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A1120, a Nonretinoid RBP4 Antagonist, Inhibits Formation
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Purpose. Excessive accumulation of lipofuscin is associated
with pathogenesis of atrophic age-related macular degenera-
tion (AMD) and Stargardt disease. Pharmacologic inhibition of
the retinol-induced interaction of retinol-binding protein 4
(RBP4) with transthyretin (TTR) in the serum may decrease the
uptake of serum retinol to the retina and reduce formation of
lipofuscin bisretinoids. We evaluated in vitro and in vivo
properties of the new nonretinoid RBP4 antagonist, A1120.

MerHops. RBP4 binding potency, ability to antagonize RBP4-
TTR interaction, and compound specificity were analyzed for
A1120 and for the prototypic RBP4 antagonist fenretinide.
A1120 ability to inhibit RPE65-mediated isomerohydrolase
activity was assessed in the RPE microsomes. The in vivo
effect of A1120 administration on serum RBP4, visual cycle
retinoids, lipofuscin bisretinoids, and retinal visual function
was evaluated using a combination of biochemical and
electrophysiologic techniques.

ResuLts. In comparison to fenretinide, A1120 did not act as a
RARa agonist, while exhibiting superior in vitro potency in
RBP4 binding and RBP4-TTR interaction assays. A1120 did not
inhibit isomerohydrolase activity in the RPE microsomes.
A1120 dosing in mice induced 75% reduction in serum
RBP4, which correlated with reduction in visual cycle retinoids
and ocular levels of lipofuscin fluorophores. A1120 dosing did
not induce changes in kinetics of dark adaptation.

Concrusions. A1120 significantly reduces accumulation of
lipofuscin bisretinoids in the Abca4~/~ animal model. This
activity correlates with reduction in serum RBP4 and visual
cycle retinoids confirming the mechanism of action for A1120.
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In contrast to fenretinide, A1120 does not act as a RARa
agonist indicating a more favorable safety profile for this
nonretinoid compound. (Invest Opbthalmol Vis Sci. 2013;
54:85-95) DOI:10.1167/i0vs.12-10050

ge-related macular degeneration (AMD) is the leading cause

of blindness in developed countries. There is no treatment
for the most prevalent dry form of AMD.! Dry AMD is
associated with abnormalities in the RPE, which lies beneath
the photoreceptor cells and provides critical metabolic
support to these light-sensing cells. RPE dysfunction induces
secondary degeneration of photoreceptors in the central part
of the retina, called the macula. Experimental, pathophysio-
logic and clinical imaging data indicate that high levels of
lipofuscin may induce degeneration of RPE and the adjacent
photoreceptors in atrophic AMD retinas.?~® In addition to dry
AMD, dramatic accumulation of lipofuscin is the hallmark of
Stargardt disease. One well-known component of RPE lipofus-
cin is a pyridinium bisretinoid, A2E. Formation of A2E and
other lipofuscin bisretinoids, such as A2-dihydropyridine-
phosphatidylethanolamine (A2-DHP-PE) and all-trans retinol
dimmer-phosphatidylethanolamine (atRALdi-PE), begins in
photoreceptor cells in a nonenzymatic manner and can be
considered as a byproduct of the properly functioning visual
cycle. 1% It was suggested that small molecule drugs that
directly inhibit the visual cycle and/or limit ocular availability
of all-trans retinol that fuels the visual cycle may reduce the
formation of RPE bisretinoids in the retina, and prolong RPE
and photoreceptor survival in patients with dry AMD and
Stargardt disease.!'"'¥ Given that the rates of bisretinoid
production in the retina seem to depend on the influx of all-
trans retinol from serum to the RPE and assuming that RPE
retinol uptake depends on serum retinol concentrations, it was
suggested that pharmacologic reduction of serum retinol may
represent a common treatment strategy for dry AMD and
Stargardt disease.!! Serum retinol is maintained in circulation
as a tertiary complex with retinol-binding protein 4 (RBP4) and
transthyretin (TTR). In the absence of interaction of RBP4 with
TTR, the RBP4-retinol complex is cleared rapidly from
circulation due to glomerular filtration. Retinol binding to
RBP4 is required for formation of the RBP4-TTR complex; apo-
RBP interacts poorly with TTR. A synthetic retinoid drug
fenretinide was found to bind with RBP4, displace all-trans
retinol from RBP4,'> and disrupt the retinol-dependent RBP4-
TTR interaction.'>'¢ Fenretinide was shown to reduce serum
retinol,!” inhibit ocular all-trans retinol uptake, and slow down
the visual cycle.!! Importantly, fenretinide administration
reduced bisretinoid production in the animal model of
excessive lipofuscin accumulation.!’ However, independent
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of its activity as an antagonist of retinol binding to RBP4,
fenretinide is an extremely active inducer of apoptosis in many
cell types,'®-22 including the RPE,??> Additionally, fenretinide is
reported to stimulate formation of hemangiosarcomas in
mice.?* Moreover, fenretinide is theratogenic,?5-2° which
makes its use problematic in Stargardt disease patients of
childbearing age. As fenretinide safety profile may be
incompatible with long-term dosing in individuals with
blinding but nonlife-threatening conditions, identification of
new classes of RBP4 antagonists is of significant importance.
A1120, a nonretinoid RBP4 ligand, originally was identified in a
screen for compounds that may improve insulin sensitivity.2”
However, administration of A1120 did not improve insulin
sensitivity, making it an unlikely drug candidate for diabetes
treatment. In our study, we confirmed the ability of A1120 to
displace retinol from RBP4, disrupt retinol-induced RBP4-TTR
interaction, and reduce serum RBP4 levels. In addition, for the
first time to our knowledge, we established the ability of A1120
to inhibit bisretinoid accumulation in the Abca4”~ mouse
model of excessive lipofuscinogenesis, which justifies addi-
tional evaluation of A1120 and its analogues as a potential
treatment for dry AMD and Stargardt disease.

METHODS

Chemicals and Reagents

The 2-(4-[2-(trifluoromethyDphenyl]piperidine-1-carboxamido)ben-
zoic acid (A1120) and all-trans retinol were purchased from Sigma
(St. Louis, MO); 5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl-
1-propenyl benzoic acid (TTNPB) was purchased from Biomol
(Plymouth Meeting, PA). For the use in the time-resolved fluorescence
resonance energy transfer (IR-FRET) assay we expressed the maltose
binding protein (MBP)-tagged human RBP4 fragment (amino acids
19-201) in the Gold(DE3)pLysS Escherichia coli strain (Stratagene,
Santa Clara, CA) using the pMAL-c4x vector. The ligand-binding
domain of RARa (amino acids 154-462) was cloned into pGEX-6p-3
and GST-tagged protein was expressed in the Gold(DE3)pLysS E. coli
strain (Stratagene). Recombinant RBP4 and RARo-LBD were purified
using the ACTA FPLC system (GE Healthcare, Pittsburgh, PA)
equipped with the MBP Trap HP (for MBP-RBP4) or GST Trap HP
(for GST-RARo-LBD) columns. Untagged human RBP4 purchased
from Fitzgerald Industries International (Acton, MA) was used in
binding experiments. Human TTR was purchased from Calbiochem
(San Diego, CA). SRC2-2 peptide, Biotin-Ahx(aminohexanoic acid)-
CPSSHSSLTERHKILHRLLQEGSPS-CONH,, was synthesized at CHI
Scientific, Inc. (Maynard, MA).

Scintillation Proximity RBP4 Binding Assay

Untagged human RBP4 was biotinylated using the EZ-Link Sulfo-NHS-LC-
Biotinylation kit from Pierce (Rockford, IL) following the manufacturer’s
recommendations. Binding experiments were performed in a final assay
volume of 100 pL per well in SPA buffer (1 X PBS, pH 7.4, 1 mM EDTA,
0.1% BSA, 0.5% CHAPS). The reaction mix contained 10 nM 3H-retinol
(48.7Ci/mmol; PerkinElmer, Waltham, MA), 0.3 mg/well Streptavidin-
PVT beads, 50 nM biotinylated RBP4. Nonspecific binding was
determined in the presence of 20 M of unlabeled retinol. Radiocounts
were measured using a TopCount NXT counter (Packard Instrument
Company, Meriden, CT) following overnight incubation at 4°C.

TR-FRET Assay for Retinol-Induced RBP4-TTR
Interaction
Bacterially expressed MBP-RBP4 and untagged TTR were used in this

assay. TTR was labeled with Eu?" Cryptate-NHS using the HTRF
Cryptate labeling kit from CisBio (Bedford, MA) following the
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manufacturer’s recommendations. TR-FRET assay was performed in a
final assay volume of 16 pL per well. The reaction buffer contained 10
mM TrissHCI pH 7.5, 1 mM DTT, 0.05% NP-40, 0.05% Prionex, 6%
glycerol, and 400 mM KE Each reaction contained 60 nM MBP-RBP4
and 2 nM TTR-Eu along with 26.7 nM of anti-MBP antibody conjugated
with d2 (CisBio). TR-FRET signal was measured in the SpectraMax M5e
Multimode Plate Reader (Molecular Devices, Sunnyvale, CA) following
overnight 4°C incubation. Fluorescence was excited at 337 nm;
emission was measured at 668 and 620 nm with 75 ps counting delay.
The TR-FRET signal was expressed as the ratio of fluorescence
intensity: Flugeg/Flugao X 10,000.

TR-FRET RARo—SRC2-2 Interaction Assay

Bacterially expressed GST-RARa and synthetic biotinylated SRC2-2
peptide (fragment of the SRC1 co-activator) were used in this assay.
The reaction buffer contained 10 mM Tris-HCI pH 7.5, 1 mM DTT,
0.05% NP-40, 0.05% BSA, 6% glycerol, and 100 mM KE Each reaction
contained 7 nM GST-RARa and 100 nM SRC2-2. Detection reagents
were 0.75 nM europium-labeled anti-GST monoclonal antibody and 42
nM Streptavidin-XL665 (CisBio). After overnight incubation at +4°C,
TR-FRET signal was measured as described in the previous section.

Mammalian Two-Hybrid RARa-NCOR Interaction
Assay

Expression constructs were made in the pcDNASFRT vector (Invi-
trogen, Carlsbad, CA). VP16-RARa-LBD vector contains the fusion gene
encoding VP16 activating domain and a DNA fragment encoding amino
acids 154-462 of RARa. The GAL-NCoR construct contained the N-
terminal 147 amino acids of GAL4 DNA binding domain fused to the
nuclear receptor-interacting fragment of corepressor NCoR (protein
fragments bracketed by amino acids 1946-2458). Reporter plasmid
pGL4.35 (Promega, Madison, WI) contained a luciferase gene under the
control of the basal promoter and 9 upstream GAL4-binding elements.
CHO cells were plated at 0.5 X 10° cells/well into 96-well plates and
transfected with a 0.028 pg pGL4.35 reporter, and equal amounts
(0.136 pg) of GAL4- and VP16-constructs using Fugene transfection
reagent (Roche, Mannheim, Germany). At 24 hours post-transfection,
cells were lysed and assayed for luciferase activity using a Bright-Glo
Luciferase Assay System (Promega).

Isomerohydrolase Assay

Bovine RPE microsomal fractions were prepared as described.?® All-
trans 11,12-3H-retinol (1 mCi/mL, 45.5 Ci/mmol; American Radiola-
beled Chemical, Inc., St. Louis, MO) dried under argon and
resuspended in the same volume of N,N-dimethyl formamide was used
as the substrate for the isomerohydrolase assay. For each reaction, 30
ng of microsomal protein were added into 200 pL of reaction buffer (10
mM 1,3-bis[tristhydroxymethyl)-methylamino] propane [BTP], pH 8.0,
100 mM NaCl) containing 0.2 pM of all-trans retinol, 1% BSA, 25 uM of
cellular retinaldehyde-binding protein with or without of test
compounds added in 2 pL dimethyl sulfoxide (DMSO). The reaction
was stopped and retinoids extracted with 300 pL of cold methanol and
300 pL of hexane, and centrifuged at 10,000g for 5 minutes. The
generated retinoids were analyzed by normal phase HPLC as
described.?® The peak of each retinoid isomer was identified based
on the retention time of retinoid standards. The isomerohydrolase
activity was calculated from the area of the 11-cis retinol peak using
Radiomatic 610TR software (PerkinElmer) with synthetic 11-cis H-
retinol as a standard.

Animal Experiments

Protocols were approved by the Institutional Animal Care and Use
Committee of Columbia University and complied with guidelines set
forth by the ARVO Animal Statement for the Use of Animals in
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Ophthalmic and Vision Res. Ten week-old Abca4 null mutant mice
(129/SV X C57BL/G)) bred as described previously,??3° were used to
study the A1120 effect on bisretinoid accumulation. Abca4~~ and
control mice were homozygous for the Rpe65-Leu450 polymorphism.
Abca4~~ and control Abca4™*+ mice were raised under 12-hour on-off
cyclic lighting with an in-cage illuminance of 30 to 50 lux. For long-
term oral dosing A1120 was formulated into Purina 5035 rodent chow
at Research Diets, Inc. (New Brunswick, NJ) to ensure consistent 30
mg/kg daily oral dosing. Animals were administered the A1120-
containing chow for 6 weeks. To test the effect of A1120 on visual
cycle retinoids (11-cis retinaldehyde, all-trans retinaldehyde, all-trans
retinyl palmitate) wild-type BALB/cJ mice were dosed for 12 days with
the A1120-containing chow to ensure 30 mg/kg daily oral dosing. The
influence of A1120 on recovery of the rod response after photo-
bleaching was studied in the Abca4~~ mice (129/SV X C57BL/G)) as
well as in 129/SV wild-type animals dosed with A1120 at the daily dose
of 30 mg/kg for the period of 6 weeks in Abca4~~ mice and 3 weeks in
129/SV wild-type animals.

Serum RBP4 Measurements

Given the excellent correlation between serum RBP4 and serum retinol
across wide range of retinol concentrations,! and taking into account
the absolute correlation between Al1120-induced changes in serum
RBP4 and serum retinol in mice,?” we used serum RBP4 a surrogate
marker for serum retinol in this study. Blood samples were collected
from a tail vein at days 0, 21, and 42 of the A1120 dosing. Whole blood
was drawn into a centrifuge tube and was allowed to clot at room
temperature for 30 minutes followed by centrifugation at 2000g for 15
minutes at +4°C to collect serum. Serum RBP4 was measured using the
RBP4 (mouse/rat) dual ELISA kit (Enzo Life Sciences, Farmingdale, NY)
following the manufacturer’s instructions.

Retinoid Extraction and Analysis

Following euthanasia, posterior eye cups were pooled and homogenized
in PBS using a tissue grinder. For bisretinoid analysis an equal volume of a
mixture of chloroform and methanol (2:1) was added, and the sample
was extracted three times. Bisretinoids were extracted from the eyecups
of untreated wild-type mice (20 eyes), vehicle-treated Abca4 '~ mice (6
eyes), and A1120-treated Abca4~/~ mice (8 eyes). Eyecups from vehicle-
treated wild-type mice were analyzed as 4 pools of 4 to 6 eyes, while 3
eyes per sample were combined for the analysis of vehicle-treated
Abca4~~ mice and 4 eyes per sample were combined for the analysis of
the A1120-treated Abca4 /~ mice. To remove insoluble material, extracts
were filtered through cotton and passed through a reverse phase (C18
Sep-Pak; Millipore, Billerica, MA) cartridge with 0.1% TFA in methanol.
After the solvent had been removed by evaporation under argon gas, the
extract was dissolved in methanol containing 0.1% trifluoroacetic acid
(TFA), for HPLC analysis. For quantification of bisretinoids of RPE
lipofuscin, a Waters Alliance 2695 HPLC system was used with an Atlantis
dC18 column (4.6 X 150 mm, 3 pm; Waters, Milford, MA) and the
following gradient of acetonitrile in water (containing 0.1% TFA): 90% to
100% from O to 10 minutes and 100% acetonitrile from 10 to 20 minutes,
with a flow rate of 0.8 mL/min with monitoring at 430 nm. The injection
volume was 10 pL. Extraction and injection for HPLC were performed
under dim red light. Levels of bisretinoid were determined by reference
to external standards of HPLC-purified compound. For the analysis of
visual cycle retinoids (11-cis retinaldehyde, all-trans retinaldehyde, all-
trans retinyl palmitate) eyes were enucleated from light-adapted animals
following the 2-hour exposure to the 30 lux light. A total of 16 eyes for
each of the A1120-treated and vehicle control groups was used in the
analysis. Two eyes from the individual mouse were homogenized in 1 mL
of Dulbecco’s phosphate-buffered saline containing 4 M hydroxylamine
and incubated at ambient temperature for 30 minutes. All-trans retinyl
acetate (atRAc) was added to the homogenate as an internal standard
after which the mixture was extracted with chloroform (3 X 2 mL). After
filtration, the organic layers were combined and dried under argon. The
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sample was redissolved in 10 pL hexane and injected into Waters Acquity
UPLC-ESI/MS (Waters). Normal phase chromatography was employed
using an Acquity UPLC BEH Amide Column (1304, 1.7 um, 2.1 X 100
mm; Waters) and solvent elution with hexane (A) and hexane-dioxane-
isopropanol (60:36:4, vol/vol/vol; B) with the following gradient of
solvent A: 0 to 3 minutes, 99.8%; 3 to 13 minutes, 99.8% to 95%; 13 to 28
minutes, 95% to 80%. The flow rate was 0.5 mL/min. UV absorbance
peaks were identified by comparison with external standards of all-trans
retinyl palmitate (Sigma-Aldrich, St. Louis, MO), and retinal oximes of all-
trans retinol (Sigma-Aldrich) and 11-cis-retinal (a gift from Rosalie Crouch;
synthesis and distribution of the reference 11-cis-retinal samples is
supported by the National Eye Institute). Identification was confirmed by
mass to charge ratio (m/z). The recovery of atRAc was used to calibrate
for loss during extraction. Molar quantities per eye were calculated by
comparison to standard concentrations determined spectrophotometri-
cally using published extinction coefficients>? and values were normal-
ized to total sample volumes.

Electroretinography

Mice were dark-adapted overnight before ERG experiments. Mice were
anesthetized with ketamine (80 mg/kg) and xylazine (5—-10 mg/kg),
and pupils were dilated with 1% phenylephrine and 1% cyclopentolate,
followed by an exposure to 5000 lux of bleaching light for 2 minutes.
Under these conditions, >90% of the rhodopsin is bleached.

The ERG was recorded from the cornea with cotton wick saline
electrodes for 50 minutes immediately after bleaching. Subcutaneous
30 gauge needles on the forehead and trunk were used as reference
and ground electrodes, respectively. The light stimulus was obtained
from a Ganzfeld stimulator having a stroboscope (PS33 Grass
Instruments Inc., West Warwick, RI) removed from its housing, and
recessed above and behind the head of the mouse. The flash was
diffused to cover the Ganzfeld homogeneously. Maximum flash
intensity was measured with a calibrated light meter (J16; Tektronics
Instruments, Beaverton, OR). Responses were averaged by a Macintosh
computer-controlled data acquisition system (PowerLab; AD Instru-
ments, Mountain View, CA) at a frequency of 0.1 Hz.

RESULTS

Comparison of A1120 and Fenretinide in RBP4
Binding Assay

To establish a scintillation proximity binding assay for RBP4
ligands, we first conducted saturation binding experiments
using a fixed amount of biotinylated RBP4 immobilized on
Streptavidin-PVT beads and increasing concentrations of *H-
retinol (Fig. 1A). Non-specific binding was defined as
radioligand binding in the presence of 20 pM all-trans retinol.
Nonlinear regression analysis conducted following saturation
binding revealed a dissociation constant (Ky) of 62.5 nM. The
Ky for retinol binding to RBP4 defined in our saturation
binding experiments is in line with two previously reported
values, 7033 and 60!! nM, while being somewhat different from
the two other literature values, 19034 and 29?7 nM. To compare
A1120 and fenretinide potency, we conducted competitive
binding experiments with A1120 and fenretinide at the fixed
10 nM concentration of >H-retinol (Fig. 1B). The average 1Cs,
for A1120 defined in five independent experiments was 14.8
nM, while the ICs,, for fenretinide was determined to be 56 nM.

Characterization of Compounds in the TR-FRET
RBP4-TTR Interaction Assay
To compare the ability of A1120 and fenretinide to antagonize

retinol-dependent RBP4-TTR interaction, we developed a TR-
FRET assay that probes retinol-dependent RBP4-TTR interaction.
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Characterization of test compounds in SPA-based RBP4 binding experiments. (A) Saturation isotherm for the binding of 3H-retinol to

human RBP4. Biotinylated RBP4 (50 nM) was incubated with increasing concentrations of 3H-retinol (0.37-270 nM) in a total volume of 100 pL.
Nonspecific binding was assessed in the presence of 20 pM nonradioactive retinol. Presented results are from the representative experiment
performed in triplicate. Similar titration data were obtained in two additional experiments. (B) Representative isotherms of A1120 and fenretinide
binding to human RBP4. 3H-retinol at 10 nM was used as a radioligand. Upper inset shows the A1120 structure.

We used E. coli-expressed MBP-tagged RBP4 and commercially
available TTR labeled directly with Eu®" cryptate along with a
d2-conjugated anti-MBP monoclonal antibody to develop this
assay (Fig. 2). Retinolinduced RBP4-TTT interaction brings
europium in close proximity to the d2 dye, while the 337 nm
light excites europium with the following energy transfer to d2,
which in turn emits light at 668 nm (Fig. 2). The FRET signal,
measured as a 668 nm emission, is normalized using the 620 nm
europium emission. The ratiometric nature of the assay
normalizes for pipetting and dispensing errors, while homoge-
neous mode makes reagent changes and washings unnecessary.
To determine the optimum concentration of all-trans retinol
stimulating the RBP4-TTR interaction, we performed a 12-point
retinol titration. We demonstrated that all-trans retinol stimulates
RBP4-TTR interaction in a dose-dependent manner (Fig. 3A)
with ECs5o of 308 nM. We compared the ability of A1120 and
fenretinide to antagonize retinol-dependent RBP4-TTR interac-
tion by conducting their titrations in the TR-FRET RBP4-TTR
interaction assay in the presence of 1 pM retinol. We showed
that both compounds are capable of antagonizing retinol-
dependent RBP4-TTR interaction (Fig. 3B). It is clear, however,
that in the assay conditions A1120 behaves as a much more
potent antagonist (ICso = 155 nM, n = 4, SD = 30) than
fenretinide (ICsq = 4.5 UM, n = 3, SD = 0.9).

Assessment of Compound Specificity in the RAR
Counter-Screens

It has been suggested that the activity of fenretinide that is
associated with its adverse effects may be mediated by its
action as a ligand of a nuclear receptor RAR.!%23:3536 To
develop the counter-screens for comparing A1120 and
fenretinide activity as putative RARa ligands we established
two assay systems. First, we developed a TR-FRET assay for
agonist-induced RARo interaction with transcriptional co-
activator SRC1 using the GST-tagged RARa ligand-binding
domain (LBD) and a synthetic SRC1 fragment. RARo is a
ligand-activated transcription factor; in response to binding of
an agonist to its LBD, RARoa recruits transcriptional co-
activators, such as SRC1.37 Co-activators, including SRCI,

contain a short conserved LXXLL motifs that is sufficient for
binding to a nuclear receptor in an agonist-dependent
manner.3”38 We synthesized a SRC2-2 peptide derived from
the SRC1 co-activator (LKEKHKILHRLLQDSSSP) which inter-
acts with nuclear receptors in an agonist-dependent manner.
Agonist-induced RARa-SRC1 interaction brings to proximity
two detector reagents, streptavidin-XL665 and Eu®" cryptate-
labeled anti-GST antibody, which generates a FRET signal.
Using TTNPB, a control RARo agonist, we confirmed assay
performance by documenting dose-dependent increase in
TTNBP-induced interaction of SRC2-2 with GST-RARa-LBD
(Fig. 4A). After conducting dose titrations for fenretinide and
A1120 in this assay, we established that fenretinide was
capable of inducing RARa-SRC2-2 interaction confirming that
at higher concentrations it can act as an RARa agonist (Fig. 4B).
We showed that A1120 does not increase RARo-SRC2-2
interaction appreciably in this assay (Fig. 4B). To investigate
the compound activity as potential RAR ligands in a more
physiologic cellular context, we established a mammalian two-
hybrid assay that probes agonist-sensitive apo-RARo interaction

TTR ‘RBM T’

. Eu
337 nm -~ R |
excitation 620 nm eTlno aMBP-d2
emission __ : l
"" ’ 668 nm
FRET emission

Figure 2. Schematic depiction of the TR-FRET based assay format for
characterization of compounds antagonizing retinol-induced RBP4-TTR
interaction. MBP-tagged RBP4 bound to the d2-conjugated anti-MBP
antibody interacts with europium-labeled TTR in the presence of
retinol. Retinol-induced formation of the RBP4-TTR complex brings
europium to the close proximity of d2 initiating energy transfer
registered as a FRET signal. Compounds antagonizing retinol-depen-
dent RBP4-TTR interaction induce the reduction of FRET signal.
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Figure 3. Characterization of A1120 and fenretinide in the TR-FRET RBP4-TTR interaction assay. (A) Dose-dependent induction of RBP4-TTR
interaction by retinol in the TR-FRET assay. (B) Antagonist inhibition of retinol-dependent RBP4-TTR interaction by A1120 and fenretinide. In
addition to test compounds, retinol at 1 uM was present in the reaction mix. TR-FRET results are shown as fluorescence ratio (Flges/Flg20 %X10,000).

with transcriptional co-repressor NCoR. Similar to many other
nuclear receptors, RARa interacts with transcriptional repres-
sors, such as NCoR in the absence of a ligand.?® Binding of an
agonistic ligand induces conformational changes in the ligand-
binding domain leading to the release of a co-repressor.
Mammalian two-hybrid system is capable of measuring
functional interactions between fusion proteins carrying yeast
GAL4 DNA binding and viral VP16 transactivation domains.
Transient transfection of CHO cells with the GAL4-NCoR and
VP16-RAR0-LBD constructs along with a reporter plasmid
containing nine Gal4 DNA-binding elements upstream of
luciferase reporter results in activation of the reporter gene
transcription caused by RARo-NCoR interaction. As expected, a
control RARa agonist TTNBP dose-dependently inhibited
RARo-NCoR interaction (Fig. 4C). Fenretinide was able to
inhibit RARa-NCoR interaction in a concentration-dependent
manner (Fig. 4D) confirming its ability to act as an RAR agonist.
In contrast, A1120 does not exhibit agonistic activity in the
mammalian two hybrid RARo-NCoR interaction assay (Fig. 4D).

Correlation between A1120-Induced Serum RBP4
Reduction and Inhibition of Bisretinoid
Accumulation in the Retina

To determine whether A1120 has an effect on retinal
production of lipofuscin fluorophores we administered the
compound at the daily 30 mg/kg dose to Abca4/~ mice for a
period of 6 weeks. Blood samples collected from the treatment
and control groups at baseline, and days 21 and 42 were used
to measure serum RBP4 to correlate RBP4 levels with
reduction in formation of lipofuscin bisretinoids. As shown
in Figure 5, chronic oral administration of A1120 at 30 mg/kg
to Abca4~'~ mice induced a 64% decrease in serum RBP4 level
at day 21 and a 75% decrease at day 42. Levels of lipofuscin
fluorophores (A2E, A2-DHP-PE, and all-trans retinol dimer-PE)
were determined at the end of the 42-day treatment period
using quantitative HPLC. Representative chromatogram of
lipofuscin fluorophores from eyecups of vehicle-treated
Abca4~'~ mice along with absorbance spectra for the indicated
peaks are shown in Figures 6A and 6B. As shown in Figure 6C
the levels of bisretinoid accumulation were 3 to 4 times higher
in the vehicle-treated Abca4~~ mice than in wild-type controls.
Administration of A1120 reduces the production of A2E, A2-

DHP-PE, and atRAL di-PE in A1120-treated Abca4’~ mice
compared to the vehicle-treated Abca4/~ animals by approx-
imately 50%. This result demonstrated clearly that A1120 can
inhibit in vivo accumulation of toxic lipofuscin bisretinoids in
the animal model of enhanced lipofuscinogenesis. We did not
note any obvious signs of compound toxicity, such as weight
loss or reduction in food consumption during the 6-week-long
chronic A1120 dosing.

Effect of A1120 on Isomerohydrolase Activity

It has been suggested in the literature that fenretinide’s
capacity for A2E reduction may be mediated by its activity as
a weak RPEG5 inhibitor rather than by its ability to reduce
serum RBP4 and retinol.'* To exclude RPEG5 inhibition as a
mechanism of action for A1120 we decided to test its capability
to inhibit RPE65-mediated isomerohydrolase activity. To assess
the inhibitory activity of A1120, we used an in vitro isomer-
ohydrolase assay that measures the formation of 11-cis->H-
retinol in bovine RPE microsomes following the addition of all-
trans 11,12-*H-retinol, which serves as a precursor of retinyl
esters produced by microsomal lecithin retinol acetyltransfer-
ase (LRAT). In the absence of test compounds addition of all-
trans 3H-retinol to bovine RPE microsomes resulted in
formation of radioactive all-trans retinyl esters and production
of significant amounts of 11-cis->H-retinol as shown by HPLC
elution profile (Fig. 7A). A1120 added at 200 uM did not inhibit
the isomerohydrolase activity (Fig. 7B) while PBN, a positive
control,“® completely inhibited conversion of retinyl esters to
11-cis-’H-retinol by RPE65 (data not shown). These data
support the conclusion that direct RPE65 inhibition is not a
mechanism by which A1120 inhibits accumulation of lipofus-
cin fluorophores.

Effects of A1120 on Levels of Visual Cycle Retinoids

To prove that A1120-induced reduction in serum RBP4 affects
the levels of visual cycle retinoids in the eye, we examined
retinoid content in the eyecup extracts of wild-type light-
adapted mice that were administered orally A1120 at the 30
mg/kg dose for 12 days. The Table shows the steady-state light-
adapted levels of 11-cis retinaldehyde, all-trans retinoldehyde,
and all-trans retinyl palmitate in eyecup extracts of treated and
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Ficure 4. Assessment of specificity for A1120 and fenretinide in two RARa assays. Titration of the control RARa agonist, TTNPB, (A, C) and two
test compounds (B, D) in the TR-FRET RARa-SRC2-2 interaction assay (A, B), and in the mammalian two-hybrid RARo-NCoR interaction assay (C, D).
TTNBP, as well as fenretinide at higher concentrations, induce conformational changes in the ligand binding domain of RARa that stimulate the
release of transcriptional corepressors, such as NCoR, while favoring the interaction with transcriptional co-activators, such as SRC1. In the TR-FRET
assay (A, B) agonist-induced interaction of GST-tagged RARo fragment with biotinylated co-activator peptide, SRC2-2, is registered as a FRET signal
generated by energy transfer from europium-abeled anti-GST antibody to Streptavidin-XL665. In the mammalian two-hybrid assay (C, D) co-
expression of GAL4-RARa and VP16-NCoR fragments resulted in induction of luciferase expression from the reporter plasmid containing Gal4 UAS
elements due to constitutative RARo-NcoR interaction that brings VP16 activation function to the vicinity of the luciferase promoter. TTNPB (C) as

well as fenretinide (D) induce dose-dependent release of NCoR from RARa, which is registered as a decrease in luciferase expression.

control animals. The 12-day A1120 treatment induced signif-
icant (~30%-50%) reduction in 11-cis retinaldehyde and all-
trans retinyl palmitate levels, while the effect of the compound
on all-trans retinaldehyde was much less pronounced (see
Table). These data established the ability of short-term A1120
administration to reduce visual cycle retinoids, and proved the
correlation between A1120-induced reduction in serum RBP4
and partial depletion of ocular retinyl palmitate, a storage form
of vitamin A in the retina.

Effect of Chronic A1120 Administration on Visual
Function and the Recovery of the Rod
Photoresponse following Photobleaching

As it has been reported previously that chronic fenretinide
administration in Abca4”~ mice induced a slight delay in

recovery of rod response following exposure to the bleaching
light.!! We decided to assess the effect of A1120 treatment on
kinetics of the b-wave amplitude recovery following the
photobleaching. Kinetics of the b-wave recovery in A1120-
and vehicle-treated Abca4”~ mice was analyzed before the
start of the treatment (Fig. 8A), after 3 weeks of treatment (data
not shown), and following the completion of the 6-week
dosing regiment (Fig. 8B). We found no statistically significant
difference in the rate of b-wave amplitude recovery in A1120-
and vehicle-treated Abca4~~ mice at three time points studied.
We extended the analysis of the A1120 effect on dark
adaptation and studied the kinetics of the b-wave recovery in
wild-type 129 p3/] mice following 3-week A1120 dosing at 30
mg/kg per day. No statistically significant difference in kinetics
of the b-wave recovery after photobleaching was found in the
groups of A1120- and vehicle-treated wild-type animals (Figs.
8C, 8D). Our data showed that A1120’s capacity for reduction
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Ficure 5. Effect of long-term oral A1120 administration on serum
RBP4 in Abca4~~ mice. Serum RBP4 levels were measured with ELISA
test in vehicle-treated wild-type mice (batched columns), vehicle-
treated Abca4/~ mice (black columns), and A1120-treated Abcad /'~
mice (gray columns) at indicated time points. A1120 formulated in a
chow was dosed at 30 mg/kg. Compared to day O, statistically
significant 64% RBP4 reduction at week 3 and 75% RBP4 reduction at
week 6 is seen in the A1120 treatment group (P < 0.05). Changes in
RBP4 levels at different time points within the vehicle-treated wild-type
and vehicle-treated Abca4~/~ groups were not statistically significant.
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of lipofuscin bisretinoids in the retina is not associated with
appreciable suppression of functional recovery of rods after
the exposure to the bleaching light.

DISCUSSION

Accumulation of toxic lipofuscin pigment has been implicated
in pathogenesis of atrophic AMD and recessive Stargardt
disease. It was suggested that formation of cytotoxic lipofuscin
bisretinoids occurs in the retina in a nonenzymatic manner and
can be considered a byproduct of a properly functioning visual
cycle.®!® This model assumes that all-trans-retinaldehyde
(formed in the outer segments in a light-dependent manner)
serves as a direct precursor for A2E synthesis, implying that
biogenesis of lipofuscin fluorophores is light-dependent.
Recent studies, however, showed no significant difference in
lipofuscin and A2E levels between dark- and cyclic light-reared
mice, ! indicating a more complex relationship between the
visual cycle and bisretinoid synthesis. While the detailed
mechanisms of bisretinoid formation in the retina may require
additional elucidation, two pharmacologic classes of com-
pounds have been shown unequivocally to reduce bisretinoid
formation in the Abca4”~ model of enhanced lipofuscino-
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Ficure 6. Effect of A1120 treatment on the levels of lipofuscin fluorophores in eyes of the Abca4~~ mice. Bisretinoids were extracted from the
eyecups of vehicle-treated wild-type mice, vehicle-treated Abca4/~ mice, and A1120-treated Abca4/~ mice after 6 weeks of dosing and analyzed by
HPLC. (A) The representative reverse phase HPLC chromatogram (monitoring at 430 nm) of an extract from eyecups of A1120-treated Abca4~'~
mice. Insets on the top show UV-visible absorbance spectra of A2E and iso-A2E. (B) Chromatographic monitoring at 510 nm, retention time 40 to 50
minutes, for A2-DHP-PE and atRALdi-PE detection, with #nsets on the top showing absorbance UV-visible spectra of A2-DHP-PE and atRALdi-PE. (C)
Levels of A2E, A2-DHP-PE, and atRALdi-PE in vehicle-treated wild-type mice, vehicle-treated Abca4~~ mice, and A1120-treated Abca4~~ mice after 6
weeks of dosing showing 45% to 50% reduction in bisretinoid levels in response to A1120 treatment.
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Fiure 7. Effect of A1120 on isomerohydrolase activity in bovine RPE microsomes. Bovine RPE microsomes (30 pig of protein) were incubated with
DMSO (A) or 200 pM A1120 (B) in the presence of all-trans >H-retinol (0.2 uM) for 2 hours. The generated retinoids were analyzed by HPLC with
peak 1 representing retinyl ester, peak 2 representing all-trans retinol, peak 3 representing 11-cis retinol, and peak 4 representing all-trans retinol.

genesis. The first class comprises direct inhibitors of key visual
cycle enzymes, such as isomerohydrolyze (RPE65) and 11-cis-
retinol dehydrogenase. This pharmacologic class is exemplified
by isotretinoin,'? farnesyl isoprenoids,?® a group of retinyl-
amine derivatives,'342%3 and a synthetic RPEG5 antagonist
ACU-4429 of undisclosed structure.®> The second class of
compounds with proven ability to inhibit bisretinoid formation
comprises RBP4 antagonists capable of inhibiting retinol-
stimulated RBP4-TTR interaction. Until recently, fenretinide
was the only representative of this class. It was shown to
induce the disruption of the tertiary retinol-RBP4-TTR complex
in circulation, with subsequent lowering in serum RBP4 and
retinol levels.'!%4 Additionally, it was proven experimentally
that fenretinide-induced serum retinol lowering is associated
with partial depletion of visual cycle retinoids and accompa-
nied by significant reduction of bisretinoid production in the
Abca4~~ model.!' As fenretinide safety profile may be
incompatible with chronic dosing in individuals with atrophic
AMD and Stargardt disease, identification of new structural
classes of RBP4 antagonists is highly important. A1120, a
potent nonretinoid RBP4 antagonist, originally was developed
as a potential treatment for diabetes?” based on the observation
that pharmacologic downregulation or genetic ablation of
RBP4 enhance insulin sensitivity.> However, administration of
A1120 to diet-induced obese mice did not improve insulin
sensitivity,?” while re-evaluation of Rbp4~/~ phenotype result-
ed in a significantly diminished support for RBP4 as a diabetes
drug target.?” Even though A1120 is unlikely to become a
diabetes treatment, it may provide a starting point for
developing a novel structural class of drugs for atrophic AMD
and Stargardt disease. In our study, we conducted a head-to-
head comparison of A1120 and fenretinide in a battery of in
vitro assays. In competitive binding experiments with RBP4
(Fig. 1) we established that A1120 that demonstrates ICs, of
14.8 nM is approximately 4 times more potent than fenretinide
(ICsy = 56 nM). To compare the ability of A1120 and

Tasie. Effect of A1120 Treatment on Visual Cycle Retinoids

Treatment 11-cis-RAL, atRAL, atR Palmitate,
Group pmol/eye pmol/eye pmol/eye
Al1120 (8) 124.31 £ 20.81 219.07 £ 37.72 82.55 = 14.88

Control (8) 232.80 * 5991 233.02 * 43.07 113.72 = 20.77

Retinoids were extracted from eyes of light-adapted animals and
analyzed as described in Materials and Methods. The number of animals
per treatment group is shown in parentheses.

fenretinide to antagonize retinol-dependent RBP4-TTR interac-
tion, we conducted compound titrations in the TR-FRET RBP4-
TTR interaction assay in the presence of 1 UM retinol. As
shown in Figure 3, both compounds are capable of antagoniz-
ing retinol-dependent RBP4-TTR interaction. However, under
our assay conditions A1120 behaves as a much more potent
antagonist (ICso = 155 nM), while significantly higher
concentrations of fenretinide are required to antagonize
retinol-induced RBP4-TTR interaction (ICsq = 4.5 puM). As it
has been suggested that fenretinide’s adverse effects may be
mediated by its action as a ligand of a nuclear receptor
RAR,18:23.3536 we tested fenretinide along with A1120 in two
assays capable of detecting RARa agonistic activity. We
established an in vitro TR-FRET assay for agonist-induced RARa
interaction with a synthetic fragment of the transcriptional co-
activator SRC1. We showed that A1120 does not promote
RARo interaction with a SRC1 fragment, STC2-2 peptide, in this
assay, which indicates the lack of RARa agonistic activity for
A1120 (Fig. 4B). To the contrary, fenretinide was capable of
inducing RARo-SRC2-2 interaction, confirming that at higher
concentrations it can act as an RARa agonist (Fig. 4B). To assess
RARo agonistic activity of test compounds in a more
physiologic cellular context, we established a mammalian
two-hybrid assay that probes agonist-sensitive apo-RARa
interaction with transcriptional co-repressor NCoR. We
showed that fenretinide was able to inhibit RARa-NCoR
interaction in a concentration-dependent manner (Fig. 4D)
confirming its ability to act as an RAR agonist. Consistent with
the lack of RARa agonistic activity, A1120 did not affect RARo-
NCoR interaction (Fig. 4D). The experiments conducted in two
assay formats established clearly that A1120 cannot act as an
RARo agonist, indicating that this compound is unlikely to
exhibit RAR-mediated adverse effects, which are typical for
fenretinide. Attempting to establish the ability of A1120 to
inhibit formation of cytotoxic lipofuscin fluorophores (A2E,
A2-DHP-PE, and all-trans retinol dimer-PE) in the retina, we
administered the compound at the daily 30 mg/kg dose to
Abca4~~ mice for a period of 6 weeks. As shown in Figure 6C,
administration of A1120 reduces the production of A2E, A2-
DHP-PE, and atRAL di-PE in A1120-treated Abca4’~ mice
compared to the vehicle-treated Abca4/~ animals by approx-
imately 50%. This result demonstrated clearly that A1120 can
inhibit in vivo accumulation of lipofuscin bisretinoids in the
animal model of enhanced lipofuscinogenesis. Analysis of
blood samples collected from the treatment and control groups
at different time points revealed 64% decrease in serum RBP4
level at day 21 of compound dosing, while a 75% decrease of
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Ficure 8. Effect of chronic A1120 administration on kinetics of rod b-wave amplitude recovery after photobleaching. Analysis of the recovery of b-
wave amplitude after photobleaching was conducted in Abca4”~ (A, B) and wild-type (C, D) mice as described in Materials and Methods. (A, C)
Kinetics of b-wave recovery in the A1120-treated and control groups before the start of the compound administration. (B, D) Kinetics of b-wave
recovery in A1120- and vehicle-treated groups after 6 weeks (B) and 3 weeks (D) of compound administration at the 30 mg/kg per day oral dose.

serum RBP4 in the treatment group was accomplished by day
42 of A1120 administration (Fig. 5). To establish a mechanistic
link between serum RBP4 reduction and inhibition of
bisretinoid formation, we studied the A1120 effect on visual
cycle retinoids. A 12-day A1120 administration in wild-type
mice induced significant (~30%-50%) reduction in steady-state
light adapted 11-cis retinaldehyde and all-trans retinyl palmitate
levels, while the effect on all-trans retinaldehyde was much less
pronounced (see Table). These data proved the correlation
between A1120-induced reduction in serum RBP4 and partial
depletion of ocular retinyl palmitate, a storage form of vitamin
A in the retina, and established the ability of A1120 to reduce
11-cis retinal significantly, which may be a direct*! or indirect
precursor of lipofuscin bisretinoids.

As it has been suggested in the literature that fenretinide
capacity for A2E reduction may be mediated by its activity as a
RPEG5 inhibitor rather than by fenretinide-induced reduction
in serum RBP4 and retinol,'* we wanted to exclude inhibition
of the isomerohydrolase activity as a mechanism of action for
A1120. As shown in Figure 7, A1120 added at 200 uM did not
inhibit the isomerohydrolase activity in bovine RPE micro-
somes, proving that A1120 does not act as an RPE65 inhibitor

in our assay system. The lack of the RPEG5 inhibitory activity
for A1120 is consistent with the reduction in all-trans retinyl
palmitate observed after A1120 dosing (see Table), as it was
shown that administration of RPE6G5 inhibitors has an opposite
effect, inducing accumulation of all-trans retinyl esters which
occurs downstream of the RPE65 block.?° Given that
conversion of all-trans 11,12-°H-retinol to 11-cis-*H-retinol in
bovine RPE microsomes depends on the presence of endog-
enous LRAT activity, it seems reasonable to conclude that
A1120 lacks the ability to inhibit LRAT, which agrees with the
recently published observations.®

One of the most striking differences between two pharma-
cologic classes of compounds capable of reducing bisretinoid
accumulation in the Abca4~~ mouse model is the degree of
visual cycle inhibition associated with bisretinoid reduction.
Direct inhibitors of key visual cycle enzymes, such as
isotretinoin,'? farnesyl isoprenoids,? and retinylamine,*? in-
duced profound inhibition of the visual cycle as can be judged
by the significant delay in recovery of rod function following
exposure to the bleaching light.!>2*42 In contrast, chronic
administration of the RBP4 antagonist fenretinide resulted in a
much weaker inhibition of rod response recovery following
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exposure to the bleaching light.!! In our study, we found no
difference in kinetics of the b-wave recovery after the photo-
bleach between A1120-treated and control Abca4~~ mice after
3 and 6 weeks of compound administration at 30 mg/kg per day
(Fig. 8). We extended the analysis of the A1120 effect on dark
adaptation and studied the kinetics of the b-wave recovery after
the photobleach in wild-type mice following 3 weeks of A1120
dosing. No statistically significant difference in kinetics of the b-
wave recovery after photobleaching was found between the
groups of A1120- and vehicle-treated wild-type animals (Fig. 8).
Our data suggested that A1120’s capacity for reduction of
lipofuscin bisretinoids in the retina may not be associated with
the appreciable suppression of the visual cycle as measured by
functional recovery of rods after the exposure to the bleaching
light. As was noted previously,?® the relationship between the
extent of visual cycle inhibition and reduction in A2E
accumulation is likely to be nonlinear and remains to be
understood fully. Our data showing A1120-induced inhibition of
the bisretinoid formation without significant suppression of the
visual cycle illustrate the complex relationship between the rate
of the visual cycle and formation of lipofuscin fluorophores. The
lack of appreciable changes in kinetics of dark adaptation in
response to A120 treatment in mice may indicate that the
clinical use of A1120 derivatives could not be associated with
mechanism-based ocular adverse effects (nyctalopia, delayed
dark adaptation).

In our current study, we established the correlation between
A1120-induced decrease in serum RBP4, partial depletion of
certain visual cycle retinoids, and reduced accumulation of
lipofuscin bisretinoids in the Abca4~~ mouse model, providing
rationale for considering A1120 and its derivatives as a potential
treatment for atrophic AMD and Stargardt disease. Our study
argues in favor of using reduction of serum RBP4 (rather than
changes in kinetics of dark adaptation) as a convenient
pharmacodynamic marker of compound activity in preclinical
and clinical evaluation of this class of molecules. Assuming
species-specific differences in non-RBP4-dependent pathways
of retinoid supply to the RPE (such as chylomicron delivery*”
and biosynthesis of retinol from B-carotene?®), the desired levels
of RBP4 reduction in patients may differ from levels found to be
optimal in the Abca4~”~ model.
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