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Purrost. Inherent instability of the P23H mutant opsin accounts for approximately 10% of
autosomal dominant retinitis pigmentosa cases. Our purpose was to develop an overall set of
reliable screening strategies to assess if either stabilization or enhanced degradation of mutant
rhodopsin could rescue rod photoreceptors expressing this mutant protein. These strategies
promise to reveal active compounds and clarify molecular mechanisms of biologically
important processes, such as inhibition of target degradation or enhanced target folding.

MerHODS. Cell-based bioluminescence reporter assays were developed and validated for high-
throughput screening (HTS) of compounds that promote either stabilization or degradation of
P23H mutant opsin. Such assays were further complemented by immunoblotting and image-
based analyses.

Resurts. Two stabilization assays of P23H mutant opsin were developed and validated, one
based on f-galactosidase complementarity and a second assay involving bioluminescence
resonance energy transfer (BRET) technology. Moreover, two additional assays evaluating
mutant protein degradation also were employed, one based on the disappearance of
luminescence and another employing the ALPHA immunoassay. Imaging of cells revealed the
cellular localization of mutant rhodopsin, whereas immunoblots identified changes in the
aggregation and glycosylation of P23H mutant opsin.

Concrusions. Our findings indicate that these initial HTS and following assays can identify
active therapeutic compounds, even for difficult targets such as mutant rhodopsin. The assays
are readily scalable and their function has been proven with model compounds. High-
throughput screening, supported by automated imaging and classic immunoassays, can
further characterize multiple steps and pathways in the biosynthesis and degradation of this
essential visual system protein.

Keywords: rhodopsin, rod photoreceptors, phototransduction, misfolded protein, GPCR,
retinal degeneration, ocular pharmacology

ell- and tissue culture-based high-throughput screening
(HTS) represents a mainstream approach for drug discov-
ery used either to identify biologically active small molecules or
genes associated with a given phenotype in genome-wide loss-
of-function screens.'"* Frequently, HISs are integrated with
computational methods and selected signaling pathways.!-3
Cell-based chemical compound screening typically is em-
ployed to identify hit compounds that bind to a receptor or an
enzyme. Improvement of hit efficacy is then achieved through
massive scale testing of compounds with similar chemical
structures.® Further improvements in selectivity and potency
are accomplished by structure-activity relationship studies that
allow fine tuning of the active compounds through medicinal
chemistry.> Once this step is accomplished, testing in animal
models, with and without genetic modifications, is the next
step. Here, dose-response and toxicology studies provide
critical information as to whether a compound is a viable
candidate for further preclinical trials and eventually clinical
trials in humans.

Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 1552-5783

Developing drugs for retinal degenerative diseases presents
unique challenges. The eye compartment housing postmitotic
neuronal cells of the retina and the adjoining retinal pigmented
epithelium (RPE) is relatively isolated, making it difficult to
achieve safe and effective concentrations of a systemically
administered drug candidate at this site. Yet, for treatment or
prevention of retinal pathology, orally administered drugs
provide the option that is most preferred, cost-effective, and
amenable to patient compliance. Moreover, this can be readily
discontinued if adverse events occur or better treatment
options become available.

Mutations in opsin, an essential protein molecule for dim
light vision,>” cause autosomal dominant retinitis pigmentosa
(adRP). Among affected individuals, the P23H mutation opsin is
the most frequent.®8-'© Our proof-of-concept studies have
focused on this mutation to understand its pathogenesis and
develop pharmacological approaches for its treatment.!!-2! The
inherent instability of P23H opsin mutant leads to its enhanced
degradation, but small amounts of the mutant opsin can still
disrupt rod outer segment (ROS) disc organization.'!?! We
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Ficure 1. High-throughput screening and orthogonal assays for the translocation and clearance of P23H mutant opsin in mammalian cells. (A) The
B-Gal fragment complementation assay applied to a HTS for P23H mutant opsin translocation. Expressed in a U20S cell line, the large subunit of -
Gal (EA, green tag) was fused with a plasma membrane anchored peptide, PLC (orange), whereas the small subunit of B-Gal (PK, pink tag) was
fused on the C-terminal of P23H mutant opsin (blue). Only when P23H mutant opsin is transported to the PM upon treatment with an active
compound will -Gal be reconstituted and its restored activity quantified by its luminescence. (B) Diagram of the BRET assay for confirmation of
P23H mutant opsin translocation. Briefly, the translocation of P23H mutant opsin was read by a BRET signal (dual emission ratio 530/480 nm) from a
double stable cell line (HEK293) coexpressing mouse P23H mutant opsin (blue) fused with Renilla luciferase (Rluc, green) as an energy donor and
membrane associated Kras peptide (orange) conjugated with fluorescent protein Venus (pink) as an acceptor. Increased PM transport of P23H-Rluc
will increase the BRET signal. (C) The HTS assay for clearance of P23H mutant opsin. P23H mutant opsin was fused with Rluc and expressed in
HEK?293 cells to generate a stable cell line for the HTS assay. Treatment with an active compound will decrease P23H-Rluc levels noted as a decrease
in luminescence from a microplate reader. (D) The amount of P23H mutant opsin expressed in a NIH3T3 stable cell line was quantified by the
ALPHA immunoassay. Briefly, cells were fixed and lysed for exposure of epitopes of P23H mutant opsin to be captured by the biotinylated B6-30
anti-rhodopsin antibody and the 1D4 anti-thodopsin antibody conjugated with acceptor beads. Upon addition of streptavidin-conjugated donor
beads that bind to the biotinylated B6-30 antibody, the donor and acceptor beads are brought in close proximity. The laser excited donor (680 nm)
bead then releases a singlet oxygen molecule and initiates an energy transfer to the nearby acceptor bead, which emits a red luminescence at 615
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nm. Treated with active compounds, the reduced amount of P23H mutant opsin is represented by a lowered ALPHA signal.

considered two approaches that could combat the negative
effect of this mutation. One is to stabilize the mutant protein
with a small ligand that in turn would protect rod photore-
ceptor cells. The second is to destroy the mutant variant,
leaving sufficient functional wild-type (WT) rhodopsin to carry
out dim light vision and prevent retinal degeneration. A small
molecule that selectively enhances degradation would be
highly desirable. This idea is viable because heterozygote
opsin knockout mice exhibit fully functional, albeit smaller rod
photoreceptor cells.?? An additional benefit of this work could
be the identification of other cellular factors that stabilize the
mutant protein by, for example, enhancing the expression of
chaperone proteins or modifying disulfide isomerase or proline
cis-trans isomerase activities.

A major challenge for discovering ligands/pharmacological
chaperones for membrane proteins arises from their compart-
mentalization into different cellular organelles in experimental
cell lines, often due to use of a strong promoter. Other
experimental artifacts include drug-dependent direct alteration
of luminescence/fluorescence output, and conjugated report-
er-mediated disruption of normal target protein folding,
localization, or activity.?>24 Such problems can be resolved
by modern high-content imaging techniques.

Here, we provide an outline for HTS of P23H mutant opsin
that employs several complimentary techniques to identify
active hit compounds and eliminate false positives. This
broadly applicable approach can be readily extended to
combat the effect of other pathological mutations in opsins
or other mutated membrane proteins in the eye (Fig. 1; Table).

METHODS

Stable Cell Lines

Mouse sequences were the source of all opsin constructs.

For the B-Galactosidase (B-Gal) fragment complementation
assay (HTS of P23H-opsin translocation), the U20S (PLC-EA
and P23H-opsin-PK) cell line was generated by DiscoveRx, Inc.
(Fremont, CA, USA). Two fusion proteins were expressed in
the U20S (PLC-EA and P23H-opsin-PK) cell line: the pleckstrin
homology (PH) domain of phospholipase C-6 (PLC) was fused
with the large subunit (EA) of B-Gal named PLC-EA; and the
small subunit (PK) of B-Gal was fused on the C-terminus of the
mouse P23H-opsin mutant named P23H-opsin-PK. Expression
of PLC-EA and P23H-opsin-PK was confirmed by immunostain-
ing (Fig. 2A).

For the bioluminescence resonance energy transfer (BRET)
assay?®> (confirmation of increased translocation of P23H-
opsin), an HEK293 (P23H-opsin-Rluc and Venus-Kras) cell line
was generated by incorporating the P23H-opsin-Rluc
pcDNA3.1 Zeo and Venus-Kras pcDNA3.1 constructs in
sequence. These cells then stably expressed the two fusion
proteins, namely a mouse P23H-opsin tagged with Renilla
luciferase 8 (P23H-opsin-Rluc), and a 25 amino acid plasma
membrane (PM) targeting peptide of the mouse V-Kiras2
Kirsten rat sarcoma viral oncogene homolog (Kras) GTPase
conjugated with the Venus fluorescence protein (Venus-Kras).
Coexpression of these two fusion proteins was confirmed by
immunostaining of P23H opsin and Venus fluorescence under
a fluorescence microscope (Fig. 3A). Positive clones were
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Figure 2. The B-Gal fragment complementation assay for a HTS of
P23H mutant opsin translocation (fop left). (A) Immunostaining of
U208 (PLC-EA and P23H-opsin-PK) stable cells treated with 0.1%
DMSO (left) and 5 uM 9-cis-retinal (right). PLC-EA is the PH domain of
phospholipase C § fused with the large subunit of B-Gal; and P23H-
opsin-PK is the P23H mutant opsin fused with the small subunit of f-
Gal. Yellow, P23H-opsin-PK; blue, DAPI. (B) Dose-response curve of 9-
cis-retinal assessed by the B-Gal fragment complementation assay.
Concentrations of 9-cis-retinal tested were 0.001, 0.005, 0.01, 0.05,
0.10, 0.25, 0.5, 0.75, 1.0, 2.5, 5, 7.5, 10, 15, and 20 pM. Error bars, SDs
of triplicate determinations. The HTS quality control parameters (S/B
ratio and Z’ described in Methods and the ECsq of 9-cis-retinal are listed
in the inset.

tested in the BRET assay and one clone was selected as noted
previously.2®

For the immunoblot, immunostaining, and ALPHA immu-
noassays, NIH3T3 (P23H-opsin/green fluorescent protein
[GFP]), and NIH3T3 (WT-opsin/GFP) stable cells were gener-
ated by incorporating the pMiLRO 23 and pMiLRO DNA
constructs, respectively (the backbone vector pMXs-IG was
kindly provided by Toshio Kitamura from the University of
Tokyo). Fluorescent GFP was expressed separately with the
opsin protein, which was used for positive clone selection.

BRET assay B

ECy 1.9 uM

9 -8 -7 6 -5
A Log,,[9-cis-retinal] (M)
Overlay

Ficure 3. The BRET assay for confirming active compounds that
facilitate P23H mutant opsin translocation (top left). (A) Immunostain-
ing of HEK293 stable cells illustrates the localization of P23H-opsin-
Rluc and Venus-Kras fusion proteins. Red, mP23H mutant opsin; green,
Venus-Kras. An overlay of the two stains is shown in the right panel.
(B) Dose-response curve of 9-cis-retinal obtained with the BRET assay.
Concentrations of 9-cis-retinal tested were 0.0025, 0.005, 0.01, 0.039,
0.078, 0.16, 0.31, 0.63, 1.3, 2.5, 10, and 20 uM. Error bars, SDs of
triplicate determinations.

A WT-opsin
NIH3T3
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FiGure 4. Image-based analysis of P23H mutant opsin localization. (A)
Immunostaining of NIH3T3 stable cells expressing the WT opsin (left),
the P23H mutant opsin treated with 9-cis-retinal (middle), or DMSO
(right). Yellow, opsin; blue, DAPI; green, GFP. (B) Quantification of
P23H mutant opsin localization and cytotoxicity after treatment with 9-
cis-retinal. Left chart: The dose response curve of 9-cis-retinal plotted
by the intensity (INT) ratio of P23H mutant opsin staining on the PM to
that in the ER, as a function of the Log,, [9-cis-retinal]; right chart: The
change in nucleus numbers after treatment with 9-cis-retinal as a
function of the log of its concentration. Concentrations of 9-cis-retinal
in both charts were 0.16, 0.31, 0.63, 1.3, 2.5, 5, 10, and 20 uM. Error
bars, SDs of experiments carried out in triplicate.

Expression of the P23H mutant or WT opsin was confirmed by
immunoblots and immunostaining (Figs. 4A, 5A).

For the luciferase reporter assay (HTS of P23H-opsin
clearance and a counterscreen for the effect on WT-opsin),
either HEK293 (P23H-opsin-Rluc) or HEK293 (WT-opsin-Rluc)
cells were generated by incorporating the P23H-opsin-Rluc
pcDNA3.1 Zeo or WT-opsin-Rluc pcDNA3.1 Zeo constructs,
respectively. Expression of P23H-opsin-Rluc or WT-opsin-Rluc
was confirmed by a luciferase assay as well as by immunoblot-
ting (Fig. 6, Supplementary Fig. S2A).

Cell Cultures and Media

For all stable cell lines, cells were cultured in cell growth
medium containing Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone, Logan, UT, USA) with 10% fetal bovine
serum (FBS; Hyclone), 5 pg/mL plasmocin (InvivoGen, San
Diego, CA, USA) at 37°C in 5% CO,. Cells were subcultured as
per instructions in the ATCC Animal Cell Culture Guide (in the
public domain, www.atcc.org). When cells were seeded for
assays in 96- or 384-well plates, 100 units/mL penicillin, 100 pg/
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Immunoblot analyses of P23H mutant opsin. (A) Immunoblot of NIH stable cells expressing P23H mutant opsin (left panel) or WT opsin

(right panel) without treatment (None), or treated with 0.1% DMSO alone (DMSO) or 9-cis-retinal at different concentrations. Thirty micrograms of
P23H mutant opsin lysate or 10 ug WT opsin lysate were loaded onto each lane. Internal control, B-tubulin. Arrows: 1, opsin dimer with mature
glycosylation; 2, opsin dimer with immature glycosylation; 3, opsin monomer with mature glycosylation; 4, opsin monomer with immature
glycosylation. (B) Quantification of band intensities from the immunoblots shown in (A). Left: Chart of the total intensities of opsin normalized by -
tubulin immunoblot intensity. Right: Chart of the intensity ratios of opsin with mature glycosylation (bands 1 + 3) to total opsin. Error bars, SDs
from measurements of two individual immunoblots. (C) Immunoblots of NIH stable cells expressing P23H mutant opsin (left panel) or WT opsin
(right panel) treated with 0.1% DMSO or 5 uM 9-cis-retinal. Cell lysates were treated with or without PNGaseF for 1 hour at room temperature for
deglycosylation before being loaded onto the SDS-PAGE gels. Double arrows: 5, deglycosylated opsin dimer, 6, deglycosylated opsin monomer.

mL streptomycin, and 2.92 pg/mL L-glutamine (Hyclone) were
added to the cell growth media (designated as assay medium).

Chemicals and Reagents

The B-Gal fragment complementation assay buffer and
substrate were from the Gal-Screen System (Applied Biosys-
tems, Bedford, MA, USA). PNGaseF was purchased from NEB

(Ipswich, MA, USA). Coelenterazine h (NanoLight, Pinetop, AZ,
USA) was dissolved in ethanol at 1 mg/mL (2.5 mM) as a stock
solution and stored at —80°C. DAPI (4',6-diamidino-2-phenyl-
indole; Life Technologies, Grand Island, NY, USA) was dissolved
in ethanol at 14.3 mM and stored at —80°C until use. ViviRen
(Promega, Madison, WI, USA) was dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich Corp., St. Louis, MO, USA) to
achieve a 60 mM stock solution that also was stored at —80°C.
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Ficure 6. Luciferase reporter assay for a HTS of P23H mutant opsin
clearance (top left). (A) Immunoblot (right panel) of HEK293 stable
cells expressing the P23H-Rluc fusion protein (left lane) and the
HEK293 cells without transfection (right lane). The top of this panel
was blotted with B6-30 anti-thodopsin antibody, and the bottom was
blotted with the anti-GAPDH antibody as an internal control. (B) A
dose-response curve for the positive control, Evans Blue, in the
luciferase reporter assay. Concentrations of Evans Blue were 2.5, 5.0,
10, 25, 50, 75, 100, 150, and 200 pM. Quality control parameters (S/B
ratios and Z") and ECs, of Evans Blue are listed in the inset. Error bars
are SDs from experiments performed in triplicate. (C) A chart of
luciferase activity related to cell seeding number in the P23H-Rluc
reporter assay. Cells were seeded at 12.5%, 25%, 37.5%, 50%, 62.5%,
75%, 87.5%, and 100% per well in triplicate with the 100% cell amount
equaling 8000 cells/well. A linear fit is shown as a red line. The slope,
intercept, and R? value of the fitted curve are listed in the inset.

9-cis-Retinal (Sigma-Aldrich Corp.) was dissolved in DMSO at
20 mM in the dark and covered with foil before storage at
—80°C. Evans Blue (Sigma-Aldrich Corp.) was solubilized in
H,O at 25 mM and kept at room temperature. Recombinant
Rluc (RayBiotech, Norcross, GA, USA) was dissolved in PBS (10
mM Na,HPOj, 1.8 mM KH,POy, pH 7.4, 137 mM NacCl, and 2.7
mM KCD at 50 pg/mL and maintained at 4°C for use within 2
weeks. Bovine opsin was obtained from bleached rhodopsin
purified from bovine retina as described previously.?” Mouse
monoclonal B6-30 and 1D4 anti-rhodopsin antibodies were
purified from hybridoma cells also as noted before.?”
Biotinylated B6-30 anti-thodopsin antibody was generated and
purified as listed in the instructions for EZ-Link NHS-LC-Biotin
reagent (Thermo Scientific/Pierce, Rockford, IL, USA). The

IOVS | April 2015 | Vol. 56 | No. 4 | 2558

immunoassay buffer, cell lysis buffer, streptavidin-conjugated
donor beads, and unconjugated acceptor beads for the ALPHA
immunoassay were purchased from PerkinElmer (Waltham,
MA, USA). Anti-thodopsin antibody 1D4 conjugated acceptor
beads were generated as described in the ALPHA immunoassay
guide (PerkinElmer).

B-Gal Fragment Complementation Assay

On day 1, cultured U20S (PLC-EA and P23H-opsin-PK) cells
were detached, resuspended and diluted to 3 X 105 cells/mL
with assay medium. The cell suspension was dispensed at 20
pL/well into a 384-well, white-walled, clear-bottom, tissue
culture-treated plate (Greiner Bio-one, Monroe, NC, USA) with
a Multidrop dispenser (Thermo Scientific, Waltham, MA, USA).
The 384-well plate was centrifuged at 300g for 30 seconds, and
then incubated at 37°C in 5% CO,. On day 2 of incubation, a
dosage series of 9-cis-retinal working solution (5 times
concentrated in the assay medium) was prepared. Dimethyl
sulfoxide in the assay medium (at final concentration in the
assay of 0.1%) was also provided as a negative control. Five
microliters/well of either 9-cis-retinal working solution or 0.5%
DMSO was dispensed into each well of a 384-well plate
containing the cell cultures. Each dose of 9-cis-retinal was
examined in triplicate, whereas the DMSO control was
repeated 16 times. The plate was centrifuged at 300g for 30
seconds and incubated at 37°C in 5% CO,. On day 3, the
reaction buffer was prepared as described in the instructions
for the Gal-Screen System (Applied Biosystems), and dispensed
into the prepared 384-well plate at 25 pL/well with the
Multidrop dispenser. The plate was covered with foil and
incubated at room temperature for 1 hour. The plate was read
for luminescence with the EnVisionTM plate reader (Perkin-
Elmer) with an integration time of 0.1 s/well. The averages and
standard deviations of the relative luminescence unit (RLU)
readouts from repeats of each condition are listed in
Supplementary Table S1, and plotted as the y-values and error
bars in the dose-response chart with the corresponding
log,o[9-cis-retinal] concentrations shown as the x-values in
Figure 2B. The dose-response curve for 9-cis-retinal was fitted
by Origin8.1 software (OriginLab, Northampton, MA, USA),
and the data range was selected to rule out data points at high
dosages which reflected cell death with a subsequent decrease in
luminescence. An observed ECs, was obtained at the concentra-
tion of 9-cis-retinal, which achieved 50% of the maximal
experimental luminescence signal. The seeding density, and
B-Gal reaction time were optimized by this protocol, ensuring a
high Z’ value. Dimethyl sulfoxide was tested from 0.01% to 1%,
which confirmed that addition of up to 0.5% DMSO did not affect
the assay readout. The 100% value was measured at 5 pM 9-cis-
retinal, and the 0% value in 0.1% DMSO. Quality control (QC) of
the assay was tested with the 100% and 0% values, each treated
with 16 repeats in a 384-well plate. The QC parameters, the
signal-to-background ratio (§/B ratio) and Z’ values were cal-
culated as S/B ratio = Mean ggv; control/ M€aNgy, contror; ANd Z°=1-3
X (SD()% control + SDIO()% c()ntr()l)/'Meanl()()% control Mean()% c()ntr()1|a
with Mean as the average of each control readout.?® In the QC
experiment, an S/B ratio greater than 30 and Z’ greater than 0.70,
suggested that the established protocol was reliable for scaling up
the HTS (Fig. 2B, inset).

BRET Assay

On day 1, cultured HEK293 (P23H-opsin-Rluc and Venus-Kras)
cells were detached, resuspended in culture medium and
diluted to 1 X 10° cells/mL. The cell suspension was dispensed
into a 96-well tissue culture plate (BD Falcon, San Jose, CA,
USA) at 200 pL/well. The plate was centrifuged at 300g for 30
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seconds and then incubated at 37°C in 5% CO,. On day 2, the
9-cis-retinal doses were diluted with assay medium to five times
their final tested concentrations under dim light. The DMSO
sample also was diluted to five times its final concentration of
0.1% with assay medium. Then 50 pL 9-cis-retinal or DMSO
diluent was added to each well of the 96-well plate under dim
light. The plate was covered in foil and incubated at 37°C in 5%
CO,. On Day 3 under dim light, the medium in the 96-well
plate was aspirated and the treated cells were resuspended in
200 pL PBS per well with a multichannel pipette. Cell
suspensions then were transferred into a white opaque 96-
well plate (Corning, Tewksbury, MA, USA). Coelenterazine h
was diluted to 25 pM with PBS and each well of the white 96-
well plate was injected with 50 pL of this coelenterazine h
solution, followed by a dual-emission reading at 480 and 530
nm after a 5-second delay. Readings were taken with a
SpectraMax L plate reader featuring two MDT detectors
installed with a BRET1 filter set (Molecular Devices, Sunnyvale,
CA, USA), and the BRET signal was calculated as the ratio of
emission at 530 nm to that at 480 nm. The average and SD of
BRET assays repeated in triplicate for each dose of 9-cis-retinal
are listed in Supplementary Table S2 and plotted in Figure 3B.
The ECs, of 9-cis-retinal was then calculated as described in the
protocol for the B-Gal assay. This protocol was finalized after
optimization of plate type, cell seeding density, substrate
concentration, and reaction time.

Imaging the Localization of P23H Mutant Opsin

In this assay, microplate liquid handling was performed with an
EL406 Washer Dispenser (BioTek, Winooski, VT, USA). On day
1, cultured NIH3T3 (P23H-opsin/GFP) or NIH3T3 (WT opsin/
GFP) cells were seeded at 5000 cells/well in a 384-well cell
carrier plate (PerkinElmer) as described for the B-Gal fragment
complementation assay. The plate was incubated at 37°C in 5%
CO, for 2 hours until cells were attached to the bottom of the
plate. Then cells were treated as described for the B-Gal
fragment complementation assay. Day 2, the assay medium was
aspirated from the 384-well plate and cells were fixed in freshly
prepared 4% paraformaldehyde at 20 pL/well for 20 minutes.
Cell membranes were permeabilized with 0.1% Triton X-100 in
PBS three times at 50 puL/well for 5 minutes each, blocked by
10% goat serum at 20 pL/well for 1 hour, and then incubated
with 20 pg/mL mouse monoclonal 1D4 anti-thodopsin
antibody at 20 pL/well at 4°C overnight. After three 0.1%
Tween 20 washes in PBS, 20 puL/well Cy3-conjugated goat anti-
mouse IgG (1:200 dilution; Life Technologies) was added to the
plated cell samples, which were incubated for 1 hour under
dim light. Following three more 0.1% Tween 20 washes in PBS,
20 pL/well 300 nM DAPI solution was added to each well for a
5 minute incubation after which the plate was washed a final
three times with 0.1% Tween 20 in PBS. Cells immersed in the
last wash solution were then used for imaging. Fluorescence
images were obtained with the Operetta High Content Imaging
System (PerkinElmer) according to the user manual. Five fields
were taken from each well, and three channels were taken for
DAPI (50 ms), GFP (100 ms), and Cy3 (100 ms) fluorescence.
Images were analyzed with Acapella Software from the
Columbus data storage and analysis system (PerkinElmer). An
image analysis is illustrated in Supplementary Figure S1. Nuclei
were defined by DAPI staining and the edge line of each DAPI-
stained circle was defined as the 50% line of the cell. The
cytoplasm was defined by GFP fluorescence and the outer
border of GFP fluorescence was set as the 0% line of the cell.
Incomplete cell images were omitted from the final analyses.
The PM region was defined within * 5% of the cell border, and
endoplasmic reticulum (ER) was the perinuclear space defined
as the 25% to 50% region. Intensities were measured from the
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Cy3 channel cell by cell. The intensity ratios of Cy3 on the PM
region to that in ER region also were calculated cell by cell.
Resulting intensity ratios were averaged among the population
of intact cells in each well (INT ratio PM-to-ER). The mean and
SD of PM-to-ER intensity ratios from three repeats of each
treatment condition are listed in Supplementary Table S3 and
plotted in Figure 4B. This assay was optimized by cell seeding
number, primary and secondary antibody concentration, plate
type, starting position of autofocusing, excitation intensity, and
scanning time for each channel of fluorescence. The algorithm
for quantification of P23H mutant opsin translocation was
finalized after comparison with alternative calculations, such as
total Cy3 intensity per cell and PM-to-total Cy3 INT ratio per
cell. The PM-to-ER INT ratio provided the greatest difference
between 5 pM 9-cis-retinal and 0.1% DMSO treatments.

Immunoblot Analyses

NIH3T3 (P23H-opsin/GFP) or NIH3T3 (WT-opsin/GFP) cells
were seeded at 8 X 10%/mL in 400 pL/well of a 48-well plate
(Corning Bio-one). Two hours after cells were attached, 100 pL
of either a five times concentrated final dose of 9-cis-retinal or
DMSO at 0.5% in assay medium was added to each well under
dim light. The treated plate was covered with foil and
incubated at 37°C in 5% CO, overnight. Next day the cells
were lysed with 100 pL/well 0.1% TritonX-100 in PBS and
complete protease inhibitor cocktail (Roche, Basel, Switzer-
land) followed by a 3-s/well sonication. Protein concentrations
of cell lysates were determined by OD 280 readings in a
Nanodrop spectrometer (Thermo Scientific). For PNGase F
catalyzed deglycosylation, 3 pL (1500 units) PNGase F (NEB)
was added to the cell lysate and incubated at room temperature
for 1 hour before immunoblotting (Fig. 5C). For the NIH3T3
(P23H-opsin/GFP) lysate, 30 pg of total protein was loaded for
each treatment condition. But for the NIH3T3 (WT-opsin/GFP)
lysate, 10 pg total protein was loaded per well for immuno-
blotting performed as previously described.?? Two immuno-
blots were used to assess each treatment condition. The
working concentration of 1D4-anti-thodopsin antibody was 0.5
ng/mL and the horseradish peroxidase (HRP) conjugated goat
anti-mouse IgG secondary antibody (Life Technologies) was
employed at a 1:10,000 dilution. Band intensities were
measured with Image] software (http://imagej.nih.gov/ij/;
provided in the public domain by the National Institutes of
Health, Bethesda, MD, USA) and opsin amounts were
normalized first by the intensity ratios of immunoblot bands
obtained from opsin to those from B-tubulin, and then to the
DMSO-treated condition. Ratios of maturely glycosylated-to-
total P23H mutant opsin ratio were calculated as (INTpnq1 +
INThandS)/(INTbandl + INTbandZ + INThand3 + INTband4)- These
P23H mutant opsin bands are illustrated in Figure 5A. These
values were averaged and SDs were calculated from experi-
ments performed in duplicate, and the data are listed in
Supplementary Table S4 and plotted as columns and error bars
in Figure 5B.

The Luciferase Reporter Assay

On day 1, HEK293 (P23H-opsin-Rluc) cells were seeded at
8000 cells/well (32 pL/well from a 2.5 X 105/mL cell
suspension) into a 384-well white-walled clear-bottom tissue
culture treated plate (Greiner Bio-one), and then incubated at
37°C in 5% CO,. On day 2, cells were treated as described in
the B-Gal fragment complementation assay, with 8 pL/well
containing five times the final concentrations of Evans Blue or
0.5% DMSO, respectively. Each Evans Blue dose or DMSO
control was performed in triplicate. On day 3, cells were
treated with 5 pL/well 0.2% n-dodecyl-B-D-maltoside (DDM,;
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Affemetrix, Santa Clara, CA, USA) for 5 minutes at room
temperature. The modified Rluc substrate ViviREN was added
to achieve a final concentration of 5 uM (5 pl/well 50 UM
ViviREN working solution). The plate was shaken at 100 rpm
for 5 seconds, covered by foil and incubated at room
temperature for 60 minutes. Luminescence then was read
with an Envision plate reader (PerkinElmer). Averages and SDs
of readouts at each dose are listed in Supplementary Table S5
and plotted as y-values and error bars, with corresponding
log o[Evans Blue] x-values shown in Figure 6B. The dose-
response curve fitting was done as described for the B-Gal
fragment complementation assay. The QC experiments were
each carried out 16 times with 0.1% DMSO and 200 pM Evans
Blue used as 0% and 100% controls. These QC experiments
provided an S/B ratio greater than 10 and a Z” greater than 0.5,
suggesting that the luciferase reporter assay is reliable for HTS
(Fig. 6, inset). This protocol was finalized by optimization of
cell seeding density, substrate stability, detergent conditions,
and reaction times to ensure the HTS quality of the assay.

To calibrate the luciferase reporter activity with amount of
P23H mutant opsin, on days 1, 4, 8, 12, 16, 20, 24, and 28, 32
pL/well cell suspension (2.5 X 10> cells/mL) was added to
columns 3to4,5t06,7to8,9to 10, 11 to 12, 13 to 14, 15 to
16, and 17 to 18, respectively, in a 384-well Greiner plate. Then
40, 306, 32, 28, 24, 20, 16, 12, 8, and 4 pL/well assay medium
was added to columns 1 to 2,3to 4,5t06,7to 8, 9to 10, 11
to 12, 13 to 14, and 15 to 16, respectively, to achieve a total of
40 pL solution per well. On day 3, this calibration plate was
treated and read as described above. Averages and SDs of
readouts from each cell number were plotted as y-values and
error bars, whereas cell amounts in percentages were plotted
as x-values (Fig. 6C). A linear curve fitting was performed for
calibration of the P23H mutant opsin amount (%) to the
luminescence readout.

This same protocol was repeated in HEK293 cells express-
ing the WT-opsin-Rluc fusion protein (Supplementary Fig. S2).

The Rluc Activity Assay

Recombinant Rluc stock solution was diluted to 50 pg/mL and
dispensed into a 384-well white-walled clear-bottom plate
(Greiner Bio-one) at 16 pL/well (800 ng/well). Evans Blue or
DMSO were prepared at five times of their final concentrations
(200 puM for Evans Blue or 0.5% for DMSO) and dispensed at 4
puL/well. The plate was incubated at 37°C for 15 minutes.
Coelenterazine h stock solution diluted to a final concentration
of 25 pM in assay medium was then dispensed into the plate at
20 pL/well. Luminescence from each well was read 2.5
seconds after substrate injection in a well-by-well sequence.
Each control condition was carried out 16 times, and the
averages and SDs of readouts from these replicates were
calculated and plotted as columns with error bars (Fig. 7). The
S/B ratio was higher than 10, suggesting that this assay could
reliably detect Rluc inhibitors as false positives from the HTS of
P23H mutant opsin clearance.

The ALPHA Immunoassay

Liquid handling for this assay was accomplished with the
EL406 Washer Dispenser (BioTek). On day 1, NIH3T3 (P23H-
opsin/GFP) cells were seeded at 10,000, 7500, 5000, and 2500
cells/well (for quantification of 100%, 75%, 50%, and 25% of
cell lysate) in a 384-well white-walled clear-bottom plate
(Greiner Bio-one) leaving three columns blank. After 2 hours of
incubation at 37°C in 5% CO,, cells were treated with 0.1%
DMSO and reincubated at 37°C with 5% CO,. On day 2, the
assay medium was aspirated and cells were fixed with freshly
prepared 4% PFA, followed by three washes each with 0.1%
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Ficure 7. Luciferase activity assay for the counter screen to identify
false positives from the HTS of P23H mutant opsin clearance. (A)
Coelenterazine h, catalyzed by recombinant Rluc, reacts with oxygen
and generates coelenteramide h, CO, and light that is read as
luminescence. Inhibition of Rluc by a model compound causes a
significant reduction of this luminescence. (B) The activity of Rluc
treated with 0.1% DMSO or 200 pM Evans Blue. Error bars, SDs from
16 experiments.

DMSO Evans Blue

Triton X-100 in PBS for 5 minutes. Fixed cells were lysed by 2.5
pL/well lysis buffer (PerkinElmer) at room temperature for 10
minutes. Purified bovine opsin standard diluted from 100 ng/
mL to 3 pg/mL was added at 2.5 pL/well in three replicates to
the three columns of blank wells of the 384-well plate. Each
well then received 5 pL 0.625 pg/mL biotinylated B6-30
antibody and 7.5 pL 33.33 pg/mL 1D4-conjugated acceptor
beads. The plate was centrifuged at 300g for 30 seconds, and
incubated at room temperature for 1 hour. Under dim light,
cach well of the plate then received 10 pL 100 pg/mL
streptavidin-conjugated donor beads and the plate was covered
by foil and incubated at room temperature for 30 minutes. The
ALPHA signal was read with a PerkinElmer Enspire plate
reader. Each condition was assayed in triplicate. The averages
and SDs obtained for each experimental condition are listed in
Supplementary Table S6. The standard curve of ALPHA signals
versus opsin amounts was plotted and fitted by the Hill
function, y = a X x"/(b" + x™) with Origin8.1 software (Fig.
8A). P23H mutant opsin amounts were calculated by calibrat-
ing ALPHA signals from NIH3T3 (P23H-opsin/GFP) cell lysates
to a standard curve derived from purified bovine opsin
(Supplementary Table S7; Fig. 8B). The linear correlation
between calculated opsin amounts with cell lysate amounts
suggests reliability of the ALPHA assay in confirming P23H
mutant opsin degradation.

The Dot Blot Assay

On day 1, NIH3T3 (P23H-opsin-GFP) cells were seeded in a
384-well tissue culture-treated plate and treated as described
for the ALPHA immunoassay (five replicates for each experi-
mental condition). On day 2, the assay medium was aspirated
and cells were lysed over 5 minutes by 20 pL/well 0.2% SDS in
PBS with complete protease inhibitor cocktail (Roche). Each
well of cell lysate was subjected to sonication for 3 seconds at
low energy to break down the DNA. Then 5 pL/well cell lysate
was blotted onto a nitrocellulose membrane (Thermo Scientif-
ic) with a multichannel pipette. The nitrocellulose membrane
was air-dried for 30 minutes and the immunoblot procedure
was performed as described above in ‘Immunoblot analyses.
Dot intensities were measured with ImageJ software. The
averages and SDs of measured dot intensities from the five
replicates of each condition were calculated and plotted as
columns with error bars as shown in Figure 9B.
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Ficure 8. The ALPHA immunoassay for confirmation of P23H mutant opsin clearance (left). (A) A standard curve of purified opsin fitted by the Hill
function. Opsin standards were 0.0075, 0.025, 0.075, 0.25, 0.75, 2.5, 7.5, 25, 75, and 250 pg. (B) Quantification of P23H mutant opsin in lysates
containing different numbers of cells. The value of 100% for a cell lysate was obtained from 10,000 cells cultured in a single well of a standard 384-
well plate for 18 hours. Error bars represent SDs from experiments performed in triplicate.

RESULTS

To identify active hit compounds for treatment of P23H mutant
opsin associated adRP and identify potential pathways that
affect its homeostasis, we developed a set of cell-based assays
to identify compounds that either stabilize misfolded P23H
mutant opsin or increase its degradation (Fig. 1; Table). Image-
based and immunoblot assays were optimized for further
characterization of target localization, target amounts and
posttranslational modifications.
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Figure 9. Dot blot assay for confirmation of P23H mutant opsin
clearance. (A) A dot blot of P23H mutant opsin expressed by NIH3T3
stable cells imaged with the 1D4 anti-thodopsin antibody. Each dot was
blotted from cells incubated in one well of a standard 384-well plate for
18 hours. The 100% cell lysate was obtained from 2500 cells. (B) Chart
of the relationship between dot intensities and the amounts of cell
lysate in DMSO and 9-cis-retinal-treated samples. Error bars represent
SDs from experiments performed five times.

9-cis-Retinal, an analog of the natural chromophore 11-cis-
retinal, is a pharmacological chaperone that can stabilize the
folding of P23H mutant opsin by binding to the ligand pocket
of this mutant opsin and forming an isorhodopsin pig-
ment.!3-20:30.31 Thus, 9-cis-retinal was used as a model
compound to validate assays used to screen for compounds
that stabilize the P23H mutant opsin. The solubility of 9-cis-
retinal in DMEM is higher than 200 uM, because of the albumin
present in the serum, and thus no precipitation was observed
at that concentration.

We did not have available compounds known to enhance
the degradation of P23H mutant opsin. So instead for the
luciferase reporter assays, we used the reported luciferase
inhibitor, Evans Blue,3? as a model compound to validate the
luciferase screening assays. Assays for P23H mutant opsin
degradation were also quantified by titrations of differing
numbers of cells and amounts of purified opsin (Figs. 6C, 8B,

D.

The B-Gal Fragment Complementation Assay for
HTS of P23H Mutant Opsin Translocation

We adapted a cell-based HTS assay to quantify the translocation
of P23H mutant opsin from the ER to the PM, a marker for
folded P23H mutant opsin that has escaped the ER quality
control system of the cell.?%3931 Using the complementary
effect of two separated subunits of B-Gal,? one fused with the
P23H mutant opsin and the other with a plasma membrane
anchored peptide (PLC), the translocation of P23H mutant
opsin was quantified as the recovered B-Gal activity read by
luminescence (Fig. 1A). Upon treatment with the vehicle
control (DMSO), P23H-opsin-PK still accumulated in the ER,
such that the basal readout of B-Gal activity was as low as that
of the blank. But upon treatment with 9-cis-retinal, the folded
P23H isorhodopsin translocated from the ER to the PM,
resulting in a significant increase in the readout signal for the [3-
Gal assay in a 384-well format (Fig. 2). The simple protocol for
this assay ensured its adaptation to automation. The dose
response curve for 9-cis-retinal also indicated that the (-Gal
assay could detect subtle increases in P23H mutant opsin
translocation because the maximum effect of 9-cis-retinal
produced a greater than 40-fold increase in the signal with
only small error bars. This result allows a reliable quantification
of P23H mutant opsin translocation for a HTS assay (Fig. 2B).
The Z’ value, calculated as 1-3 X (SDgy; control + SD100% control)/.
(Meanogs control — M€aNgy control),>> iS @ critical quality control
parameter for a HTS assay, taking both the S/B ratio and assay
variations into account. It is generally agreed that a good HTS
assay should have Z’ greater than or equal to 0.5. The Z’ value
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for the P-Gal fragment complementation assay was 0.90,
indicating this assay had a high reliability for HTS.

The BRET Assay for Confirmation of P23H Mutant
Opsin Translocation

A HTS of a 25,000 Structure Diversity Set from a compound
library could yield up to 200 “hit” compounds with desired
activity in a primary HTS assay.># In contrast, only a couple of
candidate compounds usually emerge for further medicinal
chemical optimization and in vivo studies. Therefore, an
orthogonal assay is immediately required to distinguish ‘true’
hit compounds from false positives. Using the BRET effect, we
developed a cell-based assay to confirm the effect of P23H
mutant opsin translocation after treatment with hits identified
from the preliminary HTS (Fig. 1B). A stable cell line was
generated expressing the P23H-opsin-Rluc (BRET donor) and
Venus-Kras (BRET acceptor) fusion proteins (Fig. 3A). With the
vehicle control (DMSO), the BRET donor P23H-opsin-Rluc
aggregated in the ER, whereas the BRET acceptor Venus-Kras
remained in the plasma membrane, providing a low basal BRET
signal. Treatment with 9-cis-retinal, a positive control, evi-
denced a dose-dependent increase of the BRET signal, due to
colocalization of the BRET donor and acceptor on the PM (Fig.
3B). This assay followed a simple protocol in a 96-well format
with the capability of testing 200 compounds with reliable
quality. False positives such as activators of -Gal activity and
autoluminescent compounds were easily detected and ruled
out with 0.1% DMSO and 5 pM 9-cis-retinal used, respectively,
as 0% and 100% controls. Compounds can increase the signal
from BRET or -Gal complementary assays by (1) increasing the
total amount of P23H mutant opsin, (2) shifting P23H mutant
opsin from ER to PM, and (3) increasing the cleavage of BRET
donor or B-Gal subunit into the cytosol. The model compound
9-cis-retinal both increases the translocation of P23H mutant
opsin and increases its total mount in cell culture. Either
mechanism could effectively rescue photoreceptors and need
to be tested further. However, other undesired effects such as
cleavage of tag proteins or an increased fraction of P23H
mutant opsin in the ER should be identified as artifacts by
image-based analysis described below.

Image-Based Analysis to Quantify the P23H Mutant
Opsin by its Location

More careful characterization can accomplished with a
reduced number of active compounds for further investigation.
Immunostaining is a common method for analyzing protein
localization in cultured cells. However, conventional fluores-
cence microscopy cannot consistently differentiate subtle
fluorescence intensity changes among a large group of
samples. In contrast, image-based high-content screening
systems coupled to advanced image processing software can
provide the capability of scanning and analyzing a large
number of samples.353¢ High-content imaging analysis was
applied to quantify the translocation of G protein-coupled
receptors.3’73% In a 384-well plate, we immunostained a stable
NIH3T3 cell line separately expressing the P23H mutant opsin
and GFP. As shown in Figure 4A, the automated imaging system
provided high quality fluorescent images. Each experimental
condition was applied to three wells and each well was
scanned over five fields with images of 500 to 4000 cells. Both
DAPI and GFP fluorescence were recorded to define the
nucleus and cytoplasm of each cell (Supplementary Fig. S1).
Based on these defined cellular localizations, immunostaining
intensities of P23H mutant opsin at different regions of each
cell were then measured. The boundary of cytoplasmic region
was defined as PM and the perinuclear region was defined as
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the ER (Supplementary Fig. S1). The intensity ratios of PM-to-
ER staining of P23H mutant opsin were measured and
calculated as described in Methods, representing the mean
values per cell in each well. We also tested the quality of image
analysis with different cell seeding numbers (250-10,000 cells/
well), and decided to seed 5000 cells/well which reached
approximately 60% confluence (Fig. 4A). This cell number
ensured that enough cells could be analyzed in the five image
fields per well, identifying up to 2000 to 4000 cells to be
analyzed per well when treated by DMSO. Also critical to assay
quality, these cells were not tightly crowded so that their cell
borders and shapes were better defined. Given sufficient
numbers of cells in each measurement, these image-based
analyses became much more reliable compared with conven-
tional imaging analysis of immunostained cells on cover
glasses. This fact was demonstrated by a marked dose-
dependent increase in the PM-to-ER INT ratio of the P23H
mutant opsin stain in cells treated with 9-cis-retinal (Fig. 4B,
left chart). In agreement with previous studies, 9-cis-retinal also
increased the average P23H mutant opsin stain of the entire
cell, and decreased the ER-to-total P23H opsin stain ratio (data
not shown). In addition, the cytotoxicity (CCsg) of 9-cis-retinal
was obtained by the plot of nuclei numbers, suggesting that
the concentration of this model compound needed to be in the
10° to 10~7 M concentration range to reduce its cytotoxicity
(Fig. 4B, right chart). Therefore, this image-based assay allows a
dual analysis of P23H mutant opsin localization as well as
cytotoxicity. Compounds with undesired effects, such as those
with high cytotoxicity or causing an increased ER fraction of
P23H mutant opsin (decrease of PM-to-ER INT ratio), can be
ruled out with this assay. Other possible effects of tested
compounds can be identified as well, such as: (1) a decrease of
P23H mutant opsin aggregating in ER, (2) an increase in the
total amount of mutant opsin, and (3) a shift of the mutant
opsin from the ER to the PM. Because this assay features
nontagged mutant opsin, it would also eliminate artifacts due
to the addition of tags in the B-Gal fragment complementation
and BRET assays.

Immunoblot Analysis of P23H Mutant Opsin

Due to its ER retention, misfolded P23H mutant opsin features
N-linked glycosylation that is susceptible to cleavage by
endoglycosidase H.2'-40 Differences in glycosylation content
are also manifested by molecular masses that are lower than
that of WT opsin when expressed in NIH3T?3 cells. Compared
with that of WT opsin, the total intensity of P23H mutant opsin
was significantly reduced and was seen primarily as a dimer
band (Fig. 5A). After treatment with 9-cis-retinal, the total
intensity of the P23H mutant opsin bands was increased; the
monomer band of the mutant opsin became visible (left, Fig.
5A), suggesting that the mutant opsin was stabilized. In
addition, the molecular masses of the P23H mutant opsin
monomer and dimer shifted to sizes similar to those of WT
opsin, suggesting an increased amount of the mutant opsin
with mature glycosylation (Fig. 5A). Deglycosylation by
PNGaseF led to new bands with lower molecular mass at 30
and 60 kDa from lysates of NIH3T3 cells expressing P23H
mutant or WT opsin treated with DMSO or 5 pM 9-cis-retinal,
confirming (1) the difference of molecular mass between P23H
mutant and WT opsin is due to a difference in glycosylation,
and (2) the shift of molecular mass of P23H mutant opsin
monomer and dimer bands by treatment of 9-cis-retinal is also
due to a change of glycosylation. With measurements of band
intensities from repeated immunoblots, these effects also could
be quantified in a dose-dependent fashion (Fig. 5B). To
summarize, this immunoblot analysis could reveal the effects
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of an active compound on both the amount of protein and its
posttranslational modifications.

The first drug discovery strategy was developed based on
the hypothesis that stabilizing the P23H mutant opsin could
rescue rod photoreceptors. Alternatively, we also hypothesized
that specific clearance of the P23H mutant opsin could protect
rod photoreceptors, while the copy of normal opsin sustains
the structure and function of retina. The following assays were
developed to identify novel compounds, which specifically
increase the degradation of P23H mutant opsin.

Luciferase Reporter Assay for a HTS of P23H
Mutant Opsin Clearance

With Rluc used as a reporter in a HEK293 stable cell line, a HTS
assay was developed to identify compounds that decrease the
total amount of P23H mutant opsin, and thereby reduce its
cytotoxicity (Fig. 1C). Due to its misfolding and instability, the
P23H mutant opsin is already heavily degraded in cell culture,
reducing its basal amount significantly lower than that of WT
opsin. Fusion of Rluc to P23H mutant opsin generated a
luminescence signal for quantification of the mutant opsin,
providing a high S/B ratio (S/B = 16.0) for the HTS (Z’ = 0.62,
with Evans Blue used as the 100% control and DMSO as the 0%
control; Figs. 6A, 6B). Because no active compounds were
available that increase the clearance of P23H mutant opsin,
Evans Blue, a reported Rluc inhibitor,3? was used instead as the
control model compound. Potential false positive compounds,
such as dyes and Rluc inhibitors, were ruled out by using the
counterscreen and confirmation assays described below. In
addition, amounts of P23H mutant opsin were determined by
titrating different numbers of cells expressing P23H-opsin-Rluc
(Fig. 6C). The linear correlation of the luminescence readout
with cell amounts suggests the readout of this assay can be
used to quantify P23H mutant opsin, if treatment with the
compound does not affect the number of cells. Compounds
that decrease cell numbers can be identified by the image-
based assay described above that will count cell numbers and
reveal changes in cell shape.

To identify active compounds that specifically decrease the
amount of P23H mutant opsin, we generated HEK293 stable
cells expressing WT-opsin-Rluc fusion protein. The same
luciferase reporter assay was tested in this cell line
(Supplementary Fig. S2). The amount of WT-opsin-Rluc can
be determined by titration of cell numbers as described above.
Compounds that selectively decrease the readout in cells
expressing P23H-opsin-Rluc without changing the readout in
cells expressing WT-opsin-Rluc would be selected as active
compounds for further characterization.

Counter Screen Rluc Activity Assay to Identify
False Positives From the HTS of P23H Mutant
Opsin Clearance

Because the HTS assay for P23H mutant opsin clearance was
designed to search for compounds that decrease the signal of
the Rluc reporter, a counter screen assay was needed to
distinguish compounds that directly affect Rluc enzymatic
activity from true hit candidates that reduce the amount of
P23H mutant opsin. Thus, we developed a biochemical assay
to test the effect of hit compounds on the activity of a
recombinant Rluc (Fig. 7A). As expected, Evans Blue (200 uM)
provided a strong inhibition of Rluc activity (Fig. 7B),
suggesting this assay could identify luciferase inhibitors and
dyes that block the luminescence readout. Thus, only hit
compounds that showed no effect on Rluc activity in this assay
would qualify for further confirmation.

IOVS | April 2015 | Vol. 56 | No. 4 | 2563

The ALPHA Immunoassay to Confirm P23H Mutant
Opsin Clearance

The ALPHA assay was designed as an improved alternative to
the ELISA because it provides a better quality and simpler
protocol for quantification of certain proteins of interest.4"42
Here, we developed a modified ALPHA immunoassay for the
quantification of P23H mutant opsin to confirm the effect of
active compounds on its clearance (Fig. 1D). With purified
bovine opsin used as a standard, the ALPHA signal was
calibrated to detect picogram levels of opsin (Fig. 8A). Due to
its instability after cell lysis, the P23H mutant opsin often
aggregates resulting in low ALPHA readouts. Therefore, we
fixed the NIH3T3 (P23H-opsin-GFP) cells before lysis, exposing
their P23H mutant opsin epitopes to obtain reliable quantifi-
cation. Due to lack of available active compounds before
running the HTS, we used lysates from different numbers of
cells seeded in the 384-well plate to represent different
amounts of P23H mutant opsin in the ALPHA assay. The
superior linear correlation of cell numbers and calculated
P23H mutant opsin amounts from this ALPHA calibration
suggest that this assay can reliably indicate the effect of tested
compounds on the clearance of mutant opsin (Fig. 8B).

The Dot Blot Assay for Alternative Confirmation of
P23H Mutant Opsin Clearance

The dot blot assay is a simplified alternative to the conventional
immunoblot, allowing semiquantification of protein amounts
under a large range of experimental conditions. We developed
a dot blot assay with lysates from NIH3T3 (P23H-opsin/GFP)
cells to confirm P23H mutant opsin clearance activity. To
compensate for higher variability, each condition was tested in
5 wells of a 384-well format. As shown in Figure 9, the
decreased cell amounts were correlated with decreases in dot
intensity, whereas enhanced dot intensities reflected increases
in dot blot intensities provided by greater amounts of P23H
mutant opsin upon pretreatment with increasing concentra-
tions of 9-cis-retinal. This assay, together with an immunoblot
assay and high-content imaging analysis from immunostaining
of P23H mutant and WT opsin should further confirm their
changes in amount, localization, and posttranslational modifi-
cation after treatment with active compounds. Cytotoxicity
will also be detected by the image-based analyses.

Finally, only a handful of active compounds will be selected
upon being fully characterized by these different pharmaco-
logical assays. After careful chemoinfomatic analysis of each
compound, 344 two to four compounds from each P23H
mutant opsin stabilization or clearance study would qualify for
further development and in vivo testing.

DIScUsSION

To discover novel, small molecular compounds with desired
activity for treating retinal diseases, initial compounds can be
identified from a cell-based HTS with a high S/B ratio and low
variability. Initially identified hit compounds from HTS should
be further confirmed and characterized by multiple assays, so
that only those compounds with the desired activity in all these
assays are selected for further evaluation by medicinal chemical
and in vivo studies. Here we established a strategic set of
reliable cell-based and scalable protocols to search for active
compounds that stabilize or increase the degradation of P23H
mutant opsin. Active compounds identified from this method-
ology might also reveal novel cellular compensatory mecha-
nisms and machinery that could be incorporated to enrich
pharmacological approaches for the treatment of RP. Moreover,
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the general protocol schematic can readily be adapted to
identify promising active compound precursors for the
treatment of other retinal diseases. We purposely selected
the misfolded P23H mutant opsin as one of the most difficult to
study.

Retinitis pigmentosa actually consists of a set of hereditary
retinal diseases that cause progressive rod and cone photore-
ceptor cell degeneration with visual impairment often culmi-
nating in blindness.*>4¢ Among RP patients, the rod opsin gene
accounts for approximately 25% of adRP cases.!1°-12 More
than 100 mutations in the opsin gene were noted to manifest
wide variations in the severity of symptoms, among which
distinct cellular pathways were hypothesized to be in-
volved.?"4547-51 The first reported opsin mutation, P23H,
accounts for approximately 10% of all adRP cases. Specific
signs and symptoms of this mutation in humans have been
described in detail 2'52-54

Rhodopsin, a G protein-coupled receptor, has a special role
in our vision.®> The visual pigment rhodopsin comprises the
major protein component (>90%, 5 mM) in the pancake-like
stacks of disk membranes located in the outer segments of rod
photoreceptors.®> Approximately 10% of this structure is
phagocytized and renewed daily,>® resulting in a high
metabolic burden for rod cells because 50,000 rhodopsin
molecules must be synthesized de novo every second.
Rhodopsin expression is essential for the formation of ROS,
which are absent from opsin~~ mice>”->® and humans with
null mutations in the opsin gene.> Thus, even subtle changes
in the structure of rhodopsin can lead to retinal degeneration.

Experimental models with the P23H mutant opsin have
been generated in cell cultures,048.:60.01 mjce 02-64 rats 0500
pigs,®” Drosophbila melanogaster,'”°% Caenorbabditis ele-
gans,’® and frogs'>19:%9-71 to advance our understanding of
this disease. Biochemically, the P23H mutant opsin is unstable
and misfolded; thus, it is located in the ER and features
enriched N-glycosylation in cell culture.® 9-cis-Retinal binds in
the ligand pocket of the mutant opsin and stabilizes its
structure by forming an isorhodopsin pigment.!372 However,
due to its light sensitivity and cytotoxicity at high concentra-
tions, other active compounds are needed to stabilize the P23H
mutant opsin. We previously generated a P23H opsin knock-in
mouse that is genetically equivalent to the human adRP
condition?! and found that the P23H protein was both less
abundant (1%-10% of WT rod opsin) and glycosylated.
Moreover, this protein failed to accumulate in rod photore-
ceptor cell ER and instead disrupted rod photoreceptor disk
morphology.1112 Genetically engineered P23H mice lacking
visual chromophore also showed accelerated photoreceptor
cell degeneration. Recently, we found that only early activation
of ER-associated protein degradation (ERAD) occurred in
opsin™?31/+ knock-in mice, whereas late apoptotic ER-stress
signals such as activation of the activating transcription factor 4
(ATF4) or C/EBP homologous protein (CHOP) were not
observed.!? These results indicate that most P23H protein is
degraded and the ER quality control system of the photore-
ceptor cells is competent. Therefore, photoreceptor cell death
could be due to cytotoxicity of the residual P23H mutant opsin
that escapes degradation as well as lack of sufficient 11-cis-
retinal to stabilize this opsin. Thus, enhancing the degradation
of P23H mutant opsin appears the most logical path forward.

Experimental efforts to combat RP based on current
knowledge of this disease have yet to result in approved
clinical treatments. Here, we list some possible successful
strategies: (1) sequence-specific knockdown of mutant
mRNA®573-75; (2) stabilization of rod cells by increased
expression of ER chaperone-like proteins!'®; (3) coexpression
of WT opsin to increase the ratio of normal to mutant protein;
(4) reduction of expression of both mutant and WT
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proteins’®-78; (5) nutritional therapy based on vitamin A and
other additives such as docosahexanoic acid’?8°; (6) stabiliza-
tion of mutant protein by native and artificial chromophores or
other pharmacological agents?:31.7281.82: (7) treatment with
17-allylamino-17-demethoxygeldanamycin (17-AAG), an ansa-
mycin antibiotic that binds to the heat shock protein Hsp90,
activating a heat shock response®*®%; (8) increasing neuro-
trophic factors such as rod-derived viability factor®5-87 or many
others’®; (9) increasing or decreasing levels of specific micro-
RNAs that exert neuroprotective or neurotoxic effects®8-2;
(10) transplantation of photoreceptors and the RPE®!; (11)
restoring metabolic regulation and managing oxidative stress®?;
(12) manipulation with light exposure!®93; (13) reprogram-
ming rod into cone cells®4; and (14), expressing proinsulin as a
neuroprotective molecule.”> These examples are by no means
an exhaustive list of proposed approaches, and all possibilities
must be considered and compared systematically to identify
the best option for treating RP.

Our results hold promise to advance the discovery of
optimal pharmacological approaches that slow or prevent
retinal degeneration caused by the P23H opsin mutations in
the opsin gene. Novel compounds from HTS, as well as
previously reported compounds could be tested in the
confirmation assays and image-based assays described in this
study, such that their pharmacological activities (efficacy,
potency, and cytotoxicity) could be compared in a consistent
experimental format. Combinatorial treatment with different
compounds targeting separate cellular pathways could be
tested and optimized for safer and more effective outcomes.
P23H knock-in mice'!?! in combination with HTS and high-
resolution imaging should dramatically advance our under-
standing of RP pathophysiology and yield active compounds
for future development.
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