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Abstract 

 

Extracellular vesicles (EVs) are oval membrane-bound structures that play important roles in 

intercellular communication by transporting their contents between cells over short and long 

distances. EVs have been shown to carry highly diverse molecular cargo including oncoproteins, 

transcripts and non-coding RNAs, as well as oncogenic genomic sequences with mutated DNA 

(gDNA). Indeed, the genesis and roles of EV-associated gDNA in cellular communication and 

liquid biopsy remain presently unexplained. This thesis characterizes various factors that 

influence the release of gDNA from cancer cells bearing specific oncogenic mutations. Our 

results show that H-RAS-dependent oncogenic insult results in spontaneous formation of 

micronuclei enriched in chromosomes 1 and 2 in IEC-18 epithelial cells that undergo malignant 

transformation (RAS3). However, emission of gDNA through expulsion of micronuclei or 

related EVs is relatively rare. Instead, our data suggest that the bulk of gDNA emission from 

viable RAS3 cells occurs through generation of exosome-like EVs likely originating from ample 

cytoplasmic chromatin associated with cellular transformation. EVs released from RAS3 cells 

harbour gDNA, both inside and on the external surface and this content is independent of cell 

cycle and apoptosis. We suggest that autophagy may regulate gDNA entry into the EV 

biogenesis pathway by degradation of nuclear membrane. Thus, we characterized a process 

whereby oncogenic H-RAS drives gDNA emission through coupling of chromatin deregulation 

and EV biogenesis. We postulate that this linkage may lead to a better use of EV-associated 

gDNA as an element of liquid biopsy platform in cancer. 

 
 
 
 



RÉSUMÉ 
 

Les vésicules extracellulaires (VE) sont des structures ovales attachées à la membrane qui jouent 

un rôle important dans la communication intercellulaire en transportant leur contenu entre 

cellules sur de courtes et longues distances. Il a été démontré que les VE transportaient des 

cargaisons moléculaires très diverses, comme des oncoprotéines, des transcrits et des ARN non 

codants, ainsi que des séquences génomiques oncogènes composées d’ADN muté (ADNg). La 

genèse et les rôles des ADNg associés à les VE dans la communication cellulaire et la biopsie 

liquide restent encore actuellement inexpliqués. Cette thèse décrit les différents facteurs 

influençant la libération de l'ADNg par les cellules cancéreuses porteuses de mutations 

oncogènes spécifiques. Nos résultats montrent que l'agression oncogène dépendante de H-RAS 

entraîne la formation spontanée de micronoyaux enrichis en chromosomes 1 et 2 dans des 

cellules épithéliales IEC-18 qui subissent une transformation maligne (RAS3). Cependant, 

l'émission d'ADNg par expulsion de micronoyaux ou de vésicules extracellulaires apparentées 

est relativement rare. Nos résultats suggèrent plutôt que la majorité des ADNg relâchés par les 

cellules RAS3 sont générés par des exosomes ressemblant aux EV provenant probablement de 

larges portions de chromatine cytoplasmique liée à la transformation cellulaire. Les VE libérées 

par les cellules RAS3 contiennent de l'ADNg, à la fois à l'intérieur mais aussi sur la surface 

extérieure des vésicules. Ce contenu est indépendant du cycle cellulaire et de l'apoptose. Nous 

pensons que l'autophagie pourrait réguler l'entrée de l'ADNg dans la voie de biogenèse des VE 

par dégradation de la membrane nucléaire. Nous avons donc caractérisé un processus 

oncogénique au cours duquel l’oncogène H-RAS entraine l'émission d'ADNg lié à la dérégulation 

de la chromatine couplée à la biogenèse d’EV. Nous postulons que ce lien pourrait conduire à 

une meilleure utilisation des ADNg associés aux VE comme marqueurs associés aux cancers 

dans les biopsies liquides.  

 
 
 
 
 
 
 
 
 



Acknowledgements 
 

First of all, I wish to express my deepest gratitude to my supervisor Dr. Janusz Rak for the 

opportunity to study and do research in his laboratory. I am indebted to him for his patience, 

support, knowledge and advice throughout the course of my graduate program. This thesis would 

not have been possible without his constant encouragement and guidance. 

 
I would like to extend my sincere thanks and appreciation to my committee members Dr. Alain 

Nepveu and Dr. Loydie Jerome-Majewska for their time, ideas, guidance and feedback during 

the course of my Master’s program.  

 

I have been very lucky to work with wonderful lab members: Brian Meehan, Laura Montermini, 

Tae Hoon Lee, Shilpa Chennakrishnaiah, Esterina D’Asti, Nadim Tawil, Cristiana Spinelli, 

Dongsic Choi, Narges Abdian, Saro Aprikian, Catherine Pan and Lata Adnani. I would like to 

thank them for their support, discussion and feedbacks. I am also grateful to Damien Faury for 

translating my abstract to French. 

 

I would like to thank the FEMR facility at McGill University, especially Jeannie Mui for her 

help with the Transmission Electron Microscope. I also owe my thanks to Ming Fu and Shibo 

Feng from the Molecular Imaging platform at RI MUHC for their excellent technical assistance 

with the confocal microscope. 

 

Finally, I want to thank my family for their constant love, support and encouragement throughout 

my academic journey. I also want to take this opportunity to thank my brother Tenzin Gayden 

for his support and guidance. I would like to dedicate this thesis to my mom Tsering Bhuti for all 

the sacrifices she has made for me to continue my higher studies.  

 
 
 
 
 
 
 
 



Contributions 
 
The data presented in the Results section were generated by me unless otherwise indicated. 

However, several colleagues contributed to this work in various ways, through either helping 

with assays, by generating preliminary data (some shown) or contributing important ideas. 

 

Shilpa Chennakrishnaiah assisted with the droplet digital PCR assay and also performed the 

SKY experiment. Saro Aprikian helped with a ddPCR reaction. Laura Montermini assisted with 

the transfection and filtration experiments. Brian Meehan contributed important ideas and 

participated in intellectual discussions throughout the project. Jeannie Mui assisted with 

performing ultra-thin section of cells and extracellular vesicles as well as solving technical issues 

of immunogold labelling. Shi Bo Feng and Min Fu helped with the set-up of the Zeiss LSM780 

laser scanning confocal microscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of Contents 

 

Abstract……………………………………………………………….………..…...……..…....ii 

RÉSUMÉ…………………………………………………………….………………….…...…iii 

Acknowledgements ………..……………………………………….…………...….……...…..iv 

Contributions……………………………………………………….……….……...……...…...v 

Table of Contents………………………………………………….………………...…….......vi 

List of Figures……………………………………………………….……………..….……....vii 

List of Tables……………………………………………………………………..….…….........x 

List of Abbreviations.......................……………………………………………...…….….......xi 

CHAPTER 1 ……………………………………………………………………...….……........1 

General Introduction………………………………………………………….......………….…..1 

CHAPTER 2……………………………………………………………………….………......26 

Rationale, Hypotheses and Research Plan………………………………………….…..…....…26 

CHAPTER 3……………………………………………………………………….……..........30 

Materials and Methods……………………………………………………………….…............30 

CHAPTER 4……………………………………………………………………...…….…..….40 

Micronuclei formation in oncogene-driven cancer cells and their contribution to  

extracellular DNA ……………………………………………………………………..….........40 

CHAPTER 5…………………………………………………………………...………........…65 

Extracellular vesicles as mediators of cellular DNA emission by cancer cells driven by 

oncogenic RAS………………………………………………………………......……..……….65 

CHAPTER 6…………………………………………………………………….....……….….77 

Putative mechanisms of extracellular vesicle mediated emission of genomic DNA:  

Aberrant DNA synthesis, apoptosis and autophagy……………………………….……...….....77 

CHAPTER 7………………………………………………………………….….……….........89 

General Discussion, Conclusions and Future Directions...………….…………….……..……..89 

Supplementary Data………………...………………………………………….……....……..92 

References ……………………………………………….……………………...…….…..…...97 
 

 
 



LIST OF FIGURES 
 
Figure 1.1. The putative role of EV-related cellular export pathways in the emission of 

extracellular DNA. …………………………………….……………………………………….....3 

Figure 1.2. RAS downstream signalling pathways...……………………………………………...9 

Figure 1.3. Micronuclei formation during mitosis (anaphase)..…………………...…………….16 

Figure 1.4. Cross-talk between RAS and autophagy signalling..…………………...………...…22 

Figure 1.5. Schematic diagram depicting interrelation between exosome  

biogenesis and autophagy process……….………………………………………………………25 

Figure 3.1. Evidence of EV emissions from RAS3 cells based on size exclusion  

chromatography purification and TEM imaging. …………………………………………….…31 

Figure 3.2. LRWhite-TEM steps of preparing cells and extracellular vesicles for double  

labelling using immunogold method.……………………………………………….……….…..37 

Figure 4.1. Enlarged images from Figure 4.2 (hours 4:00, 5:00, 7:00) …...……………...…….41 

Figure 4.2. Spontaneous micronucleus elimination from RAS3 cells. ………………...…..……42 

Figure 4.3. RAS oncogene causes mitotic aberrations.………………..…………………….…...43 

Figure 4.4. RAS3 cells undergo tripolar spindle formation. ……………………………….……44 

Figure 4.5. FISH assay of COLO 320DM cells containing micronuclei with highly  

amplified MYC gene……………..………………………………………………………………45 

Figure 4.6. Filtration protocol for purifying micronuclei from conditioned media. ………….…46 

Figure 4.7. Assessment of micronuclei purified from 1μm filter by FISH  

and PCR assays.……………………..………………………………………………….………..46 

Figure 4.8. Micronuclei formation in RAS3 cell. ………………………...………………..……47 

Figure 4.9. Comparison of micronuclei content of RAS3 cells and their non-transformed  

IEC-18 counterparts.……………………………………………………..……………...……….48 

Figure 4.10. FISH assay confirms the enrichment of chromosomes 1 and 2 in micronuclei  

of RAS3 cells but no specific chromosomes are observed in IEC-18 micronuclei……...…........49 

Figure 4.11. Metaphase spread of RAS3 visualizes the translocation of chromosomes 1 and 2...50 

Figure 4.12. Translocation of chromosomes 1 and 2 (arrows) is specific to RAS3 cells and  

absent in the majority of their non-transformed IEC-18 counterparts.………………………..…51 

Figure 4.13. Confocal images of RAS3 micronuclei to visualize BrdU and lamin b1 

staining……………………………………………………………………………...……………52 



Figure 4.14. TEM images of RAS3 cells..……...……………………………………..…………53 

Figure 4.15. TEM image of COLO 320DM cells immunogold stained for extranuclear  

chromatin.………………………………………………………………………………………..54 

Figure 4.16. TEM images (A-N) of IEC-18 cells without cytoplasmic histones labelled with 
antibody against H3 total histones….………………...………………………………...….…….56 
Figure 4.17. TEM images (A-F) of IEC-18 cells with cytoplasmic histones labelled with  
anti-Histone H3 total histone antibody……………....……………………………….……….…57 
Figure 4.18. TEM images (A-F) of IEC-18 cells with no cytoplasmic staining with anti-BrdU  
antibody…………………………………………………………………………………………..58 
Figure 4.19. TEM images (A-F) of RAS3 cells with microvesicle-like structures stained for 
 ds-DNA marker……………...………………………………………..…………………………59 
Figure 4.20. TEM images (A-L) of RAS3 cells with cytoplasmic histones visualized using anti-
Histone H3 total Histone antibody…….…………………..………………………….…….……61 
Figure 4.21. TEM images (A-M) of RAS3 cells with cytoplasmic BrdU signal……......…….…62 
Figure 4.22. Droplet digital PCR (ddPCR) documenting preponderance of extracellular DNA in 

the EV pellet…………………………………..…………………………………………………63 

Figure 5.1. Ectosome emission from cells..………………………...……………….…...………69 

Figure 5.2. Expression of EV marker tetraspanin 9 (CD9) on single EVs………......…..………72 

Figure 5.3. Double labelling of ultrathin sections of RAS3 EVs with immunogold…...………..73 

Figure 5.4. Double labelling of whole mount EVs…...………………………………...………..74 

Figure 5.5. EVs derived from RAS3 contain whole genomic sequence…...……...………..……76 

Figure 5.6. Droplet digital PCR analysis of gDNA of EVs isolated from COLO 320DM  

cells ……………………………………………………………………………………………...76 

Figure 6.1. FACS data and MTS analysis of Mitomycin-C induced growth arrest in RAS3 

cells............................................................................................................................................…79 

Figure 6.2. Emission of gDNA through EVs is independent of DNA synthesis and cell 

division.…………………………………………………………………………………………..80 

Figure 6.3. Emission of EVs containing genomic DNA is independent of apoptotic cell 

death…………………………………………………………………………………..….………81 

Figure 6.4. Chloroquine treatment leads to build-up of large vacuoles in the cytoplasm of RAS3 

cells……………………………………………………………………………………..………..82 

Figure 6.5. Analysis of EV-associated gDNA by ddPCR reveals the impact of chloroquine  

on DNA emission by RAS3 cells ………………………………………………………..……...82 



Figure 6.6. Perturbation of nuclear membrane morphology due to H-RAS 

transformation.……………………………………………………………………………..….…84 

Figure 6.7. TEM reveals differential features of nuclear envelope in IEC-18 and RAS3  

cells.………………………………………………………………………………………...……84 

Figure 6.8. Evidence for cytoplasmic chromatin content in RAS transformed cells……..…..…85 

Figure 6.9. TEM of RAS3 cells stained with anti-dsDNA antibody reveals cytoplasmic  

chromatin and dsDNA...…….……………………………………………………………..……85 

Figure 6.10. Upregulation of LC3 B by oncogenic H-RAS expressed in RAS3 cells…….….....86 

Figure 6.11. Enforced overexpression of LC3 B in IEC-18 - preliminary data and working 

hypothesis………………………………………………………………………………………..87 

Figure 6.12. ELISA analysis of DNA-Histone complexes in EVs released by RAS3 and  

IEC-18 cells……………………………..……………………………...………………….....….88 

Supplementary Figure 1. Time lapse images of RAS3 cells stained with Hoechst 33342…........92 

Supplementary Figure 2. Bioanalyzer profiles of EV DNA …...………………………….….…93 

Supplementary Figure 3. TEM images of heterogeneous population of RAS3 EVs……..……...94 

Supplementary Figure 4. Bioanalyzer data analysis of genomic DNA captured on 1μm filter as 

putative micronuclei…...…………………………………………………………………………95 

Supplementary Figure 5. TEM images of ultrathin sections of IEC-18 EVs……………...…….96 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

LIST OF TABLES 

Table 3.1. Primer sequences, amplicon sizes and annealing temperatures for PCR  

reactions………………………………………………………………………………………….32 

Table 3.2. List of antibodies used.………………………………… ………………...………….34 

Table 4.1. FISH assay on RAS3 and IEC-18 metaphase spreads shows translocation of 

chromosomes 1 and 2………………………………………………..…………………………...51 

 
 
 



LIST OF ABBREVIATIONS 
 
Acidic sphingomyelinase (ASMase) 

Acute myeloid leukemia (AML) 

Apoptotic bodies (Abs) 

ATG (autophagy related genes) 

BrdU (5-Bromo-2´-Deoxyuridine) 

Cytokinesis-block micronucleus cytome assay (CBMN assay) 

Cell-free tumour DNA (CtDNA) 

Cerebrospinal fluid (CSF) 

Charged multivesicular body proteins (CHMPs) 

Chaperone-mediated autophagy (CAM) 

Chinese hamster lung CHL 

Chromosomal instability (CIN) 

Cluster of differentiation 63 (CD63) 

Cluster of differentiation 9 (CD9) 

Conditioned medium (CM) 

Copy number variation (CNV) 

Deoxyribonucleic Acid (DNA)  

DNA damage response (DDR)  

Double minute (DM) 

Double-stranded breaks (DSBs) 

Droplet digital Polymerase Chain Reaction (ddPCR) 

Enzyme-linked immunosorbent assay (ELISA) 

Endothelial Growth Factor Receptor (EGFR) 

Extracellular vesicles (Evs) 

Endosomal Sorting Complex Required for Transportation (ESCRT) 

Ethylenediaminetetra acetic acid (EDTA) 

Extracellular signal-regulated kinases 1 and 2 (ERK1/2) 

Fluorescence-activated cell sorting (FACS) 

Fetal Bovine serum (FBS) 

Fluorescence In situ Hybridization (FISH) 



Genomic Deoxyribonucleic acid (gDNA) 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

Glioblastoma multiforme (GBM) 

Hydroxy urea (HU) 

Interleukins (Ils) 

Light chain 3 beta (LC 3 B) 

Intestinal epithelial cells (IEC)  

Intraluminal vesicles (ILVs) 

Major histocompatibility complex (MHC)  

Mammalian target of rapamycin (mTOR)  

Matrix metalloproteinases (MMPs)  

Messenger RNA (mRNA) 

Mitogen-activated protein kinases (MAPKs) 

Micronuclei (MN) 

Mitomycin-C (MMC) 

Multivesicular bodies (MVBs)  

Nanoparticle tracking analysis (NTA) 

Non-homologous end joining (NHEJ) 

Non-small cell lung carcinoma (NSCLC) 

London Right White (LRWhite) 

Phosphatase and tensin homolog (PTEN)  

Phosphatidylserine (PS) 

Radioimmunoprecipitation assay (RIPA) 

Ribonucleic acid (RNA) 

Reactive oxygen species (ROS), 

Small interfering RNA (siRNA) 

Spectral karyotyping assay (SKY) 

Spindle assembly check point (SAC) 

Tetraspanin9 (TSPAN9) 

Transmission Electron Microscope (TEM) 

Tumour susceptibility gene 101 (TSG101)



CHAPTER 1 

General Introduction 

 

Pathways and mediators of intercellular communication 

The cell non-cell-autonomous interrelationships between cells govern basic biological processes 

such as growth, survival differentiation and spatial organization (Wei and Huang, 2013). 

Mechanisms that control these processes include both intercellular and intracellular pathways 

that ultimately integrate the behaviours of cellular populations in health as well as disease, 

including cancer (Bhattacharya et al., 2014). While the emphasis of studies on cancer 

pathogenesis was traditionally on intracellular signalling pathways, more recently, intercellular 

communication mechanisms began to receive experimental attention in view of the inability of 

‘cell-centric’ approaches to explain cancer complexity. Among pathways that mediate 

intercellular crosstalk, the most studied are several modes of mono-molecular messaging 

involving cell surface receptors and their ligands, such as cytokines and growth factors, as well 

as adhesion molecules. In addition, more complex structures such as junctions, and membrane 

bridges including microtubes, cytonemes, tunnelling nanotubes and other membrane formations 

acting across short or mid-range distances have also recently entered cancer studies (Osswald et 

al., 2015). Unique among these mechanisms is the exchange of cellular fragments known as 

extracellular vesicles (Evs) which connect cells across short and long distances as well as 

systemically (Choi et al., 2017; Kimura et al., 2018). One outstanding question in this regard is 

how cellular communication pathways can be integrated with the current paradigm of cancer 

progression under the influence of genetic and epigenetic transformation pathways (Choi et al., 

2017). 

 

The link between oncogenic transformation and intercellular communication in cancer  

It has been traditionally thought that oncogenic pathways operate within the physical boundaries 

of cancer (stem) cells affecting largely their intrinsic properties such as growth and survival 

(Vogelstein and Kinzler, 2004a). This notion is challenged by the mounting evidence that 

oncogenic transformation may exert multicellular effects, interactive in nature and extrinsic to 

mutant cancer cells. Such effects include deregulation of angiogenesis (Rak et al., 1995) and 

formation of tumour stroma (Lisanti et al., 2013) and are attributed to mediators, which remain 



poorly defined. In this regard our laboratory has recently shown that cancer cells themselves can 

emit oncogenic macromolecules in the form of extracellular vesicles (Evs) (Yu et al., 2005; Al-

Nedawi et al., 2008; Milsom et al., 2008; Garnier et al., 2012) For example, in the case of 

epidermal growth factor receptor variant III (EGFRvIII) and mutant H-RAS (V12), both 

oncoproteins and their transcripts exit viable cancer cells in the form of EV-like structures (Al-

Nedawi et al., 2008a; Demory Beckler et al., 2013; Lee et al., 2014). 

 

Extracellular vesicles  

Evs are oval membrane-bound structures with highly heterogeneous content (Al-Nedawi et al., 

2008; Théry et al., 2009; Choi et al., 2017). Evs play important roles in intercellular 

communication by transporting their contents between cells whereby they alter the properties of 

both donor and recipient cells (Inamdar et al., 2017). The extracellular shedding of Evs in cancer 

is regulated and likely dependent on the molecular make-up of cancer cells and cues from the 

microenvironment (Al-Nedawi et al., 2008). For example, our laboratory discovered that 

molecular subtypes of human glioblastoma and medulloblastoma differ with respect to the 

expression patterns of genes known to influence EV biogenesis (vesiculome) (Nakano et al., 

2015). These genes are implicated in several pathways of EV formation including membrane 

blebbing leading to the generation of larger Evs termed “ectosomes” (also known as 

microvesicles, shed vesicles, or microparticles), or by a more complex, endocytosis-related 

mechanism resulting in production of smaller Evs known as exosomes (Figure 1) (Théry et al., 

2009; Kowal et al., 2016). This initial distinction, while useful, does not reflect the true 

heterogeneity of Evs which have been recently subdivided into at least 4 categories through the 

use of proteomic profiling, immunodetection and physical purification methods. According to 

this protocol certain cancer cells release large Evs, dense small Evs, light small “exosome – like” 

Evs (many containing CD9 and CD63 tetraspanins), as well as CD81 tetraspanin-enriched 

exosomes also positive for markers of late endosome and the endosomal sorting complex 

required for export (ESCRT), such as TSG101 (Kowal et al., 2016). Moreover, the use of 

asymmetric flow field-flow fractionation (AF4) technology enabled identification of large and 

small exosomes, as well as non-membranous particles termed exomeres (Zhang et al., 2018). 

 Indeed, our laboratory predicted that protein profiles of EV preparations from cancer cells may 

suggest the existence of 10 or more non-overlapping small EV protein profiles (Choi et al., 



2017). In addition, several sets of large Evs have been identified in the secretome of viable cells, 

including large oncosomes (Los; 1-10 um in diameter), exophers (~4 um), and migrasomes 

(~1um), while apoptotic bodies (Abs; usually >1um) are Evs related to cellular fragmentation 

and death (György et al., 2011; Zijlstra and Di Vizio, 2018). It should be noted that the term 

oncosomes was initially introduced to describe oncogene-containing Evs (Al-Nedawi et al., 

2008; Meehan et al., 2016) but it is currently widely misused to describe large Evs emanating 

from migrating cells (properly called large oncosomes) (Di Vizio et al., 2009). Nonetheless, this 

partial description adds to the growing understanding of EV diversity and their inferred but 

poorly understood and complex roles as biological regulators (partially depicted in Figure 1). 

Each EV type may contain different molecular cargo, including specific proteins, mRNA and 

microRNA. 

 
 

Figure 1.1. The putative role of EV-related cellular export pathways in the emission of 
extracellular DNA. Several pathways of EV biogenesis have recently been described in the 
literature including large membrane derived ectosomes and exosomes related to the endocytic 
pathway. In addition dying cells may give rise to apoptotic bodies or cells may expel micronuclei 
(MN) (see text) (Zijlstra and Di Vizio, 2018). We postulate that extracellular DNA can be emitted 
outside a cancer cell by different conventional vesiculation mechanisms (1-4), or as EV-like 
structures containing micronuclei (MN; 5) Alternatively DNA can exit the cells as free 
nucleosomes which are thought to contribute to a pool of cell-free cancer DNA (cfDNA) in the 



blood of cancer patients. Ectosomes (2) Exosome-like (3) Exosomes (4) Apoptotic bodies (5) 
micronuclei. 
 

The enigma of extracellular DNA release from cancer cells.  

A recent surprising observation is that of the presence of double stranded genomic DNA content 

in certain EV subsets emitted by viable cancer cells through mechanisms that largely remain 

obscure. In this regard, our laboratory reported that transformation of non-tumourigenic 

intestinal epithelial cells (IEC-18) by enforced expression of the mutant V12 H-RAS oncogene 

results in a dramatic tumourigenic conversion of the resulting cells (termed RAS3) (Lee et al., 

2014) and profound changes in their vesiculation profile. Notably RAS3 cells manifest increased 

total EV emission largely in the exosomal size range, inclusion of H-RAS protein, RNA and 

DNA in the EV cargo and a globally increased emission of genomic double-stranded DNA 

fragments and histones containing chromatin (Lee et al., 2014, 2016). These properties are of 

interest for at least two reasons. First, the EV-mediated intercellular transfer of DNA/oncogenic 

cargo could be biologically consequential due to the implicit self-renewing potential of DNA and 

the effects of DNA uptake on genetic instability or transformation in recipient cells (currently 

under study by another student). Secondly, the mechanisms of genomic DNA (gDNA) transit to 

the EV compartment under the influence of oncogenic transformation remain poorly understood 

and difficult to conceptualise. In theory, gDNA can exit cancer cells either as cell-free fragments 

eventually found in circulating plasma (cfDNA), likely related to cellular breakdown, or as one 

of several classes of Evs, such as ectosomes, exosomes, or exosome-like Evs not related to 

endosomal transport, or else as programmed cell-death-related apoptotic bodies. In addition, EV-

like structures could also mediate the emission of more structured fragments of cellular genome 

such as micronuclei (MN) (Figure 1.1). In this project, we investigate the contribution of each of 

these mechanisms to the extracellular DNA pool generated by cancer cells driven by mutant 

oncogenes. 

 

Oncogenes and EV emission 

An oncogene is a dominant mutant of a gene that encodes a protein with a potential to cause 

cancer (Bafico et al., 2008). Cancer cells are characterized by alterations in oncogenes, tumour 

suppressor and microRNA genes, either within the genomic sequences or imposed by inheritable 

epigenetic modification of the cellular chromatin (e.g. DNA and histone methylation) (Fearon 



and Vogelstein, 1990; Vogelstein and Kinzler, 2004; Croce, 2008). Tumour suppressor genes are 

genes whose inactivation leads to cancer progression (Cooper, 2000). While Evs are emitted 

from normal cells, their production is often elevated in the case of cancer cells, suggesting that 

changes in key driver genes may affect vesiculation in cancer. Indeed, several studies have 

shown that mutations in oncogenes and tumour suppressor genes influence vesicular emission in 

different cancer types (Choi et al., 2017). For example, human colorectal cell lines expressing 

mutant K-RAS gene accompanied by p53 inactivation exhibit an increased EV-mediated 

emission of the pro-coagulant receptor called tissue factor (TF) relative to their isogenic 

counterparts lacking the respective driver mutations (Yu et al., 2005). In addition, defects in 

exosome biogenesis were reported when p53 target genes such as TSAP6 (tumour suppressor-

activated pathway 6) are genetically disrupted (Lespagnol et al., 2008). Similarly, GBM cells 

carrying oncogenic EGFRvIII showed increased emission of vesicles in terms of both quantity of 

Evs and their global protein content, as well as repertoire (Al-Nedawi et al., 2008; Garnier et al., 

2013). A similar observation was reported in the case of metastatic melanoma harbouring MET 

proto-oncogene (Peinado et al., 2012). Epigenetic changes in cancer cells driven by oncogenic 

epidermal growth factor receptor (EGFR) and associated with epithelial to mesenchymal 

transition (EMT) also changed the output and proteome of cancer-related Evs, including 

enrichment in procoagulant TF (Garnier et al., 2012, 2013). In the same model system (A431) 

export of EGFR and gDNA by Evs was altered by pharmacological inhibition of EGFR activity 

(Montermini et al., 2015). Furthermore, targeting oncogenic fusion product involving 

promyelocytic leukemia – retinoic acid receptor (PML-RARA) protein in NB4 cells (acute 

promyelocytic leukemia cells) using all-trans retinoic acid (ATRA) resulted in changes in the EV 

emission profile, increases in IL-8 mRNA and protein expression by NB4 cells and their Evs 

(Fang et al., 2016). 

 

Notably, our laboratory initially reported that cancer cells emit oncogenic proteins themselves as 

cargo of Evs, which are capable of horizontal transfer or the related signalling and regulatory 

activity (Al-Nedawi et al., 2008; Lee et al., 2016) This property was described for oncogenic 

EGFRvIII in glioblastoma (GBM) (Al-Nedawi et al., 2008), amplified EGFR in epidermal 

cancer cells (Al-Nedawi et al., 2009), and H-RAS in the case of transformed intestinal epithelial 

cells (Lee et al., 2014, 2016). Our group has subsequently confirmed the presence of EGFRvIII 



containing Evs in blood of mice harbouring EGFRvIII-driven glioma xenografts and in GBM 

patients (Montermini et al., 2015). Skog and colleagues (2008) also found oncogenic EGFRvIII 

transcripts in Evs released by GBM cell lines as well as in biofluids (plasma) of GBM patients 

(Skog et al., 2008), as did Graner and colleagues (Graner et al., 2009) and similar material was 

recently recovered from the cerebrospinal fluid of GBM patients (Figueroa et al., 2017).  

 

Recently, our group has demonstrated an increased emission of Evs in RAS-3 cells that are 

transfected with oncogenic human H-RAS gene compared to the non-transformed isogenic 

parental line IEC-18 (Lee et al JEV 2013 – abstract) (Lee et al., 2014). Notably, these RAS-3 

derived Evs harbour double-stranded gDNA containing full-length sequences of the mutant H-

RAS gene. This finding was later confirmed and duplicated by several studies and multiple (but 

not all) cancer contexts (Kahlert et al., 2014; Thakur et al., 2014) (Cai et al., 2014; Lazaro-Ibanez 

et al., 2014; Kanada et al., 2015). Thus, oncogenic pathways must intersect at some level with 

the cellular machinery responsible for EV biogenesis and this includes abnormal mobilization of 

chromatin to the process of packaging the EV cargo (Lee et al., 2016; Choi et al., 2017). 

 

RAS signalling 

RAS epitomizes processes of cellular transformation and cancer progression (Barbacid, 1990). 

This potent activity is, at least in part, attributable to the unique role of normal RAS in 

transmission of intracellular signals and responses to extracellular microenvironment. RAS 

proteins are members of a large family of small GTPases involved in cell division, migration, 

proliferation, metastasis, apoptosis and senescence. There are three RAS genes in the human 

genome, namely H-RAS, K-RAS and N-RAS (Downward, 2003), which give rise to four protein 

products: HRAS, KRAS-A, KRAS-B, NRAS (Barbacid, 1990). Although the biochemical 

effects of RAS proteins are often regarded as similar, gene targeting studies in mice revealed 

profound differences, in that only disruption of K-RAS expression leads to lethality. RAS 

proteins interact with a large number of intracellular effectors including RAF, PI3K, RAL-GDS, 

TIAM1, AF6, PKCz, RIN1 (Rajalingam et al., 2007), of which the best understood are: the 

effects of mitogen activated protein kinase (MAPK) and phosphoinoside-3-kinase (PI3K) 

pathways (Nussinov et al., 2014) (Figure 1.2). Since RAS proteins are located on the inner leaflet 

of the plasma membrane, their signalling is coupled with upstream activation of cell surface 



receptors such as EGFR (Zenonos, 2013), and downstream events leading to changes in cellular 

behaviour, phenotype and gene expression, including genes that mediate intercellular 

communication, inflammation and angiogenesis (Rajalingam et al., 2007; Rak et al., 2009). 

 

RAS oscillates between guanosine diphosphate (GDP) and guanosine triphosphate (GTP) states, 

the latter of which signifies activation and binding to aforementioned effectors. Interaction 

between EGFR and RAS represents a historical and mechanistic paradigm for the role of RAS in 

cellular regulation and is worth detailing as it includes several proteins with potentially 

oncogenic activity. Thus, ligand binding to EGFR causes receptor dimerization and 

autophosphorylation, which creates a number of phosphotyrosine docking sites for adapter 

proteins containing src homology 2 (SH2) domains. In this regard of crucial importance is 

recruitment of Shc and Grb2 adaptors, which interacts with Son of Sevenless (SOS) endowed 

with guanosine exchange factor (GEF) activity for RAS. This activity enables recruitment of 

GTP to RAS, resulting in its activated state. Such activated (GTP bound) RAS interacts with its 

aforementioned direct effectors resulting in the onset of several downstream signalling cascades. 

One such crucial event involves recruitment of kinases of the RAF family to the plasma 

membrane, which, with the help of scaffolding proteins (KSR1), enables formation of protein 

complexes and subsequent phosphorylation and activation of MEK, a kinase for mitogen 

activated kinases (MAPKs) such as ERK1 and 2. These proteins are responsible for transmitting 

signals for cell proliferation through interaction with transcription factors (Rajalingam et al., 

2007; Zenonos, 2013).  

 

Under normal circumstances the weak GTP-ase activity of RAS is accelerated by binding RAS-

GAP (GTP-ase activating protein) resulting in hydrolysis of GTP and conversion of RAS to an 

inactive GDP-bound state (Fernández-Medarde and Santos, 2011). Numerous negative feedback 

mechanisms regulate the reversal of RAS activation to prevent chronic activation of this potent 

regulator, or that of its interactors. Thus, MAPKs may phosphorylate and inhibit SOS, while 

activating Sprouty protein which accelerates recycling and inactivation of EGFR (Lake et al., 

2016). However, in cancer cells, mutations in codons (G12, G13 and Q61) of the RAS gene lead 

to changes in protein conformation and its resistance to RAS-GAP activity resulting in RAS 



being locked in a persistent GTP-bound and activated state. The profound transforming effect of 

such events are signified by preponderance of RAS mutations in human cancer (Barbacid, 1990). 

 

Mutations in RAS oncogenes account for approximately 33% of all human cancers (Woo and 

Poon, 2004; Karnoub and Weinberg, 2008; Fernández-Medarde and Santos, 2011; Zenonos, 

2013; Choi et al., 2017). Alterations in K-RAS (21.6%) are more frequent compared to N-RAS 

(8%) and H-RAS (3.3%) (Baines et al., 2011). The most common mutational hotspots are at 

codons G12, G13 and Q61 which occur in evolutionarily highly conserved sequences 

(Fernández-Medarde and Santos, 2011; Rajasekharan and Raman, 2013; Nabet et al., 2015). As 

mentioned earlier these gain-of-function mutations impair GTP hydrolysis and constitutively 

activate Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways (Figure 1.2), promoting 

tumour development (Fernández-Medarde and Santos, 2011). It is interesting to note that these 

RAS gene isoforms exhibit some degree of association with specific cancer types. For example, 

K-RAS mutations have been reported in pancreatic (70%–90%), colon (35%–50%) and lung 

cancers (20%–35%) (Hunter et al., 2015), whereas N-RAS mutations predominate in cutaneous 

melanoma (Johnson and Puzanov, 2015). In contrast, H-RAS mutations are frequently found in 

head and neck squamous cell carcinoma (Hobbs et al., 2016). Defective RAS signalling has also 

been reported in other human illnesses such as diabetes, inflammatory and immunological 

disorders (Fernández-Medarde and Santos, 2011). Although drugs that directly target K-RAS 

mutations remain a long-sought aspiration, current therapies are directed against downstream 

effector kinases such as Raf, MEK and PI3K. Another approach is to inhibit prenyl transferases 

involved in post-translation modification of RAS proteins and their ability to interact with 

plasma membrane through the C-terminal CAXX box. In this regard protein farnesyltransferase 

inhibitors have emerged as plausible anticancer drugs, but they have yet to be approved for 

clinical use (Alsina et al., 2004; Fernández-Medarde and Santos, 2011; Rajasekharan and 

Raman, 2013). Thus, while RAS activity is central to malignant transformation, drugability 

remains a challenge necessitating further study of the biological processes involved.  

 

 

 

 



 
 
 
Figure 1.2. RAS downstream signalling pathways. EGF binds to EGFR receptors and 
activates Raf-MEK-Erk and PI3K-AKT pathways. These pathways play a vital role in cell 
growth, survival, angiogenesis and regulation of other intercellular interactions. Figure adapted 
from (Nussinov et al., 2014). 
 

The role of oncogenes in chromatin processing and extracellular emission of DNA by cancer 

cells  

As mentioned earlier certain (but not all) cancer cells spontaneously emit genomic DNA as cargo 

of their derived Evs (Lee et al., 2016). How genomic DNA could exit the nuclei of cancer cells 

and enter vesiculation pathways is far from clear. One explanation could be that a low-level 

apoptotic demise of a small fraction of an otherwise viable cancer cell population may contribute 

a steady influx of apoptotic bodies to the conditioned media which leads to ‘contamination’ of 

exosomal preparations with DNA-containing material. It is also possible that mitotic errors or 

gene amplification in cancer cells result in formation of large chromosomal or chromatin 

fragments that may trigger the generation of micronuclei, which are then expelled from cells as 

EV-like structures by an unknown mechanism. Previous studies have also shown an interplay 

between autophagy pathways and exosome release (Schmukler et al., 2013; Baixauli et al., 2014; 



Papandreou and Tavernarakis, 2017; Zadeh et al., 2017). Autophagy maintains intracellular 

homeostasis by degrading and recycling cellular constituents. While autophagy occurs 

constitutively at a basal rate, it can also be induced by stress conditions such as nutrient 

deprivation and oncogenic activation of the RAS pathway. The autophagy proteins LC3 and 

ATG8 were found to be present in the nucleus and interact with the nuclear membrane (or 

envelope) degrading it upon oncogenic RAS activation (Dou et al., 2015). This leads to the 

formation of a cytoplasmic chromatin pool thought to undergo lysosomal degradation. It is 

known that in the case of overwhelming the lysosomal capacity with protein or other cargo, 

regulatory mechanisms may redirect vesicular transport to the exosomal release pathway leading 

to efficient expulsion of this material from cells (Pan and Johnstone, 1983). Whether such a 

mode of elimination also applies to extranuclear chromatin has not been studied (and is explored 

in this thesis). We have shown that H-RAS-driven cancer cells (RAS3) exhibit multiple nuclear 

aberrations and higher cytoplasmic chromatin content compared to isogenic control normal 

(IEC-18) cells. RAS3 cells also express higher levels of LC3 and emit genomic DNA as EV 

cargo. While the crosstalk between RAS signaling and autophagy is complex, we will discuss the 

operational link between LC3, RAS and EV-mediated extracellular genomic DNA (gDNA; 

Figure 1.1). 

 

Putative mechanisms of EV-mediated DNA exit from cancer cells  

Extracellular cancer-related mutant DNA found in the biofluids of cancer patients is emerging as 

a key source of diagnostic information among biomarker platforms often referred to as ‘liquid 

biopsy’ (Siravegna et al., 2017). While having access to actionable mutations without invasive 

sampling of the tumour mass is of great value, the processes that enable the entry of circulating 

tumour DNA (ctDNA), or cell free DNA (cfDNA) into extracellular fluid spaces is often taken 

for granted and poorly understood (Lee et al., 2016). In theory, there may be several sources such 

as material including cellular breakdown and necrosis, apoptotic body release from dying cancer 

cells and an active release of chromatin or nucleosomes by viable cancer cells through poorly 

understood mechanisms, including formation of DNA-containing Evs (Lee et al., 2016). The 

notion of EV-mediated extracellular DNA exit is predicated on the observation in cellular cancer 

models that this material is found largely or exclusively in a fraction of conditioned media that is 

sedimentable by ultracentrifugation at approximately 100,000 x g force (Lee et al., 2014). Since 



the respective pellets contain different membrane-bound, EV-like structures, including those 

resembling ectosomes or exosomes, it was suggested that there is a link between manners of 

nuclear DNA processing and one or more pathways of cellular vesiculation. These may include 

surface budding of viable cells to form DNA-containing ectosomes or smaller exosome-like 

structures. It is also conceivable that the entry of DNA into the endosomal trafficking pathway 

that generates bona fide exosomes may occur in some instances (Figure 1.1). It is of note that 

such processes are largely restricted to cancer cells harbouring oncogenic mutations, such as 

those affecting RAS, which are among the best studied (Lee et al., 2014, 2016). Indeed, RAS 

affects all aspects of chromatin homeostasis that may potentially play a role in gDNA exit 

including DNA synthesis, cell cycle progression and checkpoints, cell survival machinery, 

genetic stability and mutation rates, autophagy and maintenance of the cellular envelope (Dou et 

al., 2015). 

 

The impact of oncogenic mutations on deregulation of cell cycle 

At any given point of time, approximately 100 million cells undergo cell division in our body 

(Alberts et al., 2014) and it is estimated that 1 out of 100 cells undergo abnormal cell division. In 

normal cell division, chromosomes segregate in a controlled manner and two daughter cells are 

formed. However, in cancer cells several mechanisms that control the integrity of cell division 

are compromised, ranging from tolerance to accumulation of point mutations and checkpoint 

defects (e.g. due to loss of TP53, INK4A and other suppressors) to the accuracy of chromosomal 

separation being compromised, defects leading to microsatellite (MIN) or chromosomal 

instability (CIN), respectively. In addition, activation of dominant acting oncogenes, such as 

RAS, propels the cells through deregulated cell cycle and affords them altered survival 

properties, increasing the level of genetic instability. For example, studies show that mutant RAS 

can lead to generation of drug resistant cellular mutants within one population doubling (Denko 

et al., 1994). Finally, loss or deregulation of genes that control the function of DNA repair 

pathways, such as mismatch repair genes (MMR) may either initiate or exacerbate these 

processes (Vogelstein and Kinzler, 2004b). Taken together these processes are generally 

regarded as a source of genomic diversity within cancer cell populations and the mechanism of 

their progressive evolution toward increasingly malignant and intractable state (Nowell, 1976; 

Gerlinger et al., 2012). 



 

Genetic instability may generate extrachromosomal and extranuclear chromatin over the course 

of the cell cycle. Thus, whole chromosomes or chromosome fragments may lag behind during 

cell division resulting in chromosomal imbalances, losses and translocations. This loss of normal 

chromosomal repertoire (aneuploidy) is observed in many types of cancer cells, especially those 

with the CIN-type genetic instability (Woo and Poon, 2004). According to Geigl et al. (Geigl et 

al., 2008), CIN refers to the rate at which a whole or part of a chromosome is either gained or 

lost, which is not tantamount to aneuploidy, but could be causative of it (Geigl et al., 2008). 

Several factors have been suggested to underlie the CIN in cancer including 1) mitotic defects, 2) 

cell cycle checkpoint defects and 3) oncogene induced mitotic stress (Maleki and Röcken, 2017). 

 

Mitotic defects leading to CIN can be attributed to four main defects in mitosis, namely a) error 

in spindle assembly checkpoint (SAC) (Kops et al., 2004), b) defects in chromosome attachment 

on microtubules (defects in kinetochore-microtubule attachments) (Thompson and Compton, 

2008), c) two or more centrosomes leading to multipolar spindle formation (Bakhoum and 

Compton, 2009) and d) defects in centromere geometry and structure (Sakuno et al., 2009). 

Tumour suppressors and oncogenes also affect the mitotic process resulting in chromosomal 

aberration. Tumour suppressor TP53 maintains genomic stability and it is altered in more than 

half of human cancers underscoring its role as the ‘guardian of the genome’ (Vogelstein et al., 

2000). In the event of endogenous and exogenous insults, TP53 responds to DNA damage or cell 

cycle checkpoint failure by either promoting cell cycle arrest for repair or initiate apoptosis to 

eliminate the damaged cells. Inactivation or loss of TP53 have been shown to cause centrosome 

amplification leading to abnormal chromosome numbers (Tarapore and Fukasawa, 2002). 

Similarly, a recent study (Perera and Venkitaraman, 2016) showed oncogenes such as K-RAS 

and MYC induce errors in chromosomal alignment and segregation during mitosis. In keeping 

with this observation pancreatic ductal adenocarcinoma (PDAC), which is characterized by more 

than 90% frequency of K-RAS mutations, displays chromosomal abnormalities (Wido et al., 

1990; Caldas and Kern, 1995). Further, overexpression of oncogenic H-RAS G12V reportedly 

caused multiple mitotic errors including centrosome duplication, micronuclei formation and 

weakening of the SAC in specific cell types (Knauf et al., 2006; Perera and Venkitaraman, 

2016). While the role of RAS in tumorigenesis through MAPK signalling is well studied and its 



role in causing genetic instability amply documented, very little is known about how exactly 

RAS is involved in inducing genomic aberrations. Yang et al. (Yang et al., 2013) showed that 

RAS-driven ovarian epithelial cells can exhibit amplification of AURKA (Aurora kinase A) gene 

and concomitant decrease in BRCA2 expression, resulting in genomic instability through 

abnormal cytokinesis. Aurora kinase A plays an important role in different mitotic events, such 

as centrosome duplication, chromosomal alignment, and SAC among others, and amplification 

of this gene has been reported in multiple cancers (Sen et al., 2002; Li et al., 2003). Another 

study (Abulaiti et al., 2006) reported that overexpression of oncogenic H-RAS (V12 and L61) in 

rat thyroid cells causes their escape from cell cycle checkpoints due to the impaired DNA 

damage response, leading to micronuclei formation and chromosomal instability.  

 

Likewise, MYC is deregulated (mostly amplified or overexpressed) and acts as a potent oncogene 

in many cancers (Kumari et al., 2017). Abnormal expression of MYC affects several downstream 

genes involved in the cell cycle and DNA synthesis (e.g. cyclin D1), thus promoting genomic 

instability. In keeping with this notion, overexpression of MYC is linked to a variety of 

chromosomal aberrations, including production of extrachromosomal elements, centromere and 

telomere fusions and aneuploidy (Mai et al., 1996; Kuttler and Mai, 2007). Deregulated MYC can 

also induce double-stranded DNA breaks (DSBs) through various mechanisms including 

accumulation of reactive oxygen species (ROS), an increase in replication stress and reduction in 

DSB repair potential (Kumari et al., 2017).  

 

Micronuclei as a plausible source of extranuclear chromatin  

Micronuclei (MN) are small, extranuclear chromatin bodies enclosed by a nuclear membrane 

(Luzhna et al., 2013; Hintzsche et al., 2017). The size of MN ranges from 1μm-3μm (Yasui et 

al., 2010; Shimizu, 2011; Ji et al., 2014; Hintzsche et al., 2017), occupying approximately one-

third of the main nucleus (Mure et al., 1996) and their number may vary from one to several in a 

cell. MNs are usually round to oval in shape (Mamat et al., 2008) and contain fragmented and 

compacted chromosomes, therefore affording a stronger DAPI signal compared to the one 

emanating from the main nucleus (Bhattacharya et al., 2015). MNs were discovered more than a 

century ago by William Howell and Justin Jolly (Sears and Udden, 2012) and they were known 

as Howell-Jolly bodies. Later in 1961, Howell-Jolly bodies were observed in bone marrow in 



association with folic acid and Vitamin B (12) deficiency state (Dawson and Bury, 1961). The 

significance of MNs grew because they became widely used as signs of genotoxicity. For 

example, cells treated with genotoxic agents such as cytochalasin-B (inhibitor of spindle 

assembly) (Fenech and Morley, 1985) and Mitomycin C (Mure et al., 1996) increase MN 

formation. An in vitro MN test named CBMN assay (Cytokinesis-block micronucleus cytome 

assay), where cytochalasin-B (Cyt B) is used to prevent cytokinesis, was developed to detect for 

the presence of MNs in cells (Fenech, 2007) and visualise chromosomal abnormalities.  

 

MNs can also form as a result of spontaneous mitotic defects. During abnormal cell division, 

fragmented chromosomes or whole chromosomes may acquire their own nuclear membrane and 

form MNs. Furthermore, overexpression of oncogenes, such as n-Myc (Sugihara et al., 2004), v-

ras (Saavedra et al., 1999) and H-RAS (Woo and Poon, 2004), may cause chromosomal 

instability which leads to formation of MNs containing amplified or altered genomic sequences.  

 

The fate of MNs depends on their nature including the presence of nuclear envelope, its integrity 

(Geraud et al., 1989), the state of nuclear pore complexes (Sukegawa and Blobel, 1993) and the 

content of whole chromosomes (Labidi et al., 1987). MNs with an intact nuclear envelope can 

undergo DNA replication (Obe et al., 1975) and are capable of DNA damage repair (DDR) 

having contained the respective enzymatic activities (Medvedeva et al., 2007), while MNs 

without a nuclear envelope are usually degraded (Hintzsche et al., 2017). In addition, MN 

containing whole chromosomes may have transcriptional activity, but they fail to produce 

mRNA in the case of acentric chromosomes (Luzhna et al., 2013). 

 

Errors during mitosis leave the cells susceptible to continuous accumulation of genetic mutations 

and other structural defects, including the occurrence of chromosomal shattering known as 

chromothripsis (Becker, 2015). It has been reported that 2-3% of all cancers undergo massive 

rearrangement of a single chromosome (Stephens et al., 2011). In contrast to sequential 

rearrangements and translocations, chromothripsis involves fragmentation of a chromosome into 

many parts, which become simultaneously randomly reintegrated into a rearranged new 

structure, mainly due to non-homologous end joining (NHEJ) mechanisms (Stephens et al., 

2011). Chromothripsis may be a relatively common phenomenon in certain cancer cells, where 



rearrangement of an entire chromosome results in variation in DNA copy number (Bignell et al., 

2010; Zhang et al., 2015). The mechanism involved in chromothripsis remains unknown, but 

several scenarios are being investigated. Stephens et al., (Stephens et al., 2011) put forward two 

such scenarios. In the first instance, the shattering of chromosomes may be due to ionizing 

radiation and double-strand breaks. These breaks trigger a DNA repair mechanism (NHEJ) but 

lead to multiple errors resulting in fragmentation followed by re-alignment. Second scenario is 

dependent on telomere shortening and erosion resulting in end-to-end fusions between 

chromosomes. Such events would cause formation of anaphase bridges and ultimately 

chromosome breakage that could lead to chromothripsis (Tusell et al., 2010). However, other 

mechanisms are also being considered. For example, using live cell imaging and single cell 

sequencing, Zhang et al., reported chromothripsis in MNs of osteosarcoma cells (U2OS) that are 

treated with nocodazole (Zhang et al., 2015). 

 

FISH (Fluorescent in situ hybridization) and SKY (Spectral Karyotyping) are important tools for 

detecting the content of MN within various cells. For example, FISH was used to detect 

amplified MYC sequence in the micronuclei of the human colorectal cancer cell line COLO 

320DM (Shimizu, 2011), while the SKY assay has been employed to identify the contribution of 

specific chromosomes in MN derived from lymphocytes treated with Cyt-B (Leach and Jackson-

Cook, 2001). Taken together, aneuploidy, CIN and chromothripsis are examples of processes 

that may lead to large-scale mitotic errors and generate deposits of extranuclear chromatin such 

as MNs. These mitotic errors may cause perpetual defects in DNA replication and their impact 

could last throughout the lifespan of the tumour cell (Lengauer et al., 1997), thereby generating a 

pool of displaced gDNA that cancer cells must be equipped to process. 

 

Mitotic and epigenetic determinants of micronuclei formation 

The human body contains more than 10 trillion cells (Chan and Hickson, 2011). To maintain 

normal cellular function, strict choreography of cell division is of utmost importance. As 

mentioned earlier, aberrations in mitotic division can result in the presence of MNs in dividing 

cells. MNs are usually formed during anaphase (Figure 1.3), when a whole chromosome or 

fragments of chromosomes that lag behind become separated from the nuclear genome (Luzhna 

et al., 2013). Cells that undergo missegregation of chromosomes during anaphase often acquire 



aneuploidy known to be both a consequence and the cause of malignant transformation and 

cancer progression, especially due to loss or gain of function of certain crucial cellular genes 

(Potapova and Gorbsky, 2017). 

 

 
  

Figure 1.3. Micronuclei formation during mitosis (anaphase). Schematic diagram describing 
the irregular chromosome separation and micronuclei formation. 
 

Another possibility of forming MNs is during interphase stage. It is then that a MN could be 

formed by a nuclear blebbing mechanism. This poorly understood phenomenon may occur in the 

presence of double minute chromosomes (DM), such as is the case in certain colorectal cancer 

cell lines containing c-Myc amplicons (COLO 320DM) (Orr and Compton, 2013). DMs are 

fragments of extrachromosomal chromatin consisting of the amplified genomic sequence (e.g. c-

Myc). These extrachromosomal bodies are left behind during mitosis (anaphase stage) since they 

do not contain centromeres and they may aggregate and become emitted into the cytoplasm as 

overt MNs during the subsequent interphase (Shimizu, 2011). For example, MNs in COLO 

320DM cells are formed from double minute/extra chromatin bodies without centromeres and 

such micronuclei carry an amplified, expressed and oncogenic c-Myc (Shimizu, 2011). 

 

During mitosis, microtubules of the mitotic spindle are attached to sister chromatids via 

kinetochores. This allows sister chromatids to separate and move to the opposite poles of the 

dividing cell. Therefore defects in microtubules or kinetochore attachment result in states where 

chromatids cannot properly separate and this may lead to elongation of the affected chromosome 

to form what is known as a chromosomal bridge (Ganem and Pellman, 2012; Pampalona et al., 

2016). This chromosome bridge may break and its ends may fuse with other chromosomes to 



form break-fusion bridges (Terradas et al., 2010). Chromosome fragmentation in this process 

may lead to the formation of MNs (Kisurina-Evgenieva et al., 2016). Interestingly, in the case of 

a lagging chromosome, the opposite spindle poles apply equal amount of force to pull the 

chromosome, which is attached to microtubules via a single kinetochore, thus stopping the 

motion to prevent formation of a lagging chromosome. Failure of this mechanism and formation 

of lagging chromosomes leads to their encapsulation during telophase, a process that forms MN 

with their own nuclear membrane (Ganem and Pellman, 2012). 

 

The epigenome plays a vital role in cancer progression and may contribute to MN formation. 

Thus, hypomethylation of centromeres and the pericentromeric DNA region may lead to 

incorrect kinetochore orientation and attachment to mitotic spindle fibers. This may precipitate 

missegration of the affected chromosome resulting in MN formation (Ehrlich, 2002; Luzhna et 

al., 2013; Kisurina-Evgenieva et al., 2016). 

 

MN can also be formed due to genotoxic and cytotoxic stress. For example, agents used to treat 

cancer are often described as clastogens and anuegens due to their impact on the genomic 

structure (Kalsbeek and Golsteyn, 2017). Clastogens are defined as genotoxic agents that disturb 

DNA repair and replication, causing chromosome breakage. Such agents include cisplatin, which 

may increase MN concentration in glioblastoma (GBM) cells (Lewis and Golsteyn, 2016). In 

addition, radiation is also known to cause DSB and increase the level of MNs in human 

fibroblasts (Terradas et al., 2009). In the case of Hydroxyurea (HU) treatment, experiments with 

COLO 320DM cells revealed enhanced formation of MNs enriched for c-Myc sequences 

(Shimizu, 2011). In addition, Mitomycin-C (MMC) at higher concentrations leads to higher 

numbers of MNs formed in the Chinese hamster lung (CHL) fibroblast cell line (Hashimoto et 

al., 2010). Alternatively, aneugens cause disorders in chromosome numbers by interfering with 

the cell division machinery (Hashimoto et al., 2010). For example, taxol perturb the stable 

chromosome separation by affecting mitotic spindle formation resulting in an increase in MN 

content (e.g. 20% increase in MNs within human breast carcinoma cells (MCF-7) (Kisurina-

Evgen’eva et al., 2006). It was reported that aneugens can promote centromere-positive MN 

formation whereas clastogens induce centromere-negative MNs (Hashimoto et al., 2010). 

 



Determinants of MN maintenance and elimination 

It has been previously reported that DMs containing amplified c-Myc sequences can be 

eliminated from COLO 320DM cells and COLO 320HSR cells after HU treatment (Shimizu et 

al., 2000). This treatment increases the elimination of c-Myc oncogenic content from COLO 

320DM cells and reduces their tumourigenicity (Von Hoff et al., 1992). Shimizu et al. reported 

that when COLO 320DM cells containing MNs are treated with HU, the MNs are eliminated 

while surrounded by a cytoplasmic membrane (Shimizu et al., 2000). However, the mechanism 

of DM and MN elimination is not known at the moment and the generality of MN emission to 

the extracellular space has not been extensively investigated. Shimizu discussed a possibility that 

the expelled MNs (exo-micronuclei) containing amplified c-Myc could be transferred between 

cells (horizontal gene transfer) with the possibility of secondary transformation (Shimizu, 2011). 

In 2006, Fernandes also reported that the Allium cepa species generates MNs and emits them 

outside of the cells after treatment with trifluralin herbicide. Our interest was to determine the 

contribution of MNs to extracellular DNA emission from RAS-transformed cells where we 

observed their formation. We also focused our attention on cancerous cells that are known to 

emit gDNA spontaneously and the role of MN export during this process (without treatment of 

clastogenic and aneugenic agents) to understand the biological consequences of these events, 

such as the impact on neighbouring cells (Lee et al., 2016) as well as diagnostic implications for 

liquid biopsy (Bardelli and Pantel, 2017). 

 

The plausible role of autophagy as a putative mechanism of extracellular emission of gDNA  

As shown in the course of this thesis project, MN formation is a minor albeit fascinating element 

in the extracellular release of gDNA by cancer cells harboring mutant oncogenes. While 

reflecting on this puzzling finding, we noted three relevant circumstances: (i) Earlier studies 

from our laboratory documented a major role for small exosome-like Evs as carriers of 

extracellular gDNA (Lee et al., 2014); (ii) Formation of exosome-like Evs has recently been 

linked to pathways of autophagy (Murrow et al., 2015) and (iii) The emission of gDNA from 

cells could be expected to generate a transient pool of cytoplasmic chromatin, a process which 

has recently been implicated in RAS-transformed cells (Dou et al., 2015). While the latter 

observation was mainly linked to lysosomal degradation of extranuclear chromatin, there are 

multiple examples of pathways re-routing such traffic toward exosomal release (Pan and 



Johnstone, 1983). Thus, autophagy could represent a link between the generation of gDNA and 

its transit to the extracellular space as cancer Evs (Lee et al., 2016). 

 

While we consider EV-related emission of gDNA as a different mechanism than the 

aforementioned formation and expulsion of MN, both may be linked to autophagy. Indeed, 

autophagy maintains cellular homeostasis by degrading cellular contents (Sagona et al., 2014) 

and some related proteins such as LC3 and LAMP1 are adjacent to MNs which may be degraded 

by autophagosomes (Rello-Varona et al., 2012). In addition, CHMP4B (ESCRT-III proteins) has 

been implicated in both lysosome and autophagosome-dependent degradation of MNs (Sagona et 

al., 2014). Since MNs could be harmful to the host cell due to potential perturbations in 

subsequent mitoses, the existence of different MN elimination pathways is not surprising. As 

mentioned earlier, these pathways may include emission from host cells, degradation by 

autophagy or degradation by Dnase (Kisurina-Evgenieva et al., 2016) but their role is not clear. 

Nonetheless, autophagy represents a largely understudied mechanism of extracellular gDNA 

release (whether EV- or MN-mediated) and deserves some commentary. 

 

Determinants and mechanisms of autophagy  

In 2016, the Nobel Prize in Medicine and Physiology was awarded to Yoshinoru Ohsumi for his 

work on autophagy and in recognition of the central importance of this mechanism in the 

maintenance of cellular homeostasis and contribution to disease (The Nobel Assembly, 2016). 

Indeed, autophagy is a complex process of degradation of cellular components and foreign 

pathogens to maintain cellular homeostasis and energy balance (Reggiori et al., 2012a). Several 

cellular structures and organelles play a role in formation of autophagosomes and their fusion 

with lysosomes. Christian de Duve discovered lysosomes for the first time in 1949 and he too 

was awarded the Nobel Prize in Physiology or Medicine in 1974 (Castro-Obregon, 2010). Since 

then, there have been tremendous developments in studies on functions and pathways leading to 

lysosomes. Fundamentally, there are three pathways to degrade cytoplasmic components by 

delivering them into lysosomes: microautophagy, chaperone-mediated autophagy (CAM) and 

macroautophagy (Singh and Cuervo, 2011; Antonucci et al., 2015). Firstly, the microautophagy 

pathway has been described in the yeast and involves internalization of cytoplasmic cargo 

through direct invaginations of the lysosomal membrane which resembles Multivesicular Bodies 



(MVB) formation by the late endosome (Marzella et al., 1981; Mizushima et al., 2008). 

Microautophagy is also known to depend on the endosomal sorting complex required for 

transport (ESCRT I and III) proteins (Sahu et al., 2011). However, the molecular mechanism 

involving microautophagy and its role in delivery of cytoplasmic cargo to lysosomes in 

mammalian cells is still unclear. Secondly, CAM, as the name indicates, relies on a cytosolic 

chaperone, such as HSC70, for identification of a penta-peptide sequence (KFERQ) in the 

cytosol and delivers it, one at time, across the lysosomal membrane resulting in the degradation 

of the respective protein in the lysosome (Sahu et al., 2011; Reggiori et al., 2012b). Lastly, 

macroautophagy (here after referred to as autophagy) involves a distinct family of ATG 

(autophagy-related genes) proteins and LC3 (microtubule-associated protein 1A/1B-light chain 

3) protein as well as other players to either selectively or randomly tag the cargo protein. This 

triggers formation of vesicular structures referred to as autophagosomes, which later fuse with 

lysosomes or MVB (Kadandale and Kiger, 2010; Farre and Subramani, 2017).  

 

Autophagy consists of four steps: induction, autophagosome formation, degradation and 

recycling of cellular contents. Autophagosome formation can be divided into initiation, 

nucleation and expansion (Lamb et al., 2013). In general, macroautophagy is sub-classified into 

induced-autophagy (e.g. by amino acid starvation) and endo-autophagy (recycling of cytoplasmic 

proteins). However, this is oversimplified and cannot be applied to more complicated roles of the 

biological machinery involved (Mizushima, 2007). Autophagy is an integral pathway of the 

lysosomal degradation process and it is known to protect the cell from functional and energetic 

collapse during starvation. Depending on context, this basic role may promote cell survival or 

lead to apoptotic death, preserve cellular function and health or lead to disease (Farre and 

Subramani, 2017). For example, autophagy is responsible for degrading aggregated proteins 

which cause neurodegenerative diseases such as dementia (tau proteins) and Parkinson’s disease 

(α-synuclein). Likewise, autophagy promotes disposal of infectious agents such as 

Mycobacterium tuberculosis (Rubinsztein et al., 2015; Bento et al., 2016), but it can also enable 

cancer cells to survive in the face of chemotherapy (Yang et al., 2011; White, 2015). 

 

 

 



The emerging link between autophagy and cytoplasmic chromatin in cancer 

How does gDNA exit outside the cytoplasm from the nucleus and ultimately into the culture 

medium or biofluids? It is implicit that to transit from the nucleus to the cell exterior gDNA has 

to pass through various barriers such as nuclear membrane, cytoplasm and finally through the 

plasma membrane, and both the occurrence and mechanisms of such passage remain poorly 

understood. In this regard cancer supplies multiple interesting clues. For example, oncogenic 

insults such as activation of RAS may lead to nuclear membrane disruption as seen in mouse 

embryonic fibroblast (IMR90) and HEK293T cell lines (Dou et al., 2015). Furthermore, 

activation of oncogenes leads to an increase in cytoplasmic chromatin content resulting in high 

amounts of ROS and ultimately causes DNA damage. Recent literature suggests that the 

cytoplasmic content of gDNA and DNA-binding proteins is regulated by autophagy, whose 

effectors are also targets of malignant transformation (Mrakovcic and Fröhlich, 2018). 

 

Autophagy plays complex roles in human cancer. Depending on tumour type, cancer progression 

stage and cellular context, autophagy can either promote or inhibit tumourigenesis (Schmukler et 

al., 2014). For example, autophagy promotes tumour growth in K-RAS-driven (G12D) non-small 

cell lung carcinoma (NSCLC), as well as in breast cancer by suppressing p53 activation 

stimulated by DNA damage (Guo et al., 2013). On the other hand, spontaneous regression of 

neuroblastoma occurs through apoptosis via RAS-induced autophagy and cell death (Kitanaka et 

al., 2002). RAS is also known to induce cytotoxic autophagy in glioma cancer cell line (U251) 

and gastric cancer cell line (MKN1) (Chi et al., 1999). Autophagy plays a vital role in thyroid 

cancer (Netea-Maier et al., 2015) in the context of activation of the RAS signalling pathway as 

shown in Figure 1.4. The latter describes how PI3K inhibits autophagy via mTOR, whereas, p53 

and PTEN activate autophagy by inhibiting mTOR and PI3K-AKT pathways. RAS signalling 

cross-talk with autophagy is highly complex. Depending on the cell type, RAS activates 

autophagy through MAPK pathway or it inhibits autophagy via PI3K (Schmukler et al., 2014; 

Netea-Maier et al., 2015). RAS oncogenes increase MN formation (during anaphase) and 

promote accumulation of cytoplasmic chromatin (nuclear membrane blebbing) as per our 

observation and those described by Dou et al. (Dou et al., 2015) in relation to oncogene-induced 

senescence. The cytosolic chromatin fragments activate inflammation (cGAS – STING pathway) 

(Di Micco, 2017; Harding et al., 2017; MacKenzie et al., 2017) and RAS activates autophagy 



which degrades the cytoplasmic content (Adams et al., 2013) which may interfere with the 

inflammatory effect. Dou et al. (Dou et al., 2015) also reported that autophagy proteins 

(LC3/ATG8) mediate degradation of the nuclear membrane upon oncogenic insult, such as 

enforced expression of mutant RAS (Dou et al., 2015). This is proposed to involve LC3 and 

ATG8 proteins found in the nucleus where they bind to nuclear lamin b1 and interact with lamin 

associated domains (LAD) on chromatin (Steensel and Belmont, 2017). Thus, it is possible that 

oncogenic transformation may lead to the disruption of the nuclear envelope through 

mobilization of autophagy proteins while some of these proteins may also manage the ingress of 

chromatin into the cytosol and its degradation in the lysosome. We posit that some of these 

processes may also ‘spill over’ into the exosome biogenesis and release pathways. 

 
 
Figure 1.4. Cross-talk between RAS and autophagy signalling. Figure is adapted from 
Schmukler (Schmukler et al., 2014) and Netea-Maier (Netea-Maier et al., 2015). 
 

Intersecting pathways of autophagy and exosome biogenesis 

Recent studies linked autophagy to formation of extracellular vesicles originating from the 

endosome (exosomes) (Murrow et al., 2015). Still more evidence is emerging regarding the 

interplay of the autophagy and exosome biogenesis pathways (Gruenberg and Stenmark, 2004; 



Ojha et al., 2017). As mentioned earlier, autophagy is initiated by maturation of pre-

autophagosomal structures (PASs) to autophagosomes. Lysosomes fuse with autophagosomes 

and internal materials are degraded (Mizushima, 2007). Recently, it has been shown that 

autophagy proteins are involved in phagocyte-mediated endocytosis and exocytosis (Münz, 

2017). Whereas, exosome biogenesis may be linked to Micropinocytosis and endocytosis of the 

extracellular material (Lim and Gleeson, 2011).  

 

Endocytosis is a part of the normal plasma membrane recycling process, and can result, for 

example, from the activation of growth factor receptors (Tomas et al., 2014; Johannes et al., 

2015). The formation of clathrin or caveolin regulated plasma membrane invaginations (pits) 

may engulf membrane proteins and their complexes, including capture of monoubiquitinated 

proteins by the ESCRT system) and lead to formation of endosome which then evolves to form 

secondary intraluminal vesicles to generate MVB (Figure 1.5) (Colombo et al., 2014). Larger 

amounts of extracellular material and fluid may be engulfed by macropinocytosis and 

phagocytosis (Mulcahy et al., 2014). MVBs can either fuse with lysosomes for degradation or 

fuse with the plasma membrane for exocytosis (emission of exosomes) (Gruenberg and 

Stenmark, 2004).  

 

Interference with autophagy may directly or indirectly influence exosome release. For example, 

disrupting the fusion of autophagosomes with lysosomes may lead to binding of autophagosomes 

to MVB and increased exosome emission. In the case of autophagy induction, such as under 

starvation conditions, recycling of cellular content may lead to decreased exosome emission 

(Hessvik and Llorente, 2017; Ojha et al., 2017). Moreover, autophagy protein ATG7 deletion can 

increase exosome emission of GAPDH (Sahu et al., 2011). In line with this observation, ATG5, 

ATG7, ATG16L1 have been known to regulate secretion of granule contents of Paneth cells 

(Papandreou and Tavernarakis, 2017). Phosphoinositide kinase PIKfyve is involved in fusion of 

lysosome with multivesicular bodies and autophagosomes. Inhibition of PIKfyve results in 

reduced autophagy and an increase in exosome emission (Hessvik et al., 2016). 

 

There are several pathways involved in the emission of exosomes carrying diverse molecular 

cargo (proteins, lipids and nucleic acids) (Colombo et al., 2014). These pathways are highly 



regulated but still poorly understood (Baixauli et al., 2014). For example, autophagy proteins 

ATG12-ATG3 interact with Alix protein, which is involved in late endosome formation. 

Therefore, deletion of ATG12-ATG3 proteins impairs the basal autophagy flux, leading to 

accumulation of MVBs and impaired exosome release (Murrow et al., 2015). 

 

Furthermore, ISGylation decreases MVB formation and promotes aggregation of cytoplasmic 

contents. The cytoplasmic aggregations are further degraded by the autophagosome-lysosome 

pathway and hence, exosome emission may also be limited by autophagy processes (Villarroya-

Beltri et al., 2016). In yeast, autophagy genes such as ATG5, ATG7, ATG8 and ATG12 are 

involved in emission of Acb1 protein. In addition, Acb1 emission requires Vps23 which is a 

component of the ESCRT I complex, and t-SNARE Sso1 involved in vesicular plasma 

membrane docking pathway (Duran et al., 2010). 

 

The aforementioned ESCRT protein complex is required for MVB formation (Schmidt and Teis, 

2012) and it is also responsible for completion for autophagy (Rusten and Stenmark, 2009). 

Mutation in ESCRT subunits inhibits autophagy pathways, resulting in accumulation of aberrant 

proteins (Filimonenko et al., 2007). Other pathways may also mediate the cross-talk between 

autophagy and EV biogenesis. One example is in the age-related macular degeneration (AMD) 

loss of central vision usually seen in senior patients (Wang et al., 2009) caused by accumulation 

of proteinaceous material (drusen) in the retina. It has been shown that an increase in autophagy 

and exosome emission occurs in both elderly human patients and in mouse models of AMD, 

including the presence of autophagy proteins (ATG12-ATG5) and exosomal markers (CD63 and 

CD81) in drusen (Wang et al., 2009).  

 

In general, the balance between intracellular and extracellular content is a subject of several 

regulatory processes involving both soluble secretome and vesicular transport, processes of 

regulation, degradation, and export. While these events have been subjects of extensive studies, 

cellular pathology, such as cancer, poses new challenges among which the release of material 

normally protected from outside influences such as gDNA represents a fascinating and important 

puzzle, which motivated some of the tenets of this thesis project.  

 



 
 

Figure 1.5. Schematic diagram depicting interrelation between exosome biogenesis and 
autophagy process. Adapted from Fader et al. 2007. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2 

Rationale, Hypotheses and Research Plan 

 

Rationale  

My Masters project concentrates on characterization of the basic determinants that affect the 

emission of gDNA from cancer cells harbouring specific oncogenic mutations. Indeed, the 

literature contains multiple examples of oncogenic DNA emission from cancer cells (Balaj et al., 

2011). Indeed, circulating cell free tumour DNA (ctDNA) has emerged as a powerful platform of 

liquid biopsy with which to molecularly define, prognosticate and design treatments for cancers 

on the basis of real-time remote monitoring of genomic events through the analysis of cancer 

fingerprints in blood and other biofluids (Wan et al., 2017; Kaiser, 2018; Kalinich and Haber, 

2018). Circulating cancer DNA also has poorly-understood functional implications as a mediator 

of biological events. For instance, García-Olmo et al. (García-Olmo et al., 2010) demonstrated 

the presence of functional K-RAS mutant DNA in the plasma of colorectal cancer patients and 

this material caused oncogenic transformation of cultured fibroblasts. Similar suggestions were 

also made by other authors with regards to horizontal DNA transfer between cancer and normal 

cells in different experimental settings (Holmgren et al., 1999, 2002, Cai et al., 2013, 2014). On 

the other hand, studies from other groups suggest that such processes may have transient 

transforming effects on stromal cells (Lee et al., 2014, 2016) and trigger thrombo-inflammatory 

responses in circulating phagocytes in mice (Chennakrishnaiah et al JTH published), rather than 

secondary cancers. In all these settings the emerging realisation is that extracellular gDNA is not 

merely a by-product of cell death. Rather, it can be released from live cancer cells in a form and 

quantity that is likely a subject of cellular regulation, which may in itself be informative. 

 

The form of extracellular DNA that is being released from cells under these various 

circumstances is not always clear, but at least in some cases it appears to be material with EV 

properties. Thus, Balaj et al. (Balaj et al., 2011) observed the presence of single-stranded DNA 

containing the c-Myc oncogene in tumour microvesicles. Our laboratory has documented the 

presence of chromatin in exosome-like Evs derived from RAS3 cells and in other models (Lee et 

al., 2014, 2016) while similar findings were also reported in cells of leukemic, melanoma, 

pancreatic and other origins (Cai et al., 2014; Kahlert et al., 2014; Lazaro-Ibanez et al., 2014; 



Thakur et al., 2014). In cases where this material has been sequenced, a representation of the 

whole cellular genome seems to predominate suggesting lack of sequence specificity (Kahlert et 

al., 2014; Lee et al., 2014), even though ‘spikes’ in the DNA profile may suggest regional 

enrichment in some cases, and the contribution of RNA/DNA complexes (Sansone et al., 2017). 

Other studies also highlighted the EV content of oncogenic, mitochondrial or plasmid DNA, 

sometimes distributed unevenly between EV subtypes (Kahlert et al., 2014; Lazaro-Ibanez et al., 

2014; Sanz-garcia et al., 2014; Thakur et al., 2014; Kanada et al., 2015). Even though the 

respective emission processes have not been established or described in detail, multiple lines of 

evidence from our and other laboratories point to the possibility that an important, or main, 

mechanism of gDNA exit from cancer cells involves cellular vesiculation pathways. 

 

We reasoned that multiple pathways could exist which enable the exit of gDNA from cancer 

cells through the EV compartment. For example, in addition to small exosome-size Evs produced 

by the aforementioned RAS3 cells, we observed that these cells (unlike their non-transformed 

isogenic IEC-18 counterparts) harbour major perturbations in the structure of their nuclear 

envelope (shown by TEM and confocal microscopy) and also produce MNs as defined by SKY, 

FISH, lamin b1 immunofluorescence and BrdU-labelling experiments. As mentioned earlier 

MNs are small extra-nuclear bodies, ranging in size from 1-3 μm and thought to originate from 

the acentric chromatid/chromosome fragments or whole chromosomes that lag during anaphase 

(Fenech and Natarajan, 2011). This is of interest as MNs often contain oncogenic amplicons, 

such as MYC (e.g. in COLO 320DM cells) and were found to be released from cancer cells 

through an unknown mechanism (Shimizu et al., 2000). Interestingly, amplicons of oncogenic 

sequences encompassing EGFR and mutant EGFRvIII in glioblastoma cells have also been 

reported to undergo a genomic loss in cell culture, either spontaneously or in the presence of 

EGFR inhibitors (erlotinib) (Bigner et al., 1990; Nathanson et al., 2014). On the other hand, the 

gDNA content associated with RAS3-derived Evs was earlier characterized as relatively 

sequence-unspecific and representative of almost the entire genome of donor cells (Lee et al., 

2014). These reports and observations suggest that gDNA emission may occur in either 

sequence-selective form (as MN content) or sequence-non-selective form (as small Evs 

containing gDNA of the entire genome), possibly through several different mechanisms.  

 



We also posit that the emission of extracellular DNA implicitly requires a level of superfluous 

DNA replication, as otherwise the cancer cell genome would undergo progressive quantitative 

disintegration. This raises the question as to whether interference with DNA synthesis could 

prevent/alter extracellular DNA release. Alternatively, it is possible that as a cancer cell 

population retains its viability (as is the case for RAS3 cells and other DNA emitting cell lines), 

a small subset of cells regularly undergoes apoptosis. This would be expected to generate a 

steady influx of apoptotic bodies into the EV population produced by cancer cells and result in 

‘contamination’ of other EV fractions, including exosomes, with DNA-containing material. 

While apoptotic bodies are believed to be large, we did observe a caspase-dependent formation 

of exosome-sized DNA-containing vesicles in cancer cells subjected to treatment with targeted 

anticancer agents (Montermini et al., 2015). Hence, if such a process occurred spontaneously in 

RAS-transformed cells, it stands to reason that blocking apoptosis by the use of caspase 

inhibitors might obliterate the release of extracellular gDNA.  

 

Finally, as mentioned earlier, exosome biogenesis has recently been linked with elements of the 

cellular circuitry that regulates autophagy, notably through interactions of Atg12 protein and 

Syntenin/Alix (Murrow et al., 2015). At the same time, other ATG proteins have been implicated 

in generation of cytoplasmic chromatin in cells acutely expressing mutant RAS oncogene. It is 

proposed that LC3/Atg8 dependent degradation of the nuclear envelope with the involvement of 

Atg7 leads to a release of genomic content to the cytoplasm where it serves as an inducer of 

stress responses before being degraded by the lysosome (Dou et al., 2015). We surmise that 

alternative processing of this material may include vesiculation pathways regulated by ATG 

proteins and leading to extracellular expulsion of cytoplasmic chromatin.  

 

My project was designed to operationally characterise some of these patterns, and their relative 

contribution to extracellular DNA pool, using a panel of cancer cell lines with known oncogenic 

transformation mechanisms and partially catalogued for extracellular DNA emission profiles. 

 

 

 

 



Hypotheses 

Based on the argument presented in the previous section the formal hypotheses of this thesis 

project are: (i) Oncogenic transformation triggers genomic DNA emission from cancer cells 

through at least two different types of membrane structures (extracellular vesicles and/or 

micronuclei). (ii) Mechanistically, extracellular DNA formation is linked to aberrations in DNA 

synthesis and cellular mitogenesis (superfluous intracellular DNA) resulting in formation of 

micronuclei or other reservoirs of cytoplasmatic chromatin, which undergo active expulsion from 

cells through a vesiculation pathway. (iii) Alternatively, extracellular DNA may be a function of 

low-level apoptosis that leads to co-purification of exosome-like extracellular vesicles with 

DNA-containing apoptotic bodies. (iv) Processes of autophagy involved in exosome biogenesis 

and turnover of cytoplasmic chromatin may contribute to the emission of extracellular DNA.  

 

Research Plan  

Building on the results of my predecessors in the laboratory, the emerging literature and my own 

preliminary data I formulated three tasks (aims and thesis chapters) driving my experimental 

explorations. These were designed to  

(i) Assess the contribution of MNs to extracellular DNA emission from RAS3 cells. 

(ii) Assess the contribution of Evs to extracellular DNA emission from RAS3 cells. 

(iii) Assess the nature of extracellular DNA and its dependence on DNA synthesis, apoptosis and 

autophagy processes. 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 

Materials and Methods 

 

Cell lines and culture conditions 

We used three different cell lines, namely IEC-18, RAS3 and COLO 320DM. IEC-18 is a non-

tumourigenic and immortalized cell line originating from rat intestinal epithelial cells as 

previously described by Quaroni and Isselbacher (Cultures and Isselbacher, 1981). The RAS3 

cell line is tumourigenic and derived from IEC-18 cells transfected with an oncogenic H-RAS 

gene carrying a G12V mutation (Rak et al., 1995). COLO 320DM is a human colorectal cancer 

cell line that contains double minute (DM) chromosomes. COLO 320DM was purchased from 

ATCC. IEC-18 and RAS3 cells were maintained as monolayers in AMEM medium with 5% 

FBS, 1% pen/strep, 20mM glucose, 4 mM L-glutamine and 10μgml-1 insulin. COLO 320DM 

cells were cultured in complete media (RPMI 1640 with 10% FBS) as recommended by the 

ATCC product sheet. For EV isolation experiments, EV-depleted FBS was used (110,000g spun 

overnight, followed by 0.22 μm filtration). 

 

EV isolation 

Evs were isolated using ultracentrifugation (Lee et al., 2014, 2016; Montermini et al., 2015) or 

size-exclusion chromatography techniques (Lobb et al., 2015; Gámez-Valero et al., 2016). In the 

ultracentrifugation method, conditioned media was collected and spun at 400g for 10 minutes. It 

was then filtered with a 0.22 μm filter and centrifuged at 110,000g with a Type 70 Ti rotor for 1 

hour at 4°C (k-factor: 111.4) (Cvjetkovic et al., 2014; Musante et al., 2014). The EV pellet was 

washed with PBS. In size-exclusion chromatography (qEV column from Izon Science), 

conditioned media was first concentrated using 100kDa Amicon ultra-15 centrifugal filter unit 

(Millipore # UFC910024). The concentrate was poured on top of the qEV column and 16 

fractions were collected from the column. Fractions 7, 8, 9, 10 were EV fractions which was 

confirmed using whole-mount negative staining on Transmission Electron Microscope (TEM) 

(Figure 3.1).  

 

 

 



DNA Extraction 

Cells or extracellular vesicles were treated with DNA lysis buffer (see below) and DNA was 

precipitated using isopropanol. The concentration and purity of extracted DNA was determined 

spectroscopically at 260 nm against distilled water as a blank, using the 260/280 nm and 260/230 

nm ratio respectively. The measurements were performed using both nanodrop 

spectrophotometer and fluorometric Qubit system (Thermo Fisher Scientific, Germany). 

 

DNA Lysis Buffer (Laird et al., 1991; Long, 2002) 

100mM Tris HCl pH 8.5  5ml 

0.5M EDTA   0.5ml 

10% SDS   1ml 

5M NaCl   2ml 

20mg/ml Proteinase K 0.25ml 

 

 
Figure 3.1. Evidence of EV emissions from RAS3 cells based on size exclusion 
chromatography purification and TEM imaging. 
 

PCR 

PCR was performed using 2μl of genomic DNA preparation containing 5-10ng DNA, as 

template. The reaction mixture also contained MyTaqTM HS Red Mix, DNAse free water, and 

10μM of each primer in a total reaction volume of 20μl. A total of 35 PCR cycles were carried 



out with the following conditions; 95°C for 10 minutes, 94°C for 30 seconds, annealing 

temperature 64°C for 30 seconds, 72°C for 1 minute, repeat the cycle 34 times and 72°C for 5 

minutes. Annealing temperature varies with Tm of primers (Table 3.1) and was optimized using 

gradient PCR. PCR products were loaded into 2% agarose gel stained with ethidium bromide and 

ran at 100V in TBE buffer. Separated DNA samples were visualized with gel documentation 

system (Bio-Rad). 

 

 
Gene Primer sequences (5’-3’) Size (bp) Annealing (°°C) 

H-RAS(Human) 

 

Forward: GCAGGAGACCCTGTAGGAGGACCC 

Reverse: TGGCACCTGGACGGCGGCGCCAG 

188 64 

MYC (Ji et al., 2014) 

 

Forward: GATTCTCTGCTCTCCTCGAC 

Reverse: GCCCGTTAAATAAGCTGC 

178 58 

GAPDH  

 

Forward: AGGGCCCTGACAACTCTTTT 

Reverse: AGGGGTCTACATGGCAACTG 

231 60 

Beta-actin (Human) Forward: GGCATCCTCACCCTGAAGTA 

Reverse: CCACTCACCTGGGTCATCTT 

215 58 

Beta-actin (Rat) Forward: ACCCCAGCCATGTACGTAG 

Reverse: ATGAAGTGTGACGTTGACATC 

128 62 

 

Table 3.1. Primer sequences, amplicon sizes and annealing temperatures for PCR 

reactions. 

 

Droplet digital PCR (ddPCR) 

Droplet digital PCR (ddPCR) assay was performed according to the manufacturer’s protocol. 

Briefly, each reaction consisted of ~10ng of the template DNA, 1x ddPCR Eva Green Supermix, 

1μM forward and reverse primers and Dnase free water to bring the reaction volume to 20μl. For 

each reaction, 60μl of Droplet Generation Oil (Bio-Rad) was applied, loaded onto cartridge and 

droplets were generated using the QX100 Droplet Generator (Bio-Rad). The droplets were 

transferred to a 96-well plate, sealed and PCR was performed with the following conditions: 1x 

95 °C for 5 min, 45x (95 °C for 30 sec, 62 °C or 64 °C for 60 sec and 72 °C for 30 sec), and 1x 

90 °C (5 min). After the PCR reaction was completed, the plate was transferred and read in 



QX100 Droplet Reader (Bio-Rad) and data were analyzed with QuantaSoft droplet reader 

software (Bio-Rad). 

Transfection  

The pEGFP-C1 plasmid with LC3 insert was gifted from Dr. Kabeya. Transfection was 

performed using Lipofectamine ® 2000 reagents. Mock transfection was carried out using an 

empty vector. A total of 5,000 cells were plated in each well in a 6-well plate and grown in a 37 

°C incubator overnight. The next day, the cells were transfected with a mixture of 2μl of plasmid 

DNA containing LC3 gene and 4 μl of Lipofectamine 2000 reagent (1:2). After 48 hours, cells 

were fed with selective media containing G418 (750μg) (Wisent Inc, Cat # 450-130-QL) for 7 

days or sorted for GFP using the BD FACSAria Fusion (488nm) instrument. Transfection was 

further confirmed with western blot against LC3 antibodies (Table 3.2). 

 

Western blot 

Cells were trypsinized, centrifuged at 400g for 5 minutes and the pellet was washed with PBS. 

The cells were lysed in RIPA buffer (BioRad, 2016) (50mM Tris-HCl (pH = 8), 1% NP40, 

150mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1mM sodium orthovanadate and 1mM 

NaF) containing protease inhibitor (1 tablet for 7 ml, Roche Cat # 11836153001). Lysates were 

quantified using Micro BCA Protein Assay Kit (Thermo Fisher Scientific Cat # 23235). Proteins 

were separated by SDS-PAGE (12%), electrotransferred to polyvinylidene difluoride membranes 

overnight at 4°C (30V) and blocked for 1 hour at room temperature with 5% non-fat dry milk in 

TBST (pH = 7.5). Membranes were washed and incubated overnight at 4°C with primary 

antibodies anti-LC3B (1:1000) and anti-Lamin b1 (1:500). Anti-β-actin (1:5000) was used as a 

loading control (Table 3.2). Membranes were washed thrice with TBST for 5 minutes each and 

then probed with HRP-conjugated anti-rabbit IgG secondary antibody (1:1000) for 1 hour at 

room temperature (Table 3.2). Images were revealed using Amersham ECL prime detection 

(Amersham Biosciences: Mississauga, ON) and the ChemiDoc MP imaging system (BioRad: 

Mississauga, ON). 

 

 

 

 



Primary Antibodies Dilutions Company and Cat # 

Alpha tubulin mouse monoclonal  IF (1:1000) Abcam, ab7291 

BrdU mouse monoclonal IF (1:1000), TEM (1:1) Abcam, ab8152 

BrdU Rabbit polyclonal  IF (1:1000) Abcam, ab152095 

Histone H3 Mouse monoclonal TEM (1:1) Abcam, ab24834 

Lamin B1 Mouse monoclonal  IF (1:1000), WB (1:1000) Abcam, ab8982 

LCB rabbit polyclonal  WB (1:1000) Abcam, ab48394 

Anti-beta actin Mouse monoclonal WB (1:10000) Sigma, A45441 

Tetraspanin 9 rabbit polyclonal  WB (1:1000) Abcam, ab113775 

 
Secondary antibodies Dilutions Company and Cat # 

Chicken anti-mouse Alexa Fluor 594  IF (1:1000) Thermo life technologies, Ref # A21201 

Chicken anti-mouse Alexa Fluor 594 IF (1:1000) Thermo life technologies, Ref # A21201 

Donkey Anti-rabbit Alexa Fluor 594 IF (1:1000) Thermo life technologies, Ref # A21207 

Donkey anti-rabbit Alexa Fluor 488 IF (1:1000) Thermo life technologies, Ref # A21206 

Goat anti-rabbit IgG H&L (10nm Gold) TEM (1:20) Abcam, ab272234 

Goat anti -Mouse IgG H&L (20nm Gold) TEM (1:20) Abcam, ab27242 

Goat anti mouse Alexa Fluor 488 IF (1:1000) Thermo life technologies, Ref # A11001 

Anti-rabbit IgG HRP linked antibody WB (1:1000) Cell signalling Ref # 09/2016 

Goat anti-mouse IgG H+L HRP conjugate WB (1:5000) BioRad, 170-6516 

 

Table 3.2. List of antibodies used. 

 

Live Cell Imaging 

JuLI Stage live cell imaging system (NanoEnTek) was used to track micronuclei in real time. 

Cells were cultured in a 6-well plate (Thermofisher) overnight and stained with Hoechst 33342 

dye (0.5μg/ml) for 15 minutes. Cells were washed with PBS buffer and fresh media was added. 

Images were taken every hour for a 24-hour period. For Confocal live cell imaging, cells were 

grown in a 35mm dish (MatTek Part # P35G-0.170-14-C) and incubated with Hoechst 33342 dye 

(0.5μg/ml) for 15 minutes at 37°C. Cells were washed, and fresh media was added. Time-lapse 

images were taken using a Zeiss LSM780 confocal microscope at every two hours for a period of 

12 hours. 

 



Confocal Immunofluorescence Imaging  

Adherent cells were grown in a 35mm dish (MatTek) overnight. Cells were fixed with 4% 

paraformaldehyde and permeabilized with 0.01% NP40. Subsequently, fixed cells were washed 

with PBS and incubated in blocking buffer for an hour (1% BSA in PBS). Primary antibody was 

diluted (1:1000) in blocking buffer and incubated overnight at 4°C. The cells were washed with 

PBS for 10 minutes and incubated in secondary antibody (1:1000) for 1 hour at room 

temperature. The secondary antibody was removed by washing with PBS for 10 minutes and 

nucleus was stained with DAPI. Cells were imaged with LSM780 confocal microscope with a 

60x oil immersion objective lens. The settings were: zoom = 0.6, pixel dwell time = 0.7μsec, 

average = 8, master gain = 812, digital gain = 1.0, digital offset = 0, pinhole = 128.1, laser line 488 

nm = 15, laser line 405 nm = 0.7 and laser line 594 nm=12. 

 

 

Fluorescence In Situ Hybridization (FISH) 

The FISH protocol was followed according to the Metasystem guidelines. The probe for the 

MYC gene was purchased from Metasystem (Cat # D-6008-100-OG). Interphase FISH for MYC 

gene amplification was performed on COLO320DM cells. A FISH assay for rat chromosomes 1 

(probe XRP1 green D-1501-FI) and 2 (XRP2 orange D-1502-050-OR) was carried out at the 

metaphase stage, where cells were pre-treated with 10 ml of hypotonic solution (KCl 75mM) 

(Deng et al., 2003). Briefly, cells were fixed with methanol and acetic acid (3:1). Fixed cells 

were spotted on glass slides and spread uniformly, then the slides were dried overnight. 10μl of 

XL MYC amp probe was added on each slide and covered with a coverslip. Rubber cement was 

applied on the edges to avoid drying. Using the ThermoBrite system from Abbott Molecular, the 

sample and probe were denatured at 75°C for 2 minutes and the temperature was then lowered to 

37°C to allow the probe to hybridize for 48 hours. The slide cover was removed and washed with 

0.4x SSC buffer (pH 7.0) to remove excess probes or unspecific staining at 75°C for 2 minutes. 

The slides were washed again with 2x SSC and 0.05% Tween-20 (pH 7.0) at room temperature 

for 30 seconds. The slides were rinsed in double distilled water to avoid crystal formation, 

counter stained with anti-fade DAPI (D-0902-500-DA) and covered with cover slip. Images were 

viewed under confocal microscope (Zeiss LSM780 laser scanning confocal microscope) with 

objective set at 63x and fluorescence at absorption 552nm and emission 576nm. 



 

Immunogold Labelling of Cells and Evs 

Cells were fixed with 4% paraformaldehyde and 0.5% glutaraldehyde. The fixed cells were 

processed for LRWhite embedding. LRWhite embedded blocks were cut into ultrathin sections 

(100nm) using diamond knives. The sections were stained with primary antibody (H3 total 

Histones, abcam ab24834) and dsDNA antibody (Santa Cruz Biotechnology sc58749) (BrdU 

antibody abcam ab8152), followed by gold-conjugated secondary antibody (10nm and 20nm), 

which would bind to their respective primary antibodies (Table 3.2).  

 

The isolated Evs (110,000g for 1 hr ultracentrifugation) were washed with the wash buffer (0.1M 

sodium cacodylate buffer) (pH7.4) and fixed with 2.5% glutaraldehyde. A volume of 10μl of Evs 

in fixative solution was placed on the negatively-charged copper grids. Primary antibody (anti-

Tetraspanin 9/TSPAN9) was incubated with the slides overnight at 4 degree and gold-conjugated 

secondary antibody (10nm gold) was incubated at room temperature for 30 minutes. 

Images were taken using the Tecnai 12 BioTwin 120kV Transmission Electron Microscope. 

Jennie Mui at the Facility for Electron Microscope Research (FEMR) unit of McGill University 

provided expert assistance in preparing LRWhite embedded sections.  

 

Immunogold Double Labeling of LRWhite Ultrathin Section of Evs 

Evs were washed with wash buffer and fixed with 4% paraformaldehyde with 0.5% 

glutaraldehyde solution. Fixed Evs were further centrifuged at 110,000 x g for 1 hour and the 

pellets were resuspended in 2% low melting point agarose gel. (Note: 2% agarose is melted in 

distilled water at 70 degrees Celsius). Agarose containing Evs underwent a series of dehydration 

steps i.e 1x 30% EtOH, 1x 50% EtOH, 1x 70% EtOH, 1x 80% EtOH, 1x 90% EtOH, 1x 95% 

EtOH, and 1x 100% EtOH. Each step was carried out for 8 minutes and within 4 hours at room 

temperature. Following this, the specimens were embedded in LRWhite resin (Figure 3.2), cut 

into ultrathin sections and labelled with antibodies against TSPAN9 and against dsDNA marker 

(Table3.2). 

 

 

 



 
 

 
Figure 3.2. LRWhite-TEM steps of preparing cells and extracellular vesicles for double 
labelling using immunogold method. 
 

 

Inducing Cell Cycle Arrest Using Mitomycin-C 

To find the optimal concentration of Mitomycin-C (MMC) to inhibit the cell cycle at G1 phase, 

we treated RAS3 and IEC-18 cells with different concentrations (10μg/ml, 25μg/ml, 50μg/ml, 

100μg/ml) of MMC (Sigma # M4287) for 2 hours. Cells treated with 10 μg/ml of MMC for 2 

hours showed the least toxicity and coupled with arrest in G1 phase (MTS assay and flow 

cytometry data). Treated cells were washed, and fresh EV-depleted media was added and 

incubated for 12 hours. Cell cycle analysis was confirmed by staining with propidium iodide (PI) 

and flow cytometry (BD FACSCalibur). For the latter, cells were harvested, washed with PBS, 

fixed in 4% paraformaldehyde for 30 minutes and permeabilized with 0.01% NP40 (mild 

detergent) for 30 minutes. The cells were again washed two times with PBS and 1μg/ml of PI 

(Sigma # P4864-10ml) was added to the cell suspension. FL2 flow cytometry histograms were 



generated to document a prominent G1/G0 peak in MMC-treated cells in a relative absence of S-

phase.  

 

Inhibition of the Apoptotic Pathway using ZVAD Peptide 

Z-VAD-FMK (Promega Corporation) is an irreversible pan-caspase inhibitor. RAS3 and IEC-18 

were grown in fresh EV-depleted media containing ZVAD (20μM) for 24 hours and Evs were 

isolated from the conditioned media as described earlier (Montermini et al., 2015). 

 

Interference with Autophagy using Chloroquine Treatment 

RAS3 and IEC-18 cells were treated with different concentrations (25μM, 50μM, 100μM) of 

chloroquine (Cell Signaling Technology # 14774) to inhibit the autophagy process at different 

time points (4, 6, 8, 10, 14, 16 hours). At 50μM concentration for 16 hours we found an optimal 

effect without causing overt toxicity to cells. Evs were collected from conditioned media of both 

chloroquine-treated and untreated cells and then DNA was isolated, quantified and assayed.  

 

MTS – Cell Growth and Viability Assay  

To measure cell proliferation and viability, MTS assay (Promega, Madison, WI) was performed 

on RAS3 cells treated as indicated. For this purpose, 5,000 cells per well were seeded in a 96-

well microtiter flat bottom plate. Agents such as MMC (10μg/ml) or as otherwise indicated were 

mixed with the culture media and incubated for different durations (2 hours, 4 hours, 6 hours, 

and 8 hours), followed by a wash with PBS. Fresh medium was added and incubated overnight. 

MTS reagent was added and incubated at 37°C for 2 hours as per the manufacturer’s instructions. 

Absorbance was read at 570nm using Biotek spectrophotometer (EPOCH). 

 

ELISA for Histones-DNA Complexes  

ELISA protocol was followed according to the manufacturer’s guidelines (Roche Cat # 

11774425001). While this is an assay designed to detect apoptotic bodies, the same principle can 

be used to detect chromatin-associated histone-DNA complexes in EV preparations (Lee et al., 

2014). Briefly, Evs from RAS3 and IEC-18 were lysed using the provided lysis buffer (40 μl) 

and incubated for 30 minutes at room temperature. Lysates were centrifuged at 200g for 10 

minutes. 20 μl of the supernatant and culture media were transferred along with positive and 



negative controls provided in the kit into the microplate coated with anti-histone monoclonal 

antibody. To each well containing 20μl of samples, 80μl of the immunoreagent was added. The 

microplate was covered with adhesive cover foil provided with the kit and incubated at room 

temperature on gentle shaker at 300 rpm for 30 minutes. The solution was removed thoroughly 

by tapping/blotting on clean tissue papers. Each well was rinsed with 250μl of incubation buffer 

(3 times) and 100μl of ABST solution was added. The plate was incubated again on the shaker at 

300rpm for 30 minutes. Finally, 100μl of ABST stop solution was pipetted to each well. 

Microplate was then read at 405 nm absorbance. 

 

Nanoparticle Tracking Analysis  

Nanoparticle Tracking Analysis (NTA, #NS500 NanoSight) utilizes light scattering and 

Brownian motion to determine size distribution and concentration of nanosized particles 

(Malloy, 2011). Evs were isolated by ultracentrifugation and EV pellets were resuspended in 

PBS (500μl). For each sample 10μl of Evs was taken and further diluted in PBS at a 1:500 ratio. 

Diluted samples were loaded onto the NTA chamber and three recordings of 30 seconds were 

taken under NTA processing settings of the software (NTA version 3.1) to analyze the 

concentration and size distribution of the particles. 

 

Data Analysis  

All results were repeated at least 3 times with similar results, unless otherwise indicated 

(provided as N). The numerical values were presented as mean +/- SD and the statistical analysis 

was performed using Student’s t-test to compare between IEC-18 and RAS3 cells for all the 

experimental outcomes, unless otherwise specified. P value of 0.05 or less was considered 

significant. 

 

 

 

 

 

 

 



CHAPTER 4 

Micronuclei formation in oncogene-driven cancer cells and their contribution to 
extracellular DNA 

 

Introduction – Micronuclei as a source of superfluous chromatin 

We chose to first explore the link between sequence-specific and non-specific EV-mediated 

gDNA emission in RAS3 cells, in which an oncogenic mutation triggers formation of MNs with 

preferential accumulation of chromosomes 1 and 2 (our prior unpublished observation). Notably 

the same cells emit Evs containing gDNA sequences representative of the whole genome. While 

this shows that micronuclei and EV formations may represent two different pathways, in our 

preliminary experiments we suspected that some RAS3 cells containing MN may have a higher 

likelihood of undergoing apoptosis-like cell death (as suggested by live confocal microscopy). 

This suggests that the genesis of the DNA content in small Evs may have a cell death 

component, but that the majority of MN-containing cells (40-50% of the population) actually do 

survive. Therefore, the MN contribution to extracellular gDNA would likely represent a non-

death process. Indeed, exit of MNs from cancer cells has been documented by Shimizu et al 

(Shimizu et al., 2000). We chose to examine this in RAS-transformed cells. 

 

Results – Oncogenic Dependent Aberrations in Cellular Mitogenesis and Micronuclei 

Formation 

Emission of MNs from RAS3 cells 

To assess whether MN-related DNA sequences exit cancer cells as described by Shimizu et al. 

(Shimizu et al., 2000), I used the JuLI Stage live cell imaging system and recorded time-lapsed 

images of RAS3 cells stained with Hoechst 33342 to visualise MNs at every hour for a period of 

24 hours. This robust imaging platform does not use UV laser, but is sensitive enough to detect 

MNs. We tracked approximately 35 micronuclei and only one micronucleus was emitted out 

from the parental RAS3 cell during cell division (Pointed arrow in Figure 4.1). Live imaging 

revealed the lagging chromosome and MN formation during mitosis (anaphase stage) (Figure 

4.1, hour 4). We further tracked the lagging chromosome and observed that MNs may 

occasionally exit the cell and interact with cellular processes of neighbouring cells (Figure 4.1, 

hours 5, 6 and 7). In addition, MNs were inserted into the intact cytoplasm as suggested by 



Shimizu et al. (Shimizu et al., 2000). This was further confirmed with confocal live cell imaging 

microscope and TEM (Supplementary Figure 1).  

 

In brief, our experiment showed for the first time a spontaneous elimination of MN from the cell 

using real-time JuLI Stage live cell imaging system. Shimizu’s group had also shown the 

extrusion of MNs from COLO 320DM cells, however this was performed on fixed cells, which 

does not provide a full real-time picture of the dynamics of the process involved. In addition, 

they used Hydroxy Urea (HU) to induce micronuclei formation, which is not compatible with a 

spontaneous elimination of MNs under the influence of the oncogenic pathway (Shimizu et al., 

2000). In the future, additional real-time events involving either spontaneous or induced 

elimination of MNs could help understand the number and the state of cells which actively 

eliminate these structures. Furthermore, tracking the eliminated MNs will provide insight into the 

fate of expelled MN in the extracellular space and possibly in vivo. While these are attractive 

possibilities our observations indicate that the expulsion of MNs from RAS3 cells is a relatively 

rare event and may play a minor role in formation of the extracellular gDNA pool. This is 

consistent with a lack of overt enrichment in chromosome 1 and 2 sequences in the extracellular 

DNA in this model (MNs are enriched in these sequences), suggesting another pathway of 

chromatin exit.  

 

 
Figure 4.1. Enlarged images from Figure 4.2 (hours 4:00, 5:00, 7:00). 



 

 

Figure 4.2. Spontaneous micronucleus elimination from RAS3 cells. JuLI Stage live cell 
imaging system showing that RAS3 micronuclei undergo an occasional expulsion from cancer 
cells. Images were captured every hour but only hours 3 to 12 are shown. Arrow shows the 
micronucleus that was tracked. The upper images were taken in phase contrast mode and lower 
images were in fluorescent mode – cells stained with Hoechst33342 DNA binding dye.  
 

Frequent Defects of Mitotic Spindle in Cancer Cells Driven by Oncogenic RAS 

The infrequent expulsion of MNs from RAS3 cells is somewhat paradoxical in light of 

impressive aberration in the mitogenic apparatus of these rapidly dividing cells, possibly a 

contributing factor to MN biogenesis. Indeed, using confocal fluorescent microscopy I observed 

numerous RAS-related anomalies in mitosis of RAS3 cells, that may likely contribute to the 

formation of extranuclear and possibly extracellular DNA. Overexpression of oncogenic RAS has 

been reported to destabilize chromosomes and cause MN formation also in human colon 

carcinoma cell lines, (de Vries et al., 1993), rat mammary carcinoma cells (Ichikawa et al., 

1991), and thyroid PCLL3 cells (Saavedra et al., 2000). In my own studies, tripolar spindle 



formation was observed in a large fraction of RAS3 cells (~50%) (Figures 4.3 and 4.4), 

suggesting that approximately half of RAS3 cells face difficulties in separating chromosomes in 

a controlled manner during every cell cycle they enter. However, we did not observe tripolar 

spindle formation in their parental IEC-18 cells (Figures 4.3 and 4.4) which also grow rapidly in 

culture, indicating that mitotic defect is driven by the H-RAS oncogene expressed in RAS3 cells. 

Interestingly, it has already been shown that multipolar spindle formation can lead to 

micronucleation in various systems (Schultz and Önfelt, 1994; Utani et al., 2010) and this 

parallel was also true for RAS3 cells, albeit without a formal proof of causality. Nonetheless, 

microscopic evidence in our hands does not support frequent export of MNs from RAS3 cells 

and this process is not a major contribution to extracellular gDNA. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.3. RAS oncogene causes mitotic aberrations. (A) RAS3 cell undergoing mitotic 
errors (tripolar spindle formation), while IEC-18 cells are unaffected (B). 
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Figure 4.4. RAS3 cells undergo tripolar spindle formation. 
 

Fractionation of Particulate Carriers of Extracellular DNA using Progressive Filtration Method 

Real-time live cell imaging is an impressive but mostly a qualitative tool to visualize MN 

formation and their exit from cells. However, it can track only a few cells at a time and it is also 

time-consuming and expensive. Another limitation of imaging is that the cells move out of focus 

and their movement causes difficulties in tracking the cells of interest. Therefore, to assess 

whether MN-related sequences exit cancer cells as described by Shimizu et al. (Shimizu et al., 

2000), we invested in fractionation protocols that would enable purification of MNs and other 

gDNA-containing fractions of cellular conditioned media to estimate where this material actually 

resides.  

 

To develop MN purification protocols, I chose to use as a positive control (calibrator) the COLO 

320DM cell line containing MN known to carry (and be highly enriched in) the MYC sequence 

(confirmed by FISH assay: Figure 4.5). Thus, the relative MYC signal as detected by PCR could 

be used in this case as a marker of MN-derived extracellular gDNA (and their purity) versus 

other putative DNA carriers such as Evs and soluble supernatant. We reasoned that this approach 

could be used to assess the efficiency and purity of our MN isolation protocol and, once 

optimized, applied to other systems. Notably, if EV preparations from such conditioned media 

indicated a preponderance of MYC sequences over control genes (beta actin) this may mean that 



this source of gDNA is related to MNs, e.g. as a consequence of their fragmentation and 

degradation before or after their emission from cells.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. FISH assay of COLO 320DM cells containing micronuclei with highly amplified 
MYC gene. FISH signals of MYC and centromere (cen) are displayed in red and green, 
respectively, with nuclei counterstained with DAPI. 
 

As shown in Figure 4.6 we initially isolated MN from COLO 320DM conditioned media using 

three different filter pore sizes in sequential order: 3 μm, 1 μm and 0.22 μm to yield different 

fractions consisting of large apoptotic bodies, micronuclei, ectosomes and Evs plus soluble 

DNA, respectively (Figure 4.6). Following this filtration sequence EV-related and soluble 

extracellular DNA could be directly purified from the 0.22 μm filtrate by ultracentrifugation. 

Specifically, for the 1 μm filter size, where MN were expected to be retained (based on size), we 

performed FISH assay targeting the MYC gene. Indeed, we detected high level of MYC 

amplification in this material (Figure 4.7 a and b). In addition, DNA was extracted from the 

unfiltered material retained on each filter and quantified with Qubit. Notably, certain amounts of 

DNA were obtained from these fractions at each filter pore size, as well as from EV pellets 

collected in the flow through (FT) following the ultracentrifugation (Figure 4.6). This was 

further confirmed using the Bioanalyzer 2100 (Agilent) (Supplementary Figure 4) and PCR for 

MYC gene (Figure 4.7 c) 

 
 

 



 
Figure 4.6. Filtration protocol for purifying micronuclei from conditioned media.  
Filtration of conditioned media with 3μm, 1μm and 0.2μm filters. CM: Conditioned Media, 
Apop: Apoptotic bodies, MN: Micronuclei, Ect: Ectosomes and Evs: Extracellular vesicles. 
 

 
 
Figure 4.7. Assessment of micronuclei purified from 1μμm filter by FISH and PCR assays. 
Filtration protocol to purify micronuclei (MN) from conditioned media of COLO 320DM cells 
(top panel). (A-B) MN with MYC amplification (FISH assay) isolated from conditioned media 
using filtration protocol. C) PCR amplification of MYC gene from genomic DNA extracted from 
COLO 320DM cell and extracellular MN (exo-MN). DNAse was used to eliminate surface DNA 
external to MNs. 



Enrichment of chromosome 1 and 2 in micronuclei of RAS-expressing cancer cells. 

Since MNs are enriched in specific DNA sequences, namely amplified MYC, in COLO 320DM 

cells, we asked whether cells harbouring multiple copies of oncogenic H-RAS produce MNs with 

a random or non-random DNA composition. This is relevant as we observed higher incidence of 

MN formation in RAS3 cells (20%) compared to their parental non-transformed IEC-18 

counterparts (5%) as measured during the anaphase stage of the cell cycle (Figures 4.8 and 4.9).  

 

Several studies have examined the contents of MNs in various cancer cells (Leach and Jackson-

Cook, 2001; Norppa and Falck, 2003; Okamoto et al., 2012; Ji et al., 2014). The composition of 

MN is influenced by the types of insults cells sustain due to physical (radiation), chemical 

(clastogenic and aneugenic) and biological (age and gender) factors (Lindberg et al., 2008). 

Therefore, characterization of MN content is important to understand the cause of their 

formation. For example, as mentioned earlier, clastogenic exposure would result in MNs with 

acentric chromosomes and thus can be detected using the FISH assay targeting telomeric region. 

Further, in older females, a higher frequency of X chromosome centromeres in MNs was 

detected using centromeric FISH in cultured lymphocytes (Richard et al., 1994). In addition, Y 

chromosome positive centromeres were seen in MNs of lymphocytes from older males 

(Guttenbach et al., 1994). Interestingly, according to some studies more than half of 119 total 

MNs detected in lymphocytes of healthy women contained chromosome 2. However, the 

micronucleation of chromosome 2 is not clearly defined (Peace et al., 1999; Norppa and Falck, 

2003).  

 

 
Figure 4.8. Micronuclei formation in RAS3 cell. (A) Abnormal anaphase stage (chromosome 
stretching) (B) Late anaphase stage (lagging chromosome) (C) Telophase stage (daughter cells 
with MN). Cell nuclei and MN were stained with DAPI. 
 



 
 
Figure 4.9. Comparison of micronuclei content of RAS3 cells and their non-transformed 
IEC-18 counterparts. 
 
Notably, preliminary spectral karyotyping (SKY) experiments conducted in the laboratory of Dr. 

Sabine Mai at the University of Manitoba by a member of our laboratory detected a non-random 

distribution of chromosomal sequences in MNs of RAS3 cells. These results suggested the 

specific accumulation of chromosomes 1 and 2 (~40%) in these MNs (Chennakrishnaiah et al, 

unpublished data). SKY is a multicolour fluorescence chromosome painting technique, in which 

all 23 pairs of chromosomes are stained simultaneously with multiple probes resulting in unique 

colour combinations (Bayani and Squire, 2001; Imataka and Arisaka, 2012). SKY has been 

extensively used in cancer cytogenetics and offers detailed information about abnormal 

chromosomes (Bayani and Squire, 2001; Imataka and Arisaka, 2012). To further confirm the 

SKY results, we performed the FISH technique to label chromosomes 1 and 2 in RAS3 cells and 

their MNs. In keeping with previous observations, we observed high numbers of MNs containing 

chromosomes 1 and 2 (Figure 4.10). While it is not clear why chromosomes 1 and 2 are 

selectively enriched, it is possible that exogenously introduced H-RAS oncogene may be 

involved in driving this preferential packaging by being integrated into these two largest 

chromosomes. In contrast, we did not observe any specific chromosomes in rare MNs of indolent 

IEC-18 cells. In summary, we confirmed our previous findings using the FISH assay to show 

that chromosomes 1 and 2 preferentially enter the MNs of RAS3 cells. 



 
Figure 4.10. FISH assay confirms the enrichment of chromosomes 1 and 2 in micronuclei of 
RAS3 cells but no specific chromosomes are observed in IEC-18 micronuclei. 
 

Translocations observed in chromosomes 1 and 2 of H-RAS transformed cells as a plausible 

contributing factor to non-random micronuclei composition. 

We attempted to investigate the plausible reasons why chromosomes 1 and 2 are enriched in 

MNs of RAS3 cells. We reasoned that aneuploidy, an imbalance in chromosome numbers which 

is a frequent occurrence in cancer, is caused by an increased rate of chromosomal instability (van 

Jaarsveld and Kops, 2016). The RAS signalling pathway is known to be involved in promoting 

cell proliferation and genomic instability (Kamata and Pritchard, 2011; Maleki and Röcken, 

2017) (Denko et al., 1994). Indeed, RAS oncogenes induce chromosome missegregation and 

additional defects in TP53 and other genes which may result in the survival and expansion of 

aneuploid cancer cells (Kamata and Pritchard, 2011). Mutations in RAS genes (H-RAS, K-RAS, 

N-RAS) in human cancer can lead to chromosome rearrangement such as deletions, duplications 

and translocations (Thompson and Compton, 2011a; Orr and Compton, 2013). For example, 

expression of mutant N-RAS in certain cell types may track with translocations between 

chromosomes 6 and 5, and gains of chromosomes 10 and 17 (Potapova and Gorbsky, 2017). The 

RAS mutation also leads to improper chromosome separation during mitosis. A defect in mitosis 

is due to several reasons such as kinetochore malfunctions, merotelic kinetochore attachments, 

faulty sister chromatid separation, and centrosome amplification (Maleki and Röcken, 2017).  



Thus, we surmised that oncogenic H-RAS expressed in RAS3 cells may lead to chromosomal 

instability and/or mitotic errors resulting in chromosome 1 and 2 aberrations and their 

subsequent packaging in MNs. We have already documented tripolar mitoses occurring in these 

cells with extraordinary frequency (Figure 4.3). To address this hypothesis further, we performed 

FISH on metaphase spreads of RAS3 cells using probes designed to label chromosomes 1 and 2. 

Surprisingly, we observed translocations of chromosomes 1 and 2 (Figures 4.11 and 4.12) in 

100% of RAS3 cells, while only 40% of IEC-18 cells showed translocations of these two 

chromosomes (Table 4.1). Chromosomal translocations are associated with aneuploidy and 

cancer (Kamata and Pritchard, 2011). Moreover, we also observed aneuploidy in RAS3 cells 

(data not shown). Altogether, our data suggest that cellular chromosomal translocation driven by 

H-RAS oncogene may contribute to the enrichment of chromosomes 1 and 2 in micronuclei of 

RAS3 cells.  

 

 
Figure 4.11. Metaphase spread of RAS3 visualizes the translocation of chromosomes 1 and 
2. FISH signals of Chromosomes 1 and 2 are displayed in green and red, respectively. 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 

 

 

 

 

 

 

 

 
Figure 4.12. Translocation of chromosomes 1 and 2 (arrows) is specific to RAS3 cells and 
absent in the majority of their non-transformed IEC-18 counterparts. 
 
 
 
 
 
 
  
Table 4.1. FISH assay on RAS3 and IEC-18 metaphase spreads shows translocation of 
chromosomes 1 and 2.  
 

Active DNA synthesis in micronuclei of RAS3 cells 

The fate of MNs depends on their content and nature (Utani et al., 2010; Hintzsche et al., 2017). 

DNA in MNs undergoes replication when enclosed with a nuclear membrane. However, 

micronuclei without a nuclear membrane are inactive and undergo degradation (Thompson and 

Compton, 2011b; Okamoto et al., 2012). We queried whether or not MNs in our RAS3 model 

cells undergo DNA synthesis. This was accomplished using BrdU (5-Bromo-2´-Deoxyuridine) 

labelling visualized with the fluorescent confocal microscope and electron microscopy (TEM). 

BrdU is incorporated into DNA of actively dividing cells and can be detected with an anti-BrdU 

Cell lines Translocation of 
chromosomes 1 and 2 

Normal chromosomes 
1 and 2 

Total cells 

RAS3 33 - 33 
IEC-18 10 25 35 

RAS3: Chromosomes 1 and 2 RAS3 chromosomes 1 and 2 RAS3 chromosomes 1 and 2 

Chromosomes  IEC 18: Chromosome 2 IEC18 Chromosome 1 and 2 



antibody. To take advantage of this property RAS3 cells were grown in media containing BrdU 

and the cells were fixed with 4% paraformaldehyde and labeled with the antibodies anti-BrdU (to 

detect newly synthesized DNA), and anti-lamin b1 (to detect nuclear envelope). The samples 

were also counterstained with DAPI to visualise the nuclei. In the confocal microscope, we 

observed incorporation of BrdU into both nuclei and MNs of RAS3 cells as well as some 

staining for nuclear envelope marker, lamin b1, suggesting an active DNA synthesis in MNs and 

their possibly intact nuclear membrane (Figure 4.13).  

 

 

 

 

 

 

 

 

 

    

Figure 4.13. Confocal images of RAS3 micronuclei to visualize BrdU and lamin b1 staining. 
 

TEM imaging of cells stained with immunogold-labelled antibodies confirmed BrdU positivity 

of MNs associated with RAS3 cells (Figure 4.14). Briefly, the cells were processed for LRWhite 

sections and labelled with anti-BrdU primary antibody and secondary antibody conjugated with 

10nm gold particles. The latter are detected as dark spots in both the nucleus and MNs of RAS3 

cells, suggesting incorporation of BrdU during DNA synthesis (Figure 4.14). To our knowledge 

this technique was performed for the first time for MN detection. This immunogold technique 

can be used in the future to track MNs in RAS3 cells. Using this approach, we also observed 

extracellular MN-like structures (exo-micronuclei) adjacent to COLO 320DM cells stained with 

immunogold-labelled antibody against another chromatin-related antigen, histone H3 (Figure 

BrdU DAPI

Lamin b1 Merged 



4.15). In addition, we observed that all RAS3 cells contain cytoplasmic chromatin when labeled 

with dsDNA marker and histone antibodies (Figure 4.19, Figure 4.20, Figure 4.21), whereas only 

a few IEC-18 cells contain cytoplasmic chromatin (Figure 4.16, Figure 4.17, Figure 4.18). 

Furthermore, JuLI Stage live cell imaging validated the persistence of MN for at least one cell 

cycle (data not shown). Overall, our data suggest that MNs, which maintain intact nuclear 

membrane undergo active DNA synthesis or form from newly synthesised DNA following S 

phase of the cell cycle.  

 

 

 

 

 

 

 

 

Figure 4.14. TEM images of RAS3 cells. Nucleus and micronuclei labeled with BrdU and 
secondary antibody conjugated with gold particles (10nm). Magnified 6800X. Gold particles are 
detected as individual dark spots and can be seen in both nucleus and micronuclei. Scale bar 
indicates 1.760μm. 
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Figure 4.15. TEM image of COLO 320DM cells immunogold stained for extranuclear  

chromatin. Scale bar indicates 1068nm. 
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Figure 4.16. TEM images (A-N) of IEC-18 cells without cytoplasmic histones labelled with 
antibody against H3 total histones. (secondary antibody conjugated with gold 10nm). Scale 
bars indicate 500nm. Figure inset (enlarged images) show the cytoplasm without immunogold 
stain. 
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Figure 4.17. TEM images (A-F) of IEC-18 cells with cytoplasmic histones labelled with 
anti-Histone H3 total histone antibody. (secondary antibody was conjugated with gold 
particles - 10nm). Figure inset (zoom images) shows the presence of cytoplasmic histones 
(chromatin) inside IEC-18 cells. 
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Figure 4.18. TEM images (A-F) of IEC-18 cells with no cytoplasmic staining with anti-
BrdU antibody. (secondary antibody with gold 10nm). Scale bars indicate 500nm. 
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Figure 4.19. TEM images (A-F) of RAS3 cells with microvesicle-like structures stained for 
ds-DNA marker. (secondary antibody with gold 20nm). Scale bar indicates 500nm. 
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Figure 4.20. TEM images (A-L) of RAS3 cells with cytoplasmic histones visualized using 
anti-Histone H3 total Histone antibody. (secondary antibody conjugated with gold particles - 
10nm). Figures inset (zoom images) shows the presence of cytoplasmic histones stained with 
primary antibody (anti-histones) and secondary antibody (immunogold- 10nm). Scale bar 
indicates 500nm. 
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Figure 4.21. TEM images (A-M) of RAS3 cells with cytoplasmic BrdU signal.  
Cytoplasmic DNA stained with 10nm gold particle-conjugated anti BrdU antibody. Figure inset 
(enlarged images) shows the presence of BrdU (newly synthesized DNA) in the cytoplasm. Scale 
bar indicates 500nm. 
 
 
 

   

   

   

    



 
Micronuclei account for a minor part of the extracellular DNA released from RAS-driven cells. 
 
Finally, we employed the aforementioned filtration protocol to quantitatively assess the 

contribution of MNs and other particles to the content of extracellular gDNA. Thus, conditioned 

media of RAS3 cells was collected and fractionated as described earlier and the flow through of 

the 0.22 μm filter was further separated by ultracentrifugation into EVs (pellet) and soluble DNA 

(supernatant). Surprisingly, we did not detect significant DNA content in unfiltered materials 

retained by all three filter pore sizes (3 μm, 1 μm and 0.22 μm), which should have trapped even 

the smallest MNs and large EVs, but we found DNA in the small EV pellet after 0.22 μm 

filtration. Traces of this material containing mutant H-RAS sequences were also found in the 

soluble supernatant, probably as a result of release from small EVs or their incomplete 

sedimentation. These results are consistent with earlier reports from our laboratory where 

differential centrifugation of RAS3 conditioned media resulted in the strongest chromatin signal 

in a fraction of small EVs (P4) (Lee et al., 2014). We further confirmed these results using 

ddPCR with the H-RAS gene (Figure 4.22) and the Agilent 2100 Bioanalyzer (Supplementary 

Figure 2), which is a more sensitive method of detecting dsDNA than fluorometric quantification 

such as Qubit. Altogether, our results show that there was virtually no global MN contribution 

from RAS3 cells to extracellular gDNA. 

 

 
 
Figure 4.22. Droplet digital PCR (ddPCR) documenting preponderance of extracellular 
DNA in the EV pellet. EV fraction of serial filtration experiment exhibits the highest copy 
numbers of the H-RAS gene. N=2. 
 



Discussion – Oncogenic RAS Directs Extracellular DNA Emission to Small Vesicles and not 
to Micronuclei 
 

Thus, our analysis of MN formation by RAS-driven cancer cells suggests that this process, while 

prominent, does not contribute in a measurable way to the ample release of gDNA from these 

cells to their surroundings. Indeed, MN formation may signify or parallel other alterations in the 

chromatin processing processes that occur in RAS-driven cells. While the presence of MNs is a 

good predictor of the ability of our cellular models to emit extracellular gDNA it is not 

tantamount to it and instead this material exits cancer cells as small particles passible through a 

0.22μm filter and sedimentable under ultracentrifugation conditions normally used to isolate 

exosomes.  

 

As will be discussed in-depth later, these results rule out MNs as a major factor in the pool of 

extracellular gDNA. Such conclusion is in line with the discrepancy between the obvious 

enrichment of MNs generated by RAS3 cells for chromosomes 1 and 2, and the lack of this 

enrichment in the whole genome sequence of the corresponding extracellular gDNA (Lee et al., 

2014). Our results also mirror and extend earlier studies in our laboratory where differential 

centrifugation protocols were used to isolate RAS3 ectosomes (P2-3 fractions) and exosome-like 

EVs (P4 fraction). The analysis of H-RAS content, total gDNA content and the levels of 

chromatin in these fractions pointed to exosome-like vesicles as carriers of extracellular 

chromatin (Lee et al., 2014). 

 

While informative, these results require positive confirmation that exosomes or exosome-like 

EVs indeed carry gDNA and further exploration of their properties. Moreover, the mechanisms 

of gDNA incorporation to EVs and their extracellular exit are of utmost interest as predictors of 

how this material may contribute to circulating cell-free DNA in cancer patients (Bardelli and 

Pantel, 2017). Finally, the influence of oncogenic transformation mediated by mutant RAS, MYC 

and other genes is of considerable importance as determinants of vesiculation processes, rates of 

gDNA emission from affected cancer cells, as well as biological activity of EV-related gDNA in 

cancer (Lee et al., 2016). Some of these questions will be explored in the remaining chapters of 

this thesis. 

 



CHAPTER 5 

Extracellular vesicles as mediators of cellular DNA emission by cancer cells driven by 
oncogenic RAS 

 

Introduction - EVs as putative mediators of extracellular gDNA emission in cancer 

EVs emitted from cells were once considered as cellular debris and artefacts (Lamichhane et al., 

2015; Hromada et al., 2017) but the discovery of their multiple regulatory functions irreversibly 

changed this perception (Théry et al., 2009). In particular, finding oncogenic material in the EV 

cargo, including active oncoproteins (Al-Nedawi et al., 2008), transcripts, microRNA (Skog et 

al., 2008), and DNA (Holmgren et al., 1999, 2002; Bergsmedh et al., 2001; Kahlert et al., 2014; 

Lee et al., 2014), opened up a new area of research and became the focal point of interest 

amongst cancer research communities (Gámez-Valero et al., 2016; Hromada et al., 2017).  

 

The seminal development in the search for EV function occurred in 1983 when Pan and Johnston 

from the Department of Biochemistry, McGill University showed for the first time that vesicles 

carrying transferrin receptors are emitted out as a necessary step during sheep reticulocyte 

maturation (Pan and Johnstone, 1983). This development also led to the establishment of the 

term “exosomes” for EVs studied in this context. In 1996, Raposo reported that the B-

lymphocytes secrete MHC II positive exosomes as demonstrated through the use of cryo-

immunogold electron microscopy (Raposo, 1996). EV research picked up an even higher pace 

when Ratajczak (Ratajczak et al., 2006) and Valadi (Valadi et al., 2007) published their seminal 

findings on exosomes containing mRNA and microRNA, with functional capacity to transfer 

these macromolecules to recipient cells and alter their function. EVs involved in these studies 

were heterogeneous and referred to as either microvesicles or exosomes. Since then extensive 

studies have been carried out on EVs and their ability to carry RNA (Crescitelli et al., 2013; Hill 

et al., 2013; Quesenberry et al., 2015; Berardocco et al., 2017; Kim et al., 2017), however there 

are still much fewer studies on other EV-associated nucleic acids, especially DNA (Lee et al., 

2014; Thakur et al., 2014). Indeed, DNA in exosome preparations was once thought to be a sign 

of their impurity and contamination with cellular debris.  

 



Studies conducted during the past 7 – 10 years conclusively established the ability of certain 

viable and intact cells to emit either mitochondrial or genomic DNA as cargo of EVs that in 

many instances resemble exosomes. It is still unclear how gDNA is entrapped in these EVs and 

released outside of the cells. Nevertheless, our laboratory and others have shown that EVs 

carrying DNA cover the whole genome sequence of the host cell line (Kahlert et al., 2014; Lee et 

al., 2014). In addition, we suggested that disruption of acidic sphingomyelinase (membrane 

budding regulator) and the p53/Rb (cell cycle regulator) pathways did not inhibit the emission of 

EVs carrying oncogenic DNA (Lee et al., 2014). Numerous reports have shown that EVs have 

been found in body fluids such as saliva (Palanisamy et al., 2010; Gallo et al., 2012; Ogawa et 

al., 2013), blood (Harding et al., 1984; Pan et al., 1985; Witwer et al., 2013), urine (Pisitkun et 

al., 2004; Dear et al., 2013), cerebrospinal fluid (CSF) (Marzesco, 2005; Street et al., 2012), 

breast milk (Lässer et al., 2011; Zhou et al., 2011), and amniotic fluid (Jean-Pierre et al., 2006; 

Keller et al., 2007; Asea et al., 2008). This is relevant because EVs themselves as well as their 

DNA content may constitute a unique biomarker and molecular diagnosis platform in cancer. In 

addition, it has been reported that EVs carry full mitochondrial genome and restore the impaired 

metabolism(Sansone et al., 2017). 

 

EVs are highly heterogeneous (Crescitelli et al., 2013; Zijlstra and Di Vizio, 2018). Depending 

on their contents, EVs may perform numerous biological functions in both health and disease 

(Colombo et al., 2014). These functions rely on the unique ability of EVs to act as multiplex 

hubs of biological regulators, as carriers of cell-associated and otherwise non-secretable 

bioactive macromolecules, and/or as shuttles of molecules from the point of synthesis to the 

point of activity, often located away from the cell of origin. In doing so, EVs protect their cargo 

(e.g. RNA) from degradation, dilution and consumption, and may deliver their cargo to 

molecularly-defined addresses, such as specific target cells or extracellular matrix (ECM) sites 

(Hoshino et al., 2015).  

 

Fundamentally, EVs perform three major cellular functions: (i) cell-autonomous removal of 

superfluous molecules from the cellular interior (‘dumping’); (ii) non-cell-autonomous transfer 

of molecules from donor to recipient cells, as a form of intercellular networking 

(communication); (iii) modification of acellular aspects of the microenvironment, for example by 



delivery of proteolytic and other activities to ECM sites or by forming migratory tracks in tissues 

for collective cell movement (delivery) (Choi et al., 2017). The effects of these processes in 

complex physiological and pathological settings is increasingly well-documented. For example, 

EVs from breast milk may boost infant immune system (Zhou et al., 2011) and EVs in blood or 

platelet-derived EVs are involved in hemostasis and coagulation (Owens and Mackman, 2011). 

As mentioned earlier, reticulocyte maturation is dependent on EV-mediated dumping of 

transferrin receptors (Harding et al., 1983; Pan and Johnstone, 1983; Johnstone et al., 1987), and 

EVs in CSF protect cells against amyloid beta accumulation (An et al., 2013). EVs are also 

central to several key processes in cancer such as angiogenesis, metastasis and disease 

progression (Al-Nedawi et al., 2008; Peinado et al., 2012; Hoshino et al., 2015; Choi et al., 

2017). The accessibility of EVs in body fluids may serve as important tools for biomarker 

development and their entry into fluid spaces may present considerable therapeutic opportunities 

(Pisitkun et al., 2004; Alvarez-Erviti et al., 2011; Sun et al., 2017; Zhang et al., 2017; Halvaei et 

al., 2018). 

 

It is increasingly clear that EVs are highly heterogeneous and are generated through a number of 

biogenetic processes, each regulated in a distinct manner and resulting in different types and 

molecular repertoires of the resulting EVs. However, the nomenclature to describe this diversity 

and classify EVs has not been well-standardized (Lotvall et al., 2014). The commonly used 

terminology ‘EVs’ is largely based on generic features of known vesiculation pathways, physical 

properties and some molecular markers (Colombo et al., 2014). This convention usually 

distinguishes apoptotic bodies (ABs), large oncosomes (LOs), microvesicles (MVs)/ectosomes, 

exosomes, and exosome-like structures (Akers et al., 2013; Kowal et al., 2016; Zijlstra and Di 

Vizio, 2018). There are stark size differences between these EV classes in that ABs are usually 

larger than 1000 nm, MVs range between 150 and 1000nm, and exosomes are 30 – 150 nm in 

size. This is not an absolute criterion as small ABs could be generated by cancer cells treated 

with targeted agents (Montermini et al., 2015), while exosomes may occur as larger and smaller 

species, complemented by other particles such as exomers and probably many others (Zhang et 

al., 2018). Another distinction is that ABs generally come from cells that succumbed to apoptotic 

demise while all other EVs (especially exosomes and ectosomes) are actively released from life 

cells (Lee et al., 2011).  



The contribution of different EV categories to the extracellular pool of gDNA is a matter of 

considerable debate (Kanada et al., 2015) and uncertainty as to the contact points between gDNA 

processing and EV biogenesis pathways. The most obvious connection can be drawn in the case 

of ABs which, by definition, harbour fragmented chromatin of their preceding cell. In addition, 

ABs carry cellular organelles with cytoplasm and nuclear membrane.  

 

There could be different entry points of gDNA into different vesiculation pathways. Large 

oncosomes (1000-10,000 nm) exit cells as a result of abscission of plasma membrane blebs from 

which they originate (Di Vizio et al., 2009). Membrane blebbing process is also at the heart of 

MV formation where vesicles may directly bud from the plasma membrane as a result of 

different cellular signals leading to calcium fluxes and formation of phospholipid asymmetry 

sites owing to the action of acidic sphingomyelinmases, scramblase and other enzymes (Lee et 

al., 2011; Akers et al., 2013). The budding of MVs could be induced by stimulation of cellular 

signalling and the completion of this process results in the exposure of phosphatidylserine (PS) 

prior to and after release of these EVs via a myosin-dependent process (Abels and Breakefield, 

2017) (Figure 5.1). Due to this cell-external mechanism of MV formation they are also often 

referred to as ectosomes. MV properties include a size range between 150nm to 2,000nm, 

molecular composition resembling the cell of origin, sedimentation at centrifugal forces between 

10,000 and 20,000 x g and lack of exosome-specific markers (Kowal et al., 2016). MVs are 

highly heterogeneous and they carry lipids, proteins and nucleic acids (Lamichhane et al., 2015; 

Abels and Breakefield, 2016). In cells harbouring exogenous DNA, MVs may represent a 

preferential type of EVs whereby this material could be released (Kanada et al., 2015) but 

spontaneous packaging of DNA into MVs has also been described (Lazaro-Ibanez et al., 2014). 

 



 
Figure 5.1. Ectosome emission from cells.  
A diagram showing biogenesis of plasma membrane-derived vesicles (ectosome/microvesicle-
like structures). 
 

Exosome biogenesis is relatively well-studied among other EVs. Almost all cells release 

exosomes (Robbins and Morelli, 2014; Kadota et al., 2017). However, their numbers depend on 

cell type and stimulation. Exosomes are oval, membrane-enclosed and usually within the size 

range of 30-100 nm. In spite of this uniform appearance, exosomes are molecularly and 

functionally heterogeneous (Abels and Breakefield, 2016; Freitas et al., 2018). Their biogenesis 

is linked to the endocytic pathway, where ligation of cell surface receptors and their 

internalization (Tomas et al., 2014) leads to invagination of the plasma membrane and entry of 

the resulting vesicle into the early endosome, whose maturation to MVB may lead to secondary 

invagination to form intraluminal vesicles (ILV) from which exosomes ultimately originate 

(Wollert and Hurley, 2010; Akers et al., 2013; Witwer et al., 2013). The endosomal pathway is 

divided into three domains: early, late and recycle endosomes (Akers et al., 2013). Late 

endosomes are often tantamount to MVB, which serve to direct the ILV content to either the 

plasma membrane (exocytosis) or lysosomes (degradation). The fate of ILV bound to be released 

as exosomes depends on tetraspanins, such as CD63 (Pols and Klumperman, 2009) and CD9 

(Akers et al., 2013), the overexpression of which stimulates cellular EV output. These two 

tetraspanins are also used as EV markers and have been employed in several exosome 

purification protocols. It should be noted however that they are not specific to bona fide MVB-

derived exosomes and can be found on other types of EVs (Kowal et al., 2016).  



Biogenesis of exosomes is well-controlled by both the state of the cell and the state of constituent 

macromolecules. For example, post-translational modification of macromolecules regulates their 

entry into exosomes, including: mono-ubiquitination, NEDD-ylation (Putz et al., 2012), 

phosphorylation (Montermini et al., 2015) and ISGylation of ESCRT-I (TSG101) (Villarroya-

Beltri et al., 2016). Another mechanism of exosome emission is through ESCRT proteins such as 

ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. ESCRT proteins are involved in exosome 

biogenesis by their recruitment to the site of intraluminal vesicles (Wollert and Hurley, 2010; 

Akers et al., 2013). ESCRT protein employment depends on phosphatidylinositol trisphosphate 

(PIP3) and hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) expression. 

Indeed, phosphatidylinositol phosphate (PIP3) is enriched in early endosomes (Akers et al., 

2013). ESCRT-0 identifies the presence of ubiquitinated proteins on the early endosome 

membrane (Abels and Breakefield, 2017) while ESCRT-I and II initiate the membrane budding 

and ESCRT-III finishes the budding process. Furthermore, ESCRT-III is recruited by Alix 

protein which is further bound to TSG101 (Bebelman et al., 2018). Although, there has been 

great progress in unravelling the mechanisms of EV biogenesis and cargo assembly, the exosome 

pathway is still under investigation and many questions remain. For example, inhibition of 

ESCRT proteins does not stop MVB formation. This shows the existence of another route of 

exosome biogenesis which is independent of ESCRT complex (Stuffers et al., 2009; Abels and 

Breakefield, 2017). How these processes intersect with mechanisms that control extranuclear 

transport, packaging and extracellular expulsion of gDNA is presently unknown and of great 

interest. 

 

Results - Direct evidence for the presence of cellular DNA in cancer-derived EVs  

In the previous chapter we have documented that it is not MNs but the EV fraction of the RAS3 

cell conditioned media that contains the vast majority of the extracellular gDNA. This has been 

inferred from the PCR analysis and does not address questions surrounding the nature/properties 

of EVs carrying gDNA and whether the signal is localized in the EV lumen (an indication of 

active packaging) or on the surface (a possibly passive mode of gDNA transportation). While 

prior data from our laboratory suggest that external digestion of RAS3 EVs with exonuclease I 

did not remove their gDNA content, this content could have been protected by protein 

complexes. 



To address some of these questions, we chose to employ electron microscopy to directly 

visualise gDNA and exosome marker proteins associated with RAS3 EVs. The pathways of EV 

emission are still under investigation and the molecular profiles of EV subtypes remain under 

discussion (Lotvall et al., 2014). Nonetheless, tetraspanins are a family of membrane proteins 

involved in a wide range of biological activities including cell signalling, adhesion, migration 

and fusion (Hemler, 2005; Levy and Shoham, 2005) as well as biogenesis of EVs (Zöller, 2009). 

In fact, tetraspanins such as CD9, CD63 and CD81 are used as classical markers of EVs to 

understand their emission (e.g. endocytosis mechanisms) and function (Colombo et al., 2014). 

While CD9 is not considered specific for exosome biogenesis (Kowal et al., 2016), a previous 

study (Chairoungdua et al., 2010) showed that CD9 knockout disrupts the exosome emission in 

bone marrow dendritic cells while overexpression promotes vesiculation. CD9 is ubiquitously 

expressed in a number of systems (Montermini et al., 2015; Kowal et al., 2016), including those 

where EV emission is upregulated by oncogenic transformation (Garnier et al., 2013). Therefore, 

we hypothesized that CD9 will likely be expressed at a high level in EVs from RAS3 cells. To 

this effect, we employed our TEM protocol with immunogold labelling against TSPAN9 (CD9) 

in EVs collected from both RAS3 and IEC18 cell lines. We observed that EVs derived from 

RAS3 cells were enriched for TSPAN9, whereas those collected from IEC-18 cells were fewer 

and scarcely labelled with the TSPAN9 antibody (Figure 5.2). This finding suggests that EVs 

emitted from RAS3 cells follow a different (RAS-dependent) biogenetic pathway as compared to 

IEC-18 EVs. This result was further confirmed via western blot and mass spectrometry by Dr. 

Choi, a postdoctoral fellow in our laboratory, a notion relevant to the possibility of the selective 

EV-mediated gDNA exit from cancer cells (Choi – unpublished). 



 
 

Figure 5.2. Expression of EV marker tetraspanin 9 (CD9) on single EVs.  
(A-F) TEM of exosomes derived from RAS3 conditioned media was performed upon staining 
with anti-tetraspanin 9/CD9 antibody. Images document exosome-like EVs (size < 100nm) (Left 
panels). Exosome-like EVs derived from IEC-18 conditioned media and stained with anti-
tetraspanin 9 (Right panels) exhibit different morphology staining and properties (contrast). 
 

Our laboratory had previously reported the presence of dsDNA in EVs (Lee et al., 2014). To 

directly confirm the presence of dsDNA either within or on the surface of these structures, ultra-

thin sections of EV pellets derived from RAS3 cells were labelled with primary anti-DNA 

antibody (dsDNA marker) and anti-TSPAN9 antibody followed by the respective gold-

conjugated secondary antibodies with different sizes of gold particles (Figure 5.3). Only a few 

EVs were positively labeled with the dsDNA marker and TSPAN9 confirming our earlier 

observation (Lee et al., 2014) (Supplementary Figure 3) and a more recent finding that only a 

subset of RAS3 EVs carry gDNA, as revealed by Nano-flow cytometry (Choi et al – 

unpublished). Indeed, a low number of EVs staining positive for the dsDNA marker may be due 

to the heterogeneity of EV populations and selective encapsulation of dsDNA in some but not all 

EV subtypes (Thakur et al., 2014). This plausible specificity is currently under further study in 

our group. 

 



 
Figure 5.3. Double labelling of ultrathin sections of RAS3 EVs with immunogold.  
(A) Ultrathin section of EV pellet labelled with TSPAN9 and dsDNA marker. (B) Schematic 
diagram of an EV containing DNA and surface labeled with dsDNA marker and tetraspanin 9, 
respectively.  
 

In addition, I was able to show visually that dsDNA-positive EVs are emitted outside the cells. 

Studies conducted by Shelke et al. (Shelke et al., 2016), and other groups (Guescini et al., 2010; 

Thakur et al., 2014; Fischer et al., 2016) have suggested that DNA is on the surface of EVs while 

earlier studies from our group implied exclusively luminal location within EVs (Lee et al., 2014). 

Nonetheless, no visual evidence was reported to either effect. Our observations involving 

ultrathin sections suggest that at least a portion of gDNA is contained in the EV lumen (Fig. 5.3). 

However, when we used the whole mount preparation of EVs coupled with immunogold staining 

we observed that both the TSPAN9 and dsDNA markers were often co-localized and appeared 

on the surface of EVs (Figure 5.4). These observations require additional and more extensive 

confirmation to understand the prevailing pattern. Yet, even these limited findings raise several 

important questions regarding the gDNA elimination via the EV pathway. First, is the 

encapsulation of dsDNA/gDNA random or does it indicate that different biogenesis pathways are 

responsible for the formation of gDNA-containing and gDNA-free exosome-like EVs? Secondly, 

how does dsDNA interact with the surface of EVs in the cell microenvironment and what 

mechanism serves to emit such material outside the cells? Finally, these preliminary results 

would require extensive and independent morphological and biochemical confirmation. Once 

again, our earlier study suggests that treatment of intact RAS3-derived EVs with DNase does not 

remove the gDNA content from this material suggesting luminal or at least enzymatically 

inaccessible packaging of extracellular chromatin. My experiments expand our ability to 

formulate and interrogate these important questions at the single EV level. 



 

 
 

Figure 5.4. Double labelling of whole mount EVs.  
(A) Whole mount of EV pellet labeled with TSPAN9 (green arrow) and dsDNA marker (red 
arrow). (B) Diagram of an EV containing DNA and surface TSPAN9/CD9 as labeled with 
dsDNA marker and TSPAN9 antibodies, respectively.  
 

Discussion - Differential mechanisms of genomic DNA emission from cancerous cells, the 

roles of extracellular vesicles and micronuclei 

Using JuLI Stage live cell imaging and TEM, we directly observed two different mechanisms of 

gDNA emission from RAS3 cells via MN (Figure 4.1) and through exosome-like EVs (Figure 

3.1; 5.3; 5.4). We have also estimated the contribution of these various pathways to the overall 

level of extracellular gDNA, which points to EVs as a predominant mechanism (Fig. 4.25). 

These results represent an important validation and extension of our prior studies, and lead to 

similar conclusions. 

 

Thus, we have previously shown that genomic DNA emission via the EV pathway covers the 

whole genome of RAS3 cells (Figure 5.5) (Lee et al., 2014) whereas MN from RAS3 cells 

encapsulates gDNA enriched for sequences of chromosomes 1 and 2 (Chennakrishnaiah, 

unpublished data). Interestingly, there were no apparent enrichment of specific sequences from 

chromosomes 1 and 2 in the EV genome of RAS3 cells (Lee et al., 2014). This is likely due to 

the fact that MNs are minor contributors to the pool of extracellular gDNA. However, additional 

circumstances may also need to be considered. For example, in our sequencing experiments we 

strove to eliminate any possibility of cell debris entering our extracellular gDNA preparation. To 

do so, we chose to use a 0.2 μm filter to prepare our EV isolates after initial differential 

centrifugation runs. In this setting, EV sizes larger than 0.2 μm (ABs, ectosomes/MVs, large 



oncosomes/LOs, MNs etc.) are excluded from the sample possibly leading to the loss of 

chromosome 1 and 2 signal associated with MNs. However, when we used sequential filtration 

steps using 3μm, 1μm and 0.22μm to determine if larger EVs, including exo-MNs, were 

represented in the extracellular gDNA pool, we were unable to detect measurable amounts of 

such material in any other fractions than the 0.22μm filtrate (mainly EVs). Indeed, we did not 

detect measurable amounts of dsDNA (Qubit assay) on any of the filters (3μm, 1μm and 

0.22μm). Furthermore, we used the Bioanalyzer to observe DNA in the EV pellet, but no DNA 

fragments were found on any of the filters (3μm, 1μm and 0.2μm), which would be expected if 

larger structures were trapped. This confirms that neither large ABs nor MNs significantly 

contribute to gDNA emission under control of oncogenic RAS. Instead, we found DNA in EV 

pellets after ultracentrifugation and Bioanalyzer QC analysis confirmed the presence of larger 

fragments of gDNA in the EV pellets (Supplementary Figure 2). In addition, as shown in chapter 

4, we detected highest H-RAS signal in the EV fraction using the ddPCR (Figure 4.22) assay.  

 

As a proof of principle, we also tested the efficacy of our filtration protocol in isolates of 

conditioned media of COLO 320DM cells. In this case we expected that MNs of these cells 

could be isolated on larger filters according to previous reports by Shimizu et al. (Shimizu et al., 

2000). These investigators have already reported that COLO 320DM cells reduce their intrinsic 

tumourigenic capacity by emitting DMs containing highly amplified MYC genes in the form of 

extracellular MNs. Indeed, we did observe MNs on the 1 μm filter and we quantified DNA 

extracted from these samples (Qubit) to determine whether they correspond to MNs enriched for 

MYC using FISH (Figure 4.7 a and b) and ddPCR (Figure 5.6) techniques. These results were 

congruent with MYC being present in large extracellular structures, likely MNs, released by 

COLO 320DM cells. This shows that our filtration protocol was effective, and the results 

obtained in the case of RAS3 cells were not biased or artefactual. Moreover, similar filtration 

protocol to purify MNs has been used by other researchers (Mortimer and Hawthorne, 1975; 

Labidi et al., 2018). In summary, the results confirm that only EVs contribute to genomic DNA 

emission by RAS3 cells and not MNs. These observations raise important questions as to the 

mechanisms and processes that lead to formation of gDNA-containing EVs under the control of 

mutant H-RAS. 

 



 

Figure 5.5. EVs derived from RAS3 contain whole genomic sequence.  
Copy Number Variation (CNV) of EVs and whole genome of RAS3 cells. Notice that there is no 
enrichment of any chromosomes. Figure was adapted from Lee et al. (Lee et al., 2014). 
 
 
 

 

Figure 5.6. Droplet digital PCR analysis of gDNA of EVs isolated from COLO 320DM cells. 
Droplet digital PCR results showing higher expression of MYC gene in EVs derived from 
COLO320DM cells compared to beta actin gene. (n=3 and *** P <0.0004) 

 

 

 

 

 

 

 



CHAPTER 6 

Putative mechanisms of extracellular vesicle mediated emission of genomic DNA: Aberrant 
DNA synthesis, apoptosis and autophagy 

 

Introduction – Candidate Mechanisms of Genomic DNA Emission through the Vesiculation 

Pathway 

Operationally, the EV-mediated emission of gDNA can result from abnormal DNA synthesis, 

formation of apoptotic bodies due to the death of a subset of cells or through recently described 

events involved in cytoplasmic chromatin processing by autophagy-related pathways regulated 

by RAS (Dou et al., 2015; Takahashi et al., 2017). The latter is intriguing as autophagy has 

already been linked to vesiculation pathways through interactions of Atg12 with EV proteins 

such as Alix and syntenin (Murrow et al., 2015).  

 

The role of DNA synthesis and its link to cell cycle progression is an implicit factor to consider 

in the context of exosome-like EV-associated gDNA (exoDNA) emission. First, cancer cells, and 

RAS3 are no exception, are programmed to divide at high rate while they also produce exoDNA. 

If DNA synthesis was decoupled from, or lower than, the output of exoDNA from cells the 

integrity of the cellular genome would be expected to be progressively compromised leading to 

losses in genetic material and potentially cellular demise. This is not the case for RAS3 cells, 

which maintain their DNA content at a steady level, comparable, if not higher, than that of their 

non-transformed IEC-18 counterparts, which do not emit exoDNA. Second, we have already 

shown that at least one form of aberrant DNA, such as MNs, irrespectively of their contribution 

to exoDNA, participates in DNA synthesis. Thus, multiple anomalies in RAS3 chromatin 

maintenance, such as abnormal mitosis, chromosomal translocations, MNs and others occur in 

the presence of, with possible dependence on, a sustained and high rate of DNA synthesis. This 

leads to the question whether interference with this process in a form of cell cycle block, either 

natural or pharmacologically induced, would affect formation and release of exoDNA? 

 

While RAS3 cells exhibit extreme resistance to cell death-inducing stimuli, whether biological 

(Rak et al., 1995) or mechanical (Lee et al., 2015), RAS and other oncogenes may activate both 

survival and death programs (Serrano et al., 1997; Dou et al., 2015). Therefore, it is possible that 



while the RAS3 population exhibits close to 100% viability in cell culture, a marginal but 

sustained stochastic cellular demise may generate a population of ABs that may become admixed 

to our EV preparations. Although, ABs are usually regarded as larger structures between 1 and 

2µm in diameter (György et al., 2011), we and others have documented the existence of 

exosome-sized apoptotic ‘nano-bodies’ induced in cancer cells by some targeted agents 

(Montermini et al., 2015). If any of these scenarios were applicable to exoDNA we would expect 

that inhibitors of apoptotic or other death pathways could reduce or eliminate gDNA from the 

RAS3 EV cargo. 

 

As mentioned earlier the very existence of exoDNA suggest a process whereby this nuclear 

material would transit the cellular cytoplasm en route to extracellular space. This would require a 

breakdown of the nuclear containment and formation of the cytoplasmic pool of chromatin. 

Indeed, recent aforementioned studies suggest that RAS transformation upregulates elements of 

the autophagy pathway such as LC3 protein (Dou et al., 2015). In this setting, nuclear LC3 

causes defects and degradation of the nuclear envelope, which leads to the entry of chromatin 

into the cellular cytoplasm and the onset of oncogene-induced senescence (Dou et al., 2015). 

This process is controlled by lysosomal degradation of cytoplasmic chromatin, but in primary 

cells expressing RAS this breakdown is incomplete and does not suffice to avert cell death. 

Nonetheless, the pathway delineated by these studies links autophagy, oncogene expression and 

cytoplasmic chromatin without asking whether this chromatin may also be a subject of EV-

mediated export, an aspect central to this thesis project. If this LC3-Atg7-driven mechanism 

applies to RAS3 cells, a blockade of autophagy would be expected to deplete or reduce the level 

of exoDNA in their EV population. Conversely, upregulation of this pathway (e.g. by 

overexpression of LC3) in IEC-18 cells may provoke them to release exoDNA-containing EVs. 

These questions will be explored in the current chapter. 

 

Results – Testing the role of DNA Synthesis, Apoptosis and Autophagy in the EV-mediated 

Release of DNA 

Independence of EV-mediated Emission of gDNA from DNA Synthesis and Apoptosis 

We surmised that one or more of the aforementioned processes (DNA synthesis, apoptosis or 

autophagy) are required for the biogenesis of exosome-like EVs containing exoDNA. It follows 



that the respective pharmacological inhibitors (Mitomycin-C, ZVAD or Chloroquine) could 

reduce/eliminate gDNA content in the EV fraction of RAS3 cells.  

 

To test this assumption RAS3 cells were first treated with Mitomycin-C (MMC), arrested in G1 

phase (Figure 6.1) and analysed for H-RAS gene sequence emission (PCR) in their EVs. Using 

NTA/Nanosight measurements, we observed a higher concentration of EVs in conditioned media 

of MMC-treated RAS3 cells compared to untreated ones. PCR results showed the presence of H-

RAS gene in both of these EV subsets (Figure 6.2). While this may suggest that gDNA emission 

by RAS3 cells is independent of DNA synthesis, we noticed that effective doses of MMC trigger 

cancer cell death as a function of both time and duration of the G1 arrest, suggesting a possible 

contribution of ABs to the EV preparation under these conditions. Moreover, this analysis 

suggested that protracted inhibition of DNA synthesis does not eliminate gDNA from EV 

preparations and thereby it is unlikely that increased DNA synthesis per se is the main reason for 

gDNA emission via EVs.  

 

 

 
 
Figure 6.1. FACS data and MTS analysis of Mitomycin-C induced growth arrest in RAS3 
cells. (A) Cell cycle analysis using flow cytometry and Propidium Iodide. RAS3 cell cycle arrest 
at G1 stage after MMC treatment. (B) MTS assay of control and treated RAS3 with MMC.  
 
 



Figure 6.2. Emission of gDNA through EVs is independent of DNA synthesis and cell 
division. The genomic DNA of RAS3 cells, their derived EV controls and EVs from RAS3 cells 
treated with MMC were amplified using primers specific for H-RAS and PCR products (188bp) 
were separated on 2% agarose gel electrophoresis. NTC= Negative control. 
 
 

We then reasoned that RAS3 cells could undergo spontaneous apoptosis at a low rate or that 

MMC treatment could induce an apoptotic process resulting in the contamination of EV 

preparations with ABs. It should be re-emphasized that RAS3 cells are highly viable during the 

whole cycle of EV preparation, but we cannot exclude that a small fraction of these cells 

undergoes death processes. While apoptotic bodies are considered to be larger than the majority 

of gDNA-containing EVs we observed that formation of exosome-size (< 220 nm) apoptotic 

bodies is readily demonstrable using signal transduction inhibitors in cancer cell cultures 

(Montermini et al., 2015). In view of these observations we explored the effects of a caspase 

inhibitor (ZVAD) on gDNA emission of MMC-treated and untreated RAS3 cells. Interestingly, 

ZVAD pre-treatment of EV donor cells did not eliminate gDNA from EV fractions of intact 

RAS3 cells and these cells were >90% viable (as judged by trypan blue exclusion). While MMC 

treatment reduced the viability of RAS3 cells to below 90%, ZVAD pre-treatment reduced 

somewhat but did not abolish gDNA content in EV isolates of these cells. These observations 

suggest that RAS3 cells are resistant to protracted, MMC-mediated growth arrest and, 

importantly, they emit gDNA-containing EVs in a manner independent of apoptotic cell death 

(possibly actively), at least insofar as this death process is amenable to inhibition by anti-caspase 

peptides (Figure 6.3). 



 
Figure 6.3. Emission of EVs containing genomic DNA is independent of apoptotic cell 
death. The genomic DNA isolates from RAS3 cells, their EVs from untreated cells and EVs of 
treated with ZVAD were amplified using H-RAS primer (to generate 188bp PCR product) and 
separated on 2% agarose gel electrophoresis. NTC= Negative control. 
 
 

 

A Possible Role of Autophagy in Vesicular Emission of gDNA from RAS-transformed Cells  

To explore the role of autophagy in formation of exoDNA by RAS3 cells, we initially used 

chloroquine. This agent is known as an anti-malaria drug (Slater, 1993), but also exerts a number 

of effects on eukaryotic cells. One of these activities is the ability of chloroquine to inhibit the 

autophagy process by accumulating in acidic lysosomes and increasing their pH (Loughran et al., 

2013). While this effect may lead to apoptosis or necrosis, these are not normally observed in 

short-term experiments (Xiaoyan et al., 2012). Likewise, we did not observe any cell death in 

RAS3 cells treated with chloroquine, as judged by trypan blue assay and confocal microscopy 

results. In addition, chloroquine is known to disrupt the endocytic pathway, however, 

chloroquine with KCl (depolarization) treatment increases exosome emission (Yuyama et al., 

2008).  

 

As expected, following addition of chloroquine to cultures of RAS3 and IEC-18 cells, confocal 

microscopy revealed a build-up of large vacuoles in the cellular cytoplasm (Figure 6.4). In 

addition, nanoparticle tracking analysis (NTA) showed that chloroquine treatment increased 

RAS3 EV emission, compared to untreated RAS3 cells. Interestingly, H-RAS gene quantification 

using ddPCR suggested that exosome-like EVs emitted from chloroquine-treated RAS3 cells 

carried significantly less gDNA (H-RAS gene) in comparison to untreated controls (Figure 6.5A). 

We have also observed that overexpression of LC3 in IEC-18 cells led to an increase in their 

production of gDNA-containing EVs (data not shown).  



 

Vesicular transport in the context of autophagy is complex and multicompartmental. In the 

process MVBs may fuse with autophagosomes and form amphisomes, which then may fuse with 

lysosome for degradation (Morvan et al., 2009; Papandreou and Tavernarakis, 2017). This may 

result in the reduction of exosome emission from cells under starvation conditions (Hessvik et 

al., 2016; Ojha et al., 2017). Where in this cascade is the entry point for gDNA is presently 

uncertain, but in light of our data, it is possible that autophagy may contribute to extracellular 

emission of gDNA (Boya et al., 2013). 

 
 
Figure 6.4. Chloroquine treatment leads to build-up of large vacuoles in the cytoplasm of 
RAS3 cells. Confocal microscope images of RAS3 cells: control (A) and cells treated with 50μM 
chloroquine (B). Chloroquine induces build-up of large vacuoles corresponding to lysosomes 
(labeled with LysoTracker Green) in the cytoplasm of cancer cells. 
 

 
 

Figure 6.5. Analysis of EV-associated gDNA by ddPCR reveals the impact of chloroquine 
on DNA emission by RAS3 cells. (A) EVs derived from RAS3 cells treated with chloroquine 
contain fewer copies of the H-RAS gene compared to untreated control. (B) Serial dilutions (1:2, 
1:5) of EVs from untreated and treated RAS3 cells reveals the effect of chloroquine on the H-



RAS ddPCR signal. Subsequent reduction of H-RAS copy number was achieved with serial 
dilution of the template DNA. A) N=4 and B) N=3. 
 

As mentioned earlier this notion is consistent with the emerging role of autophagy in vesiculation 

processes. For example, several reports have shown a crosstalk between autophagy proteins 

(Atg5, 7, 8, 12) (Schmukler et al., 2013) and exosome emission pathways (Baixauli et al., 2014; 

Papandreou and Tavernarakis, 2017; Zadeh et al., 2017). However, it is not understood how 

autophagy proteins (e.g. LC3) may influence EVs and their gDNA content, and the role of 

oncogenic RAS in these interrelationships has not been studied.  

 

RAS-transformation Leads to Defects in Nuclear Envelope and Formation of Cytoplasmic 

Chromatin. 

Even if interactions with autophagy proteins are capable of triggering the EV-mediated 

extracellular removal of the cytoplasmic DNA, the reasons why this material is released from the 

nucleus in the first place remain puzzling. Interestingly, we noticed that RAS3 cells have a 

higher expression of LC3 protein compared to their non-transformed IEC-18 counterparts 

(Figure 6.11). Notably, LC3 and ATG8 protein in the nucleus are involved in nuclear envelope 

degradation (Dou et al., 2015). 

 

 This observation is consistent with our data suggesting that RAS3 cells exhibit aberrant nuclear 

structure, which is not the case for their parental IEC-18 cell line. Thus, we observed nuclear 

membrane ruffles, folds and irregularities of the nuclear envelope of RAS3 cells using dSTORM 

and TEM imaging systems (Figures 6.6 and 6.7). Also, nuclear membrane degradation is 

consistent with the presence of cytoplasmic chromatin (CCM) in RAS3, but not (or minimally) 

in IEC-18 cells, as can be seen by labelling cells with gold particle-conjugated antibodies against 

histones, dsDNA and BrdU followed by TEM (Figures 6.8 and 6.9) (Figure 4.16 - Figure 4.21). 

 



 
Figure 6.6.  Perturbation of nuclear membrane morphology due to H-RAS transformation. 
(A) dSTORM super resolution imaging of nuclear membrane (lamin b1). IEC-18 cells (left 
panel) RAS3 cells (right panel). (B) Approximately half of RAS3 cells (~50/100) show 
malformed nuclear membrane. Scale bar indicates 5μm. 

 

 
 
Figure 6.7 TEM reveals differential features of nuclear envelope in IEC-18 and RAS3 cells. 
IEC-18 nuclear membrane (left panel) appears to be stable and intact whereas RAS3 nuclear 
membrane (right panel) shows disruption, confirming the super resolution dSTORM image (see 
Figure 6.6). 
 

 



 
Figure 6.8. Evidence of cytoplasmic chromatin content in RAS transformed cells.  
TEM of RAS3 (A) and IEC-18 cells (B) immunostained with anti-histone antibody. RAS3 
cytoplasmic histones are stained with 10nm gold particles (a) Figure inset (zoom image) shows 
the presence of cytoplasmic chromatin while IEC-18 cells are without cytoplasmic histones. 
Scale bar 500nm. 
 

 
 
Figure 6.9. TEM of RAS3 cells stained with anti-dsDNA antibody reveals cytoplasmic 
chromatin and dsDNA. (A) Cytoplasmic dsDNA immunolabeled with 20nm gold particles. (B) 
Microvesicle-like structure stained positively for dsDNA. Magnification 6000X. Scale bar 
500nm. 
 
 

LC3 B protein is highly expressed in RAS3 cells 

We were able to corroborate the previously published data suggesting that mutant RAS may 

upregulate LC3 B protein levels in cells undergoing malignant transformation. This elevated 

expression of LC3 B protein in RAS3 cells versus their non-transformed IEC-18 counterparts 



(Figure 6.10) prompted us to test the impact of this increase on the emission of exoDNA. To 

accomplish this, GFP-tagged LC3B sequence was overexpressed in RAS3 and IEC-18 cells 

(Figure 6.11) and the corresponding knockdowns were also initially included in the research 

plan. As discussed previously, only RAS3 cells display aberrant nuclear structures, suggesting a 

possible role of LC3 B in autophagy-mediated nuclear membrane degradation (Figures 6.6 and 

6.7). If the aforementioned autophagic damage to the nuclear envelope of RAS-driven cells is 

critical to EV-mediated emission of gDNA, this process is expected to be decreased upon 

diminution of the LC3 protein in RAS3 cells. This study will aid in understanding the crosstalk 

between LC3 and gDNA elimination via EVs. Alternatively, overexpression of LC3 B protein in 

IEC-18 cells would be expected to result in nuclear membrane degradation, increased 

cytoplasmic content of chromatin and higher rate of vesicular emission of exoDNA. Indeed, 

IEC-18 cells engineered to overexpress LC3 B proteins show an increase in EV emission and 

preliminary data suggest an increase in EV-associated gDNA (data not shown). Taken together, 

our data with perturbation of the autophagy pathway using chloroquine and manipulation of LC3 

suggest a scenario where the damage to nuclear envelope in RAS-transformed cells may lead to 

accumulation of cytoplasmic chromatin that may overwhelm the lysosomal degradation pathway 

and redirect this material to exosome emission, as has been reported for other molecular cargo 

(Hessvik and Llorente, 2017). 

 
 
Figure 6.10. Upregulation of LC3 B by oncogenic H-RAS expressed in RAS3 cells.  
(A) Western blot analysis for LC3B and beta-actin protein lysate from RAS3 and IEC-18 cells.  
(B) Western blot documenting no difference in Lamin b1 expression in parallel to changes in 
LC3 B proteins levels between IEC-18 and RAS3 cells. 



 

 
 
Figure 6.11. Enforced overexpression of LC3 B in IEC-18 - preliminary data and working 
hypothesis. LC3 expression was conducted according to previously published protocols with the 
same reagents (Kabeya, 2000). (A) IEC-18 cells transfected with LC3 GFP – fluorescent puncta 
visible under confocal microscopy. (B) Higher amounts of EV emission in LC3-overexpressing 
IEC-18 cells. (C) Western blot results confirming the overexpression of LC3 B proteins in IEC-
18 cells. (D) Schematic diagram depicting the overexpression of LC3 proteins and its predicted 
results on EV emission. 
 

The Presence of Nucleosomes in the EV Cargo 

We have previously shown that cytoplasmic histones and dsDNA are present in RAS3 and (to a 

lesser extent) in IEC-18 cells (Figure 6.8 and 6.9). To determine whether DNA and histones 

occur in the form of nucleosomes in EVs as previously reported (Simpson et al., 2008; Lee et al., 

2014), we performed DNA-Histone complex detection using ELISA assay. Our results revealed 

that EVs from RAS3 cells, indeed, contain dramatically higher amounts of such complexes 

(nucleosomes) compared to IEC-18 EVs (Figure 6.12).  

 



This finding is not consistent with Balaj et al. (Balaj et al., 2011), who showed that EVs derived 

from tumour cells harbour single stranded DNA. These contrasting results could be attributed to 

different model systems used in these respective studies. A recent study also reported that EVs 

derived from mouse melanoma cells (B16-F1) are enriched in histones, heat shock proteins and 

the tetraspanin CD81, as detected by mass spectrometry (Muhsin-Sharafaldine et al., 2016). 

These histones include H2A, H2B, H3.1 and H4, which may likely serve as chaperones for 

nucleic acid content in EVs (Muhsin-Sharafaldine et al., 2016). In addition, changes at 

methylation levels in histone H3 (H3K4 and H3K9) regulate the release of exosomes in rat and 

human adipocytes (Müller et al., 2012). Furthermore, H1.0 linker histone variant and its 

corresponding mRNA have also been reported in EVs released from oligodendroglioma cells 

(Schiera et al., 2013). More recently, H1.0-binding RNA binding proteins (RBPs) such as 

MYEF2 have been shown in EVs emitted from A375 melanoma cells (Schiera et al., 2016). 

Thus, epigenetics appears to play a role in EV emission and warrants further investigation to 

understand the underlying mechanism.  

 

 
Figure 6.12. ELISA analysis of DNA-Histone complexes in EVs released by RAS3 and IEC-
18 cells. Unpaired two tailed t-test: p value =0.0032 (RAS3 EV and IEC-18 EV) p value=0.0023 
(RAS3 EV and conditioned media), p value= 0.0255 (IEC-18 and conditioned media). 
 
 

 

 

 



CHAPTER 7 

General Discussion, Conclusions and Future Directions 

 

In this Masters project, I investigated the underpinnings of the vesicular exoDNA release under 

the influence of mutant H-RAS. The most important conclusion of this work is that oncogenic 

transformation is associated with potentially interlinked processes of nuclear envelope 

disruption, accumulation of cytoplasmic chromatin, and emission of EVs containing genomic 

DNA. These processes may be linked to RAS-dependent alteration of the autophagy pathway and 

EV biogenesis, still to be fully explored at the molecular level. 

 

My initial assumption had been that both MNs and EVs may play significant (perhaps different) 

roles in the process of gDNA emission from cancer cells. The involvement of MNs was inferred 

from the high frequency with which these structures appear in RAS-transformed cells, their 

linkages to deregulation of chromatin, and from prior literature (Saavedra et al., 1999; Shimizu et 

al., 2000; Abulaiti et al., 2006; Kamata and Pritchard, 2011), which suggested a possibility of 

MN release from certain cancer cell lines. Therefore, I proceeded to characterize the properties, 

occurrence and DNA content of RAS3 MNs. In the process I developed and adapted several 

imaging techniques such as TEM, immunogold labelling, FISH, confocal microscopy, high 

resolution microscopy and live cell imaging using JuLI Stage technology. These techniques were 

essential to be able to directly observe MNs rather than base our conclusions on biochemical 

surrogates. I have also developed protocols for ultracentrifugation and sequential filtration to 

purify EVs with different properties and to assay them for general DNA content and specific 

sequences. The overall conclusion from this work as summarized in Chapter 3 is that MNs play a 

negligible role in exoDNA emission even though they are closely associated with the process of 

RAS transformation and aberrations in mitogenesis. 

 

These results prompted us to focus on EVs as the main pathway of exoDNA emission from RAS-

transformed cells. In this regard my study thus far reports a small but essential step towards a 

better understanding of the key determinants of exoDNA emission from cells harbouring mutant 

oncogenes. For example, my work suggests that DNA synthesis per se is not the key trigger of 

exoDNA formation and neither is stochastic cell death within the RAS3 cell population. Rather, I 



have obtained preliminary evidence for the RAS-dependent activation of nuclear envelope 

damage, extranuclear chromatin formation and the emission of exoDNA, as a function of 

autophagy-related processes.  

 

This is important as exoDNA (gDNA) is likely a significant part of liquid biopsy biomarker 

approaches involving the detection of mutant cfDNA in the blood of cancer patients for the 

purpose of molecular diagnosis, real time monitoring of cancer progression, cell population 

dynamics under therapy and ultimately a greater personalization of patient care (Giulietti and 

Occhipinti, 2015; Chronopoulos et al., 2017; Zhang et al., 2017; Halvaei et al., 2018).  

 

It should also be considered that EV-related gDNA may possess unique biological activities 

worthy of exploration from the therapeutic perspective (Lee et al., 2016). As exoDNA/gDNA is 

likely associated with a specific subset of EVs which are likely a ‘signature’ of certain cancer-

related processes, such as the action of potent oncogenes including RAS, so too their biological 

effects could be unique and different than those of other populations of cancer EVs (Choi et al., 

2017). These questions are being explored in our laboratory. 

 

In the future, we need to explore more cell lines such as RAS4, RAS7 and SRC-3, all related to 

IEC-18, as well as realistic human models harbouring RAS and other oncogenes, including 

cancer stem cells. In addition, inducible clones such as Clone25 which can induce RAS gene by 

dexamethasone (Rak et al., 1995) can be used to validate and compare with RAS3 cell EVs, in 

terms of properties and biogenesis. In such a system the acute (primary) effects of RAS could be 

isolated from those that are secondary to long-term RAS-transformation, as is the case for RAS3 

cells.  

 

Our future explorations should also include evidence for the role of autophagy proteins in 

regulating the levels of ctDNA in cancer patients and the influence of therapies on them, both 

cancer-directed and supportive treatments. The role of such circumstances on the diagnostic 

performance of ctDNA assays is presently unknown. Moreover, these tests would likely benefit 

from enrichment for specific EV subsets carrying exoDNA, and those remain to be identified and 

purified (again this work is ongoing in our laboratory). 



Finally, exoDNA should be examined in vivo as biological regulators affecting tumour 

microenvironment, both locally and systemically in animal models and in cancer patients. Of 

note is the fact that DNA may trigger coagulation system activation, while histones possess 

proinflammatory properties, all of which may propel development of paraneoplastic syndromes 

(thrombosis) (Geddings et al., 2014) and propagation of the metastatic disease (Hoshino et al., 

2015).  

 

Indeed, studies on extracellular emission of the cellular genome remain a fascinating area of 

investigation, as this process defies the notion of intracellular confinement of the genetic 

material. Therefore, the related explorations in cancer are rich in conceptual novelty and 

translational opportunities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Data 

 

Confocal live cell imaging confirms the emission of MN from RAS3 cells 

 

Supplementary Figure 1. Time lapse images of RAS3 cells stained with Hoechst 33342. a-c) 
arrows indicate the presence of micronuclei in RAS3 cells. d) Two micronuclei are inside the cell 
pointed with arrows e) one of the micronuclei is emitted out of the cell. 



 
Bioanalyzer result of extracellular vesicles from RAS3 cells 

 

Supplementary Figure 2. Bioanalyzer profiles of EV DNA. Absence of DNA fragments on a) 
3μm filter, b) 1μm filter, c) 0.2μm filter, d) Flow through of 0.2μm filtrate. Notably, larger DNA 
fragments are seen in e) EV pellet after 110,000g ultracentrifugation (Arrow pointed) f) 
supernatant after 110,000g ultracentrifugation (smaller DNA fragments) g) 100kDa concentrated 
supernatant. h) IEC-18 cells. 
 



EV heterogeneity as revealed by TEM 
 

 

 
 
Supplementary Figure 3. TEM images of heterogeneous population of RAS3 EVs. Very few 
EVs are labelled with dsDNA marker and TSPAN9 antibodies. Magnification 13,000X and Scale 
bar 500nm. 



 
Analysis of genomic DNA on 1μμm filter by Bioanalyzer system 

 

 
 
Supplementary Figure 4. Bioanalyzer data analysis of genomic DNA captured on 1μm filter 
as putative micronuclei. DNA fragments present on 1μm filter from COLO320DM conditioned 
media between two markers (lower marker=35 bp, upper marker=10380 bp). Supplementary 
Table 1: different size fragments of DNA on 1μm filter (green arrow head is lower marker =35bp 
and purple arrow head is upper marker = 10,380 bp). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Minimal labeling of TSPAN9 and dsDNA marker antibodies on IEC-18 EVs 
 

 

 
 
Supplementary Figure 5. TEM images of ultrathin sections of IEC-18 EVs. The sections are 
stained with TSPAN9 and dsDNA marker antibodies. However, very few EVs are labeled with 
these antibodies suggesting multiplicity of EV subpopulations and the impact of mutant H-RAS 
on the EV phenotype. Green arrow pointed to TSPAN9 10nm gold and red arrow pointed to 
dsDNA marker 20nm gold. 
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