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The nuclear receptor peroxisome proliferator-activated 
receptor γ (PPARγ) is the master transcriptional regulator 
in adipogenesis. PPARγ forms a heterodimer with another 
nuclear receptor, retinoid X receptor (RXR), to form an active 
transcriptional complex, and their transcriptional activity is 
tightly regulated by the association with either coactivators 
or corepressors. In this study, we identified T-cell death-
associated gene 51 (TDAG51) as a novel corepressor of 
PPARγ-mediated transcriptional regulation. We showed 
that TDAG51 expression is abundantly maintained in the 
early stage of adipogenic differentiation. Forced expression 
of TDAG51 inhibited adipocyte differentiation in 3T3-
L1 cells. We found that TDAG51 physically interacts with 
PPARγ in a ligand-independent manner. In deletion mutant 
analyses, large portions of the TDAG51 domains, including 
the pleckstrin homology-like, glutamine repeat and proline-
glutamine repeat domains but not the proline-histidine 
repeat domain, are involved in the interaction with the 
region between residues 140 and 506, including the DNA 
binding domain, hinge, ligand binding domain and activation 
function-2 domain, in PPARγ. The heterodimer formation 
of PPARγ-RXRα was competitively inhibited in a ligand-
independent manner by TDAG51 binding to PPARγ. Thus, 

our data suggest that TDAG51, which could determine 
adipogenic cell fate, acts as a novel negative regulator of 
PPARγ by blocking RXRα recruitment to the PPARγ-RXRα 
heterodimer complex in adipogenesis.

Keywords: adipocyte differentiation, adipogenesis, pleckstrin 

homology-like domain A family, peroxisome proliferator-ac-

tivated receptor gamma, retinoid X receptor alpha, T-cell 

death-associated gene 51 

INTRODUCTION

Adipogenesis is the process of mature adipocyte formation 

from adipocyte precursors, and adipocytes play a vital role 

in lipid metabolism, energy homeostasis and insulin sensi-

tivity (Sarjeant and Stephens, 2012). Adipogenesis is mainly 

induced by the coordinated interplay among transcriptional 

factors, such as CCAAT/enhancer binding proteins (C/EBPs)

and peroxisome proliferator-activated receptor γ (PPARγ) 
(Rosen et al., 2002; 2009).

	 C/EBPs, such as C/EBPα, C/EBPβ, and C/EBPδ, are mem-

bers of the basic leucine zipper transcription factor family 
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(Rosen et al., 2009). C/EBPβ and C/EBPδ are expressed at 

the early stage of adipocyte differentiation, but their expres-

sion is not sufficient for complete adipogenic differentiation 

(Rosen et al., 2002; 2009; Tanaka et al., 1997). C/EBPβ and 

C/EBPδ are required for the early stage of adipogenic differ-

entiation by inducing C/EBPα and PPARγ expression (Rosen 

et al., 2002; 2009). The expression of C/EBPα is enhanced 

late in adipogenesis, and C/EBPα promotes adipogenesis by 

inducing PPARγ expression through direct binding of C/EBP 

recognition elements on the PPARγ promoter (Elberg et al., 

2000; Wu et al., 1996). Consequently, C/EBPs are considered 

to be important adipogenic transcription factors together 

with PPARγ in adipogenesis. Interestingly, ectopic expression 

of PPARγ in C/EBPα-deficient fibroblasts was shown to in-

duce adipocyte differentiation, whereas C/EBPα expression 

in PPARγ-deficient fibroblasts was not observed (Rosen et al., 

2002; Wu et al., 1999). Thus, PPARγ, a member of the nu-

clear receptor gene family, acts as the master transcriptional 

regulator in adipogenesis (Lefterova and Lazar, 2009).

	 PPARγ is expressed as two major different isoforms, 

PPARγ1 and PPARγ2, as a result of alternative promoter us-

age; PPARγ2 has an extra 30 residues in its N-terminal end 

(Kroker and Bruning, 2015; Tontonoz et al., 1994). PPARγ2 is 

predominantly expressed in adipose tissue, where it regulates 

adipogenesis, while PPARγ1 is broadly expressed in adipose 

tissue, colon, retina, liver, spleen and cardiac muscles (Saladin 

et al., 1999). Upon PPARγ activation by PPARγ ligand binding, 

PPARγ forms a heterodimer with another nuclear receptor, 

such as retinoid X receptors (RXRs) (Chandra et al., 2008; 

Tontonoz et al., 1994). The formation of PPARγ-RXRα het-

erodimers is crucial to induce the expression of adipogenic 

markers, such as adipocyte fatty acid-binding protein 2 (aP2) 

and adiponectin, through direct binding to PPAR responsive 

elements (PPREs) in their promoters during adipogenesis 

(Juge-Aubry et al., 1997; Lefterova and Lazar, 2009). Interest-

ingly, the transcriptional activity of PPARγ-RXRα heterodimers 

is tightly regulated by the association of either coactivators or 

corepressors in many different tissues and cell types (Leftero-

va and Lazar, 2009). Thus, elucidating a functional role of the 

novel PPARγ regulator may improve our understanding of the 

molecular regulatory mechanism of PPARγ in various tissues 

and cells and in their relevance to human metabolic diseases, 

such as obesity and diabetes.

	 T-cell death-associated gene 51 (TDAG51), also known as 

the pleckstrin homology-like (PHL) domain A family 1 (PHL-

DA1) in humans, possesses an N-terminal PHL domain and 

a glutamine repeat (QQ) domain (Park et al., 1996). In the 

C-terminus, TDAG51 contains a proline-glutamine repeat 

(PQ) domain and a proline-histidine repeat (PH) domain (Park 

et al., 1996; 2013). In eukaryotic systems, PHL domains are 

mainly involved in protein-protein interactions, and the QQ, 

PQ, and PH domains are predominantly present in transcrip-

tional activators (Gehring et al., 1994; Scheffzek and Welti, 

2012; Xiao and Jeang, 1998). Thus, TDAG51 was proposed 

to be a putative transcriptional regulator involved in many bi-

ological processes, such as cell proliferation, migration, apop-

tosis and differentiation (Chen et al., 2018; Nagai, 2016; Park 

et al., 1996). TDAG51 expression is modulated by various 

cellular stimuli, such as heat shock, oxidative stress, inflam-

mation, tumor induction and endoplasmic reticulum stress 

(Hayashida et al., 2006; Hossain et al., 2013; Jiao et al., 2016; 

Nagai, 2016; Park et al., 2013). In addition, microarray anal-

ysis showed that TDAG51 expression is only maintained at 

the early stage of adipogenic lineage and is rapidly decreased 

during the process of adipogenesis (Burton et al., 2004). 

Moreover, TDAG51-deficient (TDAG51-/-) mice showed ma-

ture-onset obesity, hepatic steatosis and insulin resistance by 

regulating lipogenesis (Basseri et al., 2013). Thus, TDAG51 

may negatively contribute to the regulation of adipogenesis. 

However, the exact role of TDAG51 in adipogenesis remains 

unclear.

	 In this study, we identified TDAG51 as a novel PPARγ reg-

ulator. Adipogenesis is reduced by TDAG51 expression. The 

heterodimer formation of PPARγ-RXRα is competitively inhib-

ited by TDAG51 binding to PPARγ. Thus, our data suggest 

that TDAG51 is a crucial negative regulator of PPARγ-induced 

adipogenesis.

MATERIALS AND METHODS

Antibodies and cells 
Specific antibodies were purchased from the following com-

mercial sources: anti-Flag, anti-Myc, and anti-β-Actin from 

Sigma-Aldrich (USA); anti-Xpress (Xp) from Invitrogen (USA); 

and anti-GST, anti-TDAG51, and anti-PPARγ antibodies from 

Santa Cruz Biotechnology (USA). Murine preadipocyte 3T3-

L1 and human embryonic kidney 293T and PlatE cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

(Welgene, Korea) supplemented with 10% fetal bovine se-

rum (FBS; Invitrogen) and 1× antibiotic/antimycotic solution 

(Welgene).

Plasmids
The luciferase reporter harboring the TDAG51 promoter 

fragments containing nt –2,450 to +551 (PT51-3K-Luc) was 

described previously (Park et al., 2013). For the construction 

of aP2 luciferase reporter (aP2-Luc), the aP2 promoter frag-

ments from nt –5,379 to +21 were amplified by polymerase 

chain reaction (PCR) from the murine genomic DNA and 

subcloned into the pGL3-basic vector (Promega, USA). The 

eukaryotic expression plasmid of Flag-tagged TDAG51 (Flag-

TDAG51) was described previously (Park et al., 2013). Flag-

tagged RXRα (Flag-RXRα) was kindly provided by Yong-Ho 

Ahn (Yonsei University College of Medicine, Korea) (Kim et 

al., 2009). The epitope-tagged (Flag-, Myc-, Xp-, or GST-

tagged) eukaryotic expression plasmids for TDAG51, PPARγ, 
RXRα, and their corresponding deletion mutants were gener-

ated by PCR amplification and subcloned into pFLAG-CMV2 

(Sigma-Aldrich), pcDNA3.1/myc-His/lacZ (Invitrogen), pcD-

NA3.1-His (Invitrogen), pEBG (Park et al., 2015), and pMXs-

puro (Park et al., 2015).

Adipogenic differentiation and analysis
Differentiation of adipocytes was performed as described 

previously (Basseri et al., 2013). Briefly, 3T3-L1 preadipocytes 

(1 × 105 cells/ml) were cultured in 10% FBS/DMEM supple-

mented with differential cocktail (1 µM dexamethasone, 0.5 

mM 3-isobutyl-1-methylxanthine, 100 µM indomethacin, and 
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10 µg/ml insulin [Sigma-Aldrich]) for 6 days. For the ectopic 

expression of TDAG51, retroviral supernatants harboring the 

Flag-tagged TDAG51 transgene were generated from PlatE 

cells as described previously (Yu et al., 2016). 3T3-L1 cells (1 

× 105 cells/ml) were infected by retroviral supernatants with 

8 µg/ml polybrene for 6 h. At 24 h postinfection, infected 

3T3-L1 cells were selected by puromycin (2 µg/ml) for 2 days. 

After puromycin selection, 3T3-L1 cells were seeded at a den-

sity of 1 × 105 cells/ml in adipocyte differentiation media and 

differentiated into mature adipocytes for 6 days. Finally, adi-

pocyte differentiation was analyzed by oil red O staining and 

solution assays as described previously (Basseri et al., 2013; 

Hossain et al., 2013).

Real-time PCR analysis
Real-time PCR was performed as described previously (Park et 

al., 2015). Briefly, differentiated 3T3-L1 cells were harvested, 

and total RNA was isolated using TRI reagent (MRC, USA) 

according to the manufacturers’ instructions. Reverse tran-

scription was performed with 1 µg of total RNA and M-MLV 

reverse transcriptase (USB, USA) for 1 h at 42°C. The synthe-

sized cDNAs were then subjected to real-time PCR analysis 

using a CFX Connect Real-time PCR Detection System (Bio-

Rad, USA) with the appropriate primers: PPARγ, 5'-ACC AGG 

GAG TTC CTC AAA AG-3' and 5'-TTG TCT TGG ATG TCC TCG 

AT-3'; adiponectin, 5'-ACT CCT GGA GAG AAG GGA GA-

3' and 5'-GAA TGG GTA CAT TGG GAA CA-3'; and β-actin, 

5'-ATG AAG ATC CTC CTG ACC GAG CG-3' and 5'-TAC TTG 

CGC TGA GGA GC-3'. β-Actin was used as an internal nor-

malization control.

Luciferase reporter assay
A luciferase reporter assay was performed as described pre-

viously (Kim et al., 2019; Yu et al., 2016). Briefly, 293T (3.5 

× 105 cells/ml) or 3T3-L1 (1 × 105 cells/ml) cells cultured in 

24-well plates were cotransfected with reporters and an 

appropriate combination of epitope-tagged eukaryotic ex-

pression plasmids for TDAG51, PPARγ or RXRα in triplicate 

using TurboFect reagent (Fermentas, USA) according to the 

manufacturers’ instructions. Plasmids PT51-3K-Luc (0.1 µg), 

PPARγ-Luc (0.1 µg), aP2-Luc (0.1 µg), and pcDNA3.1/His/

LacZ (0.1 µg, Invitrogen) were used as reporters. The report-

ers were cotransfected with the epitope-tagged expression 

plasmids (0.1-0.5 µg). The β-galactosidase activity derived 

from the expression of pcDNA3.1/His/LacZ was used as an 

internal normalization control for transfection. For the report-

er assay in 3T3-L1 cells, PT51-3K-Luc-transfected 3T3-L1 cells 

were differentiated with adipocyte differentiation media for 2 

days. For the treatment of rosiglitazone, the transfected cells 

were treated with 5 µM rosiglitazone for 36 h, as described 

previously (Dowell et al., 2003). At 24 h posttransfection, 

reporter activities were measured using a luciferase assay kit 

(Promega) and β-galactosidase assay kit (Applied Biosystems, 

USA) according to the manufacturers’ instructions.

Protein interaction and immunoblotting
Protein-protein interaction and immunoprecipitation (IP) as-

says were performed as described previously (Yu et al., 2016). 

Briefly, 293T cells seeded at 3.5 × 105 cells/ml in 6-well plates 

were cotransfected with an appropriate combination of 

epitope-tagged eukaryotic expression plasmids for TDAG51 

(0.2-2.5 µg), PPARγ (1.5 µg), or RXRα (0.25-1.0 µg). For the 

treatment of rosiglitazone, the transfected cells were treat-

ed with 5 µM rosiglitazone for 36 h as described previously 

(Dowell et al., 2003). At 24 h posttransfection, the cells were 

lysed in cold lysis buffer (250 mM Tris-HCl [pH 7.5], 150 mM 

NaCl, 1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate, 

1 mM phenylmethylsulfonyl fluoride, 5% glycerol, and 0.5% 

Triton X-100). The lysates were pulled down (PD) by glutathi-

one S-transferase (GST) beads or immunoprecipitated by an-

ti-Flag beads. The bead-bound proteins were washed three 

times with lysis buffer and finally analyzed by immunoblotting 

(IB) with antibodies against epitopes, as described previously 

(Park et al., 2015; Son et al., 2020). For the endogenous 

protein-protein interaction assay, 3T3-L1 cells seeded at 1 × 

105 cells/ml were cultured with adipocyte differentiation me-

dia for 2 days. The differentiated cells were lysed in cold lysis 

buffer, and the lysates were incubated with anti-TDAG51 or 

anti-PPARγ antibody overnight at 4°C with rocking. Then, the 

lysates were precipitated with protein G beads (50% slurry) 

for 2 h at 4°C. The beads were washed three times with lysis 

buffer, and the interacting proteins were analyzed by IB with 

antibodies against anti-TDAG51 or anti-PPARγ antibody.

Statistical analysis
Student’s t-test was used to determine the significance of 

differences between experimental samples (n = 3 per group) 

using IBM SPSS Statistics (ver. 24.0; IBM, USA). The data 

represent the mean ± SD. P values < 0.05 were considered 

statistically significant.

RESULTS

TDAG51 is negatively involved in the regulation of PPARγ- 
induced adipocyte formation
Because TDAG51 expression is decreased in adipogenesis, as 

revealed by a microarray study (Burton et al., 2004), we de-

termined whether the expression of TDAG51 is downregulat-

ed in adipogenesis using 3T3-L1 preadipocytes. We observed 

that TDAG51 expression was abundantly maintained at day 

0 and was then rapidly reduced after day 2 of adipogenic dif-

ferentiation, while PPARγ expression was induced after day 2 

(Fig. 1A). In a TDAG51 reporter assay, TDAG51 promoter ac-

tivities were reduced (41.6%-79.3% reduction, P < 0.05 or P 

< 0.01) in a differentiation-dependent manner in 3T3-L1 cells 

(Fig. 1B). In addition, adipocyte formation was significantly 

inhibited (25.0% or 45.9% reduction at day 6, P < 0.05) by 

the forced expression of TDAG51 in 3T3-L1 preadipocytes 

(Fig. 1C). Consistent with these results, we observed that 

the mRNA levels of the adipogenic markers PPARγ and adi-

ponectin were inversely correlated with the levels of TDAG51 

expression during adipogenic differentiation in 3T3-L1 pread-

ipocytes (Fig. 1D). These results indicate that the downreg-

ulation of TDAG51 expression during adipogenesis is crucial 

for adipocyte formation and adipogenic marker expression.

	 As shown in Fig. 1, we observed that the mRNA levels 

of PPARγ were downregulated by forced TDAG51 expres-

sion. Furthermore, Basseri et al. (2013) demonstrated that 
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TDAG51-/- mice exhibited greater lipogenic potential and 

mature-onset obesity. Thus, we postulated that TDAG51 is 

negatively involved in the regulation of the master transcrip-

tion factor PPARγ in adipogenesis. To address this possibility, 

we constructed a luciferase reporter of the PPARγ2 promoter 

(PPARγ-Luc) harboring two putative PPREs in the promot-

er fragment from nt –2,983 to +68, and the functionality 

of these putative PPREs was confirmed by site-directed 

mutagenesis and reporter assays (Supplementary Fig. S1). 

We next analyzed PPARγ-induced PPARγ-Luc activation by 

forced TDAG51 expression using reporter assays. Our re-

sults showed that PPARγ-induced PPARγ-Luc activation was 

dose-dependently inhibited (13.6%-29.0% reduction, P < 

0.01 or P < 0.001) by forced TDAG51 expression (Supple-

mentary Fig. S2A). Contrary to the TDAG51 inhibitory effect 

on PPARγ promoter activity, however, TDAG51 promoter ac-

tivities were not inhibited by the forced expression of PPARγ 
(Supplementary Fig. S2B). Taken together, these results in-

dicate that TDAG51 expression is negatively involved in the 

regulation of PPARγ-induced transcriptional activation.

TDAG51 interacts with PPARγ
We next analyzed whether TDAG51 physically interacts 

with PPARγ. In the GST bead pulldown (PD) assay with GST-

tagged TDAG51 (GST-TDAG51), we observed an interaction 

between TDAG51 and PPARγ (Fig. 2A). Consistent with 

these results, the anti-Flag IP assay with Flag-tagged PPARγ 
(Flag-PPARγ) revealed that Flag-PPARγ interacted with Myc-

TDAG51 (Fig. 2B). To further confirm this observation, we 

examined their endogenous interaction using an IP assay in 
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Mol. Cells 2021; 44(1): 1-12  5

Negative Effect of TDAG51 on PPARγ Activity
Sumi Kim et al.

TDAG51 

LBD AF-2 

1 

PPAR����Δ[140-204] 

DBD 

Hinge DBD 

AF-1 

AF-1 

AF-1 

PPAR�� 

PPAR����[1-204] 

PPAR����[140-506] 

506 140 205 281 

Hinge 

Hinge 

DBD 

AF-1 PPAR����Δ[140-280] 

AF-1 PPAR����Δ[140-435] AF-2 

LBD AF-2 

PPAR����[140-435] Hinge DBD LBD 

PPAR����Δ[281-435] Hinge DBD AF-1 AF-2 

LBD AF-2 

LBD AF-2 

436 

AF-1 PPAR����[1-139] 

LBD AF-2 PPAR����[281-506] 

Figure 2 

A B 
GST-TDAG51 
Flag-PPAR����

GST 

+ 

IB: Flag 

PPAR����

GST 

TDAG51 

PPAR����

IB: GST 

IB: Flag 

- + 
+ + - 

+ - - 
PD

: G
ST

 

kDa 
63 

25 

63 

63 

75 

75 

IP (��-TDAG51): - + 

IB: TDAG51 
48 

IB: PPAR����

IB: PPAR�� 

IB: TDAG51 

TDAG51 

PPAR����
 

IP
: 

 ��
-T

D
A

G
51

 

63 

PPAR����
kDa 

63 
75 

35 

75 

TDAG51 
48 

35 

Myc-TDAG51 
Flag-PPAR����
Flag 

+ 

IB: Myc TDAG51 

PPAR����IB: Flag 

IB: Myc 

- + 
+ + - 

+ - - 

TDAG51 

63 

48 

kDa 

IP
: F

la
g 

35 

48 

35 

48 

IP (��-PPAR��) : 

IB: TDAG51��

IB: PPAR����

- + 

TDAG51 

TDAG51 
48 

kDa 

48 

75 
63 

IB: TDAG51��

IB: PPAR�� 

IP
: 

 ��
-P

PA
R
�� 

35 

PPAR����

PPAR����63 
75 

35 

E F 

PHL 

PHL PHL 

135 1 45 71 163 202 
TDAG51 PH QQ 

TDAG51[1-201] 

TDAG51[202-262] PH 

262 

TDAG51[1-162] 

TDAG51[1-44] 

TDAG51[45-162] 

TDAG51[163-262] PH 

15 

PHL PHL QQ 

PHL QQ 

PHL 

PHL QQ 

PQ 

PQ 

PQ 

G H 

GST 
Flag-PPAR�� 

GST-TDAG51 

IB :Flag 

IB : GST 

IB : Flag 

PD
: G

ST
 

PPAR�� 

PPAR����

 [2
02

-2
62

] 

 [1
-2

01
] 

 [1
-1

62
] 

 [1
-4

4]
 

 [4
5-

16
2]

 
 [1

63
-2

62
] 

GST 

63 

25 

kDa 
63 
75 

63 
75 

 + 
 + 

 - 

 +  +  + 
 -  -  - 

 + 
 - 

 +  +  + 
 -  -  - 

 + 

C D 

- 

Δ
[1

40
-4

35
] 

Δ
[1

40
-2

04
] 

GST 

+ 

GST-TDAG51 
+ 

Flag-PPAR���� Δ
[1

40
-2

80
] 

Δ
[2

81
-4

35
] 

[1
-1

39
] 

[1
-2

04
] 

[1
40

-4
35

] 
[1

40
-5

06
] 

[2
81

-5
06

] 

+ 

 -  -  -  -  -  -  -  -  -  - 
+ + + + + + + + + + 

IB: Flag 

TDAG51 

GST 

IB: GST 

IB: Flag PPAR����

PPAR����
63 

63 

25 
20 

63 

25 

PD
: G

ST
 

kDa 

25 
20 

Protein 
interaction 

++ 
++ 

+++ 
+++ 
+++ 
+++ 

- 

Protein 
interaction 

++ 
- 

+++ 
++ 
++ 
++ 
++ 
++ 
++ 
+ 

Fig. 2. TDAG51 interacts with PPARγ. (A) TDAG51 binds to PPARγ. 293T cells were transfected with GST-TDAG51 (1.5 µg) with or 

without Flag-PPARγ (2.5 µg). GST-TDAG51 was pulled down (PD) using GST beads. The bound proteins were visualized via anti-Flag (top) 

or anti-GST (middle) immunoblotting (IB). The level of PPARγ expression in whole cell lysates was detected via anti-Flag IB (bottom). GST 

alone (mock) was used as a control. Protein expression is indicated by an arrow. (B) PPARγ binds to TDAG51. 293T cells were transfected 

with Flag-PPARγ (1.5 µg) with or without Myc-TDAG51 (2.5 µg). The bound proteins by anti-Flag IP were visualized via anti-Myc (top) 

or anti-Flag IB (middle). The level of TDAG51 expression in whole cell lysates was detected via anti-Myc IB (bottom). Flag alone (mock) 

was used as a control. (C) Identification of the endogenous TDAG51-PPARγ interaction. Endogenous TDAG51 was immunoprecipitated 

(IP) with an anti-(α-)TDAG51 antibody and visualized via anti-TDAG51 IB (second). Proteins bound to TDAG51 were visualized via anti-

PPARγ IB (top). The levels of endogenous TDAG51 and PPARγ in whole cell lysates were detected via anti-TDAG51 (third) and anti-PPARγ 
IB (bottom), respectively. (D) Identification of the endogenous PPARγ-TDAG51 interaction. Endogenous PPARγ was immunoprecipitated 

with an anti-(α-)PPARγ antibody and visualized via anti-PPARγ IB (second). Proteins bound to PPARγ were visualized via anti-TDAG51 

IB (top). The levels of endogenous PPARγ and TDAG51 in whole cell lysates were detected via anti-PPARγ (third) and anti-TDAG51 IB 

(bottom), respectively. (E) Schematic diagram of TDAG51 mutants. PHL, pleckstrin homology-like domain; QQ, glutamine repeat; PQ, 

proline-glutamine repeat; PH, proline-histidine repeat. The number of amino acid residues is shown. The interactions of deletion mutants 

are summarized at the right panel. (F) Analysis of TDAG51 deletion mutants interacting with PPARγ. The bound proteins by GST-PD 

were visualized via anti-Flag (top) or anti-GST IB (middle). The level of PPARγ expression in whole cell lysates was detected via anti-Flag 

IB (bottom). (G) Schematic diagram of PPARγ mutants. AF-1, activation function-1 domain; DBD, DNA binding domain; Hinge, hinge 

domain; AF-2, activation function-2 domain; LBD, ligand binding domain. The interactions of deletion mutants are summarized at the 

right panel. (H) Analysis of PPARγ deletion mutants interacting with TDAG51. The bound proteins by GST-PD were visualized via anti-Flag 

(top) or anti-GST IB (middle). The PPARγ expression level in whole cell lysates was detected via anti-Flag IB (bottom).
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3T3-L1 cells. Endogenous TDAG51 was immunoprecipitated 

by anti-TDAG51 antibodies, and the bound proteins were an-

alyzed by IB with anti-PPARγ antibodies. Our results showed 

that endogenous TDAG51 was associated with endogenous 

PPARγ in 3T3-L1 cells (Fig. 2C). In an IP assay using anti-PPARγ 
antibodies, we also observed that endogenous PPARγ was as-

sociated with endogenous TDAG51 in 3T3-L1 cells (Fig. 2D). 

We next constructed deletion mutants of TDAG51, as shown 

in Fig. 2E, and analyzed particular domains involved in inter-

acting with PPARγ using a GST-PD assay. All TDAG51 dele-

tion mutants, except for TDAG51 [202-262] containing the 

PH domain only, could interact with PPARγ, indicating that 

the PHL, QQ, and PQ domains in TDAG51 are involved in the 

PPARγ interaction (Fig. 2F). To determine the precise domain 

of PPARγ that interacts with TDAG51, we constructed expres-

sion plasmids for PPARγ deletion mutants lacking the N-ter-

minal, C-terminal, and internal regions (Fig. 2G). GST-PD 

assays for the N- and C-terminal deletion mutants of PPARγ 
revealed that only the PPARγ [1-139] mutant was not bound 

to TDAG51, indicating that the activation function-1 (AF-1) 

domain in PPARγ is not involved in the TDAG51 interaction 

(Fig. 2H). In the GST-PD assay with the internal deletion mu-

tants, all PPARγ internal deletion mutants could interact with 

TDAG51, although the PPARγ Δ[281-435] mutant lacking 

the ligand binding domain (LBD) showed a markedly reduced 

interaction with TDAG51 (Fig. 2H). Collectively, we observed 

that the region between residues 140 and 506, including the 

DNA binding domain (DBD), hinge, LBD, and AF-2 domain, 

in PPARγ is required for the TDAG51 interaction (Fig. 2H). 

Taken together, these results indicate that TDAG51 is a bind-

ing partner of PPARγ.

The interaction of TDAG51 and PPARγ inhibits PPARγ-in-
duced aP2 promoter activity
PPARγ is a crucial transcriptional regulator of the induc-

tion of adipogenic markers, such as aP2 and adiponectin 

(Juge-Aubry et al., 1997; Lefterova and Lazar, 2009). Thus, 

we investigated whether the interaction of TDAG51-PPARγ 
could regulate PPARγ-induced aP2 transcriptional activation 

using a luciferase reporter of the aP2 promoter (aP2-Luc) 

harboring transcriptional regulatory elements, such as PPREs 

and C/EBPs, in the promoter fragment from nt –5,379 to 

+21 (Fig. 3A). In a PPARγ-induced aP2-Luc reporter assay, 

PPARγ-induced aP2-Luc activities were inhibited (19.5%-

45.5% reduction, P < 0.05 or P < 0.01) in a dose-dependent 

manner by forced TDAG51 expression (Fig. 3B). Consistent 

with the results shown in Fig. 2F, the inhibitory effect of 

TDAG51 in the PPARγ-induced aP2-Luc reporter assay was 

not observed by the PPARγ-nonbinding mutant of TDAG51 

(GST-TDAG51[202-262]), while the wild-type TDAG51 (GST-

TDAG51) or its PPARγ-binding mutant (GST-TDAG51[1-201]) 

showed inhibitory effects (39.0% or 34.1% reduction, P < 

0.01) (Fig. 3C). Taken together, these results indicate that 

the binding of TDAG51 to PPARγ is negatively involved in the 

regulation of PPARγ-induced adipogenic marker expression.

TDAG51 binding to PPARγ inhibits the formation of 
PPARγ-RXRα heterodimers
The formation of PPARγ-RXRα heterodimers by PPARγ ligand 

stimulation is crucial to induce the expression of adipogen-

ic markers through binding to PPREs in their promotors in 

adipogenesis (Chandra et al., 2008; Lefterova and Lazar, 

2009; Tontonoz et al., 1994). Thus, we examined whether 

TDAG51 acts as a corepressor of the PPARγ-RXRα heterodi-

mer. In a GST-PD assay, we observed a direct interaction of 
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TDAG51 with PPARγ but not with RXRα (Fig. 4A). Moreover, 

the interaction of TDAG51 and PPARγ was not blocked by 

treatment with the PPARγ ligand rosiglitazone (Fig. 4B). Thus, 

TDAG51 binding to PPARγ per se may negatively affect the 

formation of PPARγ-RXRα heterodimers. To address this pos-

sibility, we performed competitive IP assays with Flag-PPARγ 
by dose-dependent expression of TDAG51 or RXRα (Figs. 4C-

4E). Our results showed that the formation of PPARγ-RXRα 

heterodimers was inhibited in a dose-dependent manner by 

forced TDAG51 expression (Fig. 4C), whereas the interaction 

between PPARγ and TDAG51 was dose-dependently reduced 

by forced RXRα expression (Fig. 4D). Consistent with the 

results shown in Figs. 2F and 3C, in IP assays with TDAG51 

deletion mutants, the formation of the PPARγ-RXRα heterod-

imer was not inhibited by the forced expression of the PPARγ- 
non-binding mutant (GST-TDAG51[202-262]), while wild-

type TDAG51 (GST-TDAG51) or its PPARγ-binding mutant 

(GST-TDAG51[1-201]) showed competitive inhibitory effects 

on the formation of the PPARγ-RXRα heterodimer (Fig. 4E). 

Taken together, these results indicate that TDAG51 inhibits 

the formation of PPARγ-RXRα heterodimers through direct 

interaction with PPARγ.

TDAG51 inhibits aP2 promoter activity induced by the 
PPARγ-RXRα heterodimer
We next examined whether TDAG51 could inhibit aP2 

promoter activity induced by the PPARγ-RXRα heterodimer 

using an aP2-Luc reporter assay (Fig. 5A). In the aP2-Luc 

reporter assay, we observed enhanced promoter activities 

of PPARγ-induced aP2-Luc (3.4-fold induction, P < 0.01) 

by coexpressing RXRα compared to PPARγ alone (Fig. 5A). 

These enhanced aP2 promoter activities induced by the 

PPARγ-RXRα heterodimer were dose-dependently inhibited 

(14.6%-28.9% reduction, P < 0.01) by forced TDAG51 ex-

Fig. 3. TDAG51 inhibits PPARγ-induced aP2 promoter activity. (A) Schematic diagram of the aP2 promoter (aP2-Luc). The putative 

transcription factor binding sites are illustrated, and the nucleotide positions are numbered based on the transcriptional start site. 

PPRE, PPARγ responsive element; C/EBP, CCAAT/enhancer binding protein; SP1, specificity protein 1; AP-2, activator protein 2. (B) The 

inhibitory effect of TDAG51 on PPARγ-induced aP2-Luc reporter activity. Reporter plasmids (aP2-Luc [0.1 µg] and pcDNA3.1/His/LacZ 

[0.1 µg]) were cotransfected with epitope-tagged expression plasmids (Flag-PPARγ [0.3 µg] and/or Myc-TDAG51 [0.2 and 0.5 µg]) into 

293T cells. The expression of transfected plasmids was analyzed by immunoblotting against anti-epitope antibodies. β-Actin was used as 

the loading control. Protein expression is indicated by an arrow. (C) The inhibitory effects of TDAG51 deletion mutants on PPARγ-induced 

aP2-Luc reporter activity. Reporter plasmids were cotransfected with epitope-tagged expression plasmids (Flag-PPARγ [0.3 µg] and/or 

GST-TDAG51 [0.5 µg]) into 293T cells. GST alone (mock) was used as a control. *P < 0.05; **P < 0.01; n.s., not significant.
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pression (Fig. 5A). Consistent with the results shown in Fig. 

4B, treatment with rosiglitazone did not affect the inhibi-

tory effect of TDAG51 on the activation of PPARγ-induced 

aP2 promoter activity (Fig. 5B). Finally, we analyzed the 

inhibitory effects of TDAG51 using TDAG51 deletion mu-

tants. Similar to the results shown in Figs. 2F, 3C, and 4E, 

the inhibitory effects of TDAG51 on the activation of aP2 

promoter activity induced by the PPARγ-RXRα heterodimer 

were observed (20.8% or 29.4% reduction, P < 0.01) with 

wild type or PPARγ-binding mutant (GST-TDAG51[1-201]) 

expression but not with the PPARγ-nonbinding mutant (GST-

TDAG51[202-262]) (Fig. 5C). Taken together, these results 

indicate that TDAG51 functions as a corepressor of PPARγ in 

adipogenic marker expression by inhibiting the transcriptional 

activity of the PPARγ-RXRα heterodimer.

DISCUSSION

PPARγ plays a central role in regulating the expression of a 

wide range of genes involved in adipogenesis, lipid metabo-

lism, insulin sensitivity, energy storage, inflammation and dif-

ferentiation (Kroker and Bruning, 2015; Lefterova and Lazar, 

2009). In particular, the crucial role of PPARγ in adipogenesis 

has been extensively studied by many researchers (Lefterova 

and Lazar, 2009). Although PPARγ functions as the master 

transcriptional regulator of adipocyte differentiation, few 

genes have been validated as direct PPARγ regulators or tar-

gets (Lefterova and Lazar, 2009). Thus, the identification of 

novel regulators of PPARγ is important for understanding the 

transcriptional regulatory mechanism of PPARγ in various cell 

types or tissues. PPARγ contains AF-1 and DBD in the N-ter-

minal region, the flexible hinge domain in the middle, and 

LBD and AF-2 in the C-terminal region (Kroker and Bruning, 

2015). Upon the binding of the PPARγ ligand, PPARγ forms 

a heterodimer with RXRα through their LBD domain in the 

C-terminal region (Chandra et al., 2008). In this study, we 

identified TDAG51 as a novel negative regulator of PPARγ 
that blocks PPARγ-RXRα heterodimer formation in adipo-

genesis. We showed that the region between residues 140 

and 506, including the DBD, hinge, LBD and AF-2 domain, 

of the PPARγ protein is involved in direct interactions with 

the PHL, QQ, and PQ domains, except for the PH domain, 

in TDAG51 (Fig. 2). Furthermore, we observed that the 

TDAG51-PPARγ interaction is not inhibited by the binding of 

Fig. 4. The interaction of TDAG51 and PPARγ inhibits the formation of the PPARγ-RXRα heterodimer. (A) No interaction between 

TDAG51 and RXRα. First, 293T cells were cotransfected with GST-TDAG51 (1.5 µg) with or without Flag-PPARγ (1.5 µg) or Flag-RXRα 

(0.1 µg). The bound proteins by GST-PD were visualized via anti-Flag (top) or anti-GST IB (middle). The PPARγ and RXRα expression levels 

in whole cell lysates were detected via anti-Flag IB (bottom). GST alone (mock) was used as a control. Protein expression is indicated by 

an arrow. (B) No effect of rosiglitazone treatment on the TDAG51-PPARγ interaction. The 293T cells cotransfected with epitope-tagged 

expression plasmids were treated with 5 μM rosiglitazone for 36 h. The protein interaction was monitored by GST-PD and IB analysis. 

(C) The inhibitory effect of TDAG51 on the formation of PPARγ-RXRα heterodimers. The Xp-tagged TDAG51 plasmid (Xp-TDAG51 

[0.2, 0.5, and 2.0 µg]) was dose-dependently cotransfected with Flag-PPARγ (1.5 µg) and Myc-RXRα (0.1 µg) expression plasmids into 

293T cells. The protein interactions were monitored by anti-Flag IP and IB analysis (top three panels). The TDAG51 and RXRα expression 

levels in whole cell lysates were detected via anti-Xp and anti-Myc IB, respectively (bottom two panels). (D) The inhibitory effect of RXRα 

on the interaction of PPARγ and TDAG51. The Myc-tagged RXRα plasmid (Myc-RXRα [0.25, 0.5, and 1.0 µg]) was dose-dependently 

cotransfected with Flag-PPARγ (1.5 µg) and Myc-TDAG51 (1.5 µg) expression plasmids into 293T cells. (E) The inhibitory effects of 

TDAG51 deletion mutants on the formation of PPARγ-RXRα heterodimers. The GST-tagged TDAG51 deletion mutant plasmids (0.5 and 

2.0 µg) were dose-dependently cotransfected with Flag-PPARγ (1.5 µg) and Myc-RXRα (0.1 µg) expression plasmids into 293T cells.
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synthetic PPARγ ligand and that TDAG51 is more strongly as-

sociated with PPARγ alone than the PPARγ-RXRα heterodimer 

in protein-protein interaction assays (Fig. 4). To date, no DNA 

binding motif in TDAG51 has been found. TDAG51, which 

has evolutionarily conserved PHL, PQ, and PH domains, is 

considered a putative transcriptional regulator (Nagai, 2016). 

Thus, based on our results and previous studies, TDAG51 

can function as a ligand-independent competitive inhibitor 

of RXRα recruitment toward assembly as a PPARγ-RXRα het-

erodimer complex in adipogenesis. Interestingly, we showed 

that TDAG51 expression is downregulated in a differentia-

tion-dependent manner during adipogenic differentiation 

and that this downregulation is not directly mediated by the 

adipogenic transcription factor PPARγ (Fig. 1, Supplementary 

Fig. S2). Hence, further exploration of the transcriptional reg-

ulatory pathways involved in the downregulation of TDAG51 

at the early stage of adipogenesis would be of interest.

	 PPARγ activity is modulated by several posttranslational 

modifications, including phosphorylation, sumoylation and 

ubiquitination (Ahmadian et al., 2013). Interestingly, the 

phosphorylation of PPARγ can repress or enhance its activity 

depending on the phosphorylation site or kinase activation, 

while PPARγ sumoylation has been shown to repress PPARγ 
activity by the recruitment of corepressors with histone 

deacetylases (Hu et al., 1996; Iankova et al., 2006; Pascual et 

al., 2005). Notably, TDAG51 was reported to be involved in 

regulating several kinase pathways, such as aurora A kinase, 

ErbB2 tyrosine kinase, Akt and receptor tyrosine kinase, in 

cancer cells (Fearon et al., 2018; Johnson et al., 2011; Li et 

al., 2014). Hence, based on previous studies, the inhibitory 

effect of TDAG51 on PPARγ activity is indirectly mediated by 

possible recruitment of another corepressor or kinase. Thus, 

further studies are needed to elucidate whether any other 

regulators or kinases are involved in indirect regulation of the 

TDAG51-mediated negative effects on PPARγ-induced adi-

pogenesis. Ubiquitination and proteasome-dependent deg-

radation are also linked to the regulation of PPARγ activity by 

ligand binding, IFNγ stimulation or recruitment of mediators, 

including Wnt1-inducible signaling pathway protein-1 (Haus-

er et al., 2000; Waite et al., 2001). However, we assumed 

that TDAG51 function is not linked to the proteasomal 

degradation of PPARγ because the levels of PPARγ were not 

altered by the TDAG51 interaction (Figs. 2 and 4).

	 Several transcription factors have been shown to regulate 

PPARγ expression and activity in adipogenesis (Miard and 

Fajas, 2005). Of the six GATA family transcription factors, 

GATA-2 and GATA-3 were shown to downregulate PPARγ ex-

pression by directly interacting with the PPARγ2 promoter and 

C/EBP family, thereby inhibiting adipogenic differentiation 

(Tong et al., 2000). The expression of GATA-2/3 is abundant 

in preadipocytes and progressively decreases during adipo-

cyte differentiation (Tong et al., 2000). Thus, GATA-2/3 have 

a potential role in commitment to the adipogenic lineage 

(Kamata et al., 2014). Similar to the pattern of GATA-2/3 

expression shown in the work of Tong et al. (2000), the most 

abundant expression of TDAG51 was observed only in the 

early stage of adipogenic differentiation (Fig. 1). Although 

we have not yet experimentally determined the preadipocyte 

restriction by TDAG51 expression in the early stage of adi-

0

1 0

2 0

3 0

4 0

Flag-PPAR����

Myc-TDAG51 

��-Actin 

Figure 5  

C 

A B 

kDa 

aP
2-

Lu
c 

Fo
ld

 in
du

ct
io

n 

aP2-Luc + + + + 

Myc-RxRα 
- + Flag-PPAR���� - + 
- - 

+ 
+ 

+ + + 
Xp-TDAG51 - - - - 

+ 
+ 
+ 

** 
** 

Myc-RXR�� 

Flag-PPAR����

Xp-TDAG51 

��-Actin 48 

63 

** 

0 

5 

10 

15 

20 

25 

30 

aP
2-

Lu
c 

Fo
ld

 in
du

ct
io

n 

aP2-Luc + + + + 
- + Flag-PPAR���� + + 

+ 
+ 

- - - - 

+ 
+ 

+ 
+ 

+ 
Myc-TDAG51 

+ + 
- - - 

Rosiglitazone 

kDa 

** 
** 

n.s. 

aP
2-

Lu
c 

Fo
ld

 in
du

ct
io

n 

aP2-Luc + + + + 

Myc-RxRα 
- + Flag-PPAR���� - + 
- - 

+ 
+ 

+ + + 
GST - - - - 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ + 
+ - - 

GST-TDAG51 - - - - 
- 

- + - - 
GST-TDAG51[1-201] - - - - - - + - 
GST-TDAG51[202-262] - - - - - - - + 

48 

63 
Myc-RXR�� 

Flag-PPAR����

��-Actin 

** 

0 

5 

10 

15 

20 

63 

48 

63 

75 

35 

63 
75 

48 

35 

63 

35 
GST 

GST-TDAG51 

48 

- + + + + + + Myc-RxRα 

Myc-RXR�� 

kDa 
48 

63 

63 

48 

63 

48 

35 

48 

*** 
*** *** 

*** 

 rosiglitazone (-) 
 rosiglitazone (+) 

Fig. 5. TDAG51 inhibits aP2 promoter activity induced by 

the PPARγ-RXRα heterodimer. (A) The inhibitory effects of 

TDAG51 on the promoter activity of aP2-Luc induced by 

PPARγ-RXRα coexpression. Reporter plasmids (aP2-Luc [0.1 

µg] and pcDNA3.1/His/LacZ [0.1 µg]) were cotransfected with 

epitope-tagged expression plasmids (Flag-PPARγ [0.25 µg], Myc-

RXRα [0.1 µg], and/or Xp-TDAG51 [0.25-0.5 µg]) into 293T 

cells. The expression of transfected plasmids was analyzed by 

immunoblotting against anti-epitope antibodies. β-Actin was 

used as the loading control. (B) The inhibitory effects of TDAG51 

on the promoter activity of aP2-Luc induced by PPARγ expression 

with rosiglitazone treatment. (C) The inhibitory effects of 

TDAG51 deletion mutants on the promoter activity of aP2-Luc 

induced by PPARγ-RXRα coexpression. Reporter plasmids were 

cotransfected with epitope-tagged expression plasmids (Flag-

PPARγ [0.25 µg], Myc-RXRα [0.1 µg], and/or GST-TDAG51 [0.5 

µg]) into 293T cells. GST alone (mock) was used as a control. **P 

< 0.01; ***P < 0.001; n.s., not significant.
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pogenic differentiation, we propose that TDAG51 may also 

have a potential role in commitment to the adipogenic lin-

eage. FoxO1, a member of the forkhead transcription factor 

family, is known to be a negative regulator of adipogenesis 

(Nakae et al., 2003). This molecule represses both PPARγ 
expression through direct binding to the FoxO1 binding con-

sensus sequences on the PPARγ2 promoter and PPARγ activity 

by inhibiting the DNA binding activity of the PPARγ-RXRα het-

erodimer through direct interaction with PPARγ (Armoni et 

al., 2006; Dowell et al., 2003; Fan et al., 2009). Furthermore, 

the physical interaction among FoxO1, C/EBPα and small het-

erodimer partner (SHP) has been reported (Park et al., 2007; 

Qiao and Shao, 2006; Yamagata et al., 2004). Interestingly, 

SHP, an orphan nuclear receptor that lacks a DBD, is also 

known to repress PPARγ activity by directly interacting with 

RXRα, but not with PPARγ, which blocks RXRα recruitment 

to the PPARγ-RXRα heterodimer, although the precise role 

of SHP in PPARγ activity modulation remains controversial 

(Kim et al., 2009; Nishizawa et al., 2002). Consequently, the 

mechanism of FoxO1 or SHP that represses PPARγ activity is 

quite distinct from the inhibitory mechanism of TDAG51 that 

blocks the recruitment of RXRα to the PPARγ-RXRα heterodi-

mer complex by directly interacting with PPARγ.
	 In conclusion, we demonstrated that TDAG51 is a novel 

negative regulator of PPARγ in adipogenesis. In this study, 

we showed that TDAG51 expressed abundantly in the 

early stage of adipocyte differentiation inhibits adipogene-

sis. TDAG51 interacts with PPARγ in a ligand-independent 

manner, thereby inhibiting PPARγ activity by blocking the 

formation of the PPARγ-RXRα heterodimer complex. Thus, 

these results indicate that TDAG51, which could determine 

adipogenic cell fate, is a ligand-independent competitive in-

hibitor of PPARγ in adipogenesis, expanding the importance 

of TDAG51 in the regulation in metabolic diseases, including 

obesity and diabetes.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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