Genetics in Medicine Open (2024) 2, 101843

,\::j S
LSEVIER

ARTICLE

Genetics
Medicine
OPEN

An Official Journal of the ACMG

www.journals.elsevier.com/genetics-in-medicine-open

A homozygous structural variant of RPGRIP1 is F

frequently associated with achromatopsia in Japanese
patients with IRD

Check for
updates

Akiko Suga'®, Kei Mizobuchi®®, Taiga Inooka’, Kazutoshi Yoshitake*®,
Naoko Minematsu’, Kazushige Tsunoda’, Kazuki Kuniyoshi®® , Yosuke Kawai’®,
Yosuke Omae’, Katsushi Tokunaga’@®, NCBN Controls WGS Consortium,

Takaaki Hayashi®*

, Shinji Ueno®*® , Takeshi Iwata'*

ARTICLE INFO

ABSTRACT

Article history:

Received 16 October 2023
Received in revised form

21 March 2024

Accepted 21 March 2024
Available online 26 March 2024

Keywords:
Achromatopsia
Genome sequencing
RPGRIP1

Structural variant

Purpose: Achromatopsia (ACHM) is an early-onset cone dysfunction caused by 5 genes with
cone-specific functions (CNGA3, CNGB3, GNAT2, PDE6C, and PDE6H) and by ATF6, a
transcription factor with ubiquitous expression. To improve the relatively low variant
detection ratio in these genes in a cohort of exome-sequenced Japanese patients with
inherited retinal diseases (IRD), we performed genome sequencing to detect structural
variants and intronic variants in patients with ACHM.
Methods: Genome sequencing of 10 ACHM pedigrees was performed after exome sequencing.
Structural, non-coding, and coding variants were filtered based on segregation between the
affected and unaffected in each pedigree. Variant frequency and predicted damage scores
were considered in identifying pathogenic variants.
Results: A homozygous deletion involving exon 18 of RPGRIPI was detected in 5 of 10
ACHM probands, and variant inheritance from each parent was confirmed. This deletion was
relatively frequent (minor allele frequency = 0.0023) in the Japanese population but was only
homozygous in patients with ACHM among the 199 Japanese IRD probands analyzed by the
same genome sequencing pipeline.
Conclusion: The deletion involving exon 18 of RPGRIPI is a prevalent cause of ACHM in
Japanese patients and contributes to the wide spectrum of RPGRIPI-associated IRD phenotypes,
from Leber congenital amaurosis to ACHM.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Inherited retinal diseases (IRDs) are a group of phenotypes
associated with reduced visual acuity and are mostly due to a
photoreceptor dysfunction, which leads to progressive retinal
degeneration. Achromatopsia (ACHM) is a congenital cone
dysfunction with severely reduced visual acuity but a stationary
natural history from an early age. Affected patients have
nystagmus, photophobia, absent or markedly reduced color
vision, and reduced visual acuity from birth or early infancy.
With electroretinography (ERG), ACHM is characterized by
severely reduced cone responses with normal/subnormal rod
responses. The fundus typically appears normal, but detailed
imaging of the retinal structure with optical coherence to-
mography (OCT) reveals variability in the macular structure,
with an ellipsoid zone that is either continuous or disrupted.’
Long-term clinical studies indicate that visual acuity, rod re-
sponses, and retinal structure are generally stable for several
years to decades.” ACHM is inherited in an autosomal reces-
sive pattern with a prevalence of 1 in 30,000 worldwide.” Six
genes, CNGA3 (HGNC:2150, NM_001298.2), CNGB3
(HGNC:2153, NM_019098.5), GNAT2 (HGNC:4394,
NM_001377295.2), PDE6C (HGNC:8787, NM_006204.4),
PDE6H (HGNC:8790, NM_006205.3), and ATF6
(HGNC:791,NM_007348.4), are causal for ACHM.? ATF6 is
ubiquitously expressed and involved in the maintenance of
cellular homeostasis, whereas the remaining genes encode
cone-specific phototransduction proteins.” Genetic studies on
patients with IRD have shown relatively high solved ratios for
ACHM. For example, 67% (6/9 cases) of the patients with
ACHM were solved by genome sequencing in the United
Kingdom,5 and 95.2% (56/62 cases) were solved by the panel
sequencing of known IRD genes in Germany.® Even with
Sanger sequencing targeting the coding sequences of CNGA3
and CNGB3, biallelic variants were detected in 45.5% (10/22
pedigrees) of the patients with ACHM.” Consistent with the
known genetic background of ACHM; CNGB3 and CNGA3
account for approximately 70% to 80% of the cases.” Those
studies identified CNGB3 as the most frequent causal gene and
its founder variant, c.1148del p.(Thr383Ilefs*13), as the most
prevalent. In contrast, in the previous exome sequencing of
1210 Japanese IRD pedigrees, we identified pathogenic vari-
ants in only 34% of the pedigrees with cone dysfunction (14/41
pedigrees, including ACHM and blue cone mono-
chromatism).® Among the patients with genetically solved cone
dysfunction, CNGA3 accounted for 22% (3/14) but CNGB3 did
not. Further, the CNGB3 founder variant, c.1148del, was not
detected in the exome-sequenced patients with IRD either in a
heterozygous or in a homozygous manner. Therefore, we ex-
pected a contribution of exome-undetectable structural variants
and non-coding variants in known ACHM genes and/or other
genes in Japanese patients with ACHM.

RPGRIP1I (HGNC:13436, NM_020366.4) encodes a
coiled-coil protein that interacts with the RPGR protein and
anchors it to the photoreceptor primary cilia.” A pathogenic
variant of RPGRIPI was first identified in patients with

Leber congenital amaurosis (LCA) with severely reduced
vision from early childhood, pigmented fundi, and non-
recordable ERGs for both rod and cone responses.'’ Over
250 variants of RPGRIPI are currently known, most of
which are associated with LCA; associations with retinitis
pigmentosa and cone-rod dystrophy (CORD) are observed
at lower rates.'' Although RPGRIPI pathogenic variants
may underlie 5% of LCA cases,'” our previous exome
sequencing study did not identify RPGRIPI pathogenic
variants in patients with any of the 28 phenotypes, including
LCA (54 pedigrees) and CORD (157 pedigrees).” Recent
next-generation sequencing efforts have identified patho-
genic non-coding variants and large structural variants
partially disrupting RPGRIPI exon(s) in patients with
IRD, " which encouraged us to reexamine unresolved IRD
cases with genome sequencing to detect structural variants
and noncoding variants in addition to the coding region
variants detected by exome sequencing.

Herein, we report the identification of a homozygous dele-
tion involving exon 18 of RPGRIPI
(NC_000014.9:2.21326547_21327885del =~ NM_020366.4:
¢.27104+374_2895+78del; RPGRIPI-ex18-DEL) in 5 of 10
clinically diagnosed unrelated ACHM probands in the Japanese
IRD cohort. These patients had severely reduced visual acuity
from birth or early infancy, and ERG responses were normal
from rods but nonrecordable from cones. Genome sequencing
revealed that RPGRIPI-ex18-DEL was homozygous in the
patients and heterozygous in their parents. It was significantly
enriched in patients with ACHM compared with the Japanese
control population, accounting for 11% of pedigrees with cone
dysfunction syndrome in our exome-sequenced and genome-
sequenced Japanese IRD cohort.

Materials and Methods
Recruitment of patients and their family members

Ten clinically diagnosed ACHM probands and their family
members (2 affected and 19 unaffected) were enrolled in
this study at 4 institutions in Japan (NHO Tokyo Medical
Center, The Jikei University School of Medicine, Nagoya
University, and Kindai University). These participants were
part of a genome-sequenced IRD cohort (199 pedigrees,
Supplemental Figure 1) collected by the Japan Eye Genetics
Consortium.'* Recruitment and sample collection were
conducted in accordance with the Declaration of Helsinki.
All participants provided written informed consent at their
respective recruiting institutes. The study was approved by
the ethics boards of each institute.

Clinical evaluation

We performed comprehensive ophthalmic examinations,
including medical review (age at onset and chief complaint),
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decimal best-corrected visual acuity (BCVA), fundus photo-
graphs, fundus autofluorescence imaging using a Spectralis
HRA (Heidelberg Engineering) and/or Optos 200Tx/California
Ultra-Wide Field Retinal Imaging System (Optos), OCT
(Spectralis, or Carl Zeiss Meditec AG), and Goldmann kinetic
perimetry (Haag Streit). Full-field ERG was recorded following
the protocols of the International Society for Clinical Electro-
physiology of Vision (ISCEV)'” using a light-emitting diode
built-in electrode (LE-4000, Tomey), a Ganzfeld dome with an
EOG-ERG Ganzfeld stimulator (Electrophysiology system;
LACE Elettronica), or RETeval (LKC Technologies). Detailed
ERG procedures and conditions were as previously re-
ported.'"” Pedigree trees were drawn by f-tree (v4.2.1)."

Genome sequencing

Blood samples were collected at each institute, and genomic
DNA was extracted by Advanced GenoTechs. All patients
and healthy controls were genome sequenced by the same
pipeline as part of the Japan Leading Project for Rare Disease
WGS.?"* In detail, genome sequencing was performed using
NovaSeq6000 (Illumina) at 150 bp paired-end. Sequences in
FASTQ data are mapped to a GRCh38 reference sequence by
an in-house data analysis pipeline”’ equivalent to bwa
(v0.7.15)** and GATK (v4.1.0).* The mapping and variant
calls were performed using the Parabricks v3.5.0 (Nvidia).
Mapped sequence files were used for variant calling by our in-
house pipeline. In detail, short sequence variants (single-
nucleotide variants [SNVs] and insertions/deletions shorter
than 50 bp [short indels]) were called by a GATK-haplotype
caller as previously reported.® Variants were annotated by
ANNOVAR (20190ct24)” and Splice AI (1.3).”° For the
detection of structural variants, sequences were processed by
GATK-SV (v0.12-beta)’’ using the single mode with MELT
(v2.2.2).%

Variant filtration and interpretation

To identify pathogenic variants in each patient with IRD, we
used pedigree-based variant segregation as previously re-
ported.” SNVs and short indels in known IRD causal genes
(Supplemental Table 1) were examined. Variants with a mi-
nor allele frequency (MAF) <0.005 in gnomAD and 8.3
KJPN and frequent population-specific variants in EYS
(NM_001142800.2:¢.2528G>A, MAF = 1.89 x 1072 in 8.3
KJPN) and RP1 (NM_006269.2:¢.5797C>T, MAF = 5.40 X
107 in 8.3 KJPN) were considered. The MAFs of structural
variants were referenced to gnomAD-SV (v.2.1), 8.3 KJPN-
SV,” and NCBN Controls WGS.”' Variants were segregated
between the affected and unaffected in each family as follows.
For pedigrees with dominant inheritance of the phenotype,
variants shared only among patients were selected. For ped-
igrees comprising the patient and his or her unaffected family
members, recessive, X-linked, and sporadic inheritance pat-
terns were considered. Variants were selected if they were
homozygous or heterozygous in patient(s) but not

homozygous in unaffected family members. Compound
heterozygosity was examined if each parent carried different
alleles. For pedigrees comprising only probands, all geno-
types were considered. The pathogenicity of short-read var-
iants and structural variants was predicted according to the
American College of Medical Genetics and Genomics
guidelines using InterVar’’ and AnnotSV,”" respectively.

Short-read mapping was confirmed with integrated
genome visualization software (IGV, v2.1.6).%7

Confirmation of the break point

RPGRIPI-exonl18-DEL was confirmed by polymerase chain
reaction (PCR) and Sanger sequencing using previously re-
ported primers for PCR (Fw: 5'- GAGCCCGAGTGCCTTT
ACTG-3 '; Rv: 5-“CCAGCTTCAATGGGAACCTC-3 ),*”
and nested primers for sequencing (Fw: 5-TTGCCCAGGCT
AGTAGCTGGG-3 '; Rv: 5-“TTCAAGTGATTCTCCTGCC
TC-3 "). The break-point sequence of RPGRIPI exon 22-24
DUP was confirmed by PCR amplification and Sanger
sequencing (primers Fw: 5-TGTGGCAGATCCTGGA
GTCA-3 "; Rv: 5-GCAGGGCTGCCAAAACTTAC-3 ").

To confirm the break-point sequence of CNGA3 Alu inser-
tion, PCR-amplified target region was subcloned into pMD20
by TA-cloning (Mighty TA-cloning Reagent Set for PrimeS-
TAR, TAKARA) and Sanger sequenced. The following
primers were used for PCR amplification and sequencing (Fw:
5-GATGCCCAATGACCTCCATCTT -3"; Rv: 5-GGTAAG
GGTCAAGGTGGACCAG -3"). The subfamily of the inserted
Alu sequence was annotated by Dfam.”™

Statistical analysis

The enrichment of RPGRIPI-ex18-DEL in the ACHM
probands was examined by a one-sided binominal test using
rstatix (0.7.2) on R (4.2.3).

Results
Clinical findings

Table 1 summarizes the clinical findings from 8 patients
with biallelic RPGRIP1 structural variants. All patients were
diagnosed with ACHM based on medical review, visual
acuity, retinal structure, and functional findings. Detailed
clinical findings from a representative patient (JU0960) are
shown in Figure 1. Multimodal retinal imaging revealed a
normal appearance by fundus photograph and fundus
autofluorescence imaging (Figure 1A, upper 3 panels) and
blurred outer retinal layers (including the ellipsoid zone) by
OCT (Figure 1A, lower panels). Full-field ERG showed
normal rod system function (Figure 1B, dark adapted [DA]
0.01) and combined rod and cone system functions
(Figure 1B, DA 3.0 and DA 10.0), with severely impaired



Table 1

Summary of the clinical findings of patients with ACHM with RPGRIP1 exon18 deletion

Visual Field Test

Case Subjective Symptom BCVA
Family Patient Color Vision  (logMAR)
D° ID Age” Gender Nystagmus Photophobia Abnormality RE LE Fundus Photograph FAF ocT FF-ERG® Central Peripheral
NO51 N1051 21 M + + + 0.40 Normal appearance ~ Normal appearance  Blurred EZ appearance  Rod: subnormal Rod & cone: decreased  Relative Constricted
0.52 a- and b-waves central
Cone: non-recordable scotoma
30-Hz flicker: non-recordable of I-4e
N0051 24 F + + + 1.00 Normal appearance  Normal appearance  Normal appearance Rod; normal Noncentral Constricted
1.00 Rod & cone: normal a- and b-waves scotoma
cone: non-recordable
30-Hz flicker: non-recordable
N058 N0058 39 F + + + 1.52 Normal appearance ~ Normal Blurred EZ Rod; normal Relative Constricted
1.70 Rod & cone: normal a- and b-waves central
cone: non-recordable scotoma of
30-Hz flicker: non-recordable III-4e in RE
and II-4e
in LE
NISO 199  KA-199 35 F + + + 1.10 Macular Hypo-AF Disrupted EZ Rod; normal Relative Constricted
1.10 atrophy corresponding corresponding Rod & cone: normal a- and b-waves central
to macular to macular cone: non-recordable scotoma
atrophy area atrophy area 30-Hz flicker: non-recordable of I-4e
NISO 472  KA-472 5 F + + + 1.10 Normal appearance  Normal appearance  Blurred EZ Rod; normal Noncentral Preserved
1.10 Rod & cone: normal a- and b-waves scotoma
cone: non-recordable
30-Hz flicker: non-recordable
J134 JU0960 5 M + + + 0.82 Normal appearance  Normal appearance  Blurred EZ Rod; normal Relative Preserved
1.00 Rod & cone: normal a- and b-waves central
cone: non-recordable scotoma
30-Hz flicker: non-recordable of I-3e
J138 Juoo1lr 24 M + + + 1.15 Normal appearance  Hypo-AF at fovea Blurred EZ at Rod; normal Relative Preserved
1.00 and hyper-AF fovea and Rod & cone: normal a- and b-waves central
around the disrupted EZ cone: non-recordable scotoma
area at parafovea 30-Hz flicker: non-recordable of I-3e
NISO 143  KA-143 21 F + + + 1.52 Normal appearance  Not Done Blurred EZ Rod; normal Not Done
1.52 Rod & cone: slightly decreased

a- and normal b-waves
cone: non-recordable
30-Hz flicker: non-recordable

4J, The Jikei University School of Medicine; N, Nagoya university; NISO, NHO Tokyo Medical Center.

bAge, age at first visit; BCVA, best-corrected visual acuity; DA, dark adapted; EZ, ellipsoid zone; FAF, fundus autofluorescence imaging; FF-ERG, full-field electroretinogram; LA, light adapted; LE, left eye; OCT,
optical coherence tomography; RE, right eye.
‘Rod, DA 0.01, Rod and cone (DA 3.0 or DA 10); Cone, (LA 3.0); 30-Hz flicker, (LA 3.0-flicker).

‘Je 30 ebng 'y
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cone function (Figure 1B, light adapted [LA] 3.0 and LA 3.0
flicker). The clinical course of visual acuity in the patient
revealed that the logMAR BCVA remained around 1.0 for
about 15 years (Figure 1C). These findings are consistent
with the ACHM phenotype.

Detection of homozygous RPGRIP1 SV in Japanese
patients with achromatopsia

These 10 ACHM pedigrees were previously analyzed by
exome sequencing, but no pathogenic variants with homozy-
gous or compound heterozygous genotypes were identified.
Genome sequencing detected homozygous RPGRIPI-ex18-
DEL, in 5 of 10 unrelated ACHM probands (Figure 2A and
B, Table 2). These pedigrees were genome sequenced as
complete trios (proband and their healthy parents), except for
the father of NO58, and variant inheritance was traced by ge-
notype. A homozygous 1339-bp deletion in probands was
confirmed by Sanger sequencing (Figure 2C) following PCR
amplification of the target region (Supplemental Figure 2). This
variant was previously reported as a deletion of exon 17 in a
Japanese patient with LCA.* Annotation of the exon number
changed according to the recent identification of a new exon
corresponding to the 5"UTR."? Although RPGRIP1-ex18-DEL
was predicted to cause premature termination of the RPGRIP1
protein (NP_065099.3:p.(Asp905Serfs*6)),”” its exact effect
on transcripts and proteins has yet to be experimentally
confirmed. Two other ACHM probands were heterozygous for
RPGRIPI-ex18-DEL (Table 2, JU0011 and KA-143), and 1 of
these patients had a previously reported RPGRIPI nonsense
variant™ in trans (Figure 2D and E).

Another proband had a novel partial duplication of
RPGRIPI coding exons (NC_000014.9: g.21338066_
21348664_dup NM_020366.4:c.3339+3361_3748+362dup;
RPGRIPI ex22-24 DUP) in trans (Figure 3A and B). Genomic
PCR confirmed the heterozygosity of the RPGRIPI-ex18-DEL
in I-2 and II-1, and the RPGRIP1 ex22-24 DUP in I-1 and II-1,
respectively (Figure 3C). The break point of the duplicated
region was revealed by Sanger sequencing (Figure 3D).

To examine the contribution of RPGRIP1-ex18-DEL to
ACHM in association with other ACHM causal genes, we
reviewed rare SNVs (population-maximum MAF < 0.005
in gnomAD) in CNGA3, CNGB3, GNAT2, PDEG6C,
PDEG6H, and ATFG6 for all these patients. No heterozygous
or homozygous pathogenic or likely pathogenic ClinVar
variants were detected. NISO472 II-1 was heterozygous
for CNGA3: p.(Asp193Asn), which was of uncertain
significance.

In the other 3 ACHM pedigrees, no RPGRIPI pathogenic
variant was detected. We identified a CNGA3 missense
variant, ¢.1072G>A p.(GIlu358Lys), and an Alu insertion as a
compound heterozygous genotype in NISO177 (Table 2). A
356 bp AluY insertion with 18 bp target site duplication was
shown by Sanger sequencing following the TA-cloning of the
target region amplified by PCR (Supplemental Figure 3). Both
variants were of uncertain significance, and further validation

was required. No pathogenic/candidate pathogenic variants
were detected in the other 2 pedigrees.

In total, genome sequencing identified homozygous
RPGRIP1-ex18-DEL in 5 of 10 (50%) ACHM probands,
and RPGRIPI-ex18-DEL in trans with other RPGRIPI
nonsense/truncating variants in 2 ACHM probands (20%, 2/
10) (Table 2).

Enrichment of homozygous RPGRIP1-exon18-DEL in
achromatopsia

Compared with the general MAF of RPGRIPI-ex18-DEL in
the Japanese population (0.0023, 1/444 in 8.3 KJPN), the
MAF = 0.60 (12/20) in our 10 ACHM probands was
extremely high (P = 4.74 x 107, one-sided binominal test).
To determine if this variant was prevalent among Japanese
patients with IRD independent of the phenotype, we reviewed
the RPGRIP1-ex18-DEL genotype for all genome-sequenced
IRD probands (Supplemental Figure 1, n = 199). Homozy-
gous RPGRIP-ex18-DEL was found only in the 5 previously
mentioned ACHM patients (Table 2). Heterozygous
RPGRIPI-ex18-DEL was found in 2 ACHM patients
(Table 2) and 2 additional patients diagnosed with LCA.
These patients with LCA were from the same family, and both
had another structural variant (NC_000014.9:2.21276147_
21280265del; RPGRIPI-ex1-DEL) in trans. Their detailed
phenotypes were reported recently.*

Discussion

In our genome sequencing analysis of 10 ACHM pedigrees,
5 probands were homozygous for the same pathogenic
variant, RPGRIPI-ex18-DEL. No other probands in our
genome-sequenced IRD cohort (n = 199) were homozygous
for this variant, indicating that homozygous RPGRIPI-
ex18-DEL primarily accounts for ACHM.

Ophthalmic examinations revealed a typical ACHM
phenotype among the patients, including symptoms of
nystagmus, photophobia, color vision abnormality, and stable
visual acuity after initial severe reduction. In addition to the
detailed phenotype of JUO960 in this report, phenotypes of
N1051 and NOO51 were previously reported as ACHM and
incomplete ACHM, respectively, before the genetic exami-
nation.”” A normal fundus photograph and normal rod func-
tion with severely impaired cone function are characteristic of
ACHM, rather than LCA.” Biallelic RPGRIP] variants are
mainly associated with an LCA phenotype.'’ However, some
IRD cases with RPGRIPI pathogenic variants have been
clinically diagnosed as CORD in variable regions and pop-
ulations.'*® In addition, in studies of Japanese patients with
LCA with RPGRIPI variants, cases with heterozygous
RPGRIPI1-ex18-DEL were notable for the lack of general
fundus abnormality and subnormal rod ERG responses with
unrecordable cone responses.‘m’” Furthermore, in the initial
report of RPGRIPI-ex18-DEL (mentioned as exon 17
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Figure 1  Clinical findings from a representative patient (JU0960). A. Multimodal retinal imaging showed a normal appearance by
fundus photograph (first and second panels) and fundus autofluorescence imaging (third panel) and blurred outer retinal layer ellipsoid zone
by OCT (fourth panel). B. Full-field electroretinography showed normal rod system function (DA 0.01) and combined rod and cone system
functions (DA 3.0 and DA 10.0) with unrecordable cone system function (LA 3.0) and 30-Hz flicker responses (LA 3.0 flicker). C. The
clinical course of visual acuity revealed that logMAR BCVA remained around 1.0 for about 15 years.
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Figure 2 Identification of RPGRIP1-ex18-DEL in ACHM proband. A. Family trees of the patients with ACHM (black) and their

healthy parents (white). B. Read alignments of NO51 displayed by IGV. Red lines indicate deletions in the read sequences compared with the
reference. C. Sanger sequencing identifies the exact break point (black arrowhead) using the PCR product of NO51 II-1. Chromosomal
position based on NC_000014.9 (hg38) is indicated. D. Family tree of JIKEI138 showing variant inheritance of RPGRIPI-ex18-DEL and
¢.2662C>T. E. Read alignments showing ¢.2662C>T and RPGRIPI-ex18-DEL. Clinically examined and genome-sequenced participants are
indicated by arrows. Probands are indicated by P, males are indicated by rectangles, and females are indicated by circles.
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Overview of molecular findings of genome-sequenced patients with achromatopsia

Table 2

Prediction of Pathogenicity

Population Frequency

Pathogenic Variant

IDs

Variant
Class (ACMG)
Pathogenic (Class 5)

gnomAD ExAC

(EAS)

gnomAD

REVEL VEST4 ClinVar Reference

SIFT

PolyPhen2

8.3KIPN

(AL)

(max)
NA
NA
NA
NA

p.notation

c.notation

g.notation(hg38)

Genotype

Gene
RPGRIP1
RPGRIP1

Family Patient

0.0023
0.0023
0.0023
0.0023

NA
NA
NA
NA

NA
NA
NA
NA

p.?
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deletion) from Japanese patients with LCA, the authors noted
that 1 patient had recordable scotopic ERG with unrecordable
cone response at 5 years old.”> Considering our data and
previous studies on RPGRIP-associated IRD phenotypes,
RPGRIP] may be causal for a spectrum of photoreceptor-
associated phenotypes, from functional defects primarily in
cones (ACHM and CORD) to photoreceptor degeneration in
both rods and cones (LCA and early-onset retinitis pigmen-
tosa). Further studies on structural variants and SNVs will
reveal the correlations between these genetic variants and
phenotypes.

In our previous exome sequencing report, population-
frequent SNVs of EYS (NM_001142800.2:¢.2528G>A) and
RPI (NM_006269.2:¢.5797C>T) were significantly enriched
in retinitis pigmentosa and macular dystrophy/CORD,
respectively.® In this report, using genome sequencing, we
show that RPGRIPI-ex18-DEL was significantly enriched in
ACHM in the Japanese population, with the homozygous
genotype mainly accounting for the phenotype. This variant
was not detected in gnomAD structural variants (v2.1);
therefore, it was difficult to determine the contribution of
population-frequent structural variants to ACHM. However,
the relatively high variant frequency in the Japanese popula-
tion (MAF = 0.0023 in 8.3 KJPN) supported this idea. A
further expansion of publicly available structural variant data
will enable us to compare the prevalence of SVs and SV-
associated IRDs between countries and populations. Our
data suggest that genome sequencing is effective in detecting a
relatively small deletion, such as RPGRIPI-ex18-DEL
(1339bp). Although the depletion of exon 18 in RPGRIPI
was detectable by the read alignment of exome sequencing
(Supplemental Figure 4a), no information about the break
point was available. Furthermore, the read counts on exon 18
of RPGRIPI appeared variable among the heterozygotes
(Supplemental Figure 4b, 1-2, II-1, and II-2). In contrast,
genome sequence data can show the break point in the
flanking intron (Figure 2B) and indicate a possible deletion
between the paired reads (Figure 2B and E, red lines), which
helps to reliably detect the variant. Compared with the path-
ogenic variant identification ratio in cone dysfunctions in our
exome sequencing study (34%, 14/41 pedigrees), genome
sequencing improved the detection ratio to 50% (22/44).
Homozygous RPGRIPI-ex18-DEL accounted for 11% (5/44)
of the pedigrees diagnosed as cone dysfunctions. Because the
previous study did not separate ACHM from other phenotypes
of cone dysfunction (blue cone monochromatism and others),
the contribution of RPGRIPI-ex18-DEL to ACHM in Japa-
nese patients with IRD might be underestimated.

Because RPGRIP] is expressed in both rod and cone
photoreceptors, the molecular pathology that primarily af-
fects cone photoreceptors in patients has yet to be clarified.
Beryozkin et al'' showed significantly different distributions
of LCA and CORD phenotypes corresponding to the
RPGRIPI genotypes. Homozygous premature terminations
were more associated with LCA, whereas homozygous
missense variants were preferentially associated with
CORD. Because premature terminations are generally
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considered as equal to a null variant, these results suggest a
correlation between phenotype severity and variant impact.
Although RPGRIPI-ex18-DEL is predicted to cause a
frameshift and premature termination resulting from the loss
of 185 bases of the coding sequence, the exact impact of the
deletion of exon 18 with flanking introns on both sides has
yet to be tested experimentally. Considering the variable
effect of deep-intron variants on RNA splicing,' " large
deletions in introns 17 and 18 (1077 and 77 bp, respectively)
might cause splicing errors rather than simply connecting
the remaining exons. Molecular validation of RPGRIPI-
ex18-DEL and a novel identified structural variant
(RPGRIPI1 ex22-24 DUP) will provide further insights into
genotype-phenotype correlations.

At present, there is no clinical treatment for ACHM, but
the recessive inheritance pattern and remaining cone
photoreceptor cells in patients with ACHM are appropriate
for gene supplementation therapy. After the positive results
of adeno-associated virus (AAV)-mediated gene supple-
mentation experiments in ACHM animal models (eg, Cnga3
and Cngb3 knockout mice),“”’42 multiple clinical studies
targeting CNGA3- or CNGB3-associated ACHM are
ongoing or recently completed (NCT03758404,
NCT02610582, NCT02935517, NCT03001310,
NCT03278873, and NCT02599922). In addition, preclinical
studies of gene replacement therapy using AAV-packed
mouse Rpgripl cDNA and human RPGRIPI cDNA on
Rpgripl knockout mice have already been published.**** In
both studies, treated eyes showed normal localization of
exogenously expressed RPGRIP1 protein, rescue of the
photoreceptor outer segment, and recovery of ERG re-
sponses. Although these studies rescued the LCA pheno-
type, these results indicate that AAV-delivered RPGRIP1
can supplement normal RPGRIP1 functions. According to
the MAF in the Japanese population and current 2022
population estimates,” more than 600 individuals are ex-
pected to be homozygous for RPGRIP1-ex18-DEL in Japan
(124,947,000)(0.00232). The exact effect of the variant re-
mains to be elucidated, but RPGRIPI could be a promising
clinical target for patients with ACHM in Japan.

In conclusion, we identified a frequent association of
RPGRIP1-ex18-DEL with the ACHM phenotype in Japa-
nese patients, further contributing to the wide spectrum of
RPGRIP]I-associated IRD phenotypes from LCA to ACHM.
Detailed phenotyping and genome sequencing improved the
pathogenic variant identification ratio of cone dysfunction
syndromes in our cohort from 34% to 50%. Identification of
homozygous RPGRIPI-ex18-DEL in 5 of 10 patients with
ACHM suggests that this variant accounts for a non-
negligible portion of Japanese patients with ACHM.

Data Availability

The raw individual genome sequence data are not publicly
available because of the privacy policy. Deidentified data will

be available under the regulation of Japan leading project for
rare disease WGS (https://rare-disease-wgs.jp/en/).
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