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COMMENTARY
HIV Tat-mediated transcriptional regulation of proteasome protein
cleavage specificity
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The major antigen-adapted immune response protecting a verte-
brate against virus infection is that mediated by CTLs (cytotoxic
T-lymphocytes). CTLs destroy virus-infected cells, thereby con-
taining the infection. They are activated by recognition of peptide
antigens or epitopes, presented to them in the context of MHC I
proteins. These epitopes are derived from proteolytic degradation
of endogenously synthesized proteins, which is mediated by the
proteasome. Augmentation of epitope presentation by MHC I is
thought to be effected by the immunoproteasome, induced in res-
ponse to IFN-γ (interferon-γ ) in some cells, and constitutively
expressed in others. In this issue of the Biochemical Journal,
Remoli and colleagues describe the manipulation of the immuno-
proteasome by the Tat (transcriptional activation) protein of HIV.
The authors show that Tat deregulates the balance of the three
proteins, LMP2 (low-molecular-mass polypeptide 2), LMP7 and
MECL1 (multicatalytic endopeptidase complex-like 1), which
distinguish the immunoproteasome from the proteasome, and

they provide a molecular explanation. Intracellular Tat se-
questers IRF-1 (interferon-regulatory factor-1) from its cognate
promoter element, where normally it associates with STAT1
(signal transducer and activator of transcription 1) to activate
basal transcription of the LMP2 gene. LMP2 expression is in-
hibited as a consequence, skewing the stoichiometry of the im-
munoproteasome and changing its enzymatic activity. These
findings provide a molecular account of an immunomodulatory
activity of HIV: changing the peptide antigen profile of cells
expressing or exposed to Tat. They may also provide an avenue
for manipulating vaccine efficacy and specificity with Tat-based
adjuvants.
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Protein turnover in the cell is mediated by the proteasome. Proteins
are targeted for degradation by the addition of a polyubiquitin
chain and include those that are incompletely or incorrectly syn-
thesized, the so-called DRiPs (defective ribosomal products), and
those that are lethal, regulatory or produced in excess. Thus the
‘constitutive’ proteasome, expressed in most cell types, and
the derivative immunoproteasome (see below) serve in the de-
fence of the organism. They produce the antigenic peptides that
associate in the endoplasmic reticulum with the MHC I proteins
and are presented on the surface of the cell, where they are sur-
veyed by patrolling CTLs (cytotoxic T-lymphocytes). In this way,
cells that are infected, for example with virus, can be eliminated
and the virus infection can be contained or eliminated.

One product of activated CTLs is the cytokine IFN-γ (inter-
feron-γ ), although it can also be produced by other cell types.
This cytokine can function in a paracrine manner on bystander
cells expressing its receptor. IFN-γ receptor ligation induces a sig-
nal transduction pathway: the JAK (Janus kinase)/STAT (signal
transducer and activator of transcription) pathway. One con-
sequence of activating this pathway is the up-regulation of the
expression of three proteins: LMP2 (low-molecular-mass pro-
tein 2), LMP7 and MECL1 (multicatalytic endopeptidase com-
plex-like 1). These three proteins replace their constitutively
expressed homologues in emerging proteasomes to form the im-
munoproteasome. The immunoproteasome is thought to increase
antigen presentation by MHC I, compared with the constitutive
proteasome, since LMP2, LMP7 and MECL1 confer upon
the immunoproteasome altered protein-cleavage specificity, faci-
litating MHC I antigen processing and presentation (reviewed in
[1]).

Thus CTL recognition of foreign peptide, of viral origin in
our example, presented by MHC I will activate cognate CTLs to
eliminate the presenting cell. At the same time, paracrine IFN-γ
will institute immunoproteasome assembly in bystander cells that
may already have become infected by the virus, arming these cells
with the ability to increase their antigenic peptide-presentation
profile and concomitantly their chance of being detected by
appropriate CTLs. Virus replication and spread might then be
contained [2].

In some cell types, the immunoproteasome is constitutively
expressed. In others, basal transcription of the genes encoding
LMP2, LMP7 and MECL1 can occur, and can be induced by IFN-
γ [3–6]. IFN-γ increases expression of the genes encoding LMP2,
LMP7 and MECL1 via IRF-1 (interferon-regulatory factor-1),
indicating the importance of this transcription factor in MHC I
antigen processing and therefore presentation.

In the present issue of Biochemical Journal, Remoli et al.
[7] begin to provide a molecular account of how the Tat (tran-
scriptional activator) protein of HIV disrupts the protein content
of the immunoproteasome, and therefore its enzymatic activity.
These authors showed previously that Tat down-regulated LMP2
protein content in the immunoproteasome, but not LMP7 or
MECL1 content [8].

In the context of HIV replication, Tat substantially increases
transcription from the LTR (long terminal repeat) promoter of
HIV. It does so by binding to a stem–loop structure, the TAR
(transactivating-responsive region) that forms at the 3′-end of
stalled LTR transcripts. Here it recruits cyclin T1 and CDK9
(cyclin-dependent kinase 9), which co-operate to hyperphos-
phorylate the CTD (C-terminal domain) of RNA polymerase II,
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Figure 1 HIV Tat mediates proteasome protein-cleavage specificity at the transcriptional level

Left-hand panel: the binding of IFN-γ ligand to the IFN-γ receptor (IFN-γ R1 and IFN-γ R2) results in the activation of JAK1 and JAK2 followed by tyrosine phosphorylation of IFN-γ R1. STAT1 is
recruited and tyrosine-phosphorylated, enabling homodimerization, which forms the IFN-γ -activation factor (GAF) complex [2]. GAF binds to the IFN-γ -activation site (GAS) of the IFR-1 promoter to
drive IRF-1 gene expression. In this way, IFN-γ induces LMP2 gene expression, since GAF also binds to GAS elements in the LMP2 promoter and the induced IRF-1 binds to its cognate IRF element
(IRF-E) in this promoter. Remoli et al. [7] show that exogenous Tat protein induced IRF-1 expression within 5 h, yet their reporter gene assays indicate that intracellular Tat is not functional until 12 h
after treating the cells. We speculate that IRF-1 is induced though the cell sensing extracellular Tat with a pattern-recognition receptor, which induces GAF formation, as part of the innate immune
response. After 12 h, Tat has entered the cell and functions in the same way as de novo synthesized intracellular Tat, i.e. binding IRF-1 to destabilize the STAT1–IRF-1 complex and suppress LMP2
basal transcription (right-hand panel). Right-hand panel: the LMP2 gene requires both IRF-1 and non-phosphorylated STAT1 for basal expression. In this context, Tat protein interacts intracellularly
with IRF-1, disrupting STAT1–IRF-1 complex formation and preventing basal LMP2 gene expression.

increasing the processivity of the polymerase to transcribe the
entire HIV genome. Tat may also facilitate transcription complex
assembly at the pre-initiation step.

Basal transcription of the LMP2 gene is dependent upon both
IRF-1 and unphosphorylated STAT1 binding to their cognate
sequences in the promoter of the gene. Remoli et al. [7] show that
intracellular Tat down-regulates the abundance of basal LMP2
protein at the transcriptional level. This effect is not due to
inhibiting endogenous synthesis of IRF-1 or STAT1, but rather
to inhibiting IRF-1 binding to the interferon-responsive elements
in the LMP2 promoter (Figure 1, right-hand panel). The work by
Remoli et al. [7] suggests that intracellular Tat interferes with the
formation of the STAT1–IRF-1 complex, inhibiting IRF-1 binding
to the LMP2 promoter. They postulate that sequestration of IRF-1

by Tat is likely to be due to direct protein–protein interaction
between the two proteins, since this group has reported previously
that the C-terminal domain of IRF-1 mediates direct contact
with Tat [9]. Adenovirus E1A operates similarly, but instead of
interacting with IRF-1 like Tat, it binds STAT1 [10].

However, inhibition of basal transcription of the LMP2 gene
could be overcome by treatment with IFN-γ , perhaps due to
post-translational activation of STAT1, driving de novo synthesis
of IRF-1 to levels that saturate Tat (Figure 1, left-hand panel).
Nevertheless, expression of LMP7 and MECL1 is not down-
regulated by Tat [8]. Why not, when both are also apparently
transcriptionally regulated by IRF-1? Addressing this issue would
be of interest, since perhaps other transcriptional control elements
independent of, or interacting with, IRF-1 are involved and which
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dominate IRF-1 sequestration by Tat. In this regard, the extent
of other activities of IRF-1, for example inducing expression of
p21, could be investigated in the presence of intracellular Tat.
However, although the levels of LMP7 and MECL1 proteins are
not affected by Tat, their functions may be. Tat can interact with
LMP7 and MECL (but not LMP2) [11]; it might modulate the
enzymatic activities of these proteins at the post-translational level
and therefore the output of the immunoproteasome.

Tat is produced from HIV-infected cells, and so Remoli et al.
[7] treated cells with exogenous Tat protein. Surprisingly, IRF-1
expression was induced, with peak expression occurring 5 h post-
treatment. In parallel, however, peak transcriptional activation of
an LTR reporter plasmid by extracellular Tat did not peak for at
least another 19 h. These studies suggest that cells treated with
extracellular Tat might ‘sense’ this protein with an extracellular
pattern-recognition receptor, such as a Toll-like receptor (Figure 1,
left-hand panel), and that IRF-1 is induced as a consequence of a
normal innate immune response. Once Tat enters the cell, it may
then sequester IRF-1 to suppress LMP2 expression (Figure 1,
right-hand panel).

In their study, Remoli et al. [7] provide another piece to the
puzzle of the interaction between HIV and Tat. This group has
demonstrated previously that IRF-1 is induced upon HIV infection
and that it activates transcription from the HIV-1 LTR in the
absence of Tat protein [9]. From these data, they hypothesized that
IRF-1 plays a pivotal role in HIV transcription during the early
stages of HIV infection of a cell and during virus reactivation
[9]. Thus IRF-1 expression establishes a positive-feedback loop
by providing the necessary transcriptional activation to drive pro-
duction of Tat protein before virus transactivators are abundant
[9]. Taken together, in the context of HIV replication, it appears
that this positive-feedback loop is then negatively regulated by
Tat sequestering IRF-1. However, whether sequestration of IRF-1
is either specific to the Tat protein of HIV-1 strain IIIB, or an
activity common to all strains has still to be determined.

Importantly, the work of Remoli et al. [7] begins to provide us
with a molecular understanding of this group’s observation that
modulation of the immunoproteasome by Tat alters the profile
of the peptide antigens it produces. The consequence could be
physiologically relevant, by shifting in vivo the profile of antigenic
targets that are displayed to CTLs [8]. This shift is possible
because the specific enzymatic activity of LMP2 is different to
that of both LMP7 and MECL1 and changing the stoichiometry
of the three proteins in the immunoproteasome will change the
profile of peptide antigens it produces. As such, Tat might mediate
an HIV immune evasion strategy, adjusting the antigenic profile
of HIV-infected cells to one that is less likely to generate an
effective anti-HIV CTL response, but this possibility needs to be
determined empirically. Conversely, this group’s observation that
Tat promoted expression of subdominant antigenic peptides of
another virus, EBV (Epstein–Barr virus) [8], led them to speculate
that Tat might promote CTL clearance of virus-infected or tumour
cells by exposing such peptides, which are less susceptible to
mutation and therefore CTL escape.

Aside from the physiological relevance of Tat manipulation
of immunoproteasome activity in the context of HIV infection,

Remoli et al. [7] speculate that Tat might provide the molecular
basis for fine-tuning the immune response as a vaccine adjuvant.
Such forward-thinking is based on their own past successes
with Tat-based anti-HIV vaccines [12], but potential exists to
extrapolate the technology beyond HIV to vaccines against other
viruses or tumour antigens. In this regard, thymic regulation
of the CTL repertoire by the immunoproteasome is becoming
increasingly accepted [13]. In conclusion, Remoli et al. [7]
provide another example of how studying virus–host interactions
furthers our understanding of the immune response.
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