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Abstract

The BESTI gene product bestrophin-1, a Ca2+-dependent anion channel, interacts
with Cay1.3 Ca** channels in the retinal pigment epithelium (RPE). BEST muta-
tions lead to Best vitelliform macular dystrophy. A common functional defect of
these mutations is reduced trafficking of bestrophin-1 into the plasma membrane.
We hypothesized that this defect affects the interaction partner Cay 1.3 channel af-
fecting Ca*t signaling and altered RPE function. Thus, we investigated the protein
interaction between Cay1.3 channels and bestrophin-1 by immunoprecipitation,
Cay1.3 activity in the presence of mutant bestrophin-1 and intracellular trafficking
of the interaction partners in confluent RPE monolayers. We selected four BEST
mutations, each representing one mutational hotspot of the disease: T6P, F80L,
R218C, and F305S. Heterologously expressed L-type channels and mutant bestro-
phin-1 showed reduced interaction, reduced Cay1.3 channel activity, and changes
in surface expression. Transfection of polarized RPE (porcine primary cells, iPSC-
RPE) that endogenously express Cay1.3 and wild-type bestrophin-1, with mutant
bestrophin-1 confirmed reduction of Cay1.3 surface expression. For the four se-
lected BESTI mutations, presence of mutant bestrophin-1 led to reduced Cay1.3

activity by modulating pore-function or decreasing surface expression. Reduced

Abbreviations: Ano2, anoctamin-2; BEST], human gene encoding the CI channel bestrophin-1; BVMD, Best vitelliform macular dystrophy; Cay1.3,
pore-forming L-type Ca®" channel subunit of the Cay1.3 subtype; CHO-K1 cells, Chinese hamster ovary cells K1; c-myc, myelocytomatose gene;
DC-electroretinogram, direct current electroretinogram; DMEM, Dulbecco's modified Earle's medium; EOG, electro-oculogram; FCS, fetal calf serum; IP,
immunoprecipitation; iPSC, induced pluripotent stem cells; NEDD4, neural precursor cell expressed developmentally down-regulated gene-4; PCC,
Pearson's correlation coefficient; PPA2, protein phosphatase-A2; P/S, penicillin, streptomycin; PxxP, proline-rich binding motif; RPE, retinal pigment

epithelium; SH3, src-homology domain 3.
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vision impairment.
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1 | INTRODUCTION

Best vitelliform macular dystrophy (BVMD) is an autoso-
mal dominant, progredient visual impairment resulting of
mutations in the BEST] gene.l'3 BESTI encodes bestro-
phin-1, a protein mainly localized to the basolateral mem-
brane of the retinal pigment epithelium (RPE).*® Since the
RPE is a close interaction partner of photoreceptors and
responsible for maintaining photoreceptor structure and
function,” it is hypothesized that mutations in BESTI lead
to impairment of RPE function and subsequently to pho-
toreceptor loss.>® Hallmarks of the disease are a reduced
light-peak in the patient's electrooculogram (EOG)*>8?
and characteristic alterations in the central retina, vitelli-
form lesions, accompanied by accumulation of lipofuscin
in the RPE.>"

Bestrophin-1 has been described as Ca2+-dependent and
volume-activated Cl~ channel.*'"!? In heterologous ex-
pression, mutant bestrophin-1 shows loss of function due
to loss or reduction of plasma membrane tlrafficking.m'16
Analysis of human retina sections with defined BESTI
mutations verified this patho-mechanism at the patient's
level.!” The mutation-dependent loss of basolateral CI™
conductance might explain the reduced light-peak in the
patients' EOG because this signal results from light-depen-
dent activation of basolateral C1™ channels in the RPE and
subsequent depolarization of the basolateral membrane.*>”
Furthermore, a direct loss of CI™ and water transport or
its disturbed regulation might explain the recently de-
tected microdetachments in the retina of a dog bestroph-
inopathy model that could be cured by gene therapy.18 As
mutant bestrophin-1 in the dog model and human mutant
bestrophin-1 have the trafficking defect in common, it is
likely that patients with BEST] mutations display a re-
duced CI™ and water transport like in dog models. Using
iPSC-generated RPE from patients with BEST] mutations
showed a reduction in the phagocytosis of photoreceptor
outer segment membranes,'*?! a process that is essential
for the renewal process of the photoreceptors and might
explain the accumulation of lipofuscin. This can also result
from a reduced activity of the volume-activated Cl chan-
nel function because the phagocytosis process requires an
efficient volume regulation.22 Furthermore, also the re-
cently reported changes in the RPE apical surface in canine

Cay 1.3 activity might open new ways to understand symptoms of Best vitelliform

macular dystrophy such as reduced electro-oculogram, lipofuscin accumulation, and

bestrophin-1, Cay 1.3, retinal degeneration, RPE, surface expression

bestrophinopathy support a phagocytosis defect as a loss of
RPE function leading to retinal degeneration.®*’
In addition to the loss of Cl channel activity, a dis-
turbed interaction of mutant bestrophin-1 and its inter-
action partners contributes to the chain of events leading
to macular dystrophy. Due to the considerable number of
possible interaction partners for bestrophin-1, Johnson et
al’ concluded that bestrophin-1 is a multifunctional pro-
tein. The PxxP motifs at the bestrophin-1 C-terminus per-
mit potential interaction with all SH3 domain-containing
proteins.z“'26 Some of the interaction partners and data
from cell and animal models indicate that bestrophin-1
multifunction contributes to intracellular Ca®* signaling in
RPE cells by either modulating Ca®* conductance of the
plasma membrane and/or the Ca®" content of cytosolic
Ca®* stores.”** Thus, mutation-dependent alterations in
intracellular Ca2+signaling as a cause for RPE malfunction
and subsequent disturbance of photoreceptor maintenance
represent an attractive alternative hypothesis to that of the
loss of CI channel activity The observation that Bestl”
mice do not show reduction in RPE Ca2+-dependent Cl
channel activity or a reduced light-peak amplitude of the
DC ERG that is comparable with the human EOG supports
this hypothf:sis.29
Modulation of plasma membrane Ca®" conductance oc-
curs by physical bestrophin-1 and L-type Ca** channel inter-
action that is based on bestrophin-1 binding to Ca** channel
[-subunits via coupling of PxxP-motifs SH3 domain.*** The
interaction between bestrophin-1 and p-subunits modulates
the surface expression and pore function of the main pore
forming L-type Ca”" channel subunit in the RPE, the Cayl.3
subunit.?>%¢ Thus, it is to speculate that mutant bestrophin-1
influences the L-type channel activity by reduction of Cay 1.3
surface expression and modulation of pore function. This hy-
pothesis is supported by the fact that Cay, 1.3 knockout mice,
[4-subunit knockout mice or mice with systemically applied
L-type channel blockers show reduced light-peaks in the
DC-electroretinogram and thus, reproduce the phenotype
of patients with BVMD.****%% Also in human subjects the
systemic application of L-type channel blockers reduces the
EOG light peak.36 Furthermore, in vivo analysis of phagocy-
tosis regulation in Cay 1.3 knockout mice and in vitro analy-
sis of phagocytosis by RPE cells reveal an essential role of
L-type channels.”’
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Therefore, we investigated the effect of mutant bestro-
phin-1 on L-type channels: changes in bestrophin-1/p3-sub-
unit protein/protein interaction, biophysical properties of
L-type channels in the presence of mutant bestrophin-1
and the subcellular localization of Cayl.3 in the pres-
ence of both WT- and mutant bestrophin-1 in polarized
epithelia.

2 | METHODS

2.1 | Plasmids and vectors

The following plasmids/vectors for the Cay1.3 channels
expression were used according to 1. Human bestrophin-1,
BEST1 [Homo sapiens; NM_004183], hBest-GFP-
pCDNA3 (C-terminal EGFP-tagged human bestrophin),
hBest-pcDNA3.1 2. calcium channel, voltage-dependent,
4-subunit (Rattus norvegicus; Gene ID 25297 and 58942);
depending on experimental conditions tagged either with
His or c-Myc), and p4-pCDNA3; 3. Cacnald, calcium
channel, voltage-dependent, L-type, alD subunit Cay1.3
(Homo sapiens: NM_000720.2); 4. a281-pcDNA3 (Gene
ID 776), 5. EGFP pcDNA3 and pEGFPNI1 reporter plasmid
were used as transduction control. Ca®* channel constructs
were provided by Prof. Striessnig (Innsbruck, Austria).
Human bestrophin-1 constructs were provided by Prof.
Weber (Regensburg, Germany) and Prof. Marmorstein
(Rochester, USA). Mutant hBest-1 pCDNA3 (R218C-,
T6P-, F8OL-, and F305S-bestrophin-1) were generated
by site-directed mutagenesis according to'* and used de-
pending on experimental design either untagged or with
C-terminal GFP tag.

2.2 | Primary cell isolation and cell culture
CHO-K1 cells (ATCC, Wesel, Germany) were grown in
DMEM/F12 (Life Technologies, Darmstadt, Germany) sup-
plemented with 10% FCS (Biochrom, Berlin, Germany) und
1% P/S (Biochrom,) at 37°C and 5% CO,. Cells from pas-
sages 3-20 were employed in the present study. Transfection
was performed using Lipofectamine 2000 (Thermo Fisher
Scientific, Schwerte, Germany) according to the manufac-
turer's protocol.

2.2.1 | Primary porcine RPE cells

With approval from the authorities (Bezirksamt Mitte von
Berlin; approval # 1069/2009) unscalded porcine eyes
were obtained from a local slaughterhouse (Schlachthof

= 4057
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Férber, Neuruppin, Germany). Porcine eyes were incu-
bated in CO, Independent Medium (Life Technologies,
Darmstadt, Germany) supplemented with 1% P/S. After
two washing steps for 2 minutes in Pursept (Merz Hygiene
GmbH, Frankfurt, Germany) an incision was made at the
ora serrata to remove the lens and vitreous. Eyecups were
filled with sterile CO, Independent Medium (supplemented
with 1% P/S) and incubated for 15 minutes at RT. After re-
moval of the free-floating retina at the optic nerve, the eye-
cup was washed two times with TBS. Afterward, eyecups
were incubated in a dissociation buffer containing 0.25%
Trypsin-EDTA in TBS for 1 hour at 37°C. Dissociated
RPE cells were transferred to DMEM (Life Technologies),
supplemented with 20% FCS and 1% P/S, After a centrifu-
gation step at 500 g for 10 minutes, the RPE cell pellet
was dissolved in 1 mL DMEM (with 20%FCS and 1%P/S)
per eye and objected to a cell strainer (100 um pore size;
Sigma-Aldrich, Schnelldorf, Germany). 500 000 RPE cells
were seeded per 6.5 mm Transwell Polyester Membrane
Insert (Corning, Amsterdam, Netherlands). 24 hours before
transfection, serum was reduced to 5%.

2.2.2 | Induced pluripotent stem cell
(iPSC)-derived human RPE cells

Fibroblasts were obtained from a healthy donor under full
consent. Bestl patient fibroblasts were obtained under
full patient consent and approved by Columbia University
under IRB protocol number AAAF1849. All procedures
were in accordance with the Declaration of Helsinki.
Fibroblasts were reprogrammed using the non-integrating
Sendai virus. Wild-type RPE cells were differentiated from
the derived iPSC lines named CRTDI1 (Wild-type) and
Bestl (Bestrophinopathy patient with D302A point muta-
tion in the BESTI gene) according to the protocol describe
in.*® Once differentiated on transwells, Wild-type RPE
cells were reseeded on Matrigel-coated coverslips and
grown in DMEM-GlutaMaxTM (Thermo Fisher, Schwerte,
Germany) supplemented with 20% KnockoutTM Serum
Replacement (Thermo Fisher), nonessential amino acids
(Thermo Fisher) and 1 mM L-Glutamine and 0.1 mM B-
Mercaptoethanol at 37°C and 5% CO, to 60%-90% conflu-
ency. 24 hours before transfection, serum concentration
was reduced to 5%.

2.3 | Immunoprecipitation and Western Blot
Immunoprecipitation and Western Blot were performed as
previously described.” Cells were washed 1x with ice-cold TBS
and lysed in ice-cold lysis buffer for 15 minutes at 4°C. Lysis
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buffer and protease inhibitor were prepared according t0.”
Cells were harvested with scrapers, incubated for 20 min-
utes at 4°C while shaking and centrifuged at 13000 g for
10 minutes at 4°C. Part of the supernatants was kept as lysate
(L). 1 mg/mL of protein was subjected to immunoprecipita-
tion. In cells transfected with Cay1.3, p4-His, and bestro-
phin-1, p4-His was precipitated using HisPur Cobalt beads
(Thermo Scientific). For precipitation of Cay1.3, Protein G
Agarose (Thermo Scientific) in conjunction with an anti-
Cay1.3 antibody (Alomone labs, Jerusalem, Israel) was ap-
plied. After incubation overnight on a rotating wheel at 4°C,
the not bound (NB) fraction was stored, and samples were
washed three times with lysis buffer. After incubation at 37°C
for 40 minutes while shaking in loading buffer, the samples
were subjected to SDS page (8%-12% SDS gel). After trans-
fer, the membranes were blocked in 5% milk powder in TBS-
Tween 20 for 30 minutes and incubated with the primary
antibody against bestrophin-1 (see Table 1) overnight at 4°C
while shaking. After incubation of the membranes with the
species-appropriate secondary antibody, Chemiluminescence
was detected by Clarity Western ECL Substrate (Biorad,
Munich, Germany). Images were analyzed with a ChemiDoc
XRS imager (Biorad).

2.4 | Quantification of
co-immunoprecipitation efficacy

Densitometry analysis of co-immunoprecipitation efficacy
was carried out using the Gel Analysis Tool of Imagel]
Software (National Institute of Health, USA). The efficacy
of co-immunoprecipitations was determined by calculating
the relative density values of IP-lane in relation to the L-lane
as a control sample.

2.5 | Microinjection and patch clamp
2.5.1 | Microinjection of Cay1.3
subunits and bestrophin-1

Microinjection was performed as previously described.”® In
short, CHO-K1 seeded on 15 mm coverslips were microin-
jected using an automated FemtoJet (Eppendorf, Hamburg,
Germany) with FemtoTip (Eppendorf) capillaries. The in-
jector was moved by an InjectMan N2 micromanipulator
(Eppendorf). The following combinations of plasmid DNA
(50 ng/uL. for each construct) were injected into the cells:
Cay1.3-subunit alD, a2d, 4, WT-bestrophin-1 or the mu-
tations R218C-, T6P-, F80L-, and F305S-bestrophin-1 to-
gether with GFP to enable identification of injected cells.
Subsequently, cells were incubated overnight at 30°C, and
transferred to 37°C the next day.

2.5.2 | Whole-cell patch clamp

Patch Clamp experiments were performed as described in.?
Mean capacity of the cells was 21.79 + 0.98 pF (n = 50).
To measure ionic currents through L-type channels, we used
extracellular 10 mM Ba®" as charge carrier and depolarized
the cells from a holding potential of =70 mV to + 20 mV in
10 voltage-steps increases in voltage-amplitude by 10 mV for
50 ms.

2.6 | Immunocytochemistry (ICC) in
CHO-K1

For ICC of CHO-K1 on coverslips were fixed with 4% PFA
in TBS for 10 minutes. After a permeabilization step (5%
Triton X-a00 in TBS) for 10 minutes, unspecific binding sites
were blocked by 5% BSA in TBS for 20 minutes. Primary
antibody incubation (see Tablel) was performed overnight
at 4°C. Species appropriate secondary antibodies conjugated
with Alexa Fluor 488, 546, 633, or 647 (Life Technologies,
Germany) were incubated for 1 hour at room temperature and
diluted 1:5000.

2.7 | ICC in primary RPE cells

After 24 hours of transfection, RPE cells were fixed with 4%
PFA for 10 minutes, and permeabilized with 5% TritonX100
in TBS for 10 minutes. For blocking unspecific epitopes, cells
were incubated in a 5% BSA in TBS solution for 40 min-
utes at room temperature. Primary antibodies (see Table 1)
were applied in 0.8% BSA in TBS solution overnight at 4°C.
Species appropriate secondary antibodies were incubated for
1 hour at room temperature. Nuclei were stained with DAPI
(1:5000, Sigma) for 10 minutes and cell filter were embed-
ded in Fluorescence Mounting Medium (Dako, Germany).
Detection of expression was performed by a confocal mi-
croscope (LSM 510, Zeiss, Gottingen, Germany). Data were
analyzed by ZEN Software (Zeiss 2009, Germany). Confocal
images were analyzed and quantified by ImageJ Software
(National Institute of Health, USA).

271 |
(PCC)

Pearson's correlation coefficient

The analysis of correlation (as a measure of colocalization)
of Cay1.3 or Best-1 with the plasma membrane marker, 8-
catenin, or asfB; integrin was calculated with the Plugin
JACoP of Image] (National Institute of Health, USA).) by
measuring PCC. At least n = 4 and maximal n = 23 cells
were analyzed.
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TABLE 1 Primary antibodies

Primary antibody

Mouse anti bestrophin-1

Goat anti-GFP-FITC
Rabbit anti-His
Rabbit anti-c-myc
Mouse anti-c-myc
Rabbit anti-Cay1.3
Goat anti-Cay1.3

Rabbit anti-asp;-integrin

Mouse anti-f-catenin

Mouse anti-f-actin

Goat anti mouse HRP

2.7.2 | Apical-basolateral orientation in
polarized pRPE cells

In polarized cells, bestrophin-1 is expressed in the basolateral
membrane. To analyze if mutant bestrophin-1 is expressed
basolateral or apical in pRPE cells confocal z-stacks (n = 6)
were analyzed in a blinded fashion by using a score (1: baso-
lateral localization; 2: apical localization). Values were nor-
malized to WT-bestrophin-1.

2.8 | Statistical analysis

All experiments were repeated three times. n depicts the
number of cells included in the statistic evaluation. Results
are expressed as mean + SEM. Statistical differences are
calculated using two-tail ANOVA test, P-values lower
than .05 were considered statistically significant. All cal-
culations were performed with GraphPad Prism (GraphPad
Software Inc, USA) or Sigma Plot (Systat, Erkrath,
Germany).

3 | RESULTS

To study the effects of mutant bestrophin-1 on L-type Ca’*
channel properties we selected four BEST] mutations, each
of them representing a mutational hotspot for the disease:
T6P-, F8OL-, R218C-, F305S-bestrophin-1. For analysis,
we first investigated the protein/protein interaction of bes-
trophin-1 with Cay 1.3 subunits, then the resulting changes
in the L-type channel activity and finally the subcellular lo-
calization and co-localization of bestrophin-1 and Cay1.3 in
polarized epithelia.

%ASEBJOURNALJ_

Detection in Dilution Company
WB, ICC 1:500 Abcam

ICC 1:200 Abcam

ICC, WB 1:500 Abcam

ICC, WB 1:200 Abcam

ICC, WB 1:500 Hybridoma Bank
ICC, WB 1:250 Alomone labs
IcC 1:500 SantaCruz
IcC 1:250 Biorbyt

ICC 1:100 Cell signalling
WB 1:5000 Sigma-Aldrich
WB 1:5000 GE Healthcare

3.1 | Physical interaction of Cay1.3 with
bestrophin-1 mutations

Immunoprecipitation experiments were performed in CHO-
KI cells that heterologously express the L-type channel
subunits Cay 1.3 (260 kDa) and 4 (55 kDa) together with dif-
ferent bestrophin-1 constructs. We used p4-subunit because
it is the predominant B-subunit in the RPE and p4-subunit
knockout reproduces the phenotype of patients with Best
vitelliform macular degeneration, the reduction in the light
peak.35 Precipitation of 4 by an antibody against his-tag co-
immunoprecipitates 34-subunits and WT-bestrophin-1 in a
comparable manner as published earlier (Figure 1).%° Also
the mutant bestrophin-1 F80L, R218C, and F305S showed
reliable co-immunoprecipitation with p4-subunits (successful
in all conducted experiments) but with, however, lower pre-
cipitation efficiency (Figure 1F). These data were retested by
indirect immunoprecipitation, where the Cay1.3/$4 complex
was precipited by an antibody against Cay1.3 and the pre-
cipitates were analysed for co-precipitation of bestrophin-1
(Figure S1). Immunoprecipitation of the Cay1.3-subunit
showed comparable results in terms of co-immunoprecipita-
tion efficacy of wild-type bestrophin-1. Expression of the mu-
tants, however, resulted in the loss of co-immunoprecipitation
in some experiments. In 2 out of 3 immunoprecipitations of
Cay 1.3, R218C-bestrophin-1, and F305S, and in 1 out of 3
F8OL-bestrophin-1 could be detected (Figure S1). In case of
the mutant T6P-bestrophin-1, only 1 of 6 immunoprecipita-
tions showed reliably detectable co-immunoprecipitation
of p4-subunits with T6P-bestrophin-1 (Figure 1). The same
was observed when the Cay1.3/p4 complex was precipitated.
Here, also 1 in 6 precipitations showed a co-precipitation
with T6P mutant bestrophin-1. Thus, we assume that TOP can
bind to p4-subunits, but the binding efficiency is too weak
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FIGURE 1
of calcium channels subunit 34 with
bestrophin-1 in CHO-K1. Transfection

of Cay1.3, his-tagged p4-subunit and
bestrophin-1 (WT-bestrophin-1 A, R218C-
bestrophin-1 B, T6P-bestrophin-1 C,
F80L-bestrophin-1 D, F305S-bestrophin-1
E). Immunoprecipitation of 6xhis-

tagged P4, western blot of L (lysate), IP
(immunoprecipitation), and NB (not-bound)

Physical interaction

against bestrophin-1; protein size is given
in kDa (bestrophin-1.67 kDa). F, bar
chart illustrating co-immunoprecipitation
efficacy of 4-subunit and bestrophin-1.
The first number illustrates successful co-
immunoprecipitation and second number
illustrates the number of trials

WT R218C T6P F80L F305S

to generate reproducible results co-immunoprecipitations. In
summary, these data indicate a physical interaction between
Ca* channel subunits and all mutant bestrophin-1.

3.2 | Subcellular localization of Cay1.3
in the presence of bestrophin-1-mutations in
CHO-K1 cells

The common effect of all BEST] mutations investigated so
far is a loss or reduction of bestrophin-1 surface trafficking.
To investigate whether alterations of trafficking of mutant
bestrophin-1 also reduce the plasma membrane localiza-
tion of Cay1.3 channels in CHO-K1, co-localization of
bestrophin-1 mutants with Cay 1.3 and subcellular localiza-
tion of these proteins were analyzed by ICC. osp;-integrin
served as a cell surface marker in CHO-K1. Transfection
of Cay1.3-subunit, f4-subunit, and WT bestrophin-1 re-
sulted in co-localization of Cay 1.3 and bestrophin-1 in the
plasma membrane. R218C-bestrophin-1 showed similar
results for co-localization of Cay1.3 and bestrophin-1 in
the plasma membrane. F80L-bestrophin-1 showed diffuse
staining both in the plasma membrane and the cytosol. In

the presence of T6P-bestrophin-1, which was predomi-
nantly localized to the cytosol, or in the presence of the
patchy dot-like cytosolic F305S-bestrophin-1, also Cay1.3
was localized to the cytosol (Figure 2A). PCC was signifi-
cantly reduced in the presence of the mutants T6P-, FS0OL-,
and F305S-bestrophin-1, both for Cay1.3 surface expres-
sion (Figure 2B left) and Cay1.3-bestrophin-1 interaction
(Figure 2C). Distribution analysis of R218C-bestrophin-1
resulted in values comparable to that of WT-bestrophin-1
(Figure 2B,C).

3.3 | Influence of mutant bestrophin-1 on
Cay1.3 channel activity in CHO-K1 cells

After observing reduced membrane expression of Cay1.3
in the presence of T6P-, F8OL-, and F305S-bestrophin-1,
the influence of mutant bestrophin-1 on L-Type channel ac-
tivity was examined by whole cell patch clamp recordings.
CHO-K1 were microinjected with L-type channels-subunits
(Cay1.3, a2d, p4 for obtaining ionic currents through the
L-type channel) and bestrophin-1. The presence of mutant
bestrophin-1 reduced the maximum Ba>" current density
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FIGURE 2  Subcellular localization of Cay 1.3 and bestrophin-1 in CHO-K1. A, confocal images of CHO-K1 transfected with Cay1.3, p4-

subunit and bestrophin-1 (columns show WT and the different point mutations). Upper panel: staining against bestrophin-1 (white) middle panel

staining against CaV1.3 (red); lower panel: staining against the plasma membrane marker asp3;-integrin (green). B, scatter plot of the PCC of asf};-
integrin and Cay 1.3 (left) and Cay 1.3 to bestrophin-1 (right). n = 4-23; **P < .01, ¥**P < .001

at a membrane potential of 10 mV compared to that in the
presence of WT-bestrophin-1 (Figure 3A). This reduction,
however, was only significant for F80L-bestrophin-1 and
F305S-bestrophin-1 (Figure 3B,D). Furthermore, F80L-
bestrophin-1 and F305S-bestrophin-1 also showed sig-
nificant alterations of voltage-dependence. To analyze
voltage-dependence of L-type channel currents, current-
voltage plots of Ba®* currents were normalized to the volt-
age of maximal currents and fitted using the Boltzmann
equation to obtain slope factor of the curve (k,.) and volt-
age of half-maximal activation (V;5). The half-maximum
activation V5 was shifted toward more positive values in
the presence of F80L-bestrophin-1 and F305S-bestrophin-1.
The slope factor k,. was significantly smaller in the pres-
ence of these two mutants (Figure 3C,D). Activation

kinetics remained unchanged in the presence of all mutants
(Table 2, Figure S2).

3.4 | Influence of mutant bestrophin-1 on
endogenously expressed bestrophin-1 and
Cay1.3 in polarized RPE

To validate the results obtained in CHO-K1, the interaction
of endogenously expressed bestrophin-1 with transfected
mutant bestrophin-1 was assessed in confluent polarized pri-
mary cultures of porcine RPE cells (pRPE).

pRPE were grown on filters to establish the cell po-
larity with endogenous expression of bestrophin-1 and
Cay1.3 (Figures 4-6). Transfected bestrophin-1 constructs
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Influence of mutant bestrophin-1 on Cay 1.3 channel function in CHO-K1. A, step-wise depolarization from a holding potential

of =70 mV to + 20 mV. B, Ba*" currents in a cell expressing Cay 1.3/ B4/a,d and WT-bestrophin-1 or mutant bestrophin-1 (R218C-, T6P-, F80L-,
F305S-bestrophin-1). C, current-voltage plot of Ba>* currents normalized to the voltage of maximal currents (fitted with Boltzmann equation) in
presence of WT-, R218C-, T6P-, F80L-, and F305S-bestrophin-1. D, Upper panel: Bar chart representing the maximum current density for cells
transfected with either wildtype- or mutant (R218C-, T6P-, FSOL-, F305S-) bestrophin-1. Comparison of parameters from Boltzmann fits: potential
of half-maximal activation (V, 5, middle panel) and slope factor (k,., lower panel); *P < .05; **P < .01, ***P < .001

were identified by their YFP or c-Myc-tag (green chan-
nel), whereas total bestrophin-1 (transfected and endoge-
nously expressed) was visualized by an anti-bestrophin-1
antibody (red channel). p-Catenin served as a membrane
marker in pRPE (blue channel) (Figure 4A). When polar-
ized pRPE cells were transfected with WT-bestrophin-1, we

observed co-localization of both, transfected and total, be-
strophin-1 in the plasma membrane. Thus, the transfection
with WT-bestrophin-1 did not affect the trafficking behav-
ior of endogenously expressed bestrophin-1. Transfection
with R218C-bestrophin-1 showed a similar pattern, al-
though the PCC was slightly reduced. T6P-, FS8OL-, and
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TABLE 2
Transfection: o, D/ox,8,/
B4 + hBest1X
hBest] WT (n = 9)
hBestl R218C (n = 10)

P-value
hBestl T6P (n =9)

Vo5 [mV]

251+ 153(n=9)
—21.4 + 1.45 (n = 10)
0961
—21.6+128(n=9)

kact [mV]

4.90 +0.38 (n = 11)
6.43 +0.79 (n = 8)
0687

5.86+0.57 (n = 8)

Activation time constant
at 0 mV [ms]

1.83+0.05 (n=3)
2.55+0.55 (n=2)

2.30 +0.36 (n = 3)
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Summary of basic electrophysiological characterization of Cay 1.3 currents in the presence of bestrophin mutations in CHO-K1

Current density at
Vinax [PA/DF]
—11.1+226 (0 =9)
—8.46 +1.07 (n=9)
3062

—7.54 +0.09 (n =9)

P-value 0984 1630 - 1596
hBestl F8OL (n = 14) —16.1 + 1.59 (n = 14)*** 115+ 0.64 (n=14)*** 205+ 0.05 (n=2) —3.35 +0.58
(n = 14)##*
P-value .0009 .0001 - .0006
hBest1 F305S (n = 8) ~16.7 + 1.36 (n = 8)** 11.6 +0.68 (n=8)***  2.1+0.10 (n=2) ~2.49 + 0.33 (n = 8)***
P-value .0010 .0001 - .0029

*P <.05; #*¥P < .01; ##*P < .00.

F305S-bestrophin-1 transfection showed a substantial re-
duction of co-localization with B-Catenin and diffuse or
patchy expression of both endogenous and transfected be-
strophin-1 all over the cytosol (Figure 4A,B).

The apical to basal polarity of mutant bestrophin-1 in
pRPE cells was quantified by analysis of z-stacked confocal
images. Application of a score with one depicting basolat-
eral localization and two apical localization, showed a pre-
dominantly basolateral expression of WT-bestrophin-1 and
R218C-bestrophin-1 whereas T6P-bestrophin-1 and F305S-
bestrophin-1 were localized at the apical side of the cells.
F80L-bestrophin-1 showed neither basolateral nor apical
preference (Figure 4C). Taken together, mutant bestrophin-1
showed a dominant effect over WT-bestrophin-1 leading to
reduced surface expression.

In a next step, the influence of bestrophin-1 on Cay1.3
surface expression was assessed by the PCC analysis.
Transfection of R218C, T6P, F8OL, or F305S-bestrophin-1
led to a reduction of correlation between the surface marker
B-Catenin and Cay1.3, (Figure 5A,B).

To determine the effect of mutant bestrophin-1 on
Cay 1.3-bestrophin-1 interaction, subcellular localization of
transfected, and total bestrophin-1 was compared to that of
endogenously expressed Cay1.3 (Figure 6A,B). Cells trans-
fected with WT-, R218C-, F80L-, and F305S bestrophin-1
showed co-localization of transfected bestrophin-1 and
Cay 1.3, whereas T6P-bestrophin-1 mostly showed intracellu-
lar distribution co-localizing partly with Cay, 1.3 (black bars).
Staining of total bestrophin-1 showed co-localization of be-
strophin-1 with Cay 1.3 only in the presence of WT-, R218C-,
and F8OL-bestrophin-1 (graybars).

The results in pRPE cells were similar to the results in
human iPSC-derived RPE cells grown under polarized condi-
tions. In accordance to pRPE, transfection of T6P-bestrophin- 1
led to a significant reduction of plasma membrane expres-
sion of both total bestrophin-1 as well as Cay1.3 whereas

R218C-bestrophin-1 revealed similar results compared to WT
(Figure 7). Finally, we used the iPSC technology to investigate
at least one mutation under non-overexpression conditions
when both wild-type and mutant bestrophin-1 were endoge-
nously expressed. iPS cells from a patient of BVMD carrying
a D302A mutation were differentiated into confluent mono-
layers of RPE cells. Localization of bestrophin-1 and Cay 1.3
was investigated by means of ICC . As in the overexpression
system, we observed mislocation in the cytosol instead in the
plasma membrane of both bestrophin-1 and Cay1.3 (Figure
7B). Furthermore, co-localization of the two proteins indicate
physical interaction of L-type channels and bestrophin-1 pen-
tamers composed of both mutant and WT-bestrophin-1.

In summary, the presence of mutant bestrophin-1 reduces
the surface expression of Cay 1.3 channels and (for FSOL- and
F305S-bestrophin-1) changes at the same time the L-type chan-
nel activity in heterologous expression system. Furthermore,
the bestrophin-1/Ca”* channel interaction is disturbed, pre-
dominantly with T6P- and F305S bestrophin-1. To correlate
L-type channel activity and cellular distribution of Cay 1.3, we
compared mean values of PCC analysis of Ca, 1.3 and asp};-in-
tegrin to maximum current density in the presence of different
bestrophin-1 proteins in CHO-K1 (Figure 8A). There was a
statistically significant difference only detectable for F305S
and F8OL, the two mutants that led to very small values in
current density. Comparing the results from PCC analysis of
Cay 1.3 surface expression in the polarized epithelium (pRPE)
with the unpolarized condition (CHO-K1, Figure 8B) showed
no significant differences except for F305S-bestrophin-1, the
mutation with the smallest PCC in CHO-K1.

4 | DISCUSSION

In this study, we investigated the influence of bestrophin-1
with disease-causing mutations on L-type channels of the
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Influence of mutant bestrophin-1 on endogenously expressed bestrophin-1 in polarized porcine RPE (pRPE). A, pRPE cells

untransfected (first column) or transfected with GFP-tagged WT-or mutant bestrophin-1 stained with antibodies against GFP (green, transfected
bestrophin-1, first panel), bestrophin-1 (red, total = transfected and endogenously expressed bestrophin-1, second panel), f-Catenin (blue,
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transfected bestrophin-1(black bars) in the presence of transfected WT- or mutant bestrophin-1 (n = 6-10) C, scatter plot representing apical or
basolateral polarity of WT- and mutant bestrophin-1. 1 = basolateral localization, 2 = apical localization. (¥*P < .05; **P < .01, ***P < .001, scale
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FIGURE 5 Surface expression of Cay1.3 in the presence of both mutant and endogenous WT-bestrophin-1 in polarized pRPE. A, confocal

images of pRPE cells transfected with bestrophin-1 (columns show WT and the different point mutations): staining against Cay 1.3 (red), p-Catenin
(blue), and the overlay of all panels (merge). B, PCC analysis of Cay1.3 and p-Catenin (gray bars); n = 4-16. Whiskers represent standard error of

the mean. (*P < .05; **P < .01, scale bar represents 20 pm)

Cay1.3 subtype, the predominant L-type channel subtype
in RPE cells. We examined four mutations representing the
mutational hotspots for Best vitelliform macular degenera-
tion and went from the analysis of molecular interaction of
bestrophin-1 with Ca®* channel subunits and of properties
of L-type channels in the presence of mutant bestrophin-1
to the assessment of trafficking of bestrophin-1 and Cay1.3
subunits in polarized porcine or human RPE cells. We found
that mutant bestrophin-1 still interacts with Ca’* channel p4-
subunits, reduces the L-type channel activity, and prevents
trafficking of Cay 1.3-subunits to the plasma membrane.

The goal of this study was to determine the molecular
base for the interaction of mutant bestrophin-1 with L-type
Ca’* channel subunits and their cellular behavior. Studies of
mutant bestrophin-1 in heterologous expression reported data
representative for absence of WT—bestrophin—l.4’13'15’22’40'42
Studies using iPSC-generated RPE cells from patients with
BVMD report slightly different results showing that the
presence of WT-bestrophin-1 influences the outcome.'® The
patients’ iPSC model, however, does not permit differential
detection of mutant versus WT-bestrophin-1 and bears the
disadvantage that different cell lines from the same iPSC
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Influence of mutant bestrophin on Cay 1.3-bestrophin-1 co-localization in pRPE. A, confocal images of pRPE cells transfected

with bestrophin-1 (columns show WT and the different point mutations): staining against mutant bestrophin-1 tagged with GFP or c-Myc (green),

Cay1.3 (blue), the overlay of blue and green, panels (merge); staining against total bestrophin-1 (red), and the overlay of blue and red (merge)
C, PCC analysis of Cay 1.3 and GFP-tagged mutant bestrophin-1 (black bars), and Cay 1.3 and total bestrophin-1 (gray bars) n = 7-18 (*P < .05;

**P < .01, #*P < .001, scale bar represents 20 um)

show strong variances. Thus, we used in vitro models based
on heterologous transfection selected for specific experimen-
tal needs. Heterologous expression in CHO-K1 cells delivers
high amounts of proteins and considerably large current am-
plitudes of L-type channels to examine the molecular base
of bestrophin—l/Ca2+ channel interaction. Polarized RPE
monolayer (primary porcine RPE cultures and iPSC-gener-
ated human RPE cells) with endogenous expression of WT-
bestrophin-1 and L-type channels transfected with either

WT- or mutant bestrophin-1 offer the advantage to study
cellular protein and to detect the proportion of transfected be-
strophin-1 in total bestrophin-1.

Physical interaction between bestrophin-1 and Ca’*
channel B-subunits was successfully studied by means of
immunoprecipitation and measurements of the co-immu-
noprecipitation efficiency.zs’26 We used the same method
to investigate the interaction of mutant bestrophin-1 with
the Ca®*-channel protein complex formed of Cay1.3- and
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FIGURE 7  Subcellular localization of mutant bestrophin-1 on endogenous Cay 1.3 and endogenous WT-bestrophin-1 in IPSC-derived RPE.

A, confocal images of pRPE cells transfected with bestrophin-1 (columns show WT-, R218C-, and T6P-bestrophin-1: staining against mutant
bestrophin-1 tagged with GFP (green), Cay 1.3 (red), the plasma membrane marker B-catenin (blue), and the overlay of all panels (merge). B,
confocal images from patient's iPS-generated RPE cells carrying the mutation D302A: stained for Cav1.3 (green), bestrophin-1 (red), p-catenin
(blue) C, quantification of surface expression by PCC of B-catenin to GFP-tagged mutant bestrophin-1 (GFP, white bars) and B-catenin to Cay1.3

(black bars), n = 4-6; (*P < .05; **P < .01, scale bar represents 10 um)

4-subunits. Cay1.3 is the prominent pore-forming L-type
Ca’" channel subunit in the RPE, and knockout mice of
either Cay1.3- or p4-subunits show reduced light peaks in
DC—electroretinograng‘35 ; a phenotype corresponding to the
EOG in Best patients. The co-immunoprecipitation of WT-
bestrophin-1 with Cay,1.3/p4-complexes reproduced data that

were published earlier.”>?® All mutant bestrophin- 1, however,

showed co-immunoprecipitation with the Cay1.3/p4-com-
plex albeit of reduced efficiency. This result is in accordance
with the localization of all mutations at the N-terminal half
of bestrophin-1 whereas domains for B-subunit binding are
on the C-terminus. Comparable to other expression sys-
tems,l}l(”lg’2l in CHO-K1, mutant bestrophin-1 showed re-
duced surface expression. The Cay1.3 interaction reduces



CORDES ET AL.

955 | EASEB o

(A) PCC a5p1-integrin-Cav1.3

° o o =
o » (-} N
3 — ns
)
pird ns
a3
- 1.2
(=2} ns o
) | c
3
§ . 0.8 g
r | %
o
3 ek 04 3
’ m\ ¢
0.0
F305S F8OL T6P R218C WT
(B)
PCC p-Catenin-Cav1.3
& o o i
o > - N
< I ne
Q2
= |~ ns
o
a
b 1.2
Z Y ——s 3
= o
a ‘ Q
4 &= o2 &
5
04 @
Q
3
o
)
00 =
w

F305S F80L T6P R218C WT

FIGURE 8 Correlation of surface expression and current density
of Cay1.3 in CHO-K1 and pRPE. A, Correlation of data from the
current density of L-Type channels (Figure 3D) and surface expression
of Cay1.3 in the plasma membrane of CHO-K1 measured by PCC
(Figure 2B, left panel) in the presence of mutant or WT-bestrophin-1.
B, Correlation of surface expression Cay1.3 in the plasma membrane
of pRPE cells (Figure 6B) and CHO-K1 (Figure 2B, left panel)
measured by PCC in the presence of mutant or WT- bestrophin-1. Data
are normalized to WT (*P < .05; **P < .01, ***P < .001)

Cay 1.3 plasma membrane localization as well. The mutation
R218C showed no significant effects on either Ca’* channel
trafficking or bestrophin-1 trafficking. This corresponds with
other publications showing that R218C develops only weak
trafficking defects and mild loss of anion permeability. An
exception is the mutation T6P that showed weak binding to
4-subunits. Co-immunoprecipitation could only be detected
once in six experiments. Patch-clamp analysis of transfected
CHO-K1 showed that mutant forms FS8OL and F305S reduced

the maximal current density of L-type channel and shifted
the voltage-dependent activation toward more positive poten-
tials. This should result in a further reduction of the L-type
channel activity in RPE at physiological voltages. Again,
R218C showed no significant effects on L-type channel ac-
tivity. Surprisingly, although T6P bestrophin-1 reduced the
surface expression of Cay1.3, it did not significantly change
L-type channel activity. We explain this observation by
two effects. Physiologically WT-bestrophin-1 binding de-
creases Cay1.3 currents. Since T6P bestrophin-1 binds very
weakly to B-subunits, we expect larger Cay, 1.3 currents in the
presence of T6P than in the presence of WT-bestrophin-1.
Moreover, mutations in bestrophin-1 have severe effects on
the protein synthesis machinery. It is likely that TGP non-spe-
cifically reduces the surface expression of Cay 1.3 and only
mildly affects overall currents due to lack of bestrophin-1-de-
pendent Cay 1.3 inhibition. Comparing the effect of the muta-
tions on channel activity and surface expression, we confirm
the correlation of PCC and current density in CHO-K1 for
WT, R218C, and T6P; due to very small values for F8OL and
F305S, the correlation for these mutants is weak. In sum-
mary, we conclude that mutant bestrophin-1 affects L-type
channels in various ways resulting in an overall reduction of
Ca** channel surface expression. Depending on the mutation,
it can even directly influence pore-function by means of volt-
age-dependence and maximal channel activity.

X-ray structure analysis of bestrophin-1 revealed that it
forms pentamers.43 Since CHO-K1 were transfected with
only one specific bestrophin-1, the conclusions obtained are
drawn with mutant bestrophin-1 pentamers. These conclu-
sions, however, were further supported in experiments using
polarized RPE cells with endogenous WT expression and
mutant bestrophin-1 transfection. In control experiments with
primary porcine RPE cells, WT-bestrophin-1 transfection did
not affect the cellular trafficking of endogenously expressed
bestrophin-1. Since we found that the signals from total (in-
cludes both endogenously and transfected bestrophin-1) and
transfected bestrophin-1 were co-localized, we conclude that
endogenously expressed bestrophin-1 and transfected bestro-
phin-1 form pentamers together. With exception of R218C,
transfection with mutant bestrophin-1 dramatically reduced
the surface expression of total bestrophin-1 and revealed
reduced the surface expression of mutant bestrophin-1 (de-
tected by either GFP-tag or c-Myc-tag). The reduction in the
surface expression of total bestrophin-1 is comparable to that
of the transfected mutant bestrophin-1 indicating that mutant
mutant bestrophin-1 influences the behavior of the wild-type
bestrophin-1.

Furthermore, also with exception of R218C, mutant be-
strophin-1 lost basolateral distribution. Mutant bestrophin-1
was found either in the middle of the cell (F80OL, F305S) or
even apical (T6P). Thus, our in vitro models reproduce data
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known from the literature using the heterologous expression,
iPSC-generated RPE cells from Best patients and from ex
vivo analysis of patient's eyes.

Next, we investigated the subcellular localization of en-
dogenously expressed Cay1.3 subunits in polarized epithe-
lia. Cells of either porcine primary cultures or iPSC-derived
RPE that were transfected with WT-bestrophin-1 showed
no changes in the plasma membrane localization of the
pore-forming L-type Ca’* channel subunit. Thus, the over-
expression of bestrophin-1 per se does not influence the be-
havior of the endogenously expressed bestrophin-1 and the
Cay 1.3 subunits. All mutant bestrophin-1 reduced the plasma
membrane expression of Cay 1.3 subunits confirming that we
could identify a mutation-dependent effect. At least for one
mutation we confirmed data from overexpression at a condi-
tion where both, the wild-type and the mutant bestrophin-1,
were endogenously expressed. We used iPS-derived RPE
cells from a patient carrying the D302A mutation, that is very
close to the F305S mutation that we have analysed in over-
expression system. In these patient's iPS-derived RPE cells,
we found predominant cytoplasmic localization of both be-
strophin-1 and Cavl1.3 L-type channel subunits and a strong
co-staining of the two proteins. These data support those de-
rived from overexpression in porcine RPE cells, but in the
patient's iPS-RPE cells under dominant negative conditions.
Comparing the results from PCC analysis of Cay1.3 surface
expression in polarized and unpolarized condition, showed
no significant differences except for F305S, the mutation
with the smallest PCC in CHO-K1; thus, the basic findings
in unpolarised epithelium complement the data from the po-
larized condition.

The anion channel function of bestrophin-1 and its changes
by disease-leading mutations has been extensively studied.
The overall conclusion in these studies is that BEST/ muta-
tions lead to a loss of anion conductance either due to traf-
ficking defects or to loss of pore function. As the light-peak
in the EOG results from activation of Cl channels in the RPE
basolateral membrane, these observations deliver an explana-
tion for the patients’ phenotype. More recent work indicated
that BEST] mutations impair phagocytic activity by the RPE,
probably by a loss of volume control that leads to lipofuscin
accumulation.'”?? However, the hypothesis that the loss of
CI” conductance alone might explain the pathology of dis-
ease BVMD is insufficient. Mouse models with a knockout of
bestrophin-1 or with knock-in of mutations into bestrophin-1
showed no changes in anion conductance.””>? This can be
explained by the expression of anoctamin-2 (Ano2) in RPE
cells.* Ano2isa Ca2+-dependent CI™ channel that could com-
pensate for the loss of bestrophin-1 in the basolateral mem-
brane. Thus, the reduced light-peak in Best patients results
from the dysregulation of Caz+-dependent CI” channels by
intracellular Ca®* signaling. Indeed, several lines of evidence
suggest a role of bestrophin-1 in Ca®* signaling. Bestrophin-1
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interacts with L-type channels or participates in Ca®* signal-
ling from recruitment of intracellular Ca’" stores.?>20:28.2942
RPE cells of the W93C knock-in mouse show reduced cytoso-
lic Ca** amplitudes in response to ATP stimulation.*

With Cay1.3, we have investigated one interaction part-
ner of bestrophin-1. To date, there are more interaction part-
ners of bestrophin-1 known such as phosphatase PPA2 or
NEDD4.>#%® The excellent review by Johnson et al® dis-
cusses bestrophin-1 as a multifunctional protein. Thus, not
only the disturbed interaction of mutant bestrophin-1 with
Ca”* channel subunits contributes to the chain of events
leading to macular dystrophy. In vivo studies and in vitro
studies, however, point toward the idea that this multifunc-
tion regulates Ca*t signalling in the RPE.’ Our data further
support a role of Ca’* signaling in disease. Mutant bestro-
phin-1 reduces L-type channel activity in different ways due
to physical interaction of bestrophin-1/Cay1.3. Reduction in
L-type channel activity can occur by reduction of the num-
ber of L-type channel pores in the plasma membrane and/or
by shifts in the voltage-dependence that reduce pore activity.
Mutant bestrophin-1 forms with WT-bestrophin-1 pentam-
ers resulting in a dominant negative on WT-bestrophinl and
subsequent influence of L-type channel properties even by
mutants with low binding efficiency to Ca*" channel [-sub-
units. The overall loss of L-type channel activity would
explain the reduced light-peak in the patient's EOG be-
cause either systemic inhibition of RPE L-type channels or
knockout of Cay1.3 channels mice results in reduced light-
peaks.29 Activation of Ano2 in the RPE leads to basolat-
eral membrane depolarization that in turn activates L-type
channels.* This further increases intracellular Ca®" and CI
channel activity and therefore the light-peak amplitude. In
addition, several papers indicate that L-type channels are
also involved in the regulation of the phagocytic activity of
the RPE in vitro and in vivo.>#748 Thus, a reduction in the
L-type channel activity in the RPE might explain the ac-
cumulation of lipofuscin in the RPE of patients with Best
vitelliform macular dystrophy, too. Enhancement of L-type
channel activity might be an important therapeutic target
for these patients. However, recent data from a gene ther-
apy study detected a new aspect of Best vitelliform macular
dystrophy, such a microdetachments, that occur apart of the
reduction of the light peak in the EOG.'® Thus, mutant-de-
pendent changes in the Ca*t signalling might be one aspect
of the pathology in this disease. A connection between
Ca2+signalling and microdetachment might be, however,
possible but has not been explored so far.
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