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Rhabdomyosarcoma (RMS) is a highly malignant soft tissue sarcoma classified into two
major histologic subtypes: embryonal (ERMS) and alveolar (ARMS). ARMS subtype
is clinically more aggressive, and characterized by an oncogenic fusion protein
PAX3-FOXO1 (P3F) that drives oncogenic cellular properties. To understand the role of
the fusion oncoprotein in paracrine signaling, we focused on secreted exosomes, which
have been demonstrated to contribute to metastasis in multiple tumor types. Advanced
Proteomics-bioinformatics analysis of the protein cargo of exosomes isolated from
C2C12 myoblasts transduced with P3F fusion gene revealed 52 deregulated proteins
compared to control cells, with 26 enriched and 26 depleted proteins. Using both
PANTHER gene classification and Ingenuity Pathway Analysis (IPA) software, we found
that the main biological processes in which the 52 deregulated proteins are involved,
include “catalytic activity,” “binding,” “metabolic process,” and “cellular process.” The
pathways engaging the 26 enriched proteins include the “14-3-3 mediated signaling,”
“cell cycle,” and “ERK5, VEGF, IGF1,and p70S6K signaling.” Furthermore, the main
nodes in which deregulated exosome proteins and miRNAs intersected revealed
pathways conferring protection from stress and promoting plasticity. Based on the
bioinformatics analysis and the altered exosome proteome profile, we performed
biochemical functional analysis to study the diverse properties of these exosomes
where angiogenesis, stemness, and anti-oxidative stress properties were validated using
different platforms. P3F-modulated exosomes activated ERK, 4-EBP1, and MMP-2 in
recipient cells, and enhanced angiogenesis and stemness. In addition, P3F led to lower
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cellular reactive oxygen species levels and enhanced resistance against oxidative stress;
and treatment of stromal cells with P3F-modulated exosomes also conferred protection
against exogenous oxidative stress. Our findings highlight the role of P3F fusion protein
in modulating exosome cargo to confer a protective effect on recipient cells against
oxidative stress and to promote plasticity and survival, potentially contributing to the
known aggressive phenotype of the fusion gene-positive subtype of RMS.

Keywords: Rhabdomyosarcoma, PAX3-FOXO1, exosomes, oxidative stress, plasticity

INTRODUCTION

Rhabdomyosarcoma (RMS) is an aggressive soft tissue sarcoma of
the skeletal muscle generally affecting children and adolescents
(1). It is currently classified, according to the World Health
Organization (WHO), into four histological subtypes with
embryonal (ERMS), and alveolar (ARMS) being the two
most frequent subtypes (2). ARMS has been described as
more aggressive having a prognostic disadvantage compared
to ERMS, specifically in the majority subset expressing the
fusion oncoprotein PAX3-FOXO1 (or less commonly PAX7-
FOXO1) (3). In fact, fusion status which divides RMS cases into
fusion positive (FPRMS) and fusion negative (FNRMS) allows
a better classification and determination of prognostic features
(4). Common translocations involve the DNA binding domain
of either PAX3 or PAX7 with the transactivation domain of
FOXO1 resulting in PAX3/7-FOXO1 fusion oncoprotein that
enhances RMS growth and metastasis by acting at target genes
involved in proliferation, migration and invasion (5). RMS cells
can modulate the tumor microenvironment to enhance both
cancer cell and recipient cell motility favoring metastatic disease
(6). For instance, MMP (matrix metalloproteinase) production by
RMS cells, and to a higher propensity by ARMS cells, has been
found to induce extracellular matrix remodeling and enhance
invasiveness (7).

Exosomes are extracellular vesicles with a diameter ranging
between 20–150 nm secreted under both physiological and
pathological conditions and their cargo modulates signaling
pathways in recipient cells (8). They have been demonstrated to
promote tumor growth in a variety of cancer types including
Ewing sarcoma, osteosarcoma and melanoma by promoting
metastasis (9–11). In fact, different proteins and nucleic acids
are enriched or depleted within cancer cell-derived exosomes, an
indication that their sorting into exosomes is a selective process
and that cancer cells can influence recipient cell behavior through
the release of exosomes with modulated cargo. Functional
changes induced by cancer cell-derived exosomes include the
activation of angiogenesis and enhancement of recipient cell
migration and invasion (6, 12–15). Proteomic profiling of RMS-
derived exosomes revealed the presence of proteins such as
integrins and annexins in both FPRMS and FNRMS-derived
exosomes which have been implicated in tumor metastasis
(12, 13, 16, 17). Selective miRNA enrichment has also been
demonstrated in RMS-derived exosomes and in P3F transduced
myoblasts which were found to enhance recipient fibroblast
migration and invasion (6, 18).

Cellular plasticity involves adaptation to changes in the
microenvironment and physiological conditions that would allow
cell survival and growth (19). In cancer, plasticity involves
the acquisition of characteristics favoring tumor progression
and cancer cell survival under stress conditions. For instance,
Ewing sarcoma and melanoma cells were found to express
the TGFβ co-receptor endoglin correlating with cell plasticity,
enhanced survival and invasion (20). Plasticity also involves the
attainment of stem cell characteristics that include an ability
to invade and disseminate into surrounding tissue (21). Cancer
stem cell (CSC) features have been observed in ERMS cells
that express markers such as CD133, exhibit chemoresistance
and can form rhabdomyospheres, all of which are stem cell
characteristics (22, 23). Moreover, aspects of plasticity that
sustain cancer cell survival include acquiring resistance to
and protection from oxidative stress. Oxidative stress results
from an imbalance between pro-oxidative and anti-oxidative
cellular pathways. Reactive oxygen species (ROS) including
hydrogen peroxide (H2O2), are required for physiological signal
transduction, but their levels are elevated in cancer cells as a result
of augmented metabolic rates (24, 25). While ROS can enhance
cancer proliferation and metastasis, an over-accumulation of
ROS creates oxidative stress that can threaten cell survival.
Therefore, cancer cells exhibit resistance to oxidative damage by
the activation of alternate signaling pathways with lower ROS
production and increased induction of antioxidant enzymes (26).
Of note, oxidative stress can also enhance exosomes production
with altered nucleic acid content that can confer changes in
recipient cells and sustain their survival against stress (27, 28). In
this study, we demonstrate that the P3F fusion gene modulates
exosomes to promote recipient cell plasticity and response to
oxidative stress that may favor tumor growth and metastasis.

MATERIALS AND METHODS

Cell Lines and Viruses
C2C12 mouse myoblasts were purchased from the ATCC
(Virginia, United States) and cultured in Dulbecco’s modified
Eagle’s medium AQ (DMEM AQ, Sigma, Setagaya, Japan)
supplemented with 20% fetal bovine serum (FBS, Sigma)
and 1% penicillin (100 units/ml) – streptomycin (100 µg/ml)
antibiotics (Sigma). MSCV-IRES-GFP-PAX3-FOXO1 (MSCV-
P3F) and MSCV-IRES-GFP (MSCV-GFP) plasmids were a kind
gift from Dr. Gerard Grosveld (St. Jude Children’s Research
Hospital, Memphis, United States). The human ERMS cell lines
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JR1 and the ARMS cell lines Rh30, were generously donated
by Dr. Peter Houghton (Columbus, OH, United States), and
have been previously described [reviewed in (29)]. HUVEC
(human umbilical vein endothelial cells) and HEK293T (human
embryonic kidney) cells were also purchased from ATCC.
As described previously, viral supernatants were produced by
transfecting 293T cells with MSCV-P3F or MSCV-GFP vectors
using calcium phosphate (18). C2C12 cells were then transduced
in suspension with either MSCV-GFP viruses (forming Ctrl-
C2C12 cells) or MSCV-P3F (forming P3F-C2C12 cells) at 32◦C,
1250 × g for 1 h with 8 µg/ml Polybrene (hexadimethrine
bromide; Sigma), and sorted using FACS Aria SORP cell sorter
(BD, New Jersey, United States) after selection with 2 µg/ml
Puromycin (Abcam). Wild-type mouse embryonic fibroblasts
(MEFs) and p53−/− (FVB.129-Trp53tm1Brn) MEFs were isolated
from E13.5 embryos of mixed C57BL/6 × 129/Sv 77 background
(Jackson Laboratory, Maine, United States) using the procedure
approved by the Institutional Care and Use Committee (IACUC)
at the American University of Beirut, and following the IACUC-
approved guidelines. MEFs are cultured in DMEM AQ, media
supplemented with 10% fetal bovine serum (FBS, Sigma), 1%
penicillin (100 units/ml) – streptomycin (100 µg/ml) antibiotics
(Sigma), 1% sodium pyruvate, and 1% non-essential amino acids.
All cells were maintained under standard conditions (humidified
atmosphere, 95% air, 5% CO2, 37◦C).

Exosome Isolation
Exosomes were isolated as previously described (6). Briefly, Ctrl-
C2C12 cells, P3F-C2C12 cells, JR1 and Rh30 cells were incubated
in exosome-free medium prepared by ultracentrifugation at
100,000 × g, overnight at 4◦C. Exosomes were then isolated from
the conditioned media by differential ultracentrifugations (18):
300 × g for 10-min 2,000 × g for 20-min centrifugation, and then
10,000 × g for 30 min. Finally, ExoQuick Exosome Precipitation
Solution (System Biosciences, mountainite, CA, United States)
was added to the resulting supernatant, and stored overnight
at 4◦C to allow exosome precipitation. The following day, the
condensed medium was ultracentrifuged at 100,000 × g for
70 min, the pellet resuspended in PBS 1X, and ultracentrifuged
at 110,000 × g for 70 min to remove any contaminating element.
The final pellet was resuspended in 300 µL of PBS for functional
assays and stored at −80◦C. All centrifugations were done at
4◦C. Recipient cells were treated with exosomes at 1X and 10X
concentration, where 1X corresponds to exosomes isolated from
an equivalent number of cells to those treated and 10X is 10
times this value.

Protein Extraction, and Western Blot
Proteins were extracted from 3 independently transduced cells
and their respective exosomes using CHAPS lysis buffer (30 mM
Tris–Cl, pH 7.5; 150 mM NaCl; and 1% CHAPS) mixed with
25X protease inhibitor (Roche, Basel, Switzerland). After adding
the appropriate volume of lysis buffer, the mixture was sonicated
for 20 min, centrifuged for 30 min at 13,000 × g at 4◦C,
then the supernatant containing the proteins was collected (12)
and quantified using Bradford protein assay. Equal amounts
of proteins were loaded and separated using 10% or 12%

acrylamide gels, then transfered to a polyvinylidene difluoride
(PVDF, Bio-Rad, CA, United States) membrane or nitrocellulose
membrane (Santa Cruz, Heidelberg, Germany) in TGS1X-10%
methanol transfer buffer. Membranes were blocked to prevent
non-specific binding with 3% BSA-TBS1X-0.001% Tween [Tris
(hydroxymethyl); NaCl; KCl and Tween 20; pH = 7.5] or 5%
milk-TBS1X-0.001% Tween for 1 h, and then probed with
primary antibodies (listed below) at 4◦C overnight where they
were washed 3 times by TBS1X-0.001% Tween for 5 min
before adding the corresponding species-specific Horseradish
Peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz)
for 2 h. Results were then detected on ChemiDoc machine (Bio-
Rad) using Clarity Western ECL reagent (Bio-Rad) as a substrate.

The primary antibodies used were: anti-Hsc70, anti-
GAPDH, anti-Vimentin, anti-Fibronectin, anti-Actin,
anti-Basigin, anti-Calnexin (Santa Cruz), anti-phospho-ERK,
anti-phospho-4EBP1, anti-ERK, anti-4EBP1 (Cell signaling,
Danvers, United States), anti-TSG101 (Abcam, Cambridge,
United Kingdom), anti-gp47, and anti-gp91, and anti-NOX1
(Upstate, NY, United States).

LC-MS/MS Analysis
Extracted proteins from Ctrl-C2C12- and P3F-C2C12-derived
exosomes were subjected to sample clean-up and tryptic digestion
as described previously (12). The LC-MS analysis of the tryptic
digested proteins was performed using a 3000 Ultimate nano-LC
system (Dionex, CA, United States) interfaced to an electrospray
ionization (ESI) source equipped LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific, CA, United States). Aliquots of
1 µg of tryptic digests were injected and initially desalted on-
line using an Acclaim PepMap100 C18 pre-column (75 µm I.D.
20 mm length, 3 µm particle sizes, 100Å particle size, Thermo
Scientific) at a flow rate of 3 µL/min. The purified peptides were
separated using an Acclaim PepMap100 C18 capillary column
(75 µm I.D., 150 mm length, 2 µm, 100Å, Thermo Scientific)
at a flow rate of 0.35 µL/min. The gradient applied to achieve
separation was as follow: solvent B (99.9% ACN with 0.1% formic
acid) was maintained at 5% from 0 to 10 min, increased to 20%
over 55 min, 20–30% over 25 min, 30–50% over 20 min, 50–
80% over 1 min, 80% over 4 min, decreased to 5% over 1 min,
and finally was maintained at 5% for 4 min. Solvent A was
98% HPLC water, 1.9% ACN, and 0.1% FA. The LTQ Orbitrap
Velos was operated in a data-dependent acquisition mode with
2 scan events. The first scan was a full MS scan of m/z 400-2000
with a mass resolution of 15,000. The second scan event was a
CID MS/MS repeated on top 10 intense ions selected from the
previous scan event with an isolation window of m/z 3.0. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository.

LC-MS Data Processing
Proteome Discover version m1.2 (Thermo Scientific) was used
to convert raw files acquired from LC-MS analysis to mascot
generic format (∗.mgf) files. The ∗.mgf files were subjected to
MASCOT version 2.4 (Matrix Science Inc., Boston, United States)
to search against protein database. The carbamidomethylation
of cysteine was a fixed modification and the oxidation of
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methionine was considered as a variable modification. The mass
shift tolerance for matching peptide precursors and fragments
was 6 ppm and 0.8 Da, respectively. Enzyme was specified as
trypsin. A maximum of 2 miscleavage was allowed. MASCOT
searching results were then exported to Scaffold (version 3.6.3,
Proteome Software, Portland, OR, United States) for further
processing and quantification. Identified proteins were filtered
using the following criteria: Peptide threshold = 95%, protein
thresholds = 99%, with a minimum of 2 peptides identified. The
quantification was based on spectral counting. The quantitative
proteomic results were further subjected to statistical analysis.

Bioinformatic Analysis
For gene ontology analysis, including differential molecular
function and biological processes, PANTHER software
(Protein Analysis Through Evolutionary Relationships;
http://www.pantherdb.org/genes/batchIdSearch.jsp) was used
to classify genes into distinct categories of molecular functions
and biological processes. Genes were classified into families and
subfamilies of shared function, which were then categorized
using a highly controlled vocabulary (ontology terms) by the
biological process and molecular function. Functional pathways
and protein association were examined using the computational
bioinformatics program, Pathway Studio software (v.11.4.0.8;
Elsevier) as previously described (30, 31). This bioinformatics
platform enables the analysis and visualization of altered
pathways and protein network association needed to construct
and recognize altered cellular processes and involved molecular
functional pathways.

The identified proteins were analyzed using Ingenuity
Pathway Analysis (IPA) software (Ingenuity R© Systems,
www.ingenuity.com), to find diseases, functions, and networks
in which the identified proteins are implicated; the analysis was
done for the deregulated proteins with their fold changes. The
analysis was also done by PANTHER Software1, which was used
to identify the molecular processes and biological pathways
linked to these proteins.

Gelatin Zymography Assay
Proteins were extracted from culture supernatant of MEF cells
treated with 10X exosomes for 72 h and run along with FBS
(positive control) on 0.75 mm SDS-PAGE gel, containing gelatin
(Bio-Rad) as a substrate, washed twice and incubated overnight
in substrate buffer at 37◦C with shaking. Gels were then stained
with coomassie blue (Thermo Scientific) for 1 h at RT, de-stained
with ethanol, acetic acid and water solution. Results were detected
on ChemiDoc machine. Band staining intensity was determined
by densitometry, using ImageJ software (32).

Tube Formation Assay
Matrigel (Corning, NY, United States) was diluted 1:1 by HUVEC
cell medium and added very carefully into a 96-well plate,
avoiding bubbles. The plate was placed in the incubator at 37◦C
for 30 min to solidify, after which HUVEC cells (15,000 cells/well)

1http://pantherdb.org

were plated on top and treated with either Ctrl-C2C12-
derived exosomes or P3F-C2C12-derived exosomes at1X and
10X concentrations then left for 2 h to form tubes. Images were
taken by light transmission microscopy and analyzed by ImageJ
software (angiogenesis analyzer) as previously performed (6).

Sphere Formation Assay
p53−/− MEFs and C2C12 cells (2 × 103/well) suspended in
MatrigelTM:serum-free media (1:1) were uniformly plated around
the bottom rim of 24-well plates with 3% serum-containing
media supplemented with 20 ng/mL epidermal growth factor
(EGF, R&D Systems, Minnesota, United States) and 2% B27
(Invitrogen, CA, United States). The medium was replenished
every 72 h. Micrographs of the spheres formed after 5 days were
taken and counted (33).

MTT Proliferation Assay
Transduced C2C12 cells (8000 cell/well) were plated in 96-
well plates. The following day, they were treated with different
concentrations of H2O2 (Sigma) ranging from 0 to 500 µM. MTT
(Roche) was added according to the manufacturer’s instructions
after 24 h. The absorbance was measured by ELISA reader (at
a 595 nm wavelength). Results were computed as the mean
percent absorbance of H2O2-treated condition relative to control
(untreated). Each experiment was repeated at least 3 times, each
performed in triplicate.

Trypan Blue Exclusion Assay
C2C12 cells were seeded in 24-well plates at a density of
10,000 cells/well. After 5 h of incubation at 37◦C, Ctrl-
C2C12-, or P3F-C2C12-derived exosomes (at 10X concentration)
were added to the cells. Then 40 h later, cells were treated
simultaneously with 60 µM H2O2 and Ctrl-C2C12 or P3F-
C2C12 exosomes at 10X concentration. Cells were counted
using trypan blue (Sigma) at 8 and 24 h following H2O2
treatment. Each experiment was repeated at least 3 times, each
performed in triplicate.

Flow Cytometry for ROS Production
Evaluation
Reactive oxygen species levels were evaluated for Ctrl-C2C12
and P3F-C2C12, or C2C12 cells treated with Ctrl-C2C12-
derived exosomes or P3F-C2C12-derived exosomes at a 10X
concentration. In summary, 30,000 cells were seeded in 6-well
plates, and incubated at 37◦C for 48 h. When needed, exosomes
were added 5 h post plating. On the day of the experiment,
control wells were incubated for 1 h with either H2O2 (positive
control) or 10 mM N-Acetyl-Cysteine (NAC), negative control,
which is a ROS inhibitor (Sigma). ROS was detected by
incubating cells for 30 min with the cell permanent reagent 2’,
7’–dichlorofluorescin diacetate (DCF-DA; 1 mg/ml, Sigma), a
fluorogenic dye that measures hydroxyl, peroxyl, and other ROS
activity within the cell. After diffusion into the cell, DCF-DA is
deacetylated by cellular esterases to a non-fluorescent compound,
which is later oxidized by ROS into 2’, 7’ –dichlorofluorescein
(DCF). DCF is a highly fluorescent compound, which can be

Frontiers in Oncology | www.frontiersin.org 4 October 2020 | Volume 10 | Article 1784

http://www.pantherdb.org/genes/batchIdSearch.jsp
http://www.ingenuity.com
http://pantherdb.org
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-01784 October 1, 2020 Time: 12:27 # 5

Fahs et al. P3F Enhances Plasticity Through Exosomes

detected by fluorescence spectroscopy with maximum excitation
and emission spectra of 495 nm and 529 nm, respectively. Cells
were then trypsinized, centrifuged at 1500 rpm for 7 min, and
the pellet was resuspended with 300 µL of PBS. Finally, cells were
analyzed by the Guava EasyCyte8 flow cytometer.

Statistical Analysis
Statistical comparisons were made between the control and
treatment groups using Student’s t-test. A p-value < 0.05 was
considered to indicate a statistically significant difference. The
PCA analysis for LC-MS results was performed by MarkerView
1.1 (AB Sciex, Framingham, United States).

RESULTS

PAX3-FOXO1 Alters Protein Cargo of
C2C12 Derived Exosomes
The myogenic background of the murine C2C12 myoblasts
is the ideal system to evaluate cellular effects of P3F (18, 34).
As previously published, C2C12 cells transduced with P3F-
expressing vector (P3F-C2C12) show features of transformation,
including enhanced anchorage-independent growth when
compared to cells transduced with empty vector (Ctrl-C2C12)
(18). Analysis of this system previously showed that P3F alters
the miRNA content of exosomes, leading to over-expression
of miR-486-5p, in turn promoting pro-tumorigenic cellular
properties (18). However, the effect of possible changes in
the protein content of exosomes in response to P3F has not
been characterized to date. In this study, we interrogated the
proteomic content of C2C12 exosomes in response to P3F
expression. We extracted exosomal proteins and subjected them
to LC-MS/MS proteomics analysis (Supplementary Figure 1).
The results showed excellent reproducibility within each cell
line (Figure 1A). Principal components analysis (PCA) shows
that the protein content of 3 independent extractions from
Ctrl-C2C12 exosomes clustered together and separately from the
3 independent protein extractions from P3F-C2C12 exosomes,
meaning that there is a difference between the protein cargo of
Ctrl-C2C12 and P3F-C2C12 exosomes (Figure 1A). LC-MS/MS
results were validated by western blot for a subset of proteins
identified to be common among Ctrl-C2C12 and P3F-C2C12
exosomes, showing excellent concordance of results. Along
with the common exosomal protein markers, TSG101, Hsc70,
and GAPDH, we detected the presence of Vimentin, Basigin,
Fibronectin, and Actin. The negative control Calnexin, a cellular
protein that is localized to the endoplasmic reticulum was, as
expected, excluded from exosomes (Figure 1B).

By comparing the expression levels of the proteins found
within P3F-C2C12-derived exosomes to those within Ctrl-
C2C12-derived exosomes revealed by LC-MS/MS analysis, we
identified 52 proteins differentially expressed; 26 proteins were
significantly enriched in P3F-C2C12-derived exosomes among
which 7 were exclusively present within these exosomes and 26
were significantly down-regulated proteins among which 13 were
excluded from these exosomes (Table 1).

PAX3-FOXO1 Fusion Protein Modifies
the Exosomal Protein Cargo in Favor of
Processes and Pathways Implicated in
Cancer Progression
Bioinformatics analysis was performed in order to unravel the
possible effects that the 52 deregulated proteins can impose
on recipient cells, using the two software: Panther classification
system and IPA. Panther software highlighted the molecular
functions and the biological processes in which these 52
deregulated proteins were implicated (Figures 2A,B). “Catalytic
activity” and “binding” were the top molecular functions for
both enriched and down-regulated proteins (Figure 2A). It
is important to note that “antioxidant activity” is the only
molecular function exclusively found in the exosomes derived
from P3F-C2C12 cells with 4% of the enriched proteins
implicated (Figure 2A). Furthermore, “metabolic process,” and
“cellular process” were the top biological processes in which
both enriched and down-regulated proteins are implicated
(Figure 2B). “Apoptotic process” appears to be the only biological
process eliminated from the exosomes after P3F transduction
(Figure 2B). These processes underline the implication of the
P3F-C2C12-derived exosomes in tumor progression.

Ingenuity Pathway Analysis software was used to assess the
canonical pathways implicated and the downstream diseases
and functions in which the 26 significantly enriched proteins
are involved (Figures 2C,D). The enrichment of the identified
proteins seem to implicate “14-3-3 mediated signaling,” “cell
cycle: G2/M DNA damage checkpoint regulation,” and “ERK5,
VEGF, IGF1, and p70S6K signaling,” all of which are important
in cell plasticity and cancer progression (Figure 2C). Moreover,
“cellular movement” and “cell death and survival” appear in the
top 10 diseases and functions where these deregulated proteins
are implicated (Figure 2D). IPA software allows for identification
of common networks in which the deregulated proteins may be
intersecting. Three networks resulted from this analysis with all
three having more than one identified deregulated focus molecule
(Figures 2E–G). In these networks, we could identify important
nodes previously implicated in RMS biology and progression
such as: FAK, PKC, MEK, PI3K/AKT/ERK/MAPK, NFkB, TP53,
HRAS, as well as proteins involved in cellular signaling and
angiogenesis such as VEGF.

PAX3-FOXO1-Deregulated Proteins and
miRNA in Exosomes Are Involved in Cell
Survival and Cellular Plasticity
We had previously characterized the miRNA cargo modulated
by P3F in C2C12-derived exosomes (18). We now paired both
the deregulated 111 miRNA and the 52 proteins using IPA,
and found largely common functions where these molecules
are implicated, specifically down-regulating apoptosis, cell death
and necrosis, and inducing cell proliferation, invasion, and
metastasis (Figure 3A). This result is in line with the functional
effect of P3F-C2C12 exosomes presented in our previous work
(18), where these exosomes were found to promote viability,
invasion, and migration of recipient cells. Comparing the
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FIGURE 1 | LC-MS/MS protein profiling of C2C12-derived exosomes. (A) Score plot obtained by Principal Component analysis (PCA) for LC–MS/MS results of 3
independently transduced preparations of Ctrl-C2C12 and P3F-C2C12 exosomes. (B) Western Blot analysis of the indicated proteins in exosomes and respective
cell lysates. The table represents the expression level of the represented proteins in P3F-C2C12 exosomes compared to Ctrl-C2C12 exosomes as quantified by
LC-MS/MS with their respective p-values.

generated networks by IPA from miRNA and proteins separately,
we identified 3 common nodes focusing on Insulin, Follicle-
stimulating hormone (FSH), and TP53. Figures 3B–D clarify
the upstream and downstream deregulated miRNA and proteins
identified within the exosomes that are regulated by or regulate
these three nodal proteins.

PAX3-FOXO1-Modulated Exosomes
Induce Cell Survival Pathways,
Angiogenesis and Stemness in Recipient
Cells
We have previously shown that exosomes isolated from P3F-
C2C12 cells were able to induce proliferation, invasion and
migration of recipient cells (MEFs and C2C12) compared to cells
treated with Ctrl-C2C12-derived exosomes (18). In line with the
pathways identified by network analysis in Figures 2C,E,F, we
verified that treatment with P3F-C2C12-derived exosomes leads
to increased phosphorylation (and therefore activation) of ERK
and 4-EBP1 (Figure 4A), which are essential mediators of cancer
cell survival and proliferation (35, 36).

In view of the nodal proteins identified to be involved in
cytoskeletal organization and matrix degradation, such as
Basigin, Filamin A, and others (Figure 2E), we examined the
functional effects of the modulated exosomes on collagenase
activity using zymography assay. Indeed, P3F-modulated
exosomes led to higher MMP-2 activity in treated MEFs, as
compared to cells treated with Ctrl-C2C12-derived exosomes

evident by the increase in gelatinolytic bands (digested regions;
Figure 4B).

Since the identified networks also involved angiogenic
proteins such as VEGF and TNF (Figures 2C,G), we investigated
the effect of P3F-C2C12-derived exosomes on angiogenesis by
conducting a matrigel tube formation assay that evaluates the
ability of HUVECs to differentiate into capillary-like structures
when plated on matrigel (6). Counting the nodes, which
are defined as the intersection of 3 or more branches of
tubular connections, the total length which is the sum of
length of segments, isolated elements and branches in the
analyzed area and the total mesh area, which represents the
area occupied by the primary capillary-like tubes, we found
a significant increase when HUVECs were treated with P3F-
C2C12-derived exosomes compared to control, at 10X but not
1X concentration (Figure 4C).

Exosomes can reprogram transcription within recipient
cancer cells allowing their dedifferentiation into CSC with
sphere-forming capacities (37). To examine whether P3F-
modulated exosomes would enhance their ability to confer
stem-like properties to recipient cells, we examined their
effects on sphere-forming capacity of MEFs and C2C12 cells.
We used p53−/− MEFs for this assay, as wild-type MEFs
were not prone to forming spheres in culture. For both
p53−/− MEFs and C2C12 cells, we found that treatment
with P3F-modulated exosomes led to a significant increase
in the number of formed spheres 5 days post treatment,
relative to the control-derived exosomes (Figures 4D,E).
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TABLE 1 | List of the 26 significantly enriched and 26 significantly down-regulated proteins in P3F-C2C12-derived exosomes compared to those in Ctrl-C2C12-derived
exosomes with their fold changes and p-value.

Expression level Exo-P3F versus Exo-Ctrl p-value

Enriched proteins

1 Leukocyte elastase inhibitor (Serpinb1a) Infinity 6.3.E-06

2 Lymphocyte antigen 6C1 (Ly6c1) Infinity 7.5.E-04

3 Lymphocyte antigen 6D (Ly6d) Infinity 2.6.E-03

4 Histone H1.5 (Hist1h1b) Infinity 7.0.E-03

5 Calreticulin (Calr) Infinity 8.9.E-03

6 Retinoic acid-induced protein 3 (Gprc5a) Infinity 2.8.E-02

7 Rho GDP-dissociation inhibitor 2 (Arhgdib) Infinity 3.7.E-02

8 Prostaglandin reductase 1 (Ptgr1) 28.2 2.9.E-03

9 Embigin (Emb) 15.47 2.0.E-02

10 Basigin (Bsg) 5.88 3.3.E-02

11 Hsc70-interacting protein (St13) 3.74 2.3.E-02

12 Glutathione S-transferase P 1 (Gstp1) 3.65 2.2.E-02

13 Nucleoside diphosphate kinase B (Nme2) 3.56 3.8.E-02

14 Annexin A1 (Anxa1) 3.49 4.6.E-03

15 Superoxide dismutase (Sod1) 3.45 3.4.E-04

16 Monocarboxylate transporter 1 (Slc16a1) 3.41 2.3.E-02

17 Granulins (Grn) 2.94 3.3.E-02

18 Fatty acid-binding protein, epidermal (Fabp5) 2.76 7.4.E-03

19 Alpha-actinin-1 (Actn1) 2.68 1.7.E-02

20 14-3-3 protein zeta/delta (Ywhaz) 2.2 9.1.E-04

21 Vimentin (Vim) 2.18 3.5.E-02

22 CD82 antigen (Cd82) 2.06 9.7.E-03

23 Major vault protein (Mvp) 2.01 9.0.E-03

24 Malate dehydrogenase, cytoplasmic (Mdh1) 1.84 3.9.E-02

25 14-3-3 protein epsilon (Ywhae) 1.82 4.7.E-02

26 Sodium/potassium-transporting ATPase subunit alpha-1 (Atp1a1) 1.7 3.2.E-02

Down-regulated proteins

1 Alpha-enolase (Eno1) 0.67 4.5.E-02

2 Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 0.32 1.5.E-02

3 Adenosylhomocysteinase (Ahcy) 0.28 4.8.E-02

4 T-complex protein 1 subunit theta (Cct8) 0.23 4.9.E-02

5 T-complex protein 1 subunit zeta (Cct6a) 0.21 2.7.E-02

6 Integrin alpha-5 (Itga5) 0.2 2.2.E-02

7 Serine protease HTRA1 (Htra1) 0.19 4.0.E-02

8 Myosin-9 (Myh9) 0.18 2.8.E-02

9 Voltage-dependent calcium channel subunit alpha-2/delta-1 (Cacna2d1) 0.14 3.9.E-02

10 Transitional endoplasmic reticulum ATPase (Vcp) 0.13 2.8.E-02

11 Talin-1 (Tln1) 0.13 5.7.E-03

12 Peptidyl-prolyl cis-trans isomerase C (Ppic) 0.08 7.2.E-03

13 Filamin-A (Flna) 0.02 1.0.E-03

14 Sorcin (Sri) 0 4.3.E-06

15 Serine protease 23 (Prss23) 0 4.7.E-04

16 Ras-related protein Rab-5C (Rab5c) 0 4.7.E-04

17 N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 (Ddah2) 0 9.5.E-04

18 Mimecan (Ogn) 0 4.7.E-03

19 Band 4.1-like protein 2 (Epb41l2) 0 1.1.E-02

20 Ras-related protein R-Ras2 (Rras2) 0 1.4.E-02

21 EGF-like repeat and discoidin I-like domain-containing protein 3 (Edil3) 0 2.4.E-02

22 Inter-alpha-trypsin inhibitor heavy chain H3 (Itih3) 0 2.4.E-02

23 DnaJ homolog subfamily A member 2 (Dnaja2) 0 2.9.E-02

24 LIM and senescent cell antigen-like-containing domain protein 1 (Lims1) 0 3.4.E-02

25 Large neutral amino acids transporter small subunit 1 (Slc7a5) 0 3.4.E-02

26 Integrin-linked protein kinase (Ilk) 0 3.8.E-02

The expression levels presented are the ratio of the level of the indicated proteins found by LC-MS/MS within the P3F-C2C12 exosomes compared to
Ctrl-C2C12 exosomes.
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FIGURE 2 | Bioinformatics analysis of the deregulated proteins between Ctrl-C2C12 and P3F-C2C12 exosomes. (A,B) Pie charts determined by Panther analysis
presenting the molecular functions (A), and the biological processes (B) for the 26 enriched and 26 down-regulated proteins. (C,D) histograms from IPA analysis of
the 26 enriched proteins showing the top 10 canonical pathways (C) and the top 10 diseases and functions (D). (E–G) Generated networks by IPA analysis of the
deregulated proteins in C2C12-P3F-derived exosomes compared to Ctrl-C2C12-derived exosomes. Proteins colored in red are enriched and those colored in green
are down-regulated. The higher the level of enrichment or down-regulation, the more intense the color is presented. Edges (lines and arrows between nodes)
represent direct (solid lines) and indirect (dashed lines) interactions between molecules as supported by information in the Ingenuity knowledge base.

These results highlight the ability of the P3F fusion protein
to promote cellular plasticity and tumorigenic aspects
through exosomes.

PAX3-FOXO1 Fusion Protein Is
Implicated in Redox Homeostasis and
Tolerance/Protection From Oxidative
Stress by Decreasing ROS Levels in Both
Transduced and Recipient Cells
Of the 26 enriched proteins in P3F-C2C12-derived exosomes, we
found that 4 proteins are implicated in the ROS pathway. These
proteins include prostaglandin reductase 1 (PtgR1), which has
an oxidoreductase activity that can reduce cytotoxic unsaturated
aldehydes and ketones produced by lipid peroxidation during
oxidative stress (38); glutathione S-transferase (GST), which
detoxifies secondary metabolites produced by interaction

between ROS and cellular components (39); superoxide
dismutase (SOD1), which is an antioxidant enzyme that reduces
superoxide (O−

2 ) and prevents its accumulation (40); and
malate dehydrogenase, which is activated by ROS and seems
to act as a redox regulator in response to environmental
changes (41). These 4 enzymes mainly act by decreasing
ROS levels. Since ROS contributes to oxidative stress, we
hypothesized that the P3F fusion protein may be influencing
redox homeostasis and response to oxidative stress. Indeed,
the expression levels of the 3 main subunits of the NADPH
oxidase complex, which is a main enzymatic producer of
ROS: gp91, gp47, and Nox1 were decreased in P3F-transduced
C2C12 cells compared to control cells (Figure 5A). Several
bands appear for Nox1 protein due to different glycosylation
sites (42). This result was confirmed by flow cytometry
analysis using the DCF-DA dye to detect ROS levels, where
we found that P3F-C2C12 cells have markedly decreased
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FIGURE 3 | Identification of the pathways in which both deregulated miRNA and proteins are implicated. (A) Heat map representing the diseases and bio functions
in which both deregulated miRNA and proteins are implicated and their corresponding activation score. (B,D) Representation of the upstream and downstream
miRNA and proteins in pathways centering on (B) Insulin, (C) FSH, and (D) TP53. Proteins and miRNAs colored in red are enriched and those colored in green are
down-regulated.

proportion of DCF-positive cells as compared to Ctrl-C2C12
cells, demonstrating lower ROS levels in response to P3F
expression (Figure 5B).

Next, we subjected the transduced cells to oxidative stress
in order to test the protective effect of the fusion protein.
After treating the cells with different concentrations of
H2O2 (0 to 500 µM) for 24 h, P3F-C2C12 cells showed
a higher IC50 (68 µM) than Ctrl-C2C12 cells (36.8 µM;
Figure 5C). Thus, P3F-C2C12 cells are more tolerant to
endogenous and exogenous oxidative stress than control cells.
These results show that the PAX3-FOXO1 fusion protein
can decrease ROS levels in host cells, likely contributing
to cell survival.

Since P3F-C2C12 cells were found to be tolerant to H2O2-
induced oxidative stress, we next investigated whether this
resistance is provided to recipient cells through exosome
cargo. Treating C2C12 myoblasts with a combination of H2O2

and P3F-C2C12-derived exosomes at 10X concentration
showed significantly higher viability in comparison to
cells treated with H2O2 and Ctrl-C2C12-derived exosomes
(1.88 versus 1.05 at 8 h; and 1.27 versus 0.88 at 24 h;
Figures 6A,B). Interestingly, this protective effect was also
observed when treating human ERMS JR1 cells with a
combination of H2O2 and ARMS Rh30-derived exosomes
showing a significantly higher viability when compared
to cells treated with H2O2 and JR1-derived exosomes
(Figure 6C). This confirms a protection conferred by
FPRMS-derived exosomes to recipient cells in conditions of
oxidative stress.

To clarify whether this protection was related to
decreased levels of ROS in cells treated with P3F-modulated
exosomes as opposed to control exosomes, we pretreated
C2C12 cells with exosomes for 48 h, and then exposed
them to H2O2, and evaluated ROS levels by DCF-DA.
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FIGURE 4 | Continued
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FIGURE 4 | C2C12-P3F-derived exosomes promote angiogenesis and induce stemness of recipient cells. (A) Western blot for the indicated proteins in MEFs
treated with Exo-free (EF) media, 10X Ctrl-C2C12-derived exosomes, and 10X P3F-C2C12-derived exosomes. GAPDH is used as a loading control. Histograms
presenting the levels of phosphorylation of ERK and 4EBP1 compared to Exo-free condition, quantified by ImageJ software from n = 3 different western blots.
(B) Zymography image of digested regions showing MMP2 activity in MEFs treated with either Ctrl-C2C12-derived exosomes or P3F-C2C12-derived exosomes for
72 h. Relative MMP-2 activity from 3 independent experiments was quantified by ImageJ software and presented by a histogram. (C) Representative phase contrast
photomicrographs of endothelial tube formation of HUVECs cultured on Matrigel with either Exo-Free medium (EF), 1X, or 10X C2C12-MSCV-derived exosomes or
C2C12-P3F-derived exosomes, as specified. Quantitation of the total number of nodes, total length and total mesh area of the different conditions are shown in the
histogram, which represent the mean of 3 independent experiments, each performed in triplicate. (D,E) Representative phase contrast photomicrographs and
histograms showing the ratio of the spheres formed by p53−/− MEFs (D) or C2C12 cells (E) treated with either Exo-Free medium (EF) or 10X C2C12-MSCV-derived
exosomes or C2C12-P3F-derived exosomes, as specified. All data are reported as means of at least three independent experiments ± SD. Asterisks (*) denote a
statistically significant difference (p-value < 0.05).

FIGURE 5 | P3F decreases ROS levels in transduced cells. (A) Western blot analysis of gp47, gp91, and Nox1 protein levels; subunits of the NADPH oxidase
complex. GAPDH is used as a loading control. (B) Histogram representing the percentage ± SD of DCF-DA positive cells, relative to control Ctrl-C2C12 cells;
numbers shown are average of three independent experiments. (C) MTT assay determining the IC50 of Ctrl-C2C12 and P3F-C2C12 cells treated with ascending
concentrations of H2O2 for 24 h. Data are reported as mean of three independent experiments ± SD. Asterisks denote a statistically significant difference
(p-value < 0.05); (*) compared to control Exo-free treated cells.

Treatment with exosomes, whether control or PAX3-
FOXO1-modulated, both had an inhibitory effect on ROS
production (Figure 6D). The induction of ROS observed
by treating the recipient cells with H2O2 was significantly
decreased when co-treated with either exosome type,
but to a much higher extent when treated with P3F-
C2C12-derived exosomes. Indeed, P3F-C2C12-derived
exosomes were able to decrease ROS levels by 6.6 fold
whereas Ctrl-C2C12-derived exosomes decreased it only
by 2.4 fold when compared to H2O2 treatment alone
(Figure 6D). These observations define a clear role of
P3F-modulated exosomes in protecting recipient cells,
even in the presence of oxidative stress, from elevated
intracellular ROS levels.

DISCUSSION

Rhabdomyosarcoma is an aggressive pediatric cancer with
limited improvement in overall survival outcomes in patients
with aggressive subtypes and advanced stages (1). Presence of
the P3F or the less common PAX7-FOXO1 fusion oncoprotein
is associated with increased incidence of metastasis and disease
aggressiveness (43, 44). There is therefore a pressing need for
identifying effective therapeutic targets and biomarkers for these
fusion gene positive (FP) RMS.

Exosomes can act via paracrine signaling on neighboring
stromal cells altering their behavior and enhancing tumor growth
(9, 15, 45). Both FPRMS and FNRMS cells secrete quantifiable
amounts of exosomes with specific cargo that can influence
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FIGURE 6 | P3F confers protection from oxidative stress in both autocrine and paracrine manner through exosomes. (A,B) Histograms representing the ratio of living
cells in each condition relative to the exo-free control, after 8 h (A) and 24 h (B) of H2O2 treatment assessed by Trypan blue exclusion assay. (C) Histogram
representing the ratio of living cells in each condition relative to the exo-free control, after 24 h of H2O2 treatment assessed by Trypan blue exclusion assay. Data are
reported as mean of three independent experiments ± SD. Asterisks denote a statistically significant difference (p-value < 0.05). (D) Histogram displaying the
percentage of DCF positive cells in each condition. Data are reported as mean of three independent experiments ± SD. Asterisks denote a statistically significant
difference (p-value < 0.05); (*) compared to control Exo-free treated cells and (**) compared to H2O2 treated cells.

cancer-related processes including cell motility and angiogenesis
(6), and fusion status plays a role in modulating exosome cargo
to favor tumor invasion (6, 12, 18).

In this study, we investigated the effects of P3F on myoblasts
using C2C12 cells, and studied its role in modulation of exosome
protein content and paracrine signaling. Both the previously
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identified deregulated miRNA revealed by microarray profiling
(18) and the deregulated exosomal proteins identified in this
study were associated with pathways important in cell plasticity
including cellular motility, cell survival, and protection from
oxidative stress. The networks identified centered on insulin, FSH
and TP53, all of which have previously been associated with
the expression of P3F or implicated in RMS tumor progression.
For instance, both insulin, and insulin-like growth factors (IGF)
regulate skeletal muscle differentiation, and their pathways are
deregulated in RMS (46, 47). Using C2C12 myoblasts, Wang
et al. showed that P3F and IGF2 cooperate to induce cell
proliferation and invasion (48). Additionally, P3F has been
shown to up-regulate the expression of IGF1 receptor and IGF2,
both contributing to FPRMS proliferation (49). P3F also induces
aberrant and elevated expression of GLUT4, enhancing cellular
response to insulin (50). As for FSH, its receptors are expressed in
both FPRMS and FNRMS human cell lines, as well as in primary
tumor samples. Stimulation of RMS cells with FSH results in
enhanced proliferation and chemotaxis, indicating a role in
promoting RMS progression (51). FSH down-regulates FOXO1
mRNA levels, and FSH receptor activation results in FOXO1
phosphorylation, which inhibits FOXO1-mediated repression of
apoptosis and promotes cell survival (52, 53). However, whether
P3F contributes to FSH-mediated repression of wild type FOXO1
is yet to be determined. Finally, p53 pathway deregulation has
been observed in RMS and contributes to tumor progression
and relapse (54–56). While p53 pathway deregulation in FNRMS
is mainly via inactivation mutations in TP53, in FPRMS its
deregulation is likely mediated by the fusion oncoprotein, as
PAX proteins have been shown to transcriptionally inhibit p53
(57). Moreover, TP53 loss markedly increases the progression of
P3F-driven tumors in mice (58). Indeed, 85% of human tumors
harboring P3F fusion were associated with p53 inactivation,
suggesting a cooperativity between the fusion protein and
p53 pathway deregulation in driving tumorigenesis (59). In
concordance, our results further reveal that P3F expression leads
to exosomal-mediated deregulation of these signaling pathways,
likely contributing to their deregulation in recipient cells.

Functionally, exosomes of P3F-transduced cells modulated
recipient cell plasticity to favor proliferation, invasion,
angiogenesis and stemness, as well as protect them from
the hostile conditions of the tumor microenvironment (TME).
Angiogenesis and neovascularization are indicative of cell
plasticity that allows tumor growth and cell survival in
hypoxic conditions of the TME (19, 60). Ploeger et al. showed
that fibroblasts exhibit a high dynamic plasticity in wound
healing resulting from a combination of recruitment and cell
proliferation, a plasticity that seems to be regulated by the
micro-environment (61). P3F-modulated exosomes were able
to induce tube formation and migration of recipient HUVECs,
as well as induce degradation of matrix via activation of MMPs,
indicating a role for these exosomes in inducing angiogenesis
and alteration of the stromal matrix.

Escaping cell death is another indication of cellular plasticity
in response to change in physiological conditions (21, 62).
Pathway analysis by IPA of the proteins and miRNA modulated
in exosomes by P3F showed a common impact on reducing

apoptosis and increasing cell viability (see Figure 3A: 10 out of
25 pathways are implicated in death pathways). This is further
evidenced by the observed resistance of cells treated with P3F-
modulated exosomes to apoptosis in response to exogenous
oxidative stress, which may be impacted by both modulation
of oxidative stress pathway, as well as resistance to apoptosis
in general. Of note, elevated ROS levels are detected in almost
all cancers, due at least in part to the high metabolic activity
and mitochondrial dysfunction of cancer cells. In comparison,
normal cells exhibit moderate levels of ROS, enough for them to
act as second messengers in signal transduction, and contribute
to physiological processes within these cells (63). To cope
with the ever-present state of oxidative stress, cancer cells up-
regulate their antioxidant pathways to escape cell death (64).
For instance, in RMS, elevated ROS levels are compensated by
an up-regulation of ROS-scavenging pathways, thus conferring
resistance to ROS-induced stress (65). Moreover, up-regulation
of ROS production in RMS cells following radiation therapy
was rapidly compensated by an up-regulation of nuclear factor
erythroid 2-related factor (NRF2) levels which, in turn, promotes
the expression of antioxidant enzymes and miRNA that protected
RMS cells from ROS-induced DNA damage (66). This has been
suggested as a possible Achilles’ heel of cancer cells, as they
may be susceptible to treatments that can alter their redox
homeostasis, either by further increasing intracellular ROS levels
or by targeting antioxidant abilities (64, 67). RMS might be
particularly vulnerable to this pathway, as demonstrated by Chen
et al. using a high-throughput screen. They reasoned that this
sensitivity may be especially applicable to RMS, as it derives from
a skeletal muscle cell lineage, since skeletal muscle cells have
unique metabolic properties including a high aerobic activity
and a robust antioxidant defense system against excessive ROS,
which make them particularly sensitive to redox-altering agents
(55). In fact, analysis of RMS samples revealed oxidative stress-
induced genomic mutations that enhance RMS cell survival
against oxidative damage whereas combinational targeting of
the major antioxidative pathways up-regulated in RMS, the
thioredoxin (TRX) and glutathione (GSH) synthesis pathways,
using GSH-depleting agents and TRX-reductase inhibitors seems
to induce cancer cell death (55, 64). Therapeutic interventions
using agents that can increase ROS production also offer
promising therapeutic results. For instance, carfilzomib and
alvocidib, in addition to synthetic statins, where shown to act in
synergism with HDAC inhibitors by increasing oxidative stress
showing effective activity against ERMS xenografts (55). Erastin,
another GSH-depleting agent that subsequently up-regulates
ROS production, also induces RMS cell death (67). Notably,
following ROS-inducing radiation therapy, FPRMS cells were
found to produce higher levels of antioxidant miRNA including
miR-22, miR-210, and miR-375 compared to FNRMS, where
the expression of miR-375 was only observed in FPRMS, and
certain antioxidant enzymes including catalase and glutathione
peroxidase 4 (66). Moreover, Martin et al. demonstrated that
FPRMS treatment with fenretinide induces ROS production
accompanied by a reduction in P3F transcriptional activity.
ROS-induction in FPRMS using Triterpenoid down-regulated
the expression of transcription factors including P3F suggesting
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the need to determine the link between oxidative stress and
P3F in RMS (68, 69). Altogether, RMS cells have been shown
to modulate intracellular signaling pathways to maintain redox
homeostasis, an aspect of cellular plasticity that protects against
oxidative damage and highlights the importance of using redox-
based therapeutic strategies in combination with conventional
chemotherapeutic treatments against RMS. Our results further
underline this finding, and specifically implicate the P3F protein
in modulating oxidative stress response, not only in an autocrine
manner in RMS cells, but also through paracrine effects on
stromal cells via exosomes. We observed lower ROS levels
within the P3F transduced C2C12 cells, with enhanced survival
upon treatment with H2O2. We identified an enrichment of
4 REDOX proteins in exosomes in response to P3F that
may be contributing to the observed decrease in intracellular
ROS levels in recipient cells, confirming paracrine protective
effects of the fusion oncoprotein via exosomes. Indeed, previous
studies have implicated exosomes in modulating response
to oxidative stress and conferring antioxidant resistance in
several settings (27, 70), and our results now demonstrate
the additional effect of oncoproteins such as P3F in further
augmenting this response.

Altogether, our results indicate that the P3F oncoprotein
down-regulates ROS levels, exerting a protective effect against
oxidative stress-induced cell death in an autocrine manner.
This effect can also be transferred to stromal and other
cells through secreted exosomes that also affect recipient cell
invasion, migration, and pro-angiogenic properties. We have
shown that the P3F fusion protein is able to modulate the
content of exosomes secreted by fusion-positive cells and that
these exosomes seem to confer cellular plasticity and invasive
properties, including augmentation of pro-angiogenic signaling.
Detailed understanding of the pathways through which P3F alters
the metabolic response of cells may uncover novel therapeutic
targets for enhancing cell death in response to metabolic stress
in this setting, and should be the focus of future studies.
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