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Abstract

Purpose: Regular exercise can reduce incidence and progression of breast cancer, but the mechanisms for such effects are not fully understood.
The purpose of this study was to examine the mechanisms behind the protective effects of exercise.

Methods: We used a variety of rodent and human experimental model systems to determine whether exercise training can reduce tumor burden in
breast cancer and to identify mechanism associated with any exercise training effects on tumor burden.
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Results: We show that voluntary wheel running slows tumor development in the mammary specific polyomavirus middle T antigen overexpres-
sion (MMTV-PyMT) mouse model of breast cancer but only when mice are not housed alone. We identify the proteoglycan decorin as a contrac-
tion-induced secretory factor that systemically increases in patients with breast cancer immediately following exercise. Moreover, high
expression of decorin in tumors is associated with improved prognosis in patients, while treatment of breast cancer cells in vitro with decorin
reduces cell proliferation. Notwithstanding, when we overexpressed decorin in murine muscle or injected recombinant decorin systemically into
mouse models of breast cancer, elevated plasma decorin concentrations did not result in higher tumor decorin levels and tumor burden was not
improved.

Conclusion: Exercise training is anti-tumorigenic in a mouse model of luminal breast cancer, but the effect is abrogated by social isolation. The
proteoglycan decorin is an exercise-induced secretory protein, and tumor decorin levels are positively associated with improved prognosis in
patients. The hypothesis that elevated plasma decorin is a mechanism by which exercise training improves breast cancer progression in humans

is not, however, supported by our pre-clinical data since elevated circulating decorin did not increase tumor decorin levels in these models.
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1. Introduction

Breast cancer is one of the most commonly diagnosed
cancers and the leading cause of both cancer death and
disability adjusted life-years in women.' Improvements in
diagnosis and treatment over the past 25 years has, however,
seen a marked increased breast cancer survival, with many
women recovering to have a normal life expectancy.” Epide-
miological studies have demonstrated that physical activity
can reduce the risk of breast cancer’" and substantially reduce
mortality and recurrence in breast cancer patients.”® The
evidence showing reduced cancer occurrence with increasing
physical activity dates back to the mid-1980s,” but the first
pre-clinical study showing that exercise inhibits tumor growth
dates back to the 1940s.” The anti-tumorigenic effects of exer-
cise are mediated by many different mechanisms,” including
changes in the hormonal miliew,'”!! decreased fat mass,'? and
immunological changes to the tumor microenvironment.'
Circulating factors that are secreted from muscle during exer-
cise, so called “myokines”, may also contribute to the protec-
tive effects.” The most well described myokine linked to
breast cancer progression is interlukin-6 (IL-6).” Plasma
concentrations of IL-6 can increase ~100-fold after an acute
bout of exercise,'* and a link between the exercise-induced
increase in IL-6 and tumor growth inhibition across various
cancer models, including breast cancer, is clear.”® Other
myokines that are suggested to have indirect or direct effects
on cancer growth include IL-15 for pancreatic cancer,'®'’
brain derived neurotropic factor'® and secreted protein acidic
and cysteine rich (SPARC) for colon cancer,'” and Oncostatin
M?" and irisin for breast cancer.”'

We systematically evaluated the role of exercise training in
breast cancer progression and sought to discover whether
myokines play a role in any potential protective effect by
employing a variety of rodent and human experimental model
systems. The models were aimed at determining whether exer-
cise training can reduce tumor burden in breast cancer and
identifying mechanisms associated with possible exercise
training effects on tumor burden. In initial experiments we
identified decorin as a myokine released from the exercising
limb, which agrees with other studies describing decorin as an
exercise-responsive secretory protein.”” Decorin is a small
proteoglycan in the extracellular matrix of different tissues,

with an important role in collagen fiber formation.”> Decorin
has been reported to influence growth factor signaling,
proliferation, fibrosis, and vascularization.”* *® Several
preclinical xenograft studies have demonstrated that decorin
can slow tumor growth, either by systemic administration”’ or
by distant or local overexpression.”® Furthermore, decorin has
been found to have anti-metastatic effects in breast cancer
models.”” ' We therefore conducted several studies in mice
to determine whether decorin is an exercise-responsive
myokine capable of influencing breast cancer development.

2. Methods
2.1. Human investigations

2.1.1. Human breast cancer datasets

We examined the mRNA expression of decorin in publicly
available datasets (GSE11121, GSE4922, GSE7390, and
GSE25307) from 4 different breast cancer cohorts.’” °°
Expression and grade information was curated from the
National Center for Biotechnology Information (NCBI)
database using ShinyGEO,° which is a web-based application
for analyzing and visualizing Gene Expression Omnibus
(GEO) datasets. Expression of non-graded samples were
excluded. For survival analyses, we utilized the KMplotter
(https://kmplot.com/analysis/), which is an online tool and
database containing gene expression data from GEO, The
Cancer Genome Atlas Program (TCGA), and the European
genome—phenome archive (EGA) repositories.”’ In the
KMplotter, we performed analyses on relapse-free survival
and distant metastasis-free survival, utilizing data from 3951
to 1746 patients, respectively. Follow-up time was set to 120
months, and we compared patients with high and low decorin
expression, split by median expression.

2.1.2. Human arteriovenous exercise study

Healthy men (n = 12) were recruited after written informed
consent. Participant characteristics were as follows (mean =+
standard error of the mean (SEM)): age =27 + 1 years, body
mass index =23.9 =+ 0.6 kg/m?, body fat=21% + 1%, fasting
plasma glucose =99 + 2 mg/dL, maximal oxygen consump-
tion (VOpma) = 46.2 + 1.8 mL/kg/min. The study was
approved by the regional ethics committee in Denmark
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(Journal number H-3-2012-140) in accordance with the Decla-
ration of Helsinki II. The participants were catheterized in the
femoral artery and vein and performed stationary bicycle exercise
at increasing intensities (30 min at 55% of VO, p,ax, 20 min at 70%
VOsax, and until exhaustion (~10 min) at 80% of VOyax), as
previously described.”® Arterial and venous blood samples were
obtained at baseline, immediately after exercise, and after 4 h of
recovery. Blood was obtained in heparinized syringes and mixed
with 30 pL 200 mM ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich, St Louis, MO, USA) per 1500 p.L blood. Blood
was centrifuged at 15,000 g for 2 min. Leg blood flow was
measured using ultrasound techniques (a 9-3 MHz linear array
transducer in Power Doppler mode) during rest, as previously
described,” and estimated during exercise using the formula
proposed by Jorfeldt and Wahren.”” Plasma was diluted 1:1 in
phosphate-buffered saline (PBS) (Thermo-Fisher, Scoresby,
Australia) and subjected to high-speed centrifugation for isolation
of extracellular vesicles (EV), as previously described.’' The
concentration of decorin was measured in EV-free plasma
with enzyme linked immunosorbent assay (ELISA) (DuoSet, Cat#
DY 143; R&D Systems, Minneapolis, MN, USA).

2.1.3. Six-month training intervention study in breast cancer
patients

Plasma decorin was measured in a subset of samples from
the “Physical Activity after Cancer Treatment” (PACT) trial
(ClinicalTrials.gov identifier: NCT00717717), as described in
detail elsewhere.”” The study included 214 cancer survivors
(83% female and 17% male) who were randomized to either a
health evaluation program or a 12-month rehabilitation
program consisting of counseling and high-intensity, group-
based exercise training once a week. The overall goal of the
physical activity group was >3 h/week regular exercise. The
supervised training included group-based high-intensity
interval training and resistance exercise (approximately
90 min/session) once per week. The high-intensity interval
training was on a stationary cycle, with intervals ranging from
30 s (maximum intensity) to 6 min (90—95% of maximum
heart rate (HR,.x)) at an exercise to recovery ratio of 1:2 and
3:1, respectively. Resistance training consisted of leg press,
chest press, pull down, abdominal crunch, lower back exten-
sion, and knee extension and involved 3 sets of 8—10 repeti-
tions at 70%—90% of 1 repetition maximum.

In this study, we utilized samples from 37 patients diag-
nosed with operable Stages I—III breast cancer (n = 37).
Around 70% of the patients received endocrine hormone
therapy (Tamoxifen).”” Decorin was measured in plasma at
baseline and after 6 months of counseling and physical activity
(DuoSet, Cat# DY 143 ; R&D Systems).

2.1.4. Acute exercise in breast cancer patients

Female breast cancer patients (n = 20) were recruited from
the Body and Cancer program at Copenhagen University
Hospital.** The program was a 6-week exercise program for
all cancer patients undergoing chemotherapy, consisting of
group-based, supervised training sessions with multi-modal
high- and low-intensity exercise. These sessions consisted of
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90 min of high-intensity training followed by 30 min of relaxa-
tion training (3 days per week) and 90 min of body awareness
training followed by 30 min of relaxation training (1 day per
week). The high-intensity training sessions consisted of a 30-
min warmup, 45 min of resistance training (leg press, chest
press, pull down, abdominal crunch, lower back or knee exten-
sion; 3 series of 5—8 repetitions at 70%—100% of 1 repetition
maximum), and 15 min of cardiovascular training (interval
training on stationary bicycles at 85%—95% of HR,,.x). In
total, the intervention consisted of activities equivalent to 43
metabolic equivalent of task (MET) hours per week. More
details on the intervention are published elsewhere.**

The subjects recruited to the acute exercise study fulfilled
the same inclusion criteria as the PACT study but were on
adjuvant chemotherapy. The participants were at least 7 days
from the last dose of chemotherapy. The acute exercise session
was a part of the Body and Cancer Program (described in
detail™), which took place halfway through the 6-week
program and consisted of a 30-min warmup, 60 min of whole
body resistance training, and 30 min of high-intensity aerobic
exercise (pulse > 80%HR,,. ) on stationary bicycles. The
average workload was approximately 70% of maximal heart
rate for the whole session. The participants fasted for at least
2 h before the exercise session. Blood samples were collected
before and immediately after the exercise bout.

2.2. Experiments in mice

Experiments were approved by the Alfred Medical Research
Education Precinct, Garvan Institute/St. Vincent’s and/or
Monash Animal Ethics Committees, in accordance with the
Australian code for the care and use of animals for scientific
purposes. The in sifu decellularization of tissues (ISDoT) experi-
ments were approved by the Danish Inspectorate for Animal
Experimentation. Friend Virus B NIH Jackson Mammary
specific polyomavirus middle T antigen overexpression (FVB/
NJ MMTV-PyMT) mice were originally created by Guy et al.*’
as previously described. MMTV-PyMT mice with a C57BL/6J
genetic background were supplied by the University of Cali-
fornia, San Diego. MMTV-PyMT mice were bred by crossing
heterozygous PyMT¢") male mice with female wide type (WT)
mice to produce PyMT®" and WT littermates for experiments.
Mice were housed in a 12 h:12 h light:dark cycle with 2—5
animals per cage. All experiments commenced when mice were
6 weeks of age unless otherwise stated, and all mice were fed a
standard chow diet ad libitum and with free access to water. At
termination, animals were anesthetized by 4% isoflurane
(Provet, Victoria, Australia) at a rate of 1 L/min. Blood was
collected by cardiac puncture, which was followed by cervical
dislocation. Tissues were collected and snap frozen in liquid
nitrogen or processed for microtomy.

2.2.1. Exercise training study in the FVB/NJ MMTV-PyMT
mouse model

Treadmill exercise: Female MMTV-PyMT/FVB-WT
(tumor-free) animals of 16—17 weeks of age were placed into
2 groups. One group remained sedentary and the other were
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familiarized to a motorized treadmill 3 times on separate days.
The animals were subsequently fasted for 4 h, and subjected to
90 min of treadmill running, starting at a speed of 4 m/min and
increasing by increments of 2 m/min every 10 min until
reaching 24 m/min. Blood was collected with cardiac puncture
immediately after the run. Decorin concentration in serum
samples was measured with an ELISA kit (DuoSet, Cat#
DY1060; R&D Systems.

For the wheel running experiment, mice were either housed
alone with running wheels or in pairs in home cages with 2
locked or 2 functional running wheels (Columbus Instruments,
Columbus, OH, USA) (Supplementary Fig. 1A). The surface
area of tumors in all mammary glands was measured twice per
week with callipers. Animals were euthanized when they reached
the ethical endpoint, which was defined as having a tumor burden
of 10% =+ 3%. Approximate tumor burden was estimated from
total tumor surface area. All tumors were later dissected and
weighed for accurate determination of total tumor burden.

2.2.2. Treadmill running and quantitative proteomic profiling

Generation of Stable isotope labeling using amino acids in
cell culture (SILAC) mice: Male and female C57BL/6J mice
of 8 weeks of age were selected for SILAC labeling to create a
tissue bank for spike-in or pulse-chase quantitative proteomics.
Breeding pairs where fed ad libitum on custom '*C4 Lysine
chow (MouseExpress L-Lysine '*Cq, 99%, Cambridge
isotopes MLK- LYS-C, Tewksbury, MA, USA), and resultant
litters were paired again for F3 offspring to allow full incorpo-
ration of the lysine label into the mouse proteome as confirmed
by mass spectrometry. For treadmill exercise, 8-week-old male
C57BL/6J mice (n=3 per group) were randomly assigned to
treatment groups (Exercise or Rest). Exercising animals
carried out a 90-min treadmill running protocol, starting with a
speed of 4 m/min and increasing by increments of 2 m/min
every 10 min until reaching 24 m/min, while resting controls
were placed on the motionless treadmill for the same duration.
After euthanasia, the gastrocnemius muscle was dissected,
homogenized in lysis buffer (50 mM TRIS (pH=7.5), 1 mM
EDTA, 150 mM Nacl, 0.1% sodium deoxycholate, 1% NP-40,
1 x protease inhibitor cocktail (Sigma-Aldrich) and combined
at a 1:1 ratio with a mixed muscle homogenate processed from
the fully labeled '*CLys, SILAC mice. Lysates were fraction-
ated via 1D sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS PAGE) and cut into 10 sections, washed, and
rehydrated in 100 mM ammonium bicarbonate before reduc-
tion and alkylation in 10 mM dithiolthretol and 25 mM lodoa-
cetamide, respectively. Digestion was carried out in either
LysC or trypsin with the resultant peptides dried and resus-
pended in 2% acetonitrile, 0.1% formic acid. Data from
samples were then acquired via LC/MS—MS on an Orbitrap
Elite (Thermo Fisher Scientific, Waltham, MA, USA) using a
top 15 method with collision-induced disassociation (CID)
fragmentation. Raw data were searched using Mascot (Matrix
Science, London, UK) through the Proteome Discoverer soft-
ware (Thermo Fisher Scientific) against the Mus Musculus
Swissprot database. Search conditions included dynamic
modifications for methionine (oxidation) and indicated
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quantification using SILAC (Lys6). Searches were performed
using either trypsin or LysC as the enzyme, and mean H/L was
calculated for each protein and expressed as a ratio of ratios
(Exercise or Rest). Processed quantitative proteomics data
are freely available at https://doi.org/10.25500/edata.
bham.00001030.

2.2.3. ISDoT: In situ decellularization of tissues for proteomic
analysis

Primary tumors and metastatic lymph nodes were from a
breast cancer model in which 4T1 cells were orthotopically
implanted in the third thoracic mammary fat pad of 8-week-old
female BALB/c mice (Taconic Biosciences, Germantown, NY,
USA), as described in detail previously.”® Mice were prepared
for the ISDoT procedure after 21 days, when the primary
tumors reached a maximum of 10 mm in diameter. Lung metas-
tases were from mice that were implanted with 4T1 cells into
the inguinal fat pad, as described previously.”® When the
primary tumors reached a diameter of 10 mm, they were excised
under general anesthesia. ISDoT was performed when mice had
developed lung metastases. The ISDoT procedure involves
decellularization of whole organs, leaving native extracellular
matrix (ECM) structures intact. The procedure has been
described in detail, accompanied by an instructional video."°
The procedure involves surgical modification of vascular flow,
followed by perfusion of catheterized organs with detergents.

For proteomics analyses, organs were then solubilized in
urea buffer. Proteins were reduced, alkylated, deglycolsylated,
and digested with LysC and trypsin. Peptides were acidified,
desalted on packed C18 StageTips, and concentrated on an
Eppendorf Speedvac (Hamburg, Germany), as described in
detail.”” Each sample was run unfractionated on a Thermo
Fisher Q-Exactive Mass Spectrometer. Raw MS/MS spectra
were processed using MaxQuant software (Max Plank Insti-
tute, Munich, Germany), as described.*®

2.2.4. Overexpression of decorin in skeletal muscle

Recombinant adeno-associated virus (AAV) serotype 6 was
generated as previously described,"” with plasmids (GenScript
Biotech, Piscataway, NJ, USA) containing a decorin construct
with a C-terminal FLAG tag under the control of a cytomega-
lovirus (CMV) promoter (AAV:Dcn) or a noncoding control
vector (AAV:Con). Intramuscular administration was done by
injecting 1 x 10'? vector genomes in both hind legs as follows.
At 6 weeks of age, animals were anesthetized with isoflurane
at a rate of 1 L/min of 4% isoflurane (Provet) for induction and
1 L/min of 2% isoflurane for maintenance. Animals were
given a subcutaneous dose of ketoprofen (Zoetis, Parsipanny,
NJ, USA). Hind legs were shaved, and tibialis anterior,
gastrocnemius, and quadriceps muscles were injected with
30 pL rAAV diluted in PBS. As a negative control for decorin,
we used muscle from decorin-deficient (Dcn”) animals.

2.2.5. Recombinant decorin injection experiment in mice
Female severe combined immunodeficiency disease (SCID)

mice were obtained from the Animal Research Center (Perth,

Australia) from 6 to 8 weeks of age and housed at the animal
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holding facility for a period of 1 week before being enrolled
into the experimental study. All mice remained on a normal
chow diet and were weighed twice a week for the duration of
the study. We performed 2 separate experiments. In the first
experiment (low dose), mice were injected with the epithelial
human breast cancer cell line MDA-MB-231-HM into the 4th
left mammary pad at the commencement of the experiment.
Following this, tumor and metastasis progression were moni-
tored via caliper of primary tumors and bioluminescence
imaging measurements, respectively. Twenty-six to 30 days
later, animals underwent cardiac puncture followed by cervical
dislocation, and tissues were harvested for analysis. After
12—16 days (~14 days) post tumor-cell inoculation, mice
were injected with 100 pg of recombinant decorin or an equal
volume of saline (Control) every second day into the intraperi-
toneal (IP) space for the remainder of the experiment. As
results from this first experiment suggested that we may have
insufficiently dosed the animal with recombinant decorin, we
performed an additional (high dose) experiment. The protocol
was similar to the first experiment except for a few changes.
Treatment commenced ~7 days post tumor-cell inoculation,
and animals were dosed daily with 10 mg/kg body weight
(~2.5 times the dose of Experiment 1). Recombinant decorin
was purified by Commonwealth Scientific and Industrial
Research Organisation (CSIRO) (Melbourne, Australia) using
human embryonic kidney 293F (HEK293F) cells. Affinity
purification strategy used HisTrap Excel (Cytiva, Mount
Waverley, VIC, Australia) and size exclusion chromatography
column Superdex 200 26/60 (Cytiva).

2.2.6. Single cell RNA sequencing (RNAseq)

Mammary tumors were collected from MMTV-PyMT/FVB
mice at 14 weeks of age, digested to a single cell suspension,
sorted by Fluorescence-activated cell sorting (FACS), and
subjected to Drop-seq as previously described”’ following
standard recommendations.”” Dead cells were removed by
labeling with Annexin-specific magnetic beads cell isolation
(MACS) beads and an autoMACS® Pro separator (Miltenyi,
Bergisch Gladbach, Germany). Cell preparations with high
viability (>85% viability assessed by FACS) were loaded into
the microfluidic Drop-seq pipeline. Cells were captured using
the microfluidic devices described for Drop-seq’' following
the online protocol Version 3.1 (www.mccarrolllab.com/
dropseq). The cDNA libraries were sequenced in Nextseq 500
using Nextseq 500 High Output v.2 kit (75 cycles, Cat# FC-
404-2005; Illumina, San Diego, CA, USA) following the
recommendations of Macosko et al.”' with a few modifica-
tions, as previously decribed.”’ A total of approximately 3000
cells were sequenced per run. Bioinformatics analyses
were performed as previously described.”” The dataset from
Valdes-Mora et al.*’ was reanalyzed with data from MMTV-
PyMT (WT) tumors only. Downstream analyses were
performed in Seurat (v Seurat 3)’” using a total of 8336 cells
from 8 MMTV-PyMT tumors (minimum 400 genes per cell
barcode, <5% mitochondrial genes, <8000 molecules/cell).
We performed a Shared Nearest Neighbor (SNN) clustering
analysis calculating k-nearest neighbors (Jaccard Index) using

J Sport Health Sci 2025;14:100991

30 principal components, followed by differential expression
analysis and uniform manifold approximation and projection
dimensional reduction projection.’”

2.2.7. Histology and immunofluorescence staining

Lungs were fixed in 10% phosphate-buffered formalin,
embedded in paraffin, sectioned, and stained with haematox-
ylin and eosin for routine histology. Sections of whole lungs
were scanned with a 5x lens on a Leica DM 6000 Power
Mosaic microscope (Leica Camera; Wetzlar, Germany) with
a stepping stage for mosaic image acquisition. Numbers of
metastases were manually counted with Image] software
(National Institutes of Health, Bethesda, MD, USA). Tumor
tissue was embedded in optimal cutting temperature (O.C.
T.™) Compound (Tissue-Tek®, Qiagen, Germantown, MD,
USA)) and frozen in liquid nitrogen cooled isopentane. Tissues
were then cryosectioned onto superfrost glass slides, fixed in
4% paraformaldehyde, blocked in 1% horse serum, and incu-
bated with primary antibodies (decorin; R&D Systems
#AF1060; and Collagen 1A,#Sc-59772, Santa Cruz Biotech-
nology, Dallas, TX, USA) in 1% bovine serum albumin, 1%
horse serum, 0.01% sodium azide, and 0.03% triton X-100 in
PBS overnight. The slides were then incubated with DAPI and
Cy™3 and Alexa Fluor®488-conjugated secondary antibodies
(Jackson ImmunoResearch; West Grove, PA, USA). Image
acquisition was done on a Leica DM5500 microscope.

2.2.8. Immunoprecipitation and immunoblotting

Tissues (m. gastrocnemius, mammary tumor tissue, and
mammary fat pad) were lysed and homogenized in lysis buffer
(50 mM Tris, 130 mM NaCl, 5 mM EDTA, 1%Tween20,
1 mM PMFS, and 10 mM NaF). Samples with equal amounts
of protein (2.5 mg) or a protein free, negative control (C—)
were loaded on to anti-FLAG M2 Magnetic beads (Cat#
M8823; Sigma-Aldrich) according to manufacturer’s instruc-
tions. After incubation and washing, samples were eluted in
20 wL Laemmli buffer, and separated on Criterion TGX™
gels (Bio-Rad Laboratories, Hercules, CA, USA). Proteins
were transferred to nitrocellulose membranes (Bio-Rad Labo-
ratories) using the Trans-Blot Turbo transfer system and RTA
transfer kit (Bio-Rad, South Granville, NSW, Australia).
Membranes were blocked in Tris buffered saline containing
0.1% Tween-20 (TBS-T) and 5% bovine serum albumin
(BSA) and incubated over night with primary antibodies
(decorin, LF-114 antisera from Fisher et al.,”* and FLAG,
Cat#14793; Cell Signaling Technology, Danvers, MA, USA).
After washing, membranes were incubated with appropriate
HRP-conjugated, confirmation specific, secondary antibodies.
The ChemiDoc™ Touch Imaging System (Bio-Rad) was used
for chemiluminescence detection.

2.2.9. Western blot

Tumor protein concentration was quantified using a Pierce
BCA protein assay kit (Thermo Fisher). Two AAV:Dcn
gastrocnemius lysates from the overexpression experiments
were used as positive controls. Then, 20 g of protein was
diluted in Laemmli buffer (Bio-Rad) and loaded into each
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well. Proteins were separated using 10% SDS-PAGE on poly-
acrylamide gels, transferred to membranes (Trans-Blot Turbo
System, Mixed MW 7-min protocol; Bio-Rad), and blocked
with 5% BSA. After addition of primary antibodies,
membranes were incubated overnight at 4°C, followed by
60 min of incubation with secondary antibodies and detection
using Pierce ECL/Super ECL detection reagent (Thermo
Fisher) on the ChemiDoc Gel Imaging System (Bio-Rad). The
primary antibody used was decorin (GTX101250; GeneTex,
Irvine, CA, USA). The secondary antibody used was goat anti-
rabbit (7074; Cell Signaling Technology). Decorin protein
levels were calculated using total protein normalization.

2.3. Invitro experiments

2.3.1. Breast cancer cell proliferation assay

For breast cancer cell proliferation studies, breast cancer
cells (MCF7 and T47D) were plated into 24-well culture
plates at a density of 20,000 cells per well and allowed to
attach overnight before the medium was replaced with the
addition of decorin at specified doses (1 nM and 10 nM) or left
blank (no treatment). After 48 h, cells were washed twice with
PBS and stained for 15 min in Hoechst nuclear dye (Invi-
trogen, Waltham, MA, USA). Cell number was estimated by
plotting Hoechst fluorescence measured in each well as deter-
mined using an Enspire Plate Reader (Perkin Elmer, Waltham,
MA, USA) against a pre-determined standard curve.’”

2.4. Statistics

Group differences were tested with Student’s ¢ tests for
paired or unpaired observations or with Mann-Whitney test
unless otherwise stated. A p value <0.05 was determined
significant. To test for group differences when having repeated
measures, we used a repeated measures, two-way Analysis of
varoiance (ANOVA) or mixed effects model (Graphpad Prism
v.8 and v.9; La Jolla, CA, USA). Comparison of survival of
breast cancer mice was done with Mantel—Cox test.

3. Results

3.1. The suppression of tumor development in MMTV-PyMT
mice by exercise is abrogated by singly housing mice

The MMTV-PyMT is a pre-clinical model of mammary
cancer, which progresses through hyperplasia to cancer before
losing estrogen receptor expression and metastasizing to
lungs.”® To investigate whether exercise slows breast cancer
development in mice, MMTV-PyMT (FVB/N background)
mice were housed with either functional (Run) or locked
(sedentary (Sed)) running wheels from 6 to 13 weeks of age
(Supplementary Fig. 1). In initial experiments, mice were
housed alone, and those with functional running wheels ran
on average >20,000 revolutions per day (rev/day) (range:
5668—55,578 rev/day), which corresponds to >8 km/day
(Supplementary Fig. 2A). Despite the significant daily running
in the Run group, there were no differences between Run and
Sed mice in terms of body mass, fat mass, spleen mass, or
gonadal fat pad mass. As expected, however, total lean mass
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and muscle mass, as measured by quadriceps weight, was
increased in Run compared with Sed animals (Supplementary
Fig. 2B—2G). At 11 weeks, neither total tumor nor largest
tumor surface area were different when comparing Sed with
Run animals (Supplementary Fig. 2H—2I). Furthermore, at the
termination of the experiment at 13 weeks, tumor mass
(Supplementary Fig. 2J) or the number of lung metastases per
microtomy section (Supplementary Fig. 2K) were not different
when comparing Run with Sed animals. In a separate cohort,
mice were euthanized when tumor burden was 10% =+ 3% of
body weight. Survival time was not significantly different in
Run compared with Sed animals (Supplementary Fig. 2L).

Given the known effects of exercise on tumor develop-
ment,'” we were surprised that our exercise intervention had
little or no effect on whole body physiology or tumor develop-
ment. There has been much debate as to whether single
housing mice is detrimental or stressful. Mice prefer social
contact when given the choice—even male mice that are
bullied by more aggressive male companions.’’ It has been
speculated that single housing mice makes them less capable
of coping with external stressors than their group-housed coun-
terparts.”” Recently, it was demonstrated that single-housed
male mice are negatively affected by isolation and have dysre-
gulated serotonergic signaling activity, a marker of psycholog-
ical stress.”>® Less research has been conducted in female mice,
but a recent study demonstrated single housing mice induces
cognitive impairment and depression-like behavior in mice,
irrespective of sex.’’ Accordingly, we sought to determine
whether housing mice influenced the voluntary wheel-running
response to tumor development in the MMTV-PyMT mouse
model of mammary cancer by repeating the above experiment
while avoiding the confounding stress of social isolation by
housing mice in pairs with 2 running wheels per cage (Supple-
mentary Fig.1B). In this experiment, access to functional
running wheels had no effect on body mass, gonadal fat pad
mass, spleen mass, or lean mass (Fig. 1A—1D). In contrast,
however, to the experiment in single housed mice, in this
experiment access to functional running wheels decreased
fat mass (Fig. 1E). Running also increased muscle mass, as
measured by quadriceps weight, compared with Sed animals
(Fig. 1F). More importantly, when mice were dually
housed, total tumor surface area was reduced (Fig. 1G) and
the largest tumor surface area showed a tendency to
decrease (Fig. 1H) when comparing Run with Sed. Further-
more, upon termination of the experiment at 12 weeks,
tumor mass as a percentage of total body weight was
markedly reduced when comparing Run with Sed (Fig. 1I),
although the number of lung metastases per section was
unaffected by exercise (Fig. 1J). These data suggest that
voluntary wheel running can indeed slow breast cancer
progression in the MMTV-PyMT mouse model of mammary
cancer—but, critically, not when mice are single-housed.
We reasoned that stress hormones such as cortisol may, in
part, play a role in the differences we observed when
comparing single- with dual-housed animals, but we saw no
effects on plasma cortisol levels from either exercise or
housing (Supplementary Fig. 3).
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Fig. 1. Voluntary wheel running suppresses tumor growth in dually housed MMTV-PyMT mice. Mice were housed in pairs with 2 running wheels per cage from 6
weeks of age. Wheels were either locked or functional. (A) Body mass, (B and C) gonadal fat mass and spleen mass at termination, (D) lean mass, (E) fat mass, and
(F) quadriceps muscle mass at termination, in sedentary (Sed) and running (Run) mice. Tumor burden was estimated by measuring tumor surface area of tumors in
(G) all mammary glands and (H) the largest tumor at 11 weeks of age. (I) Tumor burden was measured as total tumor mass relative to body weight (%), and
(J) number of lung metastases was quantified as number of metastatic lesions per microtomy section at termination. Statistical testing was done with two-way
analyses of variance or mixed effects model for repeated measures or Student’s 7 test. * p < 0.05, ** p < 0.01, between groups; * p < 0.05 group x time effect.
Data expressed as means &+ SEM (n=4—11 mice per group). MMTV-PyMT = mammary specific polyomavirus middle T antigen overexpression mouse model;

SEM = standard error of the mean; wks = weeks.

3.2. Decorin is an exercise-induced myokine in mice and
humans

To identify exercise-responsive secretory proteins that may
play a role in mediating the protective effects of exercise, we
performed a quantitative proteomics screen. We first created
fully labeled, '*Cq-Lysine SILAC mice, as previously
described.”’ We took muscle (m. gastrocnemius) lysates

from 1 non-exercised and 1 treadmill-exercised SILAC
mouse as well as from exercised (n=3) or non-exercised
(n=3) C57/BL6 mice. We then mixed lysates from the exer-
cised and non-exercised SILAC mice with the exercised and
non-exercised C57/Bl6 mice in a 1:1 ratio and analyzed
samples by liquid chromatography—tandem mass spectrom-
etry. In total, we detected 2280 proteins, of which 483 proteins
were detected in both resting and exercising mice (Fig. 2A).
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Fig. 2. Decorin is an exercise-induced muscle secretory factor. (A) Male
C57B1/6J mice were acutely exercised on a motorized treadmill for 90 min
(n=3) or kept resting in the home cage (n=3). Quantitative proteomic
profiling of m. gastrocnemius using a '*Cg SILAC labeled reference sample.
Number of detected proteins and quantified L/H ratios. (B) Female (n =8 per
group), tumor-free MMTV-PyMT-WT mice were exercised on a treadmill for
90 min; Serum decorin immediately after exercise and in resting littermates.
(C and D) 12 healthy male participants were catheterized in the femoral artery
and vein and subjected to bicycling at increasing intensities for approximately
1 h. Blood samples were taken before (pre), immediately after (post), and after
4 h recovery; (C) Plasma concentration and (D) leg net balance, calculated as
arteriovenous difference multiplied by leg blood flow. (E) Plasma decorin in
patients (n=37) from the PACT trail. (F) Patients had undergone treatment
for operable Stages I—III breast cancer, and plasma decorin was measured
before and after 6 months of counseling and exercise training. Plasma decorin
in breast cancer patients (n =20) before and after 2 h of acute exercise (high-
intensity aerobic training and resistance training). Data are expressed
as means + SEM and include individual data points (B) or are expressed
as individual data points (C—E). * p < 0.05, *** p < 0.001, **** p < 0.0001.
A/V = arteriovenous difference; L/H = light/heavy label ratio; MMTV-PyMT-
WT =the mammary specific polyomavirus middle T antigen overexpression
mouse model wild type (tumor free); SEM = standard error of the mean.

We identified several secretory proteins that were increased
after exercise, and the top 10 ranked proteins are shown in
Table 1. The 6th ranked protein, decorin, was increased by
55% (Table 1). Decorin peaked our interest because, firstly, it
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Table 1
Secretory proteins increased in murine skeletal muscle after exercise.

Protein name Expression (mean. H/L)

Ratio
Rest Exercise Exercise/rest

Annexin A2 0.82 3.53 4.29
Complement C3 0.53 1.24 2.36
Alpha-2-macroglobulin 0.80 1.68 2.09
Carboxylesterase 1C 0.49 0.88 1.81
Dehydrogenase/reductase 0.54 0.97 1.80
SDR family member 7C
Decorin 0.92 1.42 1.55
ADP-dependent glucokinase 1.25 1.93 1.54
Hemopexin 1.19 1.70 1.43
Cathepsin D 0.56 0.76 1.35
Mimecan 0.91 1.22 1.34

Abbreviations: ADP =adenosine diphosphate; H/L= heavy/light label ratio;
SDR = Short-chain dehydrogenase/reductase.

has been reported to increase in human serum following exer-
cise’” and, secondly, because it has been suggested to have a
protective effect against breast cancer in preclinical models.”’
To investigate whether decorin is secreted into circulation in
our mouse models, we performed another acute exercise study
on female FVB/NJ mice. After 90 min of treadmill running,
decorin tended to increase in the plasma of exercising mice
compared with their resting littermates (p = 0.06; Fig. 2B).

Although proteins can increase in circulation following exer-
cise, they could come from a range of tissues, including the liver,
adipose tissue and brain (for review see Ref.’’). To examine
whether decorin is secreted from skeletal muscle in humans, we
first quantified decorin in plasma and then determined the net
flux of decorin from the contracting limb by performing
arterio—venous balance studies in 12 healthy male subjects under-
taking 1 h of bicycle ergometer exercise, as previously
described.”” We found that decorin increased in arterial plasma by
60% immediately after the exercise session and returned to base-
line after 4 h of recovery (Fig. 2C). Moreover, we detected a signif-
icant net release of decorin from the exercising limb immediately
following exercise, which also returned to baseline 4 h into
recovery (Fig. 2D). These data identify decorin as an exercise-
induced secreted protein, most likely coming from skeletal muscle.

Next, we analyzed plasma in a subset of samples from the PACT
trial.® Women with breast cancer (n=37) underwent a 6-month
exercise training study, and after this intervention, blood was
collected and plasma analyzed for decorin. Exercise training did not
increase plasma decorin at rest (Fig. 2E). We then measured plasma
decorin after a 2-h acute exercise bout in breast cancer patients
recruited from the Body and Cancer program at Copenhagen
University Hospital. Acute exercise increased plasma
decorin levels in these breast cancer patients (Fig. 2F).
These data identify decorin as a protein that increases in
breast cancer patients acutely following exercise.

3.3. Decorin expression in mammary tumors is associated
with survival and tumor grade

Decorin has been identified as a tumor-suppressor.”* To
characterize the expression of decorin in mammary tumors, we
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Fig. 3. Expression of decorin in human tumors. Decorin is a prognostic marker in human mammary tumors. (A—D) Decorin mRNA expression in mammary
tumors Grades 1—3, from 4 different breast cancer cohorts. Data were extracted using the ShinyGEO application. (E—H) Survival analyses comparing breast
cancer patients with high or low tumor expression of decorin. Data were from Kaplan—Meier plotter containing data from several publicly available transcriptomic
datasets. The numbers in parenthesis indicate the number of samples in each group. HR, logrankanalysis from Kaplan-Meier plotter. Black and red numbers on
the bottom rows indicate the number at risk in the 2 groups (red: high decorin expression and black: low decorin expression). * p < 0.05, ** p < 0.01,
and *** p < 0.001 for difference between the indicated group and the reference group (Grade 1). ** p < 0.001 for overall difference (Kruskal—Wallis test).
Dcn = Decorin; GEO = gene expression omnibus; HR = hazard ratio; KMplot = Kaplan-Meier plot; MMTV-PyMT = the mammary specific polyomavirus middle T
antigen overexpression mouse model; MMTV-PyMT/FVB =the mammary specific polyomavirus middle T antigen overexpression mouse model on a Friend

Virus B NIH Jackson genetic background.

utilized publicly available datasets from 4 human breast cancer
cohorts.”> > Tumor decorin expression was inversely associ-
ated with tumor grade, with a lower mRNA expression in
Grade 3 tumors in all cohorts (Fig. 3A—3D). To further
explore the association between decorin and survival, we
utilized the KMplotter,”” which contains data on survival and
gene expression from the GEO and EGA repositories. Patients
with a high tumor expression of decorin had improved relapse-
free survival, with a 16% reduction in hazard ratio in breast
cancers overall (Fig. 3E) and a 20% reduction in hazard ratio
in luminal A breast cancers (Fig. 3F). Decorin was not associ-
ated with survival in luminal B or basal type breast cancers
(Fig. 3G and 3H), indicating that decorin may be more impor-
tant as a tumor suppressor in lower grade tumors.

3.4. Decorin levels are reduced in tumors compared with
adjacent non-tumor tissue

We next examined decorin in mammary tumors from
MMTV-PyMT mice. Decorin mRNA expression was reduced
by >80% in tumors compared with healthy mammary fat pad
(Fig. 4A). Immunofluorescence staining of PyMT tumors
showed that decorin was expressed in the fibrous cap
surrounding the tumor, and that it was co-localized with
collagen 1A1 (Fig. 4B). We observed little or no staining for

decorin within the tumor lesions, which consist of solid sheets
of malignant cells. Next, to characterize decorin in murine
breast cancer, we quantified decorin in mammary primary
tumors and metastatic lung and lymph nodes from a 4T1 ortho-
topic model. Tissues were decellularized and subjected to
quantitative MS/MS. Decorin abundance was reduced by 60%
in mammary tumors compared with healthy mammary tissue
(Fig. 4C). There was also a tendency for reduced decorin abun-
dance in metastatic lung (Fig. 4D) but not metastatic lymph
nodes (Fig. 4E).

3.5. Decorin is expressed by secretory cancer-associated
fibroblasts

To further characterize the expression of decorin in
mammary tumors, we performed single-cell RNAseq of
MMTV-PyMT tumors. Consistent with previous reports,*”*°
we identified 2 distinct classes of cancer associated fibroblasts
(Fig. 5A and Supplementary Fig. 4): scaffolding myofibro-
blasts and secretory fibroblasts. Decorin was specifically
expressed in secretory fibroblasts and was, to a much lesser
extent, expressed in the cancer epithelial cell population
(Fig. 5B and 5C). Secretory fibroblasts consisted of ECM-
remodeling and inflammatory fibroblast subpopulations. ECM
fibroblasts had a high expression of structural matrix
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Fig. 4. Expression of decorin in murine tumors. (A) mRNA expression of decorin in MMTV-PyMT tumor and mammary fat pad. (B) Immunostaining of collagen
Type I a 1 (Collal) and decorin in tumors from MMTV-PyMT/FVB mice. Scale bar represents 100 pm. (C—E) Decorin was quantified with MS/MS in decellular-
ized tissues from BALB/c mice implanted with 4T1 cells (n=3). (C) Primary mammary tumor and healthy mammary fat pad. (D) Healthy and metastatic lung.
(E) Healthy and metastatic lymph node. Represented as LFQ intensities relative to healthy tissue. Data are expressed as means + SEM. * p < 0.05, *** p < 0.001,
Student’s 7 test. Dcn = Decorin; LFQ = label-free quantitation; LN = lymph node; MMTV-PyMT = mammary specific polyomavirus middle T antigen overexpres-

sion mouse model.

components (such as collagens and elastin), matricellular
proteins, and various enzymes involved in ECM remodeling.
Inflammatory fibroblasts also expressed ECM components but
had a higher expression of immune factors, including genes
involved in cytokine—cytokine receptor interactions and
complement factors.*’

Decorin was highly expressed in both ECM and inflamma-
tory fibroblasts and was co-expressed with biglycan and
lumican (Fig. 5D and 5E). These are genes that belong to the
same family of Small Leucine Rich Proteoglycans (SLRPs),
and they have all been implicated in regulating cancer progres-
sion.’” Decorin is multifunctional and is likely to influence the
tumor microenvironment via several mechanisms, including
involvement in collagen organization and regulation of growth
factor signaling.®® Therefore, we investigated the expression
of several matrix genes (including collagens, fibronectin,
elastin, and lysyl oxidase (Lox)), transforming growth factor
beta (TgfB) and downstream signaling factors, epidermal
growth factor (Egf) and epidermal growth factor receptor
(Egfr), and hepatocyte growth factor receptor (Met), as well as
selected tumor markers (Supplementary Fig. 5). Decorin was
co-expressed with several ECM-related genes, particularly the
enzyme lysyl oxidase (Fig. 5F), and to some extent genes
encoding collagens (Col8al and Coll2al; Fig. 5G and 5H).
Lox is a secreted enzyme catalyzing collagen crosslinking and
is known to promote metastatic spread of cancer by creating a
fibrotic environment favorable to metastatic growth.’® Decorin
is also important for organization of collagen fibers and has
been shown to be anti-fibrotic, in part via inactivation of
TGFB.?” The mRNA expression pattern of decorin in cancer-
associated fibroblasts (Fig. 5) and the co-localization with
collagen 1A1 in the fibrous cap (Fig. 4B) may indicate a role

10

for decorin in regulating fibrosis and matrix assembly in
mammary tumors as well.

3.6. Decorin decreases breast cancer cell proliferation in
vitro

To investigate whether decorin could reduce breast cancer
cell proliferation, we treated the human breast cancer cell lines
Michigan Cancer Foundation-7 (MCF-7 (a human breast
cancer cell line with estrogen, progesterone, and glucocorti-
coid receptors’’) and T47D (an appropriate experimental
model to elucidate the progesterone-specific effects of a
luminal A subtype of breast cancer’') with recombinant
decorin in vitro. We showed that 10 nM recombinant decorin
treatment markedly reduced both MCF-7 and T47D prolifera-
tion (Supplementary Fig. 6A and 6B). Moreover, T47D prolif-
eration was also significantly decreased when treated with a
lower dose (1 nM) of recombinant decorin (Supplementary
Fig. 6B). These results suggest that decorin can reduce breast
cancer cell proliferation, a result consistent with our observa-
tions that decorin can decrease tumor grade and increase
survival in patients.

3.7. Overexpression of decorin in skeletal muscle or treatment
with recombinant decorin does not increase tumor decorin
levels and does not affect breast cancer progression

To this point, we had demonstrated that exercise training
reduced tumor development in the MMTV-PyMT model, that
decorin was a bona fide exercise-induced secretory factor
which increases in breast cancer patients during acute exercise,
that tumor decorin levels in patients with breast cancer was
associated with a better prognosis, and that decorin decreases
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Fig. 5. Single-cell RNA sequencing of PyMT tumors. (A) Cell composition of MMTV-PyMT tumors. tSNE plot showing cell clusters defined by a k-means-based
clustering algorithm. (B) Violin plot of the decorin mRNA expression in cell clusters defined in panel A. (C—H) mRNA expression of Dcn, Bgn, Lum, Lox,
Col8al, and Coll2al plotted in the tSNE defined in panel A. tSNE = t-distributed stochastic neighbor embedding. MMTV-PyMT = mammary specific polyoma-
virus middle T antigen overexpression mouse model. Bgn=biglycan; Col = collagen; Dcn=decorin; ECM = extracellular matrix; Lox = lysyl oxidase;
LP = luminal progenitor; Lum = lumican; ML = mature luminal; NK = natural killer; UMAP = uniform manifold approximation and projection.

breast cancer cell proliferation irn vitro. This led us to hypothe-
size that decorin could be secreted from skeletal muscle during
exercise to infiltrate the mammary tissue and arrest tumor
development. To test this hypothesis, we performed muscle-
specific decorin overexpression studies in the MMTV-PyMT
model. We employed techniques using recombinant viral
vectors derived from non-pathogenic adeno-associated viruses
(rAAV). Specifically, rAAVs expressing FLAG-tagged
decorin (AAV:Dcn) or empty vector control (AAV:Con) were
injected in to 3 muscles of both hind limbs. We detected both
decorin and FLAG in skeletal muscle of AAV:Dcn mice using
immunohistochemistry (Fig. 6A). As a negative control for
decorin, we used muscle from decorin-deficient (Dcn™")

animals. We also detected FLAG-tagged decorin in AAV:Dcn
muscle by immunoprecipitation of FLAG coupled with immu-
noblotting for both FLAG and decorin (Fig. 6B). We were
able to detect endogenous decorin in the muscles of the
AAV:Con animals by immunohistochemistry (Fig. 6A).
Notwithstanding, both decorin and FLAG were markedly
increased in skeletal muscle of AAV:Dcn compared with
AAV:Con, as measured by both techniques (Fig. 6A and 6B).
This degree of decorin overexpression was sufficient to
increase serum decorin approximately 2-fold as compared
with AAV: Con mice (Fig. 6C). Despite the increase in serum
decorin observed in the AAV:Dcn mice, this did not result in
any increased protein expression in either the mammary or
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Fig. 6. Overexpression of decorin in skeletal muscle of MMTV-PyMT mice. Skeletal muscles were injected with recombinant AAVs carrying either FLAG-tagged decorin
(AAV:Dcn) or an empty vector control (AVV:Con) at 6 weeks of age. (A) Immunoflourescence staining of decorin and FLAG in skeletal muscles of AAV:Dcn and AAV:Con
mice. Muscles from decorin-deficient mice (Den”) were used as negative controls for decorin staining. Scale bar represents 25 wm. (B) Immunoprecipitation of FLAG from
lysates of gastrocnemius muscle, tumor tissue, and mammary fat pad in AAV:Con and AAV:Dcn mice; C- was a protei-free negative control. Immunoprecipitates were
subjected to SDS-PAGE and immunoblotted for decorin or FLAG. (C) Decorin concentration in serum from Den™, mice overexpressing decorin in skeletal muscle (AAV:Dcn),
or control mice (AAV:Con). (D) Immunofluorescence staining of decorin and FLAG in tumors from AAV:Dcn and AAV:Con mice. Scale bar represents 75 wm. (E—F)
Decorin mRNA expression in tumors and mammary fat pad. (G—H) At 12 weeks of age, tumor burden was measured as total tumor mass relative to body weight (%), and
number of lung metastases was quantified as number of metastatic lesions per microtomy section. (I—J) Survival; animals were euthanized when tumor burden was 10% =+ 3%
or when the largest tumor was >1 cm?. Days of age at termination (I) and tumor burden (J). Data expressed as means & SEM (C, E, F, G, H, J). (n=>5—13 mice per group).
*% p < 0.001. AAV =adeno-associated virus; Con = control; Dcn = decorin; MMTV-PyMT = mammary specific polyomavirus middle T antigen overexpression mouse
model; SDS-PAGE = sodium dodecyl-sulfate polyacrylamide gel electrophoresis; SEME standard error of the mean.
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tumor tissue as measured by immunoblotting or immunohis-
tochemistry (Fig. 6B and 6D) or mRNA expression as
measured by reverse transcription polymerase chain reaction
(RT-PCR) in either the tumor or mammary non-tumor tissue
(Fig. 6E and 6F). Not surprisingly, therefore, muscle-specific
decorin overexpression did not affect tumor mass, metastasis,
or survival when compared with AAV: Con mice
(Fig. 6G—6J).

Our results from the muscle overexpression study were
surprising since plasma decorin was almost doubled when we
overexpressed decorin in skeletal muscle (Fig. 5C), and
previous studies have shown that MDA-231 tumor xenografts
respond to the systemic delivery of decorin.”” We, therefore,
performed 2 additional experiments where we systemically
delivered recombinant decorin to severe combined immunode-
ficient (SCID) mice with the MDA-MB-231-HM cells injected
into their mammary pads. In the first (low dose) experiment,
~14 days post tumor-cell inoculation, mice were IP injected
with 100 wg of recombinant decorin or an equal volume of
saline (Control) every second day for ~2 weeks, as was previ-
ously done in several studies showing tumor burden
decreases.”””’**’* Such an intervention regime did not affect
tumor volume or metastatic burden progression (Fig. 7A
and 7B). We then measured both plasma and tumor decorin
and found that neither was increased by the dosing regimen
(Fig. 7C and 7D). We reasoned that our dosing regime was
insufficient as neither plasma nor tumor decorin increased in
this experiment. We, therefore, performed another (high dose)
experiment where mice received ~2.5 times the dose of the
low-dose experiment daily rather than every other day. In addi-
tion, we commenced the treatment approximately 7 days after
tumor-cell inoculation. Even though plasma decorin was
higher using this protocol (Fig. 7G), the tumor decorin content
was not increased (Fig. 7H) and, unsurprisingly, neither tumor
volume (Fig. 7E) nor metastatic burden (Fig. 7F) was affected
by recombinant decorin treatment.

We next tested whether systemic decorin administration
influenced the expression of tumor marker genes (Supplemen-
tary Fig. 7) and proteins relevant to tumor progression and
decorin-induced alterations in signaling pathways (Supple-
mentary Fig. 8). We did not detect any significant changes in
decorin (Dcn), Receptor tyrosine-protein kinase (Errb2), toll-
like receptor 4 (7Ir4), tumor necrosis factor (7nf), transforming
related protein 53 (7rp53), or transforming growth factor beta
1 (Tgfbl) mRNA expression. Furthermore, administration of
decorin did not influence the abundance of BAX, p53, TNF
alpha, EGF receptor, and phosphorylated SMAD2/3 as
measured with western blot.

Taken together, these data indicate that even though plasma
decorin can be increased in mouse models of breast cancer,
this does not necessarily result in increased tumor decorin
content and protection from breast cancer progression.

4. Discussion

According to epidemiological studies, long-term physical
activity is beneficial for both prevention and treatment of
breast cancer.’ © There are also several preclinical studies
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reporting cancer-protective effects of exercise.” In our study
using the MMTV-PyMT murine model of tumor development,
we demonstrated a beneficial effect on mammary tumor
growth but not on lung metastases. In a similar mouse model,
wheel running attenuated mammary tumor growth at an early
but not a late cancer stage.”” Other studies have reported
protective effects of exercise in xenograft’® or allograft
models.”” The effects of exercise on metastatic spread in
preclinical models are more unclear, with preclinical findings
indicating that exercise does not significantly affect markers of
cancer metastasis incidence or severity.”* * However, the
considerable methodological variability observed across
studies should be acknowledged, and the potential effects of
exercise on the progression of metastases still need to be clari-
fied.

Most importantly, even though mice ran the same distance
whether they were dual- or single-housed, protection against
tumor development was only observed when mice were dually
housed. As discussed, mice prefer social contact when given
the choice,”’ possibly because single housing mice makes
them less capable of coping with external stressors than their
group-housed counterparts,”® resulting in higher levels of
psychological stress.”” We measured circulating corticosterone
in both the single- and dual-housed mice but observed no
difference between cohorts (Supplementary Fig. 3). Nonethe-
less, our data clearly points to the beneficial effect of exercise
on delaying the progression of tumor development in this
mouse model.

Regular physical activity may protect against breast cancer
by influencing risk factors such as adiposity, low-grade inflam-
mation, metabolic health, and sex hormones.’ Indeed, in our
study, fat mass was markedly reduced by access to running
wheels (Fig. 1E). It is also possible, however, that protection is
driven by recurring acute exercise responses because acute
exercise leads to marked systemic adaptations that can have
direct effects on tumor biology. This concept was demon-
strated by Dethlefsen et al.** in a series of experiments with
human exercise-conditioned serum. Incubation with serum
taken after acute exercise, but not after long-term training,
reduced the viability of breast cancer cells in vitro. Interest-
ingly, this also led to reduced tumorigenesis after implantation
in mice.

Several myokines are released into circulation in response
to acute exercise. The most studied myokine is IL-6, which
can increase several fold in plasma during exercise.”’ IL-6 is
involved in metabolic regulation but might also influence
tumor development. In a preclinical study by Pedersen et al.,*”
voluntary wheel running slowed tumor growth by 60% in
mice. This was attributed to epinephrine and IL-6 dependent
mobilization of natural killer (NK) cells. Lastly, Aoi
and colleagues'’ demonstrated anti-tumorigenic effects of the
myokine SPARC in a mouse model of colon cancer.
Kanzleiter et al.”* previously reported that decorin is secreted
from skeletal muscle; they demonstrated that muscle cells
secrete decorin in vitro, and that plasma decorin is increased
after acute resistance exercise. This earlier study did not
prove, however, that the contracting leg was responsible for
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Fig. 7. Systemic delivery of recombinant decorin into SCID mice injected with MDA-MB-231-HM cells. SCID mice injected with the MDA-MB-231-HM cells
into mammary pads received 2 different doses of recombinant decorin systemically. (A) Tumor volume, (B) metastatic burden, (C) plasma decorin levels, and (D)
tumor decorin levels after the low-dose experiment. Mice were dosed every second day with 100 pg of recombinant decorin or an equal volume of saline (Control)
~14 days post tumor-cell inoculation. (E) Tumor volume, (F) metastatic burden, (G) plasma decorin levels, and (H) tumor decorin levels after the high-dose exper-
iment. Mice were dosed daily with 10 mg/kg body weight (~2.5 times the dose of low-dose experiment) of recombinant decorin or an equal volume of
saline (Control) ~7 days post tumor-cell inoculation. Tumor volume was assessed by calliper measurement of primary tumor growth and calculated as
(length x width®)/2. Metastatic burden was assessed by bioluminescence imaging detection. Plasma decorin levels were measured by ELISA. Tumor decorin
levels were measured by western blot using total protein normalization. Two AAV:Dcn gastrocnemius lysates from the overexpression experiments were used as
positive controls. Statistical testing was done with two-way analyses of variance or mixed effects model for repeated measures or Student’s ¢ test. Data expressed
as means = SEM. (n=5—7 mice per group). A.U. = arbitrary unit; con = control; Dcn = decorin; ELISA = enzyme linked immunosorbent assay.
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the increase in serum decorin in exercising humans.”” In our
study, we demonstrate that decorin is secreted from the
contracting limb, and that it most likely comes from skeletal
muscle. The abundance of decorin in both skeletal muscle and
plasma was increased following acute exercise, even in
women with breast cancer, and we detected a net release of
decorin from the exercising leg in healthy human participants
(Fig. 2).

Decorin is a ubiquitous proteoglycan located in extracel-
lular matrices. Decorin can bind and “decorate” collagen
fibers, which is of importance to collagen assembly, as
decorin-deficient mice have abnormal collagen morphology
and fragile skin.*’ The ability of decorin to bind to various
growth factors or cell surface receptors allows it to influence
several signal transduction pathways. For instance, decorin
can inhibit TGF signaling by preventing it from binding to its
receptor.** Decorin also interferes with several members of
the receptor tyrosine kinase family, including EGF receptors
(EGFR/ErbB1)* and hepatocyte growth factor receptor.”®
Decorin is, therefore, a multifunctional proteoglycan with the
ability to influence a wide range of biological processes of
relevance to tumor growth and metastatic spread, including
proliferation,  differentiation, migration, angiogenesis,
autophagy, fibrosis, and inflammation.*”*%**’

Several breast cancer xenograft studies have demonstrated
cancer protection by intratumoral®’ delivery of decorin
protein core or decorin overexpression by adenoviral
transduction.””* Reed et al.”’ reported a 70% decrease in
tumor growth and a reduction in metastatic lesions by local
treatment with either decorin or an adenoviral vector
containing the decorin transgene. In another study, matrix
metalloproteinase-8 (MMP-8) was found to suppress tumor
growth and lung metastasis formation,”' and subsequent
mechanistic experiments indicated that this was due to MMP-
8 mediated activation of decorin, which in turn led to reduced
TGFpB signaling. Indeed, it is suggested that decorin core
protein can act as a paracrine factor that modulates down-
stream signaling pathways. For instance, receptor tyrosine
kinases on tumor cell membranes may be inhibited in a para-
crine fashion by increased amounts of decorin in the ECM of
stromal origin.”

In addition to the paracrine effects of decorin, several
studies have reported systemic anti-tumorigenic effects. For
example, tumor growth was inhibited when decorin was
overexpressed at a distant site”® or with systemic delivery.”” In
addition, Seidler et al.”” reported reduced growth of an ortho-
topic squamous cell carcinoma xenograft in mice following IP
injections of decorin. This was accompanied by accumulation
of exogenous decorin in tumor tissue, downregulation of the
EGF receptor, increased apoptosis, and a reduced mitotic
index. Our hypothesis was, therefore, that exercise increases
decorin release from the contracting limb, and if decorin can
increase within the mammary tissue or tumor then the prog-
nosis is enhanced. However, whether decorin can be released
from the leg to enter the mammary tissue and protect against
tumorigenesis thereby providing a molecular mechanism for
the protective effects of exercise has not been addressed
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previously. Here, we did not observe effects on either primary
tumor growth or formation of metastases when overexpressing
decorin in the skeletal muscle, even though this resulted in
increased circulating decorin (Fig. 6C). We also performed
systemic injection studies, and the results were consistent with
our muscle overexpression model in that, at least in our high-
dose decorin experiment, plasma decorin was increased
(Fig. 7G), but this was insufficient to decrease tumor volume
or metastatic burden (Fig. 7E and 7F). One could argue that
decorin has a short half-life”” and, consequently, was degraded
before a significant uptake by the tumor. However, we demon-
strated in our high-dose experiments that decorin levels were
still increased at the moment mice were sacrificed for blood
collection (approximately 24 h from the last injection). There-
fore, it is reasonable to suggest that decorin half-life is long
enough to be available to the tumor.

We showed that decorin can reduce breast cancer cell
proliferation when delivered to tumor cells in vitro (Supple-
mentary Fig 6A and 6B). Considering this, the absence of
changes in tumor volume or metastatic burden was likely due
to the fact that, despite the increase in circulating decorin with
muscle-specific overexpression or systemic injections, this
was not sufficient to result in increased decorin in the tumor
and mammary tissue (Figs. 6D—7F and 7H).

5. Strengths and limitations

The strengths of this study include the comprehensive pre-
clinical and clinical models we have employed. We have
demonstrated that exercise is protective in models of breast
cancer but, critically, only when mice are not socially isolated.
In addition, we have demonstrated that the proteoglycan
decorin is a protein linked to breast cancer progression in
humans that increases due to exercise in patients. Our data
suggest that while decorin may be a therapeutic target to treat
breast cancer progression when being injected into the tumor
or fat pad to increase tumor decorin content, it is not a mecha-
nism by which exercise exerts its progression. A major limita-
tion to this conclusion is that the studies were performed
exclusively in mice. It is important to note that Tralhao et al.”!
observed tumor growth inhibition even when decorin was
overexpressed at a distant site. This suggests that in some
models, elevated systemic delivery of decorin does confer
protection. We also do not know what would happen to tumors
in patient who have undergone exercise training, where
systemic levels of decorin may increase. We are currently
performing such studies. We cannot, therefore, totally dismiss
a muscle-to-tumor decorin axis, although our existing data
would argue against this hypothesis.

6. Conclusion

We have herein demonstrated that voluntary wheel running
slows tumor progression in the transgenic polyoma middle T
oncoprotein mouse model of luminal breast cancer (MMTV-
PyMT), but only when mice are not caged alone. We have also
shown that decorin is an exercise-induced muscle secretory
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factor and a positive prognostic indicator of breast cancer
progression in patients.
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