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Targeting silencing androgen receptor gene by shRNA 
with low-intensity focused ultrasonic irradiation inhibits 
growth of prostate cancer xenografts in nude mice
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Abstract: The androgen receptor (AR) plays a pivotal role in prostate cancer, making it a potential therapeutic target. 
Short-hairpin RNA (shRNA) inhibits gene expression and offers a novel strategy to eradicate disease. Ultrasound-
mediated gene transfection is a promising gene delivery method. This study sought to determine whether targeting 
silencing androgen receptor gene by shRNA with low-intensity focused ultrasonic irradiation could be used as effec-
tive therapy for prostate cancers in vivo. A plasmid-based short-hairpin RNA combined with low-intensity focused 
ultrasonic irradiation approach was used to specifically knock down the expression of AR in prostate cancer 22RV1 
cells in vivo. The growth of 22RV1 tumors that had been subcutaneously xenografted was evaluated and expression 
level of AR was determined by immunohistochemical staining. The proliferative index (PI) and the apoptotic index 
(AI) were respectively derived from the percentage of positive cells by Ki-67 immunohistochemical staining and 
TUNEL assay. The plasmid-based AR shRNA administrated intravenously significantly inhibited the tumor growth 
and AR expression. These inhibitory effects of AR shRNA were augmented when the region of tumor received low-
intensity focused ultrasound irradiation. Immunohistochemical staining and TUNEL assay confirmed AR shRNA with 
low-intensity focused ultrasonic irradiation exhibited growth-inhibitory, antiproliferative, and apoptotic effects on 
prostate cancer xenografts. The authors showed for the first time that the knockdown of AR expression by plasmid-
based AR shRNA with low-intensity focused ultrasonic irradiation significantly suppressed the tumor growth of pros-
tate cancer in vivo.
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Introduction

Prostate cancer is the second most frequently 
diagnosed cancer in the male population world-
wide [1]. In developed countries, the incidence 
rate of prostate cancer appears much higher. In 
the United States, prostate cancer has over-
taken lung cancer as the most commonly diag-
nosed malignancy and the second leading 
cause of cancer death in males for decades [2]. 
Meanwhile, the morbidity and mortality are ris-
ing in many developing countries such as China 
due to population aging and lifestyle changes 
[3]. Androgen receptor (AR) is expressed not 
simply in androgen-dependent prostate cancer 
(ADPC), but also in most castration-resistant 
prostate cancer (CRPC) where the AR remains 
active and is necessary to prostate cancer cells 
[4]. Therefore, AR is a potential target for treat-
ment of prostate cancers both at the androgen-
dependent and the castration-resistant sta- 
ges.

Through the RNA interference (RNAi) mecha-
nism, small interfering RNAs (siRNAs) or the 
precursors to siRNA known as short-hairpin 
RNAs (shRNAs) can target complementary 
mRNA strands for degradation, thus specifi- 
cally down-regulating gene expression [5].  
The ability of siRNA/shRNA to inhibit gene 
expression offers a novel strategy to eradicate 
disease.

Ultrasound could facilitate cellular uptake of 
macromolecules owing to its sonoporation and 
cavitation effect [6, 7]. It has been proven by 
numerous groups, that the cellular uptake of 
drugs and genes is sharply increased, when the 
region of interest is under sonication. Hence 
the ultrasound could be exploited to transfer 
gene into targeted tumor tissue efficiently [8, 
9].

In the present study, we investigated whether 
targeting silencing androgen receptor gene by 
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shRNA with low-intensity focused ultrasonic 
irradiation could be used as effective therapy 
to treat prostate cancers in vivo. To test this,  
a plasmid-based short-hairpin RNA combined 
with low-intensity focused ultrasonic irradiation 
approach was used to selectively knock down 
the expression of AR in prostate cancer 22RV1 
cells in vivo. Our results showed that AR shRNA 
combined with low-intensity focused ultrasonic 
irradiation could down-regulate the expression 
of AR, suppress proliferation, and induce apop-
tosis of human prostate cancer cells, and 
thereby inhibit the growth of prostate cancer 
xenografts in nude mice.

Materials and methods

Cell line and culture conditions

The human prostate cancer cell line 22RV1 was 
received from Institute of Biophysics, Chinese 
Academy of Science and was cultured in RPMI 
1640 medium (GIBCO) supplemented with 10% 
fetal bovine serum (FBS) (GIBCO). The cells 
were maintained in 75 cm2 tissue culture flasks 
(Corning) under sterile conditions at 37°C in 
water-saturated air containing 5% carbon dio- 
xide.

Experimental animals

Male athymic nude mice ages 5-6 weeks were 
purchased from the Vital River Laboratories 
(VRL, China). These animals were provided with 
sterilized food and water ad libitum, housed in 
negative-pressure isolators (Laboratory Animal 
Science Center of Peking university People’s 
Hospital, Beijing, China), and subjected to 
12-hour light and dark cycles. Mice were accli-
mated to our vivarium for 1 week prior to their 
use in study protocols. All animal procedures 
were performed under sterile conditions. All 
animal studies were approved by the Peking 
University People’s Hospital Committee on  
Use and Care of Animals and conducted in 
accordance with local humane animal care 
standards. 

Construction of an AR shRNA and preparation 
of recombinant plasmids

First, a 54-nucleotide (nt) DNA sequence tar-
geting AR was designed and constructed. The 
sense oligonucleotide sequence was 5’-GAT- 
CCTATCCCAGTCCCACTTGATCGAGCAAGTGGGA- 

CT GGGATAGGGCTTTTT-3’, and the antisense 
oligonucleotide sequence was 5’-AGCTAAAAA  
GCCCTATCCCAGTCCCACTTGCTCGATCAAGTGG- 
GACTGGGATAG-3’ Synthetic sense and anti-
sense oligonucleotides were used to create  
the template for generating RNA composed of 
2 identical sequence motifs in an inverted ori-
entation separated by a loop spacer to form a 
double-stranded short-hairpin RNA. Next, 50 
pmol of each oligonucleotide was annealed  
for 3 minutes at 95°C and then for 1 hour at 
37°C, and 2 μg of pRNAT-U6.1/Neo plasmids 
(Invitrogen) which contain the ampicillin resis-
tance gene and the U6 promoter were linear-
ized with 1 μL of BamHI (MBI), 1 μL of HindIII 
(MBI) and 2 μL of 10× tango buffer (MBI) for 3 
hours at 37°C. After digestion, 30 μL of the lin-
earized plasmids were recovered by column 
DNAback (Tiandz, Inc) following the manufac-
turer’s instructions. Then, the ligation was per-
formed between the recovered linearized plas-
mids which carried sticky ends left by BamHI 
and HindIII and the annealed double-stranded 
oligonucleotides which had un-base paired  
single stranded regions capable of recognizing 
the sticky ends of linearized plasmids. 5 μL of 
digested plasmids were mixed with 1 μL of T4 
DNA ligase (MBI), 1 μL of 10× T4 DNA ligase 
buffer, and 1 μL of annealed double-stranded 
oligonucleotides, then incubated for 12 hours 
at 16°C. Finally, these recombinant plasmids 
were cloned in chemically competent Esche- 
richia coli cells (Invitrogen) according to the 
manufacturer’s instructions. Several colonies 
were picked up, and the proper insert was  
confirmed by automated sequencing. After 
identifying clones with the correct shRNA 
sequence, the colony was cultivated in 5 mL 
Luria broth (LB) medium overnight at 37°C in 
an orbital shaker. The recombinant plasmids 
were massively extracted with the plasmid 
maxi kit (QIAGEN) following the manufacturer’s 
instructions and gave us 1 mg of plasmids.

Tumor implantation and growth

Human 22RV1 prostate cancer cells (5×106 
cells) in 100 µl PBS were inoculated subcutane-
ously into the right flank of athymic nude mice. 
Tumor growth was monitored every other day, 
using vernier calipers to measure the length (l) 
and width (w) of each lesion. Tumor volume  
was calculated using the following formula: vol-
ume = π/6(l×w)3/2 [10]. For experiments, mice 
were randomly segregated into 4 groups, each 
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of which consisted of 5 animals. The four 
groups were respectively called control group, 
ultrasound treated group, shRNA treated group, 
and combined treatment group according to 
the treatments the nude mice would receive.

Tumor treatments

After 4 weeks, when the tumors had reached 
an average volume of approximately 300 mm3, 
recombinant plasmids in 200 μL of phosphate-
buffered saline (PBS) were injected into the  
tail vein of the tumor-bearing nude mice in the 
combined treatment group at a dose of 2 milli-
grams per gram as soon as the region of tu- 
mors received low-intensity focused ultrasound 
irradiation. The ultrasonic parameters included 
acoustic power (20 W), pulse duration (100 
ms), duty ratio (50%), total acoustic exposure 
time (40 s). At the same time, mice in the shRNA 
treated group were simply treated with the 
same dose of recombinant plasmids intrave-
nously as the combined treatment group and 
mice in the ultrasound treated group only 
received low-intensity focused ultrasound irra-
diation to the tumor sites with the same param-
eters as the combined treatment group. Mice in 
the control group were injected with 200 μL of 
PBS intravenously as control. The length (l) and 
width (w) of tumors were measured every other 
day with vernier calipers and the tumor vol-
umes in cubic millimeter were calculated with 
the formula : volume = π/6(l×w)3/2 [10]. Fourteen 
days after treatment, mice were sacrificed, and 
tumors were harvested, weighed, fixed in for-
malin, and embedded in paraffin for the analy-
sis of AR, Ki-67 levels and apoptotic activity. All 
animal experiments in the present study com-
plied with the ARRIVE guidelines and were car-
ried out in accordance with the U.K. Animals 
(Scientific Procedures) Act, 1986 and associat-
ed guidelines, EU Directive 2010/63/EU for ani-
mal experiments.

Immunohistochemical staining of AR

Four-micron sections were obtained by micro-
tome and transferred onto glass slides. They 
were deparaffinized in xylene and rehydrated 
sequentially in a graded series of ethanols 
(100%, 90%, and 70%). Antigen retrieval was 
performed using heat treatment under pres-
sure in Tris EDTA buffer (pH=8) (Beijing XiYa 
JinQiao Biological Technology co., Ltd) for 3 
minutes and subsequently nonspecific labeling 

was blocked with goat serum blocking solution 
(ZSGB-BIO) for 30 minutes. Tissue sections 
were then incubated with mouse monoclonal 
antibody against AR antigen (1:400 dilution) 
(Santa Cruz Biotechnology) at 4°C overnight in 
a humidified chamber, followed by washing with 
PBS three times and incubation with polymer 
horseradish peroxidase (HRP) antimouse IgG 
(ready to use) (Beijing Xiya Jinqiao Biological 
Technology co., Ltd) for 30 minutes at room 
temperature. As a negative control, primary 
antibody was omitted and replaced with PBS. 
Immunoreactivity was observed with the DAB 
kit (ZSGB-BIO) following the manufacturer’s 
instructions and the nuclei were counterstain- 
ed with haematoxylin.

Proliferative cell labeling with a Ki-67 antibody

As described above, slide mounted, paraffin-
embedded tumor tissue sections were depa- 
raffinized in xylene, rehydrated sequentially in  
a graded series of ethanol (100%, 90%, and 
70%). Antigen retrieval was performed by heat-
ing to 96°C for 20 minutes in citrate-based 
antigen retrieval solution (pH=6) (ZSGB-BIO) 
and subsequently blocked with goat serum 
(ZSGB-BIO) for 30 minutes. Tissue sections 
were then incubated with mouse monoclonal 
antibody against Ki-67 antigen (1:200 dilution) 
(ZSGB-BIO) at 4°C overnight in a humidified 
chamber, followed by washing with PBS three 
times and incubation with polymer horseradish 
peroxidase (HRP) antimouse IgG (ready to use) 
(Beijing Xiya Jinqiao Biological Technology co., 
Ltd) for 30 minutes at room temperature. As a 
negative control, primary antibody was omitted 
and replaced with PBS. Immunoreactivity was 
observed with the DAB kit (ZSGB-BIO) following 
the manufacturer’s instructions and the nuclei 
were counterstained with haematoxylin.

Apoptotic cell labeling by TUNEL assay

The TUNEL assay was performed with the In 
Situ Cell Death Detection Kit, POD (Roche 
Applied Science) according to manufacturer’s 
instructions. Briefly, as described above, slide 
mounted, paraffin-embedded tumor tissue sec-
tions were deparaffinized in xylene, rehydrated 
sequentially in a graded series of ethanol (95%, 
90%, 80% and 70%). Permeabilization was  
performed with proteinase K working solution 
(15 μg/ml in 10 mM Tris/HCl, pH 7.5) for 15 min 
at 25°C. Tissue sections were then incubated 
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with TUNEL reaction mixture which was pre-
pared by adding 50 μl of enzyme solution (vial 
1) to 450 μl of label solution (vial 2) for 60 min 
at 37°C in a humidified chamber, followed by 
washing with PBS three times and incubation 
with Converter-POD for 30 minutes at 37°C in  
a humidified chamber. As a negative control, 
TUNEL reaction mixture replaced with label 
solution (without terminal transferase). As a 
positive control, permeabilized tissue sections 
were incubated with DNase I recombinant for 
10 min at 20°C to induce DNA strand breaks, 
prior to adding the TUNEL reaction mixture. 
Staining was observed with the DAB kit (ZSGB-
BIO) following manufacturer’s instructions and 
the nuclei were counterstained with haema- 
toxylin.

Quantification of AR, proliferative cells and 
apoptotic cells

Initially, all sections were scored blindly by 2 
independent observers without any prior knowl-
edge of the experimental mice data or treat-
ment-related outcomes. The scores were then 
compared to confirm consistency between 
observers, and a final score was agreed after 
simultaneous viewing of slides by both observ-
ers. The mean of the two observers’ scores 
were used for statistical analysis. 

AR expression was evaluated in a semiquanti-
tative manner known as the HSCORE system 
[11] whereby the levels of expression are repre-
sented as the percentage of positive cells and 
the intensity of the staining. HSCORE were cal-
culated using the following equation: HSCORE 
=(0× % cells staining negative) + (1× % cells 
staining weakly positive) + (2× % cell staining 
moderately positive) + (3× % cells staining 
strongly positive) with a score between 0 and 
300.

As a specific biomarker for cell proliferation, 
Ki67 was evaluated for tumors proliferative 
index (PI) [12, 13]. Cells were counted for the 
determination of PI (Ki67-LI) in 5 randomly 
selected high power fields (×400 magnification) 
each slide. Any nuclear staining, regardless of 
intensity, was considered positive for Ki67. The 
PI (Ki67-LI) was expressed as a percentage of 
immunoreactive tumor cells to the total count-
ed tumor cells.

TUNEL is a common method to detect apopto-
sis and the staining level of apoptotic cells was 

expressed as apoptotic index (AI) [13]. Like- 
wise, cells were counted for the determination 
of AI in 5 randomly selected high power field 
(×400 magnification) each slide. Any nuclear 
staining, regardless of intensity, was consid-
ered positive for apoptosis. Like PI, the AI was 
expressed as a percentage of staining tumor 
cells to the total counted tumor cells.

Statistical analysis

The results of the study were statistically ana-
lyzed using SPSS 18.0 for Windows. Numerical 
data are presented as means ± SD. For numeri-
cal data that obeyed the normal distribution, 
the ANOVA was used for the comparison of  
variables in four separate groups, The LSD test 
was used for the comparisons of two indepen-
dent groups. For numerical data that did not 
have the normal distribution, Kruskal-Wallis 
test was used for the comparison of variables 
in four separate groups. Mann-Whitney U test 
was used for the comparisons of two indepen-
dent groups. Statistical significance was set at 
P<0.05.

Results 

AR shRNA inhibits human prostate tumor 
growth in nude mice

At the time of treatment, the tumor volumes in 
mice in the four groups were similar, which were 
not significantly different (P=0.978). The effect 
of treatment on prostate cancer xenograft in 
nude mice was continuously monitored for 14 
days. The average tumor volume over the total 
14 days of study and tumor wet weight mea-
sured at 14 days among these four groups is 
shown in Figure 1. In Figure 1, it is fairly easy to 
see that tumor volumes (P=0.685) and tumor 
weights (P=0.572) were not significantly differ-
ent between mice in control group and in ultra-
sound treated group. As the graph of tumor vol-
ume revealed in Figure 1A, mice intravenously 
administered AR shRNA with or without low-
intensity focused ultrasound had sustained a 
significant tumor growth arrest compared with 
mice in control group (P<0.001). According to 
the significant tumor volume reduction in mice 
with combined treatment when compared with 
AR shRNA simply treated mice (P<0.001), low-
intensity focused ultrasonic irradiation to the 
region of tumor significantly enhanced the 
inhibitory effect of AR shRNA. Consistent with 
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tumor volume data, the average wet weight of 
the tumor was significantly reduced (P<0.001) 
in mice treated with AR shRNA combined with 
or without ultrasound, compared with mice in 
the control group (Figure 1B). The tumor wet 
weight significantly decreased in the mice in 
combined treatment group compared with 
mice in shRNA treated group (P<0.001), as is 
similarly shown in Figure 1B. No gross adverse 
effects such as loss of body weight, infection 
and so on were observed and no mice died dur-
ing the experimental period.

AR shRNA suppresses the expression of AR in 
human prostate cancer xenografts

To investigate whether the inhibition of tumor 
growth is associated with the down-regulation 
of AR expression, the xenograft tumors were 
excised and processed for immunohistochemi-
cal staining of AR protein expression. The im- 
munohistochemical staining showed the posi-
tive staining for AR was observed in the nuclear 
region. AR protein was highly expressed in hu- 
man prostate cancer tissues in control group 
and ultrasound treated group (Figure 2A,  
2B). The AR HSCORE values between these  
two groups were not significantly different 
(P=0.173), as presented in Table 1. AR protein 
was markedly down-regulated in AR shRNA 

administered xenografts (Figure 2C), compared 
with pretty high AR expression in the control 
group (Figure 2A), which coincided with AR 
HSCORE values in Table 1 between these two 
groups (P=0.009). Tumor tissues in mice with 
combined treatment showed no or extremely 
weak AR protein expression (Figure 2D). The AR 
HSCORE value of combined treatment group 
significantly declined compared with shRNA 
treated group (P=0.009) and control group 
(P=0.008) (Table 1).

AR shRNA reduces cell proliferation in human 
prostate cancer xenografts

To test whether AR shRNA-mediated inhibition 
of human prostate cancer growth in vivo was 
associated with reduced cell proliferation, 
tumor tissues were processed and probed for 
Ki-67 expression. These results were consis-
tent with the results of the AR expression in 
human prostate cancer xenografts. The immu-
nohistochemical staining showed positive 
staining for Ki-67 was observed in the nuclear 
region. Ki-67 protein expressions were very 
high in tumor tissues both in control group and 
ultrasound treated group (Figure 3A, 3B). The 
proliferative index (PI) as determined by Ki67 
staining between these two groups were not 
significantly different (P=0.462), as presented 

Figure 1. Effects of treatment on the tumor growth in each group. A. A graph shows tumor volume as calculated on 
the indicated days. The curve representing the tumor volume in the ultrasound treated group almost coincided with 
that in the control group (P=0.685). However, significant reduction in tumor volume was observed in mice intrave-
nously administered AR shRNA with or without ultrasound compared with controls (P<0.001). In addition, the tumor 
volume significantly decreased in the mice in the combined treatment group compared with mice only treated with 
AR shRNA (P<0.001). B. A representative histogram of tumor weight revealed the difference between mice in control 
group and ultrasound treated group was not significant (P=0.572). As is consistent with tumor volume data, tumor 
weight was significantly reduced in mice intravenously administered AR shRNA with or without ultrasound compared 
with controls (P<0.001), as well as significantly decreased in the mice in combined treatment group compared 
with mice in shRNA treated group (P<0.001). a P<0.001, compared with control group; b P<0.001, compared with 
shRNA treated group.
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Table 1. AR HSCORE value, proliferative index, and apoptotic index 
in each group

AR HSCORE 
value

Proliferative 
index (%)

Apoptotic 
index (%)

Control group 268.8±18.74 87.6±7.92 27.2±3.96
Ultrasound treated group 259.4±16.56 84.0±8.88 29.6±2.61
shRNA treated group 25.8±6.68a 26.0±3.07a 55.6±7.86a

Combined treatment group 2.0±1.87a,b 7.8±2.38a,b 83.6±8.29a,b 
aP<0.01, compared with control group; bP<0.01, compared with shRNA treated 
group.

in Table 1. A significant reduction of Ki-67 
expression was observed in tumors from AR 
shRNA-treated mice (Figure 3C) compared  
with controls (Figure 3A), which was in keeping 
with PI in Table 1 between these two groups 
(P=0.009). There was markedly decreased cell 
proliferation observed in Figure 3D in the com-
bined treatment group whose PI significantly 
reduced compared with shRNA treated group 
(P=0.009) and control group (P=0.008) (Table 
1).

AR shRNA induces apoptosis in human pros-
tate cancer xenografts

To determine whether AR shRNA-mediated inhi-
bition of human prostate cancer growth in vivo 

Discussion

Prostate cancer is androgen dependent, and 
endocrine therapy is one of the main treat- 
ment modalities in the clinical management of 
prostate cancer patients. Since Huggins and 
Hodges [14] demonstrated the responsiveness 
of prostate cancer to androgen deprivation 
therapy (ADT), androgen-suppressing strate-
gies has been the preferred treatment for 
advanced prostate cancer for nearly 70 years. 
Prostate cancer is initially dependent upon 
androgens and androgen withdrawal has been 
considered a significant therapeutic approach 
at this stage. Androgen ablation therapy gener-
ally induces a remission in 80-90% of patients 
with advanced prostate cancer, and results in a 

was associated with induced 
apoptosis, tumor tissues were 
processed for TUNEL assay. 
The TUNEL assay showed the 
positive staining for apoptosis 
was observed in the nuclear 
region too. As revealed in Fig- 
ure 4A, 4B, no significant dif-
ferences were observed in the 
degree of apoptosis in human 
prostate cancer xenografts 
treated with ultrasound when 
compared with that in xeno-
grafts untreated (control gro- 
up). As presented in Table 1, 
the apoptotic index (AI) as 
determined with TUNEL meth-
od between these two groups 
were not significantly different 
(P=0.169). In Figure 4C, 4D, 
the apoptosis was consider-
ably high both in shRNA treat-
ed group and combined treat-
ment group. As shown in Table 
1, AIs between the shRNA 
treated group and the control 
group were significantly differ-
ent (P=0.009) as well as that 
between the combined treat-
ment group and the control 
group (P=0.008). AR shRNA 
treatment alone yields an 
intermediate level of increa- 
sed apoptosis when compa- 
red with the combined treat-
ment group (P=0.009). The 
difference was statistically 
significant.

Figure 2. Expression of AR Protein in Each Group of Xenografts. (A, B) Tu-
mor tissues of the mice in both control group and ultrasound treated group 
demonstrated that AR protein was expressed at a markedly high level. In 
contrast, (C) tumor tissues from shRNA-treated mice showed significantly 
decreased AR protein expression and (D) tumor tissues of mice with com-
bined treatment showed no or extremely weak AR protein expression. Origi-
nal magnification, ×400; objective, ×40.
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median progression-free survival of 12-33 
months [15]. Unfortunately, most patients ulti-
mately develop progressive castration-resis-

effective target for the containment of tumor 
growth both in the pathogenesis of early ADPC 
and late-stage CRPC [28, 29]. Moreover, a dra-

Figure 3. Expression of Ki-67 Protein in Each Group of Xenografts. (A, B) 
Tumor tissues from the mice in both control and ultrasound treated group 
showed significantly higher Ki-67 protein expression. Whereas, (C) tumor 
tissues in shRNA-administered mice revealed reduced Ki-67 protein expres-
sion and (D) tumor tissues in mice with combined treatment demonstrated 
very weak Ki-67 protein expression. Original magnification, ×400; objective, 
×40.

tant prostate cancer (CRPC), 
which is characterized by  
continued tumor proliferation 
in the absence of testicular 
androgen production. The be- 
st treatment for CRPC remains 
elusive and the patients die of 
metastasis or other complica-
tions within a few years [16]. 
Therefore, novel therapeutic 
strategies prostate cancers 
are required.

Androgen receptor (AR) is a 
member of nuclear hormone 
receptor superfamily which is 
activated in a ligand-inducible 
manner. The activated AR 
could interact with other tran-
scription factors and regulates 
target gene expression [17]. 
AR plays a pivotal role both  
in ADPC and CRPC [17-19]. In 
ADPC, AR functioning through 
the binding of androgen pro-
motes prostate cancer cell 
growth and proliferation [18, 
20]. In contrast, in CRPC, AR 
doesn’t regulate cells growth 
in the form of receptor-ligand 
binding, but probably in the 
form of being constitutively 
activated. Even so, there was 
strong evidence that most if 
not all CRPC cells still express 
AR which was thought to turn 
more active and be indispens-
able to tumor survival through 
a variety of potential mecha-
nisms including AR amplifica-
tion, AR mutation, increased 
androgen sensitivity, changed 
expression of AR regulatory 
factor [21-27]. Furthermore, it 
was proven that AR signaling 
is integral to the growth of 
CRPC and decreasing levels  
of AR protein expression re- 
duces both ADPC and CRPC 
growth in model system [19, 
22]. AR, as a critical transcrip-
tion factor, appears to be an 

Figure 4. Results of TUNEL Assay in Each Group of Xenografts. (A, B) Speci-
mens from the control and ultrasound treated tumor showed weak apopto-
sis. In contrast, (C) tumor tissues of shRNA-treated mice showed moderate 
apoptosis and (D) numerous apoptotic cells appeared in tumor tissues of the 
mice in combined treatment group. Original magnification, ×400; objective, 
×40.
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matic paradigm shift has taken place recently 
in the treatment of patients with advanced 
CRPC where the androgen receptor becomes a 
central therapeutic target [30, 31]. Therefore, it 
is a potential approach to treat human prostate 
cancer by silencing androgen receptor gene 
[32, 33].

Small interfering RNAs (siRNAs) or the precur-
sors to siRNA known as short-hairpin RNAs 
(shRNAs) can specifically inhibiting gene ex- 
pression, through the RNA interference (RNAi) 
mechanism which is an endogenous gene-
silencing mechanism that involves double-
stranded RNA-mediated sequence-specific 
mRNA degradation. The ability of siRNA/shRNA 
to inhibit gene expression offers a promising 
strategy for therapeutic product development. 
Their wider application with high efficiency and 
specificity [34] could have high impact and clin-
ical relevance to any disease by manipulating 
gene expression. There is an intense research 
effort aimed at developing siRNAs/shRNAs as 
therapeutics against various diseases such as 
viral infections, gene disorders, and cancers 
[35]. To date, many clinical trials have been 
conducted to test the siRNAs/shRNAs for the 
treatment of diseases [36, 37]. In this study, a 
shRNA against human AR successfully inhibit-
ed the expression of human AR by human pros-
tate cancer 22RV1 cells, leading to significant 
suppression of tumor growth in the xenograft 
model. Our findings suggest that the shRNA-
directed transcriptional silencing is a promising 
tool for suppression of AR gene function and 
illustrate the potential of its application in pros-
tate cancer treatment.

There were several reports that show the in 
vitro efficacy of siRNAs/shRNAs in targeting 
prostate cancer cells [38, 39]. Nevertheless, 
most of these siRNAs/shRNAs have not made it 
past cell culture studies because of several 
reasons, such as the unclear systemic toxicity 
associated with these siRNAs/shRNAs or their 
vectors, and the most importantly, nonbioavail-
ability of siRNAs/shRNAs when tested under in 
vivo conditions. Snoek and colleagues [40] uti-
lized lentiviral vector carrying AR-targeted shR-
NAs to transduce prostate cancer C4-2 cells 
expressing tetracycline repressor which were 
generated previously and inoculated C4-2 cells 
containing inducible shRNAs into mice to estab-
lish a xenograft model. Through successful 
treating the tumor with doxycycline orally, they 
proved that knocking down AR in vivo is an 
effective therapy to treat prostate cancers that 

have progressed to the hormone refractory 
state for the first time.

Ultrasound (US)-mediated gene transfection is 
a recently developed and promising non-viral 
gene delivery method. Fechheimer et al [41] 
transfected mammalian cells with plasmid DNA 
by sonication loading for the first time in 1987. 
As a promising strategy for gene delivery, ultra-
sound has attracted increasing attention of the 
scientific community from then on. Ultrasound 
could facilitate cellular uptake of macromole-
cules [42] owing to its sonoporation and cavita-
tion effect which lead to increased permeability 
of cell membrane and capillary. It has been 
proven by numerous groups, that the cellular 
uptake of drugs and genes is sharply increased, 
when the region of interest is under sonication. 
Accordingly, the ultrasound could be exploited 
for clinical applications to transfer gene into  
targeted tumor tissue safely and efficiently [43, 
44]. The key feature of ultrasound-enhanced 
gene delivery is that DNA delivery can be 
targeted.

Our xenograft tumor studies showed that AR 
shRNA injected intravenously is not only safe 
but also effective in knocking down AR and pre-
venting growth of 22RV1 tumors. Upon immu-
nohistochemical examination of AR and Ki67 
and TUNEL assay, it showed that inhibiting the 
expression of human AR suppressed prolifera-
tion and induced apoptosis of human prostate 
cancer cells, and thereby inhibited the growth 
of the prostate cancer in vivo. Furthermore, we 
used ultrasound as an effective delivery auxil-
iary for shRNAs as described above. Our find-
ings showed that shRNA, when injected intrave-
nously into a tumor which was under sonication 
suppress AR protein more efficiently and per-
form anti-tumor effort more effectively than 
when injected intravenously without ultrasonic 
irradiation. 

In conclusion, our results further strengthened 
the significant effect of AR suppression on 
human prostate cancer growth and suggested 
that AR was a molecular target for cancer treat-
ments. Silencing AR gene could reduce prolif-
eration, induce apoptosis and eventually inhibit 
the growth of prostate cancer. The application 
of low-intensity focused ultrasound could 
achieve the desired targeted gene delivery in 
vivo and assist AR shRNA in treating prostate 
cancer more effectively. To our knowledge, it is 
the first time that the targeting silencing andro-
gen receptor gene by shRNA combined with 
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low-intensity focused ultrasonic irradiation sig-
nificantly suppressed the tumor growth of pros-
tate cancer in vivo.

Conclusion

In sum, the AR shRNA could be injected intrave-
nously to suppress the expression of AR and 
hence inhibit prostate cancer growth. The low-
intensity focused ultrasound could achieve the 
desired targeted gene delivery in vivo, having a 
promising future in its application. Targeting 
silencing androgen receptor gene by shRNA 
with low-intensity focused ultrasonic irradiation 
represents a viable therapeutic strategy for the 
treatment of prostate cancer.
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