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Extracellular vesicle proteomes of two transmissible cancers
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Abstract

The iconic Tasmanian devil (Sarcophilus harrisii) is endangered due to the transmissible cancer Devil Facial Tumour Dis-
ease (DFTD), of which there are two genetically independent subtypes (DFT1 and DFT2). While DFT1 and DFT2 can be
differentially diagnosed using tumour biopsies, there is an urgent need to develop less-invasive biomarkers that can detect
DFTD and distinguish between subtypes. Extracellular vesicles (EVs), the nano-sized membrane-enclosed vesicles present
in most biofluids, represent a valuable resource for biomarker discovery. Here, we characterized the proteome of EVs from
cultured DFTD cells using data-independent acquisition—mass spectrometry and an in-house spectral library of > 1500 pro-
teins. EVs from both DFT1 and DFT?2 cell lines expressed higher levels of proteins associated with focal adhesion functions.
Furthermore, hallmark proteins of epithelial-mesenchymal transition were enriched in DFT2 EVs relative to DFT1 EVs.
These findings were validated in EVs derived from serum samples, revealing that the mesenchymal marker tenascin-C was
also enriched in EVs derived from the serum of devils infected with DFT?2 relative to those infected with DFT1 and healthy
controls. This first EV-based investigation of DFTD increases our understanding of the cancers’ EVs and their possible
involvement in DFTD progression, such as metastasis. Finally, we demonstrated the potential of EVs to differentiate between
DFT1 and DFT2, highlighting their potential use as less-invasive liquid biopsies for the Tasmanian devil.
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Introduction

The Tasmanian devil (Sarcophilus harrisii) is the world’s
largest extant carnivorous marsupial, currently endangered
due to two transmissible cancers, both of which cause devil
! Tasmanian School of Medicine, College of Health facial tumour disease (DFTD). The first described DFTD
an:is tlé;;d;cme, University of Tasmania, Hobart, TAS 7000, (referred to as DFT1) has caused an 82% decline in the wild
since its discovery in 1996 [1]. DFT1 is caused by a clonal

cell of Schwann cell origin [2], transmitted among devils
as an allograft through biting during social interactions, in
which the tumour cells are hypothesised to be inoculated
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VIC 3083. Australia into penetrating injuries in the skin and oral mucosa to estab-
lish and proliferate [3]. The second genetically independent
4 Department of Microbiology and Immunology, Montana . p, (3] & y . p
State University, Bozeman, MT 59717, USA transmissible cancer (DFT2) was first reported in 2014 and
is also of Schwann cell origin and transmitted as an allograft
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and Medicine, University of Tasmania, Hobart, TAS 7000, [4]. In contrast to DFT1, which arose in a female devil [5],
Australia DFT?2 appears to have originated in a male individual [4]. As
6 the majority of documented DFT?2 cases to date are among

School of Natural Sciences, University of Tasmania, Hobart,
TAS 7001, Australia males [6], it is thought that the Y chromosome present in the
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DFT2 karyotype results in antigenicity, and thus resistance
to infection, among female hosts [7]. On the other hand,
females hosts have been demonstrated to present higher tol-
erance to DFT1 infection [8].While DFT1 has widely spread
across Tasmania since its discovery [9], DFT2 is currently
confined to the Channel region of southeast Tasmania [6].
Fatal in almost 100% of cases, DFT1 and DFT2 present with
tumour masses on facial, oral, and neck regions [10].

Both of these non-virally induced cancers exploit the
antigen presentation pathway to avoid immune recognition.
For instance, DFT1 epigenetically downregulates the major
histocompatibility complex class I (MHC-I) molecules to
escape the devil immune system [11]. In contrast to DFT1,
DFT2 tumour cells express MHC-I molecules. However,
the MHC-I molecules expressed in DFT2 cells share allo-
type identity with devils in the region in which DFT2 was
first identified, reducing the hosts’ capacity to detect DFT2
tumours as foreign tissues [12]. As the devil immune system
is unable to “see” and respond to the grafted tumour, DFTD
progresses and kills its host within 612 months after the
presentation of clinical signs [13]. For DFT1, death of the
host has been proposed to be a consequence of three main
mechanisms: secondary infection, starvation, and metasta-
sis [14]. Large DFT1 tumours often present necrotic areas
in contact with the environment, and therefore, bacterial
infections are common in later stages of the disease. These
infections may invade healthy tissue and induce sepsis [14].
Starvation occurs as a consequence of mechanical obstruc-
tion of feeding or through the secretion of by-products from
the tumour, inducing anorexia [14]. With DFT1, metastasis
occurs in 65% of cases, primarily affecting regional lymph
nodes, lungs, and spleen [10]. However, the timing and
mechanisms of DFT1 metastasis require further investiga-
tion to provide a better understanding of the pathogenesis
and progression of the cancer. Information on DFT?2 patho-
genesis, such as metastasis or time until host death, is not
available due to the relatively recent discovery of DFT2 [4]
and the limited number of DFT2 infected animals (n=25)
in the literature thus far [6].

DFT1 and DFT2 are grossly indistinguishable, but can
be differentially diagnosed using histopathology, immuno-
histochemistry, cytogenetics, and PCR techniques [4, 15,
16]. These laboratory techniques require the collection of a
tumour biopsy from the infected animal, a procedure which
is avoided unless tumours exhibit ulceration (especially
inside of the oral cavity) to reduce possibilities of second-
ary infections, tumour spread, and/or potential risk of facili-
tating rapid tumour growth [17]. Discovery of a biomarker
that can lead to the development of a rapid and less-invasive
differential diagnostic test for DFT1 and DFT2 would sig-
nificantly improve the potential scope and scale of disease
surveillance across Tasmania. Most cells, including cancer
cells in humans and animal models, secrete extracellular
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vesicles (EVs) into their extracellular environment. EVs are
lipid bilayer structures which contain bioactive cargo, such
as proteins, genetic material, and lipids [18]. EV cargo is
enriched in a subset of common EV marker proteins related
to their biogenesis [19], but also may represent the proteome
of the parent cell. EVs have been proposed to be major play-
ers in the process of intercellular communication, through
the transfer of their cargo, both locally and systemically [20].
Using transcellular and paracellular routes, EVs can enter a
variety of body fluids, including blood; therefore, EVs can
be readily isolated from serum or plasma [21]. The EV phos-
pholipid bilayer membrane protects cargo against degrada-
tion by serum proteases and nucleases [22]. These properties
have made EVs an increasingly attractive tool for biomarker
discovery in cancer research and other diseases [23].

A major hallmark of cancer is the need for communica-
tion with other cells to survive, invade, and progress. As
EVs play a crucial role in intercellular communication, they
are active participants in the process of tumorigenesis and
cancer progression [24]. Thus, EVs originating from tumour
cells, or the tumour microenvironment, can support tumour
cell growth and promote successful colonization of local and
distant organs [25-27]. EVs facilitate the process of metas-
tasis through a variety of mechanisms, including immune
modulation, microenvironment remodelling, angiogenesis,
intravasation and extravasation of tumour cells, and prepara-
tion of the metastasis niche at the target organs [28, 29]. As
metastasis is the leading cause of death in cancer patients
[30], and as EVs express molecules which are associated
with cancer progression, they have been investigated as a
source of prognostic biomarkers for cancer [31].

Here, we provide the first analysis of the proteome of
EVs from DFTD cells. We identified cell and focal adhesion
proteins related to metastasis and validated the use of an
EV-associated protein to identify DFTD subtypes in clini-
cal serum samples, demonstrating the potential application
of EVs as a liquid biopsy for the differential diagnosis of
DFTD.

Materials and methods
Cell lines and cell culture

Three tumour cell lines (C5065, 1426, and 4906) were estab-
lished from three devils with confirmed DFT1 by person-
nel of the Tasmanian Government Department of Primary
Industries, Parks, Water and Environment (DPIPWE). DFT2
cell lines (JARVIS, SNUG and RED VELVET) and devil
fibroblasts cells lines were originally established at Men-
zies Institute for Medical Research from three devils with
confirmed DFT?2 [4] and three healthy captive devils, respec-
tively. DFTD and fibroblast cell lines were obtained from



Extracellular vesicle proteomes of two transmissible cancers of Tasmanian devils reveal... 7539

tumour and ear biopsies, respectively. Both tumour and ear
biopsies were collected from devils using a 4 mm disposable
punch (Kai Medical, Singen) under a Standard Operating
Procedure approved by the General Manager, Natural and
Cultural Heritage Division, Tasmanian Government Depart-
ment of Primary Industries, Parks, Water and the Environ-
ment. Cell line sources are detailed in Online Resource 1.
Frozen stocks of DFT1, DFT2, and devil fibroblasts cell
lines were thawed to perform the study experiments.

Cell lines were cultured in RPMI medium (Gibco), sup-
plemented with 10% heat-inactivated foetal bovine serum
(FBS), and 1% antibiotic—antimycotic (Thermo Fisher Sci-
entific). Each cell line was cultured in duplicates in a 175
cm? culture flask (Corning) at 35 °C (Tasmanian devil nor-
mal body temperature) in a fully humidified atmosphere of
5% CO2.

Tasmanian devil serum samples

Frozen serum samples from 12 advanced-stage DFT1
infected devils, 5 advanced-stage DFT2 infected devils,
and 10 healthy controls were used for this study. DFT1
infected devils were considered to be in advanced stage
(mid or late) of the disease based on large tumour volumes
(15 ml-161 ml). Tumour volumes of DFT?2 infected devils
were not recorded; however, all these animals were euthan-
ised at the time of sampling due to poor physiological condi-
tions associated with advanced DFT2. Blood was obtained
from conscious or anesthetised devils by venepuncture from
either jugular or marginal ear vein (between 0.3 and 1 ml)
and transferred into empty or clot activating tubes. Samples
were centrifuged at 1000 g for 10 min, and the serum was
pipetted off and stored frozen at —20 °C (short term storage;
up to 3 months) or—80 °C (long-term storage, up to 6 years)
until further use. All animal procedures were performed
under a Standard Operating Procedure approved by the
General Manager, Natural and Cultural Heritage Division,
Tasmanian Government Department of Primary Industries,
Parks, Water and the Environment and under the auspices
of the University of Tasmania Animal Ethics Committee
(permit numbers: A0017550, A0013326, A0015835).

Isolation of extracellular vesicles
Cell culture

Cell cultures were used at 60%—70% confluence. Culture
medium was discarded, and cells were washed twice with
phosphate-buffered saline (PBS) and then incubated in cul-
ture medium, supplemented with 5% of heat-inactivated
FBS, for 48 h. This medium had been previously subjected
to centrifugation at 100,000 g for 18 h at 4 °C to deplete
bovine EVs from FBS [32]. After 48 h, the cultured medium

of each cell line was collected and centrifuged at 1500 g
for 10 min at 4 °C to remove cells and debris. The super-
natant was further centrifuged at 10,000 g for 10 min at
4 °C to remove larger extracellular vesicles. Centrifuged
supernatants were then concentrated using Amicon Ultra-
15 centrifugal filters (MWCO 100 kDa) to a final volume
of 2 ml. Then, following the manufacturer’s instructions,
the concentrated supernatant was subjected to size exclu-
sion chromatography on qEV2-35 columns (IZON; recovery
range: 35 nm—-350 nm). Briefly, EVs were eluted in PBS
containing 0.05% sodium azide in eight fractions of 1 ml
each after a 14 ml void volume and pooled. The EV samples
were concentrated with Amicon Ultra-15 centrifugal filters
(MWCO 100 kDa) to a final volume of 500 pl and stored
at— 80 °C until further use.

Serum samples

A similar methodology used to isolate EVs derived from cul-
tured DFTD and devil fibroblast cell lines was used to iso-
late EVs derived from devil serum samples. Briefly, serum
samples were thawed on ice, and 500 L1 of each sample was
aliquoted into an Eppendorf tube and centrifuged at 1,500 g
for 10 min at 4 °C to remove debris. The samples were fur-
ther centrifuged at 10,000 g for 10 min at 4 °C to pellet
larger extracellular vesicles. The supernatants were taken
and subjected immediately to size exclusion chromatography
on qEV2-35 columns (IZON) following the manufacturer’s
instructions. Briefly, EVs were eluted in PBS containing
0.05% sodium azide in eight fractions of 1 ml each after
the collection of 14 ml of void volume and pooled. The EV
samples were concentrated with Amicon Ultra-15 centrifu-
gal filters (MWCO 100 kDa) to a final volume of 1 ml and
stored in aliquots of 500 .l at — 80 °C until future use.

Electron microscopy

The EVs derived from cultured DFT1, DFT2, devil fibro-
blasts cells and devil serum were imaged using a JEM-2100
transmission electron microscope (JEOL Tokyo, Japan)
equipped with a LaB filament operating at 200 kV. Images
were recorded using a Gatan Orius SC200 2 k X 2 k charge-
coupled device (CCD) camera at a range of magnifications.
400-mesh carbon-coated copper grids (ProSciTech) which
had been glow-discharged in the air to render them hydro-
philic using an Emitech 950X equipped with a K350 glow
discharge unit (Quorum Technologies) were used. 10 .l
of the EV samples derived from cultured cells and devil
serum obtained with the SEC columns were dropped onto
the prepared grids and left for at least 30 s. Excess fluid
was drawn off with filter paper, and two drops of 2% Ura-
nyl Acetate were added for approximately 10 s each before
being drawn off with filter paper. The grids were then dried
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and transferred into transmission electron microscopy for
viewing.

Nano-particle tracking analysis

EV size distribution and concentration of EVs derived from
cultured cells (DFT1, DFT2, and devil fibroblast cells) were
determined using a Nanosight NS300 nanoparticle ana-
lyser (Malvern Panalytical, Malvern, UK) equipped with a
405 nm laser and Nanosight NTA 3.2 software. Samples
were measured in PBS, and camera level was set at 14 for all
recordings. Camera focus was adjusted to make the particles
appear as sharp individual dots, and three 30-s videos were
recorded for each sample. For post-acquisition analysis, all
functions were set to automatic except detection threshold,
which was set at 5. EV size data were normalised to the
equal area under the curve for comparison between samples.
EV size distribution and concentration of devil serum EVs
were determined using a ZetaView PMX-120 nanoparti-
cle analyser (Particle Metrix, Inning am Ammersee, Ger-
many) equipped with Zetaview Analyse Software version
8.05.12. Prior to measurement, the system was calibrated
as per the manufacturer’s instructions with 100 nm Nano-
spheres 3100A (Thermo Fisher Scientific). Measurements
were performed in scatter mode, and for all measurements,
the cell temperature was maintained at 25 °C. Each sample
was diluted in PBS to a final volume of 1 ml. Capture set-
tings were sensitivity 80, shutter 100, and frame rate 30.
Post-acquisition settings were minimum trace length 10, min
brightness 30, min area 5, and max area 1000.

Protein preparation

EV proteins derived from cultured DFT1, DFT2, devil
fibroblast cells, and devil serum were extracted accord-
ing to the method of Abramowicz et al. [33]. EV sam-
ples were mixed with acetonitrile to a final concentration
of 50% (v/v) and evaporated using a centrifugal vacuum
concentrator. Protein samples were resuspended in 100 pl
and 150 pl of denaturation buffer (7 M urea and 2 M thio-
urea in 40 mM Tris, pH 8.0) for EV samples derived from
cultured cells and serum samples, respectively. Duplicate
samples of the cell lines were washed twice in PBS after
collecting cultured supernatants for EVs’ isolation. A cell
count of 1x 107 cells per ml was determined using a hemo-
cytometer. Pelleted cells were carefully lysed in 700 ul of
denaturation buffer supplemented with 1% (w/v) of Halt
protease inhibitor cocktail (100X, Thermo Fisher Scien-
tific) and then incubated on a tube rotator for 2 h at 4 °C.
The lysate was centrifuged at 13,000 g for 10 min, and
the supernatant finally cleaned up by precipitation using
9 x volumes of 100% ethanol overnight at—20 °C. Precipi-
tated proteins were pelleted by centrifugation at 13,000 g
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for 10 min. Protein pellets were briefly air-dried and then
reconstituted in 100 pl of denaturation buffer. Protein
concentration from lysates and EV samples derived from
cultured cells and devil serum was determined using EZQ
protein quantification Kit (Thermo Fisher Scientific). For
mass spectrometry analysis, aliquots of 30 g of protein
from each sample (n=18 EV samples derived from cul-
tured cells and 18 lysates samples; n =27 EV samples
derived from devil serum) were sequentially reduced using
10 mM DTT overnight at 4 °C, alkylated using 50 mM
iodoacetamide for 2 h at ambient temperature, and then
digested with 1.2 pg proteomics-grade trypsin/LysC
(Promega) according to the SP3 protocol [34]. Digests
were acidified by the addition of TFA to 0.1%, and pep-
tides were collected by centrifugation at 21,000 x g for
20 min. Samples were further cleaned up by offline desalt-
ing using ZipTips (Merck) according to the manufacturer’s
instructions.

SDS-PAGE and western blotting

EVs from cultured cells and lysate samples (DFT1, DFT2,
and devil fibroblast cells) resuspended in denaturation buffer
were mixed with freshly prepared B-mercaptoethanol (5%
(v/v) Sigma-Aldrich) and heated for 10 min at 95 °C. Protein
samples (20 pg in each lane) were separated on a Bolt™
4%-12%, Bis—Tris, 1.0 mm, Mini Protein Gel (Thermo
Fisher Scientific Invitrogen™) in NuPAGE™ MES SDS
Running Buffer, alongside a molecular weight marker (See-
Blue™ Plus2 Pre-stained Protein Standard, Thermo Fisher
Scientific Invitrogen™). Blotting was performed on an
Immobilin®-P PVDF membrane with 0.45 um pore size
(Merck Millipore) using a Mini Blot Module (Thermo Fisher
Scientific Invitrogen™). Membranes were blocked in 5%
skimmed milk in TBS containing 0.1% Tween-20 (TBS-T)
for 1 h at room temperature, primary antibodies rabbit anti-
Syntenin-ab19903 (Abcam) at 1:1000, mouse anti-Flotillin-
1-BD610821 (BD Transduction Laboratories) at 1:1000, and
mouse anti-Golgi matrix protein—BD610822 at 1:1000 (BD
Transduction Laboratories) were incubated overnight in 5%
skimmed milk in TBS-T at 4 °C. After incubation, mem-
branes were washed three times in TBS-T for 10 min at room
temperature. Membranes were subsequently probed with
Amersham ECL Mouse IgG, HRP-linked whole Ab (from
sheep) (NA931) or Amersham ECL Rabbit IgG, HRP-linked
whole Ab (from donkey) (NA934) at 1:5000 in TBS-T for
1 h at room temperature. After incubation, membranes were
washed three times in TBS-T for 10 min at room temperature
and subsequently visualised using Clarity Western ECL Sub-
strate (Bio-Rad). Images were acquired on a ChemiDoc™
Touch Imaging System (Bio-Rad) and analysed with Image
Lab Software (Bio-Rad).
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Liquid chromatography and mass spectrometry
analysis

High-pH peptide fractionation

Experiment-specific peptide spectral libraries were gen-
erated for DFT1, DFT2, and devil fibroblast cell lysates
(n=18, 3 biological replicates and 2 technical replicates
of each cell line), EVs derived from cultured cells (DFT1,
DFT?2 and devil fibroblast cells; n= 18, 3 biological repli-
cates and 2 technical replicates of each cell line), and devil
serum (n=27; 10 captive healthy devils, 12 devils infected
with DFT1 and 5 devils infected with DFT2) using offline
high-pH fractionation. For each library, a pooled digest com-
prising aliquots of each sample set (180 pLg) was desalted
using Pierce desalting spin columns (Thermo Fisher Sci-
entific) according to the manufacturer’s guidelines. Each
sample was evaporated to dryness and then resuspended
in 25 pl HPLC loading buffer (2% acetonitrile containing
0.05% TFA) and injected onto a 100x 1 mm Hypersil GOLD
(particle size 1.9 pm) HPLC column. Peptides were sepa-
rated using an Ultimate 3000 RSLC system equipped with
microfractionation and automated sample concatenation,
operated at 30 pl/minute using a 40 min linear gradient of
96% mobile phase A (water containing 1% triethylamine,
adjusted to pH 9.6 using acetic acid) to 50% mobile phase
B (80% acetonitrile containing 1% triethylamine), followed
by 6 min washing in 90% B and re-equilibration in 96% A
for 8 min. Sixteen concatenated fractions were collected into
0.5 ml low-bind Eppendorf tubes, evaporated to dryness, and
then reconstituted in 12 pl HPLC loading buffer.

Mass spectrometry—data-dependent acquisition (DDA)

Peptide fractions of the pooled digest samples coming from
cell lysates, EVs derived from cultured cells, and devil
serum were analysed by nanoflow HPLC-MS/MS using
an ultimate 3000 nano-RSLC system (Thermo Fisher Sci-
entific) coupled with a Q-Exactive HF mass spectrometer
fitted with a nano-spray flex ion source (Thermo Fisher
Scientific), and controlled using Xcalibur software (ver
4.3). Approximately 1 pg of each fraction was injected and
separated using a 90-min segmented gradient by precon-
centration onto a 20 mmx75 pm PepMap 100 C18 trapping
column and then separation on a 250 mmx75 pm PepMap
100 C18 analytical column at a flow rate of 300 nL./min and
held at 45 °C. MS Tune software (version 2.9) parameters
used for data acquisition were: 2.0 kV spray voltage, S-lens
RF level of 60, and heated capillary set to 250 °C. MS1
spectra (390-1500 m/z) were acquired at a scan resolution
of 600,000 followed by MS2 scans using a Topl5 DDA
method, with 20-s dynamic exclusion of fragmented pep-
tides. MS2 spectra were acquired at a resolution of 15,000

using an AGC target of 2e5, maximum IT of 28 ms, and
normalised collision energy of 30.

Mass spectrometry—data-independent acquisition (DIA)

Individual peptide samples derived from cell lysates (DFT1,
DFT2, and devil fibroblast cells; n=18, 3 biological repli-
cates and 2 technical replicates of each cell line) and EVs
derived from cultured cells (DFT1, DFT2, and devil fibro-
blast cells; n=18, 3 biological replicates and 2 technical rep-
licates of each cell line) and devil serum (n=27; 10 captive
healthy devils, 12 infected devils with DFT1 and 5 devils
infected with DFT2) were analysed by nanoflow HPLC-MS/
MS using the instrumentation and LC gradient conditions
described above but using DIA mode. The sequence of sam-
ple injections was randomised by blinding the MS opera-
tor to the sample codes. MS1 spectra (390-1240 m/z) were
acquired at 60,000 k resolution, followed by sequential MS2
scans across 26 DIA x 25 amu windows over the range of
397.5-1027.5 m/z, with 1 amu overlap between sequential
windows. MS2 spectra were acquired at a resolution of
30,000 using an AGC target of 1e6, maximum IT of 55 ms,
and normalised collision energy of 27.

Raw data processing

Both DDA-MS and DIA-MS raw files were processed using
Spectronaut software (version 13.12, Biognosys AB). Each
project-specific library was generated using the Pulsar search
engine to search DDA MS2 spectra against the Sarcophilus
harrisii UniProt reference proteome (comprising 22,388
entries, last modified in August 2020). With the exception
that single-hit proteins were excluded, default (BGS factory)
settings were used for both spectral library generation and
DIA data extraction. For library generation, these included
N-terminal acetylation and methionine oxidation as vari-
able modifications and cysteine carbamidomethylation as a
fixed modification, up to two missed cleavages allowed and
peptide, protein, and PSM thresholds set to 0.01. Mass toler-
ances were based on first-pass calibration and extensive cali-
bration for the calibration and main searches, respectively,
with correction factors set to 1 at the MS1 and MS2 levels.
Briefly, XIC extraction deployed dynamic retention time
alignment with a correction factor of 1. Protein identification
deployed a 1% ¢ value cut-off at precursor and protein levels,
automatic generation of mutated peptide decoys based on
10% of the library and dynamic decoy limitation for protein
identification. MS2-level data were used for relative peptide
quantitation between experimental samples, using the inten-
sity values for the Top3 peptides (stripped sequences) and
cross-run normalization based on median peptide intensity.
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Statistical analysis

Spectronaut protein quantitation pivot reports, including
protein description, gene names, and UniProt accession
numbers, were uploaded into Perseus software (version
1.6.10.50) for further data processing and statistical analy-
sis. Quantitative values were log, transformed and proteins
filtered according to the number of valid values. Proteins
detected in at least 70% of one group were considered for
the analysis. Remaining missing values were imputed with
random intensity values for low-abundance proteins based
on a normal abundance distribution using default Perseus
settings. Principal component analysis (PCA) was carried
out using the filtered proteome for the cultured cell EVs
and lysate samples to reduce the dimensionality of the data-
set using Perseus software (version 1.6.10.50). Differential
abundance of proteins between sample groups was deter-
mined using Student’s 7 test with a permutation-based false
discovery rate (FDR) controlled at 0.05 and sO (minimum
fold change) values set to 0.1 to exclude proteins with very
small differences between means. Significantly upregulated
proteins (FDR-corrected p value < 0.05) of EVs derived
from serum samples of devils with DFT2 (n=35) relative
to those infected with DFT1 (n=12) and healthy controls
(n=10) were compared with significantly upregulated pro-
teins (FDR-corrected p value <0.05) of EVs derived from
DFT?2 relative to EVs derived from DFT1 cultured cells.
One protein was found to overlap between groups. This pro-
tein was evaluated as a DFT?2 status classifier by subjecting
DFT2/healthy and DFT2/DFT1 cohort protein intensity val-
ues of each to receiver-operating characteristic (ROC) curve
analysis to calculate their area under the curve, sensitivity,
and specificity with bootstrapped confidence intervals using
R 3.6.2 [35]. The classification cut-off values were deter-
mined using Youden’s index.

Bioinformatics analysis

FUNRICH version 3.1.3 [36] was used to compare the EV
proteins derived from the Tasmanian devil cell lines with
the human Vesiclepedia, and with the top-100 EV proteins
reported in the Exocarta database [37]. We compared the
proteome of cell lysates and EVs and used DAVID software
for functional enrichment analysis of the proteins present
only in EVs [38, 39]. DAVID software was also used for
bioinformatic analysis of proteins that were upregulated in
EVs derived from DFT1 and DFT?2 cultured cells compared
to fibroblasts EVs and also upregulated in DFT1 and DFT2
lysates relative to fibroblasts’ lysates. These analyses were
carried out to identify whether DFT1 and DFT2 EVs main-
tain key features of their cell of origin. To investigate gen-
eral biological patterns from DFT1 and DFT2 EVs relative
to a healthy control, we used two different bioinformatics
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approaches. Over Representation Analysis (ORA) is used
to determine whether particular biological functions or pro-
cesses are over-represented in a subset of genes or proteins
when compared to a background proteome [40]. We used
ORA to analyse the subset of proteins demonstrating a pat-
tern of upregulation in EVs derived from DFT1 and DFT2
compared to EVs derived from devil fibroblasts and EVs
derived from DFT1 cells relative to those released from
DFT?2 cells. UniProt accessions for these proteins were
uploaded to DAVID [38, 39] to identify clusters of GO
terms, protein families, and pathways. Functional terms with
p values <0.05 after Benjamini—Hochberg correction for
multiple hypothesis testing were considered significant [38].
The protein list was analysed using the Sarcophilus har-
risii species proteome UniProt database. To complement the
ORA, we performed Gene Set Enrichment Analysis (GSEA)
to analyse patterns across the entire post-filtering EV pro-
teome. GSEA tests for non-random patterns of enrichment
of functional protein groups with quantitative expression
data rather than just the presence of proteins names within
a subset, and thus can detect subtle changes in biological
functions evidenced in a coordinated way in a set of related
genes [40]. GSEA software ver. 4.0.3 [41, 42] was used for
the GSEA analyses, according to the method of Reimand
et al. [43]. GSEA and ORA approaches were also used to
determine whether the functional pathways enriched in EVs
released by DFT1 and DFT?2 cells can be detectable in the
whole lysate proteome.

Results

Characterization of EVs from DFTD and devil
fibroblast cells.

The experimental workflow including EV isolation and the
approach for mass spectrometry analysis of EV proteins
and cell lysates is illustrated in Fig. 1. Transmission elec-
tron microscopy confirmed the presence of EV structures,
revealing a typical EV morphology as small closed vesicles
with a cup-shaped structure, consistent with previous analy-
sis [44] (Fig. 2A). Nano-particle tracking analysis (NTA)
demonstrated successful isolation of particles with a typi-
cal small/medium EV size distribution. The mean + standard
deviation diameters were 185.9 +78.6 nm for DFT1 EVs,
217+ 91.2 nm for DFT2 EVs, and 183.2 +78.6 nm for devil
fibroblast EVs (Fig. 2B). In addition, NTA demonstrated that
DFT2 EVs were secreted in significantly greater numbers
than EVs derived from DFT1 and devil fibroblast cell lines
(Fig. 2C).

The post-filtering EV proteome from the DIA-MS analy-
sis was converted to gene symbols for comparison with the
human Vesiclepedia database. Gene symbols were retrieved
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Fig. 1 Characterization of EVs from DFTD and devil fibroblast cells.
Schematic representation of the isolation of EVs derived from cell
cultures and the EV proteomic workflow analyses. Briefly, three bio-
logical replicates of each cell line (DFT1, DFT2, and devil fibroblast
cells) were cultured in duplicates for 48 h at 35 °C (Tasmanian devil
normal body temperature) in a fully humidified atmosphere of 5%
CO2. After 48 h, the cultured medium of each cell line was collected,
centrifuged, concentrated, and subjected to size exclusion chroma-
tography to obtain extracellular vesicles. Additionally, lysate samples

for 1,315 proteins, while 185 proteins were uncharacterised,
with no gene symbol reported. The EV proteome of devil
samples shared 1283 genes with the Vesiclepedia database
(Fig. 2D). Of these Vesiclepedia-devil EV shared proteins,
75 proteins were also in the ExoCarta top-100 proteins
reported from EV preparations (Fig. 2D). In addition to the
proteins identified by mass spectrometry, western blotting
was used for targeted analysis of the cytoplasmic EV mark-
ers Flotillin-1 (FLOT1) and Syntenin-1 (SDCBP) (Fig. 2E).
These EV markers showed expression patterns that aligned
with the corresponding proteomic data for these two pro-
teins displayed in Fig. 2F. The marker Golgi matrix protein
(GM130) was detected in cell lysates but absent from cor-
responding EV samples, indicating purity in the EV prepa-
ration (Fig. 2E). Other commonly recovered proteins in
EV preparations identified in the filtered proteome dataset
(1,500 proteins) are represented as a heat map in Fig. 2F.
These proteins are recommended as protein content-based
EV characterisation by the minimal information of extracel-
lular vesicles 2018 ISEV guidelines [45].

EVs derived from DFTD cells represent their cell
of origin

To investigate whether EVs from DFT1, DFT2, and fibro-
blast cells bear hallmarks of their respective cell types of
origin, we compared proteomic datasets for EVs and cell

L
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were prepared from each cell line. A pooled EV protein sample for
EVs and cell lysates was prepared to generate specific-spectral librar-
ies using data-dependent acquisition—mass spectrometry techniques
(DDA-MS). Each fraction (16 in total) of the EV and lysate pooled
samples were run in the mass spectrometer for a total of 90 min for
each fraction. Individual EV and lysate protein samples (n=36) were
run using data-independent acquisition—mass spectrometry tech-
niques (DIA-MS). Each DIA sample was run on the mass spectrom-
eter machine for a total of 90 min

lysates using principal component analysis (PCA) (Fig. 3A).
Based on a filtered DIA-MS dataset (see methods), vari-
ances of the 4437 cell lysate proteins and 1500 cell-cultured
EV proteins were explained by the first two principal com-
ponents in each plot, respectively. For both the lysate and
EV samples, PC 1 explained 45.6% and 50.1%, while PC 2
explained 14.7% and 18%, respectively. DFT1, DFT2 and
fibroblast cell lysates and their respective EV samples shared
a similar pattern, with biological and technical replicates of
each cell and EV type distinctly clustered in the PCA plot.

To further understand the relationship between sam-
ple types, we identified the proteins detected in EVs only,
lysates only, and those detected in both datasets. Over 80%
of the EV proteins (1,221/1,500) were also detected in cell
lysates (Fig. 3B). However, about one-fifth of the EV pro-
teins (279/1,500) were exclusively present in EVs (Fig. 3B).
Functional enrichment analysis of these only EV proteins
revealed that the majority of them are annotated by the term
extracellular exosome (Online resource 2).

To investigate whether EVs from DFTD cells maintain
the same pattern of protein upregulation as their parental
cells, we compared subsets of significant proteins. First,
of the 604 EV proteins significantly upregulated in DFT1
relative to fibroblasts, 129 proteins were also significantly
upregulated in DFT1 lysates relative to fibroblast lysates
(Fig. 3C). Second, of the 517 EV proteins upregulated
in DFT2 compared to fibroblasts, 141 proteins were also
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Fig.2 Characterization of EVs from DFTD and devil fibroblast
cells. A. Transmission electron microscopy images of isolated EVs
from cell cultures. Red arrows indicate EV structures. B. Particle-
size distributions of cell culture-derived EVs measured by nano-
particle tracking analysis (NTA), shaded areas represent 95% confi-
dence intervals. C. EV concentration obtained by NTA. The letters
“a” and “b” indicate significant pairwise differences between groups
(i.e., groups denoted with the same letters are not significantly dif-
ferent; one-way ANOVA, Tukey post hoc test, p <0.05); error bars
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represent 95% confidence intervals. D Venn diagram of overlapping
genes identified in EVs derived from cell cultures with Vesiclepedia,
and the top hundred exosomal genes reported in the Exocarta data-
base. E EV and cell lysate Western blots of a purity (Golgi matrix
protein~ 130 kDa) and two cytosolic EV markers (Flotillin-1 ~48 kDa
and Syntenin-1~32 kDa). F Heat map of expression patterns of mass
spectrometry intensities of membrane and cytosolic EV markers pre-
sented in the cell culture-derived EV proteome
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paring significantly upregulated proteins of DFT2 EVs relative to
devil fibroblasts EVs and significantly upregulated proteins of DFT2
lysates relative to fibroblast lysates. E Over-representation analysis
(ORA) of cellular component gene ontology (GO) terms associated
with proteins that are both significantly upregulated in DFT1 cells
and their released EVs (relative to fibroblast cells and their released

Upregulated Upregulated Upregulated
DFT1/FIB DFT2/FIB DFT2/FIB
EVs cell lysates EVs

F

extracellular exosome
focal adhesion

cell-cell junction

MPP7-DLG1-LIN7 complex

SCAR complex

lamellipodium

myelin sheath

T T

10 15
~log1o(p value)

o--

H

Fold changes Rank of 1,152 Fold changes Rank of 2,659
DFT2/FIB DFT2/FIB  DFT2/FIB (cell DFT2/FIB  Uniprot Gene

(EVs) [logs] EVs Iysates) [logs]  Cell lysates _accession __name
6.5 15 3.0 97 G3WWJ0 MPZ
4.6 62 12 714 G3VX97 GNAOI1
3.6 118 25 167 G3W2L0 MDHI1
3.1 159 43 26 G3WQZ8 PHGDH
2.8 187 0.6 1181 G3X0W3 STXBP1
28 193 0.7 1086 G3WX23 GNB4
22 269 0.7 1105 G3WGB1 GNBI1

EVs; 129 proteins; FDR-corrected p<0.05). F ORA of cellular
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cantly upregulated in DFT2 cells and their released EVs (relative to
fibroblast cells and their released EVs; 141 proteins; FDR-corrected
p<0.05). For E and F, the total number of proteins included in each
functional term is denoted by a number on the edge of each bar. G
List of proteins that formed part of the enriched GO term myelin
sheath in DFT1 cells and their EVs. H List of proteins that formed
part of the enriched GO term myelin sheath in DFT?2 cells and their
EVs
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significantly upregulated in DFT?2 lysates relative to fibro-
blast lysates (Fig. 3D). Both overlapping protein groups
(129 proteins for DFT1 and 141 proteins for DFT2) showed
enrichment of the gene ontology (GO) term myelin sheath
(Fig. 3E, F), previously reported as a significant functional
term associated with DFTD cells and biopsies [46]. Eight
and seven proteins formed part of the GO term myelin sheath
for DFT1 and DFT2, respectively (Fig. 3G, H). Interestingly,
myelin protein zero (MPZ) is the protein most significantly
upregulated in DFT1 EVs compared to fibroblasts EVs
with a log, increase of 11-fold (Fig. 3G). MPZ has been
previously reported as highly expressed on DFT1 cells and
tumour biopsies [2, 46].

DFTD-derived EVs’ enriched cell and focal adhesion
proteins relative to fibroblasts derived EVs

Next, to define the protein signature of DFTD and devil
fibroblast EVs, differentially abundant proteins between
groups were subjected to functional enrichment analyses.
We also performed functional enrichment analyses in the dif-
ferentially expressed proteins obtained from the cell lysates
database to investigate whether the EV functional signatures
were also found in their cell of origin.

Over-representation analysis (ORA)

Relative to fibroblast EVs, 604 and 517 proteins were signif-
icantly upregulated in DFT1 (log, 0.4—11-fold) and DFT2
(log, 0.4—ninefold) derived EVs, respectively (Online
Resource 3). Over-representation analysis (ORA) of DFT1
and DFT2 upregulated EV proteins revealed that many of
the enriched functional terms were linked to focal adhesion
(Fig. 4C), such as integrin, PI3K—Akt signalling pathway,
ECM-receptor interaction, and cytoskeleton (Fig. 4A, B
and Online Resource 4). The most significant enriched GO
term for DFT1 and DFT2 EVs was GTP binding (Fig. 4A,
B), including RAS oncogenes and G-proteins alpha subu-
nit, which are involved in the RAP1 signalling pathway
(Fig. 4D), also a significant KEGG pathway in both DFT1
and DFT2 EVs (Fig. 4A, B). In contrast, proteins that were
significantly more abundant in devil fibroblast EVs were
enriched in functional terms related to protein biosynthesis
such as ribosome, amino acyl tRNA biosynthesis, and trans-
lation elongation, as well as protein folding (TCP-1) and
disposal (proteasome) (Fig. 4A, B and Online Resource 4).

Relative to fibroblast EVs, 1588 and 1319 proteins
were significantly upregulated in DFT1 (log, 0.3—nine-
fold) and DFT2 cells (log, 0.3—eightfold), respectively
(Online Resource 5). Surprisingly, ORA analyses of DFT1
and DFT?2 upregulated proteins did not reveal a significant
enrichment of functional terms related to focal adhesion
pathways as found in the EV ORA analyses, suggesting that
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proteins related to focal adhesion pathways are enriched in
their released EVs (Online Resource 6).

Gene enrichment set analysis (GSEA)

To further explore biological information from our proteom-
ics data, the complementary GSEA approach identified those
protein groups in both DFT1 and DFT?2 derived EVs relative
to fibroblast EVs that were specifically associated with cell
adhesion and cell signalling. Additionally, enrichment of
protein groups related to the Schwann cell origin of DFTD
was identified according to their annotated GO terms such
as myelin sheath, glial cell development and ensheathment
of neurons, and axon and neuron development (see others
in Online Resource 7). Consistent with the ORA analyses,
EVs derived from devil fibroblasts enriched protein groups
related with protein synthesis, including the GO terms ribo-
nucleoprotein complex, amide and peptide biosynthetic
process, and ribosome (see others in Online Resource 7).
This complementary approach therefore confirmed that in
contrast to whole-cell lysates, DFTD EVs are specifically
enriched in cell and focal adhesion proteins relative to fibro-
blast EVs (Online Resource 8).

DFT2-derived EVs enriched the epithelial-
mesenchymal transition hallmark relative
to DFT1-derived EVs

In addition to using the DFT1, DFT2, and fibroblast data
to identify tumour EV-associated signatures, we could
also identify differentially abundant proteins between EVs
derived from DFT2 and DFT1 cells. Based on t tests, 138
proteins were significantly upregulated in DFT2 EVs by log,
0.6-8.2-fold, and 294 proteins were significantly upregulated
in DFT1 EVs by log, 0.6-9.2-fold, respectively (FDR-cor-
rected p < 0.05, Online Resource 3). ORA analyses revealed
that the EV proteins upregulated in DFT2 were associated
with significant functional terms such as calcium binding,
extracellular matrix (ECM) receptor interaction, focal adhe-
sion, laminin G domain, fibrinogen, and immunoglobulin-
like fold (Fig. 5A). In contrast, proteins upregulated in EVs
derived from DFT1 cells showed enrichment of a very dis-
tinct set of significant functional terms such as nucleotide
binding, GTP binding, biosynthesis of antibiotics, and epi-
dermal growth factor (Fig. SA).

Comparison of the EV datasets from DFT1 and DFT2
by GSEA showed only one significant term that was
enriched in DFT2 derived EVs, which corresponded to
the epithelial-mesenchymal transition hallmark (EMT;
systematic name: M5930; Fig. 5SB). The EMT hallmark
core list is composed of 14 mesenchymal proteins that
contribute the most to the EMT hallmark enrichment
(Fig. 5C). Notably, the EMT hallmark enriched in DFT2
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to the hallmark, and they are ranked according to their differential
expression. Higher and lower expressions are represented by red and
blue colour, respectively. C Heat map showing the core list of pro-
teins that contribute the most to the Epithelial-Mesenchymal Transi-
tion Hallmark
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was specific to DFT2 EVs and was not evident among
the set of significant lysate proteins in DFT2 vs DFTI,
either by ORA (Online Resource 6) or GSEA (Online
Resource 8).

The mesenchymal protein TNC as potential
biomarker for DFT2

To explore whether our proteomic comparison of EV pro-
teins derived from cultured DFT1 and DFT2 cells could be
translated into a potential clinical application, we prepared
EVs from the serum of DFT1, DFT2, and non-infected ani-
mals. In this preliminary analysis, our goal was to first inves-
tigate whether the mesenchymal markers enriched in DFT2
EVs in vitro could serve as potential DFT2 biomarkers.

EVs derived from devil serum samples were characterised
by TEM and NTA to evaluate the morphology and size of
the isolated extracellular vesicles. TEM images confirmed
the presence of EV structures in DFT1- and DFT2-infected
devils as well as healthy controls, showing a typical EV
morphology as closed vesicles with a cup-shaped structure
[44] (Fig. 6A). NTA demonstrated the presence of a hetero-
geneous nanoparticle population with a small-to-medium-
sized distribution (Fig. 6B). The mean (+ standard devia-
tion) diameters of the EVs were 134.4 +2.7 nm for captive
healthy devils, 142.8 +17.1 nm for DFT1-infected devils,
and 139.8 +18.4 nm for DFT2-infected devils (Fig. 6B).
NTA indicated that DFT2-infected devils have a signifi-
cantly greater concentration of EVs relative to those infected
with DFT1 (Fig. 6C). Using DIA-MS, 370 proteins were
quantified across our cohort of DFT?2 infected devils (n=35),
DFTl-infected devils (n =12) and healthy controls (n=10),
and the 350 that passed filtering criteria were considered for
analyses (Online Resource 9). Among the filtered proteins,
24 established EV markers were identified, including CD9,
annexins, heat shock, and major histocompatibility complex
proteins [45, 46] (Fig. 6D). Serum-derived contaminants,
including albumin and lipoproteins, are also reported in a
heat map in Fig. 6E.

Among the mesenchymal proteins that contribute the
most to the EMT hallmark significantly enriched in DFT2
EVs relative to DFT1 EVs (Fig. 5C), tenascin-C (TNC) was
the only protein significantly upregulated by log2 1.6 and
1.5-fold in serum EVs derived from DFT2-infected devils,
relative to both DFT1 infected devils and healthy controls,
respectively (Fig. 7A, B; see other upregulated proteins and
their fold changes in Online Resource 9).

Receiver-operating characteristic (ROC) curve analysis
confirmed that TNC differentiated devils with DFT2 from
DFT1-infected ones with 100% sensitivity and 91.7% speci-
ficity (Fig. 7C). Moreover, TNC distinguished devils with
DFT?2 from healthy controls with 100% sensitivity and 90%
specificity (Fig. 7D), which indicated that TNC is not only
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Fig.6 Characterisation of extracellular vesicles (EVs) derived from
Tasmanian devil serum. A. Transmission electron microscopy images
for EVs isolated from serum of healthy control captive devils (n=4),
DFTl-infected devils (n=4), and DFT2-infected devils (n=5). Red
arrows indicate EV structures. B. Size distribution profiles deter-
mined by nanoparticle tracking analysis (NTA) of EVs isolated from
serum of captive healthy control devils (n=4), DFT1-infected devils
(n=4), and DFT2-infected devils (n=5). Shaded areas represent 95%
confidence intervals. C EV concentrations of the same NTA groups.
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The letters “a” and “b” indicate significant pairwise differences
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taminants found in EV samples derived from captive healthy controls
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with DFT2 (n=5)
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Fig.7 The mesenchymal protein TNC as a potential biomarker for
DFT2. A. Venn diagram of overlapping proteins identified as: (a)
upregulated in EVs derived from devils infected with DFT2 relative
to devils infected with DFT1; (b) upregulated in EVs derived from
devils infected with DFT2 relative to healthy controls; (c) upregulated
in EVs derived from DFT2 cultured cells relative to DFT1 cultured
cells; and (d) the core list of mesenchymal proteins that contribute the
most to the epithelial-mesenchymal transition hallmark enrichment in
EVs derived from DFT?2 cultured cells. Note that one protein in the
core enrichment list was present, but not significantly upregulated in
DFT?2 cultured cell EVs. B. Dot plot showing the relative abundance
of EV TNC detected in 10 healthy, 12 DFT1-infected devils, and 5

a potential EV biomarker candidate to differentiate DFTD
tumours, but also is a potential liquid biopsy for DFT2 when
tumours cannot be sampled.

Discussion

Despite the value of non-invasive liquid biopsies, and in par-
ticular the potential for extracellular vesicles (EVs) to pro-
vide insights about cancer signalling mechanisms, attempts
to characterise EV molecular cargo in wild animals have
not been extensively exploited and it is currently a growing
field [47—49]. This is largely due to challenges inherent to
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DFT2-infected devils, different letters “a” and “b” indicate signifi-
cant pairwise differences between groups (i.e., groups denoted with
the same letter are not significantly different; one-way ANOVA and
Tukey post hoc test, p<0.05). C. Receiver-operating characteristic
(ROC) curve analysis for TNC EVs (5 DFT2-infected devils relative
to 12 DFT1-infected devils). D. ROC curve analysis for TNC EVs (5
DFT?2 infected devils relative to 10 healthy controls). For both C and
D, the dashed red line indicates random performance. The cut-off val-
ues were determined using Youden’s index and are indicated in blue
at the left top corner of the ROC curve, and specificity and sensitivity
are indicated in brackets, respectively

collecting samples from wild animals, such as the logistical
difficulty of capturing animals and sample storage in remote
areas. Here, we have demonstrated that the proteomic char-
acterisation of EVs derived from devil facial tumour cells
can provide insights about DFTD mechanisms, including
metastasis and phenotypic signatures of the cancer cells.
Furthermore, these results provide a basis for future analy-
sis of EVs derived from archived devil serum samples to
investigate their potential use as liquid biopsies in DFTD.
The functional pathways enriched in the DFTD EV pro-
teome suggest that EVs may be involved in DFTD metastatic
processes in the progression of both cancers. The focal adhe-
sion pathway is formed by large protein complexes which are
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upregulated in cancer cells to colonise other organs during
metastasis [50]. Several of the cell adhesion-related proteins
that were highly enriched in DFTD EVs have been impli-
cated in EV-associated metastasis, specifically in prepar-
ing the pre-metastatic niche in the lungs. In particular, the
ras-related proteins RalA and RalB, shown to promote lung
metastasis in breast cancer [51], were upregulated in both
DFT1 and DFT2 EVs relative to fibroblast EVs. We also
found that the integrin subunit ITGA6, which is involved in
tumour EV organotropism to the lung [27], was also signifi-
cantly upregulated. Considering the role of these proteins in
lung-specific metastasis together with the finding that nearly
50% of tumour metastasis in DFTD involves the lungs [10],
our findings raise the possibility that DFTD EVs play a role
in preparing the pre-metastatic niche in the lung tissue of
infected devils.

The differential expression of epithelial-mesenchymal
transition (EMT) hallmark proteins in EVs derived from
DFT2 cells relative to DFT1 cells identified potential mark-
ers for discrimination between these transmissible cancers.
The EMT hallmark features could be only detected in EVs
and not in the whole-cell proteome signatures, demonstrat-
ing the capacity of EVs to enrich molecules related to the
pathogenesis of distinct disease subtypes that would other-
wise go undetected. The EMT hallmark contains mesenchy-
mal proteins known to increase cell motility and migration
[52], which are linked to cancer phenotypes of increased
aggression and metastatic behaviour [53—-56]. The mesen-
chymal characteristics of the DFT2 EV proteome revealed
by the enrichment of the EMT hallmark may suggest a
‘repair’ Schwann cell phenotype, in which de-differentia-
tion via EMT pathways aid repair of peripheral nerve dam-
age [57]. These results are consistent with transcriptomic
analyses of DFT2 tumour biopsies which demonstrated
enrichment of the repair Schwann cell phenotype relative
to peripheral nerves, while DFT1 biopsies did not show
significant enrichment of this phenotype [46]. Elements of
the EMT mesenchymal phenotype in DFT2 EVs including
serum of infected devils provide an ingress to investigate
mechanisms of tumorigenesis and development of a poten-
tial DFT2-specific biomarker.

The extracellular matrix glycoprotein tenascin-C (TNC),
one of the EMT markers for DFT2 EVs in vitro, also dis-
played a high predictive power to classify devils infected
with DFT2 in serum EVs. TNC was not detected in cell
culture lysates, suggesting specific packaging of this protein
into EVs. TNC is produced by stroma and cancer cells, and
it is highly expressed during embryogenesis, being barely
detected in adult tissues [58]. TNC has been demonstrated
to promote mesenchymal properties in several cancer cells
such as glioblastoma, colorectal, and breast cancer [59-61].
High levels of TNC are associated with poor prognosis of
patients of several types of cancer. Furthermore, TNC has

been shown to participate in cancer proliferation, migration,
invasion, and metastasis [62], and has been proposed as a
pan-cancer EV biomarker, as it can differentiate a variety of
cancer tissues from healthy controls with high sensitivity
and specificity [63]. These lines of evidence suggest that
TNC is a promising serum biomarker for DFTD differential
diagnosis; therefore, we suggest further validation studies
using a larger cohort of animals. At the time this study was
initiated, only 25 DFT2 infected devils had been reported
in the literature [6], as this recently emergent cancer is still
confined to the geographically isolated D’Entrecasteaux
Channel region. Thus, while only five devil samples were
employed in this study, they represented 20% of all known
DFT?2 infected devils and were repurposed from prior DFT2
research [4]. However, with ongoing devil trapping in this
region (Rodrigo Hamede, personal communication 2021),
availability of DFT2-infected devils is increasing and future
work with a larger cohort of samples will be warranted.

An interesting finding of this study was the significantly
greater EV production of DFT?2 cells relative to DFT1 or
devil fibroblast cells. As EVs are key players in cell sig-
nalling mechanisms [64—-66], this suggests the potential
of increased rates of cell signalling of DFT?2 cells in vivo
relative to DFT1 cells. It has been demonstrated that cancer
cells secrete more EVs than normal cells [67—69], and higher
grade cancer cells secrete more EVs than lower grade cancer
cells [69-71]. These lines of evidence and the enrichment
of mesenchymal proteins in the EVs derived from DFT2
cells suggest that DFT2 may be a more aggressive can-
cer than DFT1. The greater EV production by DFT2 was
consistent with the significantly greater nanoparticle abun-
dance derived from serum of DFT2-infected devils relative
to those infected with DFT1. These results further support
the hypothesis that the DFT2 diagnosis biomarker TNC is
a tumour-derived EV protein. This study demonstrates that
the potential of EV analyses for biomarker discovery, previ-
ously demonstrated for human cancers (Melo et al., 2015,
Lane et al. 2018, Hoshino et al., 2020), extends to non-model
and wildlife species.

This is the first investigation, to our knowledge, of EVs in
the context of a disease that affects wild animals. We have dem-
onstrated the potential of EVs to shed light on mechanisms of
DFTD, such as metastasis and cell phenotype, which was not
identified in their parental whole-cell proteome. Additionally,
we identified novel candidate proteins with potential value as
diagnostic biomarkers in devil serum samples. Metastatic can-
cers have been increasingly reported in wildlife in the past few
decades [72]. EV approaches offer a promising avenue to the
development of sensitive and less-invasive clinical tools needed
for wildlife cancer monitoring and management. One of the
limitations of this study is the difficulties of targeted protein
quantitation due to the current lack of species-specific antibod-
ies for devil studies. The future development of devil specific
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antibodies, specifically against Tasmanian devil TNC, is neces-
sary to further investigate and validate the protein’s biomarker
value with other techniques, such as ELISA, flow cytometry,
western blot, or immunohistochemistry. In addition, we suggest
investigating other types of molecular cargo of devil derived
EVs, such as miRNA, which would likely complement the EV
protein investigation carried out in this study. The EV-based
investigation of cancer in the wild will likely provide useful
information for human cancers, as EVs are well-conserved
structures through the tree of life [73], and wild animals have
more similarities to humans than laboratory animals in terms
of environmental exposures and life-span [46].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-03955-y.
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