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ABSTRACT
Selected circulating microRNAs (miRNAs) have been suggested for non-invasive
screening of non-small cell lung cancer (NSCLC), however the numerous proposed
miRNA signatures are inconsistent.
Aiming to identify miRNAs suitable specifically for stage I-II NSCLC screening in
serum/plasma samples, we searched the databases “Pubmed”, “Medline”, “Scopus”,
“Embase” and “WOS” and systematically reviewed the publications reporting
quantitative data on the efficacy [sensitivity, specificity and/or area under the curve
(AUC)] of circulating miRNAs as biomarkers of NSCLC stage I and/or II. The 20
studies fulfilling the search criteria included 1110 NSCLC patients and 1009 controls,
and were of medium quality according to Quality Assessment of Diagnostic Accuracy
Studies checklist. In these studies, the patient cohorts as well as the control groups
were heterogeneous for demographics and clinicopathological characteristics;
moreover, numerous pre-analytical and analytical variables likely influenced miRNA
determinations, and potential bias of hemolysis was often underestimated. We
identified four circulating miRNAs scarcely influenced by hemolysis, each featuring
high sensitivity (> 80%) and AUC (> 0.80) as biomarkers of stage I-II NSCLC: miR223, miR-20a, miR-448 and miR-145; four other miRNAs showed high specificity
(> 90%): miR-628-3p, miR-29c, miR-210 and miR-1244. In a model of two-step
screening for stage I-II NSCLC using first the above panel of serum miRNAs with
high sensitivity and high AUC, and subsequently the panel with high specificity, the
estimated overall sensitivity is 91.6% and overall specificity is 93.4%. These and
other circulating miRNAs suggested for stage I-II NSCLC screening require validation
in multiple independent studies before they can be proposed for clinical application.

INTRODUCTION

cancer causes about 353000 deaths, which represent nearly
20% of total cancer deaths [3]. Approximately 15% of
lung cancers are histologically classified as small cell lung
cancer, a very aggressive and generally incurable tumor;
the remaining 85% are cumulatively classified as Non-

Lung cancer is the most common cause of cancer
death worldwide, globally accounting for an estimated 1.5
million deaths in 2012 [1, 2]. In Europe, every year lung
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Small Cell Lung Cancer (NSCLC). The latter contains
two main histological subtypes, adenocarcinoma (AC) and
squamous cell carcinoma (SCC), and can often be cured if
diagnosed at an early stage [4, 5].
The five-year survival rate of lung cancer is low
worldwide (10–15%), mainly because the majority of
cases are diagnosed with advanced stage, when treatment
is rarely curative. In the NSCLC cases that are diagnosed
at an early stage (stage I and II), the five-year survival
rate dramatically improves, ranging from 70% to 85% for
surgically resected stage I disease [6], lobectomy being
the established and most effective therapeutic approach
[7]. However, less than one third of NSCLC cases are
diagnosed in early stage [8–10] and the methodologies
currently available for early diagnosis present several
limitations. Chest X-rays have low sensitivity for lung
cancer detection, whereas low-dose chest computed
tomography (CT) scan has high sensitivity but low
specificity [11–14]. The latter is a relevant limitation of CT
scan for screening, considering that among individuals at
risk for lung cancer (heavy smokers and former smokers)
20–60% of chest CT exams show pulmonary nodules, the
vast majority of which are eventually diagnosed as benign
after completion of work up [15, 16]. Moreover, in many
areas of the world chest CT is a rather expensive and not
widely available screening tool [17].
Newer, minimally invasive and effective methods
of screening for lung cancer are needed. MicroRNAs
(miRNAs) are small non-protein-coding RNA molecules
18–25 nucleotide long that play an important role in
eukaryotic gene expression regulation. They have been
shown to be dysregulated in human diseases, including
cancer [18, 19]. The aberrant expression of specific
miRNAs in body fluids from individuals with cancer has
suggested their possible application as cancer biomarkers
[20–25]. The quantification of selected miRNAs in plasma
or serum of high risk individuals has been proposed as
a simple and potentially effective screening tool for
early detection of NSCLC. Unfortunately, the miRNA
signatures identified by numerous published studies of
lung cancer patients are largely inconsistent, the reported
miRNA profiles being incoherent [23, 26–33]. These
studies have been the subject of several reviews and
meta-analyses [34–40]. However, these reviews were
not focused on circulating miRNAs in cancer stage I and
II, potentially amenable to radical cure. Moreover, the
accuracy of miRNA quantification in plasma/serum is
known to be affected by several methodological variables,
including modality of sample preparation, hemolysis,
RNA isolation procedures, method of cDNA preparation
and method used for miRNA measurement. These factors,
that likely contribute to the puzzling inconsistency of the
published miRNA profiles of NSCLC, were only partially
addressed in the aforementioned reviews.
Here we aimed to review the literature in order to
identify circulating miRNAs proven to be valuable and
www.impactjournals.com/oncotarget

highly accurate for diagnosis of early NSCLC (stage I and
II). Further, based on our analysis, we propose two panels
of miRNAs for diagnosis of stage I-II NSCLC, with a twotier screening method.

RESULTS
Included studies
Our literature search identified a total of 1712
articles, from which duplicates were removed, yielding
1239 papers. After reviewing titles, abstracts and full
texts, 17 papers fulfilling our search criteria were finally
included. Manual search of the bibliography of these
papers led to include 3 additional records, yielding a total
of 20 articles (Figure 1). Among these, 8 papers studied
single miRNAs only, 6 explored both single miRNAs and
panels, and 6 focused on miRNA panels only. For the 20
studies included in the review, Supplementary Table 1A
indicates the main characteristics of patients and controls,
and the investigated individual miRNAs or panels;
Supplementary Table 1B provides information on methods
used for miRNA quantification.
The selected studies, all published in the years
2011–2017, included 2119 individuals in total (1110
NSCLC patients and 1009 controls). The sample size
ranged between 11 and 126 for NSCLC cohorts and
between 11 and 110 for controls. The median sample
size was 56 patients (interquartile range 30–79) with 1.1
case/control ratio. In all selected papers the sample mean
age ranged 60–65 years, except in the study by Shi and
colleagues that was carried out in a younger patient group
(patient mean age, 50) [41].
Of the 20 studies (10 from China, 4 from USA,
2 from Italy and 1 each from Poland, Norway, Russia
and France), 8 were conducted on Caucasian patients (2
studies included African American subjects), 7 on Asian
patients and 5 did not provide information on ethnicity
(Supplementary Table 1A).
The NSCLC patient groups differed by
clinicopathological status across the studies and some
relevant data were missing. Regarding the patients’
smoking status and comorbidities, four studies did not
report any data on smoking [41–44]; two studies included
only smokers (with > 20 mean pack-years) [26, 30];
five studies included ≥ 85% of smokers among NSCLC
patients [27, 29, 45–47]. Fourteen of the 20 studies
provided no information on comorbidity of the patient
cohort; the other 6 studies indicated that patients had no
history of other cancers (Supplementary Table 1A) [26,
48–52]. A mix of the two main subtypes of NSCLC, AC
and SCC, was present in all the selected papers, however
only in 11 studies the accuracy of the miRNA profile of
NSCLC was separately evaluated for AC and SCC [26, 29,
30, 41, 44, 46, 48–50, 53, 54]. The composition of control
groups was also varied (Supplementary Table 1A). Four
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studies [30, 44, 53, 55] provided no medical information
on the control group. In 4 studies, history of no tumor and
negative chest imaging (X-rays or CT scan) were used to
identify healthy controls [26, 46, 47, 51]. In the other 12
studies, individuals broadly defined “healthy subjects” or
“non-neoplastic subjects” based on medical history, served
as controls; 3 of these studies included patients with
chronic obstructive pulmonary disease (COPD) [29, 45,
47] and 4 studies included controls with benign pulmonary
nodules or non-cancerous lung disease [45, 48, 50, 52].

blood in 1 study (Supplementary Table 1B). A training
and a validation set were both described in 8 studies; of
these, 4 reported two different procedures to quantify
miRNAs in the training and validation sets. For miRNA
extraction (Supplementary Table 1B), the mirVana PARIS
RNA kit (Ambion, ThermoFisher) was used in 7 studies,
the miRNeasy mini kit (Qiagen) in 3 studies, and in one
study each the miRCURY RNA isolation kit (Exiqon),
the RNA extraction kit (Applied Biosystems, AB), the
NucleoSpin miRNA Plasma kit (Macherey-Nagel) were
used. In the study by Yuxia et al. [42], RNA extraction
was not performed, whereas 2 studies used phenol and
guanidine isothiocyanate reagents only [27, 49]. Addition
of spike-ins as a quality control step was reported in 5
papers (Supplementary Table 1B).

miRNA extraction
miRNAs were extracted from serum samples in 10
studies, from plasma samples in 9 studies, from whole

Figure 1: PRISMA flow diagram illustrating the study selection process. From the 1712 initially identified studies, duplicates
were removed and records were screened by title, abstract, full text, leading to inclusion of 17 studies. Manual search of these papers led to
inclusion of 3 further studies, for a total of 20 studies finally included in our review. aAmong completed studies, no protocol satisfying the
inclusion criteria was retrieved. Protocols in the recruiting stage were excluded.
www.impactjournals.com/oncotarget
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miRNA retrotranscription and quantification

miR-486, miR-21, miR-21-5p, miR-126, miR-15b (see
Supplementary Table 2). Among all miRNAs listed in
Table 1 and considered unaffected by hemolysis, only
miR-223, miR-20a, miR-448 and miR-145 displayed AUC
value > 0.80 and sensitivity > 80% as stage I-II NSCLC
biomarkers in at least one study. Moreover, miR-628-3p,
miR-29c, miR-210 and miR-1244, despite low sensitivity
and modest AUC value, showed specificity > 90% in at
least one study. For these two sets of miRNAs, highly
sensitive and highly specific respectively, the diagnostic
accuracy data are summarized in Table 2. The seven
studies analyzing these miRNAs [44, 46, 48, 50–53] are
of medium overall quality according to the QUADAS-2
checklist; they included 649 NSCLC patients (median,
87 patients per study), predominantly smokers (62%) and
represent 58% of the 1110 patients evaluated overall in the
20 selected studies. The miRNAs shown in Table 2 have
important biological functions related to tumorigenesis;
although the analysis of these functions is beyond the
purpose of this review, they are briefly described in
Supplementary File 1.

In 13 studies “Taqman” stem&loop primers and
kits (AB) were used for retrotranscription, combined with
two quantification methods [Taqman Low Density Arrays
microRNA signature panel (TLDA, AB)] or another
array -6 papers- and/or probe based relative quantitative
PCR (qPCR) -12 papers-, as detailed in Supplementary
Table 1B. Absolute miRNA quantification by Droplet
Digital PCR (ddPCR) was performed in only 1 study,
after retrotranscription with stem&loop primers [28]. In
3 studies, qPCR based on intercalating dyes was used for
miRNA quantification. In 3 studies insufficient details of
the procedures were provided [29, 41, 48]; (Supplementary
Table 1B).

Normalization
As shown in Supplementary Table 1B, in the
6 studies using TLDA for quantification, the data
were normalized with a geometric mean of different
miRNAs, or with global normalization, or with quantile
normalization. In the 14 studies using qPCR quantification,
a single endogenous reference molecule (miR-16 or U6)
was used in 7 studies; 4 studies used means of at least
two endogenous reference genes; 2 studies used a single
exogenous spike-in; 1 study did not provide details about
normalization [42] (Supplementary Table 1B).

miRNA panels
In the 20 selected studies, 12 miRNA panels
featuring high sensitivity (> 80%) and/or high AUC (>
0.80) as stage I-II NSCLC biomarkers were reported
(Table 3). Five of these panels showed AUC> 0.90 and
seven had AUC between 0.80 and 0.90; however some
panels included miRNAs documented to be influenced by
hemolysis (Table 3).
Table 4 illustrates miRNAs that were described
(either individually or within miRNA panels) as
biomarkers of stage I-II NSCLC in more than one of the
selected studies.

Individual miRNAs
In the 20 selected studies, altogether 27 miRNAs
were individually reported (Table 1). Overall the studies
were of medium quality as assessed by Quality Assessment
of Diagnostic Accuracy Studies (QUADAS-2) checklist,
where “patient selection” and “index test” resulted the most
critical domains. The diagnostic performance of individual
miRNAs varied widely: sensitivity ranged between 30.4%
and 96.1%, specificity between 38.2% and 100%; moreover,
for some miRNAs (miR-223, miR-21, miR-145, miR-125b)
the AUC differed substantially between independent studies
(Table 1), suggesting that variability of patients, controls or
methods may affect miRNA levels.

miRNAs and NSCLC subtypes
None of the 20 studies included in this review
separately evaluated miRNA signatures in SCC or AC.
However, 11 of the 20 selected studies evaluated the
performance of circulating miRNAs in distinguishing
NSCLC subtypes, and the investigated individual miRNAs
and miRNA panels completely differed across the studies.
As summarized in Table 5, the proposed miRNA signatures
revealed: greater accuracy in identifying SCC than AC in
7 studies [26, 29, 41, 46, 48, 49, 53]; similar accuracy
in 2 studies [44, 54]; higher sensitivity for diagnosing
AC in one study [30]. Wang et al. [50] reported that
circulating levels of miR-425-3p and miR-628-3p were
significantly higher in AC than SCC, while miR-532 was
significantly lower in AC than SCC (Table 5). The AUCs
for the miRNAs proposed as subtype-specific biomarkers
were reported only in 4 studies [26, 48, 53, 54]. Altogether
these findings show no consistent alterations of circulating
miRNAs that may more accurately identify AC or SCC.

Identification of highly sensitive and highly
specific miRNAs
Aiming to identify within Table 1 the individual
miRNAs suitable for possible clinical application as
non-invasive screening tool, we needed first to eliminate
miRNAs influenced by hemolysis, a major source of bias.
Therefore, we decided to exclude those miRNAs described
as influenced by hemolysis in 3 or more of the relevant
independent studies reporting hemolysis-induced miRNA
dysregulation [56–63]. Accordingly, five miRNAs listed
in Table 1 were excluded from possible clinical use:
www.impactjournals.com/oncotarget
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Table 1: Sensitivity, specificity and AUC of the 27 individual miRNAs described in the selected
studies
miRNA

Reference
Geng et al., 2014 [48]
Zhang et al, 2017 [51]
Li et al., 2015 [43]

N
186
172
22

Sensitivity (%)
87.0
69.8
91.0

Specificity (%)
86.0
84.3
82.0

AUC
0.94
0.81
0.93

1244
182
425-3p
628-3p
29c
429
22
335-3p
532
210
183

Geng et al., 2014 [48]
Zhang et al, 2017 [51]
Powrozek et al., 2016 [46]
Sun et al., 2016 [55]
Zhang et al, 2017 [51]
Geng et al., 2014 [48]
Ma et al., 2013 [28]
Zhang et al, 2017 [51]
Geng et al., 2014 [48]
Nadal et al., 2015 [45]
Nadal et al., 2015 [45]
Nadal et al., 2015 [45]
Zhu et al., 2016 [52]
Nadal et al., 2015 [45]
Ulivi et al., 2013 [49]
Powrozek et al., 2016 [46]
Shi et al., 2017 [41]
Yuxia et al., 2012 [42]
Wang W et al., 2016 [53]
Zhu et al., 2016 [52]
Wang Y et al., 2016 [50]
Wang Y et al., 2016 [50]
Zhu et al., 2014 [44]
Zhu et al., 2014 [44]
Shi et al., 2017 [41]
Ma et al., 2013 [28]
Wang Y et al., 2016 [50]
Zhu et al., 2016 [52]
Zhu et al., 2016 [52]

186
172
114
82
172
186
74
172
186
135
135
135
127
135
78
114
210
186
69
127
173
173
84
84
210
74
173
127
127

83.0
79.8
85.0
-77.5
67.0
-80.6
70.0
---62.1
--75.0
30.4
96.1
53.8
67.8
67.1
42.7
50.0
94.4
43.5
-53.7
35.6
41.4

81.0
88.0
77.0
-85.5
68.0
-89.2
68.0
---97.5
--68.4
83.9$
38.2
100.0
85.0
68.1
91.2
95.8
41.7
86.3$
-80.2
100.0
82.5

0.89
089
0.89
0.88
0.84
0.77
0.79
0.89
0.77
0.88
0.86
0.85
0.85
0.84
0.82
0.82
0.81$
0.66
0.80
0.78
0.73
0.73
0.73
0.72
0.72$
0.71
0.66
0.65
0.64

15b*

Shi et al., 2017 [41]

210

41.3

82.4$

0.62$

223
486*
20a
448
21*
21-5p*
145
141
193b
200b
126*
301
328
4478
125b

N: sample size.
*asterisk denotes miRNA influenced by hemolysis; miRNA was considered hemolysis-influenced when documented in three
or more relevant independent studies reporting hemolysis-induced miRNA dysregulation (see Supplementary Table 2).
miRNAs shown in bold are those uninfluenced by hemolysis (see Additional Table 2) and with high sensitivity (> 80%) and
high AUC (> 0.80) reported in at least one study shown in Reference column.
miRNAs shown in bold underlined are those uninfluenced by hemolysis (see Additional Table 2) and with high specificity
(> 90%) reported in at least one study shown in Reference column.
$
Data are calculated among the total sample, that includes advanced stages (III and IV).
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Table 2: miRNAs with high sensitivity and high AUC (a), and miRNAs with high specificity (b).
a) miRNAs with sensitivity > 80% and AUC > 0.80
miRNA
miR-223
miR-20a
miR-448
miR-145

Sensitivity (%)
87.0
83.0
85.0
80.6

AUC
0.94
0.89
0.89
0.89

Specificity (%)
86.0
81.0
77.0
89.2

Reference
Geng et al., 2014 [48]
Geng et al., 2014 [48]
Powrozek et al., 2016 [46]
Zhang et al., 2017 [51]

AUC
0.73
0.73
0.65
0.80

Specificity (%)
91.2
95.8
100.0
100.0

Reference
Wang Y et al., 2016 [50]
Zhu et al., 2014 [44]
Zhu et al., 2016 [52]
Wang W et al., 2016 [53]

b) miRNAs with specificity > 90%
miRNA
miR-628-3p
miR-29c
miR-210
miR-1244

Sensitivity (%)
42.7
50.0
35.6
53.8

Proposal of a two-step screening with miRNAs

symptoms [64], and even before the disease was detected
by CT screening [26, 65]. Therefore, miRNAs are
potentially interesting biomarkers for screening of lung
cancer [66]. According to “Medline Trend”, the number
of publications on the topic “miRNA and NSCLC” has
dramatically increased in the last 10 years, however the
plethora of circulating miRNA profiles proposed as lung
cancer signatures are inconsistent. Six systematic reviews
[34–37, 39, 40] have summarized the main findings of
these studies, but have failed to clearly identify circulating
miRNAs possessing high proficiency specifically for the
diagnosis of stage I-II NSCLCs, which are the cancers
potentially amenable to radical cure. Considering
that miRNA signatures of early and late lung cancer
stages frequently differ [50, 64, 67–69], we exclusively
reviewed papers reporting miRNAs biomarkers of stage
I-II NSCLC. We focused on miRNA molecules of high
diagnostic accuracy and whose measurement is scarcely
influenced by hemolysis. Among the initially retrieved
1712 papers fulfilling the search criteria, we only found
20 studies clearly reporting quantitative data on miRNA
diagnostic proficiency specifically for stage I-II NSCLC.
Our review confirms the variability of miRNAs proposed
by many authors as lung cancer signatures. Notably, there
were only 18 miRNAs identified as biomarkers of stage
I-II NSCLC in more than one published paper (Table 4).
For the 20 selected studies we highlighted
demographics, clinicopathological characteristics and
smoking habit of patients and controls; moreover, we
evaluated the main pre-analytical and analytical variables
known to influence circulating miRNA levels. Notably, the
training set in the selected studies consisted of a median
of only 56 NSCLC patients, meaning that the training
sample frequently was of smaller size than that suggested
by guidelines for studies of biomarkers for early detection
of cancer [70]. Moreover, in some of the selected studies
the training sample appears definitely undersized if one
considers the rather low precision of miRNA assays [63]
and the expected diversity of miRNA signatures due to

Based on the critique of the reviewed studies, we
propose a model for screening of stage I-II NSCLC, using
the two above indicated sets of individual miRNAs with
the highest sensitivity/specificity (Table 2), that were
selected as detailed in the Methods section. Panels of
miRNAs were arbitrarily excluded from this model as
the AUC or specificity data were based on the panels, and
to simplify its possible clinical application. Accordingly,
screening with miRNAs should be carried out in two steps.
The four miRNAs with high sensitivity (miR-223, miR20a, miR-448 and miR-145) should be used for the first
screening step (Test 1), and the four miRNAs with high
specificity (miR-628-3p, miR-29c, miR-210 and miR1224) for the second step (Test 2). In this model the two
panels of miRNAs are combined in series, and Test 2 is run
only if Test 1 is positive, as described in Supplementary
File 2.
The final estimated performance of these miRNAs
for the two-step screening of serum samples is overall
sensitivity of 91.6% and overall specificity of 93.4%. The
selected two sets of miRNAs with highest sensitivity/
specificity are intended for preliminary screening of the
general population at high risk of lung cancer, dominated
by smokers. Subjects positive to miRNA screening should
be offered low-dose CT-screening, thus possibly reducing
the logistic/economic burden and harms of upfront CTscreening [12,14].

DISCUSSION
Diagnosing lung cancer at an early stage is a
major clinical concern that in recent years has stimulated
extensive research on non-invasive screening methods,
including miRNAs as lung cancer biomarkers in
circulating body fluids. Dysregulated miRNA profiles
in cell-free blood were shown to indicate the presence
of lung cancer many months ahead of the occurrence of
www.impactjournals.com/oncotarget
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Table 3: Sensitivity (Se), specificity (Sp) and AUC of miRNA panels described in the selected studies
miRNA Panel

Reference
Nadal et al., 2015 [45]

N
135

Se(%)
N.R.

Sp(%)
N.R.

AUC
0,99

Wozniak et al., 2015 [54]

121

N.R.

N.R.

0,98

24 miRNAs*

Wozniak et al., 2015 [54]

149

N.R.

N.R.

0,96

Zhu et al., 2016 [52]

127

88,5

92,5

0,98

4

miR-182, miR-183, miR-210, miR-126,
CEA
miR-532, miR-628-3p, miR-425-3p

Wang Y. et al. 2016 [50]

173

91,5

97,8

0,97

5

miR-448, miR-4478

Powrozek et al., 2016 [46]

114

90

76.3

0,90

6

miR-145, miR-20a, miR-21, miR-223

Zhang et al., 2017 [51]

172

81,8

90,1

0,90

7

34 miRNAs**

Bianchi et al., 2011 [26]

52

59

90

0,89

8

miR-125b, miR-200b, miR-34b, miR-203,
miR-205, miR-429

Halvorsen et al., 2016 [47]

158

85

74

0,88

9

miR-21-5p, miR-335-3p

Ma et al., 2013 [28]

74

N.R.

N.R.

0,86

Sanfiorenzo et al., 2013 [29]

33

N.R.

N.R.

0,85

Sanfiorenzo et al., 2013 [29]

42

N.R.

N.R.

0,81

Foss et al., 2011 [27]

53

73

71

0,75

Shen et al., 2011 [30]

44

73,3

96,5

N.R.

Shen et al., 2011 [30]

44

86,7

96,5

N.R.

1
21

miR-141, miR-200b, miR-193b, miR-301
24 miRNAs*

2 bis

2

3

10

12 miRNAs***

1

10 bis

2

12 miRNAs***

11

miR-1254, miR-574-5p

122

mir-21, miR-126, miR-210, miR-486-5p

12 bis

1

mir-21, miR-126, miR-210, miR-486-5p

N: sample size.
N.R.: Not Reported.
Panels are listed in decreasing order of AUC value. The studies by Wozniak et al., Sanfiorenzo et al., Shen et al. [54, 29, 30],
separately described findings in stage I2 and stage II1 non-small cell lung cancer.
*let-7c, miR-122, miR-182, miR193a-5p, miR-200c, miR-203, miR-218, miR-155, let-7b, miR-411, miR-450b-5p, miR485-3p, miR-519a, miR-642, miR-517b, miR-520f, miR-206, miR-566, miR-661, miR-340, miR-1243, miR-720, miR-543,
miR-1267.
**miR-92a, miR-484, miR-486-5p, miR-328, miR-191, miR-376a, miR-342-3p, miR-331-3p, miR-30c, miR-28-5p, miR-98,
miR-17, miR-26b, miR-374a, miR-30b, miR-26a, miR-142-3p, miR-103, miR-126, let-7a, let-7d, let-7b, miR-32, miR-133b,
miR-566, mir-432, miR-223, miR-29a, miR-148a, miR-142-5p, miR-22, miR-148b, miR-140-5p, miR-139-5p.
***miR-155-5p, miR-20a-5p, miR-25-3p, miR-296-5p, miR-191-5p, miR-126-3p, miR-223-3p, miR-152-3p, miR-145-5p,
miR-199a-5p, miR-24-3p, and let-7f-5p.
miRNAs influenced by hemolysis are indicated in italics; miRNA was considered hemolysis-influenced if influence
was documented in three or more relevant independent studies reporting hemolysis-induced miRNA dysregulation (see
Supplementary Table 2).
miRNAs indicated in bold are also accurate individual predictors, included in Table 2.
molecular heterogeneity of NSCLC subtypes [36, 71–74].
Population ethnicity has been suggested as a potential
source of miRNA level variability and of inconsistent
miRNA signatures of lung cancer [77]. However, Shen et
al. found no association between changes in circulating
miRNA levels and patient ethnic group (African-American
or Caucasian) [43]. As regards gender and age, several
papers have documented that these variables do not
significantly impact on lung cancer miRNA signatures [30,
44, 50, 75, 76].
The proportion of smokers varied among the studies
and sometimes markedly differed between cases and
www.impactjournals.com/oncotarget

controls within the same study. In 5 of the 20 papers,
cigarette smoking data were not reported, an important
lack of information because some circulating miRNAs are
significantly dysregulated by smoking [34, 77, 78].
Across the 20 studies, the control groups were also
very different. The majority of studies defined the control
group as “healthy subjects” not otherwise specified,
or “non-neoplastic subjects” based on medical history.
Notably, the composition of control groups is a critical
issue, because diseases of liver, heart, prostate and various
other comorbidities in the control group may influence the
diagnostic sensitivity and specificity of miRNA candidate
94986
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Table 4: miRNAs indicated as stage I-II NSCLC biomarkers in more than one of the selected
studies
miRNA
miR-21
miR-223

Number of
studiesa
4
4

miR-126

4

miR-20a
miR-145

3
3
3
3
3
2
2
2

Sun et al., 2016 [55]; Zhang et al., 2017 [51]; Geng et al., 2014 [48]; Shen et al., 2011 [30]*
Zhang et al., 2017 [51]; Geng et al., 2014 [48]; Sanfiorenzo et al., 2013 [29]*; Bianchi et
al., 2011 [26]*
Zhu et al., 2016 [52]; Sanfiorenzo et al., 2013 [29]*; Shen et al., 2011 [30]*; Bianchi et al.,
2011 [26]*
Zhang et al., 2017 [51]; Geng et al., 2014 [48]; Sanfiorenzo et al., 2013 [29]*
Zhang et al., 2017 [51]; Geng et al., 2014 [48]; Sanfiorenzo et al., 2013 [29]*
Shi et al., 2017 [41]; Halvorsen et al., 2016 [47]*; Yuxia et al., 2012 [52]
Li et al., 2015 [77]; Shen et al., 2011 [30]*; Bianchi et al., 2011 [26]*
Geng et al., 2014 [48]; Wozniak et al., 2015 [54]*; Sanfiorenzo et al., 2013 [29]*
Halvorsen et al., 2016 [47]*; Nadal et al., 2015 [45]*
Ulivi et al., 2013 [49]; Bianchi et al., 2011 [26]*
Zhu et al., 2016 [52]; Wozniak et al., 2015 [54]*

miR-22
miR-203
let-7b

2
2
2
2
2

Halvorsen et al., 2016 [47]*; Zhu et al., 2014 [44]
Zhu et al., 2016 [52]; Shen et al., 2011 [30]*
Shi et al., 2017 [41]; Bianchi et al., 2011 [26]*
Halvorsen et al., 2016 [47]*; Wozniak et al., 2015 [54]*
Wozniak et al., 2015 [54]*; Bianchi et al., 2011 [26]*

miR-566
miR-191

2
2

Wozniak et al., 2015 [54]*; Bianchi et al., 2011 [26]*
Sanfiorenzo et al., 2013 [29]*; Bianchi et al., 2011 [26]*

miR-125b
miR-486
miR-155
miR-200b
miR-328
miR-182
miR-429
miR-210

References

number of reviewed studies indicating the specified miRNA as stage I-II NSCLC biomarker.
*Asterisk denotes panel including the specified miRNA.
miRNAs indicated in bold are included in our two-step screening (Table 2).
a

biomarkers [79–81]. Only 4 of 20 studies subdivided
control patients by comorbidity: benign lung nodules,
COPD, noncancerous disease, smoker [29, 48, 50, 52].
It is debated if “controls” for lung cancer patients should
be age-matched “healthy subjects” or subjects with a
history of smoking, and whether COPD patients should
be included as controls. Because levels of miRNA relevant
for lung cancer may be altered in smokers [34, 77] and
in COPD patients [82–84], the control group composition
in terms of smoking pack/years and COPD prevalence
may bias the accuracy of miRNAs selected as lung cancer
biomarkers. In order to avoid a COPD-based miRNA
signature, in the studies by Sanfiorenzo et al. [29] and
Halvorsen et al. [47], non-neoplastic COPD patients were
used as controls.
Elegant experimental studies have shown that
miRNAs derived from cancer tissue can enter the
circulation [24]. Moreover, in lung cancer patients several
overexpressed circulating miRNAs (miR-21, miR-24,
miR-145, miR-20a, miR-223, miR-486, miR-574-5p,
miR-1825, miR-205, miR-19a, miR-19-b, miR-30b)
were generally reduced a few days after tumor resection,
strongly suggesting that these molecules are of tumor
www.impactjournals.com/oncotarget

origin or tumor-induced [43, 51, 75, 85, 86]. It is therefore
reasonable to assume that at least some of the aberrantly
expressed miRNAs in the blood of lung cancer patients
are genuine biomarkers of the tumor. The measurement of
circulating miRNAs faces numerous technical challenges
and may be biased by multiple factors, partly explaining
the inconsistency of published miRNA profiles of lung
cancer [51]. Because several circulating miRNAs are
blood-cell derived [56, 59–62, 87], spurious miRNA level
dysregulations that may result from platelet contamination
and red blood cell lysis in plasma/serum samples are a
major concern. Our review suggests that potential
bias of hemolysis on miRNA levels has often been
underestimated, as only in 2 of the 20 reviewed studies
was hemolysis of specimens ruled out [29, 54]. In order to
avoid spurious effects of undetected hemolysis of samples,
in agreement with Pritchard and collaborators [88], we
suggest that miRNAs influenced by hemolysis should
preferably not be used as NSCLC biomarkers.
For analysis of circulating miRNAs, both serum and
plasma are acceptable sample types, and a good correlation
between serum and plasma miRNA determinations has
been documented [89]. However, serum and plasma
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Table 5: Characteristics of the 11 included studies evaluating the performance of circulating
miRNAs in distinguishing NSCLC subtypes
Reference

Year

Sample
ethnicity

Sample Sizea

Ptb

NSCLCd
Stage

miRNAs examined

Cc

AUCe in discriminating
NSCLC subtype from
controls for the examined
miRNAs
ACf (n)

Comments on miRNA performance

SCCg (n)

Bianchi et al. [26]

2011

Caucasian

22h

30

I

Panel of 34
miRNAs*

(n = 22)
0.85

(n = 12)
0.94h

The panel distinguished better SCCs than ACs from controls;
however, the SCCs were stage II-IV cases. Sample size was small.

Geng et al. [48]

2014

Asian

126

60

I-II

5 miRNAs:
miR-20a
miR-223
miR-21
miR-155
miR-145

(n = 45)
0.90
0.91
0.63
0.93
0.77

(n = 64)
0.98
0.98
0.97
0.96
0.97

All 5 miRNAs differentiated NSCLC from controls with greater
accuracy in SCCs. 17 cases had histology other than AC or SCC.

Powrozek et al.
[46]

2016

Caucasian

29i

85

I-II

2 individual
miRNAs:
miR-448, miR4478; combination
of both miRNAs

(n = 30)
NAl

(n = 35)
NA

Both miRNAs overexpressed in NSCLC plasma samples relative
to control. miR-4478 expression was higher in SCC than in AC
patients (p < 0.043). Analysis of miRNA performance included
36 cases with stage >II.

Sanfiorenzo et al.
[29]

2013

NA

35i

20

I-II

Panel of 12
miRNAs**

(n = 27)
NA

(n = 25)
NA

Panel distinguished NSCLC patients from controls (AUC=0.81).
In SCC compared to AC, higher plasma levels of miR-20a-5p
(p = 0.034) and miR-25-3p (p = 0.013), along with lower levels
of miR-191-5p (p = 0.008) were found. Analysis of miRNA
performance included 17 cases with stage >II.

Shen et al. [30]

2011

African
American,
Caucasian

30i

29

I-II

miR-21,
miR-126, miR-210,
miR-486-5p

(n = 24)
NA

(n = 34)
NA

Diagnostic sensitivity of the composite panel in distinguishing
stage I NSCLC from controls was 73.3%. Analysis of miRNA
performance in diagnosing subtypes included 28 cases with stage
>II and showed higher sensitivity for diagnosing ACs (91.7%)
than SCCs (82.3%) (p < 0.05).

Shi et al. [41]

2017

NA

46i

45

I-II

miR-22,
miR-125b, miR-15b

(n = 69)
NA

(n = 51)
NA

Serum levels of the three miRNAs significantly altered in NSCLC
cases compared to controls. Diagnostic sensitivity of miR-125b
was significantly higher for ACs than SCCs (p = 0.021). Analysis
of miRNA performance included 74 cases with stage >II.

Ulivi et al. [49]

2013

Caucasian

54i

24

I-II

miR-328

(n = 63)
NA

(n = 22)
NA

miR-328 discriminated well between stage I-II NSCLC and
controls (AUC = 0.82). Analysis of miRNA performance
for subtypes, conducted in 86 NSCLCs (63 ACs; 22 SCC;
1 sarcomatoid), 32 of which were in stage > II, indicated
significantly higher expression of miR-423 in SCCs than in ACs.
The miRNA analyses were performed in whole blood specimens.

Wang Y. et al.
[50]

2016

Asian

82

91

I-II

miR-532, miR-628,
miR-425-3p

(n = 40)
NA

(n = 39)
NA

Combination of the three miRNAs discriminated well NSCLC
from control plasma samples (AUC = 0.97). Evaluation of
miRNA performance was conducted in 40 ACs and 39 SCCs.
Plasma levels of miR-425-3p (p = 0.04) and of miR-628-3p
(p = 0.015) were significantly higher in AC than SCC. miR-532
was significantly lower in AC than SCC (p < 0.001).

Wang W. et al.
[53]

2016

NA

54i

15

I-II

miR-1244

(n = 26)
0.79

(n = 17)
0.85

For miR-1244 the AUC was higher in SCC than AC. AUC was
assessed on serum samples of 43 NSCLCs (26 ACs; 17 SCCs), 17
of which were in stage > II.

Wozniak et al.
[54]

2015

Caucasian

70i

100

I-II

Panel of 24
miRNAs***

(n, NA)
0.94

(n, NA)
0.96

Panel showed similar accuracy for distinguishing AC and SCC
from controls. AUC for the panel was assessed in 70 NSCLCs
[a sub-cohort of 100 NSCLCs (35 ACs; 65 SCCs), 30 of which
were in stage >II].

Zhu et al. [44]

2014

Asian

36i

48

I

miR-29c,
miR-93,
miR-429

(n =34)
NA

(n = 36)
NA

The evaluation of 70 NSCLCs (34 ACs; 36 SCC), 34 of which
were in stage II–IV, showed non-significant difference of serum
miR-29c (p = 0.232) and miR-429 (p = 0.811) between AC and
SCC.

The sample refers to stage I and II NSCLC.
Pt=Patients; cC=Controls.
NSCLC: non-small cell lung cancer.
e
AUC=area under the curve.
f
AC: adenocarcinoma.
g
SCC=squamous cell carcinoma.
h
SCCs were 12 additional cases with stage II-IV disease.
i
Analysis of miRNA performance included also cases with stage > II.
l
NA: Not available.
*miR-92a, miR-484, miR-486-5p, miR-328, miR-191, miR-376a, miR-342-3p, miR-331-3p, miR-30c, miR-28-5p, miR-98, miR-17, miR-26b, miR-374a, miR-30b, miR-26a,
miR-142-3p, miR-103, miR-126, let-7a, let-7d, let-7b, miR-32, miR-133b, miR-566.
**miR-155-5p, miR-20a-5p, miR-25-3p, miR-296-5p, miR-191-5p, miR-126-3p, miR-223-3p, miR-152-3p, miR-145-5p, miR-199a-5p, miR-24-3p, and let-7f-5p.
***let-7c, miR-122, miR-182, miR-193a-5p, miR-200c, miR-203, miR218, miR-155, let-7b, miR-411, miR-450b-5p, miR-485-3p, miR-519a, miR-642, miR-517b, miR-520f,
miR-206, miR-566, miR-661, miR-340, miR-1241, miR-720, miR-543, miR-1267.
a

b
d
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determinations cannot be automatically interchanged,
because differences in specimen preparation and/or
measurement platform are known to influence the results.
As an example, in normal subjects miR-15b and miR-16
showed higher concentrations in plasma relative to serum
in one study [63], while the concentration of the same two
miRNAs was higher in serum relative to plasma in another
independent study using a different platform [90].
It is currently debated whether serum or plasma
should be used for circulating miRNAs determination;
mirroring this uncertainty, 10 of the 20 selected studies
were performed with serum samples and 9 with plasma.
Serum has not been generically recommended over plasma
as a sample type [87]; however, serum has less platelet
contamination than plasma, and this may decrease bias
in miRNA determination [63]. Regarding the method for
miRNA quantification, all the reviewed studies except
that of Ma et al. [28] used qPCR platform and performed
normalization of results predominantly with endogenous
miR-16 and U6, or with spike-ins. The normalization
step is likely to contribute to the scarce reproducibility
of miRNA determinations, as reported by others [33].
Normalization with miR-16 can be criticized because this
miRNA has been described as a lung cancer biomarker
itself [91–93]. U6, a small nuclear RNA, was shown
to fluctuate markedly across samples [94], and such
variability may contribute to inconsistency of miRNA
findings. For miRNA measurement Ma et al. [28] used
ddPCR, a recently introduced technique reported to be
advantageous over qPCR (greater precision; no need to
normalize results; higher sensitivity to low-level miRNA
expression) [28, 95]. Altogether, these considerations
underscore the importance of knowing the miRNA
quantification procedure details, to allow reproducibility
of methods and external validation of studies.
Distinguishing between the AC and SCC lung cancer
subtypes on the basis of specific circulating miRNAs’
aberrant expression may provide important information,
relevant both for understanding the subtypes’ pathogenesis
and for tailored selection of cytotoxic chemotherapy
in NSCLC without a driver mutation [96]. Moreover,
although histology and immunohistochemistry (IHC)
currently are the gold standards for NSCLC diagnosis,
the subtype classification of difficult cases (scarce
biopsy sample; hazardous/difficult biopsy; uncertain
IHC) could be facilitated if subtype-specific circulating
miRNA signatures were available. Few studies have
been conducted in stage I-II NSCLC patients to identify
circulating miRNA profiles than may be more accurate
for either AC or SCC. In our systematic review we only
found 11 studies that separately analyzed AC and SCC
cases [26, 29, 30, 41, 44, 46, 48–50, 53, 54], and none of
these provided convincing evidence that a specific miRNA
signature exists for each of the two subtypes. A notable
methodological weakness in 9 of these 11 studies [26, 29,
30, 41, 44, 46, 48–50, 53, 54] is the inclusion of many
www.impactjournals.com/oncotarget

lung cancers in advanced stage (stage > II) in the subtype
analysis, likely to compensate for small sample size of
the AC and SCC sub-cohorts. Of note, Bianchi et al. [26],
Geng et al. [48], Powrozek et al. [46], Sanfiorenzo et al.
[29], Shi et al. [41], Ulivi et al. [49] and Wang et al. [53]
proposed very different miRNA signatures of early stage
NSCLC, yet all these signatures better differentiated SCC
than AC from controls. Altogether, the available data are
insufficient to define serum/plasma miRNA profiles that
may reliably discriminate between AC and SCC in stage
I-II lung cancer.

Strengths and limitations
A strength of this review is the critique focused
on circulating miRNA biomarkers of stage I-II NSCLC,
the disease stages often amenable to radical cure and
for which non-invasive screening by miRNAs may be
proposed. Another strength is the assessment of factors
potentially influencing miRNA levels and the evaluation
of miRNAs’ accuracy as stage I-II NSCLC biomarkers by
quantitative data (sensitivity, specificity, AUC).
This review has important limitations. First, miRNA
signatures of NSCLC may be biased by pre-analytical
and analytical factors, and by clinicopathological features
of patients and controls. Second, in many of the selected
papers the validation sample was relatively small (median,
56 patients), with limited power to correctly identify the
miRNA signature of stage I-II NSCLC. Third, lack of
methodological details in some studies prevented thorough
evaluation of the quality of methodology used. Data on
comorbidities, some of which may affect miRNA expression
[79–81], were not provided in some papers. Accordingly, at
QUADAS-2, “patient selection” and “index test” resulted
the most critical domains, and overall the studies were only
of medium quality. Another limitation is that the miRNA
panels for our two-step model of screening were obtained
from studies where only the majority of lung cancer patients
(62%) were smokers, while screening for lung cancer is
currently recommended exclusively in smokers (11). In this
review, we aimed to identify circulating individual miRNAs
with sensitivity > 80% and AUC > 0.80 as biomarkers of
stage I-II NSCLC, for possible clinical application as noninvasive screening tool. Based on the reviewed studies,
we found four individual miRNAs that fulfilled these
criteria: miR-223, miR-20a, miR-448 and miR-145; four
other miRNAs showed very high specificity (> 90%): miR628-3p, miR-29c, miR-210 and miR-1244. Among factors
potentially affecting circulating miRNAs, the only two that
were considered for miRNAs selection were the stage of
NSCLC (all studies were stages I-II) and the impact of
hemolysis (miRNAs potentially affected by hemolysis
were excluded). Other factors, such as smoking habits, age,
ethnicity, methodological issues of RNA extraction, could
not be controlled because they varied widely among the
selected studies.
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Screening for lung cancer with circulating miRNAs,
preliminary to CT-screening, is a minimally invasive and
safe blood test that may offer several advantages over
upfront CT-screening: reduction of number of CT-screens
(to be performed only in miRNA screening-positive
individuals) and of radiation risk; decrease of falsepositive CT-screening rate and consequent reduction of
complications and costs from futile lung biopsies (12,14).
We have proposed a two-step model of miRNA screening
for stage I-II NSCLC, based on the measurement of the
serum level of the above indicated selected miRNAs
(Table 2): the panel of four miRNAs with high sensitivity
should be used for the first screening step, and the panel
with high specificity for the second step. Based on our
model, for the two miRNA panels combined in series for
screening of serum samples the estimated performance
is overall sensitivity of 91.6% and overall specificity of
93.4%. The estimated diagnostic accuracy of the proposed
model is similar to that of the 12 miRNA panels found in
the selected papers (Table 3), most of which featured high
sensitivity (> 80%) and/or high AUC (> 0.80) as stage I-II
NSCLC biomarkers. However, several of these panels
contain miRNAs that are not ideal biomarkers; as Table
3 shows, 6 of the 12 panels included miRNAs influenced
by hemolysis. Moreover, Nadal et al. and Wozniak et
al. provided no sensitivity nor specificity data for their
panels [45, 54] and the panels tested by Powrozek et al.,
Halvorsen et al., and Foss et al. showed modest specificity
(76.3%, 74% and 71%, respectively) [27, 46, 47]. The
panel proposed by Wang et al. featured high proficiency in
diagnosing AC, without containing hemolysis-influenced
miRNAs [50].

controversies were resolved by consensus. Bibliography
of the selected papers was manually examined to retrieve
further articles with eligibility criteria.
The protocol was registered at the international
prospective register of systematic reviews (PROSPERO,
ID: CRD42017056943). The PRISMA statement and
the Cochrane Handbook for Diagnostic Test Accuracy
Reviews were followed as reference protocol standards.

Data extraction
From the eligible studies the following information
was collected: a) author name, year and country where the
study was performed; b) sociodemographic and clinical
information on population under study (ethnicity, sample
size, age, smoking status, comorbidity, NSCLC stage); c)
individual miRNAs and/or miRNA panels under study;
d) methodological issues regarding miRNAs extraction
[type of specimen (plasma/serum/whole blood), hemolysis
assessment, RNA isolation and measurements procedures];
e) quantitative data of diagnostic accuracy (sensitivity,
specificity, AUC) for stage I-II NSCLC.
The papers then underwent rigorous critical
evaluation, taking into account: i) quality of the study,
assessed by the Quality Assessment of Diagnostic
Accuracy Studies (QUADAS-2) checklist [98]; ii) factors
identified as potentially affecting miRNA quantification
(Table 6). Two investigators independently assessed the
seven domains of the QUADAS-2. Any discrepancies
were resolved through discussion.

Selection of circulating miRNAs for a two-step
screening preliminary to CT-screening

MATERIALS AND METHODS

Within studies with overall satisfactory quality by
QUADAS-2, we identified individual miRNAs showing
at least in one study high diagnostic proficiency as stage
I-II NSCLC biomarkers (arbitrarily stated as sensitivity
> 80% and AUC > 0.80, or specificity > 90%) and scarcely
influenced by hemolysis according to the pertinent
literature [56–63]. Altogether eight individual miRNAs
revealed the aforementioned high diagnostic proficiency
as stage I-II NSCLC biomarkers (miR-223, miR-20a,
miR-448, miR-145, miR-628-3p, miR-29c, miR-210 and
miR-1244; Table 2). These miRNAs with the highest
sensitivity/specificity can be applied in a mathematical
model, that we are here proposing, to estimate their
overall sensitivity and specificity for stage I-II NSCLC
screening. The model consists of a two-step screening
test, first using the panel of selected circulating miRNAs
with high sensitivity and high AUC, then the panel of
selected miRNAs with high specificity, as illustrated in
Supplementary File 2. We arbitrarily excluded miRNA
panels from the model since the AUC or specificity data
were based on the panels and not individual miRNAs,
aiming to simplify possible clinical application of the

Search strategy
A systematic review of the scientific literature was
conducted using the following key words: [(NSCLC OR
Non Small Cell Lung Cancer) AND (lung cancer) AND
(miRNA OR MicroRNA) AND (diagnosis)]” on the search
engines of the databases “Pubmed”, “Medline”, “Scopus”,
“Embase” and “WOS”. The research was first performed
on July 21st 2016 and results were regularly updated until
April 12th 2017. Including criteria were: i) circulating
miRNAs; ii) histologically/cytologically defined NSCLC
stage I and/or II (studies of patients with NSCLC at any
stage were included only if a sub-analysis for stage I-II was
provided); iii) studies reporting quantitative data on the
efficacy of specific miRNAs as tools for stage I-II NSCLC
screening (sensitivity, specificity and/or AUC); iv) English
language. Studies analyzing single miRNAs and/or panels
of miRNAs were included. Duplicate publications were
eliminated through the Mendeley software [97]. All
articles of interest were then evaluated and screened
for eligibility by two researchers, independently, and
www.impactjournals.com/oncotarget
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Table 6: Factors potentially affecting circulating miRNA quantification in NSCLC patients
Ethnicity
Clinicopathological factors

Methodological factors

Gender/age
Smoking status
Stage of disease (early/advanced)
Type of sample (plasma/serum/whole blood)
Hemolysis
RNA extraction method
Reverse transcription method
miRNA quantification method
Normalization

NSCLC: non-small cell lung cancer.
test. However, for comparison of our model’s diagnostic
accuracy, the other miRNA panels included in the review
are discussed.

pulmonary disease; CT, computed tomography; ddPCR,
droplet digital PCR; IHC, immunohistochemistry;
miRNA, microRNA; NSCLC, Non-small cell lung
cancer; qPCR, quantitative (realtime) PCR; QUADAS,
Quality Assessment of Diagnostic Accuracy Studies; SCC,
squamous cell carcinoma; TLDA, Taqman Low Density
Arrays.

Statistical analysis
The proposed two-step model for estimating overall
sensitivity and specificity of circulating miRNAs to be
used for stage I-II NSCLC screening was developed using
the formulas described in Supplementary File 2.
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CONCLUSIONS
Several pre-analytical and analytical variables of
circulating miRNA measurements, especially hemolysis
of samples, may bias the accuracy of miRNAs as
biomarkers of stage I-II NSCLC. Evidence-based data
are insufficient to reach a robust conclusion as to which
circulating miRNAs are the best biomarkers of early
lung cancer, and also insufficient to define serum/plasma
miRNA profiles that may reliably discriminate between
AC and SCC.
Nevertheless, based on critical review of the
literature, selected circulating miRNAs that are scarcely
influenced by hemolysis could be tested for screening
early lung cancer in smokers and former smokers. For
our theoretical model of two-step screening for stage
I-II NSCLC, first using a panel of miRNAs with high
sensitivity and then a panel with high specificity, we
estimated overall sensitivity of 91.6% and overall
specificity of 93.4%. The circulating miRNAs we selected
as potentially valuable biomarkers of early lung cancer
based on this review, as well as those described by other
authors, require validation in multiple independent studies
before they can be proposed for clinical application.

ACKNOWLEDGMENTS
PDA and MC are PhD students of the
“Biotechnology, Biosciences and Surgical Technology”
course at Università degli Studi dell’Insubria.
We are extremely grateful to Mr. Piero Francesco
Macchi and Mrs. Carlotta Biasini for their generous
donation to support this study.

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of
interest.

FUNDING

Abbreviations

This work was supported by grants from Fondazione
Comunitaria del Varesotto (LD); Associazione PREDICA
Onlus (LD); PRIN 2010NECHBX_003; AIRC
(Associazione Italiana per la Ricerca sul Cancro IG15895)

AB, Applied Biosystems; AC, adenocarcinoma;
AUC, area under the curve; COPD, chronic obstructive
www.impactjournals.com/oncotarget

94991

Oncotarget

(DMN). Co-funded by donation from Mr. Piero Francesco
Macchi and Mrs. Carlotta Biasini (LD).
All these funding bodies had no role in the design of
the study and collection, analysis and interpretation of data
and in writing the manuscript.

12. Croswell JM, Baker SG, Marcus PM, Clapp JD, Kramer
BS. Cumulative incidence of false-positive test results in
lung cancer screening: a randomized trial. Ann Intern Med.
2010; 152:505–12, W176–80. https://doi.org/10.7326/00034819-152-8-201004200-00007.
13. Toyoda Y, Nakayama T, Kusunoki Y, Iso H, Suzuki T.
Sensitivity and specificity of lung cancer screening using
chest low-dose computed tomography. Br J Cancer. 2008;
98:1602–7. https://doi.org/10.1038/sj.bjc.6604351.
14. Bach PB, Mirkin JN, Oliver TK, Azzoli CG, Berry DA,
Brawley OW, Byers T, Colditz GA, Gould MK, Jett JR,
Sabichi AL, Smith-Bindman R, Wood DE, et al. Benefits
and harms of CT screening for lung cancer: a systematic
review. JAMA. 2012; 307:2418–29. https://doi.org/10.1001/
jama.2012.5521.
15. Swensen SJ, Jett JR, Hartman TE, Midthun DE, Mandrekar
SJ, Hillman SL, Sykes AM, Aughenbaugh GL, Bungum
AO, Allen KL. CT screening for lung cancer: five-year
prospective experience. Radiology. 2005; 235:259–65.
https://doi.org/10.1148/radiol.2351041662.
16. Aberle DR, Brown K. Lung cancer screening with CT. Clin
Chest Med. 2008; 29:1–14, v. https://doi.org/10.1016/j.
ccm.2007.12.001.
17. Dominioni L, Poli A, Mantovani W, Pisani S, Rotolo N,
Paolucci M, Sessa F, Conti V, D’Ambrosio V, Paddeu A,
Imperatori A. Assessment of lung cancer mortality reduction
after chest X-ray screening in smokers: a population-based
cohort study in Varese, Italy. Lung Cancer. 2013; 80:50–4.
https://doi.org/10.1016/j.lungcan.2012.12.014.
18. Esquela-Kerscher A, Slack FJ. Oncomirs - microRNAs with
a role in cancer. Nat Rev Cancer. 2006; 6:259–69. https://
doi.org/10.1038/nrc1840.
19. Iorio MV, Croce CM. MicroRNA dysregulation in cancer:
diagnostics, monitoring and therapeutics. A comprehensive
review. EMBO Mol Med. 2012; 4:143–59. https://doi.
org/10.1002/emmm.201100209.
20. Sestini S, Boeri M, Marchiano A, Pelosi G, Galeone C,
Verri C, Suatoni P, Sverzellati N, La Vecchia C, Sozzi G,
Pastorino U. Circulating microRNA signature as liquidbiopsy to monitor lung cancer in low-dose computed
tomography screening. Oncotarget. 2015; 6:32868–77.
https://doi.org/10.18632/oncotarget.5210.
21. Boeri M, Sestini S, Fortunato O, Verri C, Suatoni P,
Pastorino U, Sozzi G. Recent advances of microRNA-based
molecular diagnostics to reduce false-positive lung cancer
imaging. Expert Rev Mol Diagn. 2015; 15:801–13. https://
doi.org/10.1586/14737159.2015.1041377.
22. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J,
Peck D, Sweet-Cordero A, Ebert BL, Mak RH, Ferrando
AA, Downing JR, Jacks T, Horvitz HR, et al. MicroRNA
expression profiles classify human cancers. Nature. 2005;
435:834–8. https://doi.org/10.1038/nature03702.

REFERENCES
1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers
C, Rebelo M, Parkin DM, Forman D, Bray F. Cancer
incidence and mortality worldwide: sources, methods and
major patterns in GLOBOCAN 2012. Int J Cancer. 2015;
136:E359–86. https://doi.org/10.1002/ijc.29210.
2. van Meerbeeck JP, Fennell DA, De Ruysscher DK. Smallcell lung cancer. Lancet. 2011; 378:1741–55. https://doi.
org/10.1016/S0140-6736(11)60165-7.
3. Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J, Rosso
S, Coebergh JW, Comber H, Forman D, Bray F. Cancer
incidence and mortality patterns in Europe: estimates for 40
countries in 2012. Eur J Cancer. 2013; 49:1374–403. https://
doi.org/10.1016/j.ejca.2012.12.027.
4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016.
CA Cancer J Clin. 2016; 66:7–30. https://doi.org/10.3322/
caac.21332.
5. Torre LA, Siegel RL, Jemal A. Lung Cancer Statistics. Adv
Exp Med Biol. 2016; 893:1–19. https://doi.org/10.1007/9783-319-24223-1_1.
6. Koike T, Koike T, Yoshiya K, Tsuchida M, Toyabe S. Risk
factor analysis of locoregional recurrence after sublobar
resection in patients with clinical stage IA non-small cell
lung cancer. J Thorac Cardiovasc Surg. 2013; 146:372–8.
https://doi.org/10.1016/j.jtcvs.2013.02.057.
7. Goldstraw P. Surgical oncologic principles. Chest Surg Clin
N Am. 2001; 11:1–16, vii.
8. Imperatori A, Harrison RN, Dominioni L, Leitch N,
Nardecchia E, Jeebun V, Brown J, Altieri E, Castiglioni
M, Cattoni M, Rotolo N. Resection rate of lung cancer
in Teesside (UK) and Varese (Italy): a comparison after
implementation of the National Cancer Plan. Thorax. 2016;
71:230–7. https://doi.org/10.1136/thoraxjnl-2015-207572.
9. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Nonsmall cell lung cancer: epidemiology, risk factors, treatment,
and survivorship. Mayo Clin Proc. 2008; 83:584–94. https://
doi.org/10.4065/83.5.584.
10. Ellis PM, Vandermeer R. Delays in the diagnosis of
lung cancer. J Thorac Dis. 2011; 3:183–8. https://doi.
org/10.3978/j.issn.2072-1439.2011.01.01.
11. Church TR, Black WC, Aberle DR, Berg CD, Clingan KL,
Duan F, Fagerstrom RM, Gareen IF, Gierada DS, Jones
GC, Mahon I, Marcus PM, Sicks JD, et al, and National
Lung Screening Trial Research Team. Results of initial lowdose computed tomographic screening for lung cancer. N
Engl J Med. 2013; 368:1980–91. https://doi.org/10.1056/
NEJMoa1209120.

www.impactjournals.com/oncotarget

23. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y,
Chen J, Guo X, Li Q, Li X, Wang W, et al. Characterization

94992

Oncotarget

of microRNAs in serum: a novel class of biomarkers for
diagnosis of cancer and other diseases. Cell Res. 2008;
18:997–1006. https://doi.org/10.1038/cr.2008.282.

34. Huang Y, Hu Q, Deng Z, Hang Y, Wang J, Wang K.
MicroRNAs in body fluids as biomarkers for non-small cell
lung cancer: a systematic review. Technol Cancer Res Treat.
2014; 13:277–87. https://doi.org/10.7785/tcrt.2012.500377.

24. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman
SK, Pogosova-Agadjanyan EL, Peterson A, Noteboom J,
O’Briant KC, Allen A, Lin DW, Urban N, Drescher CW, et
al. Circulating microRNAs as stable blood-based markers
for cancer detection. Proc Natl Acad Sci U S A. 2008;
105:10513–8. https://doi.org/10.1073/pnas.0804549105.

35. Wang H, Wu S, Zhao L, Zhao J, Liu J, Wang Z. Clinical
use of microRNAs as potential non-invasive biomarkers
for detecting non-small cell lung cancer: a meta-analysis.
Respirology. 2015; 20:56–65. https://doi.org/10.1111/
resp.12444.

25. De Guire V, Robitaille R, Tetreault N, Guerin R, Menard
C, Bambace N, Sapieha P. Circulating miRNAs as
sensitive and specific biomarkers for the diagnosis and
monitoring of human diseases: promises and challenges.
Clin Biochem. 2013; 46:846–60. https://doi.org/10.1016/j.
clinbiochem.2013.03.015.

36. Chen L, Jin H. MicroRNAs as novel biomarkers in the
diagnosis of non-small cell lung cancer: a meta-analysis
based on 20 studies. Tumour Biol. 2014; 35:9119–29.
https://doi.org/10.1007/s13277-014-2188-2.
37. He WJ, Li WH, Jiang B, Wang YF, Xia YX, Wang L.
MicroRNAs level as an initial screening method for earlystage lung cancer: a bivariate diagnostic random-effects
meta-analysis. Int J Clin Exp Med. 2015; 8:12317–26.

26. Bianchi F, Nicassio F, Marzi M, Belloni E, Dall’olio V,
Bernard L, Pelosi G, Maisonneuve P, Veronesi G, Di Fiore
PP. A serum circulating miRNA diagnostic test to identify
asymptomatic high-risk individuals with early stage lung
cancer. EMBO Mol Med. 2011; 3:495–503. https://doi.
org/10.1002/emmm.201100154.

38. Ulivi P, Zoli W. miRNAs as non-invasive biomarkers for
lung cancer diagnosis. Molecules. 2014; 19:8220–37.
https://doi.org/10.3390/molecules19068220.
39. Alipoor SD, Adcock IM, Garssen J, Mortaz E, Varahram M,
Mirsaeidi M, Velayati A. The roles of miRNAs as potential
biomarkers in lung diseases. Eur J Pharmacol. 2016;
791:395–404. https://doi.org/10.1016/j.ejphar.2016.09.015.

27. 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; 6:482–8. https://doi.org/10.1097/
JTO.0b013e318208c785.

40. Nitu R, Rogobete AF, Gundogdu F, Tanasescu S, Boruga O,
Sas A, Popovici SE, Hutanu D, Pilut C, Sarau CA, Candea
AC, Stan AT, Moise LM. microRNAs Expression as Novel
Genetic Biomarker for Early Prediction and Continuous
Monitoring in Pulmonary Cancer. Biochem Genet. 2017;
55:281–90. https://doi.org/10.1007/s10528-016-9789-y.

28. Ma J, Li N, Guarnera M, Jiang F. Quantification of Plasma
miRNAs by Digital PCR for Cancer Diagnosis. Biomark
Insights. 2013; 8:127–36. https://doi.org/10.4137/BMI.
S13154.
29. Sanfiorenzo C, Ilie MI, Belaid A, Barlesi F, Mouroux J,
Marquette CH, Brest P, Hofman P. Two panels of plasma
microRNAs as non-invasive biomarkers for prediction
of recurrence in resectable NSCLC. PLoS One. 2013;
8:e54596. https://doi.org/10.1371/journal.pone.0054596.

41. Shi GL, Chen Y, Sun Y, Yin YJ, Song CX. Significance
of Serum MicroRNAs in the Auxiliary Diagnosis of NonSmall Cell Lung Cancer. Clin Lab. 2017; 63:133–40.
https://doi.org/10.7754/Clin.Lab.2016.160710.
42. Yuxia M, Zhennan T, Wei Z. Circulating miR-125b is a
novel biomarker for screening non-small-cell lung cancer
and predicts poor prognosis. J Cancer Res Clin Oncol.
2012; 138:2045–50. https://doi.org/10.1007/s00432-0121285-0.

30. Shen J, Todd NW, Zhang H, Yu L, Lingxiao X, Mei Y,
Guarnera M, Liao J, Chou A, Lu CL, Jiang Z, Fang H, Katz
RL, et al. Plasma microRNAs as potential biomarkers for
non-small-cell lung cancer. Lab Invest. 2011; 91:579–87.
https://doi.org/10.1038/labinvest.2010.194.

43. Li W, Wang Y, Zhang Q, Tang L, Liu X, Dai Y, Xiao L,
Huang S, Chen L, Guo Z, Lu J, Yuan K. MicroRNA-486 as
a Biomarker for Early Diagnosis and Recurrence of NonSmall Cell Lung Cancer. PLoS One. 2015; 10:e0134220.
https://doi.org/10.1371/journal.pone.0134220.

31. Wei J, Gao W, Zhu CJ, Liu YQ, Mei Z, Cheng T, Shu YQ.
Identification of plasma microRNA-21 as a biomarker for
early detection and chemosensitivity of non-small cell lung
cancer. Chin J Cancer. 2011; 30:407–14.
32. Zheng D, Haddadin S, Wang Y, Gu LQ, Perry MC, Freter
CE, Wang MX. Plasma microRNAs as novel biomarkers for
early detection of lung cancer. Int J Clin Exp Pathol. 2011;
4:575–86.

44. Zhu W, He J, Chen D, Zhang B, Xu L, Ma H, Liu X, Zhang
Y, Le H. Expression of miR-29c, miR-93, and miR-429
as potential biomarkers for detection of early stage nonsmall lung cancer. PLoS One. 2014; 9:e87780. https://doi.
org/10.1371/journal.pone.0087780.

33. Zandberga E, Kozirovskis V, Abols A, Andrejeva D,
Purkalne G, Line A. Cell-free microRNAs as diagnostic,
prognostic, and predictive biomarkers for lung cancer.
Genes Chromosomes Cancer. 2013; 52:356–69. https://doi.
org/10.1002/gcc.22032.

www.impactjournals.com/oncotarget

45. Nadal E, Truini A, Nakata A, Lin J, Reddy RM, Chang AC,
Ramnath N, Gotoh N, Beer DG, Chen G. A Novel Serum
4-microRNA Signature for Lung Cancer Detection. Sci
Rep. 2015; 5:12464. https://doi.org/10.1038/srep12464.

94993

Oncotarget

46. Powrozek T, Krawczyk P, Kowalski DM, Kuznar-Kaminska
B, Winiarczyk K, Olszyna-Serementa M, Batura-Gabryel
H, Milanowski J. Application of plasma circulating
microRNA-448, 506, 4316, and 4478 analysis for noninvasive diagnosis of lung cancer. Tumour Biol. 2016;
37:2049–55. https://doi.org/10.1007/s13277-015-3971-4.

BY. Analysis of Plasma microRNA Associated with
Hemolysis. Bull Exp Biol Med. 2016; 160:748–50. https://
doi.org/10.1007/s10517-016-3300-y.
57. Shah JS, Soon PS, Marsh DJ. Comparison of Methodologies
to Detect Low Levels of Hemolysis in Serum for Accurate
Assessment of Serum microRNAs. PLoS One. 2016;
11:e0153200. https://doi.org/10.1371/journal.pone.0153200.

47. Halvorsen AR, Bjaanæs M, LeBlanc M, Holm AM, Bolstad
N, Rubio L, Peñalver JC, Cervera J, Mojarrieta JC, LópezGuerrero JA, Brustugun OT, Helland Å. A unique set of
6 circulating microRNAs for early detection of non-small
cell lung cancer. Oncotarget. 2016; 7:37250–59. https://doi.
org/10.18632/oncotarget.9363.

58. Landoni E, Miceli R, Callari M, Tiberio P, Appierto
V, Angeloni V, Mariani L, Daidone MG. Proposal of
supervised data analysis strategy of plasma miRNAs from
hybridisation array data with an application to assess
hemolysis-related deregulation. BMC Bioinformatics. 2015;
16:388. https://doi.org/10.1186/s12859-015-0820-9.

48. Geng Q, Fan T, Zhang B, Wang W, Xu Y, Hu H. Five
microRNAs in plasma as novel biomarkers for screening
of early-stage non-small cell lung cancer. Respir Res. 2014;
15:149. https://doi.org/10.1186/s12931-014-0149-3.

59. MacLellan SA, MacAulay C, Lam S, Garnis C. Preprofiling factors influencing serum microRNA levels. BMC
Clin Pathol. 2014; 14:27. https://doi.org/10.1186/14726890-14-27.

49. Ulivi P, Foschi G, Mengozzi M, Scarpi E, Silvestrini R,
Amadori D, Zoli W. Peripheral blood miR-328 expression
as a potential biomarker for the early diagnosis of NSCLC.
Int J Mol Sci. 2013; 14:10332–42. https://doi.org/10.3390/
ijms140510332.

60. Yamada A, Cox MA, Gaffney KA, Moreland A, Boland
CR, Goel A. Technical factors involved in the measurement
of circulating microRNA biomarkers for the detection of
colorectal neoplasia. PLoS One. 2014; 9:e112481. https://
doi.org/10.1371/journal.pone.0112481.

50. Wang Y, Zhao H, Gao X, Wei F, Zhang X, Su Y, Wang C,
Li H, Ren X. Identification of a three-miRNA signature as
a blood-borne diagnostic marker for early diagnosis of lung
adenocarcinoma. Oncotarget. 2016; 7:26070–86. https://doi.
org/10.18632/oncotarget.8429.

61. Kirschner MB, Edelman JJ, Kao SC, Vallely MP, van
Zandwijk N, Reid G. The Impact of Hemolysis on Cell-Free
microRNA Biomarkers. Front Genet. 2013; 4:94. https://
doi.org/10.3389/fgene.2013.00094.

51. Zhang H, Mao F, Shen T, Luo Q, Ding Z, Qian L, Huang
J. Plasma miR-145, miR-20a, miR-21 and miR-223 as
novel biomarkers for screening early-stage non-small cell
lung cancer. Oncol Lett. 2017; 13:669–76. https://doi.
org/10.3892/ol.2016.5462.

62. Pritchard CC, Kroh E, Wood B, Arroyo JD, Dougherty
KJ, Miyaji MM, Tait JF, Tewari M. Blood cell origin of
circulating microRNAs: a cautionary note for cancer
biomarker studies. Cancer Prev Res (Phila). 2012; 5:492–7.
https://doi.org/10.1158/1940-6207.CAPR-11-0370.

52. Zhu W, Zhou K, Zha Y, Chen D, He J, Ma H, Liu X, Le
H, Zhang Y. Diagnostic Value of Serum miR-182, miR183, miR-210, and miR-126 Levels in Patients with
Early-Stage Non-Small Cell Lung Cancer. PLoS One.
2016; 11:e0153046. https://doi.org/10.1371/journal.
pone.0153046.

63. McDonald JS, Milosevic D, Reddi HV, Grebe SK,
Algeciras-Schimnich A. Analysis of circulating microRNA:
preanalytical and analytical challenges. Clin Chem. 2011;
57:833–40. https://doi.org/10.1373/clinchem.2010.157198.
64. Chen X, Hu Z, Wang W, Ba Y, Ma L, Zhang C, Wang C,
Ren Z, Zhao Y, Wu S, Zhuang R, Zhang Y, Hu H, et al.
Identification of ten serum microRNAs from a genomewide serum microRNA expression profile as novel
noninvasive biomarkers for nonsmall cell lung cancer
diagnosis. Int J Cancer. 2012; 130:1620–8. https://doi.
org/10.1002/ijc.26177.

53. Wang W, Li W, Ding M, Yuan H, Yang J, Meng W, Jin E,
Wang X, Ma S. Identification of miRNAs as non-invasive
biomarkers for early diagnosis of lung cancers. Tumour
Biol. 2016; 37:16287–93. https://doi.org/10.1007/s13277016-5442-y.
54. Wozniak MB, Scelo G, Muller DC, Mukeria A, Zaridze
D, Brennan P. Circulating MicroRNAs as Non-Invasive
Biomarkers for Early Detection of Non-Small-Cell Lung
Cancer. PLoS One. 2015; 10:e0125026. https://doi.
org/10.1371/journal.pone.0125026.

65. Boeri M, Verri C, Conte D, Roz L, Modena P, Facchinetti
F, Calabro E, Croce CM, Pastorino U, Sozzi G. MicroRNA
signatures in tissues and plasma predict development and
prognosis of computed tomography detected lung cancer.
Proc Natl Acad Sci U S A. 2011; 108:3713–8. https://doi.
org/10.1073/pnas.1100048108.

55. Sun M, Song J, Zhou Z, Zhu R, Jin H, Ji Y, Lu Q, Ju
H. Comparison of Serum MicroRNA21 and Tumor
Markers in Diagnosis of Early Non-Small Cell Lung
Cancer. Dis Markers. 2016; 2016:3823121. https://doi.
org/10.1155/2016/3823121.

66. Keller A, Leidinger P, Gislefoss R, Haugen A, Langseth
H, Staehler P, Lenhof HP, Meese E. Stable serum miRNA
profiles as potential tool for non-invasive lung cancer
diagnosis. RNA Biol. 2011; 8:506–16.

56. Shkurnikov MY, Knyazev EN, Fomicheva KA, Mikhailenko
DS, Nyushko KM, Saribekyan EK, Samatov TR, Alekseev
www.impactjournals.com/oncotarget

67. Lin Q, Mao W, Shu Y, Lin F, Liu S, Shen H, Gao W, Li S,
Shen D. A cluster of specified microRNAs in peripheral
94994

Oncotarget

blood as biomarkers for metastatic non-small-cell lung cancer
by stem-loop RT-PCR. J Cancer Res Clin Oncol. 2012;
138:85–93. https://doi.org/10.1007/s00432-011-1068-z.

78. Russ R, Slack FJ. Cigarette-Smoke-Induced Dysregulation
of MicroRNA Expression and Its Role in Lung
Carcinogenesis. Pulm Med. 2012; 2012:791234. https://doi.
org/10.1155/2012/791234.

68. Li M, Zhang Q, Wu L, Jia C, Shi F, Li S, Peng A, Zhang
G, Song X, Wang C. Serum miR-499 as a novel diagnostic
and prognostic biomarker in non-small cell lung cancer.
Oncol Rep. 2014; 31:1961–7. https://doi.org/10.3892/
or.2014.3029.

79. Dorn GW 2nd. MicroRNAs in cardiac disease. Transl
Res. 2011; 157:226–35. https://doi.org/10.1016/j.
trsl.2010.12.013.
80. Ji J, Wang XW. New kids on the block: diagnostic and
prognostic microRNAs in hepatocellular carcinoma. Cancer
Biol Ther. 2009; 8:1686–93.

69. Powrozek T, Krawczyk P, Kowalski DM, Winiarczyk K,
Olszyna-Serementa M, Milanowski J. Plasma circulating
microRNA-944 and microRNA-3662 as potential
histologic type-specific early lung cancer biomarkers.
Transl Res. 2015; 166:315–23. https://doi.org/10.1016/j.
trsl.2015.05.009.

81. Haider BA, Baras AS, McCall MN, Hertel JA, Cornish
TC, Halushka MK. A critical evaluation of microRNA
biomarkers in non-neoplastic disease. PLoS One. 2014;
9:e89565. https://doi.org/10.1371/journal.pone.0089565.

70. Baker SG, Kramer BS, Srivastava S. Markers for early
detection of cancer: statistical guidelines for nested casecontrol studies. BMC Med Res Methodol. 2002; 2:4.

82. Akbas F, Coskunpinar E, Aynaci E, Oltulu YM, Yildiz P.
Analysis of serum micro-RNAs as potential biomarker in
chronic obstructive pulmonary disease. Exp Lung Res.
2012; 38:286–94. https://doi.org/10.3109/01902148.2012.
689088.

71. Lebanony D, Benjamin H, Gilad S, Ezagouri M, Dov
A, Ashkenazi K, Gefen N, Izraeli S, Rechavi G, Pass H,
Nonaka D, Li J, Spector Y, et al. Diagnostic assay based
on hsa-miR-205 expression distinguishes squamous
from nonsquamous non-small-cell lung carcinoma. J
Clin Oncol. 2009; 27:2030–7. https://doi.org/10.1200/
JCO.2008.19.4134.

83. Panganiban RP, Pinkerton MH, Maru SY, Jefferson SJ,
Roff AN, Ishmael FT. Differential microRNA epression in
asthma and the role of miR-1248 in regulation of IL-5. Am
J Clin Exp Immunol. 2012; 1:154–65.
84. Xie L, Wu M, Lin H, Liu C, Yang H, Zhan J, Sun S. An
increased ratio of serum miR-21 to miR-181a levels is
associated with the early pathogenic process of chronic
obstructive pulmonary disease in asymptomatic heavy
smokers. Mol Biosyst. 2014; 10:1072–81. https://doi.
org/10.1039/c3mb70564a.

72. Collisson EA, Campbell JD, Brooks AN, Berger AH,
Lee W, Chmielecki J, Beer DG, Cope L, Creighton CJ,
Danilova L, Ding L, Getz G, Hammerman PS, et al, and
Cancer Genome Atlas Research Network. Comprehensive
molecular profiling of lung adenocarcinoma. Nature. 2014;
511:543–50. https://doi.org/10.1038/nature13385.

85. Leidinger P, Keller A, Backes C, Huwer H, Meese E.
MicroRNA expression changes after lung cancer resection:
a follow-up study. RNA Biol. 2012; 9:900–10. https://doi.
org/10.4161/rna.20107.

73. McDoniels-Silvers AL, Nimri CF, Stoner GD, Lubet
RA, You M. Differential gene expression in human lung
adenocarcinomas and squamous cell carcinomas. Clin
Cancer Res. 2002; 8:1127–38.

86. Aushev VN, Zborovskaya IB, Laktionov KK, Girard
N, Cros MP, Herceg Z, Krutovskikh V. Comparisons of
microRNA patterns in plasma before and after tumor
removal reveal new biomarkers of lung squamous cell
carcinoma. PLoS One. 2013; 8:e78649. https://doi.
org/10.1371/journal.pone.0078649.

74. Bjaanaes MM, Halvorsen AR, Solberg S, Jorgensen L,
Dragani TA, Galvan A, Colombo F, Anderlini M, Pastorino
U, Kure E, Borresen-Dale AL, Brustugun OT, Helland
A. Unique microRNA-profiles in EGFR-mutated lung
adenocarcinomas. Int J Cancer. 2014; 135:1812–21. https://
doi.org/10.1002/ijc.28828.

87. Cheng HH, Yi HS, Kim Y, Kroh EM, Chien JW, Eaton KD,
Goodman MT, Tait JF, Tewari M, Pritchard CC. Plasma
processing conditions substantially influence circulating
microRNA biomarker levels. PLoS One. 2013; 8:e64795.
https://doi.org/10.1371/journal.pone.0064795.

75. Le HB, Zhu WY, Chen DD, He JY, Huang YY, Liu XG,
Zhang YK. Evaluation of dynamic change of serum miR21 and miR-24 in pre- and post-operative lung carcinoma
patients. Med Oncol. 2012; 29:3190–7. https://doi.
org/10.1007/s12032-012-0303-z.

88. Pritchard CC, Cheng HH, Tewari M. MicroRNA profiling:
approaches and considerations. Nat Rev Genet. 2012;
13:358–69. https://doi.org/10.1038/nrg3198.

76. Gao X, Wang Y, Zhao H, Wei F, Zhang X, Su Y, Wang C, Li
H, Ren X. Plasma miR-324-3p and miR-1285 as diagnostic
and prognostic biomarkers for early stage lung squamous
cell carcinoma. Oncotarget. 2016; 7:59664–75. https://doi.
org/10.18632/oncotarget.11198.

89. Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis of
circulating microRNA biomarkers in plasma and serum
using quantitative reverse transcription-PCR (qRT-PCR).
Methods. 2010; 50:298–301. https://doi.org/10.1016/j.
ymeth.2010.01.032.

77. Takahashi K, Yokota S, Tatsumi N, Fukami T, Yokoi T,
Nakajima M. Cigarette smoking substantially alters plasma
microRNA profiles in healthy subjects. Toxicol Appl
Pharmacol. 2013; 272:154–60. https://doi.org/10.1016/j.
taap.2013.05.018.
www.impactjournals.com/oncotarget

90. Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ.
Comparing the MicroRNA spectrum between serum and
94995

Oncotarget

plasma. PLoS One. 2012; 7:e41561. https://doi.org/10.1371/
journal.pone.0041561.

Biophys Res Commun. 2014; 454:210–4. https://doi.
org/10.1016/j.bbrc.2014.10.064.

91. Fan L, Qi H, Teng J, Su B, Chen H, Wang C, Xia Q.
Identification of serum miRNAs by nano-quantum dots
microarray as diagnostic biomarkers for early detection of
non-small cell lung cancer. Tumour Biol. 2016; 37:7777–
84. https://doi.org/10.1007/s13277-015-4608-3.

95. Campomenosi P, Gini E, Noonan DM, Poli A, D’Antona
P, Rotolo N, Dominioni L, Imperatori A. A comparison
between quantitative PCR and droplet digital PCR
technologies for circulating microRNA quantification in
human lung cancer. BMC Biotechnol. 2016; 16:60. https://
doi.org/10.1186/s12896-016-0292-7.

92. Wang Y, Gu J, Roth JA, Hildebrandt MA, Lippman SM,
Ye Y, Minna JD, Wu X. Pathway-based serum microRNA
profiling and survival in patients with advanced stage
non-small cell lung cancer. Cancer Res. 2013; 73:4801–9.
https://doi.org/10.1158/0008-5472.CAN-12-3273.

96. Chan BA, Hughes BG. Targeted therapy for non-small
cell lung cancer: current standards and the promise of the
future. Transl Lung Cancer Res. 2015; 4:36–54. https://doi.
org/10.3978/j.issn.2218-6751.2014.05.01.

93. Diaz-Garcia CV, Agudo-Lopez A, Perez C, Lopez-Martin
JA, Rodriguez-Peralto JL, de Castro J, Cortijo A, MartinezVillanueva M, Iglesias L, Garcia-Carbonero R, Fresno Vara
JA, Gamez-Pozo A, Palacios J, et al. DICER1, DROSHA
and miRNAs in patients with non-small cell lung cancer:
implications for outcomes and histologic classification.
Carcinogenesis. 2013; 34:1031–8. https://doi.org/10.1093/
carcin/bgt022.

97. Singh J. Mendeley: A free research management tool for
desktop and web. J Pharmacol Pharmacother. 2010; 1:62–3.
https://doi.org/10.4103/0976-500X.64539.
98. Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks
JJ, Reitsma JB, Leeflang MM, Sterne JA, Bossuyt PM,
and QUADAS-2 Group. a revised tool for the quality
assessment of diagnostic accuracy studies. Ann Intern Med.
2011; 155:529–36. https://doi.org/10.7326/0003-4819-1558-201110180-00009.

94. Xiang M, Zeng Y, Yang R, Xu H, Chen Z, Zhong J, Xie
H, Xu Y, Zeng X. U6 is not a suitable endogenous control
for the quantification of circulating microRNAs. Biochem

www.impactjournals.com/oncotarget

94996

Oncotarget

