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Abstract. Development of combination therapy to decrease 
side effects of chemotherapeutic drugs and increase their 
utilization rate in combination with gene editing is a key 
research topic in tumor treatment. The present study aimed 
to investigate the effect of cationic microbubbles  (CMBs) 
carrying paclitaxel (PTX) and C‑erbB‑2 knockout plasmid 
on the endometrial cancer cell line HEC‑1A and to determine 
how C‑erbB‑2 regulates the function of endometrial cancer 
cells. Cells were treated with CMB,  PTX,  PTX‑CMBs, 
cationic plasmid‑carrying or cationic PTX‑carrying plasmid 
groups. After verifying the most effective combination of 
PTX‑CMBs and plasmids, HEC‑1A cells were transfected. 
Reverse transcription‑quantitative (RT‑q)PCR and western 
blotting were used to measure C‑erbB‑2 and protein expres‑
sion. After verifying C‑erbB‑2 knockout, invasion, healing, 
clone formation and proliferation of HEC‑1A  cells were 
assessed. Simultaneously, expression levels of the genes 
for  P21,  P27, mammalian target of rapamycin  (mTOR), 
and Bcl‑2 associated death promoter (Bad) were measured 
by RT‑qPCR. Compared with the PTX group, CMBs 
significantly enhanced the absorption efficiency of PTX by 
HEC‑1A cells. C‑erbB‑2 knockout had an inhibitory effect 
on the proliferation, migration and invasion of HEC‑1A cells; 
cell proliferation and invasion of the group carrying PTX and 
plasmids simultaneously were significantly weakened. The 
C‑erbB‑2‑knockout group exhibited increased expression 
of P21 and P27. Simultaneously loading PTX and plasmid 

may be novel combination therapy with great potential. 
C‑erbB‑2 may regulate the proliferation of HEC‑1A cells by 
downregulating expression of P21 and P27.

Introduction

Endometrial cancer (EC) is the sixth most commonly diag‑
nosed cancer worldwide (1). It has been estimated that the 
incidence of EC in China will increase twofold by 2030 to 
reach >120,000 cases (2).

Treatments for EC include radiotherapy, chemotherapy, 
surgery, hormone and molecular targeted therapy and 
immune‑checkpoint inhibitors  (3). The prognosis of EC is 
poor, so developing safe and efficacious treatments is key to 
improve patient outcomes.

Paclitaxel  (PTX) is an anti‑cancer drug isolated and 
extracted from yew trees that is used in the treatment of breast 
and ovarian cancer, EC and other types of disease (4,5). PTX 
kills dividing cancer cells by stabilizing microtubules of 
mitotic spindles (6) but PTX is also highly toxic to healthy 
cells in the human body (7). Improving the anti‑tumor effects 
of drugs and decreasing their systemic side effects is impor‑
tant.

Human epidermal growth factor receptor‑2, also known 
as C‑erbB‑2, is a transmembrane tyrosine kinase receptor (8). 
C‑erbB‑2 is expressed at low levels in the epithelial cells of 
most organs in healthy human tissue and at slightly higher 
levels in fetal tissue (9,10). Studies have shown that C‑erbB‑2 
is overexpressed in various types of tumor, such as EC, breast 
cancer, ovarian cancer, stomach and lung cancer (11‑14) and its 
overexpression is associated with proliferation of tumor cells. 
Zhou et al (15) note that high expression of C‑erbB‑2 is closely 
related to the prognosis of ovarian cancer; Li et al (16) suggest 
that C‑erbB‑2 is a potential therapeutic target for lung cancer 
and Erickson et al (17) state that C‑erbB‑2 is also an effective 
potential therapeutic target in endometrial cancer. Therefore, 
directly knocking out C‑erbB‑2 to explore the effect on the 
endometrium is a feasible method

Gene‑level editing is based on clustered regularly interspaced 
short palindromic repeats  (CRISPR)/CRISPR‑associated 
protein 9 (Cas9) technology. CRISPR technology was first 
used in Escherichia coli (18,19). CRISPR enables correction 
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of errors in the genome and gene regulation in cells and 
organisms to be performed rapidly, cheaply and with rela‑
tive ease (20). Guide (g)RNA matches a desired target gene 
and Cas9 (an endonuclease) causes a double‑stranded DNA 
break, thereby allowing modifications to the genome (21). 
The CRISPR/Cas9 system is the most powerful gene‑editing 
method worldwide (22) but its safe and efficient use in the 
human body is a major challenge (23).

Ultrasound non‑invasively controls the release of drugs 
and carriers wrapped in or around gas‑filled microbub‑
bles (MBs) (24). Ultrasound also induces cavitation effects, 
which can produce transient pores in cell membranes. This 
increases cell permeability and enhances the efficiency of 
drug delivery (25,26). The surface of cationic (C) gas‑filled 
MBs has a positive charge, allowing effective combination 
with negatively charged plasmid DNA to increase the loading 
rate of plasmids (27). Hence, CMBs are used to deliver drugs 
or genes.

In the present study, the EC cell line HEC‑1A was cultured 
in vitro. CMB were used to carry PTX and the CRISPR/Cas9 
gene‑targeted editing system under ultrasonic irradiation. 
The present study aimed to explore the interference effect of 
C‑erbB‑2 knockout by CRISPR/Cas9‑PTX‑CMB on endome‑
trial cancer cells.

Materials and methods

Cell culture. Wuhan Procell Life Technology (Wuhan, China) 
provided the human EC cell line (HEC‑1A). The HEC‑1A cell 
line was supplemented with 10% fetal bovine serum (Biosharp 
Life Sciences) and 5% penicillin‑streptomycin (Biosharp Life 
Sciences). Cells were cultured (37˚C; 5% CO2) in complete 
medium [DMEM (Gibco; Thermo  Fisher Scientific, Inc.) 
+ 10% fetal bovine serum (Biosharp Life Sciences) + 5% peni‑
cillin‑streptomycin (Biosharp Life Sciences)] lacking bacteria, 
yeasts, fungi or mycoplasma.

Construction of primers and plasmids. The sequences of three 
candidate gRNAs targeting C‑erbB‑2 were selected. For 
gRNA1, target 1 was 5'-TCATCGCTCACAACCAAGTG-3' 
and target 2 was 5'-CAGGGGTGGTATTGTTCAGC-3'. For 
gRNA2, target 1 was 5'-TCATCGCTCACAACCAAGTG-3' 
and target 2 was 5'-CGGGTCTCCATTGTCTAGCA-3'. For 
gRNA3, target 1 was 5'-CGCTCACAACCAAGTGAGGC-3' 
and target 2 was 5'-ACAGGGGTGGTATTGTTCAG-3'.

These sequences were cloned into the pGE‑5 plasmid 
encoding Cas9 and the gRNA scaffold. The empty pGE‑5 
plasmid (Shanghai GenePharma Co., Ltd.) was designed as 
a negative control. Synthesis was performed by Shanghai 
GenePharma Co., Ltd. The pGE‑5 plasmid contained enhanced 
green fluorescent protein, ampicillin, puromycin‑resistance 
genes and other markers, to aid selection of the best gRNA 
sequence and screen out successfully transfected cells.

Screening for the best targeting C‑erbB‑2‑knockout gRNA. 
HEC‑1A cells were inoculated in a 6‑well plate (4x105/well) 
and large petri dish  (1x106/dish). Then, 2.5  ml complete 
medium [DMEM (Gibco; Thermo  Fisher Scientific, 
Inc.) + 10% fetal bovine serum (Biosharp Life Sciences) 
+ 5% penicillin‑streptomycin (Biosharp Life Sciences)] was 

added to each well of the 6‑well plate and 10 ml complete 
medium was added to the large dish in a 37˚C  incubator. 
Culture was performed for 24 h until cells adhered to the 
wall and confluence reached 70%. Cells were washed once 
with phosphate‑buffered saline (PBS) before transfection. 
A total of  2.5  ml Opti‑MEM Reduced‑Serum Medium 
(Gibco; Thermo Fisher Scientific, Inc.) was added each well 
of the 6‑well plate and 5 ml Opti‑MEM Reduced‑Serum 
Medium (Gibco; Thermo Fisher Scientific, Inc.) was added 
to the large dish, followed by incubation at 37˚C for 2 h. 
Lipofectamine® 3000 (Thermo Fisher Scientific, Inc.) was 
employed to transfect different CRISPR/Cas9 plasmids into 
HEC‑1A cells according to the manufacturer's instructions. 
Lipofectamine® 3000 6 µl or 18 µl (Thermo Fisher Scientific, 
Inc.) and gRNA plasmid 2 µg or 9 µg and P3000 4 µl or 18 µl 
(Thermo Fisher Scientific, Inc.) were mixed gently and added 
to a 6‑well plate (Lipofectamine® 3000 6 µl+ gRNA plasmid 
2 µg + P3000 4 µl) or a large dish (Lipofectamine® 3000 18 µl 
+ gRNA plasmid 9 µg + P3000 18 µl) for cell growth after 
standing at room temperature for 15 minutes. The cells were 
placed in a 37˚C incubator with 5% CO2 for transfection for 
6 h and then the medium in the 6‑well plate and the large dish 
was changed to complete medium, the cells continued to be 
cultured in an incubator at 37˚C with 5% CO2, Images were 
captured using a fluorescence microscope (cat. no. BX51; 
Olympus Corporation) after 24 h and 48 h. After capturing 
the 48 h image, RNA from cells in the 6‑well  plate was 
collected for reverse transcription‑quantitative (RT‑q)PCR. 
The total protein from cells in the large dish was collected 
for western blotting to measure the expression of C‑erbB‑2 
protein and verify the knockout efficiency of each group of 
plasmids.

CMB construction. Stearoyl phosphatidylcholine (Avanti 
Polar Lipids, Inc.), (2,3‑dioleoyl‑propyl) trimethylammonium 
chloride (Avanti Polar Lipids) and polyoxyethylene stearate 
(Shanghai Trustin Chemical Co., Ltd.) were weighed accurately 
and used at a molar ratio of 70:16:14. Reagents were dissolved 
in chloroform and the organic solvent was removed by rotary 
evaporation under reduced pressure following uniform mixing. 
The mixture was placed in an ultrasonic water bath at 60˚C 
for 15 min to obtain a lipid suspension. The suspension was 
divided into vials, filled with sulfur hexafluoride (SF6) gas and 
shaken mechanically for 1 min to obtain CMB.

Construction of PTX‑loaded CMB. Stearoyl phosphatidyl‑
choline, trimethyl ammonium chloride and polyoxyethylene 
stearate were weighed accurately and used at a molar ratio 
of 70:16:14. Reagents were dissolved in chloroform. PTX 
dissolved in methanol  (1  mg/ml) was added. Following 
uniform mixing, the organic solvent was removed by rotary 
evaporation under reduced pressure. The lipid film containing 
PTX was added to a buffer solution. A PTX‑containing lipid 
suspension was obtained following placement in an ultrasonic 
bath at 60˚C for 15 min. After dispensing in vials, the suspen‑
sion was filled with SF6 gas and shaken mechanically for 1 min 
to obtain membrane shells containing PTX (i.e., PTX‑CMB).

Physical measurement of CMB and PTX‑CMB. CMB 
were observed under an optical microscope to detect their 
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morphology and distribution. The particle size and surface 
potential were detected by a laser particle size and surface 
potential detector (Malvern Instruments).

Combination and identification of CRISPR/Cas9 with CMB. 
CMB and PTX‑CMB (both  160  ml) were collected and 
20  ml  3,3'‑dioctadecyloxacarbocyanine perchlorate fluo‑
rescent dye (Dio; 7.561 mM) was added. After mixing and 
incubation at room temperature for 15 min, 40 mg plasmid was 
added and a Cy3 nucleic‑acid labeling kit (Label IT® Tracker™ 
Intracellular Nucleic Acid Localization kit; Mirus Bio, LLC) 
was used for labeling. CMB, PTX‑CMB and plasmids were 
mixed thoroughly and incubated at  4˚C for 20  min. The 
binding of MB and plasmids was observed under a confocal 
microscope (magnification, x600).

MB transfection. To prepare MB‑plasmid mixture, 10 µg 
plasmid and 1.14x109 MB was added to a sterile centrifuge 
tube, followed by gentle blowing with a pipette tip to aid 
mixing. The mixture was allowed to stand for 20 min at 4˚C. 
For cell preparation, 2x105 cells were added to a 6‑well plate 
with a sterile 22x22  mm cover glass at the bottom and 
then placed in a 37˚C incubator for 24 h. After 24 h, the 
original medium [DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) + 10% fetal bovine serum (Biosharp Life Sciences) 
+  5%  penicillin‑streptomycin (Biosharp Life Sciences)] 
was aspirated and washed with PBS. Tweezers were used to 
place the coverslip on the cover of the 6‑well plate with the 
cell surface facing the liquid surface. Complete medium (as 
aforementioned) was added to each well of the 6‑well plate 
until the liquid overflowed. The MB‑plasmid mixture was 
added to the upper layer and placed on the 6‑hole plate cover. 
A small ultrasonic instrument was used to sonicate MBs and 
cells at the bottom of the 6‑well plate. The sonication condi‑
tions were 1 MHz at 0.75 W/cm2 for 30 sec. The CMB and 
PTX‑CMB group were sonicated under identical conditions. 
For the group carrying PTX and CRISPR/Cas9 transfection 
(CRISPR/Cas9‑PTX‑CMB), the cells were cultured at 37˚C 
for 24 h, and a Puro drug sieve was used for 7‑day screening. 
The expanded culture was used for subsequent experiments.

RT‑qPCR. An RNA extraction kit (Qiagen GmbH) was used to 
extract RNA from HEC‑1A cells in the CMB, PTX, PTX‑CMB, 
CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB groups. 
RT‑qPCR was performed using a RevertAid First Strand 
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.; 42˚C for 
60 min, then 25˚C for 5 min, then 42˚C for 60 min and 70˚C for 
5 min.) and PowerUp SYBR Green Master Mix (Applied 
Biosystems) to determine cellular mRNA levels of C‑erbB‑2, 
mechanistic target of rapamycin (mTOR), Bcl‑2 associated 
death promoter (Bad), P27 and P21 in each group. The primer 
sequence of each gene is as follows: C‑erbB‑2: F 5'-ACCCAGCT 
CTTTGAGGACAA-3' R  5'-ATCGTGTCCTGGTAGCA 
GAG-3'; mTOR: F 5'-CCTGCCTTTGTCATGCCTTT-3' R 
5'-CTGGGTTTGGATCAGGGTCT-3'; Bad: F 5'-GAAGACT 
CCAGCTCTGCAGA-3' R  5'-CATCCCTTCGTCGTCC 
TCC-3'; P27: F 5'-AGGAACTCGACTCAGACGTG-3' R 
5'-TATTTGGAGGCACAGCAGGA-3'; P21: F 5'-GCCCAG 
TGGACAGCGAGCAG-3' R 5'-GCCGGCGTTTGGAGTG 
GTAG A-3'; β-actin (Reference gene): F 5'-AAGGATTCCTATG 

TGGGCGAC-3' R  5'-CGTACAGGGATAGCACAGCC-3'. 
Thermal cycling conditions were: 50˚C for 2 min, 95˚C for 
2 min, then 40 cycles of 95˚C for 15 sec, 60˚C for 15 sec, and 
72˚C for 1  min. The method of quantification was the 
2‑ΔΔCq method (28).

Western blotting. RIPA (Beyotime Institute of Biotechnology) 
lysis solution [200 µl; containing 2 µl PMSF (Beyotime 
Institute of Biotechnology) + 2 µl Cocktail (Cell Signaling 
Technology, Inc.)] was added to the cell pellets of each 
group (CMB, PTX, PTX‑CMB, CRISPR/Cas9‑CMB and 
CRISPR/Cas9‑PTX‑CMB groups) to lyse the cells. The cells 
were dispersed and mixed well and then placed on ice for 
30 min lysis. Following centrifugation at 12,000 x g for 10 min 
at 4˚C, the supernatant was aspirated. The protein concentra‑
tion was determined by a bicinchoninic acid kit (Beyotime 
Institute of Biotechnology). Total protein (30 µg/well) was 
separated by sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis using 8% gels and transferred to polyvi‑
nylidene fluoride  (PVDF) membranes. After fixing with 
anhydrous methanol at room temperature for 10 sec, PVDF 
membranes were washed with TBST(0.05%  Tween‑20) 
and blocked with TBST (0.05% Tween‑20) containing 3% 
bovine serum albumin(Beyotime Institute of Biotechnology) 
at room temperature for 1 h. PVDF membranes were incu‑
bated with anti‑C‑erbB‑2 monoclonal antibody (Abcam; 
cat. no. ab16901, 1:1,000) and anti‑β‑actin‑monoclonal anti‑
body (Cell Signaling Technology, Inc.; cat. no. 4970s, 1:1,000) 
overnight at 4˚C, washed three times with TBST, and 
incubated with horseradish peroxidase‑labeled secondary 
antibody (Abcam; cat. no. ab205719, 1:10,000) and β‑actin 
secondary antibody(Cell Signaling Technology, Inc.; 
cat. no. 7074P2, 1:2,000) for 1 h at room temperature on 
a shaker. at room temperature for 1 h on a shaker. After 
washing three times with TBST, bands were visualized 
using chemiluminescent reagents (A  and B  solution; 
Immobilon Western; Sigma‑Aldrich; Merck  KGaA) in a 
dark room and analyzed using ImageJ (National Institutes 
of Health; v1.50i).

Cell  scra tch ing and hea l ing.  Each cel l  g roup 
(CMB, PTX, PTX‑CMB, CRISPR/Cas9‑CMB and 
CRISPR/Cas9‑PTX‑CMB groups) was cultured in a Medium 
petri dish containing complete culture medium as aforemen‑
tioned for 24 h at 37˚C and 5% CO2. The cells were trypsinized 
and centrifuged at 80 x g for 3 min at room temperature. After 
aspirating the supernatant, 1 ml serum‑free medium [DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) + 5% penicillin‑strep‑
tomycin (Biosharp Life Sciences)] was used to resuspend the 
cells. Then, 190 µl serum‑free medium was added to 10 µl 
resuspended cells, followed by thorough mixing. Then, 10 µl 
cell suspension was removed for counting. The density of 
HEC‑1A cells was maintained at  7x105/ml. Next, 70 µl cell 
suspension was placed in the wound‑healing inserts (ibidi 
GmbH) and cultured in a 37˚C incubator until the cells in the 
chambers on both sides of the wound‑healing inserts covered 
the field of view. The scratch cell was pulled out vertically 
and the cells washed gently with PBS. Then, 1 ml serum‑free 
medium was added and culturing allowed to continue. Images 
were recorded under a light microscope (magnification, x100) 
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every 4 h and stopped when the cells began to fuse. ImageJ 
(National Institutes of Health, v1.50i) was used to measure the 
healing area of each group of cells.

Clone formation. From each group (CMB, PTX, PTX‑CMB, 
CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB groups) 
cells in the logarithmic growth phase were collected and 
inoculated in a 6‑well plate at 1x103 cells/well. Then, 2 ml 
complete medium was added and changed every 3  days. 
Cells were cultured for 7 days in an incubator at 37˚C. The 
culture was stopped when a clonal population of cells was 
visible to the naked eye. The medium was aspirated, washed 
with PBS and cells were fixed at room temperature with 
4% paraformaldehyde for 20 min. After aspirating the 4% 
paraformaldehyde, 1 ml 10% Giemsa stain was added to 
each well at room temperature for 5 min and images were 
captured. In each group, the number of clones was manually 
counted in four randomly selected fields of view under a light 
microscope (magnification, x40); >50 cells was considered as 
one colony.

Cell invasion. Matrigel was spread at 37˚C on a 24‑well plate 
chamber (membrane pore size: 8 µm) and aspirated after 1 h. 
Opti‑MEM Reduced‑Serum Medium (Gibco; Thermo Fisher 
Scientific, Inc.) was used to resuspend 1.5x105 cells in each 
group (CMB, PTX, PTX‑CMB, CRISPR/Cas9‑CMB 
and CRISPR/Cas9‑PTX‑CMB groups) into the upper chamber 
and complete medium was added to the lower chamber. 
Following 36 h culture at 37˚C, the medium in the upper 
chamber was removed and washed three times with PBS. After 
removing the medium in the lower chamber, cells were fixed 
at room temperature with 4% paraformaldehyde for 30 min. 
Giemsa solution (10%; 600 µl) was added for staining at room 
temperature for 10 min. A total of 4 randomly selected fields 
of view were observed under a light microscope(×200) and 
images were captured.

Cell Counting Kit  (CCK)‑8 assay. CCK‑8 (Beyotime 
Institute of Biotechnology) was used to measure the viability 
and proliferation of cells. A total of 2x103 cells/well of each 
group (CMB, PTX, PTX‑CMB, CRISPR/Cas9‑CMB and 
CRISPR/Cas9‑PTX‑CMB groups) were inoculated into 
96‑well plates. Three replicate wells were set up for each 
group and each time point. There were 75 wells in total, 
15 holes in each group and 3 holes were used per group per 
day). After the cells were cultured at 37˚C for 24 h, 3‑wells 
were selected for each group. The cells were washed once 
with PBS, then 10 µl of CCK‑8 reagent was added and the 
cells were cultured at 37˚C for 2 h. Then, a microplate reader 
(Gene Company Limited) was used to measure the absor‑
bance of the cells at 450 nm this was recorded as Day 1. After 
the cells were cultured at 37˚C for 48 h, 3‑wells were selected 
for each group again, rinsed with PBS, CCK‑8 reagent added 
and cultured at 37˚C for 2 h. Then, a microplate reader (Gene 
Company Limited) was used to measure the absorbance of 
the cells at 450 nm and recorded as Day 2. These steps were 
repeated until the fifth day of measurement.

Statistical analysis. The cell invasion and clone forma‑
tion were repeated four times, the other experiments were 

repeated three times. Data are presented as the mean ± stan‑
dard deviation. Statistical analysis were performed using 
SPSS 24.0 (IBM Corp.). Differences between multiple groups 
were assessed using independent samples Kruskal‑Wallis test 
followed by Dunn's post hoc test for multiple comparisons. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

gRNA3 sequence has the highest efficiency in knocking out 
C‑erbB‑2. After three gRNA sequences were transfected into 
HEC‑1A cells, the expression levels of C‑erbB‑2 and protein 
significantly decreased (Fig. 1). gRNA3 was the best sequence 
to knock out C‑erbB‑2 among the three gRNA sequences 
tested.

CMBs and PTX‑CMBs are positively charged on the 
surface. The particle size of CMBs was 1.213 µm and that 
of PTX‑CMBs was 1.970  µm. The surface potential of 
CMBs was 36.70 mV (Fig. 1E) and that of PTX‑CMBs was 
20.41 mV (Fig. 2A). The concentration of CMBs and PTX‑CMBs 
was calculated using a cell counter (CMBs, 28.38x109/ml; 
PTX‑CMBs, 7.84x108/ml). Compared with CMB, the positive 
surface potential of PTX‑CMBS decreased slightly and the 
particle size increased.

Preparation and in vitro identification of CRISPR/Cas9‑CMB. 
CMBs (160 µl) and Cy3‑labeled Cas9 plasmids (40 µg) were 
incubated for 20 min. Under a fluorescence microscope, green 
MBs stained with Dio and Cy3‑labeled Cas9 plasmids were 
observed (Fig. 2B). These data confirmed the effective combi‑
nation of CMBs and plasmids.

CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB groups can 
effectively knock out C‑erbB‑2. Expression of C‑erbB‑2 protein 
in the CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB 
group decreased significantly compared with that in the 
other groups (Fig. 2D-E). This confirmed the effectiveness of 
transfection and establishment of a C‑erbB‑2 knockout line. 
Compared with the blank group, RT‑qPCR demonstrated 
significant gene knockout in the CRISPR/Cas9‑CMB and 
CRISPR/Cas9‑PTX‑CMB groups (Fig. 2C).

Knockout of C‑erbB‑2 in vitro can effectively inhibit cell 
invasion. Compared with the CMB group, the number of 
invaded cells in the PTX, PTX‑CMB, CRISPR/Cas9‑CMB 
and  CRISPR/Cas9‑PTX‑CMB groups signif icantly 
decreased (Fig. 3A‑a‑e). The CRISPR/Cas9‑PTX‑CMBs group 
had the lowest number of invading cells (Fig. 3A‑f). These data 
confirmed that the invasion ability of cells treated with PTX 
or gene knockout was effectively inhibited, and combined 
drug/gene therapy exhibited the most notable inhibitory effect.

Knockout of C‑erbB‑2 in  vitro can effectively inhibit 
cell clone formation. Compared with the CMB group, 
CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB groups 
had fewer cell clones, with the lowest number observed 
in the CRISPR/Cas9‑PTX‑CMB group  (Fig.  3B‑a‑f). The 
PTX‑CMB group exhibited fewer cell clones than the PTX 
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group. CRISPR/Cas9‑PTX‑CMBs exhibited fewer cell 
clones than the CRISPR/Cas9‑CMB group. The results 
of cell clone formation experiments showed that PTX and 

CRISPR/Cas9 knockout of C‑erbb‑2 exhibited an inhibitory 
effect on HEC‑1A  cells, while CRISPR/Cas9‑PTX‑CMB 
exhibited the greatest inhibitory effect.

Figure 1. Plasmid screening fluorescence map. (A) Observation and comparison of HEC‑1A cells transfected with plasmids at 24 and 48 h under a fluorescence 
microscope. (B) Expression of C‑erbB‑2 mRNA was detected by reverse transcription‑quantitative PCR following plasmid transfection. *P<0.05 vs. control. 
(C) Grayscale value of C‑erbB‑2 protein. (D) C‑erbB‑2 protein bands of plasmid‑transfected cells. n=4. *P<0.05 vs. blank. (E) The Zeta potential of the 
CMB (mV). g, guide.
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Figure 2. MB and plasmid binding map and verification of knockout of the stable strain of C‑erbB‑2. (A) The Zeta potential of the PTX‑CMB (mV). (B) CMBs 
bound to plasmids. White arrows indicate microvesicles. (C) Expression of C‑erbB‑2 mRNA following treatment was measured by reverse transcription‑quan‑
titative PCR. (D) C‑erbb‑2 protein levels in each treatment group. (E) Western blotting determined C‑erbB‑2 protein expression levels in each treatment 
group. n=3. *P<0.05 vs. blank. CMB, cationic microbubble; PTX, paclitaxel; Dio, 3,3'‑dioctadecyloxacarbocyanine perchlorate.
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Figure 3. Cell invasion and colony formation assay. (A)  Cell invasion. (B)  Colony formation. a,  CMB; b,  PTX; c,  PTX‑CMB; d,  CRISPR/Cas9; 
e, CRISPR/Cas9‑PTX‑CMB; f, quantification. n=4. *P<0.05, **P<0.01 vs. CMB. CMB, cationic microbubble; PTX, paclitaxel.
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Knockout of C‑erbB‑2 in vitro can effectively inhibit cell 
migration . At 48 h, compared with the CMB group, the wound 

healing rate of the CMB‑PTX, CRISPR/Cas9‑CMB and 
CRISPR/Cas9‑PTX‑CMB groups was inhibited (Fig. 4B and C). 

Figure 4. Wound healing. (A) Comparison of wound healing at 12 and 28 h. CRISPR/Cas9‑PTX‑CMB group had the lowest wound healing (B) area and 
(C) rate. n=3. *P<0.05 vs. CMB. CMB, cationic microbubble; PTX, paclitaxel.
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The cell scratch experiment demonstrated that the proliferation 
of cells in the CRISPR/Cas9‑PTX‑CMB was significantly 
inhibited.

Knockout of C‑erbB‑2 in vitro can effectively inhibit cell 
proliferation. Absorbance values at 450 nm were measured 
to assess proliferation (Fig. 5A). On day 5, compared with the 
CMB group, the absorbance value of the cells in the PTX‑CMB 
group decreased (Fig. 5B). At the same time, compared with the 

CMB group, the absorbance values of the CRISPR/Cas9‑CMB 
and CRISPR/Cas9‑PTX‑CMB groups were significantly 
decreased (Fig. 5C). These results suggested that proliferation of 
cells treated with drug‑gene combination was inhibited.

Knockout of C‑erbB‑2 gene in vitro can increase the expression 
level of P21 and P27 genes. To assess the effect of knockout 
of C‑erbB‑2 cell line constructed by CMB burst transfection 
on the expression of its downstream genes, RT‑qPCR was 

Figure 5. Cell proliferation and detection of expression levels of each gene. (A) Cell proliferation in all groups. (B) Cell proliferation in the drug group. 
*P<0.1 vs. CMB. (C) Cell proliferation in C‑erbB‑2 knockout group. *P<0.05 vs. CMB (D) Expression of P21, P27, mTOR and Bad. n=3. *P<0.05 vs. blank. 
CMB, cationic microbubble; PTX, paclitaxel; OD, optical density.
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performed. Compared with the CMB, PTX, PTX‑CMB, 
CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB groups, the 
expression of P21 and P27 was increased significantly (Fig. 5D). 
Hence, C‑erbB‑2 may participate in the occurrence and progres‑
sion of EC by regulating expression of P27 and P21.

Discussion

In recent years, CRISPR/Cas9 systems have been developed, 
including use of lentiviruses, lipid nanoparticles, artificial 
viruses, and non‑viral method (29,30). All of these systems 
have drawbacks; adeno‑associated virus (AAV)‑mediated Cas9 
delivery may cause inadvertent interruption of the expression 
of important genes. In addition, the long‑term existence of a 
virus‑mediated drug delivery system will increase the accumu‑
lation of off‑target cleavage, therefore, virus‑mediated methods 
are usually limited in vitro. As to non‑viral‑mediated physical 
methods such as microscopic injection and electroporation; 
microscopic injection requires high labor costs and harsh 
experimental conditions and electroporation requires specific 
plans for different types of cells, which makes the operation 
complicated. (31,32). The present study described an efficient 
delivery system using CMB and ultrasound. CMB has a posi‑
tive charge on its surface and is fat‑soluble (33,34), so it has 
advantages when loading DNA materials such as plasmids and 
carrying PTX drugs (24,35). CMB not only retains the physical 
and chemical properties of ordinary MBs but also significantly 
improves the ability to carry plasmid DNA due to its positive 
charge, which improves the efficiency of ultrasound targeted 
transfection, confirming the efficiency of CMB as a delivery 
system (36). Ultrasound targeted MBs destruction (UTMD) 
is an emerging method for delivering target genes into cells 
or living animal organs. It has become a research hotspot due 
to its advantages of simplicity, non‑invasiveness, targeting and 
reproducibility (37‑39). Low‑frequency ultrasound has little 
effect on the biological interaction between healthy cells and 
normal tissue and is safe. The low‑frequency ultrasound prin‑
ciple is to combine non‑invasive MBs with drugs, DNA or RNA 
vectors (such as adenovirus, plasmids or nanoparticles) (37,38). 
Low frequency and high mechanical index ultrasound are used 
to destroy MBs and release drugs, adenovirus, plasmids or 
nanoparticles to specific areas or organs (40). At the same time, 
it produces a non‑invasive cavitation effect: Multiple reversible 
pores with diameters of hundreds of nanometers appear in 
the cell membrane. Non‑invasive cavitation effect can further 
improve the transmission efficiency (41,42).

Cell function experiments showed that HEC‑1A cells treated 
with CRISPR/Cas9‑CMBs or CRISPR/Cas9‑PTX‑CMBs 
knockout C‑erbB‑2, The rate of proliferation, healing, as well 
as cloning, migration and invasion ability of HEC‑1A cells 
were weakened. These data demonstrated in vitro proliferation 
of the EC cell line HEC‑1A after knocking out C‑erbB‑2. The 
group CRISPR/Cas9‑PTX‑CMB simultaneously weakened 
the proliferation and invasion ability of HEC‑1A cells most 
robustly. The present study demonstrated the possibility of 
delivery of genes or drugs based on CMB‑targeted destruc‑
tion. At the same drug concentration, compared with the 
PTX group, the anti‑tumor effect of CMBs following release 
of PTX was improved. Combination therapy is expected to 
overcome the limitations of traditional treatments that rely 

on only one therapy, including the adverse reactions and toxic 
effects caused by ineffective increase of drug doses, off‑target 
effects of gene editing and the effects of drugs or surgery on 
normal tissue and organs (43,44). Gene therapy combining 
chemotherapeutic agents and genetic material has become a 
promising combination therapy strategy due to its synergistic 
effect and ability to decrease chemotherapeutic dose without 
affecting anti‑tumor activity (45).

The present data suggested that the mechanism of C‑erbB‑2 
gene regulation of EC may involve regulation of expression of 
P27 and P21. P21 and P27 are tumor suppressor genes that effec‑
tively inhibit the proliferation and division of tumor cells and 
are also known as negative cell cycle regulators (46). Although 
the tumor‑suppressive function of P21 is one of the most studied 
aspects of this protein in cancer, the role of P21 in phenotypic 
plasticity and its carcinogenic/anti‑apoptotic function depends 
on the subcellular localization of P21. P21 can be an oncogenic 
protein or a tumor suppressor, depending on its localization in the 
cytoplasm or the nucleus, respectively (47,48). Huang et al (49) 
found that nuclear p21 inhibits, but cytoplasmic p21 promotes, 
cell migration and invasion abilities. The present data suggested 
that the high expression of P21 and P27 in EC primarily 
serves a role in suppressing tumors, which also indicated that 
C‑erbB‑2 may be downregulated by P21. The expression of 
P27 serves a role in promoting proliferation of tumor cells (50). 
Bad is a mitochondrial pro‑apoptotic factor, the primary func‑
tion of which is to promote cell apoptosis (51). In the present 
experiment, it remains unknown whether C‑erbB‑2 regulates 
expression of Bad and affects the occurrence and progress of 
EC. The mTOR pathway is a central signaling pathway that 
controls metabolic processes, such as protein synthesis, growth 
and metabolism (52). It supports proliferation by controlling cell 
growth and metabolism. Preclinical studies have shown that 
inhibiting mTOR results in anti‑tumor activity (53,54). However, 
after knocking out C‑erbB‑2 gene in the present experiment, 
Changes in mTOR gene were not statistically significant. The 
present cell function experiments demonstrated that prolifera‑
tion of the CRISPR/Cas9‑CMB and CRISPR/Cas9‑PTX‑CMB 
decreased. Therefore, it was hypothesized that C‑erbB‑2 
downregulates P21 and P27 to promote the proliferation of 
HEC‑1A cells. It was also speculated that the targeted release of 
PTX may decrease its systemic toxic and side effects when used 
against EC. This should be validated in larger studies involving 
animal models.

EC  (HEC‑1A)  cells and CMBs were used as carriers 
for drug and gene delivery. HEC‑1A  cells treated with 
CRISPR/Cas9‑CMBs or CRISPR/Cas‑9PTX‑CMBs knocked 
out C‑erbB‑2. The proliferation, healing, as well as cloning, 
migration and invasion ability of HEC‑1A cells were weak‑
ened. CMB‑assisted transfection method based on ultrasound 
may aid development of novel treatment methods against EC.
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