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INTRODUCTION

As is well known, gene expression is regulated epige�
netically. Noncoding RNAs, including small interfering
RNAs (siRNAs), Piwi�interacting RNAs (piRNAs),
microRNAs (miRNAs), and long noncoding RNAs
(lncRNAs), were recently identified as key regulators of
cell processes. Of all noncoding RNA classes, miRNAs
are the most widespread and best understood.

The miRNA class includes short (19� to 24�nt) non�
coding RNAs that play an important role in regulating
many biological processes, such as the cell cycle, cell
growth, migration, apoptosis, differentiation, and stress
response. According to various estimates, miRNAs reg�
ulate expression of 30–50% of all human genes [1]. To
suppress posttranscription activity, miRNAs bind to the
3'�untranslated region of their target and thereby cause
its degradation or reversible inactivation. Mechanisms
of action other than transcriptional suppression were
also described for miRNAs; e.g., miRNAs are capable
of increasing mRNA translation and playing a role in
maturation of other miRNAs [2, 3]. Many miRNAs
and their families are highly conserved. For instance,
the let�7 miRNA was identified in Caenorhabditis ele�
gans [4], and mature miRNAs of the let�7 family proved
to be highly conserved among vertebrates, including
humans. Lee et al. [5] were the first to discover miRNAs
(lin�4 miRNA) in 1993, but intense studies of short

noncoding RNAs did not start until 2000, when another
miRNA, let�7, was identified and a relationship was
observed between the miRNA expression level and
tumor development [6]. Now miRNAs are isolated in a
separate class, which is currently the most abundant.
The latest version (June 2014) of the mirbase.org data�
base contains information on 35826 mature miRNAs of
223 species, including 2661 human miRNAs.

It is thought that miRNAs are among the key ele�
ments in the pathogenesis of cancer. Changes in
miRNA expression profile were observed in almost all
cancers, miRNAs acting both as oncogenes and as
tumor suppressors [7]. Developing methods to diag�
nose cancer early by markers found in the blood and
other biological fluids is an important element in
fighting this plague of the 21st century. Liquid biopsy
with detection of circulating extracellular nucleic
acids, including DNA, RNA, and miRNA, is thought
to be the most promising. The review discusses the
methods and results of circulating miRNA profiling in
lung cancer and the potential of circulating miRNAs
as diagnostic, prognostic, and theranostic markers.

METHODOLOGICAL APPROACHES 
TO CIRCULATING miRNA ANALYSIS

Isolation. Methods to isolate mRNA from various
biological materials were developed. The methods
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should be optimized for particular samples when
working with biological fluids (the blood plasma,
serum, urine, bronchial washing fluid, etc.). Depend�
ing on the study aim, the blood serum or plasma are
examined for circulating miRNAs, each of the
miRNA sources having its advantages and drawbacks.
Several factors are to be considered when miRNA is to
be quantitatively isolated from blood plasma or serum
samples. The factors include nuclease activity of the
blood, the circulating miRNA form, and several pre�
analytical variables (blood processing conditions, leu�
kocyte and erythrocyte stability during sample pro�
cessing, and sample storage duration and conditions).

Three main problems are to be solved when isolat�
ing miRNA from biological fluids. First, miRNAs cir�
culate as components of membrane vesicles (exosomes
or microparticles) [8, 9] or complexes with proteins
[10] or lipoproteins [11] according tomany studies,
and all miRNA�containing entities should be dis�
rupted to isolate miRNA. Second, endogenous
RNases are highly active in the blood plasma and other
biological fluids and can degrade circulating RNAs as
native complexes are disrupted during isolation or
degrade during long�term storage. Third, biological
fluids abound in proteins, lipids, and their complexes,
which associate with adsorbent surfaces and form vast
interphases to complicate miRNA isolation. An opti�
mal miRNA isolation protocol should meet the fol�
lowing requirements: be insensitive to ballast biopoly�
mers, minimize the effect of endogenous nucleases,
ensure efficient disruption of natural miRNA�con�
taining complexes, and eventually yield a maximal
amount of miRNA free of inhibitors that may affect
the enzymes employed at subsequent steps.

Although the protocols available for miRNA isola�
tion from biological fluids are apparently diverse, the

vast majority of them are based on phenol–guanidin�
ium extraction, which Chomczynski and Sacchi [12]
proposed as early as 1987. The method ensures effi�
cient separation RNA, DNA, and proteins and is con�
sidered to be the gold standard in RNA isolation. The
phenol–guanidinium method with various modifica�
tions is often employed in miRNA isolation protocols
with commercial kits, including TRIzol (Life Technol�
ogies, United States), miRVANA (Life Technologies,
United States), etc. (Table 1). For instance, phenol–
guanidinium extraction with subsequent purification
on a column with a solid sorbent is used to obtain
miRNA preparations enriched in short RNAs
(Qiagen, United States) [13].

A phenol–chloroform–aqueous phase system is
broadly used to extract RNA, although the method has
several drawbacks. For instance, the procedure is labori�
ous and time consuming (extraction takes 40–60 min),
high�quality reagents (in particular, phenol) are nec�
essary, and the results obtained with this intricate pro�
cedure depend on the researcher’s skills. Phenol is
highly toxic, requiring additional equipment, work�
places, and a waste disposal system. Thus, the method
is difficult to use for routine miRNA isolation in med�
icine. A miRCURY kit (Exiqon, Denmark) is
designed with an alternative approach to RNA isola�
tion. In place of laborious organic extraction, com�
plexes are denatured and proteins and lipids precipi�
tated using patented reagents in this procedure, and
miRNA is then isolated via sorption on a column. The
procedure reduces the isolation time to 30 min and
obviates the need of toxic reagents.

An analysis of miRNA expression profiles. The
methods available for miRNA expression profiling can
conventionally be divided into three groups: massive
parallel sequencing of miRNA, microarray analysis,

Table 1. Main commercial kits designed to isolate miRNA from biological fluids

Kit Principal methods Advantages Drawbacks

Trizol LS
(“Life Technologies”)

Phenol–guanidinium–chloro�
form, precipitation� or column�
based purification (not included 
in the kit)

Sample size is not limited; the 
method can be combined 
with any purification tech�
nique

Phenol is used; enrichment in 
short RNAs is not achieved

miRVANA 
(“Life Technologies”)

Phenol–guanidinium–chloro�
form, two�step column�based 
purification

Enrichment in short RNAs Phenol is used; the sample size 
is limited by the column capacity

miRNeasy Serum/
Plasma kit (“Qiagen”)

Phenol–guanidinium–chloro�
form, column�based purification

Enrichment in short RNAs Phenol is used; the sample size 
is limited by the column capacity

TaqMan ABC miRNA 
Purification Kit 
(“Applied Biosystems”)

Phenol–guanidinium–chloro�
form, purification using magnetic 
beads with immobil

Highly efficient isolation 
of preset target miRNAs

Phenol is used; only a preset range 
of miRNAs can be isolated

miRCURY Biofluids Kit 
(“Exiqon”)

Denaturation and precipitation 
of plasma proteins and lipopro�
teins; column�based purification

Phenol is not used; the meth�
od is rapid and convenient; 
enrichment in short RNAs

The sample size is limited by the 
column capacity; miRNA losses 
due to coprecipitation are possible 
for samples with a high protein 
content
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Identification of miRNA markers of the tumor

Diagnosis
Prognosis

Theranostics

from plasma or serum

Isolation, expression profiling, and possible application of circulating miRNAs as potential markers in medicine.

and quantitative RT–PCR (figure). Each of the
approaches has its advantages and drawbacks.

Massive parallel sequencing makes it possible to
examine the total set of miRNA sequences in a sam�
ple, including nonmature forms and miRNA precur�
sors, and to search for unknown miRNAs. The draw�
backs of the methods are that a large amount of start�
ing material (1–5 µg of total RNA) is necessary, the
procedure is time and labor consuming, and a bioin�
formatics analysis of the results is rather sophisticated
and needs verification [14].

Microarray technology provides for a more rapid
miRNA expression profiling, but requires a consider�
able amount of starting material, like sequencing, and
allows only a limited (though large) number of targets
to be examined [14]. Several commercial microarray
variants are now available, including GeneChip
miRNA arrays on the Affymetrix platform, Human
miRNA arrays on the Agilent platform, miRCURY
LNA miRNA arrays on the Exiqon platform, and

Human miRNA v2 Panel on the Illumina platform.
The platforms differ in the amount of starting material
required (from 100 ng to 1 µg of RNA), analysis time
(1.5–2 days), analysis cost, and labor intensity.

Quantitative RT–PCR is used to analyze the
expression pattern of known miRNAs. Several main
protocols were developed for the reactions. Compared
with the above techniques, RT–PCR is cheap and has
a high sensitivity, allowing small miRNA amounts to
be used. A drawback is that a limited number of
miRNAs can be examined simultaneously by quanti�
tative RT–PCR. A solution to the problem was pro�
vided by preformed PCR microarrays, which are
designed for a quantitative PCR analysis of numerous
miRNAs in separate wells of a 96� or 384�well plate.
The method combines the advantages of the two related
techniques and seems to be the most promising for both
research and clinical applications. Examples are pro�
vided by TaqMan arrays (Applied Biosystems, United
States) and LNA qPCR panels (Exiqon, Denmark).
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Normalization of miRNA expression data. A feature
of studies of circulating miRNAs is that the results are
difficult to interpret and findings from different studies
are difficult to compare adequately. The difficulty
arises because the number of miRNA molecules per
cell is infeasible to correctly estimate in the case of
biological fluids. Hence, a normalizer should be used
when comparing samples. Data are normalized by the

 method, which estimates the expression levels of
particular miRNAs relative to certain internal stan�
dards. Unfortunately, “housekeeping miRNAs” are
still unknown, while they might be used similarly to
mRNAs of housekeeping genes, such as GAPDH.
Results are sometimes normalized to the sample vol�
ume or, as characteristic of sequencing, to the total
RNA amount [14]. Another common method is nor�
malizing to exogenous miRNAs, e.g., synthetic oligo�
nucleotides with C. elegans miRNA sequences, which
are added to the sample at the isolation step [15]. Var�
ious short RNAs, such as constitutively expressed
small nuclear RNAs (snRNU6 or snRNU48) can be
used as standards. The main drawback that limits their
use is that their size (>100 nt) is far greater than the
miRNA size. Consequently, the two RNA types differ
in the efficiency of isolation and require different RT–
PCR conditions to be amplified [14].

Certain miRNAs can be employed in normaliza�
tion given that their tissue concentration is constant.
In the case of blood samples, miRNA�16 is thought to
meet this requirement, although there is evidence that
its concentration fluctuates depending, for instance,
on the sample storage conditions [10]. Normalization of
data on blood circulating miRNAs is further complicated
by erythrocyte lysis or microclotting because blood cell
miRNAs may find their way into the sample. To mini�
mize the contribution of cell miRNAs to the circulating
miRNA pool, miRNAs characteristic of erythrocytes of
platelets can be included in the analysis [16].

CIRCULATING miRNAs AS DIAGNOSTIC 
MARKERS

There is convincing evidence that miRNA expres�
sion patterns differ substantially between normal and
tumor tissues in various oncology diseases, in particu�
lar, lung cancer. It was observed that tumor miRNAs
occur in the blood plasma or serum in detectable con�
centrations and are sufficiently stable during clinical
sample preparation and storage, thus attracting partic�
ular interest as cancer markers [17].

An approach to validation of miRNA markers is
translating the data of tissue comparisons to the blood.
In other words, the serum or plasma concentrations
are determined for the miRNAs that proved to differ in
expression profile between tumor and normal tissues.
Shen et al. [18] observed a difference in expression
between tumor and adjacent normal lung tissues for
12 miRNAs of patients with non�small cell lung can�
cer (NSCLC), and expression of the miRNAs was

2T
–ΔC

compared in paired tissue and blood plasma samples.
A correlation between changes in tissue expression and
changes in blood concentration was observed for only
five out of the 12 miRNAs (Table 2). Zheng et al. [24]
selected 15 target miRNA based on the published
results of a microarray analysis of lung tumor tissues.
The miRNA profile was obtained for plasma samples
from patients with NSCLC and small cell lung cancer
(SCLC). Only three miRNAs—155, 197, and 182—
showed a substantial increase in lung cancer patients
compared with healthy subjects. The data indicate that
only some of the tumor cell miRNAs find their way in
circulation.

Recent studies focused on the mechanisms
whereby miRNA�containing complexes appear in cir�
culation, circulate, accumulate in organs and tissues,
and are eliminated from the body. The results will help
to understand how a correlation arises between tissue
and blood miRNA profiles. It should be noted that a
high level of cancer�specific miRNAs circulating
within exosomes of a tumor origin was observed when
studying circulating miRNAs in plasma samples from
squamous cell carcinoma (SCC) patients. Some of
these miRNAs were secreted into the medium of cul�
tured lung cancer cell. The findings led to a conclusion
that miRNA profiling of plasma exosomes will help to
identify reliable cancer markers [26].

An alternative method to identify potential miRNA
markers is a large�scale analysis of the composition
and concentrations of circulating miRNAs in the
blood plasma or serum by high�throughput tech�
niques, such as sequencing, microarray studies, and
PCR. Selected miRNAs are then tested for diagnostic
significance via quantitative PCR in an independent
sample of patients. Chen et al. [22] were the first to
perform a large�scale miRNA analysis in the blood
serum of NSCLC patients, using sequencing on the
Solexa platform. The study involved 11 NSCLC
patients, 11 healthy males, and 10 healthy females. In
total, 63 out of 132 serum miRNAs were detected in
the patients, but not in the healthy subjects, while
28 miRNAs were observed only in the healthy sub�
jects. In addition, 76 miRNAs found in the serum
samples of the NSCLC patients were not detected in
blood cells of the same patients, suggesting tumor cells or
their microenvironment to be a source of the miRNAs.

A further study was performed with an independent
sample of 152 lung cancer patients and 75 healthy sub�
jects by RT–PCR and showed that two specific miR�
NAs, miRNA�25 and miRNA�223, significantly differ
in serum concentration between the patients and
healthy subjects. Chen et al. [28] used their previous
Solexa sequencing data [22] to verify a panel of
91 miRNAs on serum samples from 300 NSCLC
patients and 220 healthy subjects. An extensive diag�
nostic model was designed to include ten miRNA
markers and proved to differentiate lung cancer
patients and healthy subjects with high sensitivity
(93%) and high specificity (90%) [28].
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To estimate the clinical significance of blood biom�
arkers, it is important to determine how stable the
miRNA profile is with time and how early changes in
miRNA profile become detectable during cancer
development and progression. Several studies were
carried out to address these issues. Keller et al. [32]
used microfluidic chips to study the profile of 904
miRNAs in 29 serum samples, which were collected over
several years at various intervals (from 2 to 32 days). The
samples were collected from eight patients before and
after they were diagnosed with lung cancer and from
six healthy subjects. The miRNA profile remained sta�
ble over several years, and substantial changes became
detectable close to the time of diagnosis. However, it
was observed that some of the changes in miRNA pro�
file are not related to carcinogenesis. Chen et al. [28]
used the original panel of ten miRNAs (see above) to
test seven serum specimens, which were collected 7–
33 days before the donor was diagnosed with lung can�
cer. Estimation of the serum concentrations for the ten
miRNAs proved to identify the patients with suspected
lung cancer in 86% (6/7) of cases.

Boeri et al. [29] used a microarray technique and
quantitative RT–PCR to estimate the concentrations
of 100 miRNAs in plasma samples collected during
computed tomography from patients who were more
recently diagnosed with lung cancer (N = 41). Data
were normalized by miRNA expression by a ratios
method. The expression level of each particular
miRNA was related to the expression levels of the
other 99 miRNAs. The 4950 resulting ratios were used
to identify the clinically significant differences
between samples of the two groups. Data processing
yielded a miRNA signature (16 ratios involving 15 differ�
ent miRNAs), which differentiated preclinical patients
(1–2 years before a diagnosis of lung cancer) from heavy
smokers without oncology diseases. The method showed
80% sensitivity, 90% specificity, and 85% accuracy. Bian�
chi et al. [21] identified a 34�miRNA signature, which
reported NSCLC at an early stage, before clinical
signs appear, with 80% accuracy.

Thus, the available data indicate that cancer�
related miRNAs appear in circulation long before a
clinical manifestation of the tumor. Although an
increasing number of studies focus on circulating
miRNAs, there is still no consensus as to the miRNAs
that should be included in a panel suitable for clinical
diagnosis of lung cancer. Several technical and general
factors underlie this circumstance, i.e., miRNA detec�
tion should be accurate; the methods used to isolate
and analyze miRNAs should be standardized; and test
and reference subject samples should be formed cor�
rectly, with due regard to the sex and age composi�
tions, tumor histology, disease stage, concomitant dis�
orders, and certain particular nontumor pathologies.

CIRCULATING miRNAs AS PROGNOSTIC 
MARKERS

There is evidence that miRNAs are possibly
involved in the signaling pathways that regulate various
biological processes determining the tumor aggres�
siveness and sensitivity to chemotherapeutics. The
processes include cell differentiation, proliferation,
motility, epithelial–mesenchymal transition, DNA
repair, apoptosis, and survival [33–36]. Examination
of biopsy and surgery materials fails to report in full the
clonal molecular changes that accompany tumor pro�
gression and metastasis. Circulating miRNA profiling
is of particular interest in terms of disease prognosis,
prediction of the response to therapy, monitoring, and
estimation of treatment efficacy [15].

To identify the prognostic markers, Hu et al. [19]
compared the serum miRNA profiles for NSCLC
patients with high or low survival parameters
(30 patients per group); the profiles were obtained by
Solexa sequencing. Four miRNAs—486, 30d, 1, and
499—were found to significantly differ in expression level
between the two groups. Serum samples of 243 patients
with NSCLC stages I–IIIA were examined. NSCLC
patients with a high mortality rate displayed higher
expression of miRNA�486 and miRNA�30d and lower
expression of miRNA�1 and miRNA�499 in the
serum.

Based on the above approach, Boeri et al. [29]
identified a miRNA signature of risk to have or to
develop aggressive cancer; the signature included ten
ratios between miRNA expression levels. The signa�
ture of risk to develop aggressive cancer was identified
by analyzing the plasma samples collected from
19 NSCLC patients prior to diagnosis (a training sam�
ple). Examination of a test sample (22 patients)
showed that the signature is suitable for differentiating
between lung cancer patients with a poor or favorable
prognosis (sensitivity, 80%; specificity, 100%). The
signature of having aggressive cancer was tested with
plasma samples collected from patients at the time of
diagnosis. The signature proved to identify the lung
cancer patients having a poor prognosis with 88% sen�
sitivity and 100% specificity. To verify the clinical sig�
nificance of the relevant miRNAs as prognostic mark�
ers, the results should be verified with independent
representative samples.

Le et al. [27] used quantitative RT–PCR to esti�
mate the expression levels of four miRNAs (miRNA�21,
�205, �30d, and �24) in the blood serum for 82
NSCLC patients before treatment and 50 healthy sub�
jects. Expression of the four circulating miRNAs in
the lung cancer patients was significantly higher than
in the healthy subjects even at early cancer stages. Two
miRNAs, 21 and 30d, were identified as markers
whose expression levels before treatment is associated
with a low survival.

Sanfiorenzo et al. [31] identified two different
plasma miRNA signatures associated with the histo�
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logical type of lung cancer that predict tumor progres�
sion with a high sensitivity. Changes in the concentra�
tions of three miRNAs (152�3p, 199a�5p, and 20a�5p)
were associated with a high risk of progression (recur�
rence) in patients with lung adenocarcinoma, while
changes in the concentrations of three other miRNAs
(155�5p, 233�3p, and 126�3p) were associated with a
high risk of tumor progression in these patients. Wang
et al. [30] examined serum samples of 391 patients
with advanced NSCLC. The miRNA profiles of eight
serum samples were obtained using a TaqMan human
microRNA microarray card set v. 3.0 (Life Technolo�
gies, United States). Expression of 17 selected miR�
NAs was then studied in 192 (training sample) and 191
(test sample) serum samples of NSCLC patients by
quantitative RT–PCR. Changes in expression of the
17 miRNAs in the serum were associated with the
2�year survival of NSCLC patients (Table 2). The
panel of the 17 miRNAs was proposed as an efficient
diagnostic test, which should be checked with an inde�
pendent sample of subjects to evaluate its significance
as a marker of disease prognosis.

CIRCULATING miRNAs AS TREATMENT 
EFFICACY MARKERS

Circulating miRNAs are of interest not only as
potential markers for diagnosis and prognosis evalua�
tion in cancer, but also as markers of treatment efficacy
for both drug therapy and radiotherapy. Clinically sig�
nificant miRNA markers are identified by comparing
cancer�related miRNA expression profiles obtained
before and after treatment. Aushev et al. [26] esti�
mated the plasma levels of 90 miRNAs with the use
of a commercial kit for an analysis based on RT–
PCR (miRCURY LNA, Exiqon, Denmark). The lev�
els of five miRNAs (205, 191, 19b 30b, and 20a) were
shown to significantly decrease after surgery. Le et al.
[27] compared the profiles of four serum miRNAs (see
the second section) in lung cancer patients. The pro�
files were obtained prior to and 10 days after combined
treatment, which included chemotherapy and sur�
gery). The expression levels of miRNA�21 and
miRNA�24 decreased in the postsurgery period com�
pared with the baseline.

An increasing number of studies support the asso�
ciation of changes in blood mRNA profile with drug
resistance in patients with oncology diseases. The
miRNA�21 expression level in the blood plasma of
lung cancer patients was associated with sensitivity to
chemotherapy with platinum drugs. Wei et al. [37]
showed that the plasma miRNA�21 level in NSCLC
patients with partial tumor regression after chemo�
therapy is several times lower than in NSCLC patients
with a stabilized or progressive disease. Franchina
et al. [38] showed that the miRN�22 level in the blood
plasma correlates with the response to treatment with
pemetrexed (a platinum drug). An increase in
miRNA�22 expression in the plasma was observed in

lung cancer patients with disease progression after che�
motherapy. It is thought that the plasma miRNA�22
level can be used as a potential marker to predict the
response to pemetrexed chemotherapy.

Circulating miRNAs may play a key role in the
antitumor response due to activation of the immune
system. Kumarswamy et al. [39] showed that STAT3
activation in cancer cells affects the immune cell
recruitment, which is absolutely essential for success�
ful T�cell therapy. The regulation of STAT3 activity is
known to involve oncogenic miRNA�21, which is
capable of stimulating the tumor cell growth and pro�
liferation. Studying the expression level of circulating
miRNA�21 in the blood provides a promising
approach to designing new predictors of the response
to antitumor immunotherapy.

CONCLUSIONS

The published data considered above indicate that
studying the role certain miRNAs play in the patho�
genesis of cancer and, in particular, lung cancer is
promising. Circulating miRNAs of the blood plasma
or serum have a high potential as cancer markers.
Changes in circulating miRNA profile were recently
associated with lung cancer, its progression, and sur�
vival. In addition, miRNA profiling may be informa�
tive for differentiating lung cancers according to their
histological type. When identified, specific regulatory
miRNAs associated with drug and radiotherapy sensi�
tivities of tumors will provide a basis for developing
innovative strategies of individual therapy and post�
treatment monitoring in lung cancer. Developing the
protocols for efficient routine miRNA testing in clini�
cal labs is still a problem unsolved. To introduce
miRNA testing in medicine, efforts of several labs
should be joined to develop the efficient standard pro�
tocols of blood sample preparation and storage and
miRNA isolation and analysis, to search for new can�
didate markers, and to perform translation studies of
known candidate markers with independent groups of
healthy subjects and patients.
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