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Abstract The retinal pigment epithelium (RPE) expresses
bestrophin-1 where mutant bestrophin cause retinal degener-
ations. Overexpression of bestrophin-1 demonstrated Ca2+-
dependent Cl- channel function, whereas the RPE in
bestrophin-1 knockout or mutant bestrophin-1 knock-in mice
showed no change in Cl− conductance. To account for these
apparently mutually exclusive findings, we investigated the
function of endogenously expressed bestrophin-1 in a short-
time RPE cell culture system by means of immunocytochem-
istry, Ca2+ imaging, and siRNA knockdown. Immunocyto-
chemical quantification of bestrophin-1 localization
demonstrated 2.5 times higher co-localization with the endo-
plasmic reticulum (ER) Ca2+-sensor protein, Stim-1, than with
the membrane protein β-catenin, implicating it in store-
operated Ca2+ entry (SOCE). Ca2+ release from ER stores
under extracellular Ca2+-free conditions using thapsigargin
(1 μM) to inhibit endoplasmic Ca2+ ATPase (SERCA) fol-
lowed by re-adjustment of extracellular Ca2+ to physiological
levels activated SOCE, whichwas insensitive to the blocker of
numerous transient receptor potential channels and voltage-
dependent Ca2+ channels SKF96563 (1 μM). SOCE was
augmented at 5 μM and inhibited at 75 μM by 2-
aminoethoxydiphenyl borate which indicates the involvement
Orai-1 channels. In confirmation, SOCE was decreased by
siRNA knockdown of Orai-1 expression. SOCE amplitude
was strongly reduced by siRNA knockdown of bestrophin-1
expression, which was due to neither changes in Stim-1/Orai-

1 expression nor Stim-1/bestrophin-1 interaction. The amount
of Ca2+ released by SERCA inhibition was reduced after
siRNA knockdown of bestrophin-1, but not of Orai-1. In
conclusion we found that a proportion of bestrophin-1 is
functionally localized to ER Ca2+ stores where it influences
the amount of Ca2+ and therefore Ca2+ signals which result
from activation of Orai-1 via Stim-1.
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Introduction

The retinal pigmented epithelium (RPE) has a variety of
functions which are essential to maintain structural integrity
and excitability of photoreceptors [7, 40, 41]. Many of these
functions are controlled by increases in cytosolic free Ca2+

[45]. Since the functional interaction between RPE cells and
photoreceptors is indispensable for visual function, impaired
RPE function leads to photoreceptor degeneration [14, 16,
26]. Thus the understanding of Ca2+-dependent regulation
of RPE cell function will also help to clarify pathomechan-
isms of diseases leading to blindness.

Bestrophin-1 is the gene product of the BEST1 gene
which is expressed in RPE cells [33]. BEST1 mutations lead
to various types of retinal degeneration such as Best’s vitel-
liform macular dystrophy, an inherited autosomal dominant
form of macular degeneration [24]. Characteristic of Best’s
disease is an early accumulation of lipofuscin in the RPE
and the reduction of the light peak in the electro-oculogram
(EOG) [2, 44]. In overexpression studies, bestrophin-1 was
found to have a double function, as a chloride channel and a
modulator of calcium signaling [34, 36, 42, 48]. Overex-
pression studies have shown that bestrophin-1 can regulate
L-type channel activity through interaction between proline-
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rich motifs on its C-terminal and SH3-domains of β-
subunits of L-type channels [28, 34]. The light peak in the
EOG is dependent on the activity of Cl− channels in the RPE
basolateral membrane and of L-type Ca2+ channels. Thus,
the reduced light peak in Best’s patients could possibly arise
from a disturbed bestrophin-1 Ca2+ channel interaction [10,
23, 36] which is supported by observations in CaV1.3 or
Ca2+ channel β4-subunit knockout mice models where the
light peak is reduced [23, 46]. On the other hand, the
reduction of the light peak in Best patients could also be
explained by a loss Cl− channel function of bestrophin-1
[42]. Since bestrophin-1 localizes basolaterally in RPE cells
and the light peak seems to be generated by increases in Cl−

conductance across the basolateral membrane, it could be
that bestrophin-1 provides the underlying Cl− conductance
[22]. However, RPE cells of bestrophin-1 knockout mice or
BestW93C/W93C knock-in mice (one of the mutations found in
Best patients) showed no differences in the Cl− conductance
compared to wild-type mice. In addition, bestrophin-1 knock-
out mice showed increased light peaks in the DC-ERG. These
observations challenge the function of bestrophin-1 as a
plasma membrane Cl− channel [23, 52].

Studies of endogenously expressed bestrophin-1 suggest
a cytosolic function. For example, bestrophin-1 was found
to co-localize with stromal interacting molecule-1 (Stim-1),
a Ca2+ sensor protein in intracellular Ca2+ stores [4]. Over-
expression of bestrophin-1 in HEK 293 cell line was found
to accelerate the speed of Ca2+ release from Ca2+ stores [5]
favoring the idea that bestrophin-1 Cl− channel activities
couples the flow of Cl− as counterions to the Ca2+ transport
in the endoplasmic reticulum (ER) Ca2+ store [4]. The role
of bestrophin-1 in the ER was supported by analysis of its
endogenous localization in RPE cells. After differential
centrifugation, bestrophin-1 isolated from freshly isolated
porcine RPE cells was found in the same fraction as the
ER Cl− channel ClC-3 [31]. Furthermore, levels of resting
Ca2+ in bestrophin-1 knockout mice appeared to be higher
compared to those in wild-type animals and altered patterns
of Ca2+ release from intracellular stores were reported [31].
In addition, the BestW93C/W93C knock-in mouse model
shared properties of Ca2+ signaling with that in the knockout
mouse, suggesting that mutant bestrophin-1 could have the
same effect as the knockout of bestrophin-1 [52]. This is
supported by a recent study where several mutated forms at
four hot spots in the BEST-1 gene showed cytosolic traffick-
ing defects [29].

The co-localization of bestrophin-1 and Stim-1 suggests a
function in intracellular Ca2+-store-dependent Ca2+ signal-
ing [4]. Ca2+-store-dependent Ca2+ signaling occurs after
stimulation of cell surface receptors that generates 1,4,5-
inositol-trisphosphate (InsP3) through activation of phos-
pholipase C (PLC), evokes a biphasic increase in cytosolic
free Ca2+ concentration [6]. A central mechanism in this

reaction, the store-operated Ca2+ entry (SOCE), plays im-
portant roles in the regulation of cellular processes such as
exocytosis, secretion, phagocytosis, gene regulation, and
proliferation [32]. The SOCE activation is enabled by
Stim-1 and Ca2+-conducting ion channels in the plasma
membrane such as Orai channels or transient receptor po-
tential (TRP) channels [13, 21, 35, 50]. Stim-1, a native ER
protein, senses the luminal levels of Ca2+ in the store [9].
The depletion of ER Ca2+ stores activates Stim-1 and leads
to its translocation close to the plasma membrane. This
translocation enables the activation of Orai-1 channels by
physical interaction with Stim-1 [18] leading to a Ca2+

influx from extracellular space into the cell [47]. In the
human RPE, the SOCE pathway was found to be mediated
by Stim–Orai interaction [12].

In summary, the analysis of bestrophin-1 function
revealed contradictory results between data from heterolo-
gous expression and animal models with endogenously
expressed bestrophin-1. The hypothesis that bestrophin-1
is an intracellular Cl− channel in ER Ca2+ stores would
combine these conclusions into one model. In order to study
this, we used a cell culture model with robust endogenous
bestrophin-1 expression and siRNA knockdown of
bestrophin-1 to study the contribution of bestrophin-1 in
SOCE. We found that knockdown of endogenous
bestrophin-1 expression decreases the amount of Ca2+

which can be released from intracellular stores after inhibi-
tion of sarcoplasmic Ca2+-ATPase (SERCA) and influences
SOCE, which characterizes bestrophin-1 as an intracellular
protein of the ER.

Material and methods

Cell culture of primary porcine RPE

Eyes were opened through an incision along the Ora serrata
and the vitreous was removed. Eye cups were incubated
with pre-warmed PBS-EDTA (1 mM) for 30 min until the
retina was detached and removed. After that, eye cups were
incubated again in PBS-EDTA for 30 min followed by
incubation in an enzyme solution composed of L-Cys
(10×, 260 mM), BSA (100 mg/ml), and Papain
(Worthington) for 23 min at 37 °C. The harvest of the
RPE was done by suction/pipetting up and down with cell
culture medium: 500 ml alpha modification of MEM (Sigma
M-4526), fetal calf serum Gold (PAA), 5 ml glut-pen-strep.
(Sigma G-1146), 5 ml N1-Supplement (Sigma N-6530),
5 ml non-essential amino acids, THT (hydrocortisone
(20 μg/L), taurine (250 mg/L), and triiodo-thyronine
(0.013 μg/L) ) to stop the activity of the papain. After that,
primary porcine RPE cells were washed and plated using
100 μl of fresh culture medium in 12-well plates on 18-mm
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ø glass coverslips overnight in a concentration of 1.0–1.2×
106 cells per milliliter. This concentration corresponded with
the cell density in a monolayer. The first day the medium
contained 10 % FCS and next day wells were refilled con-
taining 5 % FCS and were kept under these conditions for
all experiments. Cultures were maintained at 37 °C and
5 %CO2.

RT-PCR

The RPE cells were collected from confluent cultures grown
in a 12-well plate. Total RNAwas isolated by using RNeasy
Micro Kit (Qiagen, Hilden, Germany). The RNA (1 μg) was
reverse transcribed with following reaction mixture: 1 μg
oligo dT primer (Invitrogen), 1 mM of each dNTP, 20 U
RNAguard (Amersham Biosciences), and 20 U M-MLV
reverse transcriptase (Invitrogen, Darmstadt, Germany).
PCR experiments were performed in 35 cycles, for
porcine bestrophin-1(30 s 94 °C, 30 s 56 °C, and
30 s 72 °C) and for porcine Stim-1-2 and porcine
Orai1-3 (30 s 94 °C, 30 s 60 °C, and 30 s 72 °C) with
1 μl cDNA in 25-μl PCR reaction mixtures with Taq
DNA polymerase (Stratagene), and 1.5 pmol of sense
and antisense oligonucleotides specific to various Orai
channels and Stim proteins (Table 1).

Real-time quantitative PCR

The total RNA extraction and reverse transcription was
performed in the same manner as described for RT-PCR.
Quantitative PCR experiments were performed in 45 cycles
(5 s 94 °C, 10 s 60 °C, and 2 min 72 °C) for porcine
bestrophin-1. It was used 5 μl of cDNA, diluted 1:5 with
H2O in 15-μl PCR reaction mixtures using SsoFastTM Eva-
Green® Supermix (BIO-RAD), and 1.5 pmol of sense and
antisense oligonucleotides specific for porcine bestrophin-1
(Table 1).

Small interfering RNA (siRNA)

Duplexes of 25-nucleotide RNAi were designed and
synthesized by Invitrogen (Paisley, UK). Both target
and scrambled siRNAs were labeled with Alexa 488
for detection and to establish the optimal transfection
condition. In the last step of cell isolation, cells were
resuspended in the appropriate medium containing the
RNAi duplexes and plated. We used a mixture of three
different RNAi duplexes for Orai-1 siRNA and bestrophin-1
siRNA (Table 2).

Ca2+ imaging

RPE cells grown on coverslips were washed with Ringer
solution (145 mM NaCl, 0.4 mM KH2PO4, 1.6 mM
K2HPO4, 5 mM glucose, 1 mM MgCl2×6H2O, 1.3 mM
Ca-Gluconate×1 H2O, pH7.4, with NaOH) and loaded with
Fura-2-AM (Invitrogen) for 45 min in Opti-MEM I contain-
ing 6 μM Fura-2 (at 37 °C). Cells were washed again and
incubated for 15 min using a Ringer solution. The coverslips
were placed into a bath chamber superfused constantly with
Ringer solution at 37 °C which was mounted onto the stage
of a Zeiss inverted microscope (Axiovert 35, Zeiss, Jena,
Germany) equipped with a ×40 Fluar objective. The ratio-
metric measurements were performed by exciting Fura-2
fluorescence (340/380 nm) at 2-s intervals using a high-
speed polychromator system (Visitron Systems, Puchheim,
Germany), and the emitted light was filtered with a 510-nm
filter and detected by a cooled charge-coupled device cam-
era (CoolSNAP). Data was recorded and analyzed with
MetaFlour software and MetaAnalysis software, respectively
(both from Universal Imaging Corporation, Puchheim, Ger-
many). In order to calculate intracellular free Ca2+ ([Ca2+]i),
the cells were superfused with the Ringer solution, without
Ca2+, with 5 mM EGTA and 2 μM ionomycin. After this,
cells were superfused with Ringer solution supplemented

Table 1 Primers used for RT-
PCR Gene Acc. no. Sequence Length

BEST1 AY064707.1 Forward: AGTTTCGAGTTGCTCCCAGA 212
Reverse: ATCAGTCTGGGTAAGGAGGA

ORAI1 NM_001173519.1 Forward: GTCAAGTTCTTGCCCCTCA 177
Reverse: CGATAAAGATCAGGCCGAAG

ORAI2 NM_001191348.1 Forward: AACTGGTCACCTCCAACCAC 302
Reverse: CTCGCTGATGGAGTTGAGGT

ORAI3 NM_001193202.1 Forward: GTCTGCTGCCTCACATTGAA 171
Reverse: ACAAACTTGACCCAGCCAAC

STIM1 NM_003156.3 Forward: TGTGGAGCTGCCTCAGTATG 183
Reverse: AAGAGAGGAGGCCCAAAGAG

STIM2 NM_020860.3 Forward: CTCTAACACGCCCACCTCAT 207
Reverse: CTTCCTGTGCCTTTTCAAGC
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with 2 μM ionomycin and saturated Ca2+ concentration.
[Ca2+]i was calculated according to Grynkiewicz et
al. [15]:

Ca2þ
� � ¼ k*d R� Rminð Þ Rmax � Rð Þ= *Sf Sb=

Where, R is the fluorescence intensity ratio [F (340)/F
(380)], Rmin the value where R is minimal (with EGTA) and
Rmax the value when R is maximal (with saturating Ca2+ and
ionomycin). Kd represents the dissociation constant of Fura-
2 (224 nM), and Sf and Sb are the maximum and the
minimum fluorescence, respectively, after excitation with
380 nm.

Store-operated calcium entry experiments To activate
SOCE, a standard paradigm shown in many previous studies
was used [19]: passive release of Ca2+ from ER Ca2+ stores
by inhibition of endoplasmic Ca2+ ATPase using 1 μM
thapsigargin for 3 min which was followed by application
of extracellular Ca2+-free solution for 80 s. After re-addition
of extracellular Ca2+ to the physiological level after 60 s, a
strong increase in intracellular free Ca2+ was observed
which corresponds with the SOCE.

Immunoprecipitation

Confluent porcine RPE cells were divided into two groups:
treated cells with thapsigargin and non-treated cells as con-
trol. Non-treated cells were kept in Ringer solution at the
same time as the first group (treated cells). The treated group
was washed with Ringer for 5 min and later was incubated
for 5 min more with thapsigargin (1 μM). Then, the thapsi-
gargin was substituted by Ca2+-free solution for 1 min.
Immediately, cells of both groups were lysed in 6-well plate
by shaking for 15 min at 4 °C with ice-cold lysis buffer
(150 mM Tris–HCl, pH7.5, 150 mM NaCl, 1 % Nonidet-
P40, 0.5 % natrium deoxycholate). Cell lysate was scraped
and transferred to a new tube and lysed for additional

15 min at 4 °C with rocking. The lysates were clarified by
centrifugation at 13,000×g for 10 min at 4 °C.

Pre-clearing

Protein lysates were precleared with 50 μl of Protein G-
Agarose (Sigma) and incubated 3 h at 4 °C. After this pre-
clearing and centrifugation at 13,000×g for 1 min, the
lysates were mixed in new tubes with 50 μl of Protein G-
Agarose. This G-Agarose was previously incubated for 1 h
with 3 μg of primary antibody against bestrophin-1. The
lysates were incubated with the complex of protein G and
antibody overnight at 4 °C. Next day, the antibody-coupled
protein G was pellet after each wash (three times) by cen-
trifugation (1.200×g for 1 min at 4 °C) with washing buffer.
(1) Washing buffer (50 mM Tris–HCl, pH7.5, 150 mM
NaCl, 1 % Nonidet-P40, 0.5 % natrium deoxycholate, one
tablet Complete Mini protein inhibitor mixture/10 ml
(Roche Applied Science), and 0.7 mg/ml pepstatin). (2)
Washing buffer (50 mM Tris–HCl, pH7.5, 250 mM NaCl,
0.1 % Nonidet-P40, and 0.05 % natrium deoxycholate). (3)
Washing buffer (50 mM Tris–HCl, pH7.5, 50 mM NaCl,
0.1 % Nonidet-P40, and 0.05 % natrium deoxycholate).
Protein complexes were dissociated from beads by incuba-
tion at 37 °C for 30 min in 4× SDS loading buffer.

Western blotting

Protein extracts from RPE were separated by 10 % SDS-
PAGE and transferred to a PVDF membrane, then blocked
with buffer (PBS, 0.05 % Tween 20) containing 5 % non-fat
dried milk powder for 1 h at room temperature. Membranes
were incubated overnight at 4 °C with primary antibodies
anti-bestrophin-1 (1:3,000; mouse monoclonal, abcam
2182, , Cambridge, UK), anti-stim-1 (1:1.000; rabbit poly-
clonal, Santa Cruz Laboratory, USA), anti-Orai-1 (1:300;
rabbit polyclonal, Alomone Laboratory, Israel) and anti-β-
actin (1:5,000; mouse monoclonal, abcam 6276,

Table 2 Duplexes of 25-
nucleotides RNAi labeled with
Alexa 488 for the knockdown of
bestrophin-1 and Orai-1 protein

Gene siRNA sequence Position

BEST1 Sense: CCACACAACUCAUUCUGGAUGCCCU 72
Antisense: AGGGCAUCCAGAAUGAGUUGUGUGG

Sense: CCCUCUUCACGUUCCUGCAGUUCUU 364
Antisense: AAGAACUGCAGGAACGUGAAGAGGG

Sense: CCCAUGGAGCGAGAUAUGUACUGGA 534
Antisense: UCCAGUACAUAUCUCGCUCCAUGGG

ORAI1 Sense: CGGUGAGCAAUGUGCACAACCUCAA 470
Antisense: UUGAGGUUGUGCACAUUGCUCACCG

Sense: CCUUUGGCCUGAUCUUUAUCGUCUU 764
Antisense: AAGACGAUAAAGAUCAGGCCAAAGG

Sense: GGGCACUUCAGAGCUUUGGCCUUAA 950
Antisense: UUAAGGCCAAAGCUCUGAAGUGCCC
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Cambridge, UK) diluted in PBS/Tween and 0.001 % milk
(5 % non-fat dried milk powder). After washing the mem-
branes three times for 10 min with PBS/Tween, the mem-
branes were incubated with the appropriate anti-rabbit or
anti-mouse IgG HRP-labeled antibody (1:5,000; NEB,
Frankfurt, Germany) for 1 h at room temperature. These
were then washed again and visualized after 1–3-min incu-
bation with enhanced chemiluminescence (Amersham Phar-
macia Biotech, Freiburg, Germany). The experiments were
performed three times each.

Transepithelial resistance

Transepithelial electrical resistance (TER) of the porcine
RPE monolayer was measured with a volt-ohm meter
(World Precision Instruments, Sarasota, USA). Porcine
RPE monolayer was grown on Transwell polycarbonate
filters (0.4-mm pore size), which contain an insert diameter
of 1.2 cm and an effective growth area of 1 cm2. The upper
chamber was filled with 0.5 ml and the lower one filled with
1 ml of pre-warm appropriate RPE medium described before
(primary porcine RPE cell isolation). Porcine RPE cells
were seeded at a density of 106 cells per mmilliliter and
were grown to reach a stable TER, representing a confluent
monolayer, generally 10 days after seeding. The medium
was changed every 3 days. The polycarbonate filters without
cells showed as average a TER of 120Ωcm2.

Immunocytochemistry

Porcine RPE cells grown on Transwell polycarbonate filter
or on 18-mm ø cover glass were washed with PBS and
immediately fixed with 4 % (w/v) paraformaldehyde for
5 min at room temperature. After washing three times with
1× PBS/Tween, porcine RPE cells were permeabilized with
a blocking buffer (0.5 % Triton× 100, 10 % goat serum, 1×
PBS pH7.4, distilled H2O) for 30 min. Then the cells were
labeled overnight with the primary antibodies: anti-
bestrophin-1 (1:500; abcam 2182, mouse monoclonal, Cam-
bridge, UK) or anti-bestrophin-1 (1:500; rabbit polyclonal,
provided by Prof. Dr. Karl Kunzelmann, Regensburg Uni-
versity, Germany), anti-stim-1 (1:500; rabbit polyclonal,
Santa Cruz Laboratory, USA) and β-catenin (1:500; mouse
monoclonal, BD Transduction LaboratoriesTM) diluted in an
antibody buffer (0.1 % Triton×100, 2 % goat serum, 1×
PBS pH7.4, and distilled H2O). Next, after three additional
washing steps, cells were incubated for 1 h with appropriate
secondary antibodies (conjugated with Alexa Fluor 488 and
Cy3; Invitrogen). Single and double immunostainings were
mounted and analyzed in an inverted microscope (Observer
Z1; Carl Zeiss, Inc.) equipped with a confocal laser scanning
microscope (LSM 710; Carl Zeiss, Inc.) operated with the
ZEN 2008 software, the polychromatic illumination system

VisiChrome (Visitron), and the MetaMorph software pack-
age (Universal Imaging Corp.). The scanning of different
channels (488- and 550-nm emission) was performed sepa-
rately and below saturation levels to avoid crosstalk between
chromophores. We used the software package ImageJ for
quantitative analysis. Pearson’s correlation coefficient
(PCC) was calculated to estimate co-localization according
to Abramoff [1]. PCC recognizes patterns that match from
one image to another describing distribution from pixel
histograms in the intensity between the recording channels.
PCC cannot compare the pixel intensity values, instead
compares only the similarity of shapes between two images.
Values of PCC range from −1 to 1. Negative one (−1)
indicates no overlap and 1 perfect correlation.

Statistical analysis

[Ca2+]I data are presented in mean values±SEM. Statistical
significance are calculated using the Student’s t test with p
values [*p<0.05 (significant), **p<0.01 (highly signifi-
cant), and ***p<0.001 (extreme highly significant)]. All
calculations were performed in Microsoft office Excel
2007 (Microsoft, Munich, Germany).

Results

Endogenously expressed bestrophin-1 localizes to the ER

In order to analyze function and localization of endogenous-
ly expressed bestrophin-1, we chose a system that enables
reliable identification of porcine RPE cells isolated from live
retinas as a model system. We first sought to verify
bestrophin-1 expression and find that indeed bestrophin-1
localizes to the basolateral region of RPE cells as expected
(Fig. 1a). Next, we confirmed that our RPE dissociation and
culturing approach does not alter bestrophin-1 expression,
up to 48 h post-dissociation, as determined by immunohis-
tochemistry, western blot analysis, and qPCR (Fig. 1b–d).
Thus, RPE cells in short-term cultured porcine retina repre-
sent a reliable system to study the function of endogenously
expressed bestrophin-1.

To determine intracellular localization of bestrophin-1, we
took an immunohistochemical approach in polarized porcine
RPE cells grown on filters. These cells reached a transepithe-
lial resistance of 451.7±14.6Ωcm2, as shown previously to be
a characteristic of healthy RPE cells. Next, polarized porcine
RPE cells were immunolabeled against bestrophin-1, Stim-1
(a Ca2+-sensor protein that localizes to the ER membrane),
and β-catenin (a non-ER membrane protein as control)
(Fig. 2a–c; n03). Pearson’s co-localization coefficients were
calculated as previously reported by Milenkovic et al. [29] to
quantify co-localization patterns of these proteins. The
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coefficient describes co-localization on a scale from −1 to +1,
such that +1 indicates complete co-localization and −1 com-
plete non-localization. Based on this scale we find that Stim-1
and β-catenin, which are expressed in physically distinct cel-
lular structures, have a co-localization coefficient of 0.22±
0.001. In comparison, we find a significantly higher co-
localization coefficient between bestrophin-1 and Stim-1
(0.44±0.0013), whereas bestrophin-1/ β-catenin is not signif-
icantly different than stim-1/β-catenin negative control (0.25±
0.006) (Fig. 2d, n010; p≤0.001). Based on these results, we
argue that bestrophin-1 is enriched in the ER membrane.

Store-operated calcium entry is mediated by Orai-1
in porcine RPE cells

We next asked whether bestrophin-1 localization to the ER
membrane is required for proper store-operated Ca2+ entry
(SOCE) in porcine RPE cells. As an initial step, we verified
the expression of know SOCE components in porcine RPE
cells in two ways. (1) Using RT-PCR (Fig. 3a), we were able

to detect mRNA expression of Icrac channels ORAI-1, 2, 3
and STIM-1, 2. (2) Although antibodies exist for only stim-
1 and orai-1, we were able to detect both by Western blot
analysis (Fig. 3b).

The contribution of these proteins to SOCE in RPE cells
was first investigated by means of pharmacological inter-
vention. For these experiments, we used a two-step SOCE
manipulation paradigm (Fig. 3c). In the first step (SOCE1),
we activated SOCE as described previously [19]. Briefly, we
used the ER Ca2+-ATPase antagonist thapsigargin in com-
bination with Ca2+-free extracellular solution (for 80s) to
reduce intracellular Ca2+ levels. After reintroduction of Ca2+

to the extracellular solution, we observed after 60 s a strong
increase in intracellular free Ca2+ (i.e., SOCE). In the second
step (SOCE2), we first waited for a maximum SOCE re-
sponse from step1 (i.e., maximum internal Ca2+ level), then
we repeated the first step but in the absence of thapsigargin.
Since thapsigargin is an irreversible blocker of endoplasmic
Ca2+-ATPase, depleted ER Ca2+ levels will not be replen-
ished even after Ca2+ is reintroduced to the external buffer.
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Therefore, increased internal Ca2+ concentration associated
with SOCE must be originated from extracellular Ca2+

compartment rather than ER stores. This also means that
after SOCE1, no Ca2+ should be taken up into the ER. Thus
it is likely that ion channel blockers applied at SOCE2 will
not interfere with the interaction between of Ca2+ stores and
only influence Ca2+ channels in the plasma membrane.

In order to test whether TRP channels are involved in
SOCE, we used the TRP and voltage-gated Ca2+ channel
antagonist SKF96365 [38]. Importantly, we observed that in
the absence of pharmacological manipulation SOCE1 and

SOCE2 are not significantly different (amplitude of SOCE10
898.6±98.2 nM and of SOCE20785.4±73.5 nM; n013), sug-
gesting they can be used for direct comparison (Fig. 3d). Ap-
plication of SKF96365 during SOCE2 in RPE cells did not lead
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middle center panel: immunostaining of β-catenin (in green), and
middle right panel: overlay of both proteins. c Lower left panel:
immunostaining of bestrophin-1 (in red), lower center panel: immu-
nostaining of Stim-1 (in green), and lower right panel: overlay of both
proteins. d: Pearson’s co-localization analysis between bestrophin-1,
Stim-1, and β-catenin were calculated on the base of the pixel histo-
grams shown in the inserts of the right panels [1]. A coefficient of +1
indicates complete co-localization. (*** P≤0,001; n010 per group;
these experiments were replicated three times)
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Fig. 3 Store-operated calcium entry (SOCE) in porcine RPE cells. a
After RNA isolation from 48-h cultivated primary porcine RPE cells,
RT-PCR showed the expression of BEST1 and the genes involved in
SOCE: STIM1, STIM2, ORAI, ORAI2, and ORAI3. b Western blots
showing the presence of Stim-1 and Orai-1 proteins. c SOCE activation
using the double paradigm in porcine RPE (n013); cells were first
treated with Ringer solution until the resting Ca2+ stabilized. After that,
cells were treated with thapsigargin (1 μM) for 3 min and followed by
the application of a Ca2+-free solution for 80 s. Then, ringer solution
was re-added to the cells. After 2 min of SOCE activation peak, Ca2+-
free solution was re-added for 80 s and again followed by the re-
addition of Ringer solution, keeping this second SOCE activation peak
for 2 min again. d Statistic analysis of the SOCE in the double
paradigm (n013; n.s). Using the double paradigm experiment, it was
possible to take the first SOCE activation peak (SOCE1) as a control
for further experiments. e Effects of different SOCE agonist/antagonist
drugs. Using the double paradigm experiment in porcine RPE cells, all
drugs were applied in the second SOCE activation peak (SOCE2).
From the left to the right: SKF96365 (50 μM) did not show any effect
(n013; n.s), 2-APB (75 μM) was highly significant (n022; p≤0.001)
as well as 2-APB (5 μM; n019; p≤0.001)
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to a significant difference in SOCE amplitudes as compared to
SOCE1 (Fig. 3e; n013). 2-Aminoethoxydiphenyl borate (2-
APB) is known to have unique pharmacological effects on Orai
channels depending on its concentration: application of 2-APB
at high concentrations inhibits and at low concentrations poten-
tiates Orai channel activation [37]. 2-APB used at a high
concentration (75 μM) reduced SOCE2 by 87.3±7.6 % com-
pared to the SOCE1 control (n022; p≤0.001; Fig. 3e).We
next tested low 2-APB concentration, but surprisingly did not
observe an increased SOCE response. One possible explana-
tion is that low 2-APB cannot further activate Orai channels
due to a saturated SOCE response. To address this, we re-
tested the response to low 2-APB concentration on SOCE
activation in the absence of thapsigargin, in which passive
release of Ca2+ from stores was achieved simply by applica-
tion of extracellular Ca2+-free bath solution as we have previ-
ously published. [11]. Under these conditions, 2-APB (5 μM)
enhanced SOCE2 by 106±14.6 % compared to the control
SOCE1 (Fig. 3e; n019; p≤0.001).

The pharmacological data suggest that Orai channel ac-
tivation is involved in SOCE. To directly test if the Orai

channel is required for SOCE, we used siRNA-mediated
knockdown of Orai-1. We observed that treatment of RPE
cells with Orai-1 siRNA significantly reduced Orai-1 pro-
tein levels (Fig. 4a, b). We next compared SOCE activation
between cells treated with Orai-1 siRNA (n082) and in
control cells which were transfected with non-specific
(scrambled) siRNA (n086). The SOCE amplitude was
significantly reduced by 65.2 % in cells treated with
Orai-1 siRNA compared to control cells: amplitude of
SOCEOrai-1 siRNA0174.4±22.1 nM and amplitude of
SOCEscrambled0500.7±31.51 nM (Fig. 4c and d; p≤0.001).

Bestrophin-1 influences store-operated calcium entry
in porcine RPE cells

Based on our observation that bestrophin-1 localizes to the
ER, we next tested whether bestrophin-1 is required for
SOCE by taking an siRNA knockdown approach
(bestsiRNA). We find that bestrophin-1 protein levels in
RPE cells are reduced by greater than 80 % after siRNA
treatment, as assayed by densitometric analysis of Western
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Fig. 4 Knockdown of Orai-1 protein. a Western blot shows the
knockdown of Orai-1 protein in Orai-1 siRNA-transfected cells com-
pared to scrambled-transfected cells. Equal amounts of protein were
loaded to the blot. This experiment was replicated three times. b
Densitometric quantification of Orai-1 knockdown. c Calcium tracing
of scrambled (solid line) and Orai-1 siRNA (dashed line)-transfected
porcine RPE cells showing the effect of knockdown Orai-1 protein in
the SOCE activation amplitude. Cells were treated first with Ringer

solution, after thapsigargin (1 μM) was applied for 3 min and
followed by Ca2+-free solution for 1 min, and later, extracellular
Ca2+ was re-added to the cells. d Statistic analysis of SOCE
activation amplitude in scrambled against to Orai-1 siRNA-
transfected cells (***P≤0,001; nscrambled086 and nsiOrai-1082; all
experiments were done in three different rounds of primary cells
isolation; number of scrambled experiments08, and number of
Orai-1 siRNA experiments06)
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blots (Fig. 5a–b). However, the expression Orai-1 and Stim-
1 proteins was not changed by treatment with bestrophin-1
siRNA (Fig. 5a)

As mentioned above, bestrophin-1 showed some co-
localization with Stim-1. Thus we investigated whether
bestrophin-1 is involved in SOCE by means of bestrophin-
1 RNAi approach. We performed two analyses to determine
the effect of best-1 knockdown. First, we measured SOCE
in cells transfected with scrambled siRNA as compared to

cells transfected with best-1 siRNA. Second, in order to iden-
tify siRNA-transfected cells and therefore to directly compare
siRNA-transfected cells with non-transfected controls in one
Ca2+-imagining experiment, siRNAs were labeled with alexa
488 (Fig. 5d). We measured best-1 siRNA-transfected cells
versus non-transfected cells in the same recording. Thus the
effect of bestrophin-1 knockdown (n090) was investigated
against three controls: scrambled siRNA (n086), non-
transfected controls during investigation of scrambled siRNA
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Fig. 5 Knockdown of bestrophin-1 protein. a Western blot shows the
knockdown of bestrophin-1 protein in best-1 siRNA-transfected cells
compared to scrambled siRNA-transfected cells. Stim-1 and Orai-1
proteins did not show any expression changes levels due to Best-1
siRNA. Equal amounts of protein were loaded to the blot. b Quantifi-
cation of knockdown bestrophin-1 after a densitometric analysis. c
Calcium tracing of SOCE in scrambled (solid line) and Best-1
siRNA-transfected (dashed line) cells. Cells were treated previously
with Ringer solution, after thapsigargin (1 μM) was applied for 3 min
and followed by Ca2+-free solution for 80 s, and later, extracellular Ca2+

was re-added to the cells. d Detection of best-1 siRNA-transfected

cells. Cells transfected (upper panel) and not transfected (lower
panel) with Alexa 488 fluorophor-labeled best-1 siRNA. e Sta-
tistic analysis of basal Ca2+ and SOCE activation amplitude
between scrambled siRNA- and best-1 siRNA-transfected cells.
Transfected cells and non-transfected (n.t) cells were also com-
pared within each set of experiment (Best-1 siRNA and scram-
bled; *P≤0,05; **P≤0,01; ***P≤0,001; nscrambled086 and
nscrambled(n.t)011; nbest-1 siRNA090 and nbest-1 siRNA(n.t)016; all
experiments were done in three different rounds of primary cells
isolation; number of scrambled experiment08, and number of
Best-1 siRNA experiment06)
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(n011), and non-transfected controls during investigation of
best-1 siRNA (n016) (Fig. 5e).

We find that cells treated with best-1 siRNA showed a
∼70 % decrease in SOCE amplitude as compared to that
observed in non-transfected cells or cells transfected with
scrambled siRNA. SOCE amplitude in cells treated with
bestrophin-1 siRNAwas reduced by 69.1 % compared to that
in the three different controls: amplitude of SOCEbest-1 siRNA0

155.01±17.06 nMversus amplitude in SOCEscrambled0500.7±
31.5 nM, versus amplitude SOCEscrambled(n.t)0734.22±
102.67 nM in non-transfected cells of scrambled siRNA
experiments and amplitude SOCEbest-1 siRNA(n.t)0605.85±
81.27 nM in non-transfected cells of bestrophin-1 siRNA
experiments (Fig. 5d, e; p≤0.001).

We next sought to determine if bestrophin-1 and Stim-1
interact during SOCE.As mentioned above, best-1 siRNA
does not alter Orai-1 or Stim-1 expression, and therefore
reduced Orai-1 and Stim-1 expression cannot explain the
observed reduction in SOCE amplitude (Fig. 5a). Barro-
Soria et al. [4] reported that bestrophin-1 and Stim-1 pro-
teins physically interact under overexpression conditions,
suggesting that the reduced SOCE amplitude might result
from reduced bestrophin-1/Stim-1 interaction. Although we
found co-localization of bestrophin-1 and Stim-1 in immune
histochemistry, it does not prove whether these proteins
also interact when endogenously expressed. Thus we
attempted to confirm a physical interaction between
endogenously expressed bestrophin-1 and Stim-1 by
means of immunoprecipitation experiments; however,
we were unable to co-immunoprecipitate these proteins
in either cells under control conditions or cells which
had been treated by the protocol to induce SOCE. These
results suggest that they do not physically interact under
endogenous conditions (Fig. 6).

To further address the mechanism underlying reduced
SOCE amplitude after knockdown of bestrophin-1 expres-
sion, we next measured the amplitude of Ca2+ released from
ER stores after application of two distinct SERCA pump
inhibitors (Fig. 7a–b). First, we applied cyclopiazonic acid
(CPA) under physiological extracellular Ca2+ conditions.
Here, we found that cells treated with best-1 siRNA showed
a significantly dampened increase in Ca2+ release amplitude
as compared to control cells: CPAbest-1 siRNA0292.73±23.18
and CPAscrambled0364.95±19.36: (Fig. 7a; p≤0.05). In addi-
tion, this finding was supported in SOCE experiments in
which the application of thapsigargin showed a remarkable
reduction of Ca2+ amplitude in those cells treated with best-1
siRNA compared to control cells: Ca2+thapsibest-1 siRNA0
100.21 nM±6.40 and Ca2+thapsiscrambled0290.10 nM±18.25
(Fig. 7b; p≤0.001). This reduction was also significant
as compared to non-transfected controls: amplitude thap-
siscrambled(n.t)0317.09±58.47 nM in scrambled siRNA
experiments and amplitude thapsibest-1 siRNA(n.t)0206.58±

15.37 nM in bestrophin-1 siRNA experiments (Fig. 7b;
p≤0.001).

Because of the strong reduction in the amplitude of the Ca2+

response observed in cells treated with best-1 siRNA after
SERCA inhibition, we hypothesized that the SOCE response
depends on the amount of Ca2+ released from stores. To test
this, we determined the total amount of Ca2+ released upon
SERCA inhibition by thapsigargin. In agreement with our
hypothesis, best-1 siRNA-treated cells showed a 67.1±5.9 %
reduction in Ca2+ released from ER stores as compared to that
of scrambled and Orai-1 siRNA groups. In contrast, neither
scrambled nor Orai-1 siRNA-treated cells showed significant
differences between the amounts of Ca2+ released from ER
stores (Fig. 7c; p≤0.001).

Discussion

The present work reveals that a sizeable proportion of en-
dogenously expressed bestrophin-1 is localized intracellu-
larly to the ER. Furthermore, we provide evidence that
bestrophin-1 is required for the activation of SOCE and
functions in the same pathway as Orai-1 protein and Stim-
1. These conclusions are based on the following findings:

Control

WB: anti-Stim1WB: anti-best1

A IP: anti best1

SOCE conditions

WB: anti-Stim1WB: anti-best1

L IP    NBL IP    NB

L  IP   NBL  IP   NB

B IP: anti best1

67 kD

67 kD

86 kD

86 kD

Fig. 6 Immunoprecipitation and co-immunoprecipitation of
bestrophin-1 and Stim-1, respectively, in treated and non-treated por-
cine RPE cells. a In non-treated cells in resting conditions, no interac-
tion between bestrophin-1 and Stim-1 proteins could be detected. b
Also in cells in which SOCE activation has been performed no func-
tional interaction bestrophin-1 and Stim-1 proteins was detected. (L0
lysate; NB0non-bound fraction after immunoprecipitation; IP0
immunoprecipitates)
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(1) endogenously expressed bestrophin-1 co-localizes with
the ER Ca2+-sensor protein Stim-1; (2) siRNA knockdown
of Orai-1 expression significantly reduces SOCE amplitude;
(3) siRNA knockdown of bestrophin-1 expression led to: (a)
a decrease in the amount of calcium released from ER stores
after SERCA inhibition and (b) a decrease in SOCE
amplitude.

Most studies to date focused on bestrophin-1 function
were performed under bestrophin-1 overexpression condi-
tions. The aim of this study was to investigate the function
of endogenously expressed bestrophin-1. We used a 48-
h porcine RPE cell culture model that showed characteristics
similar to native RPE. These cells, grown on filters, reached
transepithelial resistances of more than 400 Ωcm2, and
exhibited high levels of endogenous bestrophin-1 expres-
sion localized to the basolateral membrane. Importantly,
bestrophin-1 protein levels reduced by best-1 siRNA,
further confirmed the specifity of the anti-bestrophin-1
antibody used in this study here.

Endogenously expressed bestrophin-1 localizes to ER Ca2+

stores

To investigate the subcellular localization of endoge-
nously expressed bestrophin-1 in polarized RPE cells,
pixel analysis of immunohistochemical stainings against
bestrophin-1, Stim-1 (a Ca2+-sensing proteins of ER
Ca2+ stores), and β-catenin (a marker for plasma mem-
brane localization) was used. We found that bestrophin-
1 co-localized with Stim-1; because Stim-1 interact with
Orai-1 channels in the plasma membrane, we conclude
that the intracellular localization of bestrophin-1 must be
very close to the basolateral membrane. Indeed, we
showed in a recent study that after differential centrifu-
gation, bestrophin-1 co-precipitates with an intracellular
Cl− channel (ClC-3) in fresh porcine RPE cells [31].
Furthermore, we show here that bestrophin-1 is distinctly
localized fromβ-catenin and cadherin in the basolateral mem-
brane of porcine retina [31]. This observation is in agreement
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Fig. 7 Comparison of Ca2+ release from cytosolic stores in response to
application of different SERCA pump inhibitors. a Statistic analysis of
the amplitude of Ca2+ release by application of cyclopiazonic acid
between scrambled and best-1 siRNA-transfected cells (***P≤0,001;
nscrambled021 and nbest-1 siRNA024). b Statistic analysis of the ampli-
tude of Ca2+ release by application of thapsigargin between scrambled
and best-1 siRNA-transfected cells. Transfected cells and non-
transfected (n.t.) cells were also compared inside each group (best-1

siRNA and scrambled; *P≤0.05; **P≤0.01; ***P≤0.001; nscrambled0
86 and nscrambled(n.t)011; nbest-1 siRNA090 and nbest-1 siRNA(n.t)016). c
Statistical analysis of the amount of Ca2+ release by application of
thapsigargin between scrambled, best-1 siRNA and Orai-1 siRNA. The
Ca2+ release was quantified by integration of the area below the curve
of Ca2+ increases during thapsigargin (1 μM) application. In every
experiment, thapsigargin was applied for 3 min (***P≤0,001;
nscrambled086, nbest-1 siRNA090, and nOrai-1 siRNA082)
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with similar subcellular localization findings for bestrophin-1
in lung epithelial cells [4].

Orai-1 is involved in SOCE activation in porcine RPE cells

Our analysis of the endogenous bestrophin-1 expression pat-
tern suggests that it is localized to the ER Ca2+ stores that
contain Stim-1. As a part of our investigation, we provided
evidence that the role of Orai-1 antagonist/agonist (2-APB)
altered the SOCE response, while the voltage-gated Ca2+

channel antagonist (SKF96365) had no effect. Since the
effects of ion channel blockers were studied in a repeated
SOCE activation paradigm, the blocker could only affect the
ion channels and not the Stim-1/Orai-1 mechanism. Further-
more, we provided evidence that siRNA knockdown of Orai-1
led to reduce Orai-1 protein levels and reduced SOCE ampli-
tude. This is in agreement with previous findings, in which the
activation of TRP channels or Orai channels was found to
provide the underlying Ca2+ entry pathway in SOCE. Recent-
ly, we showed that the ARPE-19 cell line displays SOCE
activation mediated by Orai channels [12]. One potential
caveat to our approach is that we used an aggressive and
artificial and direct depletion of Ca2+ stores with strong gra-
dients to induce SOCE. The endogenous physiological path-
way, which involves the activation of G-protein coupled
receptor, is likely more moderate.

Bestrophin-1 influences the SOCE pathway in porcine RPE
cells

To determine if bestrophin-1 functions in the porcine RPE
SOCE pathway, we took three approaches. First, we analyzed
the bestrophin-1 expression pattern and found that it localized
to the ER Ca2+ stores that contain Stim-1. Next, we demon-
strated that siRNA knockdown of bestrophin-1 results in
reduced SOCE amplitude (similar to reduced Orai-1). One
possible explanation for this phenotype is based on a finding
that under overexpression conditions, bestrophin-1 and Stim-
1 physically interact. However, we found no physical interac-
tion of endogenously expressed bestrophin-1 and Stim-1,
arguing against this explanation. Furthermore, these results
suggest that although we report here that bestrophin-1 and
Stim-1 exhibit similar subcellular localization by immunohis-
tochemically, they do not physically interact or do so weakly.

If the reduction in SOCE associated with decreased
bestrophin-1 expression cannot be explained by a
bestrophin-1/Stim-1 interaction, what might be the cause?
A hint for a possible underlying mechanism is the observa-
tion that the rise in intracellular Ca2+ associated with the
SOCE response is significantly dampened under best-1
knockdown conditions as compared to controls. Based on
this observation, we measured the amount of Ca2+ released
from cytosolic Ca2+ stores in response to treatment by

thapsigargin under extracellular Ca2+ conditions. [8]. We
found that cells treated with best-1 siRNA showed a large
reduction in the amount of Ca2+ released from stores com-
pared to that from the corresponding control cells: treated
with scrambled siRNA or treated with Orai-1 siRNA. Thus,
the reduction in Ca2+ amplitude induced by SOCE activa-
tion is at least partially due to a reduction in the amount of
Ca2+ released from the ER. These data fit nicely with the
current model for the SOCE, in which Orai-1 channels in the
plasma membrane are activated through an interaction with
Stim-1 in ER Ca2+-stores [47]. Stim-1 itself is activated by
the release of Ca2+ from cytoplasmic stores. Here, we pro-
vide evidence that in RPE cells treated with best-1 siRNA,
less Ca2+ is release from internal stores. This in turn could
lead to reduced Stim-1 and Orai-1 activation and ultimately
to a decreased SOCE response. This model is supported by a
recent study in which the authors found that bestrophin-1
modulates calcium release from ER stores after application
of thapsigargin or CPA [5]. For example, in HEK cells
overexpressing human bestrophin-1, application of CPA
trigged Ca2+ release from ER stores faster than in control
cells [5]. In addition, we showed in a previous study that in
RPE cells from Best1−/− mice, ATP-induced Ca2+ signals
were generated by different Ca2+ stores than those in
Best1+/+ animals [31]. However, the effects of loss of
bestrophin-1 function in mouse models have an added
confound because bestrophin-1 exhibits strong develop-
mental expression [3] and likely leads to secondary, so
far unknown changes in RPE differentiation.

That there is less Ca2+ release in cells with reduced
bestrophin-1 expression fits well with the idea that
bestrophin-1 is an intracellular Ca2+-dependent Cl− channel
[17]. In this function, bestrophin-1 would conduct the coun-
terion for the transport activity of the Ca2+-ATPase in the ER,
SERCA. Since bestrophin-1 Cl− channel function is Ca2+

dependent, bestrophin-1 would further enhance SERCA
pump activity when intracellular Ca2+ concentration is high.
Furthermore, bestrophin-1 functioning as a Ca2+-dependent
Cl− channel would facilitate the release of Ca2+ from stores
after activation of inositol-1,4,5-trisphosphate-receptor. Here,
the Ca2+ dependence would provide a feed-forward loop to
accelerate the Ca2+ release [4]. In accordance with this, we
found that cells with reduced bestrophin-1 expression showed
slightly elevated resting [Ca2+]I compared to that in
corresponding controls. This is in agreement with a similar
finding in which RPE cells from bestrophin-1 knockout mice
also exhibit elevated resting [Ca2+]I [31].

Taken together, our histological analysis and functional
analysis of SOCE support a model in which endogenously
expressed bestrophin-1 is at least partly an intracellular Ca2+-
dependent Cl− channel. The functional analysis suggests that
bestrophin-1 conducts the counterion for Ca2+ transport in and
out of cytosolic Ca2+ stores. This conclusion leads us to a
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model that integrates the observations made in both the over-
expression systems [17], which identified bestrophin-1 as a Cl−

channel, and in the bestrophin-1 animal models, which
revealed no contribution of endogenously expressed
bestrophin-1 to the RPE Cl− conductance [23, 52]. Further-
more, the intracellular bestrophin-1 function can be easily
combined with its function as an L-type Ca2+ channel regulator
[28, 49]. The intracellular localization of bestrophin-1 in Stim-
1-containing ER Ca2+ stores is close enough so that the C-
terminus of bestrophin-1 can interact with L-type channels that
are found in the RPE basolateral membrane [34]. Since L-type
channels increase intracellular free Ca2+ the bestrophin-1/L-
type channel interaction would link L-type activity with Ca2+

uptake into ER Ca2+ store and therefore store-dependent Ca2+

signaling which has been reported for rat RPE cells [27].
Our results presented here and the observations of recent

publications do not exclude the possibility that there is a
small proportion of bestrophin-1 in the plasma membrane as
has been described in overexpression systems. Since a pro-
portion of bestrophin-1 was found intracellularly with over-
expression [4, 39, 43], one possibility is that bestrophin-1
physiologically localizes to both the ER membrane and the
plasma membrane. An alternative possibility is that
bestrophin-1 is shuttled between the ER and the plasma
membrane, an expression pattern that is common among
many Cl− channels [20, 25]. However, under resting con-
ditions, the majority of bestropin-1 would be localized in the
ER. This would explain why in RPE cells from bestrophin-1
knockout mice or transgenic mice carrying the W93C mu-
tation, which is known to lead to a loss of bestrophin-1, Cl−

channel function shows no differences in Cl− conductance
as compared to that of wild-type mice.

Increased cytosolic free Ca2+ modulates many cellular
processes in the RPE such as secretion, gene expression,
phagocytosis, and transepithelial transport [45]. Mutations
of bestrophin-1 lead to Best’s vitelliforme macular dystro-
phy [24], an autosomal dominant inherited form of macular
degeneration associated with a strong lipofuscin accumula-
tion in the RPE [44]. One possibility is that mutant
bestrophin-1 changes the Ca2+-dependent regulation of
RPE function [42]. The proper regulation of RPE function
would require the basolateral localization as we have de-
scribed here. Indeed, mutated BEST1 gene, including those
observed in Best patients [30], has been shown to exhibit
reduced peripheral localization. This is due to mutant
bestrophin-1 not trafficking to the periphery of the cell,
where it functions as a Cl− channel [29]. The periphery of
the cell is the region where the ER Ca2+ stores are involved
in SOCE. Thus, we should expect reduced activation of
SOCE in cells that express mutant bestrophin-1 as well.
This is in accordance with findings in a Best’s disease
mouse model [51]. The knock-in mouse carrying a W93C
mutation in bestrophin-1 showed reduced ATP-stimulated

Ca2+ signals and older animals show signs of retinal
degeneration [51]. The reduced Ca2+-signals in the
Best1W93C/W93C mice could result from a loss of intra-
cellular Cl− channel function and/or from reduced
bestrophin-1 trafficking. In following this idea, it is
likely that mutant bestrophin-1 also affects SOCE in
human patients. Therefore our finding opens a new
route to understand how mutant bestrophin-1 can mod-
ulate calcium homeostasis in RPE.
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