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Abstract

Introduction: Neuroblastoma, a prevalent and aggressive pediatric cancer originatingfrom immature nerve cells in the sympathetic nervous system, poses significant chal-lenges despite advancements in treatment. Recent studies highlight the role of extra-chromosomal DNA (ecDNA) associated with extracellular vesicles (EVs) in neuroblas-toma, particularly its association with oncogene amplification, tumour progression anddrug resistance. While a further need for investigation is recognised, this study outlinesthree key research goals: (1) Investigate ecDNA morphology and quantity in the SHEP-2neuroblastoma cell line using metaphase spreads. (2) Examine whether EVs released bySHEP-2 cells contain DNA and determine its location within or outside the vesicle. (3)Explore the transfer of EV-associated ecDNA between different cells.
Results: Visualization of ecDNA in SHEP-2 cells, despite extensive optimisation of metaphasespreads of coverslip adherent cells, revealed challenges due to overlapping chromoso-mal fragments. Significant quantities of DNA were found in EV isolation fraction with andwithout enzymatic digestion of non-enclosed DNA. This indicates the presence of DNAboth inside and outside of EVs. With bioorthogonal metabolic labelling, the nuclear DNAof SHEP-2 cells was successfully labelled by incorporating F-ara-EdU and later ’clicking’a fluorophore to it using the CuAAC reaction. This could be used to follow the DNA fromthese cells when it is not known which genes are transferred, setting the stage for a sub-sequent detection and localization experiment for this DNA in EV fractions isolated usingcentrifugation and ultracentrifugation. However, the anticipated CuAAC click-labellingtechnique for detecting ecDNA from the isolated EV fraction in gel electrophoresis facedchallenges. Next to this, the ecDNA from EV fractions isolated from bioorthogonal la-belled SHEP-2 cell culture in different cell cultures could not be localized.
Conclusion and discussion: Despite extensive optimization of the metaphase spreadsfor the observation of ecDNA, the overlapping chromosomal fragments posed a signif-icant challenge, making it difficult to distinguish individual chromosomes and hinderinga clear observation of ecDNA. The investigation into EVs secreted by SHEP-2 cells re-vealed the presence of DNA in the EV fraction and suggested the existence of both freeor vesicle-associated DNA and membrane-enclosed DNA within the EV isolation fraction.However, the EV yield and exclusion of non-EV material remain unknown. Efforts to ex-plore ecDNA transfer in cases where the genes are unidentified involved the effectiveuse of a bioorthogonal metabolic labelling strategy within cells adhering to coverslips.However, specific detection of ecDNA in the EV fraction remained inconclusive due tochallenges such as fluorophore binding issues or a potential absence of ecDNA in thesample. The experiment designed to explore the transfer of ecDNA through EVs did notyield usable results but the experimental set-up can contribute to future investigations.

Keywords: Neuroblastoma; extrachromosomal DNA; ecDNA; extracellular vesicles; EVs;
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1 Introduction

Neuroblastoma is a rare but aggressive paediatric cancer that arises from immature nervecells in the sympathetic nervous system. It is the most common extracranial solid tumourin children, accounting for approximately 8 to 10% of all childhood cancers [1] and 15% ofdeaths related to cancer.[2, 3] Despite advances in treatment, the prognosis for high-riskneuroblastoma remains poor, with a five-year survival rate of less than 50%.[4]
Recent studies have shown that extrachromosomal DNA (ecDNA) is commonly foundin neuroblastoma cells and plays a critical role in tumour progression and drug resis-tance.[5, 6] EcDNAs are circular DNA molecules that exist independently of the chromo-somal DNA and can carry oncogenes or other cancer-relevant genes. They are generatedthrough various mechanisms such as chromothripsis, telomere dysfunction, or replicationstress.[7] The circular topology of ecDNAs leads to an open chromatin conformation andgenerates new gene regulatory interactions. This can result in increased expression ofoncogenes and altered signalling pathways that promote tumour growth and survival.[8]
Amplification of the oncogene MYCN is one of the most common genetic alterations ob-served in neuroblastoma and is associated with poor prognosis.[9, 10] MYCN amplifi-cation has been shown to occur on ecDNAs, which can lead to increased expression ofMYCN and altered signalling pathways that promote tumour growth and survival. MYCNoverexpression in tumours is generated by a variety of processes, which suggests thatother factors may contribute to the clinical heterogeneity observed in neuroblastoma.[11]
Recent studies have also shown that ecDNA can be found inside and on the surface ofextracellular vesicles (EVs) released by cancer cells.[12] EVs are small membrane-boundparticles that are secreted by cells and can contain various biomolecules such as proteins,lipids, and nucleic acids. They play a critical role in intercellular communication and cantransfer genetic material between cells.[13] EcDNA-containing EVs have been shown toexist in various types of cancer, including neuroblastoma. These ecDNA-containing EVscan be taken up by neighbouring or distant cells, leading to the transfer of oncogenes orother cancer-relevant genes and the promotion of tumour growth and metastasis.[14, 15]
Furthermore, recent studies have suggested that ecDNA-containing EVs may also play arole in drug resistance. For example, it has been shown that EVs released by methotrexate-resistant neuroblastoma cells contain ecDNAs carrying the DHFR gene, which confersresistance to methotrexate. These ecDNA-containing EVs can be taken up by sensitivecells, leading to the transfer of DHFR and the acquisition of drug resistance.[7, 16]
Therefore, further investigation is needed to elucidate the molecular mechanisms un-derlying ecDNA quantity, distribution and their contribution to tumour heterogeneity anddrug resistance. This study aims to (1) investigate ecDNA morphology and quantity of theSHEP-2, neuroblastoma cell line, (2) whether EVs secreted by these cells contain DNA andif this DNA is located inside or outside the vesicle and (3) if there is the transfer of EV-associated ecDNA between cell types. The ecDNA morphology and quantity are shown inmetaphase spreads. Successively, the quantity, location and origin of EV-associated DNAare researched using differential centrifugation and bioorthogonal metabolic labelling strate-gies. The findings of this research may offer valuable insights that can be instrumentalin further investigations concerning the influence of chemotherapy on both ecDNA andextracellular vesicle-associated DNA in neuroblastoma in vitromodels.
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2 Extrachromosomal DNA in neuroblastoma

2.1 Neuroblastoma

Neuroblastoma is a malignant tumour that arises from precursor cells of the sympatheticnervous system[17], typically occurring in young children (median age of 17 months).[18]It is the most common solid tumour in infants and the third most common paediatric ma-lignancy, accounting for approximately 8 to 10% of all childhood cancers[1] and 15% ofdeaths related to cancer.[2, 3] Neuroblastoma exhibits a wide range of clinical behaviours,with some tumours spontaneously regressing or maturing into benign ganglioneuromas,while others can be highly aggressive and metastasize to distant sites.[17, 19]
The origin of neuroblastoma lies in the neural crest cells, a transient population of cellsthat give rise to various nervous system components during embryonic development.[20]Neuroblastoma can arise in any part of the sympathetic nervous system, but it most com-monly arises in the adrenal glands, which are located above the kidneys. However, it canalso occur in other sympathetic ganglia along the spine, neck, chest, or pelvis.[21, 22]
The clinical presentation of neuroblastoma can vary widely, depending on the location,stage, and biological characteristics of the tumour. Common signs and symptoms includea palpable abdominal mass, abdominal pain, weight loss, bone pain, fatigue, and, in ad-vanced cases, features of catecholamine excess such as hypertension, tachycardia, andreduced facial flushing.[22] Diagnosis is typically based on a combination of clinical eval-uation, imaging studies (such as computed tomography (CT) scans, magnetic resonanceimaging (MRI), and metaiodobenzylguanidine (MIBG) scintigraphy), and histopathologicalexamination of tumour tissue.[23, 24]
Neuroblastoma is a complex and heterogeneous disease with diverse genetic and molec-ular features, and its prognosis can vary greatly depending on several risk factors, in-cluding age at diagnosis, stage of disease, tumour histology, and genetic markers. Inparticular, neuroblastoma genetic mutations and chromosomal aberrations are critical forunderstanding the development, inheritance, and prognosis. While the particular risk fac-tors for developing mutations in critical genes that lead to neuroblastoma have yet tobe established, research is focusing on exposures during pregnancy and conception.[17]Despite advances in treatment approaches, the prognosis for high-risk neuroblastomaremains poor, with a significant proportion of patients experiencing disease recurrenceor refractory disease.[1]
2.1.1 Cytogenetics

The primary genetic alterations in neuroblastoma include loss or rearrangement of thedistal region of chromosome 1’s short arm (1p31-term) and amplification of the MYCNgene. These alterations are predominantly observed in advanced-stage tumours, withmost neuroblastoma cell lines derived from such tumours.[20]
Chromosome 1 alterations are also observed in other tumours arising from neural crestcells, suggesting the presence of tumour suppressor genes on chromosome 1p. In neu-roblastoma, deletions of chromosome 1p consistently occur, resulting in the loss of onecopy of chromosome 1p (monosomy). The deletions frequently involve the region from1p36.1 to 1pter, which harbours at least two potential suppressor genes. Among these,the p73 gene located on 1p36.33 has been identified as a candidate tumour suppressorgene and is deleted in certain neuroblastoma cell lines.[20]
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Another significant genetic alteration in neuroblastoma involves the amplification of theMYCN gene situated on chromosome 2p23-23. This amplification is often present inecDNA and forms homogeneous staining regions (HSRs) in chromosomes. Notably, am-plification of the MYCN oncogene is seen in approximately 25% of patients and is associ-ated with the poorest prognosis. [20, 25, 26] While the size of the amplified region varies,the gain of 17q and loss of 1p often correlate with MYCN amplification.[20, 25] Distal 6q-deletion, 19p-deletion and 1q-gain and ATRX, TERT, TP53, or RAS mutations are furthergenetic changes that have lately been linked to poor outcomes.[27]
2.1.2 SH-EP2 cell line

The SH-EP2 cell line (RRID: CVCL_HF70), also known as Tet2; TET2 and SHEP2, is a hu-man neuroblastoma cell line.[28] It is a far child from the SK-N-SH cell line, which wasobtained from the bone marrow metastasis of a four-year-old girl.[29] These cells lackneuritic processes, are substrate-adherent and epithelial-like in shape. The SH-EP cellline is a hyperdiploid human female (XX) cell line with a chromosome count exceedingthe typical diploid number of 46. Chromosome 7 is present in three copies instead of theusual three. Next to this, a partial copy neutral loss of heterozygosity at 14q and 22q, aswell as a homozygous deletion at 9p21.3 in the region harbouring the genes CDKN2A andCDKN2B, were also found in the SH-EP cell line.[30]
Additionally, the cell line has two sequence variations that have point mutations in the ALKand NRAS genes.[28] The ALK-gene encodes the ALK tyrosine kinase receptor, which isimportant for the correct functioning and development of the nervous system.[31] TheN-RAS, which encodes a Ras protein, which controls intracellular signalling networks byserving as binary molecular switches. Ras proteins are often unregulated in cancer, re-sulting in increased invasion and metastasis as well as decreased apoptosis.[32]
It has to be emphasized that even stable cell lines undergo changes over time, evolvingand acquiring aberrations specific to the cell culture environment rather than reflectingthe original tumour. Regular monitoring of cell lines for genetic changes is essential, con-sidering the effects of extended passages in culture.[30] While no single cell line canfully capture the complexity of neuroblastoma, SH-EP2 cells provide a useful model thatrecapitulates key features of the disease.
2.2 Extrachromosomal DNA

Extrachromosomal DNA (ecDNA) is an emerging area of research in cancer biology thathas gathered attention for its role in tumour development and progression.[5, 33, 34]ecDNA is a type of genetic material that exists outside of the chromosomes in the nu-cleus of a cell. These fragments of DNA have circularised after breaking off from thelinear chromosomes. Two types of ecDNA exist: 100 bp to 50 kb elements that are rel-atively small and located in many different cell types throughout the body but with un-certain functions and 50 kb to 5 Mb bigger oncogenic elements that are only found incancer cells and contain genes that are known to have an influence on the developmentof a cell to cancer cell.[35, 33] The presence of ecDNA has been found to play a sig-nificant role in tumour heterogeneity, genomic remodelling, and drug resistance.[8] As aresult, patients with ecDNA-containing tumours have poorer clinical outcomes than thosewith other kinds of focal amplification, indicating the functional relevance of ecDNA ele-ments.[36] Between and within tumour types, great diversity exists between focal chro-mosomal and extrachromosomal amplifications.[37, 38] When the amplification inducesincreased proliferation and cell survival, these will become more present due to clonal
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selection. Studies have shown that a majority of genes amplified at high copy numberlevels in cancer cells are located on ecDNA rather than within the chromosomes them-selves. Furthermore, the presence of ecDNA has been observed in a subset of tumours,specifically in 14% of newly diagnosed and untreated cancers.[36]
2.2.1 Biogenesis

The formation of this ecDNA is a complex process that can occur through various mech-anisms, as presented in figure 1. To current knowledge the pathways ecDNA is formed in-clude chromothripsis, mild DNA damage, the episome model, the breakage–fusion–bridge(BFB) cycle, the translocation–deletion–amplification model, and fork stalling and tem-plate switching (FoSTeS).[39]
Chromothripsis, also called chromosome shattering, is thought to be generated by a se-ries of DNA damage events triggered by the formation of micronuclei or chromosomebridges during a single cell division. [40, 41, 42] A significant proportion of DNA damageoccurs during interphase, when the nuclear envelope of the micronuclei ruptures, expos-ing enclosed chromosomes to the cytoplasm.[42] Subsequently, during mitosis, cells withmicronuclei chromosomes undergo aberrant DNA replication, resulting in a burst of DNAfragments. The ligation of these fragments in random order and orientation generateschromothripsis.[43] In the mild DNA damage model, damage is induced between the twofoci of a replication fork. In this process, a free DNA section, which can be end-to-end lig-ated to form ecDNA, and a homologous repaired DNA strand are formed.[44] The episomemodel proposes that large, microscopically visible ecDNA is derived from submicroscopiccircular episomes, which are a product of drops in the replication bubble caused by DNAreplication errors and can gradually expand in cells.[45] The BFB cycle typically beginswith a break in a chromosome, forming two separate chromosome fragments.[46] Dur-ing DNA replication, each fragment is copied, resulting in two pairs of sister chromatids.However, one of the sister chromatids lacks a telomere due to the break.[47] When thecell enters mitosis, the lack of a telomere on one of the sister chromatids triggers a seriesof events known as the "fusion-bridge" cycle. The sister chromatids without a telomereform a bridge during mitosis, and as the cell divides, the bridge is pulled apart, resultingin the breakage of the bridge. This process can occur repeatedly, leading to a cycle ofbreakage, fusion, and bridge formation in subsequent cell divisions. Each cycle of break-age and fusion can cause further chromosomal rearrangements and amplifications, whichcan lead to the formation of abnormal structures, such as dicentric chromosomes or am-plified gene sequences.[46] Some of these BFB amplicons may circularize to terminatethe cyclic process, resulting in ecDNAs.[8] Gene rearrangements occur at the transloca-tion site in the translocation-deletion-amplification model. Fragments at the translocationbreakpoint are amplified, maintained, or deleted, potentially resulting in the developmentof ecDNA.[48] Finally, the mechanical model of fork stalling and template switching is pre-sented. A DNA lesion causes the replication fork to halt. The lagging strand disengages,anneals to a neighbouring microhomology-rich active replication fork,which initiates DNAsynthesis. This procedure can be done repeatedly until the lagging strand returns to theoriginal template and produces ecDNA.[49]
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Figure 1: Biogenisis, location and distribution of ecDNA in tumour cells. EcDNA can beproduced by a variety of cell cycle events. currently known processes for the formationof ecDNA are (A) chromothripsis, (B) mild DNA damage, (C) the episome model, (D) thebreakage-fusion-bridge (BFB) cycle, (E) the translocation-deletion-amplification model,and (F) fork stalling and template switching (FoSTeS). (G) These ecDNA drive tumourheterogeneity via interactions within the nucleus and uneven distribution during mitosis.
2.2.2 Topology

The ecDNA structure is circular, in contrast to chromosomal DNA, which leads to a moreopen chromatin conformation. This feature allows for gene regulatory interactions thatare absent under normal conditions, as presented in figure 2.[50, 51] Firstly, the lesscompact organisation of the DNA around the nucleosomes makes it more accessible toregulatory proteins.[51] Secondly, ecDNAs often contain functional enhancer elementsnear target genes resulting from enhancer hijacking, an event in which a somatic struc-tural genomic rearrangement places an enhancer in close proximity to a gene with whichit does not ordinarily interact, resulting in high expression levels of that gene.[52] In ad-dition to this, studies have shown that ecDNA molecules cluster together in hubs duringboth interphase[53, 54] and mitosis[55]. Advanced imaging technologies have allowedthe identification of these ecDNA hubs as transcriptional hotspots during interphase.[56]However, not all cell types form these hubs, suggesting the involvement of unknown fac-tors in their formation.[57]
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Figure 2: The chromatin structure of circular ecDNAs is open. EcDNAs come together intranscriptional hubs, allowing for trans-regulation between enhancers (red structures).These hubs have been shown to contain RNA Polymerase II (green structures), which isinvolved in the transcription of the mRNAs. The circularity of ecDNAs provides uniquecis-interactions (shown by right ecDNA overlap). EcDNAs may either integrate into chro-mosomes to form new enhancer interactions or homologous staining regions (HSRs), orthey can be exported into the extracellular matrix.
2.2.3 Effect on cell fate

Recent studies have shown that neighbouring enhancer elements, active in the cancercell type of origin and DNA fragile sites, play a significant role in shaping the borders ofecDNA amplifications.[52, 58] In neuroblastoma, which is commonly associated with ex-trachromosomal amplification of the MYCN oncogene, two distinct classes of ampliconshave been identified. Class I amplicons contain local enhancer elements and have a simplestructure with minimal incorporation of distal DNA segments. Class II amplicons lack localenhancer co-amplification but compensate by incorporating DNA segments from distantsites, such as other chromosomes. These distant DNA segments contain lineage-specificenhancer elements and insulators, resulting in complex amplicons with new spatially in-teracting regulatory regions.[58] These amplicons may be observed on both ecDNA andchromosomes. In the chromosome they can present itself as homologous staining regions(HSR). An HSR is a form of structural alteration in a chromosome, in which a section of achromosome is amplified or duplicated several times in a specific area of a chromosome.This section contains a particularly high density of a gene or genes that confer a selectiveadvantage to the formation of the tumour. This chromosomal section will get consider-ably extended as a result of these duplications.[59]
Furthermore, the absence of centromeres leads to a random distribution of ecDNAs dur-ing cell division and genes encoded on them are transmitted in a non-mendelian man-ner.[34] EcDNA can integrate into and exit from chromosomal DNA. The numbers of spe-cific ecDNAs can change in response to treatment. These unique features of ecDNA con-tribute to the genomic instability and heterogeneity of tumours, which can acceleratetheir evolution and lead to drug resistance.[7]
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3 Extracellular vesicle-associated DNA

3.1 Extracellular vesicles

Extracellular vesicles (EVs) are small, lipid bilayer-enclosed structures that are releasedby various cell types into the extracellular space. They are involved in intercellular com-munication and serve as vehicles for transferring biomolecules between cells. EVs playcrucial roles in both physiological and pathophysiological processes, including immuneresponses, tissue repair, tumour formation and cell-to-cell signalling amongst others.[60,61, 62]
EVs can be classified into subgroups that differ in size, morphology, composition, contentand biogenesis. As a result, often extensive isolation and characterisation methods areemployed to distinguish these subtypes.[63] However, there is not yet one consensusabout the classification of EVs. To establish some guidelines, using the collective knowl-edge of various researchers, the ‘Minimal information for studies of extracellular vesicles’guidelines were published and updated in 2018.[64] The MISEV 2018 guidelines endorsethe use of "extracellular vesicle" (EV) as the general term for lipid-bilayer-delimited par-ticles that cannot replicate and lack a functional nucleus released from cells. It is alsodifficult to assign EVs to specific biogenesis pathways due to the absence of consensuson subtype markers, such as "exosomes" (endosome-origin) and "ectosomes" (plasmamembrane-derived).[65] The guidelines recommend using operational terms for EV sub-types based on physical characteristics (size or density), biochemical composition (spe-cific markers), or descriptions of conditions or cell of origin instead of historically bur-dened terms like exosomes and microvesicles.[64] If these terms are used, they shouldbe clearly defined at the beginning of each publication.[66] In cases where EV identitycannot be confirmed according to the guidelines, terms like "extracellular particle" (EP)may be more appropriate.[64]
In this research, we will classify four main types of EVs according to their size: exosomes,microvesicles, apoptotic bodies and large oncosomes. Exosomes are the smallest type,ranging in size from 30 to 150 nm, and are formed through the inward budding of endoso-mal membranes. Microvesicles, also known as shedding vesicles or ectosomes, range insize from 100 to 1000 nm and are formed by outward budding or shedding of the plasmamembrane. Apoptotic bodies are larger vesicles, typically in the range of 500 to 5000nm, and are released during programmed cell death (apoptosis). Large oncosomes havea diameter of 1 to 10 µm and are produced and secreted by cancer cells.[67]
3.1.1 Cargo

EVs carry a diverse cargo of bioactive molecules, including proteins, lipids, RNA, and DNA.These molecules can be packaged and protected within the vesicles, allowing them to bedelivered intact to recipient cells. The contents of EVs are highly regulated and can re-flect the physiological or pathological state of the parent cells.[68, 69] This makes EVsnot only a means of intercellular communication but also potential biomarkers for diseasediagnosis and prognosis.[69, 70, 71]
Focusing on DNA-associated EVs, these are a subset of EVs that contain DNA moleculesinside or on the lipid bilayer.[12] While DNA is known to exist in or on EVs, the mecha-nism by which the DNA ends up in the vesicle is still not entirely known.[70] Until 2014,the understanding of DNA content in extracellular vesicles (EVs) was limited to single-stranded DNA (ssDNA), mitochondrial DNA (mtDNA), and repetitive transposons.[72, 73]These findings were based on enzymatic methods that allowed researchers to confirm the
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presence of DNA in EVs. However, in 2014, significant advancements were made whenstudies demonstrated the existence of double-stranded DNA (dsDNA) in cancer-derivedexosomes.[68, 69]
3.1.2 Biogenesis of exosomes

As mentioned in section 3.1, while size distribution and morphological characteristicsmight overlap, different types of EVs have different biogenesis and secretion mecha-nisms. Among the various types of EVs, exosomes have been extensively studied fortheir biogenesis pathways. The two main pathways involved in exosome formation arethe "classic pathway" and the "direct pathway."[65]
The classic pathway of exosome biogenesis is a well-established and extensively stud-ied process. It primarily involves the formation of intraluminal vesicles (ILVs) within mul-tivesicular endosomes (MVEs). These MVEs can then follow two distinct routes: fusionwith lysosomes for cargo degradation or fusion with the plasma membrane to release ILVsas exosomes.[74]
Different intracellular sorting pathways exist to direct proteins toward ILVs that are eitherdestined for lysosomal degradation or secretion as exosomes. Proteins sorted for lyso-somal degradation are often redundant transmembrane receptors that undergo ubiqui-tination, a post-translational modification executed by the Endosomal Sorting ComplexRequired for Transport (ESCRT).[75, 74] Membrane remodelling and protein sorting areprocesses carried out by ESCRTs. Additionally, the pinching off of ILVs is mediated by thesame ESCRTs that mediate budding.[65].
In contrast to the classic pathway, the direct pathway of exosome biogenesis offers amore immediate route. Some cells, such as T cells and erythroleukemia cell lines, re-lease exosomes directly from their plasma membrane. This can occur spontaneously orin response to various stimuli, including the expression of specific viral proteins or cross-linking of surface receptors. However, in some literature, these EVs may be addressed asectosomes rather than exosomes, while their biogenesis differs quite a bit from that of’classical’ exosomes.[65]
Despite the distinct origin, exosomes formed through the direct pathway share similaritieswith those from the classic endosomal pathway. They are enriched in classic exosomemarkers such as TSG101, HSP70, Alix 1, CD9, CD63, CD81, and CD82 and they exhibitsimilar diameters and densities.[14] However, the extent to which this direct pathway isemployed by other cell types or occurs in vivo, particularly in biological fluids, remains anarea of ongoing investigation.
3.1.3 Extracellular vesicle isolation strategies

Isolation of extracellular vesicles (EVs) has presented a considerable challenge due tothe complex nature of body fluids. The isolation process encounters numerous hurdlesinfluenced by various factors, including biological constituents, separation techniques,and limitations of detection methods. The issues surrounding isolation techniques anddetection inefficiencies have contributed to the lack of standardised protocols and clas-sification criteria.
Most commonly, the isolation of vesicles involves differential centrifugation, which utilisescentrifugal force to separate particles in a solution based on size and density.[64] This
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process comprises sequential steps of centrifugation, progressively increasing the forceto separate components of different sizes and densities.[13, 76] However, the efficiencyof isolating EVs via differential centrifugation is influenced by several factors such as vesi-cle characteristics, fluid properties, centrifugation parameters, and the type of rotor used.The challenges with differential centrifugation are evident, especially in attempts to iso-late specific subpopulations of vesicles. In general, centrifugation steps at 200 to 1500g are performed to remove cells and debris, centrifugation steps at 10000 to 20000 gare performed to remove larger vesicles and ultracentrifugation (UC) steps at 100000 to200000 g are performed to remove vesicles with a diameter larger than approximately100 nm. Despite multiple centrifugation steps, achieving complete separation remainsan ongoing challenge due to the heterogeneous nature of vesicles. Therefore, cross-contamination remains a frequent issue.[64]
Density Gradient Centrifugation (DGC) stands as an alternative ultracentrifugation methoddistinguished by its utilization of a preconstructed density gradient medium within thecentrifugation tube. Unlike traditional ultracentrifugation, where the sample is subjectedto centrifugation without a predefined gradient, DGC employs mediums such as sucroseand iodixanol to create a stratified density environment.[77] The choice of density gradi-ent media is critical in determining the efficiency and specificity of the separation process.Sucrose has been a longstanding choice, while iodixanol, found in OptiPrep®, presentsadvantages in terms of its low viscosity and osmolality, contributing to improved vesi-cle recovery.[13] However, DGC also has its drawbacks. This method is associated withlonger cycle durations, a lower yield rate, and the requirement of larger sample volumescompared to traditional UC. The extended processing times may be attributed to the grad-ual migration of particles through the density gradient. Additionally, the lower yield rateand larger sample volume requirements may pose practical challenges, especially whendealing with limited biological samples.[78, 77]
Filtration methods offer an alternative for vesicle isolation based on differences in size,shape, and deformability. However, challenges such as vesicle deformation, subpopula-tion binding, and the need for increasing forces with decreasing pore size are encoun-tered. Nanofabricated filtration sieves have shown promise with well-defined pores assmall as 100 nm, yet there is a need for further investigation to optimize their use for EVisolation, especially concerning the obtained volume from a given sample.[77]
Other techniques, for instance, micro- and nano-fluidic chips that leverage acoustic, elec-trophoretic, and electromagnetic technologies to isolate EVs based on their biochemicalproperties have demonstrated success in isolating exosomes from specific cell types.However, while these techniques are efficient and can be used on small samples, theirwide application is limited due to the requirement for extensive optimization and the highercosts compared to differential centrifugation.[77]
The quest for efficient and standardized isolation techniques for extracellular vesiclesremains a challenge due to the diverse nature of biological samples and the limitationsof available methodologies. In this research, differential centrifugation using a benchtopcentrifuge and a dedicated ultracentrifuge will be used while this equipment includingprotocol is readily available.
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3.2 Metabolic DNA labelling with F-ara-EdU

Figure 3: Incorporation ofF-ara-Edu into the DNA ofa neuroblastoma cell.

F-ara-EdU, formally known as (2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine, serves as a modified nucleoside analogueof thymidine with widespread application in DNA synthesisstudies. It is known to have low cytotoxicity and impact ongenome function. [79]
The mechanism by which F-ara-EdU functions in DNA syn-thesis studies involves its incorporation into DNA throughphosphorylation by cellular kinases and subsequent inte-gration into replicating DNA strands by DNA polymerases.The process is illustrated in figure 3, showcasing the es-sential steps leading to the integration of F-ara-EdU intothe DNA structure. Once F-ara-EdU is successfully incorpo-rated into DNA, its ethynyl group becomes a target for fur-ther modification. For instance, this ethynyl group can be se-lectively labelled with an azide-containing fluorophore usingthe copper-catalyzed azide-alkyne cycloaddition (CuAAC)reaction, as depicted in figure 4. This step allows for the vi-sualization and detection of F-ara-EdU-labeled DNA, provid-ing a powerful tool to track and study actively proliferating cells.[79]

Figure 4: Incorporationof azide-containing fluo-rophore into the cell nu-cleus. There it under-goes the CuAAC reactionto ’click’ to the syntheticnucleoside labelled DNA.

In the context of studying intercellular DNA transfer viaextracellular vesicles (EVs) in culture, F-ara-EdU’s dualcapability to label DNA and facilitate selective enrich-ment becomes particularly valuable. By incorporating F-ara-EdU into culture media, it is not only possible tostudy DNA synthesis dynamics but also discern the ori-gin of EV-DNA and selectively enrich EV-DNA from spe-cific cell populations. This integrated approach enhancesthe precision and versatility of investigations into the intri-cate processes of intercellular communication mediated byEVs.
3.2.1 Copper-catalyzed azide-alkyne cycloaddition

The copper-catalyzed azide-alkyne cycloaddition (CuAAC)is a well-studied and widely used ’click reaction’ catalysedby a metal ion. It involves the reaction of an organic azideand an alkyne in the presence of a copper catalyst, forminga 1,2,3-triazole as the product.[80, 81] The use of a coppercatalyst in water improved on the original reaction proposedby Rolf Huisgen in 1963, which was conducted at high tem-peratures.[82, 83] This reaction is highly efficient and se-lective making it an attractive method for a wide range ofapplications in materials science, medicinal chemistry, andbioconjugation.
Unlike the noncatalyzed version, which can proceed through a concerted or stepwisemechanism depending on the functional groups involved, CuAAC exclusively follows astepwise process due to the influence of the copper catalyst.[84] A few studies haveidentified two competing mechanisms for triazole formation in CuAAC. One involves a
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Figure 5: The CuAAC reaction has two competitive pathways: a slow process facilitatedby a mononuclear copper species and a more kinetically favoured route through the for-mation of a dinuclear copper catalyst.[81]
slow process catalyzed by a mononuclear copper species, while the other pathway ismore kinetically favoured and promoted by a dinuclear copper catalyst, as presented infigure 5.[80, 84]
The initial step involves the displacement of a ligand from the Cu(I) centre by the or-ganic alkyne, leading to the formation of a π-complex. This step is slightly endothermicin organic solvents, where the solvent environment does not favour the reaction energet-ically. However, in an aqueous environment, this step becomes exothermic, facilitatingthe reaction and leading to faster CuAAC reactions in water. The coordination of the or-ganic azide to the copper(I) core or the second copper centre in the dinuclear pathwayis crucial. This coordination facilitates the addition of the terminal nitrogen (N-3) of theazide to the carbon (C-2) of the acetylide. This formation creates a Cu(III) metallacycle,an intermediate that significantly reduces the activation barrier for C-N bond formationcompared to the uncatalyzed reaction. Following the Cu(III) metallacycle formation, thering contracts to form the triazolyl-copper derivative, an essential step in the catalyticcycle. The triazolyl-copper derivative undergoes protolysis, leading to the release of thetriazole product, thereby completing the catalytic cycle.[81]
Various strategies exist for generating and stabilizing Cu(I) sources for CuAAC reactions.Utilising Cu(I) salts or carbene complexes directly, oxidising or comproportioning Cu(0)sources, and forming the active catalyst from Cu(II) salts by adding reducing agents arethe three widely used approaches.[81] In this research, BTTAA (tris-(3-benzyl-4H-1,2,4-triazol-4-yl)amine) is the ligand of choice in the CuAAC reaction. It acts as a chelatingligand that coordinates with the copper ion. This coordination helps to stabilize the cop-per(I) species, preventing its oxidation to copper(II), which is less effective as a catalyst inthe CuAAC reaction. Next to this, it assists in improving the catalytic efficiency of copperin promoting the cycloaddition reaction by binding to the copper centre, it helps in main-taining the catalyst in its active form, enabling the copper to readily interact with both thealkyne and azide components, thus facilitating the formation of the triazole product.[85]
In nucleic acid chemistry research, the in situ generation of Cu(I) catalysts by chemicalreduction of Cu(II) salts is a commonly pursued strategy. Aqueous conditions are pre-
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ferred due to the high water solubility of most reductants and cupric compounds, makingthem suitable for nucleotide/oligonucleotide solutions. In this research CuSO4, in combi-nation with sodium-L-ascorbate (Na-L-Asc), a reductant, is used while it has been shownto have high catalytic efficacy. Na-L-Asc is considered a safer option than other reduc-tants, such as TCEP and hydrazine, but its addition to cupric aerobic solutions can leadto reductant oxidation and side reactions. Excessive catalyst loading should be avoided,and anaerobic conditions should be maintained to preserve the integrity of the Cu(I) cat-alyst and substrates.[81]
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4 Experimental procedures

4.1 Cell culture

SHEP-2 cells were cultured in a T25 culture flask at 37°C, 5% CO2, until experimentaluse. The cells were maintained in complete culture medium [Dulbecco’s Modified Ea-gle Medium (DMEM)(Capricorn, Ebsdorfergrund Germany) supplemented with 10% fe-tal bovine serum (FBS)(Sigma-Aldrich, Taufkirchen, Germany), 2mM L-glutamine (Lonza,Basel, Switzerland), 1% MEM non-essential amino acids (Gibco, Karlsruhe, Germany),1% penicillin-streptomycin (pen/strep)(Lonza) and 1 mM sodium pyruvate (Gibco)]. Thecell line was sub-cultured every 3-4 days. Cells were washed with PBS (Sigma-Aldrich)and detached using 0.25% Trypsin-EDTA. A new T25 culture flask was seeded at 5000cells/cm2, by adding fresh culture medium to a part of cell suspension.
4.2 Metaphase chromosome spreads

Coverslips with a diameter of 20 mm were sterilized with 70% ethanol and placed in a wellof a 12-well plate. These were washed twice with MilliQ and once with PBS. Coverslipswere kept on PBS until cell seeding. SH-EP2s were seeded at 5000 cells/cm2. 12-wellplates were incubated at 37°C and 5% CO2 for 72h for optimal cell adherence. Sampleswere treated with KaryoMAX Colcemid (Gibco) at 100 ng/ml in DMEM supplemented with 1mM sodium pyruvate for 2 h to concentrate cells in metaphase. Coverslips with cells wereincubated in pre-warmed 75 mM KCl for 30 minutes at 37 °C. Cells were then fixed withCarnoy’s fixative [methanol and acetic acid (3:1)] for 15 min. Cells are washed with 1X PBSand stained with 4,6-Diamidino-2-phenylindole (DAPI) (100 ng/ml) for 15 minutes. Sam-ples were washed three times with 1X PBS and coverslips were mounted on microscopyslides using Dako mounting medium.
4.3 Fluorescence in situ hybridisation

Fixed samples on coverslips were equilibrated in 10% formamide in 2× SSC buffer for 2min. They were then dehydrated in ascending ethanol concentrations of 70, 85 and 100%for approximately 2 min each. Coverslips were airdryed. MYCN fish probe was dilutedin hybridization buffer (MYCN-20-OR, Empire Genomics) as recommended by the manu-facturer. 8.26 µL of probe solution was dropped on a microscopy slide and closed by thefixed samples on the coverslip. Coverslips were closed off with rubber cement to mini-mize probe evaporation. Samples were denatured at 73 °C for 2 min and then hybridisedat 37 °C overnight in a humid and dark chamber. Samples were then washed with 0.3%igepal in 0.4× SSC at 73°C and then in 0.1% in 2× SSC at RT (all washes lasting approxi-mately 2 min). DAPI (100 ng/ml) was applied to samples for 15 min. Samples were washedthree times with 1X PBS and coverslips were mounted using Dako mounting medium.
4.4 Microscopy

Conventional fluorescence microscopy was performed using a Nikon Eclipse E400 micro-scope equipped with a 100X oil immersion objective; images were acquired with a Hama-matsu Orca-flash 4.0lt plus camera. Confocal microscopy was performed using a ZeissLSM880 confocal microscope equipped with a Zeiss C-Apochromat 63x/1.20 W Corr M27objective. Image processing is performed in Fiji (Fiji Is Just ImageJ), an open-source im-age processing package based on ImageJ2.
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4.5 EV-associated DNA quantification

4.5.1 EV isolation

SH-EP2 cells were seeded in T182.5 culture flasks at 5000 cells/cm2 in complete cul-ture medium and incubated for 72h. Cells were washed with PBS and supplemented withDMEM-HA culture medium supplemented with 1 mM sodium pyruvate. Flasks were in-cubated at 37 °C for 48h for EV generation. EVs were harvested from the supernatantof the culture medium using centrifugal separation. First, centrifugation steps (300g, 10min at RT and 2000g, 20 min at 4 °C) were performed. Additionally, EVs were pelleted us-ing ultracentrifugation (110000g, 2.25h at 4 °C) using a Beckman Coulter ultracentrifugeequipped with a MLA-50 fixed-angle aluminium rotor. The supernatant was decanted andthe pellet was resuspended in 200 µL Tris-HCl buffer [(10mM Tris-HCl, 2.5 mM MgCl2, 0.5mM CaCl2), pH 7.4] or 1X PBS (pH 7.4) supplemented with 2.5 mM MgCl2, 0.5 mM CaCl2.
4.5.2 DNase treatment

EV samples from two different culture flasks were combined, homogenised and split again,to create similar starting materials for DNA quantification with and without treatment withdesoxyribonuclease. Half of the samples were treated with 100 µg/mL DNase I (Roche,Basel, Switzerland) for 30 min at 37 °C to eliminate all external DNA. The DNase I was inac-tivated by the addition of Ethylenediaminetetraacetic disodium salt (EDTA-Na2) (Sigma-Aldrich) to a final concentration of 5 mM and a 10 min heat inactivation step at 75 °C.
4.5.3 DNA isolation and quantification

DNA was isolated from enriched EVs produced by SHEP-2 cells using a QIAamp DNA MiniKit (Qiagen, Hilden, Germany) and a phenol-chloroform extraction method. The imple-mentation of the DNA isolation kit was according to the manufacturer’s protocol. For thephenol-chloroform extraction, phenol/chloroform/isoamyl alcohol (PCI) mixture (25:24:1)(Sigma-Aldrich) was added to the sample. DNA will stay in the aqueous phase, whilelipids will solubilize in the organic phase and proteins will gather at the interphase. Theaqueous phase was isolated and a back extraction, using chloroform (Sigma-Aldrich) wasdone to further purify the DNA sample. Lastly, ethanol precipitation is performed using70% etOH, 20 µg glycogen (Thermo Scientific Chemicals, Waltham, Massachusetts, USA)and 0.75 M ammonium acetate (Sigma-Aldrich). The DNA pellet was washed thoroughlywith 70% ethanol and resuspended in 200 µL Tris-HCl. Samples were analysed for DNAquantity with a Qubit dsDNA HS Assay kit (Invitrogen, Waltham, Massachusetts, USA) ac-cording to a protocol supplied by the manufacturer. Resuspended DNA was separated on1% agarose gel (Sigma-Aldrich). Gel was run for 60 min at 90V using TAE buffer [40mMTrizma base (Sigma-Aldrich), 1mM EDTA (Sigma-Aldrich), 1.14 % glacial acetic acid (CarlRoth, Karlsruhe, Germany)].
4.6 Bioorthogonal metabolic DNA labeling

Coverslips with a diameter of 20 mm were sterilised with 70% ethanol and placed in a wellof a 12-well plate. coverslips were washed twice with MilliQ and once with PBS. Coverslipswere kept on PBS until cell seeding. SH-EP2s were seeded at 3300 cells/cm2. 12-wellplates were incubated at 37°C and 5% CO2 for 48h for cell adherence. Consecutively,the medium is changed to DMEM-HA supplemented with 10% FBS, 1 mM sodium pyru-vate and 100 µ M (2′S)-2′-deoxy-2′-fluoro-5-ethynyluridine (F-ara-EdU) (Click ChemistryTools, Scottsdale, Arizona, USA) and incubated for 48h. To fix the sample, coverslips
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were washed with pre-warmed Hank’s Balanced Salt Solution (HBSS) (Gibco) and sub-merged in 4% PFA for 15 min. After fixation the samples are washed three times with PBS,permeabilized in 0.2% Triton X-100 for 20 min, denatured in 2M hydrochloric acid andneutralized with 0.1M borax for 10 min. After a thorough wash with PBS, 1mL of freshlyprepared CuAAC staining mix (5µM AlexaFluor 488 azide (Jena Bioscience, Dortmund,Germany), 50 µM CuSO4, 300 µM BTTAA, and 2.5 mM sodium-L-ascorbate) is added andincubated for 1 h at RT in the dark. Samples were washed with PBS and counterstainedwith 4,6-Diamidino-2-phenylindole (DAPI) (100 ng/ml) for 15 min. Samples were washedthree times with 1X PBS and coverslips were mounted using Dako mounting medium. Eval-uation of staining was performed by fluorescence microscopy as presented in section 4.4.
4.7 Detection of DNA transfer

4.7.1 Detection of bioorthogonal metabolically labelled DNA in gel electrophoresis

SH-EP2 cells were cultured as presented in section 4.5, either with or without the addi-tion of 100µM F-ara-EdU. Cells were washed with PBS and supplemented with DMEM-HAculture medium supplemented with 1 mM sodium pyruvate and 100µM F-ara-EdU. Flaskswere incubated at 37 °C for 48h for EV generation. EVs were isolated following the cen-trifugation, ultracentrifugation, DNase I treatment and DNA isolation steps as previouslystated in section 4.5. To the sample, a 20X CuAAC staining mix [100µM Cy5 azide (Sigma-Aldrich), 1 mM CuSO4, 6 mM BTTAA, and 50 mM sodium-L-ascorbate] was added 1:20 andincubated for 1h in the dark. 30µL out of 200µL resuspended DNA was separated on 0.7%agarose gel. Gel was run for 30 min at 90V using TAE buffer.
4.7.2 Detection of bioorthogonal metabolically labelled DNA in cell culture

SH-EP2 cells were cultured as presented in section 4.5. Cells were washed with PBS andsupplemented with DMEM-HA culture medium supplemented with 1 mM sodium pyruvateand 75µM F-ara-EdU. EVs were isolated as presented in section 3.1.3 and resuspended1X PBS (pH 7.4) supplemented with 2.5 mM MgCl2, 0.5 mM CaCl2. This EV suspensionderived from one T182.5 flask was added to 6 mL DMEM-HA supplemented with 10% FBSand 1 mM sodium pyruvate. In a 12-wells plate, SHEP-2 and LNCaP cells were seeded oncoverslips at 10000 and 25000 cells/cm2 respectively and incubated for 2 days. After this,the cells were washed once with PBS and supplemented with a culture medium containingEVs. Plates were incubated for 1, 3 and 24h. Cells were gently washed with pre-warmed(37°C) HBSS, fixed with 4% PFA for 15 min and washed three times with PBS. AF488-azide was linked to the F-ara-Edu containing DNA as presented in section 4.6. After this,the samples were stained with Memglow560 (Biozol, Hamburg, Germany) for 10 min andDAPI for 15 min, each with a PBS washing step in between. Samples were washed threetimes with 1X PBS and coverslips were mounted using Dako mounting medium. Detectionof fluorophores was performed with a confocal microscope as presented in section 4.4.
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5 Results

5.1 Visualization of ecDNA

5.1.1 Metaphase chromosome imaging

The first objective was to observe ecDNA fragments within the nucleus of the SHEP-2cells. While this was not known from the literature, slides with cell cultures concentratedin metaphase were produced and evaluated under a fluorescence microscope. As pre-sented in figure 6, treatment with 100 ng/mL KaryoMAX colcemid for 24h yielded a higheramount of cells in metaphase and also lower cell density.

(a)

(b)Figure 6: Increase in
metaphases in cell prepa-
ration when subjecting
cells to KaryoMAX Cole-
cemid. Shown are cellpreparations stained withDAPI, (a) untreated and (b)treated for 24h with Kary-oMAX Colcemid. Scalebaris 100 µm

To optimize the metaphase procedure a variety of in-cubation times were tested: 2, 4, 6, 16, 24, 48 and72h. In all cell preparations with a higher incubationtime than 24h, no adherent cells were left. 2, 4, 6and 16h of incubation times showed, upon visual in-spection, no major differences in the amount of cellsin metaphase. Overall, higher-density areas had fewermetaphases and lower-density areas had more. Therefore,2h of incubation with KaryoMAX colcemid was deemed suf-ficient.
However metaphase-containing cell preparations couldbe made, DNA elements within the nucleus could notyet be distinguished from each other. The nucleuswas still too condensed and chromosomal structureswere overlapping. Therefore, before cell fixation, a0.75mM potassium chloride solution was added to thecells. However, the exposure time of cells to this so-lution will influence their size increase. Too long in-cubation could lead to cell rupture and lost DNA frag-ments. Therefore different incubation times with KClwere tested. Cell membrane integrity was evaluatedafter fluorescently labelling the membrane with Mem-glow488.
In all KCl parameters, areas could be found where all cellmembranes were still intact. In figure 7, a view of eachcondition is given. Cell swelling and busting were mainlydependent on the local cell density. Cells in less conflu-ent areas seemed to be more prone to bursting. How-ever, longer incubation times with KCl decreased the to-tal amount of cells present on the coverslip, while all cellsin low confluence areas burst and were washed away. Inthis case, while 30 min swelled the cells without exces-sive loss of cells on the coverslip, this was the chosenmethod.
After all optimisation, ecDNA was tried to distinguish from chromosomes in the metaphasespreads of SHEP-2 cells. Pictures of representative metaphase spreads are shown in fig-ure 8. The primary challenge in identifying ecDNA lies in the overlapping chromosomalfragments evident in the metaphase spreads, as illustrated in Figure 8. Despite all optimi-sation performed, this complexity rendered it exceedingly difficult to observe individual
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Figure 7: Membrane integrity and metaphase spread evaluation. An overview ofmetaphase spreads of SHEP-2 cell cultures after a variety of incubation times with 75mMKCl (shown in image). DNA is stained with DAPI (cyan) and the membrane is stained withthe membrane probe Memglow488 (green). Scalebar is 100 µm.
chromosomes distinctly. Figure 9, shows the only image of the chromosomes in whichthey are not overlapping. This image indicates that the depicted cell contains 47 chro-mosomes and does not possess any ecDNA. However, based on the metaphase spreadsin Figure 8, it cannot be conclusively asserted that this total absence applies universallyto other cells.
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Figure 8: Four chromosome spreads of SH-EP2 cells. Obtaining high-quality metaphasespreads proved challenging due to the intricate nature of overlapping DNA structures,making the quantification of fragments not possible. Scalebar is 50 µm
5.1.2 Fluorescent in situ hybridisation

If it is known what gene is often amplified on the ecDNA of a cell line, we can targetthat gene using fluorescence in situ hybridisation. As discussed in section 2.2.3, neu-roblastoma is commonly associated with extrachromosomal amplification of the MYCNoncogene. By linking a fluorophore to this gene we can see if this gene is amplified inthe SHEP-2 cell line and if this amplification occurs on many DNA fragments, these mightbe ecDNA. Samples were prepared according to the protocol presented in section 4.3.However, after implementing this protocol two times with different fixation protocols, theone using Carnoy’s fixative and the other using 4% PFA, no clear FISH signal could beobserved using the confocal microscopy. To rule out that, this specific cell line does notcontain the MYCN gene, the procedure was performed on SHEP-2 and LNCaP, humanprostate adenocarcinoma, cells in parallel. Here the same results were obtained for bothcell lines: the probe could be detected.
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Figure 9: Ametaphase spread of a SHEP-2 cell in which all chromosomal structures can
be seen without overlapping. The chromosome count in this cell is 47 and deviates fromthe diploid chromosome number(46). Scalebar is 20 µm.
5.2 Bioorthogonal metabolic labelling

From the literature, there is suggestive evidence pointing towards ecDNA transfer throughextracellular vesicles (EVs), making them a potentially intriguing target for further investi-gation. Detecting and following the DNA contents from these EVs could provide valuableinsights into ecDNA quantity and the occurrence of this transfer phenomenon within theSHEP-2 cell culture.
Through the application of a bioorthogonal metabolic labelling approach utilizing F-ara-EdU, we can identify or separate the nuclear DNA synthesized by the target cell. Thisproves advantageous in the search for this particular DNA within EVs. In our pursuitof effective cellular DNA labelling to facilitate subsequent localization studies, we exe-cuted a sequence of experiments to evaluate the efficacy of the bioorthogonal metabolicCuAAC click-labelling technique in adherent cell cultures. The primary objective involvedthe initial labelling of cell nuclei using the CuAAC reaction in conjunction with metaboliclabelling. Subsequently, the refined parameters derived from these experiments will beemployed in labelling DNA extracted from EV fractions.
To achieve this, we systematically explored the influence of F-ara-EdU concentrationsand incubation times on cellular DNA labelling. Coverslip-adherent SH-EP2 cells weresubjected to 10, 100 and 200 µM F-ara-EdU and incubated for 48 hours. As discussedin section 3.2, this synthetic nucleoside analogue of thymidine will be incorporated intothe DNA by the cell. Subsequent labelling of the analogue with a fluorophore, in this caseAF488, visualises this DNA under the fluorescence microscope. The staining was eval-uated through fluorescence microscopy, as detailed in figure 10, and yielded sufficientlabelling efficiency for 100 and 200 µM. Cells cultured on coverslips were very fragile,so due to harsh washing fewer cells were present on some coverslips. While it was ex-
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pected that higher concentrations of F-ara-EdU would contribute to poorer adhesion tothe coverglass, 100 µM was chosen for the CuAAC click-labelling technique utilized in theEV-DNA labelling experiments presented in section 5.4.

Figure 10: Effective bioorthogonal metabolic labeling of SHEP-2 cells using F-ara-EdU.SHEP-2 cells were seeded at 3300 cells/cm2 and were cultured for 4 days on glass cov-erslips in a 12-well plate to adhere and reach sufficient confluence. After 2 days the cellsreceived 0, 10, 100 or 200 µM F-ara-Edu. DAPI (cyan), AF488 (green) signal and mergedpicture obtained after CuAAC labelling of F-ara-EdU with AF488-azide. Scalebar is 200
µm .
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5.3 EV-DNA quantification

The goal was to determine whether EVs carry DNA and whether it resides inside, out-side or in both. The strategy involves obtaining EV fractions from cultured cells througha series of centrifugation steps, including ultracentrifugation. The resulting pellets areinitially resuspended in Tris-HCl buffer. To investigate whether EVs carry DNA and todetermine its location (inside, outside, or both compartments), the experiment employsan enzymatic digestion of non-enclosed DNA in some parameters. To mitigate potentialDNA fragmentation caused by conventional column-based DNA purification methods, theapproach integrates phenol-chloroform extraction alongside the column purification pro-cess.
To discriminate and quantify internal and total DNA from extracellular vesicles (EVs), thetwo purification methods were employed either with or without enzymatic DNA digestionto eliminate non-enclosed DNA. With column purification and no DNase treatment, theextracted DNA was measured at 13.22 ± 3.71 ng, corresponding to 1.13 ± 0.34 ng DNAper 106 producer cells (n = 3). Utilizing a phenol-chloroform extraction protocol withoutDNase treatment, we obtained 6.44 ± 0.37 ng DNA, with 0.85 ± 0.09 ng DNA per 106 pro-ducer cells (n = 3), as illustrated in figure 11a, suggesting the presence of DNA both insideand outside the EVs. Negative control (culture medium), gave a DNA quantity below thedetection limit (<100 pg). Positive control (106 cells), gave a DNA quantity of 565 ± 21.0ng DNA. Agarose gel results (figure 11b) displayed a smear between 1 and 10 kb for non-treated EV-DNA fractions, strengthening the observation of the presence of DNA bothinside and outside the EV. Quantities obtained from column extraction revealed approx-imately 6 to 20 times more DNA in total from the EV compared only to the inside, whilephenol-chloroform extraction indicated a ratio of 6 to 10.
In a subsequent experiment, the EV pellet obtained post-ultracentrifugation underwentresuspension in an isotonic 1X PBS solution supplemented with MgCl2 and CaCl2. Thismodification aimed to counteract any potential adverse effects on EVs, such as swelling orbursting, that could arise from the hypo-osmotic conditions of the initial Tris-HCl buffer.By conducting this supplementary experiment, we not only sought to confirm the DNAquantity in the EV fractions under these altered conditions.
While the previous phenol-chloroform extraction did not yield significantly different DNAyields and induced less DNA shearing according to literature concerning column extrac-tion, it emerged as the preferred method for DNA extraction from EV fractions resus-pended in PBS. This approach resulted in 21.69 ± 0.01 ng DNA without DNase treatmentand 4.96 ± 0.27 ng DNA per 106 producer cells with DNase treatment (n=2), as depictedin figure 12a. Negative control (culture medium), gave a DNA quantity below the detectionlimit (<100 pg). Positive control (106 cells), gave a DNA quantity of 733.2 ± 157.8 ng DNA.
Notably, the total/internal EV-DNA quantity ratio decreased to approximately 4.4 whenEVs were resuspended in PBS, compared to the Tris-HCl buffer. This shift suggests thata fraction of EVs lysed in the hypo-osmotic Tris-HCl buffer, rendering some internal DNAsusceptible to DNase. Resuspending EVs in PBS also increased the overall isolated DNAquantity.
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(a) (b)Figure 11: Quantification of DNA isolated from in Tris-HCl buffer resuspended EV pellet
obtained by ultracentrifugation. (a) DNA quantities obtained from the EV pellets nor-malized to million producer cells for two extraction methods without and with treatmentwith DNase I (n=3). Culture medium was taken as negative control and genomic DNAof one million cells was taken as positive control. To determine that two conditions aresignificantly different, a two-sided t-test is performed. For both extraction methods thenon-treated fraction was significantly different from the treated fraction (P<0.05). (b)To substantiate the results of DNA quantification 30 µL of the sample was loaded on agel. (L) DNA ladder, (1) Phenol-chloroform extraction, (2) Column extraction, (3) Phenol-chloroform extraction (DNase treated), (4) Column extraction (DNase treated), (5) ge-nomic DNA from 106 cells.
5.4 Detection of DNA transfer through EVs

5.4.1 Detection of labelled EV-DNA in gelelectrophoresis

To identify horizontal DNA transfer by EVs, cells were exposed to a culture medium con-taining 100 µM F-ara-EdU. The cell incorporates this synthetic thymidine analogue into itsDNA. As shown in figure 5, the nucleoside is sufficiently built into the DNA for visualisation.However, it is not known if these cells package the newly synthesised DNA in EVs within2 days. Therefore an additional parameter, 5 days of incubation with 100 µM F-ara-Eduis included. Subsequently, the analogue is labelled with a fluorophore, specifically Cy5-azide in this case, allowing the visualization of the DNA under a fluorescence microscope.Successful visualization of the fluorophore-tagged DNA in the EV fraction demonstratesthe transfer of nuclear DNA by EVs. To achieve tagging, a 20X CuAAC staining mix wasintroduced to the EV samples at a 1:20 ratio and incubated for 1 hour in the dark. Subse-
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(a) (b)Figure 12: Quantification of F-ara-EdU labelled DNA isolated from in PBS buffer resus-
pended EV pellet obtained by ultracentrifugation. (a) DNA quantities obtained fromSHEP-2 cells including incubation with 100 µM F-ara-Edu for 0, 2 and 5 days. (b) Gelelectrophoresis of F-ara-EdU labelled DNA. (L) 0.1kb to 10kb DNA ladder, (1) 2d F-ara-EdU, (2) 5d F-ara-EdU, (3) 2d F-ara-EdU (DNase treated, DT), (4) 5d F-ara-EdU (DT), (5)5d F-ara-EdU 106 cells, No F-ara-EdU 106 cells, No F-ara-EdU 106 cells (DT). The blueband is unbound Cy5-azide. No DNA-bound fluorophore could be detected after lettingthe unbound fluorophore diffuse out of the gel.
quently, 30 µL of resuspended DNA was separated on a 0.7% agarose gel. Unexpectedly,the Cy5 azide did not exhibit binding affinity to the DNA. Gel electrophoresis and visu-alization showed that the Cy5 fluorescence signal did co-localize with the DNA bandsin each sample at the same height. Even for the samples that were not treated with F-ara-EdU. This suggests that the anticipated click reaction between the azide group ofCy5-azide and the ethynyl group of the DNA, characteristic of the CuAAC reaction, didnot occur as anticipated, as presented in figure 12b.
Upon washing the gel to remove unbound or non-reacted components, the DNA bandsremained visible, indicating the presence of DNA fragments. Intriguingly, the Cy5 fluores-cence signal disappeared after washing, reinforcing the notion that the expected bindingbetween Cy5-azide and DNA did not take place. This outcome prompts a reevaluation ofthe CuAAC click-labeling technique with Cy5-azide for detecting horizontal DNA transferthrough EVs.
Additionally, an interesting observation was made regarding the duration of F-ara-Edu in-cubation. Prolonged exposure led to an increase in isolated DNA quantity per million cells,as presented in figure 12a, suggesting that a substantial portion of the isolated DNA mayoriginate from apoptotic sources.
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5.4.2 Detection of labelled EV-DNA in cell culture

(a)

(b)Figure 13: Transfered metabol-
ically labelled DNA was not ob-
served with (a) fluorescence
microscopy and (b) confocal mi-
croscopy. (a) Image of SHEP-2cells incubated for 1h with EV-containing medium. Due to spectralbleed-over lipids stained withMemglow560 (red) ended up inthe fluorescence channel used forthe detection of AF488 (green)labelled DNA. Scalebar is 50 µm (b)Constructed 3D image of LNCaPcells incubated for 1h with EV-containing medium using confocalmicroscopy. Lipids are stained withMemglow560 (red) and nuclei arestained with DAPI (blue). No AF488(green) could be detected in theimage.

The goal of this experiment was to investigatewhether F-ara-EdU labelled DNA in EV frac-tions would be detectable using fluorescence mi-croscopy when supplemented to culture mediumdifferent cells. SHEP-2 and LNCaP cells were cul-tured and supplemented with EVs isolated fromT182.5 flasks with F-ara-Edu labelled SHEP-2cells. Following incubation with an EV-containingmedium, cells were fixed, and the DNA was CuAAClabelled with AF488-azide. Memglow560 stain-ing was intended to identify labelled DNA’s lo-calization as it would mark cell borders, andDAPI staining facilitated visualization of the nu-cleus.
Despite the planned procedures, at first, the ex-periment encountered difficulties in distinguishingbetween labelled DNA and lipid clusters in fluo-rescence microscopy due to spectral overlap inthe emission spectra of Memglow560 and Alex-aFluor488, as presented in figure 13a. This chal-lenge, especially evident when determining thelook-up table in the Fiji software, hindered accu-rate result interpretation. With the confocal mi-croscopy, it was possible to distinguish the twofluorophores and construct 3D images to evaluatethe image in multiple dimensions, as presented infigure 13b. However, no signal for AF488 couldbe found in all taken images and incubation times.It was not known if the EV fraction would con-tain F-ara-EdU labelled DNA, which further com-plicated the search. Furthermore, most of the cellmembranes were ruptured, which would make es-tablishing the location of the labelled DNA diffi-cult.
Regrettably, the technical challenges encounteredin this experiment prevented the derivation ofmeaningful results regarding the interaction be-tween EVs and cellular DNA. However, the concep-tual framework of the experiment, designed to in-vestigate ecDNA transfer between cells, remainspromising. Future experiments are necessary to ex-plore the potential of ecDNA tracking and horizontalDNA transfer mediated by EVs in cellular models.
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6 Conclusion

In conclusion, this study aimed to observe ecDNA in the SHEP-2 neuroblastoma cell line,determine the presence and location of DNA within EV isolation fractions, and investigatethe potential transfer of EV-associated ecDNA between different cell types.
Metaphase spreads were employed to visualize ecDNA morphology and quantity in SHEP-2 cells. Despite extensive optimization efforts, the inherent complexity of overlappingchromosomal fragments in metaphase spreads posed a significant challenge. The diffi-culty in distinguishing individual chromosomes hindered a clear observation of ecDNA.
The investigation into EVs secreted by SHEP-2 cells revealed the presence of DNA in theEV fraction, both with and without enzymatic DNA digestion. This suggests the existenceof both free or vesicle-associated DNA and membrane-enclosed DNA within the isolationfraction. The EV yield and the exclusion of non-EV material are not evaluated.
In the exploration of ecDNA transfer in cases where the genes are unidentified, we effec-tively utilized a bioorthogonal metabolic labelling strategy within cells adhering to cover-slips. However, the specific detection of ecDNA in the EV fraction remained inconclusive,as the experiment for bioorthogonal metabolically labelled DNA in gel electrophoresis en-countered challenges such as fluorophore binding issues or a potential absence of ecDNAin the sample. The experiment designed to explore the transfer of ecDNA through EVs didnot yield conclusive results. Despite the lack of findings, this experiment lays the ground-work for future investigations.
This research provides valuable insights into the complexities associated with investigat-ing ecDNA in neuroblastoma cells and its potential packaging within EVs. The findings,limitations, and challenges identified in this study provide a foundation for future researchendeavours to the roles played by ecDNA in cellular processes and intercellular commu-nication.
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7 Discussion

The initial step driving our investigation was to ascertain the presence of ecDNA in SHEP2cells. However, this required more optimisation steps than initially anticipated. Despiteengaging in the production of numerous metaphase spreads and persistent efforts to op-timize the experimental protocol, only a limited number of valuable images were gener-ated. Unfortunately, none of these images could confirm the presence of ecDNA in SHEP2cells. In hindsight, our results could be consistent with prior research, specifically con-cerning the far parent cell line of SHEP-2, known as SK-N-SH. This lineage, unlike manyother cell lines, was shown in earlier studies to lack any detectable ecDNA content.[86]The study by Biedler et al. provides a compelling reference point, highlighting the ecDNA-free nature of SK-N-SH cells. This observation reinforces the notion that the choice of acell line is important for the optimisation of the metaphase protocol in the lab. By usingcell lines known to harbour ecDNA, we can enhance the relevance and significance ofour investigations into the dynamics and implications of ecDNA in EVs. For the detec-tion and counting of ecDNA, when visually detectable, Rajkumar et al.[87] implementedPython code for semantic segmentation of metaphase images containing extrachromo-somal DNA. The code was obtained from the author. The segmentation software has notbeen used here while overlapping DNA structures were abundant in most images.
To enhance the quality of metaphase chromosome spreads, a departure from the con-ventional cell treatment on coverslips is recommended. Instead, Wu et al. proposed amore effective approach involving the treatment of cells with 75 mM KCl in suspension,as documented in their study.[50] The rationale behind this modification lies in the advan-tageous absence of cell attachment to a surface, allowing for greater cellular expansionbefore eventual bursting.
Wu et al.’s research demonstrated the successful visualization of ecDNA through DAPIstaining. An alternative technique for identifying ecDNA involves chromosome banding,where these entities manifest as small nonbanding structures, as elucidated by Biedleret al.[86]. In our investigation, we also employed a Fluorescence In Situ Hybridization(FISH)-based method, utilizing MYCN FISH probes to discern amplified oncogenes resid-ing on ecDNAs. Unfortunately, due to an unoptimized protocol or non-functioning FISHprobe and the inherent challenge of detecting ecDNA in the SH-EP2 cell line, these resultsdid not contribute to the research question.
Numerous studies have demonstrated successful isolation of intact EVs using differentialcentrifugation.[88, 76, 77, 12] However, our study introduces a critical question: do we in-deed isolate only EVs using the current differential centrifugation protocol? Results fromwestern blot analysis performed by colleagues utilizing an identical EV enrichment pro-tocol showed positive results for EV proteins. To conclude this question further, electronmicroscopy emerges as a valuable next step. Morphological characterization can confirmthe presence of EVs and distinguish them from other cellular debris.
Ultracentrifugation is a widely employed method for EV isolation, yet its efficiency in sep-arating EVs from apoptotic bodies and other small cell debris remains an area of interest.Studies indicate that apoptotic bodies, which share size characteristics with EVs, maybeco-isolated during ultracentrifugation. The observed increase in isolated DNA quantitywith prolonged F-ara-Edu incubation aligns with findings in the existing scientific liter-ature regarding the presence of apoptotic bodies in EV fractions. Apoptotic bodies areknown to contain fragmented DNA as a consequence of programmed cell death, and theirincorporation into EV fractions during the isolation process is a well-documented phe-nomenon.[89, 88, 64] Western blot analysis for known exosome surface proteins, suchs
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as TSG101, HSP70, Alix 1, CD9, CD63, CD81, CD82 and proteins known to be associatedwith the apoptotic pathway, such as caspases, or proteins associated with the cell cy-toskeleton, such as actin or tubulin could be considered a valuable procedure to indicatethe quantity of apoptotic bodies and debris of apoptotic origin.
The choice of ultracentrifugation as the method for EV isolation in this research, particu-larly for DNA quantification, warrants careful consideration. Ultracentrifugation is a well-established and widely used technique that falls within the category of high recovery, lowspecificity methods. This means it is designed to recover a maximum amount of extracel-lular material, irrespective of its vesicular or non-vesicular nature. Our study aligns withthe broader discussion in the field regarding the trade-off between recovery and speci-ficity in EV isolation methods. While ultracentrifugation provides a high recovery of EVs,the associated challenges, such as buffer effects, potential alterations in EV integrity andco-isolating non-vesicle debris necessitate a critical evaluation of its suitability, espe-cially when focusing on downstream applications like DNA quantification, in which higherspecificity is preferred. Methods falling into this category often involve intricate sepa-ration strategies based on EV characteristics such as size, density, surface protein/lipidcomposition, or other biophysical properties. For instance, techniques like size-exclusionchromatography, immunoaffinity isolation, and density gradient ultracentrifugation aim toisolate distinct EV subtypes with minimal contamination from other extracellular materi-als. While the emphasis on high specificity is critical, it must be noted that there are manypotential challenges associated with these methods. One notable challenge is the trade-off between recovery and specificity. High selectivity inherently leads to lower recoveryrates, meaning that a substantial fraction of EVs might be excluded during the isolationprocess. This can pose challenges, especially when the starting material is limited, as itmay result in insufficient quantities of isolated EVs for downstream analyses. In this study,the use of substantial volumes for each parameter made the ultracentrifugation processexceptionally time-consuming. Additionally, the effectiveness of high-specificity meth-ods can be influenced by the heterogeneity of EV populations. [64] A logical next experi-ment would be to include an additional 10000 to 20000 g centrifugation step as stated inchapter 3.1.3 and implemented by Fisher et al., which, according to the research, did notyield any DNA from apoptotic bodies. After validation of this protocol, DNA quantificationmight yield more representative results.[12]
The use of a hypotonic Tris buffer in the first EV isolation and EV-DNA quantificationmethod affected the DNA yield negatively. Isotonic buffers, such as PBS, are recom-mended to maintain EV integrity during isolation.It was shown that using low osmolaritybuffers, like Tris-HCl, may result in osmotic stress, potentially lysing EVs. This should stillbe confirmed by advanced imaging techniques for instance electron microscopy.
Different DNA isolation methods can impact the size and yield of extracted DNA. Whilecolumn separation and phenol-chloroform extraction are common techniques, their im-plications on the integrity of extracellular DNA are not well-documented. Literature sug-gests that phenol-chloroform extraction may preserve larger DNA fragments due to re-duced shearing during the isolation process. Therefore, in this research, the phenol-chloroform extraction was preferred, while the QIAamp DNA Mini Kit only claims to isolateDNA up to 50 kilobase pairs effectively. When researching larger DNA fragments, thisshould be taken into consideration.
The large size of ecDNA in neuroblastoma, as discussed in chapter 2, probably in themegabase-pair range, poses challenges for visualization using standard gel electrophore-sis. The absence of Cy5 fluorescence binding to DNA in figure 12b suggests potentialissues with the reaction conditions or the compatibility of the chosen fluorophore with
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the DNA fragments. Further investigations into the CuAAC reaction parameters, choiceof cell line, choice of labelling components, and potential interference factors are war-ranted to refine the method for accurate detection of horizontally transferred DNA. De-spite this unexpected result, the retained DNA bands open avenues for additional explo-ration and optimization of the labelling strategy for a more reliable assessment of hor-izontal DNA transfer facilitated by extracellular vesicles. Pulse field gel electrophoresis(PFGE) emerges as a suitable technique for separating high molecular weight DNA frag-ments, providing a more accurate assessment of ecDNA content in EVs. Another concernfor the visualisation of ecDNA on a gel is the low concentration in the EV sample. Incorpo-rating biotin-streptavidin labelling, especially in conjunction with F-ara-EdU, presents apossible approach to improve the detectability of DNA in PFGE. Biotin-streptavidin inter-actions provide a highly specific and strong linkage in which four biotin-linked moleculescan bind to one streptavadin-linked molecule, amplifying a signal three-fold and thus en-hancing the resolution and visualization of DNA fragments. While knowledge of biotin-steptavadin signal amplification was present within the lab, PFGE was not. This meansthat this detection method remains a recommendation for the detection of ecDNA in EVsamples.
Serum starvation is recognized to induce cellular alterations, influencing diverse cellularprocesses, including the secretion of EVs. However, the challenge lies in distinguishingthe EVs originating from the cells of interest from those present in fetal bovine serum(FBS). Conventional methods, such as ultracentrifugation, are commonly employed to re-move EVs from FBS before further analysis. This process has been proposed to revealdistinct EV fractions and their associated DNA contents.[90]. An alternative could bethe addition of F-ara-EdU to complete culture media. F-ara-EdU containing DNA can beattached to a photocleavable biotin-azide linker. Subsequent neutravadin affinity purifi-cation and cleavage by UV irradiation might yield only EV-DNA originating from the cellnucleus, excluding DNA from the co-isolation of serum-derived EVs. This refined ap-proach could provide a more detailed insight into how cellular conditions, such as serumstarvation, impact the DNA cargo and composition of EVs, advancing our understandingof intercellular DNA transfer mediated by these vesicles.
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