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Migration and invasion of cancer stem
cells are prevented by low-intensity pulsed
ultrasound therapy
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Abstract

Background Ultrasound is considered a safe and non-invasive tool in regenerative medicine. In particular, low-
intensity pulsed ultrasound (LIPUS) has been used in the clinic for more than twenty years for applications in bone
healing. It has been demonstrated to be an effective tool to treat different chronic diseases. We sought to evaluate the
effects produced by LIPUS on the properties of human breast cancer stem cells (bCSCs).

Methods Cells were stimulated using a traditional ultrasound device with the following parameters: 0.05 W/cm? with
10% duty cycle, frequency of 3 MHz and 8 pulses.

Results At the parameters used, the ultrasound did not directly affect bCSC proliferation, with no evident changes in
morphology. In contrast, the ultrasound protocol affected the migration and invasion ability of bCSCs, limiting their
capacity to advance while a major affection was detected on their angiogenic properties. LIPUS-treated bCSCs were
unable to transform into aggressive metastatic cancer cells, by decreasing their migration and invasion capacity as
well as vessel formation. Finally, RNA-seq analysis revealed major changes in gene expression, with 676 differentially
expressed genes after LIPUS stimulation, 578 upregulated and 98 downregulated.

Conclusions Overall, these results highlight the potential of LIPUS as a promising non-invasive therapy to target
bCSCs and attenuate its capacity to drive migration, invasion, angiogenesis and, ultimately, tumor malignancy.
Besides, the ability of LIPUS to modulate gene expression points out its capacity to broadly influence the cellular
transcriptome. Therefore, the application of LIPUS as an antitumor therapeutic agent targeting bCSCs may offer a
promising new approach to treat cancer. In vivo functional experiments will determine in the future the relevance of
LIPUS application for the development of metastasis.
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Background

Breast cancer is the most frequently diagnosed cancer
and the leading cause of cancer-related deaths among
women worldwide. Considering both sexes, it ranks
as the fourth most common cause of cancer mortality
[1].The mortality associated with this tumor is closely
related to the occurrence of metastasis. In addition to
acquiring a plethora of mutations that drive this process,
the cells of the tumor microenvironment (TME) play a
key role in metastatic dissemination [2, 3]. The TME is
composed of tumor cells and a wide variety of non-tumor
cells, all embedded in an extracellular matrix. The com-
munication established between the cells of this ecosys-
tem is very complex, involving cell-cell contacts as well
as paracrine signaling, including the release of extracellu-
lar vesicles [4]. Among the different cell types that make
up the breast cancer microenvironment, the presence of
mesenchymal stem cells (MSCs) and cancer stem cells
has attracted increasing interest due to their contribution
to the pathogenesis of this tumor type [5].

MSCs are multipotent progenitor cells that predomi-
nantly reside in the bone marrow that can differentiate
into cells of different lineages and migrate to various tis-
sues to repair damage. Additionally, the complex secre-
tome of these cells also contributes to tissue repair and
regeneration [6].

Besides carrying out these activities, MSCs are also
recruited into tumors [7], as tumors have been classically
described as “wounds that never heal” [8]+. The homing
of MSCs to tumors is dependent on the presence of cyto-
kines, chemokines, and growth factors released by tumor
cells [7]. In vitro assays with breast cancer cell lines have
demonstrated the existence of a cytokine network, where
IL6 released by cancer cells interacts with the IL6R/
gp130 receptor expressed on MSCs, promoting its migra-
tion. Additionally, in response to IL6, MSCs produce
CXCL7, leading to the release of a large number of cyto-
kines by tumor cells [9, 10]. Moreover, the growth factors
FGF2 and VEGE, expressed by the MCF-7 and MDA-
MB-231 breast cancer cells, have been shown to induce
MSC migration [11]. Once MSCs reach the tumor, they
participate in the growth and metastasis of breast cancer
and in some cases, they become cancer stem cells (CSCs)
after suffering mutations, acquiring tumorigenic and
metastatic capacities [12]. About their role in promot-
ing metastasis, MSCs release cytokines and chemokines,
such as IL-8, TGF-f, and IL-6, among others, which pro-
mote BCCs migration [13—15]. Moreover, certain MSC-
derived signals have also been identified that initiate the
EMT transition in BCCs [16]. Additionally, MSCs stimu-
late the expansion of CSCs [9].

On the other hand, CSCs, a subpopulation of cancer
cells with the ability to self-renew and differentiate into
various cell types found in tumors, are thought to arise
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from normal stem cells or progenitor cells that acquire
mutations [17-19]. CSCs are implicated in tumor initia-
tion, progression, metastasis, and recurrence due to their
stem-like properties and resistance to conventional ther-
apies [16, 17, 20]. However, CSCs represent a minority
subpopulation within malignant tumors, which consist of
non-cancerous cells and diverse subpopulations of can-
cer cells [17]. A key attribute of CSCs is their plasticity,
which may help explain the observed diversity of popu-
lations in solid tumors [20, 21]. These capabilities enable
CSCs to invade normal tissue, promote angiogenesis,
evade the immune system, and consequently contribute
to tumor progression and disease recurrence even after
undergoing cytotoxic treatments such as radiation ther-
apy [18]. Therefore, it is essential to target CSCs within
the tumor to prevent relapse. Nevertheless, most of the
tumor is composed of non-CSC cells, which have tran-
sient proliferation and do not contribute to long-term
tumor growth [17].

Based on the aforementioned points, the protumori-
genic role of breast cancer stem cells (bCSCs), along with
their involvement in drug resistance in breast cancer
treatment, underscores the critical importance of identi-
fying therapies specifically targeting this cell type [22]. In
this context, ultrasound technology represents a highly
promising novel approach for the non-invasive treatment
of cancer.

Ultrasound (US) are mechanical waves with frequen-
cies higher than 15 kHz that exert various effects on tis-
sues and cells depending on the acoustic parameters
used in their application. For over fifty years, US has
been extensively employed in biomedicine, serving as
a safe, non-invasive diagnostic tool for real-time imag-
ing without the emission of radiation [23]. Low-intensity
pulsed ultrasound (LIPUS) is characterized by the emis-
sion of acoustic waves ranging from 1 MHz to 3 MHz
in pulsed form and with reduced power. This technique
minimizes thermal effects but still allows acoustic energy
to reach the target tissue. In recent years, low-intensity
pulsed ultrasound has generated growing interest due to
its ability to produce therapeutic effects without signifi-
cantly elevating tissue temperature, making it a safe and
cost-effective tool for clinical applications [24]. Thanks
to these properties, LIPUS is used as a form of nonin-
vasive physical stimulation, ideal for various therapeutic
treatments, such as tissue repair or bone regeneration.
In various types of tumors, LIPUS has been shown to
induce cancer cell death, both in vitro and in vivo, when
specific acoustic parameters are applied. For instance,
US has been shown to inhibit the proliferation of T47D
breast cancer cells [25]. Furthermore, when combined
with a static magnetic field, it has demonstrated the
capacity to induce cell cycle arrest and enhance apop-
tosis in colon and hepatocellular carcinoma cells [26].
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Additionally, LIPUS has also demonstrated a beneficial
effect by increasing the chemosensitivity of glioma stem
cells (GSCs) and inducing apoptosis in human leukemic
cells [27, 28].

This technology has the potential to regulate critical
biological events, influencing cell survival and growth in
a controlled manner. LIPUS has been reported to stimu-
late hematopoietic stem cell proliferation [29], promote
fibroblast migration [30] and inhibit angiogenesis in
endothelial cells [31].

Even though its potential to suppress tumor progres-
sion, its effects on essential biological parameters in
tumors, including the tumor microenvironment cells,
such as bCSCs, remain poorly understood. As previously
described, these cells play an essential role in tumor ini-
tiation, metastasis, and chemotherapy resistance and for
this reason, we aimed to study whether LIPUS waves
generated by a conventional device at minimal intensity
setting can impact the main physiological functions of
CSCs in breast cancer.

Methods

Cell culture

Human breast cancer stem cells (bCSCs) were acquired
from Cell Progen (CA, USA) and were obtained from
human biopsies of human breast cancer tissues (Triple
Negative: ER, PR and Her 2 Negative). Cells were posi-
tive for CD133, CD44, SSEA3/4, Oct4; Tumorigenicity
was quantified (<1000 cells) and Alkaline Phosphatase,
Aldehyde Dehydrogenase and Telomerase activities were
confirmed. bCSCs vial was unfrozen in T25 flask and cul-
tured with complete medium, consisting of Dulbecco’s
modified Eagles’ medium (DMEM) supplemented with

Cell seeding
l 3-4 days

LIPUS stimulation (0.05 W/cm2, 3 MHz, 10%, 8 pulses)

Observation and imaging

Fig. 1 Scheme of the LIPUS application and the experimental design. The
application of LIPUS was performed with a gel between the transducer
and the bottom of the plate where the cells are attached. Ideal LIPUS con-
ditions (0.05 W/cm2, 3 MHz, 8 pulses) were applied to a confluent plate of
the bCSC line using the Medisound 3000 device, followed by observation
and photo-taking. Created by Alba Calero with PowerPoint
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10% fetal bovine serum (both from Sigma-Aldrich, St
Louis, MO, USA), 105 U/mL penicillin/streptomycin,
2 mM L-glutamine and 10 mM Hepes (all from Lonza,
Basel, Switzerland). Cultures were maintained for several
days at 5% CO,/95% air atmosphere at 37°C. Cell expan-
sion was performed on p100 culture plates and cells were
passaged in ratio 1:5 each three days. Studies were per-
formed using cells from passages 1 to 10 and mycoplasma
testing weekly.

Low-intensity pulsed ultrasound application

Application of ultrasound (therapeutic LIPUS) to cells
was performed using the Medisound 3000 device (Glo-
bus, Codogne, Italy), which is approved by the EU for use
in hospitals and physiotherapy clinics. Unlike high-inten-
sity ultrasound, LIPUS uses low-power mechanical waves
(<3 W/cm®) with predominantly non-thermal effects,
including cavitation, acoustic flow, and mechanical stim-
ulation at the cellular level [32] bCSCs were seeded in
different plates and maintained in the incubator under
controlled conditions of 5% CO2 at 37 °C for 3—4 days
to reach sufficient confluence before LIPUS stimulation.
The surface of the US device was coated with a specific
US gel (Ultrasound Gel, Konix), which allows the maxi-
mum propagation of the US wave. Application of LIPUS
to bCSCs was performed using the following parameters
(Fig. 1): 0.05 W/cm2 intensity, 3 MHz frequency and 8
pulses (less than 1 min). Final parameters were selected
according previous works [33-36]. LIPUS was applied
outside the incubator at room temperature, with control
cultures treated identically (no LIPUS stimulation). Once
the application was completed, the cells were returned to
the incubator.

Proliferation assay-bromodeoxyuridine incorporation

The bromodeoxyuridine (BrdU) assay (Merck KGaA,
Darmstadt, Germany) was used for proliferation analy-
sis, based on incorporating the thymidine analogue BrdU
into DNA strands during replication. Briefly, 5x 103
cells were seeded in each well of a 96-well plate. The
next day, BrdU (1:2000 dilution) was added to the cul-
ture and cells were maintained for 24 h. Cells were then
fixed with 4% paraformaldehide and washed twice with
PBS (Phosphate-Buffered Saline, free of calcium-magne-
sium, Lonza, Basel, Switzerland). Incorporated BrdU was
detected with an anti-BrdU antibody (1:100, 1 h incuba-
tion at room temperature), which was visualized with
an HRP-conjugated secondary antibody (1:1000, 30 min
at room temperature). Finally, after washing twice with
PBS, the chromogen substrate was added for 30 min in
the dark for the development of the peroxidase reaction.
Once the STOP solution was added, the optical density
was read in a spectrophotometer (SPECTROstarNano;
BMG LABTECH, Aylesbury, UK) at 450 nm.
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Wound-healing assay

To evaluate collective migration, we used the wound-
healing assay. Confluent bCSC cultures were scratch
wounded with a sterile micropipette tip (size p200).
The tip slid across the plate surface to create horizontal
and vertical wounds and study the directionality of cell
growth. Then, the plate was washed with PBS to remove
cellular debris and replenished with complete medium.
Cells were maintained in culture and images were cap-
tured at different times using a Motic AE31 micro-
scope (Motic, Hong Kong, China). The times studied for
wound healing were: t1=0 h; t2=8 h; t3=24 h; t4=32 h;
t5=48 h. The measurement and quantification were per-
formed with ImageJ tool and the representation of the
images was performed using the PowerPoint. The results
were expressed as centimetres of wound closure.

Invasion assay

Cell invasion was studied with Transwell chambers
(COSTAR®) containing 8 pm pore size filters. The day
before starting the experiment, the bCSCs line was stim-
ulated with LIPUS (0.05 W/cm2, 3 MHz, 8 pulses) for one
minute with the ultrasounds probe in contact with the
lower side of the chamber. Control and LIPUS-treated
bCSCs were plated in 60 pl of the medium in the upper
chamber of the Transwell (placed in ECM-coated 24-well
plates) and complete culture medium was placed in the
lower chamber. They were incubated at different times:
t1=2h, t2=4 h, and t3=6 h. After incubation, chambers
were fixed with 4% glutaraldehyde (Sigma-Aldrich) for
2 h and stained with 1% toluidine blue (Sigma-Aldrich)
O/N. The top of the filter was wiped with a cotton swab
to remove excess cells. Images of the lower side of the
membrane were captured in four randomly selected 20X
amplitude fields using a Nikon ECLIPSE TE300 fluores-
cence microscope and cell counting was performed with
Image] software (Bethesda, MD, USA. The results were
expressed as the number of invading cells cell invasions
per time.

Angiogenesis assay

To evaluate the angiogenic activity of bCSCs, we con-
ducted an angiogenesis assay using Matrigel (Corning,
Inc.) with reduced growth factors. bCSCs were cultured
for 4 days before the experiment and the cells were stim-
ulated with LIPUS (0.05 W/cm2, 3 MHz, 8 pulses) the
day before the experiment began. DMEM containing 2%
FBS Matrigel was applied to 96-well plates (60 ul/well)
and incubated for 1 h at 37°C. After that, 50 pl of the
control and LIPUS-stimulated bCSCs were incubated on
the Matrigel. The number of tubes and tubular networks
(panels) was then measured after 2 h by visible light
microscopy (Nikon).
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RNA-seq analysis

RNA extraction and sequencing were performed to
analyse the gene expression of bCSCs under LIPUS
stimulation conditions. bCSCs were cultured for 4 days
to reach 80-90% confluence; then, they were stimu-
lated with LIPUS the day before the experiment began.
An RNA extraction kit (Invitrogen, ThermoFisher) was
used, starting with lysis and homogenization of the cells
in monolayer (£5x10°%) with 0.3-0.6mL of Lysis Buffer
with 2-mercaptoethanol. Subsequently, RNA purification
was performed using a binding column and an elution
protocol. The concentration and purity of the extracted
RNA were measured with a spectrophotometer and its
integrity was assessed by agarose gel electrophoresis.
The extracted RNA from both control and LIPUS-stimu-
lated bCSCs were sent for sequencing to the Sequencing
Department of the Faculty of Pharmacy (UCM). RNA-
sequencing library preparation and sequencing of the
human bCSCs was carried out by the Genomic Service
(UCM, Spain). The Kapa Stranded Total RNA and Ribo-
Zero Library Preparation Kit were employed for library
construction, and sequencing was performed using the
HiSeq 4000 Ilumina Platform with 2x 150 bp paired
end reads. The bioinformatics analysis of the generated
raw sequence data was carried out using CLC Genomics
Workbench 11.0.1. Differential expression was then cal-
culated using multi-factorial statistical analysis based on
a negative binomial model that used a generalized linear
model approach influenced by the multi-factorial EdgeR
method. PCA (Principal Component Analysis) plots were
performed for quality control confirming that samples
were tightly clustered and experimental samples were
also well-separated based on the different treatment. The
differentially expressed genes were filtered using standard
conditions, an adjusted P<0.05 and|log2FC| > 1. Micro-
array data were analyzed using DAVID Analysis software
for detection of canonical pathways or tissue’s function.

Statistics

The experiments were observed using a Nikon micro-
scope with different objectives (10X-40X) and the images
were captured in the most representative regions of the
plates. This allowed us to choose the images used to draw
the conclusions of this project. Statistics and graphi-
cal representation of the results were performed using
GraphPad Prism software (GraphPad Software Inc., San
Diego, CA, USA). Between-group comparisons were per-
formed using a two-way analysis of variance (ANOVA)
and Siddk’s multiple comparisons test. Student’s t-test
and Mann-Whitney were used when there was only one
variable to consider. The analyses performed in each case
are highlighted in the Fig. caption. Results were signifi-
cant when *p <0.05; **p <0.01; ***p <0.001; ****p < 0.0001.
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Results

LIPUS stimulation does not affect bCSC proliferation or cell
structure

Prior to experimental testing, a control study was carried
out to ensure that the application of LIPUS (Medisound
3000) did not affect cell structure. Exposure to LIPUS
(0.05 W/cm?2 and 3 MHz for 8 s; 8 pulses) was performed
on attached cells adhered to plates at 80% confluency
before experimental testing. As shown in Fig. 2A, cells
receiving the ultrasound stimulation were morphologi-
cally indistinguishable from control cells. For cell count-
ing experiments, 1x 10* bCSCs were seeded in 24-wells
plate and counted over three days by measuring BrdU
incorporation. The results were expressed as cell prolifer-
ation rate representing the total number of cells present
on the plate at the final point (Fig. 2B). LIPUS applica-
tion under these conditions does not compromise bCSCs
integrity or proliferation.

LIPUS stimulation slows wound healing

To evaluate the impact of LIPUS stimulation on the
migratory ability of bCSCs, we conducted a wound-
healing assay. We compared control wounded cells with
LIPUS-stimulated wounded cells at different time points:
t=0h,t=8h,t=24h, t=32 h, and t=48 h (Fig. 3). In the
control cells, more than half of the wound had closed
by 24 h, and complete closure was achieved by 48 h. In
contrast, the LIPUS-stimulated cells exhibited slower
healing. It was only at 48 h that healing was almost com-
plete, despite the lower cell density in the wound area
compared to the control cells (Fig. 3A). The level of heal-
ing was quantified by measuring the intersection space
from one end of the wound to the other. A two-way

A

LIPUS

CONTROL

BEFORE LIPUS AFTER LIPUS

NO WOUNDED CELLS

WOUNDED CELLS
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ANOVA was conducted to analyze the impact of time,
treatment, and the interaction between the two factors
on wound closure. The results indicated that both time
and treatment significantly affect wound closure (Time
p<0.0001; LIPUS p=0.006; Time and LIPUS p=0.0063).
Wound closure in LIPUS-stimulated cells is slower com-
pared to control cells. This difference is significant at
24 h (p=0.0043) and 32 h (»p=0.0006) (Figs. 3B and 3 C).
These findings suggest that LIPUS stimulation hinders
the healing process in bCSCs, indicating a notable impact
on the migratory and healing abilities of these cells.

LIPUS stimulation reduces cell motility and invasion

To assess the impact of LIPUS stimulation on bCSCs’
invasiveness, we conducted an invasive migration assay
using Transwell chambers at different times: t=2 h,
t=4 h and t=6 h (Fig. 4). Cells were placed at the top of
the Transwell and those with the ability to invade were
retained at the bottom of the filter (Fig. 4B). Control
cells were observed to invade faster than LIPUS-stimu-
lated cells at different time points (Fig. 4A). This effect
was quantified by counting the number of migrated cells
(Fig. 4C). To study the effect of time, treatment, and the
interaction between the two factors on cell invasion, a
two-way ANOVA was performed. The results showed
that time and treatment significantly influence bCSCs’
invasiveness (Time p<0.0001; LIPUS p=0.0140; Time
and LIPUS p=0.0100). A lower number of migrated cells
can be observed in LIPUS-stimulated cells, and this dif-
ference was highly significant at 6 h (p <0.0001) (Fig. 4C).
These results suggest that LIPUS stimulation decreases
cell motility and invasiveness of bCSCs.

B
PROLIFERATION RATE
®  CONTROL
o uPUsS
LIPUS o)
CONTROL
L T ) ] ] 1
0 20 40 60 80
TPC (Relative Units)

Fig. 2 LIPUS stimulation does not affect bCSC proliferation or cell structure. A Representative images of human bCSCs showing control cells and LIPUS-
stimulated cells. N=5. Bar, 100 um. B bCSC proliferation was evaluated by BrdU incorporation. No significant differences were found between control

conditions or treated with LIPUS. N=5
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Fig. 3 LIPUS slows wound closure in bCSCs. A Representative images from wounded bCSCs in both control and LIPUS-stimulated conditions (8 pulses,
0.05 W/cm2 and 3 MHz) at different times (t=0 h, t=8 h, t=24 h, t=24 h, t=32 h and t=48 h). Wound closure is indicated by black dashed lines high-
lighting the wound edges, and a black horizontal line marks the width of the wound. N=5. Bar, 100 um B-C Representation of wound closure in both
conditions at different times. LIPUS stimulation significantly slows wound closure at 24 and 32 h (determined by two-way ANOVA with Sidak’s multiple

comparisons test). **p <0.01; ***p < 0.001

LIPUS stimulation decreases angiogenesis

A tube formation assay was conducted on Matrigel to
study the impact of LIPUS stimulation on bCSCs’ angio-
genic activity (Fig. 5). After 2 h, both control and LIPUS-
stimulated cells exhibited signs of angiogenesis (Fig. 5A
and B). This observation was further confirmed by count-
ing the number of panel-like structures and vessels in
both conditions, which were slightly higher in control
cells (Fig. 5C). Statistical analysis using Student’s t-test
revealed that LIPUS treatment significantly reduced the
formation of new vessels and tubes (p=0.0039). These
findings suggest that LIPUS stimulation may slow down
the formation of panels and vessels, characteristic signs
of angiogenesis by bCSCs.

Gene expression changes induced by LIPUS in human
bCSCs

Differentially expressed genes (DEGs) were obtained
between control and LIPUS-stimulated samples using
an adjusted P<0.05 and|log2FC| > 1 as cutoffs to define
statistically significant differential expression. 676 genes
were obtained from which 578 were upregulated when
stimulated with LIPUS and 98 genes were subregulated
(Supp. Figure 1). To further understand the functions
and pathways associated with the differentially expressed
genes (DEG), Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analyses were con-
ducted using the DAVID database [37, 38].

The top 10 DEGs are shown in the volcano plot
(Fig. 6A). Of the 10 DEG, all of them were upregulated by
ultrasound and 7 genes encoded for proteins belonging
to the nucleus (Fig. 6B). Three of these genes codify for
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Fig. 4 LIPUS stimulation reduces bCSC motility and invasion. A Representative images taken with a 10X objective of the lower part of the Transwell at
different times (t=2h,t=4hand t=6h). Control and LIPUS-stimulated (8 pulses, 0.05 W/cm2 and 3 MHz) cells have been stained and fixed to analyse the
number of migrated cells. Bar, 50 um B Representative image of bCSC invasion from the top of the Transwell to the bottom of the filter through the porous
membrane. C Representation of the number of cells invaded in both conditions at different times. The number of cells that moved through the Transwell
is significantly reduced in LIPUS-stimulated cells at 6 h (two-way ANOVA with Sidék’s multiple comparisons test). ****p < 0,0001. N=3

histones (H3C15, H3C13 and H3C2) involved in nucleo-
some assembly and chromatin organization [39, 40].
On the other hand, CEBPD, HES4 and SCANDI1 genes
encode for transcription factors.

The rest of the upregulated genes were especially
enriched for pathways associated with cell differen-
tiation and cell adhesion in the biological process cat-
egory (Fig. 6C). Among the DEGs associated with
differentiation are CCDC85B, HES4, NOTCH]1, FOXD3
and SOX15. Other upregulated DEGs of interest are
KLF2 and SCANDI.

On the other hand, when categorising the upregulated
DEGs by their cellular component, the most significant
term is extracellular exosomes, which means that many
of the genes in the list encode proteins associated with
or found in extracellular exosomes (Fig. 6D). These genes
include LAMAS5 and IGFBP7. Another significant term
is extracellular space, with genes like DcR3 (TNFRSF6B)
and MMP21 (Fig. 6D).

Most downregulated genes were associated with or
found in the plasma membrane and the membrane

while enriched for pathways related to signal transduc-
tion (Fig. 6E and F)). These genes include ANGPT1 and
MYCT1. Other downregulated genes were SERPINE2
and LUM (Lumican).

Discussion

Despite the successful development of new anti-tumor
therapies, breast cancer remains one of the most preva-
lent and challenging cancers worldwide. Relapses in
breast cancer are a significant concern, as they indicate
the return of cancer after initial treatment [41]. Patients
with triple-negative breast cancer (TNBC) suffer from
metastasis and relapses more frequently and present
worse clinical prognostic [41]. Cancer stem cells although
are a minority within the malignant tumor, represent
a significant concern due to resistance to conventional
radiotherapy and chemotherapy protocols [17]. Other
anti-cancer strategies targeting CSCs have been stud-
ied in preclinical models [42—-44]. However, these strat-
egies are still in development, intending to translate
preclinical findings into effective clinical applications.
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ANGIOGENESIS

25 * ® CONTROL

PANEL/VESSEL NUMBER
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Fig. 5 LIPUS decreases angiogenesis in bCSCs within 2 h. A Images of vessel and tubular network formation (panels) in control and LIPUS-stimulated
cells (8 pulses, 0.05 W/cm2 and 3 MHz) taken with a 10X objective. White arrows indicate vessels and dash black ovals indicate panels. Bar, 100 um B Rep-
resentative images of what have been considered as panels and vessels using a 40X objective. Bar, 50 um. C Representation of the number of panels and
vessels formed in both conditions. Statistical analysis was performed using a Mann-Whitney test. The formation of new vessels and tubes was significantly

decreased in LIPUS-treated cells. * p<0,05. N=5

Understanding the biology of different breast cancer
types, and specifically of bCSCs and their response to
various treatments, is crucial for developing effective
strategies to combat TNBC. This project proposes a new
interdisciplinary approach that employs low-intensity
pulsed ultrasound, a non-invasive and human-safe tool,
which could demonstrate therapeutic efficacy on CSCs.

In the present study, LIPUS intensities of 0.05 W/cm2
intensity and 3 MHz frequency (8 pulses) were used on
human bCSCs, and cell proliferation and structure were
analyzed, finding no significant changes between the con-
trol and LIPUS-stimulated cells as reported previously in
other mesenchymal stem cells models [34]. Therefore,
LIPUS stimulation under these conditions does not com-
promise bCSC integrity or proliferation.

To investigate whether LIPUS stimulation affects the
migratory capacity of bCSCs a wound healing assay was
performed under LIPUS stimulation. It was observed that
LIPUS-stimulated bCSCs took longer to heal the wound,
suggesting a reduction in their horizontal migration
capacity. While the cells eventually completed the heal-
ing process, the slower migration rate implies that LIPUS
impairs, but does not completely block, the horizontal

migration of bCSCs. This finding raises the possibil-
ity that LIPUS may decrease the ability of these cells to
invade adjacent tissues and start the process of metasta-
ses. These results also suggested that some of the changes
induced by LIPUS take longer to be detected in this type
of 2D migration model, possible due to changes in gene
expression pattern. To further study this hypothesis, we
performed a Transwell invasion assay. The data revealed
a reduced number of cells crossing the membrane after
LIPUS stimulation, indicating that therapeutic LIPUS
slows down cell motility and invasiveness of bCSCs in a
3D model, even at shorter time. These findings were con-
sistent with previous studies showing the effects of LIUS
in Ovarian Cancer Stem Cell (OCSC) migration [45], as
well as studies showing that LIUS can obstruct the migra-
tion of pancreatic tumor cells (Panc-1) [46]. Besides,
these results differ from other studies involving a human
renal cancer cell line (786-0), a human prostate cancer
cell line (PC-3), and a human lung cancer cell line (A549),
where LIPUS stimulation did not result in observable
changes in their migratory behaviour [47]. Overall, these
findings suggest that LIPUS may be a promising thera-
peutic strategy for modulating bCSCs migration and
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invasion, two relevant properties for the malignancy,

metastasis and recurrence of TNBC.

We next examined whether LIPUS stimulation can
influence the angiogenic capacity of bCSCs. This was

assessed using a Matrigel tube formation assay, in which

it was observed that LIPUS-stimulated bCSCs formed

fewer tubular networks and blood vessels. These obser-
vations suggest that LIPUS stimulation may inhibit
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angiogenic processes mediated by bCSCs. Consistent
with our findings, previous studies have demonstrated
that LIPUS may promote apoptosis and inhibit angiogen-
esis in human umbilical vein endothelial cells (HUVECs)
and human microvascular endothelial cells (HMECs)
through the p38 signaling pathway [31]. This points to
a potential mechanism by which LIPUS could impair
angiogenesis and tumor growth. These results deviate
from those reported in earlier in vitro studies report-
ing that LIPUS promotes angiogenesis in endothelial
cells (EA.hy926 cell line) by activating the AKT pathway
and DNA methylation [48]. This leads us to believe that,
although direct studies on LIPUS effects on bCSCs-medi-
ated angiogenesis are limited, LIPUS could impact angio-
genesis-related processes in various cell types, including
those related to cancer. Further research is required to
elucidate the precise mechanisms and the broader impli-
cations effects of LIPUS on bCSC-mediated angiogenesis
in tumors.

Finally, the RNA-seq analysis revealed that the thera-
peutic LIPUS caused significant alterations in the gene
expression profile of human bCSCs, with 676 genes
affected by the treatment. Of these, 578 genes were
upregulated, while 98 were downregulated. This tran-
scriptional response highlights the potential of LIPUS to
modulate key cellular pathways.

Among the top 10 DEG, seven encoded nuclear pro-
teins, suggesting that LIPUS as a mechanical stimulus
can influence nuclear activity.

The upregulated genes were especially enriched for
pathways associated with cell differentiation and cell
adhesion, both of which are critical to tumor pro-
gression and metastasis. Notably, the upregulation of
FOXD3, KLF2 and SCANDI1 points to the potential of
LIPUS. FOXD3 has been reported as a tumor suppres-
sor in breast cancer [49]. This gene is downregulated in
breast cancer tissues, and its downregulation is linked to
enhanced cell proliferation and invasion via EMT [49].
The overexpression of FOXD3 in response to LIPUS
could therefore help suppress tumor growth and metas-
tasis. KLF2, known to inhibit growth, migration, and
metastasis in pancreatic ductal adenocarcinoma (PDAC)
[50], is similarly downregulated in ovarian tumors, where
its re-expression promotes apoptosis and reduces cell
growth [51]. Its LIPUS-induced upregulation could exert
similar effects in bCSCs. Another upregulated gene is
SCAND1, which reverses processes associated with EMT
and suppress prostate cancer growth and migration [52].

Conversely, most downregulated genes were enriched
for pathways associated with the membrane and the
plasma membrane, while enriched for pathways related
to signal transduction. Of particular interest were two
downregulated genes: ANGPT1 and MYCTI1, which
play a key role in tumor angiogenesis [53, 54]. Other
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downregulated genes were SERPINE2, associated with an
aggressive phenotype in the metastasis of many tumors
[55, 56]; and LUM, expressed in various cancer tissues
and associated with processes such as EMT, cellular pro-
liferation, migration, invasion, and adhesion [57].

Interestingly, some upregulated genes encoded pro-
teins linked to extracellular exosomes and the extracellu-
lar space, such as DcR3, MMP21 and LAMAS5. Exosomes
have been studied in cancer for their role in promoting
tumor progression [58]. Some studies identified DcR3
as a key driver of tumor cell migration and invasion [59,
60]. MMP21 was reported to have an important role in
the invasion and metastasis process in human colorectal
cancer [61], and prior evidence indicated that LAMAS5 is
promoting the EMT process in ovarian cancer through
the Notch signaling pathway [62]. However, the role of
exosomes remains complex, as some studies suggest
exosomes can also have antitumor properties and con-
tribute to limiting disease progression [58]. When stimu-
lating bCSCs with LIPUS, there was an overexpression of
IGFBP7- which has been described as a tumor suppres-
sor in hepatocellular carcinoma [63].

These findings together suggest that LIPUS modulates
gene expression of bCSCs to influence critical processes
such as apoptosis, angiogenesis, EMT, cell migration and
adhesion. By targeting these pathways, LIPUS could be
a potential therapeutic tool for limiting bCSCs-driven
tumor progression and metastasis. Further research is
required to investigate if different LIPUS dosages could
target selectively cellular pathways of interests.

Conclusions

Overall, these results highlight the potential of LIPUS as
a promising non-invasive therapy to target bCSCs and
attenuate its capacity to drive invasion, angiogenesis
and, ultimately, tumor growth and malignancy. The abil-
ity of LIPUS to modulate gene expression points out its
capacity to broadly influence the cellular transcriptome.
Therefore, the application of LIPUS as an antitumor ther-
apeutic agent targeting bCSCs may offer a promising new
approach to treat cancer, specifically those more aggres-
sive because of their migration, invasion and angiogenic
properties such as TNBC. Future studies will aim to
explore additional properties of bCSCs after LIPUS stim-
ulation and translate these findings to in vivo models,
which will be essential for examining the direct effects of
LIPUS on solid tumors and its potential as a therapeutic
intervention.
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