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Abstract

Different types of RNAs identified thus far represent a diverse group of macromolecules that are

involved in the regulation of different biological processes. RNA is generally thought to be

localized primarily in the nucleus and cytoplasm, however, some types of RNA have been

detected in the extracellular milieu. These extracellular RNA (exRNA) molecules are protected

from degradation and it is now widely accepted that extracellular vesicles and ribonucleoprotein

particles serve as transport vehicles for exRNA among cells. The functional consequence of this

transfer of genetic information probably encompasses a broad range of normal developmental and

physiologic processes in many organisms. This review will focus on the role of exRNA

communication in cancer. We will focus on different types of RNA species identified and

characterized within tumor-derived extracellular vesicles. Further, we will describe the role of

exRNAs in cancer progression, as well as their potential for use as diagnostic biomarkers and

therapeutic tools for monitoring and treating cancer, respectively.
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1. Introduction

Classical thinking dictates that endogenous RNA is found within the nucleus, where it is

transcribed and regulates gene expression, and in the cytoplasm where it participates in
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protein translation. However, RNA outside of cells - extracellular RNA (exRNA) was

identified decades ago suggesting that some RNA molecules are released from cells in a

stable form resistant to degradation by ribonucleases (RNAses) [1]. What has become

evident over the past few years is that different types of exRNA carried in various types of

vehicles are present in the extracellular milieu. More importantly, it has been shown that

these exRNA molecules, along with protein cargo, can be transferred between donor and

recipient cells and influence the phenotype of the recipient cells [2–6]. This exchange of

genetic information between cells with a corresponding change in the phenotype of the

recipient cells has been demonstrated in human cancers in several seminal reports over the

past few years [3,7–9].

Free-floating RNAs in the extracellular space are highly sensitive to degradation by RNAses

found throughout the body; therefore, the ability to detect exRNAs in bodily fluids suggests

that they are found in enclosed structures and protected from degradation. Several different

vehicles of exRNA transport have been documented [10]. For example, exRNA has been

found to associate with high-density lipoprotein (HDL) complexes, the Argonaute 2

complex, and other RNA binding proteins [11–13], as well as extracellular vesicles (EVs)

[2,3].

Vesicle release is a naturally occurring process that has been observed in nearly all cell types

(for review see [14,15]). EV release occurs not only in most healthy cells, but also in a

number of different disease states, including human cancers [2,7,8]. In fact, EVs have been

isolated from both cultured cancer cell lines and different biological fluids, including serum,

plasma, ascites fluid and urine of cancer patients [3,8,9,16–19]. Most studies have shown

that EVs are shed in greater numbers from cancer cells, as compared to normal cells

[2,20,21].

Extracellular vesicles represent a novel vehicle for cell-cell communication which can allow

transfer of cytoplasmic and membrane proteins, as well as DNA and RNA between cells

(Fig. 1), and contribute to modulation of numerous biological processes [15,22–27].

Extracellular vesicles can serve as vehicles for transport of exRNA through the extracellular

milieu from cancer cells to normal cells in the immediate surroundings as well as distal sites.

This novel type of cell-cell communication has emerged as a means for cancer cells to both

eliminate RNA and proteins that restrain their growth, and to transfer oncogenic molecules

that contribute to progression of cancer and other pathogenic aspects of disease and

resistance to therapies [8,9,18,28]. Since the discovery that EVs contain oncogenic

molecules that are transferred to recipient cells, research has focused on elucidating the role

of EVs in human cancer and the factors within EVs that contribute to disease progression

[3,4,7,21,29]. Thus far, cell-to-cell communication mediated by EVs has been shown to be

an important contributor in the different stages of cancer progression, such as tissue

invasion, immune evasion, angiogenesis and metastasis [9,29–34].

In this review, we will focus on the release of the different types of exRNA molecules

including mRNA, microRNA (miRNA), and other non-coding RNA (ncRNAs), as well as

transposable elements and how these biomolecules contribute to cancer. Further, we will

discuss the effects of exRNAs once they are taken up by recipient cells within the context of
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human cancers. We will also review the potential of using exRNA as biomarkers and

therapeutic vehicles to treat human cancers.

2. Biogenesis and content of extracellular vesicles

Several different types of vesicles have been identified including exosomes, microvesicles,

oncosomes and microparticles [7,8,35–38]. The nomenclature within the field of EVs is yet

to be precisely defined, thus, in this review we will refer to all types of vesicles as EVs [36].

The different types of EVs identified to date are categorized based on their origin, size and

content [37].

Exosomes are the smallest EVs and range from 30–100 nm in diameter [39]. They are

believed to form by the inward budding of endocytic membranes resulting in the formation

of intraluminal vesicles (ILVs), collectively termed multivesicular bodies (MVBs).

Exosomes are released into the extracellular milieu upon fusion of the MVB membrane with

the plasma membrane (Fig. 1) [35,40]. Microvesicles range in diameter from 100 nm to

1000 nm, are formed by the outward budding of the plasma membrane and are released

directly into the extracellular milieu (Fig. 1) [36,37]. Large microvesicles (up to 5µm in

diameter) derived from tumor cells have been termed oncosomes and carry oncogenic

molecules that have been shown to alter the phenotype of the recipient cells in support of

tumor growth [2,7,8,41].

The content of EVs is diverse and includes proteins, lipids, DNA and different types of RNA

[3,21,42, 43]. Protein markers have been used to try to distinguish exosomes from

microvesicles, but there is some overlap in the content of these two vesicle types. Exosome

markers classically include transmembrane proteins CD63, CD81, Alix and Tsg101 [26,37].

Microvesicle protein markers are dictated in part by the proteins on the surface of the cell

releasing them and Annexin V is commonly used as a marker [37,44]. The lipid content of

the vesicles depends on the type of vesicle being released. For example, the lipid content of

exosomes is composed of cholesterol, sphingomyelin and ceramide, while microvesicle

membrane has a higher content of cholesterol [35,45].

Several different types of RNA molecules have been detected in EVs including mRNA, long

non-coding RNA (lncRNA), small non-coding RNAs (sncRNAs), such as miRNA, and

ribosomal RNA [4,46–49]. Some RNA molecules are enriched in EVs, compared to parental

cells [e.g. 2,3,50]. RNA messages contained within EVs can be delivered to recipient cells

and be translated into functional protein within the donor cell, albeit this may depend on the

size and other properties of the RNAs [3,51]. Smaller miRNAs can be efficiently transferred

in EVs and frequently appear to be functional in recipient cells [52–54]. The abundance of

exRNA within EVs led to the concept of using EV-exRNA as biomarkers for human cancer

given that tumor specific RNA, such as EGFRvIII transcript, was identified within EVs

[3,48]. We will focus on specific types of RNA species detected within EVs in more detail

in sections below. Since most EV preparations are obtained by differential centrifugation

with the collection by ultracentrifugation yielding vesicles of all sizes, as well as protein

aggregates and HDLs, preparations referred to as EVs may contain exRNA in other forms as

well.
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3. Proposed mechanisms of EV interaction with recipient cells

Cell-to-cell communication is mediated by a number of different mechanisms and is an

important aspect of many biological processes. The role of EVs as mediators of cell-to-cell

communication is being extensively investigated [23,26,55,56]. Three main mechanisms by

which EVs mediate intercellular communication have been proposed [38] (Fig. 2): i)

Proteins within the membrane of vesicles can serve as ligands for the receptors on the

surface of recipient cells. Some of these same membrane proteins can also be cleaved by

proteases generating soluble forms. The soluble form of the membrane proteins can also

interact with receptors on the cell surface [57]. ii) EVs can be internalized into recipient

cells via fusion of the EV membrane and cellular membrane thereby releasing EV contents

into the cytoplasm. iii) EVs can be taken up into cells via endocytosis (pinocytosis and/or

phagocytosis; [58]). Receptor-ligand interaction likely leads to activation of signaling

pathways while internalization of EVs into recipient cells results in delivery of the EV

cargo, initiating a number of different downstream events. Conceptually, it seems that direct

fusion might be a more efficient means of cargo delivery as compared to endocytosis, as the

latter can be associated with degradation of macromolecules.

4. Diversity of RNA molecules in EVs

Different types of RNA have been detected in EVs purified from biological samples and

conditioned media and may have a number of potential roles after cellular uptake (Fig. 2).

Recent technological developments have allowed for the deep sequencing of RNA in EVs

from various sources. The first studies indicate that EVs contain a diverse collection of RNA

molecules, including mRNA, miRNAs, ribosomal RNA, transfer RNA, lncRNA,

piwiinteracting RNA (piRNA), small nuclear RNA and small nucleolar RNA (snoRNA)

[47,59]. A recent study revealed that miRNAs were the most abundant small RNA

molecules in plasmaderived exRNA [49]. Cancer patients tend to have a higher yield of

RNA in EVs from serum as compared with controls, most represented in the small size

range (<500 nt) and of unknown cellular origin [43,60].

MRNAs

Cancer genetics is a complex puzzle characterized by genotypic changes such as mutations,

deletions, insertions, amplifications and rearrangements of genes, as well as epigenetic

changes in gene expression of genes that are not necessarily changed at the DNA level. In

cancer, most genes have altered expression levels rather than mutations per se. The host’s

response to the tumor also involves changes in gene expression in normal cells. Our group

has shown that the mRNA expression pattern in serum EVs from glioblastoma patients are

distinct from controls (121 genes were down-regulated at least 2-fold) and that most changes

were in components of the ribosome [43]. As these genes are abundantly expressed in

lymphocytes this apparent down-regulation may reflect the low white blood cell counts

common in immuno-compromised glioblastoma patients [61], with white blood cells also

releasing EVs into the serum [35].

The presence of mRNA sequences has been extensively described in EVs [for review see

62], albeit the size range and relative content of fragments versus full-length messages
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remains to be determined. Depending on the nature of the donor cell, the types of mRNAs

detected and the relative enrichment in EVs can vary significantly. For example,

glioblastoma cell-derived EVs are enriched in mRNAs species involved in cell proliferation,

immune response, cell migration, angiogenesis and histone modification [3]. EVs from

mouse mast cells (MC/9) contain mRNAs responsible for cellular development, protein

synthesis, and RNA post-transcriptional modification [2]. EVs from human liver stem cells

(HLSCs) and mesenchymal stem cells (MSCs) also contain a selective repertoire of mRNAs

and interestingly these EVs have also been found to contain ribonuclear proteins (RNPs),

such as staufen 1 (Stau1) and 2 (Stau2) that are involved in mRNA transport and stability

[63] suggesting a role for RNPs in selective packaging of mRNAs into EVs. The “code(s)”

for selective packaging of mRNAs in EVs has yet to be determined, but initial studies

suggest the possibility of a common sequence in the 3’ UTR of mRNAs naturally enriched

in EVs that can be used to increase levels of other mRNAs [64] and binding motifs in

miRNAs that associate with heterogeneous nuclear ribonucleoprotein A2B1 associated with

their enrichment in EVs [65].

MiRNAs

EVs also contain many non-coding RNA molecules, including miRNAs that are especially

prominent in EVs derived from cancer cells and body fluids [66]. miRNAs are 21–25

nucleotides in length and can repress translation through base-pairing with the 3’UTR of

mRNA molecules [for review see 67]. Processing of miRNA involves several different steps

and starts with the splicing of the primary mRNA transcript into a larger precursor RNA

molecule called pri-miRNA. Pri-miRNAs are cleaved in the nucleus by the enzyme Drosha,

resulting in up to six different miRNA precursor molecules, pre-miRNA, per miRNA

genomic locus and these pre-miRNA molecules are transported to the cytoplasm. Finally,

the pre-miRNAs undergo an additional processing step by Dicer, which generates the

mature, typically, 22-nucleotide miRNAs that are incorporated into the RNA-induced

silencing complex (RISC). In the human genome over a 1000 putative miRNA sequences

have been found. Based on conservation of miRNA binding sites in the 3’UTR of mRNA

molecules it has been estimated that over 60% of human genes are targeted by one or more

miRNAs, with individual miRNAs able to target hundreds of mRNAs. Due to this intricate

regulatory network, miRNAs are able to influence many biological processes.

miRNAs have been detected in various body fluids, including serum, plasma, saliva, urine,

breast milk and cerebrospinal fluid (CSF) [13,68]. These regulatory RNA molecules have

been detected in large quantities in these body fluids despite the presence of high levels of

RNAses. This indicates that these extracellular miRNAs are packaged in a manner that

protects them from degradation. Indeed, miRNAs in circulation have been found inside EVs,

as well as in RNA-protein and lipid complexes [13]. Vickers et al. (2011) discovered that

purified HDL particles isolated from human plasma contain a number of miRNAs [11].

Interestingly, miRNAs bound to HDL particles from familial hypercholesterolemia subjects

showed a different miRNA profile, compared to healthy controls supporting the use of

extracellular miRNAs as biomarkers of this disease state [11]. In addition to lipoprotein

complexes miRNAs are found in the circulation bound to argonaute proteins [12].

According to this study, the majority of miRNAs found in circulation are bound to argonaute
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proteins compared to miRNAs associated with vesicles. However, the exact percentage of

vesicle-bound miRNAs vs. HDL bound and argonaute protein bound (ago-miRNA complex)

miRNAs has been debated and probably differs for specific miRNAs and different biofluids.

Additionally, whether ago-miRNA complexes are actively transported out of cells and taken

up by recipient cells still needs to be explored. In contrast to miRNA-protein complexes, the

release of miRNAs from cells within vesicles has been widely studied and it has become

clear that miRNA-containing vesicles can be isolated from different biofluids, as well as

conditioned medium from cells grown in culture [69]. A number of miRNAs are selectively

packaged in EVs by most cells and their EV content can be further increased by elevating

levels of specific miRNAs in the producer cells [70]. In 2007, Valadi et al. demonstrated the

presence of miRNAs in mast cell-derived exosomes and proposed that “exosomal shuttle

RNA” could mediate genetic exchange between cells [2].

Depending on the donor cells and the physiological context, the EV-mediated transfer of

miRNAs can alter the phenotypic profile of the recipient cells. Importantly, this transfer of

EV contents can result in changes in the levels of miRNAs in recipient cells. Examples are

the transfer of miR-150 from a monocytic cell line to endothelial cells [52], transfer of

miR-235 from antigen-presenting cells to T cells [71], transfer of miR-223 from

macrophages to breast cancer cells [53] and the transfer of miR-126 from apoptotic

endothelial cells to surviving endothelial cells [72]. While these studies show an increase of

the levels of transferred miRNAs in the recipient cells they fail to discriminate whether these

increased miRNA levels are the result of direct delivery via the EVs or whether they reflect

transcriptional up-regulation of these miRNA due to signaling events triggered by EV

uptake. An elegant study using EBV-infected B cells provided proof for direct transfer of

miRNAs by showing the existence of EBV-specific miRNAs in non-infected cells [73].

These miRNAs were biologically functional as transfer of these miRNAs via isolated EVs

down-regulated several target mRNAs in recipient cells.

In addition to down-regulating target mRNA molecules after EV transfer, these miRNAs

could also alter the phenotypic state by binding and activating RNA-binding receptors. An

interesting study showed the co-localization of EV-delivered miRNAs with Toll-like

receptors (TLRs) inside endosomes in recipient cells. Furthermore, lung cancer-derived EVs

induced an increase in tumor-necrosis factor (TNF) production in macrophages which was

partly dependent on TLR7, suggesting that binding of miRNAs could result in functional

activation of the receptor [74]. Some studies have explored the possibility of treating

patients by targeting deregulated miRNAs especially in cancer stem cells [75]. miR-34 is

probably the most extensively studied miRNA showing the benefits of miRNA enrichment

therapy for a variety of cancer types [76].

Other ncRNAs

Many lines of evidence support the ability of EVs produced by tumor cells to influence the

phenotypic state of normal proliferative cells in their environment [77]. These “heritable”

changes in the recipient cells suggest epigenetic mechanisms operating on their genome,

which modify their transcriptome, such as methylation of CpG islands and acetylation of

histones in promoter regions [78]. The role of exRNAs in such processes is suggested by the
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relatively high content of regulatory RNAs in EVs. Deep sequencing of RNA from EVs

derived from different cell types reveals substantial levels of many small ncRNAs, as well as

lncRNAs, both of which are implicated in gene regulation [for review see 79]. These include

miRNAs, as well as signal recognition particle (SRP)-RNA, vault RNA, Y-RNA and

transfer RNA (tRNA) fragments in EVs from dendritic cells [59]; 7SL, Y-RNA and piRNA

in EVs from a neural cell line [47]; and lncRNA, piRNA, tRNA fragments and snoRNA in

EVs from plasma of glioma patients [49]. A few of these RNAs have been associated with

epigenetic related mechanisms and many are up-regulated or down-regulated in cancer

[80,81]. For example piRNAs (20–30 nt) are involved in maintaining genome stability and

DNA methylation with aberrant expression in human tumors [82], snoRNAs (60–300 bp)

may regulate gene expression by effects on other RNAs and are abnormally expressed in a

number of cancers [80], and lncRNAs (>200 bp) comprise a large class of transcribed, ultra-

conserved ncRNAs that mediate epigenetic modification of DNA with altered expression

profiles in cancer [83]. Several studies also indicate that miR-29 and other miRNAs can

inhibit mRNAs for DNA methyltransferases resulting in global hypomethylation and overall

activation of the genome [84–86], a hallmark of cancer (for review see [78]). Downstream

effects of EV exposure could also include histone modifications, such as acetylation, which

is associated with a more active transcriptome, with the lncRNA HOTAIR causing the

repressive polycomb protein, EZH2 to be retargeted across the genome, which is associated

with “epigenetic switching” [87–89]. The action of DNA regulatory RNAs is an active area

of research with promoter-directed RNAs acting both through sequence specific and non-

specific interactions that can guide chromatin modifying proteins within the genome (for

review see [80,90]). Whether sufficient quantities of these regulatory RNAs are transferred

from tumor cells to stromal cells through EVs to cause epigenetic changes associated with

cancer progression remains to be determined.

Repetitive elements

including transposable elements (TEs), also known as “jumping genes”, are pieces of DNA

that can jump from site to site affecting the genome in a variety of ways. They can generate

mutations, induce genomic instability or contribute to genomic evolution. TEs can be

separated into two major classes, DNA transposons and retrotransposons: DNA transposons,

which make up about 3% of TEs, can copy themselves and insert into new sites in the form

of DNA. Retrotransposons move in the form of an RNA-intermediate and are reverse-

transcribed into DNA, then inserted into new locations within the genome [91].

Hypomethylation of the genome is a common phenomenon in cancer and results in

increased expression of TE elements [92], but it is as yet unclear to what extent higher

transcription of TE elements is a driver in cancer or a by-product of cancer. Most

retrotransposons were inserted into the human genome over 25 million years ago and have

accumulated enough changes and mutations to render them almost entirely silent [93].

Nonetheless, a few of these sequences are still active and mobile within the genome. Most

recent entries into the genome, such as the human endogenous retrovirus, HERV-K tend to

have more complete sequences and be more active “jumpers”. HERV-K transcript, for

example, has intriguingly been detected in some human breast cancers, but not in breast

tissue from healthy controls [94] and proviruses containing mature Gag and Env proteins of

retroviruses have been isolated from human melanomas, as well as lymphomas [95,96]. We
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have shown that certain retrotransposons, including HERV-K, HERV-H and HERV-W are

highly enriched in tumor-derived EVs and can be transferred via EV-like particles to normal

endothelial cells [21]. The presence and enrichment of these mobile elements in

tumorderived EVs is particularly intriguing as it suggests that tumors may send out these

retrotransposon “messages” via EVs to destabilize the genome of the surrounding cells.

This, in turn, may make these normal cells more responsive to tumor signals.

5. The roles of extracellular RNA in cancer progression

Vesicle shedding has been observed to occur in tumor cells for a number of different human

cancer types [3,9,41,62,97,98]. In fact, EVs have been isolated from both cultured tumor

cells and biological samples, such as plasma, urine and ascites fluid of cancer patients, as

well as controls [3,8, 9,16–19]. Current evidence supports an influence of tumor EVs on

many aspects of cancer progression, such as invasiveness, angiogenesis, immune evasion,

metastasis and coagulation [30,31,99,100]. However, the numbers of studies that have

directly shown the effect of EV-mediated exRNAs on recipient cells with respect to cancer

progression are limited.

A specific example of the role of miRNA in cancer is illustrated by the ability of EV-

mediated transfer of miR-223 from activated macrophages to breast cancer cells with an

associated increase in their invasiveness [53]. Using DiscovArray it was shown that

miR-223 was expressed in the activated macrophages, but not in two breast cancer cell lines.

Further, miR-223 was released from activated macrophages within EVs and transferred to

the breast cancer cells. The recipient breast cancer cells internalized the EVs and this

transfer was associated with increased invasiveness of the breast cancer cells, as measured

by a trans-well invasion assay. EVs purified from unactivated macrophages did not

significantly stimulate invasiveness of the breast cancer cells. Importantly, the invasiveness

of the tumor cells was dependent on miR-223 within the EVs, as incubation of breast cancer

cells with EVs purified from activated macrophages followed by the treatment of the

recipient cells with an miR-223 antisense oligonucleotides (ASOs) reduced the invasiveness

of the breast cancer cells. These effects were not observed using EVs from non-activated

macrophages. The authors did not probe for upregulation of the premiR for 223 in the

recipient cells to rule out a secondary effect. Thus, EV-mediated transfer of miR-223

released by activated macrophages, directly or indirectly, promotes tumor invasiveness of

breast cancer cells, albeit other factors in these EVs may also contribute to this cancer

supportive phenotype.

Angiogenesis is an important process in the development of human cancers as a constant

and expanding blood supply is required for tumor growth. In 2012, Zhuang et al. showed

that miRNA increase in endothelial cells mediated by EVs stimulated tumor angiogenesis

[101]. Specifically, using a tumor-endothelial cell co-culture system, the authors identified

several highly elevated miRNAs in endothelial cells co-incubated with tumor cells, but not

with endothelial cells grown alone, as previously shown by Würdinger et al. [102]. Zhang et

al. went on to show that the effect was due specifically to factors released into the

conditioned media by tumor cells. Further, the observed increase in the miRNAs in the

endothelial cells could be attributed to the uptake of tumor EVs, as knock-down of Drosha
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and inhibition of miR-9 and miR-183 in tumor cells led to a reduction in the levels of these

miRNAs in recipient endothelial cells. In subsequent co-culture assays focusing on the

effects of miR-9, they showed that knockdown of miR-9 in the tumor cells led to a reduced

rate of endothelial cell migration. One of the caveats of the study is that the authors did not

directly show that miR-9 in tumor-derived EVs delivered to endothelial cells was

responsible for induction of angiogenesis. However, the finding that delivery of miRNAs via

EVs results in changes to the miRNA profile of endothelial cells has important implications

for angiogenesis formation and tumor progression.

These studies represent major steps forward in elucidating contributions of specific RNA

molecules transferred within EVs to cancer progression. Future studies are needed to

establish the role of other exRNAs in progression of tumors.

6. exRNA as biomarkers for cancer

The presence of exRNAs from cancer cells in biofluids provides the potential for their use as

biomarkers to provide a “snapshot” of the macromolecular composition of tumor cells. EVs

have been found in all biofluids, including serum, plasma [3], CSF [103], urine [104], breast

milk and saliva [105]. Cancer diagnosis, as well as treatment decisions, stratification for

clinical trials, longitudinal profiling of dynamic genetic changes in tumors, outcomes of

clinical trials, and follow-up for populations at risk, all have the potential to be informed by

exRNA assays on biofluids, thereby, bypassing the need for tumor biopsy in many cases.

exRNA-based assays could also provide an important companion diagnostic to determine

specific pathways mutated or altered in individual cancers. As cancer molecular diagnostics

becomes increasingly sophisticated, knowledge about specific aberrant pathways on a

patient-by-patient basis could open the opportunity for specific drug targeting for

individualized care [106]. exRNAs are ideal biomarkers because they have the potential to

be highly sensitive, predictive, robust, translatable and most importantly minimally invasive.

The use of exRNAs in biofluids as biomarkers of cancer is being explored using a number of

different biofluids and types of cancer with analysis of levels and mRNA mutations, as well

as levels of miRNAs and other non-coding RNAs (see Table 1 for examples). Biomarker

detection in EVs can be challenging because tumor-derived EVs are not very abundant

relative to the bulk of circulating EVs which are derived from normal host cells [107].

Examples of promising EV-based mRNA markers for peripheral cancers include detection

of mRNA for a fusion protein, TMPRSS2-ERG in urine EVs in prostate cancer [108],

elevated VEGF, IL-6, RANTES mRNAs in EVs from blood in gastric cancer [109] and

LISCH7 mRNA in EVs from plasma in colon cancer [110]. Several papers describe

distinctive mRNA transcriptomes in saliva from patients with breast cancer [111]; pancreatic

cancer [112] and ovarian cancer [113], as compared to controls. mRNA encoding for a

tRNA synthetase unique splice variant has also been shown to be released in EVs from

prostate cancer cells in culture [114], but this has yet to be evaluated in urine from these

patients. In addition, microarray analysis of mRNAs in serum EVs from glioblastoma

patients and controls can correctly separate these two groups by unsupervised clustering

analysis, although in this case the critical differences in mRNA levels seem to reflect the

response of the patient cells to the tumor rather than being mRNAs in tumor-derived EVs
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[43]; albeit abnormally high levels of the tenascin C mRNA characteristic of glioblastoma

tumors was found in serum EVs from these patients [43].

In brain tumors, the constitutively active form of EGFR, the EGFRvIII variant, present in

about 30% of glioblastomas [115], was detected in serum-derived EVs from patients whose

tumors were confirmed to contain this mutant/variant [3]. More recently a point mutation in

the isocitrate dehydrogenase 1 (IDH1) gene was detected in CSF EVs from glioma patients

[116]. This mutation occurs in 80% of low-grade gliomas and 20% of secondary

glioblastomas and correlates with longer survival and better response to temozolomide

treatment [117]. Large deletions and rearrangements, such as EGFRvIII, are relatively easy

to detect using real-time PCR because the background genes are different enough so they

can be excluded in the PCR assay. Small genetic changes, such as the point mutation in the

IDH1 gene can be extremely challenging and require more sensitive assays. BEAMing

(Bead, Emulsion, Amplification, Magnetics) PCR, and more recently digital PCR

instrumentation allow amplification of very rare events, even when there is a prominent

wild-type background signal [118]. In BEAMing assays, molecules of interest are diluted

into thousands (or millions) of individual water compartments and re-suspended in oil such

that each PCR reaction occurs individually, thereby reducing interference from the

background signal. This platform was used to develop an assay for the mutant IDH1 with

detection sensitivity estimated at 1 mutant per 10,000 normal copies of the mRNA in CSF

[116]. Next generation sequencing platforms, especially direct targeted sequencing, should

increase the sensitivity of the exRNA-based biomarker detection even further.

Great emphasis is currently being placed on levels of miRNAs in biofluids as a source of

biomarkers for cancer (for review see [119]). For example, studies have reported abnormal

distinctive miRNA profiles in serum from patients with ovarian cancer [48], lung cancer

[46] and esophageal squamous cell carcinoma [120], as well as in saliva from patients with

oral cancer [121]. Other cancers, including prostate [108,122], liver [123] and colorectal

cancer [124] also contain unique profiles of miRNAs within their released EVs. We and

others have detected abnormally high levels of miR21 and other specific miRNAs in serum

and CSF from brain tumor patients [3,125,126]. To facilitate use of miRNAs as tumor

biomarkers, extensive efforts have been undertaken to collate EV miRNA associated with

different types of cancer into public databases [127], with a companion databases for EV

mRNA and protein [128]. ncRNAs, including lncRNA, siRNA, piRNA, snRNA and others

have also been detected at high levels in EVs in cancer patients, thus supporting a multi-

variant platform for cancer biomarker discovery [21,50,59,62] with a peak of small (<200

nt) RNAs distinctively found in serum EVs from glioblastoma patients, as compared to

controls [59]. Collectively there is great promise in the use of exRNAs in biofluids as

biomarkers for cancer.

7. exRNA as therapeutics for cancer

In considering the potential therapeutic impact of exRNA for cancer, it is important to bear

in mind the large amount of information EVs normally contain in the form of protein, lipid,

DNA and RNA, and how these constituents vary depending on the cells from which the EVs

are derived. In general, EVs from tumor cells are considered part of the pathogenesis of
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cancer, with a substantial component within these tumor EVs being exRNA (for review see

[107]).

One potential therapeutic strategy would be to reduce the release of EVs from tumor cells,

for example using short interfering RNAs (siRNAs) which down-regulate Rab proteins

involved in the MVB release process [129] or to remove EVs from circulation by dialysis

[130]. EVs from normal cells on the other hand, such as immune cells, are seen as active

components in fighting cancer with an important aspect being their RNA content, as found

in EVs from immune cells (see below). In this case, strategies would seek to selectively

augment this cancer-targeting component, such as enriching EVs from appropriate cell types

in patients.

Given the backdrop of the complex cargo in EVs, one has to consider that any therapeutic

RNA incorporated into EVs will need to function in the background of a host of other RNA

species and components, so the cell of origin used to generate EVs will be critical. When

properly selected, these therapeutic EVs can contain inherent, as well as engineered RNAs.

Several methods have been used to incorporate therapeutic RNA into EVs, as well as to

retarget EVs to specific tissues (Fig. 3). 1) In one of the first attempts, EVs from autologous

dendritic cells in culture were targeted by transduction with a membrane ligand. EVs were

then harvested from transduced cells and loaded with siRNA by electroporation followed by

intravenous administration into mice [131]. Although carried out to produce a knock-down

of neurodegenerative mRNAs in mice, this study offers a paradigm for targeting EVs for

uptake by specific tissues and delivering therapeutic RNA via protective and non-

immunogenic EVs, with obvious applications to cancer. 2) Another approach has been to

transfect a DNA expression construct into cells to achieve high expression levels of a

therapeutic mRNA/protein in the EV donor cells in culture, such that substantial amounts of

these therapeutic agents are incorporated into the EVs. This was used to deliver a prodrug

activating system (cytosine deaminase-uracil phosphoribosyltransferase) to schwannoma

cells by direct injection of loaded EVs into the tumor, with subsequent systemic treatment

with the prodrug (5-fluorocytosine) resulting in regression of the tumor in a mouse nerve

model [132]. Again, this provides a paradigm for delivery of therapeutic RNAs, such as

short hairpins (shRNAs), albeit strategies to load specific RNAs into EVs still need to be

elucidated, with a potential EV-targeting “zipcode” being one option [64]. Introduction of a

targeting peptide ligand for epidermal growth factor receptor (EGFR), which is highly

expressed on many tumor types, into the membrane of EVs has also been used to deliver the

tumor suppressor miRNA let-7a to inhibit growth of breast cancer in a murine model [133].

3) Other studies also implicate EV-mediated transfer of endogenous miRNAs in cancer,

such as miR-143 in EVs from normal prostate epithelial cells which inhibits proliferation of

prostate cancer cells [134] and functional transfer of miR-335 from T cell EVs to antigen-

presenting cells through the immune synapse [71], which might be harnessed to promote

immune rejection of tumor cells. 4) Parallels between the incorporation of RNA into EVs

and production of RNA viruses in enveloped virions, e.g. retroviruses [135] can provide

important insights into EV cargo loading. In a sense many virus vectors in use, such as

lentivirus, are de facto members of the EV class and can deliver therapeutic genes to many

cell types, for example, stable delivery of tumor antigen expression cassettes to dendritic
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cells for cancer immunotherapy [136], and viral proteins can be used to promote fusion of

EVs with the recipient cell [e.g. 137]. Notably, expression of human endogenous retrovirus

sequences is up-regulated in many cancers [e.g. 21] with retroviral-like particles being

released by some cancer cells [96] (see HERV section above). Although this is generally

seen as a potential oncogenic mechanism, components of these endogenous human

sequences may be engineered to serve as efficient therapeutic RNA delivery vehicles.

One can envision future approaches which promote release of vesicles from the plasma

membrane, such as by expression of oligomeric proteins [138], and elucidation of RNA

sequence – protein binding combinations in the EVs that can load specifically engineered

RNAs into the vesicles. Such RNAs could include mRNAs encoding therapeutic proteins, as

above, as well as miRNA or other regulatory ncRNAs alone or in combination. (For a

broader review of the therapeutic potential of EVs for cancer one is referred to [139–143]).

8. Considerations for future research

A recent review highlights the importance of RNA as extracellular signaling molecules [90].

Release of RNAs within EVs or other stabilizing vehicles for transport of functional RNAs

into the extracellular milieu, and delivery to recipient cells is well documented in other

recent literature reports [2–4]. It is evident that the cargo contained within these exRNA

vehicles, contributes to different biological processes that can influence the phenotype of

recipient cells [3,8,15,22–26, 28]. Studies have also shown that specific RNA molecules are

enriched in EVs suggesting a special role for these messages or regulatory molecules in

delivering information to recipient cells [3,50]. One of the limitations of the current studies

is the focus on the presence of specific RNA molecules rather than the entire RNA

transcriptome contained within EVs, as well as other proteins and lipids which probably act

in concert. This is particularly critical given that the cargo of the EVs is dictated by the cell

of origin and should be evaluated on a cell-to-cell basis [37]. Further, several recent reports

identifying RNA within EVs using next generation sequencing methods highlight the

differences and diversity of exRNAs in different samples, with EVs having a high content of

small non-coding RNAs [49,59,144]. Establishing the profile of different RNA molecules

released within EVs, specifically with respect to EVs derived from cancer cells as compared

to normal cells, will shed light on the particular RNA molecules that may play a role in the

different biological processes important for cancer development, progression and metastasis.

Using deep sequencing and next generation sequencing methods will help to move forward

in better understanding of the composition of RNA within EVs and other extracellular

carriers [49].

Equally important, it is necessary to establish the role that specific RNA molecules released

via EVs play with regard to disease progression in the context of different types of human

cancer. Although many studies have shown that specific exRNA molecules are released and

taken up by other cells, a major goal of the future research should focus on determining the

potential functions of these identified exRNAs in the recipient cells.
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Abbreviations

ASO antisense oligonucleotides

CSF cerebrospinal fluid

EGFR epidermal growth factor receptor

ESCC esophageal squamous cell cancer

EV extracellular vesicle

exRNA extracellular RNA

HDL high-density lipoprotein

HLSC human liver stem cell

IDH1 isocitrate dehydrogenase 1

ILVs intraluminal vesicles

lncRNA long non-coding RNA

miRNA microRNA

MSC mesenchymal stem cells

MVB multivesicular body

ncRNA non-coding RNA

piRNA piwi-interacting RNA

RNAse ribonuclease

RNP ribonuclear protein

shRNA short hairpin RNA

siRNA short interfering RNA

sncRNA small non-coding RNA

snoRNA small nucleolar RNA

SRP signal recognition particle

Stau1 staufen 1

TE transposable element

TLR Toll-like receptor
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TNF tumor-necrosis factor

tRNA transfer RNA
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Figure 1. Biogenesis and cargo of EVs
Extracellular vesicles are comprised of several different types of vesicles including

exosomes, microvesicles and oncosomes. Exosomes are formed by the internalization of the

endocytic membrane and formation of MVB inside the cell. The fusion of the MVBs with

the plasma membrane results in the release of exosomes into the extracellular milieu.

Microvesicles are formed by the outward budding of the plasma membrane and are directly

released into the extracellular milieu. Oncosomes are a larger type of EV released by cancer

cells through budding of the plasma membrane. EVs contain a variety of proteins, RNA

species and types of DNA. (Modified from [62].)
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Figure 2. Interactions of EVs with cells and the potential functional roles of exRNA
EVs can interact with recipient cells in several ways. i) The EV membrane (bearing ligands)

can come in contact with receptors on the cell membrane thereby activating signaling

pathways. ii) The EV membrane can fuse with the cell membrane or iii) be taken up by

endocytosis/pinocytosis/phagocytosis. Depending on the type of exRNA present in the EVs

these RNA molecules can have multiple effects on the phenotype of the recipient cell. 1)

mRNAs can lead to translation of new proteins. 2) miRNAs can inhibit translation by

binding to their mRNA targets. 3) ncRNAs can potentially alter genome methylation

patterns and histone modifications by re-targeting epigenetic modifiers leading to altered

gene expression patterns. 4) Repetitive elements may be integrated into the cell genome

after reverse transcription. (Modified from [62].)
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Figure 3. Generation of therapeutic Evs
A) EVs can be isolated from cultured cells derived from a patient, e.g. dendritic cells,

hematopoietic cells and fibroblasts, and then loaded with a therapeutic RNA, e.g. siRNA or

miRNA ex vivo, thus providing a non-immunogenic vehicle for RNA delivery. The

endogenous contents of these EVs will vary depending on the cell type from which they are

derived and in some cases these contents may also promote therapy. B) Cells can also be

transfected in culture with an expression cassette for an mRNA encoding a targeting ligand

(1) or therapeutic protein for incorporation into the EVs. Other RNAs, e.g. shRNA, miRNA
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or mRNAs can be expressed at high levels in the donor cell, possibly including EV

incorporation signals, and used to deliver therapeutic RNAs.
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Table 1

Extracellular vesicle RNA as a source for cancer biomarkers

Cancer miRNA Biofluid Reference

Esophageal squamous
cell cancer (ESCC)

miR-21 Serum [145]

Lung cancer miR levels Plasma/serum [46]

Gliomas miRNA, LINE, SINE Conditioned medium [50]

Cancer mRNA Biofluid Reference

Ewing’s sarcoma Microarray Conditioned medium [146]

Prostate cancer Survivin Plasma/serum [147]

Pancreatic cancer Apbb1ip, Aspn,
BCO31781, Daf2,
Foxp1, Gng2, Incenp

Saliva [148]

Glioblastoma EGFRvIII, miR-21 Serum [3]

Medulloblastoma cMyc amplification Mouse serum [21]

Gliomas IDH1 CSF [116]

Glioblastoma Ribosomal RNA Serum [43]

Prostate cancer PCA-3 and
TMPRSS2-ERG

Urine [108]

Gastric cancer VEGF, IL-6,
RANTES

Blood [109]

Colon cancer LISCH7 Plasma [110]
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