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Infection with HIV-1 continues to be a threat to public health. Successful antiretroviral therapy has reduced the risk of developing
AIDS but cannot fully eradicate the virus due to latent proviral sequences remaining in infected cells. The 5-long terminal repeat
(LTR) of HIV-1 is critical for the regulation of transcription of the viral RNA and subsequent production of new viral particles.
Indeed, the regulation of transcription relies upon the binding of host cell transcription factors and associated regulatory proteins
to the LTR. Recently, it has been found that the treatment of cells with ligands of a number of nuclear receptors (NRs) resulted in
inhibition of HIV-1 replication. This inhibition likely occurs via effects on other proteins that bind to the 5-LTR, notably NF-𝜅B.
Here, the possible binding site of one NR, the peroxisome proliferator-activated receptor (PPAR), in the HIV-1 5-LTR is analysed
within isolates of the virus. Given the high mutation rate of HIV-1, it is striking that this region remains conserved in more recent
isolates from geographically distinct regions. This work provides a rationale for further study of the binding site recognised by
PPAR in the HIV-1 5-LTR.

1. Introduction

Thehuman immunodeficiency virus (HIV-1) remains amajor
threat to human health in many parts of the world although
the incidence of AIDS has declined due to the develop-
ment of antiretroviral therapy [1]. Advances in treatments
have emerged from knowledge of how the virus replicates
within host cells. Following infection, the RNA genome of
HIV-1 is reverse transcribed and integrated into the host
chromosomes as a provirus. The genome structure of HIV-1
includes 5- and 3-long terminal repeats (LTRs), as well
as coding sequences for viral proteins (Figure 1(a)). The
replication of HIV-1 is controlled by cellular proteins that
bind to the 5-LTR of the integrated provirus [2, 3], as
well as to downstream regulatory elements within the virus
protein coding sequence [4]. One important class of proteins
that interact with the 5-LTR is the nuclear receptor (NR)
superfamily, members of which bind to a specific response
element termed NRRE-1-DE (Figure 1(b)) [5]. In particular,
the heterodimer formed of the peroxisome proliferator-
activated receptor (PPAR) and retinoid X receptor (RXR)
was able to induce the LTR reporter gene in the presence of

the ligands clofibric acid and 9-cis-retinoic acid, respectively
[5].

The PPARs are typically ligand-activated NRs which
have well-characterised roles in the regulation of cellular
metabolism. There are three known isoforms of PPARs,
each with distinct functions and tissue-specific expression.
PPAR𝛼 is typically involved in the regulation of fatty acid
oxidation and is highly expressed in tissues with elevated
fatty acid catabolism, including the liver, skeletal muscle,
and heart [6]. Interestingly, there is evidence of differential
expression of PPAR𝛼 in males and females, with further
indications of a role for sumoylated PPAR𝛼 in the protection
against oestrogen-induced hepatotoxicity [6]. The PPAR𝛾
isoform exists in seven isotypes (PPAR𝛾1–7), with most of
these types being expressed in adipose tissue except PPAR𝛾4
and PPAR𝛾5, which are macrophage-specific [7]. PPAR𝛾 in
adipose tissue is important in regulating fatty acid uptake,
adipocyte differentiation, glucose homeostasis, and insulin
sensitivity [7]. In contrast to the other isoforms, PPAR𝛽/𝛿 is
expressed ubiquitously and is thought to have a role in general
cellular reactions, as well as a particular role in skin biology
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Figure 1: The location of the NRRE-1-DE in the HIV-1 5-LTR. (a) The HIV-1 genome has a 5-LTR, protein coding sequences (gag, pol, vif,
vpr, tat, rev, vpu, env, vif ) and a 3-LTR (adapted fromFigure 1 in [32]).TheNRRE-1-DE is locatedwithin themodulatory region of the 5-LTR.
The nucleotides are numbered below the diagram according to their location upstream of the TAR element, which is denoted as nucleotide
+1. Numbering beginning from the 5-end of the LTR is also indicated above the diagram. (b) The sequence of the NRRE-1-DE, with the D
and E heptanucleotide repeats, is indicated above the sequence (adapted from Figures 1(a) and 2(a) in [5]).

and wound healing [6]. Ligands for the PPARs include
endogenous fatty acids, as well as the synthetic agonists, the
fibrates (PPAR𝛼), and thiazolidinediones (PPAR𝛾) [8].

The activation of gene transcription by PPARs is thought
to only occur following ligand binding to the receptor [9]
and to require the cooperation of the RXR [10, 11]. In the
absence of ligand, PPAR-RXRheterodimers bind to the PPAR
response element (PPRE) within the promoters of target
genes [9] and this bound, unliganded PPAR-RXR can repress
gene expression [8, 12]. In addition to control via ligand
binding, PPARs are regulated by interaction with corepressor
and coactivator complexes. There have been more than 300
cofactors described for the NRs [13], suggesting that diverse
complexes of cofactors contribute to NR-mediated transcrip-
tional activation. Corepressors can bind to PPARs in the
absence of ligand; the binding of ligands to the receptor
results in a conformational change in the PPAR structure
which causes the dissociation of the corepressor and the
association of coactivator complexes [12, 14]. Additional
mechanisms of PPAR action have been described, including
trans-repression, constitutive activation, and selective control
by cofactors [8, 9, 12, 14]. Thus, the general model of ligand-
activated, PPAR-mediated gene transcription is likely a sim-
plified view of PPAR function.

The canonical sequence of the PPRE is a DR1 element
that consists of two direct repeats of the consensus sequence
5-AGGTCA-3 separated by a single nucleotide [22]. How-
ever, functional PPREs have been identified to vary widely
from this sequence (Table 1). The first sequence described
was 5-TGACCTtTGTCCT-3 [16] and this was later refined
to 5-TGACCTt/aTGACCT-3 [15], showing variability in the
spacer nucleotide. The half-site 5-TGACCT-3 is a general
response element recognised by NRs; however, a PPRE
comprising two direct repeats of this site was found to
respond to PPAR𝛼 stimulation [11]. Other studies identified
functional PPREs with very different sequences (Table 1)

in several metabolic genes [15, 19, 23, 24]. More recently,
the consensus sequence 5-AGGTCAaAGGTCA-3 was used
in an algorithm to detect PPAR-responsive genes within
the human genome [25]. This consensus was derived from
analysis of 73 reported PPREs, but there is variability in the
nucleotide at each position within this consensus; indeed,
a novel PPAR-associated sequence was identified and found
to be more conserved than this PPRE [25]. Some of this
variability could be accounted for by the different species in
which the studies have been carried out, since it has been
found that the PPRE of a given gene can vary among species
[17, 20, 21, 26].

The abovementioned variability in the PPRE sequences
suggests that the DNA sequence of the PPRE alone does not
determine PPAR binding. The DR1 element is considered to
be highly promiscuous, binding to severalmembers of theNR
superfamily [27]. Although particular nucleotides within this
sequence were identified to indicate the binding preference of
the particular NR, the sequence context of the DR1 element
contributed to receptor specificity and functionality [27]. Fur-
ther to this, there are conflicting reports about the role of 5-
flanking nucleotides of the PPRE. Some studies reported that
the 5-proximal sequence was important in PPAR binding
[19] and even provided specificity for a given PPAR isoform
[24, 28]. This was refuted by the computational study, which
did not find the core or flanking nucleotides contributed to
isotype specificity [25]. In addition, the cofactor complexes
that modulate PPAR function do so via several mechanisms.
Importantly, many of the known cofactors are enzymes
that regulate histone acetylation and chromatin remodelling,
thereby facilitating or impeding gene transcription [14].Thus,
there is greater complexity in the requirements for PPAR
binding to DNA than what is generally acknowledged.

Although PPARs have been shown to bind to the NRRE-
1-DE [5, 29], no further work has been reported in which
this interaction is characterised. The NRRE-1-DE lies within
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Table 1: The functional PPRE sequences from several cellular metabolism genes, showing the variability in the half-sites and spacer
nucleotides. The half-site sequences are shown in uppercase letters, while the spacer nucleotide is written in lowercase ones.

Gene name Species PPRE (5 to 3) Reference
HMG-CoAS Not indicated AGACCTtTGGCCC [15]
Lipoprotein lipase Not indicated TGCCCTtTCCCCC [15]
Acyl-CoA oxidase Rat TGACCTtTGTCCT [16]
Acyl CoA oxidase (active) Human AGGTCAcTGGTCA [17]
Acyl CoA oxidase (inactive) Human AGGTCAgCTGTCA [17]
Peroxisomal enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (HD) Rat TGACCTaTGACCT [18]
Malic enzyme—proximal site Not indicated GGGTCAaAGTTGA [19]
Adipose differentiation-related protein Human AGGTGAaAGGGCG [20]
Pancreatic-duodenal-homeobox-(PDX-) 1 Mouse GGGTACcTCCAGT [21]
Pancreatic-duodenal-homeobox-(PDX-) 1 Human AAGGACcTCCAGT [21]

what is considered to be a negative regulatory element (NRE)
in the 5-LTR from nucleotides −340 to −184 [3], and early
functional studies showed that this region had a repressive
effect on viral transcription owing to the binding of particular
cellular transcription factors [30, 31]. It is feasible then that
PPAR binding to this region could directly suppress HIV-1
transcription. Interestingly, the heptanucleotide repeats D
and E in NRRE-1-DE are similar in sequence to the func-
tional PPREs of cellular genes described by Schoonjans and
colleagues [15]. The aim of the current work was to examine
recent isolates of HIV-1 for the presence and conservation
of the NRRE-1-DE, particularly the heptanucleotide repeats
D and E (NRRE-1-DE) identified by Ladias [5]. Further, the
NRRE-1-DE sequence could comprise a PPAR binding site,
based on the similarity to the functional PPREs.The potential
for the NRRE-1-DE to act as a site for negative modulation by
PPARs is evaluated.

2. Materials and Methods

The HIV-1 LTR sequences available in GenBank were
obtained by searching PubMed Nucleotide using the search
terms “HIV-1 LTR” and “HIV LTR.” Several groups of
isolates were analysed for presence of the consensus sequence
TGACCT. Among the HIV-1 isolates reported, large datasets
from Brazil [33] and Chile [34] did not contain the sequence
and were not analysed further. The HIV-1 LTRs from France
[35], USA [36], Tanzania [37], and India [38] were analysed
for the presence of the motif. The sequences were aligned
using Clustal W Omega and the alignments were coloured
using Boxshade 3.21 (EMBnet.org). Further, the nucleotide
conservation within the motif was analysed using Weblogo
(weblogo.berkeley.edu). For the large number of clinical
isolates from India, several clones of each isolate were
provided as partial sequences [38]. The sequences of the
NRRE-1-DE in the clones from these isolates were aligned
and coloured using Boxshade 3.21. The clones were analysed
using the Blosum62 distance tree software in Jalview [39]
to evaluate the mutability of this sequence within clinical
isolates.

3. Results and Discussion

The NRRE-1-DE comprises two half-sites of seven nucleot-
ides, separated by a thymidine nucleotide [5]. Several
datasets of HIV-1 LTR sequences were analysed for the
presence and conservation of this sequence. The 5-LTRs
analysed are not all from complete genome sequences, and
thus the numbering indicated is from the 5 end of the
sequence provided, rather than relative to the TAR element
(Figure 1(a)). The NRRE-1-DE was identified within the
partial isolates from France and was found to be highly
conserved among the 18 isolates (Figure 2(a)).The consensus
sequence is 5-TGACCTTTGGATGG-3 (Figure 2(b)). It
was identified at nucleotides 48–61, with the numbering
from the 5-end of the sequence provided in GenBank. The
HIV-1 isolates reported in the dataset from USA also showed
almost full conservation of the NRRE-1-DE (Figure 3(a)). It
was identified at nucleotides 143–156, with the numbering
from the 5-end of the sequence provided in GenBank. The
predominant variation is in the nucleotide position 153,
where guanine occurs instead of adenosine in five of the
20 isolates (Figure 3(b)). The consensus sequence is thus
5-TGACCTTTGGa/gTGG-3 (Figure 3(b)).

The datasets from Tanzania and India were much larger
than those from France and USA, increasing the likelihood
of variation within the sequences. In the 5-LTRs from
Tanzania, most of the sequences showed conservation in
the NRRE-1-DE (Figure 4(a)). However, 21 out of the 65
sequences showed variation particularly in the first five
nucleotides of the NRRE-1-DE (Figure 4(a)). Within this
subset of the Tanzanian 5-LTRs, the second nucleotide
was consistently mutated to adenosine. This variability is
reflected in the consensus sequence, with three positions
showing approximately equal likelihood of being one of two
nucleotides: 5-Tg/aACc/aTTTGGa/gTGG-3 (Figure 4(b)).
In the small subset of sequences from India which contained
whole 5-LTR sequences, the NRRE-1-DE is almost perfectly
conserved amongst the isolates (Figure 5(a)), with the con-
sensus being 5-TGACCTTTGGg/aTGG-3 (Figure 5(b)). As
observed in the sequences from USA and Tanzania, the
eleventh nucleotide of the NRRE-1-DE is frequently mutated
from adenosine to guanine. There is only one exception
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Figure 2: Analysis of the NRRE-1-DE in HIV-1 isolates from France. (a) The HIV-1 5-LTR sequences from the isolates were aligned with
ClustalWOmega and colouredwith Boxshade, with the identical nucleotides shaded black and similar nucleotides coloured grey.The location
of the NRRE-1-DE is indicated above the sequence. The consensus sequence is shown below the alignment. (b) Sequence logo of the NRRE-
1-DE region in the HIV-1 LTRs from viral isolates from France. The individual nucleotides are coloured as follows: thymine, red; guanine,
yellow; adenine, green; cytosine, blue. The height of each nucleotide letter indicates its relative frequency at that position within the motif.
The presence of more than one nucleotide at a given position indicates the relative occurrence of those nucleotides at that location within the
sequence. The GenBank accession numbers for the source sequences are DQ336074.1, DQ336076.1, DQ336081.1–DQ336085.1, DQ336087.1,
DQ336089.1, DQ336091.1, and DQ336091.1.

to this (isolate NT6.1, Figure 4(a)), suggesting that the pres-
ence of adenosine or guanine at this site is particularly favour-
able to the virus.

The large dataset from India included multiple clones of
several of the isolates. The inclusion of all of these sequences
in a single alignment was difficult, not in the least due to
variations that could represent viral quasispecies within a
single individual. To analyse these sequences, clones of each
isolate were grouped and examined for the presence of the
NRRE-1-DE, using the consensus sequence from Figure 5(b)
for comparison.Those sets of isolates which had two or more
clones with the NRRE-1-DE and two without it were aligned

and distance trees were calculated (Figure 6). Of the A35/01
and 2/567 isolates, there are three clones that are identical to
the consensus sequence and two clones that are very different
(Figures 6(a) and 6(c)), showing divergence of the sequences
(Figures 6(b) and 6(d)). The KR6 isolate clones all vary from
the consensus sequence at the fifth nucleotide, while three of
the isolates also vary in the second nucleotide (Figure 6(e)).
Thus, the clones from this isolate show little divergence
from the consensus sequence or variation from one another
(Figure 6(f)). The presence of multiple variants of the
NRRE-1-DE in clinical isolates could reflect the emergence
of viral quasispecies within a single individual. However,



ISRN Virology 5

the generally high conservation of this sequence over the
almost 20 years since Ladias’ study and across a wide geo-
graphical area suggests that this region confers an advantage
to the virus in situ.

The importance of the NRRE-1-DE sequence for regula-
tion of HIV-1 replication in T cells was recognised early in the
study of the virus [31]. Interestingly, the authors found that
protein binding to the NRRE-1-DE sequence was essential
for the inhibition of HIV-1 LTR-mediated transcription [31].
Thus, the mechanism of repression involved direct binding
of an NR to the sequence. Based on the early studies on
PPRE sequences, it is feasible that the sequence described by
Ladias [5] as the NRRE-1-DE is a PPRE. The 5 half-site is
a perfect match for the consensus sequence 5-TGACCTT-
3 [15]. Indeed, the reported sequences of functional PPREs
show variability in this sequence, particularly in the 3
half-site (Table 1). The NRRE-1-DE sequences in the HIV-1
LTRs described herein are thus similar in sequence to the
functional PPREs reported (Table 2), and the high level of
conservation of this sequence suggests that it could confer an
evolutionary advantage to the virus.

More recently, a study showed that PPAR𝛾 binds to the
NRRE-1-DE although this binding was not required for the
inhibition of HIV-1 transcription by a PPAR𝛾 agonist [29].
The entire NRRE-1-DE sequence was used in this study, and
thus the particular part of the sequence which forms the
PPRE is not described [29]. This study also draws a distinc-
tion between PPAR binding to the 5-LTR and functional
effects of PPAR agonists. This is an important distinction
since treatment of the cells with a prostaglandin resulted in
effects on NF-𝜅B activation and nuclear translocation that
were independent of PPAR activation, yet PPARs were clearly
able to bind to the NRRE-1-DE sequence. Thus, it is possible
thatmultiplemechanisms of action of PPARagonists onHIV-
1 replication exist, not all of which are mediated via PPAR
binding to the PPRE.

Importantly, treatment of monocytes and macrophages
with NR ligands has been found to block HIV-1 replication
in these cells [40]. The authors show that the mechanism of
repression by the activated NRs involves the trans-repression
of other transcription factors that bind to the 5-LTR, notably
NF-𝜅B [40]. The mechanism is receptor dependent, unlike
another study in which a PPAR𝛾 agonist inhibited NF-𝜅B
nuclear translocation in a receptor-independentmanner [29].
Elsewhere, the trans-repression of NF-𝜅B by PPAR𝛼 involved
the binding of the interaction of the receptor with the p65
subunit [41]. In this study, the use of a PPAR𝛾 agonist shows
that this isoform can also inhibit recruitment of the p65 sub-
unit of NF-𝜅B [40]. Importantly, PPAR𝛾 could be more phys-
iologically relevant than PPAR𝛼 in the macrophages used in
the study, given the presence of macrophage-specific PPAR𝛾
isoforms 4 and 5 [7]. Indeed, the anti-inflammatory action of
PPARs generally is thought to occur via a ligand-dependent
trans-repression of transcription factor activation [9, 29].

The trans-repression of NF-𝜅B could be critical for the
inhibition of HIV-1 replication observed with PPAR ligands,
although this does not require PPAR binding to the proviral
DNA. It has previously been found that the presence and acti-
vation of NF-𝜅B in T cells is required for HIV-1 integration

Table 2: The consensus sequences of the NRRE-1-DE found in the
5-LTRs of the HIV-1 isolates, compared to the published sequence
[5] and the consensus from the cellular metabolism genes [15]. The
spacer nucleotide between the half-sites is shown in boldface text.

HIV-1 5 LTRs NRRE-1-DE sequences (5–3)
France 𝑇𝐺𝐴𝐶𝐶𝑇T𝑇𝐺𝐺𝐴𝑇𝐺𝐺
USA 𝑇𝐺𝐴𝐶𝐶𝑇T𝑇𝐺𝐺a/gTGG
Tanzania 𝑇𝑔/𝑎𝐴𝐶𝑐/𝑎𝑇T𝑇𝐺Ga/gTGG
India 𝑇𝐺𝐴𝐶𝐶𝑇T𝑇𝐺𝐺g/aTGG
Consensus 𝑇𝐺𝐴𝐶𝐶𝑇T𝑇𝐺Ga/gTGG
Published sequence 𝑇𝐺𝐴𝐶𝐶𝑇T𝑇𝐺𝐺𝐴𝑇𝐺𝐺
Cellular consensus 𝑇𝐺𝐴𝐶𝐶𝑇t/a𝑇𝐺𝐴𝐶𝐶𝑇

[42]. Further, the binding of NF-𝜅B to the 5-LTR is critical in
the reactivation ofHIV-1 from latency [43], and the induction
of NF-𝜅B activity in HIV-1-infected cells leads to increased
transcription of the viral RNA [29]. An early study found that
an unidentified nuclear matrix protein (NMP) was able to
negatively regulate the binding of NF-𝜅B to the 5-LTR [44].
The NMP was found to bind to the NRE in the 5-LTR and to
be a trans-acting inhibitor of the binding of NF-𝜅B to the LTR
[44]. The NMP was not identified but the size (55–57 kDa) is
consistent with it being a PPAR isoform. However, the NMP
also binds to the DNA of the NRE in a sequence-specific
manner to amatrix attachment region that is upstream (−290
to −43) of the NRRE-1-DE (−358 to −320) [44]. Thus, if it is
a PPAR isoform, this upstream region could also contain a
PPRE although no such sequence was identified at that site.

In addition to the trans-repression mechanism described
above, it is also feasible that the direct binding of PPARs
or other NRs to the NRRE-1-DE could lead to a down-
regulation of viral transcription. The ability of PPARs to
repress transcription by directly binding to the PPRE has
been demonstrated for cellular genes. The treatment of cells
with the PPAR𝛾 agonist, rosiglitazone, or overexpression of
PPAR𝛾 resulted in the downregulation of the endoplasmic
reticulum chaperone protein ERp44 [45]. Further, mutation
or deletion of the putative PPRE in ERp44 resulted in the loss
of this PPAR𝛾-mediated repression [45]. Similarly, promoter
activity of Wilms’ tumour suppressor 1 (WT1) is directly
repressed by PPAR𝛽 in a PPRE-dependent manner [28].
Recently, a computational method has been reported which
analysed PPRE sequences from the human genome [25].
Using the computation method to identify PPREs found
that downregulated genes were not selected, indicating that
the method by which PPARs suppress gene expression is
not via binding to PPREs [25]. Indeed, PPRE-dependent
transcriptional repression has been demonstrated for cellular
genes and the underrepresentation of PPREs from such genes
in the computational method does not necessarily rule out
this mode of transcriptional repression. Thus, it is possible
that PPAR binding to a PPRE in the 5-LTR could result in
transcriptional repression.This mechanism could be in addi-
tion to or an alternative to trans-repression; the mechanism
used could depend upon the cell type and PPAR isoform
activated.
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Figure 3: The NRRE-1-DE sequence is highly conserved in HIV-1 isolates from USA. (a) The alignment of the 5-LTR sequences from the
beginning of the sequence provided, with identical nucleotides in black and similar nucleotides in grey. The position of the NRRE-1-DE is
indicated above the sequences. (b) Sequence logo of the NRRE-1-DE in the 5-LTRs of HIV-1 from USA isolates, showing conservation of
nucleotides throughout the motif with degeneracy at positions 150 and 153. The colour scheme is as indicated in the legend for Figure 2. The
GenBank accession numbers for the source sequences are AY376247.1–AY376266.1.

There is evidence from the earliest paper on NRs and
the HIV-1 5-LTR that an alternative mechanism of repres-
sion is possible. In a reporter gene assay, the PPAR/RXR
heterodimer did not activate HIV-1 transcription relative to
control in the absence of ligands [5]. The addition of ligands
for both receptors resulted in a 100% increase in reporter
gene activity [5]. Interestingly, the PPAR/RXR heterodimer
could bind to the NRRE-1-DE in the absence of ligand even
though it was unable to activate reporter gene expression.
In light of other studies showing an inhibitory effect of
nonligand-bound PPAR/RXR binding to the PPRE, it is
feasible that the lack of activation observed in this assay
in fact represents a suppression of transcription. Given the
parameters of the experiment, it is impossible to domore than

hypothesising about this mechanism but it warrants further
investigation.

Importantly, ligand activation RXR, the binding part-
ner of PPAR, could be more critical for regulating HIV-
1 transcription. In the presence of ligand, both the RXR𝛼
homodimer and the RXR𝛼/RAR𝛼 heterodimer resulted in
greater activation of the reporter gene than that observed
with PPAR/RXR𝛼 [5]. The effect of retinoids on HIV-1 tran-
scription has been found to be stimulatory and inhibitory,
depending upon the cell type. In oligodendroglioma cells,
RXR𝛼 and RAR𝛼 activated LTR-mediated transcription in
the absence of ligand, and this effect was reversed by the addi-
tion of ligands [46]. Further, the retinoid receptors were able
to antagonise transcription factors (c-Jun, COUP-TF, AP-1)
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Figure 4: The NRRE-1-DE in the 5-LTR of HIV-1 isolates from Tanzania. (a) The alignment of the 5-LTR sequences from the beginning of
the sequence provided, with the location of the NRRE-1-DE indicated above the sequences.The alignment was coloured with Boxshade, with
identical nucleotides shown in black and similar nucleotides shown in grey. (b) Sequence logo of the NRRE-1-DE in the HIV-1 5-LTR isolates
from Tanzania, showing conservation of the nucleotide sequence in most positions but with degeneracy in nucleotide positions 62 and 65.
The colour scheme is as indicated above for Figure 2.The GenBank accession numbers for the source sequences are AF254673.1–AF254736.1.
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Figure 5: The NRRE-1-DE sequence in the 5-LTR sequences of HIV-1 isolates from India. (a) The 5-LTRs of the HIV-1 isolates for which
the whole sequence was available were aligned with Clustal WOmega and then coloured with Boxshade, with identical nucleotides shown in
black and similar nucleotides in grey. The NRRE-1-DE sequence is indicated above the alignment. (b)The consensus sequence of the NRRE-
1-DE represented using Weblogo, showing conservation of the nucleotides at most positions but with evidence of degeneracy at position 131.
The colour scheme is as indicated for Figure 2. The GenBank accession numbers for the source sequences are HQ202921.1–HQ202943.1.

in anNRRE-1-dependentmanner [46]. Although these effects
were specific to one cell type within the brain, there are
other reports of the repressive effects of retinoids on HIV-
1 transcription. This includes the more recent finding that
the treatment of HIV-1-infectedmonocytes andmacrophages
with retinoids inhibited viral replication [47]. Thus, the role
of retinoids and RXR activation should not be overlooked in
analysing PPAR binding to and activation or repression of the
5-LTR.

4. Conclusion

Thepresent study has shown that theNRRE-1-DE sequence is
conserved amongHIV-1 isolates from geographically distinct

regions and over an extended period of time. The NRRE-
1-DE as a whole has been shown to be a binding site for
multiple NRs, including PPAR, and this binding has resulted
in reporter gene activation in the presence of ligand. Impor-
tantly, the treatment of cells with PPAR𝛾 agonists resulted
in the inhibition of HIV-1 replication in macrophages and
monocytes by a receptor-dependent trans-repression mech-
anism [40], whether a PPRE-dependent repression of HIV-1
transcription also occurs and whether the NRRE-1-DE is the
site of PPAR binding to the 5-LTR remains to be determined.
Further studies such as chromatin immunoprecipitation
could be done to analyse binding of PPARs to this region.
In addition, functional studies are needed to determine if
this sequence is relevant to HIV-1 replication. The first way
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Figure 6: Analysis of variation in the NRRE-1-DE among clones of isolates in the partial sequences from India. The NRRE-1-DE consensus
sequence fromFigure 5 is used as for comparison to the clones of the isolates by sequence alignment (a, c, and e) and distance-based clustering
using Blosum62 (b, d, and e).The isolates examinedwereA35/01 (a and b), 2/567 (c and d), andKR6 (e and f).TheGenBank accession numbers
for the source sequences are JQ268631.1–JQ268635.1 (A35/01); JQ268643.1–JQ268647.1 (2/567); and JQ268707.1–JQ268711.1 (KR6).

to analyse the function of this motif would be to do reporter
gene assays using HIV-1 LTR-luciferase constructs and
generating point mutations or deletions. The responsiveness
to PPAR ligands or to the overexpressed PPARs could then
be assessed using luciferase activity as a readout.

The full understanding of how host cell proteins are used
by the virus during replication could facilitate the production
of novel therapeutics [48]. The studies discussed herein have
demonstrated that NR agonists inhibit HIV-1 replication
in cells, as well as inhibiting monocyte uptake and T cell
trans-infection [49]. In particular, the inhibition of NF-𝜅B
activation by NR agonists is a mechanism that could be
exploited for the development of new drugs. These findings
suggest that treatment of HIV-1 infection with NR agonists
should be investigated further. In particular, the use of NR
agonists as a topical microbicide could limit the early stages

in infection, and there are several features of these agonists
that make them suitable for such a route of administration
[40]. The addition of NR agonists to antiretroviral treatment
regimens could be particularly helpful in eliminating latent
viral reservoirs including macrophages which are considered
to be a key source of latent HIV-1 [40]. Since the intestinal
tract can be a critical site of infection, the finding that PPAR
agonists inhibited HIV-1 replication in intestinal epithelial
cells [29] justifies further studies into the use of these drugs
in the fight against HIV-1 infection.
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