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Gene Augmentation and Readthrough
Rescue Channelopathy in an iPSC-RPE Model
of Congenital Blindness

Pawan K. Shahi,!2 Dalton Hermans,! Divya Sinha,2? Simran Brar,! Hannah Moulton,! Sabrina Stulo,!
Katarzyna D. Borys,? Elizabeth Capowski,2? De-Ann M. Pillers,.24.6 David M. Gamm,?23,5
and Bikash R. Pattnaik!.2,5*

Pathogenic variants of the KCNJ13 gene are known to cause Leber congenital amaurosis (LCA16), an inherited pediatric blindness.
KCNJ13 encodes the Kir7.1 subunit that acts as a tetrameric, inwardly rectifying potassium ion channel in the retinal pigment epithe-
lium (RPE) to maintain ionic homeostasis and allow photoreceptors to encode visual information. We sought to determine whether
genetic approaches might be effective in treating blindness arising from pathogenic variants in KCNJ13. We derived human induced
pluripotent stem cell (hiPSC)-RPE cells from an individual carrying a homozygous c.158G>A (p.Trp53*) pathogenic variant of
KCNJ13. We performed biochemical and electrophysiology assays to confirm Kir7.1 function. We tested both small-molecule read-
through drug and gene-therapy approaches for this “disease-in-a-dish” approach. We found that the LCA16 hiPSC-RPE cells had normal
morphology but did not express a functional Kir7.1 channel and were unable to demonstrate normal physiology. After readthrough drug
treatment, the LCA16 hiPSC cells were hyperpolarized by 30 mV, and the Kir7.1 current was restored. Similarly, we rescued Kir7.1 chan-
nel function after lentiviral gene delivery to the hiPSC-RPE cells. In both approaches, Kir7.1 was expressed normally, and there was resto-
ration of membrane potential and the Kir7.1 current. Loss-of-function variants of Kir7.1 are one cause of LCA. Using either readthrough
therapy or gene augmentation, we rescued Kir7.1 channel function in iPSC-RPE cells derived from an affected individual. This supports

the development of precision-medicine approaches for the treatment of clinical LCA16.

Introduction

Pathogenic variants of at least 21 genes expressed in the
outer retina, i.e., the photoreceptors and retinal pigment
epithelium (RPE), cause a severe form of early-childhood
inherited blindness known as Leber congenital amaurosis
(LCA). Within the last decade, multiple autosomal-reces-
sive pathogenic variants of KCNJ13 (MIM: 603208) (chro-
mosomal location: 2q37.1) have been identified in
individuals with the LCA phenotype (LCA16, MIM:
614186; the 16 gene shown to cause LCA).' LCA16
pathogenic variants include c¢.158G>A (p.TrpS53¥),
c.359T>C (p.lle120Thr), c.458C>T (p.Thr1l53lle),
€.496C>T (p.Argl66*), and c.722T>C (p.Leu241Pro)."**
In addition, the compound-heterozygous KCNJ13 patho-
genic variants c.314 G>T (p.Serl05Ile) and c.655C>T
(p-GIn219Ter) were associated with early-onset retinal dys-
trophy in one individual.> An autosomal-dominant
KCNJ13 pathogenic variant, c.484C>T (p.Argl62Trp),
causes the early-onset blindness called snowflake vitreore-
tinal degeneration (SVD, MIM: 193230).°

KCNJ13 encodes the inwardly rectifying potassium
channel Kir7.1, and it is expressed in several tissues.®’
In the retina, Kir7.1 is localized exclusively in the RPE
apical processes, where it controls retinal function and
health.®“ The major contribution of the RPE Kir7.1 chan-

nel is the compensation of K* concentration changes by
epithelial transport, as modeled by LaCour.'® Light activa-
tion of photoreceptors reduces the RPE extracellular K*
concentration from 5 mM to 2 mM. The conductance of
the Kir7.1 channel increases when extracellular K* de-
creases and vice versa.!! Thus, KCNJ13 loss-of-function
variants directly impact K™ buffering in the tight subretinal
space and thereby alter photoreceptor function. A non-
functional Kir7.1 channel will cause a sustained RPE cell
depolarization that leads to cell death, an effect that has
been reported after Kcnj13 knockout or suppression in
mice.”'? The role of the Kir7.1 channel in other organs
remains to be elucidated, but to date, all variants show a
single ophthalmologic phenotype of blindness.'*'*

This loss-of-function phenotype for KCNJj13, as with
other channelopathies, is a convenient gene-therapy
target compared to the dominant negative SVD variant
that alters wild-type channel function (Pattnaik et al.,
2010, ARVO, abstract). Technical challenges include con-
trolling the level of expression and successfully translating,
trafficking, and assembling the ion channel as a functional
unit in the membrane. Likewise, nonsense codons that
give rise to misincorporation of an amino acid during
translational readthrough must somehow be overcome to
allow for the synthesis of a full-length protein and
complete functionality. To address these challenges, we
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adopted two precision-medicine approaches where we
used induced pluripotent stem cell (iPSC)-RPE cells derived
from an affected individual to model LCA16 and explore
novel, fast-track approaches to variant-specific therapies.

Material and Methods

Ethical Guidance

This study was approved by the University of Wisconsin-
Madison’s institutional review board in accordance with federal
regulations, state laws, and local and University policies.

Differentiation of hiPSC-RPE Cells
Fibroblasts from two subjects were reprogrammed to induced
pluripotent stem cells and cultured using established
methods.’>"'” The proband carried the p.Trp53* homozygous
variant in KCNJ13, and a non-symptomatic family member was
heterozygous for this variant. Both the wild-type human induced
pluripotent stem cells (hiPSCs) and human fetal RPE (hfRPE) cells
we used as controls in our experiment have been previously
characterized in our laboratory.'”"'®

The hiPSC lines were differentiated to RPE via protocols
described earlier.'®”*2° In brief, hiPSCs were cultured either
on mouse embryonic fibroblasts (MEFs) in iPS cell medium
(Dulbecco’s modified Eagle’s medium [DMEM]: F12 (1:1), 20%
KnockOut Serum, 1% minimal essential medium [MEM)]
non-essential amino acids, 1% GlutaMAX, B-mercaptoethanol,
20 ng/mL fibroblast growth factor 2 [FGF-2]), or on Matrigel
with mTeSR1 medium. Cells were lifted enzymatically and grown
as embryoid bodies (EBs) in iPS medium without FGF-2, and at
day 4 changed to neural induction medium (NIM; DMEM:F12;
1% N2 supplement, 1% MEM non-essential amino acids, 1%
L-glutamine, 2 pg/mL heparin), or grown in mTeSR1 and gradually
transitioned to NIM by day 4. There were no differences observed
in RPE differentiation between these two approaches. At day 7,
free-floating EBs were plated on laminin-coated culture plates so
that they could continue to differentiate as adherent cultures. At
day 16, the 3D neural structures were removed, and the medium
was switched to retinal differentiation medium (DMEM/F12
[3:1], 2% B27 supplement (without retinoic acid), 1% Antibiotic-
Antimycotic). Remaining adhered cells were allowed to continue
differentiation for an additional 45 days, followed by microdissec-
tion and passaging of pigmented RPE patches so that purified
monolayers of RPE could be obtained, as described earlier.>
MEFs, Matrigel, and FGF-2 were purchased from WiCell, and all
other tissue culture reagents were purchased from ThermoFisher.
Gbanding karyotyping was performed via chromosome analysis
by WiCell in accordance with general principles developed by
the International Stem Cell Banking Initiative.

RT-PCR and Restriction Fragment-Length Polymorphism

Total RNA was isolated from mature hiPSC-RPE cells from both the
affected individual and the carrier; wild-type hiPSC-RPE cells; and
hfRPE cells with the RNeasy kit according to the manufacturer’s
instructions (QIAGEN). The quality and the concentration of the
isolated RNA was measured with a Nanodrop (ThermoFisher),
and 200 ng of RNA was used for cDNA synthesis with the
Superscript III first-strand cDNA synthesis kit according to the man-
ufacturer’s instructions (ThermoFisher). PCR was performed with
MyTaqHS master mix (Bioline) in a final volume of 25 pL under
the following conditions: one cycle of initial denaturation at

95° C for 5 min followed by 35 cycles of denaturation at 95° C for
15 s, annealing at 55° C for 30 s, and extension at 72° C for 30 s.
A final extension step was done for 10 min at 72° C, and amplifica-
tion products were visualized by electrophoresis on a 2% agarose gel
containing Midori green advanced stain (Nippon Genetics Europe).
For the RFLP assay, PCR was performed as described with primers
specific to the full-length KCNJ13 mRNA (forward 5'- GCTT
CGAATTCCGACAGCAGTAATTG-3' and reverse 5'-ATCCGGTG
GATCCTTATTCTGTCAGT-3'). The PCR products were digested
with Nhel restriction enzyme (ThermoFisher) and visualized via
electrophoresis on a 2% agarose gel containing Midori green
advanced stain (Nippon Genetics Europe).

Transmission Electron Microscopy

Monolayers of hiPSC-RPE cells on transwell inserts (Corning, cat#
3470) were fixed with a solution of 2.5% glutaraldehyde and 2.0%
paraformaldehyde in 0.1 M sodium phosphate buffer (PB)
(pH 7.4), for ~1 hr at room temperature (RT). Samples were rinsed
five times for 5 min each in 0.1 M PB. The rinsed cultures were
post-fixed in 1% osmium tetroxide (OsO4), 1% potassium ferrocy-
anide in PB for 1 hr at RT. After post-fixation, samples were rinsed
in PB as before, followed by three 5 min rinses in distilled water so
the phosphates would be cleared. The samples were stained en
bloc in uranyl acetate for 2 hr at RT and dehydrated via an ethanol
series. The membrane was cut from the transwell support, placed
in an aluminum weighing dish, transitioned in propylene oxide
(PO), and allowed to polymerize in fresh PilyBed 812 (Polyscien-
ces). Ultrathin sections were prepared from these polymerized
samples and processed before images were captured and docu-
mented with an FEI CM120 transmission electron microscope
mounted with an AMT BioSprint12 (Advanced Microscopy Tech-
niques) digital camera. All electron microscope images were
subjected to morphometry analysis of the number of mitochon-
dria and the length of apical processes. We used a 10 pm? area of
the image and manually counted the number of mitochondria
by using a blinded approach. We used the Image] program to
define the length of each apical process. All data from at least
seven different images were averaged in Excel (Microsoft).

Immunocytochemistry
Transwell inserts with a monolayer of hiPSC-RPE cells from either
the affected individual or the control were fixed as follows: the
transwell membrane was cut out and fixed via immersion in 4%
paraformaldehyde in phosphate-buffered saline for 10 min in
the dark. The membrane with cells was washed with chilled PBS
twice and blocked for 2 hr in blocking solution that contained
5% goat serum and 0.25% Tween-20 in 1x PBS. For confocal mi-
croscopy, the cells were incubated for 24-48 hr with primary anti-
bodies raised against Kir7.1 (mouse monoclonal IgG, 1:250; Santa
Cruz Biotechnology), and ZO-1 (rabbit polyclonal, 2.5 pg/mL;
ThermoFisher) prepared in incubation solution (blocking solution
diluted in 1:3 with 1x PBS). After incubation with primary anti-
body, the membranes were washed thrice with chilled 1x PBS
and incubated with conjugated secondary antibodies (donkey
anti-goat Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 594,
and DAPI, 1:500) in incubation solution for 1 hr in the dark. A
no-primary-antibody control was included for all experiments.
Immunostained samples were imaged on a Nikon C2 confocal
microscope (Nikon Instruments).

Immunoblotting Protein was isolated from >60-day-old hiPSC-
RPE cells on transwells with radioimmunoprecipitation assay
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Figure 1.

hiPSC-RPE Cells Derived from an Affected Individual Show the LCA16 Phenotype

(A and B) Bright-field images of a mature hiPSC-RPE cell monolayer derived from (A) an unaffected family member showing a hetero-
zygous sequence, and (B) an LCA16-affected proband with the TAG sequence. A pedigree chart shows sources of hiPSCs.

(C) Normal karyotype in the affected individual’s hiPSC line showing no chromosomal abnormality.

(D) Control, LCA16, and wild-type hiPSC-RPE cells and hfRPE cells showing Nhel digestion product (lanes marked +Nhel) and undi-
gested (lanes marked —Nhel). The full-length Kir7.1 sequence is 1,083 base pairs (bp) in length, and the digested products are 925 and
158 bp in length. Note that the PCR product for both wild-type hiPSC-RPE cells and hfRPE cells (+Nhe1l lanes) runs at a slightly higher

molecular weight in the presence of Nhel.
(E) RPE-specific gene expression in hiPSC-RPE cells.

(RIPA) lysis buffer (ThermoFisher) along with sonication, and it
was processed as described previously." The primary antibodies
used for immunoblotting were anti-Kir7.1 (mouse monoclonal,
1:1000; Santa Cruz Biotechnology), anti-Bestrophinl (mouse
monoclonal, 1:1000; Novus Biologicals), anti-RPE65 (mouse
monoclonal, 1:1000; ThermoFisher), and anti-GFP (mouse mono-
clonal, 1:1000; NeuroMab); both anti-GAPDH (rabbit mono-
clonal, 1:1000) and anti-B-actin (rabbit monoclonal, 1:1000; Cell
Signaling Technology) were used as loading controls. Blots were
imaged in the Odyssey Imaging System.

Phagocytosis Assay

The labeled photoreceptor outer segments (POSs) were prepared
as previously described and fed to transwell-grown hiPSC-RPE
cells that had a transepithelial electrical resistance (TEER)
of >150 Qcm?.>?! The cells were fed POSs for either 4 hr or
24 hr, after which cells were washed three times with DMEM so
that any POSs that had not been phagocytosed would be
removed. The cells were incubated for 24 hr or 6 days, respec-
tively, before imaging took place. The images were captured
and analyzed with NIS-Elements on a Nikon C2 confocal micro-
scope (Nikon Instruments).

hiPSC-RPE Cell Transduction
Lentivirus custom engineered to be devoid of pathogenic ele-
ments was generated by Cyagen Biosciences and used for trans-

duction; this lentivirus carried KCNJ13, fused at the N terminus
with GFP, under the control of the EF1a promoter.>” The LCA-16
hiPSC-RPE cells in monolayer culture were infected with pLV-
EFla Kir7.1- GFP at an MOI of 200. The cells were cultured for
4-5 days after infection, then used for immunocytochemistry
and immunoblotting (as described above).

Electrophysiology

Standard whole-cell patch clamp on hiPSC-RPE cells, transduced
hiPSC-RPE cells, or NB84-treated hiPSC-RPE cells, all of which
had distinct apical processes, was performed as described
elsewhere.! Data acquisition and the holding-potential parame-
ters were controlled with the Axopatch 200-B, Digidata 1550,
and Clampex software (Axon Instruments). During patch
clamping, Ringer’s solution was continuously perfused as an
external solution, and all drugs were suspended through this
solution.

Statistical Analysis

The statistical analysis was performed in Origin (version 9.1)
with a two-tailed Student’s t test so that the significant differ-
ences could be assessed. p < 0.05 was considered statistically
significant. An ANOVA and a Tukey’s post-hoc test were also
used for multiple comparisons. The data are expressed as the
means *= SEM.
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Results

An analysis of hiPSC-RPE cells derived from an unaffected
family member (herein referred to as control hiPSC-RPE
cells) and an affected individual (herein referred to as
LCA16 hiPSC-RPE cells) showed that these cells, had normal
RPE morphology, including a cobblestone appearance
and pigmentation (Figures 1A and 1B, respectively), and
were identical to homozygous wild-type hiPSC cells
(Figure S1A). DNA sequencing confirmed that the control
hiPSC-RPE cells were from a heterozygous carrier, although
the LCA16 pathogenic variant cells were apparently homo-
zygous for the variant ¢.158G>A. The LCA16 hiPSC cells
had a normal karyotype (Figure 1C), confirming that there
was no gross chromosomal abnormality that might affect
cellular behavior or response to therapy. This assay would
not detect chromosomal abnormality below the level of res-
olution of the karyotype. The variant (c.158G>A) intro-
duced a restriction site for Nhel, enabling the mutant
sequence to be identified in hiPSC-RPE cells specific to the
affected individual, further verifying the presence of an
apparently homozygous variant (Figure 1D). The control
hiPSC-RPE cells were similarly analyzed and were found to
be carrying an undigested 1,083 bp band and two digested
bands, consistent with the genotype of the donor
(Figure 1D). A single full-length transcript band of 1,083 bp
was found in both wild-type, unrelated hiPSC-RPE cells,
and commercially available hfRPE cells (Figure 1D, right
panel). Because the presence of KCNJ13 transcript was com-
parable to that in both carrier and wild-type hiPSC-RPE cells
(Figures S1C and S1D), we believe there was no nonsense-
mediated decay in LCA16 hiPSC-RPE cells. There was no dif-
ference in the expression of RPE-specific genes between the
two cell types (Figure 1E). Thus, the hiPSC-RPE cells derived
from the affected individual conformed to the genotype of
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Figure 2. Impaired Kir7.1 Protein Expres-
sion in LCA16 hiPSC-RPE Cells
(A) Electron micrograph of a representative
LCA16 iPSC-RPE cell.
(B) Comparison of average mitochondria
(Mit.) count within 10 um? of the cell.
(C) Evaluation of average length of RPE api-
cal processes (AP).
(D) Immunofluorescence localization of
Kir7.1 (red), ZO-1 (green), and DAPI (blue)
in control hiPSC-RPE cells. Both the lower
and side panels reveal a polarized distribu-
tion of Kir7.1 in reference to ZO-1 and
DAPI (confocal z stack images).
(E) Localization of Kir7.1 (red), ZO-1
(green), and DAPI (blue) in LCA16 hiPSC-
68 RPE cells.
(F) Immunoblot showing the expression of
65 RPE-cell-specific proteins in both tissue
samples. Using a C-terminal-specific anti-
body against Kir7.1, we detected Kir7.1
80 protein in whole-cell lysates from the con-
trol hiPSC-RPE cells but not in those from
37 the LCA16 hiPSC-RPE cells.
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inherited retinal dystrophy and were a suitable source for es-
tablishing a disease-specific cellular model.’

Kir7.1 channels are located within the highly specialized
apical membrane processes of the RPE.®’ We therefore
examined the intactness of apical membrane structures
through electron microscope image analysis. The hiPSC-
RPE cells had a polarized structure, including intact basal
membrane infoldings and elongated apical processes that
measured 1.49 + 0.05 pm in length in the control
hiPSC-RPE cells and 1.50 + 0.14 pm in length in the pro-
band’s hiPSC-RPE cells (p = 0.96, n = 7) (Figures 2A, 2C,
and S2). The distribution and number of mitochondria in
the two cell lines appeared normal, averaging 8.4 = 1.0
and 6.2 *= 0.8 in the control and LCA16 proband’s
hiPSC-RPE cells, respectively (p = 0.12, n = 6) (Figures
2A and 2B). Pigment granules correctly distributed apically
in both cell types. Kir7.1 protein expression was detected
on the apical membrane of mature control hiPSC-RPE
cells, but not in LCA16 hiPSC-RPE cells (Figures 2D and
2E). Immunoblot analysis aimed at detecting the C-termi-
nal end of the Kir7.1 protein revealed that, in the LCA16
disease model, there is a complete lack of Kir7.1, whereas
other RPE proteins showed equal expression between con-
trol hiPSC-RPE and LCA16 hiPSC-RPE cells (Figure 2F). The
c.158G>A (p.Trp53*) variant is located within the second
exon of the three-exon KCNJ13 sequence. Our previous
work demonstrates that this variant generates a truncated
protein product;® thus, LCA16 hiPSC-RPE cells are ex-
pected to lack Kir7.1 channel function.

One of the key physiological functions of RPE cells is the
daily phagocytosis of the POSs, a process which contrib-
utes to POS renewal. To test whether the absence of normal
Kir7.1 protein alters phagocytosis, we fed control and
LCA16 hiPSC-RPE cell cultures with fluorescently labeled
POSs. The cells were fed labeled POSs for 4 hr, and
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phagosome digestion by RPE cells was allowed for an addi-
tional 24 hr. Control hiPSC-RPE cells showed a higher rate
of phagosomal uptake than LCA16 hiPSC-RPE cells (169 =
40 versus 66.5 = 7.4, p = 0.04, n = 4) (Figures 3A-3C). In
addition, when cells were fed with POSs for 1 day and then
allowed to process phagosomes for 6 days, the LCA16
hiPSC-RPE cells failed to digest POSs (80.2 = 11.1 versus
244.2 + 27.6 counts within a 200 um? field, p = 0.001,
n = 4) (Figure S2). This finding suggests that the fundus
pigmentation observed in LCAl6-affected individuals
most likely results from an inability to normally phagocy-
tose POSs, which therefore accumulate over time in the
retinas of affected individuals.

By using differentiated hiPSC-RPE cells, taken from an
asymptomatic carrier family member, that develop apical
processes and localize Kir7.1 to the apical membrane, we
were able to detect a small, but measurable Kir7.1 current
(—144.2 = 51 pA) in control hiPSC-RPE cells. Normal func-
tion was confirmed by a 13-fold increase in Rb"™ perme-
ability (—1887.3 = 589.6 pA, n = 5) (see cells in Figures
3D and 3F and compare to results for wild-type hiPSC cells
in Figure S1B), which is a specific property of the Kir7.1
channel.?® However, in LCA16 hiPSC-RPE cells, we did
not detect any change in the current amplitude mediated
by Rb* conductance (-98.1 = 15.7 pA and -99.6 +
15.7 pA, n = 9) (Figures 3E and 3F. A direct comparison
of both current amplitude (p = 0.0006 with Rb*) and cell
membrane potential (-50.0 = 5.1 versus —-30.6 =+
3.7 mV, p = 0.0005; as shown in Figure 3G) supports our
hypothesis that the cause of blindness is a nonfunctional
Kir7.1 channel that depolarizes LCA16 hiPSC-RPE cells.
This hypothesis is also consistent with observations in an
in vivo Kir7.1-deficient mouse model or an in vitro cell
line exogenously expressing the human Trp53* Kir7.1
channel."’

100

Figure 3. LCA16 hiPSC-RPE Cells Exhibit
Aberrant Physiology

(A and B) Phagosome (red) localization
within (A) control hiPSC-RPE cell and (B)
LCA16 iPSC-RPE cell samples.

(C) Plot of the average phagosome count
within a fixed 200 um? area in the control
cells and LCA16 hiPSC-RPE cells after 4 hr
& of feeding and a subsequent 48 hr diges-
F tion period or after 1 day of feeding fol-
~ lowed by 6 days of digestion.

(D) Plot of the average current-voltage
(I/V) curve for Kir7.1 currents in the
presence of normal external K* (black) or
high external Rb* (light blue) in control
hiPSC-RPE cells.

(E) An average I/V curve in the presence of
normal K* (red) or high Rb* (light blue) in
LCA16 hiPSC-RPE cells.

(F) Average plot of an inward current
amplitude measured at —150 mV. Color
representation as shown in (D) and (E).
(G) Comparison of the average membrane
potential of the control (black) cells to de-
polarized LCA16 (red) hiPSC-RPE cells.

0.00002
_089 -60 0.02

We next assessed the functional consequences of the
NB84-mediated readthrough on the Kir7.1 current in
LCA16 hiPSC-RPE cells. After we treated the LCA16
hiPSC-RPE cells with 500 uM NB84, we obtained a measur-
able current of —94.3 = 24.0 pA; the current was enhanced
10-fold upon the introduction of the permeant ion Rb*
(—1,562.7 = 546.7 pA, p = 0.005, n = 8; Figures 4A
and 4B). A significant recovery of membrane potential
from —30.6 + 3.7 mV in the untreated cells to -56.3 =
3.6 mV (p=0.0001, n = 10; Figure 4C) in the NB84-treated
cells further supports the potential of readthrough drug
therapy for restoring channel function. In a subgroup of
cells, we noticed rescue in membrane potential without
any significant change in current amplitude. One possible
explanation for this finding is the heterogeneity in the
incorporation of the near-cognate amino acid during
Kir7.1 translation (Figure S3).

Amounts of endogenous Kir7.1 in the NB84-treated
hiPSC-RPE cells were below the detection level of immuno-
blots, so we transfected Chinese hamster ovary (CHO) cells
with a mutant Kir7.1-eGFP fusion construct to detect for-
mation of the full-length protein. After treating these cells
with NB84, we detected full-length protein in addition to
truncated protein on an immunoblot, and both membrane
potential and current deficits were corrected (Figures 4D
and S4), demonstrating that NB84 potentiates the specific
readthrough of the recessive TrpS53* variant.

We designed a lentiviral vector with an EFla-promoter-
driven, N-terminal-GFP-fused human Kir7.1 open-reading
frame;** we subsequently used this vector to infect hiPSC-
RPE monolayers. Intriguingly, wild-type Kir7.1-expressing
cells produced normal Kir7.1 currents or even slightly
higher amplitudes than those observed in the control cells
(—921 £ 223 pA, p=0.001, n = 8). This current was further
potentiated by the introduction of Rb™ (5,453 = 929 pA),
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transfected with empty vector (GFP), wild-type Kir7.1 coding sequence (WT), or Trp53* coding sequence (Mut). A partial restoration
of the full-length protein product was observed in the latter after NB84 treatment (Mut + NB84).

as expected for a normally functioning Kir7.1 channel (Fig-
ures 5A and 5B). In addition to K* currents, the membrane
potential of LCA16 iPSC-RPE cells was approaching normal
values (—57.5 £ 5.4mV, p=0.0008) (Figure 5C). Moreover,
newly expressed full-length Kir7.1 (Figure 5D) was localized
to the apical membranes of affected-individual-specific
hiPSC-RPE cells (Figure 5E and Video S1).

Discussion

We have reported previously that targeted inhibition of
Kir7.1 in the mouse retina (induced using either small
interfering RNA (siRNA) or a pharmacological blocker)
gave rise to an altered electroretinogram phenotype consis-
tent with that observed in LCA16- affected individuals.” In
the current report, we extend our findings by describing
the development of a novel LCAl6 disease-in-a-dish
model. We developed a robust hiPSC-RPE cell culture
derived from skin biopsies from one LCA16 proband car-
rying an apparently homozygous nonsense variant
(p-Trp53*) in exon 2 of KCNJ13 and developed a control
cell culture from an unaffected family member."> The
highly pigmented RPE cells from both the control and
the affected individual appeared normal, expressed RPE
markers, and were immunopositive for several RPE-specific
proteins. As intended, the LCA16 hiPSC-RPE cells lacked
mutation-specific Kir7.1 expression. Our rescue of Kir7.1
function through the use of single-nonsense-variant
hiPSC-RPE cells is a proof of concept that can be translated
to other similar loss-of-function KCNJ13 variants.

Our study determined that the major pathogenic alter-
ation affecting the RPE cells is the lack of a functional
Kir7.1 channel. We were also able to establish a geno-
type-phenotype (normal) correlation in an asymptomatic
carrier individual. Our use of carrier (control) hiPSC-RPE
cells from within the family also accounts for modifier
gene functions, epigenetic changes, and environmental
contributions. We have previously determined that
cultured hfRPE cells produce an Rb*-sensitive Kir7.1 cur-
rent similar to that recorded from wild-type and carrier
hiPSC-RPE cells.'® We also found that heterozygous
expression of equal amounts of wild-type and non-func-
tional p.Trp53* mutant protein did not influence the

cellular physiology outcome.' Given these findings, we
reasoned that carrier hiPSC-RPE cells are a suitable control
for comparing test results from both gene restoration and
translational readthrough.

Our hiPSC-RPE disease model is particularly valuable
given that a Kcnj13 knockout in mice causes embryonic
lethality, suggesting that Kcnj13 in mice or animal models
has a different function that complicates the experimental
study of disease pathobiology.'***?® We showed that
hiPSC-RPE cells from an affected individual had normal
apical processes where Kir7.1 is expressed. We thus
confirmed that these cultured hiPSC-RPE cells were
mature, unlike the ones generated for previous studies of
ciliopathy.”” Compared to control hiPSC-RPE cells, mature
LCA16 hiPSC-RPE cells did not show Kir7.1 function, their
membrane potential was depolarized, and they were un-
able to phagocytose POSs. A defect in the phagocytosis of
shed POSs by LCA16 hiPSC-RPE cells is thus secondary,
and it is consistent with the slow progression toward blind-
ness in LCA1l6-affected individuals; such a progression has
been documented through clinical manifestations,
including electroretinogram abnormalities and retinal
pigmentation.'™ Previously, it was challenging to study
ion channels in iPSCs because of the lack or low level of
expression. However, our study demonstrates that stem
cell technology is a powerful tool for overcoming those
barriers and analyzing the pathophysiology of LCA16.**

Nonsense variants, such as KCNJ13 ¢.158G>A (p.Trp53%),
account for about 11% of inherited genetic disorders.”
Several studies have suggested the potential usefulness of
readthrough therapy as an intervention that could improve
vision.?°~*? Designer aminoglycosides such as NB84 bind to
the eukaryotic ribosomal-RNA decoding site.”* This
binding promotes the transition of the 16S rRNA decoding
center from a tRNA binding conformation to a productive
state, resulting in an increase in the rate of readthrough at
a stop codon.** Here we show that a KCNJ13 p.Trp53*
nonsense variant is suppressed by the incorporation of a
near-cognate aminoacyl tRNA in the presence of the
small-molecule readthrough designer aminoglycoside
NB84.3#253¢ Both in vitro and in vivo toxicity studies
demonstrate that NB84 is ready for translational therapy
in animal models and human subjects.’” We foresee further
development of a non-toxic formulation of NB84, perhaps
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Figure 5. hiPSC-RPE Cells Regain Kir7.1
Function after Gene Augmentation

(A-C) Plot of the average I/V curve for
Kir7.1 currents measured in LCA16
hiPSC-RPE GFP-positive cells expressing
a normal copy of the human Kir7.1
clone (A). Both K* (green) and Rb™ (light
blue) traces are shown. Average plots
of the (B) current amplitudes mea-
sured at —150 mV and (C) membrane
potential show rescue after gene
augmentation.

(D) Immunoblot analysis of lysate from
control hiPSC-RPE cells (Ctrl), LCA1l6
hiPSC-RPE cells (LCA16), or LCAl6

Kir7.1

=3 B-actin

hiPSC-RPE cells infected with lentivirus coding for the eGFP-WT Kir7.1 fusion protein (LV) via anti-GFP antibody.
(E) Cultured LCA16 hiPSC-RPE cells showing wild-type Kir7.1 (green), ZO-1 (red), and DAPI (blue) proteins. Z stack planes are

shown in the lower panel.

through the use of poly-L-aspartate to increase cytoplasmic
concentrations and allow for a lower dosage.*® Formula-
tions that allow topical application to the eye could avoid
risks to other organs. As expected, only a fraction of cells
showed complete recovery of both membrane potential
and current amplitude, and another subgroup demon-
strated only partial recovery of function. Readthrough
therapy also has a significant clinical advantage in the
management of LCA16 diagnosed at an early stage.

The particular variant studied here, and other recessive
variants that cause blindness, are potential targets for
gene therapy. This premise is nearing reality, given the
recent FDA approval of a gene-therapy treatment for
blindness.””*' Using a LCA16 hiPSC-RPE model, we
demonstrate that the rescue of channelopathy via lentivi-
ral gene augmentation produced a potassium current and
normalized membrane potential (Figure S5). Newly ex-
pressed protein was also localized to apical aspects of
LCA16 hiPSC RPE cells.

Gene therapy is a simple concept, but the problem re-
mains that both too little and too much expression can
have deleterious effects.**** To characterize the optimum
dosage required, we expressed copies of both wild-type
and mutant protein in a heterologous expression system.
We observed that as little as 25% of wild-type protein
expression of total Kir7.1 protein product was sufficient
to enhance both membrane potential and the potassium
current, and it rescued the mutant phenotype (Figure S6).
A splice variant of Kir7.1 was reported in human RPE cells
that failed to produce the anticipated small protein band.**
Because the expected truncated protein consisted of the N
terminus and the first transmembrane domain, the LCA16
nonsense variant p.Trp53* is predicted to truncate all
Kir7.1 transcript variants. Our results show that the
p.TrpS3* truncated protein product does not assemble
with wild-type protein to alter Kir7.1 channel function.
Detection of a truncated protein product after heterolo-
gous expression also suggests it might not undergo
nonsense-mediated decay.’

In this study, we have taken advantage of lentivirus
transduction to mediate long-lasting transgene expression

in RPE cells in vivo.*> Also, we were unable to transduce
hiPSC-RPE cells with adeno-associated virus (AAV), a diffi-
culty reported by several other groups. . This might be
because of the higher efficacy of the lentiviral vector in
transducing post-mitotic RPE cells, as shown for non-
dividing cells.*® Our third-generation lentivirus packaging
system also has a reduced risk of generating replication-
competent virus. In a preclinical study carried out in
non-human primates, the vector stayed in the eye after
subretinal delivery of a lentiviral RPE65 gene, perhaps
because of the tight blood-retina barrier. These results sug-
gested high systemic safety for this approach.?” Retinal
gene therapy via lentiviral vector is in clinical trials for
neovascular age-related macular degeneration, Stargardt
disease, and Usher syndrome type 1B.*® We conclude
that both treatments developed in this study suggest that
25% of normal protein expression within a population of
RPE cells restores membrane potential with variable recov-
ery in current amplitude. Achieving functional rescue
in vivo could thus be less challenging, and residual mutant
protein product is not expected to negatively influence
functional outcomes.

Advances in genetic screening and improvements in
access to medical care will undoubtedly improve our
understanding of the array of disorders caused by chan-
nelopathies and expand our understanding of the role
that KCNJ13 plays in health and disease. Genome
editing holds promise for genetic disorders, but gene
correction in non-dividing cells and the introduction of
unwanted genomic variants at on- and off-target sites
limit its potential use. Overall, we show a promising
proof of concept for readthrough and gene augmenta-
tion therapies and demonstrate the potential of using a
precision-medicine approach to ameliorate pediatric
blindness.

Supplemental Data

Supplemental Data include six figures and one video and can be
found with this article online at https://doi.org/10.1016/j.ajhg.
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Figure S1
Kir7.1 phenotype in wild-type hiPSC-RPE cells.

(a) Bright field image of wild-type hiPSC-RPE tight monolayer in transwell culture. (b) Whole
cell recording in isolated cells to demonstrate Rb+ induced increase in Kir7.1 current. (c)
Comparison of KCNJ13 transcripts in wild-type, control and LCA16 hiPSC-RPE cells. For
house-keeping gene GAPDH was amplified using forward primer -
GTCAGTGGTGGACCTGACCT and reverse primer - TTCCTCTTGTGCTCTTGCTG resulting
in a 329 bp product. (d) Comparable KCNJ13 (relative to GAPDH) transcript expression in wild-
type, control, and LCA16 hiPSC-RPE cells.
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Figure S2

Phenotype of affected individual derived iPSC-RPE cells.

Comparison of electron micrograph of a control hiPSC-RPE cell (a) and an LCA16 hiPSC-RPE
cell (b) showing normal columnar morphology with basal infoldings, large nuclei, mitochondria
(m), melanosomes and intact apical membrane with extending processes (ap). Images of live
control hiPSC-RPE (c) and affected individual derived hiPSC-RPE (d) cells in x-y-z dimension
showing POS (red) and nuclei (blue) imaged 6 days after feeding cells for 1 day with
fluorescent-labeled bovine POS. More undigested red fluorescent POS particles are visible in
LCA16 hiPSC-RPE cells.
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Figure S3

Subpopulation of hiPSC-RPE show rescue in membrane potential but not current
amplitude.

a) I/V plot of average current response in a subgroup of LCA16 hiPSC-RPE cells in normal
K+ Ringer’s and high Rb+ Ringer’s solution after treatment of cells with 100 uM NB84. b) I/V
plot showing K+ and Rb+ current response in LCA16 hiPSC-RPE after treatment with 500 uM
NB84. c) Average plot of membrane potential showing rescue of membrane potential to control
levels after treatment of LCA16 hiPSC-RPE with 100 or 500 uM NB84. d) Current amplitude
plot clearly demonstrating no rescue in current amplitude after treatment with either 100 or 500
UM NB84.
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Figure S4

Read-through of Trp53* ectopically expressed in CHO cells. As in LCA16 hiPSC-RPE cells,
transduced CHO cells showed inwardly rectifying Kir7.1 current activated by Rb+ only after
treatment with NB84. a) 1/V plot of cells showing K+ (black) and Rb+ (red) current after
treatment with NB84 showing recovery of both current amplitude and membrane potential. b) A
group of NB84 treated cells showing somewhat linear 1/V plot for K+ (black) and Rb+ (red)
illustrating recovery of only membrane potential but not current amplitude. Comparison of
average recovery of both current amplitude (c) and membrane potential (d) after treatment of
Trp53* expressing CHO cells.
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Comparison of the Rescue of membrane potential across treatment modalities. a) On an
expanded scale of the x-axis, resting membrane potential of control (black) and LCA16 iPSC-
RPE (red) showed a positive shift in I/V plot. b) For the LCA16 iPSC-RPE cells (red trace),
treatment with NB84 shifted the 1/V-plot to negative (blue). c) Plot of average 1/V also showed a
negative shift of resting potential after gene augmentation (green). d) Bar graph comparison of
resting membrane potential showed recovery of LCA16 iPSC-RPE to control level after
treatment with NB84 or upon gene augmentation.



— WT5:0 Trp53* (n=6)
— WT4:1 Trp53* (n=5)
— WT1:1 Trp53* (n=7)
— WT1:4 Trp53* (n=7)
—— WTO0:5 Trp53* (n=13)

-5

-800 4

-1000

-1200 -

Current (pA)

i

50 4

Membrane potential (mV)

#]

25 4

/
cl

%

- 1.00

075

025

L
WO:X5 Wi1:X4 wa:xz

Figure S6

Wa:X1

WaX0

0.00

Normalized current

—— WT5:0 Trp53* (n=6) -100+
—— WT4:1 Trp53* (n=5)
—— WT1:1 Trp53* (n=7)
—— WT1:4 Trp53* (n=7)
—— WTO0:5 Trp53* (n=13)

Current (pA)

-200-

Model DoseResp

) (max — min)
Equation y=min+ 1 + 10(L0Ghalfmax —x)+p
min 0.02196+ 0.00815
max 1.0099+0.0132
half ., 2.67698 + 0.02807
Hill Slope 0.80772+0.04123

Reduced Chi-Sgr 0.01212
R-Square(COD) 0.9999
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Determination of the extent of wildtype protein expression required for functional rescue.
We were particularly interested in quantitating how much gene augmentation/correction is
required to restore channel function. We expressed either Trp53* or wild type Kir7.1 protein
alone or in various combinations in CHO cells. a) Current recordings are shown as I/V plots. b)
On an expanded scale for x-axis, resting membrane potential shows negative shift with wild type
protein making up only 20% of the protein expression. c) Average plot of either normalized
current amplitude (filled circles) or membrane potential (grey bar) as a function of increasing
wildtype protein expression. Solid line is a best fit for distribution using equation shown on the
right. Half-maximum current was obtained with about 26% of the wild type protein expression.



Video

Normal Kir7.1 (green) expression in apical side of the LCA16 hiPSC-RPE cells. Video
reconstruction from Z-stack images of LCA16 hiPSC-RPE a week after transduction with
lentivirus carrying eGFP-Kir7.1 driven by EFla promoter. Highlighted are apical and basal sides
of the tissue, optical sections, tight junction marked with antiZO-1 antibody (red) and nucleus
with DAPI (blue).
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