Peroxisome proliferator-activated receptor y isoforms
differentially regulate preadipocyte proliferation, apoptosis, and
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ABSTRACT Peroxisome proliferator-activated re-
ceptor v (PPARY) has 2 protein isoforms (PPARy1 and
PPARY2) generated by alternative promoter usage and
alternative splicing. However, their functional unique-
ness and similarity remain unclear. In the study, we
investigated the effects of lentivirus-mediated over-
expression of PPARYy1 and PPARy2 on proliferation,
apoptosis, and differentiation of the immortalized
chicken preadipocytes. Cell Counting Kit—-8 assay
showed PPARY1 and PPARY2 overexpression markedly
suppressed cell proliferation, and fluorescence activated
cell sorting analysis showed that PPARYy1 and PPARy2
overexpression caused cell cycle arrest at GO/G1 phase.
Cell death detection ELISA analysis showed both
PPARYy1l and PPARY2 overexpression induced cell
apoptosis. Oil red O staining and gene expression anal-
ysis showed both PPARy1 and PPARYy2 overexpression
promoted preadipocyte differentiation. In the presence of
PPARYy ligand, rosiglitazone, PPARY2 overexpression
was more potent in inducing apoptosis, promoting adi-
pogenesis, and suppressing cell proliferation than

PPARy1 overexpression. We further explored the mo-
lecular basis for their functional differences. Reporter
gene assay showed that under ligand conditions,
PPARY2 overexpression resulted in 1.68-fold increase in
transcription activity compared with PPARy1. Elec-
trophoretic mobility shift assay showed both PPARy1
and PPARy2 could bind to PPAR response element
(PPRE) as heterodimer with retinoid X receptor alpha,
and by comparison, PPARY2 had a higher affinity for
PPRE than PPARyl. Reporter gene assay showed
expression PPARyl and PPARY2 similarly induced
fatty acid synthase and adipocyte fatty acid-binding
protein promoter activity but differentially induced li-
poprotein lipase and perilipin 1 promoter activities.
Coimmunoprecipitation analysis showed that PPARy1
and PPARY2 interacted similarly with the coactivators,
Tat-interacting protein 60. Taken together, our results
demonstrate that PPARy1 and PPARYy2 differentially
regulate preadipocyte proliferation, apoptosis, and dif-
ferentiation as a result of their distinct and overlapping
molecular functions.
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INTRODUCTION

A fundamental property of preadipocytes is that they
are able to constantly proliferate and differentiate into
mature adipocytes and therefore maintain the functional
plasticity and expansion of adipose tissue (Cawthorn
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et al., 2012). Peroxisome proliferator-activated receptor
v (PPARY) is the master regulator of adipogenesis
(Cristancho and Lazar, 2011). Peroxisome proliferator-
activated receptor v is a member of the nuclear receptor
superfamily of transcription factors and is highly
expressed in adipose tissues (Ahmadian et al., 2013;
Lee et al., 2019). Peroxisome proliferator-activated re-
ceptor vy has 2 protein isoforms PPARYy1 and PPARYy2
that are generated by alternative promoter usage and
alternate splicing. PPARY2 has an additional 28 (hu-
man) or 30 (mouse and goat) amino acids, relative to
PPARY1 at the N-terminal, containing the activation
function-1 region (Al-Shali et al., 2004; De Sa et al.,
2011; Shi et al., 2013).
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DISTINCT FUNCTIONS OF PPARy ISOFORMS

The differences between the 2 PPARYy isoforms in
expression pattern, transcriptional activity, and adipo-
cyte differentiation have been studied in mammals.
The isoform PPARyl is expressed in adipose and
many other tissues, whereas PPARY2 is predominantly
expressed in adipose tissue in humans (Grygiel-
Gorniak, 2014). The abundance of the PPARY isoforms
in different tissues is directly related to their respective
specific functions (Bionaz et al., 2013). The reporter
gene assay showed that PPARY2 displayed 5- to 6-fold
greater transcriptional activity than PPARy1 in rats
(Werman et al., 1997). Although PPARy1 and PPARY2
are expressed at comparable levels in adipocytes (Zhang
et al., 2004), their relative importance in adipogenesis re-
mains an open question.

Our previous study in chickens found that PPARYy2
has an additional 6 amino acids at the N-terminal
compared with PPARy1 (Kui et al., 2015). The func-
tional uniqueness and similarity of the 2 chicken PPAR:y
isoforms remain unclear. In the present study, using
lentivirus-mediated overexpression of PPARyl and
PPARYy2, we investigated the effects of overexpressing
the 2 chicken PPARY isoforms on preadipocyte prolifer-
ation, apoptosis, and differentiation. To further under-
stand the underlying molecular mechanisms, we
evaluated their ability to transactivate the PPAR
response element (PPRE) and adipogenic gene re-
porters, bind to PPRE, and interact with the coregulator
Tat-interacting protein 60 (Tip60). Our results demon-
strate that PPARY2 is more potent in transcriptional
activation and DNA binding than PPARy1.

MATERIALS AND METHODS

Cell Culture and Treatments

Immortalized chicken preadipocytes (ICP2) were
generated in our laboratory (Wang et al., 2017). Immor-
talized chicken preadipocyte cells were cultured in Dul-
becco’s Modified Eagle Medium/Ham’s F-12 media
(Gibco) containing 10% fetal bovine serum (BI, Ger-
many), 100 units/mL penicillin, and 100 pg/mL strepto-
mycin and incubated at 37°C with 5% CO,. Cells were
treated with rosiglitazone (20 pmol/L) and 5 pmol/L
9-cis RA or both for 24, 48, and 72 h, and DMSO was
used as a negative control. Rosiglitazone and 9-cis RA
are PPARYy and retinoid X receptor alpha (RXRa)
agonist, respectively. All the reagents for cell treatments
were from Sigma-Aldrich. All treatments were per-
formed in triplicate and repeated 3 times.

Plasmid Construction

The thymidine kinase (TK) minimal promoter with 3
copies of the DR1 element (AGGTCAAAGGTCA) at
its 5’ end was synthesized by GENEWIZ and cloned into
the pGL3-Basic Luciferase Reporter Vector (Promega)
to yield the 3xPPRE-TK-Luc reporter construct. The
CCAAT /enhancer-binding protein alpha (C/EBPua),
fatty acid synthase (FAS), adipocyte fatty acid—binding
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protein (A-FABP), lipoprotein lipase (LPL), and peril-
ipin 1 (PLIN1) promoter reporters containing the poten-
tial PPRE were previously generated by our laboratory
(Zhang et al., 2014; Zhang et al., 2019). The full-length
PPARy1 (NM_001001460.1) was amplified from the
pooled chicken ¢cDNA using PCR with the following
primers: PPARyI1-F (5-GGAATTCATGGTTGACA-
CAGAAATGCCGT-3) and PPARyI-R (5'-
CCTCGAGGAGGATAAGAACTACTATCGCC-3)
and introduced into the EcoRI and Xhol sites of a pCMV-
HA vector to yield pCMV-HA-PPARY1. The full-length
PPARy?2 (KP736527 and NM _001001460.1) coding re-
gion was amplified from the pooled chicken cDNA using
PCR with the following primers: PPARy2F (5'-
GGTCGACCGAGATCTCTCGAGGGAAAAGAGA-
GATTACAATGGTT-3') and  PPARy2R  (5-
CATGTCTGGATCCCCGCGGCCGCAAAACATA-
CATTATGTCAGAGGATA-3) and cloned into the
Xhol and Notl sites of the pCMV-HA vector to yield
pCMV-HA-PPARy2. The positions of PPARy1-F/R
and PPARY2-F/R are show in Supplementary Figure 1.
The full-length RXRoa (XM 003642291.4) coding region
was amplified from the pooled chicken cDNA using PCR
with the following primers: RXRo-F (5-CGGAAT
TCTGGACACCAAACACTTCCTGCCACT-3) and
RXRa-R  (5-CCTCGAGTTAGATGCAGCAGTGA-
CAGCGAACG-3') and cloned into the EcoRI and Xhol
sites of the pCMV-Myc vector to create pCMV-Myc-
RXRat. The full-length CDS of Tip60 (XM _015273024.2)

was synthesized by GENEWIZ (Suzhou, China) and
cloned into the FcoRI and Kpnl sites of the pCMV-Myc
vector to yield pCMV-Myc-Tip60.

RNA Isolation and Quantitative Real-Time
RT-PCR

Total RNA was isolated from the cultured cells using
TRIzol reagent (Invitrogen) following the manufac-
turer’s protocol. Total RNA was reverse transcribed us-
ing the PrimeScript RT reagent Kit with gDNA Eraser
(Takara, Japan). The relative mRNA expression levels
were analyzed using the 274¢T method, and TATA
box—binding protein was used as an internal control. Ex-
periments were performed in triplicate and repeated 3
times to ensure accuracy. The sequences of the primers
are shown in Table 1.

Immunoprecipitation Assays and Western
Blot Analysis

The ICP2 cells were plated at 1 X 10° in 10-cm dishes
and cotransfected with PPARy1 or PPARYy2, RXRa,
and Tip60 expression vectors (10 pg) using Lipofect-
amine 2000 (Invitrogen) as per the manufacturer’s in-
structions. At 24 h after transfection, cells were treated
with 20 pmol/L rosiglitazone for 24 h and lysed in
500 pL cell lysis buffer per dish for western and IP buffer
(Beyotime, China). The cell lysate was incubated with
the anti-HA (ProteinTech Group) at 4°C for 1 h and
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Table 1. Primers used for quantitative real-time PCR.

MU ET AL.

Table 2. Probes used in EMSA analysis.

Primer name Primer sequence

Probe name Sequences 5'-3’

LPL F: ATGTTCATTGATTGGA
TGGAGGAG
R: AAAGGTGGGACCAGCAGGAT

A-FABP F: ATGTGCGACCAGTTTGT
R: TCACCATTGATGCTGATAG
PLIN1 F: GGGGTGACTGGCGGTTGTA
R: GCCGTAGAGGTTGGCGTAG
C/EBPu F: GCGACATCTGCGAGAACG
R: GTACAGCGGGTCGAGCTT
TBP F: GCGTTTTGCTGCTGTTAT

TATGAG
R: TCCTTGCTGCCAGTCTGGAC

Abbreviations: A-FABP, adipocyte fatty acid—binding protein; C/EBPu,
CCAAT /enhancer binding protein alpha; LPL, lipoprotein lipase; PLIN1,
perilipin 1; TBP, TATA box-binding protein.

subsequently incubated with protein A/G beads over-
night (Santa Cruz Biotechnology). The beads were
washed 4 times with PBS. The whole-cell lysates and im-
munoprecipitates were subjected to SDS-PAGE. Pro-
teins were transferred onto nitrocellulose membranes
(Millipore, MA) and incubated with the following pri-
mary antibodies: anti-HA (1:500; Beyotime, China),
anti-Myc (1:500; Beyotime China), and anti-caspase3
(1:200; Novus Biologicals). The ECL Plus Detection
Kit (HaiGene, China) was used to detect immunoreac-
tive bands. All experiments were repeated 2 times.

Electrophoretic Mobility Shift Assay

Nuclear proteins were isolated from the ICP2 cells
transfected with pCMV-HA-PPARyl or pCMV-HA-
PPARY2 and pCMV-Myc-RXRa using the NE-PER nu-
clear extraction kit (Pierce). Binding activity of
PPARY1 or PPARY2 and RXRa to the indicated probes
was performed using the LightShift Chemiluminescent
Electrophoretic Mobility Shift Assay (EMSA) Kit
(Pierce). The biotin-labeled probes containing PPRE
and its corresponding mutant probes were synthesized
by Genewiz and are shown in Table 2. The labeled
double-stranded probes were added to 3 pL. NE-PER nu-
clear extracts and incubated for 30 min at room temper-
ature. For binding competition experiments, 50- or
100-fold molar excess of unlabeled double-stranded
wild-type or mutant probes were added to the binding
reactions immediately before the addition of the labeled
probes. The DNA-protein complexes were resolved on a
6% native polyacrylamide gel and detected. All experi-
ments were repeated 2 times.

Luciferase Reporter Gene Assay

For transactivation assays, ICP2 cells were cotrans-
fected with the 3xPPRE-TK-Luc reporter construct
and the indicated expression vectors (pCMV-HA-
PPARy1, pCMV-HA-PPARY2 or pCMV-Myc-RXRa),
along with the pRL-TK vector. After 24 h, the trans-
fected cells were treated with or without rosiglitazone
(20 pmol/L) and 9-cis RA (5 pumol/L) for 24 h. For

WT-F CAAAACTAGGTCAAAGGTCA
WT-R TGACCTTTGACCTAGTTTTG
MT-F CAAAACTAGcaCAAAGcaCA
MT-R TGtgCTTTGtgCTAGTTTTG

PPAR response element (PPRE) is underlined.
Substitution mutations are presented in lower case italic letter.
Abbreviation: EMSA, electrophoretic mobility shift assay.

transcriptional regulation analysis, cells were cotrans-
fected with the indicated promoter reporters (C/
EBPa, FAS, A-FABP, LPL, or PLIN1 reporters), indi-
cated PPARYy isoform expression vectors (pCMV-HA-
PPARy1 and pCMV-HA-PPARY2), and indicated the
RXRa expression vector (pCMV-Myc-RXRa) along
with the pRL-TK Renilla luciferase vector. After 48 h
of transfection, the luciferase activity was assessed
with the dual-luciferase reporter assay system (Prom-
ega). All experiments were performed in triplicate and
repeated 3 times. The luciferase activity was normalized
to the corresponding Renilla luciferase activity.

Cell Proliferation Assay

The recombinant lentiviruses expressing PPARy1
(Lenti-PPARY1), PPARY2 (Lenti-PPARY2), and a
lentivirus control (Lenti-control) were constructed and
packaged by Hanbio (Shanghai, China). Cell prolifera-
tion was assessed using the Cell Counting Kit—8
(DOJINDO, Japan). Briefly, ICP2 cells were plated
into 48-well plates at 1 X 10* cells/well. After 12 h,
the cells were infected with Lenti-PPARYy1 or Lenti-
PPARy2 at 50 multiplicities of infection (MOI) for 24,
48, and 72 h in the absence or presence of rosiglitazone
(20 pmol/L). The absorbance was assessed at 450 nm.

Cell Cycle Detection

The cell cycle was analyzed by flow cytometry using
the Cell Cycle and Apoptosis Analysis Kit (Beyotime,
China). Briefly, ICP2 cells were seeded into 6-well
plates at 1 X 10° cells/well and infected with Lenti-
PPARY1 or Lenti-PPARY2 viruses at 50 MOI in the
presence or absence of rosiglitazone (20 pmol/L). After
48 h, the cells were trypsinized and fixed in ice-cold 70%
ethanol in PBS at 4°C overnight. The cells were washed
with PBS and stained with propidium iodide for
30 min at 37°C in the dark. The cells were then sorted
by Fluorescence activated Cell Sorting can analysis
(Becton Dickinson, NJ) and analyzed by ModFit LT
software (Verity Software House).

Cell Death Detection

Apoptosis assays were determined using Cell Death
Detection ELISAP™ (Roche, Switzerland). Briefly,
ICP2 cells were seeded into 24-well plates at
5 X 10" cells/well and infected with Lenti-PPARy1 or
Lenti-PPARY2 at 50 MOI for 48 h in the presence or
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absence of rosiglitazone (20 pumol/L). The cells were
lysed directly in lysis buffer for 30 min at 25°C. After
centrifugation, the culture supernatant was transferred
into a streptavidin-coated microtiter plate and incu-
bated with immunoreagent for 2 h at 25°C with gentle
shaking. Each well was rinsed with incubation buffer
and incubated with ABTS (The ABTS is the kit content
of Cell Death Detection ELISA™™  (Roche,
Switzerland)) for 15 min. Then, the optical density was
measured using an Epoch microplate reader (BioTek In-
struments, USA) at 405 nm after adding the ABTS stop
solution.

Adipocyte Differentiation and Oil Red O
Staining

The ICP2 cells were seeded at 5 X 10* in a 24-well
plate and infected with Lenti-PPARY1, Lenti-PPARY2,
and Lenti-control viruses at 50 MOI with or without
rosiglitazone (20 pmol/L). For adipocyte differentiation,
ICP2 cells at about 60% confluence were incubated with
the differentiation medium containing Dulbecco’s Modi-
fied Eagle Medium/Ham’s F-12 culture medium, 10%
fetal bovine serum, 1% antibiotic—antimycotic solution,
and 160 pmol/L sodium oleate (Sigma). The differentia-
tion medium was changed every day until the indicated
time points.

Differentiated ICP2 adipocytes were washed twice with
PBS, fixed in 4% formaldehyde for 15 min at room temper-
ature, and rinsed 3 times with distilled water. The cells
were stained with Oil red O solution (3:2, 0.6% Oil Red
O in isopropanol:water) for 15 min at room temperature,
then washed with distilled water. The intracellular lipid
droplets were visualized with an optical microscope
(Leica). To quantify staining, Oil Red O was extracted
from the cells with isopropanol solution, and the optical
density was measured at a wavelength of 510 nm. The
cell total protein concentration was estimated by the
bicinchoninic acid method (Beyotime, China). Intracel-
lular lipid content was normalized against the protein to
allow an accurate comparison.

Statistical Analysis

Results are expressed as means = SD. Comparisons
between groups were performed using 2-way ANOVA.
Statistical differences were considered significant when
P < 0.05.

RESULTS

Peroxisome Proliferator-Activated
Receptor v1 and PPAR~y 2 Differentially
Inhibit Chicken Preadipocyte Proliferation

Preadipocyte proliferation and differentiation are 2 vi-
tal steps in adipogenesis. To investigate the effects of the
two chicken PPARy isoforms on preadipocyte prolifera-
tion, we generated and validated the lentiviruses
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expressing PPARy1 and PPARY2 (Lenti-PPARy1 and
Lenti-PPARY2) using Western blot assay (Figure 1A).
The Cell Counting Kit-8 cell proliferation assay results
demonstrated that overexpression of each PPARY iso-
form markedly suppressed the proliferation of the ICP2
cells in both the absence and presence of rosiglitazone
(Figure 1B). Compared with PPARYy1 overexpression,
PPARY2 overexpression had a more powerful inhibitory
effect on proliferation at 72 h (P < 0.05) (Figure 1B).
Consistently, further Fluorescence activated Cell Sort-
ing analysis revealed a significant increase in the number
of cells accumulating in the GO/G1 phase and a signifi-
cant decrease in the number of cells accumulating in
the S phase in the ICP2 cells infected with either
Lenti-PPARY1 or Lenti-PPARY2, compared with the
cells infected with Lenti-control (P < 0.05)
(Figure 1C). Taken together, these results suggest that
both PPARy1 and PPARY2 inhibit the proliferation of
the ICP2 cells, and PPARYy2 has a comparatively stron-
ger antiproliferative effect than PPARy1.

Peroxisome Proliferator-Activated
Receptor v1 and PPAR~y 2 Differentially
Enhance Chicken Preadipocyte Apoptosis

Peroxisome proliferator-activated receptor y has been
shown to play a role in triggering apoptotic pathways,
and this activity is depending on cellular signaling
(Della-Fera et al., 2001). We investigated the effects of
PPARY1 and PPARY2 overexpression on the apoptosis
of ICP2 cells using cell death detection ELISAP™ kits.
The results show that in the absence of rosiglitazone,
PPARYy1 and PPARy2 overexpression resulted in 1.51-
and 2.17-fold increase in DNA fragmentation, respec-
tively, compared with the Lenti-control (P < 0.05)
(Figure 2). In the presence of rosiglitazone, PPARy1
and PPARYy2 overexpression resulted in 1.71- and
2.28-fold increase in DNA fragmentation, respectively,
compared with the Lenti-control (P < 0.05)
(Figure 2). Furthermore, in the absence of rosiglitazone,
PPARY2 overexpression resulted in a 1.3-fold increase in
DNA fragmentation, compared with PPARy1 overex-
pression (P < 0.05), in the presence of rosiglitazone,
PPARY2 overexpression resulted in a 1.4-fold increase
in DNA fragmentation, compared with PPARY1 overex-
pression (P > 0.05) (Figure 2). These results suggest
that PPARY2 exerts a comparatively greater apoptotic
effect on ICP2 cells than PPARy1.

Peroxisome Proliferator-Activated
Receptor v1 and PPAR~y 2 Differentially
Promote Preadipocyte Differentiation

Given that PPARY is the master regulator of adipo-
cyte differentiation, we investigated the effect of these
2 PPARY isoforms on the differentiation of ICP2 cells.
As shown in Figure 3A, we observed extensive lipid
accumulation in the cells infected with either Lenti-
PPARyl or Lenti-PPARy2 at 24 and 72 h of
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activated receptor vy.

differentiation, compared with the Lenti-control—
infected cells. In comparison, more lipid accumulation
was observed in the cells infected with Lenti-PPARYy1
than those infected with Lenti-PPARY2 at 24 h of dif-
ferentiation in both the presence and absence of rosigli-
tazone (P < 0.05) (Figure 3B). Interestingly, at 48 and
72 h of differentiation, more lipid accumulation was
observed in the cells infected with Lenti-PPARy2
than in those infected with Lenti-PPARyl in both
the presence and absence of rosiglitazone (P < 0.05)
(Figure 3B). Real-time PCR analysis of the adipogenic
marker gene expression showed increasing expression
levels of A-FABP and C/EBPa from 24 to 72 h after
induction of differentiation for Lenti-control, Lenti-
PPARy1, and Lenti-PPARy2 infections. At 24 h of
differentiation, A-FABP and PLIN1 were expressed
at higher levels in the cells infected with Lenti-
PPARY1 than in those infected with Lenti-PPARY2,
in both the presence and absence of rosiglitazone,
which was consistent with the Oil Red O staining re-
sults (P < 0.05) (Figure 3C), whereas, C/EBPa was
expressed at a higher level in the cells infected with
Lenti-PPARY2 than in those infected with Lenti-
PPARYyl at 48 and 72 h of differentiation in the
absence of rosiglitazone (P < 0.05) (Figure 3C).
Collectively, these results suggest that PPARy1 and
PPARY2 can individually promote chicken preadipo-
cyte differentiation. Overall, PPARy1 exerted a stron-
ger proadipogenic effect at 24 h of differentiation,
whereas PPARY2 exerted a stronger proadipogenic
effect at 48 and 72 h of differentiation.

Peroxisome Proliferator-Activated
Receptor y1 and PPARy2 Have Differential
Transcriptional Activities

To gain insight into the molecular mechanisms underly-
ing the differential effects of PPARy1 and PPARY2, we

first evaluated their transcriptional activities in the
absence and presence of rosiglitazone. The reporter gene
assay showed that, compared with transfection of the
pCMV-HA empty vector, transfection of pCMV-HA-
PPARyl and pCMV-HA-PPARY2 resulted in a 1.33-
and 1.59-fold induction of luciferase activity of the PPRE
reporter (3xPPRE-TK-Luc) (P < 0.05), respectively, in
the absence of rosiglitazone. However, transfection of
pCMV-HA-PPARy1 and pCMV-HA-PPARY2 resulted
in a 2.13- and 3.58-fold induction of luciferase activity
(P < 0.01), respectively, in the presence of rosiglitazone.
In comparison, PPARY2 induced higher luciferase activity
than PPARY1 in both the presence and absence of rosigli-
tazone (P < 0.05) (Figure 4A), suggesting that PPARY2
has greater transcriptional activity than PPARy1.

It is known that PPARy forms a heterodimer with
RXRa to regulate its target genes. To gain further
insight into the difference between PPARyl and
PPARY2 transcriptional activities, ICP2 cells were
cotransfected with either pCMV-HA-PPARYyl or
pCMV-HA-PPARY2 and pCMV-Myc-RXRa along
with the PPRE reporter construct 3xPPRE-TK-Luc,
and luciferase activity was determined. The results
show that in the absence of the rosiglitazone, cotransfec-
tion with PPARy1 and RXRa resulted in a 2.63-fold in-
crease in luciferase activity compared with transfection
with PPARy1 alone (P < 0.01) (Figure 4A). Further-
more, in the absence of rosiglitazone, cotransfection
with PPARy2and RXRa resulted in a 2.96-fold increase
in luciferase activity compared with transfection with
PPARy2 alone (P < 0.01) (Figure 4A). In the presence
of both agonists (rosiglitazone + 9-cis RA), cotransfec-
tion with PPARy1 and RXRa lead to a 21.92-fold in-
crease in luciferase activity compared with transfection
with PPARy 1 alone (P < 0.01) (Figure 4A). In the pres-
ence of both agonists, cotransfection with PPAR~y2 and
RXRa resulted in a 21.16-fold increase in luciferase ac-
tivity compared with transfection with PPARy2 alone
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Figure 3. Effects of PPARYy1 and PPARY2 overexpression on the differentiation of ICP2 cells. (A) Oil Red O staining of ICP2 cells infected with
Lenti-PPARY1, Lenti-PPARY2, or Lenti-control were performed at 24 and 72 h of differentiation and (B) Oil Red O quantification at 0, 24,48, and 72 h
*P < 0.05, PPARY2 vs. PPARy1 in absence of rosiglitazone. # P < 0.05, PPARY2 vs. PPARY1 in the presence of rosiglitazone. Statistical significance
was determined by 2-way ANOVA. (C) Real-time reverse transcription-polymerase Chain Reaction analysis of adipogenic genes during the differen-
tiation of ICP2 cells infected with Lenti-PPARy1, Lenti-PPARY2, or Lenti-control were performed at 24 and 72 h of differentiation, respectively
(means * SD). Statistical significance was determined by two-way ANOVA. * P < 0.05 compared with Lenti-control, ” P< 0.05, PPARy2 vs. PPARy1
in absence of rosiglitazone, respectively. AP<0.05 compared with Lenti-control, fP < 0.05, PPARY2 vs. PPARy1 in presence of rosiglitazone, respec-
tively. Abbreviations: A-FABP, adipocyte fatty acid-binding protein; C/EBPa, CCAAT /enhancer-binding protein alpha; ICP2; immortalized
chicken preadipocytes; Lenti-control, lentivirus control; Lenti-PPARy1, recombinant lentiviruses expressing PPARy1; Lenti-PPARY2, recombinant
lentiviruses expressing PPARY2; LPL, lipoprotein lipase; PLIN1I, perilipin protein; PPARY, peroxisome proliferator-activated receptor vy.

(P <0.01) (Figure 4A). As shown in Figure 4A, in both
the presence and absence of rosiglitazone and 9-cis RA,
the PPARY2/RXRa complex tended to be more potent
in inducing luciferase reporter activity than the
PPARy1/RXRa complex (P = 0.12). Altogether, these
results suggest that PPARy2 is a more potent transcrip-
tional activator than PPARY1 in both the presence and
absence of rosiglitazone.

Peroxisome Proliferator-Activated
Receptor v1 and PPARvy2 Have Different
DNA Binding Affinities

The isoforms PPARy1 and PPARY2 share the same
DNA-binding domain but differ at the N-terminal. It
has been reported that the variable N-terminal domain
of nuclear receptors influences DNA-binding specificity
and affinity (Grad et al., 2001; Brodie and McEwan,
2005). We performed EMSA to test whether the 6 addi-
tional amino acids at the N-terminal affect DNA bind-
ing. In the absence and presence of rosiglitazone, the
nuclear-extracted PPARy1, PPARY2, and RXRa pro-
teins were confirmed by Western blot analysis
(Figure 4B). Equal amounts of these extracted nuclear

proteins were used in EMSA. The EMSA assay showed
that the binding of PPARYyl and PPARY2 to the
biotin-labeled PPRE probes did not occur in the absence
of RXRa (Figure 4C, lanes 1-4). However, the binding of
PPARYy1 and PPARY2 to the biotin-labeled PPRE
probes (4 major bands) was observed in the presence of
RXRa (Figure 4C, lanes 6-8). To confirm the specificity
of these PPARY1/2/RXRa-DNA complexes, we per-
formed competition experiments using unlabeled
PPRE probes with either a wild-type or mutant PPRE
probe as a competitor. The results show that as the con-
centrations of the unlabeled wild-type PPRE probe
increased, the 4 major bands decreased in intensity
(Figure 4D, lanes 3-4). As the concentration of the
mutant PPRE probe increased, the 4 major bands did
not decrease in intensity (Figure 4D, lanes 5-6). There-
fore, it can be concluded that the 4 major bands repre-
sent the specific PPARY1/2/RXRa-PPRE complexes.
In comparison, the PPARy2/RXRa heterodimer was
capable of forming stronger DNA-protein complexes
with the biotin-labeled PPRE probes than the
PPARY1/RXRa heterodimer (Figure 4C), suggesting
the PPARy2/RXRa heterodimer has a stronger binding
affinity to PPRE than PPARy1/RXRa.
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Figure 4. Transcriptional activity and DNA binding of PPARy1 and PPARY2. (A) ICP2 cells were transfected or cotransfected with indicated
expression vectors and 3xPPRE-TK-Luc along with the pRL-TK luciferase vector. After 24 h, transfected cells were treated with or without rosigli-
tazone (20 pmol/L) or 9-cis RA (5 pmol /L) for 24 h. Luciferase activity was determined at 48 h after transfection. The firefly luciferase activity values
were normalized to a Renilla transfection control. Data are expressed as means *= SD. Statistical significance was determined by 2-way ANOVA.
*P < 0.05, P < 0.01. (B) Western blot analysis of PPARy1, PPARY2, and RXRa. proteins in ICP2 cells transfected with indicated expression vec-
tors in the presence (+) or absence (—) of 20 pmol/L rosiglitazone. (C) EMSA was performed using PPRE probes and the extracted nuclear proteins,
PPARy1 (lanes 1-2) and PPARY2 (lanes 3-4), PPARy1 and RXRa (lanes 5-6), PPARY2 and RXRa (lanes 7-8), RXRa. (lane 9). (D) EMSA and
competition-EMSA experiment showing the binding of PPARy1 and RXRa to the PPRE. EMSA using probe alone (lane 1) and incubated with
the PPARy1 and RXRa. protein (lane 2). Competition with increasing amounts of unlabeled wild type PPRE probe with PPARy1 and RXRa (lanes
3-4) and unlabeled mutant type PPRE probe (lanes 5-6). Abbreviations: EMSA, electrophoretic mobility shift assay; ICP2, immortalized chicken
preadipocytes; PPARYy, peroxisome proliferator-activated receptor v; PPRE, PPAR response element.

Peroxisome Proliferator-Activated
Receptor v1 and PPARY 2 Interact Similarly
With Tip60

Peroxisome proliferator-activated receptor y func-
tions by interacting with various transcriptional

coregulators, coactivators, and corepressors.Tat-
interacting protein 60, a member of the MYST family
of acetyltransferases, is a coactivator of PPARy (van
Beekum et al., 2007). A previous study showed that
Tip60 can interact with the activation function-1
domain of PPARy (van Beckum et al., 2007). To
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understand the mechanisms underlying the functional
differences between PPARYy1l and PPARY2, we also
investigated the differences between the 2 PPARY iso-
forms in their interaction with Tip60. Coimmunoprecipi-
tation experiments were performed with an anti-HA tag
antibody, and the precipitated proteins were subjected
to Western blot analysis with the anti-Myc antibody.
As shown in Figure 5, as expected, PPARYy1l and
PPARY2 interacted similarly with RXRa (lanes 5-8,
Figure 5). In the absence of RXRa (lanes 3-4,
Figure 5), neither PPARyl nor PPARY2 interacted
with Tip60. But in the presence of RXRa (lanes 5-6,
Figure 5), PPARy1 and PPARYy2 interacted similarly
with Tip60. These data indicate that RXRa is required
for the interaction of PPARYy and Tip60, and PPARYy1
and PPARY2 have comparable binding affinities for
RXRa and Tip60.

Peroxisome Proliferator-Activated
Receptory1and PPARy 2 Exert Overlapping
and Distinct Regulatory Roles

The adipogenic genes, LPL, PLIN1, A-FABP, C/
EBPa, and FAS, are known target genes of PPARYy.
We further compared the regulation of these adipogenic
genes by PPARY1 and PPARy2. The reporter gene as-
says showed that both PPARy1 and PPARy2 markedly
enhanced the promoter activity of PLINI and FAS in
the absence of rosiglitazone and enhanced the promoter
activity of LPL, PLIN1, and A-FABP in the presence of
rosiglitazone (Figure 6, P < 0.05). In comparison,
PPARY2 was more potent in activating LPL-promoter
activity than PPARy1 in the presence of rosiglitazone
(Figure 6, P < 0.05), and PPARy2, but not PPARy1,
could activate LPL-promoter activity in the absence of
rosiglitazone (Figure 6, P < 0.05). In contrast, PPARy1,
but not PPARY2, could activate C/EBPa-promoter ac-
tivity in the presence of rosiglitazone. Cotransfection of
any one of the PPARYy isoform genes and RXRa resulted
in a synergistic increase in the promoter activity of LPL,
PLIN1, C/EBPa, and FASin the absence of the agonists
(rosiglitazone + 9-cis RA) (Figure 6). Comparatively,
cotransfection with PPARy2 and RXRoa was more
potent in activating the promoter activity of LPL,
PLIN1, and A-FABP than cotransfection with PPARy 1
and RXRa (Figure 6, P < 0.05). Interestingly, the
cotransfection of either of the 2 PPARY isoform genes
and RXRo markedly repressed the promoter activity of
LPL, A-FABP, and FASin the presence of both agonists
(rosiglitazone + 9-cis RA) (P < 0.05). These results
demonstrate that PPARY1 and PPARY2 exert overlap-
ping and distinct regulatory roles in the regulation of the
adipogenic genes tested, which might explain the differ-
ential effects of overexpressing PPARy1 and PPARYy2
during adipocyte differentiation (Figure 3).

MU ET AL.

DISCUSSION

The function and regulation of PPARY in adipose tis-
sue have been well documented in the mouse. However,
the functional differences between the PPARYy isoforms
are controversial. Several reports have shown that
PPARyl and PPARYy2 can individually stimulate
adipocyte differentiation in the mouse (Mueller et al.,
2002; Zhang et al., 2004; Li et al., 2016), whereas other
studies have reported that PPARYy2, but not PPARY1,
induces adipogenesis in the mouse (Delin et al., 2002).
In vivo studies indicated that PPARYy1 and PPARYy2
can drive adipose tissue development, but PPARy2
plays the dominant role in adipogenesis in mouse
(Zhang et al., 2004). In the present study, we demon-
strated that PPARY1 and PPARy2 differentially regu-
late chicken preadipocyte proliferation, apoptosis, and
differentiation.

In agreement with the previous study (Zhang et al.,
2004), we found that both PPARy1 and PPARy2 pro-
moted adipocyte differentiation, as demonstrated by
Oil red O staining and mRNA expression analysis of adi-
pogenic marker genes. Of the 2 isoforms, PPARY2 exerts
a stronger adipogenic effect than PPARy1 (Figure 3). In
addition, we unexpectedly found that PPARY2 overex-
pression decreased the expression of A-FABP and LPL
during adipocyte differentiation (P < 0.01; Figure 3C).
The marked discrepancies between the results of Oil
red O staining and quantitative real-time reverse tran-
scription-polymerase chain reaction analysis may be
owing to the negative feedback loop between PPARYy
and A-FABP during adipocyte differentiation (Garin-
Shkolnik et al., 2014). Our results provide compelling ev-
idence that the 2 PPARY isoforms have different abili-
ties to promote adipocyte differentiation.

In addition, consistent with the previous proliferation
study in mouse NIH-3T3 cells (Altiok et al., 1997), we
demonstrated that both PPARy1 and PPARY2 exert
antiproliferative effects (Figures 1B, 1C). Compara-
tively, our results show that PPARY2 had a stronger
antiproliferative effect on ICP2 cells than PPARyl1
(Figure 1A). Our results differ from those of Altiok
et al. who showed that both PPARY1 and PPARYy2 acti-
vation by pioglitazone induced a similar growth arrest
(Altiok et al., 1997). This discrepancy could be explained
by several reasons. First, different cell lines were used to
assay cell proliferation in our study compared with the
previous study; we used the immortal chicken cell line
(ICP2), but Altiok et al. used the mouse cell line, NIH-
3T3. Second, different PPARy ligands were used in
our study, we used the exogenous PPARY ligand rosigli-
tazone, but Altiok et al. used pioglitazone. Third,
different cell proliferation assays were used between
the 2 studies, we used a Cell Counting Kit—8 cell prolif-
eration assay, whereas Altiok et al. used a BrdU cell pro-
liferation assay.
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Figure 5. Coimmunoprecipitation (co-IP) analysis of interaction between PPARYy isoforms and Tip60. Co-immunoprecipitation analysis of the
PPARy isoforms and Tip60. ICP2 cells were transfected with the indicated expression vectors (pCMV-HA-PPARyl, pCMV-HA-PPARY2,
pCMV-Myc-Tip60, and pPCMV-Myc-RXRa.). Cells were harvested and lysed in western and IP buffer, and Tip60 and RXRa were immunoprecipitated
(IP) using anti-HA. The precipitated proteins were subjected to Western blot analysis to detect Myc-RXRa and Myc-Tip60 using Anti-Myc. An aspe-
cific band is indicated (*). Abbreviations: ICP2, immortalized chicken preadipocytes; PPARYy, peroxisome proliferator-activated receptor y; Tip60,

Tat-interacting protein 60.

Activation of PPARY has been shown to stimulate
apoptosis in a variety of cell types (Harris and Phipps,
2001; Elrod and Sun, 2008; Xiao et al., 2010); however,
the differential effects of PPARY isoforms on apoptosis
has not been explored. To this end, we tested the effect
of PPARyl and PPARY2 overexpression on the
apoptosis of ICP2 cells. The ELISA results show that
PPARyl and PPARY2 overexpression induced mild
apoptosis in ICP2 cells, and PPARy2 overexpression
comparatively exerted a higher apoptotic effect than
PPARy1 (Figure 2). However, Western blot analysis
showed no obvious difference in the protein levels of
cleaved caspase-3, a marker of apoptosis, between
PPARyl and PPARy2 overexpression (data not
shown). This contradictory result may be because of
their mild apoptotic effect or the lower sensitivity of
the Western blot.

Chicken PPARy1 and PPARy2 differ only in the N-
terminal domain (A/B domain) containing the activa-
tion function-l-transactivation domain. Our results
show that PPARY2 displayed a stronger transcriptional
activity than PPARy1 (Figure 4A), which is consistent
with the published data in mice (Vidal-Puig et al.,
1996). The difference in transcription activity between
PPARY1 and PPARY2 is obviously due to differences
in the A/B domain, which is involved in transcriptional
activation (Brunmeir and Xu, 2018). The A/B domain
has been shown to provide protein phosphorylation sites
and physically interacts with other receptor domains or
regulatory proteins (Chandra et al., 2008; Frkic et al.,
2018). For example, MAPK phosphorylates the A/B-
domain of PPARy and inhibits its transactivation
(Armoni et al., 2015), and a coactivator, thyroid hor-
mone receptor—associated protein 220, contributed to
the difference in transcription activity between the 2

PPARy isoforms (Mueller et al., 2002; Bugge et al.,
2009). In the present study, PPARyl and PPARy2
interacted similarly with Tip60 (Figure 5), but we
cannot exclude the possibility that they interact differ-
entially with other coregulators, such as cAMP response
element-binding protein—binding protein, p300 (Koppen
and Kalkhoven, 2010), DRIP205/thyroid hormone
receptor—associated protein 220 (Mueller et al., 2002),
PPARYy coactivator 2 (Koppen and Kalkhoven, 2010),
and tribbles homolog 3 (Takahashi et al., 2008).

The isoforms PPARYy1 and PPARY2 share the DNA-
binding domain and ligand-binding domain but differ in
the A/B domain. The A/B domain is known to physi-
cally and functionally cooperate with the ligand-
binding  domain  (Warnmark et al.,  2003;
Khorasanizadeh and Rastinejad, 2016), and ligand-
binding domain cooperates with the DNA-binding
domain to enhance DNA binding (Chandra et al.,
2008). The results of the present study show that
PPARY2 had a higher binding affinity for PPRE than
PPARY1, which is presumably because of differences
in the intramolecular interactions between these func-
tional domains (Figure 4C). In addition, the differential
regulation of adipogenic genes by PPARyl and
PPARYy2 (Figure 6) may be caused by differences in
their transcription activation and DNA binding, alone
or in combination.

Interestingly, our results show that PPARY1 had a
stronger proadipogenic effect at 24 h of differentiation,
but PPARy2 had a stronger proadipogenic effect at 48
and 72 h of differentiation (Figure 3B). One possible
explanation for this phenomenon is that these two
PPARYy isoforms are involved at different stages of the
differentiation and differentially regulate target adipo-
genic genes. In agreement with our prediction, PPARYy1



6420
0.20
5-
z
£, 2 0151
k> H
«
3 Q
= 3 0.10-
= :
7, o
3 5]
= <
; ; & 0.051
S <
0- 0.00-
PPARy1 PPARy1
PPARY2 - - + - + PPARY2 - -
RXRa = - - + + RXRo - -

PPARyl = + - + - PPARyl = +
PPARy2 = - + - + PPARy2 - -
RXRo - - - + + RXRo - -

MU ET AL.

= DMSO
E Rosi
E= Rosi+9-cis RA

4-
3
£
g
«
Q 24
= 2
~
=
= 1
) 0-
- + - PPARy1
+ - + PPARy2 - . + - +
= + + RXRo, - - - + +

Figure 6. Effects of PPARy1 and PPARY2 overexpression on the promoter activity of adipogenic marker genes. ICP2 cells were transfected or co-
transfected with indicated reporter constructs and expression vectors (PPARy1, PPARY2, and RXRa) along with the pRL-TK luciferase vector. At
24 h after transfection, the cells were treated with or without rosiglitazone (20 pmol/L) and 9-cisRA (5 pmol/L) for 24 h. Luciferase activity was deter-
mined 48 h after transfection. The firefly luciferase activity values were normalized to a Renilla transfection control. Data are reported as means = SD.
(*P < 0.05, **P < 0.01; two-way ANOVA). Abbreviations: A-FABP, adipocyte fatty acid-binding protein; C/EBPa, CCAAT /enhancer-binding
protein alpha; FAS, fatty acid synthase; ICP2, immortalized chicken preadipocytes; LPL, lipoprotein lipase; PLIN1, perilipin protein; PPARYy, perox-

isome proliferator-activated receptor vy.

is expressed during the early stages of the differentiation
of mouse 3T3-L1 preadipocytes, whereas PPARY2 is
mainly expressed during the later stages of the differen-
tiation (Lee and Ge, 2014).

In the present study, our results show that in the pres-
ence of both agonists (rosiglitazone + 9-cis RA), the
PPARy isoforms/RXRo heterodimer decreased LPL-
promoter luciferase activity more than in the absence
of both agonists (Figure 6), which is inconsistent with
a previous study (Schoonjans et al., 1996). This discrep-
ancy may be explained by two possible reasons. First, 9-
cis RA treatment could induce inactivation of the
RXRo-PPARY heterodimers by suppressing the level
of RXRa (Sagara et al., 2013). Second, binding of 9-cis
RA to RXRa may alter the distinct conformation of
the receptor heterodimer (Vivat-Hannah et al., 2003).

We cannot rule out the possibility that the endoge-
nous PPARY may interfere with our results. To gain a
better understanding of these 2 chicken PPARYy iso-
forms, it is worth generating PPARy gene knockout
ICP2 cells using CRISPR/Cas9 technology and investi-
gating the functional and molecular differences between
the 2 PPARY isoforms in the PPARY knockout cells.

In conclusion, we demonstrated that PPARy1l and
PPARy2  differentially  regulated  preadipocyte

proliferation, apoptosis, and differentiation as a result
of their distinct and overlapping molecular functions.
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