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The expression of short hairpin RNAs (shRNAs) in cells has
many potential therapeutic applications, including as a func-
tional cure for HIV. The RNA polymerase III promoters H1,
7SK, and U6 have all been used to express shRNAs. However,
there have been no direct and simultaneous comparisons of
shRNApotency, expression level, and transcriptional profile be-
tween the promoters. We show that the 7SK and U6 promoters
result in higher shRNA levels and potency compared to the H1
promoter but that in transduced T lymphocytes, higher expres-
sion levels can also lead to growth defects. We present evidence
that Dicer cleavage of shRNAs is measured from the first base
pair in the shRNA stem, rather than from the 50 end as previ-
ously shown for structurally related microRNAs. As a result,
guide-strand identity was unaffected by variations in 50 tran-
scription start sites among the different promoters, making
expression levels the main determinant of shRNA potency.
While all promoters generated shRNAs with variable start sites,
the U6 promoter was the most accurate in using its intended +1
position. Our results have implications for the development of
therapeutic small RNAs for gene therapy and for our under-
standing of how shRNAs are processed in cells.
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INTRODUCTION
Combination antiretroviral therapy (cART) used to treat human im-
munodeficiency virus type 1 (HIV-1) infection involves a cocktail of
several drugs targeting HIV-1 reverse transcriptase (RT), protease, in-
tegrase, and cellular entry receptors.1 However, cART cannot clear an
infection and is associatedwithmultiple short-termand long-term side
effects.2 Alternative treatments for HIV-1 infection that do not require
chronic and lifelong drug administration are extremely desirable. Anti-
HIV-1 RNAmolecules, expressed from a gene introduced into patient
cells, provide an alternative approach to treat the infection,with thepo-
tential to provide long-termcontrol ofHIV-1 replication.3–7 The goal is
to confer cellular resistance to the virus, resembling the cases of theBer-
lin and London patients where a hematopoietic stem cell (HSC) trans-
plant from a donor harboring a homozygous 32 base pair deletion in
the CCR5 gene conferred resistance to HIV and cured the infec-
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tion.8–10 HSCs are the ultimate target of gene therapy as they would
provide long-term inhibition of viral replication by allowing all future
differentiatedHIV-1 target cells to carry the viral resistance phenotype.
This could be accomplished by using lentiviral vectors to transduce
HSCs ex vivo with antiviral genes and then transplanting the cells
back into the patient.4,11–14 Antiviral small RNAs are among the top
candidates for gene therapy. They include short hairpin RNAs
(shRNAs), ribozymes, RNA decoys, RNA aptamers, and U1 interfer-
ence RNAs.15–20 To ensure that these RNAs are expressed in an effi-
cient and safe manner, it is important that the promoters used to ex-
press them in cells are optimized to maximize antiviral effects and
minimize toxic effects.

In eukaryotic cells, three different types of RNA polymerase
(Pol) promoters exist and are recognized by an equal number of
RNA Pol enzymes. The interaction between enzyme and promoter
mediates transcription of protein-coding mRNAs, as well as a diverse
array of non-coding RNAs such as transfer RNAs (tRNAs), ribosomal
RNAs (rRNAs), and small nuclear RNAs (snRNAs). Specifically, the
Pol I promoters drive the transcription of most rRNAs, while the
Pol II promoters generate mRNAs from protein-coding genes and
some small RNAs such as snRNAs and microRNAs. Finally, the Pol
III promoters, which are separated into three types, transcribe exclu-
sively non-coding RNAs.21 The type 1 Pol III promoter transcribes the
5S rRNA gene while type 2 transcribes tRNA genes.22 Unlike type 1
and 2 Pol III promoters that contain part of their transcripts within
the promoter sequence, the type 3 Pol III promoters utilize a generally
specific +1 transcriptional start site just after the end of the promoter
sequence.23 The termination sequence for RNA Pol III is a stretch of
several thymidines (Ts) that results in a variable tail of one to six
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uridines (Us) on the 30 end of the transcript.24 The type 3 Pol III pro-
moters are most suited for expressing artificially designed small RNAs
that require a defined 50 and 30 end, because they are the only human
promoters that do not result in the addition of longer extraneous RNA
sequences from the transcription start and/or termination signals.
Commonly used type 3 Pol III promoters include the U6, H1, and
7SK promoters, which express the U6 snRNA, the RNase P RNA,
and the 7SK RNA, respectively.

Several studies have investigated the activity of shRNAs when ex-
pressed from the different Pol III promoters. However, the results
have not been consistent, with three studies showing that the U6 pro-
moter produces more active shRNAs compared to the H1 pro-
moter,25–27 another study showing the H1 promoter produces more
active shRNAs compared to theU6 and 7SK promoters,28 and another
study showing no difference in the activity of four different shRNAs
expressed from the H1, U6, or 7SK promoters.29 Furthermore,
although it is expected that the type 3 RNA Pol III promoters would
drive the expression of shRNAs from their intended +1 start sites,
recent evidence demonstrates that this is not always the case. For
example, one study showed that the initiation site of transcription
from human and mouse U6 promoters is affected by the surrounding
sequence.30 Further investigations have elaborated on this to identify
how the precise nucleotide (nt) sequence around the +1 position af-
fects the transcriptional efficiency of the Pol III promoters, as well as
which exact nt position is used as the transcriptional start site.31 Accu-
rate expression of designed small RNAs is critical for them to perform
their function and to limit potential off-target effects from unintended
transcripts. In the case of shRNAs, their processing by the RNA inter-
ference (RNAi) machinery takes place at specific nt positions. Since it
has been shown that the humanDicer endonuclease processes double-
stranded RNAs by measuring ~22 nt downstream of the 50 end, vastly
different RNA molecules could arise when transcription is altered by
even a single nt position.32,33 Having defined start sites for the tran-
scription of ribozymes, decoys, aptamers, and clustered regularly in-
terspaced short palindromic repeats (CRISPR) nuclease guide RNAs
is also important for these molecules to function properly.34,35

We have previously shown that an shRNA targeting a conserved
sequence in HIV-1 RNA coding for the Gag polyprotein can inhibit
viral replication from diverse HIV-1 strains.17 This shRNA targets a
site that begins at nt position 1,498 of HIV-1 NL4-3 DNA and was
called sh1498. So far, the only shRNA-targeting HIV-1 RNA that
has entered clinical trials targets the tat/rev coding region,4,36 and
its target site begins at nt position 5,983 of HIV-1 NL4-3 DNA. In
our previous study, we denoted this tat/rev shRNA as sh5983 and
identified a similar anti-HIV-1 potency when compared to sh1498 us-
ing the H1 promoter to drive the expression of both shRNAs.17 In this
study, we have used the same plasmid backbone (psiRNAGreen Fluo-
rescent Protein :: Zeocin (GFP::Zeo), InvivoGen) to directly compare
the antiviral potency of sh1498 and sh5983 when expressed from the
promoters H1, U6, and 7SK. As the design of vectors with the H1 and
U6 promoters included eight nt from the 7SK sequence directly up-
stream of the intended transcription start site, we also generated plas-
mids with the natural H1 and U6 sequences at these positions. Our
results show that the U6 and 7SK shRNA cassettes are more potent
compared to the H1 shRNA cassettes and that this correlates with
the expression level of the shRNAs. We also show that changing
the eight nt upstream of the transcription start site from the 7SK
sequence to the natural H1 and U6 sequences does not enhance the
cassette’s potency and for the H1 promoter leads to a slight decrease
in potency. Finally, by RNA sequencing (RNA-seq) analysis, we iden-
tify differences in transcriptional profiles of shRNAs expressed from
the different promoters, particularly in the transcriptional start site.
Usage of the expected +1 transcriptional start site was most accurate
from the U6 promoter, while the accuracy in using this site from the
7SK and H1 promoters was variable based on the specific molecule
being transcribed.

RESULTS
Anti-HIV-1 shRNAs are more potent when expressed from the

7SK and U6 promoters compared to the H1 promoter

To evaluate whether the promoter used to express anti-HIV-1 RNAs
affects the antiviral activity of these molecules, we expressed the
sh1498 and sh5983 molecules from the H1, U6, and 7SK promoters.
To rule out nonspecific activity of the shRNAs contributing to the in-
hibition of HIV-1 production, we also evaluated a non-sense shRNA
(shNS) that does not target HIV-1 RNA. The ability of the shRNAs to
suppress HIV-1 production was measured after co-transfections with
HIV-1 molecular clone pNL4-3 and each plasmid construct in paral-
lel with the corresponding empty plasmid, psiRNA-H1GFP::Zeo,
psiRNA-7SKGFP::Zeo, or psiRNA-U6GFP::Zeo. Relative HIV-1 pro-
duction was estimated by measuring the activity of HIV-1 RT in the
cell supernatants normalized to RT activity in the supernatants of
cells co-transfected with the empty psiRNA vectors (Figure 1). The
shRNAs expressed from theH1 promoter had a 50 % inhhibitory con-
centraion (IC50) between 0.5 and 5 ng (Figure 1A) while the IC50 of
the shRNAs expressed from both the 7SK and U6 promoter were
about 10-fold lower, between 0.05 and 0.5 ng (Figures 1B and 1C).
These results indicate that the 7SK and U6 shRNA cassettes are
more potent compared to the H1 shRNA cassettes. HIV-1 production
was not significantly affected by the presence of shNS when expressed
from any promoter (Figures 1A–1C) and there were no major differ-
ences in HIV-1 production in cells co-transfected with the different
empty plasmids (Figure S1).

Anti-HIV-1 shRNAs expressed from the different Pol III

promoters do not affect cell viability in HEK293T cells

To determine whether the differences in effects on HIV-1 production
were related to cytotoxicity, we measured cell viability in human em-
bryonic kidney 293T (HEK293T) cells using a water-soluble tetrazo-
lium salt (WST-1) metabolism assay 2 days after transfection of the
different shRNA expression vectors. shRNA cassettes were transfected
into HEK293T cells at 300 to 40,000 times their IC50 levels (0.05–5 ng;
Figure 1). WST-1 metabolism was normalized to the metabolism in
cells transfected with the empty psiRNA vectors. Cell viability was
not impaired at doses of up to 2 mg when the shRNAs were expressed
from any of the promoters (Figures 2A–2C), demonstrating that the
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Figure 1. Inhibition of HIV-1 production by anti-HIV shRNAs expressed from different promoters

(A–C) HEK293T cells were cotransfected with the HIV-1 molecular clone pNL4-3 along with one of the plasmids containing the RNA pol III H1 promoter (A), 7SK promoter (B),

or U6 promoter (C) and expressing a shRNA. Supernatants were collected 48 h post transfection, and virus production was estimated by measuring HIV-1 RT activity. Data

are expressed as a percentage of RT activity in cells cotransfected with the respective empty shRNA expression plasmid. Each data point represents the mean ± standard

error of themean (SEM) from at least two independent experiments with 2 replicates (n = 4–16). The effect of shRNAs on virus production is shownwhen expressed from each

RNA Pol III promoter. A two-way ANOVA with Bonferroni post test was used to compare means to means of empty vector transfected cells. Significance (*p < 0.05, **p <

0.01, ***p < 0.001) is shown for those data points that were significantly different.
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shRNAs are not cytotoxic when transfected at levels well above their
effective amounts in HEK293T cells. These results confirm that differ-
ences in the inhibition of HIV-1 production by the shRNAs expressed
from the different promoters is not a consequence of differences in
cytotoxicity.

The potency of anti-HIV-1 shRNAs is not improved when

expressed from Pol III promoters containing the complete

natural human sequences

shRNA expression plasmids are typically designed to include a restric-
tion site immediately before the intended +1 transcription start site to
1022 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
facilitate cloning of different shRNA sequences downstream of the
promoter (see Table S1 for the upstream sequences in some commonly
used vectors). However, the precise start site for transcription can be
affected by the surrounding nt sequence30,31 and these sequences
may also affect the transcription efficiency. The commercially avail-
able psiRNA plasmid (InvivoGen) used in this study contains the
7SK promoter, which happens to include a KpnI restriction site two
nt upstream of the +1 transcription start site. This KpnI site was
used by InvivoGen to replace the 7SK promoter with the H1 promoter
and by us to replace the 7SK promoter with the U6 promoter for this
study. As a result, both the U6 and H1 promoters contain eight nt of



Figure 2. shRNAs do not affect cell viability when expressed from RNA Pol III promoters

(A–C) HEK293T cells were transfected with 1.5–2 mg of plasmid containing the RNA Pol III H1 promoter (A), 7SK promoter (B), and U6 promoter (C) and expressing a shRNA.

Cell viability was quantified by measuring the metabolism of WST-1 48 h post transfection. Effect of shRNAs on cell viability is expressed as a percentage of WST-1

metabolism. Each data point represents themean ± SEM from at least three independent experiments with 1 or 2 replicates (n = 5–8). A two-way ANOVAwith Bonferroni post

test was used to compare means to means of empty vector transfected cells. No data points were significantly different (p < 0.05).
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the 7SK promoter sequence directly upstream of their intended +1
transcription start sites (Figure 3A). To evaluate whether the antiviral
potency of the shRNAs is affected by these eight nt, site-directedmuta-
genesis was used to change them to the natural H1 and U6 promoter
sequences, which we called the “humanized (h)” hH1 and hU6 pro-
moters (Figure 3A). Inhibition ofHIV-1 productionwasmeasured us-
ing HIV-1 RT activity following co-transfections of plasmid con-
structs expressing anti-HIV-1 shRNAs and HIV-1 pNL4-3. All data
were normalized to the empty psiRNA vectors at each dose. Interest-
ingly, the H1 shRNA cassettes with the 7SK sequence upstream of the
transcription start site weremore potent compared to the hH1 shRNA
cassetteswith the naturalH1 sequence (Figure 3B). The IC50s of theH1
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1023
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Figure 3. Antiviral effect of shRNAs when expressed from “humanized” promoters

(A) The KpnI sites upstream of the transcriptional start site were replaced by the natural promoter sequence. The effect of the molecules on HIV-1 production was measured

exactly as in Figure 1. (B and C) Antiviral potency of shRNAs was compared when expressed from promoters containing the KpnI site and “humanized” promoters for H1 (B)

and U6 (C). Each data point represents the mean ± SEM from at least two independent experiments with 1 or 2 replicates (n = 3–15). A nonlinear regression log (inhibitor)

versus response equation with least-square (ordinary) fit was applied to the log transformed data, and statistical significance between LogIC50s was determined using extra

sum-of-squares F test where p < 0.05 is considered not significant (ns).

Molecular Therapy: Nucleic Acids
shRNA cassettes were 0.24 ng for sh5983 and 0.59 ng for sh1498
compared to the IC50s of the hH1 shRNA cassettes, which were
4.75 ng for sh5983 and 2.49 ng for sh1498. In contrast, the IC50s of
the U6 shRNA cassettes were similar between the hU6 and U6 pro-
moters (Figure 3C).
1024 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
Expression levels of shRNAs from each Pol III promoter

correlates with their antiviral activity

We then hypothesized that the differences in antiviral potency of the
shRNA cassettes with the different Pol III promoters may be due to
differing efficiencies of transcription. To determine whether this is



Figure 4. The 7SK, U6, and hU6 promoters express higher levels of shRNA guide strands than the H1 and hH1 promoters

RNA harvested from shRNA-transfected HEK293T cells was migrated in a 15% polyacrylamide-urea gel. shRNA and 5S RNA were detected with 32P-labeled RNA probes

and band intensities were analyzed with Fiji software to generate numerical values from two independent experiments. (A–C) Intended guide-strand RNA expression levels

from the Pol III promoters is shown for sh1498 (A), sh5983 (B), and shNS (C). Each data point represents the mean ± SEM from two independent experiments (n = 2). An

unpaired two-tailed t test was used to compare the mean of 7SK gene-expression values to themean of the other promoters. Significance (*p < 0.05, **p < 0.01, ***p < 0.001)

is shown for gene-expression means that were significantly different compared to the 7SK gene-expression means.
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the case, we recovered RNA from the transfected cells and measured
the expected shRNA guide strands by northern blot. The relative
expression level of shNS, sh5983, and sh1498 when expressed by
the different Pol III promoters was then determined by quantifying
the different band intensities normalized to the 5S rRNA loading con-
trol using Fiji software (Figure 4). We observed that gene-expression
levels were similar between the 7SK, U6, and hU6 promoters when
they express the three different shRNAs. The expression levels be-
tween the H1 and the hH1 promoters expressing these same shRNAs
were similar but much lower compared to 7SK, U6, and hU6 pro-
moters (Figures 4A–4C). This expression pattern closely mirrors
the trend of antiviral potency observed when the shRNAs were ex-
pressed from the different Pol III promoters (Figures 1 and 3), which
suggests that the differences in antiviral effects observed is most likely
due to the varying transcription efficiencies of the promoters.

Cells transduced with a U6- and 7SK-driven anti-HIV-1 shRNA

restrict viral replication but have a severe growth disadvantage

compared to untransduced cells

To compare the efficacy of an anti-HIV-1 shRNA-driven by the
different Pol III promoters against HIV-1 replication in a T lympho-
cyte cell line, we transduced SupT1 cells with lentiviral vectors (HIV-
7-GFP37) carrying U6-, 7SK-, and H1-driven sh1498 and shNS.
Following transduction, cells were sorted for GFP expression (gating
shown in Figure S2A) and infected with HIV-1 NL4-3. Viral replica-
tion was measured using HIV-1 RT activity in the culture superna-
tants over time. Regardless of the promoter, shNS-transduced cells
had similar replication kinetics compared to the empty vector trans-
duced cells (Figure 5A). Cells transduced with H1-driven sh1498 also
had similar HIV-1 replication kinetics compared to the empty vector
(Figure 5B). In contrast, no viral replication was detected in cells
transduced with U6- or 7SK-driven sh1498 up to 60 days post infec-
tion. Similar results were obtained from an independent transduction
(gating shown in Figure S2B) except that one replicate infection for
U6 sh1498-transduced cells started to produce detectable RT activity
at 26 days post infection (Figure 5C).

To evaluate the potential for shRNA expression to affect cell growth,
we also mixed GFP-sorted transduced SupT1 cells with non-trans-
duced SupT1 cells that had also been passed through the flow cytom-
eter (same cells as for Figure 5C but not infected, gating shown in Fig-
ure S2B). We then followed the percentage of GFP-positive cells over
time using a competitive cell growth assay similar to a previously
described method38 (Figure 5D). Mixed cultures of empty vector,
H1 shNS, and 7SK shNS remained at around 50% out to 57 days
post mixing. In contrast, the percentage of GFP-positive cells
decreased over time for U6 shNS and H1 sh1498 cultures down to
11% and 21%, respectively. They rapidly decreased to nearly 0% in
U6 sh1498 and 7SK sh1498 cultures by day 16. Because of the severe
impact on cell growth observed for U6 and 7SK sh1498mixed cultures
(Figure 5D), it is difficult to conclude whether the failure of HIV-1 to
replicate in these cells (Figures 5B and 5C) was a result of cell toxicity
or the effect of the shRNAs. Likely, a combination of shRNAs targeting
HIV-1 and loss of cells available to be infected because of toxicity
stopped HIV-1 from establishing an infection at the beginning of
the experiment.

Expression of shRNAs leads to the accumulation of multiple

RNA sequences

shRNA expression cassettes are typically designed with the intended
passenger strand at the 50 end separated by a loop from the intended
guide strand at the 30 end. Following transcription, the complemen-
tary passenger and guide strands hybridize to form a hairpin struc-
ture, which is exported to the cytoplasm by Exportin 5 where the
molecule will be processed by RNAi enzymes. This processing begins
by Dicer removing the loop and then by Ago2 cleaving the passenger
strand.16 The guide strand can then direct Ago2 to cleave its target
RNA by complementary base pairing. The accumulation of different
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1025
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Figure 5. HIV-1 replication is restricted in SupT1 cells

expressing sh1498 from the 7SK and U6 promoters,

but the cells have a severe growth disadvantage

compared to untransduced SupT1 cells

(A–C) SupT1 cells were transduced with HIV-7-EGFP

lentiviral vectors expressing shNS (A) or sh1498 (B and C)

from the H1, U6, and 7SK promoters and infected with

HIV-1 NL4-3 at 1,750 cpm/mL. Themean RT activity (cpm)

wasmeasured in culture supernatants at various days post

infection. Each data point represents themean ±SEM from

three infections (n = 3). (D) Transduced SupT1 cells were

mixed with untransduced SupT1 cells and the percentage

of GFP-positive cells was measured at various days post

mixing. Each data point represents the mean ± SEM from

three experiments (n = 3). A two-way ANOVA with Bon-

ferroni post test was used to compare means to means of

empty vector transduced cells. Significance (*p < 0.05,

**p < 0.01, ***p < 0.001) is shown for those data points that

were significantly different from the empty vector trans-

duced controls.
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RNA species, in addition to the intended active guide strand, results
from the differential processing by the RNAi enzymes, as well as from
the potential for alternative start and end sites of transcription. To
identify potential differences in the expression of these RNA se-
quences between the different Pol III promoters, we sequenced the
small RNAs of shRNA-transfected HEK293T cells.

RNA-seq data were obtained from cDNA libraries generated with a
small RNA library preparation kit that uses adaptors that specifically
ligate to 30 hydroxyl groups that are a hallmark of Dicer cleavage. All
sequences that aligned with each shRNA cassette were identified and
organized by read number. The data were then expressed as a percent-
age of reads over total number of reads for each sequence identified.
Using a cut-off of 0.1% of total reads, the sequences were organized
into tables with their corresponding abundance tabulated for each
promoter (Tables S2–S4). The most common sequences (>0.5% of to-
tal reads) are illustrated for sh1498 and sh5983 in Tables 1 and 2,
respectively. As expected, several sequences were identified for
shRNAs expressed from all promoters corresponding predominantly
to guide and passenger strands of different lengths. Notably, a more
diverse set of sequences were observed for sh5983 compared to
sh1498, due predominantly to more diverse Dicer cleavage sites
seen at the 30 ends of passenger strands and the 50 ends of guide
strands. Overall, the results demonstrate that a variety of sequences
accumulate following shRNA transfection and that Dicer cleavage
is more uniform for sh1498 compared to sh5983.

The U6 promoter is the most accurate in using the +1

transcriptional start site but guide-strand identity is not affected

by differences in the +1 site usage

Using the abundance values in Tables S2–S4 we calculated the per-
centage of reads corresponding to passenger, guide, and other strands,
where other strands were defined as those strands that start after the
first 3 nt following the expected +1 transcription start site (+4 and
over) and end before the first nt preceding the transcription termina-
1026 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
tion signal of five Ts (Figure 6A). For all shRNAs expressed from all
promoters, guide strands were the most abundant sequences. For
both sh1498 and sh5983, the proportion of guide-strand reads ranged
from about 60% to 80%, whereas for shNS almost all the reads corre-
sponded to guide strands and this was consistent for all of the
promoters.

The percentage of reads with different end sites and start sites was
calculated as a fraction of the total number of the guide strands and
passenger strands, respectively (Figures 6B and 6C). For all shRNAs
expressed from all promoters, the most common end sequence was
UUU, suggesting that regardless of the promoter or shRNA se-
quences, UUU is the most common shRNA tail. Nomajor differences
in transcription termination were evident between the promoters nor
the different shRNA sequences. In contrast, the different promoters
resulted in major differences in transcription start sites (Figure 6C).
Both versions of the U6 promoter were extremely precise at gener-
ating transcripts of all shRNAs from the intended +1 transcriptional
start site. Meanwhile, the 7SK and H1 promoters varied in their use of
this site depending on which shRNA was transcribed. Specifically, the
7SK promoter was reliable in using the +1 site solely when expressing
sh5983, whereas the H1 promoter was reliable in using this site when
expressing sh5983 and shNS, but not sh1498. The hH1 promoter was
reliable in using the +1 site only when transcribing sh1498. Overall,
the U6 and hU6 promoters gave rise to more accurate transcriptional
start sites when expressing the different shRNAs.

An unexpected observation was that despite differences in transcrip-
tional start sites between the promoters (Figure 6C) there were not
major differences in the identity of the guide strands (Tables 1 and
2), suggesting that Dicer cleavage is unaffected by the length of the
shRNA 50 end. This observation can most easily be appreciated
when looking at sh1498 sequences (Table 1) for which, despite major
differences in the start site between the different promoters, there are
only twomain Dicer cleavage sites revealed when looking at the 50 end



Table 1. Transcriptional profile of sh1498 expressed from different RNA Pol III promoters
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of the guide strands. Similarly, when looking at the 30 end of the pas-
senger strands, two major Dicer cleavage sites are apparent for pas-
senger strands that start at the �3 to +1 positions. These results sug-
gest that, for shRNAs, Dicer cleavage sites are measured from the first
base pair of the duplex rather than from the 50 end as has previously
been demonstrated for structurally related microRNAs.32

DISCUSSION
The RNA Pol III type 3 promoters U6, H1, and 7SK are typically used
to express small RNAs such as shRNAs and CRISPR guide RNAs
because transcription from these promoters has defined start and
end sites and results in the addition of only a few uridines to the 30

end of transcripts. However, there has been limited work comparing
these promoters for the expression of therapeutic RNAs. Addition-
ally, of the studies that have utilized Pol III promoters for gene
therapy, most have only focused on one or two promoters at a
time.25,39,40 For gene therapy to treat HIV-1 infection, multiple anti-
viral RNAs will be needed to avoid the development of viral
resistance.15,18,28,29,41,42 If a single promoter is used to express a com-
bination of antiviral RNAs, deletions of the therapeutic genes could
occur as a consequence of recombination between the different tran-
scriptional units using the same Pol III promoter.28,29 Therefore, a
different Pol III promoter expressing each therapeutic RNA may be
required to avoid recombination. With this in mind, it is important
to properly evaluate which promoter expresses the most active anti-
viral RNAs, as well as to characterize the transcriptional profile of
the promoters U6, 7SK, and H1.

Reports on which Pol III type 3 promoter expresses the most active
shRNAs have not been consistent. Specifically, an shRNA targeting
the HIV-1 vif coding sequence and a long hairpin RNA targeting
the tat/rev viral sequences were shown to be more active when ex-
pressed from theH1 promoter compared to both the U6 and 7SK pro-
moters.28 In another study, two CCR5-specific shRNAs were shown
to be more active when expressed from the U6 promoter compared
to the H1 promoter, but the U6-driven shRNAs were cytotoxic in pri-
mary human blood cells.25 Similar results were obtained in two other
studies where both the expression level and activity of shRNAs were
higher for the U6 promoter compared to the H1 promoter.26,27 In
contrast, in a study that compared four different anti-HIV-1 shRNAs
expressed from the H1, U6, or 7SK promoters, similar activities were
observed regardless of promoter choice.29 To further complicate com-
parisons of the different Pol III promoters, it has been found that
transcription start sites vary depending on both the promoter choice
and the nt upstream of the intended +1 transcription start sites,30

which can be problematic as these upstream nt are often altered to
accommodate a restriction enzyme recognition site (Table S1). In
another study comparing several 7SK, H1, and U6 promoters, the
nt identity of the +1 transcriptional start site of a small unstructured
RNA was found to affect both transcriptional activity and start site
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1027
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Table 2. Transcriptional profile of sh5983 expressed from different RNA Pol III promoters
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identity with the H1 promoters resulting in the most variable +1 start
site.31 While important observations have been made, there has not
been any direct simultaneous comparison of shRNA activity, expres-
sion levels, and transcriptional profile between the U6, 7SK, and H1
promoters.

In this study, the antiviral potencies of an anti-HIV-1 shRNA tar-
geting tat/rev (sh5983) and another targeting Gag (sh1498) were
compared when expressed from the 7SK promoter, as well as the
1028 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
U6 and H1 promoters, which included eight nt of the 7SK sequence
upstream of the +1 start site (Figure 1) and when expressed from
the humanized hU6 and hH1 promoters with the complete natural
promoter sequences (Figure 3). Consistent with studies that simul-
taneously compared both the expression level and activity of H1-
and U6-driven shRNAs,25–27 our results suggest that shRNAs ex-
pressed from the U6 promoter are more potent and are expressed
at a higher level when compared to shRNAs expressed from the
H1 promoter (Figures 1 and 4), regardless of the nt identity



Figure 6. Proportion of reads corresponding to different RNA variants of sh1498, sh5983, and shNS

(A) The proportion of variants corresponding to expected passenger, guide, and other strands is shown. (B) The proportion of guide strands ending in different numbers of Us

is shown. (C) The proportion of passenger strands starting at different positions relative to the expected +1 transcriptional start site is shown.
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upstream of the transcription start site (Figure 3). While two other
studies reported conflicting observations for shRNA activity,28,29

neither study compared expression levels and the activity level of
the shRNAs were compared at only one dose. It is possible that
the doses selected in those studies were already above the level
required for maximum target suppression and so the differences
in activity related to differences in shRNA expression were not
apparent. Within our inhibitory assays (Figures 1 and 3) we tested
several doses and although the two anti-HIV shRNAs expressed
from all promoters were able to almost completely suppress HIV-
1 production at the higher doses in these assays, there was a clear
and consistent difference in potency, with the H1 promoter shRNA
constructs being less potent compared to the U6 and 7SK shRNA
constructs. Our data therefore strongly suggest that the U6 pro-
moter is indeed more transcriptionally active compared to the H1
promoter, at least in HEK293T cells. We also show that the 7SK
promoter is more transcriptionally active compared to the H1 pro-
moter, providing similar expression levels and activities of shRNAs
as the U6 promoter.

Although the transcriptional profiling revealed major differences in
the localization of the transcription start sites for the different pro-
moter-shRNA constructs (Figure 6C), our data suggest that the vari-
ations in RNA expression levels between the promoters (Figure 4) is
the primary contributing factor toward the differences in antiviral po-
tency observed (Figures 1 and 3). Differences in the transcriptional
start sites were observed; for example, the 7SK promoter was only ac-
curate in its usage of the +1 site when expressing sh5983 and was
much less accurate when expressing sh1498, while the U6 promoter
was overall the most accurate in using the +1 transcriptional start
site (Figure 6C). Because sh1498 expressed from the 7SK promoter
had antiviral capabilities similar to those expressed from the U6 pro-
moter (Figures 1B and 1C), despite its transcription from the 7SK
promoter not beginning reliably at the +1 site, we conclude that
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expression from the +1 transcription start site is not a primary
contributing factor to the antiviral potency. Nonetheless, the identifi-
cation of U6 as the most accurate promoter will have strong implica-
tions for molecules where an accurate +1 transcription start site is
required for function, such as for CRISPR guide RNAs. As we
compared only three shRNAs in one cell type, additional studies
are needed to confirm whether this observation can be widely applied
to different molecules and in different cells.

It has been shown that human Dicer measures approximately 22 nt
from the 50 end of microRNAs (50 counting rule) to locate its cleavage
site32 and would therefore be expected to yield different small inter-
fering RNA (siRNA) duplexes when the +1 site at the 50 end is
changed. The different duplexes should then give rise to different
guide strands, which, in contrast with our conclusion, would be ex-
pected to have different RNAi activities. However, our sequencing re-
sults suggest that Dicer cleavage sites are not altered when the +1 site
is changed and that, regardless of the +1 start site, the identity of the
guide strands remains the same as can be seen most clearly for sh1498
in Table 1. Since the 50 counting rule for humanDicer is dependent on
a 50 terminal phosphate, it may be that shRNAs transcribed from
RNA Pol III promoters do not follow this rule because they have a
50 terminal triphosphate instead of the monophosphate typical of pri-
mary microRNAs.32 Alternatively, since the 50 counting rule was es-
tablished using in vitro cleavage experiments, it may not apply to
Dicer cleavage in live cells and further studies are needed to better
characterize Dicer cleavage of different hairpin RNAs in different en-
vironments. Interestingly, our results also demonstrate that indepen-
dently from the promoter, Dicer cleavage was more uniform for
sh1498 compared to sh5983, with only two major Dicer cleavage sites
apparent for sh1498 compared to four for sh5983 (Tables 1 and 2).
Thus, the identity of the shRNA sequence can affect the number of
Dicer products and, consequently, the diversity of guide and passen-
ger strands. Importantly, our results show that certain promoter-
shRNA cassettes have different start sites but that this does not affect
the identity and corresponding RNAi activity of the guide strand.
Rather, RNAi activity is dependent only on the expression level,
with both the U6 and 7SK promoters producing more active shRNAs
compared to the H1 promoters.

Although anti-HIV shRNAs are potent inhibitors of viral replication
and are among the top candidates for combination anti-HIV gene
therapy, there is a need to ensure that they do not negatively impact
the cells they are expressed in (HSCs and their progeny cells). A poten-
tial negative attribute of using a promoter with a more promiscuous
start site is that potential off targeting could be increased due to the
increased diversity of the transcripts. While our results suggest that
the guide-strand identities are not affected by the more promiscuous
transcriptional start sites of some promoter-shRNA combinations,
there is certainly an increase in the diversity of the passenger strands,
which could be a source of off targeting. Several potential mechanisms
of shRNA toxicity have been described, including activation of innate
immune responses,43–45 off-target effects on human RNAs,46,47 and
saturation of components of theRNAi pathway.48 Two studies showed
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that adverse effects of shRNAs expressed from the U6 promoter could
be prevented by using theH1promoter instead.25,26 For this reason, an
shRNA-targeting CCR5 expressed from the H1 promoter40,42 was
chosen for a combination anti-HIV gene therapy clinical trial.49While
toxicity of shRNAs expressed from the U6 promoter has been
observed, an shRNA targeting tat/rev expressed from theU6 promoter
was shown to be safe in preclinical and clinical studies.4,36 This sug-
gests that toxicity of U6-promoted shRNAs may be related only to
particular shRNA sequences.

We evaluated whether there was cellular toxicity in response to the
shRNAs expressed from the different promoters to determine whether
the inhibition ofHIV-1 production seen in response to co-transfection
was a consequence of cell death. Our experiments confirmed that the
expression of the different shRNAs does not cause cytotoxicity in
HEK293T cells (Figure 2). In contrast, when we transduced different
shNS- and sh1498-promoted constructs into SupT1 cells, cytotoxicity
was evident for some constructs by a marked decrease in transduced
cells (GFP positive) versus untransduced cells (GFP negative) over
time (Figure 5D). Regardless of the promoter used, sh1498-transduced
cells had a greater growth disadvantage compared to shNS-transduced
cells, suggesting that the mechanism of the growth defect in sh1498-
transduced cells was at least partially sequence dependent. Interest-
ingly, while the decline in GFP-positive cells was similar for U6 and
7SK sh1498 cultures, only U6 shNS cultures had a noticeable decline
with both H1 and 7SK shNS cultures remaining stable at approxi-
mately 50% out to 57 days. Further studies will be needed to determine
whether the mechanism of the growth defect in GFP-positive cells is a
direct toxicity triggered by the different promoter-shRNA combina-
tions and to evaluate whether different results can be obtained using
different anti-HIV-1 shRNA sequences.

Although RNA Pol III promoters are typically used to express thera-
peutic small RNAs such as CRISPR guide RNAs and shRNAs, few
studies have compared the three commonly used promoters for effi-
cacy, RNA accumulation, and transcriptional profile of their intended
therapeutic products. Using three different shRNAs, we show that
both the U6 and 7SK promoters consistently express higher amounts
of shRNAs compared to the H1 promoter and that this leads to an in-
crease in potency in the case of the two anti-HIV shRNAs. Consistent
with other studies, our RNA-seq data show that all RNA Pol III pro-
moters produce shRNA transcripts with different start30 and end24

sites. We also show that the U6 promoter consistently uses the +1
transcriptional start site most frequently but that in a T lymphocyte
cell line both an anti-HIV-1 and a non-sense shRNA expressed
from this promoter confer a negative impact on cell growth. To the
best of our knowledge, this is the first study to use RNA-seq data to
examine the Dicer cleavage sites of shRNAs. These results suggest
that contrary to established rules for Dicer cleavage in mammalian
cells,32 shRNAs are not cleaved at a set distance from their 50 ends
but rather at a set distance from the first base pair in their stem.
Consequently, the guide strands produced from different promoters
are largely the same, regardless of how accurate the promoter is at
starting transcription at the intended +1 position. Furthermore, we
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show that the shRNA sequence affects the uniformity of Dicer
cleavage.

Overall, our results highlight the unpredictability of shRNA tran-
scription and processing in human cells, as well as underscore
the importance of evaluating different promoters for any particular
shRNA gene therapy candidate. For an HIV-1 functional cure us-
ing shRNAs, several parameters need to be considered to ensure
the safe and effective creation of HIV-1-resistant cells. Our results
highlight the importance of shRNA promoter choice and demon-
strate that expression level is most important for shRNA activity
and toxicity. Testing alternative anti-HIV-1 shRNAs using the
different promoters described in this study will be required to iden-
tify a combination of shRNA and promoter that is effective in
safely generating HIV-1-resistant cells in combination with other
anti-HIV-1 RNAs.

MATERIALS AND METHODS
Cell culture

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium
(HyClone, Logan, UT) supplemented with 10% fetal bovine serum
(FBS, HyClone), 50 mg/mL streptomycin, and 50 U/mL penicillin
(Life Technologies, Carlsbad, CA, USA). SupT1 cells were grown in
Roswell Park Memorial Institute Medium 1640 (HyClone), supple-
mented with 10% heat-inactivated FBS (HyClone), 50 mg/mL strepto-
mycin, and 50 U/mL penicillin (Life Technologies).

Vector construction

The U6 promoter was amplified by PCR using the pSIREN-shuttle
vector (Clontech Laboratories, Mountain View, CA, USA) as the tem-
plate and the following primers:

Forward: 50-GCGCTATCGATGGAAGAGGCTATTTCCCA-30

Reverse: 50-GCGGAGGTACCGTCCTTTCCACAAGATAT-30.

These amplicons were digested with Acc651 (isoschisomer of KpnI)
and ClaI and then ligated into Acc651- and ClaI-digested psiRNA-
7SKGFP::Zeo (InvivoGen, San Diego, CA, USA) plasmid to create
psiRNA-U6GFP::Zeo. The DNA inserts coding for the shRNAs
were generated by annealing complementary oligonucleotides as
described previously.17,50 These DNA inserts were then ligated into
BbsI-digested psiRNA-7SKGFP::Zeo, as well as into BbsI-digested
psiRNA-U6GFP::Zeo. Plasmids containing the H1 promoter were
constructed in a previous study.17

Mutagenesis

All constructed plasmids originating from the psiRNA-H1GFP::Zeo
(InvivoGen) and the constructed psiRNA-U6GFP::Zeo plasmids
were mutated using the QuikChange II site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s instructions. The primers used in the mutagenesis,
with the nt which conferred mutations within the promoter high-
lighted in bold, are shown in Table S5.
Transfections and RT assay

HEK293T cells were plated into a 96-well plate at 5 � 104 cells/well,
24 h prior to transfections. Co-transfections were performed with
50 ng HIV-1 molecular clone (pNL4-3) and each plasmid construct
at 0.05 to 100 ng using TransIT-LT1 (Mirus Bio, Madison, WI,
USA) according to the manufacturer’s protocol. Culture supernatants
were collected 48 h after transfection, and viral production was
measured by RT assay as previously described.51,52 Briefly, 5 mL of su-
pernatant was incubated with 50 mL of RT cocktail containing a
poly(A) template (Roche, Basel, Switzerland), an oligo(dT) primer
(Life Technologies) and [32P] deoxythymidine triphosphate (dTTP;
3,000 Ci/mmol; Perkin Elmer, Waltham, MA, USA) for 2 h at
37�C. The poly dT RT product was then detected by spotting 5 mL
of the reaction mixture onto diethylaminoethyl (DEAE) filter mats
(Perkin Elmer), washing away unincorporated [32P] dTTP with 2�
SSC, and measuring counts per minute (cpm) on a microplate scintil-
lation counter (MicroBeta TriLux; Perkin Elmer). The amount of
HIV-1 RT enzyme in the supernatants is proportional to the cpm
readout.

WST-1 assay

HEK293T cells were plated into a 96-well plate at 5 � 104 cells/well,
24 h prior to transfections. Transfections were performed with 1.5 or
2 mg of each plasmid construct and TransIT-LT1 (Mirus) according
to the manufacturer’s instructions. WST-1 assay (Roche Applied Sci-
ence, Penzberg, Germany) was performed 48 h after transfection ac-
cording to the manufacturer’s protocol. Cell viability was measured
2 h after the addition of the WST-1 reagent as previously described.53

RNA extraction for northern blot

HEK293T cells were plated in a 10 mL tissue culture dish at 3.5� 106

cells/dish, 24 h prior to the transfections with 1 mg of plasmid. Cell
lysates were recovered 48 h after transfection using TRIzol reagent
(Life Technologies). Total RNA from the recovered cell lysates was
obtained by phenol chloroform extraction followed by cleanup with
a miRNeasy mini kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions.

Northern blot

Following the RNA extraction, a total of 15 mg of total RNA from each
sample was mixed with equal volume of 2� gel loading buffer. RNA
was resolved in a 15% polyacrylamide-urea gel as described previ-
ously.54 Briefly, the RNA was transferred to a neutral charged nylon
membrane (Hybond-N, Amersham Biosciences, Little Chalfont,
UK) with a semi-dry electroblotter (40 min, 4�C, 20 V). Membranes
were prehybridized in prehybridization buffer composed of 6� SSC,
2� Denhardt’s solution, and 0.1% SDS. Hybridization of the 32P-
labeled RNA probes to the membrane was done at 37�C overnight
in hybridization buffer of identical composition as the prehybridiza-
tion buffer. Once probe hybridization was complete, the membrane
was washed for 15 min in wash buffer #1 (2� SSC), 15 min in
wash buffer #2 (1� SSC), and 15 min in wash buffer #3 (0.1�
SSC), all at 37�C. Northern bands were exposed on radiographic
film and analyzed with the Fiji software55 to generate raw numbers
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proportional to the exposure intensity of the bands. The band corre-
sponding to each shRNAwas standardized to the band corresponding
to the 5S RNA loading control of the samples to generate percentage-
based values of the shRNA band intensities compared to the 5S band
intensities.
Probe labeling

To generate radioactively labeled RNA probes, we performed in vitro
transcription using the HiScribe T7 kit (NEB) according to the man-
ufacturer’s instructions with annealed template DNA and [a-32P]
cytidine triphosphate (CTP, 800 Ci/mmol; Perkin Elmer). Following
in vitro transcription, the reaction mixture was treated with DNase I
(New England Biolabs, Ipswich, MA, USA) to eliminate the template
DNA. The labeled RNA probes were then purified with ProbeQuant
G50 Micro Columns (GE Healthcare, Little Chalfont, UK) to remove
unincorporated nt. The probe sequences with the T7 promoter
sequence underlined were as follows:

sh1498-antisense: 50-GGGTACTAGTAGTTCCTGCCTATAGT-
GAGTCGTATTAATTTC-30,

sh5983-antisense: 50-TCTTCGTCGCTGTCTCCGCCTATAGT-
GAGTCGTATTAATTTC-30,

shNS-antisense: 50-TACGAATGACGTGCGGTACCTATAGT-
GAGTCGTATTAATTTC-30,

S-rRNA-antisense: 50-GGGAATACCGGGTGCTGTAGGCTTT
CCTATAGTGAGTCGTATTAATTTC-30 and T7-promoter-
sense: 50-GAAATTAATACGACTCACTATA-30.
SupT1 T cell transduction, infection, and competitive growth

Promoter shRNA cassettes were subcloned from the psiRNA plas-
mids into the lentiviral transfer vector HIV-7-EGFP (donated by
Dr. J. Rossi)37 using forward primer 50-TATGCGGCCGCAGG-
GATTTTGGTCATGTTCTTAATCGATACTA-30 and reverse primer
50-GTAACGCCTGCAGGTTAATTAAGTCTAGAAGCTTTTCCAA-
30 and restriction sites NotI and XbaI. Lentiviral transfer vectors were
cotransfected into HEK293T cells with a plasmid expressing vesicular
stomatitis virus G protein (from Dr. J. Rossi) and the packaging
plasmid psPAX2 (Addgene, number 12260). The supernatant was
collected 48 h post transfection, and the lentiviruses were concen-
trated using Lenti-X (Clontech Laboratories) following the manufac-
turer’s protocol. Lentivirus titers were determined using the percent-
age of GFP-positive SupT1 cells transduced with a range of dilutions
(1 in 4 to 1 in 2,048). In 5 mL cultures, 1.05 � 106 SupT1 cells were
transduced with lentiviruses at a MOI of 1 with 8 mg/mL Polybrene
(Sigma-Aldrich, St. Louis, MO, USA). Cells were sorted 72–96 h after
transduction for GFP expression using the gates shown in Figures
S2A and S2B with a FACSAria Fusion cell sorter (BD Biosciences,
Franklin Lakes, NJ, USA). Cells were then plated in 96-well round-
bottom plates at 2 � 104 cells/well for HIV-1 infection and for
competitive growth. Cells plated for HIV-1 infection were infected
with HIV-1 NL4-3 (1,750 cpm/mL, determined using the HIV-1
RT assay) 24 h later, and HIV-1 RT activity was determined on
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various days post infection in the culture supernatant at which times
100 mL of supernatant was collected and replaced with 100–110 mL of
fresh media. Cells plated for competitive growth were immediately
mixed with 2 � 104 cells/well of untransduced SupT1 cells that
had been passed through the flow cytometer without sorting. GFP-
positive cell percentage was determined at various days post mixing
using a LSRFortessa flow cytometer (BD Biosciences) at which times
100 mL of cells were collected and replaced with 100–110 mL of fresh
media.
RNA extraction for RNA-seq

HEK293T cells were plated in a flask at 5 � 106 cells/flask, 24 h prior
to the transfection. The cells were then transfected with 5 mg
of plasmids expressing sh1498, shNS, and sh5983 expressed from
the promoters U6, 7SK, H1, hU6, or hH1. An individual flask was
used to transfect the three shRNAs; one flask was used for each pro-
moter. Cell lysates were recovered after 48 h using TRIzol reagent
(Life Technologies). Total RNAwas isolated using phenol chloroform
extraction followed by cleanup with a RNeasy mini kit (QIAGEN) ac-
cording to the manufacturer’s instructions.
RNA-seq

Libraries were prepared from total RNA by Genome Quebec (Mon-
tréal, Canada) using a NEB small RNA library kit with size selection.
The libraries were run in an Illumina HiSeq4000 SR50 sequencing
lane. Data analysis was carried out by the Canadian Center for
Computational Genomics (Montréal, Canada). Briefly, adaptor se-
quences were clipped from the reads, but reads were not trimmed,
to avoid introducing false variants. Reads were mapped to the
different promoter shRNA sequences. Reads smaller than 6 base pairs
and singletons were removed, and the remaining sequences were ar-
ranged by read number. Reads were then expressed as a percentage of
total reads for each promoter shRNA sequence (Data S1, S2, S3, S4,
and S5). A single table was created for each shRNA, reporting the per-
centage of total reads for each variant that occurred at greater than
0.1% of total reads (Tables S2–S4).
Statistical analysis

A two-way ANOVA with a Bonferroni post test was used to compare
replicate means of each test shRNA to replicate means of empty
psiRNA-transfected cells in Figures 1 and 2. The same test was
used to compare replicate means of infection and competitive growth
time-course data tomeans of empty vector transduced cells (Figure 5).
Nonlinear regression extra sum-of-squares F test was used to
compare LogIC50s in Figure 3. Unpaired Student’s t tests were used
to comparemean RT activity and relative gene-expression data in Fig-
ures S1 and 4, respectively. Graph Pad Prism Version 5.03 was used to
perform all statistical analyses (GraphPad, San Diego, CA, USA).
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