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Regulation of Cyclin T1 and HIV-1 Replication by MicroRNAs in
Resting CD4" T Lymphocytes
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The replication of integrated human immunodeficiency virus type 1 (HIV-1) is dependent on the cellular cofactor cyclin T1,
which binds the viral Tat protein and activates the RNA polymerase II transcription of the integrated provirus. The activation of
resting CD4™ T cells upregulates cyclin T1 protein levels independently of an increase in cyclin T1 mRNA levels, suggesting a
translational repression of cyclin T1 in resting CD4™ T cells. Hypothesizing that microRNAs (miRNAs) repress cyclin T1 transla-
tion in resting CD4™ T cells and that this inhibition is lifted upon cell activation, we used microarray expression analysis to iden-
tify miRNAs miR-27b, miR-29b, miR-150, and miR-223 as being significantly downregulated upon CD4* T cell activation. The
overexpression of these miRNAs decreased endogenous cyclin T1 protein levels, while treatment with the corresponding antago-
miRs increased cyclin T1 protein levels. An miR-27b binding site within the cyclin T1 3’ untranslated region (3'UTR) was identi-
fied and confirmed to be functional after the mutation of key resides abrogated the ability of miR-27b to decrease the expression
of a luciferase reporter upstream of the cyclin T1 3'UTR. Ago2 immunoprecipitation revealed an association with cyclin T1
mRNA that was decreased following treatment with miR-27b and miR-29b antagomiRs. Cells overexpressing miR-27b showed
decreased viral gene expression levels of the HIV-1 reporter virus and a decreased replication of strain NL4.3; a partial rescue of
viral transcription could be seen following the transfection of cyclin T1. These results implicate miR-27b as a novel regulator of

cyclin T1 protein levels and HIV-1 replication, while miR-29b, miR-223, and miR-150 may regulate cyclin T1 indirectly.

he replication of human immunodeficiency virus type 1

(HIV-1) is dependent on the expression of multiple cellular
cofactors that, when present at limiting levels, can partly deter-
mine cellular permissivity to infection. For instance, resting CD4 *
T cells contain low levels of several essential cofactors, including
positive transcription elongation factor b (P-TEFb) (18, 19, 23).
The transcription of integrated HIV-1 from the host genome is
dependent on this complex, which is also essential for mediating
the elongation of cellular RNA polymerase II (RNAP II) tran-
scripts (37). P-TEFDb is composed of cyclin-dependent kinase 9
(CDKO) as the catalytic subunit and one of three regulatory sub-
units: cyclin T1, T2A, or T2B (36). Cyclin T1-containing P-TEFb
is the only form that supports HIV-1 transcription, as P-TEFb is
recruited to nascent viral RNA by the direct binding of the viral
transactivator protein Tat to the cyclin T1 subunit (4, 41, 50).
P-TEFb hyperphosphorylates the C-terminal domain of RNA P IT
in addition to several negative elongation factors, thereby catalyz-
ing a switch from abortive to fully processive transcriptional elon-
gation (56). Cyclin T1 is therefore essential for the efficient tran-
scription of the provirus, and HIV-1 replication is severely
impaired in its absence (10, 11, 29, 54).

Upon CD4™ T cell activation or the differentiation of mono-
cytes into macrophages, cyclin T1 protein levels dramatically in-
crease, independently of changes in cyclin T1 mRNA levels (31,
32,43), suggesting that cyclin T1 is posttranscriptionally repressed
in resting CD4™" T cells and monocytes. We hypothesized that this
repression might be mediated by microRNAs (miRNAs), as their
function in posttranscriptional gene silencing has been well estab-
lished, and it has been estimated that more than 50% of genes are
subject to miRNA regulation (17). Furthermore, over 800 human
miRNAs have been identified, and the functional validation of
miRNA targets has indicated their involvement in a wide range of
biological processes (13, 35, 48).
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Following gene transcription by RNAP II, human primary
miRNA transcripts are processed in the nucleus by the enzyme
Drosha (6). The resulting pre-miRNAs are exported into the cy-
toplasm and cleaved by Dicer into the mature form, which is in-
corporated into the RNA-induced silencing complex (RISC). The
miRNA-RISC then typically binds to the 3’ untranslated region
(3"UTR) of a target mRNA, leading to translational repression by
mechanisms still being elucidated (16). In the majority of cases,
this is also accompanied by some level of miRNA-mediated
mRNA degradation (21, 22, 30). While the entire length of an
miRNA is usually not perfectly homologous to the target se-
quence, the so-called seed sequence of the miRNA, defined as
nucleotides (nt) 2 to 8, almost always exhibits a high degree of base
pair complementarity to the target and can be highly conserved
across species. This observation forms the basis of in silico miRNA
target prediction algorithms, which can be used to generate puta-
tive miRNA targets, albeit with a high false-positive rate, which
makes experimental confirmation a necessity (2, 3).

Recent evidence has shown that the miRNA pathway has sig-
nificant effects on HIV-1 replication (9). The small interfering
RNA (siRNA) knockdown of the miRNA-processing enzyme
Dicer considerably increases HIV-1 replication, indicating that
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miRNAs generally act to inhibit viral replication (46). Those same
authors also found that HIV-1 infection of peripheral blood
mononuclear cells (PBMCs) downregulates the miR-17-92 fam-
ily, which was found to target PCAF, a cellular cofactor of Tat. The
overexpression of miR-17-92 family members decreased both
PCAF levels and HIV-1 replication. We previously identified an
miRNA, miR-198, that has similar effects on decreasing HIV-1
replication but via the targeting of cyclin T1 (44). miR-198 is
downregulated upon monocyte-to-macrophage differentiation,
when cyclin T1 protein levels increase, and also binds to the cyclin
T1 3'UTR. The overexpression of miR-198 in monocytes de-
creased endogenous cyclin T1 protein levels and viral replication
in a monocytic cell line. However, we observed that miR-198 is
present at only low levels in resting CD4 " T cells and is not down-
regulated following T cell activation, suggesting that this miRNA
may play a limited role in the posttranscriptional repression of
cyclin T1 in resting CD4 " T cells.

The direct targeting of genomic HIV-1 RNA has also been sug-
gested as a mechanism for miRNA-mediated effects on replica-
tion; miR-29a has been shown to directly target the 3'UTR of
HIV-1 RNA and to enhance the interaction of viral RNA with
epitope-tagged Ago2, a component of the RISC (34). Regardless of
the mechanisms whereby miRNAs affect HIV-1 replication,
PBMC profiling has defined groups of miRNAs consistently
downregulated more than 2-fold in a majority of HIV-infected
patients compared to uninfected donors (24), highlighting the
potential importance of miRNAs in the context of HIV-1 infec-
tion. A role for miRNAs in the maintenance of HIV-1 latency has
also been proposed. The transfection of antagomiRs against miR-
28, miR-125b, miR-150, miR-223, and miR-382, which were all
predicted to target viral RNA, reactivated virus from latently in-
fected CD4™ T cells isolated from patients on suppressive highly
active antiretroviral therapy (HAART) regimens (25).

In this study, we sought to identify miRNAs which inhibit cy-
clin T1 protein expression in resting CD4™ T cells, thereby con-
tributing to the inhibition of HIV-1 replication in this nonpermis-
sive milieu. We found that miR-27b, -29b, -150, and -223 are
present at higher levels in resting than in activated CD4™ T cells
and that these miRNAs all function to repress cyclin T1 protein
levels. While it was previously reported that miR-29b, -150, and
-223 inhibit HIV-1 replication (25, 34), to our knowledge, this is
the first report detailing the ability of miR-27b to do so. Further-
more, we show that miR-27b inhibits viral replication via the di-
rect targeting of cyclin T1 mRNA and, along with miR-29b, me-
diates the targeting of cyclin T1 mRNA to the RISC.

MATERIALS AND METHODS

CD4™" T cell isolation. Resting CD4™ T cells were isolated from blood of
healthy donors (Gulf Coast Regional Blood Center, Houston, TX) by
performing Isolymph density centrifugation (Gallard-Schlesinger Indus-
tries, Inc.) to isolate PBMCs, followed by CD4" T cell Isolation Kit II
(Miltenyi Biotech), or by using the RosetteSep human CD4™" T cell en-
richment cocktail (StemCell) on whole blood. Activated cells were then
removed by using CD30 Microbeads (Miltenyi Biotech). Resting CD4™ T
cell preparations were >90% pure (data not shown), as assessed by flow
cytometry analysis of staining for the CD4 and CD3 T cell markers along
with CD25 and CD69 for activation status (BD Biosciences). For cell ac-
tivation, a portion of the isolated cells was activated with phytohemagglu-
tinin (PHA) treatment (10 ng/ml) and cultured in RPMI supplemented
with 10% fetal bovine serum (FBS) for 2 days.
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miRNA expression profiling. Total RNA was isolated from donor
resting and activated CD4™ T cells by using the miRVana miRNA isola-
tion kit (Applied Biosystems), and miRNA microarray analysis was per-
formed by LC Sciences (Houston, TX). For donors 1 and 2 the version 7.1
platform was used to detect 321 unique miRNAs; for donors 3 and 4,
version 12.0 was used to detect 695 miRNAs. Cy3 and Cy5 dye switching
between donors was performed to eliminate biases.

miRNA transfections. For protein and mRNA expression analyses,
the indicated pre-miR miRNA precursor molecule or pre-miR negative
control 1 (Applied Biosystems) was transfected into HeLa cells by using the
siPORT NeoFX transfection agent (Applied Biosystems). Seventy-two hours
later, lysates were harvested for Western blotting (see below). Alternatively,
resting CD4™ T cells were isolated as described above and then transfected
with the indicated anti-miR miRNA inhibitor or anti-miR negative control 1
(Applied Biosystems) using the human T cell Nucleofector kit (Lonza) and
the program U-14. Lysates were harvested 48 h later.

Protein and RNA analyses. Protein was analyzed by Western blotting
using antibodies against cyclin T1 (catalog number SC-8127; Santa Cruz
Biotechnology), a-tubulin (catalog number SC-5286; Santa Cruz Bio-
technology), and B-actin (catalog number A2066; Sigma). ImageJ (39)
was used to quantify bands; statistical analysis was performed by regres-
sion analysis on the geometric means of the cyclin T1/B-actin ratio. Both
the confidence interval and the P value were used for determining signif-
icance. cDNA amplification of mRNA was performed by using the iScript
cDNA synthesis kit (Bio-Rad), and quantitative real-time PCR was done
by using iQ SYBR green Supermix (Bio-Rad) and the following primers:
cyclin T1 forward primer 5'-GGCGTGGACCCAGATAAAG-3’, cyclin T1
reverse primer 5 -CTGTGTGAAGGACTGAATCAT-3', glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) forward primer 5'-CGCCAGCC
GAGCCACATC-3', and GAPDH reverse primer 5'-AATCCGTTGACTC
CGACCTTCAC-3". A cyclin T1 standard curve was generated by using a
dilution series of a cyclin T1-containing plasmid.

Luciferase assays. The cyclin T1 3' UTR-luciferase (luc) construct was
described previously (44). The mutant cyclin T1 3"UTR-luc construct was
generated by using the QuikChange Lightning site-directed mutagenesis
kit (Stratagene). Pre-miR-27b was transfected into HeLa cells along with
the 3'UTR-luc constructs and pRL-TK expressing Renilla luciferase, as an
internal transfection control (Promega), using Lipofectamine 2000 (In-
vitrogen). The Dual-Luciferase reporter assay system (Promega) was used
to quantify both firefly and Renilla luciferase expression levels at 24 h
posttransfection.

Ago2 immunoprecipitation. Ago2 and control IgG immunoprecipi-
tations were performed as described previously (45), with the following
modifications. Five micrograms of EIF2C2 (Ago2) monoclonal antibody
(catalog number H00027161-M01; Abnova) or isotype control mouse
IgGlk monoclonal antibody (catalog number ab18447; Abcam) was
bound to 300 ul of protein A Dynabeads (Invitrogen) for 8 h with rotation
at 4°C. Dynabeads were then washed twice with 0.02% Tween 20 in
phosphate-buffered saline (PBS) and once with NT2 buffer (50 mM Tris
[pH 7.4], 150 mM NaCl, 1 mM MgCl,, 0.05% Nonidet P-40). Jurkat cells
were lysed in freshly prepared polysome lysis buffer (5 mM MgCl,, 100
mM KCI, 10 mM HEPES [pH 7], 0.5% Nonidet P-40, 1 mM dithiothreitol
[DTT], 100 U/ml RNasin Plus RNase inhibitor [Promega], 1 X protease
inhibitor cocktail [Sigma], 400 uM vanadyl ribonucleoside complexes
[NEB]). Jurkat cells were also transfected with anti-miR miRNA inhibi-
tors or anti-miR negative control 1 (Applied Biosystems) by using Oligo-
fectamine (Invitrogen) and were lysed 72 h later. All lysates were frozen at
—80°C and then thawed and cleared by centrifugation at 10,000 X g for 10
min. A total of 2.5 mg of the protein lysate was mixed with supplemented
NT?2 buffer (NT2 buffer plus 200 U/ml RNasin Plus, 1 mM DTT, and 15
mM EDTA) to a total volume of 1 ml, loaded onto the antibody-bound
Dynabeads, and rotated for 4 h at 4°C. During the first magnetic separa-
tion of the beads, the supernatant was taken as the flowthrough fraction.
Dynabeads were then washed four times with 0.02% Tween 20 in PBS.
Beads were then split into fractions for protein and RNA analyses. SDS
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loading buffer was used to elute proteins from the beads, and the lysis
buffer included with the miRVana miRNA isolation kit (Applied Biosys-
tems) was used to extract RNA directly from the bead-bound material.
Western blotting was performed by using the same Ago2 antibody, and
quantitative reverse transcription-PCR (qQRT-PCR) to measure mRNA
levels was performed as described above, along with the following prim-
ers: PCAF forward primer 5'-TGCTGTCAGTATTTTAACACCC-3’ and
PCAF reverse primer 5'-GCACTAAACTGGAATCCCAAG-3' (46). qRT-
PCR to measure miRNA levels was performed by using the TagMan
microRNA reverse transcription kit, followed by TagMan microRNA as-
says with Universal PCR Master Mix (Applied Biosystems). Equal vol-
umes of prepared RNA were used for the reverse transcription reaction,
except for the flowthrough samples, where equal concentrations of total
RNA were used, as RNA levels were much higher and could be reliably
measured by using spectrometry.

HIV-1 assays. The following reagents were obtained through the
AIDS Research and Reference Reagent Program, Division of AIDS, NI-
AID, NIH: pNL4.3-Luc (R™ E7), from Nathaniel Landau, and pNL4.3,
from Malcolm Martin. For viral transcription and replication assays with
HeLa and TZM-bl cells, cells were first transfected with the indicated
miRNA, followed by infection with vesicular stomatitis virus G protein
(VSV-G)-pseudotyped NL4.3-Luc or NL4.3 virus 2 days later. For some
assays, cells were also transfected with a cyclin T1 siRNA (5'-GCAGCGT
CTTAACGTCTCA-3") from Dharmacon or AllStars negative-control
siRNA (Qiagen) and then infected with the strains indicated and washed
with PBS 6 h later to remove virus. Cells were harvested 72 h later, and
luciferase expression was measured by using the Single Luciferase system
(Promega). The viral supernatant was spun down at 1,000 X g, and p24
levels were quantified by an enzyme-linked immunosorbent assay
(ELISA) (Zeptometrix). For viral transcription assays with CD4* T cells,
primary resting cells were isolated, as described above, from four healthy
blood donors. miRNAs, pNL4.3-Luc, and pCMV-RL (Renilla luciferase)
were transfected by using nucleofection, and luciferase expression was
measured 2 days later by using the Dual Luciferase system (Promega).
Statistical analysis was performed by using a repeated-measures analysis
of variance (ANOVA) (no between-subject/experiment factors and two
repeated variables).

RESULTS

miR-27b, -29b, -150, and -223 are downregulated in activated
CD4™" T cells and decrease cyclin T1 protein expression levels.
The expression levels of miRNAs that potentially repress cyclin T1
translation in resting CD4™ T cells should be inversely correlated
with the expression level of the protein, which is low in resting cells
and high in activated cells. In order to identify cyclin T1-
repressing candidate miRNAs, we performed miRNA expression
profiling of resting and activated CD4™ T cells isolated from four
healthy blood donors (see Tables S1 and S2 in the supplemental
material). For miRNAs downregulated in the majority of donors,
we assessed their ability to bind to the cyclin T1 3'UTR using the
target prediction algorithms RNA22 (33) and RNAhybrid (40).
Synthetic precursors corresponding to candidate miRNAs were
then transfected into HeLa cells to screen for their ability to re-
press endogenous cyclin T1 protein expression, along with miR-
142-5p, which is not predicted to target the cyclin T1 3'UTR or
coding sequence, and a nontargeting negative-control miRNA.
Data from a representative experiment are shown in Fig. 1A; com-
pared to the transfection of the negative control or miR-142-5p,
the overexpressions of miR-27b, -29b, and -223 were consistently
able to downregulate endogenous cyclin T1 protein levels in HeLa
cells. The overexpression of miR-150 also decreased cyclin T'1 pro-
tein levels (Fig. 1B). As expected, the decrease in cyclin T1 protein
levels following miRNA treatment was generally less than that
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induced by cyclin T1 siRNA (Fig. 1C). These four miRNAs also
decreased levels of cyclin T1 mRNA when overexpressed in HeLa
cells (Fig. 1D); this pattern is consistent with the mRNA destabi-
lization observed for most miRNA-mediated silencing (21).

We next analyzed the effect of the inhibition of the expression
of these miRNAs on primary resting CD4™" T cells. After immu-
noblotting to visualize cyclin T1 protein levels, we used densitom-
etry analysis to quantify cyclin T1 bands relative to B-actin loading
controls and found that antagomiR treatment increased cyclin T1
levels by approximately 1.25- to 4-fold in resting cells (Fig. 2);
miR-27b was particularly effective at increasing cyclin T1 protein
levels in multiple donors and was statistically significant over the
negative control, while the other miRNAs displayed a similar
trend but did not quite reach statistical significance. Given that the
average miRNA is estimated to mediate a relatively modest de-
crease in the level of its target protein (3, 42) and that cyclin T1
protein levels are typically very low in resting cells, these results
suggested that miR-27b, -29b, -150, and -223 are indeed acting in
vivo to suppress cyclin T1 expression in resting CD4™ T cells.

miR-27b directly binds the cyclin T1 3'UTR. We identified a
putative binding site within the cyclin T1 3'UTR for miR-27b and
sought to validate it via mutational analysis. We generated a re-
porter construct containing the firefly luciferase gene upstream of
a ~1,300-bp portion of the cyclin T1 3'UTR encompassing the
putative miR-27b binding site (Fig. 3A). Four consecutive muta-
tions were introduced into the 3'UTR predicted to be bound by
the seed sequence of miR-27b, thereby increasing the estimated
minimum free energy of binding. Constructs containing the wild-
type or mutant cyclin T1 3'UTR portions were then cotransfected
with synthetic miR-27b into HeLa cells, and luciferase expression
was measured. While the wild-type plasmid expressed ~40% less
luciferase upon cotransfection with miR-27b, the mutant plasmid
was not responsive to miR-27b (Fig. 3B). This finding indicated
that the four residues mutated within the cyclin T1 3'UTR are
necessary for miR-27b binding, as the disruption of this site abro-
gates the miR-27b-mediated inhibition of luciferase expression.
Using luciferase reporter plasmids, we were unable to verify cyclin
T1 3"UTR or coding region binding sites for miR-29b, -150, and
-223, suggesting that these three miRNAs may regulate cyclin T1
indirectly.

Association of cyclin T1 mRNA with Ago2 is dependent on
miR-27b and -29b. To biochemically confirm that cyclin T1
mRNA is targeted by the RISC, we performed Ago2 immunopre-
cipitations in Jurkat cells, using nonimmune mouse IgG antibody
as an isotype control. After verifying that Ago2 complexes were
specifically pulled down by the Ago2 antibody and not isotype
control IgG (Fig. 3C), cyclin T mRNA was measured by quanti-
tative PCR (qPCR) and found to be associated with Ago2 (data not
shown). The presence of coimmunoprecipitating miR-27b and
PCAF mRNA, a positive control previously shown to be targeted
by the miR-17-92 family (46), was also verified by qPCR (data not
shown). Ago2 immunoprecipitation was then performed by using
lysates from Jurkat cells transfected with antagomiRs against the
cyclin T1-inhibitory miRNAs (Fig. 3C). The inhibition of miR-
27b and miR-29b decreased the association of cyclin T1 mRNA
with Ago2 (Table 1), while miR-150 and miR-223 had no effect in
repeated experiments, further suggesting that miR-150 and miR-
223 may be acting indirectly on the cyclin T1 protein.

miR-27b inhibits HIV-1 replication. As miR-29b, -150, and
-223 were previously reported to inhibit HIV-1 replication (25,
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FIG 1 miRNAs downregulated after CD4™ T cell activation repress cyclin T1. (A) HeLa cells were transfected with the indicated miRNAs for 72 h. Cyclin T1
protein expression was then examined by immunoblotting. (B) HeLa cells were transfected with increasing doses of miR-150 or the negative control as described
above. (C) HelLa cells were transfected with cyclin T1 siRNA for 48 h. Cyclin T1 protein knockdown was then visualized by immunoblotting. (D) Cyclin T1
mRNA levels were measured by qPCR 72 h after miRNA transfection in HeLa cells. Threshold cycle (C) values were normalized to GAPDH levels in the same
samples; data for all samples are presented relative to the cyclin T1-to-GAPDH C;, ratio for the negative-control miRNA.

34), we examined the ability of miR-27b to inhibit HIV-1 long
terminal repeat (LTR)-driven gene expression using a luciferase
reporter virus, NL4.3-Luc. Synthetic miR-27b was transfected
into HeLa cells, which were then infected with a VSV-G-
pseudotyped NL4.3-Luc virus. The overexpression of miR-27b
decreased the gene expression of NL4.3-Luc by ~35% in HeLa
cells (Fig. 4A). We also used TZM-bl cells to evaluate whether
miR-27b can inhibit replication-competent NL4.3 (Fig. 4B).
TZM-bl cells are modified HeLa cells which express CD4, CXCR4,
and CCRS5 for viral entry and also contain an integrated luciferase
reporter under the control of the viral LTR. After transfecting miR-
27b into TZM-bl cells, infection with NL4.3 was performed. The viral
gene expression level, as measured by the LTR-activated expression of
luciferase, was decreased ~20% in TZM-bl cells, while the viral pro-
duction level was decreased by ~40%, as measured by a p24 ELISA of
the culture supernatant (Fig. 4C).

While we had previously shown that the inhibition of miR-27b
in primary resting CD4 ™ T cells increased cyclin T1 protein levels,
we wanted to determine if anti-miR-27b treatment could also in-
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crease HIV gene expression levels in these nonpermissive cells.
Therefore, we cotransfected resting CD4™ T cells with anti-miR-
27b, pNL4.3-Luc, and a cytomegalovirus (CMV)-driven Renilla
luciferase plasmid as a transfection control (Fig. 4D). Although
primary resting CD4" T cells are difficult to transfect, we did
observe low levels of luciferase expression and found that they
underwent a slight but statistically significant increase upon anti-
miR-27b treatment, indicating that inhibiting miR-27b does in-
crease HIV transcription.

In order to establish that the miR-27b-mediated repression of
HIV-1 replication is due to its ability to repress cyclin T1 protein
levels and not its effects on other mRNA targets, we cotransfected
HeLa cells with cyclin T1 siRNA and miR-27b or the appropriate
negative controls (Fig. 4E). Two days later, NL4.3-Luc proviral
DNA was transfected into the cells. Decreased luciferase expres-
sion levels were observed for cells treated with cyclin T1 siRNA
versus negative-control siRNA, as expected for the inhibition of
this critical viral cofactor. When cells were treated with negative-
control siRNA, decreased luciferase expression levels were also
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FIG 2 Inhibition of miRNAs increases cyclin T1 levels in resting CD4™ T cells. Resting CD4™ T cells were isolated from additional healthy blood donors and
transfected with antagomiRs. Two days later, cyclin T1 protein levels were analyzed by immunoblotting. Numbers represent intensities of cyclin T1 bands,
analyzed by using Image]J software, normalized to those of the B-actin loading control. Anti-miR-27b treatment induced a statistically significant increase in the
cyclin T1/B-actin ratio (P = 0.006), while the other antagomiRs showed similar trends but were just shy of statistical significance, likely due to the smaller number

of donors (n = 2, 3, and 3 for miR-29b, -150, and -223, respectively).

seen when cells were cotransfected with miR-27b versus negative-
control miRNA. However, in cells treated with cyclin T1 siRNA,
the cotransfection of miR-27b did not decrease luciferase expres-
sion more than did cotransfection with the negative-control
miRNA, suggesting that miR-27b inhibits HIV-1 transcription in
a cyclin T1-dependent manner.

DISCUSSION

It is well known that CD4™ T cells undergo dramatic changes at
both the transcriptional and protein expression levels upon the
activation of the T cell receptor (14, 20), driven by signaling cas-
cades that turn on gene regulation programs that can accommo-
date the needs of a rapidly proliferating cell (26). HIV-1 appears to
have evolved to take advantage of this generalized growth-
conducive environment, in that the replication efficiency is much
higher in activated CD4" T cells as well as in activated macro-
phages. Cyclin T1 mRNA levels remain relatively constant during
CD4™" T cell activation or monocyte-to-macrophage differentia-
tion, whereas cyclin T1 protein levels undergo a large increase (31,
32,43). Given that miRNAs are an elegant means of posttranscrip-
tional control, we sought to identify miRNAs that target cyclin T1
mRNA. Previously, we identified miR-198 as a cyclin T1-targeting
miRNA active in undifferentiated monocytes. However, the abil-
ity of miR-198 to target cyclin T1 appeared to be cell type specific,
as levels were very low in resting CD4 ™ T cells and did not change
in response to cell activation. Here we have identified miR-27b,
-29b, -150, and -223 as contributors to the posttranscriptional
gene repression of cyclin T1 in resting CD4* T cells. We found
that these miRNAs are downregulated upon cellular activation
and that their overexpression decreased cyclin T1 protein levels in
HeLa cells, while their inhibition increased cyclin T1 protein levels
in resting CD4* T cells. An miR-27b binding site within the cyclin
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T1 3"UTR was identified, and cyclin T1 mRNA immunoprecipi-
tated with Ago2-containing complexes in a manner partially de-
pendent on both miR-27b and miR-29b. The overexpression of
miR-27b also negatively affected HIV-1 replication.

We previously showed that a large portion of cellular gene
expression induced by T cell activation is in fact dependent upon
cyclin T1 (53). We show here that the inhibition of individual
miRNAs can increase cyclin T1 protein levels in resting CD4" T
cells, indicating that miR-27b, -29b, -150, and -223 significantly
contribute to repression of cyclin T1 in vivo. After these cyclin
T1-targeting miRNAs are downregulated in the activated T cell,
presumably newly translated cyclin T1 protein supports both in-
creased cellular and proviral transcription as one-half of the core
P-TEFb complex. Given that a cyclin T1 knockdown is not cyto-
toxic in various cell lines (10, 29, 54), presumably because of a
functional redundancy with cyclin T2 (38), therapeutic interven-
tions using miR-27b, -29b, -150, or -223 may be possible in the
future. However, it should be noted that the increase in cyclin T1
protein levels fell short of that seen upon cell activation, arguing
that additional miRNAs or other mechanisms may be contribut-
ing to the inhibition of cyclin T1 translation in resting CD4" T
cells. Furthermore, while it is clear that these miRNAs inhibit cy-
clin T1 expression, it is likely that they also act on other cellular
proteins that may also be cofactors of HIV-1. To examine the full
contribution that miRNAs make to restricting HIV-1 replication
in resting CD4 " T cells, Ago2 immunoprecipitation could be used
in combination with deep sequencing to identify the complete set
of mRNAs targeted by miRNAs (the so-called “targetome”), as has
recently been done for other cell types (8, 15, 45).

miR-29b is part of the miR-29 family, comprised of miR-29a,
-29b, and -29c¢, which all share the same seed region. All miR-29
family members were proposed previously to target a well-
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FIG 3 Association of miRNAs with the cyclin T1 3"UTR and RISC. (A) S

chematic of the luciferase-cyclin T1 3"UTR construct. The plasmid contains

CMV-driven firefly luciferase followed by nucleotides 2733 to 4018 of the 4,580-nt cyclin T1 3"UTR and a poly(A) tail. The putative miR-27b binding site falls
at residues 3783 to 3803. The mutated residues are highlighted in boldface type and lie within the nucleotides bound by the seed sequence of miR-27b; the
minimum free energy (mfe) of binding, as predicted by RNA22, was increased for the mutant. (B) Wild-type (WT) and mutant luciferase-cyclin T1 3"UTR

plasmids were cotransfected into HeLa cells along with miR-27b or a negative-

control miRNA and a Renilla luciferase plasmid to assess transfection efficiency.

Luciferase expression was measured 24 h later, and firefly luciferase expression levels were normalized to Renilla luciferase expression levels. The relative
luciferase values for treatment with the negative-control miRNA were then set at 1.0 for cotransfection with both the wild-type and mutant plasmids. (C) Western
blotting of Ago2 and IgG immunoprecipitations performed by using Jurkat cell lysates harvested 72 h post-antagomiR transfection. FT, flow-through.

conserved site in the HIV-1 3’UTR and were shown to inhibit
VSV-G-pseudotyped NL4.3-Luc virus production (34). miR-29a
was also shown to target HIV-1 mRNA to the RISC. In this study,
we show that miR-29b does the same for cyclin TI mRNA, al-
though we were unable to verify a binding site within the cyclin T1
mRNA sequence. However, we believe that miR-29b may bind
directly to the cyclin T1 mRNA, as sequence-specific targeting to

TABLE 1 Copies of immunoprecipitated cyclin T1 mRNA following
antagomiR treatment”

No. of copies of cyclin T1 normalized
to no. of copies in starting lysate

Anti-miR Ago2 1P IgG IP
Anti-miR-27b 1,420 250
Anti-miR-29b 135 959
Negative control 3,175 846

“ Following Ago2 or IgG immunoprecipitation (IP), cyclin T1 mRNA was quantified by
qPCR, and numbers of copies were calculated against a cyclin T1 standard curve and
then normalized to the number of cyclin T1 copies in the starting lysate (data from a
representative experiment are shown).
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the RISC is mediated solely by small noncoding RNAs, making an
miRNA without transcript complementarity an unlikely recruit-
ment partner. It is very possible that our methodology was too
limited and thus failed to identify an existing miR-29b binding
site. miR-150 and miR-223 have also been proposed to target the
HIV-1 3'UTR and were shown to be downregulated following
CD4™" T cell activation (25), which we confirmed in our miRNA
microarray. Furthermore, these two miRNAs modestly increased
viral production in primary resting CD4" T cells transfected with
pNL4.3 (25). Our results suggest that miR-150 and miR-223 also
affect HIV-1 replication by targeting cyclin T1, likely in an indirect
fashion. miR-150 is highly expressed in hematopoietic cells (55)
and has been shown to target the transcription factor c-Myb (52).
As we were unable to show that miR-150 targets cyclin T1 directly,
either by the identification of a binding site or by alterations in the
Ago2 immunoprecipitation of the cyclin T1 transcript, we hy-
pothesized that miR-150 may be affecting cyclin T1 via c-Myb.
However, a c-Myb siRNA knockdown did not decrease cyclin T1
protein levels (data not shown), indicating that another mecha-
nism may be at work.
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FIG 4 miR-27b inhibits NL4.3 replication. (A) HeLa cells were transfected with miR-27b 48 h prior to infection with NL4.3-Luc pseudotyped with VSV-G. At
72 h postinfection, the luciferase activity of the cell lysates was measured. The values presented were normalized to those for the negative-control miRNA
treatment. (B) TZM-bl cells were transfected with miR-27b 2 days prior to infection with full-length laboratory-adapted HIV-1 strain NL4.3. Luciferase activity
was measured at 72 h postinfection. (C) Virus production in infected TZM-bl cells was measured by a p24 ELISA of the supernatant and was shown to be reduced
by miR-27b overexpression. (D) Primary resting CD4™ T cells were transfected with antimiR-27b or a negative-control antagomiR, the NL4.3-Luc proviral
plasmid, and a transfection control plasmid expressing Renilla luciferase (RL). Luciferase expression was measured 2 days later, and the firefly luciferase (FL)
expression level was normalized to the Renilla luciferase expression level. Data shown represent data from 4 independent blood donors, transfected in triplicate.
Error bars represent the 10th and 90th percentiles, and the dots represent the minimum and maximum of each data set (¥, P < 0.05; the interaction of the repeated
variables, treatment and repeat, was shown to be not significant [P = 0.0787], under Box’s conservative epsilon). (E) HeLa cells were cotransfected with siRNA
against cyclin T1 or a negative-control siRNA in addition to miR-27b or a negative-control miRNA on day 0 (for immunoblotting demonstrating the efficacy of
cyclin T1 siRNA [Fig. 1C]). On day 2, cells were transfected with the NL4.3-Luc proviral plasmid, and luciferase expression was measured 72 h later.

Neg

To our knowledge, this is the first report describing the ability
of miR-27b to inhibit HIV-1 replication. The transfection of miR-
27b was able to decrease gene expression from the NL4.3-Luc
reporter virus and the replication of full-length NL4.3. Anti-miR-
27b treatment of primary resting CD4™ T cells led to a modest but
statistically significant increase in NL4.3-Luc gene expression lev-
els, although we noticed a substantial amount of variation be-
tween replicates derived from the same donor but transfected in-
dividually with anti-miR-27b (but not the negative-control
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antagomiR). This may be attributable to the stochastic expression
of Tat and its amplifying effects on the positive-feedback loop of
HIV transcription. It has been shown that clonal populations of
Jurkat cells containing an integrated Tat feedback loop (HIV LTR-
green fluorescent protein [GFP]-internal ribosome entry site
[IRES]-Tat) exhibit varied GFP expression levels that can be pre-
dicted by a stochastically fluctuating model of Tat expression,
wherein random increases in Tat levels can lead to the prolonged
transactivation of HIV gene expression (51). It is possible that
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anti-miR-27b treatment, in combination with a randomly higher
Tat level in an individual sample, may serve to drive NL4.3-Luc
expression to a much higher level than that of the biologically
matched replicates, accounting for the wide range of luciferase
values for the anti-miR-27b data set. While cyclin T1 is the first
miR-27b target to be specifically shown to have functional signif-
icance in CD4 " T cells, other targets validated in different tissues
have been reported (1, 12, 27, 28, 47, 49). However, there is no
obvious connection between any of these identified targets and
HIV-1 replication. Furthermore, the best matches from the miR-
27b target prediction analysis do not have any obvious connec-
tions to known HIV-1 cofactors. As has been reported for the
other three miRNAs examined here, it is also possible that miR-
27b might bind directly to the 3'UTR of HIV-1 genomic RNA,
thereby targeting it for RISC-mediated translational repression.
We have not identified any miR-27b binding sites in the 3’ UTR of
the NL4.3-based strains used in our experiments, and we believe
that the effect of miR-27b on viral replication occurs indirectly, via
the inhibition of cyclin T1 and possibly other proteins.

The miR-27 family (miR-27a and miR-27b, differing by only
one nucleotide at the 3" end) was recently implicated in the repli-
cation processes of two viruses found in New World primates and
mice. Herpesvirus saimiri expresses a noncoding RNA, HSUR1
(herpesvirus saimiri U-rich RNA 1), which downregulates miR-27
expression, resulting in low levels of miR-27 in herpesvirus-
transformed marmoset T cells (7). The knockdown of HSUR1
leads to a corresponding increase in miR-27 levels, while the mu-
tation of sites complementary to HSUR1 within miR-27 abrogates
its immunoprecipitation with small nuclear ribonucleoproteins
where HSURI localizes. miR-27 is also downregulated via an un-
known mechanism following murine cytomegalovirus infection
in a variety of cell lines and in primary murine macrophages (5);
the overexpression of miR-27 leads to greatly decreased viral rep-
lication. It is currently unknown which targets of miR-27 drive
these two viruses to decrease levels of miR-27 as a means of in-
creasing protein expression levels of critical viral cofactors. While
it is very likely that a variety of miR-27 targets contribute to viral
replication, we suggest that increases in cyclin T1 levels, as a tran-
scriptional elongation factor, would be beneficial for supporting
general viral replication.
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