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Purrose. The purpose of this study was to establish and analyze a cell model of Leber
congenital amaurosis type 16 (LCA16), which is caused by mutations in the KCNJ13 gene
encoding Kir7.1, an inward-rectifying potassium ion channel.

Mernops. The two guide RNAs specific to the target sites in the KCNJ13 gene were
designed and KCNJ13 knock-out (KO) human-induced pluripotent stem cells (hiPSCs)
were generated using the CRISPR/Cas9 system. The KCNJ13-KO hiPSCs were differ-
entiated into retinal pigment epithelial cells (hiPSC-RPEs). The KCNJ13-KO in hiPSC-
RPEs was confirmed by immunostaining. Phagocytic activity of hiPSC-RPEs was assessed
using the uptake of fluorescently labeled porcine photoreceptor outer segments (POSs).
Phagocytosis-related genes in RPE cells were assessed by quantitative polymerase chain
reaction.

Resurrs. Most of the translated region of the KCNJ13 gene was deleted in the KCNJ13-KO
hiPSCs by the CRISPR/Cas9 system, and this confirmed that the Kir7.1 protein was not
present in RPE cells induced from the hiPSCs. Expression of RPE marker genes such as
BEST1 and CRALBP was retained in the wild-type (WT) and in the KCNJ13-KO hiPSC-RPE
cells. However, phagocytic activity and expression of phagocytosis-related genes in the
KCNJ13-null hiPSC-RPE cells were significantly reduced compared to those of WT.

Concrusions. We succeeded in generating an RPE model of LCA16 using hiPSCs. We
suggest that Kir7.1 is required for phagocytosis of POSs by RPE cells and that impaired
phagocytosis in the absence of Kir7.1 would be involved in the retinal degeneration
found in LCA16.

Keywords: Kir7.1, KCNJ13, human-induced pluripotent cells, retinal pigment epithelium,
phagocytosis

etinal pigment epithelium (RPE) has multiple functions,
Rsuch as ion exchange in the subretinal space, main-
tenance of the visual cycle, secretion of trophic factors
(e.g., vascular endothelial growth factor), and formation
of the blood-retinal barrier. The RPE also has an impor-
tant role in the continuous renewal of photoreceptor outer
segments (POSs) through phagocytosis.!*> Leber congeni-
tal amaurosis (LCA) is a genetic disease with progressive
severe visual impairment, retinal structural abnormalities,
and abnormal electroretinograms.>~> In LCA, there have
been numerous known genetic alterations, one of which,
LCA16, was found to be associated with KCNJ13 gene muta-
tions.>~> The KCNJ13 gene encodes the Kir7.1 protein, an
inward-rectifying potassium ion channel, which is expressed
by the apical microvilli of RPE cells in ocular tissues.®’
Kir7.1 regulates potassium ions in the subretinal space® and
is known to be involved in photoreceptor maintenance.”~!?
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There are many questions regarding the pathophysio-
logic mechanism of LCA16. Previous studies using KCNJ13
conditional knock-out (KO),* genetic mosaic KO,” and
knock-down® mice revealed that deletion or decrease
of the Kir7.1 protein induces photoreceptor loss and
abnormal changes in the electroretinogram. These find-
ings suggest that Kir7.1 dysfunction in RPE cells in
the subretinal space may cause structural and functional
abnormalities in the retina; however, how the dysfunc-
tion of Kir7.1 in the RPE causes LCA symptoms remains
unclear.

Here, we aimed to establish an RPE cell model of LCA16
by deleting the KCNJ13 gene using the CRISPR/Cas9 system
in human-induced pluripotent stem cells (hiPSCs). KCNJ13-
deficient hiPSCs were generated and induced to differentiate
into hiPSC-RPE cells, where the functions of KCNJ13 were
analyzed.
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Sequence Deletion size
WT |GAATCCTAATGGACATGCGCTGG|(4258 bp)| ACCAAAAAAGTCACCCTATCAGG|TTTCAAACA 0 bp
KO GAATCCTAATG (4258 bp) AACA 4298 bp
No.1
( ) GAATCCTAATGGACATG—————— (4258 bp) TATCAGG TTTCAAACA 4280 bp
D
10 20 30 40 50

WT MDSSNCKVIAPLLSQRYRRMVTKDGHSTLQMDGAQRGLAYLRDAWGILMDMRWRWMMLVFSA...
allele 1 MDSSNCKVIAPLLSQRYRRMVTKDGHSTLQMDGAQRGLAYLRDAWGILMNRFVAVLE
allele 2 MDSSNCKVIAPLLSQRYRRMVTKDGHSTLQMDGAQRGLAYLRDAWGILMDMYQVSNRFVAVL *

Ficure 1. Establishment of KCNJ13-KO hiPSC. (A) KCNJ13 gene locus and the target sites of designed gRNAs. Schematic diagram of gRNA
targeting the human KCNJ13 locus. The black rectangle represents the protein coding region of the KCNJ13 gene. The white rectangle
represents the untranslated region of the KCNJ13 gene. The two gRNA sequences are designed to delete exons 2 and 3 from the KCNJ13
gene. (B) PCR products of induced pluripotent stem cell line (iPSC) clones whose KCNJ13 genes were edited by the CRISPR/Cas9 system.
PCR was performed using primers to confirm that the intended gene editing occurred in the KCNJ13 locus. The 5129-bp PCR product was
observed in the WT iPSC, and the approximately 840-bp PCR fragment was produced in the mutant iPSC. The bi-allelic gene KO was present
in clone no. 1. (C) KCNJ13 DNA sequence obtained from WT and KCNJ13-KO iPSCs. KCNJ13-KO was confirmed in clone no. 1, and different
mutations occurred in each allele. (D) The amino acid sequences deduced from the nucleotide sequences of the WT and KO alleles are
shown. The WT sequence encodes for 360 amino acids. The sequence of allele 1 encodes for 57 amino acids, and that of allele 2 encodes

for 62 amino acids.

METHODS
Culture of Human iPS Cells

The hiPSC line 454E2,'* generated from healthy human
dental pulp cells, was obtained from the RIKEN BioRe-
source Center (Ibaraki, Japan). The hiPSCs were maintained
and differentiated as previously described'® (Supplementary
Methods).

Gene Editing of hiPSCs Via CRISPR/Cas9 System

By utilizing CRISPRdirect (https://crispr.dbcls.jp),'® more
than two candidate target sequences for guide RNA (gRNA)
were found in the human KCNJ13 gene (NM_001172416)
obtained from the Ensemble database (http://asia.ensembl.
org/index.html). To ensure specificity, the hit sequence
showing one (“1”) in the column “20 mer + PAM,” which
indicates a perfect match with the intended target site, was
selected. Only RFX1 was listed as a candidate off-target gene.
To delete most of the KCNJ13 gene, two target sequences
were determined; one was localized to approximately 100
bases downstream of the start codon, and the other was in

the 3'UTR (Fig. 1A). Two CRISPR RNA (crRNA) complemen-
tary to the target sequences and the trans-activating CRISPR
RNA (tractrRNA) were obtained from Integrated DNA Tech-
nologies, Inc. (Coralville, IA, USA). The crRNA and tracr-
RNA were each annealed to construct gRNA according to
the manufacturer’s instructions. We performed gene editing
of hiPSCs according to previous studies!”'® (see Supplemen-
tary Methods).

Immunofluorescence

Immunostaining was performed according to previous
reports'®?® with minor modifications (see Supplementary
Methods for details). We confirmed expression of undif-
ferentiated marker genes in proliferating hiPSCs and local-
ization of the Kir7.1 protein in the RPE differentiated
from intact hiPSCs (hiPSC-RPE). To visualize the cellular
polarity and nuclei, hiPSC-RPE cells were co-stained with
rhodamine (tetramethylrhodamine)-phalloidin, anti-RPEG5,
and 4',6-diamidino-2-phenylindole (DAPI). In the phagocy-
tosis assay, hiPSC-RPE cells were stained by anti-ZO-1 or
anti-ezrin to identify the location of incorporated POSs.
Immunocytochemical staining was analyzed and images
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were taken on an LSM 780 confocal microscope equipped
with ZEN 2009 software (Carl Zeiss Microscopy GmbH, Jena,
Germany).

Western Blot Analysis

Western blot analysis was performed according to previ-
ous studies.!”?! Primary antibodies used were as follows:
anti-BEST1 (1:1000; Abcam, Cambridge, UK), anti-CRALBP
(1:1000; Abcam), and anti-cyclophilin B (1:1000; Cell Signal-
ing Technology, Danvers, MA, USA).

Counting of Protruded Cells Per Unit Area

The hiPSC-RPE cells were seeded onto Transwells (Corning,
Inc., Corning, NY, USA) and observed under a microscope at
2 and 4 weeks after seeding. The number of protruded cells
above the level of the hiPSC-RPE monolayer was counted in
five visual fields; the mean value per unit area (9.63 mm?)
was calculated and regarded as the number of protruded
cells in the well.

Transmission Electron Microscopy

Samples for electron microscopy were prepared with the
modified method reported by Shahi et al.?? Briefly, hiPSC-
RPE on Transwells were fixed with 2.5% glutaraldehyde and
2.0% paraformaldehyde in 0.1-M cacodylate buffer (CB) (pH
7.4), for 1 hour at 4°C. The samples were rinsed in 0.1-M
CB and then post-fixed in 2% osmium tetroxide (OsOy) in
CB for 1.5 hours. After post-fixation, samples were rinsed
in CB. The samples were dehydrated via an ethanol series
and then infiltrated and polymerized in epoxy resin, Epon
812 or Spurr (Sigma-Aldrich, St. Louis, MO, USA). Ultrathin
sections, about 80 nm thick, were obtained with a micro-
tome. The sections were stained with uranyl acetate and lead
citrate. The hiPSC-RPE cells were visualized with a transmis-
sion electron microscope (H-7650; Hitachi, Tokyo, Japan).

Preparation of Porcine POS

Phagocytic activity of hiPSC-RPE was assayed by using in-
house-prepared POSs. Porcine POSs were isolated according
to Parinot’s procedure.?®> Briefly, retina was dissected from
freshly sacrificed porcine eyeballs and transferred to a
sucrose buffer (20% sucrose; 20-mM tris-acetate, pH 7.2
;2-mM  MgCl,; 10-mM glucose; and 5-mM taurine).
Suspended retinal tissues were gently layered onto a
sucrose gradient and centrifuged (106,000xg) at 4°C for
50 minutes. After centrifugation, only the POS-containing
layer was transferred to another tube. The crude POSs were
subsequently treated with solutions of Wash 1 (20-mM tris-
acetate, pH 7.2, and 5-mM taurine), Wash 2 (10% sucrose;
20-mM tris-acetate, pH 7.2; and 5-mM taurine), and Wash
3 (10% sucrose; 20-mM sodium phosphate, pH 7.2; and
5-mM taurine). Isolated POSs were labeled with fluorescein
isothiocyanate (FITC, 2.5 mg/mL; Dojindo Laboratories,
Kumamoto, Japan), dissolved in an alkaline solution (0.1-M
NaHCOj, pH 8.4, and 0.1-M Na,CO3, pH 11.5), and stored at
—-80°C until further use. The FITC-labeled POSs were used
for phagocytosis assay immediately after they were thawed.
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Phagocytosis Assay

Phagocytosis assay was performed according to Davis et al.?*

The hiPSC-RPE cells were seeded in 12-well Transwells at
5 x 10° cells/well. After 2 and 4 weeks, the hiPSC-RPE cells
were supplemented with 2.5 pg/ml human MFG-E8 (R&D
Systems, Minneapolis, MN, USA) and 2 pg/ml human Protein
S (Aniara Diagnostica, West Chester, OH, USA) and chal-
lenged for 5 hours with 10 POSs per cell. Subsequently, the
Transwell membrane on which the hiPSC-RPE cells were
cultured was removed, and the cells were processed for
immunostaining with anti-ZO-1 or anti-ezrin and nuclear
staining with DAPI. The number of POSs below ZO-1 or
ezrin was counted as internalized POSs. The number of inter-
nalized POSs per cell and the number of POSs per area
(pmz) were measured. The mean number of internalized
POSs in the KCNJ13-null hiPSC-RPE was normalized to wild-
type (WT).

Quantitative PCR Analysis

Quantitative PCR (qPCR) was performed according to Fujita
et al.®® with minor modifications. Messenger RNA was
isolated from hiPSC-RPE cells, cDNA was synthesized by
standard procedures, and quantitative real-time PCR was
performed in LightCycler 8-Tube Strips using the LightCycler
Nano Instrument and FastStart Essential DNA Green Master
(Roche, Basel, Switzerland). The primers used to amplify the
phagocytosis marker genes and internal standard, 18s rRNA,
and the primers used for qPCR are shown in the Table.

Statistics

Statistical analysis was performed using SPSS Statistics (IBM,
Armonk, NY, USA). The quantitative data of cell protrusion,
phagocytosis assay, and expression of phagocytosis-related
genes were analyzed by unpaired Student’s #-test; P < 0.05
indicated significance.

RESULTS

By use of the Cas9 protein and two gRNAs targeted to
KCNJ13 (Fig. 1A), gene editing of hiPSCs was performed
and the cells were processed for single cell cloning. First,
we verified whether precise gene editing occurred in the
manipulated hiPSCs. Consequently, we obtained a KCNJ13-
CRISPR cell line (clone no. 1) which had a desired deletion
mutation in the KCNJ13 gene (Fig. 1B). The human KCNJ13
gene consists of three exons that encode a Kir7.1 protein
of 360 amino acids. Most of exons 2 and 3 were deleted
in this cell line, resulting in an N-terminal-only protein
of about 60 amino acids, if the mRNA was not degraded
(Figs. 1C, 1D, Supplementary Fig. S1). We also examined
whether off-target gene editing occurred; however, we did
not find any mutations in the only candidate off-target gene,
RFX1 (Supplementary Fig. S2). We found that gene-edited
hiPSCs expressed undifferentiated marker genes, NANOG,
SSEA-4, OCT4, and TRA-1-81 (Supplementary Fig. S3), indi-
cating that stemness or pluripotency was maintained in the
hiPSCs after electroporation of CRISPR materials.

We then induced differentiation of the gene-edited,
KCNJ13-deleted iPSCs to RPE cells. When the iPSCs were
cultured according to RPE-differentiation protocols,'* WT
and KCNJ13-KO cells appeared similarly pigmented and
exhibited a cobblestone-like appearance after passage 4
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TaBLe. Sequences of Primers Used in This Study.

Gene

Forward
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Reverse

KCNJ13 (genotyping)

5'-ATTTGGTCAAATCAATAAATGCTTG-3'

ITGAV 5'-CCTGTGCCTGTGTGGGTGAT-3'
ITGBV 5'-TTGGCAGAGAACAACATCAACC-3/
CD81 5'-TCTGGAGCTGGGAGACAAGC-3
FAK 5-GAAGCATTGGGTCGGGAACTA-3’
MerTK 5'-GTGAGGCAGCGTGCATGAAAG-3
TMEM175 5'-CTTTGCAGCGGCCATCTTC-3'
RNA18SN5 5'-GTAACCCGTTGAACCCCATT-3/

5'-GAATGTCTAAGATTTTCAAACAGCA-3’
5'-GGTGGCGGACCCGTTTA-3
5'-TCCTCAGGCTGATCCCAGAC-3’
5'-GGATGACCAGGCAGGTGAAG-3'
5/-CTCAATGCAGTTTGGAGGTGC-3/
5-GGGCTTTGGGATGCCTTGAG-3'
5'-GATGACAGTCACCATCAGCAGGTAA-3'
5'-CCATCCAATCGGTAGTAGCG-3'

A

B KCNJ13 KO C

hiPSC-RPE hiPSC-RPE

WT hlPSC RPE

hiPSC- RPE

D WT hiPSC-RPE

Z0-1

DAPI

CyClophillin B

hiPSC 2 weeks
WT KO WT KO WT KO

BEST!

CRALBP — — -—I

4 weeks

E KCNJ13KO hiPSC-RPE

Z0-1

DAPI

Ficure 2. KCNJ13-KO iPSCs differentiate to RPE, and the expression and localization of Kir7.1 in WT and KCNJ13-KO iPSCs is shown.
Cellular morphology of RPE derived from WT (A) and KCNJ13-KO (B) hiPSCs. Both hiPSC-RPE cells show pigmentation and exhibit a
cobblestone-like appearance, indicating a normal RPE phenotype. (C) Protein expression of RPE-specific markers in WT and KCNJ13-KO
hiPSC-RPE cells. WT hiPSC-RPE and KCNJ13-KO hiPSC-RPE cells were immunostained and observed with a confocal microscope. In WT
hiPSC-RPE, Kir7.1 (green) is expressed on the apical side of the cells—that is, on the upper side of ZO-1 (red, arrowbhead) (D, F). Kir7.1
is not present in the KCNJ13-KO hiPSC-RPE. Disappearance of Kir7.1 is confirmed in Z-stack images (E, G). Scale bar: 100 pm (A, B);

25 pm (D, E).

(Figs. 2A, 2B). To verify their RPE differentiation status,
we examined expression of RPE marker genes in WT and
KCNJ13-KO hiPSC-RPEs. At 2 and 4 weeks after seeding,
western blot analysis showed that BEST1 and CRALBP were
expressed in WT and KCNJ13-KO hiPSC-RPEs (Fig. 20). In
RPE cells, we verified whether the Kir7.1 protein encoded by
the KCNJ13 gene was absent in the KCNJ13-KO cell line. In
the case of WT cells, immunostaining showed that Kir7.1 was
localized to the apical cell membrane, above ZO-1, which is
a phosphoprotein present at tight junctions, and a represen-
tative apical structure of epithelial cells (Figs. 2D, 2F). By
contrast, Kir7.1 was not observed at all in the KCNJ13-KO
hiPSC-RPE (Figs. 2E, 2G). These results indicate that Kir7.1

was lacking in the KCNJ13-KO hiPSC-RPE, and that Kir7.1 is
not required for differentiation of iPSCs to RPE cells.

In culturing KCNJ13-KO hiPSC-RPE cells at 2 and 4 weeks
after seeding, we found that there were more protruded
cells from the bottom of the culture dish compared with WT
hiPSC-RPE cells. We counted the number of protruded cells
per area and found that there was a significant increase in
protruded cells in KCNJ13-KO hiPSC-RPE cells (at 2 weeks,
WT: 0.76 + 0.12, KO: 13.56 + 1.30, P < 0.001, n = 5; at
4 weeks, WT: 0.32 £ 0.11, KO: 10.24 + 2.36, P < 0.001,
n = 5) (Figs. 3A, 3B). We observed cultured WT and
KCNJ13-KO hiPSC-RPE cells by confocal laser microscopy
to determine the structure of the cells. We used rhodamine-
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Figure 3. Protruded RPE cells were observed in the KCNJ13-KO hiPSC-RPE. (A, B) The number of protruded cells per area is shown (WT
and KO, n = 5 for each). Triple staining was performed with anti-RPE65, rhodamine-phalloidin, and DAPI. (C, H) The three-dimensional
structures of these cells were analyzed using confocal microscopy. (C-G) Z-stack images of the WT hiPSC-RPE monolayer. (H-L) Z-stack
images of the KCNJ13-KO hiPSC-RPE layer, showing protruded RPE cells (arrowbeads in H, L) above the basal RPE layer. Data are shown

as mean £ SE. P < 0.05 (Student’s t-test). Scale bar: 25 pm (C-L).

phalloidin staining to visualize actin filaments and immunos-
taining with anti-RPE65 antibodies to identify the cytoplasm
of RPE cells. The WT hiPSC-RPE cells formed a single
epithelial cell layer (Figs. 3C-3G). By contrast, in KCNJ13-
KO hiPSC-RPE cells, a subpopulation of cells formed a
round elevated layer from a surrounding RPE monolayer
(Figs. 3H-3L). Because the protruded cell group was
immunoreactive for RPEG5 (Figs. 3J, 3L), we concluded that
they were differentiated RPE cells. To further see the struc-
ture of protruded RPE cells, we observed cultured hiPSC-
RPE cells of WT and KCNJ13-KO by transmission electron
microscopy. As previously reported,?? the WT hiPSC-RPE
cells had elongated apical microvilli, apically distributed
melanosomes, and basal membrane infoldings (Supplemen-
tary Fig. S4A and not shown). In contrast, although similar
microvilli, melanosomes, and basal structures were observed
in the single-layered KCNJ13-KO hiPSC-RPE cells (Supple-
mentary Fig. S4B), there were some portions of double-
layered cells and cell debris clumping laterally and beneath
the RPE cells (Supplementary Fig. S4C).

To determine whether the epithelial-to-mesenchymal
transition (EMT) is involved in protrusion of RPE cells in
the KCNJ13-KO cell populations, we examined expression of
EMT markers such as epithelial E-cadherin and mesenchy-
mal fibronectin. Immunofluorescent histochemistry showed
that, in the WT hiPSC-RPE, expression of fibronectin was not
detected, whereas it was focally detected in the protruded
RPE cells of the KCNJ13-KO (Fig. 4A arrowheads in
Fig. 4B, Supplementary Fig. S5). In contrast, expression of
E-cadherin was detected in the WT hiPSC-RPE, but it was
focally lost in the protruded RPE cells of the KCNJ13-KO
(Figs. 4C, 4D, Supplementary Fig. S6).

It was reported that phagocytosis of POSs is affected
in LCA16 patient-derived hiPSC-RPE cells.?* Therefore, we
examined the phagocytic activity of KCNJ13-KO hiPSC-RPE
cells and compared it to that of WT (Figs. 5A, 5B). At 2 and
4 weeks after seeding, a phagocytosis assay using fluores-
cently (FITC)-labeled porcine POSs prepared in-house was
performed on WT and KCNJ13-KO (clone no. 1) hiPSC-RPE
cells. We counted the number of FITC-labeled POSs per
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Phalloidin

Ficure 4. Expression of EMT markers in WT and KCNJ13-KO hiPSC-RPE. (A) Expression of fibronectin in WT hiPSC-RPE cells at 4 weeks
after seeding. (B) Expression of fibronectin in KCNJ13-KO hiPSC-RPE cells at 4 weeks after seeding. (C) Expression of E-cadherin in WT
hiPSC-RPE cells at 4 weeks after seeding. (D) Expression of E-cadherin in KCNJ13-KO hiPSC-RPE cells at 4 weeks after seeding. Scale bar:

50 um (A-D).

cell and found it significantly decreased in KCNjJ13-KO cells
(2 weeks, WT: 1.0 £ 0.026, KO: 0.27 + 0.043, P < 0.001,
n = 4; 4 weeks, WT: 1.0 £ 0.043, KO: 0.32 + 0.057,
P < 0.001, n = 4) (Figs. 5C, 5D). The number of internalized
POSs per area was also significantly reduced in the KCNJ13-
KO cells (2 weeks, WT: 1.0 = 0.059, KO: 0.26 £+ 0.039,
P < 0001, n = 4; 4 weeks, WI: 1.0 £+ 0.097,
KO: 0.28 + 0.014, P = 0.005, n = 4) (Figs. 5E, 5F).

To ensure that phagocytic activity was decreased in
KCNJ13-KO hiPSC-RPE cells, we examined the expression
level of phagocytosis-related genes to determine the molec-
ular mechanisms underlying the defect (Fig. 6). We examined
the expression of integrin av (ITGAV), integrin f5 (ITGBV),
CD81, FAK, and MerTK, known to be involved in the phago-
cytosis of POSs.2® We also focused on TMEM175, which is an
intracellular lysosomal potassium channel regulating lysoso-
mal function.”” qPCR analysis showed that, at 2 weeks after
seeding, the relative expression levels of integrin 5, CD81,
FAK, MerTK, and TMEM175 were significantly reduced in
KCNJ13-KO hiPSC-RPE cells compared with WT hiPSC-RPE
cells (Fig. 6A). At 4 weeks after seeding, expression of inte-
grin B5, MerTK, and TMEM175 was significantly decreased
in KCNJ13-KO hiPSC-RPE cells compared with WT hiPSC-
RPE cells (Fig. 6B). These data indicate that, in the absence

of Kir7.1, the phagocytic activity of RPE is disrupted in line
with downregulation of these phagocytosis-related genes
and a lysosomal gene.

DISCUSSION

The mechanisms that underlie the symptoms of LCA16 are
mostly unknown, and the pathophysiology of structural
abnormalities surrounding the affected RPE cells are still
puzzling. Here, we have established a disease model of RPE
cells for LCA16, derived from human iPSCs by use of a gene
editing technique that deletes most of KCNJ13. In this LCA16
model system, the KCNJ13-KO hiPSC-RPE has defects in its
own cell alignment and exhibits reduced phagocytic activity
of POSs along with decreased expression of phagocytosis-
related genes. Until now, there have been no reports show-
ing a direct relationship among the gene function of KCNJ13,
the structure of RPE, and the expression of phagocytosis-
related genes. This study suggests that structural abnormal-
ities in the microenvironment of RPE cells in LCA16 are
attributable to defects in cell alignment of the RPE itself and
to insufficient clearance of POSs by the affected RPE (Fig. 7).

Given that disease model animals do not always exhibit
phenotypes identical to those found in humans, basic studies
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Ficure 5. Phagocytic activity of WT and KCNJ13-KO hiPSC-RPE cells. (A) Confocal microscope image of WT hiPSC-RPE 4 weeks after
seeding. Z-stack image shows that FITC-POSs (green, arrowbeads) are internalized (white arrow) below ezrin (red). (B) Confocal microscope
image of KCNJ13-KO hiPSC-RPE 4 weeks after seeding. Z-stack image shows that FITC-POSs (green, arrowbeads) are less taken up (white
arrow) into cells below ezrin than WT hiPSC-RPE. (C, D) The ratio of cells phagocytosing FITC-POSs relative to WT cells in 2 (C) or 4 (D)
weeks (WT and KO, n = 4 each). (E, F) The number of FITC-POSs per area relative to WT cells in 2 (E) or 4 (F) weeks (WT and KO, n = 4
each). Data are shown as mean + SE. "P < 0.05 (Student’s -test). Scale bar: 20 pm.

using human materials derived from patients have tremen-
dous significance for elucidating the pathophysiological
mechanisms underlying diseases. However, as LCA16 is so
rare, it is not easy to collect ocular tissues from patients
for research. In this study, we succeeded in establishing
an LCA16 model of human RPE cells by deleting most
of the KCNJ13 gene utilizing the CRISPR/Cas9 system. We
employed a modified Hotta’s method!® and caused a 4.3-
kb deletion in the target gene, KCNJ13, using two gRNAs
with the intent to avoid mutation skipping by aberrant splic-
ing. By electroporating the Cas9 protein—-gRNA complex into
hiPSCs, we obtained cells with intended mutations in both
alleles at a rate of 1 per 41 lines (2.4%) and without off-
target mutations in the edited cells. This validates that the
technique can be applied to gene editing in hiPSCs to gener-
ate rare, ophthalmic, genetic disease models precisely and
safely.

There are case studies on LCA16,>~> reporting nonsense
or missense mutations in the KCNJ13 gene, in which reti-
nal structures and visual functions were variably disrupted.
Despite the wide range of homozygous mutations and
compound heterozygosity, the mutant proteins are truncated
at the C-terminal intracellular domains, which are critical
for Kir channel subunit assembly.?® In these patients, shared
fundus findings include nummular pigmentation or mottling
of the RPE over the macular region. A spectral domain ocular
coherence tomography (OCT) scan has revealed reflective
dots at the RPE and sub-RPE focal deposits in addition to loss
of outer retinal structures indicating photoreceptor degener-
ation.>~> In LCA16 model mice, such as a CRISPR-engineered
mosaic mutant and conditional knock-out for Kc#nj13, it has
been reported that loss of Kir7.1 in the RPE induces photore-
ceptor degeneration and impairs visual functions.”!> This
demonstrates that mutations in KCNJ13 lead to abnormali-
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Ficure 6. KCNJ13 deletion decreases expression of genes required for phagocytosis of POSs in hiPSC-RPE. Relative expression levels of
mRNA for phagocytosis-related genes at 2 weeks (A) and 4 weeks (B) after seeding. 18s rRNA was used as an internal control. The mean
expression levels of each gene in WT hiPSC-RPE were set as 1. Data are shown as mean + SE. "P < 0.05 (Student’s ttest). Each P value is
shown as follows: At 2 weeks, ITGAV, P = 0.090; ITGBV, P = 0.038; CD81, P = 0.030; FAK, P = 0.021; MerTK, P = 0.019; and TMEM175, P
= 0.047. At 4 weeks, ITGAV, P = 0.334; ITGBV, P = 0.024; CD81, P = 0.817; FAK, P = 0.8606; MerTK, P = 0.036; and TMEM175, P = 0.021.
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FiGure 7. Schematic diagram showing possible mechanisms for POS uptake in normal and LCA16 RPE cells. (A) Normal RPE cells exhibit
a monolayer alignment. (B) KCNJ13-KO RPE cells are abnormally aligned and partially protruded from surrounding RPE cells. (C) Normal
RPE cells can regulate K* efflux and phagocytose aged POSs. (D) Uptake of POS is impaired in KCNJ13-KO RPE cells, and POS accumulates

in the subretinal space.
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ties in structures and functions of the RPE and photorecep-
tors. Additionally, we have shown that KCNJ13-KO hiPSC-
RPE exhibits aberrant cell alignment.

Our study clearly shows that what are commonly thought
to be “deposits” above the RPE layer as revealed by OCT
are misaligned, elevated layers or cell clumps of KCNJ13-
deficient RPE cells. Abutting the protruded cells, expression
of fibronectin was detected. Because expression of RPEG5
and pigment granules was observed even in these protruded
cells (Fig. 3], Supplementary Fig. S4C), it can be concluded
that undifferentiated cells or complete mesenchymal cells
do not constitute the protruded cell populations among the
KCNJ13-KO hiPSC-RPE cells. Rather, it is most likely that
partial or incomplete EMT occurs in the protruded KCNJ13-
KO hiPSC-RPE cells. This might be related to impaired cell
alignment found in the KCNJ13-KO hiPSC-RPE cells and in
those of LCA16 patients. This study has also shown that the
loss of KCNJ13 in human RPE cells impairs their own phago-
cytic activity. In LCA16, reduced phagocytosis of RPE likely
results in insufficient clearance of POSs and eventual func-
tional disruption and degeneration of outer retinal structures
(Figs. 7A-7D).

Many molecules are known to regulate the phagocytic
activity of RPE cells: avp5 integrins and MerTK membrane
receptors are involved in the phagocytosis of POSs by RPE
cells.®® In integrin B5-deficient RPE cells, the phagocytic
activity is impaired, and age-related accumulation of inclu-
sion bodies was observed.? In recognizing POSs, MerTK
binds to phosphatidylserine via Gas6 and protein S.*° The
causal gene in the retinal degeneration model rat (RCS) is
MerTK, and phagocytosis of POSs does not occur in RCS rats.
RPE cells from mutants in the Gas6 or protein S gene are
incapable of engulfment of POSs, resulting in progressive
retinal degeneration.’*~3 Furthermore, in humans, muta-
tions in the MerTK gene have been found in patients with
retinitis pigmentosa.>*~3° This study shows that integrin g5
and MerTK are significantly reduced in RPE cells lacking
the Kir7.1 potassium channel. Thus, defects in binding and
incorporation of POSs would underlie impaired phagocyto-
sis in RPE cells.

TMEM175 is the lysosomal potassium channel,”’ and
its deficiency is known to impair lysosomal function
and increase protein deposits in the cell?” This study
shows that TMEM175 mRNA was decreased in the
KCNJ13-KO hiPSC-RPE cells compared with WT hiPSC-
RPE cells (Fig. 6). Therefore, it is tempting to speculate
that a similar mechanism (that is, reduced autophago-
some clearance) might underlie the decreased phagocy-
tosis of POSs in the absence of KCNJ13. The precise
molecular link among the Kir7.1 potassium channel,
integrin B85, MerTK, and TMEM175 requires further
study.

In summary, the loss of KCNJ13 decreases the phago-
cytic activity of RPE cells, and the resultant defects in
renewal of POSs would be involved in degeneration of
the outer retina in patients with LCA16. Therefore, as a
novel therapeutic intervention for LCA16, reactivation of
the phagocytic activity of impaired RPE cells might be
promising.
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