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Abstract. MicroRNAs (miRNAs) are small non-coding, 
endogenous, single-stranded RNAs. MiRNAs have been 
implicated in different areas such as the immune response, 
neural development, DNA repair, apoptosis, oxidative stress 
response and cancer. However, while the majority of miRNAs 
are found intracellularly, a significant number of miRNAs have 
been observed outside of cells, including various body fluids. 
Circulating miRNAs function as ‘extracellular communication 
RNAs’ that play an important role in cell proliferation and 
differentiation. MiRNA regulation is essential to many cellular 
processes, and escape from this regulatory network seems to 
be a common characteristic of several disease processes and 
malignant transformation. The interest in circulating miRNAs 
reflects in fact their central role in regulation of gene expres-
sion and the implication of miRNA-specific aberrant expression 
in the pathogenesis of cancer, cardiac, metabolic, neurologic, 
immune-related diseases as well as others. In our review we 
aimed to summarize the data related to the action of cellular 
miRNAs on the onset of various diseases, thus bringing together 
some of the latest information available on the role of circu-
lating miRNAs. Additionally, the role of circulating miRNAs 
could be particularly relevant in the context of neoplastic 
diseases. At least 79 miRNAs have been reported as plasma or 
serum miRNA biomarkers of solid and hematologic tumors. 
Circulating miRNA profiling could improve the diagnosis of 
cancer, and could predict outcome for cancer patients, while the 
profiling of alterations in circulating miRNA that may signal a 
predisposition to cancer, could also be a therapeutic target in 
these patients.
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1. General considerations on cellular miRNAs

MicroRNAs (miRNAs) are smal, typically 22 nucleotides, non-
coding (nc), endogenous, single-stranded RNAs. Until recently, 
the central dogma of genetics was that RNA played the role 
of messenger between the gene and the final proteins encoded 
by the gene, and ncRNAs were ignored in the field of genome 
sequencing. Before the discovery of miRNAs, it was known that 
a large part of the genome is not translated into proteins. This so 
called ‘junk’ DNA was thought to be evolutionary debris with no 
real function. Recently, the explosion in research in this area has 
established miRNAs as powerful regulators of gene expression. 
Genome-wide transcriptional analyses have estimated that most 
transcribed mammalian genomic sequences are ncRNAs (1-6). 
While only about 1,424 human miRNA sequences have been 
identified so far, genomic computational analysis indicates that 
as many as 50,000 miRNAs may exist in the human genome, 
and each may have multiple targets based on similar sequences 
in the 3'-UTR of mRNA. In fact, it has been estimated that more 
than 60% of mammalian mRNAs are targeted by at least one 
miRNA (7).

MiRNAs were first identified in Caenorhabditis elegans 
in the early 1990s (8), but have since been reported in a wide 
variety of organisms ranging from single-cell algae to humans, 
suggesting that miRNA-mediated biological function is an 
ancient and critical cellular regulatory system (9,10). The impor-
tance of miRNA function is further suggested by the extreme 
evolutionary conservation of both individual miRNA sequences 
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and the miRNA processing machinery. MiRNA genes are 
evolutionarily conserved and are located within the introns or 
exons of protein-coding genes, as well as in intergenic areas. In 
addition, the number of miRNAs in the genome appears to be 
correlated with the complexity of the developmental program, 
with mammals having the largest number of miRNAs.

MiRNAs are transcribed in much the same way as protein-
coding genes. The majority of miRNAs are transcribed by RNA 
polymerase II (11), though a minor fraction of miRNAs are trans-
cribed by RNA polymerase III (12). These primary miRNA 
transcripts (pri-miRNAs) are often several hundred nucleotides 
long and are modified similarly to protein-coding transcripts 
by the addition of a 5' cap and a 3' poly-A tail. Pri-miRNAs 
are then processed first in the nucleus and later in the cytosol 
by the RNase III enzymes Drosha and Dicer, respectively. This 
sequential processing of pri-miRNAs first yields a miRNA 
precursor (pre-miRNA) of ~70 nucleotides in length, and even-
tually a mature double-stranded miRNA of 19-24 nucleotides. 
Typically, one strand of this mature miRNA duplex, termed 
the guide strand, associates with the RNA-induced silencing 
complex (RISC). While it is generally believed that upon incor-
poration into the RISC complex, the other strand (the passenger 
strand) is unwound from the guide strand and degraded, there 
is evidence that in some cases, both strands of the miRNA 
duplex are functional (13). MiRNA-RISC complexes interact 
with mRNA targets through partial sequence complementation, 
typically within the 3' untranslated region of target mRNAs. It is 
thought that the extent of base pairing between the miRNA and 
its mRNA target determines whether the mRNA is degraded or 
translationally repressed (14).

MiRNAs have been implicated in different areas such 
as the immune response, neural development, DNA repair, 
apoptosis, and oxidative stress response. It is surprising the 
list of diseases which have been found to be associated with 
abnormal miRNA expression. Moreover, several authors have 
focused their attention on the importance of cancer regulator 
miRNAs. They are divided into oncomiRs and anti-oncomiRs 
that negatively regulate tumor suppressor genes and oncogenes, 
respectively. Importantly, the association of miRNAs with 
cancer has prompted their potential relevance in cancer diag-
nosis, prognosis and treatment (15).

2. Circulating miRNAs: the new frontier of intercellular 
communication

If the discovery of miRNAs by Ambros and colleagues in 1993 
introduced another level of intricacy in the regulation of the 
genome (8), the discovery of circulating miRNAs highlighted 
the possibility of new mediators of gene regulation. In fact, 
while the majority of miRNAs are found intracellularly, a 
significant number of miRNAs have been observed outside of 
cells, including in various body fluids (16-20). These miRNAs 
are stable and show distinct expression profiles in different 
fluid types. Given the instability of most RNA molecules in 
the extracellular environment, the presence and apparent 
stability of miRNAs here is surprising. Serum and other body 
fluids are known to contain ribonucleases (21), which suggests 
that secreted miRNAs are likely packaged in some manner 
so to protect them against RNase digestion. MiRNAs could 
be shielded from degradation by packaging in lipid vesicles, 

in complexes with RNA-binding proteins, or both (22,23). 
Despite accumulating evidence for the presence of miRNAs 
in body fluids, the origin and the function of these circulating 
extracellular miRNAs remains poorly understood. One of 
the more interesting ideas is that extracellular miRNAs are 
used as mediators of cell-cell communication (24-26). If this 
is the case, then certain miRNAs are presumably targeted 
for export in one cell, and can be recognized, taken up, and 
utilized by another. The presence of miRNAs in body fluids 
may represent an infinite resource of non-invasive biomarkers 
in cancer (27,28). Recent studies have also identified miRNAs 
in two types of cell-derived lipid vesicles; microvesicles and 
exosomes. Microvesicles are relatively large (100 nm-1 µm) 
vesicles released from the cell through blebbing. Exosomes, 
on the other hand, are smaller vesicles (30-100 nm) released 
when endosomally-derived multivesicular bodies fuse with 
the plasma membrane. MiRNAs have been identified in both 
exosomes and microvesicles derived from a variety of sources, 
including human and mouse mast cells, glioblastoma tumors 
(29), plasma (30), saliva (31) and urine (32). 

Studies have suggested that exosomes can be secreted by 
many cells, including T cells, B cells, mast cells, dendritic 
cells, cancer cells and macrophages (33-37). Probably most of 
the circulating miRNAs are found in exosomes, which protect 
them from degradation and are responsible for their excellent 
stability (23,30,38). Exosomes can be transferred from one 
cell to another, and their components can function in the new 
environment. Much work has focused on understanding the 
mechanisms of exosome-mediated cell-cell interactions (39). 
Some of these interactions involve communication between 
different cell types and convey regulatory effectors (40,41); 
whereas, others occur among cells of the same type (42). It was 
found that endogenous plasma miRNAs exist in a form that 
is resistant to 4˚C or 37˚C incubation, freeze-thaw cycles, and 
even to RNase activity (43). 

Circulating miRNAs are surprisingly tractable. Some of the 
key molecular properties of these species include high stability 
in circulation and the ability to survive unfavorable physio-
logical conditions such as extreme variations in pH and multiple 
freeze thaw cycles (18,23,44,45). However, although, exosomal 
miRNA has been hypothesized to be involved in intercellular 
communication (18,23,46) it remains unclear whether all extra-
cellular miRNAs are associated with exosomes and whether 
extracellular miRNA are present in physiologically relevant 
amounts for cell-to-cell signaling. A different study has indi-
cated that cells in culture predominantly exported miRNA in 
exosome-independent form (30). In fact, Turchinovich et al have 
shown that the overwhelming majority of the nuclease-resistant 
extracellular miRNA in plasma and cell culture media is floating 
outside exosomes and is bound to Ago2 protein - a part of the 
RNA-induced silencing complex. They also found indications 
that extracellular miRNA can be bound to other Ago proteins 
(especially Ago1). However, it is possible that parts of extra-
cellular circulating miRNAs are by-products of dead or dying 
cells that persist due to the high stability of the miRNA/Ago2 
complex (47). As has already been said, circulating miRNAs are 
not only abundant in blood, but are also very stable, which are 
important prerequisites for clinical biomarkers. Chen et al (48) 
treated miRNAs with RNase A digestion. Surprisingly, more 
than half of the miRNAs remained intact after 3 h of exposure to 
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RNase A. Furthermore, circulating miRNAs remain stable after 
being subjected to harsh conditions including boiling, low/high 
pH, and extended storage (49). Circulating mature miRNA in 
contrast to mRNA is strikingly stable in blood plasma and cell 
culture media. The high stability of miRNAs constitutes an 
enormous advantage from a clinical diagnostic point of view as 
it allows an efficient isolation from clinical specimens including 
sputum (50), plasma (44,51,52), and serum (48,53). Finally, 
miRNA signatures in blood are similar in men and women, as 
well as individuals of different ages (30). Together, these results 
indicate that circulating miRNAs have many characteristics 
of ideal biomarkers, most notably their inherent stability and 
resilience.

3. Circulating miRNAs in health and disease

Several studies have compared the expression profiles of 
hundreds of blood-borne miRNAs across a variety of non-
malignant and malignant diseases to identify disease-specific 
expression patterns. The resulting miRNA expression data 
could be used to discriminate disease samples with a high level 
of accuracy, demonstrating the potential for using microRNA 
signatures for the blood-based diagnosis of disease (54). The 
ability to profile miRNAs in circulation, thus provides a non-
invasive opportunity to investigate disease-specific miRNAs 
and represents an exciting alternative approach to current strate-
gies for cancer surveillance.

4. Circulating miRNAs in autoimmune diseases, inflam-
matory and metabolic disorders

Before we cover extensively the role of miRNAs in the patho-
genesis and diagnosis of cancer, we can briefly summarize the 
action of miRNAs in non-cancer diseases, in order to fully 
understand the extension of their role in pathophysiological 
mechanisms. A promising field of research for the use of 
miRNAs as markers of disease is definitely one constituted 
by autoimmune diseases. Wang et al studied the serum and 
urinary level of several circulating miRNA species (miR-200 
family, miR-205 and miR-192) in patients with systemic lupus 
erythematosus (SLE) and compared them with that of healthy 
controls. The serum levels of miR-200a, miR-200b, miR-200c, 
miR-429, miR-205 and miR-192, and urinary miR-200a, 
miR-200c, miR-141, miR-429 and miR-192 of SLE patients 
were lower than those of controls. Glomerular filtration rate 
(GFR) correlated with serum miR-200b, miR-200c, miR-429, 
miR-205 and miR-192; proteinuria inversely correlated with 
serum miR-200a and miR-200c. SLE disease activity index 
(SLEDAI) inversely correlated with serum miR-200a. Serum 
miR-200b and miR-192 correlated with platelet count, while 
serum miR-205 correlated with red cell count and hematocrit 
(55). But a prognostic significance can be assigned to the 
circulating microRNAs also in autoimmune pathologies of a 
different type. Michael et al extracted miRNAs from exosomes 
obtained from the saliva of patients with Sjögren's syndrome 
(31), while, although many cellular miRNA expressions appear 
to be involved in the development of less serious immunologic 
diseases such as allergic rhinitis (56), no study has confirmed 
a different pattern of circulating miRNAs in these types of 
patients. 

Several studies have instead pointed out an altered expres-
sion of circulating miRNA in inflammatory diseases such as 
Chron's disease and sarcoidosis. A survey of miRNA levels 
in the sera of control and patients with Chron's disease (CD) 
detected significant elevation of 24 miRNAs, 11 of which were 
chosen for further validation. All of the candidate biomarker 
miRNAs were confirmed in an independent CD sample set. 
To explore the specificity of the CD-associated miRNAs, they 
were measured in the sera of patients with celiac disease; none 
were changed compared with healthy controls. Receiver oper-
ating characteristic analyses revealed that serum miRNAs have 
promising diagnostic utility, with sensitivities for CD above 
80%. Of particular interest is the data that indicate significant 
decreases in serum miRNAs observed in patients with pediatric 
CD after 6 months of treatment (57). Moreover, peripheral blood 
miRNAs could be used to distinguish active CD and ulcerative 
colitis (UC) from healthy controls. Five miRNAs were signifi-
cantly increased and two miRNAs (149* and miRplus-F1065) 
were significantly decreased in the blood of active CD patients 
as compared to healthy controls. Twelve miRNAs were signifi-
cantly increased and miRNA-505* was significantly decreased in 
the blood of active UC patients as compared to healthy controls. 
Ten miRNAs were significantly increased and one miRNA 
was significantly decreased in the blood of active UC patients 
as compared to active CD patients (58). However, peripheral 
blood miRNAs can be developed as unique biomarkers that 
are reflective and predictive of metabolic health and disorder. 
It has been reported that miRNAs circulating in the blood can 
potentially serve as novel non-invasive biomarkers of diseases 
including diabetes (59). Karolina et al have in fact, identified 
signature miRNAs which could possibly explain the patho-
genesis of T2D and the significance of miR-144 in insulin 
signaling. Increased circulating level of miR-144 has been found 
to correlate with down-regulation of its predicted target, insulin 
receptor substrate 1 (IRS1) at both mRNA and protein levels. 
They also experimentally demonstrated that IRS1 is indeed the 
target of miR-144 (60).

Circulating microRNA expression profiles may be promi-
sing biomarkers for diagnosis and assessment of the prognosis 
of neurologic diseases as well. Cogswell et al recovered 
miRNAs from cerebrospinal fluid and discovered Alzheimer's 
disease (AD)-specific miRNA changes consistently with 
their role as potential biomarkers for the disease (61), while 
it was identified that miR-137, miR-181c, miR-9, miR-29a/b 
miRNAs were down-regulated in the blood serum of probable 
AD patients. The levels of these miRNAs were also reduced 
in the serum of AD risk factor models. Although the ability 
of these miRNAs to conclusively diagnose AD is currently 
unknown, it was suggested as a potential use for circulating 
miRNAs, along with other markers, as non-invasive and 
relatively inexpensive biomarkers for the early diagnosis of 
AD (62). However, circulating mRNAs could be useful in a 
complex neuropsychiatric disorder that involves disturbances 
in neural circuitry and synaptic function as in schizophrenia. 
The capacity for discreet post-synaptic remodeling of neurons 
requires coordination by an elaborate intracellular network 
of molecular signal transduction systems. The redundancy of 
these networks means that many combinations of gene variants 
have the potential to cause system dysfunction that manifest as 
related neurobehavioural syndromes. Recent investigation has 
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revealed that post-transcriptional gene regulation and associated 
small non-coding miRNA are likely to be important factors 
that shape the topography of these networks. MiRNA display 
complex temporal spatial expression patterns in the mammalian 
brain and have the potential to regulate thousands of target genes 
by functioning as the specificity factor for intracellular gene-
silencing machinery. They are emerging as key regulators of 
many neurodevelopmental and neurological processes such as 
in the pathophysiology of schizophrenia as their dysregulation 
could lead to pervasive changes in the network structure during 
development and in the mature brain. Furthermore, modification 
of miRNAs could be found not only in the cerebral cortex but 
at a peripheral level as well (63). Finally, circulating mRNAs 
could be used as biomarker in Duchenne muscular dystrophy 
(DMD), a lethal X-linked disorder caused by mutations in 
the dystrophin gene, which encodes a cytoskeletal protein, 
dystrophin. Creatine kinase (CK) is generally used as a blood-
based biomarker for muscular disease including DMD, but it 
is not always reliable since it is easily affected by stress to the 
body, such as exercise. The expression levels of specific serum 
circulating miRNAs may be useful to monitor the pathological 
progression of muscular diseases. Mizuno et al found that 
the serum levels of several muscle-specific miRNAs (miR-1, 
miR-133a and miR-206) are increased in both dystrophin-
deficient muscular dystrophy mouse model and canine X-linked 
muscular dystrophy in Japan dog model. Interestingly, unlike 
CK levels, expression levels of these miRNAs in mdx serum 
are only slightly influenced by exercise when using treadmill. 
These results suggest that serum miRNAs are useful and reli-
able biomarkers for muscular dystrophy (64). Laterza et al have 
demonstrated that aberrant expression of circulating miRNAs 
corresponds to the origin of tissue injury (65). Circulating 
miRNAs are in fact biomarkers for diverse cardiovascular 
diseases, including acute myocardial infarction, heart failure, 
coronary artery disease, stroke, essential hypertension, and 
acute pulmonary embolism (66). But circulating miRNAs seem 
to be able to regulate various physiological processes such as 
pregnancy. It is in fact well known that maternal plasma miRNA 
expression profiles dynamically change during pregnancy. The 
results of function analysis suggested that miRNAs may play an 
important role in regulating pregnancy process, which can help 
us understand the refined regulatory mechanism in pregnancy 

(67). It has also been shown that placenta-associated circulating 
miRNAs correlate with pregnancy progression (68). Even 
more relevant could be the circulating mRNAs profile, in that 
it could be useful to predict pregnancy-related disease such as 
preeclampsia, which continues to be a fatal disease among preg-
nant women. Gunel et al found up-regulated miR-210 levels as 
well as down-regulated miR-152 levels in preeclampsia patients 
(69) (Table I).

5. Cellular and circulating miRNAs in neoplastic diseases

Cellular miRNAs in oncologic patients. Since cellular miRNAs 
play a fundamental role in regulation of a variety of cellular, 
physiological, and developmental processes, it is easy to under-
stand that their aberrant expression can lead to a variety of 
human diseases including cancer. A number of cellular miRNAs 
were shown in fact to be located in fragile regions of the human 
genome that are associated with cancer (70), and dysregulated 
miRNAs have been shown to play a crucial role in tumor initia-
tion, progression, and metastasis, and are often associated with 
diagnosis, prognosis, and response to therapy (71-73) (Table II). 
Lu et al developed a method for bead-based miRNA profiling. 
Employing this technique on twenty different cancers, they 
found that each cancer had a specific miRNA profile and that 
most poorly-differentiated tumors could be classified to their 
tissues of origin based on their miRNA expression levels (74). 
Among their functional roles, cellular miRNAs regulate in fact 
development, organogenesis, hematopoiesis, and cell prolifera-
tion, and they can intervene with various mechanisms in the 
genesis of neoplastic disease can acting on apoptosis, angio-
genesis, and neoplastic microenvironment. 

Several studies have pointed out the action of cellular 
miRNA on the onset of cancer, and miRNA-21 is one of the most 
prominent miRNAs implicated in the genesis and progression 
of human cancer. The earliest study showed that miRNA-21 is 
commonly and markedly up-regulated in human glioblastoma, 
and inhibition of miRNA-21 expression leads to caspase activa-
tion and associated apoptotic cell death in multiple glioblastoma 
cell lines (75). Subsequently, there is a growing body of evidence 
to prove that miRNA-21 is overexpressed in a variety of tumors 
such as breast cancer (75), lung cancer (76), colon cancer, and 
HCC, with proproliferative and anti-apoptotic function (77-80). 

Table I. Circulating miRNAs in non-neoplastic diseases.

Disease                               miRNA Variation                   Significance

Systemic lupus erythematosus miR-200a, 200b, 200c, 205, 429, 192 (serum) Reduced Correlation with GFR, proteinuria, 
 miR-200a, 200c, 141, 429,192 (urinary)  and SLE disease activity index
Chron disease miR-149, plusF1065 Reduced
Ulcerative colitis miR-505 Reduced
Diabetes miR-144 Increased Correlation with insulin receptor 
   substrate 1
Alzheimer's disease miR-137, 181c, 9, 29a/b Reduced Markers of early disease
Duchenne muscular dystrophy miR-1, 133a, 206 Increased Experimental models
Preeclampsia miR-210 Increased 
 miR-152 Reduced
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Up-regulation of miRNA-31 was found in colon cancer and 
squamous cell carcinomas of the tongue. Interestingly, in colon 
cancer studies not only was miRNA-31 up-regulated but this 
up-regulation was found to be associated with poorer clinical 
outcomes and increased invasiveness (81-84). However, there 
is some support for down-regulation of miRNA-31 in gastric 
cancer, and urothelial cancers (85-88). Moreover a comparison 
of miRNAs and mRNA profiles of primary and metastatic 
cancer lesions showed that miRNAs provided a more reli-
able and distinctive signature than mRNAs and found that 
miRNA signatures were superior to mRNAs in identifying 

the organ source of meta stases of unknown origin (74,89). 
As for the action of cellular miRNAs on apoptosis, it is well 
known that miRNA-195 is an important member of the micro-
15/16/195/424/497 family, and which is activated in multiple 
diseases, such as cancers. MiRNA-195 regulates a plethora of 
target proteins, which are involved in the cell cycle, apoptosis, 
proliferation. WEE1, CDK6, and Bcl-2 are confirmed target 
genes of miRNA-195 that are involved in miRNA-195-mediated 
cell-cycle and apoptosis processes effects (90). Moreover, 
Donzelli et al showed that p53R175H, a hotspot p53 mutant, 
induces miRNA-128-2 expression. Mutant p53 binds to the puta-
tive promoter of miR-128-2 host gene, ARPP21, determining a 
concomitant induction of ARPP21 mRNA and miRNA-128-2. 
MiRNA-128-2 expression in lung cancer cells inhibits apoptosis 
and confers increased resistance to cisplatin, doxorubicin and 
5-fluorouracil treatments. At the molecular level, miRNA-128-2 
post-transcriptionally targets E2F5 and leads to the abrogation 
of its repressive activity on p21(waf1) transcript. The p21(waf1) 
protein localizes to the cytoplasmic compartment, where it 
exerts an anti-apoptotic effect by preventing pro-caspase-3 
cleavage (91). It is also well known that a tumor needs to 
grow its own vasculature. The miRNA-17-92 cluster is highly 
expressed in human endothelial cells that participate in angio-
genesis. Yin et al showed that miRNA-19b-1, a component of 
this cluster, controls the intrinsic angiogenic activity of human 
umbilical vein endothelial cells (HUVECs) in vitro. In silico 
and in vitro analyses have suggested that miRNA-19b-1 targets 
mRNA corresponding to the pro-angiogenic protein, FGFR2, 
and blocks the cell cycle from the S phase to the G2/M phase 
transition by controlling the expression of cyclin D1. Thus, 
miRNA-19b-1 may serve as a valuable therapeutic agent in 
the context of tumor angiogenesis (92). Finally, it is possible 
that cellular miRNAs can create better conditions for the 
growth of the tumor. A recent bladder cancer study has identi-
fied specific miRNA profiles in cancer-associated fibroblasts 
(CAFs) (93). These studies observed an increase in miRNA-16 
and miRNA-320 in CAFs in comparison to normal bladder 
fibroblasts. It is possible that the up-regulated miRNAs in 
CAFs facilitate tumor survival or progression. In contrast to the 
up-regulated miRNAs, miRNA-143 and miRNA-145 are down-
regulated in CAFs compared to foreskin fibroblasts. There was 
no significant decrease in miRNA-143 and miRNA-145 between 
CAFs and normal bladder fibroblasts, however, although a trend 
was reported. Previous studies in bladder cancer have shown 
decreased levels of miRNA-145 correlated with a decrease in 
apoptotic ability suggesting that a decrease in miRNA-145 in 
CAFs may also contribute to evasion of apoptosis in the micro- 
environment (94-97). Another study looking at different CAF 
cell lines from endometrial cancers identified several differ-
entially expressed miRNAs in the CAFs in comparison to 
normal fibroblasts (18). These included increased expression of 
miRNA-503, miRNA-424, miRNA-29b and miRNA-146a, and 
miRNA-31 (98).

A number of target genes for miRNA-31 are involved in 
cellular movement, cytoskeletal organization, phagocytosis, 
transport, cellular transformation, anchorage-independence, 
and chromatin remodelling such as CCNJ, ELAVL1, ENY2, 
RHOBTB1, CLASP2, VAMP4, STX12, TACC2, and SATB2. 
In any case it has been confirmed that cellular miRNAs are 
involved in the development of a variety of tumors, such as 

Table II. Cellular miRNAs in cancer diseases.

Tumor type              miRNAs      Expression

Glioblastoma  Down-regulation
 21 Overexpressed

Breast cancer 193b, Let-7, 29, 200/141 Down-regulation
 21, 155, 17-92 Overexpressed

Lung cancer 486-5p, let-7, 29 Down-regulation
 21, 155, 17-92 Overexpressed

Colon cancer 34 Down-regulation
 21, 31, 155 Overexpressed

HCC  Down-regulation
 21 Overexpressed

Tongue  Down-regulation
 31 Overexpressed

Gastric 31, 192, 215, 200/141 Down-regulation
cancer 21 Overexpressed

Urothelial 31 Down-regulation
cancer  Overexpressed

Bladder 143, 145 (CAFs), 200/141 Down-regulation
cancer 16, 320 (CAFs) Overexpressed

Endometrial  Down-regulation
cancer 503, 424, 29b, 146a,  Overexpressed
 31 (CAFs)

Pancreatic  Down-regulation
cancer 18a, 21 Overexpressed

Testicular  Down-regulation
cancer 372, 373 Overexpressed

Lymphomas  Down-regulation
 155, 17-92 Overexpressed

LLC 15a, 16-1, 29 Down-regulation
 155, 21 Overexpressed

AML 29 Down-regulation
 155, 21, let-7, 126, 196b Overexpressed

ALL  Down-regulation
 128 Overexpressed

HCC, hepatocellular carcinoma; CLL, chronic lymphocytic leukemia; 
AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia.
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leukemia, neuroblastoma, pituitary adenoma, breast cancer, 
thyroid cancer, hepatocarcinoma, colorectal cancer, and lung 
cancer. The up- or down-regulation of different miRNAs in 
these tumor tissues were found with most of the miRNA targets 
located in regions of tumor related genome such as fragile sites, 
loss of heterozygosity, and amplified regions, thereby exhibiting 
the same effect as oncogenes or tumor suppressor genes (70,99). 
Bullock et al demonstrated their importance in the early stages 
of the metastatic cascade. An important event in the metastatic 
cascade is epithelial to mesenchymal transition (EMT), a rever-
sible phenotypic switch over, which endows malignant epithelial 
cells with the capacity to break free from one another and invade 
the surrounding stroma. Their understanding of EMT has been 
significantly improved by the characterization of miRNAs that 
influence the signalling pathways and downstream events that 
define EMT on a molecular level (100). In addition, miRNAs 
were prognostic indicators in colon cancer patients (52), while 
miRNA expression differentiates histology and predicts survival 
and relapse of lung cancer (101-103) (Table II).

Circulating miRNA and cancer. Circulating miRNAs have been 
implicated in regulation of stem cells as well as cancer stem 
cells. Given that cancer stem cells are believed to be respon-
sible for the cancer initiation, metastasis, and chemotherapy 
resistance, a better understanding of how circulating miRNAs 
mediate gene expression in cancer stem cells will help identify 
novel cancer biomarkers and therapeutic targets (Table III). As 
a result, it will aid in the development of better strategy for 
cancer treatment (104). Mitchell et al demonstrated the pres-
ence of circulating tumor-derived miRNAs in blood by using 
a mouse prostate cancer xenograft model system and showed 
that measurements obtained from plasma were strongly corre-
lated with those obtained from sera, suggesting that both serum 
and plasma samples would be adequate for measuring specific 
miRNA levels (44). In another study, Chen et al demonstrated 
that by using serum directly or by extracting RNA from the 
serum they could identify unique miRNA expression profiles 
for lung cancer, and colorectal cancer patients compared with 
healthy subjects (48). Circulating miRNAs have also been 
postulated as novel biomarkers for ovarian cancer, pancreatic 
cancer and colorectal cancer (38,52,105-107). Although the 
clinical significance of these findings has not been elucidated 
in detail, those findings demonstrated that circulating miRNAs 
could be non-invasive diagnostic or prognostic markers for 
cancer. We might wonder what could be the mechanism by 
which circulating miRNAs can exert their action. It was pointed 
out that there must be some method of communication between 
the cancer cells and their microenvironment. The dynamic 
crosstalk between cancer cells and normal cells in the micro-
environment is a crucial point in the progression of disease. One 
manner of cell-cell communication is through the secretion of 
molecules and paracrine signaling. Molecules of secretion are 
no longer limited to cytokines, chemokines, growth factors, and 
other protein molecules, but now include miRNA species (108). 

Observations that miRNAs act as mediators of hetero-
typic signaling in the tumor stroma and ECM could provide 
researchers with a novel target for such therapies. Given their 
biological importance, it is not surprising that circulating 
miRNA expression is frequently dysregulated in human cancer. 
Accumulating evidence suggests that circulating miRNAs can 

contribute to tumorigenesis either by directly modulating onco-
genic or tumor suppressor pathways and/or being regulated by 
oncogenes or tumor suppressor genes. To date more than several 
tens of cancer have been investigated in which expression 
profiling of circulating miRNAs have revealed both diagnostic 
and prognostic utility for this class of biomarkers (109,110), and 

Table III. Circulating miRNAs in cancer diseases.

Tumor type Expression miRNAs

Prostate Reduced
 Increased 16, 92a, 103, 107, 197, 485-3p, 
  486-5p, 26a, 92b, 574-3p, 636, 
  640, 766, 885-5p, 141, 195,  
  leti, 375, 298, 346

Breast cancer Reduced
 Increased 10b, 34a, 195, let-7, 223

Ovarian cancer Reduced 155, 127, 99b
 Increased 21, 141, 200a, 200b, 200c, 203, 
  205, 214

Lung cancer Reduced 486-5p, 146b, 221, 17-5p, 106a, 
  let-7b, 223
 Increased 7i, 206, 21, 30d, 1, 491, 210, 10b
  34a, 141, 155, 197, 182, 29c 

Colorectal Reduced
cancer Increased 17-3p, 92a, 29a, 141

Oral cancer Reduced 125a, 200a (saliva)
 Increased 31, 24

Hepatocellular Reduced
carcinoma Increased 21, 122, 34a, 16 

Pancreatic Reduced 
cancer Increased 155 (pancreatic juice), 18

Biliary tract Reduced
cancer Increased 9, 145 (bile)

Oesophageal  Reduced 375
carcinoma Increased 21

Gastric cancer Reduced
 Increased 187, 371-5p, 378

Renal cancer Reduced
 Increased 1233

Lymphoma Reduced
 Increased 21, 155, 210

Chronic  Reduced
lymphocytic  Increased 195, 29a, 222, 20a, 150, 451, 
leukemia   135a, 486-5p 

Acute myeloid  Reduced
leukemia Increased 92

Myelodisplastic  Reduced Let7a, 16
syndrome Increased

Multiple Reduced
myeloma Increased 148a, 181a, 20a, 221, 625, 99b 
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several authors recently showed that aberrant plasma expres-
sions of miRNAs could distinguish cancer patients from healthy 
individuals (43,50,111,112) (Table III).

6. Specific patterns of circulating miRNAs in cancer patients

Lung cancer. It is well known that up-regulation of cellular 
miRNA-21 leads to tumor development and progression 
(75,113,114), but circulating miRNA-21 has also been described 
as a biomarker for different tumor entities (115,116). For instance, 
it was recently found that miRNA-21 was one of plasma 
miRNAs that could differentiate early stage lung cancer patients 
from healthy non-smoking individuals (117). In a recent study, 
miRNA-21 and miRNA-210 display higher plasma expression 
levels, whereas miRNA-486-5p has lower expression level in 
patients with malignant solitary pulmonary nodules (SPNs), as 
compared to subjects with benign SPNs and healthy controls. 
A logistic regression model with the best prediction was built 
on the basis of miR-21, miR-210, and miR-486-5p. The three 
miRNAs used in combination produced the area under receiver 
operating characteristic curve at 0.86 in distinguishing lung 
tumors from benign SPNs with 75.00% sensitivity and 84.95% 
specificity. Validation of the miRNA panel in the testing set 
confirms their diagnostic value that yields significant improve-
ment over any single one (117). All these data were confirmed 
by other studies. Plasma miRNA-21 levels were in fact signifi-
cantly higher in NSCLC patients than in age and sex matched 
controls, and were related to TNM stage, but not related to age, 
sex, smoking status, histological classification, lymph node 
status, and metastasis. Importantly, miRNA-21 plasma levels in 
partial response samples were several folds lower than that in 
stable disease plus progressive disease samples, and were close 
to that in healthy controls. In such a case, plasma miRNA-21 
can serve not only as a circulating tumor biomarker for the early 
diagnosis of NSCLC, but also to the sensitivity of platinum 
based chemotherapy (118).

A different promising miRNA is miRNA-486-5p that was 
shown to regulate tumor progression and OLFM4 anti-apoptotic 
factor (119). Furthermore, cellular miRNA-486-5p was under 
expressed in several types of solid tumors and in lung cancer 
(120,121). Several studies showed that plasma miRNA-486-5p 
expression in lung cancer patients is significantly lower 
compared to subjects with both benign SPNs and healthy 
smokers. The findings in both surgical tissues and plasma speci-
mens suggest that miRNA-486-5p down-regulation might play a 
role as a tumor suppressor in lung tumorigenesis (117,122). The 
concentrations of four circulating microRNAs (miRNA-10b, 
miRNA-34a, miRNA-141 and miR-RNA155) significantly 
discriminated cancer patients from healthy individuals. The 
levels of miRNA-10b, miRNA-141 and miRNA-155 were signif-
icantly higher in lung cancer patients than those in patients with 
benign disease. In lung cancer patients high serum miRNA-10b 
values associated with lymph node metastasis and elevated 
levels of TPA (tissue polypeptide antigen), whereas high serum 
miR-141 values associated with elevated levels of uPA (uroki-
nase plasminogen activator) (123). A significant correlation 
between circulating miRNA and stage disease was pointed out 
by Zheng et al that found that the levels of miR-155, miR-197, 
and miR-182 in the plasma of lung cancer including stage I 
patients were significantly elevated compared with controls. The 

combination of these 3 miRNAs yielded 81.33% sensitivity and 
86.76% specificity in discriminating lung cancer patients from 
controls. The levels of miR-155 and miR-197 were higher in the 
plasma from lung cancer patients with metastasis than in those 
without metastasis and were significantly decreased in respon-
sive patients during chemotherapy (124). Different findings are 
reported by Heegaard et al that found that the expression of 
miRNA-146b, miRNA-221, let-7a, miRNA-155, miRNA-17-5p, 
miRNA-27a and miRNA-106a were significantly reduced in 
the serum of NSCLC cases while miRNA-29c was significantly 
increased. No significant differences were observed in plasma 
of patients compared to controls. Overall, expression levels in 
serum did not correlate well with levels in plasma. In secondary 
analyses, reduced plasma expression of let-7b was modestly 
associated with worse cancer-specific mortality in all patients 
and reduced serum expression of miR-223 was modestly asso-
ciated with cancer-specific mortality in stage IA/B patients (125). 
Finally of extreme interest could be the datum that Bianchi et al 
developed a test, based on the detection of 34 miRNAs from 
serum, that could identify patients with early stage non-small 
cell lung carcinomas (NSCLCs) in a population of asymptomatic 
high-risk individuals with 80% accuracy. The signature could 
assign disease probability accurately either in asymptomatic or 
symptomatic patients, distinguish between benign and malig-
nant lesions, and capture the onset of the malignant disease in 
individual patients over time (126).

Breast cancer. Analyses of cellular miRNA profiles in breast 
cancer have determined that many miRNAs display expression 
patterns linked to molecular subtype (127-130) as well as ER 
status, tumor grade (128), and other tumor-related processes 
(131-133). Experimental evidence has confirmed that miRNA 
levels can play a role in determining disease course; for example, 
re-expression of miRNA-193b, down-regulated in highly meta-
static derivatives of the MDA-MB-231 cell line, significantly 
inhibited tumor growth and dissemination in a mouse xenograft 
model. Thus, integrated analysis of miRNA in breast cancer 
constitutes an important new frontier (134). Yan et al found that 
overexpression of miR21 in breast cancer is associated to lymph 
node metastasis and poor prognosis (85). Roth and colleagues 
reporting the findings of altered tumor specific miRNAs in sera 
of breast cancer patients, while Mitchell et al has previously 
demonstrated that circulating miRNAs that are elevated in 
breast cancer patients when the tumor is in situ (miR-195 and 
let-7a) decrease to basal levels by 2 weeks post-tumor resection 
(44,110,135). Recent data have demonstrated that macrophages 
are able to produce microvesicles, which shuttle proteins or 
miRNAs into adjacent cells within the microenvironment 
(23,25,136-139). Yang et al demonstrated that exogenous 
miRNAs transfected into IL-4-activated M2 macrophages can 
be shuttled into co-cultivated breast cancer cells in the absence 
of direct cell-cell contact with the macrophages. Exosomes 
containing miRNA-223 were released by M2 cells and were 
then internalized by co-cultivated breast cancer cells that did not 
express this miRNA. The exosome-shuttled miR-223 promoted 
the invasiveness of breast cancer cells in vitro. This process of 
invasion could be inhibited by transfecting miRNA-223 anti-
sense oligonucleotides (ASO) into the tumor cells. The above 
provides evidence for the delivery of invasion-potentiating 
miRNA-223 by IL-4-activated macrophages to breast cancer 
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cells via exosomes and may highlight a novel communication 
mechanism between TAMs (tumor-associated macrophages) 
and cancer cells (140).

Patients with liver damage and hepatocellular carcinoma. In 
chronic hepatitis C infection (CHC) patients and in patients 
with NAFLD (non-alcoholic fatty-liver disease), plasma levels 
of miR-122 were elevated compared to healthy controls. In 
CHC patients, miR-122 levels correlated with fibrosis stage 
and inflammation activity but did not correlate with HCV viral 
load (141-145). In hepatocellular carcinoma patients, plasma 
miRNA-21 level was measured by qRT-PCR before and 
after curative resection of hepatocellular carcinoma. Plasma 
miRNA-21 was also compared in other groups of patients with 
chronic hepatitis, and healthy volunteers. Plasma miRNA-21 
level in the patients with hepatocellular carcinoma was signifi-
cantly higher than in patients with chronic hepatitis and healthy 
volunteers. In the patient group after resection of the carcinoma, 
plasma miRNA-21 levels significantly diminished after surgery 
compared with the pre-operative values. ROC analysis of 
plasma miRNA-21 yielded an AUC of 0.773 with 61.1% sensi-
tivity and 83.3% specificity when differentiating hepatocellular 
carcinoma from chronic hepatitis, and an AUC of 0.953 with 
87.3% sensitivity and 92.0% specificity when differentiating 
hepatocellular carcinoma from healthy volunteers. Both sets 
of values were superior to α-fetoprotein and improved for the 
combination of miRNA-21 and α-fetoprotein (146). Plasma 
miRNA-21 level remains as a promising biochemical marker 
for hepatocellular carcinoma and liver damage, although 
Cermelli et al found that whereas miR-21 extracellular levels 
were unchanged, extracellular levels of miR-122, miR-34a and 
to a lesser extent miR-16, steadily increased during the course of 
liver damage (147). MiR-122 in serum was significantly higher 
in HCC patients than healthy controls. More importantly, it was 
found that the levels of miRNA-122 were significantly reduced 
in the post-operative serum samples when compared to the pre-
operative samples. Although serum miR-122 was also elevated 
in HBV patients with HCC comparing with those without HCC, 
the difference was at the border line (p=0.043) (148).

Pancreatic cancer. Aberrant expression of miRNAs is associ-
ated with phenotypes of various cancers, including pancreatic 
cancer (PaC). However, the mechanism of the aberrant expres-
sion is largely unknown. Activation of the mitogen-activated 
protein kinase (MAPK) signaling pathway plays a crucial 
role in gene expression related to the malignant phenotype of 
pancreatic cancer. Ikeda et al studied the role of MAPK in the 
aberrant expression of miRNAs in pancreatic cancer cells. They 
found that the cellular miRNAs, miRNA-7-3, miRNA-34a, 
miRNA-181d, and miRNA-193b, were preferentially associated 
with MAPK activity. Among these miRNAs, miRNA-7-3 was 
up-regulated by active MAPK, while the others were down-
regulated. Promoter assays indicated that the promoter activities 
of the host genes of miRNA-7-3 and miRNA-34a were both 
down-regulated by alteration in MAPK activity. Exogenous 
overexpression of the MAPK-associated miRNAs had the 
effect of inhibition of the proliferation of cultured PaC cells; 
miRNA-193b was found to exhibit the most remarkable inhi-
bition (149). Regarding circulating miRNAs, the comparative 
analysis of miRNA expression during malignant progression 

in the mouse model allows to draw some conclusions about 
relevant miRNAs in the circulation that can indicate the pres-
ence of precursor lesions. Habbe et al (150) reported on the 
expression levels of miRNAs in human intraductal papillary 
mucinous neoplasms (IPMN) tissues and in pancreatic juice 
samples, and concluded that miRNA-155 is up-regulated and a 
possible tissue biomarker of pre-invasive disease. La Conti et al 
reported that changes in miRNA expression patterns during 
progression of normal tissues to invasive pancreatic adenocarci-
noma in the p48-Cre/LSL-KrasG12D mouse model mirrors the 
miR changes observed in human PaC tissues. MiRNA-148a/b 
and miRNA-375 expressions were found decreased whereas 
miRNA-10, miRNA-21, miRNA-100 and miRNA-155 were 
increased when comparing normal tissues, premalignant lesions 
and invasive carcinoma in the mouse model. Predicted target 
mRNAs FGFR1 (miRNA-10) and MLH1 (miRNA-155) were 
found to be down-regulated. Quantitation of nine microRNAs 
in plasma samples from patients distinguished pancreatic 
cancers from other cancers as well as non-cancerous pancreatic 
disease. Finally, gemcitabine treatment of control animals and 
p48-Cre/LSL-KrasG12D animals with pancreatic cancer caused 
distinct and up to 60-fold changes in circulating miRNAs that 
indicate differential drug effects on normal and cancer tissues 
(151). MiRNA-18a is located in the miRNA-17-92 cluster and 
reported to be highly expressed in PaC tissues. The expression 
of miRNA-18a was significantly higher in pancreatic cancer 
tissues and pancreatic cancer cell lines than in normal tissues 
and fibroblasts. Moreover, plasma concentrations of miRNA-18a  
were significantly higher in PaC patients than in controls. 
Plasma levels of miRNA-18a were significantly lower in post-
operative samples than in preoperative samples (152). Several 
other studies confirmed the relevance of circulating miRNAs 
in PaC cancer patients. Seven miRNAs displayed significantly 
different expression levels in PaC compared with controls. This 
serum 7-miRNA-based biomarker had high sensitivity and 
specificity for distinguishing various stages of PaC from cancer-
free controls and also accurately discriminated PaC patients 
from chronic pancreatitis (CP) patients. Among the 7 miRNAs, 
miRNA-21 levels in serum were significantly associated with 
overall PaC survival. The diagnostic accuracy rate of the serum 
7-miRNA profile was 83.6% in correctly classifying 55 cases 
with clinically suspected PaC (153). Hwang et al retrospec-
tively studied the effect of miRNA-21 on the chemotherapy 
efficacy and prognosis of PaC: patients with low expression of 
miRNA-21 have significantly prolonged overall and disease-free 
survival after chemotherapy; antisense inhibition of miRNA-21 
can enhance chemotherapeutic sensitivity. MiRNA-21 may be 
related to platinum sensitivity. The high expression of plasma 
miRNA-21 may also be involved in cell resistance to platinum 
chemotherapy. Inhibiting miRNA-21 expression is likely to 
restore cell sensitivity to platinum chemotherapy (154).

Biliary tract cancer (BTC): miRNA in body fluids. Beside 
the possibility of assessing the serum or plasma circulating 
concentrations of miRNAs, as has already been mentioned, the 
possibility to dose such markers in other body fluids exists. This 
is especially true in patients with biliary cancers in which the 
evaluation can be carried out in the bile. Shigehara et al sampled 
bile from patients who underwent biliary drainage for biliary 
diseases such as BTC and choledocholithiasis. PCR-based 
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miRNA detection and miRNA cloning were performed to iden-
tify bile miRNAs. Using high-throughput real-time PCR-based 
miRNA microarrays, the expression profiles of 667 miRNAs were 
compared in patients with malignant disease and age-matched 
patients with the benign disease choledocholithiasis. They 
subsequently characterized bile miRNAs in terms of stability 
and localization. Through cloning and using PCR methods, they 
confirmed that miRNAs exist in bile. Differential analysis of bile 
miRNAs demonstrated that 10 of the 667 miRNAs were signifi-
cantly more highly expressed in the malignant group than in the 
benign group. Setting the specificity threshold to 100% showed 
that some miRNAs (miRNA-9, miRNA-302c*, miRNA-199a-3p 
and miRNA-222*) had a sensitivity level of 88.9%, and receiver-
operating characteristic analysis demonstrated that miRNA-9 
and miRNA-145* could be useful diagnostic markers for BTC. 
Moreover, they verified the long-term stability of miRNAs in 
bile, a characteristic that makes them suitable for diagnostic use 
in clinical settings. These findings suggest that bile miRNAs 
could be informative biomarkers for hepatobiliary disease and 
that some miRNAs, particularly miR-9, may be helpful in the 
diagnosis and clinical management of BTC (155).

Upper digestive tract: oesophageal carcinoma and gastric 
cancer. The plasma level of miRNA-21 was significantly higher 
and that of miRNA-375 was significantly lower in oesophageal 
squamous cell carcinoma (ESCC) patients than controls. The 
high plasma miRNA-21 levels reflected tumor levels in all 
cases (100%). The plasma level of miRNA-21 was significantly 
reduced in postoperative samples. The miRNA-21/miRNA-375 
ratio was significantly higher in ESCC patients than in controls. 
Patients with a high plasma level of miRNA-21 tended to have 
greater vascular invasion and a high correlation with recur-
rence (156).

Several authors have studied expression levels of cellular 
miRNAs in patients with gastric cancer (GC). In fact, miRNA-
192 and miRNA-215 were down-regulated in MGC-803 cells, 
BGC-823 cells and SGC-7901 cells. The down-regulation of 
miRNA-192 and miRNA-215 was also demonstrated to be asso-
ciated with increased tumor sizes. Moreover, the expression of 
miRNA-192 was significantly lower in the pT4 stage of gastric 
cancer than in pT1, pT2 and pT3 stages. Furthermore, there was 
a strong correlation between miR-192 and miR-215 in gastric 
cancer tissues. MiRNA-192 and miRNA-215 might be related to 
the proliferation and invasion of GC (157). Cellular miRNAs can 
modify invasion of cancer cells with a negative effect on meta-
static phenomena (158). Concerning the circulating miRNAs, 
Liu et al showed that serum miRNA-378 could serve as a novel 
non-invasive biomarker in GC detection. Genome-wide miRNA 
expression profiles followed with real-time quantitative RT-PCR 
(qRT-PCR) assays revealed that miRNA-187*, miRNA-371-5p 
and miRNA-378 were significantly elevated in GC patients. 
Further validation indicated that miRNA-378 alone could yield 
a ROC curve area of 0.861 with 87.5% sensitivity and 70.73% 
specificity in discriminating GC patients from healthy controls 
(159).

Colorectal cancer. The high expression of cellular miRNA-21 
in patients with colorectal cancer (CRC) is correlated to clinical 
stage, lymph node metastasis, and distant metastasis (82). 
MiRNA-34a, a transcriptional target of p53, is a well-known 

tumor suppressor gene. Wu et al identified Fra-1 as a new target 
of miRNA-34a, and demonstrated that miRNA-34a inhibits 
Fra-1 expression at both protein and mRNA levels. In addi-
tion, they found that p53 indirectly regulates Fra-1 expression 
via a miRNA-34a-dependent manner in colon cancer cells. 
Overexpression of miR-34a strongly inhibited colon cancer 
cell migration and invasion, which can be partially rescued by 
forced expression of the Fra-1 transcript lacking the 3'-UTR. 
Moreover, they found that miRNA-34a was down-regulated 
in 25 of 40 (62.5%) colon cancer tissues, as compared to the 
adjacent normal colon tissues, and that the expression of 
miRNA-34a was correlated with the DNA binding activity of 
p53 (160,161). Cheng et al found that circulating miRNA-141 
was significantly associated with stage IV colon cancer in a 
cohort of 102 plasma samples. Receiver operating characteristic 
analysis was used to evaluate the sensitivity and specificity of 
candidate plasma miRNA markers. They observed that combi-
nation of miRNA-141 and carcinoembryonic antigen (CEA), a 
widely used marker for CRC, further improved the accuracy of 
detection. Furthermore, their analysis showed that high levels of 
plasma miRNA-141 predicted poor survival in both cohorts and 
that miR-141 was an independent prognostic factor for advanced 
colon cancer. They propose that plasma miRNA-141 may repre-
sent a novel biomarker that complements CEA in detecting 
colon cancer with distant metastasis and that high levels of 
miRNA-141 in plasma were associated with poor prognosis 
(162). A different circulating miRNA was found altered in colon 
cancer patients. MiRNA-92 levels were in fact significantly 
higher in plasma samples from patients than in healthy controls 
and can be a potential marker for CRC detection (107).

Renal cell ccarcinoma and prostate cancer. Although 109 
miRNAs were circulating at higher levels in cancer patients' 
serum, Wulfken et al identified only few miRNAs with 
up-regulation in renal cell carcinoma (RCC) tissue and serum 
of RCC patients. A multicentre cohort of RCC patients and 
healthy controls using quantitative real-time PCR (sensitivity 
77.4%, specificity 37.6%) shows miRNA-1233 was increased 
in RCC patients. They also studied samples of patients with 
angiomyolipoma or oncocytoma, whose serum miRNA-1233 
levels were similar to RCC patients. However, circulating 
miRNAs were not correlated with clinicopathological para-
meters (163). Mahn et al instead analyzed circulating miRNAs 
in serum as non-invasive biomarker in patients with localized 
prostate cancer (PCA), benign prostate hyperplasia (BPH) and 
healthy individuals (HI). Circulating oncogenic miRNA levels 
were different, and especially the miRNA-26a level allowed 
sensitive (89%) discrimination of PCA and BPH patients at a 
moderate specificity [56%; area under the curve (AUC): 0.703]; 
the analysis of oncogenic miRNAs in combination increased 
the diagnostic accuracy (sensitivity: 78.4%; specificity: 66.7%; 
AUC: 0.758). Despite the small number of patients limiting the 
statistical power of the study, they observed correlations with 
clinicopathologic parameters: miRNA-16, miRNA-195, and 
miRNA-26a were significantly correlated with surgical margin 
positivity; miRNA-195 and miRNA-let7i were significantly 
correlated with the Gleason score. Tissue miRNA levels were 
correlated with preprostatectomy miRNA levels in serum, 
and serum miRNA decreased after prostatectomy, thereby 
indicating tumor-associated release of miRNA (164). Moreover, 
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recent reports found that some circulating prostate cancer-
associated miRNAs such as miRNA-375 and miRNA-141, 
correlate with risk of disease progression and other predictors of 
disease outcome, such as Gleason score and lymph node status, 
highlighting the prognostic potential of this class of molecules 
(44,116,165-167). Wach et al used an autochthonous transgenic 
model of prostate cancer, transgenic adenocarcinoma of mouse 
prostate (TRAMP), to discover prostate cancer-associated 
miRNAs in serum. They showed that the levels of miR-141, 
miR-298 and miR-375 were increased in localized primary 
tumors and metastases. They proposed that these miRNAs are 
expressed in prostate cancer cells and released into surrounding 
blood vessels during disease progression. Interestingly, miR-346 
was elevated in the serum of men with mCRPC but reduced in 
metastases in the MSKCC cohort. This tissue-associated loss 
appears to be a consequence of enhanced release of micro-
vesicle-encapsulated miRNAs. Thus, hsa-miR-346 export from 
prostate cancer cells may be augmented without a change in 
expression of the hsa-miR-346 gene, leading to it being progres-
sively lost in malignant tissue while it accumulates in the blood 
(168-170). However, expression of both miR-141 and miR-375 
was correlated with risk of biochemical relapse. Moreover, Cox 
proportional hazards regression and C-statistics revealed that 
miR-375 possesses prognostic potential that is independent from 
Gleason score. Therefore, the capacity of tumor and/or serum 
levels of miR-141 and miR-375 to predict prostate cancer recur-
rence is quite interesting. Given the association of hsa-miR-141 
and hsa-miR-375 with biochemical relapse, it was hypothesized 
that they could have direct roles in prostate cancer pathophysio-
logy by deregulating normal gene expression. Analysis of the 
predicted gene targets of these miRNAs revealed enrichment 
of many pathways likely to be important in prostate cancer. 
Furthermore, preliminary bioinformatic analyses revealed that 
4 genes, SPAG9, SOCS5, MBNL1 and MTPN, were down-
regulated in prostate tumors and inversely correlated with levels 
of miR-141 and miR-375, suggesting that they are targets of 
these miRNAs (171). 

As circulating miRNA-141 is detected in plasma of patients 
with PCa, several authors compared the temporal changes of 
miR-141 with the levels of CTC, LDH, and PSA in patients with 
PCa, and longitudinally examined these markers alone or in 
combinations to determine the utility of miR-141 in the predicting 
a patient's clinical course and response to therapy. A total of 
35 intervals were assessed. Directional changes (increasing 
or decreasing) in PSA, CTC, and miR-141 had sensitivity in 
predicting clinical outcome (progression vs. non-progressing) 
of 78.9%. Logistic regression modeling of the probability of 
clinical progression demonstrates that miR-141 levels predicted 
clinical outcomes with an odds ratio of at least 8.3. MiR-141 also 
had the highest correlation with temporal changes of PSA. In 
this retrospective study, miR-141 demonstrated a similar ability 
to predict clinical progression when compared with other clini-
cally validated biomarkers. Furthermore, miR-141 demonstrated 
high correlation with changes of the other biomarkers (172).

Salivary miRNAs and oral cancer detection. Up-regulation of 
hsa-miR-24 and hsa-miR-31 has been found in squamous cell 
carcinoma of the oral cavity (173), while decreased levels of 
miR-125a and miR-200a in saliva are associated with the same 
disease (174).

Hematologic neoplasias. One area of great interest for use in 
diagnostic, prognostic and therapeutic of circulating miRNAs 
is certainly hemopoiesis and hematologic diseases. The patients 
with diffuse large B cell lymphoma (DLBCL) had high serum 
levels of miRNA-21, which was associated with improved 
relapse-free survival (30). This result is consistent with previous 
findings in biopsy material from a different cohort of DLBCL 
patients, where high tumor miR-21 expression was also associ-
ated with a more favorable clinical outcome. Moreover, elevated 
levels of miR-155, and miRNA-210 were found in serum of 
patients with diffuse large B cell lymphoma (175). Why high 
levels of miRNA-21 should be associated with a more favorable 
clinical outcome for DLBCL patients remains to be determined. 
Although miRNA-21 has been found to have an anti-prolifer-
ative effect in some cancers (177), the opposite appears to be 
true for other cancers (176). Presumably it is the targeting of 
oncogenes and/or antiapoptotic molecules by miRNA-21 that is 
important in determining clinical outcome in DLBCL patients.

LLC. Calin et al (70) were the first to show that their cellular 
miRNA microarray could differentiate between B cell chronic 
lymphocyte leukemia (CLL) cells and normal cells. Furthermore, 
they classified CLL samples into two different groups based 
on their miRNA profiles, and these profiles corresponded to 
high or low levels of a protein that is associated with a positive 
prognosis at low levels. One commonly observed chromosomal 
aberrations in CLL is the deletion of chromosomal 13q14.3, a 
region containing miR-15a and miR-16, which suggests, but 
does not prove, the involvement of miRNAs in the pathogenesis 
of CLL. In addition, an aberrant cellular miRNA expression 
profile in CLL B cells has been described and the changes 
correlate well with prognostic factors including ZAP-70 expres-
sion status and IgVH mutations in CLL patients. Recent studies 
also demonstrated the decrease of miR-29c and miR-223 levels 
in cells during the progression of the disease (178).

Moussay et al showed that circulating miRNAs could also 
be sensitive biomarkers for CLL, because certain extracellular 
miRNAs are present in CLL patient plasma at levels significantly 
different from healthy controls and from patients affected by 
other hematologic malignancies. The levels of several of these 
circulating miRNAs also displayed significant differences 
between zeta-associated protein 70 (ZAP-70)+ and ZAP-70- CLL. 
The changes of circulating miR-195 (AUC = 0.951) or miR-20a 
(AUC = 0.920) levels were the best classifiers to separate CLL 
patients from healthy controls. They tested the possibility of 
improving performance by combining the changes of several 
miRNAs. When 14 miRNAs were combined, the AUC value 
derived from a standard principal component analysis and 
ROC analyses reached 0.950. Excellent separation between 
CLL patients and controls can be reached by using only three 
of several strongly affected miRNAs, miRNA-195, miRNA-29a, 
and miRNA-222, in CLL patients; the AUC value reached 0.982. 
Moreover in LLC patients there was a significant increase in 
the levels of miRNA-150 in ZAP-70, plasma samples. The level 
of miRNA-150 increased with the severity of the diseases in 
ZAP-70 - samples, so there is staging information associated with 
this marker. They also determined that the level of circulating 
miRNA-20a correlates reliably with diagnosis-to-treatment time. 
Network analysis of their data, suggests a regulatory network 
associated with BCL2 and ZAP-70 expression in CLL (179).
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However, we have to bear in mind that because miRNAs are 
exported from cells under some circumstances (18) the changes 
of the most abundant plasma miRNA species from miRNA-223 
to miRNA-150 may be the result of the changing composition 
of lymphoid cells in circulation. Bone marrow stromal cells also 
provide key influences and protection for CLL B cells, which 
suggests they may play a role in producing circulating miRNAs 
in B CLL patients. MiRNA-451, miRNA-135a*, and miRNA-
486-5p are more abundant in plasma (compared with B cells), 
which suggests that a significant fraction of these miRNAs in 
circulation were released by other cell types, perhaps including 
bone marrow stromal cells (180).

Acute leukemia, myelodysplastic syndrome, and multiple 
myeloma. Leukemia cells can carry a small subset of poorly-
differentiated cells, which are considered to be precursors of 
lymphoblasts, myeloblasts, or monoblasts. Thus these cells are 
also called leukemia stem cells (LSCs) because they are capable 
of maintaining and propagating leukemia in vivo, while retaining 
the ability to differentiate into committed progeny that lack these 
properties. Like hematopoietic stem cells (HSCs), LSCs possess 
the ability of self-renewal under a complex regulatory system. 
The recent discovery of miRNAs may shed new light on regula-
tion of LSCs and leukemogenesis. As master gene regulators, 
cellular and circulating miRNAs participate in these processes 
through coordinated work with key transcription factors required 
for hematopoiesis. Therefore, miRNAs could play a critical role 
in normal HSCs as well as LSCs, and in the onset of diseases 
such as acute leukemia and myelodysplastic syndrome (181). 
Cellular miRNAs are in fact of great importance in pathoge-
nesis, diagnosis and prognosis of acute leukemia (AL). Zhu et al 
studied five AL-related miRNAs to confirm the significance of 
these miRNAs in AL. Samples tested included acute myeloid 
leukemia (AML) and acute lymphoblastic leukemia (ALL). 
Analysis showed that miRNA-128 expression was significantly 
higher in ALL. However, the let-7b and miRNA-223 expressions 
in ALL were significantly lower than in AML. Compared with 
normal controls, miR-128 expression was significantly higher 
in ALL, but there was no significant difference in AML. The 
expressions of Let-7b and miRNA-223 in AL group were 
higher than in normal controls. MiRNA-181a was quantitatively 
detected in AML patients, and they found that the expression 
of miRNA-181a in M1 or M2 patients was significantly higher 
compared with it in M4 or M5. It was found that the expression 
of miRNA-181a in favorable prognosis group was significantly 
lower than in poor prognosis group. In FLT3-ITD mutation 
positive patients, the miRNA-155 expression was significantly 
higher than in the negative group (182). At this time only few 
studies have been performed on circulating miRNA in AL, but 
a recent study found that plasma levels of miRNA-92 might be a 
biomarker for acute myeloid leukemia (183).

Two miRNAs, let-7a and miR-16, are known to play 
important roles in myeloid leukemogenesis by regulating 
the cell cycle and apoptosis, both of which are important in 
myelodysplastic syndrome (MDS) pathogenesis (70,184-186). 
Let-7a is a tumor suppressor gene that regulates oncogenes such 
as RAS and HMGA2, and miR-16 targets multiple oncogenes, 
including BCL2, MCL1, CCND1, and WNT3A. Decreased 
miR-16 expression also has been found in blasts isolated from 
high-risk MDS patients (187,188). Zuo et al examined plasma 

levels of let-7a and miR-16, in patients with MDS and healthy 
persons using quantitative real-time PCR. Circulating levels 
of both miRNAs were similar among healthy controls but 
were significantly lower in MDS patients. The distributions of 
these miRNA levels were bimodal in MDS patients, and these 
levels were significantly associated with their progression-free 
survival and overall survival. This association persisted even 
after patients were stratified according to the International 
Prognostic Scoring System. Multivariate analysis revealed 
that let-7a level was a strong independent predictor for overall 
survival in this patient cohort. These findings suggest that let-7a 
and miR-16 plasma levels can serve as non-invasive prognostic 
markers in MDS patients (189).

Finally, Huang et al evaluated global miRNA expression 
profiles in the plasma of multiple myeloma (MM) patients and 
healthy controls. Six miRNAs (miRNA-148a, miRNA-181a, 
miRNA-20a, miRNA-221, miRNA-625, and miRNA-99b) 
that were significantly up-regulated in MM were selected 
and further quantified independently by quantitative reverse 
transcription PCR in plasma from MM patients and healthy 
controls. Moreover, within the patient group, the expression 
levels of miRNA-99b and miRNA-221 were associated with 
chromosomal abnormalities t(4;14) and del(13q), respectively. 
High levels of miRNA-20a and miRNA-148a were related to 
shorter relapse-free survival (190).

7. Limits and challenges of circulating miRNAs

Conventional strategies for blood-based biomarker discovery 
have shown promise, but their clinical use has been limited due 
to lack of sufficient sensitivity, specificity, and stability. New 
approaches that can complement and improve on current strate-
gies for cancer detection are needed. Circulating miRNAs have 
immense potential for refinement of the current processes for 
diagnosis, staging and prognostic prediction, and they may also 
provide potential future therapeutic targets in the management 
of diseases (191). However, many challenges regarding miRNAs 
in sera need to be confronted. Firstly, the specificity of miRNAs: 
one miRNA can distinguish different cancers, which have the 
same serum miRNA, e.g., miR-21 in DLBCL and pancreatic 
cancer. Secondly, the standardization of miRNAs: the prepa-
ration of serum/plasma will need be standardized in order to 
generalize findings from different patients, groups, or labs. 
Thirdly, the quantification of miRNAs: what will be used as a 
standard for qRT-PCR for measuring circulating miRNAs (e.g., 
as ‘housekeeping’ serum miRNA/small RNA), as other classes 
of RNAs or mRNAs are not stable in serum? Moreover, the 
origin of miRNAs is unclear and lacks experimental evidence, 
but current assumptions of the origin include cancer cells in 
peripheral blood (16) or tumor-associated bodies (38,106).

Duttagupta et al found considerable proportions of miRNAs 
derived from red and white blood cells, present as contaminants 
in plasma preparations with the potential to mask the intensi-
ties of truly circulating miRNA species (192). Pritchard et al 
hypothesized that blood cells may contribute significantly to 
circulating miRNA, and that could have important implications 
for interpretation of results from circulating miRNA cancer 
biomarker studies (193). They pointed out that a majority 
of miRNAs reported in the literature as circulating cancer 
biomarkers may originate in large part from blood cells, and 
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this finding is supported by other studies in this area (194). Of 
79 solid tumor circulating miRNA biomarkers reported in the 
literature, it was found that 58% (47/79) are highly expressed 
in one or more blood cell type. Plasma levels of miRNA 
biomarkers expressed by myeloid and lymphoid blood cells 
tightly correlated with corresponding white blood cell counts. 
Plasma miRNA biomarkers expressed by red blood cells were 
significantly increased in hemolyzed specimens (20- to 30-fold 
plasma increase). Finally, in a patient undergoing autologous 
hematopoietic cell transplantation, plasma levels of myeloid- and 
lymphoid-expressed miRNAs tracked closely with changes in 
corresponding blood counts. There is evidence that blood cells 
are a major contributor to circulating miRNA, and that pertur-
bations in blood cell counts and hemolysis can alter plasma 
miRNA biomarker levels by up to 50-fold. Given that a majority 
of reported circulating miRNA cancer biomarkers are highly 
expressed in blood cells, caution is needed in interpretation of 
such results as they may reflect a blood cell-based phenomenon 
rather than a cancer-specific origin. Stratification of circulating 
miRNAs based on detection in circulation and/or contaminant 
classes reveal an approximate loss of 66% of all detected 
miRNAs through the removal of cellular miRNA derived signa-
tures. The proportion of this reduction is comparable to similar 
extensive overlaps seen between miRNA profiles derived from 
plasma micro-vesicles and peripheral blood mononuclear cells 
(25). A direct comparison of the 20 most common circulating 
miRNAs from healthy individuals over 5 different datasets 
reveal, that at least 75% (15/20) of the reported circulating 
miRNA species can be mapped to cellular miRNA signatures 
(30,195).

8. Future perspectives for circulating miRNAs

Technological applications and novel biomarkers in the field 
of molecular diagnostics have never been evolving at a more 
rapid pace. Wang et al showed that a nanopore sensor based 
on the α-haemolysin protein can selectively detect miRNAs at 
the single molecular level in plasma samples from lung cancer 
patients without the need for labels or amplification of the 
miRNA. The sensor, which uses a programmable oligonucle-
otide probe to generate a target-specific signature signal, can 
quantify sub-picomolar levels of cancer-associated miRNAs and 
can distinguish single-nucleotide differences between miRNA 
family members. This approach is potentially useful for quan-
titative miRNA detection (196). However, circulating miRNAs 
will find a space in several different fields of application such 
as transplantation, and recently Spiegel et al pointed out the 
role of miRNAs in immunology and transplantation medicine 
and their role as potential biomarkers. They also focused on the 
molecular mechanisms and therapeutic implications of the use 
of miRNA-based therapeutic strategies to improve long-term 
allograft survival (197).

9. Conclusions

The discovery of miRNA in general and particularly of circu-
lating miRNA is one of the major scientific breakthroughs in 
recent years and has revolutionized current cell biology and 
medical science. Therapeutic strategies based on modulation of 
miRNA activity hold great promise due to the ability of these 

small RNAs to significantly alter cellular behavior. MiRNAs 
function as ‘extracellular communication RNAs’ that play an 
important role in cell proliferation and differentiation (23,198). 
A more comprehensive study of circulating miRNAs and their 
association with various physiopathological conditions may 
lead to another dimension in the discovery of biomarkers in the 
blood for many physiological and pathological conditions. As 
circulating miRNAs regulate the expression of multiple genes 
in a disease pathway, circulating miRNAs and the genes they 
influence can be therapeutic targets. Currently, there are clinical 
trials evaluating therapy based on miRNA inhibition or over-
expression. For instance overexpression and down-regulation of 
specific miRNAs are being evaluated as a novel approach to the 
treatment of myocardial infarction (199).

Within a few years, we will know if miRNA-based thera-
peutics, alone or in combination with other modalities, will be 
clinically useful treatments for various diseases (200). Then 
it could be that blood-based circulating miRNA analysis has 
imminent clinical utility as disease markers. However, if this 
concept is to translate readily from bench to bedside, then 
supporting data demonstrating validity of this novel approach 
must stem from carefully planned studies. If the current 
momentum in translational research can be maintained, then an 
era of non-invasive rapid diagnostics is rapidly forthcoming.
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