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Abstract

Extracellular vehicles (EVs) are a heterogeneous group of particles ranging from 15 nm to 1000
nm in diameter, released by almost every cell type, including tumours. These vesicles contain
a complex cargo, including protein, lipid and nucleic acids, which reflect the status of the cell
of origin. Increasing evidence suggests that EVs play an important role in intercellular
communication, both locally and systemically, by transferring their cargo between cells and
inducing phenotypical and functional changes in recipient cells. In cancer, the pro-
tumourigenic role of EVs is well established; however, their capability as an anti-tumourigenic
agent is still emerging. This study identified a novel anti-tumourigenic role of skeletal muscle

(C2C12) derived EVs towards highly metastatic lung carcinoma cells (CMT 64/61).

Skeletal muscle is a rare site for malignant metastasis and the mechanism underling the rarity
of this phenomenon has remained elusive. The data obtained in this study indicated that
myocyte EVs at low concentration, up to 200 pg/ml, exert cytotoxic effects on lung carcinoma
cells, whilst having no effect on normal fibroblast cells (NIH 3T3). Myocyte EVs induced
morphological changes in carcinoma cell mitochondria, decreased mitochondrial membrane
potential leading to increased caspase 3 and 9 activity and apoptosis. A significant % of
apoptosis, 34.8%, was exerted by 200 pg/ml of myocyte EVs within 48 h. No significant
apoptosis was seen in non-carcinoma cells. Cell cycle analysis revealed that myocyte EVs
mediated carcinoma cell proliferation suppression via cell cycle arrest at S phase. Transwell
migration assay indicated a dose dependent reduction in carcinoma cell migration towards the

microenvironment containing myocyte EVs.

To further explore the possible protein cargo that exert above effects, proteomics analysis was
conducted on myocyte EVs. Scaffold software identified 29 upregulated proteins in myocyte
EVs and interestingly, STRING and KEGG analysis on these proteins identified 3 possible

pathways that could exert cytotoxic, apoptotic and cytostatic effects on carcinoma cells.
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Proteins including Cathepsin L1, Cathepsin B and Cathepsin D, involved in Lysosome and
Apoptosis pathway whilst Decorin, Thrombospondin-1 and Cathepsin L1 in Proteoglycan in
cancer pathway. While all of these proteins may contribute to the effects observed in carcinoma
cells, Decorin (DCN) seemed a promising target due its already known anti-tumourigenic
properties. Together these results indicate that skeletal muscle derived EVs function as an anti-
tumourigenic agent; hence identifies as a potential therapeutic agent in the treatment of

metastatic lung carcinoma.
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1.1 Extracellular Vesicles (EVS)

Extracellular vesicles (EVs) are attracting considerable interest in the scientific community due
to their role in normal physiology as well as their involvement in every disease state possible
in the human body, including cancer 2341, Almost every cell release EVs into the extracellular
space and therefore, they can be detected in almost all body fluids including blood, urine,
semen, bronchial fluid and saliva 1. EVs are heterogenous, membrane bounded vesicles,
which contain many lipids, proteins and nucleic acids that are derived from the parent cell.
They are also enriched in certain molecules such as, adhesion molecules, cytoskeletal
molecules, membrane trafficking molecules, signal transduction proteins, cytoplasmic

enzymes, heat-shock proteins, chemokines, cytokines, proteinases and cell-specific antigens

u}

Over the years, diverse range of names has been given to EVs released by cells, including
microparticles, microvesicles, ectosomes and exosomes. However, in recent years they were
broadly classified into microvesicles and exosomes, based on their size, mechanism of
generation and membrane surface markers /8%, Microvesicles (which have also been referred
to as microparticles or ectosomes) [% range from 100 nm to 1000 nm in size and are released
from the plasma membrane by outward budding or pinching I3, In contrast, exosomes typically
range from 30-150 nm in diameter in size and are formed by inward budding of the limiting
membrane of early endosomes, which mature into multi-vesicular bodies (MVBs) during the
process 21, However, certain exosomes, such as from Jurkat T cells, appear to retain the
endosomal property of outward vesicle budding 31, In recent years, The International Society
of Extracellular Vesicles (ISEV) is discouraging the use of microvesicles and exosomes for EV
classification and endorses the term “extracellular vesicles” as a generic term (141 Furthermore,

guideline set by ISEV recommends that EVs can be termed based on, “a) physical
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characteristics of EVs, such as size (“small EVs” (sEVs) and “medium/large EVs” (m/IEVs),
with ranges defined, for instance, respectively, < 100nm or < 200nm [small], or > 200nm [large
and/or medium]) or density (low, middle, high, with each range defined); b) biochemical
composition (CD63+/CD81+- EVs, Annexin Ab-stained EVSs, etc.); or c¢) descriptions of
conditions or cell of origin (podocyte EVs, hypoxic EVs, large oncosomes, apoptotic

bodies)”*4],

Emerging evidence suggests that EVs play pivotal roles in physiological processes such as cell
differentiation, migration, angiogenesis (%1 and immune response modulation 31, as well as
pathological conditions such as cancer, neurological diseases and metabolic diseases *5171, EVs
are known to modulate the above processes by mediating cell to cell communication via
transfer of their cargo and to alter the status of recipient cells 8. Furthermore, it was shown
that EVs play essential roles in cell repair and homeostasis, for example EVs derived from
platelets having the capability of repairing myocardial injury after an infarction [°. With
emerging functions of EVs in both physiological and pathological conditions, recent reviews

have focused on clinical applications of EVs as a diagnostic and therapeutic agent.

1.2 Biogenesis, Isolation and Characterization

EVs are formed via multiple mechanisms (1) the formation of multi vesicular bodies (MVBS)
through the endosomal systems 2°1 (employed by exosomes in the previous nomenclature) and
(2) the outward budding and fission of the plasma membrane (employed by microvesicles in

the previous nomenclature) (Figure 1).



Introduction

Nucleus . P
Early endosome
Endocytosis
TER
© == Cell receptars
Lysosome ILVs
o O
Q A/ Outward budding
/ O Late endosome 4
O " Microvesicle

CcD40
Integrins MHC |

Degradation

Cell membrane

Exosome
MRNA
miRNA - Telraspanins

Figure 1: Biogenesis and secretion of EVs

Schematic representation of EV origin and release in eukaryotic cells. MVBs fuse with cell
membrane to release ILVs as exosomes. Microvesicles are formed by outward budding and
fission of the plasma membrane.

1.2.1 Exosome Biogenesis and Release

Exosomes originate from the endosomal system. Endosomes are formed by invagination of the
plasma membrane, and they are separated into different compartments, such as late endosomes,
early endosomes, and recycling endosomes 2%, The early endosomes mature into late
endosomes, leading to form intraluminal vesicles (ILVs) by invagination of the endosomal
membrane. This process leads to the formation of multivesicular endosomes or multivesicular
bodies (MVBs). The MVBs either fuse with the cellular membrane to release ILVs as exosomes

into the extracellular space or they fuse with the lysosome for degradation 2021,

10
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As described, the formation of exosomes is a multiple mechanism process. The endosome
sorting complexes required for the transport (ESCRT) machinery plays an important role in the
formation of ILVs and MVBs. The ESCRT is comprised of ESCRT 0, I, 11, and 111 complexes,
and they are recruited into the endosomal membrane in a stepwise manner Y, ESCRT 0,
identifies the ubiquitinated proteins on the outside of the endosomal membrane followed by
ESCRT I which binds the ubiquitinated cargo on the endosomes 2%, Also, ESCRT I interact
with ESCRT Il and initiates endosomal membrane invagination. Furthermore, ESCRT I
assembly is initiated by the activation of ESCRT Il and finally ESCRT Il completes the ILV
scission into the MVB lumen 21, This is the ESCRT dependent pathway; apart from ESCRT
proteins it requires ESCRT associated proteins (ALIX, TSG101, Chmp4, and SKD1) to form
MVBs containing MHC 11, CD63, KFERQ-containing proteins and ubiquitinated proteins
[22.2324] ~ Alternatively, exosome biogenesis could occur through an ESCRT independent
pathway, the syndecansyntenin-ALIX pathway, in which heparanase, syndecan heparan
sulphate proteoglycans, ADP ribosylation factor 6 (ARF6), phospholipase D2 (PLD2), and
syntenin are involved 24251, However, it is possible that other mechanisms of exosome
biogenesis are regulated in parallel to the ESCRT pathway and vary depending on the vesicle
content, cell origin and external stimuli. Furthermore, the release of exosomes to the
extracellular space is regulated by many mechanisms including, RAB35 GTPases, cytoskeletal
proteins, SNARE proteins, intracellular Ca®* levels and intracellular pH gradients [2627],
Exosomes released via these different mechanisms are enriched with different proteins; for
example, the exosomes released via RAB27A/B are enriched with proteins such as, CD63,
ALIX, and TSG101[?8 whilst exosomes released via RAB GTPases, enriched with flotillin,
Whnt, PLP, and the transferrin receptor (TfR) 2. In conclusion, exosomes can be formed and

released via different mechanisms containing different cargo content and vary depending on
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the cell type and its physiological state. Moreover, aforementioned mechanisms could account

for the heterogeneity observed in EV population secreted by different cells.

1.2.2 Microvesicle Biogenesis and Release

Biogenesis and release of MVs is less distinctive compared to the release of exosomes. In
general, MVs are found to be formed by outward budding and fission of the plasma membrane.
A combination of factors, such as, redistribution of phospholipids and contraction of the actin-
myosin mechanism contribute to the formation of microvesicles % Like for exosomes, the
content of the MVs may depend on the mechanism underlying their release. For example, ADP-
ribosylation factor 6 (ARF6) initiates a cascade that activates phospholipase D (PLD), then
the extracellular signal-regulated kinase (ERK) phosphorylates and activates the myosin light
chain kinase (MLCK), which in turn triggers the release of MVs B, MVs that are released
through this pathway contained VAMP3, ARF6, 1-integrin, MHC-1 and MT1IMMP B2 MVs
formed by VPS4 ATPase with E3 ligase WWP2 interacting and ubiquitinating Arrestin 1
domain—containing protein 1 (ARRDC1) pathway contain TSG101, ARRDC1, and other
cellular proteins 23, Furthermore, MV release can be induced by increase of cytosolic Ca?*

levels as well as change in cellular physical state such as hypoxia and apoptosis 343531,

1.2.3 Isolation and Characterisation of EVs

As discussed above, EVs represent a group of heterogeneous vesicles, mainly microvesicles
and exosomes. Multiple different methods have been identified to isolate EVs from different
biological samples. However, at present there is not an agreed research community ‘Gold
standard’ method for EV isolation [¥1. Different techniques are used to isolate EVs, based on
their biophysical and biochemical properties, such as size, mass density, charge, and antigen

exposure. Based on these properties most common methods currently in practice are,
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differential centrifugation, density gradient centrifugation, size exclusion chromatography,
immunoprecipitation, and ultrafiltration. Differential centrifugation is used in this current study
as it is a conventional method, which uses centrifugal forces to separate cellular materials from
a sample of EVs in a stepwise manner. In this study, 18,500 x g was employed as the maximum

speed as it was found to provide a reasonable yield of m/IEVs from cell culture medium.

Checking the purity, their size and count are essential steps in EVs based research as the
isolated EV sample often contain contaminants including, lipids, small organelles and other
undesired microparticles 8. Similar to isolation methods, a gold standard for EVs analysis has
not been defined in the science community yet. However, there are many techniques used in
analysing EV samples including, Dynamic Light Scattering (DLS), Nanoparticle Tracking
Analysis (NTA), flow cytometry and Transmission Electron Microscopy (TEM). The DLS and
NTA measure the size of the particle based on their Brownian motion in solution. Compared
to DLS, NTA uses the Brownian motion of the particles to measure the EVs size distribution
as well as the concentration. However, both DLS and NTA are unable to detect and characterize
isolated samples of apoptotic bodies (ABs) due to its particle size constraint B, The flow
cytometry analysis involves using specific antibodies that recognise the EVs from its
heterogenous sample. However, this method cannot evaluate the complex profiles of different
types of EVs with multiple labels assessed for each EV. Therefore, Nanoscale flow cytometry
is used to analyse and sort each EV individually 8. Furthermore, TEM analysis is widely used
in EV based research as it provides visual verification of EVs as well as an assessment of

morphology and size, which can be indicative of the phenotype of EVs [0,
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1.3 Extracellular Vesicles Content

It is well established that EVs are loaded with a plethora of biomolecules lipids, proteins, and
nucleic acids, which can be transferred to recipient cells to exert cellular changes. Moreover,
it has been shown that EV cargo loading is a selective process, as cargo composition differs
across different EV populations and subtypes. However, various studies have shown that the
contents of vesicles vary with the mode of biogenesis, cell type, and physiologic conditions
(11 Furthermore, recent studies found that specific proteins may mediate the loading of these

biomolecules into EVs, which makes these cargos specific per vesicle and cell type 14243441

1.3.1 Protein Content

Proteins that are associated with EV biogenesis are commonly found in all EVs 541, For
example, components of the ESCRTSs biogenesis pathway such as, TSG101 and ALIX, HSC70
and HSP90p are found in all exosomes regardless of their cell origin. Therefore, these proteins
are used as exosome marker proteins. Furthermore, exosomes generated from ESCRT
independent pathway, are found to contain tetraspanin proteins such as, CD63, CD9 and CD81
[47.4849.501 “ Additionally, EVs contain proteins which are responsible for formation and release
such as, RAB27A, RAB11B, and ARF6. Other proteins including signal transduction proteins
(EGFR), antigen presentation (MHC | and MHC I1) and transmembrane proteins (LAMP1,
TfR) 2% were also found in EVs. Interestingly, proteins associated with organelles such as
mitochondria and nucleus are mainly found in exosomal vesicles including, transcription
factors such as, Notch and Wnt, which are associated with the nucleus . However, it has
been difficult to provide a definite protein composition of EVs as they can be varied due to

different isolation techniques, cell type, culture sample and conditions.
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Mass spectrometry-based proteomics has become the tool of current proteomics-based studies.
Initially, EVs are lysed to extract the proteins and the remaining proteins are then digested into
peptides, which are sent through liquid chromatography column for separation. These peptides
are then ionised and introduced to mass spectrometry for analysis °21. A mass spectrometer
measures the mass-to-charge ratio (m/z) of ionized molecules. In tandem MS (MS/MS),
multiple rounds of MS are carried out on the same sample, which gives detailed peaks for
peptides. Resulted peaks are subjected to database searching %, in which peptide fragments
are compared to theoretical patterns in a data base using a software, such as Mascot [5* for
protein identification. Proteins that are identified as MS were subjected to Search Tool for
Retrieval of Interacting Genes/Proteins (STRING) analysis for functional protein interaction
network analysis. It is a well-known data base which contain data on Protein-Protein
Interactions (PPI). PPI plays an important role in cellular metabolism and through these protein
interactions, protein functions can be identified. Use of gene ontology (GO) and biological
pathways in STRING analysis can enhance the understanding of protein-protein functional
association. To gain further mechanistic insight into these protein functions, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway tool is widely used in proteomics

analysis 5%,

1.3.2 Lipid Content

Generally, lipid content of the EVs is known to be very similar to the lipid content of their cells
of origin. Commonly found lipids in EVs are cholesterol, sphingomyelin, disaturated lipids,
ganglioside GM3, phosphatidylserine, and ceramide 7). However, the lipid content of the MVs
is higher compared with that of the cells of origin and enriched with polyunsaturated

glycerophosphoserine and phosphatidylserine 8. Moreover, the membrane content of both
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MVs and exosomes contains more phosphatidylserine and less phosphatidylcholine and diacyl-

glycerol, compared to with the cellular plasma membrane of the cell of origin 21,

1.3.3 Nucleic Acid Content

Apart from proteins and lipids, EVs are enriched with a variety of nucleic acids, primarily
RNAs such as, rRNAs and tRNAs. Commonly known RNAs present in EVs are, mRNAs,
miRNAs, and rRNAs. Recent studies have found other RNAs such as, non-coding RNA (long
and short,) tRNA fragments, vault RNA, piwi-interacting RNA, Y RNA and circular RNA in
EVs 454647481 Interestingly, RNA content in EVs have different profiles compared to the RNA
content from the cell origin [2°4%5% Furthermore, it was found that EVs protect RNAs from
degradation and these RNAs contain biological state specific information which can be
transferred to recipient cells and contribute to molecular and biological events occurring in the
recipient cells %1, Moreover, due to varied composition of these RNA cargo in EVs, their
potential as biomarkers for pathological disorders have been discussed. Therefore, many EV
RNA sequencing profiles are currently available on the extracellular RNA Atlas,
compromising a variety of health conditions %, Apart from RNA, small number of genomic

and mitochondrial DNA was also reported in some EVs 1],

1.4 Extracellular Vesicles Uptake by Recipient Cells

Various direct and indirect evidence suggests that EVs are internalized by many cell types
through multiple ways. As mentioned earlier, EVs exert changes in recipient cells either by
binding through surface receptor or by internalization and release of their cargo contents.
Despite, overwhelming evidence suggesting that EVs can be internalised by cells and deliver
their cargo, the exact mechanism responsible for EV internalisation has raised many debates in
the research community. Many methods are utilised to visualise EV uptake by recipient cells,
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including the use of fluorescent lipid membrane dyes, membrane permeable chemical
compounds to stain EVs, whereafter the fluorescent intensities were measured using flow
cytometry and confocal microscopy 2. Currently, the most common method for detecting EV
uptake is the use of fluorescent lipophilic dyes such as PKH67 (6364 PKH26 %51 and rhodamine
B [%6] to stain the EV lipid membrane. Moreover, a range of other techniques have been used in
conjunction with EV uptake assays, such as antibody tests to further investigate the molecular
mechanisms of the EV uptake %21, VVarious mechanisms of EV uptake by recipient cells have
been proposed, including Clathrin-Mediated Endocytosis (CME), Caveolin- Dependent
Endocytosis (CDE), phagocytosis, macrophinocytosis and plasma membrane fusion [©21,
Additionally, specific protein-protein interactions and lipid raft protein interactions have also
been investigated. Some of the proteins that have been implied in EV uptake are, tetraspanins,

lectins, proteoglycans, integrins and immunoglobulins (1,

1.4.1 Endocytosis Uptake

Endocytosis is a broad term for a range of molecular internalisation pathways, and it is known
to be the most favoured pathway of recipient cells for EVs uptake 76881 Several research
groups have shown that, EVs are identified inside the recipient cells within 15 min of them
been introduced, which suggests that endocytosis uptake can be an extremely rapid process
[70.71] "Moreover, researchers have found that EV uptake via endocytosis is an active process

which requires energy as well as a functioning cytoskeleton [68:72.73.74]

1.4.2 Clathrin-Mediated Endocytosis
Clathrin-mediated endocytosis (CME) is one of the key processes in which EVs transport from
outside the cell to the interior. It is regulated by clathrin-coated vesicles that are endowed with

the ability to cluster a range of transmembrane receptors and to locally bend the plasma
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membrane, resulting in the formation of receptor-containing vesicles that bud into the
cytoplasm. These vesicles then undergo uncoating of clathrin and fuse with endosomes to
release their cargo [°l. Various studies have shown the involvement of CME on EV uptake.
Chloropromazine known to prevent the formation of clathrin- coated cavities at the plasma
membrane " has been shown to decrease the uptake of EVs by ovarian cancer recipient cells
681 Dynamin2 is required for the formation of CME, and studies have shown that the inhibition
of Dynamin2 prevented almost all EV uptake by the recipient cells ["®l, Together, these studies

suggest that CME play at least some part in EV uptake.

1.4.3 Caveolin- Dependent Endocytosis

Similar to clathrin- coated pits, caveolae form small invaginations in the plasma membrane,
which can become internalised into the cell. They are formed by the assembly of integral
membrane protein, caveolins, which bind directly to membrane cholesterol ['”l. Caveolin-1
protein is known to play a crucial part in the formation of caveolae, as it was found that
knockout of caveolin-1 gene in recipient cell, resulted in a significant decrease in EV uptake
[81 " Furthermore, a recent study has shown that, upregulation of caveolin-1 expression
enhanced the uptake of human umbilical vein endothelial cell derived EVs to neuronal cells in
a mouse model [®!. Similar to CME, CDE plays a role in EV uptake, though the exact role of

this pathway may depend on recipient cell and EV types.

1.4.4 Phagocytosis
Phagocytosis is a receptor mediated process that involves the formation of invaginations
surrounding the material destined for internalisation. Phagocytosis is mostly performed by

specialised cells such as macrophages and involves engulfing bacteria and fragments of dead
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cells. Even though, phagocytosis is designed to internalise large particles, researchers have
shown that particles as small as 85 nm in diameter have been internalised by phagocytosis .
PI3Ks play an important role in enabling membrane insertion into forming phagosomes ©®4and
inhibition of P13K has shown to reduce the EV uptake in dose dependent manner "%, In another
study, the EVs released by leukaemia cells were shown to be internalised by macrophages but
were not internalised by other cell types '), Therefore, the results suggest that phagocytosis

may play a role in EV uptake, and it is a cell specific process.

1.4.5 Cell Surface Membrane Fusion

While a majority of studies support the endocytosis EV uptake, few studies have investigated
the possibility of direct fusion of EVs with the cell plasma membrane. When the EVs are in
close proximity with the recipient cell, lipid bilayer of the EVs could fuse with the lipid bilayer
of the recipient cell and form one consistent structure. This enables EVs to release their content
into the cell cytoplasm. Several protein families participate in this process including SNAREs,
Rab proteins, and SM-proteins 2. A recent study has shown that some of the fluorescent
labelled EVs were fused with melanoma cells and the uptake was enhanced by the acidic
conditions 8. Another study has shown the fusion of R18-labelled EVs with the plasma
membrane of bone marrow-derived dendritic cells 621, This evidence therefore suggests that

cell surface membrane fusion is a possible route of EVs uptake and should not be ruled out.

1.5 EVs in Human Diseases

EVs can alter functions and phenotypes of the recipient cells by trafficking and releasing their
bio cargo molecules into the recipient cells, which deregulates gene expressions and disrupts
signalling pathways of the recipient cells 3. Therefore, EVs and their involvement in diseases
have been extensively studied in the context of cancer, inflammatory diseases,
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neurodegenerative diseases, cardiovascular diseases and other pathologies. As cancer being the
most prominent area of EV based research; a multitude of evidence has shown the ability of
cancer derived EVs to modulate immune responses to promote cancer metastasis and tumour

growth B4, The implication of EVs in cancer will be separately discussed in this study.

EVs have been widely studied in the context of inflammation and autoimmune diseases
including, multiple sclerosis (MS), rheumatoid arthritis (RA), Sjogren's syndrome and systemic
lupus erythematosus. It has been found that EVs secreted by microglia containing IL1-p and
MHC-II may trigger neuroinflammation and rapidly spread the antigens in MS 1, In RA, T-
cells or monocyte derived EVs are known to enhance the release of matrix metalloproteinases
(MMPs) from fibroblast-like synoviocytes, which causes cartilage destructions and

degradation [86:871,

Furthermore, implication of EVs in pathogenesis and protective aspects of neurodegenerative
diseases has been also extensively researched. Neurodegenerative diseases such as Alzheimer’s
disease (AD) and Parkinson’s disease are caused by accumulation of pathogenic misfolded
proteins in the brain and CNS. A recent study has shown that proteins involved in AD, amyloid-
B and hyperphosphorylated Tau are transmitted via EVs, which contributes to the accumulation
of these misfolded proteins in brains 8. Conversely, it was also shown that EVs may contribute

to preventing accumulation of these pathogenic proteins in these neurodegenerative diseases

[89],

Moreover, a recent study has suggested that EVs via their cargo might be involved in triggering,
maintenance, and progression of reproductive- and obstetric-related pathologies such as

endometriosis, polycystic ovarian syndrome, preeclampsia, gestational diabetes, and erectile
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dysfunction %, Furthermore, there is evidence to suggest that viruses and other pathogens can
use EVs to enter uninfected cells and spread the pathogen. For example, it was shown that HIV
can use the EV uptake pathway to enter uninfected cells and exit infected cell by hijacking the

EV secretory pathway for immune evasion [°%,

1.6 Role of EVs in Cancer

1.6.1 Pro-Tumourigenic Effects

It is well established that the tumour microenvironment plays a pivotal role in cancer
development and progression 84921, Cancer cells can adapt to the host environment, early in
the neoplastic process, and ensure tumour survival and expansion 3. Immunosuppression and
complicated cellular crosstalk mechanisms orchestrate this process [*+%5%I  Direct cellular
interactions or the secretion of soluble factors such as cytokines were known to mediate
intercellular communication 1. However, recent studies have shown that far-reaching
pathways, namely EV-mediated cell-to-cell communication, play a pivotal role in cancer
spread and progression. Indeed, EVs are proposed as a novel mode of intercellular

communication for both long- and short-range cell signaling 89910

As noted earlier, EVs carry a rich cargo of biomolecules reflective of their cellular origin,
including proteins, lipids, transcription factors as well as many nucleic acids, including DNA,
mRNA and microRNAs % and transport them between cells 92, An increasing number of
research reports have shown the involvement of cancer derived EVs on cancer development,
such as cell proliferation, [1931041051 gryq resistance,*®langiogenesis, ! immune modulations,
[198] and pre-metastatic niche formation [1%°1. For example, cancer miRNA transported via EVs
can be translated into functional proteins inside the recipient cells 1201111121 and modulate
surrounding cells such as endothelial, fibroblast and immune cells [197:108.1131tg enhance cancer
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growth and progression. Furthermore, miRNA containing EVs from breast cancer are able to
modulate pre-metastatic lung cells by targeting cadherin and upregulating transcription factors
[1141  Moreover, EVs have been revealed to transport membrane components including
receptors, such as EGFRs,[*'® cell adhesion proteins and enzymes which promote cancer
metastasis and progression. Other reports have shown that, EVs from renal cancer stem cells
stimulate angiogenesis and the formation of lung pre-metastatic niches [ whilst, CD44v6
enriched EVs from pancreatic cancer cells promotes pre-metastatic niche formation in lymph

nodes and lung tissues 61,

A multitude of studies have shown the involvement of EVs on cancer metastasis. Metastasis
is @ multi-step process in which, tumour cells infiltrate to adjacent tissue, migrate into blood
vessels (intravasation), followed by extravasation, colonization and angiogenesis 171, Several
studies have reported that, EVs mediate the formation of pre-metastatic niches in various
organs and transfer metastatic potential to organs [*8l. For instance, melanoma cell derived EVs
can promote lung metastasis by altering the extracellular matrix, by increasing vascular
permeability and promoting other proangiogenic events 11°12%1 Furthermore, it was found that
cancer secreted EVs containing miR-105, destroy the tight junctions between endothelial cells
and facilitate cancer cell migration to the brain 21, It was also found that the EVs secreted by
bone marrow mesenchymal stem cells promote cancer cell dormancy of metastatic breast
cancer stem cells, through miRNA transfer 1181, In conclusion, cancer cell derived EVs can
modify the tumour environment, promote pre-metastatic niches, enable metastatic process, and

enhance cancer progression.
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1.6.2 Anti-Tumourigenic Effects

Hitherto, many researchers have mainly focused on the pro-tumourigenic properties of EVs.
However, the inexplicable nature of EVs has made scientists also focus on their anti-
tumourigenic properties. The therapeutic efficacy of EVs may have bypassed some of the
negative effects of EVs discussed earlier. For example, as a natural agent, EVs have become a
potent therapeutic target for cancer treatment by interacting with the host immune system and

reducing the unwanted side effects of anti- cancer treatments [1221231,

EVs secreted by murine dendritic cells containing a- fetoprotein have shown to elicit a strong
immune response, resulting in decreased tumour growth in mice. Furthermore, recent clinical
trials have employed dendritic cell derived EVs as an anti-cancer vaccine for lung cancer,
melanoma, colorectal and hepatocellular carcinoma. These studies have shown that EVs
induced an anti-tumour effect by inducing cytotoxic T- lymphocytes responses and increased
T-cell activation [124125126.1271* Apother study has discussed the effect of exosomes containing
miR-375 on colon cancer, which inhibited cancer cell proliferation and invasion by blocking
Bcl-2 1281 Moreover, it was shown that exosomes containing circulating RNA -0051443
inhibited hepatocellular carcinoma progression by inducing apoptosis 2%, Mesenchymal stem
cell derived exosomal miR-100 has been shown to inhibit breast cancer angiogenesis via
modulating mTOR/HIF-1_/VEGF signalling [*3%. Taken together, these findings suggest that
uptake of EV cargo does not always result in pro-tumourigenic signaling. Therefore, this thesis
will discuss the anti-tumourigenic effects of skeletal muscle derived EVs on lung carcinoma

cell progression.
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1.7 Diagnostic and Therapeutic Applications of EVs

EVs play an important role in many diseases, mainly promoting disease progression. EVs
derived from these disease-state cells, encapsulate various biomarkers that are specific to them
including, proteins, mRNAs, various non-coding RNAs and DNA fragments. Therefore,
identifying, and unveiling of these biomarkers may provide a novel strategy for disease
identification and treatments. EVs’ prognostic impacts have been already demonstrated in
many disease states, such as neurodegenerative, cardiac, reproductive, cancer and autoimmune
disorders. A recent study reported that levels of EVs derived from platelet, endothelial cell
and monocyte origin were significantly high in patients with metabolic diseases such as, type-
2 diabetes, blood pressure, impaired glucose tolerance and obesity 3131132 Elevated EV
levels have also been noted in many cardiovascular diseases including atherosclerosis [33134
deep vein thrombosis or pulmonary embolism 51361 and in cerebrovascular disease 171,
Furthermore, it was found that cancer patients have elevated EV levels; sometimes ~ 40-fold
high compared with healthy individuals (3. Therefore, these varied levels of EV concentration
in body fluids and their unique molecular signatures may enable the potential use of EVs as

ideal diagnostic markers and as therapeutic targets.

EVs are well recognised as the mediators of intercellular cell communication through their
cargo. Furthermore, due to their membrane composition they have the unique ability to cross
tissue and cellular barriers [**. Moreover, the capsulated cargos are protected against enzyme
degradation during delivery and therefore, compared with synthetic drug carriers, EVs can be
used as natural safe drug carries. Furthermore, EVs can be engineered to target specific organs
which will enhance the drug delivery 19141 For example, a study conducted on a zebrafish
brain cancer model has shown that exosomes loaded with anticancer drugs crossed the blood

brain barrier to the brain tissue and exhibited enhanced therapeutic efficacy 4?1, Furthermore,
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a recent study in cardiovascular disease has shown that, EVs secreted by mesenchymal stem
cells injected to injured heart resulted in healthy myocardium 243 therefore, EVs potentials in
regenerative medicine field is also explored. Additionally, a recent finding in breast cancer, has
shown that blocking the cancer promoting EV mediated signalling could be employed as a
therapeutic strategy for breast cancer treatments 1144, Based on this evidence, further

exploitation of EVs as a novel therapeutic strategy for many diseases seems promising.

1.8 Lung Cancer

With over 1.8 million new cases in 2020, lung cancer remains the most common cause of death
from cancer and is estimated to be responsible for nearly 1 in 5 deaths [**°l. In 2014, there were
35,895 lung cancer deaths in the UK, with a male: female ratio of around 12:10 61, The large
majority of lung cancers (85%) are linked to tobacco smoking, including passive smoking 1471,
Occupational exposure to carcinogens such as radon, asbestos, or silica accounts for a small
number of cases per annum and the combination of these toxins and tobacco smoking increases
the risk of cancer than with either factor alone [**8l. Continuous exposure to cancer inducing
agents, leads to the accumulation of multiple genetic mutations before respiratory epithelial
cells becomes neoplastic. Mutations in cell growth genes (K-RAS, MYC), growth factor
receptors (EGFR, HER2/neu), apoptosis gene (BCL-2) and tumour suppressor genes (p53,
APC) accumulate resulting in lung carcinoma 4, The factors contributing to the high
mortality rate of lung cancer include late diagnosis, high rate of systemic recurrence and
resistance to systemic therapy. Despite recent advances in lung cancer therapy, the overall
prognosis remains very poor 491,

Lung cancer is generally classified as small cell lung carcinoma (SCLC) and non-small cell
lung carcinoma (NSCLC). About 80% of lung cancers are NSCLS, which are further divided
into squamous cell, large cell, adenocarcinomas and bronchioalveolar carcinomas %%, SCLC
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is a highly aggressive cancer, and it is strongly associated with tobacco smoking and accounts
for ~15-20% of lung cancer cases %3, SCLC is rapidly progressive and fatal due its rapid
doubling time, high growth rate and widespread metastases. Unfortunately, most patients
diagnosed having lung cancer eventually die due to widespread metastasis [**’1. Lung cancer
metastasises by lymphatic as well as blood vessels, however vascular invasion results in
increased incidence of recurrence as well as shortened survival rates compared with the
lymphatic route 521, The most common sites of lung cancer metastases are liver, adrenal
glands, bone, brain and bone marrow and they are known to occasionally present as a peripheral
solitary pulmonary nodule [*5%1%3 However, haematogenous metastases to the limb skeletal

muscles are extremely rare (541,

1.9 Apoptosis in Cancer

1.9.1 Overview of Apoptosis

Evasion of apoptosis is one of many hallmarks of all types of cancers. Apoptosis is the
programmed cell death which is used to eliminate unwanted cells. Apoptosis occurs through
two main pathways: the extrinsic or intrinsic pathway (Figure 2). These pathways are activated
by both extracellular and intracellular signals, which activate the caspase proteins. Caspases
are cysteine family proteins, which cleaves numerous proteins including cytoskeletal and
nuclear proteins. As soon as the apoptosis signal occurs, the initiator caspases (caspase 2,8,9
and 10) cascade activates and leads to executioner caspase (caspase 3,6 and 7) activation. Other
than caspases, there are many proteins that play a pivotal role in apoptosis such as, amyloid-B

peptide, the Bcl-2 family of proteins, the p53 gene and the heat shock proteins (HSP).
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1.9.1.1 Intrinsic Apoptotic Pathway

The intrinsic pathway is referred to as mitochondrial mediated apoptotic pathway and is
activated by various extra and intracellular stress including, oxidative stress [**, stress caused
by cytotoxic agents %1, surplus of Ca?*, and growth factor deprivation [*°! to name a few. The
pathway activated by upregulation of BH3- only proteins, which induce BAX and BAK
oligomerisation, leading to mitochondrial outer membrane permeabilisation (MOMP) (571, Due
to membrane permeabilisation, mitochondrial intermembrane proteins such as cytochrome c,
second mitochondria-derived activator of caspase (SMAC) and Omi are released into the
cytosol %61, The cytochrome ¢ combines with apoptotic protease-activating factor-1 (APAF-
1), dATP and procaspase-9 to form the apoptosome 561581 Upon the formation of the
apoptosome, caspase 9 activates followed by the activation of caspase 3 and 7 signalling

cascade which leads to protein breakdown and cell death (561,

1.9.1.2 Extrinsic Apoptotic Pathway

Extracellular stimulus activates the extrinsic pathway and induces apoptosis. The pathway
activates when extracellular ligands such as, TNF (tumour necrosis factor), Fas-L (Fas ligand),
and TRAIL (TNF-related apoptosis-inducing ligand) bind to the extracellular domain of the
DR (transmembrane death receptors) [*58159  Stimulation of death receptors, result in the
recruitment of adaptor molecules such as Fas-associated death domain (FADD), TNF receptor-
associated death domain (TRADD) and procaspases -8 and 10 to the death receptors. Together
they form DISC (death inducing signalling complex) [15°16% Then the caspase 8 activates and
dissociates from the DISC to start the cascade of caspase activation. Activated caspases

including, caspases 3,6 and 7 start to cleave proteins and cytoskeleton leading to apoptosis

[158,161]
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As mentioned earlier, a main characteristic of cancer is to evade apoptosis, which then
contributes to both tumourigenesis and treatment resistance. Cancer cells achieve this by
suppressing the proapoptotic machinery and amplifying anti-apoptotic protein signals. For
example, upregulation of antiapoptotic BCL-2 protein is present in most of the cancers and it
inhibit apoptosis by inhibiting proapoptotic proteins such as, BAX and BAK in the intrinsic

pathway.
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Figure 2: Schematic representation apoptosis signalling pathways

The extrinsic pathway is activated by binding of extracellular ligands to death receptors.
Stimulation of death receptors form DISC complex which in turns activate caspase 8. The
intrinsic pathway activates by upregulation of BH3 only proteins, which induce BAX and BAK
leading to MOMP. Release of cytochrome ¢ from mitochondria results in the formation of the
apoptosome, which activates caspase 9. Caspase 8 from the extrinsic pathway and caspase 9
from the intrinsic pathway activate downstream caspase 3 resulting in cell death. The two
pathways are linked through the cleavage of BH3 only protein Bid.
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1.10 Apoptosis as a Cancer Therapy

Evasion of apoptosis is a hallmark of all types of cancer and therefore, targeting apoptosis has
been the centre of attraction in recent cancer therapy research. This was further enhanced by
the fact that apoptosis causes minimal damage to the healthy cells around the tumour but exerts
maximum effect on cancer cells. As mentioned earlier, there are many proapoptotic and
antiapoptotic proteins involved in both intrinsic and extrinsic pathways; therefore, enhancing
proapoptotic proteins and inhibiting antiapoptotic proteins has been the main focus of
apoptosis-based cancer therapy. For example, antiapoptotic proteins such as, BCL-2, BCL-XL
proteins were inhibited by BH3 mimetics; ABT-737 in a small cell lung carcinoma cell line
[1621 Some other targets that have been researched include, XIAP inhibition, through which
downstream effector caspase 3 is enhanced in response to caspase 8 activation in extrinsic
pathway [*631, Moreover, some anticancer therapy drugs targets death receptor ligands such as,
TRAIL which, triggers the extrinsic apoptosis pathway and SMAC mimetics that enhance
caspase activities 1641, Furthermore, other pathways and proteins involved in apoptosis such as
p53, nuclear factor kappa B and the phosphatidylinositol 3 kinase pathways have been also
targeted by rapamycin inhibitors %31, Interestingly, some of the drugs such as arsenic trioxide
are directly aimed at mitochondrial functions to cause intrinsic pathway apoptosis [*¢¢1. Even
though, most of these drugs seems promising, sometimes cancer cells form intrinsic
chemoresistance against these drugs. Therefore, there is a clear need for more apoptosis

targeting using novel compounds with increased efficacy for cancer treatment.

1.11  Skeletal Muscle

1.11.1 Tumour Metastasis to Skeletal Muscle is Rare

Metastasis is the movement of cancer cells from a primary site to colonize distant organs and
is the primary cause of cancer- related deaths [*67), Cancer metastasis mechanisms are extremely
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complicated and involve many factors. Instead of being autonomous, tumour cells engage in
bidirectional interactions with host organ microenvironments and alter genomic stability and
immune responses, which facilitates their invasion survival and progression 1671681 Therefore,
the host microenvironment is a crucial factor in cancer metastasis. Most organs and tissues are
subjected to cancer metastasis with the striking exception of skeletal muscle, in which cancer
metastasis is very rare (169171711721 The prevalence of muscle metastasis varies from 0.03% to
5.6% in autopsy series? [173174175.176] ‘and from 1.2% to 1.8% in radiological series *"7178l and

most of these incidents are from primary lung carcinomas and malignant melanomas.

The rarity of cancer metastasis in skeletal muscle is surprising as the skeletal muscle
compromises ~50% of the body mass. Moreover, skeletal muscle is a highly vascularized
tissue. Over the years, researchers have postulated various reasons for this rarity, however a
definitive mechanism has not yet been identified. Some researchers have linked this
phenomenon to increased activity within the muscular system [179180.1811 = A recent study has
confirmed that physical activity acts as a negative regulator for tumour cell growth in skeletal
muscle tissue 1821831 Skeletal muscles produce high levels of lactic acid and that has been
linked to the rarity of cancer metastasis to skeletal system [83. Several studies have also shown
that muscle conditioned media exert a cytostatic effect upon tumour cells (184181 and
phenotypically convert and inhibit metastatic cells?**. Low molecular weight factors, such as
adenosine were suggested to be responsible for the inhibition of tumour growth [*81, Other
mediators released by muscle cells may also account for the rarity of tumour metastases,
including cytokines ™8 with anticancer activity such as TNFa 71 TGFp 12881 lymphocyte
infiltrating factor %9 interferon y 1% and proteolytic enzymes such as plasminogen activator

inhibitor [191.192]
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Given the fact that EVs are cell origin specific, it is postulated that EVs may induce similar
cellular effects to its parent cells. Therefore, this thesis aims to investigate the role of skeletal
muscle derived EVs as contributing factor for the rarity of cancer progression observed in

skeletal muscles.

1.11.2 Role of Skeletal Muscle Cell Derived EVs

It is well established that all cells in the body can secrete distinctive type of EVs to its
microenvironment. EVs carry a cargo of various proteins, lipids, nucleic acids such as miRNAs
and are themselves involved in intercellular communication. Recent studies found that skeletal
muscles release EVs which play a key role in muscle physiology, homeostasis and in some
metabolic diseases %I, For example, miRNAs derived from skeletal myocytes play pivotal
roles in skeletal muscle development, myogenesis and nutrient metabolism in physiological
and pathological states [*%1%1, Specific miRNAs in exosomes (miR-1, miR-21, miR-133, miR-
182, and miR-206), are known to alter the gene expression in myocytes and therefore,
modulating the physiology and pathology status of myocytes [1*>1%I1, Furthermore, it is found
that stress may promote the release of EVs from myotubes that are carrying a variety of cargoes,

which can be transported via circulatory systems to other cells in the local environment (71,

Moreover, myocytes are known to release myokines, skeletal muscle cell specific cytokines, in
response to stress, such as exercise. Over 600 [ myokines were found in human myocyte
culture medium including, Myostatin, Irisin, 1L-6, IL-15, Myonectin, Decorin, SPARC and
FSTL-1 to name few. Interestingly, some of these myokines have been found in myocyte EVs
and they were known to be involved in cancer suppression. For example, a few mechanistic

studies have shown the potential role of myokines such as, irisin, oncostatin and SPARC in the
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suppression of colon and breast cancer growth %I, Moreover, another study has shown the

role of interleukin-6 (IL-6) and SPARC in the prevention of cancers by exercise 2%,

Among all the myokines, decorin has been well researched as a cancer suppressor. A study
using a decorin knock out mouse model has shown, that 30% of mice developed spontaneous
intestinal tumour growth and invasion in the absence of decorin 2%, Furthermore, decorin has
been shown to affect cancer progression by targeting key signalling molecules including, TGF-
p and receptor tyrosine kinase which inhibit cancer cell growth, survival, metastasis and
angiogenesis [2°2. Moreover, over expression of decorin has induced apoptosis and cell cycle
arrest in rat mesangial cell in vitro %1, Taken together, it seems promising that some of these
myokines and proteins in skeletal muscle EVs may act as a novel target in cancer suppression;

therefore, this thesis will also investigate the protein cargos of myocyte derived EVs.

32



Aims of the Present Study

2. Aims of the Present Study

In recent years, extracellular vesicles (EVs) are attracting considerable interest in the scientific
community due to their role in normal physiology as well as their involvement in in range of
pathologies. In cancer, EVs have been known to act as carriers of various soluble proteins and
shown to aid in tumour spread and survival. Most organs and tissues are subjected to cancer
metastasis with the striking exception of skeletal muscle, in which cancer metastasis is very
rare. Therefore, the aim of this study to elucidate whether skeletal muscle derived EVs carry
certain bioactive proteins, which prevent cancer metastasis and progression in skeletal muscle

system.

To understand the mechanism by which myocyte EVs inhibit cancer metastasis and progression
to skeletal system, EVs from murine myocytes will be isolated and characterised by employing
gold standard methods including, Nanoparticle Tracking Analysis, specific protein markers and
Flow cytometry. Furthermore, various test will be carried out to investigate the effect of
myocyte derived EVs on highly metastatic lung carcinoma cellular processes including, cell
proliferation, cell cytotoxicity, cell migration, EV uptake by recipient cells and apoptosis.
Finally, further test including proteomics and Western blot techniques will be considered to
identify the certain bioactive proteins in myocyte derived EVs, which prevent cancer metastasis

and progression in skeletal muscle system.
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3. Materials and Methods
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143.1 Materials

11311 Reagents
Acrylamide/Bisacrylamide
Annexin V Alexa Fluor 488
Annexin V reagent

BCA protein assay kit

BSA (Bovine serum albumin)
Bromophenol blue

Caspase 3,8 and 9 Activity Assay
CytoTox 96® Cytotoxicity Assay
Coomassie brilliant blue
Crystal violet stain
DAPI-VECTASHIELD
DMEM

DMSO (Dimethyl sulfoxide)
DTT (Dithiol threitol)

ECL WB Detection Reagent
Ethanol

FBS (Foetal Bovine Serum)
Glycine

Guava Cell Cycle reagent
Guava ViaCount reagent
Guava Nexin reagent

Halt Protease Cocktail

HCI (Hydrochloric acid)

Horse serum

LysoTracker™ Green DND-26
Milk powder

MitoTracker™ Red CMXRos
Na2HPO4

Paraformaldehyde

PBS (Phosphate Buffer Saline)
Penicillin / Streptomycin
PKH26

PKH67

Ponceau S

Potassium chloride

Propidium iodide

Protein molecular weight marker
SDS (Sodium dodecyl sulphate)
Sodium chloride

Tris base

Trichloroacetic acid

Trypan Blue

Trypsin/ EDTA

Tween 20

Sigma-Aldrich
Invitrogen

R&D Systems
Sigma-Aldrich
Sigma-Aldrich
Thermofisher Scientific
abcam

Promega

Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Sigma-Aldrich
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Guava Technologies, UK
Guava Technologies, UK
Guava Technologies, UK

Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

BioRad

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermofisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Thermofisher Scientific
Thermofisher Scientific
Sigma-Aldrich
Sigma-Aldrich
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1+1231.2

Cell culture flasks (25cm2)
Cell culture flasks (75cm2)
Centrifuge 5804 R

Centrifuge 5810 R

Chamber Slides

Corning Transwell plate
Fluorescence microscope FL
FLUOstar Omega plate reader
Gel loading tips

Guava EasyCyte 8HT cytometer
Heamocytometer

Incubator Heraeus CO2- Auto- Zero
Microcentrifuge 5417 R
Microplate (6- well)
Microplate (12- well)
Microplate (24- well)
Microplate (96- well)
NanoSight NS300 system
Nikon Inverted Microscope
PH- Meter 766 Calimatic
Roto- Shake Genie

SE-12 rotor

Semi- dry transfer system
Sorvall T-865 rotor

UVP Chemiluminescence

1133.1.3 Antibodies
Anti-Myogenin antibody (F5D)
Mouse anti- IgG FITC

Mouse anti CD63

Anti TSG101

HRP-labelled goat anti-rabbit IgG

114314 Eukaryotic Cell lines
C2C12 Myoblast

NIH 3T3 Fibroblast

CMT 64/61 Lung Carcinoma

Technical Devices and Consumables

Fisher Scientific

Fisher Scientific

Eppendorf

Eppendorf

Thermofisher Scientific
Sigma Aldrich

Invetrogen EVOS

Olympus Corporation, Germany
Corning

Millipore

Fisher Scientific

BMG Labtech, UK

Thermo Electron Corporation
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Malvern, UK

Nikon Eclipse, Japan

Jenway

Denley

Sorvall

BioRad

Sorvall

UVP Bioimaging Systems, UK

Abcam
Abcam
Abcam
Abcam
BioRad

ECACC catalogue no. 91031101
ECACC catalogue no. 93061524
Ximbio catalogue no. 152751
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Materials and Methods

11.53.1.5 Eukaryotic cell culture media: Cellular Growth Medium

C2C12 Myaoblast growth medium was DMEM containing 2mM Glutamine and Phenol red
supplemented with 10% Foetal Bovine Serum (FBS) (v/v), 1% Penicillin / Streptomycin (v/v)
, Stored at 4°C.

C2C12 cell differentiated medium was DMEM containing 2mM Glutamine and Phenol red
supplemented with 5% Horse Serum (HS) (v/v), 1% Penicillin / Streptomycin (v/v), stored at
4°C.

NIH 3T3 Fibroblast growth medium was DMEM containing 2mM Glutamine and Phenol red
supplemented with 10% Foetal Bovine Serum (FBS), 1% Penicillin / Streptomycin (v/v), stored
at 4°C.

CMT 64/61 Lung Carcinoma growth medium was Waymouth's MB 752/1 containing 2mM
Glutamine and Phenol red supplemented with 10% Foetal Bovine Serum (FBS) (v/v), 1%

Penicillin / Streptomycin (v/v), stored at 4°C.

1163.1.6 Experimental Buffers and Solutions

11.6-13.1.6.1 Cell Freezing Medium (C2C12 and NIH 3T3 Cell lines)

20% FBS (v/v)

10% DMSO (v/v)

1% Streptomycin (v/v)
69% DMEM (v/v)

3.1.6.2 Cell Freezing Medium (CMT 64/61 Cell line)

20% FBS (v/v)

10% DMSO (v/v)

1% Streptomycin (v/v)

69% Waymouth's MB 752/1 (v/v)
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3.1.6.3 SDS- PAGE solutions

3.1.6.3.1 (4x) SDS Sample buffer — pH 6.8

200 mM Tris-HCI

25% Glycine (w/v)

2% SDS (w/v)

0.2% Bromophenol blue (w/v)
20 mM DTT (add fresh on the day)

Millipore water
3.1.6.3.2 Electrophoresis running buffer (1L)

309 Tris-HCI, pH 8.3

144 g Glycine

950 ml 20% SDS (w/v)
ddH20

3.1.6.3.3 Coomassie Brilliant Blue G-250

0.025% Coomassie blue (w/v)
10% Acetic acid (v/v)
90% ddH.0

3.1.6.3.4 Transfer buffer (10x)

250 ml Tris base
1925 ml Glycine
ddH-0

3.1.6.3.5 Ponceau solutions

0.25% Ponceau S (w/v)
3% Trichloroacetic acid (v/v)
ddH.0

3.1.6.3.6 Phosphate Buffer Saline (PBS) Solution — 1L

140 mM NaCl

2.7 mM KCI

10 mM NazHPO4

1.8 mM KH2PO4
ddH-0
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3.1.6.3.7 Phosphate Buffer Saline — Tween 20 (PBS-T)

1L PBS
Iml Tween 20

3.1.6.3.8 Blocking buffer
5% Milk powder (w/v)
PBS-T

3.1.6.3.9 Antibody dilution buffer

3% BSA (w/v)
PBS

3.2  Methods

3.2.1 Maintaining Cell Lines

3.2.1.1 Adherent Cell Lines

Adherent cells, murine myoblast cells (C2C12) and murine fibroblast (NIH 3T3) were
maintained in growth medium containing Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 1% penicillin-streptomycin at 37 °C in 5%
CO. atmospheric conditions. Murine lung carcinoma cell line (CMT 64/61) was maintained in
growth medium containing Waymouth MB 752/1 medium supplemented with 10% foetal
bovine serum (FBS), 1% penicillin-streptomycin. The cells were split, once the culture reached
70% confluence by washing twice with Phosphate — Buffered Saline (PBS) and adding
0.25%(v/v) trypsin/EDTA. After 10 min incubating at 37 °C with 5% CO. growth medium was
added to inactivate the trypsin. The trypsinised cells were transferred into 50ml centrifuge

tubes and spun at 200 x g for 5 min. The cell pellet was re-suspended in the appropriate
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volume of growth medium and inoculated at the desired cell densities in new culture flasks.

Growth medium was renewed every 2 to 3 days.

3.2.1.2 Cryopreservation of Eukaryotic Cells

To prepare frozen stocks for long term storage, adherent cells grown to almost 80% confluency
and were trypsinised to attain a cell suspension. Then trypsinised cells were washed twice (200
% g, 5 min) with PBS and cell number was determined using Guava viacount assay. Cells were
carefully resuspended in freeze mix, transferred into cryo-vials (Greiner) at 1x107 cells/ml in
1 ml volumes and immediately placed on ice. The cryo-vials were frozen at -80°C in special
cryo boxes, which ensure a temperature decrease of 1°C per minute. For long-term storage the

deep frozen cryo-vials were transferred to liquid nitrogen cell storage tanks.

3.2.1.3 Thawing Cells

To defrost cells, cryo-vials were removed from liquid nitrogen and immediately thawed in a
waterbath at 37°C. After cleaning the lid with 70% ethanol, the content was transferred to a 15
ml centrifuge tube containing 9 ml of fresh growth medium, prewarmed to 37°C and cells were
sedimented by centrifugation at the appropriate speed and time (200 x g , 5 min). To remove
DMSO, the medium was discarded, and the pellet was resuspended in fresh growth medium.
The cells were then placed into culture flasks of the same size as had been used prior to freezing

and incubated at 37°C with 5% CO..

3.2.2 Extracellular Vesicles Collection and Analysis
3.2.2.1 Extracellular Vesicle Isolation from Cell Culture Medium
C2C12 myocytes and NIH 3T3 cells were grown in complete growth medium until 70%

confluent. Then the cells were washed with pre- warmed PBS twice and cells were incubated
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with 10 ml serum free medium for 16h at 37 °C in 5% CO to avoid contamination with FBS
EVs. After 16h, serum free medium was collected and centrifuged at 300 x g for 15 min to
remove dead cells and debris, then 4,000 x g for 1h at 4 °C to remove apoptotic bodies. The
resultant supernatant was ultracentrifuged at 18,500 x g for 1h at 4 °C. The isolated EV pellet
was resuspended in filtered PBS and ultracentrifuge again at 18,500 x g for 1h at 4 °C to
remove proteins and other low molecular weight factors bound to the EVs membrane surface.

The MV pellet was resuspended in cold filtered DMEM.

3.2.2.2 Annexin Labelling of EVs

Isolated EVs (100 pl) was resuspended in Annexin binding buffer and Guava Nexin-FITC (100
pl). A control sample was performed by not adding Annexin binding buffer and Gauva Nexin
—FITC to the EV sample. Sample was then incubated at RT for 30 min and was analysed
immediately as directed by the manufacturer using the flow cytometer (Guava EasyCyte HT,

Guava Technologies).

3.2.2.3 PKH26 Labelling of EVs

EVs from C2C12 myocytes were labelled with PKH dye according to the manufacturer
instructions. 25 pl of EVs suspended in PBS was mixed with 250 pl of diluent C. Meanwhile,
2ul of the PKH26 dye was mixed with 250l of diluent C and added to the EVs suspension
prepared in earlier step. EVs/dye suspension was mixed thoroughly and left to incubate 5 min
in ice. The staining was stopped by adding 500 pl of 1% BSA to the dye solution and incubated
1 minute on ice. The EV pellet was centrifuged at 18,500 x g for 1 hour at 4°C to remove
excess dye. After centrifugation, the EV pellet was resuspended in PBS and washed by
centrifuging 18,500 x g for 1 hour at 4°C for twice to remove unbounded dye. 10 pl (~20pg/ml)

stained EVs were analysed by flow cytometry and fluorescent microscopy.
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3.2.2.4 Nanoparticle Tracking Analysis of EVs

The concentration and the size of EVs isolated from C2C12 myocytes were analysed using the
NanoSight NS300 system (Malvern Instruments, Malvern, UK) configured with SCMOS
camera and blue488 laser type. For NTA analysis, EVs collected from 3.2x107 C2C12 cells
and five different samples at different passages were collected. EVs were diluted in PBS to a
final volume of 1 ml Following manufacturer’s software manual, three 1-minute videos were
captured at temperature between 17.8 — 19.2°C. The videos were analysed by the in-build

NanoSight Software NTA 3.2.

3.2.3 Biochemical Methods

3.2.3.1 Promotion of C2C12 Cell Differentiation

Cells in the myoblast stage were differentiated into myocytes by replacing the growth medium
into a serum free alternative. Once the myoblasts reached 90% confluence, cells were washed
twice with PBS followed by addition of 10 ml of 5% horse serum containing skeletal muscle
differentiation medium and maintained at 37 °C in 5% CO for the time interval dictated by the
experiment. Differentiation medium was then changed every other day. The time points used

were 24h, 2 days, 3 days, and 4 days.

3.2.3.2 Preparation of Conditioned Media

Condition media were collected from both C2C12 myocytes and NIH-3T3 fibroblast cell lines.
To collect the conditioned medium, both C2C12 and NIH-3T3 cells were seeded in flasks with
10% serum. Once they reached 80% confluency, cells were washed 3 times with PBS and
serum- free DMEM was added. After 16h serum free medium was collected and centrifuged at

200 x g for 5 min to remove the dead cells and cell debris.
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3.2.3.3 Determination of Protein Concentration

The concentration of proteins in EVs was determined by using the BCA Protein Assay Kit
(Pierce, Thermo Scientific). The assay uses a combination of biuret reaction (reduction of Cu?*
ions to Cu® ions by proteins in an alkaline medium) and the colorimetric detection of the Cu*
cations by a bicinchoninic acid containing colour agent. Following the manufacturer’s
instructions, a standard series of protein concentrations were prepared using PBS as the diluent.
Standard concentrations were 0, 25, 125, 250, 500, 750, 1,000, 1500 and 2,000 pg/ml. The
working reagent was prepared by mixing kit agent A and reagent B (ratio 50:1 respectively).
A 10 pl of protein from each standard and unknown sample were mixed with 200 pl of working
reagent in a 96 well plate followed by incubation at 37 °C for 30 min. The plate was cooled at
room temperature prior to measuring the absorbance at 562 nm on a FLUOstar Omega
microplate reader. Protein concentrations of the unknown samples were determined by

interpolation on a standard curve using GraphPad Software.

3.2.3.4 Preparation of Cell Lysates

Cell lysates were prepared for the C2C12 myoblast (24 hours after culturing) and C2C12 cells
in differentiated media (24 hours and 4 days after). C2C12 cells grown in culture flasks were
treated with trypsin and were sedimented by centrifugation (200 x g , 5 min at 15°C) and a
haemocytometer was used to determine the cell number. Cells were resuspended in cold PBS,
transferred to micro-centrifuge tubes and centrifuged to obtain a cell pellet. Carefully, PBS was
aspirated, and cells were resuspended in ice cold RIPA lysis buffer (Iml per 107 cells). A
constant agitation was created for 30 min at 4°C and the cells were then centrifuged at 12,000
x g for 20 min at 4°C. The tubes were gently removed from the centrifuge and place on ice,

aspirate the supernatant and placed in a fresh tube kept on ice; the pellet was discarded. Protease
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inhibitors were added to the sample and the total protein concentration was determined of the

resultant supernatant.

3.2.3.5 Sample Preparation for SDS-Polyacrylamide Gel Electrophoresis

First, lysate samples collected from both cells and EVs protein concentration was determined
by BCA assay. Desired protein volumes were taken and an equal volume of 2x Laemmli
loading buffer containing 2-5-Mercaptoethanol was added, and the samples were boiled at

95°C for 4 min. Then the samples were then briefly centrifuged at 500 x g.

3.2.3.6 SDS-PAGE protein molecular weight standards
Prestained protein molecular weight marker (BioRad) was used as a standard loading, 10ul per
gel. The standard represents bands of 10 to 250 kD prestained protein markers. The gel was

later stained with Coomassie blue.

3.2.3.7 SDS- Polyacrylamide Gel Electrophoresis

Mini PROTEAN tetra vertical electrophoresis cell system (Bio-Rad), with Mini PROTEAN
precast gels (4-20% TGX gels, Bio-Rad) were used to perform the gel electrophoresis. To
perform electrophoresis, precast mini- gel was placed inside the Mini PROTEAN tetra vertical
electrophoresis cell system. Electrophoresis running buffer was added to the inner and outer
chambers of the tank and the plastic comb was carefully removed from the precast gel. Samples
were loaded into the wells of precast gel using extra-long loading pipette tips. 5 pl of protein
molecular weight standard was added to the first well on the gel. Electrophoretic separation
was performed at 150 V (constant voltage) until the bromophenol blue front of the SDS sample
buffer reached the end of the resolving gel. Gels were either stained with Coomassie Brilliant

Blue R250 or transferred onto nitrocellulose membrane for Western blot analysis.
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3.2.3.8 Western Blot Analysis

Proteins separated by gel electrophoresis were transferred to a nitrocellulose membrane for
further analysis using a semidry transfer device, Bio-Rad Sartoblot system. A nitrocellulose
membrane and two pieces of blotting paper (Whatman 3 MM, BioRad) were cut to the size of
the separating gel. Blotting papers and the membrane were soaked in transfer buffer. One piece
of blotting paper was placed on the cathode plate, and the nitrocellulose membrane was placed
on top of the blotting paper. Electrophoresis gel was placed on top of the membrane, and a
second blotting paper was also placed on top of the gel. Having removed air bubbles, the anode
plate, also dampened with the transfer buffer was used to complete the sandwich.

Electroblotting was carried at 15 V (constant voltage) for 1 h 10 min.

3.2.3.9 Reversible Ponceau Staining

To ensure successful protein transfer on to the hybond C nitrocellulose membrane, the
membranes were incubated with Ponceau S solution for 1 min. Excessive Ponceau solution
was removed by washing the membranes with deionized water until the protein bands were
visible. Membranes were labelled and cut when needed for label with different primary

antibodies.

3.2.3.10 Immunochemical Protein Detection using the ECL System

The nitrocellulose membrane was first incubated in blocking buffer (5% BSA, 3% or 6% milk
in TBS-T) for 1 h at room temperature on a shaker. Following blocking, the membrane was
rinsed with PBS-T and incubated with the primary antibody. The blot was probed with (1
pg/ml) primary antibody and incubated overnight at 4°C on a shaker. Three 5 min washing

steps with PBS-T were performed and the membrane was incubated with secondary 1gG
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antibodies coupled to HRP in a 1:5000 dilution for 1 hour at room temperature. The unbound
secondary antibody was removed by washing the membrane with TBS-T six times for 10 mins
each. The last wash was performed using PBS without the Tween to avoid background noise.
Visualisation was performed using the enhanced chemiluminescence reagent system (ECL,
Amersham Pharmacia). The ECL solutions (reagent A and B) were mixed at equal volumes
and the membranes were incubated with the mixture for 1 min at room temperature and

chemiluminescence was detected using UVP ChemiDoc-It system (UVP systems, UK).

3.2.3.11 PKHG67 Cell Labelling

CMT 64/61 cell were cultured in T75cm? flask until it reached 90% confluency. Cell were
trypsinised and washed using serum free medium. 2x107 of cells were collected from the cell
suspension and centrifuged at 400 x g for 5 min. After centrifugation, the supernatant was
aspirated very carefully not to remove any cells. The cell pellet was mixed with 1 ml of diluent
C to prepare a 2 x cell suspension. Meanwhile, 4 pl of PKH67 dye solution was mixed with 1
ml of diluent C and added to the cell suspension prepared earlier. Cell/dye suspension was
incubated 5 min with periodic mixing. The staining was stopped by adding 2 ml of 1% BSA to
the cell suspension and incubated for further 1 minute. Then the cell suspension was
centrifuged at 400 x g for 10 min at 25 °C. Cell pellet was collected and resuspended in 10 ml
complete growth medium and centrifuged at 400 x g for 5 min. Pellet was washed 2 more
times with 10 ml of complete growth medium to ensure removal of unbound dye. After the
final wash cell viability was assessed and 1 x 10 cells were cultured in glass bottom well plate.
Cell plate was incubated at 37 °C in 5% CO- for 24 h and visualised under a fluorescent

microscope.
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3.2.3.12 Cell Viability Assay

In order to study the effect of C2C12 myocyte conditioned medium or EVs on murine lung
carcinoma cell, CMT 64/61 cells were seeded in 24-well plates (at 1 x 10* cells per well) in
triplicate and incubated for 24 h at 37 °C. On the day of the experiment, cells in the plate were
first observed under a light microscope for cell attachment and then washed three times with
pre-warmed PBS. Each well was treated with 5% FBS and appropriate conditioned medium
and EVs protein concentration. Protein concentrations used to treat the CMT 64/61 cells were
100 pg/ml, 200 pg/ml, 300 pg/ml and 500 pg/ml. The volume of serum-free medium was
adjusted to obtain a final volume of 500 pl per well and the plates incubated at 37°C for 48 h.

Triplicate wells with untreated cells in 5% FBS was used as a control.

In co-culture experiment, each well was treated with 5% FBS and appropriate conditioned
medium protein concentrations and EV concentrations. Triplicate wells with untreated cells in
5% FBS was used as a control. The volume of serum free medium was adjusted to obtain a
final volume of 500 pl per well and the plate incubated at 37 °C for 48 h. After 48 h, plates
were first observed under the microscope to check for contamination. The supernatant was then
collected from each well and transferred to 1.5 ml micro- centrifuge tubes (one tube for each
triplicate treatment). The wells were washed twice with Dulbecco’s Phosphate Buffered Saline
(DPBS) and the wells were treated with trypsin (25 pl of 0.25% Trypsin/EDTA) at 37°C for 5
min to detach the cells. Detached cells were resuspended in 175 ul of complete growth medium
and collected into micro-centrifuge tubes. Cell viability was determined by flow cytometry

using the Guava ViaCount Assay.
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3.2.3.13 Cell Migration Assay

In order to investigate the effect of C2C12 derived EVs on Murine lung carcinoma cell (CMT
64/61), 1 x 10° cells were seeded in triplicate in Corning 8.0 um Transwell® Inserts with serum
free media. The appropriate C2C12 EV concentrations were added to the receiver wells in the
transwell plates with 5% FBS. EVs-free receiver triplicates were performed as a background
control. The plate was incubated at 37 °C for 24 h. After incubation, medium from both receiver
and the insert were aspirated. The insert was washed twice with PBS. Cells that had adhered
inside the insert were removed using a cotton swab and the insert was washed again with PBS.
Crystal violet stain was used to stain the cells adhered to the insert membrane and the cells

from 5 random areas were counted under the light microscope.

3.2.3.14 Cell Cytotoxicity Assay

To investigate the cell cytotoxicity effect of myocyte EVs on carcinoma cell line, Promega
CytoTox 96 reagent was used. Carcinoma cell line, CMT 64/61 cells were seeded in 96-well
plates (at 1 x 10 cells per well) in triplicate and wells were treated with 5% FBS containing
growth medium with appropriate EV concentrations and incubated at 37 °C for 24 h. Triplicate
wells without cells were served as a negative control to determine the culture medium
background. A second, triplicate wells with untreated cells were served as control whilst, a
final triplicate wells with untreated cells we set to determine the maximum Lactate
dehydrogenase (LDH) release positive control. 50 ul aliquots from all the test and control wells
were transferred to a fresh 96- well flat clear bottom well plate and, 50 pl of CytoTox 96 reagent
was added to each sample aliquot. Plate was covered with a foil paper and incubated for 30
min at room temperature. To generate a maximum LDH release, 10 pl of 10X lysis solution

was added to the positive cell wells 45 min before adding CytoTox 96 reagent. Finally, a 50 pl
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of stop solution was added to each sample and absorbance recorded at 492 nm on a FLUOstar

Omega microplate reader.

3.2.3.15 LysoTracker Analysis

Carcinoma cell line, CMT 64/61 cells were seeded at 1x10* cells per well in 24 well plate.
Cells were seeded in triplicate and wells were treated with 5% FBS with and without
appropriate EV concentrations and incubated at 37°C for 48 hours. After incubation, 5000 cells
from each well were transferred to 96 well plate. A 75 nM of LysoTracker solution containing
growth medium was added to each cell wells and incubated at 37°C for 45 min. Then the cells
were washed, and lysosome fluorescent intensity was measured on a FLUOstar Omega

microplate reader (Excitation: 504 nm and Emission: 511 nm, bottom reading).

An Additional set of carcinoma cells 1x10* were seeded in microscopic chamber slide and
incubated at 37°C with appropriate EVs concentration as described in previously. After 48 h
incubation, chamber slide was washed and 75 nM LysoTracker staining solution was added to
each chamber and further incubated for 45 min. After staining, cells were washed with PBS

and analysed by fluorescent microscope.

3.2.3.16 MitoTracker Analysis

Following manufacturer instruction, MitoTracker stock solution was prepared by dissolving
MitoTraker in DMSO to a final concentration of 1 mM. Then a 100 nM staining solution was
prepared by diluting the stock solution in appropriate volume of growth medium. Carcinoma
cell line, CMT 64/61 cells were seeded at 1x10* cells per well in 24 well plate. Cells were
seeded in triplicate and wells were treated with 5% FBS with and without appropriate EV

concentrations and incubated at 37°C for 48 h. After incubation, 5000 cells from each well
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were transferred to 96 well plate. Then the cells were resuspended in prewarmed growth
medium containing MitoTracker staining solution for 30 min. After incubation, cells were
washed and MitoTracker fluorescent intensity was measured on a FLUOstar Omega microplate

reader (Excitation: 579 nm and Emission: 599 nm, bottom reading).

An Additional set of carcinoma cells at 1x10* were seeded in microscopic chamber slide and
incubated at 37°C with appropriate EVs concentration as described previously. After 48 h
incubation, chamber slide was washed, and 100 nM staining solution was added to each
chamber and further incubated for 45 min. After staining, cells were washed with PBS and
incubated 15 min with prewarmed PB containing 4% formaldehyde. After fixation cells were

washed several times with PBS and analysed by fluorescent microscope.

3.2.3.17 Caspase Assay

In order to determine the apoptosis pathway, caspase 3,8, and 9 detection assays were
performed. Carcinoma cell line, 1x10* cells/ 90 pl per well in triplicate were seeded into a 96
well plate. Cells were treated with 10 pl of growth medium containing desired concentrations
of myocyte EVs. As control samples, cells were treated with 10 pl of growth medium (without
testing compound) and well with 10 pl of growth medium but no cells were performed in
triplicate. In addition, another set of control wells, cells without testing compound, were

performed. Total volume was kept at 100 ul per well and plate was incubated at 37°C for 48 h.

On the day of the experiment, tri- caspase assay loading solution was prepared by diluting
caspase substrate 1:200 in assay buffer. 100 pl of loading solution was added to each well and
incubated the plate at room temperature, protected from light for 60 min. As a positive control,

one cell set contained growth medium only were treated with 50 uM of H>O> for 24 h prior
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adding the caspase loading solution. After incubation, fluorescent intensity was measured on a
FLUOstar Omega microplate reader (Caspase 3: EX/Em =535/620 nm (red), Caspase 8: EX/Em

= 490/525 nm (green), Caspase 9: EX/Em = 370/450 nm (blue), bottom reading).

3.2.4 Light Microscopy and Cell Counting

Cells were observed by light microscope (Nikon Inverted Microscope, TS100) x10
magnification to ascertain their morphological changes from the undifferentiated state
(myoblast) to the differentiated state (myocytes). Number of cells in the resulting cell
suspension was determined by using haemocytometer method. 100 ul of cell suspension was
mixed with 100 ul of 0.4% trypan blue by gently pipetting, and then 100 ul of the mix were
loaded into each chamber of the haemocytometer. Cell counts were performed in triplicate and
analysed under a 10x objective. Standard method was performed when counting the cells using

hand tally counter. Number of viable cells per ml was calculated using the standard method.

3.2.5 Fluorescent Microscopy Analysis

Carcinoma cells were cultured in 6 well microscopic chambers and treated with relevant
myocyte EVs concentration for 48 h. After 48 h, supernatant was removed and washed with
PBS and cells were incubated with relevant fluorescent dyes. Cells were washed with PBS
three times to remove excessive fluorescent dye. Then the cells were fixed with 4%
paraformaldehyde at 37°C for 15 min and washed with cold PBS. The cell culture chamber
was separated from the microscopic slide and let air dry. Finally, coverslips were mounted on
microscopic slide using DAPI-VECTASHIELD medium. Images were taken with inverted

fluorescent microscope (Invetrogen EVOS FL).
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3.2.6 Flow Cytometry

The Guava flow cytometer allows complex biological studies such as cell counting and
viability testing, cytokine detection, cell activation marker analysis and other complex
molecular analyses to be performed simultaneously. The Guava flow cytometer can be used to
perform many different assays; however, for these studies only four assays were implemented.
These were the ViaCount assay (for counting cells and determining viability), Cell cycle
Analysis (for assessing cell cycle arrest), ExpressPlus assay (EVs marker Analysis) and Nexin

assay (for reporting apoptosis).

3.2.6.1 Cell Viability Assay

Cell number and the viability was determined using Guava ViaCount assay. Carcinoma cell,
1x10* cells per well in triplicate were seeded into a 24 well plate with or without myocyte EVs.
Guava ViaCount assay distinguishes between viable and non-viable cells based on the
differential permeabilities of two DNA-binding dyes in the Guava ViaCount reagent. Cells
were treated with 5% FBS and incubated for 48 h. On the day of the experiment, cells were
trypsinised, washed, collected and replicates were combined to achieve the desired cell
concentration per test. Stained cell sample was prepared by mixing 20 pl of cell suspension
with 180 pl of Guava ViaCount reagent in 96 well plate. Cell viability assay was performed

using Guava flow cytometer (Guava EasyCyte HT).

3.2.6.2 Apoptosis Assay

Carcinoma cell, 1x10* cells per well in triplicate were seeded into a 24 well plate with or
without myocyte EVs. Cells were treated with 5% FBS and incubated for 48 h. On the day of
the experiment, cells were trypsinised, washed, collected and replicates were combined to

achieve the desired cell concentration per test. Cells were treated with 1% FBS and 100 pl of

52



Materials and Methods

Nexin reagent. The plate was incubated 20 min at room temperature and analysed by Guava

flow cytometer (Guava EasyCyte HT).

3.2.6.3 Cell Cycle Analysis

To investigate the different cell cycle phase of the EVs treated carcinoma cells, Guava cell
cycle assay was used. Based on the DNA content in the cell sample, assay helps to determine
the percentage of cells in GO/G1, S, and G2/M phases. Carcinoma cell, 1x10* cells per well in
triplicate were seeded into a 24 well plate with or without myocyte EVs. Cells were treated
with 5% FBS and incubated for 48 h. On the day of the experiment, cells were trypsinised,
washed 1 time with PBS, collected and replicates were combined to achieve the desired cell
concentration per test. Cell pellet was transferred into 96 well plate and slowly resuspended in
200 pl of ice cold 70% ethanol. Plate was sealed and refrigerated for 12 hours. Cells were
centrifuged at 300 x g for 5min and washed once with PBS. Samples were transferred into 96
well plate and incubated with 200 pl of Guava cell cycle reagent for 30 min at room temperature
in dark. Following the incubation, samples were analysed using Guava flow cytometer (Guava

EasyCyte HT). Data was analysed using ModFit software.

3.2.7 Proteomics

3.2.7.1 Sample Preparation

EVs from C2C12 myocytes and NIH 3T3 were collected for proteomics. Protein concentrations
of EVs lysates were determined by using BCA assay and the samples were heated 95°C for 5
min. The samples were mixed with Laemmli sample buffer and loaded on to Mini-PROTEAN
TGX gels (Bio-Rad). Electrophoretic separation was performed for approximately 5 min to

concentrate the protein as bands, which then were cut and stored separately in Eppendorf tubes.

53



Materials and Methods

Sample were sent to the Cambridge Centre for Proteomics for LC-MS/MS analysis, using in

gel digestion.

3.2.7.2 LC-MS/MS analysis

The protein samples gels were trypsin digested and analysed by Dionex Ultimate 3000 RSLC
nanoUPLC and Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc,
Waltham, MA, USA) systems. Peptides were separated by reverse-phase chromatography by
using a Thermo Scientific reversephase nano Easy-Spray column (Thermo Scientific PepMap
C18, 2um particle size, 100A pore size, 75um i.d. x 50 cm length).The isolated peptides were
then loaded onto a pre-column (Thermo Scientific PepMap 100 C18, 5um particle size, 100 A
pore size, 300 um i.d. x Smm length) from the Ultimate 3000 autosampler with 0.1% formic
acid for 3 min at a flow rate of 10uL/min. Thereafter, the elution of peptides from pre-column
was switched onto analytical column. It was facilitated by switching the column valve (solvent
A = water + 0.1% formic acid; solvent B = 80% acetonitrile, 20% water + 0.1% formic acid).
A linear gradient of 2-40% B was employed for 30min. The LC eluant was sprayed into the
mass spectrometer using the Easy-Spray source (Thermo Fisher Scientific Inc.). All m/z values
of eluting ions were measured in an Orbitrap mass analyser, set at a resolution of 70000 and
was scanned between m/z 380 — 1500. Data dependant scans were employed to automatically
isolate and generate fragment ions by higher energy collisional dissociation (HCD, NCE: 25%)
in the HCD collision cell. The resulting fragment ions measurements were performed using the
Orbitrap analyser, set at a resolution of 17500. lons that were singly charged and ions with
unassigned charge states were excluded from being selected for MS/MS and a dynamic

exclusion window of 20 seconds was employed.
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3.2.7.3 Database Searching

All the MS/MS data was converted to mgf files and data were analysed using Mascot (Matrix
Science, London, UK; version" 2.6.0). The files were searched against the UniProt mus
musculus database (55474 protein sequences) assuming the digestion enzyme trypsin. Mascot
was searched with a fragment ion mass tolerance of 0.100 Da and a parent ion tolerance of 20
PPM. O+18 of pyrolysine and carbamidomethyl of cysteine were specified in Mascot as fixed
modifications. Deamidated of asparagine and glutamine and oxidation of methionine were

specified in Mascot as variable modifications.

3.2.7.4 Protein ldentification

Scaffold (version Scaffold_4.11.1, Proteome Software Inc., Portland, OR) was used to validate
MS/MS based peptide and protein identifications. Peptide identifications were accepted if they
could be established at greater than 95.0% probability by the Peptide Prophet algorithm with
Scaffold delta-mass correction. Protein identifications were accepted if they could be
established at greater than 95.0% probability and contained at least 5 identified peptides. The
significance threshold was set at p < 0.05. Protein probabilities were assigned by the Protein
Prophet algorithm. Proteins that contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins
were annotated with GO terms from NCBI (downloaded 24-Jan-2021). Pathway annotations

were fetched fromreactome.org.

3.2.7.5 Protein Pathway Analysis
The STRING database aims to collect, score, and integrate all publicly available sources of
protein—protein interaction information, and to complement these with computational

predictions. To identify the protein- protein interactions network of the proteins derived from
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both C2C12 myotubes and NIH 3T3 EVs, the proteins identified in Scaffold were submitted to

STRING analysis (https://string-db.org/). Protein IDs were entered into the search box

“multiple proteins” in STRING and “mus musculus” was chosen as the species database.
Setting for the analysis was set as basic and the minimum required interaction score was set as

medium confidence (0.400). These interactions are based on known and predicted interactions.

KEGG (Kyoto Encyclopaedia of Genes and Genomes) (KEGG PATHWAY Database

(genome.jp)) is a collection of manually drawn pathway maps representing current knowledge
of the molecular interactions, reaction, and reaction network for: Metabolism, Genetic
information processing, Environmental information processing, Cellular processes, organismal
systems, Human diseases and Drug development. The KEGG pathways were linked to

STRING database and desired KEGG pathways were chosen from the list provided.

3.2.8 Statistical Analysis

Statistical analysis for all data presented was performed by the unpaired t-test for repeated
measures using GraphPad Prism version 6.01 for Windows (GraphPad Software, San Diego,
USA). Statistical correlations between data values were also determined using GraphPad Prism
software. Differences giving a value of p < 0.05 with confidence interval of 95% were

considered statistically significant.

56


https://string-db.org/
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html

24 Skeletal Muscle (C2C12) Derived EVs Reduce Lung Carcinoma
(CMT 64/61) Cell Viability and Migration



Results

214.1 Introduction

Skeletal muscle is rarely a site of cancer metastasis, even though skeletal muscle compromises
~50% of the total body mass. However, a definitive molecular or a cellular mechanism for this
phenomenon has not yet been confirmed. The rarity of these metastases has been linked to
many factors, including increased muscle activity %41 influence of B-adrenergic receptors on
variability of blood flow between resting and exercise state 8% and increased level of lactic
acid production [l Moreover, adenosine and other low molecular weight factors have been
suggested to inhibit carcinoma growth via A3 adenosine receptor [18:1871 'However, adenosine
depleted condition media still exert a growth inhibitory effect on carcinoma cells which has led

to the cytostatic effect of skeletal muscle conditioned media being speculated upon [205:206.207]

Extracellular Vesicles (EVs) are now in centre of attraction due to their role in normal
physiology as well as their involvement in every disease state possible in the human body,
including cancer 1241221 Varjous studies have shown the role of EVs as an agent of cell repair
and homeostasis. For instance, EVs derived from platelets have the capability of repairing
myocardial injury after an infarction 2%, Others have reported the potential role of EVs as
carriers of pharmacological and genetic therapeutic agents 2. In cancer, EVs may aid in
tumour survival and spread 21 influencing processes as diverse as differentiation, migration
and angiogenesis [**! In contrast, a recent study has discussed the inhibitory effect of skeletal
muscle progenitor cell-derived exosomes on prostate cancer cell proliferation, thus pointing to

the potential of using EVs as a therapeutic agent in treating various solid cancers 291,

Based on these data, it is also possible to suggest that conditioned media containing skeletal
muscle EVs may inhibit carcinoma cell growth and progression. Therefore, the purpose of this

chapter was to isolate EVs from C2C12 myocytes effectively and to investigate their effects on
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carcinoma cells. To achieve this, C2C12 myoblasts were differentiated into myocytes, followed
by characterisation of myocyte derived EVs by flow cytometry, and Nanoparticle Tracking
Analysis (NTA). Functions of these EVs on carcinoma cell viability, attachment, and

migration, were analysed by using different experimental systems.
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2:24.2 Results

2234.2.1 C2C12 Cell Differentiation

Initial experiment was performed to differentiate the C2C12 myoblast to myocytes. This was
pertinent, as the entire investigations would require extracellular vesicles (EVs) harvested from
the differentiated state, myocytes. C2C12 is an immortalised murine myoblast cell line which
readily proliferates in high serum conditions and differentiates to myocytes in low serum
conditions. C2C12 myoblasts were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 1% penicillin-streptomycin at 37°C in 5%
CO2 atmospheric conditions. To induce myogenic differentiation, when about 90% cell
confluency was attained, the serum containing medium was substituted with skeletal muscle
differentiation medium, containing 5% horse serum. The cells were monitored after 24 h and

after 2, 3 and 4 days of differentiation.

The cells depicted in Figure 3A represent the myoblast, which are flat, star shaped and mono-
nucleated cells. Myogenic differentiation was recognised after 2 days by a change in cell shape
and monolayer organization. By day 3, the cell shape changed progressively, the cells
becoming elongated and packed closely together. By day 4, all cells had fused to form

plurinucleate syncytia, the myotubes (Figure 3B).
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Figure 3: Differentiation of C2C12 myoblasts to myocytes

(A) Bright field image of C2C12 myoblast cells prior to differentiation. Scale bar: 100 um. (B)
Bright field image of differentiated C2C12 (myocytes) at day 4. White arrows show fusion and
formation of syncytia. Scale bar: 100 and 200um.
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In addition to morphological changes, C2C12 cell differentiation was further confirmed by
looking for expression of the myocyte-specific protein, myogenin, by western blotting. During
differentiation of C2C12 cells, myoblasts undergo remodelling to form myocytes, which
express myotube specific proteins, such as myogenin and myosin heavy chain (MHC)[24,
Western blot analysis was performed on cell lysates from C2C12 myotubes in growth medium

(GM) on day 1 and cell lysates from C2C12 in differentiation medium (DM) on days 1 and 4.

For SDS-PAGE, 20 pg of proteins were used from each cell lysate. Electrophoretic separation
was performed at 150 V (constant voltage) until samples reached the bottom of the gel.
Resolved proteins were electroblotted using a semi-dry transfer device (Bio-Rad Sartoblot
system) to a Hybond C nitrocellulose membrane for further analysis. The membrane was
incubated with primary antibody, Myogenin Mab (F5D, 1 pg/ml) and then incubated with
secondary goat anti-mouse HRP antibody (1:5,000). Actin was used as the loading control; its
presence being identified by cutting the membrane close to 40 kDa and incubating with anti-
actin primary antibody and secondary HRP-conjugated antibody. Protein standards were used

as a guidance when separating the membrane.

As shown in (Figure 4), myogenin was not expressed in C2C12 cells in growth medium
containing FBS. However, C2C12 cells incubated in 5% horse serum differentiation medium,
have started to express myogenin after 24 h. Myogenin expression was found to increase by

day 4 when mature myotubes were formed.
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Figure 4: Myogenin expression of differentiated C2C12 myocytes

A 30 kDa band identified as Myogenin in western Blot analysis. Lane 1: C2C12 myoblasts
treated with growth medium (GM) for 24 h. Lane 2: C2C12 cells treated with differentiation
medium (DM) for 24 h. Lane 3: C2C12 cells treated with differentiation medium for 4 days.
A 43 kDa band was identified as actin, which was used as a loading control to normalise the
relative expression of myogenin.

2:2.24.2.2 Characterisation of EVs derived from myocytes

The ISEV recommendation for characterisation of EVs suggest that each preparation of EVs
be “1) defined by quantitative measures of the source of EVs (e.g. number of secreting cells,
volume of biofluid, mass of tissue); 2) characterized to the extent possible to determine
abundance of EVs (total particle number and/or protein or lipid content); 3) tested for presence
of components associated with EV subtypes or EVs generically, depending on the specificity
one wishes to achieve; and 4) tested for the presence of non-vesicular, co-isolated

components”*4],
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2:2.2-44.2.2.1 Nanoparticle Tracking Analysis of C2C12 EVs

In accordance with ISEV guidelines, NTA was used to determine the number of particles
secreted by given number of cells. NanoSight technology utilises the properties of Brownian
motion and light scattering to obtain size distribution and particle concentration in liquid
suspension. Depending on the instrument configuration and sample type, the NS300 allows
rapid analysis of all types of nanoparticles ranging from 0.01 — 1 pum in diameter. For
Nanoparticle Tracking Analysis (NTA), EVs from five different cell samples at different
passages were collected. EVs were diluted in PBS to a final volume of 1 ml. Following the
manufacturer’s instructions, three 1-minute videos were captured at a temperature between

17.8 — 19.2 °C. The videos were analysed by the in-built NanoSight Software NTA 3.2.

The NTA results showed in Figure 5 confirmed the heterogeneity of the EV population. The
results were obtained from five different samples and three analyses showed that, C2C12
myocyte EVs consist of mainly 3 subpopulations: with peaks at 133.33 £8.96 nm, 210.33
+17.04 nm and 310.67 +25.54 nm. As showed in Table 1, most of the C2C12 EVs had an
average diameter between 118.0 £1.9 nm and 265.5 +12.2 nm and the mean size was 174.7
+2.9, which suggested that these vesicles are medium/large EVs” (m/IEVs). Furthermore,
NTA results show that approximately, 1 x108 cells generate 1.79 x10*° +2.74 x10® EV particles

per ml.
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Figure 5: Characterisation of EVs by NTA

A) Screen shot of the video during EV analysis. B) Representative graph shows the results of
particle concentration and their size measurement. NTA of this sample shows 3 populations of
C2C12 EVs with modal peak diameters of 138 nm, 228 nm and 337 nm.

Table 1: Average data on C2C12 EV size detected by NTA. D10, D50 and D90 indicate the
percentage of particles 10, 50 and 90% respectively. Data are mean = SD, n = 3 independent
biological samples.

Size of C2C12 EVs

Mean (nm) Mode (nm) SD (nm) D10 (nm) D50 (nm) D90 (nm)

174.7 +/- 2.9 137.7 +/- 5.6 69.4 +/- 3.0 118.0+/-1.9 152.3+/-1.6 265.5 +/-12.2

222.24.2.2.2_Characterisation of EVs by Protein Composition

According to ISEV, at least 3 different protein markers, one from transmembrane or GPI-
anchored proteins associated to plasma membrane or endosomes, one Cytosolic protein and
one protein from Major components of non-EV co-isolated structures must be analysed to
demonstrate the nature of the EVs and the purity of the EV isolation method 4. Therefore,
western blot analysis was performed on the myocyte EV lysate, isolated from centrifugal
method. CD63 was used as a transmembrane protein and TSG101 was used as a cytosolic
protein. As the EVs were isolated from conditioned medium without bovine serum, the needed
to test for non-EV component recommended by ISEV was regarded as unnecessary.
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EV lysate at 20ug per lane was used and immunoblotted to detect EV marker CD63 and
TSG101. The primary antibodies used were Anti-CD63 antibody - Late Endosome Marker (at
1/200) and Anti-TSG101 antibody (1/1000) and incubated for 1h at room temperature. As a
secondary antibody HRP-labelled goat anti-rabbit at 1/2000 dilution was used. As shown in the
(Figure 6), two strong bands were detected for both EV marker, CD63 (the band in the region

of 25-30 kDa) and for TSG101 (region of 45 kDa), confirming the presence of EVs.
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Figure 6: Characterisation of EVs by protein marker

To confirm the purity of myocyte EVs sample, CD-63 as a transmembrane protein and TSG-
101 as a cytosolic protein were used. The band in the region of (25-30 kDa) was identified for
CD-63 and the 45 kDa band for TSG-101.
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2.2.2.34.2.2.3 Flow Cytometry Analysis and Annexin V Labelling of Isolated EVs

To further confirm the purity of the myocyte EVs isolated by differential centrifugation, sample
was stained with annexin V and analysed by flow cytometry. The vesicles were identified by
their size and granularity, assessed by the logarithmic amplification of forward (FSC) and side
scatter (SSC) signals, respectively (Figure 7A). Extracellular vesicles contain a lipid bilayer
membrane, which contains rare lipids such as ceramide and amino phospholipids such as
phosphatidylserine (PS). Unlike other lipids found in the plasma membrane, PS carries an
uncommon net negative charge and, annexin V can recognize PS through coordinated Ca2*
ions.Therefore, fluorescently labeled annexin V-FITC has been used as a method to quantify

exposed levels of PS in EVs.

10 10*

Figure 7: Characterisation of MVs by Flow Cytometry

A) Representative dot plot distribution of C2C12 myocyte EVs on a flow cytometer. Plot shows
forward scatter (size) and side scatter (granularity). The vesicles were identified by their size
and granularity, as assessed by the logarithmic amplification of forward (FSC) and side scatter
(SSC) signals. B) Isolated EVs were analysed for PS expression by staining with annexin V-
FITC. The resulting histogram shows approximately 70% of labelled EVs to be AnV-FITC
positive. Unlabelled EVs, shown in black were used as a negative control.
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2234.2.3 Murine Lung Carcinoma (CMT 64/61) Cell Line Grows Rapidly in Low
Serum Conditions
Highly metastatic lung carcinoma cell line CMT 64/61, was used as the test cell line in this
study. The CMT 64/61 cell line was originally derived from an alveologenic lung carcinoma
from a C57BL/1CRF mouse 2131, In order to observe the growth rate of this cell line, 1x10% cells
were grown in Waymouth's MB 752/1 + 2 mM Glutamine + 10% Foetal Bovine Serum (FBS)
in triplicate in 24-well plates with different serum concentrations. CMT 64/61 cells were
directly put into serum-free medium instead of gradually reducing the serum concentration.
Plates were incubated at 37 °C in 5% CO; and cell medium was changed every 2 days. Cells
were counted using a haemocytometer on day 2, 3, 4, and 5 to identify the growth rate of the

cell line.

The growth curve of the cell culture with serum indicates a rapid cell proliferation within the
first 2 days. Cell doubling time was calculated using GraphPad Prism v6.01 software for
Windows (GraphPad Software Inc., San Diego, CA) by nonlinear regression (exponential
growth equation) analysis. Cell doubling time with 10%, 5% and 1% serum are 0.6852, 0.9317
and 1.0169 days respectively. The doubling time without serum was 2.637 days. CMT 64/61
cells can therefore be maintained in a completely defined serum-free medium for up to 4 days;
however, the growth rate is significantly lower than with supplemented serum. Furthermore, it
was possible to directly introduce them to serum-free conditions, without the need to gradually
reduce serum levels to allow cells to slowly adapt. It was thus shown that CMT 64/61 cells can

survive and proliferate under stressed conditions such as serum depleted conditions.
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Figure 8: Increased growth rate of CMT 64/61 in 5 and 10% serum

CMT 64/61 cells were treated with or without serum and incubated at 37 °C in 5% CO,. Cell
numbers were calculated each day for 5 days. The growth rate of cells maintained in serum-
free conditions was significantly lower in comparison to cells treated with 10% serum. The

doubling time for cells in serum-free media were 2.637 compared to 0.6852 with 10% serum.
Data are mean = SD, n = 3 independent biological samples with 3 technical repeats per sample.

2244.2.4 Metastatic CMT 64/61 Carcinoma Cells Fail to Colonize Differentiated
Skeletal Muscle in vitro

As mentioned earlier, most tissues are subject to cancer metastasis with the striking exception

of skeletal muscle. In line with this view, a study conducted by Parlakian and group have

demonstrated that after three weeks of tail vein injection of melanoma cells, organs such as

lung, liver, heart, spleen, and intestine were colonized by melanoma cells but not the skeletal

muscles 18], Based on this observation, | have decided to investigate the fate of murine lung

carcinoma cells, when directly introduced to differentiated skeletal muscle cells.

To monitor CMT 64/61 carcinoma cell growth in the presence of differentiated skeletal muscle
cells, CMT 64/61 cells were directly introduced to C2C12 myocytes at a ratio of 1:4 and 1:40.
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Due to the high proliferative rate of carcinoma cells, the optimal ratio of carcinoma to myocyte
cells was determined to be 1:40, allowing for clear visualisation of the two cell types. Murine
skeletal muscle cells (myocytes) were cultured to 80% confluency. On the day of the
experiment, attached cells were washed with PBS and were co-cultured with CMT 64/61
carcinoma cells at the ratio of 1:4 and 1:40 (CMT 64/61: myocytes) respectively. The results
obtained in Figure 8 showed that carcinoma cell rapid proliferate by 48 h, therefore, cells were
co-cultured for 48 h in 5% FBS. The various combinations of cell types were subjected to
identical treatment to allow direct comparison of outcome. Murine fibroblast cell line (NIH-
3T3) was used as a control cell line in this study, as it was known to facilitate and enhance

cancer cell proliferation 212 and invasion 2141,

When highly metastatic carcinoma cells (CMT 64/61) were co-cultured with skeletal myocytes
(C2C12 cells) at different ratios, the carcinoma cells failed to colonize the skeletal cells at both
ratios (CMT 64/61:C2C12; 1:40 and 1:4), and the morphology of the myocytes remained
unchanged (Figure 9b and c). These observations were in an agreement with the observation
made by Parlakian and group [*®! in vivo. As expected, when the carcinoma cells were co-
cultured with NIH 3T3 fibroblasts, it was found that carcinoma cells significantly invaded and
colonized the fibroblast cells, even at a ratio of (CMT 64/61: NIH 3T3 of 1:40). The normal
morphology of NIH 3T3 fibroblast cells were entirely affected by the carcinoma cells, as shown
in (Figure 9e and f). Moreover, small lesion of new cell growth was seen on the culture CMT
64/61: NIH 3T3 of 1:4, and when compared those cells morphology with the CMT 64/61 cells
grown in normal conditions Figure 9g, it was evident that carcinoma cell invaded and
colonised fibroblasts within 48 h Figure 9f, indicated with yellow dotted line. Based on these

observations, it was suggested that myocyte inhibit carcinoma cell invasion in vitro.
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Figure 9: Co-cultures of highly metastatic murine lung
carcinoma with differentiated murine skeletal muscle cells
and murine fibroblast cells.

a) Normal morphology of differentiated skeletal muscle cells b)
Skeletal muscle cells co-cultured with carcinoma cells at a high
ratio (CMT 64/61:C2C12; 1:40) c) Skeletal muscle cells co-
cultured with carcinoma cells at low ratio (CMT 64/61:C2C12,;
1:4) d) Normal morphology of NIH 3T3 after 48 h e) Carcinoma
cells were co- cultured with fibroblasts at a 1:40 ratio, showing
cellular dysplasia on fibroblast cells f) Carcinoma cells at ratio
of 1:4 invade and colonize fibroblast cells (area delineated by
yellow dotted line showing invading carcinoma cells, confirmed
by the cell morphology) g) Photomicrograph showing normal
cell morphology of carcinoma cells CMT 64/61. Scale bar =100

pm.
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22.54.2.5 Conditioned Medium from C2C12 Myocyte Cells Decrease Cell Viability
of CMT 64/61 Murine Lung Carcinoma Cells

There is ever-increasing evidence for a multitude of ways in which the host microenvironment

can promote cancer metastasis and progression 2*l. For example, the bone marrow has been

recognised to provide a highly supportive microenvironment for tumour growth and

progression 2161, However, some host microenvironment known to exert anti-cancerous effects

on carcinoma cells, including natural killer cells 211, Based on that view, it was postulated

myocyte microenvironment may exert inhibitory effects seen earlier on carcinoma cells.

To observe the effect of skeletal muscle (C2C12) myocyte microenvironment on murine lung
carcinoma cell (CMT 64/61), carcinoma cells were seeded in 24-well plates at 1 x 10* cells per
well in triplicate and incubated at 37 °C for 24 h. On the day of the experiment, attached cells
were washed x3 with PBS and treated with the appropriate concentrations of C2C12
conditioned medium in the presence of 5% FBS. Following a 48h incubation, the cells were
processed and analysed for cell viability using Guava ViaCount reagent by flow cytometry.
Carcinoma cell without CM treatment was used as a control. Conditioned medium (CM) from

the murine fibroblast cell line (NIH-3T3) was used as a positive control.

The effect on cell viability of CMT 64/61 carcinoma cells treated either with increasing
concentrations of C2C12 conditioned medium (CM) or NIH-3T3 CM, are presented in Figure
10A and B revealed a significant difference in cell viability. Essentially, increasing
concentrations of C2C12 CM brought about a dose-dependent decrease in carcinoma cell
viability and the increasing concentrations of NIH-3T3 CM brought about a dose-dependent
increase in cell viability of carcinoma cells. As shown in the Figure 10A, morphology of the

carcinoma cells treated with myocyte CM changed in a dose dependent manner. Carcinoma
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cells treated with 100 pg/ml myocyte EVs morphology was similar to that on control culture.
However, with the increasing concentration, few cell colonies were formed, and the number of
cells present in the cell colonies also showed a reduction, indicated with white arrows.
Furthermore, carcinoma cells treated with 500 pg/ml myocyte concentration, showed loss of
cell membrane integrity and loss shape, indicated with yellow arrows. Conversely, in the
presence of fibroblast (NIH-3T3) CM, carcinoma cells appeared to increase in numbers and

decrease in size due to overgrowth in multilayers, indicated with red arrows (Figure 10B).

Cell viability assay data Figure 11 revealed a significant decrease in cell viability of the
carcinoma cells treated with myocyte CM in a dose dependent fashion. Whereas, NIH-3T3
CM, had no adverse effect on carcinoma cell proliferation, indeed conditioned medium from
fibroblasts increased the carcinoma cell proliferation significantly. Together, these data in an
agreement with other groups, which showed the cytostatic effect of skeletal muscle media on
carcinoma cells 2962071 and another recognised the fibroblast as one of the vital components of

the tumour microenvironment for tumour progression [2152181,
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Figure 10A: Effect of myocyte CM on highly metastatic carcinoma cell morphology

A) Photomicrographs of CMT 64/61 murine lung carcinoma cells grown in 100, 200, 300 and
500 pg/ml of C2C12 conditioned medium (CM) or without (control). After 48 hin C2C12 CM,
carcinoma cells showed dose-dependent decrease in numbers. Conditioned Medium
concentrations of 300 pg/ml and 500 pg/ml showed cell colonies (white arrows) and cells in
the colonies appeared less numerous. Carcinoma cells treated with 500 pg/ml of myocyte CM
indicated loss of cell membrane integrity, indicate with yellow arrows. Scale bar = 100 pum.
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Figure 10B: Effect of fibroblast CM on highly metastatic carcinoma cell morphology

B) Photomicrographs of CMT 64/61 murine lung carcinoma cells grown in 100, 200, 300 and
500 pg/ml of NIH-3T3 CM and CMT 64/61 untreated control cells. After 48 h in NIH-3T3
CM, carcinoma cells increased in number and appeared reduced in size. Red arrows indicated
the areas in which cells were grown in multilayers. Scale bar = 100 pum.
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Figure 11: Conditioned media from C2C12 myocytes exert dose dependent reduction in
cell viability on murine lung carcinoma cell line

Cell Viability analysis of carcinoma cells treated with C2C12 CM and NIH-3T3 CM. A range
of protein concentrations of CM were added and incubated at 37 °C for 48 h. The cells were
stained with Guava ViaCount reagent and analysed by flow cytometry. The data represents the
mean * standard deviation of one or two experiments performed in triplicate. *: p < 0.05 was
considered statistically significant. Carcinoma cells treated with C2C12 conditioned medium
exhibit significantly lower levels of cell viability in a dose-dependent manner. Data are mean
+ SD, n = 3 independent biological samples with 3 technical repeats per sample.
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2.2.64.2.6 Skeletal Muscle Derived EVs Decrease Carcinoma Cell Viability

Extracellular vesicles in the tumour microenvironment are known to be involved in many
cellular processes, mainly in cancer growth and migration. To elucidate the effect of C2C12
myocyte EVs, the likely key component of the CM used in the earlier experiments, on murine
lung carcinoma viability, experimental conditions were maintained, similar concentrations of
myocyte EVs (as for total protein in CM, before) being added to the carcinoma cells. EVs from
NIH-3T3 cells were used as a positive control and cells with no treatment were used as negative

control on CMT 64/61 carcinoma cells.

Cell viability for myocyte EV-treated carcinoma cells Figure 12, were as found previously
(Figure 11). Due to the difference in sample sizes, it was not possible to compare the results
from CM-treated samples with EV-treated samples. Nevertheless, it was apparent that myocyte
EVs alone have a significant effect on carcinoma cell viability. This effect was dose-dependent
and even at low myocyte EVs concentration, 100 pg/ml, carcinoma cells showed significant
reduction in cell viability. Furthermore, the data presented suggests that the effect of myocyte
EVs on carcinoma cells is greater compared to that which could be mediated by a similar
protein concentration of myocyte CM. The role of EVs (mainly exosomes) promoting cancer
cell proliferation has been reported in many studies 2*%22%1, However, a recent study on skeletal
muscle progenitor cell-derived exosomes was found to inhibit prostate cancer cell proliferation
2101 Consistent with this view, one could postulate that decreased cell viability seen in here is
due to inhibitory effect of myocyte EVs on carcinoma cell proliferation. However, cell viability
assay used in here measure only living cells in the culture. Therefore, further investigations are

needed to confirm the inhibitory effect of myocyte EVs on carcinoma cell proliferation.
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In contrast, NIH 3T3 derived EVs had no significant effect on carcinoma cell viability,
although a significant increase in cell viability was observed in the presence of NIH 3T3 CM.
This implied that fibroblast EVs alone had no significant effect on carcinoma cell viability, but
that together with other factors in the fibroblast microenvironment may cause a rapid increase

in viable carcinoma cells.
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Figure 12: EVs derived from C2C12 myocytes exert an inhibitory effect on carcinoma
cell viability

Cell Viability analysis of carcinoma cells treated with C2C12-derived EVs and NIH-3T3-
derived EVs (control). A range of protein concentrations of EVs were added and incubated at
37°C for 48 hours. The cells were stained with Guava ViaCount reagent and analysed by flow
cytometry. The data represents the mean + standard deviation of one of two experiments
performed in triplicate. *: p < 0.05 was considered statistically significant. Carcinoma cells
treated with C2C12-derived EVs exhibit (in a dose-dependent manner) significantly lower
levels of cell viability. A low concentration of C2C12 EVs (100 pg/ml) was shown to have a
significant effect on carcinoma cell viability. Data are mean £ SD, n = 3 independent biological
samples with 3 technical repeats per sample.
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313427 Skeletal Muscle Derived EVs Express a Non-favourable Microenvironment
on Metastatic Carcinoma Cell colony formation, possibly by reducing cell
attachment

Cancer metastasis to skeletal muscle is very rare. The metastatic cells travelling through the

circulatory system, needs to attach to the secondary site first before proliferating. Therefore, is

it possible this non-favorable microenvironment exerts inhibitory effects on metastatic cell

attachment?

To address this, it was decided to expose unattached CMT 64/61 carcinoma cells to myocyte
EVs. In the experiment discussed in section 4.2.6, myocyte EVs were introduced to already
attached carcinoma cells. This time however, to make the experiment more physiological, non-
attached carcinoma cells were introduced to the myocyte EVs. To do so, 1 x 10* unattached
CMT 64/61 cells per well were co-cultured with or without C2C12 EVs for 48 h. Cell viability
was then assessed using Guava ViaCount reagent by flow cytometry. Murine fibroblast (NI1H-

3T3) EVs and carcinoma cells without treatment were used as a control.

After 48 h incubation, EV-treated, and non-treated cells were observed by light microscopy
(Figure 13A and B). Surprisingly, but not unexpectedly, carcinoma cells exposed to myocyte
EVs showed low numbers of cell colonies. Furthermore, numbers of cells within such cell
colonies were lower compared to those non-treated samples, as indicated by long arrows
(Figure 13A). Significant changes in cell morphology were also observed, at higher
concentrations of added EVs, indicated with short arrows (Figure 13A). Untreated CMT 64/61
carcinoma cells appeared polygonal in shape and formed colonies. However, some of the
carcinoma cells treated with myocyte EVs (at concentrations of 300 and 500 pg/ml protein) for
48 h appeared elongated in shape. Furthermore, some of the carcinoma cell colonies looked
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distorted in the middle Figure 13A and showed loss of cell membrane integrity, possibly cell
lysis (indicated by orange arrow), unlike those treated with fibroblast EVs, showing no overt
morphological change. The number of cell colonies and number of carcinoma cells within these
colonies as observed by microscopy, showed a significant increase in a dose-dependent manner

with increasing added NIH-3T3 fibroblast EVs (Figure 13B).

Cell viability assay was performed to obtain the number of viable cells. As expected,
carcinoma cells treated with myocyte EVs showed a dose-dependent and significant (from
>100 pg/m myocyte EV protein) decrease in cell viability compared to untreated control
(Figure 14). NIH-3T3 EVs resulted in significantly increased cell viability of the treated lung
carcinoma cells. In summary, EVs derived from C2C12 myocyte cells offer an unfavourable
environment for migrating carcinoma cells; possibly lowering their attachment, manifest as a

low number of cell colonies, with altered morphology and reduced cell viability.
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Figure 13A: Skeletal muscle derived EVs reduce cell colony formation and exert
morphological changes on murine lung carcinoma cells

Photomicrographs of CMT 64/61 murine lung carcinoma cells grown in 100, 200, 300 and 500
pg/ml of C2C12 EVs or without (control). After 48 h, carcinoma cells showed morphological
changes in a dose-dependent manner. At high EV concentration, some of the carcinoma cells
appeared elongated shape (indicated with short arrows) compared to normal polygonal shape.
Fewer cell clusters were formed and the number of cells within the cell clusters were low
compared to non-treated sample. Long arrows indicate cell colonies. At high EV concentration
carcinoma cell colonies were distorted, orange arrow indicating the area of possible cell lysis.
Scale bar = 100 pm.
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Figure 13B: Fibroblast derived EVs have no effect on carcinoma cell morphology or
attachment

Photomicrographs of CMT 64/61 murine lung carcinoma cells grown in 100, 200, 300 and 500
pg/ml of NIH-3T3 EVs and CMT 64/61 untreated control cells. After 48 h in the presence of
NIH-3T3 EVs, number of cell colonies and the cells within these colonies increased. Scale bar
=100 pm.
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Figure 14: EVs from skeletal myocytes inhibit metastatic carcinoma cell colony formation
and viability in a dose-dependent manner

Cell Viability analysis of CMT 64/61 carcinoma cells treated with C2C12 myocyte and NIH-
3T3 fibroblast EVs. A range of protein concentrations of EVs was added and incubated at 37
°C for 48 h. The cells were stained with Guava ViaCount reagent and analysed by flow
cytometry. The data represents the mean + standard deviation of one or two experiments
performed in triplicate. *: p < 0.05 was considered statistically significant. Carcinoma cells
treated with C2C12 EVs exhibit significantly low levels of cell viability in a dose-dependent
manner. Data are mean £ SD, n = 3 independent biological samples with 3 technical repeats
per sample.
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2274.2.8 Skeletal Muscle Derived EVs Inhibit Carcinoma Cell Migration

As mentioned earlier, most organs and tissues are subjected to cancer metastasis with the
striking exception of skeletal muscle, in which cancer metastasis is very rarg!4142143.144 Qyer
the years, researchers have postulated various reasons for this rarity, however a definitive
mechanism has not yet been identified. In previous experiments, it was shown that skeletal
muscle derived EVs reduce the carcinoma cell viability as well as the carcinoma cell adhesion.
Based on these observations, it was postulated that skeletal muscle derived EVs may also play

a role against cancer cell migration via chemotaxis.

In order to investigate the effect of C2C12 derived EVs on Murine lung carcinoma cell (CMT
64/61) migration, 1 x 10° CMT 64/61 cells were seeded in triplicate in Corning 8.0 um
Transwell® Inserts with serum free media. As shown in Figure 15 A, appropriate C2C12 EV
concentrations were added to the receiver wells in the transwell plates with 5% FBS. In
previous experiments, minimum EV concentrations,100 pg/ml and 200 pg/ml were shown to
exert effects on carcinoma cells. Therefore, only those concentrations were used in this
experiment. As a background control, serum-free media and 5% serum only receiver wells in
triplicate were also performed. The 5% FBS was regarded as a chemoattractant (positive
control) whilst serum free medium was used as the negative control. The plate was incubated
at 37 °C for 24 hrs. After incubation, medium from both receiver and the insert were aspirated.
The insert was washed twice with PBS. Cells that had adhered inside the insert were removed
using a cotton swab and the insert was washed again with PBS. Crystal violet stain was used
to stain the cells that had adhered to the insert membrane and the cells were counted from five
randomly selected areas under the light microscope (Figure 15B). The percentage of cell

migration was calculated using the formula:
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% Miaration - Number of cells (i.e,migrtaed cells)per insert 100%
o Migration = Total number of cells seeded * ’

There was a significant increase in carcinoma cell migration towards the chemo-attractant (5%
FBS) compared to that seen in serum free media (Figure 15C). This suggests that lung
carcinoma cell migration was directed towards the chemoattractant. However, a significant
reduction in carcinoma cell migration towards the wells containing 5% FBS with myocyte EVs
was noted in a dose dependent manner (Figure 15C). As shown in the Figure 15C, 5% FBS
with 100 pg/ml myocyte EVs promotes ~1.38-fold decrease in carcinoma cell migration when
compared to positive control. Similarly, a ~2.58-fold decrease in carcinoma cell migration was
observed in 5% FBS with 200 pg/ml myocyte EVs, compared to positive control. The results
obtained here, agreed with the results obtained in earlier experiments, suggesting that myocyte
EVs have an effect on carcinoma cellular processes in dose dependent manner. Furthermore,
this provides some understanding into the rarity of cancer metastasis to the skeletal muscle

system.
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Figure 15: C2C12 derived EVs reduced carcinoma cell migration.

A) A schematic diagram of CMT 64/61 cell migration model. CMT 64/61 carcinoma
cells were plated in the upper chamber and during the incubation, cells move from the
upper compartment to the lower compartment in response to signals from the
chemoattractant. B) Representative micrographs of carcinoma cell transwell
migration. Serum free media and 5% FBS containing medium were added to the lower
chamber as the negative control and chemoattractant (positive control), respectively.
Different concentrations of C2C12 EVs with 5% FBS were used as test samples. After
cell migration and staining with crystal violet, pictures of the migrated cells (purple
stained) were counted. Scale bar = 100 um. The membrane pores were observed as
numerous small round white coloured dots in the micrograph. C) Migrated cells were
counted. Data represents the mean + SD of the experiment performed in triplicate.
Unpaired t- test was conducted with EVs treated and 5% FBS treated samples (positive
control). P < 0.05 was considered to be significant. The (») indicates p value obtained
from the unpaired t- test. A significant difference was noted between positive control
and EV treated samples. Data are mean = SD, n = 3 independent biological samples
with 3 technical repeats per sample.
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2:34.3 _Summary

This chapter was focused on correctly isolating EVs from myocytes and to observe their effects
on highly metastatic murine lung carcinoma cells. Therefore, initial experiment conducted to
differentiate C2C12 myoblasts to myocytes. Myoblast differentiation to myocytes was
confirmed by the expression of myogenin protein, as myogenin and myosin heavy chain
(MHC) expression is specific to myocytes %21, By day 4, increased level of myogenin
expression was observed on C2C12 cells incubated in differentiated medium, suggesting

myoblast differentiation to mature myocytes.

The rarity of cancer metastasis to skeletal muscle has prompted many hypotheses over the years
but a definitive mechanism has not yet been confirmed. In this chapter, this phenomenon was
tested by introducing highly metastatic lung carcinoma cells (CMT 64/61) to myocytes
(C2C12). As expected, carcinoma cells failed to colonize and grow when introduced to
myocytes (C2C12), in vitro. However, at similar conditions, lung carcinoma cells invaded and
colonized murine fibroblast cells (NIH 3T3) with in 48 h. Based on these observations, it was
then postulated that the skeletal muscle microenvironment is unfavorable for highly metastatic
carcinoma cell growth and metastasis. When myocyte CM was introduced to already
established and proliferating murine lung carcinoma cells, a dose dependent inhibition of cell
viability was observed. Furthermore, loss of cell membrane integrity in some carcinoma cells
treated with high concentration of myocyte CM was observed. Loss of cell membrane integrity
is a hallmark of cellular necrosis and apoptosis and therefore, decreased cell viability observed

earlier is due to cytotoxic effect of myocyte CM or its anti-proliferative effect is questionable.

This study then investigated the effect of Extracellular vesicles on carcinoma cell progression

as EVs are a key component of the cellular microenvironment. The present study, for the first
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time demonstrated the effect of myocyte EVs on carcinoma cell viability, possibly cell
attachment and migration. First, myocyte derived EVs were isolated by established
methodology (differential centrifugation) as recently outlined in MISEV2018[14,
Characterisation of EVs was confirmed by detected exposed phosphatidylserine, sizing and
abundance using Nanoparticle Tracking Analysis and by presence of EV specific proteins.
When these EVs were incubated with already attached and established carcinoma cells, a dose
dependent decrease in cell viability was noted. Interestingly, a significant decrease in cell
viability was noted even at low EV concentration, 100 pg/ml. Then to make this experiment
more physiological, lung carcinoma cells were introduced to the myocyte EVs containing
microenvironment and investigated carcinoma cell attachment. A significant reduction in
viable cells was noted compared to untreated culture. Number of cell colonies formed in the
presence of myocyte EVs was reduced and a reduction in number of cells within the cell
colonies were also noted. Furthermore, this effect was dose dependent. In addition, an altered
cell morphology was noted in carcinoma cells treated with high concentration of myocyte EVs,
above 300 pg/ml. Only few selected cells changed their cell morphology from polygonal to
elongated in shape. Conversely, when NIH 3T3 EVs were introduced to lung carcinoma cells,

increase in carcinoma cell numbers and colonies were noted.

Further investigations were carried out to observe the effect of myocyte EVs on carcinoma cell
migration. Interestingly, Transwell migration assay indicated a reduction in percentage of
carcinoma cell migration with the increasing myocyte EV concentration. Taken together, these
results provide some insight into the involvement of myocyte EVs on rarity of cancer
metastasis to skeletal muscles. However, to elucidate exact mechanism/mechanisms involved

in this process needs further investigations.
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3-45.1 Introduction

The interest in Extracellular Vesicles (EVs) in recent years has increased exponentially #2221, as
many scientific groups continue to investigate their novel functions in normal physiology and
in disease states, including cancer. EVs are involved in many physiological processes,
including modulation of immune responses 3, cellular communication, cell growth and
proliferation, maintenance of homeostasis ! and reproductive activities 1. They are also
involved in pathological conditions including cardiovascular diseases 1311331 inflammatory

diseases [¥1, pathogenic infections °Y1, and cancer [223224],

Almost every review related to EVs in cancer, has discussed their pro-tumourigenic properties.
It is now well established that cancer cell derived EVs, contain functional oncogenes that can
create a favorable microenvironment for cancer development and progression 18],
Furthermore, their role in cancer invasion, metastasis, angiogenesis and immunosuppression
have raised concerns 4921 However, recent reviews on EVs, have focused more on their
clinical applications as a therapeutic agent, including their role as an effective diagnostic and

prognostic biomarker 2?1 and as an organ specific drug carrier 140141,

Currently, very little work has discussed the anti-tumourigenic properties of EVs. Furthermore,
despite the wealth of studies associating EVs to the various pathophysiologies found in other
organs, relatively few reports have investigated the properties of skeletal muscle-derived EVs.
Earlier findings in this thesis discussed the isolation and analysis of skeletal muscle derived
EVs and their inhibitory effect on carcinoma cell viability and migration. The data obtained
suggested possible anticancer properties of skeletal muscle derived EVs. Therefore, the object
of this chapter was to further analyse the effect of skeletal muscle EVs on the highly metastatic

lung carcinoma cell line (CMT 64/61). This chapter goes on to look at the process of myocyte
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EV uptake by carcinoma cells and their role in inducing cytotoxicity, changes in lysosomes,

mitochondria, apoptosis, and inhibiting proliferation by cell cycle arrest.

91



Results

3-25.2 Results

3215.2.1 Temporal Myocyte EV Uptake by Carcinoma Cells CMT 64/61

EVs are taken up into recipient cells and release their content to induce changes in recipient
cell molecular and biological processes 2. Results presented thus far showed that myocyte
derived EVs reduce carcinoma cell viability, migration and attachment in a dose dependent
manner. Furthermore, it was shown that myocyte EVs induced morphological changes in
random carcinoma cells during 48 h incubation period. Therefore, it was decided to set up an

experiment to investigate the mechanism of myocyte EV uptake by carcinoma cells.

EV uptake by recipient cells can be visualised by use of fluorescent dyes that stain the EV
membrane. Fluorescent PKH dyes such as, PKH67 and PKH26 are fluorescent dyes that are
used to stain biological membranes. These dyes are extensively used in labelling cells and EVs
in in vitro and in vivo cell tracking studies, as the regular cellular functions are not affected,
including cell proliferation and cell viability 2262271, To enhance the visualisation of EV uptake
by carcinoma cells, both recipient cells and myocyte derived EV's were labelled with 2 different

PKH dyes.

In this experiment cells from the lung carcinoma cell line CMT 64/61 were labelled with
PKH67 (green) and EVs from the Murine skeletal muscle cell line C2C12 were labelled with
PKH26 (red). EVs were labelled with PKH26 following the ultracentrifugation-based
procedure and analysed by both flow cytometer and fluorescent microscope. Fluorescent
microscopy analysis Figure 16A identified a heterogeneous population of labelled EVs. As
expected, some vesicle aggregations were also noted, indicated with white arrows. The
fluorescence histogram obtained by flow cytometer Figure 16B indicated fluorescent intensity

and vesicle count. The red histogram shows the PKH26 labelled EVs whilst the black histogram
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indicates the same concentrations of unlabelled EVs. When compared with the control sample,

~80% of the EVs in the population were PKH labelled.

Count
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Figure 16: Analysis of PKH26 labelled myocyte EVs

C2C12 EVs were isolated by centrifugation and labelled with PKH26 dye according to the
manufacturer’s protocol. A) PKH26 labelled EVs within moving media under fluorescent
microscope. Aggregated vesicles were indicated with white arrows. Scale bar= 400um. B)
Flow cytometry histogram showed the PKH26 labelled C2C12 EVs. 10 pl (approximately 20
pg/ml) EV samples were used; black histogram showed the unlabelled EVs used as a control.
Red histogram showed the PKH26 labelled EVs. Approximately, 80% of the EVs expressed
PKH fluorescence.

As yet, the exact mechanism of EV uptake by recipient cells has not been completely
understood. However, there is growing evidence to suggest that EV uptake by recipient cells
occurs in both a time- and dose-dependent manner 22281 |n order to determine the myocyte-
derived EV uptake by the recipient cells, 200 pg/ml of PKH26 (Red) labelled EVs were
incubated with PKH67 labelled carcinoma cells and visualised over time. As shown in Figure
17 the uptake of EVs by murine lung carcinoma cells (CMT 64/61) is time-dependent, more

EVs being internalised with increasing time.
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Figure 17: Time-dependent uptake of myocyte EVs by CMT 64/61 cells

Fluorescent micrographs showing overlay of PKH 67 (green) labelled carcinoma cells co-
cultured with PKH 26 (red) labelled myocyte EVs for 2,6 and 12 h. DAPI staining (Blue)
indicates cell nuclei. At 2 h post incubation a small amount of EVs internalisation was
detectable by selected cells. By 12 h post incubation, an increased uptake of EVs was detected
by selected carcinoma cells. Scale bar= 100 pm.

Results presented earlier in this thesis showed that maximal effects of myocyte EVs on
carcinoma cell were exerted after 48 hours. Therefore, it was decided to observe the uptake of
myocyte EVs by carcinoma cells after incubation for 48 h. As for the observations made in
Figure 17, a specific and selective uptake of myocyte EVs by carcinoma cells was observed
(Figure 18). Only few carcinoma cells in the same colony have shown myocyte EVs
internalisation. However, the number of carcinoma cell with internalised EVs was increased
compared to that observed after 12h, so possibly explaining the inhibition of cellular processes
observed after 48 h. Moreover, fluorescent intensities were higher in some carcinoma cells
than in others, which could be due to difference in EV uptake by different cells in the same
colony (Figure 18B). Taken together, the results obtained here suggested that EV uptake by
carcinoma cell is a selective process, not all carcinoma cells taking up myocyte EVs and that
it is achieved in a time-dependent manner. Furthermore, these results support earlier

observation, in which only selected carcinoma cells showed overt morphological changes

(Figure 12).
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Figure 18: Uptake of PKH26 labelled C2C12 EVs by lung carcinoma cells.

A) The fluorescent microscopy image of PKH67 labelled lung carcinoma cells. B) Fluorescent
microscopy image showing the internalised PKH26 labelled C2C12 EVs after 48 hours
incubation with the lung carcinoma cell line CMT 64/61. C) Fluorescent microscopy image
showing the overlap of PKH dyes. Scale bar= 100 pum.
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3:2.25.2.2 Skeletal Muscle Derived EVs Exert a Cytotoxic Effect on Highly Metastatic
Carcinoma Cells
Since the myocyte EVs reduce carcinoma cell viability and migration in a dose dependent
manner, it was decided to investigate whether myocyte EVs have a direct cytotoxic effect on
carcinoma cells. Such cell-derived toxic agents can impact cells in various ways, including
necrosis and apoptosis %), Damaged cells lose their cell membrane integrity, allowing non-
permeable molecules, indicators of dead cells, to leak into the surrounding culture medium 2%,
Cell cytotoxicity assays detect and measure these molecules and therefore, can be used to

determine the toxic quality of such compounds on cells.

To investigate the cytotoxicity of C2C12 derived EVs on CMT 64/61 lung cancer cells, the
Promega CytoTox 96 Non- Radioactive Cytotoxicity Assay, which measures the release and
activity of lactate dehydrogenase (LDH) 2%, released LDH upon cell lysis in cell culture
supernatants in a 30-minute coupled enzymatic assay (in which a tetrazolium salt is converted
into a red formazan product) the amount of colour formed being proportional to the number of
lysed cells 2211 The CMT 64/61 carcinoma cells were seeded in 96-well plates (at 1 x 10* cells
per well) in triplicate and wells were treated with 5% FBS and appropriate EV concentrations.
After 24 h incubation, a cell cytotoxicity assay was performed as described in the Materials
and Methods chapter. Instead of 48 h, a 24 h incubation period was chosen as the LDH has a
half-life of approximately 9 hours when released into the cell culture media; therefore, it was
essential to optimise the test exposure period. After the desired incubation period, samples were
incubated in CytoTox 96 reagent and absorbance was recorded at 492 nm using a FLUOstar
Omega microplate reader. The percentage of cytotoxicity was calculated using the formula

below,
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{ evtotoxicity % — Experimental LDH release ¥ 100
PETEEHE CHECROREEY 0 = Maximum LDH release

When % cytotoxicity was calculated, it was evident that exposure to myocyte derived EVs
resulted in a dose dependent cell cytotoxicity of carcinoma cells (Fig. 4A). A total of 50.82%,
66.98%, 88.85% and 106.9% cell cytotoxicity were measured in CMT 64/61 cells that were
exposed to 100 pg/ml, 200 pg/ml, 300 pg/ml and 500 pg/ml myocyte EVs, respectively.
Conversely, the control, non- EV treated sample showed 9.9% cytotoxicity. Compared to
control cells, % cytotoxicity in EV treated cells was significant, as indicated in (Figure 19A).
Furthermore, the results obtained support earlier observations made on cell viability,
suggesting that myocyte EV's promote cell cytotoxicity in a dose-dependent manner, leading to

a decrease in carcinoma cell viability.

Since myocyte EVs exert cytotoxicity in carcinoma cells even at low concentration (100 pg/ml
of protein), it was decided to investigate their effect on non-carcinoma cells, using murine
fibroblasts (NIH 3T3) as a control. Repeating the protocols on fibroblast cells, the %
cytotoxicity data obtained is shown in (Figure 19B). Now, 15.72%, 18.74%, 50.60% and
104.5% cytotoxicity were measured in NIH 3T3 fibroblast cells exposed to 100 pg/ml, 200
pg/ml, 300 pg/ml and 500 pg/ml myocyte EVs respectively. Comparing treatment of CMT
64/61 lung carcinoma cells and normal fibroblast NIH 3T3 cells with C2C12 myocyte derived
EVs, no significant increase in cell cytotoxicity was noted in cells treated with 100 pug/ml, 200
pg/ml myocyte EVs. However, a significant change was observed using 300 pg/ml of EVs and

over 100% cell cytotoxicity was induced using 500 pg/ml of myocyte EVs.
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Taken together, these data suggest that skeletal muscle derived EVs specifically induce
cytotoxicity on highly metastatic carcinoma cells, with pronounced cell cytotoxicity being
noted using low myocyte EV protein concentrations (100 and 200 pg/ml), whereas no
significant effect was noted on non-carcinoma cells using these concentrations. Based on these
findings, it was decided to use 100 pg/ml and 200 pg/ml of myocyte EV concentrations in

future experiments, as these concentrations were non-cytotoxic to normal cells.
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Figure 19: Myocyte derived EVs induced selective cytotoxicity on highly metastatic lung
carcinoma cells but not on non-carcinoma cells

A) Murine lung carcinoma cells were seeded (1 x 10%) in triplicate with or without murine
myocyte, EVs. Cell supernatant was collected after 24 hours, and a cytotoxicity assay was
performed. An unpaired t-test was used to compare EV treated versus non- treated samples. A
dose-dependent significant cytotoxic effect was noted in cells treated with EVs at 100 pg/ml,
200 pg/ml, 300 pg/ml and 500 pg/ml. B) % cytotoxicity of murine fibroblast (NIH 3T3) cells
treated with different concentrations of myocyte EVs. In contrast to carcinoma cells, no
significant change in cytotoxicity was noted in fibroblast cells treated with 100 pg/ml, 200
pg/ml myocyte EVs. Data represents the mean £ SD of the experiment performed in triplicate.
P <0.05 were considered significant. The () indicates P value obtained from the unpaired t-
test. Data are mean £ SD, n = 3 independent biological samples with 3 technical repeats per
sample.
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3235.2.3 C2C12 Myocyte EVs Induce Lysosomal Changes in Lung Carcinoma Cells
Data presented earlier in Figure 19 showed, that myocyte derived EVs induced dose dependent
cell cytotoxicity on carcinoma cell line. As mentioned above, changes in cell membrane
permeability are mostly associated with cell cytotoxicity. However, increased lysosomal
membrane permeability is also known to cause cell cytotoxicity by releasing lysosomal
proteases into cell cytosol 2321, Hence targeting lysosomes has been shown to be an effective
cancer therapy. Lysosomes are known as the “suicidal bags” in the cell as they contain high
content of hydrolytic enzymes. In the event of lysosomal membrane damage, these hydrolytic
enzymes release into the cell cytosol and cause indiscriminate degradation of cellular
components. Furthermore, research has shown that even only a partial lysosomal membrane

permeability induces cell death by apoptosis [233.234.235.236]

Endocytosis is known to be the most favourable pathway of EVs uptake by recipient cells
[222.237.238] 'Most of the EVs taken up into cells via endocytosis, release their content into the
recipient cell cytosol, which exerts changes in recipient cells. Therefore, one could postulate
that myocyte derived EVs play a role in inducing lysosomal membrane permeability, leading
to cellular cytotoxicity. To investigate the effect of myocyte derived EVs on the lysosomes of

carcinoma cell, a LysoTracker Green DND-26 assay was performed.

LysoTracker dyes are fluorescent acidotropic dyes that are used in labelling and tracking acidic
organelles such as lysosomes in live cells. In this experiment, LysoTracker Green DND-26 was
used to label the lysosomes in murine lung carcinoma cells treated with or without murine
skeletal myocyte EVs. A working concentration of 75 nM of LysoTracker solution was made
by diluting 1 mM probe solution with cell growth medium. Carcinoma cell line, CMT 64/61

cells were seeded at 1 x 10* cells per well in a chamber slide, treated for adherent cell cultures.
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Cells were seeded in triplicate and treated with appropriate EV concentrations for 48 h. After
incubation cells were washed with PBS and incubated at 37 °C for 45 min with prewarmed
LysoTracker containing growth medium. Cells were washed with PBS and loaded with fresh
growth medium and cellular morphology was observed under the fluorescent microscope

(Figure 20A).

Cancer cells are known to contain increased numbers of lysosomes in order to maintain
homeostasis, to maintain cell proliferation and to survive under stress conditions [2342392401 The
lung carcinoma cell line used in this study is highly metastatic and therefore expected to
harbour an increased level of lysosomes. A clear visual localization of intracellular lysosomes
in both EVs treated and non-treated cells was made initially (Figure 20A). Compared to control
cell (non-EV treated), in myocyte-EV treated CMT 64/61 cells lysosomes appeared larger and
more distinct, (indicated by white arrows in Figure 20A). Moreover, this effect was highly
noticeable in carcinoma cells treated with 200 pg/ml of myocyte EVs. The implication of these
results was that myocyte derived EVs cause changes in carcinoma cell lysosomes, possibly by
altering the lysosomal membrane permeability. Increased lysosomal membrane permeability
causing enlargement of lysosomes and enlarged lysosomes rupture easily to release hydrolytic
enzymes to the cytosol,?*!1 enzymes that may cause cell cytotoxicity and induce cellular

Necrosis or apoptosis.

To investigate further, LysoTracker fluorescent intensity was measured. A separate batch of
carcinoma cells were seeded at 1 x 10% cells per well in 24-well plates and subjected to myocyte
EVs exactly as described above. After incubation, 5,000 cells from each well were transferred
to a 96-well plate. 75 nM of LysoTracker solution containing growth medium was added to

each cell well and incubated at 37 °C for 45 min. Then the lysosome fluorescent intensity was
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measured on a FLUOstar Omega microplate reader (Excitation: 504 nm and Emission: 511 nm,

bottom reading) (Figure 20B).

Fluorescence intensity of myocyte EV-treated cells was lower compared to untreated control
cells Figure 20B, although a significant difference was not noted. As LysoTracker Green stains
lysosomes, it was possible to make a quantitative estimate of the quantity of lysosomes by
measuring fluorescent intensity. Accordingly, the number of lysosomes present in carcinoma
cells treated with myocyte EVs Figure 20B was reduced, possibly due to their degradation;
release of hydrolytic enzymes into the cytosol could then mediate cytoxicity resulting in

necrosis/apoptosis.
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Figure 20: Myocyte derived EVs induce lysosomal dysfunction in lung carcinoma cells

A) Myocyte EVs induce lysosomal morphological changes. Carcinoma cells treated with myocyte EVs for 48 hours and stained with LysoTacker Green
DND-26 for 30 min. Cells were observed by fluorescent microscope (Scale bar 100um). Compared to control, untreated cells, lysosomes appeared
bigger in cells treated with 100 and 200 pg/ml of EVs, indicated with white arrows. B) Lung carcinoma cells incubated with LysoTacker Green DND-
26, the fluorescent intensity was measured by microplate reader (Excitation: 504 nm and Emission: 511 nm, bottom reading). P < 0.05 were considered
significant. Data are mean = SD, n = 3 independent biological samples with 3 technical repeats per sample.
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3245.2.4 Myocyte Derived EVs Induce Mitochondrial Changes in CMT 64/61 Lung
Cancer Cells
Lysosomal functions are critical in regulating mitochondrial activities 2372421, Since myocyte
EVs induced the described changes in lysosomes, it was decided to investigate the effect of
myocyte EVs on mitochondria. Mitochondrial changes were therefore analysed using
MitoTracker Red CMXRos fluorescent dye. This is a lipophilic cationic dye, which
accumulates inside the mitochondria by means of their negative mitochondrial membrane
potential 2432441 As discussed in the methods section, MitoTracker assay was performed on
myocyte EV-treated carcinoma cells. Cells of the muring lung carcinoma cell line, CMT 64/61,
were seeded at 1x10* cells in triplicate and wells were treated with 5% FBS with and without
appropriate EV concentrations for 48 h. After incubation, cells were stained with MitoTracker

for 30 min, and observed by fluorescent microscope (Figure 21A).

Close examination of fluorescent micrographs showed mitochondrial changes in myocyte EV
treated cells (Figure 21A). Selected areas were zoomed into for clear visualisation.
Mitochondria in carcinoma cells treated with myocyte EVs showed fragmentation. As clearly
indicated in the zoomed-in areas, mitochondrial fragmentation increased with increasing
myocyte EV concentration. Furthermore, mitochondria in treated cells showed signs of
swelling and again it was highly noticeable in carcinoma cells treated with 200 pg/ml of
myocyte EVs. Taken together, these morphological changes indicated mitochondrial

dysfunction.

The collapse of mitochondrial membrane potential (MMP) is a hallmark of mitochondrial
dysfunction. To further analyse the effect of myocyte EVs on carcinoma cell MMP, a separate

batch of carcinoma cells were seeded at 1 x 10* cells per well in 24 well plates and subjected
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to identical experimental conditions as described above. After incubation, 5,000 cells from
each well were transferred to a 96-well plate and were stained with MitoTracker for 30 min.
MitoTracker fluorescent intensity was measured using the FLUOstar Omega microplate reader
(Excitation: 579 nm and Emission: 599 nm, bottom reading) (Figure 21B). The
MitoTracker Red CMXRos fluorescent dye accumulates inside mitochondria by their negative
mitochondrial membrane potential 2432441, A more polarised mitochondrial membrane potential
will accumulate more dye, hence increased fluorescent intensity 2451, When compared to the
control, untreated sample, the fluorescence intensities of myocyte EV-treated samples were
significantly lower showing a dose-dependent decrease of mitochondrial membrane potential.
Taken together, these results suggested that myocyte EVs cause morphological changes in
carcinoma cell mitochondria, which leads to mitochondrial dysfunction and a decrease of

mitochondrial membrane potential.
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Figure 21: Myocyte derived EVs induce mitochondrial dysfunction in
Carcinoma cells.

A) Myocyte derived EVs induced mitochondrial morphological changes.
Carcinoma cell were treated with different concentrations of myocyte
EVs for 48 hours and stained with MitoTracker Red CMXRos for 30 min,
and cells were observed by fluorescent microscope (Scale bar 100pum). A
selected area from each micrograph was zoomed in to, to analyse
mitochondrial morphological changes. B) Myocyte EVs reduced
mitochondrial membrane potential in carcinoma cells. Carcinoma cells
incubated with MitoTracker Red CMXRos for 30 min, the fluorescent
intensity was measured by microplate reader (Excitation: 579 nm and
Emission: 599 nm, bottom reading). P <0.05 were considered significant,
as indicated by an asterisk. unpaired t- test. Data are mean £ SD, n = 3
independent biological samples with 3 technical repeats per sample.
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3255.2.5 Myocyte Derived EVs Induce Apoptosis of Highly Metastatic Lung
Carcinoma Cells
Having established that C2C12 myocyte derived EVs can induce mitochondrial dysfunction
causing decreased MMP on highly metastatic murine lung carcinoma cells (CMT 64/61),
further studies were conducted to investigate whether it leads to apoptosis of carcinoma cells.
CMT 64/61 carcinoma cells, (1x10* cells per well) were seeded in triplicate into a 24-well plate
with or without myocyte EVs. Cells were treated with 5% FBS and incubated for 24 h and 48
h. Non- treated cells were used as a control. On the day of the experiment, cells were detached
with trypsin, washed, collected and replicates were combined to achieve the desired cell
concentration per test. Cells were treated with 1% FBS and 100 pl of Nexin reagent. Plates
were incubated for 20 min. at room temperature and analysed using a Guava flow cytometer

(Guava EasyCyte 8HT).

The Nexin assay contains Annexin V-PE and 7-AAD dyes. Annexin V is a calcium dependent
phospholipid binding protein and specifically binds phosphatidylserine (PS) [?%¢l. PS is a
membrane component which is typically localised in the inner leaflet of the plasma membrane,
but which in early apoptosis is translocated from the inner leaflet to the outer leaflet of the
plasma membrane, where Annexin V can readily bind 2472481 |n addition, the Nexin assay
utilises 7-AAD (7-amino-actinomycin D) to detect dead or dying cells, as it is a fluorescent
dye that binds to double stranded DNA. It is excluded from live, healthy cells as well as early
apoptotic cells due to its ability to only penetrate through cells that have lost their membrane
integrity [*°1. Together, three populations of cells can be distinguished by the Nexin assay,
non-apoptotic cells: Annexin V (-) and 7-AAD (-), Early apoptotic cells: Annexin V (+) and 7-

AAD (-) and Late stage apoptotic and dead cells: Annexin V (+) and 7-AAD (+).
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Interestingly, within 24 h a significant level of apoptosis was observed in the carcinoma cells
treated with myocyte EVs (Figure 22). The d/ot-plot histogram in Figure 22A represents the
percentage of live cells, early apoptotic cells, late apoptotic cells, and cell debris. By 24 h, the
percentage live cells in 100 pg/ml and 200 pg/ml myocyte EVs treated samples had decreased
in a dose-dependent manner, 85.8% and 81.2% respectively, whilst the % live cells in the
untreated control sample remained 91.3%. Furthermore, the data obtained showed that the
percentage of early apoptotic cells in 100 pg/ml and 200 pg/ml EV treated samples had
increased to 8.9% and 11.1% respectively. A similar pattern was observed for the percentage

of cells in late apoptosis.

By 48 h, a significant decrease in the live cell population was noted, 66.9% in 100 pg/ml EV
treated and 63.1% in 200 pg/ml EV treated cell cultures. Moreover, a significant increase in
late apoptosis was noted in EV treated cells from 4% for untreated control to 16.7% and 15.7%
for 100 pg/ml and 200 pg/ml EV treated samples, respectively. Compared with the 24 h late
apoptotic cell population, there was a ~5.56-fold increase in 100 pug/ml EV treated cells and
~3.27-fold increase in 200 pg/ml EV treated cells. Similarly, a ~1.70-fold increase in early

apoptosis was noted in both EV treated samples by 48 h (compared to that at 24 h).

Statistical analysis of total apoptosis (sum of early and late apoptosis) was conducted between
control and treated cell cultures (Figure 22B). As shown, a significant increase in percentage
of apoptosis was noted within 24 h and was greater by 48 h. Moreover, the effect was dose
dependent. Interestingly, these results are in an agreement with results obtained by cell viability
assay, which showed a significant decrease in viable cells in myocyte EV treated cell cultures
in a dose-dependent manner. Furthermore, results presented for % apoptosis at 24 h, correlates

with the 24 h cytotoxicity % data, both showing dose-dependent effects on carcinoma cells.
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Illustrating this, the % cytotoxicity fold-change between 100 pg/ml and 200 pg/ml EV-treated

samples was ~1.32 and the fold-change for % apoptosis was ~1.33.
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Figure 22: Skeletal muscle (C2C12) derived EVs induce apoptosis in highly metastatic lung carcinoma cells (CMT 64/61) in dose dependent
manner.

A) Carcinoma cells were treated with different concentrations of myocyte EVs for 24 h and 48 h. Treated cells were analysed for apoptosis by flow
cytometry using Guava Nexin Reagent. The histograms show 4 quadrants indicating different events, Lower-left quadrant: viable cells, [Annexin V-
PE (-) and 7-AAD (-)], Lower- right quadrant: cells in the early stages of apoptosis [Annexin V-PE (+) and 7-AAD (-)], Upper-right quadrant: cells
in the late stages of apoptosis or dead (by necrotic or apoptotic mechanisms) [Annexin V-PE (+) and 7-AAD (+)] and Upper-left quadrant: mostly
nuclear debris [Annexin V-PE (-) and 7-AAD (+)]. B) Percentage of apoptosis analysed by the Guava Nexin software of myocyte EV treated
carcinoma cells. P <0.05 were considered significant. The (=) indicates P value obtained from the unpaired t-test. Compared to control cell cultures,
a significant percentage of apoptosis was observed by 24 h in myocyte EV treated carcinoma cells. Percentage of apoptosis showed both dose and
time dependent increases. Data are mean = SD, n = 3 independent biological samples with 3 technical repeats per sample.
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Having confirmed that myocyte EVs induce apoptosis on highly metastatic lung carcinoma
cells, it was decided to investigate their effect on a normal cell line such as NIH 3T3 (murine
fibroblasts). As shown earlier, with low concentrations of myocyte EVs, up to 200 pg/ml, not
being cytotoxic to fibroblast cells, it was not expected to see apoptosis of fibroblasts were
treated with 100 pg/ml and 200 pg/ml myocyte EVs. As before, NIH 3T3 cells, 1x10* cells per
well in triplicate, were seeded into a 24 well plate with or without myocyte EVs. Cells were
treated with 5% FBS and incubated for 24 h and 48 h. Non-treated cells were used as a control.
On the day of the experiment, replicates were combined to achieve the desired cell
concentration per test. Cells were treated with 1% FBS and 100 pl of Nexin reagent and

analysed using the Guava flow cytometer (Guava EasyCyte 8HT).

Compared to control, untreated cells, insignificant decreases in live cells were noted for both
24 h and 48 h (Figure 23A). The data obtained here were very similar to data that presented in
Figure 23B, %cytotoxicity of NIH 3T3 increasing (but not significantly) with the addition of
100 pg/ml and 200 pg/ml myocyte EVs. Similarly, % of total apoptosis was increased in both
a time- and dose-dependent manner but not significantly so (Figure 23B). Taken together,
these data suggest that myocyte EVs are more cytotoxic (inducing apoptosis) to carcinoma

cells than normal cells.
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Figure 23: Apoptotic effect of skeletal muscle derived EVs on normal murine fibroblast NIH 3T3 cells

A) Murine fibroblast (NIH 3T3) cells were treated with different concentrations of myocyte EVs for 24 h and 48 h. The data obtained by the Guava
Nexin assay was presented as a dot plot (Lower-left quadrant: viable cells, Lower- right quadrant: cells in the early stages of apoptosis, Upper-right
quadrant: cells in the late stages of apoptosis or dead (by necrotic or apoptotic mechanisms) and Upper-left quadrant: mostly nuclear debris). B)
Percentage of apoptosis analysed by the Guava Nexin software of fibroblast cells treated with myocyte EVs for 24 h and 48 h. P < 0.05 were considered
significant (indicated by an asterisk). Compared to the untreated control cell, no significant difference was noted in the cultures treated with myocyte
EVs. Data are mean + SD, n = 3 independent biological samples with 3 technical repeats per sample.
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3-2.65.2.6 Skeletal Muscle Derived EVs Induce the Mitochondrial-Mediated Intrinsic
Pathway of Apoptosis of Lung Carcinoma Cells
There are two core pathways by which apoptosis is mediated, the extrinsic or death receptor
pathway and the intrinsic or mitochondrial pathway. Both pathways use caspases to carry out
apoptosis. The extrinsic pathway is activated by binding of extracellular ligands to death
receptors. For example, FasR forms the Death-Inducing Signalling Complex (DISC) as a result
of trimerizing upon binding FasL. Together with caspase 8 a signal is transduced leading to
apoptosis. The intrinsic pathway is activated by upregulation of BH3-only proteins, which
induce BAX and BAK leading to mitochondrial outer membrane permeabilisation (MOMP).
Release of cytochrome ¢ from mitochondria result in the formation of apoptosome, which
activates caspase 9. Caspase 8 from extrinsic pathway and caspase 9 from the intrinsic pathway
then activate downstream caspase 3 resulting in cell death. The two pathways are linked

through the cleavage of BH3-only protein Bid 2501,

Based on the results presented thus far, it was evident that myocyte EVs induce apoptosis of
highly metastatic lung carcinoma cells. Understanding the cascade of events that trigger
apoptosis in response to myocyte EVs was thought to be a way to understand the mechanisms
of action by identifying key molecules and their targets. Therefore, it was decided to identify
the apoptotic pathway triggered by the myocyte EVs on highly metastatic lung carcinoma cells
used previously. In order to determine the apoptosis pathway, caspase 3,8, and 9 detection
assays were performed. CMT 64/61 murine lung carcinoma cells, (1x10* cells/ 90 pl per well)
were seeded in triplicate into a 96 well plate. Cells were treated with growth medium containing
myocyte EVs and incubated at 37 °C for 48 hours. On the day of the experiment, 100 pul of tri-
caspase loading solution was added to each well and incubated at room temperature, whilst

protecting from light, for 60 min. Hydrogen peroxide is widely used as an apoptosis inducer in
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many cellular studies. A recent study found that, H2O. induced apoptosis on HEK 293T cells
(human embryonic kidney cell line), primary fibroblasts, and terminally differentiated
myocardial cells. This was at concentrations of 0.1 to 1.6 mM 2. Furthermore, a low
concentration of H>O> was found to induce the intrinsic apoptotic pathway on cell lines such
PC12 252 whilst higher concentrations were found to induce necrotis cell death 2°3, Therefore,
carcinoma cells were treated with 100 uM of H.O: for 24 h and used as a positive control. After
incubation, fluorescent intensity was measured on a FLUOstar Omega microplate reader
(Caspase 3: EX/Em = 535/620 nm (red), Caspase 8: EX'Em = 490/525 nm (green), Caspase 9:

EX/Em = 370/450 nm (blue), bottom reading).

Supporting previous observations made using viability assays Figure 12, addition of myocyte
EVs to lung carcinoma cells indicated a reduction in the number of cells in a dose-dependent
manner (Figure 24A). Furthermore, some of the cells in the myocyte EV-treated sample
showed loss of cell membrane asymmetry, (indicated by a white arrow (Fig. 10A)), a known
hallmark of apoptosis 4. Similarly, H,O, treated carcinoma cells indicated similar
morphological changes (indicated with white arrows) and reduction in cell numbers compared

to control, untreated cells.

When caspase activities were measured, caspase 3 activity was significantly increased in
carcinoma cells treated with myocyte EVs in a dose-dependent manner. Moreover, carcinoma
cells treated with H20. also showed a significant increase in caspase 3 activity (Figure 24B).
Although, no significant difference was observed in the caspase 8 activity, a slight increase
was noted in carcinoma cells treated with both myocyte EVs and H>O> (Figure 24C).
Interestingly, caspase 9 activity was significantly increased in carcinoma cells treated with

200pg/ml myocyte EVs and H>O. Surprisingly, caspase 9 activity in carcinoma cells treated
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with 100pg/ml myocyte EVs, was not elevated compared to control (Figure 24D). Moreover,
a highly significant increase in caspase 9 activity was measured in the carcinoma cells treated

with 100 uM H20:..

Caspase 3 is common to both the extrinsic and intrinsic apoptotic pathways, whereas caspase
8 and caspase 9 are specific to the extrinsic and intrinsic apoptotic pathways respectively. A
significant elevation in caspase 3 and 9 was observed in the carcinoma cells treated with
200ug/ml myocyte EVs, suggesting that myocyte EVs induce mitochondrial-mediated intrinsic

pathway apoptosis in highly metastatic carcinoma cells.
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Figure 24: C2C12 myocyte EVs induce caspase 9 activity in murine lung carcinoma cells

A) Different concentrations of myocyte EVs induce morphological changes in carcinoma cells. Cells treated with myocyte EVs for 48 h, showed a dose
dependent change in cell membrane asymmetry, indicated with white arrows. Apoptosis inducing H20> was used as a positive control. Carcinoma cells
treated with H2O> for 24 h showed a similar cell membrane asymmetry pattern. B, C and D) Caspase activity of 3,8 and 9 respectively in myocyte EV-
treated carcinoma cells. The results were expressed as the mean +S.D. (P < 0.05 vs control group, n=3). P < 0.05 were considered significant. Data are
mean = SD, n = 3 independent bioloaical samples with 3 technical repeats per sample.
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32+45.2.7 C2C12 Myocyte Derived EVs Exert S Phase Cell Cycle Arrest on Murine
Lung Carcinoma Cells (CMT 64/61 cell line)

The cell cycle is a series of event that takes place in a cell when cells grow and replicate. During

DNA damage, cell cycle arrest occurs to facilitate DNA repair before cell replication. In an

event of severe DNA damage, cell cycle arrest occurs and then induces apoptosis [2°°l, Since

myocyte derived EVs induce apoptosis in carcinoma cells, it was decided to investigate the

effect of myocyte EVs on carcinoma cell division by monitoring cell cycle events.

Flow cytometry was used to examine the changes in cell cycle, induced by myocyte EVs.
Carcinoma cells, 1x10* cells per well in triplicate, were seeded into a 24-well plate with 100
pg/ml, 200 pg/ml myocyte EVs and without without EVs as control, for 48 h. Cells were then
incubated in 70% ethanol for 12 h and on the day of the experiment cells were stained with
Guava cell cycle reagent. Stained samples were examined by flow cytometry and the data

obtained from was analysed by ModFit software.

Based on the DNA content in the cell sample, the Guava cell cycle assay helps to determine
the percentage of cells in Go/Gs, S, and G2/M phases and, the fluorescent intensity is directly
proportional to the amount of DNA content 1261, Therefore, the histogram profile presented in
Figure 25A showed the cell distribution in each phase. The large peak in red (left) represents
the cells in Go/G1 phase, the intermediate peak (hatched in blue) represents the cells in S phase

and the final small peak in red (right) represents cells in G2/M phases.

The results indicate that myocyte EVs induced S phase arrest in carcinoma cells (Figure 25A
and B). Increasing the concentration of myocyte EVs indicated a significant increase in the S

phase. Compared to control, untreated cells in S phase, 24.89%, there was a statistically
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significant increase in 100 pg/ml and 200 pg/ml EV-treated samples of 37.41% and 39.90%
respectively. DNA replication takes place during S phase of the cell cycle [2°7; hence the
increase of cells in S phase could suggest an accumulation of cells which were progressed from
Go/G1 and got arrested in the S phase of the cell cycle. The S phase arrest prevents further DNA
replication 25721 and consistent with this, cells treated with myocyte EVs showed slower
movement through G2/M phase than their untreated counterparts. Concomitantly, there was a
significant decrease in Go/G1 phase from 60.15% control cells to 37.4% and 39.90% in the
carcinoma cells treated with 100 pg/ml and 200 pg/ml myocyte EVs respectively. Taken
together, these data clearly indicated C2C12 myocyte EVs to impair cell cycle progression by
inducing S phase arrest and preventing the cells from entering the proliferative phase and

inducing apoptosis in a dose-dependent manner.
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Cellcycle phases

Figure 25: C2C12 myocyte EVs cause S phase cell cycle arrest in murine lung carcinoma
cells (CMT 64/61)

A) Carcinoma cells treated with or without 100 pg/ml and 200 pg/ml myocyte EVs for 48 h.
Cells were stained with Guava cell cycle reagent and flow cytometry was used to assess the
cell cycle distribution. The histograms show the data analysed by ModFit software. B) The
percentage distribution in the cell cycle is indicated in the histogram and was shown as mean
+S.D. (P <0.05 vs control group). P < 0.05 were considered significant. Data are mean + SD,
n = 3 independent biological samples with 3 technical repeats per sample.
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3:35.3 Summary

Extensive research has been carried out on cancer derived EVs and their pro-tumourigenic
properties. However, there is a paucity of research on the anti-tumourigenic properties of EVs.
In this chapter, a novel anti-tumourigenic effect of skeletal muscle derived EVs have been

described.

EVs are known to interact with recipient cells to induce intercellular signalling and cause
changes to cell molecular and biological processes that, lead to changes in their physiological
states, such as proliferation, attachment, and morphological changes. However, the exact
mechanism of EV uptake by recipient cells has not yet been completely understood. Results
obtained here showed that myocyte derived EV uptake by carcinoma cells was a time
dependent process. Furthermore, results presented suggest that EV uptake by carcinoma cells
is a selective process as only random cells within a colony show EV internalisation. Moreover,
fluorescent intensities were higher in some carcinoma cells than others, suggesting that EV
uptake by some carcinoma cells was more compared to other cells in the same colony.
Interestingly, this selective uptake of EVs coincided with the results obtained earlier, which
showed that only a few carcinoma cells exert morphological changes upon incubation with

myocyte EVs.

Other data presented suggests that skeletal muscle derived EVs exert a dose-dependent
cytotoxic effect on highly metastatic carcinoma cells. Therefore, this data is an agreement with
the results presented in the previous chapter, which showed that carcinoma cell viability was
reduced with increasing myocyte EV concentration. An effective anticancer agent should exert
maximum cytotoxicity on carcinoma cells whilst exerting minimum damage to normal, healthy

cells. Interestingly, low concentrations of myocyte EVs (100 pg/ml and 200 pg/ml) did not
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have a significant cytotoxic effect on non-carcinoma cells, suggesting a specific cytotoxic
effect of myocyte derived EVs. Only at, high concentrations of myocyte EVs (above 200

pg/ml) was a cytotoxic effect exerted on normal cells.

Further investigations revealed that myocyte EVs dose dependently induced carcinoma cell
lysosomal enlargement and reduction in lysosome numbers. Strikingly, data obtained herein
also showed that myocyte EVs induce dose dependent morphological changes in mitochondria
including, mitochondrial fragmentation and swelling. Apart from morphological changes, a

decrease in mitochondrial membrane potential was also observed.

The collapse of mitochondrial membrane potential (MMP) is a hallmark of mitochondrial
dysfunction, which leads to mitochondrial mediated apoptosis 1281, Interestingly, these findings
supported the results obtained in an apoptosis assay. A significant increase in apoptosis was
noted in carcinoma cells treated with myocyte EVs and the effect was both dose and time
dependent. However, myocyte EVs failed to induce significant % apoptosis in normal
fibroblast cells (NIH 3T3). Interestingly, but not surprisingly, these data correlate with the

cytotoxicity data which showed a specific cytotoxicity effect of myocyte derived EVs.

Further investigations have revealed more information about the apoptotic pathway induced by
myocyte EVs on carcinoma cells. Caspases are key initiators and executioners of apoptosis and
by their position in the apoptotic signalling cascade, the apoptotic pathway can be identified.
Caspase 3 is common in both the extrinsic and intrinsic pathways, whereas caspase 9 is specific
to the intrinsic pathway. Data obtained in caspase assays revealed increased activities of
caspase 9 and 3 in carcinoma cells treated with myocyte EVs. Hence it was suggested that

myocyte derived EVs induced mitochondrial mediated intrinsic apoptosis in carcinoma cells.
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Finally, in this chapter evidence has been presented indicating the effect of myocyte EVs on
carcinoma cell proliferation. Cell cycle assay results indicated that myocyte EVs induce S
phase cell cycle arrest in carcinoma cells. Data indicated a dose dependent increase in cell
cycle arrest at S phase alongside, a significant decrease of cells in Go/G1 phase. Unrepairable
DNA damage induces cell cycle arrest preventing further DNA replication and cell
proliferation 1257281, Consistent with this view, cells treated with myocyte EVs showed a slower
movement through the Go/M phase (proliferative phase) than their untreated counterparts.
Taken together, these data suggest that myocyte EVs can induce cytotoxicity, inhibit carcinoma
cell proliferation, cause DNA damage, and induce apoptosis via activation of the intrinsic

mitochondrial pathway.
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4-16.1 Introduction

In general, all EVs released from cells are loaded with a range of macromolecules including
various lipids, proteins, and nucleic acids. The contents of the EVs depends on their mode of
biogenesis [, However, irrespective of cell type and biogenesis, proteins such as MHC 11,
tetraspanins, ESCRT proteins, Alix, TSG101, and heat-shock chaperones are commonly found
in all EVs [, Intracellular organelles such as mitochondria, Golgi apparatus, lysosomes, and
endoplasmic reticulum associated proteins are also found in EVs 9. Furthermore, there is
ample evidence to suggest that the protein content of EVs and their role mainly depends on the
cell type from which they are derived. For example, carcinoma cell-derived EVs, play a pivotal
role in cell proliferation, migration, angiogenesis, and apoptosis 2% whilst skeletal muscle-

derived EVs play a role in muscle physiology and development of metabolic diseases %1,

Skeletal muscle is the largest organ in the human body %% and highly adaptable to
environmental and physiological changes. This is of particular importance as skeletal muscle
is known to play a pivotal role in muscle mass, glucose, and energy homeostasis 2621,
Furthermore, skeletal muscle contains the largest reservoir of proteins in the body %31, In recent
years, skeletal muscle is increasingly viewed as an endocrine organ. The secretome of skeletal
muscle which includes cytokines and peptides, termed myokines [264265] that it secretes is
increasingly being shown to play important roles in body-wide metabolism, growth, and other
functions 12661, Furthermore, myokines have been found to be packaged within skeletal muscle

derived EVs have been regarded as a delivery vehicle for myokines 2671,

Results presented in this study thus far, showed that myocyte derived EVs affect carcinoma
cellular processes. It was shown that, myocyte derived EVs reduced the cell viability of highly

metastatic lung carcinoma cells, attachment and reduce carcinoma cell migration. Furthermore,
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results in chapter 4 showed that, myocyte derived EVs induced carcinoma cell cycle arrest at
S phase, reducing cell proliferation and increased mitochondrial membrane permeability
triggering intrinsic apoptosis. Based on these results, it was postulated that myokines and other

proteins in myocyte EVs might play a role in these cellular changes.

Despite the wealth of studies associating EVs to the various pathophysiologies found in other
organs, relatively few reports have investigated the protein content of skeletal muscle derived
EV, themselves. Therefore, it was decided to perform a proteomics analysis on myocyte EVs
in this chapter. Since by way of a control fibroblast derived EVs were found to have a positive
effect on carcinoma cell growth and progression, proteomics analysis was also performed on

fibroblast EVs as a positive control.

Mass spectrometry-based proteomics has become the tool of current proteomics-based studies.
In this study, liquid chromatography-based Mass spectrometry (LC-MS/MS) was used to
analyse the proteins in myocyte and fibroblast EVs. The results were then subjected to Mascot
software for protein identification, these proteins then being further analysed and filtered using
Scaffold software. Filtered proteins were then analysed by Search Tool for Retrieval of
Interacting Genes/Proteins (STRING), a well-known data base which contains data on Protein-
Protein Interactions (PPI). In order to analyse the functions and pathway of these proteins

Kyoto Encyclopedia of Genes and Genomes (KEGG) was also used.
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4.26.2 Results

4.216.2.1 Proteins Detected in C2C12 Myocyte EVs and NIH-3T3 EVs

The results discussed in previous chapters showed opposing effects of myocyte EVs and
fibroblast EVs on murine lung carcinoma cell line, CMT 64/61, with myocyte EVs decreasing
carcinoma cell proliferation and progression, with the same concentration of fibroblast EVs
enhancing these processes. Proteins enhance and repress many cellular processes and their
involvement in regulating cell proliferation, communication, division, apoptosis, and other
such biological pathways and cellular processes are well documented. In terms of the effects
skeletal muscle EVs, representing an important component of the skeletal muscle milieu and
the type of environment it may present to metastasing carcinoma cells. It was therefore deemed

important to assess differences in protein presence or absence in skeletal muscle EVs.

Here, protein presence or absence in both EVs from murine C2C12 myocytes and NIH-3T3
fibroblast cell lines were analysed. EV samples were analysed in duplicate, proteins presenting
in both replicates being regarded as present. In accordance with the published convention, mean
spectrum counts of less than five, were regarded as unreliable when working with small
replicates. Therefore, protein mean spectrum counts of five or more were regarded as an
indication of protein presence. A total of 1,001 proteins were detected between the myocyte
and fibroblast EVs analysed. However, only 387 proteins contained 5 or more peptides as
detected by mass spectrometry and so only the presence of those proteins was deemed reliable

(Table 2).

A Venn diagram was constructed to represent the proteins identified in EV samples (Figure
26). As shown, 132 proteins common to both myocyte and fibroblast EVs were identified.

From 387 proteins, 88 myotube specific proteins and 167 fibroblast specific proteins were also
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identified. Strikingly, fibroblast EV's appeared to contain more cell specific proteins compared
to myocyte EVs. As mentioned earlier, cell activities are controlled by proteins and some
cellular activities are upregulated in the presence of specific protein/s whilst certain cellular
activities are downregulated in the absence of specific protein/s. Therefore, identifying

proteins present and absent in the EVs sample was essential.

Myocy‘tes NIH 3T3

88

Figure 26: Proteins identified in both C2C12 myocyte EVs and NIH-3T3 EVs

387 species-specific proteins were identified from cellular EVs. Overall, 220 proteins were
identified in myocyte EVs, and 299 proteins were detected in NIH-3T3 EVs. Of these, 132
proteins were overlapping while 88 proteins were specific to C2C12 myocyte EVs and 167
proteins were specific to NIH-3T3 EVs.
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Table 2: Table of Proteins showing proteins present or absent in C2C12 myocytes and NIH-3T3 Extracellular Vesicles identified by liquid

chromatography with tandem mass spectrometry (LC-MS/MS) analysis. Proteins present assigned (+), proteins absent assigned (-).

No.

© 0o N oo O b~ W N B

N NN P PR R R R R R R
N B, ©O © 0o N o o1 h W N P O

Protein Name

14-3-3 protein epsilon

14-3-3 protein gamma

14-3-3 protein theta (Fragment)

14-3-3 protein zeta/delta

26S proteasome non-ATPase regulatory subunit 2
26S proteasome non-ATPase regulatory subunit 6
40S ribosomal protein S11

40S ribosomal protein S16

40S ribosomal protein S3

40S ribosomal protein S3a

40S ribosomal protein S4, X isoform

40S ribosomal protein S7

40S ribosomal protein S9

40S ribosomal protein SA

60S acidic ribosomal protein PO

60S ribosomal protein L12

6-phosphogluconate dehydrogenase, decarboxylating

72 kDa type IV collagenase
Acetyl-CoA acetyltransferase, cytosolic
Actin, alpha skeletal muscle

Actin, cytoplasmic 1

Actin-related protein 2

Myocyte
EVs

NIH-
3T3
EVs

+ + o+

+
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23 | Actin-related protein 2/3 complex subunit 4
24 | Actin-related protein 3

25 | Adenosylhomocysteinase

26 = Adenylosuccinate synthetase isozyme 2

27 = Adipocyte enhancer-binding protein 1

28 = ADP-ribosylation factor 1

29  AHNAK nucleoprotein (desmoyokin)

30 Alanine--tRNA ligase, cytoplasmic

31 | Alcohol dehydrogenase [NADP(+)]

32 | Aldehyde dehydrogenase family 3 member B1

33 | Aldose reductase

34 | Alpha-actinin-1

35 | Alpha-actinin-3

36 = Alpha-actinin-4

37 | Alpha-crystallin B chain
38 | Alpha-enolase

39 | Alpha-N-acetylglucosaminidase
40 = Aminopeptidase N

41 = Amyloid-beta A4 protein
42 | Annexin Al

43 | Annexin A2

44 Annexin A3

45  Annexin A5

46 = Annexin A6

47 | Annexin A7

+ o+ o+
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48
49
50
51
52
53
54
55
56

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

Arginine--tRNA ligase, cytoplasmic
Asparagine synthetase [glutamine- hydrolyzing]
Asparagine--tRNA ligase, cytoplasmic
Aspartate aminotransferase, cytoplasmic
Aspartate aminotransferase, mitochondrial
Aspartate--tRNA ligase, cytoplasmic
ATP-citrate synthase

ATP-dependent RNA helicase A

Basement membrane-specific heparan sulphate
proteoglycan core protein

Basigin

Beta-enolase

Beta-hexosaminidase subunit beta

Bifunctional glutamate/proline--tRNA ligase
Bifunctional purine biosynthesis protein PURH
Biglycan

Binl protein

Bone morphogenetic protein 1

Cadherin-15

Calpain-6

Calreticulin

Calsequestrin-2

Calsyntenin-1

Calumenin

Carboxypeptidase

Carboxypeptidase Q

Cartilage intermediate layer protein 1
Cathepsin B

Cathepsin D

+ o+ o+

+

128

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

Cathepsin L1
Cathepsin Z

CD151 antigen

CD81 antigen

CD82 antigen
Ceruloplasmin
Chloride intracellular channel protein 1
Clathrin heavy chain 1
Coatomer subunit alpha
Coatomer subunit beta
Coatomer subunit beta’
Cofilin-1

Cofilin-2

Coiled-coil domain-containing protein 80

Collagen alpha-1(1) chain
Collagen alpha-1(11) chain
Collagen alpha-1(V) chain
Collagen alpha-1(VI) chain
Collagen alpha-1(XII) chain
Collagen alpha-2(1) chain
Collagen alpha-2(1V) chain
Collagen alpha-2(V) chain
Collagen alpha-2(VI) chain
Collagen, type VI, alpha 3
Complement C1r-A subcomponent
Complement C1s-A subcomponent
Complement factor H

Copine-2

+ o+ o+

+

+ o+ o+
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104
105
106
107
108
109
110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

Creatine kinase B-type

Cullin-associated NEDD8-dissociated protein 1
Cystatin-C

Cytoplasmic dynein 1 heavy chain 1
Cytoplasmic dynein 1 intermediate chain 2
D-3-phosphoglycerate dehydrogenase

DEAD (Asp-Glu-Ala-Asp) box polypeptide 17, isoform
CRA
Decorin

Desmin

Desmoplakin

Dihydropyrimidinase-related protein 2

DNA damage-binding protein 1

DNA replication licensing factor MCM2
DNA-(apurinic or apyrimidinic site) lyase
Dystroglycan

Ectonucleotide pyrophosphatase
EGF-containing fibulin-like extracellular matrix protein 2
EH domain-containing protein 1

EH domain-containing protein 4

Elongation factor 1-alpha 1

Elongation factor 1-delta

Elongation factor 1-gamma

Elongation factor 2

EMILIN-1

Endoplasmic reticulum chaperone BiP
Endoplasmin

Erythrocyte band 7 integral membrane protein

Eukaryotic initiation factor 4A-1

+ o+ o+

+

+ + o+

+
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132
133
134

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

Eukaryotic peptide chain release factor subunit 1
Eukaryotic translation initiation factor 2 subunit 1

Eukaryotic translation initiation factor 2 subunit 3, X-
linked
Eukaryotic translation initiation factor 3 subunit A

Eukaryotic translation initiation factor 3 subunit C
Eukaryotic translation initiation factor 3 subunit E
Eukaryotic translation initiation factor 3 subunit |
Eukaryotic translation initiation factor 3 subunit L
Eukaryotic translation initiation factor 5A (Fragment)
Exportin-1

Exportin-2

Extracellular matrix protein 1

Extracellular superoxide dismutase [Cu-Zn]
F-actin-capping protein subunit alpha-1

Farnesyl pyrophosphate synthase

Fascin

Fatty acid synthase

Fatty acid-binding protein, epidermal

Fibrillin-1

Fibronectin

Fibronectin type 111 domain-containing 1
Fibulin-1

Fibulin-7

Filamin, alpha

Follistatin-related protein 1
Fructose-bisphosphate aldolase A

Galectin-1

Galectin-3

+ o+ o+

+
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160
161
162
163
164
165
166
167
168
169
170
171

172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

Galectin-3-binding protein
Glucose-6-phosphate isomerase
Glutaredoxin-3

Glutathione S-transferase P 1
Glyceraldehyde-3-phosphate dehydrogenase
Glycine--tRNA ligase

Glypican-1

GMP synthase [glutamine-hydrolyzing]
Granulins

GTP-binding nuclear protein Ran

Guanine nucleotide-binding protein G(i) subunit alpha-2

Guanine nucleotide-binding protein G(1)/G(S)/G(T)
subunit beta-2
Heat shock 70 kDa protein 4

Heat shock cognate 71 kDa protein

Heat shock protein HSP 90-alpha

Heat shock protein HSP 90-beta

Hepatoma-derived growth factor

Heterogeneous nuclear ribonucleoprotein A/B
Heterogeneous nuclear ribonucleoprotein Al
Heterogeneous nuclear ribonucleoprotein A3
Heterogeneous nuclear ribonucleoprotein K (Fragment)
Heterogeneous nuclear ribonucleoprotein L (Fragment)
Heterogeneous nuclear ribonucleoprotein R
Heterogeneous nuclear ribonucleoproteins A2/B1

High mobility group protein B1

Histone H1.2

Histone H2B type 1-B

Histone H4

+ o+ o+

+

+ + o+

+
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188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

Histone-binding protein RBBP7

Hsc70-interacting protein

Immunoglobulin superfamily member 8

Importin subunit beta-1

Importin-7

Insulin-like growth factor-binding protein 5
Insulin-like growth factor-binding protein 6

Integral membrane protein 2B

Integrin beta-1

Inter-alpha trypsin inhibitor, heavy chain 2

Isocitrate dehydrogenase [NADP] cytoplasmic
Isoform 2 of 4F2 cell-surface antigen heavy chain
Isoform 2 of Choline transporter-like protein 2
Isoform 2 of Fibulin-2

Isoform 2 of Filamin-C

Isoform 2 of Gelsolin

Isoform 2 of Heterogeneous nuclear ribonucleoprotein U
Isoform 2 of Lactadherin

Isoform 2 of Mannan-binding lectin serine protease 1
Isoform 2 of Nestin

Isoform 2 of Periostin

Isoform 2 of Spectrin alpha chain, non-erythrocytic 1
Isoform 2 of Sulfhydryl oxidase 1

Isoform 2 of Tenascin

Isoform 2 of Transcription intermediary factor 1-beta
Isoform 2 of Tripartite motif-containing protein 47
Isoform 2 of Tropomyosin alpha-3 chain

Isoform 2 of Unconventional myosin-Ic

+ o+ o+
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216
217

218
219

220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

Isoform 2 of V-type proton ATPase catalytic subunit A

Isoform 3 of Heterogeneous nuclear ribonucleoprotein
DO
Isoform Alpha-7X2A of Integrin alpha-7

Isoform C1 of Heterogeneous nuclear ribonucleoproteins
Cl/c2
Isoform PLEC-1D of Plectin

Isoleucine--tRNA ligase, cytoplasmic
Junction plakoglobin

Kelch-like protein 41

Keratin, type | cytoskeletal 14
Keratin, type | cytoskeletal 16
Keratin, type | cytoskeletal 17
Keratin, type Il cytoskeletal 5
Keratin, type Il cytoskeletal 6A
Lactoylglutathione lyase

Laminin subunit beta-1

Laminin subunit gamma-1
Leucine--tRNA ligase, cytoplasmic
Leukocyte elastase inhibitor A
Leukotriene A-4 hydrolase

L-lactate dehydrogenase

Low density lipoprotein receptor-related protein 1
Lysine--tRNA ligase

Lysyl oxidase homolog 1

Major vault protein

Malate dehydrogenase, cytoplasmic
Malate dehydrogenase, mitochondrial
Matrilin-2
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243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

MCG116562, isoform CRA_a

MCG116671

MCG23377, isoform CRA_b

Mesothelin

Metalloproteinase inhibitor 1
Metalloproteinase inhibitor 2

Mimecan

Mitotic checkpoint protein BUB3

Moesin

Monocarboxylate transporter 1
Multifunctional protein ADE2

Myoferlin

Myosin-1

Myosin-3

Myosin-9

Neural cell adhesion molecule 1

Neutral alpha-glucosidase AB

Nidogen-1

Nidogen-2

Non-POU domain-containing octamer-binding protein
Nuclease-sensitive element-binding protein 1
Nucleobindin-1

Nucleolin

Nucleophosmin

Nucleoside diphosphate kinase
Olfactomedin-like protein 3

Peptidyl-glycine alpha-amidating monooxygenase
Peptidyl-prolyl cis-trans isomerase A

+ o+ o+
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271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287

288
289
290
291
292
293
294
295

296
297

Peptidyl-prolyl cis-trans isomerase B
Peptidyl-prolyl cis-trans isomerase FKBP4
Peroxidasin homolog

Peroxiredoxin-1

Peroxiredoxin-2

Phenylalanine--tRNA ligase alpha subunit
Phenylalanine--tRNA ligase beta subunit
Phosphatidylethanolamine-binding protein 1
Phosphoglucomutase-1

Phosphoglycerate kinase 1
Phosphoglycerate mutase 1

Phospholipid transfer protein

Phosphoserine aminotransferase

Pigment epithelium-derived factor

Plasma membrane calcium-transporting ATPase 1
Plastin-3 (Fragment)

Platelet-activating factor acetylhydrolase 1B subunit
alpha
Platelet-activating factor acetylhydrolase

Plexin-B2

Poly(rC)-binding protein 1
Polyadenylate-binding protein 1
Predicted pseudogene 5580
Prelamin-A/C
Pre-mRNA-processing factor 19

Pre-mRNA-splicing factor ATP-dependent RNA helicase
DHX15
Probable ATP-dependent RNA helicase DDX5

Probable ATP-dependent RNA helicase DDX6

+ o+ o+

+
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298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

317
318
319
320
321
322
323
324
325

Procollagen C-endopeptidase enhancer 1
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3
Profilin-1

Programmed cell death 6-interacting protein
Proliferating cell nuclear antigen
Proliferation-associated 2G4

Prolyl endopeptidase

Prosaposin

Prostaglandin F2 receptor negative regulator
Proteasome subunit alpha type-3

Proteasome subunit alpha type-6

Proteasome subunit alpha type-7

Proteasome subunit beta type-5

Protein arginine N-methyltransferase 1

Protein disulfide-isomerase A3

Protein disulfide-isomerase

Protein kinase C and casein kinase Il substrate protein 3

Protein kinase C and casein kinase substrate in neurons
protein 2
Protein NOV homolog

Protein RCC2

Protein SET (Fragment)

Puromycin-sensitive aminopeptidase

Pyruvate kinase PKM

Rab GDP dissociation inhibitor beta

RAB1A, member RAS oncogene family

RAS-related C3 botulinum substrate 1, isoform CRA_a

Ras-related protein Rab-7a

+ o+ o+

+
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326
327
328
329
330
331
332
333
334
335
336
337
338

339
340

341

342

343
344
345
346
347
348
349
350
351

Ras-related protein R-Ras2

Receptor of activated protein C kinase 1
Reticulon-4

Rho GDP-dissociation inhibitor 1
Ribonuclease 4

Ribonuclease inhibitor

Ribosomal protein

RuvB-like 1

Sarcoplasmic/endoplasmic reticulum calcium ATPase 1
Septin-11

Septin-2

Septin-7

Serine (or cysteine) peptidase inhibitor, clade B, member
6a
Serine protease HTRA1

Serine/threonine-protein phosphatase 2A 65 kDa
regulatory subunit A alpha isoform
Serine/threonine-protein phosphatase 2A catalytic
subunit alpha isoform

Serine/threonine-protein phosphatase PP1-alpha catalytic
subunit

Serine-threonine kinase receptor-associated protein

Serine--tRNA ligase, cytoplasmic

Serpin H1

Sodium/potassium-transporting ATPase subunit alpha-1
Sodium/potassium-transporting ATPase subunit alpha-2
SPARC

Spectrin beta chain, non-erythrocytic 1

Spliceosome RNA helicase Ddx39b

Splicing factor 3B subunit 1
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352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379

Spondin-2

Staphylococcal nuclease domain-containing protein 1
Stress-induced-phosphoprotein 1
SUMO-activating enzyme subunit 2
Synaptic vesicle membrane protein VAT-1 homolog
Talin-1

T-complex protein 1 subunit alpha
T-complex protein 1 subunit beta
T-complex protein 1 subunit delta
T-complex protein 1 subunit epsilon
T-complex protein 1 subunit eta

T-complex protein 1 subunit gamma
T-complex protein 1 subunit theta
T-complex protein 1 subunit zeta
Thrombospondin-1

Thrombospondin-2

Transaldolase

Transferrin receptor protein 1

Transgelin-2

Transitional endoplasmic reticulum ATPase
Transketolase

Translationally-controlled tumour protein
Triosephosphate isomerase

Tropomyosin beta chain

Tubulin alpha-1A chain

Tubulin beta-5 chain

Tubulin beta-6 chain

Tumour susceptibility gene 101 protein

+ o+ o+

+
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380
381
382
383

Tyrosine-protein kinase Fyn

Ubiquitin-like modifier-activating enzyme 1
Vacuolar protein sorting-associated protein 35
Valine--tRNA ligase

134

384
385
386

387

Vimentin
Vinculin

Voltage-dependent calcium channel subunit alpha-
2/delta-1
WD repeat-containing protein 1
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4.2.26.2.2 Protein-protein Interaction Network Identification of Proteins Detected in
C2C12 Myotube and NIH-3T3 EVs

Proteins and their functional interactions are the key to many cellular processes. Therefore,

identifying the protein network connectivity is pivotal in understanding many biological

phenomena in cells. As mentioned above, the STRING database was used to analyse the

protein-protein interactions in EVs. The STRING database aims to collect, score, and integrate

all publicly available sources of protein—protein interaction information, and to complement

these with computational predictions.

To identify the protein-protein interactions network of the proteins derived from both myocytes
and fibroblast EVs, the data represented in Table 2 was submitted to STRING analysis

(https://string-db.org/). These interactions are based on known and predicted interactions.

Proteins identified in C2C12 myocyte EV interactions are shown in Figure 27 and 28 and
protein interactions of NIH-3T3 EVs are presented in (Figure 29). Enrichment p-values for
most of the protein-protein interaction (PPI) of C2C12 myocyte derived EVs, were found to be
p < 1.0 x 1076, However, some PPI enrichment values were found to be p < 1.27 x 1075, This
meant that proteins presented have more interactions among themselves than what would be
expected for a random set of proteins of similar size, drawn from the genome. Such an

enrichment indicates that the proteins are (at least partially) biologically connected, as a group.
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negative regulation of cell adhesion @

negative regulation of cellular component organization @
regulation of cell death ®

regulation of programmed cell death ®

regulation of apoptotic process @

negative regulation of cell cycle arrest @

negative regulation of endothelial cell migration @
negative regulation of cell motility ®

negative regulation of cell migration

negative regulation of developmental process @

Figure 27: Protein-protein interaction
networks of proteins identified in
C2C12 myocyte EVs, using Search
Tool for Retrieval of Interacting
Genes/Proteins (STRING) analysis

Coloured network nodes represent
proteins, whilst edges represent known
and predicted interactions between
proteins. Some of the biological
processes noted in previous results
chapters were analysed.
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protein targeting to lysosome @
protein localization to lysosome @
endosome to lysosome transport @

lysosome organization
lysosomal transport @
lysosome @

Figure 28: Protein-protein interaction
networks of proteins identified in
C2C12 myocyte EVs, using Search
Tool for Retrieval of Interacting
Genes/Proteins (STRING) analysis

Coloured network nodes represent
proteins, whilst edges represent known
and predicted interactions between
proteins. Lysosome was selected as the
cellular component and lysosome related
biological processes were analysed.
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A total of 220 myocyte proteins were submitted to the analysis, but only 149 proteins were
identified by the database. Initially therefore, the biological processes of those proteins were
determined. Gene Ontology (GO) analysis of the 149 proteins revealed many biological
functional roles; processes such as glutamate catabolic processes, telomerase holoenzyme
complex assembly, positive regulation of protein folding, and aspartate catabolic processes and
their strength were all significant. Furthermore, many negative regulations of biological
processes were also observed in the analysis. From these negatively regulated processes, 10
terms were selected for further analysis (Figure 27). The strength of some of the negative
biological processes, such as cell cycle arrest, cell migration and cell adhesion were

significantly high compared to a random protein network of similar size.

In order to identify the proteins related to particular cellular components, GO analysis of
cellular components was selected. Many cellular component related proteins were observed
and interestingly, lysosome related protein enrichment was significant, with a False Discovery
Rate, FDR, p value of 2.3x10°%. Therefore, GO analysis of lysosome related biological
pathways were selected for further analysis (Figure 28). Among chosen biological pathways,
lysosome organisation proteins and lysosomal transport protein strength were significant. A
total of 15 different lysosome related proteins were detected and Beta-hexosaminidase subunit
beta, Tumour susceptibility gene 101 protein (TSG101), caspase family proteins and Ras-

related protein Rab-7a were to name but a few.

To confirm that myocyte EV protein interactions were different from fibroblast EV proteins, a
total of 299 fibroblast EV proteins were submitted for GO analysis (Figure 29). Only 207
proteins were identified by the database. Few biological functional processes similar to

myocyte proteins were identified including, negative regulation of cell adhesion, cell
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migration, development process and endothelial cell migration. However, biological processes
such as negative regulation of cell cycle arrest and negative regulation of cellular compartment
organisation related protein interactions were not observed in fibroblast EVs. Moreover,
lysosomal related proteins were also present in fibroblast EVs. However, only the lysosomal

transport biological pathway was significant.

In summary, it was observed at this point that fibroblast EVs contain more proteins than
myocyte EVs, but however, that myocyte EVs contained increased number of proteins that
negatively regulate cellular processes including, processes suppressing carcinoma cell
progression. Furthermore, myocyte EVs contained more lysosomal biological process protein

interactions compared to fibroblast EVs.
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lysosomal transport @ regulation of apoptotic process @
negative regulation of cell adhesion @ regulation of cell death ®

negative regulation of cell migration regulation of programmed cell death @
negative regulation of developmental process @ lysosome @

negative regulation of endothelial cell migration @

Figure 29: Protein-protein interaction networks of proteins identified in NIH-3T3
fibroblast EVs, using Search Tool for Retrieval of Interacting Genes/Proteins (STRING)
analysis

Coloured network nodes represent proteins, whilst edges represent known and predicted
interactions between proteins. Lysosome was selected as the cellular component and biological
processes analysed in Figure 27 were selected for comparison.
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4.2.36.2.3 Negative Regulations of Biological Processes Exerted by Myocyte Derived
EV Proteins

The GO analysis on both myocyte and NIH-3T3 EVs helped to identify protein-protein

interactions in biological processes. Moreover, it was helpful when identifying proteins related

to cellular components, such as lysosomal proteins. It was noted that myocyte derived EVs had

many negative biological processes related proteins compared to NIH-3T3 derived EVs.

Interestingly, most of these negatively regulated biological processes coincided with the

experimental data discussed in previous results chapters.

Having established that myocyte derived EV proteins induced apoptosis and growth
suppression in carcinoma cells, further protein analysis was conducted on myocyte EV specific
proteins. As showed in Figure 26, 88 myocyte EV specific proteins were identified. Those
proteins were separately listed in (Table 3). Each identified protein was sequenced through
UniProt (http://www.uniprot.org) to obtain UniProt name, correct protein accession number
and Gene symbol. Furthermore, proteins that were common in both cell types but significantly
high in myocyte EVs were also analysed. Built-in t-test statistical analysis was performed to
identify those proteins and p-values (p < 0.05) were considered significant. From 132 common
proteins, 19 proteins were identified as significantly high in myocyte derived EVs and listed in

(Table 4).
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Table 3: List of proteins specific to C2C12 myocyte EVs

UniProt UniProt Name Status Protein Name (88/387) Gene Symbol
Accession

AOAOABYW67 AOAOAGYW67_MOUSE unreviewed | MCG23377, Predicted pseudogene 8797 Gm8797
Q61508 ECM1_MOUSE reviewed Extracellular matrix protein 1 Ecml

P10852 4F2_MOUSE reviewed 4F2 cell-surface antigen heavy chain Slc3a2
Q61738 ITA7_MOUSE reviewed Integrin alpha 7 Itga7

Q62000 MIME_MOUSE reviewed Mimecan Ogn
AOAOR4JOF8 AOAOR4JOF8_MOUSE unreviewed | Cartilage intermediate layer protein 1 Cilp

P28798 GRN_MOUSE reviewed Progranulin Grn

088322 NID2_MOUSE reviewed Nidogen-2 Nid2

035639 ANXA3_MOUSE reviewed Annexin A3 Anxa3 (Anx3)
Q08879 FBLN1 MOUSE reviewed Fibulin-1 Fbinl

P09055 ITB1_MOUSE reviewed Integrin beta-1 Itgbl

Q9R118 HTRAL MOUSE reviewed Serine protease HTRAL Htral

P31001 DESM_MOUSE reviewed Desmin Des

G3X8T3 G3X8T3_MOUSE unreviewed | Carboxypeptidase Ctsa

Q64299 CCN3_MOUSE reviewed CCN family member 3 Ccn3

P25785 TIMP2_MOUSE reviewed Metalloproteinase inhibitor 2 Timp2 (Timp-2)
Q8VDN2 AT1A1_MOUSE reviewed Sodium/potassium-transporting ATPase subunit alpha-1 Atplal
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AO0A286YDF5 A0A286YDF5_MOUSE unreviewed Myoferlin Myof
Q3TWF3 Q3TWF3_MOUSE unreviewed Amyloid-beta A4 protein App
Q03350 TSP2_MOUSE reviewed Thrombospondin-2 Thbs2 (Tsp2)
P84078 ARF1_MOUSE reviewed ADP-ribosylation factor 1 Arfl
AOAOR4J019 AOAOR4J019_MOUSE unreviewed | Prolow-density lipoprotein receptor-related protein 1 Lrpl
P97449 AMPN_MOUSE reviewed Aminopeptidase N Anpep
Q8CG14 CS1A_MOUSE reviewed Complement C1s-A subcomponent Clsa (Cls)
E9Q616 E9Q616_MOUSE reviewed AHNAK nucleoprotein Ahnak
QIWTI7 MYO1C_MOUSE reviewed Unconventional myosin-Ic Myolc
AOA0AOMQM7 AOAOAOMQM7_MOUSE | unreviewed | Matrilin-2 Matn2
P53986 MOT1_MOUSE reviewed Monocarboxylate transporter 1 Slcl6al
Q9CPUO LGUL_MOUSE reviewed Lactoylglutathione lyase Glol
Q501P1 FBLN7_MOUSE reviewed Fibulin-7 Fbin7
A2AUC9 KLH41 _MOUSE reviewed Kelch-like protein 41 Klhl41
P62821 RAB1A_MOUSE reviewed Ras-related protein RablA (Rabl)
Q8BMS?2 SPON2_MOUSE reviewed Spondin-2 Spon2
AO0A1BOGR11_MO | A0OA1BOGR11_MOUSE unreviewed Transaldolase Taldol
USE

P55065 PLTP_MOUSE reviewed Phospholipid transfer protein Pltp
Q99P72 RTN4_MOUSE reviewed Reticulon-4 Rtn4
P58774 TPM2_MOUSE reviewed Tropomyosin beta chain Tpm2
P33146 CAD15_MOUSE reviewed Cadherin-15 Cdh15
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Q8R2G6 CCD80_MOUSE reviewed Coiled-coil domain-containing protein 80 Ccdc80
AOAOR4J1D0 AOAOR4J1D0_MOUSE unreviewed Copine-2 Cpne2
009164 SODE_MOUSE reviewed Extracellular superoxide dismutase Sod3
P35762 CD81_MOUSE reviewed CD81 antigen Cd81 (Tapal)
G5E829 AT2B1_MOUSE reviewed Plasma membrane calcium-transporting ATPase 1 Atp2bl
Q62465 VAT1_MOUSE reviewed Synaptic vesicle membrane protein VAT-1 homolog Vatl (Vat-1)
G3UXY9 G3UXY9_MOUSE unreviewed | Ectonucleotide pyrophosphatase Enpp2
Q99K51 PLST_MOUSE reviewed Plastin-3 Pls3
Q9wWuUU7 CATZ_MOUSE reviewed Cathepsin Z Ctsz
Q9D154 ILEUA_MOUSE reviewed Leukocyte elastase inhibitor A Serpinbla
P12032 TIMP1_MOUSE reviewed Metalloproteinase inhibitor 1 Timpl
P39688 FYN_MOUSE reviewed Tyrosine-protein kinase Fyn Fyn
P16110 LEG3_MOUSE reviewed Galectin-3 Lgals3
Q6P1B9 Q6P1B9_MOUSE unreviewed | Binl protein Binl
K3wW4Q8 K3W4Q8_MOUSE unreviewed | Basigin Bsg
P84078/ P61205 ARF1_MOUSE/ reviewed ADP-ribosylation factor 1 Arfl/ Arf3
ARF3_MOUSE
P97467 AMD_MOUSE reviewed Peptidyl-glycine alpha-amidating monooxygenase Pam
Q9WVJ3 CBPQ_MOUSE reviewed Carboxypeptidase Q Cpq
Q8CG16 C1RA_MOUSE reviewed Complement C1r-A subcomponent Clra (C1r)
Q62165 DAG1_MOUSE reviewed Dystroglycan Dagl (Dag-1)
P20060 HEXB_MOUSE reviewed Beta-hexosaminidase subunit beta Hexb
E9Q043 E9Q043_MOUSE unreviewed | Fibronectin type Il domain-containing 1 Fndcl
035887 CALU_MOUSE reviewed Calumenin Calu
Q9DOF9 PGM1_MOUSE reviewed Phosphoglucomutase-1 Pgm1l
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088325 088325_MOUSE unreviewed | Alpha-N-acetylglucosaminidase Naglu
Q5SX40 MYH1_MOUSE reviewed Myosin-1 Myh1
P62071 RRAS2_MOUSE reviewed Ras-related protein R-Ras2 Rras2
Q07076 ANXA7_MOUSE reviewed Annexin A7 Anxa7 (Anx7)
P98064 MASP1_MOUSE reviewed Isoform 2 of Mannan-binding lectin serine protease 1 Maspl
P05202 AATM_MOUSE reviewed Aspartate aminotransferase Got2 (Got-2)
089051 ITM2B_MOUSE reviewed Integral membrane protein 2B Itm2b
Q61187 TS101_MOUSE reviewed Tumour susceptibility gene 101 protein Tsgl101
QG6PIES AT1A2_MOUSE reviewed Sodium/potassium-transporting ATPase subunit alpha-2 Atpla2
Q8R429 AT2A1_MOUSE reviewed Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 Atp2al
P54116 STOM_MOUSE reviewed Erythrocyte band 7 integral membrane protein Stom
Q9JJH1 RNAS4_MOUSE reviewed Ribonuclease 4 Rnase4
035566 CD151_MOUSE reviewed CD151 antigen Cdi51
Q04447 KCRB_MOUSE reviewed Creatine kinase B-type Ckb
088990 ACTN3_MOUSE reviewed Alpha-actinin-3 Actn3
E9Q1X8 E9Q1X8_MOUSE unreviewed | Voltage-dependent calcium channel subunit alpha-2/delta-1 Cacna2dl
Q99JB8 PACN3_MOUSE reviewed Protein kinase C and casein kinase Il substrate protein 3 Pacsin3
B2RXS4 PLXB2_MOUSE reviewed Plexin-B2 PIxnb2
Q8COE3 TRI47_MOUSE reviewed E3 ubiquitin-protein ligase TRIM47 Trim47
Q62351 TFR1_MOUSE reviewed Transferrin receptor protein 1 Tfrc
P45591 COF2_MOUSE reviewed Cofilin-2 Cfl2
P47880 IBP6_MOUSE reviewed Insulin-like growth factor-binding protein 6 Igfbp6
P23927 CRYAB_MOUSE reviewed Alpha-crystallin B chain Cryab
Q80VvQO AL3B1_MOUSE reviewed Aldehyde dehydrogenase family 3 member B1 Aldh3bl
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Table 4: List of proteins common in both C2C12 myocytes and CMT 64/61 carcinoma
cells but significantly high in myocyte derived EVs

No.

1

10

11

Protein Name

Collagen alpha-1(XII)
chain

Filamin-C

Moesin

Fibrillin-1

Adipocyte enhancer-
binding protein 1

Complement factor H
Prostaglandin F2
receptor negative
regulator

Biglycan

Cathepsin B

SPARC

Cathepsin L1

Accession Number
E9PX70_MOUSE

FLNC_MOUSE

MOES_MOUSE

FBN1_MOUSE

AEBP1_MOUSE

CFAH_MOUSE

FPRP_MOUSE

PGS1_MOUSE

CATB_MOUSE

AOA1L1SSH9 _MOUSE

CATL1_MOUSE

P value | Protein Function

0.006

0.036

0.021

0.0032

0.013

0.0099

0.023

0.035

0.0092

0.011

0.041
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Type XII collagen interacts with type |
collagen-containing fibrils and could be
associated with the surface of the fibrils.
Muscle-specific filamin, which plays a
central role in normal myogenesis and for
maintaining the structural integrity of the
muscle fibres.

Connects the actin cytoskeleton to the
plasma membrane and helps to regulate
many cellular processes, including cell
shape determination, membrane transport,
and signal transduction. Plays an important
role in immunity acting on both T and B-
cells homeostasis and self-tolerance.

Provide long-term force bearing structural
support. Also plays a key role in tissue
homeostasis through specific interactions
with growth factors, such as the bone
morphogenetic proteins (BMPs), growth and
differentiation factors (GDFs) and latent
transforming growth factor-beta-binding
proteins (LTBPs), cell-surface integrins and
other extracellular matrix protein and
proteoglycan components

Regulates collagen fibrillogenesis and
possibly involved in the organization and
remodelling of the extracellular matrix.
Modulates complement activation and
thereby maintain a well-balanced immune
response.

In myoblasts, associates with tetraspanins
CD9 and CD81 to prevent myotube fusion
during muscle regeneration.

Possibly involved in collagen fibre
assembly.

A myokine which has been associated with
many functions in cancer including,
initiation, growth/tumour cell proliferation,
angiogenesis, invasion, and metastasis.
However, over expression of cathepsin B is
known to induce apoptosis in cancer cells.
Regulate cell growth through interactions
with the extracellular matrix and cytokines.
Binds calcium and copper and prevent and
suppress cancer growth.

Important for the overall degradation of
proteins in lysosomes. Cathepsin L1 cleaves
proteoglycan protein perlecan, which
inhibits the growth and invasiveness of
cancer cells and angiogenesis.
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12

13

14

15

16

17

18

19

Prosaposin

Endoplasmic reticulum
chaperone BiP

Serine (or cysteine)
peptidase inhibitor

EH domain-containing
protein 1
Sulfhydryl oxidase 1

Neural cell adhesion
molecule 1

EH domain-containing
protein 4
Decorin

E9PZ00_MOUSE

BIP_MOUSE

F8WIV2_MOUSE

EHD1_MOUSE

QSOX1_MOUSE

AOAOQAGYY47_MOUSE

EHD4_MOUSE

PGS2_MOUSE

0.022

0.0096

0.02

0.044

0.015

0.0068

0.04

0.028

Participate in the lysosomal
degradation of sphingolipids, which
takes place by the sequential action
of specific hydrolases.

Plays a key role in protein folding
and quality control in the
endoplasmic reticulum lumen.
Binds to and stops, prevents, or
reduces the activity of serine-type
endopeptidases, enzymes that
catalyze the hydrolysis of
nonterminal peptide bonds in a
polypeptide chain.

Plays a role in myoblast fusion.

Plays a role in disulfide bond
formation in a variety of
extracellular proteins.

Involves in cell adhesion molecule
involved in neuron-neuron adhesion,
neurite fasciculation, outgrowth of
neurites.

Plays a role in early endosomal
transport.

Works as a cancer suppressor by
targeting key signalling molecules
including, TGF-g and receptor
tyrosine kinase which inhibit cancer
cell growth, survival, metastasis,
and angiogenesis. Moreover, over
expression of decorin has induced
apoptosis and cell cycle arrest.

To identify the PPI network of the proteins listed in both Table 3 and 4 data was submitted to

STRING analysis (https://string-db.org/). From 107 proteins, only 84 proteins were detected

by the database. Go analysis of these proteins revealed numerous biological processes related

proteins (Figure 30). Average local clustering coefficient was noted as 0.433 and PPI

enrichment -value of this protein cluster was < 1.0 x107%6, These results indicated that the

proteins in this cluster were at least partially biologically connected, and they had more

interactions among themselves than expected in a similar size protein cluster 268,
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negative regulation of biological process @

cell migration

negative regulation of cellular component organization ®
regulation of cell morphogenesis @

regulation of angiogenesis @
regulation of cell population proliferation @
cell adhesion @

lysosome @

Figure 30: Protein-protein interaction
networks of proteins specific to C2C12
myocyte EVs, using Search Tool for
Retrieval of Interacting Genes/Proteins
(STRING) analysis

Coloured network nodes represent
proteins, whilst edges represent known
and predicted interactions between
proteins. Lysosome was selected as the
cellular component and few other
biological processes were analysed.
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Indeed, most of the myocyte EVs proteins were cellular regulatory proteins. Interestingly, 34
out of 84 proteins (~40.47%) detected were responsible for negative regulations of biological
processes. Those proteins were represented by a green node in (Figure 30). The few negatively
regulated biological processes identified by the analysis were, cell communication, cellular
component organisation, development processes and cell signalling. Furthermore, 6 myocyte
specific lysosome related proteins were detected, including cathepsin L1, B, Z, Granulins,

Beta-hexosaminidase subunit beta and Carboxypeptidase Q.

4.2.46.2.4 KEGG Pathway analysis of upregulated myocyte EV proteins

Having confirmed that myocyte derived EVs contain proteins that negatively regulate cell
migration, proliferation, adhesion, and morphogenesis, the biological pathways of upregulated
proteins were analysed. Fold change by category for all myocyte EV proteins was calculated
using the inbuilt Scaffold 4.11.1 statistical tool. As there were only two replicates, Fisher’s
Exact Test and multiple test correction (Benjamini-Hochberg correction) was selected. When
calculating the fold change, fibroblast was used as the referenced category. Fold change p-
values < 0.05 were regarded as downregulated and fold changes p-values > 2.0 were regarded
as upregulated. The fold change cut-off points were automatically computed by the Scaffold
software. From a total of 220 myocyte proteins, 29 proteins were upregulated and 13 were

downregulated (Figure 31).
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Figure 31: Differently expressed myocyte EVs proteins

A) Volcano plot representing myocyte EV proteins. Plotted significance versus fold change on
the Y and X axes, respectively. Benjamini- Hochberg corrected p-value set as p< 0.038.
Statistically significant proteins were represented by Green dots and nonsignificant proteins
indicated by grey dots. Significant outliers were not represented. B) Upregulated and
downregulated proteins in myocyte EVs were compared to fibroblast EVs. The fold change cut
off points were automatically computed by the Scaffold software. Fold change p-values < 0.05
were regarded as downregulated and fold changes with p-values > 2.0 regarded as upregulated.
Generally, proteins with positive fold change were regarded as upregulated and proteins with
negative fold change considered to be down regulated.
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To gain further insight into the whole chain of events caused by differently expressed proteins,
upregulated proteins were selected for KEGG pathway analysis. KEGG (Kyoto Encyclopaedia
of Genes and Genomes) (http://www.kegg.jp/) is a database resource for understanding high
level roles and functions of the biological system such as cells, organisms, and the ecosystem

at the molecular level'®, KEGG pathway analysis through (https:/string-db.org/) revealed 8

different pathways for selected proteins. These were the enriched pathways identified for
upregulated proteins: (i) Antigen processing and presentation, (ii) Autophagy, (iii) Apoptosis,
(iv) TGF beta signalling pathway, (v) phagosome, (vi) Protein digestion and absorption, (vii)
Lysosomes and (viii) Proteoglycan in cancer. There were no pathways represented by more
than 3 proteins; however, a significant enrichment was noted as the FDR values were p < 0.05.
Furthermore, the average local clustering coefficient was 0.619 and the PPI enrichment p< 1.0
x107%6 suggested that the proteins were at least partially biologically connected and had more

interactions than expected.

Apoptosis, Lysosomes and Proteoglycan in cancer pathways were selected for further analysis
(Figure 32). The strength value of Apoptosis pathway (mmu04210), Lysosome pathway
(mmu04142) and Proteoglycan in cancer pathway (mmu05205) were 1.41, 1.45 and 1.24,
respectively. The strength value determines how large the enrichment effect is and it is
calculated by Logl0 (observed proteins/expected proteins). Moreover, false discovery rate
(FDR) for Apoptosis (mmu04210), Lysosome (mmu04142) and Proteoglycan in cancer
(mmu05205) pathways p-values were found to be 0.0035, 0.0035 and 0.0055, respectively.
FDR values below 0.05 suggested that selected pathways were significantly enriched.
Furthermore, the line thickness between nodes indicated the confidence of the data between
proteins (Figure 32). As showed in Figure 32, Cathepsin D, Cathepsin L1 and Cathepsin B

proteins represented the Lysosome pathway. The same proteins were associated with the
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Apoptosis pathway, whilst Decorin and Thrombospondin-1 included in Proteoglycans in

cancer pathway.

Col3al
/?-:PIOdl /-\ Igsf8 0 m
g L D

Apoptosis @
Lysosome @

Proteoglycans in cancer @

Figure 32: Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis of upregulated
proteins

A few of the significantly enriched pathways were chosen. The colour coding for the pathway
proteins represents their protein interactions within the network. Proteins with highest
connection confidence were represented by thick lines.
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4.2.416.2.4.1 KEGG Analysis of Proteins Involved in Lysosomes Pathway

Lysosomes are membrane bounded organelles that function as the digestive system of cells.
They contain an array of digestive proteins capable of degrading material taken up from outside
of the cell and obsolete components of the cell itself. Substances requiring digestion are
acquired by the lysosomes via many processes including, endocytosis, phagocytosis, and
autophagy. Lysosomes contain nearly 50 different hydrolase proteins which are active at acidic

pH (about 5).

Among the 8 different pathways obtained from KEGG analysis, the Lysosomes pathways was
significantly enriched (FDR-0.0035). In order to visualise the protein interaction, it was
mapped (Figure 33). Interestingly, lysosome acid hydrolase proteins including cathepsin L1,
cathepsin B and cathepsin D were among the proteins that were significantly upregulated in
myocyte EVs. Additionally, proteins that were specific to myocyte EVs such as alpha-N-
acetylglucosaminidase (Naglu) and Beta-hexosaminidase subunit beta (Hexb) were also

observed in the KEGG pathway.

Cathepsin B is a myokine which has been associated with many functions in cancer including,
initiation, growth/tumour cell proliferation, angiogenesis, invasion, and metastasis [25°.
However, over expression of cathepsin B is also known to induce apoptosis in cancer cells 27,
Furthermore, cytosolic cathepsin B, D and L are implicated in degradation of Bid, resulting in
release of cytochrome ¢ from mitochondria which induces intrinsic apoptosis [,
Interestingly, a high confidence protein interaction between cathepsin B and cathepsin L were
observed (Figure 32). Furthermore, data obtained earlier (Figure 31B) showed increased

upregulation of cathepsin D and L in myocyte EVs. Based on these data, its suggests that
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together these cathepsin proteins could induce carcinoma cell apoptosis via the intrinsic

pathway.
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Figure 33: KEGG pathway map showed proteins involved in Lysosome pathway Proteins highlighted in red were expressed in enrichment
analysis. Cathepsin proteins B, L and D were significantly increased in myocyte EVs, suggesting increased activities of these proteins in the
lysosome pathway. Source: KEGG PATHWAY Database (genome.jp)
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4.2.4.26.2.4.2 KEGG Analysis of Proteins Involved in Apoptosis Pathway

Apoptosis described as a process that eliminates damaged or redundant cells by activation of
caspases and externalisation of phosphatidylserine 2722731, The mechanism consists of two
pathways: the “extrinsic pathway,” a transmembrane receptor mediated pathway and the
“intrinsic pathway” a mitochondrial mediated pathway [". The extrinsic pathway is
stimulated when extracellular ligands such as TNF (tumour necrosis factor), Fas-L (Fas ligand),
and TRAIL (TNF-related apoptosis-inducing ligand) attach to extracellular transmembrane
receptors such as type 1 TNF receptor (TNFR1), Fas (also called CD95/Apo-1) and TRAIL
2751 Stimulation of these extracellular transmembrane receptors activates caspase 8 and
initiates the cascade of caspase activation 2’61, On the other hand, the intrinsic pathway is
mainly activated by various extra- and intra-cellular stress factors including, oxidative stress
[2771 and stress caused by cytotoxic agents 781, The cellular stress leads to mitochondrial outer
membrane permeabilization (MOMP) and the release of cytochrome c into the cytosol 27,
Initially caspase 9 is activated in the intrinsic pathway followed by caspase 3 which, ultimately

leads to apoptosis 28,

As mentioned earlier, among the different pathways obtained by KEGG analysis, the apoptosis
pathway showed significant enrichment. The false discovery rate (FDR) p-value for the
pathway was 0.0035. The apoptosis pathway was mapped Figure 34 to visualise protein
interactions. Similar to lysosome pathway, cathepsin proteins were significantly enriched in
apoptosis pathway too. Cathepsin L, B and D were significantly increased in myocyte EVs
compared to fibroblast EVs. Cytosol cathepsin L, B and D have been reported in the literature
to be associated with the term “Apoptosis”. As discussed earlier, cytosol cathepsins increase
MOMP which leads to the release of cytochrome ¢ and triggers the intrinsic pathway of

apoptosis.
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Interestingly, the experimental data presented earlier suggested that myocyte EVs may have
increased carcinoma cells’ mitochondrial membrane permeability and caused apoptosis.
Furthermore, it was shown that myocyte treated carcinoma cells had increased caspase 3 and 9
activities, which suggested that carcinoma cell apoptosis was here stimulated by the intrinsic
pathway. Therefore, the empirically derived experimental data presented coincided with the

results obtained by KEGG pathway analysis.
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Figure 34: KEGG analysis showing proteins involved in Apoptosis pathway Significantly upregulated proteins were highlighted in red.
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4.2.4.36.2.4.3 KEGG Analysis of Proteins Involved in Proteoglycan Cancer Pathway

The Proteoglycan in cancer pathway was also enriched in KEGG analysis with an FDR of
0.0055. Proteoglycans are known to perform multiple functions in modulating cancer
progression including proliferation, adhesion, angiogenesis, and metastasis. Hyaluronan (HA),
heparan sulphate proteoglycans (HSPGs), chondroitin sulphate / dematan sulphate
proteoglycans (CSPGs / DSPG) and keratan sulphate proteoglycans (KSPGs) were recognised
as the main protein chains involved in the proteoglycan in cancer pathway. Proteoglycan
hyaluronan (HA) binds with CD44 and promotes tumour cell growth, survival and migration
(2811 whereas membrane heparan sulphate proteoglycans (HSPGs) such as syndecan and
glypicans (glycosylphosphatidylinositol-anchored proteoglycans) induce tumour cell survival,
proliferation, migration and invasion by interacting with growth factors, chemokines and
cytokines 2822831 |n contrast, some proteoglycans such as decorin in (CSPGs / DSPG) pathway
and lumican in KSPGs pathway act as a tumour suppressor by initiating growth suppression

and apoptosis 284,

KEGG analysis of upregulated proteins in Figure 32, identified decorin, thrombospondin-1
and cathepsin L1 as the enriched proteins in proteoglycans in cancer pathway. Interestingly, 2
of these proteins including, decorin and thrombospondin-1 were active in chondroitin sulphate
/ dematan sulphate proteoglycans (CSPGs / DSPG) chain. Therefore, only that pathway was

selected and represented in here (Figure 35).
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Proteins highlighted in red were upregulated proteins in myocyte EVs. Decorin in chondroitin sulphate proteoglycans (CSPGs), dematan sulphate
proteoglycans (DSPG) chain induces growth suppression and apoptosis, whereas thrombospondin-1 inhibits tumour angiogenesis. Source: KEGG

PATHWAY Database (genome.jp)
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Decorin is a key protein in proteoglycan in cancer pathway. Decorin core protein consists of 4
main domains and one of the domains contains GAG side chain, which is either chondroitin
sulphate or dermatan sulphate 1284, Hence, all the possible protein interactions of both of these
were shown in (Figure 35). As shown in (Figure 35), decorin interacts with many growth
factors and their receptors leading to different signalling pathways. Interestingly, most of those

pathway leads to growth suppression, apoptosis and inhibition of tumour angiogenesis.

The other proteoglycans that were upregulated in myocyte EVs was Thrombospondin-1.
Thrombospondin-1 is an extracellular calcium binding glycoprotein which inhibits
angiogenesis and tumourigenesis. A recent study has shown that upregulation of
thrombospondin-1 significantly inhibited prostate cancer proliferation, migration and invasion
in a dose-dependent manner %1 Interestingly, decorin has been known to evoke
thrombospondin -1 secretion and suppress angiogenesis 2861, Cathepsin family protein,
cathepsin L1 is found in Heparan sulphate chain in the Proteoglycan in cancer pathway.
Cathepsin L1 cleaves proteoglycan protein perlecan, which inhibits the growth and
invasiveness of cancer cells 71 and angiogenesis [?8l. Taken together, this information

suggests another protein pathway that could lead the cancer cells to apoptosis.

4.2.56.2.5 Decorin: A Myokine with Anti-Cancer Effects

The main focus of the proteomics analysis conducted in this chapter, was to identify myocyte
EV protein/s that could inhibit lung carcinoma cell migration, cytotoxicity induced growth
suppression, inhibit proliferation by cell cycle arrest and inducing apoptosis by enhancing
MOMP. Interestingly, with the support of STRING and KEGG analysis, 5 possible proteins
that could exert aforementioned effects including Cathepsin D, Cathepsin L1, Cathepsin B,

decorin and thrombospondin-1 Figure 32, were selected. Among these proteins, decorin
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interacts with many growth factors, receptors, and subsequent signalling pathways Figure 35,

hence selected as a possible protein which exerted anti-tumourigenic effects.

Decorin (DCN) is a prototypical member of the small leucine-rich proteoglycan gene family3°
and it is composed of a protein core with a single glycosaminoglycan chain of chondroitin
sulphate or dermatan sulphate. Decorin is mainly synthesised by fibroblast, smooth muscle
cells and stressed vascular endothelial cells. Originally, DCN was known for its high affinity
interactions with collagen fibres and the regulation of fibrillogenesis 28%2%01, Recently, decorin
was established as an exercise regulated myokine which is secreted in response to muscle
contractions ?°" and plays a major role in muscle cell differentiation, wound healing, muscular

development, and regulation of inflammation 2921,

Interestingly, in recent years EVs have been identified as delivery vehicles for myokines 2671,
It is well established that skeletal muscle secretes myokines including, decorin into the
extracellular milieu. However, the notion of skeletal muscle derived EVs carrying these
myokines is in its infancy. For now, only one study have used mass spectrometry (LC-MS/MS)
analysis to confirm the presence of decorin in skeletal muscle derived exosome like vesicles

(ELVs) (www.exocarta.org and www.microvesicles.org). Another study has ascertained the

presence of decorin in myocyte ELVs by mass spectrometry (LC-MS/MS) and western blot
analysis 21, However, to further confirm the presence of decorin in the murine myocyte

(C2C12) mEVs used in this study, it was decided to perform western blot analysis (Figure 36).
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Figure 36: Western blot analysis to validate the presence of decorin in myocyte EVs.

A myocyte EV protein sample obtained for mass spectrometry analysis was used to validate
the presence of decorin by western blotting. Duplicate protein samples were used. A clear
specific band for decorin was detected at approximately 70-100 kDa (as indicated) using 0.5
pg/ml of Goat anti-mouse decorin antigen affinity purified polyclonal antibody, followed by
HRP conjugated anti-goat 1gG secondary antibody. In order to confirm that decorin was present
in EVs, CD-63, an EV marker was used on the same blot. As indicated, a broad band between
25-30 kDa was detected for CD-63, validating the origin of the protein sample.

The clear thick band present for decorin in Figure 36 validated and confirmed the presence of
decorin in myocyte EVs. Interestingly, decorin’s multiple interaction with growth factors, their
receptors and following pathways has enabled it to act as an inhibitor of growth, metastasis and
angiogenesis of tumours [202:295.296.297,298,298,3001 ‘\joreover, the ability of decorin to induce cell
cycle arrest and intrinsic apoptosis in lung cancer A549 cells via increased p21 and p53 was
also demonstrated 3%, A recent study has also shown the role of decorin in mitophagy,
mitochondrial autophagy and in causing apoptosis 29392, Interestingly, these effects correlate
with the experimental data presented in this study, which showed growth inhibition, cell cycle

arrest, and mitochondrial damage leading to apoptosis in lung carcinoma cells upon treatment

with myocyte EVs. Furthermore, overexpression of decorin has been shown to induce
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apoptosis and cell growth arrest in rat mesangial cells in vitro [2°41, The statistical data obtained
in Figure 31B indicates an overexpression of decorin in murine myocyte EVs compared to
murine fibroblast cell line EVs. However, in the above Western blot experiment, decorin
expression in fibroblast cell line EVs was not determined and compared with myocyte EVs.
Therefore, Figure 36 only validate only the presence of decorin in the myocyte EVs, but the

overexpression of decorin in myocyte EVs remained unvalidated.
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4-36.3 Summary

In this chapter, the protein content of skeletal muscle EVs and their biological pathways were
analysed. Liquid chromatography-based Mass spectrometry was used to analyse the protein
content of myocyte EVs. In addition, the protein content of fibroblasts was also analysed as
unlike myocyte EVs, the fibroblast EVs enhanced carcinoma cell growth and progression. The
comparison between these EV populations showed that ~34% of proteins identified were
common to both EV populations, but that some proteins were differently expressed. Strikingly,
~43% of proteins were fibroblast EV specific and only ~23% proteins were myocyte EV

specific.

Many proteins perform their function by binding to another molecule; therefore, proteins and
their functional interactions are key to many biological processes. To better understand the
protein interactions in myocyte and fibroblast EVs, STRING analysis was conducted. GO
analysis of biological process showed that most of the proteins were regulatory proteins.
However, compared to fibroblast EVs, myocyte EVs contained more proteins that negatively
regulate biological processes. The strength of some of these negative biological processes such
as cell cycle arrest, cell migration and cell adhesion were significantly higher compared to a
random protein network of similar size. These findings coincided with the experimental data
presented in earlier chapters, where it showed the negative effect of myocyte EVs on carcinoma
cell migration and adhesion. Furthermore, myocyte EVs contained an increased number of

lysosome related proteins compared to fibroblast EVs.

Having confirmed that myocyte derived EVs contain more proteins that negatively regulate
cellular biological processes, fold change by category for all myocyte EV proteins was

calculated. From total of 220 myocyte EV proteins, 29 were upregulated whilst 13 were
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downregulated. To gain further insight into the whole chain of events caused by differently
expressed proteins, upregulated proteins were selected for KEGG pathway analysis.
Interestingly, myokines including decorin, cathepsin B and SPARC proteins were significantly
upregulated in myocyte EVs compared to fibroblast EVs. KEGG pathway analysis revealed 8
different pathways for upregulated proteins. These significantly enriched pathways were: (i)
Antigen processing and presentation, (ii) Autophagy, (iii) Apoptosis, (iv)TGF signalling
pathway, (v) phagosome, (vi) Protein digestion and absorption, (vii) Lysosomes and (viii)
Proteoglycan in cancer. Interestingly, 3 of these pathways, “apoptosis,” “lysosomes” and
“Proteoglycan in cancer” pathways coincided with the empirically derived data presented in
this thesis. Cathepsin L1, B and D were mainly involved in apoptosis and lysosome pathways,
whilst decorin, cathepsin L1 and thrombospondin-1 were involved in the Proteoglycan in
cancer pathway. From above proteins, decorin was selected for further analysis as it has been
already employed in cancer therapy. The thicker and darker band identified for decorin in
western blot analysis confirmed the expression of decorin in myocyte EVs and it further

validated the proteomics data obtained from the mass spectrometry.
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5:17.1 Myocyte EV lIsolation and Characterisation

Extracellular Vesicles (EVs) are nanometer sized membrane bounded particles released by all
cell types into the extracellular milieu. They are detected in almost all body fluids including
blood, urine, semen, bronchial fluid and saliva 81, In recent years, they are attracting
considerable interest in the scientific community due to their physiological role in infectious
diseases, metabolic diseases, cancer and in the aging process [+224, EVs are known to modulate
these processes by transferring their cargo of proteins, lipids and nucleic acids to recipient cells.
With emerging functions of EVs in both physiological and pathological conditions, recent

reviews have focused on clinical applications of EVs as both a diagnostic and therapeutic agent.

Despite the increasing interest and the advances in this field, at present there is no single
optimal method to isolate EV's from non-vesicular entities of cellular origin 7. Therefore, in
2018 the International Society for Extracellular Vesicles (ISEV) published a position
statement, updating 2014 MISEV (Minimal Information for Studies of Extracellular Vesicles)
guidelines, stating their recommendations for EV nomenclature, collection and processing,
separation, characterisation, and functional studies. Based on this review, this thesis has used
the separation and characterisation techniques recommended by ISEV. Here, EVs were isolated
by differential ultracentrifugation. Having removed cells and cell debris, EVs were isolated
using a maximum speed of 18,500 x g . Although isolation of EVs from other ‘contaminating’
macromolecules is an unrealistic goal, after washing the isolated EVs with EV-free buffer this

yielded EVs that were largely free of proteins and other biomolecules.

In accordance with ISEV guidelines, Nanoparticle Tracking Analysis (NTA) was used to
measure the concentration and size of the isolated EVs. It was found that approximately, 1 x108

myocyte cells generate 1.79 x10'° +2.74 x108 EV particles per ml within 24 h. Furthermore,
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based on NTA results, the EVs isolated in this thesis were identified as those of the
medium/large EV (m/IEVs) subtype, as the mean value of the EVs was < 200 nm in size [,
To further validate the presence of the EVs protein markers suggested by ISEV, the presence
ofCD63 and TSG101, proteins associated with EV biogenesis 2223241 was assessed. As a non-
protein EV marker, fluorescently labeled annexin V-FITC was used. EVs contain a lipid bilayer
membrane, which contains rare lipids such as ceramide and amino phospholipids such as
phosphatidylserine (PS),[**lwhich as in early apoptosis is flipped onto the outer leaflet. Unlike
other lipids found in the plasma membrane, PS carries an uncommon net negative charge and,
annexin V can recognize PS through coordinated Ca?* ions *]. The fluorescent intensity of
annexin V binding to mEVs was measured using flow cytometer which confirmed that

approximately 70% of the EVs isolated were annexin V positive.

5:27.2 Lung Carcinoma Cells Selectively Govern Myocyte EV Uptake

EVs are known to alter physiological and pathological states of recipient cells by inducing
intracellular signals and altering molecular pathways. This is achieved by either binding with
recipient cell surface receptors or internalisation and release of the EV intravesicular cargo into
the recipient cell cytosol %61, Despite many recent advances and understanding in the EV field,
the exact mechanism of EV uptake remains to be elucidated. Initially, many studies have
reported the prevalence of EV uptake by any cell 3%3%] byt more recent studies indicate that it
is a highly specific process as the recipient cells and the EVs require the correct surface
receptors and ligands for interactions [394:305:306.307308] ‘Thjs study is an agreement with the latter
process, as only few carcinoma cells in a colony were found to take up the myocyte EVs. This
time dependent uptake resulted in higher fluorescent intensities in certain carcinoma cells,
likely due to differing degrees of uptake by certain cells within the same colony. This

observation could be explained from recent findings indicating that EV uptake can be affected
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by the metabolic status of recipient cells, specifically that that neural stem cells which are
metabolically active, exhibit a significantly higher capacity of internalizing EVs compared to
mature neurons 2281, Cell cycle phase of recipient cells may also affect uptake. Working with
prostate cancer cells, this work found increased uptake during G2/M phase and less uptake in
Go/G1 phase or S phase %I, In other research using colorectal cancer cells it was found that
the hypoxic status of the EVs released may influence uptake, EVs from hypoxic cells
expressing proteins deemed to increase uptake %, It should also be pointed out that there are
other possible mechanisms of EV uptake by cells, such as endocytosis. This includes receptor-
mediated endocytosis, macropinocytosis and phagocytosis. Just as uptake mechanism used
may be dependent on the cell type, EVs may be simultaneously taken up into cells by different

mechanisms 311,

5.37.3 Local Tumour Suppressive Effect of Skeletal Muscle Derived EVs

The next area of investigation focused on the hypothesis that skeletal muscle derived EVs play
a significant role in suppressing cancer metastasis. Most organs and tissues are subjected to
cancer metastasis with the striking exception of skeletal muscle, in which cancer metastasis is
very rare 169170.17L1721 ‘The rarity of cancer metastasis in skeletal muscle is surprising as it is a
highly vascularized tissue and compromises ~50% of the body mass. Although, several studies
have linked high level of lactic acid [*%, low molecular factors '#¢! and many cytokines '8 to
the rarity of cancer progression in skeletal muscle, an exact mechanism(s) has not yet been
elucidated. Here, it was shown that highly metastatic murine lung carcinoma cells (CMT 64/61)
failed to colonise skeletal muscle cells (C2C12). This observation coincided with others reports
in vivo, where it was found that no tumour appearance in skeletal muscle, but in neighbouring

bone upon tail vein injection of carcinoma cells in mice (1862071,
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Steven Paget's “Seed and Soil” hypothesis for metastasis, describes the need of a receptive
microenvironment or niche for disseminating carcinoma cells to engraft distant sites 3123131,
Here, it was found that the skeletal muscle microenvironment exerts inhibitory effects on
carcinoma cell viability when cultured with skeletal muscle conditioned media. Others have
also seen similar effects exerted by skeletal muscle conditioned media including, carcinoma
cell apoptosis 181 and growth inhibition %I, Growing evidence identifies EVs as a pivotal
constituent of the cellular microenvironment and recently, there has been increasing interest in
the potential role of EVs as a positive and negative microenvironment modulator for cancer
progression 141, For example, cancer derived EVs were found to interact with immune cells to
modulate the microenvironment and enhance immune evasion, cancer growth and progression
[3151 By contrast, EVs are also known to exert inhibitory effects on cancer cells, including
dendritic cell derived EVs able to modulate the tumour microenvironment and enhance
immune responses to reduce lung metastasis 61, Mesenchymal stem cell derived EVs also
suppress human breast cancer angiogenesis 171, These are just a few examples and further

investigations to identify new functions are still ongoing.

The present study has shown for the first time, a novel function of skeletal muscle derived EVs
as a local tumour suppressor. Carcinoma cells treated with myocyte EVs showed a dose
dependent decrease in cell viability. Furthermore, the data presented suggests that the effect of
myocyte EVs on carcinoma cells is greater compared to that which could be mediated by a
similar protein concentration of myocyte conditioned media. In addition, when carcinoma cells
were introduced to the myocyte EVs, a significant reduction in number of cell colonies formed
and a reduction in number of cells in a cell colony was observed. This was explained by EVs
derived from skeletal muscle cells offering an unfavourable environment for migrating

carcinoma cells, lowering their capacity for attachment, and which was manifest as a resulting
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low number of cell colonies being established. Furthermore, overt changes in cell morphology
were noted in some carcinoma cells treated with myocyte EVs the cells becoming irregular in

shape and showed loss of cell membrane integrity.

5:347.3.1 Role of Myocyte EVs in Inducing Apoptosis of Carcinoma Cells

An ideal anticancer therapeutic agent should destroy or incapacitate cancer cells causing
minimal damage to surrounding healthy bystander cells 81, Here, for the first time the results
presented in this thesis show the cytotoxic effect of myocyte EVs on lung carcinoma cells. The
myocyte EVs, even at very low concentration (100 pg/ml), exerted specific and significant
cytotoxicity on carcinoma cells but not on normal fibroblast cells. However, myocyte EV

concentrations over 200 pg/ml showed significant cytotoxicity on normal cells.

Cytotoxic agents can impact cells in various ways, including necrosis and apoptosis 2>, which
reduce the number of viable cells in culture. Furthermore, the observed loss of cell membrane
integrity and shape indicated possible induction of necrosis or apoptosis. Growing evidence
suggests that lysosomes are involved in shaping cell death by modulating external and internal
stimuli %2, Results obtained in this study indicated a dose dependent decrease in numbers of
lysosomes but increase in lysosome size, upon incubation with myocyte EVs. Increased
lysosomal membrane permeability causes enlargement of lysosomes and enlarged lysosomes
rupture easily to release hydrolytic enzymes to the cytosol Y which would explain the
observed reduction in lysosome numbers. Lysosomes are known as the “suicidal bags” in the
cell as they contain high levels of hydrolytic enzymes. In the event of lysosomal membrane
damage, these hydrolytic enzymes are released into the cell cytosol and cause indiscriminate

degradation of cellular components, inducing cell death by necrosis 2321, Other research has
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shown that partial lysosomal membrane permeability induces cell death by apoptosis

[233,234,235236] 'Hence targeting lysosomes has been shown to be an effective cancer therapy.

From previous studies it is known that changes in lysosomal function induce changes in
mitochondrial membrane composition, which impairs mitochondrial functions and induces
apoptosis by release of cytochrome c to the cytosol*®. In recent years, targeting apoptosis has
been identified as the most successful non-surgical method in cancer therapy [63. Therefore, a
primary objective of cancer therapy beside cancer gene therapy and immunotherapy is the
induction of apoptosis of cancer cells whilst limiting death of normal cells B, Recently,
clinical application of natural killer cell derived EVs has been discussed as it was found that
they could induce targeted apoptosis on a variety of carcinoma cells via activation of the
intrinsic pathway 21, Similarly, the present study for the first time finds that EV's from skeletal
muscle cells exerts a specific apoptotic effect on lung carcinoma cells with pronounced cell
death after 48h, whereas no effect was observed upon normal fibroblasts. Further investigations
revealed impaired mitochondrial functions through reduced mitochondrial membrane potential
and increased caspase 3 and caspase 9 in carcinoma cells treated with myocyte EVs, suggesting

mitochondrial dependent (intrinsic pathway) apoptosis.

The intrinsic apoptotic pathway can be activated by a variety of both intracellular and
extracellular factors 1551561 In the case of skeletal muscle myocyte cell derived EV induction
of carcinoma cells, one factor responsible could have been a change in the permeability of the
lysosomal membrane. This would induce cathepsin B and D release into the cytosol and cleave
Bid protein B2 which could induce apoptosis by mediating release of cytochrome ¢ from
mitochondria into cytosol 223231 Moreover, Bid induces homo-oligomerization of BAX and

BAK, which leads to mitochondrial outer membrane permeabilization (MOMP) B4 leading
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to intrinsic pathway apoptosis. Another factor is the direct cytotoxicity of myocyte EVs on
carcinoma cells, which could have upregulated the BH3-only proteins. This would alter
mitochondrial membrane potential and induce BAX and BAK oligomerisation, leading to
mitochondrial outer membrane permeabilization (MOMP) [*57] a route independent of Bid. In
summary the results presented here here indicate multiple potential cell death mechanisms

mediated by skeletal muscle derived EVs resulting in cytotoxicity of lung carcinoma cells.

5:3.27.3.2 Role of Myocyte EVs on Carcinoma Cell Proliferation

In the past decade, studies on EVs and their pro-tumourigenic functions have increased
exponentially. Conversely, more recently work has started to identify anti-tumourigenic
properties of EVs, mainly in terms of growth inhibition. For example, gastric epithelial cell
derived exosomal protein gastrokine-1 was found to inhibit gastric carcinogenesis by
downregulating HRas/Raf/MEK/ERK signalling pathways %1, In colon cancer, exosomes
carrying microRNA-375 inhibit cancer cell progression and dissemination via Bcl-2 blocking
(3261 Furthermore, normal fibroblast derived exosomes containing microRNA 520-b has been

shown to impede the progression of pancreatic cancer 271,

A recent study has shown that skeletal muscle progenitor cell-derived exosomes inhibit prostate
cancer cell proliferation 219, Furthermore, a previous investigation had identified the effect of
skeletal muscle conditioned media on tumour growth, in which a Go/G1 growth was exerted on
tumour cells 2%, The present study for the first time identifies the anti-proliferative effects of
myocyte EVs, specifically medium sized EVs, also known as microvesicles (mEVs). Lung
carcinoma cells treated with myocyte EVs exited the cell cycle at S phase, in which cells
replicate their DNA. S phase arrest prevented cell progression to G2/M phase, thereby

inhibiting cell proliferation.
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5:337.3.3 Role of Myocyte EVs on Carcinoma Cell Migration

To successfully metastasise, carcinoma cells must infiltrate adjacent tissue, intravasate,
extravasate and proliferate at a distance site 71, Chemotaxis and chemokinesis are together
known to play a crucial role in cancer metastasis. In many cancer metastases, organ specific
stromal cells induce chemotaxis by releasing signalling proteins that attracts cancer cells,
causing organ specific metastasis [¥283%°1 and EVs are known to modulate and enhance this
process. However, EVs derived from some cells known to inhibit organ specific metastasis,
including dendritic cells derived EVs modulate the tumour microenvironment and enhance
immune responses to reduce lung metastasis 161, Results obtained herein, are in an agreement
with the latter, as the cell migration assay showed a significant reduction in carcinoma cell
migration in the presence of myocyte EVs. Furthermore, upon migration to skeletal muscle,
carcinoma cells will undergo apoptosis, which provides a further explanation for the rarity of

metastatic tumours in skeletal muscles.

5:47.4 Myocyte EV Protein Content and Detection of Upregulated Protein Candidates

that may Induce Apoptosis of Carcinoma Cells

It is well established that EVs are loaded with a plethora of biomolecules lipids, proteins, and
nucleic acids, which can be transferred to recipient cells to exert cellular changes. In this study,
liquid chromatography-based Mass spectrometry analysis was used to identify the proteins in
myocyte EVs. When proteins in myocyte EVs were compared to normal fibroblast cell EV
proteins, 29 upregulated proteins were identified. The STRING analysis identified total of 8
significantly enriched biological pathways for these upregulated proteins in myocyte EVs and

interestingly, these pathways, “apoptosis,” “lysosomes” and “Proteoglycan in cancer”
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pathways coincided with the empirically derived data presented in this study. Upregulated
proteins for these pathways were, cathepsin L1, cathepsin D and cathepsin B in both apoptosis
and lysosome pathways, decorin, cathepsin L1 and thrombospondin-1 in the Proteoglycan in

cancer pathway.

In recent years, lysosome related proteins have been reported in publications on cell death.
Many lysosomes related proteins have been identified as key regulators of apoptotic cell death.
The lysosomal protease family consisting of cysteine cathepsins B, C, F, H, K, L, O, S, V, W
and X and the aspartic cathepsin D have been identified as key regulators of cell death 339,
Among those proteins, cathepsin D, L1 and B have been identified as apoptosis inducing
proteins. In the proteomics study presented in this thesis, cathepsin L1, cathepsin B and
cathepsin D were identified as upregulated proteins in myocyte EVSs. Overexpression of
cathepsin B, D and L in the cytosol has been implicated in degradation of Bid. Cleavage of Bid
by cathepsin D induces Bax-mediated release of cytochrome ¢ from mitochondria into the
cytosol. Inturn, cytochrome c initiates caspase 9 activity followed by stimulation of the caspase
3 cascade which leads to intrinsic apoptosis 2%, This explanation concurs with the
experimental data presented in this thesis, which suggests that myocyte EVs unload their cargo
containing cathepsins into the carcinoma cell cytosol and induce mitochondrial membrane

permeability leading to intrinsic apoptosis.

This study also confirmed the presence of decorin, a key player in the proteoglycan in cancer
pathway, in myocyte EVs. Decorin has been studied extensively in its purified form as a tumour
suppressor. However, the respective role of this protein in isolated myocyte EVs has not been
previously investigated. Decorin is a myokine which belongs to the leucine-rich proteoglycan

family. Interestingly, decorin expression in tumours is significantly reduced from the levels
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expressed in normal tissues %2331 |t is reported that overexpression of decorin could block
the cell cycle arrest at G1 phase and inhibit the invasiveness of lung cancer A549 cells causing
cell apoptosis and inhibition of metastasis via increased p53 and p21 expression B9, Moreover,
recent studies have shown the role of decorin in mitophagy and mitochondrial autophagy
causing intrinsic apoptosis [2°33%21 |n addition, decorin negatively regulates insulin-like growth
factor receptor | (IGF-IR) [2%72%1 and hepatocyte growth factor receptor (Met) B3land inhibits

tumour cell growth and migration %9,

The above functions strongly support the observations made in this study and therefore,
propose an additional pathway of carcinoma cell suppression mediated by skeletal muscle
derived EVs. Murine lung carcinoma cell uptake of myocyte EVs and subsequent release of
their cargo containing decorin into the carcinoma cell cytosol, by increasing the levels of
decorin likely induces carcinoma cell apoptosis, growth suppression by cell cycle arrest and

inhibition of carcinoma cell migration.

5.57.5 _Conclusion and Future Perspectives

Cancer progression in skeletal muscle is very rare. The data in this thesis provides further
evidence to support this notion and demonstrates the effect of skeletal muscle derived EVs on
lung carcinoma cells. Growing evidence highlights the importance of EVs in modulating many
diseases by transporting their cargo between cells. In cancer, EVs are widely discussed as a
pro-tumourigenic agent; however, their role as an anti-tumourigenic agent started to emerge
recently. In this thesis a novel anti-tumourigenic mechanism of skeletal muscle derived EVs

has been discussed.
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In conclusion, the efficacy of skeletal muscle derived EVs as an anti-tumourigenic agent that
selectively exerts apoptosis on highly metastatic lung carcinoma cells was unexpected and
novel. The myocyte EVs exert their specific cytotoxic effect on carcinoma cells which induces
changes in mitochondrial membrane. Cell death was significantly controlled by both initiator
caspase 9 and executioner caspase 3 leading to the intrinsic pathway of apoptosis. In addition,
myocyte EVs inhibits lung carcinoma cell proliferation by cell cycle arrest at S phase and
inhibit carcinoma cell migration. Finally, protein levels of decorin inside myocyte EVs may be
related to the ability of myocyte EVs to induce the anti-tumourigenic effects observed.
Consequently, further investigation on decorin as a protein cargo of myocyte EVs is warranted
for the elucidation of the mechanism underlying the rarity of cancer metastasis in skeletal
muscle. Furthermore, the positive outcomes of this research provide a strong basis for myocyte

EVs as a novel therapeutic agent for highly metastatic lung carcinoma.
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