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Best disease (BD) is an inherited degenerative disease of the human macula that results in progressive and
irreversible central vision loss. It is caused by mutations in the retinal pigment epithelium (RPE) gene
BESTROPHIN1 (BEST1), which, through mechanism(s) that remain unclear, lead to the accumulation of sub-
retinal fluid and autofluorescent waste products from shed photoreceptor outer segments (POSs). We
employed human iPS cell (hiPSC) technology to generate RPE from BD patients and unaffected siblings in
order to examine the cellular and molecular processes underlying this disease. Consistent with the clinical
phenotype of BD, RPE from mutant hiPSCs displayed disrupted fluid flux and increased accrual of autofluor-
escent material after long-term POS feeding when compared with hiPSC-RPE from unaffected siblings. On a
molecular level, RHODOPSIN degradation after POS feeding was delayed in BD hiPSC-RPE relative to un-
affected sibling hiPSC-RPE, directly implicating impaired POS handling in the pathophysiology of the dis-
ease. In addition, stimulated calcium responses differed between BD and normal sibling hiPSC-RPE, as
did oxidative stress levels after chronic POS feeding. Subcellular localization, fractionation and co-immuno-
precipitation experiments in hiPSC-RPE and human prenatal RPE further linked BEST1 to the regulation and
release of endoplasmic reticulum calcium stores. Since calcium signaling and oxidative stress are critical
regulators of fluid flow and protein degradation, these findings likely contribute to the clinical picture of
BD. In a larger context, this report demonstrates the potential to use patient-specific hiPSCs to model and
study maculopathies, an important class of blinding disorders in humans.

INTRODUCTION

Human-induced pluripotent stem cells (hiPSCs) offer a rela-
tively non-invasive means to study cell types targeted by
disease from living patients, and therefore provide a bridge
between clinical and bench research (1–4). Furthermore,
hiPSC-derived models are renewable indefinitely, have the

capacity to express genes and proteins at endogenous levels
and can recapitulate cellular and molecular processes without
the need for genetic manipulation. Given these strengths, it is
not surprising that the list of hiPSC disease models has steadily
grown in recent years (2,5–11). Among diseases to consider for
hiPSC modeling, those involving the retina and the brain are
especially intriguing, since these tissues are not amenable to
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routine biopsy, and methods already exist to isolate their pro-
genitors from differentiating hiPSCs and coax them toward
later stages of development (1,5,12–16). Within the spectrum
of primary retinal disorders, genetic diseases of the retinal
pigment epithelium (RPE) are perhaps the most promising can-
didates for hiPSC modeling at present, since RPE can be readily
produced and purified from hiPSCs and re-seeded onto a variety
of substrates (17). In addition, RPE cultured from multiple
sources, including hiPSCs, has been shown to adopt a mature
phenotype and exhibit key physiological functions in vitro
(5,14,18–20). Indeed, RPE is one of only a few cell types
derived from human pluripotent stem cells that have met stan-
dards for use in human clinical trials (21).

In this study, we sought to model Best disease (BD), an
autosomal dominant disorder of the RPE that causes secondary
photoreceptor degeneration within the macula and concomi-
tant loss of central vision, usually beginning in the second to
third decade of life (22,23). One of the earliest clinical mani-
festations of BD is the appearance of a yellowish ‘egg yolk’
(vitelliform) lesion localized to the subretinal space of the
macula (24–26). This characteristic abnormality contains
fluid and lipofuscin, an autoflourescent collection of break-
down products from ingested photoreceptor outer segments
(POSs) that includes oxidized proteins, lipids, and various
fluorophores (24,27). The accumulation of these waste pro-
ducts in BD has been postulated to result from a defect in
POS handling by the RPE, although direct evidence for this
theory is lacking (26,28).

BD is caused by over 100 different mutations in BEST1, a
gene expressed in the RPE and respiratory epithelium,
although clinical manifestations of the disease are restricted
to the retina (29,30). BEST1 encodes BESTROPHIN1
(BEST1), a protein whose subcellular localization and func-
tional role(s) in RPE have been the subject of considerable
debate. In various animal models and in vitro heterologous
overexpression systems, Best1 has been suspected of being
(i) a calcium-activated chloride channel, bicarbonate trans-
porter and/or volume-regulated anion channel in the basolat-
eral plasma membrane, (ii) a regulator of plasma membrane
calcium channels or calcium-activated chloride channels
and/or (iii) a chloride channel or calcium sensor in the endo-
plasmic reticulum (ER) (28,31–38). The diversity of conclu-
sions drawn from these studies underscores the need for a
human RPE model system to further evaluate the function of
endogenous BEST1 in normal subjects and those with BD.

Toward this end, we generated hiPSCs from two adult BD
patients harboring mutations in different regions of BEST1
in an effort to gain further insight into the cellular mechanisms
responsible for the common ophthalmological features of the
disease. As controls, hiPSCs were also produced from one un-
affected sibling from each patient’s family. Differentiation of
the subject-specific hiPSCs yielded extensive patches of RPE,
which could be isolated and further expanded to yield uniform
monolayer cultures. Subsequent testing revealed that BD and
sibling control hiPSC-RPE have nearly identical physical
and molecular properties, with comparable expression levels
and localization of BEST1. Furthermore, all cultures were
capable of performing key RPE functions, such as vectorial
fluid transport and POS phagocytosis. However, when
exposed to physiologically relevant stressors, BD hiPSC-RPE

cultures exhibited phenotypes that paralleled the clinical fea-
tures of BD, including reduced fluid flux and increased accu-
mulation of autofluorescent material. Additional analyses of
our BD hiPSC-RPE model system suggested that impaired
POS degradation and oxidative stress are contributing factors
to the pathophysiology of BD, and supported a role for
BEST1 in the modulation of ER calcium transients.

RESULTS

Generation and characterization of BD and control hiPSCs

We obtained skin biopsies from two patients with genotype-
and phenotype-confirmed BD who harbored A146K (patient
1) or N296H (patient 2) mutations in BEST1. At the time of
their last comprehensive ophthalmological examinations by
Dr Gerald Fishman at the University of Illinois-Chicago,
both patients had visual acuities worse than 20/100, self-
reported significant functional impairment and possessed
characteristic bilateral macular findings of advanced BD on
ophthalmoscopy (Fig. 1A). Fibroblast cell lines were estab-
lished from the skin biopsies and reprogrammed via lentiviral
delivery of the reprogramming genes OCT4, SOX2, c-MYC
and KLF4. One unaffected sibling of each BD patient also sub-
mitted a skin biopsy, which was processed, cultured and repro-
grammed in parallel with its respective BD patient biopsy to
establish sibling-matched, control hiPSC lines (Ctr-1 and
Ctr-2). We confirmed that all BD hiPSC lines carried the
expected BEST1 mutations by sequencing analysis both at
the beginning and the end of the study (Fig. 1B). Immunocyto-
chemistry (ICC) analysis followed by confocal microscopy
demonstrated that all undifferentiated hiPSC lines expressed
the pluripotent markers OCT4, SSEA4, NANOG and TRA-1-
81 (Fig. 1C), and teratoma studies confirmed the pluripotency
of each hiPSC line (Supplementary Material, Fig. S1A). Further-
more, all hiPSC lines exhibited a normal karyotype (Supplemen-
tary Material, Fig. S1B).

Differentiation of hiPSCs into functional RPE cells

To obtain hiPSC-RPE, embryoid bodies (EBs) were generated
as previously described (16), adhered to laminin-coated plates
and cultured in retinal differentiation medium (RDM). As
early as Day 30–40 of differentiation, isolated patches of
RPE were discernible by light microscopy by the virtue of
their characteristic polygonal morphology and pigmentation.
However, to maximize yield, we typically waited until
approximately Day 60–90 of differentiation to microdissect,
dissociate and passage larger areas of deeply pigmented
hiPSC-RPE. After seeding onto transwell inserts and other sur-
faces, hiPSC-RPE monolayers would re-form and pigment
within 30–60 days, depending on seeding density, at which
time they were used in experiments (Fig. 2A). Transmission
electron microscopy (Fig. 2B) revealed the presence of
typical RPE features including apical microvilli, intracellular
pigment granules and tight-junctional complexes across all
hiPSC lines. For every experiment, patient-specific BD
hiPSC-RPE cultures were grown and passaged in parallel
with their corresponding sibling control hiPSC-RPE cultures
for the same period of time using hiPSCs of the same

594 Human Molecular Genetics, 2013, Vol. 22, No. 3

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds469/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds469/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds469/-/DC1


passage. All hiPSC-RPE monolayer cultures produced in this
manner were morphologically identical and appropriately
polarized (Fig. 2C), and uniformly expressed the tight junction
protein ZO-1 (Fig. 2D). We further analyzed hiPSC-RPE from
each patient and sibling by RT–PCR and western blot, and
found that they expressed characteristic RPE genes and pro-
teins such as MERTK, MITF, PEDF, CRALBP, RPE65,

OCCLUDIN, EZRIN, CLAUDIN-10 and BEST1 (Fig. 2E
and F). Since establishment of functional tight junctions is
essential for both the maintenance of epithelial integrity and
the barrier role of RPE, we measured transepithelial resistance
(TER) across hiPSC-RPE monolayers grown on transwell
inserts. Three to four weeks after becoming confluent, BD
and control hiPSC-RPE from both families exhibited TERs

Figure 1. Generation and characterization of BD and control hiPSCs. (A) Fundus photograph of patients with BD harboring two distinct mutations in BEST1
(left: A146K, right: N296H). (B) DNA sequencing confirmed the respective mutation in hiPSC lines derived from patients but not unaffected siblings (Ctr-1:
sibling of A146K; Ctr-2: sibling of N296H). (C) Immunocytochemistry demonstrated the expression of pluripotency markers (OCT4, SSEA4, NANOG and
TRA-1-81) in undifferentiated hiPSC lines from patients and unaffected siblings (scale bar ¼ 50 mm).
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near or .400 V∗cm2, similar to human fetal RPE (hfRPE) and
well above the 150 V∗cm2 found in vivo (Fig. 2G) (39). Taken
together, our results suggest that RPE cultures established
from BD and sibling control hiPSC lines are, at baseline, indis-
tinguishable with regard to many key indices.

Increased accumulation of autofluorescent material in BD
hiPSC-RPE after long-term POS feeding

Early in the course of the BD, patients accumulate a yellowish,
autofluorescent material termed lipofuscin in the RPE and
subretinal spaces within the macula (22,24). Lipofuscin is com-
posed of POS degradation products and may reflect the inability
of RPE in BD patients to adequately process and dispose of POS
tips, which are shed each day on a circadian basis. The fact that
this striking clinical feature of BD may become evident
years after birth suggests that it is a cumulative effect of POS

mishandling over time. In an attempt to mimic this phenotype
using our BD hiPSC lines, we physiologically stressed
hiPSC-RPE from the affected and unaffected subjects by
feeding them bovine POS (50/cell) daily for three and a half
months, followed by daily washes without feedings for 2
weeks (Fig. 3A). Subsequently, hiPSC-RPE cultures were
fixed and immunostained for the tight junction protein ZO-1
(visualized in the far red channel) to outline the cells. The
measurement of signal intensity in the red (546 nm) and
green (488 nm) channels demonstrated significantly higher
autoflourescence levels in BD hiPSC-RPE relative to
matched control hiPSC-RPE (Ctr-1: 1.00+ 0.19 versus
A146K: 3.56+ 1.03, P , 0.05; Ctr-2: 1.00+ 0.17 versus
N296H: 2.22+ 0.24, P , 0.0005) (Fig. 3B and C). These
results demonstrate for the first time the ability to model a crit-
ical clinical feature of a macular degenerative disease in vitro
using hiPSC-RPE.

Figure 2. Differentiation of BD and control hiPSCs into functional RPE cells. (A) Photographs and light microscopic images of RPE derived from BD and
control hiPSCs plated on transwell inserts showed characteristic RPE morphology and pigmentation (Scale bars: upper panel ¼ 1 mm, lower panel ¼
100 mm). (B) Transmission electron microscopic images of hiPSC-RPE showed the presence of apical microvilli, intracellular pigment and tight junctions.
(C) Apical localization of EZRIN (red) by immunocytochemistry confirmed the proper polarization of hiPSC-RPE (blue: nuclei). (D) Immunocytochemistry
for ZO-1 showed correct morphology and tight junction formation in hiPSC-RPE. (E) RT–PCR and (F) western blot analysis revealed the expression of char-
acteristic RPE genes and proteins, respectively. (G) Transepithelial resistance (TER) measurements in hiPSC-RPE were comparable to that of human fetal RPE
(hfRPE) (dotted red line demarcates proposed functional threshold) (39). Scale bars: B ¼ 1 mm, C ¼ 5 mm, D ¼ 25mm.
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BD hiPSC-RPE displays decreased net fluid transport

Another characteristic hallmark of BD is the presence of fluid
in the subretinal space, which may reflect reduced apical to
basal fluid transport by the RPE. To determine whether this
clinical finding could also be modeled in vitro, we grew BD
and control hiPSC-RPE on non-porous plastic surfaces and
transwell inserts. Cultured, polarized RPE monolayers are
known to support vectorial ion and fluid transport, which
results in the formation of fluid-filled domes when the cells
are grown on non-porous supports (40). Under these condi-
tions, control hiPSC-RPE cultures consistently generated

numerous fluid-filled domes, as opposed to BD hiPSC-RPE
cultures, which displayed them infrequently (Fig. 3D). To
quantify vectorial fluid transport in these cultures, we mea-
sured the rate of fluid flow across hiPSC-RPE monolayers
on transwell inserts. At baseline, BD hiPSC-RPE cultures
demonstrated decreased rates of fluid flow compared with
matched control hiPSC-RPE, but this difference reached sig-
nificance only for the N296H BD versus control pair (Ctrl-1:
1.46+ 0.10 versus A146K: 1.29+ 0.10, P ¼ 0.23; Ctr-2:
2.19+ 0.10 versus N296H: 1.09+ 0.13, P , 0.0001)
(Fig. 3E). However, upon stimulation with exogenous ATP,
a molecule known to stimulate fluid flow (41,42) that is also

Figure 3. BD hiPSC-RPE displays a clinically relevant cellular phenotype. (A) Schematic depicting the protocol utilized to determine the response of
hiPSC-RPE to chronic feeding of unlabeled photoreceptor outer segments (POS). (B) Confocal microscopic images showed an increased accumulation of auto-
fluorescent waste products in BD versus control hiPSC-RPE (red: autofluorescence, far red (pseudo-colored green): ZO-1; scale bar ¼ 10 mm). (C) The quan-
tification of autofluorescence levels in BD hiPSC-RPE normalized to their respective controls. (D) Representative image of a fluid dome from a control
hiPSC-RPE culture at two different focal planes. (E) The quantification of baseline apical to basal net fluid movement in BD and control hiPSC-RPE and
hfRPE. (F) The quantification of apical to basal net fluid movement in BD and control hiPSC-RPE and hfRPE after ATP stimulation. ∗P , 0.05, ∗∗∗P , 0.001.
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endogenously secreted at low levels by hiPSC-RPE (Supple-
mentary Material, Fig. S2), the differences in fluid transport
rates between both pairs of BD and control hiPSC-RPE cul-
tures achieved statistical significance (Ctrl-1: 20.58+ 1.60
versus A146K: 7.96+ 1.14, P , 0.0005; Ctr-2: 20.29+ 3.06
versus N296H: 11.26+ 2.67, P , 0.05) (Fig. 3F). hfRPE
served as an additional reference for both the baseline
(1.73+ 0.12; Fig. 3E) and ATP-stimulated (24.58+ 3.90;
Fig. 3F) fluid transport measurements. Since TER measure-
ments were equivalent among all cultures, these results
reveal a defect in transcellular fluid flow in BD hiPSC-RPE,
consistent with the buildup of fluid between the neural retina
and RPE that is observed in BD patients.

Delayed degradation of POS by BD hiPSC-RPE

After establishing a clinically relevant phenotype for the BD
hiPSC-RPE model system, we utilized it to investigate
disease mechanism. An excessive accumulation of autoflour-
escent POS waste products in the macula of BD patients and
BD hiPSC-RPE implicates defective POS processing by
RPE, although direct evidence for such a defect is missing.
Therefore, we compared the capacity of BD hiPSC-RPE to
phagocytose and degrade POS with that of matched control

hiPSC-RPE. Mature hiPSC-RPE monolayers with robust
TERs were fed unlabeled POS and analyzed via western blot
to determine the time course of RHODOPSIN degradation
(Fig. 4A and B). In the absence of POS, RHODOPSIN was
not detected in BD or control hiPSC-RPE cultures. No consist-
ent difference in the uptake of POS was seen between BD and
control hiPSC-RPE cultures (Fig. 4B). However, RHODOPSIN
degradation was always delayed in BD hiPSC-RPE compared
with matched control cultures both at standard levels of POS
feeding (20/cell) and when cells were overfed (50 POS/cell).

To investigate POS handling using a second, independent
method, hiPSC-RPE cultures were fed FITC-POS, followed
by the quantification of FITC cell labeling by FACS
(Fig. 4C–E). Under standard (20 POS/cell) feeding condi-
tions, significantly more FITC-labeled cells were present in
BD hiPSC-RPE cultures relative to control cultures at the
4 h time point (A146K: 1.44+ 0.11, P , 0.01; N296H:
1.80+ 0.18, P , 0.01) (Fig. 4D). However, this difference
dissipated by the 24 h time point (A146K: 1.30+ 0.24,
P ¼ 0.24; N296H: 0.98+ 0.16 P ¼ 0.92), suggesting that al-
though BD hiPSC-RPE cultures degraded POS slower than
controls, they ultimately could handle a 20 POS/cell load
within a 24 h time window. In contrast, when hiPSC-RPE
cultures were overfed with 50 POS/cell, a greater number of

Figure 4. Delayed POS degradation by BD hiPSC-RPE. (A) Schematic depicting the protocol utilized to evaluate RHODOPSIN degradation in hiPSC-RPE after
unlabeled POS feeding. Measurements were made at 0, 4, 24, 48 and 120 h after washing. (B) Western blot analysis showed that RHODOPSIN degradation was
delayed in BD versus matched control hiPSC-RPE after incubation with either 20 or 50 POS/RPE cell. (C) Schematic showing the protocol used to monitor the
elimination of FITC-labeled POS in hiPSC-RPE cultures. Measurements were made at 4 and 24 h after washing. (D) The quantification of FACS analysis for
FITC-labeled hiPSC-RPE cells in BD cultures at 4 h or 24 h after feeding 20 POS/RPE cell. (E) The quantification of FACS analysis for FITC-labeled
hiPSC-RPE cells in BD cultures at 4 h or 24 h after feeding 50 POS/RPE cell. Data in D and E are expressed relative to matched sibling controls, and red
dotted lines indicate normalized control levels. ∗P , 0.05, ∗∗P , 0.01.
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FITC-labeled cells were present in BD hiPSC-RPE cultures rela-
tive to control cultures at 24 h (A146K: 2.56+0.61, P , 0.05;
N296H: 2.27+0.45, P , 0.05), but not 4 h (A146K: 0.97+
0.06, P ¼ 0.63; N296H: 1.37+0.45, P ¼ 0.46) (Fig. 4E).
Thus, control hiPSC-RPE was more efficient at degrading
excess POS than matched BD hiPSC-RPE, confirming a relative
deficiency in POS degradation by BD hiPSC-RPE. Altogether,
these experiments provide the first evidence that BEST1 muta-
tions in RPE lead to reduced clearance of POS.

Similar expression and localization of BEST1 protein in
BD and control hiPSC-RPE

The pathophysiological effects of BEST1 mutations could
result from the loss of BEST1 protein expression, mislocaliza-
tion of expressed BEST1 or dysfunction of correctly localized
BEST1. To examine BEST1 expression in our hiPSC model,
we cultured BD and control hiPSC-RPE on transwell inserts

until all monolayers displayed characteristic morphology and
pigmentation and robust TER measurements (≥2 months).
Overall levels of BEST1 mRNA and protein were similar in
BD and control cultures (Fig. 2E and F). Furthermore,
protein localization and cellular polarization were indistin-
guishable between BD and control hiPSC-RPE, with BEST1
found predominantly near the basolateral membrane, MITF
within the nucleus and EZRIN at the apical membrane
(Fig. 5A). We also evaluated the localization of overexpressed
wild-type (WT) and N296H mutant BEST1 in hfRPE cultures
using lentiviral constructs. Similar to endogenous WT and
mutant BEST1 in hiPSC-RPE, localization of equivalently
overexpressed WT and N296H BEST1 did not differ in
hfRPE cultures (Fig. 5B and C). Given the comparable expres-
sion levels and localization patterns of WT and mutant BEST1
in all of these RPE culture systems, we concluded that BD
most likely results from BEST1 dysfunction, rather than
disrupted BEST1 protein translation and/or trafficking.

Figure 5. BEST1 expression and localization are similar between BD and control hiPSC-RPE. (A) Immunocytochemistry for BEST1 (green) and MITF (red,
upper panels) or EZRIN (red, lower panels) in a matched pair of BD and control hiPSC-RPE. (B) Western analysis for BEST1 in hfRPE cultures overexpressing
wild-type (Lenti-WT) or mutant (Lenti-N296H) BEST1 compared with BEST1 levels in uninfected hfRPE. ACTIN was used as a loading control. (C) Immuno-
cytochemistry demonstrating similar localization of overexpressed WT and N296H BEST1 in hfRPE and endogenous BEST1 in uninfected control hfRPE. (D)
Subcellular fractionation of hfRPE and BD and control hiPSC-RPE after 40 000 g centrifugation, followed by western analysis for BEST1, the ER protein STIM1
and the plasma membrane protein Na+/K+ ATPase. P, pellet fraction; S, supernatant fraction. (E) Differential centrifugation followed by western analysis for
BEST1. P, pellet fraction after 3000g centrifugation; P1, pellet fraction after 12 000 g centrifugation; P2: pellet and S2: supernatant fractions after 100 000 g
centrifugation. (F) Immunocytochemistry for BEST1 (green) or the ER marker CALNEXIN (red) in both BD and control hiPSC-RPE (blue: nuclei). (G) Im-
munocytochemistry for BEST1 (green), CALNEXIN (red), or nuclei (blue) in control uninfected hfRPE (left panel), hfRPE overexpressing WT (Lenti-WT)
BEST1 (center panel) or hfRPE overexpressing mutant (Lenti-N296H) BEST1 (right panel). Scale bars: A, C, F, G ¼ 10 mm.
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BEST1 is present in the microsomal and cytoplasmic
fractions of hiPSC-RPE and hfRPE

The function of BEST1, and therefore the dysfunction caused
by BEST1 mutations, can be inferred in part by its subcellular
compartmentalization. Based largely on information obtained
from heterologous overexpression systems, BEST1 has been
postulated to play a number of different roles, including a chlor-
ide transporter in the basolateral membrane and a calcium
sensor in the ER (28,31–38). However, overexpression of
BEST1, particularly in cell lines where it is not normally
found, can lead to spurious protein interactions and mislocaliza-
tion. To narrow the list of possible functions of BEST1, we
sought to determine the subcellular compartment(s) containing
endogenously expressed BEST1 in hiPSC-RPE and hfRPE.
Using differential centrifugation, we predominantly observed
BEST1 in fractions containing microsomal (i.e. ER) and cyto-
plasmic proteins, as opposed to fractions containing proteins
from the plasma membrane or other subcellular compartments
(Fig. 5D and E). In addition, the ER protein STIM1, but not the
plasma membrane protein Na+/K+ ATPase, co-partitioned
with BEST1 (Fig. 5D). Combined with our ICC data
(Fig. 5A), these results suggest that BEST1 is localized near,
but not within, the basolateral RPE membrane. The presence
of BEST1 in the ER was further supported by partial
co-localization of BEST1 with the ER marker CALNEXIN in
both BD and control hiPSC-RPE (Fig. 5F), as well as in unin-
fected and lenti-BEST1 expressing hfRPE (Fig. 5G). Thus,
multiple lines of evidence from this study point toward a role
for BEST1 in ER physiology.

Altered calcium homeostasis in BD hiPSC-RPE

Localization of BEST1 to the ER in hiPSC-RPE and hfRPE, as
well as evidence from previous reports suggesting a role for
BEST1 in ER-mediated calcium release and/or uptake (35,36),
prompted us to evaluate cellular calcium homeostasis in BD
and control hiPSC-RPE. Fura-2 ratiometric calcium imaging
did not demonstrate differences in baseline [Ca2+]i between
BD and control cultures or hfRPE (Ctr-1: 98.46+ 19.64,
A146K: 92.15+ 13.39, P ¼ 0.79; Ctr-2: 96.20+ 19.64,
N296H: 100.39+ 18.63, P ¼ 0.89; hfRPE: 98.34+ 17.40)
(Fig. 6A). However, when ER calcium release was stimulated
with ATP, a ligand for the apical RPE G-protein coupled recep-
tor (GPCR) P2Y (41), transient [Ca2+]i in BD hiPSC-RPE was
significantly higher than in control hiPSC-RPE (A146K:
3.51+ 0.47 fold, P , 0.01; N296H: 1.71+ 0.33 fold, P ,
0.05) (Fig. 6B and C). In addition, time required to reach peak
[Ca2+]i was accelerated, whereas time required to return to base-
line [Ca2+]i was delayed, following ATP stimulation in BD
versus control hiPSC-RPE (normalized time to peak [Ca2+]i:
Ctr-1: 1.00+ 0.01 versus A146K: 0.67+ 0.06, P , 0.0001;
Ctr-2: 1.00+ 0.06 versus N296H: 0.52+ 0.04, P , 0.0001;
normalized time to return to baseline from peak [Ca2+]i:
Ctr-1: 1.00+ 0.06 versus A146K: 1.76+ 0.31, P , 0.05;
Ctr-2: 1.00+ 0.04 versus N296H: 3.70+ 0.31, P , 0.0001)
(Fig. 6D and E). Interestingly, overexpression of WT BEST1
in hfRPE also increased peak [Ca2+]i levels after ATP stimula-
tion relative to uninfected hfRPE (1.53+ 0.25, P ¼ 0.08), al-
though this increase was significantly more pronounced in

hfRPE cultures overexpressing N296H mutant BEST1
(2.24+ 0.36, P , 0.05) (Fig. 6F and G). These results are
consistent with a gain-of-function mechanism for mutant
BEST1 in BD.

To further investigate the potential for BEST1 to modulate
ER calcium release and reuptake, we looked for interactions
between BEST1 and STIM1, a protein involved in the regula-
tion of ER calcium stores. STIM1 was present in the micro-
somal fraction of all hiPSC-RPE cultures (Fig. 5D) and
co-immunoprecipitated with BEST1 (Supplementary Material,
Fig. S3), consistent with previous data obtained using a heter-
ologous expression system (35). Therefore, multiple lines of
evidence link BEST1 to ER-mediated calcium homeostasis
in cultured human RPE. Furthermore, since calcium signaling
plays a key role in numerous RPE functions, including fluid
transport and protein degradation, perturbation of [Ca2+]i tran-
sients due to BEST1 dysfunction is a potential contributor to
the pathogenesis of BD.

Increased oxidative stress in BD hiPSC-RPE after
long-term POS feeding

Cellular oxidative stress is a common and highly detrimental
component of many diseases, including those affecting the
retina (42,43). Based on our observations of defective POS hand-
ling and altered calcium homeostasis in BD hiPSC-RPE cultures,
we suspected that BEST1 dysfunction might predispose RPE to
enhanced oxidative stress. BD and control hiPSC-RPE mono-
layer cultures were fed 50 POS/cell for 2 weeks, followed by
quantitative RT–PCR analysis to determine expression levels
of genes involved in modulating cellular reactive oxygen
species (GPX1, SOD2) and iron homeostasis (TRF, TRFR).
Prior to POS feeding, no significant differences in the expression
levels of these genes were present between BD and control
hiPSC-RPE, with the exception of an increase in GPX1 expres-
sion seen in A146K versus Ctr-1 cultures (Supplementary Mater-
ial, Table S1 and Fig. 7A). However, after long-term POS
feeding, the expression of nearly all of these genes was substan-
tially reduced in A146K and N296H BD hiPSC-RPE (Supple-
mentary Material, Table S1 and Fig. 7B), indicative of
increased oxidative stress in the BD cultures. In contrast, expres-
sion levels of genes known specifically to mediate ER stress were
not altered with POS feeding (Supplementary Material, Fig. S4A
and B). Thus, BEST1 mutations lead to increased oxidative, but
not ER, stress in hiPSC-RPE following long-term POS challenge,
in keeping with the deficiencies in POS degradation and the sub-
sequent build-up of autoflourescent waste products described
earlier in this report.

DISCUSSION

hiPSC technology offers a potentially useful tool to evaluate
the cellular effects of gene mutations, provided an appropriate
phenotype can be recapitulated in vitro. In this study, we de-
scribe a hiPSC model of BD that possesses functional deficien-
cies consistent with the clinical features of the disease, and in
turn provides a platform to investigate its pathophysiological
mechanism. We chose to focus on an RPE-based disorder
since hiPSC-RPE can be isolated, expanded, re-seeded and
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closely monitored both morphologically and functionally prior
to testing (14,44). As such, concerns regarding variability in
efficiency and timing of differentiation between hiPSC lines
were minimized. In addition, unlike many human cell types,
RPE has a well-described culture standard (hfRPE), which
served as an experimental control. We also used patient:si-
bling pairs from families with different BEST1 mutations,
and grew each pair in parallel from identically passaged
lines. Finally, for select experiments, we transduced hfRPE
with mutant or WT lenti-BEST1, providing an identical back-
ground upon which to evaluate the effects of protein overex-
pression.

Relative to hiPSC-RPE from unaffected siblings, BD
hiPSC-RPE displayed impaired fluid transport and delayed
degradation of POS, both of which could contribute to the in-
crease in autofluorescent material and oxidative stress levels
found in BD cultures after long-term POS feeding. Cellular
fractionation, co-localization and co-immunoprecipitation
experiments in hiPSC-RPE and hfRPE subsequently pointed
toward a role for BEST1 in ER physiology as a regulator of
calcium release and/or uptake, a theory that has recently
gained support (35,36). Indeed, when compared with their re-
spective controls, BD hiPSC-RPE (and hfRPE transduced with
mutant lenti-BEST1) exhibited altered ER-dependent calcium

Figure 6. Altered calcium homeostasis in BD hiPSC-RPE. (A) Baseline [Ca2+]i in paired control and BD hiPSC-RPE, with hfRPE levels included as a reference.
(B) Representative traces from ATP-stimulated cultures of control hiPSC-RPE cell (black trace) or A146K BD hiPSC-RPE cell (red trace). (C) Peak
ATP-induced calcium responses for A146K and N296H hiPSC-RPE, normalized to their respective control hiPSC-RPE (average of 15–20 cells per line). (D
and E) After ATP stimulation, peak [Ca2+]i was reached faster in BD versus control hiPSC-RPE (D), whereas the time to return to baseline [Ca2+]i was
delayed in BD versus control cultures (E). (F and G) Overexpression of WT or N296H BEST1 in hfRPE resulted in an increase in ATP-induced Ca2+

release, although the increase was greater in cultures overexpressing N296H BEST1. ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001.
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transients in response to ATP-induced GPCR activation.
Given that GPCR-responsive ER calcium signaling influences
numerous processes that occur in RPE, including fluid trans-
port and phagosome formation (41,45), it is plausible that
disturbed calcium homeostasis plays a key role in the patho-
genesis of BD, although other physiological effects of
BEST1 mutations are possible that could contribute to the
disease mechanism as well. Of additional note, overexpression
of WT BEST1 in hfRPE yielded similar, albeit much less dra-
matic, effects on calcium transients as mutant BEST1, in ac-
cordance with a gain of function mechanism for BD (46).

Interestingly, BD and control hiPSC-RPE did not differ sig-
nificantly in the majority of the baseline functional parameters
we measured; rather, a physiological challenge such as long-
term POS feeding or GPCR activation was necessary to
reveal dissimilarities. This is not surprising given the natural
course of the disease and its clinical and histological findings.
The vitelliform lesion in patients with BD often takes years to
develop, and even then, affected individuals can retain decent
visual function until late in life (47,48). In addition, examin-
ation of post-mortem eyes has demonstrated relatively pre-
served macular RPE in cases of late stage disease (49,50).
Thus, BEST1 mutations are not immediately catastrophic to
RPE cells or to the photoreceptors they subserve, suggesting
that BD is caused by the cumulative effects of one or more
subtle disruptions in RPE physiology.

Further insight into the capacity for RPE cells to withstand
the presence of dysfunctional BEST1 can be drawn from the
frequent lack of peripheral retinal findings in BD. Despite
the fact that mutant BEST1 is expressed in every RPE cell
in BD, with few exceptions only those within the macula
display pathology over time. Therefore, for the majority of
RPE cells in the retina, autosomal dominant mutations in
BEST1 are of little or no consequence. Potential explanations
for this contrast in phenotype between the central and periph-
eral retina in BD include regional differences in the RPE itself
or unique environmental stresses imposed upon macular RPE.
Although there is some evidence to suggest that human pluri-
potent stem cell-derived RPE cells possess features more akin
to macular than peripheral retina (51), it is unlikely that our
hiPSC-RPE cultures mimic the macula per se. Even so, our
results show that a clinical phenotype associated with an inher-
ited maculopathy can be modeled with hiPSC-RPE. Whether
hiPSCs can also be used to model acquired RPE-based macu-
lopathies such as age-related macular degeneration (AMD)
remains to be determined. However, AMD and BD are both
associated with the accumulation of autofluorescent material
(52,53) and altered expression of genes involved in iron-
mediated oxidative stress (Trf and TrfR) (54,55). Therefore,
the methods we employed to elicit a disease phenotype in
BD hiPSC-RPE may well be useful in the development of
AMD culture models.

An anticipated benefit of hiPSC modeling is the opportunity
to examine the biological effects of human gene mutations in a
relatively expeditious manner. This is particularly important
for inherited RDDs, which are caused by defects in over 180
different genes, and whose disease mechanisms are largely
unknown or unclear (https://sph.uth.tmc.edu/retnet/disease.
htm). In addition, many RDDs, including BD, can result
from a host of distinct mutations in the same gene, further con-
tributing to their genotypic and phenotypic heterogeneity
(56,57). While the present study utilized hiPSCs from two
families carrying mutations in separate regions of BEST1,
our aim was to uncover shared differences in BD hiPSC-RPE
cultures relative to their sibling controls. Therefore, no con-
clusions were drawn between the A146K and N296H BEST1
hiPSC lines. Future studies are necessary to determine
whether hiPSCs will be useful for investigating genotype–
phenotype differences observed in BD and other inherited
diseases.

Ultimately, knowledge of the molecular pathways affected
by BEST1 mutations in hiPSC-RPE should aid the develop-
ment and assessment of pharmacological and gene therapies
to slow, halt or reverse BD. For example, mechanistic evi-
dence from this study, combined with that of others (35,36),
points toward modulators of intracellular calcium signaling
as a promising category of compounds to treat BD. In addition,
the consistency, purity and expandability of hiPSC-RPE make
it a valuable tool to screen and test drugs and other therapeu-
tics. Once a promising therapy is identified, the relatively slow
clinical course of BD and preservation of RPE until late stages
of disease offers ample opportunity to intervene before cell re-
placement becomes necessary. In this manner, hiPSC-RPE
model systems can aid efforts to improve the visual health
of BD patients.

Figure 7. Chronic POS feeding leads to increased oxidative stress in BD
hiPSC-RPE. Relative expression of oxidative stress genes (normalized to
GAPDH) in control or BD hiPSC-RPE as determined by RT–qPCR before
(A) and after (B) 1 month of chronic POS feeding (50 POS/RPE cell). ∗P ,
0.05, ∗∗P , 0.01, ∗∗∗P , 0.001.
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MATERIALS AND METHODS

Maintenance and differentiation of hiPSC lines

hiPSC lines derived from two patients with BD and one un-
affected sibling per patient were maintained in hiPSC
medium using previously established methods (5,13,16).
Briefly, hiPSCs were grown on MEF feeder layers in iPS
cell medium containing DMEM/F12 (1:1), 20% KOSR, 1%
MEM non-essential amino acids, 100 ng/ml bFGF, 1 mM

L-glutamine and 0.1 mM b-ME. Morphologically identifiable
differentiated cells were mechanically removed, and cells
were passaged every 5–6 days. hiPSCs were differentiated
to RPE according to our previously established protocol
(5,16). Briefly, hiPSC colonies were lifted from MEF feeder
layers with dispase (1 mg/ml) and grown as EBs for 4 days
in EB medium containing DMEM/F12 (1:1), 20% KOSR,
1% MEM non-essential amino acids, 1 mM L-glutamine and
0.1 mM b-ME. At Day 5, EB medium was switched to
neural induction medium (NIM) containing DMEM/F12
(1:1), 1% N2 supplement, MEM non-essential amino acids
and 2 mg/ml heparin. At Day 7, suspended EB aggregates
were plated onto laminin-coated culture plates to allow them
to reattach to the culture plate, whereupon they were grown
for an additional 10 days in NIM. At Day 16, NIM medium
was replaced with RDM containing DMEM/F12 (3:1), 2%
B27 supplement (without retinoic acid), MEM non-essential
amino acids and penicillin/streptomycin. The cells were main-
tained as adherent cultures in RDM until the appearance of
pigmented RPE cells. Large patches of pigmented RPE cells
were micro-dissected, dissociated with trypsin-EDTA
(0.05%) and plated onto laminin-coated transwell inserts
(Corning Costar, 3460-Clear, 0.4 mm pores, 12 mm inner
diameter, polyester membranes). RPE cells on transwells
were cultured with RDM + 10% FBS for 2 days and then
switched to RDM + 2% FBS until the cells became confluent.
Thereafter, RPE cells were maintained in RDM to allow them
to form compact monolayers and re-pigment, typically 60–90
days.

Measurement of transepithelial resistance

TERs of confluent, pigmented RPE monolayers cultured on
permeable transwell filters were measured using an epithelial
voltohmmeter (EVOM2) (World Precision Instruments, Sara-
sota, USA) according to manufacturer’s instructions (39).
Briefly, electrodes were sterilized with 70% ethanol and
rinsed in Hank’s balanced salt solution prior to placement in
the transwell inserts. Net TER was calculated by subtracting
the background measurement obtained from cell-free, laminin-
coated transwell filters and then multiplying the difference by
the area of the transwell filter to obtain values in V∗cm2.

Immunocytochemistry

Cells were washed in ice-cold PBS and fixed in 2–4% paraf-
ormaldehyde at 48C for 30 min. Fixed cells were washed twice
in PBS and placed in blocking solution (10% normal donkey
or goat serum and 0.01–0.05% Triton-X100 in PBS) for 1 h
at room temperature. Cells were then incubated overnight at
48C with one of the following primary antibodies: goat anti-

NANOG (1:100, R&D systems), goat anti-OCT4 (1:1000,
Santa Cruz), mouse anti-SSEA4 (1:500, Chemicon), mouse
anti-TRA-1-81 (1:1000, Chemicon), mouse anti-BEST1
(1:100, Chemicon), rabbit anti-EZRIN (1:100, Cell Signaling),
rabbit anti-ZO1 (1:100 Zymed) or rabbit anti-CALNEXIN
(1:200, Abcam). The following day, cells were washed three
to five times in PBS with 0.01% Triton-X100 and incubated
with an appropriate Alexa-labeled secondary antibody
(1:500, Invitrogen). After secondary antibody incubation,
cells were stained with DAPI (1:500), washed three times in
PBS with 0.2% Triton-X100, mounted using prolong gold
(Invitrogen) and imaged on a confocal microscope (Nikon
C1, Nikon Instruments, Inc., NY, USA).

Transmission electron microscopy

RPE cells were fixed with 2% glutaraldehyde and 4% formal-
dehyde in 0.1 M cacodylate buffer (pH 7.4), rinsed with 0.1 M
cacodylate buffer, osmicated (1% osmium tetroxide) for 1 h,
dehydrated through an ascending series of ethanol and propyl-
ene oxide washes and then embedded in Epon [25 g Epon 812,
13 g dodecenyl succinic anhydride, 12 g nadic methyl anhyd-
ride and 1 ml 2,4,6-tris (dimethylaminomethyl) phenol
(DMP-30), electron microscopy sciences]. Ultra-thin sections
were cut and stained with uranyl acetate and lead citrate at
the electron microscopy facility of the University of
Wisconsin-Madison. Sections were imaged on a Philips
CM120 Scanning Transmission Electron Microscope.

RT–PCR and quantitative RT–PCR

Total RNA was extracted using the RNeasy Mini Plus Kit
(Qiagen) and treated with DNase1 to remove any genomic
DNA contamination. cDNA was synthesized using the
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA),
and PCR (30 cycles) was performed using gene-specific
primers (Supplementary Material, Table S2 and S3) and
GoTaq PCR master mix (Promega). Thereafter, PCR products
were analyzed on 2% agarose gels. Quantitative RT–PCR
(qPCR) experiments (40 cycles) were carried out using
SsoAdvancedTM SYBRw Green Supermix (Bio-Rad) and a
Bio-Rad C1000 thermal cycler, and results were analyzed
using Bio-Rad CFX software and Microsoft Excel.

Preparation of bovine photoreceptor outer segments (POS)

Bovine retina was dissected under dim red light from fresh
bovine eyes. Bovine POSs were isolated by placing bovine
retina over a 25–60% continuous sucrose gradient prepared
in buffer containing 20 mM tris acetate, 5 mM taurine and
10 mM glucose, followed by centrifugation at 100 000 g for
50 min at 48C. The layer containing POS was collected and
washed in buffer containing 20 mM tris acetate and 5 mM

taurine, suspended in 5 ml DMEM, aliquoted and stored at
2808C. To label POS with FITC, POSs were suspended in so-
lution containing 10% sucrose, 20 mM sodium phosphate, and
5 mM taurine, and incubated at 48C overnight with FITC
isomer 1 (0.4 mg/ml, F-1907, Invitrogen). The next day,
FITC-labeled POS were washed in buffer containing 10%
sucrose, 20 mM sodium phosphate and 5 mM taurine,
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suspended in DMEM, aliquoted and stored at 2808C until
further use.

Phagocytosis assays

RPE cells grown as monolayers on 96-well plates or trans-
well inserts that had attained proper morphology, pigmenta-
tion and TER measurements were used for phagocytosis
assays. Two different assays were employed to evaluate
phagocytosis and degradation of POS by hiPSC-RPE. In
the first assay, RPE cells were fed either 20 or 50 unlabeled
POS per RPE cell for 2 h, whereupon RPE cells were
washed four to five times with PBS by vigorous pipetting
to remove any POS that had not been phagocytosed by the
RPE (designated as the 0 h time point). RPE cells were
then collected at 0, 4, 24, 48 and 120 h post-POS feeding,
each collection being preceded by two additional washes
with PBS. Protein isolated from harvested RPE at these
time points was analyzed via western blot to determine the
time course of RHODOPSIN degradation. Unfed RPE cul-
tures served as controls for these experiments. In the
second phagocytosis assay, RPE cells were fed FITC-labeled
POS (20 or 50 POS/RPE cell) for 2 h and then washed vig-
orously four times with PBS. Thereafter, RPE cells were col-
lected 4 and 24 h post-POS feeding and subjected to FACS
analysis to determine the number FITC-labeled RPE cells
remaining. To evaluate autofluorescence after long-term
POS feeding, RPE cells were incubated daily with unlabeled
POS (50/RPE cell) for 3.5 months, followed by a 2-week
post-feeding period where the cells were washed daily
with culture medium in the absence of POS. RPE cells
were then fixed with 4% paraformaldehyde and imaged
with a Nikon 80i laser scanning confocal microscope
(Nikon Corp., Tokyo, Japan). The total amount of retained
autofluorescent material was determined in both the red
(546) and green (488) channels (58) by quantifying the
pixel area (Adobe Photoshop/Image J software), and data
for BD hiPSC-RPE were expressed as normalized autofluor-
escence relative to sibling control hiPSC-RPE.

Measurement of fluid flux

Confluent BD and control hiPSC-RPE monolayers grown on
transwell inserts that had attained appropriate morphology,
pigmentation and TER were used for fluid flux measurements.
The protocol used for the quantification of active apical to
basal fluid transport in RPE was previously described (59).
For baseline measurements, a fixed amount of medium was
placed in the apical (150 ml) and basal (400 ml) chambers of
each transwell. The amount of fluid remaining in the apical
chamber was measured 20 h later using an analytical
balance, and the rate of fluid transport was calculated (ml/h/
cm2). To measure fluid flux after ATP stimulation, RPE
cells were incubated for 2 h with RDM in the basal chamber
and RDM + 100 mM ATP in the apical chamber; thereafter,
the amount of fluid remaining in the apical chamber was quan-
tified as described above.

FACS analysis

RPE cells fed with FITC-labeled POS were gently dissociated
with trypsin, suspended in FACS buffer (PBS + 2% FBS) and
sorted using a FACSCaliber machine (Beckton Dickenson,
Franklin Lakes, NJ, USA). Cells that were not fed
FITC-labeled POS were used as a negative control. Data
obtained after cell sorting were analyzed with the CellQuest
Pro software (Becton Dickinson).

Subcellular fractionation

RPE cells were collected after trypsinization, washed twice in
ice-cold PBS, centrifuged at 600g to remove any cellular
debris and placed in hypotonic extraction buffer (Cat #
H8412, Sigma, St Louis, MO, USA) for 20 min at 48C. There-
after, cells were briefly centrifuged and the hypotonic extrac-
tion buffer was removed. Cells were then washed once in PBS,
suspended in an isotonic buffer (I3533, Sigma) and homoge-
nized by passing them through a 4-inch, 20-gauge syringe
15–20 times. In one set of experiments, the resulting lysate
was centrifuged at 40 000g for 30 min using a TL-100 ultra-
centrifuge (Beckman Coulter, Indianapolis, IN, USA). The
resulting pellet (P) fraction contained plasma membrane,
mitochondrial, lysosomal and nuclear proteins, whereas the
supernatant (S) fraction contained cytosolic and microsomal
(i.e. ER) proteins.

For a second set of experiments, the initial lysate was
centrifuged for 10 min at 3000g to obtain a pellet fraction
(P) containing nuclear components and plasma membrane
sheets. The supernatant was then centrifuged an additional
15 min at 12 000 g to obtain the P1 pellet fraction containing
lysosomal and mitochondrial proteins, as well as any remain-
ing plasma membrane proteins. The supernatant obtained
following this step was further ultracentrifuged for 60 min at
100 000 g to obtain the P2 pellet fraction that mainly con-
tained microsomal proteins. All pellet fractions were lysed
in isotonic buffer to extract protein. The S2 supernatant frac-
tion obtained following this final centrifugation step contained
cytoplasmic vesicles and cytosolic proteins. Prior to western
analysis, proteins present in all pellet fractions were extracted
in isotonic buffer, whereas those contained in the S2 fraction
were concentrated using Amicon 10 kDa concentrators
(EMD Millipore, Billerica, MA, USA).

Immunoprecipitation

RPE cells were lysed in IP lysis buffer (Cat# 87787, Pierce)
containing protease inhibitor (PI; 1:1000, P8340, Sigma).
Protein A/G agarose beads (Cat#20421, Pierce, Rockford,
IL, USA) were added to protein lysates followed by incubation
on ice for 15–45 min. This mixture was then briefly centri-
fuged and the resulting supernatant (pre-cleared lysate) was
transferred to a fresh Eppendorf tube. Primary antibody
against BEST1 or STIM1 (2.5–10 mg) was added to the
cold pre-cleared lysate and placed on a shaker overnight at
48C. The antibody-lysate mixture was then incubated with
protein A/G beads for 1–2 h at room temperature on a
shaker. Thereafter, the mixture was spun at 10 000g for 30 s,
the supernatant was removed and the beads were washed
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four times in immunprecipitation buffer. 50 ml of 1 × Lae-
melli buffer (Cat# 161–0737, Bio-Rad) containing 5%
b-mercaptoethanol (Sigma) was then added to the bead
pellet and the sample was vortexed and heated at 998C for
10 min, followed by centrifugation at 10 000g for 5 min. The
supernatant was collected in a fresh Eppendorf tube and
used for western blotting.

Western blot analysis

RPE cells were lysed in RIPA buffer (Cat# 89900, Pierce)
containing a protease inhibitor cocktail (Sigma), and total
protein was quantified using a Bio-Rad DC protein assay
(Cat # 500–0116). Protein lysates were denatured by adding
1× Laemelli + 5% b-mercaptoethanol buffer. Depending on
the protein being analyzed, the resulting sample was either
kept at room temperature for 10 min or incubated at 998C
for 10 min. Protein samples (10–30 mg) were then separated
on a 4–20% Tris–Cl gradient gel (Bio-Rad), electroblotted
onto a PVDF-licor membrane (Millipore) and stained with
Ponceau red to confirm transfer. Membranes were incubated
in blocking buffer (Cat# 927–40000, Licor Biosciences,
Lincoln, Nebraska) for 45 min to 1 h at room temperature,
washed twice in PBS + 0.1% Tween for 5 min and incubated
with primary antibody in blocking buffer overnight at 48C.
Thereafter, blots were washed four times in PBS + 0.1%
Tween and incubated with secondary antibody in blocking
buffer for 1 h at room temperature. Blots were washed
another four times and protein bands were visualized using
the Odyssey Infrared Imager (Licor). Primary antibodies
against the following proteins were used for western blots:
RPE65 (mouse monoclonal, 1:2000; Chemicon), BEST1
(mouse monoclonal, 1:500; Chemicon), CRALBP (mouse
monoclonal, 1:50 000, gift of John Saari, University of Wash-
ington, Seattle), EZRIN (rabbit polyclonal, 1:1000; Cell
Signaling Technologies, Danvers, MA, USA), OCCLUDIN
(rabbit polyclonal, 1:250; Zymed, Carlsbad, CA, USA),
CLAUDIN-10 (rabbit polyclonal, 1:250; Zymed), RHODOP-
SIN (mouse monoclonal, 1:500; Millipore), STIM1 (mouse
monoclonal, 1:200; BD biosciences, Sparks, MD, USA) and
ACTIN (goat polyclonal, 1:750, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Mouse, rabbit and goat secondary anti-
bodies were obtained from Licor and used at a concentration
of 1:15000.

Calcium imaging

RPE cells grown on coverslips were incubated with 10 mM

Fura-2-AM (Calbiochem, San Diego, CA, USA) and 0.02%
Pluronic F127 (BASF, Mount Olive, NJ, USA) for 1 h at
378C. Cells were subsequently washed for 30 min and
placed in a recording chamber on an inverted microscope
(Nikon Eclipse Ti, Nikon). The cell loading and recording so-
lution contained 1 mM probenecid to prevent dye leakage and
500 mM glutathione to reduce the level of cellular stress.
Fura-2-AM emission ratios at 510 nm were obtained with al-
ternating exposures at 340 and 380 nm, and fluorescence
images were acquired every 2 s using a Photometrics
Cascade 512B camera. Calcium imaging data were analyzed
using Metamorph software (Indec; Santa Clara, CA, USA)

and intracellular calcium concentrations were calculated
using in vitro calibration curves generated with Fura-2 stan-
dards (Life Technologies, Grand Island, NY, USA).

Measurement of ATP release

RDM was placed in the apical and basal chambers of transwell
inserts containing mature, confluent RPE monolayers and 24 h
later the medium from each chamber was collected separately.
ATP levels within the media samples were determined using a
luciferase-based assay (Cat # FF2000, Promega, Madison, WI,
USA) following the manufacturer’s instructions.

Viral production

WT or N296H mutant coding DNA sequence for the human
BEST1 gene was subcloned into pSIN-W-PGK vector (60).
Lentiviruses were produced using transient transfection of
HEK 293T cells according to a previously described
protocol (60).

Statistical analysis

Data were expressed as mean+ standard error and compared
using the unpaired Student’s t-test. Significance was preset at
P , 0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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