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Abstract

RNA interference (RNAIi) is a widely used gene suppression tool that holds
great promise as a novel antiviral approach. However, for error-prone viruses
including HIV-1, a combinatorial approach against multiple conserved se-
quences is required to prevent the emergence of RNAi-resistant escape
viruses. Previously, we constructed extended short hairpin RN As that encode
two potent siRNAs (e2-shRNAs). We showed that a minimal hairpin stem
length of 43 base pairs (bp) is needed to obtain two functional siRNAs. In this
study, we elaborated on the e2-shRNA design to make e-shRNAs encoding
three or four antiviral siRNAs. We demonstrate that siRNA production and
the antiviral effect is optimal for e3-shRNA of 66 bp. Further extension of the
hairpin stem results in a loss of RNAIi activity. The same was observed for
long hairpin RNAs (IhRNAs) that target consecutive HIV-1 sequences. Impor-
tantly, we show that HIV-1 replication is durably inhibited in T cells stably
transduced with a lentiviral vector containing the e3-shRNA expression cas-
sette. These results show that e-shRNAs can be used as a combinatorial RNAi
approach to target error-prone viruses.
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Introduction

RNAI is an evolutionarily conserved gene silencing mechanism that is induced
by double-stranded RNA (dsRNA). RNAi plays an important role in the regu-
lation of cellular gene expression as well as in innate antiviral immune respons-
es (1-3). Besides its natural functions, RNAi is widely used as a tool to silence
specific genes, with an associated array of therapeutic possibilities. Trans-
fection of plasmids that express short hairpin RNAs (shRNAs) is commonly
used to induce RNAi in mammalian cells (4,5). Like dsRNA, these shRNAs
are processed by the cellular Dicer endonuclease into ~22 bp small interfering
RNA duplexes (siRNAs) (2). One strand of the siRNA, the so-called “guide
strand”, is incorporated into the RNA-induced silencing complex (RISC) and
programs this complex to cleave the perfectly complementary mRNA target
(6,7). The other strand of the siRNA, the passenger strand, is degraded (8,9).

RNAI targeted towards the HIV-1 RNA genome via stable intracellular
shRNA expression is highly effective in suppressing viral replication (10-12).
However, the therapeutic use of a single shRNA is limited because of the rapid
emergence of RNAi-resistant virus variants (13,14). These variants contain a
deletion or point mutation within the target sequence that abolish the antivi-
ral effect (15,16). To reduce the chance of escape from RNAI attack, the virus
should be targeted simultaneously with multiple shRNAs. There are several
combinatorial RNAIi strategies to express multiple effective siRNAs (17,18).
One can combine multiple shRNA-expression cassettes in a single vector (19-
21). Alternatively, one can construct a miRNA-like polycistronic transcript
that encodes multiple antiviral siRNAs (22). Another possibility is to express
long hairpin RNAs (IhRNAs), from which multiple siRNAs can be processed
(23). Several reports described virus inhibition using lnRNAs against HIV-1
(24-27), hepatitis C virus (28) and hepatitis B virus (29). In contrast to trans-
fection of dsRNA molecules larger than 30 bp, the intracellular expression of
IhRNA at an effective dose does not readily induce the interferon (IFN) re-
sponse (24). However, it is important to note that even smaller RNA duplexes
can activate the IFN response in a dose-dependent manner (30,31).

We previously described a set of shRNAs with potent anti-HIV activity (19).
Based on these shRNAs, we constructed extended shRNAs (e-shRNAs) that
encode two siRNAs by stacking of the shRNA units on top of each other (e2-
shRNAs) (32). We showed that the siRNA derived from the base of the e2-
shRNA is efficiently produced and fully active. However, the top siRNA was
only produced when the hairpin stem reached a length of 43 bp (32). In this
study, we designed and tested antiviral e-shRNAs that encode three or four
siRNAs (e3 and e4-shRNAs). We show that intracellular expression of three
appropriately stacked inhibitors as part of the 66 bp e3-shRNA is possible
without triggering the IFN response. Expression of longer e-shRNAs resulted
in an overall reduced RNAI activity. We show that the RNAi activity of the e-
shRNAs correlates with the efficiency of expression and proper intracellular
processing of these transcripts into functional siRNAs. Finally, we show that
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HIV-1 replication is durably inhibited in T cells expressing a stably integrated
e3-shRNA expression cassette. These results provide important insight for the
design of multi-shRNA hairpin constructs.

Materials and methods

DNA constructs

The e-shRNA constructs were made by annealing of complementary oligonucleotides
(containing the BamHI and HindIII sites) and inserting them into the BglII and HindIII
sites of the pSUPER vector (4). The InRNAs targeting the nef and r/t region were made
by PCR amplification of the guide strand of the hairpin RNA with a primer including
the 5 nt loop sequences and top 2 bp of the pSUPER system. The passenger strand of
the hairpin RNA was made by annealing oligonucleotides containing the loop and
some additional nucleotides that are complementary to the guide strand of the hairpin.
The passenger and guide strand of the hairpin was combined by a fusion PCR with
primers containing the BamHI and HindIII sites. The PCR products were purified from
agarose gels and digested with BamHI and HindIII and inserted into the BglIl and
HindlII sites of the pSUPER vector. The 43 bp control hairpin construct SCR encodes
the scrambled sequence of e2-43 and has been described previously (32). The construct
expressing the 5xshRNA Gag5, Poll, Pol6, Pol9, Pol47 from repeated H1 promoters
was constructed as described previously (33).

The pLAI plasmid encoding the HIV-1 isolate LAI (34) was used to study inhibition of
HIV-1 production. For the R/T mutants, a single mutation was introduced at position
11 for L2 and position 6 for L7 and double mutations were introduced at position 8/11
and 13/15 in the target sequence for L3 and L6, respectively. Such mutations have been
previously observed in a large scale HIV-1 RNAi-escape study (16). Mutations were
introduced by fusion PCR using oligonucleotides with the desired mutations.

Firefly luciferase reporter constructs (pGL3; Promega, Madison, WI, USA): Luc-nef,
Luc-pol, Luc-r/t and Luc-gag were made by insertion of a 50-70 nucleotide HIV-1
sequence, with the 19 nucleotide target region in the centre, in the EcoRI and PstI sites
of pGL3-Nef (15,19,20).

Lentiviral vector plasmids are derived from the construct (pRRLcpptpgkgfppreSsin)
(35), which we renamed as JS1. The plasmids JS1-shNef and JS1-e3-66 were obtained
by digestion of the pSUPER construct with Xhol and Pstl and inserting this fragment
into the corresponding sites of JS1.

All DNA constructs were sequence verified using the BigDye Terminator Cycle Se-
quencing kit (ABI, Foster City, CA, USA). Hairpin RNA constructs were sequenced
using a sample denaturation temperature of 98°C and upon addition of 1M Betaine.
We used the Mfold program to calculate the thermodynamic stability of the RNA
secondary structure of the antiviral transcripts (36).

Cell culture, transfections and virus infection

The human embryonic kidney (HEK) cell line 293T was cultured in Dulbecco’s modified
Eagle’s medium (DMEM,; Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal calf serum (FCS) (Hybond), penicillin (100 U/ml), streptomycin (100 ug/ml) and
minimal essential medium non-essential amino acids (DMEM/10% FCS) at 37°C and
5% CO,. For luciferase assays, HIV-1 inhibition assays and the IFN assay, HEK 293T
cells were plated one day before transfection in 24-well plates at a density of 1.4 x 10°
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cells per well in 1 ml DMEM/10%FCS without antibiotics. Cells were transfected with
Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instructions.
Transfection experiments were corrected for between-session variation as described
previously (37).

For siRNA analysis, HEK 293T cells were plated one day before transfection in 6-wells
plates at a density of 6.0 x 10° cells per well in 2 ml DMEM/10% FCS without antibiot-
ics. The next day, cells were transfected with 5 pg of the hairpin RNA constructs with
Lipofectamine 2000 reagent (Invitrogen) as suggested by the manufacturer.

The human T-cell line SupT1 was cultured in Advanced RPMI (Gibco BRL) supple-
mented with L-glutamine, 1% FCS, penicillin (30 U/ml) and streptomycin (30 pg/ml)
at 37°C and 5% CO,. SupT1 cells (200.000) were infected with HIV-1 (0.03 or 0.001
ng CA-p24) produced in HEK 293T cells. When HIV-induced cytopathic effects were
observed, cell and supernatant samples were stored at -80°C. Virus spread was followed
by measuring the CA-p24 levels in the culture supernatant by ELISA.

Luciferase assays

HEK 293T cells were co-transfected with 100 ng of the firefly luciferase expression
plasmid, 1 ng of renilla luciferase expression plasmid (pRL-CMV) and 5, 25 or 100 ng of
hairpin RNA expression constructs. We added pBluescript SK- (pBS) (Promega) to all
transfections to obtain equal DNA concentrations. Two days post-transfection, firefly
and renilla luciferase activities were assessed using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s instructions. Relative luci-
ferase activities were calculated from the ratio between firefly and renilla luciferase
activities. Transfection experiments were corrected for between-session variation as
described previously (37).

HIV-1 inhibition assay

HEK 293T cells were co-transfected with 250 ng of the HIV-1 infectious molecular clone
pLAL 1 ng of pRL-CMV and 1.25, 2.5, 5, 10, 20 or 25 ng of the hairpin RNA constructs.
We added pBS to obtain an equal DNA concentration in each transfection. To determine
inhibition of the RNAi-escape variants L2, L3, L6 and L7, 250 ng of the molecular clones
were co-transfected with 1 ng of pRL-CMV and 10 ng of the e-shRNA constructs. Virus
production was determined at two days post-transfection by measuring the CA-p24
level in the culture supernatant by ELISA as described previously (38). Cells were
lysed and 5 pl of the lysate was used to measure the renilla luciferase activities using
the Renilla Luciferase Assay System (Promega). The relative CA-p24 production was
calculated as the quotient between the CA-p24 level and the renilla luciferase activity,
which was corrected for between-session variation (37).

Northern blot analyses

Total cellular RNA was extracted from transfected HEK 293T cells at two days post-
transfection using the mirVana miRNA isolation kit (Invitrogen) according to the
manufacturer’s protocol. For Northern blot analysis, 10 pug of total RNA per lane was
resolved on urea denaturing 15% polyacrylamide gel (Invitrogen). RNA molecular
weight markers (Ambion) were prepared as suggested by the manufacturer’s protocol
and run alongside the cellular RNA. To check for equal sample loading, ribosomal
RNA (rRNA) in the gel was stained with 2 ng/ml ethidium bromide for 20 min. Destain-
ing was performed by rinsing the gel three times with milliQ water for 10 min. The
rRNA bands were visualized under UV light. The RNA samples in the gel were electro-
transferred to a positively charged nylon membrane (Boehringer Mannheim, GmbH,
Mannheim, Germany) and crosslinked to the membrane using UV light at a wave-
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length of 254 nm (1200 pJ x 100). LNA oligonucleotide probes were 5 end labeled
with the kinaseMax kit (Ambion) in the presence of 1 pl of [y-**P]JATP (0.37 MBgq/ul
Perkin Elmer). The probes were purified on Sephadex G-25 spin columns (Amersham
Biosciences) to remove unincorporated nucleotides. Hybridizations were performed
with labeled LNA oligonucleotides in 10 ml ULTRAhyb hybridization buffer (Ambion)
at 42°C according to the manufacturer’s instructions. We used oligonucleotide probes
(LNA-positions underlined): nef probe: 5 GGGACTGGAAGGGCTAATT 3’, pol probe:
5 ACAGGAGCAGATGATACAG 3, 1/t probe: 5 ATGGCAGGAAGAAGCGGAG 3,
gag probe: 5 GAAGAAATGATGACAGCAT 3. After overnight hybridization, the
membranes were washed twice for 5 min at 42°C in 2 x SSC/0.1% SDS and twice for
15 min at 42°C in 0.1 x SSC/0.1% SDS. Signals were detected using a phosphorimager
(Amersham Biosciences).

Interferon assay

To determine whether the extended hairpin RNA constructs induce the IFN pathway
at their efficacious dose, HEK 293T cells were transfected with 25 ng of the hairpin
encoding constructs using Lipofectamine 2000 reagent (Invitrogen). Transfection of 2
ug poly I:C was used as a positive control for IFN-f induction as described previously
(24). Total RNA was isolated from cells one day post-transfection using the RNeasy
mini kit (Invitrogen) according to the manufacturer’s protocol. Genomic DNA was
removed by DNase treatment using the TURBO DNA-free™ kit (Ambion). One ug of
total RNA, Thermoscript™ RT (Invitrogen) and random hexamer primers (Invitrogen)
were used to reverse transcribe the RNA into cDNA according to the manufacturer’s
instructions (Invitrogen).

PCR amplification was performed on 2 pl of this cDNA-containing mixture with IFN-3,
OAS, RIG-I, I1SG56, STAT-1, MxA and {-actin specific primers. The following primer
combinations were used:

IFN-p, f: 5-GCCGCATTGACCATCTATGAGA-3; r: 5-GAGATCTTCAGTTTCG-
GAGGTAAC-"3 (345 bp product), OAS, f: 5-TCAGAAGAGAAGCCAACGTGA-3;
r: 5-CGGAGACAGCGAGGGTAAAT-3 (399 bp product) (39), RIG-I, f: 5-GAGT-
GTCTTTTCTTATGTGATTTT-'3; r: 5-GCAGGCAAGTCTTACATGGCAGCA-"3 (268
bp product), ISG56, f: 5-CTTGAGCCTCCTTGGGTTCG-'3; r: 5'-GCTGATATCTGGGT-
GCCTAAGG-'3 (137 bp product) (40), STAT-1, f: 5-TTCTGTGTCTGAAGTGTAAGT-
GAA-3; r1 5'-TAACACGGGGATCTCAACAAGTTC-3 (159 bp product), MxA, f:
5-AGTATGGTGTCGACATACCGGA-"3; r: 5-GAGTCTGGTAAACAGCCGAATG-'3
(145 bp product) (40), p-actin f: 5-GACTACCTCATGAAGATCCTCAC-3’; r: 5'-ATT-
GCCAATGGTGATGACCTG-3’ (197 bp product).

For PCR amplification, the Reddymix™ Master Mix (Abgene) was used in a 50 pl
reaction using the following PCR program: 3 min at 95°C, 30 cycles of 30 sec at 95°C,
30 sec at 57°C, 45 sec at 72°C and a final extension for 8 min at 72°C. The PCR products
were analyzed on a 1.5 % agarose gel with the SmartLadder (Eurogentec) as a size
reference.

Lentiviral vector production and transduction

Lentiviral vector plasmids are derived from the construct JS1 (pRRLcpptpgkgfp-
preSsin) (35). For production of lentiviral vector, 6.0 x 10° HEK 293T cells were seeded
per well in 6-wells plates in 4 ml of DMEM/10% FCS without antibiotics. The next
day, medium was replaced with 0.4 ml medium without antibiotics. Subsequently,
the empty JS1 vector and JS1 vectors expressing shNef and e3-66 (0.95 pg) were co-
transfected with the packaging plasmids pSYNGP (0.6 pg) (41), pRSV-rev (0.25 pg) and
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pVSVg (0.33 pg) (42) together with a 5 shRNA-expressing construct, p5xshRNA (2.9
pg) with Lipofectamine 2000 reagent in accordance with the manufacturer’s recom-
mendations (Invitrogen). The second day, medium was replaced with 1 ml optimem.
On the third day, medium containing lentiviral vector was harvested. Cellular debris
was removed by centrifugation for 5 min at 1200 rpm. Lentiviral stocks were titrated
on SupT1 cells to determine the vector titer. SupT1 cells were transduced with the len-
tiviral vectors at a multiplicity of infection (MOI) of 0.15 as described previously (19).
Four days post-transduction, live transduced cells were sorted with FACS and single
GFP-positive cells were selected. Sorted cells were expanded and resorted at 30 days
post-transduction. These cells were used to determine long-term inhibition of HIV-1
replication.

Sequencing proviral target regions

Cellular DNA of infected SupT1 cells with the integrated provirus was isolated as
described previously (43). Integrated proviral DNA sequences were PCR amplified
with the following primer pairs (indicated 5-3"). Nef region, forward: ATTCGC-
CACATACCTAGAAG, reverse:  GACTCTGGTAACTAGAGATCCCTCAGACC;
Pol region, forward: AGGCTAATTTTTTAGGGAAGATCTGGCCTTCC, reverse:
GCAAATACTGGAGTATTGTATGGATTTTCAGG and R/T region, forward: ACCTT-
GTCTAGAATGGAGCCAGTAGATCCTAGACTAGAGCCCTG, reverse: TTCCACA-
CAGGTACCCCATAATAGACTGTGACCCACA. The PCR products were cloned into
the pCR2.1 TOPO vector and subsequently clones were sequenced with the T7 or M13
reverse primers.

Results

Design of e-shRNAs encoding three and four siRNAs against HIV-1

Previously, we demonstrated that a minimal hairpin stem length of 43 bp is re-
quired to generate two functional siRNAs from an extended e2-shRNA (32). In
an attempt to construct e-shRNAs that can prevent the onset of HIV-1 escape,
we designed and constructed e-shRNAs encoding three or four highly potent
anti-HIV-1 siRNAs. We selected four potent antiviral shRNAs against differ-
ent HIV-1 regions: nef, pol, rev/tat (r/t) and gag (Fig. 1a) (19). We build further
on the successful e2-43 hairpin design (Fig. 1b), with shNef at the base and
shPol at the top of the hairpin stem and we used the same expression cassette
driven by the H1 polymerase III promoter (32). The e-shRNAs have identi-
cal 5 nucleotide (nt) loop sequences and the top 2 bp of the pSUPER system
(4) and end with a 3’ UU overhang derived from the polymerase III termina-
tion signal. We made e-shRNA constructs that encode three siRNAs (e3-shR-
NAs) of 63 and 66 bp or four siRNAs (e4-shRNAs) of 88 and 92 bp (Fig. 1b).
These length variations were tested because the exact cleavage sites of Dicer
on these extended stems are not known and inappropriate processing will
affect the RNAi activity. The additional bp between the siRNAs were obtained
by extending the passenger strand of the siRNA at its 3" end with flanking
HIV-1 derived sequences. We introduced multiple mutations in the passen-
ger strand of the e-shRNA to generate relatively weak G-U bp in the hairpin
stem (marked red in Fig. 1b). We introduced 3 G-U bp per shRNA unit, thus
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Figure 1. Design of e-shRNAs encoding 3 and 4 siRNAs. (a) The HIV-1 genome and
the position of target sequences for the original 21 bp shRNAs (shNef, shPol, shR/T and
shGag). (b) Structure of the e2-shRNA and the e-shRNAs encoding 3 or 4 siRNAs of 63,
66, 88 or 92 bp. The e3 and e4 constructs were made with mutations in the passenger
strand of the hairpins (indicated in red), which results in destabilizing G-U bp in the
hairpin stem. The guide strand sequences are marked in colors.

yielding a total of 9 G-U bp in e3-shRNA and 12 G-U bp in e4-shRNA. This
G-U bp modification has been shown to avoid IFN induction, to improve the
stability of the plasmid in E. coli and to allow sequencing of stem-loop struc-
tures (23,44). Importantly, introduction of G-U bp does not negatively affect
the RNAI efficacy (44).

RNAi activity of the antiviral e-shRNAs

To evaluate the suppressive activities of the novel e3 and e4-shRNA con-
structs, we co-transfected HEK 293T cells with an increasing amount of these
inhibitors together with a fixed amount of a luciferase reporter construct with
the respective target. As positive controls, we transfected the original sShRNAs:
shNef, shPol, shR/T, shGag and the e2-shRNA inhibitor e2-43. As negative
controls, we included the unrelated plasmid pBluescript (pBS) and the control
hairpin construct SCR that harbors the scrambled sequence of e2-43. The
renilla luciferase expression plasmid was included to control for transfection
efficiency. Firefly and renilla luciferase expression was measured two days
post-transfection and the ratio was used to calculate the relative luciferase ac-
tivity. The firefly/renilla ratio in the presence of pBS was set at 100%.
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Figure 2. RNAI activity of the different siRNAs produced by e-shRNAs. Luciferase
reporter constructs encoding 50-nt HIV-1 sequences (a) Luc-nef, (b) Luc-pol, (c) Luc-r/t
and (d) Luc-gag, the e-shRNA variants and the renilla luciferase expression plasmid (pRL)
were co-transfected into HEK 293T cells. Two days post-transfection, firefly and renilla
luciferase expression levels were determined and the ratio was plotted as relative lucif-
erase activity. Luciferase expression in the presence of the pBS control was set at 100%. A
scrambled hairpin (SCR) was used as a negative control and the original shRNAs (shNef,
shPol, shR/T and shGag) were included as positive controls. Bars represent the average
values from five independent transfections and error bars show the standard deviation.
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We first focus on the activity of the bottom shNef unit that is present in all
e-shRNA designs. The e-shRNAs encoding two and three siRNAs (e2-43, e3-63
and e3-66) were equally active as the original shNef inhibitor on the Luc-nef
reporter (Fig. 2a). These results indicate that the first siRNA from the base of
the e-shRNAs encoding two and three siRNAs is produced and functional. In
contrast, the e4-88 and e4-92 constructs showed a significantly reduced inhibi-
tion of Luc-nef expression. Similar results were obtained when the e-shRNA
constructs were tested on the Luc-pol reporter construct for the second shRNA
unit (Fig. 2b). Equally efficient luciferase knockdown was observed for e2-43
and the original shPol inhibitor, indicating that the production of the second
siRNA in this e-shRNAs is equally efficient as in the original ShRNA construct.
However, the production of the second siRNA targeting the pol gene seems
slightly impaired for the e3-shRNAs, e3-63 and e3-66, and even more for the e4
constructs e4-88 and e4-92. On the Luc-r/t reporter, which was used to deter-
mine the activity of the third siRNA in the novel e-shRNAs, we observed good
inhibition of luciferase expression by e3-63 and e3-66 that is comparable to the
activity of shR/T (Fig. 2c). In fact, e3-66 showed an increased knockdown of
luciferase expression compared to e3-63, indicating that the addition of 3 bp
improved the processing and/or activity of the top siRNA. Minimal knock-
down of Luc-r/t expression was observed for the e4-88 and e4-92 constructs.
We also tested the activity of the fourth siRNA encoded by e4-88 and e4-92 on
the Luc-gag reporter construct (Fig. 2d). Consistent with the previous results,
hardly any RNAIi activity was measured. These combined results indicate that
effective e3-shRNAs can be build with a stem length of up to 66 bp. The addi-
tion of a fourth shRNA unit as in e4-88 and e4-92 has a general negative impact
on all four units, including the shRNA at the base of the hairpin.

RNAi activity of IhRNAs with different hairpin stem length
targeting a consecutive target sequence

To test whether the length of the hairpin stem is the cause of the reduced RNAi
activity, we also constructed IhRNA constructs of 66, 88 and 92 bp in size (Fig.
3a). These hairpins were designed to contain an active siRNA sequence at the
base of the hairpin, which is extended by adding consecutive HIV-1 sequenc-
es. We made two IhRNA sets with the siRNA sequence of shNef or shR/T at
the base of the hairpin (IhNef and 1hR/T). Theoretically, these constructs can
produce three (66 bp) and four (88 and 92 bp) siRNAs that target adjacent
regions of the HIV-1 RNA genome. In contrast to the e-shRNA design, we only
know up front that the siRNA at the base of the hairpin represents a potent
inhibitor. We again introduced point mutations in the passenger strand to gen-
erate G-U bp in the hairpin stem that facilitate cloning and sequencing (Fig. 3a).

To quantify the RNAI activity of these hairpins, we co-transfected HEK 293T
cells with an increasing amount of INRNA constructs and a fixed amount of
the corresponding luciferase reporter. Two days post-transfection, firefly and
renilla luciferase expression was measured and the ratio was used to calculate
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the relative luciferase activity. The RNAI activity of IhNef showed a slight
decrease when the hairpin stem length was extended from 66 bp to 88 or 92
bp (Fig. 3b). The lIhR/T showed a stronger reduction in luciferase knockdown
with increasing stem length. In general, only the lnRNAs of 66 bp showed an
RNAI activity that is comparable to that of the original shNef and shR/T in-
hibitors (Fig. 3b).

To summarize the data obtained for the e-shRNA and IhRNA constructs, we
plotted the relative luciferase activity of the base shRNA against the hairpin
stem length (Fig. 4). A general trend is that a reduction in RNAi activity is ob-
served when the hairpin stem length exceeds 66 bp. These results suggest that
there are also strict limitations to the length of active e-shRNAs and IhRNAs.

Inhibitory effect of each siRNA derived from the e-shRNAs

Several recent reports indicate that Dicer-mediated processing of InRNAs may
not be equal along the hairpin stem and that Dicer favors the production of
siRNAs from the base of the hairpin stem (27,29,45,46). This may create a gra-
dient of siRNA activity from the base (very active) to the top (poorly active).
To see whether this also holds true for the e-shRNA design, we summarized
the data obtained in the luciferase assays (Table 1). We observed similar knock-
down efficiencies for the two siRNAs in the e2-43 hairpin when compared to
the relative activities of the original shRNAs. For e3-63 and e3-66, shNef activ-
ity from the base of the hairpin was equal (8.7 and 8.6%, Table 1). For e3-63,
we measured a gradient of siRNA production with the highest RNAi activity
for the siRNA at the base and a gradual reduction in RNAIi activity for the
second and third siRNA towards the loop of the hairpin when compared to
the shRNA controls. The optimized e3-66 construct resulted in enhanced ac-
tivity of the second and third siRNA, resulting in a comparable RNAi activity
as measured for the individual shRNAs. As already mentioned, further exten-

Table 1. Differential siRNA activity along the e-shRNA stem.

Relative luciferase
expression (%)

SIRNA Construct
position shRNA e2-43 e3-63 e3-66 e4-88 e492
Base
Nef 4.9 4.6 8.7 8.6 44.6 47.6
Pol 7.9 6.0 18.8 8.8 46.6 35.2
R/T 25.5 39.7 20.7 57.2 59.5
Gag 4.9 64.2 79.6
Top

Abbreviations: shRNA, short hairpin RNA; siRNA, small interfering RNA.
Luciferase expression without inhibitor is set at 100%.
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Figure 3. RNAI activity of InRNAs of different hairpin stem length. (a) Design of two
sets of InRNAs targeting a consecutive sequence of the HIV-1 nef and r/t gene of 66, 88
and 92 bp in length (IhNef and 1hR/T). The shRNA targeting nef and r/t is placed at the
base of the hairpin and is marked in green or purple, respectively. Mutations were intro-
duced in the passenger strand of the hairpin (indicated in red) to create G-U bp in the
hairpin stem (b) HEK 293T cells were co-transfected with the InRNA constructs, the cor-
responding Luc-nef or Luc-r/t reporter and pRL. Two days post-transfection luciferase
activities were measured and used to calculate the relative luciferase expression (firefly/
renilla ratio). Luciferase expression in the presence of pBS was set at 100%. A scrambled
hairpin (SCR) was used as negative control and the original shRNA, shNef or shR/T, as
positive control. Bars represent the average values from five independent transfections
and error bars show the standard deviation.
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sion of the hairpins to 88 or 92 bp resulted in reduced knockdown of luciferase
expression. We observed modest RNAI activity for the first three siRNAs and
hardly any knockdown for the fourth siRNA. Thus, we observed a decrease in
RNAI activity from the base to the top of the hairpin, which is consistent with
previous studies (27,29,45).

Processing of e-shRNAs and IhRNAs into siRNAs

We next studied whether the differences in silencing activity of the units
within the e-shRNA constructs correlated with their ability to be processed
into functional siRNAs. For comparison, we also included the hnRNAs against
nef and r/t sequences. We transfected HEK 293T cells with the hairpin RNA
constructs and examined siRNA production by Northern blotting. To detect
siRNAs, we used 5" end-labeled 19-nt LNA probes that are complementary to
the guide strand of the siRNA nef, pol, r/t and gag.

A fair amount of fully processed siRNAs against nef, which is derived from
the base of the e-shRNAs, was detected for e2-43, e3-63 and e3-66 (Fig. 5, top
panel). The original shNef was used as a positive control. A remarkable de-
crease in siRNA production was detected for the e-shRNAs encoding four
siRNAs (e4-88 and e4-92). This result correlates well with the reduced RNAi
activity of these constructs. A similar picture was obtained using the probe
that detects the second siRNA against HIV-1 pol. Slightly less siRNAs were
produced by e2-43, e3-63, e3-66 compared to the shPol control, but an obvious
reduction in siRNA production was apparent for e4-88 and e4-92. A small re-
duction in siRNA production was apparent for the e3-shRNAs compared to
the e2 constructs. For the third siRNA R/T, a more complex picture was ob-
served. The amount of siRNA produced by all e-shRNAs is much reduced
compared to the shR/T control. Nevertheless, it is clear that e3-66 is more ef-
ficiently processed than e3-63, e4-88 and e4-92, which is fully consistent with
the measured RNAI activities. The gag probe that should detect the top siRNA
of the e4-shRNAs constructs did not yield any signal, whereas a fair siRNA
signal was detected for the shGag control (Fig 5. lower panel).

For the IhRNA designs targeting Nef of 66, 88 and 92 bp, we detected an ap-
proximate steady level of siRNA from the base of the hairpin (Fig. 5, top panel).
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Figure 5. Northern blot analysis of the e-shRNAs derived siRNAs. Total RNA was
purified from HEK 293T cells transfected with the indicated e-shRNAs and IhRNAs
and 10 pg was used to detect siRNAs against nef, pol, r/t and gag with 19-nt comple-
mentary LNA oligonucleotide probes. As negative controls, the pSUPER vector (ctr)
and unrelated shRNAs were used. The original sShRNAs were used as positive controls,
showing the processed ~22 nt siRNA. Precursor hairpin RNAs are indicated by asterisks.
Bands that correspond to siRNAs are indicated by arrows. Ethidium bromide staining of
the 5S rRNA band is shown below each panel as a control for equal sample loading. M
represents the RNA size marker (in nt) and the probe name is indicated next to the blot.

These results are consistent with the luciferase knockdown experiments in
which we measured only a slight decrease in RNAi activity when the hairpin
stem length is extended from 66 bp to 88 or 92 bp. In contrast, the InRNAs
against the R/T region showed a strong reduction in siRNA production and
RNAI activity with increasing stem length, suggesting that the magnitude of
activity loss due to increased stem length may vary for different hairpins.

The e-shRNAs and IhRNAs do not induce the IFN response

To test whether the e-shRNAs induce the IFN response, we performed
RT-PCR analyses for markers of the IFN pathway on transfected HEK 293T
cells. Expression of the e3 and e4-shRNA constructs at the efficacious dose did
not result in an upregulation of IFN-3, OAS, RIG-I, ISG56, STAT1 and MxA
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Figure 6. The e-shRNA and IhRNA transcripts do not induce the interferon response.
Total RNA was purified from HEK 293T cells transfected with (a) e-shRNAs and (b)
IhRNAs at an efficacious dose. The IFN-f3, OAS, RIG-I, ISG56, STAT1 and MxA expres-
sion levels were determined by RT-PCR. (3-actin mRNA expression serves as an internal
control. We included poly I:C transfected cells as positive control. As negative controls,
cells were Mock transfected or with the pSUPER vector (ctr). We also performed a
control PCR reaction on RNA extracts derived from poly I:C transfected cells that were
not subjected to reverse transcription. Either the 200 or 400 bp lane of the SmartLadder
(M) (Eurogentec) is shown as size reference.

mRNAs in HEK 293T cells (Fig. 6a). We measured the {3-actin mRNA levels
as a control. As a positive control for IFN induction, HEK 293T cells were
transfected with poly I:C, a synthetic double-stranded RNA that simulates a
viral infection. Cells transfected with poly I:C caused an upregulation of IFN-
related mRNAs, indicating that these cells are able to activate an innate IFN
response. We performed the same analysis for the IhNef and 1hR/T constructs,
which also did not trigger the IFN response (Fig. 6b).

Efficient inhibition of HIV-1 production by e3-shRNAs

Among the novel e-shRNA designs, the e3-shRNAs e3-63 and e3-66 showed
potent RNAi activity against all three HIV-1 target sites. We next tested
whether these hairpins are indeed potent HIV-1 inhibitors. To quantify the
antiviral effects of these hairpins we co-transfected the HIV-1 molecular clone
LAI with an increasing amount of e3-63 and e3-66 into HEK 293T cells. Two
days post-transfection, capsid p24 (CA-p24) levels in the culture superna-
tant were measured as an indicator of virus production. CA-p24 levels were
normalized to the renilla luciferase expression of the co-transfected control
plasmid. Virus production in the presence of the empty vector was set at 100%.
We measured a potent knockdown of HIV-1 production with e3-63 and e3-66
(Fig. 7a). At the lowest concentration, it is apparent that e3-66 is more efficient
than e3-63. These e3-shRNAs show similar or better inhibition of virus pro-
duction than the original sShRNAs. The scrambled hairpin (SCR) that was used
as a negative control was not able to inhibit HIV-1 production, indicating that
virus suppression by the e-shRNAs is sequence-specific. For the IhR/T of 92 bp
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hardly any knockdown of HIV-1 production was measured, providing further
evidence that hairpin RNAs exceeding 66 bp are not efficient RNAi inducers.

To examine the potency of the e-shRNAs compared to shRNAs, we performed
co-transfection experiments in which we carefully titrated the amount of
hairpin RNA constructs (Fig. 7b). In general, more potent inhibition was ob-
served for the e2 and e3-shRNAs compared to the individual shRNAs. In fact,
the highest knockdown efficiency was observed for the e2-shRNA. This may
relate to the optimal expression and silencing activity of the second siRNA
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Figure 7. Inhibition of wild-type and mutant HIV-1 variants by e-shRNAs. (a) HEK
293T cells were co-transfected with the HIV-1 molecular clone pLAI, pRL and increas-
ing amounts of e3-shRNA constructs. Two days post-transfection, HIV-1 production was
measured by CA-p24 quantification in the culture supernatant. CA-p24 levels were nor-
malized for renilla expression; virus production with the pSUPER vector (ctr) was set at
100%. The original shRNAs were used as positive controls. The scrambled hairpin (SCR)
served as negative control. (b) Inhibition of HIV-1 production by e-shRNAs at low con-
centrations. Transfections were performed as described for panel a, but now including
the e2-design and we used reduced shRNA concentrations to carefully examine their
potency. The scrambled hairpin and pBS served as negative control. (c) Inhibition of
RNAi-escape viruses by e-shRNAs. Sequence of the L2, L3, L6 and L7 HIV-1 variants
that contain mutations in the R/T siRNA target region. Inhibition of CA-p24 expression
was determined as described above. The mean values and standard deviations are based
on three independent experiments.
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against Pol of e2-shRNA versus both e3 constructs (Fig. 5 and 2, respectively).
However, the e3-shRNA seems more attractive as anti-escape therapeutic
because it targets three different sites in the HIV-1 genome.

To test the importance of targeting multiple sites as anti-escape approach,
we tested the ability of the e-shRNAs to inhibit RNAi-escape mutants L2, L3,
L6 and L7 with single or double point mutations in the viral target sequence
(Fig. 7c). Such mutations were previously observed in a large scale HIV-1
escape study (16). The three shRNA controls show the expected pattern. The
shNef and shPol inhibitors do potently suppress production of the R/T-escape
viruses, but the shR/T inhibitor looses its activity on all R/T-escape variants.
The e2-shRNA does not encode siRNA against R/T and is thus also not sensi-
tive to mutations in the R/T target. The siRNA against R/T is encoded at the
top of both e3 constructs, but we nevertheless measured potent inhibition of
all R/T escape viruses. This inhibition is obviously due to the activity of the
other two siRNA units of the e3 molecules. These results show the importance
of targeting multiple sites to avoid the emergence of viral escape.

HIV-1 replication is suppressed in cells expressing e3-66

To follow long-term inhibition of virus replication by the e3-66 transcript, we
transduced SupT1 T cells with a lentiviral vector (JS1) expressing the e3-66
hairpin or the control shNef. The titer of the e3-66 lentiviral vector was very
poor, which is likely caused by the presence of Nef target sequences in the
vector backbone (47). We were able to overcome this problem by saturation of
the RNAi machinery in the producer cell with an excess of unrelated shRNAs
(48). Transduced SupT1 cells were selected by FACS sorting for GFP expres-
sion. The cells were subsequently expanded and infected with HIV-1. Cells
transduced with the empty JS1 vector were used as a negative control. Virus
replication was followed for 49 days by monitoring the CA-p24 level in the
culture supernatant. Virus replication and virus-induced cytopathic effects
were observed in cells expressing the empty JS1 lentiviral vector at day 20 (Fig.
8a, left panel). At day 35, virus replication was also observed in the shNef cells,
however virus replication was not observed for the cells expressing the potent
inhibitors shPol, shR/T and e3-66. When we used a high amount of challenge
virus, we observed virus replication and virus-induced cytopathic effects in
cells expressing the empty JS1 lentiviral vector already at day 6 (Fig 8a, right
panel). At day 16, virus replication was observed in the cells expressing shNef,
whereas virus replication is inhibited for 49 days in the cells expressing e3-66.
Eventually viral breakthrough occurred in these cells. The finding that HIV-1
is controlled significantly longer in cells expressing the e3-66 hairpin com-
pared to those expressing shNef suggests that the second and third siRNA
contribute to the virus inhibition by the e3-66 construct. We performed clonal
sequencing of the viruses that appeared in the e3-66 expressing cells to deter-
mine if these represent true escape variants. The three target sequences were
analyzed. We detected G-to-A mutations at position 8 and 13 of the Nef target
(Fig. 8b). In addition, one clone contained a big deletion of 312 nt in the Nef



Chapter 3

region, which includes 17 nt of the Nef target. One clone contained a T-to-C
point mutation at position 15 in the Pol target. For the R/T target region we de-
tected a single clone with an A-to-G point mutation at position 13 of the target.
We also detected a T-to-C point mutation 1 nt upstream of the target sequence.
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Figure 8. Suppression of HIV-1 replication in e3-66 expressing T cells. SupT1 cells were
transduced with the lentiviral vector encoding e3-66 or shNef. The empty JS1 vector was
used as a negative control. (a) Transduced GFP-positive cells were selected by sorting
and infected with low (left panel) and high (right panel) virus input. Virus replication
was monitored for 49 days by measuring CA-p24 in the culture supernatant. (b) Clonal
sequencing reveals the genetic alterations in the three target regions in different viral
clones.
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Discussion

Previous studies showed that RNAi induced against HIV-1 via stable sShARNA
expression can efficiently suppress viral replication (10-12). However, the
impact of a single shRNA inhibitor is not sufficient, because of the rapid emer-
gence of RNAi-resistant virus variants with a mutation in the target sequence
(13-15). To prevent the onset of HIV-1 escape, a combinatorial RNAi ap-
proach is required in which the virus is targeted simultaneously with multiple
siRNAs. We previously generated e2-shRNAs that encode two potent siRNAs
against different HIV-1 sequences (32). Based on this e2-shRNA design we
now build e3 and e4-shRNAs that encode three and four siRNAs, respectively.
We included mutations in the passenger strand of the e3 and e4-shRNAs to
obtain relatively unstable G-U bp in the hairpin. This G-U design facilitates
cloning and sequencing of the hairpin encoding inverted repeats, without neg-
atively affecting the hairpin’s RNAI activity (23,44).

We showed that the e4-shRNAs have reduced RNAi activity compared to the
e3-shRNAs. The same length effect was observed for InRNAs that target a con-
secutive viral target sequence. In agreement with our results, previous reports
also suggested that hairpin transcripts have an upper size limit for effective
production of multiple, functional siRNAs (27,45). In general, the hairpins
seem to lose activity when they get larger than approximately 66 bp. North-
ern blot analyses showed a coinciding decrease in siRNA production from
the e4-shRNAs. This decrease in siRNA production could be due to reduced
e4-shRNA expression, diminished stability, hampered nuclear export or poor
processing into functional siRNAs. In the latter case, more precursor tran-
scripts or intermediately processed products should have been observed on
Northern blot, which was not the case. These combined results indicate that
the reduced RNAI activity of the e4-shRNAs is due to diminished expression
and/or stability. Diminished expression of the longer hairpin RNA transcripts
could be related to the use of the H1 pol IIIl promoter. It could be that the e4-88
(~187 nt) and e4-92 (~195 nt) hairpin transcripts are less efficiently transcribed
by this promoter. In this case, other promoters could be tested, for example:
the strong and ubiquitous pol II promoter of the human U1 small nuclear RNA
(snRNA) (20,49).

Another possibility for the inactivity of the e4-transcripts is that the wrong
strand of the siRNA, the passenger strand, is selected for incorporation into
RISC. To test this, we performed Northern blot analyses with probes that
detect the passenger strand, but did not detect increased passenger strand
expression for the e4-shRNAs compared to the e2 and e3-shRNAs (results not
shown).

We succeeded to generate an e3-66 molecule that produces three active
siRNAs, where our previous hairpin stacking attempts stopped at two siRNAs
(32). By size optimization, more specifically the addition of 3 bp to e3-63, the
processing of the top siRNA was activated in e3-66. We observed a gradient
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of siRNA production from the base towards the top of the hairpin. We com-
pared the potency of the e-shRNAs compared to the shRNAs to inhibit HIV-1
production. In general, we observed more potent inhibition for the e2 and e3-
shRNAs than the individual shRNAs. Overall, we measured optimal HIV-1
inhibitory activity of the e2 design, but the advantage of €3 molecules against
an evolving viral target is that the selection of escape-variants is more difficult.
For RNAI inhibition of static cellular mRNAs, the e2 design seems optimal. In
case, an even more complete gene knockdown is required, it would seem pref-
erential to use two e2 molecules in a combinatorial RNAi approach (17,18).

We previously showed that combinatorial RNAi using four separate shRNA
expression cassettes efficiently prevents the chance of HIV-1 escape from RNAi
(20). This approach requires the use of different pol III promoters to prevent
the loss of individual shRNA expression cassettes from the lentiviral vector
via homologous recombination. The e-shRNA design aimed to provide com-
binatorial RNAi from a single expression cassette. HIV-1 replication is sup-
pressed for more than 7 weeks in cells that stably express the e3-66 hairpin,
whereas viral breakthrough is readily apparent for the single shNef control.
Nevertheless, virus replication was observed in the cells expressing e3-66
when a high amount of challenge virus was used. These results illustrate the
effectiveness of the e3-shRNA design in providing durable HIV-1 inhibition
compared to the shNef. These data indicate that the expression of the second
and third siRNA from the e3-66 hairpin does significantly contribute to the
observed virus inhibition. To further optimize the e3-66 hairpin design, we
should place a more potent shRNA at the base of the hairpin since shNef is at
most a modest inhibitor. An important advantage of the e3-shRNA design is
that it causes only a modest reduction in the lentiviral vector titer, whereas the
titer of the four shRNA vector is much reduced (20). The ability to obtain high
lentiviral vector titers is critical for the clinical development of a gene therapy.

We performed clonal sequencing of the viruses that appeared in the e3-66 ex-
pressing cells to determine whether genetic alterations were selected in the
target sequences. We found point mutations and a gross deletion in the Nef
target sequence. These genetic alterations likely do not impact on virus repli-
cation since the Nef protein is not required for viral replication in vitro. In ad-
dition, we found a silent point mutation in the Pol target that has also been de-
tected as a popular escape route in a large-scale evolution study (16). We also
detected point mutations in the R/T target. One mutation is in fact positioned
1 nt upstream of the R/T target, suggesting that siRNAs of variable lengths are
generated. Another mutation was located in the target region and was also
previously described as escape route, although this mutation causes an amino
acid change in both the Tat and Rev proteins (16). It is important to notice that
we only observed scattered escape mutations, as none of them became domi-
nant in the viral quasispecies. These results indicate that it is difficult for the
virus to develop full resistance to the e3-shRNA.
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Besides escape, another major challenge towards an effective anti-HIV therapy
is the need to target the vast number of different virus variants that are present
in the epidemic in an infected individual. Multiple e2 or e3-shRNA expres-
sion cassettes may provide the profound and broad inhibition that is required
to simultaneously block different HIV-1 variants. Another possibility is to
use multiple e3-shRNA expression cassettes to target HIV-1 and cellular co-
factors, which may result in an even more potent and durable inhibition. An
adverse effect of this approach is the increased chance of off-target effects or
saturation of the RNAi machinery. Future experiments in an appropriate in
vivo model should reveal whether multiple e-shRNAs can provide durable
HIV inhibition without toxicity (50).

In conclusion, we showed that stacked e-shRNA constructs have potential for
long-term inhibition of HIV-1 replication. However, there is an upper size limit
such that maximally three siRNAs can be generated from a single e-shRNA.
Moreover, we showed that a gradient of siRNA activity is observed along the
hairpin stem, with the most efficiently expressed siRNA from the base of the
hairpin. Importantly, we demonstrated that HIV-1 replication is durably in-
hibited in T cells expressing a stably integrated e3-shRNA expression cassette.
These results provide important insights for the use of e-shRNAs for a durable
inhibition of escape-prone viral pathogens. In addition, the e-shRNA design
may present a useful new research tool for the knockdown of multiple genes.
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Supplementary Table 1: The oligonucleotides, forward (f) and reverse (r), used for
cloning of the hairpin RNA constructs.

Name Sequence 523’

E3-63 1f | GATCCCCGGGATTGGAAGGGTTAGTTCACACGGGAGTAGATGATGCAGTATGTGGTAGG

E3-63 2f | AAGAGGCGGAGTTCAAGAGACTCCGCTTCTTCCTGCCATATACTGTATCATCTGCTC

E3-63 3f | CTGTGTGAATTAGCCCTTCCAGTCCCTTTTTGGAAA

E3-63 1r | AGCTTTTCCAAARAGGGACTGGAAGGGCTAATTCACACAGGAGCAGATGATACAGTATATGGCAGGAAGAAGCG
E3-63 2r | GAGTCTCTTGAACTCCGCCTCTTCCTACCACATACTGCATCATCTACTCCCGTGTGAACTAACCCTTCCAATCCCGGG

E3-66 1f | = E3-63 1f

E3-66 2f | AAGAGGCGGAGACATTCAAGAGATGTCTCCGCTTCTTCCTGCCATATACTGTATCATCTGCTC
E3-66 3f | = E3-63 3f

E3-66 1r | AGCTTTTCCARAAAGGGACTGGAAGGGCTAATTCACACAGGAGCAGAT

E3-66 2r | GATACAGTATATGGCAGGAAGAAGCGGAGACATCTCTTGAATGTCTCCGCCTCTTCCTAC
E3-66 3r | CACATACTGCATCATCTACTCCCGTGTGAACTAACCCTTCCAATCCCGGG

E4-88 1f | GATCCCCGGGATTGGAAGGGTTAGT TCACACGGGAGTAGATGATGCAGTATGTGGTAGGAAGAGGCGGAGACAGA
E4-88 2f | AGGAATGATGATAGTATGTCTTCAAGAGAGACATACTATCATCATTCCTTCTGTCTCCGCTTCTT

E4-88 3f | CCTGCCATATACTGTATCATCTGCTCCTGTGTGAATTAGCCCTTCCAGTCCCTTTTTGGAAR

E4-88 1r | AGCTTTTCCAAARAGGGACTGGAAGGGCTAATTCACACAGGAGCAGATGATACAGTATATGGCAGGAAGAAGCGGAGACA
E4-88 2r | GAAGAAATGATGACAGCATGTCTCTCTTGAAGACATACTATC

E4-88 3r | ATCATTCCTTCTGTCTCCGCCTCTTCCTACCACATACTGCATCATCTACTCCCGTGTGARCTAACCCTTCCAATCCCGGG

E4-92 1f | = E4-88 1f

E4-92 2f | AGGAATGATGATAGTATGTCAGGGTTCAAGAGACCCTGACATACTATCATCATTCCTTCTGTCTCCGCTTCTT
E4-92 3f | = E4-88 3f

E4-92 1r | = E4-88 1r

E4-92 2r | GAAGAAATGATGACAGCATGTCAGGGTCTCTTGAACCCTGACATACTATC

E4-92 3r | = E4-88 3r

66Neff | GATCCCCGGGATTGGAAGGGTTAGT TCACTCTCAATGAAGACAGGATGTCCTTGGTCTGTGGGTCTATCACGCTTCAAGAGA
66Nefr | TCTCTTGAAGCGTGATAGACCCACAGACCAAGGACATCCTGTCTTCATTGAGAGTGAACTAACCCTTCCAATCCCGGGGATCTCCT

88Nef 1f | AGGAGATCCCCGGGATTGGAAGGGTTAGTTCACTCTCAATGAAGACAGGATGTCCTTGGTCTG

88Nef 2f | TGGGTCTATCACGCACAAGGTTGCTTCCTTGGTTGGTTCAAGAGA

88Nef 1r | CCCTTCCAATCCCGGGGATCTCCT

88Nef 2r | TCTCTTGAACCAACCAAGGAAGCAACCTTGTGCGTGATAGACCCACAGACCAAGGACATCCTGTCTTCATTGAGAGTGAACTAA

92Nef 1f | = 88Nef 1f

92Nef 2f | TGGGTCTATCACGCACAAGGTTGCTTCCTTGGTTGGCAGATTCARGAGA

92Nef 1r | = 88Nef 1r

92Nef 2r | TCTCTTGAATCTGCCAACCAAGGAAGCAACCTTGTGCGTGATAGACCCACAGACCAAGGACATCCTGTCTTCATTGAGAGTGAACTAA

66R/T 1f | GATCCCCATGGCAGGGAGAGGCGGAGGCAGTGACGARGGCCTTCTCAAGGTAGTTAGACTCGTCGAGTTTCTCTTCAAGAGA
66R/T 1r | TCTCTTGAAGAGAARCTCGACGAGTCTAACTACCTTGAGAAGGCCTTCGTCACTGCCTCCGCCTCTCCCTGCCATGGGGAGATCTCCT

88R/T 1f | AGGAGATCCCCATGGCAGGG GGCGGAGGCAGTGACGAAGGCCTTCTCAAGGT

88R/T 2f | AGTTAGACTCGTCGAGTTTCTTTATTAAAGCGGTGAGTAGTGCATTCAAGAGA

88R/T 1r | TCACTGCCTCCGCCTCTCCCTGCCATGGGGAGATCTCCT

88R/T 2r | TCTCTTGAATGCACTACTCACCGCTTTAATAAAGAAACTCGACGAGTCTAACTACCTTGAGAAGGCCTTCG

92R/T 1f | = 88R/T 1f

92R/T 2f | AGTTAGACTCGTCGAGTTTCTTTATTAAAGCGGTGAGTAGTGCATGTATTCAAGAGA

92R/T 1r | TCACTGCCTCCGCCTCTCCCTGCCATGGGGATCTCCT

92R/T 2r | TTTAATAAAGAACTCGACGAGTCTAACTACCTTGAGAAGGCCTTCGTCACTGCCTCCGCCTCTCCCTGCCATGGGGATCTCCT

Bold nucleotides indicate the mutations introduced in the passenger strand.
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