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Several proteins and RNAs expressed by mammalian viruses have been reported to interfere with RNA interference
(RNAI) activity. We investigated the ability of the HIV-1-encoded RNA elements Trans-Activation Response (TAR) and Rev-
Response Element (RRE) to alter RNAi. MicroRNA let7-based assays showed that RRE is a potent suppressor of RNAi
activity, while TAR displayed moderate RNAi suppression. We demonstrate that RRE binds to TAR-RNA Binding Protein
(TRBP), an essential component of the RNA Induced Silencing Complex (RISC). The binding of TAR and RRE to TRBP
displaces small interfering (si)RNAs from binding to TRBP. Several stem-deleted RRE mutants lost their ability to suppress
RNAI activity, which correlated with a reduced ability to compete with siRNA-TRBP binding. A lentiviral vector expressing
TAR and RRE restricted RNAI, but RNAi was restored when Rev or GagPol were coexpressed. Adenoviruses are restricted
by RNAi and encode their own suppressors of RNAI, the Virus-Associated (VA) RNA elements. RRE enhanced the
replication of wild-type and VA-deficient adenovirus. Our work describes RRE as a novel suppressor of RNAi that acts by
competing with siRNAs rather than by disrupting the RISC. This function is masked in lentiviral vectors co-expressed with
viral proteins and thus will not affect their use in gene therapy. The potent RNAi suppressive effects of RRE identified in

this study could be used to enhance the expression of RNAI restricted viruses used in oncolysis such as adenoviruses.

Introduction

RNA interference (RNAI) is a highly conserved cellular pro-
cess that regulates gene expression at the post-transcriptional
level. Since their identification, micro (mi)RNAs encoded by the
cell have been shown to regulate various cellular pathways,
including development, immune responses, inflammation and
cell growth." In mammals, miRNAs are transcribed in the
nucleus as primary-miRNAs, which are processed by Drosha and
DGCRS into precursor (pre-) miRNAs.? Pre-miRNAs are then
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exported into the cytoplasm via an exportin-5 mediated pathway,
where they are bound by Dicer and the TAR-RNA-Binding Pro-
tein (TRBP).>” These 2 proteins process pre-miRNAs into
mature double-stranded (ds) miRNAs. The active strand of this
mature miRNA is retained in the Dicer-TRBP complex, which
then recruits the endonuclease Argonaute-2 (AgoZ).8 This loaded
RNA-Induced Silencing Complex (RISC) targets mRNAs that
are complementary to the miRNA.

In mammals, RNAI interacts with viruses but the outcome of
this interaction is not uniformly anti-viral. Several studies have
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shown that RNAi can directly inhibit viral replication while
others have demonstrated that viruses can and do utilize cellular
and viral miRNAs and RNAi-associated proteins to enhance viral
replication.”” For example, Human Immunodeficiency Virus-1
(HIV-1) is not restricted by RNAi,'® while adenovirus is severely
restricted, which may limit its use as an oncolytic virus.'”"? The
apparent absence of RNAI restriction of some viruses could be
explained by the counteraction of encoded viral RNA silencing
suppressors  (RSSs).  Several mammalian viruses encode
RSSs,17+20-29 although the efficiency of a few of them has been
debated.’®**%? Proposed RSSs encoded by HIV-1 are the trans-
2027 and the Trans Activation Response (TAR)
RNA.?* Tat highly upregulates the expression of cotransfected

activator Tat

plasmids under certain promoters, which has called its ability to
suppress RNAI into question.'® ** TAR has been proposed to
disrupt RNAI activity by binding TRBP, thereby sequestering it
from the RISC.*> TRBP has been shown to be a crucial, non-
redundant component of RNAi,*** 5o its removal from the
RISC would be highly detrimental to RNAI function. However,
knockdown of TRBP decreases HIV-1 replication, suggesting
that either RNAi does not restrict HIV-1 RNA or that TRBP has
other crucial functions for the virus independent of RNAi.>>7

HIV-1 has a (+) RNA genome that displays many regions of
complex secondary structure. One structured RNA element is
the Rev-Response Element (RRE). The RRE secondary structure
consists of a circular “head” surrounded by 5 stems, called stems
I-V. These structured dsRNA regions are essential for mediating
binding of Rev to RRE. Stem II acts as an initial docking site for
Rev, but during viral RNA export from the nucleus, the entire
RRE molecule becomes coated with Rev.>*** The RRE-Rev
interaction is critical in enabling the export of unspliced and sin-
gly spliced RNAs from the nucleus through the interaction with
proteins involved in nuclear export.*""*? Its complex secondary
structure makes it probable that RRE may interact with other
RNA-binding proteins. In addition, the RRE sequence is very
well conserved across different lentiviruses.*>** The TAR-TRBP
interaction has been well characterized,*”*® and we hypothesized
that other highly structured RNA regions in HIV-1 may also
bind to TRBP. In addition, viral miRNAs derived from RRE
have been described.”” We therefore examined the ability of RRE
to suppress RNAI, we explored the mechanism of this function
and its ability to affect or enhance the replication of a lentiviral
vector or an adenovirus.

Results

RRE is a suppressor of miRNA-mediated RNAI activity

To investigate the RSS functions of different HIV-1 elements,
we first expressed both TAR and RRE from 2 different expression
vectors to achieve different levels of RNA expression. We cloned
these 2 DNAs into the pcDNA3 (Invitrogen) and the pSIREN
(Clontech) vectors, which use an RNA polymerase IT and III pro-
moter, respectively, to drive RNA expression. RT-PCR experi-
ments with primers amplifying the complete RNA structure
demonstrated that TAR (Fig. 1A, lanes 4, 7) and RRE (lanes 5,
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8) are detectable at a higher level when cells are transfected with
the pSIREN constructs. Because transfection rates are low in the
lymphocytic Jurkat cells and the further assays based on let7
expression could not be done in these cells, NL4-3 infection was
compared to Hela cell transfection. When Hel a cells were trans-
fected with either TAR or RRE vectors, we found that the expres-
sion levels obtained from pcDNA3 closely resemble expression
levels in HIV-1 NL4—-3 infection of Jurkat cells and therefore we
used these constructs to assess their RSS activity (Fig. 1A).

We next evaluated the ability of HIV-1-encoded elements
expressed at the most physiologic level to affect miRNA-medi-
ated RNAIi activity. By transfecting a plasmid encoding a reporter
gene [(either enhanced green fluorescent protein (EGFP) or
Renilla luciferase (RL)] with the complementary sequence to cel-
lular miRNA let7 inserted into its 3’ untranslated region
(UTR)*® we assessed the interfering activity of let7 expressed in
HelLa cells (Fig. 1B). Tat was previously found to be an RSS,***’
but this was contradicted by others,”* so we also evaluated its
potential in these assays along with Rev, TAR and RRE. Using
the EGFP-reporter, we found that the previously described RSSs
Tat and TAR were unable to decrease RNAI activity. In contrast,
RRE was a potent suppressor of let7-mediated RNAI activity
with an average of 67% inhibition (Fig. 1C). When we used the
luciferase reporter, RRE suppressed let7-mediated RNAI activity
by 57%. In this assay, TAR also had a suppressive effect, with a
29% inhibition (Fig. 1D). In both assays, neither Tat nor Rev
had an RSS activity (Fig. 1B and C), emphasizing the role of viral
dsRNA elements in RNAi inhibition. Our assays rely on the
expression of let7, which is present in large amounts in Hela
cells. To determine if the same RSS activity could be observed in
other cells expressing miRNAs in different proportions, we also
tested TAR and RRE in HEK 293T cells using an assay based on
miR17 instead of let7 (Fig. 1E). We found that both TAR and
RRE had similar RSS activity in these cells.

RRE binds to TRBP

TRBP was originally isolated through its binding to TAR
RNA, and this interaction has been extensively studied.* TAR
has been suggested to suppress RNAi by sequestering TRBP,
which may prevent its interaction with Dicer.”> To evaluate
whether RRE may act in a similar manner, we first examined
whether RRE was also able to bind to TRBP. Although TRBP
has previously been isolated in a screen with RRE RNA, their
direct interaction has not been shown.’! In contrast, the protein
has been shown to directly bind small interfering (si)RNAs.> >4
By electrophoresis mobility shift assay (EMSA), using a radiola-
belled control siRNA and recombinant MBP or MBP-TRBP, we
observed several low mobility bands, which indicates that TRBP
binds to the siRNA either as a monomer or as a multimer
(Fig. 2A, left). In a similar EMSA experiment using radiolabelled
RRE, we also observed the formation of multiple TRBP-RRE
complexes in a dose-dependent manner (Fig. 2A, center left) sim-
ilar to those observed with TAR RNA.* In contrast, incubation
of a control 20 (Ctll) or 165 (Ctl2) nt-long RNA with TRBP
produced no or weak monomeric band shifts (Fig. 2A, right
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Histogram shows the average of 3 independent experiments + SEM.

Figure 1. RRE inhibits miRNA-mediated RNAi activity in the cell. (A) Comparison of TAR and RRE expression in transfected Hela cells and in HIV-infected
Jurkat lymphocytes. Hela cells (lanes 1-9) were transfected with 1 g of pcDNA3, pcDNA3-TAR, pcDNA3-RRE, pSIREN, pSIREN-TAR, pSIREN-RRE or pNL4-
3, as indicated. Jurkat cells (lanes 10-12) were infected with pNL4-3 and harvested at days 0, 7 and 13 of infection. Expression of TAR, RRE and GAPDH
were detected by RT-PCR. (B) Schematic representation of the EGFP and Renilla Luciferase (RL) assays to measure the RNAi activity mediated by let7. (C)
RRE prevents let7-mediated inhibition of EGFP expression. HelLa cells were cotransfected with 0.4 g pEGFP or pEGFP-clet7 and with 1.g of pcDNA3,
pcDNA3-TAR or pcDNA3-RRE, or 1 g pCMV1-Tat or pCMV-Rev as indicated. Effects on knockdown of EGFP by miRNA let7 were observed by immunoblot
(left), and quantified by densitometry analysis. Histogram (right) shows the average RNAi activity (EGFP knockdown) over 3 independent experiments +
SEM. (D) TAR and RRE prevent let7-mediated inhibition of RL expression. HelLa cells were transfected with 5 ng of pRL or pRL-clet7 and with 0.25 g of
PcDNA3, pcDNA3-TAR, or pcDNA3-RRE, or 0.25 g pCMV1-Tat or pCMV-Rev as indicated. (E) TAR and RRE prevent miR17-mediated inhibition of RL
expression. HEK 293T cells were transfected with 5 ng of pRL or pRL-cmiR17 and with 0.25 g of pcDNA3, pcDNA3-TAR, or pcDNA3-RRE as indicated. (D
and E) Luciferase signals were measured using a luminometer. Signals were normalized to the cotransfected pCMV-firefly luciferase (FL). RNAi activity
(Luc knockdown) is calculated as the ratio of RL/FL to RL-let7/FL or to RL-miR17/FL, and displayed as per cent of RNAi activity with the empty plasmid.

panels), indicating that the TRBP-RRE and TRBP-siRNA com-
plexes are specific for binding and forming multiple complexes.
We next assessed whether RRE is able to bind to TRBP in cells.
Cells were cotransfected with the highly expressed pSIREN-TAR or
pSIREN-RRE vectors, and a plasmid expressing Myc-tagged TRBP.
RNA-IP experiments using an anti-Myc antibody followed by RT-
PCR showed that we recovered both TAR and RRE as co-immuno-
precipitates with TRBP (Fig. 2B). This indicates that in cells, TRBP
is able to bind to both of these structured RNAs and that RRE may
suppress RNAI by using this interaction. We further evaluated the
ability of RRE to bind to TRBP at a broader range of concentrations
and examined the impact on the expression of RISC proteins. Cells
were transfected with increasing amounts of pcDNA3-RRE and co-
transfected with Myc or Myc-TRBP (Fig. 2C). RRE specifically
bound to Myc-TRBP even at the lowest concentration used. Expres-
sion of RRE in the cell did not appear to affect the expression of
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Dicer to any significant degree and did not disrupt the binding of
Dicer to Myc-TRBP.

HIV-1 TAR and RRE RNAs do not affect the stability
of the RISC but displace an siRNA bound to TRBP

Previous reports have indicated that TAR disrupts the TRBP-
Dicer complex formed by the overexpressed proteins, but the stabil-
ity of the endogenous RISC was not determined.”® We first evalu-
ated if RRE expression was affecting the amount of the RISC
proteins in the cell over time. We found that Dicer, Ago2 and
TRBP were equally expressed up to 72 h whether pcDNA3 or
pcDNA3-RRE was transfected, suggesting that the RNA affects nei-
ther their expression nor their stability (Fig. 3A). We next evaluated
the ability of the TAR and RRE RNA elements to disrupt the endog-
enous TRBP-Dicer-Ago2 complex. We first established that an anti-
Dicer antibody was able to immunoprecipitate Dicer, Ago2 and
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were cotransfected with pCMV-Myc or pCMV-MycTRBP2, as indicated.

Figure 2. RRE RNA binds to TRBP. (A) EMSAs of siRNA, RRE RNA with TRBP or control (ctl) RNAs. Radiolabelled siRNA (left panel), RRE (center left), Ctl1
(center right) or Ctl2 RNA (right) were incubated with 0 (lane 1), 0.15 (lanes 2, 7), 0.3 (lanes 3, 8), 0.6 (lanes 4, 9), 1.2 (lanes 5, 10) or 2.4 (lanes 6, 11) .M of
purified MBP or MBP-TRBP as indicated. Samples were separated on a 4% (Ctl1 and siRNA) or 3.5% (Ctl2 and RRE) polyacrylamide gel. Complexes are visu-
alized by an upward shift in the radioactive signal. The structures and stabilities of Ctl1 (20nt, AG = —6.10) and Ctl2 (165 nt, AG = —73.60) were pre-
dicted using the M-fold software and are shown to the left of the corresponding blot. (B) RNA-IP experiments between Myc-TRBP2 and TAR or RRE RNAs.
Cells were cotransfected with 7.5 g of pCMV-MycTRBP2 and 7.5 g of either pSIREN-TAR or pSIREN-RRE as indicated. Lysates were immunoprecipitated
using an anti-Myc antibody. Proteins in the input (10%) and in the immunoprecipitate were analyzed by immunoblot with anti-Myc and anti-actin anti-
bodies (top). RNAs were recovered and analyzed by RT-PCR, with primers specific for TAR and RRE (bottom). (C) RNA-IP experiments with increasing
amounts of RRE. As in (B), except that cells were transfected with 0, 5, 10 or 15 g of pcDNA3-RRE and topped up to 15 pg with pcDNA3 empty. Cells

TRBP whereas a control antibody was not (Fig. 3B, top). Cells were
then transfected with constructs expressing TAR or RRE, and lysates
were immunoprecipitated using the same and-Dicer antibody
(Fig. 3B, bottom). The presence of both proteins in the IP showed
that neither TAR nor RRE were able to impede TRBP-Dicer inter-
action even with the pSIREN vector, which allows high expression
of either TAR or RRE. In addition, recruitment of Ago2 to the
RISC was maintained, suggesting that these suppressors do not affect
the assembly of the endogenous RISC.

We next investigated the possibility that TAR and RRE may
be competing with siRNAs for binding to TRBP and inclusion
in the endogenous RISC. We assessed the ability of TAR or RRE
to compete with siRNAs for binding to TRBP by EMSA
(Fig. 3C). In this assay, TAR and RRE, but not the control
RNAEs, displaced the radiolabelled siRNA from TRBP, suggest-
ing that these structured RNAs compete with siRNAs for incor-
poration into the RISC.

Mutants of RRE have a decreased ability to suppress RNAi
activity and to compete with siRNA-TRBP binding

To determine if a specific structure was responsible for the RRE
RSS activity, we next generated a series of mutants in which one
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stem-loop of RRE was deleted at a time. The sequence for each of
these mutants was folded in silico using the M-fold software.” This
analysis suggested that each deletion affects only the target stem, and
not the overall structure of the molecule (Fig. 4A). The expression of
each mutant evaluated by RT-PCR was similar to levels of the WT
RRE construct (Fig. 4B). We next assessed the suppression of RNAi
mediated by each mutant. Using the let7-luc reporter, we observed a
complete loss of suppression of RNAi for mutants Al, ATV and AV,
and a partial loss of function for mutant AIIl, whereas mutant AIl
retained RSS activity close to WT levels (Fig. 4C). To determine if
the RSS activity correlates with siRNA-TRBP binding, we evaluated
the ability of each mutant to compete for this interaction. Using the
same molar ratio of RRE or of each mutant, RRE mutants Al and
AV were the weakest competitors (Fig. 4D, E). Mutant Al retained
near-wild-type competitive ability, whereas mutants AIll and AIV
had an intermediate competitive ability. This showed a close correla-
tion between the competition and the RSS activity.

A lentiviral vector expressing RRE inhibits RNAi activity,
only in the absence of Rev or GagPol

Lentiviruses used as vectors generally express both TAR and
RRE and have the potential to suppress RNAL.>® In contrast,
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full-length HIV-1 does not suppress RNAi activity.'® We there-
fore evaluated whether a lentiviral vector derived from HIV-1,
from which viral proteins are not expressed, could inhibit RNAi
activity. Using the pHIV7-tdTomato vector, derived from
pHIV7-CGFP harbouring both TAR and RRE,”” we assessed
RNAI activity using the same let7-luc reporter in comparison to
HIV-1 NL4-3 (Fig. 5A). The expression of HIV7-tdTomato
reduced RNAI activity by 35%, whereas NL4-3 did not. This
shows that the lentivirus acts, at least partially, as an RSS. This
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Figure 3. TAR and RRE compete with siRNA for binding to TRBP. (A)
Expression and stability of Dicer, Ago2 and TRBP remain unchanged in
the presence of RRE. Hela cells were transfected with 7.5 g of pcDNA3
or pcDNA3-RRE as indicated. Cell lysates were analyzed by immunoblot
with anti-Dicer, anti-TRBP, anti-Ago2 or anti-actin after 24 h, 48 h or 72 h
post transfection as indicated. (B) TAR and RRE do not displace endoge-
nous TRBP-Dicer-Ago2 complex. Hela cells were transfected with none
(top), 7.5 g of pcDNA3, pcDNA3-RRE, pcDNA3-TAR, pSIREN, pSIREN-RRE
or pSIREN-TAR (bottom) as indicated. Lysates were immunoprecipitated
with an anti-Dicer or an anti-EGFP (Ctl) antibody. Proteins in the input
(10%) and in the immunoprecipitate were analyzed by immunoblot with
anti-Dicer, anti-TRBP, anti-Ago2 or anti-actin as indicated. (C) TAR and
RRE displace siRNA in a TRBP complex. Radiolabelled siRNA was incu-
bated alone (lanes 0) or with 2.4 uM of MBP-TRBP (lanes 1-5) prior to
the addition of 0 (lanes 1), 3.75 (lanes 2), 15 (lanes 3), 37.5 (lanes 4) or
150 (lanes 5) pmoles of cold TAR (left panel), RRE (center left), Ctl1 (cen-
ter right) or Ctl2 (right) RNA. Samples were separated on a 4% polyacryl-
amide gel.

result suggests that the difference between a lentiviral vector and
HIV-1 to suppress RNAi activity may be related to the presence
of viral proteins that could bind to TAR and RRE and mask their
function as RSSs. To test this idea, we used the let7-EGFP
reporter with overexpressed Rev, which binds RRE, or GagPol,
which binds HIV-1 RNA through the nucleocapsid (NC) in the
cytoplasm®®*” to determine if they prevent the RSS activity of
pHIV7-tdTomato (Fig. 5B). Indeed, the RSS activity of HIV7-
tdTomato was similar to that observed in the let7-luc reporter,
with 24% inhibition of RNAi activity, whereas no inhibition
could be observed when co-expressed with Rev or GagPol.
Because the RSS activity of the HIV7-tdTomato was not as high
as RRE, we evaluated if it could be due to its lower expression in
the cells at the amounts we used in the assay. We measured TAR
and RRE RNA expression from HIV7-tdTomato and found that
they were less expressed than TAR or RRE independently
(Fig. 5C). This result indicates that the lower RSS activity of the
lentiviral vector compared to TAR or RRE is likely due to its low
expression in cells.

RRE alleviates RNAi mediated restriction of adenovirus

To determine whether RNAI suppression by RRE could have
implications in the context of other viral infections, we examined
the impact of coexpressing RRE with an adenovirus. Adenovi-
ruses are known to be restricted by RNAi and to encode their
own RNA-based RSSs, the VA RNAs I and I1.'"”"? We therefore
evaluated the ability of RRE to restore replication levels in VA-
deficient constructs of adenovirus, previously designed to
enhance their oncolytic activity.'® We first verified the amount of
DNA in the cells 1 h (input), 24 h, 48 h or 72 h after transfec-
tion of Hela cells and observed that the replicating DNA is 2.9
and 2.35 fold increased for pAdWT or pAdAVA respectively,
over the input DNA after 48 h (Fig. 6A). HeLa cells were then
cotransfected with RRE or the empty vector and adenovirus con-
structs pAdWT or pAdAVA. Viral expression was assessed by
immunoblotting against early adenovirus protein E1A. While
AdAVA displayed a reduced expression level compared to
AdWT (Fig. 6B, lane 3 compared to lane 5) its expression was
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Figure 4. Mutants of RRE display decreased RNAi suppression. (A) Secondary structure of mutant RRE RNAs. Mutants of RRE were generated by deleting
one dsRNA stem at a time. Secondary structures of WT RRE and each of the mutants were predicted using the M-fold software. (B) Expression of mutant
RRE RNAs. Hela cells were transfected with 1 g of each WT or mutant plasmid. RNA expression was visualized by RT-PCR using either the WT or the Al
primers for RRE RNAs, as indicated, and compared to GAPDH expression. (C) Activity of RRE mutants on the inhibition mediated by let7 on RL expression.
Hela cells were cotransfected with 5 ng of pRL or pRL-let7 and with 0.25 g of pcDNA3, pcDNA3-RRE or pcDNA3-RRE mutants as indicated. RNAi activity
(Luc knockdown) was calculated as in Fig. 1D and the histogram shows the average of 3 independent experiments =+ SEM. (D) Displacement of siRNA-
TRBP complex by RRE mutants. Binding of TRBP to radiolabelled siRNA and competition was performed as in Fig. 3B with the indicated mutants. (E)
Quantitation of siRNA-TRBP complex displacement by RRE mutants. The signal for the siRNA-TRBP complex was quantified using ImageJ 1.47 software.

increased in the presence of RRE to reach the WT level (Fig. 6B,
lane 4). In contrast, RRE did not increase E1A expression from
AdWT (Fig. 6B, lanes 5-6). To accurately quantify the increase
in replication, qPCR experiments detecting the adenovirus
genomes were also carried out (Fig. 6C). In the presence of RRE,
DNA levels of the adenovirus AVA mutant approximated those
of WT adenovirus without RRE. RRE also increased the expres-
sion of WT adenovirus over twofold, suggesting that the WT
virus is still restricted by RNAI to some degree. Overall, RRE
alleviates the natural RNAI restriction of adenoviruses and can

replace the RSS activity of the VA RNAs.
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Discussion

Since the discovery of RNAI as a major mechanism of gene
regulation, it has been demonstrated to be a strategy of innate
immunity against viruses in plants and lower eukaryotes. No con-
sensus has been reached concerning its antiviral effect in mam-
mals and the effect may be dependent on the virus and the cells
used.'>*%*? RNAi inactivation results in increased viral replica-
tion when cells from different species than the natural host are
infected, in latently infected cells or in embryonic stem
cells,">'>>3 but has the opposite effect in cells that allow high
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Figure 5. A lentiviral vector expressing RRE decreases miRNA-mediated
RNAI activity in the absence of Rev or GagPol. (A) pHIV7-tdTomato lenti-
viral vector expressing RRE partially prevents let7-mediated inhibition of
RL. (top) Schematic representation of pHIV7-tdTomato vector. Relevant
genes and regulatory elements are shown. (bottom) Hela cells were
transfected with 0.25ug of pcDNA3, pHIV7-tdTomato or pNL4-3 as indi-
cated and the assay was carried out as in Fig. 1D. (B) Rev and GagPol
restore RNAi suppressed by HIV7-tdTomato lentiviral vector. HelLa cells
were cotransfected with 0.4 g pEGFP or pEGFP-clet7 and with 1.g of
pPcDNA3, pHIV7-tdTomato, pCMV-Rev, pCHGP expressing GagPol or
pHIV7-tdTomato with pCMV-Rev, pCHGP as indicated. The assay was car-
ried out as in Fig. 1C. (C) Expression of TAR and RRE RNAs from HIV7-
tdTomato. Hela cells were mock-transfected or transfected with 1 g of
PcDNA3, pcDNA3-TAR, pcDNA3-RRE or pHIV7-tdTomato as indicated.
RNAs were recovered and analyzed by RT-PCR, with primers specific for
TAR, RRE and GAPDH.

levels of viral replication.”>®*®> Viral si- (vsi)RNAs are highly
abundant in many, if not all, herpesviridae species, where they
regulate the viral life cycle. They are present in various amounts
in a large number of viruses and they impact cellular
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Figure 6. RRE restores the replication of VA-defective adenovirus. (A)
Amplification of adenovirus DNA. Hela cells were transfected with 1 pug
of pcDNAS3 (lanes 1, 7), pAd5 WT (lanes 2-5), or pAd5AVA (lanes 8-11).
DNA was collected at 1 h (lanes 2, 8), 24 h (lanes 3, 9), 48 h (lanes 1, 4, 7,
10) or 72 h (lanes 5, 11) post transfection. (+) represents amplified plas-
mid DNA. Viral and GAPDH DNAs were amplified by 25 and 30 cycles of
PCR, respectively. (B and C) HelLa cells were cotransfected with 1 ng of
pPcDNA3 (lanes 1-2), pAd5AVA (lanes 3-4), or pAd5 WT (lanes 5-6), and
with Tpg of pcDNA3 (lanes 1, 3, 5) or pcDNA3-RRE (lanes 2, 4, 6). (B)
Expression of adenoviral proteins. Expression of adenoviral proteins was
assessed by immunoblot with anti-E1A protein compared to the total
proteins represented by GAPDH expression. (C) Quantitation of adenovi-
ral DNA. Viral DNA was quantified by real-time qPCR using a FAM-TAMRA
probe. The histogram represents the average of 3 independent experi-
ments =+ SEM.

functions.'"***” Many described proteins and RNAs acting as
RSSs have mostly been shown to increase viral replication in cell
lines from different origin than the natural host, although some
have been shown in natural host cells.’® In addition, the induc-
tion of RISC proteins upon virus entry has not been shown,
pointing to an intrinsic mechanism rather than an inducible
pathway. Among the RNAs shown to have RSS activity, adenovi-
rus VA RNAs I and II and HIV-1 TAR have been character-
ized.'”'”* We have identified HIV-1 RRE RNA as a new RSS,
which inhibits RNAi mediated by the endogenous let7 or miR17
miRNAs, and found that its activity as an RSS is stronger than
that of the previously described TAR (Fig. 1).

The characterization of RRE as a potent RSS when expressed
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alone but not when expressed within the entire HIV-1"" raises
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the question of its mechanism of action, its role in lentiviral
expression and its potential to increase the replication of RNAI-
restricted viruses. We have demonstrated that RRE binds to
TRBP both in vitro and in a cellular context (Fig. 2). Therefore,
the mechanism of RNAI restriction could occur through seques-
tration of TRBP away from the RISC by preventing its binding
to Dicer. However, when we assessed the interactions between
RISC proteins, neither TAR nor RRE disrupted the endogenous
RISC (Fig. 3A). Our results are in contrast to the TAR-mediated
disruption of the TRBP-Dicer interaction observed in the context
of overexpressed TRBP, Dicer and TAR.?? In our assays, interac-
tions between the key endogenous proteins of the RISC, TRBP,
Dicer and Ago2®>%”7° were maintained despite high expression
levels of either TAR or RRE RNAs (Fig. 3A). This result shows
that the endogenous RISC is much stronger than the TRBP-
Dicer dimer, which may be due to a stabilization of the complex
by additional proteins. In contrast, we show that both TAR and
RRE are able to displace siRNAs from TRBP, which may reflect
what happens in the cell with miRNAs and the entire RISC
(Fig. 3B). The mutants of RRE all displayed decreased RNAi
suppression as compared to WT RRE. Mutant Al completely
lost its ability to suppress RNAIi, which is consistent with its
decreased stability (AG = —75.42 vs. AG = —138.72 for WT,
Fig. 4A), which would affect the molecule’s secondary structure.
Mutant Al was the only mutant that retained significant sup-
pressive activity, indicating that RNAI suppression by RRE does
not rely on the Rev docking stem (stem II) but requires the distal
region of RRE, specifically stems IV and V (Fig. 4C). These two
stems most resemble miRNA structure, which could explain why
they compete with siRNA for binding to the RISC. The weaker
competition of RRE Al and AV mutants for siRNA-TRBP inter-
action shows the importance of stem-loop V within the overall
RRE structure for the RSS activity (Fig. 4D). In addition, the
correlation between the competition assays and the RSS activity
of the RRE mutants strongly indicates that TRBP-siRNA inter-
action is a key target of RSSs. Because our assays require func-
tional endogenous let7 and miR17 miRNAs, we cannot exclude
that RRE might also function at the level of pre-miRNA export.
Testing RRE activity in other miRNA-based assays and on
TRBP-Dicer-Ago2 complex binding to other si/miRNAs will
provide a more global view of its RSS activity in the future.
HIV-1 has been successfully targeted by si and short hairpin
RNAs suggesting that neither Tat, TAR nor RRE act as RSSs
during HIV-1 replication.’® However, this raises the question of
their activity in a lentiviral vector used in gene therapy. We there-
fore assessed the ability of a clinically relevant lentiviral vector,
pHIV7-tdTomato, to suppress RNAI activity. This vector enco-
des TAR and RRE but no viral protein. Our findings show that
in the absence of viral protein, RNAIi activity is decreased
(Fig. 5A and B), indicating that lentiviral vectors expressing TAR
and RRE restrict RNAI function of transfected cells. The weaker
RSS activity of tdTomato compared to RRE could be explained
by a lower expression of the RRE RNA in the context of this vec-
tor (Fig. 5C). Because expressing Rev or GagPol restores RNAi
activity (Fig. 5B), this effect is not detectable in packaging cells
expressing viral proteins. The effect of Rev suppressing the RSS
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activity is likely linked to its binding to RRE. The effect of Gag-
Pol likely occurs through binding to HIV-1 RNA by the NC
part. Indeed, NC is able to cover all HIV-1 RNA in the virion
and this may occur in the cell when NC is included in Gag or
GagPol or when it is partially cleaved by the protease.”’ These
results also explain why, despite containing potent RSSs such as
TAR and RRE described in this study, HIV-1 has not been
observed to suppress RNAL.'® Furthermore, when integrated, a
self-inactivating lentivirus with no LTR will not express TAR or
RRE, therefore confirming the use of RNAI as a valid therapeutic
option to target HIV-1 in gene therapy.

Obur results raise the question of whether RRE is able to act as
an RSS during HIV-1 replication, and if so, when. Reports have
indicated that RRE may serve as a substrate to the RISC, as viral
miRNAs derived from stem I of RRE have been described.*’
This suggests that at some point during HIV-1 replication, RRE
is accessible to RISC proteins and may compete with endogenous
miRNAs for loading into the RISC. The low amount of TAR
and RRE vsiRNAs identified by various groups may prove to be
of importance during a relatively short time frame at the begin-
ning of HIV-1 RNA expression.*””*”> The displacement of
endogenous miRNAs into the RISC mediated by TAR or RRE
competition may contribute to mechanisms leading to changes
in gene expression and associated pathogenicity in patients.

The ability of exogenous RRE to act as an RSS to increase
HIV-1 replication could not be tested because RRE acts as an
RNA decoy for Rev and inhibits viral replication.”® We therefore
assessed if, in the context of a virus restricted by RNAi, RRE
would be able to alleviate RNAi-associated restriction of viral
replication. Adenovirus VA RNA releases viral restriction by
RNAi and AVA adenovirus replicates less efficiently than WT
virus.'”'® When RRE was expressed in trans, it was able to
increase the expression of the early protein E1A and to restore
the replication of AVA adenovirus to WT levels suggesting that
the RNA coding for the early protein is largely restricted by
RNAi (Fig. 6). In addition, RRE increased the replication of
both the AVA and the WT adenovirus twofold. These trans-
complementation assays confirm that RRE can act as an RSS in
the context of a viral infection, similarly to what has been shown
for other RSSs.”**>*” Because E1A is synthesized in part from
the incoming DNA,”” the increase of E1A expression from
AVA adenovirus but not from WT adenovirus suggests that
RRE mainly compensates for the lack of VA when the RNA is
transcribed from the incoming DNA. The RRE-mediated
increase in DNA replication observed on both AVA and WT
adenovirus suggests that RRE further impacts the RNA tran-
scribed from the replicating DNA whether it is mutated in VA
or not. Suppression of RNAi may be of particular interest in
specific situations. In light of our results, expression of RRE
or its AIl mutant could increase the expression and stability of
a target gene on adenovirus and other viral vectors as observed
with other RSSs.?! Tt could also increase the activity of onco-
lytic adenoviruses, which would widen their applications.'® In
certain viral infections'"'* and cancers,”® RNAI activity is det-
rimental to the host. In these cases, a global suppression of
RNAIi may also be beneficial.
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Materials and Methods

Plasmids

pCMV-Myc-TRBP2,** pCMV-RL, pCMV-RL-clet7 and
pCMV-FL,*° pCMV-RL-cmiR17,? pHIV7-CGFP,””
pCHGP,”” pCMV1-Tat*® and pCMV-Rev®® have been
described. pcDNA3-TAR and pcDNA3-RRE were cloned from
pNL4-3 and inserted into pcDNA3 using the HindIII and Xhol
restriction sites for TAR and EcoRI and Xhol for RRE. Mutant
AI of RRE was cloned by PCR from pcDNA3-RRE and inserted
into pcDNA3 using the BamHI and Notl.

RREAI-F-5'ATGTAGGATCCGGGAGCAGCAGGAAGC
ACT3
RREAI-R-5'ATATGCGGCCGCCCACAGCCAGGATTC
TTG3'.

Mutants AII-AV were cloned in a 2-step process. Fragment A
was cloned using the generic forward primer F-
5'ATAGAGGATCCTAGCACCCAACGCAAAGAG?/, and a
specific reverse primer for each mutant, and fragment B was
cloned using a specific forward primer for each and a generic
reverse  primer, R-5’ATATGCGGCCGCTAGCATTCCAA
GGCATAG3'. Mutant-specific primers are as follows:

pcDNA3-RREAII (A)
R-5'GCGGCCGCGAATTCTTCCTGCTGCTGCTCCCA
AGAACCCAA3'

pcDNA3-RREAII (B) 7-5'ATAGAGAATTCGCAGCAGAA
CAATTTGCTGAGGGC3'

pcDNA3-RREAIII (A) R-5'GCGGCCGCGAATTCCTGC
ACTATATCAGACAATAATTG3'

pcDNA3-RREAII (B) F-5'ATAGAGAATTCAGGGCTAT
TGAGGCGCAACAGCAT3

pcDNA3-RREAIV (A) R-5S'GCGGCCGCGAATTCTAGC
CCTCAGCAAATTGTTCTGCT3

pcDNA3-RREAIV (B) F-5’ATAGAGAATTCCAGTCTG
GGGCATCAAACAGCTCC3'

pcDNA3-RREAV (A) R-5'GCGGCCGCGAATTCCTGTG
AGTTGCAACAGATGCTGTTS'

pcDNA3-RREAV (B) £-5'ATAGAGAATTCAAGAATCCT
GGCTGTGGAAAGATA3'

pSIREN-RRE was cloned by amplifying RRE from the HIV-
1 provirus pNL4-3 using the following primers:

RRE F-5'ATATTGGATCCTAGCACCCACCAAGGCAA
AGAGAA3'
RRE R-5GCTATGAATTCTAGCATTCCAA GGCACAG
CAGTGG3'

The resulting PCR product was digested by EcoRI and
BamH]I, and ligated into pSIREN-DNR (Clontech). pSIREN-
TAR was cloned using the same approach.

TAR F-5’AATTAGGATCCAAAATTTTAAAATTTTGGG
TCTCTCTGGTTAGACCAGATC3

TAR  R-5’AATTAAGAATTCATATATATATATATATT
GGGTTCCCTAGTTAGCCACAG3'
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The plasmid expressing the Enhanced Green Fluorescence
Protein (EGFP), pEGFP-Cl1, was obtained from Clontech.
pEGEP-clet7 was constructed by cloning a perfectly complemen-
tary sequence to let7 into the 3’ region of EGFP. The let7
sequence published in°® was used to design oligonucleotides with
Xhol and Sall restriction enzyme sites. The annealed oligonu-
cleotides were ligated into Xhol- and Sall- digested pEGFP-C1.

Let7 F-5'TCGAGACTACCTGCACTGTAAGCACTTT G3'
Let7 R-5'TCGACAAAGTGCTTACAGTGCAGGTAGT C3'

pHIV7-tdTomato was derived from pHIV7-CGFP®' by
removing a Not I/Kpn I fragment containing the CMV pro-
moter, eGFP, WPRE and HIV 5'LTR. To introduce an Eag[ site
at the 5’ end of the WPRE, the WPRE and the HIV 5'LTR were
then amplified by PCR with primers JRO 8 and JRO 9 and
cloned back into the HIV7 backbone. To make the UBC::tdTo-
mato fusion, the tdTomato coding region was first released by
BamHI and EcoRI from pRSET-B-tdTomato (gift from Dr.
Roger Tsien) and cloned into pcDNA3.1(+)Neo (Invitrogen),
resulting in pCMV-tdTomato. The CMV promoter was then
removed by cutting with Bgl II and BamHI and replaced by the
Ubiquitin C (UBC) promoter82 that had been amplified from
Jurkat genomic DNA with primer JRO128 and JRO129, result-
ing in pUBC-tdTomato. JRO128 contains Notl, Xbal and
Xmal restriction sites for additional cloning. The entire UBC::
tdTomato fragment was then cut by Eagl and cloned back into
the empty HIV7 vector to generate pHIV7-tdTomato.

JRO 8 F-5'TAACGGCCGGCTTATCGATAATCAACC
TCTGG3

JRO 9 R-5'GCGAATTGGGTACCGGGC3'

JRO128  F-5'aaagatctattaatgcggecgctctagacccgGGCCTCC
GCGCCGGGTTTTGG3

JRO129 R-5'aaggatccTGTCTAACAAAAAAGCCAAAAAC
GGCCAG3'

Cell culture and cell infection of Jurkat with HIV-1

HeLa, HEK 293T and Jurkat cells were cultured as previ-
ously.>*833% For virus production, HEK 293T cells were trans-
fected with HIV-1 provirus pNL4-3 and supernatants were
harvested 48 h post-transfection. Viral content of supernatant
was evaluated by performing a reverse-transcriptase assay as
described.®* For the infection, volumes of supernatant corre-
sponding to 1 or 2 million cpms of reverse transcriptase activity

were applied to Jurkat cells for 3 h before washing.

RT-PCR

For reverse transcription-PCR (RT-PCR), total RNA was
extracted 48 h post-transfection with Trizol isolation reagent
(Invitrogen) and treated by DNase I (Promega). Total cDNAs
were reverse transcribed from 5 pg of total RNA using 150 ng of
random primers (Invitrogen) in a 25-ul reaction mixture con-
taining 40 U of RNaseOUT (Invitrogen), 1 mM of each of the
deoxynucleoside triphosphates, 10 mM dithiothreitol,
300 U of Superscript II (Invitrogen). Incubation was performed
at 42°C for 90 min, and 5 pl of the resulting reaction mixture

and
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containing the single-strand cDNA template was used for PCR
amplification. TAR, RRE and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were amplified by PCR in a 100-pl reac-
tion mixture containing 0.5 mM of each forward and reverse
primer, 2.5 U of Taq DNA polymerase (Invitrogen), 2.5 mM
MgCl,, 0.2 mM of each of the deoxynucleoside triphosphates,
and 1X Taq buffer (Invitrogen). The PCR reaction was carried
out for 30 cycles, each consisting of 1 min at 94°C, 1 min at
63°C for TAR, 66°C for RRE and 55°C for GAPDH, 1 min at
72°C. The number of cycles was chosen to be in the linear range
of the reaction. The products were fractionated on a 1% agarose

gel.

GAPDH F-5'CCTTCATTGACCTCAACTACAT3'
GAPDH R-5'CCAAAGTTGTCATGGATGACC3'

PCR

For PCR on cells transfected with the adenovirus vectors, cells
were digested in 0.3 mg/ml proteinase K at 37°C for 18 h and
DNA was isolated by salting out.®” Viral and cellular DNA was
verified by conducting PCR at different times post-transfection.
For adenovirus DNA, the PCR reaction was carried out as fol-
lows: 5 min 94°C, [1 min at 94°C, 1 min at 56°C and 1 min at
72°C] x 25 cycles, 5 min 72°C. For GAPDH, the PCR reaction
was: 5 min 94°C, [1 min at 94°C, 1 min at 60°C and 1 min at
72°C] x 30 cycles, 5 min 72°C. The number of cycles was cho-
sen to be in the linear range of the reaction. The products were
fractionated on a 1% agarose gel.

Primers used to amplify adenoviral DNA:

F5S'TATGTTTTGTTTGAAGTCTTTGACGS3'
R-5' GATGTTGCTTGCTTCTTTATGTTGT3'

Primers used to amplify GAPDH DNA:

F-5'ATGGGGAAGGTGAAGGTC
R-5" GGTGCCATGGAATTTGCC

Immunoblotting

Cells were washed twice with phosphate buffered saline (PBS)
and lysed in cold lysis buffer [5S0mM Tris-HCl (pH 7.4),
150 mM NaCl, 5 mM EDTA (pH 8), 10% Glycerol, 1% Noni-
det (N) P-40] with the protease inhibitor cocktail (Roche) and
with the phosphatase inhibitor PhosSTOP (Roche). Cell lysates
were prepared, separated and transferred for immunoblotting as
previously described.>*%%% Membranes were blocked for 1 h in
5% nonfat milk and 0.05% Tris-buffered saline (TBS)-Tween
and incubated overnight at 4°C with anti-EGFP (Santa Cruz)
antibody at a 1/1000 dilution, anti-Myc (Santa Cruz) antibody
at a 1/1000 dilution, anti-actin (Chemicon) antibody at a 1/
10,000 dilution, anti-Dicer349° or anti-Dicer (Medimabs, Mon-
tréal, QC, CA) at a 1/5000 dilution, anti-TRBPjbx*® at a 1/500
dilution, anti-Ago2 7C6 (from Dr. T. Hobman) at a 1/5000
dilution, anti-HIV-1 p24 183-H12-5C*>** at a 1/1000 dilu-
tion, anti-Ad2/5 E1A (Santa Cruz) at a 1/1000 dilution, or anti-
GAPDH (Santa Cruz) at a 1/1000 dilution in 5% milk/TBST.
After 5 washes in TBST, membranes were incubated with peroxi-
dase-conjugated  secondary donkey anti-rabbit antibody
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(Amersham) for TRBP, Ago2, Dicer and E1A, and sheep anti-
mouse (Amersham) for EGFP, Myc, Actin, p24 and GAPDH at
a 1/5000 dilution. The bands were visualized as described®® and
quantified by densitometry analysis, using Adobe Photoshop
CS310.0.1 software.

Dual Luciferase assays

HeLa or HEK 293T cells were cotransfected in 24-well plates
with 5 ng of pCMV-RL, pCMV-RL-clet7 or pCMV-RL-
cmiR17 and 20 ng pCMV-FL using Polyethylenimine (PEI)
(Polysciences) at a 1:3 DNA:PEI ratio. Cells were lysed 48 h after
transfection and luciferase activities were measured using the
Dual-Luciferase Reporter System (Promega). Renilla luciferase
(RL) expression was normalized to Firefly luciferase (FL) expres-
sion to correct for transfection efficiency (RL/FL). Percentage
RNA activity was obtained by calculating RL/RL-clet7°® or RL/
RL-cmiR17.”

Electrophoresis Mobility Shift Assay (EMSA)

MBP and MBP-TRBP were produced in vitro from pMal-
MBP and pMal-MBP-TRBP plasmids.*>**” RNAs were in vitro
transcribed from linearized plasmids using the Riboprobe® Sys-
tem — T7 (Promega), using o??P-UTP when radiolabelled. TAR
(80 nt) and Cdl (20 nt) RNAs were produced from pUCI8-
T7TAR-CAT*® cut by HindIII or BglIl, respectively. Ctl2 RNA
(165 nt) was produced from pcDNA3 plasmid linearized by
Bcll. RRE and RRE mutants were produced from their
pcDNA3-derived plasmids linearized by Xhol. siRNA (Control
non-silencing siRNA, Qiagen, 1022076) was radiolabelled using
T4 polynucleotide kinase and y**P-ATP. EMSAs were carried
out as described.*> A concentration of 0.15-2.4 uM MBP or
MBP-TRBP was incubated with labeled siRNA (2 x 10> cpm)
or RRE RNA (12 x 10° cpm) for 20 min at 20°C. The samples
were then separated by electrophoresis in a non-denaturing poly-
acrylamide gel (19:1, W/W, acrylamide/bisacrylamide) at 200V
for 4 (siRNA) or 14 (RRE) h. Gels were fixed in 10% acetic acid,
dried and autoradiographed for 64 or 16 h, respectively. In com-
petition experiments, labeled siRNA (4 x 10 cpm) was incu-
bated with MBP-TRBP 20 min prior to the additon of
increasing amounts of cold RNA (TAR, RRE, mutants derived
from RRE, Ctll or Ctd2 RNAs), and samples were separated by
electrophoresis in a 4% polyacrylamide gel. Gels were fixed,

dried, and autoradiographed for 64 h.

Immunoprecipitation (IP) and RNA-IP

IPs were carried out as described®* using anti-Dicer
mAbDcr73,” polyclonal anti-Dicer (Medimabs) or polyclonal
anti-EGFP (control) antibodies. For RNA-IPs, Hela cells or
HEK 293T cells were transfected with pCMV-Myc or pCMV-
Myc-TRBP2 and cotransfected with pSIREN-TAR, pSIREN-
RRE or pcDNA3-RRE. Cells were lysed and extracts were
immunoprecipitated in RNase-free conditions as described®*
using anti-Myc (Santa Cruz) antibodies. One quarter of the
immunoprecipitate was used to recover bound proteins by boil-
ing the beads for 10 min and fractionated by 7.5% SDS-PAGE.
The immunoprecipitates were analyzed by immunoblot by using
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anti-Dicer, anti-Myc and anti-actin or anti-GAPDH antibodies.
The remainder of the immunoprecipitate was used to recover
RNA by resuspension in 1 ml Trizol reagent (Invitrogen) and
RNA extraction. RT-PCRs were performed as described above.

M-fold RNA modeling

M-fold (http://mfold.rna.albany.edu/?q=mfold/
RNA-Folding-Form™) was used to predict the secondary struc-
tures of WT RRE and mutants derived from RRE.

software

Adenovirus expression and detection

pAAWT (Type 5) and pAdAVA were obtained from Dr. R.
Alemany.'® Plasmids were transfected into Hela cells. Viral and
cellular DNA was verified by PCR at different times post-trans-
fection and quantified by real-time qPCR at 48 h post infection.
Viral expression was measured after 48 h of viral growth by
detection of E1A early stage protein by Western Blotting.

Real-time qPCR

Cells were digested in 0.3 mg/ml proteinase K at 37°C for
18 h and DNA was isolated by salting out.*> Quality of total
DNA was verified by conducting PCR against GAPDH before
running qPCR. qPCR was run on Applied Biosystems Fast 7500
series thermocycler using a FAM-TAMRA probe and primers

targeting the adenoviral genome:

Probe-5' 6FAM-ATCGAAACCGTGTACCTGCGCAC-
TAMRA3
F5STATGTTTTGTTTGAAGTCTTTGACG3'

R-5' GATGTTGCTTGCTTCTTTATGTTGT3'

Results were analyzed using the Applied Biosystems SDS
7500 v2.0.4 software. DNA expression levels in the linear range
were calculated by the standard curve method using the pAdWT
plasmid.
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