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Introduction

It is well known that noncoding RNAs (ncRNAs) are impli-
cated in a wide variety of cellular processes through post-
transcriptional regulation of protein expression. In addition, 
there is increasing evidence pointing to their role in tran-
scriptional gene regulation. High-throughput sequencing 
technology which allows analysis of the global transcriptome 
has revealed that over 90% of genomic DNA is utilized for 
transcription.1–4 Out of the total transcriptome, only a small 
portion (~2%) is translated into proteins. Therefore, ncRNAs 
represent a large portion of the transcriptome in mammals,2 
and there is growing evidence that these transcripts function 
to regulate gene expression, especially in developmental 
pathways and in response to environmental stressors, such 
as viral infection.5 However, the expression levels of these 
ncRNAs are extremely low compared to mRNAs, perhaps 
consistent with their involvement in regulatory processes.2 
NcRNAs can be categorized as infrastructural and regula-
tory. Ribosomal and transfer RNAs belong to infrastructural 
ncRNAs, while regulatory ncRNAs are broadly divided into 
two classes: small ncRNAs (< 200 nucleotides) and long 
ncRNAs (>200 nucleotides).6 The small ncRNAs are fur-
ther classified into several subcategories: microRNA (miR-
NAs), 19–24 nucleotides in length, short interfering RNAs 
(siRNAs, ~22 nucleotides), and antisense RNAs (asRNAs, 
<200 nucleotides). The long noncoding RNA (lncRNA) cat-
egory includes intergenic ncRNA, pseudogene transcripts, 
and long antisense RNAs (long asRNA, >200 nucleotides), 
which are also known as long antisense noncoding RNAs 
(antisense lncRNAs)2,4,6–9

Transcription of the integrated form of HIV-1 is controlled 
by a range of epigenetic mechanisms. Several recent studies 

have found that ncRNAs play a role in this process. After HIV-1 
integration, the extremely strong HIV-1 promoter drives active 
transcription of viral mRNA in the majority of CD4+ T cells. In 
these cells, the viral transactivator protein, Tat, interacts with 
a hairpin structure in the viral RNA called the Transactivation 
response element (TAR), resulting in more efficient recruit-
ment of RNA polymerase to drive strong viral transcription.10,11 
However, in a portion of resting memory CD4+ T cells latent 
infection is established. In these cells, HIV-1 transcription is 
shut down, even in the presence of a competent integrated 
HIV-1 genome. Latent infection is associated with the forma-
tion of closed chromatin or heterochromatin, characterized 
by deacetylation followed by methylation of specific residues 
in the histone 3 molecules (e.g., di-methylation of the lysine 9 
of histone 3; H3K9me2) associated with the HIV-1 promoter 
region. These processes are mediated by specific deacety-
lases and methyltransferases recruited to the chromatin. In 
contrast, the reactivation of latent HIV-1 is associated with 
the formation of euchromatin (also referred to as open/lytic 
chromatin) in this region, characterized by acetylation of his-
tone 3 tails (H3Ac).12,13

The precise mechanisms underlying establishment of 
latent infection are largely unclear. Following reverse tran-
scription, HIV-1 DNA integrates into the human genome and 
the proviral DNA is organized within host chromatin, which 
forms three nucleosomes at precise locations in the HIV-1 5′ 
LTR. The location of nucleosomes (nuc-0, nuc-1, and nuc-2) 
in the HIV-1 promoter is reproducible and predictable.14,15 The 
formation of heterochromatin in the HIV-1 5′ LTR in latently 
infected cells is believed to be regulated by host factors, par-
ticularly a lack of T-cell activation and a relative paucity of 
host transcription factors that help drive HIV-1 transcription.16 
Recent research reveals that promoter-associated ncRNA, 
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In spite of prolonged and intensive treatment with combined antiretroviral therapy (cART), which efficiently suppresses plasma 
viremia, the integrated provirus of HIV-1 persists in resting memory CD4+ T cells as latent infection. Treatment with cART does 
not substantially reduce the burden of latent infection. Once cART is ceased, HIV-1 replication recrudesces from these reservoirs 
in the overwhelming majority of patients. There is increasing evidence supporting a role for noncoding RNAs (ncRNA), including 
microRNAs (miRNAs), antisense (as)RNAs, and short interfering (si)RNA in the regulation of HIV-1 transcription. This appears 
to be mediated by interaction with the HIV-1 promoter region. Viral miRNAs have the potential to act as positive or negative 
regulators of HIV transcription. Moreover, inhibition of virally encoded long-asRNA can induce positive transcriptional regulation, 
while antisense strands of siRNA targeting the NF-κB region suppress viral transcription. An in-depth understanding of the 
interaction between ncRNAs and the HIV-1 U3 promoter region may lead to new approaches for the control of HIV reservoirs. 
This review focuses on promoter associated ncRNAs, with particular emphasis on their role in determining whether HIV-1 
establishes active or latent infection.
Molecular Therapy—Nucleic Acids (2015) 4, e222; doi:10.1038/mtna.2014.67; published online 27 January 2015
Subject Category: non-coding RNAs

1Immunovirology laboratory, St Vincent’s Centre for Applied Medical Research, Darlinghurst, Australia; 2The Kirby Institute, University of New South Wales, Sydney, 
Australia Correspondence: Kazuo Suzuki, The Kirby Institute, Level 5 Wallace Wurth Building, University of New South Wales, Sydney, New South Wales, 2052 Australia. 
E-mail: ksuzuki@kirby.unsw.edu.au

Promoter Targeting RNAs: Unexpected Contributors to the 
Control of HIV-1 Transcription

Kazuo Suzuki1,2, Chantelle Ahlenstiel2, Katherine Marks1 and Anthony D Kelleher1,2

http://www.nature.com/doifinder/10.1038/mtna.2014.67
mailto:ksuzuki@kirby.unsw.edu.au


Molecular Therapy—Nucleic Acids

RNA Controls HIV-1 Transcription
Suzuki et al.

2

including miRNAs, short and long asRNAs, as well as siR-
NAs, contribute significantly to the regulation of heterochro-
matin formation associated with the HIV-1 promoter.17–20 This 
review will focus on promoter-associated ncRNAs that affect 
HIV-1 gene regulation, specifically in terms of controlling 
HIV-1 transcription, with particular emphasis on regulation 
of HIV-1 latent infection, whereby both negative and posi-
tive regulation can be induced by viral promoter-associated 
ncRNAs.

Current limitations of HIV-1 therapy

Despite combined antiretroviral therapy (cART) bringing 
a revolution in the treatment of HIV-1 infection, which has 
turned a universally fatal illness into a chronic condition, it 
has some limitations. CART potentially prevents further 
rounds of viral replication, rapidly suppressing plasma viral 
load (pVL) to levels where only ultrasensitive assays are 
capable of detecting low levels of HIV RNA in plasma,21 
whilst concurrently allowing immune reconstitution.22 How-
ever, the integrated HIV-1 genome is not directly affected by 
cART. The integrated HIV-1 provirus persists for the life span 
of the infected cell and therefore, long-lived cells act as a 
reservoir from which viral replication can arise when cART is 
interrupted.23,24 It is believed that much of this reservoir is in 
a latent, transcriptionally silenced form. The best character-
ized part of the reservoir is found within resting memory CD4+ 
T cells.21,25–28 Viral replication, as demonstrated by increases 
in pVL, resumes rapidly upon cessation of cART in most 
cases. Interrupting therapy is associated with a significantly 
worse prognosis and so once commenced, life-long therapy 
is required. This, in turn, is associated with various limitations 
including: a variety of cumulative side effects and toxicities, 
such as dysregulation of lipid metabolism, increased preva-
lence of cardiovascular disease and reduction in bone density. 
Furthermore, suboptimal compliance with prolonged therapy 
fosters the development of resistance mutations.29–31 Another 
limitation is cost and sustainability. As individuals live longer 
on cART, the cost per person increases and in addition, since 
the number of individuals on therapy increases, the cost per 
population also increases. These combine to place substan-
tial pressures on health care systems and budgets.22

These limitations suggest that alternative approaches are 
required to combat HIV-1 infection, particularly with regard 
to mechanisms that reduce the latent reservoir. However, 
there is still a relatively poor understanding of the mecha-
nisms underlying the induction and maintenance of latency. 
Furthermore, the precise molecular mechanisms operating 
in vivo that drive reactivation from latent infection are largely 
unclear.10 During active replication, HIV-1 transcription is 
driven by a number of host and viral factors. The HIV-1 5′ LTR 
contains various motifs for a range of host transcription fac-
tors, including NF-κB, NFAT, and Sp-1 (Figure 1). The major 
viral activator of viral transcription is the viral transactivation 
protein, Tat, which massively upregulates the efficiency of 
viral transcription by binding to TAR, a hairpin structure within 
the RNA transcript of the 5′ LTR.

In latently infected cells, HIV-1 transcription is inhibited, 
blocked, or restricted to subgenomic transcripts. Several 

hypotheses related to epigenetic mechanisms have been 
suggested to explain this postintegration latent phase of viral 
infection. These include (i) chromatin in the HIV-1 promoter is 
epigenetically modified to a compacted-closed state reduc-
ing the ability of host transcription factors to bind the pro-
moter, thereby inhibiting recruitment of RNA-polymerase II, 
which results in inefficient promoter driven transcription; (ii) 
a lack of critical host transcription factors due to the lack of 
cellular activation in resting memory CD4+ T cells; (iii) sub-
optimal production or lack of posttranslational modification 
of Tat, resulting in inhibition of efficient transcription of full 
length viral RNA; and (iv) the location of the integrated HIV-1 
genome, whereby HIV-1 is integrated into a transcriptionally 
silenced region of the host genome and viral transcription is 
therefore also repressed.

Recently, it has been suggested that rather than viral sup-
pression, the ultimate goal of therapeutic approaches should 
be to achieve a “functional cure.” This is a clinical state where 
pVL is maintained below detection levels in the absence of 
cART. Currently, the most studied approach is the so-called 
“Kick and Kill Approach.” The object is to reactivate the latent 
virus in the presence of cART. It was hoped that viral reacti-
vation itself would either directly kill the infected cell or that 
expression of viral proteins would make the cell a lethal 
target of the immune system, while the presence of cART 
would prevent infection of new cells. This would eventually 
result in reduction in the size of the reservoir or its complete 
depletion. A number of clinical trials exploring “Kick and Kill” 
interventions have been conducted in patients on cART with 
the endpoints being the extent of viral reactivation and the 
resulting reduction in viral reservoir.32,33 The interventions 
explored so far have included pan-T-cell activation through 
the use of OKT3,34 recombinant IL-2,10 or IL-7.35,36 Other 
candidates include Bryostatin, which acts through activation 
of the protein kinase C (PKC) pathway and has so far only 
been explored ex vivo.37 In each case, their mode of action 
is characterized by the activation of CD4+ T cells in general. 
The underlying intention is to increase the expression of host 
transcription factors that drive activation of the virus. Each of 
these approaches has had very limited success in reducing 
the reservoir.

More recently, a different approach, aimed at activating the 
virus by altering the epigenetic profile of the latent virus, has 
employed Histone deacetylase (HDAC) inhibitors (HDACi), 
such as valproic acid (VPA), suberoylanilide hydroxamic 
acid (SAHA, vorinostat), romidepsin, and parabinostat.38–43 
Although these drugs have the ability to reactivate some 
integrated virus in vitro, so far, these agents have resulted 
in quite limited viral reactivation in vivo, while causing signifi-
cant activation of a range of host genes.13,44 This suboptimal 
response suggests that a more focused approach is required 
to increase the specificity of such interventions. This is sup-
ported by the recently reported observation that vorinostat 
can inhibit cytotoxic T-lymphocyte (CTL) function.45 This inter-
action has the potential to substantially limit the effectiveness 
of HDACi in the “Kick and Kill Approach,” as it was hoped that 
CTL would mediate the “killing” once latently infected cells 
were “kicked” into expressing viral antigens.45

Taken together, these results suggest that further under-
standing of the mechanisms driving HIV-1 latency and the 
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precise molecular mechanisms required to specifically 
activate HIV from latent infection are required for the ratio-
nal design of interventions that impact on the latent reser-
voir. Recent reports have suggested that ncRNAs including 
miRNA, siRNA, and asRNA, are associated with the regula-
tion of the viral latency.46,47 Therefore, these molecules may 
provide the actual tools, or at least insights into mechanisms, 
that will allow specific regulation of viral latency.

Transcriptional activation and suppression through 
promoter associated miRNAs

More than a decade ago, miRNAs were reported to play a 
key regulatory role in the inhibition of translation of mRNA 
into protein.48 Dicer, an RNase III enzyme, processes imma-
ture miRNA stem-loop structures into mature miRNAs ~22 
nucleotides long.49 The mature miRNAs are loaded into an 
Argonaute (Ago) protein forming an RNA-induced silenc-
ing complex (RISC). The seed region (nucleotides 2–8) of a 
miRNA interacts with the 3′-UTR of its complementary target 
in a mRNA transcript. This is the key determinant in transla-
tional repression. Because the length of the seed region is 
short (~7 nucleotides long), one miRNA is capable of regu-
lating multiple mRNAs and their subsequent translation into 
protein.50,51

A second function has been attributed to miRNA. In this 
case, miRNA act as a posttranscriptional repressor, cleaving 
the target mRNA. In this case, there is a requirement for near 
perfect homology between the miRNA and sequences within 
the mRNA, as has been reported in the determinants of func-
tion for short interfering (si)RNA52 (see below).

Translational regulation and cleavage of mRNA mediated 
by miRNA are forms of posttranscriptional regulation. Both 

occur in the cytoplasm. Recently, miRNA has also been 
reported to act as a transcriptional regulator. This function 
occurs in the nucleus. In this case, the miRNA interacts 
directly with the gene promoter. For instance, miRNA-320 
(miR-320) induces transcriptional gene silencing (TGS) of 
the gene polymerase (RNA) III (DNA directed) polypeptide 
(POLR3D) by interacting with its promoter region.52 This 
was demonstrated in three separate cell lines: bEnd.3 cor-
tex cells, HeLa human cervical carcinoma cells, and HEK-
293 human embryonic kidney fibroblast cells. The effect 
appeared dependent upon miR-320 binding to Argonaute-1 
(Ago1). This complex resulted in elevated levels of Polycomb 
group component Enhancer of Zeste-2 (EZH2) and histone 
H3 lysine 27 tri-methylation (H3K27me3) at the targeted pro-
moter.52 Similarly, TGS of the progesterone receptor gene 
can be mediated by miR-423-5p,53 however, the mechanism 
by which it induced TGS appears to be somewhat different.52 
In this case, miR-423-5p was shown to be loaded onto Argo-
naute-2 (Ago2), rather than Ago1. This was associated with 
enrichment of H3 lysine 9 di-methylation (H3K9me2) in chro-
matin associated with the target promoter.

While these are novel observations demonstrating tran-
scriptional repression by miRNAs, other observations sug-
gest that certain miRNAs are capable of transcriptional 
activation, thereby facilitating transcription rather than inhib-
iting it. The first discovery of transcriptional activation was 
reported in PC-3 cells, a tumor cell line. Expression levels of 
both E-cadherin and cold-shock domain-containing protein 
C2 (CSDC2) were increased through the action of promoter 
associated-miRNA-373 (miR-373).54 Transcriptional activa-
tion was associated with enrichment of RNA polymerase II 
in the promoter regions of both genes.54 Subsequently, tran-
scriptional activation by promoter associated miRNAs has 
been reported in studies of three prostate cancer cell lines; 

Figure 1  Schematic of noncoding RNAs interacting with the HIV-1 promoter region. After HIV-1 is integrated into the human genome, 
nucleosomes are precisely embedded within the U3 promoter region of 5′ LTR. Nuc-0 is located at the start of the U3 promoter 
region and Nuc-1 is located at the start of the “R” region. Transcription is initiated in the R region, indicated by the arrow.121,122 Various 
host transcriptional regulators interact with the U3 promoter region; predicted binding sites for transcription activators such as Nuclear 
Factor-κB (NF-κB), Nuclear Factor of Activated T-cell protein (NFAT), Specificity Protein 1 (SP1), TATA-box, T-cell–specific factor-1α (TCF-
1α), and Activator Protein 1 (AP-1) are shown. The binding site of transcription repressor, Yin Yang 1 (YY1), is also shown.121 Various species 
of promoter associated ncRNAs including, long antisense RNAs (long asRNA)/antisense long noncoding RNAs (antisense lncRNAs) (light 
orange), miRNAs (red), and siRNAs (blue) are shown above the U3 promoter region (see text for detail).
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LNCaP, PC-3, and Du145. The authors demonstrated that 
miRNA-205 (miR-205) induced the expression of interleukin 
(IL) tumor suppressor genes IL24 and IL32 by targeting spe-
cific sites in their promoters, which resulted in increases in 
both the messenger RNA and protein levels. The induction of 
in vitro transcription by miR-205 was linked with enrichment 
of histone markers for transcriptionally active promoters in 
the IL24 and IL32 genes.55

Interaction between host miRNAs and HIV-1 transcription

Recent studies on the role of miRNAs in HIV-1 pathogenesis 
suggested that five host derived miRNAs (miR-28, miR-125b, 
miR-150, miR-223, and miR-382) were enriched in resting pri-
mary CD4+ T cells compared with activated CD4+ T cells, and 
that this group of miRNAs played a role in establishing viral 
latency.56 These findings have become controversial. This is 
primarily due to only partial concordance of several studies 
attempting to reproduce these findings. One study confirmed 
high levels of expression of all five miRNAs in freshly isolated 
monocytes.57 In another intensive in vitro study of monocyte 
derived macrophages (MDMs), four miRNA (miR-28, miR-
150, miR-223, and miR-382) out of these five “anti-HIV-1 
miRNAs” were suggested to have the potential for antivi-
ral function, since expression levels of these miRNAs were 
elevated in MDMs cultured in the presence of type 1 inter-
feron IFN-α or IFN-β, which resulted in the suppression of 
HIV-1 replication.58 In vitro treatment of lymphocytes with that 
cocaine has been associated with downregulation of miR-
125b,59 while heroin was associated with downregulation of 
all five “anti-HIV-1 miRNAs.”60 Both treatments enhanced HIV 
replication. Our group has also reported that the expression 
of two of these miRNAs (miR-150 and miR28-5p) is elevated 
in freshly isolated CD4+ T cells from healthy controls, when 
compared to HIV-1 infected patients.61 However, in direct 
contrast several studies could not reproduce the high level 
expression of any of the five “anti-HIV-1 miRNAs” in CD4+ T 
cells.59,62–64

There is also debate regarding the extent of correlation 
between the detection of these miRNAs and their actual 
in vivo effects. Interestingly, it has been demonstrated that 
despite possible binding sites for the seed sequences of 
these “anti-HIV-1 miRNAs” in the Nef-3′ LTR consensus 
sequence, direct targeting of the HIV 3′-UTR only showed 
a modest effect on HIV-1 replication.62,65,66 In our opinion, the 
five identified miRNAs show some degree of suppression, 
warranting further study to definitively characterize the extent 
of this effect.

Other contributions to the interplay between host miRNA 
and HIV pathogenesis include the effect of these molecules 
on the HIV Tat protein and cellular cytokines. Recently, studies 
have identified an impact of cellular miRNAs on Tat function. 
MiR-34a, miR-182, and miR-217 can modulate Tat-induced 
HIV-1 long terminal repeat (LTR) transactivation by target-
ing host gene transcripts, rather than through direct interac-
tion with the HIV-1 genome,67–69 MiR-34a can modulate in Tat 
induced LTR transactivation through the host factor of SIRT1/
NF-κB pathway.67 MiR-217 has also been shown to modulate 
Tat induced LTR transactivation by downregulation of the host 

protein SIRT168 and MiR-182 modulates Tat induced LTR 
transactivation via downregulation of host factor NAMPT.69 
Several studies have also reported that host cellular miRNAs 
can reduce expression of cellular factors, which play a role in 
HIV-1 replication.62,67–71 MiR-17/92 has been shown to sup-
press HIV-1 transcription through reduced expression of the 
histone acetyltransferase Tat cofactor, PCAF.72

It has also become apparent, especially in an in vivo 
environment, that cytokine expression can be altered by 
modulation of host miRNAs in HIV-infected cells.65,66,73 IL-10 
expression is elevated in CD4+ T cells after HIV-1 infection 
in vitro and is associated with progressive disease in vivo. It 
is noteworthy that the expression levels of several let-7 miR-
NAs are significantly decreased in these HIV-1 infected cells. 
Decreased let-7 miRNAs could be one possible explanation 
for increased levels of IL-10 in patients with progressive dis-
ease. Further, the expression of the transcriptional repres-
sor Blimp1 is also elevated in progressive HIV-1 infection 
compared to nonprogressive disease, and miR-9 levels are 
significantly decreased. MiR-9 targets PRDM1 (the mRNA 
precursor to Blimp-1 protein), therefore decreased levels of 
miR-9 expression could allow increased Blimp-1 expression, 
and the resultant reduced IL-2 and increased IL-10 expres-
sion in CD4+ T cells, all which are observed in progressive 
HIV-1 infection.65,66,73 Furthermore, toll-like receptors (TLR) 7 
and 8, which can recognize cellular miRNAs, may contrib-
ute to chronic immune activation in HIV-1 infected patients.65 
Several studies have revealed that stimulation of TLR-3 by 
cellular miRNAs (miR-28, -125b, -150, -223, -382, and -155) 
in macrophages resulted in elevated secretion of type 1 IFN, 
which can augment HIV-1 replication in vitro.58,74,75 Clearly, 
the interplay between host cellular miRNAs and HIV-1 
pathogenesis occurs through a complicated combination of 
multiple pathways and requires further investigation to fully 
understand their role in modulating infection and control of 
HIV-1 infection.73,76–84

Interaction between viral miRNAs and HIV-1 
transcription

Certain viral derived miRNA have also been reported to act 
as direct transcriptional regulators19,85–89 (Figure 1). Initial 
reports suggested that a miRNA derived from the nef cod-
ing region, miR-N367, acted in the U3 region of the 5′ LTR 
to suppress viral transcription in human T cells.86 Recently, 
the production of viral miRNAs, processed by Dicer, from the 
transactivation responsive (TAR) stem loop structure have 
been reported by several groups87–89 (Figure 1). These data, 
derived using 293 cells following transfection of a pLTR-luc 
construct, suggested that a TAR-derived miRNA is capable 
of regulating viral gene expression at the transcriptional level 
and is associated with alterations in the epigenetic profile.87 
Another study revealed that each strand of the stem loop of 
TAR region is able to produce miRNAs, miR-TAR-5p, and 
miR-TAR-3p, and the silencing ability of miR-TAR-3p is supe-
rior to that of miR-TAR-5p, as measured by suppression of 
luciferase activity driven by LTR promoter.88 These results 
were also supported by suppression of viral production from 
CD4+ T-cell lines.88 TAR-derived miRNA may also interact with 
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host genes. One study has shown that TAR miRNA protects 
infected cells from apoptosis by downregulating proapoptotic 
cellular genes, ERCC1 and IER, extending their life span and 
thereby allowing increased viral replication.89 Currently, the 
detection of virally derived miRNAs is controversial. While 
certain deep sequencing technologies were able to detect 
very low level production miRNAs derived from nef gene and 
TAR-stem loop regions,19,90 studies using different detection 
methods have failed to detect these miRNAs.91–93 One exten-
sive study which used very sensitive deep sequencing tech-
nology showed that HIV-1 may not express any biologically 
functional viral-derived miRNAs in infected cell lines, periph-
eral blood mononuclear cells (PBMCs), or macrophages.78 
These conflicting results may be due to different in vitro cul-
ture conditions and therefore their in vivo significance is still 
to be determined. Nevertheless, a more recent study con-
tained precise and detailed descriptions of a viral miRNA act-
ing as transcriptional regulator94 (Figure 1). miR-H3 derived 
from the reverse transcriptase (RT) coding region, where 
there is relatively high sequence conservation among HIV-1 
subtypes, has been shown to regulate HIV-1 replication. The 
precursor sequence of miR-H3 forms the typical loop struc-
ture of an immature miRNA and acts as a substrate for Dicer, 
allowing generation of the mature miR-H3.94 Overexpression 
of miR-H3 increased viral production, while overexpression 
of mutated variants of miR-H3 significantly impaired viral rep-
lication, suggesting that miR-H3 has a replication-enhancing 
effect. MiR-H3 appeared to act by increasing both transcrip-
tion and viral protein expression following interaction with 
the U3 promoter region, specifically with complementary 
sequences in the TATA box (about 30 bases upstream from 
the transcription start site) of the 5′ LTR.94 This activation has 
been demonstrated both in tissue culture models of latency 
and in primary resting CD4+ T cells from HIV-1 infected 
patients receiving cART, suggesting the basis for a possible 
new reactivation strategy and purging of HIV-1 from latently 
infected resting memory cells.94 Current pharmacological 
approaches to viral activation involve pan-T-cell activation, or 
HDACi and are thereby potentially compromised by off-target 
effects. In contrast, the use of viral specific activation stimuli, 
such as miR-H3, may provide a more specific reactivation 
of latent virus with less off-target effects, if efficient delivery 
mechanisms can be devised.

Long noncoding RNA in HIV-1 infected cells

Host derived long noncoding RNA have recently been 
reported as contributing to virus production in HIV-1 infected 
cells in two different studies.95,96 First, the expression level 
of NEAT1, a lncRNA, was observed to change upon HIV-1 
infection of T-cell lines (Jurkat, MT4); and second, the knock-
down of NEAT1 by siRNA was shown to enhance virus pro-
duction through increased nucleus-to-cytoplasm export of 
Rev-dependent instability element (INS)-containing HIV-1 
mRNAs.95,96 Similar observations have been made in other 
viral infections. Elevated NEAT1 expression has been noted 
in the mouse central nervous system following infection with 
either Japanese encephalitis virus or Rabies virus.97,98 The 
expression levels of several other host-derived lncRNAs 

(e.g., BIC, PANDA) are changed after HIV-1 infection. Inter-
estingly, although these lncRNAs have differential expression 
only in virus-infected cells, however, characterization of their 
specific functions remains incomplete.95,96

Impact of asRNA in HIV-1 regulation

More than two decades ago the first putative HIV-1 derived 
asRNA was published. This species was predicted from an  
in silico analysis of the viral genome and resulted in a predic-
tion that asRNA could encode a protein with an open reading 
frame (ORF) corresponding to an antisense sequence found 
within a conserved region of the sense encoded env gene.99 
This prediction was confirmed by identification of a polyad-
enylated (poly-A) mRNA with negative strand polarity corre-
sponding to this ORF,100 which encoded a highly conserved 
189-amino-acid polypeptide. However, the function of this 
protein remains unknown. A novel negative-strand promoter 
function was also described within the viral 3′-LTR and the 
activity of this promoter was downregulated by coexpression 
of Tat. More recent studies have described detection of other 
asRNAs in HIV-1 infected cells.19,101,102 However, a precise 
role for asRNA in the regulation in the viral life cycle has not 
been described.

While functional asRNAs have been described in other 
retroviruses, including HTLV-1 and Maloney murine leukemia 
virus, the best described role for asRNA in gene regulation 
in humans is in X-chromosome inactivation. Interestingly, this 
process is associated with intensive heterochromatin forma-
tion mediated by epigenetic mechanisms.103 Together these 
findings suggest that asRNA may potentially be a significant 
regulator of both host and viral gene expression.

A virus derived asRNA, called ASP-L, has been proposed 
to influence replication by regulating transcriptional silencing 
at the HIV-1 promoter.104 The predicted promoter of ASP-L 
is located within the U5 region of the 3′-LTR and includes a 
putative TATA box, indicating a potential transcriptional start 
site in an antisense orientation. The data suggested that 
the long asRNA transcripts interacted with the U3 region of 
the 5′ LTR to suppress HIV-1 transcription. The expression 
level of ASP-L was 100–2,500 times less than sense RNA 
transcripts. Overexpression of ASP-L resulted in significant 
reductions in viral replication, suggesting a novel mechanism 
of regulating HIV-transcription and replication.104 The innate 
drivers of expression of this asRNA are not well described 
outside tissue culture models and the significance of this 
asRNA’s role in vivo requires further investigation.

The asRNAs described above are synthesized with poly-
adenylated modifications. Several studies have found that 
some antisense ncRNAs lack poly-A tails,16,20 suggesting they 
are retained within the nucleus16 (Figure 1). The predicted 
promoter regions of these asRNAs are located in negative 
strand sequences complementary to the nef-coding region 
with long antisense transcripts extending to the 5′ LTR region, 
thereby encompassing the majority of the viral genome. So 
far, these have only been described in various in vitro mod-
els of HIV-1 latency, including the cell lines ACH2 and J1.1. 
Interestingly, down modulation of the expression of these 
long antisense transcripts, achieved by either PTGS or TGS 
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approaches, results in activation of HIV-1 gene expression.16 
Using a PTGS approach, activation of viral gene expres-
sion could be induced by degradation of the long antisense 
transcript by a small single stranded-antisense RNA (as154) 
targeting a sequence in the env coding region.16 Using the 
TGS approach, a small single stranded RNA complementary 
to the putative asRNA promoter region was found to induce 
inhibition of the antisense transcripts by a mechanism con-
sistent with TGS. Both strategies resulted in a reduction of 
the long antisense transcripts and concurrent activation of 
sense transcription from the 5′ LTR.16 Reduction in expres-
sion levels of the long antisense transcript induced lower 
levels of H3K27me3 and H3K9me2 in chromatin associated 
with the 5′ LTR in latently infected cell lines and, importantly, 
activation of latent HIV-1 in an ex vivo primary memory CD4+ 
T-cell–based model.16 However, the level of induced activa-
tion was marginal. Together these data suggest that long anti-
sense transcripts control, or at least impact on, the induction 
or maintenance of HIV-1 latency. Since the viral activation 
levels obtained from ex vivo primary memory CD4+ T cells 
are not substantial, these interesting findings require further 
investigation to determine if there are ways of enhancing the 
potency of this effect. More importantly, since this activation 
mechanism is sequence specific, it might overcome the cur-
rent difficulties in eradication strategies, where the current 
activation strategies result in global T-cell activation.

siRNA activation of transcription

Similar to the function of miRNAs and asRNAs described 
above, certain siRNAs are able to induce gene activation. 
This effect is somewhat target dependent.105–108 The initial 
reports of siRNA mediated activation related to three genes: 
E-cadherin, p21, and vascular endothelial growth factor 
(VEGF) and the effect was shown in prostate cancer cell 
lines, PC-3 and DU-145, and the human breast cancer cell 
line, MCF-7.105 The authors further investigated the mecha-
nism of transcriptional activation of p21 in the PC-3 cell line 
and identified the antisense strand of siRNA and Ago2 as 
being the critical components for this activation, which was 
associated with loss of methylation of lysine-9 of histone 
3 in the chromatin adjacent to dsRNA-target sites. Subse-
quently, several duplex siRNAs were shown to upregulate 
transcription of the progesterone receptor in a human breast 
cancer cell line.106,109 This activation was also sequence spe-
cific and was accompanied by epigenetic changes, including 
increased di- and tri-methylation of H3K4.106 Other studies 
have demonstrated that promoter targeted siRNAs can acti-
vate transcription of murine VEGF associated with very simi-
lar epigenetic changes.106

Studies in Drosophila support a role for Ago2 in promoter-
associated siRNA transcriptional gene activation,110,111 sug-
gesting that this specific protein tends to bind accessible 
promoter regions where euchromatin predominates, thereby 
allowing active transcription to take place.112 However, more 
recent studies have revealed that Ago2 is also involved in 
negative transcriptional regulation and is associated with 
heterochromatin formation and recruitment of Polycomb 
group (PcG) transcriptional repressor proteins.113 We have 

also observed involvement of both Ago1 and Ago2 proteins 
in siRNA mediated TGS of the HIV-1 promoter region,114 
although the precise role of both proteins is still being investi-
gated (see below section). Therefore, Ago2 does not appear 
to be a factor in determining whether a siRNA will be inhibitory 
or activating, when directed at a target within the promoter.

Transcriptional regulatory machinery and their mecha-
nisms are extremely complicated. The critical molecules 
include: the antisense strand of the siRNA duplex, Ago1 and 
Ago2, which play different but complementary roles depend-
ing on the cell type and finally, the genes and specific region 
of the gene targeted by the sequence. The precise molecular 
mechanisms as to whether small RNAs will induce activation 
or silencing of the promoter are still largely unknown. These 
findings reveal a diverse role for siRNA molecules in the regu-
lation of gene expression and identify a potential therapeutic 
use for dsRNA in targeted gene activation and suppression.

siRNA inhibition of HIV-1 transcription

Transcriptional gene silencing (TGS) induced by siRNA was 
originally reported in plants and has been reported in certain 
human cells. Our laboratory was the first to report TGS medi-
ated by a siRNA targeting the HIV-1 promoter. Initial reports 
were based on in vitro work in tissue culture models of HIV-1 
infection and showed that four different targets (Prom-A, -B, 
-C, and -D) mediated substantially different outcomes in terms 
of viral suppression115–120 (Figure 1). Subsequently, a num-
ber of studies have explored the effects of promoter-targeted 
siRNAs with a variety of targets throughout the HIV-1 pro-
moter region (LTR-247, LTR-336, and LTR-362) (Figure 1).  
The HIV-1 promoter is ~450 bases long and there are several 
motifs for host transcription factors (e.g., NF-κB, NFAT, SP1, 
and AP-1) that act to increase HIV-1 transcription. The host 
transcription repressor, YY1, may also contribute to HIV-1 
latency121 (Figure 1).

The nucleosomes, nuc-0 and nuc-1, are precisely posi-
tioned in the HIV-1 LTR after integration of viral DNA into 
the host genome.122 As can be seen from Figure 1, a num-
ber of sites across the whole HIV-1 promoter region have 
been used as siRNA target sequences, aimed at induction 
of TGS. The 5′ LTR is essentially flanked by two nucleo-
somes, nuc-0, located close to the 5′ end of the LTR, and 
nuc-1, located in the “R-region.” The region between two 
nucleosomes is an “open” region containing many of the 
binding motifs of various host transcription factors. We origi-
nally designed HIV-Prom-A around the NF-κB region, as this 
region contains two NF-κB binding sites arranged in tandem, 
separated by a four-nucleotide gap, and is essential for HIV-
transcription, and highly conserved among different HIV-1 
subtypes.115,116,119 The nucleotide sequence within the NF-κB 
binding motif appears to be optimized for HIV-1 gene expres-
sion and differs from that found in the promoter regions of 
human genes which facilitates target specificity.123 There are 
no significant endogenous targets, as a BLAST search of the 
human genome failed to identify sequences homologous to 
HIV-Prom-A siRNA.

There are now several studies describing TGS induced 
by siRNAs targeting NF-κB binding regions. A recent study 
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describes a siRNA named “S4” targeting the NF-κB bind-
ing region of HIV-1 subtype-C.124 Subtype C has a modified 
sequence architecture in this region, including three possible 
NF-κB binding regions, and the sequences these motifs are 
different from other subtypes.124 The S4-siRNA, targeting this 
critical region of the 5′ LTR, like Prom-A, suppresses virus 
in vitro for more than 2 weeks after a single transfection of the 
siRNA into human PBMCs. The suppression is accompanied 
by increased levels of histone methylation, which leads to 
heterochromatin formation in the targeted U3 region of the 5′ 
LTR. Interestingly, S4-siRNA is tolerant to certain mismatches 
in the target region as it suppresses a primary isolate with a 
one base pair mismatch at position 2 from the 3′ end of the 
target sequence. The equivalence of this suppression in the 
presence of these mismatches requires further confirmation. 
This could be achieved by varying the titers of viral challenge 
and observing the cultures for longer periods of time. This tar-
get is of particular importance since more than half the HIV-1 
infections worldwide are caused by subtype-C.124

As described in the above section discussing transcriptional 
regulation mediated through promoter-associated miRNAs, 

the Argonaute proteins, Ago1 and/or Ago2, form the basis 
of the RNA-induced transcriptional silencing-like (RITS-like) 
complex. In this complex, the antisense strand of duplexed 
siRNA is captured by Ago1 or Ago2. This complex directs 
siRNA-mediated TGS in mammalian cells and appears to 
play an important role in both positive and negative regula-
tion of transcriptional activity.125–127 Our confocal scanning 
microscopy analysis using fluorescently labeled siPromA 
siRNA and Flag-tagged Ago1 and Ago2 confirmed that the 
antisense strand of the siRNA is responsible for induction 
of TGS.114 This analysis also revealed different contributions 
from both Ago1 and Ago2 in TGS induction: Ago1 colocal-
ized with siRNA in the nucleus, while Ago2 colocalized with 
siRNA at the inner nuclear envelope of HIV-infected cells. On 
the other hand, mismatched and scrambled control siRNAs 
were only observed in the cytoplasm of HIV-infected cells. 
This was the first report directly visualizing the distribution 
of Ago-associated siRNA in the nuclear compartment. Our 
analysis also revealed that the nuclear trafficking mechanism 
for RITS-like components involved the actin cytoskeleton.114 
The actin association was consistent when using either SIV 

Figure 2  Graphic representation of the in vivo effects of a promoter targeted siRNA approach in a humanized mouse model. (a–b) 
Replication-incompetent lentivirus, (b) shPromA-JRFL or (a) control lentivirus shPromA-M2, is transfected into CD4+ T cells obtained from 
healthy control PBMCs. Transduced PBMCs are transplanted into (NOD)/SCID/Janus kinase 3 (NOJ) knockout mice, transplantation occurs. 
The humanized mice are then challenged with HIV-1 and sacrificed 14 days postchallenge. The antisense strand of shPromA-JRFL (shown 
in red), in association with Ago1 (purple) and other RITS-like complex components (HDAC-yellow, EZH2-pink), induces heterochromatin 
formation and methylation marks (H3K9me2, indicated by stars) in the targeted HIV-1 promoter region to suppress HIV-1 transcription and 
results in protection of CD4+ T cells, resulting in lower pVL than mice transplanted with shPromA-M2 control lentivirus transduced PBMCs.
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and HIV-1 targeted constructs,128 suggesting this pathway is 
not unique to HIV-1.

We have recently demonstrated the TGS activity of our Prom 
A construct in an in vivo study using the (NOD)/SCID/Janus 
kinase 3 (NOJ) knockout humanized mouse model (Figure 2),120  
where we employed a lentiviral vector to deliver the short 
hairpin (sh) form of PromA. After the shRNA expression unit 
is transcribed from the U6 promoter by RNA polymerase III, 
which terminates at a poly(T) motif coded within the expres-
sion unit, both sense and antisense strands are hybridized 
with a loop sequence linking both strands. The loop sequence 
is then processed by cellular ribonucleases to form mature/
processed double-stranded siRNA-PromA.129 We demon-
strated the potential of this approach by reconstituting mice 
with human PBMC transduced with the lentiviral shPromA 
construct. This mimics a CD4+ T-cell delivery approach. Upon 
challenge with HIV-1JRFL, mice reconstituted with untrans-
duced PBMCs had an acute, progressive HIV-1 infection with 
high viral loads, massive CD4+ T-cell depletion and profound 
immunodeficiency that occurred within 2 weeks.130,131 Despite 
this acute, rapidly progressive and aggressive infection, pVL 
in the mice transplanted with PBMC expressing shPromA 
was significantly lower than in mice treated with the control 
mutated shPromA-M2 construct, which does not efficiently 
suppress the virus in vitro. Mononuclear cells were recov-
ered at sacrifice (day 14 after HIV-1 infection) from the peri-
toneal cavity and spleen, and CD4+ T cells were markedly 
reduced relative to CD8+ T in the control mice, while the ratio 
was relatively preserved in mice transplanted with shPromA-
transduced cells. Experiments using mice reconstituted with 
transduced human CD34 cells are currently underway. The 
aim is to provide sufficient data using this model system to 
warrant therapeutic development of these constructs. Our pro-
posed therapeutic strategy would be to use these constructs 
to enforce latency in patients who have been pretreated with 
cART and have a residual latent viral reservoir. This strategy 
offers an alternative approach as a “functional cure,” which is 
the antithesis of a viral activation or “kick and kill” approach. 
We hypothesize that this new approach could be used in order 
to induce and maintain HIV-1 latency, enforcing transcription-
ally inactive virus even in patients ceasing cART.

Conclusions

There are an increasing number of studies describing 
ncRNAs, including asRNA, miRNA, and siRNA, and their 
ability to modulate HIV-1 transcription, by direct interactions 
with the HIV-1 U3 promoter region in the 5′ LTR. Mechanisms 
as to how ncRNAs induce this regulation are still being dis-
covered; however, central players are the Argonaute proteins 
(Ago1 and Ago2). Argonaute proteins have a PAZ domain 
that captures the 3′ end of small RNAs to enable the induc-
tion of bifunctional effects.132 The outcome is dependent 
on the targeted promoter and probably also on availability 
and the relative abundance of different species of ncRNAs, 
including long asRNAs, miRNAs, and antisense-siRNAs in 
latently infected cells. Although the development of predic-
tion algorithms for the selection of ncRNA sequences against 
the targeted promoter region has been attempted based on 

the results of silencing or activation of oncogenes,133 further 
research is required to reveal the exact mechanisms that 
induce up- or downregulation of transcription.

asRNA, miRNA, and siRNAs have all been shown to 
interact with targets distributed across the entirety of the 
HIV-1 U3 promoter region and regulate transcription, both 
positively and negatively. The biggest potential advantage 
of ncRNA meditated transcriptional regulation of HIV-1, par-
ticularly in the context of latently infected cells, is their exqui-
site sequence specificity, which enables a more targeted 
approach to manipulation of the reservoir. This is in distinct 
contrast to the current activation approach, which depends 
on general T-cell activation or widespread alterations in his-
tone acetylation that can result in off-target effects. In the 
future, ncRNA-based approaches may lead to novel thera-
pies that either enforce HIV-1 latent infection or induce acti-
vation of HIV from latently infected cells, allowing control of 
the reservoir in the absence of traditional antiretroviral drugs.
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