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Abstract

The control of gene expression by microRNAs influences many cellular processes and has been implicated in the control of many
(patho)physiological states. Recently, microRNAs have been detected in serum and plasma, and circulating microRNA profiles have
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now been associated with a range of different tumour types, diseases such as stroke and heart disease, as well as altered physiological states
such as pregnancy. Here we review the disease-specific profiles of circulating microRNAs, and the methodologies used for their detection and
quantification. We also discuss possible functions of circulating microRNAs and their potential as non-invasive biomarkers.

© 2010 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The presence of nucleic acids in the serum has long been
recognised, with circulating DNA released from tumours
readily detected in the blood. Numerous studies have demon-
strated fetal DNA in the maternal blood, leading to a
number of clinical tests. Recently microRNAs (miRNAs)
circulating in blood have attracted considerable attention.
MiRNAs are a newly discovered class of short RNAs, 18-25
nucleotides in length, which regulate gene expression in
a post-transcriptional manner, via sequence-specific inter-
action with target sites in mRNAs [1]. Through partial
homology to the 3'UTR in target mRNAs, miRNAs effect
control of gene expression via repression of translation as
well as reducing mRNA levels directly [2]. Many genes have
target sites for regulation by miRNAs and the complexity
of this regulatory network is increased by the ability of an
individual miRNA to modulate expression of multiple genes
[3]. In humans, over 800 miRNAs are known, and expres-
sion of many occurs at specific stages of development or in
a tissue-specific manner [2].

The expression of characteristic miRNA profiles has been
implicated in the control of various developmental and
disease states [2]. In cancer, miRNAs can act as tumour
suppressor genes or oncogenes [4], as well as controlling var-
ious aspects of cancer biology such as chemoresistance [5]
and metastasis [6]. The tissue- and disease-specific miRNA
expression profiles reported are often more informative and
discriminatory than mRNA profiles. This has been exploited
in particular in oncology, for which a link between (loss of)
miRNA expression and cancer was first demonstrated for
chronic lymphocytic leukemia [7]. In a subsequent landmark
study, the tissue of origin of poorly differentiated tumours was
more accurately determined from miRNA profiles than from
mRNA profiles [8]. These early studies have led to tumour-
specific miRNA profiles published for many tumour types
(reviewed in [2]) and the appearance of diagnostic tests based
on the expression of discriminatory miRNA signatures [9,10].

Complementing the informative potential of miRNA
expression profiles is the unexpected stability of these short
RNAs. Compared with mRNA and other longer RNAs, the
short miRNA sequences are extremely stable. This property
has enabled the analysis of miRNAs in archival tissue blocks,
a source of little utility in mRNA profiling [11]. Recently,
cell-free miRNAs have been detected in serum and plasma
samples. The stability of miRNAs is similarly high in both
fresh and archived serum and plasma, making the miRNAs
in these samples potentially useful candidates for diagnostic
and other clinical applications.

In this review, we summarise the studies of circulating
cell-free miRNAs to date. In addition to commenting on
their potential as non-invasive biomarkers for a number of
diseases, we describe recent studies shedding light on the
source of these miRNAs in the circulation and their possible
functions.

2. Circulating miRNAs associated with
(patho)physiological states

Circulating miRNAs have been investigated in a wide vari-
ety of patient samples and animal models (Table 1). Since
the report of an association between circulating miRNAs and
lymphoma [12], miRNA profiles have been associated with
different tumour types, a range of diseases such as cardiovas-
cular disease, stroke and multiple sclerosis, as well as altered
physiological states such as pregnancy and liver injury. We
review each of these in the following sections.

2.1. Cancer

Circulating miRNAs have now been associated with
different tumour types (Table 1). In these studies, tumour-
specific miRNAs have been identified through a combination
of rational approaches (quantifying miRNAs known to be
overexpressed in tumours) and more traditional discovery
methods (profiling circulating miRNAs in patients and con-
trols). The following sections describe studies in which
circulating miRNAs have been used to distinguish between
cancer patients and controls.

2.1.1. Early studies

The first demonstration of a link between circulating miR-
NAs and cancer came from studies published in early 2008.
In their study investigating sera from 60 patients with dif-
fuse large B cell lymphoma (DLBCL), Lawrie et al. found
a significant increase in levels of miR-155, miR-21 and
miR-210 compared with controls [12]. Patients with high
levels of miR-21 were also found to have a longer relapse-
free survival. Shortly thereafter, a study profiling miRNA
expression in patients with squamous cell carcinoma of the
tongue identified a number of miRNAs either up- or down-
regulated compared with matched normal tissue. The miRNA
with highest expression in tumour tissue, miR-184, was also
present at higher levels in plasma, and these levels decreased
following surgery in 22 of 25 patients [13]. Both of these
early studies used miRNA profiling in tumour cells to select
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Table 1
Circulating microRNA studies. Summary of the changes in circulating microRNAs reported to date for various (patho)physiological states.
miRNA
Condition Source Methods?* Increased Decreased Associations
DLBCL [2] Serum TagMan miR-155, miR-210, miR-21 associated with
miR-21 RFS
AML [17] Plasma Microarray, TagMan miR-92a miR92a/-638
distinguishes pts
Lung cancer [5] Plasma & serum Solexa, RT-qPCR miR-25, miR-233
NSCLC [7] Exosomes Microarray miR-17-3p, miR-21 Not detected in control
miR-106a, miR-146 samples
miR-155, miR-191,
miR-192, miR-203,
miR-205, miR-212,
miR-214
NSCLC [6] Serum Solexa, RT-qPCR miR-486, miR-30d miR-1, Panel associated with OS
miR-
499
CRC [9] Plasma RT-qPCR miR-17-3p, miR-92 Reduced after surgery
CRC [10] Plasma RT-qPCR miR-29a, miR-92a Dx for advanced CRC
Ovarian cancer Exosomes microarray N.D. N.D. miR-21, 141, 200a, 200b,
[11] 200c, 203, 205 and 214
higher in cancer than
benign disease
Ovarian Cancer Serum TLDA, RT-qPCR miR-21, miR-29a, miR-127 miR-21, miR-92 and
[12] miR-126, miR-92, miR- miR-93 higher in pts
miR-93 99b with normal CA-125
miR-
155
SCC [3] Plasma TagMan miR-184 miR-184 reduced
post-surgery
OSCC [19] Plasma TagMan miR-24
OSCC [20] Plasma TagMan miR-31 Reduced post-surgery
PDAC [13] Plasma TagMan miR-21, miR-210,
miR-155, miR-196a
PCA [14] Plasma TagMan miR-210
Breast Cancer [15] Serum RT-qPCR None found None miR-155 higher in
found PR-positive patients
Breast [41] Whole blood TagMan miR-195, let-7a
Prostate [4] Plasma Cloning & miR-141 Distinguish PCa from
sequencing, TLDA, healthy controls
RT-qPCR, 454
sequencing
Prostate [55] Serum Array miR-16, miR-92a, Stage 3 and 4 prostate
miR-92b, miR-103, cancer samples
miR-107, miR-197, compared with normal
miR-34b, miR-328, donor sera
miR-485-3p,
miR-486-5p,
miR-574-3p, miR-636,
miR-640, miR-766,
miR-885-5p
Gastric cancer Plasma TagMan miR-17-5p, miR-21, let-7a
[18] miR-106a, miR-106b
HCC [21] Serum TagMan miR-500 Only in 3/10 patients;
reduced post-surgery
Glioblastoma [48] Exosomes TagMan miR-21 Increased 40-fold over
controls
5 cancers (lung, Serum Microarray N.D. N.D. 28 miRNA signature
colon, ovarian, distinguished between
prostate, breast) 5 cancers and controls
[55]
Pregnancy [31] Serum RT-qPCR miR-527, miR-520d-5p, Ratio of miRs
miR-526a distinguishes
Pregnancy [30] Plasma TagMan miR-141, miR-149,

miR-299-5p, miR-135b
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Table 1 (Continued )

miRNA
Condition Source Methods?® Increased Decreased Associations
AMI [22] Plasma RT-qPCR miR-1
Rat AMI model Plasma TLDA, RT-qPCR miR-208
(23]
AMI [24] Plasma TagMan miR-499 High in all AMI patients
HF [26] Plasma RT-qPCR miR-423-5p Enriched in HF but not
non-HF dyspnea
Sepsis [29] Serum RT-gPCR miR-146a
miR-
223
Mouse model of Plasma Microarray, RT-qPCR miR-122, miR-192
liver injury [27]
Stroke [69] Whole blood Microarray, RT-qPCR Various
Rat stroke model Plasma miR-122, miR-133a, Increase with brain, liver

(28]

miR-124

and muscle injury

2 Real time RT-qPCR is termed ‘TagMan’ when hydrolysis probes were employed, or ‘RT-qPCR’ when SYBR Green was the dye used.

the miRNAs to be analysed in circulating blood. The first
reports of direct profiling of circulating miRNAs followed
soon after. Mitchell and colleagues used a combination of
cloning and sequencing, RT-qPCR arrays and massively par-
allel sequencing to analyse plasma from normal individuals,
prostate cancer patients and a mouse xenograft model of
prostate cancer, identifying miRNAs in circulating blood
associated with the presence of tumour [14]. Of the miR-
NAs found to be present at higher levels in the plasma of
prostate cancer patients, miR-141 levels were able to dis-
criminate between prostate cancer patients and controls. A
similar study by Chen et al. used Solexa sequencing to cata-
logue miRNAs present in normal serum from male and female
individuals and to compare this with serum from patients with
lung or colorectal cancer, or diabetes [15]. Several miRNAs
were detected specifically in the sera of patients with each
tumour type, with a large number common to both groups.

2.1.2. Lung cancer

In follow-up studies by Chen et al. validating some of
their Solexa sequencing findings by RT-qPCR, the levels of
miR-25 and miR-223 were increased 5- and 3-fold, respec-
tively, in patients with NSCLC whereas let-7a did not change.
In a more recent Solexa-based study by the same group,
serum miRNAs in NSCLC patients were used to predict out-
come [16]. Eleven miRNAs satisfied the criteria of at least
50 copies in either group, along with greater than 5-fold dif-
ference in expression. In subsequent RT-qPCR analysis of a
total of 303 patients, higher levels of miR-486 and miR-30d,
in combination with lower levels of miR-1 and miR-499,
were strongly associated with reduced survival. In an alter-
native approach, Rabinowits et al. first purified exosomes (see
Section 4.1) from the plasma of patients with NSCLC (adeno-
carcinoma) and controls and found that patients had higher
RNA content in these preparations [17]. Twelve NSCLC-
associated miRNAs were measured and were found at similar
levels in matched tumour tissue and plasma RNA, but were

undetectable in control samples. In contrast, a more recent
study of vesicle-associated miRNAs found let-7f, miR-20b
and miR-30e-3p downregulated in patients, but no significant
upregulation of any miRNA was found [18]. Low levels of
miR-30e-3p in plasma were associated with longer disease-
free survival, whereas a trend towards longer overall survival
was found with low let-7f levels.

2.1.3. Colorectal cancer (CRC)

In addition to the sequencing approach applied by Chen
and colleagues, two further studies have investigated miRNA
profiles in plasma from CRC patients. The first used a RT-
qPCR array to identify miRNAs that were at least two-fold
higher in both tumour tissue and plasma from 5 CRC patients
compared with adjacent normal tissue and plasma from con-
trol individuals [19]. Of the 5 miRNAs identified, miR-17-3p
and miR-92 were significantly different in plasma from a
second set of 25 patients and 20 controls. The levels of these
miRNAs were found to be reduced in a third group of CRC
patients 7 days after resection. Finally, in a larger validation
set, mir-92 differentiated between CRC patients and controls
with a sensitivity of 89% and a specificity of 70%. A more
recent study aimed to use miRNAs as markers of early CRC
[20]. A set of 12 miRNAs previously reported to be associated
with CRC were analysed in plasma samples from 20 patients
and 20 controls. This case control experiment revealed higher
levels of miR-29a and miR-92a in CRC patients. Validation
in 100 CRC cases and 59 controls revealed the potential and
additive nature of both miRNAs. In addition, plasma levels of
both miRNAs were found to be associated with tumour stage
and decreased after surgery in most cases [20]. The authors
proposed measuring miR-29a and miR-92a within a panel of
miRNAs to improve diagnostic accuracy.

2.1.4. Ovarian cancer
Circulating miRNAs in ovarian cancer patients have been
the focus of two independent studies. In the first, niRNA pro-
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files of tumour-derived exosomes isolated from the serum of
ovarian cancer patients were compared with tumour cell pro-
files from the same patient [21]. Most miRNAs were present
in both cells and serum, with some of them enriched in one
or the other fraction. Eight miRNAs previously reported as
highly expressed in ovarian cancer were further analysed in
serum, and although only microarray data were presented,
all were clearly increased when compared with serum from
benign ovarian disease [21]. In a subsequent study, a Tagman-
based array was used to profile 365 miRNAs in patient and
control serum [22]. There were 21 differentially expressed
miRNAs, 10 of which overlapped with previously reported
profiles of ovarian cancer. In follow-up studies using sera
from 19 patients and 11 controls, miR-21, miR29a, miR-126,
miR-92 and miR-93 were found upregulated and miR-127,
miR-99b and miR-155 were down-regulated in patients with
ovarian cancer. For miR-21, miR-92 and miR-93, levels were
high in 3 patients with normal CA-125 levels, a clinical
marker of ovarian cancer [22].

2.1.5. Pancreatic cancer

Circulating miRNAs have been investigated as an early
detection marker of pancreatic cancer, using those miRNAs
previously linked to pancreatic cancer in a proof-of-concept
study [23]. All four miRNAs tested — miR-21, miR-210,
miR155 and miR-196a — were significantly upregulated in
plasma of patients compared with controls, but much of this
difference was due to patients with exceptionally high lev-
els [23]. When all 4 miRNAs were analysed together, the
combined sensitivity and specificity of the panel increased
to 64% and 89%, respectively [23]. In a similar approach,
Ho et al. focused on miR-210 and its potential association
with hypoxia in pancreatic cancer. Archived plasma samples
from 22 patients and 25 controls were used confirming signif-
icantly increased levels of miR-210 in patients [24]. However,
this observation also appeared to be the consequence of very
high miRNA levels in some patients.

2.1.6. Other cancers

In a small-scale study using archived serum from breast
cancer patients, miR-16, miR-145 and miR-155 were found
at similar levels in patients and controls [25]. A subsequent
study quantified 8 miRNAs known to be associated with
breast cancer in the (whole) bloods of a larger cohort of breast
cancer patients [26]. Here miR-195 and let-7a levels in blood
were elevated in patients and could help distinguish cases
from controls. Levels of miR-195 were also found to be higher
in tumour tissue than in matched control samples. In addition,
node-negative disease was associated with higher let-7a lev-
els, and miR-10b and miR-21 were higher in ER-negative
patients’ blood [26].

A microarray-based approach to analyse plasma from 2
AML patients and 7 controls identified 148 miRNAs in circu-
lation [27]. When the rank order of intensity was calculated,
miR-92a was significantly reduced in plasma from leukemia
patients. In a larger set (61 patients and 16 controls), the

ratio of miR-92/miR-638 expression analysed by RT-qPCR
distinguished patients from controls. Unexpectedly, miR-92a
expression, as determined by in situ hybridisation, was high
in leukemic blasts but undetectable in normal blasts.

Tsujiura et al. recently reported an analysis of circulating
miRNAs in gastric cancer patients with the aim of identi-
fying markers for diagnosis and disease monitoring [28].
Increased plasma levels of miR-17-5p, miR-21, miR-106a
and miR-106b were found along with decreased levels of
let-7a. Higher miR-106a and lower let-7a levels were also
found when tumour levels were compared with (paired) nor-
mal mucosa, while miR-106a plasma levels were found to
be decreased one month after surgery. In a large-scale valida-
tion study, the ratio of the plasma concentrations of miR-106a
and let-7a produced the highest AUC with a sensitivity and a
specificity of 85.5% and 80%, respectively.

Two other recent studies identified elevated levels of miR-
24 and miR-31 in plasma of patients with squamous cell
carcinoma of the oral cavity (OSCC). In the first, miR-24
levels were found to be 2.4-fold higher in pre-surgery plasma
samples from the patients with OSCC compared with healthy
controls [29]. A prediction of OSCC could be made with
70% sensitivity and 92% specificity. The same group has also
reported the potential of miR-31 to act as a marker of OSCC
[30]. Regardless of stage, levels of miR-31 were significantly
higher in plasma from 43 patients compared with 21 controls
(AUC 0f 0.82). Furthermore, plasma miR-31 levels decreased
following tumour resection and interestingly, miR-31 levels
in saliva samples were also elevated in patients.

Finally, miR-500 was shown to be present in the sera
of patients with hepatocellular carcinoma (HCC) [31]. This
miRNA was associated with liver maturation in a mouse
model of liver development. Levels tended to be higher in
HCC lines and tumour samples when compared with matched
normal tissue. However, serum levels were increased in only
3 of 10 HCC patients. Noteworthy is that miR-500 levels in
these three patients were dramatically reduced 6 months after
surgical resection.

2.2. Heart disease

Specific miRNAs have also been linked to heart disease.
After finding levels of miR-1 overexpressed in a rat model,
Al et al. showed that levels of miR-1, but not miR-133, were
significantly elevated in acute myocardial infarction (AMI)
patients compared with controls, and that these returned
to baseline after a period of two weeks [32]. Ji et al. used
microarrays to profile tissue-specific miRNAs in the rat, and
found miR-208 to be exclusively expressed in heart [33].
Upon induction of myocardial injury, miR-208 increased
significantly during the next 3-12h before returning to
(undetectable) baseline levels, whereas levels of control
miR-183 and 5S remained constant. This temporary increase
of miR-208 was organ specific, as renal infarction did not
lead to increased miR-208 levels in the plasma but did
increase circulating levels of kidney-derived miR-10a. In a
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recent follow-up study, the same group found that miR-499
is specifically expressed in human heart, but only low level
expression of miR-208a and miR-208b was found [34].
When the levels in plasma were analysed, miR-499 was
only detected in AMI patients (not in controls or those with
congestive heart failure) and levels returned to normal by
the time of hospital discharge.

In a study combining a rat model with clinical observa-
tions in AMI patients, miRNAs miR-1, miR-133a, miR-499
and miR-208a were selected as candidates based on their spe-
cific expression in skeletal and/or cardiac muscle [35]. All
four miRNAs were present at higher levels in AMI patients
and miR-208a levels turned out to be the most significantly
increased. This miRNA also showed a consistent reduction in
plasma of 5 patients followed up after 2 months of treatment.
In another group of 20 patients this miRNA appeared earlier
than cardiac troponin, suggesting it is a more sensitive earlier
marker of AMI [35].

Patients with congestive heart failure (CHF) exhibited a
different plasma miRNA profile [36]. Using microarrays to
analyse plasma from 12 CHF and 12 healthy controls revealed
108 differentially expressed miRNAs. The best 16 candidates
were analysed by RT-qPCR and miR-423-5p appeared to be
a good predictor of CHF diagnosis. Interestingly, miR-1 and
miR-208, which are predictive of AMI, were not increased in
CHE, suggesting a specific miRNA response in blood elicited
by different pathologic conditions [36].

2.3. Oxidative liver injury

Changes in plasma miRNAs were also found in a mouse
model of drug-induced liver injury [37]. Microarray analysis
of liver and plasma samples from acetaminophen-overdosed
mice revealed a number of changes in liver and plasma that
were for the most part reciprocal. For example, miR-122,
and miRs-29a-c all decreased in greater than 5-fold in the
liver while increasing 5-500-fold in plasma. Elevated levels
of miR-122 and miR-192 in plasma were also more sensitive
than ALT levels to acetaminophen dose and appeared more
rapidly. A similar study in a rat model was carried out to see
whether specific circulating miRNAs were able to monitor
tissue injury [38]. Increases in levels of miR-122, miR-133a
and miR-124 were found in plasma following injury to liver,
muscle or brain, respectively. Moreover, unlike AST and
ALT, plasma levels of miR-122 and miR-133a seemed to
discriminate between liver and muscle injury.

2.4. Sepsis

A number of miRNAs previously associated with sepsis
were analysed in the serum of septic patients and compared
with patients with systemic inflammatory response syndrome
(SIRS) and controls [39]. Three of these — miR-126, miR-
146a and miR-223 — were significantly reduced: miR-126
and miR-146a in the SIRS patients and all three in the septic
patients. Reduction in miR-146a was significantly greater in
the septic group than in SIRS group, and reduced miR-223

levels showed an AUC of 0.86 and specificity and sensitivity
of 100% and 80%, respectively.

2.5. Pregnancy

The presence of specific pregnancy associated miRNAs
in the maternal circulation has been investigated in two stud-
ies. In the first [40], miRNAs in the placenta, maternal blood
cells and plasma were analysed, and candidate miRNAs were
selected based on a 10-fold increased concentration in pla-
centa compared with maternal blood cells, and absence in
post-delivery plasma. In this way 17 candidate miRNAs were
identified, and the 4 miRNAs present at highest concentra-
tion were analysed in maternal plasma by RT-qPCR. Both
miR-141 and miR-149 were found to be significantly reduced
post-delivery, and miR-141 levels increased with pregnancy
stage. In a second study a set of 28 miRNAs (consisting of
placenta-specific as well as broadly expressed miRNAs) were
measured in sera from 20 pregnant (10 in first and 10 in third
trimester) and in control sera from 10 non-pregnant women
[41]. Twelve miRNAs were present at levels greater than
5-fold increased in the third trimester versus non-pregnant
samples. Of these, miR-526 and miR-527 showed a greater
than 500-fold increase and together with miR-520d-5p could
accurately distinguish pregnant from non-pregnant women.
The authors postulated that as many of the miRNAs they
analysed are also associated with pre-eclampsia, these could
be useful marker for the prediction of this condition. Most
recently, placenta-specific miRNAs from the C19MC cluster
(miR-517a, -518b, -518e and 524) were found in the plasma
of pregnant women only, whereas levels of miR-141 and miR-
424 were found in both groups but significantly increased
during pregnancy. Although no specific miRNA was upregu-
lated in pregnancies complicated by fetal growth restriction,
there was an almost two-fold increase in overall miRNA
levels in these pregnancies compared with controls [42].

2.6. Circulating miRNAs in normal individuals

There have been considerable efforts to catalogue the nor-
mal spectrum of circulating miRNAs in healthy individuals
using different platforms. In the study of Chen et al., all of
the small RNAs (<30 nt) isolated from the serum of healthy
subjects (10 males and 11 females, pooled separately) were
sequenced [15]. Most of the sequences obtained were 21-23
nucleotides in length, consistent with the size of mature miR-
NAs, and included 190 of the miRNAs known at the time
(miRBase V10.0). In RT-gPCR validation experiments there
was good correlation, although miRNA species present at less
than 10 sequence copies were not reliably amplified and were
thus removed from the normal spectrum of circulating miR-
NAs reported, leaving 101 in the normal profile [15]. This
compares with 130 miRNAs found in the serum of a nor-
mal individual using a TagMan low-density RT-qPCR array
(TLDA; v1.0) [14], and 148 (detected in 7 normal controls
[27]) or 170 (in 4 normal samples; top 40 listed [35]) using
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microarray analysis. A similar number of miRNAs (105) were
detected using TLDA analysis of RNA from microvesicles
isolated from peripheral blood [43].

In the Chen study, most species were present at very
similar levels in serum from male and female subjects. Inter-
estingly, the miRNA profiles of serum and those of blood
cells showed extensive overlap, suggesting that the majority
of circulating miRNAs in normal individuals are released
into the circulation by these cells [15]. This is consistent
with the miRNA content found in microvesicles isolated
from peripheral blood, where 71 of 104 miRNAs were also
found in peripheral blood mononuclear cells (PBMCs) [43].
In contrast, the overlap between the miRNAs detected in the
serum and blood cells of lung cancer patients was far less
pronounced, with only 57 of 148 miRNAs detected in both
serum and PBMCs from these patients. Furthermore, only
69 of 160 miRNAs were common to serum from lung cancer
patients and control subjects, with 63 unique to lung cancer
serum. Together, these results suggest that certain circulating
miRNAs are derived from the tumour and can be measured
in the blood [15]. The observation that patient and control
samples will contain many common circulating miRNAs is
an important consideration when selecting candidates with
diagnostic potential.

If it is assumed that the individuals used as controls in
these studies mentioned above were indeed free from dis-
ease, it is possible to begin to build a picture of the spectrum
of miRNAs found in the circulation in a normal physiological
state. Two additional studies have added to this picture, pro-
filing miRNAs using arrays based on more recent versions
of miRBase [27,35]. Although identifying many of the more
recently catalogued miRNAs that could not be detected with
platforms used in the earlier studies, a considerable overlap
is still evident. From the 5 studies to date that have inves-
tigated samples from normal individuals, over 270 different
miRNAs have been detected. The 20 miRNAs identified in at
least 4 of these studies are listed in Table 2. Within this group
are representatives from well-characterised families such as
the miR-17-92 cluster and the miR-15/16 group, as well as
the let-7 family. They will be discussed in more detail in the
following sections.

3. Measuring and quantifying circulating miRNAs

In comparing the reports to date, circulating miRNAs have
been isolated and detected using different methodologies
and from different source materials (Table 1), and quantified
employing varying reference gene and normalisation strate-
gies (Table 4). The contribution of these factors to differences
in the reported results can be significant and is addressed
below.

3.1. Detection: arrays, gPCR, sequencing

The variation in detection of miRNAs by different plat-
forms is well known in the field and has been described in

Table 2
Most commonly detected miRNAs in circulation of normal indi-
viduals.

Chen [5]
Mitchell [4]
Hunter [33]
Wang [25]
Tanaka [17]

hsa-let-7b
hsa-miR-16
hsa-miR-21
hsa-miR-223
hsa-miR-24
hsa-miR-25
hsa-miR-30d
hsa-miR-320
hsa-miR-106b
hsa-miR-142-3p
hsa-miR-15a
hsa-miR-183
hsa-miR-186
hsa-miR-19b
hsa-miR-20a
hsa-miR-22
hsa-miR-26a
hsa-miR-451
hsa-miR-484
hsa-miR-92a

detail elsewhere [44—48]. In terms of circulating miRNAs,
this is perhaps best illustrated when comparing miRNAs
detected in normal individuals both between and within dif-
ferent studies. The miRNAs most commonly detected in the
plasma or serum of normal individuals are listed in Table 2.
Three early studies catalogued the normal circulating miRNA
profile, one using Solexa deep sequencing, a second by
RT-gPCR and the third applying a cloning and sequenc-
ing approach as well as a RT-qPCR based array detection
system. Being carried out at a similar time using platforms
based on the same version of miRBase (V10.0), these studies
are suitable for comparison between the different profiling
approaches. The studies detected many common miRNAs
(two newer studies have used more recent miRBase updates
and consequently identified many of the more recently iden-
tified miRNAs [27,35]), but clear differences are apparent
when the relative levels of miRNAs are considered. Although
the data were obtained using different platforms, normalising
the data based on rank order allows the relative abundance of
the 20 most abundant miRNAs in each study to be compared
(Table 3). This approach reveals that the two RT-qPCR based
studies both find miR-223 at a level of at least 5-fold higher
than all others. Interestingly, this miRNA is also detected
within the sequences cloned by Mitchell, but the abundance
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Table 3
Relative abundance of the most commonly detected miRNAs in independent studies.
Chen Mitchell Hunter Mitchell
miRNA A? miRNA A A miRNA A
1 hsa-miR-451 106 hsa-miR-223 100 hsa-miR-223 338 hsa-let-7f 16
2 hsa-miR-16 12 hsa-miR-16 20 hsa-miR-484 11 hsa-miR-223 11
3 hsa-miR-486-5p 8 hsa-miR-126 7 hsa-miR-191 10 hsa-miR-21 9
4 hsa-miR-101 5 hsa-miR-26a 6 hsa-miR-146a 8 hsa-let-7a 6
5 hsa-let-7g 4 hsa-miR-24 6 hsa-miR-16 5 hsa-miR-103 4
6 hsa-let-7f 4 hsa-miR-19b 6 hsa-miR-26a 5 hsa-miR-101 3
7 hsa-let-7a 4 hsa-miR-142-3p 5 hsa-miR-222 5 hsa-miR-16 3
8 hsa-miR-185 3 hsa-miR-9* 4 hsa-miR-24 5 hsa-miR-24 3
9 hsa-miR-20a 3 hsa-miR-26b 4 hsa-miR-126 4 hsa-miR-26a 3
10 hsa-miR-106b 3 hsa-miR-191 3 hsa-miR-32 3 hsa-let-7g 2
11 hsa-let-7i 2 hsa-miR-20a- 2 hsa-miR-486 3 hsa-miR-185 2
12 hsa-miR-103 2 hsa-miR-146a 2 hsa-miR-20a 2 hsa-miR-30d 2
13 hsa-miR-21 2 hsa-miR-484 2 hsa-miR-19b 2 hsa-miR-451 2
14 hsa-miR-25 1 hsa-miR-222 2 hsa-miR-150 2 hsa-let-7e 1
15 hsa-let-7b 1 hsa-miR-92a 2 hsa-miR-574 1 hsa-let-7i 1
16 hsa-miR-192 1 hsa-miR-486 1 hsa-miR-92 1 hsa-miR-125a-5p 1
17 hsa-miR-191 1 hsa-miR-186 1 hsa-miR-93 1 hsa-miR-126 1
18 hsa-miR-17 1 hsa-miR-126* 1 hsa-miR-342 1 hsa-miR-140-3p 1
19 hsa-miR-26a 1 hsa-miR-30b 1 hsa-miR-197 1 hsa-miR-146a 1
20 hsa-miR-142-5p 1 hsa-miR-15b 1 hsa-miR-328 1 hsa-miR-148b 1

% A =relative abundance of the twenty most commonly detected miRNAs in each study, calculated in relation to the 20th most common miRNA.

is an order of magnitude lower than in the same study when
using the RT-qPCR. Furthermore, miR-223 is not detected in
the sequencing approach of the Chen study.

Comparing the two RT-qPCR based studies also reveals
that they have only 9 of the 20 most abundant miRNAs
in common and that their abundance shows striking differ-
ences. The same is true when comparing the two cloning and
sequencing approaches. In terms of the miRNAs detected
at highest abundance, in contrast to the TLDA studies, the
sequencing approach used by Chen et al. identifies miR-
451 as the most abundant miRNA found in the circulation
of healthy subjects. Similar to the results for miR-223, this
miRNA shows a 5-fold lower abundance in the cloning and
sequencing approach used by Mitchell et al. and does not
appear in either RT-qPCR study. Interestingly, a more recent
study of AMI that included some data on normal circulat-
ing miRNA profiles found miR-451 to be the most abundant
when analysed by microarray [35]. This further suggests that
the platform with which the miRNAs are analysed can influ-
ence results. As the two studies identifying miR-451 were
based on Chinese cohorts, this also raises the possibility of
ethnic differences in normal profiles. Underlining the differ-
ences in results obtained using different approaches are the
results of a plasma miRNA study by Tijsen et al. The authors
analysed plasma miRNA content in 12 HF patients and 12
controls using microarray and identified 16 candidate miR-
NAs. Upon validation by RT-qPCR, only one, miR-423-5p,
exhibited a similar fold-change [36].

As described above, a number of studies have reported
the detection of miRNAs in the blood, in various cell-free
compartments. These vary in purity from serum to plasma,
to purified microvesicles and exosomes (Table 4). Although

no differences are detected in the levels of miRNAs found in
serum or plasma within studies [14,41], this variation makes
comparison between independent studies difficult, even when
the same tumour or altered physiological state is considered.
For example, there is only partial overlap between the circu-
lating miRNA species identified in the three studies of CRC to
date, two of which used RT-qPCR analysis of plasma [19,20],
with the other relying on Solexa sequencing of serum [15].
In fact, although both RT-qPCR studies used similar RNA
extraction methods and the same RT-qPCR approach, one of
the studies found miR-17-3p to be higher in patient plasma
[19], whereas the other reported plasma levels too low to
accurately quantify [20].

The identification of miRNAs associated with pregnancy
also led to different results depending on whether serum [41]
or plasma [40] samples were analysed. Further complicating
this comparison is that although both studies used RT-qPCR
to determine miRNA levels, one of them applied a stem-loop
RT reaction combined with TagMan qPCR, while the other
used a polyadenylation together with TagMan qPCR. A fur-
ther example of the different conclusions that can be drawn
from these types of studies is seen when the two studies inves-
tigating circulating miRNAs in ovarian cancer are compared
[21,22]. In the first, the miRNA content of RNA isolated
from exosomes derived from patient blood was compared to
the miRNA profile of tumour tissue from the same patient
using microarrays [21]. These were predominantly detected
at similar levels between tumour tissue and exosomes with
only a few exceptions. Six of 8§ miRNAs identified in the
TLDA analyses of serum samples in the second study [22]
were also found in the former, but interestingly none of these
were found in the exosome-enriched fraction.
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Table 4
RT-qPCR quantification strategies used to measure circulating microRNAs.

Source Template Quantification Reference gene
Lawrie [12] Serum 10 ng total RNA 2-44Cr (tumour-ctrl) miR-16; U6 and 5S not detected
Wong [13] Plasma NR 2-AACT (tumour-ctrl) miR-16
Mitchell [14] Plasma Fixed volume RNA Absolute; copies/p.l normalised to Spiked Cel-miRs
Cel-miRs
Chen [15] Serum 10 pl purified serum Raw Cr, relative expression, 2-ACr Total RNA; miR-16 inconsistent, U6
and 5S degraded
Ng[19] Plasma 40 ng total RNA 2~-AACT (tumour-ctrl) RNU6B
Tanaka [27] Plasma 20 ng total RNA Ratio 92a/638 miR-638
Zhu [25] Serum Fixed volume RNA Crt normalised to 18S 18S
Huang [20] Plasma Fixed volume/fixed RNA quantity =~ 272ACT miR-16; RNU6B unstable?
Resnick [22] Serum 1 ng total RNA; 50 ng (array) 2-AACT miR-142-3p
Wang, K [37] Plasma 50 ng 27ACT [control-treated] miSpike for recovery;
Wang, J [23] Plasma 10ng 2-AACE miR-16
Lin [29] Plasma NR 2-AACT RNUG6B, let-7a
Liu [30] Plasma Fixed volume 2-AACT miR-16
Tsujiura [28] Plasma Fixed volume amol/pl based on std curves RNU6B
Ho [24] Plasma Fixed volume boiled plasma 2~AACT Cel-miR-54
Hu [16] Serum 10 pl serum 2~ACr (patient-ctrl) None
Hunter [43] Microvesicles 500 ng RNA Cr normalised to median 18S, 5S, RNU38B, RNU43 and
RNUG6 all variable®
Chim [40] Plasma 2.5ng OR Fixed volume Copies/ml based on std curves None
Gilad [41] Plasma NR Raw Cr; 50-(Cr target-Ct ave of 6) Mean of 6 miRNAs; spike-ins for
normalising recovery
Ji [33] Plasma Fixed volume Absolute (copies/pl); relative 58S for recovery; standard curves
(2—35—CT)
Ai [32] Plasma NR Normalised Ct U6
Adachi [34] Plasma Fixed volume Copies/100 wl based on std curve internal reference RNA
Yamamoto [31] Serum 14 ng Ratio miR-500/miR-16 set to 1 miR-16
before treatment
Tijsen [36] Plasma Fixed volume 2~-AACr miR-1249
Heneghan [26] Whole blood 100 ng total RNA 2-AACr miR-16
Wang, J-F [39] Serum NR 2-AACr mmu-miR-295

2 Quantity of RNU6B decreased rapidly upon incubation at RT, and polyadenylation step of RT occurred at different sites as determined by sequence analysis.

b Compared with data obtained from blood cells (PBMCs).
3.2. Source material

As described above, plasma, serum and isolated exo-
somes or microvesicles have been used as the source of
RNA from which miRNA profiles have been generated.
Each approach has advantages and disadvantages. Plasma
and serum are readily available and the extraction process is
straightforward, notwithstanding the difficulties associated
with isolating RNA from dilute solutions with high protein
content [49]. In contrast, miRNA isolation from exosomes
or microvesicles requires extensive sample preparation via a
range of techniques [50]. Nevertheless, these labour-intensive
preparations can, depending on the method employed, yield
specifically isolated vesicle populations [50]. In the case of
samples from cancer patients, this may enrich for tumour-
specific miRNAs that would otherwise be difficult to detect
in the background of miRNA circulating in plasma of normal
individuals [21,51].

More recently, RNA extracted from whole blood has been
used as starting material for profiling miRNAs in cancer
[26,52,53], stroke [54] and multiple sclerosis [55]. While
these studies have each identified candidate miRNAs linked
to disease, it is difficult to determine whether these changes

represent differences in cell-free circulating miRNAs, or
derive from changes in miRNA profiles of white blood cells,
as was found in the case of upregulated miR-146a in the
PBMC:s of rheumatoid arthritis patients [56]. In the case of
cancer, circulating tumour cells may in addition contribute
to the profile from whole blood of patients; this possibility
has been explored in an attempt to detect the presence of gas-
tric cancer cells in blood via measurements of miR-106a and
miR-17 [57].

3.3. Normalisation, quantification and reference genes

The many steps involved in quantifying circulating miR-
NAs each have associated error. The extraction protocols
used have varied, and have used different starting material
(whole blood, serum, plasma, or exosomes; Table 4). Added
to the relatively low concentration of RNA in the circulation
[49], this can have considerable impact on the quantification.
Also, the choice of methodology for RNA extraction has an
influence on RNA yield. The high protein content of blood
complicates extraction, and this is evidenced by most reports
having used modified extraction protocols. But even in cases
where isolation procedures were carefully modified, not all
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samples yield enough RNA of sufficient quality for analysis
[23]. Furthermore, as the RNA (and protein) concentration in
plasma or serum can vary between individuals, and this has
been shown to increase for a number of diseases, there is still
debate on whether circulating miRNAs should be quantified
as copies/l or copies/ng total RNA. Therefore, to date there
is no convention regarding the quantification of miRNAs in
plasma or serum.

In the studies published to date, quantities of miRNA
detected in serum/plasma have been reported in various ways,
ranging from raw Ct, 50- ACt or 2~22% ratios, to copies per
ng RNA or copies per pl serum/plasma (Table 4). There are
further studies in which measurements of absolute quanti-
ties are eschewed in favour of ratios from one (disease) state
to another. Obviously this wide range of units makes com-
parison between studies difficult. Nevertheless, and despite
these ranges, most values have been (or can be) converted
to copies (or Ct) per pl serum or per ng total RNA by
the use of standard curves generated using synthetic oli-
gos corresponding in sequence to the mature miRNA of
interest. The main argument for adopting a conversion into
copies per pl starting material over copies per ng extracted
RNA is that RNA concentration can vary both with dis-
ease state as well as between individuals, therefore making
comparisons between individuals and disease states less reli-
able. A second factor is that expressing levels as of copies
per wl is likely to be preferable in terms of a diagnostic
test.

The selection of a reference gene is a further confound-
ing factor (Table 4). There has been frequent use of miR-16,
shown to be expressed at similar levels in most tissues [58],
and a number of groups have reported that the levels in
circulation do not vary considerably between individuals
[12,13,20,23,30,31,59]. However, this has been questioned
by others, and has yet to be accepted as the optimal refer-
ence. Resnick et al. found miR-142-3p and miR-16 consistent
across all patients and controls, but used only miR-142-3p
as reference. Besides miR-16, other genes such as RNU6B
or 18S, have been used to normalise data in some studies
[19,28,29,32,33], but have been shown to be highly variable
or prone to degradation in others. For example, Zhu et al.
did not detect RNU44, 48 or 66, and GAPDH only at high Ct
and therefore used 18S as reference gene [25]. While Ng [19],
Ai [32] and Ji [33] used U6 as a single reference gene, Lin
used both RNU6B and let-7a to normalise their data. Finally,
Hunter et al. showed in their study that although (sno) RNA
U38B, (sno) RNA U43, (sn) RNA U6 and the rRNAs 5S
and 18S are readily detectable in most samples, their expres-
sion is quite variable [43]. For this reason they decided to
use a median normalisation procedure instead of a refer-
ence gene. Not relying on a reference gene at all, Mitchell
et al. pioneered a method in which synthetic C. elegans miR-
NAs — Cel-miRs-39, -54, and -238 — are spiked into the
RNA isolation process to act as normalisers for differences
in recovery between samples [14]. Since then, a number of
groups have adopted a similar strategy [20,24,25,34,39,41],

including mmu-miR-295, a mouse miRNA not detectable in
human serum [39].

The final point of difference in the studies published to date
is the type of normalisation and quantification strategy used
(Table 4). This is highly dependent on the choice of either
using a reference gene or a spike-in control and the methods
used range from raw Ct to comparative Ct, to quantification
based on limits of detection or absolute quantification based
on standard curves. In most cases were a reference gene is
used, the quantification of data is then carried out using a com-
parative Ct method. Nevertheless, as some groups question
the use of reference genes as being a reliable normalisation
procedure, other methods like absolute quantification based
on standard curves are also quite common. As mentioned
earlier Mitchell et al. pioneered the use of synthetic spike-in
controls to normalise for the extraction procedure. But again,
many differences between the different approaches can be
seen. While Mitchell et al. used a combination of three differ-
ent spike-in controls to normalise before calculating absolute
copy numbers based on standard curves [14], others like Ho
[24] or Wang [39] only used one spike-in control.

The wide range of platforms employed for miRNA isola-
tion and quantification in the studies of circulating miRNA to
date makes comparing the findings in these studies difficult.
In addition to methodological differences, there is also a lack
of consistency regarding optimal normalisation and quan-
tification strategies. Further research is needed to address
these important points and to bring consensus to this rapidly
expanding field.

4. Remaining questions

Despite the unarguable potential for circulating miRNAs
to act as non-invasive biomarkers, studies to date have raised
a number of questions that remain to be answered.

4.1. Why are circulating miRNAs so stable?

The blood contains high levels of RNase activity that
degrade exogenously added mRNA within seconds [60]
indicating that miRNAs are unlikely to exist in a free (unpro-
tected) state. This has been addressed in various ways in a
number of studies. Serum or plasma miRNA levels do not
appear to be affected by incubation of the serum or plasma
samples at 4°C [21] or room temperature [14,20,24,41],
multiple freeze—thaw cycles [14,15,24,41], long-term stor-
age [15] or even boiling [15,24] or treatment with acid or
base [15]. Synthetic RNA oligos (corresponding to mature
miRNA sequences) spiked into serum or plasma were rapidly
lost [14], albeit at a rate slower than mRNA degradation
[14,15], and detection of spiked-in miRNAs was RNase sen-
sitive [40]. Filtration of serum or plasma samples has been
used to remove subcellular particles [14,40], which removed
placental mRNAs but not miR-141 [40]. Finally, treatment of
plasma or serum samples with RNase before extraction had
little effect on endogenous miRNA levels [14,15], suggesting
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Fig. 1. Extracellular miRNAs in the circulation. Numerous studies have now demonstrated the presence of miRNAs (and other RNAs) in the extracellular space
following release from cells. These miRNAs may be contained within vesicles, including: microvesicles released by exocytosis (a); exosomes (formed via
invagination of the early endosome) and released upon fusion of late endosomes with the plasma membrane (b); apoptotic vesicles and/or senescent bodies (c).
There are also reports of extracellular miRNAs that are not associated with vesicles, but rather are released via an unknown pathway (d), which are protected by
proteins in ribonucleoprotein complexes. Once present outside of the donor cell, extracellular miRNAs can potentially interact with recipient cells via a number
of different processes, including: direct fusion (e); internalisation (f); receptor-mediated interactions. There are likely to be other mechanisms, especially for
vesicle-free miRNAs (h), but all await further investigation to provide convincing evidence of their involvement in inter-cellular (mi)RNA exchange. Cellular
release (and/or uptake) of miRNAs depicted here as the mature form, may also include pre-miRs. See Refs. [49-51] for a more detailed discussion of exosomes

and other microRNAs-containing vesicles.

that they exist in a compartment that is not accessible to the
action of RNases.

Several studies have demonstrated the association
of circulating miRNA with secreted membrane vesicles
[17,21,43,51,61-65]. An in-depth description of the many
classes of microvesicle and their biogenesis, recently
reviewed elsewhere [66—68], is beyond the scope of this
review but is briefly summarised in Fig. 1. These membrane
vesicles are secreted by a number of cell types and are pro-
duced by various organs as well as tumours. The lack of
consensus regarding nomenclature [68] of these vesicles is
a confounding factor for a number of studies as, depending
on the method of isolation, different populations of vesicles
are recovered. For the purposes of this review microvesicle
refers to actively secreted vesicles as well as those released
by cells undergoing senescence and apoptosis, whereas exo-
somes refers to vesicles of endosomal origin derived from
multivesicular bodies that fuse with the plasma membrane to
release their contents [68].

Exosomes from various cell types contain discrete sub-
sets of miRNAs, with the first evidence coming from a study
of mouse and human mast cell lines [64]. When compared

with cellular miRNA content, the exosomal concentration of
several miRNAs was found to be much higher and derived
from a particular subset of genes, suggesting that miRNAs
are packaged selectively into exosomes [64]. In a study of
cells cultured from glioblastoma patients, the exosomes pro-
duced contained miRNAs abundant in glioblastoma [51].
Furthermore, miR-21, overexpressed in these tumours, was
detected at 40-fold elevated levels in the exosomes isolated
from serum of patients compared with controls [51]. Simi-
larly, the miRNA content of exosomes from ovarian cancer
patients revealed an increased concentration of eight miRNAs
that distinguished between benign ovarian disease and can-
cer [21]. Microvesicles are also released from normal cells,
especially those of haematopoietic lineages, and the miRNA
content of these has been isolated and characterised [43].
MiRNAs were also detected in the microvesicles released
from mesenchymal stem cells, with a number enriched com-
pared with levels in the cells [69]. Even in studies where
miRNAs were detected directly from plasma or serum with-
out first purifying exosomes or microvesicles, the stability of
the miRNAs detected is often attributed to their encapsulation
in vesicles.
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As RNA is extremely labile in serum, microvesicles are
believed by many to be the only source of tumour-derived
miRNAs detected in serum or plasma. However, the differ-
ent techniques used to isolate exosomes (immunopurification
versus ultracentrifugation) are expected to yield different
vesicle populations fractions [50]. Of note apoptotic bodies
(ABs), membrane vesicles released by dying and apoptotic
cells, have been shown to contain an RNA component [62].
ABs from endothelial cells were also observed to modulate
function of recipient endothelial progenitor cells in vitro [70].
The rapid appearance of miRNAs within 3 h following tis-
sue injury in animal models [33] (and human trials) is also
poorly understood — these may also be in exosomes, but could
also be derived from lysed or necrotic cells; Lodes suggests
lysis accounts for much of the miRNA [71]. Irradiation also
induced exosome release (senescence-associated exosomes)
by cancer cells, but this was slower and they accumulate
in days rather than hours via two mechanisms — immediate
versus delayed [62,72]. Further complicating matters is the
observation that the majority of circulating vesicles under
normal physiological conditions are derived from platelets
[69].

In an AMI model it was suggested that the increased
plasma miRNA levels results from cell damage in the
myocardium leading to ‘leakage’, and it is not yet clear
whether these AMI-specific increases in miRNA levels are
exosome/microvesicle associated [35]. This hypothesis was
also put forward by Ai et al., who suggested release from
necrotic myocytes, although this does not rule out the pos-
sibility that damaged cells release exosomes [32]. Similarly,
a decrease in the hepatic levels of a number of liver-specific
miRNAs in a model of drug-induced liver damage was recip-
rocated by their increased appearance in plasma, which could
be explained by cell injury or active release [37]. The oppo-
site observation — that upon drug treatment some miRNAs
decrease in plasma and increase in liver — is more diffi-
cult to explain. This phenomenon was also observed by
Tanaka et al. who found decreased levels of miR-92a in
plasma of AML/ALL patients, but increased levels in the
leukemic versus normal blasts, a result that they postulate is
explained by active uptake by the cells. The complete picture
of the location of miRNAs in the circulation awaits further
study.

Despite the frequent association of miRNAs with
microvesicles, it is still unknown whether miRNAs are
present in other forms, for example associated with serum
(or other cell-derived) proteins that confer RNase stability. A
clue was provided by a study in which miRNAs secreted by
serum-deprived cells in culture were found to export sub-
stantial miRNAs into the medium [73]. These were only
partially contained within the vesicle pellets derived from the
conditioned medium, with the remainder extravesicular and
associated with proteins. Among these were RNA-binding
proteins including NPM 1, which was able to protect miRNAs
from degradation [73]. Whether these miRNA-containing
nucleoprotein complexes exist in vivo and whether they can

be taken up by cells remains to be seen. Nevertheless, these
observations suggest that cells have various ways of export-
ing miRNAs (Fig. 1), and the relative importance of these
mechanisms awaits further investigation.

4.2. Inter- and intra-individual variations

So far, with the exception of differences associated
with pregnancy [40,41], differences in circulating miRNAs
between males and females have not been found. Stud-
ies of serum [15] (10 males and 11 females, separately
pooled and sequences) or microvesicles [43] (27 males and
24 females, analysed individually) found no significant dif-
ferences between male and female individuals. The latter
study further failed to detect any differences between age
groups when comparing the miRNAs in microvesicles from
individuals in the upper quartile range with those from the
lower quartile range. Nevertheless, no study has extensively
profiled the miRNA content of the same individual over
time. As the microvesicle and miRNA content can vary with
physiological condition or disease state [17,21], it is also pos-
sible that miRNAs may vary within individuals at different
times.

4.3. Which are the forms of miRNA found in the
circulation?

Almost all of the studies reviewed here have looked exclu-
sively at the mature form of miRNA, the short single-stranded
RNA contained within the RISC complex [1]. In addition to
mRNAs and mature miRNAs [51,64], the presence of pri-
mary miRNAs in microvesicles was recently reported [61].
In this study, conditioned medium (CM) from mesenchymal
stem cells (MSCs) was shown to contain small RNAs encap-
sulated within lipid vesicles. The RNA content of the CM
was predominantly made up of small (<300 nt) RNA species,
with undetectable 18S and 28S. Microarray analysis of MSCs
and CM revealed 60 miRNAs in the CM of which 15 were
not detected in the cells, suggesting a selective loading of
vesicles. Furthermore, RT-qPCR analysis of let-7b and let-7g
showed a high pre/mature miRNA ratio that was reduced fol-
lowing RNaselll treatment. HPLC purification of exosomal
fractions revealed a further increase in the pre/mature miRNA
ratio. Interestingly, neither Ago2 nor Dicer, two major pro-
tein components of the RISC machinery, was detected in the
CM. This led the authors to postulate that the mature miR-
NAs in the vesicles are unlikely to be functional as they can
no longer be loaded into the RISC. In contrast, Collino et al.
found Ago2 and other RNA binding proteins in the microvesi-
cles (MVs) from MSCs [69]. Whether selective loading of
pre-miRNAs and absence of RISC components is a specific
feature of exosomes from MSCs, or whether it is a more
general phenomenon, remains to be determined.
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4.4. What are the functions of circulating RNAs?

Circulating microvesicles have been recognised for
many years, but their generation and physiological roles
are still incompletely understood. Suggested roles include
hematostasis, involvement in antigen presentation to T cells,
and the development of tolerance, for example the immune
suppression directed by the placenta during pregnancy [68].
Their importance is underlined by the number of disor-
ders associated with dysregulation of microvesicle levels
(reviewed in [74]). A number of studies have demonstrated
the presence of mRNA in various microvesicles [51,64,75],
and when exosomal mRNAs were analysed bioinformat-
ically, their key functions included cellular development,
protein synthesis and RNA post-transcriptional modification
[64]. Some of these were transferred to recipient cells and
translated [64], as was mRNA from the Gluc reporter gene
packaged into exosomes by transduced glioblastoma cells
[51]. Other studies have measured the effects on gene expres-
sion in vitro of exposing cells to purified exosomes, but have
done so without demonstrating transfer (and translation) of
exosomal mRNAs.

The observation that miRNAs are present in the circula-
tion is a more recent one. Based on the known function of
the miRNAs commonly found circulating in normal healthy
controls, many authors have proposed a role for maintain-
ing homeostasis of the circulatory system. Further supporting
this suggestion is the observation that many of these appear
to derive from PBMCs and other blood cells [15,40,43]. As
an example, miR-223 (the circulating miRNA found at high-
est levels in the studies of Mitchell [14] and Hunter [43])
is implicated in regulation of the differentiation of various
blood cell lineages, as well as that of hematopoietic stem
cells [43]. Interestingly, miR-223 is lost in AML [76]. MiR-
16 regulates lymphoid development and red cell development
together with miR-24, both of which are also readily found in
normal circulation [43]. MiR-24 also suppresses p16(INK4a)
[77].

Circulating levels of miR-451 were highest in the studies
of Chen and Wang, and this miRNA is robustly expressed
in erythrocytes [78]. Reduced platelet vesicle production
causes a bleeding disorder (Scott syndrome) and increases
are associated with a number of other disorders [65], but
whether this is related to miRNA content is unknown. Of
two further miRNAs found at high levels, miR-146ais closely
linked to immune and lymphoid function, and miR-486, the
highest differentially expressed in microvesicles compared
with PBMCs, is predicted to regulate a number of metabolic
pathways [43]. An absence of long(er) mRNAs and predomi-
nance of short (mi)RNAs has been suggested by a number of
authors as an indication of a regulatory role [15,51,64,65,79].
Consistent with this idea, miRNAs in MVs derived from
MSCs target genes involved in proliferation/differentiation,
cell cycle and cell death. Furthermore, miRNAs enriched
in MVs are involved in metabolism and organ development
[69]. The treatment of normal human blood or THP-1 cells

Table 5
MicroRNAs commonly found in the circulation of cancer patients.

microRNA

Tumour type

miR-21 Diffuse large B-cell lymphoma, gastric
cancer, ovarian carcinoma, pancreatic
ductal adenocarcinoma, non-small cell
lung cancer, glioblastoma

miR-29a Colorectal cancer, ovarian carcinoma

miR-92 Colorectal cancer, ovarian carcinoma,
prostate cancer

miR-106a gastric cancer, non-small cell lung cancer

miR-155 Diffuse large B-cell lymphoma, PDC

miR-210 Diffuse large B-cell lymphoma, pancreatic

ductal adenocarcinoma
ovarian carcinoma, non-small cell lung
cancer (exosomes)

miR-203/205/214

with various stimuli also led to increased levels of selected
miRNAs in MVs, with miR-150 especially sensitive to LPS
stimulation [80].

The role played by miRNAs released by tumours is
also poorly understood. Some miRNAs are released by a
number of different tumour types (Table 5). For example,
miR-21 is upregulated in a variety of solid tumours [81]
and is commonly found at high levels in the circulation of
patients with these tumour types. Likewise, miR-155 has
oncogenic properties and is upregulated in a number of
cancers [82]. It is both an early marker and predictor of poor
survival in pancreatic cancer, as well as being implicated in
DLBCL [12,23]. It is tempting to speculate that circulating
miRNAs are secreted to promote angiogenesis or as a means
of avoiding tumour surveillance. Supporting this idea, the
function of those circulating miRNAs specific to NSCLC &
CRC appears to be involved in tumorigenesis and cell growth
[15]. The appearance of these overexpressed miRNAs in
the circulation may be a consequence of tumour growth and
cell lysis [71], or alternatively, cancer-specific miRNAs may
derive from cells infiltrating the tumour [12]. Interestingly,
Tanaka et al. found high miR-92a in leukemic blasts, but
low levels in plasma [27]. They suggest leukemic cells
may actively take up exosomes containing miRNAs thereby
reducing miR-92 in the circulation.

4.5. Which cells are targeted by circulating miRNAs?

While many of these suggested roles for circulating miR-
NAs are plausible, elucidation of the functional role requires
demonstration of a gene regulatory effect of miRNAs trans-
ferred to recipient cells. As exosomes and microvesicles bear
the same surface proteins and ligands as their parent cells,
receptor mediated interactions could potentially occur with
specific recipient cells (Fig. 1). Valadi et al. showed that
mast cell-derived exosomes transferred labeled RNA to other
mast cells, and the mRNA component was translated. As this
RNA transfer was to mast cells only and did not occur to
CD4* cells, this provides evidence that the exosome exchange
represents a controlled communication pathway [64]. The
transfer of some miRNAs contained within embryonic stem
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cell microvesicles to mouse embryonic fibroblasts (MEFs)
was demonstrated by RT-qPCR [65]. This transfer appeared
specific to vesicle-enriched miRNAs, but could be due to the
abundance in recipient cells. For example, the high levels of
miR-16 make it more difficult to detect changes in overall
levels owing to delivery of a few copies, whereas delivery of
a few copies in a background of absence in MEFs are more
easily detectable.

In contrast to studies of functional transfer of mRNAs,
demonstrating that circulating miRNAs are transferred to
(and have effects on gene expression in) recipient cells
is more difficult owing to their more modest effects on
gene expression. Several recent studies have addressed this,
showing effects of horizontally transferred miRNAs on
recipient cell gene expression [79,83]. Exosomes from EB V-
transformed B cells containing EBV-specific miRNAs were
transferred to HeLa cells and primary monocyte-derived den-
dritic cells (DCs). In both cases this led to repression of
an exogenously expressed luciferase reporter engineered to
contain the 3’UTR of the CXCLII gene, a target of EBV
miRNAs [79]. The authors suggested that detection of trans-
ferred miRNAs is physiologically relevant because as few
as 100 copies are sufficient to repress target genes [84].
Moreover, the exosomes taken up by the DCs appear in
late endosomes, the site associated with mRNA recogni-
tion and miRNA-mediated gene silencing [85]. In a second
study, HEK293 cells transfected with pri-miRNA or shRNA-
encoding plasmids secreted exosomes into the medium that
contained the mature miRNA or siRNA [83]. When added to
luciferase-reporter expressing cells, the exosomes containing
the luciferase-specific siRNA reduced luciferase expression
in the recipient cells. Similarly, cells transfected with an
engineered luciferase reporter with miR-146a target site pro-
duced less luciferase when treated with miR-146a-containing
exosomes. In the study of Collino et al., MVs from MSCs
transferred highly abundant miRs that led to downregulation
of the proteins of known target genes of these miRs [69].
Similarly, MVs from THP-1 cells containing miR-150 could
transfer this to HMEC-1 cells and reduce c-Myb protein lev-
els, resulting in reduced migration of the recipient cells. These
MV also transferred miR-150 to mouse blood vessels in vivo
[80]. ABs from HUVECs contained miR-126 and this led
to CXCL12 expression in recipient HUVECs via inhibition
of RGS16 [70]. Administration of these ABs to mice was
able to protect them from atherosclerosis, thereby represent-
ing the first demonstration of horizontal transfer of miRNAs
by extracellular vesicles leading to functional consequence
in vivo [70].

5. Conclusion and perspectives

Over the last two years the presence of circulating miR-
NAs has now been detected in a variety of conditions. These
miRNAs are extremely stable, often found in association with
exosomes, and represent potentially informative biomark-

ers for a range of diseases. As with any field in its infancy,
methodologies for the detection and quantification of circu-
lating miRNAs suffer from a lack of convention, similar to the
problems that were associated with the rapid early adoption of
microarrays in gene expression profiling research. Once com-
mon methods are used in these studies, it will become possible
to compare results produced by different laboratories. Never-
theless, the promise of using miRNAs as a readily detectable
and measurable component of the blood remains great and has
the potential to aid in the diagnosis and treatment of cancer
and other disorders.
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