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Biomarkers are biological measures of a biological state. An ideal marker should be safe
and easy to measure, cost efficient, modifiable with treatment, and consistent across
gender and ethnic groups. To date, none of the available biomarkers satisfy all of these
criteria. In addition, the major limitations of these markers are low specificity, sensitivity,
and false positive results. Recently identified, microRNAs (miRNAs) are endogenous,
evolutionarily conserved small non-coding RNA (about 22–25 nt long), also known as
micro-coordinators of gene expression, which have been shown to be an effective tools
to study the biology of diseases and to have great potential as novel diagnostic and prog-
nostic biomarkers with high specificity and sensitivity. In fact, it has been demonstrated
that miRNAs play a pivotal role in the regulation of a wide range of developmental and
physiological processes and their deficiencies have been related to a number of disease.
In addition, miRNAs are stable and can be easily isolated and measured from tissues and
body fluids. In this review, we provide a perspective on emerging concepts and potential
usefulness of miRNAs as diagnostic markers, emphasizing the involvement of specific
miRNAs in particular tumor types, subtypes, cardiovascular diseases, diabetes, infectious
diseases, and forensic test.
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Introduction

The ideal biomarker should be non-invasive, specific, cost efficient, quantifiable, robust, translatable,
predictive, and sensitive. Physicians, Scientists, and epidemiologists use biomarkers for monitoring,
screening, diagnostics, and prognostics of various diseases (1). It is established that disease-related
biomarkers including proteins (antigens, enzymes), lipid, and electrolyte components, could be
segregated from cells or tissues with current disease and exist in the blood (2). Current available
serum/plasma biomarkers are mostly based on proteins. The major limitations of these markers are
low specificity, sensitivity, and false positive results. One example amongmany is given by the serum
prostate-specific antigen (PSA), which has been used for screening men with an existing diagnosis
of prostate cancer (PCa) and is used as a marker for identifying recurring disease subsequent to
treatment. However, PSA-based screening is also associated with over diagnosis and overtreatment.
The fact that PSA is synthesized by all prostate epithelial cells, whether normal, hyperplastic, or
cancerous, weakens the specificity of PSA as a cancer biomarker. Elevated serum PSA levels may
reflect the presence of cancer or may be caused by benign prostatic hyperplasia (BPH), infection,
and chronic inflammation (3).

microRNAs (miRNAs) are endogenous, evolutionarily conserved, naturally abundant, relatively
stable, small (about 22 nt long) non-coding RNA molecules that function as post-transcriptional
gene regulation in most biological and pathological process (4, 5).

It has been estimated that over 30% of protein-coding genes are regulated by miRNAs either
by complementary binding of target mRNA or binding to imperfect complementary sites in the
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3′ untranslated regions (3′UTR), leading to control of expression
of these genes at the level of translation (4, 6, 7). It has been
also calculated that above 45,000 miRNAs target sites are present
in the human 3′UTR and above 60% of human protein-coding
genes are probably regulated bymultiplemiRNAs (8).miRNAs are
transcribed in the nucleus as a long, capped, poly-adenylated pre-
cursor called primarymiRNA (pri-miRNA) by a RNApolymerase
II or III (9, 10). This pri-miRNA is processed by the ribonuclease
(RNase) III called Drosha or the double-stranded DNA-binding
Protein called DGCR8/Pasha(11) producing a precursor miRNA
(pre-miRNA). The nuclear export receptor exportin 5/Ran GTP
actively transports pre-miRNAs to the cytoplasm (12, 13). Then,
Pre-miRNAs are processed by the RNase III endonuclease Dicer
along with the trans-activation-responsive RNA-binding protein
(TRBP) and produced a small double-stranded RNA structure
(22 nt). This duplex miRNA is unwound into mature single-
stranded form and integrate into the RNA-induced silencing com-
plex (RISC), which escorts the complex into the complementary
3′UTR of the target mRNA.

In 2008, circulating miRNAs were identified in blood plasma,
platelets, leukocytes, and erythrocytes. Even in the adverse condi-
tions (high or low PH, boiling, freeze–thaw cycle, and long-term
storage at room temperature), plasma miRNAs were found to be
stable (14, 15). Recently, several studies suggested that plasma
miRNAs may be packaged into the exosomes, microvesicles, and
apoptotic bodies or associated with the RNA-binding proteins
(Arogonaute2) or lipoprotein complex (HDL) to protect their
degradation fromRNase. CirculatingmiRNAmaymediate distant
cell–cell communication, probably to regulate gene expression
(16, 17).

Most interestingly, circulating miRNAs have many necessary
features of ideal biomarkers. Stable miRNAs have been found
in various biological fluids, such as plasma, serum, saliva, milk,
cerebrospinal fluids, and markedly expression motifs of serum
miRNAs, are firmly linked to various diseases including can-
cer. The quantity of miRNAs can be easily estimated by various
methods, such as Microarray, Hybridization, Deep-sequencing,
qRT-PCR, and microbeads analysis.

microRNAs have been demonstrated to play a major role in
a wide range of developmental processes including metabolism,
apoptosis, cell proliferation, stem cell division, muscle differenti-
ation, and brain morphogenesis (18–20). Since this pivotal role in
the regulation of these processes related to development and other
physiological functions, miRNAs deficiencies have been linked to
a number of diseases ranging from cancer to autoimmune disease.

The aim of this review is to emphasize the great potential of
circulating miRNAs as very specific and sensitive biomarkers for
diagnosis of tumor and other diseases.

miRNAs in Diagnosis of Cancer

During the present time, circulating miRNAs are going to the
new era of cancer diagnosis and prognosis. Anomalous levels of
extracellular miRNAs have been assessed in several cancers, such
as hematological and solid neoplasms (summarized in Table 1).

In 2008, Lawrie et al. showed that levels of serum miRNA-
21were associated with diagnosis and prognosis in diffuse large

B-cell lymphoma (DLBCL) patients (21). More recently, Chen
et al. confirmed these results in the sera of Chinese DLBCL
patients compared to healthy controls (47). Acute myeloid
leukemia (AML) is another type of common hematological can-
cer in adults. Fayyad-Kazan et al. showed that the expression of
two important plasma miRNAs (miR-150 andmiR-342) was up-
regulated compared to healthy controls, suggesting that these two
miRNAs could be novel, potential, and specific biomarkers for
early diagnosis of AML (22). Besides DLBCL and AML, extra-
cellular miRNAs have been also reported in chronic lymphocytic
leukemia (CLL). A recent study demonstrated that circulating
miR-195, miR-29a, and miR-222 levels are the better indicators
to separate B-cell CLL patients from healthy controls (48). In
addition, high level of plasma miR-155 seems to be an early
detector of the disease (23).

The most common type of lung cancer, non-small cell lung
cancer (NSCLC), can be diagnosed in various stages using cell-free
non-invasive miRNAs.

Recently, two validated serum miRNAs (miR-25 and miR-223)
have been reported to be involved in the tumorigenic process
and significantly increased in NSCLC patients, suggesting their
potential use in early diagnosis of this lethal neoplasm (15).

Different studies focused on the identification of plasma and
serum miRNAs signatures, which could exploit as early stage
diagnostic markers for NSCLC. For example, serum-based two
miRNAs panel (miR-1254, miR-574-5p) is significantly increased
in early stage NSCLC (24), and a plasma based three miRNAs
panel (miR-155, miR-197, miR-182) is notably increased in stage-
I NSCLC (25). A plasma based four miRNAs panel (miR-21,
miR-126, miR-210, miR-182) is differentially expressed in stage-I
NSCLC; and furthermore, this panel can be used for differentiate
lung adenocarcinoma from squamous cell cancer (49). Lastly, a
serum-based 10 miRNAs panel (miR-20a, miR-24, miR-25, miR-
145, miR-152, miR-199a-5p, miR-211, miR-222, miR-223, miR-
320) is significantly and differentially expressed in early NSCLC
patients (50).

Cancer of the PCa is now recognized as one of the most impor-
tant medical problems facing the male population. Historically,
serum PSA has been used for screening men with an existing
diagnosis of PCa and has been regarded as an ideal marker for
identifying recurring disease subsequent to treatment (51). How-
ever, PSA-based screening is associated with over diagnosis and
overtreatment (52).

Although Mitchell et al. first reported that serum miR-141 is
very sensitive biomarkers to detect PCa, different and contra-
dictory results were obtained by Mahn and co-authors (14, 53).
Other studies showed that extracellular miR-375 and miR-141
were most optimistic markers in the diagnosis of this neoplasm
(26). Urine, another important source of circulating miRNA,
has been widely exploited for the diagnosis of urological cancer.
Bryant et al. showed that miRs 107 and 574-3p were signifi-
cantly higher in the urine of PCa patients compared to healthy
groups, and would perform even better than PCA3 normalized to
PSA in identifying the presence of PCa (27). Other recent stud-
ies reported that urine miR-205 and miR-214 were significantly
down-regulated in PCa patients with 80% specificity and 89%
sensitivity (28).
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TABLE 1 | Circulating microRNAs a potential biomarkers in human cancers.

Cancer type miRNA Source Expression Significance Reference

Hematological cancer miR-21 Serum Up Diagnosis of DLBCL disease (21)

miR-150, miR-342 Plasma Up AML vs. healthy controls (22)

miR-155 Plasma Up CLL vs. healthy controls (23)

Lung cancer miR-25, miR-223 Serum Up Diagnosis of NSCLC disease (15)

miR-1254, miR-574-5p Serum Up Diagnosis of early stage NSCLC patients vs.
controls

(24)

miR-155, miR-197, miR-182 Plasma Up Diagnosis of in stage-I NSCLC disease (25)

Prostate miR-375, miR-141 Plasma Down PCa patient vs. BPH controls (26)

MiR-107, miR-574-3P Urine Up PCa vs. healthy controls (27)

miR-205, miR-214 Urine Down PCa vs. healthy controls (28)

Pancreatic Index I (4 miRNAs) and Iindex II
(10 miRNAs)

Whole blood Differential Early detection of pancreatic cancer vs.
healthy controls

(29)

Hepatocellular carcinoma miR-16, miR-199a Serum Down HCC vs. chronic liver disease. miR-16 with
AFP and AFP-L3 tumor protein markers
increased sensitivity and specificity of HCC
diagnosis

(30)

MiR-15b, miR-130b, and miR-16 Serum Up HCC discriminate HBV hepatitis patients, and
also sensitive rather than other tumor
biomarkers for diagnosis of HCC

(31, 32)

miR-625, miR-618, miR-532, miR-650,
miR-516-5p

Urine Differential HCC (HCV positive) group vs. healthy controls (33)

Colorectal cancer miR-29a, miR-92, miR-601, miR-760 Plasma Differential Early diagnosis of CRC vs. healthy controls (34, 35)

miR-31, miR-181b, miR-92, miR-203
and miR-21, let-7g

Serum Differential Good biomarkers for diagnostic of CRC
compared with single protein biomarkers

(36)

miR-200c Serum Up Diagnosis of CRC lymph node metastasis (37)

Gastric cancer miR-18a Plasma Up GC vs. healthy controls (38)

miR-122, miR-192 Plasma Differential Diagnosis of distant metastasis in GC disease (39)

Ovarian cancer miR-205, miR-let-7f Plasma Differential Epithelial ovarian cancers (EOC) vs. healthy
controls

(40)

Esophageal miR-21 Serum Up Esophageal cancer and BTC vs. controls (41, 42)

Cervical miR-218 Serum Down Diagnosis of cervical adenocarcinoma and
lymphatic metastasis

(43)

Thyroid let-7f, miR-151-5p, miR-222 Serum Up Diagnosis of papillary thyroid cancer (PTC) (44)

Astrocytomas miR-15b*, miR-23a, miR-133a,
miR-150*, miR-197, miR-497,
miR-548b-5p

Serum Down Diagnosis of malignant astrocytomas with
specificity and sensitivity

(45)

Head and neck miR-125a, miR-200a Saliva Down Oral squamous cell carcinoma patients vs.
control subjects

(46)

Bladder miR-125b and mir-126 Urine Differential Diagnosis of bladder cancer (46)

PCa, prostate cancer; BPH, benign prostatic hyperplasia, HCC, hepatocellular carcinoma; CRC, colorectal cancer; GC, gastric cancer; BTC, biliary tract cancer.

Pancreatic cancer is the fourth most common cause of can-
cer death in the Western world. The prognosis is poor, with 1-
and 5-year survival rates of only 20 and 6%. Early diagnosis of
pancreatic cancer is difficult, and no biomarkers in blood can
identify patients with pancreatic cancer at an early stage. In a
recent and promising study, Schultz and colleagues identified two
diagnostic panels based on miRNA expression in whole blood
with the potential to distinguish patients with pancreatic cancer
from healthy controls (29).

Hepatocellular carcinoma (HCC), a form of primary liver can-
cer, tends to develop in a setting of chronic infection with HBV
or HCV viruses, genetic defects, liver injury, or alcohol misuses.

Several studies have tried to use extracellular miRNAs for distin-
guish HCC from other liver disease. Qu et al. reported that serum
miR-16 andmiR-199a are significant and specifically decreased in
HCC compared to chronic liver disease patients. In addition they
demonstrated that combiningmiR-16withAFP and Lens culinaris
agglutinin-reactive AFP (AFP-L3) tumor markers could increase
sensitivity and specificityin the diagnosisofHCC (30). MiR-15b,
miR-130b, and miR-16 are potential, specific diagnostic markers
in discriminate between HCC andHBV hepatitis patients, and for
early detection of liver cancer as compared to others serum cancer
biomarkers such as AFP, des-γ-carboxyprothrombin (DCP), and
AFP-L3 (31, 32).
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Recently, Abdalla et al. showed that in urine sample, the levels
of threemiRNAs (miR-625,miR-618,miR-532) are high and levels
of two miRNAs (miR-650, miR-516-5p) are very low as compared
to the HCC (HCV positive) group and the control groups (33).

Colorectal cancer (CRC) is the thirdmost commonly diagnosed
cancer and the third cardinal cause of cancer death in the world.
Early diagnosismay risk-free of CRC and can easier target therapy.
In several ongoing studies,miRNAs showed to be promising sensi-
tive and specific early detectingmolecular biomarkers. Up to date,
plasma levels of miR-29a and miR-92 are significantly increased
whereas levels ofmiR-601 andmiR-760 are significantly decreased
in the early stage of CRC as compared to healthy individuals (34,
35). Recently,Wang et al. reported that inCRC, four cell-free miR-
NAs (miR-31, miR-181b, miR-92, miR-203) are down-regulated
and two miRNAs (miR-21, let-7g) are up-regulated, being more
sensitive and specific in the identification of CRC than any single
protein biomarker like CEA or CA19-9 (36). Moreover, has been
reported that a combination of seven exosomal miRNAs (let-7a,
miR-23a, miR-21, miR-150, miR-223, and miR-1229) might be
used for early detection of CRC, being significantly increased as
compared to healthy groups. In addition, high levels of serum
miR-200c in CRC patients have been reported to have a powerful
interrelationship with lymph node metastasis (37).

Gastric cancer (GC) is another leading cause of cancer death
in the world. For GC diagnosis, fewer numbers of sensitive
and specific markers are available. Several studies showed that
many extracellular miRNAs are promising and sensitive specific
biomarker for early diagnosis of GC (54). More recently, Tsu-
jiura et al. reported that plasma levelsof miR-18a are significantly
increased in GC patients (38). In addition, a five miRNAs panel
(miR-16, miR-25, miR-92a, miR-451, and miR-486-5p) was iden-
tified in plasma as a potential biomarker for early diagnosis of
GC (55). Moreover, another study showed that the plasma miR-
122 was down-regulated and plasma miR-192 was up-regulated
in GC patients andmight be used for the early diagnosis of distant
metastasis (39).

Briefly, circulating miRNAs have been proven to be useful
diagnostic/prognostic markers in other tumors. A two miRNAs
signature (high levels of miR-205 and low levels of miR-let-7f)
in the plasma of epithelial ovarian cancer (EOC) patients could
be able to identify with high specificity and sensitivity EOC
patients eventually stage-I disease (40), improving their chances
of therapeutic intervention.

Many individual circulating miRNA showed significant asso-
ciation with early cancer diagnosis’s, such as miR-21 levels, that
increase in esophageal cancer patients and interestingly together
with ROS analysis could be diagnostic for biliary tract cancer
(BTC), miR-210 levels are increased in conventional renal cell car-
cinoma (cRCC) patients, miR-218 levels are significantly reduced
in advance stage cervical cancer, cervical adenocarcinoma, and
lymphatic metastasis (41–43, 56, 57). In addition, a three miR-
NAs panel (let-7f, miR-151-5p and miR-222) are significantly
up-regulated in sera of papillary thyroid cancer (PTC) patients
(44). Moreover, a seven miRNAs panel (miR-15b*, miR-23a, miR-
133a, miR-150*, miR-197, miR-497, and miR-548b-5p) is notably
reduced in astrocytomas patients, with high sensitivity (88.00%)
and specificity (97%) (45).

Furthermore, saliva two miRNAs (miR-125a, miR-200a) were
found in reduced in oral squamous cell carcinoma patients.
In addition, two validated urine miRNAs (miR-125b and mir-
126) are indicated as, highly sensitive (80%), specific (100%),
and non-invasive biomarker for bladder cancer diagnosis and
prognosis (46).

miRNA Signatures Can Differentiate
Between Tumor Subtype

Formalin-fixed paraffin-embedded (FFPE) tissues are a very valu-
able source for biomarker discovery and validation. Quantity,
quality, and the integrity of mRNA into FFPE tissues are not opti-
mal due degradation or cross-linking with proteins and various
chemical (58, 59). miRNAs are small size and potentially more
stable to degradation than mRNAs during the formalin fixing
procedures. Recently, many studies supported and proved that
miRNAs are minimally affected by FFPE and, for example, can be
simply detected by qRT-PCR in archived liver andCRC specimens
up to 30 and 10 years, respectively (60–62).

Identification of tumor subtype is instrumental for patient
treatment and therefore survival and the peculiar patterns of
miRNAs expression in the individual type of tumor can boost this
classification (Table 2).

Breast cancer is a highly heterogeneous disease with different
molecular alteration, which result in its classification into five
intrinsic subtypes (luminal A and B, HER2-enriched, basal-like
and normal-like) (75, 76). The original molecular classification
is based on investigations on frozen tissue, and it is not appli-
cable to FFPE material, jeopardizing the wide application in the
clinical practice. Recently, several studies reported that deregula-
tion of miRNAs expression was strongly associated to molecular
breast cancer subtype. In fact, in plasma, the combination of
our (miR-29a, miR-181a, miR-223, miR-652) down-regulated and
three (miR-29a, miR-181a, miR-652) up-regulated miRNAs was
significantly and reliably associated with luminal A tumor (63).
Tissue miRNA-342 was highly expressed in luminal B tumor and
regarded as a very sensitive and specific biomarker this type of
breast cancer (64). Moreover, other miRNAs have been identify
to distinguish the remaining subtypes, such as basal-like (miR-
18a, miR-135b, miR-93, and miR-155), HER2 type (miR-142-
3p, and miR-150), and normal-like (miR-145, miR-99a, miR-100,
miR-130) (63–66, 75, 76).

Renal tumors have different genetic backgrounds, prognoses,
and responses to surgical and medical treatment, and their differ-
ential diagnosis is a frequent challenge for pathologists. Recently,
Youssef et al. developed a classification system that can identify the
different renal cell carcinoma (RCC) among four subtypes [RCC
clear cell RCC (ccRCC), papillary RCC (pRCC), oncocytoma
and chromophobe RCC (cRCC)] using a tissue-specific miRNAs
signature analysis. This method showed a sensitivity of 97% in
discriminating normal from RCC patients, 97% for pRCC from
chRCC and oncocytoma, 100% for the ccRCC subtype vs. others
subtype and chRCC vs. oncocytoma (67).

The remarkably heterogeneous nature of lung cancer has
become more apparent over the last decade. In general, advanced
lung cancer is an aggressive malignancy with a poor prognosis.
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TABLE 2 | miRNA for tumors sub-typing.

Cancer Specific miRNA Sources Expression Significance Reference

Breast cancer miR-29a, miR-181a, miR-223, miR-652 Blood Down (63)

miR-29a, miR-181a, miR-652 Blood Up

miR-342 Tissue Up Luminal B-like breast tumors vs. healthy
controls

(64)

miR-18a, miR-135b, miR-93, miR-155 Different Differential Basal-like vs. healthy controls (65, 66)

miR-145, miR-99a, miR-100, miR-130 Different Differential Normal-like vs. healthy controls

Renal cell carcinoma miR-195, miR-15b, miR-99a, miR-191 Tissue Up ccRCC vs. compared with other subtypes (67)

miR-200b Tissue Up Chromophobe RCC (chRCC) compared with
oncocytoma

(67)

miR-211 Tissue Up chRCC and oncocytoma vs. ccRCC and
pRCC

(67)

miR-210 Tissue Up Conventional RCC (cRCC) compared with
healthy controls

(56)

Lung Cancer MiR-21, miR-29b Tissue Up NSCLC vs. SCLC (68)

miR-21, miR-126, miR-210, miR-182 Serum Differential Diagnosis of stage-I NSCLC and also used in
lung adenocarcinoma vs. squamous cell
cancer

(49)

miR-205 Tissue Up Squamous vs. non-squamous NSCLC (69)

Pancreatic Cancer mR-375 Plasma Up Pancreatic ductal adenocarcinoma (PDAC) vs.
others pancreatic and gastric carcinoma

(57)

DLBCL miR-21, miR-155 and miR-221 different Up ABC-DLBCL vs. GCB-DLBCL subtypes (70)

miR-10393-3p Tissue Up Diagnosis of DLBL patients (71)

miR-10397-5p, NOVELMOO288M Tissue Up ABC-DLBCL vs. other DLBCL (71)

miR-5586-5p Tissue Up GCB-DLBCL vs. ABC-DLBCL and unclassified
DLBCL

(71)

miR-30b Tissue Down GCB-DLBCL vs. other DLBCL (71)

miR-515-3p, miR-155, miR-598, miR-625
miR-199a-5p

Tissue Differential PTCL-NOS vs. ALCL/ALK- (72)

miR-652, miR-627, miR-519e, miR-487b,
miR-324-5p, miR-449a, miR-381, miR-574-3p

Tissue Differential PTCL-NOS vs. AITL (72)

miR-124, miR-325, miR-181a, miR-618 Tissue Differential ALCL/ALK− vs. ALCL/ALK+ (72)

PTCL miR-512-3p, miR-886-5p, miR-886-3p,
miR-708, miR-135b

Tissue Up Diagnosis of ALCL/ALK+ disease vs.
ALCL/ALK− and other PTCLs

(73)

miR-146a, miR-155 Tissue Down

miR-210, miR-197, miR-191, miR-512-3p Tissue Up Diagnosis of ALCL/ALK− vs. ALCL/ALK+
and other PTCLs

(73)

miR-451, miR-146a, miR-22, miR-455-3p,
miR-455-5p, miR-143, miR-494

Tissue Down

ccRCC, clear cell renal carcinoma; chRCC, chromophobe renal cell carcinoma; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; PDAC, pancreatic ductal
adenocarcinoma; DLBCL, diffuse large B-cell lymphoma; ABC, activated B cell-like; GCB, germinal center B cell like; PTCL, peripheral T-cell lymphoma; PTCL-NOS, PTCL-not
otherwise specified; AITL, angioimmunoblastic T-cell lymphoma; ALCL, anaplastic large-cell lymphoma; ALCL/ALK+, ALCL− anaplastic lymphoma kinase present; ALCL/ALK−,
ALCL− anaplastic lymphoma kinase absent.

Each subtype is associated with molecular tests that define the
subtype and drugs that may potentially treat it.

Gilad et al. proved that eight miRNAs have high accuracy
(overall 94%), and high sensitivity (overall 96%) to distinguish
among the four subtypes of lung cancer [small cell lung can-
cer (SCLC), NSCLC, squamous cell carcinoma and carcinoid]
(77). Hsa-miR-21 and miR-29b are expressed at higher lev-
els in NSCLC versus SCLC and miR-129-3p, miR-205 can be
utilized to differentiate squamous from non-squamous NSCLC
(68, 69).

Diffuse large B-cell lymphoma is a common form of high-grade
non-Hodgkin lymphoma (NHL) that account for 30–40% of all
lymphoid malignancies. DLBCL includes a biologically and clin-
ically diverse set of diseases, many of which cannot be separated
from one another by well-defined criteria.

Many studies now suggest that DLBCL can be separated into
two groups on the basis of their gene expression profiles: acti-
vated B cell-like (ABC) and germinal center B cell like (GCB).
Recently, miRNAs have been used for characterization of DLBCL
subtypes. Lawrie et al. reported that three miRNAs (miR-21,
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miR-155, and miR-221) are significantly expressed in DLBCL
cases of ABC subtype as compared with GCB (70). Lim et al.
demonstrated that miR-10393-3p is significantly over-expressed
in DLBCL patients (71). Moreover, two miRNAs (miR-10397-5p,
NOVELMOO288M) can distinguish ABC-DLBCL patients from
other DLBCL patients (71). Furthermore, miR-5586-5p can be
used for distinguish GCB-DLBCL from ABC-DLBCL, and miR-
30b can also be used to discriminate GCB-DLBCL from other
DLBCL disease group (71).

Peripheral T-cell lymphoma (PTCL) is a NHL, which refers
to a diverse group of uncommon and aggressive nodal, extra
nodal, and leukemic tumors that represent about 10–15% of all
lymphoid neoplasm. The most common subtypes of PTCL are
PTCL not otherwise specified (PTCL-NOS), angioimmunoblastic
T-cell lymphoma (AITL), anaplastic large-cell lymphoma (ALCL)
anaplastic lymphoma kinase present (ALK+), and ALCL/ALK−
(72, 78). Specifically, PTCL-NOS is a rare and life-threatening
disease whose differential diagnosis from AITL and ALCLs are
still challenging. Most recently, Laginestra et al. validated a five
miRNAs set (miR-515-3p, miR-155, miR-598, miR-625, miR-
199a-5p) that can differentiate PTCL-NOS from ALCL/ALK−,
a eight miRNAs panel (miR-652, miR-627, miR-519e, miR-487b,
miR-324-5p, miR-449a, miR-381, miR-574-3p) that can be used
to distinguish PTCL-NOS from AITL, and also a four miRNAs
signature (miR-124, miR-325, miR-181a, miR-618) that can be
used to identify ALCL/ALK− from ALCL/ALK+ disease group
(72). Liu et al. confirmed two miRNA signatures that can be
used as a diagnostic tool for biological difference of PTCLs sub-
typing, and can play a crucial role in pathogenesis. In the first
miRNA signature, the levels of five miRNAs (miR-512-3p, miR-
886-5p, miR-886-3p, miR-708, miR-135b) are up-regulated, and
levels of twomiRNAs (miR-146a, miR-155) are down-regulated as
compared to ALCL/ALK+ disease group from ALCL/ALK−, and
other PTCLs disease group (73). Moreover, the second miRNA
signature is used to differentiateALCL/ALK− fromALCL/ALK+,
and other PTCLs disease group (Table 2) (73).

miRNAs in Diagnosis in Other Diseases

Cardiovascular diseases (CVD) still represent the primary cause
of morbidity and mortality worldwide. The understanding and
the identification of CVDmolecular factors that may significantly
reduce the patient death rates still remain a challenge (74). Pro-
tein biomarkers, such as cardiac troponin (cTn), CK-MB, brain
natriuretic peptide (BNP), and N-terminal prohormone (NT-
proBNP), have been used to identify and monitor myocardial
damage. Unfortunately, these biomarkers provided false posi-
tive results and are also time-dependent (79, 80). Therefore, for
early diagnosis of cardiac damage other types of biomarker are
the need of the hour. miRNAs have been proven to have an
important role in CVD, including acute myocardial infarction
(AMI), hypertrophy, heart failure, arrhythmias, and atheroscle-
rosis (81). Tijsen et al. demonstrated that blood miR-423-5p
was highly expressed in heart failure patients (independent of
age and gender) and might represent a significant and sensitive
biomarker for heart disease (82). Recently, it has been reported
that elevated plasma levels of this miR are positively linked

with NT-proBNP levels in dilated cardiomyopathy heart failure
patients (83).

D’Alessandra et al. reported that plasma levels of miR-1, miR-
133a/bwere elevated 156± 72min after the onset AMI symptoms;
whereas plasma levels of miR-122 and miR-375 were lower only
ST-segment elevation myocardial infarction (STEMI) patients
than in healthy controls (84). Other studies showed that plasma
levels of miR-21, miR-1, miR-26, miR-133, miR-30, miR-328, and
miR-499 were significantly expressed in atrial fibrillation (85).

Takotsubo cardiomyopathy (TTC), a type of non-
ischemiccardio myopathy unrelated to AMI, is a major
life-threatening condition. To date, there are not early biomarker
for its diagnosis and its distinction from AMI. Jaguszewski et al.
reported that a unique signature comprising miR-1, miR-16,
miR-26a, and miR-133a is capable of distinguish TTC from
healthy individuals (sensitivity 74.19%, specificity78.57%) and
from AMI patients (sensitivity 96%, specificity70.37%) (86).

Diabetes mellitus (DM) is a metabolic shuffle identified by
hyperglycemia-mediated life-threatening complications. Many
studies showed that circulating miRNAs are linked with type 1,
2, and gestational DM and its complications. Levels of circulating
miR-21 and miR-210 were significantly high in the plasma and
urine of the type 1 diabetic patients, while in urine miR-126 was
notably lower in type-1 diabetic patients compare to controls
(87). Peng et al. showed that the levels of urinary miR-29a were
significantly high in albuminuria with type 2 DM than in healthy
controls and urinary miR-29b was correlated with carotid intima-
media thickness (cIMT) in patients with type 2 diabetes (88).
In addition, the levels of platelet and plasma miR-223 and miR-
146a were significantly reduced in patients with ischemic stroke
and DM or only DM (89). Recently, Luo et al. demonstrated
that platelet-derived miR-103b was specifically, down-regulated
in early type 2 DM (90).

HIV/AIDS is a spectrum of conditions caused by infection with
the human immunodeficiency virus type 1 and 2. For diagno-
sis of HIV/AIDS, several types of tests can help the physician
to determine the patients HIV infection status, to calculate the
evolution of the disease, and to monitor the efficacy of anti-
retroviral therapy. Several studies demonstrated that host–virus
interactions (including HIV) are controlled, at least in part, by
miRNAs and these might lead to new diagnostic and attractive
therapeutic strategies. Recently, Monteleone et al. proved that
plasma miR-29b was highly expressed in HIV-1 patients, while
lower levels of plasma miR-29cindicated high viremia, low CD4+
T cell count and high levels of integrated HIV-1 DNA, suggesting
that the miR-29 family could be implicated in the natural history
of HIV-1 infection (91). Another group reported that plasma
levels of two miRNAs (miR-150 and miR-146b-5p) also varied
between different groups ofHIV patients and between patients
and healthy individuals (92). Moreover, expression levels of miR-
150 in peripheral blood mononuclear cells (PBMCs) and plasma
might be a better and specific biomarker for diagnosis of the dif-
ferent status of HIV/AIDS disease. MiR-150 levels were decreased
in PBMCs but increased in plasma of HIV patients and drug-
resistant HIV patients. On the other hand, miR-150 levels were
increased in PBMCs and decreased in plasma of anti-retroviral
therapy patients (92). In addition, Sekar et al. reported thatmiR-21
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TABLE 3 | Circulating miRNAs a potential diagnostic biomarkers in other disease.

Disease miRNA Source Expression Significance Reference

Cardiovascular
disease

miR-423-5P Blood Up Diagnosis of heart failure patients
compared to healthy controls

(74, 73)

miR-1, miR-133a/b Exosomes Up Diagnosis of AMI, and biomarker for
cardiomyocyte death disease

(79)

miR-122 and miR-375 Plasma Up STEMI patients vs. healthy controls

miR-21, miR-1, miR-26, miR-133,
miR-30, miR-328, and miR-499

plasma Up Diagnosis of arterial fibrillation specific
heart disease vs. healthy controls

miR-1, miR-16, miR-26a, and miR-133a Sera Up TTC vs. healthy controls (81)

Diabetic mellitus miR-21 and miR-210 Urine and plasma Up Type-1 diabetic patients vs. healthy
controls

(82)

miR-29a Urine Up Albuminuria with type2 diabetes mellitus
vs. healthy controls

(83)

miR-223 and miR-146a Plasma, platelet Down Diagnosis of ischemic stroke and
diabetes mellitus or only diabetes
mellitus compared to controls

(84)

miR-130b Blood Down Diagnosis early type 2 diabetes mellitus (85)

HIV/AIDS miR-29b Plasma Up HIV1 patients vs. controls (86)

miR-29c Plasma Down High viremia, low cd4+ T cells

miR-150 and miR-146b-5p Plasma Differential HIV patients vs. controls (87)

miR-21 Plasma Up Diagnosis of HIV-related lymphomas (88)

miR-122 Plasma Up Diagnosis HIV/HCV co-infection (89)

Forensic Nine miRNA panel (miR-451, miR-16,
miR-135b, miR-10b, miR-658, miR-205,
miR-124a, miR-372, miR-412)

Blood, semen, saliva,
vaginal secretions
menstrual blood

Differential Sensitive biomarkers identification of
forensic biological stains

(90)

AMI, acute myocardial infarction; STEMI, ST-segment elevation myocardial infarction; TTC, Takotsubo cardiomyopathy.

over-expression is considerably associated with the onset of HIV-
related lymphomas (93). Furthermore, the levels of extracellu-
lar miR-122 were highly expressed in HIV/HCV co-infected
patients (94).

Use of miRNAsin Forensic Diagnostic

Isolating the origin of body fluids in a crime scene would be
instrumental for its reconstruction; however, conventional pro-
tein based methods for body fluid identification are prone to var-
ious limitations, such as sample consumption, varying degrees of
sensitivity and specificity, and for mRNA based markers, stability.

The shorter lengths of miRNAs make them less susceptible to
degradation caused by chemical and/or physical environmental
factors, thus rendering them useful biomarkers for body fluid
identification.

Hanson et al. showed the expression of miRNAs in dried
forensically relevant biological fluids: blood, saliva, menstrual
blood, and vaginal secretion. They distinguished nine panels of
miRNAs that are differentially expressed and can be used as
sensitive biomarkers to identify the origin of body fluid of forensic
biological stains(95) (Table 3).

Experimental Techniques and
Normalization of Circulating microRNAs

Accurate measurement of tissue and body fluid miRNAs has
clinical importance for diagnosis and prognosis of several types

of disease. miRNAs detection is a very challenging task for their
native properties, e.g., small size, scarce concentration, high risk of
cross-hybridization, and tissue/stage-specific expression. There-
fore, quantification of cell-free miRNAs needs powerful tools.
The rapid improvement of diagnostic device platforms is one
of the leading experimental goals in the world of life science
research and medical diagnostics. The explosion of high interest
in miRNAs, over the recent years, brought to the development of
many platforms. High-throughput miRNA profiling techniques
including qRT-PCR, microarray, deep sequencing or next gen-
eration sequencing (NGS), and nanopores are effective tools for
obtaining expression profiles of extracellularmiRNAs. These tech-
niques highly smoothen the process of free cell miRNA expression
profiling. In this view, high-throughput techniques are better to
the existing low-throughput techniques such as northern bolting
and in situ hybridization (ISH) (96). Currently, qRT-PCR is the
most common, reliable and available, inexpensive method used
for quantifying the small amount of miRNAs with the high sen-
sitivity and specificity and the subsequent validation of clinical
samples (96, 97). However, some limitations of qRT-PCR, such
as normalization of data and primer design, can highly influence
the results. The lack of standardized housekeeping RNA for nor-
malization, especially in body fluid, is a critical issue (97). Many
miRNAs can be used as control reference such as miR-16, miR-
142-3p,miR-30b,miR-145,miR-93, U6, U6B, SNORD68, RNU48,
RNU43, RNU62, and 5sRNA. Kirschner et al. reported that miR-
16 is highly expressed in red blood cells and that its levels in the
extracellular content of blood fluids can differ significantly due
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to hemolysis (98). Moreover, many studies suggested that several
endogenous genes might be diseases specific. Therefore, some
miRNAs, such as miR-16 and miR-93 and SNORD68, might be
considered satisfactory reference gene formiRNAs serum analysis
of gastric and urologic cancers, respectively (99, 100). At present,
there is no unique housekeeping RNA that can be used as the
standard endogenous reference gene in normalizing circulating
miRNAs. Currently, many studies suggest the use of more than
one reference genes or better a combination for normalizing
circulating miRNA concentrations.

Perspective

An optimal biomarker should be sensitive, specific, non-invasive,
and comparable to the disease conditions. In the new decade,
many studies clearly proved that cell-free, miRNAs, and tissue
miRNAs fulfill these expectations.

Despite the encouraging progress in the practical areas, sev-
eral major theoretical and technical difficulties remain to be

addressed. First, more basic investigations will be required to fur-
ther examine the functional role of miRNAs in cancer, cardiovas-
cular, and other disease. Although, miRNAs can inhibit mRNAs
by translational repression or cleavage, others possible unknown
mechanism could lead to translational or post-translation repres-
sion. Second, the biological functions and packaging of extracel-
lular miRNAs needs to be better elucidated. A limited number of
studies proposed that microvesicles containing miRNAs might be
involved in the tumor microenvironment. Finally before transla-
tion into clinical practice, all circulating miRNA findings require
further steps of validation and an accurate standardization of all
preanalytical and analytical procedures, in order to control for all
potential technical biases.

Acknowledgments

Thisworkwas supported by grants fromPRIN (2010w4J4RM_004)
and from grant RF-2010-2309704.

References
1. Mayeux R. Biomarkers: potential uses and limitations. NeuroRx (2004)

1(2):182–8. doi:10.1602/neurorx.1.2.182
2. Dbouk HA, Tawil A, Nasr F, Kandakarjian L, Abou-Merhi R. Significance

of CEA and VEGF as diagnostic markers of colorectal cancer in Lebanese
patients. Open Clin Cancer J (2007) 1:1. doi:10.2174/1874189400701010001

3. Stenman U-H, Leinonen J, Zhang WM, Finne P. Prostate-specific antigen.
Semin Cancer Biol (1999) 9(2):83–93. doi:10.1006/scbi.1998.0086

4. Felekkis K, Touvana E, Stefanou CH, Deltas C. microRNAs: a newly described
class of encoded molecules that play a role in health and disease. Hippokratia
(2010) 14(4):236.

5. Winter J, Jung S, Keller S, Gregory RI, Diederichs S. Many roads to maturity:
microRNA biogenesis pathways and their regulation. Nat Cell Biol (2009)
11(3):228–34. doi:10.1038/ncb0309-228

6. Landi D, Gemignani F, Landi S. Role of variations within microRNA-binding
sites in cancer.Mutagenesis (2012) 27(2):205–10. doi:10.1093/mutage/ger055

7. Paranjape T, Slack F,Weidhaas J. microRNAs: tools for cancer diagnostics.Gut
(2009) 58(11):1546–54. doi:10.1136/gut.2009.179531

8. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res (2009) 19(1):92–105. doi:10.
1101/gr.082701.108

9. Lee Y, Jeon K, Lee JT, Kim S, Kim VN. microRNA maturation: stepwise
processing and subcellular localization. EMBO J (2002) 21(17):4663–70. doi:
10.1093/emboj/cdf476

10. Zeng Y, Yi R, Cullen BR. microRNAs and small interfering RNAs can inhibit
mRNA expression by similar mechanisms. Proc Natl Acad Sci U S A (2003)
100(17):9779–84. doi:10.1073/pnas.1630797100

11. Ambros V, Lee RC. Identification of microRNAs and other tiny noncoding
RNAs by cDNA cloning. In: Gott JM, Clifton NJ, editors. RNA Interference,
Editing, and Modification. Springer (2004). p. 131–58.

12. Lund E, Güttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear export of
microRNA precursors. Science (2004) 303(5654):95–8. doi:10.1126/science.
1090599

13. Yi R, Qin Y, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export
of pre-microRNAs and short hairpin RNAs. Genes Dev (2003) 17(24):3011–6.
doi:10.1101/gad.1158803

14. Mitchell PS, ParkinRK,KrohEM, Fritz BR,Wyman SK, Pogosova-Agadjanyan
EL, et al. Circulating microRNAs as stable blood-based markers for cancer
detection. Proc Natl Acad Sci U S A (2008) 105(30):10513–8. doi:10.1073/pnas.
0804549105

15. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of
microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and
other diseases. Cell Res (2008) 18(10):997–1006. doi:10.1038/cr.2008.282

16. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, PritchardCC,GibsonDF, et al. Arg-
onaute2 complexes carry a population of circulating microRNAs independent
of vesicles in human plasma. Proc Natl Acad Sci U S A (2011) 108(12):5003–8.
doi:10.1073/pnas.1019055108

17. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. microR-
NAs are transported in plasma and delivered to recipient cells by high-density
lipoproteins. Nat Cell Biol (2011) 13(4):423–33. doi:10.1038/ncb2210

18. Berezikov E, Plasterk RH. Camels and zebrafish, viruses and cancer: a
microRNA update.HumMol Genet (2005) 14(Suppl 2):R183–90. doi:10.1093/
hmg/ddi271

19. Croce CM, Calin GA. miRNAs, cancer, and stem cell division. Cell (2005)
122(1):6–7. doi:10.1016/j.cell.2005.06.036

20. Giraldez AJ, Cinalli RM, Glasner ME, Enright AJ, Thomson JM, Baskerville
S, et al. microRNAs regulate brain morphogenesis in zebrafish. Science (2005)
308(5723):833–8. doi:10.1126/science.1109020

21. Lawrie CH, Gal S, Dunlop HM, Pushkaran B, Liggins AP, Pulford K,
et al. Detection of elevated levels of tumour-associated microRNAs in
serum of patients with diffuse large B-cell lymphoma. Br J Haematol (2008)
141(5):672–5. doi:10.1111/j.1365-2141.2008.07077.x

22. Fayyad-Kazan H, Bitar N, Najar M, Lewalle P, Fayyad-Kazan M, Badran
R, et al. Circulating miR-150 and miR-342 in plasma are novel potential
biomarkers for acute myeloid leukemia. J Transl Med (2013) 11(1):31. doi:10.
1186/1479-5876-11-31

23. Ferrajoli A, Shanafelt TD, Ivan C, Shimizu M, Rabe KG, Nouraee N, et al.
Prognostic value of miR-155 in individuals with monoclonal B-cell lym-
phocytosis and patients with B chronic lymphocytic leukemia. Blood (2013)
122(11):1891–9. doi:10.1182/blood-2013-01-478222

24. Foss KM, Sima C, Ugolini D, Neri M, Allen KE, Weiss GJ. miR-1254
and miR-574-5p: serum-based microRNA biomarkers for early-stage non-
small cell lung cancer. J Thorac Oncol (2011) 6(3):482–8. doi:10.1097/JTO.
0b013e318208c785

25. Zheng D, Haddadin S, Wang Y, Gu LQ, Perry MC, Freter CE, et al. Plasma
microRNAs as novel biomarkers for early detection of lung cancer. Int J Clin
Exp Pathol (2011) 4(6):575.

26. Brase JC, Johannes M, Schlomm T, Fälth M, Haese A, Steuber T, et al.
Circulating miRNAs are correlated with tumor progression in prostate cancer.
Int J Cancer (2011) 128(3):608–16. doi:10.1002/ijc.25376

27. Bryant RJ, Pawlowski T, Catto JW, Marsden G, Vessella RL, Rhees B, et al.
Changes in circulating microRNA levels associated with prostate cancer. Br J
Cancer (2012) 106(4):768–74. doi:10.1038/bjc.2011.595

28. Srivastava A, Goldberger H, Dimtchev A, Ramalinga M, Chijioke J, Marian C,
et al.microRNAprofiling in prostate cancer-the diagnostic potential of urinary
miR-205 and miR-214. PLoS One (2013) 8(10):e76994. doi:10.1371/journal.
pone.0076994

Frontiers in Medicine | www.frontiersin.org August 2015 | Volume 2 | Article 518

http://dx.doi.org/10.1602/neurorx.1.2.182
http://dx.doi.org/10.2174/1874189400701010001
http://dx.doi.org/10.1006/scbi.1998.0086
http://dx.doi.org/10.1038/ncb0309-228
http://dx.doi.org/10.1093/mutage/ger055
http://dx.doi.org/10.1136/gut.2009.179531
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1093/emboj/cdf476
http://dx.doi.org/10.1073/pnas.1630797100
http://dx.doi.org/10.1126/science.1090599
http://dx.doi.org/10.1126/science.1090599
http://dx.doi.org/10.1101/gad.1158803
http://dx.doi.org/10.1073/pnas.0804549105
http://dx.doi.org/10.1073/pnas.0804549105
http://dx.doi.org/10.1038/cr.2008.282
http://dx.doi.org/10.1073/pnas.1019055108
http://dx.doi.org/10.1038/ncb2210
http://dx.doi.org/10.1093/hmg/ddi271
http://dx.doi.org/10.1093/hmg/ddi271
http://dx.doi.org/10.1016/j.cell.2005.06.036
http://dx.doi.org/10.1126/science.1109020
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://dx.doi.org/10.1186/1479-5876-11-31
http://dx.doi.org/10.1186/1479-5876-11-31
http://dx.doi.org/10.1182/blood-2013-01-478222
http://dx.doi.org/10.1097/JTO.0b013e318208c785
http://dx.doi.org/10.1097/JTO.0b013e318208c785
http://dx.doi.org/10.1002/ijc.25376
http://dx.doi.org/10.1038/bjc.2011.595
http://dx.doi.org/10.1371/journal.pone.0076994
http://dx.doi.org/10.1371/journal.pone.0076994
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


Faruq and Vecchione microRNA as biomarkers

29. Schultz NA, Dehlendorff C, Jensen BV, Bjerregaard JK, Nielsen KR, Bojesen
SE, et al. microRNA biomarkers in whole blood for detection of pancreatic
cancer. JAMA (2014) 311(4):392–404. doi:10.1001/jama.2013.284664

30. Qu KZ, Zhang K, Li H, Afdhal NH, Albitar M. Circulating microRNAs
as biomarkers for hepatocellular carcinoma. J Clin Gastroenterol (2011)
45(4):355–60. doi:10.1097/MCG.0b013e3181f18ac2

31. Liu AM, Yao TJ, Wang W, Wong KF, Lee NP, Fan ST, et al. Circulating miR-
15b and miR-130b in serum as potential markers for detecting hepatocellular
carcinoma: a retrospective cohort study. BMJ Open (2012) 2(2):e000825. doi:
10.1136/bmjopen-2012-000825

32. Borel F, Konstantinova P, Jansen PL. Diagnostic and therapeutic potential of
miRNA signatures in patients with hepatocellular carcinoma. J Hepatol (2012)
56(6):1371–83. doi:10.1016/j.jhep.2011.11.026

33. Abdalla MA, Haj-Ahmad Y. Promising candidate urinary microRNA
biomarkers for the early detection of hepatocellular carcinoma among high-
risk hepatitis C virus Egyptian patients. J Cancer (2012) 3:19. doi:10.7150/jca.
3.19

34. Ayaz L, Görür A, Yaroglu HY, Ozcan C, Tamer L. Differential expression of
microRNAs in plasma of patients with laryngeal squamous cell carcinoma:
potential early-detection markers for laryngeal squamous cell carcinoma.
J Cancer Res Clin Oncol (2013) 139(9):1499–506. doi:10.1007/s00432-013-
1469-2

35. Faltejskova P, Bocanek O, Sachlova M, Svoboda M, Kiss I, Vyzula R, et al.
Circulating miR-17-3p, miR-29a, miR-92a and miR-135b in serum: evidence
against their usage as biomarkers in colorectal cancer. Cancer Biomark (2012)
12(4):199–204. doi:10.3233/CBM-130308

36. Wang J, Huang SK, Zhao M, Yang M, Zhong JL, Gu YY, et al. Identification
of a circulating microRNA signature for colorectal cancer detection. PLoS One
(2014) 9(4):e87451. doi:10.1371/journal.pone.0087451

37. Toiyama Y, Hur K, Tanaka K, Inoue Y, Kusunoki M, Boland CR, et al. Serum
miR-200c is a novel prognostic andmetastasis-predictive biomarker in patients
with colorectal cancer. Ann Surg (2014) 259(4):735–43. doi:10.1097/SLA.
0b013e3182a6909d

38. Tsujiura M, Komatsu S, Ichikawa D, Shiozaki A, Konishi H, Takeshita H, et al.
CirculatingmiR-18a in plasma contributes to cancer detection andmonitoring
in patients with gastric cancer. Gastric Cancer (2014) 18:1–9. doi:10.1007/
s10120-014-0363-1

39. Chen Q, Ge X, Zhang Y, Xia H, Yuan D, Tang Q, et al. Plasma miR-122
and miR-192 as potential novel biomarkers for the early detection of distant
metastasis of gastric cancer. Oncol Rep (2014) 31(4):1863–70. doi:10.3892/or.
2014.3004

40. Zheng H, Zhang L, Zhao Y, Yang D, Song F, Wen Y, et al. Plasma miRNAs
as diagnostic and prognostic biomarkers for ovarian cancer. PLoS One (2013)
8(11):e77853. doi:10.1371/journal.pone.0077853

41. Komatsu S, Ichikawa D, Takeshita H, TsujiuraM,Morimura R, Nagata H, et al.
Circulating microRNAs in plasma of patients with oesophageal squamous cell
carcinoma. Br J Cancer (2011) 105(1):104–11. doi:10.1038/bjc.2011.198

42. Kishimoto T, Eguchi H, Nagano H, Kobayashi S, Akita H, Hama N, et al.
Plasma miR-21 is a novel diagnostic biomarker for biliary tract cancer. Cancer
Sci (2013) 104(12):1626–31. doi:10.1111/cas.12300

43. Yu J, Wang Y, Dong R, Huang X, Ding S, Qiu H. Circulating microRNA-218
was reduced in cervical cancer and correlated with tumor invasion. J Cancer
Res Clin Oncol (2012) 138(4):671–4. doi:10.1007/s00432-012-1147-9

44. Yu S, Liu Y,Wang J, Guo Z, ZhangQ, Yu F, et al. CirculatingmicroRNAprofiles
as potential biomarkers for diagnosis of papillary thyroid carcinoma. J Clin
Endocrinol Metab (2012) 97(6):2084–92. doi:10.1210/jc.2011-3059

45. Yang C, Wang C, Chen X, Chen S, Zhang Y, Zhi F, et al. Identification of seven
serum microRNAs from a genome-wide serum microRNA expression profile
as potential noninvasive biomarkers for malignant astrocytomas. Int J Cancer
(2013) 132(1):116–27. doi:10.1002/ijc.27657

46. Snowdon J, Boag S, Feilotter H, Izard J, Siemens DR. A pilot study of urinary
microRNA as a biomarker for urothelial cancer. Can Urol Assoc J (2013)
7(1–2):28. doi:10.5489/cuaj.11115

47. Chen W, Wang H, Chen H, Liu S, Lu H, Kong D, et al. Clinical significance
and detection of microRNA-21 in serum of patients with diffuse large B-
cell lymphoma in Chinese population. Eur J Haematol (2014) 92(5):407–12.
doi:10.1111/ejh.12263

48. Moussay E, Wang K, Cho JH, van Moer K, Pierson S, Paggetti J, et al.
microRNA as biomarkers and regulators in B-cell chronic lymphocytic

leukemia. Proc Natl Acad Sci U S A (2011) 108(16):6573–8. doi:10.1073/pnas.
1019557108

49. Shen J, Todd NW, Zhang H, Yu L, Lingxiao X, Mei Y, et al. Plasma microRNAs
as potential biomarkers for non-small-cell lung cancer. Lab Invest (2011)
91(4):579–87. doi:10.1038/labinvest.2010.194

50. Chen X, Hu Z,WangW, Ba Y, Ma L, Zhang C, et al. Identification of ten serum
microRNAs from a genome-wide serummicroRNAexpression profile as novel
noninvasive biomarkers for nonsmall cell lung cancer diagnosis. Int J Cancer
(2012) 130(7):1620–8. doi:10.1002/ijc.26177

51. Ercole CJ, Lange PH,MathisenM, Chiou RK, Reddy PK, Vessella RL. Prostatic
specific antigen and prostatic acid phosphatase in the monitoring and staging
of patients with prostatic cancer. J Urol (1987) 138(5):1181–4.

52. Schröder FH, Roobol MJ. Defining the optimal prostate-specific antigen
threshold for the diagnosis of prostate cancer. Curr Opin Urol (2009)
19(3):227–31. doi:10.1097/MOU.0b013e328329a2d0

53. Mahn R, Heukamp LC, Rogenhofer S, von Ruecker A, Müller SC,
Ellinger J. Circulating microRNAs (miRNA) in serum of patients with
prostate cancer.Urology (2011) 77(5):1265.e9–16. doi:10.1016/j.urology.2011.
01.020

54. Ogata-Kawata H, Izumiya M, Kurioka D, Honma Y, Yamada Y, Furuta K, et al.
Circulating exosomal microRNAs as biomarkers of colon cancer. PLoS One
(2014) 9(4):e92921. doi:10.1371/journal.pone.0092921

55. Zhu C, Ren C, Han J, Ding Y, Du J, Dai N, et al. A five-microRNA panel
in plasma was identified as potential biomarker for early detection of gastric
cancer. Br J Cancer (2014) 110(9):2291–9. doi:10.1038/bjc.2014.119

56. Zhao A, Li G, Péoc’h M, Genin C, Gigante M. Serum miR-210 as a novel
biomarker for molecular diagnosis of clear cell renal cell carcinoma. Exp Mol
Pathol (2013) 94(1):115–20. doi:10.1016/j.yexmp.2012.10.005

57. Carlsen AL, Joergensen MT, Knudsen S, de Muckadell OB, Heegaard
NH. Cell-free plasma microRNA in pancreatic ductal adenocarcinoma
and disease controls. Pancreas (2013) 42(7):1107–13. doi:10.1097/MPA.
0b013e318296bb34

58. Lewis F, Maughan NJ, Smith V, Hillan K, Quirke P. Unlocking the
archive-gene expression in paraffin-embedded tissue. J Pathol (2001) 195
(1):66–71. doi:10.1002/1096-9896(200109)195:1<66::AID-PATH921>3.0.
CO;2-F

59. Masuda N, Ohnishi T, Kawamoto S, Monden M, Okubo K. Analysis of
chemical modification of RNA from formalin-fixed samples and optimization
of molecular biology applications for such samples. Nucleic Acids Res (1999)
27(22):4436–43. doi:10.1093/nar/27.22.4436

60. Varnholt H, Drebber U, Schulze F, Wedemeyer I, Schirmacher P, Dienes
HP, et al. microRNA gene expression profile of hepatitis C virus-associated
hepatocellular carcinoma.Hepatology (2008) 47(4):1223–32. doi:10.1002/hep.
22158

61. Xi Y, Nakajima G, Gavin E, Morris CG, Kudo K, Hayashi K, et al. Systematic
analysis of microRNA expression of RNA extracted from fresh frozen and
formalin-fixed paraffin-embedded samples. RNA (2007) 13(10):1668–74. doi:
10.1261/rna.642907

62. Li J, Smyth P, Flavin R, Cahill S, Denning K, Aherne S, et al. Comparison of
miRNA expression patterns using total RNA extracted frommatched samples
of formalin-fixed paraffin-embedded (FFPE) cells and snap frozen cells. BMC
Biotechnol (2007) 7(1):36. doi:10.1186/1472-6750-7-36

63. McDermott AM, Miller N, Wall D, Martyn LM, Ball G, Sweeney KJ, et al.
Identification and validation of oncologic miRNA biomarkers for luminal A-
like breast cancer. PLoS One (2014) 9(1):e87032. doi:10.1371/journal.pone.
0087032

64. Lowery AJ, Miller N, Devaney A, McNeill RE, Davoren PA, Lemetre C, et al.
microRNA signatures predict oestrogen receptor, progesterone receptor and
HER2/neu receptor status in breast cancer.Breast Cancer Res (2009) 11(3):R27.
doi:10.1186/bcr2257

65. de Rinaldis E, Gazinska P, Mera A, Modrusan Z, Fedorowicz GM, Burford B,
et al. Integrated genomic analysis of triple-negative breast cancers reveals novel
microRNAs associated with clinical andmolecular phenotypes and sheds light
on the pathways they control. BMC Genomics (2013) 14(1):643. doi:10.1186/
1471-2164-14-643

66. van Schooneveld E, Wildiers H, Vergote I, Vermeulen PB, Dirix LY, Van Laere
SJ. Dysregulation of microRNAs in breast cancer and their potential role as
prognostic and predictive biomarkers in patient management. Breast Cancer
Res (2015) 17(1):21. doi:10.1186/s13058-015-0526-y

Frontiers in Medicine | www.frontiersin.org August 2015 | Volume 2 | Article 519

http://dx.doi.org/10.1001/jama.2013.284664
http://dx.doi.org/10.1097/MCG.0b013e3181f18ac2
http://dx.doi.org/10.1136/bmjopen-2012-000825
http://dx.doi.org/10.1016/j.jhep.2011.11.026
http://dx.doi.org/10.7150/jca.3.19
http://dx.doi.org/10.7150/jca.3.19
http://dx.doi.org/10.1007/s00432-013-1469-2
http://dx.doi.org/10.1007/s00432-013-1469-2
http://dx.doi.org/10.3233/CBM-130308
http://dx.doi.org/10.1371/journal.pone.0087451
http://dx.doi.org/10.1097/SLA.0b013e3182a6909d
http://dx.doi.org/10.1097/SLA.0b013e3182a6909d
http://dx.doi.org/10.1007/s10120-014-0363-1
http://dx.doi.org/10.1007/s10120-014-0363-1
http://dx.doi.org/10.3892/or.2014.3004
http://dx.doi.org/10.3892/or.2014.3004
http://dx.doi.org/10.1371/journal.pone.0077853
http://dx.doi.org/10.1038/bjc.2011.198
http://dx.doi.org/10.1111/cas.12300
http://dx.doi.org/10.1007/s00432-012-1147-9
http://dx.doi.org/10.1210/jc.2011-3059
http://dx.doi.org/10.1002/ijc.27657
http://dx.doi.org/10.5489/cuaj.11115
http://dx.doi.org/10.1111/ejh.12263
http://dx.doi.org/10.1073/pnas.1019557108
http://dx.doi.org/10.1073/pnas.1019557108
http://dx.doi.org/10.1038/labinvest.2010.194
http://dx.doi.org/10.1002/ijc.26177
http://dx.doi.org/10.1097/MOU.0b013e328329a2d0
http://dx.doi.org/10.1016/j.urology.2011.01.020
http://dx.doi.org/10.1016/j.urology.2011.01.020
http://dx.doi.org/10.1371/journal.pone.0092921
http://dx.doi.org/10.1038/bjc.2014.119
http://dx.doi.org/10.1016/j.yexmp.2012.10.005
http://dx.doi.org/10.1097/MPA.0b013e318296bb34
http://dx.doi.org/10.1097/MPA.0b013e318296bb34
http://dx.doi.org/10.1002/1096-9896(200109)195:1<66::AID-PATH921>3.0.CO;2-F
http://dx.doi.org/10.1002/1096-9896(200109)195:1<66::AID-PATH921>3.0.CO;2-F
http://dx.doi.org/10.1093/nar/27.22.4436
http://dx.doi.org/10.1002/hep.22158
http://dx.doi.org/10.1002/hep.22158
http://dx.doi.org/10.1261/rna.642907
http://dx.doi.org/10.1186/1472-6750-7-36
http://dx.doi.org/10.1371/journal.pone.0087032
http://dx.doi.org/10.1371/journal.pone.0087032
http://dx.doi.org/10.1186/bcr2257
http://dx.doi.org/10.1186/1471-2164-14-643
http://dx.doi.org/10.1186/1471-2164-14-643
http://dx.doi.org/10.1186/s13058-015-0526-y
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


Faruq and Vecchione microRNA as biomarkers

67. Youssef YM, White NM, Grigull J, Krizova A, Samy C, Mejia-Guerrero
S, et al. Accurate molecular classification of kidney cancer subtypes using
microRNA signature. Eur Urol (2011) 59(5):721–30. doi:10.1016/j.eururo.
2011.01.004

68. Lee JH, Voortman J, Dingemans AM, Voeller DM, Pham T, Wang Y, et al.
microRNA expression and clinical outcome of small cell lung cancer.PLoSOne
(2011) 6(6):e21300. doi:10.1371/journal.pone.0021300

69. Lebanony D, Benjamin H, Gilad S, Ezagouri M, Dov A, Ashkenazi K, et al.
Diagnostic assay based on hsa-miR-205 expression distinguishes squamous
from nonsquamous non-small-cell lung carcinoma. J Clin Oncol (2009)
27(12):2030–7. doi:10.1200/JCO.2008.19.4134

70. Lawrie CH, Soneji S, Marafioti T, Cooper CD, Palazzo S, Paterson JC, et al.
Microrna expression distinguishes between germinal center B cell-like and
activated B cell-like subtypes of diffuse large B cell lymphoma. Int J Cancer
(2007) 121(5):1156–61. doi:10.1002/ijc.22800

71. Lim EL, Trinh DL, Scott DW, Chu A, Krzywinski M, Zhao Y, et al. Compre-
hensive miRNA sequence analysis reveals survival differences in diffuse large
B-cell lymphoma patients. Genome Biol (2015) 16(1):18. doi:10.1186/s13059-
014-0568-y

72. Laginestra MA, Piccaluga PP, Fuligni F, Rossi M, Agostinelli C, Righi S,
et al. Pathogenetic and diagnostic significance of microRNA deregulation in
peripheral T-cell lymphoma not otherwise specified. Blood Cancer J (2014)
4(11):259. doi:10.1038/bcj.2014.78

73. Liu C, Iqbal J, Teruya-Feldstein J, Shen Y, Dabrowska MJ, Dybkaer K, et al.
microRNAexpression profiling identifiesmolecular signatures associatedwith
anaplastic large cell lymphoma. Blood (2013) 122(12):2083–92. doi:10.1182/
blood-2012-08-447375

74. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G,
et al. Executive summary: heart disease and stroke statistics – 2010 update:
a report from the American heart association. Circulation (2010) 121(7):948.
doi:10.1161/CIRCULATIONAHA.109.192666

75. Blenkiron C, Goldstein LD, Thorne NP, Spiteri I, Chin SF, Dunning MJ, et al.
microRNAexpression profiling of human breast cancer identifies newmarkers
of tumor subtype.GenomeBiol (2007) 8(10):R214. doi:10.1186/gb-2007-8-10-
r214

76. Serpico D, Molino L, Di Cosimo S. microRNAs in breast cancer development
and treatment. Cancer Treat Rev (2014) 40(5):595–604. doi:10.1016/j.ctrv.
2013.11.002

77. Gilad S, Lithwick-Yanai G, Barshack I, Benjamin S, Krivitsky I, Edmonston TB,
et al. Classification of the four main types of lung cancer using a microRNA-
based diagnostic assay. J Mol Diagn (2012) 14(5):510–7. doi:10.1016/j.jmoldx.
2012.03.004

78. Jaffe ES, Harris NL, Stein H, Campo E, Pileri SA, Swerdlow SH. Introduc-
tion and Overview of the Classification of the Lymphoid Neoplasms. WHO
Classification of Tumours of Haematopoietic and Lymphoid Tissues (2008).
p. 157–66.

79. Pearson TA,Mensah GA, Alexander RW, Anderson JL, Cannon RO III, Criqui
M, et al. Markers of inflammation and cardiovascular disease application
to clinical and public health practice: a statement for healthcare profession-
als from the centers for disease control and prevention and the American
Heart Association. Circulation (2003) 107(3):499–511. doi:10.1161/01.CIR.
0000052939.59093.45

80. Saenger AK, Jaffe AS. Requiem for a heavyweight the demise of crea-
tine kinase-MB. Circulation (2008) 118(21):2200–6. doi:10.1161/CIRCULAT
IONAHA.108.773218

81. Small EM, Olson EN. Pervasive roles of microRNAs in cardiovascular biology.
Nature (2011) 469(7330):336–42. doi:10.1038/nature09783

82. Tijsen AJ, Creemers EE, Moerland PD, deWindt LJ, van derWal AC, KokWE,
et al. MiR423-5p as a circulating biomarker for heart failure. Circ Res (2010)
106(6):1035–9. doi:10.1161/CIRCRESAHA.110.218297

83. Fan KL, Zhang HF, Shen J, Zhang Q, Li XL. Circulating microRNAs levels in
Chinese heart failure patients caused by dilated cardiomyopathy. Indian Heart
J (2013) 65(1):12–6. doi:10.1016/j.ihj.2012.12.022

84. D’Alessandra Y, Devanna P, Limana F, Straino S, Di Carlo A, Brambilla PG,
et al. Circulating microRNAs are new and sensitive biomarkers of myocar-
dial infarction. Eur Heart J (2010) 31(22):2765–73. doi:10.1093/eurheartj/
ehq167

85. Shi KH, Tao H, Yang JJ, Wu JX, Xu SS, Zhan HY. Role of microRNAs in atrial
fibrillation: new insights and perspectives. Cell Signal (2013) 25(11):2079–84.
doi:10.1016/j.cellsig.2013.06.009

86. Jaguszewski M, Osipova J, Ghadri JR, Napp LC, Widera C, Franke J, et al. A
signature of circulating microRNAs differentiates Takotsubo cardiomyopathy
from acute myocardial infarction. Eur Heart J (2014) 35(15):999–1006. doi:10.
1093/eurheartj/eht392

87. Osipova J, Fischer DC, Dangwal S, Volkmann I, Widera C, Schwarz K,
et al. Diabetes-associated microRNAs in pediatric patients with type 1 dia-
betes mellitus: a cross-sectional cohort study. J Clin Endocrinol Metab (2014)
99(9):E1661–5. doi:10.1210/jc.2013-3868

88. Peng H, Zhong M, Zhao W, Wang C, Zhang J, Liu X, et al. Urinary miR-
29 correlates with albuminuria and carotid intima-media thickness in type
2 diabetes patients. PLoS One (2013) 8(12):e82607. doi:10.1371/journal.pone.
0082607

89. Duan X, Zhan Q, Song B, Zeng S, Zhou J, Long Y, et al. Detection of platelet
microRNA expression in patients with diabetes mellitus with or without
ischemic stroke. J Diabetes Complications (2014) 28(5):705–10. doi:10.1016/
j.jdiacomp.2014.04.012

90. Luo M, Li R, Deng X, Ren M, Chen N, Zeng M, et al. Platelet-derived miR-
103b as a novel biomarker for early diagnosis of type 2 diabetes. Acta Diabetol
(2015).

91. Monteleone K, Selvaggi C, Cacciotti G, Falasca F, Mezzaroma I, D’Ettorre G,
et al. microRNA-29 family expression and its relation to antiviral immune
response and viro-immunological markers in HIV-1-infected patients. BMC
Infect Dis (2015) 15(1):51. doi:10.1186/s12879-015-0768-4

92. Munshi SU, Panda H, Holla P, Rewari BB, Jameel S. microRNA-150 is a
potential biomarker of HIV/AIDS disease progression and therapy. PLoS One
(2014) 9(5):e95920. doi:10.1371/journal.pone.0095920

93. Sekar D, Hairul Islam VI, Thirugnanasambantham K, Saravanan S. Rele-
vance of miR-21 in HIV and non-HIV-related lymphomas. Tumor Biol (2014)
35(9):8387–93. doi:10.1007/s13277-014-2068-9

94. Jansen C, Reiberger T, Huang J, Eischeid H, Schierwagen R, Mandorfer M,
et al. Circulating miRNA-122 levels are associated with hepatic necroinflam-
mation and portal hypertension in HIV/HCV coinfection. PLoS One (2015)
10(2):e0116768. doi:10.1371/journal.pone.0116768

95. Hanson EK, Lubenow H, Ballantyne J. Identification of forensically relevant
body fluids using a panel of differentially expressedmicroRNAs.Anal Biochem
(2009) 387(2):303–14. doi:10.1016/j.ab.2009.01.037

96. de Planell-SaguerM, RodicioMC.Detectionmethods formicroRNAs in clinic
practice.Clin Biochem (2013) 46(10):869–78. doi:10.1016/j.clinbiochem.2013.
02.017

97. Schmittgen TD, Lee EJ, Jiang J, Sarkar A, Yang L, Elton TS, et al. Real-
time PCR quantification of precursor and mature microRNA.Methods (2008)
44(1):31–8. doi:10.1016/j.ymeth.2007.09.006

98. Kirschner MB, Kao SC, Edelman JJ, Armstrong NJ, Vallely MP, van Zandwijk
N, et al. Haemolysis during sample preparation alters microRNA content of
plasma. PLoS One (2011) 6(9):e24145. doi:10.1371/journal.pone.0024145

99. Song J, Bai Z, Han W, Zhang J, Meng H, Bi J, et al. Identification of suitable
reference genes for qPCR analysis of serum microRNA in gastric cancer
patients. Dig Dis Sci (2012) 57(4):897–904. doi:10.1007/s10620-011-1981-7

100. Sanders I, Holdenrieder S, Walgenbach-Brünagel G, von Ruecker A, Kris-
tiansen G, Müller SC, et al. Evaluation of reference genes for the analysis of
serum miRNA in patients with prostate cancer, bladder cancer and renal cell
carcinoma. Int J Urol (2012) 19(11):1017–25. doi:10.1111/j.1442-2042.2012.
03082.x

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Faruq and Vecchione. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org August 2015 | Volume 2 | Article 5110

http://dx.doi.org/10.1016/j.eururo.2011.01.004
http://dx.doi.org/10.1016/j.eururo.2011.01.004
http://dx.doi.org/10.1371/journal.pone.0021300
http://dx.doi.org/10.1200/JCO.2008.19.4134
http://dx.doi.org/10.1002/ijc.22800
http://dx.doi.org/10.1186/s13059-014-0568-y
http://dx.doi.org/10.1186/s13059-014-0568-y
http://dx.doi.org/10.1038/bcj.2014.78
http://dx.doi.org/10.1182/blood-2012-08-447375
http://dx.doi.org/10.1182/blood-2012-08-447375
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192666
http://dx.doi.org/10.1186/gb-2007-8-10-r214
http://dx.doi.org/10.1186/gb-2007-8-10-r214
http://dx.doi.org/10.1016/j.ctrv.2013.11.002
http://dx.doi.org/10.1016/j.ctrv.2013.11.002
http://dx.doi.org/10.1016/j.jmoldx.2012.03.004
http://dx.doi.org/10.1016/j.jmoldx.2012.03.004
http://dx.doi.org/10.1161/01.CIR.0000052939.59093.45
http://dx.doi.org/10.1161/01.CIR.0000052939.59093.45
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.773218
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.773218
http://dx.doi.org/10.1038/nature09783
http://dx.doi.org/10.1161/CIRCRESAHA.110.218297
http://dx.doi.org/10.1016/j.ihj.2012.12.022
http://dx.doi.org/10.1093/eurheartj/ehq167
http://dx.doi.org/10.1093/eurheartj/ehq167
http://dx.doi.org/10.1016/j.cellsig.2013.06.009
http://dx.doi.org/10.1093/eurheartj/eht392
http://dx.doi.org/10.1093/eurheartj/eht392
http://dx.doi.org/10.1210/jc.2013-3868
http://dx.doi.org/10.1371/journal.pone.0082607
http://dx.doi.org/10.1371/journal.pone.0082607
http://dx.doi.org/10.1016/j.jdiacomp.2014.04.012
http://dx.doi.org/10.1016/j.jdiacomp.2014.04.012
http://dx.doi.org/10.1186/s12879-015-0768-4
http://dx.doi.org/10.1371/journal.pone.0095920
http://dx.doi.org/10.1007/s13277-014-2068-9
http://dx.doi.org/10.1371/journal.pone.0116768
http://dx.doi.org/10.1016/j.ab.2009.01.037
http://dx.doi.org/10.1016/j.clinbiochem.2013.02.017
http://dx.doi.org/10.1016/j.clinbiochem.2013.02.017
http://dx.doi.org/10.1016/j.ymeth.2007.09.006
http://dx.doi.org/10.1371/journal.pone.0024145
http://dx.doi.org/10.1007/s10620-011-1981-7
http://dx.doi.org/10.1111/j.1442-2042.2012.03082.x
http://dx.doi.org/10.1111/j.1442-2042.2012.03082.x
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive

	microRNA: diagnostic perspective
	Introduction
	miRNAs in Diagnosis of Cancer
	miRNA Signatures Can Differentiate Between Tumor Subtype
	miRNAs in Diagnosis in Other Diseases
	Use of miRNAsin Forensic Diagnostic
	Experimental Techniques and Normalization of Circulating microRNAs
	Perspective
	Acknowledgments
	References


