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    Abstract     The Human Immunodefi ciency Virus (HIV) belongs to the subfamily of 
lentiviruses that are characterized by long incubation periods and chronic, persistent 
infection. The virus integrates into the genome of infected CD4+ cells and, in a sub-
population of cells, adopts a transcriptionally silent state, a process referred to a viral 
latency. This property makes it exceedingly diffi cult to therapeutically target the 
virus and eradicate infection. If left untreated, the inexorable demise of the infected 
individual’s immune system ensues, a causal result of Acquired Immunodefi ciency 
Syndrome (AIDS). Latently infected cells provide a reservoir that maintains viral 
infection indefi nitely. In this chapter we explore the role of noncoding RNAs in HIV 
infection and in the establishment and maintenance of viral latency. Both short and 
long noncoding RNAs are endogenous modulators of epigenetic regulation in human 
cells and play an active role in gene expression. Lastly, we explore therapeutic 
modalities based on expressed RNAs that are capable of countering infection, tran-
scriptionally regulating the virus, and suppressing or activating the latent state.  
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         Chronic HIV Infection and the Search for Novel Therapies 

 HIV/AIDS persists as a global health problem with little hope in the near future for 
an effi cacious vaccine. Despite this, combinations of antiretroviral therapies (ART) 
have massively reduced the morbidity, mortality and transmission of HIV-related 
illness [ 1 ], resulting ultimately in a slow turning of the tide, and newfound opti-
mism, in the fi ght against this chronic viral disease. However, current treatment 
regimens have signifi cant limitations. These include drug toxicities, resistance to 
ART and the inability to eradicate latent viral infection. Moreover, the daily medica-
tion burden has made it diffi cult to ensure adequate patient compliance with treat-
ment and the costs associated with lifelong treatment and monitoring remain a 
concern (particularly in developing countries). Nevertheless, the most signifi cant 
limitation of ART is the inability to eliminate HIV reservoirs, which persist under 
lifelong treatment. At present, it is not yet feasible to discontinue ART. Latent viral 
reservoirs within resting memory CD4+ T cells are extremely long-lived and can 
persist for as long as 60 years for patients receiving ART [ 2 ]. In this chapter we 
explore the noncoding RNA landscape associated with HIV infection and in the 
establishment and maintenance of viral latency. We focus on gene therapy strategies 
based on RNA that are capable of transcriptionally regulating the virus, thus ulti-
mately approaching the goal of a functional cure for HIV/AIDS.  

    HIV Life Cycle 

 HIV infects cells of the immune system, which express the relevant surface recep-
tors necessary for interaction with the HIV transmembrane Env protein (Fig.  1 ). 
HIV enters its target cells, which include CD4+ T cells; macrophages; monocytes; 
dendritic cells and microglia [ 3 – 6 ], through interaction of the viral trimeric glyco-
protein initially with the primary cellular CD4 receptor, and subsequently with the 
CCR5 or CXCR4 cellular chemokine co-receptors (reviewed in [ 7 ]). The gp120 
surface subunit of the Env protein initially engages with the cellular CD4 receptor 
leading to a conformational change in gp120 which allows it to bind to a co-receptor 
[ 8 ]. Viral tropism is largely determined by the co-receptor to which it binds. R5 
strains use the CCR5 co-receptor and are able to infect CD4+ T cells, macrophages 
and dendritic cells. X4 strains bind the CXCR4 co-receptor and only infect CD4+ T 
cells [ 9 ]. Co-receptor binding then triggers the interaction of the gp41 transmem-
brane subunit of the Env protein with the host cell membrane. Fusion of the cellular 
and viral membranes ensues [ 10 ] and the viral core is released into the cellular 
environment and uncoated, releasing the viral genome [ 11 ]. The viral RNA genome 
is reverse transcribed into cDNA in the cytoplasm by the viral Reverse Transcriptase 
(RT) [ 12 ] and is then transported within the pre-integration complex consisting of 
viral cDNA; viral RT; matrix protein; integrase and Vpr, to the nucleus. Nuclear 
localization signals on Vpr, integrase and matrix mediate import into the nucleus in 
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both actively dividing and quiescent cells through the nuclear pores [ 13 – 15 ]. Viral 
cDNA is subsequently integrated into the host genome, usually within active 
euchromatin [ 16 ], to form the provirus. The provirus is fl anked by the 5′ LTR which 
serves as a promoter for transcription and the 3′ LTR which provides the termina-
tion site. The synthesis of full-length transcripts requires the interaction between the 
regulatory Tat protein and the Transactivating Response (TAR) loop. In the absence 
of Tat, only short attenuated RNA transcripts are produced [ 17 ]. Tat is a multiply 
spliced protein synthesized early in the viral life cycle. The interaction between Tat 
and the regulatory TAR loop is enhanced by the positive elongation factor (P-TEFb). 
Tat binds to the cyclin T1 subunit of P-TEFb and thereby recruits the cyclin depen-
dent kinase 9 (CDK9) subunit to the LTR. CDK9 phosphorylates RNA Pol II, 
enabling the transition of initiation to elongation and the consequent synthesis of 
full-length viral transcripts (reviewed in [ 18 ,  19 ]).  

 Early phase transcripts encoding the Tat, Rev and Nef proteins are completely 
spliced and are exported from the nucleus. Unspliced transcripts including genomic 
RNA, Gag-Pol precursors, and incompletely spliced mRNAs encoding Env, Vif, Vpr, 
and Vpu, require the interaction between the regulatory Rev protein and the Rev 
responsive element present within these transcripts for nuclear export (reviewed in 
[ 20 ]). Following translation, viral proteins together with two copies of the viral 
genome assemble into immature progeny virions within lipid rafts localized at the cell 
membrane. Env proteins are processed into their respective subunits, which also accu-
mulate at the cell membrane. Virions are released from infected cells through a bud-
ding process which results in virus particles coated with the host cell membrane 
embedded with trimeric Env glycoproteins. Maturation of progeny virions occurs fol-
lowing extracellular processing of the Gag and Gag-Pol polyprotein precursors [ 21 ].  

  Fig. 1    HIV infection cycle. HIV infects cells and enters target CD4+ cells, through the cellular 
CD4 receptor, and subsequently with the CCR5 or CXCR4 cellular chemokine co-receptors. Once 
inside the cell, virus uncoats, releasing the viral RNA genome, which is reverse transcribed into 
cDNA and transported to the nucleus. Viral cDNA is subsequently integrated into the host genome 
to form a provirus. Tat-dependence ensures the synthesis of a full-length viral pregenomic tran-
script and mRNAs. Viral proteins, together with two copies of the viral genome, assemble into 
immature progeny virions and are released from infected cells through budding       
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    Viral Latency 

 HIV-1 infection consists of an initial acute phase followed by a chronic phase. The 
acute phase is characterized by an increase in viral RNA in the blood (viral load) 
and the consequent decline in CD4+ T cells [ 22 ]. The activation of the immune 
system subsequently results in the suppression of viremia to a low steady state level 
termed the viral set point, and an increase in CD4+ T cells. During the chronic 
phase, viral loads as well as the number of CD4+ T cells may remain constant for 
several years with the patient remaining largely asymptomatic. During the chronic 
phase of viral infection, viruses may also enter into a dormant latent state. 

 Total eradication of HIV continues to present a serious challenge in the struggle 
against infection with this virus. Cocktails of chemically synthesized antiretroviral 
drugs, ART, have been successfully used to control viremia during the acute phase 
of infection. However, despite the signifi cant decrease in morbidity and mortality 
offered by ART, problems associated with these treatment regimens persist. 
Although viral replication may be effectively suppressed, current drug regimens are 
incapable of completely eradicating the virus. Latent reservoirs are characterized by 
a complete lack of viral gene expression. The underlying molecular mechanisms of 
latency however are extremely complex and poorly understood, and the exact loca-
tions of these latent viral pools are still disputed (reviewed in [ 23 ]). There are cur-
rently two dominant theories that help to explain what drives latency. One view 
suggests that viruses are capable of infecting CD4+ T cells that are transitioning 
into a memory state from a previously active state (reviewed by Siliciano and 
Greene [ 24 ]). Memory CD4+ T cells are a well-defi ned reservoir and are thought to 
be the main source of residual viremia [ 2 ,  25 ,  26 ]. Therefore, viral latency is simply 
a consequence of natural heterochromatin-mediated epigenetic silencing of tran-
scription in these cells. Another view suggests that latency is the product of stochas-
tic transcriptional “noise” [ 27 ]. Since viral transcription is dependent on a 
Tat-mediated positive feedback circuit, variance in cellular levels of Tat and other 
transcriptional regulators can greatly impact viral replication in any specifi c cell 
[ 28 ]. This latter theory has gained much more prominence with new data suggesting 
that the latent reservoir, comprising replication-competent non-induced provirus, is 
much larger than previously thought [ 29 ]. Even during maximum T cell activation, 
proviral activation remains largely stochastic [ 29 ].  

    HIV Self-Mediated Transcription Regulation 

 Growing evidence suggests that an intricate relationship naturally exists between 
viral infection and the endogenous RNA interference (RNAi) pathway [ 30 – 34 ]. 
Intriguing data have shown that a number of viruses, including HIV-1, may either 
exploit the RNAi pathway to their advantage or, alternatively, activate mechanisms 
which repress the pathway. Furthermore, the expression levels of both viral and 
host derived microRNAs (miRNAs) may be modulated during viral infection for 
host or viral gene regulation [ 35 ]. In addition, it has been proposed that the 
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interaction between HIV and the RNAi pathway may also contribute to the multi-
faceted mechanism underlying viral latency [ 36 ,  37 ]. It is clear that an RNAi-based 
 HIV-host relationship exists, yet a better understanding of this interplay at the 
molecular level is imperative for the development of novel therapeutics, which 
exploit this relationship. 

 Several studies suggest that once integrated into the host genome, the provirus is 
subject to transcriptional regulation by the host epigenetic regulatory machinery. 
The activation of latent virus has been well characterized and requires the recruit-
ment of histone acetyltransferases as well as other chromatin remodeling proteins to 
the activated viral promoter/LTR [ 38 ,  39 ]. Conversely, enrichment of silent state 
chromatin marks (such as histone 3 lysine 9 trimethylation) and HDAC-1 have been 
observed at the LTR of transcriptionally inactive proviruses [ 40 – 45 ]. These reports 
suggest a distinct role for chromatin remodeling, and thus the host epigenetic 
response, in viral latency. However, the cellular factors responsible for guiding host 
epigenetic complexes to specifi c loci are currently unknown.  

    Noncoding RNAs and Gene Regulation 

 Recent advances in transcriptomic studies have revealed that a much larger portion 
of the genome is transcribed than previously anticipated. Studies from the ENCODE 
consortium have demonstrated that a large proportion of the human genome is tran-
scriptionally active [ 46 ]. In addition to protein coding messenger RNA (mRNA) 
and the well-studied noncoding RNAs (ncRNAs) such as transfer RNA (tRNA); 
ribosomal RNA (rRNA); small nuclear RNA (snRNA); small nucleolar RNA 
(snoRNA), many other ncRNAs, in particular long noncoding RNAs (lncRNAs) 
greater than 200 bp have recently been annotated. Although the functionality of 
many of these ncRNAs is still fi ercely debated [ 47 ], it is becoming clear that certain 
ncRNAs can play a crucial role in gene regulation via multiple mechanisms [ 48 ]. 
Furthermore, these ncRNAs may represent diagnostic biomarkers as well as novel 
therapeutic targets, thus adding a layer of complexity to the role of ncRNAs in dif-
ferent disease states. 

 Noncoding RNA has been shown to guide epigenetic complexes to targeted 
gene promoters resulting in transcriptional gene silencing (TGS) of the targeted 
gene (reviewed in [ 49 ]). Noncoding RNAs antisense to low-copy promoter- 
associated RNA are able to direct transcriptional silencing complexes containing 
HDAC1, Ago1 and DNMT3a to a targeted promoter leading to histone modifi ca-
tions and heterochromatin formation [ 50 – 56 ]. This suggests that antisense non-
coding RNAs are actively involved in the epigenetic regulation of gene expression 
(Fig.  2 ). A growing body of evidence indicates that HIV-1 expresses noncoding 
RNAs in both the sense and antisense orientation to the viral LTR and viral mRNA 
[ 57 – 59 ]. It is therefore likely that these RNA species may guide epigenetic silenc-
ing complexes to the LTR and thus play a crucial role in the establishment and 
maintenance of latency.   
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  Fig. 2    Inhibition of HIV by transcriptional gene silencing. ( a ) The 5′ LTR of the integrated HIV 
provirus drives transcription of downstream viral RNAs and is associated with active histone modi-
fi cations ( green circles ). Additionally, low levels of transcription also occur across the LTR region 
itself. ( b ) A small RNA effector guides AGO1 to the low copy LTR transcript and thereby recruits 
the histone deacetylase HDAC1, histone methyltransferase EZH2 and DNA methyltransferase 
DNMT3A to the LTR chromatin. ( c ) Replacement of active chromatin marks with silent modifi ca-
tions ( red circles ) leads to heterochromatinization and inhibition of viral transcription       
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    Noncoding RNAs Associated with HIV Infection 

 Noncoding RNAs derived from both the human host as well as from the HIV 
virus itself are emerging as important regulatory elements of host cellular func-
tions, viral replication, pathogenesis, disease progression and host-pathogen 
interactions. These regulatory roles are fulfi lled by various types of ncRNAs 
including well- characterized small ncRNAs such as miRNAs, siRNAs, and 
asRNAs. 

 Until now, three approaches existed for inhibiting HIV-replication using gene 
therapy modalities and included directly targeting the viral genome, targeting host 
dependency factors or targeting newly synthesized viral messenger RNA. Each 
mature virion contains two copies of the viral RNA genome, which, after fusion, 
are released into the cytoplasm for reverse transcription as described above. 
Inhibition of the incoming viral genomic RNA is an attractive target because syn-
thesis of cDNA and establishment of the provirus is prevented, thus inhibiting the 
replicative cycle of HIV at a very early stage. The second possible strategy for the 
inhibition of HIV replication and an alternative approach to the prevention of viral 
entry is to suppress host cellular genes essential for the replicative cycle of HIV. 
In addition, inhibiting host dependency factors has the added advantage of being 
refractory to the emergence of viral escape mutants. The third and most obvious 
category of gene therapy-susceptible targets in HIV is the newly synthesized viral 
mRNA transcripts, which are exported to the cytoplasm from the nucleus for trans-
lation. Every possible HIV transcript has been targeted for silencing using various 
RNAi effectors with varying degrees of effi cacy, often achieving >90 % inhibition 
of viral replication. The drawback of this strategy is associated with the extraordi-
narily high rate of error of the viral RT enzyme. HIV is a rapidly evolving virus, 
and in any infection a pool of viral variants exists. It is thus essential to target 
conserved regions within viral genes to limit the emergence of viral mutants, which 
are refractory to RNAi- mediated gene silencing. However, even when targeting 
conserved sites within the viral genome, mutations may arise under selective pres-
sure, rendering the RNAi effector ineffective. To circumvent this problem, multiple 
sites should be targeted simultaneously using combinatorial RNAi. Three major 
platforms currently exist for the simultaneous suppression of multiple gene targets, 
and all three strategies have been exploited for the inhibition of HIV. These 
approaches include multiple shRNA expression cassettes; polycistronic miRNA 
shuttles and long hairpin RNAs (lhRNAs) [ 60 – 65 ]. Given the recent advances in 
transcriptome analysis, the role of noncoding RNAs in viral infection is fast becom-
ing realized and these noncoding RNAs could thus potentially represent novel 
therapeutic targets.  
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    HIV-Derived Noncoding RNAs 

    Small Noncoding RNAs 

 Small noncoding RNAs (sncRNAs) have been clearly shown to play a role in the 
replicative life cycle of HIV-1. Although a small number of virally derived sncRNAs 
have been identifi ed and characterized which are discussed below, evidence  suggests 
that many more low abundance HIV-1 sncRNAs may exist which can be detected 
with improved selection and screening protocols [ 66 ,  67 ]. Enrichment of low abun-
dant sncRNAs using hybridization capture techniques showed that HIV encodes 
many sncRNAs of varying lengths spread throughout the viral genome [ 66 ]. Deep 
sequencing technologies have also allowed for a more sensitive method to detect 
virus-derived small RNAs [ 67 ] and together these results suggest that numerous 
small virus-derived RNAs are produced in HIV infected cells which may potentially 
play a role in viral replication.  

    MicroRNAs 

 MicroRNAs (miRNAs) are small RNA duplexes 21–24 bp in length that regulate 
gene expression at the posttranscriptional level. miRNAs are derived from the 
sequential processing of imperfect RNA stem-loop structures by the Drosha/
DGCR8 microprocessor complex and by Dicer. The majority of HIV-derived small 
RNAs are found throughout the sense strand of the viral genome [ 67 ]. These small 
RNAs are thought to be processed from hairpin-like secondary structures within the 
sense RNA strand by Drosha and Dicer in a similar manner to endogenous miRNAs 
to generate virus-derived miRNAs. 

 The fi rst HIV-derived miRNA was described in 2004 [ 31 ]. It was proposed that 
HIV encoded a miRNA precursor within its nef gene. The encoded miR-N367 was 
reported to target a site at the 3′ end of nef, which overlaps the U3 region of the viral 
LTR and was thought to play a role in transcriptional regulation of the virus [ 31 ,  33 ]. 

 The Transactivating Response (TAR) element of the HIV genome is a commonly 
known source of HIV-derived miRNAs [ 30 ,  68 – 71 ]. TAR is a structured RNA 
approximately 50 nt in length found at the 5′ end of all HIV mRNA transcripts. The 
TAR element has been reported to be the source of two functional miRNAs; how-
ever, the regulatory role of these TAR-derived miRNAs was initially unclear 
[ 68 ,  69 ]. Klase et al. identifi ed two host cellular genes as TAR miRNA targets: 
Excision repair cross complementing-group 1 (ERCC1) and Intermediate early 
response 3 (IER3). These genes are involved in apoptosis and cell survival and the 
downregulation of their expression leads to the protection of HIV-infected cells 
from apoptosis [ 70 ]. Another recent study has shown that these TAR-derived miR-
NAs utilize the same RNAi machinery as host endogenous miRNAs and in addition, 
further endogenous target genes were identifi ed resulting in the elucidation of their 
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role in viral infection. In this study, TAR-derived miRNAs were found to target 
multiple  additional genes related to apoptosis including Caspase 8, Aiolos, and 
Ikaros [ 71 ]. The TAR-derived miRNAs therefore play an important role in HIV 
disease progression by regulating cellular apoptosis and promoting cell survival to 
ensure the  persistence of viral infection.  

    Small Interfering RNAs 

 Studies to identify small RNA species in HIV-infected cells have identifi ed noncod-
ing RNAs derived from the viral genome. An initial study looking at the potential of 
HIV-1 to elicit an RNAi response identifi ed a perfectly duplexed 19 bp Dicer sub-
strate within the HIV-1 genome. This HIV-derived short interfering RNA (siRNA) 
was able to specifi cally target its complementary transcript within the Env gene 
leading to a reduction in both Env mRNA and protein levels which was reversible 
upon inhibition of the siRNA [ 32 ]. Since then a small number of antisense RNAs 
emanating from the 3′ LTR region have been identifi ed as well. These antisense 
RNAs may be transcribed from an internal promoter within the HIV genome or 
from a host promoter downstream of the integrated provirus. Either way, it is thought 
that these antisense transcripts may form double stranded RNA intermediates with 
HIV mRNA, which are able to be processed by Dicer to generate viral-derived siR-
NAs. These siRNAs appear to function via the endogenous RNAi pathway and are 
capable of modulating viral production. HIV-derived siRNAs identifi ed in a deep 
sequencing study of HIV-infected cells were found to inhibit virus production by 
mediating cleavage of the viral transcript at the target site [ 67 ]. Furthermore, inhibi-
tion of the viral-derived siRNAs by LNA antagomirs reversed the inhibitory effect 
of the siRNAs on viral production resulting in increased HIV production.  

    Long Noncoding RNAs 

 The abundance of long noncoding RNAs (lncRNAs) and their wide range of func-
tional roles in human cells are fast becoming realized. Importantly, lncRNAs have 
been identifi ed as epigenetic modulators and consequently play a pivotal role in the 
regulation of gene expression. lncRNAs are able to guide epigenetic silencing com-
plexes to targeted loci in the promoters of protein coding genes resulting in gene 
silencing in human cells and it is thus becoming apparent that antisense lncRNAs 
may act as endogenous effector molecules capable of utilizing RNA-based tran-
scriptional silencing pathways in human cells [ 55 ,  72 – 74 ]. 

 Antisense ncRNAs emanating from the HIV genome during viral infection have 
also been described [ 57 – 59 ,  75 ]. Promoter activity has clearly been demonstrated in 
the reverse orientation with transcription start sites identifi ed in the U3 region of the 
3′ LTR as well as in the nef gene sequence. Such transcripts are localized within the 
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nucleus and are capable of suppressing HIV gene expression over extended periods 
[ 59 ]. Suppression of this antisense lncRNA using small single stranded asRNAs 
targeted both to the lncRNA transcript as well as to the promoter driving expression 
of the lncRNA in cell-lines and primary CD4+ T-cells has been shown to result in 
the activation of viral gene expression [ 75 ]. The observed increase in viral gene 
expression and replication correlated to a loss of silent state epigenetic marks at the 
viral promoter. This HIV expressed lncRNA was found to localize to the 5′ LTR 
directly with DNA methyltransferase 3A (DNMT3a) and to usurp components of 
endogenous cellular pathways that are involved in ncRNA directed epigenetic gene 
silencing. Collectively, it was shown that the HIV expressed antisense lncRNA is 
involved in modulating HIV gene expression and that this regulatory effect is due to 
an alteration in the epigenetic landscape at the viral promoter [ 75 ]. This work 
refl ects one of the mechanisms by which HIV regulates its own gene expression. 
HIV-derived lncRNAs may therefore play an active role in the regulation of viral 
transcription providing novel insight into the replicative cycle of HIV.   

    Host-Derived Noncoding RNAs 

 A subset of host cellular genes have been identifi ed as essential in the replicative 
cycle of HIV and a variety of these host factors have been considered for downregu-
lation to inhibit HIV infection. In addition to the host proteins encoded by these 
genes, noncoding RNAs transcribed from some of these genes may play a pivotal 
role in the course of infection. Furthermore, the expression levels of host derived 
noncoding RNAs may be modulated during viral infection for host or viral gene 
regulation [ 35 ]. 

    MicroRNAs 

 Host cell miRNAs have in recent years been implicated in the regulation of HIV 
infection and the differential expression of these miRNAs has been found to play 
crucial roles in viral replication, pathogenesis and disease progression. One of the 
major clues pointing to this miRNA based regulation was uncovered when it was 
observed that the inhibition of Drosha and Dicer, two key enzymes involved in 
miRNA biogenesis, resulted in increased viral replication [ 76 ,  77 ]. Subsequently, a 
plethora of endogenous host miRNAs have been identifi ed which are capable of 
regulating infection by directly targeting the virus, or by targeting host factors 
which play a role in the viral replicative cycle, thereby indirectly restricting viral 
replication. 

 Two cellular miRNAs, miR-29a and miR-29b, are involved in the regulation of 
viral replication by directly targeting the viral genome [ 77 ,  78 ]. These two miRNAs 
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target a conserved site within the viral nef gene [ 78 ] and miR-29a has been shown 
to suppress HIV replication through accumulation of viral mRNA in P-bodies [ 77 ]. 
More recent studies have also confi rmed the ability of miR-29a and miR-29b to 
inhibit viral replication [ 79 ]. Further studies have demonstrated the presences of up 
to 22 target sites within the HIV genome for host cellular miRNAs and at least 5 of 
these synthetically generated miRNAs are capable of decreasing viral replication 
[ 80 ]. Taken together, the data certainly implies that host cellular miRNAs may act 
as a cellular defense mechanism against HIV infection. 

 It has also been proposed that the interaction between HIV and the RNAi path-
way may contribute to the multifaceted mechanism underlying viral latency. In rest-
ing CD4+ T cells harboring latent HIV, a cluster of fi ve host miRNAs (miR-28, 
miR-125b, miR-150, miR-223 and miR-382) have been shown to be upregulated 
[ 36 ]. These enriched cellular miRNAs inhibit HIV-1 protein translation through 
interactions with the 3′ end of viral mRNA transcripts and therefore appear to play 
a pivotal role in HIV latency. The use of a panel of miRNA inhibitors effectively 
facilitated viral production in resting T cells and may potentially be used to aid in 
the purging of latent reservoirs [ 36 ,  37 ]. 

 Host cellular factors are also regulated by endogenous miRNAs as in the case of 
the polycistronic miRNA cluster miR-17/92, which is downregulated in HIV- 
infected cells. The histone acetyltransferase P300/CBP-associated factor (PCAF) is 
a cofactor for Tat and plays a role in procession of viral transcription. Intriguingly, 
PCAF is a target for miR-17-5p and miR-20a, which are two miRNA components 
of the miR-17/92 cluster, suggesting an intricate interplay between HIV replication 
and miRNA-mediated gene regulation of host factors to benefi t the virus [ 76 ]. 

 Cyclin T1 is another host factor targeted by host-derived miRNAs during HIV 
infection. As described above, cyclin T1 is a subunit of p-TEFb to which TAT binds 
for transactivation of HIV transcription. miR-198 targets the 3′ UTR of cyclin T1 
mRNA and overexpression of this miRNA leads to inhibition of viral replication 
[ 81 ]. Furthermore, miR-198 was found to be highly expressed in monocytes and 
downregulated upon differentiation to macrophages suggesting a mechanism for the 
natural restriction of HIV replication in monocytes [ 81 ]. 

 In addition to endogenous host miRNAs having an inhibitory effect on viral rep-
lication, host miRNAs may also enhance viral replication depending on the func-
tional role of the miRNA target being modulated. For example, miR-132 is highly 
upregulated in activated CD4+ T cells and appears to augment viral replication, 
suggesting that a miR-132 target is a host factor with natural antiviral effects [ 82 ].  

    Long Noncoding RNAs 

 While the role of cellular miRNAs in the HIV-1 life cycle has been broadly studied 
in recent years, the relationship between cellular long noncoding RNAs and HIV-1 
infection has not yet been fully explored. One study looked at the differential 
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expression of lncRNAs in HIV-infected cells and identifi ed NEAT1 as a lncRNA 
that is upregulated during viral infection [ 83 ]. Further characterization of NEAT1 
showed that it regulates unspliced HIV transcripts at the posttranscriptional level. 
The depletion of NEAT1 led to increased HIV-1 expression and also resulted in a 
signifi cant reduction in the number of paraspeckle bodies suggesting that NEAT1 
plays a scaffolding role in paraspeckle bodies to which unspliced and singly spliced 
HIV transcripts containing cis-acting instability elements (INS) bind. Additionally, 
it was shown that knockdown of NEAT1 leads to an increase in nuclear cytoplasmic 
export of unspliced Rev-dependent HIV-1 INS-containing transcripts [ 83 ].   

    Noncoding RNA-Based and Therapeutic Targeting 
of HIV Latency 

    miRNA Antagonism 

 The diverse repertoire of noncoding RNAs involved in HIV replication and viral 
latency present exciting opportunities for therapeutic intervention [ 84 ]. Technologies 
for inhibiting miRNAs are highly developed. The most advanced miRNA therapeutic 
(a fi rst-in-class pharmaceutical compound) is Miravirsen, developed by Santaris 
Pharma A/S for treating chronic Hepatitis C Virus (HCV). Miravirsen is a phospho-
rothioate/locked nucleic acid mixmer antisense oligonucleotide inhibitor of miR- 
122, a miRNA which is required for effective HCV replication [ 85 ]. Miravirsen is 
currently in late stage clinical trials and has shown promise in preclinical studies in 
chronically infected chimpanzees [ 86 ]. It remains to be seen if miRNA inhibitors 
will show effi cacy in inhibiting HIV replication. For example, TAR-derived miRNAs 
promote the survival of HIV-infected cells by inhibiting apoptosis [ 70 ] Other miR-
NAs therefore represent potential targets for anti-miRNA therapeutic strategies.  

    Small-RNA-Induced Transcriptional Gene Silencing of HIV 

 Exogenous small RNAs complementary to target gene promoters can induce tran-
scriptional gene silencing (TGS) [ 87 ] by inducing silent state chromatin formation 
[ 51 ,  56 ], and promoter DNA methylation [ 56 ,  87 – 90 ]. TGS is mediated by the RNA 
induced transcriptional (RITS) complex which contains an argonaute protein 
(AGO1) [ 91 ], and is dependent on the presence of a sense-orientation promoter- 
associated noncoding RNA [ 52 ]. Similarly, miRNAs have also been shown to 
induce TGS [ 92 – 96 ] and RNAi components have been found to be present, and 
functional, in the nucleus [ 97 ,  98 ]. The targeted induction of epigenetic alterations 
at a specifi c promoter is particularly promising as a therapeutic approach to treating 
chronic viral infections. Given that HIV viral latency is believed to be mediated by 
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epigenetic alterations at the proviral DNA, TGS presents the opportunity to 
 effectively ‘lock’ the virus in an inert, pseudo-latent state. 

 The effects of conventional RNAi are transient, typically reaching maximal 
effect within 4–7 days and therefore require frequent repeat dosing. In contrast, 
TGS has been shown to induce long-term inhibition of the target promoter [ 56 ,  99 , 
 100 ]. As a result, multiple studies have focused on the 5′ LTR of HIV-1 (and also 
the E6/E7 promoter of Human Papilloma Virus [ 100 ]). Two groups of researchers 
have used small RNAs to target the NF-κB binding motif doublet in the U3 region 
of the 5′ LTR of HIV-1. Suzuki et al. demonstrated silencing of HIV transcription 
using small interfering RNAs (siRNAs) in chronically infected MAGIC-5 cells 
[ 101 ]. Silencing was accompanied by methylation of proviral DNA CpG dinucleo-
tides and lasted for 30 days post transfection. The silencing effect was accompanied 
by the formation of a closed chromatin structure at the viral promoter as evidenced 
by nucleosome repositioning and enrichment of the silent state mark H3K9me2 
[ 54 ]. Additionally, AGO1 and the histone deacetylase 1 (HDAC1) were also 
enriched at the HIV promoter following treatment [ 54 ]. Similarly, siRNAs targeted 
against the simian immunodefi ciency virus (SIV) were also shown to induce TGS in 
MAGIC-5 and CEMx174 cells [ 102 ]. 

 When the HIV-1 promoter-targeting sequence was delivered as a short hairpin 
RNA (shRNA) using a retroviral vector, viral suppression was observed for at least 
1 year post-transduction in an HIV infected T-cell line [ 99 ]. Silencing was accom-
panied by enrichment of H3K9me2 and H3K27me3 silent state chromatin modifi ca-
tion. TGS of HIV was subsequently demonstrated to be highly specifi c as (a) 
mismatched shRNAs were unable to induce TGS, (b) HIV-1 targeting shRNAs were 
unable to silence HIV-2, (c) NF-κB regulated genes were unaffected by treatment 
with the on-target shRNA, (d) viral entry-related proteins were not affected by the 
treatment, and (e) no evidence of interferon induction was observed following 
shRNA transfections [ 103 ]. Recently, the same group demonstrated the  in vivo  
potential of TGS approaches to HIV-1 inhibition [ 104 ]. Human peripheral blood 
mononuclear cells (PBMCs) were transduced with a retrovirus carrying the HIV-1 
promoter-targeting shRNA. The transduced PBMCs were then transplanted into 
nonobese diabetic (NOD)/SCID/Janus kinase 3 knockout (NOJ) humanized mice 
and antiviral activity demonstrated [ 104 ]. 

 In parallel, we have also targeted the NF-κB doublet of the HIV-1 5′ LTR (the 
target site being only four nucleotides off-set relative to that targeted by Suzuki and 
co-workers). This study showed that the antisense strand of a siRNA alone was suf-
fi cient to induce transcriptional silencing of a luciferase cassette driven by the HIV-1 
5′ LTR [ 51 ]. Subsequently, LTR-targeting antisense RNAs (asRNAs) delivered by 
mobilization-competent lentiviral vectors were shown to repress viral replication 
for up to 1 month post-transduction with no evidence to suggest the occurrence of 
viral escape mutations [ 90 ]. Silencing was concurrent with enrichment of silent 
state chromatin modifi cations (H3K27me3), recruitment of AGO1, and loss of 
NF-κB occupancy at the 5′ LTR. Pretreatment of cultures with siRNAs demon-
strated that the TGS effect was dependent on expression of HDAC1, AGO1, and the 
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de novo DNA methyltransferase DNMT3A. A follow-up study also demonstrated 
the effi cacy of the LTR-targeting asRNA in primary human CD4 +  T lymphocytes 
[ 105 ]. Alternatively, TGS approaches may also be an effective means of silencing 
HIV host factors. For example, the HIV co-receptor  CCR5  has been shown to be 
amenable to TGS [ 52 ,  91 ]. CCR5 is a particularly promising target as it is both 
required for viral entry and is dispensable as evidenced by the prevalence of the 
inactivating CCR5-Δ32 mutation in certain northern European populations [ 106 ].  

    Small-RNA-Induced Transcriptional Activation of HIV 

 Latent viral reservoirs within resting memory CD4+ T cells are extremely long- 
lived and can persist for as long as 60 years for patients receiving ART [ 2 ]. One 
promising strategy is to purge the pool of latently infected cells in the presence of 
ART by reactivating dormant virus. Reactivation of latent HIV purges infected cells 
directly (via active viral replication), or indirectly via the host immune system; 
ARTs can then act to prevent new infection from the released virus to extinguish the 
reservoir [ 107 ]. A seminal clinical study using the histone acetylase (HDAC) inhibi-
tor vorinostat resulted in viral reactivation, but it remains uncertain whether only 
partial transcriptional reactivation was induced in memory CD4+ T cells [ 108 ]. 
Since activation from latency is largely driven by stochastic events in both active 
and resting memory T cells [ 29 ], HDAC inhibitors and cell-reactivation strategies 
alone are unlikely to reverse the mechanisms of latency for the entire reservoir [ 29 , 
 109 ]. Novel approaches are therefore needed to target the latently infected provirus 
specifi cally for activation or suppression/elimination. 

 Small RNAs targeting noncoding regions can also induce epigenetic activation 
[ 110 ] by targeting antisense lncRNAs [ 72 ,  111 ] (Fig.  3 ). While the functions of 
many lncRNAs are currently unknown, some common themes are starting to emerge 
(reviewed in [ 112 ]). Given that the HIV-1 genome encodes both sense and antisense 
noncoding RNAs [ 57 – 59 ] it is possible that these transcripts act to epigenetically 
regulate the establishment and maintenance of viral latency. Indeed recent observa-
tions suggest that those antisense lncRNAs emanating from the HIV 3′ LTR [ 57 – 59 ] 
are indeed active epigenetic modulators of HIV expression [ 75 ]. The HIV expressed 
antisense lncRNA appeared to interact with and be involved in the recruitment of 
DNMT3a, EZH2, and HDAC1 to the 5′ LTR, resulting in epigenetic modulation of 
HIV transcription, similar to observations with endogenous lncRNAs in human 
cells [ 74 ]. Collectively, these recent observations suggest that HIV, once integrated 
functions synonymously to endogenous genes and is under lncRNA directed epi-
genetic regulation. Such insights suggest that it is possible to control viral latency, 
possibly inhibiting the viruses ability to enter latency by suppressing the expression 
of the HIV expressed antisense lncRNA (Fig.  3 ).    
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    Conclusions 

 The success of ART cocktails has meant that the tide is now turning against a once 
intractable disease. However, the latent HIV reservoir, which harbors transcription-
ally dormant virus, represents a unique challenge to efforts aimed at eradicating 
infection. The fact that current ART cocktails cannot eliminate infection makes it 
imperative that new therapies are sought, especially those that focus on targeting 
latent virus and the mechanisms that maintain viral latency. Since viral latency reac-
tivation is stochastic, affecting the positive feedback circuit of viral activation, it is 

  Fig. 3       Model for HIV-encoded antisense lncRNA mediated regulation of viral transcription. A 
long noncoding RNA (lncRNA) antisense to the viral genome is transcribed from a putative pro-
moter within the nef gene. The lncRNA recruits chromatin remodeling proteins DNMT3a, EZH2, 
and HDAC-1 and guides these proteins to the viral promoter (5′ LTR). The localization of the 
chromatin remodeling complex at the 5′ LTR results in the formation of heterochromatin. This 
alteration of the chromatin state at the viral promoter leads to transcriptional shutdown and an 
epigenetically silenced virus. The HIV-encoded lncRNA may be inhibited by small single 
stranded RNAs targeted to the promoter driving expression of the ncRNA via transcriptional gene 
silencing, or by small RNAs targeted to the ncRNA transcript via posttranscriptional gene silenc-
ing (shown). The inhibition of the antisense lncRNA by small RNAs prevents the recruitment of 
chromatin remodeling proteins to the viral promoter which remains in a euchromatin state, free 
of silent state epigenetic marks and ultimately resulting in elevated viral gene expression       
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likely that general factors associated with transcriptional and posttranscriptional 
control can modulate this process. Already, signifi cant evidence points to both long 
and short ncRNAs as positive and negative effectors of HIV infection. Moreover, 
using gene therapy approaches that target these ncRNAs represents a viable 
approach to eradicating infection. Already a multitude of studies have demonstrated 
the feasibility of TGS approaches for suppressing HIV-1 replication. Also, the 
effectiveness of small RNA/oligonucleotide-mediated epigenetic modulation has 
been demonstrated in vivo [ 100 ,  104 ,  113 – 116 ]. This suggests that these approaches 
may be viable antiviral therapies in the future. Moreover, a new understanding of 
host and viral-derived ncRNA control of transcription has yielded novel approaches 
for transcriptionally activating viral gene expression. The latter represents an 
intriguing therapeutic possibility whereby modalities that interfere or “de-repress” 
the regulatory ncRNAs result in target-specifi c viral transcriptional activation. Both 
these two pathways could be utilized in combination in order to induce enhanced 
viral suppression or activation of latent infection, thereby working together to act as 
a “functional cure” of infection.     

   References 

    1.    Palella Jr FJ, Delaney KM, Moorman AC, Loveless MO, Fuhrer J, Satten GA, et al. Declining 
morbidity and mortality among patients with advanced human immunodefi ciency virus 
infection. HIV Outpatient Study Investigators. N Engl J Med. 1998;338:853–60.  

      2.    Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, et al. Long-term 
follow-up studies confi rm the stability of the latent reservoir for HIV-1 in resting CD4+ T 
cells. Nat Med. 2003;9:727–8.  

    3.    He J, Chen Y, Farzan M, Choe H, Ohagen A, Gartner S, et al. CCR3 and CCR5 are co- 
receptors for HIV-1 infection of microglia. Nature. 1997;385:645–9.  

   4.    Zaitseva M, Blauvelt A, Lee S, Lapham CK, Klaus-Kovtun V, Mostowski H, et al. Expression 
and function of CCR5 and CXCR4 on human Langerhans cells and macrophages: implica-
tions for HIV primary infection. Nat Med. 1997;3:1369–75.  

   5.    Rubbert A, Combadiere C, Ostrowski M, Arthos J, Dybul M, Machado E, et al. Dendritic 
cells express multiple chemokine receptors used as coreceptors for HIV entry. J Immunol. 
1998;160:3933–41.  

    6.    Ruiz ME, Cicala C, Arthos J, Kinter A, Catanzaro AT, Adelsberger J, et al. Peripheral blood- 
derived CD34+ progenitor cells: CXC chemokine receptor 4 and CC chemokine receptor 5 
expression and infection by HIV. J Immunol. 1998;161:4169–76.  

    7.    Doms RW, Trono D. The plasma membrane as a combat zone in the HIV battlefi eld. Genes 
Dev. 2000;14:2677–88.  

    8.    Salzwedel K, Smith ED, Dey B, Berger EA. Sequential CD4-coreceptor interactions in 
human immunodefi ciency virus type 1 Env function: soluble CD4 activates Env for 
coreceptor- dependent fusion and reveals blocking activities of antibodies against cryptic con-
served epitopes on gp120. J Virol. 2000;74:326–33.  

    9.    Agrawal L, Maxwell CR, Peters PJ, Clapham PR, Liu SM, Mackay CR, et al. Complexity in 
human immunodefi ciency virus type 1 (HIV-1) co-receptor usage: roles of CCR3 and 
CCR5 in HIV-1 infection of monocyte-derived macrophages and brain microglia. J Gen 
Virol. 2009;90:710–22.  

    10.    Campbell EM, Hope TJ. Live cell imaging of the HIV-1 life cycle. Trends Microbiol. 
2008;16:580–7.  

S. Saayman et al.



185

    11.    Dvorin JD, Malim MH. Intracellular traffi cking of HIV-1 cores: journey to the center of the 
cell. Curr Top Microbiol Immunol. 2003;281:179–208.  

    12.    Harrich D, Hooker B. Mechanistic aspects of HIV-1 reverse transcription initiation. Rev Med 
Virol. 2002;12:31–45.  

    13.    Bukrinsky MI, Haggerty S, Dempsey MP, Sharova N, Adzhubel A, Spitz L, et al. A nuclear 
localization signal within HIV-1 matrix protein that governs infection of non-dividing cells. 
Nature. 1993;365:666–9.  

   14.    Heinzinger NK, Bukinsky MI, Haggerty SA, Ragland AM, Kewalramani V, Lee MA, et al. 
The Vpr protein of human immunodefi ciency virus type 1 infl uences nuclear localization of 
viral nucleic acids in nondividing host cells. Proc Natl Acad Sci U S A. 1994;91:7311–5.  

    15.    Gallay P, Hope T, Chin D, Trono D. HIV-1 infection of nondividing cells through the recogni-
tion of integrase by the importin/karyopherin pathway. Proc Natl Acad Sci U S A. 1997;
94:9825–30.  

    16.    Schroder AR, Shinn P, Chen H, Berry C, Ecker JR, Bushman F. HIV-1 integration in the 
human genome favors active genes and local hotspots. Cell. 2002;110:521–9.  

    17.    Kao SY, Calman AF, Luciw PA, Peterlin BM. Anti-termination of transcription within the 
long terminal repeat of HIV-1 by tat gene product. Nature. 1987;330:489–93.  

    18.    Jones KA, Peterlin BM. Control of RNA initiation and elongation at the HIV-1 promoter. 
Annu Rev Biochem. 1994;63:717–43.  

    19.    Taube R, Fujinaga K, Wimmer J, Barboric M, Peterlin BM. Tat transactivation: a model for 
the regulation of eukaryotic transcriptional elongation. Virology. 1999;264:245–53.  

    20.    Pollard VW, Malim MH. The HIV-1 Rev protein. Annu Rev Microbiol. 1998;52:491–532.  
    21.    Ganser-Pornillos BK, Yeager M, Sundquist WI. The structural biology of HIV assembly. 

Curr Opin Struct Biol. 2008;18:203–17.  
    22.    Clark SJ, Shaw GM. The acute retroviral syndrome and the pathogenesis of HIV-1 infection. 

Semin Immunol. 1993;5:149–55.  
    23.    Margolis DM. Mechanisms of HIV latency: an emerging picture of complexity. Curr HIV/

AIDS Rep. 2010;7:37–43.  
    24.    Siliciano RF, Greene WC. HIV latency. Cold Spring Harb Perspect Med. 2011;1:a007096.  
    25.    Chun TW, Finzi D, Margolick J, Chadwick K, Schwartz D, Siliciano RF. In vivo fate of HIV-

1- infected T cells: quantitative analysis of the transition to stable latency. Nat Med. 
1995;1:1284–90.  

    26.    Chun TW, Engel D, Berrey MM, Shea T, Corey L, Fauci AS. Early establishment of a pool 
of latently infected, resting CD4(+) T cells during primary HIV-1 infection. Proc Natl Acad 
Sci U S A. 1998;95:8869–73.  

    27.    Weinberger LS, Burnett JC, Toettcher JE, Arkin AP, Schaffer DV. Stochastic gene expression 
in a lentiviral positive-feedback loop: HIV-1 Tat fl uctuations drive phenotypic diversity. Cell. 
2005;122:169–82.  

    28.    Burnett JC, Miller-Jensen K, Shah PS, Arkin AP, Schaffer DV. Control of stochastic gene 
expression by host factors at the HIV promoter. PLoS Pathog. 2009;5:e1000260.  

       29.    Ho Y-C, Shan L, Hosmane Nina N, Wang J, Laskey Sarah B, Rosenbloom Daniel IS, et al. 
Replication-competent noninduced proviruses in the latent reservoir increase barrier to HIV-1 
cure. Cell. 2013;155:540–51.  

     30.    Bennasser Y, Le SY, Yeung ML, Jeang KT. HIV-1 encoded candidate micro-RNAs and their 
cellular targets. Retrovirology. 2004;1:43.  

     31.    Omoto S, Ito M, Tsutsumi Y, Ichikawa Y, Okuyama H, Brisibe EA, et al. HIV-1 nef suppres-
sion by virally encoded microRNA. Retrovirology. 2004;1:44.  

    32.    Bennasser Y, Le SY, Benkirane M, Jeang KT. Evidence that HIV-1 encodes an siRNA and a 
suppressor of RNA silencing. Immunity. 2005;22:607–19.  

    33.    Omoto S, Fujii YR. Regulation of human immunodefi ciency virus 1 transcription by nef 
microRNA. J Gen Virol. 2005;86:751–5.  

    34.    Weinberg MS, Morris KV. Are viral-encoded microRNAs mediating latent HIV-1 infection? 
DNA Cell Biol. 2006;25:223–31.  

HIV Latency and the Noncoding RNA Therapeutic Landscape



186

     35.    Berkhout B, Haasnoot J. The interplay between virus infection and the cellular RNA 
 interference machinery. FEBS Lett. 2006;580:2896–902.  

      36.    Huang J, Wang F, Argyris E, Chen K, Liang Z, Tian H, et al. Cellular microRNAs contribute 
to HIV-1 latency in resting primary CD4+ T lymphocytes. Nat Med. 2007;13:1241–7.  

     37.    Zhang C, Li H, Zhou G, Zhang Q, Zhang T, Li J, et al. Transcriptional silencing of the TMS1/
ASC tumour suppressor gene by an epigenetic mechanism in hepatocellular carcinoma cells. 
J Pathol. 2007;212:134–42.  

    38.    Van Lint C, Emiliani S, Ott M, Verdin E. Transcriptional activation and chromatin remodel-
ing of the HIV-1 promoter in response to histone acetylation. EMBO J. 1996;15:1112–20.  

    39.    Henderson A, Holloway A, Reeves R, Tremethick DJ. Recruitment of SWI/SNF to the human 
immunodefi ciency virus type 1 promoter. Mol Cell Biol. 2004;24:389–97.  

    40.    Coull JJ, Romerio F, Sun JM, Volker JL, Galvin KM, Davie JR, et al. The human factors YY1 
and LSF repress the human immunodefi ciency virus type 1 long terminal repeat via recruit-
ment of histone deacetylase 1. J Virol. 2000;74:6790–9.  

   41.    Williams SA, Chen LF, Kwon H, Ruiz-Jarabo CM, Verdin E, Greene WC. NF-kappaB p50 
promotes HIV latency through HDAC recruitment and repression of transcriptional initiation. 
EMBO J. 2006;25:139–49.  

   42.    Jiang G, Espeseth A, Hazuda DJ, Margolis DM. c-Myc and Sp1 contribute to proviral latency 
by recruiting histone deacetylase 1 to the human immunodefi ciency virus type 1 promoter. J 
Virol. 2007;81:10914–23.  

   43.    Marban C, Suzanne S, Dequiedt F, de Walque S, Redel L, Van Lint C, et al. Recruitment of 
chromatin-modifying enzymes by CTIP2 promotes HIV-1 transcriptional silencing. EMBO 
J. 2007;26:412–23.  

   44.    Pearson R, Kim YK, Hokello J, Lassen K, Friedman J, Tyagi M, et al. Epigenetic silencing of 
human immunodefi ciency virus (HIV) transcription by formation of restrictive chromatin 
structures at the viral long terminal repeat drives the progressive entry of HIV into latency. 
J Virol. 2008;82:12291–303.  

    45.    Tyagi M, Pearson RJ, Karn J. Establishment of HIV latency in primary CD4+ cells is due to 
epigenetic transcriptional silencing and P-TEFb restriction. J Virol. 2010;84:6425–37.  

    46.    Consortium EP, Bernstein BE, Birney E, Dunham I, Green ED, Gunter C, et al. An integrated 
encyclopedia of DNA elements in the human genome. Nature. 2012;489:57–74.  

    47.    Clark MB, Amaral PP, Schlesinger FJ, Dinger ME, Taft RJ, Rinn JL, et al. The reality of 
pervasive transcription. PLoS Biol. 2011;9:e1000625. discussion e1102.  

    48.    Roberts TC, Morris KV, Weinberg MS. Perspectives on the mechanism of transcriptional 
regulation by long non-coding RNAs. Epigenetics. 2013;9:13–20.  

    49.    Hawkins PG, Morris KV. RNA and transcriptional modulation of gene expression. Cell 
Cycle. 2008;7:602–7.  

    50.    Jeffery L, Nakielny S. Components of the DNA methylation system of chromatin control are 
RNA-binding proteins. J Biol Chem. 2004;279:49479–87.  

     51.    Weinberg MS, Villeneuve LM, Ehsani A, Amarzguioui M, Aagaard L, Chen ZX, et al. The 
antisense strand of small interfering RNAs directs histone methylation and transcriptional 
gene silencing in human cells. RNA. 2006;12:256–62.  

     52.    Han J, Kim D, Morris KV. Promoter-associated RNA is required for RNA-directed transcrip-
tional gene silencing in human cells. Proc Natl Acad Sci U S A. 2007;104:12422–7.  

   53.    Gonzalez S, Pisano DG, Serrano M. Mechanistic principles of chromatin remodeling guided 
by siRNAs and miRNAs. Cell Cycle. 2008;7:2601–8.  

     54.    Suzuki K, Juelich T, Lim H, Ishida T, Watanebe T, Cooper DA, et al. Closed chromatin archi-
tecture is induced by an RNA duplex targeting the HIV-1 promoter region. J Biol Chem. 
2008;283:23353–63.  

    55.    Yu W, Gius D, Onyango P, Muldoon-Jacobs K, Karp J, Feinberg AP, et al. Epigenetic silenc-
ing of tumour suppressor gene p15 by its antisense RNA. Nature. 2008;451:202–6.  

       56.    Hawkins PG, Santoso S, Adams C, Anest V, Morris KV. Promoter targeted small RNAs 
induce long-term transcriptional gene silencing in human cells. Nucleic Acids Res. 2009;37:
2984–95.  

S. Saayman et al.



187

       57.    Ludwig LB, Ambrus Jr JL, Krawczyk KA, Sharma S, Brooks S, Hsiao CB, et al. Human 
Immunodefi ciency Virus-Type 1 LTR DNA contains an intrinsic gene producing antisense 
RNA and protein products. Retrovirology. 2006;3:80.  

   58.    Landry S, Halin M, Lefort S, Audet B, Vaquero C, Mesnard JM, et al. Detection, character-
ization and regulation of antisense transcripts in HIV-1. Retrovirology. 2007;4:71.  

        59.    Kobayashi-Ishihara M, Yamagishi M, Hara T, Matsuda Y, Takahashi R, Miyake A, et al. HIV-
1- encoded antisense RNA suppresses viral replication for a prolonged period. Retrovirology. 
2012;9:38.  

    60.    ter Brake O, Konstantinova P, Ceylan M, Berkhout B. Silencing of HIV-1 with RNA interfer-
ence: a multiple shRNA approach. Mol Ther. 2006;14:883–92.  

   61.    Aagaard LA, Zhang J, von Eije KJ, Li H, Saetrom P, Amarzguioui M, et al. Engineering and 
optimization of the miR-106b cluster for ectopic expression of multiplexed anti-HIV RNAs. 
Gene Ther. 2008;15:1536–49.  

   62.    Liu YP, Haasnoot J, ter Brake O, Berkhout B, Konstantinova P. Inhibition of HIV-1 by mul-
tiple siRNAs expressed from a single microRNA polycistron. Nucleic Acids Res. 2008;36:
2811–24.  

   63.    Saayman S, Barichievy S, Capovilla A, Morris KV, Arbuthnot P, Weinberg MS. The effi cacy 
of generating three independent anti-HIV-1 siRNAs from a single U6 RNA Pol III-expressed 
long hairpin RNA. PLoS One. 2008;3:e2602.  

   64.    Song J, Giang A, Lu Y, Pang S, Chiu R. Multiple shRNA expressing vector enhances effi -
ciency of gene silencing. BMB Rep. 2008;41:358–62.  

    65.    Saayman S, Arbuthnot P, Weinberg MS. Deriving four functional anti-HIV siRNAs from a 
single Pol III-generated transcript comprising two adjacent long hairpin RNA precursors. 
Nucleic Acids Res. 2010;38:6652–63.  

     66.    Althaus CF, Vongrad V, Niederost B, Joos B, Di Giallonardo F, Rieder P, et al. Tailored 
enrichment strategy detects low abundant small noncoding RNAs in HIV-1 infected cells. 
Retrovirology. 2012;9:27.  

       67.    Schopman NC, Willemsen M, Liu YP, Bradley T, van Kampen A, Baas F, et al. Deep sequenc-
ing of virus-infected cells reveals HIV-encoded small RNAs. Nucleic Acids Res. 2012;
40:414–27.  

     68.    Klase Z, Kale P, Winograd R, Gupta MV, Heydarian M, Berro R, et al. HIV-1 TAR element 
is processed by Dicer to yield a viral micro-RNA involved in chromatin remodeling of the 
viral LTR. BMC Mol Biol. 2007;8:63.  

    69.    Ouellet DL, Plante I, Landry P, Barat C, Janelle ME, Flamand L, et al. Identifi cation of func-
tional microRNAs released through asymmetrical processing of HIV-1 TAR element. Nucleic 
Acids Res. 2008;36:2353–65.  

     70.    Klase Z, Winograd R, Davis J, Carpio L, Hildreth R, Heydarian M, et al. HIV-1 TAR miRNA 
protects against apoptosis by altering cellular gene expression. Retrovirology. 2009;6:18.  

     71.    Ouellet DL, Vigneault-Edwards J, Letourneau K, Gobeil LA, Plante I, Burnett JC, et al. 
Regulation of host gene expression by HIV-1 TAR microRNAs. Retrovirology. 2013;10:86.  

     72.    Morris KV, Santoso S, Turner AM, Pastori C, Hawkins PG. Bidirectional transcription directs 
both transcriptional gene activation and suppression in human cells. PLoS Genet. 2008;4:
e1000258.  

   73.    Hawkins PG, Morris KV. Transcriptional regulation of Oct4 by a long non-coding RNA anti-
sense to Oct4-pseudogene 5. Transcription. 2010;1:165–75.  

     74.    Johnsson P, Ackley A, Vidarsdottir L, Lui WO, Corcoran M, Grander D, et al. A pseudogene 
long-noncoding-RNA network regulates PTEN transcription and translation in human cells. 
Nat Struct Mol Biol. 2013;20:440–6.  

       75.    Saayman S, Ackley A, Turner AM, Famiglietti M, Bosque A, Clemson M, et al. An HIV- 
encoded antisense long noncoding RNA epigenetically regulates viral transcription. Mol 
Ther. 2014;22:1164–75.  

     76.    Triboulet R, Mari B, Lin YL, Chable-Bessia C, Bennasser Y, Lebrigand K, et al. Suppression 
of microRNA-silencing pathway by HIV-1 during virus replication. Science. 2007;315:
1579–82.  

HIV Latency and the Noncoding RNA Therapeutic Landscape



188

      77.    Nathans R, Chu CY, Serquina AK, Lu CC, Cao H, Rana TM. Cellular microRNA and P 
 bodies modulate host-HIV-1 interactions. Mol Cell. 2009;34:696–709.  

     78.    Ahluwalia JK, Khan SZ, Soni K, Rawat P, Gupta A, Hariharan M, et al. Human cellular 
microRNA hsa-miR-29a interferes with viral nef protein expression and HIV-1 replication. 
Retrovirology. 2008;5:117.  

    79.    Sun G, Li H, Wu X, Covarrubias M, Scherer L, Meinking K, et al. Interplay between HIV-1 
infection and host microRNAs. Nucleic Acids Res. 2012;40:2181–96.  

    80.    Houzet L, Klase Z, Yeung ML, Wu A, Le SY, Quinones M, et al. The extent of sequence 
complementarity correlates with the potency of cellular miRNA-mediated restriction of HIV- 
1. Nucleic Acids Res. 2012;40:11684–96.  

     81.    Sung TL, Rice AP. miR-198 inhibits HIV-1 gene expression and replication in monocytes and 
its mechanism of action appears to involve repression of cyclin T1. PLoS Pathog. 
2009;5:e1000263.  

    82.    Chiang K, Liu H, Rice AP. miR-132 enhances HIV-1 replication. Virology. 2013;438:1–4.  
     83.    Zhang Q, Chen CY, Yedavalli VS, Jeang KT. NEAT1 long noncoding RNA and paraspeckle 

bodies modulate HIV-1 posttranscriptional expression. MBio. 2013;4:e00596-12.  
    84.    Roberts TC, Wood MJ. Therapeutic targeting of non-coding RNAs. Essays Biochem. 

2013;54:127–45.  
    85.    Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P. Modulation of hepatitis C virus 

RNA abundance by a liver-specifi c MicroRNA. Science. 2005;309:1577–81.  
    86.    Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk ME, et al. 

Therapeutic silencing of microRNA-122 in primates with chronic hepatitis C virus infection. 
Science. 2010;327:198–201.  

     87.    Morris KV, Chan SW, Jacobsen SE, Looney DJ. Small interfering RNA-induced transcrip-
tional gene silencing in human cells. Science. 2004;305:1289–92.  

   88.    Kim JW, Zhang YH, Zern MA, Rossi JJ, Wu J. Short hairpin RNA causes the methylation of 
transforming growth factor-beta receptor II promoter and silencing of the target gene in rat 
hepatic stellate cells. Biochem Biophys Res Commun. 2007;359:292–7.  

   89.    Pulukuri SM, Rao JS. Small interfering RNA directed reversal of urokinase plasminogen 
activator demethylation inhibits prostate tumor growth and metastasis. Cancer Res. 2007;67:
6637–46.  

     90.    Turner AM, De La Cruz J, Morris KV. Mobilization-competent lentiviral vector-mediated 
sustained transcriptional modulation of HIV-1 expression. Mol Ther. 2009;17:360–8.  

     91.    Kim DH, Villeneuve LM, Morris KV, Rossi JJ. Argonaute-1 directs siRNA-mediated tran-
scriptional gene silencing in human cells. Nat Struct Mol Biol. 2006;13:793–7.  

    92.    Kim DH, Saetrom P, Snove Jr O, Rossi JJ. MicroRNA-directed transcriptional gene silencing 
in mammalian cells. Proc Natl Acad Sci U S A. 2008;105:16230–5.  

   93.    Tan Y, Zhang B, Wu T, Skogerbo G, Zhu X, Guo X, et al. Transcriptional inhibition of Hoxd4 
expression by miRNA-10a in human breast cancer cells. BMC Mol Biol. 2009;10:12.  

   94.    Benhamed M, Herbig U, Ye T, Dejean A, Bischof O. Senescence is an endogenous trigger for 
microRNA-directed transcriptional gene silencing in human cells. Nat Cell Biol. 2012;14:
266–75.  

   95.    Zardo G, Ciolfi  A, Vian L, Starnes LM, Billi M, Racanicchi S, et al. Polycombs and 
microRNA-223 regulate human granulopoiesis by transcriptional control of target gene 
expression. Blood. 2012;119:4034–46.  

    96.    Khudayberdiev SA, Zampa F, Rajman M, Schratt G. A comprehensive characterization of the 
nuclear microRNA repertoire of post-mitotic neurons. Front Mol Neurosci. 2013;6:43.  

    97.    Ohrt T, Mutze J, Staroske W, Weinmann L, Hock J, Crell K, et al. Fluorescence correlation 
spectroscopy and fl uorescence cross-correlation spectroscopy reveal the cytoplasmic origina-
tion of loaded nuclear RISC in vivo in human cells. Nucleic Acids Res. 2008;36:6439–49.  

    98.    Gagnon KT, Li L, Chu Y, Janowski BA, Corey DR. RNAi factors are present and active in 
human cell nuclei. Cell Rep. 2014;6:211–21.  

S. Saayman et al.



189

     99.    Yamagishi M, Ishida T, Miyake A, Cooper DA, Kelleher AD, Suzuki K, et al. Retroviral 
delivery of promoter-targeted shRNA induces long-term silencing of HIV-1 transcription. 
Microbes Infect. 2009;11:500–8.  

      100.    Zhou J, Peng C, Li B, Wang F, Zhou C, Hong D, et al. Transcriptional gene silencing of 
HPV16 E6/E7 induces growth inhibition via apoptosis in vitro and in vivo. Gynecol Oncol. 
2012;124:296–302.  

    101.    Suzuki K, Shijuuku T, Fukamachi T, Zaunders J, Guillemin G, Cooper D, et al. Prolonged 
transcriptional silencing and CpG methylation induced by siRNAs targeted to the HIV-1 
promoter region. J RNAi Gene Silencing. 2005;1:66–78.  

    102.    Lim HG, Suzuki K, Cooper DA, Kelleher AD. Promoter-targeted siRNAs induce gene silenc-
ing of simian immunodefi ciency virus (SIV) infection in vitro. Mol Ther. 2008;16:565–70.  

    103.    Suzuki K, Ishida T, Yamagishi M, Ahlenstiel C, Swaminathan S, Marks K, et al. Transcriptional 
gene silencing of HIV-1 through promoter targeted RNA is highly specifi c. RNA Biol. 
2011;8:1035–46.  

      104.    Suzuki K, Hattori S, Marks K, Ahlenstiel C, Maeda Y, Ishida T, et al. Promoter targeting 
shRNA suppresses HIV-1 infection in vivo through transcriptional gene silencing. Mol Ther 
Nucleic Acids. 2013;2:e137.  

    105.    Turner AM, Ackley AM, Matrone MA, Morris KV. Characterization of an HIV-targeted tran-
scriptional gene-silencing RNA in primary cells. Hum Gene Ther. 2012;23:473–83.  

    106.    Dean M, Carrington M, Winkler C, Huttley GA, Smith MW, Allikmets R, et al. Genetic 
restriction of HIV-1 infection and progression to AIDS by a deletion allele of the CKR5 
structural gene. Hemophilia Growth and Development Study, Multicenter AIDS Cohort 
Study, Multicenter Hemophilia Cohort Study, San Francisco City Cohort, ALIVE Study. 
Science. 1996;273:1856–62.  

    107.    Shirakawa K, Chavez L, Hakre S, Calvanese V, Verdin E. Reactivation of latent HIV by his-
tone deacetylase inhibitors. Trends Microbiol. 2013;21:277–85.  

    108.    Archin NM, Liberty AL, Kashuba AD, Choudhary SK, Kuruc JD, Crooks AM, et al. 
Administration of vorinostat disrupts HIV-1 latency in patients on antiretroviral therapy. 
Nature. 2012;487:482–5.  

    109.    Weinberger AD, Weinberger LS. Stochastic fate selection in HIV-infected patients. Cell. 
2013;155:497–9.  

    110.    Janowski BA, Younger ST, Hardy DB, Ram R, Huffman KE, Corey DR. Activating gene 
expression in mammalian cells with promoter-targeted duplex RNAs. Nat Chem Biol. 
2007;3:166–73.  

    111.    Schwartz JC, Younger ST, Nguyen NB, Hardy DB, Monia BP, Corey DR, et al. Antisense 
transcripts are targets for activating small RNAs. Nat Struct Mol Biol. 2008;15:842–8.  

    112.    Weinberg MS, Morris KV. Long non-coding RNA targeting and transcriptional de- repression. 
Nucleic Acid Ther. 2013;23:9–14.  

    113.    Turunen MP, Lehtola T, Heinonen SE, Assefa GS, Korpisalo P, Girnary R, et al. Effi cient 
regulation of VEGF expression by promoter-targeted lentiviral shRNAs based on epigenetic 
mechanism: a novel example of epigenetherapy. Circ Res. 2009;105:604–9.  

   114.    Perrone L, Devi TS, Hosoya KI, Terasaki T, Singh LP. Inhibition of TXNIP expression 
in vivo blocks early pathologies of diabetic retinopathy. Cell Death Dis. 2010;1:e65.  

   115.    Modarresi F, Faghihi MA, Patel NS, Sahagan BG, Wahlestedt C, Lopez-Toledano 
MA. Knockdown of BACE1-AS nonprotein-coding transcript modulates beta-amyloid- 
related hippocampal neurogenesis. Int J Alzheimers Dis. 2011;2011:929042.  

    116.    Modarresi F, Faghihi MA, Lopez-Toledano MA, Fatemi RP, Magistri M, Brothers SP, et al. 
Inhibition of natural antisense transcripts in vivo results in gene-specifi c transcriptional 
upregulation. Nat Biotechnol. 2012;30:453–9.    

HIV Latency and the Noncoding RNA Therapeutic Landscape


	HIV Latency and the Noncoding RNA Therapeutic Landscape
	Chronic HIV Infection and the Search for Novel Therapies
	 HIV Life Cycle
	 Viral Latency
	 HIV Self-Mediated Transcription Regulation
	 Noncoding RNAs and Gene Regulation
	 Noncoding RNAs Associated with HIV Infection
	 HIV-Derived Noncoding RNAs
	Small Noncoding RNAs
	 MicroRNAs
	 Small Interfering RNAs
	 Long Noncoding RNAs

	 Host-Derived Noncoding RNAs
	MicroRNAs
	 Long Noncoding RNAs

	 Noncoding RNA-Based and Therapeutic Targeting of HIV Latency
	miRNA Antagonism
	 Small-RNA-Induced Transcriptional Gene Silencing of HIV
	 Small-RNA-Induced Transcriptional Activation of HIV

	 Conclusions
	References


