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Abstract: Today, care teams within cancer centers encourage patients to be physically active, after diagnosis, based
on data obtained mainly from breast, colon and prostate cancer. Intriguingly, the impact of physical activity (PA)
on intramuscular tumors (e.g. sarcomas) has not been specifically addressed and, thus, could be mistakenly con-
founded with other cancers. In this preclinical study we assessed the impact of PA on intramuscular liposarcoma
(LS) evolution. Four-week-old nude male mice were active by voluntary running on wheels, for six weeks. Then, mice
were divided into four groups with open or restricted access to wheels, which have received an orthotopic intramus-
cular injection of either vehicle or human LS, SW872, cells. Active mice presented ~1.5 fold increase in tumor mass,
which was mainly due to higher cellular mitosis and proliferation. This bulging intramuscular tumor mass altered
muscle function, as evidence by overall muscle strength and maximum running capacity. From a molecular point
of view, active mice exhibited poor levels of Phospho-p38™18%™182 gnd p21 content in tumors and also displayed
low amounts of circulating insulin comparing to inactive counterparts. Insulin induced Phospho-p38™180/h182 gnd
p21 expression in SW872 cells, in vitro. The expression of p21 was regulated in a p38-dependent fashion, since
inhibition of p38 activity abolished the up-regulation of p21. Our data suggest that insulin-dependent activation of
p38 MAPK-p21 pathway is a possible mechanism responsible for delaying tumor growth in inactive mice. Clinically,
patients with lower-extremities LS could be advised to reduce or minimize their levels of PA during the preoperative
period.
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Introduction

Physical activity (PA) is an adjuvant strategy
that could be prescribed for cancer patients
before, during and after conventional antican-
cer treatments to manage secondary symp-
toms, preserve muscle strength, allow hard
treatments to go forward and optimize recovery
[1]. A body of evidence indicates that PA can
reduce about 25% the risk of colon and breast
cancer, with possible evidence in prostate, lung
and ovary cancer [1-3]. Interestingly, PA also
appears to delay disease recurrence, highlight-
ing a possible role in the suppression of tumor
growth [4-6]. To date, 64% of preclinical exer-

cise-oncology studies are likely to support a
positive effect of PA on tumor incidence, growth
or progression, regardless the type/localization
of tumor and modality/intensity of PA [7].
Intriguingly, the majority of these studies were
performed on animals bearing subcutaneous
malignancy, in order to monitor tumor growth
kinetics; whereas only few reports have used
orthotopic models and none have lend atten-
tion to the impact of PA on intramuscular tumors
[71.

Liposarcoma (LS) is the most frequent type of
soft tissue sarcoma (20%) that arises from adi-
pocytes and fibroblasts located within deep
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soft tissue [8]. It is most commonly found with-
in thighs of patients [9]. This particular localiza-
tion inside skeletal muscle constitutes an awk-
ward mass that may impede the capacity of
muscle to produce sufficient force and ensure
basic physical needs. Indeed, survivors of low-
er-extremities sarcoma exhibit physical quality
deterioration and are unlikely to meet PA guide-
lines [10]. However, the impact of PA on intra-
muscular tumors and related muscle dysfunc-
tion still poorly understood; thus, there is no
recommendation about the levels of PA to
advise for patients with lower-extremities sar-
comas before any treatment (e.g. surgery, che-
motherapy and radiotherapy).

Exercise-oncology remains a field with several
unexplored areas and little is known about the
exact molecular mechanisms through which
exercise could induce its protective effects.
However, it is thought that exercise-mediated
changes in systemic inflammation, hormones,
angiogenesis, redox status, immune system
and insulin sensitivity could impact signaling
pathways involved in tumor growth/progres-
sion [11]. In this light, mitogen-activated pro-
tein kinase (MAPK) family members constitute
a major target. Indeed, it has been suggested
that PA could modulate tumor growth via the
regulation of MAPK pathways [12], which in
turn control the expression and stabilization of
a large number of cell cycle activators/inhibi-
tors [13]. Nonetheless, as each tumor type pos-
sesses specific characteristics, molecular path-
ways mobilized in response to PA may also dif-
fer [14, 15]. For example, in response to the
same modality of PA, tumors “inside-muscle”
could behave differently compared to those
located “outside-muscle”. In the present work,
we were interested to study the usefulness of
PA in the context of a direct tumor-skeletal
muscle interaction. We addressed for the first
time the impact of regular PA on intramuscular
LS growth from a molecular point of view.

Materials and methods
Ethics approval and study design

All procedures described below were per-
formed in accordance with the recommenda-
tions of European community (directive 2010/
63/EU) and were approved by the French minis-
try of higher education and research, in accor-
dance with the local committee of research
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ethics of Rennes (authorization no. APAFS#581-
2015050411405743). Four-week-old nude
male mice were obtained from Harlan (Ro-
ssdorf, Germany) and housed in the animal
care facility of the laboratory “Movement, Sport
and health Sciences” (agreement no. A35-047-
34). During the first six weeks, all mice (n = 36)
performed voluntary running on activity wheels
(Intellibio, France) placed individually in their
cages. Wheels were connected to counters that
recorded the daily performed distance by each
mouse. Before inoculation, mice were homoge-
neously assigned into four groups (n = 9/group)
based on PA levels, during the last six weeks.
Then animals have received an intramuscular
injection of either liposarcoma SW872 cells or
DMEM alone (vehicle). Activity wheels were
blocked the day of injection for inactive control
(CTLl) and liposarcoma (LSI) mice, whereas
active control (CTLA) and liposarcoma (LSA)
mice maintained PA until the end of the proto-
col (Figure 1A). At eight weeks post-injection
(PI), all animals were anesthetized with Keta-
mine-Xylazine cocktail and sacrificed. Tumors,
peri-tumoral tissues, lungs and skeletal mus-
cles were weighted and immediately frozen in
liquid nitrogen or fixed in 4% paraformaldehyde
(PFA). Blood was obtained by intra-cardiac
puncture, either immediately used to perform
hematocrit and hemoglobin measures or
placed in EDTA-coated tubes for plasma
collection.

Survival curve

A survival curve protocol was performed on
four-week-old nude mice (n = 20) to determine
whether or not PA affect the lifespan of mice
bearing SW872 tumor. The same experimental
procedure used previously was repeated,
namely, all mice were physically active for six
weeks. Next, mice were randomized into two
groups (n = 10/group) and then received an
intramuscular injection of SW872 cells. For the
LSA group, mice maintained activity on wheels,
whereas for LS| the wheels were blocked the
day of injection. The survival protocol lasted six
months after inoculation and was ended when
all mice died.

Liposarcoma cell line SW872 and intramuscu-
lar injection

Human SW872 cells (passage 27) were ob-
tained from Cell Line Services (CLS; Germany).
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Figure 1. The impact of LS and/or PA levels on anthropometric parameters. (A) Experimental design of the present study. (B) The weight of total body and (C) differ-
ent skeletal muscles measured at the end of the protocol. (D) Food intake recorded once a week at the baseline and twice weekly PI. (E) Week average of voluntary
running distance per group, values were registered daily and results expressed in (Km/day). (F) Impulse score reflecting overall muscle strength and (G) maximal
speed test to evaluate running endurance capacity, were performed at the baseline and five and eight weeks PIl. Results are expressed as mean + SEM (CTLA: n =
9; CTLI: n = 8; LSA: n = 9; LSI: n = 8); (a) LSA vs. LSI, (b) CTLA vs. CTLI, (c) CTLA vs. LSA, (d) CTLI vs. LSI. Statistical difference between the four groups in (B-D, F and
G) was tested using a two-way ANOVA with Tukey’s post hoc test. A student t-test was performed for comparison between two groups in (E). Results were considered

significant at P < 0.05.
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Table 1. List of primers used for RTqPCR analysis

Gene (Human)

Forward (5'—3’)

Reverse (5'—3’)

Cell cycle CDC25A GCAACCACTGGAGGTGAAGA CCAACAGCTTCTGAGGTAGGG
CDC25C GAGGAACCCCAAAACGTTGC TCTATGGCCACGGTCCAAAC
PLK-1 GGATGTGTGGTCCATTGGGT GCAGCTCGTTAATGGTTGGG
pl4 CGAGTGAGGGTTTTCGTGGTTC CACGGGTCGGGTGAGAGTG
plé TCGGCTGACTGGCTGG GTGAGAGTGGCGGGGTC
p21 AGTCAGTTCCTTGTGGAGCC CATTAGCGCATCACAGTCGC
p27 GCCTCAGAAGACGTCAAACG TCCAACGCTTTTAGAGGCAGA
CyclinD GATGCCAACCTCCTCAACGA GGAAGCGGTCCAGGTAGTTC
CyclinE CCCCATCATGCCGAGGGAG TGTCAGGTGTGGGGATCAGG
Inflammation IL1B CAGAAGTACCTGAGCTCGCC AGATTCGTAGCTGGATGCCG
IL6 AGTGAGGAACAAGCCAGAGC AGCTGCGCAGAATGAGATGA
IL10 TACGGCGCTGTCATCGATTT TAGAGTCGCCACCCTGATGT
TNFo CTCTTCTGCCTGCTGCACT CTCTCAGCTCCACGCCATT
TGFB ACAGCAACAATTCCTGGCGA GGTAGTGAACCCGTTGATGTCC
MCP1 CTCGCCTCCAGCATGAAAGT AGATCTCCTTGGCCACAATGG
Antioxidant enzymes SOD1 TGAAGGTGTGGGGAAGCATT AGTCTCCAACATGCCTCTCTTC
S0oD2 CGGCATCAGCGGTAGCA CAGTGCAGGCTGAAGAGCTA
CAT TAACGTTACTCAGGTGCGGG AGATCCGGACTGCACAAAGG
Gpx2 GACTTCACCCAGCTCAACGA ATGCTCGTTCTGCCCATTCA
Angiogenesis VEGF CATCACCATGCAGATTATGCGG GAGGCTCCAGGGCATTAGAC
ANGPT1 CGTGGAGCCGGATTTCTCTT TTAGTACCTGGGTCTCAACATCTG
ANGPT2 CAAACTCAGCTAAGGACCCCA CCATCCTCACGTCGCTGAAT
PDGFA TCCGTAGGGAGTGAGGATTC TCGTAAATGACCGTCCTGGT
PDGFB CTACCTGCGTCTGGTCAGC CCCCATCTTCCTCTCCGGG
House Keeping Genes RPLO4 TTCCTTTTCCTGTGGCAGCA TTTTGCCAGATGACTCCCCC
HPRT1 GGCGAACCTCTCGGCTTT CACCCTTTCCAAATCCTCAGC

Authenticity was verified by CLS using STR DNA
profiling. Cells were maintained in a humidified
atmosphere at 37°C; 5% CO, and cultured in
DMEM supplemented with 2 mM L-glutamine,
10% fetal bovine serum (FBS) heat inactivated,
together with penicillin 100 pyg/ml and strepto-
mycin 100 U/ml. The day of injection, SW872
cells were pelleted after centrifugation (500 g
for 6 min at 25°C) and then taken up with
DMEM. Mice have received an intramuscular
inoculation of either SW872 cells (2 x 10° cells
in 100 pl; passage 32) or vehicle, at the inner
side of the right hindlimb to insure that the vol-
ume was injected within skeletal muscle but
not subcutaneously or in the fascia. Body
weight and food intake were monitored weekly
at the beginning of the protocol and then twice
per week when tumors started to appear.

Grip strength and maximal speed test

Muscle strength was determined by performing
a wire hang test at the baseline and five and
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eight weeks Pl. The test was performed for
each mouse by the same experimenter to avo-
id operator-dependent variability. Mice were
placed on the grid, then brought to cling on the
wire by gently stirring. Next, the grid was invert-
ed and the time of animal gripping was record-
ed three consecutive times separated by 20
min of rest. The best time of latency was
retained and normalized to mouse weight in
order to determine the holding impulse [16,
17]. A maximal speed test was performed, at
the baseline and five and eight weeks PI, on a
treadmill placed on a flat angle (slope 0%). The
test began with 5 min warm-up (12 m/min) and
then the speed increased progressively by 2 m/
min every 2 min until exhaustion.

Histological analysis

Tumor and lung tissues were fixed with PFA for
24 h and embedded in paraffin. Tissue sec-
tions of 4 um thickness were obtained using
LEICA microtome and mounted on glass slides.

Am J Cancer Res 2017;7(5):1037-1053
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Tumor sections were stained with: Hematoxylin
& Eosin (H&E) for histopathology analysis,
CD31 to assess blood vessels density and Ki-
67 to determine the proliferating rate of tumor
cells. Lungs were scrutinized for metastatic
tumor nodules by performing serial sections.
Three sections of 4 um separated each other
by a distance of 40 ym were made per lung and
stained with H&E. The number of metastatic
tumor nodules in lungs was counted by observ-
ing slides on a two-headed optical microscope.
Sections were analyzed to determine the meta-
static area using the NDP image software.

RNA extraction and RT-qPCR

Tissues were grinded in liquid nitrogen and the
obtained powder was used to perform experi-
ments. Total RNA was extracted using Trizol®
reagent according to the manufacturer’s proto-
col (Sigma Aldrich). RNA amounts were deter-
mined by NanoDrop spectrophotometer and
RNA quality was controlled on 1.2% agarose gel
using the FlashGel electrophoresis system
(Lonza). Reverse transcription reaction (RT)
was carried out on 1 ug of total RNA (IScript
reverse transcription, 170-8840). Then Syber-
green real-time PCR experiments were per-
formed on RT products in a final volume of 10 pl
containing: 5 ul of cDNA (diluted at 1/5), 0.2 pl
of primers (10 uM) and 4.8 pl of SYBR® Green
Supermix (1725271, Biorad). Experiments were
monitored in CFX Real-Time machine (Biorad).
The expression of target genes was normalized
to reference genes and the relative expression
was calculated using the AACt method on CFX-
Manager software. Used primers are listed in
Table 1.

Immunoblotting analysis

Tissues were grinded in liquid nitrogen and the
obtained powder was used to perform experi-
ments. Samples were lysed and immunoblot
experiments were performed as described pre-
viously [17]. The following primary antibodies
were used: anti-Hsc70 (sc-7298, Santa-Cruz),
anti-Phospho ERK1/2™202/r204 (4370S, Cell
Signaling Technologies), anti-ERK total (sc-
292838, Santa-Cruz), anti-phospho JNKT™183/
Wrigs (50-6254, Santa-Cruz), anti-JNK total (sc-
7354, Santa-Cruz), anti-phospho p38T"r180/Tr1s2
(92118, Cell Signaling Technologies), anti-p38
total (9212S, Cell Signaling Technologies), anti-
p21Wafi/cirt (2947S, Cell Signaling Technolo-
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gies), anti-p27 (2552S, Cell Signaling Tech-
nologies), anti-Phospho p53°%¢® (9284S, Cell
Signaling Technologies), anti-p53 total (9282S,
Cell Signaling Technologies), anti-cleaved cas-
pase-3 (9664S, Cell Signaling Technologies),
anti-Bax (2772, Cell Signaling Technologies)
and anti-Bcl2 (2870, Cell Signaling Techno-
logies). Densitometry analysis was performed
using Image Gauge v 4.0 software.

Enzyme-linked immunosorbent assay (ELISA)

The levels of circulating IL-6 (431307, Bio-
Legend) and insulin (EZRMI-13K, Millipore)
were measured in plasma of non-fasted tumor-
bearing mice. For TNF-¢, total proteins were
extracted from peritumoral tissues and then
TNF-a concentrations were measured using a
specific ELISA kit (430907, Biolegend). Briefly,
20-50 ul of peritumoral protein lysate or plas-
ma were added to each well pre-coated with
the appropriate primary antibody. After incuba-
tion with a detection antibody, substrate solu-
tion was added to the plate and a blue color
developed proportionally with the levels of pro-
tein in question. Optical density (OD) was mea-
sured at 450 nm respectively using a micro-
plate reader.

4-Hydroxynonenal-protein adducts analysis

Proteins (50 pg) from tumor extracts were
charged on 12.5% SDS-Acrylamide gel. After
transfer, PVDF membranes were incubated for
15 min at room temperature (R-T) with a solu-
tion of 250 mM sodium borohydride and 100
mM MOPS. Membranes were incubated, over-
night at 4°C, with a primary antibody that binds
to HNE modified proteins (ab46545, Abcam).
The next day, membranes were washed with
PBST (Phosphate Buffered Saline/0.05%
Tween-20) and incubated with secondary anti-
body for 1 h at R-T. Finally, membranes were
scanned using the Odyssey imaging system.

Insulin treatment and p38 MAPK inhibition in
vitro

SW872 cells were seeded at a density of 300 x
10% cells/well in a six-well plate, incubated
overnight and, then exposed to 100 nM of insu-
lin (16634-50MG, Sigma Aldrich) at different
time points (5, 10 and 30 min; 1, 2 and 4 h).
Phosphorylated levels of p38 and p21 protein
content as well as the expression of p21 at the
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MRNA level were assessed by immunoblotting
and RTqPCR, respectively, as previously des-
cribed. For p38 inhibition experiments, SW872
cells were pre-treated for 2 h with 10 uyM of
SB203580 (5633, Cell Signaling), a well-known
specific inhibitor for p38 activity. Then, cells
were treated with insulin for 1, 2 and 4 h to per-
form RTQPCR analysis and for 4 h to perform
immunoblotting experiments.

Statistical analysis

Median-survival was determined by the Kaplan-
Meier method and analyzed by the log-rank
test. Data were presented as mean + SEM.
Normality and equal variance were tested
before statistical analysis. For body weight,
food intake, impulse and maximal speed, a two
way ANOVA test was used to compare all four
groups. Further interactions were analyzed with
a Fisher LSD test. When data did not follow a
normal distribution, logarithmic (log) values
were calculated and then a two way ANOVA was
performed on log function. Significant differ-
ence between two groups was examined by a
student t-test for tumor, lung and peritumoral
tissues. A non-parametric Mann-Whitney rank
sum test was used instead of t-test, when data
failed to pass the normality test. Results were
considered statistically different at P < 0.05.

Results

Physical activity exacerbated skeletal muscle
dysfunction in mice bearing SW872 tumor

As mice can develop a number of common clini-
cal conditions in response to cancer, we firstly
assessed how the progressive growth of LS
tumor can influence mice’s overall health. At
baseline, total body weight, food intake and
daily PA levels were similar between all experi-
mental groups. At end of protocol, total body
and skeletal muscle weights did not significant-
ly change between different conditions (Figure
1B and 1C). LS tumor did not induce neither
anorexia nor anemia, since chow consumption
(Figure 1D), hematocrit and hemoglobin levels
did not differ between cancer and control
groups (data not shown). Food intake was main-
ly reduced in inactive mice, after the wheel
lock. This effect was only significantly different
between CTLA and CTLI mice starting from the
2th week Pl (49.98 + 1.46 vs. 45.42 + 2.59 g,
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P < 0.001; Figure 1D). Daily PA levels started to
progressively decrease starting from the 4"
week Pl until the end of the protocol in LSA
mice, while the CTLA group preserved the same
pace throughout the protocol (5.08 + 0.41 vs.
1.71 + 0.19 km/day, P < 0.001; Figure 1E).
Given the location of tumor within skeletal mus-
cle, we determined the impact of tumor on
muscle at different time points. At baseline, all
mice exhibited the same level of muscle perfor-
mance as indicated by impulse and endurance
running capacity. Impulse test showed that
overall muscle strength in tumor-bearing mice
was inferior to control. Unexpectedly, impulse
score was dramatically reduced, at 5 weeks P,
in LSA compared to LSI mice (6.08 + 2.12 vs.
16.82 + 9.64 N.sec, P < 0.001; Figure 1F). At 8
weeks Pl, muscle strength deceased further in
both LSA and LSI, but remained considerably
higher in the latter (4.89 + 1.28 vs. 11.22 +
7.28 N.sec, P < 0.001; Figure 1F). Endurance
running capacity increased in CTLA but not in
CTLI, at 5 and 8 weeks PI. On the other hand,
this parameter was considerably diminished at
5 weeks Pl only in LSA and at 8 weeks Pl in LSA
and LSI comparing to CTLA and CTLI, respec-
tively. Importantly, the reduction was more pro-
nounced in LSA than LS| when referring to their
respective controls (CTLA vs. LSA: 57.5 + 2.5
vs. 25.5 + 3.5 m.min* and CTLI vs. LSI: 41 +
4.5vs. 27.71 £ 3.75 m.min?, P < 0.001; Figure
1G). Our findings strongly indicate that intra-
muscular SW872 tumor reduced both muscle
strength and endurance capacity in mice and
that maintaining a steady PA level aggravated
this phenomenon.

Active mice exhibited an increased intramus-
cular tumor growth

Since the musculoskeletal function was seri-
ously altered in active tumor-bearing mice, we
wondered that a change in the intramuscular
tumor mass may be partly responsible; thus,
we focused the next part to study the impact of
PA on tumor growth. Unexpectedly, tumors in
LSA mice were, visibly, much bigger than in LSI
mice (Figure 2A). We found that average tumor
weight of LSA mice was superior to the inactive
group (3.55 + 0.89vs. 2.24 + 0.99 g, P=0.03;
Figure 2B). Histopathology analysis on tumor
sections revealed that both groups have devel-
oped an undifferentiated grade-3 LS (Figure
2C). However, mitotic count was elevated in
tumor of active animals (38.44 + 9.97 vs.
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Figure 2. PA modulated intramuscular LS tumor growth. (A) Photos showing difference in intramuscular tumor size between active and inactive mice. (B) Average
tumor weight at eight weeks PI. (C) Tumor sections stained with H&E (view 200 x) showing undifferentiated tumor cell architecture and cells undergoing mitosis. (D)
Mitotic count obtained from tumor sections presented in (C). Ten distinct fields were counted per tumor section using a two-headed microscope and results were
expressed as (mitotic count/mm?2). (E) Tumor sections stained with DAPI (bleu) and Ki-67 (brown) (view 200 x). One tumor section per mouse was performed in
the wider part of the tissue. (F) For each section, the number of Ki-67 positive cells was counted in five distinct field and normalized to the total number of nuclei,
in order to determine the percentage of proliferating cells. (G) Tumor sections stained with H&E (view 50 x). Necrotic zones were delimited with a red line. (H) Per-
centage of tumor necrotic zones per total tumor area. (l) Lung sections stained with H&E (view 50 x). Metastatic tumor nodules were mainly found around blood
vessels (black arrow) and indicated with the letter “T”. (J) The total number of metastatic tumor nodules. (K) The percentage of metastatic zone per total lung area.
Results are expressed as mean + SEM (LSA: n = 9; LSI: n = 8); (a) LSA vs. LSI. Statistical difference between LSA and LS| was tested with a student t-test. Results

were considered significant at P < 0.05.
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analysis. (E) Immunobloting analysis for VEGF protein content in tumor extracts. (F) Densitometry quantification for
VEGF. Results are expressed as mean + SEM (LSA: n = 9; LSI: n = 8). Statistical difference between LSA and LS| was

tested with a student t-test.

25.36 * 7.26 mitosis/mm?, P = 0.04; Figure
2D) and coincided with an increase in prolifera-
tion rate, as assessed by Ki-67 staining (75.02
+ 4.1 vs. 68.49 + 3.3%, P = 0.018; Figure 2E
and 2F). Necrosis is a factor that could promote
tumor growth in a certain number of cancers
[18]. However, the percentage of necrotic zones
within tumor tended to increase in the active
group but did not reach any statistical differ-
ence (Figure 2G and 2H). Additionally, both
groups developed a low level of pulmonary
metastasis (Figure 2J and 2K). Tumor nodu-
les within lungs were principally localized sur-
rounding blood vessels (Arrow; Figure 2l).
Similarly, the density of blood vessels as
assessed by CD31 staining on tumor sections
was comparable in active and inactive mice
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(Figure 3A and 3B). The mRNA expression
of angiogenesis genes such as vascular endo-
thelial growth factor (VEGF) remained unch-
anged in tumor and peritumoral environment of
both LSA and LSI mice (Figure 3C and 3D). In
line with the enhanced tumor growth in active
mice, these animals seemed to develop an
advanced stage of disease compared to their
inactive counterparts, as only LSA mice exhib-
ited significant loss of visceral adipose tissue
mass, which was negatively correlated with
tumor weight (r = -0.74; P < 0.001; Figure 4A
and 4B). These results indicate that mice main-
taining voluntary running exhibited greater
intramuscular SW872 tumors and manifested
early cachexia events, without any change in
intra-tumor vascularization and lung metas-
tasis.
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vs. LSA. Results were considered significant at P < 0.05. (B) Pearson’s correlation, showing a negative relationship
between adipose tissue mass and tumor weight in both LSA and LSI mice.

Tumors of active mice displayed poor p38
MAPK phosphorylation and p21 expression

Based on our results, it seems that prolifera-
tion is the main mechanism through which PA
modulated the growth of LS tumors. Our finding
that apoptosis markers were unchanged in
tumors of both groups, as evidenced by similar
content of cleaved caspase-3, Bax and Bcl-2,
may also support this point of view (Figure 5F
and 5G). We analyzed the mRNA expression of
numerous well-known cell cycle-related genes.
Only the expression of the cell cycle inhibitor
p21, but not that of p27, p16™*4 and p14FF,
was 2-fold higher in tumors of LSI mice com-
pared to LSA (1 + 0.35vs. 2.04 + 0.5, P=0.02;
Figure 5A). Accordingly, the protein content of
p241, but not that of p27, p53 and Phospho-
p53%®  was significantly elevated in LSI
tumors (+46.77%, P = 0.015; Figure 5B and
5C). Activated MAPK proteins regulate the
expression of cell cycle genes and have been
described previously to play an important part
in both tumor progression and suppression
[13]. Thus, we assessed the phosphorylation
status (activation) of the three main MAPKs,
ERK1/2, JNK and p38. The phosphorylation of
ERK1/2Thr202/Tyr204 and JNKThr183/Tyr185 was ﬂU-
ctuating inter/intra-group and did not signifi-
cantly differ between LSA and LSI (Figure 5D
and 5E). Interestingly, the levels of Phospho-
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p38™r180/Hri82 were dramatically higher in tu-
mors of LS| mice compared to LSA (+86.05%, P
=0.02; Figure 5D and 5E). Together, these data
indicate that p38 MAPK was activated in tumor
of inactive mice and coincided with higher p21
expression at both transcriptional and protein
level.

Physically active SW872 mice showed lower
levels of circulating insulin

In a first step, we wanted to determine which
stimuli could be potentially responsible for the
activation of p38. The induction of p38 may be
sensitive to a number of factors including
inflammation, oxidative stress, inflammation
and DNA damage [19-21]. Seemingly, intra-
tumor oxidative damage, antioxidant defense
and DNA damage signatures were not modu-
lated by PA, as evidenced by the content of
HNE-protein adducts (marker of oxidative dam-
age) (Figure 6A and 6B), mRNA expression of
antioxidant genes (i.e. CAT, SOD1/2 and GPX2)
(Figure 6C) and content of yH2AX (marker of
DNA damage) (Figure 6D and 6E). Additionally,
PA did not modulate local inflammation in
tumor and peritumoral environment, since the
expression of pro and anti-inflammatory cyto-
kines (i.e. IL-1B, IL-6, I[-10, TNF-&, TGF-B and
MCP-1) was similar in LSI and LSA animals
(Figure 6F-H). In the same way, systemic inflam-
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Figure 5. PA affected signaling pathways regulating proliferation. (A) Relative expression of cell cycle genes in tumors of LSA and LSI mice, determined by RTqPCR.
(B) Immunoblot analysis of p21, p27, p53 and Phospsho-p53**® protein content. (C) Densitometry analysis for blots presented in (B). (D) Immunoblot analysis for
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mean + SEM (LSA: n = 9; LSI: n = 8); (a) LSA vs. LSI. Statistical difference between LSA and LSI was tested with a student t-test. Results were considered significant
at P < 0.05.
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Figure 7. Regulation of p21 expression by p38 MAPK in response to insulin treatment in vitro. (A) Changes in
p38Tr180/ri82 pnhogphorylation and p21 expression over time in SW872 cells exposed to insulin. (B) Densitometry
analysis corresponding to blots presented in (A) (n = 2). (C) Immunoblot analysis for p38™8% 182 phosphoryla-
tion and p21 expression at 10 min and 4 h of insulin treatment. Densitometry quantification showing (D) the ratio
of “Phosphorylated: total form” of p38 (n = 4) and (E) p21 expression (n = 4). (F) RTqPCR analysis for p21 mRNA
expression at 1, 2 and 4 h of insulin treatment, in the presence or absence of SB203580 (n = 3). (G) Immunoblot
analysis for p38™18/r182 pnhosphorylation and p21 expression at 4 h of insulin treatment, in the presence or not
of SB203580. (H) Densitometry quantification for p21 expression (n = 3). Hsc70 was used as a load control. (A, B)
Experiments were performed two times from two independent cell culture. (C-H) All experiments were performed at
least three times from three independent cell culture. Results are expressed as mean + SEM; (e) Mock vs. insulin-
treated, (f) Insulin-treated without SB vs. insulin-treated with SB. (C-E) Statistical difference was tested with a stu-
dent t-test. (F-H) Statistical difference was tested using a two-way ANOVA with Tukey’s post hoc test. Results were
considered significant at P < 0.05.

mation as evidenced by the amounts of circu- Insulin induced p38 MAPK-dependent p21
lating IL-6 was comparable in active and inac- expression in SW872 cells

tive tumor-bearing animals (Figure 61). As PA is

a key regulator of insulin sensitivity [22], we We next aimed to verify whether or not insulin
measured the circulating levels of insulin, and could induce p38 activation and p21 expres-
reported a ~4-fold increase in samples of inac- sion. In SW872 human LS cells, insulin induced
tive animals (0.14 + 0.03 vs. 0.62 + 0.2 ng/mL, phosphorylation of p38™80/Mris2 with a peak
P = 0.028; Figure 6J). These compelling evi- observed at 10 min post-treatment (PT) (+ 89%,
dences may suggest the existence of an inter- P = 0.01; Figure 7C and 7D). Then, phosphory-
relationship between the increase in circulating lated levels of p38™i8Y/Nris2 decreased pro-
insulin levels, activation of p38 MAPK and high gressively and returned to levels comparable to
p21 expression in the tumors of inactive mice. those of control at 4 h PT (Figure 7A and 7B).
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Interestingly, insulin also significantly up-regu-
lated p21 mRNA expression at 1 h PT (P = 0.02)
and, then, p21 protein content starting from 2
h PT (Figure 7A and 7B) with a statistical signifi-
cance reached at 4 h PT (+36%, P = 0.02;
Figure 7C and 7D). Afterward, we determined if
the expression of p21 was regulated by p38;
thus, we inhibited the activity of p38 MAPK with
a specific chemical inhibitor, SB203508, before
exposing cells to insulin. We observed that in
the presence of insulin, blocking p38 down-
stream cascade resulted in a clear decrease in
p21 mRNA (1.62 + 0.3 vs. 0.79 + 0.2, P = 0.01;
Figure 7F) and protein expression compared to
cells treated with insulin alone (-53.6%, P <
0.001; Figure 7G and 7H). Our results demon-
strate that the expression of p21 was, at least,
partly regulated by p38 MAPK in response to
insulin treatment. These in vitro findings may
comfort our in vivo data and, therefore, suggest
that insulin could be potentially responsible for
the activation of p38 and p21 expression in LS
tumors. These events were probably behind
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the reduced tumor growth seen in inactive
animals.

PA did not significantly affect survival in
SW872 tumor-bearing mice

We finally studied the impact of tumor burden
on overall survival. Mice that died before the
development of obvious intramuscular tumor
were excluded from the protocol. At 19" week
of the survival protocol, 100% of active mice
died compared to 60% of mortality in the inac-
tive group. Although inactive mice showed a
tendency to live longer, this did not reach any
statistical difference (Figure 8A). The median
survival was ~120 days for active mice and
130 days for inactive mice. Given the bulky size
of tumor, LSA mice became totally inactive at
the 12" week (Figure 8B), which probably
decreased the severity of the disease and,
thus, restrained the difference in term of sur-
vival between both groups. However, given the
few number of inactive mice included in the
survival curve, the impact of PA on overall lifes-
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pan deserves to be addressed in the future
using a larger number of mice.

Discussion

Data describing the impact of PA on sarcoma
growth are scarce and almost inexistent. A pre-
vious study showed that BDF1 mice bearing
subcutaneous S-180 sarcoma cells and under-
going a continuous swimming training, before
and after inoculation, exhibited a reduced
tumor volume [23]. Contrary to this study, we
found that LS within skeletal muscle developed
faster in response to voluntary PA. At the end of
the protocol, tumor weight was ~1.5 fold higher
in the active group and coincided with greater
cellular mitosis and proliferation, as evidenced
by a higher mitotic index and Ki-67 staining on
tumor sections. In line with this enhancement
of tumor mass, muscle strength and endurance
running capacity were weakened earlier in
active mice. These observations were probably
not the result of muscle atrophy, since skeletal
muscle weights remained unchanged. The
localization of LS within lower limbs confers it
the particularity of being in direct interaction
with muscle; thus, we suppose that the rapid
development of LS in active mice constituted a
bulging mass that aggravated skeletal muscle
dysfunction.

Based on these data and our findings that intra-
tumor angiogenesis and pro-apoptotic path-
ways were not affected by PA, it seems that
tumor proliferation was the main mechanism
modulated in response to regular PA. MAPKs
are well-known to control cell proliferation, dif-
ferentiation, senescence and apoptosis [13]. A
previous report has identified a role for the
JNK-downstream, c-jun, in promoting intramus-
cular LS progression in mice bearing SW872
tumor [24]. In the present study, only p38 MAPK
was activated in response to the drop in PA lev-
els; p38™r80/v182 was barely phosphorylated in
tumor of active mice, while its phosphorylation
increased dramatically in the inactive group.
The activation of p38 in animals exhibiting
reduced tumor growth may indicate an eventu-
al anti-oncogenic property. The role of p38 as a
tumor suppressor has been extensively dis-
cussed previously and seems to be cell-context
and cell-type specific [25, 26]; p38 exerts its
suppressive function by up-regulating the
expression, stabilizing the protein structure
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and directly activating a number of factors
involved in cell cycle arrest such as p21, 27 and
53 [27, 28]. Accordingly, the expression of p21,
but not of p27, at both mRNA and protein level
was increased in tumors of inactive animals.
Indeed, p38 can directly interact with p53 and
induce its phosphorylation on the ser'® residue
[27], activated p53 is then able to translocate
into nucleus to induce the expression of p21
[28]. However, in our study the transcriptional
activation of p21 was p53-independent, since
SW872 cells may express a decoy form of p53
with single-mutation isoleucine-to-asparagine
at the 251 codon [29]. The unmodulated
expression of p16™*4 and p144~F as well as hall-
marks of heterochromatin structure such as
trimethyl lysine 9 of histone 3 (H3K9me3) (data
not shown), suggest that senescence-like
growth arrest is unlikely to occur. It appears
that p21-mediated cell cycle blockade was the
main event responsible for delaying tumor
growth in inactive animals.

Various cellular stimuli may induce the activa-
tion of p38 and downstream cascade. Insulin
has been described as a possible activator for
p38 signaling [30]. Interestingly, the circulating
amounts of insulin and the activation of related
pathways are highly influenced by the levels of
PA [22]. For example, 11-week of physical inac-
tivity, by wheel lock, significantly increased the
levels of circulating insulin in tumor-bearing
mice [31]. Accordingly, we found that basal lev-
els of insulin were 4 fold higher in inactive com-
pared to active tumor-bearing mice. The values
of insulin were within range comparing to previ-
ous studies performed on non-fasting tumor-
bearing mice, suggesting that our inactive mice
exhibited moderate insulin rates and were less
likely to develop hyperinsulinemia or insulin-
resistance [32, 33]. Insulin up-regulated the
expression of p21 at the mRNA and protein
level in a p38-dependent manner, since the
inhibition of p38 activity with SB203580 abol-
ished the increase of p21 in SW872 tumor
cells. The evidence that p38 controls p21
expression was also unveiled in prostate, lung
and breast cancer cells using SB203580 [34-
36]. Even in highly proliferative Ras-transform-
ed myoblast cells, insulin blocked cell cycle and
induced differentiation through reactivating
p38 [37]. Thus, the antimitotic properties of
insulin could be driven by its capacity to pro-
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mote cell cycle blockade prior to differentiation.
Insulin was able to reduce growth and promote
differentiation in LS cell lines such as, Lisa-2,
MLS-402 and MLS-1765 [38, 39]. Cavin pro-
teins that stabilize insulin signaling were more
expressed in the least aggressive well-differen-
tiated LS tumors [38]. Accordingly, Codenotti
and colleagues proposed that a decrease in
insulin signaling may promote LS progression
and dedifferentiation [38]. These observations
together with the present results may shed
light about a possible role for insulin in delaying
LS growth and aggressiveness. Although high
amounts of insulin have been linked to tumor
cell survival and growth [40], moderate levels
could produce the opposite effects in adipo-
cytic tumors that are particularly sensitive to
insulin-induced differentiation mechanisms
[41, 42]. Adipocytes, the cell origin of LS, most-
ly express the insulin receptor (IR)-B isoform
[43], which is specific for insulin [44] and pre-
dominantly induces metabolic signals, cell cy-
cle withdrawal and differentiation [45]. Where-
as, the IR-A isoform that binds both insulin and
insulin-like growth factor Il (IGF-11) [44] is mainly
associated with proliferation and anti-apoptotic
responses and is mostly expressed in brain,
spleen and prostate [46, 47]. Altogether, insulin
induces differential signaling in a tissue-depen-
dent manner and, therefore, the impact of insu-
lin on LS, suggested in this study, is specific for
tumors from adipocytic origin.

As depicted in Figure 8C, we suppose that a
temporary period of inactivity may induce a
moderate but sufficient increase in circulating
insulin levels that could act on intramuscular
tumor and activate p38 MAPK. Then, p38 up-
regulates the expression of p21, which in turn
can block cell cycle and delay tumor growth.
Our findings are with high translational rele-
vance. Indeed, patients with lower-extremities
LS usually undergo a preoperative period in
which they receive neoadjuvant anticancer
therapies in order to shrink tumor and make
limb-spared surgery more feasible [48]. To
date, there is no information about the levels of
PA to recommend for those patients. Our study
may suggest that reducing the levels of PA
could be advised for patients waiting for sur-
gery, especially those who were highly active
before diagnosis of cancer. A future retrospec-
tive study is planned to investigate the impact
of PA levels practiced by each patient, before/
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after diagnosis of lower-limbs LS, on tumor
stage and the expression status of p21.
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