0vT

Bio-information and blood test results

Normal range

Patient I1-1

Patient T1-2

Thyroid stimulating hormone (mIU/I)
Anti-thyroid peroxidase antibody (U/ml)
Anti-thyroglobulin antibody (U/ml)
Thyroglobulin (ng/ml)

Thyroid stimulating hormone receptor antibody (IU/ml)
Parathyroid hormone (pg/ml)
Luteinizing hormone (mIU/ml)

Follicle stimulating hormone (mIU/ml)
Estradiol (pg/ml)

Total testosterone (ng/ml)

Prolactin (ng/ml)

Cortisol (mg/dl)

Insulin (pU/ml)

Growth hormone (ng/ml)

Bold type indicates values outside the normal range

0.34-4.04
0.0-15
0.0-27
0.0-32.7
<1.0
10-65
1.7-8.6
1.5-12.4
14.0-43.9
250.0-1100.0
4.3-13.7
4.0-18.3
0.0-13.0
0-2.47

3.06
10
11
6.1
0.9
26
13.2
30.7
18.7
90.7
3.7
8.1
9.2
0.3

4.67
10
<10
29.4
<1.0
20
9.1
20.3
10.6
53.5
2.5
10.6
63.6
0.27
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TaBLE 3. DNA SEQUENCE STATISTICS

Family members Read length Number of reads Mapping rate Mean depth Coverage (%)
(bp) (%) (fold)

1I-2 (younger brother) 101 47,724,724 99.4 46.6 88.5

II-1 (elder brother) 101 68,584,852 99.4 59.6 86.1

I-1 (father) 101 57,103,807 99.3 69.3 88.5

I-2 (mother) 101 59,776,264 99.3 56.8 86

Average 101 58,297,412 99.3 58.1 87.3

or anatomic changes of the retina [14,18,21,40] have been
reported. For instance, a study of the pathology of the retina
of a 2-year-old girl with AS showed hypocellularity of the
ganglionic cell layer, the inner nuclear layer, and the outer
nuclear layer (ONL) in addition to an absence of rod and cone
outer segments and disruption of retinal pigment epithelium
[18,21]; a study of a 42-year-old female with AS revealed
severe reduction of all retinal layers containing a complete
lack of photoreceptors and deposits of melanin pigments in
the inner nuclear layer [14]; and OCT findings of a 5-year-
old boy with AS showed only a slight thinning of the central
retina [40]. In our patients, OCT findings showed marked
retinal thinning (Figure 5A,B). The retinal layers of patient
II-2 could not be distinguished because of marked retinal
thinning (Figure 5C).

A study using retinal sections of 4/ms/ knockout
(AlmsI™") mice showed loss of the cell bodies in the ONL,
shortening of the inner and outer segments, and incorrect
localization of rhodopsin to the ONL [7]. The mislocaliza-
tion of rhodopsin in the 4/msI™~ mice indicates a defective
rhodopsin transport system through the photoreceptor-
connecting cilium [7]. The connecting cilium, damaged by
loss of function of ALMSI, modifies the outer segments of
the photoreceptors. Therefore, it has been suggested that
defective protein transport across the connecting cilium is the
probable cause of early onset severe retinal degeneration in
AS patients [10]. We consider that the marked retinal thinning
(Figure 5) and loss of retinal function (Figure 2) observed in

our patients are due to a defective transport system across the
photoreceptor-connecting cilium, resulting from the homozy-
gous truncated mutation (p.Q2051X).

Variability in the phenotypic expression of AS is
observed within sets of affected siblings [14,41-43]. Most
patients with AS eventually develop T2DM, although there
is wide variability in the age of onset [14]. Here, patient II-1
showed T2DM, but patient 1I-2 exhibited hyperinsulinemia,
a predictor of T2DM (Table 2), suggesting that he might
develop T2DM in the future. In addition, patient 1I-2 showed
subclinical hypothyroidism, whereas patient II-1 did not
exhibit hypothyroidism (Table 2). Hypothyroidism or subclin-
ical hypothyroidism is reported to exist in approximately
20% of AS patients [14,19]. Most clinical features, such as
retinal degeneration, hepatic dysfunction, hyperlipidemia,
hypogonadism, short stature, and wide feet, were common
features of the affected brothers (Table 1, Table 2); however,
slight phenotypic differences in terms of glucose tolerance
and thyroid function were observed between them.

ALMSI protein has several notable sequence features,
including an extensive tandem repeat domain (34x47 amino
acid approximate tandem repeat, residues 538-2,199), a
putative leucine-zipper motif (residues 2,480-2,501), and
an ALMS motif (residues 4,035-4,167). Although the
precise roles of the above domain and motifs are unknown,
it is suggested that two regions of ALMS1—a relatively
small internal region (residues 2,261-2,602) and a larger
C-terminal region (residues 3,176—4,169)—play important

TaBLE 4. NUMBER OF MUTATIONS AFTER EACH FILTERING STEP

Filtering step

Number of mutations

1. Raw single-nucleotide variants plus insertion—deletion polymorphisms 3,506,741
2. Mutations capable of changing amino acid sequence 19,574
3. Mutations filtering by the snpEff score and existing at a frequency of less than 1% in 1000 genomes 3,685
4. Mutations filtering by the pattern of inheritance 17
5. Mutations expressed in retina, confirmed by SAGE database® 9
6. Mutations narrowed down using BIOBASE Biologic Database® and RetNet database® 1

*SAGE: serial analysis of gene expression;?’BIOBASE Biologic Database (EyeSAGE); “RetNet database.
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roles in targeting ALMSI to the centrosomes and ciliary
basal bodies [44]. In our patients, if the truncated protein
caused by the mutation (p.Q2051X) is expressed in the retina,
the protein would not contain the two regions important for
targeting (residues 2,261-2,602 and residues 3,176—4,169) or
the putative leucine-zipper and ALMS motifs. Therefore, this
truncated mutation would cause loss of function of ALMSI,
resulting in the AS phenotype. Although genotype—pheno-
type correlations are not clear among AS patients with
ALMSI mutations [45,46], patients with mutations in exon 8
are reported to have delayed and milder renal complications
compared with those with mutations in exons 10 and 16 [13].
In our patients, the p.Q2051X mutation was present in exon
8, explaining normal renal function.

The syndromic disorder AS is often misdiagnosed as
LCA, ACHM, or other ciliopathies [11,20,21], so the iden-
tification of diagnostic mutations is important. Also, early
diagnosis may improve longevity and long-term quality of
life. By the whole-exome sequencing analysis technique, we
were able to comprehensively determine the disease-causing
gene mutation by using the fewest samples possible from the
pedigree and analyzing all exon sequences in a relatively
short time. Because of the autosomal recessive inheritance
pattern, the parents and two affected brothers were enough to
narrow down the candidate genes. Consequently, we identi-
fied a single causative gene mutation (p.Q2051X of ALMSI).
Whole-exome sequence analysis should play an important
role in future diagnostics for AS.

In conclusion, there has been no report of any AS patient
with an ALMSI mutation in the Japanese population, prob-
ably because AS is an extremely rare inherited disease.
We identified a novel 4LMSI mutation in two brothers of a
consanguineous family and examined their clinical features
in detail. Our results indicate the presence of different muta-
tions in AS between Japanese and other populations.
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Molecular characteristics of four Japanese cases with KCNJ2
retinopathy: Report of novel disease-causing variants
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Purpose: To describe the molecular characteristics of four Japanese patients with cone dystrophy with supernormal rod
responses (CDSRR).

Methods: Four individuals with a clinical and electrophysiological diagnosis of CDSRR were ascertained. The pathog-
nomonic findings of the full-field electroretinograms (ERGs) included a decrease in the rod responses, a square-shaped
a-wave, an excessive increase in the b-wave in the bright flash responses, and decreased cone-derived responses. Muta-
tional screening of the coding regions and flanking intronic sequences of the potassium channel. subfamily V. member 2
(KCNT2) gene was performed with bidirectional sequencing. The segregation of each allele was confirmed by screening
other family members. Subsequent in silico analyses of the mutational consequences for protein function were performed.
Results: There were two siblings from one family and one case in each of the two families. One family had a consan-
guineous marriage. Mutational screening revealed compound heterozygosity for the two alleles, p.C177R and p.G461R,
in three patients, and homozygosity for complex alleles, p.R27H and p.R206P, in one patient from the consanguineous
family. There were three putative novel variants, p.R27H. p.C177R. and p.R206P. The four variants in the families with
KCNV2 were highly conserved in other species. In silico analyses predicted that all of the missense variants would alter
protein function.

Conclusions: Biallelic disease-causing variants were identified in four Japanese patients with CDSRR suggesting that the
pathognomonic electrophysiological features are helpful in making a molecular diagnosis of KCNT2. Three novel vari-
ants were identified, and we conclude that there may be a distinct spectrum of KCNV2 alleles in the Japanese population.

Patients with cone dystrophy and supernormal rod elec-
troretinograms (ERGs) were first reported in 1983, and the
abnormality in the ERGs indicated a progressive degeneration
of the cone photoreceptors associated with unique rod system
abnormalities [1]. More detailed characteristics of this rare,
autosomal recessive condition were reported in later studies,
and the disease was named cone dystrophy with supernormal
rod responses (CDSRR; MIM #610356) [2-8].

Most cases with CDSRR typically present in the first two
decades of life with reduced visual acuity, abnormal color
vision, and photophobia [8-11]. Night blindness is a later
feature of the disorder [8]. The fundus appearance is variable,
with some having a normal peripheral retina and a range of
macular abnormalities [8-10]. The pattern of the autofluores-
cence (AF) images is also variable: Young cases have either

Correspondence to: Kazushige Tsunoda, Laboratory of
Visual Physiology, National Institute of Sensory Organs, 2-5-
1 Higashigaoka, Meguro-ku, Tokyo 152-8902, Japan; Phone:
+81334110111; FAX: +81334110185; email: tsunodakazushige@
kankakuki.go.jp

a normal pattern or small parafoveal ring enhancements,
while older cases have a narrow high-signal annulus that
can encircle a central atrophic area of the retinal pigment
epithelium (RPE) [6,12]. Recently, spectral domain optical
coherence tomography (SD-OCT) and adaptive optics scan-
ning laser ophthalmoscope (AOSLO) studies have described
morphological changes of the fovea even at the early stages
[10,13.14].

The electrophysiological findings are pathognomonic of
CDSRR, and they assist in its early diagnosis [3.5.8-12,15-17].
The light-adapted ERGs are usually delayed and decreased in
keeping with a generalized cone system dysfunction. There
is also a unique rod system abnormality; the dark-adapted
ERGs elicited by dim flashes are markedly decreased and
delayed, and increasing the flash intensity results in an
excessive increase in the b-wave amplitude accompanied by
a shortening of the peak time of the b-wave [8,9.11]. A square-
shaped a-wave trough of the dark-adapted bright flash ERGs
is also a characteristic feature of this disorder [9,11].
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CDSRR has been shown to be caused by mutations in the
potassium channel, subfamily V, member 2 (KCNV'2) gene
(MIM# 607,604), which encodes a voltage-gated potassium
channel subunit, Kv8.2 [18]. This silent subunit is expressed
in rod and cone photoreceptors [18-20], and is thought to
assemble with other K* channel subunits such as KCNBI,
KCNC1, and KCNFI. These subunits form functional hetero-
meric channels with altered properties that have a narrowed
membrane potential for activation and slow inactivation
kinetics [19]. Eventually, these kinetic properties result in
transient hyperpolarization overshoots on rapid changes in
the inward currents [19]. A deficiency of Kv8.2 by a muta-
tion in KCNV2 may affect the characteristics of the I as
first described in amphibian photoreceptors [21]. This defi-
ciency may influence the photoreceptor membrane potential.
However, the underlying mechanisms that fully explain the
clinical features of CDSRR are still not determined.

More than 50 different disease-causing variants in
KCNV2 have been reported: small insertion and deletion
changes or large deletions that constitute a protein truncation
and single nucleotide changes with amino acid substitutions
[9.10,13,14.16,18,22,23]. Three small case series describe the
clinical features of CDSRR in East Asians [3.5,15]; however,
molecular genetic studies of these populations have not been
published. Thus, the purpose of this study was to determine
the molecular genetic characteristics from the clinical and
electrophysiological findings of four Japanese patients who
were diagnosed with CDSRR.

METHODS

Subjects: Four subjects who were diagnosed with CDSRR
from the clinical and electrophysiological findings were
ascertained at the National Institute of Sensory Organs,
National Tokyo Medical Center, Tokyo, Japan and Niigata
University, Niigata, Japan. The natural history of these four
patients has been partially reported recently [24]. The proce-
dures used were approved by the ethics committee of each
institution, and all procedures were performed in accordance
with the principles of the Declaration of Helsinki. Informed
consent was obtained from all experimental subjects for all
procedures.

Clinical assessment: A complete medical history was
obtained, and a comprehensive ophthalmological examina-
tion was performed on all patients. The photophobia and
night blindness episode was obtained on direct questioning.
The clinical assessments included measurements of the best-
corrected visual acuity (BCVA), dilated ophthalmoscopy,
color fundus photography, AF imaging, OCT, and electro-
physiological recordings. AF images were obtained with the
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HRA 2 confocal scanning laser ophthalmoscope (Heidelberg
Engineering, Heidelberg, Germany: excitation light, 488
nm; barrier filter, 500 nm; field of view, 30»x30°) [25]. The
OCT images were obtained with SD-OCT (Cirrus HD-OCT,
versions 4.5 and 3.1; Carl Zeiss Meditec, Dublin, CA) [26].

Electrophysiological assessments: Full-field ERGs were
recorded from the four patients with the minimum standard
protocol of the International Society for Clinical Electro-
physiology of Vision (ISCEV) [27]. The ERG examination
included the following: (i) dark adapted dim flash 0.0l
cdesem™ (DA 0.01), (i) dark adapted bright flash 30.0
cdesem™ (DA 30.0), (iii) light adapted 3.0 cdesem? at 2 Hz
(LA 3.0), and (iv) light adapted 3.0 cdesem™ 30 Hz flicker
ERG (LA 3.0 30Hz). The extended protocol included the
recording of the dark-adapted ERGs elicited by stimulus
intensities of 0.001 cdesem™, 0.01 cdesem™, 0.3 cdesem™, 3.0
cdesem™, and 30.0 cdesem™. Two of the four patients were
also recorded with the extended protocol. An excessive o~
disproportionate increase in the dark adapted b-wave witl.
increasing flash intensity was assessed in these two patients,
according to the previous report [9].

Mutational screening: After informed consent was obtained,
blood samples were collected in EDTA tubes from each
subject, and the DNA was extracted with a DNA extrac-
tion kit (QlAamp DNA Blood Maxi Kit; Qiagen, Venlo,
the Netherlands). All exons and exon—intron boundaries
were amplified with polymerase chain reaction (PCR), and
the primer sequences used are shown in Table 1. PCR was
performed with 20 pl volume containing 0.5 Unit Taq poly-
merase (PrimeStar GXL DNA polymerase, Takara, Tokyo,
Japan). The sequence was determined based on the dideoxy
terminator method using an ABI PRISM 31001 Genetic
Analyzer (Applied Biosystems, Foster City, CA) according
to the manufacturer’s protocol. The SeqScape Software
version 2.5 (Applied Biosystems) was used to analyze the
sequence alignment. Bidirectional Sanger sequencing was
also performed in other family members of the proband, to
confirm the segregation of the alleles.

Molecular genetic analvses: All of the missense variants
identified were analyzed using two software prediction
programs, Sorting Intolerant from Tolerance (SIFT) and
PolyPhen2 [28,29]. The predicted effects on splicing of all
missense variants were assessed with the Human Splicing
finder program version 2.4.1. The allele frequency of each
variant was estimated with the Exome Variant Server
(NHLBI Exome Sequencing Project, Seattle, WA). A multiple
sequence alignment program for DNA or proteins, the Clustal
Omega, was applied to confirm an evolutionary conserva-
tion. Likely non-disease-causing variants (polymorphisms)
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TaBLE 1. PRIMER SEQUENCES AND CONDITIONS FOR KCNV2 MUTATIONAL SCREENING.

Primer Sequence (5°-3") Product size (bp) PCR annealing (°C)

ElaF AGGACCTGAGAAGGGGCAGCT 831 71

ElaR TCCAGGAGGCGGAGGAACTCT

EIbF CCCTGCTGTCCACGCTGAATG 799 71

EIbR CAGCGTGGGTAAGGTGGGTCA

ElcF AAGATCCAGCACGAGCTGCGC 841 65

ElcR ATGGATGTCAAAAGTGGTGGA

E2aF AGCTTCTGTTCTTTTCATGAC 624 63

E2aR GTCTCATAGTTGCTCTGTGTT

bp = base pairs.

were also analyzed with the same protocol applied to likely
disease-causing variants.

RESULTS

The demographic features of the four individuals from three
families with CDSRR are summarized in Table 2. There were
two siblings (patients | and 2) in one family and one case
in each of the two families (patients 3 and 4). The pedigree
of each family is shown in Figure 1, and a consanguineous
marriage was present in family 3.

Clinical findings: The age of the patient at the time of the
examination was 23, 17, 21, and 17 years with the age of
disease onset at 9, 35, 3, and 2 years (Table 2). Three patients
complained of photophobia (patients 1, 2, and 4), and all
four patients had night blindness. Patient 4 had had mild
nystagmus since age 2 years. The decimal BCVA of the four
patients ranged from 0.08 to 0.8, and the BCVA of patients |
and 2 was better than 0.7 in each eye.

The findings obtained from the color fundus photo-
graphs, AF images, and SD-OCT images are summarized
in Figure 1 and Table 2. The fundus photographs showed
mottling of the RPE at the macula in all four patients with
subtle patchy granular flecks at the macula in patient 3. A
ring enhancement of the AF signal was detected in the AF
images of all four patients; three subjects had it centered on
the fovea (patients 1, 2, and 3), and one had it at the parafovea
(patient 4). In patient 3, the ring enhancement at the fovea was
surrounded by patchy granular foci of the high AF signal at
the macula.

SD-OCT demonstrated abnormalities in the outer retinal
layers in all four patients. The cone outer segment tip line was
absent in the macular area in all patients. The photoreceptor
inner and outer segment junction line was discontinuous at
the fovea in patients 3 and 4, and thinning of the outer retina
was detected at the fovea in all four patients.

Electrophvsiological assessments: The electrophysiological
findings are summarized in Table 3, and the ERGs are
shown in Figure 2. The full-field ERGs were recorded with
the minimum ISCEV standard from patients 2 and 3, and
extended protocol full-field ERGs including the dark-adapted
ERGs elicited by an intensity series were obtained from
patients | and 4.

The dark adapted b-wave amplitude elicited by a stim-
ulus intensity 0.01 (DA0.01) was delayed and decreased in
patients 3 and 4, but was normal but delayed in patient 1.
The responses for DA0.01 were undetectable in patient 2. An
excessive increase in the b-wave for the extended protocol
was found in two patients, 1 and 4. In addition, the a-wave
was square-shaped with a supernormal b-wave elicited by
stimulus intensity 30.0 (DA 30.0) in all four patients. The
photopic ERGs (LA 3.0 and LA 3.0 30Hz) were decreased in
all four patients (Table 3 and Figure 2).

Molecular genetics: The molecular genetic findings are
summarized in Table 2 and Appendix [. Likely disease-
causing variants in KCNV2 were identified in all four patients.
The four likely disease-causing variants were p.Arg27His,
p.Cysl77Arg, p.Arg206Pro, and p.Gly461Arg (Appendix 1),
and two likely non-disease-causing variants (polymorphisms)
were p.Gly61Gly and p.Ala265Ala (Appendix 2). The segre-
gation of each allele was confirmed by screening of other
family members for all these variants.

Detailed molecular results including in silico analysis
to assist in predicting the pathogenicity of the four disease-
causing variants identified are shown in Appendix 1. All of
the four likely disease-causing variants were single nucleotide
changes with one amino acid substitution (missense), i.e..
p.Arg27His, p.Cysl77Arg, p.Arg206Pro, and p.Gly461Arg.
Compound heterozygosity for the two alleles, p.Cys177Arg
and p.Gly461Arg. in patients . 2, and 3 and homozygosity for
the complex alleles, p.Arg27His and p.Arg206Pro. in patient

1582



n

(*]

TABLE 2. SUMMARY OF DEMOGRAPHICS, CLINICAL FINDINGS AND MOLECULAR STATUS FOR FOUR JAPANESE PATIENTS WITH KCNVZ-RETINOPATHY

VA Fundus AF ocCT
Omnset of ‘
Pt,FM, disease, age at Subtle . Patchy o .
gender examination RE L RPI.Z patchy Ring gr.anul:.u' Absence of Deflcnt-‘of Mutation status
(vears) mottling granular enhancement foci of high COST IS/08
. flecks signal
Compund heterozygous [c.529
1« I; F 9,23 0.7 0.8 Macula ND Fovea ND Fovea ND T>C. p.Cysl77Arg}; [c. 1381G>A.
p.Gly461 Arg]
Compund heterozygous [¢.529
2.1.M 5,07 0.7 0.7 Macula ND Fovea ND Fovea ND T>C, p.Cysl177Arg]: [c.1381G>A,
p.Gly461Arg]
Compund heterozygous [¢.529
3,2,F 3,21 0.1 0.1 Macula Macula Fovea Macuala Macula Fovea T>C, p.Cys177Arg]; [c.1381G>A,
p.Gly461Arg]
Complex homozygous [¢.80
4,3, F 2,17 0.1 0.08 Macula ND Para-fovea ND Macula Fovea G>A, p.Arg27His]; [c.617 G>C,

Pt = Patient; FM = family number; VA = logMAR visual acuity; RE = right eye; LE = left eye:

PE = retinal pigment epithelium; AF = autofluorescence; COST = cone outer

p.-Arg206Pro]

segment tip line; 1S/OS = photoreceptor inner and outer segment junction; ND = not detected. The affected area of each finding is based on the color fundus photographs, AF

images, and the OCT images in each column.
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Figure 1. Pedigree and retinal imaging of each patient with potassium channel, subfamily V, member 2 retinopathy. Pedigrees with molecular
status of the three families with potassium channel. subfamily V. member 2 (KCNT2) retinopathy are shown on the left. Retinal images
including color fundus photographs, autofluorescence images, and spectral domain optical coherence tomography are presented on the
right. Images of patient 1 (top row), patient 2 (second row from top), patient 3 (third row from top), and patient 4 (bottom row) are shown.

4 were revealed by the segregation analyses. The p.Gly461Arg  three putative novel variants (SIFT. Poplyphen2, and Human
variant has been reported, and the p.Arg27His, p.Cysi77Arg, Splicing finder; Appendix 1). The reported missense variant,
and p.Arg206Pro variants are putative novel. In silico analysis ~ p.Gly461Arg, with possibly affecting splicing was detected
revealed an “intolerant” protein function or a “probably or  in six out of 13,006 individuals of the Exome Variant Server;
possibly damaged” protein but no effect on splicing in the  the three novel variants, p.Arg27His, p.Cys177Arg, and
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