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Abstract

MicroRNAs (miRNAs) and long-non-coding RNAs (IncRNAS) are involved in many biological
processes, including viral replication. In this review, the role of miRNAs and IncRNAs in HIV
replication will be discussed. The review focuses on miRNAs that target cellular proteins involved
in HIV replication — proteins that mediate steps in the viral life cycle, as well as proteins of the
innate immune system that inhibit HIV replication. Given the large number of miRNAs encoded
in the human genome, as well as the large number of cellular proteins involved in HIV replication,
the number of miRNAs identified to date that affect viral replication are certainly only the “tip of
the iceberg.” The review also discusses two IncRNAs that are involved in HIV gene regulation —
7SK RNA and NEAT1 RNA. 7SK RNA is involved in HIV Tat protein stimulation of RNA
polymerase 1l elongation of the integrated provirus, while NEAT1 RNA is involved in HIV Rev
protein export of incompletely spliced viral transcripts.

MiRNAs and IncRNAs have become an active topic of research over the past decade and it
is now clear that these two classes of non-coding RNAs have important functions in many
biological processes, including viral replication. In the case of miRNAs, we will focus on
miRNAs that regulate expression of cellular proteins involved in viral replication. Given its
limited genome of ~10,000 nucleotides, HIV-1 is dependent upon cellular proteins to
mediate the various steps of the viral life cycle — these cellular proteins have been termed
host-dependency factors, or HDFs. A meta-analysis of genome-wide siRNA screens
suggests that over 2,000 HDFs may be involved in HIV-1 replication (1). It is therefore
likely that miRNA repression of key HDFs can have profound effects on HIV-1 replication.
Additionally, cells express a number of proteins whose function is to counter infection —
proteins of the innate immune system. This review will also discuss miRNAs that target
antiviral proteins and how this class of miRNAs can enhance HIV-1 replication. Finally, two
IncRNAs — 7SK RNA and NEAT1 RNA - are involved in HIV-1 gene expression, and this
review will summarize our current understanding of the mechanistic role of these two
IncRNAs in viral gene regulation. Before discussing miRNAs and IncRNAs, a summary of
the HIV replication cycle in target cells is presented (see Figure 1).

HIV-1 replication cycle

CD4* T cells and monocytes/macrophages are the two major cell types infected by HIV-1in
vivo. Importantly, the activation or differentiation state of these cells has important effects
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on HIV-1 replication levels (2). Resting CD4" T cells and monocytes do not generally
support HIV-1 replication in vitro. CD4* T cells must be activated to become highly
permissive for viral replication, while monocytes must undergo the program of macrophage
differentiation to become permissive for replication. The failure of resting CD4* T cells and
monocytes to support robust HIV-1 replication is due to the anti-viral action of innate
immune proteins termed restriction factors, as well as to limiting levels of essential HDFs.

The HIV-1 replication cycle begins when the virion Envelope protein binds to the CD4
receptor and CCR5 or CXCR4 co-receptor on the surface of CD4* T cells or monocytes/
macrophages (3) The virion then fuses with the cellular plasma membrane and the viral core
is released into the cytoplasm, where it begins a regulated but poorly understood process of
disassembly (4). As the core disassembles, the viral RNA genome is copied into double-
strand cDNA by the Reverse Transcriptase enzyme packaged in the core (5). A pre-
integration complex (PIC) containing the viral cDNA and Integrase enzyme (also packaged
in the viral core) is then actively transported into the nucleus, where the cDNA is integrated
into the human genome, with a preference for integration into genes that are being actively
transcribed (6). The integrated viral genome is termed the provirus.

Following integration, cellular RNA polymerase Il (Pol I1) recognizes and binds to the viral
promoter in the 5" long terminal repeat (LTR) of the provirus, whereupon transcriptional
initiation begins. However, the efficiency of transcription elongation is restricted by two
negative factors, DSIF and NELF. The viral Tat protein functions to overcome this
restriction to elongation by recruiting the general transcriptional elongation factor P-TEFb to
the Pol 1l complex (7). P-TEFb exists in three distinct complexes that have been
biochemically characterized [reviewed in (8)]. The first P-TEFb complex is the active
“Core” complex composed of CDK9, CyclinT1, and BRD4. The second complex is the
“Super Elongation Complex” (SEC) comprised of CDKO9, Cyclin T1, ELL2, AFF4, ENL,
and AF9. The third complex is the “7SK RNP” and it is composed of the 7SK IncRNA, and
several proteins — CDK9, Cyclin T1, HEXIM1, LARP7, and MEPCE. Details of the 7SK
IncRNA and its role in HIV gene regulation are discussed below. Cyclin T2 is encoded by a
distinct gene and is also a regulatory subunit of CDK9. Cyclin T2 is also found in the 7SK
RNP, but it is expressed at significantly lower levels than Cyclin T1 in most tissues and cell
lines, and its abundance in the 7SK RNP is therefore considerably lower than Cyclin T1.

As illustrated in Figure 2, a current model of Tat function postulates that Tat binds to CDK9
and Cyclin T1 in either the Core or 7SK RNP complex, and Tat/CDK9/Cyclin T1 then binds
to the viral TAR RNA element that forms at the 5” end of viral transcripts. The Super
Elongation Complex then assembles and CDKO is positioned and stimulated to
phosphorylate both the carboxyl terminal domain of the large subunit of Pol Il and the
negative factors that restrict elongation, leading to a potent stimulation of elongation.

The nuclear export of incompletely or unspliced viral transcripts is dependent upon the viral
Rev protein (9). Rev along with the CRM1 (also termed XPO1) RNA export factor binds to
a highly structured RNA element, termed the Rev-Response Element (RRE), present in
incompletely spliced viral transcripts. This protein/RNA complex then accesses an export
pathway utilized by small nuclear RNAs and a minority of cellular mMRNAs. As will be
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discussed below, the INcRNA NEAT1 appears to play an important role in the mechanism
whereby Rev recruits incompletely spliced viral RNA for RNA export. The unspliced full-
length viral RNA can either serve as mRNA to produce the Gag or GagPol polyproteins, or
traffic to the plasma membrane to be incorporated into new viral particles that bud from the
infected cell.

mMiRNAs and HIV replication

miRNAs that target HIV-1 RNA and HIV-encoded non-coding RNAs

Before discussing miRNAs that target HIV-1 HDFs, it is worth noting that considerable
research activity has been involved in the study of miRNAs that directly target HIV-1
transcripts, as well as the study of non-coding RNAs that can be expressed from the viral
genome. However, these two topics — miRNAs that directly target HIV-1 RNA and non-
coding RNAs expressed from the viral genome — are controversial, and these issues have
been thoroughly discussed in an excellent recent review (10). A number of studies identified
cellular miRNAs that can directly target HIV-1 transcripts and inhibit viral replication under
certain experimental conditions. However, an analysis of miRNA binding to the HIV-1
genome by the photoactivatable ribonucleotide-induced cross-linking and
immunoprecipitation (PAR-CLIP) technique suggests that HIV-1 transcripts are poorly
targeted by cellular miRNAS, perhaps the result of extensive RNA secondary structure (11).
Given the mutation rate of HIV-1, it seems likely that HIV-1 variants can readily evolve to
evade miRNAs that directly target viral RNA if such miRNAs put significant evolutionary
pressure on the virus. Additionally, several studies have identified small non-coding RNAs
expressed from the HIV-1 genome during infection (10). It has however been argued that
these RNAs are not expressed at levels sufficient to have significant biological effects (11).
The controversies regarding miRNAs that target HIV-1 transcripts and HIV-encoded non-
coding RNAs may be the consequence of different experimental conditions and methods of
analysis used in the various studies. Future studies are required to clarify the biological
importance of these two classes of non-coding RNA.

miRNAs that target HDFs

As stated above, genome-wide siRNA screens for HIVV-1 HDFs suggest that over 2,000
cellular proteins are involved in the HIV-1 replication cycle (1). There are over 1,000
distinct miRNASs encoded in the human genome and a single miRNA can potentially target
~400 distinct mMRNAs (12). Therefore, there is enormous potential for miRNAs to target and
repress key HDFs and thereby inhibit HIV-1 replication. Also as stated above, the activation
or differentiation state of CD4* T cells and monocyte/macrophages — the two cell types
infected by HIV-1 in vivo — determine the permissivity of the cells for HIV-1 replication. As
miRNAs can be differentially expressed in resting vs. activated CD4* T cells and monocytes
vs. macrophages, the physiological state of these cells influences the overall effects of
miRNAs on viral replication. MiRNASs that have been shown to target critical HDFs are
listed in Table 1, and these miRNAs and there targets are discussed below. However, these
miRNAs are certainly only the “tip of the iceberg” of miRNAs that regulate HIV-1
replication. Steps in the HIV replication cycle that are regulated by these miRNAs are
indicated in Figure 1.
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miR-155 targets multiple HDFs involved in PIC nuclear import and also
promotes HIV-1 latency—MIiR-155 is known to play an important role in appropriate
immune responses (13) and it is an especially significant miRNA as it affects different
aspects of the HIV-1 replication cycle — nuclear import of the pre-integration complex (PIC)
and transcription of the HIV provirus. In primary macrophages, miR-155 is up-regulated by
agonists of Toll-like receptors (TLR) TLR3 and TLR4 and this is associated with inhibition
of HIV-1 replication (14). Remarkably, miR-155 directly targets the 3’ UTR of four HDFs
involved in PIC nuclear import — ADAM10, TNPO3, Nup153, and LEDGF/p75. MiR-155
therefore functions to reduce the level of multiple HDFs in TLR3/4-stimulated macrophages
and therefore has strong anti-HIV activity (14).

Current anti-HIV drugs can effectively repress HIV replication in infected individuals.
However, if the drugs are discontinued, a reservoir of latent HIV reactivates and rekindles
infection, thus requiring lifelong administration of anti-HIV drugs. The latent reservoir
largely consists of resting memory CD4* T cells containing integrated but transcriptionally
silent viruses that can reactivate following T cell activation signals (15). A recent study has
implicated miR-155 in the control of HIV latency (16). The HIV 5" LTR has binding sites
for NF-xB and activation of this cellular transcription factor stimulates transcriptional
initiation of the integrated provirus. The E3 ubiquitin ligase TRIM32 is involved in
activation of NF-xB through degradation of the inhibitor IxBa. MiR-155 targets the 3’ UTR
of TRIM32 mRNA, thereby promoting HIV-1 latency by repressing activation of NF-xB.

MiRNAs that target HDFs involved in Pol Il transcription of the HIV-1 provirus
—A number of miRNAs have been identified that target HDFs involved in Pol 11
transcription of the HIV-1 provirus. In an important study, the Benkirane laboratory
demonstrated that the sSiRNA depletion of the miRNA processing enzymes Dicer and Drosha
increased HIV-1 replication, suggesting that miRNAS in general suppress viral replication
(17). In this study, the authors subsequently examined miRNAs whose expression was
altered following HIV-1 infection of the Jurkat CD4* T cell line and identified several
miRNAs that were down-regulated and encoded in the polycistronic miRNA cluster
miR-17/92. This cluster encodes miR-17-(5p/3p), miR-18, miR-19a, miR-20a, miR-19b-1,
and miR-92-1. Subsequent analysis demonstrated that miR-17-5p and miR-20a target the 3’
UTR of the histone acetylase PCAF (KAT2B). PCAF functions to enhance Pol Il
transcription by acetylating core histones and thereby modifying chromatin to a
configuration that is highly permissive for transcription. Inhibitors of miR-17-5p and
miR-20a enhance HIV-1 replication in Jurkat T cells, while over-expression of the miRNAs
decreases replication, indicating that repression of PCAF is inhibitory to HIV-1 replication.

A number of studies have identified miRNAs that negatively regulate function of the HIV
Tat protein. Pur-a is a DNA- and RNA-binding protein that has multiple functions in cells,
including roles in transcription and translation (18). Pur-a has been shown to enhance Tat
function and remarkably six miRNAs have been shown to target the 3’ UTR of Pur-a
MRNA — miR-15a, miR-15b, MiR-16, miR-20a, miR-106b, and miR-93 (19).

As discussed above, Tat binds directly to Cyclin T1 in the P-TEFb complex and this is
involved in activation of transcriptional elongation of the provirus. Several miRNAs have
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been identified in monocytes and resting CD4* T cells that repress expression of this key
HDF and contribute to the non-permissive state of these cells. In monocytes, miR-198
directly targets the 3’ UTR of Cyclin T1 mRNA and this can inhibit HIV-1 replication in this
cell type (20). Upon monocyte differentiation to macrophages, the levels of miR-198
decrease relative to Cyclin T1 mRNA and this relieves repression of Cyclin T1, contributing
to HIV replication in macrophages (20). In resting CD4* T cells, four miRNAs have been
identified that repress Cyclin T1 — miR-27b, miR-29b, miR-150, and miR-223 (21).
Although over-expression of any of these four miRNAs can repress Cyclin T1 protein
expression, only miR-27b has been shown to directly target the Cyclin TL mRNA 3’ UTR.
The repression of Cyclin T1 by the other miRNAs is therefore likely to be indirect.
Activation of resting CD4* T cells results in a decrease in the levels of these four miRNAs,
thereby relieving their repression of Cyclin T1 protein expression and contributing to robust
HIV replication.

SIRT1, a class Il histone deacetylase that requires NAD+ as a cofactor, negatively regulates
NF-xB by deacetylation of RelA/p65 (22). Additionally, SIRT1 can negatively regulate Tat
by its deacetylase activity, as Tat is acetylated at lysine 50 and this has been shown to be
important for Tat activity (23). Several miRNAs have been identified that target SIRT1 and
this can stimulate HIV-1 proviral transcription through increasing NF-xB and Tat activity.
MiR-217 and miR-34a can repress SIRT1 (24, 25).

miR-1236 targets DCAF1—DCAFL1 (also termed VPRBP1) associates with the HIV-1
Vpr protein to form E3 ubiquitin ligase complexes, and this is thought to target antiviral
proteins for proteasome-mediated proteolysis and thereby enhance viral replication. In
monocytes, miR-1236 has recently been shown to target the 3’ UTR of DCAF1 mRNA and
thereby inhibit HIV-1 replication in this cell type (26).

MiRNAs that target anti-viral proteins

In contrast to miRNAs that target HDFs and inhibit HIV replication, several miRNAs have
been identified that target anti-viral proteins and stimulate HIV replication. SAMHDL1 is an
anti-HIV protein that inhibits reverse transcription through both phosphohydrolase and
nuclease activities (27). A recent study has shown that miR-181 targets the 3’ UTR in
SAMHD1 mRNA and therefore conferring to this miRNA a potential positive role in HIV
replication (28). Additionally, a recent study found that let-7c, miR-34a, and miR-124a
target the 3’ UTRs of p21 and TASK1 mRNAs — proteins that have been implicated in
inhibition of HIV replication (29). Finally, miR-132 has been shown to repress MeCP2, a
transcriptional regulatory protein and this is thought to stimulate HIV replication through
down-regulation of the transcriptional co-activator p300 and effects on the host innate
immune response to infection (30). Interestingly, miR-132 is up-regulated during infections
of Kaposi’s sarcoma herpesvirus, herpes simplex virus-1, and human cytomegalovirus,
suggesting that several viruses have acquired the ability to up-regulate this miRNA and
thereby repress innate immunity (31).
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InNcRNAs and HIV gene regulation

7SK RNA

7SK RNA is an abundant 331 nucleotide SnRNA transcribed by RNA polymerase IIl.
Almost most 15 years ago, Cyclin T1 and CDK9 were found to be associated with 7SK
RNA (32, 33). Subsequent biochemical studies identified three additional proteins
associated with 7SK and Cyclin T1/CDK9 — HEXIM1, MEPCE, and LARP7 (34-38).
HEXIML1 binds to structural elements within 7SK, while MEPCE is a methylphosphate
capping enzyme that binds to the 5" end of 7SK RNA. LARP7 binds to the 3’ end of 7SK
and stabilizes the RNA. Although 7SK RNA/Cyclin T1//CDK9/HEXIM1/MEPCE/LARP7
exists as a distinct biochemical entity (8), additional proteins have been found associated
with the 7SK RNP — SRSF2(also termed SC35) and DDX21 (39, 40). These proteins are
involved in RNA polymerase 1l transcriptional elongation, but their roles in HIV Tat
function remain to be elucidated.

The kinase activity of CDKJ is repressed in the 7SK RNP, and activation of transcriptional
elongation by P-TEFb is thought to require the extraction of Cyclin T1/CDK?9 from the 7SK
RNP. Tat has been shown to be capable of extracting Cyclin T1 and CDK9 from the 7SK
RNP to activate HIV proviral transcription (41). Additionally, activation of the PI3K/Akt
pathway, or the ERK pathway through T-cell receptor signaling, has been shown to release
Cyclin T1/CDKJ9 from the 7SK RNP and activate Tat-dependent elongation of the HIV
provirus (42, 43). Some chromatin-immunoprecipitation (ChlP) experiments suggest that
Cyclin T1/CDKO9 free from the 7SK RNP are recruited to the HIV provirus to activate
elongation (43), while other ChIP experiments suggest that the entire 7SK RNP is recruited
directly to the HIV provirus where Tat extracts Cyclin TI/CDK9 as TAR RNA is
synthesized (44, 45). Additionally work will be required to clarify the apparent
discrepancies between these ChIP experiments.

Because the kinase activity of CDKO is repressed by 7SK, it was originally postulated that
the 7SK RNA is involved in establishing latent HIV infection in resting CD4 T cells through
negative regulation of CDK9. However, phosphorylation of the CDK9 T-loop (Thr186) is
largely absent in resting CD4+, and T-loop phosphorylation is required for both CDK9
catalytic activity and the assembly of the 7SK RNP (46, 47). Additionally, the levels of
Cyclin T1 are generally quite low in resting CD4* T cells (48, 49). 7SK RNP levels in
resting cells that support latent HIV infection are consequently extremely low and unlikely
to make a significant contribution to HIV latency (48-50). Additionally, analysis of a
primary CD4* T cell model of latency demonstrated that the amount of Cyclin T1/CDK9 in
the 7SK RNP is greatly reduced as HIV latency is established, and when latent virus is
reactivated, the amount of the 7SK RNP is greatly increased (51). Thus, the expression
levels of the 7SK RNP in resting and activated CD4" T cells appear incompatible with a
regulatory role in establishing and maintaining HIV latency.

NEAT1 RNA

NEAT1 RNA is transcribed by RNA polymerase Il and exists as two isoforms, NEAT1 1
(3.7 kb) and NEAT_2 (23 kb), also termed MENe and MENS, respectively. NEAT1_1 and
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NEAT _2 are synthesized from a single promoter but differ in their 3’ ends; NEAT1 contains
a polyadenylated 3’ end, while NEAT1_2 contains a non-polyadenylated 3’ end that is
generated by the tRNA biogenesis machinery (52). Importantly, NEAT1 RNA is essential
for the formation of nuclear structures termed paraspeckles (53). Paraspeckles contain more
than 30 nuclear proteins, including p54nrb, PSF, and Matrin3, and these three proteins have
been shown to be involved in HIV Rev nuclear export of incompletely spliced viral RNAs
(54, 55). Furthermore, paraspeckles have been implicated in retaining incompletely spliced
viral transcripts in the nucleus, where they are either degraded or traffic to the nucleolus and
access a Rev-dependent nuclear export pathway (54, 56). A recent study demonstrated that
siRNA depletion of NEAT1 enhances nuclear export of incompletely spliced HIV RNAs
(57).

The Rev export pathway utilizes the export factor CRM1 (XPO1) and its co-factor RAN-
GTP. A paraspeckle protein termed RBM14 has recently been shown to co-
immunoprecipitate with CRM1 and Rev and be involved in export of viral transcripts (58).
These recent findings of paraspeckle proteins and Rev suggest the rather speculative model
shown in Figure 3 for nuclear export of incompletely spliced HIV transcripts. In this model,
unspliced viral transcripts are retained in paraspeckles through the RNA binding proteins
p54nrb, PSF, and RBM14. CRML1 associates with RBM14, either directly or indirectly, and
this may lead to the trafficking of viral RNA to the nucleolus, where the Rev/XPO1/RAN-
GTP complex binds to the RRE in viral transcripts. This protein-RNA complex is then
exported to the cytoplasm, where the hydrolysis of RAN-GTP to RAN-GDP releases viral
transcripts for either translation, or in the case of full-length viral RNA, for packaging in
viral particles that assemble at the plasma membrane.

Conclusion

Given the large number of mMiRNAs encoded in the human genome (>1,000) and the ability
of a single miRNA to target multiple mRNAs, there surely are many more miRNAS to be
identified that target cellular proteins involved in HIV replication. As more miRNAs of
relevance to HIV are identified, a challenge for the future will be to identify those miRNAs
that repress key cellular proteins that regulate genetic pathways that are especially
significant to HIV infection. Pathways such as an enhanced immune response or
maintenance of latent HIV may be regulated by distinct miRNAs in CD4* T cells and
monocytes/macrophages. Specific inhibition of such miRNAs may provide a clinical
benefit, and these putative miRNAs have potential as therapeutic targets.

Although the role of the 7SK RNP in HIV Tat function has been extensively studied,
important questions remain. It is unclear whether the entire 7SK RNP is recruited to the
integrated proviral genome (43), or whether Cyclin T1/CDK9 are released from the RNP
prior to recruitment to the provirus (45). Determination of the structure of the 7SK RNA to <
25 Angstroms is feasible by cryoEM technology (59) and such a structural determination
will provide insight into how Tat and cellular proteins extract Cyclin T1/CDK?9 from the
RNP. Mechanisms involved in down-regulation of the 7SK RNP as activated CD4* T cells
return to a resting state are poorly understood (51), and elucidation of these mechanisms
may provide insight into how HIV latency is established. Finally, mechanisms whereby
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NEAT1 RNA and paraspeckles are involved in HIV Rev function remain to be elucidated,
as the model shown in Figure 2 is quite speculative. Limiting Rev function is involved in
HIV latent infection (60) and mechanistic insight into NEAT1 RNA and paraspeckles may
suggest therapeutic approaches to reactivate latent virus.
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Figure 1. Stepsin HIV replication cycleregulated by cellular miRNAs
Steps in the viral replication cycle are numbered. MiRNAS that inhibit replication are shown

in red and their cellular targets that promote replication are shown in green. MiRNAS that
enhance viral replication are shown in green and their cellular targets (anti-viral proteins) are
shown in red.
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Figure 2. Model for role of 7SK RNP in HIV Tat function
1) Cyclin T1/CDK9 are sequestered in the 7SK RNP in a catalytic inactive form. 2) Cyclin

T1/CDK9 may be extracted from the 7SK RNP by Tat and this trimeric complex binds to
TAR RNA formed at the 5’ end of the nascent viral transcripts (43). Alternatively, the 7SK
RNP may bind to the 5" LTR, and Cyclin T1/CDKO are then extracted from the RNP when
TAR RNA is synthesized (45). 3) Upon binding to TAR RNA, CDK®9 in the Cyclin T1/
CDKO9/Tat complex phosphorylates several substrates in the RNA polymerase Il complex,
resulting in activation of transcriptional elongation.
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Figure 3. Model for role of NEAT1 RNA and paraspecklesin HIV Rev function

1) NEAT1 RNA is required for the formation of paraspeckle structures in the nucleus. PSF,

3r

p54nrb, and RBM14 are protein components of paraspeckles, and unspliced HIV transcripts
are sequestered in paraspeckles through binding to PSF, p54nrb, and RBM14. 2) The

association of RBM14 with CRM1 allows Rev/CRML1 to recruit unspliced viral transcripts
to the nucleolus. 3) A nuclear export complex containing Rev/CRM1/RAN-GTP are bound

to unspliced viral transcripts, and this complex traffics through nuclear pores to the
cytoplasm. 4) The hydrolysis of RAN-GTP to RAN-GDP results in the releases of viral

transcripts in the cytoplasm.
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Table 1
miRNA Target Effect on HIV Reference
miR-155 ADAM10, TNPO3 inhibits PIC nuclear import (14)
Nup153, LEDGF/p75
miR-155 TRIM32 inhibits NF-xB; promotes latency  (16)
miR-17-5p, miR-20a  PCAF inhibits proviral transcription 17
miR-15a, miR-15b Pur-a inhibits Tat function (19)
miR-16, miR-20a
miR-106b, miR-93
miR-198, miR-27b Cyclin T1 inhibits Tat function (20, 21)
miR-29b, miR-223
miR-150
miR-34a, miR-217 SIRT1 inhibits Tat function (24, 25)
miR-1236 DCAF1 inhibits Vpr function (26)
miR-181 SAMHD1 enhances replication (28)
Let7-c, miR-34a p21, TASK1 enhance replication (29)
miR-124a
miR-132 p300 enhances replication (30)
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