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Abstract

The aryl-hydrocarbon receptor repressor (AhRR) negatively regulates aryl-hydrocarbon receptor
(AhR) signaling via its inhibitory transactivation. AhR is well known to suppress adipocyte
differentiation, but the function of AhRR during adipogenesis is unclear. The purpose of this study
was to investigate the role of AhRR in adipocyte differentiation using 3T3-L1 cells. During the
early phase of differentiation, AhRR expression was transiently induced, but throughout the entire
differentiation process, low levels of AhR expression were maintained. AhRR knockdown
significantly increased not only glycerol-3-phosphate dehydrogenase (GPDH) activity but also
lipid accumulation inside the cells. AhRR overexpression clearly reduced GPDH activity and lipid
accumulation, indicating that AhRR upregulation during the early stage of adipogenesis
suppresses adipocyte differentiation. Since AhRR knockdown increases the expression and activity
of peroxisome proliferator-activated receptor -y(PPARy), AhRR negatively regulates PPAR~y
during adipogenesis. In summary, similar to AhR, AhRR acts as an inhibitor of adipocyte
differentiation. In addition to controlling the negative feedback loop of AhR, AhRR might be
involved in other functions, especially in adipocyte differentiation processes.

1. Introduction

The aryl-hydrocarbon receptor (AhR) belongs to the superfamily of basic helix-loop-helix/
Per-Arnt-Sim (bHLH/PAS) domain-containing proteins that is activated by various low
molecular weight compounds such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
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benzo(a) pyrene (B(a)P). AhR is a transcription factor located in the cytoplasm that is
retained in complex with a variety of chaperone proteins including HSP90. Following ligand
binding, the AhR complex translocates into the nucleus where it forms a heterodimer with
the AhR nuclear translocator (ARNT) and binds to Xenobiotic/Dioxin response element
(XRE/DRE) sequences within regulatory regions of a wide variety of target genes to activate
mMRNA transcription. Classical AhR target genes encode ligand-metabolizing enzymes such
as CYP1A1 and UGT1AL, which promote the elimination of the original activating ligands.
Recently, an increasing number of studies have shown that AhR has a wide variety of
physiological roles ranging from ligand metabolism to the regulation of cellular functions
such as cell proliferation, differentiation and apoptosis [1].

AhR is expressed in a broad range of various cell types and tissues with different functions
[2]. Several lines of evidence suggest that AhR can negatively regulate adipocyte
differentiation. We and others have previously reported that a potent AhR agonist, TCDD,
suppressed adipocyte differentiation in the 3T3-L1 preadipocyte cell line [3,4]. TCDD has
also been reported to inhibit adipocyte differentiation in mouse embryonic fibroblasts
(MEFs) [5]. AhR can suppress the expression of transcription factors that regulate adipocyte
differentiation, such as CCAAT-enhancer-binding protein a (C/EBPa) and peroxisome
proliferator-activated receptor y (PPAR<y) [3]. The tyrosine kinase c-Src may be involved in
TCDD-induced differentiation suppression since c-Src-deficient MEFs are less sensitive to
TCDD-induced differentiation suppression and have lower induced expression levels of C/
EBPp and C/EBPS [6]. The overexpression of AhR reportedly inhibits adipocyte
differentiation in 3T3-L1 cells, suggesting that this inhibitory effect is independent of any
AhR ligand [7]. AhR null mice exhibited fatty metamorphosis in the liver during their first 2
weeks of life [8]. These results suggest that AhR inhibits early adipogenesis via multiple
pathways.

The AhR repressor (AhRR) was discovered during a screening of the mouse genomic library
using AhR cDNA as the hybridization probe [9], and this repressor is known as a negative
feedback regulator of AhR signaling [10]. AhRR is upregulated by AhR signaling because
the murine and human A/rrgenes contain one or more XREs in its promoter region [10].
AhRR interacts with ARNT in the same manner as AhR to form an AARR-ARNT complex,
which down-regulates AhR signaling since AhRR lacks an AhR ligand binding domain
(PAS-B domain) and transactivation domain making AhRR transcriptionally inactive.
Recently, studies in AhRR knockout mice revealed that CYP1A1 induction was enhanced in
the heart and spleen by the AhR ligand 3-methyl-cholanthrene, but there was no altered
MRNA expression in the lung or liver despite AhRR being secreted from these tissues after
treatment with 3-methylcholanthrene [11]. Thus, AhRR might function in an organ- and/or
cell type-specific manner.

Several studies reported the repressive function of AhR in adipocyte differentiation, but how
AhRR expression is regulated in adipocyte differentiation and whether AhRR can compete
with AhR-induced differentiation suppression is unclear. Here, we examined the role of
AhRR in adipocyte differentiation using 3T3-L1 preadipocyte cells.
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2. Materials and methods

2.1. Culture and differentiation of 3T3-L1 cells

3T3-L1 cells were cultured and differentiated according to our previous method [12]. The
3T3-L1 cells, obtained from the American Type Culture Collection (ATCC; Rockville, MD,
USA), were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 1 mg/mL
D-glucose (Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, Waltham, MA, USA). Over the course of 48 h, confluent 3T3-L1
cells were converted into adipocytes in DMEM containing 1 mg/mL D-glucose
supplemented with 1 UM dexamethasone (Dex), 0.2 mM 3-isobutyl-1-methylxanthine
(IBMX), 10 ug/ mL insulin (Ins) and 10% FBS in the presence or absence of 25 mM D-
allulose or D-fructose. After 2 days of culture, the cells were cultured in medium containing
10 pg/mL Ins and 10% FBS with 25 mM D-allulose or D-fructose.

2.2. Total RNA extraction and real-time PCR

mMRNA levels were determined according to our previous report [13]. The primer sequences
are shown in Table 1. The mRNA amount was normalized to the housekeeping gene B-actin,
and the values for the treated samples were divided by those for the untreated samples to
calculate the relative mRNA levels.

2.3. Immunoblotting

3T3-L1 cells were collected and lysed with radio-immunoprecipitation assay buffer (25 mM
Tris-HCI (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1%
SDS). Equal amounts of protein were loaded, separated via SDS-PAGE and transferred onto
polyvinylidene difluoride membranes. The blocked membranes were incubated with the
following primary antibodies: anti-AhRR [14], anti-C/EBPa (Santa Cruz Biotechnology,
Dallas, TX, USA), anti-C/EBPpB (Santa Cruz Biotechnology), anti-PPARy (Santa Cruz
Biotechnology) and anti-a-tubulin (Sigma-Aldrich). Then, the membrane was incubated in
solutions with peroxide-conjugated secondary antibodies (Thermo Fisher Scientific) and was
visualized using peroxide substrates (SuperSignal West Dura, Thermo Fisher Scientific).
The band intensity was quantified using ImageJ software (National Institutes of Health,
Bethesda, MD).

2.4. Transfection with siRNA or expression vectors

Three selected AhRR siRNA constructs against mouse AhRR were provided by the
Invitrogen Stealth Select RNA. library; the catalog numbers of the constructs are
MSS201854, MSS201855 and MSS201856 (Invitrogen, Waltham, MA, USA). Two control
SiRNAs (12935-300 and 12935-200, Invitrogen) were used as the control. The cloning and
generation of the mouse AhRR expression vector (pPAhRR) has been described recently [14].
A mixture of 3 AhRR siRNAs or 2 control siRNAs, pAhRR and the empty vector were
transfected into 3T3-L1 cells using Lipofectamine 2000 reagent (Invitrogen) as
recommended by the manufacturer. At 24 h after transfection, the cells were used for further
experiments.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ishihara et al.

Page 4

2.5. Oil red O (ORO) staining

Cells were fixed with 10% formalin for 1 h and then treated with 0.18% ORO solution (6: 4
isopropanol: dH,0) for 2 h. After washing the cells, the ORO dye inside the cells was
extracted by gently pipetting with isopropanol. The absorbance was measured at 510 nm,
and the ORO concentration was determined using a molar extinction coefficient of 3.4 x 104
em 1ML

2.6. Measurement of GPDH activity

To determine the degree of 3T3-L1 cell differentiation, glycerol-3-phosphate dehydrogenase
(GPDH) activity was measured according to our previous report [12]. 3T3-L1 cells were
suspended in extraction buffer (50 mM Tris-HCI (pH 7.5) containing 1 mM EDTA and 1
mM B-mercaptoethanol) and subsequently were sonicated to obtain the cell lysate. The
amount of NADH consumed by dihydroxyacetone phosphate metabolism at room
temperature was monitored based on the change in absorbance at 340 nm. One unit of
enzyme activity corresponds to the oxidation of 1 nmol of NADH per minute.

2.7. Luciferase assay

Either a PPAR luciferase reporter plasmid (kindly gift from Dr. Haarmann-Stemmann, [UF-
Leibniz-Research Institute for Environmental Medicine, Disseldorf, Germany) or an empty
vector was transfected into 3T3-L1 cells according to the manufacturer’s instructions.
Twenty-four hours after transfection, the cells were used in the experiments. Luciferase
activity was measured using the Luciferase Assay System (Promega, Madison, WI, USA)
with a Lumat LB9501 Luminometer (Berthold, Bad Wildbad, Germany).

2.8. Statistical analyses

3. Results

All data are expressed as the means + S.E. The statistical analyses were performed using a
one-way analysis of variance (ANOVA), followed by Student’s t-test or Dunnett’s test. P
values of < 0.05 were considered to be statistically significant.

3.1. Increased AhRR expression during the early stage of adipocyte differentiation

When 3T3-L1 cells were treated with Dex, IBMX and Ins, C/EBP expression transiently
increased after 2 days, and the expression of C/ EBPa and PPARy was upregulated in a
time-dependent manner (Fig. 1A). According to previous reports, these changes are typical
of adipocyte differentiation [15]. The AhR mRNA level in differentiating cells was
decreased at day 2 and was maintained at a lower level than that in undifferentiated cells
(Fig. 1B). Interestingly, AhRR mRNA expression was transiently increased at day 2 and
reduced to basal level at day 4 (Fig. 1B). Between day 0 and 4, AhRR protein level increased
in differentiating 3T3-L1 cells compared to untreated cells (Fig. 1C and D), indicating that
AhRR is upregulated during the early stage of adipocyte differentiation.

Arch Biochem Biophys. Author manuscript; available in PMC 2018 May 21.
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3.2. Suppression of adipocyte differentiation by AhRR

To investigate AhRR function during adipogenesis, we knocked down AhRR using siRNAs.
When the 3 different siRNAs were transfected into 3T3-L1 cells, ANRR mRNA was reduced
to approximately 10% of that of the control siRNA-transfected cells (Fig. 2A). The transient
increase in the AhRR protein level at day 2 was significantly suppressed by siRNA treatment
(Fig. 2B). AhR expression was not affected by AhRR siRNA transfection (Fig. 2A).
Compared with un-transfected cells, 3T3-L1 cells transfected with AhRR siRNAs had
significantly higher GPDH activity (Fig. 2D). The lipid accumulation inside cells, as assayed
by Oil Red O staining, was clearly enhanced by AhRR knockdown (Fig. 2E and F). These
results suggest that AhRR suppresses adipocyte differentiation. To confirm this hypothesis,
we used AhRR-overexpressing 3T3-L1 cells. Increases in AhRR protein levels were
observed 24 h after the AhRR expression plasmid was transfected into 3T3-L1 cells (Fig.
3A). The GPDH activity and lipid accumulation was significantly decreased in pAhRR-
transfected cells compared with un-transfected cells (Fig. 3B and C). In summary, AhRR,
which is upregulated during the early stage of adipogenesis, suppresses the differentiation of
3T3-L1 cells.

3.3. Potentiation of PPARy expression and activity by AhRR knockdown in 3T3-L1 cells

We next examined the mechanism of AhRR action in adipogenesis inhibition via focusing
on the expression of transcription factors responsible for adipocyte differentiation. Although
AhRR knockdown did not affect the mRNA and protein expressions of C/EBPa and C/
EBPB, PPARy mRNA and protein expressions were induced by AhRR transfection (Fig. 4A
and B). The luciferase assay results suggested that PPARy transcriptional activity was also
significantly increased by AhRR knockdown (Fig. 4C). Therefore, PPARy is downregulated
by AhRR during adipogenesis. In this experimental condition, AhRR knockdown showed no
change in the mRNA expressions of CYP1A1, a major target gene of AhR, as well as AhR
itself (Fig. 4A), suggesting that AhR signaling is not involved in AhRR-mediated PPARYy
regulation.

4. Discussion

AR signaling is well known to negatively regulate adipocyte differentiation. AhRR, a
negative regulator of AhR transactivation, is transiently induced during the early stage of
adipocyte differentiation and suppresses differentiation. Therefore, AhRR has been
suggested to have the same role as AhR in adipogenesis.

AhRR was identified as an AhR binding protein, and this repressor reportedly suppresses
AR signaling by competing with ARNT for binding with AhR. On the other hand,
CYP1AL induction by AhR activation is not always enhanced in AhRR KO mice [11], and
thus, the function of AhRR has remained a subject of dispute. Interestingly, in AhRR
transgenic mice, which we produced previously, the basal expression of CYP1A1 in the
kidney was increased compared to wild-type mice [14], suggesting that AhRRR may have a
positive regulatory function in murine kidneys. AhRR has been reported not to suppress
CYP1AL1 expression in human skin fibroblasts [16]. Compared with wild-type mice, novel
AhRR KO mice exhibited a low sensitivity to lipopolysaccharide (LPS) shock but a high
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sensitivity to intestinal inflammation induced by dextran sodium sulfate [17]. In addition,
like AhR, AhRR has been suggested to activate NF-kB [18], indicating a novel function for
AhRR beyond the mere suppression of AhR. AhRR has been reported to be sumoylated,
which recruits co-repressors to inhibit the transcription mediated by AhR-ARNT
heterodimers [19]. We previously showed that RelB, a subunit of NF-kB, is a binding
partner of AhR that enhances cytokine/chemokine transcription [20], but whether AhRR acts
on complexes other than that of AhR-ARNT, such as an AhR-RelB complex, is unclear. To
gain a more detailed mechanistic insight into AhRR’s action, future analyses of
posttranslational modifications and/or the identification of binding partners are needed.

AhRR has several XREs in its promoter region. AhR signaling up-regulates AhRR and then
negatively regulates its own (AhR) function; AhRR is a major component of the negative
feedback loop of AhR signaling. However, because AhR expression decreases during the
early stage of 3T3-L1 differentiation, AhR is believed to not contribute to the transient
increase in AhRR. In addition to binding sites for AhR, murine AhRR has binding motifs for
NF-kB and SP-1/3 in its promoter region [10]. NF-kB activity has been reported to be
inversely correlated with adipocyte differentiation [21], and thus, the function of AhRR and
NF-kB may have a similar effects on adipocyte differentiation. In addition, AhRR
expression is reportedly promoted by a PKC activator, phorbol 12-myristate 13-acetate [9].

It is well known that several MAP kinases such as ERK and p38 are activated downstream of
PKC activation. Although there is still debate about whether ERK is necessary for adipocyte
differentiation, it is accepted that ERK is activated during the early stage of adipogenesis
[22,23]. Furthermore, p38 is also activated during the early stage of adipogenesis [24].
Therefore, the upregulation of AhRR in differentiating 3T3-L1 cells might occur
downstream of MAPK signaling.

In adipose tissues, PPARy, a master regulator of adipogenesis, is induced by C/EBPp, and
then C/EBPa plays a role in maintaining the expression of PPAR-y during adipogenesis [25].
In this study, AhRR suppressed PPARy expression in the early stage of adipogenesis, while
AhRR did not affect the expressions of C/EBPa and C/EBP, suggesting PPARy
suppression by AhRR is independent of C/EBP signaling that generally observed in
adipocyte differentiation. AhRR is reported to attenuate estrogen receptor a-mediated
transcription via direct interaction of AhRR with estrogen receptor a on an estrogen
response element [26]. Estradiol is known to induce PPAR-y expression in various types of
tissues [27-29]. Therefore, suppressive effect of AhRR in estrogen signaling might be
involved in the attenuation of PPARy expression during adipogenesis.

Compared with wild-type mice, AhRR KO mice show no change in body weight [11]. The
body weight of AhRR transgenic mice was nearly identical to that of wild-type mice (data
not shown). The upregulation of AhRR in adipogenesis was transient and the increased
AhRR levels returned to basal levels at day 4. Thus, these results are consistent with the
finding that the body weight of the adult, AhRR genetically-modified mice was unchanged.
Meanwhile, mature adipocyte produces several humoral factors such as adiponectin to not
only maintain homeostasis but also prevent disorders such as arteriosclerosis, type 2 diabetes
and carcinogenesis [30]. Cells with AhRR knockdown presented with increased adiponectin
expression (data not shown). Therefore, the transient expression of AhRR during early

Arch Biochem Biophys. Author manuscript; available in PMC 2018 May 21.
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adipogenesis might be involved in pathological processes beyond the transient pause in
adipocyte differentiation. Further study is needed to reveal the (patho)physiological role of
the transient AhRR expression in differ-entiating adipocytes.

In conclusion, we have shown that AhRR inhibits adipocyte differentiation associated with
the suppression of PPAR-y expression, indicating that AhRR, similar to AhR, can act as an
inhibitor of adipocyte differentiation. In addition to controlling the negative feedback loop of
AhR, AhRR may be involved in other cellular functions, especially in adipocyte
differentiation processes.
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Fig. 1. Increased AhRR expression during the early stage of adipogenesis in 3T3-L1 cells
(A and B) Cells were collected at the indicated time, and the mRNA expression of (A) C/

EBPa, C/EBP and PPAR+y and (B) AhR and AhRR was evaluated by real-time PCR.
Target mMRNA levels were normalized to the B-actin mRNA level. The values represent the
means + SE of 3 separate experiments. The data were analyzed using one-way ANOVA,
followed by Dunnett’s test. **P < 0.01 vs. day 0 group. (C and D) Cells were collected and
lysed. Cellular AhRR proteins were determined by immunoblotting. (C) Representative
immunoblot images. (D) The bands were quantified by ImageJ software. The protein levels
of AhRR were normalized to the a-tubulin protein level. The values represent the means +
SE of 3 separate experiments. The data were analyzed using one-way ANOVA, followed by
Dunnett’s test. **P < 0.01 vs. day 0 group.

Arch Biochem Biophys. Author manuscript; available in PMC 2018 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ishihara et al.

Page 11

B siCon SiAhRR

0 2 4 6 0 2 4 6 (day)
150kDa

AhRR

==

100kDa

a-Tubulin | [~ S0kDe

C

A =
N s
e

osiCon
@SiAhRR

Mlilla

0 2 4 6
Time (Day)

= o e

*% osiCon
. OSiAhRR

- - - -

Relative mRNA Expression >
(Fold Change)
o N D O ® = i

AhRR Expression
(normalized to a-tubulin)

© o oo
oON B OD®aNB O

AhR  AhRR

O
g 8

* %

3

GPDH Activity
(units/mg protein)
S
IS}

n
o

Qil Red O (nmol/cm?)

o

siCon siAhRR a 0

siCon siAhRR

Fig. 2. Suppressive action of AhRR on adipocyte differentiation
Control siRNA (siCon) or AhRR siRNA (siAhRR) complexes were added to the culture

plate with Lipofectamine 2000, and the cells were cultured for 24 h, followed by stimulation
with Ins, Dex and IBMX. (A) Cells were collected at day 2, and the mRNA level of AhR
and AhRR was determined. The values represent the means + SE of 3 separate experiments.
The data were analyzed using Student’s t-test. **P < 0.01 vs. siCon group. (B, C) Cells were
collected in a time-dependent manner, and AhRR expression was evaluated by
immunoblotting. The values represent the means + SE of 3 separate experiments. The data
were analyzed using Student’s t-test. *P < 0.05 vs. siCon group. (D) Cells were collected at
day 6, and GPDH activity was measured. The values represent the means = SE of 4 separate
experiments. The data were analyzed using Student’s t-test. **P < 0.01 vs. siCon group. (E
and F) At day 6, the cells were stained with oil red O (E), and the dye was extracted for
quantification (F). The values represent the means + SE of 4 separate experiments. The data
were analyzed using Student’s t-test. **P < 0.01 vs. siCon group. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 3. Inhibition of adipocyte differentiation by AhRR over-expression
Mouse AhRR expression plasmid (pAhRR) or empty vector (pCon) was transfected into the

cells. Cells were cultured for 24 h, followed by stimulation with Ins, Dex and IBMX. (A)
AhRR protein expression was measured by immunaoblotting 24 h after transfection. (B) Cells
were collected at day 6, and GPDH activity was measured. The values represent the means +
SE of 4 separate experiments. The data were analyzed using Student’s t-test. **P < 0.01 vs.
pCon group. (C) At day 6, the cells were stained with oil red O, and the dye was extracted
for quantification. The values represent the means + SE of 4 separate experiments. The data
were analyzed using Student’s t-test. **P < 0.01 vs. pCon group.
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Fig. 4. Inhibitory action of AhRR on PPARy expression and activity
(A and B) Cells were transfected with control (siCon) or AhRR (SiAhRR) siRNAs and then

were treated with Ins, Dex and IBMX. (A) Cells were collected at day 1, and real-time PCR
was performed. The values represent the means = SE of 4 separate experiments. The data
were analyzed using Student’s t-test. **P < 0.01 vs. siCon group. (B) Cells were collected at
day 1 and lysed. C/EBPa, C/EBPB and PPARy proteins were determined by
immunoblotting. The results of two independent experiments (#1 and #2) are shown. (C)
Cells were co-transfected with the PPAR luciferase vector in the presence of control SiRNA
or AhRR siRNA. After 24 h of culture, the cells were stimulated by Ins, Dex and IBMX for
24 h. Cells were collected and lysed, and luciferase activity was measured. The values
represent the means + SE of 6 separate experiments. The data were analyzed using Student’s
t-test. **P < 0.01 vs. siCon group.
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Table 1

List of real-time PCR primers used in this study.

Forward (5"-3") Reverse (5'-3")

C/EBPa
C/EBPB
PPARy
AhR
AhRR
CYP1A1
B-Actin

TAACTCCCCCATGGAGTCGG CTGGAGGTGACTGCTCATCG
TGCAGAAGAAGGTGGAGCAG GCTTGAACAAGTTCCGCAGG
GGTGTGATCTTAACTGCCGGA GCCCAAACCTGATGGCATTG
TGATGCCAAAGGGCAGCTTA TGAACTGGTACCCCGATCCT
TATGGTAGAGGCCAGGAACC GCTGCCTTTTTGTCCCTAAG
GGCCACTTTGACCCTTACAA CAGGTAACGGAGGACAGGAA
CTAGGCACCAGGGTGTGATG GGGGTACTTCAGGGTCAGGA

Arch Biochem Biophys. Author manuscript; available in PMC 2018 May 21.

Page 14



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Culture and differentiation of 3T3-L1 cells
	2.2. Total RNA extraction and real-time PCR
	2.3. Immunoblotting
	2.4. Transfection with siRNA or expression vectors
	2.5. Oil red O (ORO) staining
	2.6. Measurement of GPDH activity
	2.7. Luciferase assay
	2.8. Statistical analyses

	3. Results
	3.1. Increased AhRR expression during the early stage of adipocyte differentiation
	3.2. Suppression of adipocyte differentiation by AhRR
	3.3. Potentiation of PPARγ expression and activity by AhRR knockdown in 3T3-L1 cells

	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1



