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Abstract

Mechanical stimulations can prevent bone loss, but their effects on the tumor-invaded bone or
solid tumors are elusive. Here, we evaluated the effect of knee loading, dynamic loads applied to
the knee, on metastasized bone and mammary tumors. In a mouse model, tumor cells were
inoculated to the mammary fat pad or the proximal tibia. Daily knee loading was then applied
and metabolic changes were monitored mainly through urine. Urine samples were also collected
from human subjects before and after step aerobics. The result showed that knee loading
inhibited tumor progression in the loaded tibia. Notably, it also reduced remotely the growth of
mammary tumors. In the urine, an altered level of cholesterol was observed with an increase in
calcitriol, which is synthesized from a cholesterol derivative. In urinary proteins, knee loading in
mice and step aerobics in humans markedly reduced WNT1-inducible signaling pathway protein
1, WISP1, which leads to poor survival among patients with breast cancer. In the ex vivo breast
cancer tissue assay, WISP1 promoted the growth of cancer fragments and upregulated tumor-
promoting genes such as Runx2, MMP9, and Snail. Collectively, the present preclinical and
human study demonstrated that mechanical stimulations such as knee loading and step aerobics
altered urinary metabolism and downregulated WISP1. The study supports the benefit of
mechanical stimulations for locally and remotely suppressing tumor progression. It also indicated

the role of WISP1 downregulation as a potential mechanism of loading-driven tumor suppression.



Introduction

Physical activity is considered to modulate the levels of hormones, prevent obesity, improve
immune system functions, and alter the metabolism (1). Epidemiologic studies indicate that
physical activity reduces the risk of cancer induction in the colon, endometrium, breast, and
others (2). While weight-bearing physical activity and skeletal loading are known to enhance
bone formation (3, 4), little is known about the role of loading-driven regulation of tumor-
invaded bone or non-skeletal solid tumors. Here, we examined the effects of skeletal loading on
the knee on the progression of tumors. Since bone is a frequent metastasis site from advanced

breast cancer (5), we evaluated loading effects on the mammary tumor and tumor-invaded tibia.

Knee loading is one form of joint loading modalities, in which oscillatory, compressive loads are
applied to a synovial joint such as the knee, ankle, and elbow (6). In pre-clinical studies using a
mouse model, we and others have shown that knee loading can enhance bone formation (7),
accelerate the healing of necrotic femoral head (8), and reduce inflammation in the arthritic knee
(9). It 1s also reported that knee loading can activate neuronal signaling and elevate the serotonin
level in the brain (10). We have previously shown that ankle loading, the other form of joint
loading modality, ameliorated tumor-driven bone loss by inhibiting the nuclear factor of
activated T-cells cytoplasmic 1 (NFATc1)-driven bone resorption in the loaded tibia (11).
However, little is known about loading effects on systemic metabolites or tumorigenesis that is
not directly linked to bone homeostasis. Loading-linked therapy is important in many diseases
including cancers since it generally does not induce life-threatening side effects and it is cost-
effective as a combined regimen with other treatments. The question herein is whether knee

loading can inhibit the progression of primary and metastasized tumors at the loaded and non-



loaded sites by regulating tumor-promoting and suppressing metabolites and genes.

To evaluate local and global changes in metabolism, we analyzed urinary metabolites since urine
can be collected in a large volume relatively with ease. In our previous study with Pitavastatin
(12), which is an FDA-approved drug to lower the cholesterol level (13), we showed that
Pitavastatin altered urinary metabolites in the mevalonate pathway in a mouse model of breast
cancer. We have also shown that axial tibia loading in a mouse model or step aerobics in human
subjects can sharply reduce the level of cholesterol and elevate the levels of dopamine, and
melatonin in urine, in which dopamine and melatonin serve as tumor-suppressing agents (14).
Although mechanical stimulations were shown to convert the urine into an anti-tumor agent, the
mechanical effects with knee loading on the growth of mammary tumors and loaded tumor-

invaded bones have not been elucidated.

In this study, we focused on three biomarkers in the urine: cholesterol as a potential tumor-
promoting agent (15), TGFp as a growth factor to induce a bone-resorbing vicious cycle (16),
and 1,25-dihydroxy vitamin D3 (calcitriol) as a potential tumor-suppressing agent (17).
Interestingly, vitamin D3 is synthesized in the skin from 7-dehydrocholesterol, a derivative of
cholesterol (18). We chose these biomarkers since they are considered to be involved in tumor
progression and bone metabolism. We examined whether a dynamic urinary balance of
cholesterol, TGFf, and calcitriol would be altered by knee loading. We also conducted antibody
array analysis and identified Wnt1 inducible signaling pathway protein 1, WISP1, a proto-
oncogene protein in a member of CCN family (19), as a critical regulator in the responses to

cholesterol, TGFp, and calcitriol. Calcitriol is known to be an inhibitor of WISP1 (20), and



WISP1 is reported to promote tumor growth by attenuating p53-mediated apoptosis (21). To

further evaluate the outcome with the mouse model, human urine samples were examined before
and after weight-bearing physical activity (step aerobics). The cancer genome atlas (TCGA) and
Genotype Tissue Expression (GTEx) databases were also used to assess the clinical significance

of WISP1 in cancer tissues.



Materials and Methods

Cell culture

EO771 mouse mammary tumor cells (CH3 BioSystems, Amherst, NY, USA) (22) were cultured
in DMEM with 10% fetal bovine serum and antibiotics, and cells were maintained at 37°C and
5% COs. Cellular proliferation was examined using a fluorescence-based cell proliferation kit
(Click-iT™ EdU Alexa Fluor™ 488 Imaging Kit; Thermo-Fisher, Waltham, MA, USA) as
previously described (23). A Transwell chamber assay was conducted to detect invasive cellular
motility (24), and a wound-healing scratch assay was utilized to evaluate 2-dimensional

migratory behavior (25).

Western blot analysis and protein array analysis

Western blot analysis was conducted using the procedure previously described (26). A
luminescent image analyzer (LAS-3000, Fuji Film, Tokyo, Japan) was used to capture signals
and ImageJ (NIH, Bethesda, MD, USA) was used to quantify signal levels. We used antibodies
against Runx2 (8486s), Snail (3879s), TGFB (3711s) (Cell Signaling, Danvers, MA, USA),
WISP1 (AF1689, R&D Systems, Minneapolis, MN, USA), MMP9 (sc-393859) (Santa Cruz,
Dallas, TX, USA), and B-actin (A5441, Sigma, Saint Louis, MO, USA). We also employed a
mouse XL cytokine array (R&D Systems, Minneapolis, MN, USA) and determined expression

of 111 cytokines and chemokines in mouse urine samples.

Animal models
The experimental procedures were approved by the Indiana University Animal Care and Use

Committee and complied with the Guiding Principles in the Care and Use of Animals endorsed



by the American Physiological Society. Mice were housed five per cage in a pathogen-free
condition and provided with mouse chow and water ad libitum. In the mouse model of the
mammary tumor, mice were randomly assigned into two groups (placebo and knee loading).
Eight-week-old C57BL/6 female mice (8 per group; Envigo RMS, Inc., Indianapolis, IN, USA)
received subcutaneous injections of EO771 cells (3.0 x 10° cells in 50 pl PBS), to the mammary
fat pad on day 0 (25). In the mouse model of tibial osteolysis, C57BL/6 female mice (8 per
group) were randomly assigned into two groups (placebo and knee loading) and they received
the injection of EO771 cells (3.0 x 10° cells in 20 pl PBS) to the right tibia. On day 14 the
animals were sacrificed 30 min after the last knee loading, and urine and serum samples were

collected from the healthy control (12 mice), placebo (8 mice), and knee loading groups (8 mice)

(Fig. 1A).

Knee loading and strain measurement

To the knee loading group, knee loading was applied daily using an ElectroForce device (TA
Instruments, New Castle, DE, USA) from day 1 after tumor inoculation on day 0. Mice were
anesthetized with ~1.5% isoflurane, and sinusoidal loads of 0.5 N (peak-to-peak) at 2 Hz were
given to the left knee for 5 min. Mice in the placebo group were anesthetized and placed on the
loading device without receiving dynamic loads. No adverse effects in response to knee loading

were observed.

Strain in response to knee loading was measured using a strain measurement unit (EDX-14A;

Kyowa Americas Inc., Novi, MI, USA). A pair of strain gauges (SKF-27085, 200 um gauge



length; Kyowa America Inc.) was immobilized to the proximal tibia in an orthogonal direction,

and the tibia was compressed with 0.5, 1, or 2 N loads at 1 Hz.

uCT imaging and histology

The tibiae were harvested for pCT imaging and histology, and the samples were blinded for
further analysis. Micro-CT was performed using Skyscan 1172 (Bruker-MicroCT, Kontich,
Belgium). Using manufacturer-provided software, scans were performed at pixel size 8.99 uym
and the images were reconstructed (nRecon v1.6.9.18) and analyzed (CTan v1.13). In histology,

H&E staining was conducted as described previously (25).

Volatile organic compounds (VOCs) and ELISA

Six to seven urine samples in the placebo and knee loading groups and twelve samples in the
control group were collected from mice before and 30 min after knee loading. VOCs were
identified using solid-phase micro-extraction, coupled to a 7200 Accurate Mass Quadruple Time
of Flight mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) (26). Data were
analyzed using MassHunter Quantitative Profinder software (B.08.00; Agilent Technologies).
Relative abundances were calculated and log, transformed-16, and hierarchical clustering
analysis and principal component analysis were conducted. Using ELISA Kkits, the levels of
TGFP (Thermo Fisher), cholesterol (MyBioSource, San Diego, CA, USA), and calcitriol (1,25-
dihydroxy vitamin D3) (AVIVA Systems Bio, San Diego, CA, USA) in the serum and urine were

determined.

Ex vivo breast cancer tissue assay



The usage of human breast cancer tissues was approved by the Indiana University Institutional
Review Board. A sample (~ 1 g; ER/PR+, HER2+), received from Simon Cancer Center Tissue
Procurement Core, was manually fragmented with a scalpel into small pieces (~ 1 mm in length).
These pieces were grown in DMEM with 10% fetal bovine serum and antibiotics for a day.
WISP1 recombinant protein or calcitriol was then added for two additional days, and a change in

the fragment size was determined.

Human urine collection

Human urine collection was approved by the Indiana University Institutional Review Board. We
obtained urine samples from 10 healthy participants (5 male and 5 female; average age, 28 + 7
years). Human subjects conducted 30-min weight-bearing physical activity, which included 10-
min warming up at 80 beats per minute (bpm), 10-min core step aerobics at 120 bpm, and 10-

min cooling down at 80 bpm. Urine was collected before and 1 h after physical activity.

Gene expression profiling interactive analysis (GEPIA)

Using a GEPIA server (27) for accessing TCGA (The Cancer Genome Atlas) and GTEx
(Genotype-Tissue Expression) databases, the survival rate was obtained for breast cancer patients
with high and low levels of WISP1. The correlation coefficients for mRNA levels in
musculoskeletal tissues and breast cancer tissues were determined. Data are given on a

logarithmic scale (base 2) with a unit of transcript per million (TPM).

Statistical analysis

10



For cell-based experiments, three or four independent experiments were conducted and data were
expressed as mean = S.D. In animal experiments, the sample size in the mouse model was
chosen to achieve a power of 80% with p < 0.05. The primary experimental outcome was tumor
weight for the mammary fat pad experiment and the bone volume ratio (BV/TV) for the tibia
experiment. The secondary experimental outcome was tumor size for the mammary fat pad
experiment and the trabecular number (Tb.n) for the tibia experiment. All data were tested for
normality (Shapiro—Wilk normality test) and statistical significance was evaluated using a one-
way analysis of variance (ANOVA). Post hoc statistical comparisons with control groups were
performed using Bonferroni correction with statistical significance at p < 0.05. The single and

double asterisks in the figures indicate p < 0.05 and p < 0.01, respectively.
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Results

Knee loading suppressed tumor progression in the tumor-invaded tibia.

As a mouse model of skeletal loading with C57BL/6 female mice, we conducted knee loading
that applied sinusoidal compressive loads to the knee (Suppl. Fig. 1A). Dynamic loads of 0.5, 1,
and 2 N at 2 Hz induced loading magnitude-dependent strain. Loads of 0.5 N (peak-to-peak),
which will be used hereafter, induced approximately 100 pe (axial compression) and 50 pe

(lateral tension), with a phase shift of ~180° between these two strains (Suppl. Fig. 1B).

We first examined local loading effects. EO771 mammary tumor cells were inoculated to the
tibia, and daily knee loading (0.5 N loads at 2 Hz) was applied for 5 min/bout for 2 weeks (Fig.
1A). uCT images revealed that knee loading significantly reduced tumor-driven osteolysis in the
proximal tibia (Fig. 1B). Compared to the placebo group, the loaded group showed well-
preserved trabecular bone with an increase in BV/TV (p = 0.0052), BMD (p = 0.0067), and Tb.n
(p = 0.0057), as well as a decrease in Tb.s (p = 0.0401) (Fig. 1C). While a majority of tumor
cells were kept in the tibia, the femur also received tumor invasion. Compared to the placebo
group, knee loading elevated BV/TV (p =0.0261), BMD (p = 0.0403), and Tb.n (p =0.0427) in
the distal femur (Fig. 1D&E). H&E-stained histological images showed that compared to the
placebo group, the loaded group markedly reduced the tumor-invaded area in the proximal tibia
(Fig. 1F). Knee loading also downregulated TGF3, Runx2, MMP9, and Snail in bone marrow-

derived cells in the tibia (Fig. 1G).

Knee loading remotely reduced tumor growth in the mammary fat pad.

12



We next examined the remote loading effect on tumor growth in the mammary fat pad (Fig. 2A).
Interestingly, daily knee loading significantly reduced the weight and size of the mammary
tumor (p = 0.0267 and 0.0006, respectively, Fig. 2B-D). Thus, knee loading presented both local

and remote loading effects.

Knee loading altered volatile organic compounds (VOCs).

The effect of knee loading was evident not only at the local site in the hind limb but also at the
remote site in the upper body. To detect any systemic changes in metabolism, we first focused on
urine-derived VOCs. Using 22 VOCs that presented statistical significance among any pair of 3
groups (control, placebo control, and knee loaded), hierarchical clustering analysis was
conducted (Fig. 3A). In the principal component analysis, 2 clusters of VOCs were identified
along the first principal component axis, in which the right cluster corresponded to the tumor-
enriched VOCs (Fig. 3B). Among the tumor-enriched compounds, 5 VOCs (alpha/beta-famesene,
linalool, isoprenyl alcohol, and beta-pinene) were linked to the mevalonate pathway that leads to
cholesterol synthesis (Fig. 3C&D). An ELISA assay showed that compared to the control group
the urinary levels of cholesterol were elevated in the placebo group, while compared to the
placebo group the urinary and serum levels were lowered in the loaded group (Fig. 4A).
Collectively, VOCs and ELISA data indicate that knee loading induces not only local changes in

gene expression but also global metabolic alterations.

Cholesterol stimulated proliferation and invasion of tumor cells.
Although no significant difference was observed in the serum between the control and placebo

groups, the urinary cholesterol level was elevated in the placebo group (Fig. 4A). We thus

13



evaluated the action of cholesterol on mammary tumor cells. In response to 10 uM cholesterol,
the EdU-based proliferation of EO771 cells was elevated (Suppl. Fig. 2A) and cellular invasion
and migration were also promoted (Suppl. Fig. 2B&C). Furthermore, the protein levels of tumor-
promoting genes such as TGF, Runx2, MMP9, and Snail were upregulated in a dose-dependent

fashion (Suppl. Fig. 2D).

Loading induced alterations in TGFp and calcitriol.

Besides the loading-driven change in cholesterol, knee loading altered the level of TGFp in the
serum and urine (Fig. 4B). Similar to the response to cholesterol, treatment of EO771 cells with
TGF elevated Runx2, MMP9, and Snail (Fig. 4C). In contrast, compared to the samples
collected before knee loading, knee loading elevated calcitriol in the serum and urine (Fig. 4D),
and calcitriol reduced Runx2, MMP9, and Snail in EO771 cells (Fig. 4E). Furthermore, calcitriol
acted as a tumor suppressor by inhibiting proliferation, invasion, and migration of EO771 cells

(Fig. 4F-H).

Knee loading decreased WISP1 in murine urine.

The result so far revealed that knee loading significantly affected the levels of tumor-promoting
cholesterol and TGFf, while it elevated tumor-suppressing calcitriol. These results indicated the
possibility of differentially expressed oncogenes in the urine samples with and without knee
loading. To detect the potential difference, we conducted antibody array analysis using a pair of
pre- and post-loading urine samples. Among 111 cytokines and chemokines in the array, we
observed 5 candidate genes, such angiopoietin 2 (Ang2), WISP1, fractalkine (FKN), purple acid

phosphatase 3 (PAP3), and transferrin (TF), whose protein levels were reduced in the post-
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loading urine sample (Fig. 5A). In TCGA and GTEXx transcript databases, 4 candidates (Ang2,
FKN, PAP3, and TF) except for WISP1 did not show any increase in their transcript levels in
breast cancer tissues nor a significant impact on the overall survival rate (Suppl. Fig. S3).
Hereafter, we focused on WISP1 that was linked to loading-sensitive Wnt signaling and known

to promote tumor growth.

In response to WISP1, we observed that the proliferation of EO771 cells was elevated (Fig. 5B).
WISP1 also increased the Transwell-based invasion and scratch-driven migration of EO771 cells
(Fig. 5C&D). Furthermore, TGFp, Snail, MMP9, and Runx2 were increased by WISP1 (Fig. 5E).
Also, we observed that knee loading downregulated WISP1 in bone marrow-derived cells in the
tibia (Suppl. Fig. S4A). Furthermore, WISP1 was elevated by cholesterol and TGF[3, while it
was suppressed by calcitriol (Suppl. Fig. S4B-D). In the ex vivo breast cancer tissue assay,

WISP1 enlarged the fragmented cancer tissues, while calcitriol reduced their size (Fig. 5F).

Loading-conditioned urine reduced WISP1, MMP9, Runx2, and TGFp.

To evaluate the effect of loading-driven downregulation of WISP1 in urine, we grew EO771
cells in the presence of 2% urine in the culture medium. Notably, incubation with each of 10
human urine samples after post-step aerobics reduced the level of WISP1, MMP9, Runx2, and
TGFp (Fig. 6A&B; Suppl. Fig. S5A). Furthermore, incubation with each of 10 murine urine
samples after knee loading reduced the protein levels of these tumor-promoting genes (Fig.

6C&D; Suppl. Fig. S5B).

High WISP1 expression was linked to the poor prognosis of breast cancer.

15



We have shown so far that WISP1 is one of the critical effectors in response to skeletal loading.
Knee loading counteracted to the cancer-driven increase in TGFP3 and WISP1 in the urine, while
it elevated calcitriol in the serum and urine. TCGA and GTEXx transcript databases revealed that
the level of WISP1 was elevated in patients with breast cancer (Fig. 7A), and among the patients,
a high level of WISP1 led to a significant reduction in the overall survival (Fig. 7B).
Correlational analysis among WISP1, TGFf, Runx2, and Snail transcripts revealed that their

expression levels are positively correlated in skeletal tissues (Fig. 7C) and breast cancer tissues

(Fig. 7D).
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Discussion

We presented that knee loading suppressed tumor progression locally in the proximal tibia and
remotely in the mammary fat pad. In the mouse urine and serum, tumor-promoting factors such
as cholesterol and TGF[} were significantly altered in the loaded group. Furthermore, compared
to the sham-loaded placebo group a tumor-suppressing factor, calcitriol, was increased in the
loaded group in the serum and urine. The urinary changes in vivo were consistent with the in
vitro evaluation. Cholesterol stimulated the proliferation of tumor cells and elevated the protein
levels of tumor-promoting genes such as Runx2 (28), MMP9 (29), Snail (30), and TGFp in
EO771 mammary tumor cells, while calcitriol presented the opposite effects. Notably, the
urinary level of WISP1, which lowered the overall survival rate of patients with breast cancer,
was decreased in the urine after mechanical stimulations (Fig. 7E). Collectively, mechanical
stimulations presented local and global anti-tumor effects in the mouse model of breast cancer,
and step aerobics by human subjects supported the loading-driven regulation of WISP1 in
urinary metabolism. Of note, in our previous study mechanical stimulation was shown to
downregulate CSF1, macrophage colony-stimulating factor, and CD105, a tumor-promoting

glycoprotein in the urine (14).

The present study demonstrated that daily loading for 5 min (600 bouts per day) prevented tumor
progression not only at the loaded site but also at a remote site at the mammary fat pad. The
beneficial loading effect was accompanied by the downregulation of Runx2, MMP9, and Snail in
the bone marrow of the loaded tibia, as well as the metabolic VOC changes in the mevalonate
pathway for cholesterol synthesis. Vitamin D3 is synthesized from a derivative of cholesterol in

the skin. Knee loading served as a metabolic switch for altering a dynamic balance from

17



cholesterol as a tumor promoter to calcitriol as a tumor suppressor. Of note, we focused in this
study on the active form of vitamin D3, 1,25-dihydroxyvitamin D3, known as calcitriol that is
approved for medical use for the treatment of hypocalcaemia, chronic kidney disease, and

osteoporosis (31).

WISPI1 regulates cellular proliferation, migration, and adhesion to the extracellular matrix and it
is reported to promote tumor growth by inhibiting p53-driven apoptosis (21). Using TCGA and
GTEx databases, we showed that WISP1 was highly expressed in patients with breast cancer and
high WISP1 expression correlated with a poor overall survival rate. The result herein also
showed that WISP1 was elevated by cholesterol and reduced by calcitriol. Furthermore, WISP1
was an inducer of TGFf, Snail, MMP9, and Runx2 in mammary tumor cells. Taken together, the
present study indicated that WISP1 was a mechano-sensitive regulator and its loading-driven

downregulation suppressed tumor progression in the mammary fat pad and the tibia.

Besides the biomarkers in the serum, we also analyzed metabolic responses in mouse urine. The
beneficial effect of knee loading was tracked to systemic changes in metabolites. The principal
component analysis revealed that the tumor samples enriched several metabolites in the
mevalonate pathway in urine-derived VOCs, while knee loading exerted the opposite effect.
Consistent with the changes in VOC:s, the level of cholesterol was elevated in the urine and
serum. The result herein is in agreement with the potential involvement of cholesterol in tumor
progression. Further analysis is needed to examine the possibility of using VOCs to evaluate the

efficacy of therapeutic interventions.
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This work demonstrates the active role of skeletal loading in WISP1 inhibition via cholesterol
downregulation and calcitriol upregulation. While the results herein reveal a novel possibility of
knee loading as adjuvant physical therapy, the study has a few limitations. C57BL/6 mouse strain
was used because of its responsiveness to mechanical loading. We also employed the triple-
negative mammary tumors, which are difficult to treat, and the estrogen receptor-positive breast
cancer tissue, which frequently metastasizes to bone. The response to knee loading may depend
on cancer types, including the hormone-receptor status since mechanical loading may affect
hormonal regulation. The loading conditions are largely different in pre-clinical studies and
clinical applications. As a knee loading apparatus for human use, the application of FDA-
approved continuous passive motion devices after knee surgery can be considered (32). These
devices are used for rehabilitation to enhance joint mobility. Besides loading to the skeletal
system, weight-bearing physical activity induces varying responses in the cardiovascular system,
immune system, and neurological systems (33, 34), and other systems may also be involved in
the observed dynamic shift in cholesterol and calcitriol in the urine. In human urine analysis,
potential bias may include the age and health conditions of individual participants and it is
possible that the alterations in the selected biomarkers in the urine may not completely represent

those in the primary and metastasized tumors.

In summary, this study revealed that mechanial loading suppresses local and systemic tumor
progression, which was associated with an altered balance of cholesterol and calcitriol, as well as
the regulation of TGF and WISP1. It is for the first time shown that calcitriol and WISP1 are
involved in the responses to knee loading. WISP1 is exceedingly expressed in tumor tissues, and

its high transcript level markedly lowers the overall survival rate of patients with breast cancer.
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Collectively, the results suggest that physical activity can serve as an adjuvant cancer therapy,

and the urine may serve as a diagnostic indicator in response to physical activities.
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Figure Legends

Figure 1

Reduction in bone loss by knee loading. The single and double asterisks indicate p < 0.05 and p < 0.01,
respectively. (A) Schematic illustration of intra-tibia injection of EO771 mammary tumor cells and the
timeline. (B) Representative uCT images of the proximal tibia. (C) Comparison of BV/TV, BMD, Tb.n,
and Tb.s in the proximal tibia between the placebo and loaded groups. (D) Representative uCT images of
the distal femur. (E) Comparison of BV/TV, BMD, Tb.n, and Tb.s in the distal femur between the
placebo and loaded groups. (F) HE staining of the proximal tibia in the placebo and loaded groups, and
the relative tumor area. The dotted area (green) indicates the tumor-grown region. (G) Reduction in the

protein levels of MMP9, Runx2, TGF[3, and Snail in bone marrow-derived cells in the loaded group.

Figure 2

Load-driven reduction in the mammary tumor. The single and double asterisks indicate p < 0.05 and p <
0.01, respectively. (A) Schematic illustration of the injection of EO771 mammary tumor cells to the
mammary fat pad. (B) Mammary tumors 2 weeks after tumor inoculation in the placebo and loaded group.

(C&D) Decrease in the tumor weight and size in the loaded group.

Figure 3

Load-driven alterations in urinary volatile organic compounds (VOCs). Of note, PCA = principal
component axis. The single and double asterisks indicate p < 0.05 and p < 0.01, respectively. (A)
Hierarchical clustergram for the normal, placebo, and loaded groups, including 22 VOCs. (B&C)
Principal component plots for the urine samples and 22 VOCs, respectively. (D) Mevalonate pathway
leading to cholesterol synthesis including 5 VOCs (alpha/beta-farnesene, linalool, isoprenul alcohol, and

beta-pinene) that were enriched in the placebo group.

Figure 4

Effects of TGF[ and calcitriol in the urine. Of note, CN = control, pl = placebo, load = knee loading, and
VD = vitamin D3 (calcitriol). The single and double asterisks indicate p < 0.05 and p < 0.01, respectively.
(A) Cholesterol levels in the serum and urine in the normal, placebo, and loaded groups. (B) TGFf levels
in the serum and urine before and after knee loading. (C) Effects of TGF on the expression of MMP9,
Runx2, and Snail. (D) Calcitriol levels in the serum and urine before and after knee loading. (E) Effects of
calcitriol on the expression of MMP9, Runx2, and Snail. (F-H) Calcitriol-driven reduction in EdU-based

proliferation, Transwell invasion, and cellular motility of EO771 cells.
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Figure 5

Load-driven downregulation of WISP1 in the post-loading murine urine. Of note, CN = control, and VD
= vitamin D3 (calcitriol). (A) Expression of 111 cytokines and chemokines in the mouse XL cytokine
array. (B-D) WISP1-driven stimulation of EdU-based proliferation, Transwell invasion, and cellular
motility of EO771 cells. (E) Elevation of MMP9, Runx2, TGFp, and Snail by WISP1 in EO771 cells. (F)

Size changes in fragmented breast cancer tumor tissue by calcitriol and WISP1.

Figure 6

Differential effects of pre- and post-loading urine samples on the expression of WISP1, MMP9, Runx2,
and TGFp in EO771 cells. Of note, pre-S & post-S = pre- & post-step aerobics, and pre-L & post-L = pre-
and post-loading. The bar chart is based on 10 pairs of human samples and 10 pairs of mouse samples.
(A&B) Downregulation of MMP9, RUNX2, TGFf3, and WISP1 in response to human post-step aerobics
urine samples. (C&D) Downregulation of MMP9, RUNX2, TGFf3, and WISP1 in response to murine

post-knee loading urine samples.

Figure 7

WISP1 expression in TCGA and GTEx databases. (A) Elevated level of WISP1 transcripts in patients
with breast cancer. (B) Significant reduction in the overall survival rate for patients with a high level of
WISP1. (C) Correlation of transcript levels among WISP1, TGFf, Runx2, and Snail in skeletal tissues.
(D) Correlation of transcript levels among WISP1, TGFf, Runx2, and MMP9 in breast cancer tissues. (E)
Proposed mechanism for load-driven suppression of tumor progression, in which knee loading
upregulated vitamin D3 (calcitriol) and downregulated cholesterol and TGFf, which downregulated

WISP1, MMP9, and Snail.
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Supplementary Information

Loading-driven WISP1 downregulation for tumor suppression
with a urinary balance shift from cholesterol to calcitriol
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Suppl. Figure S1. Knee loading and strain measurements. (A) Setup for knee loading. (B) Strain on
the proximal tibia in response to 0.5 to 2 N sinusoidal loading at 2 Hz.



cholesterol (uM)

0 10

Oh

= 100 pm

cholesterol (uM)

24 h

relative EdU cell number

=200 pm

scratch area (%)

EO771
oo™

0 10
Chol (M)

T A
| &

60 Qz.ﬁ'
40 A
20

0 10

Chol (uM)

Chol

A

(uM)

EO771 CN

300 |

invasive number

200 A

100 -

0 10

Chol (uM)

cholesterol (uM)

1

5 10

TGFR[mm wom s s |
Ruan‘—— - e— —‘
MMP | s s G |

Snail| ee— e— o=y S—
B-actin [ e . w— c—

Suppl. Figure S2. Effects of cholesterol in proliferation, invasion and migration of EO771 cells. The
single and double asterisks indicate p < 0.05 and p < 0.01, respectively. (A) Increase in EdU-based
cellular proliferation by cholesterol. (B&C) Elevated invasion and migration by cholesterol,
respectively. (D) Cholesterol-driven increase in the protein levels of TGFB, Runx2, MMP9, and Snail.
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Suppl. Figure S3. Transcript levels and an overall survival rate in TCGA and GTEx databases for 4
genes, which were identified as a potential loading-driven regulatory target in the protein array
analysis. Of note, Ang2 = angiopoietin 2, FKN = fractalkine, PAP3 = purple acid phosphatase 3, and
TF = transferrin. (A) Ang2 transcript level and the overall survival rate. (B) FKN transcript level and
the overall survival rate. (C) PAP3 transcript level. The overall survival rate was not available because
of the insufficient sample size. (D) TF transcript level and the overall survival rate.
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expression in EO771 mammary tumor cells in response to TGF( and vitamin Ds (calcitriol),
respectively.
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Suppl. Figure S5. Expression of WISP1, MMP9, Runx2, and TGFp in EO771 cells in response to
urine (2% in culture medium) before and after mechanical stimulation. Of note, pre-S & post-S = pre-
& post-step aerobics, and pre-L & post-L = pre- and post-loading. (A) Responses to 6 pairs of human
urine samples before and after 10-min step aerobics. (B) Responses to 6 pairs of murine urine samples
before and after 5-min knee loading.
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