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Abstract: Gene silencing via non-coding RNA, such as siRNA and miRNA, can occur  
at the transcriptional, post-transcriptional, and translational stages of expression. 
Transcriptional gene silencing (TGS) involving the RNAi machinery generally occurs through 
DNA methylation, as well as histone post-translational modifications, and corresponding 
remodeling of chromatin around the target gene into a heterochromatic state. The mechanism 
by which mammalian TGS occurs includes the recruitment of RNA-induced initiation of 
transcriptional gene silencing (RITS) complexes, DNA methyltransferases (DNMTs), and 
other chromatin remodelers. Additionally, virally infected cells encoding miRNAs have also 
been shown to manipulate the host cell RNAi machinery to induce TGS at the viral genome, 
thereby establishing latency. Furthermore, the introduction of exogenous siRNA and shRNA 
into infected cells that target integrated viral promoters can greatly suppress viral transcription 
via TGS. Here we examine the latest findings regarding mammalian TGS, specifically 
focusing on HIV-1 infected cells, and discuss future avenues of exploration in this field. 
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1. Introduction 

As of 2009, the UNAIDS report on the global acquired immunodeficiency syndrome (AIDS) 
epidemic indicated 33.3 million people living with human immunodeficiency virus (HIV). An 
additional 2.6 million new HIV infections were calculated to take place annually, with the vast 
majority of these cases occurring in developing countries and greater than 50% in women [1]. Current 
projections suggest continued increase in the number of people infected with a possible resurgence of 
this pandemic in high-income countries, such as the United States. One possible reason for this 
resurgence is the problems associated with highly active anti-retroviral therapies (HAART) in HIV-1 
treatment. HAART, a multi-drug therapy given to AIDS patients, has proven to be effective at 

HIV-1 infection. However, limitations and concerns regarding cost, complexity of treatment, and  
long-term side effects have led to lower adherence to treatment regimens by some patients. Also,  
the development of drug-resistant mutants, either through a lack of protocol adherence or 
supervised/structured treatment interruptions (STIs), has increasingly become problematic [2,3]. Due 
to the persistence and continuous alteration of HIV-1 viral infections, a better understanding of all 
underlying molecular mechanisms involved in the viral life cycle is critical to battling this pathogen. 

Across all living organisms there are various mechanisms by which attenuation or complete 
silencing of genes can be facilitated. Those gene silencing systems that involve RNA interference 
(RNAi) components include inhibition at the stages of transcription, post-transcription, and translation. 
Transcriptional gene silencing (TGS) occurring through RNA complementary to gene promoters was 
first observed and examined in detail in plant species starting around 2000 [4]. In 2004, studies 
utilizing S. pombe fission yeast first identified several of the components of the RNAi-dependent RITS 
complex that are required for TGS and postulated a mechanism of action [5,6]. That same year, 
mammalian species were shown to carry the same molecular mechanism of gene silencing. 
Specifically, a key study demonstrated TGS in mammalian cell lines utilizing small interfering RNAs 
(siRNAs) targeted against the promoters of a couple genes of interest [7]. In parallel, another study 
demonstrated that microRNAs (miRNAs) derived from the nef gene of HIV-1 could induce TGS of the 
integrated viral genome, thereby leading to viral latency [8]. 

In this review we will first examine the individual molecular and cellular facets that are required for 
the induction of TGS, specifically the RNAi and chromatin remodeling machinery. We will then delve 
into the current understanding of TGS and how it applies to HIV-1 infections, as well as explore 
prospective lines of future inquiry in this field.  

2. MicroRNA and the RNAi Molecular Machinery 

2.1. MicroRNA Biogenesis and the RNAi Machinery 

The biogenesis of miRNAs has been very well characterized and described in multiple articles [9 15]. 
MicroRNAs are genome encoded RNA hairpin structures that are transcribed by RNA polymerase II 
(Pol II) as primary transcripts of up to several kilobases in length. Often, many primary transcripts 
contain multiple hairpin structures in their intronic and/or untranslated regions that are processed by 
RNase III class enzymes in the nucleus and cytoplasm to yield the final mature miRNA product that 



Biology 2012, 1 341 
 

measures about 22 bases in length. The mature miRNA products are then incorporated into effector 
molecular complexes that finally serve as antisense regulators of gene expression. 

The primary transcript (pri-miRNA) [16] is processed in the nucleus by the RNase III enzyme 
Drosha in conjunction with its double-stranded RNA-binding cofactor, DiGeorge syndrome critical 
region 8 (DGCR8) [17 20]. Drosha cleaves the miRNA at about 22 base pairs down-stream of the 
stem-loop structure to generate an approximately 60 nucleotide long pre-miRNA 
o -miRNA is recognized by the exportin-5/Ran GTP 
complex which then facilitates pre-miRNA export out of the nucleus [21,22]. In the cytoplasm, the 
pre-miRNA is bound by a second RNase III enzyme Dicer that cleaves the RNA about two helical 
turns into the hairpin and degrades the terminal loop structure [23 25]. Dicer acts in association with 
the HIV-1 TAR binding protein (TRBP) [26,27] and generates a miRNA duplex of approximately  
22 nucleotides with a 2 nucleotide overhan
(the 
induced silencing complex (RISC) [28]. The catalytic components of RISC are the Argonaute proteins 
(Ago 1 4), of which Ago2 has been shown to have endonuclease activity and can cleave target 
mRNAs that show complementarity to the guide strand. 

Post-transcriptionally, the RISC complex and the associated miRNA were first found to bind to the 

regions as well [29 33]. Nucleotides 2
the positioning of the RISC complex and the associated miRNA on the target mRNA [34,35].  
The degree of complementarity between the target mRNA and the effector miRNA is a determining 
factor that decides if the target mRNA is degraded or if it is translationally repressed. Perfect 
complementarity between the target and miRNA will result in mRNA degradation. However, 
incomplete complementarity will result in translational repression.  

In addition to post-transcriptional processing, RNA mediated silencing can also operate at the 
chromatin level to regulate gene expression. MicroRNAs can associate with the RITS complex and be 
guided to complementary regions in the chromosomal DNA [36,37]. Following association with such 
genomic regions, the RITS complex recruits factors, such as histone modifying enzymes, which alter 
the chromatin structure and induce transcriptional silencing [5,37]. This mechanism of TGS is the 
primary focus of this review and will be elaborated upon in the later sections (Figure 1). 

Alternately, some studies have demonstrated that exogenous siRNAs and endogenous miRNAs that 
target A:T rich regions of several gene promoters actually activate gene expression [38,39]. The 
mechanism of action for the observed gene activation was later found to be driven by Ago2 mediated 
degradation of antisense transcripts that were directing epigenetic repression of the sense strand 
transcription [40]. 

While the above-mentioned mechanism is the most commonly observed processing mechanism for 
generation of miRNAs, several alternate pathways have also been postulated based largely on deep 
sequencing studies. These studies offer interesting alternatives to the conventional pathway; however, 
they are largely preliminary and require more extensive validation. A recent review by Yang et al. 
describes in excellent detail, the various alternate mechanisms for miRNA production [15].  
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Figure 1. Several pri-miRNAs transcribed from the integrated viral genome are processed 
by Drosha and DGCR8 into pre-miRNAs. The pre-miRNAs are then exported to the 
cytoplasm via Exportin 5 where mature miRNAs are generated by Dicer. These miRNAs 
can either be incorporated into the post-transcriptional repressive RNA induced silencing 
complex (RISC) complex in the cytoplasm or translocated back into the nucleus in an actin 
dependent manner. In the nucleus, the miRNAs join the RITS complex that then establish 
transcriptional gene silencing (TGS) by targeting host genome or integrated viral promoters 
and rapidly recruiting repressive chromatin remodelers. 

 

2.2. Virally Encoded miRNAs 

The crucial role of miRNAs in gene regulation makes them an obvious target for viruses to hijack in 
order to regulate viral and host gene expression. Thus, there are significant advantages for viruses that 
can generate miRNA and exploit the RNAi machinery for host and viral gene regulation. Furthermore, 
there is ample evidence to support the theory that viruses themselves can generate miRNAs. Firstly, 
unlike viral proteins, miRNAs are not antigenic as they can avoid the INF/PKR induced pathway, 
which is normally triggered double stranded RNA (dsRNA) of at least 45 bp in length [41,42]. 
Additionally, viral miRNAs are able to successfully down-regulate the expression of host gene 
products that harbor antiviral functionalities. Finally, their small space requirement of around 200-bp 
of the viral genome is of significant advantage given the tight constraints on viral genome size [41]. 
Since the original discovery of miRNAs in Epstein-Barr virus (EBV) [43,44], more than 235 viral 
miRNAs have been identified across all strains examined and listed in the miRNA repository  
miRBase [45,46]. 



Biology 2012, 1 343 
 

Viral miRNAs follow the same biogenesis pathways as cellular miRNA (see Section 2.1). There are 
various techniques for the detection of viral miRNA in an infected cell, most of which begins with 
bioinformatics analyses to identify stem-loop structures matching pre-miRNA. This is followed by 
cDNA cloning and high-throughput sequencing of large numbers of the resultant clones [47,48]. These 
clones are subjected to Northern blot analyses with total cellular RNA, which provides additional 
confirmation. Massively parallel deep sequencing is another widely used method for the detection of 
viral miRNA, such as the use of the highly sensitive SOLiDTM 3 Plus System to analyze viral RNA 
accumulation in HIV-1-infected T lymphocytes. This method detected numerous small RNAs that 
correspond to the HIV-1 RNA genome [49].  

2.2.1. Primary Functions of Viral miRNAs 

The role of viral miRNAs in regulating host gene expression is well-established. Bioinformatics 
analysis of the targets of EBV-encoded miRNAs revealed that the cellular transcripts targeted by these 
miRNAs are over-represented in the genes associated with apoptosis and proliferation, as well as 
cytokines, signal transduction components, and transcriptional regulators [44]. After high-throughput 
sequencing and cross-linking immunoprecipitation (HITS-CLIP), Kasandra et al. identified mRNA 
targets of 44 EBV and 310 human miRNAs in Jijoye (Latency III) EBV-transformed B cells.  
They reported that 1664 human 3'-untranslated regions are targeted by the 12 most abundant EBV 
miRNAs [50]. Moreover, Herpes Simplex Virus-encoded miRNAs were found to target transcripts 
involved in apoptosis [51]. MicroRNAs purported to be generated from HIV-1 have been predicted to 
target several cellular genes, such as p21 activated protein kinase Pak2, extracellular signal regulator 

-beta, proteasome 26S subunit, CD68 antigen, and tyrosine kinase 
pp60c-src [52]. 

Another key reason for viruses to encode miRNA is to self-regulate viral transcripts and, thereby, 
generate or fine-tune arrays of viral protein expression. Some of the known examples of viral mRNA 
targets include transcripts that are transcribed antisense to the viral miRNA precursor [44,47,48]. 
Hence, the fate of these transcripts upon binding to the perfectly matched miRNA can be their 
degradation by Ago2-containing RISC complexes, if they are co-expressed during the virus life cycle. 
For instance, Pfeffer et al. described that EBV miR-
UTR of the mRNA for the EBV DNA polymerase BALF5, which is transcribed antisense to  
miR-BART2 [44]. Also, another study identified a miRNA stem-loop precursor in the genome of 
polyoma virus SV40, which produces two miRNAs that are expressed late during viral infection,  
miR-S15p and miR-S1-3p. Their study concluded that both SV40 derived miRNAs are perfectly 
complementary to early mRNA transcribed antisense to the pre-miRNA precursors, and aid in the 
cleavage of these early transcripts, which code for the large and small T antigens [47]. Additional 
studies have also demonstrated recognition of viral transcripts by viral miRNAs, but through imperfect 

[53 55]. As previously mentioned, miRNAs also have the capability of 
inducing TGS through the RITS complex and associated recruitment of chromatin-remodeling  
factors [7,36,37,56 59]. For instance, histone deacetylase-1 (HDAC-1) is recruited to the HIV-1 long 
terminal repeat (LTR) in presence of either transactivation response (TAR) element specific siRNA, or  
TAR-derived viral miRNA, which is capable of silencing gene expression through TGS [60]. The 
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establishment of TGS and viral latency via HIV-1 derived miRNAs will be examined in more detail in 
a subsequent section. 

2.2.2. MicroRNAs from DNA and RNA Viruses 

DNA viruses examined to date including human adenovirus, virescens ascovirus (HvAc), a 
baculovirus, several members of the polyoma virus family, as well as all herpes viruses, have been 
found to encode miRNAs [47,61 69]. In addition, being nuclear DNA viruses, they have easy access 
to Drosha and DGCR8, which are localized to the nucleus, and are required for the initial pre-miRNA 
excision event as previously discussed. Most of the miRNAs encoded by these viruses may aid in the 
establishment of latency, lytic switch, immune evasion, cell survival and proliferation [70].  

Despite considerable controversy over whether or not RNA viruses encode miRNAs [71], there 
have been several studies that have shown that several RNA viruses do indeed encode for miRNA, 
which include HIV-1, influenza virus, and bovine leukemia virus (BLV) [49,70,72 76]. In one study 
done by Yeung et al., they were able to identify several small non-coding RNAs (ncRNAs) of around 
18-nt in HIV-1 infected MT-4 T-cells. The findings also show the association of these small RNAs 
with Ago2, indicating its possible function in the cellular RNAi machinery for targeting HIV-1 [77]. 
Furthermore, it has also been reported that the TAR ncRNAs were the most abundant followed by the 
RRE and nef ncRNAs. Other studies have also identified the pol, gag and env regions of HIV-1 as 
likely viral miRNA-encoding candidates [49]. Similarly, other RNA viruses, such as influenza virus, 
have also been reported to generate small viral RNAs (svRNAs) of between 22 to 27-nt nucleotides in 
length. The depletion of the svRNAs in infected cells results in a dramatic loss of other viral RNA in a 
segment-specific manner, indicating their function in the regulation of viral transcription [75]. More 
recently, it was demonstrated that the BLV genome contains a cluster of miRNAs that are transcribed 
by RNA polymerase III. Moreover, one of the identified BLV encoded miRNAs was highly 
homologous to a host oncogenic miRNA both of which give rise to a similar type of B-cell tumor 
when over-expressed [73]. As previously mentioned, miRNAs generated from HIV-1 have been 
predicted to target a wide range of cellular genes and, therefore, could drastically affect the infected 
host-cell stasis [49,52]. 

2.2.3. HIV-1 Derived miRNAs 

Numerous studies have found that there are several miRNAs derived from the integrated HIV-1 
genome, including from the TAR element,  and nef gene. The TAR element is a RNA 
sequence located in the R region of the HIV-1 LTR, which is present at both 5 -1 
transcripts [78,79]. TAR forms a stem-bulge-loop RNA structure that is recognized by the HIV-1 Tat 
protein, which recruits the cellular factor P-TEFb, allowing for efficient viral transcription [80,81]. 
Structure and interactome analysis of TAR element suggest that it could potentially give rise to a 
miRNA. The presence of a hairpin structure, a required structure of a Dicer substrate, in the TAR 
element suggests its association with the Dicer [52]. Moreover, the interaction of TAR with TRBP and 
Dicer, which are among the well-characterized proteins identified as crucial components of RISC [82], 
also strongly supports the possibility of TAR element-generated miRNA. 
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Our lab reported that the HIV-1 TAR miRNA prevents cells from undergoing apoptosis in infected 
and transfected cells, in a Dicer dependent manner [72]. This study indicates that the HIV-1 TAR 
miRNA is capable of down-regulating cellular gene expression and altering the cellular phenotype. 

-processive Pol II complexes at the HIV-1 LTR lead 
to production of short, TAR containing, RNA hairpin sequences. These hairpins are then subject to 
cleavage by Dicer resulting in viral miRNA generation. Subsequently, these processed viral miRNAs 
complex with RISC, which ultimately regulates the expression of several cellular genes through 
translational inhibition. We reported that the major target of the HIV-1 viral miRNA might be the 
ERCC1 gene, which is involved in the recognition and repair of DNA damage [83,84]. This finding is 
in accordance with published reports, which describe HIV-1 up-regulation of the expression of DNA 
repair proteins [72,85,86]. Moreover, the recruitment of HDAC-1 to the HIV-1 LTR in the presence of 
either TAR specific siRNA, or TAR RNA, establishes that a TAR-derived miRNA is capable of 
silencing gene expression through initiating chromatin remodeling and TGS [60]. This suggests the 
role of viral miRNA in suppression of virus replication and maintenance of viral latency (Figure 2). 

Figure 2. Pol II with hypo-phosphorylated C-terminal domains (CTDs) leads to short 
abortive transcripts from the integrated HIV-1 LTR, primarily TAR stem-loops. These high 
copy TAR transcripts are processed into miRNA that assemble with the RITS complex 
and, subsequently recruit repressive chromatin remodelers. The repressive HDACs, HMTs, 
DNMTs and other remodelers generate heterochromatin at the LTR and thereby establish 
viral latency. The use of Cdk inhibitors can increase the levels of un-processive Pol II 
complexes and, therefore, the levels of nascent TAR transcripts. 
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that can be processed by the RNAi machinery to yield the HIV-1 miR-H1 [87]. The mature miR-H1 
has been shown to target the apoptosis antagonizing transcription factor (AATF) and acts as an 
antagomir against the cellular miR-149. Subsequent to the miR-H1 down-regulation of AATF, Dicer 
and the prostate apoptosis-4 (PAR-4) gene are also inhibited as AATF regulates both of these genes. 
Furthermore, due to the indirect down-regulation of Dicer, cellular-wide levels of miRNAs were found 
to be down-regulated in miR-H1 transfected human mononuclear cells. Moreover, the miR-H1 
transfected cells demonstrated an 80% increase in apoptosis as compare to control transfections.  
From these findings it was postulated that the reduction of the anti-apoptotic AATF gene may 
contribute to the CD4+ lymphopenia observed with HIV-1 infections. Additionally, the targeting of the 
host miR-149 was found to be a conserved trait of the virus based on sequencing of clinical HIV-1 
isolates, which is beneficial to the virus as miR-149 targets the viral Vpr gene. 

Another major miRNA encoded by HIV-1 is nef derived miRNA. The nef gene is located at  
 

N-myristoylated protein, conserved among primate lentiviruses that has been associated with the 
progression of AIDS [88]. Thought to be involved in viral persistence, Nef also down-regulates MHC-I, 
which protects infected cells from cytotoxic T-lymphocyte killing. Furthermore, several studies have 
demonstrated HIV-1 nef encodes miRNA. Omoto et al. showed the presence of nef miRNA from two 
different strains, specifically the HIV-1 IIIB strain in persistently infected MT-4 T cells and the HIV-1 
SF2 strain also in infected MT-4 T cells [8]. These viral miRNAs can block the trans-activity of nef on 
cellular genes, as well as inhibit HIV-1 replication. Additionally, nef-derived miRNA (miR-N367) can 
suppress HIV-1 LTR promoter activity through the NRE in the U3 region of the 5 -LTR and nef 
sequences located at the 3 -UTR of targeted regions, demonstrating a promoter interference 
mechanism by which miR-N367 might reduce HIV-1 transcription [89]. These functions of nef via 
RNAi pathways may contribute to the persistently low pathogenic or latent infection as seen in  
HIV-infected long term non-progressors [8]. 

3. Epigenetic Regulation and Chromatin Remodeling 

Epigenetic regulation and chromatin remodelers play a vital role in viral gene expression as 
packaging of DNA into chromatin creates a transcriptional barrier [90 97]. The chromatin landscape at 
the site of the integrated proviral DNA consists of at least five precisely positioned nucleosomes in the 
region of the chromatinized HIV-
elements accountable for viral transcriptional initiation and elongation. Thus, the highly ordered 

replication, latency establishment and reactivation [98,99]. In addition, the integrated viral genome is 
subject to the same epigenetic regulation as the host genome, chiefly carried out by enzyme complexes 
that methylate DNA, modify histone tails, or by ATP-dependent enzyme complexes that regulate the 
interactions of these very same core histones with DNA [99,100]. Due to their importance in 
transcriptional regulation, many of these epigenetic modifiers play a crucial role in siRNA- and 
miRNA-mediated TGS. 
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3.1. Histone Acetyltransferases 

Histone acetyltransferases (HATs) catalyze the reversible reaction whereby the acetyl group from 
acetyl-coA is transferred to specific lysine residues (K-) within the N-terminus of histones, 
neutralizing the positive charge of the tail. This results in hyperacetylation of histone tails, causing a 
weakened and destabilized histone-DNA or nucleosome-nucleosome interaction, which allows for a 
more accessible chromatin structure [101,102]. In the context of HIV-1 infection, HATs from the 
GNAT, MYST, and p300/CBP families have been shown to play an important role [103,104] and will 
be examined in more detail. 

Members of the GNAT family have been shown to play important roles in cell cycle progression, 
co-activation and elongation by predominantly targeting K14 of H3 or K8 of H4 of both free histones 
and nucleosomes [102,104]. The largest family of HATs, the MYST family, functions in cell cycle,  
co-activation, silencing, elongation, damage response, and apoptosis. Targets of these HATs include 
the H3 and H4 nucleosome subunits [105 107]. Members of the third family, p300/CBP, are known to 
interact with DNA-binding transcriptional factors [108]. These complexes function in a variety of 
cellular processes including co-activation by preferentially targeting K14 and K18 of histone H3 and 
K5 and K8 of histone H4 [104].  

In the scenario of HIV-1 infection, HATs retain normal function but are also recruited to  
acetylate targets within the viral promoter, resulting in a super-induction of the integrated proviral 
genome [104,109]. It has been shown that members of the GNAT, MYST, and p300/CBP HAT 
families target and interact with HIV proteins Tat and Integrase (IN) [103,104,110], and that these 
interactions may influence localization of the HATs and subsequently alters both host and viral gene 
expression [109,111]. Ultimately these interactions result in euchromatin formation, the release of 
transcriptional repressors, and activation of a lytic infection [112]. 

In regards to HIV-1 associated functionality of HATs, Deng and colleagues demonstrated that the 
acetylation of Tat by p300/CBP and GCN5 occurred at K50 and K51 [109,113], while p300/CBP also 
acetylates K28 [104]. Moreover, PCAF has been shown to acetylate Tat at K28 [114], which promotes 
Tat-CycT1-TAR complex assembly and stimulates transcription elongation [115]. Tat also complexes 
with p300/CBP, targeting the HATs to specific nucleosomes in close proximity to the viral LTR [104]. 
Interactions between Tat and p300/CBP and PCAF have also been shown to induce conformational 
changes in p300/CBP, enhancing the acetylation of H3 and H4 [104]. It has also been shown that the 
interaction between Tat and TAFII250 interferes with the transcription of MHC I genes, aiding in 
immune evasion [116]. Furthermore, it has been demonstrated that p300 binds and acetylates IN at 
three residues: K264, K266, K273, enhancing the affinity of IN for DNA and increasing its strand 
transfer activity [110]. 

HIV-1 infected cells exhibit attenuated production of the polycistronic miRNA cluster miR-17/19 
encoding both miR-17-5p and miR-
target sequences of miR-17-5p and miR-20a and it has been demonstrated that these miRNAs do in 

 
miR-17-5p and miR-20a over-expression reduces PCAF expression and HIV-1 production [117]. 
Thus, viral-mediated down-regulation of miR-17/92 cluster would relieve the repression of PCAF 
mRNA translation and rescue viral production. 
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The similarities among HATs in sequence, structure, and enzymatic activity, allow them to serve as 
simple targets for intervention. Interestingly, pharmacological inhibition of HAT activity has been 
shown to repress HIV-1 reproduction in SupT1 cells [118]. It has been demonstrated that LTK-14 and 
garcinol, both of which target p300 and PCAF, reduce proviral expression. Additionally, the 
microinjection of antibodies against PCAF blocked the transactivation function of Tat [119]. These 
compounds were found to be nontoxic to T-cells and successful in preventing HIV-1 replication [120]. 
The inhibition of p300-mediated Tat acetylation has been shown to attenuate proviral expression as 
well [101]. Given that both p300 and GCN5 specifically bind to IN, the sites involved in this 
interaction could serve as potential pharmacological targets, ultimately aiming to reduce viral 
replication [103,110]. 

3.2. Histone Deacetylases 

HDACs are the established counterparts to HATs. They function through hydrolytic cleavage  
and removal of acetyl groups from histones that were added by HATs. This removal generates  
a hypoacetylated histone tail, which strengthens the DNA-histone or nucleosome-nucleosome 
interactions and promotes a closed and inaccessible chromatin structure, ultimately repressing 
transcription [112,121,122]. HDACs are tethered to DNA via interactions with DNA binding proteins, 
which results in gene silencing [104]. Additionally, the proper functioning of HDACs requires the 
presence of various co-repressor complexes [122].  

In the context of HIV-1 infections, HDAC activity promotes the establishment of latency in 
reservoir cells [104]. Class I HDACs, specifically HDAC1, 2, and 3, have been shown to associate 
with the HIV LTR, while Class II HDACs-4, 6, and 7 fail to associate with the HIV LTR [123]. 
Additionally, the recruitment of HDAC1 by YY1 and LSF has been implicated in transcriptional 
repression of the HIV LTR via the hypoacetylation of nuc-1 [104,124]. Moreover, it has been 
demonstrated that the binding of HDAC1, in concert with p50 of NF-
ultimately preventing transcriptional initiation [125]. HDAC3 also localizes to the HIV-1 LTR in 
J89GFP cells, a Jurkat based cell line with integrated full length HIV-1 plus green fluorescent protein 
(GFP) [126], and its inhibition was shown to be necessary for activation of latent HIV-1 [127]. Lastly, 
HDAC8, which is normally found in the nucleus, has been reported to shift to the cytoplasm in resting 
CD4+ T cells of HIV-1-positive, aviremic patients on antiretroviral therapy [123]. 

Another means of TGS includes the targeting of promoter regions by siRNAs, which mediate TGS 
via formation of heterochromatin [128]. In context of HIV-1 latency, the recruitment of HDAC1 to the 
HIV-1 LTR in the presence of TAR specific siRNA or TAR RNA was reported. Here, HIV-1  
LTR-driven gene expression is inhibited in the presence of an HIV-1 derived miRNA [60]. 
Interestingly, the induction of TGS by promoter targeted siRNA results in rapidly recruitment of Ago1 
and HDAC1, and the increase of the repressive H3K9me2 epigenetic marker at the target site. 
Additionally, the higher levels of H3K9me2 are also observed both upstream and downstream of the 
target promoter, particularly at nuc-1, thereby demonstrating histone modifications can extend beyond 
the targeted promoter [129] tisense strand of 
transfected dsRNA can cause specific and sustained activation of targeted genes including E-cadherin, 
p21 or VEGF, it has also been reported that the introduction dsRNAs specifically targeted to promoter 
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regions induces TGS by triggering histone modification and/or DNA methylation [38]. Both Ago1 and 
Ago2 have also been implicated with TGS, specifically, playing roles in the RITS complex. 
Furthermore, it has been proposed that RNA duplexes function as nucleation sites for RITS 
recruitment and TGS has also been associated with enrichment of dimethylated H3K9me2 and 
trimethylated H3K27me3, as well as recruitment of HDAC1 [129].  

In order to modulate HIV-1 activation, the addition of general HDAC inhibitors like TSA, trapoxin, 
valproic acid, and sodium butyrate to latent cells has been shown to reactivate HIV-1 transcription [104]. 
Interestingly, HDAC1 inhibition in J89GFP cells fails to reactivate HIV-1 expression, but the further 
inhibition of HDAC3 by droxinostat reactivates latent HIV-1 in J89GFP cells [127]. Additionally, 
while HDAC6 does not associate with the LTR, its specific inhibition by tubacin enhances K28 
acetylation of Tat and induces Tat-mediated transactivation [130]. Velenzuela-Fernandez and colleagues 
also report that HDAC6 knockdown increased HIV infectivity and syncytia formation, while  
over-expression of HDAC6 impaired HIV-1 envelope-dependent infection and cell fusion, yet left the 
HIV receptor expression and co-distribution unaltered [131].  

3.3. Histone Methyltransferases and Histone Demethyltransferases 

In recent years, the role of histone methylation status, as well as the degree of methylation (mono-, 
di-, or tri-), have been shown to contribute to the modulation of chromatin dynamics and 
transcriptional regulation [104]. Currently, two groups of histone methyltransferases (HMTs) have 
been characterized: lysine (PKMTs) and arginine (PRMTs) methyltransferases. These enzymes also 
methylate non-histone protein targets, and thus have been appropriately renamed protein 
methyltransferases (PMTs) to reflect this function [132 134]. 

The PKMTs can methylate K4, K9, K27, and K36 on H3 and K20 on H4 through a specific  
SET-domain containing family of proteins responsible for catalyzing the reversible transfer of a 
methyl group from S-adenosylmethionine to the lysine residues [133,135]. Alternately, only the 
methylation of K79 on H3 is not modified through a SET-domain containing protein but rather by the 
Dot1 family of methyltransferases [136,137]. Lysine residue methylation has been linked to both gene 
activation and repression, specifically, gene activation has been associated with methylation of  
H3K4 and H3K36, while gene repression has been linked to H3K9, H3K27, H3K79, and  
H4K20 [112,133,137 142]. Four H3K9 methyltransferases are recognized: Suv39h, G9a, ESET, and 
GLP, all of which contain the SET-domain. Furthermore, these PKMTs are capable of recruiting 
various other cellular factors involved in epigenetic regulation [112]. 

Several lysine specific demethyltransferases have been identified including lysine-specific  
histone demethylase 1 (LSD1) and jumonji C domain-containing histone demethylation enzyme 
(JHDM) [143]. Interestingly, Lid2, which serves as a trimethyl H3K4 demethylase, hypomethylates 
H3K4 resulting in the formation of heterochromatin. It has been shown that Lid2 interacts with other 
PKMTs like Clr4, and involves the complex containing Dos1/Clr8-Rik1, which also functions in the 
RNAi pathway. The association of Lid2 with the Rik1 complex enhances methylation of repressive 
H3K9 epigenetic marker [144]. 

Several PRMTs have been identified and classified into two types; Type I associated with 
transcriptional activation and repression, and Type II which is associated with transcriptional 
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repression only [145,146]. Using S-adenosylmethionine as the methyl donor, these enzymes have been 
shown to mono- or di-methylate arginine residues R2, R8, R17, and R26 on H3, and R3 on H4 [145]. 
Though previously accepted as an irreversible reaction, the demethylation of arginines is supported by 
the findings of Cuthbert et al., which support the proposed mechanism of the conversion of  
methyl-arginine residues to citrulline by peptidylarginine deiminases (PAD), a deimination  
process [147]. 

It has been confirmed that the methylation status of proteins modulates the infectivity of  
HIV-1 [148]. Furthermore, both PKMTs and PRMTs have been implicated in the regulation of viral 
transcription in HIV-1 infected cells. The PKMTs G9a, Suv39h1, and SETDB1, all members of the 
SUV39 family, as well as the PRMT1, 5 and 6 have all been associated with either activation or 
repression of HIV-1 transcription [104,132,149 151]. Additionally, the Polycomb repressive complex 
2 member EZH2, which catalyzes the formation of repressive H3K27me3, was found to be enriched at 
the LTR of a latent HIV-1 infected Jurkat cell line [152]. In this regard, PKMTs and PRMTs have been 
shown to interact with viral proteins and/or HIV-1 associated nucleosomes, resulting in either proviral 
transcription or latency.  

Along the lines of siRNA-mediated histone methylation, it has been shown that the direct 
introduction of siRNAs, particularly the antisense strand, specific to the HIV-1 promoter is capable of 
causing TGS and enhanced histone methylation [153]. In addition to the role of Ago1 in TGS, it has 
been shown that Ago1 is also required for H3K9me2 [129]. Upon targeted nuclear introduction, 
siRNA treatment increases H3K9 methylation of targeted promoters [153]. Furthermore, siRNA 
induced TGS has also been shown to increase EZH2 and associate H3K27me3 levels at a targeted 
RASSF1A promoter [128]. In the same study, levels of EZH2 and Ago1 were also found to be elevated 
at the promoters of endogenously silenced MYT1 and CCR5 indicating a potential link to native TGS 
mediated by the RNAi machinery. 

3.4. DNA Methyltransferases 

Another key molecular component of epigenetic regulation and chromatin remodeling in 
mammalian cells is DNA methylation at CpG dinucleotide sites by DNA methyltransferases 
(DNMTs). It has been well established that basal DNA methylation patterns are dependent upon the 
methylation status of the K4 and K9 residues of localized H3. Specifically, DNA is found to be 
methylated in the absence of methyl-H3K4 and the presence of methyl-H3K9 [154 157]. It has been 
found that de novo methylation of DNA can be carried out by DNMT3A and DNMT3B, which 
coordinate with the non-catalytic protein DNMT3L [157,158]. In this macromolecular DNMT 
complex, the amino terminus of DNMT3L has been shown to bind H3 when it is not methylated at the 
K4 residue, although methylation of H3 at K9 and K27 did not disrupt this intramolecular association. 
Furthermore, the carboxy terminus of DNMT3L binds to DNMT3A and also drives subsequent 
dimerization of DNMT3A, thereby establishing the recruitment of the enzymatically active DNMT 
complex to genomic sites lacking the activating H3K4 methylation modification.  

In addition to the basal establishment of DNA methylation described above, the silencing of active 
genes requires a complicated sequence of events that also concludes with DNA methylation. In an 
example of the silencing of the pluripotency gene Oct3/4 during early embryogenesis, HDACs and 
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repressors proteins first initiate the silencing of the active gene. Next, the HMT G9a is recruited and 
establishes repressive methyl-H3K9 epigenetic modifications, which allows recruitment of 
heterochromatin protein 1 (HP1). Finally, DNMT3A and DNMT3B are also recruited by G9a resulting 
in DNA methylation at the now inactive gene. In total, the sequence of events leads to the 
establishment of repressive epigenetic markers, the formation of heterochromatin, and long-term gene 
silencing at the target gene [156]. 

In order to maintain DNA methylation patterns after DNA synthesis, a DNMT complex must 
recognize and methylate the unmethylated daughter strand. In this regard, DNMT1 has been shown to 
associate with the replication complex and, therefore, identified as the key enzyme involved in 
recognition and conversion of hemi-methylated DNA into double stranded methyl-DNA [156].  

As will be described in more detail later, several studies have also shown DNMTs to be involved in 
TGS and the establishment of latency in HIV-1 infected cells. For instance, data from Ishida and 

t ACH2 cells, 
and show that stimulation of these cells with TNF- -LTR [159]. 
Furthermore, in the majority of mammalian TGS experiments to date, DNA methylation was found at 
the targeted promoter sites and in proximal CpG dinucleotides. Moreover, the use of DNMT inhibitors 
also disrupted the establishment of TGS via promoter targeting siRNAs [7]. However, in contrast to 
the evidence supporting the involvement of DNMTs in establishing TGS and viral latency, there are 
also contradicting studies that have found DNA methylation to be lacking in siRNA mediated TGS  
and latently infected resting CD4+ T cells [160,161]. The conflicting data regarding the importance of 
DNA methylation in these cellular processes demonstrates that much still needs to be determined  
in regards to the underlying molecular mechanisms and potential differences between in vitro and  
in vivo models. 

3.5. ATP-Dependent Chromatin Remodelers 

In addition to enzymes that methylate DNA or modify core histone proteins, other key chromatin 
modifiers directly interact with, and manipulate, nucleosomes. For instance, the rapid recognition of 
covalent modifications on core histone N-terminal tails by members of the yeast SWI/SNF-like 
(SWItch/Sucrose NonFermentable) complex provides alleviation of chromatin-mediated  
repression [162,163]. SWI/SNF proteins are part of macromolecular chromatin remodeling complexes 
(CRCs) that direct ATP-dependent nucleosomal remodeling. They achieve this by employing the 
energy from ATP hydrolysis to expose nucleosomal-wound DNA via histone-DNA contact disruption, 
and assemble with the catalytic subunits Brahma-related gene 1 (BRG1), or Brahma (BRM) ATPase, 
which are ubiquitously expressed in most tissues [164,165]. The SWI/SNF complex is generally 
accepted as the best-characterized ATP-dependent mammalian CRC [166]. Mammalian SWI/SNF 
primarily exists in two distinct complexes which are well-defined as Brahma-associated factors (BAF) 
and polybromo-BRG1-associated factors (PBAF), which exert their differential regulatory function as 
is suggested by their conserved and unique subunit composition [90,91,167].  

ATP-dependent CRCs have undergone dynamic modifications themselves over the past decades in 
terms of classification. In recent years, CRCs have been further categorized into several groups 
according to their subunit constitution. Interestingly, studies have shown that yeast SWI/SNF acts both 
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as a transcriptional activator and repressor (reviewed in [168]). For example, the specificity of  
BRG1-containing CRCs such as BAF, PBAF, WINAC, NCoR, NUMAC and mSin3A/HDAC, is 
supplied by additional subunits, which will confer the CRCs capacity to act as a transcriptional 
activator or repressor [169 172]. While ATP-dependent CRCs have yet to be directly tied to 
mammalian TGS, or the de-repression of genes silenced by TGS, it is likely that interactions occur 
given the importance of these remodelers in the alteration of chromatin structure. This makes the study 
of ATP-dependent CRCs in regards to TGS a key, yet unexamined, line of inquiry with significant 
potential for novel scientific discovery.  

4. TGS in Mammalians 

Initial evidence of TGS via small ncRNAs in mammals was established using a model system 

-GFP 
reporter was then silenced by transfe
mechanism was shown to be induced by DNA methylation using a methyl-DNA sensitive restriction 
endonuclease digest assay, as well as using DNMT inhibitors [7]. Another early study showed the 
induced TGS could be achieved with shRNA complementary to the promoter region or up to 23 
nucleotides downstream of the transcriptional start site of the RASSF1A tumor suppressor gene. The 
observed TGS in this experiment also caused low levels of DNA methylation and partial gene 
silencing in stably transfected HeLa cultures [173]. 

While the molecular mechanisms involved in mammalian TGS have still not been clearly defined, a 
set of studies by Kim et al. helped to elucidate several of the proteins necessary for this mode of gene 
silencing [128]. In their studies, mammalian TGS was examined using both transfected siRNA and 
stably integrated shRNA that targeted either a GFP reporter construct under the control of the CCR5 
promoter or the endogenous RASSF1A promoter. Utilizing chromatin immunoprecipitation (ChIP), 
these experiments again showed enrichment of H3K9me2 at the target promoter of the siRNA, as well 
as in proximal flanking DNA up to 300-bp downstream of the target promoter. Furthermore, this boost 
in the H3K9me2 epigenetic marker was found to increase over a 24 hour period post-transfection. 
Moreover, Ago1 was also enriched at the target promoter and flanking DNA but, unlike the H3K9me2 
enrichment, the Ago1 enrichment was transient, peaking at 6 hours post-transfection and then rapidly 
decreasing over the following 18 hours. It was also found that the siRNA mediated knockdown of 
Ago1 disrupted both Ago1 and H3K9me2 enrichment at the target promoter following siRNA 
transfection indicating the role of Ago1 in recruiting siRNA and/or the necessary HMT to the 
promoter. The involvement of Ago1, as well as Ago2, in mammalian TGS was also found to be 
required for the formation of the RITS complex in other TGS studies [174,175]. The most recent of 
these studies showed that HIV-1 promoter targeting siRNAs were found to co-localize with RITS-like 
component Ago1 in the nucleus and Ago2 at the inner nuclear membrane. This work also indicated the 
involvement of actin in the transport of this RITS-like complex and showed siRNA specificity in this 
translocation as scrambled siRNA was retained in the cytoplasm [174]. 

Beyond Ago1 and Ago2, TAR binding protein 2 (TRBP2) was also found to be enriched at the 
target CCR5 promoter after siRNA transfection. Similar to the Ago1 knockdown, the knockdown of 
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TRBP2 via siRNA also blocked subsequent TGS inhibition of the reporter gene mRNA. These data 
therefore, clearly demonstrated the mechanistic necessity of TRBP2 in RNAi induced TGS [128]. It 
was also demonstrated that Ago1 was able to co-precipitate with Pol II containing an 
unphosphorylated C-terminal domain (CTD) after degrading associated RNA, thereby showing a direct 
protein-protein interaction between these two components. Finally, the histone methyltransferase 
EZH2, a component of the Polycomb silencing machinery, was also found to be enriched at siRNA 
targeted endogenous promoters indicating its potential role in the epigenetic modification related to 
TGS. As EZH2 also boosts H3K27me3 levels, this isoform of H3 was also found to be enriched at  
the targeted promoters [128]. Furthermore, EZH2 is also able to bind and recruit DNMTs via its 
homology II domain, thereby providing yet another mechanism by which additional epigenetic 
silencing may occur [176]. 

 
also showed an increase in the levels of H3K9me2 and H3K27me3. The observed increase in the 
H3K9me2 was found up to 720-bp downstream of the targeted siRNA site, demonstrating the spread 
of the induced epigenetic changes to DNA distal to the target site. Furthermore, a Pol II inhibitor 
effectively blocked the increase in the TGS associated epigenetic marker, H3K9me2, indicating the 
requirement for Pol II in siRNA mediated TGS. It was also found that the antisense strand and double 
stranded siRNA targeting the EF1A promoter also bound to the DNA methyltransferase, DNMT3A. 
Additional experiments with a HIV-1 LTR reporter cell line further showed that antisense siRNA 
alone targeting the U3 region of the LTR was sufficient to down-regulate the reporter activity [153]. 

In addition to the reported host cellular proteins required for induction of TGS in mammalian cell 
lines, other factors have also been identified in contributing to the efficacy of the TGS by promoter 
targeting siRNAs. Specifically, one study demonstrated that the ability of a promoter targeted siRNA 
to generate TGS was also dependent on the rate of transcription of the target gene. In this study, two 
cancer cell lines that exhibited over a 30-fold difference in progesterone receptor (PR) transcription 
rates were each transfected with siRNA targeting the PR promoter. In the lower PR expressing cell 
line, even transfections of up to 100 nM could not induce TGS of the PR gene while concentrations as 
low as 10 nM were sufficient to generate TGS in the higher PR producing cell line. This study thereby 
showed that higher expressing genes were more susceptible to siRNA mediated TGS [175].  

Another key mechanistic question relating to TGS was whether the promoter targeting siRNA 
formed a duplex with the complementary DNA or nascent mRNA. In this line of inquiry, Han et al. 

were required for siRNA mediated TGS of  and CCR5 [177]. This study also demonstrated the 
requirement that the antisense strand of the promoter targeted siRNA form a duplex with the sense strand 

-RNA 

caused significant reductions in the TGS epigenetic markers H3K9me2 and H3K27me3. 
While many studies indicated corresponding DNA methylation and histone PTMs with the 

induction of TGS, others found these epigenetic markers to be unnecessary. Specifically, in challenge 
of the need for DNA methylation, transfection of a colorectal carcinoma cell line with a pair of 
siRNAs targeting the promoter of the CDH1 gene caused TGS, as determined by nuclear run-on 
assays. In this study, no increase of methylation was detected at CpG islands within the targeted 
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promoter, although there was an increase in the levels of H3K9me2, which is associated with inactive 
promoters. Moreover, a double knock-out of DNMT1 and DNMT3b also did not hinder the TGS of the 
CDH1 gene in response to the promoter siRNA, contradicting other experimental data using similar 
double knockouts [161]. Other studies utilizing siRNA that targeted sequences encompassing the 
transcriptional start sites of several genes also induced TGS without generating local DNA  
methylation [178]. Similarly, striking differences have been observed between DNA methylation of 

in vitro model of HIV-1 latency using the ACH2 cell line as compared to latently 
infected resting CD4+ T cells isolated from aviremic patients on antiretroviral therapy [159,160]. 
Specifically, the in vitro TR, while 
isolated latent HIV-1 infected cells from a group of 11 patients were found to have hypomethylated 
viral promoters. This conflicting data points to the difficulty in making conclusions regarding in vivo 
systems from data generated from in vitro models and is an important consideration for findings 
regarding mammalian TGS. In addition to questions regarding the necessity of DNA methylation, the 
requirement for histone modifications in TGS has also been challenged. One study found that the 
introduction of a HDAC inhibitor did not affect the TGS brought about by the transfection of siRNA 
targeting the PR promoter [175]. In yet another study, inhibition of the H3K27me3 inducer EZH2 by 
siRNA resulted in only a low level reduction of subsequently induced TGS [179]. 

In general, the experiments challenging the importance of the DNA and histone epigenetic 
modifications in TGS run contrary to the evidence presented in the majority of mammalian TGS 
studies. However, the questions they pose demonstrate the lack of cohesive theories, or agreement 
amongst experts, regarding key components in this developing field and indicate the need for a more 
detailed examination of the underlying molecular mechanisms. Furthermore, while a significant 
amount of work has been conducted in regards to the utilization of exogenous small ncRNAs, such as 
siRNA and shRNA, very little evidence links endogenously produced ncRNAs to this important gene 
expression altering pathway. One study depicted the bidirectional transcription of genes as generating 
competing sense and antisense strands that could alter gene expression by controlling TGS [40]. In this 
model, the antisense strand expression could down-regulate the transcription of the complimentary 
gene through recruitment of Ago1 and the repressive H3K27me3 epigenetic marker to the sense strand 
promoter. Conversely, reduction of the antisense strand using siRNA could minimize negative 
epigenetic regulation of the sense strand, thereby boosting sense mRNA transcription. In relation to 
HIV-1 TGS, numerous studies have identified antisense transcripts and an antisense protein (ASP) 
produced by HIV-1 over the past several decades [49,77,180 191]. Building upon this work, it was 

RNA (asRNA) with transcriptional termination within the Env gene. The promoter of this viral 
antisense transcript is driven by a NF-
Tat. Furthermore, its over-expression led to repression of HIV-1 replication for up to a month and, 
conversely, siRNA repression of the asRNA up-regulated HIV-1 replication. While the mechanism by 
which the asRNA inhibits viral replication was not fully elucidated, it was shown that viral entry and 
integration were likely not inhibited by asRNA over-expression but that sense strand expression  
was [192]. These findings could demonstrate that the asRNA transcribed by the HIV-1 provirus could 
function similarly to the model of competing sense and antisense described earlier. To verify if this 
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strand promoter need to be examined in the presence of over-expressed or siRNA inhibited viral 
asRNA. Although this model seems plausible, there is only a relatively small body of evidence 
supporting it, therefore, the exploration of the interaction between other native mammalian ncRNAs, 
like miRNAs, and the TGS pathway presents a rich opportunity for novel scientific discovery. 

4.1. TGS and HIV-1 Infection 

A substantial amount of work has been undertaken in the examination of native- and  
exogenously-induced TGS in HIV-1 infections. Beyond the previously discussed HIV-1 associated 
TGS experiments, another study used a productive HIV-1 (pNL4.3 strain) infected cell line,  
MAGIC-5, as a model system. Here, MAGIC-5 was transfected with siRNA complementary to the U3 

-  
RNA-directed DNA methylation (RdDM) and long-term repression of viral transcription, lasting at 
least 30 days. Other HIV-1 promoter sites were also targeted with varying degrees of viral suppression 
but the original siRNA construct had the longest lasting viral inhibition. Additionally, the 30 day viral 
repression greatly surpassed that of a siRNA targeting the Gag mRNA via post-transcriptional gene 
silencing, which only lasted 7 days [193]. The targeting of the tandem NF-

 be disrupted by mutations at only 2 to 3 
nucleotides in a later shRNA construct. Furthermore, the expression of the shRNA did not induce any 
TNF- -
exogenous dsDNA. In that same line of inquiry no PKR activation was observed either. Moreover, the 
shRNA vector did not down-regulate any off-target genes with NF- [194]. 

In previously indicated studies it was shown that HIV-1 promoter targeting siRNAs were found to 
co-localize with Ago1 in the nucleus and Ago2 at the inner nuclear membrane. This work also 
indicated the involvement of actin in the active transport of this RITS-like complex and showed siRNA 
specificity in the nuclear translocation as scrambled siRNA was retained in the cytoplasm [174]. 

Another layer of transcriptional silencing dynamics that was touched upon earlier involves  
HIV-derived miRNA regulation of chromatin remodeling of the viral LTR [60,195]. Here,  
Dicer-processed HIV-1 TAR-derived miRNA was shown to be capable of regulating viral gene 
expression and is suggested to potentially repress gene expression through transcriptional silencing via 
the RITS complex. Similar to the RISC mechanism, the miRNA guides RITS to a complementary 
region of chromosomal DNA and recruits factors that modify the chromatin structure to the HIV-1 
LTR. TAR miRNA has been shown to induce formation of repressive chromatin markers on the HIV-1 
LTR, specifically RNAi machinery Ago2 and the histone modifiers Suv39H1 and SETDB1 occupy the 
integrated LTR and are removed upon heterochromatin abolishment with sub-lethal HDAC inhibitor 
chronic treatment [195]. The TAR miRNA induced TGS at the HIV-1 LTR could be a key mechanism 
to establishment of latency in long-lived CD4+ memory T-cells. Conversely, Dicer derived TAR 
miRNA is less likely to contribute to the pool of latently infected cells of monocyte-macrophage 
lineage as Dicer was shown to be undetectable in monocytes and repressed in macrophages infected 
with HIV-1 prior to differentiation [196]. In addition to the generation of viral miRNAs from TAR, 
sequencing of HIV-1 infected T-lymphocytes has also shown that up to ten percent of the small viral 
ncRNAs identified were antisense in polarity. Of these a negative polarity transcripts, a majority were 
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uld give rise to viral siRNAs that could also lead to TGS and viral 
latency [49,76]. 

In addition to naturally occurring TAR miRNA, several Cdk inhibitors such as Flavopiridol and its 
derivatives, CR8 and CR8#13, have also been shown to boost levels of TAR derived miRNA [195]. 
The mechanism by which these drugs boost viral miRNAs most likely occurs through blocking 
transcriptional elongation by Pol II complexes at the HIV-1 LTR. The inhibition of transcriptional 
elongation in turn generates large quantities of TAR stem-loop RNA that can be subsequently 
processed by Dicer into miRNA. Additionally, the non-processive Pol II complexes with 
unphosphorylated CTDs generated by these drugs were also shown to be required for TGS. Therefore, 
Cdk inhibitors can contribute two-fold in establishing TGS at sites of HIV-1 genome integration by 
both the generation of TAR stem-loop RNA for miRNA generation and in the seeding of the HIV-1 
LTR sites with non-processive Pol II complexes (Figure 2). 

5. Conclusions 

To date, studies on mammalian TGS have begun to decipher a complicated interactive process that 
involves components of the RNAi machinery and chromatin modifiers. A putative model based on the 
experiments examined within this review can be found in Figure 1. While the field of mammalian TGS 
is still in its relative infancy, especially in regards to HIV-1 infections, the potential applications of the 
findings to date are tantalizing. Specifically, experiments targeting the HIV-1 promoter with siRNA 
have been shown to establish lasting TGS, which is maintained for over a month in vitro with a single 
treatment. In this regard, the use of siRNAs to induce TGS has already begun to be explored for other 
varied indications and the specific testing of antisense RNA targeting the HIV-1 promoter in primary 
CD4+ cells recently demonstrated limited success in reducing viral transcription [197,198]. 
Additionally, establishment of viral latency through HIV-1 derived miRNAs also serves as a potential 
point of intervention, as the resultant latent pool could be targeted for reactivation and subsequent 
killing through the use of anti-retroviral treatments. As additional work in the field of mammalian TGS 
evolves our understanding of this important molecular pathway, it seems likely that these new insights 
will help shape the broader view of the inner workings of HIV-1 infections and produce novel methods 
for the treatment of its associated human epidemic. 

Acknowledgements 

This work was supported by NIH grants AI074410 and AI078859 to FK. 

References 

1. UNAIDS. Global Report: Unaids Report on the Global Aids Epidemic 2010; Joint United 
Nations Programme on HIV/AIDS (UNAIDS): Geneva, Switzerland, 2010. 

2. Nachega, J.B.; Marconi, V.C.; van Zyl, G.U.; Gardner, E.M.; Preiser, W.; Hong, S.Y.; Mills, 
E.J.; Gross, R. Hiv treatment adherence, drug resistance, virologic failure: Evolving concepts.  
Infect. Disord. Drug Targets 2011, 11, 167 174. 



Biology 2012, 1 357 
 

3. Schweighardt, B.; Ortiz, G.M.; Grant, R.M.; Wellons, M.; Miralles, G.D.; Kostrikis, L.G.; 
Bartlett, J.A.; Nixon, D.F. Emergence of drug-resistant hiv-1 variants in patients undergoing 
structured treatment interruptions. Aids 2002, 16, 2342 2344. 

4. Mette, M.F.; Aufsatz, W.; van der Winden, J.; Matzke, M.A.; Matzke, A.J. Transcriptional 
silencing and promoter methylation triggered by double-stranded rna. EMBO J. 2000, 19,  
5194 5201. 

5. Verdel, A.; Jia, S.; Gerber, S.; Sugiyama, T.; Gygi, S.; Grewal, S.I.; Moazed, D. Rnai-mediated 
targeting of heterochromatin by the rits complex. Science 2004, 303, 672 676. 

6. Noma, K.; Sugiyama, T.; Cam, H.; Verdel, A.; Zofall, M.; Jia, S.; Moazed, D.; Grewal, S.I. Rits 
acts in cis to promote rna interference-mediated transcriptional and post-transcriptional silencing. 
Nat. Genet. 2004, 36, 1174 1180. 

7. Morris, K.V.; Chan, S.W.; Jacobsen, S.E.; Looney, D.J. Small interfering rna-induced 
transcriptional gene silencing in human cells. Science 2004, 305, 1289 1292. 

8. Omoto, S.; Ito, M.; Tsutsumi, Y.; Ichikawa, Y.; Okuyama, H.; Brisibe, E.A.; Saksena, N.K.; 
Fujii, Y.R. Hiv-1 nef suppression by virally encoded microRNA. Retrovirology 2004, 1, 
doi:10.1186/1742-4690-1-44. 

9. Chua, J.H.; Armugam, A.; Jeyaseelan, K. Micrornas: Biogenesis, function and applications. 
Curr. Opin. Mol. Ther. 2009, 11, 189 199. 

10. Ying, S.Y.; Lin, S.L. Intron-mediated rna interference and microrna biogenesis. Methods Mol. 
Biol. 2009, 487, 387 413. 

11. Perron, M.P.; Provost, P. Protein components of the microrna pathway and human diseases. 
Methods Mol. Biol. 2009, 487, 369 385. 

12. Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many roads to maturity: Microrna 
biogenesis pathways and their regulation. Nat. Cell Biol. 2009, 11, 228 234. 

13. Faller, M.; Guo, F. Microrna biogenesis: There's more than one way to skin a cat.  
Biochim. Biophys. Acta 2008, 1779, 663 667. 

14. Van Wynsberghe, P.M.; Chan, S.P.; Slack, F.J.; Pasquinelli, A.E. Analysis of microrna 
expression and function. Methods Cell Biol. 2011, 106, 219 252. 

15. Yang, J.S.; Lai, E.C. Alternative mirna biogenesis pathways and the interpretation of core mirna 
pathway mutants. Mol. Cell 2011, 43, 892 903. 

16. Perron, M.P.; Provost, P. Protein interactions and complexes in human microrna biogenesis and 
function. Frontiers Biosci. A J. Virtual Libr. 2008, 13, 2537 2547. 

17. Cai, X.; Hagedorn, C.H.; Cullen, B.R. Human micrornas are processed from capped, 
polyadenylated transcripts that can also function as mrnas. RNA 2004, 10, 1957 1966. 

18. Lee, Y.; Ahn, C.; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, J.; Provost, P.; Radmark, O.; Kim, S.; 
et al. The nuclear rnase iii drosha initiates microrna processing. Nature 2003, 425, 415 419. 

19. Denli, A.M.; Tops, B.B.; Plasterk, R.H.; Ketting, R.F.; Hannon, G.J. Processing of primary 
micrornas by the microprocessor complex. Nature 2004, 432, 231 235. 

20. Han, J.; Lee, Y.; Yeom, K.H.; Kim, Y.K.; Jin, H.; Kim, V.N. The drosha-dgcr8 complex in 
primary microrna processing. Genes Dev. 2004, 18, 3016 3027. 

21. Yi, R.; Qin, Y.; Macara, I.G.; Cullen, B.R. Exportin-5 mediates the nuclear export of  
pre-micrornas and short hairpin rnas. Genes Dev. 2003, 17, 3011 3016. 



Biology 2012, 1 358 
 

22. Kim, V.N. Microrna precursors in motion: Exportin-5 mediates their nuclear export. Trends Cell 
Biol. 2004, 14, 156 159. 

23. Vermeulen, A.; Behlen, L.; Reynolds, A.; Wolfson, A.; Marshall, W.S.; Karpilow, J.; Khvorova, 
A. The contributions of dsrna structure to dicer specificity and efficiency. RNA 2005, 11,  
674 682. 

24. Macrae, I.J.; Li, F.; Zhou, K.; Cande, W.Z.; Doudna, J.A. Structure of dicer and mechanistic 
implications for rnai. Cold Spring Harb. Symp Quant. Biol. 2006, 71, 73 80. 

25. Zhang, X.; Zeng, Y. The terminal loop region controls microrna processing by drosha and dicer. 
Nucleic Acids Res. 2010, 38, 7689 7697. 

26. Chendrimada, T.P.; Gregory, R.I.; Kumaraswamy, E.; Norman, J.; Cooch, N.; Nishikura, K.; 
Shiekhattar, R. Trbp recruits the dicer complex to ago2 for microrna processing and gene 
silencing. Nature 2005, 436, 740 744. 

27. Haase, A.D.; Jaskiewicz, L.; Zhang, H.; Laine, S.; Sack, R.; Gatignol, A.; Filipowicz, W. Trbp, a 
regulator of cellular pkr and hiv-1 virus expression, interacts with dicer and functions in rna 
silencing. EMBO Rep. 2005, 6, 961 967. 

28. Kawamata, T.; Tomari, Y. Making risc. Trends Biochem. Sci. 2010, 35, 368 376. 
29. Easow, G.; Teleman, A.A.; Cohen, S.M. Isolation of microrna targets by mirnp 

immunopurification. RNA 2007, 13, 1198 1204. 
30. Lytle, J.R.; Yario, T.A.; Steitz, J.A. Target mrnas are repressed as efficiently by microrna-

binding sites in the 5' utr as in the 3' utr. Proc. Natl. Acad. Sci. USA 2007, 104, 9667 9672. 
31. Orom, U.A.; Nielsen, F.C.; Lund, A.H. Microrna-10a binds the 5'utr of ribosomal protein mrnas 

and enhances their translation. Mol. Cell 2008, 30, 460 471. 
32. Hafner, M.; Landthaler, M.; Burger, L.; Khorshid, M.; Hausser, J.; Berninger, P.; Rothballer, A.; 

Ascano, M., Jr.; Jungkamp, A.C.; Munschauer, M.; et al. Transcriptome-wide identification of 
rna-binding protein and microrna target sites by par-clip. Cell 2010, 141, 129 141. 

33. Rigoutsos, I. New tricks for animal micrornas: Targeting of amino acid coding regions at 
conserved and nonconserved sites. Cancer Res. 2009, 69, 3245 3248. 

34. Parker, J.S.; Roe, S.M.; Barford, D. Molecular mechanism of target rna transcript recognition by 
argonaute-guide complexes. Cold Spring Harb. Symp. Quant. Biol. 2006, 71, 45 50. 

35. Parker, J.S.; Parizotto, E.A.; Wang, M.; Roe, S.M.; Barford, D. Enhancement of the seed-target 
recognition step in rna silencing by a piwi/mid domain protein. Mol. Cell 2009, 33, 204 214. 

36. Zofall, M.; Grewal, S.I. Rnai-mediated heterochromatin assembly in fission yeast. Cold Spring 
Harb. Symp. Quant. Biol. 2006, 71, 487 496. 

37. Buhler, M.; Moazed, D. Transcription and rnai in heterochromatic gene silencing. Nat. Struct. 
Mol. Biol. 2007, 14, 1041 1048. 

38. Li, L.C.; Okino, S.T.; Zhao, H.; Pookot, D.; Place, R.F.; Urakami, S.; Enokida, H.; Dahiya, R. 
Small dsrnas induce transcriptional activation in human cells. Proc. Natl. Acad Sci. USA 2006, 
103, 17337 17342. 

39. Place, R.F.; Li, L.C.; Pookot, D.; Noonan, E.J.; Dahiya, R. Microrna-373 induces expression of 
genes with complementary promoter sequences. Proc. Natl. Acad. Sci. USA 2008, 105, 1608 1613. 



Biology 2012, 1 359 
 

40. Morris, K.V.; Santoso, S.; Turner, A.M.; Pastori, C.; Hawkins, P.G. Bidirectional transcription 
directs both transcriptional gene activation and suppression in human cells. PLoS Genet. 2008, 4, 
e1000258. 

41. Umbach, J.L.; Cullen, B.R. The role of rnai and micrornas in animal virus replication and 
antiviral immunity. Genes Dev. 2009, 23, 1151 1164. 

42. Botos, I.; Liu, L.; Wang, Y.; Segal, D.M.; Davies, D.R. The toll-like receptor 3: Dsrna signaling 
complex. Biochim. Biophys. Acta 2009, 1789, 667 674. 

43. Kok, K.H.; Lei, T.; Jin, D.Y. Identification and validation of the cellular targets of virus-encoded 
micrornas. Methods Mol. Biol. 2010, 667, 319 326. 

44. Pfeffer, S.; Zavolan, M.; Grasser, F.A.; Chien, M.; Russo, J.J.; Ju, J.; John, B.; Enright, A.J.; 
Marks, D.; Sander, C.; et al. Identification of virus-encoded micrornas. Science 2004, 304,  
734 736. 

45. Griffiths-Jones, S.; Grocock, R.J.; van Dongen, S.; Bateman, A.; Enright, A.J. Mirbase: Microrna 
sequences, targets and gene nomenclature. Nucleic Acids Res. 2006, 34, D140 D144. 

46. Griffiths-Jones, S.; Saini, H.K.; van Dongen, S.; Enright, A.J. Mirbase: Tools for microrna 
genomics. Nucleic Acids Res. 2008, 36, D154 D158. 

47. Sullivan, C.S.; Ganem, D. Micrornas and viral infection. Mol. Cell 2005, 20, 3 7. 
48. Barth, S.; Pfuhl, T.; Mamiani, A.; Ehses, C.; Roemer, K.; Kremmer, E.; Jaker, C.; Hock, J.; 

Meister, G.; Grasser, F.A. Epstein-barr virus-encoded microrna mir-bart2 down-regulates the 
viral DNA polymerase balf5. Nucleic Acids Res. 2008, 36, 666 675. 

49. Schopman, N.C.; Willemsen, M.; Liu, Y.P.; Bradley, T.; van Kampen, A.; Baas, F.; Berkhout, 
B.; Haasnoot, J. Deep sequencing of virus-infected cells reveals hiv-encoded small rnas.  
Nucleic Acids Res. 2012, 40, 414 427. 

50. Riley, K.J.; Rabinowitz, G.S.; Yario, T.A.; Luna, J.M.; Darnell, R.B.; Steitz, J.A. Ebv and human 
micrornas co-target oncogenic and apoptotic viral and human genes during latency. EMBO J. 
2012, doi:10.1038/emboj.2012.63. 

51. Gupta, A.; Gartner, J.J.; Sethupathy, P.; Hatzigeorgiou, A.G.; Fraser, N.W. Anti-apoptotic function 
of a microrna encoded by the hsv-1 latency-associated transcript. Nature 2006, 442, 82 85. 

52. Bennasser, Y.; Le, S.Y.; Yeung, M.L.; Jeang, K.T. Hiv-1 encoded candidate micro-rnas and their 
cellular targets. Retrovirology 2004, 1, doi:10.1186/1742-4690-1-43. 

53. Grey, F.; Meyers, H.; White, E.A.; Spector, D.H.; Nelson, J. A human cytomegalovirus-encoded 
microrna regulates expression of multiple viral genes involved in replication. PLoS Pathog. 
2007, 3, e163. 

54. Lo, A.K.; To, K.F.; Lo, K.W.; Lung, R.W.; Hui, J.W.; Liao, G.; Hayward, S.D. Modulation of 
lmp1 protein expression by ebv-encoded micrornas. Proc. Natl. Acad Sci. USA 2007, 104, 
16164 16169. 

55. Murphy, E.; Vanicek, J.; Robins, H.; Shenk, T.; Levine, A.J. Suppression of immediate-early 
viral gene expression by herpesvirus-coded micrornas: Implications for latency. Proc. Natl. Acad 
Sci. USA 2008, 105, 5453 5458. 

56. Hall, I.M.; Shankaranarayana, G.D.; Noma, K.; Ayoub, N.; Cohen, A.; Grewal, S.I. 
Establishment and maintenance of a heterochromatin domain. Science 2002, 297, 2232 2237. 



Biology 2012, 1 360 
 

57. Jenuwein, T. Molecular biology. An rna-guided pathway for the epigenome. Science 2002, 297, 
2215 2218. 

58. Matzke, M.A.; Birchler, J.A. Rnai-mediated pathways in the nucleus. Nat. Rev. Genet. 2005, 6, 
24 35. 

59. Volpe, T.A.; Kidner, C.; Hall, I.M.; Teng, G.; Grewal, S.I.; Martienssen, R.A. Regulation of 
heterochromatic silencing and histone h3 lysine-9 methylation by rnai. Science 2002, 297,  
1833 1837. 

60. Klase, Z.; Kale, P.; Winograd, R.; Gupta, M.V.; Heydarian, M.; Berro, R.; McCaffrey, T.; 
Kashanchi, F. 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, doi:10.1186/1471-2199-8-63. 

61. Cantalupo, P.; Doering, A.; Sullivan, C.S.; Pal, A.; Peden, K.W.; Lewis, A.M.; Pipas, J.M. 
Complete nucleotide sequence of polyomavirus sa12. J. Virol. 2005, 79, 13094 13104. 

62. Hussain, M.; Taft, R.J.; Asgari, S. An insect virus-encoded microrna regulates viral replication.  
J. Virol. 2008, 82, 9164 9170. 

63. Aparicio, O.; Razquin, N.; Zaratiegui, M.; Narvaiza, I.; Fortes, P. Adenovirus virus-associated 
rna is processed to functional interfering rnas involved in virus production. J. Virol. 2006, 80, 
1376 1384. 

64. Grundhoff, A.; Sullivan, C.S. Virus-encoded micrornas. Virology 2011, 411, 325 343. 
65. Zhu, J.Y.; Pfuhl, T.; Motsch, N.; Barth, S.; Nicholls, J.; Grasser, F.; Meister, G. Identification of 

novel epstein-barr virus microrna genes from nasopharyngeal carcinomas. J. Virol. 2009, 83, 
3333 3341. 

66. Grundhoff, A.; Sullivan, C.S.; Ganem, D. A combined computational and microarray-based 
approach identifies novel micrornas encoded by human gamma-herpesviruses. RNA 2006, 12, 
733 750. 

67. Sullivan, C.S.; Sung, C.K.; Pack, C.D.; Grundhoff, A.; Lukacher, A.E.; Benjamin, T.L.; Ganem, D. 
Murine polyomavirus encodes a microrna that cleaves early rna transcripts but is not essential for 
experimental infection. Virology 2009, 387, 157 167. 

68. Singh, J.; Singh, C.P.; Bhavani, A.; Nagaraju, J. Discovering micrornas from bombyx mori 
nucleopolyhedrosis virus. Virology 2010, 407, 120 128. 

69. Seo, G.J.; Chen, C.J.; Sullivan, C.S. Merkel cell polyomavirus encodes a microrna with the 
ability to autoregulate viral gene expression. Virology 2009, 383, 183 187. 

70. Narayanan, A.; Kehn-Hall, K.; Bailey, C.; Kashanchi, F. Analysis of the roles of hiv-derived 
micrornas. Expert Opin. Biol. Ther. 2011, 11, 17 29. 

71. Lin, J.; Cullen, B.R. Analysis of the interaction of primate retroviruses with the human rna 
interference machinery. J. Virol. 2007, 81, 12218 12226. 

72. Klase, Z.; Winograd, R.; Davis, J.; Carpio, L.; Hildreth, R.; Heydarian, M.; Fu, S.; McCaffrey, T.; 
Meiri, E.; Ayash-Rashkovsky, M.; et al. Hiv-1 tar mirna protects against apoptosis by altering 
cellular gene expression. Retrovirology 2009, 6, doi:10.1186/1742-4690-6-18. 

73. Kincaid, R.P.; Burke, J.M.; Sullivan, C.S. Rna virus microrna that mimics a b-cell oncomir.  
Proc. Natl. Acad. Sci. USA 2012, 109, 3077 3082. 



Biology 2012, 1 361 
 

74. Ouellet, D.L.; Plante, I.; Landry, P.; Barat, C.; Janelle, M.E.; Flamand, L.; Tremblay, M.J.; 
Provost, P. Identification of functional micrornas released through asymmetrical processing of 
hiv-1 tar element. Nucleic Acids Res. 2008, 36, 2353 2365. 

75. Perez, J.T.; Varble, A.; Sachidanandam, R.; Zlatev, I.; Manoharan, M.; Garcia-Sastre, A.; 
tenOever, B.R. Influenza a virus-generated small rnas regulate the switch from transcription to 
replication. Proc. Natl. Acad. Sci. USA 2010, 107, 11525 11530. 

76. Althaus, C.F.; Vongrad, V.; Niederost, B.; Joos, B.; di Giallonardo, F.; Rieder, P.; Pavlovic, J.; 
Trkola, A.; Gunthard, H.F.; Metzner, K.J.; et al. Tailored enrichment strategy detects low 
abundant small noncoding rnas in hiv-1 infected cells. Retrovirology 2012, 9, doi:10.1186/ 
1742-4690-9-27. 

77. Yeung, M.L.; Bennasser, Y.; Watashi, K.; Le, S.Y.; Houzet, L.; Jeang, K.T. Pyrosequencing of 
small non-coding rnas in hiv-1 infected cells: Evidence for the processing of a viral-cellular 
double-stranded rna hybrid. Nucleic Acids Res. 2009, 37, 6575 6586. 

78. Gatignol, A.; Buckler-White, A.; Berkhout, B.; Jeang, K.T. Characterization of a human tar rna-
binding protein that activates the hiv-1 ltr. Science 1991, 251, 1597 1600. 

79. Feng, S.; Holland, E.C. Hiv-1 tat trans-activation requires the loop sequence within tar. Nature 
1988, 334, 165 167. 

80. Berkhout, B.; Jeang, K.T. Detailed mutational analysis of tar rna: Critical spacing between the 
bulge and loop recognition domains. Nucleic Acids Res. 1991, 19, 6169 6176. 

81. Rana, T.M.; Jeang, K.T. Biochemical and functional interactions between hiv-1 tat protein and 
tar rna. Arch. Biochem. Biophys. 1999, 365, 175 185. 

82. Bennasser, Y.; Yeung, M.L.; Jeang, K.T. Hiv-1 tar rna subverts rna interference in transfected 
cells through sequestration of tar rna-binding protein, trbp. J. Biol. Chem. 2006, 281,  
27674 27678. 

83. Cummings, M.; Higginbottom, K.; McGurk, C.J.; Wong, O.G.; Koberle, B.; Oliver, R.T.; 
Masters, J.R. Xpa versus ercc1 as chemosensitising agents to cisplatin and mitomycin c in 
prostate cancer cells: Role of ercc1 in homologous recombination repair. Biochem. Pharmacol. 
2006, 72, 166 175. 

84. Chang, I.Y.; Kim, M.H.; Kim, H.B.; Lee, D.Y.; Kim, S.H.; Kim, H.Y.; You, H.J. Small 
interfering rna-induced suppression of ercc1 enhances sensitivity of human cancer cells to 
cisplatin. Biochem. Biophys. Res. Commun. 2005, 327, 225 233. 

85. Imbeault, M.; Ouellet, M.; Tremblay, M.J. Microarray study reveals that hiv-1 induces rapid 
type-i interferon-dependent p53 mrna up-regulation in human primary cd4+ t cells. Retrovirology 
2009, 6, doi: 10.1186/1742-4690-6-5. 

86. Rotger, M.; Dang, K.K.; Fellay, J.; Heinzen, E.L.; Feng, S.; Descombes, P.; Shianna, K.V.;  
Ge, D.; Gunthard, H.F.; Goldstein, D.B.; et al. Genome-wide mrna expression correlates of viral 
control in cd4+ t-cells from hiv-1-infected individuals. PLoS Pathog. 2010, 6, e1000781. 

87. Kaul, D.; Ahlawat, A.; Gupta, S.D. Hiv-1 genome-encoded hiv1-mir-h1 impairs cellular 
responses to infection. Mol. Cell. Biochem. 2009, 323, 143 148. 

88. Arhel, N.J.; Kirchhoff, F. Implications of nef: Host cell interactions in viral persistence and 
progression to aids. Curr. Top. Microbiol. Immunol. 2009, 339, 147 175. 



Biology 2012, 1 362 
 

89. Omoto, S.; Fujii, Y.R. Regulation of human immunodeficiency virus 1 transcription by nef 
microrna. J. Gen. Virol. 2005, 86, 751 755. 

90. Workman, J.L.; Kingston, R.E. Alteration of nucleosome structure as a mechanism of 
transcriptional regulation. Annu. Rev. Biochem. 1998, 67, 545 579. 

91. Armstrong, J.A.; Emerson, B.M. Transcription of chromatin: These are complex times.  
Curr. Opin. Genet. Dev. 1998, 8, 165 172. 

92. Kadonaga, J.T. Eukaryotic transcription: An interlaced network of transcription factors and 
chromatin-modifying machines. Cell 1998, 92, 307 313. 

93. Kingston, R.E.; Narlikar, G.J. Atp-dependent remodeling and acetylation as regulators of 
chromatin fluidity. Genes Dev. 1999, 13, 2339 2352. 

94. Lyko, F.; Paro, R. Chromosomal elements conferring epigenetic inheritance. Bioessays 1999, 21, 
824 832. 

95. Rohlf, T.; Steiner, L.; Przybilla, J.; Prohaska, S.; Binder, H.; Galle, J. Modeling the dynamic 
epigenome: From histone modifications towards self-organizing chromatin. Epigenomics 2012, 
4, 205 219. 

96. Weng, N.P.; Araki, Y.; Subedi, K. The molecular basis of the memory t cell response: 
Differential gene expression and its epigenetic regulation. Nat. Rev. Immunol. 2012, 12,  
306 315. 

97. Tripathy, M.K.; Abbas, W.; Herbein, G. Epigenetic regulation of hiv-1 transcription. 
Epigenomics 2011, 3, 487 502. 

98. Van Duyne, R.; Guendel, I.; Narayanan, A.; Gregg, E.; Shafagati, N.; Tyagi, M.; Easley, R.; 
Klase, Z.; Nekhai, S.; Kehn-Hall, K.; et al. Varying modulation of hiv-1 ltr activity by baf 
complexes. J. Mol. Biol. 2011, 411, 581 596. 

99. Hakre, S.; Chavez, L.; Shirakawa, K.; Verdin, E. Epigenetic regulation of hiv latency. Curr. 
Opin. HIV AIDS 2011, 6, 19 24. 

100. El Kharroubi, A.; Piras, G.; Zensen, R.; Martin, M.A. Transcriptional activation of the integrated 
chromatin-associated human immunodeficiency virus type 1 promoter. Mol. Cell Biol. 1998, 18, 
2535 2544. 

101. Ravindra, K.C.; Narayan, V.; Lushington, G.H.; Peterson, B.R.; Prabhu, K.S. Targeting of 
histone acetyltransferase p300 by cyclopentenone prostaglandin delta(12)-pgj(2) through 
covalent binding to cys(1438). Chem. Res. Toxicol. 2012, 25, 337 347. 

102. Sterner, D.E.; Berger, S.L. Acetylation of histones and transcription-related factors.  
Microbiol. Mol. Biol. Rev. MMBR 2000, 64, 435 459. 

103. Di Fenza, A.; Rocchia, W.; Tozzini, V. Complexes of hiv-1 integrase with hat proteins: 
Multiscale models, dynamics, and hypotheses on allosteric sites of inhibition. Proteins 2009, 76, 
946 958. 

104. Easley, R.; van Duyne, R.; Coley, W.; Guendel, I.; Dadgar, S.; Kehn-Hall, K.; Kashanchi, F. 
Chromatin dynamics associated with hiv-1 tat-activated transcription. Biochim. Biophys. Acta 
2010, 1799, 275 285. 

105. Voss, A.K.; Thomas, T. Myst family histone acetyltransferases take center stage in stem cells 
and development. BioEssays News Rev. Mol. Cell. Dev. Biol. 2009, 31, 1050 1061. 



Biology 2012, 1 363 
 

106. Avvakumov, N.; Cote, J. The myst family of histone acetyltransferases and their intimate links to 
cancer. Oncogene 2007, 26, 5395 5407. 

107. Rekowski, M.W.; Giannis, A. Histone acetylation modulation by small molecules: A chemical 
approach. Biochim. Biophys. Acta 2010, 1799, 760 767. 

108. Ogryzko, V.V.; Schiltz, R.L.; Russanova, V.; Howard, B.H.; Nakatani, Y. The transcriptional 
coactivators p300 and cbp are histone acetyltransferases. Cell 1996, 87, 953 959. 

109. Deng, L.; de la Fuente, C.; Fu, P.; Wang, L.; Donnelly, R.; Wade, J.D.; Lambert, P.; Li, H.;  
Lee, C.G.; Kashanchi, F. Acetylation of hiv-1 tat by cbp/p300 increases transcription of 
integrated hiv-1 genome and enhances binding to core histones. Virology 2000, 277, 278 295. 

110. Cereseto, A.; Manganaro, L.; Gutierrez, M.I.; Terreni, M.; Fittipaldi, A.; Lusic, M.; Marcello, A.; 
Giacca, M. Acetylation of hiv-1 integrase by p300 regulates viral integration. EMBO J. 2005, 24, 
3070 3081. 

111. Harrod, R.; Nacsa, J.; van Lint, C.; Hansen, J.; Karpova, T.; McNally, J.; Franchini, G. Human 
immunodeficiency virus type-1 tat/co-activator acetyltransferase interactions inhibit p53lys-320 
acetylation and p53-responsive transcription. J. Biol. Chem. 2003, 278, 12310 12318. 

112. Imai, K.; Ochiai, K. Role of histone modification on transcriptional regulation and hiv-1 gene 
expression: Possible mechanisms of periodontal diseases in aids progression. J. Oral Sci. 2011, 
53, 1 13. 

113. Col, E.; Caron, C.; Seigneurin-Berny, D.; Gracia, J.; Favier, A.; Khochbin, S. The histone 
acetyltransferase, hgcn5, interacts with and acetylates the hiv transactivator, tat. J. Biol. Chem. 
2001, 276, 28179 28184. 

114. Kiernan, R.E.; Vanhulle, C.; Schiltz, L.; Adam, E.; Xiao, H.; Maudoux, F.; Calomme, C.;  
Burny, A.; Nakatani, Y.; Jeang, K.T.; et al. Hiv-1 tat transcriptional activity is regulated by 
acetylation. EMBO J. 1999, 18, 6106 6118. 

115. D'Orso, I.; Frankel, A.D., Tat acetylation modulates assembly of a viral-host rna-protein 
transcription complex. Proc. Natl. Acad. Sci. USA 2009, 106, 3101 3106. 

116. Weissman, J.D.; Brown, J.A.; Howcroft, T.K.; Hwang, J.; Chawla, A.; Roche, P.A.; Schiltz, L.; 
Nakatani, Y.; Singer, D.S. Hiv-1 tat binds tafii250 and represses tafii250-dependent transcription 
of major histocompatibility class i genes. Proc. Natl. Acad. Sci. USA 1998, 95, 11601 11606. 

117. Triboulet, R.; Mari, B.; Lin, Y.L.; Chable-Bessia, C.; Bennasser, Y.; Lebrigand, K.; Cardinaud, B.; 
Maurin, T.; Barbry, P.; Baillat, V.; et al. Suppression of microrna-silencing pathway by hiv-1 
during virus replication. Science 2007, 315, 1579 1582. 

118. Balasubramanyam, K.; Varier, R.A.; Altaf, M.; Swaminathan, V.; Siddappa, N.B.; Ranga, U.; 
Kundu, T.K. Curcumin, a novel p300/creb-binding protein-specific inhibitor of acetyltransferase, 
represses the acetylation of histone/nonhistone proteins and histone acetyltransferase-dependent 
chromatin transcription. J. Biol. Chem. 2004, 279, 51163 51171. 

119. Dorr, A.; Kiermer, V.; Pedal, A.; Rackwitz, H.R.; Henklein, P.; Schubert, U.; Zhou, M.M.; 
Verdin, E.; Ott, M. Transcriptional synergy between tat and pcaf is dependent on the binding of 
acetylated tat to the pcaf bromodomain. EMBO J. 2002, 21, 2715 2723. 

120. Mantelingu, K.; Reddy, B.A.; Swaminathan, V.; Kishore, A.H.; Siddappa, N.B.; Kumar, G.V.; 
Nagashankar, G.; Natesh, N.; Roy, S.; Sadhale, P.P.; et al. Specific inhibition of p300-hat alters 
global gene expression and represses hiv replication. Chem. Biol. 2007, 14, 645 657. 



Biology 2012, 1 364 
 

121. Gregoretti, I.V.; Lee, Y.M.; Goodson, H.V. Molecular evolution of the histone deacetylase 
family: Functional implications of phylogenetic analysis. J. Mol. Biol. 2004, 338, 17 31. 

122. De Ruijter, A.J.; van Gennip, A.H.; Caron, H.N.; Kemp, S.; van Kuilenburg, A.B. Histone 
deacetylases (hdacs): Characterization of the classical hdac family. Biochem. J. 2003, 370,  
737 749. 

123. Keedy, K.S.; Archin, N.M.; Gates, A.T.; Espeseth, A.; Hazuda, D.J.; Margolis, D.M. A limited 
group of class i histone deacetylases acts to repress human immunodeficiency virus type 1 
expression. J. Virol. 2009, 83, 4749 4756. 

124. Coull, J.J.; Romerio, F.; Sun, J.M.; Volker, J.L.; Galvin, K.M.; Davie, J.R.; Shi, Y.; Hansen, U.; 
Margolis, D.M. The human factors yy1 and lsf repress the human immunodeficiency virus type 1 
long terminal repeat via recruitment of histone deacetylase 1. J. Virol. 2000, 74, 6790 6799. 

125. Williams, S.A.; Chen, L.F.; Kwon, H.; Ruiz-Jarabo, C.M.; Verdin, E.; Greene, W.C. Nf-kappab 
p50 promotes hiv latency through hdac recruitment and repression of transcriptional initiation. 
EMBO J. 2006, 25, 139 149. 

126. Kutsch, O.; Benveniste, E.N.; Shaw, G.M.; Levy, D.N. Direct and quantitative single-cell 
analysis of human immunodeficiency virus type 1 reactivation from latency. J. Virol. 2002, 76, 
8776 8786. 

127. Huber, K.; Doyon, G.; Plaks, J.; Fyne, E.; Mellors, J.W.; Sluis-Cremer, N. Inhibitors of histone 
deacetylases: Correlation between isoform specificity and reactivation of hiv type 1 (hiv-1) from 
latently infected cells. J. Biol. Chem. 2011, 286, 22211 22218. 

128. Kim, D.H.; Villeneuve, L.M.; Morris, K.V.; Rossi, J.J. Argonaute-1 directs sirna-mediated 
transcriptional gene silencing in human cells. Nat. Struct. Mol. Biol. 2006, 13, 793 797. 

129. Suzuki, K.; Juelich, T.; Lim, H.; Ishida, T.; Watanebe, T.; Cooper, D.A.; Rao, S.; Kelleher, A.D. 
Closed chromatin architecture is induced by an rna duplex targeting the hiv-1 promoter region.  
J. Biol. Chem. 2008, 283, 23353 23363. 

130. Huo, L.; Li, D.; Sun, X.; Shi, X.; Karna, P.; Yang, W.; Liu, M.; Qiao, W.; Aneja, R.; Zhou, J. 
Regulation of tat acetylation and transactivation activity by the microtubule-associated 
deacetylase hdac6.  J. Biol. Chem. 2011, 286, 9280 9286. 

131. Valenzuela-Fernandez, A.; Alvarez, S.; Gordon-Alonso, M.; Barrero, M.; Ursa, A.; Cabrero, 
J.R.; Fernandez, G.; Naranjo-Suarez, S.; Yanez-Mo, M.; Serrador, J.M.; et al. Histone 
deacetylase 6 regulates human immunodeficiency virus type 1 infection. Mol. Biol. Cell 2005, 
16, 5445 5454. 

132. Van Duyne, R.; Easley, R.; Wu, W.; Berro, R.; Pedati, C.; Klase, Z.; Kehn-Hall, K.; Flynn, E.K.; 
Symer, D.E.; Kashanchi, F. Lysine methylation of hiv-1 tat regulates transcriptional activity of 
the viral ltr. Retrovirology 2008, 5, doi:10.1186/1742-4690-5-40. 

133. Dillon, S.C.; Zhang, X.; Trievel, R.C.; Cheng, X. The set-domain protein superfamily: Protein 
lysine methyltransferases. Genome Biol. 2005, 6, doi:10.1186/gb-2005-6-8-227. 

134. Luo, M. Current chemical biology approaches to interrogate protein methyltransferases.  
ACS Chem. Biol. 2012, 7, 443 463. 

135. Zhang, L.; Eugeni, E.E.; Parthun, M.R.; Freitas, M.A. Identification of novel histone post-
translational modifications by peptide mass fingerprinting. Chromosoma 2003, 112, 77 86. 



Biology 2012, 1 365 
 

136. Feng, Q.; Wang, H.; Ng, H.H.; Erdjument-Bromage, H.; Tempst, P.; Struhl, K.; Zhang, Y. 
Methylation of h3-lysine 79 is mediated by a new family of hmtases without a set domain.  
Curr. Biol. 2002, 12, 1052 1058. 

137. Ng, H.H.; Feng, Q.; Wang, H.; Erdjument-Bromage, H.; Tempst, P.; Zhang, Y.; Struhl, K. 
Lysine methylation within the globular domain of histone h3 by dot1 is important for telomeric 
silencing and sir protein association. Genes Dev. 2002, 16, 1518 1527. 

138. Lachner, M.; O'Carroll, D.; Rea, S.; Mechtler, K.; Jenuwein, T. Methylation of histone h3 lysine 
9 creates a binding site for hp1 proteins. Nature 2001, 410, 116 120. 

139. Schneider, R.; Bannister, A.J.; Myers, F.A.; Thorne, A.W.; Crane-Robinson, C.; Kouzarides, T. 
Histone h3 lysine 4 methylation patterns in higher eukaryotic genes. Nat. Cell Biol. 2004, 6,  
73 77. 

140. Ng, H.H.; Robert, F.; Young, R.A.; Struhl, K. Targeted recruitment of set1 histone methylase by 
elongating pol ii provides a localized mark and memory of recent transcriptional activity.  
Mol. Cell 2003, 11, 709 719. 

141. Rao, B.; Shibata, Y.; Strahl, B.D.; Lieb, J.D. Dimethylation of histone h3 at lysine 36 demarcates 
regulatory and nonregulatory chromatin genome-wide. Mol. Cell Biol. 2005, 25, 9447 9459. 

142. Schotta, G.; Lachner, M.; Sarma, K.; Ebert, A.; Sengupta, R.; Reuter, G.; Reinberg, D.; Jenuwein, T. 
A silencing pathway to induce h3-k9 and h4-k20 trimethylation at constitutive heterochromatin. 
Genes Dev. 2004, 18, 1251 1262. 

143. Le Douce, V.; Colin, L.; Redel, L.; Cherrier, T.; Herbein, G.; Aunis, D.; Rohr, O.; van Lint, C.; 
Schwartz, C. Lsd1 cooperates with ctip2 to promote hiv-1 transcriptional silencing.  
Nucleic Acids Res. 2012, 40, 1904 1915. 

144. Li, F.; Huarte, M.; Zaratiegui, M.; Vaughn, M.W.; Shi, Y.; Martienssen, R.; Cande, W.Z. Lid2 is 
required for coordinating h3k4 and h3k9 methylation of heterochromatin and euchromatin. Cell 
2008, 135, 272 283. 

145. Wysocka, J.; Allis, C.D.; Coonrod, S. Histone arginine methylation and its dynamic regulation. 
Frontiers Biosci. A J. Virtual Libr. 2006, 11, 344 355. 

146. Bachand, F. Protein arginine methyltransferases: From unicellular eukaryotes to humans. 
Eukaryot. Cell 2007, 6, 889 898. 

147. Cuthbert, G.L.; Daujat, S.; Snowden, A.W.; Erdjument-Bromage, H.; Hagiwara, T.; Yamada, M.; 
Schneider, R.; Gregory, P.D.; Tempst, P.; Bannister, A.J.; et al. Histone deimination antagonizes 
arginine methylation. Cell 2004, 118, 545 553. 

148. Willemsen, N.M.; Hitchen, E.M.; Bodetti, T.J.; Apolloni, A.; Warrilow, D.; Piller, S.C.;  
Harrich, D. Protein methylation is required to maintain optimal hiv-1 infectivity. Retrovirology 
2006, 3, doi:10.1186/1742-4690-3-92. 

149. Kwak, Y.T.; Guo, J.; Prajapati, S.; Park, K.J.; Surabhi, R.M.; Miller, B.; Gehrig, P.;  
Gaynor, R.B. Methylation of spt5 regulates its interaction with rna polymerase ii and 
transcriptional elongation properties. Mol. Cell 2003, 11, 1055 1066. 

150. Xie, B.; Invernizzi, C.F.; Richard, S.; Wainberg, M.A. Arginine methylation of the human 
immunodeficiency virus type 1 tat protein by prmt6 negatively affects tat interactions with both 
cyclin t1 and the tat transactivation region. J. Virol. 2007, 81, 4226 4234. 



Biology 2012, 1 366 
 

151. Boulanger, M.C.; Liang, C.; Russell, R.S.; Lin, R.; Bedford, M.T.; Wainberg, M.A.; Richard, S. 
Methylation of tat by prmt6 regulates human immunodeficiency virus type 1 gene expression.  
J. Virol. 2005, 79, 124 131. 

152. Friedman, J.; Cho, W.K.; Chu, C.K.; Keedy, K.S.; Archin, N.M.; Margolis, D.M.; Karn, J. 
Epigenetic silencing of hiv-1 by the histone h3 lysine 27 methyltransferase enhancer of zeste 2.  
J. Virol. 2011, 85, 9078 9089. 

153. Weinberg, M.S.; Villeneuve, L.M.; Ehsani, A.; Amarzguioui, M.; Aagaard, L.; Chen, Z.X.; 
Riggs, A.D.; Rossi, J.J.; Morris, K.V. The antisense strand of small interfering rnas directs 
histone methylation and transcriptional gene silencing in human cells. RNA 2006, 12, 256 262. 

154. Meissner, A.; Mikkelsen, T.S.; Gu, H.; Wernig, M.; Hanna, J.; Sivachenko, A.; Zhang, X.; 
Bernstein, B.E.; Nusbaum, C.; Jaffe, D.B.; et al. Genome-scale DNA methylation maps of 
pluripotent and differentiated cells. Nature 2008, 454, 766 770. 

155. Fan, S.; Zhang, M.Q.; Zhang, X. Histone methylation marks play important roles in predicting 
the methylation status of cpg islands. Biochem. Biophys. Res. Commun. 2008, 374, 559 564. 

156. Cedar, H.; Bergman, Y. Linking DNA methylation and histone modification: Patterns and 
paradigms. Nat. Rev. Genet. 2009, 10, 295 304. 

157. Ooi, S.K.; Qiu, C.; Bernstein, E.; Li, K.; Jia, D.; Yang, Z.; Erdjument-Bromage, H.; Tempst, P.; 
Lin, S.P.; Allis, C.D.; et al. Dnmt3l connects unmethylated lysine 4 of histone h3 to de novo 
methylation of DNA. Nature 2007, 448, 714 717. 

158. Jia, D.; Jurkowska, R.Z.; Zhang, X.; Jeltsch, A.; Cheng, X. Structure of dnmt3a bound to dnmt3l 
suggests a model for de novo DNA methylation. Nature 2007, 449, 248 251. 

159. Ishida, T.; Hamano, A.; Koiwa, T.; Watanabe, T. 5' long terminal repeat (ltr)-selective 
methylation of latently infected hiv-1 provirus that is demethylated by reactivation signals. 
Retrovirology 2006, 3, doi:10.1186/1742-4690-3-69. 

160. Blazkova, J.; Murray, D.; Justement, J.S.; Funk, E.K.; Nelson, A.K.; Moir, S.; Chun, T.W.;  
Fauci, A.S. Paucity of hiv DNA methylation in latently infected, resting cd4+ t cells from 
infected individuals receiving antiretroviral therapy. J. Virol. 2012, 86, 5390 5392. 

161. Ting, A.H.; Schuebel, K.E.; Herman, J.G.; Baylin, S.B. Short double-stranded rna induces 
transcriptional gene silencing in human cancer cells in the absence of DNA methylation.  
Nat. Genet. 2005, 37, 906 910. 

162. Ansari, K.I.; Mishra, B.P.; Mandal, S.S. Mll histone methylases in gene expression, hormone 
signaling and cell cycle. Front. Biosci. 2009, 14, 3483 3495. 

163. Tsukiyama, T.; Wu, C. Chromatin remodeling and transcription. Curr. Opin. Genet. Dev. 1997, 
7, 182 191. 

164. Reyes, J.C.; Barra, J.; Muchardt, C.; Camus, A.; Babinet, C.; Yaniv, M. Altered control of 
cellular proliferation in the absence of mammalian brahma (snf2alpha). EMBO J. 1998, 17, 
6979 6991. 

165. Chiba, H.; Muramatsu, M.; Nomoto, A.; Kato, H. Two human homologues of saccharomyces 
cerevisiae swi2/snf2 and drosophila brahma are transcriptional coactivators cooperating with the 
estrogen receptor and the retinoic acid receptor. Nucleic Acids Res. 1994, 22, 1815 1820. 

  



Biology 2012, 1 367 
 

166. De la Serna, I.L.; Ohkawa, Y.; Imbalzano, A.N. Chromatin remodelling in mammalian 
differentiation: Lessons from atp-dependent remodellers. Nat. Rev. Genet. 2006, 7, 461 473. 

167. Wang, W.; Xue, Y.; Zhou, S.; Kuo, A.; Cairns, B.R.; Crabtree, G.R. Diversity and specialization 
of mammalian swi/snf complexes. Genes Dev. 1996, 10, 2117 2130. 

168. Sudarsanam, P.; Winston, F. The swi/snf family nucleosome-remodeling complexes and 
transcriptional control. Trends Genet. 2000, 16, 345 351. 

169. Narlikar, G.J.; Fan, H.Y.; Kingston, R.E. Cooperation between complexes that regulate 
chromatin structure and transcription. Cell 2002, 108, 475 487. 

170. Sims, R.J., 3rd; Mandal, S.S.; Reinberg, D. Recent highlights of rna-polymerase-ii-mediated 
transcription. Curr. Opin. Cell Biol. 2004, 16, 263 271. 

171. Fan, H.Y.; Narlikar, G.J.; Kingston, R.E. Noncovalent modification of chromatin: Different 
remodeled products with different atpase domains. Cold Spring Harb. Symp. Quant. Biol. 2004, 
69, 183 192. 

172. Liu, N.; Balliano, A.; Hayes, J.J. Mechanism(s) of swi/snf-induced nucleosome mobilization. 
Chembiochem 2011, 12, 196 204. 

173. Castanotto, D.; Tommasi, S.; Li, M.; Li, H.; Yanow, S.; Pfeifer, G.P.; Rossi, J.J. Short hairpin 
rna-directed cytosine (cpg) methylation of the rassf1a gene promoter in hela cells. Mol. Ther. 
2005, 12, 179 183. 

174. Ahlenstiel, C.L.; Lim, H.G.; Cooper, D.A.; Ishida, T.; Kelleher, A.D.; Suzuki, K. Direct evidence 
of nuclear argonaute distribution during transcriptional silencing links the actin cytoskeleton to 
nuclear rnai machinery in human cells. Nucleic Acids Res. 2012, 40, 1579 1595. 

175. Janowski, B.A.; Huffman, K.E.; Schwartz, J.C.; Ram, R.; Nordsell, R.; Shames, D.S.;  
Minna, J.D.; Corey, D.R. Involvement of ago1 and ago2 in mammalian transcriptional silencing. 
Nat. Struct. Mol. Biol. 2006, 13, 787 792. 

176. Vire, E.; Brenner, C.; Deplus, R.; Blanchon, L.; Fraga, M.; Didelot, C.; Morey, L.; van Eynde, 
A.; Bernard, D.; Vanderwinden, J.M.; et al. The polycomb group protein ezh2 directly controls 
DNA methylation. Nature 2006, 439, 871 874. 

177. Han, J.; Kim, D.; Morris, K.V. Promoter-associated rna is required for rna-directed transcriptional 
gene silencing in human cells. Proc. Natl. Acad. Sci. USA 2007, 104, 12422 12427. 

178. Janowski, B.A.; Huffman, K.E.; Schwartz, J.C.; Ram, R.; Hardy, D.; Shames, D.S.; Minna, J.D.; 
Corey, D.R. Inhibiting gene expression at transcription start sites in chromosomal DNA with 
antigene rnas. Nat. Chem. Biol. 2005, 1, 216 222. 

179. Hawkins, P.G.; Santoso, S.; Adams, C.; Anest, V.; Morris, K.V. Promoter targeted small rnas 
induce long-term transcriptional gene silencing in human cells. Nucleic Acids Res. 2009, 37, 
2984 2995. 

180. Clerc, I.; Laverdure, S.; Torresilla, C.; Landry, S.; Borel, S.; Vargas, A.; Arpin-Andre, C.;  
Gay, B.; Briant, L.; Gross, A.; et al. Polarized expression of the membrane asp protein derived 
from hiv-1 antisense transcription in t cells. Retrovirology 2011, 8, doi:10.1186/1742-4690-8-74. 

181. Lefebvre, G.; Desfarges, S.; Uyttebroeck, F.; Munoz, M.; Beerenwinkel, N.; Rougemont, J.; 
Telenti, A.; Ciuffi, A. Analysis of hiv-1 expression level and sense of transcription by high-
throughput sequencing of the infected cell. J. Virol. 2011, 85, 6205 6211. 



Biology 2012, 1 368 
 

182. Bansal, A.; Carlson, J.; Yan, J.; Akinsiku, O.T.; Schaefer, M.; Sabbaj, S.; Bet, A.; Levy, D.N.; 
Heath, S.; Tang, J.; et al. Cd8 t cell response and evolutionary pressure to hiv-1 cryptic epitopes 
derived from antisense transcription. J. Exp. Med. 2010, 207, 51 59. 

183. Bentley, K.; Deacon, N.; Sonza, S.; Zeichner, S.; Churchill, M. Mutational analysis of the hiv-1 
ltr as a promoter of negative sense transcription. Arch. Virol. 2004, 149, 2277 2294. 

184. Briquet, S.; Vaquero, C. Immunolocalization studies of an antisense protein in hiv-1-infected 
cells and viral particles. Virology 2002, 292, 177 184. 

185. Tagieva, N.E.; Vaquero, C. Expression of naturally occurring antisense rna inhibits human 
immunodeficiency virus type 1 heterologous strain replication. J. Gen. Virol. 1997, 78 (Pt. 10), 
2503 2511. 

186. Peeters, A.; Lambert, P.F.; Deacon, N.J. A fourth sp1 site in the human immunodeficiency virus type 
1 long terminal repeat is essential for negative-sense transcription. J. Virol. 1996, 70, 6665 6672. 

187. Landry, S.; Halin, M.; Lefort, S.; Audet, B.; Vaquero, C.; Mesnard, J.M.; Barbeau, B. Detection, 
characterization and regulation of antisense transcripts in hiv-1. Retrovirology 2007, 4, 
doi:10.1186/1742-4690-4-71. 

188. Ludwig, L.B.; Ambrus, J.L., Jr.; Krawczyk, K.A.; Sharma, S.; Brooks, S.; Hsiao, C.B.;  
Schwartz, S.A. Human immunodeficiency virus-type 1 ltr DNA contains an intrinsic gene producing 
antisense rna and protein products. Retrovirology 2006, 3, doi:10.1186/1742-4690-3-80. 

189. Vanhee-Brossollet, C.; Thoreau, H.; Serpente, N.; D'Auriol, L.; Levy, J.P.; Vaquero, C.  
A natural antisense rna derived from the hiv-1 env gene encodes a protein which is recognized by 
circulating antibodies of hiv+ individuals. Virology 1995, 206, 196 202. 

190. Michael, N.L.; Vahey, M.T.; d'Arcy, L.; Ehrenberg, P.K.; Mosca, J.D.; Rappaport, J.; Redfield, R.R. 
Negative-strand rna transcripts are produced in human immunodeficiency virus type 1-infected 
cells and patients by a novel promoter downregulated by tat. J. Virol. 1994, 68, 979 987. 

191. Miller, R.H. Human immunodeficiency virus may encode a novel protein on the genomic DNA 
plus strand. Science 1988, 239, 1420 1422. 

192. Kobayashi-Ishihara, M.; Yamagishi, M.; Hara, T.; Matsuda, Y.; Takahashi, R.; Miyake, A.; 
Nakano, K.; Yamochi, T.; Ishida, T.; Watanabe, T. Hiv-1-encoded antisense rna suppresses viral 
replication for a prolonged period. Retrovirology 2012, 9, doi:10.1186/1742-4690-9-38. 

193. Suzuki, K.; Shijuuku, T.; Fukamachi, T.; Zaunders, J.; Guillemin, G.; Cooper, D.; Kelleher, A. 
Prolonged transcriptional silencing and cpg methylation induced by sirnas targeted to the hiv-1 
promoter region. J. RNAi Gene Silenc. 2005, 1, 66 78. 

194. Suzuki, K.; Ishida, T.; Yamagishi, M.; Ahlenstiel, C.; Swaminathan, S.; Marks, K.; Murray, D.; 
McCartney, E.M.; Beard, M.R.; Alexander, M.; et al. Transcriptional gene silencing of hiv-1 
through promoter targeted rna is highly specific. RNA Biol. 2011, 8, 1035 1046. 

195. Carpio, L.; Klase, Z.; Coley, W.; Guendel, I.; Choi, S.; Van Duyne, R.; Narayanan, A.; Kehn-
Hall, K.; Meijer, L.; Kashanchi, F. Microrna machinery is an integral component of drug-induced 
transcription inhibition in hiv-1 infection. J RNAi Gene Silenc. 2010, 6, 386 400. 

196. Coley, W.; Van Duyne, R.; Carpio, L.; Guendel, I.; Kehn-Hall, K.; Chevalier, S.; Narayanan, A.; 
Luu, T.; Lee, N.; Klase, Z.; et al. Absence of dicer in monocytes and its regulation by hiv-1.  
J. Biol. Chem. 2010, 285, 31930 31943. 



Biology 2012, 1 369 
 

197. Morris, K.V. Therapeutic potential of sirna-mediated transcriptional gene silencing. 
Biotechniques 2006, 40, S7 S13. 

198. Turner, A.M.; Ackley, A.M.; Matrone, M.A.; Morris, K.V. Characterization of an hiv-targeted 
transcriptional gene-silencing rna in primary cells. Hum. Gene Ther. 2012, 23, 473 483. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


