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Abstract of the Dissertation 

Intercellular transfer of functional RNA through extracellular vesicles is a medium of 

communication between cells 

by 

Sudipto Kumar Chakrabortty 

Doctor of Philosophy 

In 

Genetics 

Stony Brook University 

2015 

 

Proper functioning of a multi-cellular organism requires well-coordinated intra- and inter-

cellular communication among its cells. Mammalian cells have well established modes of inter-

cellular communication, which include cell-cell contact via gap junctions, synaptic transmission, 

and paracrine and endocrine communication through secreted molecules. Extracellular vesicles 

(EV) serve as a vehicle for transfer of biomolecules between cells. This study aims to establish if 

EV mediated transfer of encapsulated RNA represents a novel mode of intercellular 

communication. 

At the outset, we developed and validated a novel, relatively cost effective and efficient 

approach of isolation of EVs. Comprehensive characterization of EV RNA derived from several 

cell types revealed the diversity of small RNA cargo, and suggested non-random and cell type 

specific sorting of RNA molecules into EVs. Further analysis revealed gene family specific 

fragmentation patterns of non-coding RNAs detected within EVs. We also explored the temporal 
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dynamics, spatial localization, and integrity of EV RNA upon transfer into another cell. We 

further demonstrate dynamic sorting of small RNA molecules into EVs by cells with different 

environmental stimulus, as well as cell type specific molecular responses, when different cells 

were exposed to the same EV stimuli, underscoring the context dependent interpretation of the 

complex EV messages. Finally, as a specific example of EV RNA functionality, we report the 

possible involvement of a 31 nucleotide processed fragment of RNY5, one of the most abundant 

and enriched RNA components of cancer cell derived EVs, in selectively inducing cell death in 

primary cells of diverse developmental origins and identified an eight nucleotide motif crucial 

for its functionality. The transfer of processed, functional RNY5 fragments through EVs hints at 

the under-appreciated role of EV RNA in cancer cell microenvironment.  

Thus, our study supports the hypothesis that EV mediated transfer of RNA represents a 

novel mode of intercellular communication, through which cells may influence the 

transcriptional landscape of another cell in their microenvironment. 
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Chapter 1 

Introduction 

The ability of a cell to perceive signal/stimuli and initiate an appropriate response forms 

the basis of all cellular activity, growth and development. In any complex multi-cellular 

organism, this is established through complex signal transduction pathways and coordination 

among various specialized cell populations through intercellular communication. Established 

modes of inter-cellular communication in multi-cellular organisms include direct cell to cell and 

cell-extracellular matrix contacts via junctions, receptor-ligand interactions, hormones and 

synaptic transmissions [1-4]. Recently, extracellular vesicles (EVs) have emerged as a key 

component of the extracellular environment and a medium of intercellular communication [5-7]. 

1.1. Historical context of EV research 

The earliest observations of EVs were made by Chargaff and West in 1946 [8] as platelet 

derived pro-coagulant particles in the plasma and was subsequently referred as platelet dust in 

1967 [9]. Subsequently, multiple independent observations of EVs have been made in various 

biological systems, including cell culture medium [10, 11] and body fluids such as such blood 

plasma [12], urine [13, 14], saliva [13], cerebrospinal fluid (CSF) [15, 16], amniotic fluid [13, 

17], synovial fluid [18, 19], etc.  Today, release of vesicles into extracellular environment 

appears to be a universal property of eukaryotic as well as prokaryotic life investigated.   

1.2 Classes of extracellular vesicles 

Extracellular vesicles have been broadly classified into three categories, namely, 

apoptotic bodies, microvesicles and exosomes [20]. Apoptotic bodies are large membrane 
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blebs/vesicles released by cells undergoing apoptosis. Their size varies between 1-5 microns and 

is largest in size among EVs. Microvesicles are membrane vesicles that are released from the 

plasma membrane of cells. The size of microvesicles usually varies between 200nm-1microns 

[7]. The third and perhaps the most well studied class of EVs are called exosomes. Exosomes are 

EVs of endosomal origin which range in size between 30-200nm [7, 21, 22].  

Ultrastructural studies by Johnstone et.al on sheep reticulocytes revealed that the 

biogenesis of exosomes occurs in late endosomal structures in the cytoplasm, known as multi-

vesicular bodies (MVBs)[23-25]. The membrane of the MVBs, upon undergoing an inward 

invagination leads to the formation of smaller vesicles within themselves called intraluminal 

vesicles (ILV). The MVBs at this point have two fates; it could either fuse with the lysosomes 

and destroy its cargo or fuse with the plasma membrane. While the factors that determine the fate 

of MVBs still remain unknown, when the MVBs fuse with the plasma membrane, the ILVs are 

released into the extracellular environment. These ILVs, once released outside the cell, are called 

exosomes [7, 21, 22]. Exosomes have been reported to carry proteins, RNA, DNA and lipids as 

part of their molecular cargo and composition. Under transmission electron microscopy (TEM), 

exosomes display a typical cup shaped morphology and is believed to be result of negative 

staining. In sucrose density gradient centrifugations, exosomes display a density of 1.13-1.19 

gm/ml [7, 21, 22].  

While emerging studies focused on the specific and in-depth characterization of EV 

classes indicated differences in protein and RNA cargo of these EV classes [26-30], 

identification of EV class specific markers have been lacking due to crude and non-standardized 

isolation procedures leading to heterogeneity in EV isolates and lack of consensus in 

classification parameters and nomenclature [31, 32]. Hence, even though this study is intended to 
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focus on the class of EVs traditionally described as ‘exosomes’, the all-encompassing 

terminology of ‘EV’ has been used for the rest of the study. 

1.3 Uptake and bio-distribution of EVs  

 Although detailed molecular mechanisms that govern interactions between EV and its 

target cell are poorly understood and are currently an area of active investigation, at least three 

different mechanisms of EV uptake has been reported. First, EVs interact with cells through 

surface exposed ligand and receptor binding interactions. Such membrane interactions target EVs 

to particular cells and trigger downstream intracellular signaling pathways in the cell [33-35]. 

Specific adhesion molecules on EV surface, such as galectin-5 and sialic acid binding 

immunoglobulin lectins (Siglec) are involved in targeting of EVs [36, 37]. Second, EVs may 

interact with the recipient cell by direct fusion of the EV membrane with the plasma membrane, 

a process known as macro-pinocytosis. Such an interaction might result in transfer of 

functionally active cell-surface receptors to the plasma membrane and a consequent emptying of 

its internal cargo in the cell [21, 38, 39]. Third, uptake of entire EVs by cells occurs through 

phagocytosis, resulting in intracellular delivery of its membrane enclosed molecular cargo [40, 

41]. This later mechanism is believed to be the major route of EV uptake by cells in-vitro and 

may be the underlying reason for the lack of cell type specificity in uptake often observed in in-

vitro studies [42]. 

Bio-distribution of EVs in-vivo however is variable, depending on the source cells from 

which EVs were derived [43]. For example, while EVs from multiple cell types injected in 

circulation possess a very short half-life, with 90% clearance observed in typically less than 30 

minutes [36, 44, 45], EVs from platelets demonstrate a significantly higher half-life of 5.5 hours 
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[46]. The in-vivo bio-distribution of EVs may be further influenced by differential uptake of EVs 

from different sources by the various organs in the body. For example, while EVs from red blood 

cells were shown to be taken up by liver (44.9%), bone (22.5%), skin (9.7%), spleen (3.4%), 

kidney (2.7%) and lung (1.8%), melanoma derived EVs were primarily detected in lung and 

spleen [45, 46]. Site of injection and normal or diseased conditions of source cells may represent 

other criteria governing the in-vivo distribution of EVs. 

1.4 Composition and sorting of proteins in EV 

Extensive characterization of the proteome cargo of EVs has revealed enrichment of 

specific classes of proteins in EVs. For example, membrane bound tetraspanin family of proteins 

such as CD9, CD63 and CD81, 14-3-3 and major histocompatibility complex (MHC) molecules, 

cytosolic proteins such as heat shock protein family (HSP70, HSP90), proteins involved in 

vesicle biogenesis and trafficking such as Rab family (Rab27A, Rab27B, Rab11, Rab35), 

Tsg101, Alix and cytoskeletal proteins such as actin and tubulins are abundant in EVs [10, 11, 

43, 47-52]. Interestingly, proteins enriched in EVs have been reported to be enriched in certain 

post-translational modifications. Unique glycosylation and lectin binding patterns such as N-

acetyl lactosamine, complex N-glycan as well as sialylated and fucosylated epitopes have been 

reported on EV proteins [53, 54]. These surface glycosylation patterns mediate uptake of EVs by 

recipient cells [37, 54, 55].  

Several mechanisms have been reported to be involved in sorting of proteins to EVs. For 

example, endosomal sorting complex required for transport (ESCRT) proteins are involved in 

sorting of ubiquitinated proteins to EVs [56-59]. Involvement of membrane components such as 

lectins and tetraspanin-enriched micro-domains in protein sorting has been reported [54, 60, 61]. 
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More recently, a membrane curvature-based mechanism of protein sorting has been suggested 

[62, 63]. This non-EV specific process occurs at the membrane budding step, when various 

membrane components redistribute to different regions with fitting membrane curvature to 

minimize the membrane free energy. ESCRT complex is believed to occupy the neck region of 

the budding membrane where it mediates fission of the membrane bud, and disintegrates upon 

vesicle pinch off. This redistribution of membrane bound components is later reflected in 

pinched off vesicles resulting in enrichment of specific proteins and lipids in EVs [56-60].  

1.5 Lipid composition of EVs 

Multiple studies focused on the lipid composition of EVs have reported the enrichment of 

certain lipids molecules in EVs such as sphingomyelin, cholesterol, phosphatidylserine and 

glycosphingolipids [64-66]. The characteristic lipid composition of EVs plays an important role 

in its formation, functionality and exceptional stability in extracellular environment [67, 68]. For 

example, while ceramide regulates the biogenesis of ILVs within MVBs [69], cholesterol 

regulate the release of EVs by cells [70-72]. Lysobisphosphatidic acid (LBPA) and phosphatidic 

acid represent other lipid moieties implicated in EV biogenesis [66, 73]. Abundance of 

cholesterol and sphingomyelin in EV membranes suggests specific sorting of membrane domains 

enriched with these molecules into EVs [70, 74, 75].  

1.6 DNA composition of EVs 

Initial studies on nucleic acids composition of EVs reported little to no presence of DNA 

in EVs [76], recent studies have brought forth contradictory evidence demonstrating the presence 

of single-stranded, double stranded and mitochondrial DNA  in EVs [77-81]. Although uptake of 

EV DNA, esp. mitochondrial DNA, has been reported by recipient cells, the physiological 
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significance of EV DNA transfer remains unknown [78]. Differential sorting of DNA cargo to 

different EV categories has been reported recently, suggesting the involvement of underlying 

sorting mechanisms that are not yet understood [28]. Interestingly, abundance of retrotransposon 

elements and oncogenic DNA in tumor derived EVs have been reported [77]. Moreover, 

genomic DNA carried by tumor derived EVs were shown to recapitulate the mutational status of 

the source tumor cells, and may represent a novel and translational approach of non-invasive 

diagnosis of tumor through EV DNA profiling from body fluids [28, 79, 81]. 

1.7 Composition and sorting of RNA in EVs  

Although various studies have explored the repertoire of EV RNA cargo, the true nature 

and extent of annotated RNA molecules in EVs still remains unclear. First evidence of the 

presence of messenger RNA (mRNA) came in 2006 when Ratajczak et.al reported the presence 

of Oct4 and other pluripotency factor  mRNAs in murine stem cell derived EVs [82]. This report 

was followed by Valadi et.al in 2007 reporting the presence of 1300 mRNA and 121 microRNAs 

in EVs from human and mouse mast cell lines [83]. Another independent study by Skog et.al in 

2008 also showed the presence of messenger RNA in EVs [84]. Bioanalyzer RNA profiles from 

these and other studies showed an enrichment of small RNA (<200 nucleotides) molecules in 

EVs, with majority of RNA less than 700 nucleotides [85, 86]. Thus, evidence for full length 

mRNAs or intact annotated RNAs over several hundred nucleotides is sparse, 

Subsequently, over the last few years, numerous studies have confirmed the presence of 

encapsulated RNA in EVs from various body fluids  and cell culture medium [10, 11].While 

early studies on EV RNA focused primarily on microRNAs [87-89]and messenger RNAs [90-

92], subsequent next-generation-sequencing (NGS) based studies on EV RNA reported the 
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presence of  mRNA fragments [86], long non-coding RNA (lincRNA) [93, 94], piwi-interacting 

RNA [94] and fragments of various non-coding RNAs such as ribosomal RNA (rRNA) [94, 95], 

transfer RNA (t-RNA), Vault and Y-RNAs in EVs [96-99].While most early studies reported the 

presence of little or no 18S and 28S ribosomal RNA in EVs, recent studies have presented 

contradictory reports demonstrating the abundance of ribosomal RNA fragments in EVs [95]. 

While most studies have reported the presence of processed microRNAs within EVs, 

unexpectedly, a study by Chen et.al reported the enrichment of unprocessed pre-microRNA 

within EVs [85]. 

Interestingly, some of the RNA molecules detected in EV, such as specific micro-RNAs 

and Y-RNAs, were reported to be present several fold higher in EVs than the secreting cell 

independent of the level of expression of the RNA in the cell, while other microRNAs were 

observed to be excluded from EVs [88, 89, 98, 100, 101]. Enrichment of specific RNA 

molecules in EVs suggests the involvement of specific EV RNA sorting mechanism(s) present in 

the cell. At least four different mechanisms have been suggested. For example, computational 

motif analysis of transcripts enriched in glioblastoma EVs by Batagov et.al identified three 8nt 

long motifs (ACCAGCCU, CAGUGAGC and UAAUCCCA) in the 3’end of mRNA transcripts 

enriched in EVs and interestingly, predicted shorter half-life of EV enriched transcripts 

compared with cytoplasmic transcripts [102]. However, the motifs predicted by Batagov et.al 

remains to be validated. Another study by Bolukbasi et.al identified 25 nucleotide long zip-code 

like sequences in the 3’untranslated regions (UTR) of messenger RNA transcripts enriched in 

EVs [103]. Most importantly, incorporation of this motif into reporter genes led to the 

enrichment of reporter transcripts in EVs.  Enrichment of transcripts with non-templated 

additions of uridine at the 3’end of microRNA were proposed by Pegtel et.al as another 
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mechanism which distinguishes EV RNA from cellular RNA  and were suggested as a 

mechanism of enrichment of microRNAs in EVs [104]. However, further experiments are 

required to validate the suggested mechanism. More recently, an elegant study by Villaroyya-

Beltri et.al reported the involvement of the protein heterogeneous ribonucleoprotein A2B1 

(hnRNPA2B1), a member of the hnRNP family, in specific loading of a subset of microRNA 

into EVs [105]. In this study, a 4 nucleotide ‘GGAG’ motif was identified in a subset of 

microRNAs enriched in EVs and binding of sumoylated hnRNPA2B1 to ‘GGAG motif’ in these 

microRNAs was demonstrated to be necessary for their sorting into EVs [105]. Although the last 

study represents the most comprehensive investigation so far towards sorting of a subset of 

micro-RNAs in EVs, mechanisms that regulate the specific sorting of all other RNA molecules 

enriched in EVs, such a s Y RNA and t-RNA remain unknown to date. 

1.8 Biological roles of EVs 

Role of EVs in physiological systems 

The biological functionality of EVs has been explored in various physiological systems. 

For example, during embryonic development, EVs play an important role in the regulation of cell 

fate, positioning and migration through the formation of Wnt and Hedgehog morphogen 

gradients [106-112]. During pregnancy, EVs mediate immunological communication between 

fetus and mother during pregnancy [113, 114]. While syncytial membrane released microvesicles 

(STBMs) possess immune-activating, pro-coagulant and anti-angiogenic properties [115], on the 

other hand, syncytiotrophoblast [STB] derived EVs demonstrate immunosuppressive properties 

and are suggested to play a role in maintenance of successful pregnancy via down regulation of 

T-cell or natural killer (NK) cell mediated cytotoxicity [116-118]. In the nervous system, EVs 
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have been reported to mediate intercellular communication between neurons and between neuron 

and glia. For example, neuron derived EVs has been suggested to regulate synaptic plasticity 

through transfer of Wnt protein and Synaptogamin-4 across synapse [119, 120]. Glia derived 

EVs have been implicated in the modulation of neuro-transmission [121-123], propagation of 

inflammation in central nervous system [124], enhance stress resistance [125] and mediate 

axonal regeneration after nerve damage [126].While EVs released by innate immune cells have 

been reported to contribute in both pro-inflammatory [127-134] and anti-inflammatory signaling 

[135, 136], one of the best understood functions of EVs in the adaptive immune system is its role 

in antigen presentation by dendritic cells [137-140], B cells [141, 142], macrophages [143] and 

mast cells [144], indicating the presence of infection, inflammation or malfunctioning of that 

tissue and inducing downstream immunogenic or tolerogenic response [145-150]. Matrix 

vesicles have been shown to mediate the delivery of Bone morphogenetic protein (BMP), 

Vascular endothelial growth factor (VEGF) and Bone sialoprotein (BSP) at the site of 

mineralization and play a crucial role in bone calcification [151, 152]. Prostate derived EVs in 

the seminal fluid have been suggested to interact with sperm cells and stimulate its capacitation 

[153-155], improve chances of fertilization by protecting the sperm cell from the immune system 

in the female genital tract [156-158]. Importance of EV mediated intercellular communication in 

tissue regeneration and repair [91, 159-163] has been reported recently. 

Role of EVs in body fluids 

Various functional roles of the EVs present in body fluids have been suggested. For 

example, EVs present in blood plasma have been reported to be involved in various 

physiological functions such as coagulation [164, 165], reticulocyte maturation [24, 166, 167] 

and modulation of vasculature [92, 168-171]. EVs in (CSF) may play a protective role against 
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amyloid beta accumulation through sequestration of amyloid beta oligomers via surface proteins 

such as prion PrP
C
 [172]. EVs present in uterine fluid has been suggested to be mediate 

endometrial-embryo cross talk and has been associated with sperm capacitation, fertilization and 

embryo implantation [173-177]. EVs in amniotic fluid may induce immuno-modulatory effects 

to maximize fetal survival during pregnancy [178-180]. EVs detected in Broncho-alveolar lavage 

fluid may act as signal conveyors for nanoparticles, pathogens, allergens and induce systemic 

immune response [43, 181-185]. EVs present in breast milk are enriched with immune-related 

micro-RNAs, and possible transfer of EVs from mother’s milk to the infant may participate in 

the development of infant’s immune system [186-191]. Salivary EVs have been shown to carry 

tissue factor which may be involved in coagulation and wound healing [192, 193]. Cell-to-cell 

communication between nephrons mediated by urinary EVs has been suggested to be involved in 

various roles related to kidney physiology, including possible contribution in host defense by 

boosting coagulation and hemostasis [194-197]. Biliary EVs have been suggested to mediate 

cholangiocyte regulation and proliferation through interaction with primary cilia [198, 199]. 

Feces contain bacterial EVs from the gut microbiota and have recently been shown to induce 

systemic inflammation response when injected in mice [200]. 

Role of EVs in cancer 

The role of EVs in mediating interactions between tumor and other normal cells in its 

microenvironment is currently a subject of intense investigation. For example, cancer cell 

derived EVs have been reported to induce both immune-stimulating and immune-suppressive 

effects. For example, antigen delivery by tumor derived EVs are capable of eliciting anti-tumor 

immune response through activation of T cells or dendritic cells [201-205]. On the other hand, 

tumor cells of various lineages release EVs carrying death ligands such as Fas ligand (FasL) and 
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Tumor necrosis factor (TNF) related apoptosis inducing ligand (TRAIL) which induces cell 

death in primary leucocytes but not tumor cells themselves, a process that has been suggested to 

be a mechanism of immune evasion of tumor cells [206-209]. Tumor cells also release regulatory 

cytokines such as Transforming growth factor-beta1 (TGF-β1) through EVs to suppress 

proliferation of CD8+ T cells and elevate the number of regulatory T cells [210-214], and induce 

differentiation of myeloid cells into myeloid derived suppressor cells through TGF-β1 and 

Prostaglandin-E2 carrying EVs [215-217]. 

The ability of tumor derived EVs to modulate vasculature to suit its own growth and 

proliferation has been reported in multiple studies. For example, transfer of pancreatic cancer 

cell derived EVs carrying Tspan8 protein to endothelial cells reportedly enhanced vessel 

branching [61, 218]. Colorectal cancer and glioma derived EVs containing Delta-like 4 (Dll4) 

protein were shown to promote angiogenic sprouting and increased vessel density via modulation 

of Notch signaling [170, 219]. Hypoxia cued EVs from multiple myeloma were reported to 

accelerate angiogenesis by targeting the Hypoxia inducing factor -1 (HIF-1) signaling pathway 

via miR-135b [220]. Transfer of mutant epidermal growth factor receptor (EGF-R) protein by 

lung cancer EVs to endothelial cells has also been suggested to induce pro-angiogenic response 

[34]. 

EVs have been suggested to mediate tumor’s interactions with its stroma in its 

microenvironment. Tumor EVs carrying TGF-beta on its surface were reported to trigger 

differentiation of normal mesenchymal stromal cells into a myo-fibroblastic phenotype via 

SMAD dependent pathway [221-223]. Transfer of oncogenic protein Tyrosine kinase-(KIT) from 

gastrointestinal stromal tumor derived EVs to adjacent progenitor smooth muscle cells altered 
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them to tumor supporting stromal cells and activated signaling pathways downstream of KIT 

resulting in enhanced secretion of Matrix metalloproteinase 1 (MMP1) and tumor invasion [224]. 

Tumor derived EVs have been suggested to play an important role in the formation of 

pre-metastatic niche. For example, melanoma derived EVs were demonstrated to prime lymph 

nodes by causing micro-anatomical changes, seeding the site for subsequent migration of 

melanoma cells and establishment of metastatic site [225]. Transfer of MET protein through 

melanoma derived EVs to bone marrow progenitors has been reported to be another important 

mechanism for metastatic progression [35, 226]. 

Role of EVs in lower organisms  

EV mediated intercellular communication is not a unique characteristic of mammalian 

cells alone, and various functional roles of EV transfer by lower organisms, including bacteria 

and parasites have been reported as well. For example, intra and inter species transfer of proteins 

and signaling molecules through bacterial outer membranous vesicles (OMVs) has been 

suggested to facilitate quorum sensing [227, 228], transfer antibiotic resistance [229, 230], 

spread pathogenicity [231], mediate interactions between host and its microbiome [43, 232], aid 

bacterial survival during stressful conditions through sequestration and discarding of misfolded 

proteins [233] and in formation and maintenance of biofilms [234-238]. EVs released by 

parasitic organisms, such as Trypanosoma Cruzi [239-241], Leishmania Donovani [242-246] and 

Plasmodium Falciparum [247-250] transfer proteins and RNA to its hosts and have been 

suggested to be involved with immune-modulatory functions, spreading of pathogenesis and 

provide an immune evasion route for parasites.  
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In spite of such a diverse array of functional roles mediated by EVs, most of these studies 

have failed to identify the encapsulated molecules within EVs involved in the function. Among 

all the studies which did identify the responsible functional molecule within EVs, an 

overwhelming majority of them has implicated proteins as the responsible functional molecule 

within EVs. Relatively fewer studies have reported the functional roles played by lipids and 

RNA through EVs. 

1.9 Evidence of the involvement of proteins in EV functionality 

Functionality of both EV membrane bound proteins as well as soluble proteins in EV 

cargo has been investigated extensively. Surface proteins present on the EV membrane are 

capable of triggering downstream signaling in the target cell through receptor ligands 

interactions. Several EV membrane proteins, such as transferrin receptor (TfR) [251], MHC I 

and II [252-257] and tetraspanins [60, 61] have been reported to trigger downstream signaling 

pathways in the recipient cell such as integrin and calcium signaling pathways [258], mitogen 

activated protein kinase pathways (MAPK) [251], natural killer group 2D signaling pathways 

(NKG2D) [210, 259], etc. Multiple studies have also reported EV mediated secretion of 

leaderless cytokines such as Interleukin-1 beta (IL-1β) [260], IL-18 [261], IL-32 [262], IL-6 

[263] as well as Macrophage migration inhibitory factor (MIF) [264], Vascular endothelial 

growth factor (VEGF) [265] and TNF [266] in the extracellular space. Macrophages cause 

inflammation induced programmed cell death in smooth muscle cells through EV mediated 

transfer of functional pyroptic caspase-1 [267]. Mast cell derived EVs containing immune-

modulatory proteins such as MHC-II, Intercellular adhesion molecule-1 (ICAM-1), Heat shock 

proteins (HSPs) etc.  target other Mast cells, induce DC maturation and deliver antigens for cross 

presentation and induce B and T cell activation [76, 144]. Activated T-cells release immune –
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regulatory EVs carrying MHC, T-cell receptor, Apo2, FasL and NKG2D ligand [268] and have 

been reported to inhibit NK cell cytotoxicity [269], block T-cell stimulation [270], promote T-

cell apoptosis [271], and down-modulate T-cell stimulatory capacity of antigen presenting cells 

[272]. 

1.10 Evidence for functionality of EV lipids 

Evidence of EV lipid functionality is relatively scarce. Apart from the role of lipids in the 

biogenesis of EVs, transfer of bioactive lipids such as cholesterol and eicosanoids between cells 

by EVs has been reported and various functional roles have been attributed [66]. For example, 

EV bound prostaglandins were shown to trigger prostaglandin dependent intracellular pathways 

upon uptake in the recipient cells [273]. Sphingomyelin in pancreatic tumor derived EV 

stimulates angiogenesis through activation of Notch signaling pathway [274, 275]. Transfer of 

cholesterol to sperm cells by EVs present in seminal fluid has been suggested to play an 

important role in reproduction [276, 277].  

1.11 Evidence for functionality of EV RNA 

mRNA mediated functional studies  

While several studies have reported the ability of EVs to transfer full length and 

functional messenger RNAs between cells, many of these studies have lacked crucial controls 

experiments, leaving the evidence of functionality ambiguous. First evidence of functional 

messenger RNA transfer was obtained when Ratajczak et.al reported transfer of Oct4 mRNA 

from embryonic stem cells through EVs increased the levels of Oct-4 protein in recipient bone 

marrow mononuclear cells [82]. However, pre-treating the EVs with RNase abrogated the 

enhancement of Oct-4 protein expression, suggesting the Oct4 mRNA was present outside the 
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EVs and not encapsulated within EVs. Another study by Valadi et.al demonstrated that murine 

mast cell derived EVs transfer messenger RNA to human mast cells and murine mRNAs were 

subsequently translated to murine proteins [101]. However, the presence of the respective protein 

counterparts of these mRNAs in EVs was not verified in this study, leaving a possibility that the 

detected proteins may have been present in the EVs themselves as well. Moreover, RNase 

treatment of EVs to confirm the mRNA was encapsulated within EVs was also not performed, 

leaving the possibility that the detected RNA was outside EVs. Another study by Bruno et.al 

reported transfer of human mesenchymal stem cell derived EVs containing 239 mRNAs to 

murine kidney epithelial cells in-vitro and in-vivo, of which two were found to be internalized 

and translated into full length proteins [91, 278]. However, this study also did not investigate the 

protein content of EVs and in fact, reported loss of the messenger RNA level upon RNase 

treatment of EVs, again suggesting mRNA was present outside EVs. Yet another study by 

Deregibus et.al claimed transfer of messenger RNAs from endothelial progenitor cells to 

microvascular endothelial cells triggered neo-angiogenesis and showed transfer and subsequent 

translation of GFP mRNA to recipient cells while GFP protein was not detected in EVs [92]. 

However, RNase treatment of the EVs resulted in loss of GFP protein signal in recipient cell as 

well as purported mRNA functionality, suggesting yet again the observed phenotype didn’t arise 

from EV encapsulated messenger RNA.   

Further contradictory evidence regarding the presence and transfer of functional 

messenger RNAs in EVs has been reported recently. Recent studies by Batagov et.al [86] have 

reported the enrichment of 3’UTR fragments of messenger RNAs in EVs, not full length 

messenger RNAs. Multiple deep profiling studies of EV RNA by RNA-Seq have corroborated 

the presence of mRNA fragments in EVs rather than full length transcripts [94, 98, 99]. 
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Moreover, a recent study by Kanada et.al [279] reported little to no transfer and subsequent 

translation of functional messenger RNAs by EVs, further contradicting the initial studies of 

functional messenger RNA transfer.  

MicroRNA based functional studies 

EVs mediated transfer and functionality of microRNAs has been reported to play a 

functional role in several physiological roles such as neuron-to-astrocyte communication in 

central nervous system [280], muscle cell differentiation [281], osteogenic differentiation [282], 

follicular maturation [283], etc. Pegtel et.al was among the first to demonstrate that EBV 

infected B cells transfer mature EBV microRNA through EVs to uninfected B cells, causing a 

dose dependent repression of its targets, suggesting a functional delivery of microRNA through 

EVs [284]. Subsequently, multiple studies have reported the transfer of microRNAs between 

cells by EVs and subsequent modulation of target gene expression as well as reporter luciferase 

assay in the recipient cells [48, 88, 285, 286]. For example, CD63+ EVs derived from T cells 

were reported to transfer mir-355 microRNA and downregulate the expression of Sox4 in 

antigen-presenting cells [88, 287, 288]. Transfer of pro-angiogenic microRNAs like mir-126 and 

mir-296 by EVs from endothelial progenitor cells were reported to induce angiogenesis in 

endothelial cells [289]. However, in this study, the phenotype was attenuated upon RNAse 

treatment of EVs, suggesting the observed function was at least partially mediated by vesicle-

free microRNAs. Another study by Zhang et.al reported the transfer of mir-150 by blood cell 

derived EVs downregulate c-Myc expression in human mammary epithelial cells (HMEC-1 

cells) [290]. Transfer of mir-143 and mir-145 by endothelial cell derived EVs to smooth muscle 

cells induced downregulation of its targets resulting in an athero-protective phenotype [291]. 

Thus, taken together, these reports indeed present substantial suggestive evidence of possible 
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functionality of microRNAs encapsulated within EVs. However, one common short-coming of 

almost all of these studies is most of these studies have been correlative in nature and direct 

evidence of microRNA mediated functionality through EVs is still lacking. While the abundance 

and transfer of microRNAs in EVs was demonstrated in these studies, downregulation of target 

messenger RNAs were demonstrated by treatment of target cells with isolated EVs. While this 

approach certainly suggests the functional role of microRNAs through EVs, it leaves a 

possibility that other factors present in the EVs, esp. proteins, may also play a role in the reported 

target downregulation or observed phenotypic response. Also, pre-treatment of EVs with RNAse 

was not performed in majority of these studies, leaving a possibility that the observed 

functionality occurred through micro-RNAs not encapsulated within EVs. 

Indeed, recent studies have suggested that microRNA forms only a small component of 

EV RNA cargo and majority of the secreted microRNAs circulate membrane free and bound to 

ribo-nucleoproteins like Ago2 [292-294] and lipoprotein particles such as high density 

lipoprotein (HDL) [295]. Arroyo et.al [292] and Turkinovich et.al [294] reported nearly 90-95% 

of secreted microRNAs detected in cell-free blood plasma and nearly 99% of the secreted RNAs 

in cell culture medium is membrane free, protease sensitive  and associated with Ago-2 ribo-

nucleoprotein particles. Thus, these contradictory reports have further confounded the question 

of functionality of EV encapsulated RNA. 

1.13 Rationale of the study 

Investigations on EVs in various laboratories have used different methods of EV 

isolation, without proper benchmarking with established methods. Lack of standardized isolation 

methods may have led to these contradictory reports on EV RNA repertoire and has further 
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complicated the interpretation of functional studies of EV RNA. Moreover, cataloguing of the 

RNA repertoire of EVs using high throughput and relatively unbiased techniques like RNA-Seq 

has been limited; and few studies have explored the true diversity of the various classes of 

annotated RNA transcripts encapsulated within EVs in depth. Identification of transcripts 

specifically enriched within EVs, fragmentation patterns of EV RNA, cell type specificity and 

dynamicity of EV RNA cargo has also remained relatively unexplored.  

Despite the vast spectrum of biological roles mediated by EVs in diverse physiological 

systems and pathological conditions, investigations on the involvement of RNA in EV mediated 

intercellular communication in the past have been relatively few and often lacked crucial 

controls. Moreover, almost all of these functional studies of EV RNA have been primarily 

limited to messenger RNA and micro-RNA component of EVs, which has left the biological role 

of other reportedly abundant and enriched classes of RNA molecules in EVs unexplored. 

The objective of this study is to establish if EV mediated transfer of functional RNA 

molecules represents a novel mode of intercellular communication, with particular focus on the 

functionality of other classes of non-coding transcripts enriched in EVs. To that end, we first 

developed and validated a novel and efficient approach of isolation of EVs and bench-marked 

with existing methods of EV isolation. Armed with this approach, we performed a 

comprehensive characterization of RNA repertoire of EVs from nine different cell types of 

diverse developmental origins. Finally, we report a novel function of one of the most abundant 

non-coding RNA components in EVs and its possible involvement in EV mediated intercellular 

communication. 
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Chapter 2 

Novel and efficient strategy for isolation of EVs. 

Sudipto K. Chakrabortty
#
, Ashwin Prakash

#
, Alexandra Scavelli, Stephen Hearn and Thomas R. 

Gingeras  

# Authors contributes equally to this work. 

2.1 Synopsis: 

The strategies for isolation of EVs commonly used today vary greatly in their purity and 

efficiency; with each method having their unique advantages and disadvantages. In this chapter, 

we report a novel and efficient ‘hybrid’ strategy for isolation of EVs and systemically validate 

our EV preparations with multiple orthogonal techniques. Multi-parametric comparative analysis 

with existing methods of EV isolation indicated that our hybrid approach obtained higher yield 

of EVs and EV RNA in a reproducible and scalable manner, making it the method of choice for 

downstream investigations on EVs and EV RNA. 
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2.2. Introduction 

Release of extracellular vesicles by cells apparently represents a universal feature of all 

mammalian and non-mammalian cells investigated, including bacteria and parasites [43]. EVs 

are detected in abundance in cell culture medium and various body fluids and carry a plethora of 

proteins, lipid and RNA molecules, known to be involved in diverse functional roles in cells [21, 

22, 43]. While exchange of biomolecules through EVs represents a medium of communication 

between cells, the exact function of only a small subset of the molecules (especially RNA 

molecules) within EVs are well understood today. Moreover, in the recent years, detection of 

specific RNA and protein molecules in EVs derived from body fluids has emerged as a novel, 

minimally invasive way of identifying diagnostic and prognostic biomarkers of various 

pathological conditions, including cancer [13, 87]. Crucial to the success of such investigations, 

is the development of a reliable, efficient and consistent method of purification of EVs. 

In the recent years, emerging technologies have resulted in the development of various 

novel and innovative methods of isolation of EVs. These include microfluidics based isolation 

[296], acoustics isolation [297], chromatography column based purification [298], magnetic 

beads [299], etc. While the traditional ultracentrifugation based approach of isolation of EVs is 

still regarded as the “gold standard” method of isolation [300, 301], precipitation based 

approaches using commercially available polymer based reagents such as Exoquick (System 

Biosciences) and Total exosome isolation reagent (Life Tech)[302]; ultrafiltration [303-306] and 

immuno-affinity capture based approaches [12, 32, 307] represents other popular approaches for 

purification of EVs . 
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Comparative analysis of these methods based on multiple parameters such as yield, 

efficiency and morphology of EVs and consistency in detection of EV cargo has reported unique 

advantages and limitations of each method [32, 301, 304, 308-313]. While the initial differential 

centrifugation steps in the ultracentrifugation based procedure ensure the depletion of majority of 

other contaminating particles present in the medium or body fluid, ultracentrifugation remains a 

laborious, time-consuming approach requiring expensive equipment that may not be affordable 

to many labs. The reproducibility and yields produced by the ultracentrifugation method are also 

extremely sensitive to parameters such as g force, rotor type, angle of rotor sedimentation, radius 

of centrifugal force, solution viscosity and vesicle density [301]. Moreover, the efficiency of EV 

isolation using ultracentrifugation is regarded to be relatively low [32, 301, 314-317] and 

importantly, the effect of high gravitational force on the integrity and morphology of EVs and its 

cargo is not well understood [301]. Alternatively, precipitation based purification is generally 

considered to be a ‘gentle’ approach of purification, but pure precipitation based approach are 

prohibitively expensive, especially when working with large quantities of conditioned medium 

required for RNA-Seq libraries and highly likely to isolate non vesicular contaminants such as 

lipoproteins [301, 311]. While sequential centrifugal ultrafiltration is fast, affordable and 

relatively simple approach, this method often runs the risk of loss of vesicles due to clogging or 

membrane fouling [301, 311].  

The limitations of these individual approaches has led us to develop a novel ‘hybrid’ 

approach which combines the unique advantages of each of these individual methods into one 

unifying hybrid approach. The first three low speed differential centrifugation steps of 

ultracentrifugation method deplete larger vesicular and non-vesicular contaminants, which can 

be performed relatively quickly without an expensive ultracentrifuge. Ultrafiltration with 
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100kDa nominal molecular weight limit (NMWL) membrane reduces large volumes of media to 

only a few ml of EV enriched residue, which makes liquid handling quick and easy. Most 

importantly, this step allows quick and affordable downstream use of Exoquick based “gentle” 

precipitation of EVs from large volumes of media otherwise not possible. Thus, by combining 

low-speed differential centrifugation steps of ultracentrifugation with 100kDa membrane 

centrifugal ultrafiltration and followed by Exoquick based precipitation of EVs, we report a 

novel hybrid approach of EV isolation which is easy, highly efficient, consistent and scalable. 

We further present a comparative study of our approach with conventional ultracentrifugation, 

precipitation and ultrafiltration based approaches based on multiple parameters, including yield 

and size distribution of isolated EVs and EV RNA, scalability as well as reproducibility in 

detection of RNA to demonstrate the superiority of our hybrid approach.  
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2.3. Materials & Methods 

Cell culture and isolation of EVs  

K562 cells were grown in complete RPMI1640 medium up to 70% confluence. Cell 

culture medium is then replaced with serum deprived conditioned medium and further cultured 

for another 24 hrs. Approximately 4+E7 K562 cells were grown per replicate. EVs were isolated 

in replicates by four different methods, namely Ultracentrifugation, ultrafiltration, Precipitation 

using Exoquick-TC and Hybrid method (Fig 2.1). 

Ultracentrifugation  

Ultracentrifugation based isolation of EVs was performed as described in Thery et.al 

[300]. Briefly, 200 ml of conditioned medium was centrifuged at 300g for10 minutes to discard 

the cell pellet. The supernatant was centrifuged at 2000g for10minutes and the pellet comprising 

of cell debris was discarded. The supernatant was centrifuged again at 10000g for 30minutes and 

the pellet was discarded. The supernatant was ultra-centrifuged at 110, 000g for 70 minutes using 

Sorvall SW-28 rotor. The supernatant was discarded and the pellet composed of EVs and protein 

complexes were suspended in phosphate buffer saline (PBS). The EVs was centrifuged again at 

110,000g for 70 minutes. The supernatant was discarded again and the pellet was suspended in 

500 microliter PBS. 

Precipitation  

EVs isolation was performed by Exoquick-TC from 50ml of conditioned medium (1+E7 

source cells approx.) due to prohibitive expense of the precipitation reagent Exoquick-TC 

(System Biosciences). Briefly, conditioned medium was centrifuged at 300g for 10 minutes. The 
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cell pellet was discarded and the supernatant was centrifuged at 2000g for10 minutes. The pellet, 

comprising of cell debris and apoptotic bodies was discarded. 10ml of Exoquick-TC was added 

to the 50ml supernatant (1:5 ratio) and incubated for 12 hours at 4 degrees. Next day, the 

conditioned media-Exoquick-TC mixture was centrifuged at 1500g for 30 minutes. The 

supernatant was discarded and the pellet was centrifuged again at 1500g for 5 minutes. The left 

over supernatant was discarded and the pellet was suspended in 500microliter PBS. Yield of EVs 

and EV RNA from 200ml conditioned medium using precipitation was extrapolated by 

multiplying the yield by a factor of 4.  

Ultrafiltration  

200ml of conditioned medium was centrifuged at 300g and 2000g to discard the cells and 

cell debris pellet respectively. Larger contaminants were first depleted from the supernatant by 

ultrafiltration using 0.45 micron filter (Sterivex, Millipore). The filtrate was then further filtered 

using Centricon Plus-70 100 kDa filters (10nm pore size approx.). The isolated EVs in the 

residue were collected and the filtrate was discarded. The volume of the collected EVs was 

brought to 500 microliters with PBS. 

Hybrid   

200ml of conditioned medium was centrifuged at 300g for 10 minutes. The cell pellet 

was discarded and the supernatant was centrifuged at 2000g for 10 minutes. The pellet, 

comprising of cell debris was discarded and the supernatant was centrifuged at 10000g for 30 

minutes. The pellet was discarded and the supernatant was filtered with Centricon Plus-70 

100kDa (10nm pore size approx.) centrifugal filters at 3500g for 15 minutes. The residue, 
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enriched in EVs was collected while the filtrate was discarded. The volume of the filtration 

residue was made to 500 microliters using PBS. 

Nanoparticle Tracking Analysis (NTA) 

Nanoparticle tracking analysis was performed on the purified EV samples using 

NanoSight LM10. The samples were run at 25 degrees using PBS as a diluent. 

Transmission electron microscopy (TEM) 

Aliquots of EVs suspensions were dispensed on Parafilm on a petri dish and Butvar 

coated EM grids were adsorbed on them for 5 minutes at room temperature and then kept on ice. 

The grids were transferred to drops of distilled water thrice for 30 seconds each to wash off 

excessive salts. The grids were then transferred to a drop of 1% uranyl acetate in 1% methyl 

cellulose for 30 seconds followed by another transfer to a second drop for 5 minutes. The grids 

were air dried and excess stain was blotted off. Imaging was performed using Hitachi H7000 

electron microscope at 75kV.  

Immuno-electron microscopy 

 Immuno-gold labeling for the CD9 EV surface protein was performed by re-suspending 

EVs in primary mouse antibody to human CD9 (Abcam) diluted in PBS for 30 minutes at room 

temperature. The antibody labeled vesicles were pelleted by centrifugation, re-suspended in a 

1:10 solution of  5nm colloidal gold conjugated to rabbit anti-mouse IgM secondary antibody 

(Aurion, Electron Microscopy Sciences) for 30 minutes. The gold labeled vesicles were then 

adsorbed to Butvar-coated grids for 5 minutes and then rinsed through 3 drops of PBS to remove 
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unbound gold particles. Negative staining of the gold labeled vesicles was completed as 

described above 

Isolation of RNA 

 Purified EVs, re-suspended in PBS, were treated with 15microliters of RNase cocktail 

(Ambion) at 37 degrees Celsius for 30 minutes to degrade any free RNA molecules that’s not 

enclosed within EVs. The RNases were immediately inactivated with the lysis /binding buffer of 

Mirvana miRNA isolation kit (Ambion) and immediately proceeded to total RNA isolation using 

manufacturer’s protocol and ethanol precipitated with 2.5 volumes of 100% ethanol and 1/10
th

 

volume 3M sodium acetate. The precipitated RNA was DNase treated with Turbo-DNase 

(Ambion) and ethanol precipitated. The re-suspended RNA was finally quantified using Agilent 

Bio-analyzer RNA pico-chip. 

Small RNA-Sequencing  

Small RNA libraries were constructed using Illumina TruSeq Small RNA Sequencing kit. 

The purified RNA samples were first treated with Tobacco acid pyro phosphatase (TAP) for 1 

hour at 37deg to convert 5’ (prime) capped and triphosphate RNA molecules into 

monophosphate and make then amenable to adapter ligation. The RNA was subsequently 

extracted using phenol-chloroform and precipitated with 2.5 volume 100% ethanol and 1/10
th

 

volume sodium acetate. The precipitated RNA sample was then used for adapter ligation, reverse 

transcription and PCR amplification according to Truseq protocol. While ultracentrifugation, 

hybrid and filtration libraries were amplified for 15 PCR cycles, libraries from precipitation 

method were amplified for 30 PCR cycles due to its extremely low starting input of RNA. The 

amplified cDNA was run on a 2% agarose gel and region pertaining to 20-200bp of RNA (145 -
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350bp cDNA on gel) were cut out of the gel. The cDNA was then extracted using Qiagen gel 

extraction kit according to manufacturer’s protocol, ethanol precipitated and quantified using 

Bioanalyzer HS-DNA chip. Finally, replicates of libraries were multiplexed and run on Illumina 

HiSeq 2000 or MiSeq. 

Bioinformatics analysis 

All data from RNA sequencing experiments in the study were mapped to Human 

Genome version 19 (hg19, GRCh37) obtained from the UCSC genome browser website 

(http://hgdownload.cse.ucsc.edu/downloads.html). RNAseq reads were aligned using the STAR 

v1.9 [318] software, and up to 5 mismatches per alignment were allowed. Only alignments for 

reads mapping to 10 or fewer loci were reported. Annotations were not utilized for mapping the 

data. The obtained BAM files were further processed using HTSeq [319] software in order to 

appropriate the number of reads originating from each annotated region of the genome, utilizing 

annotations obtained from Gencode v19 [320] of the human genome, using the “Union mode” 

option of the software for all libraries, tRNA annotations were obtained from tRNAscan database 

[321]. Reads per million (rpm) values for each gene were obtained by dividing the number of 

reads uniquely mapping within the limits of a gene annotation, by the total number of uniquely 

mapping reads in the library and multiplying by a million. These rpm values were used to 

establish correlation between biological replicates of RNA-Seq libraries from each isolation 

method (Table 2.2). Mean of rpm values of both replicates from each method were calculated 

first to estimate the correlation of RNA-Seq libraries across the four EV isolation methods (Table 

2.3).  

 

http://hgdownload.cse.ucsc.edu/downloads.html
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 2.4. Results 

2.4.1. Comparison by yield and size distribution of EVs: 

The yield of purified EVs achieved is an important parameter to assess the isolation 

methods. Nanoparticle tracking analysis allowed us to quantify and compare the number of EVs 

isolated by each isolation method.  While our hybrid method yielded 1.06E+11 and 7.59E+10 

EVs, in contrast, conventional ultracentrifugation method isolated 7.27E+09 and 6E+09 EVs. 

Replicates of ultrafiltration yielded 1.31E+11 and 1.26E+11 EVs respectively and precipitation 

method yielded 5.10E+09 and 3.68E+09 EVs (extrapolated from 50 ml medium actually used).  

Thus, although the yield of EVs by our hybrid method was slightly lower than ultrafiltration 

method, the yield from hybrid method was higher than the traditional “gold standard” 

ultracentrifugation and filtration methods by at least an order of magnitude (Figure 2.2A). 

NTA analysis also allowed us to compare the size distribution of the isolated EVs. The 

hybrid method isolated vesicles of remarkably similar size distribution when compared with 

other methods. The mean diameter of EVs isolated in replicates by hybrid method was 185 and 

195nm, with standard deviation of 89 and 109nm respectively, while ultrafiltration method 

isolated EVs of mean 173 and 177nm with standard deviation 80 and 71nm respectively. 

Similarly, while precipitation method isolated EVs of mean diameter 173 and 188 nm with 

standard deviation 84 and 93nm respectively, the ultracentrifugation method isolated EVs of 

mean diameter 183 and173 nm with standard deviation 84 and 81nm respectively (Figure 2.2B). 

Thus, the size distribution profile of EVs isolated by the hybrid method are remarkably 

consistent with all other methods. 
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Transmission electron microscopy on EVs isolated by hybrid method revealed membrane 

vesicles of characteristic cup shaped morphology (Figure 2.3A). Detection of the protein CD9 on 

the surface of EVs by immune-electron microscopy further validated our purification of EVs by 

hybrid method (Figure 2.3B). 

 

Figure 2.1: Methods of EV isolation. A schematic representation of the four methods of isolation of 

EVs used in this study, namely Ultracentrifugation, Filtration, Precipitation, and the novel Hybrid 

method.  
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Figure 2.2: Comparison of EV isolation methods by yield and size distribution of 

isolated EVs. (A) The yield of EVs isolated by Ultracentrifugation, Precipitation, 

Filtration, and Hybrid method. Quantification of the yield of EVs was performed by 

Nanoparticle Tracking analysis (NTA). Mean of duplicates are presented. Y-axis 

represents the total number of isolated EVs in Log10 scale. (B) Size distribution of EVs. 

EVs were isolated in duplicates by Ultracentrifugation, Filtration, Precipitation, and 

Hybrid method and analyzed by NTA. Each bar represents the mean hydrodynamic 

diameter of EVs and the error bars represent mean standard deviation as reported by 

NTA. Y-axis represents size of EVs in Nanometers (nm).   
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Figure 2.3: Validation of EV isolation from Hybrid method by Electron Microscopy. 

(A) Transmission electron microscopy image of K562 EVs after negative staining shows classic cup-

shaped vesicles that are on average smaller than 200nm. (B) Immuno-electron microscopy image of 

purified EVs labeled with Anti-CD9 (mouse mAb) and detected by Goat anti-mouse IgG secondary 

conjugated with 5nm gold. Dark spots on the image are the electron dense gold particles conjugated to 

IgG secondary antibody. Scale bar represents 250nm. 
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2.4.2. Comparison by yield and size distribution of EV RNA 

Next, we investigated the quantity and size distribution of the RNA molecules enclosed 

in EVs. Bioanalyzer profile showed each of the method isolated EVs consisting of mostly small 

RNA of size less than 200 nucleotides. The amount of long RNA (>200) present in EVs was 

found to be very low, although a slight bump around 18S and 28S ribosomal RNA region was 

observed.  Thus, the RNA size distribution profile obtained by the hybrid method was found to 

be remarkably consistent and displayed huge overlap with the RNA size distribution obtained 

with established methods (Figure 2.4B). 

Interestingly, the yield of RNA isolated by the four methods varied greatly as well as 

within the replicates of each method. Replicates of the Hybrid method isolated 356 and 292ng of 

RNA. In contrast, replicates of Ultracentrifugation method yielded 114ng and 38.8ng of RNA. 

Precipitation method would have yielded 48.8 and 22 ng of RNA (extrapolated from 12.2 and 

5.5ng of RNA yield from 50ml conditioned medium). Surprisingly, RNA yield from 

ultrafiltration showed inconsistency among replicates. While, replicate1 of ultrafiltration method 

yielded 354ng of RNA, 2
nd

 replicate yielded just 77.8ng of RNA. Thus, the highest and most 

consistent yield of RNA from EVs was achieved by the hybrid method which strongly 

underscores the ability of hybrid method to purify structurally intact EVs resulting in minimal 

RNA loss (Figure 2.4A). Further assessment of the scalability of the hybrid method was 

performed by isolating EVs from replicates of 25ml, 50ml and 100ml of conditioned medium. 

Linearity of the EV RNA yield from these different volumes of medium attested the down-

scalability of hybrid approach (Figure 2.5). 
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Figure 2.4: Comparison of EV isolation methods by RNA yield and RNA size distribution: (A) Yield 

of RNA obtained from EVs isolated by Ultracentrifugation, Precipitation, Filtration, and Hybrid method. 

Quantification of RNA yield was performed by Bioanalyzer (Pico-chip). Each bar represents mean of 

duplicates of RNA yield from the four isolation methods and the error bar represents variation from mean. 

Y-axis represents yield of RNA in nanograms (ng). (B) Size distribution of RNA isolated from EVs by 

Ultracentrifugation, Precipitation, Filtration, and Hybrid method.  Analysis was performed on 

Bioanalyzer Pico-chip. X-axis represents the nucleotide length of isolated EV RNA and Y axis represents 

Bioanalyzer signal intensity. 
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Figure 2.5: Scalability of EV isolation by hybrid approach. EVs were isolated by the hybrid method 

from 25, 50, and 100ml of K562 cells conditioned medium in duplicates followed by RNA isolation. 

Quantification of the RNA yield was performed by Nanodrop, which revealed linear increase in the yield 

of EV RNA with increase in the starting volume of conditioned medium. Each bar represents mean of 

duplicates and error bar represent variation from the mean yield. Y-axis represents the concentration of 

RNA in Nanograms / milliliter (Ng/ml). 
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2.4.3. Comparison by RNA-Seq 

While Bio-analyzer analysis allowed us to compare the yield and size distribution of the 

RNA molecules enclosed in EVs, RNAseq analysis allowed us to assess the degree of 

reproducibility in detection achieved by each of the isolation methods as well as the consistency 

of detection among the four methods.  Illumina TruSeq small RNA-Sequencing was performed 

on the EV RNA isolated by the four methods (in duplicates) as described in the methods. Each 

library was sequenced to a depth of 22.25 million reads approx. and mapped using STAR [318]. 

The proportion of reads mapping to the genome was approximately 61% and was highly 

consistent among the libraries. About 41 % reads mapped uniquely to the genome and 

approximately 21% of reads mapped to multiple locations in the genome. The read length 

distribution of the libraries was extremely similar to each other with average read length around 

44bp (Table 2.1).  

To investigate the inherent consistency of detection of EV RNA obtained by each 

method, we utilized the Pearson’s correlation coefficient between the replicates of each method. 

While each method demonstrated strong correlation between its replicates, the highest 

correlation was observed in Precipitation (r^2 =0.91) method. Ultracentrifugation and hybrid 

method came a close second and third, with correlation coefficient of 0.89 and 0.87 respectively. 

Replicates of ultrafiltration had a relatively weak correlation with coefficient (R^2) around 0.8 

(Table 2.2, Figure 2.6).  

Since ultracentrifugation has traditionally been recognized as the “gold standard” method 

for isolation of EVs, we decided to compare the expression levels of RNA detected by the rest of 

the methods with ultracentrifugation.  We computed the Pearson’s coefficient of correlation of 

EV RNA expression detected between the four isolation methods. The hybrid method 



 

36 

 

demonstrated the strongest correlation with ultracentrifugation (correlation coefficient 0.92), 

followed by precipitation and ultrafiltration with 0.88 and 0.87, respectively. The hybrid method 

was also highly correlated with precipitation and filtration, with correlation of 0.87 and 0.84 

respectively. The correlation between precipitation and filtration was 0.84 (Table 2.3.). 

 

Table 2.1 Sequencing statistics: Mapping statistics of RNA-Seq libraries from EVs isolated by 

Ultracentrifugation, Filtration, Precipitation and Hybrid methods. Mean of the library size, 

percent of uniquely and multiply mapped reads and mapped read length from the replicates of 

RNASeq libraries from each isolation method are presented. The mean column represents the 

mean across the four isolation methods. 
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Table 2.2 Correlation between RNASeq replicates of EV isolation methods: Pearson 

correlation coefficient of gene expression between replicates of RNASeq libraries from 

Ultracentrifugation, Precipitation, Filtration and Hybrid method. 

 

 

Table 2.3 RNASeq correlations between EV isolation methods: Pearson correlation 

coefficient of gene expression in RNASeq libraries from EVs isolated from Ultracentrifugation, 

Precipitation, Filtration and Hybrid methods.  
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Figure 2.6: Correlation between RNASeq replicates of EV isolation methods. Scatter plots 

representing correlation in gene expression levels, between replicates of EV small RNA libraries isolated 

by Filtration, Precipitation, Ultracentrifugation, and Hybrid method. 
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2.5. Discussion 

In this study, we report a novel approach of isolation of EVs from cell culture medium 

and systematically compare it with current methods of isolation of EVs. We show that yield and 

size distribution of EVs isolated by hybrid method are remarkably consistent with currently 

existing methods. Bioanalyzer profiles further indicated the consistency in RNA size distribution 

with existing methods. While other methods result in comparatively lower and inconsistent yield 

of EV RNA, our hybrid method consistently yields highest quantity of RNA from EVs. While 

we demonstrated the scalability of our hybrid approach down to 25ml volume of conditioned 

media, this method could be easily scaled down to even lower volumes of media or body fluid. 

RNA-Seq analysis further confirmed the hybrid method’s ability to consistently and reproducibly 

isolate RNA transcripts from EVs. Moreover, strong correlation of gene expression observed 

between hybrid method and each of the existing methods, including the gold standard 

ultracentrifugation method underscored the reliability of its performance. Taken together, these 

results coupled with highest and consistent yield of RNA, argue in favor of hybrid method as the 

method of choice for isolation of EVs for downstream EV RNA oriented studies. 
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Comprehensive characterization of the RNA contents of extracellular vesicles. 
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3.1 Synopsis: 

Characterization of the RNA cargo of EVs has been performed in a limited fashion as yet. 

Armed with the efficient ‘hybrid’ approach of EV preparations, we perform a comprehensive 

characterization of RNA repertoire of EVs from 9 different cell types of diverse developmental 

origins by RNA-Seq, which revealed the diversity and cell type specificity of EV RNA, non-

random sorting of RNA in EVs, gene family specific fragmentation patterns and dynamic nature 

of EV RNA with changing physiological conditions of the source cell. We then explored the 

temporal dynamics, spatial localization and integrity of EV RNA upon transfer into another cell.  

Finally, we investigate the ability of EV and EV RNA to induce a cell type specific and context 

dependent molecular response upon uptake in recipient cells.  
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3.1. Introduction 

The complex landscape of transcription in multi-cellular organisms is modulated by 

multi-layered processes that are endogenous as well as exogenous to cells. Endogenous factors 

include transcription factors, three-dimensional DNA/genome organization [322-325], chromatin 

modifications [326, 327], DNA methylation [328-330], as well as post-transcriptional molecular 

processes such as alternative splicing [331], microRNA mediated regulation [332, 333] and RNA 

degradation [334, 335]. Exogenous factors traditionally refer to extra-cellular conditions 

(temperature, pH, oxygen, etc.) and secreted factors (proteins, hormones, metabolites, etc.) 

which stimulate various signaling pathways in the cell. Recently, extracellular vesicles have 

garnered substantial appreciation as a key component of the extracellular milieu. While several 

studies have implicated EVs in various physiological roles, majority of these studies failed to 

attribute the observed effects to responsible biomolecules encapsulated in them.  

Recent studies on EVs have shown the presence of both small and long RNA molecules 

encapsulated within EVs [76, 82, 84, 90]. However, majority of these studies have limited their 

attention on two categories of RNA, namely micro-RNA and messenger RNA. Moreover, recent 

studies have contradicted the earlier observation on the presence of intact messenger RNA [86] 

and has questioned the presence of substantial amounts of microRNA within EVs as well [292, 

294]. Furthermore, limited studies on EV RNA cargo using next generation sequencing has 

reported the enrichment of other classes of non-coding RNAs within EVs, not microRNA or 

messenger RNA [94, 95, 98, 99].  These contradictory reports on EV RNA contents have further 

convoluted the picture of the true nature and extent of EV RNA repertoire released by cells, and 

emphasizes the need for a comprehensive characterization of the RNA contents encapsulated 

within EVs.  
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Nevertheless, EV mediated transfer of RNA between cells has been suggested to 

represent a novel mode of communication between cells. Indeed, the ability of RNA to 

compactly store and transmit information, to produce base pair specific interaction and to act as 

molecular adaptors for incoming signals (e.g. ribo-switches) makes it an ideal molecule of 

information transfer [336]. Such exchange of genetic information may confer specific advantages 

to the recipient cell. Uptake of mRNA and its subsequent translation can complement a cell’s 

own protein repertoire by augmenting its endogenous protein level or by providing it with a 

completely new protein molecule that may not be produced by that cell, thereby priming the cell 

for a new function or state. Micro-RNA or other regulatory RNA, upon uptake, may act on its 

endogenous targets and modulate their expression level, thereby adding a new layer of regulation 

of gene expression in-trans [336]. Unlike other single molecular signaling mechanisms, EVs 

possess the unique ability to accommodate several RNA and protein molecules within them 

which can potentially act en masse on the recipient cells to elicit a far more complex response. 

However, mere transfer of genetic information between cells may not be sufficient to be 

termed as a mode of communication, as it must satisfy basic properties that any form of 

communication must possess. Firstly, the message must be meaningful and non-random. This not 

only requires an understanding of the exact nature and diversity of the messages being 

exchanged, but more importantly, a specific sorting and packaging of certain messages over 

others for delivery must be established. Secondly, the message must be dynamic, as a 

monotonous transfer of a static signal cannot be termed as meaningful communication and it 

must reflect in some sense the changes in physiological state of the source cell. Thirdly, the 

message must be delivered safely to the recipient in a manner such that the message remains 
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available to the recipient’s signal interpretation machinery. Finally, the message must be 

functional and interpretable, capable of eliciting a meaningful response in the recipient. 

In this study, we perform a comprehensive characterization of the distribution, 

enrichment and cell type specificity of annotated RNA cargo within EVs derived from 9 different 

human cell types by RNA sequencing. While previous studies have reported the presence of a 

few RNA fragments derived from longer annotated genes, we demonstrate an enrichment of 

family specific RNA fragmentation patterns across cell types, suggesting a conserved processing 

and sorting machinery of EV RNA. Next, we explore the dynamic nature of the EV RNA cargo, 

with changing physiological conditions of the source cell. Although others have demonstrated 

the transfer of EVs between cells, we demonstrate the inter-cellular delivery and subsequent sub-

cellular localization of EV RNA. We further characterize the cell type specific and temporal 

dynamics of the molecular response elicited by EV RNA in multiple cell types. 
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3.3. Results 

3.3.1 Validation and quantification of EVs 

The presence of various species of RNA was first demonstrated in extracellular vesicles 

(EV) in an attempt to define a potential mechanism by which EVs may mediate intercellular 

transfer of genetic material [82, 101].  In this study, isolation of EVs derived from 9 different cell 

lines was performed using a method adapted from the original ultracentrifugation method 

described by [300]. Empirical validation of the purification was performed using Transmission 

electron microscopy (Figure 3.1A) which confirmed the presence of vesicles of size < 200nm 

and cup-shaped morphology typically described in literature. Immuno-electron microscopy with 

5nm gold conjugated antibodies demonstrated the presence of EV surface markers such as CD81 

on purified EVs (Figure 3.1B). Western blot analysis further confirmed the enrichment of EV 

markers and depletion of other sub-cellular organelle markers [data not shown]. Nanoparticle 

Tracking Analysis (NTA) further quantified the enrichment of vesicles <200nm (Figure 3.1C). 

Consistent with previous studies, Bioanalyzer analysis showed an overwhelming majority of the 

EV RNA are small RNA with size distribution between 20-200 nucleotides (Figure 3.1D). Intra-

vesicular origin of the EV RNA was confirmed by RNase treatment prior to RNA isolation and 

small RNA sequencing. 
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Figure 3.1: Validation of purification of extracellular vesicles (EVs). (A) Transmission electron 

microscopy image of K562 EVs after negative staining shows classic cup-shaped vesicles smaller that are 

on average smaller than 200nm. (B) Immuno-electron microscopy image of purified EVs labeled with 

Anti-CD81 (mouse mAb) and detected by Goat anti-mouse IgG secondary conjugated with 5nm gold. (C) 

Size distribution of K562 EVs by NTA. (D) Bioanalyzer RNA profile (RNA Pico-chip) of K562 EVs. X-

axis is nucleotides length and Y-axis is Fluorescent Units.  
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3.3.2. Diversity of EV RNA 

Deeply sequenced RNA (RNA-Seq) data from EVs derived from a diverse group of cell 

types ( five cancer cell lines, including K562 (chronic myelogenous leukemia), HeLa (cervical 

adenocarcinoma), MCF7 (breast adenocarcinoma), A549 (lung carcinoma) and U2-Os 

(Osteosarcoma) and four primary cell types, including BJ (skin fibroblast), HUVEC (human 

umbilical vein endothelial cells), HFFF (human fetal foreskin fibroblasts) and IMR90 (lung 

fibroblasts), allowed us to perform comprehensive bio-informatics analyses of global EV RNA 

diversity both specific to and common between cell types. An essential qualification for EV 

RNA to be considered as a viable medium of cell-cell communication is to demonstrate 

reproducibility under similar growth conditions, a lack thereof being indicative of an inability to 

disseminate meaningful information.  Hence we administer the Pearson’s correlation coefficient 

here to test reproducibility. A very strong correlation was observed between whole cell small 

RNA replicates, suggesting that the population of cells were in similar transcriptional states 

when EVs were isolated from them (Figure 3.2A). The EV RNA profiles derived from them 

were also very well correlated, suggesting the presence of a relatively consistent RNA 

appropriation process (Figure 3.2B, Table 3.1). This raises the question whether the relatively 

correlated distribution of EV RNA, is but a reflection of their expression profile within their 

source cells. However, consistent with previous studies [84, 101], we observed a very poor 

correlation between EVs and their source cells, suggesting only a subset of cellular RNA are 

being exported into EVs (Figure 3.2C).  
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Figure 3.2: Correlation between EV and cellular RNA by RNASeq. Scatter plots representing correlation in gene 

expression levels between replicates of (A) BJ EVs and (B) cellular small RNA. (C) Volcano plot representing poor 

correlation in gene expression between BJ EVs and Whole cell. Each purple dot represents an annotated gene. X-

axis represents fold change in expression levels between BJ EV and whole cell (log2 scale) and Y-axis represents 

mean levels of expression of each gene in BJ EVs and Whole cell (reads per million in log10 scale). Genes with fold 

change less than 2 (on log2 scale) between EVs and cell are not represented. 
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Table3.1 Pearson correlation coefficient between replicates of small RNA-Seq libraries from 

EVs derived from nine different cell types. 

 

A detailed characterization of EV RNA from all the 9 cells types revealed that EVs are 

overwhelmingly populated by families of small RNA (sRNA) such as miRNA, miscellaneous 

RNA, tRNA, rRNA, snRNA and snoRNA. tRNA transcripts are the most diverse of all the 

sRNA families ranging from 202 to 346 transcripts depending on the source cell. These are 

followed by miscRNA (167-328 transcripts), rRNA (153-301 transcripts), snoRNA (103-188 

transcripts), snRNA (38-118 transcripts) etc. In addition to these small RNA families EVs also 

contain fragments of longer annotated RNA families such as protein coding genes (1476 to 8775 

transcripts), pseudogenes (44-751 transcripts) and long non-coding RNA (64-301 transcripts).   

The relative abundance of sRNA families within EVs is demonstrated by their share of 

reads within the RNAseq library (Figure 3.3). Though the specific proportions of EV RNA 

families detected in EVs varies widely from cell to cell, we observe that miscRNA are the most 

abundant family across cell types with an average share of 33% of the reads, followed by rRNA 
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with a median of 30% of the reads, tRNA with 11 %, miRNA with 11% of the reads, and 

fragments of protein coding transcripts with 7%. This is however in contrast to the distribution of 

small RNA families seen in the whole cells, where rRNA forms the largest family with 26% 

followed by snoRNA with 22%, miRNA with 12% and snRNA 10%. MiscRNA (0.37 %) and 

tRNA (cell mean 1.74%) which are extremely abundant within EVs are significantly depleted in 

the cells. On the other hand, the GENCODE annotation family “Processed transcript”, described 

as non-ORF containing RNA, and thus encompassing several possible biotypes, are significantly 

enriched in the cells (26%) and very rare within EVs (0.6 %). This hints at a strong likelihood of 

concerted sorting mechanisms responsible for the enrichment of certain EV RNA families 

relative to others, in a manner independent of their intracellular abundance. 

Despite the diversity of sRNA families within EVs, expression level of genes within each 

family indicates a more homogenous picture (Figure 3.3). The top five most expressed genes 

within the miscRNA and rRNA families account on average for 98% of the reads originating 

from genes within these families. On the other hand, miRNA and tRNA families are more 

heterogeneous in comparison, where the top five genes accounted for only 68% and 72% of the 

reads originating from these respective families. Further examination revealed that some of these 

genes in miscRNA (RNY5, RNY1 and RN7SL2) and rRNA (RNA5-8SP6, RNA5-8SP2 and 

RNA5-8SP4) contributed to over 60% of the total reads in EVs in most cell types. 

  Since the overwhelming majority of sRNA genes (99%) within EVs have expression 

levels less than 100 reads per million (rpm), we define genes with expression levels above this 

threshold to be abundant. Interestingly, we find that there are only 9 genes that are abundantly 

detected across our cell types, of which two are rRNA (RNA5-8SP2 and RNA5-8SP6), two 

miscRNA   (RNY5 and RPPH1) and five tRNA (tRNA23550, tRNA23569, tRNA23643, 
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tRNA23827 and tRNA7867). 23 abundant genes were common across all the primary cells, 

while 15 genes were common to all the cancer cell lines (Figure 3.4 A, B). 
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Figure 3.3 (A): Relative abundance of gene families in EVs. Pie-charts representing the distribution of various 

Gencode annotated gene families in EVs derived from A549, K562 and BJ cells. The inner pie-chart represents the 

relative abundance of gene families within EVs (by percent of reads mapped to each gene family). The outer pie-

chart represents the relative abundance of the top five annotated transcripts within the respective gene families that 

are abundant in EVs. 
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Figure 3.3 (B): Relative abundance of gene families in EVs. Pie-charts representing the distribution of various 

Gencode annotated gene families in EVs derived from U2-Os, IMR90 and HUVEC cells. The inner pie-chart 

represents the relative abundance of gene families within EVs (by percent of reads mapped to each gene family) and 

the outer pie-chart represents the relative abundance of the top five annotated transcripts within the respective gene 

families that are abundant in EVs. 
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Figure 3.3 (C): Relative abundance of gene families in EVs. Pie-charts representing the distribution of various 

Gencode annotated gene families detected within EVs derived from HeLa, MCF7 and HeLa cells. The inner pie-

chart represents the relative abundance of gene families within EVs (by percent of reads mapped to each gene 

family). The outer pie-chart represents the relative abundance of the top five annotated transcripts within the 

respective gene families that are abundant in EVs. 
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3.3.3. Cell type Specificity of EV RNA  

Next, we determined whether the transcriptome landscape within EVs of different cell 

types are stochastic or are truly cell type specific. A global representation of all RNA across EVs 

of our nine cell types in a Heatmap with unsupervised hierarchical clustering using Euclidian 

distance, revealed a cell type specific RNA signature for each cell (Figure 3.4C). After adjusting 

for differences in library sizes using size factor estimations using the DESeq [337], we 

administer the negative binomial test by grouping EV RNA libraries of one cell type as a group 

and all the other cell types as another, and in turn obtained genes which are enriched in one cell 

type as compared to all the others in our study. Once we obtained the list of genes which are 

specifically enriched in each cell type, we obtained p-values to test significance using a one-

sample t-test. The analysis showed that A549 has the largest number of genes which are uniquely 

enriched over 4 fold–1082 genes (p-value<0.0003315796), K562–938 genes (p-

value<0.03462435), HUVEC–358 genes (p-value<0.02523887), U2OS–295 genes (p-

value<0.00564851), HMEC–275 genes (p-values<0.02635909), MCF7–103 genes (p-

value<0.02247853) and HELA–83 genes (p-value<0.02370253). In BJ we found 14 genes (p-

value<0.03699261) which are more than 6 fold enriched compared to all the other cell lines. 

With IMR90, even though we found over 116 genes enriched over 4 fold, none of them were 

statistically significant (p-value<0.0785996), but there are 613 genes (p-value<0.001907386) 

which are over 4 fold enriched in all other cells but IMR90. Furthermore, this cell type 

specificity was not limited to low abundance transcripts, but many of the cell type specific 

transcripts were found to be extremely abundant (greater than 100 rpm). Among the cancer cell 

lines, U2-Os had 48 cell type specific genes, A549 had 41 genes, K562 26 genes, while MCF7 

and HELA had 3 genes each (Figure 3.4A). HUVEC had 34 genes, HMEC 31 genes, IMR90 20 



 

55 

 

genes and BJ had 11 genes that are specifically enriched within EVs from each primary cell type 

in this study (Figure 3.4B).  

 

 

Figure 3.4: Cell type specificity of EV RNA cargo. (A, B) Venn diagrams representing the cell type 

specificity of abundant RNA transcripts (expression levels greater than 100 reads per million) in EVs 

derived from (A) 5 different cancer cell lines  and (B) four different primary cell types. (C) Heatmap 

representation of cell type specificity of EV RNA cargo derived from nine different cell types. 
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3.3.4. Enrichment of specific small RNA fragments within EVs 

The average fragment length observed in the EV RNA sequencing libraries from all the 9 

cell types is 31.67 nucleotides, corroborating other observations that EV RNA are mainly 

populated by shorter RNA fragments of annotated genes [86, 94-96, 338, 339]. As there has been 

some speculation whether EV RNA are comprised of random fragments or functional parts of 

their parent RNA molecules, we examined which portions of the RNA from these genes populate 

EVs. Analysis of the read length distributions by gene families, suggests that fragmentation 

patterns is non- random and gene family specific (Figure 3.5). Over half of the reads mapping to 

miRNA genes are about 22 nucleotides long, both in EVs as well as in cells. Reads mapping to 

tRNA genes within EVs tend to be larger than miRNA reads, with about half of them being 

about 35 nucleotides long. In contrast, tRNA read distribution in cells tend to be considerably 

different, with a sizable proportion of them around ~75 nucleotides) which is not observed in 

EVs. Similarly a large population of rRNA (40%) are over 101 nucleotides long in cells, while in 

EVs reads are considerably shorter, with the majority of reads (>90%) being less than 30 

nucleotides long. Reads mapping to snRNA also tend to be shorter in EVs than in cells, with 

about 80% of snRNA reads being less than 60 nucleotides long in EVs, while over 80% are over 

100 nucleotides long in cells. However, comparable proportion of reads mapping to snoRNA in 

both EVs (30%) and cells (35%) tend to be over 70 nucleotides in length. EVs also contain reads 

that map to protein coding genes, but almost all these reads are short fragments (<30 nucleotides) 

of larger mRNA. These findings suggest the enrichment within EVs of RNA fragments that have 

a family specific length distribution. 

Previous study by Chen et.al has suggested that miRNA within EVs are longer pre-

miRNA [85], which could be processed in the recipient cell after transfer from the source cell, 



 

57 

 

while other studies have suggested that there might be mature miRNA within EVs [87, 88, 99]. 

To obtain a global perspective across all precursor miRNA genes, we analyzed reads mapping to 

these genes, whose lengths were normalized to 100 nucleotides. Reads mapping to 10% 

upstream and downstream of the gene were also included in the analysis. The probability of 

finding a read spanning each normalized position within a gene was used to derive the 

probability density across all genes within the family. This analysis on miRNA demonstrates that 

though there is a significant enrichment of 3’ mature miRNA reads in EVs, this does not seem to 

be different from the distribution in source cells (Figure 3.6A). However there is a significantly 

lower probability of 5’ mature miRNA reads in BJ EVs. Additionally, in over 97% of the cases, 

miRNA 22-mers detected in EVs came from the same side as found to be predominant in their 

source cell, further diminishing the possibility that miRNA within EVs are other than the cellular 

mature miRNA.  

A similar fragmentation analyses on tRNA gene family within EVs provides a 

significantly different fragmentation profile compared to cells. Given the difference in read 

length distribution between tRNA reads from EVs and cells, a look at the probability density 

distributions in cells and EVs makes it apparent that while cells tend to have greater proportions 

of full length tRNAs, EVs are enriched in only 3’ tRNA halves. Interestingly there is also a 

significant paucity of reads upstream and downstream of mature tRNA genes in EVs ( previously 

described as tRF-5 and tRF-1 series [340]), suggesting prior processing of tRNA before sorting 

into EVs (Figure 3.6B).   

Reads mapping to snoRNA transcripts in BJ whole cell were primarily full length reads. 

While majority of snoRNA transcripts within EVs are full length, a small subset of reads map to 

fragments of snoRNA which are almost never observed in the cells. However, a gradual 5’- 
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3’drop in the proportion of the reads mapping to snoRNA were observed in EVs, suggesting at 

least some of the snoRNA reads detected in EVs are snoRNA degradation (Figure 3.6C).  

EVs are also significantly enriched with fragments of snRNA, most of which start at the 

5’ end of the genes but vary in length considerably (from halves to full length transcripts), while 

reads mapping to snRNA in cells are overwhelmingly full length (Figure 3.6D). In contrast to the 

small-RNA families, fragments from protein coding genes in EV as well as in whole cell does 

not demonstrate enrichment of any specific gene fragment, which suggests that reads detected in 

EVs from  protein coding genes are randomly derived fragments of protein coding transcripts 

(Figure 3.6E).  
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Figure 3.5: Read length distribution by gene family in BJ EVs and whole cell. Read length 

distribution by annotated gene families in (A) BJ whole cells and (B) BJ EV small RNA-Seq libraries. X-

axis represents the nucleotide length of reads. Y-axis represents the proportion of all reads mapped to 

each gene family of a given nucleotide length.  
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Figure 3.6(A): Gene family specific fragmentation patterns in BJ EV and cellular RNA.  Box plot 

representation and comparison of gene family specifc RNA fragmentation patterns in EV and whole cell. Since 

different genes families vary in their size, all gene lengths were normalized to 100 nucleotides. Read mapping to 

10% of the normalized gene length upstream or downstream of the gene are included in the analysis.Green and red 

peaks represent the start and stop position of all reads mapping to specific gene family respectively. The blue line 

represents p-value significance of difference in fragmentation patterns of RNA between EV and Whole cell at each 

normalized position across the gene length. The red dotted line represents the level of significance ( p value<0.01). 

X-axis represents normalized gene length (in nucleotides). Y-axis reprsents the probability of reads at each 

normalized position across the gene length. (A) Micro-RNA fragmentation patterns in BJ EVand whole cell. 

MicroRNA reads map to mature microRNA region within the microRNA precuror gene in both EVs and whole cell. 

Probability of reads mapping to the 3’ mature side of microRNA precursor are higher in EV compared to the 5’ side 

while probability of reads mapping to either side of  the mature micro-RNA are similar in whole cell.    
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Figure 3.6 (B): tRNA fragmentation patterns in BJ EV and whole cell. Read mapping to 10% of the normalized 

gene length upstream or downstream of the gene are included in the analysis. Green and red peaks represent the start 

and stop position of all reads mapping to specific gene family respectively. The blue line represents p-value 

significance of difference in fragmentation patterns of RNA between EV and Whole cell at each normalized position 

across the gene length. The red dotted line represents the level of significance ( p value<0.01). X-axis represents 

normalized gene length (in nucleotides). Y-axis reprsents the probability of reads at each normalized position across 

the gene length. In whole cell, reads mapping to tRNAs are a mixture of longer full length tRNAs and 3’ tRNA 

halves. On the other hand, EVs are enriched with reads mapping to 3’ halves of the tRNA genes. Reads mapping to 

the 5’ half of few tRNA genes can also be detected in EV. Full length tRNA reads are depleted from EV.  
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Figure 3.6 (C): snoRNA fragmentation patterns in BJ EVand whole cell. Read mapping to 10% of the 

normalized gene length upstream or downstream of the gene are also  included in the analysis. X-axis represents 

normalized gene length (in nucleotides). Y-axis reprsents the probability of reads at each normalized position across 

the gene length.  Green and red peaks represent the start and stop position of all reads mapping to specific gene 

family respectively. The blue line represents p-value significance of difference in fragmentation patterns of RNA 

between EV and Whole cell at each normalized position across the gene length. The red dotted line represents the 

level of significance ( p value<0.01). snoRNA reads in the cell are almost always full length. Both fragmented and 

full length reads mapping to snoRNAs are detected in EVs, with a gradual 5’ to 3’ drop in proportion of mapped 

reads . 
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Figure 3.6 (D): snRNA fragmentation patterns in BJ EV and whole cell. Read mapping to 10% of the 

normalized gene length upstream or downstream of the gene are also  included in the analysis. X-axis represents 

normalized gene length (in nucleotides). Y-axis reprsents the probability of reads at each normalized position across 

the gene length.  Green and red peaks represent the start and stop position of all reads mapping to specific gene 

family respectively. The blue line represents p-value significance of difference in fragmentation patterns of RNA 

between EV and Whole cell at each normalized position across the gene length. The red dotted line represents the 

level of significance ( p value<0.01).Reads mapping to snRNAs in whole cell map to either full length molecule or 

to the 5’ half of the molecule. Although reads mapping to snRNAs start at the annotated 5’ start position of the gene, 

most of these reads in EVs map to fragments of snRNA of varying lengths, and only  a small subset of reads 

mapping to full length snRNA molecules.   
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Figure 3.6 (E): Protein coding RNA fragmentation patterns in BJ EV and whole cell. Read mapping to 10% of 

the normalized gene length upstream or downstream of the gene are also  included in the analysis. X-axis represents 

normalized gene length (in nucleotides). Y-axis reprsents the probability of reads at each normalized position across 

the gene length.  Green and red peaks represent the start and stop position of all reads mapping to specific gene 

family respectively. The blue line represents p-value significance of difference in fragmentation patterns of RNA 

between EV and Whole cell at each normalized position across the gene length. The red dotted line represents the 

level of significance ( p value<0.01).Reads mapping to protein coding genes does not show any family specific 

fragmentation patterns, both in EV and whole cell, suggesting that reads mapping to protein coding genes are 

randomly derived  fragments from their parental transcripts. 
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3.3.5. Variability of EV RNA content  

Armed with evidence of cell type specificity of EV RNA, we investigated variability of 

the EV RNA landscape with change in environmental conditions of source cells. Total EV RNA 

was sequenced from EVs of K562 cells grown under three different conditions – in presence of 

EV depleted fetal bovine serum, nutritionally constrained media by serum deprivation and 

chemotherapeutic treatment with DNA cross-linker MitomycinC (Figure 3.7A, B and C). While 

76 highly abundant genes (expression levels greater than 100 rpm) were common between EVs 

from all three conditions, considerable numbers of genes are uniquely abundant in EVs from 

each of these conditions (Figure 3.7F). For example, while 102 genes were abundantly and 

uniquely detected in K562 EVs derived from cells cultured with EV-depleted serum, 12 genes 

were unique and abundant in K562 EVs derived from K562 cells cultured in serum deprived 

conditioned medium. 18 genes were uniquely and abundantly detected in EVs derived from 

MitomycinC treated K562 cells. EV RNA derived from cells grown in EV depleted serum 

contained 571 genes enriched (over 4 fold, p-values<1.260859e-100) and 51 genes down-

regulated (over 4 fold, p-value<3.274755e-11) compared to cells from serum deprived condition 

(Figure 3.7D). Treatment with MitomycinC resulted in enrichment of 135 genes (p-value < 

6.368023e-16) and depletion of 108 genes (p-value<2.162584e-21) in comparison to serum 

deprived state (Figure 3.7E). These results suggest that the EV RNA cargo is not static but 

continuously varies with changing environmental conditions.  
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Figure 3.7: Dynamicity of EV RNA cargo. (A, B and C) Scatter plot representation of correlation of 

small RNA gene expression between replicates of K562 EVs isolated from different culture 

conditions. X and Y axis represents levels of gene expression in reads per million (log10 scale). (A) 

Correlation between replicates of K562 EV isolated from serum deprived conditioned medium, (B). 

Correlation between replicates of EV derived from K562 cells cultured in EV-deleted serum containing 

medium. (C) Correlation between replicates of EV derived from K562 cells treated with MitomycinC in 

serum deprived conditioned medium. (D) Differential expression analysis between K562 EV derived 

from serum deprived conditioned medium and EV derived from K562 cells cultured in EV-deleted serum 

containing medium. X axis represents levels of gene expression in K562 EV from serum deprived 

conditioned medium (reads per million in log10 scale), while Y axis represents gene expression levels of 

EVs derived from K562 cells cultured in EV-deleted serum containing medium (reads per million in 

log10 scale). Only genes that are differentially expressed over four fold are shown in the figure. 
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Figure 3.7: Dynamicity of EV RNA cargo. (E) Differential expression analysis between K562 EV 

derived from serum deprived conditioned medium and EVs derived from K562 cells treated with 

MitoMycinC in serum deprived medium. X axis represents levels of gene expression in K562 EV from 

serum deprived conditioned medium (reads per million in log10 scale), while Y axis represents gene 

expression levels of EV derived from K562 cells treated with MitomycinC in serum deprived medium 

(reads per million in log10 scale). Only genes that are differentially expressed over four fold are shown in 

the figure. (F) Venn diagram representing number of unique and shared abundant genes (genes with 

expression level greater than 100 rpm) detected in K562 EVs from different culture conditions. 
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3.3.6 Intercellular transfer of EV RNA 

The functionality of the diverse repertoire of RNA packaged in EVs relies on its ability to 

transfer them from one cell to another in the extracellular milieu. Previous studies have 

demonstrated transfer of EVs from one cell type to another, primarily through labeling lipid and 

protein  components of EVs [ref], Here we extend these studies by demonstrating intra and inter-

species transfer of EVs and EV RNA cargo, as well as report its subsequent subcellular 

localization in the recipient cell. To begin with, K562 EVs, labeled with lipid dye PKH67 were 

added to K562, HeLa and BJ cells which confirmed transfer of EVs in each of the three cells 

(Figure 3.8A). Transfer of K562 EVs, with its RNA cargo labeled with Sytoselect RNA green 

dye to HeLa cells confirmed the actual transfer of the RNA cargo within the vesicles to another 

cell (Figure 3.8B). The subcellular localization of EVs and EV RNA were found to be 

exclusively cytoplasmic (Figure 3.8B). Co-labeling of subcellular organelles such as 

mitochondria, lysosomes and endoplasmic reticulum did not point to any preferential co-

localization with any of the labelled structures (Figure 3.8C, D and E). The integrity of the 

transferred RNA and dynamics of EV RNA transfer was studied by tracking the level of human 

specific transcript RNY5 by RNAseq in mouse HB4 cells, both by direct incubation of 

GM12878 EVs with HB4 cells and transwell co-culture of GM12878 and HB4 cells, for 24 hours 

and 48 hours (Figure 3.8F). These results underscore the lack of selectivity displayed by cells in 

transfer and uptake of EVs in-vitro. 
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Figure 3.8: Intercellular transfer and subcellular localization of EV and EV RNA. (A) Transfer and subcellular 

localization of K562 EVs labeled with lipid dye PKH67 (green) in HeLa cells. (B) Transfer and subcellular 

localization of Syto RNAselect Green labeled K562 EV RNA in HeLa cells. (C) Subcellular localization of Syto 

RNAselect Green labeled K562 EV (Green) in recipient HeLa cells with its Endoplasmic reticulum (Red) co-labeled 

with ER-Tracker Red. (D) Subcellular localization of Syto RNAselect Green labeled K562 EVs (Green) in recipient 

HeLa cells with its Mitochondria (Red) co-labeled with Mito-Tracker Red. (E) Subcellular localization of Syto 

RNAselect Green labeled K562 EV (Green) in recipient HeLa cells with its Lysosomes (Red) co-labeled with Lyso-

Tracker Red. (F) Inter-species transfer of EV RNA by RNASeq. Time course analysis of the level of human specific 

RNY5 31-mer RNA in mouse HB4 cells when mouse HB4 cells are incubated with human GM12878 EVs or co-

cultured across Transwell membrane with GM12878 cells for 24 and 48hrs. Y-axis indicates the level of RNY5 (in 

reads per million) in mouse HB4 cells. 
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3.3.7 EV mediated transcriptional response in recipient cells 

Correlated response between EVs and EV RNA treatment 

EVs derived from K562 cells grown in serum deprived state were added to BJ cells and, 

their long RNA sequenced 2 and 24 hours post-treatment to capture both acute and delayed 

variations in the RNA landscape of these cells (Figure 3.9A, B). A look at the differentially 

expressed protein coding genes when compared to untreated controls at 2 hours after treatment, 

demonstrated 205 genes upregulated  and 438 genes down-regulated (over four fold), while 24 

hours after treatment, 47 genes were  upregulated over 4 fold and 60 genes were down-regulated. 

This result suggests a relatively acute onset of transcriptional changes in the recipient cells after 

treatment with EVs, and the persistence of significant altered transcriptional state changes even 

24 hours post treatment.  

In order to demonstrate that at least some of the transcriptional response by BJ cells after 

EV treatment is attributable to the EV RNA cargo, the above experiment was replicated with EV 

RNA isolated from K562 EVs and transfected onto BJ cells. Long RNA sequenced 24 hours post 

treatment, revealed a very good correlation (Pearson’s correlation coefficient = 0.934) between 

the transcriptional landscape of BJ cells treated with both EVs and EV RNA (Figure 3.9C). 

However, despite these seemingly similar responses to both EVs and EV RNA, we also observed 

that of the 237 protein coding genes that were differentially expressed after EVs treatment, as 

many as 213 protein coding genes behave differently between the two treatments, underscoring 

that the response induced by the EVs are not just a result of EV RNA but rather a complex 

synergistic effect induced by the RNA and protein cargo together within EVs. 
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Cell type specific response to EVs 

Given the lack of specificity with which EVs from one cell are transferred to other cells 

in-vitro, we studied the transcriptional changes after EVs treatment in two different cell types to 

investigate if a similar response occurred irrespective of recipient cell type. BJ and HUVEC cells 

were treated with K562 EVs for 24 hours, and long RNA from each cell and their untreated 

controls were sequenced in replicates (Figure 3.9D). In BJ cells 47 protein coding genes were 

upregulated and 60 genes were down-regulated (four fold threshold), while in HUVEC cells 25 

genes were upregulated and no genes were significantly down-regulated (Figure 3.9F). 

Interestingly, no overlap was detected among differentially expressed genes in the two cell types 

at this time point. This suggests a differential molecular response by BJ and HUVEC cells even 

though they were treated by EVs from the same source cells.  

Differential response with variability of EVs 

Owing to the dynamicity in the EV RNA cargo, we investigated if this changed cargo is 

capable of inducing a differential response. Upon treatment of BJ cells with EVs derived from 

MitomycinC treated K562 cells, long RNA was sequenced at 24 hours post treatment. It was 

observed that over 254 protein coding genes behaved differently when compared to treatment 

with EVs derived from serum deprived K562 cells, of which 149 genes were upregulated and 

105 genes were down-regulated over 4 fold (Figure 3.9E).  
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Table3.2 Pearson correlation coefficient between replicates of long RNASeq libraries of BJ and 

HUVEC cells with various treatments. 
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Figure 3.9: Differential and cell type specific molecular response in recipient cells by K562 EV and 

EV RNA. (A, B) Differential molecular response by BJ cells when treated with K562 EV for (A) 2hrs 

and (B) 24hrs compared with 0 hours control. Only genes that are over four fold differentially expressed 

are shown in the figure. The axis represents gene expression levels of BJ cells with different treatments 

(reads per milion in log10 scale). 
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Figure 3.9: Dynamic and cell type specific molecular response in recipient cells by K562 EV and EV RNA. (C) 

Correlation in molecular response by BJ cells when treated with K562 EVs and K562 EV total RNA for 24hrs. 

Pearson correlation coefficient between EV and EV RNA treatments was estimated as 0.94. X and Y axis represents 

gene expression levels in BJ cells with 24hr K562 EV and K562 EV RNA treatment (rpm in log10 scale), 

respectively. (D) Differential molecular response by HUVEC cells when treated with K562 EVs for 24hrs compared 

with 0 hours control. X and Y axis represents gene expression levels in HUVEC cells with 0hr K562 EV treatment 

and 24hrs K562 EV treatment (rpm in log10 scale), respectively. 
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Figure 3.9: Dynamic and cell type specific molecular response in recipient cells by K562 EV and EV 

RNA. (E) Dynamic molecular response in BJ cells when treated with K562 EVs from serum deprived 

conditioned medium and K562 EVs derived from MitomycinC treated K562 cells for 24hrs. X-axis 
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represents gene expression levels in BJ cells when treated with serum deprived K562 EVs (rpm in log10 

scale) while Y-axis represents gene expression levels in BJ cells when treated with MitomycinC treated 

K562 EVs (rpm in log10 scale). Black dots represents genes downregulated by more than four fold while 

blue dots represents genes upregulated by more than four fold. Genes that are not differentially expressed 

by four fold are not shown. (F) Cell type specific molecular response by K562 EVs in BJ and HUVEC 

cells. Contour plot representation of the density of genes that are differentially expressed (more than two 

fold) in BJ and HUVEC cells when treated with K562 EVs for 24hrs. X-axis represents fold change of 

genes in BJ cells with 24hrs K562 EV treatment (log2 scale) and Y-axis represents fold change of genes 

in HUVEC cells with 24hrs K562 EV treatment. 1
st
 and 3

rd
 quadrant represents genes which are similarly 

differentially expressed between the two cell types, while 2
nd

 and 4
th
 quadrant represents genes that 

differentially expressed in a cell type specific manner by the same K562 EV treatment. 
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3.4 Discussion 

In this study, we present evidence which support EV mediated transfer of RNA between 

cells indeed represents a novel mode of intercellular communication. A comprehensive 

characterization of the nature and diversity of RNA messages packaged in EVs by at least 9 

different cell types revealed a non-random and specific sorting of the messages  into EVs by 

cells. Moreover, the message sorted into EVs was found to be highly cell type specific. We 

further establish that the sorting of RNA messages into EVs is a dynamic process which broadly 

reflects the physiological state of the cell.  While others have demonstrated the transfer of EVs 

between cells, we demonstrate the transfer of the RNA molecules by EVs as well as their 

subcellular localization in the recipient cells. Most importantly, we establish that the transferred 

RNA molecules are intact, functional and able to elicit a system-wide transcriptional response in 

recipient cells. We further establish the molecular response by recipient cells to the incoming 

message is dynamic and varies with change in the composition of EVs. Finally, we reveal the 

complexity of such a mode of communication by demonstrating that the same EV RNA message 

may elicit distinct molecular response in different recipient cells, depending on the signal 

interpretation machinery enabled by the transcriptional and translational landscape of that cell. 

Thus, our study demonstrates the involvement of the total EV RNA cargo in EV functionality 

and forces us to investigate further the potential involvement of the individual members of the 

RNA cargo of EVs in inducing a response. Taken together, these results highlight a novel and 

underappreciated mode of gene regulation in multicellular organisms. 

The unique fragmentation patterns of each class of small non-coding transcripts and their 

enrichment in EVs, points towards specific processing and sorting  mechanisms in the cell that 

are not well understood. Interestingly, tRNA fragments have been previously observed in body 
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fluids [96, 339] as well and have been implicated in translation repression and regulation of cell 

death [341-343]. This raises an interesting possibility that these processed fragments from non-

coding RNAs may represent a novel class of short RNAs with as-yet-undiscovered functions. 

The enrichment of such transcripts makes EV a valuable source to explore their potential 

functional role in intercellular communication.  

The beauty of EV lies in their ability to enclose multiple RNA messages within one 

packet and deliver them to recipient cells. It is tempting to speculate that during the course of 

evolution, increased complexity of living organisms necessitated the need to transmit multiple 

messages (such as replicative, transcriptional or translational status, nutritional or other 

environmental stress signals, etc.) at the same time to neighboring cells. Instead of evolving 

distinct regulatory mechanisms for each and every signaling molecule, life may have evolved a 

common medium/platform of communication in the form of lipid vesicles, which could provide 

exceptional stability and protection from harsh extracellular environment and robustly and 

faithfully enclose and deliver multiple messages to intended recipients. Interestingly, the most 

abundant class of transcripts detected in EVs is Y-RNAs, a class of short non-coding transcripts 

that has been implicated in DNA replication and has been termed as “replication licensing 

factors” [344-347]. It is tempting to speculate that Y RNAs in EVs may play the role of a 

quorum sensing molecule (similar to bacterial quorum sensing systems) and regulate DNA 

replication in neighboring cells in mammalian systems. 

 

 

 



 

79 

 

3.5. Material and Methods 

Cell culture and isolation of EV 

Cells were grown in their respective complete medium until they reached 70-80% 

confluence when the medium was replaced with serum-free conditioned medium and incubated 

for another 24 hours. The Conditioned medium was centrifuged at 300g for 10 minutes and the 

cell pellet was discarded and the supernatant was further centrifuged at 2000g for 10 minutes. 

The Pellet, comprising of mostly cell debris was discarded and the supernatant was again 

centrifuged at 10000g for 30 minutes. The pellet was discarded and the supernatant was filtered 

at 3500g for 15 minutes using Centricon Plus70 100KDa NMWL membrane (Millipore). The 

filtrate was discarded and the residue, enriched with EVs and other proteins was collected. The 

collected residues were precipitated overnight using ExoQuick-TC (System Biosciences) and the 

EVs were recovered next day by low speed centrifugation and suspended in 500microliter PBS.  

Electron microscopy of EV 

Aliquots of EVs suspensions were dispensed on parafilm on a petri dish and Butvar 

coated EM grids were adsorbed on them for 5 minutes at room temperature and kept on ice. The 

grids were transferred to drops of distilled water thrice for 30 seconds each to wash off excessive 

salts. The grids were then transferred to a drop of 1% uranyl acetate in 1% methyl cellulose for 

30 seconds followed by another transfer to a second drop for 5 minutes. The grids were air dried 

and excess stain was blotted off. Imaging was performed using Hitachi H7000 electron 

microscope at 75kV. 

Nanoparticle Tracking Analysis of EVs 
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Quantification of the extracellular vesicles was performed by Nanoparticle Tracking 

Analysis (NTA) using NanoSight LM10 at 25 degrees Celsius. PBS was used as a diluent. 

RNA isolation and small RNA sequencing 

EVs were treated with Ambion RNase cocktail at 37 degrees Celsius for 15 minutes. 

RNA isolation was performed immediately using Ambion’s Mirvana miRNA Isolation kit using 

manufacturer’s protocol. The purified RNA samples were first treated with Tobacco acid pyro 

phosphatase (TAP) for 1 hour at 37deg and DNase treated with Ambion Turbo-DNase (Life 

Tech). Ribosomal RNA depletion was performed on Whole cell RNA using Eukaryote 

Ribominus kit (Life Tech) using manufacturer’s protocol. Libraries were constructed using 

Illumina TruSeq small RNA kit according to manufacturer’s protocol, except reverse 

transcription was performed using Superscript III. Amplified libraries were run on 2% agarose 

gel and 20-200nts region was cut and gel-purified with Qiagen gel extraction kit. Libraries were 

quantified on Agilent Bio-analyzer HS-DNA chip and sequenced on Illumina HiSeq2000. 

Long RNA Sequencing 

 Long RNA was isolated with Mirvana miRNA isolation kit and DNase treated with 

Ambion Turbo-DNase using manufacturer’s protocol. Construction of complementary-DNA 

libraries was performed using Illumina TruSeq stranded total RNA kit (cat. no.RS-122-2201). 

Libraries were quantified using Agilent Bioanalyzer HS-DNA chip and run on Illumina Hi-Seq 

2000 or NextSeq 500 platform. 

 

Mapping & analysis 
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All data from RNA sequencing experiments in the study were mapped to Human 

Genome version 19 (hg19, GRCh37) obtained from the UCSC genome browser website 

(http://hgdownload.cse.ucsc.edu/downloads.html). RNAseq reads were aligned using the STAR 

v1.9 [318] software, and up to 5 mismatches per alignment were allowed. Only alignments for 

reads mapping to 10 or fewer loci were reported. Annotations were not utilized for mapping the 

data. The obtained BAM files were further processed using HTSeq software [319] in order to 

appropriate the number of reads originating from each annotated regions of the genome, utilizing 

annotations obtained from Gencode v19 [320] of the human genome, using the “Union mode” 

option of the software for all libraries, tRNA annotations were obtained from tRNAscan database 

[321]. Reads per million (rpm) values for each gene was obtained by dividing the number of 

reads uniquely mapping within the limits of a gene annotation, by the total number of uniquely 

mapping reads in the library and multiplying by a million. These rpm values were used between 

replicates to establish correlation between biological replicates of RNA-Seq libraries (Table 3.2, 

Table 3.3). Relative abundance of RNA families in Figure 3.3 was calculated using the 

cumulative rpm values of all genes within the Gencode defined RNA families such as miRNA, 

snoRNA, miscellaneous RNA (miscRNA), protein coding etc. Differential expression analysis of 

RNAseq libraries was performed using DESeq [348] and plots for data visualization were made 

using R statistical package. 

Dynamicity of EV RNA 

K562 cells were grown to 70% confluence in complete medium following which cells 

were transferred to conditioned medium. Replicates of 1+E8 cells were cultured in serum 

deprived conditioned medium, conditioned medium supplemented with EV depleted serum (10% 

final concentration) or in conditioned medium treated with MitomycinC (Sigma) at a final 

http://hgdownload.cse.ucsc.edu/downloads.html
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concentration of 20ng/ml for 24 hours. Isolation of EVs, EV RNA and small RNAseq was 

performed as described above. Bioinformatics analysis of RNASeq libraries were performed 

using STAR mapping software and HTSeq as described above. Differential expression analysis 

was performed using DESeq [348] and plots for data visualization were made using R statistical 

package. 

Microscopy 

Transfer of EVs was demonstrated using lipid labeling of EVs. Briefly, 2 microliter of 

PKH67 (Sigma) was re-suspended in 500microliter diluent and added to purified K562 EVs for 4 

minutes in dark and subsequently EVs were isolated using Exoquick-TC according to 

manufacturer’s protocol. The labelled EV pellet was re-suspended in complete medium (DMEM 

+10% FBS+1% Penicillin-Streptomycin) and added to HeLa cells for overnight incubation. 

Imaging was done on Deltavision OMX microscope and image analysis was performed with 

Delta-vision SoftWorx software.  

Transfer of EV RNA was demonstrated by labeling EV RNA with Syto RNAselect green 

dye (Life Tech). Briefly, K562 EVs were incubated with Sytoselct RNA green dye in dark and 

precipitated overnight using ExoQuick-TC. HeLa cells were then incubated overnight with 

RNA-labeled EVs and next day, imaging was performed using Deltavision OMX microscope 

and image analysis performed with Deltavision SoftWorx software.  

Subcellular localization of EVs was studied by live imaging in HeLa cells by labeling 

mitochondria with MitoTracker Red (Life Tech), lysosomes with Lysotracker Red (Life Tech) 

and endoplasmic reticulum with ER-tracker Red (Life Tech) according to manufacturer’s 

protocols and then incubating labeled HeLa cells with Syto RNAselect green labeled K562 EVs 
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(as described above) for 30 minutes. Imaging was performed on Deltavision OMX microscope 

and image analysis was performed using SoftWorx software. 

Inter-species transfer of EV RNA 

Interspecies transfer of EV RNA was determined by direct incubation with EVs as well 

as by transwell co-culture. In direct EV incubation, approx. 3+E5 mouse HB-4 cells were 

incubated with EVs isolated from human GM12878cells (1+E8 cells, in replicates) for 24 and 48 

hours, while in transwell co-culture, mouse HB4 cells were co-cultured with human GM12878 

cells (3+E5 cells each, at 1:1 ratio) across 1 micron transwell membrane for 24 and 48 hours. 

Mouse HB4 cells were then washed and pelleted with low speed centrifugation. RNA isolation 

was performed with Mirvana miRNA isolation kit as described above and small RNA 

sequencing was performed using an A-tailing approach as described in [349]. The data was 

mapped using STAR [318] against combined Human and Mouse genome and reads which 

mapped uniquely to humans only were considered for further analysis. RNY5, a human specific 

gene enriched in EVs was used to determine inter-species transfer of human GM12878 EV RNA 

to Mouse HB4 cells. 

Correlated transcriptional response in cells with EV and EV RNA treatment ` 

Treatment of cells with EVs was performed by incubating 2+E5 BJ cells with EVs 

isolated from 1+E8 K562 EVs for 0, 2 and 24hrs. Alternatively, 2E5 BJ cells were transfected 

with K562 EV RNA (RNA isolated from EVs derived from 1+E8 K562 cells, in replicates) using 

Lipofectamine for 6 hours in Opti-MEM medium. Lipofectamine medium was replaced with 

fresh complete medium (DMEM+10% FBS +1% penicillin-Streptomycin) and incubated for 

another 24hrs. BJ cells were then washed and pelleted and long RNA isolation was performed 
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subsequently using Mirvana miRNA isolation kit. Long RNA libraries were prepared using 

Illumina total RNA stranded kit, using manufacturer’s protocol and libraries were sequenced on 

Illumina HiSeq2000. Bioinformatics analysis of RNASeq libraries were performed using STAR 

mapping software and HTSeq as described above.  

Dynamic response by EVs  

Replicates of K562 cells were grown to 70% confluence and then transferred to serum 

free conditioned medium with and without MitomycinC (final concentration of 20ng/ml) for 

24hrs. EVs were then isolated from both treated and untreated K562 cells. Replicates of 2+E5 BJ 

cells were incubated with K562 EVs (derived from cells with and without MitomycinC 

treatment) for 24 hrs. Subsequently, cells were pelleted and long RNA isolation was performed 

using Mirvana miRNA isolation kit. Long RNA libraries were constructed using Illumina Truseq 

total RNA stranded kit using manufacturer’s protocol and sequenced on Illumina NextSeq. 

Bioinformatics analysis of RNASeq libraries were performed using STAR mapping software and 

HTSeq as described above. Differential expression analysis was performed using DESeq [348] 

and plots for data visualization were made using R statistical package. 

Cell type specificity of EV response 

Replicates of 2+E5 BJ and HUVEC cells were incubated with EVs (derived from 1+E8 

K562 cells) for 0hr and 24hrs, following which cells were pelleted and long RNA isolation was 

performed using Mirvana miRNA isolation kit. Long RNA libraries were constructed using 

Truseq total RNA stranded kit using manufacturer’s protocol and sequenced on Illumina 

NextSeq 500. Bioinformatics analysis of RNASeq libraries were performed using STAR 

mapping software and HTSeq as described above. Differential expression analysis was 
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performed using DESeq [348] and plots for data visualization were made using R statistical 

package. 
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Extracellular vesicle mediated transfer of processed and functional RNY5 RNA 
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4.1 Synopsis: 

Extracellular vesicles (EVs) have been proposed as means to communicate with and 

influence neighboring and distal cells.  Analysis of the RNA content of K562 EVs identified a 5’ 

31 nucleotide processed fragment of human RNY5 gene as one of the most abundant and 

specifically enriched transcripts in EVs.  Full length RNY5 is processed into shorter fragments of 

distinct lengths, and factors responsible for this activity seem to be enriched within EVs. We 

demonstrate EV mediated transfer of RNA to other cells and study kinetics and subcellular 

localization of EV-RNA in recipient cells.  As a specific example of EV RNA functionality, we 

show that ectopic expression of 31 nucleotide processed RNY5 transcripts using synthetic 

oligonucleotides induces cell death  in primary cells of distinct developmental lineages in a dose 

dependent manner, while cancer cells do not display a similar response.  Treatment of primary 

BJ cells with total RNA from K562 EVs as well as with K562 EVs recapitulated the response 

observed with synthetic oligonucleotide treatment, suggesting the possible involvement of the 5’ 

31nt RNY5 fragment encapsulated within these EVs in mediating this response.   Finally, we 

report an 8 nucleotide motif in the 5’ RNY5 fragments that is required for its functionality.  
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4.2. Introduction 

 

Since the observation that various types of RNAs are part of the cargo of EVs [83, 350, 

351], numerous efforts have been made to catalogue RNA cargos and determine if these RNAs 

are biologically functional [187, 352-354].  The question of the functionality of the RNA cargos 

have been made complicated by the observation that a large proportion of the detected RNA 

biotypes are represented by a mixture of full length and shorter fragments [97, 339, 355, 356]. 

With perhaps the exception of micro- (mi) RNA cargos, the issue of the functionality of RNAs 

released and carried by EVs remains largely unresolved. We describe a study of the human (h)Y 

RNA family that seeks to address this issue.  

The hY RNA family consists of four genes (RNY1, RNY3, RNY4, RNY5) that are 

transcribed by RNA polymerase III, whose primary transcripts range in length from 

approximately 83- 112 nucleotides (nts) [357-359]. The evolutionary conservation of this gene 

family is underscored by the sequence similarity of these RNA genes seen in all vertebrates and 

more recently in invertebrates [360]. Additionally, the presence of 966 hY RNA pseudogenes, of 

which hY5 has 8 in the human genome, also underscores their long evolutionary heritage [361, 

362].  An understanding of the underlying biological roles of this class of RNAs developed 

slowly since their discovery in 1981 [357]. At the outset, the associations of the hY RNAs with 

both Ro60 and La proteins in ribonucleoprotein complexes found in normal and in systemic 

Lupus Erythematosus and Sjogren Syndrome samples [363]  were the first indications of 

possible biological roles of these short (s)RNAs. Since these original observations, multiple  

other ribonucleoprotein complexes involving Y RNAs have been described, prompting the 

hypothesis that Y-RNAs may have multiple functions based on the protein-partners present in the 

complexes [364]. More recently, support for this hypothesis has been provided by reports that 
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cellular Y-RNAs have specific functional roles including forming  part of the initiation of DNA 

replication complex [344, 345],  the chaperoning of misfolded RNAs [345, 365] and assisting in 

the quality control of 5S ribosomal RNAs [366]. Correlated with each of these functional roles 

has been the identification of a variety of distinct proteins associated with the Y-RNAs involved. 

Finally, hY RNAs are significantly up-regulated between 5-13-fold in human cancer tissues, 

compared to normal tissues [367] 

In addition to the presence of the full length hY RNAs, fragments of each of the four hY 

RNAs have been found inside and outside of cells. Northern analyses of human Jurkat T-

lymphocyte cell line induced into apoptosis showed rapid Ago 2 independent processing of the 

hY RNAs into fragments of multiple lengths [368]. Fragments of hY RNAs  have also been 

detected outside of cells in healthy human serum and plasma isolates, using RNA sequencing 

(RNAseq)  [97].  While the lengths of the processed RNAs observed outside of cells were seen to 

be similar to that observed within cells, approximately 95% of the sequences detected were 

mapped to hY4 with only a minor fraction mapping to the other three hY RNAs. The detected 

fragments consisted of the 5’ end sequences of each of the full-length hYRNA transcript but were 

determined not to be cargoes of EVs. It has been conjectured that they are part of circulating 

ribonucleoprotein complexes. Extracellular fragments of hY RNAs have also been found in EVs 

isolated from human semen [356] and mouse co-cultured dendritic-T cells [354]. A 30-33nt 

RNY4 fragment and a 28nt fragment from unspecified mouse YRNA, both starting from the 5’ 

end of the annotated genes have also been detected.  

Although various members of the hY RNA families have been observed to be selectively 

enriched and made part of EV RNA cargo, a comprehensive study of the relationship of the full 

length primary transcript hY RNAs to processed forms and if any of these forms are biologically 
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active has yet to be carried out. Additionally, any differences in the processed vs. the primary 

transcripts for the Y-RNAs found in the EVs released by different types of normal and 

transformed cells has yet to be reported. This study explores the processing and transfer of 

specific RNY5 fragments within EVs derived from cancer cells and their cellular phenotype 

associated with induction of primary cell death. 
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4.3 Results 

 4.3.1 Isolation, quantification and characterization of EV RNA cargo of primary and 

cancer cell lines 

 Enriched preparations of EVs were carried out using the modified version of the protocol 

first described by Thery, et al [300] (Figure 4.1A). Verification of the isolation and enrichment 

of EVs compared to the cells of origin (K562 myelogenous leukemia and BJ primary fibroblast) 

was carried out using three methods: transmission electron (Figure 4.2A) and immuno-electron 

micrographic techniques (Figures 4.2B) and western blot analyses of the EV specific membrane 

proteins compared to several cellular protein markers (Figure 4.2C). The determination that the 

detected RNAs are cargos of the EVs rather than an artifact associated with EV purification was 

made by treatment of preparation of EVs prior to RNA isolation with RNase A and T1 and 

compared to RNA isolated from untreated EVs as well as EVs treated with detergent followed by 

RNase (Figure 4.2.D.). These results indicate the RNAs isolated from EVs were internalized 

within vesicles and thus protected from nuclease attack. Using a nanoparticle tracking 

technology (NanoSight Inc.) the number of EVs isolated from cultured 10
8
 K562 and BJ cells 

was estimated to be  approximately 1.1 x 10
11 

 and 4.8 x 10
9
, respectively (Figure 4.1B, Table 

4.1).  

To study the RNA content of isolated EVs, we carried out an RNAseq profile analysis on 

replicates of whole cells and EV cargoes derived from K562 (myelogenous leukemia) and BJ 

(foreskin fibroblast) cells. Profiles obtained from both cell lines and enriched EVs were highly 

reproducible (Figure 4.3). However, a low degree of correlation between RNA profiles in EVs 

and their source cells was readily evident. A detailed quantification of annotated sRNAs (reads 
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per million [rpm]) isolated from BJ and K562 whole cells (Figure 4.4. A, B) indicated a 

predominance of rRNA, snoRNA, and miRNAs. In contrast, the relative distribution of sRNAs 

in EVs from the same cells indicates almost a considerable enrichment of the miscellaneous 

RNA (miscRNA) group and predominance of rRNA and tRNA (Figure 4.4. C, D). A comparison 

of the relative abundance of sRNA families between source cells and their EVs specifically 

highlights the enrichment of genes within the miscRNA group, consisting of several families of 

sRNAs – small Cajal body (sca), Y-RNA and vault (vt) RNAs (Figure 4.5). RNY5 was the most 

abundant miscRNA gene present in EVs, composing 35% of all sRNAs in BJ EVs and 48% in 

K562 EVs. In contrast, RNY5 accounts for only 0.1% and 0.2% of all reads from sRNAs within 

BJ and K562 whole cells, respectively. In EVs from both BJ and K562, the RNY5 gene 

contributes over 89% of the reads from miscRNA, whereas in whole cells it constitutes only 40% 

of miscRNA reads, emphasizing the particular enrichment of this gene within EVs Enrichment 

levels of RNY5 in EVs compared to whole cell RNAs from BJ and K562 were 196 and 68 fold, 

respectively. 
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Figure 4.1: Isolation and quantification of EVs. (A) Protocol for isolation of EVs from 

conditioned cell culture medium. (B). Quantification and Size distribution of K562 EVs by 

Nanoparticle Tracking analysis (NTA). X-axis represents particles size (in nm) while Y-axis 

represents concentration of particles (E6)/ml. 
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Figure 4.2: Validation of purification of extracellular vesicles (EVs). (A) Transmission electron microscopy 

image of K562 EVs after negative staining shows classic cup-shaped vesicles smaller that are on average smaller 

than 200nm. (B) Immuno-electron microscopy image of purified EVs labeled with Anti-CD81 (mouse mAb) and 

detected by Goat anti-mouse IgG secondary conjugated with 5nm gold. Dark spots on the image are the electron 

dense gold particles conjugated to IgG secondary antibody. (C) Bioanalyzer RNA profile (RNA Pico-chip) of 

untreated EVs(red), RNA profile of EVs treated with RNAse(green) and RNA profile of EVs treated with detergent 

and RNase(blue). X-axis is nucleotides length and Y-axis is Fluorescent Units. (D) Western Blot analysis of proteins 

from K562 EVs and whole cell. Proteins selected for detection were previously identified to be enriched in EV or 

whole cell. EV enriched: ALIX (Programmed cell death6 interacting protein), CD71 (Transferrin receptor) and 

TSG101 (tumor susceptibility 101 gene). Whole cell: PDI (Protein disulphide Isomerase), FIBRILLARIN (FBL 

gene), PROHIBITIN (PHB gene). 
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Table4.1: Number of EVs (quantified by Nanoparticle Tracking analysis) and quantity of RNA 

(quantified by Nanodrop) isolated from 1+e8 K562 and BJ cells. 

 

 

Table 4.2: Mapping statistics of the different RNASeq libraries from both K562 and BJ EVs and 

whole cells. 
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Figure 4.3: Correlation analysis of EV and whole cell. Scatter plots represent correlation in 

gene expression levels, between replicates of EVs and cellular small RNA in (A) K562 and (B) 

BJ. 
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Figure 4.4: Relative abundance of annotated gene families in EVs and whole cell. Pie-charts 

representing the relative abundance of families of RNA within BJ whole cell (A), K562 whole cell (B), 

BJ EV (C), and K562 EV (D). The group labeled as “Others” in the pie-charts are representative of reads 

derived from several Gencode annotation categories such as pseudogenes, antisense intronic, 

mitochondrial t-RNA, vault RNA, immunoglobulin genes etc. 
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Figure 4.5: Enrichment analysis of genes in EVs. Graphs depicting kernel density plots of the 

ratio of rpm in EV and the sum of rpm in EV and corresponding whole cell in K562 (A) and BJ 

(B). Each line in the plots depicts the number of genes belonging to each RNA family, and genes 

which have a ratio of 0 represents genes that are more abundant in cells compared to EVs, which 

a ratio of 1 represents genes that are more abundant in EVs when compared to their source cells.  
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4.3.2. Processing of RNY5 RNAs likely occurs within EVs.  

In the EVs, using RNAseq data, the 83nt RNY5 primary transcript (Figure 4.6A) was 

detected as well as shorter products of 23nt, 29nt and 31nt in length, with start and end positions 

for each of these forms located at the 5’ end of the Gencode gene annotation  (Figure 4.6B) . 

Additionally, a separate 31nt product mapping between nucleotide positions 51 to 83 (3’end of 

RNY5) of the primary transcript was observed, which is partially complementary to the 31 

nucleotide 5’ fragment (Figure 4.6B). 

Northern hybridization analyses using a probe complementary to the first 31nts of the 

RNY5 showed that the form of RNY5 present in the whole cell was the full length 83nt transcript 

(Figure 4.6C). While the RNA extracted from EVs contained the 83nt transcript, it was highly 

enriched for the 29-31nt forms, as well as a modest amount of a 23nt product, which is in 

agreement with the RNAseq results observed for the EV RNAs (Figure 4.6B). 

To further investigate the processing of RNY5 seen in the EVs, we incubated a synthetic 

form of the 83nt RNY5 transcript with K562 whole cell and EV protein extracts, followed with 

detection by northern analysis. We found that synthetic copies of the 83nt RNY5 incubated with 

K562 whole cell extracts exhibit no detectable processing (Figure 4.6D), whereas incubation 

with K562 EV extracts leads to dose dependent formation of all processed forms (23, 29, 31nt) 

detected in vivo (Figure 4.6E).  Additionally, a prominent RNY5 processed species larger than 

31nt is detected. The altered ratios of processed products and the appearance of a larger species 

in-vitro may well be caused by the different conditions in an in-vitro reaction (Figure 4.6E). 

Treatment of the synthetic version of the 31nt RNA with K562 EV extract produced the same 

23nt product as seen using the 83nt substrate (Figure 4.6F) confirming that the 23nt product can 
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be produced from either an 83nt or 31nt substrate. However, when a shuffled version of the 31nt 

RNA was treated with EV extract, no 23nt product is observed, demonstrating the sequence 

specificity of the processing activity of the EV extract (Figure 4.6F).  

Gardiner, et al [345] reported that a conserved double stranded sequence motif in the 

upper stem of all vertebrate Y-RNAs correlated with their participation in initiating DNA 

replication. Each of the products processed from the 5’ side of RNY5 in vivo and in-vitro contains 

a single stranded version of this motif. The motif is 8 nucleotides long (5’GUUGUGGG 3’) 

extending from nucleotides 14-21 of RNY5 (Figure 4.6A). An alternate form of the 31nt substrate 

carrying a shuffled motif only exhibits residual processing into a 23nt product (Figure 4.6F), 

underscoring the importance of the motif for processing of RNY5 transcripts into the smaller 

fragments. 
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Fig 4.6: Fragmentation patterns of RNY5 (A) Full length RNY5 structure. The structure was drawn using Mfold. 

Bold line indicates the 5’ 31nt processed product and the 8nt motif is highlighted. (B) Graph depicting the most 

frequent (>1000 reads per million) start and stop positions of reads mapping to the human RNY5 gene. The most 

frequent start positions marked as the 5’ start position of the RNY5 annotation, and position 52 of the annotation. 

And the most frequent stop positions being 23, 29, and 31 for the reads which start at the 5’ end of the RNY5 gene, 

and position 83 which has reads starting at 52 and also some reads that start at position 1. (C) Northern blot of 

RNY5 RNA purified from K562 and BJ cells and EVs. Synthetic versions of Y5 processing products were used as 

size markers. RNA was detected by a probe complementary to the 5’ 31nt processed product. w- Whole cell RNA, 

e- EV RNA. (D) In- vitro processing of RNY5 transcript. Synthetic full length RNY5 was incubated for 30 minutes 

at 37° with 0, 2, 4, or 8 µg of K562 whole cell.  



 

101 

 

 

Fig 4.6: Fragmentation patterns of RNY5. (E) In- vitro processing of RNY5 transcript. Synthetic full 

length RNY5 was incubated for 30 minutes at 37° with 0, 2, 4, or 8 µg of K562 EV protein extract. 

Samples containing only the extracts and treated identically were used to control for the existence of Y5 

RNA in protein extracts. Detection was done as in C. 23nt and 31nt size markers are not equimolar. (F) In 

vitro processing of Y5 5’ 31-mer variants. Wild type (WT), scrambled (scram.) and 8nt motif scrambled 

(motif scram.) versions of the RNY5 5’ 31-mer were radioactively end-labeled and incubated with K562 

EV protein extract for 2 hours at 37°C. 
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4.3.3. Intercellular transfer and subcellular localization of EVs and their RNA cargoes 

 The transfer of EVs and their molecular cargoes from one cell type to another has 

previously been documented by use of both microscopic and molecular methods [369]. We have 

extended these studies by monitoring the transfer of EVs between K562 and BJ cells and 

between K562 and two mouse cell lines (3T3 and HB4). The goals of these experiments were to 

confirm the transfer of RNA content of EVs from one cell type to another in a species 

independent manner and to identify the subcellular localization and kinetics of the transferred 

EVs and RNA contents. 

K562 EVs were first labeled with the lipid dye PKH67 after isolation. Following 

exposure of human BJ cells to labeled EVs, the EVs were found to be localized almost 

exclusively in the cytosol (Figure 4.7A). To monitor the transfer of EV RNA, K562 cells were 

metabolically labeled with 5’ ethynyl uridine, and EVs were isolated. Transfer of labeled RNA 

contained in EVs was monitored after entry into mouse 3T3 cells. The localization of the labeled 

RNAs was also found to be primarily cytoplasmic (Figure 4.7 B). The same cytosolic 

localization was observed when primary human fibroblasts (BJ cells) were transfected with 

synthetic 31nt oligonucleotides versions of RNY5 via lipofection (Figure 4.7C). These data also 

point to a lack of cell-type and species specificity in the transfer of the EVs.  

The kinetics of intercellular transfer of EV RNAs was studied by treating mouse HB4 

cells with EVs from human K562 cells followed by RNAseq analysis. Mouse cells were chosen 

for this experiment as a recipient cell type because of the absence of the RNY5 gene in the mouse 

genome, allowing for the unambiguous monitoring of human RNY5 transcripts.  A temporal 
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study lasting 24hrs revealed that maximum levels of RNY5 were achieved by 12 hours post 

exposure followed by a progressive decrease in RNY5 levels (Figure 4.7 D). 

 

Figure 4.7: Intercellular transfer and subcellular localization of EVs and EV-RNA. (A) Transfer and 

subcellular localization of K562 EVs labeled with lipid dye PKH67 in BJ cells. (B) Transfer and 

subcellular localization of 5-ethynyl uridine (EU) labeled K562 EV RNA (green) in Mouse 3T3 cells 

treated with ActinomycinD. Nuclei are counterstained with Hoechst33342. The scale bar represents 

20microns. (C) Subcellular localization of synthetic RNY5-31mer labeled with Alexa-488 at 3’end in BJ 

cells after 24 hours. Scale bar indicates 15 microns. (D) Time course analysis of the level of RNY5 31-

mer in mouse HB4 cells when Mouse HB4 cells are incubated with K562 EVs. X-axis indicates duration 

of incubation (hours) while Y-axis indicates the level of RNY5 (in reads per million). 
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4.3.4. Biological phenotypes produced by EVs and hY5 RNAs fragments  

Based on the significant abundance of 31nt processed RNY5 product in EVs, we took a 

reductionist approach to investigate the functionality of EV transferred processed RNY5 31nt 

product. Ectopic expression of 31nt RNY5 product using synthetic oligonucleotides caused cell 

death in 4 primary cells of diverse developmental origin (BJ, HUVEC, IMR90, HFF), while 

cancer cells of multiple developmental lineages (K562, HeLa, MCF7,U2-Os) did not elicit a 

similar response (Fig 4.8A). Varying the amounts of the synthetic 31nt RNA resulted in a dose-

dependent cell death phenotype for BJ cells (Figure 4.8B). 

Since other forms of RNY5 can be detected in EVs, we decided to investigate if any of 

them may also contribute to the phenotype. Transfection of 23nt oligonucleotide in BJ cells 

induced comparable levels of cell death to that seen with the 5’ 31nt synthetic RNA (Figure 

4.8C). However, the 83 nucleotide full length RNY5 RNA, the synthetic version of the 3’ 31nt 

fragment, and a double stranded version comprised of the 5’ and 3’ 31nt species induced 

substantially lower levels of cell death in BJ cells (Figure 4.8C). The levels of cell death 

triggered by these synthetic RNA products and observed in K562 cells were all similar and at 

background levels (Figure 4.8D).  

We hypothesized that the inability of double stranded versions of the RNA to cause the 

phenotype may be related to sequestration of the 8nt motif, the importance of which was 

demonstrated in the processing assays. This prompted us to investigate its role in the 

functionality of RNY5 processed products. We observed that the cell death phenotype in BJ cells 

was lost when the motif was scrambled or deleted (Figure 4.8C), further emphasizing the 

importance of this motif.   
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Next, we investigated if 5’ 31nt processed RNY5 can also induce the similar response in 

primary cells through EVs and EV RNA. In order to recapitulate the response observed with 

ectopic expression of synthetic 31nt RNY5 oligonucleotides, total RNA was isolated from K562 

and BJ EV preparations from 1E8 cells. While transfection of total EV RNA obtained from K562 

EVs resulted in an approximately 13% more cell death (compared with mock treatment), 

transfection of BJ cells with BJ EV total RNA resulted in approximately 2.5% increase in cell 

death compared to mock control (Figure 4.8F). K562 cells remained unaffected by the 

transfection of total K562 EV RNA (Figure 4.8E).  

Further corroboration of the observed phenotype was made when BJ and K562 cells were 

treated with EVs isolated from the BJ primary fibroblasts, and four cancer (K562, HeLa, U2-OS, 

MCF7) cell lines. Exposure of BJ cells to BJ EVs or K562 cells to K562 EVs (Figure 4.8E, F) 

resulted in no observable cellular phenotype. However, exposure of primary BJ cells to EVs 

from each of the cancer cell lines resulted in a relatively rapid cell death phenotype (Figure 

4.8F). Thus, consistent with previous results obtained by synthetic RNY5 31nt oligonucleotides, 

these results strongly suggest 31nt RNY5 processed product as a functional RNA molecule in 

K562 EVs and suggest its involvement in inducing cell death response in primary cells. 
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Figure 4.8:  Quantification of cell death by flow cytometry. YO-PRO-1 and Hoechst33342 dyes were 

used for quantification of cell death. Y-axis indicates the percent of cell death indicated byYO-PRO-1 and 

Hoechst33342 double positive cells. (A) RNY5 31-mer induced cell death phenotype. Bars indicate the 

net increase in cell death normalized to levels of cell death from mock treatment in each cell type. 4 

cancer cell lines including K562, HeLa, MCF7, U2-Os and 4 primary cells including BJ, HUVEC, 

IMR90 and HFFF were transfected with RNY5 31-mer. 100 pico-moles of RNY5 was used for each 

transfection, except HFFF where 200picomoles of RNY5 31-mer was used. (B) Dose response curve of 

RNY5 31-mer induced cell death phenotype in BJ cells. The bars represent the percent of cell death when 

BJ cells are treated with increasing dose (10, 50, 100, 200, 300 and 400 pico-moles) of RNY5 31-mer or 

nonspecific RNA. AllStars negative control RNA (Qiagen) was used as a non-specific RNA control. The 

levels of cell death in Untreated or Mock treated (Lipofectamine only) BJ cells are also indicated.  
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Figure 4.8 Quantification of cell death by flow cytometry. (C) Levels of cell death in BJ cells from 

100 pico-moles of synthetic RNA oligonucleotides transfection. Y-axis indicates the percent cell death. 

The synthetic RNA oligonucleotides used for transfection are as follows: (Untreated): BJ cells without 

any treatment, (Mock): BJ cells with Lipofectamine treated only (no RNA), (Nonspecific RNA): 

Nonspecific RNA control (AllStars negative control siRNA), (8nt motif deleted): RNY5 sequence with 

nucleotides 14-21motif deleted, (RNY5 31-mer complement): 31nt RNY5 3’ side fragment, (8nt motif 

scrambled): RNY5 31-mer sequence with nucleotides 14-21 scrambled, (RNY5 31-mer scram): 31nt 

completely scrambled sequence, (DS RNY5 31-mer): Double stranded RNY5 31-mer duplex, (Full length 

RNY5): RNY5 83-mer full length sequence, (RNY5 31-mer): 5’ RNY5 31nt fragment, (RNY5 23-mer): 

5’ side RNY5 23nt fragment. (D) Levels of cell death observed in K562 cells from 100 pico-moles of 

synthetic RNA oligonucleotides transfection. Y-axis indicates percent cell death. The synthetic RNA 

oligonucleotides used for transfection are as follows: (Untreated): K562 cells without any treatment, 

(Mock): K562 cells with Lipofectamine treated only (no RNA), (Nonspecific RNA): Nonspecific RNA 

control (AllStars negative control siRNA), (  8nt motif deleted): RNY5 sequence with nucleotides 14-

21motif deleted, (8nt motif scrambled): RNY5 31-mer sequence with nucleotides 14-21 scrambled, 

(RNY5 31-mer scram): 31nt completely scrambled sequence, (DS RNY5): Double stranded RNY5 31-

mer duplex, (Full length): RNY5 83-mer, (RNY5 31-mer): 5’ RNY5 31nt fragment . 
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Figure 4.8 Quantification of cell death by flow cytometry. (E) Levels of cell death in K562 cells when 

treated with EVs and EV RNA. Y-axis indicates percent cell death observed. The following treatments 

are presented: (Untreated): K562 cells without any treatment, (K562 EV treated): K562 cells incubated 

with K562 EVs, (Mock): K562 cells with Lipofectamine treated only (no RNA), (K562 EV RNA treated): 

K562 cells treated with K562 EV RNA. (Complete scram 31-mer): K562 cells treated with 31nucleotide 

scrambled sequence. (F) Levels of cell death in BJ cells when treated with EVs and EV RNA. Y-axis 

indicates percent cell death observed. The following treatments are presented: ( Untreated): BJ cells 

without any treatment, (Mock): BJ cells with Lipofectamine treated only (no RNA), (BJ EV RNA): BJ 

cells transfected with BJ EV RNA, (K562 EV RNA): BJ cells treated with K562 EV RNA, (BJ EV): BJ 

cells incubated with BJ EVs, (HeLa EV): BJ cells incubated with HeLa EVs, (U2-Os EV): BJ cells 

incubated with U2-Os EVs, ( MCF7 EV): BJ cells incubated with MCF7 EVs, (K562 EV): BJ cells 

incubated with K562 EVs. 
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Table 4.3A: Levels of cell death observed with RNY5 treatment and control treatment of 

cells. (A) Net increase in percent cell death with 100picomoles of RNY5 31mer treatment of 

cancer and primary cells (RNY5 treatment - mock). (B) Dose response of RNY5 31mer (percent 

cell death) and nonspecific RNA control in BJ cells. (C) Percent cell death in BJ cells with 

synthetic RNY5 31mer and controls. (D) Percent cell death in K562 cells with synthetic RNY5 

31mer and controls. 
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Table 4.3B: Levels of cell death observed in BJ and K562 cells with EV and EV RNA 

treatments. (E) Percent of cell death observed in K562 cells when treated with K562 EV and 

EV RNA. (F) Percent of cell death observed in BJ cells when treated with cancer and primary 

EV and EV RNA. 
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4.3.5. Genome-wide gene responses associated with EV and processed RNY5 

Comparison of transcriptional profiles prior to and at 24 hours after treatment with EVs 

derived from K562 cells, as well as the synthetic version of the 31nt form of RNY5 were made on 

two human primary cell lines (BJ and HUVEC). Of the 57,820 annotated genes in Gencode v19, 

we chose a two-fold cut off to characterize a gene as up or down-regulated, which put over 95% 

of the genes below this threshold and having a false discovery rate less than 0.05. In the case of 

BJ cells, 1,945 annotated genes were seen to be differentially expressed greater than two fold, 24 

hours after EV treatment, while treatment with the synthetic 31nt oligonucleotide induced 

expression change in 1,238 genes. Interestingly, 569 genes were observed to be commonly 

differentially expressed both after EV or oligonucleotide treatment. Similarly, 24 hours after 

HUVEC cells were treated with EV or oligonucleotide, we observed 2,493 genes and 1,147 

genes differentially expressed respectively, of which 385 genes were commonly differentially 

expressed. The large number of genes commonly differentially expressed after EV treatment and 

5’ 31nt treatment in both BJ and HUVEC, suggests that the 31nt RNY5 fragment by itself was 

able to recapitulate a significant part of the changes caused by EVs.  

          Additionally, of the 1,238 genes and 1,147 genes that are differentially expressed after 

treatment with 5’ 31nt in BJ and HUVEC cells respectively, 141 genes are commonly 

differentially expressed.  A gene set over-representation analysis for GO pathways, with these 

commonly differentially expressed genes indicated significant enrichment of genes from 

pathways related to G2/M DNA replication checkpoints (p-value<6.51E-03), POU5F1 (OCT4), 

SOX2, NANOG activate genes related to proliferation (p-value<1.72E-02), Activation of ATR in 

response to replication stress (p-value<3.17E-02) , GRB7 events in ERBB2 signaling (p-

value<4.17x1 10
-2

). In agreement with previous studies regarding cancer EV mediated cell death 
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in primary immune cells [370, 371] [372], we observed that transcriptional profiles of primary 

cells treated with EVs from cancer cells triggered differential expression of several genes 

associated with the FAS/ TGF-β-Smad2/3 apoptotic pathway. These same genes were 

significantly altered both by treatment with EVs or oligonucleotides in both primary cell types 

tested (GO process – Signaling by TGF-beta Receptor Activating SMADs – EV treatment (p-

value<4.4E-8, RNY5 treatment p-value<8.8E-3) (Figure 4.9).  Also observable was the decrease 

in expression of the downstream Ink 4b which is a negative regulator of cyclin E, cyclin A and 

CDK2, and decreased expression of SMAD2/3/4 re-enforcing the involvement of RNY5 in the 

cell cycle (Figure 4.9). The absence of any potential cofactor accompanying the synthetic 31nt 

RNA, indicates that the RNA itself was sufficient to trigger the apoptotic phenotype (Figure 4.8C 

and Table 4.4.). 

 

 

 

 

 

 

 

 



 

113 

 

 

Figure 4.9: Differentially expressed genes in TGF-β pathway. The part of the TGF-β pathway 

depicted from KEGG pathways, where we observe similar changes in transcript levels of genes 

between both types of treatments (K562 EV and the 32 nucleotide synthetic RNY5 RNA) in both 

BJ and HUVEC cells. The schematic representation highlights a common response of transcript 

levels of most genes in this part of the pathway. Genes highlighted in Red box are downregulated 

while genes highlighted in green box is upregulated. 
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Table 4.4: Fold change in genes within the TGF-β pathway after treatment of BJ and HUVEC 

cells with EV derived from K562 and the synthetic 5’ 32 nucleotide fragment. 
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4.3.6. Evidence of primary cell targeting by cell to cell transfer 

To determine if selective primary cell death caused by cancer cells present in equal 

numbers, co-culture of cancer and primary cells at 1:1 ratio (i.e. 2 x10
5
 cells for each cell type) 

were carried out. Co-culture conditions were of two types, first involving cell to cell contact and 

second separate growth of each cell type in permeable trans-well culture conditions. 

Approximately four fold more cell death of primary cells (BJ) compared with untreated controls 

was observed in the cell to cell contact experiments (Figure 4.10). The results using a trans-well 

assay approach in which the primary and cancer cell populations were separated by 

approximately 1mm also demonstrated primary cell death, indicating that direct physical contact 

between cells and smaller volumes of media are not necessary for the occurrence of the 

phenotype. 
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Figure 4.10: Quantification of cell death of BJ cells by co-culture with K562. Y-axis 

indicates the percent cell death. (Untreated): BJ cells grown without any treatment, (Transwell): 

Percent cell death observed in BJ cells when co-cultured with K562 cells across a Transwell 

membrane (1micron pore size) at 1:1 ratio, ( Direct co-culture): Percent cell death observed in 

primary BJ cells when BJ cells are directly co-cultured in the same well with K562 cells at 1:1 

ratio. 
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4.4. Discussion 

In this study, a short non-coding RNA as component of EV cargo has been identified that 

can potentially play an important role in the cancer cell microenvironment. Specifically, a 31nt 

and 23nt processed fragments of RNY5 has been identified as the most abundant and enriched 

RNA component of K562 and other cell type EVs. This processing of RNY5 into smaller 

fragments likely occurs within EVs and represents the first example, in our understanding, of EV 

RNA processing specifically for extracellular utilization. Most importantly, using synthetic 

oligonucleotides based approach, we report that ectopic expression of 31nt processed fragments 

of RNY5 induce cell death in primary cells of multiple developmental origins in a dose 

dependent manner, but fail to elicit a similar response from cancer cells. Furthermore, we show 

that the response is mirrored when BJ cells are treated with K562 EV RNA alone as well as with 

K562 EVs. Finally, an eight nucleotide motif in both 31nt and a 23nt RNY5 fragment has been 

identified as crucial for triggering cell death phenotype.                                           

Single and double-stranded RNAs are well documented pathogen-associated molecular 

signals that are recognized by cytosolic receptors of the innate-immune system of many cell 

types during virus infection [373]. This recognition of exogenous RNAs can result in the 

activation of caspase-1 and subsequent apoptosis of affected cells [374]. Differentiation of 

endogenous from exogenous RNAs is partially based on the presence of 5’ triphosphate or poly-

uracil or adenylyl strings frequently found in RNA viral genomes [375]. The single stranded 

RNY5 31nt and 23nt processed sRNA lack these viral signals and are compartmentalized within 

vesicles. Interestingly, a double stranded version of the 31nt processed product triggers a 

substantially lower cell death phenotype, unlike that as is seen with the antiviral innate immune 

responses. The 83nt primary hY5 transcript which is reported to form a very stable hairpin 
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structure [376, 377] and thus likely rendering the 23nt and 31nt regions inaccessible, also 

triggers substantially lower cell death. Interestingly Gardiner, et al [345]and Wang et al [378] 

reported a double stranded version of the critical 8 nucleotides found in the RNY5 sRNA 

(5’GUAGUGGG3’) to be sufficient for RNY1 to support the initiation of DNA replication. 

However, in our studies it is clear that the hY5 31nt and 23nt processed products triggered cell 

death is attenuated in the presence of their complementary strands. Although Gardiner, et al did 

not report if a single-stranded version of this sequence was capable of supporting the initiation of 

replication, one possibility is that the single stranded 31nt and 23nt sRNAs cause inappropriate 

and perhaps uncontrolled DNA replication signals in primary cells, triggering cell death. Such 

processed RNY5-stimulated signals might be less effective in cancer cell lines given their 

characteristic loss of DNA replication controls inherent with transformed cells. 

The results reported in this study prompt testable hypotheses for follow-on in vivo 

studies. While dose dependent cell death of primary cells by 5’ RNY5 31nt fragment was 

observed, it is notable that not all exposed primary cells die. Different proportions of primary 

cells survive depending on the primary cell type and dosage used. These results appear to 

indicate that not all cultured cells are equally sensitive. Recent reports indicate that tumor-

fibroblast interactions act in parallel to promote tumorigenicity and not all associated primary 

fibroblast cells may be involved in this co-operational activity [379]  One testable hypothesis in 

future studies is to determine if the surviving primary cells after treatment with either cancer cell 

EVs or the 31nt processed product continue to fail to respond to the exposure of the 31nt or EVs 

or if they do provide support for tumor growth.  

Although the 31nt and 23nt sRNAs are present in the EVs from both primary and cancer 

cells, exposure of EVs isolated from BJ cells did not trigger cell death in BJ cells. Increased 
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quantities of EVs released by cancer cells and relative abundance of processed RNY5 transcripts 

in cancer cell derived EVs are likely to contribute to this differential response. An alternate 

possibility consistent with these results is different co-factors are associated with 31nt or 23nt 

RNY5 fragments present in primary and cancer cell EVs.  

Detailed understanding of the molecular mechanisms involved in 31nt RNY5 induced cell 

death would be crucial in understanding the differential response by primary and cancer cells. 

These results also prompt us to investigate the protein binding partners of RNY5 in cancer and 

primary cells as well as their respective EVs. Identification of RNY5 binding proteins will not 

only provide us mechanistic insights of the observed response, but may also reveal the molecular 

mechanisms involved in specific sorting and processing of RNY5 transcripts into EVs.  

In the late 19
th

 century Paget proposed the “seed and soil” hypothesis indicating that the 

microenvironment (soil) was key for tumor (seed) growth [380]. Increasingly, the importance of 

tumor microenvironment has been recognized as a key contributor for cancer progression and 

drug resistance [381-385]. It has been hypothesized that a component for establishing and 

maintaining supportive microenvironments are the contents of EVs  [386]. Uncovering the 

functional role of processed RNY5 transcripts orchestrated through extracellular vesicles reveals 

an intricate competitive cell interaction mechanism, potentially involved in promoting the 

establishment of a microenvironment for the spread of tumor cells. While further studies are 

warranted to evaluate a possible in vivo role for the RNY5 fragments in the tumor 

microenvironment, it raises an interesting possibility that RNY5 fragment induced cell damage 

and lethality may also sensitize normal tissue to neoplastic cell invasion and metastasis by 

promoting cell removal and inducing inflammatory response.  
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4.5 Materials and methods 

Isolation of Extracellular vesicles (EVs)  

K562 cells were grown in complete RPMI1640 medium (10%FBS+1% Penicillin-

Streptomycin) and BJ cells were grown in DMEM (10% FBS and 1%penicillin-streptomycin). 

When the cells reached approximately 70-80% confluence, the media is replaced with serum-free 

conditioned medium and incubated for another 24 hours. The Conditioned medium was then 

centrifuged at 300g for 10 minutes. The cell pellet was discarded and the supernatant was further 

centrifuged at 2000g for 10 minutes. The Pellet, comprising of mostly cell debris and apoptotic 

bodies was discarded and the supernatant was again centrifuged at 10000g for 30 minutes. The 

pellet, comprising of microvesicles was discarded and the supernatant was filtered at 3500g for 

15 minutes using Centricon Plus70 100KD NMWL cut-off (Millipore). The filtrate was 

discarded and the residue, enriched with EVs and other proteins was collected. The collected 

residues were precipitated overnight using ExoQuick-TC (System Biosciences) at 1:5 ratio (by 

volume) of Exo-quick to filtration residue. Next morning, the sample was centrifuged at 1500g 

for 30 minutes. The supernatant was discarded and the pellet was centrifuged again at 1500g for 

5 minutes. Left over supernatant, if any, was discarded and the pellet and re-suspended in 500 

microliter PBS.  

Electron microscopy 

Negative staining of EV suspensions followed by imaging in a transmission electron 

microscope was used to determine vesicle shape and size distribution. Aliquots of EV 

suspensions were dispensed onto sheets of Parafilm in a humidified petri dish and the vesicles 

were adsorbed onto freshly prepared Butvar coated EM grids (glow discharged). The adsorption 
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was done for 5 minutes at room temperature. The petri dish containing the suspensions and EM 

grids was transferred to a large bucket of ice shavings and the grids were transferred to three 

successive drops of distilled water (30 seconds each) to remove salts, and then transferred to a 

drop of 1% uranyl acetate in 1% methyl cellulose for 30 seconds and then placed in a second 

drop of negative stain solution for 5 minutes. Excess stain was blotted off and the grids were air 

dried.  

Immuno-gold labeling for the CD81 was done by re-suspending the EVs in primary 

mouse antibody to human CD81 (Abcam) diluted in PBS for 30 minutes at room temperature. 

Incubations were done in sterile 1.5 mL micro centrifuge tubes. The antibody labeled vesicles 

were pelleted by centrifugation, re-suspended in a 1:10 solution of  5nm colloidal gold 

conjugated to rabbit anti-mouse IgM secondary antibody (Aurion, Electron Microscopy 

Sciences) for 30 minutes. The gold labeled vesicles were then adsorbed to Butvar-coated grids 

for 5 minutes and then rinsed through 3 drops of PBS to remove unbound gold particles. 

Negative staining of the gold labeled vesicles was completed at described above.  

Samples were imaged in the Hitachi H7000 Electron Microscope operated at 75kV. 

Images recorded on Kodak EM film 4489 were scanned at 2400 DPI on an Epson Perfection 

V750 film scanner.  

Western Blot 

 Proteins were isolated using RIPA buffer (Pierce) using manufacturer’s protocol, 

concentrated using Amicon Ultra 3K centrifugal filter (Millipore) and quantified using BCA 

protein quantification kit (Pierce). 1microgram of proteins from K562 whole cell and EVs were 

loaded on pre-cast 4-20% Tris-Glycine gel (Life Technologies) and transferred to PVDF 



 

122 

 

membrane. Membrane was blocked using Pierce TBST blocking buffer (Cat. no. 37571) for 1 

hour at room temperature. Primary antibody incubation was performed overnight at 4deg at 

1:1000 dilutions while secondary antibodies were used at 1:10000 dilutions. Membranes were 

developed with Amersham ECL plus western blotting development kit (GE). Anti-Fibrillarin 

(Abcam, cat. no. ab18380), Anti-Protein disulphide Isomerase (Abcam, cat. no. ab2792) and 

Anti-Prohibitin (Abcam, cat. no. ab28172) was used as nuclear, endoplasmic reticulum and 

mitochondrial marker, respectively.  Anti-PDC6I (Abcam, cat. no. ab88743), Anti-Tsg101 

(Abcam, cat. no. ab83) and Anti-Transferrin receptor (Abcam, cat. no. ab84036) were used as 

EV marker. Goat polyclonal to Rabbit IgG (Abcam, cat. no. ab6721) and Rabbit polyclonal to 

Mouse IgG (ab 6728) were used as secondary antibodies.  

NTA  

Quantification of the extracellular vesicles was performed by Nanoparticle Tracking 

Analysis (NTA) was performed using NanoSight LM10 at 25 degrees Celsius. PBS was used as 

a diluent and samples were run at 1:500 dilutions for K562 EVs and 1:5 dilutions for BJ EVs. 

Isolation of RNA 

RNA isolation was performed using Ambion’s Mirvana miRNA Isolation kit (cat. 

no.AM1560) using manufacturer’s protocol. Prior to RNA isolation, EVs were treated with 

Ambion RNase cocktail (cat. no.AM2286) at 37 degrees for 15 minutes. 1ml of lysis/binding 

buffer was immediately added to the RNAse treated EVs to deactivate the RNAse.  
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Detergent and RNAse treatment 

To determine if the isolated RNA were true EV RNA cargo and not any artifact of 

purification, RNA isolate from EVs without RNase treatment was compared with RNA isolate 

from RNAse treated EVs and RNA isolate from detergent and RNase treated EVs. RNase 

treatment of EVs re-suspended in PBS was performed with Ambion RNase cocktail at 37degrees 

for 15 minutes. Detergent treatment was performed with RIPA buffer for 15 minutes followed by 

RNase treatment as described above.  

Small RNA Sequencing  

Small RNA was isolated with Mirvana miRNA isolation kit (Life Tech) and DNase 

treated with Ambion Turbo-DNase (Life Tech). Ribosomal RNA depletion was performed on 

Whole cell RNA using Eukaryote Ribominus kit (Life Tech) using manufacturer’s protocol. 

Both EV and whole cell RNA was treated with Tobacco Acid Pyro-phosphatase (Epicenter) to 

make 5’ capped and tri-phosphate RNAs amenable to adapter ligation. Libraries were 

constructed using Illumina TruSeq small RNA kit according to manufacturer’s protocol, except 

reverse transcription was performed using Superscript III. Amplified libraries were run on 2% 

agarose gel and 20-200nts region was cut and gel-purified with Qiagen gel extraction kit. 

Libraries were quantified on Agilent Bio-analyzer HS-DNA chip and sequenced on Illumina 

HiSeq2000. 

Long RNA Sequencing 

Long RNA was isolated with Mirvana miRNA isolation kit and DNase treated (Ambion, 

cat. no.AM2238) using manufacturer’s protocol. Construction of complementary-DNA libraries 

was performed using Illumina TruSeq stranded total RNA kit (cat. no.RS-122-2201). Libraries 
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were quantified using Agilent Bioanalyzer HS-DNA chip and run on Illumina Hi-Seq 2000 

platform. 

Bioinformatics Analyses 

All data from RNA sequencing experiments in the study were mapped to Human 

Genome version 19 (hg19, GRCh37) obtained from the UCSC genome browser website 

(http://hgdownload.cse.ucsc.edu/downloads.html). RNAseq reads were aligned using the STAR 

v1.9 [318] software, and up to 5 mismatches per alignment were allowed. Only alignments for 

reads mapping to 10 or fewer loci were reported. Annotations were not utilized for mapping the 

data. The obtained BAM files were further processed using HTSeq [319]software in order to 

appropriate the number of reads originating from each annotated regions of the genome, utilizing 

annotations obtained from Gencode v19 [320] of the human genome, using the “Union mode” 

option of the software for all libraries, tRNA annotations were obtained from tRNAscan database 

[321]. Reads per million (rpm) values for each gene was obtained by dividing the number of 

reads uniquely mapping within the limits of a gene annotation, by the total number of uniquely 

mapping reads in the library and multiplying by a million. These rpm values were used between 

replicates in Supplementary figures 4.3 to establish correlation between biological replicates of 

EV RNA libraries. Relative abundance of RNA families in figures 4.4 was calculated using the 

cumulative rpm values of all genes within the Gencode defined RNA families such as miRNA, 

snoRNA,  miscellaneous RNA (miscRNA), protein coding etc. Within each pie chart in figure 2, 

the group termed as “Others” includes Gencode all categories  other than lincRNA, miRNA, 

miscRNA, rRNA, tRNA, snRNA, snoRNA and protein coding genes, (such as 

3prime_overlapping_ncrna, immune-globulin genes, mitochondrial tRNA, mitochondrial rRNA, 

anti-sense RNA, antisense, pseudogenes, T-cell receptor genes,  sense-intronic, sense-

http://hgdownload.cse.ucsc.edu/downloads.html
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overlapping genes etc.).  Density plots in supplementary figures 4.5 were obtained by calculating 

the ratio of rpm within EVs to the sum of rpms within EVs and whole cell for both K562 and BJ 

cells. The density function for genes of each RNA family within these graphs was calculated 

from these ratios using the kernel density function within the R stats package. 

Fragment analysis to identify the most commonly found fragments within the RNY5 gene 

was found by taking into account start and end positions of all reads that mapped to the RNY5 

gene from chromosome 7 between position 148638580 and 148638658 in the positive strand. All 

reads which began at the 5’ end of RNY5 gene and were greater than 29 nucleotides in length 

mapped uniquely to RNY5 gene. Similarly reads that began in places other than the 5’ end of the 

RNY5 gene mapped uniquely to the genes primary location on chromosome 7. However genes 

which started in the 5’ end of the gene and were 29 nucleotides in length or shorter were all 

multi-mappers and mapped with 100% identity to two other locations (chromosome 

12:45581224-45581252 and chromosome 13:103472349-103472369) and 97% identity to few 

other locations (chromosome 12:98223788-98223816, chromosome 19:36540048-36540076, and 

chromosome 1:35893466-35893493), thus making it impossible to accurately establish the true 

origin of these reads absolutely. These locations are annotated as pseudogenes of the RNY5 

gene, and to resolve this uncertainty of their origin we included them for the fragment analysis. 

The secondary structure of RNY5 was obtained using the online resource of the Mfold package 

[387], within which the most frequently occurring fragments were highlighted. 

In order to identify genes which are differentially expressed (DE) between time points for 

the molecular phenotype section, bio-replicates from time points 2, 6 and 24 hours after 

treatment with EVs were compared to the untreated replicates, by using DESeq [348]on the read 

counts of the genes derived from the HTSeq software, filtering by false discovery rate (FDR) less 
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than 0.01 and by fold-change greater than or equal to 2 or less than or equal to 0.5. The fold 

change at the time point of maximal change was then taken into account as the maximal 

amplitude of change for each gene. The list of DE genes common between the two cell types on 

treatment with K562 EVs and the list of DE genes common between the two cell types after 5’ 

32mer treatment were then used for further over-representation analysis on the GO biological 

processes using the online resource of Panther Pathways [388], where only biological processes 

with a p-value less than 0.05 was taken to be significant.  The list and map of genes within the 

FAS/TGF-β pathway was obtained from KEGG pathways [389], and those genes within out DE 

gene lists were overlaid on the map, where red color indicates a fold change below 0.05, and 

green indicates fold change greater than 2, and blue indicates no significant fold change after 

treatment in each cell type.  

Lipid labeling of EVs & Imaging 

K562 EVs were isolated as described above. 2 microliter of PKH67 (Sigma, cat. 

no.MINI67-1KT) was re-suspended in 500microliter diluent and added to purified EVs for 4 

minutes in dark and EVs were isolated using Exoquick-TC as described above. The labelled EV 

pellet was re-suspended in complete medium (DMEM +10% FBS+1% Penicillin-Streptomycin) 

and added to BJ cells for overnight incubation. Imaging was done on Delta-vision OMX 

microscope and image analysis was performed with Delta-vision SoftWorx software. 

Metabolic labeling of RNA & Imaging 

K562 cells (2+E7) were incubated at a final concentration of 0.2milliMolar 5- Ethnyl 

uridine (EU) for 24 hours. EVs were isolated from the conditioned medium as described above. 

3T3 cells were treated with ActinomycinD at a final concentration of 1microMolar for 1 hour to 
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block its endogenous transcription. The drug-treated media was replaced with fresh complete 

DMEM medium and the cells were incubated with EU labeled K562 EVs for 2 hours. The cells 

were subsequently fixed with 4% Para-formaldehyde and permeabilized with 0.5% Triton-X-

100.  EU incorporated EV RNA was detected using Click chemistry according to manufacturer’s 

protocol (Life Tech, cat. no. C10329) and nuclei was counterstained using Hoechst 33342. 

Finally, cells were imaged on Delta-vision OMX microscope and image analysis was performed 

with Deltavision SoftWorx. As a negative control, 3T3 cells treated with ActinomycinD and 

directly incubated with EU was performed which showed no signal of EU-incorporated RNA 

thus confirming block of endogenous transcription (data not shown).  

Subcellular localization of RNY5 31-mer:  

2+E5 BJ cells were plated overnight and next morning cells were transfected 

with100picomoles of synthetic RNY5-31mer coupled with Alexa 488 fluorophore at its 3’ end. 

After 6 hours, transfection medium (Opti-MEM) was replaced with complete DMEM medium 

and incubated for another 24 hours. Imaging was performed on Delta-Vision OMX microscope 

and Image processing was performed with Delta-vision SoftWorx software. 

Interspecies transfer of RNA by RNA-Seq  

Mouse HB4 cells (ATCC) were treated with K562 EVs for 0, 12 and 24 hours and HB4 

cells untreated (Neg. control) and RNA isolation was performed using Mirvana miRNA isolation 

kit. Isolated RNA was ethanol-precipitated, DNase treated and size separated into long (>200 

nucleotides) and short RNA (<200 nucleotides). The short RNA was ribo-depleted using Ribo-

minus Eukaryote ribo-depletion kit (Life Tech) using manufacturer’s protocol and ethanol 

precipitated. The precipitated RNA was then treated with Tobacco Acid Pyro phosphatase 
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(Epicenter) at 37 degrees for 1 hour to convert the 5’ capped and triphosphate RNA molecules 

into 5’ monophosphate and make them amenable for adapter ligation. RNA was then purified by 

phenol-chloroform treatment followed by ethanol precipitation. The Small RNA libraries were 

then constructed using A-tailing protocol as described in [349]. .The amplified libraries were 

then run on 2% agarose gel and the region between 20-200 nucleotides was cut and gel extracted 

with Qiagen gel extraction kit. Finally, libraries were quantified using Agilent Bioanalyzer and 

sequenced on Illumina MiSeq platform. Mapping was performed by STAR against combined 

Human and Mouse genome and reads which mapped uniquely to humans only were considered 

for analysis. RNY5, a human specific gene enriched in EVs was used as a marker to demonstrate 

inter-species transfer of human K562 EV RNA to Mouse HB4 cells. 

Oligonucleotide end-labeling 

Oligonucleotides (90pmol for DNA oligonucleotides and 15pmol for RNA 

oligonucleotides) were end-labeled in reactions containing 20 µCi of γ-
32

P-ATP (PerkinElmer), 5 

units T4 polynucleotide kinase (New England BioLabs), 70mM Tris-HCl pH 7.6, 10mM MgCl2, 

and 5mM dithiothreitol (DTT). Labeling proceeded for 30 minutes at 37°, followed by phenol-

chloroform extraction. 

Northern blots  

Whole cell total RNA and EV RNA from K562 and BJ cells (850 ng each) was separated 

on 8% acrylamide, 8 M urea gels. Thereafter, the RNA was blotted to nitrocellulose membranes 

(Zeta-Probe, Bio-Rad). The blots were probed with an oligonucleotide complementary to the 5’ 

end of the RNY5 transcript (5'- CTT AAC AAT AAC CCA CAA CAC TCG GAC CAA CT -3'). 
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In-vitro processing  

K562 Whole cell and EV proteins were extracted with RIPA buffer (Thermo Scientific). 

Cold processing reactions contained the indicated amount of protein, 10mM MgCl2 , 10mM DTT 

and 2pmol synthetic full length RNY5 RNA where indicated. After 30 minutes incubation at 37°, 

reactions were phenol-chloroform extracted, separated on 8% acrylamide, 8M urea gels, then 

blotted and probed as described for northern blots. Hot processing reactions were performed with 

synthetic versions of wild type RNY5 5’ 31-mer, shuffled 31-mer (5’- UGG UGC GUG UUG 

UUU AGA UUA AGU GGU UGA C -3’) or RNY5 31-mer with the 8 nt motif shuffled 

(GUUGUGGG→ACGUACAG). Each reaction contained 4 µg of K562 EV protein extract 

where indicated, 10mM MgCl2 and 0.15pmol of end labeled RNA. After 2 hours incubation at 

37°, samples were separated on 8% acrylamide, 8 M urea gels. Thereafter, the gels were 

subjected to autoradiography. 

RNA Transfection  

2+E5 cells were plated in 6-well plates overnight. Next day, RNA transfection was 

performed with Lipofectamine 2000 and Opti-MEM medium for 6 hours according to 

manufacturer’s protocol. After 6 hours, Opti-MEM media was replaced with complete medium 

and cells were incubated for another 24 hours.  

Flow cytometry  

Quantification of cell death was performed on a BD LSR-II Cell Analyzer (BD 

Biosciences, San Jose, CA) using a flow cytometry kit that detects membrane permeability, 

chromatin condensation and dead cell apoptosis (Life Tech, cat. no.V23201).  YO-PRO-1 was 

excited by the 488nm laser and its emission was collected with a 530/30 filter.  A 405nm Violet 
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laser was used to excite Hoechst 33342 and emission was collected with a 440/40 filter.  

Unstained cells and single color control samples (YO-PRO-1 only and Hoechst33342 only) were 

used for setting the PMT voltages and eliminating any spectral overlap between these two 

fluorochromes. Only events positively labeled with Hoechst33342 were considered for 

quantification. Cells double-labeled with Hoechst33342 and Yo-Pro-1 were quantified as “dead 

cells” and cells labeled with Hoechst33342 but not with Yo-Pro-1 was quantified as “living 

cells”. 

YO-PRO1, a nucleic acid binding dye which is permeable to apoptotic and dead cells but 

not living cells was used for quantification of cell death. Briefly, cells were trypsinized and re-

suspended in 800microliter DMEM medium. Cells were labeled with 1microliter of YO-PRO1 

and Hoechst 33342 for 15 minutes at room temperature. The labeled cells were kept on ice and 

then passed through a cell strainer prior to running on the LSR-II.  

EVs incubation with cells and cell death quantification 

EVs were isolated from 1+E8 cancer (K562, HeLa, U2-Os, and MCF7) or primary (BJ) 

cells as explained above and incubated with BJ or K562 cells for 24 hours. After 24 hours, 

quantification of cell death was performed by flow cytometry as explained above. 

EV RNA transfection and quantification of cell death  

EV RNA was isolated from K562 and BJ EVs in duplicates with Mirvana miRNA 

isolation kit as explained above. RNA transfection was performed with Lipofectamine2000 and 

Cell death quantification was performed after 24 hours incubation by flow cytometry as 

described above. 
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Synthetic ribonucleotides transfection and cell death quantification  

2+E5 BJ or K562 cells were plated overnight and next day, cells were transfected with 

100Picomoles of RNY5 31-mer and 100picomoles RNY5 23-mer with 5microliter 

lipofectamine2000 in Opti-MEM medium. After 6 hours, Opti-MEM media was replaced with 

complete DMEM media (for BJ) or complete RPMI1640 medium (for K562). Untreated and 

Mock treatment was used as negative controls. AllStars negative control siRNA was used as 

non-specific RNA control. A 31nucleotide scrambled RNA oligo was used as a scrambled RNA 

control. Furthermore, RNA oligonucleotides with 8nt motif (nucleotides14-21) scrambled, 

scrambled with secondary structure intact and 8nt motif deleted oligonucleotide were used as 

controls for identifying the motif sequence responsible for phenotype. Finally, transfection of 

83nucleotide full length RNY5 and a double stranded RNY5 31-mer shows substantially lower 

cell death. 

Generality of the phenotype  

Generality of RNY5 31-mer mediated cell death phenotype was assessed in 4 cancer 

(K562, HeLa, U2-Os and MCF7) and 4 primary cells (BJ, HUVEC, IMR90 and Human fetal 

foreskin fibroblast (HFFF)). In each case, 2+E5 cells were plated overnight. Next day, cells were 

transfected with100Picomoles of synthetic RNY5 31-mer (except HFFF, which was transfected 

with 200Picomoles of RNY5) and 5microliter Lipofectamine2000 as described above. Cell death 

quantification was performed after 24 hours incubation as described above.  

Dose response curve of RNY5-31mer  

Transfection of BJ cells was performed with RNY5 31-mer and Qiagen AllStars negative 

control siRNA (non-specific RNA control) in a dose dependent manner. Briefly, 2+E5 cells were 
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plated overnight and on the following day, cells were transfected with RNY5-31mer (10, 50,100, 

200, 300 and 400Picomoles) or AllStars control (10, 50,100, 200, 300 and 400Picomoles) with 

10microliter Lipofectamine in Opti-MEM medium. Both Untreated and Mock treated 

(Lipofectamine only) was also performed as negative controls. After 6 hours, media was 

replaced with complete DMEM medium and incubated for another 24 hours. Quantification of 

cell death was performed as described above.  

Co-culture and cell death quantification:  

Co-culture of K562 and BJ cells were performed both as direct co-culture as well as 

transwell co-culture. In direct co-culture system, 2+E5 BJ cells were plated on 6 well plates and 

next day, cells were labeled with Hoechst33342 for 15 minutes in dark at 37deg. Cells were 

washed with thrice with PBS and replaced with complete DMEM medium. 2+E5 K562 cells re-

suspended in 2ml RPMI1640 medium were added to the same well and directly co-cultured with 

BJ cells. As negative control, BJ cells were grown alone in 2ml DMEM +2ml RPMI1640 

medium. After 24 hours, both cells were harvested together but were only labeled with YO-PRO-

1. Quantification of cell death was performed by flow cytometry as described above. Since K562 

cells, although present in the solution were not labeled with Hoechst 33342, Hoechst33342 and 

YO-PRO-1double labeled cells were quantified as “dead BJ cells” while Hoechst 33342 positive 

but YO-PRO-1negative cells were quantified as “living BJ cells”.  

In Transwell co-culture system, 2+E5 BJ cells were plated at the bottom of the well. Next 

day, 2+E5 K562 cells were plated in RPMI medium in the same well but across a Transwell 

membrane (Corning, 1micron pore size). After 24 hours, K562 cells on top of the membrane 
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were discarded while the BJ cells on the well were labeled with YO-PRO-1 AND Hoechst33342 

and flow cytometry was performed for quantification as described above.  

Synthetic RNA oligonucleotides sequences  

RNY5 31-mer: 5’-rArGrU rUrGrG rUrCrC rGrArG rUrGrU rUrGrU rGrGrG rUrUrA rUrUrG 

rUrUrA rA-3’ 

RNY5 23-mer: 5’-rArGrU rUrGrG rUrCrC rGrArG rUrGrU rUrGrU rGrGrG rUrU-3’ 

RNY5 31nucleotide complete scrambled: 5'- rUrGrG rUrGrC rGrUrG rUrUrG rUrUrU rArGrA 

rUrUrA rArGrU rGrGrU rUrGrA rC -3' 

RNY5 8nucleotide motif deleted: 5’-rArGrU rUrGrG rUrCrC rGrArG rUrUrU rArUrU rGrUrU 

rArA-3’ 

RNY5 31-mer with 8 nucleotide motif scrambled:  5’-rArGrU rUrGrG rUrCrC rGrArG rUrArC 

rGrUrA rCrArG rUrU rArUrU rGrUrU rArA-3’ 

RNY5 32-mer complementary (3’ side) fragment: 5’-rCrCrC rCrArC rArArC rCrGrC rGrCrU 

rUrGrA rCrUrA rGrCrU rUrGrC rUrGrU rUrU-3’ 

Full length RNY5 83-mer: 5’-rArGrU rUrGrG rUrCrC rGrArG rUrGrU rUrGrU rGrGrG 

rUrUrA rUrUrG rUrUrA rArGrU rUrGrA rUrUrU rArArC rArUrU rGrUrC rUrCrC rCrCrC 

rCrArC rArArC rCrGrC rGrCrU rUrGrA rCrUrA rGrCrU rUrGrC rUrGrU rUrU-3’ 

Double-stranded RNY5 31-mer:  

5'-rArGrU rUrGrG rUrCrC rGrArG rUrGrU rUrGrU rGrGrG rUrUrA rUrUrG rUrUrA rArG-3' 

5'-rCrCrC rCrArC rArArC rCrGrC rGrCrU rUrGrA rCrUrA rGrCrU rUrGrC rUrGrU rUrU-3' 
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Chapter 5 

Conclusions and Significance   

 

In this study, we examined if EV mediated transfer of RNA between cells satisfies the 

requirements for a medium of intercellular communication.  To that end, we first developed and 

validated a novel and efficient method of isolation of EVs which unifies the reported advantages 

of multiple existing methods into one ‘hybrid’ method. A comparative analysis revealed that our 

hybrid method consistently provides higher yield of EVs and EV RNA than currently existing 

approaches. Importantly, our hybrid approach not only detects RNA molecules with excellent 

reproducibility within replicates, but is also highly consistent with existing methods of EV 

isolation, satisfying a crucial property for its potential future application for identification of 

biomarkers. Armed with this approach, we performed a comprehensive characterization of the 

diverse RNA cargo in EVs from nine different cell types of diverse developmental origin which 

revealed a non-random and cell type specific sorting of RNA messages into EVs. Our study 

further revealed gene family specific processed fragments of non-coding RNAs in EVs. Next, we 

investigated the subcellular localization and temporal kinetics of EV RNA transfer and 

demonstrated the transferred RNA molecules are intact and detectable up to 48 hrs. We further 

established the context dependent dynamicity of EV RNA cargo and its ability to elicit distinct 

molecular response in different cells in a cell type specific manner. While previous studies have 

focused on the functionality of micro-RNAs and messenger RNAs transferred through EV, we 

investigated the possible functionality of the 31nt processed RNY5 molecule, one of the most 

abundant and enriched RNA transcript in K562 and other cell type derived EVs. We observed 

that incubation of K562 EV as well as its de-proteinized total EV RNA, induced cell death in 
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primary BJ fibroblasts, but failed to elicit a similar response from K562 cells themselves. Then, 

we recapitulated the cell death phenotype by treating BJ cells with synthetic 31nt RNY5 alone in 

a dose dependent manner. Moreover, the 31nt RNY5 induced cell death phenotype was not 

limited to BJ cells, and was demonstrated in multiple primary cells of diverse developmental 

origins. Finally, we identified an 8 nucleotide motif in the 5’ 31nt processed RNY5 molecule 

required for its functionality.  These results are consistent with the suggestion that 31nucleotide 

processed RNY5 fragment may play a functional role through cancer cell derived EVs and in 

conclusion, supports the hypothesis that EVs mediated transfer of RNA between cells represents 

a novel medium of intercellular communication.  

At least five aspects of this study reflect significant progress in the field of EV mediated 

communication. Firstly, our results indicate miscellaneous RNAs (especially Y RNAs) and t-

RNAs are the major components of the RNA cargo encapsulated in EVs. By comparison, 

microRNAs and messenger RNAs fragments comprise only a small proportion of EV RNA 

cargo. Yet, previous studies have focused their interest in exploring the possible functionality of 

microRNAs and messenger RNAs because of a better understanding of their biological 

importance. To the best of our knowledge, 31nt RNY5 induced cell death of multiple primary 

cells not only represents a novel function of a processed fragment of a non-coding RNA, but 

represents the first evidence of possible functionality of EV RNA beyond microRNAs and 

messenger RNAs. Our results also indicate the abundance of various processed and full-length 

non-coding transcripts in EVs, the functional role of which remain as yet unexplored. The use of 

synthetic oligonucleotides represents a powerful approach for discovering the unknown functions 

of noncoding RNAs and in future, may reveal the functions of other noncoding RNAs detected 

within EVs.  
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Secondly, transfer and uptake of EVs has been reported to induce various cellular 

phenotypes in recipient cells, including tumor stromal interactions, induction of angiogenesis, 

metastasis, transfer of oncogenic activity, developmental gradient formation, antigen 

presentation, immune evasion and host pathogen interactions to name a few. Few of these studies 

have successfully identified the biomolecule in EVs responsible for the observed cellular 

response. These results tempt us to investigate the role of EV RNA cargo and its potential 

involvement in causing these cellular phenotypes in these systems.  

Thirdly, transfer and functionality of processed RNY5 molecules through cancer cell 

derived EVs may play an important role in tumor microenvironment. Such competitive cell 

interactions between tumor and normal cells may remodel its microenvironment to favor the 

proliferation of the tumor and enrich it with nutrients required for its growth and proliferation. 

Transfer of 31nt RNY5 through tumor derived EVs may also induce apoptosis in immune cells 

present in its microenvironment. Similar to our observations, it has been reported that tumor 

derived EVs induce apoptosis in immune cells but not in cancer cell themselves, and the ‘FasL’ 

protein present in tumor derived EVs has been reported to be the molecule responsible for this 

phenotype. Our observation of RNY5 induced lethality of primary cells of distinct 

developmental origins, but not cancer cells, therefore has strong parallels with these previously 

reported observations of tumor EVs mediated apoptosis of immune cells and may represent yet 

another mechanism of immune evasion employed by tumor cells. These results also raise an 

interesting possibility that RNY5 processed fragment induced cell damage and lethality may 

sensitize normal tissue to neoplastic cell invasion and metastasis by promoting cell removal and 

induce inflammatory response. While further studies are necessary to evaluate a possible in vivo 

role for the RNY5 fragments in the tumor microenvironment, targeted knock out experiments of 
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RNY5 gene with CRISPR-CAS technology in future may provide more definitive evidence and 

reveal the extent of RNY5 functionality through EVs. Nevertheless, our study underscores the 

importance of EV RNA in a tumor’s interactions with its microenvironment and prompt us to 

investigate the role of other RNAs enriched in cancer cell derived EVs in the context of tumor 

microenvironments. 

Fourthly, the identification of unique and cell type specific RNA signature in EVs forms 

the basis of their proposed application as biomarkers. In future, similar identification of RNA 

signatures in EVs from patient derived body fluids using our hybrid approach may allow us to 

identify novel and minimally invasive biomarkers for various patho-physiological conditions, 

including cancer.  

Finally, these results encourage us to investigate the molecular mechanisms underlying 

the specific sorting and enrichment of RNA molecules to EVs which may allow us to target our 

RNA of interest into EVs, a crucial requirement for its potential application in therapeutics and 

drug delivery. Further studies focused on uncovering the molecular mechanisms underlying the 

processing of various classes of non-coding RNA may reveal previously unknown layers of 

regulation of non-coding RNA and EV biology.  
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