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PURPOSE. This study was performed to elucidate the mechanisms of morphological abnor-
malities in a Leber congenital amaurosis 16 (LCA16) cell model using KCNJ13 knockout
(KO) retinal pigment epithelial cells derived from human iPS cells (hiPSC-RPE).

METHODS. In KCNJ13 KO and wild-type hiPSC-RPE cells, ZO-1 immunofluorescence was
performed, and confocal images were captured. The area and perimeter of each cell
were measured. To detect cell death, ethidium homodimer III (EthD-III) staining and
LDH assay were used. Scanning electron microscopy (SEM) was used to observe the
cell surface. The expression levels of oxidative stress-related genes were examined by
quantitative PCR. To explore the effects of oxidative stress, tert-butyl hydroperoxide (t-
BHP) was administered to the hiPSC-RPE cells. Cell viability was tested by MTS assay,
whereas oxidative damage was monitored by oxidized (GSSG) and reduced glutathione
levels.

RESULTS. The area and perimeter of KCNJ13-KO hiPSC-RPE cells were enlarged. EthD-III-
positive cells were increased with more dead cells in the protruded region. The KO RPE
had significantly higher LDH levels in the medium. SEM observations revealed aggregated
cells having broken cell surfaces on the KO RPE sheet. The KCNJ13-deficient RPE showed
increased expression levels of oxidative stress-related genes and total glutathione levels.
Furthermore, t-BHP induced a significant increase in cell death and GSSG levels in the
KO RPE.

CONCLUSIONS. We suggest that in the absence of the Kir.7.1 potassium channel, human
RPE cells are vulnerable to oxidative stress and ultimately die. The dying/dead cells form
aggregates and protrude from the surviving KCNJ13-deficient RPE sheet.

Keywords: Leber congenital amaurosis 16, KCNJ13, Kir7.1, RPE, retinal pigment epithe-
lium

Leber congenital amaurosis 16 (LCA16) is a retinal dystro-
phy caused by abnormalities in the RPE due to muta-

tions in the KCNJ13 gene.1–3 LCA16 causes clumpy pigment
deposits between the RPE and the sensory retina.1,3,4 We
have previously established a cellular model for LCA16 by
knocking out the KCNJ13 gene in human iPS cells and
inducing their differentiation to retinal pigment epithelium
(RPE).5 The KCNJ13 knockout (KO) hiPSC-RPE has some
areas protruding from the monolayer epithelial sheet.5 This
protruding appearance recapitulates the clumpy pigment
deposits seen in the LCA16 patients. However, the mech-
anism by which protrusion occurs in the KCNJ13-KO RPE
and the properties of morphological changes in the mutant
RPE are unknown.

The RPE cell is polygonal in shape and lines up in a
pavement-like pattern beneath the neural retina. With aging
and pathological conditions, the RPE undergoes morpho-
logical changes, such as enlargement of the cell area and

loss of morphological uniformity.6–8 It has been reported
that the RPE causes abnormal cell-to-cell alignment and
cell morphology in the event of cell death6 and that cell
death is likely involved in morphological changes in KCNJ13
KO RPE as at least one cause.5 Also, the expression levels
of the genes involved in the oxidative stress response are
increased in kcnj13 KO zebrafish.9 Because the RPE plays
a variety of metabolic roles in the subretinal space and
is exposed to oxidative stress,10 it has various antioxi-
dant mechanisms.10–12 Based on these previous findings,
we hypothesized that the antioxidant mechanisms might
be impaired in KCNJ13 KO hiPSC-RPE cells and that cell
death due to oxidative stress would be involved in the
changes in the protrusion of KCNJ13 KO RPE cells. To test
this hypothesis, we analyzed cell death and oxidative stress
responses in KCNJ13 KO hiPSC-RPE cells and sought to
elucidate the mechanism of retinal morphological changes in
LCA16.
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METHODS

Induction of Differentiation of KCNJ13 KO
hiPSC-RPE

The hiPSC line 454E2,13 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).5 Transepithelial electrical resistance (TEER) was
measured (Supplementary Methods) and confirmed to be

higher than 200 � · cm2. We also confirmed that both wild-
type (WT) and KO cells showed pigmentation and a cobble-
stone appearance (Supplementary Fig. S1) and expressed
BEST1 and CRALBP, markers of RPE, indicating that these
cells were highly differentiated as RPE.5

Analysis of Cell Morphology

Briefly, after immunostaining for ZO-1 in RPE seeded on
transwells, only the ZO-1 signal was extracted and converted
to gray scale. The area and perimeter of the cells were

FIGURE 1. Cell size is enlarged in the KCNJ13 KO RPE. (A,B) Representative images of WT and KO hiPSC-RPE cells. Immunostaining of ZO-1
was performed, and maximum projection images for ZO-1 signals were transferred to grayscale in ImageJ. The polygonal area surrounded
by the white line was measured as the area per cell. (C) Histograms of the area per cell for WT and KO cells are shown. (D) Comparison
of the mean area per cell is shown. (E) Histograms of the perimeter per cell of WT and KO cells are shown. (F) Comparison of the mean
perimeter per cell (WT, n = 827; KO, n = 918 in C–F). Data are shown as the mean ± SEM. *P < 0.05 (Student’s t test).
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automatically measured with Image J (Figs. 1A, 1B, Supple-
mentary Methods).

Cell Death Detection by Ethidium Homodimer III
Staining

We modified the method used by Kimura et al.,14 and cell
death detection was performed according to the instruc-
tions for the Apoptotic/Necrotic/Healthy Cells Detection
Kit (PK-CA707-30018; Promocell, Germany). Briefly, WT
and KCNJ13 KO hiPSC-RPE cells (12-well Transwells, 0.4
μm) were seeded at 5 × 105 cells/well and cultured for
four weeks. The cells were washed twice with binding
buffer. We incubated the cells in staining solution (200
μM ethidium homodimer III, 500 μg/mL Hoechst 33342)
for 15 minutes at room temperature and washed the cells
with binding buffer one or two times. The RPE cells
were placed under a coverslip and observed using an
LSM 780 confocal microscope equipped with ZEN 2009
software.

LDH Assay

Cell death assays were performed using a Cytotoxicity Detec-
tion Kit plus (LDH) (Roche, Switzerland) (Supplementary
Methods).

Scanning Electron Microscopy

Samples were treated with a modified method used by Shahi
et al.15 and Kanzaki et al (Supplementary Methods).5 The
hiPSC-RPE cells were visualized with a scanning electron
microscope (SEM) (S-4800; Hitachi, Tokyo, Japan).

Quantitative Analysis of Gene Expression by
qRT–PCR

Quantitative real-time PCR (qRT-PCR) was performed as
previously described.5 Briefly, mRNA was isolated from
hiPSC-RPE cells, cDNA was synthesized by standard proce-
dures, and qRT-PCR was performed according to the manu-
facturer’s instructions (StepOne; ThermoFisher, St. Louis,
MO, USA). The qRT–PCR primers used to amplify the oxida-
tive stress marker genes and internal standard, 18S riboso-
mal RNA (18S rRNA), were listed in Table.

Glutathione Assay

The hiPSC-RPE cells were seeded in six-well plates at 2 ×
106 cells/well. Cells were treated with t-BHP as described
below and washed with PBS to quantify the amount of
oxidized glutathione (GSSG) or GSSG/reduced glutathione
(GSH) with a Glutathione Quantification Kit (Dojindo Molec-
ular Technologies, Inc., Kumamoto, Japan). A portion of the
harvested cells was lysed in lysis buffer (Tris-HCl 50 mM
pH 7.6, CaCl2 5 mM, NaCl 150 mM, 0.02% NaN3, 1% Triton
X-100) and clarified with centrifugation. The supernatant
was collected, and the protein concentration was determined
with the Lowry method.

Western Blot Analysis

Western blot analysis was performed according to previ-
ous studies.5,16,17 Primary antibodies used were as follows:
anti-Keap1 (1:1000; Cell Signaling Technology, Danvers, MA,
USA), anti-xCT (1:1000; Cell Signaling Technology), and anti-
cyclophilin B (1:1000; Cell Signaling Technology).

T-BHP Treatment and MTS Assay

The hiPSC-RPE cells were seeded in 96-well plates at a
density of 1 × 105 cells/well and cultured for four weeks. The
medium (SFRM supplemented with FGF2 and SB431542)
was then removed; 0 mM, 1.5 mM, 5 mM, or 15 mM tert-butyl-
hydroperoxide (t-BHP) (Sigma–Aldrich Corp., St. Louis, MO,
USA) was added to SFRM; and the cells were treated for
one hour on days 1-5. The cells were washed with medium
(SFRM supplemented with FGF2 and SB431542) after t-BHP
treatment. The cytotoxicity test was performed on Day 8
using MTS (CellTiter 96; Promega Corporation, Madison, WI,
USA).18

Statistics

Statistical analysis was performed using SPSS Statistics (IBM,
Armonk, NY, USA). Unpaired Student’s t test was employed
for the following: Comparison of cell area and perimeter
between WT and KCNJ13 KO hiPSC-RPE cells, comparison
of the percentage of ethidium homodimer III-positive cells
per field of view, comparison of the percentage of ethidium
homodimer III–positive cells at protruding sites, LDH assay
analysis, comparison of the relative expression level of each

TABLE. Sequences of Primers Used

Gene Symbol Gene Name Forward Reverse Amplicon Size (bp)

CAT Catalase tcatcagggatcccatattgtt ccttcagatgtgtctctgaggattt 72
CLCN2 Chloride voltage-gated channel 2 (ClC2) catcgagggctctgtcaca attggcatttgtcgtcgctg 181
FATP2 Fatty acid transport protein 2 cgccagacgccacacaagccttt cagggacttcgcgcggatgttgt 239
FATP4 Fatty acid transport protein 4 tgctgcatggcatgacggtggtg tggggtatgtggaagcggctgga 231
GCLC Glutamate-cysteine ligase catalytic subunit ggcgatgaggtggaatac aaagggtaggatggtttgg 135
GPX1 Glutathione peroxidase 1 caaccagtttgggcatcag gttcacctcgcacttctcg 139
GPX4 Glutathione peroxidase 4 gcacatggttaacctggaca ctgcttcccgaactggttac 171
GSR Glutathione-disulfide reductase tgccagcttaggaataaccag cctgcaccaacaatgacg 82
HMOX1 Heme oxygenase 1 ggcagagggtgatagaagagg agctcctgcaactcctcaaa 72
SLC2A1 Solute carrier family 2 member 1 ctggcatcaacgctgtcttc gttgacgataccggagccaa 97
SLC7A11 Solute carrier family 7 member 11 (xCT) tcattggagcaggaatcttca ttcagcataagacaaagctcca 127
SOD1 Superoxide dismutase 1 tcatcaatttcgagcagaagg caggccttcagtccttt 77
SOD2 Superoxide dismutase 2 cgtgactttggttcctttgac agtgtccccgttccttattga 108
STRA6 Signaling receptor and transporter of retinol acactccacagccaggattc gccagcaggtaggagacatc 162
18S rRNA 18s ribosomal RNA gtaacccgttgaaccccatt ccatccaatcggtagtaggg 150
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gene in qPCR, comparison of each protein expression in
Western blot analysis, and comparison of total glutathione.
One-way ANOVA followed by Tukey test was used for
comparative analysis of MTS assay results after t-BHP
treatment, the amount of GSSG, the amount of reduced GSH
and comparison of each gene in qPCR in cells stimulated
with various concentrations of t-BHP. P < 0.05 indicated
significance.

RESULTS

Increased Cell Size of the KCNJ13 KO hiPSC-RPE

KCNJ13 KO hiPSC-RPE cells arrange in a single layer of
sheets, causing morphological abnormalities where some
cells protrude.5 To verify whether morphological changes
occurred in individual cells as well as in the protruded

regions in KCNJ13 KO cells, the area and perimeter of
the cells marked by the ZO-1 signal were analyzed. The
histogram peaks for cell area and perimeter (Figs. 1C, 1E,
respectively) in the KO cells were shifted to the right of
that observed for the wild-type cells. In addition, KCNJ13
KO hiPSC-RPE cells had significantly larger mean area and
perimeter than those of wild-type hiPSC-RPE cells (area, WT:
116.85 ± 1.64 μm2, KO: 140.82 ± 2.06 μm2; perimeter, WT:
44.76 ± 0.34 μm, KO: 49.58 ± 0.41 μm; P < 0.001 for both)
(Figs. 1D, 1F).

Protruding KCNJ13 KO RPE Cells Undergo Cell
Death

A single RPE cell layer is known to increase in size when cell
death is induced for living cells to maintain the integrity of
the monolayer.6 Therefore there is a possibility that morpho-

FIGURE 2. Numbers of dead cells are increased in the KCNJ13 KO RPE. (A, B) Ethidium homodimer III staining (red) of WT and KO hiPSC-
RPE cells. Nuclei were stained with Hoechst 33342 (blue). In KO RPE cells, ethidium homodimer III–positive cells were prominently observed
(white arrowheads). (C) Percentage of ethidium homodimer III–positive cells in the total number of RPE cells per area. (D) Percentage of
ethidium homodimer III-positive cells present at the site of protrusion in the total number of ethidium homodimer III-positive cells per area.
(E) The percentage of total LDH was calculated by comparing the levels of released LDH in the experimental samples to the total levels of
lysed WT cells (positive control, set to 100%). (n = 3 for each genotype in C, D; n = 4 for each in E). Data are shown as the mean ± SEM.
*P < 0.05 (Student’s t test). Scale bars: 100 μm.
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FIGURE 3. Scanning electron microscopy (SEM) of the apical surface of WT and KCNJ13 KO RPE. (A–C) SEM images of WT hiPSC-RPE cells.
(D–F) SEM images of KCNJ13 KO hiPSC-RPE cells. (A) The cell shape of WT hiPSC-RPE cells is polygonal, and the cells exhibit a paving
stone-like arrangement. (B, C) Enlarged images for (A, B), respectively. Well-developed microvilli are seen on the cell surface. (D) KCNJ13
KO hiPSC-RPE sheet has a partially protruding cell aggregate (white arrowheads). (E, F) Enlarged images for (D, E), respectively. Scale bars:
25 μm (A, D), 10 μm (B, E), 5 μm (C, F).

logical changes in KCNJ13 KO hiPSC-RPE reflect cell death.
To test this hypothesis, we analyzed whether there was a
difference in the amount and rate of cell death between
the two genotypes. The hiPSC-RPE cells stained with ethid-
ium homodimer III and Hoechst 33342 showed few ethid-
ium homodimer III-positive cells in the WT (Fig. 2A). In
KCNJ13 KO cells, ethidium homodimer III-positive cells
were present among the protruding cells (white arrowheads
in Fig. 2B), and the cell nuclei in the protrusions were
stained (Supplementary Fig. S2B). The percentage of ethid-
ium homodimer III-positive cells among the total cells was
significantly higher in KCNJ13 KO hiPSC-RPE cells than in
WT cells (WT: 1.68% ± 0.85%, KO: 7.51% ± 0.82%, P =
0.010, Fig. 2C). Furthermore, the percentage of ethidium
homodimer III-positive cells in the protrusions was signif-
icantly higher in KCNJ13 KO hiPSC-RPE cells (WT: 1.11% ±
1.11%, KO: 58.10% ± 3.24%, P = 0.008, Fig. 2D). Because
the RPE is capable of phagocytosis and dead cells do not
always remain persistently, we further analyzed the induc-
tion of cell death using the LDH assay, which measures the
amount of LDH released on cell lysis and from damaged
cells. The KO cell population released a significantly greater
amount of LDH (WT: 11.30% ± 0.20%, KO: 14.51% ±
1.01%; P = 0.020; Fig. 2E). These results indicated that cell
death occurred at the protrusion in KCNJ13 KO iPS-RPE
cells.

KCNJ13 KO hiPSC-RPE Cells at the Protruded
Region have Abnormal Cell Surfaces

To observe how morphological abnormalities were occur-
ring in the cells of the protrusion, the cell surface was
visualized using SEM. WT hiPSC-RPE cells showed polyg-
onal morphology, with microvilli developing on the surface
and the apical side of the cell (Figs. 3A–3C, Supplementary
Figs. S3A, S3B). In contrast, a part of KO RPE showed some
protruding cell clumps (arrowheads in Fig. 3D), some with-

out microvilli, and some cells that appeared to have died
(arrows in Fig. 3E) or lost intercellular adhesion with blood
cell-like appearance (arrowheads in Figs. 3E, 3F).

Although cell death occurred in a portion of the RPE,
TEER measurements showed that the permeability of the
cell sheet did not increase, but rather decreased, suggest-
ing that the barrier function was enhanced (Supplemen-
tary Fig. S4). Next, the effect of RPE on transepithelial
transport properties, another important function of RPE,
was investigated by analyzing the expression of follow-
ing genes: CLCN2 was significantly downregulated in KO
cells, whereas STRA6,19 FATP2, FATP4,20 and SLC2A121

were not significantly changed (Supplementary Figs. S5
and S6).

Antioxidative Responses Observed in KCNJ13 KO
hiPSC-RPE Cells

To investigate the possible involvement of oxidative stress
in cell death, qRT-PCR was performed to determine the
levels of six oxidative stress marker genes: CAT,22–25 GPX1,26

GPX4,27 GSR,28 HMOX1,29 and SOD1 (Supplementary Fig.
S7).30 The expression levels of CAT, GPX4 and GSR genes
were significantly higher in the KO than in WT hiPSC-RPE
cells (P < 0.001, P = 0.011, and P = 0.009, respectively, Figs.
4A, 4C, and 4D), while those of GPX1, HMOX1, and SOD1
showed no significant change (P = 0.402, P = 0.783 and P
= 0.921, respectively, Figs. 4B, 4E, and 4F). Furthermore,
the level of total glutathione was significantly higher in
KCNJ13 KO hiPSC-RPE cells than in WT hiPSC-RPE cells
(WT: 1.60 ± 0.27 μmol/L, KO: 6.36 ± 0.62 μmol/L, P <

0.001) (Fig. 4G). Western blot analysis showed that Keap1
protein expression was decreased and xCT protein expres-
sion was increased in KO cells (Keap1, WT: 1 ± 0.10, KO:
0.73 ± 0.08, P = 0.030) (Figs. 4H, 4I). These results suggest
that oxidative stress is induced in KCNJ13-deficient RPE
cells.
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FIGURE 4. Expression of oxidative stress marker genes in WT and KO RPE as revealed by qPCR, glutathione assay and Western blotting.
Relative expression levels of CAT (A), GPX1 (B), GPX4 (C), GSR (D), HMOX1 (E), and SOD1 (F). 18S rRNA was used as an internal control.
The expression level of each gene in WT hiPSC-RPE cells was set as 1. (G) Quantitative comparison of total glutathione levels. (H, I) Protein
expression of Keap 1 and xCT. (n = 6, each for WT or KO in A-F, n = 3, each for WT and KO in G, n = 7 each for WT or KO in I). Data are
shown as the mean ± SEM. *P < 0.05 (Student’s t test). N.S., not significant.

Oxidative Stress Tolerance is Decreased in
KCNJ13 KO hiPSC-RPE Cells

To examine whether there is a difference in response to
induced oxidative damage between WT and KO cells, both
hiPSC-RPE cells were treated with various concentrations of
t-BHP, and the number of viable cells was counted. The
MTS assay showed that viable cell counts were reduced
in a t-BHP dose-dependent manner in both genotypes.
However, they were significantly lower in KO cells than
in WT cells at all concentrations (Fig. 5A). The levels of

GSSG were not increased at a concentration of 5 mM t-
BHP in WT cells, whereas they were significantly increased
in KO cells (Fig. 5B). Reduced GSH levels were signif-
icantly higher even in untreated KCNJ13 KO-hiPSC-RPE
cells than in WT cells. At 5 mM (Fig. 5C), reduced GSH
levels were significantly decreased in KO cells, which is
likely attributed to its conversion to GSSG by higher oxida-
tive stress (Fig. 5B). In contrast, 15 mM t-BHP increased
both GSSG and reduced GSH levels, indicating a strong
induction of GSH by an increased antioxidant response
and its oxidation in both WT and KO cells (Figs. 5B, 5C).
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FIGURE 5. Increased cell death and glutathione levels in KCNJ13 KO RPE during t-BHP-induced oxidative stress. (A) Average absorbance
results of MTS assay. WT samples without t-BHP treatment (0 mM) were set as 1 for the mean absorbance value. (B, C) The level of GSSG
(B) and GSH (C) upon t-BHP treatment. (n = 6 each for WT or KO in A, n = 3 each for WT or KO in B, C). Data are shown as the mean ±
SEM. *P < 0.05 (one-way ANOVA followed by the Tukey test).

Notably, GSSG was induced approximately threefold more
in KO cells than in WT cells (Fig. 5B). Gene expression
in RPE cells stimulated with various concentrations of t-
BHP was further analyzed. There was no difference in
SLC7A11, GCLC, and SOD2 expression between WT and
KO RPE without stimulation. However, when stimulated
with 5 mM or 15 mM t-BHP, SLC7A11, GCLC, and SOD2
gene expression was significantly increased in KO cells
(Fig. 6). These results indicate that antioxidant response
and cell death are strongly induced by t-BHP in KO cells

compared to WT cells, implying that KO cells are more
susceptible to oxidative stress than WT cells.

DISCUSSION

In this study, the following three findings were obtained:
(1) KCNJ13 gene deletion leads to abnormal cell morphol-
ogy, (2) dead cells exist in the protruded region of KCNJ13
KO hiPSC-RPE cells, (3) KCNJ13 KO cells are subjected to
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FIGURE 6. Changes in antioxidant gene expression during t-BHP-induced oxidative stress. Relative expression levels of SLC7A11 (A), GCLC
(B), and SOD2 (C). The 18S rRNA was used as an internal control. The expression level of each gene in WT hiPSC-RPE cells was set as 1 (n
= 4, each for WT or KO in A-C). Data are shown as the mean ± SEM. *P < 0.05 (one-way ANOVA followed by the Tukey test).

oxidative stress and exhibit increased expression of antiox-
idant genes, and KCNJ13 KO RPE cells are vulnerable to
oxidative stress. These results support our hypothesis that
vulnerability to oxidative stress due to KCNJ13 gene deletion
is responsible for cell protrusion and cell death in the RPE
(Fig. 7).

Dead RPE cells are extruded from the monolayer, and
the surrounding cells promote hypertrophy.6,7 The enlarged
surrounding cells ultimately replace the lost cells. These
previous findings are consistent with this study, and collec-
tively it is supported that cell death may be involved in
the morphological abnormalities in KCNJ13 KO RPE. In this
regard, cells have interactions called cell competition that
eliminate less-fit loser cells from the surrounding winner
cells.31 What triggers cell competition in the KCNJ13 KO

RPE cell population is not certain. The main driver of cell
competition is thought to be heterogeneity in fitness, with
which proliferative activity correlates.32 On the other hand,
it is known that nonneural bioelectric signaling via potas-
sium channels can control cellular growth rates.33 Mamaeva
et al.34 showed the localization of potassium channels Kir4.1
and Maxi-K in addition to Kir7.1 within the human iPSC-
derived RPE sheet and the heterogeneity of their distribu-
tions. It is tempting to speculate that mosaic differences
in the concentration of cytoplasmic potassium ions would
trigger cell competition among the KCNJ13 KO RPE popu-
lation. In addition, as we reported previously,5 some cells
in the protruding region underwent epithelial-mesenchymal
transition, which may have also contributed to the morpho-
logical change. On the other hand, surprisingly, TEER was
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FIGURE 7. Possible mechanisms of cell death and morphological changes in KCNJ13 KO RPE. Cell alignment of WT (A) and KCNJ13 KO (B)
RPE. (B) Dead/dying cells are excluded from the RPE in a sheet-like arrangement and exhibit a protruding morphology. Expansion of cells
around the protruding cells occurs. (C) Loss of Kir7.1 likely results in reduced mitochondrial ATP and induction of oxidative stress in the
cell, leading to cell death. (D) KCNJ13 KO RPE under oxidative stress. Antioxidant response and cell death are strongly induced by oxidative
stress in KO cells compared to WT cells, suggesting that KO RPE is more susceptible to oxidative stress than WT cells.

significantly increased in KO cells (Supplementary Fig. S4),
indicating that barrier function was increased rather than
decreased. This suggests that intercellular adhesion might
be enhanced in KO cells, but further analysis is required.
Taken together, these findings suggest that KCNJ13 KO RPE
cells are predisposed to cell death and that the resulting
cell death is responsible for the protruding cell morphol-
ogy. This result would be supported by electron micro-
scopic images of disrupted cell surfaces with disintegrated
microvilli.

This study suggests that KCNJ13 KO RPE may be exposed
to an oxidative stress other than physiological stress; the
KO RPE had increased transcription levels of CAT, GSR,
and GPX4, as well as in the levels of total glutathione. In
addition, Keap1 protein expression was decreased and xCT
protein expression was increased in the KO cells (Fig. 4).
CAT,22–25 GSR,28 and GPX427 are enzymes involved in the
antioxidant activities of the RPE and have been reported to
be upregulated when oxidative stress occurs in the RPE.28

Keap1 is the regulatory protein of transcription factor Nrf2,
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the master regulator of antioxidant response. When oxidant
stress is applied, Keap1 expression is decreased and Nrf2
is translocated to nuclei, and various antioxidant pathways
are activated.35–38 SLC7A11 is a downstream gene of the
Keap1-Nrf2 system and encodes xCT, a light-chain subunit of
the cystine/glutamate transporter involved in the production
of glutathione.39,40 Besides, in the t-BHP-treated KO RPE,
oxidative stress is enhanced and the expression levels of the
CAT gene are upregulated.25 RPE consumes GSH to allevi-
ate oxidative stress when it occurs. Correspondingly, RPE
increases the synthesis of glutathione.26 Taken together, our
present study suggests that in the absence of KCNJ13, the
RPE is being exposed to oxidative stress. According to Toms
et al.,9 kcnj13 KO zebrafish exhibit increased expression
levels of the oxidative stress markers sod1 and sod2, indicat-
ing an increase in reactive oxygen species (ROS). This find-
ing is similar to those of the present study in that antioxidant
enzymes are upregulated. Because Kir7.1 mediates efflux of
potassium ions from the cytoplasm to the apical extracellular
space of the RPE,KCNJ13 KO hiPSC-RPE likely has an excess
amount of potassium ions in the cell. It has been reported
that mitochondria have potassium ion channels and that ROS
are produced by the influx of potassium ions into mitochon-
dria.41,42 Therefore the influx of excess intracellular potas-
sium ions into the mitochondria may likely induce oxidative
stress in the RPE, in which mitochondria are abundant.38

However, no morphological abnormalities were observed in
the mitochondria of an LCA16 (p.W53*) patient-derived iPS-
RPE.15 Further analysis of morphology and function of mito-
chondria in our KCNJ13-deficient (p.D50fs/R52fs) hiPSC-
RPE is warranted.5 Furthermore, ATP levels are reduced in
the kcnj13 mutant retina9 and ATP reduction in the RPE
leads to ROS production.43 In addition, the loss of Kir7.1
might lead to higher ATP consumption by the Na+/K+-
ATPase itself because the enzyme has to transport against
a K+ gradient plus the Na+ gradient.9 The relationship
between Kir7.1 and Na-K ATPase requires further analysis.
Taken together, one cause of the oxidative stress condition
in KCNJ13 KO RPE may be the depletion of mitochondrial
ATP and induction of ROS production, beginning with the
accumulation of intracellular potassium ions due to defective
potassium efflux.

It is widely known that t-BHP induces oxidative stress
when added to the RPE.25,44,45 Our results (Figs. 5, 6) showed
that KNCJ13 KO RPE cells are susceptible to cell death in
response to chemical oxidative stress, implying their vulner-
ability to oxidative stress initiated by light.38 GSSG is signif-
icantly increased in RPE stimulated with t-BHP. In KCNJ13
KO RPE, the expression of antioxidant genes SLC7A11,39,40

GCLC,38 and SOD29,26 were significantly increased compared
to wild-type RPE with the same level of oxidative stimu-
lation. This may indicate that KO RPEs suffer more severe
intracellular oxidative stress in response to the same inten-
sity of oxidative stimulation compared to wild-type RPE.
Because the RPE is juxtaposed to choroidal circulation
containing oxygen from which free radicals are produced
upon light irradiation,46 it is constantly exposed to oxida-
tive stress. The RPE undergoes cell death when subjected
to oxidative stress.25,44,45,47,48 Because the RPE is constantly
under oxidative stress due to KCNJ13 gene deletion as
described above, cell death may occur when extra oxida-
tive stress is added during physiological metabolism. It has
been reported that oxidative stress in the RPE induces necro-
sis49–51 and apoptosis.52–54 Because ethidium homodimer III
stains cells in necrosis or late apoptosis, it is assumed that

necrosis or late apoptosis occurs in the absence of KCNJ13.
On the other hand, the loss of Kir7.1 channel function will
depolarize RPE cells, which would lead to cell death.15 The
relationship between depolarization and cell death requires
further investigation.

Limitations of this study are as follows. Truncated Kir7.1
protein expressed in KCNJ13 KO cells in this study is similar
to that of an LCA16 patient (p.W53∗) reported by Pattnaik et
al.2 and may exhibit a similar phenotype. However, the types
of genetic mutations in LCA16 vary1 and not all of them are
reproduced. In addition, it is not suitable to apply this cell to
readthrough drug therapy, and we can only analyze patho-
logical conditions at the protein level in this experimental
system.

In summary, KCNJ13 gene deletion makes the RPE less
tolerant to oxidative stress and more prone to cell death
when the RPE is subjected to oxidative stress inducers. It is
suggested that the resulting dead and dying cells are elimi-
nated from the monolayer, some of which show protruding
morphology, and the surrounding RPE cells are enlarged.
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