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ABSTRACT The question of how HIV-1 interfaces with cellular microRNA (miRNA) biogenesis and effector mechanisms has been
highly controversial. Here, we first used deep sequencing of small RNAs present in two different infected cell lines (TZM-bl and
C8166) and two types of primary human cells (CD4* peripheral blood mononuclear cells [PBMCs] and macrophages) to un-
equivocally demonstrate that HIV-1 does not encode any viral miRNAs. Perhaps surprisingly, we also observed that infection of
T cells by HIV-1 has only a modest effect on the expression of cellular miRNAs at early times after infection. Comprehensive
analysis of miRNA binding to the HIV-1 genome using the photoactivatable ribonucleoside-induced cross-linking and immuno-
precipitation (PAR-CLIP) technique revealed several binding sites for cellular miRNAs, a subset of which were shown to be capa-
ble of mediating miRNA-mediated repression of gene expression. However, the main finding from this analysis is that HIV-1
transcripts are largely refractory to miRNA binding, most probably due to extensive viral RNA secondary structure. Together,
these data demonstrate that HIV-1 neither encodes viral miRNAs nor strongly influences cellular miRNA expression, at least
early after infection, and imply that HIV-1 transcripts have evolved to avoid inhibition by preexisting cellular miRNAs by adopt-
ing extensive RNA secondary structures that occlude most potential miRNA binding sites.

IMPORTANCE MicroRNAs (miRNAs) are a ubiquitous class of small regulatory RNAs that serve as posttranscriptional regulators
of gene expression. Previous work has suggested that HIV-1 might subvert the function of the cellular miRNA machinery by ex-
pressing viral miRNAs or by dramatically altering the level of cellular miRNA expression. Using very sensitive approaches, we

now demonstrate that neither of these ideas is in fact correct. Moreover, HIV-1 transcripts appear to largely avoid regulation by
cellular miRNAs by adopting an extensive RNA secondary structure that occludes the ability of cellular miRNAs to interact with

viral mRNAs. Together, these data suggest that HIV-1, rather than seeking to control miRNA function in infected cells, has in-
stead evolved a mechanism to become largely invisible to cellular miRNA effector mechanisms.
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icroRNAs (miRNAs) are a class of small regulatory RNAs, 22

* 2 nucleotides (nt) in length, that function by posttran-
scriptionally inhibiting mRNA function (1). Cellular miRNAs are
initially transcribed as part of an ~80-nt stem-loop structure that
in turn forms part of a long, capped, and polyadenylated RNA
referred to as a primary miRNA (pri-miRNA) transcript (2). This
pri-miRNA stem-loop is recognized by the nuclear RNase III en-
zyme Drosha, which cleaves the ~33-bp stem ~22 bp from the
terminal loop to release the ~60-nt-long pre-miRNA hairpin in-
termediate. After export to the cytoplasm by Exportin 5, the pre-
miRNA is cleaved by a second, cytoplasmic RNase III, called Di-
cer, to liberate the miRNA duplex intermediate. One strand of this
duplex is then incorporated into the RNA-induced silencing com-
plex (RISC), consisting minimally of one of the four human Ar-
gonaut (Ago) proteins, Agol through Ago4, as well as a GW182
protein family member. The miRNA then acts as a guide RNA to
target RISC to complementary sites on mRNA molecules, result-
ing in translational arrest and/or mRNA destabilization (1).
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Analysis of mRNA target recognition by miRNA-guided RISCs
has shown that the miRNA sequence extending from positions 2
to 7 or 8, the so-called seed region, is particularly important for
guiding RISC to target mRNAs, the majority of which show full
complementarity to the seed sequence (1). However, noncanoni-
cal miRNA binding to mRNAs that show incomplete seed com-
plementarity can contribute up to 40% of miRNA target sites (3).
Moreover, many potential target sites that do show full seed com-
plementarity are not functional, and this is often due to the fact
that these sites are occluded by mRNA secondary structure (4, 5).

While all mammalian cells express multiple miRNA species,
the actual pattern of miRNA expression varies widely between
tissues, and miRNAs are thought to play a key role in many aspects
of cellular differentiation and organismal development (1). More-
over, cellular miRNAs are not the only miRNAs that have been
described, as several viruses are now also known to encode miR-
NAs (6, 7). In particular, herpesviruses have been shown to en-
code up to 35 distinct miRNAs that regulate cellular genes in-
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volved in cell cycle regulation, apoptosis, and innate immunity as
well as viral genes that play a role in regulating viral latency (6, 7).
Viral miRNAs have also been detected in polyomavirus family
members, as well as in adenoviruses, but so far only one RNA
virus, the retrovirus bovine leukemia virus (BLV), has been clearly
shown to express high levels of viral miRNAs in infected cells (8).
One possible explanation for why RNA viruses, including retrovi-
ruses, might not encode miRNAs is that cleavage by Drosha leads
to degradation of the pri-miRNA precursor, which in the case of
most RNA viruses would likely be the genomic RNA or a viral
mRNA (7). The idea that this might be deleterious to efficient viral
replication is perhaps supported by the fact that BLV generates its
five miRNA species by using RNA polymerase III to transcribe
short RNA hairpins that are structurally indistinguishable from
pre-miRNA hairpins and that are therefore directly exported to
the cytoplasm without cleavage by Drosha (8). Drosha fails to
excise these pre-miRNAs from BLV genomic RNAs because their
stems are only ~22 bp in length, not ~33 bp as required for recog-
nition by Drosha (8-10). As a result, BLV is able to express viral
miRNAs without having to sacrifice viral genomic and/or mRNA
species in the process.

Analysis of the miRNA coding potential of HIV-1 has led to
considerable controversy. HIV-1 was initially reported to lack any
viral miRNAs by conventional sequencing of small RNAs in HIV-
1-infected HeLa cells (11), and this report was supported by a
subsequent report that failed to detect any HIV-1 miRNAs in
chronically HIV-1-infected ACH-2 T cells, again using conven-
tional sequencing (12). In contrast, the first HIV-1 miRNA was
reported in 2004, based on Northern analysis of RNA derived
from HIV-1-infected cells using probes specific for the viral nef
gene (13). This viral miRNA was subsequently proposed to inhibit
HIV-1 long terminal repeat (LTR) function at the transcriptional
level by targeting the LTR U3 region (14). The second HIV-1
miRNA to be proposed derives from the HIV-1 TAR element, a
59-nt-long RNA stem-loop located at the 5’ end of all HIV-1 miR-
NAs (15-17). This miRNA was proposed to affect chromatin re-
modeling and to downregulate proapoptotic cellular genes. More
recently, two groups have used moderately deep sequencing ap-
proaches to analyze HIV-1-derived small RNAs in infected cells.
Yeungetal. (18) obtained 47,773 total reads, of which 125 (0.26%)
were of HIV-1 origin, representing a diverse group of small viral
RNA sequences that the authors nevertheless proposed likely rep-
resented functional viral miRNAs. Similarly, Schopman et al. (19)
performed deep sequencing of small RNAs present in HIV-1-
infected SupT1 cells and found that HIV-1 contributed ~1% of
the total small RNA pool, and several viral small RNA species were
recovered at =175 total reads each. As cellular miRNAs contrib-
uted ~71% of the total of 2,522,374 small RNA reads recovered in
this study, this means that even the most prevalent candidate viral
miRNAs represented only ~0.01% of the total miRNA pool in
these HIV-1-infected T cells, which equates to <5 copies per cell
in total (20).

In considering whether small RNA reads of viral origin indeed
represent authentic viral miRNAs, the following parameters need
to have been satisfied: (i) miRNAs are almost always 22 = 2 nt in
length (1). Therefore, an authentic viral miRNA will be recovered
at a discrete size that is close to 22 nt. If viral small RNA reads
extend over a wider size range, then this is more consistent with
RNA breakdown products. (ii) Because the seed region of the
miRNA, nucleotides 2 through 8 from the 5" end, is the key deter-
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minant of mRNA target recognition, authentic viral miRNAs will
have a discrete, not a diffuse, 5 end. (iii) miRNAs tend to regulate
>100 mRNA species, due to the small size of the seed recognition
sequence, so functional miRNAs are generally highly expressed.
Importantly, recent data demonstrate that miRNAs that represent
<0.1% of the total viral miRNA pool are unlikely to be function-
ally relevant (21). (iv) Viral miRNAs should derive from one or a
small number of discrete sites in the viral genome that coincide
with predicted pri-miRNA stem-loops. If viral small RNA reads
are scattered across the genome, they are less likely to represent
real miRNA reads (6, 7). (v) Relative to the total small RNA pool,
authentic viral miRNAs will be enriched in RNA preparations
derived from immunoprecipitated RISCs, while RNA breakdown
products will be depleted.

In addition to the question of whether HIV-1 actually encodes
miRNAg, it has also been proposed that HIV-1 can modulate cel-
lular miRNA expression to promote its replication (22). Finally,
HIV-1 transcripts are, of course, potential targets for binding by
RISCs programmed by cellular miRNAs, which could repress vi-
rus replication and possibly favor entry into latency (23). Here, we
have used deep sequencing as well as techniques that directly re-
cover RISC binding sites to address how HIV-1 interfaces with the
miRNA machinery in infected T cells and macrophages. We
clearly demonstrate that HIV-1 does not encode any viral miRNAs
and also reveal that HIV-1 only minimally affects cellular miRNA
expression patterns within 72 h of infection. We also identify a
number of cellular miRNA binding sites on the HIV-1 RNA ge-
nome and show that some of these can potentially mediate inhi-
bition of viral gene expression. However, we also demonstrate that
HIV-1 genomic-length mRNAs represent very poor targets for
RISC binding, most probably because large stretches of the HIV-1
genome are occluded by RNA secondary structure.

RESULTS

HIV-1 fails to express any viral miRNAs in infected cells. To
determine the miRNA expression profile in HIV-1-infected cells,
we performed deep sequencing of small, ~15- to 30-nt-long RNAs
in a range of infected cell types. These included TZM-bl cells, a
variant of HeLa cells that express the CD4 receptor and both the
CXCR4 and CCRS5 coreceptor (24), infected with the CCR5-tropic
HIV-1 variant WT/BaL (25); the human CD4* T-cell line C8166
(26) infected with the CXCR4-tropic HIV-1 laboratory isolate
NL4-3 (27); CD4™" peripheral blood mononuclear cells (PBMCs)
infected with either the CCR5-tropic BaL isolate (28) or the
CXCR4-tropic NL4-3 isolate; and, finally, primary human
monocyte-derived macrophages (MDMs) infected with an NL4-
3-derived HIV-1 variant, NLHXADA, bearing the CCR5-tropic
ADA env gene (29).

TZM-bl cells were directly infected with WT/BaL virus derived
from 293T cells transfected with the pWT/BaL proviral clone (25).
Uniform infection of the TZM-bl cells was confirmed by staining
of a control TZM-bl culture at 72 h postinfection for viral activa-
tion of the integrated 3-galactosidase (3-Gal) indicator gene (24),
which confirmed a >90% infection rate. Quantitation of the level
of viral RNA transcripts, by quantitative reverse transcriptase PCR
(qRT-PCR) of a region derived from the HIV-1 LTR U3 region
that is present in all viral transcripts, indicated that the infected
TZM-bl cells contained an average of ~130,367 viral RNA strands
per cell (Table 1).

C8166 cells and CD4 " PBMCs were infected with NL4-3 virus
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TABLE 1 Overview of the deep sequencing libraries analyzed®

MicroRNA Interactions with HIV-1

Cell type HIV-1 virus isolate used Envelope gene source No. of HIV-1 RNA strands/cell No. of days postinfection
TZM-bl WT/BaL BaL 130,367 3

C8166 NL4-3 NL4-3 20,546 3

CD4+ PBMC Bal BaL 8,303 3

MDM NLHXADA ADA 12,110 27

CD4+ PBMC NL4-3 NL4-3 1,949 3

@ This table indicates the cell type used (column 1), the virus used to infect (column 2), and the source of the env gene in that virus (column 3), as well as the total number of HIV-

1 transcripts per cell at the time of harvest (column 4) and how many days postinfection RNA was harvested (column 5).

cultured in MT4 cells or with BaL virus cultured in CD4* PBMCs.
Cells were initially infected with ~0.7 TZM-bl infectious units per
cell and then cultured for 72 h. At this time, infectivity levels were
determined by fluorescence-activated cell sorting (FACS) analysis
using pooled human anti-HIV-1 IgG followed by fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-human IgG. This anal-
ysis (see Fig. S1 in the supplemental material) indicated that ~97%
of the C8166 cells, ~78% of the BaL-infected CD4" PBMCs, and
~94% of the NL4-3-infected CD4 " PBMCs were HIV-1 positive.
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FIG 1 Assignment of deep sequencing reads to cellular and viral RNA classes. Small RNA deep
sequencing reads were aligned to the human or HIV-1 genome and are shown by their assignment to
different subclasses of RNA. Samples were derived from uninfected cells or from cells infected with
HIV-1, as indicated. Repetitive sequences are defined as those that map to =25 locations in the human

genome.
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qRT-PCR analysis of viral transcript levels (Table 1) indicated that

these infected cultures contained an average of ~20,546, ~8,303,
and ~1,949 viral RNA strands per cell, respectively (Table 1).

Finally, primary MDMs were infected with an HIV-1 virus,

NLHXADA, derived from an NL4-3-based proviral clone bearing

the CCR5-tropic ADA env gene (29). MDMs were initially in-

fected with a virus stock obtained from pNLHXADA-transfected

293T cells, and supernatant RT levels were then monitored. Once

significant RT levels were detected, at 17 days postinfection, the

MDMs were cultured for an additional

10 days, for a total of 27 days, prior to lysis

and RNA isolation. Previous work has

shown that this protocol leads to essen-

HIV tially uniform infection of the MDM cul-
Repetitive ture (30). Analysis indicated an average of
Unassigned ~12,110 HIV-1 RNA strands per cell (Ta-
OtherncRNA "¢ . .

) eep sequencing analysis of the small
MIRNA RNA profile in all five HIV-1-infected cell
rRNA cultures and in matched uninfected cul-
tRNA tures revealed that cellular miRNAs were,
sn/snoRNA as expected, the major RNA variant de-
mRNA/introns tected in all 9 deep sequencing libraries

(Fig. 1). In addition, we also detected sig-
nificant levels of reads that could be
aligned to human rRNAs, tRNAs,
snRNAs, snoRNAs, or mRNAs and likely
represent RNA breakdown products
(Fig. 1). Very few reads were found to
align to the genomes of any of the HIV-1
virus variants in any of the infected cell
cultures. This contrasts with previous re-
ports showing that viruses known to en-
code viral miRNAs, such as Epstein-Barr
virus (EBV), Kaposi’s sarcoma-associated
herpesvirus (KSHV), and the retrovirus
BLV, contribute a substantial share of the
small RNAs seen in infected cells (8, 11,
31).

One key characteristic of miRNAs is
their size, which ranges from ~20 nt to
~24 ntinlength (1). Analysis of the length
profile of the total cellular small RNAs re-
covered in HIV-1-infected TZM-bl cells,
C8166 cells, CD4" PBMCs, and MDMs
shows that these indeed peak at ~22 nt in
size, as expected (Fig. 2A, C, E, and G). In
contrast, the RNA reads that align to the
HIV-1 genome are not only rare but also
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FIG 2 HIV-1-specific small RNAs do not cluster at the ~22-nt size predicted
for miRNAs. Small RNA reads from 17 to 25 nt in length, derived from HIV-
1-infected cells, that align either to the human genome (A, C, E, and G) or the
HIV-1 genome (B, D, F, and H) are shown assigned by their size. (A and B)
TZM-bl cells infected with the WT/BaL virus. (Cand D) C8166 T cells infected
with NL4-3. (E and F) CD4* PBMCs infected with the BaL HIV-1 isolate. (G
and H) MDMs infected with the NLHXADA virus.
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showed a fairly random size distribution, with a tendency for
more reads at smaller sizes. Certainly, there was no evidence for
high levels of HIV-1-derived small RNAs in the 22 * 2-nt size
range characteristic of miRNAs (Fig. 2B, D, F, and H).

Analysis of viral small RNAs in cells infected by EBV or KSHV,
which are known to encode viral miRNAs, has revealed that virus-
derived small RNAs are almost all derived from a small number of
locations in the viral genome that coincide with the pri-miRNA
RNA stem-loops that are processed to yield viral miRNAs (7).
Moreover, these viral miRNAs are characterized by high-level ex-
pression (31). Indeed, recent data have shown that miRNAs that
contribute <0.1% of the total cellular miRNA pool make no sig-
nificant functional contribution (21). Cellular and authentic viral
miRNAs are also characterized by a discrete 5’ end, consistent
with the finding that it is nucleotides 2 through 8 from the 5’ end,
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the so-called seed region, that primarily determines the mRNA
target specificity of the miRNA (1, 11, 31).

Alignment of the HIV-1-derived small RNAs to the relevant
proviral genome, in contrast, shows that these are scattered over
the entire proviral sequence (Fig. 3). Some hot spots of small RNA
reads were noted, but even these are found to contribute <0.02%
of the total miRNA pool in the infected cells (Fig. 3). Moreover,
these hot spots were generally not conserved between virus vari-
ants and/or cell types. An exception to this generalization arises in
the case of small RNA reads that map to the overlap between the
HIV-1 Gag and Pol open reading frames, which represent the
major reads in the C8166/NL4-3 and CD4* PBMC/BaL libraries
(albeit still contributing only ~0.015% and ~0.0035% of total
miRNA reads, respectively) and were also readily detected in
TZM-bl/BaL cells (Fig. 3). Analysis of these reads shows that their
5’ ends map to a stretch of 6 U residues found immediately 5’ to an
RNA hairpin that facilitates the Gag/Pol frameshift during trans-
lation of genome length HIV-1 mRNAs by promoting ribosome
stalling at the six-U-residue “slippery site” (see Fig. S2 in the sup-
plemental material) (32). However, this short hairpin does not
share any of the characteristics that are typical of a pri-miRNA
hairpin structure; in particular, this predicted viral RNA hairpin is
only 11 bp long rather than the ~33 bp typical of pri-miRNA
hairpins (9, 10). It seems possible that these reads, which almost all
begin in the U stretch and then extend into the adjacent hairpin,
are actually Gag/Pol mRNA fragments that are protected by the
stalled ribosomes that are known to accumulate at this site on the
viral mRNA (32).

Two groups have reported that HIV-1 encodes miRNAs de-
rived from the TAR RNA stem-loop that is located at the 5" end of
all viral transcripts (15-17). The TAR stem, at ~24 bp, is again
much shorter than the optimal ~33-bp stem characteristic of pri-
miRNA stem-loops (9, 10), and TAR also differs from authentic
pri-miRNAs in that the terminal loop is only 6 nt, not the =10 nt
characteristic of pri-miRNAs (see Fig. S3 in the supplemental ma-
terial) (9). Most importantly, Drosha cleavage of pri-miRNAs re-
quires unstructured RNA sequences both 5" and 3’ to the pri-
miRNA stem (10, 33), while TAR is located at the very 5’ end of all
HIV-1 RNAs and, moreover, likely has a cap and cap-binding
proteins associated with its 5" end. In fact, we recovered almost no
reads that mapped to TAR in all cases except ADA-infected
MDMs, where these reads contributed ~0.002% of the viral short
RNA reads (Fig. 3). Analysis of these rare TAR-derived RNAs re-
vealed a heterogeneous population of small RNAs that mapped to
both sides of the TAR RNA stem-loop and that, in particular, did
not have a discrete 5’ end (see Fig. S3).

It could be argued that some of the HIV-1 small RNA reads,
despite their low level of expression, are nevertheless functional
miRNAs that are efficiently loaded into RISC. To address whether
this is the case, we immunoprecipitated RISC using an antibody
able to specifically bind Ago1, Ago2, and Ago3, each of which can
interchangeably function as a key component of RISC (1), and
then compared the profile of small RNAs recovered from the RISC
immunoprecipitate with that seen when the total small RNA pro-
file was determined in parallel in WT/BaL-infected TZM-bl cells.
As expected, the RNA library derived from the RISC immunopre-
cipitate indeed showed a strong enrichment in miRNAs, with
known cellular miRNAs increasing from ~71% to ~93% of the
total RNA library. In contrast, the HIV-1-derived small RNA
reads were selectively lost when RISC-associated small RNAs were
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other infected cell types (data not shown).
While most regions of the HIV-1 minus
strand gave read numbers equivalent to
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FIG 3 Alignment of small RNA reads to the HIV-1 genome. RNA reads of 19 to 25 nt in length that
mapped to the HIV-1 genome were aligned based on their 5" ends and are shown relative to their
genomic position of origin (x axis). The y axis shows the number of reads as a percentage of the total
number of cellular miRNA reads in the same RNA sample. (A) TZM-bl infected with WT/BaL;
(B) C8166 infected with NL4-3; (C) CD4+ PBMCs infected with Bal; (D) MDMs infected with

NLHXADA.

sequenced (see Fig. S4). In this library, no viral RNA was found to
contribute >0.005% of the total human miRNA pool, a level that
is far lower than the >0.1% contribution previously reported to
be characteristic of functionally relevant miRNAs (21).
Previously, it has been suggested that HIV-1 might generate
miRNAs, or even small interfering RNAs (siRNAs), from tran-
scripts derived from the negative-sense RNA strand (19). Even
though retroviruses do not generate minus-strand RNAs during
their replication cycle, minus-sense strands could in principle
arise by transcription from cellular promoters located 3’ to, and
in the opposite orientation from, integrated proviruses. How-
ever, we failed to detect a significant level of small RNA reads
derived from the HIV-1 antisense strand in either infected
TZM-bl cells (see Fig. S5A in the supplemental material) or in any
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=0.0002% of the total miRNA popula-
tion, one region, complementary to the
HIV-1 primer binding site, did give rise
to a substantial number of reads (see
Fig. S5A). These have been previously
noted by others (18, 19) and proposed
to derive from breakdown products of
the lysine tRNA that serves as the primer
for HIV-1 reverse transcription. Indeed,
reads complementary to the HIV-1 primer
binding site were recovered at compara-
ble levels in noninfected cells (data not
| shown), and analysis of small RNAs
bound to RISC in infected TZM-bl cells

| failed to detect any reads derived from the
region complementary to the viral primer

J binding site, thus strongly suggesting that

these are indeed tRNA breakdown prod-

8000 ucts (see Fig. S5B).
HIV-1 fails to significantly affect
| cellular miRNA expression early after
infection. There are a number of re-
| ports documenting cases where cellular
miRNAs facilitate aspects of a viral repli-
. | cation cycle and/or where viruses ma-
nipulate the cellular miRNA expression
8000 profile to enhance some aspect of their
replication or pathogenic potential (34—
| 40). This has also been suggested for
HIV-1, which has been reported to down-
| regulate the miR-17/92 miRNA cluster,
consisting of the six cellular miRNAs
[ miR-17, miR-18a, miR-19a, miR-20a,
miR-19b, and miR-92a, to upregulate ex-
3000 pression of the p300/CBP-associated fac-
tor (PCAF) histone acetyltransferase,
which has been proposed to function as a
cofactor for the HIV-1 Tat transcription
factor (22). To examine whether HIV-1
indeed exerts a significant effect on the
cellular miRNA profile, we therefore
compared the level of expression of cellu-
lar miRNAs in uninfected and matched
HIV-1-infected cells, measured either by total small RNA se-
quencing or, in the case of TZM-bl cells infected with BaL, by deep
sequencing RISC-associated small RNAs (Fig. 4). This analysis
was performed 72 h after initial infection in all cases. We believe
this short time frame is appropriate, given that HIV-1-infected
T cells have been reported to have a half-life of only ~24 h in vivo

(41).

As shown in Fig. 4, and presented in detail in Table S1, analysis
of the expression level of cellular miRNAs in HIV-1-infected
TZM-bl cells, C8166 T cells, and, most importantly, primary
CD4* PBMCs revealed few differences between the infected and
uninfected cells despite clear evidence of efficient infection (see
Fig. S1 in the supplemental material) and quite high levels of viral
transcripts (Table 1). In particular, only one cellular miRNA,
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TZM-bl miRNAs by RIP-Seq

C8166 NL4-3 miRNAs

inhibition by the diverse miRNAs found
in other, normally nontarget cell types.
To address this question, we used
the recently described photoactivatable
ribonucleoside-enhanced  cross-linking
and immunoprecipitation (PAR-CLIP)
technique (31, 44) to globally identify
all the binding sites for miRNA-
programmed RISCs on the HIV-1 ge-
nome in infected C8166 T cells or TZM-bl
epithelial cells. At 48 h postinfection with
the NL4-3 (C8166) or WT/BaL (TZM-bl)
virus isolate, the infected cells were incu-
bated with 100 uM 4-thiouridine (4SU)
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C CD4+ PBMC BaL miRNAs
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Infected log2(Copies/Cell)
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CD4+ PBMC NL4-3 miRNAs

for 16 h prior to cross-linking by irradia-
tion using UV light at 365 nm. mRNAs
bound to RISC were then isolated by im-
munoprecipitation using a monoclonal
° antibody specific for the human Ago pro-
teins. After RNase treatment, mRNA

® fragments bound to RISC were gel puri-
92a-3p fied, cDNA cloned, and subjected to Illu-
mina deep sequencing. The resultant
reads were then aligned to the human or
HIV-1 genome and analyzed using the
PARalyzer program, which partitions
reads into individual clusters, each of
which defines a single RISC binding site
(Fig. 5) (45). The PARalyzer program also

0 5 10 15 0 5
Uninfected log2(Copies/Cell)

FIG 4 Effect of HIV-1 infection on cellular miRNA expression levels. This figure presents a compar-
ison of the level of each cellular miRNA detected in uninfected and HIV-1-infected cells. Only miRNAs
that represent =0.1% of the total miRNA pool were included. Panel A shows data obtained by com-
parison of RISC-associated small RNAs, while panels B, C, and D compare total miRNA levels. The lines
delineate changes of 2-fold between samples. miRNAs that fall outside this 2-fold limit are indicated by
name. Red dots represent miRNAs derived from the miR-17/92 cluster. For illustrative purposes, this

figure assumes that cells each express 5 X 10* miRNAs.

miR-30b-5p, increased >2-fold in BaL-infected PBMCs, and no
cellular miRNAs increased or decreased >2-fold in NL4-3-
infected PBMCs. In both TZM-bl and C8166 cells, several cellular
miRNAs changed their expression, in either a positive or negative
direction, by slightly over the 2-fold limit indicated in Fig. 4. The
functional significance of these changes, if any, is unclear. Perhaps
surprisingly, we failed to see any significant (=2-fold) effect of
HIV-1 infection on the expression of members of the miR-17/92
cluster, as previously proposed (22).

Cellular miRNAs bind HIV-1 transcripts inefficiently. Vi-
ruses that infect cells encounter a range of different cellular
miRNAs that have the potential to inhibit viral mRNA function,
and it is largely unclear how viruses avoid this problem. One virus
family, the poxviruses, has been shown to globally degrade cellular
miRNAs (42). However, most viruses, including HIV-1, do not
block miRNA function in infected cells (43). It is also possible that
a virus that is highly tissue tropic, e.g., HIV-1, which infects only
CD4* T cells and macrophages, has simply evolved to avoid
mRNA binding sites for the miRNAs specific to these cell types. In
that case, however, one would expect HIV-1 to be susceptible to
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10 15 seeks to use sequencing data defining the
cellular miRNAs present in the infected
cells, obtained in parallel, to identify the
cellular miRNA that is most likely respon-
sible for guiding RISC to that particular
viral binding site. This assignment, which
assumes perfect complementarity to nu-
cleotides 2 to 7 in the miRNA seed region,
is, however, unable to identify “nonca-
nonical” miRNA binding sites, which can
contribute a significant percentage of the
RISC interaction sites (3).

As shown in Fig. 5, we identified a number of RISC binding
clusters on the HIV-1 RNA genome in both C8166 and TZM-bl
cells. However, we were surprised by the low level of RISC binding
to the viral RNA genome observed. As shown in Table 2, we re-
covered ~1.7 X 107 assignable PAR-CLIP reads from the HIV-1-
infected C8166 cells, of which only 0.21% aligned to the HIV-1
RNA genome. Similarly, we recovered 6.8 X 10° assignable PAR-
CLIP reads from the HIV-1-infected TZM-bl cells, of which only
0.3% aligned to the HIV-1 genome. Analysis of the number of
HIV-1 RNA strands present in the C8166 cells at the time of cross-
linking revealed ~20,707 HIV-1 transcripts, while analysis of the
cross-linked TZM-bl cells revealed ~407,661 HIV-1 strands per
cell. Previous work has suggested that cells contain between ~10°
and ~5 X 10° mRNA molecules per cell, depending on the size of
the cell and particularly of the cell cytoplasm (46). As T cells have
a small cytoplasm, we can estimate that they likely contain
~200,000 total mMRNA molecules per cell, which would mean that
HIV-1 contributes ~10% of the total mRNA pool in the infected
C8166 cells. In the larger TZM-bl cells, HIV-1 would appear to be
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tional. In fact, for unclear reasons, rela-
tively few RISC binding sites could be as-
signed to any of the miRNAs present in
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did predict that four RISC binding clus-
ters detected in HIV-1-infected C8166
cells, indicated by black arrows in Fig. 5,
| were likely caused by miR-423 (cluster at
position 1233), miR-301a (cluster at po-

| sition 4898), miR-155 (cluster at position
5001), and miR-29a (cluster at position
8735), respectively. We note that miR-
423 represented ~0.63% of total cellular
| miRNA reads in the C8166 cells used in
this experiment, miR-301a represented
~0.10%, miR-155 represented ~5.43%,
and miR-29a represented ~3.24% of total
| miRNA reads, as determined by deep se-
quencing performed in parallel. We note

| that the putative miRNA-29a-specific
° cluster has previously been reported by
two other groups, who argued that miR-

29a is, in fact, able to inhibit HIV-1 repli-

| cation (47, 48). In contrast, another
group has reported that this proposed

| miR-29a target site is largely blocked by

° HIV-1 RNA secondary structure (49). Of
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FIG 5 Alignment of PAR-CLIP clusters with the HIV-1 genome. The PAR-CLIP technique was
performed on HIV-1-infected cells using a monoclonal antibody specific for RISC. Each HIV-1-specific
PAR-CLIP cluster, identified by bioinformatic analysis using the PARalyzer program (45), is aligned to
the HIV-1 genome based on the 5'-most nucleotide of the read cluster. Clusters indicated by black
arrows were successfully assigned to specific cellular miRNAs and are analyzed in Fig. 6. Clusters
indicated by blue arrows derive from the amiRNAs N2 and N4 (5) that were expressed in the TZM-bl
ami cells. (A) C8166 cells infected with NL4-3; (B) TZM-bl cells infected with WT/BaL; (C) TZM-bl ami

cells infected with WT/BaL.

responsible for at least 50% of the total mRNA pool, even assum-
ing that the 407,661 HIV-1 strands are largely added to a preexist-
ing mRNA pool of ~5 X 10°> molecules. Therefore, HIV-1 contrib-
utes 10% of the total mRNA in C8166 cells but is bound only to
~0.21% of the available RISC, an underrepresentation of ~48-
fold. This effect is even more extreme in TZM-bl cells, where
HIV-1 contributes ~50% of the total mRNA pool but only
~0.31% of the total RISC binding events, an underrepresentation
of ~160-fold. It therefore appears that RISC recruitment to HIV-1
mRNAs is inefficient.

While low, RISC binding to HIV-1 is certainly detectable, and
we therefore wished to ask if the observed binding sites were func-

TABLE 2 Overview of the PAR-CLIP libraries analyzed”

these four clusters, only one cluster was
also detected in TZM-bl cells, which ex-
press miR-301a and miR-423 but not
miR-29a or miR-155. The PAR-CLIP
reads that contribute to each of these clus-
ters are listed in Fig. S6 in the supplemen-
tal material, where they are aligned to the
relevant cellular miRNA.

To test whether these miRNAs are in-
deed able to bind to these regions of the
HIV-1 NL4-3 genome, we used PCR to
clone ~300-bp segments of the HIV-1 genome centered on each of
the PAR-CLIP clusters we had detected. These segments were in-
serted 3’ to the Renilla luciferase (Rluc) indicator gene present in
the psiCHECK?2 indicator plasmid, which also contains an inter-
nal control firefly luciferase (Fluc) expression cassette in cis. We
also constructed derivatives of each of these indicator plasmids in
which the predicted seed sequence present in the HIV-1 DNA
fragment was mutated, to prevent miRNA binding, as shown in
Fig. S6 in the supplemental material. Cotransfection of the indi-
cator plasmids bearing the 1233, 4898, and 5001 clusters into 293T
cells, together with either the cognate miRNA expression vector or
a control plasmid, revealed specific downregulation in the pres-

8000

% of HIV-1 PAR-CLIP reads No. of HIV-1 RNA strands per cell

Library Total no. of assignable PAR-CLIP reads
C8166/NL4-3 17,347,389

TZM-bl/WT/BaL 6,817,180

TZM-bl ami/WT/BaL 11,077,171

0.21 20,707
0.30 407,661
0.05 15,756

@ This table summarizes the characteristics of the HIV-1-infected cell PAR-CLIP libraries, including the total number of assignable (=1 mismatch) PAR-CLIP reads (column 2),
the percentage of PAR-CLIP reads that can be assigned to HIV-1 RNAs (column 3), and the total number of HIV-1 transcripts per cell at the time of cross-linking and RNA harvest

(column 4), as determined by qRT-PCR with RNA standards.
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FIG 6 Identification of specific cellular miRNA binding sites in the HIV-1
genome. We constructed indicator plasmids containing ~300-bp segments of
the HIV-1 genome, encompassing the clusters indicated by black arrows in
Fig. 5A, inserted 3’ to the Rluc indicator gene. Derivatives in which the pre-
dicted seed target for a cellular miRNA were mutated were also generated (see
Fig. S6 in the supplemental material), as was a positive-control indicator plas-
mid containing two perfect target sites for each of the four miRNAs being
tested. These were then cotransfected into 293T cells along with the cognate
cellular miRNA expression plasmid or a control plasmid. Rluc values are
shown normalized to the Fluc internal control and to the level seen in cells
lacking the cognate miRNA expression vector, which was set at 1.0. Note that
the inhibition in Rluc expression seen with the wild-type (WT) indicator in the
presence of the cognate miRNA is lost when the seed target in the HIV-1
sequence is mutated. This figure shows the average of four independent exper-
iments, with the standard error of the mean indicated.

ence of the relevant cellular miRNA that was lost when the seed
target sequence in HIV-1 was mutated (Fig. 6). In contrast, the
8735 cluster did not confer downregulation on the Rluc gene in
the presence of an miR-29a expression plasmid, even though we
observed strong downregulation of a control Rluc vector bearing
two perfect miR-29a target sites (Fig. 6). We therefore conclude
that HIV-1 transcripts can indeed bind miR-423, miR-301a, and
miR-155 in infected C8166 T cells and that this interaction has the
potential to reduce HIV-1 gene expression. In contrast, even
though we did detect a RISC binding cluster at a nef miRNA target
site previously reported to bind miR-29a, we failed to see down-
regulation by miR-29a when this cluster was inserted into an Rluc
indicator plasmid, a result which agrees with data previously re-
ported by Sun et al. (49). Therefore, it appears that miR-29a bind-
ing to this region of the HIV-1 nef gene, while detectable by PAR-
CLIP (Fig. 5A), is too inefficient to mediate significant gene
repression (Fig. 6B). It remains possible that this interaction is
functionally significant in other contexts, for example, in cells
expressing very high levels of miR-29a and/or very low levels of
HIV-1 transcripts.

As a further demonstration that miRNAs can indeed guide
RISC to the HIV-1 genome, we took advantage of a recent study
that identified artificial miRNAs (amiRNAs) that are able to effec-
tively inhibit HIV-1 gene expression and replication by testing
over 9,000 different amiRNAs, tiled at 1-nt increments across the
HIV-1RNA genome, for their ability to block HIV-1 replication in
culture (5). Interestingly, few of these amiRNAs proved to be ef-
fective, thus suggesting that access to the HIV-1 RNA genome was
largely occluded for most of the RISCs programmed with these
amiRNAs (5). We expressed two amiRNAs that were shown to be
effective, termed N2 and N4, by engineering these amiRNAs into
retroviral expression vectors and then selecting TZM-bl cells that
stably expressed the N2 or N4 amiRNA, as determined by small
RNA deep sequencing. The N2- and N4-expressing TZM-bl cells
were then infected with HIV-1 strain WT/BaL, and PAR-CLIP was
performed as described above. As expected based on previous
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work (5), we observed that these TZM-bl cells were largely non-
permissive for HIV-1 replication, as the level of HIV-1 transcripts
detected in TZM-bl cells expressing N2 and N4, which are fully
complementary to the HIV-1RNA genome, was reduced ~25-fold
relative to infected wild-type TZM-bl cells (Table 2). Nevertheless,
despite the much lower level of HIV-1 RNAs present in these cells,
we were able to readily detect PAR-CLIP clusters that precisely
aligned with the expected binding sites of RISCs programmed
with either the N2 or N4 amiRNA. These interactions were de-
tected despite the potential for Ago2-containing RISCs pro-
grammed by these amiRNAs to cleave the viral genome within the
binding cluster (Fig. 5) (1). Therefore, these data demonstrate that
miRNAs are indeed able to guide RISC to the HIV-1 RNA genome
if the target area is accessible.

DISCUSSION

In this report, we have attempted to comprehensively address how
HIV-1 interacts with cellular miRNA biogenesis and effector
mechanisms. Our first goal was to unequivocally answer the pre-
viously controversial question of whether HIV-1 itself encodes
any miRNAs. While two previous studies that used conventional
sequencing techniques had failed to detect any HIV-1-encoded
miRNAs (11, 12), there are also a substantial number of papers
suggesting that HIV-1 does encode miRNAs and/or siRNAs, par-
ticularly in the viral nef gene, the viral TAR element, within the
HIV-1 Rev response element (RRE), or derived from some form
of viral antisense RNA (13-19, 50). Here, we have used both
CXCR-4-tropic and CCR5-tropic HIV-1 infection of a range of
cell types, combined with deep sequencing of total and RISC-
associated small RNAs, to address whether any of these proposed
miRNAs or siRNAs in fact exist. The cells used were analyzed at
3 days after infection, with the exception of MDMs, which were
analyzed at 27 days after infection. FACS analysis, in the case of
CD4" PBMCs, or analysis of 3-gal expression in the case of the
indicator cell line TZM-bI, reveals that these cells were efficiently
infected (see Fig. S1 in the supplemental material), and we also
detected high levels of viral RNA transcripts in all four infected cell
types (Table 1). Nevertheless, we failed to detect any HIV-1-
specific miRNAs or siRNAs, including from the nef region, TAR,
and RRE, even though these putative viral miRNA sequences are
all present in one or more of the viruses analyzed (Fig. 3; see also
Fig. S5 in the supplemental material). The one region that did give
rise to a readily detectable level of viral small RNA reads did not
show loading into RISC (see Fig. S4) and likely represents a region
of the HIV-1 Gag/Pol mRNA that is protected by stalled ribo-
somes, as it precisely coincides with the sequence that induces
ribosome frameshifting (see Fig. S2) (32). In general, HIV-1-
derived small RNAs did not show the predicted 22 * 2-nt length
(Fig. 2), were not loaded into RISC (Fig. S4), did not show the
expected discrete 5" ends (see Fig. S2 and S3), and, perhaps most
importantly, never exceeded the 0.1% level of the total cellular
miRNA pool recently shown to be critical for miRNA function
(21).

In addition to encoding viral miRNAs, viruses can also facili-
tate their replication by enhancing or repressing the expression of
specific cellular miRNAs. HIV-1 infection has in fact been pro-
posed to affect, especially repress, the expression of a number of
cellular miRNAs, including the cellular miR-17/92 miRNA cluster
(22, 49). The latter effect has been proposed to facilitate HIV-1
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replication by derepressing expression of the PCAF acetyltrans-
ferase, a proposed cofactor of the HIV-1 Tat transcription factor.

A shared characteristic of these two earlier studies is that they
looked at changes in cellular miRNA expression at a substantial
time after initial infection with HIV-1. Thus, Triboulet et al. (22)
measured cellular miRNA expression at 21 and 42 days postinfec-
tion, while Sun et al. (49) saw significant changes in cellular
miRNA expression only at 21 days postinfection. However, data
obtained in vivo using inhibitors of HIV-1 replication have re-
vealed that HIV-1-infected T cells survive an average of only ~24 h
after infection (41). Moreover, long-term culture of HIV-1-
infected T cells maximizes the level of cytopathic effect that is
observed, and this undoubtedly has the potential to influence cel-
lular gene expression. We therefore felt it was most appropriate to
examine the effect of HIV-1 infection at early times after infection,
specifically at 72 h postinfection, and our data do not suggest that,
at this time point, HIV-1 infection has a strong effect, either pos-
itively or negatively, on cellular miRNA expression (Fig. 4). In
particular, we saw no significant effect on the expression of mem-
bers of the miR-17/92 miRNA cluster, including miR-92a itself,
which was one of the more highly expressed miRNAs in both
TZM-bl cells and T cells (Fig. 4). Nevertheless, we did see some
modest but perhaps significant increases or decreases in the ex-
pression of some cellular miRNAs (Fig. 4), though these are not
the miRNAs previously reported by others. The functional signif-
icance of these =3-fold changes in a small number of cellular
miRNAs is unclear and may not be significant, at least during lytic
HIV-1 replication.

While the manuscript was under review, Chang et al. (51) re-
ported an analysis of cellular miRNA expression in the SUP-T1
T-cell line at 5, 12, and 24 h postinfection with HIV-1. They re-
ported that 14 known cellular miRNAs showed significant
changes in expression, generally reductions, and they also pro-
posed the existence of a novel cellular miRNA (miR-EPB41L2)
that was downregulated by ~10-fold in HIV-1-infected SUP-T1
cells. Analysis of our data in primary CD4* T cells, C8166 T cells,
and TZM-bl cells showed that only one of these 14 miRNAs (miR-
21-3p) was expressed at significant (>0.1%) levels in primary T
cells, and miR-21-3p expression was not affected by HIV-1 infec-
tion (see Table S1C in the supplemental material). Only two of
these 14 miRNAs were expressed in C8166 cells at significant levels
(miR-21-3p and miR-143-3p), and miR-143-3p indeed showed
an ~60% reduction in expression after HIV-1 infection (see Ta-
ble S1B). Finally, 7 of the 14 miRNAs reported by Changetal. (51)
to be affected by HIV-1 infection were expressed at significant
levels in TZM-bl cells, but only one, miR-10a-5p, showed a signif-
icant, ~60% reduction in expression level (see Table S1A). The
novel miRNA proposed by Chang et al. (51), miR-EPB41L2, was
detected at low levels in several of our deep sequencing libraries
but showed a variable, small size, ranging from 15 nt to 18 nt, and
a highly variable 5" end (data not shown). We therefore feel that
miR-EPB41L2 is unlikely to be an authentic cellular miRNA.
Therefore, while we agree with Chang et al. (51) that some cellular
miRNAs do show modest changes in expression after HIV-1 in-
fection, these miRNAs vary with the cells being examined, and
observed changes are quite limited in the most relevant experi-
mental system, i.e., primary CD4" T cells (Fig. 4; Table S1C).

Given that HIV-1 neither encodes viral miRNAs nor substan-
tially alters cellular miRNA expression during lytic replication in
culture, we are left with the question of how the cellular miRNAs
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encountered by HIV-1 in infected cells affect HIV-1 replication.
Previously, others have proposed that cellular miRNAs might pro-
mote HIV-1 latency in resting primary CD4" T lymphocytes (23)
and inhibit productive HIV-1 replication in primary monocytes
(52). One particular cellular miRNA, miR-29a, has been suggested
to efficiently bind to an RNA target site in the HIV-1 viral nef gene
(47, 48), although others have reported that this miR-29a target
sequence is actually blocked by viral secondary structure (49).

To comprehensively identify sites on the HIV-1 RNA genome
that are actually occupied by miRNA-programmed RISC in in-
fected T cells or epithelial cells, we used the previously described
PAR-CLIP technique (31, 44), which uses deep sequencing of
short mRNA sequences cross-linked to RISC to identify miRNA
binding sites. As shown in Fig. 5, we were able to identify a number
of RISC binding sites on the HIV-1 genome. Many of these either
did not show seed homology to any of the miRNAs found to be
expressed in these cells at the time that PAR-CLIP was performed,
as determined by deep sequencing performed in parallel, or did
not prove to be inhibited by the cellular miRNAs that were pre-
dicted to bind there, when analyzed by indicator assays (data not
shown). However, we were able to assign three RISC binding clus-
ters identified in HIV-1-infected C8166 cells, one of which was
conserved in TZM-bl cells, to the cellular miRNAs miR-423, miR-
301a, and miR-155 and to further show that these targets could
indeed confer downregulation in the presence of these miRNAs,
when tested in indicator constructs (Fig. 6). Interestingly, we also
detected a significant cluster of PAR-CLIP reads in C8166 cells
coincident with the previously reported miR-29a target located in
the nef/LTR U3 region overlap (Fig. 5A) (47, 48). However, an
indicator construct containing this region of the HIV-1 genome
was not inhibited by miR-29a when coexpressed in 293T cells,
even though we could show that miR-29a was able to inhibit a
control indicator construct (Fig. 6). We conclude that miR-29a
binding to this site in nef likely occurs but is inefficient, as also
previously proposed by others (49).

A possibly surprising result that arose from this PAR-CLIP
analysis is that HIV-1 transcripts, despite constituting from 10%
to as much as 50% of the total mRNA population in infected cells,
only account for ~0.3% of the total assignable PAR-CLIP reads,
i.e., HIV-1 transcripts are ~100-fold less likely to bind RISC than
the cellular mRNAs present in the same cells. Extensive biochem-
ical analysis has in fact revealed that the HIV-1 RNA genome is
highly structured (53), and it has previously been reported that
this RNA structure greatly limits the ability of amiRNAs to effec-
tively block HIV-1 replication in culture (5). We have confirmed
that two amiRNAs that were reported previously to inhibit HIV-1
replication (5) are indeed able to recruit RISC to the HIV-1 RNA
genome (Fig. 5C) and inhibit HIV-1 replication (Table 2), so these
data, in total, are most consistent with the hypothesis that
miRNA-programmed RISCs can inhibit HIV-1 replication if they
can access a target site but that the majority of the HIV-1 genome
is occluded, most probably by RNA secondary structure. This may
explain why HIV-1 seems able to grow in almost any human cell
line that expresses the relevant cell surface receptors, even though
these cells can exhibit very different miRNA expression patterns,
i.e.,, HIV-1 is resistant to miRNAs not because it has evolved to
selectively exclude binding sites for T-cell- or macrophage-
specific miRNAs but because it has evolved a mechanism to render
the viral transcripts largely refractory to RISC binding by adopting
an extensive secondary structure. While this viral RNA secondary
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structure may indeed have evolved as a means to reduce inhibition
of viral mRNA function by cellular miRNAs, we note that exten-
sive viral RNA secondary structure might also have evolved as a
way to reduce inhibition by other cellular innate immune factors,
e.g., RNase L, or to facilitate viral RNA packaging into virion par-
ticles. Nevertheless, it will be interesting to see whether this is a
common mechanism by which viruses, especially RNA viruses,
avoid inhibition by the cellular miRNA machinery in infected
cells.

MATERIALS AND METHODS

Viral isolates. The viruses used in this study include the uncloned, CCR5-
tropic BaL isolate (28); a CCR5-tropic virus derived from the pWT/BaL
proviral clone (25), which contains an Sall/Xhol fragment of BaL, encom-
passing the HIV-1 tat, rev, vpu, and env genes, cloned into an HXB-3-
derived proviral backbone; a CXCR4-tropic virus derived from the widely
used pNL4-3 proviral clone (27); and lastly, a CCR5-tropic virus derived
from pNLHXADA (29), which contains the env gene of the ADA isolate
cloned into a proviral backbone derived primarily from NL4-3 but also
partly from HXB-2.

Molecular clones. The pWT/BaL (25), pNL4-3 (27), and pNL-
HXADA (29) HIV-1 proviral expression vectors have been previously
described. The pMSCV/amiRNA-N2 and -N4 expression plasmids were
designed to encode the N2 and N4 amiRNAs previously shown to inhibit
HIV-1 replication (5). These retroviral vectors were generated by anneal-
ing the amiRNA-encoding oligonucleotides and ligating them into the
polylinker present in pMSCV-puro (Clontech).

Fragments of 300 bp of the HIV-1 genome, centered on miRNA target
sites detected by PAR-CLIP, were cloned into the 3" UTR of codon-
optimized Rluc via the Xhol and Notl sites of psiCheck2 (Promega),
which also contains the Fluc gene in cis as an internal control. Pri-miRNA
stem-loops were cloned into the Xhol and Xbal sites of pLCE as ~200-bp
DNA fragments generated by PCR of human genomic DNA, as previously
described (54).

Cell culture. 293T and TZM-bl cells (24) were cultured in Dulbecco’s
modified Eagle medium (DMEM) (Sigma) supplemented with 10% fetal
bovine serum (FBS). The human CD4% T-cell line C8166 (26) was cul-
tured in RPMI 1640 medium (Sigma) supplemented with 10% FBS. Pe-
ripheral blood mononuclear cells (PBMCs) were isolated from total blood
by density gradient centrifugation (lymphocyte separation medium; Cell-
gro number 25-072-CV), and CD4 ™" T cells were then isolated using the
Dynabead CD4 positive isolation kit from Invitrogen (number 1131 D).
Cells were activated by incubation in phytohemagglutinin (PHA) and
mouse monoclonal antibodies specific for human CD28 and CD49d (BD
Biosciences number 347690) for three days. Activation of the CD4* T
cells was confirmed by fluorescence-activated cell sorting (FACS) by using
an anti-CD69 antibody, and the cells were then cultured in RPMI supple-
mented with 10% FBS and interleukin-2 prior to infection. Peripheral
blood monocytes were obtained by elutriation and cultured for 4 days in
DMEM containing 10% human serum, 1% r-glutamine, and 6 ng/ml
monocyte colony-stimulating factor (MCSF) to activate macrophages.

TZM-bl amiRNA cell lines were generated by transfecting 293T cells
with 15 ug of a pMSCV amiRNA expression vector, 5 ug of pMLV-gag/
pol, and 1 ug pHIT. Forty-eight hours posttransfection, virus-containing
supernatants were collected, filtered, and used to transduce TZM-bl cells.
Transduced cells were selected for puromycin resistance and then main-
tained in complete DMEM supplemented with puromycin dihydrochlo-
ride (Sigma) at a final concentration of 1 ug/ml. Expression of amiRNAs
was confirmed by deep sequencing of small RNAs.

Viral stocks and infection. NL4-3 virus was prepared in 293T cells via
Fugene6 transfection with the pNL4-3 plasmid. Virus-containing super-
natants were used to infect MT4 cells maintained in RPMI 1640 supple-
mented with 10% heat-inactivated FBS. Virus stocks were harvested 4, 5,
and 6 days after infection and filtered through a 0.45-um-pore-size Acro-
disc syringe filter. The virus stock with the highest level of infectious virus,
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as determined by enzyme-linked immunosorbent assay (ELISA) for the
p24 Gag protein and by viral titer, was used for subsequent experiments.
NL4-3 titers were measured by staining TZM-bl cells (24) with the B-Gal
staining kit (mirus Bio) 24 h postinfection and by counting blue foci. The
HIV-1BaL isolate stock was maintained in primary CD4* human T cells,
and the titer was determined on TZM-bl as described above. Viral stocks
were used to infect C8166 T cells and/or activated CD4™" T cells via spin-
oculation at 2,000 rpm for 3 h. T cells were infected with HIV-1 using ~0.7
TZM-bl infectious units per cell.

The WT/BaL (as opposed to BaL isolate) virus stock was prepared by
transfection of 5 X 10¢ 293T cells with 15 ug of pWT/BaL (25) using
FuGENES6 (Roche). Virus-containing supernatants were collected 48 h
posttransfection, filtered through a 0.45-um-pore-size Acrodisc filter,
and then used to infect the parental TZM-bl cells or TZM-bl cells engi-
neered to stably express HIV-1-specific amiRNAs.

The NLHXADA virus stock was prepared by transfection of 293T cells
with the pNLHXADA proviral clone (29), essentially as described above
for pWT/BaL. After four days of culture in medium lacking MCSF, 7 X
10° macrophages were seeded in 24-well plates and directly infected with
NLHXADA virus (500 ng p24 total per well) overnight. Supernatants were
replaced with fresh medium, and the cells were cultured at 37°C until
10 days after the initial detection of reverse transcriptase activity in the
supernatant, a total of 27 days.

Flow cytometry. A total of 0.3 ml of each infected T-cell culture was
resuspended in 1% FBS in phosphate-buffered saline (PBS), stained with
pooled human anti-HIV IgG (1:100) (AIDS reagent number 3957) as the
primary antiserum and FITC-conjugated goat anti-human IgG (Invitro-
gen) as the secondary antibody (1:100), and analyzed on a FACSCalibur
flow cytometer (BD Biosciences).

HIV-1 strand determinations. Sections of the NL4-3 and BaL LTR U3
region were cloned into pGEM3 (Promega) using primers 5* GGGCGAA
TTCAAGACAAGATATCCTTGATCT 3’ with 5" GCACTCTAGAAGCT
TTATTGAGGCTTAAGC 3’ for NL4-3 and 5' GGGCGAATTCATCTAC
CACACACAAGGCTA 3" with 5" CTCTCTAGAAGTCCCCAGCGGAAA
GTCCCT 3’ for BaL. Vectors were cleaved with Xbal and linear fragments
purified by agarose gel electrophoresis. A total of 1 ug of each linear vector
was subjected to in vitro transcription followed by DNase treatment with
the MEGAscript T7 kit (Invitrogen) and purified with the MEGAclear kit
(Invitrogen), both according to the manufacturer’s instructions. Fivefold
dilution series beginningat 2 X 10'! RNA strands were diluted into 250 ng
of uninfected C8166 RNA and subjected to DNase treatment.

A total of 250 ng of cellular RNA was subjected to RQ1 DNase treat-
ment (Promega) according to the manufacturer’s instructions. One-half
of each sample was subjected to reverse transcription using 100 ng of
random hexamers (Bioline) and the SuperScript I1I reverse transcription
kit (Invitrogen). Samples were diluted 1:4, and 5 ul of each diluted cDNA
was amplified using SYBR green master mix on a StepOnePlus real-time
PCR system (Applied Biosystems) in triplicate using 5 pmol of each of the
following primers: 5 TACAAGCTAGTACCAGTTGA 3’ and 5" GCTGT
CAAACCTCCACTCTAAC 3'. Ten 5-fold standard dilutions amplified in
parallel were used to quantify total HIV-1 U3 RNA strands in each sample.
Primary cells and C8166 cells were estimated to contain ~20 pg of total
RNA per cell, and TZMbl cells were estimated to have 40 pg RNA per cell,
based upon multiple total RNA extractions by TRIzol.

Deep sequencing of total small RNA. Total RNA was isolated using
TRIzol. The RNA fraction containing ~15- to 30-nt-long RNAs was iso-
lated by polyacrylamide gel electrophoresis (PAGE) purification on 15%
Tris-borate-EDTA (TBE)-urea gels (Bio-Rad), electroeluted from the ex-
cised gel slice (gel eluter; Hoefer), and cloned as previously described (55).
Adapter-ligated small RNAs were reverse transcribed using SuperScript
M1, amplified using GoTaq green PCR master mix (Promega) with the
Tru-Seq 3’ indices (Illumina), and sequenced on an Illumina HiSeq 2000.

TZM-bl deep sequencing and RIP-Seq. RISC-bound miRNAs from
uninfected and WT/BaL-infected TZM-bl cells at 72 h postinfection were
isolated by immunoprecipitation using a monoclonal antibody specific
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for Agol, Ago2, and Ago3 (Abcam: AB 57113), and proteins were re-
moved by digestion with proteinase K. Recovered small RNAs were then
isolated using an miRVana kit (Ambion). The immunoprecipitated RNA
(RIP-Seq) cDNA library was constructed essentially as described (56) us-
ing an [llumina TruSeq small RNA kit, prior to sequencing using an Illu-
mina HiSeq 2000.

PAR-CLIP. Forty-eight hours postinfection, cells were labeled with
100 uM 4-thiouridine (Sigma) for 16 h. Cells were washed with PBS and
cross-linked using a Stratagene UV Stratalinker 2400 at 365 nm. The sam-
ples were then processed as previously described (31, 44). RISC cross-
linked RNAs were isolated using anti-Ago2 antibody (Abcam AB57113).
(This antibody also recognizes Agol and Ago3 [data not shown].) Clon-
ing of isolated small RNAs was performed using the TruSeq small RNA
cloning kit (Illumina). TZM-bl cells expressing individual HIV-1-specific
amiRNAs were infected independently, but the cell lines were pooled into
one sample for PAR-CLIP processing. A sample from each culture un-
treated with 4-thiouridine was harvested in parallel and deep sequenced in
order to determine both the miRNA population present in each PAR-
CLIP sample and the number of HIV-1 strands per cell.

Data analysis. Reads of =15 nt were collapsed into FASTA format
with the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index
html) using the following pipeline: fastq_quality_filter -Q33 | fastq
_to_fasta -Q33 | fastx_clipper -a TruSeq-Indexnumber -1 15 —c | fastx
_collapser. All reads were then subjected to alignment using Bowtie ver-
sion 0.12.7 with the following options: —a —best —strata -m 25.

Deep sequencing analysis. Sequences were sequentially filtered and
assigned using the following pipeline (displayed as database: additional
bow tie alignment parameters): (i) markers (18- and 24-mer radiolabeled
oligos, 3" and 5’ adapters): -v 0 —noRGC; (ii) HIV genome: -v 1; (iii) miR-
base version 19 Homo sapiens: -v 1 -noRC (57); (iv) Ensembl ncRNAv70
Homo sapiens: -v 1 -noRC (58); (v) fRNAdb version 3.4 Homo sapiens: -v
1 -noRC (59); (vi) human genome 19: -v 2.

miRNA sequences were given a -5p or -3p designation if they aligned
to the 5’ or 3’ stem region, respectively, of the miRNA precursor, as
annotated in miRbase version 19. miRNAs that represented =0.1% of the
total cellular miRNA population were considered significant (21). Reads
for sequences aligning to two or more entries in a database were distrib-
uted equally between each entry, except that reads aligning to both piwi-
interacting RNAs (piRNAs) and rRNAs, tRNAs, snRNAs, Y RNAs, or
snoRNAs were assigned to the latter RNA species.

PAR-CLIP analysis. Alignments to a combined human and HIV-1
genome were performed as previously described (31, 45), allowing 3 mis-
matches. Alignments containing (+) sense T > C and (—) sense A > G
conversions were used to generate clusters with PARalyzer version 1.1
using the following parameters: a minimum of 5 reads for a sequence to be
included in a cluster, a minimum cluster read depth of 5, at least 1 con-
version event in a read for cluster inclusion, and no nonconversion mis-
matches allowed for each read determining the cluster. Clusters with a
read depth of =50 and a conversion-event-to-read-depth ratio of =0.75
were considered significant. Significant miRNAs (=0.1% of the total
miRNA pool) expressed in each library were determined as described
above, from samples untreated with 4-thiouridine, and were then used by
PARalyzer to predict which miRNAs were likely to target a given cluster.

Luciferase indicator assays. A total of 50 ng of each reporter plasmid
was cotransfected with 500 ng of a pLCE-based miRNA expression vector
(54), via calcium phosphate coprecipitation, into 24-well plates contain-
ing 10° 293T cells per well, plated the previous day. At 24 h posttransfec-
tion, lysates were harvested and luciferase levels determined using a dual
luciferase kit (Promega) according to the manufacturer’s instructions.
The ratio between the Rluc and internal control Fluc proteins was deter-
mined for each sample and compared to the same reporter plasmid
cotransfected with pLCE lacking a miRNA precursor.
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