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Abstract

Background: RNA interference (RNAi) mediated by small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) has
become a powerful genetic tool for conducting functional studies. Previously, vector-based shRNA-expression strategies
capable of inducing RNAi in viable cells have been developed, however, these vector systems have some disadvantages,
either because they were error-prone or cost prohibitive.

Results: In this report we described the development of a simple, robust shRNA expression system utilizing 1 long
oligonucleotide or 2 short oligonucleotides for half the cost of conventional shRNA construction methods and with a.95%
cloning success rate. The shRNA loop sequence and stem structure were also compared and carefully selected for better
RNAi efficiency. Furthermore, an easier strategy was developed based on isocaudomers which permit rapid combination of
the most efficient promoter-shRNA cassettes. Finally, using this method, the conservative target sites for hepatitis B virus
(HBV) knockdown were systemically screened and HBV antigen expression shown to be successfully suppressed in the
presence of connected multiple shRNAs both in vitro and in vivo.

Conclusion: This novel design describes an inexpensive and effective way to clone and express single or multiple shRNAs
from the same vector with the capacity for potent and effective silencing of target genes.
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Introduction

RNA interference (RNAi), mediated by double-stranded RNA

(dsRNA), is a natural cellular process associated with gene

regulation[1]. Since the discovery of RNAi, scientists could use

this instrument to deplete almost any of their interested genes not

only as a tool in biological research but also as a therapeutic

approach. RNAi uses a sequence-specific gene-silencing mecha-

nism and is ultramost powerful. The general RNAi process could

be artificially divided into 3 steps. First, short dsRNAs (,20–30

nucleotides) are generated by RNase III enzymes (either Dicer

alone or a combination of Drosha and Dicer); second, these short

dsRNAs are unwound and the strand with a thermodynamically

less stable 59 end is preferentially loaded into the RNA-induced

silencing complex (RISC) as the guide strand; third, RISC finds

potential target RNAs and Argonaute (the key component of

RISC) finally cleaves the target RNA containing a sequence

homologous to the guide strand.

There are many ways to induce RNAi for gene knockdown

experiments [2], but the two most commonly used methods are

chemically synthesized siRNAs or vector-based shRNAs. Com-

pared to chemically synthesized siRNAs, vector-based shRNA

expression achieves more sustained loss of function effect especially

when it is embedded in the lentiviral vector. One of the widely

used shRNA expression vectors is pSuper described in 2002 [3]. It

uses Pol III promoter H1 to transcribe a shRNA with a 21 bp (base

pair) stem and 9 nt (nucleotide) loop structure. Furthermore, the

first widely used genome-wide shRNA library utilized a lentiviral

vector named pLKO.1-puro and this library has generated much

of data that allowed for a better understanding of the diverse

cellular processes associated with virology and cancer [4–7]. We

observed that the pLKO.1-puro vector possessed a unique

palindromic loop (CTCGAG) different from other shRNA

expression vectors such as pSuper [5]. This observation resulted

in the hypothesis that a shRNA structure could be constructed

using only a single long or two short oligonucleotides. We further

describe a strategy for rapid cloning of multiple shRNAs which

permits easier combination of the most efficient promoter-shRNA

cassettes for the simultaneous knockdown of multiple genes or

different targets of the same gene [8,9].

Here we gave proofs that our thought was feasible, and a

shRNA could be constructed by only 1 long oligonucleotide or 2

short oligonucleotides with half the cost of conventional shRNA

clone methods. Various parameters for the design of effective

shRNAs based on our strategy were compared such as the

palindromic loop sequences. Finally, the loop sequence ‘‘TTCTA-

GAA’’ was selected for shRNAs construction and then we gave
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examples that our method could apply to other genes such as the

bacterial enzyme b-galactosidase (LacZ). This method was also

used to successfully inhibit hepatitis B virus (HBV) antigen

expression both in vitro and in vivo. This approach is cost effective

and more easily applied to many areas of basic or applied research

utilizing RNAi technology.

Results

Construction of the shRNA vector
The plasmid named pshOK-basic was constructed (Fig. 1).

Firstly, the CMV-mWasabi sequence of pmWasabi-N vector was

replaced by a CMV-emGFP cassette for introduction of several

new restriction sites. Then a modified H1 promoter (the terminal

nucleotides changed to AAA) followed by 7 T residues in a row

was directly cloned downstream of emGFP. After digested with the

type IIs restriction enzyme Sap I, both ends of the vector would

have the same TTT overhangs, thereby facilitating one of the key

requirements needed to carry out the single long or 2 short

oligonucleotide based shRNA cloning methods. During vector

construction, every clone product was verified by restriction

digestion and sequence analysis (Data S1).

Optimization of the palindromic shRNA scaffold
Another critical component to the successful cloning of shRNA

using the methods described is that the loop sequence needs to be

palindromic. We constructed a series of shRNAs with different

lengths of palindromic loops to target a defined HBV conserved

sequence (GGUAUGUUGCCCGUUUGUCCU). Here, the

HBV conserved target sequence was selected as the target because

its antigen products (HBsAg and HBeAg) are secreted into the

supernatants thereby facilitating their detection using commercial

kits. This target sequence was conserved across different HBV

genotypes and thoroughly demonstrated by several groups

reported previously [10,11]. All the shRNAs had an antisense-

sense (AS) stem structure. As shown in Fig. 2A, the shRNAs with

loops containing 6, 8, and 10 nucleotides all had above a 70%

knockdown efficiency against HBsAg and HBeAg except for

TTATGCATAA. Otherwise, when the loop sequence was

shortened to 4 nucleotides, the inhibition rate dropped below

50% indicating that the nucleotide size of the loop should be above

4. The 8 nucleotide loops demonstrated the highest level of gene

down regulation, especially for TTCTAGAA and TTGGCCAA.

Then the shRNAs knockdown efficiency of the TTCTAGAA and

TTGGCCAA loops was compared with the well-established loops

TTCAAGAGA (used in pSuper) and CTCGAG (used in

pLKO.1-puro) for two irrelevant target depression. These results

were shown in Fig. 2B and Fig. 2C. It was indicated that the

shRNAs with TTCTAGAA loop were superior than CTCGAG

(used in pLKO.1-puro, Fig. 2B and 2C) but inferior to

TTCAAGAGA (used in pSuper, Fig. 2B). Overall, the 8-nt loop

‘‘TTCTAGAA’’ gave us a usable and relatively better silencing

activity among the detected palindromic loops. We therefore

selected this sequence as our shRNA scaffold loop for subsequent

experiments.

In a previous report that used the pSuper vector, shRNA

efficiency was also influenced by the position of the antisense and

sense strands [12]. We therefore cloned an shRNA named SA1856

with an sense-antisense (SA) stem also containing the TTCTA-

GAA loop and assessed its ability to inhibit HBsAg and HBeAg

expression compared to the AS isoform. In 3 independent

experiments, we did not identify discernible differences in the

inhibition rates between these constructs, but the other two

shRNAs with different stem structures targeting another HBV

sequence ‘‘CACUGUUUGGCUUUCAGUUAU’’ [12] showed a

different result (Fig. S1). It revealed that the shRNA with

antisense-sense stem may have a relatively better activity than

the shRNA with sense-antisense stem, although more evidence is

needed. Considering that some of the loop sequence may be

contributed to the stem portion of the shRNA molecule, the

shRNAs with the antisense-sense stem were selected and

recommended.

Two short oligonucleotides based shRNA construction
method is superior to the single long oligonucleotide
based strategy

We designed two ways to construct the palindromic shRNA

scaffold. One route was that a single long oligonucleotide was

synthesized and annealed to double strands by itself. The other

way was that two short oligonucleotides were synthesized and 5’-

end of the oligo containing the loop sequence was phosphorylated

by T4 polynucleotide kinase in the presence of ATP. Then the two

short oligonucleotides were annealed to double strands as shown in

Fig. 3B.

The pshOK-basic vector was digested by Sap I to generate two

TTT overhangs and then ligated with the double strands oligos

described above. The ligation efficiency of the two methods was

compared and obviously the two short oligonucleotides based

shRNA construction method was superior to the single long

oligonucleotide based strategy as shown in Fig. 3C. Three clones

were picked, digested and sequenced respectively to confirm that

the cloning procedures did not introduce any changes to the

sequences. Considering that the short oligo had a theoretically

lower synthetic error rate and was more cost-effective than the

longer one, the two short oligonucleotide based shRNA construc-

tion method was chosen as our primary method. But the clone

steps seemed more complex, so the single long oligonucleotide

based strategy was also an alternative way for your choice.

Effective shRNA-mediated suppression of two reporter
genes

To thoroughly test the efficiency of our shRNA scaffold to elicit

RNAi activity, we selected 2 reporter genes, LacZ and the

secretory Gaussia princeps luciferase (Gluc) for evaluation. Three

shRNAs targeting each gene were designed and constructed,

respectively (Table 1). HepG2 cells were cotransfected with

shRNA, the target gene and the normalization control vector

pSEAP2-Control. After a 48 h transfection, LacZ and Gluc

expression was detected. To our surprise, 5 out of 6 shRNAs gave

a satisfactory knockdown rate except ASLacZ-2 (Fig. 4). We

imagine that the ASLacZ-2 target neighbouring sequence may

have a higher structure and hinder siRNA to access it. Whatever,

these results were very encouraging. We moved on to test whether

our strategy was also practical for disease treatment.

Effect of shRNAs on hepatitis B virus infection in vitro and
in vivo

We selected hepatitis B virus as the test target which is an

important infectious disease in China. First, we screened 12

shRNAs targeted to different conserved HBV sequences resulting

in the identification of several highly efficient shRNAs (Table 1).

Among them, AS1819 targeted to the HBsAg ORF was the most

potent inhibitor of HBsAg expression, while AS139 targeted to the

HBc/HBe ORF had the most potent inhibition rate for HBeAg

expression. AS3172 targeted to the HBxAg ORF had potent

inhibition rate both for HBsAg and HBeAg expression (Fig. 5B).

RT-PCR and ELISA experiments showed that AS139 inhibited

A Robust shRNA System Used for RNA Interference
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pc/pgRNA and HBeAg expression dose-dependently (Fig. S2 and

S3). We next connected these shRNAs by sub-cloning and

compared different combination knockdown efficiencies both in

vitro and in vivo. As illustrated in Fig. 6B, the combination of

AS139, AS1819 and AS3172 resulted in the efficient suppression

of HBV antigen expression in vitro and the best inhibition rate in

vivo (above 90%, Fig. 6C and 6D).

Discussion

In this study, we have constructed a shRNA vector with several

characteristics for its better and easier use. First, we employed the

H1 RNA polymerase III promoter instead of U6 whose toxicity

has been previously identified [13]. The Pol III H1 promoter has a

well-defined transcription start site proven to be more flexible than

the U6 promoter with regard to +1 sequence changes. Second,

proper isocaudomers (Bam HI and Bgl II) were used for easier

cascade connected shRNAs construction. Third, the CMV-

emGFP cassette was used to track shRNA transfection. This

cassette could be replaced easily by other therapeutic genes as a

means of overexpressing one gene while concomitantly knocking

down another gene. The resulting vector was named pshOK-basic

(overexpression and knockdown).

For efficient and lower-cost shRNA construction, several routes

was reported previously including the one-oligonucleotide method

combined with PCR [14] or the four short oligonucleotides based

strategy [15]. The most significant advantage to the method

described in this study is that only single long (without PCR) or

two short oligonucleotides were required for cloning shRNAs. To

accomplish this goal, a unique palindromic shRNA scaffold was

screened and optimized. The terminal sequence of the H1

promoter was first changed to AAA for shRNA clone with

restriction enzyme Sap I. Next, several shRNAs with different

palindromic loops were cloned, compared and carefully selected

based on their respective knockdown efficiencies. Previously,

various loop sequences were used and systematically investigated

by different investigators, but these results were inconsistent

[16,17]. In general, the shRNAs with a relative long open loop

sequence would have greater silencing activity than the corre-

sponding shRNA with a shorter complementary loop sequence.

But the shRNAs with only a 3-nt loop were also reported for their

good knockdown efficiency, and the well-known pLKO.1-puro

vector possessed a unique 6-nt palindromic loop (CTCGAG). In

this study, we demonstrated that most of shRNAs with a more

than 4-nt palindromic loop would have a relative good silencing

activity. The inferior performance of shRNAs with a 4-nt loop

may be due to their inefficient processing by Dicer [17]. Due to its

palindromic nature, there may be some contribution of this loop

sequence to the stem portion of the shRNA molecule. Thus if the

sense-loop-antisense shRNAs were designed by our method, the

5’-terminal of the antisense sequence would be changed by Dicer

procession and possibly interfere with the target recognition. In

addition, according to the latest research progress, the imperfect

specificity of Dicer itself was also contributed to the miRNA and

siRNA length heterogeneity [18,19]. This was part of the reasons

why the antisense-loop-sense shRNA scaffold was chosen in this

paper. In addition, this shRNA system was also compared with the

popular used vector pSuper and the results indicated that a relative

long and open loop would be an important factor that influenced

shRNA silencing activity. But the stem structure of pSuper vector

also influenced its silencing activity (Fig. S4). Overall, the new

Figure 1. The pshOK-basic plasmid map for generation of shRNAs. The modified H1 promoter containing an AAA terminus followed by 2
Sap I restriction sites and 7 polyTs was used to introduce and express shRNAs. Upstream of the H1 promoter, the CMV-emGFP unit was used to tract
shRNA expression. The isoaudamers Bam HI and Bgl II restriction sites were inserted as a means of generating linked shRNAs.
doi:10.1371/journal.pone.0056110.g001

A Robust shRNA System Used for RNA Interference
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Figure 2. The effects of various loop sequences on shRNA silencing activity. (A) An shRNA scaffold targeted to the HBV conserved sequence
‘‘GGUAUGUUGCCCGUUUGUCCU’’ reported previously was selected and designed as an antisense-loop-sense structure (AS). (B) (C) The two best loops
were selected and compared with two well-known loops TTCAAGAGA (used in pSuper) and CTCGAG (used in pLKO.1-puro) for two irrelevant target
depression. The HBV target sequence ‘‘GGUAUGUUGCCCGUUUGUCCU’’ and the Gluc target sequence ‘‘UCUGUUUGCCCUGAUCUGCAU’’ were used in
(B) and (C) respectively. Statistical significance was determined respectively by comparing shRNAs groups with that containing ‘‘TTCTAGAA’’ loop.
Means and standard deviations were generated from 3 independent experiments. The ‘‘blank’’ group represents cells treated with pshOK-basic
instead of the shRNA plasmid. The value in the blank group was set at 1.0.
doi:10.1371/journal.pone.0056110.g002

Figure 3. Comparison of the two shRNA construction methods. (A) The shRNA clone method based on one long oligonucleotide (MO). The
oligo underlined was synthesized and annealed to its self to form double strands. (B) The shRNA clone method based on two short oligonucleotides
(MT). Two short oligonucleotides (underlined) were synthesized and the 5’-end of the oligo containing the loop sequence (TTCTAGAA)
phosphorylated by the T4 polynucleotide kinase in the presence of ATP. Then, the two short oligonucleotides were annealed to form double strands.
(C) The shRNA cloning efficiency of the two methods was compared. The vector pshOK-basic was digested with Sap I and ligated with the annealed
double strand oligos as described above. The ‘‘control’’ group represents the linearized pshOK-basic ligated in the absence of oligos. Means and
standard deviations were generated from 3 independent experiments.
doi:10.1371/journal.pone.0056110.g003
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shRNA system demonstrated here gave us an acceptable and more

economical way to knockdown genes. At the last, two different

shRNA clone methods were compared and the two short

oligonucleotides based shRNA construction method was more

efficient than the single long oligonucleotide based strategy. The

single long oligo would be prone to form hairpin structure itself,

and this could affect the double strands formation. We think this is

the reason why the two short oligos method was superior to the

single long oligo strategy. With shorter oligos, the error rate of

synthesis was also decreased.

After successfully suppression of the LacZ and Gluc genes using

the method described, we tested this approach as a means of

combating HBV infections that represent an important public

health threat in China. Today there are several high performance

nucleotide analogs that can suppress HBV DNA replication, but

there are no clinically approved drugs with the capacity of

suppressing or preventing the expression of HBV antigens,

especially for HBsAg. HBsAg plays important roles in the HBV

life cycle and in the establishment of chronic infections [20].

Therefore, HBsAg clearance is critical to the development of

successful HBV antiviral therapies. In this study, we utilized our

shRNA method to successfully suppress HBsAg and HBeAg

expression in the absence of detectable shRNA-related interferon

responses (Fig. S5). However, we didn’t observe differences in

knockdown efficiency enhancement following the combination of

2 or 3 shRNAs in vitro, suggesting that this phenomenon might be

caused by promoter disturbances or competition. An indirect

experiment using the 3’-UTR luciferase assay was used to

demonstrate that the silencing activity of AS139-1819-3172 were

indeed some lower comparing with AS139, AS1819 and 3172

respcetively (Fig. S6). We also found that the co-transfected

multiple shRNA constructs had better silencing activity than the

shRNA plasmid with multiple shRNAs when the same amount of

each shRNA scaffold was used (Fig. S7). This verified our

speculation that multiple H1 promoter in the same vector may

interference with each other. Regardless, the three connected

shRNA structure was shown to efficiently inhibit HBV antigens

expression especially in vivo.

Conclusions

We describe a simple and robust shRNA construction system

that will enable users to easily construct single or multiple shRNAs

efficiently at a low cost. Using this method, we systemically

screened the target sites for HBV knockdown and successfully

depressed HBV antigen expression with connected multiple

shRNAs both in vitro and in vivo. The method described here

provides an inexpensive and powerful new tool with the potential

of down regulating gene expression that can be applied to a variety

Figure 4. Suppression of two reporter genes by the shRNAs cloned with our methods. (A) HepG2 cells were seeded in 24-well plates and
cotransfected with 200 ng of pAAV-LacZ, 200 ng shRNA plasmid and 100 ng pSEAP2-Control (used as a normalization control). LacZ was stained and
photographed 48 h after cotransfection of HepG2 cells. Magnification6200. The scale bar represents 1 mm. (B) The same procedure described above
was carried out using pCMV-Gluc in place of pAAV-LacZ. After 48 h, Gluc activity was determined. An shRNA scaffold (targeted to
GUCUCCACGCGCAGUACAUUU) irrelevant to any known human or mouse gene sequence was designed as the negative control (‘‘neg’’) [23,24].
Means and standard deviations were generated from 3 independent experiments.
doi:10.1371/journal.pone.0056110.g004

Table 1. Target sequences of the shRNAs.

shRNA name Target sequence (5’-3’)

ASLacZ-1 GCAGUUAUCUGGAAGAUCAGG

ASLacZ-2 UGGCAGGCGUUUCGUCAGUAU

ASLacZ-3 CGGCGACUUCCAGUUCAACAU

ASGluc-1 UCUGUUUGCCCUGAUCUGCAU

ASGluc-2 UGCCUUCGUGCAGUGUUCUGA

ASGluc-3 UGCGACCUUUGCCAGCAAGAU

AS139 UGCCUUCUGACUUCUUUCCUU

AS618 CGGGAAUCUCAAUGUUAGUAU

AS1819 GCUGCUAUGCCUCAUCUUCUU

AS1850 UACCAAGGUAUGUUGCCCGUU

AS1856 GGUAUGUUGCCCGUUUGUCCU

AS2056 CCGUUUCUCCUGGCUCAGUUU

AS2068 GCUCAGUUUACUAGUGCCAUU

AS2090 GUUCAGUGGUUCGUAGGGCUU

AS2497 UCGCCAACUUACAAGGCCUUU

AS3002 UCGCAUGGAAACCACCGUGAA

AS3083 AACGACUGACCUUGAGGCAUA

AS3172 UAGGAGGCUGUAGGCAUAAAU

doi:10.1371/journal.pone.0056110.t001
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Figure 5. Screening of shRNAs for significant suppression of HBsAg and HBeAg. (A) shRNAs targeting to the conserved regions of HBV
genome were designed and illustrated. The numbers represent nucleotide (nt) coordinates relative to the HBV (genotype B) pgRNA start site. (B)
HepG2 cells were seeded in 24-well plates and cotransfected with 200 ng of pHBV1.31, 200 ng shRNA plasmid and 100 ng pSEAP2-Control per well.
The HBsAg and HBeAg concentrations in cell supernatants were detected 48 h post transfection. Means and standard deviations were generated
from 3 independent experiments.
doi:10.1371/journal.pone.0056110.g005

Figure 6. Efficient down regulation of HBsAg and HBeAg expression using linked shRNAs concatemers both in vitro and in vivo. (A)
The diagram illustrates the principle of chaining two shRNAs derived from two different shRNA vectors into one vector. (B) HepG2 cells were seeded
in 24-well plates and cotransfected with 200 ng of pHBV1.31, 200 ng shRNA plasmid and 100 ng pSEAP2-Control (as a normalization control) per
well. After 48 h, the HBsAg and HBeAg concentrations were determined. Means and standard deviations were generated from 3 independent
experiments. (C) Serum HBsAg and (D) HBeAg were measured by quantitative ELISA at the indicated days after plasmids delivery. Groups of male
C57/BL6 mice (n = 6) were intravenously injected with 6 mg pHBV1.18, 3 mg shRNA plasmids and 3 mg pSEAP2-Control (as an internal control). NCU is
the abbreviation of ‘‘National Clinical Unit’’. Statistical significance was determined respectively by comparing shRNAs groups with AS139-1819-3172.
Due to limited serum resources, each sample was diluted 20-fold.
doi:10.1371/journal.pone.0056110.g006
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of biological systems, including treatment of various diseases.

Finally, it would be highly beneficial to generate an economic and

high-performance lentiviral vector system based on our shRNA

method to carry out high-throughput genetic screens for loss-of-

function phenotypes.

Materials and Methods

Ethics statement
The Medical Ethics Committee of Beijing Institute of Radiation

Medicine specifically approved this study. All the male C57/BL6

mice used in this experiment received humane care. The

hydrodynamic injection was performed under sodium pentobar-

bital anesthesia, and every effort was made to minimize suffering.

Plasmid construction
The HBV replication-competent plasmids pHBV1.31 and

pHBV1.18 containing 1.31 and 1.18 HBV genome copies,

respectively, were constructed and preserved in our laboratory

(unpublished data), pmWasabi-N was a gift from Allele Biotech-

nology Company, pSuper was obtained from Addgene (Cam-

bridge, MA), vector pSEAP2-Control was a gift from Dr. Shui-

ping Liu (Central South University of China), and the pCMV-

GLuc vector was purchased from New England Biolabs (NEB,

Ipswich, MA). To generate the pshOK-basic vector, the CMV-

mWasabi sequence present in pmWasabi-N was replaced with a

CMV-emGFP cassette as a means of introducing respective

restriction sites. In addition, a modified human RNA-polymerase

III H1 promoter was amplified from pSuper and cloned into the

pCMV-emGFP generated above. Then, 2 short oligos containing

7 polyTs were annealed in NEB buffer 2 and inserted into the

above-described vector containing a modified human H1

promoter. Two strategies were used to generate shRNA. The first

used a single long oligonucleotide synthesized and annealed to

form double strands of its self. The second approach used two

short oligonucleotides and the 5’-end of the oligo containing the

loop sequence was phosphorylated by T4 polynucleotide kinase in

the presence of ATP. Then these two short oligonucleotides were

annealed to form double strands. Plasmid pshOK-basic was

digested using Sap I, gel-purified and ligated with the annealed

products at 16 uC for 3 h using DNA Ligation Kit Ver.2.0

(Takara).

Cell culture and transfection
The HepG2 and HEK293T cell lines were purchased from the

Cell Bank of Shanghai Institute of Cell Biology (Shanghai, China)

and cultured in DMEM (Dulbecco’s Minimal Essential Media)

medium containing 10% FBS (fetal bovine serum), 100 U/ml

penicillin and 100 mg/ml streptomycin and maintained at 37 uC in

a humidified 5% CO2 atmosphere. Plasmid cotransfections were

carried out 16 h after seeding the cells using GenJetTM Reagent

(Ver. II) (SignaGen Laboratories, Rockville, MD) following the

manufacturer’s protocol.

Reporter gene assays
For the b-gal assays, HepG2 cells were plated at 1.56105 cells

per well in 24-well tissue culture plates (Nunc, Roskilde, Denmark)

and cotransfected with 200 ng of pAAV-LacZ (Stratagene),

200 ng shRNA plasmid and 100 ng pSEAP2-Control as a

normalization control. After 48 h, HepG2 cells were stained using

the b-Galactosidase Staining Kit (Beyotime Institute of Biotech-

nology). For the secretory Gaussia princeps luciferase (Gluc) assay,

the same procedure was used but pAAV-lacZ was replaced with

pCMV-Gluc. 48 h post transfection, the culture supernatants were

collected and centrifuged at 12,0006g for 5 min to remove debris.

Gluc activity was measured using BioLuxH Gaussia Luciferase Flex

Assay Kit (New England Biolabs). To monitor transfection

efficiency, cell supernatants were assayed for secreted alkaline

phosphatase (SEAP) using a SEAP Reporter Assay Kit (Toyobo).

3’-UTR Luciferase assay
The sequences containing the shRNAs target sites were cloned

into a modified pGL3-control plasmid (pGL3M) as described

previously[21,22]. HEK293T cells were co-transfected with

200 ng of pGL3M-UTR constructs and 200 ng shRNAs per well

in 24-well plates GenJetTM Reagent (Ver. II). 100 ng pRL-CMV

(Promega, Madison, WI) was co-transfected as the normalization

control. Luciferase activity assays were performed 48 h post

transfection using the dual luciferase reporter assay system

(Promega).

HBsAg and HBeAg ELISA
HepG2 cells were cotransfected with 200 ng of pHBV1.31,

200 ng shRNA plasmid and 100 ng pSEAP2-Control as a

normalization control per well of 24-well tissue culture plates.

Media was changed and collected 48 h after HBV plasmid

transfection and supernatants centrifuged at 12,0006g for 5 min

to remove debris before collection. The concentrations of HBsAg

and HBeAg in the supernatants were determined by chemilumi-

nescence using commercial assay kits (Tigsun Diagnostics Co.,

Ltd., Beijing, China).

Transfection with shRNA vectors does not induce an
interferon response

HepG2 cells were transfected with the shRNA vectors and

untransfected cells were treated with 1000 IU of IFNa-2a

(Shenyang Sunshine Pharmaceutical Company) for 24 h or left

untreated. Total cellular RNA was prepared using TRIZOL

(Invitrogen, Carlsbad, CA). Semi-quantitative RT-PCR using a 2-

step method was used to determine the mRNA expression level of

several interferon inducible genes. PCR products were analyzed

by agarose gel electrophoresis followed by ethidium bromide

staining. Primers for a-actin, and the IFN-inducible genes MxA,

2’, 5’-oligoadenylate synthetase 1 (OAS1), signal transducer,

activator of transcription 1 (STAT1), and interferon-stimulated

gene 15 (ISG15) are described in reference [12].

Animal and hydrodynamic transfection
Male C57/BL6 mice weighing 16–18 g (4–5 weeks old at the

start of the experiments) were obtained and housed in the animal

center of the Academy of Military Medicine Science. To evaluate

the anti-viral effects of shRNAs in vivo, an HBV hydrodynamic

injection was conducted. Briefly, purified HBV plasmid

pHBV1.18 (6 mg), shRNA plasmids (3 mg) and the pSEAP2-

Control (3 ug) as an internal control were diluted in physiological

saline in a volume equivalent to 10% of the body weight and then

injected into the tail vein within 5–8 s. Sera was then assayed for

HBsAg and HBeAg. For each group, six mice were used. All

animals received humane care and the study protocol complied

with the institution’s ethics guidelines.

Statistical analysis
The data presented here were expressed as mean 6 standard

deviation (SD) and statistical significance was determined by the

Student’s t test or two-way ANOVA. P-values are indicated by

asterisks (***P,0.001, **P,0.01, *P,0.05).
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Supporting Information

Figure S1 The effects of stem structures on shRNA
silencing activity. The antisense-sense (AS) shRNAs and the

sense-antisense (SA) shRNAs were compared with each other for

their anti-HBV activity. The HBV target sequences ‘‘GGUAU-

GUUGCCCGUUUGUCCU’’ (1856) and ‘‘CACUGUUUGG-

CUUUCAGUUAU’’ (2116) were used in (A) and (B) respectively.

(TIF)

Figure S2 Transfection with shRNA vector AS139 inhib-
ited HBV pc/pgRNA dose-dependently. Primers HBVF

(CGTTTTTGCCTTCTGACTTCTTTC) and HBVR (ATAA-

GATAGGGGCATTTGGTGGTC) were used for HBV pc/

pgRNA amplification. Lane 1, pshOK-basic:pHBV1.31 = 1:1;

lane 2, pshOK-neg:pHBV1.31 = 1:1; lane 3, pshOK-neg:AS139:

pHBV1.31 = 3:1:4; lane 4, pshOK-neg:AS139: pHBV1.31 = 1:1:2;

lane 5, AS139: pHBV1.31 = 1:1.

(TIF)

Figure S3 Transfection with shRNA vector AS139 inhib-
ited HBeAg antigen dose-dependently. HepG2 cells were

seeded in 24-well plates and cotransfected with 200 ng of

pHBV1.31, 200 ng shRNA plasmid (AS139 plus neg) and

100 ng pSEAP2-Control per well. The HBsAg and HBeAg

concentrations in cell supernatants were detected 48 h post

transfection. Means and standard deviations were generated from

3 independent experiments.

(TIF)

Figure S4 This pshOK shRNA system was compared
with the popular used vector pSuper. The HBV target

sequence ‘‘GGUAUGUUGCCCGUUUGUCCU’’ and the Gluc

target sequence ‘‘UCUGUUUGCCCUGAUCUGCAU’’ were

used in (A) and (B) respectively. Statistical significance was

determined by comparing to shRNAs groups AS1856 and

ASGluc-1 respectively.

(TIF)

Figure S5 Transfection with shRNA vectors didn’t
induce an obvious interferon response. Lane 1, mock; lane

2, IFNa-2a; lane 3, AS139; lane 4, AS1819; lane 5, AS3172; lane

6, neg.

(TIF)

Figure S6 An indirect experiment using the 3’-UTR
luciferase assay to demonstrate that these shRNAs were
expressed. The relative luciferase level of AS139-1819-3172 was

compared with AS139, AS1819 and AS3172 respectively.

(TIF)

Figure S7 The co-transfected multiple shRNA con-
structs had better silencing activity than the shRNA
plasmid with multiple shRNAs when the same amount of
each shRNA scaffold was used.
(TIF)

Data S1 The typical sequencing data covering the
shRNA expression element, the full pshOK-basic plas-
mid sequence and their alignment file.
(ZIP)
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