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MicroRNAs are important negative regulators of protein-coding gene
expression and have been studied intensively over the past years.
Several measurement platforms have been developed to determine
relative miRNA abundance in biological samples using different
technologies such as small RNA sequencing, reverse transcription—
quantitative PCR (RT-gPCR) and (microarray) hybridization. In this
study, we systematically compared 12 commercially available
platforms for analysis of microRNA expression. We measured an
identical set of 20 standardized positive and negative control
samples, including human universal reference RNA, human brain
RNA and titrations thereof, human serum samples and synthetic
spikes from microRNA family members with varying homology.

We developed robust quality metrics to objectively assess platform
performance in terms of reproducibility, sensitivity, accuracy,
specificity and concordance of differential expression. The results
indicate that each method has its strengths and weaknesses, which
help to guide informed selection of a quantitative microRNA gene
expression platform for particular study goals.

Intensive study in different research domains has demonstrated
a prominent role for microRNAs (miRNAs) in virtually every
aspect of cell biology. At the basis of these discoveries are altera-
tions in the miRNA expression profile. More recently, miRNAs
also have been detected in various body fluids!. Expression
profiles of such miRNAs are currently being established to identify
noninvasive biomarkers for human disease. Because of the small
size of mature miRNAs, the high degree of homology between
miRNA family members, and the low abundance of miRNAs
in body fluids, miRNA expression profiling is technically chal-
lenging. Several platforms have been developed and successfully
applied for quantification of miRNA expression. Unfortunately,

quantifiable performance metrics for these platforms are often
ill-defined or simply non-existing, which hampers informed
selection of the most appropriate method, considering the par-
ticular study objectives. Published platform comparisons evaluate
performance?-¢ or concordance in differential miRNA expression’~?
but address only a limited number of platforms, RNA samples and
performance parameters (Supplementary Fig. 1). Here we aimed
to comprehensively assess quantitative miRNA gene expression
platforms. We therefore initiated the microRNA quality control
(miRQC) study, involving all major vendors of miRNA profiling
technologies on the basis of hybridization, sequencing and
RT-qPCR. All vendors agreed with the miRQC study design, sample
selection and data-analysis methods. Ultimately, we included
12 platforms from 9 different vendors in the study, each platform
profiling 16 (mandatory) and 4 (optional) standardized posi-
tive and negative control samples (Fig. 1). To enable robust and
objective cross-platform comparisons irrespective of underlying
technological differences, we developed performance metrics.

RESULTS

miRQC study design

We defined the samples (16 mandatory and 4 optional samples) in
such a way that seven different aspects of platform performance
could be evaluated, each by means of one or multiple perform-
ance metrics. Optional samples comprised RNA derived from
human serum and were profiled on 9 of the 12 platforms. The
miRQC study results are based on expression level information
for 196 miRNAs measured by all 12 platforms (Supplementary
Table 1). Results taking into account all miRNAs detected
using an individual platform are available in platform-specific
reports (Supplementary Notes 1-12). Each vendor also had the
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in the original MAQC study. These sam- sensitivity

ples (termed miRQC A-D) consist of

100% Universal Human miRNA Reference RNA (UHmiRR; A),
100% human brain RNA (HBR; B) and two titrations thereof
(C =0.75A + 0.25B and D = 0.25A + 0.75B). This titration
implies that, if for gene i, A; > B; (expression of i is higher in A
than in B), then A; > C; > D; > B; and conversely if B; > A;, then
B;>D;> C;> A;. The ability to detect the correct sample order
is defined as the titration response. Titration response for any
given miRNA will strongly depend on the expression differ-
ence between sample A and B; a twofold higher expression in A
versus B results in a difference of only 14% between samples A
and C. We determined the titration response for each of the 196
commonly measured miRNAs for all platforms using only one
replicate for each miRQC sample (Fig. 1). We binned miRNAs
according to expression difference in miRQC A and B (A - B)
and plotted the percentage of ‘titrating miRNAs’ (miRNAs
for which the correct sample order is detected in the titration
experiment) per bin (Fig. 2a). The titration response generally
increased with increasing expression difference between A and B,
with clear differences between platforms. To quantify these
platform differences, we rescaled titration response curves, as
the actual miRNA expression difference between A and B may
be measured differently by the various platforms. To exclude
that bias, we ranked all miRNAs based on their absolute expres-
sion difference in miRQC A and B and calculated the percent-
age of titrating miRNAs for increasing bin sizes, starting with
a bin containing only the most differentially expressed miRNA,
then added lower ranked miRNAs, until the final bin contained
all miRNAs. Then we plotted the titration response as a func-
tion of the cumulative bin size with the area under the curve
(AUC) as a single scale-invariant measure of platform titration
response (Fig. 2b,c). If all miRNAs are titrating, AUC = 1. The
AUC value clearly demonstrates differences among platforms
(Fig. 2d). Although sequencing and hybridization technologies
consistently showed high overall titration response (AUC > 0.8),
results for RT-qPCR platforms were somewhat variable
with TagMan Card preamp (TMp), TagMan Card (TM) and
OpenArray (OA) showing poorest titration response (all
from Life Technologies). High titration response reflects the
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platform’s capacity to detect small expression changes, which
in turn requires high reproducibility.

Reproducibility

We evaluated platform reproducibility by means of all duplicated
miRQC samples (samples A-D) (Fig. 2e). Expression correlation
plots comparing miRQC A-D to miRQC A-D replicates revealed
two populations of miRNAs: those detected in both replicates
(double positives) and those detected in only one replicate (single
positives, visualized by imputing missing values). Single posi-
tives were associated with low-abundance miRNA expression and
differed in frequency among platforms (Fig. 2f). We observed
no association between the percentage of single positives and
the range of measured miRNA expression values. To quantify
the reproducibility of double positives, we plotted the cumu-
lative distribution of absolute replicate expression differences
(Fig. 2g,h). We quantified reproducibility in a single measure by
calculating the area between the theoretical cumulative distri-
bution representing perfect reproducibility (optimal curve) and
the cumulative distribution of the platform. This area left of the
cumulative distribution curve (ALC) decreases with increasing
reproducibility and is approximated by the mean absolute rep-
licate expression difference. Other reproducibility measures are
shown in Supplementary Figure 2. Although there are clear dif-
ferences in ALC values among platforms, the highest ALC value
(lowest reproducibility) was 0.376 (TM), which corresponded to
a mean replicate expression difference of only 1.3-fold. For this
platform, 6.6% of all measurements had a replicate expression
difference greater than twofold compared to 0% for the most
reproducible platforms (Agilent microarray (AG) and WaferGen
SmartChip (WA)) (Supplementary Fig. 2). The single posi-
tives and ALC values derive from the common set of miRNAs
measured by all platforms. As this set is biased toward highly
expressed miRNAs (Supplementary Fig. 3), the percentage of
single positives and the reproducibility increase and decrease,
respectively, when considering all measured miRNAs on a given
platform (Supplementary Notes 1-12). As expected, high repro-
ducibility significantly correlated with a better titration response
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To assess the accuracy of the expression
differences, we examined those miRNAs in the miRQC samples
that are exclusively expressed in either A or B. Expression of such
miRNAs should be exactly threefold higher or lower, respectively,
in Cversus D. This threefold expression difference was underesti-
mated by almost all platforms (Fig. 3a). We observed this under-
estimation mainly for those miRNAs that were of low abundance
in A or B. This suggests that these miRNAs may not be exclusive
to either A or B, but are expressed in both, albeit below the detec-
tion level in one of these samples. As expected, excluding the least
abundant miRNAs (first quartile) increased the median fold dif-
ference (Supplementary Fig. 5). Although the median fold differ-
ence was close to that expected (threefold) for several platforms,
the variation can differ (Fig. 3a). To quantify this, we calculated
the median deviation from the expected ratio for each platform
(Fig. 3b and Supplementary Fig. 5). This revealed substantial
differences between platforms with deviations ranging from as
low as 17% up to 42%.

To assess accurate quantification of low-abundance miRNAs,
we spiked in four synthetic miRNAs at low but variable copy
number in human serum RNA (Fig. 1). We evaluated accuracy by

comparing observed (A,) and expected expression difference (A.)
between both serum samples for each of the four miRNAs
(Fig. 3¢c). With a mean 1.36-fold difference between observed and
expected expression difference (2(A° ~4¢)), qPCR platforms gener-
ally accurately quantified low-copy miRNAs. One qPCR platform
(WA) performed substantially worse, displaying a mean 2.48-fold
difference between observed and expected expression difference.
Sequencing platforms were less accurate with a mean 1.80-fold
difference, whereas the only hybridization platform to measure
the serum samples accurately quantified one miRNA but failed to
detect the others. Of note, certain inhibitors in serum might still be
present in the isolated RNA and could have a different impact on
the tested platforms. Overall, these results demonstrate differences
in accuracy, both for high- and low-abundance miRNAs, and also
point at differences in sensitivity between platforms.

Detection rate and sensitivity

To assess the apparent differences between platforms in terms
of miRNA detection sensitivity, we first evaluated the detection
rate in the miRQC samples by counting the number of unique
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Figure 3 | Platform accuracy. (a) Fold change (miRQC C/D or miRQC D/C) for miRQC A or miRQC B specific miRNAs.

The dotted line indicates the expected

threefold expression change. Individual miRNAs are color-coded according to their expression amount. Horizontal black lines indicate median fold
change. Total number of miRNAs per platform is listed below the platform identifiers (defined in Fig. 1). Analyses were performed using one replicate
from each miRQC sample. (b) Median deviation from the expected C/D or D/C ratio for each platform, calculated as (2™edian(llog23 — log2[C/DII) _ 1y  100.
(c) Relative mean miRNA expression values for synthetic miRNAs spiked in serum RNA samples (n = 2 technical replicates). Expression in serum sample
2, which contains varying concentrations of synthetic miRNAs, is shown relative to expression in serum sample 1, which contains fixed concentrations of
synthetic miRNAs. Instances in which miRNA expression was only detected in serum sample 2 were set arbitrarily at 0.

miRNAs reproducibly detected (double positives) in the miRQC
replicates (Fig. 4a). We observed lower detection rates for hybrid-
ization platforms as compared to most of the qPCR and sequenc-
ing platforms, in line with the results for the low-copy miRNA
spike-in experiments (Fig. 3¢). Then we evaluated rates of miRNA
detection in the serum RNA samples by counting those miRNAs
detected in at least two of four replicates (Fig. 4b). Detection

rates in serum RNA were much more variable between platforms,
with up to a 12-fold difference between the highest and lowest
number of detected miRNAs. In line with the detection rates in
the miRQC samples, qPCR platforms displayed higher sensitivity
when quantifying serum RNA compared to hybridization and
sequencing platforms, with TMp detecting the highest number
of miRNAs in serum.
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Figure 4 | Detection rate, sensitivity and specificity. (a) Number of miRNAs reproducibly detected in any of four miRQC samples for each platform
(abbreviations defined in Fig. 1). (b) Number of miRNAs detected in at least two of four serum RNA samples for each platform. (c) Number of miRNAs
detected in MS2-phage RNA, calculated as the median across all four MS2-phage RNA samples. (d) Mature miRNA sequence of miR-302 and let-7 family
members. Variable nucleotides are indicated in red. The number of nucleotides that differ between each member is indicated in the matrix. (e) Cross-
reactivity between miRNA family members measured for synthetic miRNAs (columns) and corresponding measured miRNA signals for each platform (rows).
Expression values for the perfect match are not indicated in the heatmap. Cross-reactivity was calculated relative to the exact match for each miRNA.
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Figure 5 | Differential miRNA expression. (a) Volcano plot showing —logyq of the rank products percentage of false positives value as a function of the
mean expression difference for miRQC A and C (n = 4) versus miRQC B and D (n = 4) samples. For each platform (abbreviated as in Fig. 1), total number
of differentially expressed miRNAs, is indicated above the plot as an absolute number and as a percentage relative to the total number of miRNAs
included in the analysis, also indicated above the plot. (b) Number of differentially expressed miRNAs identified by at least one or multiple platforms.
(c) Hierarchically clustered heatmap indicating miRNA concordance between all platform combinations. (d) Hierarchically clustered heatmap indicating
miRNA concordance between all platform combinations, taking into account detection rate.

Specificity

We analyzed platform specificity by means of MS2-phage RNA,
which does not contain any miRNAs (Fig. 4c). Opposite to what
we observed for sensitivity, hybridization platforms displayed
higher specificity, as evidenced by the low detection rate of
miRNAs in MS2-phage RNA. In fact, we observed a significant
inverse correlation between background detection rate in MS2-
phage RNA samples and miRNA detection rate in miRQC samples
(Supplementary Fig. 4a, Spearman’s rank P < 0.05, rho = -0.77),
which suggested that increased detection rate might, in part, be
nonspecific. The exceptionally high miRNA detection rate for the
Ion Torrent (IT; Life Technologies) platform might be related to
library contamination and should therefore be interpreted with
caution (Supplementary Fig. 6).

To further evaluate specificity, we spiked in 8 synthetic
miRNAs from two miRNA families into human liver RNA (miR-302)
or MS2-phage RNA (let-7) (Fig. 1). Sequence differences between
the let-7 family members vary from one to four nucleotides while
miR-302 family members have a two or three nucleotide difference
(Fig. 4d). A cross-reactivity heatmap displaying signal intensity
for mismatched miRNA combinations relative to signal intensity
of the perfect match demonstrates major differences between plat-
forms and between both miRNA families (Fig. 4e). One platform

(miRCury (EX); Exiquon) showed absolute specificity for both
miRNA families. Whereas most platforms showed little or
no cross-reactivity between miR-302 family members, cross-
reactivity between let-7 family members was markedly higher and
predominantly occurred between members differing in only one
nucleotide. In some instances, the measured signal for the mismatch
approximated or even surpassed that of the match. For sequencing
platforms, cross-reactivity can be impacted by the number of
allowed mismatches during read mapping. Mapping of TruSeq
(IL; Illumina) reads using 0 instead of 1 mismatch reduced both
the frequency and the level of cross-reactivity between let-7 family
members (Supplementary Fig. 7).

Differential expression

Ultimately, the goal of most miRNA expression profiling studies is
to quantify differences between sample groups. To evaluate the dif-
ferential expression concordance among individual platforms, we
identified differentially expressed miRNAs between two sample
groups, miRQC A and miRQC C (group 1), and miRQC B and
miRQC D (group 2), for each platform (Fig. 5a). We selected a
total of 66 miRNAs, identified as differentially expressed by at
least one platform, and evaluated platform concordance (Fig. 5b).
To our surprise, only two miRNAs (3%) were differentially
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expressed by all platforms; about half of the miRNAs (48%) were
concordant for half of the platforms. We then calculated miRNA
concordance between any two platform combinations. In a first
analysis, a miRNA was scored concordant when both platforms
agreed on the differential expression status. Hierarchical clustering
of the concordance matrix revealed two main clusters, one con-
sisting only of qPCR and sequencing platforms and another con-
taining qPCR and hybridization platforms (Fig. 5¢). Concordance
varied between 80% and 95%, and was higher in the cluster con-
taining the sequencing platforms. In a second analysis, detec-
tion rate was taken into account and miRNAs that were detected
by only one of both platforms were scored as non-concordant.
Hierarchical clustering again revealed two clusters similar in con-
tent as in the first analysis (Fig. 5d). However, concordance was
much lower, down to 70%, especially among the platforms in the
cluster containing only hybridization and qPCR platforms. In a
typical miRNA expression study, results obtained by one platform
are often validated by means of another platform. In this study,
the average concordance between any two platforms was 86.7%
(95% CI, 86.0-87.3%), or 79.2% (95% CI, 77.0-80.4%) when we
took into account the detection rate. However, in most cases,
validation studies only focused on the differentially expressed
miRNAs. For those, the average validation rate between any plat-
form combination was only 54.6% (95% CI, 52.5-56.7%). To evalu-
ate platform recall rates (number of truly differentially expressed
miRNAs retrieved per platform), we defined truly ‘differential’
miRNAs (49 miRNAs) as those called differentially expressed by at
least two different technologies (PCR, hybridization and sequenc-
ing). Recall rates varied from 35% (TM) to 63% (AG and WA) and
were significantly correlated to reproducibility and titration response
(P <0.05, Spearman’s rank test; Supplementary Fig. 8).

DISCUSSION

Our choice of calculating quality met-

number of probes or assays available, which in turn is limited by
the content of miRBase. Nevertheless, content can only be exploited
if sensitivity is high enough, exemplified by the higher overall detec-
tion rates for QPCR versus hybridization platforms. It did not sur-
prise us that detection rates for sequencing platforms increased with
increasing sequencing depth (Supplementary Fig. 9). Assessment
of sensitivity should also take into account the amount of input
RNA required as this varies substantially between platforms and
could be a limiting factor when choosing a platform. The apparent
bias of the common set toward more highly expressed miRNAs
also affects metrics that depend heavily on expression level such
as reproducibility and titration response. Of note, differences in
reproducibility between platforms could also be attributed to the
presence of replicate probes or assays as evidenced by some of the
platforms that incorporate replicate probes or assays (AG and WA)
that show exceptional reproducibility. We only evaluated titration
response using high-RNA-content samples. Therefore, results
might not apply for samples with limited RNA content such as
body fluids.

Our approach to use titration samples to quantify accuracy is
cost-effective as it does not rely on synthetic miRNA pools (often
used to evaluate accuracy) and can be applied for any type of tran-
script, coding or noncoding. Nevertheless, it is limited to those
transcripts that are exclusively expressed in either miRQC A or
miRQC B and detected well above background. Low-abundance
transcripts might lead to underestimation of the true difference
between miRQC C and miRQC D. We frequently observed over-
estimation of this difference for many platforms. This overes-
timation can only be explained by a difference in total miRNA
content between miRQC A and miRQC B. Differences in miRNA
content among different tissue types and different RNA content
between the original MAQC samples have been documented
previously!0-11 (C. Tissot, Analysis of miRNA content in total
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RNA preparations using the Agilent 2100 bioanalyzer; 2008) and
should be examined in more detail to better understand some of
these observations.

Some of the calculated metrics are significantly correlated
(Supplementary Fig. 4a). We expected a number of these cor-
relations (e.g., titration response and reproducibility), but others,
such as the inverse correlation between sensitivity and specificity
(when specificity was evaluated by means of background detec-
tion in MS2) surprised us.

When looking at platform correlation based on all metrics, we
observed no obvious clustering of technologies (Supplementary
Fig. 4b). We also observed substantial interplatform differences
when evaluating differential miRNA expression. As different tech-
nologies are often applied for validation purposes, the choice of
platform could dramatically impact the validation rate. With an
average validation rate for differentially expressed miRNAs of only
54.6% between any two platform combinations, we strongly advise
that screening studies are followed by targeted validation using an
alternative platform or technology. Data from this study could be
applied in future studies to model other factors that might impact
differential expression analysis, such as normalization® and data-
imputation methods. To help guide platform choice, we grouped
platform performance measures into four categories that reflect
different research questions: reproducibility, specificity, sensitiv-
ity and accuracy for experiments with high and low RNA input
amount (Fig. 6). We transformed each metric into a z-score, which
allowed direct platform comparison. This analysis demonstrated
that platforms based on the same technology can have very dif-
ferent performance. This is most obvious for reproducibility and
specificity among qPCR platforms. In contrast, sensitivity is very
much technology-related with qPCR platforms having an overall
better score, especially when it comes down to low input RNA
samples (with the exception of OA and WA). This superior sen-
sitivity is accompanied by high accuracy, which results in reliable
quantitative measurements. Hybridization-based platforms show
lower sensitivity, even when input RNA is not limiting, whereas
sequencing platforms are sensitive when RNA is not limiting but
lose sensitivity for low-input-amount RNA samples. Few platforms
can capture small expression differences (reflected by platform
reproducibility and titration response), with the top three
platforms being AG, WA and IL; this feature appears to be
independent of technology. When working with low-input-amount
RNA samples such as body fluids, these metrics might be secondary
to sensitivity, especially if the goal of the study is detection rather
than accurate quantification of miRNAs.

Although we expected some of these results, unexpected findings
included (i) low specificity for several platforms, (ii) low con-
cordance of differential expression, (iii) poor titration response
and reproducibility for several qPCR platforms, which implied
that these qPCR platforms should not be used to quantify small
changes in expression in small size sample cohorts, (iv) the obser-
vation that some performance parameters are technology-related
(PCR, hybridization or sequencing), whereas others are platform-
related, and (v) the strong and significant inverse correlation
between sensitivity and specificity (e.g., platforms that detect a lot
of miRNAs also detect a lot of signal in the negative control MS2
samples). Each platform has specific strengths and weaknesses,
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which suggests platform should be chosen on the basis of the
experimental setting and the specific research questions.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Gene Expression Omnibus: GSE49453 (Agilent
miRNA expression data), GSE49661 (Affymetrix miRNA expres-
sion data), GSE49600 (NanoString miRNA expression data) and
GSE49816 (Illumina miRNA expression data). ArrayExpress:
E-MTAB-1815 (Ion Torrent miRNA expression data).

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

RNA samples. Universal Human miRNA reference RNA
(Agilent Technologies, #750700), human brain total RNA
(Life Technologies, #AM6050), human liver total RNA (Life
Technologies, #AM7960) and MS2-phage RNA (Roche,
#10165948001) were diluted to a platform-specific concentration.
RNA integrity and purity were evaluated using the Experion
automated gel electrophoresis system (Bio-Rad) and Nanodrop
spectrophotometer. AllRNA samples were of high quality (miRQC A:
RNA quality index (RQI, scale from 0 to 10) = 9.0; miRQC B:
RQI = 8.7; human liver RNA: RQI = 9.2) and high purity (data
not shown). RNA was isolated from serum prepared from three
healthy donors using the miRNeasy mini kit (Qiagen) according
to the manufacturer’s instructions, and RNA samples were pooled.
Informed consent was obtained from all donors (Ghent University
Ethical Committee). Different Kits for isolation of serum RNA are
available; addressing their impact was outside the scope of this
work. Synthetic miRNA templates for let-7a-5p, let-7b-5p, let-7c,
let-7d-5p, miR-302a-3p, miR-302b-3p, miR-302¢-3p, miR-302d-3p,
miR-133a and miR-10a-5p were synthesized by Integrated
DNA Technologies and 5 phosphorylated. Synthetic let-7 and
miR-302 miRNAs were spiked into MS2-phage RNA and total
human liver RNA, respectively, at 5 x 10° copies/|lg RNA. These
samples do not contain endogenous miR-302 or let-7 miRNAs,
which allowed unbiased analysis of cross-reactivity between the
individual miR-302 and let-7 miRNAs measured by the platform
and the different miR-302 and let-7 synthetic templates in a com-
plex RNA background. Synthetic miRNA templates for miR-10a-5p,
let-7a-5p, miR-302a-3p and miR-133a were spiked in human
serum RNA at 6 x 103 copies per microliter of serum RNA or at
5-times higher, 2-times higher, 2-times lower and 5-times lower
concentrations, respectively. All vendors received 10 pul of each
serum RNA sample.

miRNA expression profiling. Ten vendors of miRNA expres-
sion profiling platforms accepted the invitation to participate in
the miRQC study (Affymetrix, Agilent, Exiqon, Illumina, Life
Technologies, Nanostring, Qiagen, Quanta Biosciences, Toray and
WaferGen). Each received 20 anonymized RNA samples and was
asked to profile at least 384 miRNAs according to their standard
procedures. RNA concentration was adjusted according to the
standard specifications for each platform. One vendor withdrew
its data (Toray), and this data set was excluded from the study.

Agilent microarray (AG). The sample labeling and hybridiza-
tion was performed according to the Agilent miRNA microarray
system with miRNA complete labeling and hyb kit protocol v.2.4
(Agilent publication G4170-90011). The assay was performed
with the use of the microRNA spike-ins as described in the
miRNA complete labeling and hyb kit protocol v.2.4 using the
Agilent microRNA spike-in kit (PN 5190-1934). This protocol
required the use of 100 ng of total RNA not derived from body
fluids. Each 100-ng (2 pl, 50 ng/ul) sample was labeled using com-
ponents from the Agilent miRNA complete labeling and hyb kit
(PN 5190-0456). For the serum samples, 10 pl of RNA was dried
and resuspended in 2 ul of nuclease-free water. Once resuspended,
the serum samples were labeled in accordance to the protocol just
as the 100-ng total RNA samples. A hybridization solution for
each of the labeled samples was prepared using the components
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of the gene expression hybridization kit (PN5188-5242), and
samples were hybridized to Agilent human microRNA microarrays
on the basis of the miRBase v 16.0 release (microarray design ID
031181; PN G4870A). The microarrays were hybridized rotating
in a 55 °C oven for 20 h. After hybridization, the microarrays
were disassembled and washed in the Agilent gene expression
wash buffer 1 at room temperature for 5 min and then washed in
preheated Agilent gene expression wash buffer 2 (Agilent gene
expression wash buffer kit; PN 5188-5327) at 37 °C for another
5 min. The dried microarray slides were scanned using the Agilent
microarray scanner system. The data captured on the scanned
images were extracted using the Agilent feature extraction soft-
ware. The Feature Extraction files were loaded into GeneSpring
GX software where the data were log, transformed.

Affymetrix custom microarray (AF). An amount of 400 ng RNA
per sample was labeled without amplification using the Affymetrix
FlashTag Biotin HSR kit (PN 901911). The hybridization cocktails
were prepared using the Affymetrix hybridization, wash and stain
kit (PN 900720). The entire labeled sample was then hybridized
on an Affymetrix custom HsMir-v1s520779F microarray (HsMiR-
v1s520779F_rev1 Part No. 520779 Rev 1. Affymetrix Inc. and Chip
Library File (1LQ) Chip Library File Format Specification 3.0)
for 42 h at 45 °C in a rotating oven. The HsMir-v1s520779F
custom array is primarily based on the commercially avail-
able Affymetrix microRNA microarray version 2.0 (Affymetrix
GeneChip miRNA 2.0 Array datasheet P/N EXP00180 Rev 1) with
(i) microRNA probe sequences updated using miRBase version 17,
(ii) all human pre-microRNAs removed, (iii) all non-human
sequences removed and (iv) all viral target sequences removed.
In summary, the array contains 1,738 mature microRNAs and
2,333 other small RNAs (such as small nucleolar RNAs or small
cajal body-specific RNAs), probe sequences plus the Affymetrix
hybridization and normalization control probe sets. The micro-
arrays were washed and stained, respectively, on the Affymetrix
fluidics station 450 and scanned in a 3000 7G scanner. The
scanned image’s features were converted into numerical values
of the probe intensity (signal) and stored as a ‘CEL-file’ data using
the Affymetrix GeneChip Command Console software version
3.0.1. The array.CEL files ran through the Affymetrix Power Tools
(APT) version 1.14.3 “probeset-summarize” function. APT is a set
of command line programs that applies standard algorithms used
to analyze Affymetrix microarrays. The microarray data are pre-
pared for further analysis using the APT “rma-bg” function that
performs an RMA style background adjustment as described!>13.
The perfect match option (perfect match only, Pm-only) then uses
the unmodified Pm intensity values of the probes and calculates
the median value. As a consequence, the median values of each
of the probesets represent the summarized expression values of
the transcripts for a particular chip.

Nanostring nCounter (NS). 2 pl (100 ng) of each sample was
prepared according to the manufacturer’s instructions. Mature
miRNAs were ligated to a species-specific tag sequence (miRtag)
via a thermally controlled splinted ligation. After enzymatic puri-
fication of unligated miRtags, prepared samples were hybridized
with an nCounter Human (V2) miRNA Expression Assay CodeSet
overnight at 65 °C. Unhybridized CodeSet was removed via an
automated purification performed on an nCoutner Prep Station,

doi:10.1038/nmeth.3014



@4 © 2014 Nature America, Inc. All rights reserved.

and resulting target:probe complexes were deposited and bound
to a imaging surface as previously described!*. Reporter counts
were tabulated for each sample by the nCounter Digital Analyzer
and output as raw data in .csv format. Raw data was imported into
nSolver (http://www.nanostring.com/products/nSolver).

Internal negative control probes included in each assay were
used to determine a background threshold (3 s.d. above the mean
negative control probe count value) for each sample. Background
was subtracted from raw count values for each probe and set to 1
for all probes at or below the background threshold. Positive con-
trol count values were then used to normalize samples for any
differences in sample preparation, hybridization and Prep Station
processing efficiency.

Exiqon miRCury (EX). For samples 1-16, 2 il RNA of 20 ng/ul
was reverse-transcribed in 40-ul reactions. For samples 17-20
(serum) 10 pl RNA was reverse-transcribed in 75-l reactions.
Reverse transcription (RT) was performed using the miRCURY
LNA Universal RT microRNA PCR, Polyadenylation and cDNA
synthesis kit (Exiqon). cDNA was diluted 100x (samples 1-16) or
50x (samples 17-20) and assayed in 10 pl PCR reactions according
to the protocol for miRCURY LNA Universal RT microRNA PCR;
each microRNA was assayed once by qPCR on the microRNA
Ready-to-Use PCR, human panel I and panel II. The amplifica-
tion was performed in a LightCycler 480 Real-Time PCR System
(Roche) in 384-well plates. The amplification curves were ana-
lyzed using the Roche LC software, both for determination of the
quantification cycle (Cq; by the second derivative method) and
for melting-curve analysis. The amplification efficiency was cal-
culated using algorithms similar to the LinRegPCR software. All
assays were inspected for distinct melting curves, and the melting
temperature was checked to be within known specifications for
the assay. Furthermore, assays must be detected with Cq < 37 to be
included in the data analysis. Data that did not pass these criteria
were omitted from any further analysis. MiRNA expression data
are available in rdml format!> (Supplementary Data 1).

Life Technologies TagMan Array Human MicroRNA cards (TM
and TMp). Megaplex Primer Pools A and B v3.0 (PN 4444750)
were used in conjunction with the matching TagMan MicroRNA
Array Cards (PN 4444913) to analyze the samples. Each sample
was run separately with pool A and B according to the recom-
mended protocol (Life Technologies Application Note: “Optimized
blood plasma protocol for profiling human miRNAs using the
OpenArray Real-Time PCR System,” 2011, PN 4399721 rev C).
The cDNA for MAQC samples A, B, C and D was prepared using
350 ng total RNA per Megaplex pool. For samples that included
the preamplification step, only 50 ng total RNA was used. The
reverse transcriptase (RT) reaction was performed using TagMan
microRNA Reverse Transcription Kit (PN 4366596) and Megaplex
RT primer pools A or B in 7.5 pl final volume. The RT reaction
was thermal cycled (2 min at 16 °C, 1 min at 42 °C, 1 s at 50 °C,
for 40 cycles) and the enzyme inactivated at 85 °C for 5 min. 6 pl
of RT product was diluted 1:150 in 1x TagMan Universal Master
Mix IT (PN 4324018) and loaded onto a TagMan miRNA Array
Card (A or B). For samples that included the preamplification
step, 2.5 pl of the RT reaction was combined with the matching
Megaplex PreAmp Primer Pool and TagMan PreAmp Master Mix
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(PN 4391128) in a final volume of 25 ul. Preamplification was run
using the following cycling conditions: 10 min at 95 °C; 2 min at
55 °C; 2 min at 72 °C; 15 s at 95 °C, 4 min at 60 °C for 12 cycles;
99 °C for 10 min. The preamplification product was diluted 1:4
in TE then diluted 1:100 in 1x TagMan Universal Master Mix II
before loading on the matching TagMan MicroRNA Array Card.
The TagMan Array Cards were spun, sealed and then run on
a 7900 HT Real Time PCR system with TagMan Array Block
using universal cycling conditions (10 min at 95 °C; 15s at 95 °C,
1 min at 60 °C, 40 cycles). For serum samples, a modified protocol
that included a preamplifcation step was used (LTC Application
Note: “Optimized blood plasma protocol for profiling human
miRNAs using the OpenArray Real-Time PCR System”; 2011).
Briefly, 3 ul of serum total RNA sample was reverse-transcribed
with the Megaplex RT Primer Pool in a 10-pl volume as described
above. The entire RT reaction was used in a 50-pl preamplifica-
tion reaction. The preamplification reaction was run under the
conditions described above except it was cycled for 14 cycles. The
final preamplification product was diluted 1:100 in 1x TagMan
Universal Master Mix II then loaded onto the matching TagMan
MicroRNA Array Card. Raw data files (.sds) were imported and
analyzed in Expression Suite, a software data analysis tool that can
quickly analyze large sets of data files (Life Technologies), using
threshold setting at 0.2 and auto baseline. MiRNA expression data
are available in rdml format (Supplementary Data 1).

Life Technologies TagMan OpenArray Human MicroRNA
panel (OA). Reverse transcription (RT) and preamplification was
performed on all samples using Megaplex Primer Pools A and B
v3.0 (PN 4444750) with the recommended protocol (LTC publica-
tion PN 4461306 Rev. B) for TagMan OpenArray microRNA panel
(PN 4461104). The cDNA was prepared with 100 ng of total RNA
per pool using TagMan MicroRNA Reverse Transcription Kit (PN
4366596) and Megaplex RT Primer Pools in 7.5 ul final volume.
The cycling condition for RT is the same as mentioned above.
Preamplification for all nonserum samples was performed using
2.5 ul of RT product in a final volume of 25 pl and was run under
the same cycling condition as TagMan Array Card. For serum
samples, 3 Ul was used in the reverse transcriptase reaction in a
7.5-pl volume. The entire 7.5 ul of RT product per pool was used
for preamplification in a final volume of 40 pl. 16 cycles of pream-
plification were performed on serum samples compare to 12 cycles
for all other samples. The preamplified product for each pool was
diluted 1:40 in TE and then diluted 1:2 with TagMan OpenArray
Real-Time PCR Master Mix (PN 4462164). 5 ul of the diluted reac-
tion mixture for each samples were aliquoted into each of eight
wells on an OpenArray 384 well sample plate where each well cor-
responds to one subarray on OpenArray Plate. (Refer to the plate
loading section; protocol PN 4461306 Rev. B.) OpenArray Plates
are loaded with the help of automation process AccuFill using
standard AccuFill method (OpenArray AccuFill System User
Guide PN 4456986). A TagMan OpenArray MicroRNA Panel
can accommodate three samples that cover the full microRNA
profile with Megaplex primer pools A and B. Three OpenArray
plates can be run at one time on OpenArray NT cycler using
appropriate .tpf file corresponding to the barcode for each plate.
Raw data files (.cvs) were imported and analyzed in DataAssist
software (Life Technologies). Global mean normalization
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was used to calculate relative fold changes. MiRNA expression
data are available in rdml format (Supplementary Data 1).

Qiagen miScript (QI). cDNA synthesis and real-time PCR were
performed using the miScript PCR system. cDNA was synthesized
from either 450-500 ng of total RNA (for cellular samples) or 5 ul
of RNA eluate (for cell-free or serum samples) using the miScript IT
RT Kit with HiSpec buffer. The reactions were incubated for 60
min at 37 °C followed by a heat-inactivation step for 5 min at 95
°C. Each 20-pul cDNA synthesis was then diluted to a final vol-
ume of 110 pl using RNase-free water, and the diluted cDNA (1 ul
per 4.1 wells) was analyzed using the miScript SYBR Green PCR
Kit, consisting of QuantiTect SYBR Green PCR Master Mix and
miScript Universal Primer, and the content associated with plate
one of the three-plate Human miRNome miScript miRNA PCR
Array (MIHS-3216Z). For the study, the miScript Primer Assay for
hsa-miR-302 was also added to this plate. Real-time PCR was per-
formed on an ABI-7900HT (Life Technologies) using the miScript
cycling program, which consists of an initial hold at 95 °C for 15 min
followed by 40 cycles of 94 °C for 15 5, 55 °C for 30 s and 70 °C for 30 s.
Baseline and threshold were set at 3-15 and 0.2, respectively, and
the Cq values were exported for analysis. MiRNA expression data
are available in rdml format (Supplementary Data 1).

Quanta Biosciences qScript (QU). miRQC RNA samples were
profiled using the qScript microRNA Quantification System
from Quanta Biosciences. A total of 489 PerfeCta microRNA
assay primers and control assays were arrayed into a set of six
96-well plates that were used to prepare eight sets of six 384-well
qPCR plates. Two picomoles of each assay primer were added to
four adjacent (quadrant) wells of each 384-well qPCR plate. The
qPCR assay plates were dried down and stored at room tem-
perature before use. For each nonserum RNA sample, 800 ng of
RNA was used to prepare cDNA using the qScript microRNA
cDNA Synthesis Kit (Quanta PN 95107). After cDNA synthesis,
an equivalent of 1 ng of the original RNA sample was mixed with
Perfecta SYBR Green SuperMix (Quanta PN 95054) and Universal
PCR Primer (Quanta PN 95109) in 10 ul qPCR reactions. For the
serum RNA samples, 10 pl of sample was used to prepare cDNA
as described above and an equivalent of 12.8 nl of the original
sample was added per well in the qPCR plates. Four cDNA sam-
ples were run in adjacent wells of each 384 well qPCR plate. The
qPCR plates were run in a LightCycler 480 instrument (Roche)
using a two-step cycling protocol (95 °C for 2 min followed by
40 cycles of 95 °C for 10 s and 60 °C for 30 s) and concluded
by a melting curve. Raw data from the LightCycler 480 instru-
ment were analyzed using the Fit Points method (LightCycler 480
Software) to calculate the Cq value using a threshold setting of a
user defined multiple of the s.d. of the noise. MiRNA expression
data are available in rdml format (Supplementary Data 1).

WaferGen Smartchip (WA). Steps involved in assessing miRNA
expression on the SmartChip system involve RNA isolation,
attachment of a poly(A) tail to the mature miRNAs and produc-
tion of cDNAs via reverse transcriptase and a proprietary modified
poly(T) primer. Once a cDNA library is made, it is mixed with
a SYBR Green-based master mix and dispensed onto wells
containing specific primer pair for each miRNA. Expression
analysis is done via qPCR and melt-curve analysis.
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Polyadenylation of miRNA and cDNA synthesis. cDNA from the
miRNA samples was prepared using components from the Poly(A)
Polymerase Tailing Kit P/N PAP5104H (Epicentre Biotechnologies)
and the High Capacity cDNA Reverse Transcription Kit with
RNAse Inhibitor P/N 4374966 (Life Technologies).

Polyadenylation. A single polyadenylation reaction was prepared
in a 200 pul PCR grade tube. 2.0 ul of PCR Grade Water P/N
03315932001 or equivalent (Roche Applied Science) was combined
with 1.5 ul of 10x RT Buffer from the High Capacity cDNA Kit,
1.0 ul Epicentre 10 mM ATP, 0.5 ul Epicentre poly(A) polymerase
and 5 ul of miRNA sample (200 ng/ul). The entire solution was mixed
gently and quickly centrifuged. Polyadenylation was performed in a
standard thermal cycler using the following thermal profile: 30 min
at 37 °C, 5 min at 70 °C and 4 °C until the next step.

cDNA synthesis. The following components were mixed in
a sterile 200 ul PCR-grade tube: 5.7 ul of PCR-grade water,
0.5 ul of 10x RT buffer, 0.8 pul 25x ANTP Mix, 1.0 pl of SmartChip
Universal miRNA RT Primer (20x) P/N 430-000087 (WaferGen
Biosystems), 1.0 ul MultiScribe RT and 1.0 ul of RNase inhibi-
tor. The entire solution was mixed gently, quickly centrifuged
and combined with the 10-ul polyadenylation reaction. Reverse
transcription was performed using the following thermal profile:
60 min at 40 °C, 5 min at 85 °C and 4 °C until the next step.

Real-time PCR on the SmartChip Human miRNA panel v3. In a
sterile 1.5-ml tube, the following components were mixed: 424.0 ul
of PCR-grade water, 500.0 ul of 2x LightCycler 480 DNA SYBR
Green I Mix Roche P/N 04707516001, 50.0 pul of glycogen
(20 mg/ml) Roche P/N 10901393001, 4.0 ul of M13mpl8-
ssDNA (250 pg/ml) P/N N4040S (New England BioLabs), 2.0 ul
of WaferGen Yeast Control (50x) P/N 430-000007 and 20 ul
of the cDNA products created in the previous steps. The entire
solution was mixed gently and quickly centrifuged before dispens-
ing onto a SmartChip Human miRNA Panel v3 chip WaferGen
P/N 430-000084 using the SmartChip MultiSample Nanodispenser
(WaferGen Biosystems).

Once a sample was dispensed, the panel containing the sample
was cycled in the SmartChip Cycler using the following thermal
parameters: 6 min at 95 °C, a two-step cycle composed of 1 min at
95°Cand 70 s at 52 °C, and 39 two-step cycles composed of 1 min at
95°Cand 70 s at 60 °C. Immediately after amplification, melt-curve
analysis was performed from 60 °C to 97 °C. MiRNA expression
data are available in rdml format (Supplementary Data 1).

Ilumina TruSeq (IL). The samples were prepared using the
TruSeq Small RNA Prep kit (Illumina) using an input amount
of 1 ug of total RNA. The kit was used as specified by the manu-
facturer without any modifications. All samples were prepared
with a unique index, after which the libraries were mixed and
sequenced across eight lanes of a GAIIx instrument with single-
end 51-bp reads. The total number of reads used for analysis of
each of the 20 experiments, along with the indexes that were used
during library preparation, are given in Supplementary Table 2.
Quality control, alignment and quantification of the data were
performed using the Avadis NGS Software (v 1.4) from Strand
Life Sciences. The Avadis NGS aligner was used to detect and
remove the 3" adaptor sequence after allowing for two mismatches
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in the adaptor sequence. The trimmed reads were aligned against
the hg19 reference sequence allowing for one mismatch. Reads
matching more than ten locations in the genome were discarded.
For all other reads, at most five best matches were used for each
read. miRBase (version 18) annotations were used to assign reads
to miRNA genes. A read was assigned to a miRNA only if the
5" end of the read matched the 5" end of the miRNA.

Life Technologies Ion Torrent (IT). Small RNA libraries were
constructed with Ion Total RNA-Seq Kit v2 following manufac-
turer’s instructions (Life Technologies, PN 4475936). Generally,
1 ug of total RNA (10 pl, 100 ng/ul) was used for small RNA
enrichment, followed by overnight ligation, reverse transcrip-
tion and PCR. For the serum samples, 10 il RNA was dried and
resuspended in 3 ul of nuclease-free water. The samples were then
directly used for ligation without small RNA enrichment. Small
RNA libraries were quantitated using the DNA 1000 assay on the
Agilent 2100 Bioanalyzer.

miRNA libraries were qualified and quantified using High
Sensitivity DNA chips on Bioanalyzer 2100 (Agilent). Templated
spheres were generated using Ion OneTouch 200 Template Kit
v2 DL and enriched with the Ion OneTouch ES following man-
ufacturer’s protocols. Enriched spheres were loaded on an Ion
318 chip (one library per chip) and sequenced with the Ion PGM
200 Sequencing Kit for 200 flows on the Ion Torrent Personal
Genome Machine (PGM) running Torrent Suite Software 3.2.1.
for automated signal analysis, base calling and mapping to human
genome (hg19 build 37.2).

The libraries were sequenced on the Ton PGM System using
3NN chips and analyzed using Partek Flow. Briefly, quality
analysis and trimming were done on all samples using Partek
Flow. Each sample was run on its own chip (total number of
reads per sample are listed in Supplementary Table 3). Quality
analysis identified adaptors, which were trimmed by removing
the first 11 base pairs (bp) from each read. Reads with lengths
less than 16 bp after trimming were discarded. For the spe-
cificity and sensitivity control analysis, reads were aligned to
synthetic miRNAs using Bowtie version 0.12.7 with sensitive
settings (-v 3,—try-hard,-best, -k 1). Reads were aligned to the
miRBase mature miRNAs (version 18) extracted from hg19 using
SHRiMP 2.2.3 with miRNA default options settings (-M) using a
gapped-seed index. Quantification was performed to determine
reads abundance counts for each miRNA using Partek isoform
expression quantification.

Data normalization. All data sets were normalized according
to the manufacturer’s instructions. Agilent microarray data were
normalized using the 90 percentile shift method. Affymetrix
microarray data were normalized using an RMA style background
adjustment as described above. Nanostring nCounter data were
normalized based on positive spike-in controls as detailed above.
[llumina and Ion Torrent small RNA sequencing data were nor-
malized using the total read count per sample and multiplied by
the median total read count across all samples. All RT-qPCR data
sets were normalized using the global mean!®.

Data processing. Unless specified by the manufacturer, a detec-
tion cutoff was calculated for each platform by means of the
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single positives in the replicate miRQC samples. The cutoff was
defined such that it reduces the single positives fraction by at least
95% (Supplementary Fig. 10). This approach was applied for
the Agilent, Affymetrix, Illumina, Ion Torrent, Qiagen, Quanta
Biosciences and WaferGen platform data. Detection cutoff values for
each of these platforms are listed in Supplementary Notes 5-9,
11 and 12. For the remaining platforms, a cutoff was supplied by
the manufacturer (Exiqon, 37 cycles; TagMan Cards, 35 cycles;
TagMan Cards with preamplification, 32 cycles; OpenArray,
25 cycles). The common set of miRNAs was defined by means of
the miRBase v18 MIMAT accession numbers.

Data analysis and statistics. All metrics are calculated using
expression data from multiple miRNAs (miRNAs measured by all
platforms, n = 196) to ensure a robust estimate representative of the
overall platform performance. One sample was excluded from the
analysis (OA miRQC D replicate two corresponding to sample 6;
Supplementary Note 2) because of poor technical data quality.
For reproducibility analysis, all replicate miRQC samples were
included except for the OA platform, where both miRQC D rep-
licates were excluded. For titration response analysis and accuracy
analysis one replicate of each miRQC sample was used: samples
1, 3, 5 and 7 for the OA platform (Supplementary Note 2) and
samples 2, 4, 6 and 8 for the remaining platforms (Supplementary
Notes 1 and 3-12). Only the miRNAs expressed in all four miRQC
samples (on a per-platform basis) were included for titration-
response analysis. The miRQC samples (miRQC A-D) consist of
100% Universal Human miRNA Reference RNA (UHmiRR, A),
100% human brain RNA (HBR, B) and two titrations thereof
(C=%A+ %Band D = Y4A + %B). A titration response implies
that, if for gene i A; > B; (gene i is higher expressed in A versus B),
then A; > C; > D; > B; and conversely if B; > A;, then B; > D; >
C; > A;. The ability to detect the correct sample order for any
given miRNA will strongly depend on the expression difference
between sample A and B. MiRNAs for which the correct sample
order is maintained are called titrating miRNAs.

Absence or presence of miRNA expression is determined on the
basis of the platform-specific detection cutoff. For accuracy analy-
sis, all measured miRNAs per individual platform were considered
as the common set of miRNAs only contained few miRQC A-
specific or miRQC B-specific miRNAs. As a consequence, the
number of data points used for this analysis differs between plat-
forms. For specificity analysis using MS2-phage RNA, quadru-
plicate MS2-phage RNA samples were profiled and the median
number of miRNAs detected was applied as a measure of spe-
cificity (or background detection rate). Differentially expressed
miRNAs between miRQC A + miRQC C and miRQC B + miRQC D
were identified using rank products!” analysis (nonparametric
test with no assumptions on data distribution) with 1,000 per-
mutations. Only miRNAs detected in at least two of eight sam-
ples were included. Missing values were imputed based on the
lowest expression of the respective miRNA minus one log, unit.
‘Significant’ miRNAs were selected based on a percentage-false-
positives value <0.05. Hierarchical clustering was performed using
distance ‘Manhattan’ and clustering method ‘Ward’ Correlations
were calculated using Spearman’s rank. Missing expression values
were imputed by means of the lowest expression for the respec-
tive miRNA minus 1 log, unit. For correlation analysis between
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individual metrics, metrics were transformed (if needed) such that
a higher metric value corresponds to a better performance

M1 = -ALC

M3 = —|(10g2 C/D) - (log, 3)| for miRNAs exclusively expressed
in miRQC A

M3 = —|(10g2 D/C) - (log, 3)| for miRNAs exclusively expressed
in miRQC B
ZZ _ 1| A%iry — Mgy, |

M4 = - with A?niRk = observed differ-

ence in expression of microRNA k between serum sample 1
and serum sample 2 and AfniRk = expected difference

M7 = — MS2 phage detection rate
M8 = — # of mismatches with cross-reactivity

M9 = — median cross-reactivity

NATURE METHODS

All metrics were subsequently transformed to z-scores for cor-
relation analysis. All analyses were performed in R Bioconductor.
Analysis results for each platform based on all measured miRNAs
per platform are available in Supplementary Notes 1-12.
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