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OPEN ACCESS Ovarian cancer stem cells (OCSCs) are considered the reason for ovarian cancer’s emer-
gence and recurrence. Ultrasound-targetted microbubble destruction (UTMD), a non-vial,
safe, and promising delivery method for miRNA, is reported to transfect cancer stem cells
(CSCs). In the present study, we investigated to transfect miR-let-7b into OCSCs using
UTMD. The CD133* OCSCs, accounted for only 0.1% of ovarian cancer cell line A2780,
were separated by flow cytometry, and the CSC characteristics of CD133* OCSCs have
been proved by spheroid formation and self-renewal assay. The miR-let-7b transfection ef-
ficiency using UTMD was significantly higher than other groups except lipofectamine group
through flow cytometry. The cell viability of all groups decreased after transfection, and
the late apoptosis rate of CD133* OCSCs after miR-let7b transfection induced by UTMD
was 2.62%, while that of non-treated cells was 0.02% (P<0.05). Furthermore, the Western
blot results demonstrated that the stem cells surface marker of CD133 expression has de-
creased. Therefore, our results indicated that UTMD-mediated miRNA delivery could be a
promising platform for CSC therapy.

Introduction

Ovarian cancer is one of the three malignant tumors of female reproductive system, of which 70% is ep-
ithelial ovarian cancer, which is characterized with an initial asymptomatic period and aggressive growth -
[1]. However, few effective screening tests exist, and thus, approximately 70% of women with advanced
ovarian cancer (stage III or IV) have a poor prognosis with present therapies (mainly consisting of surgery,
chemotherapy, and radiotherapy), and its 5-year survival rate is less than 30% [2]. The poor treatment out-
come for ovarian cancer is due to ovarian cancer stem cells (OCSCs) with high recurrence and chemother-
apy resistance. Therefore, it is significant to explore innovative and effective treatment methods aiming at
OCSCs.

In recent years, the concept of the cancer stem cells (CSCs) has been introduced with in-depth study
on tumorigenesis and developmental mechanism. In 2001, Reya et al. [3] put forward the CSC theory and
proved the presence of CSCs in leukemia. They demonstrated that CSCs are a small group of cells capable
of self-renewal and multidirectional differentiation in the tumor tissue and have stronger tumorigenic
ability than the other tumor cells. At present, CSCs have been successfully separated from breast cancer
[4], glioma [5], lung cancer [6], and colorectal cancer [7]; the genesis, metastasis, and drug resistance of
CSC has also been confirmed. Thus, CSC is a promising therapy target in tumor therapy research.
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of strong proliferation and multidirectional differentiation ability. Cioffi et al. [10] also demonstrated that the CD133*
ovarian cancer cells have stronger drug resistance, tumor metastasis, and CSC sphere formation than CD133~ ovarian
cancer cells. Moreover, CD133* ovarian cancer cells have shown much stronger transplanted capacity (cells forming
transplanted tumor) than CD133~ cells. Together, these findings suggest that CD133* ovarian cancer cells are OCSCs
and can be used in OCSC therapy experiments.

miRNAs [11] play an important role in tumorigenesis, metastasis, drug resistance, and recurrence of CD133* OC-
SCs [12]. The highly conserved miRNA, miR-let-7b, has been reported as a tumor suppressor gene that forms a
dual negative feedback loop with Lin28. miR-let-7b always has low expression in tumors, and an increase in expres-
sion level can inhibit the proliferation and growth of CD133" OCSCs, thus enhancing the effect of radiotherapy and
chemotherapy [13,14]. Therefore, our study intends to synthesize miR-let-7b expression vectors and promote their
expression in CD133* OCSCs to achieve the in vitro treatment of ovarian cancer [15].

To date, gene delivery methods include physical, chemical, and viral approaches. Viral transfection has a high trans-
fection efficiency, but suffered from the tendency to be randomly integrated into the host, stable long-term expression,
immunogenicity, and potential carcinogenicity, which limits its clinical applications. Micro-injection, electropora-
tion, and particle bombardment are also limited to their complex operation or continued exogenous gene expression.
Chemical transfection methods using cationic polymers or liposomes have defects of great cytotoxicity, poor target-
ting, and unstable gene expression despite low immunogenicity [16,17]. Therefore, a safe and efficient gene targetting
delivery method is needed.

Ultrasound-targetted microbubble destruction (UTMD) has been proven as a promising gene delivery method
in many studies [18]. The cavitation effect induced by UTMD is divided into inertial cavitation and transient cav-
itation, which have different biological effects on the cells. Under steady-state cavitation, the mechanical vibration
and volume changes of contrast agent can not only change the cell membrane potential through ion concentrations
but also produce shear force on the cell membrane and stimulate cell endocytosis, thus promoting cross-cell mem-
brane gene transport [19]. Transient cavitation induced by UTMD can also cause cell membrane potential changes,
instantaneous shear force, a strong shock and thermal effect, which can destroy the cell integrity and transport macro-
molecules through intercellular space [20]. Thus, UTMD mainly relies on these two mechanisms to facilitate the cells
to take in genes [21] by endocytosis and sonoporation.

In this work, ovarian cancer cells were isolated from the human ovarian cancer cell line A2780 with OCSCs surface
marker CD133, and identified as stem-like cells in OCSCs. Then the effects of targetted gene delivery of miR-let-7b
through UTMD to CD133* OCSCs were explored.

Materials and methods

Isolation and culture of CD133* OCSCs

Ovarian cancer A2780 cells (Shanghai Zhichenhui Biology Co., Ltd.) were cultured in the complete DMEM/F12
culture medium (Gibco) and dissociated using trypsin-EDTA (prepared into cell suspension and centrifuged to form
a cell pellet after the supernatant was discarded). The cell pellet was washed with 2 ml PBS twice, and 1 pl APC
marked murine anti-human CD133 antibody (APC-CD133) (eBioscience) was added into the cell suspension and
incubated at 4°C for 30 min. The cells were washed twice with PBS and analyzed by flow cytometry (BD FACS Aria)
to get CD133" ovarian cancer cells.

Characterization of CD133* OCSCs

Spheroid formation ability

The CD133* OCSC cell pellet was collected in the complete culture medium and re-suspended with serum-free
medium containing EGF and bFGF (PeproTech). The suspension was placed at 10* cells per well on to a low-adhesion
six-well plate. The morphological characteristics of CD133* OCSCs were observed in the serum-free medium.

Self-renewal ability

The serum-free cultured CD133* OCSCs were collected by centrifugation at 800 rpm for 4 min. The supernatant was
removed and then the serum-free medium was added to resuspend the cells. The culture continued until spheroid
cells were formed.

Differentiation ability
CD133 expression was determined by FACS. CD133* OCSCs were cultured in complete culture medium for 2 weeks,
centrifuged, and tested for the differentiation ability of CD133" OCSCs by qPCR experiment.
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Transfection groups and methods

The experiment groups were as follows: (i) the control group (C), (ii) the plasmid group (P), (iii) the ultrasound
irradiation + plasmid group (US+P), (iv) the SonoVue+plasmid group (MB+P), (v) the ultrasound irradiation +
SonoVue + plasmid group (UTMD+P), and (vi) the liposome + plasmid group (L+P). Ultrasound irradiation param-
eters (Metron) were 1 MHz transducer frequency, 10% duty cycle, 1 W/cm? irradiation intensity, and 1 min irradiation
time. CD133" OCSCs in logarithmic growth phase were collected and transferred into a 24-well culture plate with cell
density of 10°/well with 400-ul DMEM (excluding FBS and double antibody) per well. Before ultrasound irradiation,
SonoVue microbubble (Braco) suspension (80 pl/well) and plasmid solution (15 pg/well) were mixed and incubated.
The microbubble/plasmid mixture, the plasmid solution, or SonoVue was added into each well according to the ex-
periment groups. The ultrasonic probe was fixed at the bottom of the irradiation sink, and the irradiation hole was
aligned with the center of the probe. For L+P group, the transfection was performed by using Lipofectamine 2000
(Invitrogen, SanDiego, CA, U.S.A.) according to the manufacturer’s instructions. The miR-let-7b plasmid and Lipo-
fectamine 2000 were diluted into 50 pl Opti-MEM medium respectively for 5 min. Then the diluted miR-let-7b and
Lipofectamine 2000 were mixed for 20 min. And the mixture was added into plates as the other groups. After 4 h of
culture, the complete culture medium of all groups (including 10% FBS but excluding penicillium and streptomycin)
was used for the replacement of Opti-MEM for the next culture.

Expression of EGFP protein in CD133 * OCSCs observed by fluorescence

microscope

The expression of EGFP protein in CD133 * OCSCs was triggered by blue exciting light after 48 h transfection and
observed under a fluorescence microscope (Olympus). First, the focal length was accurately adjusted under the flu-
orescence condition and the cell growth was observed roughly. Then, the expression of EGFP protein in CD133 *
OCSCs was observed under fluorescence, and bright field photographs were acquired.

Test of CD133* OCSC gene transfection efficiency

The CD133" OCSCs were collected after 48 h transfection. The cells were dissociated by trypsin/EDTA for 2 min and
the complete culture medium was added to stop trypsinization. The cells were centrifuged and re-suspended in PBS
solution. They were screened by a filter with an aperture of 70 pm to yield the flow samples. The samples were placed
in the sampling room of flow cytometer to test EGFP expression with a 488-nm laser. The non-transfected cells in
the control group were used as negative controls.

Cell viability after CD133* OCSC transfection

The CD133 * OCSCs after 48 h transfection were inoculated into a 96-well plate with the same method as stated
above. The 96-well plate was then incubated in the dark for 1-2 h, and the absorbance at 450 nm of each group was
measured by a microplate reader. The cell survival rate of each group = (OD of the experiment group — OD of the
control group)/(OD of the control group — OD of the blank control group).

miR-let-7b expression in CD133* OCSC after transfection

To assess miR-let-7b expression in CD133* OCSCs, qRT-PCR analysis was performed with internal standards. Total
RNA was isolated from the harvested cells and reverse transcribed into cDNA with the RevertAid Reverse Transcrip-
tase (Thermo Fisher Scientific) according to the manufacturer’s instructions. qRT-PCR was performed using the
MicroRNAs Quantitation PCR Kit (Sangon Biotech). The relative expression of miR-let-7b relative to non-treated
cells was calculated by the AAC; method in triplicate experiment.

Apoptosis of CD133* OCSC assay after transfection

Propidium iodide (PI) (BD Pharmingen, U.S.A.) was used to evaluate the late apoptosis of CD133" OCSC after a
48 h miR-let-7b transfection. Briefly, the treated cells were harvested, double-washed with PBS, and then fixed by
cold ethyl alcohol for 2 h. Then, the treated cells were suspended in PBS for 5 min, and 1 ml PI was added to the
cell suspension for 15 min at 4°C in the dark. Finally, samples were analyzed by a BD Accuri C6 flow cytometer (BD
Biosciences, U.S.A.).

Protein expression of specific genes of tumor stem cells
The OCSC protein expression mediated by miR-let-7b was detected by Western blot analysis. Cells after 48 h trans-
fection were harvested and lysed in cold RIPA buffer (Thermo Fisher Scientific, U.S.A.) with a protease inhibitor
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Figure 1. Sorting of CD133* OCSC by a flow sorter

(Omplete Mini, Roche). Then, the lysates were incubated at 4°C for 15 min and centrifuged at 13000 rpm for 15 min.
The protein concentration of the supernatants was determined with the Bicinchoninic Acid Protein Assay Kit. After
heat denaturation, the protein samples were loaded into SDS/PAGE and transferred on to nitrocellulose membrane
(Amersham Hybond ECL, GE Healthcare). The blotted membranes were immunostained with antibodies directed
against CD133/1 (W6B3C1, Miltenyi Biotec, U.S.A.). This signal was visualized by Beyo chemiluminescence (ECL)
according to the manufacturer’s protocol and quantitated using the Image] software.

Statistical analysis

Statistical software SPSS 16.0 (SPSS Inc., Chicago, U.S.A.) was used for data analysis and the measurement data were
expressed as the mean & S.D. (x = SD). A ¢ test was performed for two groups of data, while one-way ANOVA was
performed for multiple groups of data. P<0.05 indicated statistically significant differences.

Results

Sorting of CD133* OCSC
The ovarian cancer A2780 cells were marked by APC-CD133 and the CD133* OCSC were sorted by a flow sorter.
The sorting result showed that CD133* OCSCs accounted for only 0.1% of A2780 cells (Figure 1).

Characteristic tests of CD133* OCSCs
Spheroid formation assay
The CD133* OCSCs suspended in the serum-free culture medium and were observed under an optical microscope.
After 48 h of suspension culture, some of the suspended cells were observed to cluster and grow spherically. However,
the spheroids were small in number and volume, and were composed of three to five cells with consistent sizes. They
were 3D and had light refractivity. After culturing in the serum-free medium for 5-6 days, the number and volume
of spheroids were considerably greater and each one was composed of dozens of cells, which appeared round or
polygonal in shape (Figure 2).

The spherical cells cultured in serum-free medium were observed under an optical microscope, showing closer
intercellular junctions and indefinite boundaries. The spherical cells had high central cell density, low peripheral cell
density, poor light transmission of central cells, and strong translucency of peripheral cells.

Self-renewal ability test

After culturing in the serum-free culture medium, CD133" OCSCs formed spheroids stably. The spheroids then
were processed into single cells through mechanical blowing or digestion in tryplE solution and were cultured with
the serum-free medium into two different flasks or plates. After a 2-day passage, the spheroidization of single cells
was observed, and it could be found that the single cells still cultured into spheroids (Figure 3).
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Figure 2. CD133* OCSC spherical cells (100x)
(A-F) represent the first to sixth day of serum-free culture.

Figure 3. Microscopic observations of CD133* OCSCs before and after passage (100x)

(A,B) were the microscopic observations of CD133* OCSCs growing into spherical cells in the serum-free culture medium before
and after passage. It could be observed that the spherical cells were further cultured into single cells after mechanical blowing, and
the single cells returned to be spheroids after 2 days.
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A2780 CD133+0CSC CD133+0CSC after 2ws'
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Figure 4. Expression of CD133 before and after the passage of CD133* OCSCs

*: Difference between the surface expression of CD133 between fresh CD133* OCSCs and CD133* OCSCs after 2-week passage
(P<0.05).

Differentiation characteristics

The CD133 expression in A2780 cells, CD133* OCSCs and CD133* OCSCs cultured for 2-week passage was tested by
qPCR. The results showed that CD133* OCSCs had higher CD133 expression than A2780 cells and CD133" OCSCs
for the 2-week passage. Furthermore, the CD133 expression of CD133* OCSCs after 2-week passage was significantly
lower than CD133* OCSCs (Figure 4).
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Figure 5. Microscopic view of transfected and adherent miR-let7b-mediated with different transfection methods to CD133*
OCSCs (200x)

(A) The control group; (B) the plasmid group; (C) the SonoVue + plasmid group; (D) the ultrasound irradiation + plasmid group; (E)
the ultrasound irradiation + SonoVue + plasmid group; (F) the liposome + plasmid group. (A1-F1) represent the observation under
white light, which is corresponded to (A-F), respectively. Scale bars, 100 um.

EGFP observations after transfection

In this part, CD133* OCSCs were transfected in vitro and were observed under a microscope after 48 h transfection
(Figure 5): (i) the control group (C): no fluorescent expression, (ii) the plasmid group (P): visible point-like fluores-
cent expression and uneven distribution, (iii) SonoVue + the plasmid group (MB+P): visible point-like fluorescent
expression and uneven distribution, (iv) ultrasound irradiation + plasmid group (US+P): visible little point-like flu-
orescent expression, more fluorescence seen in the perimeter than in the center of the plate, and less dense cells in
the center than in the perimeter of the plate under white light, (v) ultrasound irradiation + SonoVue + the plasmid
group (UTMD+P): significantly higher visible fluorescence expression than in the pure plasmid transfection or ul-
trasound, SonoVue + plasmid group, even fluorescence distribution, and (vi) liposome + plasmid group (L+P): dense
and uniform fluorescence under the microscope.

Transfection efficiency

The transfection efficiency after 48 h culture in each group was tested with flow cytometry, and the results showed that
the ultrasound irradiation + SonoVue group had significantly higher transfection efficiency than the pure plasmid
group and the ultrasound irradiation/SonoVue + plasmid group, although less than the liposome group (Figure 6).
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Figure 6. Transfection efficiency of CD133* OCSCs transfected by miR-let-7b mediated with different transfection methods
(A) The control group; (B) the plasmid group; (C) the SonoVue + plasmid group; (D) the ultrasound irradiation + plasmid group; (E)
the ultrasound irradiation + SonoVue + plasmid group; (F) the liposome + plasmid group.
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Figure 7. Cell viability of CD133* OCSCs after different transfection methods
The data are represented as means + SD (n=3); *P<0.01 versus control.

Cell viabili

Cell viability after transfection

The cell viability of each group was tested by the CCK8 method after miR-let-7b transfection. The results are shown
in Figure 7. The UTMD group had lower cell viability than the plasmid group, ultrasound irradiation, or SonoVue
plus plasmid group, and it had a poorer inhibitory effect on the proliferation of CD133* OCSCs than the liposome

group.

MiR-let-7b expression in the transfected CD133* OCSCs

The relative expression of miR-let-7b in CD133* OCSCs of UTMD+P was analyzed compared with non-treated cells
(Figure 8). It was shown that the relative expression of miR-let-7b increased almost five folds after transfection. From
this result, we could confirm that the miR-let-7b plasmid was successfully delivered to CD133* OCSCs.

Apoptosis rate of CD133* OCSCs after transfection

The late apoptosis in CD133" OCSCs of UTMD+P group was observed with DAPI staining under confocal laser
scanning microscopy (Figure 9) and further evaluated by single-staining PI (Figure 10). As expected, transfected
CD133* OCSCs (2.62%) were apoptotic to some extent compared with the non-treated cells (0.02%), which did not
show any obvious apoptosis. The results of flow cytometry analysis were consistent with the phenomena observed
with confocal laser scanning microscopy.

CD133* expression in OCSCs
The expression of OCSC surface marker CD133 was detected by Western blot analysis (Figure 11). The results showed
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Figure 8. miR-let-7b expression of CD133* OCSCs after transfection of miR-let-7b
Relative expression of miR-let-7b in CD133" OCSCs treated with miR-let-7b plasmid compared with non-treated cells. The data
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Figure 9. Apoptosis assessed by DAPI staining
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Figure 10. The late apoptosis and necrosis rate of CD133* OCSCs after transfection of miR-let-7b using UTMD
The late apoptosis and necrosis rate was estimated with flow cytometry of Pl stained transfected cells.

a decrease in CD133 expression after miR-Let-7b transfection, which indicated that miR-let-7b transfection could
help to reduce the stem cell ability of CD133* OCSCs.

Discussion

Cancer statistics [1,22] indicate that ovarian cancer has the highest mortality rate amongst female reproductive system
diseases and ranks as fifth amongst systemic tumors. The common therapeutic methods are aimed at normal ovarian
cancer cells, but resulting in poor treatment effects due to drug resistance, tumor recurrence, or metastasis. Accumu-
lated evidences [23] have shown that these poor outcomes are due to tumor stem cells, which are characterized by
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Figure 11. Protein expression of transfected CD133* OCSCs
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a loading control, and relative CD133 protein levels of UTMD+P
group were much lower. **P<0.01 compared with control group.

self-renewal, infinite proliferation, multidirectional differentiation in ovarian cancer cells, and are always associated
with ovarian cancer occurrence, development, drug resistance, and metastasis. Thus, it is particularly important to
explore a novel and effective treatment method aiming at OCSCs.

Separating enough CSCs is the premise for OCSCs study. The surface markers of OCSCs have been extensively
explored. For example, CD133, ALDH1, CD44, and CD117 have been used as OCSCs markers [24]. Amongst the
surface markers, CD133 has been proved to be a reliable marker for OCSCs separation in many studies [25,26]. In
our study, the CD133 was used as the OCSC surface marker. And the stem cells’ characteristics of CD133* OCSCs
have been proved by spheroid formation assay and self-renewal ability test, which further indicated that CD133 is a
reliable surface marker for OCSCs separation.

The miR-let7 family, consisting of 13 tumor suppressor genes with temporal regulation function, was discovered
and confirmed for the first time in nematodes by Reinhart et al. [27]. Many researchers have explored the functions of
the let-7 family and found that it plays a significant role in tumor stem cells. Thomson et al. [28] found high let-7 pre-
cursor expression levels in embryonic stem cells and low expression in differentiated cells. The present study indicated
that miR-let-7 has the ability to promote differentiation of embryonic stem cells and prevent self-renewal [29]. Yu et
al. [30] used lentiviral carriers of let-7 miRNAs to transfect breast CSCs, which yielded decreased proliferation and
spheroid formation ability of the transfected breast CSCs, and improved differentiation ability, which indicated that
promoting let-7 miRNA expression in tumor tissue can improve the therapeutic effect of tumor in many aspects. Until
now, a number of studies have shown that let-7 miRNA transfection of CSC could effectively inhibit tumor prolifer-
ation, formation, and improve the level of CSC differentiation. Yang et al. [31] used liposome-mediated let-7 mimics
for breast CSC transfection, and the results showed that the group with high let-7 expression contained significantly
lower breast CSCs than the group with low let-7 expression. In addition, overexpression of let-7 could significantly
reduce the number of spheroids formed by breast CSCs in vitro, whereas inhibiting let-7 expression could induce
increased number of spherical cells. Liu et al. [32] conducted similar experiments in prostate cancer and came to the
same conclusion; they found that let-7 inhibited tumor growth by restricting the cell proliferation in G,-M phase. In
our study, miR-let-7b eukaryotic gene expression vector by UTMD was used to increase its expression level in OCSC,
which resulting in CD133* down-regulation in OCSC, decreased growth and clear apoptosis.

Recently, with the continuous development of contrast agents and ultrasound deliver technologies, the method of
ultrasound targetting gene delivery has been further optimized. The cavitation effect of ultrasound combined with
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microbubble irradiation impacts cells, improving the cell membrane permeability or triggering recoverable holes [33]
in the cell membrane, as well as promoting the absorption of genes [34]. Ultrasound targetted delivery technology
has been widely used in different cancers, such as cervical cancer [35], ovarian cancer [36], breast cancer [37], and
so on. Wu et al. [38] loaded NET-1 siRNA on nano-microbubbles with targetting antibodies and used low-frequency
ultrasound to trigger targetting delivery, which inhibited the growth of hepatocellular carcinoma cells. The apoptotic
rate of hepatocellular carcinoma cells was 14.65 % 2.1% in this delivery method triggered by ultrasound. The transfec-
tion efficiency of NET-1 siRNA and the apoptotic rate of hepatocellular carcinoma cells were significantly increased
when compared with those lacking ultrasound irradiation treatment. Wang et al. [39] prepared nanoparticles modi-
fied with PLGA-PEG and delivered miR-22-loaded nanoparticles to murine colon carcinoma under ultrasound com-
bined SonoVue irradiation. The results showed that ultrasound irradiation could increase the expression of miR-22
by 7.9-fold.

Gene delivery based on viral vectors or chemicals has a better transfection efficiency but suffered from safety prob-
lems or immunogenic response. Compared with viral vectors or chemicals gene delivery method, UTMD is a much
safer and promising approach. However, there are still a few reports about using UTMD to transfect gene into CSCs.
As far as our knowledge, Liu et al. [40] used UTMD method to transfect CD133" liver CSCs with shRNA and resulted
in CD133 down-regulation. And some studies demonstrated that ultrasound-combined microbubbles can make the
breast CSCs more sensitive to drugs such as DOX [41]. For other forms of stem cells such as mesenchymal stem cells,
therapeutic ultrasound combined with Optison™ microbubbles was used to transfect with a pPDNA encoding for
PEX, a protein that inhibits tumor angiogenesis. And the results demonstrated ultrasound-mediated gene delivery
could improve the PEX expression [42]. In our study, the intensity of fluorescence expression and flow cytometry
results showed that UTMD+P group had higher transfection efficiency than the plasmid group, ultrasound irradia-
tion group, and the microbubble and plasmid transfection group. What is more, the OCSCs result in apoptosis and
show less stem cell ability after transfecting miR-let7b using UTMD. In conclusion, our study demonstrated that
UTMD-mediated miR-let-7b transfection of CD133" OCSCs can decrease the CD133 expression, inhibit growth,
and induce apoptosis. Considering that OCSCs are an important reason for the ovarian cancer’s high recurrence and
chemotherapy resistance. The UTMD-combined miRNA delivery could be a promising treatment method aiming at
OCSCs, which provides an alternative option for gene therapy of ovarian cancer or combination with chemotherapy.
However, it should be noted that the transfection efficiency of CSCs using UTMD is still low, further precise cavitation
effects by UTMD should be explored and used to improve the gene delivery efficiency.

Funding

This work was supported by the Research Projects of the National Natural Science Foundation of China [grant numbers
81371572, 81671707]; the Natural Science Foundation of Guangdong Province [grant number 2016A030311054]; the Research
Projects of Guangzhou Technology Bureau [grant number 201607010201]; and Research Fund for Lin He’s Academician Worksta-
tion of New Medicine and Clinical Translation.

Competing interests
The authors declare that there are no competing interests associated with the manuscript.

Author contribution

C.Y., B.L,, and Z.C. conceived and designed the research, and wrote and reviewed the manuscript. C.Y. and B.L. performed ex-
periments, analyzed and interpreted the data. J.Y., F.Y., and K.C. contributed to some experiments and discussions. All authors
read and approved the final manuscript.

Abbreviations

APC, allophycocyanin; APC-CD133, APC marked murine anti-human CD133 antibody; bFGF, basic fibroblast growth fac-

tor; CCKS8, cell counting kit-8; CSC, cancer stem cell; EGF, epidermal growth factor; FACS, fluorescence activated cell

sorter; OCSC, ovarian CSC; OD, optical density; PEG, polyethylene glycol; PEX, hemopexin-like domain fragment; PLGA,
poly(lactic-co-glycolic acid); gPCR, real-time quantitative PCR detecting system; UTMD, ultrasound-targetted microbubble de-
struction.

References
1 Siegel, R.L., Miller, K.D. and Jemal, A. (2017) Cancer Statistics 2017. CA Cancer J. Clin. 67, 7-30, https://doi.org/10.3322/caac.21387
2 Cannistra, S.A. (2004) Cancer of the ovary. N. Engl. J. Med. 351, 2519-2529, https://doi.org/10.1056/NEJMra041842

10 (© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

2202 Yot L0 uo 3senb Aq ypd-zz60-8102-154/2 1001 8/226081024S8/S/8¢/HPpd-8jonle/da.0s0lq/wod sseidpuelod//:dpy woly pepeojumoq


https://doi.org/10.3322/caac.21387
https://doi.org/10.1056/NEJMra041842

Bioscience Reports (2018) 38 BSR20180922
https://doi.org/10.1042/BSR20180922

3 Reya, T, Morrison, S.J., Clarke, M.F. and Weissman, I.L. (2001) Stem cells, cancer, and cancer stem cells. Nature 414, 105-111,
https://doi.org/10.1038/35102167

4 Li, P, Wang, Y., Mao, X., Jiang, Y., Liu, J., Li, J. et al. (2017) CRB3 downregulation confers breast cancer stem cell traits through TAZ/3-catenin.
Oncogenesis 6, €322, https://doi.org/10.1038/0ncsis.2017.24

5 Wang, Z., Wang, B., Shi, Y., Xu, C., Xiao, H.L., Ma, L.N. et al. (2015) Oncogenic miR-20a and miR-106a enhance the invasiveness of human glioma
stem cells by directly targeting TIMP-2. Oncogene 34, 1407, https://doi.org/10.1038/0nc.2014.75

6 Zhang, Y., Xu, W., Guo, H., Zhang, Y., He, Y., Lee, S.H. et al. (2017) NOTCH1 signaling regulates self-renewal and platinum chemoresistance of cancer
stem-like cells in human non-small cell lung cancer. Cancer Res. 77, 3082, https://doi.org/10.1158/0008-5472.CAN-16-1633

7 Ju, H.Q., Lu, Y.X,, Chen, D.L., Tian, T., Mo, H.Y., Wei, X.L. et al. (2016) Redox regulation of stem-like cells though the CD44v-xCT axis in colorectal
cancer: mechanisms and therapeutic implications. Theranostics 6, 1160-1175, https://doi.org/10.7150/thno.14848

8 Lupia, M. and Cavallaro, U. (2017) Ovarian cancer stem cells: still an elusive entity? Mol. Cancer 16, 64, https://doi.org/10.1186/s12943-017-0638-3

9 Baba, T., Convery, PA., Matsumura, N., Whitaker, R.S., Kondoh, E., Perry, T. et al. (2009) Epigenetic regulation of CD133 and tumorigenicity of CD133+
ovarian cancer cells. Oncogene 28, 209-218, https://doi.org/10.1038/onc.2008.374

10 Cioffi, M., D’Alterio, C., Camerlingo, R., Tirino, V., Consales, C., Riccio, A. et al. (2015) Identification of a distinct population of CD133+CXCR4+ cancer
stem cells in ovarian cancer. Sci. Rep. 5, 10357, https://doi.org/10.1038/srep10357

11 Yang, X., Lin, X., Zhong, X., Kaur, S., Li, N., Liang, S. et al. (2010) Double-negative feedback loop between reprogramming factor LIN28 and microRNA
let-7 regulates aldehyde dehydrogenase 1-positive cancer stem cells. Cancer Res. 70, 9463-9472, https://doi.org/10.1158/0008-5472.CAN-10-2388

12 Zhong, X., Li, N, Liang, S., Huang, Q., Coukos, G. and Zhang, L. (2010) Identification of microRNAs regulating reprogramming factor LIN28 in
embryonic stem cells and cancer cells. J. Biol. Chem. 285, 41961-41971, https://doi.org/10.1074/jbc.M110.169607

13 Yang, T., Cheng, J., Yang, Y., Qi, W., Zhao, Y., Long, H. et al. (2017) S100B mediates stemness of ovarian cancer stem-like cells through inhibiting p53.
Stem Cells 35, 325-336, https://doi.org/10.1002/stem.2472

14 Helland, i\, Anglesio, M.S., George, J., Cowin, PA., Johnstone, C.N., House, C.M. et al. (2011) Deregulation of MYCN, LIN28B and LET7 in a molecular
subtype of aggressive high-grade serous ovarian cancers. PLoS ONE 6, 18064, https://doi.org/10.1371/journal.pone.0018064

15 Zhan, Q., Wang, C. and Ngai, S. (2013) Ovarian cancer stem cells: a new target for cancer therapy. Biomed. Res. Int. 2013, 916819,
https://doi.org/10.1155/2013/916819

16 Hinkel, R., Trenkwalder, T. and Kupatt, C. (2011) Gene therapy for ischemic heart disease. Expert Opin. Biol. Ther. 11, 723-737,
https://doi.org/10.1517/14712598.2011.570749

17 Chen, Z.Y., Yang, F, Lin, Y., Zhang, J.S., Qiu, R.X., Jiang, L. et al. (2013) New development and application of ultrasound targeted microbubble
destruction in gene therapy and drug delivery. Curr. Gene Ther. 13, 250-274, https://doi.org/10.2174/15665232113139990003

18 Liu, H.L., Fan, C.H., Ting, C.Y. and Yeh, C.K. (2014) Combining microbubbles and ultrasound for drug delivery to brain tumors: current progress and
overview. Theranostics 4, 432—-444, https://doi.org/10.7150/thno.8074

19 Hancock, H.A., Smith, L.H., Cuesta, J., Durrani, A.K., Angstadt, M., Palmeri, M.L. et al. (2009) Investigations into pulsed high-intensity focused
ultrasound-enhanced delivery: preliminary evidence for a novel mechanism. Ultrasound Med. Biol. 35, 1722-1736,
https://doi.org/10.1016/j.ultrasmedbio.2009.04.020

20 Lauterborn, W., Kurz, T., Geisler, R., Schanz, D. and Lindau, 0. (2007) Acoustic cavitation, bubble dynamics and sonoluminescence. Ultrason.
Sonochem. 14, 484-491, https://doi.org/10.1016/j.ultsonch.2006.09.017

21 Lentacker, I., De Cock, 1., Deckers, R., De Smedt, S.C. and Moonen, C.T. (2014) Understanding ultrasound induced sonoporation: definitions
andunderlying mechanisms. Adv. Drug Deliv. Rev. 72, 4964, https://doi.org/10.1016/j.addr.2013.11.008

22 Chen, W., Zheng, R., Baade, P.D., Zhang, S., Zeng, H., Bray, F. et al. (2016) Cancer statistics in China, 2015. CA Cancer J. Clin. 66, 115-132,
https://doi.org/10.3322/caac.21338

23 Foster, R., Buckanovich, R.J. and Rueda, B.R. (2013) Ovarian cancer stem cells: working towards the root of stemness. Cancer Lett. 338, 147-157,
https://doi.org/10.1016/j.canlet.2012.10.023

24 Ottevanger, P.B. (2017) Ovarian cancer stem cells more questions than answers. Semin. Cancer Biol. 44, 67-71,
https://doi.org/10.1016/j.semcancer.2017.04.009

25 Long, Q., Yang, R., Lu, W., Zhu, W., Zhou, J., Zheng, C. et al. (2017) Adenovirus-mediated truncated bid overexpression induced by the cre/loxp system
promotes the cell apoptosis of cd133+ ovarian cancer stem cells. Oncol. Rep. 37, 155-162, https://doi.org/10.3892/0r.2016.5263

26 Shibuya, K., Okada, M., Suzuki, S., Seino, M., Seino, S., Takeda, H. et al. (2015) Targeting the facilitative glucose transporter glut1 inhibits the
self-renewal and tumor-initiating capacity of cancer stem cells. Oncotarget 6, 651-661, https://doi.org/10.18632/oncotarget.2892

27 Reinhart, B.J., Slack, F.J., Basson, M., Pasquinelli, A.E., Bettinger, J.C., Rougvie, A.E. et al. (2000) The 21-nucleotide let-7 RNA regulates developmental
timing in Caenorhabditis elegans. Nature 403, 901-906, https://doi.org/10.1038/35002607

28 Thomson, J.M., Newman, M., Parker, J.S., Morin-Kensicki, E.M., Wright, T. and Hammond, S.M. (2006) Extensive post-transcriptional regulation of
microRNAs and its implications for cancer. Genes Dev. 20, 2202-2207, https://doi.org/10.1101/gad.1444406

29 Melton, C., Judson, R.L. and Blelloch, R. (2010) Opposing microRNA families regulate self-renewal in mouse embryonic stem cells. Nature 463,
621-626, https://doi.org/10.1038/nature08725

30 Yu, F, Yao, H., Zhu, P,, Zhang, X., Pan, Q., Gong, C. et al. (2007) let-7 regulates self renewal and tumorigenicity of breast cancer cells. Cell 131,
1109-1123, https://doi.org/10.1016/j.cell.2007.10.054

31 Yang, X., Lin, X., Zhong, X., Kaur, S., Li, N., Liang, S. et al. (2010) Double-negative feedback loop between reprogramming factor LIN28 and microRNA
let-7 regulates aldehyde dehydrogenase 1-positive cancer stem cells. Cancer Res. 70, 9463-9472, https://doi.org/10.1158/0008-5472.CAN-10-2388

32 Liu, C., Kelnar, K., Vlassov, A.V., Brown, D., Wang, J. and Tang, D.G. (2012) Distinct microRNA expression profiles in prostate cancer stem/progenitor
cells and tumor-suppressive functions of let-7. Cancer Res. 72, 3393-3404, https://doi.org/10.1158/0008-5472.CAN-11-3864

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

«. 2 PORTLAND
09 press

11

2202 Yot L0 uo 3senb Aq ypd-zz60-8102-154/2 1001 8/226081024S8/S/8¢/HPpd-8jonle/da.0s0lq/wod sseidpuelod//:dpy woly pepeojumoq


https://doi.org/10.1038/35102167
https://doi.org/10.1038/oncsis.2017.24
https://doi.org/10.1038/onc.2014.75
https://doi.org/10.1158/0008-5472.CAN-16-1633
https://doi.org/10.7150/thno.14848
https://doi.org/10.1186/s12943-017-0638-3
https://doi.org/10.1038/onc.2008.374
https://doi.org/10.1038/srep10357
https://doi.org/10.1158/0008-5472.CAN-10-2388
https://doi.org/10.1074/jbc.M110.169607
https://doi.org/10.1002/stem.2472
https://doi.org/10.1371/journal.pone.0018064
https://doi.org/10.1155/2013/916819
https://doi.org/10.1517/14712598.2011.570749
https://doi.org/10.2174/15665232113139990003
https://doi.org/10.7150/thno.8074
https://doi.org/10.1016/j.ultrasmedbio.2009.04.020
https://doi.org/10.1016/j.ultsonch.2006.09.017
https://doi.org/10.1016/j.addr.2013.11.008
https://doi.org/10.3322/caac.21338
https://doi.org/10.1016/j.canlet.2012.10.023
https://doi.org/10.1016/j.semcancer.2017.04.009
https://doi.org/10.3892/or.2016.5263
https://doi.org/10.18632/oncotarget.2892
https://doi.org/10.1038/35002607
https://doi.org/10.1101/gad.1444406
https://doi.org/10.1038/nature08725
https://doi.org/10.1016/j.cell.2007.10.054
https://doi.org/10.1158/0008-5472.CAN-10-2388
https://doi.org/10.1158/0008-5472.CAN-11-3864

o = PORTLAND
09 rress

12

Bioscience Reports (2018) 38 BSR20180922
https://doi.org/10.1042/BSR20180922

33 Song, K.H., Fan, A.C., Brlansky, J.T., Trudeau, T., Gutierrezhartmann, A., Calvisi, M.L. et al. (2015) High efficiency molecular delivery with sequential
low-energy sonoporation bursts. Theranostics 5, 1419-1427, https://doi.org/10.7150/thno.13033

34 Shoros, V. (2008) Response of contrast agents to ultrasound. Adv. Drug Deliv. Rev. 60, 1117-1136, https://doi.org/10.1016/j.addr.2008.03.011

35 Wang, P, Yin, T, Li, J., Zheng, B., Wang, X., Wang, Y. et al. (2016) Ultrasound-responsive microbubbles for sonography-guided siRNA delivery.
Nanomedicine 12, 1139-1149, https://doi.org/10.1016/j.nan0.2015.12.361

36 Wang, J.j., Zheng, Y., Yang, F., Zhao, P. and Hf, Li (2010) Survivin small interfering RNA transfected with a microbubble and ultrasound exposure
inducing apoptosis in ovarian carcinoma cells. Int. J. Gynecol. Cancer 20, 500-506, https://doi.org/10.1111/IGC.0b013e3181c5ddfa

37 Ji, Y., Han, Z., Shao, L. and Zhao, Y. (2016) Evaluation of in vivo antitumor effects of low-frequency ultrasound-mediated miRNA-133a microbubble
delivery in breast cancer. Cancer Med. 5, 2534-2543, https://doi.org/10.1002/cam4.840

38 Wu, B., Qiao, Q., Han, X., Jing, H., Zhang, H., Liang, H. et al. (2016) Targeted nanobubbles in low-frequency ultrasound-mediated gene transfection and
growth inhibition of hepatocellular carcinoma cells. Tumour Biol. 37, 12113-12121, https://doi.org/10.1007/s13277-016-5082-2

39 Wang, T.Y,, Choe, J.W., Pu, K., Devulapally, R., Bachawal, S., Machtaler, S. et al. (2015) Ultrasound-guided delivery of microRNA loaded nanoparticles
into cancer. J. Control. Release 203, 99-108, https://doi.org/10.1016/j.jconrel.2015.02.018

40 Liu, Y.M., Li, X.F,, Liu, H. and Wu, X.L. (2015) Ultrasound-targeted microbubble destruction-mediated downregulation of cd133 inhibits
epithelial-mesenchymal transition, stemness and migratory ability of liver cancer stem cells. Oncol. Rep. 34, 2977-2986,
https://doi.org/10.3892/0r.2015.4270

41 Guo, L., Zheng, P, Fan, H., Wang, H., Xu, W. and Zhou, W. (2017) Ultrasound reverses chemo-resistance in breast cancer stem cell-like cells by altering
abcg?2 expression. Biosci. Rep. 37, BSR20171137, https://doi.org/10.1042/BSR20171137

42 Haber, T., Baruch, L. and Machluf, M. (2017) Ultrasound-mediated mesenchymal stem cells transfection as a targeted cancer therapy platform. Sci.
Rep. 7, 42046, https://doi.org/10.1038/srep42046

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

2202 YoieN L0 uo 3sanb Aq jpd-zz60-81.02-154/21001.8/22608 1 02HSE/S/8€/HPd-a[oNe/da.10s01q/Wod ssaidpuepiod)/:dpy woly papeojumoq


https://doi.org/10.7150/thno.13033
https://doi.org/10.1016/j.addr.2008.03.011
https://doi.org/10.1016/j.nano.2015.12.361
https://doi.org/10.1111/IGC.0b013e3181c5ddfa
https://doi.org/10.1002/cam4.840
https://doi.org/10.1007/s13277-016-5082-2
https://doi.org/10.1016/j.jconrel.2015.02.018
https://doi.org/10.3892/or.2015.4270
https://doi.org/10.1042/BSR20171137
https://doi.org/10.1038/srep42046

