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Abstract Rev-erbo and retinoic acid receptor-related orphan
receptor-o. (RORa) are orphan nuclear receptors but their ef-
fects on transcription are opposed. Here, we show that Rev-erbo
was expressed predominantly in vascular smooth muscle cells
(VSMCs) rather than endothelial cells. Overexpression of
Rev-erbo. upregulated the expression of interleukin-6 and cyclo-
oxygenase-2, and increased transactivation by NF-xB and
translocation of p65 to the nucleus in A7r5 VSMCs. Further-
more, the expression of Rev-erbo was upregulated by RORal
but that upregulation was attenuated by Rev-erba itself in A7r5
VSMCs. These results suggest a regulatory link between Rev-
erba and the NF-xB pathway.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Nuclear factor-kB (NF-kB) regulates inflammatory re-
sponses in vascular smooth muscle cells (VSMCs) by upregu-
lating the expression of inflammatory mediators. NF-xB is a
dimeric transcription factor of belonging to the Rel/NF-xB
family [1,2], and activated NF-kB is present in atherosclerotic
lesions [3]. Several genes upregulated in VSMCs during ath-
erosclerosis and other inflammatory vascular diseases, includ-
ing interleukin (IL) 6, IL-1, tumor necrosis factor-o. (TNF-a),
vascular cell adhesion molecule-1 and intracellular adhesion
molecule-1, contain functional kB elements in their promoter/
enhancer regions [2]. Thus, activation of NF-kB leads to tran-
scription of these proinflammatory genes.

Rev-erba is an orphan member of the steroid/thyroid hor-
mone receptor superfamily [4,5]. Rev-erba binds as a mono-
mer to a retinoic acid receptor-related orphan receptor (ROR)
response elements (RORE) composed of a 6 bp A/T-rich se-
quence immediately preceding a site with the core motif of
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RGGTCA (R =A or G) [6]. It has also been shown to bind as
a homodimer to the RevDR2 response element, which is com-
posed of a 6 bp A/T-rich sequence immediately preceding a
site with a tandem repeat of two RGGTCA motifs spaced by
two nucleotides [7]. Because Rev-erbo lacks a conserved car-
boxy-terminal activation domain, it behaves as a transcrip-
tional repressor interacting with other nuclear receptor core-
pressors such as N-CoR [7,8]. Moreover, the Rev-erba
promoter region contains both a RORE and a RevDR2 ele-
ment. Rev-erbo suppresses activity at its own promoter via
the RevDR2 element [9], which is also essential for the upreg-
ulation of Rev-erba by peroxisome proliferator-activated re-
ceptor-o. (PPARo) [10]. Rev-erba is expressed in a variety of
tissue types, including brown fat, skeletal muscle, and liver
[4,11]. Although the biological function of Rev-erba remains
unknown, it has been implicated in adipogenesis [12,13] and
muscle differentiation [14].

RORa is also a member of the nuclear receptor superfam-
ily. The human RORo gene encodes at least four distinct
splicing isoforms, RORal, o2, a3, and a4 [15]. RORa binds
either as a monomer to a RORE or as a homodimer to a
RevDR2 element and shows constitutive transactivational ac-
tivity via these elements [11,16]. Thus, RORa binds similar
response elements to Rev-erbo but the effects of Rev-erbo and
RORa on transcription are opposed to each other. Interest-
ingly, RORal has been shown to suppress TNF-o-induced
expression of proinflammatory genes in part by inhibiting
the NF-kB signaling pathway in VSMCs [17]. We had previ-
ously shown that RORal and RORo4 suppress TNF-o-in-
duced expression of adhesion molecules in part by inhibiting
the NF-kB signaling pathway in human umbilical vein endo-
thelial cells (HUVECsS) [18].

Since Rev-erba and RORa are expressed in the same tis-
sues and regulate similar target genes but in opposite direction
we investigated the effects of Rev-erba on inflammation. Here
we report that Rev-erbol is expressed in vascular cells and
regulates their inflammatory responses.

2. Materials and methods

2.1. Cells and materials

Human aortic VSMCs and HUVECs were maintained in SmBM-2
BulletKit and EBM-2 BulletKit, respectively (all from Clonetics, San
Diego, CA, USA). A7r5 cells (ATCC, Manassas, VA, USA) were
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. HepG2 cells (ATCC) were cultured in minimum essen-
tial medium Eagle containing 10% fetal bovine serum and non-essen-
tial amino acids. TNF-a was purchased from R&D Systems (Abing-
don, UK).
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2.2. Plasmids

Rev-erbac ¢cDNA was cloned from human fetal liver (Human
QUICK-Clone cDNA, Clontech, Palo Alto, CA, USA) and inserted
into the vector pcDNA (Invitrogen, Carlsbad, CA, USA), creating
pcDNA-Rev-erba.. The constructs pTK-RORE-Luc and pcDNA-
RORal containing RORal ¢cDNA have been described previously
[18]. Plasmid pTK-RevDR2-Luc was constructed by cloning three
tandem copies of RevDR2 (TCCAACTAGGTCACTAGGTCAA-
AG) [19] into the luciferase reporter plasmid, which contained a
thymidine kinase promoter. Plasmids pNF-kB-Luc and pAP-1-Luc
were obtained from Stratagene (La Jolla, CA, USA).

2.3. Reverse transcription polymerase chain reaction (RT-PCR)
analysis

Total RNA was isolated from HUVECs, human aortic VSMCs,
AT7rS cells and HepG2 cells with the RNeasy Mini Kit (Qiagen, Hil-
den, Germany). RT-PCR analysis was performed on 15 ng total RNA
with the GeneAmpEZ rTth RNA PCR Kit (Applied Biosystems,
Foster City, CA, USA). The specific primer sets for the target genes
are as follows: for human Rev-erba, 5'-ACTTCCCACCATCCCC-
CACT-3" and 5'-GGAAGAAGGGGAGCCGTCAT-3'; for rat Rev-
erbo, 5'-AACAACCTTTTTGGCGGCTCA-3" and 5'-TGGTGTTG-
CCTTGCCGTAGA-3'; for human RORal, 5'-CGGTGCGCAGA-
CAGAGCTATT-3" and 5-TTGTCTCCACAGATCTTGCATGG-
3", for human and rat GAPDH, 5-AGCTCACTGGCATGGCC-
TTC-3' and 5'-CGCCTGCTTCACCACCTTCT-3'. RT-PCR was
carried out by incubating the reaction mixture for 30 min at 60°C,
then 60 s at 94°C, followed by 30 or 35 cycles of 15 s at 94°C and 15 s
at 58°C. RT-PCR products were analyzed by electrophoresis in a 3%
agarose gel followed by ethidium bromide staining. Quantitative real-
time RT-PCR was carried out essentially as described [18], using the
above primer sets or the following primers: for rat IL-6, 5'-CCAGC-
CAGTTGCCTTCTTGG-3" and 5'-GCCTCCGACTTGTGAAGTG-
GT-3"; for rat cyclooxygenase-2 (COX-2), 5'-CCCATGTCAAAA-
CCGTGGTG-3' and 5'-CTGTGTTTGGGGTGGGCTTC-3'. The
mRNA expression levels were normalized by ribosomal RNA
(rRNA) or GAPDH expression (TagMan control reagent, Applied
Biosystems) and presented as the relative expression level compared
to the expression levels obtained from the control.

2.4. Cell transfection and transcriptional assay

As a measure of transcriptional activity of RORal and Rev-erba,
AT7rS cells were co-transfected using FuGENE6 (Roche, Basel, Swit-
zerland) with 0.5 pg of pTK-RORE-Luc or pTK-RevDR2-Luc, mixed
with 0.1-0.3 pg of pcDNA, pcDNA-RORol and/or pcDNA-Rev-
erbo.. The transfected cells were cultured for 24 h in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum and then lu-
ciferase activity was measured (Dual Luciferase Assay Kit; Promega,
Madison, WI, USA). To measure transactivation by NF-xB and acti-
vator protein-1 (AP-1), A7r5 cells were co-transfected using Fu-
GENEG6 with 0.5 ug of either pNF-kB-Luc or pAP-1-Luc, mixed
with 0.1-0.3 pg of pcDNA, pcDNA-RORal or pcDNA-Rev-erbo.
The transfected cells were cultured for 16 h in Dulbecco’s modified
Eagle’s medium containing 4% charcoal/dextran-treated fetal bovine
serum (Hyclone, Logan, UT, USA). After treatment with 1 or 10 ng/
ml TNF-a for 6 h, luciferase activity was measured. In these experi-
ments, 0.05 ug pRL-TK (Renilla luciferase reporter, Promega) was
included in the transfection mixture, and the promoter-dependent
transcriptional activity was normalized to Renilla luciferase activity.
For overexpression of Rev-erboc and RORal, A7r5 cells were trans-
fected using FuGENEG6 with 0.2 pg of pcDNA, pcDNA-Rev-erbo.,
and/or pcDNA-RORal. The transfected cells were cultured for 24 h
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum.

2.5. Western blot analysis

Cytoplasmic and nuclear extracts were prepared from A7rS5 cells
using CellLyticNu-CLEAR Extraction Kit (Sigma, St. Louis, MO,
USA). The extracts (cytoplasmic protein, 2.5 pg; nuclear protein, 10
ug) were analyzed by Western blot analysis using a specific antibody
against NF-kB p65 (sc8008; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and detected by chemiluminescence.

2.6. Statistical analysis
Quantitative data were expressed as means = S.D. from three or five
experiments. Significance was determined either by Student’s #-test for
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Fig. 1. A: Rev-erba is expressed in vascular cells. Total RNA (15
ng) from HepG2 cells, HUVECs, human aortic VSMCs, and A7r5
VSMCs was analyzed by RT-PCR (35 cycles) as described. B: Rev-
erba is predominantly expressed in VSMCs. Total RNA from HU-
VECs and human aortic VSMCs was analyzed by quantitative real-
time RT-PCR as described. The normalized expression of human
Rev-erbo. by rRNA in VSMCs is presented as the relative expres-
sion to the expression in HUVECs. ***P < 0.001 versus HUVECs.

comparing two groups or by analysis of variance, followed by Dun-
nett’s test for multiple comparisons. A value of P <0.05 was consid-
ered significant.

3. Results

3.1. Rev-erba is expressed in vascular cells

We first investigated whether Rev-erba is expressed in vas-
cular cells by RT-PCR. The expression of Rev-erboo mRNA in
HepG?2 cells was confirmed (Fig. 1A), as described previously
[9,10]. We found that Rev-erba was also expressed in HU-
VECs and human aortic VSMCs. Using specific primers for
rat Rev-erba, the expression of Rev-erba was detected in rat
A7r5 VSMCs. Quantitative real-time RT-PCR analysis re-
vealed that the relative expression level of Rev-erbo/rRNA
in human VSMCs was clearly higher than that in HUVECs
(Fig. 1B). These data show that Rev-erbo. was predominantly
expressed in VSMCs compared to endothelial cells.

3.2. Rev-erba and RORal show opposing transcriptional
activity in A7r5 VSMCs

RORo binds to similar response elements as Rev-erbo
(RORE and RevDR2 element), but the effects of Rev-erba
and RORa on transcription are opposite [7,8,11,16]. To in-
vestigate their transcriptional activity in VSMCs, we carried
out transient transcriptional assay using a luciferase reporter
plasmid containing RORE (4 X) or RevDR2 (3 X), along with
an expression vector containing either Rev-erba or RORal.
Because of the inability to transfect primary cultured human
VSMCs, rat A7rS VSMCs were used in these experiments.
When the expression plasmid containing human Rev-erbo
or human RORol was transfected into rat A7r5 cells, the
ectopic overexpression of Rev-erbai or RORal was confirmed
by RT-PCR (Fig. 2A). When the Rev-erbo. expression plas-
mid was co-transfected with the luciferase reporter plasmid,
RORE- and RevDR2-dependent luciferase activity decreased
(Fig. 2B,C). In contrast, co-transfection of the RORal ex-
pression plasmid with the reporter plasmid led to RORE-
and RevDR2-dependent luciferase activity. These results indi-
cate that RORal and Rev-erbo showed opposing transcrip-
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Fig. 2. A: Overexpression of Rev-erboo and RORol in A7rS
VSMCs. AT7rS5 cells were transfected with 0.1 pg of pcDNA,
pcDNA-Rev-erba, or pcDNA-RORal. Total RNA was prepared
and analyzed by RT-PCR (30 cycles) as described. B,C: Rev-erbo
and RORol show opposing transcriptional activity in A7r5 VSMCs.
pTK-RORE-Luc plasmid (B) or pTK-RevDR2-Luc plasmid (C) was
transfected along with 0.1 ug of pcDNA, pcDNA-RORal, or
pcDNA-Rev-erba. Luciferase activity was measured after 24 h. The
results are presented as fold induction of the activity of pcDNA-
transfected cells. *P < 0.05, **P <0.01 versus pcDNA.

tional activity from the RORE and RevDR2 element in A7r5
VSMCs.

3.3. Rev-erbo induces the expression of I1L-6 and COX-2 in
A7r5 VSMCs
RORol negatively regulates TNF-o-induced proinflamma-
tory gene expression [17,18]. Based on these reports and the
opposing transcriptional activity of RORal and Rev-erbo, we
examined the potential involvement of Rev-erba in regulating
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Fig. 3. Overexpression of Rev-erba induces the expression of IL-6
and COX-2 in A7r5 VSMCs. A7r5 cells were transfected with 0.2
ug of pcDNA, pcDNA-Rev-erbo, or pcDNA-RORal, and cultured
for 24 h. Total RNA was prepared, and analyzed by quantitative
real-time RT-PCR as described. The normalized expression of rat
IL-6 (A) or rat COX-2 (B) to GAPDH is presented as the relative
expression to the basal expression in pcDNA-transfected cells.
*P<0.01 versus pcDNA.
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Fig. 4. Rev-erba upregulates NF-kB activation in A7r5 VSMCs. A:
AT7r5 cells were co-transfected with the pNF-kB-Luc plasmid, along
with 0.1 pug of pcDNA, pcDNA-Rev-erbo. or pcDNA-RORal. After
24 h, luciferase activity was measured. The results are presented as
fold induction of the activity of pcDNA-transfected cells. **P < 0.01
versus pcDNA. B: A7r5 cells were co-transfected with the pNF-xB-
Luc plasmid and either pcDNA (0.3 pg) or pcDNA-Rev-erba (0.1,
0.2 or 0.3 pg), and cultured for 16 h. Luciferase activity was mea-
sured after the treatment for 6 h with or without TNF-a as indi-
cated. The results are presented as fold induction of the activity of
pcDNA-transfected and TNF-o-unstimulated cells. *P <<0.05,
**P<(0.01 versus TNF-oo unstimulation, #P <0.05 versus pcDNA
transfection and TNF-o unstimulation. C: A7r5 cells were trans-
fected with 0.3 pg of either pcDNA or pcDNA-Rev-erba, and
treated with or without 1 ng/ml TNF-a for 6 h. Cytoplasmic and
nuclear extracts were prepared, and then p65 was detected with the
specific antibody. D: A7r5 cells were co-transfected with the pAP-1-
Luc plasmid, along with 0.3 ug of pcDNA or pcDNA-Rev-erbo.
After 24 h, luciferase activity was measured.

the expression of proinflammatory genes in VSMCs. We
found that overexpression of Rev-erba in A7r5 cells led to
increases in the expression of both IL-6 (Fig. 3A) and also
COX-2 (Fig. 3B). In contrast, overexpression of RORal did
not affect the basal expression of 1L-6 and COX-2 in A7r5
cells.

3.4. Rev-erbor upregulates transactivation by NF-xB in A7r5
VSMCs

Since NF-kB is an important transcriptional factor for reg-
ulating expression of proinflammatory genes including IL-6
and COX-2, we investigated whether Rev-erba could upregu-
late transactivation by NF-kB. Co-transfection in A7r5 cells
of the Rev-erbol expression plasmid and the reporter plasmid
that contains NF-xB binding sites (5X) in its promoter, led to
NF-kB-dependent luciferase activity (Fig. 4A). Increasing
amounts of the Rev-erbot expression plasmid gave a dose-de-
pendent upregulation of luciferase activity (Fig. 4B). Interest-
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ingly, addition of TNF-a led to a potent further induction of
transactivation over either basal levels or the Rev-erbo-in-
duced levels. In contrast, co-transfection in A7r5 cells of the
RORal expression plasmid with the reporter plasmid did not
affect the luciferase activity (Fig. 4A). These results indicate
that the net transcriptional response from NF-xB is influenced
by the expression levels of Rev-erba in VSMCs.

3.5. Rev-erba induces nuclear translocation of p65

Next, to confirm the upregulation of NF-xB activity by
overexpression of Rev-erbo, we examined the nuclear trans-
location of p65. NF-xB is composed of p50 and p65 subunits
and translocation of the complex to the nucleus is one of the
critical steps in activating the NF-xB signaling pathway. As
expected, overexpression of Rev-erbo increased the nuclear
abundance of p65 in A7r5 cells, in the same way as TNF-o
treatment (Fig. 4C). Furthermore, overexpression of Rev-erbo
did not affect the p65 mRNA levels in A7r5 cells (data not
shown). Therefore, these data indicate that overexpression of
Rev-erbo upregulates NF-xB signal activation without regu-
lating p65 protein expression.

3.6. Rev-erba does not regulate transactivation by AP-1 in
A7r5 VSMCs

Since AP-1 is another important transcriptional factor in
regulation of IL-6 and COX-2 expression, we tested whether
Rev-erbo could regulate transactivation by AP-1. There is no
significant effect on AP-1-dependent transcription when A7r5
cells were co-transfected with the Rev-erba expression plas-
mid and a reporter plasmid that contains AP-1 binding sites
(7X) in its promoter (Fig. 4D).

3.7. Rev-erbo suppresses RORal-induced Rev-erbo expression
in A7r5 VSMCs

The promoter region of Rev-erba contains both a RORE
and a RevDR2 element. The expression of Rev-erbo. is upre-
gulated by RORal via the RORE in L6 myoblasts [20] and
via the RevDR2 element in HepG?2 cells [21]. In contrast, the
transcriptional activity from the promoter region of Rev-erba
is negatively regulated by Rev-erba itself [9]. We investigated,
therefore, whether the expression of Rev-erba could be regu-
lated either by RORa1 or by Rev-erba itself in VSMCs. Over-
expression of human RORal upregulated the expression of
rat Rev-erba in A7r5 cells (Fig. 5A). The upregulation was
suppressed by co-transfection with the human Rev-erbor ex-
pression plasmid. However, overexpression of human Rev-
erbo. alone did not suppress the basal expression levels of
endogenous rat Rev-erbo.. Thus, the ectopic overexpression
of human RORo and human Rev-erbo in rat cells leads to
upregulation by RORal of the endogenous expression of rat
Rev-erba but the upregulation is attenuated by Rev-erbo it-
self.

Finally, we tested whether the cross-talk between RORa
and Rev-erbor could be mediated through RORE and/or
RevDR2. Co-transfection of the RORal expression plasmid
with the reporter plasmid increased RORE-dependent lucifer-
ase activity in A7r5 VSMCs. Increasing the Rev-erba expres-
sion plasmid with constant levels of the RORol expression
plasmid suppressed the RORal-induced luciferase activity
(Fig. 5B). Addition of increasing amounts of the Rev-erbo
expression plasmid to the RORal expression plasmid led to
a potent suppression of the RevDR2-dependent transcription
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Fig. 5. A: Rev-erbo suppresses RORal-induced Rev-erbo expres-
sion in A7r5 VSMCs. A7r5 cells were transfected with pcDNA (0.2
ng), pcDNA-Rev-erba (0.1 pg), or pcDNA-RORal (0.1 pg), or co-
transfected with pcDNA-RORal (0.1 pg) and pcDNA-Rev-erbo
(0.1 ng). Total RNA was analyzed by quantitative real-time RT-
PCR as described. Rat Rev-erbol expression normalized to GAPDH
is presented as the relative expression to the basal expression of
pcDNA. **P <0.01 versus pcDNA. B,C: Rev-erbo. attenuated tran-
scription by RORal in A7r5 VSMCs. A7r5 cells were co-transfected
with either pTK-RORE Luc plasmid (B) or pTK-RevDR2-Luc plas-
mid (C), along with indicated amounts of pcDNA, pcDNA-
RORal, and/or pcDNA-Rev-erbo. Luciferase activity was measured
after 24 h. The results are presented as fold induction of the activity
of pcDNA-transfected cells. **P <0.01 versus pcDNA.

(Fig. 5C) in a similar dose-dependent manner to that observed
with RORE-dependent transcription. These results suggest
that Rev-erbo negatively regulates RORal-induced gene ex-
pression from RORE and RevDR2 in VSMCs.

4. Discussion

Vascular endothelial cells and VSMCs express several nu-
clear receptors including the glucocorticoid receptor and
PPAR which regulate the expression of genes involved in in-
flammatory responses [22,23]. Recently, RORa was shown to
be expressed in vascular cells [18,24] and to suppress TNF-o-
induced expression of proinflammatory genes [17,18]. How-
ever, the expression and biological functions of Rev-erbo in
vascular cells remains unclear, although Rev-erba recognizes
similar response elements to RORa. In this study, we showed
that Rev-erbo was predominantly expressed in VSMCs as
compared to HUVECs. We therefore investigated the effect
of Rev-erbo on the expression of NF-kB-responsive genes in
rat A7r5 VSMCs. Our results showed for the first time that
overexpression of Rev-erbo, upregulates the expression of NF-
kB-responsive genes such as IL-6 and COX-2 in VSMCs.
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Fig. 6. Model for regulation of NF-kB-responsive gene by Rev-erbo
and RORa in VSMCs. RORa stimulates Rev-erbol expression via
the RORE and/or the RevDR2 element. Rev-erba. could then sup-
press its own expression by antagonizing RORa. transcriptional ac-
tivity. Rev-erbo. may negatively regulate unidentified inhibitor(s)
that blocks NF-xB activation and thereby induce I1L-6 and COX-2
expression. RORa inhibits TNF-o-induced NF-xB activation [17,18]
due to upregulation of this inhibitor.

IL-6 is produced by VSMCs, and these cells may be the
primary source of circulating IL-6 during coronary artery dis-
ease. IL-6 contributes to a multitude of physiological and
pathophysiological processes [25]. COX-2 has been shown to
play an important role in inflammation [26,27]. Its involve-
ment in these pathophysiological processes depends on induc-
tion of its transcription by diverse stimuli. The genes encoding
IL-6 and COX-2 are known to have NF-kB and AP-1 binding
sites in their promoters [2,22,25,28]. In our transient transcrip-
tional assay, Rev-erba did not upregulate transactivation by
AP-1 but upregulated transactivation by NF-xB (Fig. 4).
Overexpression of Rev-erbo increased translocation of p65
to the nucleus. These results suggest that the upregulation
of IL-6 and COX-2 expression by Rev-erba is mediated by
upregulating NF-xB activity and, moreover, that Rev-erba
may upregulate the expression of other NF-kB-responsive
genes. The potency of this upregulation (IL-6 and COX-2,
ca. two-fold; Fig. 3, and NF-xB activation, two-fold; Fig.
4A) is not strong compared to that of pathological stimuli
such as TNF-o. We clearly show, however, that TNF-o-in-
duced NF-xB activation is potentiated by the presence of
Rev-erbo, suggesting that the expression levels of Rev-erbo
influence the magnitude of the inflammatory response by
pathological stimuli such as TNF-a. In contrast, RORal
overexpression did not affect the basal expression of IL-6
and COX-2 (Fig. 3) or the basal NF-xB activity in A7r5
VSMCs (Fig. 4A). Delerive et al. have reported that
RORa1 overexpression inhibits TNF-o-induced NF-kB acti-
vation in rat PAC1A VSMCs but did not suppress its basal
activity [17]. Taken together, these data suggest that RORal
does not influence the basal activity of NF-xB but regulates
the inflammatory response by pathological stimuli.

In this report, we describe the potential mechanism by
which the NF-xB signaling pathway is upregulated by Rev-
erbo. Through its suppression of transcriptional activity, Rev-
erbo may negatively regulate an inhibitory molecule(s) of the
NF-xB pathway, whose promoter region has RORE and/or
RevDR2 elements. In contrast, RORo may upregulate the
molecule(s) through its opposing transcriptional activity. In
addition, PPARo may also regulate the similar inhibitory
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molecule(s), because PPAR« also activates RevDR2-depen-
dent transcription [10] and inhibits proinflammatory response
[23]. The inhibitor could be a molecule that blocks the activity
of either RIP, TRAF1 or 2, IKK, or blocks IxkB degradation
through upregulation of IkB expression, inhibition of IxB
phosphorylation, inhibition of IxB ubiquitination or inhibi-
tion of the proteasome. We also found that Rev-erbo and
RORal did not change the expression level of IKKP (data
not shown). It would be of interest to explore further which
molecule is responsible for inhibiting NF-xB activity mediated
by Rev-erba, and also, RORo or PPARo.

Recently, opposing effects of Rev-erbo and RORo have
been shown in the rat o-fetoprotein far upstream enhancer
[29], rat apoAl promoter [30,31], human apoCIII promoter
[32-34], and human and rat Rev-erboa [9,20,21] by transient
transcriptional assay. These promoters possess a RORE and/
or a RevDR2 element. Interestingly, similarly to the regula-
tion of endogenous expression, RORal has been shown to
regulate only the expression of Rev-erbo [20,21]. The tran-
scriptional assay is highly sensitive because the promoter re-
gion of the reporter plasmids used contains repeated consen-
sus elements such as four copies of RORE, or a promoter
with intrinsic high-level expression such as the SV40 promoter
[9] which may lead to overestimation of inhibitory effects.
Therefore, we investigated the regulation of endogenous
Rev-erba in rat A7rS VSMCs. Here, in rat A7rS5 VSMCs,
we demonstrated that RORol upregulated the endogenous
expression of rat Rev-erbo and that up-regulation was then
attenuated by ectopic overexpression of human Rev-erbo.
These results are the first direct evidence of cross-talk between
Rev-erboc and RORal in regulating Rev-erbo expression.
Therefore, we suggest that RORal and Rev-erbo may both
contribute to regulating gene expression of Rev-erbo. and
genes involved in NF-xB activation in VSMCs (Fig. 6).

In conclusion, our study demonstrates that overexpression
of Rev-erba upregulates IL-6 and COX-2 expression as well
as NF-kB-dependent transcription. Furthermore, the expres-
sion of Rev-erba was upregulated by RORa1 and that upreg-
ulation was attenuated by Rev-erba itself in A7r5 rat VSMCs.
These results provide insights into the role that Rev-erba
plays in the regulation of the inflammatory response in
VSMCs.

References

[1] Perkins, N.D. (2000) Trends Biochem. Sci. 25, 434-440.

[2] May, M.J. and Ghosh, S. (1998) Immunol. Today 19, 80-86.

[3] Brand, K., Page, S., Rogler, G., Bartsch, A., Brandl, R., Knue-
chel, R., Page, M., Kaltschmidt, C., Baeuerle, P.A. and Neu-
meier, D. (1996) J. Clin. Invest. 97, 1715-1722.

[4] Lazar, M.A., Hodin, R.A., Darling, D.S. and Chin, W.W. (1989)
Mol. Cell. Biol. 9, 1128-1136.

[5] Aranda, A. and Pascual, A. (2001) Physiol. Rev. 81, 1269-1304.

[6] Harding, H.P. and Lazar, M.A. (1993) Mol. Cell. Biol. 13, 113-
121.

[7] Harding, H.P. and Lazar, M.A. (1995) Mol. Cell. Biol. 13, 4791—
4802.

[8] Downes, M., Burke, L.J., Bailey, P.J. and Muscat, G.E. (1996)
Nucleic Acids Res. 24, 4379-4386.

[9] Adelmant, G., Begue, A., Dominique, S. and Laudet, V. (1996)
Proc. Natl. Acad. Sci. USA 93, 3553-3558.

[10] Gervois, P., Chopin-Delannoy, S., Fadel, A., Dubois, G., Ko-
sykh, V., Fruchart, J.-C., Najib, J., Laudet, V. and Staels, B.
(1999) Mol. Endocrinol. 13, 400-409.

[11] Forman, B.M., Chen, J., Blumberg, B., Kliewer, S.A., Henshaw,



74

R., Ong, E.S. and Evans, R.M. (1994) Mol. Endocrinol. 8, 1253—
1261.

[12] Chawla, A. and Lazar, M.A. (1993) J. Biol. Chem. 268, 16265—
16269.

[13] Fontaine, C., Dubois, G., Duguay, Y., Helledie, T., Vu-Dac, N.,
Gervois, P., Soncin, F., Mandrup, S., Fruchart, J.-C., Fruchart-
Najib, J. and Staels, B. (2003) J. Biol. Chem. 278, 37672-37680.

[14] Downes, M., Carozzi, A.J. and Muscat, G.E. (1995) Mol. Endo-
crinol. 9, 1666-1678.

[15] Jetten, A.M., Kurebayashi, S. and Ueda, E. (2001) Prog. Nucleic
Acid Res. Mol. Biol. 69, 205-247.

[16] Carlberg, C., Hooft van Huijsduijnen, R., Staple, J.K., DeLa-
marter, J.F. and Becker-Andre, M. (1994) Mol. Endocrinol. 8§,
757-710.

[17] Delerive, P., Monte, D., Dubois, G., Trottein, F., Fruchart-Na-
jib, J., Mariani, J., Fruchart, J.-C. and Staels, B. (2001) EMBO
Rep. 2, 42-48.

[18] Migita, H., Satozawa, N., Lin, J.-H., Morser, J. and Kawai, K.
(2004) FEBS Lett. 557, 269-274.

[19] Hsu, M.-H., Palmer, C.N.A., Song, W., Griffin, K.J. and John-
son, E.F. (1998) J. Biol. Chem. 273, 27988-27997.

[20] Delerive, P., Chin, W.W. and Suen, C.S. (2002) J. Biol. Chem.
277, 35013-35018.

[21] Raspe, E., Mautino, G., Duval, C., Fontaine, C., Duez, H.,
Barbier, O., Monte, D., Fruchart, J., Fruchart, J.-C. and Staels,
B. (2002) J. Biol. Chem. 277, 49275-49281.

[22] Delerive, P., De Bosscher, K., Besnard, S., Vanden Berghe, W.,
Peters, J.M., Gonzalez, F.J., Fruchart, J.-C., Tedgui, A., Haege-
man, G. and Staels, B. (1999) J. Biol. Chem. 274, 32048-32054.

[23] Xu, X., Otsuki, M., Saito, H., Sumitani, S., Yamamoto, H.,
Asanuma, N., Kouhara, H. and Kasayama, S. (2001) Endocri-
nology 142, 3332-3339.

H. Migita et al./IFEBS Letters 561 (2004) 69-74

[24] Besnard, S., Heymes, C., Merval, R., Rodriguez, M., Galizzi,
J.-P., Boutin, J.A., Mariani, J. and Tedgui, A. (2002) FEBS
Lett. 511, 36-40.

[25] Vanden Berghe, W., Vermeulen, L., De Wilde, G., De Bosscher,
K., Boone, E. and Haegeman, G. (2000) Biochem. Pharmacol.
60, 1185-1195.

[26] Vane, J.R., Mitchell, J.A., Appleton, 1., Tomlinson, A., Bishop-
Bailey, D., Croxtall, J. and Willoughby, D.A. (1994) Proc. Natl.
Acad. Sci. USA 91, 2046-2050.

[27] Seibert, K., Zhang, Y., Leahy, K., Hauser, S., Masferrer, J.,
Perkins, W., Lee, L. and Isakson, P. (1994) Proc. Natl. Acad.
Sci. USA 91, 12013-12017.

[28] Tazawa, R., Xu, X.M., Wu, K.K. and Wang, L.H. (2002) Bio-
chem. Biophys. Res. Commun. 203, 190-199.

[29] Bois-Joyeux, B., Chauvet, C., Nacer-Cherif, H., Bergeret, W.,
Mazure, N., Giguere, V., Laudet, V. and Danan, J.-L. (2000)
DNA Cell Biol. 19, 589-599.

[30] Vu-Dac, N., Gervois, P., Grotzinger, T., De Vos, P., Schoonjans,
K., Fruchart, J.-C., Auwerx, J., Mariani, J., Tedgui, A. and
Staels, B. (1997) J. Biol. Chem. 272, 22401-22404.

[31] Vu-Dac, N., Chopin-Delannoy, S., Gervois, P., Bonnelye, E.,
Martin, G., Fruchart, J.-C., Laudet, V. and Staels, B. (1998)
J. Biol. Chem. 273, 25713-25720.

[32] Raspe, E., Duez, H., Gervois, P., Fievet, C., Fruchart, J.-C.,
Besnard, S., Mariani, J., Tedgui, A. and Staels, B. (2001)
J. Biol. Chem. 276, 2865-2871.

[33] Coste, H. and Rodriguez, J.C. (2002) J. Biol. Chem. 277, 27120-
27129.

[34] Raspe, E., Duez, H., Mansen, A., Fontaine, C., Fievet, C., Fru-
chart, J.-C., Vennstrom, B. and Staels, B. (2002) J. Lipid Res. 43,
2172-2179.



	Rev-erbalpha upregulates NF-kappaB-responsive genes in vascular smooth muscle cells
	Introduction
	Materials and methods
	Cells and materials
	Plasmids
	Reverse transcription polymerase chain reaction (RT-PCR) analysis
	Cell transfection and transcriptional assay
	Western blot analysis
	Statistical analysis

	Results
	Rev-erbalpha is expressed in vascular cells
	Rev-erbalpha and RORalpha1 show opposing transcriptional activity in A7r5 VSMCs
	Rev-erbalpha induces the expression of IL-6 and COX-2 in A7r5 VSMCs
	Rev-erbalpha upregulates transactivation by NF-kappaB in A7r5 VSMCs
	Rev-erbalpha induces nuclear translocation of p65
	Rev-erbalpha does not regulate transactivation by AP-1 in A7r5 VSMCs
	Rev-erbalpha suppresses RORalpha1-induced Rev-erbalpha expression in A7r5 VSMCs

	Discussion
	References


