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Abstract

Persuasive evidence has accumulated that reversible acetylation of proteins is key post-translational modification regulating
transcription in eukaryotes. Deacetylase inhibitors (such as trichostatin A) modulate the expression of ~2% of all cellular genes.
We and others have demonstrated a marked transcriptional activation of the human immunodeficiency virus type 1 (HIV-1) promoter in
response to deacetylase inhibitors. Deacetylation events seem to be an important mechanism of HIV-1 transcriptional repression during
latency, whereas acetylation events play critical functional roles in HIV-1 reactivation from latency. These deacetylation/acetylation
events are implicated in chromatin remodeling of the viral promoter region, as well as in modulating the functional properties of cellular
and viral transcription factors binding to this promoter region. Thereby, the HIV-1 promoter constitutes a unique regulatory model system
to study the complex relationship between acetylation processes and transcriptional activity.
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Keywords: HIV-1; Transcription; Chromatin; Acetylation; Trichostatin A; NF-xB

1. Introduction

There is now strong evidence that both transcriptional
activation and silencing are mediated at least in part through
the recruitment of enzymes that control protein acetylation.
Acetylation of specific lysine residues within nucleosomal
histones is closely linked to chromatin disruption and tran-
scriptional activation in many genes. Consistent with their
role in altering chromatin structure, many transcriptional co-
activators (including hGCNS5, CBP/p300, P/CAF, SRC-1)
possess intrinsic acetyltransferase activity that is critical for
their function [1-3]. Similarly, co-repressor complexes
include proteins that have deacetylase activity (reviewed
in [4-8]). Importantly, reversible acetylation is also a critical
post-translational modification of non-histone proteins,
including general and specific transcription factors, tran-
scriptional co-activators, non-histone structural chromoso-
mal proteins, and nuclear import factors. Protein acetylation
regulates many diverse functions, including DNA binding,
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protein/protein interaction, protein stability and cellular
localization (reviewed in [2,9—12]). Hence, acetylation
may rival phosphorylation as a mechanism for the transduc-
tion of cellular regulatory signals.

Previously, we and others have demonstrated the tran-
scriptional activation of the HIV-1 promoter in response to
deacetylase inhibitors [such as trichostatin A (TSA), tra-
poxin (TPX), valproic acid (VPA), sodium butyrate
(NaBut)]. This occurred in ex vivo transiently or stably
transfected HIV-1 long terminal repeat (LTR) promoter
reporter constructs [13—15], as well as in latently HIV-1-
infected cell lines [16-18], on in vitro chromatin-recon-
stituted HIV-1 templates [19,20], as well as in the context
of a de novo HIV-1 infection.’

Deacetylase inhibitors, such as TSA, strongly induce
HIV-1 transcription, although only a small subset (<2%) of
cellular genes have their expression upregulated by TSA,

1Quivy V, Adam E, Collette Y, Demonte D, Chariot A, Vanhulle C,
Berkhout B, Castellano R, de Launoit Y, Burny A, Piette J, Bours V, Van
Lint C. Synergistic activation of HIV-1 promoter activity by NF-kappaB
and inhibitors of deacetylases: implications for the development of
therapeutic strategies, manuscript submitted for publication.

0006-2952/02/$ — see front matter © 2002 Elsevier Science Inc. All rights reserved.

PII: S0006-2952(02)01152-8



926 V. Quivy, C. Van Lint/Biochemical Pharmacology 64 (2002) 925-934

as determined by RNA differential display analysis [21].
The ability of the HIV-1 promoter to respond specifically to
TSA might reflect a complex regulatory link between
deacetylation and transcriptional repression of the LTR.
In this review, we will describe recent developments
establishing the HIV-1 promoter as a regulatory model
system to study the complex relationship between acetyla-
tion processes and transcriptional activity.

2. Chromatin environment

The eukaryotic genome is compacted with histones and
other proteins to form chromatin [22], which allows for
efficient storage of genetic information. However, this
packaging also prevents the transcription machinery from
gaining access to the DNA template [23]. Chromatin is
heterogeneous in the nucleus: transcriptionally active genes
are characterized by a more diffuse chromatin structure
(active chromatin or euchromatin), whereas inactive genes
are packaged in a highly condensed chromatin configura-
tion (inactive chromatin or heterochromatin) [24]. Active
chromatin has different characteristics, among those, a
more relaxed structure when compared to the condensed
nature of inactive chromatin and a high rate of acetylated
histones.

For HIV-1, chromatin represents a very heterogeneous
environment. The activity of a de novo integrated HIV-1
promoter can be dramatically affected by the site of
integration and thus by the histone acetylation status at
this site. However, although the site of integration appeared
non-random [14,25], many studies have failed to define the
molecular mechanism of integration site selection [26,27].

3. Local nucleosomal organization

Chromatin organization is not static and disruption of
specific nucleosomes has been observed during transcrip-
tional activation of a number of promoters [28,29]. Core
histones are not only the primary proteins that fold DNA
into chromatin, thereby limiting passively DNA accessi-
bility, but they also play an active key role in transcrip-
tional regulation [30]. Therefore, determination of the
mechanisms responsible for both the positioning and the
disruption of specific nucleosomes in a given gene is
crucial for the understanding of its transcriptional regula-
tion. Multiprotein complexes exist whose primary function
is to help activate gene expression by altering chromatin so
that DNA regulatory sequences become more accessible to
sequence-specific proteins and to the general transcription
machinery [31]. At least two different, yet highly con-
served, mechanisms are at work to alter chromatin struc-
ture: chromatin remodeling activities/factors and post-
translational modifications of chromatin components, in
particular, histone acetylation.

Our laboratory has studied the chromatin organization of
HIV-1 proviruses integrated in five different latently
infected cell lines [32]. Independently of the site of inte-
gration, two nucleosomes (called nuc-0 and nuc-1) are
positioned at the viral promoter DNA at precise locations
with respect to regulatory elements [32]. Nuc-0 is posi-
tioned immediately upstream of the modulatory region and
nuc-1 immediately downstream of the viral transcription
start site (Fig. 1A). These nucleosomes define two open
regions corresponding, respectively, to the modulatory
region plus the enhancer/core promoter region (nt 200—
465) and to a regulatory domain in the leader region
downstream of the transcription start site (nt 610-720),
where transcription factors have been found to bind in vitro
and in vivo (Fig. 1A) [33-38]. Importantly, activation of the
integrated HIV-1 promoter by cytokine tumor necrosis
factor o (TNF-o) or phorbol ester TPA is accompanied
by the loss or rearrangement of the nucleosome nuc-1 near
the transcription start site [32]. Therefore, chromatin mod-
ifications might result in HIV-1 promoter activation. Con-
sistently, the silent, integrated viral LTR can be strongly
activated by drugs such as NaBut, TSA or TPX, which
inhibit deacetylases and thereby cause a global hyperace-
tylation of all cellular histones [16,21,39—43]. Remarkably,
despite this global histone hyperacetylation observed fol-
lowing treatment with deacetylase inhibitors, the only
detectable modification at the level of the HIV-1 chromatin
is the disruption of nuc-1 in the 5' LTR [16], whereas other
nucleosomes remain unaffected. This disruption is accom-
panied by an activation of virus production, which occurs
at the transcriptional level [16].

In vitro studies examining chromatin-reconstituted HIV-
1 templates also support a role for acetylation in LTR-
directed transcription [19,20]. Experiments from the Jones
laboratory have shown that TSA strongly induces HIV-1
transcription on nucleosomal DNA in vitro, concomitant
with an enhancer-dependent increase in the level of acety-
lated histones [19]. They conclude that HIV-1 enhancer
complexes greatly facilitate transcription reinitiation on
chromatin in vitro and act at a limiting step to promote
acetylation of histones and/or other, as yet undefined,
regulatory transcription factors required for HIV-1 enhan-
cer activity [19] (see Section 4). Another study by Steger
et al. [20] has demonstrated that, in vitro, histone acetyl-
transferase (HAT) activities acetylating either histone H3
or H4 stimulate HIV-1 transcription in a chromatin-specific
fashion. Acetylation of only histone proteins mediates
enhanced transcription, suggesting that these HAT activ-
ities facilitate transcription at least in part by modifying
histones. In addition, HAT's increase accessibility of HIV-1
chromatin in the absence of transcription, suggesting that
histone acetylation leads to nucleosome remodeling [20].

The observations already described suggest that under
latency conditions, the viral promoter is poised for tran-
scription but repressed by the presence of a single nucleo-
some, nuc- 1. The fact that inhibition of deacetylase activity
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Fig. 1. (A) Organization of the 5" LTR region of the HIV-1 retrovirus. The LTR is composed of the U3, R and U5 regions. The complete LTR and the leader
region (nt 1-789) (where nt +1 is the start of U3 in the 5’ LTR) are shown. The location of the transcription initiation site at the U3-R junction is indicated by
an arrow. The transcription factor binding sites present in the different regulatory regions are aligned with nucleosome positioning (grey spheres). From 5’ to
3', these transcription factor binding sites are as follows (reviewed in [38,52]): two AP1/COUP binding sites (nt 94-112 and nt 118-131), the nuclear
receptor-responsive element (NRRE) (nt 98-134), one c-Myb binding site (nt 151-156), two NF-AT binding sites (nt 162—-199 and nt 238-251), one
glucocorticoid receptor (GR) binding site (nt 192-207), one USF binding site (nt 288-293), one Ets-1 binding site (nt 305-313) one TCF-10/LEF-1 binding
site (nt 315-330), two kB sites (nt 350-373), three Sp1 binding sites (nt 377-408), the TATA box (nt 427-431), one LBP-1/YY1 binding site (nt 445-481),
three AP-1 binding sites (nt 540-616), one NF-AT binding site (nt 618-631), one IRF binding site (nt 652—677) and two Sp1 binding sites (nt 724-743). (B)
Model for transcriptional repression of the HIV-1 provirus during latency. Under latency conditions, nuc-1 blocks transcriptional initiation and/or elongation
because this nucleosome is maintained hypoacetylated by nearby deacetylases (HDAC). The targeting of these HDACS to nuc-1 is mediated by interactions
with transcription factors binding to DNA in the HIV-1 promoter region. These interactions take place directly or indirectly through another protein X. (C)
Model for transcriptional activation of the HIV-1 provirus. Nuc-1 is a major obstacle to transcription. To activate transciption, nuc-1 must be remodeled. Nuc-
1 remodeling could happen by inhibiting the deacetylases. How is this accomplished in vivo is unknown. The disruption could also happen by local
recruitment of acetyltransferases (HAT) by DNA-binding factors and/or by the viral protein Tat, which binds to the neosynthesized RNA hairpin TAR. This
would result in nuc-1 hyperacetylation and remodeling, thereby eliminating the block to transcription.
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is sufficient for transcriptional activation suggests that nuc-
1 is constitutively deacetylated by targeted deacetylase(s).
This model is supported by data showing that deacetylases
are targeted to specific promoter regions by virtue of their
interactions with specific transcription factors (Fig. 1B)
[44—47]. Several factors binding to the HIV-1 LTR repre-
sent good candidates for the specific targeting of deace-
tylases to nuc-1, causing transcription suppression (see
Section 4).

The repressive role of nuc-1 in latency remains to be
determined. Nuc-1 could block the binding of a transcrip-
tion factor necessary for the assembly of the initiation
complex. Alternatively, nuc-1, by its position immediately
after the transcription start site, could impede the progres-
sion of RNA polymerase II (RNAPII) (by accentuating a
natural pausing site), resulting in inefficient elongation [48—
50] and in the accumulation of short attenuated transcripts
detected in vivo [51]. Thus, during transcriptional activa-
tion, nuc-1, which seems to be a major hurdle for transcrip-
tion, has to be disrupted. This disruption could occur either
by inhibition of the recruited deacetylases at the level of the
viral LTR or by recruitment of acetyltransferases (Fig. 1C).
Consistent with this model, it is now well established that
acetyltransferases are targeted to specific promoter regions
by interactions with specific transcription factors. Several
cellular factors binding to the HIV-1 LTR (see Section 4)
and the viral trans-activator Tat (see Section 7) represent
good candidates for the specific recruitment of acetyltrans-
ferases to the HIV-1 promoter region.

4. Deacetylase(s) and acetyltransferase(s) recruitment
to the HIV-1 promoter

The 5" LTR has been extensively characterized in vitro,
and binding sites for several cellular transcription factors
have been identified using in vitro DNase I footprinting and
gel retardation assays (Fig. 1A) (see for review [37,38,52]).

On one hand, several of these factors, including AP-1
[53,54], ligand-bound nuclear hormone receptors (able to
bind NRRE [55]) [56-58], c-Myb [59,60], glucocorticoid
receptor (GR) [61], NF-AT [62], E-box binding proteins
[63,64], Ets-1 [65], TCF-1o/LEF-1 [66-68], NF-xB [69-
73], Spl [74-76], IRF [77] and the HIV-1 trans-activator
Tat [78-80] have been shown to interact with acetyltrans-
ferases. On the other hand, several transcription factors
that bind to the LTR, including unliganded nuclear hor-
mone receptors (able to bind NRRE [55]) [56-58], GR
[81], E-box binding proteins [46,47], YY1 [82], Sp1 [83],
TCF-1o/LEF-1 [84], NF-xB ([85,86], unpublished data
from our laboratory) have been shown to interact with
deacetylases. These factors therefore represent good can-
didates for the specific targeting of acetyltransferases and
deacetylases, respectively, to the HIV-1 promoter, thereby
regulating the acetylation level of histones (in particular
the histones of nuc-1).

4.1. Yin Yang-1

Recently, Coull et al. [87] has demonstrated for the first
time a link between deacetylase recruitment and inhibition
of HIV-1 expression by YY1 and LSF, in the natural
context of a viral promoter integrated into chromosomal
DNA. LSF would allow YY1 to recognize a site on the LTR
that YY1 could not bind by itself [88]. Therefore, LSF
would act as a docking molecule for YY1, which in turn
recruits the deacetylase HDAC]1 [87]. In this model, YY1
may be a limiting factor for LTR repression, required for
the recruitment of HDACI to the viral promoter. This
recruitment might maintain the nucleosome nuc-1 in a
deacetylated state, thereby inhibiting HIV-1 expression.

4.2. E-box binding proteins

The LTR also possesses four E-box motifs [89-92]. The
function of these motifs in HIV-1 regulation is poorly
characterized and is under investigation in our laboratory.
Generally, E-box motifs are able to recruit broad families
of factors: the basic Helix—-Loop—Helix (bHLH) and the
bHLH-Leucine Zipper (bHLH-LZ) factors, including
Mad-1, -2 (Mxil), -3, -4, Max, c-Myc, Mnt/Rox, AP-4,
USF, TFE3, TFEB, HTF4, E-47, E2A. The factors c-Myc,
Mad, Max are members of a particular network. Although
the binding of the factors of this network has not been
demonstrated in the context of the HIV-1 LTR, such factors
represent good candidates for the targeting of acetyltrans-
ferases and deacetylases to the HIV-1 promoter region. The
central component of the c-Myc/Mad/Max network is
Max. Max heterodimerizes either with Mad or with c-
Myec. The roles of these heterodimers in the process of
transcription are opposite: Mad—Max represses transcrip-
tion, whereas c-Myc—Max actives it. Mad represses tran-
scription by recruitment of HDACs via the co-repressor
Sin3, whereas c-Myc activates transcription probably by
recruiting the transcriptional co-activator TRRAP (tran-
scription/transformation domain associated protein),
which tethers the acetyltransferase hGCNS5 (reviewed in
[93]). Thus, in absence of HIV-1 activation, the E-boxes
could be occupied by Mad—-Max heterodimers, maintaining
nuc-1 hypoacetylated. Following induction by TNF-o or
TPA, a switch between the Mad-Max and c-Myc-Max
heterodimers could take place, thereby allowing the
recruitment of an acetyltransferase and the acetylation-
dependent disruption of nuc-1.

4.3. Nuclear factor-kB (NF-kB)

An important candidate for the specific targeting of
deacetylases and acetyltransferases is the transcription
factor NF-xB. NF-kB plays a central role in the activation
pathway of the HIV-1 provirus reviewed in [94,95]. Var-
ious studies have reported that the two NF-kB-binding sites
in the HIV-1 enhancer [96,97] as well as the NF-xB
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proteins [98,99] are critical for LTR promoter activity and
important for optimal HIV-1 replication [100-103].
Recently, Karn and coworkers have shown that the p65
subunit of NF-kB stimulates transcriptional elongation
from the HIV-1 promoter [104]. Moreover, two groups
have separately reported the interaction of p65 either with
HDACI1 [86] or with HDAC3 [85]. These HDACs could
repress expression of NF-kB-regulated genes by maintain-
ing histones in a deacetylated state. Moreover, NF-kB-
dependent gene expression requires the function of tran-
scriptional co-activator proteins, including CBP/p300, P/
CAF, SRC-1, which possess acetyltransferase activity [69—
73]. Finally, there is some evidence to suggest that dea-
cetylase inhibitors may function to positively regulate NF-
kB transcriptional activity [81,105]. We have recently
demonstrated that deacetylase inhibitors (such as TSA
and NaBut) synergize with both ectopically expressed
p50/p65 and TNF-a-induced NF-xB to activate the HIV-
1 promoter (see footnote 1). The major role of NF-«xB in
HIV-1 transcriptional activation and its ability to interact
with deacetylases and acetyltransferases highlights the
importance to investigate the potential role of NF-kB in
the regulation of nuc-1-dependent HIV-1 transcriptional
repression.

4.4. Stimulatory protein-1 (Spl)

The ubiquitous transcription factor Spl is critical for
both basal and Tat-induced transcription of the HIV-1 LTR
[106,107]. Sp1 could also play an important role in the nuc-
1-dependent regulation of HIV-1. Indeed, Spl has been
demonstrated to interact with the acetyltransferase p300
and to act as a co-activator for Spl-mediated transcrip-
tional activation [74-76]. Spl has also been shown to
directly interact with HDACI1 [83]. Whether these inter-
actions have functional implications in the context of the
HIV-1 promoter remains however to establish.

5. Possible role of transcription factor acetylation
in HIV-1 regulation

It is important to note that histones are not the unique
protein targets for reversible acetylation. In the case of
HIV-1, acetylation could therefore also modulate the
activity of some components of the basal transcription
machinery as well as transcription factors important for
optimal HIV-1 expression. Thus, acetyltransferase and
deacetylase activities that are recruited to the LTR could
modify the acetylation status not only of histones but also
of transcription factors, thereby modulating their activity.

A growing list of factors has been demonstrated as
substrates for acetyltransferases [11]. Binding sites for
some of these factors are present in the HIV-1 5" LTR:
c-Myb, Spl, IRF, TFIIEP and TFIIF and the p65 and p50
subunits of NF-kB.

For Spl, IRF, TFIIEB and TFIIF, the functional role of
their acetylation has not been reported [75,77,108]. For c-
Myb, the substitution of acetylatable lysine residues into
alanines increases c-Myb DNA binding activity and c-Myb
trans-activating potential [59]. Moreover, acetylation of c-
Myb by CBP increases its trans-activating capacity by
enhancing its association with CBP [109]. Recently, Chen
et al. [85] have reported that the p65 subunit of NF-kB is
subject to a weak TNF-a-inducible acetylation and that the
acetylated form of p65 interacts with reduced affinity, if at
all, with its inhibitor IkBalpha. We also demonstrated a
very weak acetylation of p65, however, in contrast to this
latter study, we observed this acetylation independently of
the presence of TNF-o..>

Interestingly, acetylation by p300/CBP of the p50 sub-
unit of NF-kB in its DNA-binding domain increases its
binding activity to the HIV-1 LTR, and this coincides with
an increase in the rate of viral transcription [110]. More-
over, the acetylation of pS0 is completely dependent on the
presence of the viral trans-activator Tat [110]. This opens
the possibility that Tat alters the specificity of p300/CBP
activity in favor of another set of factors.

Eventhough binding sites for these acetylatable tran-
scription factors are present in the HIV-1 5 LTR, the
precise significance of their acetylation in the context of
HIV-1 transcriptional regulation remains undetermined.

6. Does protein acetylation modulate transduction
signaling pathways?

Since protein acetylation affects an increasing number
of substrate proteins and regulates them in various man-
ners, it seems logical that acetylation as phosphorylation is
involved in specific regulation pathways. Moreover, it
seems likely that acetyltransferase activities should be
regulated. This regulation will act at two levels: induction
of acetyltransferase activity and substrate specificity. To
date, very little is known about the regulation of acetyl-
transferase activity. Nevertheless, some reports show that
CBP and hGCNS5 acetyltransferase activities are modulated
by phosphorylation [111,112] and that p53 phosphoryla-
tion stimulates acetylation, probably by increasing the
association of p53 with CBP/p300 [113,114], indicating
the existence of an intimate cross-talk between phosphor-
ylation and acetylation. However, there is no evidence as
yet for an acetylation cascade, i.e. an acetyltransferase
modifying the enzymatic activity of a second acetyltrans-
ferase in order to transduce a biological signal (see [12] for
extended discussion).

2 Adam E, Quivy V, Nguyén TLA, Chariot A, Vanhulle C, Bex F,
Schoonbroodt S, Goffin V, Collette Y, de Launoit Y, Burny A, Bours V,
Piette J, Van Lint C. Potentiation of TNFalpha-induced NF-kappaB
activation by deacetylase inhibitors is associated with a delay in the
cytoplasmic reappearance of IkappaB-alpha, manuscript submitted for
publication.
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Recent results from our laboratory indicate that deace-
tylase inhibitor TSA activates HIV-1 transcription syner-
gically with both ectopically expressed and TNF-o-
induced NF-kB (see footnote 1). Mechanistically, we have
shown that TSA delays the cytoplasmic reappearance of
the NF-xB inhibitor IkBalpha. This coincides with a
prolonged intranuclear presence and DNA binding activity
of NF-xB on the HIV-1 LTR (see footnotes 1 and 2). Our
results suggest a regulation of the NF-kB/IkBalpha signal-
ing pathway by acetylation/deacetylation events. There-
fore, in the context of the HIV-1 promoter, in addition to
recruitment of acetyltransferases and deacetylases and to
direct acetylation of transcription factors binding to the
LTR, another level of acetylation-dependent regulation
could intervene: modulation of a signaling pathway itself
by deacetylase inhibitors.

7. The trans-activator Tat of HIV-1

Transcription of the HIV-1 provirus is characterized by
an early, Tat-independent phase and a late, Tat-dependent
phase. During the Tat-independent phase, the HIV-1 pro-
moter is strictly under the control of the local chromatin
environment and cellular transcription factors binding to
cis-acting elements in the viral promoter region. Thus, as
already described, this phase could be strongly inhibited
through deacetylation and induced following acetylation of
histones as well as of transcription factors. Additionally,
acetylation is also involved in the Tat-dependent transcrip-
tional phase.

The viral trans-activator protein Tat is an atypical
transcriptional activator that functions through binding,
not to DNA, but to a short leader RNA, called TAR (for
trans-activation response) and located at the 5’-end of all
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viral transcripts ([115,116], reviewed in [117]). Tat acti-
vates transcription both at the level of initiation by aug-
menting the rate at which the cellular RNAPII starts
transcription and at the level of elongation by increasing
the processivity of the polymerase [117,118]. The role of
Tat in transcriptional elongation can be ascribed to its
specific interaction with protein complexes possessing
protein kinase activity and being able to phosphorylate
the carboxyl-terminal domain (CTD) of the largest subunit
of RNAPIIL. This process is known to occur as RNAPII
converts from an initiating (RNAPIIa) to an elongating
enzyme (RNAPIIo). Those kinases are named Tat-asso-
ciated kinases (TAKs) and include the RNAPII CTD
kinases, TFIIH [119-121] and CDK9/P-TEFb ([122-
124], reviewed in [125]).

Moreover, Tat is known to interact with different acet-
yltransferases: Tip60 [126,127], TAFII250 [128], hGCN5
[129], p300/CBP and P/CAF [78-80]. Although the target-
ing of acetyltransferases could be a general mechanism of
Tat activity, the functional consequences of these interac-
tions could be different for each acetyltransferase. Tat—
Tip60 and Tat-TAFII250 interactions do not affect tran-
scription from the HIV-1 LTR but repress transcription of
cellular genes such as the manganese-dependent super-
oxide dismutase gene [130] and the major histocompat-
ibility class I genes [128]. In contrast, p300/CBP, P/CAF
and hGCNS activate the HIV-1 LTR transcriptional activ-
ity. This activation could be mediated through acetylation
of histones. This acetylation could derepress the chroma-
tinized viral promoter and thus explain, at least in part, how
Tat participates in initiating access and formation of the
RNAPII complex. Consistent with this model, el Kharroubi
et al. have shown a chromatin remodeling in the region of
nuc-1 upon activation of the LTR by Tat [13]. Additionally,
components of the basal transcription machinery (includ-

Fig. 2. Model for the acetylation-dependent regulation of Tat by p300, hGCNS5 and P/CAF. P/CAF acetylates Lys28 in the trans-activation domain of Tat and
this enhances the recruitment of hCycT1/CDKO9. This would enhance CTD phosphorylation and transcriptional elongation. p300 and/or hGCNS acetylate
Lys50 in the RNA-binding domain of Tat and this promotes dissociation of Tat from TAR RNA.
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ing TFIER and TFIIF) and transcription factors required
for an optimal HIV-1 expression (including Spl and NF-
kB) could also have their activity modulated by acetylation
through the recruitment of p300 by Tat. Moreover, we and
others have demonstrated that Tat itself is modified by
direct acetylation. The p300/CBP and hGCNS5 acetylate
lysine 50 and weakly lysine 51 in the TAR RNA binding
domain of Tat [15,129,131,132], whereas P/CAF acety-
lates lysine 28 in the activation domain of Tat [15].
Mechanistically, acetylation at Lys28 by P/CAF enhances
the recruitment of the cyclinT1(hCycT1)/CDK9 complex
by Tat [15]. This would result in enhanced CTD phosphor-
ylation by this Tat-associated kinase complex and in
enhanced transcriptional elongation [15] (Fig. 2). Acetyla-
tion at lysine 50 of Tat promotes the dissociation of Tat
from TAR RNA, dissociation that occurs during early HI'V-
1 transcription elongation [133,134] (Fig. 2). This would
recycle functional Tat protein and enhance its apparent
concentration in a manner advantageous for function. This
could also explain the uncharacterized mechanism for the
release of Tat from TAR and its presence in the elongation
complex (Fig. 2). The use of different cellular acetyltrans-
ferases (p300/CBP and hGCNY) by Tat to acetylate the
same residues (lysines 50 and 51) highlights the impor-
tance of this post-translational modification for the activity
of Tat. Thus, acetylation of Tat regulates two discrete and
functionally critical steps in HIV-1 transcription: binding
of Tat to the RNAPII CTD-kinase and release of Tat from
TAR RNA.

8. Conclusions

The HIV-1 provirus belongs to a family of genes whose
transcriptional activation is modulated by acetylation/dea-
cetylation. It is likely that the HIV-1 promoter will prove to
be dependent on the activity of several specific deacety-
lases/acetyltransferases. Such specificity could be con-
ferred by interactions of a given set of deacetylases/
acetyltransferases with a distinct set of DNA-binding
factors. In addition to the specific targeting of their enzy-
matic activities, these deacetylases/acetyltransferases have
specificity in their choice of substrates: both in terms of
which protein they target and in terms of which specific
lysine residues are modified on each protein.

Increasing evidence shows that deacetylases and acet-
yltransferases intervene in transcriptional silencing and
activation of the HIV-1 provirus, respectively. Therefore,
in order to increase our understanding of HIV-1 latency and
reactivation, the next challenge will be to identify how and
which deacetylase(s)/acetyltransferase(s) are involved in
viral transcriptional regulation. The knowledge of these
should define new targets for drugs design and therapeutic
intervention aimed at interfering with HIV-1 replication.
There are two main opposite strategies: first, maintain cells
in the latent state by acetyltransferase inhibition in order to

improve highly active anti-retroviral therapy (HAART),
and second, force virus expression in the resting cells by
deacetylase inhibition in order to purge the latent HIV-1
reservoirs in presence of a continuous and efficacious
HAART treatment.

Acknowledgments

We thank Arséne Burny for helpful comments on the
manuscript. The work on HIV-1 and acetylation in C.V.L.’s
laboratory is supported by grants from the ‘““Fonds National
de la Recherche Scientifique” (FNRS, Belgium), the Télé-
vie-Program, the “Université Libre de Bruxelles” (ULB),
the Internationale Brachet Stiftung, the CGRI-INSERM
cooperation, the Région Wallonne-Commission Europé-
enne FEDER and the Theyskens-Mineur Foundation. V.Q.
and C.V.L. are Aspirant and Chercheur Qualifié of the
FNRS, respectively.

References

[1] Roth SY, Denu JM, Allis CD. Histone acetyltransferases. Annu Rev
Biochem 2001;70:81-120.

[2] Sterner DE, Berger SL. Acetylation of histones and transcription-
related factors. Microbiol Mol Biol Rev 2000;64:435-59.

[3] Ogryzko VV. Mammalian histone acetyltransferases and their com-
plexes. Cell Mol Life Sci 2001;58:683-92.

[4] Fischle W, Kiermer V, Dequiedt F, Verdin E. The emerging role of
class II histone deacetylases. Biochem Cell Biol 2001;79:33748.

[5] Gray SG, Ekstrom TJ. The human histone deacetylase family. Exp
Cell Res 2001;262:75-83.

[6] Khochbin S, Verdel A, Lemercier C, Seigneurin-Berny D. Functional
significance of histone deacetylase diversity. Curr Opin Genet Dev
2001;11:162-6.

[7]1 Khochbin S, Kao HY. Histone deacetylase complexes: functional
entities or molecular reservoirs. FEBS Lett 2001;494:141-4.

[8] Knoepfler PS, Eisenman RN. Sin meets NuRD and other tails of
repression. Cell 1999;99:447-50.

[9] Bannister AJ, Miska EA. Regulation of gene expression by tran-
scription factor acetylation. Cell Mol Life Sci 2000;57:1184-92.

[10] Berger SL. Gene activation by histone and factor acetyltransferases.
Curr Opin Cell Biol 1999;11:336-41.

[11] Chen H, Tini M, Evans RM. HAT's on and beyond chromatin. Curr
Opin Cell Biol 2001;13:218-24.

[12] Kouzarides T. Acetylation: a regulatory modification to rival phos-
phorylation? EMBO J 2000;19:1176-9.

[13] el Kharroubi A, Piras G, Zensen R, Martin MA. Transcriptional
activation of the integrated chromatin-associated human immuno-
deficiency virus type 1 promoter. Mol Cell Biol 1998;18:2535-44.

[14] Jordan A, Defechereux P, Verdin E. The site of HIV-1 integration in
the human genome determines basal transcriptional activity and
response to Tat transactivation. EMBO J 2001;20:1726-38.

[15] Kiernan RE, Vanhulle C, Schiltz L, Adam E, Xiao H, Maudoux F,
Calomme C, Burny A, Nakatani Y, Jeang KT, Benkirane M, Van Lint
C. HIV-1 tat transcriptional activity is regulated by acetylation.
EMBO J 1999;18:6106-18.

[16] Van Lint C, Emiliani S, Ott M, Verdin E. Transcriptional activation
and chromatin remodeling of the HIV-1 promoter in response to
histone acetylation. EMBO J 1996;15:1112-20.

[17] Moog C, Kuntz-Simon G, Caussin-Schwemling C, Obert G. Sodium
valproate, an anticonvulsant drug, stimulates human immunodefi-



932

[18]

[19]

(20]

[21]

(22]

(23]

[24]

(25]

(26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

(34]

[35]

[36]

[37]

(38]

(39]

V. Quivy, C. Van Lint/Biochemical Pharmacology 64 (2002) 925-934

ciency virus type | replication independently of glutathione levels. J
Gen Virol 1996;77(Pt 9):1993-9.

Witvrouw M, Schmit JC, Van Remoortel B, Daelemans D, Este JA,
Vandamme AM, Desmyter J, De Clercq E. Cell type-dependent
effect of sodium valproate on human immunodeficiency virus
type 1 replication in vitro. AIDS Res Hum Retroviruses 1997;13:
187-92.

Sheridan PL, Mayall TP, Verdin E, Jones KA. Histone acetyltrans-
ferases regulate HIV-1 enhancer activity in vitro. Genes Dev
1997;11:3327-40.

Steger DJ, Eberharter A, John S, Grant PA, Workman JL. Purified
histone acetyltransferase complexes stimulate HIV-1 transcription
from preassembled nucleosomal arrays. Proc Natl Acad Sci USA
1998;95:12924-9.

Van Lint C, Emiliani S, Verdin E. The expression of a small fraction
of cellular genes is changed in response to histone hyperacetylation.
Gene Expr 1996;5:245-53.

van Holde KE. In: Rich A, editor. Chromatin. New York: Springer-
Verlag, 1989.

Paranjape SM, Kamakaka RT, Kadonaga JT. Role of chromatin
structure in the regulation of transcription by RNA polymerase II.
Annu Rev Biochem 1994;63:265-97.

Weintraub H, Groudine M. Chromosomal subunits in active genes
have an altered conformation. Science 1976;193:848-56.

Katz RA, Gravuer K, Skalka AM. A preferred target DNA structure
for retroviral integrase in vitro. J Biol Chem 1998;273:24190-5.
Stevens SW, Griffith JD. Human immunodeficiency virus type 1 may
preferentially integrate into chromatin occupied by L1Hs repetitive
elements. Proc Natl Acad Sci USA 1994;91:5557-61.

Stevens SW, Griffith JD. Sequence analysis of the human DNA
flanking sites of human immunodeficiency virus type 1 integration. J
Virol 1996;70:6459-62.

Wallrath LL, Lu Q, Granok H, Elgin SC. Architectural variations of
inducible eukaryotic promoters: preset and remodeling chromatin
structures. Bioessays 1994;16:165-70.

Elgin SC, Workman J. Chromatin structure and gene expression. 2nd
ed. Oxford: Oxford University Press, 2000.

Wolffe AP. Transcriptional regulation in the context of chromatin
structure. Essays Biochem 2001;37:45-57.

Workman JL, Kingston RE. Alteration of nucleosome structure as a
mechanism of transcriptional regulation. Annu Rev Biochem
1998;67:545-79.

Verdin E, Paras Jr P, Van Lint C. Chromatin disruption in the
promoter of human immunodeficiency virus type 1 during transcrip-
tional activation. EMBO J 1993;12:3249-59.

Demarchi F, D’Agaro P, Falaschi A, Giacca M. Probing protein—
DNA interactions at the long terminal repeat of human immunode-
ficiency virus type 1 by in vivo footprinting. J Virol 1992;66:2514-8.
Al Harthi L, Roebuck KA. Human immunodeficiency virus type-1
transcription: role of the 5'-untranslated leader region (review). Int J
Mol Med 1998;1:875-81.

el Kharroubi A, Verdin E. Protein-DNA interactions within DNase I-
hypersensitive sites located downstream of the HIV-1 promoter. J
Biol Chem 1994;269:19916-24.

Van Lint C, Amella CA, Emiliani S, John M, Jie T, Verdin E.
Transcription factor binding sites downstream of the human immu-
nodeficiency virus type 1 transcription start site are important for
virus infectivity. J Virol 1997;71:6113-27.

Roebuck KA, Saifuddin M. Regulation of HIV-1 transcription. Gene
Expr 1999;8:67-84.

Pereira LA, Bentley K, Peeters A, Churchill MJ, Deacon NJ. A
compilation of cellular transcription factor interactions with the HIV-
1 LTR promoter. Nucleic Acids Res 2000;28:663-8.

Bohan C, York D, Srinivasan A. Sodium butyrate activates human
immunodeficiency virus long terminal repeat-directed expression.
Biochem Biophys Res Commun 1987;148:899-905.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Bohan CA, Robinson RA, Luciw PA, Srinivasan A. Mutational
analysis of sodium butyrate inducible elements in the human im-
munodeficiency virus type I long terminal repeat. Virology
1989;172:573-83.

Golub EI, Li GR, Volsky DJ. Induction of dormant HIV-1 by sodium
butyrate: involvement of the TATA box in the activation of the HIV-1
promoter. AIDS 1991;5:663-8.

Laughlin MA, Zeichner S, Kolson D, Alwine JC, Seshamma T,
Pomerantz RJ, Gonzalez-Scarano F. Sodium butyrate treatment of
cells latently infected with HIV-1 results in the expression of
unspliced viral RNA. Virology 1993;196:496-505.

Laughlin MA, Chang GY, Oakes JW, Gonzalez-Scarano F, Pomer-
antz RJ. Sodium butyrate stimulation of HIV-1 gene expression: a
novel mechanism of induction independent of NF-kappaB. J Acquir
Immune Defic Syndr Hum Retrovirol 1995;9:332-9.

Ayer DE, Lawrence QA, Eisenman RN. Mad-Max transcriptional
repression is mediated by ternary complex formation with mamma-
lian homologs of yeast repressor Sin3. Cell 1995;80:767-76.
Schreiber-Agus N, Chin L, Chen K, Torres R, Rao G, Guida P,
Skoultchi AI, DePinho RA. An amino-terminal domain of Mxil
mediates anti-Myc oncogenic activity and interacts with a homolog
of the yeast transcriptional repressor SIN3. Cell 1995;80:777-86.
Hassig CA, Fleischer TC, Billin AN, Schreiber SL, Ayer DE. Histone
deacetylase activity is required for full transcriptional repression by
mSin3A. Cell 1997;89:341-7.

Laherty CD, Yang WM, Sun JM, Davie JR, Seto E, Eisenman RN.
Histone deacetylases associated with the mSin3 corepressor mediate
mad transcriptional repression. Cell 1997;89:349-56.

Laspia MF, Rice AP, Mathews MB. HIV-1 Tat protein increases
transcriptional  initiation and  stabilizes elongation. Cell
1989;59:283-92.

Laspia MF, Rice AP, Mathews MB. Synergy between HIV-1 Tat and
adenovirus E1A is principally due to stabilization of transcriptional
elongation. Genes Dev 1990;4:2397-408.

Feinberg MB, Baltimore D, Frankel AD. The role of Tat in the
human immunodeficiency virus life cycle indicates a primary effect
on transcriptional elongation. Proc Natl Acad Sci USA 1991;88:
4045-9.

Kao SY, Calman AF, Luciw PA, Peterlin BM. Anti-termination of
transcription within the long terminal repeat of HIV-1 by tat gene
product. Nature 1987;330:489-93.

Gaynor R. Cellular transcription factors involved in the regulation of
HIV-1 gene expression. AIDS 1992:6:347-63.

Lee SK, Kim HJ, Na SY, Kim TS, Choi HS, Im SY, Lee JW. Steroid
receptor coactivator-1 coactivates activating protein-1-mediated
transactivations through interaction with the c-Jun and c-Fos sub-
units. J Biol Chem 1998;273:16651-4.

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin SC,
Heyman RA, Rose DW, Glass CK, Rosenfeld MG. A CBP integrator
complex mediates transcriptional activation and AP-1 inhibition by
nuclear receptors. Cell 1996;85:403-14.

Ladias JA. Convergence of multiple nuclear receptor signaling
pathways onto the long terminal repeat of human immunodeficiency
virus-1. J Biol Chem 1994;269:5944-51.

Wolffe AP. Transcriptional control. Sinful repression. Nature
1997;387:16-7.

Magnaghi-Jaulin L, Ait-Si-Ali S, Harel-Bellan A. Histone acetyla-
tion in signal transduction by growth regulatory signals. Semin Cell
Dev Biol 1999;10:197-203.

Minucci S, Pelicci PG. Retinoid receptors in health and disease: co-
regulators and the chromatin connection. Semin Cell Dev Biol
1999;10:215-25.

Tomita A, Towatari M, Tsuzuki S, Hayakawa F, Kosugi H, Tamai K,
Miyazaki T, Kinoshita T, Saito H. c-Myb acetylation at the carboxyl-
terminal conserved domain by transcriptional co-activator p300.
Oncogene 2000;19:444-51.



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

(791

V. Quivy, C. Van Lint/Biochemical Pharmacology 64 (2002) 925-934 933

Dai P, Akimaru H, Tanaka Y, Hou DX, Yasukawa T, Kanei-Ishii C,
Takahashi T, Ishii S. CBP as a transcriptional coactivator of c-Myb.
Genes Dev 1996;10:528-40.

Zanger K, Radovick S, Wondisford FE. CREB binding protein
recruitment to the transcription complex requires growth factor-
dependent phosphorylation of its GF box. Mol Cell 2001;7:551-8.
Avots A, Buttmann M, Chuvpilo S, Escher C, Smola U, Bannister
AJ, Rapp UR, Kouzarides T, Serfling E. CBP/p300 integrates Raf/
Rac-signaling pathways in the transcriptional induction of NF-ATc
during T cell activation. Immunity 1999;10:515-24.

Eckner R, Yao TP, Oldread E, Livingston DM. Interaction and
functional collaboration of p300/CBP and bHLH proteins in muscle
and B-cell differentiation. Genes Dev 1996;10:2478-90.
McMahon SB, Wood MA, Cole MD. The essential cofactor TRRAP
recruits the histone acetyltransferase hGCNS5 to c-Myc. Mol Cell
Biol 2000;20:556-62.

Yang C, Shapiro LH, Rivera M, Kumar A, Brindle PK. A role for
CREB binding protein and p300 transcriptional coactivators in Ets-1
transactivation functions. Mol Cell Biol 1998;18:2218-29.
Miyagishi M, Fujii R, Hatta M, Yoshida E, Araya N, Nagafuchi A,
Ishihara S, Nakajima T, Fukamizu A. Regulation of Lef-mediated
transcription and p53-dependent pathway by associating beta-cate-
nin with CBP/p300. J Biol Chem 2000;275:35170-5.

Takemaru KI, Moon RT. The transcriptional coactivator CBP inter-
acts with beta-catenin to activate gene expression. J Cell Biol
2000;149:249-54.

Hecht A, Vleminckx K, Stemmler MP, van Roy F, Kemler R. The
p300/CBP acetyltransferases function as transcriptional coactivators
of beta-catenin in vertebrates. EMBO J 2000;19:1839-50.

Perkins ND, Felzien LK, Betts JC, Leung K, Beach DH, Nabel GJ.
Regulation of NF-kappaB by cyclin-dependent kinases associated
with the p300 coactivator. Science 1997;275:523-7.

Gerritsen ME, Williams AJ, Neish AS, Moore S, Shi Y, Collins T.
CREB-binding protein/p300 are transcriptional coactivators of p65.
Proc Natl Acad Sci USA 1997;94:2927-32.

Zhong H, SuYang H, Erdjument-Bromage H, Tempst P, Ghosh S.
The transcriptional activity of NF-kappaB is regulated by the
IkappaB-associated PKAc subunit through a cyclic AMP-indepen-
dent mechanism. Cell 1997;89:413-24.

Na SY, Lee SK, Han SJ, Choi HS, Im SY, Lee JW. Steroid receptor
coactivator-1 interacts with the pS0 subunit and coactivates nuclear
factor kappaB-mediated transactivations. J Biol Chem
1998;273:10831-4.

Sheppard KA, Rose DW, Haque ZK, Kurokawa R, Mclnerney E,
Westin S, Thanos D, Rosenfeld MG, Glass CK, Collins T. Tran-
scriptional activation by NF-kappaB requires multiple coactivators.
Mol Cell Biol 1999;19:6367-78.

Billon N, Carlisi D, Datto MB, van Grunsven LA, Watt A, Wang XF,
Rudkin BB. Cooperation of Spl and p300 in the induction of the
CDK inhibitor p21 WAF1/CIP1 during NGF-mediated neuronal dif-
ferentiation. Oncogene 1999;18:2872-82.

Suzuki T, Kimura A, Nagai R, Horikoshi M. Regulation of interaction
of the acetyltransferase region of p300 and the DNA-binding domain
of Spl on and through DNA binding. Genes Cells 2000;5:29-41.
Xiao H, Hasegawa T, Isobe K. p300 collaborates with Sp1 and Sp3 in
p21(wafl/cipl) promoter activation induced by histone deacetylase
inhibitor. J Biol Chem 2000;275:1371-6.

Masumi A, Ozato K. Coactivator p300 acetylates the interferon
regulatory factor-2 in U937 cells following phorbol ester treatment. J
Biol Chem 2001;276:20973-80.

Hottiger MO, Nabel GJ. Interaction of human immunodeficiency
virus type 1 Tat with the transcriptional coactivators p300 and CREB
binding protein. J Virol 1998;72:8252-6.

Marzio G, Tyagi M, Gutierrez MI, Giacca M. HIV tat transactivator
recruits p300 and CREB-binding protein histone acetyltransferases
to the viral promoter. Proc Natl Acad Sci USA 1998;95:13519-24.

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

(971

[98]

Benkirane M, Chun RF, Xiao H, Ogryzko VV, Howard BH, Nakatani
Y, Jeang KT. Acti, activation of integrated provirus requires histone
acetyltransferase, p300 and P/CAF are coactivators for HIV-1 Tat-1.
J Biol Chem 1998;273:24898-905.

Ito K, Barnes PJ, Adcock IM. Glucocorticoid receptor recruitment of
histone deacetylase 2 inhibits interleukin-1beta-induced histone H4
acetylation on lysines 8 and 12. Mol Cell Biol 2000;20:6891-903.
Yang WM, Inouye C, Zeng Y, Bearss D, Seto E. Transcriptional
repression by YY1 is mediated by interaction with a mammalian
homolog of the yeast global regulator RPD3. Proc Natl Acad Sci
USA 1996;93:12845-50.

Doetzlhofer A, Rotheneder H, Lagger G, Koranda M, Kurtev V,
Brosch G, Wintersberger E, Seiser C. Histone deacetylase 1 can
repress transcription by binding to Spl. Mol Cell Biol 1999;19:
5504-11.

Billin AN, Thirlwell H, Ayer DE. Beta-catenin-histone deacetylase
interactions regulate the transition of LEF1 from a transcriptional
repressor to an activator. Mol Cell Biol 2000;20:6882-90.

Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-
kappaB action regulated by reversible acetylation. Science
2001;293:1653-7.

Ashburner BP, Westerheide SD, Baldwin Jr AS. The p65 (RelA)
subunit of NF-kappaB interacts with the histone deacetylase
(HDAC) corepressors HDAC1 and HDAC2 to negatively regulate
gene expression. Mol Cell Biol 2001;21:7065-77.

Coull JJ, Romerio F, Sun JM, Volker JL, Galvin KM, Davie JR, Shi
Y, Hansen U, Margolis DM. The human factors YY1 and LSF repress
the human immunodeficiency virus type 1 long terminal repeat via
recruitment of histone deacetylase 1. J Virol 2000;74:6790-9.
Romerio F, Gabriel MN, Margolis DM. Repression of human im-
munodeficiency virus type 1 through the novel cooperation of human
factors YY1 and LSF. J Virol 1997;71:9375-82.

d’Adda dF, Marzio G, Gutierrez MI, Kang LY, Falaschi A, Giacca M.
Molecular and functional interactions of transcription factor USF
with the long terminal repeat of human immunodeficiency virus type
1. J Virol 1995;69:2765-75.

Giacca M, Gutierrez MI, Menzo S, d’Adda dF, Falaschi A. A human
binding site for transcription factor USF/MLTF mimics the negative
regulatory element of human immunodeficiency virus type 1. Vir-
ology 1992;186:133-47.

Ou SH, Garcia-Martinez LF, Paulssen EJ, Gaynor RB. Role of
flanking E box motifs in human immunodeficiency virus type 1
TATA element function. J Virol 1994;68:7188-99.

Zhang Y, Doyle K, Bina M. Interactions of HTF4 with E-box motifs
in the long terminal repeat of human immunodeficiency virus type 1.
J Virol 1992;66:5631-4.

Baudino TA, Cleveland JL. The Max network gone mad. Mol Cell
Biol 2001;21:691-702.

Rabson AB, Lin HC. NF-kappa B and HIV: linking viral and immune
activation. Adv Pharmacol 2000;48:161-207.

Roulston A, Lin R, Beauparlant P, Wainberg MA, Hiscott J. Reg-
ulation of human immunodeficiency virus type 1 and cytokine gene
expression in myeloid cells by NF-kappa B/Rel transcription factors.
Microbiol Rev 1995;59:481-505.

Ross EK, Buckler-White AJ, Rabson AB, Englund G, Martin MA.
Contribution of NF-kappa B and Spl binding motifs to the replica-
tive capacity of human immunodeficiency virus type 1: distinct
patterns of viral growth are determined by T-cell types. J Virol
1991;65:4350-8.

Kim JY, Gonzalez-Scarano F, Zeichner SL, Alwine JC. Replication
of type 1 human immunodeficiency viruses containing linker sub-
stitution mutations in the 201 to 130 region of the long terminal
repeat. J Virol 1993;67:1658-62.

Griffin GE, Leung K, Folks TM, Kunkel S, Nabel GJ. Activation of
HIV gene expression during monocyte differentiation by induction
of NF-kappa B. Nature 1989;339:70-3.



934

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

V. Quivy, C. Van Lint/Biochemical Pharmacology 64 (2002) 925-934

Qian J, Bours V, Manischewitz J, Blackburn R, Siebenlist U, Golding
H. Chemically-selected subclones of the CEM cell line demonstrate
resistance to HIV-1 infection resulting from a selective loss of NF-
kappa B DNA binding proteins. J Immunol 1994;152:4183-91.
Nabel G, Baltimore D. An inducible transcription factor activates
expression of human immunodeficiency virus in T cells. Nature
1987;326:711-3.

Perkins ND, Edwards NL, Duckett CS, Agranoff AB, Schmid RM,
Nabel GJ. A cooperative interaction between NF-kappa B and Sp1 is
required for HIV-1 enhancer activation. EMBO J 1993;12:3551-8.
Duckett CS, Perkins ND, Kowalik TF, Schmid RM, Huang ES,
Baldwin Jr AS, Nabel GJ. Dimerization of NF-KB2 with RelA(p65)
regulates DNA binding, transcriptional activation, and inhibition by
an I kappa B-alpha (MAD-3). Mol Cell Biol 1993;13:1315-22.
Liu J, Perkins ND, Schmid RM, Nabel GJ. Specific NF-kappa B
subunits act in concert with Tat to stimulate human immunodefi-
ciency virus type 1 transcription. J Virol 1992;66:3883-7.

West MJ, Lowe AD, Karn J. Activation of human immunodeficiency
virus transcription in T cells revisited: NF-kappaB p65 stimulates
transcriptional elongation. J Virol 2001;75:8524-37.

Vanden Berghe W, De Bosscher K, Boone E, Plaisance S, Haegeman
G. The nuclear factor-kappaB engages CBP/p300 and histone acet-
yltransferase activity for transcriptional activation of the interleukin-
6 gene promoter. J Biol Chem 1999;274:32091-8.

Kamine J, Chinnadurai G. Synergistic activation of the human
immunodeficiency virus type 1 promoter by the viral Tat protein
and cellular transcription factor Spl. J Virol 1992;66:3932-6.
Sune C, Garcia-Blanco MA. Sp1 transcription factor is required for in
vitro basal and Tat-activated transcription from the human immuno-
deficiency virus type 1 long terminal repeat. J Virol 1995;69:6572—6.
Imhof A, Yang XJ, Ogryzko VV, Nakatani Y, Wolffe AP, Ge H.
Acetylation of general transcription factors by histone acetyltrans-
ferases. Curr Biol 1997;7:689-92.

Sano Y, Ishii S. Increased affinity of c-Myb for CREB-binding
protein (CBP) after CBP-induced acetylation. J Biol Chem
2001;276:3674-82.

Furia B, Deng L, Wu K, Baylor S, Kehn K, Li H, Donnelly R,
Coleman T, Kashanchi F. Enhancement of nuclear factor-kappa B
acetylation by coactivator p300 and HIV-1 Tat proteins. J Biol Chem
2002;277:4973-80.

Ait-Si-Ali S, Ramirez S, Barre FX, Dkhissi F, Magnaghi-Jaulin L,
Girault JA, Robin P, Knibiehler M, Pritchard LL, Ducommun B,
Trouche D, Harel-Bellan A. Histone acetyltransferase activity of
CBP is controlled by cycle-dependent kinases and oncoprotein E1A.
Nature 1998;396:184-6.

Barlev NA, Poltoratsky V, Owen-Hughes T, Ying C, Liu L, Workman
JL, Berger SL. Repression of GCNS5 histone acetyltransferase activ-
ity via bromodomain-mediated binding and phosphorylation by the
Ku-DNA-dependent protein kinase complex. Mol Cell Biol
1998;18:1349-58.

Liu L, Scolnick DM, Trievel RC, Zhang HB, Marmorstein R,
Halazonetis TD, Berger SL. p53 sites acetylated in vitro by P/
CAF and p300 are acetylated in vivo in response to DNA damage.
Mol Cell Biol 1999;19:1202-9.

Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, Vassilev A,
Anderson CW, Appella E. DNA damage activates p53 through a
phosphorylation-acetylation cascade. Genes Dev 1998;12:2831-41.
Berkhout B, Silverman RH, Jeang KT. Tat trans-activates the human
immunodeficiency virus through a nascent RNA target. Cell 1989;
59:273-82.

Dingwall C, Ernberg I, Gait MJ, Green SM, Heaphy S, Karn J, Lowe
AD, Singh M, Skinner MA, Valerio R. Human immunodeficiency

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

virus 1 tat protein binds trans-activation-responsive region (TAR)
RNA in vitro. Proc Natl Acad Sci USA 1989;86:6925-9.

Jones KA, Peterlin BM. Control of RNA initiation and elongation at
the HIV-1 promoter. Annu Rev Biochem 1994;63:717-43.

Cullen BR. Does HIV-1 Tat induce a change in viral initiation rights?
Cell 1993;73:417-20.

Cujec TP, Okamoto H, Fujinaga K, Meyer J, Chamberlin H, Morgan
DO, Peterlin BM. The HIV transactivator TAT binds to the CDK-
activating kinase and activates the phosphorylation of the carboxy-
terminal domain of RNA polymerase II. Genes Dev 1997;11:2645-57.
Garcia-Martinez LF, Mavankal G, Neveu JM, Lane WS, Ivanov D,
Gaynor RB. Purification of a Tat-associated kinase reveals a TFIIH
complex that modulates HIV-1 transcription. EMBO J 1997;16:
2836-50.

Parada CA, Roeder RG. Enhanced processivity of RNA polymerase
II triggered by Tat-induced phosphorylation of its carboxy-terminal
domain. Nature 1996;384:375-8.

Zhu Y, Pe’ery T, Peng J, Ramanathan Y, Marshall N, Marshall T,
Amendt B, Mathews MB, Price DH. Transcription elongation factor
P-TEFb is required for HIV-1 tat transactivation in vitro. Genes Dev
1997;11:2622-32.

Garber ME, Wei P, KewalRamani VN, Mayall TP, Herrmann CH,
Rice AP, Littman DR, Jones KA. The interaction between HIV-1 Tat
and human cyclin T1 requires zinc and a critical cysteine residue that
is not conserved in the murine CycTl protein. Genes Dev
1998;12:3512-27.

Wei P, Garber ME, Fang SM, Fischer WH, Jones KA. A novel
CDKB9-associated C-type cyclin interacts directly with HIV-1 Tat and
mediates its high-affinity, loop-specific binding to TAR RNA. Cell
1998;92:451-62.

Jones KA. Taking a new TAK on tat transactivation. Genes Dev
1997;11:2593-9.

Kamine J, Elangovan B, Subramanian T, Coleman D, Chinnadurai G.
Identification of a cellular protein that specifically interacts with the
essential cysteine region of the HIV-1 Tat transactivator. Virology
1996;216:357-66.

Yamamoto T, Horikoshi M. Novel substrate specificity of the histone
acetyltransferase activity of HIV-1-Tat interactive protein Tip60. J
Biol Chem 1997;272:30595-8.

Weissman JD, Brown JA, Howcroft TK, Hwang J, Chawla A, Roche
PA, Schiltz L, Nakatani Y, Singer DS. HIV-1 tat binds TAFII250 and
represses TAFII250-dependent transcription of major histocompat-
ibility class I genes. Proc Natl Acad Sci USA 1998;95:11601-6.
Col E, Caron C, Seigneurin-Berny D, Gracia J, Favier A, Khochbin
S. The histone acetyltransferase, hGCNS, interacts with and acet-
ylates the HIV transactivator, Tat. J Biol Chem 2001;276:28179-84.
Creaven M, Hans F, Mutskov V, Col E, Caron C, Dimitrov S, Khochbin
S. Control of the histone-acetyltransferase activity of Tip60 by the
HIV-1 transactivator protein, Tat. Biochemistry 1999;38:8826-30.
Deng L, de 1a FC, Fu P, Wang L, Donnelly R, Wade JD, Lambert P, Li
H, Lee CG, Kashanchi F. Acetylation of HIV-1 Tat by CBP/P300
increases transcription of integrated HIV-1 genome and enhances
binding to core histones. Virology 2000;277:278-95.

Ott M, Schnolzer M, Garnica J, Fischle W, Emiliani S, Rackwitz HR,
Verdin E. Acetylation of the HIV-1 Tat protein by p300 is important
for its transcriptional activity. Curr Biol 1999;9:1489-92.

Keen NJ, Gait MJ, Karn J. Human immunodeficiency virus type-1
Tat is an integral component of the activated transcription—elonga-
tion complex. Proc Natl Acad Sci USA 1996;93:2505-10.

Keen NJ, Churcher MJ, Karn J. Transfer of Tat and release of TAR
RNA during the activation of the human immunodeficiency virus
type-1 transcription elongation complex. EMBO J 1997;16:5260-72.



	Diversity of acetylation targets and roles in transcriptional regulation: the human immunodeficiency virus type 1 promoter as a model system
	Introduction
	Chromatin environment
	Local nucleosomal organization
	Deacetylase(s) and acetyltransferase(s) recruitment to the HIV-1 promoter
	Yin Yang-1
	E-box binding proteins
	Nuclear factor-kappaB (NF-kappaB)
	Stimulatory protein-1 (Sp1)

	Possible role of transcription factor acetylation in HIV-1 regulation
	Does protein acetylation modulate transduction signaling pathways?
	The trans-activator Tat of HIV-1
	Conclusions
	Acknowledgements
	References


