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Abstract

Background: small-cell lung cancer (SCLC) is a type of tumour which suffers from poor patient
prognosis due to its aggressive and chemo-resistant profile. Therapeutic clinical advances
during the last four-decades are almost non-existent. Previous research has found that hypoxia
may play an essential role in this cancer, however, further research is required to understand
its significance. Therefore, study of the implications of hypoxia in SCLC sound imperative.
Additionally, extracellular vesicles (EVs), fundamental mediators in cancer communication has
been placed in the spotlight due to its reprogramming abilities over other cells. We concluded
that study of the effects induced by hypoxia together with the interplay orchestrated by EVs in
SCLC is essential to further understand this complex disease. As a result, future innovative
perspectives into research might bring further clinical outcomes to improve the lives of SCLC
patients.

Methods: two separate experiments were conducted in this MSc Thesis. The hypoxia
experiment, in which the cells were exposed to different oxygen conditions during 24h.
Obtention of the EVs and the cell lysates was performed. Later, the exosomes generated from
the hypoxia experiment were co-cultured with cells under normoxic conditions for 48h in what
is addressed as the co-culture experiment. In this experiment analysis of the cell lysates was
carried out. We used Nano-tracking analysis (NTA) for EVs characterization and tandem mass
spectrometry (MS/MS) for analysis of all samples.

Results: regarding the hypoxia experiment we could observe an up-regulation of the metabolic
profile of SCLC cells and an increased exosome production when hypoxic conditions take place.
Furthermore, GPl and P4HA1 protein up-regulation were found. The hypoxic-EVs contained
pro-carcinogenic proteins driving angiogenesis, metastasis, cell proliferation and motility, as
well as, over-expression of specific pro-carcinogenic proteins like the ephrin receptor (EPH)
and the high-mobility group protein A1 (HMGA1) when compared with normoxic-EVs. The
hypoxic-exosomes bystander effect resulted in SCLC cell reprogramming towards an enhanced
pro-carcinogenic phenotype including a decrease in apoptosis and programmed cell death, up-
regulation of cell growth, proliferation and survival of cells, as well as, hypermethylation of the
CpG islands and DDX6 over-expression.

Conclusion: hypoxia induces carcinogenesis and tumour progression in SCLC cells by direct
effect when present in hypoxic tumours. Furthermore, hypoxia alters cell communication
ability through EVs. And indirectly, hypoxia affects other SCLC cells through hypoxic-originated
exosomes which carry the potential of inducing a pro-carcinogenic bystander effect.

Key terms: SCLC, hypoxia, extracellular vesicles, proteomics, reprogramming, in vitro
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ABs - Apoptotic bodies

ALIX - Programmed cell death 6-interacting
protein

ANOVA - Analysis of variance
ATP - Adenosine triphosphate
BCA - Bicinchoninic acid assay

DDX6 - Probable ATP-dependent RNA
helicase DDX6

DNA - Deoxyribonucleic acid

DYNLL - Dynein light chain protein (DYNLL)
ECM — Extracellular matrix.

ED-SCLC - Extensive-stage disease

EMT - Epithelial-mesenchymal transition.
EPH - Ephrin receptor proteins (EPH)

ESCRT - Endosomal sorting complexes
required for transport

EVs — Extracellular Vesicles.

FBS — Fetal bovine serum

FDR — False discovery ratio

GO — Gene-ontology

GOBP — Gene-ontology biological processes

GOCC - Gene-ontology cellular
components

GOMF — Gene-ontology molecular function
GPI - Glucose-6-phosphate isomerase
GSEA - Gene set enrichment analysis

HCMDB — The human cancer metastasis
database

HIF - Hypoxia-inducible factor

HMGAL1 - high mobility group AT-hook 1
HRP - Horseradish peroxidase

ILVs - Intraluminal vesicles

KEGG — Kyoto Encyclopedia of Genes and
Genomes

LC — Liquid chromatography

LDH - Lactate dehydrogenase

LD-SCLC - Limited-stage disease

LOX - Lysyl Oxidase.

MEA — Modular enrichment analysis
MMPs — Matrix metalloproteinases.

MS — Mass spectrometry

MVBs — Multivesicular bodies.

MVs — Microvesicles.

NAD - Nicotinamide adenine dinucleotide

NRAP — Nebulin-related-anchoring protein



NSCLC - Non-small cell lung cancer

NTA - Nanoparticle tracking analysis
P4AHA1 - Prolyl 4-Hydroxylase Subunit a-1
PBS - Phosphate-Buffered Saline

PCA - Principal component analysis

PM — Plasma membrane.

PMN - Pre-metastatic niche

PPI - Protein-protein interaction (PPI)

PSMD14 - 26S proteasome non-ATPase
regulatory subunit 14 or Rpn11

RNA - Ribonucleic acid.
ROS - Reactive oxygen species.
SCLC - Small-cell lung cancer

SDS-PAGE - Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis

SEA - Singular enrichment analysis

TSG101 — Tumour susceptibility gene 101
UPS - Ubiquitin-Proteasome System

VEGF — Vascular endothelial growth factor.

VEGF(R) — Vascular endothelial growth
factor (receptor)

VHL - Von Hippel-Lindau protein

WB — Western blot
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1. Background

1.1. Small cell lung cancer
Cancer accounts for 8.2 million deaths worldwide. Lung cancer alone accounts for 27% of the
cancer-related deaths, making it the leading cause of cancer deaths worldwide * (Figure 1A).

Lung cancer can be divided into two major types including non-small cell lung cancer (NSCLC)
and small-cell lung cancer (SCLC). SCLC being the most aggressive 2. SCLC is divided into two
stages; limited-stage disease (LD-SCLC, in which tumour has not metastasised yet) and
extensive-stage disease (ED-SCLC, in which the tumour has metastasised to adjacent and distant
tissues) 3. Of all new lung cancer cases, SCLC accounts for 15 - 20% of them *. At the time of
diagnosis, 70% of the patients are diagnosed as ED-SCLC, due to an aggressive fast-growing
tumour progression and an early and intrusive metastatic dissemination >’. SCLC has a poor
survival rate when compared with any of the other primary lung cancers with a total survival
below 2% #° and a 20% and 7% at 1 and 5-year survival, respectively 1°*? (Figure 1B). SCLC results
in approximately 250,000 deaths every year 3,
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Figure 1. (A) Number of new cases and number of deaths of the main cancers worldwide (GLOBOCAN 2012) 4. (B)
Survival at one, five and ten years after first diagnose of cancers with the highest incidence and worse prognosis (2010
— 2011 England and Wales) 1.

Current standard therapy for SCLC is a combination of cytotoxic drugs (cisplatin or carboplatin
combined with etoposide) . However, it has been found that SCLC cells can develop an
enhanced DNA repair mechanism, impairing the effect of this treatment *® and leading to
chemo-resistance. Resistance to chemotherapy during treatment and the high incidence of
relapse results in a fatal prognosis 1° of the patients with SCLC. One common feature of SCLC is
its hypoxic core, which mediates in the recalcitrant issue of chemo-resistance, relapse and in the
onset of a highly aggressive phenotype, causing SCLC to be one of the most lethal cancers
worldwide 2722,
1.2. Hypoxia and cancer

A common factor of most tumours, and highly accentuated in SCLC, is hypoxia. Hypoxia is
defined as a low level of oxygen. Hypoxic condition in tumours ranges between 1-2% oxygen
compared to normoxic or physoxic conditions (physiological oxygenation levels in tissues) which
are around 4-10% (e.g., lung 5,6%). Hypoxia normally occurs because of the accelerated
proliferation and growth of the tumour, thus, increasing the oxygen demands by the cancer cells
and therefore exceeding the available oxygen supply. This has consequences at many cellular

3



and molecular levels. For example, hypoxia activates many intracellular signalling pathways, the
most notorious of which is the hypoxia-inducible factor (HIF) pathway. The HIF-1 pathway is
implicated in the regulation of oxygen delivery and consumption. HIFs is a family of
heterodimeric transcriptional regulators and includes HIF-1, 2 and 3. HIF-1 is formed by an
oxygen-regulated a-subunit and an oxygen-independently regulated B-subunit.

HIF-1 is a major transcription factor mediating the adaptation of cells to hypoxic environments,
playing an essential role in physiological processes, and deeply implicated in cancer. Under
normoxic conditions, HIF-1 is degraded, however, in hypoxia, accumulation of HIF-1 occurs. This
leads to a series of pathway activations resulting in an enhanced and more aggressive
carcinogenic phenotype (enhanced metastatic, angiogenic, invasive and proliferative potentials).

Degradation of HIF-1 takes place when the HIF-1a subunit is hydroxylated by oxygen-dependent
enzymes (propyl hydroxylase domain protein 2 and Factor inhibiting HIF-1). After this, von
Hippel-Lindau protein (VHL) binds to HIF-1a-OH, causing ubiquitination and protein degradation
by the proteasome % (Figure 2A). However, when there is lack of oxygen, the degradation of
HIF-1a is inhibited and as a result, accumulation of HIF-1a takes place. If accumulation occurs,
HIF-1a translocates to the nucleus and dimerize with HIF-1B (Figure 2B). Hereafter, the dimer
binds to the DNA and initiate gene transcription of molecules involved in carcinogenic pathways
such as cancer progression and chemo-resistance (Figure 2B) %,

There are additional stimulus enhancing the production of HIF-1 in a hypoxia-independent way
and consequently aggravating the cancer state?>?®. This stimulus are common enhanced
pathways in cancer (like nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
phosphatidylinositol-4,5-bisphosphate 3-kinase, Protein kinase B, Mammalian target of
rapamycin and mitogen-activated protein kinases). This stimulus increases the production of
HIF-1 through overexpression of HIF-1 gene (Figure 2).
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Figure 2. (A) Normoxic conditions lead to proteasomal degradation of HIF-1 by hydroxylation of the HIF-1a subunit,
binding of the VHL protein, and ultimately ubiquitination and degradation of HIF-1a subunit. (B) In hypoxic conditions,
the degradation of HIF-1a subunit is inhibited and therefore dimerization with the HIF-18 subunit occurs leading to
transcription of genes involved in carcinogenic pathways including metabolism, metastasis, angiogenesis and
apoptosis 26, PHD2 - Propyl hydroxylase domain protein 2. FIH-1 - Factor inhibiting HIF-1. VHL - Von Hippel-Lindau
protein (VHL). MAPK - Mitogen-activated protein kinases. p38 — Protein 38. PI3K/AKT - Phosphatidylinositol-4,5-



bisphosphate 3-kinase/ Protein kinase B. mTOR - Mammalian target of rapamycin. NF-kB - Nuclear factor kappa-light-
chain-enhancer of activated B cells. NO/ROS — Nitric oxide/Reactive oxygen species. GLUT-1 - Glucose transporter 1.
GSK - Glycogen synthase kinase. EMT - Epithelial-mesenchymal transition. CXCR4 - C-X-C chemokine receptor type 4.
E-cad - Epithelial cadherin. CAIX - Carbonic anhydrase 9. LOX - Lysyl Oxidase. MMPs - Matrix metalloproteinases. VEGF
— Vascular endothelial growth factor. SDF-1 - Stromal cell-derived factor 1. Ang-2 — Angiopoietin 2. p53 — Protein 53.
BNIP-3 - BCL2/adenovirus E1B 19 kDa protein-interacting protein 3.

1.2.1. Influence of hypoxia on chemotherapy
Hypoxia-induced chemotherapy resistance has been known for several decades. Chemo-
resistance to doxorubicin, etoposide, melphalan, doxorubicin, cisplatin, gemcitabine, docetaxel,

etc. has previously been reported in many different tumour cell types due to hypoxia?”~%.

Hypoxic tumours like SCLC shows a lack of drug bioavailability due to an impaired angiogenesis
and the blockade of the necrotic tissue around the solid tumour. This blockage functions as a
barrier and results in a reduced delivery of the cancer drug 3° (Figure 3). Also, inhibition of cell-
death induced signals by hypoxia contributes to chemo-resistance.

Furthermore, hypoxia also induces cell differentiation known as epithelial-mesenchymal
transition (EMT) in which, SCLC tumour cells, acquire an enhanced motility and plasticity 3. It is
fundamental to highlight the role that HIF-1 has in the adaptation of the cells to hypoxic
environments and how this contributes to the chemo-resistance in lung cancer 3223, For instance,
in 3 independent meta-analyses, HIF-1 overexpression decreased the overall survival of NSCLC
patients 3+3¢
chemoresistance in lung cancer. HIF-1 is not only involved in chemo-resistance, it also enhances

, establishing a link between HIF-1 overexpression with poor survival and

and promotes many other carcinogenic phenotypes of SCLC cells ¥’.
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Figure 3. In hypoxia, the oxygen demand by SCLC cells is increased, therefore, enhancing tumorigenic properties which
HIF-1 mediates. This figure is a representation of a dysfunctional blood vessel and the surrounding SCLC
microenvironment of cells and the necrotic barrier. This barrier blocks the immune system, decreases drug effectivity
by sealing the diffusion path the drug needs to reach the cancer, and isolates the cancer, facilitating cancer
extravasation and metastasis.

1.2.2. HIF-1in small cell lung cancer
Overexpression of HIF-1 has been found in a variety of cancers 33°, Cancers with higher hypoxic
levels denoted a higher expression of HIF-1 and therefore an enhanced malignancy, including
SCLC 373941 HIF-1 is implicated in many fundamental carcinogenic processes in SCLC including



angiogenesis via vascular endothelial growth factor (VEGF) %, metabolic reprogramming

25,44

invasion *3, metastasis and in resistance to chemotherapy #°

One important feature in SCLC is an enhanced hypoxic microenvironment and characteristic
hypoxic core. Therefore, accumulation of HIF-1 is greatly enhanced, which prompts the
transcription of many genes that leads towards a more aggressive phenotype. One plausible
reason of why SCLC is so aggressive, metastatic, invasive and prone to develop chemo-resistance
may be its angiogenic potential. In SCLC, angiogenesis takes place through the transcription of
VEGF gene which increases oxygen delivery by stimulating angiogenesis *2. SCLC cells are known
to proliferate in an uncontrolled way and the blood vessels formed are normally dysfunctional
and unstructured. The aberrant vascularization leads to a vicious cycle of severe hypoxia and
overproduction of HIF-1. This feedback-loop orchestrate the drive towards a highly aggressive
carcinogenic phenotype in SCLC.

The aberrant vascularization in SCLC can also aid in progression and metastasis by helping the
cancer cells to extravasate, migrate and invade other tissues®. In addition, HIF-1 modifies cell
adhesion and motility through the transcription of genes encoding proteases that degrades (i.e.,

4748 and remodels (i.e., lysyl oxidase - LOX) * the extracellular

metalloproteinases - MMPs)
matrix (ECM) at the tumour site and at distant sites in order to facilitate further invasion of the
tissue and metastasis *° (Figure 4 and 5). Patients with higher expression of MMP-9 have a worse

5-year survival and therefore a bad prognosis . This is why highly hypoxic tumours like SCLC

are known to have a very aggressive profile with a highly metastatic and invasive potential
26,51

resulting in a poor overall survival of the patients
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Figure 4. External stress conditions like hypoxia are known to be modulators in many pathways during cancer
progression. In this figure, an illustration of the cross-talk between cancer cells and their tumour microenvironment
under hypoxic conditions is displayed. Tumour cells mould their microenvironment to satisfy their own needs by



different communication pathways such as direct cell-to-cell contact, growth factors and extracellular vesicles (EVs).
Tumour cells mediate suppression of anti-tumour cells, induction of angiogenesis, remodelling of the ECM and
recruitment of other tumour promoting cells. In return, a favourable microenvironment for tumour progression and
dissemination is set °2. Tre — Regulatory T-cells.

HIF-1 also plays a fundamental role in cell proliferation and cell survival of the cancer cells
through growth factors that are regulated by HIF genes i.e., transforming growth factor alpha >3,
VEGF %4, adrenomedullin >> and erythropoietin *°. This enhanced cell proliferation requires an
increased consumption of energy, and thus, an augmented need for glucose. HIF-1 can induce
metabolic reprogramming by upregulating glucose transporter genes (i.e., glucose transporter
1 and 3 *7 and glycolytic enzyme (Figure 5). This promotes cell survival by blocking cell death,
therefore avoiding apoptosis 8.

Overall, HIF-1 mediates in a wide range of processes in cancer progression. The role of HIF-1 has
been investigated, however, more detailed and comprehensive studies need to be carried out
to fully understand the correlation between cancer, hypoxia and how HIF-1 mediates in these
complex pathological responses. Proteins are fundamental mediators in all the previously
described carcinogenic pathways. Understanding of the complete set of proteins of a cell in a
specific moment of time (proteome) can be essential to comprehend pathological pathways and
changes in the cellular phenotype. A shift in the proteome of SCLC cells can be the driving force
behind these complex pathological responses that these cells portray under hypoxic conditions
> In addition, during the last decade, extracellular vesicles (EVs), a novel player in cancer has
started to show its potential and their implication in many carcinogenic pathways. EV-secretion
is known to be augmented in cancer and also during hypoxia®®®!. Furthermore, there has been
an increased interest towards EVs in the last years due to their ability to induce cell
reprogramming in the recipient cells 6254, EV-research and their combination with modern high-
throughput techniques like proteomics might reveal mechanisms and pathological pathways
during cancer development and the link with hypoxia. As a result, this might unravel new
therapeutic strategies in the incoming years, increasing the lifespan of patients.
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Figure 5. Hypoxia is the power driving tumour progression and metastasis. Hypoxia stimulates angiogenesis through
VEGF, Ang-1 and Ang-2. LOX facilitates cancer cells to leave the primary tumour site, as well as MMPs, CXCR4 and
integrins. SCLC cells also undergo epithelial-mesenchymal transition (EMT) acquiring increased motility properties and
therefore decreasing the expression of adhesion molecules. This all results in enhancement of chemoresistance and
metastatic potential of the cancerous cells 26, LOX — Lysyl Oxidase. MMP - metalloproteinases. CXCR4 - Chemokine
receptor type 4. VEGF(R) — Vascular endothelial growth factor (receptor). Ang - Angiotensin. E-cad — Epithelial-
cadherin.



1.3. Extracellular vesicles

EVs are small lipid-bilayer membrane-enclosed sacs that originate in the cells and play a major
role in intercellular communication %%, These vehicles carry a rich cargo of DNA, ribonucleic
acid (RNA), proteins, lipids and metabolites; resembling the parental cell of origin 678, They are
released into the extracellular space in physiological and pathological conditions %7°, EVs can be
divided into 3 sub-types: exosomes, microvesicles (MVs) and apoptotic bodies (ABs) (Figure 6
and Table 1). The term EVs will be used throughout this MSc thesis to include exosomes and
MVs as there is no gold standard to achieve a complete isolation of these two subpopulations.
The size, biogenesis, cargo and densities of EVs are different. Exosomes are the smallest in size
(30 =150 nm), followed by MVs (50 — 2,000 nm) and ABs (50 — 5,000 nm)(Table 1) 7.

Table 1. Comparison of exosomes, microvesicles and apoptotic bodies physical properties, biogenesis origin and
suggested markers for its isolation and characterization. MVBs — Multivesicular bodies. PM — Plasma membrane.
HSP70 — Heat-shock protein 70. ARF6 - ADP-ribosylation factor 6. ALIX - Programmed cell death 6-interacting protein.
TSG101 — Tumour susceptibility gene 101 protein. CD40 - Cluster of differentiation 40.

Exosomes Microvesicles Apoptotic bodies
Intracellular MVBs PM PM
origin
Size 30—-150 nm 50-1,000 nm 50-5,000 nm
Suggested ALIX, TSG101, tetraspanins, ARF6, CD40, selectin, DNA and histones
markers HSP70 integrin
Density 1.13-1.19 g/cm3 Unknown 1.16-1.28 g/cm3
Composition RNA, DNA, proteins, lipids Exosome-like. Nuclear fractions and cell

organelles

1. EXOSOMES (30-150 nm)

2. MICROVESICLES (50-1,000 nm)

Figure 6. Exosomes are produced within multi-vesicular bodies (MVB), have a size of 30 - 150 nm and are released by
exocytosis. Microvesicles are produced by outward budding of the plasma membrane (PM) and have a size ranging
from 50 — 2,000 nm. Lastly, apoptotic bodies are generated as sacks containing cell products during its programmed
cell death (apoptosis) and have a size of 50 — 5,000 nm 71,

1.3.1. Biogenesis
Exosomes are assembled through the accumulation of endosomal membranes forming
intraluminal vesicles (ILVs) by the assistance of tetraspanin-enriched microdomains
(Tetraspanin-enriched microdomains, including CD9 and CD63, suggested markers in Table 1)



within larger multivesicular bodies (MVBs). These ILVs originate with the help of the endosomal
sorting complexes required for transport (ESCRT) machinery comprising ESCRT-0, 1, 2 and 3
which plays arole in the ILVs specific cargo loading and pinching off. After the formation of MVBs,
these can then travel to lysosomes and be degraded or to the plasma membrane (PM) with
which they will fuse with the help of RAB proteins and Tetraspanin-enriched microdomains to
be released into the extracellular space as exosomes. However, an ESCRT-independent pathway
involving lipid rafts has recently been discovered ,

Opposed to exosomes, MVs are assembled and secreted by outward protrusion of the PM
(Figure 7). Flippases creates an imbalance in the phosphatidylserine ratio of the PM forcing it to
curve and engulf the cargo that the microvesicles will transport. Then, a cascade of reactions
catalysed by different enzymes and involving the cytoskeleton leads to actomyosin contraction
and subsequent pinching off the microvesicle. It has recently been discovered that ectosomes
are also produced while lipid asymmetry is maintained, suggesting that an ESCRT-dependent
pathway might also take place in the biogenesis of MVs 72

ABs formation follows a multiple step cell dismantling processes to avoid leaking of dangerous
components into the surrounding tissues. ABs externalize phosphatidylserine as an “eat me
signal” that facilitates further phagocytosis. Hereafter, actin restriction rings formation results
in the blebbing and pinching of the AB that later will be phagocytosed 73.
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Figure 7. EVs biogenesis and uptake. Microvesicles are originated by outward protrusion of the PM and their uptake
is by PM fusion as a result of the ligand-receptor interaction. Exosomes are originated by sphingomyelin/ceramide
imbalance (lipid rafts) or by the aid of the ESCRT machinery and they are up-take by endocytosis by the recipient cell
74, ESCRTs - endosomal sorting complexes required for transport. MVB — multivesicular body. [Ca?*] — calcium +2 ion.

1.3.2. Extracellular vesicles composition and cargo
Exosomes and microvesicles transport endosomal and cytosolic cargos, while apoptotic bodies
transport cell waste and debris 7>. Exosomes contain proteins from their biogenesis (TSG101 and
ALIX) (Table 1), membrane transport and fusion, adhesion, tetraspanins (CD9, CD63 and CD81),
heat shock proteins (HSP) and other lipid-related molecules. Exosomes are known to contain a
set of specific cell-type proteins 7®. The cargo of MVs is similar to exosomes, however, is not as
well defined as in the case of exosomes (Figure 8). MVs contain a different set of biogenesis-
specific markers. Although the cargo of EVs reflects the cell of origin, it has been found that
enrichment with some specific proteins and nucleic contents happens, suggesting an unknown

sorting mechanism of their cargo %77,
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Figure 8. Overall composition of EVs, including main proteins, nucleic acids and lipids divided into functional groups 74.
MIF - macrophage migration inhibitory factor. HSP — heat shock proteins. GAPDH - glyceraldehyde 3-phosphate
dehydrogenase. EPCAM - epithelial cell adhesion molecule. ICAM - intercellular adhesion molecule. ARF - ADP-
ribosylation factor. ALIX - ALG-2-interacting protein X. ESCRT - endosomal sorting complexes required for transport.
TSG101 - tumour susceptibility gene 101. ATP - adenosine triphosphate.

1.3.3. Extracellular vesicles functions and utilities

The main function of EVs is to serve as transport vehicles containing diverse cargos and mediate
in intercellular communication. It is known that cells modify the cargo contained in EVs
depending on extracellular stressors like heat shock, hypothermia, hypoxia, oxidative stress and
infectious agents. EVs do not only serve as transporters, they can also interact with the recipient
cell by direct interaction with the receptors on the surface of target cells, thus, activating
intracellular pathways. Also, EVs can be internalised, release and transfer their cargos
(endocytosis) or fuse with the plasma membrane of the recipient cell 737°,

Apart from the physiological function 7°, EVs have been suggested and used as diagnostic
biomarkers as they are present in many body fluids ®. In regards to cancer, tumour cells are
known to secrete an increased amount of EVs and these might play an essential role in

81

carcinogenesis °'. However, to be able to use these newly discovered tools, isolation and

characterization of subpopulations and sub-types need to be carried out.

1.3.4. Extracellular vesicles isolation methods and current limitations

There are many possibilities when it comes to EVs isolation 8 including centrifugation, filtration
and immunoaffinity methods . In addition, some kits have already been commercialised for the
isolation of exosomes. Differential ultracentrifugation is the most widely used method for the
isolation of EVs subpopulations, however, co-isolation of different EV-subpopulations is
unavoidable. To improve the outcome of this issue, researchers recur to filtration methods or
differential ultracentrifugation using density gradient centrifugation (utilizing sucrose or
iodixanol gradients, also known as OptiPrep™) which isolates exosomes by their buoyant density.
Another available option is immunoaffinity methods using different markers, however, no
specific marker for exosomes or microvesicles have been found yet (current markers used
specified in Table 1) and non-specific binding can make the results interpretations misleading.

Isolation and characterization of EVs remain a limiting problem for using EVs as a diagnostic tool.
Exosomes and MVs overlap in size 8, hindering this task. This fact complicates the research and
the clinical applications of EVs. Therefore, a robust and specific method needs to be found to
isolate EVs, as well as specific markers for the different EVs sub-populations. This will facilitate
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the research, and make it possible to broadly use EVs as biomarkers in fields like cancer, in which
a need for biomarkers is greatly demanded .

1.3.5. Extracellular vesicles in cancer

Cancer cells are known to secrete an increased amount of EVs 81, Therefore, a higher amount of
circulating EVs are found to be correlated with a bad prognosis in cancer patients . The analysis
of the cargos of the EVs from cancer patients resulted in the discovery of many proteins and
RNAs already known for their role in cancer progression and development. The transfer of the
cancer-specific EV cargo has shown to contribute to the shift of the recipient cells phenotype
towards tumour development 77 and aid in the metastatic processes 8# (Figure 9). For instance,
carcinogenic-functional receptors like epidermal growth factor receptor from highly aggressive
cancer cells towards non-aggressive cancer cells has been observed #.
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Figure 9. EV-mediation in cancer. (A) Tumour cells and stromal cells exchange extracellular vesicles (EVs) carrying
cargos that can modify the function of the recipient cells. Tumour-derived EVs can contribute to the shift in the
phenotype of the recipient cells, therefore aiding tumour cells to achieve their survival. (B) Tumour cells can affect
other cancer cells by EVs. Highly aggressive cancer cells are known to enhance aggressiveness of other tumour cells
through EVs. TGF - transforming growth factor. MSC - mesenchymal stem cell. Treg - regulatory T cells. MDSC -
myeloid-derived suppressor cell. PMN - pre-metastatic niche. EGFR - epidermal growth factor receptor. EMT -
epithelial-mesenchymal transition. miRNA - microRNA.

EVs play a crucial role in angiogenesis, a critical pathway involved in many carcinogenic functions.
Different cancer types have shown to transfer oncogenes, mRNAs or other pro-angiogenic
molecules through EVs targeting epithelial cells, thereby, stimulating angiogenesis by activation
of VEGF %! (Figure 9). Furthermore, EVs expressing transforming growth factor B has shown to
trigger myofibroblastic differentiation inducing angiogenesis and tumour growth 2. Also, this
transforming growth factor f bound to membrane induces secretion of IL-6 by mesenchymal
stem cells promoting metastasis °* (Figure 9). One fascinating ability of cancer-derived EVs is
their capability to form the pre-metastatic niches (PMNs) 8. Comparison between highly and
poorly metastatic cancer cells derived-EVs has shown a completely different profile of proteins.
Furthermore, EVs can travel to the preferred metastatic sites (in which the cancer type normally
metastasizes, also known as primary site), rearrange the ECM and increase the permeability of
the surrounding vascular epithelium. This facilitates the process of metastasis and future growth
of the cancer cells &. Contributing to the fact of selective metastasis, EVs contain specific
adhesion molecules that facilitate metastasis towards the primary or specific metastatic sites™

Cancer cells interact with their microenvironment through EVs and modify it to facilitate their
own progression and invasiveness %. Tumours are known to generate EVs containing matrix-
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degradative enzymes (MMP2 and MMP9) known to promote tumour growth and metastasis by
degrading and re-modelling the ECM in the surrounding and distant tissue %7, Additionally,
chemotherapy is known to induce a survival signal for cancer cells, increasing their EVs release
containing ECM-degradative enzymes, to facilitate cell migration and metastasis as a strategical
getaway towards survival %,

Apart from metastasis, another characteristic of cancer cells is their ability to escape immune
surveillance and their resistance to treatment. Cancer-derived EVs are able to suppress the
immune surveillance by impairing the function of natural killer cells and CD8+ cells by the
downregulation of receptors that mediates in the cell stimulation while promoting the
expansion of T regulatory cells %% (Figure 9). This function is correlated with a worse prognosis
of the patient %%, Evidently, EVs has the potential to “educate” immune cells towards a pro-
tumour phenotype aiding in evasion of the immune surveillance 2%, For instance, micro-RNAs
contained in EVs have been reported to polarize macrophages towards a pro-tumorigenic
phenotype 1 (Figure 9). These striking getaway strategies that cancer cells-derived EVs portray
are not unique and similar ones are displayed in drug resistance.

One of the major challenges in cancer treatment is the development of multidrug resistance
against chemotherapy. Multidrug resistance in cancer cells is caused by various mechanisms
which allow them to resist cytostatic and cytotoxic effects of applied drugs, and EVs are known
to play an important role in it 1*#1%, EVs can bind to the drug, reducing the drug available to bind
the cancer cell surface®. Also, the release of the chemotherapeutic compound out of the cells

107-110 Furthermore, increased in chemo-resistance,

by EVs has been discovered for many drugs
proliferation, viability and a decrease in apoptosis was found when co-culture of exosomes
derived from chemo-resistant cancer cell lines were cultured with chemo-sensitive cells %,
Additionally, acquisition of cross-resistance by chemo-sensitive cells from chemo-resistant cells

by EV-transfer of functional p-glycoprotein (P-gp) has been described 2.

1.3.6. Hypoxic extracellular vesicles in cancer
Specific sets of proteins driving carcinogenic characteristics are packed in exosomes under stress
conditions, like hypoxia. For example, within hypoxic conditions, EVs are highly enriched in
hypoxia-regulated proteins and RNA, which are capable of inducing vascular permeability in lung
cancer 2, Furthermore, hypoxic-EVs enhance tumour growth, angiogenesis, proliferation and
metastasis when compared with a normoxic tumour-derived EVs '3, thereby, contributing to
the fast onset of the aggressive carcinogenic phenotype, reducing the life-span of the patients
114115 (Figure 10). Hypoxia and EVs have been independently well studied in the scope of cancer,
however, further research is needed considering these two main players in cancer progression.

EVs have tumor-promoting effects through a wide variety of mechanisms (Figure 10).
Particularly, many features regarding tumour progression, invasiveness and metastasis are only
observed in EVs secreted by some types of tumours, and further studies are needed to prove
the varied functions of EVs in more carcinogenic cell lines. The release of EVs and their
interaction with other cells and the tumour microenvironment is a suitable model to describe
and explain many of the unknown mechanisms involved in the progression, chemo-resistance
development and generation of metastases in cancer patients. The role of EVs in these
pathological pathways has not been broadly addressed. Particular cargo contents might be used
as potential predictive biomarkers. However, the EV cargo is still not well defined and specific
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isolation of MVs and exosomes is problematic due to the overlap in size, a lack of specific
markers, and a need for an isolation gold-standard method still ballast the research within this
area. Many questions regarding the role of EVs in cancer remain unsolved and additional
research is required worldwide towards a better comprehension of EVs in cancer and how
hypoxia as an external stressor might mediate in this response. To aid in this, high-throughput
methods like mass-spectrometry (MS) proteomic analysis might be the key to overcome these
limitations. The sensitivity, resolution and capacity to detect vast numbers of proteins by MS is
unmatched by any other method and its development towards even more complex and better
instruments and databases is inexorable.

Tumour
microenvironment
Multi-drug Support tumour i -
resistance growth and survival Angiogenesis
Drug efflux and VEGF and miRNAs
attachment to drug

Tumour-derived

EVs
Acquisition of aggresive Evassion of immune
phenotype survglllance
Horizontal transfer of Invasion and metastasis Alter immune
oncogenic receptors and RNAS ECM remodelling and pre- response by fusion
meetastatic niche formation

Figure 10. Summary of pathways affected by tumour-derived EVs. Tumour-derived EVs play a fundamental role in
angiogenesis, evasion of immune cell surveillance, metastasis and invasiveness of other tissues, drive multi-drug
resistance, interact with the tumour microenvironment and mediate in the acquisition of many carcinogenic
aggressive phenotypes. This is achieved by transfer of bioactive functional cargos. Thus, having a deep impact on
tumour progression 11, VEGF — vascular endothelial growth factor. ECM — extracellular matrix.

1.4. Proteomics

Proteins are the building blocks of the living organism and are made of amino acids. They differ
greatly in their properties like function, stability, three-dimensional structures, and are
considered the final gene products. The term proteome indicates the total assortment of
proteins produced at a certain time expressed by a cell, tissue or organism. Proteins functions
as mediators in most of the cellular processes in a direct form or through interactions with other
biomolecules. Therefore, protein profiles can accurately represent a disease state '*’. Contrarily,
alterations in gene expression do not always have direct functional consequences and might not
reflect protein expression nor activity, because of a broad range of possible post-translational
modifications, epigenetic regulations and non-coding RNAs '8 That is why proteomics is
answering questions that transcriptomics (the study of the sum of all RNA transcripts) and
genomics (the study of the complete set of DNA, including all genes) have been unable to.

Two main strategies in MS-proteomics are top-down proteomics, which analyses intact proteins,
and bottom-up proteomics, which analyses peptides in proteolytic digests. During the last
decades, the most widely used approach has been bottom-up proteomics due to its capability
of analysing many samples of a wide range of complexity, making it the ideal suit for discovery-
driven proteomics in many fields like cancer and EVs research. Unlike bottom-up, top-down
proteomics still suffers from technical limitations and is a more challenging approach due to the
complexity of the data that can be extracted. Following bottom-up proteomic strategy, once the
proteins have been extracted from the biological source, they are digested into peptides or
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separated in a gel and digested (in-gel digestion). They can then be separated by different
methods like liquid chromatography (LC) and then analysed by MS. The peptide ions are
fragmented and their sequence can be deduced from their mass and charge ratio *°. Hereafter,
highly valuable quantitative information can be extracted.

1.4.1. Proteomics, cancer and extracellular vesicles
Proteomics represents a comprehensive tool for the identification of biomarkers and discovery
of therapeutic targets in cancer %, Biomarkers are a biological indicator of the pathological
status and progression and represent a powerful tool for monitoring the course of the disease
and assessing the efficacy and safety of novel therapeutic agents 22122, The study of these
proteins in cancer and their interactions is known as oncoproteomics, a branch of the proteomic
studies.

MS-proteomic analysis has also aided to broaden our knowledge in fields of EV-composition in
the last years, especially bottom-up proteomics. The EV-proteome contains a wide variety of
proteins and other components, so, to help researchers, databases containing information
regarding EVs composition have been created. ExoCarta '?*1?%, containing a database of the

125 '3 composition compendium of all

proteins, RNA and lipids found in exosomes, Vesiclepedia
EV proteins and EVpedia 74124127 an EV-proteome, transcriptome and lipidome database of all

life forms.

EVs carry in carcinogenic settings, very specific proteins, normally in minute amounts,
responsible for inducing and driving many pathological mechanisms in cancer. Bottom-up
proteomics has during the last decade enabled the identification and quantification of EV-
proteomes and multitude of cellular proteomes in cancer. Oncoproteomics has the potential to
bring further understanding of the pathways driving pathogenesis in cancer cells and EVs in
hypoxic conditions. This will help to understand the complexity of carcinogenesis and cancer
progression in this very particular setting. Therefore, investigating highly-hypoxic cancers which
develop aggressive and chemo-resistant phenotypes like in the case of SCLC might improve the
prognosis of patients with SCLC.
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2. Aim

Proteins constitute an essential part of cells in every single organism and therefore the change
in the cell’s proteome is an invaluable source of information regarding pathological and
physiological states. In cancer, a shift in the proteome occurs, which drives the behaviour of the
cell to characteristic aggressive and pro-carcinogenic phenotypes. In SCLC, hypoxic conditions
might contribute to develop an aggressive and chemo-resistant phenotype. Proteome changes
are one of the most reliable fingerprints to trace and understand complex biological responses.
Cancer cells are not individual entities, communication between them takes place, and this
communication is fundamental to understand the whole context of the pro-carcinogenic and
chemo-resistant phenotype of cells. One way of communication that cells have is through EVs,
as they can carry complex sets of molecules, induce changes and pass functional structures to
the recipient cells in a fast and shielded way.

The aim of this MSc thesis is to characterize the changes in the cells and the EV-proteome of
SCLC cell line under different oxygenation conditions. We have examined whether:

e Hypoxia induces proteome changes in H69 SCLC cells towards an enhanced pro-
carcinogenic functionality, therefore, shifting its phenotype.

e Hypoxia drives changes in the EV-release and the EV proteome composition.

e Hypoxia-altered exosomes induce changes through the bystander effect on other SCLC
cell phenotype and pro-carcinogenic ability.
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3. Materials and methods

3.1. Pre-project: exosome isolation from plasma samples

Before starting the project, different EV-isolation methods and purification techniques, as well
as, western blot were performed to provide insight into the different methods and techniques
and to carry out the validation and optimization of the WB (Appendix A) for CD9 and HIF-1a
proteins. Plasma samples from MyVes study (ethical approval no.: N-20140055) were used.
These studies were conducted complying with the Declaration of Helsinki 128, Exosome isolation
from plasma samples was performed using qEV Original size exclusion chromatography columns
(iZON Science, Christchurch, New Zealand) and a ME™ kit (New England Peptide, Inc., Gardner,
Massachusetts, United States, Cat. #ME-020p-kit). The procedure was performed following the
manufacturer protocol. After the collection of the exosomes, Bicinchoninic acid (BCA) Assay
(Pierce™ BCA Protein Assay Kit, Cat. #23225) was performed for each of the EV-isolates to
quantify the total protein concentration (further described in the Determination of protein
concentration section). Isolates were kept at -802C. Then, western blot was performed for CD9
and HIF-1a protein marker (further described in the detection of CD9 and HIF-1a proteins
section).

3.2. Experimental design

In this MSc thesis, two main experiments were conducted; an experiment in which the cells were
exposed to different oxygen conditions (hypoxia experiment) during 24h and another
experiment in which the exosomes generated from the previous experiment were co-cultured
with cells under normoxic conditions for 48h (co-culture experiment) (Figure 11).

3.2.1. Hypoxia experiment

Three different oxygenation conditions were used in this experiment. Normoxic cell culture
under in vitro conditions (20% oxygen, denoted N20), normoxic physiologic conditions (5%
oxygen, denoted H5) and hypoxic physiologic conditions (1% oxygen, denoted H1).

Before starting the hypoxia experiment, the SCLC cell line was cultured in the required amount
(further details in the Cell Culture section). The cells were then seeded using EV-depleted media
(further described in the Cell culture section). Three different conditions, each one consisting of
quadruplets was set in an incubator or an oxygen-regulated chamber (XVIVO SYSTEM,
BioSpherix©, New York, New York, United States Mod. G300C). The cells were then incubated
for 24h in the three different conditions.

After incubation, isolation of the different samples containing cells, MVs and exosomes was
performed by differential ultracentrifugation. Subsequently, the isolates were aliquoted to
different analyses and stored at -802C until further use. Triplicates of each isolate from each
condition were sent to mass spectrometry analysis at Statens Serum Institut (Copenhagen,
Denmark). The exosome and microvesicle samples were also analyzed by nanoparticle tracking
analysis (NTA) (triplicates) and western blot (quadruplets). The cell lysates were also analyzed
by MS (triplicates for each condition) and western blot (one sample per condition).
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3.2.2. Co-culture experiment

In this experiment, the exosomes obtained from the hypoxia experiment were co-cultured with
the SCLC cell line in normoxia for 48h. The exosomes obtained after the hypoxia experiment
were then analyzed by NTA to determine the particle concentration in order to load the same
particles/cell ratio. After the co-culture process, the cells were isolated following the same
procedure as performed in the hypoxia experiment and frozen. Cell samples were obtained in
triplicates for each condition and the isolates were aliquoted to different analysis (MS and
western blot) and stored at -802C until further use. Cell-isolates triplicates from each condition
were sent to mass spectrometry analysis at Statens Serum Institut (Copenhagen, Denmark).
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3.3.  Procedures

3.3.1. Pre-analytical preparation

The experiments were conducted on cells with only one passage. All the cells were previously
cryo-preserved before using them in the experiments. The cells were cultured for a minimum of
5 days before starting the experiments and a maximum of 7 days. This ensured same conditions
for all the cells and helped to make sure cells were in enough numbers before starting the
experiments.

3.3.2. Cell culture
3.3.2.1. H69 cell line culture

The human SCLC cell line H69 (Sigma, Inc., San Luis, Missouri, United States, Cat. #91091802-
1VL, Lot #14G006) used was obtained from the European Collection of Authenticated Cell
Culture. The H69 cell line was originally obtained from the pleural fluid of an untreated 55-year-
old Caucasian male diagnosed with SCLC. H69 cells were grown in suspension as spherical
floating cell aggregates in Greiner CELLSTAR® T-75 flasks (Greiner Bio-One, Kremsmulinster,
Austria — Cat. #82050-856). Cells were cultured in RPMI 1640 (Gibco™, Thermo Fisher, Waltham,
Massachusetts, United States, Cat. #21875034, Lot #1892413) complemented with 10% fetal
bovine serum (FBS — Thermo Scientific, Thermo Fisher, Waltham, Massachusetts, United States,
Cat. #10500064, Lot #42A1374K) and 1% penicillin/streptomycin antibiotic solution (Sigma-
Aldrich, Darmstadt, Germany, Cat. #P4333-100ML, Lot #077M4780V). The cells were maintained
at 372C, 5% CO, and 20% O,.

The cells were subcultured when reaching a confluency level of 300,000 cells/mL (culture range:
75,000 — 300,000 cells/ml) accordingly to the manufacturer.

3.3.2.2. Preparation of exosome-depleted media

For the hypoxia and the co-culture experiment, EV-depleted media was used during the
incubation processes. To avoid contamination from the FBS EVs, the FBS was centrifuged for 23h
at x 100,000 g in an Avanti J-30I centrifuge (Beckman Coulter Inc., Brea, California, United States,
Cat. #363121) using a JA-30.50 Ti rotor (Beckman Coulter Inc., Brea, California, United States,
Cat. #363420). The collected supernatant (EV-depleted FBS) was used to make EV-depleted
media (Figure 12).

FBS containing EV-depleted
FBS

x 100,000 g
23h

Figure 12. Scheme describing the preparation of the EV-depleted fetal bovine serum (FBS).
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3.3.2.3. Cell counting, viability and cryopreservation

For counting cells and checking their viability, a solution of trypan blue (Sigma, Inc., San Luis,
Missouri, United States, Cat. #T8154-20ML, Lot #RNBG1730) was added (1:1:1 cells: trypan blue:
media ratio). Counting was performed using a haemocytometer and a microscope (Nikon,
Minato, Tokyo, Japan, Cat. #£100) using x10 magnification.

For cryo-preservation of the cells, the cell’s media was replaced with media containing 5% of
dimethyl sulfoxide (DMSO - Fisher BioReagents™, Thermo Fisher, Waltham, Massachusetts,
United States, Cat. #8P231-100). The cells then were stored in an insulated box of expanded
polystyrene filled with paper (this ensures a freezing ratio of 12C/min to ensure optimal cell
viability) at -802C for 24h and then transferred to a -19629C freezer until further use. Thawing
and seeding were performed by instant warm up at 372C in a water bath, centrifugation and
resuspension in new warm media.

3.3.3. Cellisolation and lysation

After the incubation process, isolation of cells was conducted to further investigate the cell
lysate by MS and western blot (WB). Centrifugation of the whole sample was performed at 300
x g for 10 minutes at 42C to isolate the cell pellet. The supernatant was removed for further
centrifugation steps and the cell pellets were kept at -802C before further usage.

A different approach was taken when lysating the cells for MS (described in section 3.3.8.1.). In
this section, cell lysation for WB analysis was performed using Radioimmunoprecipitation assay
buffer (Pierce™, Thermo Fisher, Waltham, Massachusetts, United States, Cat. #89901, Lot
#MF157162) with added protease inhibitors (Pierce™, Thermo Fisher, Waltham, Massachusetts,
United States, Cat. #88666, Lot #QE20063010). Each sample received lysis buffer according to
the number of cells present (100 uL of lysis buffer/1,000,000 cells). Then, the cells were
incubated with the lysis buffer for 5 minutes, followed by 10 sonication cycles (Ultrasonic cleaner
- Marshall Scientific, Hampton, Vermont, United States, Cat. #2510) of 10 seconds, with 50%
amplitude and 1-minute rest between cycles. Subsequently, cells were incubated (on ice) for 5
minutes and further centrifuged (microcentrifuge - Eppendorf® Minispin®, Sigma-Aldrich,
Darmstadt, Germany Cat. #2605220) at 13,000 x g for 5 minutes. Following this, the supernatant
was collected for western blot analysis.

3.3.4. Isolation of microvesicles and exosomes

In the hypoxia experiment, after the isolation of the cells, further isolation of microvesicles and
exosomes was conducted by using the supernatant from the cells isolation. Centrifugation to
remove dead cells and cell debris was performed at 2,000 x g for 30 min at 42C (Figure 13). The
resulting pellet was discarded, and the supernatant was further centrifuged using an LKB 2331
Ultraspin 70 ultra-centrifuge with the RP70P rotor at 20,000 x g for 30 min at 42C (Figure 13).
The pellet containing microvesicles was washed in phosphate-buffered saline (PBS) citrate (in-
house made, Appendix B). Centrifugation to wash the pellet was performed with the same
settings using a Heraeus multifuge 3SR (Kendro Laboratory Products, Asheville, North Carolina,
United States, Cat. #75004375). The supernatant obtained from the first ultracentrifugation was
subsequently centrifuged using an LKB 2331 Ultrospin 70 ultra-centrifuge with the RP70P rotor
at 100,000 x g for 60 min at 42C to obtain the exosomes (Figure 13). The pellet obtained was
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washed in PBS citrate using the same centrifuge and settings. After obtaining the samples,
cryopreservation of the isolates was performed using liquid nitrogen (snap-freeze). Part of the
EV-isolates were kept in the fridge (49C) for NTA analysis, performed in the following 48h post

isolation, therefore ensuring the EV-sample quality %°.

Hypoxia
Experiment

Co-culture Experiment

X 2,000g x 20,000 g X 100,000 g
30 min 30 min 60 min
cell debns Mlcrovesmles Exosomes

and dead Supernatant
cells

X 300 g
10 min -3

Cells

Figure 13. This scheme represents the isolation of cells, microvesicles and exosomes of the samples after the hypoxia
and co-culture experiments.

3.3.5. Determination of particle concentration and size

NTA was carried out to assess the concentration of particles per sample. Once the particle
concentration was assessed, an equal number of exosomes/cell was loaded in every replicate of
the co-culture experiment. The concentration of MVs and exosomes in each oxygenation
condition and their size distribution data was also obtained.

Particle concentration and size were measured with a NanoSight LM10 instrument
(Nanosight, Malvern Panalytical, Salisbury, United Kingdom), equipped with a 405 nm blue
laser and an EM-CCD camera (DL-658-OEM-630, Ser. #DL-00910, Andor™, Belfast, United
Kingdom). As an internal control across experiments and to ensure the accuracy of the
analyses, we performed measurements of 0.1 um silica microspheres (Polysciences,
Hirschberg an der Bergstrasse, Germany) immediately before analyzing the samples by NTA.
Exosomes and microvesicles were pre-diluted in filtered DPBS (previously analyzed to ensure
it was particle-depleted) to achieve a concentration within the 108-10° range for optimal NTA
analysis. The video acquisitions were performed with NTA software (Malvern Panalytical,
Salisbury, United Kingdom, v3.0), using a camera level 13 for exosomes and 11 for
microvesicles and silica beads. 5 videos of 30 seconds were captured per sample. For the
analyses, the camera threshold was set to 3, blur set to automatic, and pixel maximum jump
distance to 11.4—12.9.

3.3.6. Determination of protein concentration

All samples were up-concentrated before protein quantification by using Amicon ® Ultracel ® -
100K centrifugal filter units (Millipore Corporation, Burlington, Massachusetts, United States,
Cat. #UFC510096, Lot #R6JA92066).

To load an equal amount of protein in western blot, protein concentration was measured using
BCA protein assay according to manufacturer’s protocol (Pierce™ BCA Protein Assay Kit, Cat.
#23225). Hereafter, measurement of the absorbance with a FLUOstar OPTIMA microplate
reader (BMG Labtech, Ortenberg, Germany) at 562nm and calculation of the concentration of
the unknown samples was performed using the software OPTIMA (V2.20R2) and MARS Data
Analysis Software (V2.00) from BMG Labtech.
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3.3.7. Detection of CD9 and HIF-1a proteins

Western blot was performed to validate the isolation of EVs (CD9 marker) and the different
oxygenation (HIF-1a marker) incubation conditions of the hypoxia experiment. Samples (plasma
samples, exosomes, microvesicles and cell lysate) containing 5ug protein with 5uL loading buffer
were heated-up (952C) prior to loading. The protein amount of the isolates was below the
detection limit of the BCA (Appendix A) in most of the samples, therefore, loading of 20uL of the
isolates and 5uL loading buffer was performed. Controls were also loaded with 5uL of loading
buffer (Table 2). B-actin was used as a loading control to normalize the amounts of the proteins
of interest in the samples. Two different ladders were used for WB: a chemiluminescent ladder
used for the WB optimization (Precision Plus Protein™ WesternC Standards, Bio-Rad, Hercules,
California, United States, Cat. #161-0376) and a dual color visible ladder for sample analysis (Bio-
Rad, Hercules, California, United States, Cat. #161-0374). The proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using Mini-PROTEAN ©
TGX™ 4-15% gradient pre-cast gels (Bio-Rad, Hercules, California, United States, Cat. #4561083).
Then, the proteins were transferred to Amersham™, Hybond™ 0.2 um Polyvinylidene fluoride
(PVDF) blotting membranes (GE Healthcare, Little Chalfont, United Kingdom, Cat. #10600021,
Lot #A11706264).

After protein transfer, blocking of the membranes with skim milk powder (5% (w/v)) dissolved
in blocking solution (Sigma-Aldrich, Darmstadt, Germany Cat. #70166-500G, Lot #BCBT8091)
(PBS buffer with Tween 20 0.1% (Bio-Rad, Hercules, California, United States, Cat. #170-6531)))
was carried out for 60 min at room temperature to avoid unspecific binding of the antibodies.

The primary antibodies (Anti-CD9, HIF-1a and B-actin) were diluted (Table 3) in 2.5% (w/v) skim
milk/PBS and incubated with the membrane overnight at 4°C. The next morning, the membranes
were washed three times with washing solution, incubated with peroxidase-conjugated
secondary antibodies (Table 3) for 2 hours at room temperature and again, washed. When using
the chemiluminescent ladder, its HRP-conjugated was also added (Precision Plus Protein™
StrepTactin-HRP Conjugate, Bio-Rad, Hercules, California, United States, Cat. #1610381, Lot
#D034351C). After this, detection of the immunoreactive bands was performed by using
enhanced chemiluminescence (ECL) technique adding Lumi-light western blotting substrate
(Roche, Basile, Switzerland, Cat. #12015200001). The chemiluminescence-signals were
visualized using a Syngene PXi 4 imaging system (Syngene, Cambridge, United Kingdom)
equipped with GeneSys software (Syngene, Cambridge, United Kingdom, v1.5.4.0).

Table 2. Controls used for western blot.

CONTROL INFORMATION

CD9 — platelet lysate — 1:100 In-house made (Appendix C)

dilution

HIF-1a — 1:4 dilution Hela + CoCl; lysate (Santa Cruz Technology, Dallas, Texas, Cat. #sc-24679, Lot
#H1408)
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Table 3. Primary and secondary antibodies used and their optimized concentrations. HRP - Horseradish peroxidase.

PRIMARY ANTIBODY SECONDARY ANTIBODY

Mouse Anti-human CD9, Clone M-L13 (BD pharmingen, | Polyclonal goat anti-mouse HRP, polyclonal (Dako,
Franklin Lakes, New Jersey, United States, Cat. #555370, Santa Clara, California, United States, Cat. #P0447, Lot
Lot #6138551) — 1:500 dilution #2005443) — 1:30,000 dilution

Anti HIF-1 alpha purified from rabbit, polyclonal (Novus = Rabbit IgG HRP Linked F(ab')2 from donkey, polyclonal

Biologicals, Littleton, Colorado, United States, Cat. (Sigma-Aldrich, Darmstadt, Germany Cat. # NA9340-
#NB100-479, Lot #AL-4)- 1:1,000 dilution 1ML, Lot #5205500) — 1:30,000 dilution

Anti-B-actin antibody produced in mice, monoclonal @ Polyclonal goat anti-mouse HRP, polyclonal (Dako,
(Sigma, Inc., San Luis, Missouri, United States, Cat. Santa Clara, California, United States, Cat. #P0447, Lot
#A5441-100UL, Lot #116M4801V) — 1:5,000 dilution #2005443) — 1:30,000 dilution

3.3.8. Sample preparation and protein discovery by LC-MS/MS analysis
3.3.8.1. Sample preparation for MS analysis

Cell samples from the two experiments conducted were thawed, washed with PBS twice and
mixed with a pre-heated (992C) lysis buffer containing guanidinium hydrochloride and sonicated
for 2 min at 50% amplitude with cycles of 1 second on, 1 second off). Protein concentration of
all the samples (cell lysate, MVs and exosomes) was measured by Pierce™ Coomassie (Bradford)
Protein Assay Kit (Thermo Fisher, Waltham, Massachusetts, United States, Cat. #23200) to
calculate the amount of digestion product required for each sample and to load same amount
of proteins into the MS-spectrometer.

In-solution digestion of the samples (cell lysates, MVs and exosomes) was performed using the
endoproteinase LysC (1:300 LysC:protein ratio) for 1h and trypsin (1:100 trypsin:protein ratio)
incubation overnight. Trifluoroacetic acid quenching was used to stop the digestion process.
Following this, centrifugation took place at 1,000 rpm for 5 min and collection of the supernatant.
Hereafter, the samples were ready to be loaded in the Sep-Pak column for further desalting,
concentration and washing with trifluoroacetic acid. After this, the samples were stored at 42C
until analysis. In this study, bottom-up proteomics using MS coupled with liquid-
chromatography (LC) was used.

3.3.8.2. Mass spectrometry. LC-MS/MS analysis and protein identification

Peptides were loaded onto an Acclaim PepMap C18 precolumn (300 pum inner diameter, 5 mm
long, 5 um particle size, Dionex, Sunnyvale, California, United States). The peptides were then
separated using an Acclaim PepMap100 C18 analytical column (75 um inner diameter, 150 mm
long, 3 um particle size, Dionex, Sunnyvale, California, United States) by a 90-minute gradient.
An Ultimate 3000 nano-LC system (Dionex, Sunnyvale, California, United States) was connected
to a Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher
Scientific, Waltham, MA). For ionization of the peptides, the MS was equipped with a nano-
electrospray (Proxeon, Odense, Denmark) (flow rate was 200 nL/minute). Record of the full scan
(250 - 1,800 mass/charge [m/z]) to obtain MS data was performed in the Orbitrap with 240,000
resolution at 400 m/z. MS/MS data was recorded in data-dependent mode in parallel,
fragmenting the 5 most abundant ions (charge +2 or higher) by induced dissociation in the
HyperQuad mass filter.
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The recorded raw files were analysed using MaxQuant version 1.6.1.0 3° for peptide

131 was used against the

guantitation. For protein identification the Andromeda search engine
Homo sapiens UniProt reference proteome (last version: 2018-03-13) including 71,599 entries
(proteome ID: UP0O00005640) and a FASTA-file containing common contaminants. To increase
the identified peptides, the match between runs (MbR) setting was activated. This setting allows
using a recorded MS/MS spectrum for a feature (a certain m/z at a certain retention time (RT))
to be transferred to the same feature recorded in another sample if the same feature was
observed and no MS/MS spectrum was triggered. This increases the number of identified
peptides in each sample. Additionally, label-free quantitation values were determined to enable

comparison of the protein intensities across all the samples.

To estimate false positive peptide spectral matches, MaxQuant was programmed to filter the
proteins found to < 1% False Discovery Rate (FDR) using target-decoy strategy '32. All protein
tables were filtered to eliminate the identifications from the common contaminants and reverse
database.

3.4, Statistical analysis

3.4.1. General statistical analysis
Data obtained from the different analysis was collected in Excel (Microsoft Corporation,
Albuquerque, New Mexico, United States, v2016) and analysed by SPSS (IBM, Armonk, North
Castle, New York, United States, v25). The graphs and charts were made using GraphPad Prism
(GraphPad Software, California, United States, v7.0).

Besides general proteomic analysis, comparison of all NTA samples was performed by SPSS,
using independent sample t-tests. Before T-testing, normality (Saphiro-Wilkis; p > 0.05) and
homogeneity (Levene’s test; p > 0.05) was tested (Appendix D). None of the datasets contained
non-normalized or non-homogenous datasets. Statistical significance (P < 0.05) was represented
by an asterisk (*).

3.4.2. Proteomics data analysis

In this study, label-free quantitation values could be used as the experimental design allows
meeting the assumption that the protein variability between EVs-subpopulations samples and
between cell lysate samples is not high.

The output data from Max Quant was then analysed with Perseus (v1.5.6.0, 1.5.8.5, v 1.6.1.3
and v1.6.3.1) to interpret the protein quantification. First, the data was filtered for reverse hits,
contaminants and protein identification by site. Second, log2 transformation of the data was
performed. Hereafter, imputation was performed in all the samples except in the cell lysate from
the hypoxia experiment. Imputation was performed by assuming that the proteins absent are in
fact present in the samples, however, they are found in concentrations below the detection limit
of the MS, therefore, imputation was required to fix these missing values. As imputation, even
if performed correctly, introduces bias 33*3* its use was limited to the samples in which the
missing values impaired the performance of further proteomic analysis. Therefore, imputation
was avoided in the cell lysate samples from the hypoxia experiment as the missing values were
much lower compared with other samples.
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Different filtration for valid values was then applied depending on the samples (Table 4).
Filtration for valid values was set to “70% in at least one group” in the cell lysates as they
contained a bigger proteome and “50% in at least one group” was applied to MVs and exosomes
as they had a smaller proteome. Annotations from Gene Ontology and KEGG pathways were
added to ease the results interpretation of high-throughput proteomic data obtained with
Perseus. Principal component analysis (PCA) was used to investigate the variance in protein
expression and abundance across the samples. Analysis of variance (ANOVA) test and T-test
were then performed to look for the significant protein expressions across the samples. Fisher
exact test and hierarchical clustering analysis were carried out using the ANOVA significant
proteins found. Fisher Exact Test was carried out to prove a non-random functional group
linkage. T-test analysis was aided with volcano plots for its visualization (Table 4).

Table 4. Datasets analysis criteria and statistical analysis basis.

Experiment Sample Imputation = Valid values ANOVA Fisher T-test/
type (posthoc) = exacttest @ Volcano
Hypoxia Cell lysate NO 70% at least in FDR =0.05 FDR =0.05 FDR =
Experiment one group 0.05
Microvesicles = YES 50% at least in p=0.01 p =0.02 p=0.01
one group
Exosomes YES 50% at least in p=0.01 p=0.02 p=0.01
one group
Co-culture Cell lysate YES 70% at least in p=0.01 p=0.01 p=0.01
Experiment one group
3.4.2.1. Bioinformatic analysis

To better comprehend the functional differences of the different protein expression patterns
among the samples, varied bioinformatic tools were used. These bioinformatic methods of
enrichment analysis were applied through specific software and database/web resources;
singular enrichment analysis (SEA) using the search tool for the retrieval of interacting
genes/proteins (STRING, a biological database containing known and predicted PPl and
providing functional enrichment using GO and KEGG) * and FunRich 3¢, gene set enrichment
137138 3nd modular enrichment analysis (MEA) using DAVID 139140

(a database that provides functional interpretation of protein lists aiding for its visualization and

analysis (GSEA) using Perseus

annotation).

Venn diagrams were constructed using FunRich 3¢ to illustrate how the identified proteins were
distributed compared to Exocarta **!?%, EVpedia *!*!, HypoxiaDB !*?, the human cancer
metastasis database (HCMDB) !, and self-curated databases containing a list of proteins
involved in motility, angiogenesis, proliferation and SCLC protein markers (Table 5). (Attached
excel file: Self-curated databases, proteomic data and miscellaneous).
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Table 5. Databases used, and the information contained within them.

Databases

Gene-Ontology (GO) 144

Kyoto Encyclopedia of Genes and

Genomes (KEGG) 145

Exocarta 123124

EVpedia 127,141

HypoxiaDB142

The human cancer
database (HCMDB) 143
Self-curated databases

Biological processes
(GOBP)

Cellular components
(GocCC)

Molecular function
(GOMEF)

KEGG pathways

TOP 100 proteins

TOP 100 proteins

Up-regulated
proteins
Metastatic proteins

SCLC markers

Motility

Proliferation

Angiogenesis

Information provided

Sets of molecular events relevant to the
functioning of living organisms

Components of a cell or derived from the
extracellular surroundings

Fundamental functions carried out by a gene or
protein

Integrated networks of pathways involving cellular
biomolecules

List of the most common 100 proteins found in
exosomes

List of the most common 100 proteins found in
human cell-derived EVs

A database of hypoxia up-regulated proteins

47 proteins related to metastasis and invasiveness
in SCLC
63 marker proteins of SCLC

1424 protein related to motility in cancer from
different research papers

2005 proteins linked to proliferation in cancer from
different research

557 proteins related to angiogenesis in lung cancer
from different research papers
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4. Results

To establish the influence of hypoxia among SCLC cells and EVs and the effect of EVs over SCLC
cells, two different experiments were conducted. The hypoxia experiment in which different
oxygenation conditions were set to look at the direct influence of oxygen levels among cells and
EV-release and cargo composition. And the co-culture experiment, in which the effect of the
produced EVs under different oxygenation conditions over SCLC cells was investigated.

First, we investigated if different oxygenation conditions drive changes in the EV-release by
measuring particle concentration and size. Second, we looked if hypoxia drives changes in the
composition of the EVs and cells by proteome analysis. Finally, we examined whether the
exosomes derived from the different oxygenation conditions have any bystander effect among
SCLC cells when co-cultured, to determine this, proteome analysis was also performed.

4.1. Confirmation of extracellular vesicles isolation

To investigate whether we isolated EVs (MVs and exosomes); WB for the CD9 marker was carried
out. However, no results apart from the positive control were visible (Figure 14). One feasible
explanation for these results might lay in the low amount of protein loaded in the WB, (below
the required protein concentration estimated in the optimization (> 20 ug)), therefore, hindering
the detection of CD9. Despite of not finding surrogate proteins of EV-isolates, NTA found
particles in high amounts and the proteomic analysis was able to find many EV-related functional
enriched groups, both indicative of presence of EVs in the samples (Figure 16 and 22).
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Figure 14. WB targeting CD9 protein in EV-isolated samples. Only the positive control was detected. N20 — Normoxia
20% oxygen. H5 — Hypoxia 5% oxygen. H1 — Hypoxia 1% oxygen.
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Figure 15. (A) Exosomes and MV proteomes comparison with the TOP 100 most commonly found proteins from the
EVpedia database. (B) Exosomes and MV proteomes comparison with the TOP 100 most commonly found proteins
from the Exocarta database.

To further investigate the EV-isolation, a comparison of the identified proteins in the
microvesicles and exosomes samples against EVpedia TOP100 (Figure 15A) and Exocarta TOP101
(Figure 15B) databases was performed. This was carried out to see if these samples contained
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common EVs proteins. Many of the proteins from Exocarta and EVpedia were found in both, MV
and exosomes proteome (61/100 in EVpedia and 48/100 in Exocarta). In total, 90% and 86%
proteins were matched in both EV-subpopulations in each one of the databases, respectively
(Figure 15A and 15B). Therefore, suggesting the isolation of EVs.

4.2. Hypoxia drives changes in extracellular vesicles

WB was carried out to detect a specific hypoxia-related protein, HIF-1a. Secondly, to examine
whether hypoxia drives changes into the EV-concentration and EV-size, analysis of these were
carried out by NTA. Thirdly, MS analysis determined whether hypoxia induce functional changes
into the EV-proteome.

4.2.1. Hypoxia and HIF-1a content in extracellular vesicles

WB analysis was performed to see if HIF-1a forms part of the cargo of EVs under hypoxic
conditions and if its concentration increases under hypoxic conditions. When WB was performed,
none of the EV samples showed any detectable amount of HIF-1a protein. The positive control
was successfully identified (Figure 16A). This might suggest that HIF-1a is not packed in the EVs
or it might also be because low protein concentrations were loaded, resembling the same issue
as with CD9 WB. Other logical explanation is the fast degradation of HIF-1a protein, because of
its extremely short half-life, therefore, making its discovery intricate. HIF-1a detection is an issue
that many other research groups faced before and still drags the research within this area 23146,
However, when comparing the identified proteins in each of the different conditions of the two
EV-subpopulations against the HypoxiaDB up-regulated proteins, we could see an increase in
the hypoxia-related proteins in the hypoxic samples compared to the ones cultured under
normoxia for both EV-subpopulations (Figure 16B). Therefore, proving the successful influence
of the different oxygen conditions over the proteome composition of EVs regarding hypoxia-
related protein content.
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Figure 16. (A) WB targeting HIF-1a in EV-isolated samples. Only the positive control was detected. (B) Protein
identification against HypoxiaDB up-regulated proteins.

4.2.2. Extracellular vesicles release is affected by hypoxic conditions

MVs and exosome concentration (Figure 17) and particle size (Figure 18) was investigated by
NTA analysis to see if oxygen levels have any influence over EV-release. The particle
concentration found in MV samples ranged between 0,68 — 2,30 x10° particles/mL (Figure 17B)
and exosome samples ranged between 0,75 — 2,69 x10° particles/mL (Figure 17A). No statistical
significance has been found when comparing particle concentrations from the different
conditions in MV and exosome samples, however, a trend is clearly visible. In the MV isolates,
when the oxygen levels are reduced, the concentration of MVs diminishes (Figure 17B), while in
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the exosome group concentration increases when hypoxia is aggravated (Figure 17A). Therefore,
we can observe an opposite tendency in the production of EVs in both groups (Figure 17).
Hypoxia might have some influence in the release of EVs.
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Figure 17. Comparison of (A) exosomes and (B) microvesicles production under different oxygen concentrations (N20
=20% oxygen; H5 = 5% oxygen; H1 = 1% oxygen).

When comparing mean and mode size of MVs (Figure 18A and 18C) and exosomes (Figure 18B
and 18D) a trend towards a larger size in MVs as the hypoxia is enhanced is found. Statistical
significant (p < 0.05; p = 0.037) data was obtained when comparing the mode size of 20% oxygen
and 1% oxygen groups (Figure 18C). However, no differences were found in the exosomes and
the MVs mean size comparison.
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Figure 18. Comparison of mean (A and B) and mode size (C and D) distributions in microvesicles (A and C) and exosomes
(B and D). N20 = 20% oxygen; H5 = 5% oxygen; H1 = 1% oxygen. * = statistical significance. Statistical significance
found when comparing N20 Vs H1 mode size of MVs (p < 0.05; p = 0.037).

4.2.3. Hypoxia drives changes in the extracellular vesicle protein composition

MS analysis was performed to further understand the cargo contained within SCLC cell-derived
EVs and investigate the possible influence of hypoxia in the protein composition of EVs. A total
of 1,234 proteins were identified in the MVs samples while 515 proteins were identified within
the exosomes samples. The proteins identified in the MVs and exosomes samples shared 407
proteins while expressing 827 and 108 unique proteins respectively (Figure 19A). Exosomes
shared 79% of its proteome with MVs, and MVs shared 33% of its proteome with exosomes.
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Assuming that some contamination across the two EV-subpopulation is present as
ultracentrifugation is unable to perfectly isolate MVs and exosomes, we can suggest that even
MVs and exosomes have a completely different biogenesis, they resemble each other’s
composition at some extent. Additionally, we saw that the proteome of MVs is larger than the
one contained within exosomes.

Of all the 1,234 proteins identified in the MVs samples, 341 were shared proteins among the
different cell culture conditions (Figure 19B). The culture conditions contained 1,054 (558
unique proteins), 397 (29 unique proteins) and 622 (149 unique proteins) proteins for the N20,
H5 and H1 conditions, respectively (Figure 19B). In contrast, from the 515 proteins identified
within the exosomes samples, 289 of those were shared within the three different sample
conditions (N20, H5 and H1) (Figure 19C). The culture conditions contained 446 (124 unique
proteins), 391 (36 unique proteins) and 322 (0 unique proteins) proteins, respectively (Figure
19C). The EV-samples from hypoxic conditions had a lower amount of proteins, expressing a
smaller proteome and a reduced composition in unique proteins when compared with the EV-
samples from normoxia conditions.
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Figure 19. Venn diagrams representing the number of proteins identified in the extracellular vesicle samples obtained
from cell culture under normoxia 20% (N20, hypoxia 5% (H5) and hypoxia 1% oxygen (H1) conditions. (A) MV and
Exosome proteomes. (B) Microvesicle proteome divided into the three conditions (N20, H5 and H1). (C) Exosomes
proteome divided into the three conditions (N20, H5 and H1).

4.2.4. Hypoxia drives protein profiles of microvesicles and exosomes

To examine what kind of carcinogenic functions the identified proteins are involved in,
comparison of the proteins against angiogenesis, metastasis and invasiveness, motility and SCLC
specific biomarkers self-curated databases (Figures 20A, 20B, 20C and 20D, respectively) was
performed. MVs samples express a higher number of proteins driving the main characteristics
of the aggressive phenotype when compared with exosomes (Figure 20). However, when the
proteins driving each carcinogenic phenotype found in each EV-subpopulation are compared
against their own proteome, same protein enrichment is found for MVs and exosomes
(Appendix E.1, Figure 2).
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Figure 20. Venn diagrams representing proteins identified in the microvesicle and the exosome samples compared
with self-curated databases including proteins driving (A) angiogenesis, (B) metastasis and invasiveness (C) motility
and (D) SCLC specific biomarkers.

Also, comparison of the hypoxic and normoxic proteome of MVs and exosomes against the
databases was performed. We found that the MV-hypoxic proteome conserved proteins
regarding angiogenesis, metastasis and invasiveness and motility even though the proteome is
reduced compared with the normoxic one (Figure 21). Therefore, hypoxic MVs are richer in pro-
carcinogenic protein content when compared with normoxic MVs (Figure 21). To further
investigate how hypoxia drives changes into the cargo of EVs and what implications this might
have at a functional cellular level, specific comparison of the protein abundances needs to be
considered.

) Normoxia 20% Oxygen
3 Hypoxia 1% Oxygen |—|

_ a
RrO = N
| —

Identified Proteins/

whole proteome (%)

o o
——

Figure 21. Comparison of the angiogenic, metastatic and invasive and motility proteins identified in the hypoxia and

normoxia samples of MVs.

4.2.5. Hypoxia drives microvesicles and exosomes proteome composition

Comparison of protein abundances across the different oxygenation conditions for MV and
exosome samples showed three different protein expression patterns grouped according to
their oxygenation level (Figure 22). This suggest that some proteins were differently packed in
EVs under the three oxygenation conditions and that their expression patterns are driven by
oxygen levels. This is true for both MVs (Figure 22A) and exosomes (Figure 22B).
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Figure 22. (A) Principal component analysis (PCA) representing protein expression between normoxia 20% (N20),
hypoxia 5% (H5) and hypoxia 1% oxygen (H1). (B) PCA representing protein expression between normoxia 20% (N20),
hypoxia 5% (H5) and hypoxia 1% oxygen (H1). MV — microvesicle. EXO — exosome.

ANOVA (p = 0.05, SO = 0) was then performed to look at the differences between the protein
abundances of different oxygenation conditions for MV and exosome samples. A total of 76 and
39 proteins were differentially expressed when comparing the different oxygenation conditions
in MV and exosome samples, respectively (Appendix E1.1.). To better visualize these differences,
hierarchical clustering of these proteins was performed. 4 clusters were visible in both, MVs
(Figure 23A) and exosomes (Figure 23B). The clusters grouping resemble the oxygenation
conditions, therefore, confirming the power of oxygen towards inducing a specific functional
proteome shift.
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Figure 23. Hierarchical clustering analysis of significant (ANOVA) proteins extracted from (A) microvesicles and (B)
exosomes.

When the clusters were analysed by STRING (SEA), different enrichments were found (Appendix
E.1.2., Table 5 and 6). Proving that there are more pathways involved in these protein clusters.
The enrichment groups detected proved that our samples contained EVs:
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e The Extracellular exosome function (GOCC) was found in both, MVs cluster two and
exosomes cluster three. This is an additional proof that we isolated the EVs correctly,
even though, WB analysis was unable to find CD9 protein.

The most relevant functional enrichment groups found in STRING were:

e In the MV-STRING analysis (Appendix E.1.2., Table 5), clusters two and four showed
enrichment while cluster one and three did not. In cluster two, ribosomal proteins were
found to be highly expressed in normoxic conditions while underexpressed in hypoxia.
Regarding cluster four, a wide variety of functional enrichments are found, but all fall
within the same group of proteins, the ephrin receptor proteins (EPH), highly expressed
in hypoxia compared with normoxia and profoundly implicated in carcinogenesis (Figure
23A).

e Regarding exosomes (Appendix E.1.2., Table 6), clusters one and two showed no
functional enrichment. In cluster three, functional enrichment suggests that there is a
positive regulation of apoptosis-related signalling pathways (GOBP) in normoxia, while
it is downregulated in the hypoxic conditions (Figure 23B). Additionally, Dynein light
chain protein (DYNLL) was found, which are involved in transport, motility and
regulation of the nitric oxide synthase (NOS) activity.

Using STRING, protein-protein interaction (PPI) networks of the different clusters were obtained,
graphically representing the linkages between all the proteins of the 4 clusters together from
microvesicles and exosomes (Appendix E.1.4., Figure 3).

Using DAVID, 32 and 18 clusters were found within the MV and exosome significant proteins,
respectively (Appendix E.1.3, Table 7). The clusters containing essential information were the
following:

e Regarding MVs, only the first cluster was significantly enriched. The results from DAVID-
MV resemble the ones obtained in STRING analysis, in which EPH receptor activity and
nucleotide binding were found enriched.

e Regarding exosomes, enrichment of the oxidoreductase activity, acting on the aldehyde
or oxo group of donors, disulphide as acceptor GOMF pathway was enriched.

To further look at where the functional differences between groups were, independent samples
T-test (p = 0.01, S0=0.1) was performed (Appendix E.1.5., Table 8 (MVs) and 9 (exosomes)). No
enrichment groups were found in STRING and DAVID within the significant proteins. The main
idea that can be

extracted when comparing the significant protein functions is that most of the proteins up-
regulated in normoxic conditions are normally implicated within tumour suppression pathways,
or were found in benign tumours, while the proteins over-expressed in hypoxic conditions (H5
and H1) were normally correlated with bad prognosis of the patient and cancer progression.
Comparison of MVs N20 and H5 conditions found that receptor-like protein 2 and fatty acid
binding protein 7 are highly expressed in normoxic conditions, while collagen 5 alpha-1, high
mobility group AT-hook 1 (HMGA1) and cysteine and glycine-rich protein 1 were found to be up-
regulated under hypoxic conditions.
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4.3. Cell lysate results

4.3.1. Detection of HIF-1a in the cell lysate

To determine the effect of the hypoxic settings during the hypoxia experiment, detection of the specific
protein HIF-1a by WB was carried out. However, no detectable levels of the protein were identified apart from
the positive controls (Figure 24). This might be due to a low protein concentration loading and the short half-
life of HIF-1a or to the fact that this protein is hard to detect due to its fast degradation as stated before.
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Figure 24. Western blot of the cell lysates from the hypoxia and the co-culture experiment targeting HIF-1a protein.

To further determine the influence of hypoxia in the cell lysate proteome, comparison of the proteins
identified against the up-regulated proteins from the HypoxiaDB was performed. This was carried out to
determine whether the different oxygenation conditions do in fact have any effect on the regulation of the
hypoxic related proteins within the cell's proteome (Figure 25A). Furthermore, to examine if the exosomes
originated under different oxygenation conditions induce any substantial shift over the hypoxic-proteins of
the co-cultured cells, comparison of the cell lysate proteome against HypoxiaDB up-regulated proteins was
performed (Figure 25B). Statistical significant data is obtained when comparing the number of proteins
identified within the proteome of normoxic and hypoxic conditions of cell lysates in the hypoxia experiment
(p < 0.01) and the co-culture experiment (p = 0.03) (Figure 25C). Therefore, proving the effect of the hypoxic
setting over the cells proteome and the potential of exosomes reprogramming the cell resembling the parental
cell conditions, in our case inducing up-regulation of the hypoxia-related proteins (Figure 25).
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Figure 25. Comparison of the identified proteins in the cell lysates from (A) the hypoxia experiment and (B) the co-culture experiment
against the up-regulated proteins from HypoxiaDB. (C) Comparison of the hypoxia up-regulated proteins found in (A) (p = 0.01) and (B)
(p = 0.03). * = statistically significant.

4.3.2. Effect of hypoxia on cells proteome expression

A total of 4,832 proteins were identified in the cell lysate samples from the hypoxia experiment, of which,
3,644 were shared proteins between the different cell culture conditions. The proteins identified in the
different conditions were: 3,963 (319 unique proteins), 3,901 (257 unique proteins) and 4,256 (612 unique
proteins) proteins for the N20, H5 and H1 conditions, respectively (Figure 26). H1 condition expresses a bigger
proteome than cells cultured under normoxic and hypoxia physiologic conditions.

33



Normoxia Proteome
319

Figure 26. Venn diagrams representing the number of proteins identified in the hypoxia experiment cell lysates under normoxia 20%
(N20, hypoxia 5% (H5) and hypoxia 1% oxygen (H1) conditions.

We performed a comparison of the different cell lysate proteomes identified against angiogenesis, motility,
cell proliferation and metastasis self-curated databases (Figure 27). The hypoxic proteome (H1, 1% oxygen)
includes a larger number of the proteins driving angiogenesis, metastasis and invasiveness, motility and
proliferation pathways in carcinogenesis when compared with the normoxic proteome (Figure 27). Finding
more proteins related to these mechanisms suggest that these pathways might be enhanced under hypoxia.
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Figure 27. Venn diagrams representing the proteins identified in the normoxic (N20) and the hypoxic (H1) conditions are compared with
self-curated databases. These databases include proteins driving (A) angiogenesis, (B) metastasis and invasiveness, (C) motility and (D)
cell proliferation. (E) Comparison of the percentage of the common proteins within the database and the normoxia and hypoxia
proteomes from graphs (A), (B), (C) and (D).

4.3.3. Proteome composition of h-69 cancer cells cultured under different oxygenation conditions
Comparison of protein abundances across the three conditions (N20, H5 and H1) revealed differences in
protein expression according to the different oxygenation conditions (Figure 28). This confirms that oxygen
levels induce a proteome shift in H69 cell line, therefore, expressing a different protein profile.
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Figure 28. PCA between normoxia 20%, hypoxia 5% and hypoxia 1% oxygen conditions.

ANOVA (FDR = 0.05, 250 randomizations, SO = 0) was performed to look at the differences between the
functional protein groups in different oxygenation conditions. Significant differences in the expression of 23
proteins was found (Appendix E.2.1.). Fisher exact test showed an enrichment of 11 functions (Table 6) within
these 23 proteins. Therefore, a common linkage between the proteins and their related functions was found.
Most of the functions are related to metabolic processes, especially glucose, showing a shift in the metabolic
response of the cells when hypoxic conditions take place.

Table 6. Fisher exact test functional enriched results by GSEA (gene set enrichment analysis). GOBP — Go-term biological processes.
GOMF — Go-term molecular functions. KEGG — KEGG pathways. False discovery ratio (FDR) — Benjamini-Hochberg.

FISCHER EXACT TEST ENRICHED FUNCTIONS FDR
GOBP Gluconeogenesis 0.0017
Hexose biosynthetic process 0.0034
Monosaccharide biosynthetic process 0.0069
Cellular carbohydrate biosynthetic process 0.0157
Alcohol biosynthetic process 0.0157
Glucose metabolic process 0.0063
Hexose metabolic process 0.0134
Small molecule biosynthetic process 0.0034
GOMF Catalytic activity 0.0008
KEGG Alanine, aspartate and glutamate metabolism 0.0168
Glycolysis/Gluconeogenesis 0.0004

To better visualize the expression differences across these 23 proteins, hierarchical clustering of these proteins
was performed (Figure 29). Proteins were grouped within three main clusters (Figure 29). The 3 samples of
each oxygenation condition (N20, H5 and H1) were separated according to similar patterns in protein
expression. This means that the oxygen levels drive the expression of these proteins, therefore, inducing
specific changes in H69 cells proteome.

Functional enrichment (GSEA, FDR = 0.05) of the clusters from the hierarchical analysis was performed,
showing an upregulation of the glycolysis/Gluconeogenesis KEGG pathway (Figure 29, cluster 2). This finding
confirms the Fisher exact test results. No enrichment was found in cluster 1 and 3 (Figure 29). If we take into
consideration the Fisher exact test and the hierarchical analysis results, we can see that hypoxia shifts the
protein profile of H69 cells enhancing its metabolism, especially the glucose-related pathways. Therefore,
inducing a metabolic reprogramming of the cell towards energy generation due to an increased energy
demand to sustain their enhance pro-carcinogenic phenotype.
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Figure 29. Hierarchical clustering analysis representing significant proteins extracted from ANOVA statistical analysis and the protein
profile of the proteins contained within the GSEA enrichment found (Glycolysis/Gluconeogenesis (KEGG pathway)) - GSEA (FDR = 0.012).

Furthermore, when the clusters were analysed by STRING (SEA) and DAVID (MEA, 10 clusters found), different
functional groups resembling the ones found in the Fisher exact test and GSEA showed up. Suggesting that
there are more pathways involved behind these proteins:

e STRING (Appendix E.2.2., Table 10):

o In cluster one, biosynthesis of amino acids and their metabolism is enhanced in hypoxic
conditions (KEGG Pathway).

o In cluster two, enhanced production of exosomes (GOCC), enhanced glycolysis/
gluconeogenesis and other metabolic processes regarding synthesis of amino acids, proteins
and diverse energy molecules (GOBP and KEGG).

o In cluster three, glyoxylate and dicarboxylate metabolism, involved in the biosynthesis of
carbohydrates from fatty acids (KEGG Pathway).

e DAVID (Appendix D, E.2.3., Table 11):

o In cluster one, an enrichment of the glycolysis/Gluconeogenesis (KEGG Pathway) and
glycolysis (GOBP) were found.

o In cluster two, glucose metabolic process (GOBP) and gluconeogenesis (GOBP) enrichments
were found. These reiterative findings confirm the glucose metabolic enhanced activity
portrayed by cells grown under hypoxic conditions.

Using STRING, a protein-protein interaction (PPl) network of the different clusters was obtained, graphically
representing the linkages between proteins of the three different clusters alone (Appendix E.2.4., Figure 4), as
well as, all the proteins of the 3 clusters together (Appendix E.2.4., Figure 5). This can depict the proteins
involved within the same functional enriched category. The richest PPl occurs in cluster two, in which 5
proteins are related to most of the categories found within that cluster, indicating a close functional linkage
(Appendix E.2.4., Figure 4B).

To further look at where the functional differences between groups were, independent samples T-test (FDR =
0.05, 250 randomizations, SO = 0.1) was performed (Appendix E.2.5.). Hereafter, visualization with volcano
plots (FDR = 0.05) was performed (Figure 30). The volcanos represent on the left side, in blue, the down-
regulated proteins and on the right side, in red, the up-regulated proteins of N20 (Figure 30A against H1 and
30B against H5) and H5 (Figure 30C against H1). As it can be seen in the volcano plots, the largest amount of
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significant proteins is contained within the N20 Vs H1 (Figure 30A) and N20 Vs H5 conditions (Figure 30B). This
fact reconfirms the idea that a major shift in the proteome occurs when hypoxic conditions take place (Figure
30).

Independent analysis of the up-regulated and down-regulated proteins was performed for each volcano plot
by STRING (Appendix E.2.6., Table 12). This revealed that most of the pathways identified fall again within the
metabolic processes, with a predominance of glycolysis, gluconeogenesis and carbon metabolism (GOBP and
KEGG Pathway) when comparing N20 Vs H1 (Figure 30A). No enrichment was found when comparing N20 Vs
H5, despite of the high amount of significant proteins found. When the different hypoxic conditions (H5 Vs H1)
were examined, an enhancement in glycolytic processes and nicotinamide adenine dinucleotide (NAD)
metabolic process (GOBP) was found increased in H1 when compared with H5 (Figure 30C), suggesting that as
hypoxic conditions are worsen, glucose-related metabolic processes are progressively increased.
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Figure 30. Volcano plots representing (A) N20 Vs H1 (B) N20 Vs H5 and (C) H5 Vs H1 proteins expressions. Blue — up-regulated proteins
of the main condition (first in the comparison). Red — down-regulated proteins of the main condition (first in the comparison). FDR =
0.05.

4.4. Co-culture experiment results

4.4.1. Exosomes originated under hypoxic conditions induce proteome shift of SCLC cells when co-
cultured

To investigate whether the exosomes originated under different oxygenation conditions when co-cultured can
induce significant proteome changes with functional pro-carcinogenic consequences in H69 cells, MS analysis
was performed. A total of 1,117 proteins were identified in the cell lysate samples when co-cultured with
exosomes. 887 proteins were shared across the different cell culture conditions. The proteins identified were:
988 (49 unique proteins) for N20, 1,025 (50 unique proteins) for H5 and 985 (24 unique proteins) proteins for
H1 condition (Figure 31). The cells co-cultured with exosomes from H1 condition had a higher amount of
proteins expressed and contained a higher amount of unique proteins, therefore, expressing a bigger
proteome than the cells cultured with normoxic and hypoxic-physiological condition-derived exosomes (N20
and H5) (Figure 31). This resembles the results obtained in the cell lysate from the hypoxia experiment, in
which the H1 condition expressed a larger proteome.
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Figure 31. Venn diagrams representing the amount of proteins identified in the cell lysates co-cultured with exosomes from normoxia
20% (N20), hypoxia 5% (H5) and hypoxia 1% oxygen (H1) conditions.

Comparison of the different normoxia and H1 conditions cell proteome against angiogenesis, motility and cell
proliferation self-curated protein databases was carried out (Figure 32). Co-culture of cells with exosomes
from H1 conditions express a larger number of proteins driving the main characteristics of the aggressive
carcinogenic phenotype (Figure 32). These results also match the results obtained from the proteomic analysis
of the cell lysate from the hypoxia experiment, therefore, we can see that exosomes originated under hypoxic
conditions might be behind this proteome shift towards a more enhanced pro-carcinogenic phenotype.
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Figure 32. Venn diagrams of the proteins identified in the cell lysate of H69 cells co-cultured with exosomes from normoxic (N20) and
hypoxic (H1) condition compared against self-curated databases including proteins driving (A) angiogenesis, (B) motility and (C) cell
proliferation are represented.

4.4.2. Exosomes originated under hypoxic conditions induce changes in the proteome composition of
SCLC cells when co-cultured

When comparing the protein abundances across the cells co-cultured with exosomes from the three
conditions (N20, H5 and H1), three different protein expression groups were found, resembling the different
origin of the exosome (Figure 33). This indicates that the pro-carcinogenic profiles expressed by cells are highly
affected by exosomes and that exosomes induce similar changes in the recipient cell mimicking the parental
cell response towards hypoxia.
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Figure 33. PCA representing protein expression of H69 cell lysate. These cells were co-cultured with exosomes originated under normoxia
20% (N20, including CLO1, CLO2 and CL03), hypoxia 5% (H5, including CL0O4, CLO5 and CLO6) and hypoxia 1% oxygen conditions (H1,
including CLO7, CLO8 and CL09). CL — cell lysate.
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To elucidate which proteins are involved in this proteome shift and if they have any pro-carcinogenic influence,
ANOVA (P = 0.01, SO = 0) was performed. 34 significant proteins were found (Appendix E.3.1.). Fisher Exact
Test (P = 0.02) showed an enrichment of 10 functions (Table 7). Most of the enriched functions were related
to negative regulation of immune cells (GOCC), apoptotic (GOBP) and cell death processes (GOBP) (including
kinase regulator activity linked with necroptosis, GOMF). This can be translated into an increase in the survival
response of the cells. Additionally, histidine metabolism (KEGG pathways) is present, suggesting another
linkage with metabolic implications.

Table 7. Fisher exact test functional enriched results by GSEA (general set enrichment analysis). GOBP — Go-term biological processes.
GOCC — Go-term cellular compartment. GOMF — Go-term molecular functions. KEGG — KEGG pathways.

FISCHER EXACT TEST ENRICHED FUNCTIONS p-value
GOBP Regulation of protein tyrosine kinase activity 0.000569
Regulation of gastrulation 0.00531
Negative regulation of fibroblast proliferation 0.00531
Negative regulation of programmed cell death 0.00762
Negative regulation of apoptosis 0.00762
GOCC Phagocytic cup 0.00326
Platelet alpha granule 0.00531
Cytoplasmic membrane-bounded vesicle 0.00725
GOMF Kinase regulator activity 0.00877
KEGG Histidine metabolism 0.00326

Within these 10 functional groups, a total of 34 proteins were differentially expressed when comparing the
different co-culture conditions with exosomes originated under various oxygenation conditions. To better
visualize these differences, hierarchical clustering of these proteins was performed (Figure 34). Three main
clusters are visible, matching the exosome groups with which the cells were co-cultured with (Figure 34). This
indicates that the exosomes shift the proteome of the cells resembling their provenance. Therefore, the
oxygenation conditions in which the exosomes were produced can also provide exosomes with the ability to
reprogramme the cell resembling the parental cell.

Functional enrichment (GSEA, FDR = 0.1) of the clusters was performed, showing an upregulation of the vesicle
membrane GOCC in cluster 2 (Figure 34). No significant enrichment was found in cluster 1 and 3 (Figure 34).
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Figure 34. Hierarchical clustering analysis representing significant proteins extracted from ANOVA statistical analysis. Enrichment
analysis of the clusters is attached. Protein profile of the enriched proteins within the Vesicle membrane (GOCC) (GSEA = 0.1) cluster is

included.

The clusters were analysed by STRING (SEA). Different functional groups showed up (Appendix E.3.2., Table
13). STRING analysis suggests that there might be more pathways involved behind these proteins, including:

e In cluster two, enrichment of extracellular exosome, vesicle-mediated transport (GOBP) as well as
cytoplasmic membrane-bound vesicle suggests an increased activity in EVs related pathways. Also,
guanosine triphosphatase activity, myosin V binding and guanosine triphosphate-binding are found
within GOMF, these are related to EVs biogenesis. These pathways were increased in hypoxic-
physiologic conditions (H5).

e Incluster three, we found again the extracellular exosome, membrane-bound vesicle and extracellular
region part (GOCC) enhanced in hypoxic conditions (H5 and H1) which is related to EVs biogenesis.
Regarding EVs transport and cargo packing, we found the retrograde vesicle-mediated transport, Golgi
to endoplasmic reticulum (GOBP) function. We could also see an enrichment of ribonucleotide and
ribonucleoside bindings (GOMF) and symbiosis, encompassing mutualism through parasitism (GOBP).

Using STRING, protein-protein interaction (PPI) network of the different clusters was obtained, graphically
representing the linkages between proteins of the three different clusters alone (Appendix E.3.3., Figure 6) as
well as, all the significant proteins identified by ANOVA (Appendix E.3.3., Figure 7). The cluster with more
interaction is the number three, which also contains a larger amount of proteins.

To further look at where the functional differences between groups were, independent samples T-test (p-
value = 0.01, SO = 0) was performed. 62 proteins were found to be significant (Appendix E.3.4., Table 14).
Analysis of the protein expression groups by STRING resulted in:

e Overexpression of the Ribosome (KEGG Pathways), nucleotide binding, poly(A)-RNA binding, myosin
binding (GOMF) enrichment functions was found in H1 compared with N20. We can see an
overexpression of the ribosome, which is the protein factory of the cell, therefore we could expect an
increase in the number of proteins, as confirmed before in the Venn diagrams (Figure 31).

e When comparing N20 against H5, we could find that H5 overexpressed hypermethylation of CpG
island and cellular response to interleukin-3 (IL-3) (GOBP). Hypermethylation of the CpG island is
closely correlated with the onset of the pro-carcinogenic phenotype. Furthermore, interleukin 3
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response is known to mediate in angiogenesis-related pathways. These findings suggest that when
hypoxic conditions take place the cells might shift their behaviour towards a pro-carcinogenic
phenotype.

Using DAVID, 11 clusters were found, of which only the first three were valid (DAVID Score = 2.87, 2,.8 and 2.6,
respectively). The following enrichments were obtained:

e In cluster one, smooth muscle contractile fiber (FDR = 5.3E-2), actin cytoskeleton (FDR = 1.1E-1)
(GOCCQ). Indicating that overexpression of the actin proteins is found.

e In cluster two, nucleotide binding (FDR = 2.0E-2) (GOMF).

e In cluster three, RNA binding (FDR = 2.0E-1) (GOMF). Overexpression of proteins which interfere with
RNA.

Hereafter, visualization with volcano plots (FDR = 0.05) was performed (Figure 35) (Appendix E.3.5.). The
volcanos represent on the left side, in blue, the down-regulated proteins and on the right side, in red, the up-
regulated proteins of N20 (Figure 35A against H1 and 35B against H5). By looking at the function of the
significant proteins found in the volcano plots independently, further information could be extracted (Figure
35). Probable ATP-dependent RNA helicase DDX6 protein (DDX6) is highly expressed in both H1 and H5, this
protein is an enzyme deeply implicated in many cellular processes related in RNA secondary structure
alteration (Figure 35). We also found nebulin-related-anchoring protein (NRAP) and 26S proteasome non-
ATPase regulatory subunit 14 or Rpn11 (PSMD14 or RPN11) proteins highly expressed in cells co-cultured with
exosomes originated under normoxic conditions (N20). NRAP is fundamental in a-actin filaments architecture
organisation while PSMD14 (also known as 26S proteasome non-ATPase regulatory subunit 14) plays a critical
role in maintaining the homeostasis of the cellular proteome.
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Figure 35. Volcano plots representing the significant proteins (A) N20 Vs H1 and (B) N20 Vs H5. Blue — up-regulated proteins of the
main condition (first in the comparison). Red — down-regulated proteins of the main condition (first in the comparison). FDR =
0.05.FDR = 0.05.
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5. DISCUSSION

In the last 40-years, a revolution in diagnostics and therapeutics within oncology has been started to shift the
paradigm of cancer in society, from a mortal disease with less than 25% to 50% chances of survival ¥*. However,
some cancers have not denoted any prognostic improvements in all these decades, SCLC is a clear

147 The clinical advance in SCLC is impeded by development of aggressiveness and

exemplification
chemoresistance during treatment resulting in a poor survival ratio. SCLC is characterized by a hypoxic core;
therefore, hypoxia is thought to be an important external stressor and contributor in this disease. Many
researchers have proven the pro-carcinogenic effect of hypoxia in different cancer lines, however the effect
within SCLC has still not been broadly documented. Therefore, further understanding of this external stressor
and how it might be driving the carcinogenic potential of SCLC is of great need. In this MSc thesis, it was
investigated how oxygenation levels in SCLC affect the pro-carcinogenic potential worsening the prognosis of
the patients. We did this by examining the involvement of the proteome, communication through EVs and

their bystander effect in the arise of the pro-carcinogenic phenotype that SCLC cells acquire.

5.1. Hypoxia induces metabolic reprograming increasing pro-carcinogenic pathways

When examining how hypoxia induce protein changes in SCLC H69 cell line, we found that when cells are
cultured in hypoxic conditions, results in an increase in hypoxia-regulated proteins. This suggests that H69
SCLC cells are highly influenced by hypoxia. This findings are in accordance with previously reported data using
other SCLC cell lines **2. This protein up-regulation is amplified when oxygen conditions drop to 1%, however,
this effect is also noticeable when oxygen levels fall from the normal in vitro settings (20% oxygen) to 5%
oxygen. This protein shift is not only applicable to the hypoxia-related proteins as it has also been
demonstrated in many other studies showing the reprogramming ability of hypoxia over cells 1#°1° The
specific implications of the hypoxic shift in the SCLC cells proteome, might unveil some of the paradigms
regarding the aggressive phenotype towards which SCLC cells shift. Therefore, we evaluated the link between
hypoxia and the cell proteome shift to explain the poor prognosis of SCLC patients.

When comparing the proteins present in normoxia and hypoxia, an increase in the hypoxic proteome revealed
angiogenesis, metastasis and invasiveness, motility and cell proliferation. This indicates that hypoxia alters the
protein profile of SCLC cells towards a pro-carcinogenic phenotype. This carcinogenic potential portrayed by
SCLC cells under hypoxia resemble previous findings 3742151152 This metabolic reprogramming of the cell
caused by hypoxia has been under study in recent years **. The start of this idea known as the “Warburg
hypothesis” which dates back to the early 20" century, kickstarted when Otto Warburg suggested that cancer
cells might obtain their energy through fermentation, rather than aerobic pathways 3. It is now evident that
this fact is inaccurate, as research on this topic quickly showed the limitations of the theory. Nevertheless, it
established a new concept in which cells can rewire their metabolic pathways to endure the hypoxic conditions.
It is also known that HIF-1a regulates the expression of enzymes implied in the cells metabolism, specifically
the glucose metabolism, inducing a metabolic reprogramming of the cell as Maxwell., et al and Keith., et al
describes 1**1%5, Therefore, creating a linkage between hypoxia and cells metabolism °#155, The discoveries by
these two research groups resemble our findings, in which, the glycolytic metabolic routes are enhanced under
hypoxia, thereby, sustaining the pathways critical for cancer cell growth.

Additionally, we observed in hypoxic conditions an up-regulation of specific proteins like LDH implicated in
catalysing L-lactate from pyruvate and PGK1 which is implicated in the glucose metabolism transferring
phosphate groups. These proteins were previously reported by Maxwell., et al and Keith., et al to be promoted
by HIF-1a. Therefore, proving that exists a link between hypoxia and its metabolic reprogramming abilities
over SCLC cells through HIF-1a. Keith and co-workers also demonstrated an association between glucose
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metabolic reprogramming and c-Myc, which implied that there is also an enhanced cell proliferation. C-Myc
was not found as a significant protein in our samples, however, many proteins linked with c-Myc were found
to be altered under hypoxic conditions. C-myc is a proto-oncogene normally up-regulated in cancer.
Specifically, it is implicated in cell proliferation and metabolism by regulating many genes within these
categories. For example, LDH is a c-myc responsive gene. Therefore, up-regulated LDH levels could be a
feasible explanation that c-myc might be the driving force behind it. Shim., et al discovered **® that C-myc
induces LDH overexpression, resembling our results. Furthermore, Shim., et al also discovered that apoptosis
is induced in lung carcinoma cells by glucose deprivation through LDH and c-Myc, supporting our findings **’.

As observed, hypoxia induces glucose starvation in lung cancer cells due to the blockage of the aerobic
glycolytic pathway, the cells increase their LDH levels to avoid apoptosis. This enables glycolysis through the
alternative anaerobic pathway, ensuring the supply of energy and therefore avoiding natural apoptosis **’.
However, this route is less efficient, resulting in a higher consumption of glucose, emptying the reservoir of
glucose of the cell. To solve this issue, cancer cells, display a fascinating mechanism, as described by Leij-
Halfwerk., et al. They found that gluconeogenesis from alanine is enhanced in lung cancer patients *8, This
provides a feasible explanation of the found enrichment of this pathway (gluconeogenesis and alanine
metabolism). This up-regulation ensures a never-ending supply of glucose, solving the lack of glucose
availability. In our results, an enhanced gluconeogenesis, alanine, aspartate and glutamate metabolism and
LDH overexpression were also found enriched in hypoxic cells, therefore resembling the conclusions obtained
from Shim., et al and Leij-Halfwerk., et al. Therefore, hypoxic tumours will, through metabolic reprogramming,
shift towards a more pro-carcinogenic phenotype worsening the prognosis of SCLC patients.

Regarding the previously mentioned alanine metabolism, aspartate and glutamate metabolism, recent

III

research has found that glutamine and glutamate, are considered “conditionally essential” for biosynthesis
and bioenergetic metabolic routes in cancer cells °>1%°, Cancer cells reside in a glutamine-limited environment,
therefore, development of adaptive strategies seems essential to ensure the supply of this molecules to
sustain their enhanced proliferation *°, Enrichment of nicotinamide adenine dinucleotide metabolic processes
was found in hypoxic SCLC cells. This pathway is essential in the bioenergetic generation and is enhanced in
SCLC under hypoxic conditions as a requirement to sustain its highly metabolic profile. Additionally, Lewis., et

161 3re enhanced in cancer, therefore, a direct and

al found that glycolysis and mitochondrial metabolism
natural consequence is that NAD metabolism will also be increased %2. Moreover, this research group reported
a correlation between the pentose metabolism and the NAD metabolic pathway in cancer cells, backing our

findings.

Our results also show that other specific proteins were found to be highly increased in hypoxic conditions like
P4HA1, which is an enzyme that synthesises collagen, being implicated in the synthesis and remodelling of the
ECM, essential to ensure the survival and motility of SCLC cells, leading to chemoresistance. Additionally, GPI
was also found overexpressed in hypoxia, which functions as an angiogenic, growth and motility factor and it
has been used as a predictive biomarker for many cancer types 1%*1%, GPI also regulates cell migration and
metastasis and it is known to be secreted only by cancer cells %3, Moreover, PAHA1 and GPI are found to be
involved in EMT, therefore, being implicated in metastasis and cancer progression 5% |n addition, GPI has
been known to drive receptor tyrosine-protein kinase erbB-2 resistance to chemotherapy in breast cancer,
suggesting that up-regulation of this protein might also be potentially related to chemoresistance
development in SCLC %7,

Up-regulation of glycolysis and the transformation of mitochondria into biosynthesis factories backed by an
increased glutaminolysis, gluconeogenesis through amino acids and lipids, and the enhanced pentose
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phosphate metabolism occurs during hypoxia. Resulting in the production of large amounts of lactate instead
of synthesizing ATP to sustain cancer cell growth and proliferation. This metabolic rewiring benefits SCLC cells
survival, invasion, metastasis, growth, angiogenesis, proliferation and chemoresistance. Further
understanding is needed regarding how hypoxia induces SCLC cells towards metabolic reprogramming to
increase channelling of molecules into biosynthesis might also allow for the discovery of novel drug targets to
treat SCLC. Many proteins of the metabolic pathways reprogrammed by hypoxia are also central to apoptosis.
These proteins, like GPI, are also aberrantly regulated in SCLC and are essential mediators of the metabolic
and cell proliferative pathways. Therefore, proving their importance regarding the metabolic shift to cell
survival. Targeting these anti-apoptotic members might be a profitable way to selectively target SCLC cells and
induce their apoptosis.

5.2. Cells under hypoxia shift their EV-packing and release-modifying its communication and
reprogramming abilities

Communication of cancer cells with their tumor-microenvironment is essential and is performed in multiple
ways. EVs are one of the most newly discovered mechanisms of cell-to-cell communication. EVs are attracting
interest due to their promising pathological potential as they are capable of inducing cell reprogramming. This
crosstalk between cells and EVs might be fundamental to the onset of the pro-carcinogenic phenotype in SCLC
cells under normoxic conditions. Thereby, potentially increasing the survival, metastatic, angiogenic, invasive
and proliferative potentials of SCLC cells even though they are located outside the hypoxic core.

We examined whether hypoxia might promote tumour progression through altered EV-release. A link between
HIF-1a and the production of EVs has long been debated, therefore, our desire to detect this elusive protein
in the cell lysate by WB was of high importance 1%, Even though we were unable to detect HIF-1a, a two-fold
increase in the amount of hypoxic identified proteins by MS, most of them highly-controlled by HIF-1a, were
found in hypoxic conditions. This serves as a surrogate of HIF-1a overexpression. According to other studies,
under hypoxic conditions, EVs release is enhanced %°17°, We found an increased exosome-release, suggesting
that hypoxia actively regulates the secretion of exosomes, and we hypothesized that HIF-1a might be behind
this effect. Furthermore, increase in the exosome-release by cancer cells has been related to the chemo-
resistance development in lung cancer 7! and with worse prognosis of the patients . Therefore, suggesting
that exosome-release and poor prognosis in SCLC cells are intimately related. We also found that hypoxia is
involved in the modification of particle size of MVs. The implication of these findings is unknown, as no
research has been conducted regarding the size of MVs and its implication in carcinogenesis.

Regarding the cargo of EVs, we hypothesized that if the cell proteome shift towards a specific phenotype,
probably the cargo contained within EVs might also be altered in a specific way, thereby, modifying the manner
in which SCLC cells communicate with its microenvironment under hypoxic conditions. Our results indicate
that the proteome of MVs is larger than that of the exosomes. These findings are similar to that of Sun and
co-workers 172, Furthermore, a high percentage of the exosomes proteome is contained within the MV
proteome, suggesting that they might share a similar role. However, the unique proteins expressed in these
two EV-subpopulations is 77% and 21% in MVs and exosomes, respectively. Therefore, even though they share
a big part of their proteomes, many uniquely different proteins are expressed within each EV-subpopulation,
probably portraying a different role. We observed that even though the hypoxic cells produce EVs with a
distinct proteome, the content of proteins in each proteome driving angiogenesis, metastasis and invasiveness
and motility is the same in both MVs and exosomes. Nevertheless, when comparing angiogenic, metastatic
and invasiveness and motility protein profiles of normoxic against hypoxic originated-MVs, enrichment in
proteins driving these pro-carcinogenic profiles are found in hypoxic MVs. The proteome of MVs under hypoxic
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conditions is greatly reduced, however, the proteins involved in the pro-carcinogenic pathways are preserved
within the MV-proteome. These results indicate that there is selective packaging, where the enriched-MV
cargo contained a higher percentage of pro-carcinogenic proteins. Therefore, we suggest that the pro-
carcinogenic effect of MVs originated under hypoxic conditions might be enhanced compared to the normoxic
counterpart.

When investigating the enriched functional pathways and specific proteins within MVs under hypoxic
conditions, we found that EPH proteins were over-expressed. EPH proteins are implicated in cancer, and its
overexpression is linked with cancer proliferation, angiogenesis, metastasis and cell movement 737175,
Furthermore, EPH proteins are also released in vesicles, and have pro-carcinogenic properties, as investigated
by Takasugi., et al 1%, Regarding exosomes, overexpression of positive regulation of apoptosis was found in
the proteins contained within normoxic cell-derived exosomes, while exosomes originated under hypoxic
conditions under-expressed these sets of proteins. This under-expression of positive apoptotic regulation in
hypoxic exosomes might induce a survival signal over other cells by avoiding apoptosis, opposed to the normal
apoptotic response that exosomes under normoxic conditions undergo.

We found that proteins significantly over-expressed in MVs originated under normoxic conditions like
Receptor-like protein 2 and fatty acid binding protein 7 are correlated with benign tumours and improved
patient outcome, while proteins found highly expressed in hypoxic conditions like collagen 5 alpha-1, cysteine
and glycine-rich protein 1 and HMGA1 are correlated with carcinogenesis and therefore a poor patient
prognosis Y7178 Qverall, a tendency in the packing of MVs towards a benign response when originated under
normoxia and towards the pro-carcinogenic phenotype when originated under hypoxia is noticeable.
Furthermore, HMGA1 portrays the role as a master regulator of tumour progression and its expression is
associated with malignant prognosis in lung cancer patients 8, HMGA1 knock-down was correlated with a
blockage of the aggressive pro-carcinogenic phenotype, reducing its proliferative, metastatic, invasive and
tumorigenic properties in a research performed in breast cancer cells by Shah., et at .2”° Therefore, HMGA1
up-regulation under hypoxic conditions suggests that hypoxia might also enhance the pro-carcinogenic
phenotype through this master regulator in cancer. Furthermore, a link between HMGA1 and HIF-1 has been
found to induce VEGF overexpression under hypoxic conditions. This might have implications contributing
towards an enhanced angiogenic potential which is characteristic of hypoxic SCLC cells *&°,

When EVs were originated under hypoxic conditions, they seem to resemble their parent cell of origin,
containing a cargo with a high pro-carcinogenic content, mimicking the response that the progenitor cell
obtained under the hypoxic environment. This discovery was previously described by Théry., et al who
demonstrated that EVs resemble their parental cell ¥, Furthermore, these results described of hypoxic-EVs
containing pro-carcinogenic proteins, suggest their potential as reprogramming entities, an ability proposed
by Ratajczak., et al 182,

5.3. Hypoxic exosomes have an enhanced pro-carcinogenic bystander effect

The ability of EVs to re-programme other cells was discovered a decade ago by Ratajczak., et al #. As
previously discussed, SCLC hypoxic tumours increase exosome release with a very particular cargo containing
a set of unique proteins and overexpression of certain pro-carcinogenic proteins. Therefore, these SCLC cell-
derived exosomes originated under hypoxic conditions might induce in the recipient cells a shift of its
phenotype towards an enhanced pro-carcinogenic phenotype.

Investigation of cells co-cultured with exosomes originated under different oxygenation conditions was
performed to examine the different effects of the exosomes over the H69 SCLC cells. The cells co-cultured
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with hypoxic exosomes showed a larger proteome when compared with cells co-cultured with normoxic
exosomes. It seems that hypoxic exosomes induce a larger proteome expression in SCLC cells, mimicking a
hypoxia-like effect similar to the one observed in the parental cells. Furthermore, examination of the specific
protein profiles driving motility and proliferation, resulted in a higher number of proteins identified in the cells
co-cultured with exosomes originated under hypoxic conditions. Therefore, we suggest that the hypoxic
exosomes might also be responsible for this proteome shift towards a pro-carcinogenic phenotype. These
results follow the same tendency as the results obtained from the proteome comparison of cell lysates from
the hypoxia experiment. This reprogramming ability mimicking their parental cell response under the influence
of hypoxia that exosomes portray over other SCLC cells when co-cultured, has not yet been reported. We
hypothesized that this pro-carcinogenic reprogramming ability exerted by hypoxic-derived exosomes might
aid other SCLC cells to endure adverse conditions towards survival.

The specific enriched pathways in the cells co-cultured with exosomes from different origins, we observe an
overall negative regulation of apoptosis and programmed cell death, therefore, confirming our hypothesis that
exosomes reprogramme the recipient cells to survive and avoid cell death. Furthermore, up-regulation of
tyrosine kinase activity and histidine metabolism are present. Tyrosine kinase activity is found rooted in

183 and has implications in the

carcinogenesis and it has been closely studied in non-small cell lung cancer
enhancement of the aggressiveness of the pro-carcinogenic phenotype ¥*85, For example, tyrosine kinases
are involved in cell growth, and in lung cancer has been found that their aberrant functionality leads to an
increased release of growth factors, contributing to the malignant pro-carcinogenic phenotype #. This finding
supports our theory on exosomes reprogramming cells towards an enhanced survival and a more aggressive

phenotype.

When investigating the specific functions in cells cultured with exosomes originated under a specific condition,
we observed an up-regulation of some functions directly related to exosome biogenesis in the hypoxic
conditions. Therefore, the whole EVs machinery of the cell is over-activated, producing an increasing number
of EVs compared with cells cultured with normoxic exosomes. Additionally, findings of ribonucleotide and
ribonucleoside binding, ribosome, poly(A)-RNA binding, specifically up-regulated in H1, suggesting that the
machinery responsible for transcription and protein synthesis is upregulated. We hypothesize that this might
be the results of some sort of reprogramming implications in the recipient cell towards an increased survival.
Therefore, linking the hypoxic-exosomes with the pro-carcinogenic phenotype reprogramming of H69 SCLC
cells.

When comparing N20 and H5 conditions, we found that hypermethylation of CpG islands was upregulated in
the hypoxic condition compared with the normoxic one. Hypermethylation of CpG islands has long been
proposed as a lung cancer biomarker 818 and its association with worse prognosis was first described in
colorectal cancer patients. Furthermore, a link between an increase in hypermethylation of CpG islands is
directly correlated with poor prognosis of the patient 8, These findings suggest that these hypoxic-exosomes
might be contributing to the poor prognosis of the cancer patient by inducing a proteome shift and
reprogramming the cell towards a more pro-carcinogenic phenotype by hypermethylation of the CpG islands.

When investigating specific proteins highly expressed in hypoxic conditions we observed that overexpression
of DDX6 was found in both H5 and H1 when compared with N20 conditions. DDX is a group of proteins known
for their implications in carcinogenesis ¥ and chemoresistance . Additionally, NRAP and PSMD14 were
found to be up-regulated in normoxia when compared with hypoxia. The PSMD14 encoded protein is the 26S
proteasome subunit 14 or subunit RPN11. The 26S proteasome is an enzyme responsible for catalysing around

19

70% of the intracellular proteolysis, normally misfolded or damaged proteins °!, therefore playing a
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fundamental role in cell homeostasis. Furthermore, proteins degraded by the proteasome are presented as
antigens by the major histocompatibility complex class |, having an essential function in the immune signalling
process. Therefore, a reduction in RPN11 protein in cells co-cultured with hypoxic exosomes might mask
cancer cells, avoiding immune-cell surveillance by not presenting antigens. This remarkable strategy
performed by SCLC cells was reported two-decades ago by the research group of Johnsen., et al **2, confirming
our hypothesis. In addition to these functions, RPN11 also has the ability to hydrolyse the ubiquitin molecules
before the protein is degraded °3. This system of protein ubiquitin degradation is known as the ubiquitin-
proteasome system (UPS), which has profound implications on the cell cycle, growth, proliferation,
communication and apoptosis 1°3. On one side, UPS plays a fundamental role in carcinogenesis, by degrading
transcription factors (tumour protein 53, nuclear factor kappa beta, c-Myc and HIF-1a) and a big number of
proto-oncogenes (serine/threonine kinases like Raf, Myc, Myb, Src, Mos) °*. We could observe, upregulation
or normal expression is found in cells co-cultured with normoxic-exosomes, however, hypoxic-exosome co-
culture with cells showed a downregulation of the 26S proteasome, this suggests that these cells will be unable
to degrade the pro-carcinogenic transcription factors, proto-oncogenes and the resulting proteins. As a result,
this might translate into an enhanced pro-carcinogenic potential of these cells. On the other hand, UPS also
regulates cell growth, proliferation and its inhibition induces apoptosis, therefore, inhibition of the
proteasome has been targeted for cancer therapy in the last years. However, primary and resistance

development to this therapeutic strategy remains a challenge 19>1%,

Overall, hypoxia can drive cell reprogramming at many levels. Hypoxia’s reprogramming ability over SCLC cells
can shift the communication of the cells through EVs, changing its release and their cargo, therefore re-shaping
the way cancer cells communicate with their tumour-microenvironment. These EVs are capable of
reprogramming the SCLC cells proteome when co-cultured with hypoxic exosomes by enhancing the pro-
carcinogenic phenotype.

5.4. Study limitations

In this study, we found several limitations. First, the amount of EVs obtained was below expected, which
limited the amount of protein available to perform WB and detect HIF-1a and CD9. Moreover, it also narrowed
the protein identification and quantification in the MS-analysis of the EV-samples. Additionally, EV-scarcity
also delimited the number of exosomes available to perform the co-culture experiment. As a result, a low
number of cells were seeded, therefore obtaining a low protein content for WB, resulting in the impossibility
of detecting HIF-1a. Therefore, for future research a larger population of cells is required to perform the same
amount of analysis and experiments, this will provide a higher protein content, required to detect HIF-1a and
CD9. Regarding HIF-1a, further precautions need to be taken during sample handling to ensure it is not
degraded.

The second limitation we encountered was the isolation method for the EV-subpopulations.
Ultracentrifugation does not provide a clean isolation of the EV-subpopulations making it difficult to uncover
the effects of hypoxia over each subpopulation and the bystander effect when the “exosomes” were co-
cultured with H69 SCLC cells. Nowadays, no gold standard for EV-isolation exist, therefore, a more precise
comparison of MVs against exosomes protein cargo composition and function was inconceivable.
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6. Conclusion

In this MSc thesis, we investigated the effects of hypoxia on H69 cells. We evaluated: 1) the proteome changes
induced by hypoxia and their implications in the carcinogenesis of SCLC, 2) how hypoxia affects EV-release and
3) EV-proteome composition as well as the bystander effect that hypoxic-exosomes have on SCLC cells.

We showed that cells grown under hypoxic conditions has many of the proteins which mandates the main
pro-carcinogenic functions like metastasis, angiogenesis, invasiveness, motility and proliferation. Furthermore,
we demonstrated that hypoxia-induced metabolic reprogramming of the cell to sustain their pro-metastatic
potential by increasing their glycolysis, gluconeogenesis, alanine, aspartate and glutamate, protein and
bioenergetic metabolism. Additionally, the over-expression of GPl and P4HA1 proteins indicates that role of
hypoxia in metastasis, ECM remodelling, motility, proliferation, progression and chemoresistance. Therefore,
hypoxia has profound implications in the pro-carcinogenic phenotype which can be directly linked with a
worse patient prognosis. The metabolic reprogramming of the cell affects a multitude of pathways. Some of
these pathways are also involved in cell death by regulating apoptosis and proliferation, therefore, targeting
specific molecules that play a role in both pathways, can bring a solution to the therapeutic arsenal against
SCLC. From our study, GPI was found to be over-expressed in SCLC cells and has implications in metabolic
routes as well as in angiogenesis, growth, motility, cell migration, metastasis, EMT and the development of
resistance to chemotherapy. GPl is also only found in cancer cells, therefore, making it an ideal candidate for
therapeutic targeting.

The role of hypoxia in EV-release and cargo composition resulted in changes in the biogenesis of EVs, by
shifting their packing towards a more pro-carcinogenic proteome, as well as an enhanced release of exosomes.
The modification on the EV-proteome that hypoxia-induced have direct implications in the way cells
communicate with their microenvironment. We also discovered that MVs and exosomes share part of their
proteomes, and this might imply a similar functionality, however, also unique proteins were found in both EV-
subpopulations, highlighting the different roles they might have in carcinogenesis. Hypoxic-EVs expressed an
up-regulation of the EPH proteins, related to proliferation, angiogenesis, metastasis and cell movement.
Additionally, an over-expression of HMGAL which is a master regulator of tumour progression in SCLC cells.
All of this confirms that hypoxic EVs contains a more pro-carcinogenic cargo resembling the parent cell.

We discovered that exosomes cultured under hypoxic conditions can reprogramme other SCLC cells towards
an enhanced pro-carcinogenic phenotype by changing composition. Cells co-cultured with hypoxic exosomes
portrayed a decrease in apoptosis and programmed cell death. Additionally, up-regulation of transcription,
translation and tyrosine kinase activity results in cell growth, proliferation and survival of cells co-cultured with
hypoxic-derived exosomes. Moreover, hypermethylation of the CpG islands suggests a pro-carcinogenic effect
probably contributing to the poor prognosis of the patients, also induced by hypoxic exosomes. DDX6 up-
regulation is linked with carcinogenesis and chemoresistance while PSMD14 down-regulation translate into a
reduced 26S proteasome synthesis. The decrease in the proteasome levels allows SCLC cells co-cultured with
hypoxic-exosomes to avoid immune-cell surveillance and apoptosis while increasing their proliferation and
growth.

Lastly, we can confirm that hypoxia induces carcinogenesis and tumour progression in SCLC cells. Its effects
can be mapped as direct impact over cells by altering cell communication ability through EVs. Furthermore,
induction of cell reprogramming towards a pro-carcinogenic phenotype was associated with the bystander
effect induced by hypoxic-exosomes.
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7. Future directions

After the completion of the project, we speculate on how different incubation times for hypoxia and co-culture
experiment might affect the results. A more complex overview of the effect of different hypoxia environments
like acute and chronic might induce different cell responses, providing a wider and more complete scope
within this area of research. Additionally, the exosomes originated under these different hypoxic conditions
might induce distinct responses when co-cultured with cells. Furthermore, an alternative investigation of the
bystander effect induced by MVs in SCLC cells was also of great interest, however, due to the scarcity of analyte
and time, only exosomes could be tested for co-culture with SCLC cells, narrowing the results output.

Repetition of the experiments including also healthy lung cells as a control could have been of great interest
towards biomarker discovery. Furthermore, allowing for a more detailed understanding of the pathways
involved in SCLC. It can also shed light on possible molecule targets for SCLC therapy, thereby improving
outcome and prognosis for patients with SCLC in the future.

A direct application of the findings into current research is further investigation of the enriched functional
pathways and up-regulated proteins found to be mediators between the interplay of hypoxia, EV-
communication and SCLC cells. This might hit the nail of a specific targetable protein which might bring better
therapeutic and diagnostic tools, bringing a better future for SCLC patients.
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