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The Tat protein is the transcriptional activator of HIV-1 gene
expression, which is not only essential for viral replication, but
also important in the complex HIV-induced pathogenesis of
AIDS, as both an intracellular and an extracellular released
protein. Accordingly, Tat is able to profoundly affect cellular
gene expression, regulating several cellular functions, also in noninfected cells. We showed recently that Tat induces modification
of immunoproteasomes in that it up-regulates LMP7 (low-molecular-mass polypeptide 7) and MECL1 (multicatalytic endopeptidase complex-like 1) subunits and down-modulates the
LMP2 subunit, resulting in a change in the generation and presentation of epitopes in the context of MHC class I. In particular,
Tat increases presentation of subdominant and cryptic epitopes.
In the present study, we investigated the molecular mechanism
responsible for the Tat-induced LMP2 down-regulation and show
that intracellular Tat represses transcription of the LMP2 gene
by competing with STAT1 (signal transducer and activator of
transcription 1) for binding to IRF-1 (interferon-regulatory factor-

1) on the overlapping ICS-2 (interferon consensus sequence2)–GAS (γ -interferon-activated sequence) present in the LMP2
promoter. This element is constitutively occupied in vivo by the
unphosphorylated STAT1–IRF-1 complex, which is responsible
for the basal transcription of the gene. Sequestration of IRF-1 by
intracellular Tat impairs the formation of the complex resulting
in lower LMP2 gene transcription and LMP2 protein expression,
which is associated with increased proteolytic activity. On the
other hand, extracellular Tat induces the expression of LMP2.
These effects of Tat provide another effective mechanism by
which HIV-1 affects antigen presentation in the context of the
MHC class I complex and may have important implications in
the use of Tat for vaccination strategies.

INTRODUCTION

The proteasome is the main provider of peptide ligands for
MHC class I molecules, degradation of cell proteins and generation of MHC class I-presented peptides [8]. During an immune
response to pathogens, pro-inflammatory cytokines are released
and induce the replacement of the constitutively expressed activesite subunits of the proteasome (delta, MB1 and Z) with
LMP2 (low-molecular-mass polypeptide 2), LMP7 and MECL1
(multicatalytic endopeptidase complex-like 1). These proteasomes are called immunoproteasomes and display a marked
change in the cleavage preference and in the production of T-cell
epitopes [9–11]. LMP2, LMP7 and MECL1 are also constitutively
expressed in specific cell types, such as DCs and B-cells
[10,11].
Immunoproteasomes are very efficient for the generation of
specific CTL epitopes, and it has been shown that substitution
of standard β-subunits with LMP2, LMP7 and MECL1 subunits
improves the production of peptide antigens with the correct Ctermini for binding to MHC class I [9–12]. On the other hand,
there is evidence, both in humans and mice, that the presence of
LMP2 may inhibit the presentation of specific peptide antigens

The complex pathogenesis of AIDS and related syndromes involves factors that are able to also act on non-infected cells, and
one such a factor is Tat. The HIV-1 transactivator protein Tat
is a ∼ 14/15 kDa protein produced early after infection and
before virus integration [1] and it is required for productive
virus replication [2,3]. During acute infection, Tat is also released
from acutely infected cells into the extracellular environment and
is taken up by neighbouring cells, where it can increase virus
infectivity and modulate cellular functions [3–5].
It has been shown that native Tat protein also displays immunomodulatory features. In particular, Tat targets and is very
efficiently taken-up by monocyte-derived DCs (dendritic cells)
and, after internalization, induces DC maturation, resulting in
an increase in allogeneic and antigen-specific presentation by
DCs and high activation of Th1 responses against recall antigens
[6]. Furthermore, Tat modulates CTL (cytotoxic T-lymphocyte)
epitope hierarchy by modifying the catalytic subunit composition
of immunoproteasomes [7].
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[10,12,13], therefore the control of its expression is particularly
important for the specificity of the antigen presented.
Transcription of the LMP2 gene is regulated by a bidirectional
promoter that also controls transcription of the TAP1 (transporter
associated with antigen processing 1) gene [14]. The requirement
of transcription factors for the expression of the two genes is,
however, different [15]. In particular, basal, as well as cytokineinduced LMP2 expression, involves both IRF-1 [IFN (interferon)regulatory factor-1] and STAT1 (signal transducer and activator
of transcription 1) binding as a complex to a composite, partially
overlapping, sequence which contains the IRF-E (IFN-responsive
element), also referred to as ICS-2 (IFN consensus sequence-2),
and the GAS (γ -IFN-activated sequence) site [15,16]. STAT1 is
a major transcription factor in the IFN-α/β and IFN-γ signal
transduction pathways which lead to the activation of antiviral,
antiproliferative and immunomodulatory functions (for a review,
see [17]). Stimulation by IFN-γ results in STAT1 activation
through phosphorylation, followed by homodimerization and
binding to sequences originally termed GAS and more recently
referred to as SBE (for STAT-binding element) [18]. IFN-γ also
strongly induces transcription of the IRF-1 gene through binding
of the SBE in the IRF-1 promoter by activated STAT1 [19].
IRF-1 was originally identified as a protein that binds the cisacting DNA elements in the IFN-β promoter and the ISRE
(IFN-stimulated response element) also referred as IRF-E in
the promoters of IFN-α/β-stimulated genes [20]. Thus far, the
intensive functional analyses carried out on it have revealed a
remarkable functional diversity of this transcription factor in the
regulation of cellular responses, through the modulation of different sets of genes, depending on the cell type, state of the cell
and/or the nature of the stimuli [21]. Studies in knockout mice
implicated IRF-1 in the regulation of various immune processes, such as T-cell selection and maturation, leukaemogenic
development and autoimmunity. Impairment in CD8+ cell maturation, defective Th1 responses, exclusive Th2 differentiation,
impaired macrophage production of interleukin 12 and maturation of natural killer cells have all been observed in immune cells
from IRF-1−/− mice [21–24]. Specifically, the impaired CD8+
response observed in the IRF-1−/− mice has been ascribed to the
greatly reduced expression of TAP1 and LMP2 [25]. Indeed, it
has been demonstrated that IRF-1 is essential for both basal and
IFN-γ -induced expression of LMP2 [16,25].
In the context of HIV-1 infection, we reported previously
that IRF-1 is produced early upon virus entry and co-operates
with Tat in amplifying virus gene transcription and replication
[26,27]. Owing to the ability of Tat to induce modification of
immunoproteasomes by up-regulating LMP7 and MECL1 subunits and down-regulating the LMP2 subunit [7], we sought to
investigate whether the effect of Tat on LMP2 expression may
involve the STAT1–IRF-1-mediated regulation of LMP2 gene
transcription. Discerning LMP2 regulation in Tat-exposed cells
will provide essential information both for the control of antigen
presentation in virally infected cells and for the use of Tat in
vaccination strategies.

MATERIALS AND METHODS
Cells and treatments

Jurkat T-cells were grown in RPMI 1640 medium (Bio-Whittaker)
containing 10 % (v/v) foetal calf serum and antibiotics. Jurkat
T-cells expressing Tat have been described previously [28] and
were cultured in medium supplemented with 800 µg/ml neomycin
(Sigma–Aldrich). Where indicated, cells were treated with 100–
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500 units/ml rIFN-γ (recombinant IFN-γ ) (PeproTech) for the
indicated time.
HIV-1 Tat protein

HIV-1 Tat from the human T-lymphotropic virus type IIIB
isolate (BH10 clone) was expressed in Escherichia coli and
purified by heparin-affinity chromatography and HPLC, as described previously [6]. Different lots of Tat were used with
reproducible results, and, in all cases, the protein was active and
endotoxin concentration was undetectable (detection threshold:
0.05 endotoxin unit/g).
Purification of proteasomes

Proteasomes were prepared by affinity chromatography as described previously [29]. Fractions containing proteasomes were
combined and dialysed against 25 mM Tris/HCl, pH 7.5, and
protein concentration was determined using the bicinchoninic acid
method (Pierce).
Northern blot

RNA (20 µg) prepared using an RNeasy kit (Qiagen) was run
on a denaturing agarose gel containing formaldehyde, transferred on to Hybond-N membranes (Amersham Biosciences) and
hybridized to random primed 32 P-labelled LMP2 and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) probes. The LMP2
probe was obtained by PCR amplification using the primers
5 -TGTGCACTCTCTGGTTCAGC-3 and 5 -TGCTGCATCCACATAACCAT-3 .
Western blot assay

Equal amounts of purified proteasomes were separated by SDS/
12 % PAGE and electroblotted on to Protran nitrocellulose
membranes (Schleicher & Schuell Microscience). Blots were
probed with specific antibodies for α2 and LMP2 subunits
(Affiniti Research Products) and developed using the ECL®
(enhanced chemiluminescence) system (Amersham Biosciences).
Cell extracts (20–50 µg), prepared as described in [26], were
separated by SDS/10 % PAGE. Blots were incubated with polyclonal antibodies against IRF-1 (sc-497; Santa Cruz Biotechnology; 1:200 dilution) or against STAT1 (sc-346; Santa Cruz
Biotechnology; 1:200 dilution) and then with horseradish-peroxidase-coupled anti-rabbit secondary antibody (Amersham Biosciences; 1:2000 dilution) using the ECL® system.
DNA-affinity purification assay

DNA-affinity purification assays were performed as described
previously [26]. Biotinylated oligonucleotides corresponding
to the LMP2 IRF-E (− 209 nt to − 175 nt) and (− 197 nt to
− 178 nt) [25] or a synthetic IRF-1-binding site (C13) (5 GATCAAGTGAAAGTGAAAGTG-3 ) or the GAS present on
the IRF-1 promoter (5 -GATCGATTTCCCCGAAAT-3 ) were
mixed with 200 µg of WCEs (whole-cell extracts) prepared as
described in [26], and the complexes formed were pulled-down
with magnetic beads (Streptavidin MagneSphere® Paramagnetic
Particles; Promega). Bound material eluted by boiling in SDS
sample buffer (62.5 mM Tris/HCl, pH 6.8, 5 % glycerol, 1 %
SDS, 0.05 % 2-mercaptoethanol and 0.5 % Bromophenol Blue)
was analysed by Western Blot with antibodies against IRF-1 and
STAT1 as above.
Immunoprecipitation and immunoblot analysis

WCEs (300 µg), prepared as described in [26], were incubated
overnight with 1 µg of polyclonal anti-IRF-1 antibody. Cell
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Endogenously expressed Tat transcriptionally represses LMP2 expression

(A) Northern blot analysis of total RNA extracted form JSL34-0 and JSL34-Tat cells. One representative experiment out of three performed is shown. (B) Intensity of specific bands from three
independent experiments was quantified by densitometry, and the results are expressed as means +
− S.D. after normalization with GAPDH. The normalized control was assigned a numerical value
of 100. (C) The wild-type or mutated LMP2 promoter linked to the luciferase reporter gene was transiently transfected in Jurkat T-cells expressing the empty vector (JSL34-0) or the Tat-expressing
vector (JSL34-Tat). After 24 h, WCEs were processed for luciferase activity. Means +
− S.D. from three separate experiments were calculated after normalization with the TK–Renilla activity.

extracts were then incubated with Ultralink immobilized Protein
A/G–Sepharose (Pierce) for 2 h at room temperature (25 ◦C). After
extensive washing, immunoprecipitates were eluted by boiling the
beads for 5 min in 1 × SDS sample buffer. Eluted proteins were
separated by SDS/10 % PAGE and subjected to Western blot
analysis with a goat polyclonal anti-STAT1 antibody.
Transfection experiments and enzymatic assays

Transient transfection experiments were performed using the
FuGENE 6 Transfection Reagent (Roche Diagnostics) according
to the manufacturer’s protocol. The constructs encoding a portion
of the wild-type LMP2 promoter and a mutated version (mt LMP2)
cloned upstream of the luciferase reporter gene, were a gift
from Dr Kenneth L. Wright (H. Lee Moffitt Cancer Center
and Research Institute, Department of Chemistry and Molecular
Biology, University of South Florida, Tampa, FL, U.S.A.) and
are described in [30]. The HIV-1 LTR (long-terminal repeat)
and the CMV (cytomegalovirus)–Tat constructs were described
previously [31]. The TK (thymidine kinase)–Renilla luciferase
plasmid was co-transfected and used as a control for transfection
efficiency. Reagents from Promega were used to assay extracts
for luciferase activity in a Lumat LB9501 luminometer (E&G
Berthold).
ChIP (chromatin immunoprecipitation) assay

The protocol used for ChIP was as described in [32] with some
modifications. In brief, 3 × 107 cells were cross-linked by incubation with 1 % formaldehyde for 10 min and, after fixation,
cells were resuspended in lysis buffer (5 mM Pipes, pH 8, 85 mM
KCl and 0.5 % Nonidet P40 with protease inhibitors) and were
Dounce-homogenized. Nuclei were resuspended in sonication
buffer (0.1 % SDS, 10 mM EDTA, 50 mM Tris/HCl, pH 8,
and 0.5 % deoxycholic acid with protease inhibitors) and were
sonicated to an average length of 1000 bp. Pre-cleaned chromatin
from 1 × 107 cells was incubated in immunoprecipitation buffer
(sonication buffer plus 150 mM LiCl) overnight at 4 ◦C with
3 µg of anti-IRF-1 and anti-STAT1 polyclonal antibodies. DNA–
protein complexes were collected with Ultralink immobilized Protein A/G–Sepharose followed by sequential washes with immunoprecipitation buffer, low-salt buffer (0.1 % SDS, 1 % Triton
X-100, 2 mM EDTA, 20 mM Tris/HCl, pH 8.1, and 150 mM
NaCl), high-salt buffer (0.25 M LiCl, 1 % Nonidet P40, 1 %
deoxycholate, 1 mM EDTA and 10 mM Tris/HCl, pH 8.1) and TE
(10 mM Tris/HCl and 1 mM EDTA, pH 8.0). Samples were then

eluted and, after reverse cross-linking, proteins were digested with
protease K and RNA was removed by RNase A. DNA was purified
with QIAquick PCR purification kit (Qiagen) and resuspended in
30 µl of water, and 4 µl was used for PCR analysis performed
with the primers given in [16a]. PCR products were analysed on
a 1.0 % agarose gel.
RESULTS
Endogenously expressed Tat inhibits the expression of the LMP2
subunit of immunoproteasomes by repressing the LMP2 promoter
basal activity

The expression of the LMP2 subunit in immunoproteasomes
purified from two different clones (JSL34 and JSL3) of Jurkat
T-cells stably transfected with a vector expressing Tat, or with
the empty vector [28] was markedly inhibited in both clones expressing Tat [7] (see Supplementary Figure S1 at http://www.
BiochemJ.org/bj/396/bj3960371add.htm).
In order to evaluate at which level Tat affects LMP2 expression,
Northern blot experiments were performed using the JSL34 clone
(Figure 1A). A clear reduction (of approx. 70 %; Figure 1B) in
LMP2 mRNA expression was detected in Tat-expressing cells
compared with control cells, indicating that Tat may exert its
inhibitory effect at the transcriptional level. To determine whether
Tat is able to inhibit LMP2 promoter activity, cells transduced with
the empty vector or Tat-expressing JSL34 cells were transiently
transfected with a LMP2–luciferase construct, wild-type LMP2
or mutated in the IRF-E consensus sequence (mt LMP2) [30].
As shown in Figure 1(C), the basal LMP2 promoter activity was
substantially reduced (by approx. 50 %) in cells constitutively expressing Tat, as compared with cells expressing the empty vector.
Conversely, the basal expression of the LMP2 promoter construct
mutated in the IRF-E element was substantially decreased as
compared with the wild-type construct, but its transcription was
not affected by the expression of Tat. These results indicate that
Tat represses the transcriptional activity of the LMP2 promoter,
and this repression is mediated by the IRF-E consensus sequence.
Tat interferes with the binding of transcription factors to the
LMP2 promoter

It has been reported previously [15,16] that constitutive expression
of the LMP2 gene requires that unphosphorylated STAT1 and
IRF-1 bind to the overlapping IRF-E (ICS2)–GAS element (Figure 2, top panel). As shown in Figure 1(C), this element is
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Tat interferes with the binding of IRF-1 to the LMP2 promoter

A schematic representation of the 200 bp fragment of the proximal LMP2 promoter and the sequence of the two oligonucleotides (LMP2 L and LMP2 S) used in the DNA pull-down assays is shown
in the top panel. Lower panels: biotinylated oligodeoxynucleotides containing the LMP2 IRF-E (ICS-2)–GAS, the C13 and the GAS sequence on the IRF-1 promoter (see the Materials and methods
section), coupled to Streptavidin MagneSphere® , were incubated with extracts from JSL34-0 and JSL34-Tat cells. Bound proteins were eluted from the beads by boiling in sample buffer and analysed
by Western blotting with specific antibodies against IRF-1 and unphosphorylated STAT1. input indicates the level of endogenous IRF-1 and STAT1 in the cell extracts (50 µg). One representative
experiment out of three performed is shown.

also the target of the Tat effect on LMP2 expression. To assess
whether the inhibitory effect of Tat on LMP2 transcription is
due to interference with the binding of transcription factors to
this element, DNA-affinity purification assays were performed.
WCEs from both control and Tat-expressing cells were incubated
with biotinylated LMP2 IRF-E–GAS probes spanning nucleotides
− 178 nt to − 197 nt (LMP2 S) and − 175 nt to − 209 nt (LMP2 L)
respectively. The isolated complexes were then examined by immunoblotting against STAT1 and IRF-1. As shown in Figure 2, a
decreased binding of IRF-1 to the cognate DNA sequences was
evident in cell extracts from Tat-expressing cells, as compared
with control cells transfected with the empty control vector. Binding of unphosphorylated STAT1 was also detected with the two
DNA probes, but only a slight decrease in protein binding was
detected in extracts from Tat-expressing cells.
Interestingly, the inhibitory effect of Tat on IRF-1 binding
was also observed when the specific synthetic IRF-1 consensus
binding site (C13) was incubated with the same cell extracts.
Moreover, as expected, unphosphorylated STAT1 bound neither
to an oligonucleotide corresponding to the GAS sequence present
on the IRF-1 promoter nor to the C13 oligonucleotide. Western
blot analysis of WCEs (Figure 2, input) indicated that comparable
amounts of STAT1 and IRF-1 were present in Jurkat T-cells irrespective of the presence of Tat.
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This result confirms the specificity of the binding observed on
the LMP2 promoter sequences and indicates that Tat specifically
decreases the binding of IRF-1 to its consensus binding site on
the LMP2 promoter.
Tat interferes with the formation of the STAT1–IRF-1 complex

It has been demonstrated previously that IRF-1 and STAT1 form a
complex while binding to the LMP2 promoter and also associate
in vivo [33]. Similarly, by using in vitro and in vivo systems, we
reported previously that IRF-1 and Tat physically interact intracellularly, and form an active transcriptional complex on the HIV1 LTR promoter [26]. To demonstrate that the expression of Tat in
Jurkat T-cells interferes with the formation of the STAT1–IRF-1
complex, co-immunoprecipitation experiments were performed
with cell extracts from Tat-expressing and control cells. AntiIRF-1 antibodies were used for immunoprecipitation followed
by immunoblotting with anti-STAT1 antibodies. As shown in
Figure 3(A), in cells transfected with the empty vector (lane 1), the
STAT1 protein was readily detected in the anti-IRF-1 immunocomplexes, whereas almost undetectable STAT1 levels were
present in immunoprecipitates from Tat-expressing cells (lane 2).
Equal amounts of the two proteins were present in the cell extracts
from both cell types before the immunoprecipitation assay, as
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complex between IRF-1 and STAT1 on the LMP2 promoter,
leading to a decreased expression of LMP2 in Tat-expressing
cells.
Biphasic regulation of LMP2 gene expression by Tat

Figure 3

Tat impairs the formation of the STAT1–IRF-1 complex

(A) WCEs (300 µg) from control or Tat-expressing Jurkat T-cells (lanes 1 and 2), were
immunoprecipitated (IP) with anti-IRF-1 antibody (α-IRF-1). Immunoprecipitated complexes
were separated by SDS/10 % PAGE and were subsequently immunoblotted (IB) with anti-STAT1
antibody (α-STAT-1) as indicated. WCEs (30 µg) were separated on SDS/10 % PAGE and
probed with anti-STAT1 or anti-IRF-1 antibodies. One representative experiment out of three
performed is shown. (B) Proteins were cross-linked to DNA in control and Tat-expressing Jurkat
T-cells, and DNA-bound IRF-1 and STAT1 were immunoprecipitated. The chromatin fragments
were amplified by PCR using primers for LMP2 IRF-E (ISC-2)–GAS (see the Materials and
methods section).

demonstrated by immunoblot of the WCEs. These results clearly
indicate that Tat does not affect the expression of STAT1 or IRF-1,
but interferes with the formation of the STAT1–IRF-1 complex.
Tat inhibits the STAT1–IRF-1 interaction on the LMP2 promoter

To demonstrate the functional relevance of Tat on the formation
of the STAT1–IRF-1 complex in vivo, assembly of endogenous
factors on the regulatory region of LMP2 was investigated by
ChIP. Proteins were cross-linked to DNA, and sonicated chromatin was immunoprecipitated with specific anti-STAT1 and
anti-IRF-1 antibodies. Fragments were amplified by PCR using
specific oligonucleotide primers flanking the IRF-E (ICS-2)–GAS
of the LMP2 promoter and were visualized on agarose gels. As
shown in Figure 3(B), the LMP2 IRF-E (ICS-2)–GAS was amplified from DNA co-immunoprecipitated with both anti-IRF-1 and
anti-STAT1 antibodies (lanes 2 and 3, and 5 and 6 respectively).
However, a reproducible lower level of endogenous IRF-1 binding
to the 5 regulatory region of LMP2 was observed in Tat-expressing cells as compared with control cells (Figure 3B, lane 3 compared with lane 2). Conversely, immunoprecipitation with antiSTAT1 antibodies did not reveal significant differences between
Tat-expressing and control cells (Figure 3B, lanes 5 and 6).
Taken together, the results obtained with pull-down, co-immunoprecipitation and ChIP assays demonstrate that the intracellularly expressed Tat effectively impairs the formation of the

As the HIV-1 Tat protein produced in infected cells is also released
extracellularly and is then taken up by the cell [4–6,34], we tested
the effect of exogenously added Tat on LMP2 gene expression in
kinetic experiments. Jurkat T-cells were cultured in the presence
or in the absence of 5 µg/ml of the native Tat protein, and, at
different time points, WCEs were collected. LMP2 expression was
then determined by immunoblotting with anti-LMP2 antibody
(Figure 4A). Surprisingly, at 6 h after Tat addition, an increase
in the LMP2 expression of approx. 3-fold was clearly evident.
Conversely, starting at 12 h onwards, a progressive decrease in
LMP2 expression occurred. Almost undetectable levels of LMP2
were present after 48 h of the addition of Tat (Figure 4B). The
inhibitory effect of Tat was dose-dependent as shown in Figures 4(C) and 4(D) at 24 h. These data indicate that Tat affects
LMP2 expression with biphasic kinetics.
To investigate further this dual effect, we performed a series
of experiments aimed to evaluate whether the mechanisms responsible for LMP2 down-regulation in cells constitutively expressing Tat (Figures 1–3) were also responsible for the stimulation of LMP2 observed at early time points after Tat was
exogenously added. We first determined, at different time points,
expression of IRF-1 in Tat-treated cultures. It has, in fact, been
demonstrated that an increase in IRF-1 is responsible for the IFNγ -induced up-regulation of LMP2 during the cytokine-induced
replacements of proteasome subunits [25]. Accordingly, we have
found that Jurkat T-cells constitutively expressing IRF-1 show
a clear increase in LMP2 protein expression (A. Battistini and
R. Gavioli, unpublished work). We therefore asked whether the
LMP2 increase observed between 0 and 6 h after Tat addition
could be ascribed to a stimulation of IRF-1 expression, which,
in turn, could lead to an increased STAT1–IRF-1 complex and
LMP2 transcription stimulation. Indeed, as shown in Figure 5(A)
starting at 2 h after Tat addition an increase in IRF-1 expression
was evident, which peaked at 5 h and thereafter returned to basal
levels (Figure 5B). Specifically, the Tat-induced IRF-1 expression
was dose-dependent and also occurred at very low doses at 5 h as
shown in Figures 5(C) and 5(D).
We also measured LMP2 promoter activity after Tat addition on
a kinetic base. As shown in Figure 6(A), an increase of approx.
2.5-fold was observed at early time points, but, starting at 8 h
onwards, a progressive decrease occurred. Pull-down assays and
co-immunoprecipitation experiments with cell extracts purified at
different time points after Tat addition (Figure 6B) demonstrated
that the stimulatory effect of Tat at early time points was determined by the formation of an increased complex between IRF-1
and STAT1, as assessed by immunoprecipitation, bound to the
overlapping IRF-E–GAS element on the LMP2 promoter (pulldown assays).
Considering that internalization of exogenously added Tat is
different with respect to cell type, being of a few minutes in
DCs [7], but requiring several hours in other cell types [34],
we sought to determine the kinetics of cellular internalization of
Tat in our experimental model. Since detection of Tat protein by
immunological methods is very difficult, we indirectly monitored
the internalized Tat by measuring its transactivation potential. For
this purpose, Jurkat T-cells were transfected with an HIV-1 LTR–
luciferase construct treated with 5 µg/ml Tat, and, at different time
points, luciferase activity was measured. As shown in Figure 6(C),
until 12 h after Tat addition, no LTR transcription was evident.
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Kinetics of LMP2 expression in cells treated with Tat protein

(A) Jurkat T-cells were treated for the indicated times with 5 µg/ml native Tat protein. Equal amounts of proteasomes (1 µg) were fractionated by SDS/10 % PAGE, transferred on to nitrocellulose filters
and probed with specific antibodies for the α2 and LMP2 subunits. One representative experiment out of three performed is shown. (B) The intensity of specific bands was measured by densitometry and
the means +
− S.D. for three independent experiments is reported as a percentage of LMP2 expression in Tat-treated cells relative to control cells after normalization with α2. (C) Jurkat T-cells were
treated for 24 h with increasing doses of Tat. Equal amounts of proteasomes were analysed as in (A). (D) Results are expressed as in (B).

Figure 5

Kinetics of IRF-1 expression in cells treated with Tat protein

(A) Jurkat T-cells were treated for the indicated times with 5 µg/ml native Tat protein. WCEs (30 µg) were analysed by immunoblotting with specific anti-IRF-1 antibodies. One representative
experiment out of three performed is shown. (B) The intensity of the specific band from three independent experiments was measured by densitometry as the percentage of increases relative to control
cells after normalization with actin. Results are means +
− S.D. (C) Jurkat T-cells were treated for 5 h with increasing doses of Tat, and equal amounts of WCEs were analysed as in (A). (D) Results
were quantified and expressed as in (B).

Starting at 12 h, a progressive increase in LTR transactivation
was observed instead, indicating that, in Jurkat T-cells, a discrete
and detectable internalization of Tat requires at least 12 h.
Taken together, these results lead us to conclude that the biphasic effect of Tat on LMP2 expression, i.e. stimulatory at early
time points and inhibitory later on, mirrors that of IRF-1 and is
dependent on the extracellular compared with intracellular localization of Tat (see also Figure 8).
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Intracellular Tat does not overcome the IFN-γ -induced stimulation
of LMP2 expression

It is known that IFN-γ substantially induces the expression of
LMP2 through IRF-1 transcription stimulation [25]. We therefore
asked whether intracellular Tat was also able to inhibit the IFNγ -induced expression of LMP2. Control or Tat-expressing cells
were treated with two doses of IFN-γ for 24 h and Western blot

Tat inhibits LMP2 constitutive transcription

Figure 6

377

Biphasic regulation of the LMP2 gene expression by Tat

(A) The LMP2 promoter linked to the luciferase reporter gene was transiently transfected in Jurkat T-cells. After 24 h, cells were treated with 5 µg/ml native Tat protein, and, at the indicated times, WCEs
were processed for luciferase activity. Means +
− S.D. for three separate experiments were calculated after normalization with the TK–Renilla activity. (B) Biotinylated oligodeoxynucleotides containing the
LMP2 IRF-E (ICS-2)–GAS (see the Materials and methods section), coupled to Streptavidin MagneSphere® , were incubated with nuclear extracts from Jurkat T-cells treated for the indicated times with
5 µg/ml native Tat protein. Bound proteins were eluted from the beads by boiling in sample buffer and analysed by Western blotting with specific antibodies against IRF-1 and unphosphorylated STAT1.
input indicates the level of endogenous IRF-1 and STAT1 in the WCEs (20 µg). Immunoprecipitation assay: WCEs (300 µg) from control or Tat-treated cells were immunoprecipitated with anti-IRF-1
antibody (α-IRF-1). Immunoprecipitated complexes were separated by SDS/10 % PAGE, and subsequently probed with anti-STAT1 antibody (α-Stat-1). One representative experiment of three is shown.
(C) HIV-1 LTR construct (1 µg) (see the Materials and methods section) linked to the luciferase reporter gene was transiently transfected in Jurkat T-cells. After 12 h, cells were treated with 5 µg/ml
native Tat protein or transfected with 500 ng of a Tat expression vector. At the indicated time points, WCEs were processed for the luciferase activity. Means +
− S.D. for three separate experiments
were calculated after normalization with the TK–Renilla activity.

analysis of cell extracts was performed. As shown in Figures 7(A)
and 7(B), the inhibitory effect of Tat on LMP2 expression was
reversed by high doses of IFN-γ , suggesting that Tat was unable to
counteract the stimulatory effect of IFN-γ on LMP2 expression.
Accordingly, pull-down assays (Figure 7C) showed a substantial
increase in the binding of both IRF-1 and STAT1 to the IRF-E
(ICS-2)–GAS element on the LMP2 promoter irrespective of Tat
expression. This increase was comparable with that observed in
control cells (results not shown). The inability of Tat to counteract
the strong stimulatory effect of IFN-γ on LMP2 expression was
also demonstrated in vivo using ChIP. An increased binding of
IRF-1 and STAT1 to the LMP2 promoter in IFN-γ -treated cells
was, in fact, observed irrespective of Tat expression (Figure 7D).
DISCUSSION

Perturbation of the proteasome system by viral infection, cell
transformation or pharmacological treatments is often a key event
in the modulation of the immune response [29,33,35–37]. The
proteasome, in fact, plays a critical role in the degradation of
intracellular proteins and in the generation of the majority of antigenic peptides presented by the MHC class I complex [8]. It
is therefore not surprising that many intracellular pathogens,
including viruses, have developed strategies to alter its functions
[38]. We showed previously that the HIV-1 Tat protein modifies
proteasome composition by up-regulating the LMP7 and MECL1
subunits and down-regulating the LMP2 subunit, leading to
increased presentation of cryptic and subdominants CTL epitopes
[7]. Manipulation of the 26 S proteasome is one of the intracellular
activities of Tat, and direct interaction of Tat with components of
the proteasome has been described previously [39]. Specifically,

Tat interacts with both LMP7 and MECL-1 subunits of the proteasome [36] and inhibits the proteolytic activity of the 20 S
proteasome by competing with PA28 regulator for binding to
20 S [40]. In the present study, we have identified another mechanism that is exploited by intracellular Tat to interfere with the
proteasome activity, demonstrating that Tat decreases the LMP2
gene expression at the transcriptional level by impairing the formation of the STAT1–IRF-1 complex, which is crucial to LMP2
gene transcription. Transcription of the LMP2 gene is regulated
by a bidirectional promoter, which also controls transcription of
the TAP1 gene [14]. Despite the co-ordinated regulation of human
TAP1 and LMP2 in several cell lines [14], the requirement of
transcription factors for the transcription of the two genes is,
however, different. It has, in fact, been reported that the binding of IRF-1 or STAT1 to the composite element IRF-E–GAS
in the LMP2 promoter is sufficient for the regulation of TAP1;
the binding of both factors is instead required for LMP2 basal
transcription [15]. In the present study, we show that Tatmediated repression of LMP2 gene expression is dependent upon
the specific DNA sequence element containing the overlapping
IRF-E–GAS element, which binds the STAT1–IRF-1 complex.
Mutations in the IRF-1-binding site, in fact, not only reduced
constitutive activity of the LMP2 promoter, but also completely
abolished the effect of Tat (Figure 1C). The absolute requirement
of IRF-1 binding to its consensus sequence for both basal and
cytokine-induced transcription has been defined previously and is
consistent with the extremely low LMP2 gene expression in IRF1−/− mice [25]. Of note, the effect of Tat on LMP2 expression
resembles that of IRF-1 deficiency; however, the effect of Tat
does not decrease IRF-1 expression, since WCEs from control or
Tat-expressing cells contain the same amount of IRF-1 (Figure 2).
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Figure 7
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IFN-γ overcomes the inhibitory effect of Tat on LMP2 expression

(A) Equal amounts of proteasomes (1 µg) were purified from JSL34-0 and JSL34-Tat cells untreated or treated with the indicated amount of IFN-γ for 24 h, fractionated by SDS/10 % PAGE,
transferred on to nitrocellulose filters, and probed with specific antibodies for the α2 and LMP2 subunits. (B) The intensity of the specific band from three independent experiments was measured by
densitometry as the percentage increase relative to control cells after normalization with α2. Results are means +
− S.D. (C) JSL34-Tat cells were treated with 200 units of IFN-γ for 4 h and WCEs were
subjected to DNA pull-down assays with the biotinylated oligodeoxynucleotide containing the IRF-E (ICS-2)–GAS sequence on the LMP2 promoter. Bound proteins were analysed as in Figure 2.
(D) JSL34-0 and JSL34-Tat cells where treated with IFN-γ as indicated and subjected to ChIP as described in the Materials and methods section. Proteins were cross-linked to DNA, and DNA-bound
IRF-1 and STAT1 were immunoprecipitated. Samples were amplified by PCR using primers for the LMP2 IRF-E (ICS-2)–GAS. U, units.

Instead, Tat interferes with the formation of the STAT1–IRF-1
complex as demonstrated using immunoprecipitation experiments
(Figure 3) where anti-IRF-1 antibodies are no longer effective
in immunoprecipitating STAT1 in Tat-expressing cells. The
impairment in the formation of the STAT1–IRF-1 complex is
due to the capacity of Tat and IRF-1 to interact physically as we
demonstrated previously and depends upon the C-terminal region
of IRF-1 [26]. Of note, the same region of IRF-1 is also involved in
the binding with STAT1 [34], therefore Tat can interfere directly
with the STAT1–IRF-1 interaction by occupying the C-terminus
of IRF-1. The impairment in the formation of the STAT1–IRF-1
complex, in Tat-expressing cells, then results in a substantial reduction in the amount of IRF-1 bound to the LMP2 promoter, as
demonstrated both in DNA pull-down assays (Figure 2) and in vivo
in ChIP assays (Figure 3), and leads to reduced transcription of the
gene. Intriguingly, the Tat-induced LMP2 down-regulation is not
effective in IFN-γ -treated cells (Figure 7). IFN-γ induces LMP2
through a substantial induction of IRF-1 expression and STAT1
phosphorylation, which, in turn, also contributes to increase further IRF-1 amounts [20]. So, from a mechanistic point of view, we
can speculate that phosphorylated STAT1 and/or higher amounts
of IRF-1 form a more stable/abundant complex, thereby impairing
the Tat–IRF-1 binding, or hindering the Tat effect.
During a productive infection, Tat is released by infected cells
and is efficiently taken up by neighbouring cells. In this way, Tat
can affect both infected and non-infected cells. Interestingly, in
the present paper, we report that, when Tat is added exogenously,
early on and before internalization (Figure 4), induction of LMP2
occurs instead of repression, and this effect is mediated directly
by a stimulation of IRF-1 expression (Figure 5). Results in Figure 6, indeed, demonstrate that the Tat-stimulated IRF-1 is fully
functional in that it increasingly binds to its consensus sequence
and stimulates the LMP2 promoter. Even if standard ChIP analysis
is not suitable for the detection of small variations in transcription
factor binding, pull-down and luciferase assays clearly indicate
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that the increase in IRF-1 observed early after Tat addition is
sufficient to stimulate LMP2 transcription before Tat internalization. Although the biological significance of IRF-1 stimulation
by exogenous Tat has not yet been defined, we suggest that this
early effect of Tat released extracellularly can be regarded as
a mechanism of Tat-increased HIV-1 infectivity. Accordingly,
we reported previously that, during the early phases of HIV-1
infection, IRF-1 is able to induce LTR transcription before expression of Tat [26]. IRF-1 stimulation in non-infected cells by
extracellular released Tat can, therefore, contribute to the T-cell
activation necessary to allow HIV-1 replication both in de novo
infected cells and during reactivation from latency. In this respect,
even if, as suggested in [41], the full biological implications of
circulating Tat protein cannot be entirely determined until more
reliable methods to measure amounts of viral protein in vivo are
developed, in our experiments, the lowest effective dose of the
protein (Figures 4C and 5C) is close to those measured in
the plasma of some infected patients [41].
In the context of HIV-1 infection, we demonstrated previously
that the Tat–IRF-1 interaction resulted in co-operation between
the two transcription factors in inducing HIV-1 gene transcription
[26]. In the present study, we identified a new output of this
interaction, which targets a cellular gene, leading to its transcriptional repression. Interestingly, a mechanism of LMP2 downregulation, similar to that described in the present paper, is exerted
by the adenovirus early protein E1A, which interferes with the
formation of the STAT1–IRF-1 complex by occupying domains of
STAT1 that bind to IRF-1 [33]. In a specular fashion, we report that
Tat interferes with the formation of the STAT1–IRF-1 complex by
occupying the domain of IRF-1 that is involved in STAT1 binding.
Sequestration of transcription factors on a cellular promoter can
therefore be regarded as another mechanism exploited by Tat to
affect the host immune response (Figure 8).
In this respect, we have shown previously that the Tat protein
can be successfully used in vaccination strategies in that it

Tat inhibits LMP2 constitutive transcription

Figure 8
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Schematic representation of the effect of Tat on LMP2 transcription

The promoter region between the LMP2 and TAP1 genes that regulates the transcription of both genes and the transcription factor binding is shown. A complex between IRF-1 and STAT1 binding a
partially overlapping consensus binding site is responsible for both basal and induced LMP2 transcription. Tat exerts a biphasic effect on LMP2 expression: before internalization, a stimulation of
IRF-1 expression by an unknown mechanism(s) results in LMP2 stimulation; in a second phase after Tat internalization, Tat competes with STAT1 for binding to IRF-1, impairing the formation of the
complex and leading to LMP2 repression.

protects monkeys against challenge with pathogenic SHIV
(simian immunodeficiency virus–HIV chimaera), and this protection correlates with the Th1 response and CTL activity [42].
Therefore, when considering the use of Tat in vaccine strategies,
since IRF-1 is a potent inducer of a Th1 response [24], it could
be regarded as an effector of Tat activities. In addition, and
more intriguingly, IRF-1 could itself act as a genetic adjuvant, as
reported for some model antigens [43]. In a second phase, when
Tat enters the cells, the sequestration of IRF-1 and the repression
of LMP2 expression would result in a variation in the proteolytic
activity of the proteasome with a variation in the presentation
of immunodominant compared with subdominant epitopes, as
described previously [7]. Changes in immunodominance may
be particularly relevant since an increase in the presentation
of subdominant epitopes may be beneficial for the elimination of
virally infected cells. Indeed, it is well established that immunodominant epitopes are very prone to mutation and to viral escape,
while subdominant epitopes are more stable and they may induce
protection [44].
In conclusion, our results provide a logical base to explain
some of the events through which Tat leads to a modulation of
the cell transcriptome. Tat as a multifaceted protein is an important factor in the complex pathogenesis of AIDS; however, the
biological implications of the present study, together with
the reported efficacy of the use of Tat both as antigen and as
adjuvant in vaccination strategies, can be regarded as a bright
way of hijacking a key virus regulator to turn its activity to the
host’s advantage.
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