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Abstract

Background: Osteosarcoma patients often experience poor outcomes despite chemotherapy treatment, likely due
in part to various mechanisms of tumor cell innate and/or acquired drug resistance. Exosomes, microvesicles secreted
by cells, have been shown to play a role in drug resistance, but a comprehensive protein signature relating to osteo-
sarcoma carboplatin resistance has not been fully characterized.

Methods: In this study, cell lysates and exosomes from two derivatives (HMPOS-2.5R and HMPOS-10R) of the HMPOS
osteosarcoma cell line generated by repeated carboplatin treatment and recovery, were characterized proteomically
by mass spectrometry. Protein cargos of circulating serum exosomes from dogs with naturally occurring osteosar-
coma, were also assessed by mass spectrometry, to identify biomarkers that discriminate between good and poor
responders to carboplatin therapy.

Results: Both cell lysates and exosomes exhibited distinct protein signatures related to drug resistance. Furthermore,
exosomes from the resistant HMPOS-2.5R cell line were found to transfer drug resistance to drug-sensitive HMPOS
cells. The comparison of serum exosomes from dogs with a favorable disease-free interval [DFI] of > 300 days, and
dogs with < 100 days DFl revealed a proteomic signature that could discriminate between the two cohorts with high
accuracy. Furthermore, when the patient’s exosomes were compared to exosomes isolated from carboplatin resistant
cell lines, several putative biomarkers were found to be shared.

Conclusions: The findings of this study highlight the significance of exosomes in the potential transfer of drug
resistance, and the discovery of novel biomarkers for the development of liquid biopsies to better guide personalized
chemotherapy treatment.
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Introduction

Osteosarcoma is the most common form of bone cancer

with an increased incidence in adolescents and young

adults [1]. Risk factors include Paget disease, osteitis

deformans, ionizing radiation, inherited genetic condi-
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a primary lesion in the appendicular skeleton on presen-
tation and despite surgical excision and chemotherapy
treatments, the disease can metastasize to the lungs,
which is the leading cause of death in these patients [1,
2].

Canine osteosarcoma disease shares many characteris-
tics with the disease in human, including etiology, loca-
tion in the appendicular skeleton, histology, tendency to
metastasize to the lung, and overall metastatic rate [5-7].
However, the incidence rate of osteosarcoma is much
greater for dogs than humans. In combination with the
inherently shorter lifespan of dogs, the manifestation
of spontaneous disease and the multifactorial etiology,
allows for enhanced data collection and the development
of a clinically relevant model [6]. Like humans, surgical
excision of the primary disease, followed by a chemo-
therapy regimen, have been the standard of care for
dogs; however, despite multimodal therapies, prognosis
remains poor [6, 8].

Platinum chemotherapy agents have been used as the
mainstay treatment of osteosarcoma in both species,
either as part of a multidrug protocol or as a single agent
[2, 8]. The mechanisms of resistance to carboplatin and
cisplatin are similar despite differences in chemical struc-
ture, pharmacokinetics, pharmacodynamics and toxic-
ity [9]. Malignant cells can exhibit intrinsic or acquired
resistance to these drugs during treatment [9]. Docu-
mented resistance mechanisms include, reduced drug
accumulation, inactivation by metallothioneins or glu-
tathione (GSH), resisting apoptosis, potentiation of the
cell cycle, and increased DNA repair [10]. While genetic
and epigenetic changes in malignant cells primarily drive
drug resistance, recent studies highlight other factors,
such as the tumor microenvironment and microvesicles,
including exosomes, as significant contributors in these
processes [10—13].

Exosome vesicles, which are 30-150 um in diameter,
contain DNA, RNA, proteins and lipids, are secreted by
all cells [14, 15]. The proteomic signature of exosomes
can reflect originating cell type and physiological status
[15]. These unique signatures can be used for the discov-
ery of novel biomarkers and the design of liquid biop-
sies in diseases like cancer [16]. Malignant cell exosomes
are capable of autocrine and paracrine signaling to pro-
mote tumor progression by shifting cellular metabolism,
increasing angiogenesis, or advancement of immune
evasion [17-19]. Interestingly, several studies have dem-
onstrated exosomal transference of platinum agent
resistance to sensitive cells that ultimately increases the
probability for treatment failure [13, 20, 21].

The goal of the current study was to investigate canine
osteosarcoma as a spontaneous model to explore the role
exosomes play in mechanisms of carboplatin resistance

Page 2 of 13

and the utility of exosomal proteins as prognostic bio-
markers for this disease. Carboplatin-resistant canine
osteosarcoma cell lines were generated, and secreted
exosomes were characterized proteomically. Exosomes
from these resistant cells effectively transferred drug-
resistance to sensitive cells and were shown to exhibit a
unique cargo that correlate with their resistance profile.
Serum exosomes were also isolated from canine osteo-
sarcoma patients with both, good and poor responses
to carboplatin-based chemotherapy (favorable disease-
free intervals [DFI] (>300 days), and poor responders
[<100 days]). The proteomic signature of serum-isolated
exosomes from dogs with spontaneous osteosarcoma dis-
ease, could discriminate between the dog with favorable
prognosis in comparison to the poor responders with
high specificity. These data demonstrate the utility of
exosomes as a significant source of biomarkers for the
design of precision medicine, and their potential role
in horizontal transition of platinum resistance between
malignant cells.

Materials and methods

Cell lines

HMPOS cells were a kind gift from the Barroga and Fuji-
naga lab [22]. The original and derived cells, were tested
for Mycoplasma prior, and during the study. To confirm
the authenticity of the cells, an alkaline phosphatase
assay was performed on all cell lines.

Generation of carboplatin resistant cell lines

The HMPOS cells were grown in media (RPMI 1640
and 10% FBS supplemented with 100 pg/mL Streptomy-
cin and 100 units/mL Penicillin) and incubated at 37 °C
with 5% CO, [22]. The cells were treated with gradu-
ally increasing concentrations of carboplatin starting at
0.5 uM. Following a 72 h incubation period, surviving
cells were subsequently expanded and passaged at least
once before the next treatment. If cells were at less than
70% confluency after 72 h of treatment, the same dose
was administered again for another 72 h. If cells were at
70% confluency or greater, then the dose was increased
one increment until a concentration of 10 uM was
reached. The carboplatin-resistant HMPOS cells iso-
lated at 0, 2.5 and 10 uM are referred to as HMPOS-S,
HMPOS-2.5R, and HMPOS-10R, respectively.

Carboplatin proliferation assay (MTS)

HMPOS cell lines were grown to confluence. Next,
10,000 cells from each cell line were plated onto a 96
well plate in triplicate in 200 puL of media. Cells were
then incubated for 24 h and subsequently serum starved
for an additional 24 h. The cells were then treated with
media (vehicle control), 0.5, 1, 2.5, 4, 6, 8, and 10 pM
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carboplatin diluted in RPMI media for 72-h. Next, 130
uL of the cell culture media from each well was collected
and 50 pL of a mixture of RPMI 1640+ CellTiter 96"
AQueous One Solution Cell Proliferation Assay reagent,
prepared per manufacturer’s instructions (Promega), was
added to each well. Cells were incubated for 4 h at 37 °C.
Wells were measured at 490 nm and the absorption was
normalized to the control treatment.

Determination of generation time

HMPOS-S, -2.5R, and -10R cells were plated in 6-well
plates at a density of 100,000 cells per well in tripli-
cate. After a 48-h incubation period cells were counted
using a hemocytometer. The generation time of these
cells was calculated according to the following for-
mula:t = HiIn2/ln(cy/c1), where H=time elapsed
between plating and counting, c¢,=count of cells 48 h
after plating, and c¢;=count of cells upon plating
(100,000) [23]. The generation time values for each trip-
licate were averaged together and repeated for a total of
three independent replicates.

Cell cycle phase analysis

Isolated cells were fixed in 70% EtOH overnight then 25
pL of RNase A (Thermo Scientific) and 10 pL of propid-
ium iodide (final concentration 0.6 pg/mL) were added.
Cells were interrogated using a Cytoflex FACS (BD Coul-
ter). Software analysis was performed using the CytEx-
pert software (BD Coulter).

Exosome isolation, quantification, and validation
HMPOS cell lines were grown as previously described
[17]. Once cells reached 60-70% confluency, their media
was changed to contain RPMI 1640, 100 pg/mL Strep-
tomycin and 100 units/mL Penicillin, and 10% exo-
some depleted FBS (ThermoFisher) at a total volume of
15 mLs. Cells were grown for 24—48 h, after which the
media was collected and stored at — 20 °C. Pooled media
was thawed at 37 °C and spun at 10,000 rpm for 30 min
on a high-speed centrifuge (Eppendorf 5804R, rotor F34-
6-38). The supernatant was collected and transferred into
10.4 mL ultracentrifuge tubes (Beckman Coulter) and
centrifuged at 40,000 rpm for 70 min (Beckman Coulter
Optima XE-90 Ultracentrifuge, rotor type 70.1 Ti, fixed
angle). After removing the supernatant, the exosome pel-
let was re-suspended in PBS and sterile filtered through
a 0.22 uM filter (Millex-GV filter, 4 mm diameter, SLG-
V004SL). Exosome suspensions were aliquoted and
diluted by a factor of 2.5 for quantification. These dilu-
tions were quantified relative to their protein content.
Exosomes were characterized using the NanoSight
NS500 instrument (NanoSight Ltd., Amesbury, United
Kingdom, NTA version 3.0 0064). Light scattered by
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the particles under Brownian motion were captured for
60 s. Samples were diluted to obtain the concentration
between 50 and 150 particles per frame. Each sample was
injected into the chamber (temperature: 25 °C, viscos-
ity of PBS 0.912-0.913 cP) and the setting of the system
were adjusted as follows: camera level: 16, slider shutter:
1300, slider gain: 512, Frames Processed: 851, Frames per
Second: 14.2, Blur size: Auto; Detection Threshold: 5).
The three videos for each sample were analyzed to obtain
the mean, mode, and number of particles per milliliter.

Exosomal modulation of carboplatin resistance
Carboplatin-sensitive  HMPOS-S cells (10,000) were
plated into a 96 well plate in triplicate and incubated
for 24 h at 37 °C. To synchronize the cells, cultures were
incubated for 24 h in FBS free media. Cells were then
pre-treated with 10 ug of HMPOS-S isolated exosomes,
HMPOS-2.5R isolated exosomes, HMPOS-10R isolated
exosomes, or a PBS vehicle control for an additional 24 h.
Carboplatin was then added to the wells at concentra-
tions of 0, 2.5, and 10 uM and cells were incubated for
72 h. At the 24 h and 48 h timepoints, relative to when
carboplatin was first added, fresh exosomes and carbopl-
atin were added as described above. After 72 h, cells were
analyzed with the MTS reagent as previously described.

Mass spectrometry

Cell lysates from HMPOS cell lines were prepared follow-
ing 10 cycles of rapid freeze/thaw. The crude lysate was
purified using chloroform—methanol. Exosomes were
isolated and quantified as previously described. A total
of 50 pg of cell lysate and exosomes (relative to protein
concentration) were taken to the OSU Mass Spectrom-
etry Center for analysis. The proteins were digested by
sequencing grade modified trypsin.

Peptide analysis was achieved using an Orbitrap Fusion
Lumos mass spectrometer with a Nano ESI source
(Thermo Scientific) coupled with a Waters nanoAcquity
UPLC system (Waters, Milford, MA). The proteolytic
products were desalted and loaded on a nanoAcquity
UPLC 2 G Trap Column (180 pm x 20 mm, 5 um) for
5 min with solvent 0.1% formic acid in 3% ACN at a flow
rate of 5 pL/min. A nanoAcquity UPLC RPeptide BEH
C18 column (100 pm x 100 mm, 1.7 pm) was applied to
separate peptides following by a 120-min gradient con-
sisting of 0.1% formic acid in H20 (mobile phase A)
and 0.1% formic acid in ACN (mobile phase B), where
B was increased from 3 to 10% at 3 min, 10% ® 30% at
105 min, 30% ® 90% at 108 min and held 4 min, and then
decreased to 3% at 113 min and held until 120 min. The
LC flow rate was set at 500 nL/min. All mass spectral
data were acquired in the positive ion mode. The spray
voltage was 2400 V and the ion transfer tube temperature
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was 300 °C. MS and MS/MS spectra were acquired by the
Orbitrap analyzer (resolution 120 K at m/z 200) and Ion
Trap (collision induced dissociation CID) respectively.
Automatic gain control target was set to 4.0 x 10° for
precursor ions and 104 for product ions. Mass tolerances
were set at+ 10 ppm for precursor ions and 0.6 Da for-
fragment ions.

Raw data were analyzed with Thermo Scientific Pro-
teome Discoverer 2.2 software and searched initially
against the Uniprot Canis database using Sequest HT as
search engine. A maximum of two missed cleavage sites
was allowed. Carbamidomethylation of cysteine and oxi-
dation of methionine were specified as static modifica-
tion and dynamic modification, respectively. The overall
false discovery rate (FDR) at the protein level was less
than 1%. To allow for GO annotation analysis, the data-
sets were also searched against the Uniprot Homo sapi-
ens protein database. Canine and human database search
results were submitted to a Basic Local Alignment Search
Tool (Blastp) analysis in Uniprot website (https://www.
uniprot.org/blast/). Only canine proteins with more than
99% amino acid sequence similarities with its human
ortholog were retained.

The fold change (FC) of a given protein was defined as
the ratio of abundance between two groups (ex. HMPOS-
S vs HMPOS-10R). To calculate the FC of a given protein,
each peptide group ratio was first calculated as the geo-
metric median of all combinations of ratios from all the
replicates in the same group. Secondly, the protein ratio
was subsequently calculated as the geometric median of
the peptide group ratios. Overall, the ratio for protein X
reflects the ratio of abundance of protein X in HMPOS-S
controls, relative to the abundance of protein X in other
samples. The protein FC between the following groups
was investigated: (1) HMPOS-S vs HMPOS-2.5R vs
HMPOS-10 R cell lysate and (2) HMPOS-S vs HMPOS-
2.5R vs HMPOS-10R exosomes.

Immunoblotting

Osteosarcoma HMPOS cells were isolated and lysed in
RIPA buffer (Bio-Rad). Quantified lysate protein (10 ug)
was mixed with LDS Sample Buffer (Invitrogen) and
loaded on to pre-cast 4—12% Bis—Tris gels. Electropho-
resis of gels was at 100 V for 1-2 h (Life Technologies,
Eugene, OR). Proteins were transferred to nitrocellulose
membranes and membranes blocked for 1 h in Block-
ing Buffer (LI-COR, Lincoln, NE). Membranes were then
incubated with the following: rabbit anti-canine non-
phosphorylated (Active) B-catenin (Ser45) (Cell Signal-
ing Technologies), rabbit anti-canine phospho-f-catenin
(Ser33/37/Thr41) (Cell Signaling Technologies), and
B-Actin Mouse Antibody (Santa Cruz Biotechnologies).
After washing with buffer (TBS, 10% Tween), membranes
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were incubated with the following secondary antibodies:
goat anti-mouse IgG-HRP (Santa Cruz Biotechnologies),
and goat anti-rabbit IgG-HRP (Santa Cruz Biotechnolo-
gies). Membranes were developed using the Supersignal
West Femto Maximum Sensitivity Chemiluminescent
Substrate (Thermo Fisher).

Patient sera collection

Patient sera was obtained from historical samples stored
at the Oregon State University Biorepository. All samples
collected to the biorepository at Oregon State Univer-
sity. The Oregon State University Institutional Animal
Care and Use Committee (IACUC) exempted this study
from full review. Serum was taken prior to therapy from
adult (>1 year) medium- and large-breed dogs (>20 kg)
with pathology-verified appendicular osteosarcoma. All
Patients underwent standard of care treatment which
included an amputation of the affected limb, and car-
boplatin chemotherapy (270-300 mg/m? administered
every 3 weeks for a total of 4 doses).

Statistical analyses

All statistical analysis was performed on GraphPad Prism
Software. MTS assay validation of carboplatin resist-
ance, generation time data, and luminometry data, were
all analyzed using a one-way ANOVA analysis, followed
by Dunnett’s Multiple Comparisons test to analyze sig-
nificance relative to appropriate controls. MTS assay data
from treatment of sensitive HMPOS cells with carbopl-
atin and exosomes was subjected to a two-way ANOVA
analysis, followed by Bonferroni post-tests to compare
all potential significant interactions. Statistical signifi-
cance was assigned based on p<0.05 (*), p<0.01 (**), and
p<0.001 (***).

To generate graphical representations of the canine
patient serum exosome data, protein abundance val-
ues were normalized to the sum of each column, and
all values were subjected to a t-test. The heatmap rows
are ordered by t-score between the sample groups. Red
coloration represents higher expression relative to the
average of the first five columns (the patient cohort that
responded well to chemotherapy), and blue represents
lowered expression.

Results

Characterization of carboplatin resistant HMPOS
osteosarcoma cell lines

Two carboplatin-resistant derivative cell lines HMPOS-
2.5R and HMPOS-10R were chosen for further study.
After the initial derivation of these cell lines, carbo-
platin resistance was validated by the determination
of the IC 50 of these cells in the presence of increasing
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concentrations of the drug (Fig. 1a and b). In comparison
to the parental cells (HMPOS-S), HMPOS-10R cells were
significantly more resistant at all concentrations, while
HMPOS-2.5R cells exhibit significant drug resistance
in higher concentrations. To quantify the extent of drug
resistance, each cell line was treated with a continually
increasing concentration of carboplatin. The IC50s for
HMPOS-S, HMPOS-2.5R and HMPOS-10R cells were
estimated to be 5.62 M 18.2 uM and 664.2 pM of carbo-
platin, respectively.

The doubling time of the parental and the derived
resistant lines was calculated by cell plating and sub-
sequent counting and mathematical analysis. For gen-
eration 0, HMPOS-S cells doubled every 27.2 h, while
HMPOS 2.5-R cells doubled every 41.28 h, and HMPOS-
10R cells doubled every 43.52 h (Fig. 1f). Based on these
times cells were then (i) passaged for five generations
in the absence of carboplatin, (ii) assessed for doubling
time, (iii) passaged for five more generations, and (iv) a
final assessment of doubling time and carboplatin resist-
ance was initiated after the tenth generation. Tenth
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generation HMPOS- 10R cells exhibited similar carbo-
platin resistant when compared to their own first-gen-
eration cells and when compared to parental HMPOS-S
(Fig. 1c, d). The HMPOS-2.5R cells have shown an even
more robust resistance at generation 10 in comparison to
the early generations. The doubling times of tenth gener-
ation HMPOS-2.5R and -10R cells were identical to tenth
generation sensitive (HMPOS-S) cells but significantly
shorter than first generation resistant cells (Fig. 1e—i).

Proteomic analysis of carboplatin resistant HMPOS cells
and exosomes

Cellular proteins from HMPOS-S, -2.5R, and -10R cells
were analyzed by mass spectrometry. Following peptide
analysis of the three cell lines, a total of 145 unique pep-
tides were measured from HMPOS-10R cell lysates and
8 unique peptides were measured from HMPOS-2.5R
that were differentially expressed compared to paren-
tal HMPOS-S (Fig. 2a) (Table 1). After comprehen-
sive gene set enrichment, proteins from HMPOS-2.5R
and HMPOS-10R cell lysates that were 100-fold more
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Fig. 1 a Half maximal inhibitory concentration (IC50) demonstrates the increased resistance to carboplatin from the sensitive (HMPOS-S) to the
most resistant cells (HMPOS-2.5R and HMPOS-10R), the IC 50 of HMPOS-10R is plotted in b (n=3). b HMPOS 10 R IC50 exhibit a substantially
high value in comparison to the other cell lines (n=3). ¢ Cell viability assay of generation 0 demonstrates a significant resistance to carboplatin
at all concentrations for the HMPOS-10R cell lines. The HMPOS-2.5R cells exhibit resistance only at the highest concentration of the drug (n=3,

[*]=P<0.05, [*1=P<0.01, [***1=P<0.001). d Sensitive and resistant HMPOS, Generation 10 cell lines. e Doubling time of HMPOS generation 0,
sensitive and resistant cell lines (n=3, [**]=P <0.01, [***] =P <0.001). A significant increase in doubling time was evident in HMPOS-2.5R (P <0.01,
[**1) and HMPOS-10R (P <0.001, [***]) (n = 3) f Doubling time for HMPOS-S and resistant cell lines of generation 10 demonstrate that HMPOS-2.5
and 10R returned to the original doubling time (n = 3). g Doubling time between three generations (0, 5 and 10) of HMPOS-S show no statistically
significant difference (n=3). h Comparison of doubling time of HMPOS-2.5R through the examined generations (0,5,10) is significantly decreased
with the later generations (n=3, [***]=P <0.001).i Cross generational comparison for the doubling time of HMPOS-10R also demonstrate a
significant decrease in generations 5 and 10 (n=3, [***]=P <0.001)
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abundant in comparison to HMPOS-S cells were ana-
lyzed in relation to cellular pathways and miRNA-protein
interactions (Fig. 2b—e) [24]. In HMPOS-2.5R cells, a sig-
nificant increase in proteins associated with glutathione
synthesis, recycling, and conjugation pathway alterations
was observed, while HMPOS-10R cells exhibited altered
pRB activity and abnormal DNA methylation.

Proteins collected from enriched exosomes secreted
by HMPOS-S, -2.5R, and -10R cells were also ana-
lyzed by mass spectrometry. Proteins extracted from
the exosomes of the three cell lines exhibit a dis-
tinct cargo signature for each one of them (Fig. 3a)
(Table 2). A pathway analysis was performed on the
most abundant proteins in HMPOS-2.5R and -10R
exosomes and HMPOS-S (Fig. 3b-e). In addition,
we have performed an analysis of miRNA predicted
to interact with the proteins identified for the three
cell lines. Proteins involved in nucleotide metabolism
and histone modification were highly represented in
HMPOS-2.5R exosomes, and proteins representative of

proteosomal degradation and miR-193a signaling were
more abundant in exosomes secreted by HMPOS-10R.
The miRNA predicted to interact with the proteins of
the HMPOS-2.5R and HMPOS-10R relate to charac-
teristic of stemness, resistance and self-renewal (e.g.
miR-4721 and miR-760). Selected exosomal proteins
of interest found to be abundant in resistant HMPOS-
2.5R and HMPOS-10R compared to HMPOS-S are pro-
vided in Table 2.

Exosomal effect on cell cycle phase

Flow cytometry analysis showed that majority of the
HMPOS-S and -2.5R cells accumulated at the GO/1 cell
phase, while the HMPOS-10R cells exhibited a significant
accumulation at the G2 cell phase (Fig. 4a and b). Flow
cytometry of HMPOS-S cells that were treated for 24 h
with resistant cell exosomes did not produce any signifi-
cant differences of cell accumulation at the different cell
cycle phases (Fig. 4c).
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Table 1 Selected over expressed proteins in cell lysates of carboplatin resistant cell lines

Protein name 2.5R 10R Biological function
Gamma-glutamylcyclotransferase v Glutathione Metabolism, EMT regulation via PI3K/AKT/mTOR
Heat shock Protein 27 v Anti-apoptotic

S100A7 v v EMT, migration, invasion

Cyclin-dependent kinase 6 v Cell Cycle Progression

histone deacetylase v Chromatin Remodeling

14-3-3 protein sigma v Cell Signaling

Cyclin-dependent kinase 2 v Cell Cycle Progression

Insulin-like growth factor 2 mRNA-binding protein 3 v Stabilizing IGF-2 mRNA

f-catenin v v Cell Signaling

Transgelin v Stemness, invasion

Follistatin-related protein 1 v v Marker of EMT, invasion

Stathmin v Cell cycle arrest via microtubule depolymerization
14-3-3 protein theta v Cell Signaling

Insulin-like growth factor 2 mRNA-binding protein 2 v Stabilizing IGF-2 mRNA

Sialidase Neu?2 v Invasion, metastasis, differentiation state
Glutamine synthetase v Glutamine metabolism

Alpha-2-macroglobulin v v Protease inhibitor, stemness, platinum inactivation
Adenosylhomocysteinase v Alteration of DNA methylation via Adenosylhomocysteine level control
UV excision repair protein RAD23 homolog A v DNA repair

N-Cadherin v v Marker of EMT

Secreted frizzled-related protein 2 v Whnt signaling, tissue regeneration
Gamma-enolase v Increased glycolysis

Exosomal transfer of carboplatin resistance to sensitive
cells

To elucidate the effects that exosomes derived from
HMPOS-2.5R and HMPOS-10R cells may have in the
transfer of chemotherapy resistance, sensitive HMPOS-
S cells were cultured with exosomes extracted from the
drug resistant cells. While the addition of exosomes did
not modify the proliferation of HMPOS-S cells in com-
parison to untreated cells, the combination of exosomes
from HMPOS-2.5R and carboplatin exhibit a statisti-
cally significant difference in cell viability was seen at
the higher 10 uM dose (Fig. 4d and e). To examine the
modulatory effects of [B-catenin activation, resistant
exosome-treated HMPOS-S cell lysates were probed for
phosphorylated B-catenin and immunoblotting revealed
a decrease in phosphorylated -catenin following incuba-
tion with HMPOS-10R exosomes (Fig. 4f). Interestingly,
protein levels of phosphorylated -catenin increased in
HMPOS-S cells treated with HMPOS-2.5R exosomes.
Measurement of dephosphorylated [B-catenin demon-
strated a notable difference in protein levels, as HMPOS-
S cells treated with both HMPOS-2.5R and HMPOS-10R
exosomes showed increases in dephosphorylated
[-catenin levels, with HMPOS-2.5R exosomes exhibiting
the largest increase (Fig. 4f).

Proteomic analysis of canine osteosarcoma patient serum
exosomes

Exosomes were isolated from the serum of ten patients,
and two representative samples of each cohort were
validated by NanoSight analysis (Fig. 5a). Patients were
grouped into two cohorts (n=>5 per cohort) based on
responsiveness to amputation and adjuvant carboplatin
chemotherapy. Good responders were defined by a dis-
ease-free interval (DFI) of > 300 days and poor responders
defined by a DFI of<100 days (Table 3). The respective
proteomes of each patient’s serum exosomes were probed
using mass spectrometry. A preliminary analysis of each
cohort was created for all identified peptides after sta-
tistical testing and normalization revealing a significant
correlation between the clustering of the exosomal pro-
teins and patient outcome (Fig. 5b) (Table 4). Prediction
score analysis revealed a distinct discrimination between
the exosomal proteins of patients with good and bad out-
comes (Fig. 5¢).

Discussion

Drug resistance of primary and metastatic disease is the
main cause for treatment failure and ultimately patient
mortality in many cancer types. There are immense
efforts to identify the mechanisms associated with chem-
otherapy resistance, to improve treatment outcomes, and
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A Ven diagram of HMPOS exosomal proteins
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reduce adverse effects associated with these treatments.
Recent studies revealed the critical role of exosomes
in chemotherapy resistance, which was linked to their
microRNA cargo; however, the role of other exosomal
components have not been thoroughly investigated [25,
26]. In the current study we have identified proteins asso-
ciated with carboplatin drug resistance generated in vitro
and demonstrated the acquisition of this resistance by
sensitive cells following exposure to exosomes from
drug-resistant cells. In vivo examination has identified
several proteins in circulating exosomes that may have
the potential to predict responses to carboplatin treat-
ment in canine patients with osteosarcoma.

The resistant cell lines in this study evolved through
repeated and increased challenge of HMPOS cell line.
While all these cell lines originated from the same clone,
they demonstrated vastly different profiles of drug resist-
ance. The HMPOS-10 R line exhibits an IC50 which was
more than 36-fold higher in comparison to the HMPOS-
2.5 R. Interestingly, once adapted, the HMPOS-10 R cells
have maintained their resistance for at least 10 genera-
tions even in the absence of constant treatment with car-
boplatin. In comparison, the HMPOS-2.5R cells exhibit a

significant gain of resistance between the first generation
and the 10th. These changes can be explained the gain
of mutations of actively proliferating cells, or by epige-
netic changes in the case of quiescent cells [27, 28]. It has
been shown that through clonal selection and expansion,
a stable resistance is achieved for clones with resistant
mutations, or a more transient resistance in nature for
cells resistance acquired via epigenetic changes [27, 29].
A future study of our model will be designed to inves-
tigate the nature of resistance acquisition of our cells
and whether it is due to resistant mutations, epigenetic
changes, or a combination of both.

Malignant cells can often exhibit an increased doubling
time when exposed to cytotoxic drugs for the surveillance
and repair of DNA damage [30]. We have documented a
significant increase in the doubling time of HMPOS-2.5
R and -10 R on the first generations for these cell lines.
However, the prolonged doubling time was eventually
matched to the parent cell line (HMPOS-S) in genera-
tion 10 which is likely due to the acquisition of effective
adaptation mechanisms. We can speculate that once the
cells resolved the acute DNA damage induced by the
increased concentration of carboplatin, new adaptation
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Table 2 Selected Overexpressed proteins in exosomal cargo of carboplatin resistant cells

Protein Name 2.5R 10R Biological Function

Metallothionein-1G v v Carboplatin Inactivation

Heat shock Protein 105 kDa v B-catenin dephosphorylation via protein phos-
phatase 2A recruitment

S100A10 v v Conditioning distant sites for metastasis via exosomes

LDLR chaperone MESD v Wnt Signaling

Integrin beta v v Conditioning distant sites for metastasis via exosomes

14-3-3 protein eta v Cell Signaling

ILF3 v Promotes Survivin expression

Insulin-like growth factor 2 mRNA-binding protein 1 v Stabilizing IGF-2 mRNA

B-catenin v v Cell Signaling

Transgelin 4 v Stemness, invasion

Heat shock Protein 27 v Anti-apoptotic

Follistatin-related protein 1 v v Invasion

Stathmin v v Cell cycle arrest via microtubule depolymerization

Heterogeneous nuclear ribonucleoprotein Q v v miRNA loading into exosomes

Histone H1.3 v v Binding of cis-platinated DNA

14-3-3 protein theta v Cell Signaling

Gamma-enolase v Glycolysis

WD repeat and HMG-box DNA-binding protein 1 v DNA Damage Response

SWI/SNF complex subunit SMARCC2 v Chromatin Remodeling

Serine hydroxymethyltransferase, mitochondrial v Chromatin Remodeling

Histone deacetylase 2 v Chromatin Remodeling

Hypoxanthine—guanine phosphoribosyltransferase v Nucleotide Metabolism

ribose-phosphate pyrophosphokinase 1 v Nucleotide Metabolism

mechanisms were set. These acquired mechanisms ulti-
mately allowed a more efficient carboplatin resistance
which reduced DNA damage, allowing the cells to pro-
gress through their check points without delay.

Proteomic analysis of cell lysates highlighted the sub-
stantial differences between these lines based on their
expression of discriminating proteins. Further analysis
revealed the expression of Glutathione biosynthesis, recy-
cling and conjugation pathway, and the Gamma glutamyl
biosynthesis pathway in HMPOS-2.5R and HMPOS-10R
cell line correspondently. These pathways promote the
activation of glutathione S transferase (GST) enzyme that
hydrolyze the active group of platinum agents and thus
mitigate their effect on malignant cells [29, 31]. In addi-
tion, GST has a critical role in DNA repair, which ulti-
mately promote evasion of apoptosis and cell survival
[32, 33]. Drug resistance effect of proteins from the GST
family was shown to be mediated via exosomes in breast
cancer, but the significance of this mechanism in OS has
not been investigated thus far [34].

The expression of B-catenin was upregulated in the
carboplatin resistant cell lines, with higher abundance
in the HMPOS-10R cells. B-catenin is an oncogene and
a key protein in the canonical Wnt/ -catenin signaling

pathway [35]. It was shown to induce chemoresistance
through multiple mechanisms, including upregulation
of MDR1 and promotion of epithelial-mesenchymal
transition [36, 37]. Immunoblot analysis of this protein
revealed a distinct difference in the expression of phos-
phorylated vs dephosphorylated -catenin in HMPOS-S,
HMPOS-2.5R, and -10R cells (Fig. 2f), suggesting that
B-catenin signaling was increased with drug resistance
and may play a significant role in this process. When
HMPOS-S cells were treated with exosomes derived
from resistant cell lines, the expression of 3-catenin was
upregulated, and the larger portion of the total protein
pool was dephosphorylated, confirming signal trans-
duction of this pathway. Since the B-catenin protein was
not detected in the exosomal cargo, it is possible that
its expression was induced by the transfer of miRNA or
other epigenetic factors. These preliminary findings sug-
gest that B-catenin has a role in carboplatin drug resist-
ance in osteosarcoma cell lines, and that exosomes of
resistant cells may promote the expression and phospho-
rylation of p-catenin in naive cells. However, confirma-
tion of the Wnt/B-catenin pathway activation was beyond
the scope of this study and will require a confirmation of
[-catenin nuclear translocation in future studies.
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a Flow cytometry of HMPOS cell lines
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In spite the fact that exosomes from the HMPOS-10R
induced the expression of B-catenin in HMPOS-S fol-
lowing coincubation it did not promote drug resistance
in the latter line. This is in contrast with the induction of
resistance following the coincubation of HMPOS-2.5R
exosomes with HMPOS-S cells. It is surprising that the
effect of exosomes on sensitive cells did not correlate
with the degree of drug resistance of the donor cells, sug-
gesting that this process is multifactorial and complex.
The differences in the proteome and potentially miRNA
cargoes of these exosomes are most likely the cause for
these differences. For example, some proteins with pro-
tective effect such as the ribose-phosphate pyrophos-
phokinase 1 (PRPS1) which is responsible for nucleotide
synthesis, and the ubiquitin ligase WD repeat and HMG-
box DNA binding protein 1 (WDHD1) were expressed
exclusively in the exosomal proteomic cargo of HMPOS-
2.5R and may explain their distinct effect on HMPOS-S
[38, 39]. While it is possible that the delivery and uptake
of these proteins were key in promoting drug resistance,
it is remained to be determined how other factors con-
tained in the exosomal unit such miRNA might also sup-
port this phenomenon.

To identify reliable prognostic biomarkers, and vali-
date our in-vitro model, we extracted exosomes from

the blood sera of dogs with good and poor response
to the standard of care. The extracted exosomes from
both cohorts were subjected to proteomic analysis
which revealed a cluster of biomarkers that could pre-
dict prognosis with 100% accuracy. Interestingly, there
was only some overlap between the proteins expressed
in exosomes from the resistant cell lines and the poor
doer cohort. These findings are likely due to the low
abundance of tumor origin exosomes and to tumors het-
erogenicity in vivo. In addition, exosomes in circulation
derive from variety of tissues, and other than the malig-
nant cells, represent cells from the the tumor stroma,
and healthy tissues, which directly or indirectly might be
impacted by tumor.

One of the proteins which has great promise as a
potential biomarker is tetranectin. This protein was sig-
nificantly reduced in carboplatin resistant cells in com-
parison to their parent cells (HMPOS-S). Tetranectin
is plasminogen binding protein of the C-type family is
expressed in the stroma of breast, pancreas, and gastric
cancers [40—42]. It’s potential as a prognostic indicator
was revealed when high levels in circulation of ovarian
and colon cancer patients correlated with significantly
better outcomes [43—-45]. The notion of this protein as
a biomarker for osteosarcoma was supported by the
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Table 3 Participating dogs demographic, treatments and survival data

Patient Breed Age Sex Location Treatment DFI (days) OST (days)
1 Great Dane 9 SF Ldistal radius Sx/Carboplatin 340 420
2 Saint Bernard 6 SF Rdistal radius Sx/Carboplatin

3 Doberman 5 SF Ldistal radius Sx/Carboplatin 308 316
4 Pitbull Mix 7 NM L distal radius Sx/Carboplatin 688 < 688 <
5 German Shepherd 7 SF Rdistal radius Sx/Carboplatin 676 783
6 Saint Bernard 5 NM L distal radius Sx/Carboplatin and doxorubicin (rescue) 58 81

7 Newfoundland 5 SF Rdistal radius Sx/Carboplatin and doxorubicin (rescue) 70 165

8 Doberman 7 NM L distal radius Sx/Carboplatin, 62 196

9 Mixed 10 NM R distal radius Sx/Carboplatin and doxorubicin, Dasatinib (rescue) 88 372
10 Golden Retriever 9 NM R proximal humerus  Sx/Carboplatin and doxorubicin, listeria vaccine (rescue) 61 131

SF: Spayed female; NM: neutered male; Sx: surgery (amputation); DFI: disease free interval; OST: Overall survival time

fact that the cohort of the poor doers in this study had a
reduced expression of this protein, while the exosomes of
good doers still expressed it. The consistencies between
the in-vitro and in-vivo data support the model we have
created and pave the way for future studies.

The role of the complement system in tumor progres-
sion has been documented in several cancers [46, 47].
Secretion of certain complement factors was linked to
evasion of immune surveillance, mediation of epithe-
lial to mesenchymal transition (EMT) and autocrine
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Table 4 Discriminating proteins isolated from circulating exosomes

Protein name Good Poor responder Biological function

responder
Tetranectin v Plasminogen-binding protein, positive prognostic indicator in several cancers
Complement C2 v Complement response, poor prognostic indicator in multiple cancers
Alpha-2-macroglobulin v Protease inhibitor, poor prognostic indicator in multiple cancers
Protein S v Coagulation protein, Poor prognostic indicator

stimulation and overall decreased survival [47-49].
We have previously identified a significant correla-
tion between the decrease of complement factor C1
and increased in its inhibitor (Serpin G1) in circulat-
ing exosomes of canine osteosarcoma patients [17]. In
the current study however, we identified an increased
expression of complement factor C2, in the poor doers’
cohort. While the source of this factor, its role in dis-
ease progression and drug resistance remains elusive,
it should be considered as a potential biomarker and a
therapeutic target.

We have also demonstrated the transition of drug
resistance between two cell lines which was mediated
by exosomes. While these results suggest a mechanistic
description for drug resistance in tumors lacking innate
resistance, it is important to note that this concept has
been tested in-vitro and under very specific conditions.
It is not clear how these factors would come to play if
tested in-vivo and whether exosomes have the capacity
to mediate drug resistance between clones of the pri-
mary and metastatic tumors. Another notable weak-
ness of the study is the selection of canine patients that
were used for the biomarker discovery. In the effort to
make a clear distinction between the tested cohorts we
harvested exosomes from patients that distinctively
exhibited long, or short, disease-free intervals. To test
the fitness of these biomarkers a larger, prospective
study should be conducted in the future.

In conclusion, in this study we created carboplatin-
resistant sublines of established canine osteosarcoma
cell line HMPOS and characterized the proteome
of these cells and their correlated exosomes. The
exosomes extracted from the HMPOS-2.5 R cells
exhibit a potential to mediate drug resistance in sensi-
tive recipient cells. Exosomes extracted from the serum
of osteosarcoma canine patients contain possible prog-
nostic indicators such as: Tetranectin, as well as Com-
plement C2 and C3 proteins. Strategies of carboplatin
resistance potentiated by exosomes derived from car-
boplatin-resistant cells should be further validated as
biomarkers and potential therapeutic targets for canine
osteosarcoma.

Acknowledgements
The authors would like to thank Dr. Edward F. Barroga and Dr. Toru Fujinaga for
providing the HMPOS cells.

Authors’ contributions

MAW: Conceptualization; data curation, investigation; methodology, valida-
tion, writing—original draft. SAR: Writing—original draft, data curation,
software, statistics. HJL: Project administration, investigation, patients sample
collection, review & editing. JVB: Conceptualization, investigation, methodol-
ogy. AS: Investigation; methodology, validation. SS: Data curation, methodol-
ogy, data analysis-proteomic. CSM: Data curation, methodology, data analysis-
proteomic, review & editing. TM: Methodology, data collection. CER: review
& editing, validation, methodology, investigation. SB: Conceptualization, data
curation, investigation writing—original draft. All authors read and approved
the final manuscript.

Funding
This study was funded internally by Oregon State University Department of
Clinical Sciences and Department of Biomedical Sciences.

Availability of data and materials
All data generated or analysed during this study are included in this published
article as a supplementary materials.

Declarations

Ethics approval and consent to participate

All samples used for this study were obtained from the biorepository at
Oregon State University which is under the guide lines and approval of the
Institutional Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'University of Vermont, Burlington, USA. 2Oregon State University, Corvallis,
USA. 3\/eterinary Diagnostics and Preclinical Research Services, Davis, USA.
“Washington State University, Pullman, USA. >Texas A&M University, College
Station, USA.

Received: 16 February 2021 Accepted: 19 April 2021
Published online: 01 May 2021

References

1. Mirabello L, Troisi RJ, Savage SA. International osteosarcoma incidence
patterns in children and adolescents, middle ages and elderly persons.
Int J Cancer. 2009;125(1):229-34.

2. Geller DS, Gorlick R. Osteosarcoma: a review of diagnosis, management,
and treatment strategies. Clin Adv Hematol Oncol. 2010;8(10):705-18.



Weinman et al. Cancer Cell Int

20.

21

22.

23.

24.

25.

26.

(2021) 21:245

Toguchida J, et al. Chromosomal reorganization for the expression of
recessive mutation of retinoblastoma susceptibility gene in the develop-
ment of osteosarcoma. Cancer Res. 1988;48(14):3939-43.

de Gonzalez AB, Kutsenko A, Rajaraman P. Sarcoma risk after radiation
exposure. Clin Sarcoma Res. 2012;2:1-8.

Paoloni M, et al. Canine tumor cross-species genomics uncovers targets
linked to osteosarcoma progression. Bmc Genom. 2009;10:1-3.

Simpson S, et al. Comparative review of human and canine osteosar-
coma: morphology, epidemiology, prognosis, treatment and genetics.
Acta Vet Scand. 2017;59:1.

Vail DM, MacEwen EG. Spontaneously occurring tumors of companion
animals as models for human cancer. Cancer Invest. 2000;18(8):781-92.
Skorupski KA, et al. Carboplatin versus alternating carboplatin and doxo-
rubicin for the adjuvant treatment of canine appendicular osteosarcoma:
a randomized, phase lll trial. Vet Comp Oncol. 2016;14(1):81-7.

Stewart DJ. Mechanisms of resistance to cisplatin and carboplatin. Crit
Rev Oncol Hematol. 2007;63(1):12-31.

Ohmichi M, et al. Mechanisms of platinum drug resistance. Trends Phar-
macol Sci. 2005;26(3):113-6.

. Nolan, KA, et al, Mechanisms of resistance to platinum based drugs

uncovered by protection caused by substituted coumarins. Cancer
Research, 2011.71.

Chen SH, Chang JY. New insights into mechanisms of cisplatin resistance:
from tumor cell to microenvironment. Int J Mol Sci. 2019;20(17):4136.
Crow J, et al. Exosomes as mediators of platinum resistance in ovarian
cancer. Oncotarget. 2017;8(7):11917-36.

SokolovaV, et al. Characterisation of exosomes derived from human cells
by nanoparticle tracking analysis and scanning electron microscopy. Col-
loid Surf B-Biointerfaces. 2011;87(1):146-50.

Zhang Y, et al. Exosomes: biogenesis, biologic function and clinical poten-
tial. Cell Biosci. 2019;9:1-8.

. Halvaei S, et al. Exosomes in cancer liquid biopsy: a focus on breast

cancer. Mol Ther Nucleic Acids. 2018;10:131-41.

. Brady JV, et al. A preliminary proteomic investigation of circulating

exosomes and discovery of biomarkers associated with the progression
of osteosarcoma in a clinical model of spontaneous disease. Transl Oncol.
2018;11(5):1137-46.

. Tomasetti M, et al. Exosome-derived microRNAs in cancer metabolism:

possible implications in cancer diagnostics and therapy. Exp Mol Med.
2017;49:€285.

. Mao, et al. Hypoxic exosomes facilitate angiogenesis and metastasis

in esophageal squamous cell carcinoma through altering the phe-
notype and transcriptome of endothelial cells. J Exp Clin Cancer Res.
2019;38(1):1-4.

Yuwen DL, et al. MiR-146a-5p level in serum exosomes predicts thera-
peutic effect of cisplatin in non-small cell lung cancer. Eur Rev Med
Pharmacol Sci. 2017;21(11):2650-8.

Safaei R, et al. Abnormal lysosomal trafficking and enhanced exosomal
export of cisplatin in drug-resistant human ovarian carcinoma cells. Mol
Cancer Ther. 2005;4(10):1595-604.

Barroga EF, et al. Establishment and characterization of the growth and
pulmonary metastasis of a highly lung metastasizing cell line from canine
osteosarcoma in nude mice. J Vet Med Sci. 1999,61(4):361-7.

Wang F. Culture of animal cells: a manual of basic technique. Vitro Cell
Dev Biol Anim. 2006;42(5):169-169.

Kuleshov MV, et al. Enrichr: a comprehensive gene set enrichment analy-
sis web server 2016 update. Nucleic Acids Res. 2016;44(W1):W90-7.
Chen WX, et al. Exosomes from drug-resistant breast cancer cells transmit
chemoresistance by a horizontal transfer of microRNAs. PLoS ONE.
2014,9(4):295240.

Alharbi M, et al. miRNa signature in small extracellular vesicles and their
association with platinum resistance and cancer recurrence in ovarian
cancer. Nanomed Nanotechnol Biol Med. 2020,28:102207.

27.

28.

29.

30.

Page 13 of 13

Sharma SV, et al. A chromatin-mediated reversible drug-tolerant state in
cancer cell subpopulations. Cell. 2010;141(1):69-80.

Sakai W, et al. Secondary mutations as a mechanism of cisplatin resist-
ance in BRCA2-mutated cancers. Nature. 2008:451(7182):1116-20.
Rottenberg S, Disler C, Perego P. The rediscovery of platinum-based
cancer therapy. Nat Rev Cancer. 2021;21(1):37-50.

Zhou B-BS, Elledge SJ. The DNA damage response: putting checkpoints
in perspective. Nature. 2000;408(6811):433-9.

31. Tew KD, et al. The role of glutathione S-transferase P in signaling
pathways and S-glutathionylation in cancer. Free Radical Biol Med.
2011;51(2):299-313.

32. Daubeuf s, et al. Different mechanisms for gamma-glutamyltransferase-
dependent resistance to carboplatin and cisplatin. Biochem Pharmacol.
2003;66(4):595-604.

33. Chen HH, Kuo MT. Role of glutathione in the regulation of Cisplatin resist-
ance in cancer chemotherapy. Met Based Drugs. 2010;2010:430939.

34. Yang S-J, et al. Predictive role of GSTP1-containing exosomes in chemo-
therapy-resistant breast cancer. Gene. 2017,623:5-14.

35. Clevers H. Wnt/B-Catenin signaling in development and disease. Cell.
2006;127(3):469-80.

36. LiuL, etal. Inhibition of Wnt/B-catenin pathway reverses multi-drug
resistance and EMT in Oct4+/Nanog+ NSCLC cells. Biomed Pharmaco-
ther. 2020;127:110225.

37. LiuY-Y, et al. Glucosylceramide synthase upregulates MDR1 expression
in the regulation of cancer drug resistance through cSrc and -catenin
signaling. Mol Cancer. 2010;9(1):145.

38. Gong L, etal. WDHD1 leads to cisplatin resistance by promoting MAPRE2
ubiquitination in lung adenocarcinoma. Front Oncol. 2020;10:461.

39. He M, Chao L, You YP. PRPST silencing reverses cisplatin resistance in
human breast cancer cells. Biochem Cell Biol. 2017;95(3):385-93.

40. Obrist P, et al. Aberrant tetranectin expression in human breast carcino-
mas as a predictor of survival. J Clin Pathol. 2004;57(4):417-21.

41. Chen H, et al. High intratumoral expression of tetranectin associates
with poor prognosis of patients with gastric cancer after gastrectomy. J
Cancer. 2017;8(17):3623-30.

42. Holtet TL, et al. Tetranectin, a trimeric plasminogen-binding C-type lectin.
Protein Sci. 1997,6(7):1511-5.

43. Hegdall CK; et al. Pre-operative plasma tetranectin as a prognostic marker
in ovarian cancer patients. Scand J Clin Lab Invest. 1993;53(7):741-6.

44. Hegdall CK, Christensen L, Clemmensen |. The prognostic value of
tetranectin immunoreactivity and plasma tetranectin in patients with
ovarian cancer. Cancer. 1993;72(8):2415-22.

45. Hegdall CK, et al. Plasma tetranectin and colorectal cancer. Eur J Cancer.
1995;31(6):888-94.

46. KaidaT, et al. C5a receptor (CD88) promotes motility and invasiveness of
gastric cancer by activating RhoA. Oncotarget. 2016;7(51):84798-809.

47. Cho MS, et al. Autocrine effects of tumor-derived complement. Cell Rep.
2014,6(6):1085-95.

48. Markiewski MM, et al. Modulation of the antitumor immune response by
complement. Nat Immunol. 2008;9(11):1225-35.

49. Cho MS, et al. Complement component 3 is regulated by TWIST1
and mediates epithelial-mesenchymal transition. J Immunol.
2016;196(3):1412-8.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Exosomal proteomic signatures correlate with drug resistance and carboplatin treatment outcome in a spontaneous model of canine osteosarcoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Cell lines
	Generation of carboplatin resistant cell lines
	Carboplatin proliferation assay (MTS)
	Determination of generation time
	Cell cycle phase analysis
	Exosome isolation, quantification, and validation
	Exosomal modulation of carboplatin resistance
	Mass spectrometry
	Immunoblotting
	Patient sera collection
	Statistical analyses
	Results
	Characterization of carboplatin resistant HMPOS osteosarcoma cell lines
	Proteomic analysis of carboplatin resistant HMPOS cells and exosomes
	Exosomal effect on cell cycle phase
	Exosomal transfer of carboplatin resistance to sensitive cells
	Proteomic analysis of canine osteosarcoma patient serum exosomes

	Discussion
	Acknowledgements
	References




