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1. Introduction
Osteosarcoma is a highly complex tumor of mesenchymal lineage that affects both
humans and canines. In humans, the incidence of osteosarcoma is reported as 1-3
cases per million annually (1). It often strikes adolescents around age 12-15 (as well
as those over the age of 60), can present with pulmonary metastases, and has poor
survival rates, even in the face of treatment with surgical resection and/or
chemotherapy (2, 3). Canine osteosarcoma shares many characteristics with the
human equivalent, including location in the appendicular skeleton, histology, grade,
tendency to metastasize to the lung and overall metastatic rate, and use of similar
adjuvant/neoadjuvant chemotherapy regimens (4). The incidence of canine
osteosarcoma is much greater than the human counterpart due to the inherently
shorter lifespan of dogs, which allows for improved data collection and clinical study.
As canine osteosarcoma tumors develop spontaneously, the multifactorial etiology
can be studied in greater detail with canine models of the disease (5).
The use of surgery and adjuvant chemotherapy to treat since the 1970s increased the
5-year survival rate for human patients from 20% to 60-70% (6). In recent years,
these statistics have shown limited improvement due to a lack additional treatments or
therapies for this tumor. The limited survival in both human and canines is a sequela
of local recurrence at the surgical site and/or metastasis to the lung or other organs.
These conditions are often due to chemotherapy resistance of osteosarcoma cells,
which, along with many other types of cancer, are capable of surviving treatment via
multiple strategies (7). Chemotherapy resistance is an outcome of numerous
molecular mechanisms and pathways, including efflux, drug detoxification, genomic
1

instability of the tumor, tumor heterogeneity, and the tumor microenvironment,
among others (8-11).
Recent research has focused on the Cancer Stem Cell theory, which denotes the
involvement of dedifferentiated stem-like cells, conferring multipotency, unlimited
self-renewal and enhanced drug resistance, all of which are associated with disease
progression and poor prognosis (12). One relatively unexplored area of osteosarcoma
drug resistance focuses on the role of exosomes, which are small extracellular
vesicles secreted by most cells that function as intercellular messengers (13). As these
vesicles contain various effector molecules, such as DNA, RNAs, proteins, and lipids,
they have a potential to modulate the function and phenotype of recipient cells (14).
Knowing this, there is a distinct potential for exosomes derived from drug resistant
cells to deliver effector molecules to chemotherapy sensitive cells, which may impart
a drug resistant phenotype upon them (15).
In osteosarcoma, the molecular mechanisms that facilitate the development of drug
resistance remain to be fully elucidated. The intent of our study is to use canine
osteosarcoma as a spontaneous model to explore these molecular mechanisms and
whether exosomes can be implicated in promoting drug resistance. To do so, we
created an in vitro model of carboplatin-resistant canine osteosarcoma cells, as
carboplatin is the standard of care for osteosarcoma in human and canine medicine.
We then characterized the sensitive parental osteosarcoma cells and their resistant
counterparts, in tandem with their respective exosomes, to identify strategies of
resistance and the induction and/or modulation of these strategies in sensitive cells via
resistant cell exosomes. These data were then compared against the contents of serum
2

exosomes derived from canine osteosarcoma patients with both good and poor
responses to carboplatin-based chemotherapy.
Cells resistant to various concentrations of carboplatin were repeatedly selected,
expanded, and validated to generate resistant clones. A distinct change in cell
morphology, generation time, and phenotype was noted in cells of intermediate (2.5
µM) and high carboplatin resistance (10 µM). These morphological changes and
carboplatin resistance were attenuated after passaging resistant cells for ten
generations in the absence of carboplatin, signifying that portions of these cells return
to a more chemotherapy-sensitive phenotype without external stressors. Proteomic
data of these cells suggests that, in addition to the transfer of known mediators of
platinum resistance such as metallothionein-1G, histone H1.3, and 14-3-3 proteins,
the Wnt/β-catenin pathway may be involved in exosome-mediated reprogramming of
chemosensitive cells. Expression of stemness factors and genes involved in canonical
Wnt/β-catenin signaling is induced in sensitive cells after exosome treatment, as well
as an increase in active β-catenin protein levels. Taken together, these data suggest
that resistant cell exosomes have the potential to initiate and propagate a carboplatinresistant phenotype amongst otherwise sensitive osteosarcoma cells. Ultimately,
further investigation of chemotherapy resistance in canine osteosarcoma, the contents
of osteosarcoma exosomes, and targeting of these processes/exosomal effectors is
warranted.
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2. Literature Review
2.1 – Hallmarks of Cancer
The development of tumors and their progression is a multi-step process that results
in drastic genotypic and phenotypic changes in these malignant cells. Hanahan and
Weinberg, have proposed (and updated) several umbrella classifications of various
tumor-associated phenomena, known as the “Hallmarks of Cancer” (16). As
displayed in Figure 2.1, these processes are largely representative of the fundamental
processes for cancer initiation and progression. In cancer, sustained proliferative
signaling can accelerate cancer cell progression through the cell cycle. Evasion of
growth suppressors (or loss of function of tumor suppressors) allows cancer cells to
circumvent regulatory framework to limit cell growth. Resisting cell death entails
suppression or failure of pro-apoptotic mechanisms. Replicative immortality is
conferred to cancer cells by telomerase and allows for unlimited cycles of cell
division. The induction of angiogenesis provides tumors a means of accessing
nutrients, oxygen, and a means of metabolic waste disposal, allowing for sustained
life. The initiation of invasion and metastasis allows cells to (depending on origin)
intravasate, metastasize to a new location, extravasate, and propagate a new tumor in
the new location. All six of these hallmarks of cancer have served as significant areas
of research since their greater classification by Hanahan and Weinberg in 2000.
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Figure 2.1 – Hallmarks of Cancer. A classification of six phenomena that provides a greater
organization to biological capabilities of tumors. Further recognition and study of these concepts and
their underlying biology have resulted in significant progress in cancer biology research. Figure
adapted from (11).

In 2011, Hanahan and Weinberg proposed two additions as the next generation of
cancer hallmarks: deregulation of cellular metabolism (17-19), and evasion of
immune destruction (20-22). As proposed by Otto Warburg, the metabolic plasticity
of tumor cells allow them to further proliferate via shifts in glycolytic character,
amino acid metabolism, among many other metabolic alterations that permit
enhanced growth and spread. Further study into cancer metabolism has provided
newer insights into the Warburg effect and the functionality of the mitochondria as
the metabolic powerhouse of the cell (23). Newer drugs are being developed and
approved to target metabolic enzymes, such as isocitrate dehydrogenase 2, to prevent
further growth and spread of tumors bearing an IDH2 mutation (24). Immune evasion
5

has been a large area of cancer research in recent years. Briefly, the concept of
immune system surveillance of cancer has focused on the contrast between immune
activation and suppression (25), infiltration of immune cells into the tumor (26), and
the inherent immunogenicity of the tumor with regards to both the innate and
adaptive arms of the immune system (27).
2.2 – Bone Physiology
Osteoblast Differentiation
Before examining the molecular underpinnings of osteosarcoma oncogenesis, the
highly intricate physiology and homeostasis of bone must be understood. The process
of osteogenesis is a complex, multicellular process that is tightly regulated. Firstly,
mesenchymal stem cells represent the lineage from which osteoblasts, the cells that
form bone, are derived from. These stem cells are also capable of differentiating into
cartilage, muscle, marrow stroma, tendon, fat, and other connective tissue cell types
(28). The first stage of commitment to the osteoblastic fate occurs when the
transcription factor Runx2 is first expressed (29). Runx2 is essential for osteoblastic
differentiation, as Runx2-knockout mice display a complete lack of osteoblast
maturation (30). At this stage, the mesenchymal stem cells are now immature
osteogenic precursor cells (preosteoblasts). Runx2 triggers the expression of bone
matrix protein genes, such as type 1 collagen, osteopontin, osteocalcin, and bone
sialoprotein in the early stages of osteogenic differentiation (31). Furthermore, Runx2
also promotes G1 arrest / quiescence during this process (32). Interestingly, Runx2 is
not required for maintenance of expression for the aforementioned bone matrix
6

protein genes in mature bone, and Runx2 protein levels will decrease with maturation,
as high Runx2 protein levels actively inhibit osteoblastic maturation (33). Overall,
levels of Runx2 actively fluctuate depending on state of cell cycle, which confers
varying degrees of control over the differentiating cell to Runx2. In osteoblasts,
Runx2 levels peak at G1, prevent transition to S phase, and decrease in the S and M
phases (34).
From the preosteoblast stage, the transcription factor Sp7/Osterix is required for the
next stage of differentiation to an immature osteoblast, as preosteoblasts from Sp7knockout mice showed both a lack of mature osteoblasts and preosteoblastic
transdifferentiation into chondrocytes (35). Additionally, Runx2-knockout mice did
not display Sp7 expression, indicating that SP7 acts downstream of Runx2, a
phenomenon explained by a Runx2 binding site on the Sp7 gene promoter region
(36). Sp7 expression prevents differentiation into chondrocytes, catalyzes further
maturation of the immature osteoblast, induces alkaline phosphatase and osteocalcin
expression, and negatively regulates osteoblastic differentiation via control over
canonical Wnt signaling (37). As the osteoblast matures, it entombs itself in bone
matrix and develops into an osteocyte, which exhibits further regulatory effects on
osteoblast differentiation. As this process occurs, Sp7 can activate expression of
Sclerostin, another antagonist of canonical Wnt signaling, in mature osteoblasts and
osteocytes (38). There are still research questions surrounding what additional
candidate target genes are turned on by Sp7, as this is a question with few answers. A
summary of osteoblast differentiation and the roles of Runx2/Sp7 are presented in
Figure 2.2.1.
7

Figure 2.2.1 – Osteoblastic Differentiation from the Mesenchymal Stem Cell. In the presence of
appropriate signals and stimuli, mesenchymal stem cells will express Runx2 and commit to the
osteoblast lineage. Preosteoblasts then begin to express Sp7/Osterix and differentiate into immature
osteoblasts. The osteoblast maturation process will continue, along with the production of bone matrix.
These cells will entomb themselves in bone matrix and terminally differentiate into osteocytes. Figure
adapted from (39).

Wnt/β-catenin Signaling
To complicate this system further, canonical Wnt signaling and subsequent βcatenin/Tcf/Lef transcriptional activity are key regulators of the osteoblast
differentiation process (40). Briefly, Wnts are secreted glycoproteins that bind
Frizzled family receptors and LDL receptor-related proteins (LRP5/6). Through this
binding, Wnts can control the activity of β-catenin, which exerts profound effects
over cellular programming. In the absence of Wnts, β-catenin exists in the cytoplasm
and is bound by the β-catenin destruction complex. The structure of the destruction
8

complex is comprised of four proteins: the scaffolding protein Axin, the
Adenomatous Polyposis Coli (APC) protein (which has two β-catenin-binding
domains marked by amino acid repeats), the Casein Kinase 1 (CK1) enzyme (which
binds Axin and phosphorylates β-catenin at Ser45), and the Glycogen Synthase
Kinase (GSK3) enzyme (which binds Axin and phosphorylates β-catenin at Thr41,
Ser37, and Ser33). The kinetics of this complex and β-catenin (in the absence of
Wnts) are as follows: β-catenin binds to Axin, CK1 phosphorylates β-catenin, which
allows for GSK3 to also phosphorylate β-catenin. In turn, β-catenin is displaced from
Axin, binds APC at the high-affinity amino acid repeat sequences, and is recognized
by the cellular ubiquitin ligase complex with subsequent ubiquitination and
degradation of β-catenin (41). This way, β-catenin cannot translocate to the nucleus
and modulating gene expression. The inhibitory process is summarized in Figure
2.2.2.

9

Figure 2.2.2 - β-catenin and the destruction complex in the absence of Wnts. As cytosolic βcatenin is synthesized, it binds the destruction complex via Axin/APC [1-2], which allows for CK1 and
GSK3 to phosphorylate β-catenin [3-4]. This heightens the affinity of the 20 amino acid repeat
sequence on APC to β-catenin, which then binds to β-catenin, displacing it from Axin [5]. This allows
for recognition of β-catenin by ubiquitin ligase complex and subsequent ubiquitination/degradation of
β-catenin [6]. Figure adapted from (41).

In the presence of Wnt ligand, this dynamic is altered. Wnt ligand first binds to the
Frizzled receptor and its coreceptor, LRP5/6. This results in the formation of a WntFrizzled-LRP5/6 complex and the subsequent recruitment of Dishevelled, a
scaffolding protein. This allows for phosphorylation of LRP5/6 on the cytosolic
portion, which activates and recruits Axin from the destruction complex. In doing so,
Axin is unable to phosphorylate β-catenin, resulting in β-catenin stabilization, nuclear
10

translocation, nuclear complex formation with Tcf/Lef, and Wnt target gene
activation. This process, relative to the absence of Wnt, is summarized in Figure
2.2.3.

Figure 2.2.3 – Absence and Presence of Wnt Ligand vs β-catenin state. In the absence of Wnt, βcatenin is bound by the Axin-APC-GSK3-CK1 destruction complex. In the presence of Wnt ligand, the
Frizzled receptor and the LRP5/6 coreeptor form a complex with Wnt ligand, inducing intracellular
LRP5/6 phosphorylation, Axin recruitment, and liberated β-catenin that translocates to the nucleus.
Figure adapted from (42).

With respect to osteoblast differentiation, proliferation, and bone mass, Wnt signaling
and β-catenin activity exerts significant effects over these processes. β-catenin itself
is required for osteoblast differentiation, as β-catenin-knockout mice leads to
preosteoblasts being blocked from full maturation and transdifferentiating into
chondrocytes instead, implying that β-catenin activity blocks chondrocyte
differentiation (43). Additionally, β-catenin activity induces the expression of bone
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morphogenic protein 2 (BMP2), which is also required for osteoblast differentiation
via positive regulation of Sp7 in coordination with Runx2 (44, 45). With regards to
the Wnt receptors, LRP5 loss-of-function mutations have led to an osteoporotic
phenotype, while LRP5 gain-of-function mutations are associated with high bone
mass diseases (46, 47).
The wide array of Wnt ligands can drastically affect osteoblastic differentiation, as
there are 19 members of this family whose functions are not fully elucidated (48).
The Wnts that are known to promote osteoblast differentiation and subsequent
osteogenesis are Wnt7b (via a non-canonical pathway), Wnt10b (via induction of
Runx2/Sp7 expression), and Wnt5a (via epigenetic repression of adipocyte
differentiation) (49-51). Additionally, Wnt10b and Wnt1 both act to suppress
adipocyte differentiation via inhibition of adipocytic transcription factors PPARγ and
C/EBPα (52). The delivery of Wnt ligands between cells is highly variable, as this
can occur via release from the plasma membrane and solubilization, packaging into
exosomes, or incorporation into lipoprotein particles via lipid modification (53).
The inhibition of LRP5/6 is integrated into normal bone mass homeostasis. Two
proteins, Sclerostin/Dickkopf-related protein 1 (Dkk1), are produced and secreted by
osteocytes. Both of these proteins functionally prevent LRP5/6-Frizzled complex
formation and negatively regulate osteoblast differentiation and proliferation (54).
Additionally, Sp7 has been shown to bind to the Dkk1 promoter, indicating that
osteoblast differentiation and activity is self-regulating to a degree (55). In contrast,
Dkk2 has been shown to exert dual function by affecting bone formation and bone
resorption (56). Another class of proteins that antagonize LRP5/6 are the Secreted
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Frizzled-Related Proteins (sFRPs), as demonstrated by sFRP1-knockout mice
displaying an increase in Wnt signaling and subsequent increases in bone mass (57).
Studies have shown significant redundancy of function within the sFRP family with
respect to bone formation (58).
Taken together, the activity of β-catenin signaling is physiologically precise during
mesenchymal stem cell differentiation into an osteoblast, with several mechanisms
ensuring that both the Runx2/Sp7 expression programs are locked in, as well as
negative feedback via osteocyte-derived Sclerostin/DKK1 and sFRPs. The ratio of
Wnt ligand to Wnt receptor inhibitor can govern the state of net osteoblastic
differentiation. The protein-protein interaction dynamics of Wnt-LRP5/6-Frizzled and
GSK3-Axin-APC-CK1-β-catenin modulate the activity of this pathway, depending on
ground state of the cell. Extracellular signaling from hormones and cytokines can also
modify canonical Wnt/β-catenin signaling.
2.3 – Molecular Basis of Osteosarcoma.
Genetic Mutations and Syndromes
Many of the biological capabilities of osteosarcoma, both human and canine, can be
categorized under the hallmarks of cancer, further underscoring the intricate
pathophysiology of this tumor. There exist several factors that can predispose one to
develop osteosarcoma. In humans, a tall height and a high birth weight are both risk
factors (3). This also implicates larger dog breeds in their tendency to develop
osteosarcoma. Dr. Joseph Fraumeni noted that children with osteosarcoma were
distinctly taller than their control group at the time, suggesting that skeletal growth
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rates and pubertal effects can precipitate osteosarcoma oncogenesis (59). One recent
genome-wide association study has further supported this notion, indicating that the
biological pathways that modulate normal bone growth may be involved in
osteosarcoma etiology, as bone turnover is high and cellular defects can be amplified
at this stage of development (60).
Genetically, there is precedent for profound predisposition to osteosarcoma. germline
mutations in the retinoblastoma susceptibility (pRb) gene can initiate the pathogenesis
of osteosarcoma, which underscores the importance of tumor suppressor function
(61). In concordance, there are numerous studies examining mutations of tumor
suppressor p53 in osteosarcoma, which demonstrate that gene abnormalities of p53
are extremely common, correlated to genomic instability, and facilitate the growth,
spread, and stem-like character of osteosarcoma tumor cells (62-64). Given the
previously-described multiplicity of p53/pRb-Runx2 interactions, loss-of-function or
outright deficiency in either tumor suppressor yields significant consequences.
Deficiency of p53 yields increased osteoblast differentiation and proliferation,
potentially via the loss of p53 activation of miR-34b/c, which suppresses cell
proliferation (65, 66). There are various clinical syndromes that describe p53/pRb
genetic defects leading to increased osteosarcoma risk, such as Li-Fraumeni
syndrome, Hereditary Retinoblastoma, Rothmund-Thompson Syndrome, and others.
Numerous analyses of chromosome copy number gains and losses at various loci in
the genome of osteosarcoma cells have yet to discover much clinically useful
information, such as identification of driver mutations, for both veterinary and human
medicine (67). Another heritable gene mutation that predisposes one to osteosarcoma
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involves the RECQ4L gene, which encodes a DNA helicase. Loss of function
mutations of this gene are significantly associated with juvenile human osteosarcoma
(68), despite the mechanism behind oncogenic mutations in this gene being largely
unknown. Moreover, mutations in RECQ4L appear to be their own distinct genetic
entity in Rothmund-Thompson Syndrome patients and do not appear in sporadic
osteosarcoma, suggesting a separate etiology (69). Recently, a new candidate driver
mutation in the SETD2 gene has been described in canine and human osteosarcoma,
which regulates osteosarcoma growth via downregulation of Wnt/β-catenin signaling
and subsequent decrease in stem-like characteristics (70). Interestingly, an acquired
SETD2 mutation in human NSCLC conferred cisplatin resistance via dysregulation of
the ERK pathway, suggesting potential for a similar effect in osteosarcoma (71). As
SETD2 encodes a histone methyltransferase, the epigenetics of this gene in relation to
osteosarcoma warrants further investigation.
Aberrant Osteoblastic Differentiation
The tumor heterogeneity of osteosarcoma is pronounced, and the potential for
homeostatic disruption of osteoblast differentiation is significant due to the multiple
steps of the process. With osteoblastic, fibroblastic, chondroblastic, and other subtype
classifications, a question has arisen: what cell type is the cell of origin? There are
two distinct theories on how aberrant osteoblastic differentiation can lead to
osteosarcoma of various subtypes. In the “Genetic Mutation Model”, a single cell can
accumulate various genetic mutations, deletions or become dysregulated, the
culmination of which can dictate differentiation state, trans-differentiation capacity
and proliferative ability during osteoblast differentiation and maturation. In the “Cell
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of Origin Model”, genetic mutations, deletions, or dysregulation occur at stages of
osteoblast differentiation that relate to specific preosteoblast cell populations, which
indicates that different preosteoblast populations bearing genetic mutations can give
rise to different subtypes of osteosarcoma. (72).

Figure 2.3.1 – Osteosarcoma Origin Modeling. (A) With the Genetic Mutation Model, cells
accumulate defects and mutations throughout the process of osteoblast differentiation, which can
confer subtype and ability to trans-differentiate between subtypes. (B) In the Cell of Origin Model,
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cells from distinct preosteoblast populations suffer genetic mutations, which can alter cellular
programming and subtype. Figure adapted from (72).

With respect to Runx2 functionality, the protein level relative to cellular state governs
whether Runx2 suppresses or encourages cell growth. In a state of genomic instability
(such as p53/pRb inactivation), Runx2 can become overamplified, leading to drastic
dysregulation of osteoblast differentiation (Figure 2.3.2). The consequences of Runx2
overexpression are profound and numerous. Runx2 has been found to be antiapoptotic in the presence of oxidative stress (73), directly inhibit p53-mediated
apoptosis in the context of DNA damage (assuming p53 is functional) (74),
upregulate PI3K/Akt signaling to favor cellular proliferation and migration (75),
induce the dephosphorylation of pRB to favor cell cycle exit (assuming pRb is
functional) (76), and increase RANKL expression to favor osteolysis (77, 78), among
other functions. With respect to clinical outcome, high Runx2 expression has been
found to correlate with increased metastasis and decreased survival (79, 80). These
data indicate Runx2 protein levels have predictive value for osteosarcoma patients.
Additionally, Runx2 and Sp7 protein levels appear to be negatively correlated in
osteosarcoma, as Sp7 is under-expressed and is not correlated with metastasis (81).
Interestingly, transfection of Sp7 into osteosarcoma cell lines in vitro results in
decreased proliferation, metastatic character, and increased apoptosis (82). Studies
have shown that Runx2high Sp7low expression pattern is characteristic of all
osteosarcoma (83), which indicates that further study is needed to understand the
Runx2-Sp7 axis and how these two factors interact.

17

Figure 2.3.2 – Runx2 protein levels. In normal osteogenesis (A), Runx2 protein levels undergo
physiological increases and decreases relative to differentiation state. In the event of genomic
instability (B), Runx2 can be inappropriately amplified, which favors increased preosteoblast
proliferation and inhibits osteoblastic maturation. Adapted from (84).

Dysregulation of Wnt/β-catenin Signaling
In the context of osteosarcoma, Wnt/β-catenin signaling can become highly
dysregulated with significant consequences. β-catenin mutations, which occur in
sequences encoding particular residues where the destruction complex phosphorylates
β-catenin and render the pathway constitutively active, have been thoroughly
described in a variety of human cancers (85). In human osteosarcoma studies, βcatenin expression, along with its transcription factor partner Lef1, are overexpressed
in comparison to normal human tissues (86). In canine osteosarcoma, conflicting data
18

regarding the β-catenin expression level exists, as well as data indicating that βcatenin is not mutated and that cytoplasmic accumulation of β-catenin is frequent
(87). The significance of cytoplasmic vs nuclear β-catenin accumulation is a matter of
scientific debate; the nuclear accumulation of β-catenin is most commonly associated
with oncogenic effects via activation of genes such as c-Myc and cyclin D1 (88).
Studies in both human and canine osteosarcoma regarding β-catenin sub-localization,
which show cytoplasmic accumulation is more prominent in both clinical patient
samples and in vitro cell lines in both species (89, 90). This suggests that either
Wnt/β-catenin signaling is lost during osteosarcomagenesis, or that cytoplasmic
localization of β-catenin acts independently of gene transcription through an unknown
mechanism.
However, studies using some of the same cell lines have shown that β-catenin activity
is prerequisite for cancer cell proliferation via increased Runx2 expression The
nuclear localization of β-catenin may be induced by chemotherapy treatment and the
development of drug resistance, as several studies have demonstrated (91-93). These
studies also denote the impact of multiple miRNAs on engaging the Wnt/β-catenin
pathway and the development of cancer stem cells. Taken together, the limited
nuclear β-catenin localization in patient samples and in some cell line studies may be
indicative of chemotherapy-sensitive cells, and those cells that stain positive on
immunofluorescence for nuclear β-catenin may be indicative of a greater population
of stem-like osteosarcoma cells. Since cancer stem cells are associated with
metastasis and drug resistance, it would follow that increased nuclear and cytoplasmic
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β-catenin localization are associated with metastasis (94). Knockdown of β-catenin
has been shown to interfere with invasion and metastasis as well (95)
Other components of the β-catenin signaling pathway also have potential to affect
osteosarcoma. LRP5 expression has been found to serve as a marker of disease
progression in high-grade osteosarcoma (96); inhibition of LRP5 has been shown to
reduce motility and invasion of osteosarcoma cells (88). These findings suggest WntLRP5 signaling plays a role in metastasis. In support of this notion, blockade of WntLRP5 signaling has been shown to decrease expression of metallothionein and
metalloproteases, which play roles in drug resistance and invasion, respectively (97,
98). Mutations in the APC gene, which functions in the β-catenin destruction
complex, have been described as a hereditary cancer syndrome named Familial
adenomatous polyposis (FAP), as this mutation renders β-catenin signaling
constitutively active (99). Additionally, mutations in Axin (100) and GSK3 (101)
have also been shown to have the same ultimate effect in various cancers. In
osteosarcoma specifically, these mutations have not been described often, but remain
possible due to the genetic instability inherent to osteosarcoma.
2.4 – Osteosarcoma Treatments and Chemotherapy Resistance.
As the state of medical treatment currently stands for osteosarcoma, the addition of
new, clinically viable treatments have been nearly non-existent in both human and
veterinary medicine. Current treatment for osteosarcoma consists of neoadjuvant
chemotherapy, limb-sparing surgical resection or amputation (the latter of which is
more common in veterinary medicine), and post-surgical adjuvant chemotherapy
20

(102). The chemotherapy drugs (both in isolation or in combination) that have
historically yielded the most success against osteosarcoma are cisplatin/carboplatin,
doxorubicin, and methotrexate (103). As our study focuses on the effects of and
resistance to platinum drugs, a knowledge of drug mechanisms and resistance
strategies is imperative.
Carboplatin is a second-generation platinum drug that mainly targets the DNA of a
cell (104). Carboplatin can enter the cell via passive diffusion or transport via highaffinity copper transporters, such as Ctr1 (105). Its method of action involves the
formation of intrastrand platinum-DNA adducts and interstrand DNA crosslinks after
undergoing biotransformation to its active form (which is identical to that of
cisplatin). The inactive structure and active structures are shown below (Figure 2.4.1).
These platinum-DNA complexes inhibit DNA replication of the cell, prevent DNA
transcription, induce degradation of telomeres, and trigger apoptosis (106). The
cellular response to the presence of these platinum-DNA adducts is highly variable
and entails a variety of mechanisms, leading to selection of tumor cells (including
osteosarcoma) capable of adapting one or more of these strategies.
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Figure 2.4.1 – Carboplatin Structure and Aquation. The top portion of Figure 2.4.1 displays the
inactive form of carboplatin, and the bottom portion describes the biotransformation mediated via
water into the active Diaquo form, creating a divalent cationic species capable of binding DNA. Figure
adapted from (123).

Classical Platinum Resistance Mechanisms
Before platinum drugs bind DNA, cells can modulate the carboplatin bioavailability
within the cell via reduced uptake and active efflux. Cells deficient in Ctr1 are more
platinum resistant, as copper competes for platinum uptake, thus tying decreased
copper intake to decreased platinum intake (107). Cells can overly pump platinum
drugs out via ATP7A/B pumps and via packing of platinum into lysosomes for
eventual exosome-mediated platinum discharge (108, 109). Platinum resistant tumor
cells can also modify the intracellular pH to become more basic, which results in less
conversion of the inactive form to the active form (110). In concordance, cellular pH
is lowest at the G1 phase of the cell cycle, while it is at its highest at G2/M, indicating
that cell cycle arrest at G2/M can also act to modulate cellular pH. Decreases in
platinum availability via these mechanisms, both passive (pH increase) and active
(efflux), serve to protect the genome from platinum-mediated genotoxicity.
Another prominent form of platinum resistance that cells engage is the DNA
mismatch repair response, invoking responses from proteins such as DNA
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polymerases, ERCC1/XPF, XPA, BRCA1, and others (111, 112). These proteins
efficiently remove platinum from transcriptionally active regions of the genome,
allowing for cell survival. Conversely, tumor cells are also able to tolerate the
presence of platinum. The platinum adducts formed are recognizable by the abundant
high-mobility group family proteins (specifically HMGB1), which directly bind to
these adducts and shield them from DNA mismatch repair proteins, leading to
tolerance (106, 113). HMGB1 can also transduce DNA damage signals via the
MAPK, PI3K/AKT, and NF-κB pathways, all of which promote cell survival (114).
HMGB1 has also been found to be secreted by apoptotic cells, potentially mediating
resistance in a paracrine manner (115). Evidence of HMGB1 overexpression and
increased platinum sensitivity has been demonstrated, which may suggest HMGB1
function in the setting of DNA damage is more complex and may inversely correlate
with protein levels (116). Furthermore, the H1 family histone linker proteins can also
bind cis-platinated DNA at a much higher affinity than HMGB1 and create the same
shielding effect (117). Taken together, HMGB1 may be less efficient at shielding
platinum-DNA adducts than histone H1 but exerts significant modulation of cellular
signaling that promotes a resistant cellular phenotype.
Intracellular detoxification of platinum drugs is also seen frequently in platinum
resistant tumor cells. There exist numerous studies describing the role of glutathione
(GSH) and glutathione-S-transferase (GST) in direct intracellular binding and
detoxification of platinum drugs and associated oxidative stress (118, 119).
Furthermore, other GSH-associated enzymes, as well as other redox enzymes, can
also lead to platinum resistance (120, 121). In synergy with these mechanisms,
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intracellular metallothionein proteins, which also contain SH groups, modify
intracellular zinc concentrations, and detoxify heavy metal ions, are upregulated in
the setting of platinum resistance and are correlated with increased tumor stage and
decreased cellular differentiation (122). All these platinum binding-based methods of
detoxification can operate in tandem to sequester platinum drugs inside of the cell.

Figure 2.4.2 – Classical Carboplatin Resistance Mechanisms. Depicted above are multiple
resistance mechanisms that have been well studied in platinum-resistant tumors. Platinum can be
sequestered by GSH and metallothioneins, exported via ATP7A/B and MRP2, and removed from
DNA via repair mechanisms. Decreases in uptake can be seen via deficiency of CTR1/2. Not depicted
are increased cellular pH and tolerance of platinum-DNA adducts. Figure adapted from (123).

Novel Platinum Resistance Mechanisms
Newer studies have described other phenomena that facilitate the platinum resistant
phenotype in tumor cells. Since osteosarcoma often bears p53 mutations or deletions,
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it is of no surprise that lack of p53 tumor suppressor function facilitates platinum
resistance, and restoration of p53 results in enhanced platinum sensitivity (124), all of
which ostensibly contributes to the frequency of osteosarcoma relapse. After
treatment with platinum drugs, resistant cells have been shown to overexpress COX2, which has been associated with poorer prognosis and outcome in some cancers
(125). This relationship has been linked to increased efflux pump expression
downstream of COX-2 activity, which can be abrogated with COX-2 selective
inhibitors (126). This warrants the study of COX-2 inhibitors in other cancers, such as
osteosarcoma.
The induction of heat shock proteins is a well-studied phenomenon under conditions
of cellular stress. The presence of platinum drugs in the cell is no exception to this
response, as platinum resistant tumor cells overexpress HSP27 (127, 128). HSP27
becomes active under cytotoxic conditions, and can enact multiple anti-apoptotic
mechanisms after phosphorylation, such as inhibition of procaspase-9 cleavage and
inhibition of Daxx nuclear translocation (129, 130). HSP27 phosphorylation has also
been shown to block apoptosis via association with transforming growth factor-β
activated kinase 1 (TAK1) and subsequent activation of p38 and ERK signaling
(131).In embryonic stem cells, HSP27 induction has been shown to increase cellular
GSH levels, further potentiating a known platinum resistance mechanism (132). The
potency of this protein is notable, but its functionality in the context of osteosarcoma
is not fully studied.
Wnt/β-catenin signaling can also contribute to platinum chemotherapy resistance.
One proposed mechanism is the promotion and maintenance of a cancer-initiating cell
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(cancer stem cell)-like phenotype via β-catenin activity (92). The oncogene c-Kit,
which can be a constitutively active mutant in several cancers, has been shown to
upregulate β-catenin signaling and downstream activation of PI3K/Akt and ABCG2
expression, both of which contribute to platinum resistance via mechanisms described
above (133). One downstream target of β-catenin (of many) is c-Myc, which has been
shown to potentiate platinum resistance (134), indicating that β-catenin target genes
are relevant to platinum-resistant tumors. Other signaling pathways, such as
endothelin/β-arrestin and Wnt/JNK, have exhibited molecular cross-talk to β-catenin
that increases its activity, and β-catenin knockdown increases platinum sensitivity
overall (135-137). The Wnt/β-catenin pathway warrants further investigation in
osteosarcoma not only due to its developmental role in normal bone, but also due to
its potential for inducing mechanisms of chemotherapy resistance.
Overexpression of Runx2 also has consequences for chemotherapy resistance of
osteosarcoma cells, as well as other tumor types. Multiple genome expression
analyses of osteosarcoma tumors have revealed significant Runx2 overexpression that
correlates with drug resistance and poor clinical outcome (138, 139). Mechanistically,
the full picture of Runx2 and its impact on chemotherapy resistance is not fully
understood, but several studies have made progress in addressing this. Runx2 protein
levels decreases upon restoration of p53 via inhibition of MDM-2, which resulted in
severely stunted growth in osteosarcoma cells (140), all of which suggest that Runx2
overexpression promotes cellular proliferation. Runx2 itself has been shown to
mediate platinum resistance, and knockdown of Runx2 restored miR-218 and
subsequent platinum sensitivity (141), indicating that Runx2 exerts control over at
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least one miRNA. In support of potential Runx2-miRNA axes, multiple studies have
shown exogenous miRNA expression in gemcitabine-resistant pancreatic cancer cells
all deplete Runx2 protein and restore drug sensitivity, indicating that miRNAs also
control Runx2, depending on context (142). Potential mechanisms downstream of
Runx2 activity (which have not been previously mentioned) include the upregulation
of survivin, TGF-βR and VEGF, among others (143, 144).
The Epithelial-Mesenchymal Transition
The process known as epithelial-mesenchymal transition (EMT) describes the variety
of changes that a polarized epithelial cell can undergo, which results in the acquisition
of a mesenchymal phenotype. This involves the breakdown of cell-cell junctions, loss
of epithelial protein markers, gain of mesenchymal markers, and increased cellular
capacity for migration, invasion, survival, and extracellular matrix breakdown (145).
This drastic change is catalyzed by several transcription factors, proteins, miRNAs,
and cellular interactions in the microenvironment. Some of the above markers can
gauge a cell’s state in this transition to a mesenchymal phenotype. The reverse
phenomenon (mesenchymal-epithelial transition, MET) can also occur, which would
allow for a cell to be plastic in phenotype and readily transition between epithelial
tissues and the mesenchyme. These transitions are a normal feature of embryological
development and tissue regeneration but can be co-opted by tumor cells derived from
epithelial tissues to facilitate drug resistance, invasion and metastasis.
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Figure 2.4.3 – EMT-MET spectrum. With epithelial cells, the formation of cell-cell junctions,
cytoskeletal arrangements, apical-basal polarity, and specific basement membrane interactions are
characteristic of the epithelioid character (A, left). With EMT, mesenchymal characteristics, such as
loss of cell-cell junctions, cytoskeletal rearrangement, basement membrane adhesions, and front-rear
polarity are seen (A, right). The degree of mesenchymal character is associated with increased
invasiveness, tumorigenicity, and drug resistance (B). Figure adapted from (146).
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The above processes were first described, in relation to cancer, in tumor cells of
epithelial origin. With respect to osteosarcoma, these processes are arguably
paradoxical, as this tumor type is of a mesenchymal origin, indicating that these
processes cannot fully occur in either direction (147). This has led to researchers
proposing an assessment of mesenchymal tumors of origin known as the “metastable
phenotype”, which suggests that tumor cells of mesenchymal origin exist in a
transition state characterized by both epithelial and mesenchymal markers, with
certain signals and stimuli directing the net state of cellular character towards a more
mesenchymal or epithelial phenotype. The relative epithelial or mesenchymal
character has been shown to be highly variable relative to tumor histiotype (148). As
one analysis of uterine carcinosarcoma data on The Cancer Genome Atlas showed,
tumor cells of the same cancer type can express strong yet intermediate EMT gene
signatures that are shared with sarcomas (149). In osteosarcoma, there is precedent
for variable EMT-MET / MET-EMT program activation in tumor cells, as lymph
node metastases are rate, but those metastases strongly display an epithelioid
phenotype (150, 151). As osteosarcoma is ultimately derived from a mesenchymal
lineage, the balance may shift towards an MET-like program activation in these cells.
Taken together, the heterogeneity of tumors such as osteosarcoma would lead to
variable degrees of EMT-MET, potentially conferring the advantages of both sets of
programming in relation to tumor survival, spread, and drug resistance.
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Figure 2.4.4 – Sarcoma Metastable Phenotype. In epithelial tumors (carcinomas), the linearity and
bidirectionality of EMT-MET are distinct (top). In sarcomas, the activation of EMT-MET processes
are variable, which can confer differing degrees of epithelioid or mesenchymal character to any tumor
cell. Figure adapted from (147).

The induction of EMT in carcinomas is initiated by a variety of factors from the
tumor-associated stroma, such as HGF, EGF, PDGF, and TGF-β, which activate
EMT-inducing transcription factors, such as Slug, Snail, ZEB1, and Twist (152).
These transcription factors then implement the EMT program through various
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signaling networks, such as Wnt/β-catenin, ERK, MAPK, PI3K/AKT, Ras, c-Fos, cell
surface proteins, and others (153). While it would be appropriate to suggest similar
factors of induction from the stroma would induce EMT-transcription factor
expression in osteosarcoma, there is an emerging body of evidence that a wider
variety of genes that are overexpressed can have the same effect, such as Cyr61,
Tim3, UHRF1, and others, as well as miRNAs (154-157). These pleiotropic data
suggest that the genetic instability of osteosarcoma can lead to the induction EMTtranscription factors and establishment of the metastable phenotype in a greater
variety of ways than previously known. Furthermore, Runx2 itself both facilitates
expression of genes involved in migration and invasion (158), and has also been
implicated in a Runx2-Snail axis to induce EMT in breast cancer (159). This warrants
further study into the dynamics of EMT transcription factors and their interactions
with osteoblastic regulators, such as Runx2, in osteosarcoma.
2.5 – Cancer Stem Cells
Origins
The concept of tumor heterogeneity has been a major area of study in cancer biology.
Within one single tumor, there exist a variety of cells of various character (ex. The
metastable phenotype mentioned previously). Various epigenetic modifiers, stromal
signals, treatment-mediated selection, accumulation of driver mutations, and other
factors result in a wide variety of tumor cell subclones (160). From this concept, the
cancer stem cell theory was formed, which noted that non-neoplastic stem cells and
cancer cells shared self-renewal properties, implying that cancer cells within a tumor
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are stem-like in character (161). In this defined state, cancer stem cells (CSCs) can
self-renew, generate more CSCs, and induce formation of new tumors, as they also
produce daughter cells that are less tumorigenic and differentiated (to a degree), thus
forming the bulk of a tumor. This theory implies that recurrence of cancer after
therapy is likely due to these cells, which are heavily drug resistant because of stemlike programming (162-164). This theory has broad applicability, as rare but distinct
CSC populations have been defined in a wide variety of human cancers (165).
In carcinomas, recent research has indicated that the CSC populations of these tumors
is likely a consequence of EMT cellular programming (166). CSC-enriched tumor
cell populations have been shown to have many aspects of EMT program activation,
while forced EMT induction confers the increased tumorigenicity and drug resistance
seen in CSCs (167-169). The transcription factors that induce EMT (EMT-TFs) do so
via modulation of chromatin structure, which allows for the expression and repression
of a wide array of genes, including each other (170). This in turn locks the EMT
programming into place. Whether or not MET is simply an inactivation of EMT-TFs,
or the activation of alternative programming, is not well understood currently. These
EMT-TFs are evolutionarily conserved in development, which dictates that the EMT
program can be transiently activated and deactivated to form normal tissues. Since
malignant cells may lack the regulation required to inactivate EMT programming, this
would lead to carcinoma progression (171). This progression is based on the
enhanced migratory and invasive character of EMT-reprogrammed cells, which
allows for these cells to undergo extravasation, metastasize, undergo MET and
intravasation, and colonize a new tissue, forming a new tumor. CSCs and their
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inherent tumorigenicity are implicated in this process via the outgrowth of metastatic
lesions (172). This enhanced tumor seeding ability is thought to be due to an
increased ability to form adhesion plaques in new sites, which allows for CSCs to
proliferate via EMT-induced signaling loops (173). The overexpression of EMT-TFs
also result in characteristic proteins of CSCs being expressed, allowing for tumor
populations to be characterized by these markers (167). The transition to a CSC state
(by engaging with EMT programming) is highly plastic, as non-stem tumor cells and
non-stem non-malignant cells can both spontaneously commit to a stem-like state and
interconvert between the original and stem-like states (174), indicating that EMTinduced CSC conversion is highly plastic and does not represent true
dedifferentiation.
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Figure 2.5.1 – Cancer Stem Cell Tumorigenicity. Studies have shown that CSCs form filopodiumlike projections, at a greater rate, allowing them to more efficiently seed tumors at new sites (A, left).
This proliferation at the new site is driven by autocrine signaling from pathways such as TGF-β/Smad
and Wnt/β-catenin pathways, because of EMT programming (B, right). Figure adapted from (146).

The drug resistance inherent to cancer stem cells is multifactorial, as numerous
pathways are engaged and upregulated to promote cell survival. In normal stem cells,
the DNA damage responses (relative to type of DNA damage) is integral to
maintenance of the genome and overall cell survival, as this damage can be passed to
progeny (175). A more robust DNA damage response (nascent to a stem-like cell)
enacted by a CSC would ostensibly promote CSC survival and continued selfrenewal. The limitation of reactive oxygen species production, increase in antioxidant
pathway enzymes, and cell cycle arrest / quiescence are also involved in maintaining
genomic integrity of normal stem cells (175, 176). CSCs in various leukemias are
described as highly and reversibly quiescent, indicating that these cells utilize
quiescence-inducing signaling pathways to survive, much like a normal stem cell
(177, 178). Furthermore, normal stem cells can undergo premature senescence under
conditions of unrepairable DNA damage, whereas malignant CSCs can avoid
senescence, indicating that chemotherapy may preferentially select for cancer cells
that are capable of avoiding this mechanism of apoptosis (179). The role of ABC
transporters, such as P-gp, ABCG2, and others has been studied extensively in normal
stem cells, as these are abundant to efflux metabolites and toxic substances. As a
consequence, CSCs may also express or overexpress ABC transporters capable of
mediating chemotherapy efflux from the cell (180). While other mechanisms of drug
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resistance exist, these are strategies employed by CSCs of various tumor types that
are shared with their non-malignant counterparts.
Markers of CSCs
There is no current consensus regarding any universal CSC marker that is shared by
every tumor type. The initial concept of CSC markers was derived from study of
human AML cells that are CD34(+) / CD38(–) that could initiate tumors in NODSCID mice upon transplantation (181). These leukemia cells displayed self-renewal
and multipotency of normal stem cells, which warranted the categorization of CSC. In
human breast cancer, the cells capable of exhibiting these properties (as they were
isolated from patient samples) were CD44 (+) / CD24 (-/low) (182). In human brain,
colon, and pancreatic cancer, these cells were characterized by CD133 (+) and
CXCR4 (+) (pancreatic only) markers (183-185). In hepatocellular carcinoma, these
cells were characterized by a classical HCC marker alpha-fetoprotein (AFP +) and
epithelial cell adhesion molecule (EpCAM +), which is a Wnt/β-catenin gene target
(186). CSCs from a variety of tumor types overexpress aldehyde dehydrogenase 1
(ALDH1), conferring enhanced redox capacity (187). In prostate and breast cancer
CSCs, CD133/Prominin-1 has found to be overexpressed, as this protein is a marker
for non-malignant neuroepithelial, hematopoietic, breast and endothelial progenitor
cells (188).
More recent study has identified the embryonic stem cell transcription factors Oct3/4,
Sox2, and Nanog, as potential CSC markers, as these transcription factors confer
many properties of self-renewal, pluripotency, and drug resistance. In and of
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themselves, these three transcription factors activate and maintain a regulatory
network of self-renewal, which includes transcription of their own genes (189). This
network confers an embryonic-like stem cell identity, and has been found in a wide
variety of in vitro cell lines and clinical samples (190). One example of how these
three proteins facilitate drug resistance was shown by discovery of an axis with
Hyaluronan-CD44, another CSC marker, all of which conferred platinum resistance
(191). To a lesser extent, c-Myc has also been found to participate in establishing an
embryonic-like stem cell character in concert with Oct3/4, Sox2, and Nanog (192). In
contrast to the above, Oct4 can also be expressed in more differentiated cells,
indicating that multiple embryonic stem cell transcription factors should be looked at
when characterizing CSCs (193).
A wider variety of markers and various combinations of these markers have been
assessed and are continuously being studied. To validate the tumorigenicity of cells
expressing these combinations of markers, the tumorsphere formation assay is widely
used. This involves growing these putative CSCs in non-adherent culture in vitro and
assessing their ability to form spheroid structures, which are capable of self-renewal,
tumorigenesis upon transplantation, and differentiation (194). CSCs have also been
found to express ABCG2 in some instances, which is often overexpressed and
capable of efflux of chemotherapy drugs and cellular DNA dyes, such as Hoechst
33342 (which are pumped out of putative CSCs and can denote side populations of
CSCs in flow cytometry). The sheer diversity of CSC markers indicates that the
unique niches from which CSCs arise facilitate the differential requirements relative
to each tumor’s microenvironment, as mediated by the CSC marker and its function.
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As study of tumorigenic cell subpopulations continue, more markers and assays will
be characterized and developed, respectively.

Figure 2.5.2 – Putative CSC markers. To date, a wide variety of cell surface markers (along with
some prominent intracellular proteins) have been attributed to tumorigenic cells isolated from various
cancer types. Figure adapted from (202).

CSCs in Osteosarcoma
The existence of CSCs in osteosarcoma was first reported in 2005, with the markers
CD105, Stro-1, and CD44 demarcating these CSCs (195). Furthermore, they
described these cells as expressing the proteins Sox2, Oct3/4 and Nanog, which are
embryonic stem cell homeobox proteins involved in maintenance of pluripotency.
There exist additional studies suggesting that osteosarcoma CSCs can also be
characterized by combinations of either CD133/CD44/CD29 or CD117/Stro-1 (the
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latter of which is a mesenchymal stem cell marker) (196, 197). These various marker
combinations were all associated with increased tumorigenicity in vivo (197). In
prostate CSCs, Runx2 overexpression has been noted, indicating that this protein may
contribute to the establishment or maintenance of a stem-like state (198). With
respect to ALDH activity, variances have been seen between in vitro and in vivo
environments, confounding this method of assessing CSC character of osteosarcoma
cells (199). This implies that the microenvironment of osteosarcoma is of critical
importance to giving rise to CSCs and can confer variability of CSC markers. It also
implies that research techniques, such as Hoechst 33342 side population, tumorsphere
assays, ALDH activity assays, and flow cytometry-based enrichment of CSCs based
on surface markers may generate confounding data, as these CSCs are experimented
upon in isolation (200).
Following this notion, an experimental recreation of the MSC microenvironment
would better assess how osteosarcoma CSCs come to form, as MSCs reside in
perivascular niches that are immunosuppressive and hypoxic. Within bone, the matrix
itself contains TGF-β and other growth factors, suggesting that physiologic bone
remodeling can influence the development of stemness/CSCs in an EMT-dependent
manner. Taken together, these data indicate that the complex oncogenesis, epigenetic
heritage, and nascent microenvironment of osteosarcoma can influence a wide variety
of CSC marker combinations in the most tumorigenic cells, making them difficult to
characterize. Limitations in osteosarcoma CSC identification may preclude obtaining
data-driven justification for cytotoxic drug treatment directed at CSCs. Despite these
inherent difficulties, cancer immunotherapy targeting HER2 via genetically modified
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T-cells and the use of Salinomycin have shown promise in eliminating the CSCportion of osteosarcoma tumors (201, 202). Mechanistically, the use of Salinomycin
was shown to downregulate Wnt/β-catenin signaling via enhanced activity of GSK3β,
further underscoring the EMT-to-CSC paradigm in osteosarcoma. However, the
Salinomycin study focused on CSCs enriched via tumorsphere formation, which may
not be entirely reflective of in vivo CSCs.
2.6 – Exosomes
Definition and Isolation
Exosomes are a subcategory of extracellular vesicle (EV) that are secreted by most, if
not all, cell types, from the cell membrane (203). The definition of these particles has
been variable, but consensus is forming. Generally speaking, exosomes are 40-150
nm in diameter, appear with specific morphology under electron microscopy/TEM,
display specific electrostatic properties, and have a variable composition with several
constant proteins that serve as exosome markers (204). There exist contrasting
definitions of exosome particle diameter, with some researchers extending the upper
bound to 200 nm. The lipid contents of exosome membranes have also been used as
defining parameters for some cell types and their respective exosomes (205). This
implies that exosomes derived from different cell types may ultimately vary in their
final composition, with some markers being shared universally.
Exosome isolation techniques have become widely varied in recent times.
Historically speaking, ultracentrifugation is and always has been the gold standard
technique for exosome isolation, with 56% of exosome researchers incorporating this
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technique (206). As centrifugation sediments particles in accordance with their
density, shape, and size, this method effectively separates exosomes from
heterogeneous mixtures, such as cell culture media and serum. Within
ultracentrifugation, there are multiple types: density-based ultracentrifugation, and
pelleting ultracentrifugation. Briefly, density-based ultracentrifugation utilizes
differential gradients of a medium (usually sucrose) that separates exosomes into one
fraction. This leads to a pure exosome population at the expense of a narrow gradient
zone. Pelleting ultracentrifugation involves subjecting the sample and resulting
supernatants to multiple high force spin cycles, with force ranging anywhere from
70,000 – 120,000 x g, depending on technique variance. The pellet of exosomes at the
end of all spin cycles is resuspended in a buffer such as PBS for downstream analysis.
There exists a wider variety of other isolation techniques, including size-based
filtration, exosome precipitation via polyethylene glycol polymers, microfluidics, and
others (207-210). Each of these approaches has varying advantages and
disadvantages, depending on sample and availability of manpower and equipment.
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Figure 2.6.1 – Exosome Isolation via ultracentrifugation. Isolation of exosomes from a
heterogeneous mixture is typically done via pelleting or density gradient ultracentrifugation. Typically,
this mixture is spun to pellet live/dead cells and cell debris, and the supernatant is subjected to a
variable density sucrose gradient with high spin force (which effectively segregates exosomes to one
fraction during the spin cycle) or to high spin force pelleting and re-suspension. Figure adapted from
(206).

Cargo Loading and Contents
Exosomes are particles of endosomal origin, and their biogenesis is highly complex
and not completely understood (204). Briefly, the endosomal sorting complex
required for transport (ESCRT) facilitates segregation of cargo in an endosome,
leading to the budding of an intraluminal vesicle. The intermediate steps that facilitate
secretion of these intraluminal vesicles as exosomes are not well resolved. There is
evidence for both ESCRT-dependent and ESCRT-independent pathways for cargo
loading into intraluminal vesicles (211). In the ESCRT-dependent pathway, cargo that
is monoubiquitinated or oligoubiquitinated is recognized by ESCRT proteins as a
sorting signal (212). In contrast, ESCRT-independent pathways are mediated by
physical protein aggregation in raft-like structures, as well as ubiquitin/ESCRTindependent manners unrelated to protein properties, indicating that cargo sorting is
inherently multifactorial (213, 214). Once these vesicles have been loaded with cargo,
they are then either fused with lysosomes or secreted from the cell as exosomes,
which can then fuse with the plasma membrane of a recipient cell, thus delivering its
cargo to another cell (215).
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The cargo of an exosome is highly variable based on cellular origin, with some cargo
being conserved as a function of the cargo loading machinery. Exosomes contain
common protein components such as Rabs (which promote membrane fusion events),
annexins, adhesion molecules, anti-apoptotic proteins, cellular signaling proteins,
enzymes, cell specific proteins (such as MHCII), vesicle formation proteins (Alix),
and heat shock proteins, among others (216-219). Since these particles are of
endosomal origin, exosomes do not contain endoplasmic reticulum, mitochondria, or
nuclear proteins. Since exosomes are enriched with protein and are found in
serum/urine, their use for proteomic study and potential for biomarker discovery is
noteworthy (220, 221). Not only are exosomes enriched with proteinaceous cargo, but
they also contain mRNA and miRNAs, which function effectively in intercellular
communication (222). Additionally, fragments of genomic DNA are found in
exosomes, which denotes its utility for detecting altered DNA of neoplastic origin via
circulating tumor-derived exosomes (223)
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Figure 2.6.2 – Proteinaceous Exosome Cargo. Exosomes contain a wide variety of proteins,
including tetraspanins, adhesion proteins, MHCI/II, cytoskeletal proteins, enzymes, signal transduction
proteins, and more. Lipids, DNA fragments, mRNA, miRNA, and other RNAs are also loaded into
exosomes. Figure adapted from (212).

Exosome Physiology and Tumor-Derived Exosomes
Exosomes have a wide presence in physiology, with functionality in intracellular and
intercellular pathways and communication. Under conditions of cellular stress, such
as DNA damage or infection, p53-regulated gene products can enhance exosome
secretion (224). Cells can use exosomes to alter protein levels and regulate the
activity of signaling pathways, such as the Wnt/β-catenin pathway, via exosomal
discharge (in this example, discharge of β-catenin) (225). Exosomes sourced from
43

immune cells and/or tumors can also educate and activate other immune system cells,
such as dendritic cells and T-cells, respectively (226). NK cell-derived exosomes can
induce apoptosis through exosomal FasL and perforins, suggesting a shared capacity
for cell killing in other cytotoxic immune cells via exosomes (227). Cells such as
mesenchymal stem cells (and tumors) can induce suppression of the immune system
via exosome-derived PD-L1 (as well as PD-L1 on exosomal membranes) and TGF-β
(228, 229). Within the bone remodeling axis, exosomes derived from tumors can
negatively affect osteoblastic activity and proliferation, while osteoclast-derived
exosomes can antagonize osteoclastogenesis via exosomal RANK receptor
functioning as an additional RANKL decoy receptor (230, 231). While the above
examples are not an all-encompassing list of exosome functionality, exosomepotentiated cellular systems physiologically establish potential for cancer to survive
chemotherapy, evade the immune system, and adapt to cytotoxic drugs accordingly.
Within the context of tumor-derived exosomes, cancer cells can significantly
modulate their drug resistance, EMT-MET state, and stem-like character. In human
melanoma, tumor-derived exosomes have been found to contain cisplatin itself,
indicating exosome release is a method of drug efflux (232). Profiles of various
miRNAs in platinum-resistant ovarian cancer cells have been established via
examination of tumor-derived exosomal contents (233). Tumor-derived exosomes
have been found to contain drug efflux pumps on their membranes (such as P-gp,
ATP7A/ATP7B, and others), which confers resistance to otherwise sensitive recipient
cells (234).Tumor-derived exosomes can both reprogram adjacent recipient cells and
condition distant sites for metastasis (235, 236). In a model of breast cancer,
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inflammatory signaling mediated by Prostaglandin E2 (PGE2) was found to propagate
a non-CSC-to-CSC transition via CSC-derived exosomes, and antagonism of the
PGE2 receptor EP4 was found to reverse this trend and subsequently increase
chemosensitivity (237, 238). As stemness may likely be due to strong EMT program
activation, tumor-derived exosomes (including CSC exosomes) may have serious
implications for the propagation of chemotherapy resistance within tumors. With
respect to osteosarcoma, little is known about the propagation of drug resistance via
exosomes. Canine osteosarcoma-derived exosomes have been found to exert a
profound immunosuppressive effect, indicating that exosomes play a functional role
in tumor survival (239). Exosomes from human osteosarcoma cell lines have been
found to induce expression of P-gp and contain miRNA profiles that provide
predictive value to assess chemotherapy response (240, 241). Taken together with
previous studies of osteosarcoma CSCs, there may exist a pipeline of cellular
reprogramming mediated by drug resistant osteosarcoma CSCs that can confer
resistance, EMT program activation, and stem-like character to otherwise sensitive
cells, thus creating more resistant cells within a tumor.
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Figure 2.6.3 – Exosome-mediated transfer of drug resistance. Exosomes derived from drugresistant tumor cells contain efflux pumps, miRNAs, lncRNAs, and other effectors that can be
transferred to recipient chemosensitive cells. In turn, these cells may be reprogrammed and
functionally capable of resisting chemotherapy treatment. Figure adapted from (242).
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3. Materials and Methods
Cell culture: Three canine osteosarcoma (OSA) cell lines (COS, POS, HMPOS)
were used in this study. COS were provided by Dr. Vilma Yuzbazian (Michigan State
Univ.). HMPOS (RRID:CVCL_L355) and POS (RRID:CVCL_L413) cells were
provided by ATCC. Canine OSA was grown in RPMI 1640 + 10% FBS and
supplemented with 100 µg/mL Streptomycin and 100 units/mL Penicillin. Cell lines
were incubated at 37°C with 5% CO2 and grown to confluence. When applicable,
cells were detached from culture flasks using 1x Trypsin/EDTA (Life Technologies
#25200-056, 0.05%).
Promotion of Carboplatin resistance in cell culture: All three canine OSA cell
lines were treated with Carboplatin at progressively increasing concentrations of 0.5,
1, 2.5, 4, 6, 8, and 10 µM respectively. Cells were incubated for 72 hours in the
presence of Carboplatin starting at 0.5 µM. The surviving cells were subsequently
expanded and passaged at least once before the next treatment. If greater than 30%
cell death was observed after 72 hours of treatment, the same dose was administered
again for another 72 hours. If less than 30% cell death was observed, then the dose
was increased one increment according to the dosing regimen above. This procedure
of drug administration was performed with each cell line until 10 µM Carboplatinresistant cells were isolated and expanded. Carboplatin-resistant HMPOS was chosen
for further study, as the parental cell line is the most inherently sensitive prior to
selection of resistant cells. These cells are referred to as HMPOS Sensitive (HMPOS
S), 2.5 R, and 10 R, respectively. The numbers are representative of the equivalent
resistant dose of these cells in µM of Carboplatin (HMPOS 2.5 R cells are resistant to
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doses of 2.5 µM carboplatin or below). These two Carboplatin-resistant derivative
cell lines were chosen due to the 2-3 week periods of quiescence the surviving cells
underwent before expansion to confluence at the respective doses of Carboplatin (2.5
µM and 10 µM).
MTS Assay Validation of Carboplatin Resistance: HMPOS S, 2.5 R, and 10 R
cells were first grown to confluence as previously described. Next, 10,000 cells from
each cell line were plated into a 96 well plate in triplicate. These cells were then
incubated for 24 hours and subsequently serum starved for an additional 24 hours.
The cells were then treated with 0, 0.5, 1, 2.5, 4, 6, 8, and 10 µM carboplatin for a 72
hour time period. Then, 130 µL of the cell culture media from each well was
aspirated and 50 µL of a mixture of RPMI 1640 + Promega CellTiter 96™ AQueous
One Solution Cell Proliferation Assay reagent (prepared per manufacturer’s
instructions) was distributed to each well. Cells were incubated for 4 hours at 37°C.
The absorbance at 490 nm was read using a microplate spectrophotometer (Thermo
Scientific MultiskanTM GO). Each value was normalized to the control treatment (no
carboplatin) during the analysis.
Generation time determination and drug sensitivity: HMPOS S, 2.5 R, and 10 R
cells were plated in 6-well plates at a density of 100,000 cells per well, each in
triplicate. The total number of cells was counted 48 hours later using a
hemocytometer. The generation time of these cells were calculated according to the
following formula: t= H*ln2/ln(c2/c1) (243) where H = time elapsed between plating
and counting, c2 = count of cells 48 hours after plating, and c1 = count of cells upon
plating (100,000). The generation time values for each triplicate were averaged
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together, and the experiment above was repeated two more times. In accordance with
the original generation time values for these cells, HMPOS S, 2.5 R, and 10 R cells
were cultured and passaged for five generations. Their generation time was analyzed
as described above. These generation five cells were then passaged for another five
generations and analyzed for chemotherapy resistance and generation time.
Exosome isolation, quantification, and validation: HMPOS cells were grown as
previously described. Once cells reached 60-70% confluency, their media was
changed to contain RPMI 1640, 100 µg/mL Streptomycin and 100 units/mL
Penicillin, and 10% exosome-depleted FBS (Thermo Fisher Catalog #A2720801) at a
total volume of 15 mL. Cells were grown for 24-48 hours, after which the media was
collected and stored at -20°C. This process was repeated to collect and pool multiple
15 mL media collections from the same cell line in 50 mL conical tubes. Pooled
media was thawed at 37°C and spun at 10,000 rpm for 30 minutes on a high-speed
centrifuge (Eppendorf 5804R, rotor F34-6-38), which pelleted dead cells, cell debris,
and other insoluble matter. The supernatant was collected and transferred into 10.4
mL ultracentrifuge tubes (Beckman Coulter, reference #355603), leaving ½ cm of
fluid above the cell debris pellet. The exosome-containing supernatant was then spun
at 40,000 rpm for 70 minutes on an ultracentrifuge (Beckman Coulter Optima XE-90
Ultracentrifuge, rotor type 70.1 Ti, fixed angle, reference #342184). After this second
spin, the supernatant was discarded, and the exosome pellet was re-suspended in PBS.
Canine osteosarcoma patient serum exosomes were also collected using the above
methodology. Samples were obtained through the OSU Carlson College of Veterinary
Medicine Biodepository.
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Prior to quantification and use in cell culture, the final exosome suspensions were
sterile filtered using a 1 mL syringe (BD 1 mL syringe reference #309659) and a 0.22
µM sterile filter attachment (Millex-GV filter, 4mm diameter, SLGV004SL) into a
new 1.5 mL microcentrifuge tube. A sample of each exosome suspension (22 µL) was
separately aliquoted and diluted by a factor of 2.5 for quantification. These dilutions
were quantified relative to their protein content; this was carried out using a
bicinchoninic acid assay (Thermo Fisher, product #23225) in a 96-well plate, all
according to manufacturer’s instructions. Well absorbance was read on a microplate
spectrophotometer (Thermo Scientific MultiskanTM GO) at 562 nm. Sample dilution
concentration values were multiplied by the dilution factor to obtain the final
concentration value.
Aliquots of exosome samples prepared as described above were taken to the Harper
Nanotoxicology Laboratory at OSU and analyzed using the NanoSight NS500
instrument (NanoSight Ltd., Amesbury, United Kingdom, NTA version 3.0 0064).
Samples were suspended in PBS, and three videos were captured for each sample.
Light scattered by 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, viscosity 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 videos for each sample
were analyzed to obtain the mean, mode, and number of particles per milliliter.
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MTS Assays with Exosomal Modulation of Carboplatin Resistance: To examine
if exosomes directly modify resistance to carboplatin in chemosensitive cells, 10,000
HMPOS S cells were plated into a 96 well plate in triplicate and incubated as
described previously for 24 hours. Cells were then serum starved for an additional 24
hours. After starvation, cells were given a 24-hour pre-treatment with 10 µg of
HMPOS S exosomes, HMPOS 2.5 R exosomes, HMPOS 10 R exosomes, or a PBS
vehicle control. Next, cells were incubated in the presence of 0, 2.5, and 10 µM
carboplatin for 72 hours, plus exosomes and PBS as mentioned above. These
exosomes (and PBS vehicle control) were added fresh at the 0h, 24h, and 48h time
points. After 72 hours, cells were analyzed with the MTS reagent as previously
described.
Mass Spectrometry: Cell lysates from HMPOS cells (sensitive, 2.5 R, 10 R) were
collected for protein by detaching and suspending cells in 500 µL PBS, followed by
10 cycles of rapid freeze/thaw to lyse the cells without the use of detergent.
Following this lysis, the crude protein lysate was purified using a chloroformmethanol extraction. Exosomes were isolated and quantified as previously described
from each cell line and patient serum sample. A total of 50 µg of cell lysate and
exosomes (relative to protein concentration) were taken to the OSU Mass
Spectrometry Center for analysis. The proteins were digested by sequencing grade
modified trypsin following a protocol provided by Promega (Promega Corporation,
Madison, WI).
Peptide analysis was achieved using an Orbitrap Fusion Lumos mass spectrometer
with a Nano ESI source (Thermo Scientific, Waltham, MA) coupled with a Waters
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nanoAcquity UPLC system (Waters, Milford, MA). The proteolytic products were
desalted and loaded on a nano Acquity UPLC 2 G Trap Column (180 μm × 20 mm, 5
μm) for 5 min with solvent 0.1% formic acid in 3% ACN at a flow rate of 5 μL/min.
An nanoAcquity UPLC RPeptide BEH C18 column (100 μm × 100 mm, 1.7 μm) was
applied to separate peptides following by a 120-min gradient consisting of 0.1%
formic acid in H2O (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 500nL/min. All mass spectral data were
acquired in the positive ion mode. The spray voltage was 2400 V and the ion transfer
tube temperature 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 × 105 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.
All raw data files were analyzed with Thermo Scientific Proteome 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 oxidation of methionine were specified as
static modification and dynamic modification, respectively. The overall false
discovery rate (FDR) at the protein level was less than 1%. To allow GO annotation
analysis the datasets were also searched against the Uniprot Homo sapiens protein
database. The proteins of interests still uncharacterized after searching against both
52

canine and human database were submitted to a Basic Local Alignment Search Tool
(BLAST) analysis in Uniprot website (https://www.uniprot.org/blast/). Only canine
proteins with more than 99% similarities with its human ortholog were retained.
The fold change (FC) of a given protein was defined as the ratio of abundance
between 2 groups (ex. HMPOS S vs HMPOS 10 R). To calculate the FC of a given
protein, each peptide group ratio was first calculated as the geometric 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 2.5 R vs
HMPOS 10 R cell lysate and (2) HMPOS S vs HMPOS 2.5 R vs HMPOS 10 R
exosomes.
Flow Cytometry: Cells were cultured as described previously, and exosome
treatments were performed for 24 hours as described previously. Cells were then
washed, trypsinized, and re-suspended in 1 mL of PBS+10% FBS. Cells were
pelleted, washed three times, and fixed in 70% EtOH. After fixation, 10 µL of
propidium iodide (final concentration 0.6 µg/mL) and 25 µL of RNase A
(ThermoScientific Ref #EN0531, final concentration 0.5 µg/mL) were added to each
cell suspension, incubated overnight at 4°C, and stored at 4°C until analyzed via flow
cytometry.
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With respect to antibody-based analysis of cell populations, cells were collected (or
treated with exosomes for 24 hours as described previously, then collected), washed
and re-suspended in PBS. The following anti-canine antibodies were used per
manufacturer’s instructions for each: CD34 (BioRad, clone 1H6, non-conjugated) and
CD117 (BD Biosciences, clone ACK45, PE-conjugated).
In both experiments described above, cells were processed in 96-well round-bottom
plates (ThermoFisher). Cells were fixed and permeabilized using Permeabilization
Buffer (10X), in conjunction with Intracellular (IC) Fixation Buffer (Thermo Fisher,
cat. 00-8222) prior to staining with the antibodies listed above. All flow cytometry
was performed at the Oregon State Flow Cytometry and Sorting Facility using a
Cytoflex flow cytometer (BD Coulter). Software analysis was performed using the
CytExpert software (BD Coulter).
Immunoblotting: To obtain cell lysates for immunoblotting, cells were cultured as
described previously. With respect to exosome treatments, HMPOS S cells were
treated with 50 µg/mL of exosomes for 24 hours. Cells were washed and collected in
RIPA buffer. Cell lysates were quantified using the BCA assay described above. A
total of 10 µg protein from each cell lysate was used and mixed/processed with
NuPAGE LDS Sample Buffer per manufacturer’s instructions. Protein was loaded
into pre-cast NuPAGE 4-12% Bis-Tris gels and ran using the NuPAGE
electrophoresis system (Life Technologies, Eugene, OR). Transfer occurred per
manufacturer’s instructions using a nitrocellulose membrane. Odyssey Blocking
Buffer (LI-COR, Lincoln, NE) was used to block non-specific binding for one hour at
room temperature. Primary anti-canine antibodies used per manufacturer’s
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instructions are as follows: Non-phospho (Active) β-Catenin (Ser45) (D2U8Y) XP®
Rabbit mAb #19807 (Cell Signaling Technologies), Phospho-β-Catenin
(Ser33/37/Thr41) Rabbit Antibody #9561 (Cell Signaling Technologies), and β-Actin
Mouse Antibody C4 sc-47778 Santa Cruz Biotechnologies). Secondary antibodies
used per manufacturer’s instructions are as follows: Goat anti-Mouse IgG-HRP clone
2005 (Santa Cruz Biotechnologies), Goat anti-Rabbit IgG-HRP clone 2004 (Santa
Cruz Biotechnologies). Membranes were developed using the Supersignal West
Femto Maximum Sensitivity Chemiluminescent Substrate (ThermoFisher).
Membrane images were taken using the ImageQuant LAS 4000 and its associated
software (GE Healthcare Life Sciences, Marlborough, MA).
Nanog and Oct4 gene expression analysis via Luminometry: Due to difficulty of
real-time RT-PCR gene amplification for various canine-specific Nanog PCR
amplicons (likely due to incorrect mRNA annotation on NCBI GenBank / Ensembl
relative to designed and published PCR primers), a plasmid bearing the humanized
promoter region of Nanog, as well as a luciferase reporter, was used to detect changes
in Nanog gene expression. pNANOG-Luc was a gift from Ren-he Xu (Addgene
plasmid # 25900; http://n2t.net/addgene:25900; RRID:Addgene_25900). A similar
plasmid bearing the humanized promoter for the Oct4 gene was also used. phOCT4Luc was a gift from Shinya Yamanaka (Addgene plasmid # 17221 ;
http://n2t.net/addgene:17221 ; RRID:Addgene_17221). HMPOS S cells were grown
to confluence in 3.5 cm plates and transfected with this plasmid using the PolyJet™
In Vitro DNA Transfection Reagent per manufacturer’s instructions. After 24 hours
post-transfection, cells were placed in growth media containing RPMI-1640 base, 100
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µg/mL Streptomycin and 100 units/mL Penicillin, 20 mM HEPES buffer, 100 mM DLuciferin, and 2% Gem21 NeuroPlex serum-free supplement (Fisher Scientific
Catalog# 50-753-3043). The plates were then placed into a 32-channel Luminometer
(LumiCycle 32, ActiMetrics) and subsequently treated with PBS, 10 µg of parental
sensitive cell exosomes, 10 µg of HMPOS 2.5 R exosomes, or 10 µg of HMPOS 10 R
exosomes. Analysis of luminescence data was performed using the LumiCycle
Analysis software (ActiMetrics).
PCR and Real-time RT-PCR: Total RNA was extracted from plates of confluent
cells using the TriZol (Life Technologies). One microgram total RNA was extracted
and converted to cDNA using High Capacity cDNA Reverse Transcription Kit (Life
Technologies, Eugene, OR). Specific primers were designed to amplify within the
coding regions of β-actin, runx2, pou5f1 (Oct4), sox2, klf-4, c-myc, ctnnb1 (βcatenin), lrp5, and wnt5b. PCR primers were designed using the primer3 webtool
(primer3.ut.ee). PCR products were validated via gel electrophoresis (2% agarose)
with ethidium bromide. Real-time RT-PCR was executed with Power SYBR Green
(Life Technologies, Eugene, OR) using a StepOnePlus real-time thermal cycler
(ABI/ThermoFisher). Relative gene expression was calculated by the 2−ΔΔCT method
in relation to the endogenous expression of β-actin. Values shown are normalized to
time-point PBS-treated controls. A table of PCR primer sequences is provided in
Table 1.3.
Statistical Analyses: All statistical analysis was performed on GraphPad Prism
Software. MTS assay validation of carboplatin resistance, generation time data,
luminometry data, and quantitative RT-PCR data were all analyzed using a one-way
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ANOVA analysis, followed by Dunnett’s Multiple Comparisons test to analyze
significance relative to appropriate controls. MTS assay data from treatment of
sensitive HMPOS cells with carboplatin and exosomes was subjected to a two-way
ANOVA analysis, followed by Bonferroni post-tests to compare all potential
significant interactions. Statistical significance 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 values (from LC-MS/MS proteomics) 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.
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4. Results
4.1 - Cell Line Resistance Validation and Generational Passaging
Upon creation of the carboplatin-resistant HMPOS sublines, a distinct set of
morphological changes were noted in the two selected sublines. Parental HMPOS S
cells are visibly more epithelioid in shape and arrangement, HMPOS 2.5 R cells are
notably larger in size, and HMPOS 10 R cells are more individuated and fibroblastic
(Fig 1A). To validate the carboplatin resistance of these sublinese performed MTS
assays with carboplatin treatment in the same dosing scheme used in selection.
HMPOS 10 R cells are more resistant at all doses, while HMPOS 2.5 R cells are
significantly more resistant at the largest dose (Fig. 1B). The doubling time of the
parental and resistant sublines was calculated via cell plating and subsequent counting
and mathematical analysis. HMPOS S cells double every 27.2 hours, HMPOS 2.5 R
cells double every 41.28 hours, and HMPOS 10 R cells double every 43.52 hours (Fig
1C). In accordance with these numbers, cells were passaged for five generations (in
the absence of carboplatin), assessed for doubling time, passaged for five more
generations, and assessed for doubling time and carboplatin resistance at generation
10. HMPOS 2.5 R cells passaged for 10 generations regained a morphology similar to
the parental line, while HMPOS 10 R cells retain fibroblastic morphology and
individuation (Fig 1D). Despite their morphology, generation 10 HMPOS 2.5 R and
10 R cells were similarly resistant to their generation 0 counterparts and more
resistant to HMPOS S cells (Fig 1E). The doubling times of generation 10 HMPOS
2.5 R and 10 R cells were identical to generation 10 HMPOS S cells and distinctly
shorter compared to their generation 0 counterparts (Fig 1F-I). The HMPOS S cells
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and their resistant counterparts have distinctly different values for their IC50 of
carboplatin, which denotes small and large increases in carboplatin resistance,
respectively (Fig 1-J, K).

Figure 4.1 – (A) Bright-field microscopy pictures of HMPOS S, 2.5 R, and 10 R cells. (B) MTS assay
validation of carboplatin resistance of HMPOS 2.5 R and 10 R cells. (C) HMPOS S, 2.5 R, and 10 R
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doubling times. (D) Bright-field microscopy pictures of HMPOS S, 2.5 R, and 10 R cells passaged for
10 generations. (E) MTS assay analysis of carboplatin resistance of generation 10 HMPOS S, 2.5 R,
and 10 R cells. (F) Comparison of generation 10 HMPOS S, 2.5 R, 10 R doubling times. (G-I)
Comparison of Generation 0, 5, and 10 cell doubling times within HMPOS S (G), HMPOS 2.5 R (H),
and HMPOS 10 R (I) cells, respectively. The IC50 data of HMPOS S and 2.5 R cells (J) and HMPOS
10 R cells (J, K) is displayed.

4.2 - Proteomic analysis of carboplatin-resistant HMPOS cell lysates.
Whole cell lysates from HMPOS S, 2.5 R, and 10 R cells were analyzed using mass
spectrometry. Notably, HMPOS 10 R cells show a differential expression of 145
peptides, while HMPOS 2.5 R only differentially expresses 8 peptides compared to
HMPOS S, suggesting that HMPOS 10 R cells are of a unique identity and
phenotype, while HMPOS 2.5 R cells may represent a transitional state of resistance
acquisition (Fig 2A). Using the Enrichr web analysis tool, proteins from HMPOS 2.5
R and HMPOS 10 R cell lysates that are 100-fold more abundant in comparison to
HMPOS S cells were analyzed in relation to cellular pathway representativeness and
miRNA-protein interactions (Fig 2B). In HMPOS 2.5 R cells, a significant increase in
glutathione synthesis, recycling, and conjugation pathway alterations is seen, while
HMPOS 10 R cells are enriched for, altered pRB activity and abnormal DNA
methylation secondary to miRNA-mediated signaling. Several proteins associated
with miRNAs from both HMPOS 2.5 R and HMPOS 10 R cells were identified, some
of which may play functional roles in carboplatin resistance. A table of protein
identities of interest, which are more abundant in HMPOS 2.5 R and HMPOS 10 R,
cells is provided (Table 1.1 and 1.2). Several proteins that represent cellular
adaptation to carboplatin, such as RAD23A, 14-3-3 proteins, histone deacetylation
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proteins, chromatin remodeling proteins, and IGF mRNA-stabilizing proteins are
displayed. A 100-fold increase of N-cadherin is seen in HMPOS 2.5 R and HMPOS
10 R cells, as well as a 100-fold decrease of E-cadherin (data not shown), indicating
that EMT or an EMT-like program has been implemented in these cells. Most
prominently, β-catenin was identified in both cell lysates, which was more abundant
in HMPOS 10 R cells. Immunoblot validation of this protein identification
demarcates a distinct protein pool differential of phosphorylated vs dephosphorylated
β-catenin in HMPOS S, HMPOS 2.5 R, and 10 R cells (Fig 2C).

Figure 4.2 – (A) Venn Diagram of proteomic exploration of HMPOS S, 2.5 R, and 10 R cell lysates
and their differential peptide expression. (B) Enrichr webtool analysis of HMPOS 2.5 R and HMPOS
10 R cell lysate proteins that are most abundant in comparison to HMPOS S cell lysate. Pathway
graphs show collections of sample peptides that represent interactions within a specific cellular
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pathway, while miRNA graphs denote miRNAs known to interact with the identified peptides. Bright
red coloration represents p < 0.001, dark red coloration represents p < 0.01, and brown coloration
represents p < 0.05. (C) Immunoblot of HMPOS S, 2.5 R, and 10 R cell lysates for β-catenin, with βactin displayed as a sample loading control.

4.3 - Proteomic analysis of carboplatin-resistant HMPOS exosomes
Exosomes collected from HMPOS S, 2.5 R, and 10 R cells were validated with the
use of the NanoSight NS500 nanoparticle tracking instrument (Fig 3A). For each cell
line, the most represented nanoparticle diameter peak fell within the range of 50-150
nm, validating the exosome isolation methodology. Average exosome particle sizes
and their margins of error also fall within this range. Using mass spectrometry, these
samples were analyzed to reveal the contents of the exosome proteome. The
differential expression of each exosome group indicates that the protein contents are
highly variable (Fig 3B). An identical analysis of pathway representativeness and
miRNA-protein interactions was performed on the most abundant proteins in HMPOS
2.5 R and 10 R exosomes using the Enrichr webtool (Fig 3C). In HMPOS 2.5 R
exosomes, proteins involved in nucleotide metabolism and histone modification are
highly represented, while HMPOS 10 R exosomes are more representative of
proteosomal degradation and miR-193a signaling via exosomes. The miRNA analysis
of both exosome types displays multiple potential miRNAs that are characteristic of
stemness and its relation to resistance and self-renewal (miR-4721 and miR-760,
respectively).
A table of abundant proteins of interest in HMPOS 2.5 R and HMPOS 10 R
exosomes are provided (Table 1.2). Of these proteins, the presence of
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metallothionein-1G in both exosome types is significant, as this directly promotes
carboplatin resistance via direct inactivation of the drug. The RNA-binding protein
Heterogeneous nuclear ribonucleoprotein Q, also known as SYNCRIP, is of
significance, as this protein directly targets miRNAs for exosome loading via the
hEXO motif present on miRNAs (244). In both exosome types, the presence of the
S100A10 and beta integrin proteins are noteworthy, as S100 proteins derived from
tumor exosomes have been shown to condition distant sites for metastasis (245). Most
prominently once again, β-catenin was identified in both exosome types. Immunoblot
analysis of HMPOS cell exosome samples did not show bands for either
phosphorylated or dephosphorylated β-catenin, suggesting that either an insufficient
amount of exosomal protein was loaded, or the amount of β-catenin present in
exosomes is below the threshold of detection for immunoblotting, but exceeds the
threshold of detection in mass spectrometry (Fig 3D).
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Figure 4.3 – (A) NanoSight NS500 validation of HMPOS S, 2.5 R, and 10 R exosome samples. Black
lines display the average peak intensities at the given nanoparticle diameter, while red lines display the
measured maximum values. (B) Venn Diagram of proteomic exploration of HMPOS S, 2.5 R, and 10
R exosomes and their differential peptide expression. (C) Enrichr webtool analysis of HMPOS 2.5 R
and HMPOS 10 R exosome proteins that are most abundant in comparison to HMPOS S exosomes.
Pathway graphs show collections of sample peptides that represent interactions within a specific
cellular pathway, while miRNA graphs denote miRNAs known to interact with the identified peptides.
Bright red coloration represents p < 0.001, dark red coloration represents p < 0.01, and brown
coloration represents p < 0.05. (D) Immunoblot of HMPOS S, 2.5 R, and 10 R exosomes for β-catenin,
with β-actin displayed as a sample loading control; however, there is no scientific consensus for an
exosome protein loading control.

4.4 – Exosome Treatment of Sensitive Cells
To elucidate the effects that exosomes derived from HMPOS 2.5 R and HMPOS 10 R
cells have in the transfer of chemotherapy resistance, sensitive HMPOS S cells were
treated and assayed. In the context of an MTS assay, it must first be established that
resistant cell exosomes do not significantly affect sensitive cell proliferation in the
absence of carboplatin. In accordance with this notion, resistant cell exosomes do not
confer a statistically significant difference in cell proliferation to HMPOS S cells (Fig
4A). Upon the addition of the resistant equivalent doses of carboplatin (2.5 and 10
µM respectively) to sensitive cells in combination with resistant cell exosomes, a
statistically significant difference in cell viability is seen at the 10 µM dose (Fig 4B).
To examine the modulatory effects of β-catenin activation, resistant exosome-treated
sensitive cell lysates were probed for β-catenin phosphorylation status (Fig 4C).
Strikingly, a decrease in phosphorylated β-catenin was appreciated in HMPOS S cells
treated with HMPOS 10 R exosomes. Interestingly, protein levels of phosphorylated
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β-catenin increased in HMPOS S cells treated with HMPOS 2.5 R exosomes. When
probed for dephosphorylated β-catenin, a stark difference in protein levels is visible,
as HMPOS S cells treated with both HMPOS 2.5 R and HMPOS 10 R exosomes
show increases in dephosphorylated β-catenin levels, with HMPOS 2.5 R exosomes
incurring the largest increase. In accordance with increased levels of
dephosphorylated β-catenin, preliminary transcriptional data of β-catenin gene
targets, including several involved in drug resistance and stemness, were obtained
(Fig 4D). At the 4 hour timepoint, HMPOS 10 R exosomes induce increases in
expression of the genes encoding Oct4 and Sox2, while HMPOS 2.5 R exosomes fail
to induce any notable changes in expression at this timepoint. At the 24 hour
timepoint, HMPOS 2.5 R and HMPOS 10 R exosomes potentiate the expression of
the genes encoding c-Myc and Runx2, while HMPOS 2.5 R exosomes also increase
expression of the genes encoding Klf4, β-catenin, LRP5, and Wnt5b.
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Figure 4.4 – (A) MTS assay proliferative index of HMPOS S cells treated with resistant cell exosomes
or PBS vehicle control. (B) MTS assay proliferative index of HMPOS S treated with resistant cell
exosomes in the presence of carboplatin. (C) Immunoblot of HMPOS S cells treated with HMPOS S,
2.5 R, and 10 R exosomes for β-catenin, with β-actin displayed as a sample loading control. (D) qRTPCR analysis of gene expression at 4 hours and 24 hours for β-catenin gene targets. All values shown
are normalized to the timepoint PBS-treated control. One additional replication is needed for statistical
testing of qRT-PCR data.

4.5 – Flow Cytometry of HMPOS cells
In accordance with the doubling time data previously described, HMPOS S, HMPOS
2.5 R, and HMPOS 10 R cells were assayed via flow cytometry for cell cycle phase
differential. Interestingly, HMPOS 10 R cells displayed a significantly lower portion
of cells in the G0/1 phase, while a significantly higher portion of cells were arrested
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in the G2/M transition (Fig 5A), which is characteristic of cells exposed to genotoxic
agents (246). Additionally, a sub G0/1 peak is visible for HMPOS 10 R cells,
indicating a greater proportion of potentially apoptotic cells. To examine whether
resistant cell exosomes could alter the cell cycle differential of recipient cells,
HMPOS S cells were treated for 24 hours with resistant cell exosomes, which did not
produce any significant difference in cell cycle phase (Fig 5A). In conjunction with
the increase of dephosphorylated β-catenin, transcriptional data of β-catenin gene
targets, and previously described chemotherapy resistance of HMPOS 2.5 R and 10 R
cells, the stemness of HMPOS S, 2.5 R, and 10 R cell populations that may be
representative of cancer stem cells were examined via flow cytometry. Treated cells
have been stained for CD45 (Fig 5B), CD34, and CD 117 (data not shown), with no
significant difference found in cell populations.

Figure 4.5 – (A) Propidium iodide-based analysis of cell cycle status (left) for HMPOS S, 2.5 R, and
10 R cells. Graphical representation of percentages of cell populations in each phase (middle), and
graphical representation of HMPOS S cells treated with resistant exosomes or PBS control (right). (B)
CD45 population analysis of HMPOS S, 2.5 R, and 10 R cells in comparison to a T-cell positive
control.
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4.6 – Canine Osteosarcoma Patient Serum Exosome Analysis
To incorporate the clinical aspects of osteosarcoma and exosome contents, serum was
collected from canine osteosarcoma patients at OSU CCVM for future study. Patients
were grouped into two cohorts (n=5 for each cohort) based on their response to
amputation and adjuvant chemotherapy (which included carboplatin): good
responders, who have a disease-free interval (DFI) of > 300 days (including three
patients with no recurrence), or poor responders, who have a DFI of < 100 days.
Table 1.4 provides specific information about breed, treatment, and DFI. Exosomes
were isolated from the serum of all ten patients and validated via NanoSight analysis
as previously described (Figure 6A). The respective proteomes of each patient’s
serum exosomes were probed using mass spectrometry. Using the Morpheus heatmap
webtool, a preliminary analysis of each cohort was created for all identified peptides
after statistical testing and normalization (Figure 6B). Several proteins were
overrepresented in poor responders, including Complement Component 2 (C2), IGF2, Protein S, and Alpha-2-macroglobulin (A2M), among others, which could
represent a general profile of those who will not respond well to chemotherapy
(Figure 6C). Conversely, proteins such as Tetranectin are overrepresented in patients
that responded well to chemotherapy, which may represent a partial profile of patients
who will respond well. With respect to Tetranectin, all patients who responded well
to surgery/chemotherapy had greater protein abundance in their serum exosomes,
while all patients who responded poorly had lower levels of this protein (Figure 6C,
left). Data taken from the Human Protein Atlas for Tetranectin indicates that the
protein is a favorable prognostic indicator in human liver, head/neck, and pancreatic
cancers, which is in concurrence with the presence of this protein in the good
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response cohort of canine osteosarcoma patients. Tetranectin is also overabundant in
HMPOS S cells and decreases in abundance in HMPOS 2.5 R and 10 R cells, which
aligns with our cell line model. With respect to A2M, this protein was most abundant
in 3/5 poor responders, present at a lower level in the other two poor responders,
while less abundant in the good responders. This correlates with the proteomic data of
HMPOS S, 2.5 R, and 10 R cell lysates for A2M, as the protein is 100-fold more
abundant in HMPOS 2.5 R and HMPOS 10 R cells. These data suggest a greater
functional role for A2M in vitro and in vivo in the setting of chemotherapy resistance
than what is currently known for this protein.

Figure 4.6 – (A) NanoSight NS500 validation of canine patient serum exosome samples. Black lines
display the average peak intensities at the given nanoparticle diameter, while red lines display the
measured maximum values. (B) Heatmap representation of raw, untransformed protein abundance
69

values of the respective exosome proteome derived from each patient listed. The left 5 columns
represent patients from the good response cohort, while the right 5 columns represent patients from the
poor response cohort. (C) Analysis of cohort-based abundances of Complement C2, Alpha-2macroglobulin, IGF-2, Protein S, and Tetranectin and any prognostic indication for these proteins via
the Human Protein Atlas.

5. Discussion
Canine osteosarcoma is frequently resistant to chemotherapy, with recurrence and/or
metastasis occurring despite treatment. Knowledge of mechanisms that
chemotherapy-resistant cells utilize for survival, growth, and proliferation would
undoubtedly help the development of new therapies or the addition of existing drugs
to the standard of care (1). In this study, we developed an in vitro model to study this
resistance via the creation of the HMPOS 2.5 R and HMPOS 10 R sublines, which
are both resistant to carboplatin to different extents. These two sublines were chosen
due to the periods of quiescence underwent in the selection of resistant HMPOS S
cells along the dosing regimen. Thus, we may be able to compare transitional states of
the acquisition and potentiation of carboplatin resistance when comparing HMPOS
2.5 R and HMPOS 10 R.
5.1 - Cell characteristics and carboplatin resistance
The drastic morphological differences of HMPOS 2.5 R and 10 R cells in comparison
to parental HMPOS S cells represent significant changes in each cell type. HMPOS
2.5 R cells are distinctly larger, which is associated with a proliferative phenotype,
while HMPOS 10 R cells are more fibroblastic and individuated, indicative of a cell
type that has undergone EMT or an EMT-like program, which is closely tied with
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increased drug resistance (247, 248). The loss of E-cadherin (data not shown) and
gain of N-cadherin (Table 1.1), as discovered by proteomics, supports this notion The
validation of carboplatin resistance in these cells correlates with their respective
phenotypes, with HMPOS 10 R displaying drastic resistance to increasingly high
amounts of carboplatin. The IC50 for HMPOS S cells is 5.62 µM carboplatin, for
HMPOS 2.5 R cells is 18.2 µM carboplatin, and for HMPOS 10 R cells is 664.2 µM
carboplatin. This drastic survival suggests the adaptation of different and/or
additional resistance strategies by HMPOS 10 R cells, which may be a consequence
of an EMT-like program implementation and/or dedifferentiation to a stem-like state,
both of which can be influenced by platinum chemotherapy (249). In both HMPOS
2.5 R and 10 R cells, generation 10 counterparts still retained a significant degree of
carboplatin resistance, suggesting that, while there is some plasticity to strategies
involved, these cells have other, more permanent cellular programs implemented.
This is consistent with the notion that, in both EMT and stemness-related programs,
there is epigenetic plasticity that modulates the degree of chemotherapy resistance,
some of which may be potentiated by the presence of carboplatin itself (250-252).
When treating sensitive cells with HMPOS 2.5 R and 10 R exosomes, a significant
increase in resistance was seen with HMPOS 2.5 R exosome treatment at a 10 µM
dose of carboplatin, indicating that an acute potentiation of resistance via resistant
cell exosomes is possible. However, the combinatorics of this transfer of resistance
are still fully unclear, as greater potentiation of resistance may be dose dependent
with respect to both carboplatin and the amount of exosomes administered to
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chemotherapy sensitive cells. Proteomic analysis of these exosomes as described
below fully outlines the potential for the transfer of resistance.
5.2 - Cell Cycle Alterations
The changes in doubling time of HMPOS 2.5 R and 10 R cells suggests that cell cycle
alterations play a functional role in carboplatin resistance. In conjunction with well
documented cellular responses to DNA damage, G2-M arrest is seen in HMPOS 10 R
cells, while both HMPOS 2.5 R and HMPOS 10 R cells have a much slower doubling
time, suggesting that both cell types repair carboplatin-induced DNA damage before
dividing (253). This notion is further supported by the subsequent decreases in
generation 10 HMPOS 2.5 R and HMPOS 10 R cell doubling times, as carboplatininduced DNA damage is no longer a factor. The exosomal proteome of HMPOS 2.5
R cells contains multiple nucleotide metabolism proteins, such as Hypoxanthineguanine phosphoribosyltransferase (which is central to the purine salvage pathway)
and ribose-phosphate pyrophosphokinase 1 (which aids in de novo synthesis of
purines and pyrimidines). This suggests that this DNA repair in and between HMPOS
2.5 R cells (or in sensitive recipient cells) may be increased via exosomal transport of
these effectors, which may reverse inhibition of cell cycle progression once sufficient
purines and pyrimidines are available (254, 255). In contrast, HMPOS 10 R cells may
alter their cell cycle progression through a different mechanism. In non-malignant
stem cells, a G2/M quiescence checkpoint is present, as mediated by p21/CDK2
activity, and cells that fail to reach sufficient CDK2 activity enter arrest (256).
HMPOS 10 R cell lysate contains abundant levels of both CDK2 and 14-3-3 sigma
proteins, the latter of which prevents transition out of the G2/M checkpoint to avoid
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DNA-damage-induced mitotic catastrophe by sequestering CDK2 in the cytoplasm
(257). This mechanism may ultimately lead to entry into a quiescent state at the G2/M
transition via insufficient CDK2 activity, which dissipates upon successful DNA
repair, and may be relevant in HMPOS 10 R cell cycle progression, as a significant
portion of these cells are arrested at the G2/M checkpoint. Both potential pathways
require the presence of DNA damage to initiate the above responses, which may
explain the lack of effect on HMPOS S cell cycle status after treatment with HMPOS
2.5 R and 10 R exosomes.

5.3 - Proteomics of Resistant HMPOS Cell Lysates and Exosomes
The proteome of HMPOS 2.5 R and HMPOS 10 R cell lysates are remarkably
different and are representative of some of the resistance strategies mentioned above.
HMPOS 2.5 R cells overexpress Gamma-glutamylcyclotransferase, which is not only
implicated in glutathione metabolism (GSH ultimately detoxifies carboplatin), but
also in induction of EMT via the PI3k/AKT/mTOR pathway, indicating that these
cells may exist in an EMT-transitional state (258, 259). Both HMPOS 2.5 R and 10 R
cells overexpress the S100A7 protein, which has been found to promote migration
and invasion in osteosarcoma and other cancers (260, 261). Other proteins involved in
invasion, such as follistatin-related protein 1 (induced by EMT-TF Snail), transgelin,
and the sialidase Neu2 are also overabundant in HMPOS 10 R cells, suggesting that
these cells are more metastatic in character (262-264). The overexpression of IGF-2
mRNA stabilizing proteins 2 and 3 by HMPOS 10 R cells, which suggests an increase
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in IGF-2 signaling, correlates with the potent IGF-2-induced state of dormancy postchemotherapy treatment that has been documented in osteosarcoma cells (265).
Multiple metabolic enzymes, such as neuron-specific enolase and glutamine
synthetase are all overabundant in HMPOS 10 R cells, indicating that these cells are
more metabolically active (266, 267). Interestingly, neuron-specific enolase has been
used as a historical marker of neuroendocrine differentiation in cancer, suggesting
that players in various neuroendocrine axes may be relevant to tumor progression
(266). The Enrichr software (http://amp.pharm.mssm.edu/Enrichr/) pathway analysis
is largely representative of the pathways described above; additionally, the role of
various miRNAs named in the analysis may also be relevant. In general, miRNAs are
significant regulators of (sometimes plastic) EMT, stemness, and drug resistance
programs, which indicates that exploration of miRNAs utilized by HMPOS 2.5 R and
10 R cells may yield valuable information and provide potential avenues of targeted
treatment (268).
The exosome proteome of HMPOS 2.5 R and 10 R cells also reveals valuable
information about the strategies adopted and potentiated via exosomal transfer of
effectors. Both HMPOS 2.5 R and 10 R cells share a variety of identical peptides in
their respective exosomes that are involved in platinum resistance, including
metallothionein-1G, histone H1.3, previously mentioned markers of invasion and
migration, and neuron-specific enolase. HMPOS 2.5 R exosomes are more
representative of nucleotide metabolism, while the previously mentioned IGF-2
pathway is represented in HMPOS 10 R exosomes via another IGF-2-mRNA
stabilizing protein. The combination of the Enrichr miRNA-protein interaction
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analysis of exosomal proteins and the presence of SYNCRIP in both exosome types
underscores the potential functional relevance of miRNA-mediated reprogramming of
cells via HMPOS 2.5 R and 10 R exosomes, as these data indicate a shift towards
miRNA packaging in exosomes from resistant cells. The combination of the above
effectors yields significant potential to impart survival and subsequent development
of a carboplatin-resistant phenotype on sensitive recipient cells.
5.4 - β-catenin Signaling After Exosome Treatment
With respect to the proteomic data mentioned above, the most conceptually
significant peptide identification is β-catenin. This was identified in increasing
abundance with greater chemotherapy resistance in HMPOS 2.5 R and 10 R cell
lysates and exosomes, respectively. While this protein was validated with
immunoblotting of cell lysates, there was no signal from exosomal proteins, as
mentioned previously. Interestingly, treatment of sensitive HMPOS with resistant
exosomes induced a significant shift in the β-catenin towards dephosphorylation, with
a greater effect induced via HMPOS 10 R exosomes. This may be reflected in the
exosome proteome data, as multiple modulators of the Wnt/β-catenin pathway are
present in these exosomes only. The presence of Heat Shock Protein 105 may be
partially responsible for the dephosphorylation effect, as it recruits protein
phosphatase 2A to the β-catenin destruction complex to dephosphorylate β-catenin,
thus stabilizing it and allowing it to translocate into the nucleus (269). The LDLR
chaperone protein Mesd guides LRP6, one component of the Wnt receptor, to the cell
membrane and induces its proper folding, which would render a recipient cell more
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sensitive to Wnt ligand and more strongly promote β-catenin dephosphorylation
(270).
The Wnt/β-catenin pathway is continually implicated in the development of stemness,
drug resistance, and self-renewal (271); it may represent a driver of carboplatin
resistance maintenance in HMPOS 2.5 R and 10 R cells, as well as an initiator of
resistance in sensitive cells receiving resistant exosomes. While confirmation of βcatenin nuclear translocation may be warranted, studies have shown that perinuclear
accumulation of dephosphorylated β-catenin predicts maintenance of
normophysiologic mesenchymal stem cell renewal, indicating β-catenin target gene
transcription has occurred (272). Preliminary qRT-PCR data of β-catenin gene targets
such as Runx2 (273), c-Myc (274), Nanog, (272), Oct4 (275), and Sox2 (276) were
gathered from exosome-treated sensitive cells. Data was also gathered for gene
expression changes in Wnt/β-catenin pathway molecules, such as LRP5, Wnt5b, and
β-catenin itself, as well as the stem cell factor Klf4. While additional replication of
the following data is warranted (n=2), the trends are distinct. HMPOS 2.5 R
exosomes increase expression of Wnt/β-catenin signaling pathway genes, Runx2, cMyc, and Klf4 after 24 hours, while HMPOS 10 R exosomes increase expression of
Oct4 and Sox2 after 4 hours and increase expression of c-Myc and Runx2 after 24
hours. The use of a Nanog-luciferase reporter plasmid also showed that the contents
of HMPOS 2.5 R and 10 R exosomes can activate the Nanog gene promoter. The
presence of SWI/SNF chromatin remodeling complex machinery, as denoted by the
inclusion of subunit SMARCC2, and chromatin-remodeling histone deacetylase in
HMPOS 2.5 R exosomes may complicate these data further, as this indicates these
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specific exosomes may alter chromatin availability to enable gene transcription in
recipient cells that is otherwise not possible (277, 278). There also exists the
possibility that exosomal miRNAs may be responsible for these transcriptional effects
or act in synergy with β-catenin and other exosomal effectors to alter the transcription
of recipient cells. Ultimately, protein-level validation through immunoblotting and/or
flow cytometry is warranted in relation to the specific genes mentioned above.
5.5 - HMPOS Cell Stemness
The embryonic stem cell factors Oct4, Sox2, and Nanog are responsible for the
induction and maintenance of embryonic stem cell renewal via autoregulatory and
feedforward loops, as each gene can activate the other in various dimer combinations
(189). Once established, this gene network engages the transcription factors
LIF/STAT3 to carry out one of multiple self-renewal programs through
transcriptional circuits, including Klf4 and c-Myc-dependent networks (279, 280).
The execution of this program via STAT3 may also be induced by Wnt/β-catenin
signaling, indicating multiple routes to program initiation are possible (281).The
effects of these various programs maintain cells in a more undifferentiated state and
allows for endless symmetrical division in this cell population. A characteristic of
stem-like cells is their intrinsic drug resistance, as governed by drug efflux pumps,
intracellular detoxification machinery, increased quiescence/dormancy, and other
resistance strategies being heavily engaged.
In the context of this study, the exosome-mediated increase of expression of Oct4,
Sox2, and c-Myc gene expression by HMPOS 10 R exosomes may represent a
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vehicle for induction of self-renewal and resistance programming and ground-state
maintenance of this stem-like network in chemotherapy sensitive cells. Whether this
modulation is carried out by exosome-derived Oct4, Sox2, or Nanog protein, or by
miRNAs capable of activating this network, is unknown and warrants further
investigation. The joint exosome-mediated increase in c-Myc gene expression is
significant, as c-Myc regulates cell metabolism and stemness, potentially in
conjunction with CDK2, which was upregulated in HMPOS 10 R cell lysate (282).
Additionally, the induction of Klf4 expression by HMPOS 2.5 R exosomes may also
facilitate both resistance and the initiation of stem-like programming, as Klf4 also
plays a functional role in preventing mitotic entry after DNA damage has occurred
(283). Preliminary experiments to characterize the degree of stemness displayed by
HMPOS 2.5 R and 10 R cells have proved inconclusive with respect to the putative
cancer stem cell markers CD45, CD34, and CD117, with further study focusing on
known canine osteosarcoma cancer stem cell markers, specifically CD44 and CD133,
which are gene targets of β-catenin and Oct4, respectively. Cells enriched via these
markers are the most inherently drug resistant and tumorigenic, which implies that an
increase in HMPOS 2.5 R or 10 R cell populations positive for these markers are
reflective of stem-like program adaptation to carboplatin treatment (284, 285).
5.6 - Canine Osteosarcoma Patient Serum Exosome Proteomics
Proteomic analysis of serum exosomes derived from two distinct canine osteosarcoma
patient cohorts has revealed both potential prognostic indicators and a significant
correlation with the in vitro cell model described above. One prognostic marker that
may denote patients who will exhibit a good outcome to treatment with the standard
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of care is the protein Tetranectin, which was overrepresented in that cohort.
Historically speaking, Tetranectin has been used as a prognostic indicator and
indicator of metastasis in several cancers, such as ovarian and pancreatic (287-289).
Data available on the Human Protein Atlas (https://www.proteinatlas.org/) indicates
that Tetranectin is a favorable indicator in liver, head/neck, and pancreatic cancers,
which denotes a functional significance to this protein. As Tetranectin was decreased
in those who responded poorly, this correlates with the potential involvement and/or
loss of Tetranectin in tumor progression and metastasis.
The presence of Complement C2, IGF-2, and Protein S in patients that responded
poorly to chemotherapy creates another potential set of prognostic indicators for
canine osteosarcoma. While only Complement C2 is listed on the Human Protein
Atlas as an unfavorable prognostic indicator (renal cancer), there may be functional
significance for these other proteins. The role of IGF-2 in canine osteosarcoma has
been characterized; this study indicates that IGF-2 signaling facilitates a state of
dormant autophagy in tumor cells that promotes drug resistance (265). With the
presence of three separate isoforms of IGF-2 mRNA-binding proteins in HMPOS 10
R cells, there may be a distinct relevance to IGF-2 signaling and carboplatin
resistance that is not only represented in HMPOS 10 R cells and patient serum
exosomes, but also modulated via exosomal transfer of protein.
Another protein that was more abundant in the patient cohort that responded poorly to
chemotherapy is Alpha-2-macroglobulin (A2M). A2M is a universal protease
inhibitor that is capable of forming complexes with proteases that are useful for
biomarker discovery (290, 291). The utility of this protein as a potential biomarker of
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disease state extends beyond cancer, as studies have implicated A2M levels in
conditions such as osteonecrosis (292). In the setting of pancreatic cancer, A2M itself
has been clinically useful as a prognostic indicator (293). In other cancers, A2M plays
a more functional role, as denoted by highly metastatic prostate carcinoma cells
utilizing A2M as a growth factor via its cognate receptor and the LRP family of
receptors (294). In the context of platinum resistance, A2M is directly capable of
binding to cisplatin in plasma due to its -SH group in its active site, a mechanism
which is functionally analogous to metallothionein-1G and GSH-mediated platinum
inactivation (295). Activated A2M is also capable of signaling via the cell surface
protein GRP78, which is known to promote cell proliferation, chemoresistance, and
regulate activation of c-Myc target genes (296). A2M has also been found to be
radioprotective via upregulation of Sox2, Nanog, and Runx2 in human mesenchymal
stem cells, indicating a more generalized role for A2M in DNA damage and
implicating it in maintenance of stem cell self-renewal (297). Strikingly, Nanog and
STAT3 dimers are capable of activating A2M gene expression, further denoting the
role of A2M in cellular self-renewal (298).In relation to our study, the in vitro cell
line data indicated that HMPOS 2.5 and 10 R cell lysates overexpressed A2M,
suggesting that A2M’s many potential roles in carboplatin resistance may be
represented by these cells. In conjunction with 3/5 patients in the poor response
cohort overexpressing A2M, our data indicate that A2M is associated with increased
drug resistance, stemness, self-renewal, and a poorer prognosis. Further mechanistic
study of A2M in canine osteosarcoma is warranted.

6. Conclusions
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In this study, we created carboplatin-resistant sublines of established canine
osteosarcoma cell line HMPOS and found that the cellular and exosomal proteomes
of these cell lines were highly suggestive of adaptation to carboplatin, further
validated by carboplatin challenge via MTS assay. These resistant cell exosomes were
found to be representative of potential to mediate and/or potentiate functional drug
resistance and wholesale reprogramming in sensitive recipient cells, as revealed by
mass spectrometry, MTS assay study of exosome-treated sensitive cells, and
immunoblot probing for dephosphorylated β-catenin. Stem cell network and Wnt/βcatenin pathway gene expression in sensitive cells was altered after treatment with
resistant cell exosomes. Canine osteosarcoma patient serum exosomes contain
possible prognostic indicators in the Tetranectin, Complement C2, A2M, Protein S,
and IGF-2 proteins, and these exosomes, in tandem with the carboplatin-resistant cell
lines, denote the role of Alpha-2-macroglobulin in resistance related processes,
differentiation status, and overall survival. Strategies of carboplatin resistance
potentiated by exosomes derived from carboplatin-resistant cells should be targeted in
the treatment of canine osteosarcoma.
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Table 1.1 – HMPOS Lysate Proteomic Targets of Interest
Name
Gammaglutamylcyclotransferase
Heat shock Protein 27
S100A7
Cyclin-dependent kinase 6
histone deacetylase
14-3-3 protein sigma
Cyclin-dependent kinase 2
Insulin-like growth factor
2 mRNA-binding protein
3
β-catenin
Transgelin
Follistatin-related protein
1
Stathmin
14-3-3 protein theta
Insulin-like growth factor
2 mRNA-binding protein
2
Sialidase Neu2

Group
2.5 R only
10 R only
2.5 and 10 R
10 R only
10 R only
10 R only
10 R only
10 R only

Oncogenic Function
Glutathione Metabolism, EMT
regulation via PI3K/AKT/mTOR
Anti-apoptotic
EMT, migration, invasion
Cell Cycle Progression
Chromatin Remodeling
Cell Signaling
Cell Cycle Progression
Stabilizing IGF-2 mRNA

2.5 R and 10 R
10 R only
2.5 R and 10 R

Cell Signaling
Stemness, invasion
Marker of EMT, invasion

10 R only
10 R only
10 R only

Cell Cycle Arrest
Cell Signaling
Stabilizing IGF-2 mRNA

10 R only

Glutamine synthetase
Alpha-2-macroglobulin

10 R only
2.5 R and 10 R

Adenosylhomocysteinase

10 R only

UV excision repair protein
RAD23 homolog A
N-Cadherin
Secreted frizzled-related
protein 2
Gamma-enolase

10 R only

Invasion, metastasis, differentiation
state
Glutamine metabolism
Protease inhibitor, stemness,
platinum inactivation
Alteration of DNA methylation via
Adenosylhomocysteine level control
DNA repair

10 R only
10 R only

Marker of EMT
Wnt signaling, tissue regeneration

10 R only

Increased glycolysis
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Table 1.2 – HMPOS Exosome Proteomic Targets of Interest
Name
Metallothionein-1G
Heat shock Protein 105
kDa
S100A10

Group
2.5 R and 10 R
10 R only

LDLR chaperone MESD
Integrin beta

10 R only
2.5 and 10 R

14-3-3 protein eta
ILF3
Insulin-like growth factor
2 mRNA-binding protein 1
β-catenin
Transgelin
Heat shock Protein 27
Follistatin-related protein
1
Stathmin
Heterogeneous nuclear
ribonucleoprotein Q
Histone H1.3
14-3-3 protein theta
Gamma-enolase
WD repeat and HMG-box
DNA-binding protein 1
SWI/SNF complex subunit
SMARCC2
Serine
hydroxymethyltransferase,
mitochondrial
Histone deacetylase 2
Hypoxanthine-guanine
phosphoribosyltransferase
ribose-phosphate
pyrophosphokinase 1

10 R only
10 R only
10 R only

Oncogenic Function
Carboplatin Inactivation
β-catenin dephosphorylation via
protein phosphatase 2A recruitment
Conditioning distant sites for
metastasis via exosomes
Wnt Signaling
Conditioning distant sites for
metastasis via exosomes
Cell Signaling
Promotes Survivin expression
Stabilizing IGF-2 mRNA

2.5 R and 10 R
2.5 R and 10 R
10 R only
2.5 R and 10 R

Cell Signaling
Stemness, invasion
Anti-apoptotic
Invasion

2.5 R and 10 R
2.5 R and 10 R

Cell Cycle Arrest
miRNA loading into exosomes

2.5 R and 10 R
2.5 R only
2.5 R only
2.5 R only

Binding of cis-platinated DNA
Cell Signaling
Glycolysis
DNA Damage Response

2.5 R only

Chromatin Remodeling

2.5 R only

Tetrahydrofolate Metabolism

2.5 R only
2.5 R only

Chromatin Remodeling
Nucleotide Metabolism

2.5 R only

Nucleotide Metabolism

2.5 and 10 R
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Table 1.3 Nucleotide sequences of canine specific PCR primers
Product
Gene

Primer Sequence 5’ – 3’

Size

Oct4
(POU5F1)

F: GAACCGAGTGAGAGGCAACC

137 bp

Sox2

F: CATGATGCAGGACCAGCTG

R: TCTGCCGACGATTGCAGAAC
174 bp

R: TGCTGCGAGTAGGACATGC
Klf4

F: CCACCTGGCGAGTCTGACAT

190 bp

R: GGAAGTCGCTTCATGTGCGA
c-Myc

F: ACCCCTTCGCCTATTTGGGA

148 bp

R: GAAGCTGACGTTGAGAGGCA
Runx2

F: GTGGCCAGCTATCACAGAGC

114 bp

R: ACTGAGGCGGTCAGAGAACA
LRP5

F: GGAGATGCCAAGACGGACAA

106 bp

R: CCAGGAGCGTGAACCCAAA
Wnt5b

F: GTGCTCATGAACCTGCAGAA

147 bp

R: GTCCCCTACTTTGCGGAACT
β-catenin
(CTNNB1)
β-Actin

F: GCAATCCCGAGGAAGAAGAT

130 bp

R: CTCTGAGCTCGAGTCATTGCA
F: GGACCTGACCGACTACCTCAT

181 bp

R: GGGCAGCTCATAGCTCTTCTC
β-Actin was used as a housekeeping gene to access quality of cDNA
and to provide a normalization standard for qPCR. All primer
annealing temperatures are 59 °C.
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Table 1.4 – Canine Osteosarcoma patient cohort demographics.
Poor Response
Locatio
Treatment
n of
Mass
L distal
Sx/Carboplatin/Doxorubicin
radius

Patien
t

Breed

Ag
e

Se
x

Joey

Saint
Bernard

5

N
M

Neala

Newfoundlan
d

5

SF

R distal
radius

Sx/Carboplatin/Doxorubicin

Tank

Doberman

7

N
M

L distal
radius

Sx/Carboplatin

Angus

Mixed

10

N
M

L distal
radius

Sx/Carboplatin/Dasatinib/Doxorubi
cin

Toby

Golden
Retriever

9

N
M

R
proxima
l
humerus

Sx/Carboplatin/Listeria
vaccine/Doxorubicin

Patient

Breed

Age

Sex

Abishag

Great Dane

9

SF

Mya

6

SF

Dillie

Saint
Bernard
Doberman

5

SF

Axel

Pitbull Mix

7

NM

TR

German
Shepherd

7

SF

Good Response
Location
Treatment
of Mass
L distal
Sx/Carboplatin
radius
R distal
Sx/Carboplatin
radius
L distal
Sx/Carboplatin
radius
L distal
Sx/Carboplatin
radius
R distal
Sx/Carboplatin
radius

DF
I

OS
T

58
day
s
70
day
s
62
day
s
88
day
s
61
day
s

81
days
165
days
196
days
372
days
131
days

DFI

OST

340
days
Present

420
days
Present

308
days
Present

316
days
Present

Present

Present

“Present” denotes a patient who has not relapsed and is disease free and alive to present day.
SF = Spayed Female, NM = neutered male
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