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Myokines derived from
contracting skeletal muscle
suppress anabolism in
MCF7 breast cancer cells by
inhibiting mTOR

Amanda R. Davis'"*, Chelsea G. Goodenough™,
Kim C. Westerlind?, Robert Strange?, John W. Deaver?,
Patrick J. Ryan?, Steven E. Riechman® and James D. Fluckey*

Texas AGM University, School of Education and Human Development, College Station, TX,
United States, ?University of Colorado Health Sciences Center, Denver, CO, United States

Summary: There is strong evidence that physical activity has a profound
protective effect against multiple types of cancer. Here, we show that this
effect may be mediated by factors released from skeletal muscle during
simulated exercise, in situ, which suppress canonical anabolic signaling in
breast cancer. We report attenuated growth of MCF7 breast cancer cells in
the presence of a rodent-derived exercise conditioned perfusate, independent
of prior exercise training. This reduction was concomitant with increased levels
of DEPTOR protein and reduced mTOR activity.
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Introduction

Cancer is the second leading cause of death in the United States, coming in a narrow
second only to heart disease (National Vital Statistics Reports, Vol. 68, No. 9, 24 June
2019, 2019). Of the primary malignancies, cancers of the breast are the most common type
of tumor in women, with the American Cancer Society reporting 276,480 new cases and
over 42,170 deaths in 2020 alone (Siegel et al., 2020). While great advances in radiological
and pharmacological treatments for breast cancer have been made, there has been
growing recognition of the modifiable risk factors that lead to tumor development,
with one of the chief beneficial lifestyle choices being regular physical activity.

Regular exercise as a key player in reduction of tumor growth has long been noted
(Shephard, 1993; Thune et al., 1997; Lee, 2003; Westerlind, 2003), with numerous studies
demonstrating that habitual physical activity decreases the risk of developing breast cancer
(Bernstein et al., 1994, 2005; Dethlefsen et al., 2017) and improves survival after cancer
diagnoses (Holmes et al.,, 2005; Chen et al., 2011; Hayes et al., 2018). Much of the prior
literature on this topic has ascribed these benefits to improvements in systemic factors such
as improved body composition (Brown et al., 2016; Iwase et al., 2021), reductions in
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inflammatory markers (Murphy et al, 2011; Meneses-Echédvez
et al, 2016) or stabilization of circulating hormones (Friedenreich
et al,, 2010; de Roon et al., 2018; Chang et al., 2020). While these
events are undoubtedly important to overall homeostasis and
health, the identification of myokines, pharmacologically active
compounds released from skeletal muscle (Pedersen et al., 2007),
has led to a new appreciation of the role of muscle in mediating the
metabolism and function of numerous cells and tissues within the
body via inter-organ cross-talk. Since the seminal discovery of
these signaling molecules (Febbraio et al., 2004), much work has
been done to identify the specific myokines released from muscle
(Aoi et al.,, 2013; Raschke et al., 2013; Colaianni et al., 2015), and
investigate potential cross-talk between muscle and other organs
via the myokine(s) (Severinsen and Pedersen, 2020; Chen et al.,
2021). As a result of this research, there is convincing evidence to
suggest that during exercise, contracting skeletal muscle functions
as an endocrine-like organ that can regulate the activity of other
tissues—including malignant tumors (Pedersen, 2011; Hoffmann
and Weigert, 2017; Hojman et al., 2018; Schwappacher et al., 2021)
- by releasing pharmacologically active signaling molecules into
circulation. Thus, the present study sought to investigate the effect
of myokines derived from contracting skeletal muscle on
anabolism in breast cancer cells, and determine the mechanism
by which these compounds exert their influence.

Since it is identification several decades ago, the serine/
threonine kinase mTOR has been a target of interest in both
the stimulation and suppression of cell growth. mTOR receives
inputs from a variety of sources, including upstream signaling
from the PI3K/AKT pathway, nutrients, and energy availability,
regulating anabolic processes involving cap-dependent mRNA
translation, lipid biosynthesis, and, depending on its binding
partners, the inhibition of autophagy (Saxton and Sabatini,
2017). Since mTOR is at a nexus of cellular signaling
networks that control the anabolic and catabolic processes
inside every cell in the body, it makes this kinase an attractive
target for therapies against diseases of altered metabolism such as
cancer. Years of both basic and clinical scientific inquiry have
identified the mTOR kinase as being highly active in numerous
tumors (Zoncu et al.,, 2011; Mossmann et al., 2018), including
those of the breast (Paplomata and O'Regan, 2014), underlying
the out-of-control growth characteristic of rapidly dividing
malignant cancer cells. Indeed, the benefits of mTOR
inhibition have been demonstrated in the clinical treatment of
breast cancer (Baselga et al., 2012; Basho et al., 2018), indicating
the centrality of this anabolic master switch for the both the
prevention and combatting of cancer. As such, the ability of
myokines released during muscular contraction to reduce mTOR
activity, which has been demonstrated in other cancer types (Liu
et al,, 2018), presents an exciting potential mechanism by which
the muscular activity inherent to physical activity may serve to
negatively regulate breast cancer growth.

Recent investigations into the role and function of mTOR
have yielded numerous pertinent findings, including the
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identification of a potent endogenous inhibitor of mTOR, the
DEP Domain Containing mTOR Interacting Protein or
DEPTOR (Deaver et al.,, 2020). DEPTOR binds to the PDZ
domain of the mTOR Kkinase, preventing mTOR from
carrying out its actions through downstream effectors. The
relationship between mTOR and DEPTOR is complex; while
DEPTOR potently suppresses mTOR activity (Zhao et al., 2011),
the mTOR kinase is also capable of calling for the deletion of
DEPTOR through activation of the p-TRCP complex (Gao et al.,
2011). Studies that have investigated the role of DEPTOR in
cancer indicate that DEPTOR levels are generally low across
several tumor types (Caron et al., 2018), and that rescue of
DEPTOR is an effective anti-cancer therapy (Xiong et al., 2018;
Cuesta et al., 2019), warranting further study of this novel protein
in mTOR-dependent processes.

Based on advances in the understanding of muscle-cancer
cross talk, we hypothesized that pharmacologically active
signaling factors released from contracting skeletal muscle
would suppress anabolism in cultured MCF7 breast cancer
cells by acting on the anabolic mTOR axis. We further
hypothesized that this effect would be mediated by increased
intracellular MCF7 DEPTOR levels.
hypothesis, we surgically isolated and perfused the hindlimb

In order to test this

of a Wistar rat, then used electrical stimulation to produce
hindlimb and collected the
myokine-rich perfusate released from the hindlimb during

muscular contraction of the

muscle contraction. We found that this perfusate potently
suppresses cancer growth in both in vitro and in vivo models
of breast cancer, with perfusate acquired from untrained or
moderately aerobically trained animals exhibiting similar
benefits. Further, perfusate treatment profoundly suppressed
both protein synthesis and anabolic signaling through the
mTOR pathway, effects that were concomitant with increased
DEPTOR expression. Taken together, we believe that our results
conclusively demonstrate that signaling factors released from
contracting skeletal muscle reduce growth and anabolism in
MCEF?7 breast cancer cells, a process that is mediated by a
suppression of mTOR activity due, at least in part, to
increased levels of DEPTOR.

Methods
Animals and hind limb perfusion

Female Wistar rats 8-12 weeks of age were purchased from
Charles River Laboratories (Wilmington, MA). All procedures
were approved by the Institutional Animal Care and Use
Committee at Texas A&M University. Animals were housed
two-rats per cage under standard 12 h photoperiod, provided
with normal lab diet with water ad libitum. Following a 2 day
acclimation period after arrival, animals underwent a non-
survival hemicorpus hind limb perfusion preparation (HHLP)
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E-Stim perfusate suppresses tumor growth. Treatment with E-Stim perfusate resulted in reductions in both cell counts in vitro (A) and tumor
volume in vivo (B) when compared to the Non-Stim condition. ** denotes p < 0.01, **** denotes p < 0.0001.

(Figure 1) as described previously (Ruderman et al, 1971).
Briefly, midline to caudal end of the animal was surgically
prepared so both hind limb limbs could be perfused with an
oxygenated Krebs-Heinseliet buffer during electrically stimulated
muscle contraction. For studies involving the role of bovine
serum albumin in mediating the anti-cancer effect of exercise,
albumin in the Krebs buffer was replaced with an identical
amount of dextran. Electrical stimulation was administered
using a stimulator (Grass Instruments, West Warwick, RI)
and a force transducer (Warner Instruments, Harvard
Bioscience Inc., Holliston, MA) at a surgically exposed sciatic
nerve on a single hind limb of the animal. Perfusate medium was
maintained at 31.7°C using a bipolar temperature controller
(Model #CL-100, Warner Instruments, Harvard Bioscience
Inc., Holliston, MA) and administered at a flow rate of 12 ml/
min, by peristaltic pump (MPL 8-Channel) (Watson Marlow,
Marlo, United Kingdom). One advantage of the perfusion model
is the removal of the musculature from humoral input from other
organ systems, including those involved with metabolism or
inflammation, allowing for isolation of compounds derived
specifically from the skeletal muscle.

During perfusion, medium was collected on ice in 50 ml sterile
conical tubes (Corning Inc., Corning, NY). Before (Non-Stim) and
during electrical stimulation (E-Stim). Following collection, samples
was centrifuged at 2,500 rpm at 4°C to remove any remaining red

blood cells, with the supernatant stored at —80°C until analysis.

Exercise protocol

Female Wistar rats (n = 7) were exercise trained for

5 weeks. A moderate-intensity exercise was chosen for this
study as it has consistently shown to be beneficial for
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improving and maintaining physical health (Haskell
2007).
motorized rodent treadmill, designed to elicit a predicted

et al, The conditioning protocol utilized a
moderate intensity of 50%-75% VO, max, based on previous
methods (Pattengale and Holloszy, 1967; Hickson et al,,
1976; Burniston, 2008).

After familiarization to the treadmill and belt movement,
rats were randomly assigned to the Exercise (EX) group or
were assigned as age and weight matched controls (Non-EX).
Forty-8 hours after the last familiarization period, rats in the
EX group completed a 5-week exercise program consisting of
5 x 60min/day sessions per week. A 5-10 min warm-up and a
5 min cool-down period was included in the 60-min exercise
session. The treadmill was initially fixed at 0% grade and
raised at week 4%-15%; speed was gradually increased during
the first 3 weeks to an average top speed of 20.5 m/min and
was adjusted accordingly after the increased incline. At the
conclusion of the 5-week exercise program, EX rats were
perfused within 70-80 h after the last exercise bout using the
rat HHLP perfusion preparation as previously described.

Cell culture

Human MCF7 cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA). Cells were
cultured in Dulbecco’s Modification of Eagle Medium
(DMEM) (Corning, Mediatech INC., Manassas, VA),
supplemented with 10% fetal bovine serum (FBS) (VWR
PA) and 1% (v/v) Penicillin/
(BioVision, Milpitas, CA). Cells
maintained GM at 37°C in a humidified atmosphere
containing 5% CO?2 until 60% confluent.

International, Randor,

Streptomycin were
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Cell counting experiments

To determine the effects of muscle contraction via electrical
stimulation, breast cancer cells were treated with perfusates
collected from quiescent (Non-Stim) and contracting (E-Stim)
skeletal muscle from the same animal (n = 3) via the HHLP
preparation. Based on preliminary studies, we elected to treat
cultured cells with prepared DMEM as described above,
supplemented with 10% perfusate collected from either Non-
Stim or E-Stim muscle. For cell counting experiments, cells were
seeded in 6-well plates, with each experimental group comprising
three wells. Cells were treated with Non-Stim or E-Stim perfusate
for 4days and harvested on day five. To evaluate cell
proliferation, viable cells were counted using an electronic
counter (Z1 Series, Beckman Coulter, Inc.), with cell counts
taken in triplicate from each well.

Western immunoblotting

In a separate set of experiments, groups of cells allocated for
Western blot analysis were grown in 10 cm dishes until 60%
confluent, then incubated in media containing 10% Non-Stim or
E-Stim perfusate gathered in the manner described above from
female Wistar rats (n = 4), for 24 h. All cells allocated for protein
synthesis analysis were additionally treated with heavy water
(*H,0) to yield a 4% final volume in order to facilitate protein
fractional synthesis rate experiments (described below). After
this period, an aliquot of cell media was taken, then these cells
were rinsed with ice-cold phosphate buffered saline (PBS, VWR
International, Randor, PA), collected using cell scrapers (VWR
International, Randor, PA), and transferred to microcentrifuge
tubes. These tubes were then centrifuged at 130 g for 8 min,
following which PBS was aspirated and cells were flash frozen in
liquid nitrogen.

For Western immunoblot experiments, cells were lysed in ice
cold Norris buffer (first described in Nilsson et al., 2013). To assess
the expression of proteins and their phosphorylation status, equal
quantities of total protein obtained from whole cell lysates were
analyzed as described previously (Fluckey et al., 2000; Nilsson
et al,, 2010, 2013). Proteins were resolved using SDS-PAGE, and
transferred to a nitrocellulose membrane. Assessment of specific
protein content was accomplished with the following antibodies:
4 E-BP1 (Cell Signaling Technology, Danvers, MA, United States
#9644), Phospho-4E-BP1™7"#¢ (Cell Signaling #2855), P70S6K1
(Cell signaling #2708), Phospho-p70S6K1™% (Cell Signaling
#9234), and DEPTOR (Millipore Signa, Burlington, MA,
United States, #ABS222). Membranes were imaged using a
FlouroCHem SP imaging system (Alpha Innotech, San
Leandro, CA, United States) and optical density of protein
bands was determined using the Alphaease FC software (Alpha
Innotech). All bands were normalized to Ponceau S staining
(Romero-Calvo et al., 2010) and expressed as arbitrary units.
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Deuterium method

The validity of a deuterium approach has been
demonstrated by its ability to accurately measure muscle
protein synthesis (MPS) in free-living subjects over longer
periods of time in order to better replicate physiological
relevant conditions. The method used to assess fractional
synthesis rates (FSR) in MCF7 cells was modified from the
gas chromatography-mass spectroscopy (Agilent 7890 GC/
5975 VL MSD, Agilent Technologies, Santa Clara, CA)
method previously described (Nilsson et al., 2010).

°H,0 enrichment of water-soluble
proteins/cell media

Briefly, cell media samples collected at harvest following
24-h of isotopic exchange were thawed on ice for 15 min.
Alongside calibration standards (0-5% °H,0, prepared by
mixing naturally labeled water with 99.9% *H,0), 20ul of cell
media was aliquoted into 2 ml microcentrifuge tubes and
incubated for 24-h at room temperature with 2 ul of 10 N
NaOH and 4ul of a 5% (vol/vol) solution of acetone:
acetonitrile. Procedural steps from this point on were
consistent as previously described (Nilsson et al., 2010).
All plasma samples were measured twice with separate
preparations, and an average value of the two runs were
used for calculations.

[?H] alanine enrichment in MCF7 cells

Cell samples were homogenized in ice-cold 10% TCA
(CI;CCOOH). ~10s
centrifugation at 3,000 rpm for 10 mins to remove unbound

Samples were vortexed for before
amino acids. Subsequently, supernatant was decanted, and the
TCA

centrifugation and decanting were repeated for a total of three

remaining cell pellet placed on ice. treatment,
spins before proceeding in accordance with previously described
details procedures. Fractional synthesis rates (FSR) of mixed
proteins  were  calculated the
Ea x [Ecy x 3.7 x t(W)]™! x 100, Ea

amount of protein-bound [*H]alanine (mole% excess), Ecy is

using equation:

where represents
the quantity of H,O in cell media (mole% excess), and
3.7 represents the exchange of *H between cell media and
alanine (e.g., 3.7 of 4 carbon-bound hydrogen of alanine
exchange with water).

In Vivo experiments

In this final set of experiments, a separate group of female
Wistar rats had their hind legs perfused with oxygenated Krebs

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1033585

Davis et al.

Henseleit buffer and leg muscles stimulated by electrodes placed
at both ends of the limb attached to a force transducer.
Contralateral muscles (SHAM) were treated identically but
were not stimulated. Following stimulation, the perfusates
from leg muscles were dialyzed, lyophilized and resuspended
in sterile water. Based on the in vitro results, extracts were
injected subcutaneously into female nude mice transplanted
with breast tumor cells. Nu/Nu female mice age were obtained
from Taconic and Charles River and kept in isolator cages. The
mice receiving MCF-7 tumor cell implants were aseptically
implanted in the back of the neck with slow-release Estradiol
pellets (0.72 mg, 90-day pellets, Innovative Research). Tumor
cells (5 x 10° cells/implant) were injected into the right flank of
the mice. Tumor cells were allowed to grow 1 month until
average tumor size was 175 mm®. The animals were stratified
and randomized into groups so that initial tumor size did not
vary between the groups. Animals were injected daily for 4 weeks
with 10 mg of perfusate resuspended in sterile water. Tumor
growth was monitored and measured twice a week using a digital
caliper (VWR) by investigator blinded to group assignment.
Animals were then euthanized, and the tumors were removed
measured and weighed.

Statistical analysis

The effect of E-Stim versus Non-Stim perfusate in measures
of cell proliferation, apoptosis, and protein fractional synthesis
rate was assessed by use of a one-tailed f-test set at a > 0.05.
Differences in signaling through the mTOR cascade between
Non-Stim and E-Stim perfusates were analyzed by one-tailed
t-test set at a > 0.05. A two-way ANOVA (treatment x time),
with an a > 0.05 and Tukey’s post hoc test, was used for
growth. All
analysis was performed using GraphPad Prism, San Diego,

experiments involving xenografted tumor
CA United States. Figures are presented as mean * standard

error of the mean.

Results

Soluble factors released from contracting
skeletal muscle slow growth and induce
apoptosis in MCF7 breast cancer cells both
in vivo and in vitro

Exposure to perfusate conditioned by a contracting rodent
hindlimb (ES) led to a 12.26% reduction (Figure 1, 158.6586 vs.
139.2, p < 0.05) in the cell count of cultured MCF7 cells (p <
0.05) vs. groups treated with perfusate conditioned by a
quiescent hindlimb (Figure 1). These results were replicated
in vivo, with MCF7 tumor xenografted mice displaying
reductions in tumor volume at the endpoint of the study
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(Figure 1). There were no differences between tumor sizes at
baseline (193.2 mm’ vs. 157.9 mm’, p > 0.05). After 3 weeks,
MCEF7 xenografted mice receiving E-Stim treatment had a
significant reduction in tumor size compared to Non-Stim
treated mice (-48.9%, 336.3 mm® vs. 171.8 mm’, p < 0.05), an
effect that persisted into the fourth week (-57.7%, 399.5 mm® vs.
169.1 mm3,p < 0.05). Based on these in vitro and in vivo results,
we conclude that contracting skeletal muscle releases a
pharmacologically active factor which exerts a powerful anti-
cancer effect in MCF7 breast cancer cells, to such a degree that
in vivo tumors treated with E-Stim perfusate displayed virtually
no growth.

Anti-cancer cross-talk between skeletal
muscle and MCF7 cells is mechanistically
mediated by reduced anabolism and
mMTOR signaling

Stable-label isotope tracer experiments utilizing deuterium
oxide demonstrate that 24-h rates of protein synthesis were
reduced by 35% in MCF7 cells receiving E-Stim perfusate
treatment (31.33%/day vs. 20.30%/day, p < 0.05) (Figure 2).
These
accompanied by reductions in the ratio of phosphorylated to
total P70S6K (-71.30%, 1.25 vs. 0.36, p < 0.05) and 4EBP1
(—62.57%, 20.05 vs. 7.51, p < 0.05), two downstream targets of
the anabolic mTOR kinase. Underlying this observation,

reductions of fractional synthesis rate were

expression of the endogenous mTOR inhibitor, DEPTOR, was
increased by nearly 900% (296 vs. 2874 A.U. p < 0.05) in E-Stim
perfusate treated cells over Non-Stim treated groups, suggesting
that E-Stim perfusate slows anabolism in MCF?7 breast cancer via
action on the mTOR signaling cascade.

The effect of myokine treatment is not
altered by habitual exercise

In order to investigate the role of prior exercise training on
the effect contraction-derived myokines on MCF7 cancer cell
growth, perfusates were collected from rats exposed to 5 weeks of
aerobic exercise training and age/weight matched controls.
Conditioned perfusate was then collected from these animals,
and subsequent analysis of proliferation performed, in a manner
identical to that used for untrained animals. When comparing
the effect of E-Stim and Non-Stim perfusate from trained
animals with that of the untrained, we found that trained
E-Stim perfusate resulted in a near replication of the prior
result-an 11.77% reduction (Figure 3) in cell count in the
trained animal experiments (57.64 vs. 50.86, p < 0.05). These
data indicate that prior exercise training is not important for the
anti-proliferative benefits of contracting muscle on breast cancer,
and that the release of soluble factors mediating the mechanistic
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E-Stim perfusate suppresses anabolic signaling in MCF7 breast cancer cells. Cellular protein fractional synthesis rate was reduced by E-Stim
perfusate treatment (A). E-Stim perfusate also lead to an accumulation of the endogenous mTOR inhibitor DEPTOR (B), concomitant with reduced
signaling through the downstream targets of the anabolic mTOR kinase (C,D). * denotes p < 0.05, ** denotes p < 0.01.

anti-cancer benefit of exercise is an inherent property of
muscular contraction, independent of exercise training status.

Albumin is required in the perfusate for the
effects of exercise on breast cancer

In order to examine the effect that circulating proteins play
in mediating the effects of muscle-derived myokines on breast
cancer, perfusates were prepared either with bovine serum
albumin (BSA) or dextran, with the parameters of the
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contraction and collection remaining identical. We found
(Figure 4) that there was a dose-dependent relationship
between perfusate (prepared with BCA) concentration and
inhibition of cell growth, such that a minimum of 10%
supplementation with exercise-conditioned perfusate was
required to induce a 33.11% reduction in MCF7 cell count
in our early preliminary experiments (110.6 vs. 77.56, p <
0.05). However, no amount (5%, 10%, or 20%) of media
supplemented with dextran-prepared perfusate led to a
reduction in MCF7 cell proliferation (p > 0.05). Thus, we
conclude that the presence of albumin is in some way required
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Habitual exercise does not alter the effect of E-Stim perfusate
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to mediate the observed benefit of contraction-derived
myokines on cancer cell growth.

Discussion

Breast cancer is a major cause of morbidity and mortality for
over 2.8 million women in the United States, presenting a
pressing need to identify routes of both prevention and
treatment for these deadly tumors. It has long been
appreciated that regular physical exercise, as part of an overall
healthy lifestyle, is effective in combatting many chronic diseases,
including the development and recurrence of cancer (Bernstein
et al., 1994; Carpenter et al., 1999; Cormie et al., 2017; Hojman
et al., 2018). While exercise certainly has systemic benefits that
are advantageous for overall health, results from the present
study support a growing body of literature (Hojman et al., 2011,
2018; Aoi et al., 2013; Gannon et al., 2015; Dethlefsen et al., 2016;
Ruiz-Casado et al., 2017) which suggest that contracting skeletal
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FIGURE 4

Albumin is required to mediate the chemotherapeutic effects of E-Stim perfusate. In perfusates where albumin (A-C) was substituted with
dextran (D-F), no effect of E-Stim perfusate treatment on MCF7 cell count was observed. The purpose of this experiment was to determine if albumin
in the perfusate had a role in delivering myokines through the vasculature. * denotes p < 0.05, ** denotes p < 0.01
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muscle possesses the ability to regulate the metabolism of cancer
cells through direct mechanistic cross-talk. Our findings indicate
that some pharmacologically active factor or factors are secreted
from contracting skeletal muscle, and that these compounds have
demonstrable effects on the growth and metabolism of cultured
breast cancer cells. By acting on the well-documented anabolic
mTOR axis, myokines released during muscle contraction slow
proliferation, induce apoptosis, and suppress protein synthesis in
MCF?7 cancer cells, both in vitro and in vivo, to the extent that
with
xenografted tumors completely abrogates tumor growth at

exercise-conditioned perfusate treatment in mice
three- and 4-weeks post-implantation. These results support
the hypothesis that skeletal muscle is capable of altering the
behavior of extra-muscular tissues, and that the act of physical
exercise can, per se, provide demonstrable benefits in combating
malignancies of the breast.

The mTOR signaling pathway is central to multiple cell cycle
and survival mechanisms, and serves to regulate cell growth,
cellular proliferation and survival, all of which are vital for the
function of a healthy cell (Deaver et al., 2020). While mTOR is
critical to the normal function of the cell, dysregulation of mMTOR
is common in tumors of the breast (Paplomata and O'Regan,
2014; Hare and Harvey, 2017), where a constitutively active
mTOR plays a role in several aspects of tumor pathology,
including the rapid proliferation and resistance to apoptosis
that are among the hallmarks of cancer (Cargnello et al,
2015). mTOR ultimately acts on two downstream effectors,
P70S6K and 4EBP1
translation, with the subsequently manufactured proteins

to promote cap-dependent mRNA

playing a role in a number of proliferative and anabolic
Thus, the that
perfusate treatment resulted in significantly diminished mTOR

processes. finding exercise-conditioned
activity, as measured by Western immunoblot of its substrates,
P70S6K and 4EBP1, and marked suppression of protein
synthesis, is especially exciting, and provides evidence of a
novel means by which signaling released from skeletal muscle
may act on this canonical signaling pathway to control anabolism
in a cancerous cell.

A potent inhibitor of the mTOR enzymatic complex is the
DEP domain-containing mTOR-interacting protein (DEPTOR)
(Caron et al., 2018). The dynamic between mTOR and DEPTOR
is a matter of ongoing research, but what is clear is that activation
of mTOR leads to phosphorylation and subsequent degradation
of DEPTOR, allowing the full activation of the former (Duan
et al., 2011; Gao et al., 2011). The DEPTOR accumulation and a
subsequent reduction in mTOR activity as a result of perfusate
treatment is therefore of great interest, with ongoing experiments
seeking to further investigate this mechanism. It is well-
documented that DEPTOR expression is low in most cancers
(Wang et al., 2012; Li et al., 2014; Chen et al., 2020), including
those of the breast (Bi et al., 2021). However, to our knowledge,
this study is the first to demonstrate that exposure of epithelial
breast cancer cells to medium collected from contracting skeletal
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muscles results in a rescue of DEPTOR within the cancer cell,
blunting mTOR signaling and with consequent reductions in
protein synthesis. Taken together, these results demonstrate, for
the first time, that factors released from skeletal muscle suppress
anabolism in breast cancer via action on the canonical mTOR
pathway.

Although the present paper cannot determine what
factors led to the reduction of mTOR activity and cancer
cell proliferation, it is possible this effect could be due to
factors in the perfusate that can modify transcriptional/
translational behavior in the cell, as evidenced by the
rescued expression of DEPTOR. Recent evidence suggests
that the transfer of mircroRNA (miRNA), small strands of
nucleotides capable of altering cellular behavior and
metabolism through the process of RNA interference
(Hannon, 2002; Chen et al., 2012; Reddy, 2015), between
cells is a means for intercellular communication (Chen et al.,
2012; Hamam et al., 2017). While we are currently in the
process of characterizing the myokines released during
muscular contraction, the finding that albumin in the
perfusate at a certain threshold is
effect
provides some tantalizing clues as to the nature of this

required for the

chemotherapeutic of E-Stim on breast cancer
phenomenon. Although much work in identifying the
means by which these compounds are released from parent
cells, transported through the body, and taken up by target
to be

demonstrated that the miRNA release and subsequent

cells remains done, some investigations have
uptake may be mediated by nucleoprotein complexes
(Arroyo et al., 2011; Hamam et al., 2017). There is growing
evidence for this mechanism, and the finding that albumin
protein is necessary to mediate the anti-cancer effects of the
exercise condition perfusate in our experiments is especially
interesting, given recent studies showing that serum albumin
displays discrete binding regions for miRNA (Alinovskaya
et al., 2018).

Intriguingly, the observed benefits of muscle contraction
on cancer growth were similar when examining the effect of
perfusates acquired from the contracting hindlimb of both
sedentary and aerobic exercise-trained animals, strongly
suggesting that the factors responsible for mediating the
mechanistic anti-cancer effect of exercise is inherently
resident in muscle, and that its manufacture and release is
tied to muscular contraction per se, independent of physical
conditioning. This carries an interesting clinical application:
that any individual may benefit from the repeated muscle
contractions that constitute exercise, regardless of prior
physical conditioning, and highlights the need for physical
activity to stimulate the secretion of factors that combat
cancer. While the protocol used for inducing exercise
adaptations represents a fairly moderate aerobic training
program, it has been demonstrated to lead to appreciable

training adaptations in animal models. More investigation on
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the role of training in the anti-cancer benefits of exercise is
clearly required; but our results strongly suggest that the
mechanistic factors mediating these benefits are normally
and that their
subsequent release are completely independent of physical

resident in muscle, manufacture and
conditioning. Perhaps our most exciting finding is that any
individual may benefit from repeated muscle contractions,
regardless of prior physical conditioning, highlighting the
need for physical activity to stimulate the secretion of
factors that combat cancer.

Consistent with epidemiological and physiological
studies demonstrating an attenuated risk and progression
of breast cancer with exercise (Lee, 2003; Westerlind et al.,
2003; Hayes et al., 2018), our results support the concept that
the very act of locomotion (i.e., contracting skeletal muscle)
has a direct therapeutic influence on breast cancer. Our work
expands on that of others by using a hind limb perfusion
preparation, where we can effectively remove other humoral
factors, such as hormones or cytokines from other organs,
that may also impact growing cancers, and administer that
perfusate directly to the cancer cells. We believe the model of
exercise used here allowed us to successfully isolate myokines
that are reflective of what the muscle is capable of releasing in
vivo, in order to allow us to investigate the specific
mechanistic effects of contraction-derived myokines on
cancer cell metabolism. However, while the acute exercise
model of electrical stimulation via the sciatic nerve may be
more physiologically correct than non-voluntary stimulation
by other means, this model is still not completely
physiological. True neural activation during in vivo
exercise activates the motor units in a proportional
fashion to match the forces required to meet the demand
of the activity. Our model simultaneously activated all the
motor units of the lower limb musculature, which is not
typical of most exercise in humans. This approach capitalizes
on previous findings that this stimulation paradigm
maximizes glucose uptake in all muscles of the leg, with
the rationale that contraction-mediated glucose transporter
translocation (specifically, GLUT-4) and fusion with the
surface membranes requires exocytosis of intracellular
vesicles (Richter and Hargreaves, 2013). Along that line of
thinking, we feel that the present study may warrant
experiments involving resistance exercise programs, where
simultaneous activation of larger muscle groups may provide
more of a stimulatory effect. Thus, we contend that while a
fully in vivo assessment of the interaction of myokines and
breast cancer exercise is warranted, our findings strongly
point to the fact that muscle contractions release substances
that negatively impact cancer cells.

In summary, we demonstrate that the protective benefits
of exercise against breast cancer can be attributed, at least in
part, to myokines released by contracting skeletal muscle,
independent of any hormonal or whole-body effects of
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regular physical activity. These myokines suppressed cancer
growth independent of whether they were derived from the
muscles of a sedentary or active animal, indicating that the
release of anti-cancer myokines is an inherent property of
muscular contraction. These compounds act on the anabolic
mTOR axis of the cancer cell, suppressing protein synthesis
and rescuing the endogenous inhibitor DEPTOR. We
recognize that there are numerous forms of breast cancers
in clinical populations and understand the importance of
conducting similar studies across that spectrum to further
validate the findings in this study. Ongoing experiments in our
laboratory are devoted to pursuing the identity of which
specific molecules responsible for mediating this effect, the
exact nature of their release from the muscle, and how they are
taken up by cancerous cells of the breast. Taken together, we
believe that further investigation of the relationship between
skeletal muscle, myokines, and breast cancer will provide
exciting novel outcomes, and pave the way for clinical
advances in the understanding and treatment of malignant
tumors.
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