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ABSTRACT

The HIV-1 LTR controls the expression of HIV-1 viral genes and thus is critical for viral propagation and
pathology. Numerous host factors have been shown to participate in the regulation of the LTR promoter.
Among them is the thyroid hormone (T;) receptor (TR). TR has been shown to bind to the critical region of
the promoter that contain the NF x B and Sp1 binding sites. Interestingly, earlier transient transfection
studies in tissue culture cells have yielded contradicting conclusions on the role of TR in LTR regulation,
likely due to the use of different cell types and/or lack of proper chromatin organization. Here, using the
frog oocyte as a model system that allows replication-coupled chromatin assembly, mimicking that in so-
matic cells, we demonstrate that unliganded heterodimers of TR and RXR (9-cis retinoic acid receptor)
repress LTR while the addition of T3 relieves the repression and further activates the promoter. More
importantly, we show that chromatin and unliganded TR/RXR synergize to repress the promoter in a
histone deacetylase-dependent manner.
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INTRODUCTION

Proviral gene expression is essential for the
propagation and pathology of the human immuno-
deficiency virus (HIV) type 1 (HIV-1). The long
terminal repeat (LTR) of HIV directs the transcrip-
tion of the proviral message. Numerous studies have
been carried out to determine the sequence require-
ment of the LTR and to identify transacting factors.
These earlier studies have shown that the L'TR pro-
moter is tightly regulated by multiple viral and host
proteins through specific DNA elements within the
LTRI[1]. The DNA elements important for LTR
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activity are located within the region from -454 to
+184, where +1 is the transcription start site. Of
particular interest is the region from -104 to +1,
where the TATA box and the essential DNA bind-
ing sites for the transcription factors Spl and NF«B
are present (Fig 1)[1],[2].

The involvement of multiple host factors in HIV-
1 transcription suggests that HIV-1 propagation
and the pathological progression of AIDS and
AIDS-related complex (ARC) are likely to vary de-
pending upon the physiological conditions that can
regulate the availability and function of these host
factors. Thyroid hormone (T;) and its receptors
(TRs) have been suggested to play a role in HIV
development. First, AIDS or ARC patients have
multiple endocrine abnormalities and their serum
T3 levels are often altered[3], [4]. Low levels of T3
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often correlate with survival rate, and in all levels of
illness, there is an increase in T3-binding globulin
levels. Thus, modulation of cellular T3 concentra-
tions may affect HIV pathological progression.
Furthermore, TRs are expressed in lymphocytes
and other HIV-1 target tissues[5], [6]. More
importantly, several reports[7-9] have identified T3
response elements (TREs) within the LTR that can
be recognized by TR/RXR (9-cis-retinoic acid
receptor) heterodimers, which mediate the effects
of T'3[10-12]. Cotransfection of promoters bearing
these sites and a vector over-expressing a TR re-
sults in T3-dependent transcriptional regulation.
Surprisingly, these studies yielded contradicting
conclusions as TR was found to activate HIV LTR
in the absence of T3 but not in the presence in one
[8] while the opposite was reported in the other
twol[7], [9]. One possible reason for this contro-
versy is due to the use of different cell lines in the
studies.

TRs are ligand (T3)-dependent transcription fac-
tors belonging to the superfamily nuclear hormone
receptors. They bind to TREs present in their tar-
get genes and activate or repress transcription in
the presence or absence of T3, respectively[10-12].
While TRs can bind to TREs as monomers or
homodimers, in vivo, they most likely function as
heterodimers formed with RXRs[10-15]. TRs, simi-
lar to at least some other members of this family
such as glucocorticoid receptor, can bind to their
DNA targets in chromatin and cause chromatin
remodeling in the presence of T3[16-18].
Furthermore, chromatin appears to also play an
important role in transcriptional repression by
unliganded TRs[16], [17]. Thus, another possibil-
ity for the contradicting findings on the role of TR
in HIV LTR regulation is that the earlier studies
were done in tissue culture cells by transient
transfections. Under such conditions, the promoter
templates are in a chromatin state distinct from
that in somatic cells.

Thus, to properly study the regulation of HIV-1
LTR by T3, one needs an in vivo, system where
the promoter can be analyzed in its native chromo-
somal environment. Here, we have made use of a
unique property of Xenopus laevis oocytes. That
is, when single-stranded (ss) DNA is injected into
oocyte nucleus, it is quickly (within 2 h) replicated
and simultaneously chromatinized in a replication-

coupled chromatin assembly pathway, resembling
that in normal somatic cells[19]. In addition, the
oocyte stores large quantities of basal machinery
for translation, replication, and transcription, but
is lacking or limited in many transcription factors
such as TRs and RXRs[20], making it possible to
investigate the function of these factors.
Furthermore, the high degree of conservation of
the transcriptional machinery and other factors
suggest that the results from this model system will
be equally applicable to human.

Using this system, we demonstrate that TR/RXR
can repress LTR in the context of chromatin. While
different chromatin assembly conditions have little
effect on the basal LTR activity, replication-coupled
chromatin assembly synergizes with unliganded
TR/RXR to repress LTR. Furthermore, the addi-
tion of either T3 or trichostatin A (T'SA), a specific
inhibitor of histone deacetylases[21], relieves this
repression, suggesting that transcriptional regula-
tion by TR/RXR of chromatinized LTR involves
histone acetylation.

MATERIALS AND METHODS

Plasmids

The plasmid p4/5A containing the core HIV-1 LTR promoter
was derived from the pTRbA construct[16] in which the TR 8 A
promoter was replaced by a 131 bp PCR-generated fragment
from HIV-1 5° LTR (Fig 1). Forward primer LTR4 (5 -
GGGGTACCACAAGGGACTTTCCCT-3’ ) and backward
primer LTR5 (5" -GAAGATCTAGGCTTAAGCAGTGGG-3" )
containing restriction sites Kpnl and BglII, respectively, were
used for PCR amplification of the LTR region from -108 to +72.
The double digested product (-108 to +19, due to an internal
Bglll site at +19) was ligated into the KpnI-BglII linearized pTR
B A to produce the p4/5A, which contained 300 bp of the 5° -
portion of the CAT gene downstream of the LTR and phage f1
replication origin in the pBluescript KS (-) vector (Stratagene).
Both single- (ss) and double-stranded (ds) p4/5A DNA were gen-
erated according to Maniatis et al.[22].

In vitro synthesis of capped RNA

The in vitro transcription was performed using the
mMESSAGE mMACHING™ SP6 kit (Ambion, TX) essentially
as described by the manufacturer. The templates used for the
reactions were pSP64(A)-TR B A and pSP64(A)-RXR « [20] for
synthesis of Xenopus TR Sand RXR 8 mRNA. The capped
mRNA was purified and resuspended in diethyl pyrocabonate-

treated water at a concentration of 50 ng/ «1.

Microinjection of Xenopus oocytes

This was done essentially as described[20]. Briefly, plasmid
p4/5A was injected at 23 nl per oocyte either as ss DNA (0.12 ng/
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oocyte) or ds DNA (0.24 ng/oocyte) into the germinal vesicle
(nuclei) of the oocytes. When indicated, in vitro synthesized TR
BA and RXR ¢ mRNAs were mixed and injected (27 nl/oocyte)
into the cytoplasm of oocytes 6 h before the DNA injection to
ensure the protein expression prior to chromatin assembly. The
injected oocytes were incubated at 18 °C in the MBSH buffer[20]
overnight. For transcription analysis, a group of twenty oocytes
were used for each sample to minimize the variation among
oocytes and injection.

RNA isolation and transcription analysis

Primer extension was used to analyze promoter activity. To
isolate the RNA from the oocytes, RNAzol™ B reagent (TEL-
TEST, INC.) was used according to the manufacturer’ s
instruction. For primer extension, RNA from two oocytes equiva-
lent was annealed with the end-labeled CAT1 primer (5 -
GGTGGTATATCCAGTGATTTTTTTCTCCAT-3 ), which
hybridized to the CAT region of the transcript driven by the
LTR promoter, in 10 #1 of 1X annealing buffer containing 50 m
M Tris-HCI pH 8.3, 50 m M KCl, 10 m M MgCl,, 10 m M DTT, 0.
5 mM spermidine and 1 m M of each dNTP. The annealing
reaction was first preheated to 65°C for 10 min, then annealed
at 55 °C for 30 min, followed by 5 min incubation at 37°C. For
reverse transcription (RT), 10 ul of RT mixture containing 2X
annealing buffer, 5.6 m M sodium pyrophosphate, and 1 unit of
AMYV reverse transcriptase (Promega) was added to the anneal-
ing mixture followed by incubation of the final mixture at 42°C
for 1 h. The RT products were analyzed directly on a 6 % se-
quencing gel. For internal control, a histone H4 antisense primer
(5'-GAGGCCGGAGATGCGCTTGAC-3’ ) was included in the
reaction to quantify the endogenous H4 mRNA level.

Micrococal nuclease (MNase) digestion

Plasmid DNA was microinjected into oocytes (0.5 ng/oocyte).
After overnight incubation, the oocytes were homogenized with
100 #1homogenization buffer: 10 m M Tris-HCI pH 8.0, 50 m M
NaCl, 1 m M EDTA, 5 % glycerol, 5 m M MgCl,, 3 m M CaCl,, and
1 m M DTT. Lyophilized MNase (Worthington Biochemical Corp,
NJ.) was dissolved in storage buffer (50 m M Tris-HCl pH 8.0, 0.
05 m M C,Cl,, and 20 % glycerol) at 100 U/ ul. Twenty oocyte
equivalent of the homogenized mixture was digested with MNase
at 37°C for 2 min with the enzyme concentration of 0.16 U, 0.8
U, or4 U/100 ulreaction. The enzyme reaction was stopped with
the addition of equal volume of 2X TNESK buffer (20 m M Tris-
HCl pH 7.4, 200 m M NaCl, 2m M EDTA, and 2 % SDS) followed
by the RNAse treatment and proteinase K digestion. The DNA
was purified by phenol-chloroform extraction and isopropanol
precipitation. The purified DNA was analyzed by agarose elec-
trophoresis and Southern hybridization.

Gel mobility shift assay

The expression and purification of the XenopusM TR Sand
RXRa from E. coli was described previously[23]. To test the
binding of TR #/RXRa to the putative TRE within the HIV-1
promoter, end-labeled double-stranded oligonucleotides (5 X
10* cpm) corresponding to the NFkB and Sp1 regions (Fig 1)
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were incubated with purified TR  /RXR « receptors for 30 min
at room temperature in the binding buffer A (final 1X
concentration: 20 mM Tris-HCl pH 7.5, 5 mM MgCl,, 100 m
M KCl, 10 % glycerol, 5 mM DTT, 0.5 ug/ul BSA, and 0.05 ug/
ul poly (dI-dC)). The reaction mixture was analyzed on a 6 %
polyacrylamide gel prepared with 2.6 % Bis-Acrylamide and 1/
2X TBE as the gel buffer. The gel was run at room tempera-
ture using 1/2X TBE as the running buffer. The sequence of
the NFxB and Spl oligonucleotides were 5’ -
AGGGACTTTCCGCTGGGGACTTTCCAGGGA-3’ and 5'-
GGGAGGCGTGGCCTGGGCGGGACTGGGGAGTG- GC-
3', respectively (sense strand). As a positive control, the ds
TRE oligonucleotide of Xenopus, TR S A gene (sense strand
sequence is 5'-GATCGCAGGTCATTTCAGG ACAGC-3)[23]
was used.

RESULTS

TR/RXR heterodimers bind to the putative
TREs in the NFkB and Spl sites of the HIV
LTR

A number of TREs have been identified in
various T3 response genes. Often, they consist of
two direct repeats of AGGTCA[10-13]. The pre-
ferred binding sties for TR/RXR is two AGGTCA
separated by 4 bp. Previous studies showed that
both NFkB and Sp1 binding sites of the HIV LTR
are capable of binding to TR/RXR[7-9], even though
no easily recognizable TREs sequences are
present. Thus, as a prerequisite to setting up the
frog oocyte system to study LTR regulation by TR/
RXR, we first studied the binding of the putative
TREs by Xenopus TR/RXR and compared it to the
binding of the TRE of Xenopus TRSA promoter, a
strong TRE consisting of two near perfect repeats
of AGGTCA separated by 4 bp[23]. Gel mobility
shift assay showed that oligonucleotides encompass-
ing the NFkB or Spl binding sties (Fig 1) were
capable of binding to Xenopus TR/RXR, although
with much lower affinities than the TRE of the
TRBA promoter (Fig 2A, compare lanes 3 and 5 to
1.

To further compare the relative affinity, we per-
formed gel mobility shift assay using labeled TRE
of the Xenopus TRSA promoter in the presence of
unlabeled competitors. As shown in Fig 2B, as little
as 20 fold excess of unlabeled TRbA TRE could
efficiently competed away its own binding to TR/
RXR (compare lane 4 to 2). On the other hand, the
NFKkB oligonucleotides of HIV LTR was more than
250 fold less effective (compare lane 8,
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Fig 1. Schematic representation of the LTR promoter region in p4/5A. The plasmid p4/5A contained HIV-1 LTR core
promoter in front of a 300 bp CAT gene fragment in pBluescript KS(-1) vector. The promoter fragment included two NF«B sites,
three Spl1 sites, and TATA box. The NF«B and Sp1 oligonucleotides were the TRE fragments used for gel mobility shift assay.
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Fig 2. Gel mobility shift assay demonstrates that
both the NF«B and Spl sites are weak TREs. A.
TR/RXR heterodimers binds weakly to NF«x B and Sp1 sites
in the LTR. E. coli, produced, purified TR and RXR was
incubated with **P-labeled ds oligonucleotides correspond-
ing to the TRE of Xenopus TRf A gene (TRS TRE)[23], the
NF«B, or Spl sites (Fig 1) and the resulting complexes were
analyzed on a native polyacrylamid gel. B. Competition
assay demonstrates that the Sp1 and NF« B sites in HIVLTR
are weak TREs. Purified TR and RXR was incubated
with32P-labeled TRS TRE alone or in the presence of unla-
beled TR TRE (2x in lane 3 or 20x in lane 4), Sp1 sites of
LTR (50x in lane 5 or 500x in lane 6), NFkB sites of LTR
(50x in lane 7 or 500x in lane 8), or mutated, non functional
TRE of TRbA gene (mTRE) (50x in lane 9 or 500x in lane
10). Note that TR TRE competed effectively, Spl and NF«x
B competed weakly, while mTRE did not compete.

where a 500 fold of NF«B oligonucleotide were
present, to lane 3, where only 2 fold of TRSA TRE
were present). The Sp1 oligonucleotide of HIV LTR
was about 2 fold more effective than the NF « B
oligonucleotide, in agreement with the binding data
in Fig 2A. Under the same conditions, a mutant
TRbA TRE (mTRE) showed no competition at all
(Fig 2B, lanes 9 and 10), supporting that the HIV
LTR oligonucleotides were TREs, although weak
ones.

Unliganded TR/RXR heterodimer represses LTR
in chromatin in vivo

To investigate the role of TR in transcriptional
regulation of HIV LTR under conditions that mimic
those in somatic cells, we took advantage of the abil-
ity of the frog oocyte to replicate and concurrently
chromatinize exogenous ss plasmid DNA injected
into its nucleus, similar to that takes place in so-
matic cells[19]. Thus, we replaced the core promoter
sequence, containing the TATA box, binding sites
for NFxB and Spl, in front of a CAT reporter in a
plasmid vector and microinjected the resulting plas-
mid (p4/5A) into the nucleus of Xenopus oocyte in
either the ss or ds form. After overnight incuba-
tion of the oocytes, the plasmid minichromosome
was isolated and treated with micrococcal nuclease
(MNase), which digested the internucleoleosomal
regions. Southern blot analysis of the digested prod-
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Fig 3. LTR is chromatinized in the oocyte nucleus.
The ss p4/5A plasmid was microinjected into oocyte nucleus.
After overnight incubation, the plasmid minichromosome
was isolated and digested with different concentrations of
micrococcal nuclease (MNase). The DNA was then isolated
and subjected to Southern blot hybridization with a 3P-
labeled probe corresponding to the LTR. Note the presence
of a nucleosomal ladder, indicative of the presence of an
ordered nucleosome array at the LTR and flanking
sequences. The same pattern was obtained when the same
blot was reprobed with a probe made from the entire plas-
mid (not shown), suggesting the existence of uniformly dis-
tributed nucleosomes on the plasmid.

ucts showed that the plasmid was found to be
chromatinized as reflected by the presence of the
nucleosomal sized DNA ladder (Fig 3). Although
this assay can detect some difference in chromatin
formed by certain ss vs. ds plasmid DNAs[16], un-
der the conditions used, both ds and ss p4/5A plas-
mid DNAs were found to produce similar digestion
patterns (Fig 3 and data not shown), suggesting
that the differences, if any, between the two types
of chromatin formed with ss and ds DNA, were too
subtle to be detected by this assay.

To establish a T;-dependent oocyte system, we
injected mRNAs encoding Xenopus TR  and RXRa
into the cytoplasm of the oocytes to allow the syn-
thesis and nuclear accumulation of TR and RXR
[20]. Six h later, we injected ds and ss p4/5A plas-
mid into the oocyte nuclei. Following overnight
incubation, RNA was isolated from the oocytes and
subjected to primer extension assays to determine
HIV LTR promoter activity. The results showed that
the LTR had similarly activity when either the ds
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or ss p4/5A DNA was used (Fig 4 compare lanes 1
and 5), in contrast with the observations for some
other promoters[16], consistent with the idea that
chromatin dependent repression was promoter-
dependent.

The addition of T;alone had little effect on LTR
activity regardless of the form of the plasmid DNA
used (Fig 4). On the other hand, over expression of
TR/RXR in the absence of T; caused the repression
of the promoter and the addition of T, relieved the
repression and further activated the LTR (Fig 4,
compare lane 3 to 1 or 4 for ds DNA and lane 7 to
5 or 8 for ss DNA). In contrast to the lack of any
effect of chromatin on LTR activity in the absence
of TR/RXR, replication-coupled chromatin, i.e.,
when ss DNA was used, enhanced the repression
by unliganded TR/RXR, leading to a lower level of
LTR activity (Fig 4, compared lane 7 to 3).
Unliganded TR/RXR caused a 3.5 fold or 7.5 fold
repression when ds or ss LTR plasmid DNA was
used, respectively, and overall activation by T; was
5.5 fold for ds p4/5A but 12 fold for ss p4/5A. Thus,
maximal regulation by T; was observed under con-
ditions closely mimicking those in somatic cells, i.
e., when TR/RXR was present during replication-
coupled chromatin assembly.

Inhibition of histone deacetylases reverses re-
pression by unliganded TR/RXR

Studies in a variety of systems show that to
regulate transcription, TR/RXR recruits to its tar-
get promoters coactivators or corepressors in the
presence or absence of T,, leading to transcrip-
tional activation or repression, respectively.
Interestingly, many coactivators such SRC-1 and
CBP/p300 are histone acetylases
(acetyltransferases) while corepressors such as
SMRT and N-CoR can associate with histone
deacetylase such as RPD3[24-27]. To test the ef-
fect of histone acetylation on TR-dependent HIV
LTR activity, we microinjected TR/RXR mRNAs
and p4/5A into frog oocytes and treated the oocytes
with trichostatin A (TSA), a specific histone
deacetylase inhibitor[21]. The treatment led to the
relief of the transcriptional repression caused by
unliganded TR/RXR when either ss or ds p4/5A
was used (Fig 5). The effect of TSA was essentially
identical to T;, although TSA alone was able to
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Fig 4. Replication-coupled chromatin assembly
synergizes the repression of LTR by unliganded
TRS/RXRe in oocytes. A. Oocytes were injected with (+)
or without (-) TRS/RXRa mRNAs 6 h before the injection of
ss or ds p4/5A plasmid containing the HIV LTR promoter.
The injected oocytes were treated overnight with 50 n M T
as indicated and the promoter activity was analyzed by
primer extension using CAT1 primer on the RNA isolated
from the oocytes. A histone H4 gene antisense primer was
included as a control in the primer extension reaction to
quantitate the endogenous H4 mRNA level. B. Phosphor-
Imager quantification of the data in (A), normalized against
the endogenous H4 signal. Note that in the absence of TR,
both ds and ss p4/5A showed significant promoter activity
(Lanes 1 and 5 with activity in lane 1 arbitrarily set to 100)
and the addition of T had little effect (Lanes 2 and 6). The
presence of TR/RXR reduced the promoter activity more
effectively when ss p4/5A was used (3.6-fold for ds p4/5A
and 7.5-fold for ss p4/5A; Lanes 3 and 7). The addition of T
reversed this inhibition and led to further activation (5.5-
fold induction by T for ds p4/5A and 12-fold for ss p4/5A;
Lanes 4 and 8).

activate the LTR slightly (Fig 5, compare lane 2 to
1 and 7 to 6). These results suggest that TR/RXR
recruits deacetylases through corepressors in the
absence of T to repress the transcription of HIV
LTR while recruiting coactivators with acetylase
activities in the presence of T, to activate the LTR.

DISCUSSION
The HIV LTR is known to be regulated by a
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Fig 5.Participation of histone deacetylases in tran-
scription regulation of LTR by TR. A. Oocytes were
injected as in Fig 4. The injected oocytes were treated with
or without 5 ng/ml TSA or 50 n M T} as indicated and

the promoter activity was analyzed by primer extension.
Again, the histone H4 antisense primer was included in
the primer extension reaction as a control. B. Phosphor-
Imager quantification of the data in (A). In the absence

of TR, both ds and ss p4/5A showed significant promoter
activity (Lanes 1 and 6 with the activity in lane 1 set to 100).
The addition of TSA activated the promoter slightly (Lanes
2 and 7). The presence of unliganded TR/RXR repressed
the promoter activity, again more dramatically on ss DNA
(3.2-fold for ds p4/5A and 7.1-fold for ss p4/5A; Lanes 3 and
8). The addition of TSA reversed the inhibition (4.7-fold
induction by T'SA for ds p4/5A and 13-fold for ss p4/5A;
Lanes 4 and 9). The addition of T, had essentially the
same effects (5.5-fold induction by T, for ds p4/5A and 13-
fold for ss p4/5A; Lanes 5 and 10), supporting a role of his-
tone deacetylase in the repression by unliganded

TR/RXR.

variety of cellular factors. The role of TR in LTR
regulation has been controversial. Our studies
here demonstrate that under chromatin condi-
tions mimicking the natural environment where
the LTR is active, TR/RXR heterodimer activates
the LTR in the presence of T;, confirming the
findings by two groups[7,9] but disagreeing with
those by the third[8]. At least two factors may
contribute to the different results of Rahman et
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al[8]. These are the lack of proper chromatin
organization and the choice of the cell line used
for the transfection study. On the other hand, all
studies demonstrate that TR/RXR can bind to
both NFkB and Sp1 sites in the proximal promoter
region (Fig 1), arguing the in vivo, TR/RXR are
likely to affect LTR activity. More importantly,
our studies here demonstrate for the first time
that in the absence of T;, TR/RXR dramatically
represses HIV LTR and that replication-coupled
chromatin assembly synergizes with unliganded
TR/RXR to effectively repress LTR. Another im-
portant conclusion from our studies here is that
histone deacetylase plays a critical role in tran-
scriptional regulation of LTR, especially the re-
pression by unliganded TR/RXR.

The integration of HIV viral genome into host
cell chromosome ensures that the viral genome is
chromatinized in vivo. However, the presence of
multiple binding sites for several abundant, ubiq-
uitous transcription factors such as NF«B and Sp1l
in the LTR may suggest that the LTR is bound by
transcription factors and thus free of chromatin.
Our data demonstrate that the promoter region
is chromatinized with an ordered nucleosomal
array. On the other hand, transcription factors
and transcriptional machinery can still access the
promoter in the chromatin context as reflected
by the high levels of basal activity under both
chromatinization conditions. Furthermore, chro-
matin assembly facilitates the regulation by TR/
RXR, suggesting that the virus may make use of
host cell chromatin assembly machinery for proper
regulation of the LTR during its passage through
host cells.

Numerous studies have shown that chromatin
can inhibit promoter activity. In the frog oocyte,
replication-coupled chromatin assembly represses
the basal activity of a number of promoters, in-
cluding T;-inducible promoter of the Xenopus
TRDbA gene[16]. Interestingly, this process has
little effect on HIV LTR as the basal LTR activity
was found to be similar regardless of use of ds or
ss plasmid. This may not be surprising as the core
promoter of LTR contains not only a TATA box
but also several binding sites for abundant, ubig-
uitous transcription factors Spl and NF«B. It is
likely that these factors compete effectively for
DNA binding with chromatin such that they are
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bound to the target sites even when the LTR is
chromatinized. Thus, the promoter remains ac-
tive regardless of chromatin assembly pathways.
On the other hand, chromatin assembly facilitates
repression by unliganded TR/RXR, similar to what
we observed earlier on the T;-inducible Xenopus
TRbA promoter[16]. The mechanism underlying
the synergism is unclear but it is possible that
the binding of TR/RXR facilitates the assembly
of a more repressed chromatin state.

It is clear from our studies here as well as those
reported earlier that TR/RXR binds to sites over-
lapping with Sp1 and NF«B recognition sequences
[7-9]. It has been shown that in vitro TR/RXR
and Spl or NF « B binding is mutually exclusive
[7]. On the other hand, given the existence of
multiple sites for each of these factors in the LTR,
if is quite possible that all these factors can re-
side on the LTR simultaneously with TR/RXR and
NF « B or Sp1 occupying different sites. Our ear-
lier studies have shown that the binding of TR/
RXR heterodimer to a single site is as effective as
multiple TR/RXR heterodimers bound to several
consecutive sites at a single location[17]. Thus,
simultaneous binding of TR/RXR, Sp1, and NF «
B to LTR is not only physically possible but also
allows TR/RXR to effectively regulate the pro-
moter in the presence of other cellular factors
within a chromatin context.

The exact mechanisms by which TR/RXR regu-
lates HIV LTR is unclear. It is generally believed
that unliganded TR/RXR represses transcription
by recruiting corepressor complexes while T3-
bound TR/RXR activates transcription by recruit-
ing coactivator complexes. The corepressor com-
plexes contain histone deacetylases while some
of the coactivator complexes have histone
acetyltransferases activity but others do not[24-
28]. This has led to the proposal of multiple
models. Regardless of the exact model, in vivo, it
is likely that chromatin will influence this process.
Indeed, our system, mimicking HIV in somatic
cells, clearly reveals the importance of replication-
coupled chromatin assembly in LTR repression
by unliganded TR/RXR. More importantly, our
studies using a specific histone deacetylase inhibi-
tor show that unliganded TR/RXR utilizes chro-
matin to effectively repress HIV LTR by employ-
ing histone deacetylase(s). In addition, we also
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observed a slight activation of the basal activity of
the LTR with TSA alone (in the absence of TR/
RXR), sugges- ting deacetylated or less acetylated
chromatin is inhibitory to LTR; in agreement with
the in vitro transcription study reported earlier[29].

In conclusion, we have shown here that under
conditions that reflects the in vivo environment
of HIV in somatic cells, unliganded TR/RXR
synergizes with chromatin assembly to repress
HIV LTR. T, binding to TR relieves the repression
and leads to further activation of the promoter above
the basal level. We further demonstrate that his-
tone acetylation plays an important role in tran-
scriptional regulation by TR/RXR. Given the known
association of T, levels with various HIV pathologi-
cal conditions, our studies suggest that it may be
possible to effectively inhibit HIV propagation by
simultaneously control TR/RXR activity and his-
tone acetylation levels.
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