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Low-intensity pulsed ultrasound (LIPUS) is a widely used non-invasive approach with therapeutic
purposes since it provides physical stimulation with minimal thermal effects. The skin epithelium

is the first barrier of the human body that interfaces with LIPUS and is subjected to the highest
intensity. Little is known about the impact of LIPUS on the skin surface. This work investigates the
biological effects of one-hour exposure to 1 MHz LIPUS on human keratinocytes HaCaT and tumoral
SK-MEL-28 skin cells. Specifically, we evaluated the cellular state immediately after LIPUS treatment
by analyzing cytogenetic endpoints and the response of cytoskeleton and cell junction proteins.
Herein we demonstrate that LIPUS induces genomic damage as shown by an increase of chromosome
malsegregation and a consequent decrease of cellular proliferation. The mechanical stimulus produced
by LIPUS is also transmitted to the cytoskeletal compartment, inducing the expression and re-
organization of junction proteins (i.e., E-cadherin and Desmosomes) and intermediate filaments (i.e.,
F-actin and Cytokeratins) with impact on cell morphology and cell adhesion. These in vitro results
highlight the different outcomes following the cytogenetic damage and the resilience response exerted
by the cytoskeleton upon mechanical stress, laying the foundation for future in vivo investigations.

Bioeffects induced by ultrasound (US) have been studied for several decades to constantly develop new
biomedical applications for therapeutic and diagnostic support'~. It has long been known that high-intensity
US can be used to produce thermal effects in biological tissues accompanied by the risk of producing irreversible
damage from hyperthermia’®. Alongside this, low-intensity pulsed ultrasound (LIPUS) at medium and high
frequency (1-10 MHz) have recently aroused growing interest in biomedical research thanks to their ability
to induce mechanical stimuli at cellular and tissue level of potential therapeutic relevance without producing a
biologically significant temperature increase®’.

LIPUS is generally delivered by an unfocused piezoelectric transducer and transmitted in situ through an
aqueous interface (e.g., water, US gel) which allows acoustic coupling between the source and the superficial
biological tissue (e.g., skin tissue). In particular, 1 MHz LIPUS produces little or no thermal effects in the
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biological medium while maintaining significant and profound transmission of acoustic energy!'®. Overall,
the non-thermal effects on the biological target include vibrations and collisions at the aqueous interfaces of
cells and tissues™!*!!. Depending on the ultrasonic intensity, such effects can involve the presence of cavitating
microbubbles at the cellular interfaces, acoustic streamings, and, according to Sonophore model'?, at very low
pulse intensity (i.e., Spatial Peak Temporal Average, I_ , usually at values lower than 100 mW/cm? and Peak
Negative Pressure, PNP, in the order of magnitude ofP 0.1 MPa) LIPUS can result in direct micromechanical
stimulation of cell membranes. The non-invasive physical stimulation thus triggered is believed to produce
transient alterations in cell'’>*'5and tissue permeability, proinflammatory and proliferative responses'®!7,
cytogenetic alterations'®!®, and modulation of neuronal transmission?’-24,

A wide range of experiments have been performed on cells and animals leading to useful insights into the
biological impact of LIPUS?-28, Although this, a clearer picture has yet to be obtained. Preclinical in vivo studies
reported in the literature suggest that LIPUS accelerates the healing of fractures and even consolidation in the
pseudoarthrosis zone?’. The effectiveness of LIPUS for soft tissue regeneration and inhibition of inflammatory
responses has also been experimentally studied?®. Furthermore, research has shown that LIPUS is a promising
modality for neuromodulation?. While many articles have focused on the positive outcomes and effectiveness of
LIPUS stimulation, the actual mechanisms underlying LIPUS effects have been much less explored and reported.
Among the interpretative difficulties of the reported studies, there is a marked heterogeneity in the protocols
and LIPUS setup parameters used. Furthermore, the difference in functions and regulatory mechanisms of the
exposed cells made it difficult to draw clear conclusions about the affected pathways®*°.

Recently, with the increasing attention to LIPUS therapy, more substantial efforts have been made to elucidate
the therapeutic mechanisms produced by LIPUS treatments through its in vitro biological effects®!. Mainly
long-term cell alterations involving inflammatory/anti-inflammatory, proliferation, and differentiation have
been reported. The major lack of frame of information concerns the cellular state immediately after the LIPUS
stimulus, which would better resemble the state of cellular perturbation in connection to long-term effects. In
this work, we therefore aim at achieving new data on transient, short-term, alteration of the cell culture, which
was detectable as soon as the LIPUS treatment is finished.

It is now known that 1 MHz LIPUS applied at spatial peak temporal average intensity I = < 100 mW/cm?is
low enough to not cause significant cavitation processes of air bubbles in the aqueous medium while inducing
mechanical stress at the cellular level'>*2. According to Sonophore model'? during LIPUS treatment the cells can
undergo a temporary and significant alteration of the elastic tension of the plasma membrane such as to favor the
transient opening of the hydrophilic membrane channels (i.e., transient sonoporation).

Some of us have recently studied the effects on epithelial cell models exposed to LIPUS calibrated at doses
(I, 10-65 mW/cm?, and exposure times 15-60 min) that are compatible with those programmable in devices
for physiotherapeutic and aesthetic use'*'%32. In these conditions, progressive transient differential effects with
dose including morphological-positional changes and alteration of membrane permeability were revealed, the
latter considered an experimental confirmation of Sonophore model*?and paving the way to perspectives in
drug delivery®*3*. Alongside this, and of particular note by setting of a LIPUS exposure time limit of 1 h and
I, of 65 mW/cm?, slight alterations in proliferation were reported with a decrease in phosphorylated Signal
Transducer and activator of Transcription 3 (STAT3) and an increase in BCL-2-associated X protein (BAX)/
B-cell lymphoma 2 (BCL-2) gene expression with the triggering of apoptosis!'®. On the other hand, under the
same treatment conditions, also a significant transient increase in the level of IL-6 via NfKb was revealed,
suggesting that the majority of treated cells can resume proliferation'®. More importantly, in recent studies on
human fibroblasts and human tumor cells (HeLa and MCF-7) undergoing low-intensity 1 MHz US (~70 mW/
cm?) an increase in mitotic abnormalities (including multipolar spindles) was found*>-*¢. The combination of
these endpoints suggests that the elastic tension produced by US on the plasma membrane!>!>may also involve
the anchoring junction proteins capable of transducing the mechanical signal to the filaments of the cytoskeleton
and the mitotic spindle®”-38,

It has indeed emerged that mechanical stimuli and more generally the level of elastic tension of the
extracellular matrix (ECM) can produce resilience responses which result in the modulation of the expression
of junction proteins®*~*. This could mean that if US can produce a non-thermal, temporary, and locoregional
modification of the mechanical characteristics of the cellular environment, mitotic cells can sense it and
transduce the mechanical tension even on the tubulin of the spindle poles. The latter perturbation may trigger a
cascade of cytogenetic and proliferative changes, including the risk of development and differentiation of tumor
cells. In this way, US-induced micromechanical stress could induce differential and, apparently, contrasting
effects depending on the state of the cell cycle and the type of cells involved. This appealing hypothesis has led
us to study on epithelial cell models the conditions of significant appearance of pivotal endpoints documented
in the literature (e.g., aneuploidy phenomena, cell cycle proliferation response) in conjunction with possible
alterations of the cytoskeleton and the mitotic spindle. Of particular importance is the understanding of the
bioeffects on the skin epithelium which is subjected to the highest intensity during LIPUS treatments, and where
an activation of resilience responses to the mechanical stimulus is expected together with proinflammatory, and
proliferative alterations®. Skin cancer cells might also be stimulated by mechanical inputs such as those induced
by LIPUS. Particularly in malignant melanoma which is the most aggressive type of skin cancer, it has been
recently reported that the micromechanical environment, also in interconnection with keratinocytes, influences
the growth and physiological dynamics of the tumor tissue**.

Bearing these aspects in mind, the ultimate and ambitious goal would be to transform LIPUS into a powerful
biomedical technology capable of influencing the cellular and intercellular state in a safe and non-invasive way.
To date, this progress suffers from the lack of literature aimed at understanding the LIPUS interaction with the
cytoskeletal and cell junction network. To fill the gap, as a first step of comprehension, we focused on human
keratinocytes HaCaT, and tumorigenic SK-MEL-28, both undergoing 1-hour exposure to 1 MHz LIPUS Topra
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below 100 mW/cm?) to study immediate cytogenetic endpoints and the related response of junction proteins
and intermediate filaments. Moreover, we have considered the concomitant presence of possible short-term
proliferation effects. In particular, we have pointed out the mitotic cycle together with the level of pivotal mitotic
regulator cyclin CCNBI, whose level of expression, nuclear translocation, and activation of nuclear cyclin B1-
CDKI1 complex is related to the activation of spindle checkpoints, also affecting the malignant phenotype and
proliferation of tumors; we also monitored the executor of cell death protease, Caspase 3, and of proliferation
and reorganization of cytokeratins, IL-6.

On both HaCaT and SK-MEL-28 skin cell lines, we show herein robust evidence of significant US-triggered
alterations of the mitotic spindle, with concomitant effects involving the expression and organization of junction
proteins and intermediate filaments. All this evidence not only confirms that 1 MHz acoustic fields of biomedical
relevance at low, subcavitation regimes, can interfere with the stability of the mitotic spindle, but they produce
a mechanical stress that is sensed and transmitted through the adherens junctions (AJ) and the cytoskeleton
to which the spindle is hooked. These may turn into a transient impact on proliferation, cell cycle, and IL-6-
mediated proinflammatory response.

Materials and methods

Cell lines and culture conditions

The immortalized human keratinocyte cell line, HaCaT, and the human melanoma cell line SK-MEL —28 were
obtained from Interlab Cell Line Collection (ICLC, National Cancer Research Institute, Genoa, Italy). Cells
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Corning, NY, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine (Corning, NY, USA), non-essential amino acids (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin and 100 pg/ml streptomycin (Corning, NY,
USA) and incubated at 37 °C, in a humidified atmosphere with 5% Co,,.

LIPUS exposure

The in vitro exposure setup has already been described in detail in previous works'“. Briefly, the US exposure
equipment consists of a waveform generator (Agilent 33220 A, Agilent Technologies, Santa Clara, CA, USA),
a signal amplifier (Amplifier Research 25A250, Telford, PA, USA) and a non-focused, submersible, piezo-
ceramic US transducer tuned at 1 MHz (Precision Acoustics Ltd, Dorchester, UK). The system can produce
well-defined sinusoidal US waves independently from the exposure conditions and allow for generating signals
with different intensities, both in continuous and pulsed modes. The transducer is placed at the bottom of a
tank (30x30x30 cm?) filled with degassed Milli-Q water (18.2 MQ cm, resistivity). To isolate the effects of
progressive waves from the reflected ones, the tank was coated with acoustic absorbers (Aptflex F28, Precision
Acoustics Ltd, Dorchester, UK). The temperature of the water bath was kept constant at 25 °C. The temperature
inside and outside the Petri dish was monitored using a digital thermometer (Checktemp4, Hanna instruments,
Woonsocket, RI, USA.), i.e., for the LIPUS exposures involved herein temperature oscillations within 1 °C
were revealed. All parameters characterizing the performance of the transducer were measured by a needle
hydrophone of 0.5 mm diameter (Precision Acoustics, Dorchester, UK) with sensitivity 483 mV/MPa at 1 MHz
endowed with a micrometric positioning system and coupled to a booster amplifier (coupler DC with integrated
power supply, Precision Acoustics Ltd, Dorchester, UK) and an oscilloscope (Philips, Amsterdam, NL). The
calibration curves of the US field were determined inside Petri dishes with micrometric step-size movements to
determine the point of maximum peak-to-peak pressure next to the Petri bottom surface (where the cells were
grown), previously filled with 3 mL of cell culture medium. The overall exposure configuration geometries were
set to avoid matching the resonance length of the US stimulus. Moreover, the US setup was checked concerning
the presence of pulse repetition frequencies and the sinusoidal waveform compared to that of the US source to
exclude the generation of multiple harmonics.

By calibration, we can measure the US pressure and, ultimately, the intensity of the US that the cells onto
the Petri undergo. In this work, the US intensities were calculated in terms of Spatial Peak Temporal Average,
I (e, the maximum spatial intensity measured when the pulse is activated, averaged for the period of pulse
repetition). This quantity is commonly used in the characterization of the biological effects induced by low-
intensity US.

For LIPUS treatments the cells were first seeded on 35 mm diameter, ~0.90 mm bottom thicknesses,
polystyrene Petri dishes (Falcon” Easy Grip, Becton Dickinson Labware, Franklin Lakes, NJ; © ibidi GmbH,
Martinsried, Germany) with a density of 3-4 x 10* cells/dish. After 24 h, the dishes were closed with parafilm
and then immersed in water, just under the surface, in line with the transducer at an SSD of 7 cm (where near-
field US effects can be negligible). LIPUS Irradiations were applied in a pulsed regime (period 300 ps, duty
cycle 10%) at a frequency of 1 MHz at varying intensities below 100 mW/cm? that is for general consensus the
cavitation threshold (i.e., ISpta =18+2 mW/cm?, 30+ 3 mW/cm?, 65+ 5 mW/cm?, 85+8 mW/cm?2, 160+ 10 mW/
cm?) and at a fixed exposure time of 1 h. Calibration curves and details are reported in Section S1 of Electronic
Supplementary Material (ESM).

Cytokinesis-block micronucleus test with anti-kinetochore antibodies

Onedaybeforeirradiation, 50,000 cells were seeded inside 35 mm Petri dishes. Cytochalasin-B (final concentration:
3 ug/mL in DMSO, Sigma-Aldrich, Merck Life Science, Burlington, MA, USA) was added immediately after
irradiation. Twenty-four hours after irradiation, cells were fixed with cold methanol and air dried. Slides were
then washed in PBS and kept in a blocking solution (Bovine Serum Albumin, BSA 1%) for 30 min. Subsequently,
cells were incubated with CREST antikinetochore antibody (Antibodies Incorporated, Davis, CA, USA) diluted
1:1 in BSA 1% for 1 h at 37 °C. Slides were then washed with BSA 1% and PBS before adding FITC-conjugated
anti-human antibody (Sigma Aldrich, St. Louis, MO, USA) diluted 1:80 in BSA 1%. After a final wash in PBS,
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cells were stained with 1 pg/mL of DAPI (4',6-diamidino-2-phenylindole, Sigma Aldrich, St. Louis, MO, USA).
Cells were scored at 63x magnification using a Zeiss Axiophot (Carl Zeiss, Oberkochen, Germany) microscope
with ultraviolet light (359 nm excitation filter; 441 nm barrier filter) and classified for kinetochore staining
(using 494 nm excitation filter, 523 nm barrier filter) as either CREST-positive or CREST-negative micronuclei.
Micronuclei (MN) frequencies were assessed scoring 500 binucleated cells (BNC) for each sample. Percentage of
BNC (BNC/total cells) was also assessed as a measure of proliferation.

Analysis of mitotic index

One day before irradiation, 50,000 cells were seeded inside 35 mm Petri dishes. Immediately after sonication,
cells were fixed in ice-cold methanol for 5 min, air-dried and then stained with DAPI (Sigma Aldrich, St. Louis,
MO, USA). Cells were scored at 63x magnification, as above. Mitotic index was calculated counting the number
of mitoses in 300 cells in each sample. The ana-telophase / pro-metaphase ratio (A+T / P+ M) was assessed
counting 100 mitoses in each sample.

Analyses of mitotic spindles

One day before irradiation, 50,000 cells were seeded inside 35 mm Petri dishes. Immediately after sonication,
cells were fixed in ice-cold methanol for 5 min and then air-dried. Subsequently, cells were blocked using BSA
5% for one hour at room temperature. Afterwards, cells were incubated overnight at 4 °C in a wet chamber
with 1:400 mouse antibody for a-tubulin (Sigma Aldrich, St. Louis, MO, USA) and 1:1000 rabbit antibody for
y-tubulin (Sigma Aldrich, St. Louis, MO, USA) in 5% BSA. Successively, cells were incubated for 1 h at 37 °C
in 1:200 anti-mouse Alexa Fluor 546-conjugated antibody (Life technologies, Carlsbad, CA, USA) and 1:200
anti-rabbit Alexa Fluor 488-conjugated antibody (Scientific, Life technologies, Carlsbad, CA, USA) for a- and
y-tubulin, respectively. Finally, cells were counterstained with DAPI (Sigma Aldrich, St. Louis, MO, USA).
Cells were scored at 63x magnification, as above. Percentages of spindle anomalies were assessed counting one
hundred mitoses per sample.

Fluorescence microscopy

Confocal laser scanning microscopy was performed using the inverted confocal microscope Nikon Eclipse (Ti-
E C1) equipped with an Argon ion laser (Spectra Physics, Mountain View, California) (emission wavelength
488 nm) and He-Ne laser (Melles Griot, Florence, Italy) (emission wavelength 543 nm). Images were acquired
with a 100x oil immersion objective (N.A.: 1.3, 0.07 um/px ratio, 0.13 x 0.13 mm?) using EZ-C1 software, version
3.91.

Wide-field fluorescence microscopy was performed with a Nikon Eclipse Ti inverted microscope supplied
with an Andor Zyla 4.2 sCMOS camera (Andor Instruments, Belfast, Northern Ireland) using a mercury vapor
lamp as light source and B2A filters (wavelength pass excitation filter band: 450-490 nm; “cut-on” wavelength of
the high-pass dichroic mirror: 500 nm, “cut-on” wavelengths of the high-pass barrier filter: 515 nm) and G2A (d
bandpass excitation filter wave: 510-560 nm; high-pass dichroic mirror cut-on wavelength: 565 nm, high-pass
barrier filter wavelengths: 590 nm cut-on), using a 60x (N.A.: 1.4, 0.11 pm/px ratio, 0.22 x 0.22 mm?) and a 100x
oil immersion objectives.

Immunofluorescence analysis
Cells were grown on coverslips and exposed to US as previously described (see Ultrasound exposure setup and
experimental protocol paragraph).

After irradiation, cells were washed three times in PBS and fixed with 4% paraformaldehyde (Corning,
NY, USA) for 15 min at room temperature. Cells were then washed twice in PBS, permeabilized for 10 min
with a solution of PBS/Triton X-100 0.1% (v/v) and incubated for 1 h with PBS/BSA 5% (v/v). Cells were then
incubated overnight at 4 °C, in a humidified chamber with the following antibodies: anti-Cytokeratin (Dako,
Agilent Technologies, Santa Clara, CA, USA, AG-M351529-2, 1:200), anti-Desmosome (Novus Biologicals,
Bio-Techne, Minneapolis, MN, USA, NBP2-81279, 1:100), anti-Caspase3 (Antibodies, Abcam, Cambridge,
UK, A25544, 1:100), anti-CyclinB1(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA, PA5-120418,
1:100), anti-beta Actin (Novus Biologicals, Bio-Techne, Minneapolis, MN, USA, NB-600-505, 1:200) and Alexa
fluor 488 Phalloidin conjugated Antibody (Invitrogen, Thermo Fisher Scientific, Waltham, MA, A12379).
After washing, secondary antibody (Alexa Fluor 594 goat anti mouse IgG, Alexa Fitch 488 goat anti rabbit IgG,
Jackson ImmunoResearch, West Grove, PA, USA, 1:200) was added for 1 h at room temperature and washed
twice in PBS. Afterwards, coverslips were mounted with Fluoro-Gel IT (Electron Microscopy Sciences, Hatfield,
PA, USA) containing DAPI for nuclei staining. Deconvolution and microscopy inspections were performed as
described in the fluorescence microscopy paragraph. Images were acquired and processed with NIS-Elements
software (Nikon-Europe B.V. Rome, Italy). The fluorescence intensity was analyzed using Image ] software (NTH
Image, Bethesda, MD, USA): the densitometry of 10 randomly selected fixed squares from the cytoplasm and
nucleus of single cells was measured and the values were obtained in arbitrary units showing the average optical
density of each square, from which the average values were calculated.

Fe-SEM
Field Emission Scanning Electron Microscope (FE-SEM) images were performed on a Zeiss Leo SUPRA™ 35,
Carl Zeiss SMT (Oberkochen, GE) in collaboration with the “Materials and Devices for Energy at University of
Rome Tor Vergata” group.

The instrument allows a resolution of: 2.1 nm at 1 kV; 1.3 nm at 15 kV and 1.0 nm at 20 kV; with a high voltage
range between 100 V and 30 kV. The Gun is a Schottky Field Emission Gun with an emission current between

Scientific Reports |

(2025) 15:4964 | https://doi.org/10.1038/s41598-025-88569-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

4pA and 20nA and a magnification factor between 20X and 900,000X. It is also endowed of a backscattering
detector.

Sputter: before observing the samples at FE-SEM they were subjected to metallization in an RF Emitech
K550x sputter using gold targets (Au target), sputtering was performed for 1:30 min at 25 mA to obtain a coating
homogeneous thick about 10 nm. HaCaT cells grown on borosilicate coverslip within Petri dishes and the
1 MHz US treatments were performed for 1 h at I spta = 05%5 mW/cm? (that we call LIPUS exposure) and at
significantly higher L, = 16010 mW/cm? (that we call positive-treated samples). Thereafter both the treated
samples and non-treated samples (negative non-treated controls) were fixed using 3.6% (v/v) formalin in PBS
maintained at 4 °C and then incubated with the cells for 30 min at room temperature. All samples were fixed on
stubs using carbon tape and then sputtered.

Profilometry of the Fe-SEM images was processed by Gwyddion software (Ver. 2.62).

Preparation of samples and Western blot analysis

After US exposure, cells were harvested, washed in PBS and incubated for 20 min on ice in lysis buffer containing
50mM HEPES (H3375 Sigma Aldrich, St. Louis, MO, USA), 1% Triton X-100 (T8787 Sigma Aldrich, St. Louis,
MO, USA), 10 mM MgCl2 (M8266 Sigma Aldrich, St. Louis, MO, USA), 10% glycerol (G5516 Sigma Aldrich,
St. Louis, MO, USA), 100 mM NaCl (S7653 Sigma Aldrich, St. Louis, MO, USA), 0.5 mM dithiothreitol (DTT)
(D9779 Sigma Aldrich, St. Louis, MO, USA), 10mM f -glycerophosphate (G9422 Sigma Aldrich, St. Louis,
MO, USA), 0.5 M sodium orthovanadate (450243 Sigma Aldrich, St. Louis, MO, USA) and protease inhibitors
cocktail (PPC1010 Sigma Aldrich, St. Louis, MO, USA). The samples were then centrifuged at 1000 x g for
20 min at 4 °C and the supernatant was collected. The protein concentration was determined using the BCA
Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The samples were diluted in Laemmli Buffer
2X, plus 5% B-mercaptoethanol and denatured at 95° C for 5 min. Proteins (20-50 pg) were separated by SDS-
PAGE in 4-20% gradient gels (BIO-RAD, Hercules, CA, USA) or in uniform gels of 10% polyacrylamide and
transferred to PVDF membrane (Amersham, Buckinghamshire, UK). The membrane was blocked in a solution
of TBS-Tween 20 (TBST) with the addition of BSA 5% (v/v) or 5% milk 5% (v/v) for 1 h at room temperature.
Incubation with primary antibodies was carried out at 4 °C overnight in TBST- BSA 5% (v/v) and then with the
appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz, Biotechnology, Santa Cruz,
CA, USA). The horseradish peroxidase conjugate was detected by chemiluminescence with an ECL kit (Clarity
western ECL substrate BIO-RAD, Hercules, CA, USA) and auto-fluorography. Primary antibodies used for
immunodetection, as well as their dilutions, are listed in Table 1. Full-length blots are reported in Section S4 of
ESM.

Statistical analysis

Results were reported as mean value+standard deviation (SD) of measurements obtained by at least three
independent experiments (n=3). Statistical significance was evaluated by Student’s t test, using the GraphPad
Prism software (GraphPad Software, San Diego, CA, USA) and a p-value<0.05 was considered significant
(*p<0.05; *p<0.01; **p<0.001).

Results

HaCaT and SK-MEL-28, representative models of human skin keratinocyte and melanoma cells respectively,
were treated for one hour by 1 MHz LIPUS. We first quantified the cytogenetic effects at varying the ultrasound
intensity (18-85 mW/cm?, I_ ). Then, fixing the exposure condition at the highest LIPUS stress where the
aneugenicity of LIPUS was confirmed in HaCaT cells, we investigated the response of both cell lines on junction
and intermediate filaments able to sense and transmit the mechanical stress wave to the cytoskeletal network and
mitotic spindle. Finally, some short-term effects on proliferation are evidenced.

Effects on genome integrity

In order to assess the possible genomic damage exerted by LIPUS, we performed the Cytokinesis-Block
Micronucleus test with CREST staining (i.e., with anti-kinetochore antibodies). With this method, micronuclei
can be classified as resulting from either acentric fragments (and thus, not containing a kinetochore, MN-,
Fig. 1A) or whole chromosome loss (and thus, containing a kinetochore, MN+, Fig. 1B). Sonication of HaCaT
cells resulted in significant increases of MN + frequencies (Fig. 1C). Also in SK-MEL-28 cells, sonication induced

Antibody Name Specification Dilution
Actin A2066 (Sigma) 1:2000

B -Actin NB-600-505 (Novus Biologicals) | 1:2000

f -Catenin sc-59,737 (Santacruz) 1:1000
E-Cadherin | ab11512 (Abcam) 1:1000
Caspase3 A25544 (Antibodies) 1:500
Cyclin B1 PA5-120418 (Invitrogen) 1:500-1:100
Cytokeratin | AG-M351529-2 (Dako) 1:500
Desmosome | NBP2-81279 (Novus Biologicals) | 1:500

Table 1. Primary antibodies used for Western blot analysis.
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Fig. 1. Micronucleus test with CREST staining. Representative images of a binucleated cell with CREST-
negative micronucleus (MN-, A) and binucleated cell with CREST-positive micronucleus (MN+, B);
kinetochores are stained in green, DNA in blue; Scale bar: 5 um. Frequencies of CREST-positive (MN+),
CREST-negative (MN-) and total micronuclei (MN) per binucleated cell (BNC) in HaCaT (C) and SK-MEL-28
(D) cells. Bars represent mean + SD. Points represent values of each sample. Asterisks represent significant
differences with unsonicated samples (*p <0.05; **p <0.01).

an increase of MN + frequencies, but the differences with the unsonicated samples were not significant (Fig. 1D).
For both cell lines, frequencies of MN- in the sonicated cells were almost identical to the ones of the unsonicated
samples.

With the aim of confirming the aneugenic nature of the damage occurred in sonicated HaCaT cells, we
investigated the frequency of spindle aberrations in cells exposed to the highest dose (i.e., 85 mW/cm?). Sonicated
cells showed a significant increase, about twice, in spindle abnormalities compared to untreated cells (Fig. 2).

Effects on actin filaments distribution, cell attachment and morphology

To study cytoskeletal filaments, we performed CLSM and fluorescence microscopy measurements using
Phalloidin conjugated antibody to mark F-Actin. We found that HaCaT and SK-MEL- 28 cells exposed to US
(1 MHz, I apta = (85+8) mW/cm?) showed a different organization of the F-actin filaments (Fig. 3A and B, and
Figure $3A’and B of ESM) that was not correlated to a change in the content of F-actin after the LIPUS treatment.
Indeed, the fluorescence intensity of Phalloidin was comparable in control and treated cells (Figure S3C and D
of ESM). Upon US exposure, a change in the spatial distribution of the F-actin occurred in both cell lines, with
diffusion and thickening of actin fibers both in the central perinuclear area and in the lateral perimembrane.
The cellular morphology appeared changed (ESM, Figure S3). In particular, the plasma membranes of treated
HaCaT cells were significantly more rounded compared to the control (Figure S3A).

To further investigate morphological alterations, we decided to use a scanning electron microscope to obtain
ultrastructural analysis on HaCaT cells where the changes in the distribution of Actin filaments together with cell
shape deformation seemed comparatively higher. To have more robust information on the variations detected by
FE-SEM, we performed LIPUS treatments not only at comparable LIPUS dose but also at a significantly higher
intensity (I_ = = 160 mW/cm?) for 1 h, considering the latter treatment as a “positive control” concerning the
LIPUS-induced mechanical stress that we would observe in HaCaT cells. The ultrastructural analysis (Fig. 3 and
Section S3.1 of ESM) confirmed the CLSM observation, highlighting the progressive retraction and flattening of
the cell protrusions and microvilli of the surface of treated cells (Fig. 3C central and right panels) as the applied
US intensity increased, with the strongest effect at 160 mW/cm? (Fig. 3C right panel).

Furthermore, in the treated cells, we found fewer compact areas with the presence of breaks in the cell-cell
junctions (Fig. 3D central and right panels). These alterations became progressively more evident as the intensity
of the US increased. These effects were not revealed in the control sample (Fig. 3D left panel).
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Fig. 2. Abnormalities of the mitotic spindle. Representative images of a normal metaphase (A-B) and a
tripolar anaphase (C-D): A, C anti-a-tubulin antibodies (in red) showing the shape of the mitotic spindle;

B, D same image showing also spindle poles (in yellow) and chromosomes (in blue). Scale bar: 5 um.

C Frequencies of spindle aberrations in unsonicated and 85 mW/cm?-sonicated HaCaT cells. Bars represent
mean * SD. Points represent values of each sample. Asterisk represents significant difference with unsonicated
samples (*p <0.05; ***p <0.001).
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Fig. 3. Effects of LIPUS exposure on F-actin filaments and cell adhesion. Confocal fluorescence of Phalloidin
immunolocalization (green) in HaCaT (A) and SK-MEL-28 cells (B) treated for 1 h with 85 mW/cm? US
(right) compared to control (left); scale bar 10 um. C FE-SEM images of HaCaT cells: non-treated cells (left),
exposed to LIPUS (65 mW/cm?, middle), and positive-treated control (160 mW/cm?, right). Scale bars: main
images: 10 um, bottom right images 1 pm. D FE-SEM images of HaCaT cell fractures following US irradiation:
control (left), 65 mW/cm? (middle), 160 mW/cm? (right). Scale bar: 10 pm. Bottom graphs: profilometric
analysis highlighting the breaks in the treated cells (65 mW/cm?, middle; 160 mW/cm?, right).

In the bottom panels of Fig. 3, the profilometric analysis highlighted the presence of breaks in cells after both
LIPUS exposure and comparatively higher I_ (positive control). Using the Gwyddion software, the average
length and width of the cracks were obtained, considering an average of 15 different line profiles per membrane
“wound”. For the LIPUS exposed samples, an average length of 7.2+0.3 m and an average width of 0.3+0.1
m were obtained, while for the positive-treated control, an average length of 9.7+0.3 m and an average width
of 0.5+0.1 m were obtained. This demonstrates that the plasma membrane fractures correlated with the US
intensity. A more complete profilometric analysis including roughness and porosity of the plasma membrane of
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HaCaT is reported in ESM (Sect. 3.2, Table S1) also highlighting a slight increase in average roughness after the
LIPUS exposure.

These results, together with the morphological studies suggest that US can interfere with the structure of
the plasma membrane and therefore could also perturb the mechanical signaling that the cytoskeletal filaments
physiologically activate for cell-cell adhesion.

Effects on adherens junctions and desmosomes
To better understand the effects of LIPUS on cell-cell contacts we focused our attention on different cellular
junctions. Specifically, we started by investigating the impact on AJ. Indeed, the ternary E-cadherin/B-catenin/
aE-catenin complex, which constitutes AJ, can modulate cellular stiffness proportionally to the force applied
to cells activating a mechanosensitive signal transduction pathway*®. The extracellular region of E-cadherin
extends from the cell surface to bind adjacent cells whereas its intracellular region interacts with catenins.
Specifically, B-catenin links cadherin to F-actin through a-catenin, thus transmitting mechanical forces directly
to cytoskeleton, turning in AJ protein aggregation and stabilization of cell-cell adhesion in epithelial barrier*.

Upon 1 h LIPUS exposure at ISPta = 85 mW/cm?, western blot analyses showed that p-catenin level increased
significantly in HaCaT cells while its amounts remained unaffected in SK-MEL-28 (Fig. 4A and B). Furthermore,
LIPUS did not induce a significant modulation of e-cadherin levels both in HaCaT and SK-MEL-28 cells (Fig. 4A
and C).

Next, we investigated the impact of LIPUS on the stability of desmosomes in the reference cell models. The
modulation of the expression of proteins of the desmosome complex can affect intercellular adhesion junctions
and the effectiveness of the intracellular mechanical tension sensory module (TSM)*. Alteration of desmosome
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Fig. 4. Adherens junctions and desmosomes are modulated by LIPUS. A B-catenin and E-cadherin

protein levels obtained by western blot analysis of cells following 85mW/cm? LIPUS irradiation. B and

C Densitometric analysis of -catenin and E-cadherin levels. D Western blot of Desmosome levels in LIPUS
exposed HaCaT and SK-MEL-28 cells. f-Actin was used for protein levels normalization. One representative
blot is shown for each antigen, data are presented as a mean+SD (123, Student’s t-test *p <0.05; ***p <0.001).
E Immunofluorescence analysis of Desmosome in HaCaT cells. Magnification 100X; scale bar 10 pm. Full-
length blots are shown in ESM (Section S4, Figure S6).

Scientific Reports | (2025) 15:4964 | https://doi.org/10.1038/s41598-025-88569-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

proteins can therefore influence the expression and organization of intermediate filaments and even the
organization of cortical actin filaments***.

Interestingly, upon irradiation, protein levels of desmosomes decreased in HaCaT cells, whereas in SK-
MEL-28 cells, we did not observe significant change with respect to unexposed cells (Fig. 4D). Moreover, in
HaCaT cells, we investigated the cellular distribution of desmosomes after US exposure by using CLSM. After
treatment, desmosomes appeared as delocalized proteins within cytoplasm, instead in unexposed cells they were
mainly localized at cell edges (Fig. 4E).

Effects on cytokeratin expression and distribution

It has been reported that cytokeratins network can be reorganized by cells to alter their mechanical properties
and to sustain their integrity?’. Therefore, we examined cytokeratins contribution to the mechanical resilience
in collaboration with desmosomes. Interestingly, after irradiation of HaCaT cells, cytokeratin levels increased
(Fig. 5A and C) with a change in their cellular distribution. Indeed, as shown in Fig. 5B, cytokeratins were
localized closer to the nucleus as compared to unexposed cells.
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Fig. 5. Analysis of cytokeratin levels and distribution upon LIPUS exposure (A) Western blot (upper)

and densitometric analysis (lower) of cytokeratin in HaCaT cells. f-Actin was used as loading control.
Immunostaining for cytokeratin in HaCat (B) and SK-MEL-28 (D) cells and the corresponding densitometric
analysis (C and E). Both cell lines are shown after treatment with 85 mW/cm? LIPUS. One representative
blot/image is reported for each antigen, data are presented as a mean+SD (n >3, Students t-test *p <0.05;
***p <0.001). Magnification 100X; scale bar 10 pm. Full-length blot is shown in ESM (Section S4, Figure S7).
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Regarding SK-MEL-28 cells, we found that US exposure only increased cytokeratin expression without
affecting their cellular distribution (Fig. 5D and E).

Effects on cell proliferation

In the same samples in which we scored MN frequencies, we also assessed the percentages of BNC out of total
cells as an index of cellular proliferation. Sonication caused a dose-dependent decrease of the percentages of BNC
(Fig. 6). Compared to unsonicated samples, the decrease was statistically significant in HaCaT cells exposed to
85 mW/cm? and in SK-MEL-28 cells exposed to 65 and 85 mW/cm?.

In order to verify if the changes in proliferation were associated with perturbations of the mitotic progression,
we assessed the mitotic index. While in HaCaT cells a significant increase on the samples sonicated with 85 mW/
cm? was shown (Fig. 7A), in SK-MEL-28 cells no difference is revealed (Fig. 7B). We also brought to light a
dose-dependent decrease of the ana-telophase / pro-metaphase ratio (A+T / P+M). In particular, compared
to unsonicated samples, the decrease was statistically significant in HaCaT cells exposed to 65 and 85 mW/cm?
(Fig. 7C) and in SK-MEL-28 cells exposed to 85 mW/cm? (Fig. 7D).

Analysis of cyclin B1 and Caspase-3

Mitotic delay can result in different cellular fates such as cell division, cell death or mitotic slippage*®. One of the
most important regulators of cell division is the Cyclin-dependent kinase 1 (CDK1)-CyclinB1 complex. Thus,
we decided to monitor the levels of Cyclin B1 upon US irradiation to define which route was taken by our cell
models. Interestingly, after 1 h exposure to 1 MHz LIPUS at I = 85 mW/cm? a decrease of cyclin B1 levels was
shown in both cell systems, even if the reduction was significant only in HaCaT cells as demonstrated by western
blot and immunofluorescence analysis (Fig. 8A, B and C).

Moreover, we analyzed the modulation of Caspase-3 which is the Cyclin B1 partner to control cell fate (i.e.,
the choice between cell death and mitotic slippage is mediated by the balance between these two proteins).
Specifically, upon irradiation, an increase in Caspase-3 levels concomitant to the decrease of Cyclin Bl in both
cell lines was detected (Fig. 8D, E and F).

Discussion

General significance of the study

The bioeffects of Low-Intensity Pulsed Ultrasound on human cells are a topic of growing interest in biomedical
research. Based on recent in vivo literature, LIPUS seems to affect various cellular processes including
proliferation, differentiation, and healing!”?%. However, despite advances in understanding the involved
mechanisms, in vitro studies investigating the effects of LIPUS on human cells are still lacking. The absence of
adequate in vitro studies limits our understanding of the detailed biophysical mechanisms through which LIPUS
interacts with human cells. Thus, further in vitro research is needed to clarify the impact of LIPUS on different
human cell lines and to identify potential biomolecular targets involved in its biophysical effects. These studies
could provide a solid foundation for the development of targeted LIPUS therapies for a variety of pathological
conditions, from osteoporosis to tissue regeneration. More importantly, they can provide information on cellular
responses capable of producing unwanted alterations during the healing process.

In this study, we examined the effects of 1 MHz LIPUS treatment on HaCaT and SK-MEL-28 cell lines, as
non-tumorigenic and tumorigenic models of human skin. In particular, HaCaT is the well-consolidated in vitro
model of the keratinocyte barrier, the latter being formed by the main cells in direct contact with the LIPUS
transducer. Thus, it is crucial to understand whether and how these waves can affect the genomic stability of
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ratio (A+ T/ P+M) in HaCaT (C) and SK-MEL-28 cells (D). Bars represent mean + SD. Points represent
values of each sample. Asterisks represent significant differences with unsonicated samples (*p <0.05).

epithelial cells as well as stimulate changes at the level of junction proteins and intermediate filaments and the
consequences on proliferation. Previous studies have suggested that LIPUS treatment may induce mechanical
stress on cells, but the impact at the cytogenetic level related to the cytoskeleton protein remains to be determined.
Our investigation seeks to address this gap in knowledge by exploring whether LIPUS treatment may trigger
chromosomal abnormalities, and, under the conditions of relevant exposures, highlighting concomitant
significant alterations of the intermediate filaments. According to previous literature'é, we set the exposure time
to 1 h, which would favor the accumulation of alteration events, thus facilitating the unveiling of cytogenetic
alterations and corresponding cytoskeletal alterations. We discuss herein that the mechanical stimulus not only
produces stress at the level of the mitotic spindle but is transmitted and alters the network of filaments connected
to it, i.e., causing stress at the level of the junctions, and therefore cell morphology with impact on cell viability
and cell cycle progression.

LIPUS impairs chromosomal segregation

We confirmed past studies®>*? observing that US below the cavitation threshold does not induce clastogenic
damage (CREST-negative micronuclei in our case, Fig. 1). This is due to the fact that DNA breakage is exerted by
US through the formation of reactive oxygen species*’and these are produced only through cavitation®.

On the other hand, one-hour exposure to 1 MHz LIPUS produced an increase in the frequencies of CREST-
positive (i.e., derived from aneugenic damage) micronuclei (Fig. 1). The aneugenic nature of the damage induced
by LIPUS was also demonstrated by a significant increase of spindle anomalies in exposed cells compared to
untreated ones (Fig. 2). Thus, this is the result of the action of LIPUS on the mitotic spindle, which is made
up of microtubules. As tubulin can be (to different degrees) disassembled by US>, sonication determines
abnormalities of the mitotic spindle®, leading to chromosome malsegregation and the formation of MN>°.

Ultrasonic mechanical forces are sensed through the network of actin filaments

It is reasonable to hypothesize that the alteration of the cytoskeleton could derive from the propagation effect
of the elastic field through the cytoskeletal filaments. It is known that the cytoskeletal cross-talk between actin
filaments and microtubules drives the assembly of cellular structures, the formation and propagation of the
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Fig. 8. Effects of LIPUS treatment on Cyclin B1 and Caspase-3 levels. A The levels of Cyclin B1 were measured
by western blot in HaCaT and SK-MEL-28 cells (upper) and quantified by densitometric analysis (lower).

B Immunodetection of Cyclin B1 in HaCaT cells and C its corresponding signal analysis (magnification

100X; scale bar 10 pum) D Western blot analysis of Caspase-3 in HaCaT and SK-MEL-28 cells. The related
densitometric analysis is reported below. E Immunofluorescence analysis of Caspase-3 and F its quantification
in HaCaT cells (magnification 60X; scale bar 10 um). All experiments were performed at the following setup:
85 mW/cm? for 1 h. One representative blot/image is reported for each antigen, data are presented as a

mean +SD (n 23, Student’s t-test *p <0.05; ***p <0.001). Full-length blots are shown in ESM (Section S4, Figure
S8).

mitotic spindle and chromosome congression and segregation. The actin filaments behave as mechanically
tunable cell backbone and the mechanical stress can modify their conformation, the binding and the regulatory
action of the actin-binding proteins®. As reported in literature®*-¢, profound changes in actin filaments induced
by mechanical and vibrational impact, turn out into cytoskeletal rearrangement thus coercing variations in
cell morphology and volume. The changes in cell shape found here are confirmed by the change in the spatial
distribution of the Actin-F filaments as evidenced by immunofluorescence (Fig. 3, and Figure S3 of ESM).
The impact in the organization of the filamentous actin suggests that the mechanical stress produced by the
LIPUS stimulus induces a cellular “resilience” response which manifests itself through a cellular shape alteration
depending on the type of cells involved as highlighted by the FESEM and CLSM images (Fig. 3). Of particular
note, the treated HaCaT cells, unlike the SK-MEL-28, appear to assume a more rounded shape (Figure S3A of
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ESM). Variations in cell shape towards a more rounded one under similar LIPUS exposure conditions have
previously been reported on HaCaT keratinocytes'®>> in which a recovery of HaCaT to the native form was
concomitant with the triggering of a proinflammatory process via NfKb. As reported in the introduction, in
this work our efforts were thus channeled into adding new information on the state of alteration at the moment
immediately after the LIPUS stimulus. Both epithelial cell lines showed that LIPUS mechanical stress produces
an alteration of the mitotic spindle, resulting in malsegregation, together with an alteration of the spatial
organization of the actin filaments. Given that, not all cells showing the F-actin alteration are in the meta/
anaphase stage. Therefore it is reasonable to hypothesize that the oscillatory pressure stimulus that propagates
from the extracellular aqueous matrix inside the cell can produce morphological cytoskeletal variations that
modify the mechanical tension of the mitotic spindle during the chromosome segregation phase.

On the other hand, the idea that targeting the actin filaments can impair cellular transformation and
biological processes such as cell division and cell migration is not new>”. It is known that in this way it is
possible to inhibit the proliferation of tumor cells including epithelial melanoma cells. Despite this, it is very
difficult pharmacologically to discern between the actin cytoskeleton of tumor cells and the actin filaments the
latter being involved in tumor cell survival. In this regard, the significant disorder induced by LIPUS on actin
filaments of SK-MEL-28 being connected to cytogenetic alteration will deserve dedicated attention.

LIPUS can stimulate minimal cadherin-catenin complex in adherens junctions

It is well known in the literature that the LIPUS stimulus can create structural and membrane permeability
alterations which can be transient or lethal to the cell depending on the dose and mechanical index of the
ultrasonic stimulus. The impact of this alteration on the interconnected cytoskeleton is less clear until now. It has
recently emerged that mechanical stress on ECM induces profound remodeling of junction proteins connecting
with cortical filaments of actin and keratin®. In particular, A] and desmosomes can convey mechanical stress at
the intracellular level, modulate the repositioning of cells, and stimulate processes of migration, proliferation,
and differentiation®. A direct route of transduction of plasma membrane tension to the cytoskeleton is through
modulation of the binding strength of the minimal cadherin-catenin complex with F-actin. Such cooperative
binding regulates dynamic cytoskeletal connections in epithelial tissues*"*2.

Our results (Fig. 4) in both epithelial cell lines indicate that an oscillatory mechanical LIPUS stimulus is
able to alter significantly the expression of the E-Cadherin cell-cell adhesion protein, which play a key role in
transducing mechanical information to F-actin. Down-regulation and upregulation of E-Cadherin have been
often associated with stimulation or inhibition, respectively, of the cell cycle and proliferation in the epithelial
barrier®. Indeed, our work demonstrated that HaCaT keratinocytes, analyzed immediately after LIPUS treatment,
showed a decrease in E-cadherins paralleled by an overexpression of -catenin, both significant (Fig. 4). B-catenin
is a multitasking molecule with adhesive-structural and signaling activities. Force measurements reported in the
literature demonstrate that the interaction with actin is strengthened under mechanical load®®®!. In this frame,
newly synthesized B-catenin is immobilized by E-cadherin in AJ, where it can also interact with a-catenin, thus
indirectly modulating actin filaments. In greater detail, mechanical tension promotes the strong binding state of
actin with the a-catenin- B-catenin complex, by favoring the recruitment of vinculin, and, in turn, a catch bond
behavior®.

On the other hand, just after LIPUS stress, p-catenin may be released from AJ to act as a transcriptional factor
in the canonic Wnt signaling pathway (which by blocking the activity of degradation, produces, in fact, increased
levels of cytoplasmic B-catenin)®?. According to the opposite expression of E-cadherins and p-catenin, LIPUS
treatment induced on HaCaT cells a significant interplay between Wnt signaling and cell-cell adhesions, that can
result in the destabilization of AJ promoting cell migration and differentiation®. Noteworthy, the activation of
the Wnt pathway in cancer cells is associated with antiapoptotic response and oncogenic activity®’.

In cancer cells, loss of E-cadherin is often related to an increase in cell metastatic behavior. However, in the
last decade, novel roles of this protein in cancer cell biology have been emerged. Indeed, it has been reported
that E-cadherin can have anti-tumorigenic properties by sequestering -catenin with activating mutations
and directly interacting with extracellular growth factor receptors, such as EGFR, to suppress tumor cell
proliferation465.

In this respect, unlike what HaCaT showed, our results (Fig. 4) indicate that epithelial carcinoma SK-MEL-28
subjected to in vitro LIPUS exposure exhibits a significant upregulation of E-cadherin expression, while the
deregulation of B-catenin is not significant suggesting that our LIPUS stimulation did not favor melanoma cell
proliferation®.

Desmosomes and cytokeratins can be oppositely modulated in non-tumorigenic HaCaTs
undergoing LIPUS
It was demonstrated that desmosomes are crucial for providing epidermal adhesion and mechanical stability
under stress, especially among the keratinocytes that make up the epithelial barrier. In particular, it has been
reported that the modulation of the expression of proteins of the desmosome complex, such as PKP, Dsg, and
desmoplakin, has effects on the enlargement or strengthening of intercellular adhesion junctions and reflects on the
effectiveness of the intracellular mechanical tension sensory module (TSM)*. Alteration of desmosome proteins
can therefore influence the expression and organization of intermediate filaments and even the organization of
cortical actin filaments***°. Such alterations can correspond to a transient modulation of cytokeratins to favor
the elastic response dynamics: resilience, post-stress cellular repositioning, and re-epithelialization following
wounding. To date, the significance of Keratin-desmosome network alterations in terms of composition and
adhesion is complex and incompletely understood at a mechanistic and functional level*¢”.

Our results (Fig. 4) indicate that after one hour under LIPUS stimulus, HaCaT cells respond with a
significant decrease of desmosomes and an increase in the expression level of cytokeratins compared to the
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untreated control. This means that the LIPUS stimulus can affect the interaction of desmosomal components
and keratins, disturbing cellular cohesion which is crucial in protecting the epidermis against various types of
stress. In particular, according to our results, the “healing” response triggered by mechanical alteration capable
of destabilizing the cells composing the line barrier is characterized by a transient decrease in desmosomal
hyper-adhesion accompanied by an increase in the expression of keratins, i.e., K6/K16/K17 at the expense of K1/
K10%. In this way, post-stressed keratinocytes would probably exhibit the right trade-off between mechanical
resilience and increased cellular mobility. The modulation of keratins, such as K14 and K5 that are strongly
involved in the mechanical absorption (together with microfilaments, and cell-edge structures), contribute
to the physical resilience of keratinocytes, impacting the overall cell elasticity (i.e., Young modulus)®. In fact,
according to previously reported nanomechanical measurements, HaCaT cells undergoing LIPUS significantly
increased their stiffness®2.

It is worth stressing that in previous literature it has been documented that LIPUS can favor processes of
alteration of membrane permeability and sonophoresis®, while the role of US in accelerating processes of
epithelial reformation is debated’. In a previous paper, some of us have highlighted that HaCaT cells subjected
to similar doses of LIPUS herein involved, showed not only a change in membrane permeability but also a
transient change to a less flattened shape compatible with rounding and then repositioning into the wild-type
shape after tens of minutes'®. The type of stress appears to be related to an activation of IL-6 as expected in
triggering a process of keratinocyte layer restoration’!. Despite this, the triggering of apoptotic processes has
been revealed. Generally, cell rounding can be associated with several factors, among which are: apoptosis,
mitosis, migration, and post-mechanical stress. The alteration in the expression of desmosomes and cytokeratins
detected here on HaCaT, are compatible with the exhibited shape variations, and confirm their capability of
triggering a recovery process. In this frame, our results could be a starting point for understanding the impact of
LIPUS in the migration process of keratinocytes and re-epithelization.

Interestingly, LIPUS could produce changes in junction and intermediate filament proteins to trigger a series
of cellular changes and wound healing resulting in an epithelial-mesenchymal transition (e.g., keratinocyte
migration, loss of polarity, decrease in cell-cell adhesion, etc.). On the other hand, similar processes also occur
in carcinogenesis to transform in situ melanoma into invasive and mobile melanoma. In the latter context, it is
noteworthy to document herein the lack of significant alterations in desmosome and keratin expression of SK-
MEL-28 undergoing LIPUS (Figs. 4 and 5).

LIPUS exposure can alter cell cycle and cell proliferation

The sensitivity to produce mitotic changes by LIPUS stressing the mitotic spindle or more globally, the
network of cell junction filaments may depend on the cell cycle phase as well as the cell type. Since cells are not
synchronized, we expect a multifaceted response which will turn to an average proliferation impact on the cells
undergoing LIPUS. We would stress that herein we focused on evaluating the cellular response as soon as LIPUS
stress ceased to document the precursory effects of long-range viability phenomena.

This working context showed that one-hour exposure to 1 MHz LIPUS produced a damage to the mitotic
spindle, probably due to disassembly of the microtubules. This hypothesis is also strengthened by the increased
number of treated cells undergoing pro- and metaphase (Fig. 7), showing a delay of the mitotic progression,
probably due to the damage suffered by the mitotic spindle. In the case of extreme damage to the mitotic spindle
(such as complete disassembly of microtubules), cells are blocked in metaphase and can exit it either through
mitotic slippage or by entering apoptosis. In our case, the damage exerted to the mitotic spindle was not so
drastic and thus determined a delay in the cell cycle, which in turn resulted in a decreased rate of proliferation
(Fig. 6).

On the other hand, mitotic damage may result in cell death. In a previous work of our group, we have
demonstrated that LIPUS exposure (65 mW/cm?) induced the apoptosis in a small percentage of HaCaT cells'e.
Herein, we also detected the same tendency as highlighted by the increased levels of Caspase-3.

All the effects of LIPUS mentioned above concern a part of cell population that underwent the mitotic
phase during the exposure. Considering that cells are not synchronized, not all of them are in mitosis during
the treatment. Therefore, we believe that in non-mitotic cells the impact of LIPUS irradiation is different and
affects mainly the cytoskeletal compartment, inducing the activation of signaling pathways which cooperate in a
process of structural and functional recovery of cells.

Conclusions

In this work we demonstrated some short-term in vitro biological effects deriving from LIPUS mechanical
stimulation and attributable to cytogenetic stress in connection with alterations of intermediate filaments and
intercellular adhesion. Interestingly enough, LIPUS exposure induces different effects depending on the cell line.
Both non-tumorigenic (HaCaT) and tumorigenic (SK-MEL-28) cell lines show an increase of MN + frequencies
induced by one-hour exposure to 1 MHz LIPUS, also demonstrated by significant aneuploidy in HaCaT cells
only. This phenomenon may be related to the oscillatory perturbation of the applied ultrasound field which
seems capable of stressing the microtubule network and the arrangement of the actin filaments.

According to our results, LIPUS can in fact induce mechanical stress transmitted to the cytoskeleton and
cell-junction proteins producing an alteration of cellular morphology and cell adhesion. In HaCaT cells, the
alteration verified at the junction and intermediate filament level could be traced back to a recovery phenomenon
(structural and proliferative) that might pass through an increased mobility and that, for analogy to what occur
on tissue, could even resemble the incipit of an in vivo post-stress re-epithelialization process. In this scenario,
the cellular subpopulation that responds to LIPUS-mediated mechanical stress with cytogenetic alteration
could undergo cycle alteration and apoptosis, while complementary subpopulations could trigger structural
and functional recovery processes. On the other hand, on LIPUS treated SK-MEL-28, we pointed out the
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lack of significant deregulation in desmosome and keratin expression together with a significant increase of
E-Cadherin expression. It is also worth notable that the dose-dependent decrease in SK-MEL-28 proliferation,
herein reported, might deserve some biomedical attention on LIPUS as antiblastic agent.

While revealing multifaceted effects, the overall results indicate that there may be a correlation between the
exhibited effects and the phase of the cycle. It should be further investigated if such an apparent comparatively
lower sensitivity of SK-MEL-28 cells to LIPUS stress can turn in a lower sensitivity to sensing and transducing
mechanical stress to the mitotic spindle thus affecting the micronuclei frequency. Consequently, further
investigation is required to dissect the interplay between the genomic damage and the resilience response
of cytoskeleton proteins during LIPUS exposure. To do this, undoubtedly it will be important to follow the
impact of LIPUS in synchronized cells and at varying the exposure time. Finally, in vivo tests will be crucial to
understand how the biological impact of the mechanical wave stimulation herein pointed out in vitro, and it will
be disclosed in the forthcoming paper.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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