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Abstract. Indenone KR-62776 acts as an agonist of
PPARY without inducing obesity in animal models
and cells. X-ray crystallography reveals that the
indenone occupies the binding pocket in a different
manner than rosiglitazone. 2-Dimensional gel-elec-
trophoresis showed that the expression of 42 proteins
was altered more than 2.0-fold between KR-62776- or
rosiglitazone-treated adipocyte cells and control cells.
Rosiglitazone down-regulated the expression of
ERK1/2 and suppressed the phosphorylation of
ERK1/2 in these cells. However, the expression of

ERK1/2 was up-regulated in KR-62776-treated cells.
Phosphorylated ERK1/2, activated by indenone, af-
fects the localization of PPARY, suggesting a mecha-
nism for indenone-inhibition of adipogenesis in 3T3-
L1 preadipocyte cells. The preadipocyte cells are
treated with ERK1/2 inhibitor PD98059, a large
amount of the cells are converted to adipocyte cells.
These results support the conclusion that the local-
ization of PPARY is one of the key factors explaining
the biological responses of the ligands.
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Introduction

Type 11 diabetes mellitus (T2DM) is characterized by
abnormal glucose homeostasis leading to hyperglyce-
mia. Its pathogenesis is caused by complex interactions
between genetic and environmental factors [1]. Perox-
isome proliferator-activated receptor v (PPARY) is a
member of the nuclear hormone receptor superfamily.
PPARY, predominantly expressed in adipose tissue and
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myeloid cells, has been demonstrated to regulate
adipocyte differentiation and inflammatory responses
[2,3]. PPARY is recognized as a target protein for anti-
diabetic drugs, and glitazones (TZD) such as rosiglita-
zone (RGZ), troglitazone, and pioglitazone were
developed as PPARYy agonists [4]. They increase
insulin-stimulated glucose uptake and utilization in
both animal models and human subjects [5, 6].

Rosiglitazone (RGZ), one of the TZD drugs, is widely
used as an anti-diabetic medicine for patients with
type 2 diabetes or non-insulin dependent diabetes
(NIDDM). Rosiglitazone helps to lower blood sugar
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Figure 1. Structure of peroxisome proliferator-activated receptor y (PPARYy) agonists, KR-62776, KR-62980 and rosiglitazone. A
comparison of the ligand binding pattern of PPARY with KR62980 (right), KR62776 (center) and rosiglitazone (left).

levels by increasing the sensitivity of liver, fat and
muscle cells to insulin. Rosiglitazone also preserves
the function of the pancreatic [ cells that produce
insulin [7]. Therefore, rosiglitazone controls the sugar
level in blood and helps prevent diabetic diseases.
However, it does have side effects that include obesity
and liver toxicity [8]. During the development of
novel and PPARYy-specific agonists that inhibit adipo-
cyte differentiation but stimulate insulin-mediated
glucose uptake in adipocytes, we found a new type of
PPARY-specific agonist, indenones such as KR-62776
and KR-62980 [9, 10]. These agonists, shown in Figure
1, are structurally distinct from the glitazones. KR-
62776 acts as a selective PPARY agonist in a trans-
activation assay with an ECs; of 50 nM [9]. In fully
differentiated 3T3-L1 adipocytes, KR-62776 induces
[*H]-deoxyglucose uptake in a concentration-depend-
ent manner regardless of insulin stimulation; GLUT4
translocation to the plasma membrane was observed
concomitantly. KR-62980 also activates PPARY in the
transactivation assay in a dose-dependent manner
with an ECs, of 15 nM. Treatment of C57BL6J mice
with KR-62980 for 14 days (50 mg/kg, bid) reduces
plasma glucose levels. Therefore, KR-62980 is a
PPARY agonist with anti-diabetic effects. One inter-
esting point is that the indenones do not induce weight
gain in animal tests [10].

Willson et al. reported that the PPARYy ligand
GWO0072 inhibits adipocyte differentiation in cell

culture. This may be because GWO0072 occupies a
different binding site within the ligand-binding pocket
than the known PPARY agonists [11]. X-ray crystal-
lography also confirmed that KR-62776 and KR-
62980 utilize a different binding pocket of PPARYy
than the known PPARY agonists. In addition, PPARY
antagonists, such as bisphenol A diglycidyl ether
(BADGE) and LG100641, possess antiobesity and
antidiabetic activity because they inhibit adipocyte
differentiation and stimulate glucose uptake in 3T3-
L1 adipocytes [12, 13].

PPARY is one of the nuclear receptors shown to
function both in the nucleus and in the cytoplasm. The
adipogenic and transcriptional activity of PPARY was
modulated upon mitogenic stimulation due to phos-
phorylation of its Ser84 by ERKs [14]. The local-
ization of PPARY is mediated by direct MEK-PPARY
interaction. Mitogenic stimulation of the cells induces
interaction between active nuclear MEK and PPARY,
followed by a rapid nuclear export of PPARY, and a
reduction in the transcriptional activity of PPARY.
Therefore, the ERK-activator MEK modulates activ-
ity of PPARY through regulation of its subcellular
localization [15].

To unveil the cellular regulatory mechanism of the
PPARY agonists, we compared proteomic profiles in
KR-62776- or rosiglitazone-treated 3T3-L1 adipo-
cytes. Proteins regulated by the PPARYy agonists
were separated by two-dimensional gel electropho-
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resis and identified by delayed extraction-matrix
assisted laser desorption ionization-time of flight
mass spectrometry (DE-MALDI-TOF MS). We also
analyzed the molecular alterations stimulated by both
KR-62776 and rosiglitazone in 3T3-L1 preadipocyte
cells to identify potential molecular therapeutic
targets associated with obesity or diabetes.

Materials and methods

Cell culture and treatment. 3T3-L1 (ATCC CL-173)
preadipocyte cells were grown on 150 mm dishes in
Dulbecco modified Eagle Medium (DMEM) with
10% fetal bovine serum (FBS) at 37 °C in 5% CO.,.
3T3-L1 preadipocyte cells were stimulated to undergo
differentiation with 3-isobutyl-1-methylxanthine (0.5
mM), dexamethasone (1 pM) and insulin (200 nM) for
seven days. Cell differentiation was monitored by
phase-contrast microscopy. Rosiglitazone or KR-
62776 was added at a concentration of 1 uM.
Confluent 3T3-L1 preadipocyte cells were incubated
with 1 uM rosiglitazone or KR-62776 in the presence
of 200 nM insulin, with a medium change every 2 — 3
days. After 7 — 9 days of differentiation, the cells were
harvested, and the lysates were aliquoted and stored at
-70 °C.

X-ray crystal structure. PPARy LBD, in complex with
indenone compounds KR62776, was crystallized as
previously described with slight modifications [16].
Briefly, purified PPARy LBD was incubated over-
night with 10 mM of either KR62980 or KR62776
compound, 10 % (v/v) DMSO, 20 mM HEPES buffer
(pH 7.5) and 100 mM NacCl and then concentrated to
10 mg/ml. Crystals were grown by mixing 1.8 ul of
protein solution and equal volume of reservoir
solution containing 3.4 M sodium formate, 0.05 M
Tris/HCI buffer, 1% (v/v) PEG 6K, 5% (v/v) DMSO
and 10 mM of desired compound. X-ray diffraction
data were collected on beamline 6B of the Pohang
Accelerator Laboratory (PAL). The collected data
were scaled and processed using the programs
MOSFLM and SCALA in the CCP4 suite. The
structure was determined by molecular replacement
method using the Ligand Binding Domain (LBD)
structure of PPARYy (PDB code: 3PRG) as a search
model. The program EPMR placed one LBD of
PPARYy in the asymmetric unit. Refinement was
carried out using the program CNS. A randomly
selected 5% of data were set aside for the R,
calculation. Rounds of refinements were performed
with manual rebuilding by using the program [17, 18].
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Oil-Red O staining. The Oil-Red O staining method is
a modification of a published protocol [19]. 3T3-L1
cells in 24-well plates were incubated with 10%
formaldehyde in PBS for 5 min at room temperature.
Fixation of the cell was continued by incubation for
longer than 1 h at 4 °C with 10 % formaldehyde after
replacing the previous solution. A stock solution of
Oil-Red O (0.5 gin 100 mL isopropanol) was prepared
and passed through a 0.2 um filter. To prepare the
working solution, 6 mL of the stock solution was
mixed with 4 mL of distilled water, left for 20 min at
room temperature, and filtered through a 0.2 pm filter
prior to use. The fixing solution was discarded and Oil-
Red O working solution was added to the fixed cells
for 15 min at room temperature. The wells were rinsed
four times with 500 pL of distilled water and pictures
were taken. The dye retained by the cells was eluted by
incubation with 100 pL isopropanol. The ODs,, was
measured using a Bio-Rad model 680 microplate
reader. The absorbance of the blank was determined
using isopropanol eluted from an empty well stained
as previously described.

Two-dimensional gel electrophoresis. IEF (isoelectric
focusing) was carried out using the commercially
available, dedicated apparatus, Protean IEF Cell (Bio-
Rad). IPG strips were used according to the reported
method [20] and the manufacturer’s instructions.
Samples containing up to 150 pg of protein for
analytical gels or up to 1 mg for micropreparative
gels, were diluted to 400 pLL with rehydration solution
(7 M urea, 2 M thiourea, 2% CHAPS, 100 mM DTT,
0.5% (v/v) pH 3-10 IPG buffer, trace bromophenol
blue), and applied to strips by overnight rehydration at
50 V. Proteins were focused successfully for 15 min at
250V, then a gradient was applied from 250 to 10 000 V
in 3 h. Focusing was continued at 10 000 V for 6 h to
give a total of 60 kVh on the Protean IEF Cell. Al IEF
steps were carried out at 20 °C. After the first-
dimensional IEF, IPG gel strips were placed in an
equilibration solution (6 M urea, 2% SDS, 30%
glycerol, 50 mM Tris-HCl, pH 8.8) containing 2%
DTT for 10 min with shaking at 45 rpm on an orbital
shaker. The gels were then transferred to the equili-
bration solution containing 2.5 % iodoacetamide and
shaken for a further 10 min before placing them on an
8% polyacrylamide gel slab (185 x 200 x 1.0 mm).
Separation in the second dimension was carried out
using Protean II xi electrophoresis equipment and
Tris-glycine buffer (25 mM Tris, 192 mM glycine)
containing 0.1 % SDS, at a current setting of 5 mA/gel
for the initial 1h and 10 mA/gel thereafter. The
second dimension SDS-PAGE was continued until the
bromophenol blue dye marker had reached the
bottom of the gel.
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Protein visualization and image analysis. For silver
staining, following second-dimension SDS-PAGE,
analytical gels were immersed in a solution of
methanol: acetic acid: water (50:12:38) for 1.5 h,
followed by washing twice in 50 % ethanol for 20 min.
Gels were pretreated for 1 min in a solution of 0.02 %
Na,S,0;. This was followed by three 1-min washes in
deionized water. Proteins were stained in a solution
containing 0.2% AgNO; and 0.075% (v/v) formalin
(37 % formaldehyde in water) for 20 min and washed
twice in deionized water for 1 min. Subsequently, gels
were developed in a solution of 0.06 % (v/v) formalin,
2 % Na,CO;, and 0.0004 % Na,S,05;. When the desired
intensity was attained, the developer was discarded
and stopped by 1 % acetic acid.

For Coomassie blue staining of micropreparative gels,
gels were washed three times in deionized water for
10 min. Gels were then stained in a solution containing
34 % methanol, 3 % phosphoric acid, 10 % ammonium
sulfate and 0.1% Coomassie Brilliant Blue G-250.
Staining was carried out overnight. Protein patterns in
the gels were recorded as digitized images using a high
resolution scanner (GS-800 Calibrated Imaging Den-
sitometer, Bio-Rad). Gel image matching was done
with PDQuest software (version 7.1.0; Bio-Rad).
Scanned gel images were processed to remove back-
ground, staining on the gel borders and to automati-
cally detect spots. For all spot intensity calculations,
normalized values were used. Normalization of spot
intensity was done so that the total sum of intensities
in a gel would be equal to 1 000 000, where normalized
spot intensities were expressed in ppm.

In-gel digestion. In-gel digestion of protein spots from
Coomassie-stained gels were performed following a
known method [21]. After the completion of staining,
the gel slab was washed twice with water for 10 min.
Spots of interest were excised with a scalpel, cut into
pieces, and put into 1.5 mL microtubes. The particles
were washed three times with water/acetonitrile (1:1,
v/v) for 15 min until the coomassie brilliant blue dye
was removed from the gel.

The solvent volumes were about twice the gel volume.
The liquid was removed and the particles were
rehydrated in 0.1 M NH,HCO; for 5 min. Acetonitrile
was added to give a 1:1 (v/v) mixture of 0.1 M NH,
HCOs/acetonitrile and the mixture was incubated for
15 min. The liquid was removed and gel particles were
dried in a vacuum centrifuge (Heto, MAXY-Dry Lyo
Vacuum Concentration System, UK), rehydrated in
10 mM DTT/0.1 M NH,HCO;, and incubated for
45 min at 56 °C to reduce the peptides. After cooling
the tubes to room temperature and removing the
liquid, 55 mM iodoacetamide in 0.1 M NH,HCO; was
added. The tubes were incubated for 30 min at room
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temperature in the dark to S-alkylate the peptides.
Iodoacetamide solution was removed, the gel particles
were washed with 0.1 M NH,HCO; and acetonitrile.
The samples were dried in a vacuum centrifuge,
rehydrated on ice in digestion buffer containing 50
mM NHHCO; and 12.5 ng/uL. of trypsin, and
incubated for 45 min on ice. Excess liquid was
removed and about 10 pL of digestion buffer without
trypsin was added. Following overnight digestion at 37
°C, 10% trifluoroacetic acid was added and the
supernatant was recovered.0.1% trifluoroacetic
acid/60 % acetonitrile was added and the tube was
incubated for 30 min. The supernatant was recovered,
and this step was repeated twice. The total extracts
were pooled and dried in a vacuum centrifuge.

Zip tip C18 purification for MS. The dried extract was
reconstituted in 10 pL of deionized water. A reverse-
phase ZipTip C18 microcolumn (Millipore, Villerica,
MA. USA; 15 um tip, coated with spherical silica-
based C18 resin for peptide concentration, desalting,
and fractionation) was pre-equilibrated with 100 %
acetonitrile followed by 50% acetonitrile before
washing with 0.1 % trifluoroacetic acid. The reconsti-
tuted sample was drawn into the tip to allow peptide
binding, and was then washed three times with 10 uL.
of 0.1 % trifluoroacetic acid to remove any contam-
inants that might interfere with matrix-peptide coc-
rystallization and/or peptide ionization. The peptides
were eluted with 10 pL. of 50 % acetonitrile in 0.1 %
trifluoroacetic acid solution three times and the eluted
solutions were dried in a vacuum centrifuge.

MALDI-TOF MS and database search. Tryptic pep-
tides were analyzed in a Voyager-DE STR MALDI-
TOF mass spectrometer (Applied Biosystems, Foster
City, CA, USA). The spectrometer was run in positive
ion mode and in reflector mode with the following
settings: accelerating voltage, 20 kV; grid voltage,
76 % ; guide wire voltage, 0.01 %; and a delay of 150 ns.
The low mass gate was set at 800 m/z. Proteins were
identified by peptide mass fingerprinting with the
search programs MS-FIT (http://prospector.ucsf.edu/
prospector/4.0.8/html/msfit.htm). The following
search parameters were applied: SWISS-PROT and
NCBI were used as the protein sequence databases; a
mass tolerance of 50 ppm and one incomplete
cleavage were allowed; acetylation of the N-terminus,
alkylation of cysteine by carbamidomethylation, ox-
idation of methionine, and pyroGlu formation of N-
terminal Gln were considered as possible modifica-
tions. The proteins were considered as correctly
identified when both softwares gave the same identi-
fication with a p value <0.005 and at least 20%
coverage of the sequence.
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Western blot analysis. The 3T3-L1 cell lysates were
prepared by incubating cells in an ice-cold RIPA buffer
(40 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1 % SDS,
0.5 % sodium deoxycholate, 1 % Triton X-100, 0.1 mM
EDTA, 1 mM sodium vanadate, and Complete™
protease inhibitor cocktail). The cell lysates were
clarified by centrifugation at 20 000 g for 20 min at 4
°C. Protein concentrations of the lysates were deter-
mined using BSA as a standard control with the Bio-
Rad"® protein assay kit. Twenty micrograms of protein
were loaded onto 10% SDS-polyacrylamide gels,
transferred onto a PVDF membrane, and blocked
with Western blocking solution in TTBS (10 mM Tris-
HClI, pH 7.6, 150 mM NaCl, and 0.05% Tween 20) at
room temperature for 1 h. The blots were incubated
with primary antibody for 2 h, washed three times,
incubated with secondary antibodies for 1h, and
washed an additional three times. Specific antibody
signals were detected with an enhanced chemilumines-
cence (ECL) detection system (Roche, Indianapolis,
IN, USA). The following antibodies were used in this
study: anti-PPARYy (Santa Cruz; sc-7273), anti-phos-
pho-PPARYy [Serl12] (chemicon; MAB3632), anti-
Phospho-p44/42 Map kinase [Thr202/Tyr204] (Cell
Signaling; #9101), anti-MEK1/2 [47E6] (Cell Signaling;
#9126), anti-p44/42 MAP kinase (Cell Signaling;
#9102), anti-ERK 1 [K-23] (Santa Cruz; sc-94), anti-
Histone H1 (Santa Cruz;8030), anti-GAPDH (Ab
frontier; #LF-PA0O018), anti-B-Actin (sigma;A5316)
HRP-conjugated goat anti-rabbit IgG [H+L] (Jackson
Immunoresearch;115-035-062), and HRP-conjugated
goat anti-rabbit IgG [H+L] (Jackson Immunore-
search;112-035-045).

Immunofluorescence in 3T3-L1 cells. For all immuno-
fluorescence experiments, cells were grown on cover-
slips. Cell were fixed with 4% (wt/vol) paraformalde-
hyde in PBS and then permeabilized for 5 min with
0.2% Triton X-100 in PBS. The cells were incubated
with antibodies directed against PPARY (Santa Cruz
Biotechnology, Inc.), ERK1 (Santa Cruz Biotechnol-
ogy, Inc.), and MEK1 (Cell Signaling) for 2 h at room
temperature. Preparations were then incubated with a
combination of Texas Red-conjugated anti-mouse
IgG and fluorescein isothiocyanate-conjugated anti-
rabbit IgG (Santa Cruz Biotechonology). Nuclei were
visualized following a 5 min incubation with 0.2 mg/ml
4‘,6‘-diamidino-2-phenyl-indole (DAPI). Slides were
photographed using a digital camera-connected epi-
fluorescence microscope.

Nuclear and cytosolic fractionation. The preparation
of nuclear and cytosolic fractions was modified from
the procedure described by Meunier et al* [22].
Briefly, postconfluent 3T3-L1 preadipocytes were
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incubated in DMEM culture medium containing 200
nM insulin with DMSO, 1 uM KR-62776 or 1 uyM RGZ
for nine days. Then the cells were washed with cold
PBS, suspended in ice-cold buffer F (210 mM man-
nitol, 70 mM sucrose 5 mM Tris, pH 7.5, 1 mM EDTA,
supplemented with protease inhibitors) left in the
buffer for 15 minutes on ice and then dounce
homogenized (15 strokes). The nuclei were separated
by centrifugation (500 g, 5 minutes, 4 °C). The super-
natant, containing the cytosolic fraction, was saved
and the pellet, containing the nuclei, was washed with
PBS and resuspended in RIPA buffer for 5 min on ice,
centrifuged again and the nuclear fraction moved into
the supernatant. Statistical analysis was performed
using a two-tailed Student’s ¢-test, and p < 0.05 was
considered significant. Data were expressed as mean
(£ SD) in triplicate, and reproducibility was con-
firmed in three separate experiments.

Results

X-ray cocrystal structure. To compare the binding
mode of the indenones with that of rosiglitazone, we
determined the crystal structure of the ligand binding
domain (LBD) of PPARY complexed with rosiglita-
zone, KR-62776 or KR-62980. The cocrystal struc-
tures of the indenone revealed very different con-
formations compared to that of rosiglitazone. The
head group of rosiglitazone stretched deep into the
left stem of the cavity; however, the indenone moiety
of KR-62776 and KR-62980 occupied the basal part
while the side chain stretched deep into the upper part
of cavity as shown in Figure 1. The binding mode of
indenones, KR-62776 and KR-62980, is very similar
that of GW0072, a partial agonist of PPARY [11].

Morphological change in 3T3-L1 cells induced by
indenone and rosiglitazone treatment. Although
weight gain was observed in rosiglitazone-treated
ob/ob mice, indenones did not cause weight gain [10].
Therefore, we measured the adipose conversion rates
of 3T3-L1 preadipocyte cells caused by KR-62776 or
rosiglitazone. When 3T3-L1 preadipocyte cells were
treated with 1 uM of rosiglitazone, more than 80 %
were converted to adipocyte cells. Approximately 5 %
of the KR-62776-treated 3T3-L1 preadipocyte cells
underwent differentiation (Fig. 2A). To test the ef-
fects of PPARYy agonists on differentiated 3T3-L1
cells, the differentiation-inducing agents IBMX cock-
tail and insulin were used to prepare differentiated
cells. The differentiated 3T3-L1 adipocytes were
treated with KR-62776, or rosiglitazone for three
days. As was expected, no obvious morphological
changes were observed in any of the cells (Fig. 2B).
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This demonstrates that KR-62776, or rosiglitazone,
does not alter the phenotype of differentiated cells
within three days.

Proteomic profiling of KR-62776-treated and rosigli-
tazone-treated 3T3-L1 preadipocyte Cells. To identify
proteins associated with phenotype changes (Fig. 2A),
we compared the proteomic profiles of KR-62776-
and rosiglitazone-treated 3T3-L1 preadipocytes (data
not shown). No proteins related specifically to anti-
diabetic activity were identified. However, structural
proteins such as lamin A/C, vimentin, tubulin and
actin, and the membrane trafficking associated pro-
tein TER ATPase, were strongly regulated by rosigli-
tazone. Because the phenotype of the cells was
changed by rosiglitazone, it is thought that mainly
differentiation-inducing proteins were changed on a
large scale.

Proteomic profiling of KR-62776- or rosiglitazone-
treated 3T3-L1 adipocyte cells. To understand the
different biological activities, such as weight gain in
the animal experiments, and to confirm the anti-
diabetic activity of the two PPARYy agonists, the
proteomic profiles of matched pairs of KR-62776- or
rosiglitazone-treated 3T3-L1 adipocyte cells and non-
treated adipocyte cells were analyzed (Fig. 3A-C).
The proteomic analysis was carried out on total
protein with p/ values in the range of 3 — 10. Image
pairs of gels from KR-62776- or rosiglitazone-treated
adipocytes and control (non-treated) adipocytes were
comparatively analyzed. From analysis of gel images,
53 spots corresponding to 42 proteins whose levels
were altered more than 2.0-fold between KR-62776-
or rosiglitazone-treated adipocytes and controls were
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Figure 2. Effect of KR-62776 or
rosiglitazone (RGZ) on adipo-
genic differentiation of 3T3-L1
Cells. (A) Postconfluent 3T3-L1
preadipocytes were incubated in
DMEM culture medium contain-
ing 200 nM insulin with DMSO, 1
uM KR-62776 or 1 uM rosiglita-
zone for nine days. (B) Fully
differentiated 3T3-L1 adipocytes
were incubated in DMEM cul-
ture medium containing 200 nM
insulin with DMSO, 1 uM KR-
62776 or 1 pM rosiglitazone for
three days.

identified (Fig. 3D -F). In KR-62776-treated 3T3-L1
adipocyte cells, 12 proteins were down-regulated and
24 proteins were up-regulated when compared to
DMSO-treated cells as shown on the ‘KR-62776
treated’ gel. On the other hand, 12 proteins were
down-regulated and 16 up-regulated in the rosiglita-
zone-treated adipocytes compared to DMSO-treated
cells as shown on the ‘RGZ treated’ gel. Proteins,
including hnRNP F, solute carrier family 25, p63,
HSP60, DNA nucleotidylexotransferase, hnRNP H1,
cGKI alpha, phosphodiesterase 6B, glucose-6-phos-
phate dehydrogenase, lamin A/C, TRPM?7, pre-
mRNA splicing factor 7, aldolase A, and aconitase 2,
were up-regulated in both the KR-62776- and rosigli-
tazone-treated adipocytes. The expression of the five
proteins tubulin apha 3, tubulin alpha 1, PRO1680,
actinbeta, and hnRNP A1 were decreased in both KR-
62776- and rosiglitazone-treated adipocytes when
compared to DMSO-treated adipocytes. The proteins
separated by 2-DE and identified by MS are summar-
ized in Table 1 and Figure 4.

The proteins up-regulated in both the KR-62776- and
rosiglitazone-treated adipocytes, such as aconitase 2,
aldolase A, and cGKI, were confirmed by literature
reports to be strongly involved in glucose and fatty
acid metabolism [23 — 25]. Therefore, the proteins up-
regulated by the agonists confirmed the anti-diabetic
effects of the compounds. One strongly up-regulated
protein was a mitochondrial protein, aconitase 2,
which appeared on the gel in four spots (8702, 8707,
8708, and 8709). All four spots were commonly
increased in the KR-62776- and rosiglitazone-treated
gels (Table 1), and spot 8213 was identified as another
mitochondrial protein, aldolase A (accession
no. 4557305). Expression of aldolase A was increased
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Table 1. Differentially expressed proteins in 3T3-L1 adipocyte by KR-62776 or RGZ

b)
SO prgtcin mame KRG RGz  Acesion MOWSE  Nomached  Theor M 0¥
treated cell treated cell (%)°

0007  14-3-3 beta/alpha Decreased Increased P31946 1.25e4+004  6/25 27951/4.7 35
0106  SOX-13 Increased n.s. 12643902  5.01e+008 18/21 98782/6.8 21
0107  annexin 5 Decreased n.s. 4502107 1.88e4+005 12/24 35805/4.9 38
0108 eIF2C2 Increased n. L 19879661  2.83e+010 26/45 96799/9.3 37
0301  ACTB protein Decreased Decreased 15277503  5.695e+06 13 /21 41737/5.2 41
0705  gp9%6 Decreased n.s. 4507677  7.622e+07 21/51 92469/4.7 28
1010 FTCD n.s. Decreased 11140815  1.74e+006 10/20 58927/5.5 25
1105  ERG60 precursor Increased n.s. 7437388  8.703e+04 10/17 56783/6.0 22
1405  proteasome 26S ATPase n.s. Decreased 5729991 1.74e+007 12/18 47366/5.0 35
1412 hnRNPF Increased Increased 4826760  1.67e+005 6/10 45672/5.3 25
1508  Tubulin alpha-3 Decreased Decreased 6755901 4.41e+009 16/24 50136/4.9 44
1805 Hsp70 RY n.s. Increased 2135328  1.628e+05 12 /20 78996/5.1 23
2103  solute carrier family 25 Increased Increased 55644901  2.738e+04 6/9 34062/9.9 28
i 511; | rogulatory subunt T pocreased Decreased 4633066  1.0de-+004 6 /7 36838/5.1 29
2302  ACTB protein Decreased Decreased 15277503  4.38e+006 11/22 41737/5.2 43
2308 p63 Increased Increased 2102667  1.43e+005 9/13 78151/8.5 12
2406 MMP-13 Decreased n.s. 4505209  2.4e+006  12/20 53820/5.3 36
2503  Hsp60 Increased Increased 31542947  2.36e+007 20/27 61055/5.7 45
2606  Hsp71 Increased n.s. 24234686  1.35e+004 6/30 70898/5.3 13
gROSDN S dylexotransferase nereased Increased 29788762 1.1e+003  4/12 58437/8.5 10
3207  prolactin Increased n.s. 1620399 5.69e+003 7/14 25876/6.5 44
3309 hnRNP H1 Increased Increased 5031753  2.34e+005 7/36 49229/5.8 26
3404 hnRNP H1 n.s. Increased 5031753  1.389¢+07 9/17 49229/5.8 35
3606  4-PH alpha-1 Decreased n.s. 4505565  1.18e+007 13/21 61049/5.7 25
4503  tubulin, alpha 1 Decreased Decreased 57013276  8.6e+010 16 19 50152/4.9 46
5107  cGKl-alpha Increased Increased 6225588 1.01e+008 14/29 77804/5.2 25
5108  Phosphor-diesterase 6B Increased Increased 12652977  4.29e+004 11/15 98407/5.1 16
5510  Tubulin alpha Increased n. 1 6755901 2.29e+009 15/24 50152/4.9 41
5609 rr'(?te’iflpleat'c‘mtai“i“g Decreased n.s 12652891 5.46¢4+007 9/12 66194/6.1 27
6103  FXI Increased Decreased 4503627 1.76e+005 8/13 70109/8.4 18
6301 ARP1 n.s. Decreased 5031569  1.17e+005 10/17 42614/6.1 42
6303 PRO1608 Decreased Decreased 7770137 8.49¢+005 9/13 50119/6.2 26
6407  fascin 1 n.l n.l 4507115 1.62e+008 14/18 54399/6.8 40
6510 %ﬁ;gigggg‘fphate Increased Increased 12653141  4.84e+005 11/17 59257/6.4 20
6513  tubulin alpha 6 Increased n. L 14389309  3.42¢+003  4/9 49895/4.9 13
7202 ERK2 n.s. Decreased 20986531  1.26e+005 9/15 41390/6.5 24
7607  lamin A/C Increased Increased 27436946  1.42e+013 35/45 74140/6.5 49
8107 hnRNP A2/B1 n.s. Decreased 4504447  3.42e+006 12/17 37430/8.9 36
8112  ANXA2 Increased n.s. 18645167  1.45e+004 7/27 38473/7.5 25
8213  aldolase A Increased Increased 4557305 8.5e+003  4/10 39289/8.3 16
8312  TRPMT7 protein Increased Increased 30046835  1.075e+05 9/15 62658/9.2 26
Eaur i B ClE L e Increased 7706657  1.91e+005 12/18 65521/6.6 23

17
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Changed pattern” . Seq.
ﬁgoa)t Protein name KR-62776 RGZ I;Aocgesswn gzg“:]SE N:' tlil(llzt:hed g‘sg;’l A;;) cov.

: treated cell treated cell : pep P (%)°
8702  aconitase 2 Increased Increased 5304852 1.49¢+010 16/19 85426/7.3 27
8708  aconitase 2 Increased Increased 4501867 1.45e+005 9/13 85426/7.3 14
9104 hnRNP A2/B1 Decreased n.s. 4504447 2.12e+006 12/18 37430/8.9 47
9106 hnRNP A1 Decreased Decreased  P09651 1.04e+004 5/16 38714/9.2 19

a) Spot numbers indicate the protein spot marked by 2-DE image software, PDQuest 7.1.0
b) Decreased or Increased indicates the proteins whose spot volumes were changed (positively or negatively) > 2.0-fold when analyzed on
multiple gels (n = 3). n. s. = not significantly different; n. I. = not located in the same place on the 2-D-gel

¢) Accession number in Swiss-Prot and NCBI database
d) Theoretical M, (kDa)/pl
e) Sequence coverage % (MS data)
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Figure 3. 2-DE images and comparative analysis of the expressed protein patterns between control, KR-62776-treated and rosiglitazone
(RGZ)-treated 3T3-L1 adipocytes. 3T3-L1 preadipocytes cells were fully differentiated by treatment of IBMX cocktail. Then the fully
differentiated 3T3-L1 cells were treated with (A) 0.1 % DMSO + 200 nM insulin, (B) 200 nM insulin and 1 uM KR-62776, and (C) 200 nM
insulin and 1 uM rosiglitazone for three days. Lysates from these treated cells were separated on a 2-D gel and then silver-stained for
visualization of protein spots. To analyze the comparatively expressed protein patterns between 0.1% DMSO-, KR-62776- and
rosiglitazone (RGZ)-treated 3T3-L1 adipocytes, the proteins were separated on a 2-D gel and then silver-stained for visualization of

protein spots.

by 2.8-fold in KR-62776-treated cells and 4.9-fold in
rosiglitazone-treated cells (Fig. 5A). Expression lev-
els of cGMP-dependent protein kinase 1 (cGKI) were
also enhanced by both KR-62776 (2.5-fold) and
rosiglitazone (2.0-fold) as shown in Figure 5B. These
data confirmed that KR-62776 and rosiglitazone have
anti-diabetic effects.

One of the proteins (spot 3207) that was up-regulated
4.6-fold in KR-62776-treated cells, but did not signifi-
cantly change in rosiglitazone-treated cells, was iden-
tified as prolactin (Fig. 5C, accession no. 1620399).
Another interesting finding from the proteomic
analysis is that ERK?2 is differently regulated in the
PPARY agonist-treated 3T3-L1 cells. In the image
analysis, spot 7202 (Fig. 5D) was identified as ERK2
and it was down-regulated over 9.0-fold in rosiglita-
zone-treated cells. However, the proteins were about
20 % up-regulated in KR-62776-treated cells in com-
parison with control cells. 2-D gel was carried out

three times to identify altered proteins by PPARYy
agonists.

Western blotting of ERK and differentiation induced
by the ERK inhibitor PD98059. As seen in previous
studies, an activated PPARYy modulates transcription
of target genes that are mainly involved in fatty acid
and lipid metabolism in fat cells. Activated PPARYy
also controls transcription of genes that are associated
with the differentiation of fat cells [26]. However,
activation of ERK signaling inhibits the activation of
PPARY through phosphorylation of PPARY in adipo-
cytes, thereby promoting lipolysis [27]. As mentioned,
ERK is differentially expressed in KR-62776- and
rosiglitazone-treated cells. Therefore, we focused on
the expression level of the protein and the 2-DE data
was confirmed by Western blotting. Phosphorylated
ERK1/2 levels were mildly down-regulated in about
60 % of rosiglitazone-treated differentiated cells in
comparison with that of KR-62776-treated cells
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Figure 3. (continued) (D) Control (non-treated) 3T3-L1 cells; the arrows indicate commonly altered protein spots in the control gel
compared with other gels. (E) 1 pM KR-62776-treated 3T3-L1 cells; the arrows indicate changed protein spots in the KR-62776-treated gel
compared with the control gel. (F) 1 uM rosiglitazone-treated 3T3-L1 cells; the arrows indicate changed protein spots in the rosiglitazone-
treated gel compared with the control gel. Numbers shown here are the same as those listed in supplement Table 1. Proteins shown are those
that changed more than 2.0-fold in 3T3-L1 adipocytes by KR-62776 or rosiglitazone treatment. Protein spots were identified by MALDI-

TOF MS.
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Figure 4. Proteins regulated in
3T3-L1 adipocytes by KR-62776
or rosiglitazone treatment.
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(Fig. 6A). However, as shown in Figure 6B, after 14
days phosphorylated ERK1/2 was dramatically down-
regulated in rosiglitazone-treated 3T3-L1 adipocyte
cells and, conversely, strongly up-regulated in
KR62776-treated adipocyte cells when compared to
DMSO-treated controls. This suggests that KR-62776
induces the activation of ERK1/2 and rosiglitazone

suppresses ERK1/2 activity. This means that the ERK
pathway is involved in the differentiation of 3T3-L1
cells. Furthermore, the effect of ERK on the differ-
entiation of the cells was tested using the ERK
inhibitor PD98059. When 3T3-L1 preadipocyte cells
were treated with PD98059 and either of the PPARYy
agonists (rosiglitazone or KR-62776), a large propor-
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Figure 5. Close-up views of the regions of the 2-DE gels that show interesting differences in protein expression levels. (A) and (B)
Commonly increased proteins in KR-62776 or rosiglitazone (RGZ)-treated 3T3-L1 adipocytes compared to control (non-treated 3T3-L1
adipocyte). (C) and (D) Differentially expressed proteins in KR-62776 or rosiglitazone treated 3T3-L1 adipocytes compared to controls
(non-treated 3T3-L1 adipocyte). (A) aldolase A; (B) cGKI-a; (C) Prolactin; (D) ERK2. Histograms represent the mean +SD of spot

intensity (n = 3).

tion of the 3T3-L1 cells were converted to adipocytes
(Fig. 6C, D).

Localization of PPARY and phosphorylated PPARY
in 3T3-L1 cells. Several studies have shown that
phosphorylation of PPARY is an important factor in
the regulation of PPARy activity and the ERK/
MAPK pathway is a key mediator of crosstalk
between insulin signaling and PPARY function. Acti-
vated ERK regulates PPARY in a way that signifi-
cantly reduces its transcriptional activity and ability to
promote adipogenesis. ERK induces the phosphory-
lation of PPARY on S84/S112 and this negatively
regulates the activity of PPARY [14, 28]. Interestingly,

Burgermeister et al. report that the activity of PPARYy
is regulated according to its subcellular localization
[15]. The localization of PPARY is mediated by direct
MEK-PPARY interaction. Mitogenic stimulation of
the cells induces interaction between active nuclear
MEK and PPARY, followed by a rapid nuclear export
of PPARY, and a reduction in the transcriptional
activity of PPARy. Therefore, the ERK-activator
MEK modulates activity of PPARYy through regula-
tion of its subcellular localization.

In this experiment, KR-62776 up-regulates and acti-
vates ERK, but the amount of PPARY is not changed
in 2-D gel proteomic analysis. Therefore the subcel-
lular localization of PPARY and phosphorylated ERK
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Figure 6. Western blotting of phospho-Erk1/2 and Microscopic observations of morphological changes induced by the ERK inhibitor
PDY8059. 20 micrograms of protein from untreated and KR-62776- or rosiglitazone (RGZ)-treated 3T3-L1 adipocytes were separated by
10% SDS-PAGE and transferred onto a PVDF membrane. Detection of the antigens was performed using the ECL method. Activated
ERK1/2 was decreased by seven days of rosiglitazone treatment in 3T3-L1 cells (A) or by rosiglitazone treatment for 14 days in 3T3-L1
preadipocyte cells (B). Microscopic observations of morphological changes in 3T3-L1 cells treated with KR-62776 or rosiglitazone (RGZ)
with or without the MAPK inhibitor PD98059. (C) 3T3-L1 preadipocytes were stimulated by DMSO (0.1 % ), KR-62776 or rosiglitazone (1
uM), with 200 nM insulin. (D) 3T3-L1 preadipocytes were stimulated by DMSO (0.1 % ), KR-62776 or rosiglitazone (1 uM), with 200 nM
insulin and PD98059 (10 uM). After seven days, cells were stained with Oil-Red O. Lipid droplet showed orange colors.

was observed. To verify that KR-62776 induced
relocalization of PPARY the protein was examined
by confocal fluorescence microscopy. When 3T3-L1
cells were treated with DMSO or rosiglitazone,
PPARY was mainly localized in the nucleus. However,
PPARYy nuclear fluorescence was reduced in KR-
62776-treated cells (Fig. 7A). A large amount of
ERK1/2 was detected in the nucleus of KR-62776-
treated cells compared to rosiglitazone-treated cells
(Fig. 7B). MEK was also localized in the nucleus of
KR-62776-treated cells as compared to rosiglitazone-
treated cells. Lipid droplets were formed during the
process of adipogenesis in rosiglitazone-treated 3T3-
L1 cells (data not shown).

Western blot analysis with cytosolic and nuclear
fractions of 3T3-L1 cells demonstrated that PPARYy
was slightly increased by KR-62776, but not rosiglita-
zone, in cytosolic fractions, while PPARy was de-
creased by KR-62776 more than rosiglitazone in the
nuclear fraction (Fig. 7C). The expression levels of
PPARY increased in the cytosolic fraction but de-
creased in the nuclear fraction because PPARYy export
into the cytosol correlated with the presence phos-

phorylated ERK1/2 and this was activated by KR-
62776. The intensity of ERK and phosphorylated
ERK cytosolic labeling was indistinguishable by
Western blot analysis. However, phosphorylation of
ERK1/2 in the nucleus was dramatically decreased by
rosiglitazone- but increased by KR-62776-treatment
(Fig. 7C). It was reported that activation of ERK
signaling inhibits the activation of PPARy through
phosphorylation of PPARY in adipocytes [27]. There-
fore the level of phosphorylated PPARYy in PPARY
agonist-treated 3T3-L1 cells was measured by West-
ern blot analysis and it was found that phospho-
PPARYy was dramatically decreased in rosiglitazone-
treated 3T3-L1 cells (Fig. 7D). These results show that
KR-62776 activates MEK and ERK1/2, but inhibits
transcriptional activity of PPARY and reduces adipo-
genesis of 3T3-L1 cells through a mechanism that
includes export of PPARY from the nucleus into the
cytoplasm.

To identify molecular alterations of the PPARY
agonists on adipocyte differentiation in the 3T3-L1
cells, we also examined gene expression profiles of
adipogenesis related genes induced by RGZ or KR-
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Figure 7. Localization of PPARYy and Erk1/2 in 3T3-L1 cells. Cells were grown on coverslips and treated with KR-62776 or rosiglitazone
(RGZ) for nine days. PPARY are labeled in red whereas ERK1/2 is labeled in green. Nuclei were visualized with DAPI staining.

Immunofluorescence microscopy revealed that PPARY translocated from the nucleus to cytosol by KR-62776 (A). Distribution of Erk1/2
(B) was more condensed in the nucleus than in the cytosol by KR-62776.

|

-

S AU

Research Article 1777

ERK1/2 er|e

<+— PPARy

<+— MEK

<+— P-ERK1
< P-ERK2

<+— ERK1
¢ ERK2

<— Histone H1

Figure 7. (continued) (C) Verification of the localization of PPARY, Erk1/2 and MEK using Western blot analysis.
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Figure 7. (continued) (D) Verification of phosphorylation of
PPARY using Western blot analysis. 3T3-L1 preadipocyte cells
were treated with DMSO, 1 uM KR-62776 or 1uM rosiglitazone
with 200 nM insulin for 12 days. Phosphorylated PPARY was
decreased by treatment of rosiglitazone compared with DMSO or
KR-62776.

62776 in adipocytic cells using microarray experi-
ments. In the RGZ-treated preadipocytic cells, adipo-
genesis related genes, such as Facl2, Lpl, Acdc (also
called Acrp30), and Fabp4 (aP2) genes, were up-
regulated, whereas the genes in KR-62776-treated
cells were moderately regulated (data not shown).

Inhibition of differentiation by prolactin. Prolactin is
expressed in human preadipocytes and its expression
decreases progressively throughout adipogenesis. Ci-
glitazone, one of glitazones, suppressed the expression
of prolactin mRNA [29]. As shown Figure 5C,
prolactin expression was down-regulated by rosiglita-
zone and up-regulated by KR-62776 in 2-D gel
experiments. To test the effect of prolactin on adipo-
genesis, 3T3-L1 preadipocytes were treated with a
common differentiation protocol. Morphological con-
version was verified by lipid accumulation, as seen by
Oil-Red O staining. Co-incubation of prolactin with
rosiglitazone very mildly suppressed the morpholog-
ical conversion in a dose-dependent manner (Fig. 8 A
and B). However, KR-62776 treatment did not change
the cellular phenotype (Fig. 8 B).

Discussion

The 2-DE technique was used to profile proteins that
were differentially expressed between KR-62776- and
rosiglitazone-treated 3T3-L1 adipocyte cells. Fifty-
three spots corresponding to 42 proteins were altered
more than 2.0-fold between KR-62776- or rosiglita-
zone-treated adipocytes when compared to DMSO-
treated control cells. In this study, we found that the
mitochondria proteins such as aldolase A and aconi-
tase 2 were up-regulated by KR-62776 and rosiglita-
zone in 3T3-L1 adipocyte cells. Aldolase A is well

KR-62776 inhibits adipogenesis via ERK
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Figure 8. Differentiation of 3T3-L1 preadipocyte cells was
decreased by prolactin treatment. 3T3-L1 preadipocyte cells were
treated with 1 pM KR-62776, 1 uM KR-62980, 1uM rosiglitazone or
1uM rosiglitazone + prolactin with 200 nM insulin for nine days.
The cells were fixed with formaldehyde and stained with the
lipophilic dye, Oil-Red O. The dye retained from the lipid vacuoles
was measured by determination of the optical density at 540 nm and
shown on the y-axis (mean £SD).

known as a glycolytic enzyme and previous studies
demonstrated a significant co-localization of aldolase
and GLUT4 in 3T3-L1 adipocyte cells [24]. GLUT4,
up-regulated by KR-62776 and rosiglitazone in 3T3-
L1 adipocyte cells, itself migrates to plasma mem-
brane from intracellular sites and promotes glucose
uptake [5]. Aconitase 2 was also commonly up-
regulated in KR-62776- or rosiglitazone-treated
cells. Aconitase 2 is a mitochondrial protein and it is
involved in fatty acid metabolism. Mitochondria are
not only the major site of fatty acid oxidation in cells,
but also may play a critical role in lipogenesis [30]. It
has been reported that insulin sensitizer enhances
adipocyte differentiation and mitochondria biogene-
sis [23]. Therefore, up-regulation of mitochondrial
proteins involved in fatty acid metabolism and lipo-
genesis is one of the key functions of the PPARYy
agonists, and that is an important factor for under-
standing the anti-diabetic activity of the agonists.
These results suggest that the agonists of PPARY,
which bind to the protein using a different binding
pocket, show anti-diabetic effects via up-regulation of
the proteins such as aconitase 2, aldolase and GLUT4,
etc.

2-DE gel analysis also shows that expression of cGKI
was enhanced by KR-62776 and rosiglitazone, which
was interesting because of a report that cGKI
enhanced PPARY expression levels and caused acti-
vation of the phosphatidylionsitol 3-kinase/Akt sig-
naling pathway [25]. PI3K activity is necessary for
insulin-stimulated glucose uptake [30]. KR-62776 and
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Figure 8. (continued)

rosiglitazone lead to increased expression of the
protein that plays an important role in glucose
utilization.

As already mentioned, PPARY is a ligand-activated
transcription factor of the nuclear receptor super-
family that regulates genes involved in differentiation,
metabolism and immunity. As a central regulatory
component, PPARY activity is well controlled during
various cellular processes; indeed, mitogenic stimula-
tion often suppresses PPARY’s transcriptional activity.
This down-regulation is mediated largely by the ERK/
MAPK signaling cascade, which attenuates PPARY’s
transactivation function either by inhibitory phos-
phorylation or by modulating PPARY’s nucleo-cyto-
plasmic localization [31]. An interesting point is that
KR-62776, one of the PPARY agonists, up-regulated
ERK activity. Alteration of the amount of phosphory-
lated ERK1/2 was confirmed by Western blotting.
However, Park et al. reported that KR-62776 inhib-
ited RANKL-induced phosphorylation of p3SMAPK,
ERK, and JNK in osteoclast differentiation [32]. This
result also supports that PPARYy may modulate the
MAP kinase signaling pathway.

The localization of PPARy and ERK1/2 was also
observed using confocal microscopy. These results are
very important to explain why KR-62776 does not
induce differentiation of preadipocytes and does not
stimulate weight gain in animals, even though it is a
potential PPARY agonist. The changes in the subcel-
lular localization of PPARy may also represent a novel
strategy for selective interference in patients with
proliferation-related diseases. According to reports,
the MEK/ERK signaling pathway regulates the ex-

KR-62776
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pression of C/EBPa and PPARY during the adipo-
genesis of 3T3-L1 cells [33]. Therefore, the modula-
tion of ERK activity might be involved in differ-
entiation of adipocyte tissues through the regulation
of nucleo-cytoplasmic compartmentalization of
PPARY.

It has been reported that prolactin, up-regulated by
KR-62776 treatment, regulates the levels of C/EBPf
and PPARy mRNA [34]. Differentiation of 3T3-L1
cells induced by rosiglitazone was mildly suppressed
by prolactin (Fig. 8). However, the mode of prolactin
action in adipogenesis is not clear. These results
suggest that prolactin is one of the factors that
regulates the morphological conversion of preadipo-
cytes and is also involved in the inhibition of the
adipogensis by indenones, the new PPARY agonists.
In conclusion, the protein expression profiles of 3T3-
L1 adipocytes were observed in KR-62776- or rosigli-
tazone-treated adipocytes, using 2-DE. Proteomic
profiling demonstrated that the proteins with the
most common expression changes caused by the
PPARY agonists were also strongly related to anti-
diabetic effects. We also found that the phosphoryla-
tion of ERK was decreased in rosiglitazone-treated
3T3-L1 adipocyte cells, while phosphorylated ERK
and prolactin expression were increased in KR-62776-
treated cells. These data explain why the biological
activity of KR-62776 has anti-diabetic activity but
does not induce obesity. This indicates that suppres-
sion of weight gain following treatment with KR-
62776 is due partly to the synergistic effects of various
proteins, including the phosphorylation of ERK, the
expression of prolactin and other signaling molecules
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in tissues. Here, we provide a mechanistic explanation
for the different and common biological activities of
the two-types of PPARY agonists, each with different
chemical structures, using 2-DE and MALDI-TOF
MS technology. We believe that the chemical proteo-
mic approach may be a potentially useful method for
revealing novel mechanisms of active compounds or
drugs with unknown cellular function. The binding
modes of the PPARY agonists might be one of the
important factors in understanding the biological
mechanism of the agonists on the transcription factors.
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