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Circular non-coding RNAs are found to play important roles in
biology but are still relatively unexplored as a structural motif
for chemically regulating gene function. Here, we investigated
whether small interfering RNA (siRNA) with a circular struc-
ture can circumvent off-target gene silencing, a problem often
observed with standard linear duplex siRNA. In the present
work, we, for the first time, synthesized a series of circular
siRNAs by cyclizing two ends of a single-stranded RNA (sense
or antisense strand) to construct circular siRNAs that were
more resistant to enzymatic degradation. Gene silencing of
GFP and luciferase was successfully achieved using these circu-
lar siRNAs with circular sense strand RNAs and their comple-
mentary linear antisense strand RNAs. The off-target effect of
sense strand RNAs was evaluated and no cross off-target effects
were observed. In addition, we successfully achieved longer
gene-silencing efficiency in mice with circular siRNAs than
with linear siRNAs. These results indicate the promise of circu-
lar siRNAs for overcoming off-target effects of siRNAs and
enhancing the possible long-term effect of siRNA gene
silencing in basic research and drug development.

INTRODUCTION
Circular RNAs have been found in many biological systems.1–3

They are mostly reported to function as molecular “sponges” for
microRNAs (miRNAs) and have many unknown biological activities.
Small interfering RNA (siRNA), as one of many non-coding RNAs,
has been an important tool in gene expression regulation and as a
therapeutic agent in drug development.4,5 Although the cleavage of
target mRNA mediated by siRNA is highly sequence specific, the un-
intended “off-target” silencing of endogenous genes is also observed
in cells, which limits further applications of siRNAs.6,7 For example,
the antisense strand of an intercellular cell adhesion molecule-1
(ICAM-1) siRNA could normally regulate gene expression of target
intercellular adhesion molecule-1, whereas the sense strand of the
same ICAM-1 siRNA could knock down the expression of tumor ne-
crosis factor receptor 1.6 The off-target effects of siRNAs have also
been shown to induce apoptosis in many cell lines.7 Thus, RNAi-
induced gene-silencing activity must be carefully evaluated due to
the potential for off-target effects with siRNA.
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Many chemical modifications of siRNA have been investigated in an
attempt to reduce off-target effects. siRNAs modified with 20OMe
RNA, locked nucleic acid, unlocked nucleoside analogs, 5-nitroin-
dole-modified nucleotide, terminal methylation, and backbone phos-
phorothioate were achieved.8–14 These modifications may prevent the
loading and processing of sense strand RNA to lower the off-target
effect of siRNAs. Different compositions were also applied for optimi-
zation of RNAi gene silencing (Figure 1). A small segmented inter-
fering siRNA (sisiRNA) was designed, which contains an intact
antisense strand and two shorter complementary 10–12 nt sense
strand RNAs (Figure 1). Alternatively, a 16-nt siRNA or 15-nt asym-
metric interfering RNA (aiRNA) was developed (Figure 1).15–19 These
shorter sense strand RNAs were less efficient for use as guide RNAs,
and the off-target effects caused by these sense strand RNAs were
reduced. However, the efficiency and/or stability of these siRNAs
was somewhat sacrificed, probably due to the easier degradation of
RNAs. siRNA or small hairpin RNA (shRNA) with dumbbell struc-
tures were also developed by cyclizing two strands of siRNA duplexes
for siRNA gene silencing (Figure 1). Xi et al. reported that circular
dumbbelled shRNAs were more potent in siRNA gene silencing
than their open-ended counterpart, likely due to their enhanced sta-
bility to nuclease degradation. However, reduction of the off-target
effect was not achieved.20–23 In this paper, we present results on the
silencing activity of circular siRNAs in comparison to classical linear
siRNAs by the use of fluorescent cellular and animal (mice) models.
The studies aim to develop siRNA silencers, overcoming off-target ef-
fects and enhancing the long-term effect of gene silencing in basic
research and drug development.
RESULTS AND DISCUSSION
Synthesis and Characterization of Circular siRNA

Building on previous achievements with caged circular antisense oli-
gonucleotides by our laboratory and others,24–30 we sought to develop
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Figure 1. Overview of Different Strategies for Modified siRNAs to Reduce

the Off-Target Effect Caused by Sense Strand
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a circular siRNA strategy for reducing off-target effects and short ef-
fect time. Cyclization of the 5ʹ and 3ʹ ends of the sense or antisense
strand of siRNA was achieved to form a 21-mer RNA ring. Then, a
linear complementary RNA strand was hybridized with the circular
RNA to form a circular siRNA duplex (Figure 1). Two ends of sin-
gle-stranded RNA with the 50 terminal phosphate group were joined
through the formation of a phosphodiester bond using T4 RNA ligase
(Figure S1).31 The resulting circular RNAs were further purified by
native PAGE based on the fact that linear and circular RNA move
at different rates in the gel (Figure S2). The single-stranded circular
RNAs were then collected and desalted, followed by characterization
using electrospray ionization-mass spectrometry (ESI-MS) under the
negative ion mode (Table S2).

We first evaluated the enzymatic stability of the circular siRNA
duplex with a circular RNA and its linear complementary RNA. Us-
ing the same antisense (GAS, GUUCACCUUGAUGCC GUUCUU)
and sense (GS, GAACGGCAUCAAGGUGAACUU) sequences tar-
geting GFP, circular siRNA (c-GAS/GS, G for GFP) and linear siRNA
(GAS/GS), after annealing with two complementary strands, were
treated with RNase A. When incubated with RNase A at 37�C, the
positive control siRNA (GS/GAS) started to degrade in the first
2 hr (Figure S3). However, we observed only trace degradation for
the circular siRNA duplex (c-GAS/GS) in comparison to the linear
siRNA (GAS/GS), which exhibited a more stable nature of circular
RNA. These in vitro studies predict greater longevity of circular
siRNA in many biological environments.

Evaluation of GFP Gene Expression Regulation with Circular

siRNAs with Circular Sense or Antisense RNAs

To test the effect of circular siRNAs on cellular gene expression, we
first designed circular siRNAs targeting the GFP gene. The sequence
of siRNA (GS/GAS) was chosen to target GFP gene expression while
using RFP expression as an internal control. HEK293A cells were co-
transfected with pEGFP-N1 vector and pDsRed2-N2 vector, together
with circular siRNAs (c-GS/GAS and c-GAS/GS), linear siRNAs
(GS/GAS and NC with random sequence) (Table S1), single-stranded
RNAs (GS and GAS), and single-stranded circular RNAs (c-GS and
c-GAS), respectively. After 4 hr transfection, the media was replaced
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with fresh media, and the cells were incubated for another 20 hr.
Then, the cells were imaged (Figure 2). Single-strand RNAs (GAS or
c-GS and c-GAS) had no effect on GFP gene expression as well as
c-GAS/GS with circular antisense RNA and linear sense RNA (image
for linearGSwas not shown).Only c-GS/GASwith circular senseRNA
and linear antisense RNA downregulated GFP gene expression, which
was similar to the linear positive control siRNA (GS/GAS). The mean
values of GFP fluorescence were quantified by flow cytometry (Fig-
ure S4). The average GFP fluorescence intensity of the transfected cells
with RFP expression as control was used to represent the level of gene
silencing. All the data were then normalized to the cells that were
transfected only with both GFP and RFP plasmids. As shown in Fig-
ure S4, the average value of GFP fluorescence intensity was reduced
to 40% for cells transfected with linear control siRNA (GS/GAS) under
our assay conditions. No gene silencing was observed for cells trans-
fected with the single-stranded RNA (linear or circular) or negative
control siRNA (NC). Similarly, circular siRNA (c-GAS/GS) with a
linear sense strand and circular antisense strand also functioned simi-
larly to the negative control siRNA, with little downregulation of GFP
gene expression. However, circular siRNA (c-GS/GAS) with a linear
antisense strand and circular sense strand could effectively silence
GFP expression as well as the positive linear control siRNA (GS/GAS).

These results indicated that gene-silencing activity of c-GS/GAS
siRNA with circular sense strand RNA was nearly identical to linear
positive control siRNA. In the case of c-GAS/GS siRNA with circular
antisense strand RNA, RNAi-induced gene silencing was almost
completely absent under the same assay conditions. For circular
siRNA (c-GS/GAS) with a linear antisense guide strand, the linear
antisense strand RNA was still accessible for binding to cellular
mRNA within the RNA-induced silencing complex (RISC) complex.
Further RNAi machinery was then triggered, leading to target mRNA
cleavage.32 As expected, this did not happen for c-GAS/GS with cir-
cular antisense RNA. To test the hypothesis that the linear GAS
RNA is released from its circular (c-GS) partner, the relative binding
stability of circular and linear duplexes was investigated through gel
shift assay. As shown in Figure S5, 5ʹ fluorescein isothiocyanate
(FITC)-labeled 21-mer DNA (DNA-FITC: GTT CAC CTT GAT
GCC GTT CTT-5ʹ FITC) at the fixed concentration was annealed
with a set of increasing concentrations of single-stranded comple-
mentary circular (or linear) RNA, with the ratio of RNA to DNA-
FITC varying from 0.25 to 8. The amount of DNA-FITC in the free
and bound RNA bands was then quantified. The binding data were
fit to determine the equilibrium dissociation constant Kd of target
DNA-FITC with circular and linear RNAs using a hyperbola function
by the non-linear curve fitting method of GraphPad PRISM.33 The af-
finity of circular RNA for probe DNA-FITC (Kd = 1.2� 10�5 mol/L)
was �17-fold weaker than for the linear RNA-DNA-FITC duplex
(Kd = 7.1 � 10�7 mol/L), as evidenced by the easy displacement of
the circular RNA by a competing linear complementary strand. These
results were consistent with the higher thermostability of the linear
duplex than the corresponding circular duplex, which made it more
favorable for the complementary linear antisense strand to leave its
circular partner and bind to the linear mRNA target. The binding



Figure 2. Knockdown of GFPGene in HEK293A Cells

with or without a Different Combination of Circular

RNAs or siRNAs with RFP as Internal Control

GFP was excited at 488 nm and RFP was excited at

561 nm. Scale bar, 200 mm.
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switch suggested that circular siRNA with linear antisense strand
RNA was still capable of forming the RISC complex with mRNA to
knock down the target gene. The gel shift assay also showed that
the circular RNA and oligonucleotide probe (c-GS/DNA-FITC)
form two bands on the native PAGE gel (Figure S5). This suggested
that the circular siRNA duplex adopts two conformers (e.g., kinked
and fork conformations), which were similar to recently proposed
structures of circular double-stranded DNA (dsDNA).34

Evaluation of Firefly Luciferase Gene Expression Regulation

with Circular siRNAs Containing a Different Length of

Complementary Linear RNAs

Based on the observations above, only the sense strand circular siRNA
(c-S/AS) with a linear antisense RNA can be used to efficiently knock
down gene expression and reduce off-target effects caused by sense
strand RNA. To test the generality of gene knockdown with our cir-
cular siRNAs, we designed two sets of circular siRNAs for targeting
the firefly luciferase gene with the Renilla luciferase gene as an
internal control,35 and their gene silencing potencies were evaluated
(Figure 3). One set was prepared with the circular sense strand
RNA (c-21LS, L for firefly luciferase), with different lengths of
complementary linear antisense RNA (21LAS, 24LAS, and 27LAS).
The other set was prepared with the circular antisense strand RNA
Molecular Th
(c-21LAS), with a different length of linear sense
strand RNAs (21LS, 24LS, and 27LS). All circu-
lar siRNA duplexes were formed with two con-
formers, corresponding to two bands observed
in native PAGE analysis (Figure S6). These
siRNA duplexes were then transfected into
HEK293A cells together with a firefly luciferase
reporter vector (FireflyXs) and Renilla luciferase
vector (Renilla). 24 hr after transfection, the cells
were lysed to quantify the levels of both lucifer-
ases and then the firefly luciferase level was
normalized to Renilla luciferase for each well.

As expected, siRNAs with circular antisense
strand RNA and different lengths of linear sense
strand RNA did not show any knockdown of
firefly luciferase, whereas siRNAs with circular
sense strand RNA and different lengths of linear
antisense RNAs showed gene-silencing activity
of firefly luciferase in different degrees (Fig-
ure 3). By comparing circular siRNAs (c-21LS/
21LAS and c-21LS/24LAS) with 21-mer and
24-mer linear antisense strand RNAs, we found
that circular siRNA (c-21LS/24LAS) with the
combination of 21-mer circular sense strand and 24-mer antisense
strand RNAs showed better gene-silencing activity than circular
siRNA (c-21LS/21LAS) with both 21-mer RNAs. This observation
was probably due to the fact that the slightly longer complementary
antisense strand RNA could compete to bind target mRNA more
tightly and could still form an effective RISC complex with mRNA
and Ago 2. 27-mer antisense RNA of the siRNA duplex (c-21LS/
27LAS) should more readily compete to bindmRNA than the circular
sense strand RNA partner. However, 27LAS that forms a duplex with
mRNA is likely too long to stably associate with Ago 2 for further
mRNA degradation36,37 and may function more as an antisense in-
hibitor. These experimental data helped us to choose the optimized
combination (c-21LS/24LAS and c-21LAS/24LS) for measuring on-
versus off-target activity of the different siRNAs (Figure 3).

Evaluation of On- versus Off-Target Effects with Linear and

Circular siRNAs

In order to investigate specific on- versus off-target effects with linear
and circular siRNA, a new plasmid DNA (RenillaXas) was rationally
designed and constructed (Figure 4A). This fusion reporter vector
(RenillaXas) carries a target site for the sense strand of siRNA target-
ing FireflyXs. The circular siRNA (c-21LS/24LAS or c-21LAS/24LS)
duplexes were transfected to cultured HEK293A cells together with
erapy: Nucleic Acids Vol. 10 March 2018 239
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Figure 3. RNA Sequences for Firefly Luciferase and Knock Down of

Luciferase Expression in HEK293A Cells with Different Compositions of

Circular siRNAs (c-21LS/21LAS, c-21LS/24LAS, c-21LS/27LAS, c-21LAS/

21LS, c-21LAS/24LS, and c-21LAS/27LS) Using the Vector Renilla asControl

Mean values and SD values were performed in triplicate.

Figure 4. Sense and Antisense Strand Activity of Linear siRNA and Circular

siRNAs

(A) The reporter plasmids used to assay siRNA activity. The RenillaXas plasmid

carries a target site for the sense strand of siRNA targeting FireflyXs. The control

Renilla plasmid was cloned with no siRNA target. (B) Activity of linear siRNA and

circular siRNAs (c-21LS/24LAS and c-21LAS/24LS) against sense (FireflyXs),

antisense (RenillaXas), or control (Renilla). Mean and SD values are from experi-

ments performed in triplicate.
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FireflyXs luciferase vector, Renilla luciferase vector, and RenillaXas
luciferase vector, respectively. As expected, circular siRNA (c-21LS/
24LAS) with the linear antisense strand (24LAS) effectively knocked
down FireflyXs gene expression but did not silence gene expression of
Renilla and RenillaXas. Meanwhile, the circular siRNA (c-21LAS/
24LS) with linear sense strand RNA (24LS) did not silence gene activ-
ity for FireflyXs and Renilla, but it was capable of knocking down
expression of RenillaXas that has the linear sense strand (24LS) as
the guide strand RNA (Figure 4B). Through cyclization of the sense
strand in the siRNA duplex, only the linear antisense strand was avail-
able for loading into the RISC complex, thereby greatly reducing off-
target effects. However, both FireflyXs and RenillaXas genes were
silenced with transfection of linear siRNA (AS/LAS).

Evaluation of GFP Gene Expression Regulation In Vivo with

Circular siRNA

In addition to cell studies, we further applied circular siRNA for gene
silencing in mice. An in vivo xenograft tumor model with U87-GFP
cells was established. When the tumors with U87-GFP cells grew to
�0.2 cm in diameter, PBS or linear/circular siRNAs were injected
into the tumors, respectively. The mice were imaged, and fluorescence
intensity of tumors was quantified at different time points (Figures 5,
S7, and S8). As expected, GFP gene expression in tumors increased for
PBS-injected mice. The mice injected with linear siRNAs observed a
240 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
predicted fluorescent decrease in tumors, but the fluorescence inten-
sity gradually recovered over 72 hr (p < 0.05). In comparison, mice
tumors with circular siRNA injection downregulated GFP expression
more efficiently and the value of GFP fluorescence intensity recovered
more slowly (p < 0.05). Specifically, after single intratumoral injection
of corresponding siRNAs, circular siRNA decreased the GFP gene
expression level to a significant extent, with 59% remaining GFP fluo-
rescence intensity in comparison to that of 80% for linear siRNA at
72 hr. If normalized to the GFP level of the PBS control group at
72 hr (Figure S9), 31% and 42% of remaining GFP level in mice tu-
mors at 72 hr were achieved for circular siRNA and linear siRNA,
respectively. Both data indicated that circular siRNA with linear anti-
sense strand of RNA has a longer gene silencing effect for single
siRNA injection. All these results indicated that the circular siRNA
strategy has great potential to be developed into a new kind of siRNA
drug to regulate gene expression, with a better effect in the future.

Conclusions

We rationally designed and developed siRNA with a new circular
structural motif. By transfection of circular siRNAs targeting a GFP
or luciferase reporter gene into HEK293A cells, gene expression was
efficiently silenced by siRNA with a circular sense strand and linear
antisense strand, whereas the inverse constructs with circular antisense
strand and linear sense strand did not induce RNAi gene silencing.We



Figure 5. Normalized GFP Fluorescence Intensity of Tumors (U87-GFP)

after Single Injection of PBS, Linear siRNA, and Circular siRNA to Show the

Long-Term Effect of GFP Gene Silencing with Circular siRNAs in Tumors

of Mice

Mean and SD values are from experiments performed in 3–6 mice for each group.
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further confirmed that circular siRNAs could substantially reduce the
off-target effect caused by the sense strand of siRNA using a recon-
structed Renilla luciferase reporter gene RenillaXas. Further investiga-
tion on the duplex formation of a circular RNA with its complemen-
tary RNA strand indicated two exchanging conformations of the
circular siRNA duplex. The thermodynamic stability of the circular
siRNA duplex is�17-fold lower than the corresponding linear siRNA
duplex, which should promotemRNA binding and trigger the catalytic
RNAi machinery to silence gene expression. In addition, the tumor
model study indicated that slow recovery of the GFP fluorescence
signal using circular siRNA was observed and the gene-silencing effect
in mice was achieved with 59% remaining GFP level for circular
siRNAs in comparison to 80% for linear siRNAs in 72 hr for a single
siRNA injection. This study highlights the transformative potential of
siRNAs with a circular structure, which increase their stability against
nucleases and overcome off-target effects caused by sense strand RNA
while still achieving efficient RNAi gene silencing.

MATERIALS AND METHODS
General Methods for Circular RNA Synthesis

A normal universal controlled pore glass (CPG) was used for RNA
oligonucleotide synthesis. All the single-stranded oligonucleotides
were synthesized according to the standard RNA synthesis on
ABI394 with 2-tert-butyldimethylsilyl (TBDMS) RNA monomers.
DNA primer oligonucleotides for construction of DNA plasmids
were purchased from Sangon Biotech (Shanghai, China); unmodified
RNA oligonucleotides were purchased from GenePharma (Shanghai,
China). The concentrations of all single-stranded oligonucleotides
were measured at 260 nm using a Thermo Scientific NanoDrop
2000 Spectrophotometer. High-performance liquid chromatography
(HPLC) was performed on a Waters Alliance e2695 system equipped
with a Waters Xbridge OST C18 column (2.5 mm, 10.0 � 50 mm).
MS data were obtained with a Waters Xevo G2 Q-TOF spectrometer
using ESI. Diethyl pyrocarbonate (DEPC)-treated water was used for
all solutions and HPLC purification.
Synthesis and Purification of Circular RNAs

Following the procedures shown in Figure S1, Chemical Phosphory-
lation Reagent II (CPR II) was coupled at the 50 terminal of RNA se-
quences according to the procedure of normal RNA synthesis at ABI
394 RNA synthesis. The dimethoxyltrityl (DMT) group was saved for
better purification using DMT-on mode. Synthesized oligonucleo-
tides were then cleaved from CPG and deprotected using 0.3 mL
concentrated ammonium hydroxide at room temperature for 24 hr.
The solution was then centrifuged at 2,500 rpm for 5 min to remove
CPG. The supernatant was collected and concentrated using a
Thermo Scientific Savant SPD2010 SpeedVac Concentrator. The ob-
tained residue was redissolved in 100 mL DMSO, and then 100 mL
TEA‧3HF was added to remove the TBDMS-protecting group. After
the mixture was shaken at 65�C for 2 hr for quick deprotection, the
solution was cooled in an ice bath and isopropoxytrimethylsilane
(300 mL) was added to consume extra fluoride. Butyl alcohol
(1.0 mL) and NaOAc (3 M, 50 mL) was then added to the above solu-
tion, and the mixed solution was further stored at �80�C for 1 hr.
After centrifugation and removal of supernatant, the precipitated
white solid was washed with ether twice and collected for further
purification.

The above white solid dissolved in DEPC water was subject to HPLC
purification using a reverse-phase HPLC column (C18) under the
following conditions: buffer A, 0.1 M TEAB (0.05 M triethylammo-
nium bicarbonate buffer, pH 8.5); buffer B, acetonitrile; 0%–50%
buffer B in 30 min and 50%–100% buffer B in 5 min; and running
temperature, 60�C. Due to the quick deprotection condition, most
of the DMT group was saved, which made the required oligonucleo-
tide quite different in elution time from the shorter side effect oligo-
nucleotides during the HPLC separation. The main peak was
collected and the solution was concentrated using a Thermo Scientific
Savant SPD2010 SpeedVac Concentrator. The above separated oligo-
nucleotides (�10 nmol) were dissolved in 400 mL 20% acetic acid
solutions at 25�C for 1 hr to remove the DMT group. The oligonucle-
otide was dried down and then ammonium hydroxide was added. It
was left at room temperature for 15 min to achieve complete elimina-
tion of the side chain to the 50-phosphate of RNA oligonucleotide.
The solution was concentrated using a concentrator, and 50-phos-
phate single-strand RNA was obtained.

The solid was dissolved inwater tomake the final 100 mMsingle-strand
RNA solution. The final composition of the reaction mixture to
circularize the single-strand RNA was as follows: 7 mL RNA solution,
1 mL 10 mM ATP, 1 mL 10� reaction buffer, and 1 mL T4 RNA ligase
(10 U/mL). The solution 10 mL/tube was placed in PCR at 4�C for 12 hr.
After mixing these liquids together, the crude products were mixed
with 6� RNA loading buffer (0.25% bromophenol blue and 30% glyc-
erol in DEPC-treated water). The solution (18 mL/well) was loaded into
20% native polyacrylamide PAGE (1 mm thick) gels. The gels were
then electrophoresed at 220 V for 50 min using 1 � Tris-borate-
EDTA (TBE) buffer (pH 8.2). For each preparative gel, the two-side
sample lanes of the gel were cut and stained with 1 � SYBR Gold
(Invitrogen) and then imaged. The images were printed out according
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 241
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to the same size of the gel, which made it possible to mark the location
of the gels without SYBR Gold stain. The gel zones at the marked loca-
tion were cut, crumbled into tiny particles, and immersed into a 1 �
TBE buffer at 37�C overnight. After filtration out of the solid particles,
the solutions of the RNA were desalted and concentrated using Milli-
pore-Amicon Ultra-0.5 mL Centrifugal Filters (cutoff = 3,000). The
collected products were frozen dried to remove water and gave the final
circular single-stranded RNAs.

RNA oligonucleotides were characterized using ESI-MS, and single-
stranded oligonucleotides (�0.2 nmol) were dissolved in water/aceto-
nitrile (50:50, 20 mL) containing 1% triethylamine to make a final
concentration of 10 mM. The solutions were then analyzed with aWa-
ters Xevo G2 Q-Tof spectrometer with ESI in the negative ion mode
(Figure S10). The molecular weight of the circular RNA was 18 less
than the linear one due to the condensation reaction.

The circular single-stranded RNAs were dissolved in 1 � PBS buffer
to make the 6-mmol stock solution. A 10-mL stock solution was mixed
with an equal amount of the complementary RNA with 50-phosphate
modification to form the circular siRNA. The siRNA was annealed by
heating to 85�C for 5 min and was subsequently cooled to room tem-
perature for at least 1 hr for further use.

Gel Shift Analysis

Gel shift analysis was designed to determine the binding ability
of DNA to circular single-stranded RNA. A fixed concentration of
50-FITC-modified 21-mer DNA (DNA-FITC: 50 FITC-GUUCAC
CUUGAUGCCGUUCUU) with increased concentrations of circular
single-stranded RNA was used in this experiment. A set of DNA-
FITC with increased concentrations of linear single-stranded RNA
was used as control. The duplex was annealed using the condition
mentioned before for siRNA. The ratio of RNA/DNA-FITC was
from 0.25 to 8. The samples were mixed with 6� RNA loading buffer
and loaded into 20% native polyacrylamide PAGE gels. The gels were
then electrophoresed at 220 V for 50 min using TBE buffer. A GE
Healthcare Life Sciences Typhoon FLA 9500 image system was
used for the gel imaging at 473-nm laser excitation.

Enzymatic Stability of Circular siRNA

Circular siRNA or control linear siRNA (3 mM, 5 mL) was incubated at
37�C in an enzyme solution to make a final concentration of 1 mmol/L
(15 mL). RNase A (Beyotime Institute of Biotechnology, China) was
used for enzymatic stability in this study, respectively. Aliquots of
3 mL (containing 3 pmol siRNA)were aliquoted at different time points
(2, 4, 6, and 8 hr) and immediately frozen in liquid nitrogen and then
stored at�80�Cuntil assayed. 1mL 6�RNA-loading buffer was added
to the aliquots. The samples were run on 10% native polyacrylamide
gels in TBE buffer according to the procedure mentioned before.

Oligonucleotides and Fusion Reporter Construction

To evaluate the gene-silencing potency of an siRNA, a previously re-
ported siQuant luciferase reporter vector was used. The siRNA (PC) is
the selected siRNA with good activity in this assay. The siQuant lucif-
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erase reporter assay contains two vectors. One is the siQuant Vector,
which contained cDNA encoding the firefly luciferase. The antisense
strand of siRNA (21LS/21LAS) could shut down the expression of
firefly luciferase through the RNAi pathway. The other vector is the
pRL-TK vector, which contained cDNA encoding the Renilla lucif-
erase. Gene expression of this vector had not been affected by siRNA
(21LS/21LAS) and was used as internal control.

To evaluate the on- or off-target effects of siRNA, a target sequence
of the sense strand of siRNA (21LS/21LAS) was inserted immediately
after the start codon of the Renilla luciferase gene at a Nhe
I-Csp45 I cloning site. The target of the sense strand GCGAA
GAAGGA GAATAGGG was inserted to the pRL-TK vector after
the T7 promoter. A fusion reporter vector (RenillaXas) carrying the
target site of the sense strand of siRNA (21LS/21LAS)was constructed.

Cell Culture and siRNA Transfection

HEK293A cells were grown in DMEM supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin (Life Technologies, Gibco). The cells were
seeded into 24-well plates at �1 � 105 cells/well 1 day before trans-
fection. siQuant vector (100 ng/well) carrying the target site of the
siRNA was transfected into HEK293 cells at �70% confluence,
together with pRL-TK control vector (50 ng/well), with or without
the control siRNAs or circular siRNAs in duplex form using Lipofect-
amine 2000 Transfection Reagent (Invitrogen). The activity of both
luciferases was determined by a Synergy HT fluorometer (BioTek,
USA) and then the firefly luciferase activity was normalized to Renilla
luciferase for each well. For off-target effect detection of sense strand
RNA (50 ng/well), RenillaXas was used. All experiments were per-
formed in triplicate and repeated at least twice.

For GFP gene expression experiments, the cells were seeded into
6-well plates for the flow cytometry test and a glass bottom dish
(35-mm dish with 20-mm bottom well) for confocal imaging. For
each transfection, 400 ng pEGFP-N1, 400 ng pDsRed2-N1, and
12 pmol siRNA (circular or linear siRNAs) were mixed with 200 mL
OptiMEM for 5 min. Then, the solution was mixed with 200 mL Op-
tiMEM containing 4 mL Lipofectamine 2000 for 20 min. The solution
was added to the cells in wells/dishes, giving a final volume of 2.4 mL.
Cells were incubated for 4 hr in the transfection solution, and then the
culture solution was replaced with fresh DMEM for 24-hr incubation.

Confocal Microscopy

The confocal microscopic images were taken using a Nikon confocal
laser scanning microscope (A1R). All images were taken using a 10�
objective lens and charge-coupled device (CCD) camera. The Hoechst
33342 fluorescence was excited at a 405-nm wavelength, GFP fluores-
cence was excited at 488 nm, and RFP fluorescence was excited at
561 nm. All image analysis used the NIS-Elements viewer.

Flow Cytometry

Quantification of cells with both GFP and RFP gene expression was
taken using Beckman Coulter CytoFLEX Flow cytometry. In order
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to define the cells were transfected by both the GFP and RFP plas-
mids, the mean value of GFP fluorescence intensity in the upper-right
quadrant, in which the cells were well transfected with the GFP and
RFP plasmids, was used to find the difference between the circular
siRNA and normal siRNA. CytExpert was used for all sample analyses
(Figure S4).
Xenograft Tumor Fluorescent Assays

6-week-old BALB/c nude mice (Department of Laboratory Animal
Science of the Peking University Health Science, Beijing, China)
were subcutaneously injected in the inner thighs with U87-GFP cells
(6� 105 cells per site in a volume of 60 mL). When the tumors grew to
around 0.2 cm in diameter (about 4 days), the mice were randomly
divided into two groups for intratumoral injection. One group was in-
jected with PBS on the right and linear siRNAs on the left, respec-
tively. The other group was injected with linear siRNAs on the right
and circular siRNAs on the left, respectively. For each injection,
3 nmol linear siRNA or circular siRNA (60 mL) was mixed with
20 mL transfection reagent (Entranster-in vivo; Engreen, Beijing,
China) and incubated for 15 min at room temperature. All injections
were in accordance with the manufacturer’s instructions. After single
injection, the mice were imaged and tumor fluorescence was quanti-
fied at different time points (0/12/24/48/72 hr) using the Maestro
Automated In-Vivo Imaging system.
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