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BACKGROUND: The identification of circulating microR-
NAs (miRNAs) in the blood has been recently exploited for
the development of minimally invasive tests for the early
detection of cancer. Nevertheless, the clinical transferability
of such tests is uncertain due to still-insufficient standard-
ization and optimization of methods to detect circulating
miRNAs in the clinical setting.

METHODS: We performed a series of tests to optimize
the quantification of serum miRNAs that compose the
miR-Test, a signature for lung cancer early detection, and
systematically analyzed variables that could affect the per-
formance of the test. We took advantage of a large-scale
(�1000 samples) validation study of the miR-Test that
we recently published, to evaluate, in clinical samples, the
effects of analytical and preanalytical variables on the
quantification of circulating miRNAs and the clinical
output of the signature (risk score).

RESULTS: We developed a streamlined and standardized
pipeline for the processing of clinical serum samples that
allows the isolation and analysis of circulating miRNAs by
quantitative reverse-transcription PCR, with a throughput
compatible with screening trials. The major source of ana-
lytical variation came from RNA isolation from serum,
which could be corrected by use of external (spike-in) or
endogenous miRNAs as a reference for normalization. We
also introduced standard operating procedures and QC
steps to check for unspecific fluctuations that arise from the
lack of standardized criteria in the collection or handling of
the samples (preanalytical factors).

CONCLUSIONS: We propose our methodology as a refer-
ence for the development of clinical-grade blood tests on
the basis of miRNA detection.
© 2016 American Association for Clinical Chemistry

MicroRNAs (miRNAs)10 are a class of small noncoding
RNAs (18–24 nt long) that function in posttranscrip-
tional regulation of gene expression (1, 2 ). The observa-
tion that miRNA expression is frequently deregulated
in diseases points to their potential utility in diagnostic
and prognostic applications (3 ). miRNAs are abun-
dant in serum and plasma (4 ), where they are shielded
from harsh conditions and endogenous ribonucleases
(RNases) by various means (5, 6, 7 ). Increasing evi-
dence has confirmed that miRNAs exist in almost ev-
ery biological fluid (8 ) and that signatures of circulat-
ing miRNAs with diagnostic potential can be
identified for many diseases, including cancer (8, 9 ).
Therefore, circulating miRNAs have been proposed as
useful biomarkers to improve risk assessment, diagno-
sis, prognosis, and monitoring of therapy response.

Although many circulating miRNA signatures have
been reported, their clinical transferability remains un-
certain because of insufficient standardization of detec-
tion methods in the clinical setting (10–12). The issue is
exacerbated by the lack of systematic analyses of the pos-
sible confounding variables that might affect the fluctu-
ations of circulating miRNAs and, hence, performance of
the signatures. We previously described a 34-miRNA sig-
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nature capable of detecting asymptomatic non–small cell
lung cancer in a screening cohort of high-risk individuals
from the Continuous Observation of Smoking Subjects
(COSMOS) screening program for lung cancer (13 ). Re-
cently, we performed a large-scale validation study of
this signature, reducing the number of biomarkers to 13
miRNAs plus 6 reference miRNAs, which compose the
miR-Test, and validated the performance of the reduced
signature in 1115 individuals (14 ).

Here, we provide a detailed account of the pipeline,
tests, and improvements that we adopted to optimize and
standardize the detection of miRNAs composing the
miR-Test in view of clinical applications. We propose
our methodology as a reference for the development
of clinical-grade blood tests on the basis of miRNA
detection.

Materials and Methods

Patient selection criteria and procedures used for miR-
Test data analysis were previously described (14 ). Full
details of the standard operating procedures (SOPs), in-
cluding blood collection, RNA isolation, and miRNA
detection, are provided in the Supplemental File, which
accompanies the online version of this article at
http://www.clinchem.org/content/vol62/issue5.

QUANTITATIVE REAL-TIME PCR EXPERIMENTS

Raw and normalized data of clinical samples used in this
study are directly available at NCBI GEO (GSE76462).
The information provided in this paper and previous
publications (13, 14 ) provide the essential requirements
of the minimum information for publication of quanti-
tative real-time PCR experiments, compatibly with the
nature of the samples analyzed and the commercial probe
used, allowing complete reproducibility of this study.

PREPARATION OF HEMOLYZED SAMPLES

Two tubes of blood from the same healthy individual
were collected by standard phlebotomy. One blood tube
was left to clot and was centrifuged to prepare the serum.
The other blood tube was used to prepare red blood cell
(RBC) lysate. RBCs were separated from plasma by cen-
trifugation (500g, 10 min at 4 °C, according to Hanson
et al. (15 )), resuspended in nonhemolyzed serum from
the same healthy individual, and artificially hemolyzed
by pipetting 5 times with a syringe (21G needle, 0.8 � 20
mm). The 2 resulting sera (nonhemolyzed and RBC ly-
sate enriched) were mixed at different ratios to produce
different hemolytic conditions. Samples were left for
3 h at room temperature to simulate the same conditions
of clotting used above. Hemolysis was measured by
use of different spectrophotometric methods: lipemia-
independent measurement of hemolysis [hemolysis index
(16 )], a method based on the absorption spectrum of

oxyhemoglobin [absorbance (A) 414 nm] and clinical
measurement by a laboratory analyzer (Abbott c8000,
Abbott Diagnostics).

STATISTICAL ANALYSIS

Tabular data and statistical analyses (1-way, scatterplot)
were produced by use of JMP 10 (SAS) software. Mi-
crosoft Excel was used to generate bar and linear graphs of
results plotted as the mean and SD from repeated exper-
iments. The number of replicates and the statistical tests
used are indicated in the figure legends. Heat maps were
generated by Java TreeView software (http://jtreeview.
sourceforge.net).

Results

To develop a miRNA-based test (such as the miR-Test)
applicable to the clinical setting, we implemented a pipe-
line for the analysis of circulating miRNAs (Fig. 1A),
which includes an optimized and semiautomated RNA
extraction protocol to improve sensitivity and reproduc-
ibility while reducing the amount of manual operations.
We investigated several parameters, such as column type,
volume of serum, and volume of aqueous phase, in re-
peated extractions by assessing the recovery of circulating
miRNAs from the same volume of input RNA. To this
end, we quantified 2 endogenous circulating miRNAs
(miR-16 and miR-19b) and 1 exogenous miRNA
(hsa-miR-34a, barely detectable in the human sera used
for this study), which had been spiked in at a fixed
amount during the extraction protocol.

Initially, we tested the performance of binding col-
umns for miRNA isolation, comparing 2 major providers
[miRVANA (Ambion) and miRNeasy (Qiagen)]. The
miRNeasy column displayed better performance, with
higher yields [lower quantification cycle (Cq)] and repro-
ducibility (less variation between repeated extractions)
(Fig. 1B). Moreover, RNA extraction with miRNeasy
could also be successfully semiautomated with the QIA-
cube (Qiagen), a robotic workstation that eliminates
most of the manual steps (Fig. 1B). Therefore, we chose
the miRNeasy-QIAcube platform for the miRNA isola-
tion step and proceeded with the protocol optimization
by establishing the appropriate volume of serum or aque-
ous phase to be used. By measuring the recovery of the
spiked-in miR-34a, we observed a constant performance
up to 0.4 mL of serum, which decreased thereafter (Fig.
1C). Similarly, the recovery of endogenous miRNAs in-
creased almost linearly with increasing serum volume up
to 0.4 mL, whereas no further increase was observed at
0.5 mL (Fig. 1C), suggesting that excessive contaminants
introduced by increasing serum volumes interfere with
the purification process. Because the maximal volume of
serum that can be processed in a single 2-mL tube is 0.3
mL, we selected this amount of serum for subsequent
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extractions. From 0.3 mL serum, we could generate 0.55
mL aqueous phase. However, to avoid contamination
from the interphase/organic phase and allow rapid col-
lection of a fixed volume from each processed sample, we
chose to collect only a fraction of the aqueous phase (0.35
mL, 64%). This choice reduced the yield of the synthetic
spike-in miRNA to 62% (as expected) but had no effect
on the reproducibility of the process (data not shown).

Next, we optimized the detection of miRNAs by
reverse-transcription quantitative PCR (RT-qPCR) with
the intent of increasing sensitivity and reducing variabil-
ity. We designed a customized low-density array of Taq-
Man® qPCR probes (cTLDA) that permits the simulta-
neous analysis of 48 miRNAs in up to 8 biological
samples (miRNA array). The miRNA array is composed
of the 13 biomarkers and the 6 housekeeping (HK)
miRNAs that constitute the miR-Test (14 ), the remain-

ing 21 miRNAs of the original 34-miRNA signature
(13 ), and additional controls (spike-in miRNA and oth-
ers) (see online Supplemental Table 1A). A series of tests
(summarized in Fig. 2A) were performed to verify the
reproducibility of circulating miRNA detection and dis-
card any assays that were not compliant with a standard
performance. We introduced a preamplification step af-
ter reverse transcription, which considerably improved
the detection of circulating miRNAs (mean of approxi-
mately 23 vs approximately 31 Cq), while maintaining
linear detection in an 8-point serial dilution experiment
(see online Supplemental Table 1A). All the miRNAs
that compose the miR-Test (13 biomarkers and 6 HK)
were quantified with high sensitivity (mean approxi-
mately 21.9 Cq) and with high correlation coefficients
(mean 0.96) in the serial dilution experiment. Thus,
these miRNAs passed this validation step. Conversely, 10

Fig. 1. Optimization of the isolation of circulating miRNAs.
(A), Pipeline of analysis of circulating miRNAs, showing the optimizations introduced toward clinical application of the miR-Test. A streamlined,
standardized, and traceable processing of samples has been introduced, ensuring anonymity, through automated sample handling with
barcoded tubes or plates. (B and C), A series of tests were performed to compare different extraction protocols (B) and serum starting volumes
(C). Extraction efficiency was monitored by RT-qPCR quantification of 2 endogenous miRNAs (miR-19a and miR-16, in blue) and an exogenous
miRNA (miR-34a, in green) that was spiked in during the extraction. n = 2 replicates. P values were calculated with the Student t test.
*Significant at P < 0.05.

Standardized Quantification of Serum miRNAs

Clinical Chemistry 62:5 (2016) 745

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/62/5/743/5611751 by guest on 17 April 2024



miRNAs of the original 34-miRNA signature, which
were not included in the final miR-Test (14 ), failed to
pass and were excluded from further analyses (see online
Supplemental Table 1A).

We next measured intra- and interassay variability of
miRNA detection through nested precision experiments
by use of different aliquots of a serum pool from healthy
donors and evaluated the specific contribution of impre-
cision in miRNA extraction, reverse transcription, and
preamplification (RT-AMP) and qPCR analysis (Fig.
2B). For most miRNAs (18/19 of the miR-Test), intraas-
say variance of the entire procedure was low (�0.2 Cq),
mainly because of the extraction step rather than the
RT-AMP and qPCR (Fig. 2C; online Supplemental Ta-
ble 1B), in line with previous observations (11 ). Impor-
tantly, when we repeated the extraction of the same se-
rum over different days (interassay variability), we
observed comparable variances (P � 0.51) (Fig. 2C),
suggesting high reproducibility of the entire procedure.

We analyzed further the variability due to the extrac-
tion step. No significant differences were observed be-

tween the manual and semiautomated protocols (P �
0.16) or between 2 different workstations (P � 0.45)
(Fig. 2D). Next, we investigated variability specifically
due to miRNA binding and elution from the column.
We repeated the entire procedure combining the aqueous
phase of 8 samples and subsequently loading this mix
onto 8 different columns, thus removing the variability
due to the organic extraction step. As expected, this
aqueous-phase group displayed a reduced variance
(0.088 vs 0.145 or 0.151 for QIAcube-A and
QIAcube-B, respectively; P � 0.05) (Fig. 2D), corre-
sponding to 64% of the variance for the entire procedure.
Thus, the RNA extraction step is the major source of
technical variability. We reasoned that the variability of
the extraction procedure could have resulted from differ-
ences in the recovery of total RNA, which should be
corrected by normalizing data (4, 10 ). Indeed, when raw
data were normalized by use of the endogenous reference
(6 HK) or synthetic spiked-in miRNA (miR-34a), the
variance of the 13 diagnostic miRNAs was significantly
reduced (approximately 50%) (Fig. 2E).

Fig. 2. Optimization of the detection of circulating miRNAs by RT-qPCR.
(A), Outline of the preliminary tests used to assess the detection of serum miRNAs by qRT-PCR. miRNA assays included in the cTLDA (miRNA
array) were tested for optimal detection (<30 Cq) and linearity (R > 0.9, as measured by an 8-point serial dilution experiment). Further details
on these analyses are provided in online Supplemental Table 1. (B and C), Variability in detection of the 13 miRNA markers and 6 HK
endogenous reference miRNAs of the miR-Test was evaluated by performing replicas of RT-qPCR, RT preamplification (PreAMP), and serum
extraction starting from different aliquots of the same serum (pool of healthy donors). (C), Mean variances of each of the 19 miRNAs. Extraction
replicates were performed on the same day (group A) or different days (group B). n, number of replicates. (D), Variability in miRNA detection
was measured on multiple extraction replicates (n = 8) performed with different protocols (gray dots, 13 miRNA markers; blue dots, 6 HK). The
semiautomatic (QIAcube) protocol was repeated with 2 different workstations (group A vs group B). Aqueous phase (A.Ph.) refers to samples
that were mixed together before loading onto different (n = 8) columns. (E), Variances of the 13 miRNA markers were calculated with raw data
from D or the same data normalized with the endogenous references (6 HK) or the miRNA spiked in during extraction (Spike). (F), Variability
in miRNA detection was measured (as in C) in different clinical serum samples from 12 healthy individuals (12N) or 12 lung cancer patients
(12T). n = 2 replicates. (G and H), Effect of data normalization on assay precision. Variances of the 13 miRNA markers were calculated before
and after normalization of data shown in F, as described in E. (I), Distribution of the risk score calculated with the 13 miRNA model (miR-Test)
and 6-HK normalization on independent aliquots of the same serum (n = 32). Data were fitted with a normal distribution (P = 0.17 by
Shapiro–Wilk normality test, where significant P rejects the hypothesis) and 95% CIs [mean (2�)]. P values (C, D, E, G, and H) were calculated
with the nonparametric (Wilcoxon) test.

Continued on page 747
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We also evaluated the fluctuations of miRNA detec-
tion by use of different clinical samples. We measured
assay variability by repeating (n � 2) the extraction and
analysis on a set of samples from the COSMOS screening
cohort, composed of 12 healthy individuals [low-dose
computed tomography (LDCT) negative] and 12
asymptomatic lung cancer patients found by LDCT. The
RT-AMP replicates displayed a variance similar to in-
traassay variability (Fig. 2F; online Supplemental Table
1B). In contrast, serum miRNA extraction displayed a

higher variability (�0.2 Cq) (Fig. 2F), likely because of
sample-related differences in recovery of total RNA.
Therefore, we tested the effect of normalization by using
the endogenous reference (6 HK) or the synthetic
spiked-in miRNA. Both approaches significantly re-
duced the interassay variability, with the 6-HK method
outperforming the synthetic spiked-in method (Fig. 2, G
and H).

Overall, these results show that the main source of
analytical variability comes from the extraction of RNA

Fig. 2. Continued.
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and is likely due to highly variable serum matrices (i.e.,
lipid or serum protein concentration), a frequent occur-
rence in clinical samples. Normalization on the basis of
multiple endogenous miRNAs (6 HK) was able to reduce
this analytical variability and should be the preferred
choice over the use of synthetic spikes.

Finally, to assess the impact of assay variability on
miR-Test performance, we calculated the risk score in the
32 sera aliquots previously analyzed (Fig. 2, D and E).
We observed a normal distribution of the risk scores (Fig.
2I), with a mean of 0.25 and SD (�) of 2.75, meaning
that 95% of the miR-Test scores, when considering the
variability due to analytical factors, are within the 5.5
range (2�) (Fig. 2I).

PREANALYTICAL CONFOUNDING VARIABLES

A critical issue concerns the identification of variability
caused by lack of standardized criteria in the collection or
handling of the samples (preanalytical factors). For in-
stance, a marked variability in miRNA levels has been
reported from storage conditions of serum/plasma sam-
ples or the presence of hemolysis (11, 17, 18 ). Aware of
these critical aspects, we decided to perform a series of
experiments to identify possible sources of circulating
miRNA variability and analyze their impact on miR-Test
performance (Fig. 3A). For each experimental condition,
we measured the levels of circulating miRNAs by the
miR-Test (13-miRNA and 6-HK models).

We initially focused on the nutritional status of in-
dividuals at phlebotomy. Blood samples were collected at
fasting and 1, 2, or 3 h after food intake. The amount of
miRNAs varied substantially in serum from fasting (0 h)
and nonfasting individuals, and this variation clearly in-
fluenced the miR-Test results (Fig. 3, B and C). In par-
ticular, the risk score decreased immediately after food
consumption, with a minimal recovery in the observa-
tional time window (Fig. 3B). Thus, we established that
blood collection should occur under strictly controlled
dietary conditions (i.e., fasting).

We also assessed whether differences in sample
handling might affect miRNA detection. We used dif-
ferent aliquots of blood samples from healthy individ-
uals to prepare sera, varying the clotting time (1, 3, or
6 h) and storage conditions [4 °C or �80 °C]. Clot-
ting time only slightly affected miRNA levels, which,
consequently, translated into minimal changes in the
miR-Test risk score that were within the normal range
of test variability, at least for samples clotted for up to
3 h (Fig. 3, D and E). Conversely, storage conditions
greatly affected miRNA levels and miR-Test risk score
(Fig. 3, D–F). Almost all tested miRNAs decreased in
quantity after storage at 4 °C compared with serum
samples that were immediately frozen and stored at
�80 °C (Fig. 3D). On the basis of these results, we

defined a routine protocol with a fixed clotting time (3
h) and immediate storage at �80 °C.

Next, we evaluated whether low-level hemolysis,
which could occur during serum collection, affects the
performance of the miR-Test. Low-level hemolysis
causes an increase of some miRNA species, such as
miR-16 and miR-451, which are present at high levels in
RBCs (11, 17, 18 ). We generated a hemolytic curve (8
points, Fig. 4A) by serially diluting erythrocyte lysate in
nonhemolyzed serum of a healthy individual. With this
series of samples, we evaluated the level of hemolysis di-
rectly by spectrophotometry (Fig. 4, B and C). We used a
lipemia-independent measurement of hemolysis, the he-
molysis index (16 ), as a reference to compare against
other methods based either on the absorption spec-
trum of oxyhemoglobin (A 414 nm) or the clinical
measurement of free hemoglobin (in milligrams per
deciliter) by a laboratory analyzer (Abbott c8000, Ab-
bott Diagnostics). All methods produced comparable
and highly correlated results (R2 � 0.99) (Fig. 4B). In
the absence of data normalization, we observed a gen-
eral increase in serum miRNA concentrations, propor-
tional to the hemolytic levels (Fig. 4C), in line with
other recent reports (17 ). The expression of half of the
6 HK also significantly correlated with the percentage
of hemolysis (miR-15b, -19a, and -19b), whereas oth-
ers (e.g., miR-146a) were not influenced (Fig. 4, C and
D; online Supplemental Table 2). Nevertheless, we
did not observe a proportional increase or decrease of
the risk score of these samples with increasing hemo-
lysis (Fig. 4E), suggesting that data normalization by 6
HK compensates for variations due to hemolysis.
Hence, we concluded that the performance of the
miR-Test is not affected by low-level hemolysis.

Notwithstanding the above result, we decided to in-
troduce in the routine protocol 2 QC steps to monitor
low-level hemolysis. The first is based on measurement of
the hemolysis index by spectrophotometry on freshly
prepared samples, with samples flagged as hemolytic
when values are �0.2 (�5% of hemolysis). The second
step, miRNA hemosensor, is based on the mean Cq ratio
between HK miRNAs whose levels depend on hemolysis
(miR-19a, -19b, and -15b) and a circulating HK-
miRNA unaffected by hemolysis (miR-146a) (11, 17 ).
The miRNA hemosensor highly correlates with hemoly-
sis (Pearson r � 0.91) (Fig. 4F) and can be used to stratify
samples even from retrospective cohorts, when sera have
already been processed and the measurement of absor-
bance is not possible.

TOWARD CLINICAL APPLICATION: EVALUATION OF TEST

RELIABILITY IN A LARGE CONSECUTIVE COHORT

Translation into clinical application of signatures on the
basis of circulating miRNAs requires extensive validation
in independent and large cohorts of patients. Aware of
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this issue, we performed a large-scale validation study of
miR-Test in a cohort of high-risk individuals (�1000
samples) enrolled in the COSMOS lung cancer screening
trial, whose results have been published separately (14 ).

We took advantage of this large-scale study to analyze the
effects of technical and nontechnical variables on the
quantification of circulating miRNAs and to monitor
the QC measurements introduced.

Fig. 3. Effects of preanalytical factors on circulating miRNA levels and the miR-Test risk score.
(A), Summary of the preanalytical factors considered as a potential source of variability for the quantification of circulating miRNAs. For each condition,
a test was performed to evaluate the impact on miRNA levels (+++, great; +, mild) and the effect on the miR-Test risk score. Also shown are the
optimizations and QC steps included in SOPs (see online Supplemental File, SOPs) for blood sampling and circulating miRNA profiling. (B), Differ-
ences in circulating miRNA expression in 4 healthy individuals upon collection of blood under different dietary conditions: fasting or 1, 2, or 3 hours
after food intake. Rows represent log2 ratios (−ddCq) of expression of each miRNA in each individual (red, increased expression; green, decreased
expression). – ddCq data were normalized for the spiked-in control and centered on miRNA expression at fasting. (C), Fluctuations of the miR-Test risk
scores in different samples from each individual taken under different dietary conditions. The 2 dashed lines highlight boundaries of technical
variability of the miR-Test score (within 2�, as in Fig. 2I). (D), Apparent differences in circulating miRNA expression in healthy individuals due to
different sample preparation conditions; i.e., clotting time (1, 3, and 6 h) and storage conditions (samples snap-frozen in dry ice and stored at −80 °C
or 4 °C overnight before the analysis). Data were normalized as in B and centered on the miRNA expression levels at 1-h clotting. (E and F), Fluctuations
of the miR-Test risk score within each individual due to different clotting times (E) or storage conditions (F).

Standardized Quantification of Serum miRNAs
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To keep track of the analytical variables (RNA ex-
traction plus RT-qPCR), we exploited a negative control
(cel-miR-39) that always displayed levels below the de-
tection limit (“no amp” or Cq �30; 971/972, 99.87%)
and 2 synthetic spiked-in miRNAs (hsa-miR-34a and
ath-miR-159) used to monitor RNA extraction (Fig. 5).

In a few cases (17/972, 1.75%), the spike-in miRNAs
displayed very different results (�Cq �3). In those cases,
the spike-in with the higher Cq value was not concordant
with the mean of the endogenous reference (6 HK), sug-
gesting not that the higher Cq values were reflecting low
extraction efficiency but that a technical problem was

Fig. 4. Effects of hemolysis on circulating miRNAs and the miR-Test risk score.
(A), Picture of samples used for the analyses related to hemolysis. Values below indicate the percentage of erythrocyte lysate that was added
to a nonhemolyzed serum sample (0% hemolysis) from a healthy individual to generate the 8-point curve. (B), Hemolysis in samples described
in A was measured directly with different spectrophotometric methods [hemo index, A 414 nm, and hemoglobin (Hb) in milligrams per
deciliter; see Methods for details), which were compared by bivariate analysis. Coefficients of determination (R2) are shown. (C), Differences in
miR-Test miRNA (13 miRNA and 6 HK) quantities in serum samples with different percentage hemolysis as described in A. Rows represent log2

ratios (−ddCq) of quantities of miRNAs in each sample relative to the 0% hemolysis sample used as a reference (red, increased expression;
green, decreased expression). (D), Correlation between miRNA expression levels (shown in C) and percentage hemolysis shown by bivariate
analysis. Four miRNAs are reported: miR-146a, with no correlation, and miR-19a, miR-19b, and miR-15b, showing high correlation. Coeffi-
cients of determination (R2) are also reported. (E), miR-Test risk scores of the samples described in A. Gray dashed lines mark boundaries for
technical variability of miR-Test score. (F), Correlation between the miRNA hemo sensor (mean of the ratios between miR-146a Cq value vs
miR-19a/miR-19b/miR-15b Cq values) and percentage of hemolysis for samples described in A shown by bivariate analysis. Coefficient of
determination (R2) is reported.
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likely (i.e., imprecision in pipetting or degradation) (Fig.
6A). Overall, the endogenous reference was less variable
than the spiked-in miRNAs, with a mean centered on
21.79 Cq and SD of 0.78 Cq, much lower than that of
the 2 spike-in miRNAs (1.33 and 0.89), supporting our
previous conclusion on normalization (Fig. 2).

We also introduced control samples, which were ob-
tained by mixing different amounts of synthetic versions
of the 13 miR-Test miRNAs to produce positive and
negative scores in the miR-Test (Fig. 5). These controls
were processed together with clinical samples to monitor
possible systematic biases in each batch (1 batch � 46
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Measurement of circulating miRNAs and controls over a large cohort of individuals from the COSMOS study (n = 972) (14 ). Shown are the raw
Cq values of the negative control (cel-miR-39; neg. ctrl), 2 spiked-in miRNAs (hsa-miR-34a and ath-miR-159a), the mean of the endogenous
reference (6 HK), and the mean of the 13 diagnostic miRNAs. The miR-Test risk scores of the control samples (ctrls: negative and positive
samples, blue and red dots) and the clinical samples (samples) are also shown. The blue area marks samples that gave a negative result in the
miR-Test. The measurement of hemolysis by spectrophotometry (hemo index) is shown on the far right. The light pink area marks samples with
a hemo index >0.2.
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samples plus 2 controls). The control samples always fell
in the expected range of risk (22/22, 100%) and main-
tained a similar gap between replicates (Fig. 5). When we
stratified miRNA expression (mean of 13 miRNAs) ac-
cording to the extraction run, we noticed a change in the
extraction efficiency between the first run of the day and
the other rounds (second, third, and fourth) (Fig. 6B),
suggesting a systematic bias affecting miRNA recovery.
Nonetheless, 6-HK normalization by and large compen-
sated for this effect (ratio 13/HK) (Fig. 6B). We hypoth-
esized that the variable efficiency in RNA isolation might

be caused by different working temperatures during the
extraction, which has no temperature control. Indeed, we
observed a shift in the temperature (from 22 °C to 26 °C)
and humidity (from 60% to 50%) inside the instrument
in 4 consecutive rounds of extraction from different ali-
quots of the same serum pool (Fig. 6C), which correlated
with a decrease in miRNA recovery (Fig. 6D). As this bias
equally affects diagnostic (13 miRNA) and endogenous
reference (6 HK) miRNAs, normalization compensates
for such an effect and, hence, the risk score of the miR-
Test was not affected.
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Fig. 6. Analysis of circulating miRNAs in a clinical set (COSMOS cohort).
(A), Expression levels (Cq) of the 2 spiked-in synthetic miRNAs (hsa-miR-34a and ath-miR-159a) and the mean of the endogenous reference (6
HK) in the 972 samples of the COSMOS study were compared by bivariate analysis. Samples that displayed very different levels of spike-in
miRNAs are highlighted and boxed. Pearson correlation (r) is shown. (B), Left, distribution of the mean of the 13-miRNAs in the COSMOS
cohort, grouping samples according to the round of extraction per day. Right, the 13 miRNAs normalized to the 6 HK. P values were calculated
by nonparametric Wilcoxon test. (C and D), Temperature (red line) and humidity (green line) in the QIAcube workstation measured during 4
consecutive rounds of RNA extraction from 8 aliquots of the same sample (2 samples per run). (D), Expression of 13 miRNAs (red) or 6 HK (blue)
in these samples was correlated with the temperature measured during the rounds of extraction. (E), Left, clinical samples from the COSMOS
cohort were divided into quartiles on the basis of the hemolysis score (hemo index from I to IV). The plot shows the mean risk score measured
by the miR-Test for each group of samples. The samples with hemolysis (hemolytic index >0.2) are marked in red. Right, values of the miRNA
hemolytic sensor in clinical samples.
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Finally, we monitored low-level hemolysis and the
possible related biases introduced in the miR-Test. Al-
most all samples (969/972, 99.7%) had a hemo index
below the threshold (�0.2) (Fig. 5). Three samples were
flagged as hemolytic but had Cq values and risk scores in
the same range as the other samples (see online Supple-
mental Table 3). To assess the impact (if any) of low-level
hemolysis in the entire cohort, we subdivided all samples
into quartiles according to the hemo index and correlated
these groups with miR-Test scores. In line with results
described above (Fig. 3), we did not observe significant
differences between groups, confirming that the miR-
Test is not affected by low-level hemolysis (Fig. 6E).

Discussion

Here we describe the results of an extensive analysis per-
formed on a circulating miRNA signature (13, 14 ), with
the aim of optimizing the performance and reproducibil-
ity of miRNA detection from serum samples toward clin-
ical application. This study has led to the development of
a pipeline for processing of clinical serum samples that
minimizes nonspecific fluctuations at analytical and pre-
analytical levels.

At the analytical level, the major source of impreci-
sion came from the RNA extraction rather than RT-
qPCR, in agreement with previous reports (11 ). To limit
analytical imprecision, we developed a tailored protocol
that combines liquid–liquid extraction with column-
based purification. This protocol yielded results with a
very high level of reproducibility because of a decrease in
manual operations and optimization of volumes used
during RNA extraction. Overall, variability in miRNA
levels was low (�0.2 Cq), in particular compared with
the variability observed with other protocols (11 ), al-
though a direct comparison was possible for only a few
miRNAs (miR-24, variance 0.06 vs 0.131; miR-15b,
variance 0.09 vs 0.224). Furthermore, the variability in-
troduced in the RNA extraction step could be corrected
by normalizing the amount of input RNA used in the
quantification. In the absence of any reliable methodol-
ogy for quantification of RNA isolated from serum (19 ),
we preferred to use fixed volumes of input RNA and
exogenous (such as synthetic spiked-in miRNAs) or en-
dogenous (6 HK miRNAs) references for data normal-
ization. Although both strategies were effective, we con-
sistently achieved better results by use of a combination
of 6 endogenous miRNAs (6 HK, described in Bianchi et
al. (13 )).

When the impact of preanalytical variables was sys-
tematically analyzed, we found that the levels of circulat-
ing miRNAs were often heavily influenced. One major
confounding variable was the nutritional status of indi-
viduals at phlebotomy. Similarly, serum contamination
by hemolysis caused a marked variability in miRNA lev-

els, as previously reported (11, 17, 18 ). We evaluated
these effects specifically on the miR-Test by comparing
the intrinsic variability of the test due to technical impre-
cision (within 5.5 points) with the variability introduced
by preanalytical variables. Although the fluctuations in-
troduced by food intake strongly altered the risk score,
the effects of low-level hemolysis could be mostly com-
pensated for by sample normalization. On the basis of
these findings, we recommend as general rule to use
strictly controlled procedures in the way samples are col-
lected and prepared. Consequently, we developed SOPs
for sampling (blood withdrawal and serum preparation)
and processing (RNA extraction and analysis) to limit
and keep track of possible sources of unspecific fluctua-
tions (see online Supplemental File).

In view of the clinical application of the miR-Test,
we decided to introduce QC steps to monitor the perfor-
mance of the signature and ensure the reliability of the
test. These steps included measurement of hemolysis,
multiple spike-in miRNAs to monitor RNA extraction
from serum, and internal controls (positive and negative)
for assessing miR-Test performance in each batch of anal-
ysis. In a large clinical cohort (approximately 1000 sam-
ples), we evaluated how each of these controls behaved
and checked for unexpected technical/biological issues.
For instance, we observed a bias in the yields of ex-
tracted miRNA between different runs performed on
the same day. This systematic bias was effectively cor-
rected by normalization and did not alter miR-Test
performance. Nevertheless, it highlights the impor-
tance of standardizing every aspect of circulating
miRNA analysis to avoid unspecific variations that
could hamper the clinical application of even the most
promising miRNA biomarkers.

In conclusion, we have described the optimization
and standardization of the detection of circulating
miRNAs with a view toward clinical application. Al-
though we focused on a specific set of miRNAs, our results
highlight general rules and implementations that need to be
taken into account when considering the transfer of tests on
the basis of circulating miRNA biomarkers from the wet
laboratory to the diagnostic/clinical setting.
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