure 1. Autosomal OMD Families and‘
DNA Sequencing of RPTLT -
(A) The four families shown demonsttate
dominant inheritance of the OMD pheno-

@ Vision-abhormality
@ Affected (ERG tested )

type. In all'presented families, none of the
patients had ocular diseases other than
OMD, except senile cataract and diabetic
retinopathy. Control family members
were confirmed to be normal via a
completé ophthalmic examination in-
cluding focal macular ERGs or mulnfocal
ERGs.

(B) DNA sequencing of both p.Arg45Trp
and p.Trp960Aig mutations found in four
independent families.

gene-carrier
collécted

"~ ac.3107T>C (p.Trp960Arg) mutation
in family 3 (Table 2). Additionally,

known and unknown natural vari-
~ants were found in RP1LI, as shown

in Table S2. Unknown SNPs were

submitted to the dbSNP database.

‘affected

In these four families, all of the
affected individuals carried one of
the two mutations identified in this
study, ¢.362C>T or ¢.3107T>C. We
identified three apparently unaf-

fected individuals camrying the
p-Arg45Trp mutation, which suggest
a reduced penetrance of the mutation
or possibility a later onset of the

1-2: descendants of 1I-7) for multipoint linkage analysis.

Haplotypes were reconstructed by Allegro.

The parametric linkage study of family 1 using SNP
microarrays and SNP HiTLink mapped the disease locus
to an approximately 10 Mb region of chromosome
8p22-p23 with a maximum LOD score of 3.77 (Figure 2).
Parametric linkage analysis of affected individuals only
produced similar results (Figure 3 and Figure S2 available
online). A common haplotype between 15365309 and
1s2632841 was shared by all of the affected individuals
(Table 1). With the additional linkage study of family 2,
the cumulative parametric multipoint LOD score rose to
over 4 (Figure S1). A total of 128 known genes were found
within the approximately 10 Mb linkage-associated region,
containing 22 retina-expressed genes as candidates for

 mutational analyses. No mutations were found in the first
three candidate genes, methionine sulfoxide reductase
A (MSRA), GATA bmdmg 4 (GATA4), and pericentriolar
material 1 (PCM1). However, a €.362C>T (p.Arg45Tip)
substitution in retinitis pigmentosa 1-like 1 (RPILI [MIM
608581]) was found in all affected individuals in family
1. We further extended the mutational analysis of RP1LI
to three other families with autosomal OMD, and we iden-
tified the p.Arg45Trp alteration in families 2 and 4 and

disease for these individuals. Both
mutations were absent in 1752 Japa-
nese control chromosomes.
Immunohistochemistry of RP1L1 in the macula section
of primate Cynomolgus monkeys (Macaca fascicularis)
was performed. The eyes from a 6-yr-old normal male
cynomolgus monkey were obtained from Tsukuba Primate
Research Center, National Institute of Biomedical Innova-
tion, Japan. All experimental procedures were approved by
the Animal Welfare and Animal Care Committee of the
National Institute of Biomedical Innovation, in compli-
ance with guidelines of the Association for Research in
Vision and Ophthalmology. Cynomolgus eyes were
removed and immediately fixed overnight with 4% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.4. After
washing in PBS, eyes were cryoprotected in the gradient
sucrose dissolved in PBS and embedded into optimal
cutting temperature (OCT) compound (Tissue Tek, Miles,
IL, USA). Frozen retinal sections cut at 8 pm thickness
with cryostat were incubated at 4°C with a 1:500 dilution
of human RPIL1 polycional antibody raised against the
N terminus of human RP1L1 (Santa Cruz Biotechnology,

~ Santa Cruz, CA, USA). Immunofluorescence was visualized

with Alexa 568 goat anti-rabbit IgG (Invitrogen, Carlsbad,
CA, USA), Alexa 488 PNA (Invitrogen) for detection of cone
photoreceptor, and DAPI (Invitrogen) for nuclear staining.
Fluorescence images were analyzed with a confocal laser
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(A) Parametric multipoint linkage analysis
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microscope (Radiance 2000, Bio-Rad Laboratories,
Hercules, CA, USA).

To our surprise, the immunohistochemistry of RP1L1
in the macula section of Cynomolgus monkeys revealed
expression in retinal rod and cone photoreceptors by
human RP1L1 antibody (Figure 3). This expression pattern
is significantly different from the previous study of mouse
RP1L1, in which RP1L1 was localized exclusively in
axoneme of rods.® Furthermore, the human amino acid
sequence is only 39% identical to that of the mouse, due
to a lack of both polymorphic 16 amino acid repeats or
a lack of the highly repetitive Glu-rich region, making
mouse RP1L1 protein considerably shorter than the human
protein, which may lead to different functional roles in the
primate retina. Recent investigation of photoreceptor struc-
ture in OMD patients using advanced optical coherence
tomography suggests that the predominant defect involves
the cone photoreceptor‘g'm Our optical coherence tomog-
raphy observations also show loss of the cone outer
segment tip and irregularity of the inner segment/outer
segment junction in the center of the macula of all exam-
ined case individuals in family 1 (data not shown). Y.M.
et al. have observed that not only cone but also rod sensi-
tivity in the macula was abnormal in some of the older

of family 1 and mutations in RPILI.
A maximum LOD score of 3.77 was ob-
tained at 8p32.1-8p22. A haplotype
bounded by rs365309 (physical position:

© 9,064,350 in the hgl8 assembly of the
UCSC Genome Browser) and 152632841
(18,716,063) was shared by all affected
individuals. Horizontal axis indicates the
position (cM) on the short arm of chromo-
some 8. Vertical axis indicates the para-

~mmetric multipoint LOD score. Mutations
- (p.A1g45Trp and p.Trp960Arg) are demon-
strated.

2500:

patients.™? It is likely that the initial
event may be macular cone specific
but may later extend to rod abnor-
mality. Further investigation of RP1L1
function is required in order to answer

these clinical observations.
RP1L1 was originally cloned as a
gene derived from common ancestor
as retinitis pigmentosa 1 (RP1 [MIM
180100]) on the same chromosome
8.2112 RPIL] shares 35% amino acid
identity with RPI1, a gene responsible for 5%-10% of auto-
somal-dominant retinitis pigmentosa (RP [MIM 268000])
worldwide.'®!5 When RP1L1 was first identified, a number
of attempts were made to identify mutations in RPILI in
various RP patients, with no success. The present study
demonstrates that RPIL1 mutation is responsible for
OMD, but not for RP. Patients with RP carrying the most
common RP1 alteration, p.Arg677X, exhibit night and
peripheral vision disturbance beginning in the third
decade of life. RP1 is found exclusively in the retina and
is localized to both rods and cones. Rod-cone functional
comparison in RP patients has indicated that rod sensi-
~ tivity loss is at least 2 log units greater than cone sensitivity
loss.'® Thus phenotypic characteristics of RP caused by RP1
mutations and those of OMD caused by RPIL1 mutations
perfectly agree with the different localizations of RP1 and

RP1L1 in retina.

The outer segments of rod and cone photoreceptors are
highly specialized cilia containing hundreds of disc
membranes stacked in an orderly array along the photore-
ceptor axoneme. Previous studies have shown that RP1 is
part of the axoneme and is required for this correct orien-
tation and higher-order stacking of outer segment discs.*®
This is achieved by the interaction of RP1 with the
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Figure 3. Immunohistochemistry of RPiL1 in the Cynomolgus
Monkey Retina

Localization of RP1L1 in the rod and cone photoreceptors in the
Cynomolgus monkey (Mucuca fuscicularis). Retina labeled with
anti-human RP1L1 (red, top); same section labeled with retinal
cone specific marker, peanut agglutinin lectin (PNA,. green,
middle); merged image (bottom). Yellow signal present in cone
photoreceptor resulted from combination of the red signal of
RP1L1 and the green signal of PNA. Cell nuclei were: stained
with DAPI (blue). PL, photoreceptor layer; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer, Scale bars repre-
sent 20 pm.

microtubule in the connecting cilia.!” RP1 contains micro-
tubule-binding domains (amino acids 28-228) of neuronal
microtubule-associated protein (MAP) doublecortin
(DCX), which is required to maintain axoneme length

and stability.”® The RP1L1 p.Arg4STrp alteration resides
in one of the two DCX domains (amino acids -33-113
and 147-228), which is required for interaction with RP1
to assemble and stabilize axonemal microtubules.® In
primates, both RP1L1 and RP1 proteins may cooperatively
function in the rod and cone photoreceptors to perform
this task. The mutation in RPIL1 is likely to dominantly
affect the cooperative function with RP1 in rod and cone
photoreceptors, given that in'a previous publication, the

 RPILI heterozygous knockout mice were reported to be

normal whereas homozygous knockout mice were re-
ported to develop subtle retinal degeneration. Our findings
in OMD may shed light for further investigation of
patients with cone dystrophy. : ;
In conclusion, we identified RP1L1 mutatxons that cause
autosomal-dominant OMD, and furthetmore, our findings
revealed that RPIL1 plays essential roles in the cone
functions in human and that disruption of RP1L1 function

leads to OMD

Suppleméntal Data
Supplemental Data include three figures and one table can be
found with this article online-at http://www.cell.com/AJHG/.

Acknowledgments

This research was supported in part by grants to Takeshi Iwata and
Kazushige Tsunoda by the Ministry of Health, Labour, and Welfare
of Japan. This work was also supported in part to Shoji Tsuji by
KAKENHI (Grant-in-Aid for Scientific Research) on Priority Areas,
Applied Genomics, the Global COE Program, and Scientific
Research (A) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.

Received: June 29, 2010

Revised: August 10, 2010

Accepted: August 12, 2010
Published online: September 9, 2010

Web Resources
The URLS for data presented her‘em are as folloWsﬁ

dbSNP, www.ncbi.nlm.nih. gov/pro;ects/SNPi
SNP HiTLink software, http://www.dynacom.co. ;p/u-tokyo ac.jp/
-snphitlink/

Accession Numbers

The dbSNP accession numbers for the SNPs reported in this paper
are ss252841181 and ss252841182.

References

1. Miyake, Y., Ichikawa, K., Shiose, Y., and Kawase, Y. (1989).
Hereditary macular dystrophy without visible fundus abnor-
mality. Am. J. Ophthalmol. 108, 292-299.

The American Journal of Human Genetics 87, 424-429, September 10, 2010 427



Table 1.

Disease-Linked Haplotypes In Familles 1 and 2

Family 1

Branch 11 _Branch 1.2 o L et
Probe Set ID dbSNP rs 1D Position m-s -9 v-13 v-18 21 B2 -2
SNP_A-8338925 15365309 9,064,350 ® @ A A B A A
SNP_A-8281994 151530483 9,065,671 B B B B B B B
SNP_A-8360926 1510086673 10,342,727 B B ® B B ®*) A
SNP_A-2082488 159329223 10,369,164 A A A A A ®) B
SNP_A-2013182 156601491 10,453,427 B B B B B e A
RPILI p.ArgdSTip c133C>T 10,517,989 T T T T T T T
SNP_A-8345504 1510097570 10,586,268 A A A A 0 ® B
SNP_A-1790165 1510111051 10,590,882 A A A A @) ®) B
SNP_A-8587750 | 152163379 10,769,460 A A A ® A ® B
SNP_A-8500791 157460507 11,006,485 B B B B B A A
SNP_A-8525908 159772321 12,536,010 A A A A A A A
SNP_A-8283296 151021087 13,500,502 A o @ A A B B
SNP_A-8441723 156987209 14,501,302 B B B B B B B
SNP_A-2044287 157818067 15,580,087 A A A A A A
SNP_A-4273924 156992112 16,689,526 A A A A ®
SNP_A-8447659 15471041 17,707,836 B B B B B
SNP_A-8399664 152638658 18,713,620 A * ® A A ®) B
SNP_A-4233785 152632841 18,716,063 B B ®) B A B B

Disease-linked haplotypes of the two patients (IV-9 and 1l1-8) who are descendants from li-1 (branch 1-1 of family 1), the three patiénts (IV-13, IV-18, and IV-27)
who are descendants from 11-7 (branch 1-2 of family 1), and the two patients (ll-2 and lil-2) from family 2 are shown. Haplotypes are unequivocally determined,
except those with brackets that are inferred to minimize the number of recombination events. Disease-linked haplotypes of the two branches of family 1 are the
same, confirming that all affected individuals in family 1 share the same haplotype. Recombination events in the family was observed at rs365309 (telomeric
boundary) and at rs2632841 (centromereic boundary). When disease haplotypes are compared between families 1-and 2, who share the p.Arg45Trp mutation
in RPTLT in common, disease-linked haplotypes ﬂankmg the RPTL7 locus are different between these families, suggesting that the p.Arg45Trp mutation ongmated

independently.

2. Miyake, Y., Horiguchi, M., Tomita, N., Kondo, M., Tanikawa,

6.

A., Takahashi, H., Suzuki, S., and Terasaki, H. (1996). Occult
macular dystrophy. Am. J. Ophthalmol. 122, 644-653.

. Wildberger, H., Niemeyer, G., and Junghardt, A. (2003). Multi-

focal electroretinogram - (mfERG) in a family with occult
macular dystrophy (OMD). Khn Monatsbl. Augenhellkd
220, 111-118.

. Piao, C.H., Kondo, M., Tanikawa, A., Terasaki, H., and Miyake,

Y. (2000). Multifocal electroretinogram in ‘occult macular
dystrophy. Invest. Ophthalmol. Vis. Sci. 41, 513-517.

. Bro;khurst, RJ., and Sandberg, M.A. (2007). Optical coher-

ence tomography findings in occult macular dystrophy. Am.

J. Ophthalmol. 143, 516-518.
Fukuda, Y., Nakahara, Y., Date, H., Takahashi, Y., Goto, J.,

Miyashita, A., Kuwano, R., Adachi, H., Nakamura, E., and
Tsuji, S. (2009). SNP HiTLink: a high-throughput linkage anal-
ysis system employing dense SNP data. BMC Bioinfomatics
10, 121.

. Gudbjartsson, D.E, Thorvaldsson, T., Kong, A., Gunnarsson,

G., and Ingolfsdottir, A. (2005). Allegro version 2. Nat. Genet.
37, 1015-1016.

. Yamashita, T., Liy, J., Gao, J., LeNoug, S., Wang, C., Kaminoh,

J., Bowne, S.J., Sullivan, L.S., Dalger, S.P., Zhang, K., et al.
(2009) Essential and synerglshc roles of RP1 and RP1L1 in
rod photoreceptor axoneme and retmms pigmentosa. J. Neu-
rosci. 29, 9748-9760.

. Park, S.J., Woo, S.J., Park, KH Hwang,jM and Chung,

* (2010). Morphologic photoreceptor .abnormality in. occult

10.

11,

12.

macular dystrophy on :spectral-domain optical coherence
tomography. Invest. Ophthalmol. Vis. Sci. §1, 3673-3679.
Sisk, R.A., Berrocal, A.M., and Lam, B.L. (2010). Loss of foveal
cone photoreceptor “outer segments in occult macular
dystrophy Ophthalmlc Surg Lasers Imaging 41, 1-3.

Conte, 1., Lestingi, M., den Hollander, A., Alfano, G., Ziviello,
C., Pugliese, M., Circolo, D., Caccioppoli, C., Ciccodicola, A.,
and Banfi, S. (2003). Identification and characterization of
the retinitis pigmentosa 1-likel gene (RP1L1): a novel candi-
date for retinal degenerations. Eur ] Hum. Genet. 11,
155-162.

Bowne, S.J., Daiger, S.P., Malone, K.A., Heckenlively, J.R.,
Kennan, A., Humphries, P.,, Hughbanks-Wheaton, D., Birch,
D.G., Liu, Q., Pierce, E.A., et al. (2003). Characterization of

428 The American-journal of Human Genetics 87, 424-429, September 10, 2010



Table 2. Summary of RPILT Mutations in Families with OMD

o ¢ ~Age at Onset in k " Best Corrected Visual
ID in Pedigree Clinlcal Stage Sex  Ageat Dlagnosis L Esglmat!on Mutatlon Acuity (Right / Left)
1103, 1 affected . . F 81 - 50 ~c362C>T  12/01
14 affected ¥ no 25 ‘ c362C>T 0.4/05
1015 affected M 74 30 . c362C>T = 0.2/03
1118 affected M 82 20 ; €362C>T o 02/02
11Vl . . unaffected F 60 - o c362C>T =~ 12/12
11V9 . affected F 49 ‘ unknown ~ c362C>T  12/12 -
11vi2 affected F 69 o so o c3620>T 0.1/007
11V13 ‘ affected. M “70 ‘ 20 o e362C>T - 0.1/01
11v14 affected M 66 : 30 . e362C>T 02/03
11V18. : affected F 58 12 o €362C>T 0.1/0.1
11v21 affected | F 58 ) 47 | €362C>T ‘ 0.1/04
1vz affected M 20 ; 13 . c362C>T - 03/03
1V3 affected F 19 6 . c362C>T 0.2/0.15
znz } affected M 69 unknown c.362C>T 0.2/02
2114 unaffected M 58 ’ - ~ c362C>T 1.0/1.0
215 unaffected M 58 -  c362C>T 1.0/1.0
2118 affected M 52 unknown - €362C>T 0.2/03
21 affected M 23 , 23 €362C>T 02/03
21112 affected M 20 20 ; €362C>T 0.3 /0.3
3m . affected F 29 12 : -~ €3107T>C 0.2/0.2
3m3 0 affected M 19 1 ' 0 €3107T>C.. 0.2/03 .
samz affected F s2.- . . . 30 . c362C>T. . 0.15/015

 Summary of individuals from autosomal OMD families 1—4, in whom p.Arg45Trp or p. Trp960Arg mutations of RP7LT were found. Three unaffected individuals at
the age of 55-60 were found with the mutation. These individuals suggest a reduced penetrance of the mutation or a possible onset at a later age.

RP1L1, a highly polymorphic paralog of the retinitis pigmen- RP1 mutations causing autosomal dominant retinitis pigmen-
tosa 1 (RP1) gene, Mol. Vis. 9, 129-137. " tosa. Invest. Ophthalmbl; Vis. Sci. 41, 1898-1908.

13. Pxerce, EA., Qumn, T., Meehan, T McGee, T.L., Berson, E.L.,  16. Liy, Q., Lyubarsky, A., Skalet, J.H,, Pugh, E.N.,, Jr.,, and Pierce,
and Dryja, T.P. (1999) Mutations in a gene encoding a new E.A. (2003). ‘RP1 is required for the correct stacking of outer
oxygen-regulated photoreceptor protein cause dominant reti- segment discs. Invest. Ophthalmol. Vis. Sci. 44, 4171-4183,
nitis pigmentosa. Nat. Genet. 22, 248-254. 17. Liu, Q., Zuo, J., and Pierce, E.A. (2004). The retinitis pigmen-

14. Sullivan, L.S., Heckenlively, j.R., Bowne, S.J., Zuo, J., Hide, - tosa -1 protein is a photoreceptor microtubule-associated
W.A., Gal, A, Denton, M., Inglehearn, C.E, Blanton, S.H.,, protein. J. Neurosci. 24, 6427-6436. )
and Daiger, S.P.-(1999). Mutations in a novel retina-specific - 18. Gleeson, J.G., Allen, K.M., Fox, J. W., Lamperti, E.D., Berkovic,
gene cause autosomal dominant retinitis pigmentosa. Nat. S., Scheffer, 1., Cooper, E.C., Dobyns, W.B., Minnerath, SR,

- Genet. 22, 255-259. Ross, M.E., and Walsh, C.A. (1998). Doublecortm, a brain-

15. Jacobson, S.G., Cideciyan, A.V., Iannaccone, A. Weleber, R.G,, spectﬁc gene. mutated in human X- linked hssencephaly and

Fishman, G.A., Maguire, A.M.,_Af‘fatlgato, L.M., Bennett, J., double cortex syndrome, encodes a putatxve s:gnalmg protem
_ Pierce, E.A.; Danciger, M., et al. (2000). Disease expression of Cell 92, 63-72. ‘

The American journal of Human Genetics 87, 424-429, Septermber 10, 2010 429



Th‘e American Jqurnal of Human Genetics, Volume 87

Supplemental Data
Dominant Mutations in RPILT

Are ResponSIble for Occult Macular Dystrophy

Masakazu Akahori, Kazushlge Tsunoda, Yozo Mlyake, Yoko Fukuda, Hn‘oyukx Ishlura, ShOJI Tsujl, Tomoaki
Usul, Tetsuhxsa Hatase, Makoto Nakamura, Hlsao Ohde, Takesln Itabashl, Haru Okamoto, Yulchn'o Takada,

and Takeshi Iwata



