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Abstract

Bestrophin1 (BEST1) is expressed in human retinal pigment epithelium (RPE) and mutations in the BEST1 gene commonly
cause retinal dysfunction and macular degeneration. BEST1 is presumed to assemble into a calcium-activated chloride
channel and be involved in chloride transport but there is no direct evidence in live human RPE cells to support this idea. To
test whether BEST1 functions as a chloride channel in living tissue, BEST1-mutant RPE (R218H, L234P, A243T) were generated

from patient-derived induced pluripotent stem cells and compared with wild-type RPE in a retinal environment, using a
biosensor that visualizes calcium-induced chloride ion flux in the cell. Calcium stimulation elicited chloride ion export in
normal RPE but not in RPE derived from three patients with BEST1 mutations. These data, along with three-dimensional

modeling, provide evidence that BEST1 assembles into a key calcium-sensing chloride channel in human RPE.

Introduction

Channelopathies are diseases due to mutations in channels
that transport ions across cell membranes (1). To develop
targeted therapies to specific channelopathies, it is crucial to
understand precisely how disease mutations affect ion conduc-
tance. Vitelliform macular degeneration (VMD, OMIM#153700) is
a blinding, retinal channelopathy caused by mutations in
BESTROPHIN1 (BEST1, MIM#607854) (2,3). The gene product
BESTROPHIN1 (BEST1) is thought to comprise a transmembrane
anion channel expressed at the basolateral membrane of hu-
man retinal pigment epithelium (RPE) (4). It is also speculated
that BEST1 is the Ca?'-activated chloride channel (CaCC)

responsible for the electrooculogram (EOG) light peak (5,6).
Still the question remains whether BEST1 functions as a chlo-
ride (Cl7) channel directly or indirectly regulates Cl~ conduc-
tance via another channel (7-10).

In human VMD caused by BEST mutations, H,O and lipofus-
cin accumulate under the retina (11) and the EOG light peak is
deficient (12). But Bestl knockout mice show normal RPE CaCC
activity and EOG responses (13-16), so controversy remains re-
garding the true function of BEST1 in human RPE. Also, some
studies claim that BEST1 regulates Cl~ uptake into the endo-
plasmic reticulum (ER) (6,15,17,18), while others suggest BEST1
regulates Cl~ efflux at the basal lateral plasma membrane (19).
This issue is also unresolved, since previous studies were
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limited by the use of heterologous cell lines and indirect meth-
ods of Cl~ ion detection (20,21). Many previous studies of chlo-
ride current through bestrophin channels employed whole-cell,
patch-clamp analysis of exogenously overexpressing HEK293
cells (21,22).

To circumvent the limits of heterologous cells and inconsis-
tency of model organisms (23-27), we used patient-specific RPE
(iRPE) and a novel physiological approach to visualize Cl~ ions
in RPE directly with a biosensor. With this method, BEST1 can
be directly studied in real-time, in a native RPE environment
with endogenous BEST1 expression, providing strong evidence
that BEST1 is a key calcium-sensing chloride channel in human
RPE, and essential for RPE viability.

Results
RPE derived from BEST1 mutant patients

Patients with BEST1 mutations display characteristic retinal mor-
phology and electrographic abnormalities suggesting defects in
RPE fluid transport. We took advantage of this set of symptoms to
uncover BEST1 mutations. An R218H mutation was detected in a
52-year-old with probable lipofuscin deposition (vitelliform lesion),
a thin photoreceptor layer and diseased RPE with extensive subre-
tinal serous fluid (Fig. 1B). A second A243T mutation was in a 61-
year-old male who had retinal atrophy and disintegration of the
photoreceptor mitochondrial band (Fig. 1C), indicating phagocyto-
sis by the RPE had disrupted the outer segment. Mutations in R218
and A243 are known to cause BEST1-VMD (19). The third mutation
was a previously undescribed substitution, L234P, in a 7-year-old
boy with vitelliform lesions in both eyes, subretinal serous fluid
and retinal outer segment debris (Fig. 1D). Each subject showed evi-
dence of defective RPE fluid transport, a mutation in BEST1 and
electrophysiological changes consistent with BEST1 VMD (Fig. 1E).
We derived induced pluripotent stem cells from these patients to
generate functional RPE carrying mutant BEST1 (Fig. 1F and G);
these cells allow direct measurement of the effect of VMD BEST1
mutations on chloride ion transport across the RPE cell membrane.

Structural modeling of human BEST1 mutations

BEST1 is well conserved among species, especially in the N-ter-
minal region, where many BEST1 missense mutations occur
(28,29). Our patients’ mutations were in two adjacent alpha-he-
lices, S3a and S3b, at residues conserved across seven species
(Fig. 2A). To assess conservation of these residues, a PSI-BLAST
identified 493 homologous sequences and ConSurf analysis was
performed on the 150 sequences with the lowest E values. This
analysis showed a minimum of 35% conservation between 150
bestrophin sequences. The residues mutated in our three pa-
tients had percent identity values of 97% (R218), 99% (A243) and
100% (L234) across 150 bestrophin sequences. The high degree
of conservation highlights the probable importance of these
amino acids for BEST1 function.

High-resolution crystal structures exist for Klebsiella pneumo-
niae BEST1 (22) and chicken BEST1 (30) but the crystal structure
of human BEST1 (hBEST1) remains undetermined. To predict
how our patients’ mutations compromise the function of the
hBEST1 channel, we generated three-dimensional models from
previously solved crystal structures (Fig. 2B and C). Our hBEST1
model oriented the mutated residues along the channel pore in-
terior, at the interface between adjacent hBEST1 subunits
(Fig. 2D). Thus, the patient mutations were predicted to disrupt
the stability of pentamer formation and affect channel function.
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We modeled how individual mutations might affect hBEST1
function. R218H falls on a putative Cl~ binding site in the bestro-
phin channel inner cavity (30). This binding site forms at the in-
terface of three residues (R105, R218 and T219) on two adjacent
helical subunits (Helix S2b and S2c; Fig. 2E). The arginine to his-
tidine substitution appeared to shift the distance between the
Cl™-binding residue and the anion and may decrease the local
concentration of ions at the neck of the channel pore, thereby
disrupting anion selectivity. Analysis of the hBEST1 electrostatic
potential showed the residues surrounding the mutation
change from a positive to a neutral charge, suggesting they bind
less tightly to negatively charged ions, i.e. Cl~ (Fig. 2F). Also,
R218 appeared to be involved in a hydrogen-bonding network
on the interface of two subunits, further highlighting that this
mutation destabilizes the pentamer. The L234P mutation was in
a buried a-helix that would likely be disrupted by a proline sub-
stitution, causing structural defects at the channel interface
(Fig. 2G-H). The A243T mutation falls on helix S4a, which sits in
a hydrophobic pocket that is partially embedded in the mem-
brane. A substitution from a hydrophobic residue to a polar un-
charged residue (Fig. 2J) could disrupt the association between
adjacent subunits and potentially between the channel and the
membrane. This three-dimensional modeling suggested the
disease mutations reduce Cl~ conductance, either by directly al-
tering conductance or affecting the stability and formation of
the hBEST1 pentamer.

Cl™ current imaging of patient-derived RPE

To test if BEST1 directly controls Cl~ conductance in patient RPE
cells, we performed live-cell imaging with a fluorescent anion
biosensor (31). This biosensor is sensitive to Cl~, so that when
intracellular [Cl7] increases, its YFP intensity drops, and vice
versa (31). CI~ currents were measured in control and BEST1 mu-
tant patient-derived RPE cells. Since BEST1 is predicted to
be calcium-activated, the Ca?"ionophore A23187 (32) was used
to induce Ca®'release from the ER and activate BEST1. Within
3min of stimulation, wild-type (WT) RPE cells expressing
the biosensor exhibited a decreased concentration of intracel-
lular Cl7, followed by recovery within 15min (Fig. 3A,
Supplementary Material, Movie S1). In contrast, RPE cells de-
rived from patients with BEST1 mutations (Fig. 1F) did not re-
spond to this stimulation (Fig. 3B-D, Supplementary Material,
Movies S2-S4), suggesting BEST1 mediates an efflux of Cl™ in
human RPE.

BEST1 has been hypothesized to function as an intracellular
channel that conducts Cl~ as the counter-ion that facilitates
Ca”"reentry into the ER (33,34). Based on the biosensor readout
in WT RPE, intracellular Ca®' release caused intracellular [Cl ] to
drop. To test whether Cl™ ions were moving out of the basolat-
eral membrane or into the ER, the Cl~ biosensor was targeted to
the ER with an ER-localization signal sequence and KDEL (Lys-
Asp-Glu-Leu) motif. Under the same stimulation and imaging
conditions in WT RPE cells, we detected no significant change in
[Cl7] in the ER (Fig. 4A). This negative result supports a model in
which BEST1 does not function at the ER but instead conducts
Cl™ across the cell membrane (Fig. 4B).

Discussion

To develop effective therapies for the BEST1 VMD channelop-
athy, it is crucial to determine the mechanism linking genetic
mutations to eye disease. Our novel biosensor imaging and
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Figure 1. Human BEST1 mutations cause defective fluid transport in RPE and accumulation of serous fluid (*) in the subretinal space with a defective EOG light peak.
(A) Autofluorescence and optical coherence tomography (OCT) images from a normal eye. Red square shows zoomed in area (right panel). Red arrowheads point to the
four distinct reflective bands of the outer retinal layers in a normal eye under OCT scan. From top to bottom: external limiting membrane—boundary between photore-
ceptor nuclei and inner segments; EZ (ellipsoid zone)—formed by mitochondria in the outer portion of photoreceptor inner segments; interdigitation zone—where pho-
toreceptor outer segments (POSs) interface with the RPE; RPE (retinal pigmented epithelium). (B) Phenotypic manifestation in a 52-yo VMD patient with R218H
mutation. Right (OD) and left (OS) eyes showed vitelliform lesions. The central photoreceptor layer is thin compared with that of a healthy control with a loss of integ-

rity of the retinal bands, and serous fluid has developed subretinally in OCT imaging. Green arrows point to POS debris due to diseased RPE. Red arrows point to EZ.
Blue arrow points to RPE layer. Red star marks the subretinal fluid accumulation. (C) Phenotypic manifestation in a 7-yo VMD patient with L234P mutation. Right and
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computer modeling provide strong evidence that BEST1 is a
Ca?"-activated Cl~ channel, and VMD patient-derived BEST1-
mutant RPE are defective in conducting Cl~. The phenotype
only occurs in human RPE and not in mice likely because of cell
and species-specific expression. Recently, it was shown that
Bestl is expressed in mouse testes (not in mouse RPE), and
that it’s exclusively localized in the cell membrane of human
RPE (25).

Our structural models place the three VMD mutations at
the interface between hBEST1 subunits. The residues at this
interface are highly conserved across bestrophin sequences,
likely because bonding interactions stabilize the multimeric
structures. In contrast to mutations that disrupt channel as-
sembly at the interface, the R218H mutation appears likely to
disrupt anion selectivity along the pore, affecting chloride
conductance directly. Other channelopathy studies have simi-
larly highlighted how structural modeling can reveal disease
mechanisms. For example, class II mutants of Cystic Fibrosis
Transmembrane  Conductance Regulator (e.g.  AF508)
likely form an unstable channel because they cannot fold
correctly, contributing to development of cystic fibrosis
(35). Similarly, predicted misfolding of the Ca,2.1 subunit of P/
Q-type Ca®*channels likely causes episodic ataxia type-2
(EA2) (36).

Several types of BEST1 disease mutations prevent it from lo-
calizing normally to the basal cell membrane (25,37). The A243T
mutant appears to be defective in CI~ conductance (38) because
of mislocalization (37). This mutant may be analogous to a
Y227N mutant, believed not to translocate efficiently to the
basal membrane (39). In contrast, a nearby R218H mutation has
no effect on membrane localization yet still causes the mutant
phenotype (40-42). Structural modeling placed residue 218
within the channel pore, suggesting this mutation disrupts a
Cl~ binding site and renders BEST1 channels defective in con-
ductance. Another novel mutation we described, L234P changes
a highly conserved residue (Fig. 2F) near other disease muta-
tions (Y227N, T237R, Q238R) that mislocalize to the cytoplasm
(25,37). Chloride flux is likely blocked in BESTI-mutant RPE be-
cause of BEST1 channel mislocalization, anion transport or
binding defects, or a combination of both (43). Detailed studies
of BEST1 localization (25,37) also confirm this cell biological ba-
sis of dysfunction.

All three patient-specific RPE are defective in Cl~ ion efflux
in our biosensor assay and VMD mutations directly affect BEST1
in regulating Cl~ exchange in the cell membrane. Since dark-
adapted photoreceptors metabolize each molecule of glucose
into six molecules of H,O and CO,, H,O accumulation is pre-
vented by Cl= outflux in the basolateral membrane, which
drives osmotic transport of H,O across RPE via aquaporins (34).
In VMD, ClI” outflux is defective, preventing the Cl~ driven
transport of water and weakening adhesion of the RPE to the
neuronal retina (44). Thus, therapies for BEST1 channelopathy

Figure 1. Continued
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should restore Cl~ conductance in the RPE, to prevent subretinal
H,0 accumulation.

Materials and Methods
Live imaging

The collection of data used in this study was approved by the
Institutional Review Board for Human Subjects Research at
Columbia University Medical Center, was compliant with the
Health Insurance Portability and Accountability Act and ad-
hered to the tenets of the Declaration of Helsinki. Written in-
formed consent was received from participants. Clinical
examination and genetic testing was performed as previously
described (45,46). Stereoscopic autoflourescent images and
spectral domain optical coherence tomography were obtained
using Spectralis Heidelberg (Heidelberg, Germany)

Homology modeling of human bestrophin-1

Homology models for hBEST1 were generated using MODELLER
9.14, as described previously (47,48). Briefly, a BLAST search for
hBEST1 against the Protein Database (PDB) returned the struc-
ture of chicken BEST1 (PDB ID 4RDQ) as the top hit
(Supplementary Material, Table S1). Ten models were generated
using each template and superimposed well with a root mean
square deviation that was <0.257 over 307 C, atoms
(Supplementary Material, Figure S1A. and B and Table S2).
PyMOL and UCSF Chimera (49) were used to generate all struc-
ture figures (http://www.pymol.org/). Modeling of the channel
pore surface was performed in MOLE 2.0 (50). Electrostatic po-
tentials were calculated in APBS (51). Sequence alignments were
performed using Geneious R8 (52).

Generation of patient iPSC

CytoTune-iPS  Sendai Reprogramming Kit (53) (Life
Technologies, Carlsbad, CA), was used to generate iPS with no
genomic integration viral remnants. The iPSCs underwent four
quality-control tests: karyotyping, genome sequencing (54),
testing for the absence of Yamanaka transgenes and a pluripo-
tency assay.

Differentiation of patient iPSCs into RPE

Human iPSCs were differentiated into RPE as we had done be-
fore (53). Phenotype was confirmed by assaying RPE-specific fea-
tures: 1) pigment expression and hexagonal cell shape
(morphology), ii) expression of apical-basal polarity markers, iii)
expression of RPE-specific markers (qPCR and immunoassays)
and iv) phagocytic activity (data not shown). Primary antibodies
are anti-RPE65 (rabbit, Santa Cruz; mouse, GeneTex), rabbit
anti-bestrophin (Abcam) and rabbit anti-ZO-1 (Zymed).

left eyes showed vitelliform lesions. Subretinal fluid and outer segment debris are visible in the SD-OCT images. Red circles mark POS debris due to diseased RPE. Red
arrows point to EZ. Blue arrows point to RPE.(D) Phenotypic manifestation in a 61-yo VMD patient with A243T mutation; Photoreceptor bands have disintegrated at var-
ious points. Red star indicates subretinal fluid accumulation. Green arrows point to POS debris due to diseased RPE. Red arrow points to EZ (upper panel). (E) A reduc-
tion in EOG light rise is seen in BEST1 VMD. Light-rise of the EOG is generated by Cl~ mediated depolarization of the basal membrane of the RPE. The graphs show
mean EOG responses to light of a normal (red line) and a VMD patient with R218H mutation (blue line). The normal increase in electrical response to light began after
~15min and reached a peak after 25 min. In the mutant case, this light rise response is both attenuated and slower. (F) Characteristic light microscopy images of cul-
tured iPSCs from a WT control (top panels) and from the R218H patient in A before differentiation (left), and the RPE cells derived from these iPS after 12 weeks of differ-
entiation (right). Scale bar: 100 pm. (G) Characteristic RPE cultures from a WT control (top panels) and the R218H patient (bottom panels) immunolabeled for the
epithelial specific tight junction marker ZO-1 (left) with a corresponding DAPI (nuclear) stain (right). Scale bar: 100 pm.
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Figure 2. Modeling of VMD mutations on human bestrophin-1 structure. (A) Species sequence alignments of BEST1 shows that the patient VMD mutations fell on con-
served residues. (B) Homology model of hBEST1 generated using ¢cBEST1 (PDB: 4RDQ) as a template. (C) Superimposition of the hBEST1 monomer on the channel pen-
tamer. (D) Location of the patient VMD mutations in relationship to the channel pore. (E) Visualization of the putative Cl -binding site in hBEST1 formed by the
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Figure 3. Defective Cl~ export in patient-specific iRPE revealed by biosensor imaging following calcium release. Representative still images of WT (A), R218H (B), L234P
(C) and A243T (D) patient-derived RPE cells expressing Cl~ biosensor and stimulated with 5puM A23187 (left panels). Images were acquired at the given time in minutes
after stimulation. Quantification of mean whole-cell biosensor emission intensity, normalized to t = 0 time point (right graphs). Data are represented as mean =*
Standard error of the mean. Scale bar = 5 um.

Figure 2. Continued

interface of R105, R218 and T219. The R218H mutation disrupts this binding site. (F) Electrostatic potential surfaces of the WT hBEST1 monomer and R218H hBEST1 re-
veal a change in positive to neutral potential in the residues surrounding the mutation. (G) Visualization of the location of L234P mutation in hBEST1. (H) Substitution
of L234 with a proline would disrupt the secondary structure of the channel pore. Red represents helical residues while green represents residues that form disordered
loops.(I) Visualization of the location of A243T mutation in hBEST1. (J) Hydrophobicity surface representations of the WT hBEST1 monomer and A243T mutant reveal a
substitution of a hydrophobic residue to an uncharged, polar amino acid in a helix that is partially embedded in the membrane. The color scheme for the surface hy-
drophobicity is based on the Kyte and Doolittle scale.
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Figure 4. BEST1Cl™ current does not pass through ER. (A) Biosensor imaging of ER Cl~ currents. Quantification of mean biosensor emission from WT RPE cells. Cl"~ bio-
sensor was targeted to the ER and cells were imaged with and without A23187 stimulation. No significant change in CI~ ions was found in the ER. (B) Model of bestro-
phin-mediated Cl~ current in RPE cells. Light induced activation of MerTK results in the generation of inositol-1,4,5-trisphosphate which triggers Ca®* release from ER

stores (pink arrows) and Cl™ ion outflux (blue arrow).

Secondary antibodies are Alexa Fluor 555 goat anti-rabbit IgG
(Invitrogen).

Biosensor imaging

iRPE cells were seeded on matrigel (BD Biosciences) coated
TransWell membranes (Corning). The Cl~ biosensor (pcDNA3.1
EYFP H148Q/I152L) was purchased from Addgene and trans-
fected into RPE cells with Lipofectamine 3000 (Invitrogen). Three
days after transfection, individual biosensor-expressing RPE
were imaged on a Lieca DM5000B upright fluorescent micro-
scope with SPOT Imaging Solutions software. Cells were stimu-
lated with 5 uM Ca®" ionophore A23187 (IC50 ~ 0.5-1 uM, Sigma,

St Louis) (55) in PBS at 37°C and images were taken every minute
for 15min. All images were acquired at 40X magnification with
a GFP filter set and 500 ms exposure. Raw images were pro-
cessed using ImageJ software.

Supplementary Material

Supplementary Material is available at HMG online.
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