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Abstract: HIV-1 TAR RNA is the binding site of the viral protein Tat, the trans-activator of the HIV-1 LTR. It is
present at the 5' end of all HIV-1 spliced and unspliced mRNAs in the nucleus as well as in the cytoplasm. It
has a highly folded stem-bulge-loop structure, which also binds cellular proteins to form ribonucleoprotein
complexes. The Tat-Cyclin T1-CDK9 complex is the main component in the trans-activation of HIV-1 and its
affinity for TAR is regulated through Tat acetylation by histone acetyl transferases. Recent studies show that
this complex is able to recruit other cellular partners to mediate efficient transcriptional elongation. TRBP,
PKR and La bind directly to the TAR RNA structure and influence translation of HIV-1 in either positive or
negative manners. Some mutations in TAR RNA severely impair HIV-1 trans-activation, translation and viral
production, showing its functional importance. The overexpression or suppression of several TAR RNA-
binding proteins has a strong impact on viral replication pointing out their major role in the viral life cycle.
TAR RNA has been the target of drug development to inhibit viral replication. Recent data using small
molecules or RNA-based technologies show that acting on the TAR RNA or on its viral and cellular binding
factors effectively decreases virion production.
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INTRODUCTION

When integrated into the host genome, the HIV-1 5’ long
terminal repeat (LTR) becomes an eukaryotic transcriptional
unit that contains downstream and upstream promoter
elements [143, 146]. The 5' end of all HIV mRNAs, whether
they are spliced or not, start with the formation of an
identical stem-bulge-loop structure called the Trans-
Activation Responsive (TAR) element located from
nucleotide position +1 to +59. TAR was originally
identified as the target for the trans-activator of HIV, the Tat
protein, which is essential for efficient transcription of viral
genes and for viral replication [22, 73, 113]. The studies that
have examined the structure and the sequence of TAR have
shown that the stem structure, the sequence in the bulge and
in the loop, as well as the distance between the bulge and
the loop are all required for Tat-mediated trans-activation.
The TAR RNA needs to be in its nascent form and located
closely from the 5' end to mediate efficient Tat function
[144]. The functional importance of the TAR RNA has been
emphasized by the influence of mutations in the context of
HIV replication. Several mutations that affect the TAR
sequence or structure decrease the viral kinetics [102]. Recent
developments on the mechanism of Tat trans-activation and
the regulation of Tat-TAR interaction by acetylating
enzymes bring new light to some of the early results.
Although TAR function was mainly studied in the context
of Tat trans-activation, data on its role in translation show
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that it is the target for a number of cellular RNA binding
proteins that influence the rate of HIV translation (Table 1).
Because of its importance in the virus life cycle, the HIV
TAR RNA has been the target of drug development that lead
to small molecules and RNA-based strategies for gene
therapy.

I - TAT-TAR RNA INTERACTIONS FOR TRANS-
ACTIVATION

A) Tat-Mediated Trans-Activation

As the basal transcription of HIV is very low, the viral
Tat protein and host factors increase the mRNA production
from the viral genome. In contrast to other known trans-
activators that act on DNA, Tat acts through the TAR RNA
located in the R region of the LTR. In addition to TAR, Tat
requires the functional carboxy terminal domain (CTD) of
the RNA polymerase II (RNAP II) for function. Tat binds to
the TAR RNA and to the positive transcription-elongation
factor b (P-TEFb), a complex composed of Cyclin T1
(CycT1) and the cyclin-dependent kinase 9 (CDK9) [134,
170]. Whether Tat binds alone to TAR RNA in vivo or only
when complexed to P-TEFb remains to be determined.
Several data favor the second hypothesis but do not exclude
that the first one also occurs: i) the preexistence of CycT1 in
the cell prior to Tat synthesis, ii) the higher affinity of the
Tat-P-TEFb complex for TAR compared with Tat alone in
gel mobility shift experiments [61, 64, 66, 170] and iii) the
high affinity between the Tat and CycT1 proteins [10, 14,
170]. P-TEFb phosphorylates the RNAP II CTD and marks
the transition from initiation to elongation of eukaryotic
transcription [32, 82, 175, 187]. Thus Tat promotes the
polymerase departure, promoter clearance, and efficient
elongation through CTD phosphorylation by initiating the
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Table 1. Viral and Cellular Proteins Involved in HIV-1 TAR RNA Functions

Viral Function Cellular Function References

Tat HIV trans-activator,
binds TAR RNA

[22, 65, 73, 91, 113, 144]

hCycT1 BindsTat and increases its affinity for TAR RNA Cyclin [134, 170]

CDK9 Binds CycT1 and phosphorylates RNAP II CTD Kinase,
phosphorylates RNAP II CTD

[75, 140]

p300/CBP Acetylates Tat at K50, K51 Histone Acetyl Transferase [13, 86, 115]

PCAF Acetylates Tat at K28 Histone Acetyl Transferase [99]

hGCN5 Acetylates Tat at K50, K51 Histone Acetyl Transferase [35]

PKR Binds TAR RNA,
inhibits translation

Kinase, inhibits translation, controls cell growth [12, 38, 63]

TRBP Binds TAR RNA,
enhances translation

Inhibits PKR, increases cell growth, controls
spermatogenesis

[12, 38, 69, 106, 183]

La autoantigen Binds TAR RNA,
enhances translation

RNAP III transcription [26, 157]

formation of an elongation competent transcription complex
[22, 65, 73, 91, 113, 144].

B) Components of the TAR/Tat/P-TEFb Complex

Many cellular factors bind the TAR RNA and act on
transcription or trans-activation [4, 29, 59, 72]. CDK9 (part
of TAK, P-TEFb, PITALRE) is an HIV-1 Tat-associated
kinase [66, 75, 111, 176, 187]. Within the P-TEFb
complex, CDK9 phosphorylates the CTD of the RNAP II
and thus induces efficient promoter clearance and
transcriptional elongation. CDK7 (part of TFIIH) was also
reported to bind directly or indirectly to Tat [37, 67], but
further investigations showed no involvement of CDK7 in
transcriptional elongation in vitro and no direct or indirect
interaction between CDK7 and Tat [10, 28]. Therefore,
CDK9 is likely the sole component that mediates CTD
phosphorylation induced by Tat but a coordinated activity
between the two kinases is required for optimum
transcription [185, 186]. CDK9 autophosphorylation is
required for high-affinity binding of Tat-P-TEFb to TAR
RNA that regulates Tat trans-activation in vivo and Tat
modifies the phosphorylating activity of CDK9 on the
RNAP II CTD during HIV-1 transcription [66, 185].

Human (h) CycT1 is a member of a family of proteins
involved in cell cycle regulation [140]. In the HIV context,
hCycT1 was isolated based on its affinity with CDK9 and
Tat [134, 170]. It binds Tat in a Zn2+-dependent manner via
the cysteine at position 261 and facilitates the binding of Tat
to TAR [64]. When the Tat-CycT1 complex is formed, Tat
promotes CycT1 nt 252-260 binding to the U31, whereas
CycT1 promotes Tat K50 interaction with G34 in the TAR
loop [145]. hCycT1 increases trans-activation in rodent cells
and is one missing permissivity factor in these cells [170].
Murine (mu) CycT1 binds to Tat like its human homologue
but does not restore trans-activation in rodent cells [14, 61,
64]. Both CycT1 and CDK9 are essential for Tat trans-
activation. Genetic studies have shown that chimeric CycT1
or CDK9 proteins can activate transcription if tethered

directly to a nascent heterologous RNA [15, 60, 75]. Indeed,
P-TEFb can also activate the HIV promoter in the absence of
Tat and TAR if it is targeted to an upstream DNA sequence,
indicating that the primary role of Tat and TAR is to recruit
CycT1-CDK9 to the initiation complex. In this context,
muCycT1 is also functional and Sp1 binding sites are
required for function [178].

C) Cellular Interactions of the TAR/Tat/P-TEFb
Complex

In uninfected cells, part of P-TEFb is localized in nuclear
speckles, which may be the site of its function [83] and part
is inactive due to its binding to the 7SK small nuclear RNA
that inhibits CDK9 kinase activity [128, 177]. The 7SK
RNA/P-TEFb complex associates with the CDK inhibitor
MAQ1 and constitutes the inactive stock of P-TEFb. As the
7SK RNA/MAQ1/P-TEFb complex and the Tat-CycT1
interaction are mutually exclusive, the TAR RNA/Tat
system likely diverts P-TEFb from its inactive form or co-
opts the free form of P-TEFb that will no longer be available
to form the 7SK RNA/MAQ1/P-TEFb complex [118]. In
addition, P-TEFb modulates gene expression by interacting,
either directly or indirectly, with a number of cellular
transcription factors. It binds to the major histocompatibility
complex class II transactivator CIITA [93] and NF-κB [8]
and the addition of Tat diverts these proteins from their
cellular function. The p160 coactivator GRIP1 [101], Pur α
[39] and the human I-mfa domain-containing protein (HIC)
[180] also interact with P-TEFb and Tat to potentiate Tat
activity on HIV and heterologous promoters. On the
opposite, granulin binds CycT1 and Tat but reduces the
RNAP II CTD phosphorylation and Tat activity [85].

P-TEFb also binds to negative transcription-elongation
factors (N-TEFs), which include the DRB-sensitivity
inducing factor (DSIF composed of SPT5 and SPT4) [105,
164] and negative-elongation factors (NELFs) [125, 174].
During elongation, CDK9 phosphorylates SPT5 and the
RNAP II CTD, which alleviates the repression of
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transcriptional elongation mediated by N-TEFs [105, 174].
This activity initiated by the recruitment of P-TEFb by Tat
and TAR RNA to the pre-initiation complex will go on in
the elongation complex after the complex has been released
from TAR [135, 136, 184].

D) Cellular Models for Defective Tat-Mediated Trans-
Activation

Specific steps in the HIV life cycle can be elucidated
using defective cellular models. An example of a chronically
infected cell defective for TAR function is the ACH2 cell
line in which a single point mutation in TAR (C37 to T)
inactivates Tat-mediated trans-activation and viral replication
[54]. Murine cells also provide a good example of a block of
the trans-activation process. In these cells, the muCycT1 has
a single change that mutates C261 to a Y and renders the Tat-
muCycT1-CDK9 complex unable to bind the TAR RNA
and therefore to initiate trans-activation of the LTR [14, 61,
64]. The muCycT1 function in trans-activation is restored
when the protein is targeted to DNA emphasizing the
importance of transferring the Tat-CycT1-CDK9 complex
from TAR to the transcription complex in the natural
context [178]. This model has been very useful to elucidate
the trans-activation mechanism and to pursue the search for
additional factors required for full restoration of viral
replication in murine cells [10, 16, 114, 182].

II - REGULATION OF TAR/TAT/P-TEFB INTER-
ACTIONS BY HISTONE ACETYL TRANSFERASES

A) Histone Acetyl Transferases (HATs) and Chromatin
Structure

Chromatin structure and the formation of nucleosomes
with histones are modulated by the activity of multiprotein
complexes including histone acetyl transferases (HATs) and
deacetylases (HDACs) [11, 126]. Indeed, HATs are proteins
that acetylate histones and facilitate chromatin unfolding to
allow transcription [80, 165]. Some viral proteins interact
directly with HATs (also called factor acetyl transferases,
FATs) and HDACs to disrupt cellular gene expression and
increase their activity, thereby contributing to viral life cycle
and cellular dysfunction [24, 62]. Following integration into
the host cell genome, the HIV-1 provirus is organized into
the chromatin although a non-integrated form can remain.
The formation of nucleosomes in the 5’LTR is precisely
positioned with respect to cis-acting regulatory elements
[141, 160, 172], but can be disrupted by histone acetylation
or by Tat [51, 109].

B) Tat acetylation by HATs Regulates its Binding to
TAR RNA

HATs p300 and the related CREB binding protein
(called p300/CBP) and p300/CBP-associated factor (PCAF)
bind Tat, mediate its acetylation and increase its trans-
activating function on HIV-1 LTR [13, 86, 115]. The
analyses of the interaction between various HATs and Tat
have elucidated the sites of Tat acetylation. As a first step,
PCAF acetylates Tat at K28 [99]. Ac28-Tat has an increased
affinity for CycT1-CDK9, but a decreased affinity for
PCAF, which enhances the binding of the Tat-P-TEFb

complex to TAR RNA and subsequently releases PCAF
from Tat [20, 99]. p300/CBP and hGCN5 acetylate Tat at
K50 and K51 [35, 44, 99, 129]. In some assays, Ac50Tat
has no affinity for TAR [20, 44, 99], whereas in another
one, only the Ac50Tat-CycT1 complex and not Ac50Tat
shows a decreased TAR binding [92]. These data lead to two
different models in which Tat acetylation at K50 by
p300/CBP promotes the dissociation of either Tat-P-TEFb
complex from TAR [20] or P-TEFb alone [92]. In addition,
the bromodomain of PCAF binds specifically to Ac50Tat
and requires Y47 and R53 in Tat [48, 124]. Unacetylated Tat
interacts with PCAF through another domain, which
suggests two different steps of PCAF-Tat binding [20].
Mutations in either K28 or K50 decrease Tat trans-activation
and HIV replication, whereas treatment with deacetylase
inhibitors synergize with Tat function [19, 44, 99, 129,
147].

C) Sequential Steps of the In Vivo Regulation of Tat-
TAR Binding for Trans-Activation

A mechanism that reconciles all data about the steps
leading to activated transcription elongation by Tat has not
yet reached a consensus. One main discrepancy in the current
models is whether the Tat-CycT1-CDK9 complex is
transferred from TAR to the elongating complex paused after
TAR or to the next pre-initiation complex (PIC) on the
promoter. Models based on in vitro studies have favored the
first mechanism [94]. However, a direct comparison of the
transcriptional activity of Tat and P-TEFb shows a much
stronger increase when their recruitment occurs during the
PIC formation rather than after the transcription elongation
complex (TEC) has been formed [185]. These data explain
the limited Tat activity in in vitro assays measuring only
elongation [100]. Furthermore, the phosphorylating activity
of CDK9 on RNAPII CTD starts between 14 and 36 nt after
the release of TFIIH, which corresponds to the transition
between initiation and elongation prior to the TAR RNA
synthesis [186]. In addition, in vitro models do not evaluate
HIV trans-activation by Tat in the context of the chromatin
structure. In contrast, in vivo studies lead to strong Tat trans-
activation and favor a dual model in which Tat promotes the
formation of a processive transcription elongation complex
at the initiation site. This model is fully compatible with
the most recent in vivo data and complements previous
models [73, 113, 141]. This new information is brought by
chromatin-immunoprecipitation (ChIP) experiments. These
data show that p300, CBP, NF-κB p65, and PCAF are
recruited early to the HIV-1 promoter upon Tat activation in
vivo [109, 115] and that Ac50Tat, but not unacetylated Tat
is associated with the HIV-1 promoter in vivo [92]. Several
data have shown that the Tat and the P-TEFb complex are
present in both the PIC and in the transcription elongation
complex (TEC) [68, 97, 135, 185] and that the formation of
short TAR transcripts in vivo is linked to the inducer of
short transcripts, which is a DNA element uncoupled to the
trans-activation mechanism [133, 151]. Tat also has direct or
indirect affinity for Sp1, TBP, TAF55, TAF250, TFIIB and
RNAPII, which are all within or in the proximity of the PIC
[30, 33, 45, 95, 163, 171]. Overall, these and the recent data
showing the requirement of Sp1 for the activity of DNA-
bound Tat and CycT1 [178] strongly suggest an in vivo step



64    Current HIV Research,  2005, Vol. 3, No. 1 Bannwarth and Gatignol

Fig. (1). Model for the regulation of Tat-TAR binding by acetylation and its implications for the in vivo trans-activation mechanism.
PIC is the transcription preinitiation complex before or after hypophosphorylation of the RNAPII CTD by CDK7/TFIIH. The double-
sided arrow shows the release the Tat-CycT1-CDK9 complex from TAR RNA. Newly synthesized TAR RNA is in blue.

of Tat-P-TEFb activity at the PIC level and a limited
activity by direct recruitment to the TEC.

In the model presented in (Fig. 1), the basal level of
transcription generates a few TAR and Tat molecules, but it
can be boosted by cellular events. The newly formed
unacetylated Tat binds PCAF, which generates Ac28Tat that
has an increased affinity for CycT1 already bound to CDK9.
PCAF is then released from Ac28Tat. The Tat-CycT1-CDK9
complex binds to the low amount of nascent TAR RNA

present in the cell. P300/CBP and possibly hGCN5 are
recruited at this site and acetylate Tat at K50 and maybe at
K51. The p300/CBP-Ac50Tat-P-TEFb is then released from
TAR and transferred to the next PIC either on the promoter
or paused at around 15 nt following hypophosphorylation of
the RNAP II CTD on Ser 5 by CDK7/TFIIH. CDK9 will be
phosphorylated and active after TFIIH release from the
initiation complex, which occurs after a 14-36 nucleotides-
RNA has been synthesized [186]. The role of NF-κB p65,
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PCAF, and later hGCN5 recruitment by Tat to the promoter
is not yet elucidated but probably contributes to the
formation of an open chromatin that increases transcription
efficiency. The association of p300/CBP-Ac50Tat-P-TEFb
with the initiation complex then forms an efficient
transcription elongation complex, in which CDK9
hyperphosphorylates the RNAP II CTD. This new complex
recruits PCAF via its bromodomain and the basic region of
Ac50Tat. Whether K28 in Tat remains acetylated or not at
this step and the role of PCAF in the elongation complex
remain unknown. The role of CDK9 in the elongating
complex is crucial in maintaining the RNAP II CTD in an
hyperphosphorylated form, both by a direct phosphorylation
activity and by inhibiting NELFs that would otherwise slow
down elongation. Because of the continued function of
CDK9 from the initiation step after TFIIH activity to the
end of the elongation process, a release of P-TEFb from
TAR independently from Tat [92] seems unlikely at this
point, but we cannot exclude a partial release of P-TEFb or a
partial retention of Tat alone on TAR. This model points
out the importance of acetylation in Tat-TAR RNA binding
and release that mediate Tat trans-activation in vivo.

III - TAR RNA AND THE TRANSLATIONAL
CONTROL OF HIV-1

A) Post-Transcriptional Control of HIV-1 Expression

After its synthesis in the nucleus, the 9 kb HIV-1 RNA
is differentially spliced to produce mRNAs for the
regulatory/accessory and structural proteins [142]. In the
early phase, HIV-1 mRNA is multiply spliced to produce a
2kb mRNA that is constitutively exported to the cytoplasm
and translated to produce Rev, Tat and Nef. In the late
phase, in the presence of Rev, unspliced and incompletely
spliced RNAs are exported to the cytoplasm. These RNAs
are translated to produce gag, pol, env, vif, vpr and vpu. The
mechanism of Rev-mediated RNA export occurs through its
RNA binding domain and its nuclear export signal [139].
Once in the cytoplasm, HIV mRNAs are translated via the
cellular translational machinery [63]. HIV RNA translation
is modulated by the TAR RNA structure and by cellular
factors that bind to it in the cytoplasm. Following
translation, the HIV genomic RNA is transported for viral
packaging that also involves additional cellular RNA
binding proteins [27, 123].

B) TAR RNA Downregulates Translation

In vitro translation assays, and transient transfections
have shown that the presence of the TAR RNA at the 5' end
of RNA transcripts inhibits translation. The mechanism of
this inhibition occurs either through a direct block by the
secondary structure of TAR, by the activation of the
interferon (IFN)-induced double stranded (ds) RNA-activated
protein kinase PKR or both mechanisms. In vitro translation
assays in which PKR is activated regardless of the presence
of TAR show that only constructs that possess TAR have a
decreased translation [47]. Point mutations that do not affect
the TAR stem structure maintain the translation inhibition,
whereas mutations that affect the stem stability restore a
normal translation indicating a main role of the RNA
structure in the translation block. Activated PKR mediates

an additional translational repression of TAR containing
RNAs, whereas two cellular proteins, the TAR RNA
Binding Protein (TRBP) and the La autoantigen bind to
TAR and alleviate this inhibition very efficiently [47, 157]
(Fig. 2).

C) PKR binds TAR RNA and Inhibits Translation

PKR is a cytoplasmic protein that binds to the stem of
TAR [25, 127, 149]. PKR belongs to the family of double-
stranded (ds) RNA binding proteins [98, 150, 154]. It binds
TAR RNA with a specific binding of the dsRNA binding
domain (RBD)1 around the bulge, whereas dsRBD2 binds
to the lower stem [153]. This binding at a 2:1 protein:RNA
ratio mediates PKR activation and translational inhibition
[25]. TAR RNA ds structure activates PKR by mediating its
autophosphorylation. Activated PKR phosphorylates the α
subunit of the eukaryotic initiation factor 2 (eIF2α), which
blocks the translation initiation step and leads to an antiviral
and antigrowth activity. Although PKR and IFNs can
effectively inhibit HIV-1 LTR expression and viral
replication in tissue culture experiments [12, 38, 137],
treatment of HIV-1 infection with IFN has consistently
failed [103] suggesting high defense mechanisms from either
the cell or the virus.

D) TRBP Increases Translation from TAR RNA by Two
Mechanisms

TRBP1 and TRBP2 were the first cDNAs to be cloned
based on the protein's properties to bind HIV-1 TAR [69-72]
and RRE [130] RNAs. They stimulate the expression of the
HIV-1 LTR in human and murine cells [38, 49, 69]. TRBPs
are dsRNA binding proteins with two dsRBDs [70, 150]. A
KR-helix motif in which lysines and arginines mediate TAR
binding is located in the dsRBD2 [43, 55]. TRBP also
binds to PKR and blocks the inhibitory effects of PKR on
translation [130], on HIV-1 LTR expression [38, 56], and on
HIV-1 replication [12]. In an in vitro translation assay,
TRBP releases the translation block due to TAR. This
increased translation is also observed in vivo in PKR -/- cells
and is dependent on the presence of an intact TAR RNA
structure [47]. Current knowledge indicates that TRBP
facilitates HIV-1 replication via translational control that
consists in two mechanisms: PKR inhibition and increased
translation of TAR-containing RNAs (Fig. 2). Other
mechanisms may also be involved such as the interaction
with RRE RNA or with the closely related PKR activator
(PACT) protein ([132]; Laraki G. and Gatignol A.,
unpublished) but await further confirmation.

E) La Autoantigen Alleviates Translation Inhibition
Mediated by TAR

The La autoantigen forms ribonucleoprotein particles in
the cell, influences RNA polymerase III transcriptional
termination and reinitiation and is involved in the
translation of internal ribosome entry sites [112]. Like
TRBP, La cDNA was also cloned from an expression library
as the protein has the capacity to bind the TAR RNA [26,
72]. Its role in HIV expression is to alleviate the translation
inhibition mediated by the TAR structure located at the 5'



66    Current HIV Research,  2005, Vol. 3, No. 1 Bannwarth and Gatignol

Fig. (2). Role of TAR RNA and its interacting cellular proteins in the regulation of HIV-1 translation.

end of mRNA transcripts [36, 157, 168], but its activity in
the context of the entire virus has not been tested (Fig. 2).

F) Cellular Model Defective for the Translation of HIV
Proteins

Astrocytes provide a cellular model that is not
permissive to HIV-1 translation and should help in the
elucidation of the different steps necessary to produce viral
proteins. Astrocytes are localized in the brain and are
infected by HIV. While they produce very small amounts of
virus, they participate to the AIDS-associated dementia [77].
Although some productive infection has been described with
pseudotyped HIV that bypasses the envelope requirement,
several intracellular blocks in viral replication have been
characterized [77]. One of them is a lack of translation of
structural proteins [76]. Recent data indicate that TRBP can
greatly increase HIV translation and replication in these
cells1 [77]. The restriction is due to a weak TRBP promoter
expression in astrocytes compared with HIV-permissive cells
[6, 7]. In this context, a combined functional association to
the TAR and RRE RNAs as well as to PKR will likely
mediate TRBP activity.

IV - TARGETING TAR RNA TO INACTIVATE HIV-1
REPLICATION.

In the virological context, the 5' leader RNA can have
alternative structures, but the TAR hairpin does not exhibit
variability [88]. Mutations in the TAR sequence generally

1 Ong CL, Thorne JC, Gorry PR, Bannwarth S, Jawarowski A, Howard JL,
Chung S, Mouland A, Gatignol A, Purcell DF. (in preparation).

affect Tat function and/or HIV replication indicating a strong
requirement for this structure during the expression of the
complete genome [41, 81, 87, 102, 162]. Therefore, the
TAR RNA is a potential therapeutic target and anti-TAR
drugs would add to the action of other inhibitors [58, 73].
New therapeutic strategies against HIV in the recent years
include hybrid small molecules, modified oligonucleotides
and gene therapy based on ribozymes, RNA decoys, and
siRNAs [2, 58].

A) Small Molecules

Large-scale screenings based on Tat-TAR inhibition gave
rise to the selection of several compounds but none of them
is currently used in therapeutics, emphasizing the need for
new compounds [58, 73]. Recent screenings have identified
small molecules such as aminoquinolones [131], trehalose
derivatives [166], polyamidoamine dendrimers [181],
phenothiazines [116], arginamides [138] and peptides [74,
173] as TAR binders and/or inhibitors of Tat-TAR
interaction. Hybrid molecules have also been identified for
their TAR affinity and their inhibitory activities of Tat-
mediated trans-activation [89, 122]. One of these small
molecules TAR-binders, TR87 composed of three unnatural
modified peptides, was tested for inhibition of HIV-1
replication. It showed a potent and sustained suppression of
HIV-1 production in cultured cells over 24 days without
cellular toxicity [89]. In other experiments, a PBD-
oligopyrroles hybrid compound showed low toxicity
combined to an interruption of protein/TAR RNA
interaction and Tat-induced trans-activation [122].
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B) Modified Oligonucleotides

Derivatives of antisense oligonucleotides that induce a
steric blocking of the translation machinery by targeting 5'
RNAs are more potent inhibitors than those inducing
RNAse H cleavage. They combine a high nuclease resistance
with tight binding to single stranded RNA that efficiently
inhibits protein synthesis [159]. The 5' position of the TAR
RNA was therefore a target of choice for these new steric
ribonucleoside analogues. Anti-TAR oligonucleotides have
been designed or isolated as aptamers in large-scale
screenings. They successfully block the TAR RNA structure
and Tat trans-activation in vitro and in cell culture [5, 40,
79, 84]. Their activity against viral replication has not yet
been tested. Polyamide nucleotide analogs (PNA) are
nucleotides in which the bases are linked with peptide bonds
instead of a sugar phosphate backbone and are resistant to
nucleases and proteases. PNAs against TAR have been
designed and tested for their activities on trans-activation or
HIV-1 replication [117, 158]. To facilitate the PNA
internalization into the cells, a 15-mer PNA targeted to the
loop and the bulge region of TAR was conjugated with a
membrane-permeating peptide vector, transportan. This
conjugate blocks Tat trans-activation in vitro and in cell
culture and inhibits HIV-1 replication [96].

C) Ribozymes

Ribozymes are catalytic RNA molecules that combine an
antisense RNA to an enzymatic activity that specifically
cleaves the targeted RNA. Several ribozymes that target
HIV-1 RNA inhibit HIV replication [110, 148]. Ribozymes
that directly target the TAR structure show limited activity
due to the inaccessibility of the highly folded structure [161,
169]. The addition of an RNA structure that recruits RNA
helicases improves the activity of ribozymes that target
highly folded RNAs because the helicase moiety unfolds the
RNA. This additional enzyme lead to the synthesis of an
anti-TAR "maxizyme" that cleaves TAR in vivo [104, 167].
This new approach may bring anti-TAR ribozymes in gene
therapy assays in complement to other ribozymes [3, 108,
120].

D) TAR decoys

TAR decoys, which are short RNA nucleotides
mimicking the TAR structure, inhibit Tat trans-activation,
HIV-1 and HIV-2 replication in lymphocytes [23, 107]. To
improve their efficacy, TAR was co-transcribed from a U6
promoter with U16snoRNA to make U16TAR targeted to
the nucleolus. In this context, the TAR decoy colocalized
with Tat-EGFP in the nucleolus and sequestered Tat and
CycT1 in this compartment. As a consequence, Tat-mediated
trans-activation was unable to proceed and the viral
replication in CEM cells was blocked very efficiently [119].
These TAR decoys have been included on retroviral vectors
in combination with other molecules against HIV for gene
therapy [46, 108].

E) siRNAs

Post-transcriptional regulation of gene expression is
regulated in part by small non coding dsRNAs such as short

interfering RNA (siRNA), short hairpin RNA (shRNA) or
microRNA (miRNA) through a mechanism known as RNA
interference (RNAi) [1, 50, 121]. �21-23-bp siRNAs can be
used in mammalian cells to induce the degradation of
homologous mRNA by RNAi. These short dsRNAs do not
generally induce the IFN response pathway [9, 52], although
some PKR activation may occur [21, 152]. As HIV uses
RNA intermediates for its replication, it was an obvious
target for RNAi and various siRNAs have shown to be
effective in reducing viral replication [78, 155]. Although
the 5' ends of mRNAs [53] and the tight TAR structure
[179] are less favorable to RNAi, the TAR RNA has been
targeted successfully. siRNAs against TAR showed a
maximum of 50% inhibition measured in a luciferase
reporter gene assay due to the tight stem-loop structure of
TAR [179] but one siRNA that can anneal from the stem to
the loop part of TAR inhibited HIV-1 replication very
efficiently [90]. Indirect targeting of TAR with si- sh- or
miRNAs include the viral Tat protein [2, 18, 34, 108, 156]
and cellular factors CycT1 and CDK9 [31] that all affect the
trans-activation process and viral replication. Recent results
also show that decreasing TRBP expression also decreases
viral expression and replication indicating that affecting the
TAR function in translation is also a useful antiviral strategy
[57]. Because HIV can escape from siRNA inactivation [17,
42], multiple targets and combination therapies are necessary
for AIDS treatment. As advances are being made in the
design of vectors for the transduction of haematopoietic
progenitor cells [2], future strategies may include anti-TAR
siRNAs in combination with drugs or other RNA-based
strategies that affect other HIV mRNAs or HIV-associated
proteins.

CONCLUSIONS

The TAR RNA, present in all HIV mRNAs, is an
integral component of the HIV life cycle that has roles from
the reverse transcriptase step to genomic RNA encapsidation.
Recent studies have shown that its in vivo interactions with
various cellular proteins tightly regulate the Tat-mediated
trans-activation process and the translational mechanism.
The TAR RNA and its interacting proteins are therefore
obvious targets in the design of anti-HIV therapies. Recently
developed small molecules and RNA-based strategies show
promising therapeutic approaches. As with antiviral drug
therapy regimens, multiple molecules and RNAs must be
used to target several different highly conserved regions
essential for the viral life cycle. A combination of antisense,
RNA decoys, ribozyme and siRNAs approaches in which
TAR RNA will be a target holds promise in future therapies
for HIV-1 infection.
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ABBREVIATIONS

AIDS = Acquired immunodeficiency syndrome

CIITA = Class II transactivator

CBP = cAMP-responsive element binding (CREB) 
binding protein

CDK9 = Cyclin-dependent kinase 9

ChIP = Chromatin immunoprecipitation

CTD = Carboxy terminal domain

CycT1 = Cyclin T1

DSIF = DRB-sensitivity inducing factor

dsRNA = Double stranded RNA

eIF2α = Eukaryotic initiation factor 2 alpha

FAT = Factor acetyl transferase

GRIP1 = Glucocorticoid receptor-interacting polypep-
tide-1

HAT = Histone acetyl transferase

HDAC = Histone deacetylase

HIC = Human I-mfa domain-containing protein

HIV-1 = Human immunodeficiency virus type 1

IFN = Interferon

LTR = Long terminal repeat

MAQ1 = Ménage à quatre 1

miRNA = Micro RNA

NELFs = Negative elongation factors

NF-κB = Nuclear factor kappa b

N-TEFs = Negative transcription elongation factors

PACT = PKR Activator

PCAF = P300/CBP-associated factor

PIC = Pre-initiation complex

PKR = dsRNA activated protein kinase R

P-TEFb = Positive transcription elongation factor b

RNAi = RNA interference

RNAP II = RNA polymerase II

shRNA = Short hairpin RNA

siRNA = Small interfering RNA

snoRNA = Small nucleolar RNA

TAR = Trans-activating response

Tat = Trans-activator of transcription

TEC = Transcription elongation complex

TRBP = TAR RNA binding protein
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