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Abstract — Retinoids regulate a wide variety of biological processes such as cellular proliferation and
differentiation in many cell types. They have also shown to stimulate replication of several viruses including
human cytomegalovirus (CMV). Retinoid signalling pathway involves two distinct subfamilies of nuclear
receptors, retinoic acid receptors (RARs) and retinoid X receptors (RXRs) that bind to specific retinoic acid
response elements (RAREs) in the promoter regions of retinoid-target genes. Here, we characterized RAREs
in the regulatory regions of the CMV and of the hepatitis B virus (HBV). The viral RARFEs, ie., CMV-RARE
and HBV-RARE, are composed of two consensus RARE half-sites (A/GGGTCA) arranged as a direct repeat
separated by 5-bp and 1-bp, respectively. The RAREs were activated by both RAR/RXR heterodimers and
RXR homodimers in transient transfection experiments. We also found that COUP-TFq (chicken ovalbumin
upstream promoter-transcription factor of) and COUP-TFJ repressed the retinoid response of the viral elements.
Further we demonstrated that previously known retinoid antagonist, SR11330, repressed retinoid-induced
transactivation of the CMV-RARE. These results implicate Vitamin A, it's nuclear receptors and COUP-TFs
as important regulators of the CMV and HBV pathogenesis and the SR11330 as potential negative modulator

of such retinoid-dependent processes.
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Retinoic acid and its natural and synthetic derivatives
of Vitamin A (retinoids) regulate a wide variety of es-
sential biological functions such as vertebrate de-
velopment, maintenance of homeostasis and dif-
ferentiation (Lotan, 1981 and Gudas er al, 1994). Re-
cently it has been reported that the expression of human
immunodeficiency virus Type 1 (HIV-I) in macrophages
is enhanced by retinoic acid (Zeichner et al., 1992). Re-
tinoic acid has been also reported to promote cellular dif-
ferentiation and replication of cytomegalovirus (CMV) in
embryonal cells suggesting viruses may take advantage
of the retinoids for their own replication (Turpin et al.,
1992, Poli et al., 1992, Huan and Siddiqui, 1992, Gha-
zal et al., 1992, Maio and Brown, 1988, Zeichner er al.,
1992, and Angulo er al., 1994).

The effects of retinoids are mainly mediated by spec-
ific nuclear receptors that belong to the steroid/thyroid
hormone receptor superfamily. Two classes of nuclear re-
ceptors, the retinoic acid receptors (RARs) and the re-
tinoid X receptors (RXRs) have been cloned (Pfahl et al.,
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1994). These receptors function as ligand activated tran-
scriptiopal factors that bind to specific response se-
quences on the regulatory region of target gemes and
thereby regulate the transcriptional expression of these
genes (Pfahl et al., 1994, Zhang and Pfahl, 1993, Green
and Chambon, 1988, Zhang et al,, 1992a. Kastner et al.,
1995, and Mangelsdorf and Evans, 1995). All-trans re-
tinoic acid (all-trans RA) and 9-cis retinoic acid (9-cis
RA), the two known active derivatives of vitamin A, es-
sentially function as hormones by interacting with spec-
ific retinoid receptors (Heyman et al., 1992, Zelent et al.,
1989 and Petkovich et al,, 1987). RARs require RXRs
for efficient transactivation, resulting RAR/RXR het-
erodimers that recognize a retinoic acid response element
(RARE), usually consisting of A/GGGTCA or similar
core motifs arranged as a direct repeat with either 2- or
5-bp spacing. In addition, RXR can function as homo-
dimers that recognize DR-1 (direct repeat with 1-bp
spacing)-type RAREs or an inverted repeat element with
no spacing or 9-bp spacing in the presence of its ligand,
9-cis RA (Zhang et al., 1992b). The magnitude of the re-
tinoid response can be modulated by the expression of
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other intracellular protein factors. For instance, chicken o-
valbumin upstream promoter-transcription factors (COUP-
TFs) can repress retinoid response, probably through
their strong binding to the RAREs or through dim-
erization with RXR (Cooney et al, 1992, Tran et al.,
1992, and Orchard. et al., 1993). Synthetic retinoid an-
tagonists could be an another tool to restrict the retinoid-
induced biological effects. Recently, several groups of re-
tinoid antagonists have been developed with a potential
that could repress the retinoid-dependent transcription
and replication of viruses (Lee et al., 1994 and 1ee et al.,
1996).

In the present investigation, we characterized the re-
tinoic acid response elements located in the regulatory re-
gion of the CMV and human hepatitis B virus (HBV),
Further, the COUP-TFs and a retinoid antagonmist, SR
11330, were demonstrated to inhibit retinoid-dependent
transactivation of the viral retinoic acid response ele-
ments.

MATERIALS AND METHODS

Retinoids

All-trans RA and 9-cis RA were purchased from Sig-
ma (St. Luis, MO, USA). SR11330 was kindly provided
by Dr. M. I. Dawson (Stanford Research Institute, CA,
USA). Retinoids stock solutions (10 mM) were made in
dimethylsulfoxide/ethanol (1:1) and were maintained at
-20°C. Further dilutions were made in cell culture medi-
um prior to use.
Plasmids

The receptor expression plasmids pECE-RARc, pECE-
RARB, pECE-RARY, and pECE-RXR0, as well as pECE-
COUP-TFo. (ear-3) and pECE-COUP-TFB (ARP-1) ex-
pression plasmids, have been described earlier (Zhang et
al., 1992a, Tran et al., 1992 and Lehmann et al., 1994).
The HBV-RARE and CMV-RARE reporter constructs, .
e., HBV-tk-CAT and CMV-tk-CAT, were obtained by in-
serting either one or two copies of the corresponding oli-
gonucleotide sequences shown in Fig. 1 with additional
5'-GATC overhangs into the Bg/I site of pBLCAT, that
carries a tk promoter (Luckow and Schutz, 1987) as des-
cribed (Pfahl et al., 1990). The constructs were sequenc-
ed to verify the copy number and orientation. The re-
porters containing two copies of HBV-RARE (——) and
CMV-RARE (—«) were used in transient transfection
experiments otherwise indicated.

1% CATGAACCTTTACCCCG 152

GTACTTGGAAATGGGGC

CMV-RARE % TATGCCCAGTACATGACCTTA 270

ATQCGGGTCATGTACTGGAAT

—_—
GGGGTCAGATATCCACTGACCTT
CCCCAGTCTATAGGTGACTGGAA

HBV-RARE

HIV-1-RARE

— —_—
GGGTTCACCGAAAGTTCAC
CCCAAGTGGCTTTCAAGTG

B RARE

s e 4
TAGGTCAAAAAGTCAG
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CRBPI-RARE
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GGGGTCAAGGGTTCAG
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CAGGTCKCAGGTCA%AGGTCECAGTTCKA
GTCCAGTGTCCAGTGTCCAGTGTCAAGTT

Fig. 1. Putative RARE sequences found in the regulatory
regions of the HBV and CMV. HBV-RARE and CMV-
RARE sequences were compared with other known RAREs
(Pfahl er al., 1994). Sequences that are closely related to the
A/GGGTCA motif are indicated by arrows.

CRBEPII-RARE

Tissue culture, transient transfection and CAT assays

CV-1 cells were maintained in Dulbecco's modified
eagle's (DME) medium supplemented with 10% fetal
calf serum in a CO, incubator. A modified calejum phos-
phate precipitation procedure was used for transient
transfection (Lee et al, 1994 and Pfahl er al., 1990).
Briefly, CV-1 cells (50,000 to 75,000 cells/well) were se-
eded in a 24-well culture plate. Reporter plasmid (100
ng) and [B-galactosidase (B-gal) expression vector (150
ng) were mixed with carrier DNA (pBluescript) to 1 ug
of total DNA per well. After 24 hours of retinoid or vehi-
cle treatment, Chloramphenicol acetyliransferase (CAT)
activity was determined (Pfahl et al., 1990). Counts per
minute, normalized for trapsfection efficiency by the cor-
responding P-gal activity, were expressed as relative
CAT activities.

RESULTS AND DISCUSSION

The RAREs in the promoter/enhancer regions of the
cytomegalovirus (CMYV) and the hepatitis B virus (HBV).

The transcriptional activation activity of retinoids and
their receptors is mainly mediated by response elements
composed of A/GGGTCA or similar sequences arranged
as 1-, 2-, or 5-bp spacing. Several synthetic or natural
RARE sequences are shown in Fig. 1. To investigafe pos-
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sible involvement of retinoids and their receptors in the
regulation of CMV and HBV gene expression, we search-
ed possible RARE sequences in the regulatory region of
the HBV and CMV that control the expression of the
viral genome.

Inspection of the sequences in the promoter/enhancer
region revealed the putative RARE sequences in the re-
gulatory region of CMV and HBV. The RARE-like se-
quences in the enhancer I that stimulates the core and X
region promoters of HBV (1138 to 1150) is arranged as
a direct repeat with 1-bp spacing similar to the one iden-
tified in the cellular retinol binding protein type II
(CRBPII) gene. The RARE in the major immediate-early
gene of human CMV promoter (-293 to -277) is ar-
ranged as a direct repeat with 5-bp spacing similar to the
one identified in the promoter of RARB gene, BRARE
(Fig. 1). These types of sequences, Le., DR-1 and DR-5
have been shown to confer RXR homodimer and RAR/
RXR heterodimer activity, respectively (Pfahl et al,
1994).

The RARE in the long termianl region of HIV-1 has
been reported previously (Orchard er al., 1993 and Lee
et al, 1994). The HIV-1-RARE was composed of two
consensus half-sites arranged as a palindrome separated
by 9 nucleotide. The fact that such pathogenic viruses
are containing tools for efficient retinoid response, sug-
gests that the viruses take advantage of retinoids for their
own replication although pathogenesis and consequences
of the viral infection are largely different.

Transient transfection experiments showed that the pu-
tative RAREs are activated by RAR and RXR.

RAREs can be activated by RAR/RXR heterodimers
or RXR homodimers (Pfahl et al, 1994, Zhang er al,
1992a and Zhang et al., 1992b). To examine whether the
DR-1 and DR-5 elements found in the CMV and HBV
genome function as RARE, oligonucleotides corres-
ponding to the RARE sequences were synthesized and
cloned into the reporter gene vector pBLCAT,, which
contains the thymidine kinase (tk) promoter and CAT
gene. The resulting reporter was tested for its retinoid
responsiveness by transient transfection in CV-1 cells.

The putative viral RARE sequences allowed a sig-
nificant induction of CAT activity in response to re-
tinoids in the presence of retinoid receptor expression
vectors. Cotransfection of RXRa expression vector alone
with CMV-RARE-14-CAT resulted in a strong induction
of the reporter gene expression in response to 9-cis RA
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Fig. 2. Transcriptinal activity of the CMV-RARE () (A)
and HBV-RARE (——) (B) in CV-1 cells. To determine the
transcriptional activity of HBV-RARE and CMV-RARE, CV-1
cells were transfected with CMV-RARE-k-CAT and HBV-
RARE-th-CAT and the indicated combinations of pECE-
RARx (10 ng) and pECE-RXRo. (10 ng) expression vectors,
treated with 107 M all-trans RA for 24 hours and assayed for
CAT activity. The results shown represent the means of three
independent experiments.

(Fig. 2A), suggesting RXR homodimers are good ac-
tivators of the response element. Compared to the RXR
homodimers, RARs/RXRs heterodimers could be ac-
tivated by either all-srans RA or 9-cis RA since both re-
tinoids bind and transcriptionally activate RARs and
RXRs (Heyman et al., 1992, Zelent et al., 1989 and Pet-
kovich et al.,, 1987). When both RARx and RXRa ex-
pression vectors were cotransfected the reporter gene ac-
tivity was induced by either all-trans RA or 9-cis RA, in-
dicating RAR/RXR heterodimer also activate the viral
response elements. Comparing RARo/RXRo  het-
erodimers, we noted weak induction with RARYRXRa
heterodimers by all-frans RA. Similarly, cotransfection
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Fig. 3. Trapscriptinal activity of the CMV-RARE (—) (A) and HBV-RARE (—) (B) in CV-1 cells. To determine the
transcriptional activity of CMV-RARE and HBV-RARE reporter genes that containing sigle copy of the RARE sequences, Cv-1
cells were transfected with CMV-RARE-tk-CAT, HBV-RARE-tk-CAT and the indicated combinations of pECE-RARa (10 ng) and
pECE-RXRa. (10 ng) expression vectors, treated with 107 M all-trans RA for 24 hours and assayed for CAT activity. The results
shown represent the means of three independent experiments.

of RARo or RARY alone with HBV-RARE-t-CAT in-
duced significant CAT activity in response to either 9-cis
RA or all-trans RA. Cotransfection of RXRo. expression

vector alone also resulted in a significant induction of
the reporter gene activity in response to 9-cis RA (Fig. 2B).
The induction of the reporter gene activity by retinoids
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Fig. 4. Repression of retinoid-induced activation of the CMV-RARE (——) (A) and HBV-RARE (——) (B) by COUP-TFo. The
CMV-RARE-tk-CAT and HBV-RARE-tk-CAT reporter plasmids were cotransfected together with pECE-RAR« and pECE-RXRa
expression vectors into CV-1 cells in the presence of the increased amounts of COUP-TFao expression vectors (1.25, 2.5, and 5 ng
for RXRot alone and RAR@ alone; 1.25, 2.5, 25 and 50 ng for RXRo and RAR«). Transfected cells were treated with no retinoid
(open bars) and 107 M all-trans RA (closed bars), and assayed 24 hours later for CAT activity. Data shown represent means of
duplicate experiments. (C) Repression of retinoid-induced activation of the HBV-RARE (——) by COUP-TFp. The HBV-RARE-k-
CAT reporter plasmids were cotransfected together with pECE-RARa and pECE-RXRa expression vectors into CV-1 cells in the
presence of the increased amounts of COUP-TFp expression vectors (1.25 and 25 ng for RXRa alone and RAR« alone; 1.25, 25
and 50 ng for RXRa and RARe). Transfected cells were treated with no retinoid (open bars) and 107 M all-trans RA (closed bars),
and assayed 24 hours later for CAT activity. Data shown represent means of duplicate experiments.
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may be due to an artificial RARE created by inserting
multiple copies of responsive sequences into pBLCAT..
Therefore we analyzed reporter gene activity with a re-
porter containing single copy of the viral RARE se-
quences. As shown in Fig. 3, the viral reporter genes of
single copy were activated by retinoid receptors in a sim-
ilar manner with that of the multi-copy reporter genes.
Taken together the data show that RAR/RXR het-
erodimers as well as RXR homodimers are potent ac-
tivators of the both CMV- and HBV-RARES.

COUP-TFs repressed retinoid-induced transcriptional
activation of the viral RAREs.

The expression of other transcriptional factors such as
COUP-TFs can modulate the magnitude of the retinoid
response. COUP-TFs are orphan members of nuclear re-
ceptor superfamily that are encoded by two distinct
genes, COUP-TFq and COUP-TEP (Cooney et al., 1992
and Tran et al., 1992). COUP-TF could repress tran-
scriptional activity of a number of nuclear receptors in-
cluding thyroid hormone receptors, vitamin D receptor
and RARs. Several different mechanisms may be in-
volved to the repression including direct competition of
COUP-TFs for DNA binding sequences, heterodimeriza-
tion with RXRs and suppression of transcription by
COUP-TF homodimers (Miyajima et al., 1988, Ladias et
al., 1991 and wang et al., 1989). When COUP-TFa. ex-
pression vector was cotransfected, a dramatic repression
of the transcriptional activity of retinoid receptors on the
viral RAREs was observed (Fig. 4A and 4B) COUP-
TFo, effectively repressed RAR/RXR heterodimer ac-
tivity (Fig. 4) as well as RXR homodimer activity (data
not shown). Similar results were obtained with COUP-
TFPB (Fig. 4C). Therefore, COUP-TFs orphan receptors
may function as negative regulators of the retinoid-in-
duced replication of the HBV and CMV by interfering
transcriptional activity of the viral RARES.

Retinoid antagonists inhibited all-trans retinoic acid-in-
duced transcriptional activation of the viral RAREs.

Recently several groups of retinoid antagonists have
been developed with a potential to modulate retinoid ac-
tivity in vitro and in vivo (Lee et al., 1994, Lee et al.,
1996, Umemiya et al., 1996, Kasechika 1994, Eyrolles
et al., 1994, Apfel et al., 1992 and Kaneko et al., 1991).
Umemiya and his colleague reported retinoid antagonist
(LE135) that bind to but not activate RARs (Umemiya et
al., 1996). Some benzimidazole and benzodiazepine deri-
vatives exhibited antagonistic effects against differentia-
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Fig. 5. Repression of retinoid-induced activation of the CMV-
RARE (—=—) by the retinoid antagomist, SR11330. (A)
Structure of the retinoid antagonist, SR11330. (B) CV-1 cells
were cotransfected with the CMV-RARE-k-CAT reporter
plasmids and 10 ng pECE-RARa and 10 ng pECE-RXRao
expression vectors. Transfected cells were treated with 107 or
10* M 9-cis RA in the presence or absence of the indicated
concentrations of the retinoid antagonists. Inhibition obtained
with the retinoid antagonist treatment that completely abolished
9-cis RA-induced transcriptional activity was considered as
100% inhibition. Data shown represent means of three in-
dependent experiments.

-5

tion inducing activity on human promyelocytic leukemia
cell line HL-60 (Kagechika, 1994). We have previously
reported that a novel class of retinoid antagonists, ie.,
SR11330, SR11334, and SR11335, that inhibited tran-
scriptional activation of RAR/RXR heterodimer and
RXR homodimer (Lee et al., 1994 and Lee et al., 1996).
An antagonist, SR11335, has been shown to repress re-
tinoic acid-induced transcriptional activity of HIV-1-
RARE that probably by competing with all-frans retinoic
acid for binding to RARs, thereby preventing the in-
duction of conformational changes of the receptors neces-
sary for transcriptional activation (Lee et al., 1996). Sim-
ilarly, retinoid-induced transcriptional activation of CMV-
RARE was repressed by one of the previously reported
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retinoid antagonist, SR11330 (Fig. 5A). The inhibition
obtained was most significant at 10° M all-trans RA but
relatively weak at 107 M of all-trans RA (Fig. 5B).

Our data demonstrated that the presence of a func-
tional RAREs in the regulatory region of HBV and
CMV that are shaped as DR-1 and DR-5, respectively.
Recently, others have described retinoic acid response
elements in the regulatory region of the viruses else-
where (Huan and Siddiqui, 1992, Ghazal et al., 1992
and Angulo et al., 1996). Ghazal and his colleagues
characterized three retinoid-response elements in the
CMV promoter (Angulo et al, 1996). Among these,
REc located in 291 to -175, is the same as the CMV-
RARE that we identified in the present investigation.
Similarly Huan and Siddiqui reported an enhancer ele-
ment which binds RXR efficiently (Huan and Siddiqui,
1992 and Garcia et al., 1993). We demonstrated that the
element, HBV-RARE, is activated by the RAR/RXR het-
erodimer as well as RXR homodimer. Because the ele-
ments are located in the main regulatory region that de-
termines viral transcription and replication, the RAREs
described here and others allow retinoids to exert a ma-
jor effect on the transcription of the viral genome. We
found that COUP-TFs may be important cellular factors
that modulate transcriptional activity of the viral RAREs.
Since COUP-TFs have a complex expression pattern that
are probably due to delicate regulatory mechanisms (Soo
saar et al., 1996), further studies on the expression of the
COUP-TFs in tissues that are susceptible for viral in-
fection are guaranteed. Importantly, retinoid antagonists
could repress retinoid- induced transactivation of the
viral RAREs, suggesting a potential clinical use of such
synthetic retinoids to repress retinoid-dependent viral re-
plication’ and the resultant pathogenesis of the viruses.
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