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Ultrasound targeted microbubble destruction-mediated SOCS3 attenuates
biological characteristics and epithelial-mesenchymal transition (EMT) of breast
cancer stem cells

Xiaojiang Tang @, Na Hao, Yuhui Zhou, and Yang Liu

Department of Breast Surgery, The First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China

ABSTRACT

SOCS3 is low-expressed in breast cancer and may be a potential target. Ultrasound targeted
microbubble destruction (UTMD) improved the efficiency of gene transfection. We explored the
effects of UTMD-mediated transfection of SOCS3 on the biological characteristics and epithelial-
mesenchymal transition (EMT) of breast cancer stem cells (BCSCs). The expression of SOCS3 in
breast cancer (BC) and its association with prognosis were evaluated by GEPIA and The Cancer
Genome Atlas (TCGA) websites. BCSCs were sorted by flow cytometry and immunomagnetic bead
method, followed by sphere formation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and xenograft assays to test their effects in vitro and in vivo. The levels of SOCS3, EMT-
and STAT3 pathway-related genes were determined by RT-qPCR and Western blot, respectively.
The effects of liposome and UTMD on BCSCs and mice were compared by the gain-of-function
experiments. Low expression of SOCS3 was associated with poor prognosis of BC patients, and
found in BC and BCSCs. BCSCs were successfully sorted, with high viability and tumorigenicity.
UTMD increased the transfection rate of SOCS3. Moreover, UTMD- and liposome-mediated SOCS3
reduced cell viability, proliferation, migration and invasion, blocked cell cycle, inhibited sphere
formation in BCSCs, and retarded tumor growth in mice. Mechanistically, overexpressed SOCS3
inhibited the expressions of EMT-related genes and the activation of STAT3 pathway in BCSCs and
mice. The regulatory effects of UTMD-mediated SOCS3 on the above-mentioned biological
characteristics were better than liposome-mediated SOCS3. UTMD-mediated SOCS3 has a better
therapeutic effect in BC, providing new experimental evidence for the treatment of BC.
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Introduction disease [2]. At present, the incidence of breast

Breast cancer has been reported as the most pre-
valent malignant tumor in women, accounting for
11.6% of all cancer-related deaths [1]. In 2012,
almost 1.7 million people were diagnosed globally
and about 50 thousands of people died from this

cancer worldwide is increasing at a rate of 3%
per year, and this disease is becoming more pre-
valent among a younger age group [3]. In addition,
about 30% of breast cancer patients will relapse
and metastasize in spite of early treatment [4]. The
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effective rate and long-term survival rate of breast
cancer treatment are extremely poor [5], the rea-
son of which lies in that the mechanism concern-
ing the occurrence and development of breast
cancer is not clear. Additionally, the known infor-
mation is not adequate enough to explain the
specific biological characteristics of breast cancer
and the molecular signaling pathways involved [6].
Therefore, an in-depth study on the mechanism
implicated in the occurrence and development of
breast cancer is significant so as to come up with
new ideas and methods for the targeted therapy of
breast cancer.

Cancer stem cells (CSCs) are considered to be
a group of stem cell-like cells that exist in a very
small proportion of tumors, with high tumorigeni-
city, expression of specific markers, self-renewal
and other biological characteristics [7,8]. The pre-
sence of breast cancer stem cells (BCSCs) enhances
the proliferation, invasion and metastasis of breast
cancer [9]. BCSCs could be recognized by activities
of CSC markers (CD44"/CD24" and enzyme alde-
hyde  dehydrogenase  (ALDH")) [10,11].
A previous study has reported that BCSCs with
both these CSC markers could show the greatest
tumor-initiating capacity [12]. Additionally, breast
cancers can be subdivided into luminal breast
cancers, HER2" breast cancers, and basal breast
cancers with triple negative (TNBC). The common
gene expression profiles in BCSCs across molecu-
lar subtypes of breast cancer have been evidenced,
indicating that agents targeting BCSCs may have
utility across molecular subtypes of breast cancer
[13]. In comparison with other breast cancer sub-
types, the enrichment of CSCs in combination
with the aggressive nature of TNBC, may contri-
bute to the poor prognosis of TNBC patients [14].
At the same time, BCSCs are usually resistant to
conventional chemotherapy and are considered to
account for the failure in the treatment [15].
Therefore, how to eradicate CSCs has become
a hot topic for scholars.

Existing data suggest that Janus kinase (JAK)/
activator of transcription (STAT) signaling path-
way and the process of epithelial-mesenchymal
transition (EMT) are closely related to the occur-
rence of tumors [16,17]. The activity of JAK/STAT
signaling pathway can be inhibited by SOCS pro-
tein family [18]. SOCS3 is one of the most active
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members of the SOCS family and the most impor-
tant inhibitor in the STAT signal transduction
pathway [19]. Analysis of human patient genome
database reports that the expression of SOCS3 is
positive prognostic marker of breast cancer [20].
SOCS3 also participates in the development and
metastasis of breast cancer [21-23]. Besides, it has
been reported that anti-miR-203 represses growth
and stemness of estrogen receptor (ER)-positive
luminal breast cancer cells via targeting SOCS3
[24]. The activation of STAT3 is essential for the
induction and maintenance of TNBC stem cell
[25]. In addition, with the rapid development of
molecular biology and genetic engineering, gene
therapy is very likely to become a new therapeutic
method for humans to conquer many diseases
difficult to cure and malignant tumors [26].
Ultrasound targeted microbubble destruction
(UTMD), as a new type of gene delivery method
and targeted drug delivery system, can be com-
bined with RNA interference technology and
acoustic pulse ultrasound to effectively improve
the efficiency and targeting of transfected genes
into cells [27,28]. During UTMD, the gene is inte-
grated into a microbubble and then locally
released at the targeted tissue by ultrasound trig-
gering [29]. The destruction of microbubble by
ultrasound triggering induces an increase in capil-
lary permeability and induces irreversible holes in
the membranes of target cells, which helps
improve the transference of gene into the nucleus
and promotes the expression and transfection of
the interested gene [30]. Additionally, UTMD has
shown great potential in cancer immunotherapy as
aiding method [31], which is expected to become
an efficient, safe, and targeted method for both
gene transfection and gene therapy [29].

Based on the reports above, we hypothesize that
SOCS3-mediated EMT process of breast cancer
may be associated with JAK/STAT signaling path-
way, and that UTMD-mediated SOCS3 may
enhance the effects of SOCS3 in breast cancer
cells. Therefore, the aim of this study was to
explore the effects and mechanism of UTMD-
mediated transfection of SOCS3 on the biological
characteristics and EMT as well as the tumorigenic
ability of BCSCs. The goal of this work is to
investigate the feasibility of UTMD-mediated
SOCS3 therapy on breast cancer.
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Materials and methods
Ethics statement and animals

All animal experiments were executed in accor-
dance with the guidelines of the China Council
on Animal Care and Use. The experiments with
animals had been reviewed by the Institutional
Animal Care and Use Committee of Nanfang
Hospital (BD201910029). Food and water were
provided ad libitum, and every effort was made
to minimize any pain or discomfort to the
animals.

Sixty-six female BALB/c nude mice (4-6 weeks
old, 18-20 g) were obtained from Jiangsu ALF
Biotechnology Co., LTD. (China) and raised in
SPE-level animal laboratory. The conditions of
feeding were adjusted to constant temperature
(22-25°C) and humidity (55 + 5%), and the food
and water used were sterilized.

Bioinformatics assay

Based on the GEPIA (http://gepia.cancer-pku.cn/
index.html) website, we analyzed and evaluated
the expression of SOCS3 in the database of The
Cancer Genome Atlas (TCGA)-BRCA (Breast
Invasive Carcinoma, including 1085 tumor sam-
ples and 291 normal samples) (https://www.can
cer.gov/) and the impact of SOCS3 expression on
the survival of patients with breast cancer using
Kaplan-Meier survival analysis. To construct the
survival curve, patients were divided into two
groups according to the median expression level
of SOCS3.

Isolation and identification of BCSCs

The human breast cancer cell line (MCE-7) is
a breast cancer-derived cell line widely used to
study breast cancer. MCF-7 cell line (CRL-3435,
American Type Culture Collection, USA) was
adopted for our study and cultured in DMEM/
F12 medium (ATCC, 30-2006) containing 10%
fetal bovine serum (FBS, ATCC, 30-2021) and
100 U/ml penicillin-streptomycin (ATCC, 30-
2300) at 37°C, 5% CO, in an incubator
(SCO6WE-2, SHELLAB, USA). The cells were
detached using a mixture of EDTA and trypsin
(T4049, Sigma-Aldrich, USA) to prepare a single

cell suspension. For stem-like characteristics of
the cells, 4 x 10* cells per well were seeded in an
ultra-low adhesion 6-well culture plate (3471,
Corning, USA) with DMEM/F12 serum-free cul-
ture medium (SFM) containing 20 ug/L EGF
(SRP3027, Sigma-Aldrich), 20 pg/L b-FGF (450-
33, Peprotech, USA) and 2% B27 (17504044,
Gibco, USA). The cells were collected after 7-
10 days.

CD44"CD24 BCSCs were sorted by fluorescence
activated cell sorting (FACS) using a FACS Calibur
flow cytometer (BD Biosciences, San Jose, CA, USA)
or sorted by magnetic activated cell sorting (MACS).
For FACS [32], fluorescence-labeled antibodies
against CD44 (PE, ab269300, Abcam, UK) and
CD24 (FITC, ab30350) were added to the cells and
incubated for 30 minutes (min) in the dark, and
cells were then sorted by a flow cytometer to collect
CD44"CD24~ BCSCs and the rest of the non-stem
cell population cells (non-BCSCs). For both FACS
and flow cytometry analysis, gates were established
and fluorescent compensation performed using sin-
gle color stained samples and unstained control. All
FACS data were analyzed by postcollection compen-
sation with FowJo vv10.0.4 software (Tree Star Inc,
Ashland, OR, USA).

For MACS, 10 pg of primary antibody of CD24
(ab202073) was added to the cell suspension and
incubated at 4°C for 30 min. 40 pl of IgG immu-
nomagnetic beads (130-095-951, Miltenyi Biotec)
were added to the resuspended cells, followed by
the mixture and incubation at 4°C for 30 min in
the dark. 500 pl of cell suspension was poured into
the sorting column (LS magnetic columns (130-
042-401, Miltenyi Biotec in a MidiMACS
Separator (130-042-302, Miltenyi Biotec) on the
sorting rack to collect CD24" cells. Subsequently,
the cells were added with 10 ug of primary anti-
body against CD44 (ab189524) and incubated at
4°C for 30 min. 40 pl of IgG immunomagnetic
beads (130-095-194, Miltenyi Biotec) were added
to the resuspended cells, mixed, and incubated at
4°C for 30 min. The new sorting column was put
into the sorting rack, where 500 ul of cell suspen-
sion was poured to collect CD44"CD24" cells.

The fresh isolated cells were collected and cul-
tured in the SFM. A testing diagram is presented
in Supplementary Figure S1 to illustrate the
experimental design.
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Sphere formation experiment

Differently sorted cell populations were collected
and seeded in ultra-low adhesion 6-well plates at
5000 cells/well, and 4 pg/ml heparin and 0.48 pg/
ml hydrocortisone were added to MammoCult
complete medium (05620, STEMCELL
Technologies, Canada) and cells were cultured
for 7-10 days. Mammary spheres with a diameter
larger than 60 um were observed and counted with
an inverted microscope (ECLIPSE Ts2, Nikon,
Japan) (magnificationx200).

Cell viability assay

MTT assay kit was used for determining the via-
bility of the BCSCs. BCSCs were seeded in 96-well
plates containing SFM for 24, 48 or 72 h. Then
MTT reagents (10 ul) were added and cells were
further cultured for 4 h, following which 110 pl of
formazan solution were added for a 10-min incu-
bation. Thereafter, the OD value at an absorbance
of 490 nm was read by a SpectraMax5 microplate
reader (Molecular Devices, USA).

Transfection

The recombinant plasmid for SOCS3 overexpres-
sion (SOCS3, C05003) and its negative control
(NC, A06001) were obtained from Shanghai
GenePharma Company (China). The BCSCs were
randomly divided into 5 groups: Control, liposome
(LIP)-NC, LIP-SOCS3, UTMD-NC, and UTMD-
SOCS3 groups. Control group: cells were cultured
routinely; LIP-NC group: cells were transfected
with liposome-mediated NC plasmid (1 pg plas-
mid + 2 pl Lipofectamine 2000 (11668019,
Invitrogen, USA)); LIP-SOCS3 group: cells were
transfected with liposome-mediated SOCS3 over-
expression plasmid; UTMD-NC group: cells were
transfected with UTMD-mediated NC plasmid;
UTMD-SOCS3 group: cells were transfected with
UTMD-mediated SOCS3 overexpression plasmid.
Ultrasound contrast agent SonoVue was pur-
chased from Bracco (Italy). After preheating for
30 min with the ultrasonic therapy device
(Microwave25P, Fysiomed, Belgium), the cells of
the UTMD group were subjected to ultrasonic
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treatment (frequency: 1 MHz, intensity: 0.75 W/
cm?, time: 45 seconds (s)) [33].

Cell cycle assay

The cell cycle of BCSCs in each group was
detected with DNA Content Quantitation Assay
(Cell Cycle) (CA1510, Solarbio, China). The
BCSCs of each group were made into single cell
suspension (1 x 10° cells/ml), then centrifuged to
remove the supernatant and fixed with 70% pre-
cooled ethanol for 2 h. BCSCs were subsequently
resuspended in a water bath at 37°C for 30 min.
Then, 400 pl of PI staining solution was added to
the mix, which was incubated at 4°C for 30 min in
the dark. A flow cytometer was used for the detec-
tion and recording.

Colony formation assay

BCSCs (1 x 10° cells/well) were seeded in 6-well
culture plates and cultured for about 2 weeks.
Afterward, the colonies formed were fixed with
4% paraformaldehyde (158,127, Sigma-Aldrich,
USA), and stained with 0.1% crystal violet
(C8470, Solarbio, China), followed by the calcula-
tion and analysis using Olympus IX73 microscope
(Olympus, Japan).

Wound healing assay

The suspensions of BCSCs (about 1 x 10° cells/
well) were seeded in 6-well plates and cultured.
After BCSCs reached a confluence of 90%, a 200 pl
pipette tip was used to scratch the cell layers to
form wounded gaps. After 24 h of culture, the
wounded gaps in cells of each group were photo-
graphed and calculated with Japan Nikon
ECLIPSE Ts2 microscope (magnification x 100)
and Adobe Illustrator software (USA).

Transwell assay

The invasion ability of BCSCs was assessed by
Transwell assay using Transwell chamber (3422,
Corning, USA) covered with Matrigel (354230,
BD, USA). The suspension of BCSCs (1 x 10°
cells/ml) in serum-free medium was added to the
upper chamber, while the medium containing 10%
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FBS was put into the lower chamber. After being
cultured 24 h, the invading cells were fixed with
4% paraformaldehyde, and stained with 0.1% crys-
tal violet, and photographed under a microscope
(magnification x 250).

RNA isolation and RT-qPCR

Total RNA of BCSCs or tumor tissues of mice was
extracted with RNA Extraction Kit (R1200,
Solarbio, China). Its integrity was detected by
agarose gel and its quantity was determined in
NanoDrop-1000  spectrophotometer  (Thermo
Scientific, Wilmington, DE, USA). The RNA was
reverse-transcribed to cDNA with a RT-PCR kit
(KR123, TIANGEN, China). The SuperReal
PreMix Plus (FP205, TTANGEN, China) was uti-
lized for the conduction of RT-qPCR in ABI Prism
7500 HT detection system (Applied Biosystems,
China). The expression of RNA was quantified
by the 2722t method [11] and normalized to
GAPDH. All the sequences of primers were listed
as follows (5-3°). SOCS3: CCTGCGCCTCAA
GACCTTC, GTCACTGCGCTCCAGTAGAA; GA
PDH: GCACCGTCAAGGCTGAGAAC, TGGTG
AAGACGCCAGTGGA; E-Cadherin: CGAGAG
CTACACGTTCACGG, GGGTGTCGAGGGAA
AAATAGG; Vimentin: GACGCCATCAACACCG
AGTT, CTTTGTCGTTGGTTAGCTGGT; N-Ca
dherin: TTTGATGGAGGTCTCCTAACACC, AC
GTTTAACACGTTGGAAATGTG. For mice, the
sequences of primers were additionally listed as
follows (5-3"). SOCS3: ATGGTCACCCACA
GCAAGTTT,TCCAGTAGAATCCGCTCTCCT;
GAPDH: AGGTCGGTGTGAACGGATTTG, TGT
AGACCATGTAGTTGAGGTCA. The sequences
of primers were obtained from PrimerBank
(https://pga.mgh.harvard.edu/primerbank).

Western blot

Total protein in BCSCs or tumor tissues of mice
was extracted with a total protein extraction kit
(BC3711, Solarbio, China) and quantified with
BCA kit (P0011, Beyotime, China). Proteins were
detached by 12% SDS-PAGE gel, transferred onto
the PVDF membrane (160-0184, Bio-Rad, USA)
and blocked for 2 hours (h). Later, the sealed
membranes were separately probed with primary

antibodies and secondary antibodies. The primary
antibodies used here including those against
SOCS3 (ab3693, 1 ug/ml, 27 kDa), E-cadherin
(ab1416, 1/50, 110 kDa), Vimentin (ab92547, 1/
1000, 54 kDa), N-Cadherin (ab18203, 1 pg/ml, 130
kDa), p-STAT3 (ab76315, 1/2000, 88 kDa), STAT3
(ab119352, 1/5000, 88 kDa), cyclin D1 (ab134175,
1/10,000, 34 kDa), PCNA (ab92552, 1/1000, 29
kDa), GAPDH (ab181602, 1/10,000, 36 kDa), and
the secondary antibodies were those against rabbit
IgG (ab205718) and mouse IgG (ab205719).
Afterward, BeyoECL Plus (P0018M, Beyotime)
was employed for the visualization and exposure.
The images were quantified by Image] software
(http://imagej.nih.gov/ij/).(The expressions of pro-
teins were normalized to GAPDH.

Tumorigenesis assay

Animal experiments were divided into two parts.

For the first part [28], MCEF-7 cells, non-BCSCs
and BCSCs were resuspended into the suspension
at the concentration of 1 x 10° cells/200 pl or
1 x 10* cells/200 pl for use. BALB/c nude mice
were randomly divided into 3 groups (n = 6 for
each group), and 1 x 10> or 1 x 10* cells were
inoculated into the subcutaneous tissues of both
hind limbs of BALB/c nude mice. The tumor for-
mation of the BALB/c nude mice was observed
every other day. Six weeks later, the BALB/c
nude mice were deeply anesthetized by sodium
pentobarbital [150 mg/kg, intraperitoneal injec-
tion, (B5646-50 mg, ApexBio, USA)] and sacri-
ficed by cervical dislocation.

In the second part, the BCSCs of each group
were collected after transfection and made into
a cell suspension of 2 x 10° cells/ml. BALB/c
nude mice were randomly divided into 5 groups
(n = 6 for each group), and 200 ul of cell suspen-
sion were slowly injected subcutaneously. The
tumor formation under the skin of BALB/c nude
mice was observed every other day, and the length
and width of the tumor were recorded with vernier
calipers at 0, 15, 19, 27, and 35 days. After 35 days,
the BALB/c nude mice were anesthetized with
sodium pentobarbital and sacrificed by cervical
dislocation. The transplanted tumor was carefully
peeled off, the weight of which was calculated and
the photo of which was taken and recorded. The
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tumor samples were quickly frozen for subsequent
analyses with RT-qPCR and Western blot.

Data analysis

The statistical data were expressed by the mean
+ SD from at least three experiments and ana-
lyzed using Graphpad prism 8.0. Kolmogorov-
Smirnov test was used to verify normality. The
one-way analysis of variance (ANOVA) or two-
way ANOVA was used for the comparison,
followed by the Tukey multiple-comparison
test. P < 0.05 was considered as statistically
significant.

Results

SOCS3 may be a potential target in breast can-
cer, and UTMD improved the efficiency of gene
transfection. We hypothesize that SOCS3-
mediated EMT process of breast cancer may be
associated with JAK/STAT signaling pathway,
and UTMD-mediated SOCS3 may enhance the
effects of SOCS3. The goal of this work is to
investigate the feasibility of UTMD-mediated
SOCS3 therapy on breast cancer. This work
showed that UTMD-mediated SOCS3 attenuated
biological characteristics and EMT of BCSCs and
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liposome-mediated SOCS3, which was related
to JAK/STAT signaling pathway.

The expression of SOCS3 in breast cancer and its
relationship with prognosis

Based on the GEPIA website, we analyzed and eval-
uated the SOCS3 expression in the TCGA-BRCA
database and the impact of SOCS3 expression on
the survival of patients with breast cancer. The
results showed that low expression of SOCS3 was
significantly associated with the poor prognosis of
patients with breast cancer (P = 0.0074, Figure 1(a)).
Meanwhile, when compared with the normal group,
SOCS3 was evidently lower expressed in samples of
BRCA (P < 0.05, Figure 1(b)).

Identification and biological characteristics of
BCSCs

Next, we used FACS and MACS to sort out
CD44"CD24™ BCSCs and non-BCSCs (Figure 2
(a)). There were sorted BCSCs with 12.1% pur-
ity. No significant difference was found in the
spheroidization rate of BCSCs obtained by the
two sorting methods, but they were significantly
higher than MCF-7 cells (magnification x 200,
Figure 2(b)). Subsequently, we detected the

tumorigenic ability of breast cancer than  expression of SOCS3 in MCF-7 cells, non-
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Figure 1. The expression of SOCS3 in breast cancer and its association with prognosis of patients with breast cancer. (a-b) Based on
the GEPIA (http://gepia.cancer-pku.cn/index.html) website, we analyzed and evaluated the expression of SOCS3 in the TCGA-BRCA
database (Breast Invasive Carcinoma, including 1085 tumor samples and 291 normal samples). (a) The impact of SOCS3 expression
on the survival of patients with breast cancer. (b) The different expression of SOCS3 in BRCA and normal samples of people.

*P < 0.05 vs. T. T, tumor samples in BRCA. N, normal samples.
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Figure 2. The isolation of breast cancer stem cell and the detection of biological characteristics. (a) Flow cytometry was used to sort
CD44+/CD24- breast cancer stem cells (BCSCs). (b) The formation of mammary glands of MCF-7 cells and sorted BCSCs was
measured by sphere formation assay (magnification x 200). (c-e) The expression of SOCS3 in MCF-7 cells, non-BCSCs and BCSCs were
measured by RT-gPCR and Western blot, respectively. Each experiment was repeated three times independently. RT-qPCR: Real-time
quantitative PCR. GAPDH was set as control. (f) MTT assay was constructed to detect the viability of each group of cells at 24 h, 48 h,
72 h. (g) The nude mouse tumor xenotransplantation experiment was used to detect the tumorigenic ability of cells in each group of

within nude mice. "P < 0.05, """

BCSCs and BCSCs and found that the expres-
sion of SOCS3 in BCSCs was significantly lower
than those in MCF-7 cells and non-BCSCs
(P < 0.001, Figure 2(c-e)). In addition, we ver-
ified the cell viability of different cells and their
effects on the tumorigenicity in BALB/c nude

P < 0.001 vs. MCF-7; *P < 0.05, ***P < 0.001 vs. non-BCSCs.

mice. It was found that the viability of BCSCs
was significantly higher than that of MCF-7 cells
and non-BCSCs, and the tumorigenicity of
BCSCs in BALB/c nude mice was significantly
higher than that of MCF-7 cells and non-BCSCs
(P < 0.05, Figure 2(f,g)).



Effects of SOCS3 transfection with liposomes and
UTMD on the biological characteristics of BCSCs

UTMD is a novel gene delivery method and
targeted drug delivery system, while liposome
transfection is a conventional method of trans-
fection. We found that the transfection of both
UTMD and lipoplasmid can successfully up-
regulate the expression of SOCS3, and the trans-
fection of SOCS3 overexpression vector using
UTMD significantly promotes the expression of
SOCS3, the effects of which were better than the
transfection using liposome (P < 0.01, Figure 3
(a-c)). Compared with their respective control
groups, the viability of cells in UTMD-SOCS3
and LIP-SOCS3 groups were significantly
reduced, and the inhibitory effect of UTMD-
SOCS3 on cell viability was obviously stronger
than that of LIP-SOCS3 (P < 0.01, Figure 3(d)).

Subsequently, we found that the GO/G1 phase of
cells in UTMD-SOCS3 and LIP-SOCS3 groups was
prolonged, while the S and G2 phases were shor-
tened, in addition to the discovery where the regu-
latory effect of UTMD-SOCS3 was significantly
better than that of LIP-SOCS3 (P < 0.05, Figure 3
(e-f)). The number and size of tumor spheres in
UTMD-SOCS3 and LIP-SOCS3 groups were signif-
icantly reduced, and UTMD-SOCS3 posed higher
inhibitory effects on the sphere formation of BCSCs
than LIP-SOCS3 group (P < 0.05, Figure 3(g-i)).
Additionally, the cell proliferation, migration and
invasion abilities of cells in UTMD-SOCS3 and LIP-
SOCS3 groups were significantly reduced, and the
inhibitory effects of UTMD-SOCS3 on the above-
mentioned biological characteristics were evidently
stronger than those of LIP-SOCS3 (P < 0.001,
Figure 4(a-f)). The data indicated that both UTMD
and liposome can transfect the plasmids promoting
SOCS3 into cells and thereby inhibited the stemness,
growth, migration, invasion of BCSCs, and the
transfection using the method of UTMD was more
efficient.

Effects of SOCS3 transfection with liposomes or
UTMD on the expressions of EMT- and STAT3
pathway-related genes in BCSCs

In order to unveil the mechanism with regards to
the effects of SOCS3 and the two transfection
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methods on BCSCs, we quantified the expressions
of EMT- and STAT3 pathway-related genes. It was
found that both UTMD-SOCS3 and LIP-SOCS3
could significantly inhibit the expressions of EMT-
related genes Vimentin and N-Cadherin yet pro-
mote the expression of E-Cadherin, in addition to
the discovery suggesting that the regulatory effects
of UTMD-SOCS3 were significantly greater than
those of LIP-SOCS3 (P < 0.01, Figure 5(a-c)).
Simultaneously, both UTMD-SOCS3 and LIP-
SOCS3 effectively reduced the phosphorylation of
STAT3 in cells, as well as the decreased expres-
sions of c-Myc, CyclinD1 and PCNA, where we
confirmed that the stronger inhibitory effects of
UTMD-SOCS3 on the activation of STAT3 path-
way as compared to LIP-SOCS3 (P < 0.05,
Figure 5(d-f)).

The effect of liposomes- or UTMD-mediated
transfection of SOCS3 in vivo

A nude mice subcutaneous tumor xenograft model
was constructed to determine the effect of SOCS3
on the tumor growth in mice. As shown in Figure 6
(a-c), the tumor volume and weight of mice in the
UTMD-SOCS3 and the LIP-SOCS3 groups were
both suppressed, and a greater inhibitory effect
was evidenced in mice of the UTMD-SOCS3
group when compared to that of LIP-SOCS3 group
(P < 0.001). Similarly, the promotive effect of
UTMD-SOCS3 on the expression of SOCS3 was
significantly greater than that of LIP-SOCS3
(P < 0.001, Figure 6(d-f)). Mechanistically, we
detected EMT- and STAT3 pathway-related genes
in tumor tissues of mice and found that the results
are consistent with experiments in vitro. Both
UTMD-SOCS3 and LIP-SOCS3 significantly inhib-
ited the expressions of Vimentin, N-Cadherin,
c-Myc, CyclinD1 and PCNA as well as the phos-
phorylation of STAT3, while facilitating the expres-
sion of E-Cadherin. Furthermore, UTMD-SOCS3
posed a higher regulatory effect on EMT- and
STAT3 pathway-related genes than LIP-SOCS3 in
tumor tissues of mice (P < 0.05, Figure 7(a-f)).

Discussion

Multiple studies have indicated that BCSCs have
self-renewal,  multi-directional  differentiation
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2000) or ultrasound microbubbles (ultrasound radiation conditions: 1 MHz, 0.75 W/cm, 45 s). (a-c) RT-qPCR and Western blot were used to
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BIOENGINEERED 3905

150

-

[3]]

o
1

3 150

100
dekk
50 #itt
AAA
0-

S C H © D
o&\?'\;oc’éo'\;oc’
VTS O
SRR

Relative colony numbers (%)
Relative migration rates (%)

Relative invasion rates (%

Control LIP-NC LIP-SOCS3 UTMD-NC UTMD-SOCS3

UTMD-SOCS3

Control LIP-NC LIP-SOCS3 UTMD-NC

0h

24h

Control LIP-NC LIP-SOCS3 UTMD-NC UTMD-SOCS3

250

Figure 4. The effects of liposome and UTMD transfection of SOCS3 on the proliferation, migration and invasion of BCSCs. (a-c) The
histogram represented the clones, migration and invasion rates of cells in the control, LIP-NC, LIP-SOCS3, UTMD-NC, UTMD-SOCS3
groups. (d) The clone formation of each group was evaluated by the clone formation assay. (e) The change of cell migration ability in
each group was detected by wound healing assay (magnification x 100). (f) Transwell assay was performed to detect the invasion
ability of cells in each group (magnification x 250). ***P < 0.001 vs. LIP-NC; “""P < 0.001 vs. UTMD-NC; **P < 0.001 vs. LIP-SOCS3.



3906 X. TANG ET AL.

a & 06.?" b == Control mm LIP-NC mm LIP-SOCS3 (o] == Control mm LIP-NC mm LIP-SOCS3
N & O P == UTMD-NC mm UTMD-SOCS3 == UTMD-NC mm UTMD-SOCS3
C L L Q¢ 5+ # 4-
& ¥ o & & Xan 5 #t
< \>Q \>Q \5« 6\ § '% AAA
E-Cadherin| .. . w == = |(110 kDa) 344 g
=0 x
" . £ < 34 o
Vlment|n| -— g o= @e —|(54 kDa) & S g
5§ 2- &
N-Cadherin|- R —— |(130 kDa) 25 e
® o 14 2
GAPDHI--.--l (36 kDa) g 3
E-Cadherin Vimentin N-Cadherin E-Cadherin Vimentin N-Cadherin
&
d o & e m= Control LIP-NC mm LIP-SOCS3 f
N (JG" éo 5_)0 mm UTMD-NC mm UTMD-SOCS3
&© §° ,60 é9’ éo'
SIS z ¥ 1.5+
[=]
p-STAT3[ # @ == wm» — |(88kDa) e o =
R
N e y—— ) g210 =107
52 Rl
C-Myc | == e w men | (49 kDa) g 7 E -
CyclinD1| e e www s == | (34 kDa) 2 5 0.5 2 0.5 =
T o
PCNAl — — — — _.|(29kDa) é oo

GAPDHI — —--—I (36 kDa)

p-STAT3

STAT3 c-Myc CyclinD1 PCNA o

Figure 5. Effects of SOCS3 transfection with liposomes or UTMD on the expressions of EMT- and STAT3 pathway-related genes in
BCSCs. (a-e) Effects concerning the transfection of SOCS3 into BCSCs with liposomes and UTMD on EMT-related molecules
(E-Cadherin, N-Cadherin, Vimentin) and STAT3 pathway-related molecules (STAT3, CyclinD1, PCNA) were detected by RT-gPCR and
Western blot as needed. Each experiment was repeated three times independently. GAPDH was set as control. *P < 0.05,

AAN

**¥P < 0.001 vs. LIP-NG

potential and high tumorigenicity [15]. As BCSCs
are closely related to tumor occurrence, invasion
and metastasis, recurrence and resistance after
treatment, people have gradually dedicated to pro-
posing viable method to eradicate BCSCs and
understanding their related biological characteris-
tics [9]. So far, the roles of SOCS3 or UTMD alone
in breast cancer have been studied individually by
scholars, but the combination of these two in
breast cancer, BCSCs in particular, has not been
discovered and addressed [21,34-36]. In this
study, it was reported, for the first time, that
UTMD-mediated SOCS3 might attenuate the
malignant biological progression of BCSCs by
inhibiting the activation of the STAT3 pathway.
CSCs can be identified by the cell surface mar-
kers they express [7]. For example, Al-Hajj et al.
discovered and isolated BCSCs in breast cancer
specimens for the first time, and suggested that
BCSCs have the characteristics of CD44"CD24~
[37]. In this experiment, two sorting methods,
namely, FACS and MACS, were used to sort
BCSCs with CD44"CD24™ as surface markers as
well. Both sorting methods were able to sort

P < 0.001 vs. UTMD-NG; P < 0.01, *#P < 0.001 vs. LIP-SOCS3.

BCSCs successfully, and high sphere formation
rates were depicted. Furthermore, SOCS3 has
lower expression in BCSCs, higher cell viability
and tumorigenesis of which are evidenced, not
only proving that BCSCs have high tumorigenicity
and strong self-renewal ability, but also implying
that the silence of SOCS3 may promote the tumor-
igenesis of breast cancer.

UTMD is currently one of the most promising
non-viral gene transfection methods [38]. Its prin-
ciple of action is to use a specific frequency of
ultrasound irradiation at a specific site to rupture
the microbubbles that reach that site, which
increases permeability and makes it easier for for-
eign substances to enter the target cells and
achieve the purpose of targeted therapy [39]. For
example, Liao et al. pointed out that UTMD-
mediated transfection of HIF-la shRNA can sig-
nificantly silence HIF-1a and successfully inhibit
tumor growth in rats with liver cancer [40]. Zhao
et al. found that UTMD enhanced the local accu-
mulation of FOXA1 and showed an excellent ther-
apeutic effect on ER-positive breast cancer [41]. It
was demonstrated in our study that the efficiency
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Figure 6. UTMD-mediated SOCS3 showed higher inhibition on tumor growth of BC mice than liposome-mediated SOCS3. (a-c) The
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Each experiment was repeated three times independently. GAPDH was set as the control. ***P < 0.001 vs. LIP-NG;

UTMD-NG; *#p < 0.001 vs. LIP-SOCS3.

of UTMD-mediated transfection of SOCS3 into
BCSCs was significantly higher than that mediated
by liposome. In addition, when compared to the
liposome-mediated SOCS3, the effects of UTMD-
mediated SOCS3 on the biological functions of
BCSCs are significantly better.

SOCS3 is an important regulatory molecule
that regulates many cytokine signals in the
body, and plays an important role in many
physiological regulation processes [42]. SOCS3
attenuates tumor growth in lung cancer xeno-
graft models, and inhibits the proliferation and
malignant transformation of lung adenocarci-
noma cells in vitro [43]. The expression of
SOCS3 is reduced, and the high expression of
SOCS3 induces cell apoptosis and reduces cell

AAN

P < 0.001 vs.

proliferation in pancreatic cancer [44], the
results of which are similar to those we pro-
posed in our study [44]. Specifically, we also
found that SOCS3 is lower-expressed in
BCSCs, and the high expression of SOCS3
causes cell cycle arrest, inhibits the viability of
BCSCs, andreduces the sphere formation and
malignant EMT.

SOCSs are induced by STATSs, and in turn, SOCSs
inhibit the cascade of JAK/STAT signaling [45,46].
SOCS3 overexpression inhibits the activity of JAK-
STATS3 signaling pathway in breast cancer cells, inhi-
bits cell proliferation, and improves the sensitivity to
ADM-induced apoptosis [47]. Similarly, in this study,
we found that the overexpression of SOCS3 inhibited
the activation of the STAT3 pathway in BCSCs and
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was set as control. *P < 0.05, **P < 0.01, ***P < 0.001 vs. LIP-NC;

LIP-SOCS3.

mice. The mechanism implicated in the action of
SOCS3 may be associated with the usage of the SH2
domain, which is similar to STAT, to compete for the
binding to the phosphorylated Tyr site in the cytoplas-
mic region of the cytokine receptor, thereby prevent-
ing the activation of the transcription factor STAT.
Additionally, approximately two-thirds of all breast
cancers diagnosed are classified as hormone-
dependent, and growth hormone plays a significant
role in the development, progression, and metastasis
of breast cancer [48]. The previous studies have shown
the regulatory effect of SOCS3 on hormone signaling
[49,50]. Barclay et al. [51] showed the complexity of
SOCS3 regulation and crosstalk in T47D cells in
response to prolactin, a key mammotropic hormone.
A gut-derived hormone, glucose-dependent insulino-
tropic polypeptide (GIP) increased proinflammatory-
related factors such as SOCS3 in the hypothalamus
[52]. These reports also indicated the important role of
SOCS3 in hormone-dependent breast cancer.
However, further mechanism implicated required to
be further investigated.

AYAYA

P < 0.001 vs. UTMD-NC; *P < 0.05, *P < 0.01, *#P < 0.001 vs.

Conclusion

Taken together, we compared the effects of lipo-
some- and UTMD-mediated SOCS3 on the pro-
liferation, migration, and EMT of BCSCs. Then,
further experiments in vivo were conducted to
test the effects of the two methods on the xeno-
graft formation using BCSCs. Finally, we pro-
pose that UTMD-mediated SOCS3 has a better
therapeutic effect, and these results may provide
new experimental evidence for the treatment of
breast cancer.

Highlights

e High viability and tumorigenicity were evi-
denced in BCSCs.

e Under the mediation of UTMD and lipo-
some, SOCS3 attenuates biological charac-
teristics and EMT of BCSCs.

e The regulatory effects of UTMD-mediated
SOCS3 were better than liposome-mediated
SOCS3.
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