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Abstract 

The successful expansion of tumors involves growth signals stimulating unlimited replication, 

invasion of local and distant sites within the body and recruitment of neighboring normal cells, 

bone marrow-derived cells and blood vessels in support of tumor growth. This selective 

advantage is achieved through “somatic evolution” of tumor cells and balanced against immune 

responses and apoptotic signals. Recent studies link extracellular vesicles (EVs) with critical 

steps in this tumorigenesis. This overview, intended for clinicians and molecular biologists, 

outlines the steps in tumorigenesis and relates these steps to recent discoveries in relation to the 

role of EVs as signaling mechanisms between tumor cells and both their immediate and distant 

environments. We provide a framework to interpret the role of EVs in each of the hallmarks of 

cancer as established by Hanahan and Weinberg (2011)1. Understanding thes emerging field of 

EVs may provide a basis for novel tumor-specific molecular diagnostics and ‘personalized’ 

cancer therapies. 

 

1.  Introduction - tumorigenesis and the history of extracellular vesicles 

It is generally accepted that genetic predisposition, mutational events and environmental 

influences induce tumor formation. Tumor cells undergo changes in genotype and phenotype that 

favor proliferation and survival over cell quiescence and death. The broad framework of 

tumorigenesis was summarized by Hanahan and Weinberg (2000; modified in 2011)1;2. These 

hallmarks include: (i) self-sufficiency in growth signals, (ii) insensitivity to antigrowth signals, 

(iii) evasion of apoptosis, (iv) limitless replicative potential, (v) sustained angiogenesis, and (vi) 

tissue invasion and metastasis. Genetic instability of tumor cells is defined as an “enabling 

characteristic” that facilitates the acquisition of mutations in the genome due to defects in DNA 

repair. Hanahan and Weinberg (2011)1 emphasized in particular the relationship between the 

tumor and its microenvironment, stem cells within tumors, tumor evasion of immune 

surveillance, and drug resistance. They included four additional hallmarks: (1) abnormal 

metabolic pathways; (2) evasion of the immune system; (3) chromosome abnormalities and 

unstable DNA; and (4) inflammation. This overarching template has provided investigators with 

a roadmap by which to explore the cellular pathways that lead to malignant tumors such as 

glioma (Fig. 1A). Others have emphasized epigenetic changes underlying drug sensitivity or 

resistance, as well as disrupted cellular metabolism in contributing to cancer development and 
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progression3;4;5. The Hanahan-Weinberg paper notes: “In part, the understanding of these 

mechanisms is complicated by the fact that the growth factor signals controlling cell number and 

position within tissues are thought to be transmitted in a temporally and spatially regulated 

fashion from one cell to its neighbors; such paracrine signaling is difficult to access 

experimentally.” This statement appears to anticipate the role of tumor-related EVs, which 

include microvesicles, exosomes, microparticles and nanovesicles, identified in cultured cells 

and biofluids in vivo6. 

 

EVs are actively shed by normal and malignant cells (Fig. 1B and C), and appear to have a 

pivotal role in sustaining and spreading cancer. EVs have been isolated from many bodily fluids, 

including blood (Fig. 1C), saliva, urine, breast milk, cerebrospinal fluid, vitreous fluid* and 

cochlear fluid* (*Atai et al., unpublished data)7;8;9. EVs in bodily fluids can gain access to many 

organs throughout the human body. The release and uptake of EVs occur in prokaryotes and 

eukaryotes, suggesting a conserved role in the evolution of EVs10. EVs can be generated either 

from endosome-derived multivesicular bodies, which can fuse with the plasma membrane to 

release vesicles into the extracellular environment or by budding off from the plasma 

membrane11. In addition to their role in intercellular communication, EVs can function to 

eliminate drugs and degraded macromolecules from cells12;13;14. 

 

Historically, EVs have been thought to play a critical role in tumorigenesis including tumor 

growth and spread (Fig. 2). EVs were first identified in cultures of lymph nodes from a patient 

with Hodgkin's lymphoma15. In 1980 EVs were shown to facilitate B16 melanoma cells to 

metastasize to the lung16. Moreover, melanoma-derived EVs have been found to contain active 

caspase-3, which tumor cells apparently release to escape from apoptosis17;18. One of the 

interactions between EVs and the immune system was elucidated in 1998 when mouse dendritic 

cell (DC) exosomes were shown to promote antitumor responses19. More recently, a role for EVs 

was established in cell-to-cell communication, such as between tumor cells and microvascular 

endothelial cells20;21;22;23;24. This communication via EVs can occur at the 

transcriptional/translational level via delivery of functional genetic information including DNA, 

mRNA, microRNA (miRNA) and other non-coding RNAs (ncRNAs), which in some cases are 

enriched in EVs, as compared to the cells from which they are derived24;25;26. In addition, EVs 
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can deliver proteins as well as lipids27;28;29. The EV mode of information delivery provides stable 

conformational conditions for the contents, high bioactivity of the molecules inside, an efficient 

distribution in the microenvironment and throughout the body, and in some cases, more efficient 

interactions with target cells, as compared to free molecules in biofluids. Tumor cells use EVs to 

rid themselves of chemotherapeutic agents, such as doxorubicin30 and cisplatin31, by 

incorporating them within EVs, as a means to confer drug resistance32. Communication via EVs 

also supports tumor cell proliferation, modulation of its microenvironment, induction of 

angiogenesis, escape from immune surveillance, migration, and metastases 23;33. 

 

In summary, tumor formation is a multistep process, involving an imbalance in cell growth and 

cell death, favoring the former. It frequently initiates when genetic mutations, such as in p53 (a 

tumor suppressor), being passed onto daughter cells. As a consequence of this mutation, other 

types of unfavorable changes in the genome are facilitated resulting in a benign neoplasia. This 

neoplasia may develop by uncontrolled expansion of the tumor cells to form a tumor in situ. 

While the normal tissue structure remains largely intact in a tumor in situ, the tumor cells release 

signals into their surrounding environment to recruit blood vessels (angiogenesis) in order to 

supply the expanding tumor cells with nutrition and oxygen34. During tumor progression, the 

tumor cells release EVs supporting angiogenesis, as well as breakdown of the extracellular 

matrix (ECM) to facilitate tumor cell migration and depression of the immune response to the 

tumor33;35. While the tumor develops further, the tumor releases EVs into biofluids, which in turn 

may create niches for metastases. 

 

2. The hallmarks of a tumor: self-sufficiency in growth signals, insensitivity to antigrowth 

signals, evasion of apoptosis and limitless replicative potential 

Self-sufficiency in growth signals: Abnormal cell proliferation in tumorigenesis leads to 

increased tumor size, which interferes with normal tissue functions and can cause severe 

pathological symptoms. Healthy tissues normally regulate their growth and development with 

mechanisms that restrain their proliferative capacity when appropriate. In a healthy tissue, cell 

maintenance and cell division depend on a series of checkpoints modulated by regulatory 

proteins. In tumors, these cell control mechanisms are altered leading to cell overactivation and 

stress36. 
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Cell division in a normal cell depends on the activation of intracellular signaling pathways in 

which  cyclin-dependent kinases (CDKs)and cyclin-dependent kinase inhibitors (CKIs)are 

involved and growth factors such as platelet-derived growth factor (PDGF), epidermal growth 

factor (EGF), and insulin-like growth factor 1 (IGF-1)37. These pathways are catalyzed by 

molecules known as second messengers consisting of various factors such as inositol phosphates, 

cyclic adenosine monophosphate (cAMP) and ions (Ca2+, H+ and Zn2+). When DNA becomes 

damaged, normal cells initiate cell cycle arrest and induction of transcription of genes involved 

in DNA repair. When DNA repair is unsuccessful, cells can undergo programmed cell death 

(apoptosis) in response to unrepaired DNA damage. The tumor suppressor genes encoding p53 

and ataxia telangiectasia mutated (ATM) play a key regulatory role in responses to damaged 

DNA, with an increase in p53 levels and associated ATM stabilizing p53. These and other 

proteins involved in regulating the cell cycle, e.g. the tumor suppressor retinoblastoma (Rb) 

protein, are frequently mutated in tumors. Furthermore, telomerase activity that is required to 

maintain the integrity of DNA ends as well as recombination of chromosomes are elevated in 

tumors. 

 

In contrast to normal cells, tumor cells continue to proliferate even in the absence of external 

growth signals. Tumor cells stimulate their own growth in various ways, such as production of 

growth factors, elevated levels of specific growth-stimulating receptors at the tumor cell surface, 

and signaling to other tumor cells and normal cells in the tumor stroma through EVs. Molecular 

defects in a tumor cell occur at multiple levels, including excessively and inappropriately 

produced receptors, which can be transferred via EVs e.g. EGF receptors (EGFRs), activated 

proto-oncogenes such as the v-raf murine sarcoma viral oncogene homolog B1 (BRAF; in 90% 

cases of melanoma patients)38 and inactivated tumor-suppressor genes such as p53 and Rb in 

numerous clinical tumor types. Defects in cell cycle regulatory proteins that normally enforce the 

checkpoints, such as inappropriate overexpression of CDKs due to gene amplification or 

translocation occur in a wide variety of human tumors39. Interestingly, EVs derived from 

medulloblastomas with an amplification of the oncogene cMyc not only contained high levels of 

cMyc mRNA, but also DNA sequences containing the cMyc gene and cDNA40. 
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Insensitivity to antigrowth signals: Normal cells contain powerful negative regulators of cell 

division such as tumor suppressors (Rb and p53). These tumor suppressors are frequently 

inactivated in tumors leading to evasion of growth inhibition mechanisms. Mutations in p53 also 

decrease genomic stability leading to increased accumulation of additional genetic alterations 

involved in neoplastic transformation and progression. For example, MDM2 is overexpressed 

and decreases p53 activity by promoting its ubiquitination41. The insulin receptor tyrosine kinase 

substrate (IRTKS) is a cofactor that modulates MDM2 by inhibiting p53-induced apoptosis. 

IRTKS binds directly to p53, and also enhances its ubiquitination and cytoplasmic localization. 

When MDM2 levels are low, IRTKS stabilizes the interaction between p53 and MDM242, while 

high levels of MDM2 induce ubiquitin-mediated degradation of IRTKS to support p53 

ubiquitination43. Others defects include elevated signaling by Ras oncoprotein, which operates 

through an intrinsic negative feedback mechanism also known as the Ras-Raf-MEK-ERK 

pathway44. PTEN acts as a regulator of the PI3-kinase pathway by degrading 

phosphatidylinositol (3,4,5) trisphosphate (PIP3). In human tumors, mutation or down-regulation 

of gene expression via methylation of the promoter of the PTEN gene results in elevated PI3K 

signaling. Furthermore, there is evidence of increased mTOR activation in tumor cells, which up-

regulates the PI3K pathway45;46;47;48. Currently, there is no direct scientific evidence that EVs 

reduce the sensitivity of tumor cells to antigrowth signals. However, EVs derived from tumors 

appear to be able to act as shuttles to transfer factors from an insensitive tumor cell to a sensitive 

tumor cell in order to make the latter resistant to antigrowth signals. 

 

Evasion of apoptosis: Apoptosis is normally induced in cells with DNA damage to prevent the 

passing of errors in the genome onto the next generation of cells. Malfunction of signaling 

pathways is a characteristic feature of tumor cells allowing them to evade from cell death49. This 

escape from apoptosis can result from alterations in responses to DNA damage, deregulated 

apoptotic pathways, hypoxia-induced survival factors, and altered drug metabolism, as well as 

generation of cancer stem cells, recruitment of bone marrow-derived stem cells and stromal cell-

mediated resistance to antigrowth signals50. 

 

Limitless replicative potential: In tumor cells, one of the components of unlimited replication is 

the activation of the telomerase machinery which adds protective telomeric ends to the tumor cell 
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chromosomes supporting immortalization of the cells and their sustained growth51;52;53. Another 

mechanism by which tumor cells sustain their limitless replication and develop intrinsic 

resistance to antigrowth signals is by resisting senescence induced by, for example, DNA-

damaging drugs. In fact, tumors treated with chemotherapeutic agents show upregulation of 

DNA damage response pathways54;55. 

 

The role of EVs in tumor growth remains to be unraveled within the hallmarks of cancer as 

discussed above. However, it is likely that EVs serve as a mechanism to spread these tumor-

promoting properties among tumor cells, as well as changing the properties of normal cells in 

support of tumor growth. For examples, EVs are involved in transfer of oncoproteins, such as 

EGFRvIII56, Ras57, cMyc40, and Raf58, which promote oncogenic activity and support tumor 

growth. Some studies have shown that expression or mutation of p53 and its targets, such as 

tumor suppressor activated pathway-6 (TSAP6), can itself affect the formation of vesicles in 

cancer cells thereby activating growth signaling and supportive pathways, including 

angiogenesis59;60;61;62. The following sections discuss contribution of EVs to sustain tumor 

growth.  

 

3. Extracellular vesicles support angiogenesis and coagulation 

Angiogenesis is a process regulated by growth signaling pathways, which stimulate new 

vascularization. As tumors grow they require an increased blood supply to sustain their high 

metabolic activity. This requirement for nutrition and oxygen leads collectively to cell stress 

within the tumor which, in turn, results in release of signals that activate pro-angiogenic 

pathways, including production of hypoxia-inducible factor-1! and 2! (HIF-1! and HIF-2!)63. 

Under normal oxygen conditions, HIF-1! is rapidly polyubiquinated through its interaction with 

the von Hippel-Lindau tumor suppressor complex, leading to proteosomal degradation64. 

However, under chronic hypoxic conditions in expanding tumors, HIF-1! and HIF-2! are stably 

expressed and promote transcription of pro-angiogenic factors, such as vascular endothelial 

growth factor (VEGF), which initiates and sustains endothelial cell proliferation and vessel 

formation65. VEGF is secreted both in a soluble state and within EVs that sequentially are 

released within the tumor environment66. Glioma-derived EVs induce angiogenesis by 

transferring angiogenic factors24, and potentially pro-angiogenic miRNA to brain microvascular 
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endothelial cells67. Tumor EVs also promote secretion of angiogenic factors by stromal 

fibroblasts, which facilitate the recruitment of endothelial cells from the microenvironment68. 

These endothelial cells, in turn, shed EVs containing various proteases to facilitate new 

endothelial vessel formation, with VEGF and pro-angiogenic miRNA in tumor EVs promoting 

both motility and invasiveness of endothelial cells69;70. Lipids in EVs, such as sphingomyelin, 

stimulate proliferation and the angiogenic potential of endothelial cells71. Another novel 

mechanism is the ability of tumor-derived EVs to evoke recruitment of endothelial progenitor 

cells and other types of stem cells from the bone marrow to support angiogenesis of tumors72. 

 

Tumor neovasculature frequently exhibits structural vessel abnormalities73, which can initiate the 

coagulation pathway. Fibrin is a key factor in the clotting cascade and is formed via cleavage of 

fibrinogen produced by liver cells by thrombin produced by platelets. In addition to its main role 

in coagulation, fibrin supports the outgrowth of new blood vessels and tumor EVs play a role in 

supporting this fibrin formation through their high content of tissue factor (TF) and other pro-

angiogenic factors74-79. This role of EVs may be critical as thrombotic events are the second 

leading cause of death in cancer patients (after cancer itself)80. 

 

Coagulation is a process by which blood clots are formed via intrinsic and extrinsic pathways. 

Initial implication of EVs (typically termed microparticles in these studies) in the coagulation 

pathway showed that EVs expose the phospholipid phosphatidylserine (PS) on their surface, 

which binds coagulation factors, leading to activation of this pathway81. Later, it was also 

demonstrated that tumor-derived EVs contain TF, a strong pro-coagulant79;82-84. Currently, it is 

believed that tumor-derived EVs exposing TF are abundantly present in the circulation of cancer 

patients, which contributes to the increased risk of developing venous thromboembolism85-89. 

This observation was confirmed in another study showing that EVs exposing TF trigger 

thrombus formation in vivo90. Recently, we showed that the anticoagulant heparin binds EVs and 

inhibits glioma-derived EV transfer of the mRNA encoding the oncoprotein EGFRvIII to 

recipient cells91. Randomized trials and experimental studies suggest that cancer patients treated 

with heparin or other anticoagulant drugs show increased survival92-94. Taken together, 

angiogenesis and coagulation are co-dependent leading to a higher rate of tumor vascularization, 

which is crucial for tumor growth and maintenance.  
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4. Extracellular vesicles involved in tissue invasion and metastasis 

A fundamental challenge in the management of most cancer patients is the insidious propensity 

of cancer cells to invade into surrounding tissue and migrate into distant tissues. Migrating 

cancer cells typically escape from immune destruction95;96. Invading, migrating and 

metastasizing cancer cells are activated by a dominance of pro-migratory events in the absence 

of sufficient counteracting inhibitory signals. This imbalance of signals allows cancer cells to 

become continuously migratory and invasive, leading to tumor expansion across tissue 

boundaries. A number of current studies are investigating the role of EVs in migration and 

metastases of tumor cells. Tumor-derived EVs from highly metastatic Bl6-F10 melanoma tumor 

cells, as compared to poorly metastatic B16-F1 melanoma tumor cells, contain high levels of PS 

that modulate macrophage activity and lead to production of transforming growth factor (TGF)-" 

and interleukin (IL)-10 that increase metastatic activity of these tumor cells97. In addition to the 

reduced chemokine levels in poorly metastatic cells, as compared to highly metastatic cells, EVs 

produced by highly metastatic cells have a different proteomic profile, such as increased levels 

of RAB proteins which promote EV production98. These highly metastatic B16-F10 cells also 

recruit bone marrow progenitor cells by activating the tyrosine kinase receptor and proto-

oncogene (MET) migration signaling pathway to support metastasis at least in part through 

release of tumor EVs. Mice develop lung metastatic colonies when poorly metastatic B16-F1 

cells are injected intravenously together with EVs from highly metastatic Bl6-F10 cells, whereas 

mice injected solely with B16-F1 cells develop no metastatic colonies. Furthermore, EVs from 

highly metastatic melanoma cells promote a provascular phenotype at the premetastatic sites98. 

 

EVs also play a role in conditioning melanoma cells for lymphatic dissemination and niche 

formation in lymph nodes99. Bl6-F10 melanoma-derived EVs also increase pro-metastatic 

pathways in melanoma cells through G-a13 signaling, and induce elevated levels of urokinase 

plasminogen activator (uPA) protease, collagen 18, and laminin 5. The ability of EVs derived 

from tumor cells to promote metastasis is increased when they are released under hypoxic 

conditions, which many tumors encounter when growing in vivo100;101. In a quantitative 

proteomics study, Park et al. (2010) showed that under hypoxic conditions the carcinoma cell 

line A431 is associated with high levels of pro-metastatic proteins in their EVs101. Tumor-
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derived EVs also contain proteases, such as metalloproteinases and cathepsins, which can 

remodel the ECM and promote cancer spread into surrounding tissue and the circulation102. In 

lung and breast cancer, platelet-derived EVs can transfer adhesion molecules to tumor cells to 

increase their ability to migrate systematically to distant organs103. Tumor-associated immune 

cells, including IL-4-activated macrophages, transfer miRNAs such as miR-223 via EVs into 

breast cancer cells, which help to sustain their metastatic capacity via targeting the Mef2c-b-

catenin pathway104. In mouse models of breast cancer, fibroblast-derived EVs promote 

metastasis via activation of Wnt signaling105. Another molecular mechanism underlying the 

intercellular transfer of tools for metastatic activity is the transfer of oncogenic growth factor 

receptors or their ligands via EVs. Human breast and colorectal cancer cells release EVs that 

present full-length, signaling-competent EGFR ligands106. The invasive potential of colon cancer 

cell lines correlates with the concentration of amphiregulin, an EGFR ligand, suggesting that 

ligand and receptor interactions between EVs and cells contribute to cancer invasiveness and 

metastasis. Therefore, recent studies imply that EVs sustain tumor invasiveness via 

dissemination of tumor cells and their EVs into the circulation.   

 

5. Extracellular vesicles induce tumor inflammation 

Inflammation consists of acute and chronic phases. The initial response of the immune system 

involves attraction of white blood cells including DCs and neutrophils into injured tissues, such 

as those harboring a tumor or infection107;108. This initiates a cascade of events that leads to the 

inflammatory response, such as production of ILs, selectins, and chemokines, and these factors 

contribute to immune cell proliferation, and survival and migration of immune cells into the 

affected area to protect the normal tissue and restore damaged tissue. Chronic inflammation is 

prominent in tumor stroma and continually recruits immune cells. Initially, inflammation is 

caused by activation of the host immune system by the tumor, and afterwards, tumor modulation 

of the immune system may support tumor progression109. One of the key factors in activating the 

host immune system is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), 

which is up-regulated in many tumors and sustains tumor proliferation and survival by 

suppressing Fas-mediated apoptosis of tumor cells110-111. Tumor-derived EVs have the ability to 

affect this dual function of the inflammation cascade by transfer of inflammatory mediators112-

114. EVs from human polymorphonuclear leukocytes (PMNs) stimulate the formation of the 
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proinflammatory peptide N-formyl-Met-Leu-Phe that triggers tyrosine phosphorylation of the 

46-kDa c-Jun NH2-terminal kinase 1 (JNK1) in endothelial cells which induces production of TF 

and other pro-inflammatory factors115;116. However, this effect of EVs seems to be target cell 

dependent. For example, binding of PMN-derived EVs to macrophages causes production of 

TGF-" leading to inhibition of their activation by lipopolysaccharide117, which may support 

tumor evasion. PMN-derived EVs contain also annexin-1, another inflammatory protein, which 

after i.v. injection, blocks recruitment of PMNs at sites of inflammation, indicating that PMN-

derived EVs may have both pro- and anti-inflammatory properties118. In addition, EVs are also a 

major delivery vehicle for rapid release of IL-1, which lacks a signal peptide and is a key 

mediator in EVs derived from monocytes, together with other inflammasomes, in the innate 

immunity119-121. Inflammasomes are intracellular multiprotein complexes consisting of caspase-

1, apoptosis-associated speck-like protein and occasionally caspase-5. The inflammasomes are 

responsible for activation of various types of cells, such as natural killer (NK) cells and 

endothelial cells122. Macrophages stimulated by adenosine triphosphate (ATP) release EVs with 

inflammasome elements such as IL-1, caspase-1 and others123. Furthermore, it was shown that 

EVs from P2X7 receptor-stimulated mature DCs release high levels of IL-1 to enhance the 

shedding of DC-derived EVs via stimulation of plasma membrane purinergic 2 receptor124. In 

another study, it was observed that endothelial-derived EVs contain the full-length of tumor 

necrosis factor receptor 1(TNFR1), a transmembrane platelet-activating factor, which regulates 

proinflammatory cytokine release125. In the inflammatory events, tumor-derived EVs contain 

besides their proteins and RNAs lipids that to activate macrophage toll-like receptors (TLRs) 

such as TLR4126. Furthermore, it has been shown that DC-derived and macrophage-derived EVs 

and circulating EVs in normal human plasma, contain molecules such as leukotrienes that 

mediate lipid-induced inflammation127. EV-mediated communication between immune cells and 

tumor cells in their direct or indirect environment is required to initiate and sustain inflammation 

that is favorable for the development of tumors. 

 

6. Extracellular vesicles promote evasion from the immune system 

In a malignant tumor both cancer cells and non-cancer cells release EVs that can have a role in 

tumor evasion from the immune system23. For example, modulation of immune cells and other 

types of cells in the direct environment can be performed via transfer of ligands and receptors.  
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The ability of tumor-derived or immune cell-derived EVs to mediate specific killing of immune 

cells at a distance is also an important component of tumor cells to evade the immune system. 

Activated T cells and peripheral blood cells release EVs exposing Fas-ligand (FasL), a death 

receptor ligand, which can kill cells in the tumor microenvironment128. Intraperitoneal injection 

of FasL-exposing EVs isolated from mFasL-transfected tumor cells triggers apoptosis of 

macrophages in vivo129. FasL is also present on melanoma and prostate cancer cell-derived EVs 

inducing cell death of active T cells in vitro130. Furthermore, epithelial ovarian cancer cells from 

ascites release EVs exposing FasL that can induce T-cell apoptosis131. In patients with oral 

squamous cell carcinoma, there is a correlation between the levels of EV-associated FasL in the 

blood and tumor burden, with FasL inducing T-cell apoptosis, suggesting that vesicle-mediated 

immune suppression (indirectly) promotes tumor development in vivo130. Therefore, tumor-

derived EVs may exert an important front-line defense mechanism by killing anti-tumor immune 

cells that enter the tumor environment. In addition, Tesselaar et al. (2007)85 have proposed that 

cancer cells use EV-mediated communication with surrounding normal cells to "veil" their 

microenvironment against immune recognition, possibly by presenting "decoy" tumor antigens. 

 

IL-2 produced by lymphocytes activates NK cells132. In the presence of tumor-derived EVs IL-2-

induced proliferation of NK cells is downregulated resulting in the suppression of NK cytotoxic 

action against tumor cells133;134. The cancer-associated loss of natural killer group 2, member D 

(NKG2D), an activating receptor of NK cells, and the CD8 receptor, an antigen-specific 

activation factor in T cells, are also key mechanisms of immune evasion. EVs derived from 

cancer cells and isolated from pleural effusions of mesothelioma patients downregulate TGF-

dependent NKG2D expression on NK cells and CD8 on T cells, suggesting that NKG2D is 

involved in EV-mediated immune evasion135. There are studies showing that the high rate of 

relapse in leukemia and lymphoma has been associated with the expression of NKG2D ligands 

on EVs136. Differentiation of myeloid-derived suppressor cells which suppress T-cell activation 

leading to tumor progression is associated with the expression of TGF-" within tumor-derived 

EVs137. The activity of these cells was shown to be suppressed by tumor cell-derived EVs, 

inhibiting immune surveillance by binding to myeloid-derived suppressor cells. In another study, 

it was shown that T cell activation was inhibited by extracellular adenosine138. EVs from several 
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cancer cell lines have high ATP levels and ATP phosphatase activity, thereby contributing to 

locally high concentrations of adenosine138.  

 

In vivo it has been observed that mesothelioma pleural effusion-derived EVs in patients 

contained high levels of hydrolytic activity of ATP, suggesting that EVs may contribute to 

inhibition of T cells in the tumor environment by generation of adenosine in combination with 

depletion of ATP. In mouse tumor models, it has been observed that tumor-derived EVs 

contribute to immune suppression via inhibition of EV production by the drug dimethyl 

amiloride that is used to treat high blood pressure and enhances antitumor efficacy of the 

chemotherapeutic drug cyclophosphamide139-141. 

 

Taken together, EVs are likely to dampen the response of the immune system against tumors by 

a number of mechanisms, while at the same time EVs produced by immune cells may also 

support tumor growth.  

 

7. Extracellular vesicles alter the tumor microenvironment 

The microenvironment in tumors contains various cell types. Seemingly "normal" cells in the 

vicinity of the tumor are influenced by cancer cells and have the ability to promote tumor 

growth, invasion and metastasis33. As discussed previously, tumor cells secrete proteases such as 

metalloproteinases and cathepsins to degrade the ECM, growth factors such as hepatocyte 

growth factor to support cell growth, angiogenic factors, such as vascular endothelial growth 

factor (VEGF) to promote angiogenesis, and survivin to inhibit apoptosis-associated caspases. In 

addition, tumor cells present proteins on their  surface to activate signaling pathways in 

surrounding cells, such as up-regulation of EGF receptor (EGFR) and expression of the 

constitutively active oncogenic EGFRvIII56. EVs mediate transfer of this information from tumor 

cells to normal cells in their microenvironment and genetic information in these EVs can be 

taken up in a functional state by cells in the environment. This genetic content can change the 

transcriptome of the recipient cell by bringing in transcription factors, potentially integrating 

DNA sequences into the host genome, altering gene-specific methylation and histone acetylation 

patterns, modulating splicing of precursor mRNAs, and miRNA-mediated suppression of protein 

translation142-144. This transfer leads, in turn, to changes in cellular phenotypes, such that cells in 
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the tumor microenvironment become permissive to tumor growth and invasion. For example, the 

EGFRvIII protein and mRNA can be transferred from glioma cells to other types of cells via EVs 

resulting in activation of the EGFR signaling pathway in recipient cells56;91. Taken together a 

variety of studies indicates that the presence of tumor-derived EVs is a critical factor in 

modulating the tumor microenvironment in support of cancer progression. 

 

8.  Extracellular vesicles serve as vehicles for drug resistance 

In 1965, Frei et al. reported a high-dose drug combination clinical trial for the treatment of 

leukemia145. A few weeks after treatment, 11 out of 16 patients relapsed, developing a more 

vigorous form of tumor that was no longer responsive to treatment. These drug-resistant cells 

started invading the blood-brain barrier and colonized the brain leading to rapid death146. After 

more than 40 years, most tumor types are still resistant to the many drug therapies leading to 

relapse. This resistance can be due to drug metabolism, such as sequestration or enhanced 

detoxification, modifications of drug targets147-151 or EV-mediated elimination of drugs from 

cells via the circulation152. Studies show that EVs also appear to have a role in protecting tumor 

cells from accumulation of antitumor drugs, thereby contributing to multi-drug resistance. For 

instance, EVs from HER2-overexpressing breast cancer cell lines, or EVs present in  the blood of 

patients with breast cancer capture the humanized antibody trastuzumab, thereby reducing the 

effective dose of this anticancer drug available for binding to tumor cells152. EVs can also 

contribute to drug resistance by exchanging drug transporters between cells. One of the most 

important drug transporters is P-glycoprotein, a transmembrane protein and ATP-dependent 

efflux pump, which can be exchanged between cells via EVs153. P-glycoprotein, is expressed at 

selective bariers such as the blood-brain barrier, blood-testis barrier, and along the 

gastrointestinal track, where it prevents the influx of carcinogens and harmful chemicals154. 

Overexpression of P-glycoprotein by cancer cells correlates with anticancer drug failure in many 

types of cancer155. There is also evidence that drugs are sorted, concentrated, and removed from 

cells via secretion into EVs, such as cisplatin in drug-resistant forms of ovarian carcinoma156. 

These data support the roles that EVs play in tumor drug resistance, which is a major challenge 

in tumor treatment. 
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9. Novel role of stem cells in tumorigenesis supported by extracellular vesicles  

The study of EVs in relation to stem cells is in an early phase, with the cancer stem cell 

hypothesis itself being under investigation157. It has been suggested that a heterogeneous 

population of cancer cells can develop from a single cancer stem cell, and that cancer stem cells 

are drivers of the tumor and resistant to therapeutic interventions158. These cancer stem cells can 

potentially arise from adult normal mesenchymal cells, hematopoietic stem cells, neuroprecursor 

cells or de-differentiated astrocytes within normal tissue. Cancer stem cells recapitulate stem cell 

properties, such as self-renewal and the ability to differentiate into various cell types. Recent 

studies have focussed on the role of EVs produced by cancer stem cells, mesenchymal stem cells 

and hematopoietic stem cells in tumorigenesis, and indicated that tumor-derived EVs induce 

tumor progression, at least in part, by "educating" the mesenchymal and hematopoietic stem cells 

present within the tumor itself and by attracting stem cells from the bone marrow98. For example, 

metastatic melanoma EVs recruit mesenchymal stem cells to support tumor growth and 

metastasis via activation of the tyrosine kinase receptor MET98. EVs from gastric cancer cells 

trigger the differentiation of mesenchymal stem cells into carcinoma-associated fibroblasts via 

transfer of TGF-" and activation of the TGF-"/Smad pathway159. Transfer of miRNA via cancer-

derived EVs into mesenchymal stem cells leads to endothelial and fibroblast differentiation to 

turn on or off production of growth factors160. This EV cross-talk goes both ways and EVs from 

mesenchymal stem cells can enhance VEGF expression in tumors to support angiogenesis and 

tumor progression72. EVs from breast cancer cells have transformed adipose tissue-derived 

mesenchymal stem cells into a myofibroblast phenotype and induced expression of tumor-

promoting factors, such as TGF-"161. Taken together EVs released or taken up by stem cells and 

other normal cells can sustain progression of the tumor, probably in response to signaling from 

the tumor cells, a substantial part of which is mediated by tumor-derived EVs. 

 

10. Extracellular vesicles contribute to changes in the genome of cancer cells  

Epigenetic studies related to cancer are a relative newcomer to the field, which adds a fresh 

perspective to the role of EVs in tumorigenesis. Tumor cells are genetically instable providing 

them with the advantage of genome mutability and selection of more aggressive phenotypes in 

adapting to their local environment. For example, Beroukhim et al. (2010)162 has explored 

genomic regions that undergo frequent alterations in human cancers. These somatic copy-number 

26



 

alterations (SCNAs) have been evaluated for 26 histological types of cancer with identification 

of 158 regions of focal SCNA of which 122 are seemingly unrelated to a known cancer gene, and 

others affecting apoptosis genes and the NF-kappa beta pathway.  

 

Epigenetics refer to the pattern of DNA configuration and modification, as well as that of DNA-

associated proteins. Typically, DNA methylation and histone modification patterns create a 

heritable state of regulated gene expression through chemical, non-mutational changes in DNA 

structure163. Many lines of research suggest that a large component of pathologic changes in 

cancer are epigenetic rather than mutational. Such epigenetic changes are largely mediated by 

overexpression of the Polycomb/Trithorax group of proteins and DNA methylation. Both are 

implicated in cancer aggressiveness. Overexpression of some members of the 

Polycomb/Trithorax group of proteins, such as histone-lysine N-methyltransferase (EZH2) are 

used as marker for prostate and breast cancer164;165. DNA methylation associated with histone 

modifications and nucleosome positioning involves ncRNAs166. In general, DNA methylation 

tends to repress gene expression, while acetylation of histones tends to activate gene expression. 

There is increasing evidence that hypermethylation and hypomethylation are associated with 

human malignancies. One of the most striking features of tumors is their overall genome 

hypomethylation, which occurs early in tumor development167, along with hypermethylation of 

discrete loci, as has been noted for glioma168-170. In fact, loss of function of a DNA 

methyltransferase in transgenic mice resulted in a high frequency of cancer171. An example of 

ncRNA-mediated changes in DNA methylation in cancer includes down-regulation of DNA 

methyltransferase expression by the miRNA-29 family172;173.  

 

There is no direct evidence for a role of EVs in epigenetic regulation, but it is known that 

miRNA-29 is one of top 25 highest miRNAs in EVs produced by primary glioma cell lines 

(Skog and Breakefield, unpublished data)20 and that a large fraction of the RNA in EVs is 

ncRNA26;174. It is also known that normal tissue adjacent to tumor tissue becomes 

hypomethylated, as compared to normal tissue further away from the tumor (e.g.)175, suggesting 

a role for cell-to-cell communication, which could be mediated by transfer of ncRNAs or 

proteins via EVs. Other studies have shown that a genome hypomethylated state is also found in 

normal embryonic and reproductive tissues176;177. The advantage of a hypomethylated state in 
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surrounding normal cells of the tumor may be to render them more dedifferentiated and hence a 

more pluripotent state. In general, a hypomethylated genome should be more responsive to 

changes in a transcriptional profile induced by signaling and transcription factors produced by 

tumor cells, thus, allowing the tumor to steer the phenotype of normal cells. Furthermore, the 

activation of transposons, such as HERV sequences in the genome through hypomethylation of 

their promoters, and their high content in tumor EVs40, may account for the apparent increase in 

EV production from tumor cells. Such tumor-derived EVs may contain retroviral-like particles, 

as the shedding from the plasma membrane of RNA-loaded EVs show similarities to the 

production of retroviruses178. HERV sequences in EVs may, in turn, integrate into the genome of 

recipient cells and act as mutagens40. However, studies of EV-mediated changes in the 

epigenome of tumor cells are in their infancy, but several lines of research suggest that EVs may 

be involved in DNA methylation and histone modification that possibility play a significant role 

in tumorigenesis. 

 

Conclusion 

The main role of EVs in tumorigenesis is to sustain cell-to-cell communication via transfer of 

genetic, protein and lipid information. In this overview, we have used as a template the hallmarks 

of cancer as proposed by Hanahan and Weinberg (2011)1 and discussed EVs and their role in 

these hallmarks. We speculate that the statement in the Hanahan and Weinberg (2011)1 

publication: “In part, the understanding of these mechanisms is complicated by the fact that the 

growth factor signals controlling cell number and position within tissues are thought to be 

transmitted in a temporally and spatially regulated fashion from one cell to its neighbors; such 

paracrine signaling is difficult to access experimentally” predicts the, as then unknown, role of 

EVs in cancer. Therefore, it appears that EVs are not only an additional hallmark of 

tumorigenesis, but also supportive of other hallmarks of cancer. Although we currently lack a 

detailed map of the role of EVs in tumor progression, this review highlights some of our current 

insights in this area. Future studies on new functions of EVs in cancer will provide additional 

insights into the pathogenic mechanisms and potential manipulation of EVs in therapeutic 

interventions. 
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Figure 1.  Tumorigenesis.  

A. Human brain showing in a sagittal (left) and a coronal (right)section of the brain (the location of a 

tumor (dark brown mass) located in the right parietal lobe surrounded by blood vessels (venous = 

blue and arterial = red) and ventricular system (cerebrospinal fluid (CSF) = light blue). 

B. Stages in tumor development begin with a benign neoplasm that can expand to a carcinoma in 

situ and subsequently can progress to a malignant tumor, also known as cancer. The tumor cells 

(red) and normal cells (green) both secrete EVs in their environment (red and green dots, 

respectively) which travel through the tissue to the blood stream and circulate in the body fluids, 

such as the blood or the cerebrospinal fluid. While the tumor grows it produces more tumor-

derived EVs that support the tumor progression within its direct environment, including 

recruitment of new blood vessels (brown). Note that as the tumor progresses the extent of 

angiogenesis increases. See also Box 1. 

C. For most tumors, it appears that the level of EVs in the circulation increases as the tumor grows. 

These circulating EVs are used to establish tumor-specific biomarkers in a non-invasive fashion. 
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Figure 2. Role of EVs in hallmarks of cancer. 

The hallmarks of cancer and EVs produced by a tumor (red dots n top left cartoon at lower 

magnification and protrusions of grey cell at higher magnification in the middle of the figure). The 

malignant tumor initiates cascades of events involved in growth, proliferation, and modulation of the 

microenvironment including induction of angiogenesis, invasion and metastasis. The tumor cells release 

EVs (orange and grey) containing genetic information as DNA (blue), RNA (orange), and protein (red). 

These EVs can transfer their cargo between cells in the microenvironment and circulate in the blood to 

promote the formation of tumor niches in other organs. 

 

 

 

 

 

 

 

45



 

Box 1. Summary of tumorigenesis.   

One of the most important factors in classifying a tumor as benign or malignant is its invasive potential. 

When a tumor lacks the ability to invade in the environment or spread to distant sites by metastasizing in 

the circulation, it is considered benign, whereas invasive or metastatic tumors are malignant arising from 

a carcinoma in situ. The following main sequences in tumorigenesis are known.  

The benign stage of a tumor consists of a non-cancerous growing mass of cells that lacks properties to 

invade or metastasize with a structurally intact basal lamina. These tumor cells typically retain 

differentiated properties of the parent normal cell and have a slower rate of growth as compared to a 

cancerous cell. Although benign tumors pose a lower health risk than malignant tumors, they can 

sometimes be life-threatening. For example, meningioma are in general defined as benign tumors of the 

brain, but due to the expanding space occupied by the tumor mass, the patient may develop neurological 

dysfunctions, such as seizures, headaches, vision problems etc., causing severe impairments. In general, a 

benign tumor is removed to prevent progression of the tumor into a carcinoma. 

A carcinoma in situ is a type of tumor that is considered to be an early stage of cancer without 

penetration of the tissue’s basal lamina or other limitations. The mass of cells grows locally and 

accumulation of neoplastic cells occurs. For example, in the case of a skin tumor the epidermal-derived 

tumor cells remain located in the epidermal part of the skin and do not invade deeper layers, such as the 

dermis. When the tumor is removed in an early stage, the probability that the tumor develops into skin 

cancer is reduced. In the international tumor classification system known as tumor lymph node metastasis 

(TNM) which describes the extent of a tumor within the human body, starting at in situ tumors which are 

classified as stage 0 (benign)and progressing to highly malignant (stage 4). Neoplasms are usually 

removed, if possible, and when needed can be given to the patients. 

(http://www.cancer.gov/cancertopics/factsheet/detection/staging) 

A malignant tumor, commonly called cancer, may consists of different pathologies in the human body. It 

is the final step in tumorigenesis and include all the hallmarks of cancer that mark their rapid cell 

division, cell growth, invasion and spread to surrounding structures and the circulation. This stage of 

tumor progression is often lethal and requires aggressive treatment. Different types of classification 

systems such as TNM, are applied to determine the type of cancer and the design of the treatment. 
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