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Abstract: Lung cancer is the most common cause of cancer deaths worldwide and
numerous ongoing research efforts are directed to identify new strategies for its early
detection. The development of non-invasive blood-based biomarkers for cancer detection
in its preclinical phases is crucial to improve the outcome of this deadly disease.
MicroRNAs (miRNAs) are a new promising class of circulating biomarkers for cancer
detection and prognosis definition, but lack of consensus on data normalization methods
for circulating miRNAs and the critical issue of haemolysis, has affected the identification
of circulating miRNAs with diagnostic potential. We describe here an interesting
approach for profiling circulating miRNAs in plasma samples based on the evaluation of
reciprocal miRNA levels measured by quantitative Real-Time PCR. By monitoring
changes of plasma miRNA-ratios, it is possible to assess the deregulation of tumor-related
miRNAs and identify signatures with diagnostic and prognostic value. In addition,
to avoid bias due to the release of miRNAs from blood cells, a miRNA-ratios signature
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distinguishing haemolyzed samples was identified. The method described was validated in
plasma samples of lung cancer patients, but given its reproducibility and reliability,
could be potentially applied for the identification of diagnostic circulating miRNAs in
other diseases.
Keyword: miRNAs; biomarkers; early diagnosis; lung cancer; real-time PCR; haemolysis

1. Introduction
Lung cancer, for its high incidence and mortality, is the leading cause of cancer-related death in the
Western world, with 5-year survival estimates of around 15% for non-small-cell lung cancer (NSCLC) [1].
Despite recent advances in the management of resected lung cancer (i.e., adjuvant chemotherapy) and
the use of molecular targeted agents in specific clinical settings, the cure rate remains low due to
drug-refractory recurrent disease.
Prevention, rather than screening, appears the most effective strategy for reducing the burden of
lung cancer. The efficacy of lung cancer screening in heavy smokers by low dose spiral-computed
tomography (LDCT) remains a controversial issue [2,3]. The largest study performed in the US,
the NLST trial [4], showed a 7% reduction in all-cause mortality and −20% lung cancer mortality
compared to annual chest X-rays. However the high number of false positive (95%) and the
overdiagnosis, recently estimated around the 18.5% [5], increase costs and unnecessary treatments. In
addition, the results of three European studies showed no benefit [6–8] in overall mortality reduction,
underlying the importance of a best selection of high-risk individuals. In this respect, the validation of
circulating biomarkers able to identify tumors in a preclinical phase and to track the different
aggressiveness of lung tumors, including the early metastatic cancers or even the small lesions with
aggressive potential is of paramount importance.
MicroRNAs (miRNAs) are a large family of small non-coding RNAs, 19–24 nt-long, evolutionarily
conserved and tissue specific, that regulate gene expression by causing a block of translation or
messenger RNA (mRNA) degradation [9,10]. Such regulation occurs through their binding to partially
complementary sequences usually located at the 3'- untranslated region (UTR) of target mRNAs [11–13].
They play a critical role in development and differentiation processes of tissues and organs and are
aberrantly expressed in different kinds of cancer [14,15].
Over the last few years several studies have shown that miRNAs can also be detected within body
fluids such as plasma [16], serum [17], sputum [18], saliva [19], urine [20], and milk [21]. Circulating
miRNAs have been found packaged in exosomes [22], microvesicles (MVs) [23], or bound to specific
proteins such as Ago-2 [24]. Once in the extracellular space, miRNAs could be taken up by other cells
(cell-to-cell communication), degraded by RNases, or excreted [25]. Although the mechanism of
secretion and incorporation of miRNAs has not been fully clarified, circulating miRNAs may play a
pivotal and general role as signaling molecules in physiological and pathological events [26].
Notably, circulating miRNAs levels could correlate with cancer progression, therapeutic response,
and patient survival, suggesting that they could also be used as non-invasive biomarkers [17,27,28].
In fact miRNAs remain rather intact and stable in the circulation and are also conserved across species,
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allowing the use of animal models of disease. In addition, miRNAs levels are measurable with simple
assays such as RT-qPCR that allows detection of low abundance miRNAs [29,30].
The high potential of the circulating miRNAs as molecular marker of disease is diminished by a
lack of consensus regarding an optimal method of normalization of miRNA data in plasma samples.
The use of small-nucleolar RNAs (snoRNAs), such as RNU6B, have been used to normalise data in
some initial studies [31,32], but a few years later it was reported that they vary according to particular
diseases and tumour prognosis [33–35]. Many authors considered the use of a reference miRNA, such
as mir-16, that was later shown to be deregulated in plasma samples of cancer patients [36–39].
The increasing interest in circulating miRNAs as cancer biomarkers has raised the issue regarding
the influence of haemolysis on the measurements of miRNAs levels in serum/plasma and the reliability
of these data. Pre-analytical and analytical tests able to also identify a minimal haemolysis of samples
could be relevant in studies based on circulating miRNAs [40,41].
In this work, we propose a methodological workflow (shown in Scheme 1) for profiling circulating
miRNAs in plasma samples of lung cancer patients that led us to identify miRNA candidates with a
potential diagnostic/prognostic role. We employed a standardized method using RT-qPCR
microfluidic cards [39] and an innovative data analysis tool for circulating miRNAs that allowed us to
circumvent the normalization issue and to consider the impact of haemolysis on plasma samples.
Given the high reproducibility and reliability of this procedure, we believe that it could be also used
for the development of miRNA-based circulating biomarkers in other cancer diseases.
Scheme 1. Workflow for circulating miRNA profiling.
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2. Results and Discussion
2.1. Whole Blood Sample Processing
During blood samples collection, sudden movements and thermal shocks should be avoided in order
to minimize blood cell lysis (haemolysis). Samples should not be stored at 4 °C after blood withdrawal
and it is recommended to separate plasma within the first 2 h from blood collection [42].
Centrifugation twice at 1,258 g for 10 min allows obtaining good quality plasma without eliminating
plasma components such as lipoproteic complex, microvesicles or exosomes that are known to
carry relevant miRNAs. In fact, when we increased the centrifugation speed in the second round
(i.e., 15,000g), in order to ameliorate the purity of plasma sample, we observed a change in the
spectrophotometric profile of these plasma samples (Figure 1A). Moreover, to evaluate if the
expression levels of miRNAs were changed, we assessed the miRNAs levels of three circulating
haemolysis-related miRNAs (mir-451; mir-486-5p; mir-16) [40] and three haemolysis-unrelated
circulating miRNAs (mir-15b; mir-21; mir-30b,) in haemolyzed plasma samples from four individuals
that we have processed following two different protocols: (A) A first centrifugation step at 1,258 g for
10 min, followed by a second centrifugation step at 1,258 g for 10 min (our standard protocol) and (B), a
first centrifugation step at 1,258 g for 10 min followed by a second centrifugation step at 15,000 g for 10
min. We analyzed miRNAs expression by Real Time PCR according to the Multiplex RT-PCR
Protocol for TaqMan MicroRNA assay (Life Technologies, Carlsbad, CA, USA). No proportional
reduction was observed in protocol (B) for the six miRNAs, since the levels of haemolysis-related
miRNAs decreased to a less and not comparable extent to other miRNAs (Figure 1B,C). This finding
suggest that miRNAs not released in physiological process, as during cell lysis, have a different
physical state than miRNAs physiologically released and protected by lipoproteic complex or
microvesicles. Thus, our plasma separation protocol (A) allows one to avoid a miRNA selection based
on their physical status.
2.2. MiRNAs Profiling
The amount of total RNA extracted from 200 μL of plasma and eluted in 50 μL of elution buffer
(Life Technologies) was measured with a spectrophotometer, and showed final concentrations less
than 10 ng/μL with a 260 nm/280 nm ratio of less than 1.2. Despite this poor quality of the total RNA,
the miRNAs fraction is well known to be stable and intact when extracted from plasma samples [43].
Given the unfeasibility of exactly quantifying the amount of the miRNAs fraction in the total RNA
content, a fixed volume of 3 μL of eluted RNA was used for miRNA profiling. A first set of
67 plasma samples from subjects enrolled in a lung cancer spiral CT-screening trial was analyzed with
a high-throughput approach, such as TaqMan Array Human MicroRNA microfluidic Cards A
(Life Technologies). One hundred thirteen of the 384 miRNAs spotted on each card, were measurable
in plasma samples and 100 of them were strongly reproducible between biological duplicates.
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Figure 1. Spectrophotometric and molecular characterization of plasma samples obtained
with different protocols of whole blood processing. (A) Spectrophotometric profile of
samples after the first step of centrifugation at 1,258 g (red line) and after the second step
of centrifugation at 1,258 g (blue line) or at 15,000 g (yellow line). (B) Expression level
(raw Ct data) of haemolysis-unrelated miRNAs and (C) of haemolysis-related miRNAs.
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Starting from these 100 circulating miRNAs, we performed analysis comparing plasma samples
from lung cancer patients and disease-free individuals and the miRNAs found differentially
expressed were further validated following the Multiplex RT Protocol for TaqMan MicroRNA assay
(Life Technologies).
2.3. MiRNAs Ratios Computing
To analyze large amounts of data such as those obtained from microfluidic cards, there is a general
agreement in using normalization on the mean expression value of all miRNAs [44]. However, when a
few circulating miRNAs have to be analyzed, as in the technical validation, no suitable housekeeping
miRNAs for plasma samples are known. Thus, to bypass the normalization issue, miRNA values were
analyzed looking at the reciprocal ratios among the 100 circulating miRNAs. In this way all the ΔCts
between each miRNA and the other 99 were considered and the resulting 4,950 features were used for
the subsequent classification of plasma samples. When using the miRNA ratios tool for RT-qPCR
data, the same signal threshold for all miRNAs in all samples has to be fixed to obtain comparable Ct
values. To validate the robustness of the miRNA ratios method, correlation between biological
duplicates was analyzed by either normalization on mean expression value or using the miRNA ratios
tool, showing correlation coefficients (R2) of 95% and 94%, respectively (Figure 2). Moreover, the
miRNAs most significantly deregulated in the class comparison normalizing on the mean, were those
most redundant in the analysis using ratios (Table 1).
Figure 2. Scatter plots showing the correlation using the mean normalization method and
the miRNAs ratios tool, between two biological replicates spotted on microfluidic cards
analyzed for the reproducible 100 miRNAs and the respective 4,950 ratios.

)

Mean normalization

Duplicate A

10

‐10

miRNA ratios
20

R² = 0.95

5

10

0

0

‐5

0

5

10 ‐20

‐10

R² = 0.94

0

‐5

‐10

‐10

‐20

10

20

Duplicate B
Using the miRNA ratios tool we were able to identify predictive, diagnostic and prognostic
signatures composed by a total of 24 miRNAs differentially expressed in plasma of lung cancer
patients and disease-free individuals collected during two low dose computed tomography (LDCT)
screening trials performed in our Institute: a completed pilot observational study (INT-IEO) and an
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ongoing randomized trial (MILD) [39]. In order to further apply the test in clinical practice, we
validated its performance using custom made microfluidic cards, containing only the 24 selected
miRNAs, in an extended series of 69 patients and 870 disease-free individuals belonging to the MILD
screening trial [45]. In addition, by analyzing such a large number of samples, we were also able to
better define critical issues affecting the analysis on circulating miRNA biomarkers.
Table 1. Comparison between the results obtained normalizing on the mean expression
value or using the miRNA ratios tool.

miRNA
mir-660
mir-142-3p
mir-197
mir-24

Mean Normalization
miRNA Ratios Tool
Mean patients/mean No. ratios with Direction in patients
p-value *
controls (log2)
p-value < 0.01 †
vs. controls
†
3.5E-05
−1.8
56
All down
3.0E-04
−0.9
34
All down
4.9E-03
0.9
35
All up
0.4
0.16
13
4 Up & 9 Down

* Two-tailed Fisher’s Exact Test; † On a total of 99 ratios for each miRNA.

2.4. Effect of Storage Time on Plasma miRNAs
Plasma samples from 64 disease-free individuals were profiled to specifically assess if storage time
could affect miRNAs levels in frozen plasma samples. The averages of raw Ct data among groups of
eight samples at eight longitudinal storage time-points (from 0 to 72 months) were used to cluster the
24 miRNAs. As expected, all the miRNAs were degraded in plasma samples according to storage
times (Figure 3A) [39].
Figure 3. miRNA degradation according to storage time reported as (A) heat map of the
time course analysis, and (B) dendogram using centred correlation and average linkage for
miRNAs clustering. Analysis performed with BRB ArrayTools.
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Figure 3. Cont.
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However, not all the miRNAs had the same degradation profile and in particular using a correlation
threshold of 0.9, miRNAs clustered in four groups according to degradation time (Figure 3B). The first
cluster was composed of the four miRNAs (miR-16, 451, 486-5p and 92a) reaching the higher Ct in
the shortest time (11 months); the second cluster was composed of miR-28-3p, miR-145, miR-148a,
miR-21 and miR-221 (22 months); whereas miR-140-3p and 14 other miRNAs were grouped after
35 months. The four miRNAs degrading faster were exactly the same four miRNAs previously found
to be freely released in the circulation system by haemolysis [40], thus suggesting that the differences
in degradation time could be related to the physical status of circulating miRNAs: free, bound to
proteins or included in exosomes or microvesicles.
2.5. Evaluation of Haemolysis in Plasma Samples
2.5.1. Pre-Analytical Quality Control
A critical issue, recently emerged, for the analysis of circulating miRNA as biomarkers in
plasma/serum samples, was the contamination of these samples by miRNAs released by blood cell
haemolysis [40,41,46,47]. In order to check our samples for haemolysis in a pre-analytical phase,
before the total RNA extraction step and miRNAs profiling, we measured the absorbance of plasma
samples at 414 nm, 541 nm and 576 nm wavelengths (Figure 4) to identify the presence and the
amount of free hemoglobin in the samples [41,48]. Since we observed that the absolute value of the
peak at 414 nm is not fully representative of the level of haemolysis due to the lipid content of plasma
sample that interferes with spectrophotometric measurements (Figure 4C), we introduced a further
absorbance measurement at 375 nm, where the wavelength spectrum is more affected by the lipid
content of the samples, to “normalize” the 414 nm peak value.
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Figure 4. Spectrophotometric measures of haemoglobin (414 nm) of (A) a normal,
(B) a haemolysed and (C) a lipemic plasma sample.
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2.5.2. Haemolysis-Related miRNA Signature
To get insight into the haemolysis issue, 24 plasma samples haemolyzed at visual inspection
(color range) and 30 plasma samples not visually haemolyzed, were profiled using custom made
microfluidic cards containing the 24 selected miRNAs previously identified. The four haemolysisrelated miRNAs: mir-16, mir-451, mir-486-5p and mir-92a [40], together with mir-101 and mir-1403p (not previously reported), resulted, using restrictive cut-off (Δ > 2Ct), to be significantly upregulated (p < 0.001) in the 24 haemolyzed samples (Table 2).
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Table 2. Raw Ct values of miRNAs in haemolysed and not haemolysed samples.

miR-101
miR-106a
miR-126
miR-133a
miR-140-3p
miR-140-5p
miR-142-3p
miR-145
miR-148a
miR-15b
miR-16
miR-17
miR-197
miR-19b
miR-21
miR-221
miR-28-3p
miR-30b
miR-30c
miR-320
miR-451
miR-486-5p
miR-660
miR-92a

24 Haemolysed
Plasma Samples *
Ct average
s.d.
28.8
1.8
19.9
1.6
21.7
1.5
30.8
2.4
28.9
1.9
25.8
1.6
22.3
1.8
26.6
1.8
28.6
1.5
25.0
1.6
18.3
2.2
20.0
1.6
26.2
1.2
20.4
1.8
24.9
1.9
24.8
1.9
26.8
1.4
22.8
1.6
24.3
1.6
22.6
1.4
20.0
2.5
20.6
2.2
27.8
2.1
22.8
1.5

30 Not Haemolysed
Plasma Samples *
Ct average
s.d.
31.0
1.4
21.4
1.3
21.9
1.4
30.8
1.6
32.1
1.6
26.4
1.2
22.1
1.5
27.1
1.5
29.8
1.6
25.9
1.4
21.6
1.2
21.5
1.3
27.0
1.4
22.2
1.3
25.5
1.2
24.7
1.5
27.1
1.4
23.1
1.5
25.1
1.5
23.8
1.3
23.9
1.4
24.0
1.3
29.6
1.3
24.7
1.2

p-value
0.000
0.014
0.484
0.964
0.000
0.177
0.643
0.258
0.012
0.034
0.000
0.010
0.035
0.007
0.172
0.904
0.352
0.461
0.104
0.018
0.000
0.000
0.009
0.000

ΔCt
2.2
1.5
0.3
0.0
3.1
0.5
−0.2
0.5
1.1
0.9
3.3
1.5
0.8
1.9
0.6
−0.1
0.4
0.3
0.7
1.2
3.9
3.3
1.8
2.0

In order to use miRNAs ratios to identify haemolyzed samples, serially diluted lysed red blood cells
(RBCs) were introduced in non-haemolyzed plasma samples as an artificial working model.
Four non-haemolysis related miRNAs were identified (mir-126, mir-15b, mir-221 and mir-30b), whose
reciprocal ratios with the four haemolysis-related miRNAs better correlated with serial RBCs
dilutions (Figure 5). A cut-off for each of the 16 ratios composing the haemolysis signature was then
fixed as the value exceeding two standard deviations from the average of the values among the
30 non-haemolyzed samples. When at least eight out of 16 miRNAs ratios (50%) exceeded
their respective cut-offs(corresponding to a spectrophotometer ratio 414/375 nm > 1.4), the
miRNA signatured showed 88% sensitivity and 93% specificity to classify the 24 haemolyzed and
30 non-haemolyzed (visual inspection) plasma samples.
In conclusion we have established an absorbance ratio (414/375 nm) test and a miRNAs ratios
signature able to efficiently classify haemolysis in plasma samples. These assays can be used in
combination since absorbance ratio can be analyzed in a pre-analytical phase in a cost-effective
manner, whereas haemolysis-related miRNA signature can be used as quality control in a postanalytical phase.
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Figure 5. Plasma ratios (log2) for in vitro haemolysis evaluation.
1/800
Ratio
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3.33
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6.16
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0.34
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2.28

16

16

13

12

11

10

8

5

0

2.48

2.02

1.80

1.61

1.49

1.44

1.45
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NT = not treated.

3. Experimental
3.1. Study Population and Plasma Sample Collection
Our recent studies were focused on miRNAs as biomarkers for the identification of lung cancer at
its earlier stages or even before the tumor is fully developed. Since the samples were collected all along
the two LDCT screening trials, we had the opportunity to study miRNAs expression profiles in plasma
samples longitudinally collected either at the time of cancer diagnosis and also before disease detection.
Whole blood samples (5–10 mL) were collected as first blood withdrawal in BD Vacutainer tubes
with spray-coated K2EDTA (BD-Becton, Dickinson and Company, Plymouth, UK) and stored at room
temperature. Within 2 h, plasma was separated by a first centrifugation step at 1,258 g at 4 °C for 10 min.
We carefully transferred the supernatant containing plasma into a 15 mL tube avoiding collecting the
fraction closest to the lymphocytic ring. Plasma was then centrifuged a second time at 1,258 g at
4 °C for 10 min. Finally we harvested plasma aliquots, avoiding collection of the plasma fraction in the
bottom of the tube near the debris pellet and stored them at −80 °C, with the exception of one aliquot
that was used for the evaluation of haemolysis.
3.2. Evaluation of Haemolysis by Spectrophotometry
Immediately after the separation step, plasma sample was diluted (1:10) in PBS in a cuvette for
spectrophotometer (10 mm path length), and mixed to homogenize the diluted sample. The absorbance
at 375 nm, 414 nm, 541 nm and 576 nm was measured using a NanoDrop 2000c instrument (Thermo
Scientific, Wilmington, DE, US) in UV-Vis configuration, with pre-selected “baseline correction”
setting (750 nm) and a path length of 10 mm. The measurement of 1 mL of PBS was performed
as a blank.
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3.3. RNA Extraction and miRNA Profiling
Starting from 200 μL of plasma, total RNA extraction was performed according to the protocol for
biological fluids of the mirVana PARIS Kit (Life Technologies). To obtain more concentrated total
RNA, samples were eluted in 50 μL of Elution Solution pre-heated at 95 °C, instead of 100 μL and
then stored at −80°C.
High-throughput screening: Plasma samples of the training set were profiled using TaqMan Array
Human MicroRNA microfluidic Cards A (Life Technologies) containing 384 miRNAs assays
following the standard Megaplex Pools protocol. Since we started from a small amount of total RNA, a
pre-amplification step of 12 cycles was required to increase, with an unbiased approach, the quantity
of specific cDNA targets of all 384 miRNAs.
Single assay validation: The validation of data obtained in the training set was performed in an
independent set of samples with single assays following the Multiplex RT Protocol for the TaqMan
MicroRNA assay (Life Technologies). Differently from the Megaplex Pools protocol, the Multiplex
RT Protocol started from 4 μL of total RNA and did not require any pre-amplification step, thus the
sensitivity of the assay was reduced.
Custom made microfluidic cards: Custom made TaqMan MicroRNA microfluidic cards containing
the 24 selected miRNAs in duplicate was conceived to analyze a large number of samples and to
standardize the protocol. Eight samples were analyzed simultaneously in each card, following the
manufacturing protocol for Creating Custom RT and Pre-amplification Pools with TaqMan MicroRNA
Assays (Life Technologies). Briefly, 3 L of total RNA were converted into cDNA by performing a
reverse transcription (RT) reaction for all 24 miRNAs using the TaqMan MicroRNA Reverse
Transcription Kit and a Custom TaqMan RT Primer Pool with the 24 miRNAs of interest. In this
protocol the pre-amplification of cDNA was required, thus 2.5 μL of each RT product were
pre-amplified using a Custom TaqMan PreAmp primer pool and 1.13 L of diluted pre-amplified cDNA
was used for real-time PCR reaction. Custom miRNA microfluidic cards were run using the ViiA7
Real-Time PCR System modifying the thermal cycling parameters as follows: 10 min at 94.5 °C followed
by 40 cycles at 97 °C for 30 s and at 59.7 °C for 60 s.
3.4. Data Extrapolation and Ratios Generation
Raw Ct values were obtained using the ViiA7 RUO software, setting a fixed threshold of 0.15 and
an automatic baseline. Spots with bad amplification curves or with awful passive reference signals
were excluded from the analysis. The average of each miRNA-duplicate has been considered to calculate
−ΔCts between each miRNAs and the others, corresponding to the log2 values of the miRNA ratios.
3.5. Storage Time Evaluation
Plasma samples were profiled at serial storage time-points (ranging from 0 to 72 months) using
custom microfluidic cards. The averages of raw Ct data among groups were used to run time course
analysis and to cluster the 24 miRNAs using centred correlation and average linkage with BRB
ArrayTools. A correlation threshold of 0.9 was used to define the clusters.
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4. Conclusions
The challenge for the next decade will be to bring biomarkers into the clinic in ways that are
efficient and practical. Circulating miRNA expression profiles, not single or couples of miRNAs, that
constitute the fingerprint of physiological or pathological conditions, have the potential to overcome
the limitations of single blood-based biomarkers in clinical use so far, and may strongly impact early
cancer diagnosis. Here we report an experimental design that allows one to identify a panel of
circulating miRNAs deregulated in subjects who developed lung cancer during LDCT screening trials
compared to disease-free heavy smokers. Of interest, the analytical approach described, based on the
reciprocal levels of miRNAs (miRNA ratios), is appealing since it allows one to bypass the issue of
data normalization using controversial “housekeeping” miRNAs and proved to be more informative on
the disease status rather than absolute levels of individual miRNAs.
Our preliminary results [39] showed that specific miRNAs and miRNA ratios were also able to
discriminate patient plasma samples when the LDCT was still negative. We reasoned that such
circulating biomarkers would not derive exclusively from tumor tissue, but rather from a lung
environment that may favor tumor development. Based on these considerations, we preferred a highthroughput miRNA screening rather than a tumor-driven approach. In addition, the multi-step
validation process, first on a small validation set using a different methodological approach such as the
single assay quantitative Real Time PCR, and afterwards in a enlarged validation set using custom
miRNA microfluidic cards, confirmed the great potential of miRNA biomarkers, as well as their
reproducibility and reliability. At the moment, functional studies using proper in vitro and in vivo
models are ongoing in order to better understand if these circulating miRNAs have a functional role in
lung cancer.
The technical approach proposed is based on molecular assays with high performance and
sensitivity. For this reason, when this strategy has to be applied on blood-derived samples, such as
plasma and serum, pre-analytical and analytical aspects should be carefully evaluated. The haemolysis
of blood samples is the first issue that should be considered, given that low-level haemolysis is a
frequently occurring event during plasma collection that can influence the measurement of any
candidate miRNA biomarker also expressed by red blood cells. Our study identified a miRNA
signature able to detect slight levels of haemolysis, that avoids having results affected by unspecific
release of miRNAs.
A further concern is the effect of storage on miRNA levels. By studying a large series of samples
collected during a LDCT screening trial, we found that the miRNA expression values in plasma
samples collected in different years of the screening program have different expression ranges. Thus,
we suggest that for class comparison studies case and controls series with a similar period of storage
have to be compared and in prospective studies miRNA ratio cut-offs must be checked on freshly
collected plasma samples.
Despite these considerations, we believe that circulating miRNAs have great potential as molecular
markers in cancer diagnosis and prognosis, since deregulation of these molecules is detectable up to
two years before the diagnosis with imaging tools is possible. Moreover, the analytical approach
proposed and the use of a simply and conventional technique such as the RT-PCR, improve the
feasibility of using miRNAs as circulating biomarkers. We have reported here a validated method for
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biomarker discovery in plasma samples of lung cancer patients and heavy smoker controls, that given
its reproducibility and robustness, could also be potentially applied for the identification of diagnostic
circulating miRNAs in other diseases.
Acknowledgments
This work was supported by grants from Italian Association for Cancer Research (AIRC): IG
research grant 10096, 1227, 11991, 10068 and Special program “Innovative Tools for Cancer Risk
Assessment and early Diagnosis”, 5 × 1000, No. 12162; Italian Ministry of Health (RF- 2010).
Research funding was received from Gensignia inc.
Author Contributions
Mattia Boeri, Carla Verri, Orazio Fortunato and Gabriella Sozzi contributed to the conception and
design of this research and to interpretation of results. Mattia Boeri, Carla Verri and Davide Conte
analyzed the data. Davide Conte and Mavis Mensah performed the experiments. Ugo Pastorino was
responsible for LDCT screening trials and Paola Suatoni for the selection of clinical series. Carla
Verri, Orazio Fortunato, Mattia Boeri and Gabriella Sozzi drafted the manuscript. Gabriella Sozzi and
Ugo Pastorino gave study supervision. All authors participated in the critical revision of the report.
Conflicts of Interest
Gabriella Sozzi, Mattia Boeri, and Ugo Pastorino are coinventors on two patent applications
regarding the miRNA signatures disclosed in this article.
Reference
1.
2.

3.
4.

5.

6.

Siegel, R.; Naishadham, D.; Jemal, A. Cancer statistics, 2013. CA Cancer J. Clin. 2013, 63, 11–30.
Pastorino, U.; Bellomi, M.; Landoni, C.; de Fiori, E.; Arnaldi, P.; Picchio, M.; Pelosi, G.; Boyle, P.;
Fazio, F. Early lung-cancer detection with spiral CT and positron emission tomography in heavy
smokers: 2-Year results. Lancet 2003, 362, 593–597.
Pastorino, U. Lung cancer screening. Br. J. Cancer 2010, 102, 1681–1686.
Kramer, B.S.; Berg, C.D.; Aberle, D.R.; Prorok, P.C. Lung cancer screening with low-dose
helical CT: Results from the National Lung Screening Trial (NLST). J Med. Screen. 2011, 18,
109–111.
Patz, E.F., Jr.; Pinsky, P.; Gatsonis, C.; Sicks, J.D.; Kramer, B.S.; Tammemagi, M.C.; Chiles, C.;
Black, W.C.; Aberle, D.R. Overdiagnosis in low-dose computed tomography screening for lung
cancer. JAMA Intern. Med. 2014, 174, 269–274.
Infante, M.; Cavuto, S.; Lutman, F.R.; Brambilla, G.; Chiesa, G.; Ceresoli, G.; Passera, E.;
Angeli, E.; Chiarenza, M.; Aranzulla, G.; et al. A randomized study of lung cancer screening with
spiral computed tomography: Three-year results from the DANTE trial. Am. J. Respir. Crit Care
Med. 2009, 180, 445–453.

Molecules 2014, 19
7.

8.

9.
10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.
22.

23.

3052

Saghir, Z.; Dirksen, A.; Ashraf, H.; Bach, K.S.; Brodersen, J.; Clementsen, P.F.; Dossing, M.;
Hansen, H.; Kofoed, K.F.; Larsen, K.R.; et al. CT screening for lung cancer brings forward early
disease. The randomised Danish Lung Cancer Screening Trial: Status after five annual screening
rounds with low-dose CT. Thorax 2012, 67, 296–301.
Pastorino, U.; Rossi, M.; Rosato, V.; Marchiano, A.; Sverzellati, N.; Morosi, C.; Fabbri, A.;
Galeone, C.; Negri, E.; Sozzi, G.; et al. Annual or biennial CT screening versus observation in
heavy smokers: 5-year results of the MILD trial. Eur. J. Cancer Prev. 2012, 21, 308–315.
Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297.
Denli, A.M.; Tops, B.B.; Plasterk, R.H.; Ketting, R.F.; Hannon, G.J. Processing of primary
microRNAs by the Microprocessor complex. Nature 2004, 432, 231–235.
Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding
for small expressed RNAs. Science 2001, 294, 853–858.
Lee, R.C.; Ambros, V. An extensive class of small RNAs in Caenorhabditis elegans. Science
2001, 294, 862–864.
Lau, N.C.; Lim, L.P.; Weinstein, E.G.; Bartel, D.P. An abundant class of tiny RNAs with
probable regulatory roles in Caenorhabditis elegans. Science 2001, 294, 858–862.
Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet.
2009, 10, 704–714.
Fabbri, M.; Croce, C.M. Role of microRNAs in lymphoid biology and disease. Curr. Opin.
Hematol. 2011, 18, 266–272.
Shen, J.; Todd, N.W.; Zhang, H.; Yu, L.; Lingxiao, X.; Mei, Y.; Guarnera, M.; Liao, J.; Chou, A.;
Lu, C.L.; et al. Plasma microRNAs as potential biomarkers for non-small-cell lung cancer.
Lab Invest. 2010, doi:10.1038/labinvest.2010.194.
Hu, Z.; Chen, X.; Zhao, Y.; Tian, T.; Jin, G.; Shu, Y.; Chen, Y.; Xu, L.; Zen, K.; Zhang, C.; et al.
Serum microRNA signatures identified in a genome-wide serum microRNA expression profiling
predict survival of non-small-cell lung cancer. J. Clin. Oncol. 2010, 28, 1721–1726.
Xie, Y.; Todd, N.W.; Liu, Z.; Zhan, M.; Fang, H.; Peng, H.; Alattar, M.; Deepak, J.; Stass, S.A.;
Jiang, F. Altered miRNA expression in sputum for diagnosis of non-small cell lung cancer.
Lung Cancer 2009, doi:10.1016/j.lungcan.2009.04.004.
Park, N.J.; Zhou, H.; Elashoff, D.; Henson, B.S.; Kastratovic, D.A.; Abemayor, E.; Wong, D.T.
Salivary microRNA: Discovery, characterization, and clinical utility for oral cancer detection.
Clin. Cancer Res. 2009, 15, 5473–5477.
Hanke, M.; Hoefig, K.; Merz, H.; Feller, A.C.; Kausch, I.; Jocham, D.; Warnecke, J.M.; Sczakiel, G.
A robust methodology to study urine microRNA as tumor marker: microRNA-126 and
microRNA-182 are related to urinary bladder cancer. Urol. Oncol. 2010, 28, 655–661.
Kosaka, N.; Izumi, H.; Sekine, K.; Ochiya, T. microRNA as a new immune-regulatory agent in
breast milk. Silence 2010, 1, 1–8.
Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated
transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 2007, 9, 654–659.
Camussi, G.; Deregibus, M.C.; Bruno, S.; Cantaluppi, V.; Biancone, L. Exosomes/microvesicles
as a mechanism of cell-to-cell communication. Kidney Int. 2010, 78, 838–848.

Molecules 2014, 19

3053

24. Arroyo, J.D.; Chevillet, J.R.; Kroh, E.M.; Ruf, I.K.; Pritchard, C.C.; Gibson, D.F.; Mitchell, P.S.;
Bennett, C.F.; Pogosova-Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a
population of circulating microRNAs independent of vesicles in human plasma. Proc. Natl. Acad.
Sci. USA 2011, 108, 5003–5008.
25. Sozzi, G.; Pastorino, U.; Croce, C.M. MicroRNAs and lung cancer: From markers to targets.
Cell Cycle 2011, 10, 2045–2046.
26. Kosaka, N.; Iguchi, H.; Ochiya, T. Circulating microRNA in body fluid: A new potential
biomarker for cancer diagnosis and prognosis. Cancer Sci. 2010, 101, 2087–2092.
27. Silva, J.; Garcia, V.; Zaballos, A.; Provencio, M.; Lombardia, L.; Almonacid, L.; Garcia, J.M.;
Dominguez, G.; Pena, C.; Diaz, R.; et al. Vesicle-related microRNAs in plasma of nonsmall cell
lung cancer patients and correlation with survival. Eur. Respir. J. 2011, 37, 617–623.
28. Zheng, D.; Haddadin, S.; Wang, Y.; Gu, L.Q.; Perry, M.C.; Freter, C.E.; Wang, M.X. Plasma
microRNAs as novel biomarkers for early detection of lung cancer. Int. J. Clin. Exp. Pathol.
2011, 4, 575–586.
29. Raymond, C.K.; Roberts, B.S.; Garrett-Engele, P.; Lim, L.P.; Johnson, J.M. Simple, quantitative
primer-extension PCR assay for direct monitoring of microRNAs and short-interfering RNAs.
RNA 2005, 11, 1737–1744.
30. Lao, K.; Xu, N.L.; Yeung, V.; Chen, C.; Livak, K.J.; Straus, N.A. Multiplexing RT-PCR for the
detection of multiple miRNA species in small samples. Biochem. Biophys. Res. Commun. 2006,
343, 85–89.
31. Ji, X.; Takahashi, R.; Hiura, Y.; Hirokawa, G.; Fukushima, Y.; Iwai, N. Plasma miR-208 as a
biomarker of myocardial injury. Clin. Chem. 2009, 55, 1944–1949.
32. Ng, E.K.; Chong, W.W.; Jin, H.; Lam, E.K.; Shin, V.Y.; Yu, J.; Poon, T.C.; Ng, S.S.; Sung, J.J.
Differential expression of microRNAs in plasma of colorectal cancer patients: A potential marker
for colorectal cancer screening. Gut 2009, 98, 1375–1381.
33. Gee, H.E.; Buffa, F.M.; Camps, C.; Ramachandran, A.; Leek, R.; Taylor, M.; Patil, M.; Sheldon, H.;
Betts, G.; Homer, J.; et al. The small-nucleolar RNAs commonly used for microRNA normalisation
correlate with tumour pathology and prognosis. Br. J. Cancer 2011, 104, 1168–1177.
34. Song, J.; Bai, Z.; Han, W.; Zhang, J.; Meng, H.; Bi, J.; Ma, X.; Han, S.; Zhang, Z. Identification
of suitable reference genes for qPCR analysis of serum microRNA in gastric cancer patients.
Dig. Dis. Sci. 2012, 57, 897–904.
35. Benz, F.; Roderburg, C.; Vargas, C.D.; Vucur, M.; Gautheron, J.; Koch, A.; Zimmermann, H.;
Janssen, J.; Nieuwenhuijsen, L.; Luedde, M.; et al. U6 is unsuitable for normalization of serum
miRNA levels in patients with sepsis or liver fibrosis. Exp. Mol. Med. 2013, 45, e42.
36. Liu, J.; Gao, J.; Du, Y.; Li, Z.; Ren, Y.; Gu, J.; Wang, X.; Gong, Y.; Wang, W.; Kong, X.
Combination of plasma microRNAs with serum CA19–9 for early detection of pancreatic cancer.
Int. J. Cancer 2012, 131, 683–691.
37. Zuo, Z.; Calin, G.A.; de Paula, H.M.; Medeiros, L.J.; Fernandez, M.H.; Shimizu, M.;
Garcia-Manero, G.; Bueso-Ramos, C.E. Circulating microRNAs let-7a and miR-16 predict
progression-free survival and overall survival in patients with myelodysplastic syndrome. Blood
2011, 118, 413–415.

Molecules 2014, 19

3054

38. Liu, X.; Luo, H.N.; Tian, W.D.; Lu, J.; Li, G.; Wang, L.; Zhang, B.; Liang, B.J.; Peng, X.H.;
Lin, S.X.; et al. Diagnostic and prognostic value of plasma microRNA deregulation in
nasopharyngeal carcinoma. Cancer Biol. Ther. 2013, 14, 1133–1142.
39. Boeri, M.; Verri, C.; Conte, D.; Roz, L.; Modena, P.; Facchinetti, F.; Calabro, E.; Croce, C.M.;
Pastorino, U.; Sozzi, G. MicroRNA signatures in tissues and plasma predict development and
prognosis of computed tomography detected lung cancer. Proc. Natl. Acad. Sci. USA 2011, 108,
3713–3718.
40. Pritchard, C.C.; Kroh, E.; Wood, B.; Arroyo, J.D.; Dougherty, K.J.; Miyaji, M.M.; Tait, J.F.;
Tewari, M. Blood cell origin of circulating microRNAs: A cautionary note for cancer biomarker
studies. Cancer Prev. Res (Phila). 2012, 5, 492–497.
41. Kirschner, M.B.; Kao, S.C.; Edelman, J.J.; Armstrong, N.J.; Vallely, M.P.; van, Z.N.; Reid, G.
Haemolysis during sample preparation alters microRNA content of plasma. PLoS One 2011, 6,
e24145.
42. Kennedy, J.B.; Maehara, K.T.; Baker, A.M. Cell and platelet stability in disodium and
tripotassium edta. Am. J. Med. Technol. 1981, 47, 89–93.
43. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.;
Peterson, A.; Noteboom, J.; O'Briant, K.C.; Allen, A.; et al. Circulating microRNAs as stable
blood-based markers for cancer detection. Proc. Natl Acad. Sci. USA 2008, 105, 10513–10518.
44. Mestdagh, P.; van Vlierberghe, P.; de Weer, A.; Muth, D.; Westermann, F.; Speleman, F.;
Vandesompele, J. A novel and universal method for microRNA RT-qPCR data normalization.
Genome Biol. 2009, 10, R64.
45. Sozzi, G.; Boeri, M.; Rossi, M.; Verri, C.; Suatoni, P.; Bravi, F.; Roz, L.; Conte, D.; Grassi, M.;
Sverzellati, N.; et al. Clinical Utility of a Plasma-Based miRNA Signature Classifier Within
Computed Tomography Lung Cancer Screening: A Correlative MILD Trial Study. J. Clin. Oncol.
2014, doi:10.1200/JCO.2013.50.4357.
46. Duttagupta, R.; Jiang, R.; Gollub, J.; Getts, R.C.; Jones, K.W. Impact of cellular miRNAs on
circulating miRNA biomarker signatures. PLoS One 2011, 6, e20769.
47. Kirschner, M.B.; Edelman, J.J.; Kao, S.C.; Vallely, M.P.; van, Z.N.; Reid, G. The Impact of
Hemolysis on Cell-Free microRNA Biomarkers. Front Genet. 2013, 4, 94.
48. Icke, G.C.; Davis, R.E.; Nicol, D.J. A rapid method for the quantitation of haemoglobin A2.
Pathology 1979, 11, 169–173.
Sample Availability: Not available.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

