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Abstract

MicroRNAs (miRNAs) are integral molecules in the regulation of numerous physiological cellular 

processes that have emerged as critical players in cancer initiation and metastatic progression, 

both by promoting and suppressing metastasis. Recently, cell-free miRNAs shed from cancer cells 

into circulation have been reported in cancer patients, raising hope for development of novel 

biomarkers that can be routinely measured in easily accessible samples. In fact, establishing 

miRNA expression in the circulation likely has advantages over determination in primary tumor 

tissue, further augmenting the potential applications of miRNA detection in oncological practice. 

In addition, secretion of miRNAs impacting distant cell signaling or promoting the formation of a 

niche that sustains a distant tumor microenvironment allows for new treatment approaches to 

thwart cancer progression.
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1. Introduction

Cancer metastasis is a complex, multi-step process accounting for the vast majority of 

cancer-related deaths [1]. Each step of the metastatic cascade involves co-evolution of the 

tumor and its microenvironment [2, 3]. Despite being the driving force of metastasis, cancer 

cells have to actively recruit stromal components to the primary and metastatic sites in order 

for tumors to thrive and progress. The tumor microenvironment at primary and secondary 

sites is thus formed by the combined action of cancer and stromal cells. The establishment 

of a supportive tumor microenvironment is highly dependent on extracellular signaling 

between cancer and stromal cells [4], which involves soluble factors, signaling molecules, 

extracellular matrix (ECM) components, and mechanical cues. In addition, membrane 

vesicles derived from both cancer and stromal cells play important roles in the promotion of 

tumor growth and metastasis [4]. For the majority of solid cancers, tumor-secreted factors 

play crucial roles in orchestrating the establishment and instructing the dynamic evolution of 
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the microenvironment at primary and distant sites [2–4]. For example, in bone metastasis, 

cancer cells secret factors such as sVACM-1, sICAM-1 and RANKL to activate the 

differentiation of osteoclasts [5–8], which in turn break down the bone matrix and release 

growth factors, such as TGFβ, to further enhance expression of bone metastasis genes and 

promote metastatic tumor growth [9–11]. Understanding mechanisms of tumor-stroma 

interaction by secreted factors has lead to the development of novel therapeutics such as 

RANKL blocking antibody denosumab.

While the role of secreted proteins has been intensively investigated during metastatic 

progression [12–16], cell-free nucleic acids (cfNAs), such as DNA, mRNA and miRNA, 

have only recently attracted interest as mediators of cancer metastasis. While cfNAs are 

higher in patients with malignant lesions than in patients without tumors [17–24], increased 

levels have also been quantified in patients with benign lesions, inflammatory disease and 

tissue trauma. Although the physiological events leading to the increase of cfNAs during 

cancer development and progression are not well understood, specific cfNAs present in 

serum and other body fluids may represent potential biomarkers that could be used as a non-

invasive, rapid, sensitive and accurate method of diagnosis and prognosis of cancer and/or 

metastasis [25–27]. In addition to their potential application as prognostic markers, cfNAs 

may also guide treatment decisions, as a rise or decline in circulating levels may predict 

therapy response earlier than conventional evaluation [22, 28]. Furthermore, cfNAs with a 

functional role in caner or metastatic progression could serve as new therapeutic targets.

Cell-free miRNAs are of particular interest due to their pleiotropic roles in modulating many 

physiological and pathological processes, including cancer metastasis [14, 29–36]. MiRNAs 

are small non-coding RNAs with diverse functions that regulate gene expression at the post-

translational level by binding to the 3′ untranslated-region (UTR) of their target mRNAs 

[37–39]. A single miRNA can influence multiple genes thereby altering the expression 

profile of a cell. Moreover, recent discoveries of secreted miRNAs in virtually all body 

fluids [40, 41] have provided evidence that miRNAs can influence remote cells and function 

at a long distance [42], a feature that is critical for metastatic spread of cancer cells. Tumor-

secreted miRNAs were first discovered in the serum of patients with diffuse large B-cell 

lymphoma where high levels of miR-21 correlated with improved relapse-free survival [43]. 

Using a mouse model, Mitchell et al. demonstrated that tumor-derived miRNAs enter the 

circulation even when originating from epithelial cancer types [44]. They also showed that 

circulating miRNA-141 levels are elevated in metastatic prostate cancer compared to healthy 

controls. Their presence in body fluids, combined with their lower complexity compared to 

other macromolecules, absence of known post-processing modifications, simple detection 

and amplification methods, tissue-restricted expression profiles, and sequence conservation 

between humans and model organisms make extracellular miRNAs ideal candidates for non-

invasive biomarkers to reflect and study various physiopathological conditions.

In addition, miRNAs have been identified in tumor-secreted microvesicles called exosomes 

which can direct intercellular communication under physiological and pathological 

conditions [4, 45–48]. Accumulating evidence supports that horizontal transfer of exosomal 

factors can functionally influence stromal cells at distant sites [45–49], thereby facilitating 

tumor-stroma interactions and promoting the formation of a supporting metastatic niche in 
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distant organs. Here we review the recent discoveries of cell-free miRNAs in metastatic 

progression as well as their diagnostic, prognostic and therapeutic potential in cancer 

patients.

2. Metastatic progression

Cancer metastasis is a complex process by which cancer cells spread from a primary tumor 

to other organs and tissues, forming viable secondary deposits of cancer. Cancer cells often 

initiate metastasis by breaking away from their neighbor cells and invading adjacent tissues 

after having undergone an epithelial-mesenchymal transition (EMT) that changes their 

characteristics to acquire motility and invasiveness. The motile cancer cells then enter into 

lymphatic and blood vessels. Circulating cancer cells (CTCs) that survive in the vasculature 

arrest in capillaries distant from the primary tumor site and extravasate into the foreign 

microenvironment. At this point, the cancer cells are speculated to revert to an epithelial 

phenotype via a mesenchymal-epithelial transition (MET) and either stay dormant or 

proliferate into macroscopic secondary tumors [50, 51]. These consecutive steps require 

close interplay between cancer cells and their microenvironment. Among the multiple 

factors underlying metastasis, the adaptation of the primary tumor microenvironment and 

pre-metastatic or metastatic niches by the tumor to facilitate cancer cell dissemination and 

distant engraftment plays an important pro-metastatic role that is starting to be recognized 

[3, 8, 15, 52–54]. The recent discovery of miRNAs and their extracellular presence suggest a 

potential role of these regulatory molecules in defining the metastatic potential of cancer 

cells and mediating the tumor-stroma communication.

Despite metastasis being the leading cause of mortality in cancer patients [1], the 

mechanism underlying metastatic spread and growth in secondary sites is poorly understood. 

Moreover, specific and sensitive markers that can detect metastatic spread at very early 

stages or can predict which patients are more likely to progress to metastasis are lacking. 

Therefore, there is a great and urgent need to develop predictive or early diagnostic markers 

for metastasis and to elucidate the molecular mechanisms of metastasis to allow the 

development of efficient treatment options.

3. Biogenesis and function of miRNAs

MiRNAs encompass a large family of non-coding small RNA molecules which occur as 

single-stranded RNAs of 21–23 nucleotides in length and play important roles in regulating 

gene expression [38]. In fact, miRNAs are estimated to regulate about 50% of all protein-

coding genes [55]. The genes coding for miRNAs are mostly located within intergenic 

regions or introns of genes, and occur individually or within clusters containing other 

miRNAs [56]. Their genes are transcribed by RNA polymerase II into large hairpin 

structures called primary miRNA transcripts (pri-miRNAs). Pri-miRNAs initially contain a 

cap structure at the 5′ end a 3′ poly(A) tail. In the nucleus, pri-miRNAs are cleaved by a 

complex formed by the RNase III enzyme Drosha and the double stranded RNA-binding 

protein Pasha to produce precursor miRNAs (pre-miRNAs) [57]. The latter are 70–90 

nucleotides in length and have an imperfect stem loop structure. They are exported to the 

cytoplasm by Exportin 5 and the Ran-GTP cofactor [58], where they are cleaved by the 
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RNase III enzyme Dicer and its binding partner TRBP to generate a short RNA duplex 

molecule. One strand of the miRNA duplex is usually selected as a mature miRNA, and is 

assembled into an RNA induced silencing complex (RISC), while the other strand is 

degraded [59]. RISC interacts with the Argonaute-GW182 protein complex to regulate the 

function of target mRNA in a sequence-specific manner by recognizing the mRNA target 

through the 5′-end of the mature miRNA strand (“seed sequence”) [39]. The mechanism of 

mRNA silencing depends on the degree of complementarity of the seed sequence to the 

3′UTR of the target mRNA [60]. When perfect base-paring homology exists between 

miRNA and mRNA, the RNA-mediated interference pathway is induced, which leads to 

cleavage of mRNA by Argonaute. More commonly, however, binding is imperfect and the 

target mRNA is regulated by repression of protein translation. Consequently, proteins are 

regulated by miRNAs without significantly affecting the corresponding mRNA expression 

levels in this scenario. In addition, miRNAs can increase the expression of their target gene 

by acting on gene regulatory sequences [33, 61]. Because most miRNAs recognize their 

targets with imperfect complementarity, miRNAs are capable of targeting numerous 

mRNAs; thus, misexpression of one miRNA can disrupt the expression of hundreds of 

proteins.

Expression of miRNAs is measured using miRNA microarray, miRNA real-time 

quantitative PCR (qRT-PCR) array, and next-generation sequencing (NGS) technology. 

qRT-PCR is a popular method for gene expression quantification of miRNA. Furthermore, 

qRT-PCR arrays can profile large sets of miRNAs simultaneously and for signature-based 

analyses. The microarray platform also enables simultaneous analysis of all known miRNAs 

and can be easily redesigned to include newly identified miRNAs. However, both qRT-PCR 

array and miRNA array analyses are limited in that they profile only known or putative 

miRNAs, and base sequence data are not always accounted for. NGS has become an 

increasingly popular method for miRNA profiling [62], which provides quantification of a 

variety of small RNA species and accurate quantification and differential expression with a 

wide-dynamic range.

4. Importance of miRNAs in cancer and metastasis

The biogenesis of miRNAs is tightly controlled, and dysregulation of miRNAs is linked to 

cancer [32, 34, 63, 64]. MiRNAs are thought to play two distinctly different roles in 

carcinogenesis, functioning both as “oncomirs” and as tumor suppressors [65–68]. In 

support of this, expression analysis studies have demonstrated that miRNA expression can 

be up- or down-regulated in tumors compared to normal tissues as well as deregulated 

during the progression of many solid cancers and hematological malignancies [34, 69, 70]. 

Additionally, about 50% of miRNA genes are located in cancer-associated genomic regions, 

or in fragile sites [71], further strengthening the evidence that miRNAs play a crucial role in 

cancer. Notably, roles of miRNAs are tissue- and tumor-specific; an overexpressed oncomir 

in one cancer type may be down-regulated in another cancer type where it has tumor-

suppressive functions, such as the multifunctional miR-155 which is involved in cancer 

development, inflammation, immune response and hematopoietic lineage differentiation 

[72]. MiR-155 is overexpressed in some solid cancers of epithelial origin, in leukemia and in 

lymphoma [73–78], but down-regulated in some endocrine tumors, melanoma, ovarian and 
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gastric cancer [79–84]. Deregulated miRNA expression can influence a broad range of 

biological processes that are involved in tumorigenesis such as transcription, signal 

transduction, cellular proliferation, differentiation, apoptosis and EMT [8, 14, 35, 85–87]. 

Interestingly, the aberrant regulation of certain miRNAs has been shown to occur across 

several cancer types. For instance, the oncomir miR-21 is commonly up-regulated in breast 

[70], colon [88], lung [78], pancreas [78], prostate [78], liver [89], thyroid [90], and ovarian 

[91] cancers as well as in B-cell lymphoma and chronic lymphocytic leukemia [78].

In addition, metastasis-mediating miRNAs have been discovered and their function as 

metastasis activators or suppressors have been studied [31, 92]. Notably, several such 

miRNAs are shown to modulate distinct steps of the metastatic cascade, including 

migration, invasion, adhesion, EMT, ECM modification and proliferation at the distant site. 

In particular, expression of miR-21 in cancers, which is shown to correlate with metastasis 

and poor prognosis, regulates several aspects of the metastatic cascade. MiR-21 promotes 

cell motility and invasion by targeting inhibitors of the pro-metastatic factor urokinase 

receptor [88, 93, 94], by modifying the cytoskeletal organization of migrating cancer cells 

[95, 96], and by remodeling the ECM via indirect up-regulation of metastasis-promoting 

metalloproteinases (MMPs) [89, 97]. MiR-21 has also been implicated in stimulating tumor 

growth and suppressing apoptosis [98], two processes that could aid metastatic proliferation 

at secondary sites. Other miRNAs that contribute to both tumorigenesis and metastasis are 

the members of the let-7 miRNA family (let-7a-1, 7a-2, 7a-3, 7b, 7c, 7d, 7e, f7-1, 7f-2, 7g, 

7i, mir-98, and mir-202) [99] which are down-regulated in a variety of tumors [100]. They 

exert their effect on tumorigenesis by silencing multiple oncogenes [101–103], and hinder 

metastasis by inhibition of anchorage-independent growth as well as regulation of stemness 

and depletion of tumor-initiating cells (or cancer stem cells, CSCs) which are regarded as 

cells that generate secondary tumors [104, 105].

Further examples of metastasis-promoting miRNAs are miR-10b, miR-373, and miR-520c. 

MiR-10b down-regulates the metastatic suppressive gene Homeobox D10 (HOXD10) which 

in turn inhibits the pro-metastasis gene RHOC [106]. MiR-373 and miR-520c have also been 

classified as pro-metastatic miRNAs [107]. The target of these two miRNAs is CD44 and its 

down-regulation has been associated with the acquisition of an enhanced migratory potential 

[107].

Metastasis-suppressive miRNAs include miR-335 and miR-126 which are down-regulated 

and associated with shorter median time to metastatic relapse in breast cancer. Ectopic 

expression of these two miRNAs in metastatic breast cancer cell lines reduced both lung and 

bone metastases [108]. MiR-335 can control ECM deposition and abrogate EMT [108]. On 

the other hand, miR-126 acts principally to inhibit tumor growth and metastatic initiation 

[108, 109]. Interestingly, members of the miR-200 family (miR-200a, -200b, -200c, -141, 

-429) are deregulated in various cancer types [85, 110–112]. Several miRNAs from this 

family suppress expression of their own repressor, the ZEB family of transcription factors, 

thereby favoring an epithelial, adhesive phenotype and are down-regulated by cancer cells 

during EMT [111–114]. On the one hand, their expression has been linked to decreased 

migration and invasion of cancer cells, and hence their loss of expression is considered an 

early step of cancer metastasis [14]; on the other hand, they have been associated with 
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inhibition of Sec23-mediated secretion of metastasis-suppressive proteins, such as 

TINAGL1 and IGFBP4 [115] and increased adhesion at secondary sites though promotion 

of MET and thus increased colonization [116].

As a consequence of the crucial role of miRNAs in cancer initiation and progression, there is 

a broad range of potential applications of miRNA measurements in oncology. Besides being 

informative of tumor biology, miRNAs can be used to classify cancers [69, 117] or identify 

cancer tissue origin for cancers of unknown primary origin [118, 119], outperforming 

mRNA expression level analyses in those areas [120]. In some instances, deregulated 

miRNA expression has been established as a useful diagnostic or prognostic marker [98, 

120–125]. Furthermore, assessment of miRNA signatures is often more accurate in detecting 

and prediction prognosis of various types of cancers [78, 81, 126]. MiRNA signatures can 

also serve as predictive factors of response to systemic therapy [127–131], potential drug 

targets [132–135] and as pharmacodynamic markers. All of these applications are possible 

in primary tumors and metastases, but the stability of miRNAs which are more stable than 

mRNAs - also enables their detection in the circulation. Thus, circulating miRNAs can serve 

as biomarkers that can be measured repeatedly and non-invasively in a wide array of cancer 

types.

5. Role of exosomes in cancer and metastasis

Tumor cells often release higher numbers of microvesicles than other cells, a feature that is 

observable in the often increased numbers of serum exosomes in cancer patients [136]. This 

might be due to the fact that tumor-derived exosomes have easier access to the vascular 

system and, thus, may be selectively increased in blood compared with microvesicles from 

other sources. Smaller microvesicles with speci c molecular surface characteristics may 

selectively reach the blood and larger microvesicles may remain in the interstitial space and 

selectively provide autocrine and paracrine signals to stromal, in ammatory, and endothelial 

cells. However, in several cancer patients, such as melanoma patients, no difference in 

exosome number or size distribution was observed between healthy individuals and patients 

with different stages; nevertheless, exosome protein concentrations were higher in Stage IV 

patients compared to all other stages and normal controls and correlated with poor prognosis 

[16]. Similarly, exosomal protein concentrations increased with ovarian cancer progression 

and were the highest in Stage IV cancer patients [137].

Growing evidence indicates that exosomes can direct intercellular communication under 

physiological and pathological conditions and that exosomal contents play critical roles in 

inter- and intracellular communication for diverse cell types [4, 45–48]. In particular, 

exosomes regulate the function of distant cells by releasing their contents far away from the 

site of origin, influencing processes in recipient cells and establishing favorable 

environments at potential metastatic sites that aid the survival of neoplastic cells. For 

example, tumor exosomes confer transformed characteristics to fibroblasts and endothelial 

cells, trigger the fibroblast-to-myofibroblast transformation [138, 139], induce pro-

angiogenic responses in endothelial cells and activate immunosuppressive functions of 

myeloid-derived suppressor cells [140, 141]. Such long-distance tumor-stroma interactions 

mediated by exosomes can also educate stromal components towards pro-metastatic 
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phenotypes [16]. The involvement of exosomes and related microvesicles in providing 

autocrine, paracrine, and endocrine signals has led to the frequent use of the term, 

signalosomes, being applied to these structures.

Exosomal RNAs are heterogeneous in size but enriched in small RNAs, such as miRNAs. 

Tumor-secreted exosomes and miRNAs can be internalized by other cell types in the 

primary tumor microenvironment and pre-metastatic or metastatic niches [16, 142–146]. 

MiRNAs loaded in these exosomes, which to a certain extent re ect the dysregulated miRNA 

pro le in cancer cells, can thus be transferred to recipient niche cells to exert genome-wide 

regulation of gene expression. In addition, cancer-derived exosomal miRNAs may bind as 

ligands to Toll-like receptors in surrounding immune cells [147]. In light of these results, it 

is important to understand how exosomes facilitate tumor-stroma interactions and promote 

formation of a supporting metastatic niche in distant organs.

6. Secretion and uptake of cell-free miRNAs

6.1. Types of cell-free miRNAs

Cells have an array of miRNA packaging and transportation systems. Cell-free miRNAs 

either bind to protein, such as Argonaute2, or lipid carriers, such as HDL or LDL, [148–150] 

or are present in membrane encapsulated microvesicles such as exosomes (30 100 nm) 

[151–153] or larger microparticles (100–1,000 nm) [154] (Figure 1). Microvesicles are 

released into the extracellular environment by a wide range of cell types, including cancer 

cells, from where they can readily enter bodily fluids [154–157]. While the origin of 

exosomes and microvesicles are distinct, the two populations exhibit remarkable similarity 

so it is unclear whether this distinction between exosomes and shed microvesicles is critical 

to understand their biologic activities and interactions with target cells of the host [158]. 

However, this review focuses on the exosome population actively released by viable cells. In 

addition, miRNAs are present in apoptotic bodies (up to 4,000 nm) as a result of apoptotic 

death (Figure 1). It has been shown that cell-free miRNAs are stable under harsh conditions 

such as high temperatures, extreme pH values, repeated freeze-thaw cycles and long-term 

storage as well as endogenous RNase activity [44, 137, 159–163]. In fact, the remarkable 

stability of cell-free miRNAs is conferred by the presence of their protein- or lipid-based 

carriers or their encapsulation into microvesicles as carrier-free miRNAs are easily degraded 

by RNase and other environmental factors [164]. It is currently unclear whether cell-free 

miRNAs predominantly exist inside or outside vesicles, with one study detecting most 

miRNAs in human serum and saliva in exosomes [165], while other studies finding the 

majority of miRNAs in plasma and serum to be present primarily outside exosomes [148, 

149, 166]. One possibility might be that it is dependent on the specific miRNA. In fact, 

Zhou observed that circulating miR-105 and miR-181a predominantly existed in exosomes 

isolated from breast cancer patient serum, while miR-375 and miR-422b were detected in 

both exosomes and exosome-depleted fraction at comparable levels [167]. Furthermore, it is 

not clear how cells choose between the different ways of secreting miRNA and what stimuli 

might alter the secretion profile of cells.

Cell-free miRNAs can act in autocrine (local signals between the same cell type, such as 

cancer cells), paracrine (local signals between different cell types, such as between epithelial 
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cancer cells and stromal cells), and endocrine (distant signals between any types of cells) 

fashion and have hormone-like effects, which lead to widespread consequences [40]. 

Additionally, exosomes contain many other molecular constituents of their cell of origin 

besides miRNAs including proteins, lipids, metabolites and genetic material (mRNAs, 

DNA) which appear to be selectively recruited and secreted in a regulated manner [49, 138–

141, 168–173]. The pool of exosome molecules is both conserved and also cell type-

specific, depending on the molecule and the cell from which exosomes are shed. Exosomes 

mediate cell cell communications via ligand-receptor interaction and transport of 

intracellular components. The fact that exosomes contain a variety of molecules may allow 

for their specific uptake by target cells as well as combined delivery of multiple mediator 

molecules that combined have more profound effects on target cells than one molecule 

alone. For instance, Argonaute2 and GW182 proteins were found in exosomes secreted by 

monocytes, dendritic and HeLa cells [174], suggesting that exosomal miRNAs could be 

primed for gene regulation after arrival in target cells. In addition, the structure of exosomes 

(lipid and membrane protein content) can also influence distant cell signaling [175].

6.2. Mechanism of miRNA secretion

Although the level of circulating miRNAs may well reflect the expression level of tumor 

miRNAs, the release mechanism of cell-free protein or lipid-bound miRNAs as an active 

process is largely unknown. Exosomal miRNA is selectively recruited and actively secreted 

in a regulated manner [170–172]. During the tightly regulated biogenesis process of 

exosomes, inward budding from the limiting membrane of multivesicular bodies (MVBs) 

results in numerous vesicles in the lumen of the latter. The MVBs fuse with the plasma 

membrane to release the vesicles into the extracellular milieu as exosomes [40, 48]. Rab 

family proteins have emerged as key regulators of the exosome secretion pathway, in 

particular Rab27a, Rab27b, and Rab35 [176, 177]. Rab27 has also been shown to be 

involved in cancer progression and tumor promotion, which provided early indications that 

components of exosome secretion pathway may have roles in tumor biology [16, 178]. 

Additionally, Rab35 has been shown to regulate exosome secretion by interacting with 

GTPase-activating protein TBC1 domain family, member 10A-C (TBC1D10A-C) [177]. 

Exosome release has been shown to be triggered by various stimuli including ceramide 

[179] and changes in membrane pH [180]. MiRNA recruitment to MVBs is facilitated by 

physical and functional coupling of RISC to components of the sorting complex. In 

particular, GW182, present in GW bodies and congregated to endosomes and MVBs, 

promotes continued assembly and disassembly of membrane-associated RISC-bound 

miRNAs [174]. The process by which specific miRNAs are selected for incorporation into 

MVBs is, however, still not understood. Larger microvesicles, on the other hand, originate 

from budding of the plasma membrane. Deciphering the molecular mechanism that control 

miRNA loading into microvesicles and transfer to recipient cells in vitro will provide further 

evidence for the physiological relevance of vesicle-mediated intercellular communication in 

vivo. Additionally, miRNAs are enclosed in apoptotic bodies or can be passively leaked or 

from apoptotic or necrotic cells, which has been shown to occur after heart tissue injury 

[181, 182].
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6.3. Mechanism of cellular miRNA uptake

The process underlying cellular uptake of cell-free miRNAs is poorly understood. 

Microvesicles are believed to be taken up by target cell via endocytosis [183, 184] or by 

membrane fusion [180, 185]. Internalization may involve specific interactions between 

transmembrane proteins on the vesicle and plasmas membrane, but the identity of those 

proteins is still largely unknown. While the cargo is directly released into the cytoplasm 

upon uptake by membrane fusion, endocytosis may target it for degradation. Uptake of lipid-

bound miRNA, specifically HDL-bound, is mediated by SR-BI (Scavenger receptor class B, 

type I) [186], and is believed to bypasses the endosomal lysosomal pathway that could 

otherwise degrade miRNAs.

6.4. Types of body fluids that carry miRNAs

Cell-free miRNAs can be detected in potentially all body fluids, including whole blood, 

serum, plasma, urine, saliva, pancreatic juice and cyst fluid [41]. However, the total RNA 

concentration and the total number of distinct miRNAs differ vastly between the various 

body fluids. Human urine had the lowest RNA concentration and number of detectable 

miRNA species in a comparison of 12 body fluids [41], followed by cerebrospinal fluid and 

pleural fluid. In contrast, saliva, breast milk, and seminal fluid had the highest RNA 

concentrations and the highest numbers of miRNAs. Interestingly, about one-tenth of all 

identified miRNAs (61 out of a total of 600 different miRNAs) were detectable in all body 

fluid types while others were enriched in specific fluids. In fact, unsupervised hierarchical 

clustering of expressed miRNAs revealed groups of body fluids that cluster together, while 

the miRNA spectrum in plasma differed from that of most other body fluids [41]. On the 

other hand, comparison of specific miRNA levels between plasma and serum, a more 

commonly used clinical specimen than plasma, showed that measurements are strongly 

correlated, indicating that both sample types can be used for blood-based miRNA analyses 

[44]. Furthermore, peripheral whole blood can also be used for quantification of circulating 

miRNAs. Even though whole blood is easier to collect and has more RNA content [187], 

facilitating reliable and accurate global miRNA expression measurements using less clinical 

material, the majority of miRNAs are derived from red blood cells raising concern about the 

non-tumor specific miRNA detection.

Fluid-specific miRNAs may have functional roles associated with the surrounding tissue, 

and hence different body fluids may be more suitable for analyses of different pathologies. 

As cancer cells secrete cell-free miRNAs into the surrounding microenvironment, these 

cancer-derived miRNAs can enter body fluids and modify the miRNA spectrum of the latter. 

Depending on the type of cancer different body fluids have been used for analysis (Figure 

1). For instance, blood-based samples are usually used for hematological malignancies and 

many solid tumors [43, 159], such as breast, prostate, and lung cancer, while urine can be 

used for urological cancers [188], saliva for oral cancers [189], and cerebrospinal fluid for 

brain cancers [190].

6.5. Correlation of intracellular and cell-free miRNAs

Similarly to miRNAs found in primary tumors, cell-free miRNAs have been linked to cancer 

and detection of their altered expression levels in body fluids has opened up new 
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opportunities in cancer diagnosis, prognosis and treatment [43, 44, 137, 191, 192]. While 

changes in miRNA profiles in the presence of cancer could be due to changes in secretion of 

stroma-derived miRNAs, many studies have shown that the many circulating miRNAs are 

directly derived from tumor tissues and that the changes in miRNA profiles are in correlated 

with biological activity and miRNA expression in tumors. For instance, human xenografts in 

mice secrete human miR-629 and miR-660, both of which are expressed in the human 

prostate cancer cells that were inoculated [44]. Furthermore, highly expressed circulating 

miRNAs from cancer patients have been reported to return to a normal level after tumor 

resection [193–197], suggesting that the level of circulating miRNAs reflect the expression 

level of tumor miRNAs to some extent and could be used as pharmacodynamic marker.

As tumor-secreted miRNAs can reach distant sites and regulate various cellular components 

of the pre-metastatic and metastatic microenvironments, they might be of particular 

importance in understanding, detecting and targeting metastatic progression. Furthermore, 

the presence of miRNAs that are associated with the process of metastasis or EMT might 

identify those patients that already have distant micrometastases too small to diagnose 

otherwise. Hence, cell-free miRNAs might be superior prognostic markers and superior 

targets for therapeutic intervention than miRNAs in primary tumors.

7. Cell-free miRNAs in metastasis

Multiple studies have found miRNA signatures as well as individual cell-free miRNAs 

whose circulating levels are markedly altered in metastasis patients relative to patients with 

localized disease or differentially secreted from cancer cells with varying metastatic abilities 

(Table 1). For instance in breast cancer patients, circulating serum total RNA [198] or 

circulating miR-195 and let-7a predict presence of primary tumors [199], while increased 

levels of miR-10b and miR-34a, and decreased levels of miR-155 were shown to correlate 

with presence of overt metastases [198]. Global miRNA signatures may also be able to 

identifying patients with metastases or with increased risk of metastasis as they were shown 

to not only diagnose prostate cancer but also segregate them with different risk for 

progression [200]. Here, we outline how signatures and individual cell-free miRNAs 

correlate with metastatic progression and review the current knowledge on the validated or 

potential roles in metastasis of cell-free miRNAs.

7.1. Total cell-free miRNA levels in metastatic patients and cancer cells

While increased RNA and miRNA concentrations have been observed in serum of cancer 

patients compared to healthy controls [245], only a few studies have looked at their levels in 

metastatic relative to non-metastatic cancer patients. Initially, Roth et al. reported total 

serum RNA levels to be increased in localized breast cancer patients compared to control 

and metastatic patients [198]. However, a follow-up study reported total serum RNA 

concentrations to be highest in women with metastatic breast cancer, followed by non-

metastatic patients and finally healthy controls [209]. These findings indicate a progressive 

rise of serum RNA from healthy women to patients with primary breast cancer to patients 

with metastatic disease which could be used for staging of breast cancer patients. The 

discrepancy between the two studies could be explained by the different patient populations, 

as the first study included patients with metastatic disease at the end of chemotherapy, 
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whereas the later analyzed patients with metastatic disease who had not received 

chemotherapy. This suggests that chemotherapy could impact total serum RNA 

concentrations, in a similar way that highly expressed circulating miRNAs return to normal 

levels after tumor resection. Likewise, Brase et al. specifically quantified total serum 

miRNA levels and found higher levels in patients with metastatic compared to localized 

prostate cancer [233].

Similarly, the RNA levels in exosomes secreted by metastatic cancer cells have been 

compared to those secreted by non-metastatic cancer and normal cells. The metastatic 

gastric cancer cell line AZ-P7a secreted exosomes had over 10 times more RNA than the 

exosomes from the parental, poorly metastatic AZ-521 cancer cell line [246].

7.2. Regulation of the metastatic cascade by cell-free miRNAs

Circulating levels of specific cell-free miRNAs have been shown to change during cancer 

progression, especially with the onset of metastasis. While many cell-free miRNAs have 

been reported to be suitable prognostic or diagnostic markers of the presence of lymph node 

or distant metastases (Table 1), their specific role in the circulation and the molecular 

mechanism by which they promote metastasis have not been addressed for the majority of 

identified circulating miRNAs. In fact, elucidating whether deregulated miRNAs are causes 

or consequences of metastatic progression requires detailed functional characterization using 

in vitro and in vivo models of cancer metastasis, and is essential for development of targeted 

therapeutic strategies. While this has been done only for a few miRNAs, there is evidence 

for other miRNAs to promote metastasis based on correlation analyses and previous 

functional studies in tumor tissues (Figure 2, Table 2).

7.2.1. Invasion, migration and ECM remodeling at primary site—Elevated levels 

of circulating miR-21, an oncomir shown to promote tumor growth, invasion and migration 

in many cancer types [281] and the first circulating miRNA discovered [43], have been 

detected in patients with metastatic disease from different tumors as compared to patients 

with localized disease, including breast [162, 214], lung [217, 218], prostate [208, 220, 221], 

colorectal cancer [201] and gastric cancer [193]. In fact, serum miR-21 levels can 

distinguish breast cancer patients from healthy controls, and further distinguish patients with 

distant metastasis from those with locoregional disease [162], suggesting that this particular 

miRNA could be used to stage breast cancer patients. Furthermore, a decrease in miR-21 

levels is seen in post-operative plasma of gastric cancer patients that corresponds to the 

degree of differentiation of the primary tumor and lymph node metastasis status of the 

patient [216]; patients with lymph node metastasis exhibit a smaller decrease in plasma 

miR-21 levels than those without, indicating that miR-21 may be useful for monitoring 

response to treatment. While a number of studies reported high miR-21 levels to correlate 

with advanced clinical stage, metastasis, and poor prognosis in cancer patients [218, 282], a 

few studies have failed to validate this correlation [283, 284], possibly due to differences in 

patient cohorts (number, ethnicity etc.) or preparation and analysis methods. Various in vitro 

and in vivo experiments have established a role for tumor miR-21 in multiple steps of tumor 

progression, including tumor growth at primary and potentially secondary sites, invasion and 

migration, ECM modification and survival. Tumor miR-21 promotes tumor growth by 
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repression of a number of tumor suppressor genes, including PTEN [89], P12/CDK2AP1 

[285], BTG2 [278], and hinders apoptosis through inhibition of BCL2 [286], two features 

that aid metastatic outgrowth at the secondary site. Cell motility and invasion are increased 

by specific targeting of regulators of the metastasis-promoting factor urokinase receptor, 

namely SERPINB5 (Maspin) [93] and PDCD4 (programmed cell death 4) [88, 93, 94]. 

MiR-21 also modifies cytoskeletal organization by inhibiting TMP1 [95] (tropomyosin 1), 

an acting-binding protein that prohibits anchorage-independent growth, and MARCKS [96] 

(myristoylated alanine-rich protein kinase c substrate), a regulator of actin filament 

formation and a modulator of the metastatic phenotype [287]. Additionally, miR-21 

remodels the ECM by indirectly up-regulating metastasis-promoting metalloproteinases 

(MMPs) via repression of MMP inhibitors [97], RECK (Revision-induced-cysteine-rich 

protein with kazal motifs) and TIMP3 (tissue inhibitor of metalloproteinases 3). MMP2 and 

MMP9 expression are also increased due to miR-21-induced loss of PTEN (phosphatase and 

tensin homolog) expression [89]. Treatment of metastatic cancer cells with anti-sense 

oligonucleotide against the miR-21 inhibits their metastatic ability, as gauged by in vitro 

invasion and migration assays [88, 97], in vivo tail-vein lung metastasis assay [93] and a 

chick-embryo chorioallantoic membrane metastasis assay [88]. However, the effect of 

systemic inhibition of miR-21 on metastatic progression has not been tested yet.

MiR-10b is another metastasis-promoting miRNA facilitating migration and invasion whose 

elevated levels in many primary and metastatic tumors as well as metastatic cell lines 

correlate with tumor progression [106]. Similarly, circulating miR-10b levels also correlate 

with metastatic breast cancer progression, as the levels in blood increase from healthy 

controls, to patients with localized disease and are highest in patients with visceral [198] or 

lymph node metastasis [205]. Hence, miR-10b expression is likely induced at a relatively 

late stage of the multistep tumorigenesis process and plays a role specifically in metastatic 

progression but not in primary tumor formation. Even though one study reported correlation 

of low levels of circulating miR-10b and its variant miR-10a with lymph node metastasis 

[202], these results were not further validated by qRT-PCR. Knock-down of miR-10b in 

metastatic cell lines decreased their migratory and invasive capabilities [106, 247], while 

overexpression in poorly metastatic cancer cells induced invasion and migration in vitro 

[106, 248] and increased metastasis in vivo [106]. Furthermore, systemic treatment of tumor-

bearing mice with miR-10b antagomirs suppressed breast cancer metastasis [247]. Tumor 

miR-10b is transcriptionally activated by the pro-metastatic transcription factor TWIST1 

and is essential for TWIST1-induced EMT [106]. Tumor miR-10b exerts its metastasis-

promoting function by directly down-regulating the metastatic suppressive gene Homeobox 

D10 (HOXD10) which in turn inhibits the pro-metastatic gene RHOC [106], although this 

target has not been confirmed for cell-free miR-10b.

Several other miRNAs that were previously identified as enhancers of migration and 

invasion have been detected at high levels in body fluids of metastatic patients and 

correlated with lymph node and/or distant metastasis, including circulating miR-373 and 

miR-221/222, raising the possibility that these cell-free miRNAs could be mediating 

metastasis. Tumor miR-373 and miR-520c have been classified as pro-metastasis miRNAs 

as they increase fibrosarcoma, breast and prostate cancer cell migration, invasion and 
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eventual metastasis in vitro and in vivo [107, 252, 253]. Both miRNAs have a similar seed 

sequence and inhibit CD44 expression which has been associated with the acquisition of an 

enhanced migratory potential [107]. However, only circulating miR-373 has been detected 

in blood of breast cancer patients and higher levels were correlated with lymph node 

metastasis, but its role in the circulation has not yet been unraveled. MiR-221 and miR-222 

are expressed in the same cluster. Increased circulating miR-221 has been detected in 

patients with metastatic disease arising from renal cell carcinoma [243], pancreatic [242] 

and prostate cancer [220]. In all cases, increased plasma levels of miR-221 were correlated 

with distant metastasis. On the other hand, increased serum levels of cell-free miR-222 in 

papillary thyroid carcinoma patients were associated with presence of lymph node 

metastasis [203]. In lung cancer cells, tumor miR-221 was shown to enhance migratory and 

invasive ability by down-regulating tumor suppressor genes PTEN and TIMP3 as well as to 

stimulate resistance of TRAIL-induced apoptosis [251].

7.2.2. Entry into, survival in and exit from the circulation—Even though leakiness 

of the vasculature caused by cancer-derived exosomes has been observed previously [16], 

only recently has it become clear that this phenomena may be at least in part due to 

exosomal miRNAs, such as exosomal miR-105 [167]. MiR-105, which is characteristically 

expressed and secreted by metastatic breast cancer cells, is a potent regulator of the tight 

junction protein ZO-1 and efficiently destroys tight junctions on endothelial cells and thus 

endothelial barriers at the primary and secondary sites [167]. Therefore, exosomal miR-105 

not only promotes intravasation by creating gaps within the endothelial layer that lines blood 

and lymphatic vessels, but also extravasation and pre-metastatic niche formation in 

secondary organs. Overexpression of miR-105 in non-metastatic cancer cells induced 

metastasis and vascular permeability in distant organs, whereas inhibition in highly 

metastatic tumors alleviated the effects. Cell-free miR-105 could be detected in serum at the 

pre-metastatic stage, and high levels were associated with low ZO-1 expression and 

metastatic progression in early stage breast cancer [167].

7.2.3. Mesenchymal-Epithelial Transition (MET)—Interestingly, several studies have 

shown high levels of circulating miR-200 family members (miR-200a, -200b, -200c, -141, 

-429) in metastasis patients suggesting a role as markers of progression and survival. For 

instance, miR-141 was found elevated in serum and plasma of metastatic prostate cancer 

patients and correlated with lymph node and distant metastasis and poor survival [44, 208, 

220, 227, 233–236]. In colorectal cancer patients, high levels of miR-141 were associated 

with distant, but not lymph node metastasis [201, 232]. Furthermore, increased cell-free 

miR-141 levels were measured in serum of patients with various secondary lesions [201], 

indicating that this miRNA might be correlated with general metastatic spread to distant 

organs. All miR-200 family members except miR-429, were found higher in plasma of 

breast cancer metastasis patients [231] and could also be detected in the cerebrospinal fluid 

of breast and lung cancer patients suffering from brain metastasis [190]. Furthermore, the 

miR-200 family may also be a good indicator of the CTC status in breast cancer [231], a 

feature that is correlated with increased risk of metastasis. Elevated levels of circulating 

miR-200c were found in blood samples of metastatic prostate [208, 236], colorectal [228] 

and gastric cancer [238] patients, and correlated with lymph node and distant metastasis. 
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Furthermore, higher cell-free miR-200b and exosomal miR-141 levels were identified in 

patients with metastatic relative to localized prostate cancer [210]. These findings are 

consistent with experimental observation in animal models showing a role of the miR-200 

family in promoting metastatic colonization by inducing MET, adhesion to secondary sites, 

and inhibition of Sec23-mediated secretion of metastasis-suppressive proteins, such as 

TINAGL1 and IGFBP4 [115, 116]. The miR-200 family exerts its effects by directly 

targeting ZEB1/ZEB2 gene expression in tumor cells, both of which are transcriptional 

repressors of E-cadherin and inducers of EMT. Whether this function is also excreted by 

cell-free mi-200 family members still needs to be validated.

MiR-203 is another EMT repressor that targets the 3′UTR of ZEB2 and SMAD4 [255], 

whose increased expression has been discerned in a number of cancers [73, 91, 123]. Similar 

to the miR-200 family, higher levels of circulating miR-203 have been detected in plasma 

of breast cancer patients with CTCs compared to those without and correlated with poor 

prognosis [231], but its role in the circulation during metastatic progression has not been 

addressed yet.

7.2.4. ECM remodeling at secondary sites and metastatic niche formation—
Metastatic cancer cells have been shown to modify the site of metastasis before and after 

arrival to the foreign microenvironment by actively modifying the ECM as well as by 

recruiting and activating various stromal components to the metastatic niche [3, 4]. Such 

education toward a pro-metastatic phenotype has, for instance, been observed with 

exosomes isolated from the metastatic rat adenocarcinmoa cell line ASML which can 

modulate draining lymph node and lung tissue to support settlement of the poorly metastatic 

ASML-CD44v-KD cell line that lacks expression of the metastasis-promoting CD44v 

molecule [288]. The pre-metastatic education was later attributed to exosomal miRNAs that 

perturb the stromal compartment at these distant sites [276]. Specific uptake of tumor cell-

secreted exosomes by lymph node stromal cells and lung fibroblasts impacted the expression 

of target genes in these two cell lines leading to the establishment of the pre-metastatic niche 

[276]. Specifically, exosomal miR-494 and miR-542-3p have been implicated in ECM 

remodeling at these remote sites as they regulate expression of Mal, Cdh17, and Traf4 genes 

and lead release of MMP2, MMP3 and MMP14 into the extracellular milieu [276].

Other stromal cells important for the evolution of the metastatic niche are various types of 

immune cells which are often educated by cancer cells. Notably, Fabbri et al. showed that 

tumor-secreted exosomal miR-21 and miR-29a are capable of inducting a pro-metastatic 

inflammatory response in the lung by binding to the Toll-like receptor (TLR) family, murine 

TLR7 and human TLR8, in immune cells. This binding activates the NF-κB pathway in the 

latter leading to secretion of pro-metastatic inflammatory cytokines [147]. Thus, by acting as 

paracrine agonists of TLRs, the two secreted miRNAs regulate the tumor microenvironment 

via tumor-immune system communication. Although the Lewis lung carcinoma model used 

in the study is not a model of lung cancer metastasis, the mechanism by which miRNAs act 

as agonists of TLRs may be involved in tumor-stroma interactions during metastasis. While 

high circulating miR-21 levels are found in metastatic patients (reviewed above), 

circulating miR-29a levels in metastatic cancer patients are not as consistent, indicating 

that its role in metastasis might be cancer type dependent. For instance, serum levels of cell-
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free miR-29a were increased in the presence of colorectal liver metastasis [222], but 

decreased in lymph node positive breast cancer patients [214].

Other stromal cells recruited to the secondary site are endothelial cells that can be activated 

by miRNAs to form new blood vessels in support of metastatic outgrowth [289, 290]. 

Several of these previously identified angiogenesis-promoting miRNAs have been reported 

at higher levels in body fluids of metastatic cancer patients relative to non-metastatic 

patients or healthy controls, including cell-free miR-17/92 [210, 213], miR-27a [193], 

miR-126 [207, 208], miR-130 [210], miR-155 [163, 206, 228, 229], miR-221/222 [203, 220, 

242, 243], and miR-378 [227]. Some of these pro-angiogenic miRNAs have been shown to 

inhibit anti-angiogenic factors such as TSP1 (thrombospondin 1), SPRED1 (sprouty-related, 

EVH1 domain containing 1), PIK3R2 (phosphoinositide 3-kinase regulatory subunit 2), and 

ZBTB10 (zinc finger and BTB domain containing 10) often leading to an indirect up-

regulation of VEGF (vascular endothelial growth factor) [31]. Whether all these circulating 

miRNAs promote angiogenesis at secondary sites is, however, not known. Moreover, high 

levels of circulating miR-210 have also been measured in blood of breast [231, 239], 

colorectal [228] and prostate cancer [236] where they correlated with presence of lymph 

node and distal metastasis. Specific release of exosomal miR-210 from metastatic breast 

cancer cell lines increased in vitro angiogenesis through the inhibition of EFNA3 (ephrin-

A3) [271], indicating that some if not all of identified miRNAs could modify the metastatic 

microenvironment by inducing angiogenesis. Other tumor-derived miRNAs found to 

influence angiogenesis in vitro and in vivo by specifically targeting endothelial cells are 

exosomal miR-9 [173] and exosomal miR-192 [270]. MiR-9 targets SOCS5 in endothelial 

cells after they take up exosomes derived from a number of cancer types (melanoma, 

glioblastoma, lung, colorectal, and pancreatic cancers) leading to activation of the JAK-

STAT pathway, increased tumor growth and angiogenesis [173]. Treatment with miR-9 

antagomirs abolishes pro-proliferative and pro-angiogenic effects of tumor-derived 

exosomes. The anti-angiogenic miR-192, on the other hand, is reduced in bone metastatic 

lung cancer cells and its transfer via exosomes to bone stromal cells markedly diminishes 

bone metastasis in vivo and impairs tumor-induced angiogenesis in vitro and in vivo [270]. 

Upon uptake of the pleiotropic exosomal miR-192 endothelial cells repress the expression of 

pro-angiogenic factors such as ICAM-1, IL-8 and CXCL1. Conversely, cell-free miR-192 

was detected at elevated levels in plasma of metastatic gastric cancer patients [225], while 

cell-free miR-9 was found to decrease in serum of melanoma patients with distant metastatic 

disease [291]. These discrepancies between exosomal total cell-free miRNA levels could be 

due to selective packaging of miR-9 into and exclusion of miR-192 from exosomes leading 

to a change in non-exosomal secretion into the circulation in metastatic cancer patients.

In addition, exosomes isolated from the CD105-positive renal CSC population have been 

shown to trigger angiogenesis in vitro and in vivo, and to induce the formation of a pre-

metastatic niche in the lung that enhanced lung metastasis formation [277]. This pro-

metastatic property was lost when exosomes were treated with RNase indicating that RNAs 

play a key role in the formation of the pre-metastatic niche. Comparison of the miRNA 

expression profiles of exosomes released from CSCs and differentiated tumor cells revealed 

the presence of 24 significantly up-regulated miRNAs and 33 down-regulated miRNAs in 
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CSC-derived exosomes. Among the miRNAs shuttled by CSC-derived exosomes were 

angiogenesis-promoting miRNAs miR-92, miR-130 and miR-151 [277]. Additionally, 

these exosomes contained metastasis-mediating miRNAs such as miR-29a, miR-141 and 

miR-200c. However, the identity of the CSC-secreted miRNA responsible for the observed 

pro-angiogenic and pro-metastatic phenotypes remains unknown.

7.2.5. Stemness and growth into macrometastases—A similar set of specific 

miRNAs fundamental for the maintenance of CSCs in the primary tumor is thought to also 

support the survival and stemness of these cells at secondary microenvironments where they 

are regarded as cells that generate metastases [292]. In particular, as cancer cells that have 

undergone EMT acquire stem cell-like properties [293], it might be of particular importance 

to support the CSC state at distant sites after cell go through MET by miRNA-mediated 

stemness pathways that bypass cellular senescence and maintain self-renewal capacity of 

tumor cells.

MiRNA family (let-7a-1, 7a-2, 7a-3, 7b, 7c, 7d, 7e, f7-1, 7f-2, 7g, 7i, mir-98, and mir-202), 

which are down-regulated in a variety of tumors [100], exert their effect on tumorigenesis by 

silencing multiple oncogenes, including RAS, HMGA2 (high mobility group A2), and MYC 

[101–103]. They also hinder metastasis by inhibition of anchorage-independent growth as 

well as regulation of stemness and depletion of CSCs [104, 105]. Reduced let-7 in breast 

CSCs increases in vivo tumorigenic and metastatic capabilities when inoculated into mice 

[104]. In support of this anti-metastatic role, circulating let-7c was decreased in serum of 

lymph node positive relative to lymph node negative breast cancer patients [202], although 

this result was not validated by qRT-PCR. On the contrary, circulating let-7a in colorectal 

cancer was higher in metastatic patients than those with localized disease. The high let-7 

serum levels correlated with distant, but not lymph node metastasis [201]. High levels of 

circulating let-7e detected in papillary thyroid carcinomas patients with lymph node 

metastasis correlated with the presence of lymph node metastasis [203]. Furthermore, let-7 

family members are enriched in exosomes and selectively secreted from metastatic but not 

poorly metastatic gastric cancer cells, although the functional role of the differences has not 

been elucidated [246]. In exosomes isolated from ovarian cancer cells, let-7a through let-7f 

were found at higher concentrations in exosomes shed from invasive SKOV-3 relative to 

non-invasive OVCAR-3 cells [170]. This indicates that these up-regulated miRNAs may 

have a different pro-metastatic role or may target the stemness of normal stem cells to 

simplify the competitive landscape.

Several studies have shown increased levels of circulating and exosomal miR-375 in 

plasma and serum of metastatic prostate cancer patients [208, 210, 227, 233, 235, 236]. 

Circulating miR-375 was also found elevated in plasma of breast cancer patients [231]. In 

both cancer types, high levels of miR-375 correlated with lymph node and distant 

metastasis. On the contrary, circulating miR-375 levels were found to decrease in lung 

cancer patients with metastatic compared to localized disease [244]. MiRNA-375 has been 

shown to regulate a cluster of genes responsible for cellular growth and proliferation in the 

pancreas and its function is essential for glucose-induced insulin secretion [294, 295], 

suggesting it may have a role in promoting cell growth. Similarly to the miR-200 family in 

breast cancer, miR-375 down-regulates SEC23A in prostate cancer cell lines, resulting in 
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enhanced proliferation [296]. However, if and how cell-free miR-375 enhances metastatic 

proliferation in prostate and breast cancer as well as the function of the decrease in 

circulating miR-375 levels in lung cancer metastasis is unknown.

While miR-126 acts principally to inhibit tumor growth at distant sites, endothelial 

activation, and metastatic initiation [108, 109], its role as a secreted miRNA during 

metastatic development is not easily apparent. MiR-126 has been described as a metastasis 

suppressor whose expression in tumor tissue is down-regulated during breast cancer 

progression [108], mainly because of its inhibition of tumor cell proliferation, actin 

remodeling and cell adhesion by CRK1 repression [31]. Accordingly, circulating miR-126 
has been reported to be reduced in serum of colorectal [201] and lung cancer [226] patients 

suffering from metastatic lesions at distant sites, but the importance of this down-regulation 

has not been addressed yet. In contrast, increased levels of cell-free miR-126 were detected 

in urine and plasma of metastatic bladder [207] and prostate [208] cancer patients, 

respectively. This increase in circulating miR-126 could be due to secretion by cancer cells 

that target endothelial cells or by endothelial cells themselves as miR-126 in the latter has 

been shown to promote angiogenesis by inhibition of SPRED1 and PIK3R2 leading to up-

regulation of VEGF and FGF2 [264, 265].

7.2.6. Cell-free miRNAs secreted by stromal cells—MicroRNAs transfer between 

cancer cells and the genetically normal niche cells is bidirectional. In addition to the cancer-

derived adaptation of niche cells, stromal cells also secrete and transfer miRNAs to cancer 

cells that can promote or inhibit tumor progression (Table 3). Exosomal miR-143 is shuttled 

by normal prostate cells to cancer cells as a potential strategy to maintain tissue homeostasis 

at an early stage in cancer formation [297]. Specifically, cell-free miR-143 was shown to 

inhibit tumor cell proliferation in vitro and tumor growth in vivo. This raises the possibility 

that this miRNA may also function at distant sites to thwart proliferation of metastatic cells 

into full-blown metastases. Similarly, four miRNAs (miR-127, miR-197, miR-222, and 
miR-223) are transferred to breast cancer cell through gap-junctions and to a smaller extent 

via exosomes from bone marrow stromal cells [298]. These miRNAs inhibit proliferation 

though inhibition of CXCL12 and arrest the metastatic cells in a dormant state in which it 

can survive high-dose chemotherapy, making them interesting targets for combination 

treatment with conventional therapy in which dormancy is an obstacle. Moreover, exosomal 
miR-23b has also recently been shown to induce dormancy in breast cancer cells after being 

released by bone marrow mesenchymal stem cells [299]. Furthermore, transfer of these 

stromal exosomes containing miR-23b was shown to inhibit cell cycling and mobility by 

targeting MARCS gene expression in the cancer cells.

Stromal cells that are recruited to the tumor site can also secrete cell-free miRNAs. For 

instance, tumor-associated macrophages (TAMs) have been shown to secrete exosomal 
miR-223 which increased the invasive capabilities of breast cancer cells in vivo by targeting 

MF2C and regulating the Mf2c-β-catenin pathway [300]. The exosome-mediated effect on 

invasion could be reversed by treatment of breast cancer cells with miR-223 anti-sense 

oligonucleotides [300].
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Interestingly, serum miRNAs shown to be up-regulated during osteoclast differentiation, an 

important process promoting osteolytic bone metastasis, could be used as an indicator of 

osseous metastases [8]. Both miR-16 and miR-378 are specifically elevated in metastatic, 

but not primary tumor samples and cell-free miR-16 and miR-378 are detectable at 

elevated levels in serum of bone metastatic breast cancer patients compared to healthy 

controls, revealing the presence of osseous metastases [8]. Hence, these miRNAs could be 

promoting the differentiation process at remote sites through secretion by either cancer or 

stromal cells.

8. MiRNA Targeting and Therapy

Characterization of tumor-secreted messengers and effectors, such as miR-21 or miR-105, 

will enable the selection of patients for appropriate targeted therapies and lead to use of 

combination therapies that simultaneously target multiple secretory miRNAs and/or 

proteins. Such patient selection may be achieved by a quantitative diagnostic test for specific 

circulating or exosomal miRNAs whose levels correlate with metastasis in cancer patients. 

This would identify breast cancer patients with high risk for metastasis who would greatly 

benefit from a preventive treatment that targets the miRNA effectors.

8.1. Direct targeting of cell-free miRNAs

The evidence that some cell-free miRNAs are de-regulated during metastasis and may have 

functional effects on metastatic progression indicates that they can serve as novel 

therapeutic targets. For oncomirs, such as miR-10b, miR-21, miR-221 and miR-222, 

potential therapies include siRNA- or antisense oligonucleotides, miRNA sponges, miRNA 

masking, and small molecule inhibitors, which should be more effective on circulating cell-

free miRNAs as compared to tumor miRNAs. Antisense oligonucleotides targeting tumor 

miR-21 has been successfully used in vitro and in vivo in a breast cancer model [132]. 

Depleting oncomirs using miRNA sponges involves cloning multiple copies of the 

complementary sequence to a selected miRNA which leads to competition with the natural 

target for miRNA binding. Using this technique, Ma et al. demonstrated reduction of 

invasiveness of a breast cancer cell line using a sponge trapping tumor miR-9 [301].

Furthermore, exosomes can be used to efficiently deliver siRNA, antisense oligonucleotides 

or other inhibitors in a tissue-specific manner, either using endogenous or synthetic 

exosomes [302, 303]. Using exosomes isolated from dendritic cells to reduce 

immunogenicity, Alvarez-Erviti et al. loaded exosomes with exogenous siRNA by 

electroporation and fused specific targeting peptides to the exosomal membrane Lamp2b 

protein. Intravenously injection of these exosomes delivered siRNA specifically to the target 

tissues, resulting in a specific gene knockdown, while non-specific uptake in other tissues 

was not observed [304]. A similar methodology could be used to specifically target miRNA 

knockdown, though identification of specific targeting peptides might limit the number of 

tissues available for such targeting. Furthermore, exosomes derived from cancer patients are 

complex structures secreted by multiple cell types with many molecular effectors and may 

induce adverse effects if used for treatment. Synthetic exosomes (liposomes) loaded with 

specific proteins for targeting and inhibitors of miRNA function may be a viable alternative 

[302].
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Since a number of miRNAs shuttled by exosomes are pro-metastatic, approaches by which 

exosomes could be specifically removed from circulation in cancer patients could greatly 

reduce metastatic spread and outgrowth. Several pharmacological strategies have been 

proposed for targeting exosomal malignant activities [141, 179], but risks of toxicity and 

drug interactions may limit their use in the clinic. Interestingly, a novel device strategy has 

also been proposed which involves extracorporeal hemofiltration of exosomes from the 

entire circulatory system using an affinity plasmapheresis platform [305]. This technology 

allows affinity agents, including exosome-binding lectins and antibodies, to be immobilized 

in the outer-capillary space of plasma filtration membranes leading to selective retention of 

target particles < 200 nm from the entire circulatory system.

On the other hand, tumor-suppressor miRNAs are usually down-regulated in cancer and 

administration of synthetic miRNAs or forced expression of endogenous miRNAs may be a 

useful therapeutic option to restore their expression. To this end, the tumor suppressor let-7 

expressing vectors have been injected intra-tumor in a mouse model of lung cancer leading 

to reduction of tumor size [306]. Additionally, a miRNA-based formulation (MRX34), a 

liposomal nanoparticle loaded with a synthetic mimic of the tumor suppressor miR-34, has 

entered in a clinical trial for hepatocellular carcinoma treatment [307]. In preclinical animal 

models, systemic administration of MRX34 was shown to inhibit the growth of primary 

tumors, to block metastasis, and to extend survival [308]. Similarly, systemic inoculation of 

pre-miRNA oligonucleotides for miR-141 or miR-219 was sufficient to inhibit bone 

metastasis of human breast cancer cells in a xenograft mouse model [8]. The two miRNAs 

reduce bone metastasis by targeting osteoclast genes and inhibiting osteoclast 

differentiation, a process that leads to degradation of the bone and subsequent release of 

bone matrix-embedded tumor-promoting growth factors such as TGFβ [7, 309, 310]. For 

exosomal tumor-suppressor miRNAs which are downregulated during metastasis a similar 

approach of restoration of miRNA expression could be used. Endogenous exosomes could 

be loaded with the specific miRNA by electroporation or synthetic exosomes could be 

produced from liposomes.

A big advantage of targeting cell-free miRNAs is the ability to monitor their expression in 

the circulation. When treatment is started, miRNA expression levels can be monitored at 

various time points, and their levels can predict treatment resistance and warrant a switch in 

therapeutic regimen. Already, it was shown that the administration of intravenous anti-

miR-16, anti-miR-122, anti-miR-192 and anti-miR-194 caused a decrease in the levels of the 

corresponding miRNAs across all organs in mice [311]. In this regard, circulating miRNAs 

could serve as combined drug targets and pharmacodynamic markers.

8.2. Targeting miRNA secretion

While the secretion process of non-exosomal cell-free miRNAs is currently not well 

understood, a selective export mechanism is likely to exist as many studies have reported 

similar, but distinct miRNA profiles derived from tumors and body fluids [202]. 

Understanding the mechanism underlying this specific secretion and the key regulators 

involved will potentially identify new drug targets whose manipulation could modify 

circulating miRNA levels. On the other hand, while the process of exosome secretion is 
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better characterized, targeting exosome secretion as a potential means of blocking cancer-

host crosstalk requires the identi cation of cancer-speci c molecules or pathways that control 

tumor exosome production due to the fact that exosomes secreted by normal cells mediate 

important functions. Rab27A is highly expressed in cancer and its interference reduces 

exosome production, providing a way to specifically target tumor exosome secretion. In fact, 

reduction of Rab27a in a murine melanoma cell line dramatically reduced lung metastasis 

[16] by preventing education of bone marrow progenitors and reducing vascular leakiness. 

In addition, as the exosomal secretion of miRNAs exhibits a highly selective pattern that 

differs between cancer and normal cells [312], understanding the cellular selection 

mechanism for miRNA secretion, which may involve RNA-binding proteins that recognize 

the primary or secondary structures of miRNA, and its dysregulation in cancer and 

metastasis may reveal unique strategies to block cancer-speci c miRNA secretion.

9. Conclusion

Cell-free miRNAs constitute a novel class of dysregulated molecules that could provide new 

avenues for non-invasive diagnosis, classification and treatment of tumor-specific 

malignancies but also different phases of cancer development from tumor initiation to 

growth, invasion and metastasis. The diagnostic and prognostic potential of circulating 

miRNAs as biomarkers is based mainly on their non-invasive detection in body fluids and 

on their high resistance and stability under various conditions that could degrade the 

majority of RNAs, such as extended storage, frequent freeze-thaw cycles, extreme pH 

variations, boiling, preservation in archived human blood samples for several years, and 

transport. In addition, several methodologies are available for establishing miRNA 

expression levels and signatures (qRT-PCR, miRNA microarrays, NGS) with only a few 

limitations regarding their cross-comparison. Although the recent data are almost 

exclusively pre-clinical evidence, the application of cell-free miRNAs in metastasis therapy 

as adjuvant tools or targets appears very promising. A better understanding of the complex 

network of genes and cellular signaling transduction pathways regulated by miRNAs would 

enrich our knowledge of metastatic progression and hence improve the therapeutic outcome 

of cancer patients.

Combinations of markers either multiple cell-free miRNAs or miRNAs in combination with 

other known makers, such as circulating proteins or tumor cells (CTCs) to enhance 

sensitivity and specificity may be of potential use in the clinic and need to be further 

evaluated. For instance, in a comparison of the prognostic value of miR-200b, identified in a 

study as the most promising prognostic marker for progression-free and overall survival, 

with that of circulating tumor cells (CTCs), the miRNA level had a better prognostic value 

in breast cancer patients than CTC numbers, while the combination of miRNA and CTCs 

performed a bit better than the former [231]. Similarly, combination of detection of elevated 

levels of cell-free miR-141 and carcinoembryonic antigen, a widely used marker for 

colorectal cancer, improved the accuracy of detection as compared to any one marker alone 

[225].

Nonetheless, crucial issues need to be resolved before establishing extracellular miRNAs as 

biomarkers and therapeutic tools for metastasis. The lack of larger prospective clinical trials 
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with robust and standardized analyzing methods, uncertainty of the target cell, lack of clarity 

regarding the origin of identified circulating miRNA species as some of them may be by-

products of normal tissues or dead cells, and the validation of well-characterized metastasis-

specific cell-free miRNA signatures of different primary cancers are important limitations 

that need to be overcome when bringing miRNAs from bench to bedside. Moreover, studies 

of miRNAs present in biological fluids have generated contrasting results, possibly due to 

the different sensitivity and specificity of the detection approaches, different patient 

numbers, compositions and/or treatment regimens in the study cohorts. Furthermore, most 

studies fail to assay for the presence of mature miRNAs, as opposed to miRNA passenger 

strands or miRNA degradation products, which could explain some of the discrepancies 

between different studies. Also, the choice of appropriate endogenous controls for data 

normalization is a relevant limit. The use of synthetic spike-in controls from C. elegans, 

such as cel-miR-39, cel-miR-43, cel-miR-54, and cel-miR-238 has been proposed as an 

alternative reference instead of ubiquitary expressed miRNAs such as miR-16 or miR-21 

[211, 232, 313]. Nevertheless, the studies to-date have shown promising results in detecting 

and inhibiting metastatic progression by the use of cell-free miRNAs, suggesting the 

potential utility of this therapeutic strategy in clinical practice. Taken together, the 

therapeutic potential of cell-free miRNA treatments has the potential to transform clinical 

paradigms for cancer metastasis.
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Highlights

• Cell-free miRNAs have been detected in various body fluids of cancer patients

• Levels of specific miRNAs change in metastatic compared non-metastatic 

patients

• These could be used for diagnosis, prognosis and treatment of metastasis

• The functional role of several cell-free miRNAs in metastasis has been 

investigated
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Figure 1. Cell-free miRNA secretion pathways
Tumor-derived cell-free miRNAs can be released into the local microenvironment using 

multiple pathways from where they can potentially enter any body fluids. The most 

commonly used body fluids for miRNA detection of brain tumors, breast cancer and renal 

cell carcinoma (RCC) are illustrated. Exosome and microvesicle secretion are active 

processes whereby small membrane-enclosed vesicles containing a variety of molecules, 

including, proteins, DNA, and various RNA species, are released into the extracellular 

milieu. Cell death by apoptosis and necrosis passively leak cell-free miRNAs into the 

surrounding. Apoptotic bodies can also enclose miRNAs. Carrier-bound cell-free miRNAs 

can be bound by protein or lipid carriers; it is not understood how this release is mediated.
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Figure 2. Cell-free miRNA involvement in regulating metastasis
Cell-free miRNA can influence each step of the metastatic cascade by either promoting 

(onocmirs, red) or inhibiting (tumor suppressive miRNAs, green) metastatic progression. 

Cancer cells disseminate from the primary sites after acquiring an invasive phenotype, in 

part through the EMT, and enter the blood and lymphatic systems. Once in circulation, 

circulating cancer cells extravasate into distant organs such as the lung and the bone, where 

they actively grow into metastatic tumors or stay dormant before resuming expansion into 

overt metastasis. While a number of tumor miRNAs which have been identified in 

circulation of metastasis patients have been implicated in influencing particular metastatic 

steps, their role as cell-fee miRNAs has not been validated (miRNAs in italics). 

Nevertheless, the function of several cell-free miRNAs has been studied during metastatic 

progression (miRNAs in bold).
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Table 2

Validated and potential mechanisms of metastasis mediating cell-free miRNAs

Invasion & Migration Activity Targets Target cell Reference

miR-10b Enhances invasion/migration, metastasis in 
vivo

HOXD10† TC [106, 247, 248]

miR-21† Enhances invasion/migration, metastasis in 
vivo

SERPINB5, TMP1, 
PDCD4, MARCKS

TC [88, 93, 95–97]

miR-126† Decreases migration/invasion, enhances cell 
adhesion

CRK1 TC [108, 109]

miR-145 (exo‡) Decreases invasion/migration, metastasis in 
vivo

AKT3 TC [249]

miR-155† Promotes EMT RHOA TC [250]

miR-221/222† Enhance invasion/migration in vitro PTEN, TIMP3 TC [251]

miR-373† Enhances invasion/migration, metastasis in 
vivo

CD44 TC [107, 252, 253]

let-7c† Decreases invasion/migration, metastasis in 
vivo

MMP11, PBX3 TC [254]

Intra-& Extravasation Activity Targets Target cell Reference

miR-105 (exo) Inhibits tight junctions, enhances vascular 
leakiness, metastasis in vivo

ZO-1 EC [167]

MET Activity Targets Target cell Reference

miR-145 (exo‡) Decreases E-cadherin expression in vitro AKT3 TC [249]

miR-200 family† (miR-141 also 
exo)

Promote MET, enhance metastasis in vivo ZEB1, ZEB2 TC [115, 116, 210]

miR-203† Promotes MET ZEB2, SMAD4 TC [255]

ECM & niche Activity Targets Target cell Reference

miR-9 (exo) Promotes angiogenesis and tumor growth in 
vivo

SOCS5 EC [173]

miR-17/92† Promotes angiogenesis TSP1, E2F1, CTGK EC, TC [256–259]

miR-21† Establishes pro-metastatic niche RECK, TIMP3, PTEN [89, 97]

miR-21, miR-29a (exo) Induce pro-metastatic inflammatory 
response, enhance metastasis in vivo

TLR 7, TLR8 IC [147]

miR-27a† Promotes EC-mediated angiogenesis ZBTB10, SEMA6A EC [260, 261]

miR-29c† Inhibits ECM (laminin & collagen) 
deposition

Collagens, LAMC1 [262, 263]

miR-126† Promotes EC-mediated angiogenesis SPRED1, PIK3R2, 
VEGFA, PIK3R2

EC [264–266]

miR-130† Promotes EC-mediated angiogenesis GAX, HOXA5 EC [267]

miR-145 (exo‡) Decreases VEGF secretion and 
angiogenesis in vitro & in vivo

AKT3 [249]

miR-155† Promotes angiogenesis AT1R EC [268, 269]

miR-192 (exo) Inhibits angiogenesis and metastasis in vivo ICAM-1, IL-8, CXCL1 EC [270]

miR-210 (exo) Promotes EC-mediated angiogenesis in 
vitro

EFNA3 EC [271]

miR-221/222† Reduce EC-mediated angiogenesis c-kit, eNOS* EC [272, 273]
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Invasion & Migration Activity Targets Target cell Reference

miR-221/222† Promote tumor induced angiogenesis P27/KIP1 TC [274]

miR-378† Promotes tumor induced angiogenesis Sufu, Fus-1 TC [275]

miR-494, miR-542-3p (exo) Establish pro-metastatic niche, enhance 
metastasis in vivo

Mal, Cdh17, Traf4 LN stroma, 
lung 
fibroblasts

[276]

Renal CSC-derived exosomes Promote EC-mediated angiogenesis EC [277]

Stemness & growth Activity Targets Target cell Reference

miR-21† Promotes survival BCL2 TC [98]

miR-21† Promotes tumor growth PTEN, BTG2, SPR2, 
P12/CDK2AP1

TC [132, 278, 279]

miR-126† Decreases cell proliferation CRK1 TC [264, 265]

miR-145 (exo‡) Decreases cell proliferation, stemness in 
vitro

AKT3 TC [249]

miR-200 family (miR-141 also 
exo)†

Promotes survival and metastasis Sec23a TC [115, 116, 210]

miR-221/222† Promotes cell proliferation and tumor 
growth

p27/KIP1 TC [274, 280]

miR-375† Decreases cell proliferation SEC23A TC [210]

let-7 family† Decrease cell proliferation, inhibit stemness RAS, HMGA2, MYC TC [101–105]

†
Studies entirely done on tumor miRNAs. Activity and targets potentially similar of cell-free miRNAs.

‡
Effects of miRNA were not tested in exosomes, but by overexpression/knockdown in tumor cells

EC, endothelial cell; EMT, epithelial-mesenchymal transition; exo, exosomal; IC, immune cell; LN, lymph node; TC, tumor cell

Biochim Biophys Acta. Author manuscript; available in PMC 2016 January 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Alečković and Kang Page 48

Table 3

Cell-free miRNAs secreted by stromal cells

miRNA Cell of origin Activity Targets Reference

miR-143 (exo) PCa cells Inhibits cell proliferation in vitro and tumor growth in vivo [271]

miR-127, miR-197, miR-222, 
miR-223 (exo)

BMSC Induce dormancy in metastatic cells CXCL12 [298]

miR-223 (exo) TAMs Enhances invasion, migration, metastasis in vivo MF2C [300]

miR-16, miR-378 Unknown (OCs?) Unknown [8]

miR-23b (exo) BM-MSCs Inhibit proliferation in vitro, tumor growth in vivo, induce 
dormancy

MARCS [299]

BMSC, Bone marrow stem cell; BM-MSC, Bone marrow mesenchymal stem cell; exo, exosomal; OC, osteoclast; PCa, prostate cancer; TAM, 
tumor-associated macrophage
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