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Abstract

Small interfering RNAs (siRNAs) have been used extensively in reverse genetic research, and many have made
their way into clinical trials. The most widely used siRNA structure consists of double-stranded RNA with 19
base pairs and 2-nucleotide overhangs at the 3’-end of both strands (19 + 2). Although widely used, this sym-
metric structure bears inherent disadvantages in both research and clinical applications. One of the most
common caveats is the off-target effect leading to adverse effects in clinical application. In the current study,
using C-C chemokine receptor (CCR5) as a target, we have shown that 19 + 2 siRNA could still cause consid-
erable global off-target effects regardless of rational design based on its thermodynamic asymmetry. However,
we demonstrated that structurally asymmetric siRNA targeting CCR5 could be adopted to improve the strand
specificity and greatly reduce the off-target effects without significantly compromising its on-target effects. Data
from microarray analysis suggest that an unidentified mechanism resulting in global gene down-regulation
might be avoided through strand shortening. Taken together, our work suggested a promising and simple way
to improve strand specificity and overcome the off-target gene-expression effects without introducing more
complications while retaining the efficacy of siRNA.

Introduction

Small interfering RNAs (siRNAs) have been widely
used in research for over a decade since the effector

complex RISC (RNA-induced silencing complex) was dis-
covered and characterized (Lingel et al., 2004; Liu et al., 2004;
Meister et al., 2004; Sontheimer, 2005; Ameres et al., 2007;
MacRae et al., 2007; Czech and Hannon, 2011; Sakurai et al.,
2011). In recent years, many siRNAs have been investigated
for their clinical potential, and some have demonstrated their
potential therapeutic value for various diseases, including the
infection of human immunodeficiency virus type 1 (HIV-1)
(Capodici et al., 2002; Coburn and Cullen, 2002; Novina et al.,
2002; Soutschek et al., 2004; Chang et al., 2005; Fu et al., 2005;
Kim and Rossi, 2007). One of the main obstacles for the clinical
use of siRNA is unintended off-target effects (Castanotto and
Rossi, 2009), i.e., the down-regulation or up-regulation of
genes other than the target. To address this issue, a variety of
modifications have been introduced to siRNA (Soutschek
et al., 2004; Bramsen et al., 2009; Vaish et al., 2011), most of
which took advantage of chemical substitutions or modifica-
tions. However, it has also been reported that siRNAs with a
shortened passenger strand could similarly function well and

reduce off-target gene-expression effects (Sano et al., 2008; Sun
et al., 2008; Chang et al., 2009).

The mechanisms behind off-target gene-expression effects
are still not fully understood; however, there are some
known factors that have been shown to contribute signifi-
cantly to these effects. For example, unintended incorpora-
tion of the passenger strand into RISC is a major cause of
unintended changes in gene-expression patterns. The ther-
modynamic properties of the ends of a given siRNA deter-
mine which strand will be recognized as the guide strand for
RISC (Ameres et al., 2007), and the strand with a relatively
less stable 5’-end is more likely to guide the silencing. As
such, it was postulated that the rational designing of siRNAs
with appropriate thermodynamic asymmetry could circum-
vent this problem (Reynolds et al., 2004; Tomari et al., 2004).
However, thermodynamic asymmetry is not the only deter-
minant of which strand submits to RISC selection, as inde-
pendent research conducted by two groups showed that
asymmetric antisense 3’-overhang could also guide the
strand selection (Sano et al., 2008; Chang et al., 2009).

Besides unintended gene silencing caused by passenger
strand, other factors such as RISC saturation, microRNA
(miRNA)-like effects, and innate immunity activation may
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contribute to the global off-target effects of siRNA. Further-
more, it is conceivable that additional unknown mechanisms
may promote these therapeutically negative factors.

To address these problems, in our current report on siR-
NAs targeting CCR5, a chemokine receptor and a coreceptor
for HIV-1 infection, one strand at a time of an siRNA was
shortened to give rise to a series of asymmetric structures,
and the shortened forms of siRNA were thoroughly inves-
tigated for their potency, strand specificity, and off-target
effects. We constructed two reporter plasmids to measure the
loading efficiency of each strand of the siRNAs into RISC.
Then mRNA microarray analysis was performed to provide
insights into the differences of overall off-target effects be-
tween asymmetric siRNAs and their 19 + 2 counterpart
[double-stranded RNA with 19 base pairs (bp) and 2-nucleotide
overhangs at the 3’-end of both strands].

Materials and Methods

siRNA preparation

All siRNAs were chemically synthesized by GenePharma
(Shanghai, China) using standard phosphoramidate chemistry,
annealed, and purified by HPLC to a purity of > 97%. Lyo-
philized siRNAs were dissolved in diethyl pyrocarbonate
(DEPC)-treated water to a final concentration of 20 nM.

Cell culture and medium

GHOST-R5/X4 and GHOST-X4 cells, from the National
Institutes of Health AIDS Research and Reference Reagent
Program, were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS), 500 lg/ml G418, 100 lg/ml hygromycin,
and 1 lg/ml puromycin. HEK293T cells were cultured in
high-glucose DMEM supplemented with 10% FBS. All cells
were incubated in a humidified atmosphere with 5% CO2 at
37�C in a water-jacketed CO2 incubator (Thermo Electron
Corp., Waltham, MA).

Nucleic acid transfection

Transfection of GHOST-R5/X4 cells was performed with
X-tremeGENE siRNA Transfection Reagents (Roche, Man-
nheim, Germany) following standard protocols provided by
the manufacturer. In brief, GHOST-R5/X4 cells (4 · 104/well)
were plated in a 24-well plate and transfected with 20 pmol of
siRNA after 24 hr of culture. HEK293T cells and GHOST-X4
cells were transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
HEK293T cells (1.8 · 105/well) or GHOST-X4 cells (8 · 104/
well) were plated in a 24-well plate 24 hr before transfection,
and cells were cotransfected with 200 ng of plasmids and ei-
ther 4 pmol or 20 pmol of siRNA. For mRNA microarray
analysis, GHOST-R5/X4 cells were plated in a six-well plate at
a density of 1.2 · 105 cells/well and transfected with 1 lmol of
siRNA. For cell viability analysis, GHOST-R5/X4 cells were
plated in a 96-well plate at a density of 5 · 103 cells/well and
transfected with 4 pmol of siRNA.

RT-qPCR analysis

After transfection, total RNA was extracted from GHOST-
R5/X4 cells with TRIzol reagent (Invitrogen) according to the

manufacturer’s instructions. Isolated RNA was dissolved
and diluted in DEPC-treated water and reverse-transcribed
using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan);
the resulting cDNA was subjected to quantitative PCR
(qPCR) analysis. qPCR was performed using SYBR Green
Realtime PCR Master Mix (Toyobo) in an ABI 7300 Real-
Time PCR system (Applied Biosystem, Carlsbad, CA). Gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as an internal control for relative quantification of
CCR5. Primer sequences were as follows: CCR5 forward, 5’-
AAGCACATTGCCAAACGC; CCR5 reverse, 5’-TGTCA
CAAGCCCACAGAT; GAPDH forward, 5’-ATGG
CACCGTCAAGGCTG AG; GAPDH reverse, 5’-GCTAAG
CAGTTGGTGGTGCA. Relative expression was calculated
by using the DDCt method. Primer concentrations and an-
nealing temperature were optimized in independent experi-
ments for the amplification efficiency to reach 90–105%,
which is the prerequisite for relative quantification.

Flow cytometry analysis

For the evaluation of CCR5 surface expression, cells were
trypsinized and stained with phycoerythrin (PE)-conjugated
mouse anti-human CD195 (CCR5) monoclonal antibody or
PE-conjugated mouse IgG2a,j as isotype control (BD Bios-
ciences, San Jose, CA). After staining, the cells were fixed
with 2% paraformaldehyde. For detection of enhanced green
fluorescent protein (EGFP) fluorescence, the cells were
trypsinized, washed, and fixed directly with 2% parafor-
maldehyde. Cells were analyzed on a BD FACS Arial Flow
Cytometer, and the data were collected using BD FACSDiva
software (BD Biosciences).

Pseudovirus preparation and infection

Luciferase reporter pseudovirus was prepared as previ-
ously described (Montefiori, 2009). In brief, HEK293T cells
were cotransfected with plasmid expressing the envelope
proteins of JR-FL and pNL4-3, which had been mutated to
inactivate env gene and carried the sequences encoding Re-
nilla luciferase that was under the control of the HIV-1 long
terminal repeat (LTR). After cotransfection, the culture su-
pernatant was collected and cleared, and the 50% tissue
culture infective dose (TCID50) was determined.

For infection, GHOST-R5/X4 cells were cultured in a 24-
well plate and transfected with various siRNAs. Forty-eight
hours after transfection, when cells were grown to conflu-
ence, 1,000 TCID50 virus suspension containing 5 lg/ml
DEAE was added to each well and incubated for 3 hr. Un-
bound virus was removed by washing, and the cell culture
was continued for 48 hr before the cells were lysed. Lucifer-
ase activity was determined on a GloMax 96 Microplate
Luminometer (Promega, Madison, WI) using the Bright-Glo
Luciferase Kit (Promega).

RNA stability

siRNA (2 ll, 40 pmol) was mixed with 8 ll of FBS and in-
cubated at 37�C for 1, 2, 4, 6, or 8 hr. siRNA diluted in
DEPC-treated water was used as control. The mixtures were
separated on a 4% ethidium bromide (EB)-prestained aga-
rose gel and analyzed by a Tanon 3500 Gel Image System
(Tanon Science & Technology, Shanghai, China).
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ELISA

ELISA was carried out using the READY-SET-GO! cyto-
kine ELISA kit (eBioscience, San Diego, CA) according to the
manufacturer’s instructions. Cells were cultured and trans-
fected with siRNAs as described earlier. Twenty-four hours
after transfection, supernatant was collected, and the cells
were lysed by RIPA buffer (Santa Cruz Biotechnology, Santa
Cruz, CA). Cytokine levels were determined by ELISA, and
the concentrations were calculated based on standard curves
derived from experiments performed at the same time on
standard samples.

Cell viability analysis

Cells were transfected with 40 nM siRNA and incubated
for 48 hr; then the supernatant was discarded and cells were
incubated in DMEM/10% fetal calf serum supplemented
with 10% CCK-8 solution (DOJINDO Laboratories, Kuma-
moto, Japan) at 37�C for 1 hr. The OD450 was measured using
an Infinite M200 (Tecan, Männedorf, Switzerland).

mRNA microarray analysis

Cells were cultured and transfected with siRNAs as de-
scribed in the section on nucleic acid transfection. Forty-eight
hours after transfection, cells were lysed with TRIzol for total
RNA extraction and mRNA microarray analysis. Microarray
analysis was performed by LC Bio Co. Ltd. (Hangzhou,
China) using Affymetrix U133 plus 2.0 array chips (Affy-
metrix, Santa Clara, CA). Data were scanned and processed
using GCOS1.4 software.

Construction of EGFP reporter plasmid

pEGFP-C1 plasmid was amplified by PCR using PrimeS-
TAR HS DNA Polymerase (Takara, Japan) to introduce
siRNA target sequence. The primers used were as follows:
sense target forward, 5’-GGATCCACCGGATCTAGATAA
AAGTGTCAAGTCCAATCTAT GTTCTGATCATAATCAG
CCATACCAC; sense target reverse, 5’-GTGGTATGGCTG
ATT ATGATCAGAACATAGATTGGACTTGACACTTTTAT
CTAGATCCGGTGGATCC; antisense target forward,
5’-GGATCCACCGGATCTAGATAAAACATAGATTGGAC
TTGACACTTCTGATCATAATCAGCCATACCAC; anti-
sense target reverse, 5’-GTGGTATGGCTGA TTATGATCA
GAAGTGTCAAGTCCAATCTATGTTTTATCTAGATCCGG
TGGATCC. Then PCR products were subjected to digestion
by DpnI restriction enzyme (NEB, Hitchin, Herts, UK) to
remove methylated DNA templates so that only mutated
DNA was retained. The DpnI-treated DNA was used to
transform E. coli, and the clones were verified by sequencing
and plasmids isolated and purified using PureYield Plasmid
Midiprep System (Promega).

Results

siRNA with shortened passenger strand mediated effective
and durable gene silencing against human CCR5

To investigate the effect of shortening passenger strand on
the potency of siRNA, two previously reported siRNAs
(Anderson and Akkina, 2007) targeting human CCR5, a
chemokine receptor and an HIV-1 coreceptor, were used as

the starting point. Each siRNA was shortened from the 5’-
end of the passenger strand to generate a series of asym-
metric siRNAs with double-stranded regions ranging from
13 to 18 bp (Fig. 1A). siRNAs at 40 nM were transfected into
GHOST-R5/X4 cells, which are derived from human osteo-
sarcoma cells stably transfected with human CCR5 and
CXCR4. CCR5 mRNA was determined by RT-qPCR and its
membrane expression detected by flow cytometry after
transfection. Shortening passenger strand had little or no
effect on the efficacy and durability of silencing. Most siR-
NAs achieved 40–70% inhibition of mRNA compared with
the negative control (Fig. 1B) and 60–80% down-regulation
of membrane protein expression (Fig. 1C). The relatively
lower inhibition of mRNA might result from cleaved, but not
completely degraded, mRNA of CCR5, which could be am-
plified by PCR primers, but not actually translated, as the
primers used did not span the cleavage sites of siRNA tar-
gets. The similar results from two different siRNA sequences
ruled out the possibility that this could be the result of
sequence-specific effects. To validate functional knockdown
of CCR5, an HIV-1 env-pseudotyped virus bearing gp120 of
the JR-FL strain (a CCR5-using strain) and Renilla luciferase
gene under the control of HIV-1 LTR was used to infect
GHOST-R5/X4 cells at 48 hr after transfection of various
siRNAs. Luciferase activities were suppressed to comparable
levels by siRNAs with various lengths of passenger strand
relative to conventional 19 + 2 siRNA (Fig. 1D), indicating
that asymmetric siRNAs were at least as equally potent as
their symmetric partners in vitro.

It was observed that trimming of siRNA was accompanied
by decreasing of its stability. When incubated with serum,
the longer RNAs could be detected after 8 hr, whereas the
shorter ones degraded rapidly within 2 hr (Fig. 2). Despite
the observed instability of the shortened siRNA, the CCR5
gene was effectively silenced for up to 96 hr by all of the
asymmetric RNA tested here (Fig. 1C).

To further validate the specificity of the siRNA-induced
knockdown, we constructed a pair of reporter plasmids
based on pEGFP-C1, a widely used commercial plasmid
expressing high levels of EGFP under the control of the cy-
tomegalovirus immediate early promoter. Sequence com-
plementary to siR5 siRNA guide strand (sense target) or
passenger strand (antisense target) was inserted between the
EGFP coding sequence and the 3’-untranslated region (UTR)
by PCR-based mutagenesis. The plasmid inserted with sense
target was designated as pEGFP_siR5_sense, and that in-
serted with antisense target was designated as pEGFP_
siR5_antisense. The expression of EGFP did not differ
between the two plasmids (Fig. 3A), whether transfected
independently or cotransfected with control siRNA. There-
fore, HEK293T cells could be cotransfected with either of the
two reporter plasmids and various siRNAs for direct com-
parison of silencing efficiency. Two concentrations of siRNA
(8 and 40 nM) were used to indicate if the effects of short-
ening were sensitive to siRNA concentration. The results
showed that the patterns of relative inhibition by different
siRNAs at two distinct concentrations were similar (Fig. 4A,
C, E, and G). To confirm the results derived from HEK293T
cells and allow direct comparison, cotransfection was re-
peated in GHOST-X4, a cell line identical to GHOST-R5/X4
except for the absence of CCR5 expression, thus eliminating
the influence by endogenous CCR5.
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EGFP expression was efficiently inhibited by siRNAs with
shortened passenger strand (Fig. 4A and B), confirming our
results obtained from GHOST R5/X4 cells. siRNAs with
shorter passenger strand failed to significantly inhibit EGFP
at 8 nM (13 + 2/19 + 2 and 14 + 2/19 + 2 in Fig. 4A), probably
due to extreme instability at low concentration and degra-
dation before loading onto RISC. However, considerable
inhibition was still achieved at 40 nM, even with the pas-
senger strand shortened to 13 + 2 (*64%).

Shortening the guide strand of siRNA from 5’-end
did not change the preference for RISC loading

19 + 2 siRNA bears a symmetric structure, i.e., the two
strands share the same topology. It has been shown that
RISC could discriminate subtle thermodynamic differences
between the two termini of siRNA, and the strand with the
more thermodynamically unstable 5’-end would be chosen
to guide silencing (Ameres et al., 2007). siR5 siRNA was

FIG. 1. Efficient knockdown of CCR5 by passenger-strand shortened siRNAs. (A) Sequences of the two sets of siRNA
targeting CCR5 used in the experiments. Guide strands are colored black, and sense strands are gray. (B) GHOST-R5/X4 cells
were transfected with 40 nM siRNAs, and total RNAs were extracted for RT-qPCR analysis of CCR5 mRNA expression at the
indicated time points after transfection. (C) GHOST-R5/X4 cells were transfected as in (B) and were subjected to flow
cytometric analysis at the indicated time points after transfection. (D) Forty-eight hours after transfection of 40 nM siRNA,
GHOST-R5/X4 cells were infected with 2,000 TCID50/ml HIV-1 JR-FL pseudovirus, and infectivity was determined by
luciferase activity analysis. Data shown are the means of three independent experiments, and the error bars indicate the
standard deviations. NC, negative control siRNA.
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analyzed on HPCDispatcher, developed in Dr. John J.
Rossi’s laboratory (Sakurai et al., 2011), to calculate the
end free energy. The end free energy of the 5’-end of
the guide strand was - 7.7 kJ/mol, and that of the 3’-end
was - 10.1 kJ/mol. Thus, the potency and specificity of siR5
could be attributed to the significant differences in the end
free energy of its two ends, i.e., its strict thermodynamic
asymmetry.

To investigate how structural asymmetry of siRNA influ-
ences RISC loading preference, another series of siRNAs was
synthesized and cotransfected with reporter plasmids into
HEK293T cells. Instead of the passenger strand, the guide
strand of siR5 siRNA was shortened (Fig. 3B). If RISC
loading preference is subject to structural asymmetry, then
antisense silencing should be enhanced when the guide
strand is shortened. However, the passenger strand did not
silence the antisense target more efficiently regardless of the
guide-strand shortening (Fig. 4G and H). On the contrary,
the sense target could still be significantly knocked down
when the guide strand was not shortened too much (Fig. 4E
and F), and passenger-strand shortening did not reduce the
antisense silencing (Fig. 4C and D; 16 + 2/19 + 2 and 18 + 2/
19 + 2). These results suggested that the preference of RISC
loading could not be changed by shortening one strand of an
siRNA from its 5’-end.

FIG. 2. Stability of siRNA in serum was negatively corre-
lated with the length of strand. Each siRNA was incubated in
80% FBS for 1–8 hr and electrophoresed on a 4% agarose gel,
stained with EB, and visualized by UV irradiation. siRNA
incubated in DEPC-treated water was used as loading control.

FIG. 3. siRNAs used for EGFP
reporter experiments. (A)
HEK293 cells were transfected
with either of the two reporter
plasmids with or without nega-
tive control siRNA (NC); the
EGFP fluorescence in cells trans-
fected with different plasmids
was compared; and the ratio was
plotted. Data shown are the
means of three independent ex-
periments, and the error bars in-
dicate the standard deviations.
(B) siRNA was trimmed from the
5’-end of the guide strand de-
crementally. Guide strands are
colored black, and sense strands
are colored gray. (C and D) siR-
NA was trimmed from the 3’-end
decrementally. Guide strands are
colored black, and sense strands
are colored gray. NC, negative
control siRNA.
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FIG. 4. Sense silencing and antisense silencing by siRNAs shortened from 5’-end. EGFP reporter plasmids (200 ng) were
cotransfected with the indicated siRNA into HEK293T cells (A, C, E, G) or GHOST-X4 cells (B, D, F, H). siRNA concentration
was used at 8 nM (293T) or 40 nM (293T and GHOST-X4). Twenty-four hours after transfection, EGFP fluorescence was
analyzed by flow cytometry. Data shown are the means of three independent experiments, and the error bars indicate the
standard deviations. NC, negative control siRNA.
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3’-end of siRNA is dispensable for its silencing activity,
but contributes to strand selection of RISC

The duplex region formed between the 5’-portion of the guide
strand and the 3’-portion of the passenger strand was thought to
be critical for RNA interference (RNAi) activity, and previous
studies have shown a critical role of the 3’-overhang for RISC
loading (Sakurai et al., 2011); therefore, the siRNAs analyzed
hitherto were all shortened from the 5’-end. However, it would
also be interesting to know the effect of 3’-end shortening on
siRNA activity. Two groups of siR5 siRNAs with the passenger
strand or guide strand shortened from the 3’-end were synthe-
sized (Fig. 3C and D). siRNAs shortened from the 3’-end of
the passenger strand exhibited silencing activity comparable to
that of the 19 + 2 prototype (Fig. 5A and B), similar to their 5’-
shortened counterpart (Fig. 4A and B), whereas the activity of
antisense silencing was completely abrogated by shortening the
passenger strand (Fig. 5C and D), which was distinct from 5’-
shortening (Fig. 4C and D). On the other hand, guide-strand
shortening greatly compromised the ability of siRNA to silence
sense target and enhanced the antisense silencing to various
extents, depending on the cell type (Fig. 5E–H). When the 3’-
overhang of guide strand was trimmed off, the efficacy of sense
silencing was reduced by nearly 50%, and when the guide
strand was further shortened, the siRNA completely lost its
ability to suppress pEGFP_siR5_sense (Fig. 5E and F), but all of
the shortened siRNAs showed antisense silencing no less than
the 19 + 2 symmetric form (Fig. 5G and H). Thus, in contrast to
5’-shortening, when a strand was shortened from the 3’-end, the
RISC preference would be biased by structural asymmetry and
the silencing efficiency seemed more closely related to the extent
of strand shortening rather than thermodynamic preference.
Therefore, reducing the length of one strand of siRNA duplex
from the 3’-end could significantly compromise its RISC load-
ing while promoting the loading of the opposite strand, which
may explain the observation by others that the 3’-overhang is
essential for siRNA function (Sakurai et al., 2011).

Notably, enhancement of EGFP expression by asymmetric
siRNAs with shorter strand was consistently observed in our
experiments in 293T cells. It was probably a consequence of
target sequences inserted into the 3’-UTR, an important reg-
ulatory site in protein coding genes. When one strand of
siRNA was shortened, the unpaired region of the opposite
strand might pair with the inserted sequence in the 3’-UTR,
which in turn could recruit transcriptional or translational
factors and enhance the expression of EGFP. This process may
be cell type–related, because it was not observed in GHOST-
X4 cells. This was confirmed by the enhancement effect of
unpaired siR5 guide-strand RNA observed in the EGFP re-
porter system, but not in GHOST-R5/X4 cells (Fig. 6).

Taken together, both ends of siRNA could be shortened to
give rise to a functional asymmetric structure. The 3’-end of the
passenger strand was not necessary for the effector function of
RISC, but may be a prerequisite for thermodynamic selection of
the two strands by RISC. The strand lacking 3’-overhang
seemed to be deselected, which is consistent with previous
reports by others (Sano et al., 2008; Chang et al., 2009).

Reduced length of passenger strand correlated
with reduced off-target gene silencing

Microarray analysis was performed to investigate the
overall off-target gene-expression effects of our siRNA con-

structs. It showed that considerably fewer genes were
modulated by passenger-strand shortened siRNAs than
19 + 2 siRNA, and it was particularly evident in these down-
regulated genes (Table 1, Figure 7A). Both asymmetric siR-
NAs (with 17 or 13 bp double-stranded region, respectively)
showed significantly less off-target effects than 19 + 2 siRNA.
Our observations suggested that shortening one strand of
siRNA could greatly reduce the side effects.

siRNAs can also mimic miRNA when nucleotides 2–8
(core sequence) numbered from the 5’-end of the loaded
strand completely pair with mRNA, whereas the other re-
gion is only partially complementary, thus targeting unin-
tended mRNA sequences. Based on the microarray data,
genes with more than twofold changes induced by siRNA
treatment were selected. Their sequences were aligned to the
core sequences of both strands of each siRNA, and the
numbers of genes or sites fully complementary were counted
to evaluate the correlation of miRNA-like off-target silencing.
The absolute number of complementary genes was not
markedly reduced along with the length of strand, and the
number of complementary sites even doubled in genes
down-regulated by siR5_13 + 2/19 + 2 (Table 2). These results
indicated that most miRNA-like functions were not affected
by strand shortening, which was consistent with the general
knowledge that most miRNAs silence their targets by inter-
fering with translation, rather than cleaving mRNA.

The differential off-target gene expression
was not due to differences in innate immunity
recognition and was independent of the RNAi pathway

Introduction of exogenous RNA may activate many in-
tracellular signaling pathways and disturb the homeostasis
of cellular components, as evidenced by the modulation of
gene-expression profiles (Liu et al., 2004). Pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs) and RIG-
I-like receptors (RLRs), can recognize exogenous nucleic ac-
ids and induce expression of key transcription factors for
innate immune regulatory cytokines (Marques et al., 2006).
To investigate if the reduction of side effects was the result of
activated innate immunity, we measured interleukin-6 (IL-6),
interferon-c (IFN-c), tumor necrosis factor-a (TNF-a), and
IFN-a1, which are known to be up-regulated by exogenous
RNA, in both the culture supernatants and the cell lysates
24 hr after transfection of siRNA. Our data showed that the
siRNAs used did not induce expression of IL-6, whereas poly
I:C, an analogue of double-stranded RNA, induced a high
level of IL-6 secretion from GHOST-R5/X4 (Fig. 8A), and the
induction of IFN-c, TNF-a, and IFN-a1 was not observed
even by poly I:C, which was consistent with previous ob-
servations that RNA duplex less than 30 bp did not trigger
innate sensors for RNA (Sun et al., 2008). Additionally, no
obvious cell-growth inhibition was detected during trans-
fection of GHOST-R5/X4 cells (Fig. 8B). So the observed re-
duction of side effects was not a result of differential cytokine
induction or cellular toxicity.

A Venn diagram was generated to show the relationships
between genes up-regulated or down-regulated by each
siRNA (Fig. 7B). Surprisingly, most of the genes down-
regulated by each siRNA were not overlapped, suggesting a
mechanism independent of the RNAi pathway that under-
lay the observed off-target effects, because the RISC is
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FIG. 5. Sense silencing and antisense silencing by siRNAs shortened from the 3’-end. EGFP reporter plasmids (200 ng) were
cotransfected with the indicated siRNA into HEK293T cells (A, C, E, G) or GHOST-X4 cells (B, D, F, H). siRNA was used at
40 nM. Twenty-four hours after transfection, EGFP fluorescence was analyzed by flow cytometry. Data shown are the means
of three independent experiments, and the error bars indicate the standard deviations. NC, negative control siRNA.
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predominantly loaded with the siR5 guide strand (Fig. 4A–
D), which was the same for all three siRNAs tested.

Discussion

Although widely used in research, the application of siR-
NA as therapeutics is still far from reach. One of the major

concerns is off-target gene-expression effects. A variety of
modifications of siRNA chemistry or structure have been
introduced to minimize the off-target effect (Martinez et al.,
2002; Chiu and Rana, 2003; Kim et al., 2004; Siolas et al.,
2004; Judge et al., 2005; Sun et al., 2008; Bramsen et al., 2009;
Vaish et al., 2011). It has been recently reported that modi-
fying siRNAs with unlocked nucleobase analog could
markedly reduce the off-target effects (Vaish et al., 2011).
However, chemical modifications at dispersed sites greatly
increase the cost and complicate the purification of siRNA.
In the current study, we modified siRNAs by shortening the
passenger strand and demonstrated that the asymmetrically
shortened siRNA could silence their targets as efficiently as
their 19 + 2 counterpart, while improving the loading spe-
cificity of RISC when shortened from the 3¢-end giving rise
to less off-target gene expression effects. This strategy is

Table 1. Genes Down-Regulated or Up-Regulated

by siRNA Transfection

Numbers of genes
that changed more

than two fold

Numbers of genes
that changed more

than three fold

siRNA
Up-

regulation
Down-

regulation
Up-

regulation
Down-

regulation

siR5_19 + 2 861 1,508 341 528
siR5_17 + 2/19 + 2 845 963 347 383
siR5_13 + 2/19 + 2 800 804 314 333

FIG. 7. Off-target effects of siRNA. (A)
Heat map of genes whose mRNA levels
fluctuated by more than twofold. (B)
Venn diagram showing the relationships
between genes up-regulated or down-
regulated by each siRNA.

FIG. 6. Single-stranded RNA enhanced expression of EGFP
reporter gene in HEK293T cells, but not genuine CCR5 gene
in GHOST-R5/X4 cells. Data shown are the means of three
independent experiments, and the error bars indicate the
standard deviations. ssRNA, single-stranded antisense RNA
of siR5; NC, negative control siRNA.
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Table 2. Sequence Complementarity Between Down-Regulated Genes and Core Sequence of siRNA

Name Core sequence Complementary genes Complementary sites

siR5_19 + 2/passenger UGUCAAG 100 133
siR5_19 + 2/guide AUAGAUU 100 122
siR5_17 + 2/19 + 2/passenger UCAAGUC 100 138
siR5_17 + 2/19 + 2/guide AUAGAUU 100 134
siR5_13 + 2/19 + 2/passenger GUCCAAU 79 193
siR5_13 + 2/19 + 2/guide AUAGAUU 99 240

FIG. 8. Cytokine production and cell viability were not influenced by siRNA. (A) GHOST-R5/X4 cells were transfected with
40 nM concentration of the indicated siRNA or poly I:C or treated with transfection reagent (mock) or medium (blank) alone.
Twenty-four hours after transfection, cell supernatants were collected and cells lysed; supernatants and lysates were analyzed
for the presence of IL-6, INF-c, TNF-a, and IFN-a1. Experiments were performed in duplicate; values of cytokine concen-
trations were derived from standard curves accomplished simultaneously (see Supplementary Fig. S1; Supplementary Data
are available online at www.liebertonline.com/hum). (B) GHOST-R5/X4 cells were transfected with 40 nM concentration of
the indicated siRNA or treated with transfection reagent (mock) or medium (blank) alone. The numbers above each column
indicate p values (compared with blank, paired t test). Data shown are the means of three independent experiments, and the
error bars indicate the standard deviations. NC, negative control siRNA.
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simple and easy to perform, without additional cost added
to its manufacturing.

siRNA exerts its function through incorporation into RISC,
a complicated and delicately regulated ribonucleoprotein
complex. However, in mammalian cells, RISC is mainly
ready for loading of miRNA (Gregory et al., 2005). miRNA is
a conserved regulatory small RNA species that plays vital
roles in regulating many physiological activities, such as
development, metabolism, and immunity (Bartel, 2004; He
and Hannon, 2004; Biton et al., 2011). The reservoir of RISC
components is not unlimited and is saturable by exogenous
siRNA, thus affecting the normal function of miRNA. The
concentrations of siRNA used in the current study were
relatively low (8 and 40 nM) to avoid saturation of RISC. All
of the shortened siRNAs tested in the current study showed
comparable inhibition of CCR5 and suppression of HIV-1
pseudovirus infection at 40 nM and fivefold lower concen-
tration. Furthermore, the shortened siRNAs showed equal
knockdown potency despite their reduced stability. This may
be a result of improved RISC loading efficiency or merely
reflects the insulation effect of transfection reagents, which
needs further investigation. Nevertheless, these results sug-
gest that asymmetric siRNAs deserve further study for po-
tential clinical application.

Two potential mechanisms resulting in off-target silencing
have been elucidated (Vaish et al., 2011). One is accidental
incorporation of passenger strand that could guide RISC to
cleave the sequence complementary to its normal target.
Although the detailed RISC loading mechanism remains to
be illustrated, thermodynamic asymmetry of siRNA duplex
was the only definitely known factor that determines the
selection of siRNA strand by RISC. Sano and Chang reported
that 3’-overhang could also guide RISC loading (Sano et al.,
2008; Chang et al., 2009). Using the EGFP reporter system,
our data indicated that 3’-overhang might have a higher
priority than thermodynamic asymmetry in strand selection.
The biased strand preference caused by asymmetric structure
of siRNA suggested that strand shortening from the 3’-end of
the passenger strand may be a promising and valuable ap-
proach to improve the specificity of RISC loading and aid the
design of more potent and more specific siRNAs based on
current guidelines (Reynolds et al., 2004).

Another cause for the off-target effect is miRNA-like si-
lencing. This type of off-target gene-expression effects is
sequence-dependent; it causes only gene down-regulation
and can be caused by either strand of siRNA. Our microarray
analysis showed that the number of down-regulated genes
was influenced more profoundly than that of up-regulated
genes by the length of the siRNA strand, which implicated
an underlying gene-silencing mechanism that might be
minimized by strand shortening. But it seemed that miRNA-
like off-target effects were not influenced at all by strand
shortening, because the number of miRNA targets did not
change with strand length (Table 2). To obtain a compre-
hensive insight into the miRNA-like silencing during treat-
ment with asymmetric siRNA, changes in protein levels need
to be investigated, because most miRNAs do not influence
the levels of target mRNAs (Bartel, 2004).

Exogenous RNA can stimulate various innate immune
responses ( Judge et al., 2005). Although reports have shown
that RNA duplex less than 30 bp could not induce a protein
kinase R-dependent type I IFN pathway (Marques et al., 2006),

the exogenous nature of siRNA implied an inherent suscep-
tibility of siRNA to a great deal of RNA sensors from the
innate defense system, including TLRs, RLRs, and many other
molecules that can bind RNA, and there are reports that in
some cases siRNA could induce innate immune response
(Alexopoulou et al., 2001; Kleinman et al., 2008; Yoneyama and
Fujita, 2008; Kawai and Akira, 2010). In the current study,
however, no such innate stimulation was observed.

Therefore, some unidentified mechanisms might exist that
could result in global gene down-regulation by RNA, and
this mechanism is sensitive to the length of RNA. Whether
this is an unidentified intrinsic feature of small RNAs or the
result of some unknown innate signaling pathway remains
to be shown.

In summary, the current study demonstrated that the
asymmetric design of siRNA is a promising approach to
reduce unintended side effects due to off-target silencing,
and the 3’-shortening is a good strategy to promote the
strand specificity of siRNA without compromising its po-
tency. The major caveat for the shortened structure of the
RNA may be its instability. New technologies that make
RNA more stable or novel delivery methods that provide
better protection of the naked RNA will need to be consid-
ered for practical application of the siRNA.
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