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Purpose: Our goals were to produce a functional recombinant RPE retinal G protein-coupled receptor (RGR) opsin for
biochemical studies and to test the efficiency of alentiviral vector for transgene expression of human RGR.

Methods: A human RGR cDNA was cloned into areplication-defectivelentiviral vector, and recombinant hRGR-Lentivirus
was prepared for transduction of the ARPE-19, a human retinal pigment epithelium (RPE) cell line, and COS-7 cells.
Recombinant RGR expression was detected by Western blot analysis, and functionality of the protein was tested by a
[*H]all-trans-retinal binding assay.

Results: RGR protein was detected in each cell type after transduction with recombinant virus and was not observed in
untreated cells. RGR expression in ARPE-19 cellsincreased steadily for up to 10 days after transduction and was stable
for at least 6 months. The transduced ARPE-19 cells produced ~100-fold higher amounts of RGR protein than the trans-
duced COS-7 cells. When cell membranes from the ARPE-19 cells were incubated with [®H]all-trans-retinal, the chro-
mophore bound specifically to the expressed protein. Uptake of [*H]all-trans-retinol into the ARPE-19 cellswas followed
by specific binding of radiolabeled retinoid to RGR.

Conclusions: Using a Lentivirus-derived gene delivery system, we were able to express high amounts of human RGR
protein in the ARPE-19 human RPE cell line. The transduced ARPE-19 cells remain able to process all-trans-retinol, and
the expressed protein is capable of binding to the al-trans-retinal chromophore. The Lentivirus-based expression of

functional RGR can be used to study RGR in cultured cells and to test in vivo transduction of quiescent RPE cells.

The retinal pigment epithelium (RPE) and M{ller cells
contain an abundant opsin that is homologous to the G-pro-
tein coupled receptorswith seven transmembrane domains|[1].
The RPE and Mller cell opsin, referred to as RPE retinal G
protein-coupled receptor (RGR), represents a distant evolu-
tionary branch of vertebrate opsins that are most closely re-
lated in amino acid sequence to invertebrate visual pigments
and retinochrome, a photoisomerase that catalyzes the con-
version of al-trans- to 11-cis-retinal in squid photoreceptors
[2]. The RGR opsin is located in intracellular membranes of
RPE and Miiller cells and is capable of forming a stable
photopigment with bound all-trans-retinal [3-5]. All-trans-
retinal isthe predominant endogenous chromophore bound to
RGR protein that is purified in the dark, and illumination of
RGR in vitro results in the stereospecific conversion of the
bound all-trans-retinal to the 11-cisisomer [6]. These results
provide evidence that RGR may function to generate 11-cis-
retinal invivo and participatein alight-dependent visual cycle.

The importance of RGR opsin to the health and viability
of the neuroretina is shown by mutations in the human RGR
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genethat segregate with retinitis pigmentosa (RP) in patients
with autosomal dominant or recessive RP [7]. The study of
human RGR and mutants is hindered by the absence of an
appropriate cell culturemodel. Unfortunately, cultured human
RPE cells, as well as cultured RPE cells from other species,
show adramatic lossin their ability to produce RGR in vitro,
and the RGR protein isavailable only in small quantitiesfrom
any species. A spontaneously arisen human RPE cell line,
named ARPE-19 cells [8], maintains many characteristics of
normal RPE cells, but does not express the RGR opsin.

To express human RGR opsin in cultured cells, we used
the replication-deficient Lentivirus-derived vector to deliver
human RGR opsin cDNA into ARPE-19 cells. Here, we re-
port the successful expression of a recombinant human RGR
opsin that is capable of binding al-trans-retinal. The estab-
lishment of the stably-transformed ARPE-19 cells offersapo-
tential model system for biochemical and functional studies
of RGR and protein variants.

METHODS
Plasmid constructs. The pHR’-CMV LacZ plasmid, an HIV-
based lentiviral vector with the human cytomegalovirus(CMV)
immediate early promoter and E. coli3-galactosidase gene[9],
was digested with BamHI and Xhol to excisethelacZ reporter
gene and generate pHR'-CMV. A full-length 1.4-kb human
RGR cDNA fragment wasinserted into pHR’-CMV by blunt-
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end ligation to create pHR'-CMV-hRGR (Figure 1). The
lentiviral pHR'-CMV-hRGR vector was propagated in the
Epicurian Coli SURE strain (Stratagene, La Jolla, CA) and
purified using EndoFree Plasmid Maxi Kit (Qiagen Inc.,
Valencia, CA). Another human RGR expression vector,
pcDNA3-hRGR, was constructed by insertion of the 1.4-kb
human RGR cDNA into the EcoR1 cloning site of pcDNA3
(Invitrogen, Carlsbad, CA).

Cell culture: The ARPE-19 and COS-7 cell lines were
maintained in DME/F12 (1:1) medium (Life Technologies,
Gaithersburg, MD) supplemented with 10% fetal bovine se-
rum (FBS, Hyclone, Logan, UT) and 1% Glutamine-Penicil-
lin-Streptomycin (Irvine Scientific, SantaAna, CA) at 37 °C
in a5% CO, incubator. Human kidney 293T and mouse RPE
cellswere cultured with DME instead of DME/F12 medium.

Adult 129SV X C57BL/6 mice were euthanized, and RPE
cell cultures were prepared as follows. Whole eyes were
enucleated and bisected posterior to the limbus. The lenswas
removed, and the retina was peeled away from the eyecup.
The eyecup was placed in 2% dispase (Life Technologies) so-
lution for 50 min at 37 °C. The RPE cells were detached by
brushing, and were sedimented by centrifugation. The pig-
mented RPE cellswere plated on laminin-coated 6-well plates
in DME 10% FBS culture medium.

All animals were treated, maintained, and euthanized in
accordance with the ARV O resolutions on the use of animals
in research and the guidelines of the U.S. Public Health Ser-
vice, asdelineated in its Public Health Service Policy on Hu-
mane Care and Use of Laboratory Animals.

Preparation of Lentivirus: VSV-G-pseudotyped recom-
binant HIV-based virus was produced by three-plasmid co-
transfection of 293T cells with 15 pg of pHR'-CMV-hRGR
(Figure 1), the envelope protein-coding plasmid, pMD.G (3
1g), and the packaging construct, pPCMVARS8.91 (15 ug), us-
ing the calcium phosphate DNA precipitation method. The
pMD.G construct providesthe VSV G protein to pseudotype
the vector, and the packaging construct, pPCMVAR8.91, pro-
vides all required vector proteins [10]. High titer stocks of
recombinant HIV were prepared, as described previoudly [10].
Virus titers of 0.3 to 1 x 10%ransduction units (TU)/ml were
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Figure 1. Diagrammatic structure of human RGR-encoding lentiviral
transfer vector, pHR'-CMV-hRGR. Thetransducing plasmid, pHR'-
CMV-hRGR, provides the vector genome packaged into the viral
particle and includes ahuman RGR cDNA under control of theCMV
promoter. Recombinant virus was generated by co-transfection of
293T human kidney cells with a three-plasmid expression system,
including pHR'-CMV-hRGR, the packaging construct pPCMVAR8.91,
and envelope protein-coding plasmid pMD.G. LTR, long terminal
repeat; Ga, partial sequence of Gag gene; RRE, rev responsive ele-
ment; SD, splicing donor; Y, packaging signal [9,10].
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usually obtained and were determined by transduction of
confluent ARPE-19 cells, as described below. The absence of
replication-competent virus was determined by the marker
rescue assay and measurement of p24 Gag antigen levels by
enzyme-linked immunosorbent assay, as described previously
[9].

Transduction of cells with Lentivirus: To determine the
titer of avirus preparation, confluent ARPE-19 cellsin cham-
ber dides were cultured with serial dilutions of pHR'-CMV-
hRGR recombinant virus overnight. After removal of the vi-
rus solution, the cellswere maintained for 2 more days before
fixation and immunohistochemical staining. Transduced
ARPE-19 or COS-7 cellsweredetected by immunohistochemi-
cal staining with the DE7 antibody, which is directed against
the carboxyl terminus of human RGR [11]. To establish cells
that stably expressed human RGR, 1 x 10° ARPE-19 or COS-
7 cellswereincubated overnight with 1 x 10° TU pHR’-CM V-
hRGR recombinant viral particlesand then maintainedin fresh
culture medium.

Immunohistochemistry: Cultured cellswerefixedincold
methanol for 5 min and incubated at room temperature for 30
min with blocking buffer containing 5% bovine serum albu-
min, 3% normal goat serum, and 0.1% Triton X-100 in phos-
phate-buffered saline (PBS). The cells were incubated with
DE7 antibody, and immunohistochemical staining was per-
formed with a peroxidase-based enzyme detection system,
Vectastain ABC, using the Vector VI P substrate (Vector Labo-
ratories, Burlingame, CA).

Preparation of cell membranes. Total cell membranes
from ARPE-19, COS-7, and mouse RPE cells were prepared
after homogenization of the cultured cells in a Dounce glass
homogenizer. The homogenization buffer contained 67 mM
phosphate, pH 6.6, 250 mM sucrose, and 100 pg/ml
phenylmethylsulfonyl fluoride. The homogenates were cen-
trifuged at 300 x g for 10 min at room temperature, and the
supernatants were then centrifuged at 150,000 x g for 1.5 h at
4 °C. The membranes were collected and stored at -80 °C.
Bovine RPE microsoma membraneswere prepared from fresh
eyes, as described previously [4]. Bovine eyes were obtained
from alocal abattoir. Theisolation of RPE cells and prepara
tion of RPE microsomes were performed under dim yellow
light. The anterior segments, lens, vitreous and neura retina
were removed, and the eyecups were rinsed with PBS. The
RPE cells were removed by gently scraping the cell mono-
layer with aspatula. The cells were sedimented by low-speed
centrifugation, resuspended and washed twice in 5-8 ml of
ice-cold homogenization buffer containing 30 mM sodium
phosphate, pH 6.5, and 250 mM sucrose. The cells were ho-
mogenized using a Dounce glass homogenizer, and the ho-
mogenate was centrifuged at 700 x g at 4 °C to remove nuclel
and unbroken cells. The pellet was resuspended, and the ho-
mogenization and centrifugation steps were repeated four
times. The supernatants from the homogenization steps were
pooled and centrifuged in a Sorvall SS-34 rotor at 15,000 x g
for 20 min at 4 °C. The 15,000 x g supernatant was removed
and centrifuged in aBeckman 70 Ti rotor at 150,000 x g for 1
h at 4 °C. The membrane pellet was then stored at -80 °C.
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Western blot assay: Cell membranes were resuspended
in PBS, and protein concentration was measured by Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, CA). Samples
were separated by 12% SDS-PAGE and then electro-trans-
ferred to Immobilon-P membrane (Millipore, Bedford, MA).
The DE7 antibody was used to detect human RGR protein
using ECL Western blot detection reagents (Amersham, Ar-
lington Heights, IL). Prestained protein molecular weight stan-
dards, low range, were from Life Technologies.

Preparation of [ *H] all-trans-retinal: [*H]all-trans-retinal
(250 uCi) was produced in the dark by oxidation of [*H]all-
trans-retinol (NEN Life Science Products, Boston, MA) in
the presence of 2.4 mg of MnO, in hexane solution saturated
with retinoic acid, as previously described [4]. The product
was purified by normal phase high performance liquid chro-
matography (HPLC) using a LiChrosorb RT Si60 silica col-
umn (4 x 250 mm, 5 um; E. Merck, Darmstadt, Germany) and
aBeckman Model 126 HPL C system (Beckman I nstruments,
Fullerton, CA). The running buffer was hexane with 2% diox-
ane. The [*H]all-trans-retinal was dried and stored under ni-
trogen in-80 °C. An all-trans-retinal standard was purchased
from Sigma (St. Louis, MO).

Binding of [ *H] all-trans-retinal to RGR: The[*H]all-trans-
retinal binding assay was performed, as described previously
[4]. Briefly, cell membraneswere resuspended in 67 mM phos-
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Figure 2. Expression of human RGR proteinin COS-7 and ARPE-19
cells. (A) COS-7 and ARPE-19 cellsweretransfected with pcDNA3-
hRGR (2 pg DNA/1 x 108 cells) using the Lipofectamine Plus agent
(Life Technologies), according to the manufacturer’s instructions.
Alternatively, confluent cells were transduced with the pHR'-CM V-
hRGR recombinant Lentivirus at equal transduction units (TU)/ml.
Control cellswere subjected to mock transfection or incubated with-
out the Lentivirus. Each lane was loaded with 2 pg of total mem-
brane protein. (B) In this experiment, the transduction frequency of
the COS-7 and ARPE-19 cells was 10% and 30%, respectively. The
transduction frequency was scored by immunohistochemical stain-
ing of transduced cells, and Western blot assayswere performed with
the DE7 antibody.
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phate, pH 6.6, 250 mM sucrose, and 100 pg/ml phenyl-
methylsulfonyl fluoride and incubated with [*H]all-trans-reti-
nal (2 x 10° cpm, 30-60 Ci/mmol) in the dark for 3 h at room
temperature. After adjustment of the pH to 8.0with 1 N NaOH,
38 mg/ml NaBH, was added to the suspension to reduce the
Schiff base bond. The membraneswere centrifuged at 150,000
xgforlhat4°C. Thepellet wasthen dissolvedin 0.1% SDS
in PBS. After separation with 12% SDS-PAGE, the proteins
werefixed, and the gel was soaked in ENLIGHTNING Rapid
Autoradiography Enhancer (NEN Life Science Products). The
gel was dried and exposed to Kodak X-omat AR 5 autoradio-
graphic film (Eastman Kodak Co., Rochester, NY).

Incubation of ARPE-19 cellswith [*H] all-trans-retinol and
analysis of radiolabeled proteins. Transduced and normal
ARPE-19 cells were preincubated overnight with serum-free
RPMI11640 mediumat 37 °Cin 5% CO,. The cellswere washed
with RPM11640 medium and incubated in the dark with a
mixture of [*H]all-trans-retinol (10 pCi, 50 Ci/mmoal), 500
pg/ml fatty acid-free bovine serum albumin, and 0.5% sucrose
in RPM11640 medium. After incubation for 3 h at 37 °C in
5% CO,, the cells were washed with PBS, collected by scrap-
ingin 2 ml 67 mM sodium phosphate buffer, pH 6.7, and ho-
mogenized with a Dounce glass homogenizer. After adjust-
ment of the pH to 8.0 with 1 N NaOH, 38 mg/ml NaBH, was
added to the suspension to reduce Schiff base bonds. The
membranes were centrifuged at 150,000 g for 1 h at 4 °C.
[®H]-Labeled proteins were analyzed by gel electrophoresis
and fluorography, as described above.

RESULTS

ARPE-19 and COS-7 cells were transfected with pcDNA3-
hRGR, an expression vector that contained a human RGR
cDNA under the control of the CMV promoter. Cell mem-
branes were analyzed by Western blot assay two days after
transfection, and the results showed that transfected ARPE-
19 and COS-7 cells produced comparable amounts of human
RGR protein (Figure2A). A single ~30 kDarecombinant RGR
protein was detected. The untreated control cells showed no
expression of RGR.

We also developed a lentiviral vector to express human
RGR and tested the recombinant virus by transduction of
ARPE-19 and COS-7 cells. The lentivira vector contained

mouse RPE
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Figure 3. Time course of the production of human RGR protein in
COS-7, ARPE-19, and primary mouse RPE cells in culture. Each
cell type was inoculated with 10 TU recombinant Lentivirus. Hu-
man RGR protein was assayed at different time points after trans-
duction. Aliquotsof total cell protein from COS-7 (35 ug), ARPE-19
(14 pg) and primary mouse RPE cells (6 pg) were loaded in each
group of lanes.
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the human RGR cDNA again under the control of the CMV
promoter. While both cell lines expressed human RGR by day
3 after transduction, the amount of RGR protein from trans-
duced ARPE-19 cells was much higher than that from trans-
duced COS-7 cells (Figure 2A,B). The Lentivirus-transduced
COS-7 cells produced only the same amount of RGR as did
ARPE-19 and COS-7 cdllsthat weretransfected with pcDNA3-
hRGR DNA.

A time course for the production of human RGR protein
in COS-7, ARPE-19, and cultured mouse RPE cells was de-
termined over a 10-day period after transduction with recom-
binant virus (Figure 3). In each cell type, human RGR protein
was detectable 1-2 days after transduction. In COS-7 cells,
the expression of RGR reached amaximal level approximately
6 days after transduction. In ARPE-19 and mouse RPE célls,
the amount of human RGR increased steadily up to 10 days
after transduction. After 6 months of continuous passage, the
transduced ARPE-19 cells continued to express the transgene
and produced a high amount of human RGR protein, compa-
rable to the amount produced 10 days after transduction.

The large difference in the amount of RGR produced by
transduced ARPE-19 and COS-7 cells was investigated by
comparison of transduction efficiencies for each cell type.
ARPE-19 and COS-7 cells were transduced with the recom-
binant virus at three different concentrations, or transduction
unit per cell (TU/cell), and transduced cells containing RGR
were identified by immunohistochemical staining (Figure 4).
As indicated in Table 1, the ARPE-19 cells were more effi-
ciently transduced than COS-7 cells at each concentration of
recombinant virus. In addition, other results suggested that
the amount of human RGR protein produced per cell was
higher in transduced ARPE-19 cellsthan in COS-7 cells. The
level of RGR expression was compared in a population of
ARPE-19 cells containing ~30% tranduced cells and a popu-
lation of COS-7 cells containing ~10% transduced cells.

Figure 4. Immunohistochemical staining of Lentivirus-transduced
ARPE-19 and COS-7 cells. ARPE-19 (A-C) and COS-7 cells (D-F)
were transduced with the following different concentrations of re-
combinant Lentivirus: (A and D) 0.1 TU/cell; (B and E) 1 TU/cell;
and (C and F) 10 TU/cell. After 2 days of incubation with Lentivirus,
human RGR opsin was detected by immunohistochemical staining
with the DE7 antibody [11]. Immunoreactivity was developed with
the Vector VIP substrate, and the cells were counterstained with
Mayer’s hematoxylin.
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Immunoblots showed that the amount of RGR protein from
these cellswas ~100x higher in ARPE-19 thanin COS-7 cells
(Figure 2B).

To determine whether recombinant human RGR expressed
in ARPE-19 cellsis capable of binding al-trans-retinal, cell
membraneswere prepared from transduced ARPE-19 cellsand
incubated with [*H]all-trans-retinal. Results from fluorogra-
phy demonstrated a single major radiolabeled band from the
transduced ARPE-19 cells, but not from the nontransduced
ARPE-19 cells (Figure 5). The position of thisband in SDS-
PA GE coincided with the position of radiolabeled bovine RGR
from freshly isolated bovine RPE cells.

We have a so demonstrated the uptake of exogenous all-
trans-retinol into Lentivirus-transduced ARPE-19 cellsand the
incorporation of the retinoid into the chromophore of RGR.
Transduced ARPE-19 cells with stable long term expression
of human RGR and nontransduced ARPE-19 cellswere incu-

TABLE 1. TRANSDUCTION EFFICIENCY OF HUMAN RGR LENTIVIRAL
VECTOR TOWARD ARPE-19 AND COS-7 CELLS

TU cel | 10. 1. 0.1
ARPE- 19 98% 56% 10%
Cos-7 29% 7% 2%

The cells were treated with equivalent amounts of recombinant
Lentivirus at the indicated transduction units (TU)/cell. The trans-
duction frequency, after 2 days of incubation with Lentivirus, was
scored by immunocytochemical staining with the DE7 antibody. The
results are presented as the mean percentage of total cellsthat were
transduced with the lentiviral vector in three different fields. ARPE-
19 cells were transduced more efficiently than COS-7 cells at each
TU/cell.

A B C

43 kDa

29 o

Figure5. Binding of [*H]all-trans-retina to recombinant human RGR
opsin. Bovine RPE microsomal (A) and total cell membranes from
nontransduced (B) and transduced (C) ARPE-19 cellswere incubated
with [*H]all-trans-retinal. The reaction products were separated by
SDS-PAGE and analyzed by fluorography with 1-week exposure to
autoradiographic film. Native bovine RGR and recombinant human
RGR were capable of binding to [®H]all-trans-retinal in a specific
manner in vitro.
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bated with [*H]all-trans-retinol in serum-free RPM 11640 me-
dium. Analysisof proteinsby gel electrophoresisand fluorog-
raphy demonstrated a single major radiolabeled band in the
transduced ARPE-19 cells (Figure 6). The ~30-kDa protein
was consistent in size to human RGR and was not detected in
the nontransduced control cells.

DISCUSSION

RPE cells in culture can be used to study complex mecha-
nisms of retinoid metabolism and the role of the RPE in the
visua cycle[12-17]. Lipids and retinoid-binding proteins as-
sistinthedelivery of all-trans-retinol asacomplex to the cul-
tured RPE cells, and intracellular processing of all-trans-ret-
inol has been analyzed using tracer [*H]all-trans-retinol
[12,14,18]. Often, RPE cells in culture undergo biochemical
changes, such as loss of pigmentation, decreased ability to
metabolize and store retinoids, and depletion of the cellular
retinol-binding protein (CRBP), cellular retinaldehyde-bind-
ing protein (CRALBP), and RPE6G5[19-22]. We have cultured
human and bovine RPE cellsin Dulbecco’s modified Eagle's
medium (DMEM) containing 10% fetal bovine serum and
analyzed the expression of RGR mRNA inthese cellsby North-
ern blot hybridization. RGR mRNA was undetectablein these
cultured human and bovine RPE cells, including ARPE-19
cells (results not shown). These findings indicate that an erst-
while active RGR gene promoter is dramatically repressed in
cultured RPE célls.

To investigate RGR opsin in ARPE-19 cells, which re-
tain unique characteristics of normal RPE cells, aLentivirus-
derived gene delivery system was used to produce high levels
of recombinant human RGR opsin in transduced ARPE-19
cells. Lentivirus-derived vectors have been demonstrated to
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Figure 6. Uptake and incorporation of [*H]all-trans-retinol into the
chromophore of RGR. Normal (A) and Lentivirus-transduced (B)
ARPE-19 cellswere preincubated overnight in serum-free RPM11640
medium and then incubated for 3 hwith [*H]all-trans-retinol (10 uCi,
50 Ci/mmol) in RPM11640. Total membrane proteins (~15 pg per
lane) were prepared and analyzed by gel electrophoresis and fluo-
rography. The autoradiographic film was exposed for 10 days.
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achieve an efficient and stable gene transfer in nondividing
cells[9,10]. Theefficient genetransfer isattributed to the V Sv-
G protein, which also enables broad cell type tropism of the
recombinant virus. Integration of the transgene into the host
cell genomeleadsto the stable transduction of cells. Thelong-
term expression of human RGR in transduced ARPE-19 cells
is consistent with previous results in which transgene expres-
sion was maintained for more than 6 months after transduc-
tion by the Lentivirus-derived vector [23,24]. Consequently,
the lentiviral vector should also prove effective for in vivo
transduction of quiescent RPE cells and potentialy may be
used to rescue the RGR-deficient mutant mouse [25].

Interestingly, the ARPE-19 cells were transduced more
efficiently than COS-7 cells, and the amount of RGR per trans-
duced cell was greater in ARPE-19 than in COS-7 cdlls. The
results suggest that the ARPE-19 cells, like normal RPE cells
invivo, provide efficient synthesis, or stabilization of afunc-
tional human RGR protein. Since the CMV promoter in the
lentiviral vector is not RPE-specific, the higher amount of
human RGR protein found in ARPE-19 cells versus COS-7
cells cannot be explained by promoter activity. The ARPE-19
cells have been found to express endogenous RPE proteins
[8], such as 11-cis retinyl ester hydrolase, CRALBP and
RPEB65. Since RGR is also found in microsomal membranes,
the presence of other RPE proteins and a specialized smooth
endoplasmic reticulum may enable interaction, stabilization
and accumulation of the RGR protein. Cultured mouse RPE
cells a'so produced a high amount of recombinant RGR.

The higher transduction efficiency of ARPE-19 epithe-
lia cellsin comparison to that of COS-7 fibroblast-like kid-
ney cells may be dueto theinteraction of VSV-G protein with
distinct cell types. The recombinant Lentivirusis pseudotyped
with VSV-G protein, which may cause cell fusion and some
interference with cell growth when attached to cell surfaces
[26]. Polarized epithelial cells, and perhaps ARPE-19 cells,
arerelatively resistant to this fusogenic property of the VSv-
G protein [26].

Animportant result of thisstudy isthat the expressed pro-
tein is capable of binding to al-trans-retinal, the endogenous
chromophore of RGR purified from bovine RPE cells. This
suggeststhat the recombinant RGR proteinisableto fold into
a proper conformation and may have functions of the native
RGR protein. In contrast to RGR from ARPE-19 célls, re-
combinant bovine RGR that we have overexpressed in Sf9
cells of the baculovirus expression system failed consistently
to bind al-trans-retinal (results not shown). By restoration of
afunctional RGR protein in ARPE-19 or RGR-/- mouse RPE
cells, the biochemistry and role of RGR in retinoid metabo-
lism and regulation can be studied in a cell culture system.

In the transduced ARPE-19 cells, the uptake and process-
ing of [*H]all-trans-retinol generated specific binding of the
retinoid to RGR. Under the experimental conditions, no other
membrane protein bound the radiolabeled retinoid. These re-
sults strongly suggest that the ARPE-19 cells are able to syn-
thesize the chromophore of RGR from al-trans-retinol and
that an all-trans-retinol dehydrogenase existsin the RPE. Such
al-trans-retinol dehydrogenase activity in the RPE has not
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been characterized previously, but would be required to pro-
videaligand for RGR. The human RGR Lentivirus-transduced
ARPE-19 cells provide auseful model for further study of the
novel al-trans-retinol dehydrogenase and the retinoid meta-
bolic pathwaysthat lie upstream and downstream of the RGR
opsin.

ACKNOWLEDGEMENTS
Wethank Marthenn Salazar for technical assistance. Thiswork
was supported in part by a Research to Prevent Blindness
Career Development Award (J.T.S.), and grants from the
Clayton Foundation for Research (J.T.S.), Hoover Foundation
and United States Public Health Service (EY 08364 and
EY 03040, H.K.W.F).

REFERENCES

1. Jiang M, Pandey S, Fong HK. An opsin homologue in the retina
and pigment epithelium. Invest Ophthal Vis Sci 1993; 34:3669-
78.

2. Hara-Nishimural, Matsumoto T, Mori H, Nishimura M, Hara R,
Hara T. Cloning and nucleotide sequence of cDNA for
retinochrome, retinal photoisomerase from the squid retina.
FEBS Lett 1990; 271:106-10.

3. Pandey S, Blanks JC, Spee C, Jiang M, Fong HK. Cytoplasmic
retinal localization of an evolutionary homolog of the visual
pigments. Exp Eye Res 1994; 58:605-13.

4. Shen D, Jiang M, Hao W, Tao L, Salazar M, Fong HK. A human
opsin-related gene that encodes a retinaldehyde-binding pro-
tein. Biochemistry 1994; 33:13117-25.

5. Hao W, Fong HK. Blue and ultraviolet light-absorbing opsin from
theretinal pigment epithelium. Biochemistry 1996; 35:6251-6.

6. Hao W, Fong HK. The endogenous chromophore of retinal G pro-
tein-coupled receptor opsin from the pigment epithelium. JBiol
Chem 1999; 274:6085-90.

7. MorimuraH, Saindelle-Ribeaudeau F, Berson EL, DryjaTP. Mu-
tationsin RGR, encoding a light-sensitive opsin homologue, in
patients with retinitis pigmentosa. Nat Genet 1999; 23:393-4.

8. Dunn KC, Aotaki-Keen AE, Putkey FR, Hjelmeland LM. ARPE-
19, ahuman retinal pigment epithelia cell line with differenti-
ated properties. Exp Eye Res 1996; 62:155-69.

9. Nadini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH,
VermalM, Trono D. In vivo gene delivery and stable transduc-
tion of nondividing cells by a lentiviral vector. Science 1996;
272:263-7.

10. Naldini L, Blomer U, Gage FH, Trono D, Verma IM. Efficient
transfer, integration, and sustained long-term expression of the
transgene in adult rat brains injected with a lentiviral vector.
Proc Natl Acad Sci U SA 1996; 93:11382-8

11. Jang M, Shen D, Teo L, Pandey S, Heller K, Fong HK. Alterna-

242

© 2000 Molecular Vision

tive splicing in human retinal MRNA transcripts of an opsin-
related protein. Exp Eye Res 1995; 60:401-6.

12. Das SR, Gouras P. Retinoid metabolism in cultured human reti-
nal pigment epithelium. Biochem J 1988; 250:459-65.

13. Das SR, Bhardwaj N, Gouras P. Synthesis of retinoids by human
retinal epithelium and transfer to rod outer segments. Biochem
J 1990; 268:201-6

14. Timmers AM, van Groningen-Luyben DA, de Grip WJ. Uptake
and isomerization of all-trans retinol by isolated bovine retinal
pigment epithelial cells: further clues to the visual cycle. Exp
Eye Res 1991; 52:129-38.

15. Carlson A, Bok D. Promotion of therelease of 11-cis-retinal from
cultured retinal pigment epithelium by interphotoreceptor ret-
inoid-binding protein. Biochemistry 1992; 31:9056-62.

16. Carlson A, Bok D. Polarity of 11-cisretinal release from cultured
retinal pigment epithelium. Invest Ophthalmol Vis Res 1999;
40:533-7.

17. Davis AA, Bernstein PS, Bok D, Turner J, Nachtigal M, Hunt
RC. A human retinal pigment epithelial cell line that retains
epithelial characteristics after prolonged culture. Invest
Ophthalmol Vis Sci 1995; 36:955-64.

18. Flannnery JG, O’ Day W, Pfeffer BA, Horwitz J, Bok D. Uptake,
processing and release of retinoids by cultured human retinal
pigment epithelium. Exp Eye Res 1990; 51:717-28

19. Flood MT, Bridges CD, Alvarez RA, Blaner WS, GourasP. Vita-
min A utilization in human retinal pigment epithelial cells in
vitro. Invest Ophthalmol Vis Sci 1983; 24:1227-35.

20. Pfeffer BA, Clark VM, Flannery JG, Bok D. Membrane recep-
tors for retinol-binding protein in cultured human retina pig-
ment epithelium. Invest Ophthalmol Vis Sci 1986; 27:1031-40.

21. Bridges CD, OkaMS, Fong SL, Liou GlI, Alvarez RA. Retinoid-
binding proteinsand retinol esterificationin cultured retinal pig-
ment epithelium cells. Neurochem Int 1986; 8:527-34.

22. Hamel CP, Tsilou E, Harris E, Pfeffer BA, Hooks JJ, Detrick B,
Redmond TM. A developmentally regulated microsomal pro-
tein specific for the pigment epithelium of vertibrate retina. J
Neurosci Res 1993; 34:414-25.

23. Miyoshi H, Takahashi M, Gage FH, Verma IM. Stable and effi-
cient gene transfer into the retinausing an HIV-based lentiviral
vector. Proc Natl Acad Sci U SA 1997; 94:10319-23.

24. Kafri T, Blomer U, Peterson DA, Gage FH, VermalM. Sustained
expression of genes delivered directly into liver and muscle by
lentiviral vectors. Nat Genet 1997; 17:314-7.

25. Chen P, Hao W, Rife L, Wang X, van Boemel GB, Ogden T, Wu
L, Chen J, Shen D, Fong HKW. A photic regeneration cycle for
visual pigmentsin mammals. Invest Ophthalmol Vis Sci 2000;
41:S617.

26. Burns JC, Friedmann T, Driever W, Burrascano M, Yee K. Ve-
sicular stomatitis virus G glycoprotein pseudotyped retroviral
vectors: concentration to very hightiter and efficient genetrans-
fer into mammalian and nonmammalian cells. Proc Natl Acad
Sci U SA 1993; 90:8033-7.



