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Abstract
Osteosarcoma (OS) is the most common pediatric bone tumor and is associated
with the emergence of pulmonary metastasis. Unfortunately, the mechanistic basis
for metastasis remains unclear. Tumor-derived extracellular vesicles (EVs) have been
shown to play critical roles in cell-to-cell communication and metastatic progression in
other cancers, but their role in OS has not been explored. We show that EVs secreted
by cells derived from a highly metastatic clonal variant of the KHOS cell line can be
internalized by a poorly metastatic clonal variant of the same cell line and induce a
migratory and invasive phenotype. This horizontal phenotypic transfer is unidirectional
and provides evidence that metastatic potential may arise via interclonal co-operation.
Proteomic analysis of the EVs secreted by highly metastatic OS clonal variants results
in the identification of a number of proteins and G-protein coupled receptor signaling
events as potential drivers of OS metastasis and novel therapeutic targets. Finally,
multiphoton microscopy with fluorescence lifetime imaging in vivo, demonstrated a
preferential seeding of lung tissue by EVs derived from highly metastatic OS clonal
variants. Thus, we show that EVs derived from highly metastatic clonal variants of
OS may drive metastatic behaviour via interclonal co-operation and preferential
colonization of the lungs.

Introduction

The process of tumor growth, progression and
metastasis relies on a complex network of inter-cellular,
intra-cellular and distant cell signaling events and
interactions [7]. These include signaling between cancer
cells and stromal cells in the tumor microenvironment,
cancer cell-cell communication, and interaction with
distant organs targeted for metastatic spread. Although
numerous pathways have been shown to participate in
these processes it is now clear that extracellular vesicles
(EVs) secreted by cancer cells may be key mediators of
cell-to-cell communication and cancer progression [8, 9].
Extracellular vesicles, including exosomes,
microvesicles and apoptotic bodies, are membrane-bound
nanoparticles, 30–1000 nm in size, which are secreted by
all cell types, including cancer cells [10, 11]. EVs display

Osteosarcoma (OS) is the most common malignant
primary bone tumor in children and is characterized by
a high degree of vascularization, genomic complexity,
inter- and intra-tumoral heterogeneity, chemoresistance
and early pulmonary metastasis [1–4]. Treatment with
aggressive, multi-agent neo-adjuvant chemotherapy
and limb-salvage surgery has increased the survival of
patients with localized disease, but for the majority of
patients who progress to pulmonary metastasis, current
treatment strategies have been ineffective [5, 6]. To
improve outcomes for metastatic OS patients we need to
understand and target mechanisms involved in driving
metastatic progression.
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6-week-old BALB/c nude mice, as described. All clonal
variants gave rise to tumors in the injected animals within
4–9 weeks post-injection. All clonal variants were used
at a very early passage after expansion and used in two
independent mouse experiments performed 3 months
apart. In both experiments the behaviour of the clones was
reproducible in terms of tumor formation and metastasis.
The six clonal variants separated into highly metastatic
(HiMet-C1 and C6) or poorly metastatic (LoMet-C2,
C3, C4 and C5) when compared to the parental cell line
(Figure 1A and 1B; C2 and C3 not shown). The metastatic
foci formed by different clonal variants also displayed
different characteristics, with poorly metastatic clonal
variants giving rise to small and distinct metastatic foci,
and highly metastatic variants giving rise to large, often
necrotic foci which spread over the lung tissue and
merged with each other to form large areas of metastasis
(Figure 1C). These data show that variants exist within an
established tumor-derived metastatic OS cell line and that
they differ in their metastatic activity.

cell membrane markers from the secreting cell and carry
a defined array of proteins, lipids, mRNA and miRNAs
that differ according to their cell of origin [12]. EVs
from various cell types induce genotypic and phenotypic
changes in recipient cells and change the outcome in a
number of diseases, including cancer, via the transfer of
their protein and nucleic acid cargo [8]. For example, EVs
secreted by fibroblasts in the tumor microenvironment
can stimulate the motility and progression of breast
cancer cells [13]. On the other hand, tumor-derived
EVs can also transfer their cargo to cells in the tumor
microenvironment, a process which has been shown to
induce angiogenesis, to modulate anti-tumor immune
responses and to prepare the pre-metastatic niche [14–17].
For example, in lung tissue, EVs secreted by melanoma
cells initiate the degradation of the extracellular matrix
and promote vascular leakiness [10]. Importantly, when
the transfer of EVs occurs between cancer cells, it induces
signaling events in the recipient cells that promote growth
and survival [10].
To date, the literature reporting the role of EVs in
sarcomas is limited. One study has reported the isolation
and characterization of EVs from Ewing’s sarcoma
cells [18], and another study with 143B osteosarcoma
cells has revealed that they secrete EVs capable of
stimulating osteoclastogenesis in the surrounding
bone microenvironment [19]. However, it is unknown
whether OS-derived EVs can participate in intra-tumoral
communication, specifically, in inter-clonal cooperation
which could modify the metastatic behaviour of OS.
In addition, extracellular vesicles have been proposed as
significant and useful clinical prognostic biomarkers due
to their presence in the biological fluids of cancer patients,
and their increasing levels with advancing disease [20, 21].
Yet, no literature exists examining their prognostic value
in osteosarcoma.
In this study, we show that the transfer of vesicles
from highly metastatic OS subclones induces a change in
the poorly metastatic subclones to a more migratory and
invasive phenotype. This increase in metastatic properties
is unidirectional. In addition, we profile the exosomal
proteome and identify a suite of known metastasis
effectors. Finally, we show that vesicles derived from
highly metastatic OS subclones localize specifically and
preferentially to the lungs.

Extracellular vesicles secreted by HiMet OS
modify the phenotype of LoMet OS
To investigate whether OS cells were capable of
secreting EVs and to examine whether the levels of EV
secretion in OS correlated with metastatic potential, we
isolated extracellular vesicles from a 24 h culture of
a metastatic cell line, KHOS, and a non-metastatic cell
line, HOS, as well as from the clonal variants HiMet-C6
and LoMet-C4, grown in FBS EV-free medium. EVs can
be isolated by serial ultracentrifugation or commercial
precipitation techniques. Both techniques have been used
successfully but can also co-purify contaminants that can
impact biological activity [12, 23, 24]. Therefore, we
compared the ability of HiMet-C6 EVs isolated using a
commercial kit or serial ultracentrifugation to increase
the migration of LoMet-C4 cells (Figure S1A) or parental
KHOS cells (Figure S1B). Both preparations of EVs
increased migration of target cells similarly. This is
consistent with published studies showing that commercial
reagents or ultracentrifugation protocols produced EVs of
equal purity and functional quality [14, 25–27]. Moreover,
in a proteomic analysis of soluble factors secreted by
metastatic and non-metastatic OS cells, we failed to
detect VEGF, PDGF or TGFβ [28], thus excluding these
as possible soluble contaminants in our EV preparation
that could be contributing to the increase in metastasis.
Thus, for the rest of our study we used a commercial
precipitation kit (ExoQuick) for EV enrichment. Initial
studies showed that EVs could be isolated from nonmetastatic HOS cells, poorly metastatic LoMet-C4 clones,
highly metastatic HiMet-C6 clones, and the metastatic
parental cell line KHOS (Figure 2A and 2B). HOS and
LoMet-C4 clones contained low levels of protein/donor
cell whereas the metastatic C6 clone and KHOS cell line

Results
Clonal variants differing in metastatic potential
exist within an established OS cell line
We have previously described the isolation of
clonal variants from an established OS cell line (KHOS).
Using our published mouse model of OS metastasis [22],
we selected six clonal variants (termed C1–C6) at random
and individually injected them intra-femorally into
www.impactjournals.com/oncotarget

43571

Oncotarget

contained 3-fold more protein/donor cell (Figure 2A).
Particle size distribution of the HiMet-C6 and LoMet-C4
vesicles revealed very little difference in size between the
two preparations, with peak sizes of 99.4 nm and 85.3 nm
for LoMet and HiMet, respectively (Figure 2C). However,
due to the limitations of Zetasizer particle size analysis
for polydisperse EV preparations, we sought confirmation
of the size of our vesicles by fixing the HiMet-C6 EV
preparations in paraformaldehyde for electron microscopy.
The images revealed numerous vesicles 80–90 nm in
diameter displaying a typical doughnut shape which has
been previously reported for some exosomes (Figure 2D)
[29, 30]. Finally, we performed immunoblotting of EVs
< 200 nm isolated from HiMet-C6, LoMet-C4, the nonmetastatic cell line, HOS, and the metastatic cell line,
KHOS, against a panel of classic exosome antibody
markers: HSP70, CD63 and CD81. All preparations
were positive for CD63, the most commonly identified
(82%, http://www.exocarta.org) [31] marker in exosomes,
as well as for CD81 and HSP70. The expression of the
latter was much higher in the extracellular vesicles isolated

from the clonal variants C6 and C4, than in those isolated
from the cell lines (Figure 2E). These data demonstrate
that OS cells secrete abundant extracellular vesicles and
that the level of EV secretion correlates with the metastatic
potential of the cell. Specifically, highly metastatic OS cells
secrete 3-fold more vesicles than poorly metastatic cells.
Extracellular vesicles secreted from tumor cells into
their microenvironment are known to induce phenotypic
changes in stromal target cells [32]. Evidence is also
beginning to accumulate showing that this phenotypic
transfer can occur between cancer cells [33, 34]. However,
there is limited evidence showing that EVs secreted by
HiMet subpopulations within a heterogeneous tumor can
transfer a metastatic phenotype to neighboring LoMet
subpopulations (i.e. interclonal cooperation), and no
evidence in osteosarcoma.
We investigated whether HiMet-C6 EVs could
change the migratory and invasive potential of LoMet-C4
cells. We performed in vitro migration and invasion
assays using EVs at concentrations of 20 and 40 µg/mL.
HiMet-C6 EVs significantly increased the migration

Figure 1: OS tumor heterogeneity. Mice were injected intrafemorally with 5 × 104 cells in a 10 µL volume of PBS and tumours

allowed to grow to 10 mm diameter before being sacrificed. (A) Metastatic burden in mice injected orthotopically with the metastatic
KHOS parental cell line and single cell clonal variants C1, C4, C5 and C6, derived from KHOS. Data presented as mean +/− SD from 2
experiments. n = 10. Statistical analysis: One-way ANOVA (F = 7.14, P = 0.0002), and Tukey’s Multiple Comparison Test for P < 0.05.
(B) Average metastatic burden of experiment shown in (A). One-way ANOVA (F = 22.77, P < 0.0001), and Tukey’s Multiple Comparison
Test for P < 0.05. (C) Representative H&E stained lung sections of mice at the time of sacrifice following injection with KHOS (wt), highly
metastatic HiMet-C6 or poorly metastatic LoMet-C4 cells, showing OS lung lesions. Magnification: ×10. Experiment was performed twice
with 5 mice/group each time.
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(Figure S2B–S2D), indicating that the ability to transfer
a migratory and invasive phenotype is unidirectional
and unique to EVs secreted by highly metastatic
subpopulations. To understand this process more fully we
considered the possibility that LoMet OS cells could take
up EVs secreted by HiMet OS cells. We labelled HiMet-C6
EVs with the membrane dye, PKH67, prior to incubation
with LoMet-C4 cells. Our data shows that HiMet-C6
EVs begin to be internalized by LoMet-C4 cells after 2 h,
and that the number of internalized vesicles increases
as time progresses, persisting after 20 h (Figure 4).
Combined, these data provide evidence for the transfer of

(P = 0.032–0.04) and invasion (P = 0.036) of LoMet-C4
and Lo-Met-C5 cells (Figure 3A and 3B). HiMet EVs from
another clonal variant, C1, also significantly (P < 0.0001)
increased the invasion of LoMet-C5 (Figure S2A).
We confirmed that the increases in migration and invasion
were not due to an increase in LoMet-C4 proliferation in the
presence of HiMet-C6 EVs during the assay (Figure 3C).
In addition, we also confirmed that EVs secreted by the
LoMet-C4 cells did not contribute to the increase in
migration of the LoMet-C4 cells in a paracrine fashion
(Figure 3D). In contrast, LoMet-C4 and C5 EVs did
not increase migration and invasion of HiMet-C1 or C6

Figure 2: Characterization of OS extracellular vesicles. EVs were isolated from conditioned medium collected from 24 h cultures

of various OS cell lines or clones grown in the presence of FCS-EV-free medium. (A) Quantity of EVs in unfiltered medium, estimated as
EV protein secreted by metastatic KHOS cells, the clonal variants HiMet-C6 and LoMet-C4, and non-metastatic HOS cells. Protein levels
normalized to the number of cells in culture. Data presented as mean +/− SD of triplicate determinations from 3 experiments. Statistical
analysis: 1-way ANOVA (F = 6.40, P = 0.0039), and Tukey’s Multiple Comparison Test for P < 0.05. (B) The metastatic potential of the
cells in (A) was determined by orthotopic injection into mice. Lungs were collected when primary tumors reached 10 mm, FFPE and
sectioned. Metastasis was quantified as % area of lung covered with metastatic lesions/total area of lung for each mice, Data presented as
mean +/− SD of 2 experiments, n = 10. Statistical analysis: 1-way ANOVA (F = 5.99, P = 0.0015), and Tukey’s Multiple Correction Test
for P < 0.05. (C) Measurement of the size distribution by % intensity of a filtered and diluted preparation of EVs containing 40 µg/mL
of LoMet-C4 (left panel) or HiMet-C6 (right panel) EVs in a Zetasizer 3000HSa. Data presented as mean of two preparations.
(D) Electron microscopy of a filtered preparation of EVs derived from HiMet-C6 (< 200 nm), showing the classic doughnut shape reported
for exosomes. Bar: 100 nm. (E) EV protein isolated from the OS cell lines (KHOS, HOS) and the clonal variants (HiMet-C6, LoMet-C4) was
electrophoresed and immunoblotted against classic exosome markers, CD63, CD81 and HSP70. A representative blot from 3 experiments
is shown.
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migratory and invasive phenotypes from highly metastatic
to poorly metastatic osteosarcoma subclones through the
release and uptake of EVs.

secreted by cells grown in the presence of serum [35].
For this reason, and to mimic the conditions under which
the phenotype changes had been observed in functional
migration and invasion assays, we chose to grow cells in
EV-free medium containing 10% FCS.
We performed false discovery rate (FDR) validation
after mass spectrometry analysis to remove a number of
peptides belonging to background bovine serum proteins.
After FDR validation (FDR < 0.5%), the analysis
identified 64 proteins in HiMet-C6 EVs (Table S1) and
37 proteins in LoMet-C4 EVs (Table S2). These proteins

The HiMet EV protein cargo plays a role in
metastasis
We performed proteomic analysis of EVs secreted
by HiMet-C6 and LoMet-C4. Extracellular vesicles
secreted by cells grown in the absence of serum have
been shown to differ in protein composition from those

Figure 3: Extracellular vesicles secreted from HiMet cells increase in vitro migration and invasion of LoMet cells. EVs were

prepared from HiMet-C6 or LoMet-C4 clones and incubated with LoMet-C4 or C5 clones for 24 hr. (A) Increase in the migration of LoMet-C4
and C5 in the presence of EVs secreted by a HiMet-C6. *1-way ANOVA (F = 3.97–4.13, P = 0.032–0.04), Tukey’s MCT for P < 0.05. (B) Increase
in the invasion of LoMet-C4 and C5 in the presence of EVs secreted by HiMet-C6. *1-way ANOVA (F = 4.15, P = 0.036), Tukey’s MCT for
P < 0.05. (C) Increase in migration of LoMet-C4 cells in the presence of HiMet-C6 EVs is not due to the proliferation of LoMet-C4 cells,
measured as DNA synthesis (BrdU incorporation). 1-way ANOVA with Tukey’s MCT = ns. (D) LoMet-C4-secreted EVs do not contribute
to the increase in migration of LoMet-C4 cells. 1-way ANOVA with Tukey’s MCT = ns. Data presented as mean +/− SD from triplicate
determinations of at least 2 experiments. Bars: SD.
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were present in at least two of the three biological replicate
MS runs. Of the 64 proteins found in HiMet-C6 EVs, 31
were unique to these vesicles and 7 were present at levels
2-fold greater than in LoMet-C4 vesicles (Figure 5A
and 5B). Proteins shared by HiMet and LoMet vesicles
included alpha-fetoprotein (AFP), glyceraldehyde-3phosphate dehydrogenase (GAPDH), hemoglobin subunit
alpha (HBA1), histones H2A and H4 (HIST1H2AB,
HIST1H4A), inter-alpha-trypsin inhibitor heavy chain
H3 (ITIH3) and pigment epithelium-derived factor
(PEDF). FunRich (Functional Enrichment Analysis Tool)
[36] was used to compare the cellular component of the
proteins found uniquely in HiMet-C6 and LoMet-C4
EVs. Whilst HiMet-C6 EV proteins were mainly found
in exosomes, centrosomes, cytosol and nucleolus,
LoMet-C4 EV proteins were mainly of extracellular and
cytoskeletal origin (Figure 5C). This served to further
highlight the differences between vesicles secreted by
the two subclones. The most abundant proteins present
in HiMet-C6 which were present at a fold change ≥ 2
compared to LoMet-C4 were HIST1H4A (FC = 11.14),
PEDF (FC = 5.28), ITIH3 (FC = 3.64) and HIST1H2AB
(FC = 3.55). Of the 31 most abundant proteins which were
present in HiMet-C6 EVs but not in LoMet-C4 EVs, 16
(51.6%) have been shown to be involved in metastatic
progression in various cancers including OS (Table 1).
These include nucleophosmin (NPM1), several chaperonin

complex proteins (CCT2, 4, 6A and 8), vimentin (VIM),
clathrin heavy chain (CLTC), collagen alpha-2(VI) chain
(COL6A2), heterogeneous nuclear ribonucleoproteins C1/
C2 (HNRNPC), pyruvate kinase (PKM), alpha-actinin 4
(ACTN4), myosin-10 (MYH10), multifunctional protein
ADE2 (PAICS), valosin containing protein (VCP), annexin
A1 (ANXA1) and ATP-citrate synthase (ACLY). Receptor
target modelling (MetaCore data-mining and pathway
analysis, Thomson Reuters) of the 31 unique HiMet-C6
proteins in the list revealed that 21/31 of the proteins
(67.7%) are involved in G-protein coupled receptor
signaling events (GO Processes) (Figure 6) known to play
critical roles in tumor growth and metastasis [37]. More
recently, a link between GPCR signaling, extracellular
vesicles and metastasis has been published [38].

Extracellular vesicles secreted by HiMet OS
subpopulations increase chemotaxis and invasion
of LoMet subpopulations
Extracellular vesicles have been shown to release
chemokines that increase the invasion of target cells, an
event which may contribute to the formation of a premetastatic niche [39–41]. To test whether HiMet OS
EVs could increase the chemotactic properties of LoMet
OS cells, we used the same in vitro surrogate assays of
metastasis described above. However, this time EVs

Figure 4: HiMet-C6 EVs are internalized by LoMet-C4 cells. EV membranes from HiMet-C6 cells were labelled with PKH67
dye as described in “Materials & Methods” and 20 μg/mL of labelled EVs (green) incubated with LoMet-C4 cells (nuclei stained blue
with DAPI) for the indicated times. Images are representative of 3 independent experiments. Visualization was performed by confocal
microscopy at 63× magnification (Zeiss LSM 510 Meta).
www.impactjournals.com/oncotarget
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were placed in the bottom chamber of the transwell, and
migration or invasion was allowed to proceed for 24 or
48 h, respectively. HiMet-C6 EVs significantly increased
the chemotactic migration (P < 0.0001) and invasion
(P = 0.0003) of LoMet-C4 cells (Figure 7A and 7C). In
contrast, LoMet-C4 EVs had no effect on the chemotactic
migration of HiMet-C6 cells (Figure 7B) and only
modestly increased (P = 0.015) their chemotactic invasion
(Figure 7D). In addition, HiMet-C6 EVs significantly
(P < 0.0001) increased the chemotactic migration of the
heterogeneous parental cell line, KHOS (Figure 7E).
Similar results were obtained with HiMet-C1 and
LoMet-C5 cells (Figure S3). Thus, our data show that

extracellular vesicles secreted by highly metastatic
subpopulations can increase the chemotactic migration
and invasion of poorly metastatic OS cells.

HiMet-C6 extracellular vesicles preferentially
colonize lung tissue in vivo
Since EV-mediated chemotaxis has been associated
with the establishment of the pre-metastatic niche in other
cancers [39, 42], we investigated whether extracellular
vesicles from highly metastatic OS clones could
preferentially colonize the lungs, the most common site
of distant metastasis in OS. To do so we used multiphoton

Figure 5: Protein cargo of HiMet-C6 and LoMet-C4 EVs. EV preps from FCS-EV-free medium derived from 3 biological
replicates of LoMet-C4 and HiMet-C6 EVs were prepared and subjected to MS as described in “Materials & Methods”. Total peak intensity
was calculated from the extracted ion chromatogram of each peptide precursor. All peptides have a false discovery rate < 0.5%. The
graph (A) shows 38 peptides exclusively present in HiMet-C6 EVs or present with a fold change ≥ 2.0 in HiMet-C6 EVs compared with
LoMet-C4 EVs. (B) Venn diagram showing 26 proteins exclusively expressed in LoMet-C4 EVs, 31 proteins exclusively expressed in
HiMet-C6 EVs, and 7 proteins in common. (C) Comparison of the cellular component of the proteins found uniquely in HiMet-C6 and
LoMet-C4 EVs.
www.impactjournals.com/oncotarget
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Table 1: HiMet-C6 extracellular vesicle proteins associated with metastatic progression
Protein

Role in metastasis

References

NPM1

Associated with a variety of signaling pathways regulating cell proliferation and apoptosis.
Involved in tumorigenesis as suppressor and oncogene. Overexpressed in a number of cancers. [54, 75–77]
Associated with colorectal cancer migration and invasion.

CCT2
CCT4
CCT6A
CCT8

Possible role in cell proliferation and tumorigenesis (ER-positive breast cancer, gallbladder
carcinoma and colorectal cancer).

[78–81]

VIM

Involved in attachment, migration, and cell signaling. Expression correlates with increased
metastatic disease, reduced patient survival and poor prognosis across multiple tumor types.

[55–58]

CLTC
Increasing evidence for the role of trafficking pathways in metastasis by directing cell motility.
COL6A2 Associated with poor survival in ovarian cancer.
HNRNPC Controls aggressiveness of glioblastoma cells through the regulation of PDCD4.

[82–84]
[85]
[86]

Overexpressed in a number of cancers. Associated with aggressive clinicopathological features
and poor prognosis in HCC.

[86–91]

PKM
ACTN4
MYH10
PAICS
VCP
ANXA1
ACLY

Encoded by metastasis-related gene. Protein expression is closely associated with the invasive
phenotypes of cancers.
Direct targeting by miR-200a inhibits cell migration and tumor growth in meningiomas and lung
adenocarcinomas.
Encoded by anti-apoptotic oncogene. Prognostic biomarker for aggressive lung adenocarcinoma.
Increased expression associated with disease progression and poor prognosis. Altering expression
modulates cell proliferation and invasion.
Inhibition suppresses OS metastasis.

[92–97]
[98, 99]
[100, 101]
[66–68]

Deregulation associated with development, invasion, metastasis, occurrence and drug resistance
of cancers. Might specifically function as a tumor suppressor or a tumor promoter candidate for
certain cancers depending on the particular type of tumor.

[102]

Expression is associated with advanced stage and prognosis in gastric adenocarcinoma.

[103]

microscopy with fluorescence lifetime imaging
(MPM-FLIM) to track the distribution of PKH67labelled HiMet-C6 extracellular vesicles in mice after
intravenous injection. The fluorescence signals of PKH67labelled extracellular vesicles in PBS in vitro could only
be detected at 920 nm excitation and emission channel
from 450 to 515 nm, with a fluorescence lifetime of
1922 ± 122 ns (Figure S4A and S4B). The pseudo-color
was based on the average fluorescence lifetimes (τm) in
individual pixels. Figure 8 displays the spatial distribution
of the fluorescence lifetime signal of PKH67-labelled
extracellular vesicles in the mouse lung, as measured
by MPM-FLIM at an excitation wavelength of 920 nm.
In the 350–450 nm spectral channel, the fluorescence signal
mainly comes from collagen second harmonic generation
in the lung. As no fluorescence signal of PKH67-labelled
extracellular vesicles was detected in this channel,
the color and the average fluorescence lifetime (τm) of
images did not change significantly before (106 ± 14 ns)
or after injection (108 ± 25 ns) as shown in Figure 8A
and 8C. In sharp contrast, the spectral channel of 450–515
nm captured the fluorescence signals of PKH67-labelled
extracellular vesicles as well as autofluorescence signals
www.impactjournals.com/oncotarget

from flavin adenine dinucleotide in cells. The image color
changed to orange in the pulmonary capillary (Figures 8B
and 8D) after injection of PKH67-labelled extracellular
vesicles and τm increased significantly (from 1089 ± 75 ns
to 1663 ± 168 ns, P < 0.05) compared to the pre-injection
value, demonstrating the localization of the fluorescence
signals of PKH67-labelled extracellular vesicles in the lung.
However, unlike the lung, the color and τm of images of
liver did not change significantly before (Figure 8E and 8F)
or after (Figures 8G and 8H) injection in all channels
(728 ± 81 ns vs. 699 ± 49 ns, P > 0.05), which indicated that
the fluorescence signals of PKH67-labelled extracellular
vesicles in the liver were undetectable. Therefore, our
in vivo data show the specific localization of HiMet-C6
extracellular vesicles to lung tissue which is in agreement
with the clinical data showing the lung as the major site for
the development of secondary metastases in OS.

DISCUSSION
In this manuscript we show that EVs from highly
metastatic OS clones are internalized by poorly metastatic
clones and induce a migratory and invasive phenotype
43577
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in the latter. Notably, this horizontal phenotypic transfer
is unidirectional and provides definitive evidence that
metastatic potential may arise via interclonal cooperativity
mediated via secretion of EVs. In addition, we also show
that the EVs derived from highly metastatic clones can
release chemotactic factors that induce migration and
invasion of poorly metastatic clones. This latter activity is
of considerable interest since we also show that EVs from
highly metastatic clones selectively concentrate within
lung tissue where they may set up a chemotactic gradient
to recruit OS cells to the pre-metastatic niche within the
lung. Finally, we complete the first proteomic evaluation
of the contents of secreted osteosarcoma EVs. We show
that the amount and protein composition of EVs differs
between highly- and poorly-metastatic clonal variants.
In addition, we show that vesicles secreted by highly

metastatic OS clonal variants carry a cargo of known
metastasis drivers that operate through the regulation of
G-protein coupled receptor (GPCR) signaling.
Although a number of studies have provided
evidence for the EV-mediated transfer of oncogenic and
metastatic properties between cancer cells that result in
phenotypic changes in the recipient cells [33, 43–45], the
literature has been lacking for osteosarcoma. In this study,
we demonstrate that EVs, secreted by highly metastatic
clonal subpopulations of OS, can be internalized by
poorly metastatic subpopulations of OS. Moreover, this
transfer of EVs results in a phenotypic change in the
poorly metastatic subclones, making them significantly
(P < 0.0001) more migratory and invasive. Importantly,
this horizontal phenotypic transfer was only observed
from highly metastatic subclones to poorly metastatic

Figure 6: G-protein coupled receptor signaling by HiMet-C6 EV protein cargo. Based on the proteomic profile of the
HiMet-C6 clones we generated a network map using receptor target modelling in Metacore GeneGo. Red circles indicate proteins uniquely
present in HiMet-C6 vesicles.
www.impactjournals.com/oncotarget
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subclones, suggesting that a heterogeneous tumor
could use this unidirectional EV-mediated interclonal
cooperation specifically to promote its metastatic spread.
Our study is consistent with recent studies showing
that interclonal cooperation can induce metastatic
behavior in other tumour types [46, 47]. For example, it
was recently revealed that EVs released by tumor cells
can induce metastasis through the transfer of oncogenic

and metastatic proteins and nucleic acids [33, 43–45].
For example, a truncated, oncogenic form of EGFR,
EGFRvIII, can be transferred between glioma cells
via EVs. This results in the transmission of oncogenic
activity, including activation of MAPK and Akt signaling
pathways, changes in expression of EGFRvIII-regulated
genes, morphological transformation and an increase in
anchorage-independent growth [33]. Finally, in breast

Figure 7: Chemotactic properties of HiMet EVs.

EVs were isolated from FCS-EV-free medium of HiMet-C6 or LoMet-C4
clones and 20 μg/mL EVs placed in the bottom chamber of transwell chambers. (A) Increase in the migration of LoMet-C4 in response
to HiMet-C6 EV chemotaxis. ****P < 0.0001. (B) LoMet-C4 EVs do not induce an increase in the migration of HiMet-C6 cells by
chemotaxis. (C) Increase in the invasion of LoMet-C4 in response to HiMet-C6 EV chemotaxis. ***P = 0.0003. (D) LoMet-C4 EVs
induce a modest response in invasion of HiMet-C6 cells by chemotaxis. *P = 0.015. (E) Increase in the migration of the heterogeneous,
metastatic parental cell line, KHOS, in response to HiMet-C6 EV chemotaxis. ****P < 0.0001. Data presented as mean +/− SD of triplicate
determinations from at least 2 experiments. Two-tailed P value from an unpaired t test.
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cancer, EVs from invasive triple-negative breast cancer
cells (TNBC) increase the invasiveness of less invasive
TNBCs and of other non-TNBC cells [44].
The existence of circulating exosomes has been
shown to increase with tumour progression and correlates
with poor prognosis [20, 48–53]. Our data confirm
that in OS, established metastatic cell lines and highly
metastatic subpopulations secrete 3-fold more EVs than
their non-metastatic or poorly metastatic counterparts.
This suggests that levels of circulating EVs in OS
patients could serve as a prognostic marker for metastatic
progression. In this study, we reveal that in OS, EVs
from highly metastatic tumor cell subpopulations carry a
unique cargo of proteins not present in EVs from poorly
metastatic subpopulations. Moreover, 16/31 (51.6%) of
the unique highly metastatic EV proteins identified in our
proteomic analysis have been shown to be associated with
poor prognosis and/or metastatic progression (Table 1).
Thus, our data suggests that some of these proteins could
also serve as prognostic markers for metastatic OS.
These include nucleophosmin (NPM1), vimentin (VIM)
and valosin-containing protein (VCP). NPM1 has been
directly implicated in tumor progression in a number
of cancers [54]. VIM has been shown to increase cell
motility, invasion and lamellipodia formation [55–57],
and its expression is linked to increased metastatic
progression, reduced patient survival and poor prognosis
across multiple tumor types [58]. VCP also correlates with
increasing recurrence and poor prognosis in patients with

various cancers [59–65], and very recent studies have
shown that its inhibition in osteosarcoma results in loss
of malignancy and decreased metastasis [66–68]. Further
investigation is needed to confirm if the other EV proteins
identified in this study could also be relevant therapeutic
targets for OS metastasis. As well as carrying proteins that
directly impact metastatic progression, EVs have been
shown to release chemokines that act as chemo-attractants
and increase the chemotactic invasion of target cells,
a process which can contribute to pre-metastatic niche
formation [39, 69]. Consistent with this, we show that
EVs from highly metastatic OS cell subpopulations have
the capacity to increase chemotaxis and invasion of poorly
metastatic cell subpopulations. This lends support to the
proposition that interclonal cooperation is unidirectional,
favoring the overall metastatic progression of a tumor,
and possibly contributing to the establishment of a premetastatic niche. In support of the latter, we provide
in vivo evidence to show that highly metastatic OSderived EVs are selectively retained within the lung, the
major and most common site of distant metastasis in OS,
in preference to the liver, which is not a target organ for
OS distant spread. Our observations are reinforced by very
recent studies showing that tumor-derived EVs can seed
and precondition specific organs for metastatic invasion
[16, 70]. These studies indicate that vesicles derived from
different cancer cells express different surface integrins
which determine the homing of the vesicles to distant
organs with an abundance of ligand for the particular

Figure 8: HiMet-C6 EVs migrate to the lung but not the liver. (A–D) Pseudocolored τm fluorescence lifetime image of PKH67-

labelled HiMet-C6 EVs in mouse lung before (A, B) and 30 min after bolus injection (C, D). (E–H) Pseudocolored τm fluorescence lifetime
image of PKH67-labelled EVs in mouse liver before (E, F) and 30 min after bolus injection (G, H). Fluorescence lifetime images (bluegreen-red) were recorded at λex/λem: 920/350 to 450 nm and λex/λem: 920/450 to 515 nm. Magnification: 40×. Scale bar: 40 μm.
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integrin [16]. In addition, seeding of target organs by
these EVs induces the production of S100 proteins which
promote inflammation and cell migration [16]. Taken
together, these findings may contribute to an explanation
for lung tropism in OS.

FCS and incubated overnight. Medium was then removed
and the cells were washed three times in PBS before
the addition of 12 mL of FCS-EV-free medium. Cells
were incubated for 24 h. The medium was collected
and centrifuged at 4000 rpm for 15 min to remove cells
and debris. The supernatant was collected and filtered
gently through a 0.2 µm membrane to remove debris. EV
precipitation was performed on the tissue culture medium
with ExoQuick-TC™ Exosome Precipitation Solution
(System Biosciences) according to the manufacturer’s
instructions. For EVs isolated by serial ultracentrifugation,
the cell culture medium was collected and centrifuged at
2000 × g for 10 min. The supernatant was then centrifuged
at 10,000 × g for 10 min, and then concentrated in an
Amicon Ultra-15 10kDa centrifugal filter, until 1.5 mL of
supernatant remained. EVs were then pelleted at 100,000
× g for 70 min. All steps were performed at 4°C. The final
pellet was washed in chilled PBS and then resuspended in
100 µL PBS for functional assays, or 100 µL RIPA buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40) for immunoblotting and
proteomic analysis. Protein was determined by the method
of Bradford [72] using a dye reagent concentrate (BioRad, Sydney, Australia). Extracellular vesicles were stored
at −80°C in 20 µg aliquots until ready for use.

Materials and Methods
Cell culture
Osteosarcoma cells, KHOS (ATCC® CRL-1544™),
were a kind gift from Prof. Andreas Evdokiou, Basil
Hetzel Institute, University of Adelaide, Australia. Cells
were cultured in DMEM/10% FCS at 37°C/5%CO2. All
cell lines were authenticated by Cell Bank Australia using
PCR to identify short tandem repeats and match them to
known ATCC profiles.

Derivation of OS clonal variants and in vivo
metastasis studies
The highly metastatic subclones, C1 and C6, and
the poorly metastatic subclones, C4 and C5, were derived
from KHOS as described. Briefly, cells were seeded in 24well plates at a density of less than 1 cell/well. Individual
cells were allowed to divide and grow into colonies over
several days. Wells that contained growing colonies were
expanded into tissue culture flasks and frozen in liquid
nitrogen. Subclones were selected at random for injection
into mice. KHOS cells were injected as a control. All
animal experimentation was approved by, and carried
out in strict accordance with the recommendations of,
The University of Queensland Health Sciences Ethics
Committee (Approval Numbers: UQDI/PAH/292/12/
NHMRC). Four to six female 6-week-old BALB/c nude
mice were used in each group and experiments were
repeated at least once. Each subclone and KHOS was
injected intra-femorally at a concentration of 5 × 106
cells/mL in a 10 µL volume (50,000 cells). Mice were
euthanized when tumors reached the ethics-imposed
limit of 10 mm in diameter. Lungs were collected after
perfusion with 4% paraformaldehyde, fixed, sectioned
and H&E stained. Metastasis was quantified by measuring
% area covered by metastatic lesions/% total lung area
for each lung, using Nikon NIS-Elements software
(Nikon Corporation Instruments, Tokyo, Japan), at 10×
magnification.

Particle size analysis
EVs were diluted in PBS and particle size
analysis was performed in a Zetasizer 300HSa (Malvern
Instruments, UK) according to the manufacturer’s
instructions and using the following settings: size mode,
rapid acquisition, 3 × 10 runs, Refractive Index = 1.331,
viscosity = 0.89, temperature = 25C.

Electron microscopy
Aliquots of EVs in PBS and 8% EM grade
paraformaldehyde/PBS were mixed in equal volumes
and fixed in 4% EM-grade paraformaldehyde. The
preparations were randomly adsorbed onto carbon-coated
Formvar films on copper grids by floating a dry grid on a
5 µl drop of the microvesicle suspension for 15 min. Grids
were washed 7 times with ultrapure water and stained
with 0.4% uranyl acetate in 2% methylcellulose for 5 min
on ice. Grids were dried and visualized at 60,000× in a
transmission electron microscope (JEOL model 1011,
USA) equipped with a Morada side-mounted camera with
a Peltier-cooled CCD chip (Olympus, Germany), and
iTEM software (Olympus).

Isolation of extracellular vesicles
Medium free of fetal calf serum extracellular vesicles
(FCS-EV-free medium) was prepared by centrifugation
of DMEM/10% FCS overnight at 100,000 × g,
at 4°C. The supernatant was collected without disturbing
the pellet and filtered through a 0.2 um filter [71]. OS cells
were seeded at 3 × 105 cells/mL in 10 mL of DMEM/10%
www.impactjournals.com/oncotarget
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EV pellets were resuspended in RIPA buffer and
protein assays were performed as above (BioRad).
Samples were run on a 10% SDS-PAGE gel. Proteins were
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detected with rabbit antibody to CD63, CD9, CD81 and
HSP70 (EXOAB-KIT-1, System Biosciences, CA, USA),
1:1000.

well) were added into a 96-well plate in triplicate. Plates
were incubated at 37oC for 24 hours. Cell proliferation was
quantified using a commercial colorimetric immunoassay
based on the measurement of BrdU incorporation during
DNA synthesis (Roche Diagnostics, Germany), following
the manufacturer’s protocol.

Extracellular vesicle labelling and uptake assay
EV membranes were labelled with PKH67 dye
(Sigma) following the manufacturer’s instructions. Briefly,
20 µg of EVs were labelled with dye for 5 min and the
reaction stopped with 1% BSA. EVs were centrifuged at
100,000 × g for 2 h at 4°C. The supernatant was removed
and the pellet was washed three times in 1% BSA to
remove unbound dye. The centrifugation and washing
steps were repeated and the final pellet was washed in
BSA and PBS, and resuspended in 100 µL PBS before
protein quantification. Cells were seeded at 1 × 105 cells/
mL onto coverslips in a 6-well plate and incubated at
37°C overnight until 60% confluent. The medium was
replaced with FCS EV-free medium containing 20 µg/mL
of PKH67-labelled OS EVs. Cells were incubated for 2, 4
and 20 h. Cells were washed 3 times with PBS to remove
unattached vesicles and fixed with 4% paraformaldehyde.
Coverslips were washed again and stained with 0.1 µg/mL
DAPI (Cell Signaling Technology, USA) before mounting.
Visualization was performed by confocal microscopy at
63× magnification (Zeiss LSM 510 Meta, Germany).

Proteomic analysis
EVs were isolated from filtered HiMet-C6 and
LoMet-C4 cell culture medium as described above. The
EV pellet was resuspended in RIPA buffer and protein
concentration was determined as above. The EV protein
was mixed with 4× protein loading buffer (200 mM TrisHCl, pH 6.8, 8% SDS, 40% glycerol, 400 mM DTT, 0.4%
bromophenol blue) and stored at −20°C until ready for
analysis. Three biological replicates containing equal
amounts of protein were run for each EV preparation. The
protein concentration of HiMet-C6 and LoMet-C4 samples
used for proteomic analysis were the same. Samples were
separated by SDS PAGE to 8 mm. The gels were stained
overnight with colloidal Coomassie and destained with
1% acetic acid. The protein samples were divided into
8 × 1 mm gel bands. The protein gel bands were subjected
to robot assisted in-gel digest (Bravo Automated Liquid
Handling Platform, Agilent). The extracted peptides
were dried and resuspended in 5% formic acid for mass
spectrometry (MS) analysis. Each peptide fraction was
loaded onto a G4240-62010 large capacity chip (Agilent)
and analyzed by MS (HPLC-Chip/MS with 6520Accurate
Mass Q-TOF LC/MS, Agilent). Data was processed with
Spectrum Mill Rev B.04.00.127 (Agilent). Data were
extracted using standard settings and searched against
Swiss Prot Human (version 11/2014). Search parameters
were set to digest with trypsin with a maximum of 2
miscleavages. Peptide modifications were set to fix
carbamidomethylation C and variable oxidized M.
Tolerance was set to 50% minimum matched peak
intensity, with 20 ppm and 50 ppm precursor and product
mass tolerance respectively. Proteins were summarized
from IDs with the following cut-off settings: protein score
of > 11, peptide score> 10, 60% scored peak intensity and
false discovery rate (FDR) of > 0.5%.

Migration, invasion and chemotaxis assays
Assays were performed in 24 mm Transwell
plates with 8.0 μm pore polycarbonate membrane inserts
(Corning Life Sciences, USA). For migration assays
the membranes were uncoated. For invasion assays
the membranes were coated with 50 µL of MatrigelTM
(BD Biosciences, USA), diluted 1:4 and solidified by
incubation at 37°C for at least 30 min. OS cells were
seeded in serum-free DMEM into the upper chamber
of inserts at a concentration of 2 × 105 cells/mL for
migration assays or 1 × 106 cells/mL for invasion assays,
in the presence or absence of extracellular vesicles (0, 20
and 40 µg/mL). Cells were allowed to migrate for 24 h
(migration) or 48 h (invasion) towards DMEM/20% FCS
in the lower chamber. For chemotaxis assays [73, 74],
the extracellular vesicles were placed in the bottom
chamber at a concentration of 20 µg/mL. Migrated cells
were labelled with 8 µM calcein-AM (Sigma-Aldrich) and
detached with trypsin-EDTA. Fluorescence was measured
in a FLUOstar Optima (BMG Labtech, Germany) at 485
nm (excitation) and 520 nm (emission).

Multiphoton microscopy with fluorescence
lifetime imaging
Multiphoton microscopy (MPM) was performed
using the DermaInspect system (Jen-Lab GmbH, Jena,
Germany) equipped with an ultrashort (85 fs pulse width)
pulsed mode-locked 80-MHz titanium sapphire laser
(MaiTai, Spectra Physics, Santa Clara, CA, USA). For
fluorescence lifetime imaging (FLIM), a time-correlated
single-photon counting (TCSPC) SPC-830 detector
(Becker & Hickl, Berlin, Germany) was incorporated
into the multiphoton microscopy system. The TCSPC

Proliferation assay
Cells were diluted to 5 × 104 cells/mL and divided
into 500 uL aliquots. The aliquots were centrifuged and
the medium was replaced with 500 uL DMEM/10% FCS
containing 0, 20 or 40 µg/mL of EVs. Samples (100 µL/
www.impactjournals.com/oncotarget
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module constructs a photon distribution across the x and
y coordinates of the scan area. In MPM-FLIM images, the
fluorescence decay kinetics of each individual pixel are
modelled to yield a spatial distribution of fluorescence
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and their environments in biological tissues. Fluorescence
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Germany). The emission light at 920-nm excitation was
collected spectrally in a channel from 350 to 450 nm
for second harmonic generation (SHG). Images were
recorded with oil-immersion 40× objectives (Carl Zeiss,
Germany). The laser power was set to 15 mW for imaging
the lung, and 35 mW for the liver, and each FLIM scan
was performed using an exposure of 13.4 s.
Mice were anaesthetized initially by an
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(80 mg/kg) and xylazine (10 mg/kg). Body temperature
was controlled by placing mice on a heating pad set to
37°C. A thoracotomy or laparotomy was performed to
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surgical procedures started. Normal saline was used to
keep the lung or liver moist and attached to the cover
glass of ring interfaced to multiphoton microscopy
throughout the experiment. Twelve images from twelve
non-overlapping fields were collected per mouse.

We gratefully acknowledge Dr Michelle Hill for
access to the Proteomics Facility at the Translational
Research Institute, Dr Orla Gannon for helpful comment
on the manuscript, as well as Paul Kulang and Lilia
Merida de Long for technical assistance.

Conflicts of Interest
The authors declare that there are no conflicts of
interest to disclose.

Funding
LEM was supported by project grant APP1049182
from the National Health and Medical Research Council
(NHMRC) of Australia. NAS was supported by a grant and
a fellowship awarded by the Cancer Council Queensland.
ET and RL were supported by an Australian Postgraduate
Award from The University of Queensland.

REFERENCES
1. Ottaviani G, Jaffe N. The epidemiology of osteosarcoma.
Cancer Treat Res. 2009; 152:3–13.
2. Ferrari S, Palmerini E. Adjuvant and neoadjuvant
combination chemotherapy for osteogenic sarcoma. Curr
Opin Oncol. 2007; 19:341–346.
3. Marina N, Gebhardt M, Teot L, Gorlick R. Biology
and therapeutic advances for pediatric osteosarcoma.
Oncologist. 2004; 9:422–441.
4. Topkas E, Cai N, Cumming A, Hazar-Rethinam M, Gannon O,
Burgess M, Saunders NA, Endo-Munoz L. Auranofin is a
potent suppressor of osteosarcoma metastasis. Oncotarget.
2016; 7:831–44. doi: 10.18632/oncotarget.5704.

Analysis of imaging data
FLIM images were analyzed using SPCImage
software 4.9.7 (Becker & Hickl, Berlin, Germany).
A bin of two was used in all images when smoothing the
decay data prior to fitting. The decay curve is a sum of
multiple components as each pixel represents an overlay
of emissions from various fluorophores. In this study, a
bi-exponential decay model function was used where τm
represents the weighted average lifetime of the acquisition
image.

5. Khanna C, Fan TM, Gorlick R, Helman LJ, Kleinerman ES,
Adamson PC, Houghton PJ, Tap WD, Welch DR, Steeg PS,
Merlino G, Sorensen PH, Meltzer P, et al. Toward a drug
development path that targets metastatic progression in
osteosarcoma. Clin Cancer Res. 2014; 20:4200–4209.
6. Chou AJ, Geller DS, Gorlick R. Therapy for osteosarcoma:
where do we go from here? Paediatr Drugs. 2008; 10:315–327.
7. Quail DF, Joyce JA. Microenvironmental regulation of tumor
progression and metastasis. Nat Med. 2013; 19:1423–1437.

Statistical analysis

8. Lo Cicero A, Stahl PD, Raposo G. Extracellular vesicles
shuffling intercellular messages: for good or for bad. Curr
Opin Cell Biol. 2015; 35:69–77.

Statistical tests were performed in GraphPad Prism
by either one-way ANOVA, with Tukey’s Multiple
Comparison Test for a significance level of P < 0.05, or
column analysis and parametric, un-paired, two-tailed
t-test analysis.

www.impactjournals.com/oncotarget

9. Azmi AS, Bao B, Sarkar FH. Exosomes in cancer
development, metastasis, and drug resistance: a
comprehensive review. Cancer Metastasis Rev. 2013;
32:623–642.

43583

Oncotarget

10. Antonyak MA, Cerione RA. Microvesicles as mediators of
intercellular communication in cancer. Methods Mol Biol.
2014; 1165:147–173.

morphology of HNSCC is modulated by interactions
between clonal variants within the tumor. Lab Invest. 2010;
90:1594–1603.

11. Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE,
Buzas EI, Buzas K, Casal E, Cappello F, Carvalho J, Colas E,
Cordeiro-da Silva A, Fais S, et al. Biological properties of
extracellular vesicles and their physiological functions. J
Extracell Vesicles. 2015; 4:27066.

23. Paolini L, Zendrini A, Noto GD, Busatto S, Lottini E,
Radeghieri A, Dossi A, Caneschi A, Ricotta D, Bergese P.
Residual matrix from different separation techniques
impacts exosome biological activity. Sci Rep. 2016;
6:23550.

12. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes,
microvesicles, and friends. J Cell Biol. 2013; 200:373–383.

24. Van Deun J, Mestdagh P, Sormunen R, Cocquyt V,
Vermaelen K, Vandesompele J, Bracke M, De Wever O,
Hendrix A. The impact of disparate isolation methods for
extracellular vesicles on downstream RNA profiling. J
Extracell Vesicles. 2014; 3.

13. Luga V, Wrana JL. Tumor-stroma interaction: revealing
fibroblast-secreted exosomes as potent regulators of wntplanar cell polarity signaling in cancer metastasis. Cancer
Res. 2013; 73:6843–6847.

25. Wang J, Yao Y, Wu J, Li G. Identification and analysis of
exosomes secreted from macrophages extracted by different
methods. Int J Clin Exp Pathol. 2015; 8:6135–6142.

14. Umezu T, Ohyashiki K, Kuroda M, Ohyashiki JH.
Leukemia cell to endothelial cell communication via
exosomal miRNAs. Oncogene. 2012; 32:2747–2755.

26. Chugh PE, Sin SH, Ozgur S, Henry DH, Menezes P, Griffith J,
Eron JJ, Damania B, Dittmer DP. Systemically circulating
viral and tumor-derived microRNAs in KSHV-associated
malignancies. PLoS Pathog. 2013; 9:e1003484.

15. Peinado H, Aleckovic M, Lavotshkin S, Matei I, CostaSilva B, Moreno-Bueno G, Hergueta-Redondo M, Williams C,
Garcia-Santos G, Ghajar C, Nitadori-Hoshino A, Hoffman C,
Badal K, et al. Melanoma exosomes educate bone marrow
progenitor cells toward a pro-metastatic phenotype through
MET. Nat Med. 2012; 18:883–891.

27. Sohel MM, Hoelker M, Noferesti SS, Salilew-Wondim D,
Tholen E, Looft C, Rings F, Uddin MJ, Spencer TE,
Schellander K, Tesfaye D. Exosomal and Non-Exosomal
Transport of Extra-Cellular microRNAs in Follicular
Fluid: Implications for Bovine Oocyte Developmental
Competence. PLoS One. 2013; 8:e78505.

16. Hoshino A, Costa-Silva B, Shen T-L, Rodrigues G,
Hashimoto A, Tesic Mark M, Molina H, Kohsaka S, Di
Giannatale A, Ceder S, Singh S, Williams C, Soplop N,
et al. Tumour exosome integrins determine organotropic
metastasis. Nature. 2015; 527:329–35.

28. Endo-Munoz L, Cai N, Cumming A, Macklin R, Merida de
Long L, Topkas E, Mukhopadhyay P, Hill M, Saunders NA.
Progression of Osteosarcoma from a Non-Metastatic
to a Metastatic Phenotype Is Causally Associated with
Activation of an Autocrine and Paracrine uPA Axis. PLoS
One. 2015; 10:e0133592.

17. Chaput N, Thery C. Exosomes: immune properties and
potential clinical implementations. Semin Immunopathol.
2011; 33:419–440.
18. Miller IV, Raposo G, Welsch U, Prazeres da Costa O, Thiel U,
Lebar M, Maurer M, Bender HU, von Luettichau I,
Richter GH, Burdach S, Grunewald TG. First identification
of Ewing’s sarcoma-derived extracellular vesicles and
exploration of their biological and potential diagnostic
implications. Biol Cell. 2013; 105:289–303.

29. Schilders G, van Dijk E, Raijmakers R, Pruijn GJ. Cell and
molecular biology of the exosome: how to make or break an
RNA. Int Rev Cytol. 2006; 251:159–208.
30. Lin-Chao S, Chiou NT, Schuster G. The PNPase, exosome
and RNA helicases as the building components of
evolutionarily-conserved RNA degradation machines. J
Biomed Sci. 2007; 14:523–532.

19. Garimella R, Washington L, Isaacson J, Vallejo J, Spence M,
Tawfik O, Rowe P, Brotto M, Perez R. Extracellular
Membrane Vesicles Derived from 143B Osteosarcoma
Cells Contain Pro-Osteoclastogenic Cargo: A Novel
Communication Mechanism in Osteosarcoma Bone
Microenvironment. Transl Oncol. 2014; 7:331–340.

31. Keerthikumar S, Chisanga D, Ariyaratne D, Al Saffar H,
Anand S, Zhao K, Samuel M, Pathan M, Jois M,
Chilamkurti N, Gangoda L, Mathivanan S. ExoCarta: A
web-based compendium of exosomal cargo. J Mol Biol.
2015; 428:688–92.

20. Properzi F, Logozzi M, Fais S. Exosomes: the future of
biomarkers in medicine. Biomark Med. 2013; 7:769–778.

32. Antonyak MA, Li B, Boroughs LK, Johnson JL, Druso JE,
Bryant KL, Holowka DA, Cerione RA. Cancer cell-derived
microvesicles induce transformation by transferring tissue
transglutaminase and fibronectin to recipient cells. Proc
Natl Acad Sci U S A. 2011; 108:4852–4857.

21. De Toro J, Herschlik L, Waldner C, Mongini C. Emerging
roles of exosomes in normal and pathological conditions:
new insights for diagnosis and therapeutic applications.
Front Immunol. 2015; 6:203.

33. Al-Nedawi K, Meehan B, Micallef J, Lhotak V, May L,
Guha A, Rak J. Intracellular transfer of the oncogenic
receptor EGFRvIII by microvesicles derived from tumour
cells. Nat Cell Biol. 2008; 10:619–624.

22. Cameron SR, Dahler AL, Endo-Munoz LB, Jabbar I,
Thomas GP, Leo PJ, Poth K, Rickwood D, Guminski A,
Saunders NA. Tumor-initiating activity and tumor

www.impactjournals.com/oncotarget

43584

Oncotarget

34. Demory Beckler M, Higginbotham JN, Franklin JL, Ham AJ,
Halvey PJ, Imasuen IE, Whitwell C, Li M, Liebler DC,
Coffey RJ. Proteomic analysis of exosomes from mutant
KRAS colon cancer cells identifies intercellular transfer of
mutant KRAS. Mol Cell Proteomics. 2013; 12:343–355.

46. Gundem G, Van Loo P, Kremeyer B, Alexandrov LB,
Tubio JM, Papaemmanuil E, Brewer DS, Kallio HM,
Hognas G, Annala M, Kivinummi K, Goody V, Latimer C,
et al. The evolutionary history of lethal metastatic prostate
cancer. Nature. 2015; 520:353–357.

35. Li J, Lee Y, Johansson HJ, Mager I, Vader P, Nordin JZ,
Wiklander OP, Lehtio J, Wood MJ, Andaloussi SE. Serumfree culture alters the quantity and protein composition of
neuroblastoma-derived extracellular vesicles. J Extracell
Vesicles. 2015; 4:26883.

47. Cleary AS, Leonard TL, Gestl SA, Gunther EJ. Tumour cell
heterogeneity maintained by cooperating subclones in Wntdriven mammary cancers. Nature. 2014; 508:113–117.
48. Logozzi M, De Milito A, Lugini L, Borghi M, Calabro L,
Spada M, Perdicchio M, Marino ML, Federici C, Iessi E,
Brambilla D, Venturi G, Lozupone F, et al. High levels of
exosomes expressing CD63 and caveolin-1 in plasma of
melanoma patients. PLoS One. 2009; 4:e5219.

36. Pathan M, Keerthikumar S, Ang CS, Gangoda L, Quek CY,
Williamson NA, Mouradov D, Sieber OM, Simpson RJ,
Salim A, Bacic A, Hill AF, Stroud DA, et al. FunRich:
An open access standalone functional enrichment and
interaction network analysis tool. Proteomics. 2015;
15:2597–2601.

49. Melo SA, Sugimoto H, O’Connell JT, Kato N, Villanueva A,
Vidal A, Qiu L, Vitkin E, Perelman LT, Melo CA, Lucci A,
Ivan C, Calin GA, et al. Cancer exosomes perform
cell-independent microRNA biogenesis and promote
tumorigenesis. Cancer Cell. 2014; 26:707–721.

37. Dorsam RT, Gutkind JS. G-protein-coupled receptors and
cancer. Nat Rev Cancer. 2007; 7:79–94.
38. Isola AL, Chen S. Exosomes: The Link between GPCR
Activation and Metastatic Potential? Front Genet. 2016;
7:56.

50. Riches A, Campbell E, Borger E, Powis S. Regulation
of exosome release from mammary epithelial and breast
cancer cells-a new regulatory pathway. Eur J Cancer. 2014;
50:1025–1034.

39. Janowska-Wieczorek A, Wysoczynski M, Kijowski J,
Marquez-Curtis L, Machalinski B, Ratajczak J,
Ratajczak MZ. Microvesicles derived from activated
platelets induce metastasis and angiogenesis in lung cancer.
Int J Cancer. 2005; 113:752–760.

51. Thompson CA, Purushothaman A, Ramani VC, Vlodavsky I,
Sanderson RD. Heparanase regulates secretion,
composition, and function of tumor cell-derived exosomes.
J Biol Chem. 2013; 288:10093–10099.

40. Kulshreshtha A, Ahmad T, Agrawal A, Ghosh B.
Proinflammatory role of epithelial cell-derived exosomes
in allergic airway inflammation. J Allergy Clin Immunol.
2013; 131:1194–1203, 1203.e1–14.

52. Koumangoye RB, Sakwe AM, Goodwin JS, Patel T,
Ochieng J. Detachment of breast tumor cells induces rapid
secretion of exosomes which subsequently mediate cellular
adhesion and spreading. PLoS One. 2011; 6:e24234.

41. Singh PP, Smith VL, Karakousis PC, Schorey JS. Exosomes
isolated from mycobacteria-infected mice or cultured
macrophages can recruit and activate immune cells in vitro
and in vivo. J Immunol. 2012; 189:777–785.

53. Ye SB, Li ZL, Luo DH, Huang BJ, Chen YS, Zhang XS, Cui J,
Zeng YX, Li J. Tumor-derived exosomes promote tumor
progression and T-cell dysfunction through the regulation of
enriched exosomal microRNAs in human nasopharyngeal
carcinoma. Oncotarget. 2014; 5:5439–5452. doi: 10.18632/
oncotarget.2118.

42. Zhu W, Huang L, Li Y, Zhang X, Gu J, Yan Y, Xu X, Wang M,
Qian H, Xu W. Exosomes derived from human bone
marrow mesenchymal stem cells promote tumor growth
in vivo. Cancer Lett. 2012; 315:28–37.

54. Grisendi S, Mecucci C, Falini B, Pandolfi PP. Nucleophosmin
and cancer. Nat Rev Cancer. 2006; 6:493–505.

43. Higginbotham JN, Demory Beckler M, Gephart JD,
Franklin JL, Bogatcheva G, Kremers GJ, Piston DW,
Ayers GD, McConnell RE, Tyska MJ, Coffey RJ.
Amphiregulin exosomes increase cancer cell invasion. Curr
Biol. 2011; 21:779–786.

55. Zhu QS, Rosenblatt K, Huang KL, Lahat G, Brobey R,
Bolshakov S, Nguyen T, Ding Z, Belousov R, Bill K, Luo X,
Lazar A, Dicker A, et al. Vimentin is a novel AKT1
target mediating motility and invasion. Oncogene. 2011;
30:457–470.

44. O’Brien K, Rani S, Corcoran C, Wallace R, Hughes L,
Friel AM, McDonnell S, Crown J, Radomski MW,
O’Driscoll L. Exosomes from triple-negative breast cancer
cells can transfer phenotypic traits representing their cells of
origin to secondary cells. Eur J Cancer. 2013; 49:1845–1859.

56. Ivaska J, Vuoriluoto K, Huovinen T, Izawa I, Inagaki M,
Parker PJ. PKCepsilon-mediated phosphorylation of
vimentin controls integrin recycling and motility. EMBO J.
2005; 24:3834–3845.
57. Helfand BT, Mendez MG, Murthy SN, Shumaker DK, Grin B,
Mahammad S, Aebi U, Wedig T, Wu YI, Hahn KM,
Inagaki M, Herrmann H, Goldman RD. Vimentin
organization modulates the formation of lamellipodia. Mol
Biol Cell. 2011; 22:1274–1289.

45. Zomer A, Maynard C, Verweij FJ, Kamermans A, Schafer R,
Beerling E, Schiffelers RM, de Wit E, Berenguer J,
Ellenbroek SI, Wurdinger T, Pegtel DM, van Rheenen J.
In Vivo imaging reveals extracellular vesicle-mediated
phenocopying of metastatic behavior. Cell. 2015;
161:1046–1057.
www.impactjournals.com/oncotarget

58. Havel LS, Kline ER, Salgueiro AM, Marcus AI. Vimentin
regulates lung cancer cell adhesion through a VAV243585

Oncotarget

Rac1 pathway to control focal adhesion kinase activity.
Oncogene. 2015; 34:1979–1990.

69. Zhang HG, Grizzle WE. Exosomes: A Novel Pathway
of Local and Distant Intercellular Communication that
Facilitates the Growth and Metastasis of Neoplastic
Lesions. Am J Pathol. 2014; 184:28–41.

59. Yamamoto S, Tomita Y, Hoshida Y, Iizuka N, Kidogami S,
Miyata H, Takiguchi S, Fujiwara Y, Yasuda T, Yano M,
Nakamori S, Sakon M, Monden M, et al. Expression level
of valosin-containing protein (p97) is associated with
prognosis of esophageal carcinoma. Clin Cancer Res. 2004;
10:5558–5565.

70. Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H,
Thakur BK, Becker A, Hoshino A, Mark MT, Molina H,
Xiang J, Zhang T, Theilen TM, et al. Pancreatic cancer
exosomes initiate pre-metastatic niche formation in the
liver. Nat Cell Biol. 2015; 17:816–826.

60. Yamamoto S, Tomita Y, Hoshida Y, Iizuka N, Monden M,
Yamamoto S, Iuchi K, Aozasa K. Expression level
of valosin-containing protein (p97) is correlated with
progression and prognosis of non-small-cell lung
carcinoma. Ann Surg Oncol. 2004; 11:697–704.

71. Thery C, Amigorena S, Raposo G, Clayton A. Isolation and
characterization of exosomes from cell culture supernatants
and biological fluids. Curr Protoc Cell Biol. 2006; Chapter
3:Unit 3 22.

61. Yamamoto S, Tomita Y, Hoshida Y, Nagano H, Dono K,
Umeshita K, Sakon M, Ishikawa O, Ohigashi H,
Nakamori S, Monden M, Aozasa K. Increased expression
of valosin-containing protein (p97) is associated with
lymph node metastasis and prognosis of pancreatic ductal
adenocarcinoma. Ann Surg Oncol. 2004; 11:165–172.

72. Bradford MM. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal Biochem. 1976;
72:248–254.
73. Esser J, Gehrmann U, D’Alexandri FL, Hidalgo-Estevez AM,
Wheelock CE, Scheynius A, Gabrielsson S, Radmark O.
Exosomes from human macrophages and dendritic cells
contain enzymes for leukotriene biosynthesis and promote
granulocyte migration. J Allergy Clin Immunol. 2010;
126:1032–1040, 1040 e1031–1034.

62. Yamamoto S, Tomita Y, Hoshida Y, Sakon M, Kameyama M,
Imaoka S, Sekimoto M, Nakamori S, Monden M, Aozasa K.
Expression of valosin-containing protein in colorectal
carcinomas as a predictor for disease recurrence and
prognosis. Clin Cancer Res. 2004; 10:651–657.

74. Hajrasouliha AR, Jiang G, Lu Q, Lu H, Kaplan HJ,
Zhang HG, Shao H. Exosomes from retinal astrocytes
contain antiangiogenic components that inhibit laserinduced choroidal neovascularization. J Biol Chem. 2013;
288:28058–28067.

63. Yamamoto S, Tomita Y, Hoshida Y, Takiguchi S, Fujiwara Y,
Yasuda T, Yano M, Nakamori S, Sakon M, Monden M,
Aozasa K. Expression level of valosin-containing protein
is strongly associated with progression and prognosis of
gastric carcinoma. J Clin Oncol. 2003; 21:2537–2544.

75. Leal MF, Mazzotti TK, Calcagno DQ, Cirilo PD,
Martinez MC, Demachki S, Assumpcao PP, Chammas R,
Burbano RR, Smith MC. Deregulated expression of
Nucleophosmin 1 in gastric cancer and its clinicopathological
implications. BMC Gastroenterol. 2014; 14:9.

64. Yamamoto S, Tomita Y, Nakamori S, Hoshida Y, Nagano H,
Dono K, Umeshita K, Sakon M, Monden M, Aozasa K.
Elevated expression of valosin-containing protein (p97)
in hepatocellular carcinoma is correlated with increased
incidence of tumor recurrence. J Clin Oncol. 2003;
21:447–452.

76. Liu Y, Zhang F, Zhang XF, Qi LS, Yang L, Guo H, Zhang N.
Expression of nucleophosmin/NPM1 correlates with
migration and invasiveness of colon cancer cells. J Biomed
Sci. 2012; 19:53.

65. Tsujimoto Y, Tomita Y, Hoshida Y, Kono T, Oka T,
Yamamoto S, Nonomura N, Okuyama A, Aozasa K.
Elevated expression of valosin-containing protein (p97)
is associated with poor prognosis of prostate cancer. Clin
Cancer Res. 2004; 10:3007–3012.

77. Zhao ZL, Li QF, Zheng YB, Chen LY, Shi SL, Jing GJ.
The aberrant expressions of nuclear matrix proteins during
the apoptosis of human osteosarcoma cells. Anat Rec
(Hoboken). 2010; 293:813–820.

66. Long XH, Zhang ZH, Liu ZL, Huang SH, Luo QF. Inhibiting
valosin-containing protein suppresses osteosarcoma cell
metastasis via AKT/nuclear factor of kappa B signaling
pathway in vitro. Indian J Pathol Microbiol. 2013; 56:190–195.

78. Gomez-Puertas P, Martin-Benito J, Carrascosa JL,
Willison KR, Valpuesta JM. The substrate recognition
mechanisms in chaperonins. J Mol Recognit. 2004; 17:85–94.
79. Chen L, Zhang Z, Qiu J, Zhang L, Luo X, Jang J.
Chaperonin CCT-mediated AIB1 folding promotes the
growth of ERalpha-positive breast cancer cells on hard
substrates. PLoS One. 2014; 9:e96085.

67. He JY, Xi WH, Zhu LB, Long XH, Chen XY, Liu JM,
Luo QF, Zhu XP, Liu ZL. Knockdown of Aurora-B alters
osteosarcoma cell malignant phenotype via decreasing
phosphorylation of VCP and NF-kappaB signaling. Tumour
Biol. 2015; 36:3895–3902.

80. Zou Q, Yang ZL, Yuan Y, Li JH, Liang LF, Zeng GX, Chen SL.
Clinicopathological features and CCT2 and PDIA2
expression in gallbladder squamous/adenosquamous
carcinoma and gallbladder adenocarcinoma. World J Surg
Oncol. 2013; 11:143.

68. Long XH, Zhou YF, Peng AF, Zhang ZH, Chen XY, Chen WZ,
Liu JM, Huang SH, Liu ZL. Demethylation-mediated
miR-129–5p up-regulation inhibits malignant phenotype
of osteogenic osteosarcoma by targeting Homo sapiens
valosin-containing protein (VCP). Tumour Biol. 2015;
36:3799–3806.
www.impactjournals.com/oncotarget

81. Coghlin C, Carpenter B, Dundas SR, Lawrie LC, Telfer C,
Murray GI. Characterization and over-expression of
43586

Oncotarget

chaperonin t-complex proteins in colorectal cancer. J Pathol.
2006; 210:351–357.

93. Gao Y, Li G, Sun L, He Y, Li X, Sun Z, Wang J, Jiang Y, Shi J.
ACTN4 and the pathways associated with cell motility and
adhesion contribute to the process of lung cancer metastasis
to the brain. BMC Cancer. 2015; 15:277.

82. Mutch LJ, Howden JD, Jenner EP, Poulter NS, Rappoport JZ.
Polarised clathrin-mediated endocytosis of EGFR during
chemotactic invasion. Traffic. 2014; 15:648–664.

94. Fukumoto M, Kurisu S, Yamada T, Takenawa T. alphaActinin-4 enhances colorectal cancer cell invasion by
suppressing focal adhesion maturation. PLoS One. 2015;
10:e0120616.

83. Fletcher SJ, Rappoport JZ. The role of vesicle trafficking
in epithelial cell motility. Biochem Soc Trans. 2009;
37:1072–1076.

95. Okamoto N, Suzuki H, Kawahara K, Honda K, Miura N,
Hirashima T, Tamiya M, Morishita N, Shiroyama T,
Tanaka A, Tani E, Hamaguchi M, Kitani M, et al. The
alternatively spliced actinin-4 variant as a prognostic
marker for metastasis in small-cell lung cancer. Anticancer
Res. 2015; 35:1663–1667.

84. Kriebel PW, Barr VA, Rericha EC, Zhang G, Parent CA.
Collective cell migration requires vesicular trafficking for
chemoattractant delivery at the trailing edge. J Cell Biol.
2008; 183:949–961.
85. Cheon DJ, Tong Y, Sim MS, Dering J, Berel D, Cui X,
Lester J, Beach JA, Tighiouart M, Walts AE, Karlan BY,
Orsulic S. A collagen-remodeling gene signature regulated
by TGF-beta signaling is associated with metastasis and
poor survival in serous ovarian cancer. Clin Cancer Res.
2014; 20:711–723.

96. Shao H, Li S, Watkins SC, Wells A. alpha-Actinin-4 is
required for amoeboid-type invasiveness of melanoma cells.
J Biol Chem. 2014; 289:32717–32728.
97. Yoshii H, Ito K, Asano T, Horiguchi A, Hayakawa M, Asano T.
Increased expression of alpha-actinin-4 is associated with
unfavorable pathological features and invasiveness of
bladder cancer. Oncol Rep. 2013; 30:1073–1080.

86. Park YM, Hwang SJ, Masuda K, Choi KM, Jeong MR,
Nam DH, Gorospe M, Kim HH. Heterogeneous nuclear
ribonucleoprotein C1/C2 controls the metastatic potential
of glioblastoma by regulating PDCD4. Mol Cell Biol. 2012;
32:4237–4244.

98. Senol O, Schaaij-Visser TB, Erkan EP, Dorfer C,
Lewandrowski G, Pham TV, Piersma SR, Peerdeman SM,
Strobel T, Tannous B, Saydam N, Slavc I, Knosp E, et al.
miR-200a-mediated suppression of non-muscle heavy chain
IIb inhibits meningioma cell migration and tumor growth
in vivo. Oncogene. 2015; 34:1790–1798.

87. Wang Y, Zhang X, Zhang Y, Zhu Y, Yuan C, Qi B, Zhang W,
Wang D, Ding X, Wu H, Cheng J. Overexpression
of pyruvate kinase M2 associates with aggressive
clinicopathological features and unfavorable prognosis in
oral squamous cell carcinoma. Cancer Biol Ther. 2015;
16:839–845.

99. Kim JS, Kurie JM, Ahn YH. BMP4 depletion by miR-200
inhibits tumorigenesis and metastasis of lung
adenocarcinoma cells. Mol Cancer. 2015; 14:173.

88. Yang P, Li Z, Li H, Lu Y, Wu H, Li Z. Pyruvate kinase M2
accelerates pro-inflammatory cytokine secretion and cell
proliferation induced by lipopolysaccharide in colorectal
cancer. Cell Signal. 2015; 27:1525–1532.

100. Goswami MT, Chen G, Chakravarthi BV, Pathi SS,
Anand SK, Carskadon SL, Giordano TJ, Chinnaiyan
AM, Thomas DG, Palanisamy N, Beer DG, Varambally
S. Role and regulation of coordinately expressed de novo
purine biosynthetic enzymes PPAT and PAICS in lung
cancer. Oncotarget. 2015; 6:23445–23461. doi: 10.18632/
oncotarget.4352.
101. Eissmann M, Schwamb B, Melzer IM, Moser J, Siele D,
Kohl U, Rieker RJ, Wachter DL, Agaimy A, Herpel E,
Baumgarten P, Mittelbronn M, Rakel S, et al. A functional
yeast survival screen of tumor-derived cDNA libraries
designed to identify anti-apoptotic mammalian oncogenes.
PLoS One. 2013; 8:e64873.

89. Wong CC, Au SL, Tse AP, Xu IM, Lai RK, Chiu DK,
Wei LL, Fan DN, Tsang FH, Lo RC, Wong CM, Ng IO.
Switching of pyruvate kinase isoform L to M2 promotes
metabolic reprogramming in hepatocarcinogenesis. PLoS
One. 2014; 9:e115036.
90. Yang P, Li Z, Fu R, Wu H, Li Z. Pyruvate kinase M2
facilitates colon cancer cell migration via the modulation of
STAT3 signalling. Cell Signal. 2014; 26:1853–1862.
91. Hamaguchi T, Iizuka N, Tsunedomi R, Hamamoto Y,
Miyamoto T, Iida M, Tokuhisa Y, Sakamoto K, Takashima M,
Tamesa T, Oka M. Glycolysis module activated by
hypoxia-inducible factor 1alpha is related to the aggressive
phenotype of hepatocellular carcinoma. Int J Oncol. 2008;
33:725–731.

102. Guo C, Liu S, Sun MZ. Potential role of Anxa1 in cancer.
Future Oncol. 2013; 9:1773–1793.
103. Qian X, Hu J, Zhao J, Chen H. ATP citrate lyase expression
is associated with advanced stage and prognosis in gastric
adenocarcinoma. Int J Clin Exp Med. 2015; 8:7855–7860.

92. Honda K. The biological role of actinin-4 (ACTN4) in
malignant phenotypes of cancer. Cell Biosci. 2015; 5:41.

www.impactjournals.com/oncotarget

43587

Oncotarget

