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Despite the success of highly active antiretroviral therapy in combating human immunodeficiency
virus type 1 (HIV-1) infection, the virus still persists in viral reservoirs, often in a state of
transcriptional silence. This review focuses on the HIV-1 protein and regulatory machinery and
how expanding knowledge of the function of individual HIV-1-coded proteins has provided
valuable insights into understanding HIV transcriptional regulation in selected susceptible cell
types. Historically, Tat has been the most studied primary transactivator protein, but emerging
knowledge of HIV-1 transcriptional regulation in cells of the monocyte—macrophage lineage has
more recently established that a number of the HIV-1 accessory proteins like Vpr may directly or
indirectly regulate the transcriptional process. The viral proteins Nef and matrix play important
roles in modulating the cellular activation pathways to facilitate viral replication. These
observations highlight the cross talk between the HIV-1 transcriptional machinery and cellular
activation pathways. The review also discusses the proposed transcriptional regulation
mechanisms that intersect with the pathways regulated by microRNAs and how development of
the knowledge of chromatin biology has enhanced our understanding of key protein—protein and

protein—DNA interactions that form the HIV-1 transcriptome. Finally, we discuss the potential
pharmacological approaches to target viral persistence and enhance effective transcription to
purge the virus in cellular reservoirs, especially within the central nervous system, and the novel
therapeutics that are currently in various stages of development to achieve a much superior
prognosis for the HIV-1-infected population.

Introduction

Since the discovery of the human immunodeficiency virus
type 1 (HIV-1) more than 28 years ago, the spread of the
virus has grown from an epidemic to a severe global
pandemic with approximately 33.3 million people living
with the virus at the end of year 2010 (UNAIDS; http://
www.unaids.org/globalreport/documents/20101123_Global
Report_full en.pdf.). The introduction of highly active
antiretroviral therapy (HAART) in 1996 has, over time,
been a great medical success in terms of increasing survival
and improving the quality of life of the infected patient
population and has paved the way for an even more effective
generation of therapeutic strategies. Successful HAART
reduces the plasma viraemia to <50 copies ml~" of blood,
allowing for immune reconstitution and patient improve-
ment and stabilization. However, once the infection has
been established, HIV-1 finds its way to privileged sites,
likely involving a number of tissues and intracellular

environments from which currently available antiretrovi-
ral therapies cannot clear the infection. The resting CD4 "
T-cells and cells of the monocyte-macrophage lineage
are thought to be the major reservoirs of latent HIV-1
infection along with dendritic cells and haematopoietic
stem cells in the bone marrow (Alexaki & Wigdahl, 2008;
Alexaki et al., 2008; Le Douce et al., 2010; Loré et al., 2005;
McNamara & Collins, 2011). These cell lineages are re-
latively insensitive to therapy, are not detected by immune
surveillance, and have relatively longer half-lives. It is
well known that latent HIV-1 infection is established early
in infection, and reports have identified latent HIV-1
infection in CD4 " T-cells even in patients who are treated
with HAART within the first week of infection (Chun et al.,
1998). Moreover, HIV-1 infection also occurs in the central
nervous system (CNS), bone marrow and gut-associated
lymphoid tissue; these sites also likely serve as common
sanctuaries and prevent complete eradication of the virus
because they serve as pharmacological ‘privileged’ sites
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where drug penetration is poor (Chun et al, 2008; Davis
et al., 1992; Solas et al, 2003). Furthermore, the pharma-
cokinetics of drugs in these sites is poorly understood.

Therapeutic strategies that target viral latency and/or
replication within these privileged reservoirs must be
incorporated into current HAART regimens to achieve
effective eradication of HIV-1. Another problem requiring
attention is how to ensure the penetration and absorption
of current and next generation therapeutics into those
tissues and cells serving as reservoirs. Strategies designed to
intensify HAART by adding candidate drugs like hydro-
xyurea and cyclophosphamide to activate latent or
quiescent HIV-1 provirus did not succeed in decreasing
the latently infected reservoirs in otherwise well-controlled
patients infected with HIV-1 (Bartlett et al., 2002; Coleman
& Wu, 2009; Lisziewicz et al., 2003; Lori et al., 1994). This
fact implies that new categories of drugs are needed that
can target the virus at pathways that have not previously
been considered prime targets. One such process, which we
discuss in detail, centres on HIV transcription. Promise is
evident from studies that have demonstrated that inter-
vention at the molecular level can lead to HIV-1 reac-
tivation, suggesting that proviral latency is amenable to
therapeutic intervention. The challenge is to target expressly
the HIV-1-specific processes with minimal effect on the
normal physiology of the cell.

In addition to the well-studied Tat protein, another good
example of a viral protein that can alter the course of HIV
transcription is viral protein R (Vpr). Although Vpr has
been deemed an ‘accessory’ protein, it may be an attractive
target because its function in nuclear translocation of the
preintegration complex (PIC) of HIV-1 in macrophage
lineage cells is well established. A big challenge in the
development of effective anti-HIV-1 compounds has been
the difficulty encountered in evaluating viral proteins in
the context of HIV-1 replication in appropriate in vitro
surrogate cellular phenotypes. Moreover, the use of non-
physiological concentrations of viral proteins and/or
associated cellular partners has often attracted criticism,
limiting their utility to assess the target efficacy of new
antiviral agents. Proteins like Tat and Vpr, besides having a
strong intracellular role, are present in the extracellular
milieu as well. Studies have shown that Tat released by
infected cells can be rapidly internalized through its basic
domain and can exert autocrine and paracrine activities
that activate various signalling pathways and also induce
neurotoxicity in the CNS (Brigati et al, 2003; Kilareski
et al., 2009; Strazza et al., 2011). We focus specifically on
how the repertoire of HIV-1 proteins functioning in
the complex process of HIV-1 transcription can provide
valuable clues for more effective therapies. Recent experi-
mental results suggest that HIV-1 replication and the
cellular microRNA (miRNA) pathway intersect at several
post-transcriptional levels (Houzet & Jeang, 2011; Ouellet
et al., 2009; Sanchez-Del Cojo et al., 2011). HIV-1 infection
alters the levels of several miRNAs that regulate the levels of
HIV-1 proteins involved in the viral life cycle and that

regulate the cellular proteins that are required for successful
completion of the HIV-1 life cycle within susceptible cell
types (Bignami et al, 2012; Sun et al., 2011; Witwer et al.,
2012). Not only do HIV-1 proteins like Tat, Vpr and Nef
influence the cellular miRNA machinery, but conflicting
reports have also suggested that the integrated genome of
HIV-1 itself encodes miRNAs (Hayes et al., 2011; Narayanan
et al., 2011). The pool of transcription factors available at
any time responds according to their native expression
profiles in a cell-type-dependent fashion along with the
alterations that HIV-1 is able to direct by indirectly
modulating the miRNA machinery. All of these studies
highlight the importance of understanding the reciprocal
interactions between HIV-1 and the miRNA machinery in a
manner designed to extract a functional therapeutic tool
directed against HIV-1.

This review also discusses the molecular topology of the
integrated HIV-1 genome and how the chromatin
environment and the epigenetic regulatory events intersect
with transcription from the integrated promoter of HIV-1,
the long-terminal repeat (LTR). The existence of active
APOBEC3G (apolipoprotein B mRNA-editing enzyme
catalytic polypeptide 3G) in resting CD4 " T-cells, which
causes G-to-A hypermutations during reverse transcrip-
tion and results in the production of defective viral
genomes along with histone modifications like methyla-
tion and acetylation, is one of the factors that governs the
establishment and maintenance of transcriptional latency
in resting CD4™" T-cells (Chiu et al., 2005; Lusic et al.,
2003; Van Lint, 2000). A deeper comprehension of the
mechanism of HIV-1 latency may lead to the development
of better therapeutic strategies, which, when combined
with the current HAART regimen, may help eradicate the
pool of latently infected cells. We describe current efforts
in evaluating still-in-development treatment strategies
and concepts based on activation/suppression of HIV-1
transcription, DNA- and histone-methylation, and histone
deacetylase (HDAC) inhibitors.

Impact of cellular phenotype on HIV-1
transcription

HIV-1 can infect a variety of immune cells including CD4 "
T-cells, macrophages, dendritic cells, bone marrow progen-
itor cells and brain microglial cells. It has evolved the ability
to infect even non-dividing cells. It can infect non-immune
cells like astrocytes, which are likely an important target in
the CNS, and it has recently been shown that HIV-1-infected
astrocytes are involved in disruption of the blood-brain
barrier. This detrimental process contributes to HIV-1-
associated neurocognitive impairment (Eugenin et al.,, 2011).
Chronic HIV-1 infection has also been shown to dysregu-
late the gene expression profile of astrocytes, leading to
neuropathogenesis (Borjabad et al, 2010). The role of lipid
mediators in the process of HIV-1-mediated effects in the
CNS is an area that has recently received some attention, but
the mechanisms are not yet clear (Bertin et al., 2012).
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To maximize viral replication, HIV-1 adapts transcription
of its integrated proviral genome by exploiting the specific
cellular environment (Fig. 1), inducing cellular stimulatory
events and impairing transcriptional inhibitory processes.
HIV-1 replication in cells of the monocyte—-macrophage
lineage necessitates a number of specialized events and
differs in many respects from that in CD4 ™ T-cells. Besides
exhibiting a different tropism for CD4" T-lymphocytes
and macrophages, productive HIV-1 infection occurs
independently of cellular DNA synthesis in macrophages
(Fenyo et al, 1988; Weinberg et al, 1991). Because
macrophages are non-dividing cells, the HIV-1 PIC is
imported through an intact nuclear membrane. In contrast,
in T-cells, dissolution of the nuclear membrane during cell
division allows the PIC easy access to the host DNA.
Moreover, the assembly and budding of viral particles take
place in cytoplasmic vacuoles in monocyte—macrophage
lineage cells, but not in CD4™ T-cells (Orenstein et al,
1988). It has also been demonstrated that the accessory
genes of HIV-1 such as Vpr may have distinct functions in
primary macrophages compared with CD4" T-cells
(Sherman et al, 2002; Subbramanian et al, 2002;
Swingler et al., 2003). For instance, a Vpr-deficient virus
could efficiently infect T-lymphocytes in culture, but was
severely compromised in its potential to infect macro-
phages (Eckstein ef al., 2001). Another key step in the viral
life cycle, LTR-directed transcription, assumes a different
landscape in the two susceptible cell types because the
transcription factor expression profile differs in the two cell
lineages. For example, some transcription factors (TFs)
such as GATA-3, LEF-1, ETS-1 and nuclear factor for
activated T-cells (NFATs) are lymphoid or T-cell specific,
whereas others, such as the CCAAT/enhancer-binding
protein f (C/EBPJ), are necessary for HIV-1 transcription
in macrophage lineage cells, but not in CD4" T-
lymphocytes (Henderson & Calame, 1997; Lee et al,
2002; Liu et al., 2010) (Fig. 1). The differential utilization
of cellular factors by HIV-1 in T-cells versus macrophages
with respect to efficient transcription has in a way stalled
efforts to selectively pick a particular set of TF-DNA
interactions and use them for therapeutic intervention.
This aspect is further complicated by the evolution of
genetic variation in the LTR that compromises the binding
of cognate TFs and at the same time creates new binding
affinities for others (Li et al., 2011). These interactions are
relevant in the early phase of HIV-1 transcription, before
Tat-directed transcriptional transactivation ensues and also
in late-stage disease when the low-level persistent tran-
scription from the LTR continues. Moreover, using brain-
derived Tat sequences from demented and non-demented
HIV-1-infected patients, it has been shown that alterations
in HIV-1 Tat protein, which are independent of its tran-
sactivation potential, exert pathogenic effects and contribute
to the development of HIV-1-associated dementia (Boven
et al., 2007).

HIV-1 transcription is regulated differently in T-cells than in
cells of the monocyte—macrophage lineage (Fig. 1) (Herbein

& Varin, 2010; Rohr et al., 2003). The expression of different
isoforms of the transcription factor C/EBPfS, which are
generated by alternative translational initiation, has been
shown to regulate HIV-1 LTR-directed transcription in
cells of the monocyte-macrophage lineage. The 30-37 kDa
activating isoform is required for HIV-1 transcription
in cells of the monocyte—-macrophage lineage, but not in
CD4™" T-cells (Henderson & Calame, 1997). Conversely, the
smaller molecular mass isoform, 16-23 kDa, is the dom-
inant-negative inhibitor and reduces HIV-1 transcription in
differentiated THP-1 macrophages as a result of induction
by beta interferon (IFN-f) (Honda et al, 1998). Besides the
two well-characterized binding sites for C/EBP (—116/—103
and —176/—162), unpublished reports (S. Dahiya and B.
Wigdahl, unpublished results) indicate the presence of
another element downstream of the transcription start site
that can interact with C/EBP in the U-937 promonocytic cell
line. The same site is competitively occupied by some
isoforms of NFAT when present. This observation further
extends our understanding of how differential utilization
of a particular DNA element in the HIV-1 LTR assumes
different binding phenotypes contingent on the cellular
phenotype (Fig. 1). In addition to cellular phenotype di-
fferences, the sequence variations observed in selected trans-
cription factor-binding sites affect HIV-1 transcription. For
instance, we demonstrated previously that sequence vari-
ation at both the C/EBP and ATF/CREB sites affects the
basal and stimulated LTR activity in monocyte—-macrophage
lineage cells (Ross et al., 2001). In addition, these TF-DNA
interactions respond to extracellular stimuli. For example,
treatment with granulocyte-macrophage colony-stimulating
factor during differentiation of monocytes to macrophages
resulted in decreased viral transcription (R5 strain) in
contrast to treatment with macrophage colony-stimulating
factor. Viral suppression in this case was related to ex-
pression of the inhibitory C/EBPf isoform (Komuro et al,
2003). These authors also demonstrated the inverse regula-
tion of the Src-like tyrosine kinase Hck and hypothesized
that the heterogeneity in macrophage susceptibility to HIV-
1 was related to distinct regulation of Hck and the inhibitory
isoform of C/EBPf. These results reinforced the observation
that the low level of susceptibility of alveolar macrophages
to HIV-1 infection may be dependent on the expression of
the dominant-negative inhibitory C/EBPf isoform (Honda
et al., 1998). Activated allogeneic lymphocytes have been
shown to reduce the expression of C/EBPf in differentiated
THP-1 cells and alveolar macrophages, increasing their sus-
ceptibility to HIV-1 (Hoshino et al., 2002). The differential
regulation of LTR-directed transcription via the C/EBP-
binding sites was also established using the simian immu-
nodeficiency virus (SIV) model; the authors analysed the
functional role of two C/EBPf-binding sites in activation
and IFN-f suppression (Ravimohan et al, 2010). Thus,
HIV-1 adaptation to cells of the monocyte—macrophage
lineage involves a distinct transcriptional programme, and
its regulation varies considerably with the stage of cellular
differentiation. Besides exhibiting differential expression of
key transcription factors that are responsive to cellular
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Fig. 1. Differences between the HIV-1 replication cycle in CD4* T-cells and macrophages. (1) HIV-1 isolates show tropism in
the two cell types with CCR5 primarily being utilized on macrophages and CXCR4 primarily used on CD4 ™ T-cells. Moreover,
HIV-1 can alternatively enter macrophages via macropinocytosis. (2) Proteins like Vpr are essential components of the PIC in
macrophages, which assist nuclear transport via an intact nuclear membrane (3), whereas in T-cells Vpr is dispensable for
integration and the nuclear membrane has increased permeability. (4) A differential transcriptional programme is utilized in the
two cell types with the factors like C/EBP and NFAT5 playing a crucial role in macrophages. (5) Viral assembly and budding in
multi-vesicular bodies (MVBs) occurs in macrophages, but not in T-cells.

stimulation, these cells were more resistant to the apoptosis
induction potential of HIV-1 compared with T-cells (Le
Douce et al., 2010). All of these variables make the infected
cells of the monocyte-macrophage lineage a major obstacle
in the eradication of HIV-1. They may represent a greater
portion of the total infected cell population during late-stage
disease when CD4™" T-cells have largely been depleted and
may contribute significantly at this stage to the circulating
levels of virus in vivo (Igarashi et al., 2001; Orenstein et al.,
1997). More recently, the role of TCF/LEF family members
in regulating the transcriptional activity of HIV-1 in
astrocytes has expanded the function of C/EBP isoforms to
astrocytes (Narasipura et al., 2012).

Molecular topology of the HIV-1 transcriptome

Integration of the HIV-1 proviral DNA into the host
genome is a critical step in the viral life cycle. Thus,

inevitably, the chromatin environment at the site of inte-
gration plays a crucial role in the regulation of gene ex-
pression from the LTR. Regardless of the site of integration,
efficient and sustained transcription also requires Tat and
other accessory proteins along with the host cellular factors.
Various mechanisms restrain viral production. The estab-
lishment and maintenance of proviral DNA quiescence are
dependent on the chromatin environment and are subject
to the same epigenetic mechanisms of regulation as the host
as previously reviewed (Hakre et al., 2011). Heterochroma-
tin, as opposed to euchromatin, is highly compact and
structured, making the integrated proviral LTR inaccessible
to the cellular and viral factors, thereby restricting the
initiation of transcription from the integrated proviral DNA
template. It is still unclear which integration events yield
replication-competent latent proviral DNA genomes because
most of the integrants have defective genomes and are repli-
cation-incompetent (Chun et al., 1997). This observation may
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be explained in part by the strong restriction that cellular
APOBEC3G exerts on the genome by inducing hypermuta-
tions (Malim, 2009). Studies have shown that HIV-1
preferentially integrates into the actively transcribing genes
in the host genome during productive infection of cultured
T-cells (Schroder et al., 2002). This process is probably the
result of interactions of the PIC with host factors that are
concentrated in the regions of heavy transcriptional activity.
Numerous cellular proteins have been shown to interact
with the PIC, thus driving the selection of the site of
integration. One such interaction is with the host protein
LEDGF/p75, which has been shown to direct the integration
of HIV-1 DNA into active sites of the genome (Ciuffi et al.,
2005). The presence of LEDGF favours integration into GC-
rich regions, whereas its absence results in integration into
AT-rich regions. Thus, the level of LEDGF may control
integration into a heterochromatin region compared to a
euchromatin area. This hypothesis was well supported in
studies that showed that the integration sites of quiescent/
inducible HIV-1 vectors in T-cell lines could be within the
heterochromatin or the actively transcribed genes (Lewinski
et al., 2005). It was also shown that HIV-1 PIC interacts with
the SET/TAF-Ib complex and that the SET complex acts as a
barrier to autointegration of HIV-1 into its own genome
(Yan et al., 2009). SET/TAF-Ib has been shown to be
associated with transcriptional repression because it binds
unacetylated, hypoacetylated or repressively marked his-
tones (Kutney et al., 2004).

It is well established that, regardless of the site of integration,
HIV-1 DNA is packaged in such a fashion that two
nucleosomes (Nuc-0 and Nuc-1) are positioned strictly
with respect to cis-acting regulatory elements on the LTR.
Nuc-0 is positioned upstream of the modulatory region, and
Nuc-1 is immediately downstream of the transcription start
site (410 to +155). A large body of evidence suggests that
Nuc-1 needs to be remodelled for transcriptional activation
and that epigenetic silencing at Nuc-1 might assume a state
of transcription repression/latency (Colin & Van Lint, 2009).

HIV-1 provirus is in a dynamic state in the cellular
genome, and interactions between various host and viral
factors with histone acetyltransferases (HATs) and HDACs
regulate proviral gene expression. Histones can be methy-
lated as well as acetylated; it is important to note that the
histone methyltransferases (HMTs) EZH2 and SUV39H1
have been shown to regulate HIV-1 transcription by
inducing histone H3 at lysine 9 (H3K9) methylation. HP1y
binds to methylated H3K9 and further imposes a repressive
phenotype on the local chromatin environment (du Chéné
et al., 2007). HIV-1 LTR DNA can also be methylated on
cytosine residues (CpG islands) and can inhibit viral
transcription (Kauder et al., 2009). However, analysis of
integrated HIV-1 genomes in resting CD4* T-cells from
HIV-1-infected patients has demonstrated the infrequent
methylation of the HIV LTR. Although evidence is accu-
mulating that histone methylation regulates HIV expres-
sion, the role of DNA methylation in maintaining HIV-1
latency remains to be explored further as previously

reviewed (Choudhary & Margolis, 2011). Recent studies
using functional genomic screens (Brass et al, 2008) to
identify host proteins crucial for HIV-1 infection and
analysing the global landscape of interactions between the
HIV-1 and human proteins (Jager et al, 2012) have
identified some key cellular participants that play crucial
regulatory roles in the HIV-1 life cycle (Konig et al., 2008;
Yeung et al, 2009a). These studies highlight the import-
ance of studying the molecular architecture of the HIV-1
genome along with the networks that HIV-1 establishes in
various stages of its life cycle.

As discussed in the next section, the viral protein Tat plays
a key role in allowing generation of full-length transcripts
from the integrated genome via its ability to recruit
positive transcription elongation factor b (P-TEFb) (Fig.
2). It was recently shown that Tat also recruits elongation
factor ELL2 to P-TEFb for more coordinated activation of
HIV-1 transcription. Tat also recruits acetyltransferase
p300/CBP-associated factor (PCAF), which in turn acet-
ylates Tat and enhances its ability to recruit P-TEFb. In
several cell line model systems, Tat has been shown to
promote binding of the ATP-dependent remodelling
complex SWI/SNF and the histone-modifying enzymes
p300 and CREB-binding protein (CBP) as well as the
histone chaperone protein nucleosome assembly protein 1
(Vardabasso et al., 2008). These transcription factors
further assist in chromatin unfolding and efficient
transcription. Thus, the absence or presence of Tat governs
the efficiency of LTR-directed transcription in a chromatin
environment.

HIV-1 protein machinery: from assisting self to
combating non-self

In addition to the three structural genes, gag, pol and env,
the compact genome of HIV-1 is equipped with six
additional genes. Two of them, tat and rev, encode essential
regulatory proteins along with four small accessory factors,
Vif, Vpr, Vpu and Nef, which have been shown to be
dispensable for viral replication in some cell types, yet they
are strongly maintained in the context of natural infections
in vivo (Kirchhoff, 2010; Malim & FEmerman, 2008).
Accumulating evidence, which this review discusses, has
identified crucial roles that these accessory proteins,
especially Vpr and Nef, serve in the intricate process of
viral transcription and replication in counteracting the
intracellular proteins that human and other mammals have
evolved as a defence against pathogenic viral invasions. In
this section, we discuss the viral proteins that play key roles
in the sophisticated process of LTR-directed, virus-specific
transcription (Figs 2 and 3).

Tat: a multi-functional transcriptional
transactivator

HIV-1 Tat is an early regulatory protein of 101 aa, encoded
by two exons. The first exon encodes the first 72 aa and is
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Fig. 2. HIV-1 Tat interactions and transcriptional regulation. (1) Tat interacts with P-TEFb and triggers its release from the
inactive complex formed with 7SK, HEXIM-1 and La ribonucleoprotein domain family member (LARP). (2) The active P-TEFb is
recruited to the LTR as a result of the interaction of Tat with the TAR element formed at the 5’ end of the nascent HIV-1 RNA.
This event is followed by phosphorylation of the CTD of RNAP Il by the CDK9 component of P-TEFb. These phosphorylation
events help RNAP Il to shift from an initiation mode to an elongation mode, resulting in production of full-length HIV-1 mRNA
that exits to the cytosol to be used to make HIV-1 proteins. In addition, the full activity of Tat is associated with its post-
translation modifications, namely acetylation and methylation. (3) Tat also regulates the activity of Sp1 in LTR-directed
transcription by recruiting DNA-PK to phosphorylate Sp1. (4) Tat activates other cellular promoters such as PTEN and PP2A
and is secreted into the extracellular milieu, which has been shown to play a crucial role in apoptosis of CD4 " T-cells and to

mediate neuronal toxicity.

sufficient for the transactivation function of Tat. However,
several studies have suggested that the second exon of Tat
is also important for transactivation (Jeang et al., 1993),
transrepression (Howcroft et al, 1993) and virus replica-
tion (Neuveut & Jeang, 1996). Moreover, functions like
modulation of host cell cytoskeleton are exclusively
attributable to the second exon (Lopez-Huertas et al.,
2010). Besides being an intracellular protein, Tat is also
released into the extracellular milieu from productively
infected cells; this form can enter target cells and exert its
effects. Studies of Tat-derived peptides have demonstrated
that residues 48-60 form the basic domain (the protein
transduction domain) and account for the functional
internalization into cells (Futaki et al., 2001) and that
cellular heparan sulfate proteoglycans act as low-affinity
cellular receptors for extracellular Tat (Tyagi et al, 2001).
Mutational analysis of HIV-1 Tat has identified two

important functional domains: an activation domain that
mediates its interactions with cellular machinery and an
arginine-rich region that is required for binding to the
transactivation responsive element (TAR) region of the
nascent HIV-1 mRNA (Karn, 2011).

Productive transcription of the HIV-1 genome requires
RNA polymerase to work in concert with Tat (Fig. 2). Tat
and its team of cofactors function in a highly orchestrated
manner to tightly control transcriptional elongation. In the
absence of Tat, the basal level of RNA polymerase II
(RNAP II) transcription of the HIV-1 provirus is low due
to the action of negative factors (NELF and DSIF) that
limit elongation. At some point, RNAP II has been shown
to be able to transcribe the proviral genome, and the
transcript is spliced into an mRNA that encodes Tat. Once
it is imported into the nucleus, Tat acts in a positive-

11566

Journal of General Virology 93



HIV-1 transcription and antiviral targets

¢

Extracellular Vpr

ERK, PISK

Kinases
(Src, Lek, Fyn)

Importin o/ Signal transduction pathways

AP-1

/ Cytokines, activation
MCP-14 A markers or death

receptor promoters

~&

Translation

HIV-1 and cellular
TAR transcripts

-9
J L_f-RNAP Il
5

Fig. 3. HIV-1 protein battery other than Tat and cellular interactions converging on the LTR. (1) The Vpr that is associated with
the HIV-1 PIC assists in nuclear importation of the PIC and acts as a transactivator of the LTR. The latter function is achieved via
two pathways: (a) association with the LTR in a ternary complex with Sp1 and formation of a complex with GR and HAT-CBP/
p300 and (b) formation of a complex with C/EBP at C/EBP site | in the LTR and binding directly to the LTR in the region of C/
EBP site | and the NF-xB site. Moreover, Vpr triggers a G2/M arrest in infected cells that involves ubiquitination of an unknown
protein, which is recruited to Vpr via interaction with DCAF-1. The G2/M arrest is associated with enhanced transcription from
the LTR. Vpr also acts as an extracellular protein that is secreted outside the cell and enters cells from the extracellular milieu.
(2) HIV-1 Nef influences the cellular activation pathways that converge on the LTR-directed transcription. It activates important
cellular signal transduction pathways that activate key transcription factors like NFAT, AP-1 and NF-xB, which regulate
expression from the HIV-1 promoter. Nef also regulates the expression of cytokines and death receptor promoters. (3) MA
protein activates key upstream cellular kinases that result in activation of the AP-1 transcription factor and eventual upregulation
of AP-1-dependent genes, such as MCP-1, that are crucial in HIV-1 expression. Moreover, MA is part of the PIC and assists in
the nuclear transport of the PIC. (4) Once productive transcription from the HIV-1 promoter ensues, the resulting robust

translation of HIV-1 proteins ramps up the HIV-1 replication machinery and eventually results in progeny formation.

feedback loop to strongly activate RNAP II-driven
elongation. The level of activation observed in several
experimental systems is as large as 100-fold. Tat achieves
this by directly binding to P-TEFb (Peterlin & Price, 2006).
P-TEFb is a kinase complex consisting of a regulatory
cyclin T1 (CycT1) subunit and a catalytic kinase subunit,
Cdk-9. Tat binds directly to CycT1; the Tat-P-TEFb
complex then binds to the structured TAR element that
forms within the first 65 nt of the nascent RNA. Once at
this site, the Cdk-9 component of P-TEFb potently
stimulates transcriptional elongation by a two-pronged
mechanism. First, it phosphorylates the negative elongation
factor that removes a powerful block to elongation.

Second, it phosphorylates the C-terminal domain (CTD)
of RNA polymerase II (Ping & Rana, 2001) (Fig. 2). These
two events result in multi-fold activation of the processivity
of the polymerase (Karn, 2011). Elucidation of the Tat-P-
TEFb crystal structure has clearly shown that Tat forms
extensive contacts with both the CycT1 and Cdk-9 subunits
of P-TEFb, which results in significant conformational
changes and eventual constitutive activation of the enzyme
(Tahirov et al., 2010). Tat has also been shown to influence
phosphorylation of transcription factors including specifi-
city protein 1 (Spl), CREB and elF-2o (Demarchi et al,
1999; Li et al., 2005; Rossi et al., 2006), which regulate basal
transcription from the LTR. Landmark studies from several
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groups have established (i) that stochastic fluctuations in
Tat gene expression act as a molecular switch and (ii) how
mutations in NF-xB and Spl-binding sites, which mimic
changes in initiation rates, are sufficient to restrict Tat
production and eventually result in increased rates of viral
entry into latency (Pearson et al., 2008; Weinberger et al.,
2005, 2008). Other investigators have shown that muta-
tions in Tat that attenuate its activity lead to enhanced viral
entry into latency. Also, it was recently established that
latently infected CD4 " T-cells are enriched for Tat variants
with impaired transactivation potential (Yukl ef al., 2009).
All of the aforementioned studies reinforce the importance
of Tat as a switch between active transcription and latency.
Adding to the complexity of Tat function, it is now well
established that Tat is heavily regulated by the post-
translational modifications it undergoes, which include
phosphorylation, methylation and acetylation (Fig. 2).
Specifically, HATs can acetylate Tat at lysines 28, 50 and/or
51, all of which impart different functions. For instance,
acetylation at lysine 50 and 51 by CBP/p300 and GCN5
promotes the dissociation of Tat from the TAR-binding
domain, indicating the start of transcriptional elongation
as previously reviewed (Easley et al., 2010). In addition, Tat
has been shown to be autoacetylated at lysines 41 and 71,
which is important for acetylation of nucleosome H4
(Deng et al., 2001). The association of Tat with HMTs and
the ability of Tat to be methylated at lysines 50 and 51 have
been shown to recruit remodelling proteins to the LTR
(Van Duyne et al., 2008). All of the aforementioned actions
of Tat in boosting transcription from the LTR are
compromised initially in undifferentiated monocytes due
to poor expression of CycT1; however, on differentiation,
increased availability of CycTl results in robust trans-
activation by Tat (Dong et al, 2009). The monocyte
component of HIV-1 infection responds to cues emanating
from its own differentiation programme because transient
expression of CycT1 in undifferentiated monocytes could
not rescue Tat-mediated transactivation of the LTR (Dong
et al., 2009). Thus, it is important to evaluate the differences
between the transcriptional programmes adopted by HIV-1
in the two compartments, CD4" T-cells and monocyte—
macrophage cells.

Besides being a prominent intracellular molecule in the
HIV-1 transcriptional programme, Tat is released by in-
fected macrophages, microglia and astrocytes. Extracellular
Tat can enter neurons via endocytosis through interaction
with the low-density lipoprotein receptor-related protein
present on the neuronal surface. This interaction induces
apoptosis in neurons, thus explaining the neurotoxic effects
of Tat (Kim et al., 2008a, b; Wong et al., 2005). Tat increases
the intracellular Ca?>" in neurons, which is taken up by
mitochondria. This activity results in the generation of reac-
tive oxygen species, activation of caspases, and, eventually,
initiation of apoptosis. The neurotoxic function of Tat is
further supported by the observation that the mRNA levels
for Tat are elevated in brain extracts of patients with HIV-1-
associated dementia (Boven et al, 2007). More recently, it

was demonstrated that Tat can associate with the promoters
of phosphatase and tensin homologue (PTEN) and protein
phosphatase 2A (PP2A) subunits and that these interactions
result in transcriptional activation of apoptotic pathways in
HIV-1-infected CD4* T-cells (Kim et al., 2010). This study
and others have strengthened the belief that Tat, besides
regulating the HIV-1 promoter, affects cellular promoters
that result in activation of transcriptional programmes and
end in apoptosis of infected cells and uninfected bystander
cells. This process contributes to neuronal cell death and
explains Tat-mediated neurotoxicity (Le Douce et al., 2010).
Whether the toxic functions of Tat are also operative in the
periphery with equally detrimental effects is unknown. If Tat
is not toxic in the periphery, it could be due to the inherent
differences in the environments of compartments such as
the brain and bone marrow. These areas may have higher
local concentrations of extracellular Tat compared with the
periphery, thereby causing cellular toxicity that may not
occur in the peripheral blood. In addition, it may not be
possible to achieve highly localized concentrations of Tat in
the peripheral blood because of the absence of discrete
physical boundaries to facilitate the development of elevated
localized concentrations of Tat.

Establishment of Tat as a central regulator of HIV-1 tran-
scription along with its ability to modulate the transcrip-
tion of numerous cellular genes relevant to HIV-1 infection
has provoked a number of proposals to use Tat as an
important target for antiretroviral therapy (discussed
below). However, cell type-specific differences in Tat
function and Tat’s interactions in the CNS need to be
addressed in a more holistic sense. One criticism of the
studies involving Tat is that the concentration used in the
experimental system is usually much higher than that
achievable in localized microenvironments (difficult if not
impossible to assess experimentally). Thus, it is essential to
concentrate efforts on the development of experimental
approaches to assess Tat function in systems in which the
biological functions of Tat can be examined at a
concentration closer to what one might predict to be
present in an in vivo setting. A number of questions remain
unanswered. How is Tat shuttled to the neighbouring cells?
Does this process have any specificity or does it involve
simple diffusion? How variable are the effects of Tat in
different susceptible cell types? Addressing these questions
can extend our understanding of Tat so that it can be
exploited as a potential therapeutic target.

Vpr: an accessory protein with a versatile
repertoire of functions

Vpr is a 96 aa protein encoded in the HIV-1 genome that is
also packaged into the mature virion. The exact functions of
Vpr have been difficult to elucidate. Many studies have
implicated this protein in a multitude of activities dependent
on the cellular context and on the in vitro culture system
used. Although various studies have demonstrated that Vpr
is dispensable for HIV-1 replication in CD4" T-cells, the
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relevance of this protein in the overall regulation of HIV-1
pathogenesis is highlighted by the fact that the transactiva-
tion ability of Vpr is conserved in the different strains of HIV
and SIV (HIV-1, HIV-2, SIV-mac and SIV-agm) (Kogan &
Rappaport, 2011; Malim & Emerman, 2008). It is also
supported by the observation that Vpr is a necessary positive
regulator of viral transcription and infectivity in cells of
the monocyte—macrophage lineage where it has been impli-
cated in assisting the importation of PIC into the nucleus
(Herbein et al., 2010). Vpr enhances HIV-1 cytopatho-
genicity by promoting viral transcription through inter-
actions with the viral promoter and host cell factors. Vpr
assists HIV-1 replication through its moderate transactiva-
tion effect on the LTR, which in turn results in increased
transcription and production of progeny virus. Since Vpr
is packaged into virions, it is present immediately follow-
ing HIV-1 infection and considerably before the early gene
transcription that results in the production of the regu-
latory proteins Tat and Rev (Seelamgari et al, 2004).
Although the transactivation effect of Vpr is modest
compared with that of Tat, Vpr-induced transactivation is
considered to be synergistic as well as a prerequisite for
optimal Tat transactivation.

An important, unambiguous attribute of Vpr is its ability
to delay or arrest cells in the G2 phase of the cell cycle (Fig.
3). Studies performed by a number of investigators have
suggested that the cell death phenotype induced by Vpr is
linked to the pathway that leads to G2 arrest. The efficacy
of Vpr-induced transactivation of the LTR has been shown
to correlate with the induction of G2 arrest in host cells
(Andersen et al., 2006). It was also demonstrated that LTR
activity is increased four- to sixfold in the G2 phase of the
cell cycle. The observation that infected cells in individuals
with HIV-1 infection appear to be enriched for cells in G2
highlights the importance of the role of Vpr in vivo (Ardon
et al., 2006; Zimmerman et al., 2006). Vpr has also been
shown to interact with transcription factor Spl in a ternary
complex with the GC-box array in the HIV-1 LTR (Fig. 3)
(Kino & Pavlakis, 2004). Vpr has been shown to bind the
LTR in a sequence-specific manner to the sequences that
span the C/EBP site I and the promoter-distal NF-«B site in
the viral LTR (Hogan et al., 2003). It was also shown that
with HIV disease progression and in patients with HIV-1-
associated dementia, LTR SNPs (particularly, a C-to-T
change at position 3 in a consensus B C/EBP site I back-
ground) emerge, become prevalent, and show reduced C/
EBP binding and enhanced Vpr binding to the HIV-1 LTR
(Burdo et al., 2004; Hogan et al., 2003). The ability of Vpr
to bind directly to the HIV-1 LTR C/EBP site I, combined
with the indispensable role of C/EBP factors in HIV-1
replication in the cells of the monocyte—-macrophage
lineage, has raised the interesting possibility that both of
these factors may function either coordinately or, perhaps,
in opposition during HIV-1 replication in this cell
population. Consistent with these observations, we have
demonstrated that Vpr and C/EBP form a complex at C/
EBP site I and that this interaction may be integrally

involved in the regulation of transcription in monocytic
cell populations (S. Dahiya and B. Wigdahl, data not
shown).

In addition to being associated with the virion, where it
may be involved in nucleic acid condensation during
assembly of new progeny virus, and endogenously
expressed, extracellular Vpr is found in the plasma and
the CSF (Piller et al.,, 1998) and has been shown to enter
cells of the monocyte—macrophage lineage and function as
an endogenously expressed protein (Levy et al., 1995; Varin
et al., 2005). In addition, Vpr has been shown to modulate
the host glucocorticoid receptor (GR) to affect transcrip-
tion from the LTR as well as that of a number of host genes
(Refaeli et al, 1995). The underlying mechanism involves
Vpr induction of R-interacting protein 1 nuclear trans-
location in a GR-dependent manner. Vpr was also shown
to transactivate promoters containing glucocorticoid-
responsive elements. This modulation is most likely via
direct interaction with the GR, with Vpr acting as a co-
activator of GR (Kino et al, 1999). The role of
glucocorticoids in HIV-1 replication remains controversial.
Several researchers have reported that glucocorticoids
suppress the HIV-1 LTR, whereas others have suggested
that the role of glucocorticoid signalling in HIV-1 infection
is not influenced by Vpr (Kogan & Rappaport, 2011). Vpr
has been shown (i) to induce oxidative stress through
the hypoxia-inducible factor pathway in microglia cells
(Deshmane et al., 2009); (ii) to be implicated in the
induction of apoptosis via both intrinsic (mitochondria-
mediated) and extrinsic pathways; and (iii) to interact with
proteins including ANT, PTPC, PP2A and HAX-1 that
regulate the process of apoptosis and eventually neuro-
degeneration [for detailed mechanisms refer to (Na et al,
2011; Zhao et al., 2011)].

The results of more than two decades of research have
established that Vpr is a crucial accessory protein in HIV-1
pathogenesis and is involved at each step of the viral life
cycle in proliferating and non-proliferating cells. Future
strategies to counter the ability of Vpr to inhibit host-
mediated restriction could potentially be used to alleviate
the impact of viral infection.

Nef: inducer of cellular transcription factors

HIV-1 Nef is a 27 kDa, myristoylated viral protein that is
associated with cytoplasmic membranes. It is expressed
early during the viral life cycle. Nef is required for
maintenance of high viral loads and has been shown to
accelerate HIV-1 disease (Baur, 2011), but its functions are
not completely understood. Nef serves a number of
functions including control of cellular trafficking, gene
and receptor surface expression, cell migration, antigen
presentation and signal transduction. Both Nef and Tat are
involved in the enhancement of interleukin (IL)-2
promoter activity. Nef contributes to the transcriptional
activation of the HIV-1 promoter through induction of
cellular transcription factors, such as NF-AT, NF-xB and
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AP-1, which elevate transcription from the LTR, often in
a cell-type-dependent manner, and participates in the
activation of cellular genes including those encoding
inflammatory cytokines, activation markers and death
receptors (Fenard et al., 2005; Fortin et al., 2004) (Fig. 3).
Recently, it was shown using primary quiescent T-cells
that Nef superinduces NF-AT and IL-2 production,
bypassing early T-cell antigen receptor (TCR) effector
molecules (Neri et al, 2011). The same study also
established that early phosphorylation of PLC-y1, the
induction of NFAT, and the expression of IL-2 are
impaired by Nef in suboptimally activated or resting
CD4™ T-cells, suggesting that Nef plays a dual role in the
modulation of TCR signalling, thereby enhancing HIV-1
replication in both quiescent and metabolically active
CD4" T-cells. Nef is known to interact with a multi-
protein signalling complex that includes kinases of the Src
family, Lck and Fyn, which are proximal signalling kinases
activated immediately on TCR stimulation (Arold et al.,
1997; Trible et al, 2006). Nef has also been shown to
modulate the activation of downstream effectors essential
for activation-induced cytoskeletal rearrangement includ-
ing PAK2, CDC42 and Vav (Rauch et al., 2008; Simmons
et al., 2005). Nef associates with PAK2 in a multi-protein
complex found in detergent-insoluble lipid rafts
(Krautkrdmer et al., 2004). It was recently established
that Nef-mediated enhancement of cellular activation and
viral replication in primary T-cells was dependent on
PAK2 and on the potency of the activating stimuli. This
enhancement correlated with the ability of Nef to associate
with PAK2 (Olivieri et al, 2011). Thus, Nef serves as an
adaptor protein to divert host cell proteins like cellular
kinases to aberrant functions that enhance the amplifica-
tion of viral replication. Besides cellular activation, four
other functions of Nef have been established in various in
vitro studies: (i) downregulation of CD4; (ii) down-
regulation of cell surface levels of major histocompatibility
class T molecules; (iii) enhancement of viral particle
infectivity by CD4-independent mechanisms (Kirchhoff,
2010); and (iv) downregulation of surface expression of
CXCR4 and CCR5 (Sloan et al., 2010).

Recent studies have suggested that Nef may not only
manipulate host cells infected with HIV-1, but may also
cause remarkable changes in the cellular environment.
These changes include its ability to induce secretion of
factors from infected macrophages that attract T-cells and
render them more susceptible to HIV-1 infection.
Moreover, Nef has been shown to regulate the intracellular
trafficking of a number of cell surface proteins of helper T-
cells and macrophages with central roles in immunity and
the viral life cycle (Roeth & Collins, 2006). The functions of
Nef related to viral replication and pathogenesis in vivo are
not yet completely understood, but it appears that HIV-1
and SIV have evolved Nef as a tool to manipulate the key
cell types of the acquired immune system and to modulate
various cellular mechanisms/pathways for the immuno-
logical restriction of HIV-1.

Matrix (MA): creator of a favourable environment
for HIV-1 transcription

HIV-1 MA protein or p17 is a structural protein that plays
a key role in regulating the early and late steps in viral
morphogenesis. Increasing evidence suggests that p17 may
also be active extracellularly in deregulating the biologi-
cal activities of immune cells that are either directly or
indirectly involved in AIDS pathogenesis as previously
reviewed (Mascarenhas & Musier-Forsyth, 2009). MA has
two nuclear localization signals and was among the first
HIV-1 proteins to be implicated in the nuclear importa-
tion of PIC. Earlier studies demonstrated that mutations
of the nuclear localization signals perturbed HIV-1 nu-
clear importation, especially in non-dividing macrophages.
However, later studies questioned the role of p17 in nuclear
transport (Mascarenhas & Musier-Forsyth, 2009). p17 is
also found in extracellular spaces through utilization of
alternative secretion pathways, where it dysregulates the
biological activities of many different immune cells that are
directly or indirectly involved in HIV-1-associated patho-
logical effects (Fiorentini et al., 2010). It was established
that monocytes treated with p17 selectively produce mono-
cyte chemotactic protein-1 (MCP-1) (Marini et al., 2008).
The effect of p17 on MCP-1 expression was at the trans-
criptional level and was primarily dependent on the
activation of AP-1. Many studies have shown a tight link
between biologically deregulated monocytes, AP-1 activa-
tion, MCP-1 release, and HIV-1 pathogenesis (Bukrinskaya,
2007). There is mounting evidence that p17 stimulation
modulates the ERK and PI3K/Akt signalling cascades, which
may represent upstream events in activation of AP-1, which
eventually influences transcription from the LTR (Fig. 3)
(Fiorentini et al, 2010; Giagulli et al, 2011). Further
understanding of the mechanisms underlying p17 signalling
may increase our understanding of how p17 modulates both
innate and adaptive immune responses in favour of HIV-1
transcription (Fiorentini et al., 2010) and how the interac-
tions with various signalling components change with the
cellular context.

miRNAs and HIV-1: regulatory intersections

Several previous studies have strongly indicated that HIV
infection induces a dramatic change in the gene expression
profile of infected cells. Recent studies have attempted to
elucidate the complex interaction between HIV-1 and host
miRNA silencing machinery (Zamore & Haley, 2005). The
host RNA interference (RNAi) machinery along with the
recent idea that HIV-1 may encode miRNAs has triggered a
new interest in determining the extent to which these two
interfaces influence viral replication, latency and the
efficiency of host defences (Narayanan ef al, 2011). In this
section, we summarize our current state of knowledge with
respect to aspects of multi-faceted interactions between
HIV-1 and miRNA-guided silencing machinery.

Algorithms using thermodynamically favourable miRNA in
target pairing studies have suggested that candidate HIV-1
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genes could be controlled by host miRNAs (Chable-Bessia
et al., 2009) (Table 1). It was shown that virus replication
kinetics are enhanced in Drosha- or Dicer-depleted
peripheral blood mononuclear cells from HIV-1-infected
patients using small interfering RNAs (siRNAs) to Drosha
and Dicer (Triboulet et al, 2007). Recent studies demon-
strated that the 3" UTR of almost all HIV-1 mRNA produced
during latency in resting primary CD4™" T-lymphocytes
contain a 1.2 kb fragment that can be recognized by cellular
miRNAs (miR-28, -125b, -150, -223 and -382), resulting in a
negative impact on viral protein production (Huang et al.,
2007). Combined with the relatively inefficient synthesis of
Tat and Rev, miRNAs harboured by resting CD4 " T-cells
may participate in post-transcriptional regulation of HIV-1
mRNA and contribute to the state of viral latency, as
observed in patients with suppressive HAART (Ouellet et al.,
2009). These new elements contribute to our understanding
of the molecular basis of viral latency and will aid in the
design of therapeutic strategies aimed at purging HIV-1-
infected patients of quiescent virus. To this end, it has
been shown that neutralizing these cellular miRNAs by
transfecting specific antagonists into non-activated CD4
T-cells from patients treated with HAART resulted in a
10-fold increase in the in vitro efficiency of virus isolation
(Corbeau, 2008).

Several studies have proposed a regulation paradigm
whereby cellular miRNAs target mRNAs that encode
cellular proteins involved in virus replication (Table 1).
For example, the miR-17/92 cluster, which encodes seven
miRNAs, among which miR-17-5p and miR-20 may target
HATs and HIV-1 Tat cofactor PCAF, was substantially
decreased during HIV-1 infection. PCAF has been shown
to be a host cofactor for Tat transactivation of the HIV-1
LTR and is also recruited by Tat to remodel the histone
architecture in the vicinity of the LTR (Triboulet et al,
2007). This knowledge can enhance our understanding of
how latent reservoirs, which are resistant to HAART, can
be activated and eventually flushed out of the system.

The studies reviewed above suggest that most of the time,
the host machinery works to curtail the spread of HIV-1.
Thus, it is intuitive to investigate the reverse question: does
HIV-1 adopt strategies to subvert the RNAi machinery? In
this regard, downregulation of a large pool of miRNAs in
Hela cells transfected with the pNL4-3 infectious HIV-1
molecular clone was observed (Yeung et al., 2005). How
does the virus achieve this downregulation to facilitate its
own transcription and replication? Adenoviral protein VA1
was shown to inhibit the nucleocytoplasmic transport of
pre-miRNA by binding to exportin 5, which is required for
this transport (Lu & Cullen, 2004). HIV-1 has been
hypothesized to act against the host RNAi machinery by
targeting two of its key players — Dicer and TRBP. Purified
HIV-1 Tat protein was shown to inhibit the capacity of
Dicer to process dsRNA to siRNA in vitro (Bennasser et al.,
2005). Also, the TAR and RRE sequences of HIV-1 RNA
bind to TRBP and thus competitively sequester it away
from its normal function of pre-miRNA processing,

impacting miRNA biogenesis and function (Christensen
et al, 2007; Gatignol et al, 2005). HIV-1 Tat RNAi
suppressor functions have been reported (Qian et al., 2009;
Schnettler et al, 2009). Other studies have reported
otherwise and suggested that HIV-1 Tat and TAR do not
reduce the efficacy of cellular RNA silencing mechanisms
(Sanghvi & Steel, 2011). Thus, the impact on HIV-1
infection of these inhibitory processes is yet to be
established unequivocally. The argument that HIV-1 needs
to counter the endogenous miRNA machinery is supported
by the observation that a point mutation in Tat that
compromises its function to inhibit Dicer, but not its
transactivation effect on the LTR, results in a reduction in
viral replication (Bennasser et al, 2005). Similarly, it was
shown that efficient viral production requires Tat to block
Dicer activity (Haasnoot et al., 2007). In addition to having
a globally negative impact on miRNA production, HIV-1
has been shown specifically to regulate, positively or
negatively, the level of expression of some miRNAs
(Table 1). The mechanism behind this selective regulation
of miRNAs by HIV-1 is unclear. Other examples of
selective regulation include a study showing that miRNA-
198 regulated HIV-1 replication in cells of the monocyte—
macrophage lineage through regulation of cyclin Tl
expression (Chiang et al, 2012; Sung & Rice, 2009). Cell-
type-specific regulation of HIV-1 has been shown to
correlate with differential miRNA expression. For instance,
monocytes express high levels of the anti-HIV miRNAs
(specifically miRNA-28, -150, -223 and -382). As differ-
entiation from monocytes to macrophages ensues, the
expression profile of this series of miRNAs decreases, and
these decreases inversely correlate with susceptibility to
HIV-1 infection (Wang et al., 2009).

Recent studies utilizing deep sequencing (Schopman ef al.,
2012) and pyrosequencing (Yeung et al., 2009b) of small
non-coding RNAs in virus-infected cells have alluded to
the existence of HIV-encoded small RNAs. However, their
function in cells is yet to be established. Recently, it was
shown that TAR miRNA protects the infected cell from
undergoing apoptosis by targeting the cellular proteins
ERCCI1 and IER3 (Cobos-Jiménez et al., 2011).

HIV-1 proteins Vpr and Nef have also been shown to
modulate host RNAi pathways to promote viral latency or
to counteract anti-HIV-1 immune responses. It was
recently shown, using primary human neurons and
neuronal cell lines, that Vpr plays a major role in HIV-1-
associated neuronal dysfunction. This role can be attrib-
uted, in part, to its ability to deregulate miR-34 and its
target gene, CREB (Mukerjee et al., 2011). On the other
hand, Nef, along with Tat, has been shown to downregulate
Dicer expression, thus inhibiting the RNAi machinery. In
addition, HIV-1 has been shown to induce the expression
of miRNA-146a that targets MCP-2, a potent inhibitor of
CD4/CCR5-mediated HIV-1 entry (Rom et al., 2010).

Thus, the reciprocal interactions between cellular miRNAs,
viral miRNA and HIV-1 add a complex level of regulation
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Table 1. miRNAs and siRNAs and their proposed regulation in HIV-1

miRNA name

Proposed function

Reference(s)

miR-17/92 cluster (miR-17-5p and miR-20a)

miR-N367
hsa-miR-29a

to P bodies
miR-28, miR-125b, miR-150, miR-223, miR-382
miR-TAR-5p, miR-TAR-3p

vsiRNA1
miR-122, miR-370, miR-373, miR-297

miR-29¢, miR-26a, miR-21

miR-146a

miR-34a

dysfunction)
Predicted in silico
hsa-miR-29a and -29b
hsa-miR-149
hsa-miR-378
hsa-miR-324-5p

Targets Nef gene
Targets Vpr gene
Targets Env

Targets Vif gene

Indirectly affects HIV-1 replication by targeting
cellular proteins like histone acetyltransferase
(HAT) Tat cofactor PCAF

Suppresses Nef expression

Interferes with Nef protein expression and
HIV-1 replication; directs HIV-1 transcripts

Target sequences in the 3" end of HIV-1 RNA

Chromatin remodelling of the HIV-1 LTR;
inhibits apoptosis by downregulating
ERCCI and IER3

Rescues Env mRNA expression

Unclear in HIV-1 infection but were shown
to be upregulated during HIV-1 infection
of Jurkat T-cells

Unclear, shown to be downregulated in
HIV-1 patient samples

Targets CCL8/MCP-2 in HIV-1-infected
microglia for maintenance of HIV-mediated
chronic inflammation of the brain

Targets transcription factor CREB (levels
deregulated by Vpr resulting in neuronal

Triboulet et al. (2007)

Omoto & Fujii (2005); Omoto et al. (2004)
Ahluwalia et al. (2008);
Nathans et al. (2009)

Huang et al. (2007)
Klase et al. (2007, 2009);
Quellet et al. (2009)
Bennasser et al. (2005)
Triboulet et al. (2007)

Houzet et al. (2008)

Rom et al. (2010)

Mukerjee et al. (2011)

Hariharan et al. (2005)
Hariharan et al. (2005)
Hariharan et al. (2005)
Hariharan et al. (2005)

to HIV-1 gene expression. This expression is not only
contingent on the cellular phenotype, but is also responsive
to the extracellular stimuli that HIV-1-susceptible cells
receive when they traffic to different end organs like brain,
lung, kidney and bone marrow, and to a number of
mucosal compartments. Currently, there is no general
agreement in the field concerning whether the HIV-1
genome encodes miRNAs in an in vivo setting and how this
new arm of regulation fits into the existing knowledge of
miRNA-based gene regulation. It was once assumed that
miRNAs exerted their influence only at the translational
level, but recent studies have altered that paradigm and
demonstrated that miRNAs can also regulate gene expres-
sion at the epigenetic level. In particular, new evidence
indicates that miRNAs can initiate gene silencing either by
specifically inducing methylation along promoter sequences
or by directly remodelling the surrounding chromatin by
modifying the promoter-associated histones (Morris, 2005).
How this plays at the HIV-1 promoter or LTR remains to be
determined. However, understanding how various viral
proteins regulate the expression of cellular genes via miRNA
along with their ability to regulate and be regulated by the
RNAI machinery will enable investigators to use this aspect
of HIV-1 gene expression regulation within the context of
therapeutic intervention strategies.

Therapeutic interventions to target HIV-1
transcription

Current antiretroviral therapeutic strategies have reduced
HIV-1 RNA levels to below 50 copies ml ™. However, any
interruption in the therapy results in a rebound of viral
replication from the latently infected cellular reservoirs,
which include resting CD4" T-cells and cells of the
monocyte—-macrophage lineage. Two important character-
istics of these cellular compartments make them effective
drug-resistant reservoirs: (i) their quiescent nature and (ii)
their presence/residence in tissue sanctuary sites, like the
brain, that are protected more from drug penetration.
Recent developments concerning the molecular mechan-
isms of HIV-1 latency (Choudhary & Margolis, 2011;
Margolis, 2011), combined with the efforts to elucidate
targets for pharmacological intervention to induce viral
transcription utilizing in vitro cell systems, have not yet
translated into successful eradication of latent HIV from
patients. Current approaches to disrupt latency are studied
in chronically infected cell lines or primary cells ex vivo.
Both of these systems are still deficient in being able to
uniformly mimic an in vivo scenario because they depend
on mutations in viral genes or on biological effects
contingent on specific integration sites. We believe that
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newer strategies that can specifically target reservoirs,
along with elimination by enhanced ART, will yield pro-
mising results in purging the infection. Another important
method for controlling HIV-1 replication, pathogenesis
and disease will centre on the suppression of viral
transcription with the goal of maintaining the state of
latency (discussed below).

One difficulty associated with the development of an
effective anti-HIV-1 therapy is the lack of a suitable animal
model. An animal model system is required not only to
fully understand the dynamics of HIV-1 latency in vivo, but
also to validate the efficacy of drug candidates. The
available animal models for the evaluation of candidate
anti-HIV-1 therapeutics have been recently reviewed in
detail (Clements er al., 2011; Sato & Koyanagi, 2011).

Transcriptional inhibitors: a novel strategy to
control HIV-1

An important consideration in controlling HIV-1 replica-
tion is to reinforce the state of latency by wusing
transcriptional inhibitors that effectively target unique,
selective features of HIV-1 transcription (Fig. 4a). It is
envisioned that these inhibitors would be used as adjuncts
to the current HAART combinations. Tat, for example, a
critical regulator of transcription, constitutes a major
therapeutic target in the HIV-1 life cycle. Additionally,
drugs can be designed to target crucial cellular cofactors
involved in transcriptional activation. In this intervention
paradigm, it is important to consider proteins that are used
selectively to enhance HIV-1 transcription with minimal
impact on the normal physiological processes. Although it
will be difficult to find a cellular target that is used only in
HIV-1 transcription, there are candidate cellular proteins
or protein domains that do not greatly impact cellular
transcription but are crucial for HIV-1, as discussed below,
that can serve as good starting points for the development
of novel therapeutics. Several studies have characterized
and demonstrated the efficacy of transcriptional inhibitors
such as C-terminally truncated STATS, Staf-50, prothy-
mosin o and thioredoxin reductase in controlling HIV-1
transcription in human macrophages. Another important
factor, C/EBP, which is dispensable for viral transcription
in T-cells but critical for LTR-mediated transcription in
monocyte—macrophage cells, can be evaluated for devising
strategies for controlling HIV-1 expression. It would be of
interest to determine how induction of cellular inhibitors
of C/EBP, CHOP (C/EBP homologous protein, GADD153)
and SHARP1/DEC2 would impact HIV-1 transcription in
the monocyte-macrophage cell lines. In addition, inhib-
iting the interaction of nuclear factor for activated T-cells 5
(NFAT5) with the LTR using RNAi may also provide a
promising target because it has been shown to suppress
HIV-1 transcription in primary macrophages (Ranjbar
et al, 2006). The observation that IL-10 inhibits HIV-1
LTR-directed transcription in human macrophages by a
two-pronged mechanism involving the induction of (i)

cyclin T1 proteolysis and (ii) inhibitory C/EBPf through
STAT-3 can be seen as a way to control viral expression in
these cells (Tanaka et al., 2005). Recent observations that
have involved O-linked N-acetylglucosaminylation of Spl
inhibition of LTR-mediated transcription have demon-
strated the potential for novel ways to control HIV-1.
Several reports have indicated that OTK18, a zinc finger
protein, was able to suppress Tat-induced HIV-1 LTR
activity in the macrophage lineage cells (Horiba et al,
2007). Studies highlighting the importance of zinc finger
proteins, Spl and OTK18, in sequence-specific LTR
transcriptional regulation, have triggered a new interest
in the field to use engineered transcription factors with zinc
fingers as novel candidates for repressing LTR-directed
transcription. This interest is further fuelled by the
observation that zinc finger proteins can also influence
chromatin packing and nuclear events via regulation of
proteins that are involved in epigenetic regulation of the
HIV-1 LTR (Verschure et al., 2006). Such experimental
strategies need first to have a relatively comprehensive
understanding of the protein—protein and protein-DNA
interactions that occur at the LTR and then use this
knowledge to target crucial interactions between transcrip-
tion factors rather than single transcription factors. This
approach centres on disruption of the transcriptional
circuits employed by HIV-1 that will have minimal impact
on the host compared with current therapies, which are
still toxic. Combining these new approaches to an already
established antiretroviral therapy with improving the
ability of any class of drugs to penetrate the blood-brain
barrier will go a long way to fully capitalize on our
understanding of HIV-1 transcriptional regulation.

Therapeutic interventions to purge latent HIV-1

The long-standing idea for eradicating HIV-1 from patients
is to activate and purge latent HIV-1 from the reservoirs,
which would then be taken care of either by the host
immune system or by antiretroviral therapy. Because we
understand that viral latency is multi-factorial, there is
probably a need to combine several targeting strategies to
achieve a successful outcome. To date, many eradication
protocols have passed preclinical trials, but none has made
it through clinical trials. Here, we discuss and suggest
targets that can be utilized for therapeutic intervention to
clear HIV-1 from the system (Fig. 4b).

P-TEFb

As discussed before, HIV-1 Tat recruits active P-TEFb to
the LTR and efficiently relieves the block at transcriptional
elongation. Restriction in the nuclear levels of active P-
TEFb is a key factor in contributing to proviral latency. P-
TEFb is tightly regulated in active and inactive complexes
by tethering to HMBA-induced protein 1/2 (HEXIM1/2).
Investigations have established that P-TEFb can activate
HIV-1 transcription in the absence of Tat (Klichko et al,
2006). Hexamethylene bisacetamide (HMBA) can trigger
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(a) OTK 18

Metabolic inhjibition
(targeting O-linked N-
acetylglucosamination
of Sp1)

Active

SET7/9-KMT

Productive
HIV-1 transcrip(ion‘

RNAP I

CHOP/ s 0

Latent

Transcriptionally
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Fig. 4. Therapeutic strategies for HIV-1. (a) Strategies to suppress HIV-1 transcription: (1) inhibit Tat-mediated transactivation
using the C,H, zinc finger protein OTK18, resulting in overall inhibition of transcription from the LTR. (2) Target the C/EBP
protein, a crucial transcriptional regulator in cells of the monocyte—macrophage lineage, by using overexpression of cellular
inhibitors like CHOP/SHARP1 to suppress LTR-directed transcription. (3) Evaluate inhibition of the NFAT family of proteins C
as a potential therapy to block HIV-1 expression. (4) Regulate the function of the Sp1 transcription factor through post-
translational modifications including O-linked N-acetylglucosamination; evaluate strategies to inhibit the relevant enzymes to
maintain HIV-1 in an inactive state. (b) Strategies to purge HIV-1: (1) activate NF-xB to achieve a stimulated expression from
the latent integrated HIV-1 genome. The homodimeric p50 form of NF-xB recruits HDACs during latency. In resting CD4* T-
cells, the activating p50—p65 heterodimer of NF-xB is sequestered in the cytosol; use of activators like phorbol 12-myristate
13-acetate, TNF-o and prostratin, which activate 1kB kinase and induce nuclear translocation of p50—p65 and recruitment of
HATSs to the NF-xB sites, can result in activation of HIV-1 transcription. (2) Use class | selective HDAC inhibitors that inactivate
HDACs 1, 2 and 3 at the LTR and result in unrestricted action of HATs that are recruited to the LTR by various transcription
factors, resulting in acetylation of histones at nucleosomes near the site of initiation of LTR-directed transcription. (3) Use
HMBA to release P-TEFb from inactive complexes with HEXIM 1, resulting in phosphorylation of RNAP Il CTD and subsequent
shift to processive transcription of the integrated HIV-1. (4) Reverse transcriptional silencing imposed by the methylation of
cytosine residues at the LTR by DNA methyltransferases by inhibiting the enzyme using 5-aza-2" deoxycytidine, resulting in
stimulation of HIV-1 transcription.
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the release of P-TEFb from HEXIM1 and enhance HIV-1
LTR-directed transcription independently of Tat and NF-
kB. It has also been suggested that P-TEFb can be recruited
to the LTR by interactions with several transcription
factors such as NF-kB or Brd4 and Spl in the absence of
Tat (Klichko et al, 2006). This observation is important
because molecules like HMBA may be efficient in inducing
the expression of quiescent HIV-1 lingering in latent pools
of resting CD4 ™" T-cells and macrophages.

The cellular protein phosphatase PP1 is involved in the
release of P-TEFD in both Tat-dependent and -independent
manners. We also know that CDK9 kinase activity itself is
regulated by phosphorylation of residues at the C terminus
(Ser347, Ser354, Ser357, Thr350, Thr354 and Thrl86).
Phosphorylation of CDK9 at Thr29 is related to the
inhibition of kinase activity at the LTR. Recently, PP1 was
shown to activate CDK9 by dephosphorylating Ser175
(Ammosova et al., 2011a); expression of the PP1 inhibitor,
c¢dNIPP1, increased Thr186 phosphorylation and inhibited
HIV-1 transcription (Ammosova et al, 2011b). These
studies indicate that full activation of CDK9 requires a
complex series of phosphorylation and dephosphorylation
events at the LTR. Although they are not fully understood,
coordinated actions of PP1 and PP2A are thought to
control this process. Our lack of complete understanding
of P-TEFb regulation of HIV-1 transcription is reflected in
the mixed results investigators have obtained in global
inhibition of PP2A using pharmacological inhibitors like
okadaic acid. Some studies have demonstrated induction of
HIV-1 expression in chronically infected cell lines, whereas
others have shown inhibition (Epie et al., 2006; Vlach et al.,
1995). Thus, P-TEFD still presents itself as a promising target;
a complete understanding of its role in HIV-1 transcription is
required before it can be used as a targeted therapy.

Signalling pathways: the protein kinase-C (PKC) and
IL-6 pathways

The HIV-1 promoter or LTR contains binding sites for
transcription factors like NFAT, NF-xB and activating
protein 1 (AP-1) that stimulate the transcription of the
integrated genome of HIV-1. All of these factors are
themselves regulated by PKC signalling. The NF-«B
signalling pathway plays several key roles in HIV-1
transcription. On activation, the p50-p65 heterodimer
replace the chromatin repressive p50—-p50 homodimer
with a concomitant displacement of HDAC (Williams &
Greene, 2007). This step is followed by recruitment of
HATS such as p300 and CBP by the p50—p65 heterodimer
to the LTR that results in acetylation of histones and
Tat. It has also been suggested that NF-xB assists in
recruitment of P-TEFb. All of these crucial downstream
functions of PKC signalling in the context of HIV-1
transcription have inspired the evaluation of PKC agonists
to flush out latent HIV-1 from reservoirs. Indeed,
pharmacological PKC agonists like prostratin, jatrophane
diterpene (SJ23B), and 13-phenylacetate have been shown

to activate transcription in latently infected CD4 " T-cells
(Bedoya et al., 2009; Bocklandt et al, 2003; Kulkosky
et al., 2001). In fact, it was recently shown that prostratin
in combination with HDAC inhibitors resulted in the
synergistic activation of HIV-1 transcription from latently
infected patient cells and also from chronically infected
cell lines (Burnett et al, 2010). In addition to activating
transcription of the HIV-1 promoter, prostratin also
downregulates CD4 and CXCR4 receptors on cells, thus
resulting in a decrease in HIV-1 susceptibility. However,
the toxicity issues related to prostratin have plagued its
development as a drug. To utilize this aspect of the HIV-1
transcriptional intervention paradigm in a pharmaco-
logical setting, newer methods are required to synthet-
ically design prostratin-like compounds having favourable
toxicological parameters.

One potential problem of altering NF-xB signalling to
control HIV-1 transcription is the off-target effects
including T-cell activation, which can be a huge detriment
in moving forward with this line of investigation. It was
recently shown that the compound 5-hydroxynaphthalene-
1,4-dione was able to activate latent infection in primary
cells without activating T-cells (Yang et al., 2009a, b).

Similarly, activating the IL-6 pathway is an important axis
that can be used to activate LTR-directed transcription. The
IL-6 pathway converges on the LTR in the form of NF-IL-6/
C/EBPf, which has been shown by us and others to be
indispensable in activating transcription from the cells of the
monocyte—macrophage lineage (Kilareski et al, 2009).
However, none of these aforementioned strategies has moved
forward because of the difficulties inherent in activating
HIV-1 without globally activating cellular signalling.

Combination therapies and epigenetic regulation

The integrated HIV-1 LTR has been shown to have
consistent nucleosome packaging with Nuc-1, which is
present immediately downstream from the transcriptional
start site. Remodelling of the chromatin at this location is
highly regulated and crucial for transcriptional activation.
Also, deacetylation of histones at Nuc-1 by class I HDACs
has been shown to be critical in maintaining latency in
chronically infected cell lines (Quivy et al., 2007; Ylisastigui
et al., 2004). It was shown that viral expression in resting
CD4™ T-cells could be activated by inhibition of HDAC
enzymic activity (Archin et al., 2009). These investigators
also showed that treating resting CD4 " T-cells with HDAC
inhibitor (HDACI) did not result in activation of T-cells.
Another important feature of some HDACIs currently
under investigation is their lipophilic nature, which can
also serve to efficiently target latent HIV-1 in anatomical
reservoirs like brain microglia.

In addition to being used as a stand-alone therapy, HDACIs
have been combined with the glutathione synthesis inhibi-
tor, buthionine sulfoximine (BSO), which created a pro-
oxidant environment and resulted in stimulation of HIV-1
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transcription (Savarino et al., 2009). The ability of HDACIs
to induce HIV-1 transcription was enhanced by the addition
of BSO; the doses of both drugs were lowered to levels that
were not toxic for uninfected cells. Moreover, some of the
cells shown to be insensitive to HDACIs were rendered
sensitive when HDACIs were combined with BSO and
added to the population of responding cells. This study,
although in a cell line model of HIV-1 quiescence, shows
potential to be extrapolated to different models of latency
and in general has indicated that combinations of targeted
approaches may serve as a way to achieve efficacious
therapies with low toxicity. Similarly, the results of another
study indicated the strong synergistic activation of HIV-1
transcription when the HDACI trichostatin A was combined
with the NF-«B inducer tumour necrosis factor alpha (TNF-
) in a latent U1 promonocytic cell line model (Quivy et al.,
2007). Again, the biggest hindrance to translating these
therapeutic strategies to HIV-1-infected humans is their
toxicity. Combinations of several HDACIs in human clinical
therapies including prostratin have also been examined
(Reuse et al., 2009).

A drug approved to treat epilepsy, valproic acid (VPA), has
been shown to induce latent infection in ex vivo primary
cells. Its efficacy was synergized by use with the potent class
I HDACI, SAHA, utilizing latently infected cell lines,
promonocytic Ul and J-Lat T-cells (Reuse et al., 2009). The
observed synergistic activation resulted in the remodelling
of the nucleosome Nuc-1 also, using indirect end-labelling
experiments. These results constitute a proof of concept for
co-administration of at least two categories of therapeu-
tically promising drugs that can activate latent HIV-1.
Coupling these to currently available antiretroviral thera-
peutic strategies to decrease the pool of latent HIV-1
reservoirs in preclinical and clinical trials may be the next
step. However, the issue of toxicity of such therapeutics
needs to be addressed by coupling refinement of the
pharmacophore design with continuous evaluation of new
combinations using in vitro and ex vivo studies.

One more aspect of the epigenetic regulation of the HIV-1
LTR to consider in the development of new therapeutic
approaches for HIV-1 eradication centres on the histone
methylation of the integrated HIV-1 genome. Factors that
stimulate HIV-1 transcription result in demethylation of
H3K9 and H3K2 and are associated with a restrictive
chromatin environment at the LTR (Tyagi et al, 2010).
Targeting enzymes, namely HMTs, that maintain these
repressive alterations can be an important target in the
arsenal of novel therapeutics. The HMT inhibitors like
chaetocin, 3-deazaneplanocin A and BIX01294, which have
already found utility in cancer chemotherapy, have just
begun to be studied for the purpose of antiretroviral therapy.
These studies have used chronically infected cell line models
to point to a strong interplay between acetylation and
methylation mechanisms (Blazkova et al., 2009; Kauder
et al., 2009). For instance, it was demonstrated that an
HDACI, depsipeptide, resulted in activation of HIV-1
transcription, which was followed by a decrease in both

CpG methylation and H3K9 methylation in the LTR region
(Wu et al., 2008). However, not all studies have confirmed a
synergistic interaction between these two classes of drugs. A
cytosine methylation inhibitor (5-aza-2'-deoxycytidine)
combined with VPA failed to synergistically activate HIV-1
transcription in latently infected cell lines (Kauder et al.,
2009). Novel combinations like HMT inhibitors with a PKC
agonist could represent a new direction in the effort to purge
HIV-1 completely or at least further reduce the levels from
infected patients, but this approach still warrants an in-
depth analysis using primary cells and other model systems.

Conclusions and future perspectives

More than 25 years of research have delineated several
regulatory pathways that play crucial roles in the HIV-1 life
cycle. However, our understanding of HIV-1 pathogenesis
remains limited due to the lack of suitable animal model
systems. Various steps of the HIV-1 cell cycle, including
transcription, are potential targets for therapeutic interven-
tion. Greater specificities are urgently needed to target key
viral players like Tat and Vpr because of their multi-faceted
effects on host cellular machinery and their role in HIV-1
pathogenesis. The field of epigenetic regulation of HIV-1
transcription is yet to be evaluated fully in ex vivo primary
cells. Research in these areas is slowed by the lack of avai-
lability of appropriate infected blood and tissue samples. The
ideal combination of therapeutic agents should be orally
available, active but not toxic to various cell types, and able to
target and eliminate HIV from its sanctuaries like the CNS.
The molecular mechanisms of latency established to date
need to be evaluated rigorously in multiple in vitro model
systems for possible translation into therapy for HIV-1-
infected individuals. Perhaps the greatest therapeutic chal-
lenge ahead will involve the irreversible silencing of proviral
DNA in all reservoirs and/or the identification of latent
proviral DNA and complete excision of latent integrated
proviral DNA in the absence of genomic activation strategies
or cellular and tissue cure of HIV-1 infection.
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