Focal macular ERGs elicited by 10° or 15° stimulus from OMD patients.
The waveform of the focal macular ERGs is a depolarizing pattern with a
small a-wave, if any, and a relatively large b-wave [15]. Adapted with
permission from Miyake Y. ‘Electrodiagnosis of retinal diseases’, Tokyo:
Springer-Verlag; 2006
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A three-dimensional topographic map of the mfERGs is shown in Fig. 9.
The averaged waveforms of the multifocal ERGs for the different eccentric
rings in 20 normal subjects and § patients with OMD are superimposed
[23]. The differences in the amplitudes of the ERGs recorded from patients
with OMD and from normal subjects become smaller toward the peripheral
field. Most OMD patients have slight but significantly longer implicit times
than those of normal controls across the whole testing field. These longer
implicit times suggest that the retinal dysfunction has a broader extent than
expected from the ERG amplitudes and psychophysical perimetric results
(see below).

Fig. 9
Three-dimensional topographic map (/eft) and averaged waveform (right)

of multifocal ERGs for five eccentric rings in a normal subject and an



OMD patient [23]. Responses for 20 normal subjects and eight OMD
patients are superimposed in the averaged waveforms. The vertical dotted
line indicates an implicit time of 29.4 ms. Adapted with permission from
Miyake Y. ‘Electrodiagnosis of retinal diseases’, Tokyo: Springer-Verlag;
2006
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Two-color (cone-rod) perimetry in macula
Light-adapted (cone) and dark-adapted (rod) two-color perimetry is useful



in the independent evaluation of the cone and rod visual pathways. This
was originally designed by Jacobson and associates and is performed with a
modified Humphrey Field Analyzer [35]. Only the function of the posterior
pole was measured in our series [14]. Profile plots of cone-rod perimetry in
a representative OMD patient (case 1) and cone perimetry in another OMD
patient (case 2) are shown in Fig. 10. The visual acuity of case 1 was 0.2
and of case 2, 1.0. In each profile, the normal variations (mean + 2 SD) of
30 normal subjects are shown as the range surrounded by the two dotted
lines. The normal sensitivity level for the light-adapted test is at least 15 dB
at all test points with higher levels near the center of the visual field. The
light-adapted results indicate abnormal sensitivities only at the fovea. The
normal dark-adapted sensitivity for the 500-nm target was approximately
70 dB with the lower level at the fovea, and approximately 40 dB for the
650-nm target. When the red (560-nm) and blue-green (500-nm) targets are
adjusted for equal energy, the rod photoreceptor system will be 26 dB more
sensitive to blue-green than to red, whereas cones will show only 8 dB
greater sensitivity to blue—green than to red. Therefore, a sensitivity
difference of approximately 26 dB indicates a rod-mediated detection,
whereas a difference of approximately 6 dB means a cone-mediated
detection. The sensitivity differences of between 8 and 26 dB suggest
mixed rod and cone detection: rods detect the blue—green stimulus and
cones the red stimulus. Based on these criteria, the macular cone sensitivity
is depressed but rod sensitivity is normal in case 1. In case 2, the macular
cone sensitivity is severely depressed, but a small area of the fovea has

good sensitivity, resulting in normal visual acuity.

Fig. 10

Results of two-color perimetry. Rod-cone perimetry (leff) and cone
perimetry (right) in two patients with OMD. The visual acuity of cases 1
and 2 are 0.2 and 1.0, respectively. In case 1, the macular cone sensitivity is
depressed severely, but macular rod sensitivity is within the normal range.
In case 2, the macular cone sensitivity is depressed, but only a small area of
the fovea has good sensitivity. The dotted lines (left) and solid lines (right)
indicate the normal range. Adapted with permission from Miyake Y.

‘Electrodiagnosis of retinal diseases’, Tokyo: Springer-Verlag; 2006
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In our series of 13 patients with OMD who underwent this two-color
perimetric testing, a loss in the sensitivity of the cone system in the macula
was detected in all patients. The sensitivity of the macular rod system was
normal in six patients (group 1), and borderline or abnormal in six patients
(group 2). The average age of the patients was 30.2 years in group 1 and
58 years in group 2 (P < 0.05). These results suggest that only the cone
system is abnormal in the relatively early stage, and the rod system is
impaired in older patients.
Some patients have normal visual acuity in spite of having abnormal focal
macular ERGs or multifocal ERGs (see case 2). This apparent discrepancy
can be resolved by examining the cone sensitivity profile in Fig. 10. The
patients with good visual acuity also had decreased cone sensitivity in the
macula, but the function of one point in the foveola may still be relatively
well preserved. It may be that the small center of the fovea in such patients

functions well and accounts for the good visual acuity. The parafovea,



however, is dysfunctional, resulting in the low amplitude in focal macular
ERGs.

Optical coherence tomography

Spectral-domain OCT is a very important method in the diagnosis of OMD
[30]. In patients with the RP1LI mutation, the most prominent features on
OCT are the abnormalities of the two highly reflective lines in the OCT
images at the macula.

These lines correspond to the ellipsoid region of the photoreceptor inner
segments (ISe) and cone outer segment tips (COST) line (Fig. 11). The ISe
line at the fovea appears thickened and blurred in the early stages of OMD
and disrupted or absent in the later stages. The COST line cannot be clearly
observed in the macular area even in the early stage. In the peri-macular
regions which have normal visual function, all the outer retinal
microstructures are normal. In longer duration cases, e.g., >30 years, both
the photoreceptor and outer nuclear layers are thinnest at the macula;
however, the retinal pigment epithelium remains unchanged (Fig. 11). The
location of the COST line coincides with the location where the outer
segment cone discs are renewed [36, 37], and the ISe line coincides with
the region which is rich in mitochondria that play important roles in cellular
metabolism [38]. The disappearance or blurring of both COST and ISe lines
thus indicates an early stage of dysfunction of the cone photoreceptors.

Fig. 11

OCT images from two OMD patients with RP/L/ mutation (p.Arg45Trp,
heterozygous). a OCT image of a normal control without the RPILI
mutation (40-year-old man). All of the outer retinal structures, including
ellipsoid of photoreceptor inner segment (ISe) line, cone outer segment tip
(COST) line, and retinal pigment epithelium (RPE), are clearly observed
both in the fovea and the peri-macular region. b A 30-year-old man. The
COST line is not present over the entire macula but is present in the
peri-macular regions. The ISe line is blurred at the fovea (asterisk), but
clearly observed in the peri-macular regions. The RPE is normal in the

entire region. ¢ An 83-year-old man. The COST line cannot be seen in the

macula but is still visible in the peri-macular region. The ISe line is



disrupted at the fovea (asterisk). There is an apparent thinning of the

photoreceptor layer at the fovea. The RPE is normal in the entire region.

AQ2
The OCT images of sporadic cases of OMD without the RP1LI mutation,
on the other hand, do not resemble those of patients with the RPILI

mutation. For example, some have a normal ISe line at the fovea, some a

clearly localized disruption of the ISe line at the fovea, and some a
minimally disrupted COST line at the fovea [30]. Considering that the OCT
abnormalities in sporadic cases do not show similar patterns to patients
with the RPILI mutation, the phenotypically confirmed OMD eyes surely
consist of diseases with multiple independent etiologies.

AQ3

Genetics

In 2010, linkage analyses in two OMD families with dominant inheritance
patterns showed that mutations in the RPILI gene located in the short arm
of chromosome 8§ were responsible for the OMD [31]. The cases with this
mutation have been reported to share the same clinical features, especially
the OCT images [30]. Recently, a number of cases of OMD with RPIL
gene mutations have been reported [31, 39—42], and all of them had

heterozygous missense mutations: the most common mutation was



p.Arg45Trp in exon 2.

The RPILI gene was originally cloned as a gene derived from common
ancestors with the retinitis pigmentosa 1 (RP1) gene, which is responsible
for 5-10 % of autosomal dominant retinitis pigmentosa (RP) worldwide. It
is located on the same chromosome 8 [43—47]. An immunohistochemical
study on cynomolgus monkeys showed that RPIL1 was expressed in rod
and cone photoreceptors, and it is believed to play important roles in the
morphogenesis of the photoreceptors [43, 48]. Heterozygous RPILI
knock-out mice were reported to have normal retinal morphology while
homozygous knock-out mice developed subtle retinal degeneration [48].
However, the RP1L1 protein has a very low degree of overall sequence
identity (39 %) between humans and mice compared to the average values
of sequence similarity observed between human and mice proteins. The
cellular mechanisms that explain why only the macular region is impaired
in human OMD patients have not been determined.

In the Japanese population, RP/LI gene mutations are rarely found in
sporadic cases. There are OMD families without the RP/L/ mutation where
autosomal recessive inheritance is assumed. The genetic background
leading to the OMD may be a variant, and other genetic causes will
probably be determined in future studies.

Course of OMD

The correlation between age and visual acuity at the initial visit was not
significant. In addition, the visual acuity of the older OMD patients in the
same families was not always lower than those of the younger patients.
These findings suggest that the age of onset and the speed of progression
vary widely among patients even in the same family.

OMD is progressive in nature judging from the history of patients.
However, only a few reports follow the eyes of OMD patients for a long
period. The first patient diagnosed with OMD was a 29-year-old woman
who was examined by one of the authors (YM) in 1986. Her fundus and
fluorescein angiograms are still normal in 2014 although the visual acuity
OU has decreased slightly.

Differential diagnosis

We believe that OMD may not be as rare as was originally thought. Before
focal macular ERGs and mfERGs were used as routine clinical tests, many

patients with OMD were probably misdiagnosed as having other diseases



with low visual acuity and normal fundus. Because of the normal fundus
appearances and normal full-field ERGs, OMD was often misdiagnosed as
optic neuropathy of unknown origin, amblyopia, or non-organic visual loss.
There were also cases with a diagnosis of senile cataract which were later
diagnosed as OMD because the low visual acuity remained after the
cataract surgery.

Cone dystrophy is a hereditary retinal dystrophy with progressive decrease
of visual functions. Some of the patients with cone dystrophy may have
normal fundus appearance [10]; however, eyes with cone dystrophy always
have abnormal or absent full-field cone ERG as well as absent focal
macular ERG. Congenital stationary night blindness with normal fundus is
a hereditary retinal disease which is classified into two different clinical
entities, complete and incomplete types [4]. This classification has been
verified by molecular genetics analysis [5—9]. Most patients with both types
often have moderate disturbances of visual acuity associated with high
myopia or hyperopia from a young age. Some patients may not complain of
night blindness, especially those with the incomplete type of CSNB [35].
Thus, a differential diagnosis of OMD is required. The full-field ERGs of
both types show unique abnormalities [4, 49].

Future studies of OMD

In OMD patients, only the macular region is affected while other retinal
regions remain normal functionally and morphologically, even at a very
advanced stage. Moreover, the fundus appearance and retinal pigment
epithelium remain intact until the end stage while the photoreceptor layer in
the macular area is markedly damaged. Functionally, ON bipolar function
is relatively preserved in macula of OMD patients with a depolarizing
pattern in the focal macular ERGs. This finding may be related to a red—
green color vision defect which was often observed in such OMD patients
[15]. Also, the relative preservation of rod function in the macula may be
from the result of some remodeling of the synapse from cone synapses to
the ON synapses of rods.

These are still some important mysteries peculiar to OMD and not observed
in other macular dystrophies. The RPI/LI gene in humans has only 40 %
homology with that of mice, and its cellular function in the primate’s
macula has not been determined. More detailed investigations on the

function of RPIL1 should provide information to answer these questions.
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recessive disorder w1th an estimated frequency of
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despite normal rod responses on electroretinogra-
phy>® Fundus appearance is usually normal,
although macular pigmentary changes and atrophy
have been described.’

Mutations in five genes have been identified as
causes of ACHM: cyclic nucleotide-gated channel
alpha-3 (CNGA3), cyclic nucleotide-gated channel
beta-3 (CNGB3), guanine nucleotide-binding protein,
alpha-transducing activity polypeptide 2 (GNAT2),
phosphodiesterase 6C (PDE6C), and phosphodiester-
ase 6H (PDEGH).” ™ A previous study found that
CNGB3 mutations account for half of the studied
ACHM cases (48.2%), CNGA3 mutations account for
28.7%, GNAT2 mutations account for 2.2%, and
PDE6C mutations account for only 1.4%.* However,
another studies report that mutations in CNGB3
account for 87% of ACHM cases, CNGA3 for 5%,
and PDEG6C for less than 1%; and they found no
mutations in GNAT2.">'31° The proteins encoded by
these five genes are exclusively expressed in cone
photoreceptors, where they are involved in the cone
phototransduction cascade.

We have previously described two ]apanese
ACHM siblings with different clinical phenotypes.'®
In the present study, using whole-exome sequence
analysis, we investigated disease-causing mutation
and genetic background to clarify the different clinical
phenotypes between the siblings. Additionally, i
silico molecular modeling was conducted to nve
gate the impact of the disease-causing mutation:

METHODS

The protocol used for this stud
the Institutional Review Bo
University School of Medicine
Hospital Organization To
protocol adhered to th
Helsinki, and informe
each participant

Y Declaratlon of
obtained from

Clinical Studi

We studied the affectéd two siblings, each with
ACHM, in one consanguineous Japanese pedigree
(JU#0149-110JIKEI). Their non-ACHM father (III-1)
and mother (III-2) were first cousins. We performed a
complete ophthalmic examination, including decimal
best-corrected visual acuity (BCVA), funduscopy,
Goldmann visual-field and color-vision testing,
fundus autofluorescence imaging (FAI) (Spectralis
HRA; Heidelberg Engineering, Heidelberg,
Germany), optical coherence tomography (OCT)
(Carl Zeiss Meditec AG, Dublin, CA), and full-field
and spectral electroretinography (ERG). Under light-
adapted conditions, spectral (L/M- and S-cone) ERG

was recorded using a light-emitting diode built-in
contact lens electrode (LS C, Mayo, Aichi, Japan) as
previously described."” Briefly, responses were
evoked by blue (430nm) stimuli (63.0cd/m?) or red
(644nm) stimuli (63.0cd/m? under a white (2.0 log
cd/m?) background. Stimulus duration (3 millisec-
onds) and frequency (4.850 Hz) were specified; the
band pass was 1 to 300 Hz; the PuREC system (Mayo)
was used to average 300 signals.'®

Molecular Genetic Studies

We extracted genomic DNA fronteachaffected sibling
and each parent. Whole- exome sequenc1 ig was per-

usmg muta-
820 In add-

tions as previously,
ition, we assessed any

NM_001708.2; and NM_000539.3 respectively).

Molecular Modeling

he ‘amino acid sequence of PDE6C was retrieved
rom the UniProtKB database (http://www.unipro-
t.org/uniprot/P51160). The PDE6C domain structure
was generated with the automated protein-
homology modeling server Swiss-Model (http://
swissmodel.expasy.org) by using dimeric cGMP-
dependent 3,5"-cyclic phosphodiesterase (PDE2A) as
a structural template (Protein Data Bank file: 3ibj).
Mutant variant structure, p.E591K, was generated as a
dimer, refined, 10-ns equilibrated at 37°C using a
149.4 A x 118.2 A x 89.8 A water box, and Yasara 2
force field implicated in a molecular visualization,
modeling, and dynamics program called YASARA.*!
Molecular visualization was also performed by using
the UCSF Chimera.”>

RESULTS
Ophthalmological Findings

The older sister (patient IV-1) and the younger brother
(patient IV-2) were diagnosed with complete and
incomplete ACHM, respectively. Detailed clinical
features of the siblings from 7 to 21 and from 5 to 18
years of age (IV-1 and VI-2, respectively) have been
described previously.'®

Ophthalmic Genetics
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Patient IV-1'® is current]
BCVA was 0.2 (wi ;

) “of age. Her
yopia) in her right
and 0.1 (with mmoderdte im ) in her left eyes.
Funduscopy ( phi ioretinal macular
scarring in the r eye and macular atrophy in the
left eye (Figure 1 revealed complete loss of
autofluorescence in thesmacular lesions of both eyes
(Figure 1B). OCT revealed severe macular thinning of
all layers in both eyes and retinal and choroidal
excavation in the right eye (Figure 1C). At the age of
31, visual field testing showed bilateral central scot-
omas (5-10 degrees) of the I-3e or I-2e isopters, but the
peripheral visual fields of the I-5e and I-4e isopters
were normal (data not shown). The central scotomas
at 31 years of age had broadened slightly relative to
that at 11 years of age.
Patient IV-2 was diagnosed with incomplete
ACHM at the age of 5.'° At present, the patient is 26
years old. His BCVA was 0.2 (with high hyperopia) in

© 2015 Informa Healthcare USA, Inc.
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each eye. Funduscopy showed atrophic macular
changes in both eyes (Figure 2A). Fundus autofluor-
escence imaging revealed hyper-autofluorescent areas
of the maculas in both eyes (Figure 2B). Optical
coherence tomography revealed retinal thinning with
loss of the outer retinal layer in each macula (Figure
2C). Visual field testing showed bilateral central
(5 degrees) scotomas of the I-3e or I-2e isopters, but
the peripheral visual fields of the I-5e and I-4e isopters
were normal (data not shown), demonstrating that
there was little change in the visual field between
26 and 12 years of age.

The father (III-1) reported no visual disturbance
until the age of 63 years; he has since undergone
comprehensive ophthalmic examinations. His BCVA
was 1.2 (with moderate hyperopia) in each eye. In the
anterior segments and media, there were mild senior
cataracts in both eyes. Funduscopy and OCT showed
normal appearance except for some macular drusen in
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FIGURE 2. Fundus images of p y
autofluorescence imaging (B), a

ormed mono-
plates on the
hat he had minor

both eyes. Color visi
cularly for each ey
Ishihara test. Panel”
errors in the
the F-M 100-hu the square roots calculated
from the total er res were 152 (right eye)
and 11.5 (left eye). Thé average in a group of 60- to
69-year-olds with normal color vision and good visual
acuity is reportedly 10.0-11.0.*° His orientation axes
were 5.16 (right eye) and 4.84 (left eye), indicatin%
blue-yellow (or tritan) color vision deficiencies.”
Although the full-field ERG showed normal rod and
cone responses in both eyes, S-cone responses by blue
stimulus were not evident in the left (Figure 3) and
right eyes, whereas L/M-cone responses by red
stimulus were evident in the left (Figure 3) and right
eyes.

The mother (III-2) reported no visual disturbance
until the age of 54 years. Her BCVA was 1.2

o has incomplete achromatopsia at 26 years of age. Fundus photographs (A), fundus
cohérencé tomography (C).

(with moderate hyperopia) in each eye. Anterior
segments, funduscopy, and OCT showed normal
appearance in both eyes.

Identification of Gene Mutations

After the filtering steps, only one PDE6C mutation
remained. Subsequently, in each sibling, we identified
a novel homozygous mutation (c.1771G>A, p.E591K)
in exon 14 of the PDE6C gene. Each parent was
heterozygous for the mutant allele. This novel muta-
tion (p.E591K) was not found in the Single Nucleotide
Polymorphism Database, the 1000 Genomes database,
the Human Genetic Variation Browser, or the Human
Gene Mutation Database. No pathological mutations
were detected in the CNGA3, CNGB3, GNAT2, or
PDE6H genes, which are each known as causative
genes for ACHM.
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Control Father (11I-1)
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FIGURE 3. Spectral electroretinography in a control and the father (III-1). In the left eye of the father (IIl-1);
stimulus (—0.72 log cd-second/m?) are not detectable, whereas L/M-cone responses by red stimulus (—0.72710g"
preserved.

onses by blue
“ond/m?) are

Specifically we focused on the 220 genes regis-
tered in the RetNet database and found that this
family harbored 11 registered mutations or variants
(Supplementary Table S1 - online only). Interestingly,
there were two known disease-causing mutations
(p.G79R in OPN1SW and p.T193M in RHO),***” and
each was heterozygous in this instance. The p.G79R
mutation in OPNISW reportedly causes congenital
tritan color vision deficiencies,” while p.T193M in
RHO reportedly causes autosomal dominant retinitis
pigmentosa.”® The father (III-1) and patient IV-1 eact
had both mutations; the mother (III-2) and patjentTV:
2 had neither mutation. Each genomic mu}iid :
PDE6C, OPN1SW, and RHO was confirmed by ¢

It bridge would
i dction between H5
a change in Zn®" cation
coordinatio

SCUSSION

using “whole-exome sequence analysis, we
fied a novel PDE6C mutation (p.E591K) in two
ings with ACHM and macular atrophy.
E6C has two GAF domains (GAF-A and GAF-B)
and ‘one PDEase catalytic domain. The p.E591K
mutation was located in the PDEase catalytic
domain. The E591 residue is highly conserved
~among vertebrates (Supplementary Figure S1).
Therefore, it is possible that the amino acid change
from a negatively-charged glutamic acid to a posi-
tively-charged lysine may cause loss of PDE6C func-
tion. As shown in the functional analysis of molecular
modeling, the p.E591K mutation could potentially

B , decrease metal cation binding and might affect the

e PDEase catalytic catalytic function of PDE6C. The results of this

ig tic domain has a modeling analysis were consistent with results of a

binding site f , cations. Results of structural study of phosphodiesterase inhibition by
simulated ann the mutant variant p.E591K the C-terminal region of the y-subunit®® In our
are shown in Figure 4B. The p.E591K mutation PDE6C model, the H5 and H12 helices were pos-
replaced a negatively-charged glutamic acid with a itioned close to the H- and M-loops, residues 610-632
positively-charged lysine residue. This alteration dra- and 748-770, respectively. These loops formed a
matically changes the interaction between two helices, distinct interface that contributed to the y-subunit
H5 and HI12, located within the catalytic domain binding site. The disruption of this interface causes
(Figure 4C). Indeed, in wild-type protein, negatively retinal degeneration in atrd3 mice.”**® Our findings
charged glutamic acid E591 (OE1 atom) forms a salt indicated that the H5 and HI2 helices might be
bridge (~3 A distance) with positively charged lysine involved in the stabilization of the y-subunit binding
K711 (NZ atom). The p.E591K mutation introduced a site. PDE6C plays an important role in cone photo-
positive charge at position 591 and was predicted to receptors by rapidly decreasing intracellular levels of
break the salt bridge. This resulted in a conform- the second messenger cGMP. Reportedly, known
ational change caused by the repulsive force between PDE6C gene mutations reduce PDE activity, based
K711 and K591 side chains, which increases the inter- on data from a PDE5/PDE6 chimeric protein
atomic distance between two chains up to 6.9 A in the expressed in Sf9 insect cells.’**'”? Therefore, the
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