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Abstract

TR4 has been suggested to play an important role in lipid metabolism in adipocytes. Although TR4 facilitates lipid accu-

mulation during adipogenesis, the regulatory effect of TR4 on lipid storage in mature adipocytes remains unclear. We

showed that TR4 inhibited the LXR agonist GW3965-mediated decrease of lipid accumulation in 3T3-L1 adipocytes. A

reporter gene analysis revealed that TR4 suppressed LXRα transcriptional activity, although LXRα was unable to affect

TR4 transcriptional activity. Moreover, adding TR4 resulted in reduced LXRα binding to the LXR responsive element in a

gel shift assay. Additionally, the suppressive effect of GW3965 on perilipin expression and lipid accumulation in 3T3-L1

adipocytes was abolished by TR4 overexpression. Taken together, our data demonstrate that TR4 plays an inhibitory role in

LXRα-mediated suppression of lipid accumulation in 3T3-L1 adipocytes. This TR4 protective effect is mediated, in part,

by blocking the suppressive effect of GW3965 on perilipin gene expression.
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Introduction

Adipocytes are the cells critical for energy homeostasis.

Adipocytes store the extra lipids as fat during energy

excess and mobilize them at the period of the energy dep-

rivation. Dysregualtion of lipid homeostasis in adipocytes

by altered expression of genes involved in lipid metabo-

lism is a major risk factor for the obesity and diabetes,

hypertension, and coronary artery disease (Reaven et al.,

1988). Epidemiological studies indicate that diets con-

taining high proportion of saturated fatty acids, are also

considered as a risk factor for development and progres-

sion of these diseases since high levels of saturated fatty

acids cause insulin resistance and consequently increase

the risk of these diseases (Hunnicutt et al., 1994). Thus,

fatty acid profile in dietary fat including milk fat is also

considered important. 

Testicular orphan nuclear receptor 4 (TR4; Nr2c2), a

member of the nuclear receptor superfamily, is able to

regulate the expression of target genes through binding to

direct repeats (DRs) of AGGTCA core motifs with vari-

able numbers of spacer nucleotides (Kim et al., 2003; Lee

et al., 1998a; Lee et al., 1995; Lee et al., 1997; Lee et al.,

1999). Several studies suggested that TR4 may play key

roles in glucose and lipid metabolism (Liu et al., 2007).

Recently, we found that knockdown of TR4 in 3T3-L1

adipocytes resulted in decrease of intracellular lipid accu-

mulation via downregulation of fatty acid transport pro-

tein 1 and perilipin genes. In addition, we also reported

that TR4-deficient mice showed reduced fat mass and

lipid deposition in the liver with decreased expression of

hepatic stearoyl-CoA desaturase 1 (SCD1) (Kim et al.,

2011a). SCD1 is the rate-limiting enzyme in the biosyn-

thesis of monounsaturated fatty acids (Kim et al., 2011b).

SCD1 transgene in goats alters milk fatty acid composi-

tion to less saturated fatty acid content (Zidi et al., 2010).

The liver X receptor (LXR) is initially identified in the

liver and has a critical role in foam cell formation through

regulation of genes involved in reverse cholesterol trans-

port (Ory, 2004; Willy et al., 1995). In the liver, LXR

facilitates conversion of cholesterol to bile acids by

induction of cholesterol 7α-hydroxylase (Ory, 2004).

LXR also regulates genes required for lipid metabolism

such as sterol-regulatory element binding protein 1c, fatty

acid synthase, lipoprotein lipase, and SCD1. Given the
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established role of LXR in lipid metabolism in the liver,

LXR is considered to play a role in adipogenesis. How-

ever, conflicting results about the role of LXR in adipo-

genesis have been reported. Several studies have reported

that LXR is significantly induced in the early phase of

differentiation and participates in adipogenesis (Seo et al.,

2004; Ulven et al., 2005). In contrast, a recent study

shows that LXR decreases fat storage in the mature adi-

pocytes in part by increase of basal lipolysis (Stenson et

al., 2011). LXR forms a heterodimer with retinoid X

receptor (RXR) and regulates expression of target genes

via direct binding to DR4 response elements located in

the target gene promoters (Apfel et al., 1994). Recently,

LXR and thyroid receptor have shown to regulate carbo-

hydrate responsive element-binding protein expression

through competition for DR4 located in the promoter of

carbohydrate responsive element-binding protein gene

(Hashimoto et al., 2009). TR4 also participates in other

nuclear receptor signaling pathways through DNA bind-

ing competitions to their target genes or protein-protein

interaction (Lee et al., 1998b; Shyr et al., 2002), strongly

suggesting that TR4 and other nuclear receptors such as

LXR may construct the regulatory network for lipid

homeostasis in adipocytes. Since both TR4 and LXR acti-

vate SCD1 expression and have binding affinity for DR4

response elements, it will be interesting to study the pos-

sible cross-talk between TR4 and LXR to understand the

regulatory network for lipid homeostasis in adipocytes.

Here, we demonstrate that TR4 suppresses LXRα-medi-

ated inhibition of lipid accumulation in 3T3-L1 adipo-

cytes through competitive regulation of perilipin gene

expression. Taken together, cross-talk between TR4 and

LXR forms a regulatory network to maintain lipid homeo-

stasis which is important for adipocyte biology. 

Materials and Methods

Cell cultures and adipocyte differentiation

Cells were maintained in DMEM medium supple-

mented with 10% fetal bovine serum (HEK293T) or 10%

newborn calf serum (3T3-L1 and NIH-3T3). 3T3-L1

cells stably transfected with pcDNA3, pcDNA3-TR4,

pcDNATM6.2-GW/miR, or pcDNATM6.2-GW/TR4miR were

maintained in DMEM containing 800 µg/mL Geneticin

or 10 µg/mL Blastacidin. Two days after confluence (des-

ignated day 0), 3T3-L1 cells were differentiated using

10% FBS DMEM containing 5 µg/mL insulin, 0.25 mM

3-isobutyl-1-methylxanthine (IBMX), and 0.25 µM dex-

amethasone. Seventy-two hour later, the medium was

replaced by adipocyte medium containing 5 µg/mL insu-

lin and 0.25 µM dexamethasone. Oil Red O staining was

performed as previously described (Kim et al., 2010).

Plasmids and reporter gene assay 

Plasmids pCMX-TR4, pCMX-LXRα, pCMX-RXRα,

pCMX-VP16-RXRα, pCMV-VP16-TR4, pG5-Luc, TR4RE-

Luc, and LXRE-Luc were described previously (Kim et

al., 2003; Willy et al., 1995). pCMX-Gal4-LXRα was

constructed by cloning of ligand binding domain ampli-

fied by PCR from pCMX-LXRα. Transfections were per-

formed by using SuperFect (Qiagen). Relative luciferase

activity (fold) was expressed based on the induction rela-

tive to the transfection of empty vector (set as 1-fold)

without agonist; the results are mean±standard deviation

(SD) of three separate experiments.

Reverse transcriptase PCR (RT-PCR) and real-

time PCR 

For RT-PCR and real-time PCR quantification analysis

of perilipin and SCD1 mRNA expression, total RNA was

isolated from 3T3-L1 cells using RiboEX (Geneall), and

cDNA was synthesized using MMLV-RTase and oligo

(dT) primer (Promega). RT-PCR was performed in 3 indi-

vidual samples per group and relative mRNA levels of

each gene were expressed as the mean±SD of three indi-

vidual experiments.

Real-time PCR was performed using a Corbett Rotor-

Gene 6000 (Qiagen) and relative quantification of PCR

product was based on value differences between the tar-

get and 36B4 control using the delta-delta CT compara-

tive method. Each group was analyzed in triplicate using

total RNA pooled from 3 individual cells. Primer se-

quences for genes were: perilipin sense; 5'-CTCTGG-

GAAGCATCGAGAA-3' and antisense; 5'-GATCCA-

CATGGCCAGAGAGT-3', SCD1 sense; 5'-CCTACGACA-

AGAACATTCAAT-3' and antisense; 5'-CAGGAACT-

CAGAAGCCCAAAGC-3', 36B4 sense; 5'-GCGTCCTG-

GCATTGTCTGT-3' and antisense; 5'-GCCGCAAAT-

GCAGATGG-3'.

Gel shift assay

Gel shift assay was performed as previously described

(Kim, et al., 2003). Briefly, TR4, LXRα, and RXRα were

in vitro synthesized using a T7-quick coupled TNT retic-

ulocyte lysate system (Promega). The following oligo-

mers were used for gel shift assays: consensus DR1

(cDR1) (5'-GATCTCTCTAGGTCAAAGGTCAATTTC-3')

and consensus DR4 (cDR4) (5'-GATCACCTCAGGTCA-
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CAGGAGGTCAGACAA-3').

Results

TR4 suppresses transcriptional activity of LXR by

inhibition of LXR binding to LXRE

Since TR4 and LXR have the binding affinity for DR4

response elements, we first determined whether TR4

could modulate transcriptional activity of LXRα using

reporter genes containing 3 copies of LXR response ele-

ment (LXRE-Luc). As shown in Fig. 1, transfection of

LXRα and RXRα into NIH-3T3 cells resulted in induc-

tion of LXRE-Luc in the presence of 1 µM GW3965. In

contrast, TR4 did not induce activity of LXRE-Luc. How-

ever, co-transfection of TR4 with LXRα/RXRα resulted

in the suppression of LXRα/GW3965-induced luciferase

activity. Consistently, we obtained the similar results when

HEK293T cells were used for the same reporter gene

assay, suggesting that TR4 negatively regulates LXRα

transcriptional activity in a cell type-independent manner.

Furthermore, the LXRα-induced LXRE-Luc activity in

NIH-3T3 cells was inhibited by TR4 in a dose-dependent

manner.

To dissect the mechanism of how TR4 can repress

LXRα transactivation, we used a mammalian two-hybrid

assay. Consistent with the previous report (Willy et al.,

1995), significant induction was observed when VP16-

RXRα was co-transfected with GAL4-LXRα (Fig. 2A,

lane 6). However, co-transfection of VP16-TR4 with

GAL4-LXRα showed near background levels, indicating

that TR4 does not form a heterodimer with LXRα (Fig.

2A, lanes 5). It is also possible that TR4 and LXRα may

compete with each other for binding to LXR response

element. To determine this possibility, a gel shift assay

was performed using [32P]-labeled LXRE (cDR4). When

LXRα and RXRα were incubated with [32P]-labeled

LXRE, LXRE formed a complex with LXRα/RXRα (Fig.

2B). In addition, TR4 could also form a specific complex

with [32P]-labeled LXRE. However, when TR4 was

added together with LXRα/RXRα, LXRα/RXRα-LXRE

complex was reduced in a dose-dependent manner. The

data suggest that TR4 inhibition of LXRα transcriptional

activity in the reporter gene assays may be due to inter-

ruption of the LXRα/RXRα binding to the LXRE.

Influence of LXR on TR4 transactivation 

LXRα affects transactivation of other nuclear receptors

through binding competition for the DNA binding sites

(Hashimoto et al., 2009). Thus, we determined the poten-

tial regulatory effects of the LXRα on TR4 transactiva-

tion using reporter gene assay. As shown in Fig. 3A, TR4

highly induced transcriptional activity of the reporter

gene containing 3 copies of TR4RE (TR4RE-Luc) in

HEK293T cells, whereas LXRα did not have any effect

on this reporter gene. In addition, when LXRα was co-

transfected with TR4 into HEK293T and NIH-3T3 cells,

TR4-mediated transactivation was not affected by LXRα.

We also obtained the similar result when we performed

the reporter gene assay using cDR1-Luc. To further deter-

mine LXRα effect on TR4 binding to TR4RE, we per-

formed a gel shift assay using [32P]-labeled-TR4RE (cDR1).

As shown in Fig. 3B, in vitro translated TR4 could strongly

bind to [32P]-labeled-TR4RE (lane 2, open arrowhead).

However, we could not observe any retarded complex when

LXRα and RXRα were incubated with [32P]-labeled-

TR4RE. Furthermore, the binding affinity of TR4 for

TR4RE was not changed by addition of LXRα/RXRα.

This data indicates that LXRα could not affect TR4 tran-

Fig. 1. TR4 inhibits LXRα transcriptional activity. The reporter gene (LXRE-Luc, 300 ng) was co-transfected with expression plas-

mids for TR4, LXRα, and RXRα into NIH-3T3 and HEK293T cells as indicated. Transfected cells were incubated for 24 h in the

absence or presence of 1 µM GW3965 and then harvested to measure luciferase activity. 



TR4 Inhibits LXR Suppression of Lipid Accumulation 401

scriptional activity due to its inability to inhibit TR4 bind-

ing to TR4RE.

TR4 blocks LXR-mediated reduction of lipid accu-

mulation in 3T3-L1 adipocytes

Perilipin is a lipid-droplet associated protein which pro-

motes triacylglycerol storage in adipocytes (Brasaemle et

Fig. 2. TR4 competes with LXRα for biding to the LXR responsive element. (A) TR4 does not form a heterodimer with LXRα. The

Mammalian two-hybrid assay was performed in HEK293T cells by co-transfection of the pG5-Luc (300 ng) with Gal4-LXRα,

VP16-TR4, and VP16-RXRα (100 ng of each) as indicated and luciferase activity was analyzed. (B) TR4 inhibits LXRα binding

to the LXRE. A gel shift assay was performed using [32P]-labeled LXRE (cDR4) with in vitro translated LXRα/RXRα and

increasing amounts of TR4 as indicated. The retarded LXRα/RXRα-LXRE and TR4-LXRE complexes are indicated by open and

closed arrowheads, respectively.

Fig. 3. LXRα does not affect TR4 transcriptional activity and TR4 binding to the TR4RE. (A) Effect of LXRα on TR4 transactiva-

tion in HEK293T cells. The indicated reporter genes (300 ng of each) were co-transfected with TR4 expression plasmid and

increasing amounts of LXRα and RXRα expression plasmids into HEK293T cells. Transfected cells were incubated for 24 h in

the absence or presence of 1 µM GW3965 and then harvested to measure luciferase activity. (B) LXRα is not able to inhibit TR4

binding to the TR4RE. A gel shift assay was performed using [32P]-labeled TR4RE (cDR1) with in vitro translated TR4 and

increasing amounts of LXRα/RXRα as indicated. The retarded TR4-TR4RE complex is indicated by open arrowhead.



402 Korean J. Food Sci. Ani. Resour., Vol. 31, No. 3 (2011)

al., 2000). LXR is known to downregulate perilipin gene

expression in adipocytes (Stenson et al., 2011). Since we

also found that TR4 induced perilipin expression, we then

determined whether TR4 could modulate the effect of the

LXR ligand GW3965 on the expression of perilipin and

SCD1 genes in 3T3-L1 adipocytes. We induced differen-

tiation of 2-day post-confluent 3T3-L1 preadipocytes

(designated day 0) by standard protocol. When 1 µM

GW3965 was added together with adipogenic stimuli to

day 0 3T3-L1 cells and continuously treated throughout

the course of differentiation, RT-PCR analysis showed

that GW3965 reduced perilipin expression but increased

SCD1 expression in day 9 3T3-L1 adipocytes compared

with control 3T3-L1 adipocytes (Fig. 4A). In contrast,

overexpression of TR4 increased both perilipin and

SCD1 expression compared with control 3T3-L1 adipo-

cytes. Conversely, knockdown of TR4 by TR4 microRNA

reduced perilipin and SCD1 expression in 3T3-L1 adipo-

cytes. When TR4 was overexpressed in GW3965-treated

3T3-L1 adipocytes, TR4 inhibited GW3965-mediated

suppression of perilipin expression. In contrast, co-addi-

tion of TR4 and GW3965 resulted in decrease of mRNA

level of SCD1 compared with treatment of GW3965 or

TR4 overexpression. Next, we determined whether TR4

could affect GW3965-induced decrease of lipid accumu-

lation in 3T3-L1 adipocytes using Oil Red O staining. As

shown in Fig. 4B, treatment of GW3965 reduced cellular

lipid content about 27% in day 10 3T3-L1 adipocytes

compared with 3T3-L1 adipocytes treated with vehicle.

However, GW3965-mediated reduction of lipid accumu-

lation was completely abolished by TR4 overexpression. 

Discussion

Here we demonstrated an inhibitory role of TR4 in

LXR-mediated decrease of lipid accumulation in 3T3-L1

adipocytes by suppressing LXR inhibition of perilipin

expression. Furthermore, TR4 negatively regulated LXRa

transcriptional activity via binding competition with

LXRa for the LXR responsive element.

Nuclear receptors are ligand-activated transcription fac-

tors and members of this nuclear receptor family have

been considered as key regulators of energy homeostasis

in tissues important for energy metabolism (Liu et al.,

2007; Powell et al., 2007). A common characteristic of

various nuclear receptors is that they play roles as func-

tional regulators of other nuclear receptors since several

nuclear receptors use a common response element for the

regulation of target gene expression (Lee et al., 1997; Lee

et al., 1999). These suggest that mutual regulation

Fig. 4. TR4 inhibits GW3965-induced decrease of perilipin expression and lipid accumulation in 3T3-L1 adipocytes. (A) Effect of

TR4 on GW3965-mediated reduction of lipid accumulation in 3T3-L1 adipocytes. At 2 d post-confluence, 3T3-L1 cells stably

transfected with empty plasmid, TR4 expression plasmid or TR4 microRNA (TR4miR) were differentiated in the absence or pres-

ence of 1 µM GW3965 as described in Materials and Methods. Total RNAs prepared from day 9 adipocytes were subjected to RT-

PCR to determine perilipin and SCD1 mRNA levels. 36B4 fragments were amplified as a loading control. (B) TR4 blocks

GW3965- mediated decrease of lipid accumulation in 3T3-L1 adipocytes. Control and TR4 overexpressing 3T3-L1 cells were dif-

ferentiated in the absence or presence of 1 µM GW3965 for 10 d as indicated and then lipid accumulation was determined by Oil

Red O staining. Oil Red O staining data shown here are representative of three independent experiments with similar results. 
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between nuclear receptors in the intracellular environ-

ment of adipocytes may lead to control adipocyte devel-

opment and lipid homeostasis. This prompted us to study

the functional cross-talk between TR4 and LXRα in 3T3-

L1 adipocytes. Previous reports showed that TR4 could

induce transcriptional activity of rat α-myosin heavy-

chain and S14 genes via DR4 element which are known

as a T3RE (Lee et al., 1997). Thus, it is highly possible

that TR4 itself may induce transcriptional activity of the

LXRE-Luc. However, opposite to our initial assumption,

TR4 alone did not affect the activity of the LXRE-Luc.

Instead, we observed an inhibitory effect of TR4 on

LXRa-induced LXRE-Luc activity. In a gel shift assay,

TR4 was able to bind to LXRE and also suppress recruit-

ment of LXRa/RXRa to this LXRE, suggesting that a

competition between TR4 and LXRa/RXRa for this DNA

element may lead to TR4 inhibition of LXRa transcrip-

tional activity. 

Many nuclear receptors can cross-talk with signaling

pathways of other nuclear receptors via heterodimeriza-

tion (Apfel et al., 1994; Shyr et al., 2002). Thus, it is pos-

sible that TR4 inhibition of LXRa activity could be

occurred via heterodimerization with LXRa. However,

TR4 showed no interaction with LXRa in this study. In

contrast to negative effect of TR4 on LXRa induction of

LXRE-Luc, LXRa did not affect TR4 transcriptional

activity. In addition, a gel shift assay revealed that LXRα

could not bind to cDR1, suggesting that no effect of

LXRa on TR4 transactivation may be due to the lack of

its affinity for DR1 element.

Positive effects of LXRα on lipid accumulation during

adipocyte differentiation have been reported (Seo et al.,

2004; Ulven et al., 2005). However, accumulating evi-

dences suggest that LXRα negatively regulates fat accu-

mulation in adipocytes (Ross et al., 2002; Stenson et al.,

2009; Stenson et al., 2011). Furthermore, this inhibitory

effect of LXRα on lipid accumulation in adipocytes is

partially due to suppressed expression of perilipin gene

and increased basal lipolysis. Recently, we found that

TR4 could activate expression of perilipin gene in 3T3-

L1 adipocytes and also facilitate lipid accumulation via

increase of fatty acid uptake (submitted). In this study,

TR4 also inhibited LXRa transactivation via binding

competition with LXRa for LXRE, strongly implicating

that TR4 and LXRa might orchestrate to fine-tune adipo-

cyte physiology. Indeed, GW3965 suppression of peril-

ipin expression in 3T3-L1 adipocytes was abolished by

TR4. Consistent with TR4 effect on LXRa regulation of

perilipin expression, overexpression of TR4 in 3T3-L1

adipocytes treated with GW3965 abolished GW3965-

induced decrease of cellular lipid content. Although fur-

ther study is required to define the role of TR4 in LXRa-

mediated basal lipolysis, our data reveal that TR4 nega-

tively regulates LXRa-induced decrease of lipid accumu-

lation in 3T3-L1 adipocytes. In addition, both TR4 and

the LXRa/RXRa induced expression of SCD1 in 3T3-L1

adipocytes and these results were consistent with previ-

ous reports. Interestingly, when both TR4 and GW3965

were added to 3T3-L1 cells, mRNA level of SCD1 was

reduced as compared with those of TR4 overexpressing

or GW3965-treated cells, suggesting that metabolic cues

may signal TR4 and LXRa to regulate SCD1 dynamically

under physiological conditions, leading to multiple tran-

scriptional responses. 

In conclusion, we have shown that TR4 plays an inhib-

itory role in LXR-mediated reduction of lipid accumula-

tion in 3T3-L1 adipocytes via blocking negative effect of

LXR on perilipin expression. 
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