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Prostate cancer (PCa) continues to rank among the most common malignancies in Europe and North America with
significant mortality rates despite advancements in detection and treatment. Physical activity is often recom-
mended to PCa patients due to its benefits in preventing disease recurrence and managing treatment-related side
effects. However, physical activity may be challenging for elderly or bedridden patients. As such, vibration
therapy has been proposed as a safe, effective, and easy to perform alternative treatment that may confer similar
effects as physical exercise. Specifically, low-magnitude high frequency (LMHF) vibration has been shown to

Osteocyte
Microfluidic decrease breast cancer extravasation into the bone and reduce other types of cancer proliferation by impacting
Spheroid cell viability. Here, we investigated the effects of daily application of LMHF vibration (0.3 g, 60 Hz, 1 hour/day

for 3 days) on prostate cancer growth and bone metastasis in vitro. Our findings suggest that LMHF vibration
significantly reduces colony formation through a decrease in cell growth and proliferation. Moreover, using a 3D
cell culture model, LMHF vibration significantly reduces PC3 spheroid size. Additionally, LMHF vibration reduces
PCa cell extravasation into the bone microenvironment through the stimulation of osteocytes and subsequent
osteocyte-endothelial cell cross talk. These findings highlight the potential of LMHF vibration for managing PCa
growth and metastasis.

1. Introduction

Prostate cancer (PCa) is the most common non-cutaneous cancers
across Europe and North America, and it is expected that 1 in 8 men will
be diagnosed during his lifetime.! According to the most recent published
data, in 2023, there was 288,300 new cases of prostate cancer and 34,700
deaths from the disease in the United States.? Since 1993, the mortality
rate of prostate cancer has been steadily declining, largely in part due to
improved disease detection and treatment through surgery and radia-
tion.> Despite the overall decline in mortality, PCa continues to rank third
as the leading cause of cancer-related deaths, after lung and colorectal
cancer.’

To improve survival, patients are often advised to make changes to
their lifestyle. For many, this entails incorporating physical activity into
their daily routine to either prevent disease recurrence, improve survival

following diagnosis or to reduce the side effects of traditional treatments
such as chemotherapy.*° Notably, greater levels of physical activity are
associated with reduced incidence of various cancers including PCa.®®
Physical activity directly and indirectly impacts biological pathways that
influence the tumorigenic properties of PCa. Namely, direct mechanisms
are attributed to myokines secreted by skeletal muscles which confer
beneficial effects to metabolism through a reduction in insulin resistance,
reduced adiposity, and enhanced glucose uptake.” Additionally, myo-
kines such as IL-6, IL-15 and IL-10 inhibit cancer cell proliferation, pro-
mote apoptosis, and induce cell-cycle arrest.” Indirect mechanisms
include a reduction in inflammation, improved immune function, a
decrease in adiposity and overall enhancements in cardiorespiratory
functions.!®!! While most theories suggest interactions between global
effects of exercise and PCa, the effects of the direct application of me-
chanical loading on cancer cells have garnered great attention.'%'?
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Different cell types within the body are subjected to diverse me-
chanical forces that modulate cellular machinery during development
and homeostasis. Cells can convert physical stimuli to internal
biochemical responses through mechanotransduction. Muscle cells were
found to respond to mechanical stretch by triggering pathways to
differentiate precursor cells.'* Endothelial cells were reliant on shear
forces generated by blood flow to regulate their gene expression pro-
file.'®> Osteocytes in the bone sense mechanical stress and respond by
signalling to surrounding osteoblasts and osteoclasts to regulate
remodelling.'®

Cancer cells, much like other mechanosensing cells are also able to
detect and respond to mechanical forces which influence tumor pro-
gression and metastasis. Mechanical forces can arise from the stiffness of
the extracellular matrix and from mechanical loading regimens such as
tension, compression, shear forces and vibration. Notably, within the
tumor microenvironment, cancer cells deposit aberrant extracellular
matrix that influences tumor stiffness.'” Cancer cells within the tumor are
less stiff and more compliant than healthy cells, which promotes their
migratory potential to distant metastatic sites through alterations in the
cytoskeleton.'® Additionally, mechanical loading to cancer cells has been
shown to impact invasion, adhesion, viability, and cell metabolism.
Depending on the type, duration and magnitude of the mechanical
loading, cancer cells have been shown to exhibit varied effects. Me-
chanical stretch increases invadopodia and increases transmigration of
cancerous cells.'*?° Cancer cells exposed to fluid shear exhibit increased
motility, metastatic potential, epithelial-mesenchymal transition and
increased chemoresistance.?! > However, vibration has been shown to
exert promising effects on tumor cell progression. Specifically, Yi et al.
(2020), reported that low magnitude high frequency (<1 g, >30 Hz)
vibration reduced the metastatic potential of breast cancer cells whereby
the nucleus served as a critical mechanosensory organ to connect to the
cytoskeleton and initiate mechanotransduction.’* In contrast, Olcum
et al. (2014) observed no significant differences in breast cancer invasion
following treatment with low magnitude mechanical stimulus but re-
ported a significant reduction in the number and viability of
MDA-MB-231 cells through enhanced G1 and G2 arrest.”” Moreover, a
study conducted by Xiong et al. (2024) demonstrated that low intensity
vibration applied directly to osteosarcoma cells altered their morphology
and resulted in a decrease in cell viability and motility.°

Understanding the influence of mechanical forces on cancer cells is
particularly crucial in the context of bone metastasis, a common
complication of advanced PCa. Specifically, the bone serves as an active
organ with the ability to remodel and adapt in response to loading,
damage, and hormonal changes, with the goal of maintaining tissue
integrity. Circulating tumor cells can attach to the endothelial cells of
blood vessels and invade through the vessel wall into the marrow.?”>?®
Once inside the bone, prostate cancer cells increase bone production by
forming bone masses composed of loosely packed, randomly oriented
collagen bundles of suboptimal strength.® Osteoclast activity also in-
creases, suggesting that prostate cancer cells induce bone production
through an overall increase in bone remodelling.>**° Therefore, meta-
static cancer drastically disrupts bone homeostasis such that bone
resorption and formation become unbalanced, resulting in osteolytic or
osteoblastic bone lesions.>! In the case of prostate cancer, bone metas-
tases promote both forms of lesions through the production of
pro-osteoblastic factors that promote bone mineralization and
pro-osteoclastogenic factors that trigger the development and activity of
osteoclasts.>?

Mechanical loading due to physical activity is critical in maintaining
homeostatic bone remodelling processes and the integrity of the bone.>*
During periods of physical activity, mechanical forces, sensed by osteo-
cytes, cause the bone to switch from osteoclastic bone resorption to
osteoblastic bone formation, resulting in an increase in bone mass.>® In
the absence of mechanical loading, bone resorption dominates, resulting
in net bone loss.>* Osteocytes, the most abundant cell type within the
bone, accounts for approximately 90-95% of the total bone cell
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population, and exhibit mechanosensing abilities. Notably, osteocytes
form a connected network, within the lacunar-canalicular system,
through cellular processes known as dendrites that allow for rapid
detection in changes in mechanical loading and downstream signal
transductions. Consequently, given the role of osteocytes in regulating
bone remodelling, and the fact that prostate cancer cells disrupt bone
remodelling, osteocytes may be involved in regulating the process of
bone metastasis.

As such, LMHEF vibration has recently emerged as a safe, effective, and
easy to perform adjuvant therapy that may induce similar effects as
physical activity but is suitable for non-weight bearing patients. Specif-
ically, LMHF vibration has been shown to activate osteocytes and reduce
breast cancer bone extravasation.>*>° The observed effects may be ad-
vantageous for elderly or bedridden patients, where physical activity
may be challenging due to mobility impairments which put them at
greater risk for fractures.>*>° However, to date, this is the first study to
examine the effects of LMHF vibration on prostate cancer growth or bone
metastasis.

In this study, to address the gap in our understanding of how me-
chanical forces affect prostate cancer, we examined whether the direct
application LMHF vibration impacts the tumorigenic properties of pros-
tate cancer. Specifically, we examined the colony formation, cell growth,
proliferation, apoptosis, and live/dead ratios using traditional 2D culture
systems and examined changes in PC3 spheroid size using a 3D cell
culture model. Additionally, we employed a bone metastasis-on-a-chip
platform to investigate the effects of LMHF vibration on PCa
extravasation.

2. Materials and methods
2.1. Cell culture

2.1.1. PC3

PC3 cells, a human prostate cancer cell line, (ATCC, Manassas, VA,
USA) were cultured in Kaighn's Modification of Ham's F-12 Media
(2127022; Gibco, USA), supplemented with 10% fetal bovine serum (FBS;
12483-020; Gibco, USA) and 1% penicillin streptomycin (15140122; P/S;
Gibco, USA).

2.1.2. MLO-Y4

MLO-Y4 cells, a murine osteocyte-like cell line (a gift from Dr. Linda
Bonewald, Indiana University, Indianapolis, IN, USA), were used as an
osteocyte model. Cells were grown on cell culture dishes coated with
0.15 mg/mL type-I rat tail collagen (354236; Corning, USA) in 94%
a-MEM basal media (12571063; Wisent, Canada), supplemented with
2.5% FBS, 2.5% calf serum (16010-159; Gibco, USA) and 1% P/S.

2.1.3. Human umbilical vein endothelial cells (HUVEC)

HUVECs (a gift from Dr. Craig Simmons, University of Toronto,
Toronto, ON, Canada) were cultured in EndoMax basal media (301-010-
CL; Wisent, Canada) supplemented with 2% EndoMax growth supple-
ment (301-013-XL; Wisent, Canada), 10% FBS, and 1% P/S.

2.2. LMHEF vibration platform

The custom-made vibration platform used throughout this study is
shown in Fig. 1. Briefly, the platform allows for LMHF vibration to be
generated and delivered to cells in a vertical and sinusoidal motion at
magnitudes of 0.1-0.3 g amplitudes (1 g = 9.81 IIl/Sz) and frequencies of
30-90 Hz. The vibration platform utilizes a piezo-electric actuator (TDK
Electronic AG, Germany) capable of reaching a maximum displacement
of 230 pm to induce acceleration by moving the platform at a fixed
displacement in a single direction. The Arduino Uno is connected to a
Serial Peripheral Interface Analog-to-Digital converter to ensure consis-
tent sinusoidal wave output. The magnitude of vibration was monitored
using the output from the Analog-to-Digital converter in the Arduino
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Fig. 1. (A) Circuitry of the vibration platform including a microcontroller (Arduino Uno), circuit board and SD card. (B) Vibration platform placed in the incubator

with 6-well plate placed on top and strapped in place.

Uno. For all experiments, LMHF vibration was set to 0.3 g, 60 Hz for 1
hour due to its effects at reducing osteoclastogenesis>® and at decreasing
breast cancer extravasation.>* Moreover, one key feature of the vibration
platform is its ability to be placed in the incubator, allowing cells to
remain under standard cell culture conditions to ensure that any changes
are due to the effects of vibration rather than due to changes in atmo-
spheric conditions or temperatures. Moreover, to ensure consistency in
cell response to vibration, the volume of media in each well and each
experiment was consistently used across all replicates.

2.3. Colony formation

PC3 cells were seeded in 6-well plates at a density of 1000 cells/well.
Following incubation for 24 h in 5% CO; and 37 °C, cells were either
treated with LMHF vibration for 3 consecutive days or remained under
static conditions. Following treatment, growth media was replaced every
2 days. Cells were then fixed with 70% ethanol and stained with 0.5%
Crystal Violet (CRY422,25; BioShop, Canada). Colonies (>50 cells) were
counted manually, and percentage of area covered by colonies was
quantified using the ImageJ plugin ColonyArea (NIH).

2.4. Cell growth

PC3 cells were seeded in 6-well plates at a density of 3.0 x 10* cells/
well. Following incubation for 24 hours in 5% CO- and 37 °C, cells were
either treated with LMHF vibration for 3 consecutive days or remained
under static conditions. Media was renewed prior to each round of vi-
bration. Growth curves were obtained by taking 5 random images in each
well on each day and manually counting cells. Total cell count was
determined by trypsinizing cells and counting the number of cells in 20
pL of solution using Trypan blue stain and a Haemocytometer.

2.5. MTT assay

PC3 cells were seeded in 96-well plates at a density of 2.0 x 10° cells/
well. Following incubation for 24 hour in 5% CO5 and 37 °C, cells were
either treated with LMHF vibration for 3 consecutive days or remained
under static conditions. Media was renewed prior to each round of vi-
bration. Immediately following the final round of vibration, media was
discarded by carefully aspirating the media and 50 pL of serum-free
media and 50 pL of MTT Reagent (ab211091; Abcam, UK) was added
into each well. Cells were incubated for 3 hours in 5% CO, and 37°C and
sealed with Parafilm and covered with foil to prevent any interference
with light. After incubation, 150 pL of MTT solvent was added into each
well, and well plates were shaken on an orbital shaker for 15 min placed
in the incubator. Absorbance was read at 590 nm using a Sunrise
Microplate Reader (30214, TECAN, Switzerland).

2.6. Apoptosis

PG3 cells were seeded in 48-well plates at a density of 1.5 x 107 cells/
well. Following incubation for 24 hours in 5% CO- and 37 °C, cells were
either treated with LMHF vibration for 3 consecutive days or remained
under static conditions. Apoptosis was assessed by staining cells with 5%
APOPercentage™ dye (A1000; Biocolor; Carrickfergus, UK) for 30 min. 4
images were taken per well using a light microscope, as per the manu-
facturer's instructions, and the total number of cells and APOPercentage-
stained cells were counted, and the percentage of apoptotic cells was
calculated.

2.7. Live/dead staining

PC3 cells were seeded in 48-well plates at a density of 1.5 x 10* cells/
well. Following incubation for 24 hours in 5% CO» and 37 °C, cells were
either treated with LMHF vibration for 3 consecutive days or remained
under static conditions. The number of live and dead cells was assessed
by staining cells with 20 pL of NucGreen™ Dead (Dead cell indicator)
(R37609; Thermo Fisher Scientific; Eugene, OR USA) and 20 pL of
NucBlue™ Live (Total cell indicator) (R37609; Thermo Fisher Scientific;
Eugene, OR USA) for 30 minutes. A negative control was established by
treating cells with 70% ethanol for 15 min prior to staining. 4 images
were taken per well using a fluorescence microscope (Nikon, Japan). The
total number of cells and dead cells were counted, and the live/total cell
ratio was calculated using ImageJ (NIH, Bethesda, MD, USA).

2.8. Spheroid production

PC3 cells were grown to 70% confluency and cell suspensions were
prepared by washing cells with 7 mL of PBS and adding 3 mL of trypsin-
EDTA solution for 4 minutes at 37 °C. Trypsin was neutralized with 2 mL
of growth medium, and the suspension was centrifuged at 1150 g for 7 min.
The cell pellet was resuspended, and the suspension was diluted with cold
growth medium and Matrigel (354234; Corning USA) to dispense 15,000
cells into 96-well ultra-low attachment plates (7007; Corning, USA).
Spheroid diameter was calculated by imaging spheroids on each day using
a standard brightfield microscope and measuring the area of the 2D images
using ImageJ and converted to diameter assuming a spherical shape.

2.9. Microfluidic platform fabrication

The bone-metastasis-on-a-chip model was fabricated by following
standard photolithography procedures using the design outlined in Mei
et al. (2019).%” Using both SU-8 2050 (Y111072; Microchem, USA) and
2075 (Y111074; Microchem, USA), designs of the osteocyte, lumen and
side channels photomasks were imprinted using UV exposure from a EVG
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620 Mask Aligner on the spin-coated silicon wafer. Following fabrication
of the master, the microfluidic device was fabricated with
poly-dimethyl-siloxane (PDMS) and curing agent (04019862; Dow
Chemical, USA) at a 10:1 ratio. The device was cut, and inlet and outlets
were generated with biopsy punches, and plasma bonded to a 75 mm x
50 mm microslide after 90-s oxygen plasma treatment.

2.10. Microchannel environment

The osteocyte channel was coated with 0.15 mg/mL type-1 rat-tail
collagen for 1 hour. The microchannels were coated with 100 pg/mL
fibronectin solution (F1141-2 MG; Sigma-Aldrich, USA) for 40 minutes
at 4 °C. The lumen channel was coated with a hydrogel solution with
11.07 mg/mL type-1 rat-tail collagen (354249; Corning, USA) and 7.6
mg/mL of Matrigel (CACB354230; Corning, USA) and was slowly
removed after 30 seconds to form the lumen. The devices were then
incubated in a water bath for 1 hour before adding the respective media
into each channel.

2.11. Microchannel validation

To validate whether endothelial cells could both survive and maintain
the appropriate junctions to serve as a physiological barrier for cancer
extravasation throughout the experiment, HUVECs were seeded into the
hydrogel lumen at 2.0 x 10° cells/mL on all sides. Microfluidic devices
were placed in the incubator at 5% CO; and 37 °C and media was
replaced every 24 hours for 96 hours. HUVECs were then fixed with 10%
formalin (HT501128; Sigma-Aldrich, USA), and stained with DAPI and
VE-cadherin primary antibody (AF938-SP; Abcam, UK) and secondary
antibody conjugated to AlexaFluor™ 488 (donkey anti-goat IgG (H+L);
Thermofisher, USA). Cells were then imaged using a Confocal Micro-
scope (Leica, Germany) (Supplementary Fig. 1).

2.12. Prostate cancer cell extravasation

Cells were seeded based on the procedures outlined in Mei et al.
(2019).37 Briefly, HUVECs were seeded at 2.0 x 10° cells/mL to the
bottom and side of the device to form the lumen channel. MLO-Y4 cells
were seeded into the osteocyte channel at a density of 1.5 x 10° cells/mL.
Cells were left to attach for 3 hours prior to seeding PC3 cells fluo-
rescently labelled with CellTracker™ Green (C2925; Invitrogen, USA) at
4.0 x 10° cells/mL. Prostate cancer cells were seeded to the bottom and
side of the device. After confirming successful attachment of cells after
24 hours, microfluidic devices with the respective cells were placed on
the custom-made vibration platform for 1 hour every day for 3 consec-
utive days. Extravasation distance was calculated by comparing distance
travelled in the side channel using fluorescent images on day 1 and day 4
(Supplementary Fig. 2).

2.13. Effects of LMHF vibration on prostate cancer cell extravasation
without osteocytes

To confirm whether LMHF vibration directly stimulates PC3 cells to
reduce extravasation, only HUVECs and PC3s were seeded into the
microfluidic platform. HUVECs were seeded at 2.0 x 10° cells/mL to the
bottom and side of the device to form the lumen channel. Cells were left
to attach for 3 hours prior to seeding PC3 cells fluorescently labelled with
CellTracker™ Green at 4.0 x 10° cells/mL. Prostate cancer cells were
seeded to the bottom and side of the device. Microfluidic devices with the
respective cells were placed on the custom-made vibration platform for 1
hour every day for 3 consecutive days. Extravasation distance was
calculated by comparing distance travelled in the side channel using
fluorescent images on day 1 and day 4 (Supplementary Fig. 2).
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2.14. Conditioned media collection

MLO-Y4 cells were cultured on collagen coated 6 well plates until
cells reached 80% confluency. Cells were then vibrated at 0.3 g and 60 Hz
for 1 hour. Media was replaced prior to vibrating cells. Conditioned
medium (CM) containing soluble factors from vibration stimulated MLO-
Y4 cells was collected following a 3-hour incubation. Additionally, static
CM was collected from MLO-Y4 cells left undisturbed.

2.15. Adhesion to the endothelial monolayer

p-Slide VI 0.4 (ibidi, Martinsried, Bavaria, Germany) were collagen
coated with 0.15 mg/mL type-I rat tail collagen (354236; Corning, USA)
for 1 hour at room temperature. HUVECs were seeded at 5.0 x10° cells/
mL. Once confluent, HUVECs were treated with static or vibration-
stimulated MLO-Y4 CM for 16 hours. PC3 cells stained with Cell-
Tracker™ Green were then added to the treated HUVEC-coated channels
at 800,000 cells/mL and were placed in the incubator for 30 minutes.
Paired channels were rinsed gently three times with PC3 media, and the
order within each pair was randomized to avoid any time-dependent
variations. Channels were then imaged using a fluorescence micro-
scope. The number of adhered cells were counted using ImageJ. Blocking
experiments were performed in a similar manner. However, 1 ug/mL
anti-human VCAM-1 neutralizing antibody was added to MLO-Y4 CM
and used to treat HUVECs for 1.5 hours prior to the addition of fluo-
rescently labelled PC3 cells. To carry out VCAM-1 immunostaining,
HUVECs were seeded, grown and treated with MLO-Y4 CM as described
above. However, following treatment for 16 hours, cells were fixed for
10 minutes, permeabilized with 0.3% Triton-X for 5 minutes and
blocking buffer was added for 1 hour. The primary antibody solution
(hVCAM-1, BBA10, Cedarlane, CA) was added and the microchannels
were placed in the 4 °C fridge overnight. The secondary antibody solu-
tion (AlexaFluor™ 488) was added the following day for 2 hours at room
temperature. The cells were then counterstained with DAPI and imaged
using a fluorescent microscope. Mean intensity of VCAM-1 was quanti-
fied by quantifying the fluorescence of 10 random cells using ImageJ in
each of the 10 randomly captured images of each of the microchannels.

2.16. Statistics

To detect statistical significance between static and vibration condi-
tions, student t-tests (two-tailed) were performed. To examine effects of
vibration across multiple days for cell growth or spheroid diameter, a
two-way analysis of variance (ANOVA) was carried out followed by a
two-stage step-up method of Benjamini, Krieger and Yekutieli correction
to control for false discovery rate. GraphPad Prism software version 9.5.1
(GraphPad Software Inc., San Diego, CA, USA) was used to complete all
statistical analyses. Results with p-values less than or equal to 0.05 were
considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001,
*xxkp < 0.0001). All experiments were replicated at least three times,
using a fresh vial of cells for each experiment, with at least six technical
replicates. Each replicate was determined to be statistically significant.

3. Results
3.1. LMHF vibration significantly reduces PC3 colony formation

To determine effects of LMHF vibration on the reproductive cell survival
of PC3 cells, a clonogenic assay was carried out. A significant decrease in the
total number of colonies (Fig. 2A) and percent area covered by colonies
(Fig. 2B) was observed in PC3s exposed to LMHF vibration when compared
to static conditions (Fig. 2C). To investigate whether the observed reduction
in cell growth and colony formation was due to an increase in cell detach-
ment from the well plates, we examined the total number of detached cells
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Fig. 3. (A) Microscopic images of PC3 cells with and without treatment with LMHF vibration (0.3 g, 60 Hz, 1 h/day for 3 days). Images were taken using a light
microscope at a total magnification of 20x. (B) Cell growth curves for PC3 cells under static and vibration conditions. Number of cells per view was determined by
manually counting cells from 5 random microscopic images taken per well and taking the average of all 5 images, n = 6 wells. (C) Total number of PC3 cells in static or
vibration conditions, n = 6 wells. Cells were counted by staining cells with Trypan Blue and counting cells using a Haemocytometer. (D) Cell proliferation of PC3 cells
treated with and without LMHF vibration quantified using an MTT assay, n = 8 wells. Data are represented as mean =+ standard deviation. *p < 0.05, **p < 0.01, ***p
< 0.001. Scale bar = 100 pm.
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in the media every time the media was changed. Specifically, 20 pL of media
was removed and diluted with Trypan Blue stain. PC3 cells that detached
from the cell culture plate were counted using a Haemocytometer. No sig-
nificant differences in the number of detached cells were observed between
static and vibration treated PC3s (Fig. 2D). Moreover, during the treatment
period (day 1-day 4), little to no cells were found in the media.

3.2. LMHF vibration significantly reduces PC3 cell growth

Additionally, the direct application of LMHF vibration significantly
reduced the number of cells on day 3 and day 4 (Fig. 3). When
comparing growth between day 1 and day 4, PC3 cells that remained
static experienced a 361% increase in the total number of cells while
cells that were treated with LMHF vibration had a 266% increase. No
significant differences in cell count were observed between the two
groups in the absence of treatment (day 1) and after one round of vi-
bration (day 2). However, for the static group, the percent increase in
cell growth from day 1 to day 2 for cells under static conditions was
determined to be 101% and 56% for cells treated with one round of
LMHF vibration. The difference in total cell count between the two
conditions was also determined to further validate the cell growth
findings. A significant decrease in the number of PC3 cells was
discovered following treatment with LMHF vibration (Fig. 3C) More-
over, while no distinct changes in cell morphology were observed, PC3
cells treated with vibration displayed a subtle rounder appearance
compared to those that remained static (Fig. 3A). We further assessed
the effects of LMHF vibration on PC3 proliferation using an MTT assay.
Following 3 bouts of vibration, a significant decrease in MTT-based cell
proliferation was observed (Fig. 3D).

3.3. LMHF vibration does not significantly affect PC3 viability or apoptosis

To investigate whether the observed reduction in cell growth was due
to increased cell death, an apoptosis and live/dead assay was carried out.
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No significant differences in the percentage of apoptotic (Fig. 4A and B)
or percentage of live/total (Fig. 4C and D) PC3 cells were discovered
between LMHF vibration and the control group.

3.4. LMHF vibration significantly reduces PC3 spheroid diameter

Given the limitations of two-dimensional monolayers to recapitu-
late the normal tumor cell environment, we further examined how
LMHF vibration impacts PC3 tumor cell growth in a three-dimensional
culture. Specifically, spheroids have been shown to mimic the me-
chanical forces present in the tumor which provides a more physio-
logically relevant model. Our results indicate that PC3 spheroid
diameter significantly decreases on day 2, 3 and 4 which is following 1,
2 and 3 rounds of vibration, respectively (Fig. 5B). Additionally, when
comparing change in spheroid diameter on between day 1 and day 4,
spheroids treated with LMHF vibration display significantly decreased
values (Fig. 5C).

3.5. LMHF vibration stimulated osteocytes decrease prostate cancer
extravasation

Due to the propensity of prostate cancer to metastasize to the bone,
we investigated the effects of LMHF vibration on prostate cancer
extravasation into the bone. Namely, we measured the extravasation
distance of PC3 cells seeded into a bone metastasis-on-a-chip platform
under static and LMHF vibration conditions. Briefly, the bone metastasis-
on-a-chip platform is composed of a PDMS device plasma bonded to a 75
mm x 50 mm microslide (Fig. 6A) with two adjacent channels: the
osteocyte channel and the lumen channel. The osteocyte microchannel is
collagen-coated and contains MLO-Y4 cells seeded at a density of 1.5 x
10° cells/mL (Fig. 6B and C). The lumen channel is composed of HUVECs
seeded at 2.0 x 10° cells/mL to the bottom and side of the device to
mimic a blood vessel, with fluorescently labelled PC3 cells seeded at 4.0
x 10° cells/mL (Fig. 6B and C). Furthermore, our validation experiment

LMHF Vibration

Static

LMHF Vibration

Fig. 4. Histograms displaying the percentage of (A) apoptotic and (C) live/total prostate cancer cells under static and LMHF vibration conditions (0.3 g, 60 Hz, 1
hour/day for 3 days) n = 8 wells. Representative microscopic images of (B) APOPercentage stained, pink, cells indicated with the white arrow and (D) live cells (blue)
and dead cells (green) under static or vibration conditions, n = 8. Data are represented as mean + standard deviation. Scale bar = 100 pm.
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Fig. 5. (A) Representative images of PC3 spheroids under static or LMHF vibration (0.3 g, 60 Hz, 1 h/day for 3 days) conditions grown at a density of 15,000 cells
between day 1 and day 4. (B) Plot of growth kinetics represented as spheroid diameter for PC3 spheroids under static or vibration conditions. (C) Change in spheroid
diameter between day 4 and day 1 for PC3 cells treated with or without LMHF vibration. Data are represented as mean =+ standard deviation, n = 6 spheroids. *p <

0.05, ***p < 0.001. Scale bar = 500 pm.

demonstrated that the intercellular junctions of endothelial cells are
maintained for the 96-h duration of our study (Supplementary Fig. 1).

Extravasation distance was calculated by comparing the distance
travelled into the side channel using fluorescent images from day 1 and
day 4 (Supplementary Fig. 2). We observed a significant reduction in
PC3 cell extravasation distance (Fig. 7A, C) and the number of
extravasated cells (Fig. 7B and C) in cells treated with LMHF vibration
when compared to the static group. To explore whether the observed
results were because of LMHF vibration on osteocytes or directly on
PC3 cells, we examined the extravasation distance of prostate cancer
cells in the absence of MLO-Y4s. Using the bone metastasis-on-a-chip
model, only HUVEC endothelial cells and PC3 cells were seeded into
the lumen channel. Following treatment with LMHF vibration for three
days, there was no significant difference in extravasation distance
(Fig. 7D, F) or the number of extravasated cells (Fig. 7E and F)
observed between the two groups.

3.6. LMHF vibration-stimulated osteocytes reduce prostate cancer cell
adhesion onto the endothelial monolayer

To investigate potential mechanisms involved in the observed
reduction in PC3 extravasation following exposure to LMHF vibration,
we examined whether soluble factors from vibration-stimulated osteo-
cytes impacted prostate cancer cell adhesion to the endothelial mono-
layer. HUVECs were grown to confluency and treated with either static or

vibration-stimulated MLO-Y4 conditioned media (CM) for 16 hours.
Fluorescently labelled PC3 cells were seeded onto the HUVEC monolayer
and incubated for 30 minutes before washing away loosely adhered cells.
We observed a significant decrease in the number of PC3 cells that
remained adhered to the HUVECs treated with CM from vibration-
stimulated osteocytes when compared to HUVECs treated with static
MLO-Y4 CM (Fig. 8A and B). Specifically, 29% more PC3 cells remained
adhered to HUVECs treated with static MLO-Y4 CM when compared to
vibration MLO-Y4 CM. Given previous findings that suggest that VCAM-1
is critical for prostate cancer cell adhesion to the endothelium and the
initiation of extravasation, we investigated its potential role in the dif-
ference between treatment with static and vibration osteocyte CM. Since
selectins may also influence the adhesion of PC3 cells onto the endo-
thelium, a 16-hour incubation period was selected because their
increased expression returns to basal levels after 6-12 hours.>® Following
incubation with the anti-VCAM-1 neutralizing antibody, the difference in
static and vibration osteocyte CM groups was abolished (Fig. 8C and D).
We further validated these results through an immunostaining experi-
ment where we saw a reduction in VCAM-1 expression on endothelial
cells treated with vibration-stimulated osteocyte CM (Fig. 8E). Fig. 8F
highlights the visible reduction in the fluorescent VCAM-1 signals in cells
treated with LMHF vibration-stimulated MLO-Y4 CM. That is, HUVECs
treated with static CM show strong fluorescent signals on the outer pe-
riphery of the cell. Alternatively, HUVECs treated with vibration CM lack
or have very low intensity signals.
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Fig. 6. Image displaying (A) PDMS device with lumen channel dyed red and osteocyte channel dyed green and (B) top microscopic view of microchannels and (C)
cellular constituents and dimensions.
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Fig. 7. Histograms comparing (A) PC3 extravasation distance (um) and (B) the total number of extravasated cells under static (n = 6 channels) and LMHF vibration
(0.3 g, 60 Hz, 1 h/day for 3 days, n = 8). (C) Fluorescent and brightfield microscopic images of PC3 cancer cell extravasation. Histograms comparing (D) PC3
extravasation distance (pm) (E) the total number of extravasated cells under static (n = 17) and LMHF vibration (0.3 g, 60 Hz, 1 h/day for 3 days, n = 12) in the
absence of MLO-Y4s. Data are represented as mean =+ standard deviation, *p < 0.05, ***p < 0.001 (F) Fluorescent and brightfield microscopic images of PC3 cancer
cell extravasation in the absence of osteocytes. Scale bar = 100 pm.
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Fig. 8. (A) PC3 adhesion to endothelial monolayer in static or LMHF vibration osteocyte condition media, n = 6 microchannels. (B) Fluorescent images of PC3 cells on
endothelial monolayers treated with static or LMHF vibration-stimulated MLO-Y4 CM. (C) Prostate cancer cell adhesion to the endothelial monolayer conditioned in
osteocyte CM with anti-VCAM-1 neutralizing antibody, n = 6 microchannels. (D) Fluorescent images of PC3 cells on endothelial monolayers treated with static or
LMHF vibration-stimulated MLO-Y4 CM and anti-VCAM-1 antibody. (E) Histogram and (F) representative fluorescent images of DAPI (blue) and VCAM-1 (green)
comparing mean intensity in VCAM-1 expression in HUVECs treated with static or vibration-stimulated MLO-Y4 CM, n = 6 microchannels. Data are presented as
paired data between static and vibration groups, ***p < 0.001, ****p < 0.0001. Scale bar = 100 pm.

4. Discussion

In this study, we investigated the effects of LMHF vibration (0.3 g, 60
Hz for 1 h, for 3 days) on PC3 colony formation, cell growth, prolifera-
tion, apoptosis, and live/dead ratios using a standard 2D cell culture
system. We further validated our findings by examining the effects of
LMHF vibration on PC3 spheroid size. Furthermore, we determined the
effects of vibration-stimulated osteocytes on PC3 extravasation using a
bone metastasis-on-a-chip platform. Our results indicated that LMHF
vibration significantly reduces PC3 colony formation (Fig. 2), cell growth
(Fig. 3B) and total cell count (Fig. 3C). Nevertheless, the observed
reduction was likely due to the effects of LMHF vibration on cancer cell
proliferation (Fig. 3D) as no changes in apoptosis (Fig. 4A) or the per-
centage of live cells (Fig. 4C) were observed. These results mirrored our
findings using the 3D cell culture model as a significant reduction in PC3
spheroid diameter and therefore volume was determined (Fig. 5).
Moreover, using our bone metastasis-on-a-chip platform (Fig. 6), we re-
ported a reduction in prostate cancer cell extravasation distance and the
number of extravasated cells (Fig. 7A-C). However, in the absence of
osteocytes, no changes between static and vibration groups were re-
ported (Fig. 7D-F). When examining specific mechanisms, our data
suggests that vibration-stimulated osteocytes secrete soluble factors that
indirectly affect PC3 extravasation through a reduction in adhesion of
PC3 cells to endothelial cells through due to a decrease in VCAM-1
expression (Fig. 8).

The mechanistic insights into the effects of low-magnitude high-fre-
quency vibration on cancer cells offer promising avenues for therapeutic
interventions. Previous in vitro studies have been carried out to investi-
gate the effects of vibration on other types of cancer cells such as breast

cancer and osteosarcoma®>?® but not on prostate cancer. Specifically,
Olcum et al. (2014) reported a significant reduction in the number and
proliferation of MDA-MB 231 cells following treatment of cells with 0.15
g and 90 Hz for 15 minutes/day, 5 days per week for 19 days.?> Whereby
vibration reduced the number of proliferating cells by arresting them in
the G1 or G2 phase of the cell cycle. Our findings further support the
anti-proliferative effects of vibration on prostate cancer cells. That is, in
this study, we showed that the direct application of LMHF vibration on
PC3 cells inhibited their cell growth and total cell count following 3 days
of treatment (Fig. 3B and C). Conversely, Olcum et al. (2014) reported
that the total number of cells was only significantly reduced on day 9.
However, a slight non-significant reduction in the total number of cells
on day 5 was observed. Interestingly, the proliferation of MDA-MB 231
cells was significantly decreased from day 5 onwards. Furthermore, while
our current study does not examine the number of cells in each phase of
the cell cycle, the significant reduction in cell growth and colony for-
mation of PC3 cells as well as a significant reduction in proliferation
measured through the MTT assay provide evidence for a decrease in
cancer cell proliferation. Future flow cytometry analyses would provide
valuable insights into the precise mechanism of the effects on the cell
cycle.

Another key finding reported by Olcum et al. (2014) was the absence
of effects on non-cancerous control cells. Our lab has previously char-
acterized the effects of LMHF vibration on both viability and total cell
count of MLO-Y4 cells and HUVECs [34; Fig. 2]. Similar to the results
reported by Olcum et al. (2014), LMHF vibration had no effects on
healthy cells.® These preliminary findings are particularly important for
the clinical translation of LMHF vibration as an adjuvant therapy for
patients with prostate cancer. Namely, in earlier clinical studies
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examining the effects of whole-body vibration, no adverse effects were
reported for all ages including children, adolescents,* adults,* or the
elderly.*"*?> However, in a feasibility study, Oschwald et al. (2022) re-
ported two cases of bleeding in patients with low platelet count following
treatment with vibration over the course of three days.>° When estab-
lishing a threshold for whole body vibration participation to 30,000
platelets/pL, no additional incidents of bleeding occurred. Since throm-
bocytopenia has an incidence rate of 12.3/100000 patient years this is
unlikely to pose a concern for PCa patients in the clinical setting.*>**

Similarly, Xiong et al. (2024) investigated the effects of various fre-
quencies of low intensity vibration on osteosarcoma cells. They observed
that treatment with vibration (60 and 90 Hz frequencies, 0.3 g and 0.7 g
magnitudes) for 20 minutes significantly altered the morphology of the
examined cell lines through a reduction in surface contact area.’® The
osteosarcoma cell lines TT2 and U20S also demonstrated a significant
decrease in proliferation following treatment with vibration (0.3 g and
0.7 g, 90 Hz). The researchers also reported a significant reduction in cell
motility in all osteosarcoma cell lines tested.”® While no specific modal
analyses were carried out, through observations alone, we noticed that
vibration treated PC3 cells displayed a rounder morphology in compar-
ison to static cells (Fig. 3A). The rounded morphology of PC3s may be an
indicator of several changes including halted progression through the cell
cycle,* as well as increased epithelial-mesenchymal transition.*® Further
comprehensive biomechanical downstream analyses are required to
characterize the precise effects of LMHF vibration on PC3 cell
morphology. Nevertheless, our reported changes in cell growth, colony
formation and proliferation are further supported by the reduction in
proliferation discovered by Xiong et al. (2024).%°

As for in vivo research, additional animal studies have provided evi-
dence that vibration could decrease the overall tumor burden. In a study
carried out by Pagnotti et al. (2016), immunocompromised mice injected
with human myeloma cells had a 31% lower tumor burden in the marrow
following daily treatment with low intensity vibration (0.3 g, 90 Hz, 15
min per day for 8 weeks).”” By the same token, Pagnotti et al. (2012)
demonstrated that female mice prone to developing granulosa cell tu-
mors that were treated with low intensity vibration (0.3 g, 90 Hz, 15 min
per day for 1 year) exhibited a 30% decrease in tumor incidence.*® To
mimic the tumor microenvironment, we employed 3D spheroids to study
how LMHF vibration could influence tumor growth in a system that
already experiences mechanical forces through interacting cancer cells
(Fig. 5). Our results using 3D spheroids provide additional evidence
regarding the anti-proliferative effects of LMHF vibration using in vitro
models. The convergence of our in vitro studies with these two in vivo
models may further support the translational potential of LMHF vibration
in the clinical setting.

While the precise mechanism of how LMHF vibration can impact
cancer cell proliferation remains unknown, preliminary modal analyses
by Xiong et al. (2024) provided concrete evidence that the efficacy of
vibration is largely dependent on both cell rigidity and shape.?® They
estimated the intrinsic frequencies of cells with soft, intermediate, and
rigid properties and discovered that the relationship between intrinsic
frequency and Young's modulus is near linear. These findings suggest that
cells that are less stiff can respond to external low intensity vibrations
that resonate with their intrinsic frequencies. Specifically, the study
highlighted that low intensity vibration had the ability to inhibit the
progression of osteosarcoma through a reduction in cell viability but does
not harm healthy cells. Rather low intensity vibrations promoted the
conversion of mesenchymal stem cells (MSCs) into induced
tumor-suppressing cells.

Targeting cancer cells based on biophysical properties such their
resonant frequencies has been proposed and explored by other re-
searchers. Namely, cancer cells have consistently been shown to be softer
than healthy cells allowing them to be targeted using lower fre-
quencies.*>*° As such, previous studies have attempted to selectively
target cancer cells using ultrasound harmonic excitation,”’ as well as
radiofrequency electromagnetic fields®? to enhance cellular oscillations
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and induce harmonic resonance to negatively affect cancer cell growth.
The findings by Xiong et al. (2024) suggest a similar mechanism whereby
low intensity vertical vibrations (0.3 g — 1 g, 30-90 Hz) are applied
directly onto the cancer cells and induce cell death when cancer cells
absorb the energy at the resonant frequency (30-90 Hz). Alternatively,
healthy MSCs absorb minimal energy, due to their higher intrinsic fre-
quencies. Therefore, the vibration serves as a mechanical stimulus to
activate pathways that lead to the expression of tumor suppressor pro-
teins such as procollagen C endopeptidase enhancer, aldolase A, histone
H4, and peptidylpropyl isomerase B instead. Yet additional work into the
precise mechanism and effects on how cells respond to such mechanical
stimuli must be explored to fully understand the mechanism.

In addition, a pivotal aspect of our investigation focused on the effects
of LMHF vibration on prostate cancer extravasation into the bone, a
crucial step in the establishment of bone metastases. Our findings indi-
cate a 37% reduction in the extravasation distance, and a 45% decrease
in the total number of extravasated PC3 cells in our bone-metastasis-on-a-
chip platform under LMHF vibration conditions (Fig. 7). Importantly, no
significant reduction was observed when prostate cancer cells were
seeded in the absence of osteocytes, highlighting the role of osteocytes in
mediating the anti-metastatic effects of LMHF vibration. Notably, our
study examines extravasation over the course of four days, which is
consistent with previous work investigating early metastasis.>*

It should be noted that osteocytes serve as the main mechanosensors
that regulate bone remodelling in response to mechanical forces and
represent over 90% of bone cells.>> Upon the detection of changes in
mechanical loading a variety of intracellular signalling pathways are
activated. Remarkably, our lab previously reported that MLO-Y4 cells
treated with LMHF vibration exhibited significant changes to various
mechanosensitive genes following treatment [34; Fig. 2]. Specifically, a
greater increase in Piezol, COX-2 expression and a significant decrease in
RANKL and RANKL/OPG expression was reported. Lau et al. (2010) re-
ported similar results in gene expression changes, but also reported a
significant decrease in prostaglandin E2 [36; Fig. 2]. These results sug-
gest that MLO-Y4 cells can sense LMHF vibration and activate pathways
involved in osteocyte mechanotransduction.

With regards to the effects of osteocyte mechanical stimulation and its
regulation of cancer metastasis, existing literature is largely conflicting.
Specifically, while some studies report that mechanical stimulation of
osteocytes decreases invasion of cancer cells,>*>*>° others report an in-
crease in migration.”®>” Our lab has previously shown, through condi-
tioned media experiments, that stimulation of osteocytes with oscillatory
fluid flow reduces the transendothelial migration of MDA-MB 231 breast
cancer cells.”® Additional experiments done by our lab using the micro-
fluidic device shown in this study demonstrated a similar reduction in
MDA-MB 231 breast cancer cell extravasation following treatment with
low-magnitude high-frequency vibration.>* Moreover, van Santen et al.
(2023) demonstrated that DU145 prostate cancer cells treated with
conditioned media from shear loaded human osteocyte-like cells
exhibited a 1.34-fold decrease in invasion and no change in prolifera-
tion.® More specifically, the conditioned media enhanced the expression
of epithelial genes SYND1 and CDH1, and it also enhanced mesenchymal
genes VMN, Snail and MIP2.

In contrast, in vitro conditioned media studies carried out by Ver-
bruggen et al. (2021) showed that soluble factors released by osteocytes
inhibited breast and prostate cancer proliferation and invasion.>® How-
ever, following mechanical stimulation with oscillatory fluid flow me-
chanical stimulation reversed such effects on breast cancer cells, and had
no effect on prostate cancer cells. Using a microfluidic organ-on-a-chip
model, they further demonstrated that mechanical stimulation of osteo-
cytes results in increased invasion of breast and prostate cancer cells.
However, several distinctions between our microfluidic devices exist.
Firstly, the organ-on-a-chip platform utilized by Verbruggen et al. (2021)
lacks the presence of endothelial cells, and the incorporation of hydrogel.
Rather, their device is composed of a PDMS membrane with two collagen
coated channels, which is a greater representation of the effects of
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osteocyte mechanical stimulation in the presence of established bone
metastases. Our research largely focuses on earlier stages of bone me-
tastases during the process of extravasation, and how mechanical stim-
ulation of osteocytes could be employed to reduce the overall tumor
burden within the bone. As such, while results are conflicting, our data
demonstrates that osteocytes play a critical role in the regulation of
prostate cancer extravasation and mechanical stimulation through LMHF
vibration may work to reduce extravasation.

Interestingly, we reported no significant difference in prostate cancer
extravasation in the absence of osteocytes. Using the same microfluidic
device, Song et al. (2022) discovered similar findings in breast cancer
cells.** However, other studies have revealed conflicting conclusions
about the direct effects of vibration on cancer cell invasion. Specifically,
in breast cancer, Yi et al. (2020) previously demonstrated that 20-minute
bouts of low intensity vibration (0.3 g, 90 Hz) applied directly twice daily
for three days suppressed invasion of MDA-MB 231 cells.?* However,
Olcum et al. (2014) discovered that vibration (0.15 g and 90 Hz for 15
minutes/day, 5 days per week for 19 days) had no effects on MDA-MB
231 cell migration.?® While the differences in the effects may be due to
differences in the magnitudes, frequencies or duration of vibration, dif-
ferences in the assays preformed may also impact results. Namely, Olcum
et al. (2014) used a scratch assay where MDA-MB 231 cells were grown to
confluency and the gap between cells following the creation of a scratch
was calculated over 24 h. Additionally, Yi et al. (2020) performed an
invasion assay with Matrigel to assess breast cancer cell invasion. The
inclusion of Matrigel provides a barrier through which the breast cancer
cells penetrate which closely mimic aspects of tissue invasion. In contrast,
our bone metastasis-on-a-chip platform integrates both endothelial cells
and a hydrogel matrix. The inclusion of the relevant cells and the
hydrogel matrix serves as a more complex and physiologically relevant
extracellular matrix compared to the use of the Matrigel alone. These
differences emphasize the use of more physiologically relevant models,
such as our bone metastasis-on-a-chip platform, to incorporate multiple
cell types and ECM components that can provide valuable insights into
the complex processes underlying cancer metastasis.

To discover potential mechanisms involved in this process, we
explored the impact of vibration-stimulated osteocytes on prostate cancer
cell adhesion to endothelial cells, mimicking the extravasation process.
Our results revealed a significant decrease in the adhesion of PC3 cells to
endothelial monolayer treated with conditioned media from vibration-
stimulated osteocytes. This suggests that LMHF vibration may modu-
late osteocyte-secreted factors that influence the adhesive properties of
endothelial cells, potentially impeding the ability of prostate cancer cells
to extravasate into the bone. Notably, previous work by Chen et al.
(2015) indicated that VCAM-1 expression on endothelial cells serves as a
critical mediator for the adhesion of PC3s onto HUVECs which leads to
subsequent metastasis into secondary sites.®® That is, inflammatory cy-
tokines induce the expression of VCAM-1 on the endothelium to promote
the capture and adhesion of circulating tumor cells through binding with
CD-44 on prostate cancer cells. By reducing VCAM-1 expression, less
cancer cells adhere onto the endothelium and extravasate between the
endothelial cells of the vessel well.°

By blocking VCAM-1 in both experimental groups in our study, as
well as quantifying VCAM-1 expression by measuring fluorescence in-
tensity, it allowed us to determine whether the expression of VCAM-1
was being altered and was responsible for the difference in adhesion
following treatment with CM from static or vibration-stimulated osteo-
cytes (Fig. 8). Our data demonstrated that VCAM-1 was indeed reduced
and was likely responsible for the reduction in both extravasation dis-
tance and the number of extravasated cells.

Most importantly, the results also suggest that vibration-stimulated
osteocytes may act in a similar manner to fluid flow-stimulated osteo-
cytes activated by physical exercise. Work by Ma et al. (2019) deter-
mined similar effects on breast cancer cells and osteocytes stimulated
with oscillatory fluid flow to examine the effects of physical exercise on
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breast cancer metastasis in vitro.>® It was also discovered that by blocking
intercellular adhesion molecule 1 (ICAM-1) on endothelial cells, the
pattern in reduction of breast cancer cells adhering to the endothelial
cells was no longer observed. This provides evidence suggesting that
based on in vitro experiments, LMHF vibration may stimulate osteocytes
in a similar way as physical exercise.

While our study does not examine the soluble factors secreted by
vibration-stimulated osteocytes, various molecules and cytokines are
implicated in the regulation of adhesion molecules on endothelial cells.
For example, exogenous PGE2 and IL-8 has been shown to increase
VCAM-1 expression on human umbilical vein endothelial cells.®’ Our lab
has previously demonstrated that osteocytes treated with LMHF vibra-
tion have significantly lower levels of PGE2 expression.>® Taken together,
this may indicate that the reduced expression and secretion of PGE2 in
vibration-stimulated osteocytes may be responsible for the decrease in
expression of VCAM-1 and the subsequent adhesion of prostate cancer
cells. However, further molecular analyses are required to determine the
precise soluble factors secreted by osteocytes and their effects on endo-
thelial cells.

Nevertheless, our data suggests that mechanically stimulated osteocytes
can reduce extravasation by indirectly altering the adhesion of endothelial
cells. These findings also collectively support our hypothesis that vibration-
stimulated osteocytes can attenuate prostate cancer cell extravasation,
providing novel insights into the potential therapeutic applications of
LMHEF vibration in the context of prostate cancer bone metastasis.

Moreover, several other mechanisms have been suggested regarding
the role of mechanically loaded osteocytes in the regulation of cancer
bone metastasis. Namely, osteocytes experiencing mechanical loading
can regulate osteoblast activity through the downregulation of sclerostin,
and increased release of prostaglandin E2 and nitric oxide, which work to
enhance osteoblast activity through increased osteoblast proliferation
and differentiation.®? ®* Coupling previous findings that demonstrate an
increase in osteoblast activity which may offset the effects of
tumor-induced osteolysis with our current data that suggests that LMHF
vibration decreases PC3 extravasation, this suggests that LMHF vibration
may be effective at reducing the incidence of bone metastases and its
negative effects. Moreover, it's a well-established fact that the sinusoidal
blood vessels of the bone marrow are leakier to allow for increased
movement of hematopoietic cells.°® That very leakiness also allows for
cancer cells to extravasate. Additionally, the blood flow is also slower in
these areas meaning cancer cells can interact with the endothelial cells
for a greater period of time.°® It has been previously shown that me-
chanically loaded osteocytes can secrete factors that reduce the perme-
ability of HUVECs.”® Specifically, the CM extracted from mechanically
loaded MLO-Y4 cells resulted in endothelial cells that were 15% less
permeable. However, future experiments examining how LMHF vibra-
tion stimulated CM alters endothelial cell permeability can be carried out
to further demonstrate the benefits of LMHF vibration.

In sum, the findings of this paper can largely be divided into two main
parts — the effects of the direct application of LMHF vibration on prostate
cancer cells and the effects of LMHF vibration-stimulated osteocytes on
prostate cancer cell extravasation. The distinction is critical for the clinical
applications of these findings. Specifically, while whole body vibration
may be used stimulate bones in the body, local vibration therapy may also
be used to decrease the clonogenic and proliferative potential of prostate
cancer cells for more targeted effects within the primary tumor site. As
such, the translational prospects of LMHF vibration therapy offer a novel
avenue for enhancing the efficacy of prostate cancer treatment to improve
patient outcomes in the clinical setting. Nonetheless, while our findings
suggest a significant decrease in prostate cancer cell growth and colony
formation, our results do not demonstrate a complete eradication of
prostate cancer nor a complete inhibition of prostate cancer extravasation.
Rather, the results support that LMHF vibration has the potential to reduce
tumorigenic properties of PCa either directly or through the stimulation of
osteocytes. Additional experiments are required to fully investigate how
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LMHEF vibration could be employed in conjunction with existing therapies
to further enhance the beneficial effects.

Nevertheless, while the work presented in this study offers novel in-
sights into the effects of LMHF vibration on PC3 growth and bone metas-
tasis, the experiments conducted are not without their limitations. Firstly,
given that all the experiments carried out in this study were performed
using in vitro models, vibration treatment was directly administered onto
the cells. However, some concerns regarding the transmissibility of vi-
bration in the clinical setting have been raised by other researchers. Spe-
cifically, the benefits of whole-body vibration therapy and its
transmissibility has been shown to be dependent on several factors
including a participant's posture, nonlinearities in the human musculo-
skeletal system, age differences, sex differences and the characteristics of
the bone and bone marrow (trabecular versus cortical).67 The vibration
signal must travel through multiple tissue layers and the magnitude and
frequency of the signal may be attenuated by the body's complex biome-
chanical properties. All our experiments were carried out by directly
placing cells on the vibration platform with near perfect transmissibility.
Thus, while the in vitro findings presented in this work are promising,
translating these parameters for clinical or in vivo studies may require
consideration for additional variables to ensure similar outcomes.

Secondly, we examined the effects of LMHF vibration on key tumori-
genic properties such as cell growth, proliferation, colony formation and
cell death. Further work examining oncogenic characteristics such as the
expression of known oncogenes, tumor suppressor genes or properties
such as dormancy or cellular senescence would provide greater evidence
regarding the beneficial effects of vibration. Likewise, in some images, the
static spheroids appear to have a less optically dense perimeter at days 3
and 4. Future studies are needed to determine whether this effect is due to
LMHEF vibration rearranging the cells or if the cells in the static spheroids
exhibit greater proliferation in the outer layer.

Lastly, we employed a bone metastasis-on-a-chip device to examine
how vibration-stimulated osteocytes impact PC3 extravasation. While
the device allows us to explore several properties such as cellular cross-
talk, invasion and extravasation all while incorporating mechanical
stimuli into the microenvironment, previous limitations have been
highlighted in the work done by Mei et al. (2019).>” Specifically, the
osteocyte channel does not recapitulate the complex lacunar-canalicular
system of the bone but rather employs a simplistic collagen coated
channel. Furthermore, the concentration of PC3 cells seeded into the
lumen is much higher than the amount of circulating tumor cells found
within the bloodstream of a patient with stage IV PCa.’® While the total
number may not be physiologically relevant, the microfluidic device was
employed to investigate the role of MLO-Y4s in regulating PC3 bone
extravasation. Lastly, the device combines both mouse (MLO-Y4) and
human cell lines (HUVEC, PC3). The use of such established cell lines
poses concerns about interspecies variation but also allows for the cells to
be compared with existing literature due to their widely used nature.
While certain features of the device may be improved in future studies,
the findings from the bone metastasis-on-a-chip platform may serve as a
valuable starting point to understand the interplay between mechanical
cues and cancer cell behaviour in bone metastasis.

5. Conclusion

This study demonstrates that daily application of LMHF vibration
negatively affects the proliferative capacity of prostate cancer cells in
vitro. Specifically, the decrease in both the total number and percent area
of colonies, along with the reduction in spheroid diameter, suggests that
LMHF vibration may influence the proliferative capacity and clonogenic
potential of prostate cancer cells. This finding raises the possibility that
LMHF vibration could be explored as an adjuvant therapy to limit the
expansion of prostate cancer cell populations. Additionally, vibration
stimulated osteocytes reduce prostate cancer extravasation into the bone
through a decrease in prostate cancer adhesion to endothelial cells, a key
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process that commences cancer colonization within the bone. Never-
theless, further investigation is required to unravel molecular mecha-
nisms underlying the effects of vibration on prostate cancer cells and the
bone microenvironment. Additionally, future studies should concentrate
on investigating the potential synergistic effects of LMHF vibration with
existing cancer therapies such as chemotherapy, radiation, and immu-
notherapy to enhance treatment efficacy. Nevertheless, these findings lay
foundational groundwork for the clinical exploration of mechanical in-
terventions in cancer treatment.
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