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Abstract

Extracdlular vesicles (EVs), including exosomes and microvesicles, are secreted from al cells,
and convey messages between cells in health and disease. However, the diversity of EV
subpopulations are only beginning to be explored. Since EVs have been implicated in tumor
microenvironmental communication, we started to determine the diversity of EV's specifically in
thistissue. To do this, we isolated EVs directly from patient melanoma metastatic tissues. Using
EV membrane isolation and mass spectrometry analysis, we discovered enrichment of
mitochondrial membrane proteins in the melanoma tissue-derived EVs, compared to non-
melanoma-derived EVs. Specifically, EVs positive for a combination of the two mitochondrial
inner membrane proteins MT-CO2 (mitochondrial genome) and COX6c (nuclear genome) were
detected in the plasma of melanoma patients, and in ovarian and breast cancer patients.
Furthermore, this subpopulation of EVs, contains active mitochondrial enzymes. Our findings
show that tumor tissues are enriched in EV's with mitochondrial proteins and enzymatic activity,

and these EV's can be detected in blood.
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Introduction

Extracdlular vesicles (EVs) are nano-sized (50-1000 nm in diameter) vesicles with a lipid bi-
layer membrane that play a significant role in mediating intercellular communication (1, 2). They
can do this by either activating surface receptors of recipient cells or by transferring cargo
proteins (3), nucleic acids (4), or lipids (5) to recipient cells. The interest in EV's has expanded
exponentially over the last five to ten years due to their ability to mediate diverse biological
effects, and shuttle molecules between cells. EVs can be found in all body fluids, including blood
(6), urine (7), gaculate (8), and breast milk (9), and they are considered to carry signatures of the
cells that produce them. This means that EV's have promising potential as diagnostic markers in
disease, especialy for cancers. Examples of diagnostic EV markers that have been proposed in
cancer to date include glypican-1 protein (10), EpCAM protein (11), KRAS-mutated DNA (12),
oncogenic mMRNA (13), and microRNAs (13). However, most EV-based biomarker candidates
have initially been identified in cell culture-derived EVs and might not be valid markers for
actual human disease. Here, we isolate and characterize EV's directly from human melanoma
metastatic tissues, with the hypothesis that this is an environment enriched in tumor-associated

EVs.

Results

| solation and characterization of EVsdirectly from tumor tissues. First, the existence of EVs
in the interstitial space of a melanoma metastatic tissue was confirmed by electron microscopy of
tumor tissue pieces (Fig. 1A). Then, melanoma metastatic tissue-derived EVs were isolated using
an ultracentrifugation-based protocol that is able to separate EV subpopulations; larger vesicles

are isolated at lower speed (16,500 x g) and smaller vesicles at higher speed (118,000 x Q).
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These EV subpopulations were further characterized by electron microscopy and RNA profile
analysis, and showed typical morphology and RNA profiles of the EV subpopulations. Larger
vesicles were 100200 nm in diameter (Fig. 1B) and had an RNA profile comparable to
microvesicles (MVs) (14) — a subpopulation of EVs that are consdered to be produced by
membrane budding — with the presence of 18S and 28S ribosomal RNA peaks and small RNAs
(Fig. 1D). In contrast, smaller vesicles were 40-100 nm in diameter (Fig. 1C) and exhibited
RNA profiles similar to exosomal RNA profiles (14), without prominent ribosomal RNA peaks
(Fig. 1E). However, proteomics studies showed that mgjority of proteins are common in both
larger and smaller vesicles, although some proteins are unique in each vesicle (15, 16). In
addition, with current state of art isolation methods, each EV subpopulation are not possible to
fully separate from each other. For these reasons, both larger and smaller vesicles were combined
for further purification with an iodixanol density gradient, and subsequent proteomic

experiments.

Identification of melanoma-enriched membrane proteins on EVs. To compare the surface
protein expression, EVs that were isolated from five human melanoma metastatic tissues
(referred to as MeT1 to MeT5), three cdll lines (HEK293T, TF1, and HMC1), and one primary
cell (mesenchymal stem cells, MSCs) were treated with high pH solution (200 mM sodium
carbonate, pH 12) in order to open the membrane structure as described previously (17). The
high pH-treated membranes were isolated with an iodixanol density gradient after a high salt (1
M KCI) treatment to remove proteins that are ionically bound to the membrane. After this
treatment, removal of dark pigment from pigmented melanoma EV's was clearly observed (Fig.

S1). The proteins in these membrane-enriched samples were analyzed by mass spectrometry. In
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total, 2592, 2862, 3461, 2239, 2750, 3577, 2096, 3521, and 1339 proteins were identified from
MeT1-, MeT2-, MeT3-, MeT4-, MeT5-, HEK293T-, MSC-, TF1-, and HMC1-EVs, respectively.
The identified proteins from different sources overlapped well with the EV proteome database
EVpedia (18) (Fig. S2A). The overlapping percentages for MeT1l-, MeT2-, MeT3-, MeT4-,
MeT5-, HEK293T-, MSC-, TF1-, and HMC1-EVs were 74%, 79%, 77%, 84%, 76%, 79%, 94%,
83%, and 94%, respectively. These were all significantly higher than randomly selected proteins
from the human proteome (38 + 1.7%) (Fig.S2B). Similarly, 23.6% and 49.5% of proteins were
uniquely found in EVsisolated from human and mice brain, respectively, compared with current
EV proteome databases (19), suggesting that tissue-derived EV s were different from cell culture-
derived EVs. In addition, classical EV marker proteins such as CD9, CD81, CD63, Syntenin-1,
and Hotillins (20) were detected in al EVs with similar abundance, with few exceptions (Fig.
S3). These results suggest that EV's from tumor tissues are indeed EV's rather than necrotic
particles or artifacts of the isolation procedure.

Only membrane proteins that are annotated in the Uniprot database (21) were selected
and compared to determine the common surface protein profiles of five different EV populations
from melanoma metastatic tissues (Fig. 2A). Interestingly, membrane proteins from five MeT-
EVs were distinct from those from non-melanoma-EV's (Fig. $4). In total, 1004 proteins that
were identified in at least four MeT-EVs were selected for further analysis. In addition, 1422
membrane proteins that were identified in at least one of non-melanoma-derived EVs
(HKE293T-, MSC-, TF1-, and HMCI1-EVs) were selected and compared with membrane
proteins from MeT-EVs to find unique membrane proteins on MeT-EVs. One hundred and
thirty-six proteins were selected as melanoma-specific surface proteins, as they were not detected

in the other EV membrane isolates (Fig. 2B). In addition, 582 proteins were selected among the
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868 common proteins, because these proteins were 10-fold higher in abundance in the MeT-EVs
compared to non-melanoma-derived EVs (Fig. 2B). To increase the confidence of the
identification of melanoma specific molecules, the relative abundance of selected surface
proteins was taken into account. Finally, 236 proteins that were highly abundant in al 5 MeT-
EVs were selected as melanoma-specific surface molecules. (Dataset S1). Surprisingly, the
percentage of endoplasmic reticulum and mitochondrial membrane proteins in candidates was
higher than 25 percent (Fig. 2C). In general, the proportion of mitochondrial membrane proteins
(6.9 £ 7.9%) were lower than plasma membranes (74.9 £ 13.2%) when the membrane proteins
were analyzed from previous proteomic studies (43 datasets from EVpedia) (Fig. S5). Therefore,
we focused on the mitochondrial membrane proteins for the further analysis. The relative
abundance and the identification count on EVpedia of mitochondrial proteins were plotted (Fig.
2D). COXe6c, SLC25A22, and MT-CO2 — al of which are mitochondrial inner membrane
proteins — were selected for validation and tested for their presence in tumor tissue and cancer
patient circulation, because they were relatively highly abundant and less commonly identified in
other EV proteomic studies (Fig. 2D). These three proteins were highly expressed in melanoma
metastatic tissue-derived EV's compared to non-melanoma-derived EVs (Fig. 2E-G). In addition
to mitochondrial membrane proteins, HLA-DR (a plasma membrane protein) and Erlin2 (an
endoplasmic reticulum membrane protein) were also highly expressed in melanoma metastatic

tissue-derived EV's (Fig. S6).

Existence of mitochondrial proteins on exosomes. It is known that cancer cells are
metabolically active and have enhanced mitochondrial biogenesis (22). However, mitochondrial

genomes are reduced in many cancers, which is considered to support tumor progression (23, 24).
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Furthermore, whole mitochondria can be transferred between cells in disease conditions such as
cancer (25), stroke (26), and lung injury (27), but the details on the mechanism of transfer
remains elusive. Recently, MVs from MSCs, a subpopulation of EVs secreted by membrane
budding, were reported to contain some mitochondrial components, including proteins and
MtDNA (28). These findings suggest that mitochondrial components are secreted from the cells
in the form of EV's. However, it is still unknown whether mitochondrial proteins are secreted as
exosomes (EXOs), a subpopulation of EV's secreted by an endocytic pathway. To test this, EXOs
were isolated from the MML1 and HMC1 cdll lines by differential centrifugation coupled with
an iodixanol density gradient. The mitochondrial protein MT-CO2, which is trandated from the
mitochondrial genome (29), was detected in the same density gradient fractions where the
exosomal marker CD81 (Fig. S7 A and B) and most of the EVs are present (Fig. S7 C and D).
Surface expression of MT-CO2 as well as the exosomal markers CD9 and CD81 was detected in
EXOs isolated from MML1 cells (MML1-EXOs) (Fig. S7TE) and HMC1 cels (HMC1-EXQs)
(Fig. S7F). However, its expression was higher in MML1-EXOs compared with HMC1-EXOs
(Fig. S7G), which was consistent with our initial result (Fig. 2G).

EXOsthat contain MT-CO2 (MTCO2-EXOs) were further isolated from EV isolates, and
their protein profile was determined by mass spectrometry. EXOs that contain FACL4 (FACL4-
EXOs), another mitochondrial membrane protein but translated from the nuclear genome, were
used as an additional control. In total, 449, 646, and 839 proteins were identified from EXOs,
FACL4-EXOs, and MTCO2-EXOs, respectively (Dataset S2). Venn diagram analysis showed
that 410 proteins were common for all three groups, and 179 proteins were uniquely identified in
MTCO2-EXOs (Fig. 3A). Heatmap analysis based on the relative abundance revealed that each

sample has a distinct proteome profile (Fig. 3B), and these proteins were categorized into the
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following five clusters: ‘Common’, ‘Mito-EXOs excluded’, ‘FACL4-EXOs enriched’,
‘FACL4/MTCO2-EXOs enriched’, and ‘MTCO2-EXOs enriched’. Importantly, most of the
classical marker proteins such as tetraspannins, TSG101, Alix, Annexins, and Flotillins were
present in al three EXO populations (Dataset S3), implying that there may be a crosstalk
between mitochondria and the exosome biogenesis pathways. Further, gene ontology analysis
showed that FACL4-EXOs and MTCO2-EXOs clusters were enriched with proteins involved in
metabolic processes (Fig. 3C). In addition, protein-protein interaction networks showed that
mitochondrial proteins, including ATP synthase subunits in the EVs were interrelated to each
other (Fig. S8), and the activity of ATP synthase was higher in MTCO2-EXOs compared to
EXOs (Fig. 3D). These results suggest that subpopulations of EVs, including both MV's and

EXOs, contain active forms of mitochondrial proteins.

Detection of mitochondrial extracellular vesicles in patient plasma. We have shown that
mitochondrial proteins are present on the surface of the subpopulations of EVs and are more
abundant in melanoma-derived EV's. Finally, to test whether EV's with mitochondrial membrane
proteins leak out to the circulation of cancer patients, we developed a sandwich ELISA detection
system with MT-CO2 and COX6c antibodies (Fig. 4A). This sandwich ELISA was first tested
with purified EVs from melanoma tissues and cdl lines. High luminescence signals were
observed only in melanoma tissue-derived EVs (Fig. 4B), which isin line with our proteomics
and direct ELISA results (Fig. 2E-G). Because both MT-CO2 and COX6c are membrane
proteins, we hypothesized that the luminescent signal seen in our sandwich ELISA system is
indeed associated with membrane structures such as EVs. To further test this hypothesis, we

measured the presence of these markers directly in plasma from melanoma patients without any
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preceding EV isolation. We detected significantly higher levels of combined MT-CO2 and
COX6c in plasma of melanoma patients compared with healthy controls (p = 0.0038) (Fig. 4C).
To test whether this increased concentration of MT-CO2/COX6¢ positive EVs is specific for
melanoma, we applied the same assay to plasma from ovarian and breast cancer patients. To our
surprise, the concentration of MT-CO2/COX6¢ was increased in the plasma of both patients with
ovarian (p = 0.0220) (Fig. 4D) and breast cancer (p = 0.0408) (Fig. 4E), with significant
differences vs healthy controls observed. However, there were no significant differences in the
concentration of these EV's between patients with malignant or benign ovarian cysts, because
those with the benign disease also had significant increase of MT-CO2/COX6¢ EV's (data not
shown). Overal, these findings suggest that mitochondrial proteins on EVs are released in
several malignant diseases of different cdlular origin, including melanoma, ovarian cancer, and
breast cancer. Further exploration of the presence of mitochondria-derived EV'sin other types of

tumors, both malignant and benign, is warranted.

Discussion

Liquid biopsy is a powerful method to detect or monitor disease states, especially for cancer,
from body fluids such as blood or urine, as it is giving noninvasiveness and better snapshot of
heterogeneity of tumor tissues (30). Recently, EV's have been focused for advantageous materials
over the current circulating cells and DNA. EV's modulate the tumor progression (31), metastasis
(32), and angiogenesis (5) by shuttling their cargo that reflect their parental cell status. Those
EVs are secreted into the interstitial space of tissues, and sometimes can leak and accumulate in
the circulation, which makes them potential circulating biomarkers. Numerous studies have been

attempted to find EV-based protein biomarkers from body fluids of patients including blood or
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urine. However, there are many of non-cancer-derived EVs in circulation and they may have
hindered successful identification of markers. Here, we hypothesized that tumor interstitial space
isfull of tumor-derived EVs. Isolating EV's from tissues has been reported from mouse brain (33),
but our study is the first study isolating EV's from human patient tumor tissues. In addition, we
have applied the membrane proteomics to identify the surface markers. Membrane proteins have
been focused intensively since they are entry or exit of cellular signals, which making them
important druggable targets as well as surface markers (34). Although EVs are known to be
enriched with membrane proteins, more than 60% of identified proteins are non-membrane
proteins according to EVpedia (18). By applying membrane proteomics, many of membrane
proteins were newly identified from our study.

Interestingly, our study describes that melanoma tissue-derived EV's were enriched with
mitochondrial membrane proteins, compared with non-melanoma-derived EV's. Furthermore, our
study shows that subpopulation of EXOs contain mitochondrial components and have a distinct
protein profile. The release of mitochondrial components to the extracdlular space could be
related with enhanced mitochondrial function in cancer, since mitochondriais closely connected
with cancer in terms of progression, signaling, and survival (23, 24). It has been discovered that
mitochondria secret the vesicles inside of cells. The fate of these vesicles is either fusing with
lysosome to undergone a degradation pathway (35) or fusing with ER-derived pre-peroxisomes
to generate the peroxisomes (36). However, secretion to extracellular space or fusion with
exosomal pathway of those mitochondrial vesicles has not been described. This is interesting
because current state of art of EV biogenesis does not eucidate the connection with
mitochondria. Elucidating the in-depth mechanism how mitochondria and EV biogenesis

pathway are interconnected is required in future to fully understand biogenesis of EVs.

10
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We have found not only mitochondrial membrane proteins, but also many of other
membrane proteins, from different cellular compartments including plasma membrane and
endoplasmic reticulum membrane, that could be another good biomarker candidates. For
example, HLA-DR, which is a plasma membrane protein and was in our biomarker candidates,
was used to predict response to anti-PD1/PD-L1 therapy by detecting HLA-DR on melanoma
tissue (37). In addition, an endoplasmic reticulum membrane protein, Erlin-2, is related with
survival of breast cancer by modulating endoplasmic reticulum stress pathways (38). The
diagnostic potential of these proteins is needed to verify in future.

In summary, we have isolated EVs from melanoma metastatic tissues from human
patients and analyzed their surface proteomes, detecting important differences between tissue-
derived EVs and classical cell line-derived EVs. Most importantly, mitochondrial membrane
proteins were present at high levels in melanoma tissue-derived EVs, and can be detected in
increased concentrations in the plasma of melanoma patients, but also in patients with ovarian-
or breast cancer. In addition, we found that certain subpopulations of EXOs harbor both active

mitochondrial proteins and classical EV markers, which isanew paradigmin EV biology.

Materialsand Methods

Human samples. Tissues from melanoma lymph node or skin metastases were obtained from
patients during surgery and were preserved in complete cell media (without fetal bovine serum,
FBS) at 4°C and were used to isolate EVs. A total of 20 ml of peripheral blood was collected

from melanoma patients, breast cancer patients, and healthy controlsin EDTA tubes. Plasma was

obtained by centrifugation at 1880 1 X[ 1g for 10 min, followed by a second centrifugation at

250000 X g for 10 min. All centrifugations were performed at 4°C. The study was approved by
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the Regional Ethical Review Board at the University of Gothenburg (096-12), and all
participants provided a written informed consent. Ovarian plasma was chosen from a previously
described cohort collected between 2001 and 2010 (39). Blood samples were collected after
anesthesia bur before surgery. Six ml of blood were collected in EDTA vacutainers using
standardized procedures, centrifuged and directly aliquoted into Eppendorf tubes, frozen and
stored at -80°C within 30-60 minutes after withdrawal. The selected samples had seen one freeze

thaw cycle only. Ethical board approval number are 348-02 and 201-15.

Cell culture. The human mast cell line HMC1 and TF1 cells were cultured in IMDM (HyClone,
Logan, UT). HEK293T and MML1 cdlls were cultured in RPM11640 (Sigma Aldrich, St Louis,
MO) media. Media was supplemented with 10% EV-depleted FBS (Sigma Aldrich), 2 mM L-
glutamine (HyClone), and 1.2 U/ml 1-thioglycerol (Sigma Aldrich). The human MSCs from
bone marrow were obtained as passage 1 from the MSC distribution of the Institute of
Regenerative Medicine at Scott and White, USA, and cultured in alpha minimum essential
medium (GIBCO® GlutaMAX™, Invitrogen, Carlsbad, CA) supplemented with 15% EV-
depleted FBS (Sigma Aldrich). Three to four passages of MSCs were used for EV isolation. All
media contained 100 U/ml penicillin and 100 pg/ml streptomycin (HyClone). For the EV

depletion, FBS was ultracentrifuged at 118,000 X Qgayg (Type 45 Ti rotor, Beckman Coulter,

Miami, FL) for 18 h and filtered through a 0.22 um filter as previously described (40).

I solation of EVsfrom melanoma metastases tissue. Subpopulations of EVswere isolated from
melanoma metastases using a centrifugation-based protocol. Tumor pieces were gently sliced

into small fragments (1-2 mm) and incubated with collagenase D (Roche, Basdl, Switzerland) (2

12
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mg/ml) and DNase | (Roche) (40 U/ml) dissolved in RPMI plain medium (Sigma Aldrich) for 30
min at 37°C. After afiltration step (70 um pore size), cells and tissue debris were eiminated by

centrifugation at 300 X g for 10 min and 2000 X g for 20 min. Supernatants were centrifuged at
16,500 X Qayg (Type 45 Ti) for 20 min and 110,000 X gaq (Type 45 Ti) for 2.5 h to collect

larger vesicles and smaller vesicles, respectively. All centrifugations were performed at 4°C.
Pellets were resuspended in PBS. Larger and smaller vesicles were combined and further

purified by an isopycnic centrifugation using an iodixanol gradient (OptiPrep™, Sigma-Aldrich).

Isolation of EVs from cdl lines. Conditioned media from cell cultures was harvested and

centrifuged at 300 X g for 10 min to remove cells. The supernatant was then centrifuged at
2,000 X Qag for 20 min to remove apoptotic bodies and cell debris. MVs and EXOs were
pelleted at 16,500 X Qavg (Type 45 Ti) for 20 min and at 118,000 X gaq (Type 45 Ti) for 3.5 h.

Pellets were resuspended in PBS. MVs and EXOs pellets were combined and further purified by

an isopycnic centrifugation using an iodixanol gradient.

lodixanol density gradient. EVs (MVs and EXOs) in PBS (1 ml) were mixed with 60%
iodixanol (3 ml) and laid on the bottom of an ultracentrifuge tube followed by addition of 30%
iodixanol (4 ml) and then 10% iodixanol (3 ml). Samples were ultracentrifuged at 178,000 X Qavg
(SW 41 Ti, Beckman Coulter) for 2 h. EVs were collected from the interface between the 30%
and 10% iodixanol layers. For the EXOs purification, pelleted EXOs (1 ml) were mixed with 60%
iodixanol (3 ml) and laid on the bottom of an ultracentrifuge tube. A discontinuous iodixanol
gradient (35%, 30%, 28%, 26%, 24%, 22%, and 20%; 1 ml each, but 2 ml for 22%) was overlaid.

Samples were ultracentrifuged at 178,000 X gayg (SW 41 Ti) for 16 h. EXOs were collected from
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the interface of the 20% and 22% iodixanol layers. Collected EVs or EXOs were diluted with
PBS (up to 94 ml) and ultrancetrifuged at 118,000 X gag (Type 45 Ti) for 3.5 h. The pelleted

EVsand EXOs were resuspended in PBS.

Membrane isolation. Isolated EV's were incubated with 100 mM sodium carbonate solution (pH
12) for 1 h a room temperature with rotation. Potassium chloride solution (1 M) was added and
further incubated for 1 h. Samples were subjected to iodixanol density gradient purification as
described above for EV's, and membranes were collected from the interface between the 30% and

10% iodixanol layers.

Transmission electron microscopy. One melanoma metastatic tissue from lymph node was
acquired during surgery, and the sample was dissected into small pieces. Samples were placed in
150 um deep membrane carriers (Leica Microsystems, Bensheim, Germany) that was filled with
20% BSA in PBS and high pressure frozen using an EMPactl (Leica Microsystems). A rapid
freeze substitution protocol using 2% uranyl acetate (from a 20% methanolic stock solution) in
dehydrated acetone for 1 h was then applied (41, 42). The temperature was increased by
3°C/hour to -50°C where samples stayed for the remainder of the protocol, including
polymerization. Samples were washed two times with dehydrated acetone before starting
infiltration with increasing concentrations of HM20 (3:1, 2:1, 1:1, 1:2, 1:3 acetone:HM 20 for 2-3
hours each), followed with 3 changes with HM20 (2 h each and once overnight). Samples were
polymerized in UV light for 48 h. Thin sections (70 nm) were cut and contrasted with 2% urany!l
acetate in 25% ethanol (4 min) and Reynold's lead citrate (2 min). For analysis of EV's, a drop

(10 pl) of isolated EVs was placed on 200-mesh formvar/carbon copper grids (Ted Pella,

14
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Redding, CA) for 5 min and stained with UranyLess (EMS, Fort Washington, PA) for 1 min.
Images were obtained using a LEO 912AB Omega 120 kV electron microscope (Carl Zeiss SMT,
Mainz, Germany). Digital image files were acquired with a Veleta CCD camera (Olympus-SiS,

Munster, Germany).

RNA isolation and detection. RNA was isolated from melanoma metastases-derived EVs
(larger and smaller vesicles) using the miRCURY™ RNA Isolation Kit (Exiqon, Vedbaek,
Denmark) according to the manufacturer’s protocol. EV RNA profiles were analyzed using
capillary electrophoresis (Agilent RNA 6000 Nano Kit on an Agilent 2100 Bioanalyzer, Agilent
Technologies, Palo Alto, CA). A total of 1 ul of RNA was analyzed according to the

manufacturer’s protocol as previously described (43).

Western blot analysis. Proteins from the iodixanol density gradients were separated by SDS-
PAGE and transferred to a polyvinylidene fluoride membrane. The membrane was blocked with
5% non-fat dry milk for 2 h and then incubated with anti-CD81 (Santa Cruz Biotechnology,
Santa Cruz, CA, sc9158) or anti-MT-CO2 (Abcam, Cambridge, UK, ab91317) at 4°C overnight.
After secondary antibody incubation, the immune-reactive signals were visualized using
SuperSigna ™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, San Jose,

CA) with aVersaDoc 4000 MP (Bio-Rad Laboratories, Richmond, CA).

Particle measurement. The numbers of particles from the iodixanol density gradients were
measured using ZetaView® PMX110 (Particle Metrix, Diessen, Germany). The chamber

temperature was automatically measured and integrated into the calculation, and the sensitivity
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of the camera was set to 80. Data were analyzed using the ZetaView® analysis software version
8.2.30.1 with a minimum size of 5, a maximum size of 5000, and a minimum brightness of 20.

Samples were measured in triplicate.

ELISA. For the direct ELISA, EVs were coated on 96-well plates overnight at 4°C. Plates were
blocked with 1% BSA in PBS for 1 h and incubated with anti-CD9 (BD Biosciences, San Jose,
CA, 555370), anti-CD81, anti-COX6¢ (Santa Cruz Biotechnology, sc390414), anti-SLC25A22
(Thermo Fisher Scientific, PA5-29181), or anti-MT-CO2 antibodies for 2 h. After washing, the
appropriate secondary antibodies with HRP were added. The reaction was initiated by adding
TMB substrate solution, terminated by 2M H,SO,, and the optical density was measured a a
wavelength of 450 nm. For the sandwich ELISA, MT-CO2 antibody was coated on black 96-
well plates overnight at 4°C. The MT-CO2 antibody was purified on a protein G column prior to
use to remove the carrier proteins. Plates were blocked with 1% BSA in PBS for 1 h. EVs or
body fluids were added to the wells and incubated for 2 h at room temperature. A total of 50 pl
of blood plasma from patients was used. After washing, COX6c antibody was incubated for 1 h
and then HRP-conjugated anti-mouse antibody was incubated for 1 h. Luminescent signal was

obtained with the BM Chemiluminescence ELISA Substrate (BD Biosciences).

Isolation of EXOs containing MT-CO2 or FACL4. Antibodies against MT-CO2 or FACL4
(Abcam, ab155282) were conjugated to magnetic beads with the Dynabeads® Antibody Coupling
Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. lodxianol-purified
EXOs were incubated with anti-MT-CO2 or anti-FACL4 antibody-conjugated magnetic beads

for 2 h at room temperature with rotation. Unbound EXOs were removed and washed with PBS.
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Bound EXOs were eluted with acidic washing buffer (10 mM HEPES, 10 mM 2-(N-morpholino)

ethanesulfonic acid, 1220 mM NaCl, 0.5 mM MgCl,, 0.9 mM CaCl,, pH 5) for 10 min.

LC-MS/MS and protein search. The protein samples were digested with trypsin using the
filter-aided sample preparation (FASP) method. Briefly, protein samples were reduced with 100
mM dithiothreitol at 60°C for 30 min, transferred onto 30 kDa MWCO Nanosep centrifugal
filters (Pall Life Sciences, Ann Arbor, Ml), washed with 8M urea solution and alkylated with 10
mM methyl methanethiosulfonate in 50 mM TEAB and 1% sodium deoxycholate. Digestion was
performed in 50 mM TEAB, 1% sodium deoxycholate at 37°C in two stages. the samples were
incubated with 300 ng of Pierce M S-grade trypsin (Thermo Scientific) for 3h, and then with 300
ng additional trypsin overnight. The digested peptides were desalted using Pierce C-18 spin
columns (Thermo Scientific), the solvent was evaporated, and the peptide samples were resolved
in 3% acetonitrile, 0.1% formic acid solution for LC-MS/MS anaysis. Each sample was
analyzed on a Q Exactive mass spectrometer (Thermo Fisher Scientific) interfaced with Easy-
nLC 1200 nanoflow liquid chromatography system. Peptides were trapped on the C18 trap
column (200 um X 3 cm, particle size 3 um), and separated on the home-packed C18 analytical
column (75 pum X 30 cm, particle size 3 um). A gradient from 8% to 24% B over 75 min, from
24% to 80% B over 5 min, and 80% for 10 min (solvent A: 0.2% formic acid, solvent B: 98%
acetonitrile, 0.2% formic acid) was used at a flow rate of 200 nl/min. Precursor ion mass spectra
were recorded in positive ion mode at a resolution of 70 000 and a mass range of 400 to 1600
m/z. The 10 most intense precursor ions were fragmented using HCD at a collision energy of 30,
and MS/M S spectra were recorded in a scan range of 200 to 2000 m/z and a resolution of 35 000.

Charge states 2 to 6 were selected for fragmentation, and dynamic exclusion was set to 30 s.
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Exclusion lists of m/z values of the identified peptides at 1% FDR with a 10 min retention time
window were generated from each results file. Subsequently, a second LC-MS/MS analysis was
performed using the same settings as before, besides the exclusion of m/z values present in the
first LC-MS/MS analysis. The MaxQuant quantification tool with the Andromeda search engine
(version 1.5.2.8) was used for the identification and quantification of proteins (44). Proteins were
searched with the following parameters. enzyme specificity, trypsin; variable modification,
oxidation of methionine (15.995 Da); fixed modification, carbamidomethylation of cysteine
(57.021 Da); two missed cleavages, 20 ppm for precursor ions tolerance and 4.5 ppm for
fragment ions tolerance; Homo sapiens reference proteome data from Swiss-Prot (20,196 entries);
1% false discovery rate; and a minimum peptide length of seven amino acids. The first major
protein identified was chosen as the representative protein of each protein group and was used
for further analysis. Normalized |abel-free quantification intensity of proteins was obtained by a
label-free quantification tool, which is implemented in the MaxQuant software, with a minimum

of two ratio counts.

Systematic analysis. Protein localization was obtained from the Uniprot database and only
primary localization of proteins was used for the analysis. Biological process terms from Gene
Ontology were analyzed usng DAVID (https//david.ncifcrf.gov/). The protein-protein
interaction network and identification count were obtained from the STRING database
(http://string-db.org/) and the EVpedia database (https.//evpedia.info), respectively. Heat map

was analyzed with Perseus software (http://www.coxdocs.org/doku.php? d=perseus:start).
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ATP synthase activity measurement. The activity of ATP synthase was measured using 10 ug
of EXOs and MTCO2-EXOs with the ATP Synthase Enzyme Activity Microplate Assay Kit

(Abcam) following the manufacturer’ s instructions.

Statistical analysis. GraphPad Prism software version 5 (GraphPad Software) was used for p-
value calculation. The unpaired two-tailed Student’s t-test and one-way ANOV A with Turkey’s
multiple comparison test were conducted for comparison between two samples and multiple
samples, respectively. The unpaired two-tailed Student’s t-test with Welch’'s correction was

conducted for plasma samples. A p-value < 0.05 was considered to be significant.

Acknowledgements. We thank Evein Berger, Annika Thorsdl, and Carina Sihilbom at the
Proteomics Core Facility, University of Gothenburg, Sweden, for mass spectrometry analysis.
The Proteomics Core Facility at Sahlgrenska Academy is grateful to the Inga-Britt and Arne
Lundbergs Forskningsstiftlese for the donation of the Orbitrap Fusion Tribrid MS instrument.
We thank Bengt R. Johansson for helpful discussions. We also thank Electron Microscopy Unit
(EMU), and later, Centre for Cellular Imaging at the University of Gothenburg and the National
Microscopy Infrastructure, NMI (VR-RFI 2016-00968) for providing assistance in microscopy.
We thank Gunnar Nilsson at the Karolinska Institute, Stockholm, Sweden, for the kind gift of the
human mast cell line HMC-1. This work was funded by the Swedish Research Council (K2014-
85X-22504-01-3), VBG Group Herman Krefting Foundation for Asthma and Allergy Research,
the Swedish Heart and Lung Foundation (20120528), the Swedish Cancer Foundation
(CAN2014/844), and Basic Science Research Program through the National Research

Foundation of Korea (NRF) funded by the Ministry of Education (2016R1A6A3A03007377).

19


https://doi.org/10.1101/174193

bioRxiv preprint doi: https://doi.org/10.1101/174193; this version posted August 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Competing interests. JL. and S.C.J. are currently chief scientist and scientist, respectively, at
Codiak Biosciences in Cambridge, MA, developing exosomes as therapeutics. S.C.J., R.C. and
J.L. are developing a patent exploring EV biomarkers, and this patent is not related to Codiak

Biosciences.

Author Contributions: S.CJ. and JL. designed the study. S.C.J. peformed most of
experiments and analyzed the data. C.R. and A.C. isolated EV's from melanoma tissues. C.R. and
J.H. performed electron microscopy. R.O.B. and V.B. provided blood of melanoma patients and
metastatic melanoma tissues. K.S. provided cystic fluids and blood from ovarian patients. The
manuscript was written by S.C.J., C.R., and J.L. with the help of JH., V.B., R.O.B., K.S, O.T.,

and R.K.

References

1. Colombo M, Raposo G, & Thery C (2014) Biogenesis, secretion, and intercellular interactions
of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol 30:255-289.

2. Fais S, et al. (2016) Evidence-Based Clinical Use of Nanoscale Extracellular Vesicles in
Nanomedicine. ACS Nano 10:3886-3899.

3. Xiao H, et al. (2014) Mast cell exosomes promote lung adenocarcinoma cell proliferation -
role of KIT-stem cdll factor signaling. Cell Commun Signal 12:64.

4. Valadi H, et a. (2007) Exosome-mediated transfer of mMRNAs and microRNAs is a novel

mechanism of genetic exchange between cells. Nat Cell Biol 9:654-659.

20


https://doi.org/10.1101/174193

bioRxiv preprint doi: https://doi.org/10.1101/174193; this version posted August 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

5 Kim CW, et al. (2002) Extracellular membrane vesicles from tumor cells promote
angiogenesis via sphingomyelin. Cancer Res 62:6312-6317.

6. Bosman GJ, Lasonder E, Groenen-Dopp YA, Willekens FL, & Werre IM (2012) The
proteome of erythrocyte-derived microparticles from plasma: new clues for erythrocyte aging
and vesiculation. J Proteomics 76:203-210.

7. Saraswat M, et al. (2015) N-linked (N-) Glycoproteomics of Urinary Exosomes. Mol Cell
Proteomics 14:2298.

8. Hoog JL & Lotvall J(2015) Diversity of extracellular vesicles in human g aculates reveal ed by
cryo-electron microscopy. J Extracell Vesicles 4:28680.

9. Admyre C, et a. (2007) Exosomes with immune modulatory features are present in human
breast milk. J Immunol 179:1969-1978.

10. Melo SA, et al. (2015) Glypican-1 identifies cancer exosomes and detects early pancreatic
cancer. Nature 523:177-182.

11. Im H, et a. (2014) Label-free detection and molecular profiling of exosomes with a nano-
plasmonic sensor. Nat Biotechnol 32:490-495.

12. Kahlert C, et a. (2014) Identification of double-stranded genomic DNA spanning all
chromosomes with mutated KRAS and p53 DNA in the serum exosomes of patients with
pancreatic cancer. J Biol Chem 289:3869-3875.

13. AnT, et a. (2015) Exosomes serve as tumour markers for personalized diagnostics owing to
their important role in cancer metastasis. J Extracell Vesicles 4:27522.

14. Crescitdli R, et al. (2013) Distinct RNA profiles in subpopulations of extracellular vesicles:

apoptotic bodies, microvesicles and exosomes. J Extracell Vesicles 2:20677.

21


https://doi.org/10.1101/174193

bioRxiv preprint doi: https://doi.org/10.1101/174193; this version posted August 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

15. Willms E, et al. (2016) Cdlls release subpopulations of exosomes with distinct molecular and
biological properties. Sci Rep 6:22519.

16. Kowa J, et a. (2016) Proteomic comparison defines novel markers to characterize
heterogeneous populations of extracellular vesicle subtypes. Proc Natl Acad Sci U S A
113:E968-977.

17. Jeppesen DK, et a. (2014) Quantitative proteomics of fractionated membrane and lumen
exosome proteins from isogenic metastatic and nonmetastatic bladder cancer cells reveal
differential expression of EMT factors. Proteomics 14:699-712.

18. Kim DK, et al. (2013) EVpedia: an integrated database of high-throughput data for systemic
analyses of extracellular vesicles. J Extracell Vesicles 2:20384.

19. Gallart-Palau X, Serra A, & Sze SK (2016) Enrichment of extracellular vesicles from tissues
of the central nervous system by PROSPR. Mol Neurodegener 11:41.

20. Lotvall J, et a. (2014) Minimal experimental requirements for definition of extracellular
vesicles and their functions. a position statement from the International Society for Extracellular
Vesicles. J Extracell Vesicles 3:26913.

21. UniProt C (2015) UniProt: ahub for protein information. Nucleic Acids Res 43:D204-212.
22. LeBleu VS, et al. (2014) PGC-lapha mediates mitochondrial biogenesis and oxidative
phosphorylation in cancer cells to promote metastasis. Nat Cell Biol 16:992-1003.

23. Reznik E, et al. (2016) Mitochondrial DNA copy number variation across human cancers.
Elife 5:10769.

24. Lin CS, Wang LS, Tsai CM, & Wei YH (2008) Low copy number and low oxidative damage
of mitochondrial DNA are associated with tumor progression in lung cancer tissues after

neoadjuvant chemotherapy. Interact Cardiovasc Thorac Surg 7:954-958.

22


https://doi.org/10.1101/174193

bioRxiv preprint doi: https://doi.org/10.1101/174193; this version posted August 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

25. Tan AS, et a. (2015) Mitochondrial genome acquisition restores respiratory function and
tumorigenic potential of cancer cells without mitochondrial DNA. Cell Metab 21:81-94.

26. Hayakawa K, et al. (2016) Transfer of mitochondria from astrocytes to neurons after stroke.
Nature 535:551-555.

27. Islam MN, et a. (2012) Mitochondrial transfer from bone-marrow-derived stromal cells to
pulmonary alveoli protects against acute lung injury. Nat Med 18:759-765.

28. Phinney DG, et al. (2015) Mesenchymal stem cells use extracellular vesicles to outsource
mitophagy and shuttle microRNAs. Nat Commun 6:8472.

29. Barrell BG, Bankier AT, & Drouin J (1979) A different genetic code in human mitochondria.
Nature 282:189-194.

30. Crowley E, Di Nicolantonio F, Loupakis F, & Bardelli A (2013) Liquid biopsy: monitoring
cancer-genetics in the blood. Nat Rev Clin Oncol 10:472-484.

31. Atay S, et al. (2014) Oncogenic KIT-containing exosomes increase gastrointestinal stromal
tumor cell invasion. Proc Natl Acad Sci U SA 111:711-716.

32. Peinado H, et al. (2012) Melanoma exosomes educate bone marrow progenitor cells toward a
pro-metastatic phenotype through MET. Nat Med 18:883-891.

33. Perez-Gonzalez R, Gauthier SA, Kumar A, & Levy E (2012) The exosome secretory
pathway transports amyloid precursor protein carboxyl-terminal fragments from the cell into the
brain extracellular space. J Biol Chem 287:43108-43115.

34. International Transporter C, et al. (2010) Membrane transporters in drug development. Nat
Rev Drug Discov 9:215-236.

35. Soubannier V, et al. (2012) A vesicular transport pathway shuttles cargo from mitochondria

to lysosomes. Curr Biol 22:135-141.

23


https://doi.org/10.1101/174193

bioRxiv preprint doi: https://doi.org/10.1101/174193; this version posted August 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

36. Sugiura A, Mattie S, Prudent J, & McBride HM (2017) Newly born peroxisomes are a hybrid
of mitochondrial and ER-derived pre-peroxisomes. Nature 542:251-254.

37. Johnson DB, et a. (2016) Meanoma-specific MHC-Il expression represents a tumour-
autonomous phenotype and predicts response to anti-PD-1/PD-L 1 therapy. Nat Commun 7:10582.
38. Wang G, et al. (2012) ERLIN2 promotes breast cancer cell survival by modulating
endoplasmic reticulum stress pathways. BMC Cancer 12:225.

39. Wang VY, et a. (2016) Diagnostic potential of tumor DNA from ovarian cyst fluid. Elife
5:15175.

40. Shelke GV, Lasser C, Gho YS, & Lotvall J (2014) Importance of exosome depletion
protocols to eliminate functional and RNA-containing extracellular vesicles from fetal bovine
serum. J Extracell Vesicles 3:24783.

41. Hoog JL, et a. (2014) Modes of flagellar assembly in Chlamydomonas reinhardtii and
Trypanosoma brucei. Elife 3:01479.

42. Hawes P, Netherton CL, Mueller M, Wileman T, & Monaghan P (2007) Rapid freeze-
subgtitution preserves membranes in high-pressure frozen tissue culture cells. J Microsc
226:182-189.

43. Lasser C (2013) Identification and analysis of circulating exosomal microRNA in human
body fluids. Methods Mol Biol 1024:109-128.

44. Cox J & Mann M (2008) MaxQuant enables high peptide identification rates, individualized
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat Biotechnol 26:1367-

1372.

24


https://doi.org/10.1101/174193

bioRxiv preprint doi: https://doi.org/10.1101/174193; this version posted August 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

FIGURE LEGENDS

Fig. 1. EVsin melanoma metastases tissue interstitial space were isolated and characterized. (A)
Melanoma metastatic tissue consisted of cells containing melanin accumulations and EVs.
Higher magnification pictures showed numerous different types of EVs in the tissue interstitial
space. Electron microscope images of larger (B) and smaller (D) EVs. Larger EVs have a size
range of 100-300 nm, and smaller EVs have a diameter of approximately 40-100 nm. RNA
profiles of larger (C) and smaller (E) EVs. Larger EVs have prominent 18S and 28S ribosomal

RNA peaks, whereas smaller EV's have small RNA with no or very small ribosomal RNA peaks.

Fig. 2. Proteomic analysis of EV's reveals the existence of mitochondrial membrane proteins. (A)
Only membrane-localized proteins that were identified from five melanoma tissue-derived EV's
(MeT1- to MeT5-EVs) were selected and compared. Numbers with a red color are proteins that
were identified in at least 4 MeT-EVs. (B) Membrane proteins from MeT-EV's were compared
with membrane proteins from non-melanoma-EVs. Common proteins were categorized by 10-
fold difference of relative abundance. (C) The sub-cellular localization of 236 candidates was
analyzed. (D) Mitochondrial membrane proteins were plotted with their relative abundance from
a mass spectrometry analysis and their identification count from the EVpedia database. Blue
color are the final three candidates for validation. IC; identification count. Three mitochondrial
membrane proteins — COX6c (E), SLC25A22 (F), and MT-CO2 (G) — were experimentally

validated with direct ELISA. Data are presented as the mean + SD. ***p < 0.001.

Fig. 3. Subpopulations of EXOs harbor mitochondrial proteins. Subpopulations of EXOs were

isolated with antibodies against FACL4 or MT-CO2, and their proteomes were analyzed. The
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identified proteins were compared by Venn diagram (A) and heatmap analysis (B). Based on
relative abundance of proteins, five different clusters were identified (B), and gene ontology
analysis was performed for 4 of the 5 clusters (C). FACL4-EXOs and/or MTCO2-EXOs clusters
enriched with metabolic process-related proteins are shown in red boxes. (D) ATP synthase
activity was measured for EXOs and MTCO2-EXOs. Data are presented as the mean £ SD. *p <

0.05.

Fig. 4. Mitochondrial membrane proteins on the surface of EV's are unique biomarkers for cancer.
(A) Schematic illustration of the sandwich ELISA. MT-CO2 antibody was coated on the plate to
capture EV's, and COX6c antibody was used to detect the EVs. (B) The sandwich ELISA system
was validated with melanoma tissue-derived EVs and non-melanoma-derived EVs. Data are
presented as the mean + SD. The levels of mitochondrial proteins (MT-CO2 and COX6c¢) were
examined in blood plasma from melanoma patients (n = 26) (C), ovarian cancer patients (n = 62)
(D), and breast cancer patients (n = 13) (E). Healthy control was six. Whiskers show the

minimum-maximum and lines inside box represent the median. *p < 0.05, **p < 0.001.

Fig. S1. Image of EV's before and after high pH treatment. Brown color of melanin on EVs were

clearly disappeared after high pH treatment.

Fig. S2. Comparison with an EV database. (A) Identified EV proteins were well overlapped with
the EVpedia (B) The overlapping percentage with EVpedia was higher in EVs compared to

randomly selected proteins.
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Fig. S3. EV marker identification. Classical EV membrane marker proteins were identified in all

five EV samples with similar abundance.

Fig. $4. Principal component analysis of 9 EV proteome.

Fig. S5. Proportion of organelle membrane proteins. The percentages of each origin of
membrane proteins were calculated from 43 datasets in EVpedia. Localization was obtained

from Uniprot and primary localization was used for analysis.

Fig. $6. Validation of proteins by ELISA. Plasma membrane proteins (A) and endoplasmic
reticulum membrane proteins (B) were plotted with their relative abundance from a mass
spectrometry analysis and their identification count from the EVpedia database. Blue color are
the final candidates for validation. I1C; identification count. HLA-DR (C) and Erlin2 (D) were

experimentally validated with direct ELISA. Data are presented as the mean = SD. ***p < 0.001.

Fig. S7. Mitochondrial MT-CO2 protein on the surface of EXOs. EXOs derived from MML1 (A)
and HMC1 (B) were subjected to OptiPrep density gradient purification. MT-CO2 and CD81
expression in each fraction were visualized by Western blot. Particle numbers for each fraction
from MML1-EXOs (C) and HMC1-EXOs (D) were determined by nanoparticle tracking analysis.
Surface expression level of CD9, CD81, and MT-CO2 on MML1-EXQOs (E) and HMC1-EXOs
(F) was measured by direct ELISA. (G) The surface expression level was compared between
MML1-EXOs and HMC1-EXOs. Data are presented as the mean £ SD. **p < 0.01, ***p <

0.001.
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Fig. S8. Protein-protein interaction network of mitochondrial proteins on MTCO2-EXOs.
Identified mitochondrial proteins, including ATP synthase subunits and energy production

machinery, interacted with each other.

Fig. S9. Full length images of Western Blot.
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Supplementary Figure 2
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Supplementary Figure 3

Uniprot ID  Protein name Identification
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Figure 7
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Supplementary Figure 8
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Supplementary Figure 9
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