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Abstract

The macula is a unique structure in higher primates, where cone and rod

photoreceptors show highest density in the fovea and the surrounding area, respectively.

The hereditary macular dystrophies represent a heterozygous group of rare disorders

characterized by central visual loss and atrophy of the macula and surrounding retina.

Here we report an atypical absence of ON-type bipolar cell response in a Japanese

patient with autosomal dominant macular dystrophy (adMD). To identify a causal genetic

mutation for the adMD, we performed whole exome sequencing (WES) on four-affected

and four-non affected members of the family for three generations, and identified a novel

p.C538Y mutation in a postsynaptic gene, LRRTM4. WES analysis revealed seven rare

genetic variations in patients. We further referred to our in-house WES data from 1,360

families with inherited retinal diseases, and found that only p. C538Y mutation in

LRRTM4 was associated with adMD affected patients. Combinatorial filtration using

public database of single nucleotide polymorphism frequency and genotype-phenotype

annotated database identified novel mutation in atypical adMD.



Introduction

The macula is the specialized central region of the eye responsible for visual

acuity in primates. In the center of the macula, called the fovea, cone photoreceptors are

packed in a region 0.2 mm in diameter, resulting in the highest density of cone cells in the

retina. Outside the fovea, rod photoreceptors form a dense ring around the fovea, about

4.5 mm from the foveal pit (ref. 1). To improve the efficiency of light perception, the

macula is free of retinal vessels, and thus entirely dependent on the choriocapillaris for its

blood supply. These anatomical specificities, in turn, render the macula susceptible to

various types of stress, such as nutrient or oxygen deficiency or metabolic dysfunction,

which can lead to severe visual impairment via photoreceptor dysfunction or

degeneration.

Hereditary macular dystrophy is a general term for phenotypically and genetically

highly heterogenous visual impairments, including Stargardt disease (STGD) (ref. 2),

cone-rod dystrophy (CRD) (ref. 3), vitelliform macular dystrophy (VMD) (ref. 4), X-linked

juvenile retinoschisis (ref. 5), occult macular dystrophy (ref. 6) and North Carolina

macular dystrophy (NCMD) (ref. 7). Number of causal genes have been identified for



each diseases, then, population of patients affected by the same disease caused by

mutations in the same gene are very rare. The most prevalent case is the Stargardt

diseases (STGD), which has an estimated prevalence of 1 in 10,000 (ref. 8), and

accounts for 7% of all inherited macular dystrophies. Since most cases of the autosomal

recessive STGD are caused by mutations in ABCA4 gene, much lower prevalence is

expected for other macular dystrophies caused by different genetic mutations, for

example, autosomal dominant STGD caused by mutations in ELOVLA4 (ref. 9) and

PROML1 (ref. 10).

The rare appearance of disease-affected patient makes it difficult to find a

second family with the same clinical phenotype, and with the same causal gene mutation.

Whole exome sequencing (WES) has remarkably accelerated the identification of causal

genes for inherited retinal diseases (ref. 11), though, the analysis of a single pedigree

often leaves number of candidate causal genes associating with disease-affected

subjects even after eliminating the common variation using public single nucleotide

polymorphism (SNP) databases. The Japan Eye Genetics Consortium (JEGC) was

established in 2011 by 30 ophthalmology departments in Japanese universities to collect



genotype-phenotype information of 36 inherited retinal diseases collecting 2,240 DNA

samples in 1,360 pedigrees. WES have finished for 1,536 individuals, and the sequence

data are annotated with clinical characteristics.

Here, we report genetic analyses of a Japanese family with dominantly inherited

macular degeneration for three generations. Patients showed a novel atypical loss of

ON-type bipolar cell response in the whole field electroretinogram (ERG). WES analysis

and filtration of candidate mutations of this pedigree resulted with 7 variations

co-segregated with affected individuals. Further filtration using the JEGC

genotype-phenotype database eliminated all candidate mutations detected in normal

individual in other pedigrees leaving one mutation p.C538Y in LRRTM4 (Leucine Rich

Repeat Transmembrane Neuronal 4) gene as disease-causing.

Methods

Subjects and clinical examination

The proband (Case IlI-2) was referred to our clinic because of strabismus at the age of 4

yr. Her father (Case II-2), her aunt (Case 1l-1), and her grandfather (Case 1-2) were
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examined in our hospital for the first time at the ages of 26 yrs, 39 yrs, and 56 yrs

respectively (Table 1). These patients had consulted local clinics during childhood

complaining of low visual acuity. We performed spectral-domain OCT (SPECTRALIS®;

Heidelberg Engineering, Heidelberg, Germany) on all family members. A molecular

genetic study was performed at the Department of Ophthalmology of Juntendo University

Hospital to investigate the clinical features and genotype of family members. Parents

provided informed consent for the genetic analysis of their daughter and themselves.

Salivary DNA samples were obtained from each patient. Full-field ERG of the proband

(Case I11-2) and two other affected patients (Case 1I-1 and 11-2) were obtained as dictated

by the standard protocol of the International Society for Clinical Electrophysiology of

Vision (LE4000, Tomey Corporation, Aichi, Japan) (ref. 12). ERG examination included:

(i) dark-adapted response with dim flash (DA 0.01), (ii) dark-adapted response with bright

flash (DA 10.0), (iii) light-adapted response with standard flash at 2 Hz (LA 3.0), (iv)

light-adapted response with standard flash at 30 Hz (LA 3.0 flicker), and (v) light-adapted

long-flash for 100 ms (long-flash ERG). This study was performed according to the tenets

of the Declaration of Helsinki. All protocols were approved by the local ethics committee

of Juntendo University School of Medicine (2014041).
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Genomic DNA extraction and whole-exome analysis

Genomes of four affected and four unaffected family members were extracted with

Oragene (OG-500, Genotek) and purified with Nucleospin Blood L (Takara Bio). Exon

capture was performed with SureSelect XT Human Exon kit ver.4 + UTRs (Agilent

Technologies). WES was performed with a HiSeq 2000 (lllumina). Reads were mapped

to the reference human genome (1,000 Genomes, phase 2 reference, hs37d5) with

Burrows-Wheeler Alinger software version 0.7.10 (ref. 13). Duplicate reads were

removed by Picard Mark Duplicates module version 1.129. Mapped reads surrounding

insertion-deletion polymorphisms (INDELs) were realigned, and base-quality scores

were recalibrated with Genome Analysis Toolkit (GATK) version 3.3-0 (ref. 14). Calling of

mutations was performed with the GATK HaplotypeCaller module. Called

single-nucleotide variants and INDELs were annotated with snpEff version 4.1B (ref. 15)

and Annovar version 2015-04-24 (ref. 16). Mutations were annotated with snpEff score

(“HIGH”, “MODERATE”, or “LOW?”) and with allele frequency in the 1,000 Genomes

database, EXAC database, and HGVD (Kyoto University, version 1.42). Mutations were

filtered to obtain mutations with a HIGH or MODERATE snpEff score (indicating that the
7



amino acid sequence would be functionally affected) and frequency <1% in the above

databases (Table 2). We additionally selected variations that were not found in the

in-house control (WES data of 14 individuals without ocular disease). Mutations were

filtered with the family’s hereditary information. Finally, we selected mutations that were

not found in unaffected individuals in our in-house WES data (Japan Eye Genetics

Consortium, JEGC, http://www.eye.qgo.jp/) (ref. 17).

RT-PCR

All animal experiments were carried out in accordance with the Guide for the Care and

Use of Laboratory Animals (National Institutes of Health) and the Association for

Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in

Vision Research. Protocols were approved by the Tokyo Medical Center Experimental

Animal Committee. Total RNA was isolated from mouse and monkey retina with Trizol

(Thermo Fisher Scientific) and reverse-transcribed with Superscript Ill (Thermo Fisher

Scientific). The long isoform of LRRTM4 was amplified with specific primers:

(cynomolgus monkey (449 bp): forward: 5-TGGTGATCTATGTGTCTTGG-3/, reverse:

5-ACTCGAGGTTTGCAATTCTCTCTAGGTAG-3; mouse (1698 bp): forward:
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5-CCTGCTTGCTTCAACAGCTG-3', reverse: 5'-CTGGCAGTACCCAATCACTG-3').

Results

Clinical information of the autosomal dominant Macular dystrophy in the Japanese family.

The pedigree for a Japanese family showed dominant-pattern macular dystrophy

for three generations (Fig. 1A). Cases I-2, 1I-1, and 1I-2 consulted local clinics because of

poor vision during their childhoods. The proband (Case IlI-2) was referred to our clinic

because of strabismus at the age of 4 years. The other cases (I-2, lI-1, and 1I-2) were first

examined in our clinic at the ages of 56 yr, 39 yr, and 26 yr, respectively. Detailed clinical

information is provided in the supplemental text and summarized in Table 1. Funduscopic

examination of affected individuals revealed circular degeneration in the vascular arcade

and thinning of all retinal layers (Fig. 1C and E). Affected individuals (except Case [I-2)

showed severe retinal degeneration throughout the retina, circular choroidal atrophy in

the macula (Fig. 1C), attenuation of retinal vessels, and optical atrophy. A circular

atrophic region was observed in the macula of Case |I-2, but the peripheral retina was

relatively preserved. Optical coherence tomography (OCT) results showed severe



thinning throughout the retina, affecting the outer nuclear, photoreceptor and retinal
pigment epithelium layers, in all three cases. A large choroidal excavation of the macula

was observed in Case lI-2 (Fig. 1E).

Patient electroretinograms (ERGs) suggest impairment of ON-type bipolar cells

ERG responses were severely reduced under both dark-adapted (DA) and
light-adapted (LA) conditions in all patients (Fig. 2). In Case II-2 (Fig. 2C), where retinal
degeneration was observed only in the macula, ERG results suggested particular
abnormalities in ON-type bipolar cells. ERG testing of this patient revealed a severely
reduced b-wave in the DA response with dim flash (DA0.01), an electronegative form in
the DA response with bright flash (DA10.0), a square-shaped a-wave in the LA response
with standard flash (LA3.0), and absence of the b-wave and preserved d-wave with long
flash (ref. 18). In Case IlI-2 (Fig. 2D), where retinal degeneration extended throughout
the retina, the DA response with dim flash (DA0.01) was extinguished, but the DA
response with bright flash (DA10.0) showed the electronegative form. The a- and
b-waves in the LA response with standard flash (LA3.0) were severely reduced, but the

d-wave in the long-flash ERG was relatively preserved.
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Filtration of causal gene mutation from family genomes by WES analysis

Because of the early onset and severity of macular degeneration in the proband,
Case llI-2, we first screened for mutations common to Leber congenital amaurosis (CRX,
LCAS5, AIPL1, and IMPDH1) by Sanger direct sequencing. No mutations were detected.
We therefore performed WES on the genomes of the 4 patients (Cases I-2, II-1, 1I-2 and
[1I-2) and four unaffected individuals (Cases I-1, I-3, I-5, and IlI-1) who were members of
the family (Fig. 1A). Averaged sequence depth was at least 47 for each individuals, and
more than 89% regions were covered with more than 5 reads. Use of the filtration
protocol described below identified the single disease-associated gene mutation,
p.C538Y in leucine-rich repeat transmembrane neuronal 4 (LRRTM4). Comparing patient
sequences with the reference human genome (hs37d5) revealed 93,315 variations in the
patients (Fig. 3A). We filtered the results for variations that could change the amino-acid
sequence and excluded common variations in the 1,000 Genomes database, Exome
Aggregation Consortium (ExXAC) database, Human Genetic Variation Database (HGVD)
and our in-house control (see Methods). We filtered the resulting 571 candidate

mutations using the family’s pattern of inheritance, and obtained 7 candidate genetic
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mutations (Table 2). Then, we again referred to our in-house WES database (JEGC data)
to see if the 7 variations were shared among Japanese inherited retinal disease patients
and/or unaffected individuals. All the 7 variations were found in a heterozygous manner.
LRRTM4 (p.C538Y) was detected only among the adMD-affected subjects in this family.
NMS (p.E146D), C60rf167 (p.M131T) and HECTD1 (p.L18051) were found in more than
two unaffected individuals from different families. ARID4A (p.Y351F) was found in two
unaffected individuals from a single family with retinitis pigmentosa. Heterozygous
ASCC3 (p.H723P) and FANCM (p.R581C) were found in one unaffected, independently,
in the JEGC data. Following these steps, LRRTM4 (p. C538Y) was identified as the only
disease-associated mutation (Fig. 3A).

Genetic investigation revealed the candidate causal mutation to be the
heterozygous mutation p.C538Y (c.G1613A) in the long isoform of LRRTM4 (RefSeq
accession numbers: NM_001134745 for mRNA, NP_001128217 for protein; Fig. 3B). The
538" cysteine residue (Fig. 3B, asterisk) resided in the long-isoform specific region,
which is conserved among vertebrates (Fig. 3B). The p.C538Y mutation was predicted as
damaging/disease-causing by Polyphen-2 (score=0.995), SHIFT (score=0) and Mutation

Taster (score= 0.974).
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LRRTM4 long isoform was expressed in the primate retina

Human LRRTM4 gene is composed of 4 exons. The short isoform uses the stop

codon in the middle of the exon 3, encoding a protein with 518 amino acids (aa). On the

other hand, the long isoform splice out part of the exon 3 including the stop codon, but

uses exon4, which is translated into a protein with 590 aa. Expression of long and short

isoforms of LRRTM4 was previously shown in mouse brain, but their expression in the

retina was not reported. To determine whether the long isoform of LRRTM4 was

expressed in the retia, we analyzed mRNA expression in the mouse and monkey retinal

tissues by RT-PCR. Forward primer was designed on the exon3’, and reverse primer was

on the exon 4 (see Methods). RT-PCR showed that the LRRTM4 long isoform was

expressed in the mouse and monkey retinal tissues (Fig. 4B).

Discussions
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LRRTM4 is a neuronal and postsynaptic protein whose short isoform
(NP_079269) has been well-studied for its role in the instruction of excitatory
pre-synapses (ref. 19), but the role of the long isoform of LRRTM4 has not been
extensively studied. Moreover, the expression and roles of LRRTM4 have not been
examined in the retina. This is the first report of LRRTM4 as a causal gene for autosomal

dominant macular dystrophy.

LRRTM4 is one of four members in the leucine-rich-repeat transmembrane
(LRRTM) protein family. LRRTM4, as well as other LRRTM family members, is
associated with post-synaptic proteins and instructs the formation of excitatory
pre-synaptic structure (ref. 19). A recent report showed that both the short and long
isoforms of LRRTM4 had equivalent pre-synapse formation activity in vitro (ref. 20).
Furthermore, LRRTM4 knock-out mice showed reductions in dendritic spine density and
miniature excitatory postsynaptic current frequency in the dentate gyrus (ref. 21). Given
the importance of LRRTM4 in excitatory synapse development in brain, LRRTM4 would
work as a post-synaptic adhesion molecule also in the retina. Genetic studies indicate

that intragenic deletion or copy-number variations in LRRTM4 are associated with autism
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spectrum disorders (ASD) (ref. 22-25). However, the patients included in this study, either
the family members, did not noticed symptoms of neuropsychiatric or memory disorders,
implying that the long-isoform—specific C538Y mutation induced a disease phenotype

through a different mechanism.

Inherited macular degeneration is a general name, including STGD, VMD, X-linked
juvenile retinoschisis, occult macular dystrophy and NCMD. Like in other reported
pedigrees with inherited macular degeneration (ref. 26, 27), phenotypic variability was
observed among our patients by clinical examinations. Retinal degeneration was limited
to the central region in the case |I-2, but was extended to the whole-retina in the cases
[I-1 and IlI-2. In addition, decrease of ON-type bipolar cell response was detected in the
case 1I-2. One explanation for this phenotypic variability is that disease progress was
different between the patients. The LRRTM4 C538Y mutation might affect bipolar cell
response at first, then, caused photoreceptor degeneration from macular to the
surrounding area. Another possibility is that the case |I-2 had additional genetic mutation
that caused the decrease of ON-type bipolar cell response, which is classically

characteristic in the congenital stationary night blindness (CSNB). For the latter
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possibility, we compared our whole exome data of cases Il-1, 1I-2 and 1ll-2, and selected

the variations found only in the case II-2. We found 34 heterozygous variations and 11

homozygous variations specific for the case 1l-2, but no known CSNB-causal gene was

included. Evidences suggest the effect of genetic modifiers to the variability of

phenotypes in human eye diseases, however, the identification of the modifier molecule

is still limited (ref. 28). Further functional analyses of LRRTM4 C538Y mutation will help

us to understand the disease causing mechanism of the variable phenotypes observed.

This finding provides evidence of severe macular degeneration caused by mutation in

gene expressed in retinal synapse. Further investigation of long-isoform of LRRTM4 in

relation to degeneration of the entire macular opens new field of photoreceptors-bipolar

cells interaction addition to the regular neurotransmission and therapeutic for individuals

suffering from autosomal dominant macular dystrophy.

Acknowledgements

Computation of the whole-exome analysis was partially performed on the NIG

supercomputer at ROIS, National Institute of Genetics, Mishima, Japan. This study was

16



supported by a grant to T.I. from the Japan Agency for Medical Research and

Development (16ek0109072h0003).

Conflict of Interest

The authors declare that they have no competing financial interests in relation to this

work described.

References
17



Kolb, H. Photoreceptors. Webvision 1994.

Allikmets, R., Singh, N., Sun, H., Shroyer, N.F., Hutchinson, A., Chidambaram, A.
et al. A photoreceptor cell-specific ATP-binding transporter gene (ABCR) is
mutated in recessive Stargardt macular dystrophy. Nat Genet 1997; 15: 236-246.
Evans, K., Fryer, A., Inglehearn, C., Duvall-Young, J., Whittaker, J.L., Gregory, C.Y.
et al. Genetic linkage of cone-rod retinal dystrophy to chromosome 19q and
evidence for segregation distortion. Nat Genet 1994, 6: 210-213.

Petrukhin, K., Koisti, M.J., Bakall, B., Li, W., Xie, G., Marknell, T. et al.
Identification of the gene responsible for Best macular dystrophy. Nat Genet 1998;
19: 241-247.

Sauer, C.G., Gehrig, A., Warneke-Wittstock, R., Marquardt, A., Ewing, C.C.,
Gibson, A. et al. Positional cloning of the gene associated with X-linked juvenile
retinoschisis. Nat Genet 1997; 17: 164-170.

Akahori, M., Tsunoda, K., Miyake, Y., Fukuda, Y., Ishiura, H., Tsuji, S. et al.
Dominant mutations in RP1L1 are responsible for occult macular dystrophy. Am J
Hum Genet 2010; 87: 424-429.

Small, K.W., DeLuca, A.P., Whitmore, S.S., Rosenberg, T., Silva-Garcia, R., Udar,
18



10.

1.

12.

N. et al. North Carolina Macular Dystrophy Is Caused by Dysregulation of the

Retinal Transcription Factor PRDM13. Ophthalmology 2016; 123: 9-18.

Mellough, C.B., Steel, D.H. & Lako, M. Genetic basis of inherited macular

dystrophies and implications for stem cell therapy. Stem Cells 2009; 27:

2833-2845.

Zhang, K., Kniazeva, M., Han, M., Li, W., Yu, Z., Yang, Z. et al. A 5-bp deletion in

ELOVL4 is associated with two related forms of autosomal dominant macular

dystrophy. Nat Genet 2001; 27: 89-93.

Yang, Z., Chen, Y., Lillo, C., Chien, J., Yu, Z., Michaelides, M. et al. Mutant

prominin 1 found in patients with macular degeneration disrupts photoreceptor

disk morphogenesis in mice. J Clin Invest 2008; 118: 2908-2916.

Bamshad, M.J., Ng, S.B., Bigham, A.W., Tabor, H.K., Emond, M.J., Nickerson, D.A.

et al. Exome sequencing as a tool for Mendelian disease gene discovery. Nat Rev

Genet 2011; 12; 745-755.

McCulloch, D.L., Marmor, M.F., Brigell, M.G., Hamilton, R., Holder, G.E., Tzekov,

R. et al. ISCEV Standard for full-field clinical electroretinography (2015 update).

Doc Ophthalmol 2015; 130: 1-12.
19



13.

14.

15.

16.

17.

18.

Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler

transform. Bioinformatics 2009; 25: 1754-1760.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A. et

al. The Genome Analysis Toolkit: a MapReduce framework for analyzing

next-generation DNA sequencing data. Genome Res 2010; 20: 1297-1303.

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, L. et al. A

program for annotating and predicting the effects of single nucleotide

polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain

w1118; iso-2; iso-3. Fly (Austin) 2012; 6: 80-92.

Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation of genetic

variants from high-throughput sequencing data. Nucleic Acids Res 2010; 38:

e164.

Iwata, T. Japan Eye Genetics Consortium (JEGC) for Hereditary Retinal Diseases.

Advances in Vision Research, 1st edn. Springer Japan: tokyo, Japan, 2017, pp

9-19

Miyake, Y., Yagasaki, K., Horiguchi, M., Kawase, Y. & Kanda, T. Congenital

stationary night blindness with negative electroretinogram. A new classification.
20



19.

20.

21.

22.

23.

24.

Arch Ophthalmol 1986; 104: 1013-1020.

Linhoff, M.W., Lauren, J., Cassidy, R.M., Dobie, F.A., Takahashi, H., Nygaard, H.B.

et al. An unbiased expression screen for synaptogenic proteins identifies the

LRRTM protein family as synaptic organizers. Neuron 2009; 61: 734-749.

Um, J.W., Choi, T.Y., Kang, H., Cho, Y.S., Choii, G., Uvarov, P. et al. LRRTM3

Regulates Excitatory Synapse Development through Alternative Splicing and

Neurexin Binding. Cell Rep 2016; 14: 808-822.

Siddiqui, T.J., Tari, P.K., Connor, S.A., Zhang, P., Dobie, F.A., She, K. et al. An

LRRTM4-HSPG complex mediates excitatory synapse development on dentate

gyrus granule cells. Neuron 2013; 79: 680-695.

Pinto, D. & Pagnamenta, A.T. & Klei, L. & Anney, R. & Merico, D. & Regan, R. et al.

Functional impact of global rare copy number variation in autism spectrum

disorders. Nature 2010; 466: 368-372.

de Wit, J. & Ghosh, A. Control of neural circuit formation by leucine-rich repeat

proteins. Trends Neurosci 2014; 37: 539-550.

Clarke, R.A., Lee, S. & Eapen, V. Pathogenetic model for Tourette syndrome

delineates overlap with related neurodevelopmental disorders including Autism.
21



Transl Psychiatry 2012; 2: e158.

25. Sousa, |., Clark, T.G., Holt, R., Pagnamenta, A.T., Mulder, E.J., Minderaa, R.B. et
al. Polymorphisms in leucine-rich repeat genes are associated with autism
spectrum disorder susceptibility in populations of European ancestry. Mol Autism

2010; 1: 7.

26. Renner, A.B., Fiebig, B.S., Weber, B.H., Wissinger, B., Andreasson, S., Gal, A. et
al. Phenotypic variability and long-term follow-up of patients with known and novel
PRPH2/RDS gene mutations. Am J Ophthalmol 2009; 147: 518-530 e511.

27.  Kitiratschky, V.B., Wilke, R., Renner, A.B., Kellner, U., Vadala, M., Birch, D.G. et al.
Mutation analysis identifies GUCY2D as the major gene responsible for autosomal
dominant progressive cone degeneration. Invest Ophthalmol Vis Sci 2008; 49:
5015-5023.

28. Meyer, K.J. & Anderson, M.G. Genetic modifiers as relevant biological variables of

eye disorders. Hum Mol Genet 2017; 26: R58-R67.

22



Figure Legends

Figure 1. Pedigree and clinical examinations for patients with adMD.

(A) Family pedigree showing an autosomal dominant heredity pattern for macular

dystrophy. Affected individuals are indicated in black. Arrowhead indicates proband

(Case l1l-2). Genomes were collected from the individuals marked with asterisks. (B, C)

Funduscopy images from one unaffected individual (Case IlI-1; B) and four affected

patients (Case I-2, 1I-1, II-2, and I1I-2; C). (D, E) OCT images from one unaffected

individual (Case llI-1; D) and three affected patients (Case II-1, II-2, and 1lI-2; E). Retinal

degeneration in Cases lI-1 and IlI-2 extended to the entire retina, whereas degeneration

was observed only in the macula in Case II-2.

Figure 2. Full-field ERGs from three patients affected with macular dystrophy and

one unaffected control.

(A) Unaffected individual, (B) Case II-1, (C) Case 1I-2, and (D) Case IlI-2. In case II-2, the

ON-type bipolar cell response (DA0.01) was severely reduced, but cone responses
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(LA3.0, LA3.0 30Hz flicker, and LA3.0 long-flash) remained. Cases II-1 and I11-2 did not

show either photoreceptor (rod or cone) or bipolar cell responses.

Figure 3. Flow diagram for filtering WES results.

(A) Among the patient-specific variants, those which did not cause amino acid changes,
or common variants (found in 1000 Genomes, EXAC, or HGVD) were excluded. LRRTM4
C538Y was the least common mutation among the dominantly inherited candidate
mutations. (B) Protein domain structure of the short and long isoforms of LRRTM4, and
alignment of long-isoform-specific domain of C-terminal LRRTM4 (magenta box) among
vertebrate species. Asterisk indicates the mutated site (538" Cysteine), which is
conserved from primates to fish. SP, signal peptide; LRRNT, leucine-rich repeat
N-terminal; LRR, leucine-rich repeat motif; LRRCT, leucine-rich repeat C-terminal; TM,

transmembrane domain; PDZ binding, PSD95 binding site as PDZ binding motif.

Figure 4. LRRTM4 is expressed in the mouse and monkey retinal tissues.
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(A) Schematic of human LRRTM4 gene structure. Boxes indicate exons. LRRTM4 variant

1 consisted of 4 exons: exon 1, exon 2, partial exon 3 and exon 4. Variant 2 consisted of

3 exons: exon 1, exon 2, and full-length exon 3. (B) Detection of LRRTM4 variant 1

mMRNA in mouse and monkey retina by RT-PCR.
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Table 1. Clinical information of each patient

Age at first visual visual ) .
: : Visual field
Case Sex assesment acuity_1 acuity_2 .
(first assesment)
V) V) V)
0.03, 0S
I-2 M 56 0.01, OD N.E. N.E.
(56)
39 0.03, 0S 0.05, OS
II-1 F 0.02, OD 0.05,0D N.E.
(39) (42)
26 0.1, OS 0.06, OS Central scotoma within 20°
-2 M 0.1, OD 0.08, OD OU; preserved peripheral
(26) (41) visual field OU.
Central scotoma within 20°
0.09, OS 0.03,0S OD and 10° OS; Slight
-2 F 5 0.03, OD 0.06, OD concentric contraction of
(5) a7) peripheral visual field

(40-60°) OU.

N.E., not examined; OS, left eye; OD, right eye; OU, both eyes.

Visual acuity_1land visual field are from the first clinical assesment. Other visual data (including OCT,



Funduscopy finding Full-field ERG additional comments

Pigmented degeneration in the whole

retina (56) N.E. poor vision from childhood

Pigmented degeneration in the whole Severely reduced rod and

f . oor vision from childhood
retina with macular atrophy cone responses. P

Reduced b-wave in DA 0.01,
electronegative form in DA
10.0, square-shaped a-wave
in LA 3.0, absence of b-wave
and preserved d-wave in the
long-flash ERG.

Circular atrophy in macula poor vision from childhood

Severely reduced rod and
cone responses,
electronegative form in DA
10.0, relatively preserved d-
wave in long-flash ERG.

Pigmented degeneration in whole
retina with macular atrophy

) were obtained at the ages same to the visual acuity_2 assesment, except in Case I-2.



Table 2. Candidate gene mutations from the adMD family

Frequency
accession allele conts
Gene dbSNP AA-change EXAC_EAS 1000G_EAS HGVD in normal
number
(JEGC)
exon4,
LRRTM4 NM_001134745 c.G1613A, 0 0 0 0
p.C538Y
exon9,
NMS NM_001011717 rs201430802 c.A438C, 0.0003 0.001 0.0041 3
p.E146D
exon4,
C6orf163 NM_001010868 rs200580279 €.T392C, 0 0 0.0064 4
p.M131T
exonl4,
ASCC3 NM_006828 rs746115950 ¢.A2168C, 0.0007 0 0.0057 1
p.H723P
exon30,
HECTD1 NM_015382 rs143401795 ¢.C5413A, 0.0005 0.001 0.0030 2
p.L1805I
exonl0,
FANCM NM_020937 rs202171930 c.1741T, 0.0023 0 0.0021 1
p.R581C
exonl3,
ARID4A NM_002892 rs779291787  c.A1052T, 0.0003 0 0 2
p.Y351F

EXAC_EAS, East Asian data in Exome Aggregation Consortium database (EXAC); 000G_EAS, East Asian data in 1000

Genomes database; HGVD, Human Genetic Variation Database; JEGC, Japan Eye Genetic Consortium
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(A) 93315 Total patient-

specific variants
Exclude variants with
no effect on amino acids ;¢

Variants that alter
16425 sequence of amino acid
Exclude common variants

in public databases > ¢
(>1%)

1275
1st in-house filtration

Exclude variants in %¢
in-house 14 controls Rare functional

571 variants

Familial segregation of
dominant mutations 9¢

Candidate gene
2nd in-house filtration 7 mutations

Exclude mutations in
-y

unaffected of other

families in JEGC 1 disease-associated
gene mutaion
518 aa
(B) SP LRRNT LRR LRRCT ) g
shOl’thl'm 1 2 3 E 5 6 7 8 9 10 C538Y 590 aa
Long form V|2 |3 o |5E e 17 || Pec 9 [[1a0 |

Extracellular domain Cytoplasmic domain

Human MPHHMKPLPYYSYDQPVIGY%QAHQPLHVTKGYETVSPEQDESPGLELGRDHSFIATIARSAAPAIYLERIAN
Chimpanzee MPHHMKPLPYYSYDQPVIGYCQAHQPLHVTKGYETVSPEQDESPGLELGRDHSFIATIARSAAPATYLERIAN
Cynomolgus IPHHVKPLPYYSYDQPVMGYCQAHQPLHVTKGYETVSPELDESPGLELGRDHSFIATIARSAAPTIYLERIAN

Rhesus monkey IPHHVKPLPYYSYDQPVMGYCQAHQPLHVIKGYETVSPELDESPGLELGRDHSFIATIARSAAPTIYLERIAN

Marmoset MPHHVKPLPYYSYDQPVIGYCQAHQPLHVTKGYETVSLEHDESPGMELGQDHSFIATIARSAAPAIYLERIAN

Bovine ILHHVKPLPYYSYDQPVIRYCQAHQPLRVNKGYEAVSPEQDESPSLELGHDHSFIATIARSAAPATIYLERITN

Rat MPHHVKPLPYYSYDQPVIGYCQAHQPLHINKAYEAVSIEQDDSPSLELGRDHSFIATIARSAAPAIYLERITN

Mouse IPHHVKPLPYYSYDQPVIGYCQAHQPLHINKAYEAVSIEQDDSPSLELGRDHSFIATIARSAAPAIYLERITN

Chicken VPHHMKTLPYYSYDQPVISYCQAHKPLHVNKGYDSMAREQPEPTNLELSRDHSFIATIARSAAPAIYIERIPN
Xenopus VPRHIKTVPYYNYDQPMVGYCQTHKSLLVNKGYEEMSLDQRETTNLELSRDQSYISTIARSAAPTIYIERIPNQ
Zebrafish VPHQMSTLTFYRYEQPIVDYCQAHQPLRLNMSYEGPPQSLEGLEELP-PRERSTIQTVALPAVPTINTGTTGEC..



(A)

Human LRRTM4 gene

exon1 exon2 exon3 exon4
: 3197 1198
short isoform 26_8, 3—5.’1 . . —
— e
: V' I A
long isoform 1547
exond’

(B)

Mouse retina Monkey
E16 _P7 5W retina
LRRTM4 LRRTM4
long isofrom long isofrom
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