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The pRNA (packaging RNA) of bacteriophage phi29 DNA packaging motor has been reported

to have novel applications in nanotechnology and nanomedicine. The unique ability of pRNA to

form dimers, trimers, hexamers and patterned superstructures via the interaction of two

reengineered interlocking loops makes it a promising polyvalent vehicle to load siRNA and other

therapeutic molecules and be applied as a therapeutic nanoparticle in tumor therapy. In this

study, several tumor cell lines were used to evaluate the previously reported pRNA

nanotechnology for specific siRNA delivery and for the silencing of targeted genes. It was found

that MCF-7 and HeLa cells, out of twenty-five tested tumor cell lines, expressed high levels of

folate receptors and exhibited specific binding of the FITC-folate-pRNA nanoparticles, while the

others expressed low levels and thus, for these, delivery was not feasible using folate as a targeting

agent. Folate receptor positive tumor cells were then incubated with the chimeric pRNA dimer

harboring both the folate-pRNA and the chimeric pRNA/siRNA (survivin). Knock down effects

of survivin expression in these tumor cells were detected at the mRNA level by real time-PCR

and at the protein level by western blot. Apoptosis was detected by flow cytometry analysis with

dual staining of annexinV-FITC and PI. The data suggest that the chimeric pRNA nanoparticles

containing folate-pRNA and pRNA/siRNA (survivin) could be specifically taken up by tumor

cells through folate receptor-mediated endocytosis, resulting in significant inhibition of both

transcription and expression of survivin in tumor cells and triggering cell apoptosis. Using such

protein-free nanoparticles as therapeutic reagents would not only allow specific gene delivery and

extend the in vivo retaining time but also allow long-term administration of therapeutic particles,

therefore avoiding the induction of antibodies caused by repeated treatment for chronic diseases.

Introduction

The self-assembly of nanoparticles from RNA or RNA/chemical

conjugates is a prominent bottom-up approach (for reviews

see ref. 1 and 2) to obtain nanostructure complexes for

a variety of RNA nanotechnology and nanomedicine

applications.3–7 A combination of chemical and biological

techniques can be successfully integrated into nanotechnology.

Such approaches for RNA nanotechnology rely upon cooperative

intra- or inter-RNA interactions, which result in spontaneous

folding or assembly into larger two- or three-dimensional

complexes with the appropriate structure and stoichiometry.

The bacteriophage phi29 DNA packaging RNA (pRNA)

molecule8 has the unique ability to serve as a building

block to build nanoparticles via bottom-up assembly. This

pRNA can form dimers, trimers, hexamers, and patterned

superstructures via the interaction of two interlocking

loops.9–12

Over the past decade, siRNA (small interfering RNA)-

mediated degradation of the complementary homologous

mRNA has shown significant potential as a novel molecular

approach to down-regulate specific gene expression.13–15

Studies have demonstrated that siRNA can be successfully

used to knock down related gene expression of respiratory

syncytial virus (RSV),16 human immunodeficiency virus

(HIV)17,18 and tumor development.7,19–22 However, for successful

application in the treatment of diseases, siRNA must be

delivered to targeted cells safely, efficiently, specifically, and

in a non-toxic manner. It has been demonstrated that synthetic

materials, such as liposomes and lipids, cationic polymers and

siRNA conjugates, can be successfully used for nucleic acid

delivery in vivo.23–25 To address the current challenge of

specific delivery of siRNA to targeted cells or tissues,

we developed the bacteriophage phi29 pRNA dimer as a

difunctional gene delivery vehicle.3–6 The bacteriophage

phi29 pRNA contains two domains, an intermolecular inter-

acting domain and a double-stranded helical domain located

at the 50/30-paired ends.26–28 The 50/30 proximate double-

stranded helical region of pRNA can be re-designed to carry

additional sequences without altering its secondary structure
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or intermolecular interactions on the condition that the 50

and 30 ends are paired. Hence, the 50/30 double-stranded

helical domain of pRNA can be utilized to carry foreign

sequences.1,3–6 Moreover, connection of the CD4-binding

RNA aptamer, folate, ribozyme, or other chemical components

to the pRNA 50/30 helical region does not interfere with the

folding of the pRNA.

In this study, we further evaluated the feasibility of the

previously reported pRNA nanotechnology in siRNA delivery

using 26 cell lines. We fabricated a chimeric pRNA dimer in

which one pRNA monomer harbored folate for cell recognition,

while the other monomer harbored a siRNA sequence targeting

specific genes such as green fluorescent protein (GFP), luciferase,

or survivin. As such, a pRNA dimer includes a targeting

function and gene silencing effect within one self-assembled

molecular structure; it can achieve specific gene knock-down

of target cells or tissues. Furthermore, because the pRNA

dimer gene delivery vehicle is protein-free, it might not induce

the production of antibody. Since pRNA is also biodegradable,

cytotoxicity is reduced. These unique advantages will enable

pRNA to be used as a drug delivery carrier in future tumor

therapeutic applications.

Results

Expression of folate-receptor in twenty-five cell lines

Specific cell binding activity of FITC-folate-pRNA

(FITC = fluorescein isothiocyanate) was investigated in

twenty-five tumor cell lines by flow cytometry. VEC-304 cells

were used as the negative control. Of those investigated,

MCF-7, HeLa, KB, A2780, JAR, SKOV3, and A375 cells

exhibited high affinity for FITC-folate-pRNA. Adding free

folate as a competitive blocking reagent significantly decreased

the amount of FITC-folate-pRNA binding cells. However,

folate-free FITC-pRNA did not exhibit cell binding (Table 1).

These results indicated that MCF-7, HeLa, KB, A2780, JAR,

SKOV3 and A375 cells highly expressed folate receptors.

Binding behavior of FITC-folate-pRNA to cells was specific

and folate-receptor dependent.

Of the twenty-five tumor cell lines tested, MCF-7 and HeLa

cell lines exhibited the highest expression of folate receptors

and high affinity for FITC-folate-pRNA. When MCF-7 and

HeLa cells were incubated with FITC-folate-pRNA, 98.12%

� 0.65 of MCF-7 cells and 97.15% � 0.87 of HeLa cells were

FITC positive. When free folate was added, the amount

of FITC-positive cells reduced to 23.12% � 4.71 and

26.23% � 3.13, respectively (Fig. 1). As a result, these two

cell lines were chosen to carry out the following experiments.

Gene silencing effects of chimeric pRNA monomers

1 pRNA/siRNA (GFP) monomer. To determine the

silencing activity of pRNA/siRNA (GFP) monomer, GFP-

expressing plasmid was co-transfected with various pRNAs

into MCF-7 and HeLa cells, respectively. Fluorescence micro-

scopy demonstrated that chimeric pRNA/siRNA (GFP)

specifically suppressed the expression of GFP compared to

other control pRNAs. The flow cytometry (FCM) data also

revealed that pRNA/siRNA (GFP) effectively inhibited GFP

expression in MCF-7 and HeLa cells. In contrast, significant

inhibition was not observed in cells treated without pRNA,

with normal pRNA, with chimeric pRNA/siRNA (luciferase)

or with 18s RNA. In both assays, pRNA/siRNA (GFP)

monomer exhibited superior and specific inhibition of GFP

expression compared with controls (Fig. 2A).

2 pRNA/siRNA (luciferase) monomer. Chimeric pRNA/

siRNA (luciferase) monomer targeting firefly luciferase was

introduced into MCF-7 and HeLa cells by transfection and the

expression levels of both firefly and Renilla luciferase were

Table 1 The percentage of FITC-positive cells binding FITC-folate-pRNA by flow cytometry assay

Cell lines FITC-folate-pRNA FITC-folate-pRNA + folate FITC-pRNA

VEC-304 0.19% � 0.01 0.21% � 0.07 0.01% � 0.008
MCF-7 98.12% � 0.65 23.12% � 4.71 0.03% � 0.007
HeLa 97.15% � 0.87 26.23% � 3.13 0.01% � 0.005
A549 0.21% � 0.05 0.34% � 0.04 0.01% � 0.007
HepG2 1.56% � 0.56 0.12% � 0.07 0.03% � 0.009
K562 0.16% � 0.008 0.34% � 0.06 0.05% � 0.008
KB 68.13% � 6.71 11.34% � 4.41 0.02% � 0.005
SK-BR-3 8.05% � 0.65 0.06% � 0.006 0.03% � 0.004
MG-63 0.43% � 0.05 0.06% � 0.005 0.06% � 0.007
HL60 0.67% � 0.07 0.11% � 0.05 0.02% � 0.008
A2780 56.64% � 8.68 11.03% � 4.91 0.04% � 0.005
PC3M 0.06% � 0.007 0.05% � 0.004 0.06% � 0.005
MKN45 0.17% � 0.003 0.07% � 0.009 0.07% � 0.003
GRC-1 1.02% � 0.26 0.04% � 0.005 0.05% � 0.006
MOLT-4 0.08% � 0.005 0.06% � 0.009 0.01% � 0.005
JAR 67.91% � 7.58 21.23% � 5.06 0.04% � 0.009
Raji 0.06% � 0.005 0.07% � 0.001 0.05% � 0.005
Daudi 0.67% � 0.05 0.01% � 0.003 0.05% � 0.004
LM-8 0.47% � 0.07 0.05% � 0.007 0.08% � 0.003
SLC-89 0.03% � 0.009 0.07% � 0.009 0.07% � 0.002
LO2 0.78% � 0.07 0.44% � 0.05 0.05% � 0.004
SKOV3 76.22% � 8.64 18.84% � 5.24 0.06% � 0.002
CHO-K1 0.43% � 0.01 0.06% � 0.007 0.02% � 0.009
MDA-MB-231 1.74% � 0.68 0.06% � 0.008 0.01% � 0.007
A375 52.12% � 6.92 19.04% � 4.37 0.01% � 0.006
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measured simultaneously by a dual reporter assay system.

When targeted luciferase was determined, the non-targeted

one served as the internal control. As shown in Fig. 3A, the

chimeric pRNA/siRNA (luciferase) monomer was found to

efficiently and specifically suppress the firefly luciferase gene.

3 pRNA/siRNA (survivin) monomer. Since chimeric

pRNA/siRNA targeting reporter genes have demonstrated

possession of specific silencing effects, pRNA/siRNA (survivin)

was further designed to perform the desired down-regulation

or silencing of the survivin gene, which is highly expressed in

most tumor cells. pRNA/siRNA (survivin) monomer was

introduced by lipofectamine transfection into MCF-7 and

HeLa cells in which survivin was abundantly expressed. Both

real-time PCR and western blot analysis revealed that the

mRNA and protein expression of survivin were significantly

inhibited 48 h after transfection. In contrast, the non-specific

pRNA/siRNA control, normal pRNA and 18sRNA treated

and un-treated cells did not show a significant decrease in

survivin expression.

To determine whether pRNA/siRNA (survivin) monomer

could silence the anti-apoptosis factor survivin to induce

tumor apoptosis, annexin V–propidium iodide (PI) double-

staining was performed, followed by flow cytometry analysis,

on both MCF-7 and HeLa cells. As shown in Fig. 4A, 34.52%

� 4.21 of MCF-7 cells and 35.42% � 3.51 of HeLa cells

underwent apoptosis after pRNA/siRNA (survivin) treatment.

On the other hand, MCF-7 cells treated with non-specific

pRNA/siRNA (GFP) showed 3.14% � 2.91 apoptotic

cells, and cells treated with normal pRNA and 18sRNA

demonstrated values of 2.87% � 1.32 and 3.59% � 2.35,

respectively. HeLa cells treated with non-specific pRNA/

siRNA (GFP) showed 4.49%� 2.09 apoptotic cells, compared

to 3.07% � 0.83 and 2.44% � 0.94 of cells treated with

normal pRNA and 18sRNA. These results indicated that

pRNA/siRNA (survivin) monomer was functional specific to

survivin (Fig. 4A).

Specific, targeted gene silencing of chimeric pRNA dimers

1 Dimers harboring both folate and siRNA (GFP). The

strategy of pRNA dimer-mediated gene delivery is that the

receptor-binding moiety mediates cell recognition and subsequent

internalization, and the siRNA is then released to down-

regulate a specific gene. To determine whether the folate

moiety on the chimeric pRNA dimer could mediate the entry

of the complex into MCF-7 and HeLa cells, a chimeric RNA

dimer containing folate-pRNA and pRNA/siRNA(GFP) was

fabricated in vitro in the presence of 5 mM Mg2+ and

Fig. 1 Flow cytometry analyses of the binding of FITC-labeled folate-pRNA. Upper: binding was tested using folate-free pRNA labeled with

FITC as a negative control. The percentages of FITC-positive cells were shown in the upper right quadrants. Middle: MCF-7, HeLa and VEC-304

cells were incubated with folate-pRNA labeled with FITC. Lower: cells were pre-incubated with free folate, which served as a blocking agent to

compete with FITC-folate-pRNA for binding to the receptor.
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incubated, rather than transfected, with MCF-7 and HeLa

cells. The dimer formed by folate-pRNA and pRNA/siRNA

(GFP) showed inhibitory efficacy as revealed by fluorescence

microscopy imaging and flow cytometry analysis. The GFP

fluorescence in MCF-7 and HeLa cells, which had been

co-incubated with chimeric RNA dimer containing folate-pRNA

and pRNA/siRNA(GFP), was remarkably weaker than that

of cells co-incubated with pRNA/siRNA alone or with the

control dimer (no folate-labeling). The fluorescence density

did not decrease when folate-free pRNA/siRNA dimer or

pRNA monomer alone were used. Flow cytometry assays

demonstrated that the expression level of GFP in MCF-7

and HeLa cells treated with RNA dimer containing

folate-pRNA and pRNA/siRNA(GFP) reduced to 8.43% � 1.13

and 10.43% � 3.01, respectively. In contrast, MCF-7 and

HeLa cells treated with a control folate-free pRNA dimer

retained 51.78% � 5.58 and 49.78% � 4.78, respectively,

of GFP expression. These results indicate that specific

knock down of GFP expression was achieved by folate

receptor-mediated internalization of chimeric pRNA dimer

harboring siRNA (GFP) in the absence of transfection

reagents (Fig. 2B).

Fig. 2 Silencing effect of pRNA/siRNA (GFP) monomer by transfection and folate-pRNA-pRNA/siRNA (GFP) dimer by incubation in MCF-7

and HeLa cells. (A) By transfection: both fluorescence microscopy and the flow cytometry assay proved the inhibitory effect of pRNA/siRNA

(GFP) monomer on GFP expression. (B) By incubation: chimeric pRNA dimer complex containing folate-pRNA and chimeric pRNA/siRNA

(GFP) was incubated with cells for 3 h to allow the binding and entry of RNA. Data are shown as means � SEs for five experiments.

Fig. 3 Silencing effect of chimeric pRNA/siRNA monomer targeting

firefly luciferase by transfection and folate-pRNA-pRNA/siRNA

(firefly) dimer by incubation with MCF-7 and HeLa cells (A, B). Dual

reporter luciferase assays showed the specific knock down of

firefly luciferase expression by pRNA/siRNA (firefly) monomer and

folate-pRNA-pRNA/siRNA (firefly) dimer. Data are shown as

means � SEs for five experiments.

1364 | Mol. BioSyst., 2009, 5, 1361–1368 This journal is �c The Royal Society of Chemistry 2009



2 Dimers harboring both folate and siRNA (firefly

luciferase). The specific binding and gene-silencing effects of

folate-mediated siRNA targeting were further investigated

using firefly luciferase as a marker in MCF-7 and HeLa cells.

A dual luciferase reporter system assay revealed a significant

decrease in firefly luciferase expression after incubation with the

dimer containing both the folate-pRNA and pRNA/siRNA

(firefly luciferase). The control pRNA dimer without folate did

not inhibit the expression of the luciferase gene (Fig. 3B).

3 Dimer harboring both folate and siRNA (survivin).

Dimeric pRNA containing folate-pRNA and pRNA/siRNA

(survivin) was incubated with MCF-7 and HeLa cells, and

both cells responded strongly. Analysis by real-time PCR

revealed that the expression of the survivin gene in both

MCF-7 and HeLa cells reduced to 18.73% � 1.21 and

16.74% � 2.03, respectively, compared to that of cells treated

with normal pRNA. Western blot data exhibited that the

survivin protein was strongly inhibited by the folate-pRNA

dimer in both MCF-7 and HeLa cells. The induced apoptosis

rate of MCF-7 and HeLa cells was 32.12% � 4.91 and

29.12% � 2.74 respectively. These results suggest that the folate-

mediated entry of pRNA/siRNA (survivin) into MCF-7 and

HeLa cells induced apoptosis, and this effect occurred only in

cells that overexpressed the folate receptor (Fig. 4B). Therefore,

apoptosis was specifically induced by pRNA/siRNA (survivin).

Discussion

RNA interference (RNAi) is currently one of the most

promising therapeutic approaches for gene silencing. Various

synthetic siRNAs have been reported to have gene silencing

Fig. 4 Real-time PCR (left), western blotting (middle), and flow cytometry (right) assays to test the silencing effect of pRNA/siRNA (survivin)

monomer and folate-pRNA/siRNA (survivin) dimer on MCF-7 and HeLa cells. Gene expression levels were compared to the level of gene

expression found in non-transfected samples, arbitrarily assigned the value 1. Bars represent the fold number in gene expression over the expression

level in the non-transfected samples. (A) By transfection. Left: for samples transfected with pRNA/siRNA (survivin), the mRNA level decreased to

12.45% � 2.19 and 17.14% � 3.13 compared with that of the non-transfected cells in MCF-7 and HeLa cells. Middle: survivin protein levels were

compared by western blot with survivin antibody (upper). b-Actin was used as internal control (lower). Right: 34.52% � 4.21 of MCF-7 cells and

35.42% � 3.51 of HeLa cells transfected with pRNA/siRNA (survivin) monomer showed apoptosis. (B) By incubation. Left: mRNA level of

MCF-7 and Hela cells treated with folate-pRNA dimer significantly reduced to 18.73% � 1.21 and 16.74% � 2.03, respectively, compared to that

of cells treated by pRNA alone and control dimer. Middle: survivin protein levels of MCF-7 and Hela cells, treated by folate-dimer, pRNA alone

and control dimer, were compared by western blot with survivin antibody. ß-actin was used as internal control. Right: apoptosis rate of MCF-7

and Hela cells induced by folate containing chimeric pRNA dimer was 32.12% � 4.91 and 29.12% � 2.74 respectively. Data were shown as

means � SEs for five experiments.
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effects on diverse diseases, such as liver cirrhosis,29 hepatitis B

virus,23 ovarian cancer30 and hypercholesterolaemia.31 The

delivery of siRNA by virus vectors,32,33 synthetic lipids34,35

and polymers24,36–38 have been attempted. Still, in vivo

delivery of siRNA to specific cells using safe vehicles remains

challenging.

Survivin is a structurally unique member of the inhibitors of

the apoptosis protein (IAP) family, which is involved in the

control of cell division and the inhibition of apoptosis.39–41 As

a result, it has been widely considered as a target in tumor

therapy. Inclusion of ligands in the delivery particles to

target appropriate cell surface receptors could improve the

therapeutic efficacy and reduce the accompanying drug

toxicity and side effects. Folate receptors42–45 have been

demonstrated to be excessively expressed in a broad spectrum

of tumor cells, while normal cells express no or low levels

of folate receptors. Therefore, folate receptors represent an

attractive target for selective drug delivery.46–49

In this work, we tested the expression of folate receptors in

25 tumor cell lines. The results showed that MCF-7 and HeLa

cells expressed the highest level of folate receptors. Concurrent

experiments by transfection demonstrated the gene silencing

efficiency of three pRNA/siRNA monomers on GFP, luciferase

and survivin, respectively. Incubation of MCF-7 and HeLa

cells with pRNA dimers containing folate-pRNA and

specific pRNA/siRNA targeting GFP, luciferase or survivin,

respectively, showed remarkable inhibition. Thus, the advantage

of using folate-conjugated pRNA in the dimer is the specific

delivery of siRNA to target cells. Folate-mediated gene

delivery is triggered by endocytosis of the folate receptor. It

should be noted that folate-mediated delivery is less effective

than the lipofectamine-based route. Our results showed the

folate-mediated knock down effect results in target gene

activity of 20–25%, which coincides with the efficiency of

other siRNA delivery vehicles.50,51

In this work, the specific delivery of siRNA mediated by

folate was demonstrated by two individual experiments.

Firstly, FCM screening showed that FITC-folate-pRNA

binding to MCF-7 and HeLa cells can be significantly blocked

by adding free folate. Secondly, the control dimer containing

the folate-free pRNA and pRNA/siRNA did not show a gene

silencing effect. These suggest that the gene silencing by the

folate-containing dimer was specifically triggered by the folate

receptors.

Experimental

Preparation of RNA

The preparation of the RNAs was described previously.52 The

characterizations of the dimer were shown in previous

publications.9 Briefly, the RNAs were prepared by in vitro

transcription using T7 RNA polymerase. Magnesium (5 mM)

was included in all buffers to maintain the folding of pRNA

and the formation of the dimer.53,54 The nomenclature of

pRNA and the resulting chimeric pRNA subunits for the

construction of deliverable RNA nanoparticles have been

reported. To label the 50 end of RNA with folate, both

4 mM folate-AMP and 0.25 mM ATP were included in a

transcription reaction, together with 1 mM UTP, CTP and

GTP.5 FITC-folate-pRNA was formed by annealing 50 labeled

FITC oligo with the 30 end of folate-pRNA.

Cell lines

Cell lines were obtained from the Department of Immunology,

Tongji Medical College, Huazhong University of Science and

Technology.

Flow cytometry analysis of folate receptor expression screening

Cells were seeded into a six-well plate and grown for 24 h.

After two rinses with PBS, the cells were incubated with

100 nM folate-FITC for 20 min at room temperature, with

or without the presence of free folate as blocking reagent. Cells

were then washed and analyzed by flow cytometry.

Functional assay of monomeric pRNA/siRNA subunits by

transfection

Various chimeric pRNA/siRNA (0.2 mg) monomers and plasmid

EGFP-N1 were co-transfected using Lipofectamine2000

(1.5 ml) in a 24-well plate. After 24 h, the expression of GFP

was detected by fluorescence microscopy and flow cytometry.

For the luciferase assay of the pRNA/siRNA monomer,

various chimeric pRNA/siRNAs (0.2 mg) were co-transfected

into cells with plasmid DNA pGL3 encoding firefly luciferase

(0.7 mg) and pRL-TK (0.1 mg) encoding Renilla luciferase.

Luciferase expressions were measured by a dual reporter assay

system (Promega) 1 day after transfection. Cells were washed

once with PBS and lysed with passive lysis buffer. A volume of

20 ml of the lysate was added to 100 ml of luciferase assay

reagent (LAR II) in a luminometer tube, and firefly luciferase

activity was measured. Upon addition of twenty microlitres

of Stop & Glo reagent, control measurements of Renilla

luciferase activity were obtained. The previously obtained data

were then normalized to the Renilla activity by determining

the average ratio of firefly to Renilla activity over several

trials.

For the survivin knock down assay, cells were transfected

with various pRNA/siRNA (0.5 mg) in 24-well plates.

Expression of survivin was detected by real-time PCR and

western blot. Apoptosis of tumor cells was assayed by flow

cytometry.

Real-time PCR

Cells were seeded into 24-well plates at a density of 105 cells/

well, and transfected with 0.5 mg pRNA. Cells were harvested

48 h after transfection and total RNA was extracted with

Trizol (Invitrogen, USA) according to the manufacturer’s

protocol. Reverse transcription was carried out on 1 mg of

RNA with Revert Aidt. Equal amounts of cDNA were

submitted to PCR, in the presence of SYBR Green dye with

the QuantiTect SYBR Green RT-PCR Kit and the ABI

PRISM 6700 Real-time PCR detection machine. Primers for

survivin were 50-AAA GAG CCA AGA ACAAAA TTG C-30

and 50-GAG AGAGAA GCA GCC ACT GTT AC-30. PCR

was performed by 40 cycles of 0.5 s at 95 1C, 10 s at 60 1C and

10 s at 72 1C. PCR without template was used as the negative

control. The b-actin endogenous housekeeping gene was used
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as the internal control. Both b-actin and the negative control

were amplified on the same plate as the experimental gene of

interest. Each sample was normalized by using the difference

in critical thresholds (CT) between survivin and b-actin. The
following equation was used to describe the result: DDCT
survivin = DCT survivin � DCT b-actin, where DCT survivin

and DCT b-actin represent the difference in CT between

survivin and the negative control and the difference between

b-actin and the negative control, respectively. The mRNA

levels of each sample were then compared using the expression

2�DDCT survivin. The results of each group were averaged. The

expression level for the non-transfected sample was arbitrarily

assigned a value of 1 and the final results were expressed as a

fold number compared to the non-transfected sample.

Western blot analysis

Cells were rinsed and harvested in lysis buffer 48 h after

transfection. Protein concentrations were determined and

equal amounts of protein were loaded onto a 12% polyacryl-

amide gel. Membranes were blocked, incubated with primary

antibody for survivin and b-actin (Santa Cruz), and

conjugated to a secondary antibody according to the

manufacturer’s instructions (Pierce ECL kit). Membranes

were exposed to film.

Apoptosis analysis

The apoptosis assay for pRNA/siRNA (survivin) was

performed using annexinV–PI double-staining in flow

cytometry. Cells in 24-well plates were rinsed with PBS and

transfected with various pRNA. Cells were stained with

annexin V and PI followed by flow cytometry assay.

Assay of gene knock down targeted by folate receptor

Chimeric pRNA/siRNA dimers were prepared by mixing

folate-pRNA Ba’ and chimeric pRNA/siRNA Ab’ in the

presence of 5 mM Mg2+. Cells were seeded in a 96-well plate

in folate-free cell culture medium. After washing with PBS

containing MgCl2, the premixed dimer (1.75 mM) was then

added to the cells and incubated with the cells for 3 h at 37 1C.

RNase inhibitor (SUPERaseIN, 1 unit l�1; Ambion, Austin,

TX) was added to the binding buffer. After incubation,

EGFP-N1, PGL3 and PRL-TK plasmids were introduced into

the cells by Lipofectamine2000. Cells were further incubated

for 24 or 48 h. GFP expression, firefly luciferase activity, and

survivin knock down were measured, respectively.

Conclusion

In summary, we report systematically that the phi29 pRNA

dimer containing folate-pRNA and pRNA/siRNA (survivin)

could be specifically delivered into MCF-7 and HeLa cells that

exhibited high expression of folate receptors. It produced

significant inhibition of transcription and expression of

survivin in tumor cells as well as promotion of tumor cell

apoptosis. As we know, phi29 pRNAs have a tendency to

form dimers, as a result of the interaction of the interlocking

loops of each pRNA. This paper has demonstrated the

production of the dimer to deliver therapeutic siRNA to

specific cells. In the future, chimeric pRNA multimers could

also be assembled via hand-in-hand interaction. Such fabricated

RNA nanodevices could hold different RNA building blocks

with controllable stoichiometries ranging from one, two, three

or six copies up to thousands of copies.4,55 The features of

multiplicity and assortment make such RNA nanodevices

capable of carrying polyvalent therapeutic molecules to

enhance therapeutic efficacy.1,3,4,55,56
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