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ABSTRACT

Along with silencing intended target genes, transfected siRNAs regulate numerous unintended transcripts through a mechanism
in which the equivalent of a microRNA-like seed region in the siRNA recognizes complementary sequences in transcript
39 UTRs. Amelioration of this off-target silencing would lead to more accurate interpretation of RNA interference (RNAi)
experiments and thus greatly enhance their value. We tested whether lentivirus-mediated delivery of shRNA is prone to the
sequence-based off-target activity prevalent in siRNA experiments. We compared target gene silencing and overall impact on
global gene expression caused by multiple sequences delivered as both transfected siRNAs and lentivirus vector-expressed
shRNAs. At equivalent levels of target gene silencing, signatures induced by shRNAs were significantly smaller than those
induced by cognate siRNAs and arose less frequently from seed region activity. Interestingly, the low level of seed region-based
off-target activity exhibited by shRNAs resulted in down-regulation of transcripts that were largely distinct from those regulated
by siRNAs. On the basis of these observations, we recommend lentivirus-mediated RNAi for pathway profiling experiments that
measure whole genome transcriptional readouts as well as for large-scale screens when resources for extensive follow up are
limited.
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INTRODUCTION

RNA interference (RNAi) is used widely for functional genetic
analysis and screens, and holds promise for the development
of therapies for currently intractable drug targets. However,
RNAi is hampered by widespread siRNA-mediated silencing
of multiple transcripts in addition to the intended siRNA
target (Jackson et al. 2003; Semizarov et al. 2003). This ‘‘off-
target’’ activity is mediated by partial transcript complemen-
tarity to a 6–8 base stretch within the 59 end of the siRNA guide
strand that acts like a microRNA seed region (Jackson et al.
2003, 2006b;Birminghamet al. 2006).Multiplestudies demon-
strated that the seed region regulates both transcription and
translation of large numbers of transcripts (Lai 2002; Lim et al.
2005). Thus it has been proposed that off-target transcript

silencing is a fundamental, and possibly unavoidable, feature
of siRNA-mediated gene silencing.

Our preliminary studies suggested that RNAi mediated
by lentivirus-delivered shRNA vectors is less prone to off-
target activity than are siRNAs. Microarray analysis of HeLa
cells transduced with lentiviral vectors encoding two distinct
shRNAs targeting PTEN revealed prominent down-regulation
of PTEN itself with little change in the expression of other
genes (Klinghoffer et al. 2008). A similar analysis showed that
transfection of a TP53-targeting siRNA into colon carcinoma
cells resulted in greater numbers of up- and down-regulated
transcripts than induction of an shRNA encoding the same
core sequence (Rao et al. 2009). Finally, whereas several
reports highlight the prevalence of off-target activities in sets
of hits from large-scale siRNA screens, hit sets from screens
with libraries of arrayed lentiviral shRNA vectors have been
generally small and enriched for shRNAs targeting expected
pathway regulators (Lin et al. 2005; Ma et al. 2006; Klinghoffer
et al. 2008, 2009).

The ability to reduce or eliminate off-target activity would
significantly facilitate biological interpretation of experiments
involving RNAi-induced gene silencing, streamline complex
and costly RNAi screen hit validation schemes designed to
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work around off-target effects, and figure prominently into the
development of RNA-based therapeutics. To date, however, it
has been difficult to incorporate elements into siRNA design
that consistently ameliorate the vast majority of unintended
transcript silencing events (Jackson et al. 2006a). To rigorously
confirm preliminary suggestions that lentivirus-mediated
delivery of shRNA vectors is less prone to off-target activity
compared with transfection of siRNAs, we performed a head-
to-head comparison of multiple siRNA/LV-shRNA pairs for
target silencing and off-target gene regulation by microarray
analysis.

RESULTS/DISCUSSION

To assess the extent to which lentivirus-mediated RNAi is
prone to off-target effects, we compared gene expression
profiles induced by siRNAs and shRNAs that encode the
exact same 19-mer RNA duplex sequence in HeLa cells.
siRNA/shRNA pairs targeting four distinct genes (CDKN1A,
E2F1, EZH2, and FDXR) were analyzed. To facilitate the
comparison of siRNA and shRNA on- and off-target effects,
we identified siRNA concentrations that resulted in levels of
silencing similar to that of the corresponding lentivirus-
delivered shRNA sequence. Quantitative PCR analysis of
target gene silencing yielded transfection concentrations for
five siRNA/shRNA pairs (covering all four genes) suitable for
our comparison (Fig. 1).

Microarray analysis of each siRNA/shRNA pair revealed
multiple differences in the gene expression profiles induced
by each method. Consistent with the conclusion that
lentivirus-mediated RNAi is not subject to the same off-
target activity as the siRNA-induced process, the number
of gene expression changes induced by each shRNA was
generally smaller compared with the number induced in
siRNA profiles (Fig. 2; Table 1). Gene sets down-regulated
by both siRNA and shRNA included transcripts containing
hexamers complementary to the seed region of the guide
strand. However, enrichment for complementary hexamer
matches in transcript 39 UTRs was statistically significant
only in the case of the siRNA target gene sets (Fig. 2; Table
1). Interestingly, further analysis of the down-regulated
genes revealed very little overlap between the siRNA and
shRNA signatures (Fig. 2). This included minimal overlap
between seed region-regulated transcripts silenced by
siRNA and the corresponding shRNA. Therefore, head-
to-head comparison of multiple siRNA/shRNA pairs dem-
onstrated that, whereas both approaches can induce seed
region based off-target activity, the extent of this activity
driven by shRNA transduction is substantially reduced and
different from that mediated by siRNA transfection.

Next, we addressed the possibility that observed differ-
ences in off-target activity were attributable to different
cellular responses to methods of delivery (transfection of
siRNA versus lentivirus transduction of shRNA). Indeed,
annotation of up-regulated transcripts highlighted signifi-

cant virus-mediated immune responses for the majority of
the lentivirus-infected samples (E-values #10�5; data not
shown). This may be due to incomplete normalization of
the titers of each shRNA vector with that of the empty
vector control (H1TERM). Because a response to infection
could impact transcriptional regulation induced by RNAi,
we assessed gene expression profiles in cells stably engi-
neered to express an inducible shRNA. For this purpose we
generated HCT-116 colon carcinoma cells (wild type for
TP53) harboring a stable tetracycline-regulatable expres-
sion construct encoding an shRNA designed to silence
TP53. Exposure of these cells to the tetracycline analog
doxycycline resulted in robust suppression of TP53 with no
significant virus response compared with untreated cells
(Fig. 3, top; data not shown). We compared transcript
regulation induced by doxycycline-mediated expression of
a TP53-targeting shRNA to that induced by transfection of
the same cells with a TP53 siRNA with the same 19-mer core
sequence. Similar to our results with transient infection,
induction of the TP53 shRNA resulted in substantially fewer
down-regulated genes than transfection of the TP53 siRNA
at a concentration that caused a similar level of target
silencing (Fig. 3, top). This observation suggested that the
smaller number of genes down-regulated by lentivirus-
delivered shRNA relative to transfected siRNA was not
attributable to an artifact of a virus-mediated immune

FIGURE 1. Identification of siRNA concentrations that induce target
silencing equal to that induced by corresponding lentiviral shRNA
vectors. HeLa cells were either transfected with siRNA by use of
RNAiMax at three different concentrations of oligonucleotide duplex
or infected with lentiviral vectors encoding the same duplex as
a hairpin in the context of the lentiviral vector pLenti6 (LV-shRNA).
RNA was harvested 24 h after transfection or 36 h after infection and
analyzed by quantitative real-time PCR for target gene silencing by use
of gene specific probes from ABI. Error bars, SDs in technical replicates.
Target silencing for siRNA transfections (blue bars) was compared with
mock transfected cells, whereas silencing induced by LV-shRNA (red
bars) was compared with samples infected with the control virus
H1-TERM (no shRNA control vector). For gene expression profil-
ing comparisons, siRNA concentrations that resulted in levels of
target silencing similar to that induced by LV-shRNA infection were
used.
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response. The siRNA titration shown in Figure 3 (bottom)
provided evidence that siRNA-induced off-target effects
cannot be reduced to the low levels observed with shRNAs
simply by decreasing the concentration of siRNA transfected
without a corresponding loss in target gene silencing.

This study represents the most direct evidence that RNAi
mediated by lentivirus-delivered shRNA is not subject to
the same level of off-target activity revealed by nearly all
siRNA-induced gene expression signatures. This difference
could be explained by differences in the mechanisms by
which lentivirus-encoded shRNAs and lipid-aggregated
siRNAs enter the RNAi pathway. Lentiviruses incorporate
viral sequences (including an expression cassette for the
shRNA) into the host cell genome and require host cell
machinery to transcribe and process expressed shRNAs into
products that can enter the RNA-induced silencing complex
(RISC) to mediate target transcript silencing. It is possible
that endogenous processing regulates loading of RISC with
internally derived siRNAs and thus decreases off-target

activity. Our data are also consistent
with several reports that synthetic
shRNAs enhance the potency of on-
target RNAi-mediated silencing in both
in vitro and in vivo models (Kim et al.
2005; Siolas et al. 2005; McAnuff et al.
2007). The increased potency of target
gene silencing relative to seed region-
based effects mediated by shRNAs may
explain why, at equivalent levels of target
silencing, microarray analysis revealed
fewer hexamer-containing genes down-
regulated by shRNA than by siRNA.
Moreover, it is conceivable that degra-
dation of unprotected siRNAs in the
cytoplasm compromises the integrity of
transfected duplexes resulting in more
off-target silencing.

We tested a single shRNA structure (a
19-mer stem sequence with a 9 base loop)
in a single vector background (pLenti6).
Although it is possible that reduced off-
target activity is specific to systems similar
to the one used in this study, our results
show that RNAi with this type of vector-
mediated approach could streamline ex-
perimental strategies by requiring fewer
follow up steps to distinguish on- from
off-target effects. This feature of lentivi-
rus-mediated RNAi will be especially
important for experiments that make
use of global gene expression to profile
cellular and disease pathways as well as for
high-throughput screens for drug target
and biomarker discovery.

MATERIALS AND METHODS

siRNA duplexes and shRNA vectors

All 19-mer core sequences were generated by use of a proprietary
algorithm established by Rosetta Inpharmatics scientists. siRNA
duplexes were synthesized by Sigma. Vectors were designed to ex-
press single-stranded RNA with complementarity that would allow
formation of a structure with 19-mer shRNA guide and passenger
strands linked by a 9-base hairpin with the following sequence:
59-TTCAAGAGA-39. These expression cassettes contained an H1
promoter and an RNA polymerase III termination sequence (TTTTT)
flanking the shRNA precursor and were cloned into the lentiviral
expression vector pLenti6 (Invitrogen). Sequences used in this study
are provided in the supplemental materials (Supplemental Table S1).

Gene silencing by transient transfection
and transduction

HeLa cells were transfected in six-well plates with siRNA duplexes
at the concentrations indicated by use of the transfection reagent

FIGURE 2. Significant seed region based off-target activity is induced by siRNA but not
shRNA delivery conditions that result in equivalent levels of target gene silencing. RNAi was
induced in HeLa cells by siRNA transfection or shRNA transduction, RNA was harvested and
subjected to microarray analysis. Significance plots show the log10 ratio of gene expression
effected by the CDKN1A shRNA compared with the control vector H1-TERM (see Materials
and Methods) and the log10 ratio of gene expression by the CDKN1A siRNA compared with
mock transfected cells (y-axis) versus the log10 fluorescence intensity of the individual probes
on the array (x-axis). Down-regulated transcripts are indicated in green, up-regulated transcripts
are shown in red, and the target transcript is shown in magenta. Blue indicates no significant
change. Shown is one example of the five paired comparisons in which a duplex introduced as
a vector expressed shRNA resulted in a smaller gene signature (P < 0.01) than the same duplex
introduced as lipid transfected siRNA. The sense sequence of the 19-mer core is indicated with
positions 2–7 of the seed region of the guide strand indicated in blue font. Bases complementary
to positions 1 and 8 of the guide strand are indicated in green and red, respectively, to cover the
entire seed region of the core sequence. The 39 UTRs of signature transcripts were surveyed for
complementarity to seed region hexamers. Shown are the E-values (P-value with Bonferroni
correction) for down-regulated transcripts with 39 UTR complementarity to each potential seed
region hexamer. Also shown is the number of hexamer-containing down-regulated transcripts
over the number of total down-regulated transcripts. A Venn diagram of down-regulated
transcripts demonstrates that transcripts regulated by the CDKN1A siRNA and the CDKN1A
shRNA were largely distinct.

Reduced off-target activity with shRNA
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RNAiMax according to the manufacturer’s protocols (Invitrogen).
shRNAs were cloned into the lentiviral shRNA expression vector
pLenti6/V5-DEST (Invitrogen) and were packaged according to
the manufacturer’s protocols in 293FT cells (Invitrogen) by use of
ViraPower Lentiviral Expression reagents (Invitrogen). Packaged
lentivirus particles were delivered to cells in the presence of 6 mg/mL
polybrene.

Inducible shRNA expression

HCT-116 cells (ATCC) were transduced with lentiviruses express-
ing tTS (tetracycline-controlled transcriptional repressor; Clon-
tech). Infected cells were selected with G418 as a pooled pop-
ulation. Cells stably expressing tTS were subsequently infected in
the presence of 6 mg/mL polybrene with a lentivirus encoding
a tetracycline-inducible TP53 shRNA driven from an H1 pro-
moter (Chau et al. 2009). For induction of shRNA expression,
cells cultured for periods of greater than 1 wk were incubated in
the presence of 50 ng/mL doxycycline, and RNA samples were
harvested at the indicated time points following treatment.

Quantitative PCR and microarray analysis

Unless indicated otherwise, RNA was harvested 24 h after
siRNA transfection or 36 h after shRNA-expressing lentivirus
infection to accommodate a potential lag time between infection

and host cell processing of the expressed shRNA into a mature RNA
duplex. At earlier time points (12 h for siRNA experiments and 24 h
for shRNA experiments), suboptimal silencing was generally ob-
served (data not shown). RNA was extracted from cells by use of
RNeasy kits (Qiagen) according to the manufacturer’s protocol for
animal cells.

mRNA silencing was quantified by real-time PCR with an ABI
PRISM 7900HT Sequence Detection System and Assays-on-
Demand gene expression products (Applied Biosystems) as described
previously (Bartz et al. 2006). The following Assays-on-Demand
reagents were used in this study: TP53 (Hs00153340_m1), CDKN1A
(Hs00355782_ml), E2F1 (Hs00153451_ml), EZH2 (Hs01016789_ml),
and FDXR (Hs01031618_gl).

Microarray analysis for all siRNA/shRNA comparisons except
for analysis of the inducible HCT-116 cells was performed by use
of custom Affymetrix arrays. Extracted RNA was quantified by use
of RiboGreen RNA Quantitation Reagent (Invitrogen), and its
quality was assessed by use of the Agilent RNA 6000 Pico Kit
(Agilent) in an Agilent 2100 Bioanalyzer (Agilent). Samples were
amplified and labeled by use of the Ovation WB protocol (NuGEN
Technologies), according to the manufacturer’s instructions. The
resulting amplified cDNAs were hybridized to Affymetrix gene
expression chips (Human Rosetta Custom Affymetrix 1.0, Affyme-
trix). Images were analyzed by use of Affymetrix GeneChip
Operating Software (GCOS) and processed further to derive
sequence-based intensities by use of the RMA algorithm in the

TABLE 1. Analysis of off-target activity induced by siRNA transfection versus lentivirus-mediated transduction of shRNA

Reagent pair Seed region
Reagent

(nM)

Gene signature size
P < 0.01

Hexamer E-
value (log10)

Down-regulated
transcripts with

hexamer

Up Down 1 2 3 1 2 3

CDKN1A-558 TTCTCCAA shRNA 73 17 >�1 >�1 >�1 9 9 4
CDKN1A-558 TTCTCCAA 0.5 29 137 �9 �9 �7 76 73 60
CDKN1A-558 TTCTCCAA 1 65 324 �34 �50 �43 178 189 161
CDKN1A-558 TTCTCCAA 2.5 247 468 �44 �70 �48 241 262 207
E2F1-503 TCACTGAA shRNA 153 62 >�1 >�1 >�1 16 19 20
E2F1-503 TCACTGAA 0.5 266 1004a �20 �21 �52 385 353 459
E2F1-503 TCACTGAA 1 68 143 �23 �35 �27 84 90 87
E2F1-503 TCACTGAA 2.5 94 273 �43 �68 �50 158 171 163
EZH2-1636 CAAGGAAA shRNA 112 121 >�1 �2 >�1 30 50 49
EZH2-1636 CAAGGAAA 0.5 157 50 >�1 �4 �2 20 33 31
EZH2-1636 CAAGGAAA 1 58 241 �13 �35 �23 92 141 132
EZH2-1636 CAAGGAAA 2.5 324 281 �14 �41 �29 104 164 156
EZH2-2292 ATAGGTAT shRNA 75 50 >�1 >�1 >�1 7 6 4
EZH2-2292 ATAGGTAT 0.5 36 30 �5 �6 >�1 15 15 9
EZH2-2292 ATAGGTAT 1 NA NA NA NA NA NA NA NA
EZH2-2292 ATAGGTAT 2.5 138 258 �57 �79 �35 116 132 104
FDXR-1260 ACAACCAT shRNA 238 170 >�1 >�1 �2 34 29 49
FDXR-1260 ACAACCAT 0.5 230 254 �17 �27 �5 80 105 74
FDXR-1260 ACAACCAT 1 136 327 �29 �47 �6 105 140 84
FDXR-1260 ACAACCAT 2.5 226 514 �52 �73 �14 166 211 136

Down-regulated transcripts (P # 0.01) were analyzed for the presence of hexamers complementary to the three potential seed regions of the
siRNA or shRNA guide strand as described in the Materials and Methods. Shown are the E-values (P-value with Bonferroni correction) for down-
regulated transcripts with 39 UTR complementarity to each potential seed region hexamer. Also shown is the number of hexamer-containing
down-regulated transcripts within the down-regulated signature. NA indicates signatures were not reported because of a suspected hybridization
artifact in the experiment.
aAlthough this large number of regulations may be attributable to a hybridization artifact, the regulated transcripts are still enriched for genes with
seed region complements in their 39 UTRs.
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Affymetrix Power Tools (available at http://www.affymetrix.com/
support/developer/powertools/index.affx). RNA from cells trans-
fected with siRNAs was compared with RNA from mock trans-
fected controls and RNA from cells transduced with shRNA vectors
with RNA from cells infected with a previously described control
vector that lacks an shRNA sequence between the H1 promoter
and two tandem termination sequences (H1-TERM) (Klinghoffer
et al. 2008). Samples from HCT-116 cells were analyzed by use of
custom Agilent arrays as described previously (Jackson et al. 2003).
In experiments with the stably introduced inducible shRNA
construct, RNA from cells treated with doxycycline was compared
with RNA from untreated cells. To identify RNAi-regulated genes,
ratios of transcript abundance in experimental versus control
samples were calculated with normalized intensity data. Data shown
are signature genes that display a difference in expression level (P <
0.01) relative to control samples. Data were analyzed by use of
Rosetta Resolver or MATLAB software. Analysis of hexamer
complementarity was performed as described previously (Jackson
et al. 2006b).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at
http://www.rnajournal.org.
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