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A specific aptamer-cell penetrating peptides complex delivered siRNA efficiently
and suppressed prostate tumor growth in vivo
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ABSTRACT
Specific and efficient delivery of siRNA into intended tumor cells remains as a challenge, even though RNAi
has been exploited as a new strategy for prostate cancer therapy. This work aims to address both
specificity and efficiency of SURVIVIN-siRNA delivery by constructing a therapeutic complex using
combinatorial strategies. A fusion protein STD was first expressed to serve as a backbone, consisting of
streptavidin, a cell-penetrating peptide called Trans-Activator of Transcription (TAT) and a double-
stranded RNA binding domain. A biotinylated Prostate Specific Membrane Antigen (PSMA) specific
aptamer A10 and SURVIVIN-siRNA were then linked to STD protein to form the therapeutic complex. This
complex could specifically targeted PSMAC tumor cells. Compared to lipofectamine and A10-siRNA
chimera, it demonstrated higher efficiency in delivering siRNA into target cells by 19.2% and 59.9%, and
increased apoptosis by 16.8% and 26.1% respectively. Upon systemic administration, this complex also
showed significant efficacy in suppressing tumor growth in athymic mice (p <0.001). We conclude that
this therapeutic complex could specifically and efficiently deliver SURVIVIN-siRNA to target cells and
suppressed tumor growth in vivo, which indicates its potential to be used as a new strategy in prostate
cancer therapy

Abbreviations: BPH, Benign Prostate Hyperplasia; BSA, Bull Serum Albumin; CPPs, Cell Penetrating Peptides; CLSM,
Confocal Laser Scanning Microscopy; DRBD, Double Strand RNA Binding Domain; EMSA, Electrophoretic Mobility
Shift Assay; MFI, Mean Fluorescence Intensity; PCa, Prostate Cancer; PSMA, Prostate Specific Membrane Antigen; SA,
Streptavidin; STD, STREPTAVIDIN-TAT-DRBD fusion protein; sur-siRNA, SURVIVIN siRNA; TAT, Trans-Activator of
Transcription
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Introduction

Currently, selective knockdown of abnormal genes has
prompted notable activity in developing RNAi-based drugs for
prostate cancer (PCa) therapy. Anti-apoptotic protein SURVI-
VIN (GenBank accession no. AAC51660.1) is highly expressed
in most human cancer cells, but has very low expression in nor-
mal differentiated cells.1-3 In PCa it has also been confirmed
that the expression of SURVIVIN is augmented compared to
benign prostate hyperplasia (BPH) and positively correlated
with tumor aggressiveness.4 Thus, SURVIVIN gene (GenBank
accession numberU75285) is considered as a therapeutic target
for PCa.5 Our previous work has demonstrated that knocking
down the expression of SURVIVIN gene by lipid-based delivery
of siRNAs-plasmid could significantly enhance apoptosis in
PCa cell line PC-3 and increase its sensitivity to the anti-cancer
drug cisplatin in vitro.6 However, for clinical application, a
robust method of delivery is required to ensure that the thera-
peutic siRNAs could specifically reach target cells or tissues and
avoid generalized cytotoxicity to normal cells. Furthermore, the
siRNAs need to be delivered into cancer cells effectively to
knock down the expression of target mRNAs.7

Due to their instability, vulnerability and immunogenic-
ity, the delivery of non-encapsulated siRNAs needs to be
facilitated by transfection vehicles.8 Over recent years, while
progress has been made in delivery agents to enhance speci-
ficity and efficacy, yet most of the delivery strategies focus
on only one of these 2 aspects. Cationic lipids,9 ligands,
nanoparticles,10 polymers 11 and viral vectors provide pro-
tection of siRNAs and allow for easy uptake by cells, but
offer little in targeting specific cells. Aptamers, antibodies
are useful for cell-type-specific delivery of siRNAs, but not
able to enhance intracellular uptake. It has become apparent
that a combinatorial approach is highly desirable to enhance
both of specificity and efficiency of siRNA delivery, espe-
cially for systemic administration in vivo.

Studies have showed that cell penetrating peptides (CPPs)
can transport a variety of macromolecules, e.g. peptides, pro-
teins, nucleic acids into cells rapidly via micropinocytosis.12-14

One of the best known CPPs is HIV1 Trans-Activator of Tran-
scription (TAT).15 For siRNAs delivery, cationic CPPs and
anionic siRNAs will aggregate due to charge neutralization,
which may affect biological functions of siRNA. Eguchi A

CONTACT Xiaoke Hao haoxkg@fmmu.edu.cn, haoxkg@126.com; Hongyi Zhang hongyi.zhang@addenbrookes.nhs.uk, medzhang@doctors.org.uk
*These authors equally contributed to this work.
© 2016 Taylor & Francis Group, LLC

CANCER BIOLOGY & THERAPY
2016, VOL. 17, NO. 5, 498–506
http://dx.doi.org/10.1080/15384047.2016.1156266

mailto:hongyi.zhang@addenbrookes.nhs.uk
mailto:medzhang@doctors.org.uk
http://dx.doi.org/10.1080/15384047.2016.1156266


et al.16-18 solved this problem by construction of a fusion pro-
tein of CPPs with double strand RNA binding domain (DRBD)
to mask siRNA’s charges, which can efficiently deliver siRNA
into primary cells. For specific delivery of siRNA, there is an
increasing interest in aptamers. These small RNA/DNA mole-
cules can form secondary and tertiary structures capable of spe-
cifically binding proteins or other cellular targets. The first
aptamer based therapeutic was FDA approved in 2004 for the
treatment of age-related macular degeneration and several
other aptamers for cancer therapy such as NOX-A12, AS1411
are currently being evaluated in clinical trials. 19,20 Aptamer
A10 is known for its high affinity (KD »10¡9M) for Prostate
Specific Membrane Antigen (PSMA) 21 and has been used
widely in development of PCa therapy. Currently, A10 has
been mainly employed to delivery therapeutic siRNA in the
form of aptamer-siRNA chimeras and showed to promote
regression of PSMAC tumors through intratumor injection.22-
25 In this work our aim is, using a combinatorial strategy, to
construct a novel PCa therapeutic complex, consist of aptamer
A10, TAT-DRBD and siRNAs, and to assess its specific and
efficient delivery as well as the effect of PCa suppression.

Materials and methods

1. General materials

Unless otherwise noted, all primers and restriction enzymes
were purchased from Takara Biotechnology (catalog number
Xho I 1635, Sma I 1629). All primary antibodies were pur-
chased from Abcam: anti-HIV tat antibody, (N3), ab63957;
anti-human PKR DRBD motif1 antibody, (YE350), ab32052;
anti-PSMA antibody, (YPSMA-1) ab19071; anti-SURVIVIN
antibody, (EP2880Y), ab76424; anti-b-actin antibody, ACTN05
(C4) (ab3280). The secondary antibody was purchased from
Odyssey (Goat anti-Mouse antibody, IRDye 680). Lipofect-
amine2000 was purchased from Life Technology (11668027).
Plasmid pET-44bC vector was purchased from Novagen
(71123-3). T4 DNA ligase was purchased from New England
BioLabs (M0202S). His GraviTrap Kit for protein purification
was purchased from GE Healthcare (11-0036-90 AA).

All cell lines were purchased from the Type Culture Collec-
tion of Shanghai, the Chinese Academy of Sciences. The main
PCa cell line LNCaP was tested by detection of PSMA in the
cellular supernatant. All culture medium was purchased from
Gibco BRL/Life Technologies. Tumor cells were maintained at
37�C and 5% CO2 in RPMI 1640 supplemented with 10% fetal
bovine serum.

2. Complex construction

2.1. Complex design
The designed complex is composed of 3 parts: PSMA specific
aptamer A10, a STREPTAVIDIN-TAT-DRBD fusion protein
(STD) as a backbone, and a functional anti-cancer agent SUR-
VIVIN siRNA (sur-siRNA). To link these 3 parts together, sur-
siRNA binds with DRBD, and biotinylated A10 with STREP-
TAVIDIN (SA). Sequence information details of these complex
components were showed in Table 1.

2.2. Expression of STD fusion protein
The DNA fragments of SA and 3TAT-DRBD were synthesized
by Sangon Biotech respectively. The recombinant fragment of
SA-3TAT-DRBD was obtained by PCR and inserted between
Sma I and Xho I of pET-44b, downstream of a soluble Nus¢Tag
and a thrombin cleavage site, and upstream of a His¢Tag.
Recombinant plasmid pET44b-STD was transformed to E. coli
strain Rosetta-gami and the bacteria were cultured 6 hours in
Luria Broth at 25�C with 0.1 mM IPTG. The E. coli pellet was
disrupted by sonication. The STD fusion protein was purified
from the soluble lysate using Ni-NTA affinity chromatography.
The purified product was analyzed by SDS-PAGE and Western
Blotting using LI-COR Odyssey infrared fluorescence imaging
system. The eluted fraction was dialysed to remove imidazole.
After freeze-drying, purified STD was reconstituted into 1 mg/
mL and stored at ¡70�C.

2.3. Complex assembling assay
siRNA and A10 were labeled with Cy7 when synthesized by
RiboBio Co. Ltd. and stored at 20 mM. DRBD binds to a
dsRNA backbone on 90� surface quadrants of the dsRNA helix,
resulting in 4 DRBDs encompassing a single molecule siRNA,
and each monomeric SA binds to one biotinylated A10.25 The-
oretically these will form a complex at a ratio of 4:4:1 for A10,
STD and sur-siRNA. To construct the A10-STD-(sur-siRNA)
complex 10 mL 5 mM sur-siRNA in water was mixed with
10 mL 20–50 mM STD in PBS with 10% glycerol on ice for
30 min, then mixed with 10 mL 20 mM biotinylated A10 in PBS
(pH 7.4) for another 30 min.16

To confirm the binding between STD and sur-siRNA or
A10, 10 mL sur-siRNA (diluted to 1/32 mM) and 10 mL A10
(diluted to 1/4 mM) were incubated with STD fusion protein in
PBS with 10% glycerol on ice for 2 hours respectively. STD
fusion protein (20 mg) was 2-folds diluted up to 1/128. Then 5
x Electrophoretic Mobility Shift Assay (EMSA)/Gel-Shift bind-
ing buffer (Beyotime Biotechnology, GS002) was added to the
reaction before A10 or siRNA were shifted in 2% agarose gel.
Bull Serum Albumin (BSA) without DRBD was used as nega-
tive control. The result was analyzed using LI-COR Odyssey
infrared fluorescence imaging system.

3. Specific targeting assay

3.1. In vitro Specificity assay
To determine whether A10 could mediate specific cell-surface
binding, one PSMAC prostate tumor cell line (LNCaP) and 3
PSMA¡ tumor cell lines (one derived from prostate tumor PC-
3 and 2 from non-prostate tumor cells Hela and HepG2) were
selected to incubate with the complex. For all cell culture based
assays, complex containing 200 pmol sur-siRNA was used per
5 £ 105 LNCaP cells with final siRNA concentrations between
100 to 400 nM. To confirm the conjugation was mediated
between A10 and PSMA, a parallel group was set with anti-
PSMA antibody to compete with the complex.

Tumor cells in culture were harvested and fixed. Cell pellets
were washed with PBS and resuspended with 1 £ Binding
Buffer (1£BB, BD, 51-66121E). Each cell type was divided into
3 groups: Group 1: cell culture medium only; Group 2: with the
complex (200 pmol sur-siRNA / 5 £ 105 cells); and Group 3:
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with the complex in the presence of anti-PSMA antibody
(0.1 mg / 1 £ 106 cells) at 25�C for 30 min. Tumor cells were
washed and >5,000 cell events were acquired and analyzed
(FL4-H channel) on a BD FACS flow cytometer (FACS Cali-
bur) based on mean fluorescence intensity (MFI). Raw data
was analyzed by FCS Express software.

3.2. In vivo specificity assay on LNCaP xenografts in nude
mice
Male athymic BALB/c nude mice, 4 to 6 week old, weight 18 to
20 g, were purchased from the Animal Experimental Center of
Slaccas (Shanghai, China), and were maintained in a laminar
airflow cabinet under pathogen-free conditions. All animal pro-
tocols were approved by the Animal Welfare and Ethics Com-
mittee of the Fourth Military Medical University. 200 mL cell
suspension (1£107 cells/mL, in the logarithmic phase) with
50% matrigel (BD, 356234) were inoculated in the hip subcuta-
neously. About 28 d later the volume of the tumor exceeded
0.1 cm3.

To confirm A10 could also function in vivo, athymic mice
bearing PSMAC (LNCaP) and PSMA¡ (PC-3 and Hela) xeno-
grafts received the complex (containing 400 pmol Cy7 labeled
sur-siRNA) through caudal vein injection. For LNCaP xeno-
grafts, free sur-siRNA and lipofectamine C sur-siRNA and
A10-(sur-siRNA) chimera (22) were also used as control.
Twenty-four hours later images of Cy7-fluorescence distribu-
tion were captured using a caliper IVIS Lumina II system.

4. siRNA intracellular delivery efficiency assay

4.1. Localization of complex
To determine whether the complex could efficiently deliver
siRNA into cytoplasm, Confocal Laser Scanning Microscopy

(CLSM) was used to observe the distribution of sur-siRNA
labeled with FAM and indicated by green fluorescence. To eval-
uate efficiency, the complex was compared with lipofectamine
and A10-siRNA chimera.

Five £ 105 LNCaP cells of each group were seeded in Class
Bottom Cell Culture Dishes (NEST Biotechnology, 801002) in
serum-free medium. After attached to the wall, the cell mono-
layer was transfected with 200 pmol FAM-labeled sur-siRNA
in 5 groups: Group 1: mock control; Group 2: incubated with
free sur-siRNA (negative control); Group 3: transfected by lipo-
fectamine 2000 (lipofectamine C sur-siRNA); Group 4: trans-
fected with A10-(sur-siRNA) chimera; Group 5: transfected
with A10-STD-(sur-siRNA) complex. Six hours later the cul-
tural medium was removed and LNCaP cells were washed to
remove extracellular siRNA, fixed with 4% formaldehyde and
stained with DAPI. Images were captured on an Olympus
FV10i confocal microscope at 240-folds magnification.

4.2. siRNA transfection efficiency assays
To further confirm the intracellular siRNA-transfection effi-
ciency of the complex, LNCaP cells were seeded in 6-well plates
and treated similarly as in 4.1. Eight hours later, >5,000 cells
from each group were collected and analyzed using flow cytom-
etry (FL1-H channel) to test the MFI, detailed as in 3.1.

5. Tumor suppression efficacy

5.1. SURVIVIN gene scilencing assay
Gene silencing effect was assessed at siRNA and protein level
respectively. LNCaP cells grouped as in 4.1 were seeded in 6-
well plates and were transfected with 200 pmol sur-siRNA at
70% confluency. Real-time quantitative PCR was performed
using iScript One-Step RT-PCR Kit with SYBR Green (Takara)

Table 1. Sequence information of each component of the complex.

Amino Acids Sequence Comment

3TAT-DRBD GRKKRRQRRR GSH GRKKRRQRRR GSH
GRKKRRQRRR GSHAGDLSAGFFMEELNTYRQKQGVVLKYQELP
NSGPPHDRRFTFQVIIDGREFPEGEGRSKKEA
KNAAAKLAVEILNKEKKA

TAT, 10 amino acids,
triple TAT expressed in series GSH as linkers
16 (underlined)
DRBD, motif 1 of human PKR,
36 80 amino acids, residues
from 9-78

SA AEAGITGTWYNQLGSTFIVTAGADGALTGTYE
SAVGNAESRYVLTGRYDSAPATDGSGTALGW
TVAWKNNYRNAHSATTWSGQYVGGAEARIN
TQWLLTSGTTEANAWKSTLVGHATFTKVKPS
AA

natural core SA
39126 amino acids,
residues from 21-130, 13.3 KDa
D128A mutation (underlined)40

Nucleic acids sequence Comment
sur-siRNA 50 GAAGCAGTTTGAAGAATTA dTdT 30 Fluorescent siRNAs labeled

with FAM or Cy7 at the 50 end
of the sense strand.

A10 50biotin-GGGAGGA(fC)GA(fU)G(fC)GGA(fU)
(fC)AG(fC)(fC)A(fU)G(fU)(fU)(fU)A(fC)G(fU)(fC)A(fC)(fU)(fC)(fC)(fU)(fU)30
50Cy7-GGGAGGA(fC)G
A(fU)G(fC)GGA(fU)(fC)
AG(fC)(fC)A(fU)G(fU)(fU)(fU)A(fC)G(fU)
(fC)A(fC)(fU)(fC)(fC)(fU)(fU)-biotin 30

To increase stability against
nuclease degradation, the
pyrimidines in the aptamer A10
were 20-fluoro modified.

A10-(sur-siRNA) chimera 50GGGAGGA(fC)GA(fU)G(fC)GGA(fU)(fC)AG
(fC)(fC)A(fU)G(fU)(fU)(fU)A(fC)G(fU)(fC)A
(fC)(fU)(fC)(fC)(fU)(fU)-
GAAGCAGUUUGAAGAAUUA 30

A10-(sur-siRNA antisense
strand ) chimera
After a simple annealing, the 2
strands form stable chimera.22

50FAM/Cy7-UAAUUCUUCAAACUGCUUC
dTdT 30

sur-siRNA sense strand
The 50 end of the sense strand
was labeled with FAM or Cy7.

500 Y. DIAO ET AL.



to quantify mRNA 48 hours later. b-actin was used as internal
control. Primers for human SURVIVIN gene were: forward 50-
TCGCTCTCTGCTCCTCCTGTTC-30; reverse 50-CGCCCAA-
TACGACCAAATCC-30; Primers for reference b-actin gene
were: forward 50-GACAAGTACGGCCTTGGGTA-30; reverse
50-GTGCCGTCACGCTCTATGTA-30; Relative amount of
SURVIVIN mRNA was normalized to b-actin mRNA applying
2¡44CT algorithm. Three independent experiments were per-
formed in triplicate and Mean§SEM values were calculated.
Specificity was verified by melting curve analysis and agarose
gel electrophoresis.

For western blotting, 72 hours after the transfection LNCaP
cells from each group were collected and 50 mg of total protein
from the supernatants of lysate were used to detect the expres-
sion of SURVIVIN protein in LI-COR Odyssey infrared fluo-
rescence imaging system.

5.2. Cell apoptosis assay
To determine the apoptosis-inducing effect of SURVIVIN
silence, LNCaP cells grouped as in 4.1 were transfected with
200 pmol sur-siRNA at 70% confluency. 72 hours later
Annexin V-FITC/PI method (BD, 556547) using flow cytome-
try (FITC, FL1-H channel; PtdIns, FL2-H channel) was
adopted to measure apoptosis of LNCaP cells. A parallel cis-
platin-treated group (cisplatin 5 mg/ml, Dalian Mei Lun Biol-
ogy Technology, 15663-27-1) was included to test if the
apoptosis-promoting effect of the complex was enhanced in the
presence of cisplatin.

5.3. Tumor growth curves
To assess the tumor suppression effect of the complex in vivo,
athymic nude mice bearing LNCaP xenografts were prepared
as mentioned in 3.2. After tumor volume reached 0.1 cm3, 40
athymic mice were randomly divided into 5 groups. 400 pmol
sur-siRNA was injected through caudal vein every other day

for a total of 7 times, delivered by different strategies as in 4.1.
Day 0 marked the first day of injection. Athymic nude mice
injected with PBS were included as mock control. Tumors were
measured every 3 d with calipers and the tumor volume was
calculated using the formula: VT D a£b2£p/6 (a, the longest
dimension; b, the shortest dimension). The growth curves are
plotted as mean tumor volume § SEM. The mice were killed 3
d after the last treatment (day 21), and the tumors were excised
and weighed. Statistical analysis was conducted using a one-
way ANOVA in Prism (Version 5.0, GraphPad). A p � 0.05
was considered to indicate a significant difference. In addition
to a one-way ANOVA, 2-tailed unpaired t-tests were conducted
between groups, and the p value was corrected with Bonfferoni
Correction.

Results

1. Complex construction

1.1. Identification of STD fusion protein
A protein was purified using Ni-NTA affinity chromatography
column from the supernatant containing soluble lysate of the
transformed E. coli. As expected, this protein is approximately
70 KDa as shown on SDS-PAGE. It was identified by the spe-
cific anti-TAT antibody or anti-DRBD antibody using protein
gel blotting (Fig. 1A), indicating that this is the constructed
STD fusion protein.

1.2. siRNA and A10 bind with STD fusion protein
Compared with free A10 and sur-siRNA, agarose gel electro-
phoresis showed that their migration was blocked in the pres-
ence of STD protein, and the blocking effect was STD protein
concentration-dependent. As a negative control, the migration
was not blocked by BSA. These results indicate that biotinylated
A10 bound to SA and sur-siRNA bound to DRBD of the STD

Figure 1. Expression of STD fusion protein and construction of the complex (a) Expression and identification of STD fusion protein. SDS–PAGE stained with Coomassie bril-
liant blue (left graph). Lane M: standard molecular weight markers of protein; Lane 1: ultrasound supernatant of E. coli Rosetta-gami transformed with pET-44b-STD; Lane
2: purified STD protein corresponding to Lane 1. Western Blotting analysis of purified STD protein with anti-TAT or anti-DRBD antibody (right graph). (b) EMSA analysis of
interaction between siRNA or A10 and STD fusion protein. Ten mL siRNA (1/32 mM) and 10 mL A10 (1/4 mM) pre-incubated with serial 2-fold diluted STD protein.
Untreated siRNA or A10 was used as mock control and Bovine Serum Albumin (BSA) as negative control. (c) Schematic diagram of assembled A10-STD-(sur-siRNA)
complex.
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fusion protein respectively. The complete blocking of A10 and
siRNA by STD was achieved at a dilution of 1/8 and 1/4 respec-
tively (Fig. 1B). The structure of assembled A10-STD-(sur-
siRNA) complex was showed in a schematic diagram (Fig. 1C).

2. A10 mediates specific targeting in vitro or in vivo

Unstained cells of each cell lines were used to define back-
ground signal for flow cytometry in vitro. Markers were set to
cover Cy7 positive cells, allowing for a maximum coverage of
unstained cells of 2%. It showed that almost all LNCaP cells
(99.7%) transfected with the complex were fluorescent and the
fluorescent percentage dramatically decreased to 24.3% in the
presence of anti-PSMA antibody. All the other 3 PSMA¡ cell
lines transfected with the complex did not show increased fluo-
rescence, similar to the unstained cells. These results indicate
that the therapeutic complex could only bind to PSMAC PCa
cells (LNCaP), but not PSMA¡ cells (PC-3, Hela and HepG2),
and the specific binding could be blocked by anti-PSMA anti-
body competition (Fig. 2A).

In athymic mice, Cy7 fluorescence specifically aggregated in
LNCaP xenografts, but not in PSMA¡ xenografts PC-3 or Hela.
In LNCaP xenografts the fluorescence signal only aggregated in
the 2 groups containing A10, which showed that it was aptamer
A10 in the complex that mediated sur-siRNA targeting to
LNCaP xenografts (Fig. 2B).

3. TAT mediates high efficient delivery of siRNA into
LNCaP cells

The sur-siRNA was labeled with green fluorescence FAM.
The fluorescence in the cytoplasm of LNCaP cells captured
by CLSM indicates that sur-siRNA has been successfully
delivered into LNCaP cells. In comparison, the fluorescence
signal was similar to the mock control in the free siRNA
group, which demonstrates the free siRNAs could not enter
cells directly without any delivery reagents. The relative
high fluorescence intensity in the therapeutic complex

group demonstrates that it could efficiently delivery siRNA
into LNCaP cells. Compared with the therapeutic complex,
the A10-(sur-siRNA) chimera group showed relative low
fluorescence signal in the cytoplasm, but instead aggregation
of fluorescence was seen on the cell membrane. These indi-
cate the chimera has poor delivery efficiency for siRNA into
cytoplasm (Fig. 3A).

To confirm delivery efficiency, fluorescent cells percentage
was further analyzed using flow cytometry. Compared with lip-
ofectamine group (80.6%) and chimera group (39.9%), the
complex group demonstrates better siRNA delivery efficiency
with higher fluorescent cells percentage (99.8%). It also showed
higher cells fluorescence intensity with right-shift fluorescence
peak channel (Fig. 3B).

4. Tumor suppression efficacy

4.1. The therapeutic complex silences SURVIVIN gene
expression and promotes apoptosis of LNCaP cells
Comparing with the mock control, the down-regulation effect
of SURVIVIN gene was showed by reduced expression of SUR-
VIVIN mRNA and protein (Fig. 4A). The complex group dem-
onstrated a stronger silencing effect than lipofectamine and
chimera group (P<0.01).

In vitro, therapeutic effect on SURVIVIN expression was
showed by increased apoptosis ratio of LNCaP cells. The thera-
peutic complex promoted apoptosis of LNCaP cells more effec-
tively than the other 2 groups lipofectamine and chimera,
especially in the presence of cisplatin, by 16.8% and 26.5%
respectively (Fig. 4B).

4.2. Four.2 The therapeutic complex restricts LNCaP tumor
growth in vivo
Upon systemic administration of this therapeutic complex
in vivo, growth of LNCaP xenografts in athymic mice was
suppressed throughout the experiment period. By day 21 the
mean tumor volume increased only 3.8 folds, much lower
than the untreated tumors (12.4 folds) (Fig. 5A). Accidental

Figure 2. A10 mediates specific targeting to LNCaP cells or xenografts. (a) Flow Cytometry analysis of the specificity of A10 to PSMAC(LNCaP) and PSMA-(PC-3, Hela,
HepG2) cell lines. Unstained cells are shown in purple. Percentage of fluorescent cells of each cell line was showed above the marker. The group transfected with Cy7-
labeled A10-STD-(sur-siRNA) complex was showed in green line. A parallel group transfected with the complex and anti-PSMA antibody was showed in red line. (b) Caliper
IVIS Lumina II system analysis of the specificity of A10 to PSMAC xenografts in vivo. The red arrow indicates the xenografts grown in the hip subcutaneously. Aggregation
of Cy7 fluorescence in the xenografts was marked with yellow arrows.
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death happened in 2 mice in the complex group on day 13
or day 15. At the last day (day21), the therapeutic complex
showed better tumor growth suppression effect both in
tumor volume and tumor weight (Fig. 5B), compared with

lipofectamine and chimera groups (P<0.001), demonstrating
superior therapeutic efficacy. Tumor growth was also signif-
icantly suppressed in the A10-(sur-siRNA) chimera group
compared to the lipofectamine group (P < 0.05).

Figure 3. TAT mediates efficient delivery of siRNA into LNCaP cells. (a) CLSM analysis of the location of siRNA. FAM labeled sur-siRNA was shown in green fluorescence.
Phase contrast channel (gray) and the nuclei stained with DAPI (blue) was used to show the position of LNCaP cells. Channels were merged to co-locate the position of
sur-siRNA in LNCaP cells. Scale bar D 20 mm. (b) Flow Cytometry analysis of transfection efficiency of sur-siRNA into LNCaP cells corresponding to (a). Unstained cells are
shown in purple. The complex group was showed with black lines. Free sur-siRNA (red line) was set as negative control, while the lipofectamine (blue line) and chimera
(green line) groups were set as positive control. Marker 1 was used to cover FAM positive cells by defining unstained cells as negative, allowing for a maximum coverage
of unstained cells of 2%. The percentage of fluorescence positive cells covered by Marker 1 was showed on the right of (b).

Figure 4. Down regulation of SURVIVIN gene and its effect on apoptosis of LNCaP cells (a) Expression analysis of SURVIVIN gene. Real-time quantitative PCR (left graph)
was used to detect the expression of SURVIVIN mRNA. Relative amount of SURVIVIN mRNA was normalized to b-actin mRNA applying 2¡44CT algorithm. Relative expres-
sion of untreated LNCaP cells was normalized as 100%. Data represent Mean C/¡ SEM of at least 3 separate experiments. Comparison was between the complex group
with other groups. ���: P < 0.0001; ��: P < 0.001; �: P < 0.01. Western blotting (right graph) was used to detect the expression of SURVIVIN protein corresponding to
mRNA. (b) Flow cytometry analysis of apoptosis induced by down-regulation of SURVIVIN gene using Annexin V assay. The histogram showed the sur-siRNA transfected
group with blank bars, while the parallel group with sur-siRNA and cisplatin was showed with slash bars. The percentage of total apoptosis (early and late) of LNCaP cells
was showed above the bars.
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Discussion

Ever since the discovery of siRNA and realization of its poten-
tial of as a new therapeutic strategy for many diseases, e.g., vari-
ous malignancies, studies have been mainly carried out along 2
lines. One is focused on understanding of the mechanisms of
siRNA in order to improve its design as a potent therapeutic
agent for particular disease and the other is to address how to
deliver well-designed drug candidate siRNA into target cells or
tissues specifically as well as efficiently, and this is particularly
pertinent in cancer therapy. In most studies up to now, efforts
have been made separately to improve either specific targeting
or efficiency of intracellular delivery, reviewed by Lares MR.26

Antibody-directed delivery was first experimented to guide
anti-cancer drugs and used for specific delivery of siRNA as
well.27,28 In recent years, nucleic acid aptamers have showed new
promise as specific ligands for diagnostic or therapeutic use.29

Aptamers have the advantages of being highly specific, relatively
small in size, and easily synthesized, which could be regarded as
a chemical equivalent of antibodies.30,31 In this study, we
adopted a truncated aptamer A10-3.2 with 39 nucleotides for its
simplicity of chemical synthesis and enhanced specificity. It is
about 55% of the full A10 in size. 32 Both A10-(sur-siRNA) chi-
mera and A10-STD-(sur-siRNA) complex showed specificity to
target PSMAC LNCaP cells or xenografts, and better tumor

suppression effect than the free sur-siRNA group in athymic
mice. These confirm the functionality of the truncated A10 in
this therapeutic complex. TAT was introduced to improve cell
uptake of siRNA, and the therapeutic complex showed higher
delivery efficiency by nearly 60% than A10-(sur-siRNA) chi-
mera, and better tumor growth suppression effect (P < 0.001) in
athymic mice, which indicated successful efficiency-improve-
ment strategy of the complex.

To improve delivery efficiency, consideration should include
how to overcome endosomal entrapment and make therapeutic
siRNA access to the cytoplasm when designing siRNA delivery
strategies. Despite various approaches have been explored, such
as osmotic methods, lipid conjugation and virus vectors, most of
them are limited for research and perform the best on adherent
tumor cells. CPPs have demonstrated strong transfection ability
by delivery siRNA into some acknowledged hard-transfected pri-
mary cells like T cells, HUVECs and hESCs 16 and even the
blood-brain barrier, which indicates its potential use in vivo.33,34

In this study, we used 3TAT-DRBD to bind sur-siRNA and
delivered it to the cytoplasm. DRBD is a highly conserved
a¡b¡b¡b¡a domain in numerous proteins, responsible for
almost all protein-RNA duplex interactions with a high affinity
(KD~10

¡9M). 35-37 Compared with commonly used transfection
reagent lipofectamine 2000, the therapeutic complex demon-
strated similar delivery efficiency and SURVIVIN

Figure 5. Tumor growth suppression effect of the complex. (a) Tumor Growth Curve analysis of the suppression effect of the therapeutic complex. Tumor growth curve
was drawn by tumor volume of mice in each group at 8 time points (every 3 day after the first injection). Data represent Mean C/¡ SEM of at least 3 separate measure-
ments. The diagram of each group was showed above the curves. (b) On day 21 mice were killed and LNCaP tumors were incised. Mean § SEM of tumor volume (left
graph) and weight (right graph) were measured and showed in histogram. Comparison was between the complex group and negative control group (free sur-siRNA) or
the other 2 positive control groups (lipofectamine and chimera). ���: P < 0.0001; ��: P < 0.001; �: P < 0.01. The complex group n D 6, other groups nD 8.
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downregulation effect in vitro. However, without specific target-
ing strategy, the lipofectamine group showed significantly poorer
tumor growth suppression effect than the 2 A10-containing
groups in athymic mice, even though it showed higher delivery
efficiency than the chimera group in vitro. These support the
importance of specific delivery of therapeutic siRNA for system-
atic administration.

To achieve improvement of both specificity (A10) and effi-
ciency (TAT-DRBD) in the same complex, STREPTAVIDIN,
which was expressed together with TAT-DRBD, was used to
bind biotinylated A10 for their ultrahigh affinity
(KD»10¡15M).38 A truncated but still functional natural core
SA (126 amino acids) 39 was employed with a D128A mutation
to avoid tetramer and produce monomeric SA.40 The tight
interaction between A10 or sur-siRNA and STD protein allows
for a steady and easy construction of the therapeutic complex
by a simple 2-steps incubation, exempted from the high
demand of complicated formation techniques required for
nanoparticles or polymer carriers of siRNA.

Even though some strategies have been adopted to decrease
the molecular weight of STD protein, such as use of truncated
A10 an SA, the STD protein (approximately 70 KDa) is consid-
ered still big enough to possess significant immunogenicity. To
reduce the size of this therapeutic complex further, work needs
to be done by getting rid of Nus¢Tag through thrombin cleavage
or changing to better expression system. Further characterization
of the therapeutic complex, such as pharmacokinetics, biodistri-
bution and side effects also needs to be carried out in future.

Currently, the complex is designed to target PSMAC PCa
relying on the specificity of A10. Because the aptamer A10 and
siRNA bind with STD protein in a sequence-independence
fashion in this complex, this strategy could have broader appli-
cations for other cancers treatment, depending on different
specificity of aptamers targeting particular biomarkers and
more therapeutic siRNAs.

In summary, in this proof-of-concept study, we achieved the
construction of a therapeutic complex to improve both specific-
ity and efficiency of siRNA delivery using a combinatorial
approach. This therapeutic complex specifically and efficiently
delivered SURVIVIN siRNA to target cells, promoted apoptosis
and suppressed tumor growth in vivo. This approach could be
used as a new strategy in prostate cancer therapy and shows a
potential for broader applications.
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