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Abstract: The existence of latent cellular reservoirs is recognized as the major barrier to an HIV cure. Reactivating and eliminating 
“shock and kill” or permanently silencing “block and lock” the latent HIV reservoir, as well as gene editing, remain promising 
approaches, but so far have proven to be only partially successful. Moreover, using latency reversing agents or “block and lock” drugs 
pose additional considerations, including the ability to cause cellular toxicity, a potential lack of specificity for HIV, or low potency 
when each agent is used alone. RNA molecules, such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are becoming 
increasingly recognized as important regulators of gene expression. RNA-based approaches for combatting HIV latency represent 
a promising strategy since both miRNAs and lncRNAs are more cell-type and tissue specific than protein coding genes. Thus, a higher 
specificity of targeting the latent HIV reservoir with less overall cellular toxicity can likely be achieved. In this review, we summarize 
current knowledge about HIV gene expression regulation by miRNAs and lncRNAs encoded in the human genome, as well as 
regulatory molecules encoded in the HIV genome. We discuss both the transcriptional and post-transcriptional regulation of HIV gene 
expression to align with the current definition of latency, and describe RNA molecules that either promote HIV latency or have anti- 
latency properties. Finally, we provide perspectives on using each class of RNAs as potential targets for combatting HIV latency, and 
describe the complexity of the interactions between different RNA molecules, their protein targets, and HIV. 
Keywords: HIV, HIV latency, micro RNA, long non-coding RNA, HIV transcripts, gene expression regulation

Plain Language Summary
Human Immunodeficiency Virus (HIV) remains a global concern. Although antiretroviral therapy (ART) significantly increases the life 
expectancy of people with HIV by eliminating all active forms of the virus, HIV persists in a silent form, called “latency”, in certain 
types of immune cells. This silent infection is invisible to the immune system, resistant to ART and represents the main barrier to an 
HIV cure. Approaches to target HIV latency include reactivating (“shock”) and then eliminating (“kill”) cells with latent HIV, 
permanently silencing “block and lock” HIV in a latent state, or gene editing. While these approaches are promising, they often suffer 
from a lack of specificity for HIV, cellular toxicity, or low potency. An alternative, or complementary, strategy is to target latently 
infected cells using RNA-based approaches. Two major types of regulatory RNA molecules exist: micro RNAs and long non-coding 
RNAs. Their activity is usually cell, tissue, and disease-type specific; therefore, RNA targeting represents an attractive strategy to 
purge or silence latent HIV infection. Here, we highlight current research on the role of cellular and viral micro RNAs and long non- 
coding RNAs in the regulation of HIV gene activity. We then discuss how each of these RNAs may be potentially targeted to combat 
HIV latency.

Introduction
In the present era of combination antiretroviral therapy (cART), the latent cellular reservoir of HIV is recognized as the 
major barrier to a cure.1 This latent reservoir was initially defined as CD4+ T cells bearing quiescent proviruses that 
retain the capacity to produce infectious particles.2,3 However, since blocks to RNA splicing, nuclear export, and 
translation prevent the formation of infectious particles, the current definition of latency does not require complete 
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proviral quiescence.4 Therefore, in this review, we will address the regulation of HIV transcription and the post- 
transcriptional steps of the replication cycle by expression of host and viral RNAs. Additionally, while CD4+ T cells 
represent the main reservoir of latently infected cells, monocytes and macrophages are becoming increasingly recognized 
as additional sources of latent viral reservoirs.5 This review focuses primarily on the roles of RNA molecules in HIV 
regulation of HIV latency in CD4+ T cells and lymphocytic cell lines; however, observations of their roles in monocytes, 
macrophages, and promonocytic cell lines are also discussed.

Non-coding RNAs, including micro RNAs (miRNAs) and long non-coding RNAs (lncRNAs), are becoming 
increasingly recognized as important regulators of gene expression. Generation of miRNAs initiates in the nucleus, 
where primary miRNA transcripts are processed by the ribonuclease DROSHA into 70–100 nucleotide (nt) long precursor 
miRNAs (pre-miRNAs).6 Following nuclear export, pre-miRNAs are further processed by the ribonuclease DICER to 
generate ~22 nt long miRNAs. These miRNAs are loaded into the RNA-induced silencing complex (RISC), which guides 
them to specific mRNAs using perfect or partial base pairing. Downregulation of target mRNAs is achieved by miRNA- 
mediated degradation7 or translational repression.8 Additionally, miRNAs can enter the nucleus and either induce9,10 or 
repress11 gene transcription. LncRNAs are non-coding transcripts greater than 200 nt in length that regulate gene 
expression at the level of transcription and/or post-transcriptionally by forming RNA-DNA hybrids, via formation of 
secondary structures, by serving as decoys for proteins and regulatory miRNAs, by guiding proteins to their targets, or 
serving as scaffolds for protein complexes.12,13 Both miRNAs and lncRNAs may also regulate gene expression indirectly, 
for example, by targeting transcription factors. Furthermore, the HIV genome encodes several regulatory short RNAs 
including miRNAs, and lncRNAs.

Clarifying the mechanisms by which RNA molecules regulate HIV gene expression is needed in order to combat 
HIV latency. This is particularly important, given that several promising approaches have been tested and proven to be 
only partially successful. One such approach is the “shock and kill” treatment strategy, which has been envisioned as 
a controlled induction of virus reactivation in the presence of cART to reveal latently infected cells for immune system 
recognition and destruction. Several functional classes of small-molecule latency reversing agents (LRAs) including 
epigenetic modifiers, chromatin modulators, signaling effectors, and transcriptional elongation modulators have been 
identified in low- and high-throughput screens.14 Many have been tested in clinical trials, but the success of these 
strategies has been limited.15–18 Another promising approach is “block and lock”, designed for long-term silencing of 
the HIV provirus.19 Several small-molecule compounds have “block and lock” properties;20–23 however, it remains 
questionable whether complete proviral inhibition using these compounds can be achieved long term. Another 
important consideration with using LRAs or “block and lock” drugs as therapeutic agents is the potential presence 
of side effects such as cellular toxicities, lack of specificity for HIV, or low potency when each agent is used alone.24 

Finally, genome editing to excise the HIV provirus out of the host genome is another tantalizing approach. Several 
tools have been used to achieve excision of the HIV provirus, including zinc finger nucleases (ZNFs),25 transcription 
activator-like effector nucleases (TALENs),26 engineered endonucleases,27 or the clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system.28 While these strategies are promising, 
they also have limitations, including the potential for off-target editing, the inability to edit all viral quasispecies in 
a given person with HIV, the development of resistance to genome editing, and challenges with specifically editing 
latently infected cells.29

Using an RNA-based approach to achieve HIV latency reversal or silencing may be more promising as these 
strategies may be more specific to latently infected cells. Indeed, miRNAs and lncRNAs are more tissue and cell-type 
specific than protein coding genes.30–32 RNAs encoded by the HIV genome are expressed exclusively in HIV-infected 
cells and may present the best targets for HIV latency reversal or silencing. Furthermore, investigating the regulatory 
roles of RNA molecules will likely reveal redundancies and discrepancies in their function on known protein regulators 
of HIV expression. Finally, using an RNA-based approach to combat HIV latency has precedence: the FDA-approved 
drug Patisiran uses RNA interference (RNAi) to reduce the production of a mutated form of the transthyretin protein to 
treat hereditary transthyretin amyloidosis.33 Here, we provide a summary of the roles of miRNAs, lncRNAs and HIV 
RNA in the regulation of HIV gene expression and highlight strategies to target the HIV latent reservoir.
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Methods
Literature searches were conducted in PubMed using keywords (eg HIV, HIV latency, microRNAs, miRNAs, long non- 
coding RNAs, lncRNAs, and regulatory RNAs). Papers specifically related to transcriptional or post-transcriptional 
regulation of HIV latency were selected for the review. Both validated and hypothetical roles of RNA molecules in HIV 
latency control were discussed. Figures were created in Biorender.com.

Role of miRNAs Encoded in the Human Genome in the Regulation of HIV 
Latency
Mechanisms of action of miRNAs to regulate HIV expression include acting on protein-coding genes that function as 
HIV regulators, or directly targeting HIV RNA (Figure 1). MiRNAs that target mRNAs of HIV activator proteins, such as 
transcription factors, may regulate “deep” proviral latency and facilitate complete quiescence. Alternatively, miRNAs 
may cause degradation of mRNAs of HIV repressor proteins and have anti-latency properties. MiRNAs that act directly 

Figure 1 Regulation of HIV latency by cellular miRNAs. MiRNAs can regulate HIV latency via three distinct mechanisms. All rely on the binding of a cellular miRNA, in 
complex with the RNA-induced silencing complex (RISC), to the 3’ end of cellular or viral mRNAs. This either leads to translational repression or mRNA degradation. 
(Left) Some miRNAs reduce the levels of HIV activator proteins (ie transcriptional activators), leading to maintenance of the HIV latent reservoir. (Middle) Alternatively, 
other miRNAs decrease the expression of HIV repressor proteins, such as transcriptional silencers or restriction factors. This facilitates activation of the proviral LTR and 
latency reversal. (Right) MiRNAs may also promote latency post-transcriptionally via the repression of HIV spliced or unspliced transcripts, leading to reduced levels of HIV 
viral proteins. Specific cellular miRNAs and their cellular or viral mRNA target(s) are listed; miRNAs/target(s) that promote latency are highlighted in red, while those that 
have anti-latency properties are highlighted in green. The figure was created in Biorender.com. 
Abbreviations: BST2, bone-marrow stromal antigen 2; CCNT1, cyclin T1; FOXO1, forkhead box O1; HIVEP2, HIVEP zinc finder 2; IFITM1, interferon induced 
transmembrane protein 1; KAT2B, lysine acetyltransferase 2B; LTR, long terminal repeat; MX2, MX dynamin-like GTPase 2; PRDM1, PR/SET Domain 1; RNA Pol II, RNA 
polymerase II; TRIM32, tripartite motif containing 32; UTR, untranslated region.
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on HIV RNA may regulate post-transcriptional latency, for example, by causing inhibition of viral protein production. 
Below, we provide a comprehensive list of miRNAs that act via these mechanisms. For the summary of this section, 
please refer to Table 1.

Regulators of HIV Activator Proteins
A number of miRNAs act to negatively regulate HIV activator proteins; thus, their action promotes HIV latency 
establishment or maintenance of the provirus in an inactive state (Figure 1, left). In a leukemic T cell line latently 

Table 1 Summary of miRNAs That Promote or Antagonize HIV Latency

miRNA mRNA Target, 
Gene Symbol

mRNA Target, Gene 
Name

Pro-Latency Anti-Latency References 
(PMIDs)

miR-155 TRIM32 Tripartite Motif Containing 32 X 25873391

miR-186 HIVEP2 HIVEP Zinc Finger 2 X 30682089

miR-210 HIVEP2 HIVEP Zinc Finger 2 X 30682089

miR-27b CCNT1 Cyclin T1 X 22205749

miR-29b CCNT1 Cyclin T1 X 22205749

miR-150 CCNT1 Cyclin T1 X 22205749

miR-223 CCNT1 Cyclin T1 X 22205749

miR-198 CCNT1 Cyclin T1 X 19148268

miR-17-5p KAT2B (PCAF) Lysine Acetyltransferase 2B X 17322031

miR-20a KAT2B (PCAF) Lysine Acetyltransferase 2B X 17322031

miR-9-5p PRDM1 (BLIMP-1) PR/SET Domain 1 X 23129528 

22585398 
31467373

miR-34c-5p Multiple targets with 
opposite functions

X 27993935

miR-146a MX2 MX Dynamin Like GTPase 2 X 29961753

miR-146a IFITM1 Interferon Induced 

Transmembrane Protein 1

X 29961753

miR-146a BST2 (Tetherin) Bone Marrow Stromal Cell 

Antigen 2

X 29961753

miR-139-5p FOXO1 Forkhead Box O1 X 34249000

miR-29a HIV RNA X 25486977

miR-29b HIV RNA X 19102781 

19560422

miR-125b HIV RNA X 17906637

miR-150 HIV RNA X 17906637

miR-28 HIV RNA X 17906637

miR-223 HIV RNA X 17906637

miR-382 HIV RNA X 17906637
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infected with HIV encoding green fluorescent protein (GFP) and containing a frameshift-mutation in the envelope gene 
(termed J-Lat 5A8), miR-155 targeted tripartite motif containing 32 (TRIM32).34TRIM32 stimulates nuclear factor kappa 
light-chain enhancer of activated B cells (NF-kB) signaling, a central pathway that regulates viral gene transcription from 
the HIV promoter, long terminal repeat (LTR).35,36 As a result of TRIM32 downregulation by miR-155, NF-kB signaling 
was suppressed, leading to reduced activity of the HIV LTR. MiRNAs miR-186 and miR-210 were upregulated by HIV 
infection in the human T cell lymphoblastic lymphoma (Sup-T1) cell line.37 The mRNA target of these miRNAs is 
HIVEP zinc finder 2 (HIVEP2), an RNA encoding an HIV enhancer binding protein. Its expression was induced by 
mitogen and phorbol ester treatment, suggesting that it may act in HIV reactivation from latently infected cells.38 Thus, 
downregulation of HIVEP2 by miR-186 and miR-210 would be predicted to result in viral suppression.

Several miRNAs were reported to act via interfering with cellular cofactors of the HIV transactivator protein Tat, thus 
inhibiting HIV mRNA elongation and promoting latency. Overexpression of miRNAs miR-27b, miR-29b, miR-150 and 
miR-223 in primary CD4+ T cells resulted in reduced levels of Cyclin T1 (encoded by CCNT1), a component of the 
positive transcription elongation factor (p-TEFb) complex.39 These miRNAs had higher expression in resting compared 
to activated primary CD4+ T cells, where levels of Cyclin T1 are low.39 Cyclin T1 mRNA was shown to be a direct target 
of miR-27b; however, miR-29b, miR-150 and miR-223 likely acted indirectly39 to reduce expression of Cyclin T1 and 
promote HIV latency. Interestingly, a different miRNA, miR-198, acted to promote HIV latency via the reduction of 
Cyclin T1 expression in the promonocytic cell line Mono Mac 6.40 Another cofactor of Tat regulated by miRNAs is 
p300/CBP-associated factor (PCAF),41 also known as lysine acetyltransferase 2B (KAT2B). MiR-17-5p and miR-20a 
targeted the 3’ untranslated region (UTR) of PCAF, leading to PCAF translational inhibition. Overexpression of these 
miRNAs in T lymphocytic (Jurkat) and promonocytic (U1) cell lines and peripheral blood mononuclear cells (PBMCs) 
isolated from persons with HIV resulted in the inhibition of HIV replication.41 While these miRNAs were not directly 
tested in HIV latency reversal, their ability to modulate PCAF similar to the action of miR-27b via Cyclin T1 suggests 
they may play a role in promoting latency.

Regulators of HIV Repressor Proteins
Conversely, the downregulation of a number of miRNAs was reported to promote integration and establishment of latent 
reservoirs or facilitate stable latent HIV infection. These miRNAs negatively regulate HIV repressor proteins and 
therefore have anti-latency properties (Figure 1, middle). One example of such miRNA is miR-9-5p. In a T-cell 
lymphoma cell line HUT78, this miRNA negatively regulated expression of B lymphocyte-induced maturation pro-
tein-1 (BLIMP-1, encoded by PR/SET Domain 1, PRDM1),42 which inhibits HIV transcription via binding to the HIV 
LTR directly43 or acts indirectly via recruitment of histone deacetylases (HDACs).44 Conversely, silencing of miR-9-5p 
in primary CD4+ T cells45 and its downregulation by transforming growth factor beta 1 in primary differentiated human 
bronchial epithelial cells46 resulted in an increase of expression levels of BLIMP-1, promoting the establishment of the 
latent HIV reservoir. MiR-9-5p may have clinical relevance because its expression was lower in PBMCs from elite 
controllers (ECs) compared to viremic long-term non-progressors (LTNPs).47

Another example is miR-34c-5p. Expression of this miRNA was elevated in activated CD4+ T cells but was 
downregulated during HIV infection. In a leukemic T cell line (Jurkat) engineered to stably express miR-34c-5p, 
downregulation of miR34c-5p was associated with a reduction in HIV proteins, but an increase in integrated proviral 
DNA levels,48 suggesting that this miRNA negatively affects the establishment of the HIV latent reservoir. Furthermore, 
the targets of miR-34c-5p were enriched for proteins with functions in the HIV replication cycle, of which six were 
enhancers and two inhibitors of viral replication.48 Surprisingly, enhancers were downregulated as the result of over-
expression of miR-34c-5p, including transcriptional activator KAT2B, which was experimentally validated in this study. 
The authors argued that despite the downregulation of HIV transcriptional activators, the combined impact of miR-34c- 
5p expression on multiple cellular pathways created a favorable environment for HIV replication48 rather than a latent 
proviral state.

CRISPR-Cas9 depletion of miR-146a in a leukemic T cell line (MT2) infected with HIV led to the downregulation of 
HIV mRNA and the upregulation of multiple HIV restriction factors, such as MxB (also known as MX dynamin-like 
GTPase 2, MX2), interferon (IFN) induced transmembrane protein 1 (IFITM1) and Tetherin (also known as bone marrow 
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stromal cell antigen 2, BST2). Furthermore, in a T lymphocyte cell line (Jurkat-C11) containing a replication-incompetent 
latent HIV genome expressing enhanced GFP,25 abrogation of miR-146a expression resulted in suppression of proviral 
reactivation by the LRA suberoylanilide hydroxamic acid.49 Finally, miR-139-5p was upregulated in the JLat 10.6 cell 
line model of HIV latency by treatment with plasma extracellular vesicles.50 These leukemic T cells contain a molecular 
clone of HIV encoding GFP in place of nef and a frameshift mutation in env.51 As a result of miR-139-5p upregulation, 
forkhead box O1 (FOXO1) expression was reduced, while the proportion of cells expressing the GFP reporter, indicative 
of proviral activation, was increased.50 Knockdown or chemical inhibition of FOXO1 was previously demonstrated to 
result in reactivation of latent HIV proviruses in primary CD4+ T cells;52 thus, the mechanism of viral reactivation in 
JLat 10.6 cells is likely the interaction of miR-139-5p with its gene target, FOXO1.50

Direct Regulators of HIV RNA
Several miRNAs have been experimentally confirmed to act by directly targeting HIV mRNA and repress HIV 
replication post-transcriptionally (Figure 1, right). One of the miRNAs that performs such a function is miR-29a. Its 
functional site is located in a highly conserved region of the 3′ untranslated region (UTR) of the HIV genome. In 
promonocytic (U1, a derivative of U937) and T cell (J1.1, derived from Jurkat T cells) line models of HIV latency with 
low levels of basal HIV RNA expression, overexpression of miR-29a further reduced HIV replication, and its knockdown 
resulted in modest HIV reactivation from latency.53 Using HEK 293 and Jurkat T cell lines transfected with either a nef 
expression vector or an HIV molecular clone, Ahluwalia et al demonstrated that miR-29a and miR-29b acted to reduce 
the levels of Nef protein, proposing this as a mechanism for the reduction in HIV replication.54 However, it was not clear 
from these studies whether other HIV proteins, or mRNA itself, were reduced due to mRNA degradation. An elegant 
study by Nathans et al used reciprocal mutagenesis analysis in the HEK 293 T cell line to demonstrate the direct 
interaction of miR-29a and HIV RNA, which resulted in enhanced association of HIV RNA interactions with the RISC 
complex.55 They further demonstrated that HIV mRNA is associated with processing body (P body) proteins, and that 
disruption of P bodies resulted in the increase of HIV replication. P bodies localize to the cytoplasm and are composed of 
ribonucleoprotein complexes primarily associated with post-transcriptional regulation.56 Consistent with post- 
transcriptional functions of P bodies, the study by Nathans et al showed that regulation of HIV replication in P bodies 
occurred via a translation inhibition mechanism, as levels of HIV proteins were reduced, but levels of HIV mRNA were 
unaffected by P body disruption.55

In a report that used primary CD4+ T cells, 5 miRNAs were identified with a likely function in promoting HIV 
latency: miR-125b, miR-150, miR-28, miR-223, and miR-382.57 Binding at the 3′ end of HIV RNA, these miRNAs 
could inhibit the translation of almost all HIV-encoded proteins, including Tat and Rev.57 Downregulation of Tat and Rev 
proteins could further contribute to enhancing viral latency. Inhibition of these five miRNAs did not result in the 
increased expression of either unspliced or spliced HIV RNA, only HIV proteins, suggesting a role in translational 
regulation.57 Remarkably, this study demonstrated that inhibition of these five miRNAs could reactivate latent provirus 
both in vitro and using samples from people with HIV ex vivo.57

MiRNA Perspectives
Studies that provide evidence on the role of miRNAs in HIV gene expression regulation, and particularly, latency, point 
to an overall complexity of regulation of HIV by miRNAs. Examples provided here show that the miRNA regulation of 
host factors that control HIV expression is multi-faceted. Expression of a single miRNA, miR-34c-5p, provided 
a favorable environment for HIV replication48 despite targeting HIV activators such as KAT2B; conversely, targeting 
KAT2B by miR-17-5p and miR-20a resulted in the inhibition of HIV replication.41 These observations suggest that the 
expression levels of each individual miRNA in a given latently infected cell must be important for the overall activity of 
the HIV LTR. The cellular environment also likely plays a role in HIV gene regulation. For example, even though 
inhibition of miR-125b, miR-150, miR-28, miR-223, and miR-382 regulated HIV reactivation from latency when cells 
from people with HIV were used,57 these observations were not confirmed with models of latency established in vitro.58 

These models of latency were established in the presence of chemokines or cytokines, such as C–C Motif Chemokine 
Ligand 19 or interleukin 7;58 therefore, the cellular environment in these models could differ from resting CD4+ T cells 
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obtained from people with HIV. Furthermore, contradictory relationships were observed between the roles of miRNAs 
evaluated in vitro and their expression levels in clinically interesting populations such as HIV ECs. These individuals 
maintain undetectable viral loads (less than 50 RNA copies/mL) in the absence of ART.59 Within ECs, several miRNAs 
had lower levels of expression compared to viremic LTNPs: miR-150, 155–5p, 29a, 146a, and 9–5p.47 In vitro studies 
summarized above suggest that miR-150, 155–5p, and 29a promote latency, while 146a and 9–5p antagonize latency. 
Therefore, low expression levels of 146a and 9–5p, but not miR-150, 155–5p, and 29a, would be consistent with the HIV 
EC phenotype, where provirus is suppressed.

Overall, the results from many studies give us hope that manipulating miRNA expression can facilitate changes in 
HIV expression levels (such as reactivation from latency). However, this may not always be the case, and the results 
should be interpreted with caution and validated in several experimental systems. For example, López-Huertas et al 
identified several miRNAs differentially expressed in latently infected cells: miR-98-5p, miR-4516, and miR-7974; 
however, their inhibition did not result in quantifiable changes in HIV gene expression.58 Finally, the role played by any 
individual miRNA may be cell type-dependent. For example, miR-4697-3p was upregulated in latently infected, but not 
activated CD4+ T cells or during productive infection.60 Its predicted mRNA target is colony-stimulating factor 2 
(CSF2).60 This protein was initially shown to negatively regulate HIV replication at a post-DNA synthesis step in 
macrophages,61 suggesting a potential role in latency maintenance. However, in primary CD4+ T cells this gene was 
upregulated by activators of the protein kinase C pathway.62 Expression levels of CSF2 were elevated in conjunction with 
HIV reactivation, suggesting a potential role of CSF2 as an HIV activator in CD4+ T cells. Evaluation of miRNA 
expression in conjunction with the expression of protein-coding host factors and activity of the HIV LTR at the single 
cell level is the next logical step that would help tie the results of these studies together.

Role of Human Long Non-Coding RNAs in the Regulation of HIV Latency
LncRNAs are generally greater than 200 nucleotides long and were previously characterized as “dark matter” or 
transcriptional noise.63 However, lncRNAs are now appreciated to affect many biological processes, including gene 
expression, oncogenesis, and pathogenesis. Functionally, lncRNAs serve as molecular “sponges”, binding to ribonucleo-
protein complexes to aid in gene activation, repression, and chromatin modification.12 LncRNAs may regulate HIV 
latency at either the transcriptional or posttranscriptional level (Figure 2). Below we describe their mechanisms in detail. 
For the summary of this section, please refer to Table 2.

Epigenetic Regulation Promoting HIV Latency
Some lncRNAs act to negatively regulate the epigenetic status of the HIV LTR. Therefore, their expression maintains 
HIV in a transcriptionally silent state, promoting latency (Figure 2, left). Inhibiting the lncRNA AK130181 in HIV 
latently infected Jurkat and primary CD4+ T cells or resting CD4+ T cells from people with HIV on cART led to viral 
reactivation upon T cell activation.64 The NF-kB-interacting lncRNA (NKILA), initially identified as a tumor suppressor 
that negatively regulates NF-kB signaling,65 inhibited the replication of diverse HIV clones and clinical subtypes in the 
HEK 293 T cell line.66 Mechanistically, both AK130181 and NKILA inhibited LTR-driven gene transcription in a NF-kB 
dependent manner.64,66 NF-kB (p50/p65) binding to the HIV LTR facilitated the recruitment of histone acetyltransferases 
(HATs), promoting HIV transcription and activation. Expression of NKILA blocked the recruitment of p65 to the HIV 
LTR, impeding HIV activation. Conversely, silencing NKILA promoted the reactivation of HIV within latently infected 
T cell lines.66 Interestingly, levels of NKILA are inversely correlated with HIV replication in clinical samples, and 
overexpressing NKILA in cells from people with HIV decreased proviral reactivation upon stimulation with 
phytohemagglutinin.66

Other lncRNAs may possibly promote latency by recruiting and/or stabilizing transcriptional repressors. Recently, 
RNA sequencing (RNA-Seq) identified plasmacytoma variant translocation 1 (PVT1) as being upregulated in two T cell 
models of HIV latency.60 PVT1 has been implicated in many cases of human disease, mainly oncogenesis.67,68 In the 
setting of hepatocellular carcinoma (HCC), PVT1 increased expression of the transcriptional repressor enhancer of zeste 
2 polycomb repressive complex 2 subunit (EZH2), leading to HCC propagation and the inhibition of apoptosis.69 
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Because EZH2 has been implicated in the regulation of HIV latency,70 PVT1 may act to repress HIV transcription via the 
recruitment and/or activation of EZH2. However, the precise role of PVT1 in this process remains to be determined.

Epigenetic Regulation Promoting HIV Activation
Conversely, the expression of some lncRNAs may serve to activate HIV transcription and replication (Figure 2, middle). 
The lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was upregulated in an RNA-Seq 
analysis of HIV-infected CD4+ T cells.71 Reducing expression of MALAT1 led to a decrease in HIV LTR-driven gene 
transcription and viral replication. By associating with the polycomb repressive complex 2 (PRC2), MALAT1 inhibited 
EZH2 from binding to the HIV promoter. Collectively, this resulted in the inhibition of the methylation of histone 3 on 

Figure 2 Regulation of HIV latency by cellular lncRNAs. Similar to miRNAs, lncRNAs may facilitate the regulation of HIV latency via three mechanisms, two of which exist at 
the epigenetic level. (Left) LncRNAs can bind and/or recruit HIV repressors to the HIV 5′ LTR. This leads to repressive epigenetic modifications, such as histone 
methylation. Alternatively, lncRNAs can inhibit the binding/recruitment of HIV activators to the HIV 5′ LTR. Both cases would lead to transcriptional repression and latency 
maintenance. (Middle) Alternatively, some lncRNAs may either inhibit (HIV repressors) or promote (HIV activators) the recruitment of protein complexes to the HIV-1 5′ 
LTR, resulting in gene activation, and reactivation of HIV from latency. (Right) Other lncRNAs may promote latency post-transcriptionally. In one scenario, lncRNAs can 
associate with nuclear proteins to form paraspeckles, or complexes that regulate mRNA export. Binding of unspliced HIV transcripts to paraspeckles can inhibit their nuclear 
export, decreasing viral protein synthesis. Alternatively, lncRNAs can link viral regulatory proteins (Tat) to the ubiquitin proteasome system, facilitating their premature 
degradation. Specific lncRNAs and their cellular or viral protein target(s) are listed; lncRNAs/targets that promote latency are highlighted in red, while those that have anti- 
latency properties are highlighted in green. The figure was created in Biorender.com. 
Abbreviations: EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; HAT, histone acetyl transferase; HEAL, HIV-enhanced lncRNA; HMT, histone methyl 
transferase; LTR, long terminal repeat; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; NEAT1, nuclear paraspeckle assembly transcript 1; NF-kB, nuclear 
factor kappa light-chain enhancer of activated B cells; NKILA, NF-kB-interacting lncRNA; NONO, non-POU domain containing octamer binding; NRON, nuclear factor of 
activated T cells; PRC2, polycomb repressive complex 2; PSPC1, paraspeckle component 1; PVT1, plasmacytoma variant translocation 1; RUNX1, RUNX family transcription 
factor 1; SFPQ, splicing factor proline and glutamine rich; RNA Pol II, RNA polymerase II; Ub, ubiquitin.
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lysine 27, altering the epigenetic status of the HIV LTR to promote active gene transcription. Treating HIV latently 
infected cells with LRAs resulted in the induction of MALAT1 expression, while MALAT1 expression decreased in people 
with HIV on cART.71 Thus, expression of MALAT1 is positively correlated with active HIV replication. Similarly, the 
lncRNA HIV-enhanced lncRNA (HEAL) was also upregulated upon HIV infection, particularly within myeloid-derived 
macrophages (MDMs), microglia (macrophages found in the brain), and T cells.72 In contrast to NKILA, HEAL acted as 
a broad regulator in promoting, rather than inhibiting, the replication of a diverse range of HIV strains and tropisms.72 

HEAL was associated with the RNA-binding protein FUS and together this complex promoted active HIV transcription 
and replication via two distinct mechanisms. First, the HEAL-FUS complex could bind to the HIV promoter, recruiting 
the HAT p300. This led to histone H3K27 acetylation and p-TEFb enrichment. Second, the HEAL-FUS complex 
enhanced cyclin-dependent kinase 2 (CDK2) gene expression by being enriched at the CDK2 promoter.72 Importantly, 
knockout of HEAL via CRISPR/Cas9 inhibited the return of active HIV replication within T cells and microglia after 
stopping azidothymidine treatment in vitro.72

The effect of an lncRNA on HIV replication may be indirect, via altering the expression of HIV activator and 
repressor proteins. For example, the lncRNA uc002yug.2 enhanced HIV replication and promoted HIV LTR activity and 
the reactivation from latency within T cell lines and primary CD4+ T cells from people with HIV.73 Uc002yug.2 
facilitated these functions by either 1) upregulating the expression of the HIV activator Tat or 2) downregulating mRNA 
levels of cellular RUNX family transcription factor 1 (RUNX1) isoforms, particularly HIV repressors RUNX1b and −1c, 
in a cell type-dependent manner.73

Post-Transcriptional Regulation Promoting HIV Latency
In contrast to lncRNAs that regulate HIV transcription at an epigenetic level, some lncRNAs contribute to the 
maintenance of HIV proviral DNA post-transcriptionally (Figure 2, right). A profiling of 83 disease-related lncRNAs 
within HIV-infected T cells identified the lncRNA nuclear paraspeckle assembly transcript 1 (NEAT1) as being 
dysregulated during HIV infection.74 HIV infection increased overall levels of NEAT1, while silencing of NEAT1 
increased HIV production via a decrease in paraspeckle formation.74 Paraspeckles are subnuclear bodies composed of 
the core proteins: splicing factor proline and glutamine rich (SFPQ, also known as PSF), non-POU domain containing 
octamer binding (NONO, also known as P54NRB) and paraspeckle component 1 (PSPC1) that associate with NEAT1 to 
regulate gene expression via nuclear retention of certain RNAs.75 Some unspliced HIV transcripts contain cis-acting 
instability elements that are bound by paraspeckle proteins,76 impeding their nuclear export and stability.77 Interestingly, 
the knockdown of NEAT1 increased the Rev-dependent nuclear export of unspliced viral mRNAs.74 Furthermore, 
because knockout of NEAT1 in CD4+ T cell lines increased HIV replication and NEAT1 was downregulated upon 

Table 2 Summary of lncRNAs That Promote or Antagonize HIV Latency

lncRNA Transcriptional 
Regulation

Post-Transcriptional 
Regulation

Pro-Latency Anti-Latency References 
(PMIDs)

AK130181 X X 32408053

NKILA X X 32581100

PVT1 X X 31710657

MALAT1 X X 30788509

HEAL X X 31551335

uc002yug.2 X X 29491162

NEAT1 X X 23362321

NRON X X 25728138 

27291871
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T cell activation in primary CD4+ T cells and resting PBMCs,78 NEAT1 likely contributes to overall antiviral immunity. 
The exact role of NEAT1 in regulating HIV latency, however, remains undefined.

In contrast to NEAT1, the noncoding repressor of nuclear factor of activated T cells (NRON) contributes to HIV 
latency via two distinct mechanisms. NRON was discovered via lncRNA profiling in two human T cell lines, where its 
expression was modulated following HIV infection and replication.79 In one model, the early viral accessory protein Nef 
reduced NRON expression, while the late viral accessory protein Vpu increased NRON expression levels. How exactly 
Nef and Vpu modulate NRON expression remains unclear, though reducing expression of NRON led to an increase in 
HIV replication in a nuclear factor of activated T cells (NFAT)-dependent manner and both Nef and Vpu modulated 
NFAT activity indirectly through their effects on NRON.79 In another model, NRON induced the degradation of the viral 
transactivator protein Tat by specifically linking the protein to components of the ubiquitin/proteasome system.80 

Moreover, reducing expression of NRON in combination with LRA treatment, specifically HDAC inhibitors, drastically 
increased viral reactivation within HIV latently infected primary CD4+ T cells.80

Finally, in MDMs, RNA-seq identified the lncRNA negative regulator of IFN response (NRIR) as being upregulated 
upon either HIV infection or treatment with Type I, II or III IFNs.81 NRIR was initially discovered in a lncRNA screen 
within primary hepatocytes treated with Type I IFN.82 Knockdown of NRIR reduced Hepatitis C virus infection and led to 
the upregulation of various IFN stimulated genes.82 This suggests that NRIR may dampen the IFN response against HIV 
within macrophages. Exactly how NRIR contributes to HIV latency, however, is still unclear.

LncRNA Perspectives
Similar to miRNAs, lncRNAs participate in the regulation of HIV expression at different levels and present potential 
gene targets to achieve HIV LTR repression or reactivation. Some reported modes of action may suggest specific anti- 
latency strategies. For example, knockdown of AK130181 and NKILA or overexpression of MALAT1, HEAL, or 
uc002yug.2 would result in HIV reactivation from latency, while overexpression of AK130181 and NKILA and knock-
down of MALAT1, HEAL or uc002yug.2 might lead to suppression of the HIV LTR. Due to multiple lncRNAs interacting 
with the same protein (eg MALAT1,71 NEAT183,84 and PVT169,85 all interact with EZH2), the functions of these lncRNAs 
on the HIV LTR may be redundant or opposite. Like with miRNAs, it is important to consider the level of expression of 
individual lncRNAs in any given latently infected cell to better understand the balance that dictates a certain HIV 
transcriptional outcome.

Because lncRNAs can serve as miRNA sponges, lncRNA/miRNA interactions likely contribute to the complexity of 
HIV expression regulation. Indeed, growth arrest-specific transcript 5 (GAS5) was reported to be a sponge for miR-873.86 

While miR-873 promoted HIV replication, the effect of GAS5 was inhibitory, in line with GAS5 acting as a competing 
endogenous RNA for miR-873.86 To our knowledge, there have been no reports on the role of lncRNA/miRNA 
interactions in specifically regulating HIV latency. However, some interactions can be hypothesized. For example, 
PVT1 has been widely investigated as a miRNA sponge in multiple cancers and other non-HIV related studies. In 
these studies, a number of miRNAs that promote HIV latency were shown to be sponged by PVT1: miR-186,87–89 miR- 
27b,90 miR-17-5p,91,92 miR-20a,93 and miR-125b.94 Since these miRNAs promote HIV latency, targeting their interaction 
with PVT1 may result in driving the provirus into a deeper silent state.

Targeting lncRNAs for HIV cure approaches does not require that they be knocked down or knocked out. Instead, 
identifying sequences by which an lncRNA interacts with a protein or a miRNA would allow the introduction of precise 
mutations using genome editing such as CRISPR/Cas9. Unlike mutations in protein-coding genes, these lncRNA 
mutations will not result in the disruption of their overall function. We pose that such strategies are more likely to 
have less off-target or toxic effects, compared to complete abrogation of lncRNA expression.

Role of HIV-Encoded RNAs in the Regulation of HIV Latency
There is growing evidence that abortive transcription occurs from the HIV genome generating short transcripts; that 
miRNAs are encoded in the HIV genome, and that transcription from the HIV genome can also occur in the antisense 
orientation (Figure 3). Below we review in detail how these different HIV RNA species contribute to the regulation of 
HIV expression and latency. For the summary of this section, please refer to Table 3.
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Incomplete Sense HIV Transcripts
When HIV provirus is present in a latent state, transcription initiation may occur in a substantial proportion of cells; 
however, RNA polymerase II pauses in different places along and downstream the LTR.95 In some people with HIV with 
cART-suppressed viremia, only the short HIV transcripts were detected96 and proposed as a biomarker of latent 
infection.97 Four different short transcript species were identified, found to be packaged into exosomes from infected 
premyeloid line OM10.1 and the latently infected Jurkat cell derivative, J1.1 (Figure 3, left), and not to produce any 
proteins.98 Because these transcripts included parts of the gag region, they were termed TAR-gag98 (that is, spanning the 
trans-activator response element (TAR) and gag). A later study by the same group demonstrated that in J1.1 cells these 
non-coding RNAs were found in several complexes that play an inhibitory role in HIV transcription: PRC2 (EZH2 
subunit), SIN3 transcription regulator family member A (SIN3A), cullin 4B (CUL4B), and Tat/TAR.99 Via these 
interactions, these short RNA transcripts performed several functions including epigenetic regulation of proviral DNA, 

Figure 3 Regulation of HIV latency by viral RNAs. (Left) In some instances, viral transcription from the HIV LTR produces short non-coding HIV transcripts (termed TAR-gag). 
These viral transcripts can either be packaged into exosomes or recruit HIV repressor proteins to facilitate latency maintenance. (Middle) TAR-gag encodes viral pre-miRNAs 
that are processed by the cellular protein Dicer to form mature viral miRNAs. These viral miRNAs either facilitate protein degradation of HIV viral proteins or associate with 
HIV repressor proteins to mediate transcriptional silencing of the HIV LTR. Three additional virally encoded miRNAs have variable function in regulating latency. (Right) The 
HIV genome may transcribe antisense RNA. Like short HIV transcripts, these regulatory RNAs associate with HIV repressors to induce viral transcriptional silencing. Specific 
non-coding HIV RNAs and their target(s) are listed; HIV RNAs/targets that promote latency are highlighted in red, those that have anti-latency properties are highlighted in 
green, and those whose function in HIV latency is still unclear are highlighted in black. The figure was created in Biorender.com. 
Abbreviations: AATF, apoptosis antagonizing transcription factor; CUL4B, cullin 4B; HDAC, histone deacetylase; DNMT3A, DNA methyltransferase 3 alpha; EZH2, enhancer 
of zeste 2 polycomb repressive complex 2 subunit; PRC2, polycomb repressive complex 2; SIN3A, SIN3 transcription regulator family member A; TAR, trans-activator 
response element.
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histone modifications, and degradation of Tat.99 Thus, there appears to be a feedback loop, whereby in the latent state 
most of the transcription initiation results in incomplete transcripts, and these incomplete transcripts further promote HIV 
latency (Figure 3, left). In these experiments, however, HIV transcription elongation was inhibited using a Tat mimetic 
peptide (F07#13); in these conditions, production of TAR-gag increased due to the enhancement in RNA polymerase II 
pausing. It is unclear from this study whether such interactions are also present but not detectable in HIV latently infected 
cells not treated with F07#13 or whether they are the result of TAR-gag overexpression. Further studies will be needed to 
evaluate the role of incomplete sense HIV transcripts in promoting HIV latency.

HIV-Encoded miRNAs
Deep sequencing analysis demonstrated that multiple small RNAs were expressed from the HIV genome.100 It is quite 
possible that through the expression of miRNA HIV can regulate its own expression. Several miRNAs encoded by the HIV 
genome were identified that function to regulate HIV latency. Of these, miR-TAR (Figure 3, middle) and miR-Nef-367 
function to downregulate HIV expression and promote latency; miR-H3-3p has anti-latency properties, and hiv1-miR-H1 
induces multiple cellular responses some of which are beneficial and some antagonistic to latency maintenance.

MiR-TAR was hypothesized to serve as a source of viral miRNAs because of the resemblance of the TAR sequence 
with DICER substrates.101 Indeed, Klase et al demonstrated binding of DICER to TAR, cleavage of the TAR stem loop 
by DICER, and generation of TAR-derived miRNA.101 In a similar study, miRNA processing from both the left and right 
arms of TAR was reported, generating miR-TAR-5p and miR-TAR-3p.102 Despite the extensive secondary structure of 
TAR, miRNA produced by DICER from TAR was able to reduce expression of proteins under the control of the LTR 
promoter though to a lesser extent compared to siRNA designed to structurally poor segments within the protein coding 
genes.101 Inhibitory effects mediated by miR-TAR-3p were more pronounced compared to its miR-TAR-5p 
counterpart.102 In addition to RISC-mediated inhibition, TAR miRNA was also shown to recruit HDAC1 to the HIV 
LTR, resulting in chromatin remodeling and suppression of HIV gene expression at the transcriptional level.101 

Furthermore, miR-TAR had a much broader effect on gene expression in cells infected with HIV, shifting the balance 
between apoptosis and survival and creating a cellular environment favorable for the maintenance of the latent 
reservoir.103,104 In a later study, the source of miR-TAR was validated to be incomplete HIV transcripts generated as 
a result of non-processive transcription; thus, the formation of these miRNAs can occur without the cleavage of the HIV 

Table 3 Summary of RNAs Encoded in the HIV Genome That Promote or Antagonize HIV Latency

RNA Type Location in the 
HIV Genome

Pro-Latency Anti-Latency References 
(PMIDs)

TAR-gag Incomplete sense 

transcript

LTR-gag X 31036006

miR-TAR miRNA LTR X 17663774,  

18299284,  

19220914,  
23938024,  

26984525

miR-Nef-367 miRNA nef X 15601474,  

15722536

miR-H3-3p miRNA Reverse transcriptase X 24620741

hiv1-miR-H1 miRNA LTR X X 19082544

Antisense HIV RNA lncRNA Almost the entire 
genome

X 22569184,  
24576854

Abbreviations: TAR, trans-activator response element; LTR, long terminal repeat.

https://doi.org/10.2147/HIV.S383347                                                                                                                                                                                                                                   

DovePress                                                                                                                                     

HIV/AIDS - Research and Palliative Care 2023:15 126

Ramirez et al                                                                                                                                                         Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


genomic RNA.105 Although the majority of studies were performed in vitro or using cell lines, there is evidence that 
miR-TAR is produced in the course of HIV infection in both primary CD4+ T cells105 and macrophages.106

Another latency-promoting miRNA, miR-Nef-367, is encoded in the nef region, and was shown to directly suppress 
HIV RNA expression by either affecting RNA stability or mRNA translation.107 More intriguingly, this miRNA could 
also act by the mechanism of transcriptional interference from the 5′ LTR.108 Since double-stranded mutated nef RNA 
derived from LTNPs with low to undetectable levels of viremia interfered with HIV replication,109 the authors postulated 
that functions of nef via the RNAi pathway may allow persistently low pathogenic or latent HIV infection.107

The anti-latency miRNA, miR-H3-3p, was first predicted computationally, with subsequent experimental 
validation.110 This miRNA is located in the coding sequence of the HIV reverse transcriptase. Overexpression of this 
miRNA in the HEK 293 T cell line transfected with an env-defective HIV clone resulted in substantial enhancement of 
viral production while introducing mutations to disrupt its secondary structure resulted in the reduction of viral 
production.110 Furthermore, miR-H3-3p was shown to activate transcription from the HIV LTR via targeting the TATA- 
box, a property that was independent of either TAR or Tat.110 When small RNAs targeting the HIV TATA-box were 
synthesized and transfected into CD4+ T cells from people with suppressed HIV viremia, viral-associated RNA could be 
detected in supernatants 72 hours post-transfection, consistent with the idea that these RNAs could reactivate proviruses 
from latency.110

Hiv1-miR-H1 is perhaps the most intriguing case among HIV-encoded miRNAs. Encoded in the HIV LTR, this 
miRNA was shown to downregulate the expression of the apoptosis antagonizing transcription factor (AATF), which was 
accompanied by significant downregulation of the MYC proto-oncogene, BCL2 apoptosis regulator, β-amyloid at the 
translational level and pro-apoptotic WT1 regulator (PAWR, also known as Par-4) and DICER at the transcriptional level 
in human PBMCs.111,112 Moreover, the target scanning algorithm in miRanda identified human miR-149 as a potential 
target of hiv1-miR-H1.111 In turn, a study to identify predicted miRNA targets in the HIV genome identified the vpr gene 
as a potential target of miR-149.113 Presumably, targeting miR-149 by hiv1-miR-H1 would facilitate elevated levels of 
Vpr in cells. Interestingly, both AATF and Vpr were reported to bind p300,114,115 with this interaction facilitating 
transcriptional activation of the HIV provirus.115 Because AATF was downregulated by hiv1-miR-H1, and Vpr is 
predicted to be upregulated, the action of hiv1-miR-H1 would likely result in competing regulatory processes at the 
HIV LTR. Identification of a novel miRNA encoded in the AATF sequence, predicted to target both HIV hiv1-miR-H1 
and vpr,116 adds another layer of complexity. Further studies will be needed to validate these predictions and determine 
the precise mode of action of hiv1-miR-H1.

HIV-Encoded Antisense RNAs
Identification of short antisense RNAs encoded by the HIV genome dates to the early nineties.117,118 Early studies 
showed that HIV antisense RNA had an inhibitory role in HIV replication.119 Even though protein production was 
demonstrated from the antisense HIV RNA,118–120 inhibitory properties of the antisense RNA were protein- 
independent.119 A more recent study identified several transcription start sites in the antisense strand spanning the 
U3 region of the 3′ LTR, nef, and env genes, and a polyA sequence in the pol region,121 indicating the existence of 
a long RNA encoded by the antisense strand. Later, a more detailed mapping of all antisense transcripts was 
conducted, identifying splice sites and transcription termination sites.122 Among the 7 different transcripts identified, 
previously reported short117 and long121 antisense transcripts were validated.122 The long antisense transcript was 
shown to localize mainly to the nucleus and play a role in inhibiting HIV replication.122 The study by Saayman et al 
characterized the longest antisense HIV RNA. Spanning nearly the entire HIV genome, including the 5′ LTR in 
antisense orientation, this antisense HIV RNA lacks a polyA tail and is thus non-coding in nature.123 This was the only 
study to evaluate the role of antisense HIV RNA in the regulation of latency and not just HIV replication. Using cell 
line models of HIV latency, the authors demonstrated a direct role of this RNA in the epigenetic regulation of HIV 
expression (Figure 3, right). The antisense HIV RNA recruited chromatin remodeling complexes consisting of proteins 
encoded by DNA methyltransferase 3 alpha (DNMT3A), EZH2, and HDAC1, thus inducing histone modifications and 
altered chromatin state at the HIV LTR.123
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Non-Coding HIV RNA Perspectives
Non-coding HIV RNAs are perhaps the most promising targets to achieve an HIV cure, as they are 100% specific to cells that 
are infected with HIV. Growing evidence suggests that the HIV LTR is not entirely quiescent during latency,124 and that 
expressed viral transcripts have a great degree of heterogeneity.125–128 Therefore, strategies based on non-coding HIV RNA 
targeting should be investigated for both proviral reactivation and long-term silencing. However, the effect of protein partners 
shared by non-coding HIV RNAs and cellular RNA molecules remains a concern. For instance, the protein encoded by EZH2 
interacts with several cellular lncRNAs, including MALAT1,71 NEAT1,83,84 and PVT1;69,85 yet antisense HIV RNA can also 
bind to the EZH2 protein.123 These observations are consistent with the idea that targeting a single non-coding RNA may not 
be feasible to achieve full suppression or reactivation of the HIV provirus, similar to what we know from targeting single 

Figure 4 Summary of different scenarios for therapeutic targeting of regulatory RNAs for an HIV cure. (Top) The best-case scenario for an HIV cure would be the identification of 
a regulatory RNA, preferably a viral RNA, that has one interaction partner (HIV RNA, HIV activator or HIV repressor). Targeting of this RNA could lead to latency reversal and/or 
long-term proviral silencing. (Middle) Alternatively, a regulatory RNA may have diverse functions with different types of HIV regulators. (Bottom) Finally, regulators of HIV 
(activators/repressors) may interact with multiple regulatory RNAs, and thus disrupting their function may necessitate novel approaches. The figure was created in Biorender.com.
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protein-coding genes. Despite this limitation, we believe that targeting HIV latency via regulatory RNAs may be achieved 
with higher specificity and less toxicity compared to current protein-based strategies.

Conclusions
Even though regulatory RNAs represent an attractive opportunity for HIV cure research due to high cell and tissue 
specificity, the available literature describing identified interactions between regulatory RNA molecules, HIV, and protein 
regulators of HIV gene expression demonstrates the high complexity of these interactions. It may therefore be challen-
ging to identify a small enough set of RNA targets needed to achieve an HIV cure. To our knowledge, no comprehensive 
screens of lncRNA or miRNA have been conducted to identify what specific regulatory RNA molecules play a role in 
HIV latency control or reactivation. Therefore, we hypothesize that more regulatory RNA players will be discovered. 
Even when all such molecules are identified, the important question relies on how to select the best RNA targets that 
regulate HIV expression. We hypothesize that the best RNA targets are those that have the fewest interaction partners 
regulating HIV and do not compete with other molecules for the same interaction partners. In the best-case scenario, one 
regulatory RNA would have a single interaction partner, either an HIV activator, repressor, or HIV RNA (Figure 4, 
scenario 1 (top panel)). Alternatively, a regulatory RNA may have several interaction partners (Figure 4, scenario 2 
(middle panel)), or several regulatory RNAs may have the same interaction partner (Figure 4, scenario 3 (bottom panel)). 
In the latter cases, careful examination of all RNA regulators and their mechanisms of action will be needed. With the 
best RNA targets selected, several strategies may be feasible to inhibit their function. One strategy is conducting a screen 
for small-molecule compounds to disrupt specific interactions of RNAs with protein regulators of HIV expression. In the 
case of lncRNAs, multiple methods of inhibiting their expression and/or function are currently being explored in cancer 
therapy, including post-transcriptional degradation, gene editing, and steric hindrance. These methods can be adapted to 
the area of infectious diseases and combatting HIV latency.129 In sum, targeting RNA expression regulators remains 
a promising strategy for an HIV cure, but much remains to be done before a viable RNA-based strategy can be designed.
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