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Upregulation of ULK1 expression in PC-3 cells following
tumor protein P53 transfection by sonoporation
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Abstract. The aim of the present study was to investigate
whether ultrasound combined with microbubbles was able to
enhance liposome-mediated transfection of genes into human
prostate cancer cells, and to examine the association between
autophagy and tumor protein P53 (P53). An MTT assay was
used to evaluate cell viability, while flow cytometry and
fluorescence microscopy were used to measure gene transfec-
tion efficiency. Autophagy was observed using transmission
electron microscopy. Reverse transcription-polymerase chain
reaction (RT-PCR) and western blot analysis were used to
assess the expression of autophagy-associated genes. The
results of the present study revealed that cell viability was
significantly reduced following successfully enhanced trans-
fection of P53 by ultrasound combined with microbubbles. In
addition, serine/threonine-protein kinase ULK1 levels were
simultaneously upregulated. Castration-resistant prostate
cancer is difficult to treat and is investigated in the present study.
P53 has a significant role in a number of key biological func-
tions, including DNA repair, apoptosis, cell cycle, autophagy,
senescence and angiogenesis. Prior to the present study, to the
best of our knowledge, increased transfection efficiency and
reduced side effects have been difficult to achieve. Ultrasound
is considered to be a ‘gentle’ technique that may be able to
achieve increased transfection efficiency and reduced side
effects. The results of the present study highlight a potential
novel therapeutic strategy for the treatment of prostate cancer.

Introduction

Prostate cancer (PCa) is one of the leading causes of male
urological cancer-associated mortality worldwide. Early stage
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PCa is androgen-dependent, and may be treated effectively
using androgen ablation therapy, radiation and/or surgery.
Although these treatments have largely been observed to be
successful, there are associated disadvantages, including
surgical injuries, drug resistance and tumor recurrence (1-3).
In addition, all patients with PCa eventually progress to an
androgen-independent state, known as castration-resistant
prostate cancer (CRPC), which may lead to tumor metastasis
or patient mortality (4). At present, there are no effective
treatment options available for CRPC (5). Therefore, the devel-
opment of novel therapeutic strategies is critical (6).

Gene therapy may be utilized to transfer normal target
genes into abnormal cells, in order to achieve therapeutic
benefits (7). At present, gene therapy is considered to be
a novel method for the treatment of a number of diseases,
and may represent a promising strategy for the treatment of
cancer. In order to develop effective methods of gene transfer,
numerous experimental and clinical studies have been under-
taken (8). Tumor protein P53 (P53) has a critical role in a
number of significant biological processes, including DNA
repair, apoptosis, cell cycle, autophagy, senescence and angio-
genesis (9). There are two types of P53: Wild-type (wt-P53),
which promotes cell apoptosis, and mutant P53, which may
enhance the growth of cancerous cells (10). Inactivation of
the P53 system is associated with the onset and progression of
cancer, and is a typical alteration characteristic of cancer cells:
When this occurs, a P53-activating agent does not appear to
work (11,12). A number of studies have also demonstrated that
P53 is capable of stimulating autophagy (13-15).

ULKI is part of a ULK1-complex, which contributes to
various physiological and pathological processes in mammals
and is an important protein in the early stages of autophagy (16).
The upregulation of ULK1 allows for sustained autophagy
and leads to an increase in non-apoptotic cell death. Notably,
previous studies have indicated that ULK1 is a transcriptional
target of p53 following DNA damage (17).

Previous studies have revealed that ultrasound, elec-
tric, laser and microinjection techniques may assist in the
delivery of various therapeutic molecules, including genes
and drugs (18-20). However, ultrasound is considered to be a
‘gentle’ technique. A number of studies have been undertaken
to investigate how ultrasound may be capable of enhancing
permeability of cells. The main mechanism is considered to be
sonoporation. Sonoporation is similar to electroporation and
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refers to the generation of small pores in the cell membrane
following irradiation by ultrasound and this has been revealed
by high speed camera images (21); sonoporation is a non-inva-
sive method that allows drugs or genes to enter cells (22,23).
Sonoporation may result from oscillations of the microbubbles,
which cause cavitation and subsequent disruption of membrane
that allows to enhance permeability (24). These microbubbles,
oscillating in the presence of US, create localized shear stress or
‘microstreaming’ or they may expand and collapse (‘transient
cavitation’) to create intense local heating and pressure (25).
This type of transient cavitation effect is considered to occur
more at low frequencies (26). Previous research has suggested
that the use of ultrasound combined with microbubbles may
enhance the acoustic cavitation effect (27). However, further
study is required in order to enhance transfection efficiency
whilst simultaneously reducing harm to the body.

Materials and methods

Cell lines. The PC3 human prostate cancer cell line (The Cell
Bank of the Chinese Academy of Sciences, Shanghai, China)
was used in all experiments. Cells were incubated at 37°C
in an atmosphere of 5% CO,. Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS; Gibco, Life Technologies, Carlsbad, CA, USA)
was used as culture medium and replaced every second day.

Ultrasound apparatus and microbubbles. The present
experiment was performed using an FS-450 ultrasonic
processor, supplied by the Shanghai Institute of Ultrasound
in Medicine (Shanghai, China). In all experiments, the probe
frequency was fixed at 21 kHz, the intensity was 4.6 mW/cm?
and the duty cycle was 20% (2 sec 'on' time and 8 sec 'off’
time) with a total exposure time of 5 min. The SonoVue™
microbubble echo-contrast agent (Bracco S.p.A, Milan, Italy)
was reconstituted in 5 ml phosphate-buffered saline, 200 pl of
which was used in each experimental group.

In the present study, cells were divided into three groups: A
control group without treatment (Group A), a group treated with
Lipofectamine® (Invitrogen Life Technologies, Carlsbad, CA,
USA) and wt-P53/enhanced green fluorescent protein (EGFP)
plasmid (Group B), and a group treated with Lipofectamine,
wt-P53/EGFP plasmid and ultrasound combined with micro-
bubbles (Group C). Experiments were performed in triplicate.

Preparation of plasmid DNA. The pEGFP plasmid (donated
by the Center Laboratory of Shanghai Jiao Tong University
Affiliated Sixth People's Hospital, Shanghai, China) DNA was
used as a marker to indicate transfection efficiency and was
prepared with the E.ZN.A Plasmid Miniprep kit IT (Omega
Bio-Tek, Inc., Norcross, GA, USA) in an identical manner
to the wt-P53 plasmid DNA. The lysing solution from the
Plasmid Miniprep kit was able to generate and lyse DH5a
Escherichia coli transformants, which were of a density capable
of expressing the target plasmid (28). The DNA-specific resin
in a column was subsequently used to isolate plasmid DNA
from genomic DNA, and the plasmid DNA was collected.
The purity of the extracted pEGFP plasmid DNA was
measured using an ultraviolet spectrophotometer (DU800;
Beckman Coulter, Inc., Brea, CA, USA) whose optical density
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Table I. Oligonucleotide primer sequences for reverse
transcription-polymerase chain reaction.

Gene Primer sequence (5'-3')
ULK1
Forward AAGTTCGAGTTCTCTCGCAAG
Reverse ACCTCCAGGTCGTGCTTCT
GAPDH
Forward AATGGATTTGGACGCATTGGT
Reverse TTTGCACTGGTACGTGTTGAT

at 260/280 nm was 1.8. A digestive enzyme (Sall or Xhol)
and subsequent electrophoresis was used to identify pEGFP
plasmid DNA (BD Biosciences, ClonTech, Palo Alto CA). Two
restriction sites (Sall and Xhol) were included to verify that
the obtained plasmid was pEGFP when the genetic map was
analyzed.

Gene transfer. Transfection experiments were performed
according to the manufacturers's instructions. Transfection
reagents were prepared according to the protocol of the
Lipofectamine® 2000 kit (Invitrogen Life Technologies); the
ratio of plasmid DNA (ug) to liposome (ul) was 1:2. Group
A were the control cells, group B were the cells transfected
with pPEGFP/wt-P53 plasmid, and group C were the cells trans-
fected with pEGFP/wt-P53 plasmid and treated with ultrsound
combined with microbubble. Prior to ultrasound irradiation, the
reagent was added to the suspension of PC3 cells in Group C.
The density of the PC3 cells in polystyrene sample test tubes
(Beijing Donglinchangsheng Biotechnology Co., Ltd., Beijing,
China) was 1x10° cells/ml. Subsequently, the cell suspen-
sion was gently mixed with diluted plasmid DNA in 100 ul
DMEM without FBS. Prior to use, Lipofectamine 2000 for
Groups B and C was mixed gently and the appropriate amount
was diluted in 100 u1 DMEM without FBS. Following incuba-
tion for 5 min at room temperature, the diluted plasmid DNA
(1 ug/100 pl) was combined with diluted Lipofectamine 2000
(2.5 pg/100 pl), mixed gently and incubated for 20 min at room
temperature. Following 5 min of exposure to ultrasound with
microbubbles, the cell suspensions were seeded into 6-well
plates and 4 h later the serum-free DMEM was replaced by
medium containing 10% FBS.

Detection of gene transfection efficiency. Following 24 h of
incubation, pEGFP transfection efficiency was detected in the
three groups using fluorescence microscopy and flow cytom-
etry using a flow cytometer (Beckman Coulter, Fullerton, CA,
USA). Images were captured using an AIRMP fluorescence
microscope (Nikon Corporation, Tokyo, Japan). Cells were
observed to express green fluorescence when successfully
transfected with pPEGFP DNA.

Measurement of cell proliferation by MTT assay. Following
treatment, each group of cells was grown in 96-well plates
for 24 h, and subsequently viability was assessed by MTT
assay (Wellscan MK3; Ani Labsystems, Ltd., Oy, Vantaa,
Finland). The assay was conducted as follows: 50 yl MTT
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Figure 1. Gene transfection efficiency detected by flow cytometry and fluorescence microscopy. EGFP-positive rate of PC3 cells detected by (A) flow
cytometry and (B) fluorescence microscopy (magnification, x200) 24 h following treatment in: Group A, no treatment; Group B, cells treated with
Lipofectamine® and wt-P53/EGFP plasmid; and Group C, cells treated with Lipofectamine, wt-P53/EGFP plasmid and ultrasound combined with micro-
bubbles. Top panel, green stain indicates successful transfection; bottom panel, brightfield view. EGFP, enhanced green fluorescent protein; P53, tumor

protein P53; wt-P53, wild-type P53.

reagent was incubated with cells for 4 h at 37°C and subse-
quently removed. Following this, 150 pl dimethyl sulfoxide was
added to each well and agitated for 15 min. The optical density
was measured at a wavelength of 492 nm using a BIO-TEK
Synergy HT microculture plate reader (Bio-Tek Instruments,
Inc., Winooski, VT, USA). The result was calculated as follows:
Viability (%)=absorbance of experimental group/absorbance
of control group x 100. Viability was calculated based on the
mean percentage of triplicate experiments.

Transmission electron microscopy. PC3 cells from the three
groups were sliced into ultra-thin specimens according to the
conventional method (29). Specimens were then observed and
images were captured using transmission electron microscopy
(Hitachi S-4800; Hitachi, Ltd., Tokyo, Japan) at magnifi-
cation, x24,500. Autophagosomes were identified by the
characteristic structure of a double- or multi-lamellar smooth

membrane completely surrounding compressed mitochondria,
or membrane-bound electron-dense material. The investigator
was blinded, and the numbers of autophagosomes in cells of
each of the three groups were counted in 10 fields of view from
various microscopic fields.

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. Once grown to ~85% confluence, 5x10° cells were
harvested and the RNA was isolated using TRIzol reagent
(Invitrogen Life Technologies) according to the manufac-
turer's instructions. The first strand of cDNA was generated
from 2 mg total RNA using the SuperScript IIT Reverse
Transcriptase kit (Invitrogen Life Technologies) according to
the manufacturer's instructions. Following purification, RNA
was subjected to PCR analysis on a Bio-Rad iQ5 multicolor
detection system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA), using the following primers: ULK1, F 5“TCGAGTTCT
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Figure 2. P53 transfection reduces cell viability. Group A, no treatment;
Group B: cells treated with Lipofectamine® and wt-P53 plasmid; Group C:
cells treated with Lipofectamine, wt-P53 plasmid and ultrasound combined
with microbubbles. Values are expressed as the mean + standard deviation.
“P<0.05 vs. Group A. P53, tumor protein P53; wt-P53, wild-type P53.

Group C

Figure 3. Autophagy is significantly increased in PC3 cells treated with ultra-
sound and microbubbles 24 h following treatment (magnification, x24,500).
Group A, no treatment; Group B, cells treated with Lipofectamine® and
wt-P53 plasmid; Group C: cells treated with Lipofectamine, wt-P53 plasmid
and ultrasound combined with microbubbles. Arrows indicate autophago-
somes. P53, tumor protein P53; wt-P53, wild-type P53.
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Figure 4. ULK1 mRNA expression is increased in Group C compared with
Groups A and B following irradiation with ultrasound. Expression of ULK1
mRNA was examined using reverse transcription-polymerase chain reac-
tion. Group A, no treatment; Group B, cells treated with Lipofectamine®and
wt-P53 plasmid; Group C, cells treated with Lipofectamine, wt-P53 plasmid,
and ultrasound combined with microbubbles. Values are expressed as the
mean + standard deviation. "P<0.05 vs. Group A. mRNA, messenger RNA;
wt-P53, wild-type tumor protein 53.

B-actin

Group C

Group A Group B

Figure 5. Expression of ULK1 protein is increased in PC3 cells of Group C fol-
lowing irradiation with ultrasound. Expression was examined using western
blotting. Group A, no treatment; Group B, cells treated with Lipofectamine®
and wt-P53 plasmid; Group C: cells treated with Lipofectamine, wt-p53
plasmid and ultrasound combined with microbubbles. wt-P53, wild-type
tumor protein P53.

CCCGCAAGG-3' and CGTCTGAGACTTGGCGAGGT. The
probe for ULK1 was CACCGCGAGAAGCACGATTTGGA.
PCR was performed under the following conditions: 95°C for
3 min followed by 40 cycles of 95°C for 10 sec and 60°C for
30 sec. GAPDH expression levels served as a control. The
relative expression levels were calculated using the relative
quantitative 222 method (30). The primer sequences used are
indicated in Table I.

Western blot analysis. Cells were harvested using lysis
buffer (radioimmunoprecipitation assay buffer), containing
20 mM Tris (pH 7.5), 150 mM sodium chloride, | mM EDTA,
1 mM ethylene glycol tetraacetic acid, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM [(-glycerophosphate,
1 mM sodium orthovanadate and protease inhibitors
(10 pg/ml aprotinin, 1 pg/ml leupeptin and 0.1 mM
phenylmethylsulfonyl fluoride) (Beyotime Institute of Biotech-
nology). Harvesting was performed when cells had grown to
80% confluence. Protein samples were collected, quantified
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by SDS-PAGE (10-15%) and transferred onto a nitrocellulose
membrane. The membranes were blocked using Tris-buffered
saline containing 0.1% Tween-20 and 5% non-fat milk for 1 h.
Protein samples were probed with rabbit polyclonal antibody
specific for ULK1 (Santa Cruz Biotechnology, Santa Cruz,
CA; 1:1,000) overnight at 4°C and subsequently incubated
with HRP-conjugated anti-rabbit IgG (Cell Signalling Tech-
nology, Boston, MA; 1:1,000) for 1 h at 25°C. B-actin served
as a control. Protein levels were visualized using an enhanced
chemiluminescence system and band intensity was quantified
using the SuperSignal chemiluminescent substrate (Perki-
nElmer, Inc., Waltham, MA, USA).

Statistical analysis. One-way analysis of variance was
performed using SPSS version 13.0 software (SPSS Inc.,
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference. All experiments were performed
at least in triplicate. Data are expressed as the mean + standard
deviation.

Results

Ultrasound treatment provides the most efficient transfection
of P53. Gene transfection efficiency was detected using flow
cytometry (Fig. 1A) and fluorescence microscopy (Fig. 1B).
The results revealed that the wt-P53-EGFP-positive rate was
highest in Group C (P<0.05). This suggested that the transfec-
tion efficiency of Group C was increased compared with that of
Groups A and B. A significant difference in transfection effi-
ciency was also observed between Groups A and B (P<0.05).

Transfection of P53 reduces cell viability. Following transfec-
tion, an MTT assay was used to evaluate cell viability. The
results revealed that cell viability was 99.7+5.7% in Group A,
87.0+8.0% in Group B and 72.3+9.6% in Group C (Fig. 2). This
demonstrated that wt-P53 was capable of inhibiting the growth
of PC3 cells, and that ultrasound combined with microbubbles
may enhance this effect.

Greater numbers of autophagosomes are present in Groups B
and C. Autophagosomes have a characteristic structure of a
double- or multi-lamellar membrane, which contains organelles
or other decomposed residues (31). The numbers of autopha-
gosomes in cells of each of the three groups were counted in
10 visions from various microscopic fields at a magnification
of x24,500. Compared with Group A, the numbers of autopha-
gosomes in Groups B and C were significantly increased
(0.2+0.42 vs. 1.80 £1.62 and 2.6+2.12; P<0.05; Fig. 3).

Serinelthreonine-protein kinase ULKI induces autophagy
in PC3 cells. Levels of autophagy-associated gene ULK1
messenger RNA (mRNA) were significantly increased in
Groups B and C, compared with Group A (Fig. 4). Levels
of ULK1 mRNA were 1.00+0.02 in Group A, 1.13+0.08 in
Group B and 1.26+0.08 in Group C (P<0.05).

Autophagy-related protein expression is enhanced in Groups B
and C. Western blotting was used to assess autophagy-asso-
ciated protein expression. ULK1 protein expression levels of
the Groups B and C were observed to be increased compared
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with those of the control Group A (Fig. 5; P<0.05). Therefore,
ultrasound combined with microbubble increased the expres-
sion levels of ULK1 protein.

Discussion

At present, ultrasound is not only widely used for the purpose
of examination, but is also used as a treatment strategy, as it
is non-invasive, safe and low cost (32). Microbubbles may be
capable of enhancing the biological effects of ultrasound, by
processes including increasing cell permeability, inhibiting
tumor cell proliferation and inducing cell apoptosis (33). Cavi-
tation is a significant effect of ultrasound. When microbubbles
are irradiated by ultrasound, oscillation expansion, contraction
and a series of other dynamic processes occur, leading to the
‘cavitation effect’. Large shear forces and shock waves created
by the cavitation effect generate holes in the membrane (34).
This phenomenon is known as the ‘sonoporation effect’, and
allows molecules outside the membrane to penetrate into the
cells, and may subsequently improve the efficiency of delivery
of therapeutic molecules into cells (35,36). Marmottant and
Hilgenfeldt (37) suggest that low intensity ultrasonic irra-
diation, which induces vacuole vibration and microsound flow,
may have the potential to alter cell membrane permeability.
Prentice et al (38) hypothesized that irreversible sound perfo-
ration effects may be used in the treatment of cancer.

Three prostate cancer cell lines are known to possess
varying P53 statuses: LNCaP is wild-type for P53, PC3 is null
for P53 and DU145 is mutant-type for P53. PC3 cells were
selected for use in the present study due to this absence of P53.
Transfection assays of wt-P53-GFP plasmid were designed
in order to detect whether ultrasound combined with micro-
bubbles was able to enhance transfection. The flow cytometry
and fluorescence microscopy results of the present study indi-
cated that ultrasound combined with microbubbles was able to
enhance transfection efficiency. An MTT assay was performed
to detect whether this transfection induced cytotoxic effects
and reduced the proliferation of tumor cells. Twenty-four
hours following transfection, the cytotoxic effect of wt-P53
was found to be enhanced by ultrasound irradiation combined
with microbubbles, due to enhanced rates of transfection and
increased levels of wt-P53 in PC3 cells.

As a well-known tumor suppressor gene, wt-P53 may
repair damaged genes in tumor cells and has been revealed
to have a significant role in the prevention of cancer onset
and progression (39). In addition, wt-P53 has a key role in the
regulation of autophagosome formation (40). In the present
study it was observed that, following successful transfection,
P53-induced autophagy occurred. Results from transmission
electron microscopy also suggested that autophagosome
numbers were increased in Groups B and C, compared with
those of Group A. Subsequently, western blot analysis and
RT-PCR were performed to investigate ULKI expression.
ULKI is a downstream target gene of wt-P53. When DNA
is damaged, wt-P53 is able to adjust ULKI expression levels.
Raised levels of the ULKI/Atgl3 complex induced by wt-P53
are essential in order for autophagy to take place (17). To a
certain extent, enhanced autophagy levels may promote cell
apoptosis. In mammalian cells, ULK1-induced autophagy
may inhibit certain types of cancer and increase the efficiency
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of toxic chemotherapy drugs (17). In the present study, it was
observed that ULK1 levels were upregulated in Groups B
and C, and were highest in Group C. This confirmed that ultra-
sound combined with microbubbles was able to enhance the
efficiency of the P53 gene, whose expression was not altered.

A number of studies have revealed that ultrasound
combined with microbubbles is able to increase the efficacy
of various types of therapeutic agents in vivo and that it is safe
for normal tissues to be exposed to therapeutic techniques
involving ultrasound. The present study represents an initial
step towards the development of combination therapy for PCa.
Further research may be required in order to gain an increased
understanding of the underlying mechanisms of this technique
and further development is required for these therapies to be
translated into a clinical setting.
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