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The advent of antiretroviral therapy almost 25 years ago has
transformed HIV-1 infection into a manageable chronic condi-
tion, albeit still incurable. The inability of the treatment
regimen to eliminate latently infected cells that harbor the virus
in an epigenetically silent state poses a major hurdle. Current
cure approaches are focused on a “shock and kill” strategy
that uses latency-reversing agents to chemically reverse the pro-
viral quiescence in latently infected cells, followed by immune-
mediated clearance of reactivated cells. To date, hundreds of
compounds have been investigated for viral reactivation, yet
none has resulted in a functional cure. The insufficiency of these
latency-reversing agents (LRAs) alone indicates a critical need
for additional, alternate approaches such as genetic manipula-
tion. Long non-coding RNAs (lncRNAs) are an emerging class
of regulatory RNAs with functional roles in many cellular pro-
cesses, including epigenetic modulation. A number of lncRNAs
have already been implicated to play important roles in HIV-1
latency and, as such, pharmacological modulation of lncRNAs
constitutes a rational alternative approach in HIV-1 cure
research. In this review, we discuss the current state of knowl-
edge of the role of lncRNAs in HIV-1 infection and explore
the scope for a lncRNA-mediated genetic approach within the
shock and kill strategy of HIV-1 cure.

Transcription of the mammalian genome is emerging to be far more
extensive and complex than previously appreciated.1–4 More than
80% of the genomic DNA is transcribed into RNA; however, only a
small fraction of the transcribed RNA (~2%) is translated into pro-
teins.5 The remaining vast majority of the transcribed RNAs that
lack a clear protein-coding potential are loosely categorized into
different groups of non-coding RNAs (ncRNAs). Based on length
of the RNA transcript, ncRNAs are broadly classified into two groups,
that is, “short” (<200 nt) or “long” (>200 nt) ncRNAs.6 Despite lack-
ing translational ability, these ncRNAs are proving to be key regula-
tors in a myriad of pathways with implications in both health and
disease sequelae, thereby challenging the years-old dogma that re-
garded RNA as a mere transient intermediate between themore stable
DNA, which preserves genetic codes, and the functionally versatile,
catalytic proteins.7,8

For more than a decade, various short ncRNAs (e.g., microRNAs
[miRNAs], PIWI-interacting RNAs [piRNAs]) have been extensively
investigated for their roles in HIV-1 infection;9–15 however, our un-
derstanding of the significance of long ncRNAs (lncRNAs) during
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HIV-1 infection is still evolving, albeit expeditiously. Recent techno-
logical advances in genomic research have accelerated our growing
appreciation of the biological impact of lncRNAs on various cellular
pathways and have identified these lncRNA transcripts as an
appealing, new class of target molecules for therapeutic interven-
tion.16–19 Four decades after the discovery of HIV-1 as the causative
agent for AIDS, we are still searching for a prophylactic or therapeutic
cure for the disease, which necessitates exploration beyond the con-
ventional targets of treatment. In this review, we discuss the current
knowledge of the role of lncRNAs in HIV-1 infection and their poten-
tial as targets of significance to HIV-1 cure research.
lncRNAs: “junks” turned “gems”

lncRNAs are a heterogeneous group of >200-nt-long RNA molecules
that are transcribed by RNA polymerase II and are often capped,
spliced, and polyadenylated inmanners similar tomRNAs.20 Although
widely expressed throughout the body, transcription of lncRNAs is
tightly regulated and often specific to the cell and tissue or even to
the developmental stage of the organism.21 Perhaps unsurprisingly,
there is relatively low cross-species sequence conservation among these
RNA transcripts. Based on the position and transcriptional direction
relative to their proximal protein-coding genes, lncRNAs are broadly
categorized into subgroups of intergenic, intronic, or antisense
lncRNAs.22 However, this classification of lncRNAs bears little rele-
vance to how they function. Although lacking a protein-coding poten-
tial, lncRNAs contain modular domains that, either by sequence
complementarity or formation of higher-order secondary structures,
can interact with DNA, RNA, and proteins.23 These nucleic acid- or
protein-interacting domains can act as either signals, decoys, guides,
or scaffolds to exert their regulatory functions at epigenetic, transcrip-
tional, or post-transcriptional levels.24 The multi-modal functional
capabilities of lncRNAs are reflected in the growing evidence of their
regulatory roles in a variety of physiological and pathological processes
such as cell differentiation, immunity, and cancer.25–29
Viral latency and persistence: a roadblock to HIV-1 cure

The remarkable success of combination anti-retroviral therapy
(cART) in blocking viral replication and new cellular infection
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Table 1. Classes of latency-reversing agents (LRAs)

Class
Mechanisms
of action Prominent compounds64,65

Epigenetic
modifiers

HDAC inhibitor
vorinostat (SAHA), valproic acid
(VPA), panobinostat, romidepsin

HMT inhibitor AZ391, BIX-01294, UNC-0638

bromodomain
inhibitor

JQ1, OTX-15, PFI-1

P-TEFb activator chalcone, Amt-87

NF-kB
stimulators

PKC agonist bryostatin-1, ingenols, prostratin

SMAC mimetic CAPE, MGD-486, pyrimethamine

TLR agonists TLRs 1–9
imiquimod, Pam2CSK4, CL413,
R-848, GS-986, 3M-002, MGN1703

Extracellular
stimulators

immune checkpoint
blocker

nivolumab (anti-PD-1), ipilimumab
(anti-CTLA4)

cytokine TNF-a, ALT-803 (IL-15 agonist)

Miscellaneous

proteasome inhibitor ixazomib

PTEN dysregulator disulfiram

PI3K agonist oxoglaucine

SRC agonist MCB-613

IL-15, interleukin-15; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C;
PTEN, phosphatase and tensin homolog; TNF-a, tumor necrosis factor a.
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has transformed HIV-1 from a fatal disease into a manageable
chronic condition. However, the inability of cART to eliminate
pre-existing virus-infected cells precludes a complete cure. A small
but stable population of latently infected cells that are established
very early in infection is the major impediment for eradication of
HIV-1.30–33 Cells of both lymphoid and myeloid lineage can serve
as sanctuaries for HIV-1 persistence during cART and, conse-
quently, a source of viral resurgence upon treatment interruption
or failure.34–37 Resting memory CD4+ T cells and tissue macro-
phages are both long-lived and self-sustaining through homeostat-
ic proliferation, which enables them to endure through years of
effective therapy. Silent or minimally active viral transcription
and protein production can further promote survival and persis-
tence of infected cells through evasion of viral cytopathy and the
host immune surveillance.38–40

Activated CD4+ T cells, the main target of HIV-1 infection, sup-
port robust viral replication and production, but they succumb
to viral cytopathic death within days of infection.41 However, a
small subset of these cells, following a normal path to establish
immunological memory, differentiate into a resting memory state
and consequently establish one of the best characterized niches for
HIV-1 latency.42 The establishment and maintenance of HIV-1 la-
tency, which is conventionally regarded as a post-integration, tran-
scriptionally silent state, represent a multifaceted process involving
epigenetic, transcriptional, and post-transcriptional regula-
tions.43,44 The site of integration of the viral DNA into the host
genome is a contributing factor in the determination of whether
the provirus is transcribed or retained in a silent state.45 However,
in latently infected cells from cART-suppressed individuals, provi-
ruses have also been mapped to actively transcribing genomic re-
gions,46 suggesting that maintenance of HIV-1 latency involves
further active interference of viral transcription irrespective of
the site of proviral integration. The first step of blockade is at
the level of viral transcription initiation. Transition of infected,
activated CD4+ T cells to a quiescent memory state leads to
sequestration of host transcription factors (nuclear factor kB
[NF-kB], nuclear factor of activated T cells [NFAT]) away from
the HIV-1 core promoter in the nucleus and out into the cell cyto-
plasm, preventing formation of the trans-activating response
(TAR) element.47 Additionally, viral transcription is prematurely
stalled proximal to the transcription start site through inactivation
of the positive transcription elongation factor b (P-TEFb)-contain-
ing super elongation complex, leading to inhibition of transcrip-
tion progression and generation of functional HIV-1 transcripts.48

This transcriptional silencing is further augmented by a negative
feedback mechanism mediated by the resulting reduction in viral
trans-activator protein, Tat, which is a strong cofactor for HIV-1
transcription elongation.49 In the absence of the viral proteins,
Tat and Rev, export of unspliced viral RNAs to cytoplasm is also
halted.50,51 In addition to transcriptional suppression, mainte-
nance of HIV-1 latency also involves epigenetic silencing,
including chromatin remodeling into suppressive structures,
DNA deacetylation/methylation, and recruitment of polycomb
repressive complex 2 (PRC2), which further limits access of neces-
sary transcription factors to the provirus.52–54

Apart from CD4+ T lymphocytes, cells of myeloid lineage such as
microglia and other tissue macrophages are also known to support
HIV-1 replication and harbor the virus, independent of T cells, for
long periods even under suppressive cART.55–60 While latency by
transcriptional silencing in CD4+ T cells is well characterized, the
molecular mechanisms of HIV-1 persistence in myeloid cells is
considerably less defined.61,62 However, emerging evidence
suggests that, similar to CD4+ T cells, HIV-1-infected tissue mac-
rophages from cART-suppressed individuals may require reactiva-
tion for infectious virus production.63 Nonetheless, both memory
CD4+ T cells and macrophages that remain either latently or
persistently infected through cART need to be eradicated for a
cure of HIV-1.

Current state of “shock and kill”: an approach to purge HIV-1

Current strategies for eradication of latently infected cells are pre-
dominantly centered around the shock and kill approach that entails
induced reactivation and resumption of viral transcription, transla-
tion, and virion production and elimination of reactivated cells by
either virus-induced cytopathic death or immune-mediated clear-
ance. Reactivation of the latent provirus is achieved through different
latency-reversing agents (LRAs) that target various host factors to
promote viral transcription.64,65 These LRAs are broadly categorized
into five classes (Table 1) depending on the host factors upon which
they act: (1) epigenetic modifiers: inhibitors of histone deacetylase
(HDAC), histone methyl transferase (HMT), and bromodomain,
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Table 2. Summary of lncRNAs with roles in HIV-1 infection

Potential role in
HIV-1 therapy lncRNA

Class of
lncRNA

Genomic
location Biological function Role in HIV-1 infection Reference

“Shock”

Malat1 intergenic 11q13.1
epigenetic regulation,
alternate splicing

promotes viral reactivation by binding to EZH2 and
preventing PCR2 translocation to the HIV-1 LTR region

75,76

HEAL/
linc02574-201

intergenic 1p35.3 epigenetic regulation
promotes viral reactivation by recruitment of histone
acetyltransferase p300 to the HIV-1 promoter region

77

NRON antisense 9q33.3 transcriptional regulation
promotes viral latency by sequestration of NFAT within
the cytoplasm

78,79

7SK intergenic 6p12.2 transcriptional regulation promotes viral latency by inactivation of P-TEFb 80–83

uc002yug.2 intergenic 21q22.12 transcriptional regulation
promotes viral reactivation by inhibition of the
transcription repressor RUNX1

84,85

NEAT1 intergenic 11q13.1
post-transcriptional
regulation

promotes viral latency by inhibition of nuclear export
of viral mRNAs

86

“Kill”

lincRNA-p21 intergenic 6p21.2 transcriptional regulation
promotes viral persistence by inhibition of DNA
DSB-induced cell death

87

SAF antisense 10q23.31
post-transcriptional
regulation

promotes viral persistence by inhibition of
pro-apoptotic caspases

88
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activator of P-TEFb; (2) NF-kB/protein kinase C agonists: prostratin
derivatives, ingenols, second mitochondria-derived activator of
caspase (SMAC) mimetics; (3) Toll-like receptor (TLR) agonists:
stimulators of TLR7, TLR9; (4) extracellular stimulators: cytokines,
immune checkpoint blockers; and (5) unclassified miscellaneous:
disulfiram, ixazomib.

While reactivation of the latent virus with various LRAs has been
extensively studied, the “kill” aspect has received relatively less atten-
tion. Killing of the reactivated cells is mostly relegated to both viral
cytopathy and host anti-viral immunity, which rely heavily on
LRA-mediated reactivation, resulting in levels of viral replication
robust enough to induce apoptosis or an immune response effective
enough to detect and lyse the newly reactivated cells. The inherent
challenges of this approach are evident in many clinical studies, where
the LRAs were able to reactivate some level of viral transcription but
failed to reduce proviral DNA levels or eliminate the reactivated
cells.66–70 More recently, a few studies are starting to explore addi-
tional approaches to enhance killing by either inducing apoptosis
or potentiating the host immune response toward the reactivated
cells.71–74 The inadequacy of the current LRAs alone in reactivating
all replication-competent, latently infected cells, coupled with a
dearth of kill strategies, warrants identification of new molecular tar-
gets and development of novel approaches to achieve complete viral
clearance.
lncRNA: a new player in the HIV-1 arena

Successful reactivation of HIV-1 latency and elimination of the
reservoir cells require a comprehensive understanding of the intricate
interactions between the various viral and host factors that lead to
establishment and maintenance of this pseudo-steady-state of tran-
scriptional silence. A number of recent studies have added a new layer
of complexity by revealing important roles of lncRNAs (Table 2) in
1274 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
both regulation of HIV-1 latency as well as longevity of persistently in-
fected cells.

lncRNAs regulate HIV-1 replication and latency: added punch to

“shock”

Changes in expression levels of a number of lncRNAs are observed
during HIV-1 infection, and several of these lncRNAs have been
shown to be integral components in the regulation of various stages
of the viral replication cycle (Figure 1).

Malat1 (metastasis-associated lung adenocarcinoma transcript 1) is
an ~8-kb highly conserved, intergenic, nuclear-enriched lncRNA
that was initially identified as a biomarker for cancer prognosis, but
subsequently its expression in non-cancer cells was also observed.89

Over the years, a number of different functional roles of this lncRNA
have been described, including modulation of alternative splicing of
cellular precursor (pre-)mRNAs and epigenetic regulation of HIV-1
gene expression.90 Malat1 interacts with the two subunits of the poly-
comb repressive complex 2 (PRC2), that is, the enhancer of zeste 2
(EZH2) and the suppressor of zeste 12 (SUZ12). Binding of EZH2
byMalat1 prevents PRC2 translocation to the HIV-1 promoter region
and its subsequent H3K27 trimethylation, which leads to release of
viral transcriptional repression and thereby reactivation from la-
tency.75 Notably, expression of Malat1 is significantly reduced in
cART-treated individuals, and treatment of latently infected cells
with LRAs induces Malat1 expression.75,76 Moreover, experimental
overexpression of Malat1 increases HIV-1 replication in CD4+

T cells, indicating a potential application in reactivation of latent
HIV-1 infections.

HEAL or linc02574-201 is a 441-bp intergenic lncRNA with a
recently identified function in epigenetic regulation of HIV-1 tran-
scription.77 Upon HIV-1 infection, its expression is upregulated in
both CD4+ T cells and macrophages in vitro as well as in peripheral
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Figure 1. Roles of lncRNAs in HIV-1 replication and

latency

An overview of lncRNAs with known functions in different

stages of HIV-1 replication. lncRNAs in red inhibit viral

replication/promote latency and lncRNAs in green induce

viral replication/promote reactivation.
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blood mononuclear cells (PBMCs) from HIV-1-infected individuals.
The lncRNA HEAL, along with the RNA-binding protein FUS, re-
cruits the histone acetyltransferase p300 to the HIV-1 promoter,
which enhances H3K27ac modification of the viral DNA and thereby
facilitates its progressive transcription.

Another lncRNA with a demonstrated role in regulation of HIV-1
replication is NRON (non-coding repressor of NFAT). This lncRNA
inhibits HIV-1 transcription initiation by spatiotemporal isolation of
the transcription factor NFAT in the cytoplasm.78 NRON serves as a
scaffold and, along with the calmodulin-binding protein IQGAP1, the
nuclear importer KPNB, and the inhibitory kinase LRRK2, sequesters
the phosphorylated, inactive form of NFAT in the cytoplasm. Expres-
sion of the lncRNA NRON follows a dynamic pattern during active
HIV-1 replication in CD4+ T cells. Early in the viral life cycle, Nef in-
hibits NRON, thereby releasing NFAT for nuclear translocation and
activation of viral transcription. However, at the late stage of infec-
tion, the viral protein Vpu induces expression of NRON in order to
shift the balance from viral transcription to viral assembly and
budding. Furthermore, NRON can also regulate HIV-1 latency in a
NFAT-independent manner by promoting degradation of the viral
trans-activator of transcription, Tat.79 The lncRNA co-recruits Tat
with CUL4B and PSMD11, two components of the ubiquitin/protea-
some system, and thereby facilitates proteasomal degradation of the
viral protein. Expression of NRON is elevated in resting CD4+

T cells, and small interfering RNA (siRNA)-mediated knockdown
of NRON in latently infected cells reactivates HIV-1 replication.

Human 7SK, an ~330-nt small nuclear RNA (snRNA), is a prominent
player in regulation of HIV-1 transcription.80,81 It is an abundant
snRNA that acts as a structural scaffold for assembly of the 7SK small
nuclear ribonucleoprotein (snRNP) complex. One of the proteins that
Molecular The
7SK RNA binds to is the elongation factor P-
TEFb, a heterodimer of the catalytic subunit
CDK9 and the regulatory subunit cyclin T.82

The catalytic function of CDK9 is essential for
phosphorylation of the stalled RNA polymerase
II and subsequent progression of HIV-1 tran-
scription elongation. The 7SK snRNA co-re-
cruits the inhibitory HEXIM proteins that
render P-TEFb catalytically inactive by inhibit-
ing the kinase activity of CDK9. Upon stimula-
tion with the viral protein Tat, P-TEFb is
displaced from the 7SK snRNP complex, and
that leads to activation and transfer of P-TEFb
to the HIV-1 promoter region for successful
elongation of the viral transcript. The facts that cyclin T/CDK9 func-
tion is downregulated during HIV-1 latency in resting CD4+ T cells,83

and that 7SK snRNA plays a significant role in their sequestration and
repression of catalytic functions, bolster the potential of this lncRNA
as ameans of modulating the establishment andmaintenance of HIV-
1 latency.

The lncRNA uc002yug.2 is an ~2.5-kb lncRNA that has been shown
to reactivate HIV-1 latency and promote viral replication through in-
hibition of the transcription repressor RUNX1.84 It is known that
RUNX represses HIV-1 transcription by binding to the HIV-1 long
terminal repeat (LTR), and its inhibition leads to viral reactivation
in latently infected CD4+ T cells.91 The lncRNA uc002yug.2 induces
alternative splicing of RUNX1, resulting in production of a shorter
isoform, RUNX1a, which is unable to bind to the HIV-1 promoter re-
gion and thereby relieves the transcriptional repression.85 It further
promotes viral replication by increasing expression of Tat protein.84

Expression of uc002yug.2 is also significantly downregulated in
individuals receiving cART compared to untreated HIV-1-infected
individuals, and overexpression of this lncRNA reactivates viral repli-
cation in latently infected resting memory CD4+ T cells.84 These
observations suggest that this lncRNAmay represent a target for ther-
apeutic intervention.

The lncRNA NEAT1 (nuclear enriched abundant transcript 1) regu-
lates viral replication at a post-transcriptional stage.86 It is a nuclear
lncRNA that interacts with the NONO protein and is essential for for-
mation and maintenance of the paraspeckle bodies within the nu-
cleus.92 NEAT1 inhibits Rev-dependent nuclear-to-cytoplasm export
of HIV-1 gag/pol and env mRNAs through retention of these insta-
bility element (INS)-containing transcripts within the paraspeckle
subnuclear structure. Downregulation of NEAT1 leads to an
rapy: Nucleic Acids Vol. 23 March 2021 1275
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enhancement of HIV-1 replication.86 Given the suboptimal reactiva-
tion with LRAs, a boost in the post-transcriptional level could further
enhance viral replication following latency reversal.

lncRNAs regulate survival of HIV-1-infected cells: a bait for “kill”

Survival of latently or persistently infected CD4+ T cells and macro-
phages for a prolonged period even following effective cART is a ma-
jor hurdle that we need to overcome to achieve complete clearance of
HIV-1. Limited viral replication in latently or persistently infected
cells undoubtedly favors evasion from virus-induced cytolysis. Not
surprisingly, programmed cell death is another pathway that is also
actively regulated during HIV-1 infection and persistence.93 As
such, the different cellular factors in the apoptotic pathways have
long been considered as targets for killing of reactivated cells.72,94,95

Recent discoveries of the role of different lncRNAs in cell death or
survival pathways have highlighted the potential utility of manipu-
lating such lncRNAs to specifically induce cell death in the persis-
tently HIV-1-infected or newly reactivated cells.

An essential step in HIV-1 infection is integration of proviral DNA
into the host genome, which results in double-strand breaks (DSBs)
in the host genome. Mammalian cells are highly sensitive to such
DNA damage that is either repaired quickly or it sets off a sequence
of events leading to activation of the master-regulator p53 and ulti-
mately apoptosis of the cells. However, HIV-1 has evolved to induce
DSBs yet mitigate the downstream cascade of pro-apoptotic
pathways through modulation of a pro-apoptotic intergenic lncRNA
named lincRNA-p21, specifically in macrophages.87 In healthy cells,
HDM2-mediated ubiquitination of the transcription factor p53 and
cytoplasmic sequestration of its co-factor hnRNP-K by ERK2 pre-
vents p53 activation and transcription of pro-apoptotic genes.
However, in case of an unrepaired DSB, hnRNP-K translocates to
the nucleus and along with activated p53 initiates transcription
of lincRNA-p21. Subsequently, lincRNA-p21, in complex with
hnRNP-K, represses transcription of pro-survival genes and thereby
promotes apoptotic cell death. In HIV-1-infected macrophages, the
pro-apoptotic lncRNA lincRNA-p21 is suppressed via several mech-
anisms. Early in infection, HIV-1 induces mitogen-activated protein
kinase kinase 1 (MAP2K1)/extracellular signal-regulated kinase 2
(ERK2)-mediated phosphorylation of hnRNP-K, leading to its reten-
tion in the cytoplasm, which prevents its subsequent association with
lincRNA-p21 in the nucleus. Furthermore, HIV-1 infection of macro-
phages promotes degradation of lincRNA-p21 by favoring nuclear
accumulation of the RNA-binding protein HuR, which in turns drives
recruitment of let-7/Ago2 to lncRNA and renders it unstable. Inhibi-
tion of MAP2K1/ERK2 function results in restoration of lincRNA-
p21/hn-RNP-K interaction, leading to induction of apoptosis in
HIV-1-infected macrophages.

SAF or FAS-AS1 is an ~1.5-kb antisense, intronic lncRNA that plays
an important role in survival of persistently HIV-1-infected macro-
phages. Ectopic expression of SAF in HeLa cells promotes alternate
splicing of the FAS gene, leading to an increase in a splice variant lack-
ing the transmembrane domain and resulting in production of the
1276 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
soluble form of the protein. This results in protection of the SAF-ex-
pressing cells from Fas ligand-driven induction of apoptosis. HIV-1
induces expression of SAF in virus-infected monocyte-derived mac-
rophages in vitro, and the level of this lncRNA is also elevated in
HIV-1-positive lung alveolar macrophages isolated from chronically
infected individuals.88 Furthermore, siRNA-mediated inhibition of
the lncRNA SAF leads to induction of apoptosis exclusively in
HIV-1-infected macrophages, leaving the uninfected bystander cells
unaffected.88 The fine degree of specificity achieved through inhibi-
tion of this lncRNA is a strong argument for its therapeutic potential.
Approaches for therapeutic targeting of lncRNAs

The mode of action of lncRNAs in regulation of HIV-1 latency is
diverse and can be either activating or inhibitory in nature. Therefore,
strategies for modulating these target RNA molecules need to
be tailored for the specific lncRNA. A number of approaches are
currently being evaluated to manipulate lncRNA functions in various
diseases such as cancer.96

Inhibition of latency-inducing lncRNAs can be achieved by post-
transcriptional degradation of the lncRNA with siRNA, short hairpin
RNA (shRNA), or anti-sense oligonucleotide (ASO). Regulation of an
RNA target with either siRNA, shRNA, or ASO is the most clinically
advanced route. Furthermore, new technologies, including chemical
modifications of siRNA and ASO (such as 20-methoxy, 20-fluoro, or
locked nucleic acid), have significantly improved their stability and
efficacy, while reducing the off-target effects.97 This can also be
achieved by inhibition of lncRNA transcription by promoter blockade
or gene editing. A number of studies have used CRISPR-Cas-based
gene editing to silence specific lncRNAs in cells lines, indicating the
feasibility and potential of this approach.98,99 However, many ethical
and technical challenges remain to be addressed before these gene-ed-
iting approaches can be effectively translated into clinical therapies.
Another approach is impairment of lncRNA functions through steric
hindrance. An important mode for exerting function of lncRNAs is
through formation of secondary structures to bind with nucleic acids
or proteins. Inhibitors that can prevent lncRNA secondary structure
formation or block interactions with their cognate DNA/RNA or pro-
tein molecules are promising candidates for modulating lncRNA
functions. An array of small molecules, nanobodies, aptamers, and
RNA decoys are being evaluated for this purpose.100

Most of the current therapeutic approaches are focused on inhibition
of the pathogenic lncRNA. However, expression of lncRNAs that sup-
port latency reversal would require further enhancement. Upregula-
tion of such favorable lncRNAs can be achieved by delivery of the
lncRNA by synthetic RNA. Recent advancements in delivery vehicles
for synthetic RNAs through liposomes or nanoparticles have proved
to be very promising. This can also be achieved by delivery of the
lncRNA by vectors. Viral vectors such as modified adeno-associated
virus (AAV) and herpes virus have long been used to deliver genetic
material into cells, and utilization of such vectors for delivery of
lncRNAs is a feasible approach.
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HIV-1 latently infected cells predominantly reside within tissue
spaces such as brain and lungs. Therefore, the ability of a method
to reach the target site in the body needs to be considered when eval-
uating its suitability. Innovative modification to ASOs and siRNAs,
including cell-penetrating peptides (CPPs), glycosylation (Gal-NP),
and nano-ligand carriers (NLCs), are being explored to improve
their penetrance of the blood-brain barrier, tissue specificity, and
cellular uptake, while reducing toxicity.101–104 Currently, almost 50
lncRNA-related clinical trials (https://www.clinicaltrials.gov) are
ongoing worldwide for various diseases such as diabetes, cardiovascu-
lar disease, and cancer. Although mostly in their early stages, chal-
lenges and outcomes from these trials will be invaluable in informing
and improving the future efforts of targeting lncRNAs.

Future perspective: therapeutic potential and challenges of

lncRNAs in HIV-1 cure

Expression of various lncRNAs is dysregulated in HIV-1-infected
cells compared to normal cells, and ex vivo manipulation of these
lncRNAs has proven to be effective in controlling the fate of the
viral infection. These characteristics illustrate the strong appeal
of lncRNAs as targets for HIV-1 therapy. However, before such
potentials can be realized, candidate lncRNAs identified through
in vitro and ex vivo studies need to be carefully validated for their
effectiveness as targets through in vivo models of HIV-1/simian
immunodeficiency virus (SIV) infection and therapeutic interven-
tions. One of the biggest challenges of lncRNA research is the lack
of sequence conservation across species. This prevents a straight-
forward exchange and confirmation of experimental results be-
tween human and primate models of HIV-1 infection and poses
an additional hurdle of cross-species validation. However, geneti-
cally engineered humanized mouse models can be utilized to
circumvent and somewhat alleviate this challenge. Additionally,
no specific markers of HIV-1 latently infected cells have yet
been identified, which makes it challenging to deliver the
lncRNA-targeted therapies specifically to latently infected cells.
However, the off-target effects could be minimized by rigorous
identification of candidate lncRNAs whose aberrant expressions
are rather specific to the pathogenic cells. In fact, the feasibility
of such cell-specific targeting was demonstrated by inhibition of
the lncRNA SAF, which is upregulated in HIV-1-infected macro-
phages. Downregulation of the lncRNA SAF with siRNA led to in-
duction of apoptosis in virus-infected cells only, while leaving the
bystander cells unaffected.88 Given the complexity of HIV-1 la-
tency, an optimal reactivation and clearance of latently infected
cells will probably require a multipronged strategy. As such, any
candidate lncRNA target identified for HIV-1 therapy will need
to be evaluated for its synergy with other shock and kill ap-
proaches. Although currently in a nascent stage, nonetheless
recent advances and success of nucleic acid-based therapeutics in
diseases such as cancer have afforded an excellent foundation for
exploring lncRNAs as druggable targets for HIV-1. This comes
at an opportune time in the HIV research field to expand and
further explore lncRNAs to fully exploit the potential of targeting
lncRNAs for a cure for HIV-1.
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