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E ver since the discovery of small, non-coding RNAs in
circulation, microRNAs have gained significant attention

as biomarkers or, in some instances, regulators of disease
and/or associated complications. Until now, most articles
published use real-time quantitative PCR (qPCR) for assess-
ment of circulating RNAs as microarray-based methods have
low reproducibility.1,2 Real-time qPCR technology provides us
with a simple tool to efficiently determine the amount of a
gene transcript in a given sample. However, the simplicity of
this methodology can itself be problematic, as one tends to
overlook critical factors that make this technique work. Here,
we discuss specific factors that must be considered when
performing, presenting, and interpreting miRNA quantitative
transcript data. Currently, there are 3 main methods of
quantifying circulating miRNAs: real time PCR (qPCR), gene
arrays, and sequencing. Although they all have individual
benefits, qPCR is the favored approach 3 and will be the focus
of this article.

Choice of qPCR Chemistry
There are 2 main camps when selecting the fluorescent PCR
amplification marker. The flouorophore you choose is crucial;
it will determine the specificity and sensitivity of the assay.
SYBR green, an asymmetrical cyanine dye, has been used in
PCR-based application since the mid 1990s.4,5 This dye (and
most successors) binds to nucleic acids, especially double-
stranded DNA molecules, with high affinity but no specificity.

As the PCR reaction generates more amplicons, SYBR green
will bind and create a net increase in fluorescence. The
primary disadvantage of this dye is its lack of specificity; it
may generate false positives through the binding to non-
specific DNA fragments, such as primer dimers, or multiple
dye molecules may bind to 1 amplicon, increasing the
perceived quantity. As such, qPCR primers must be very
carefully designed and a melt curve analysis is imperative. In a
heterogenous, yet closely related RNA species such as
microRNAs, specificity is a major factor and SYBR-based
chemistries are best avoided.

A fluorophore-tagged probe-based chemistry (such as
TaqManTM assays) provides several benefits over SYBR green
or dye-based technologies. First of all, a probe and primer set
offer high specificity (specific to target copy accumulation
during PCR), reproducibility, and sensitivity (low copy detec-
tion). Because the expression of the appropriate fluorescence
is regulated and obtained after amplification of a specific
complementary DNA, minimal (�no) background fluorescence
is achieved, thus offering a better signal to noise ratio. The
use of stem-loop reverse transcription primers, such as those
offered by Life Technologies, allow for reliable detection of the
individual mature microRNAs. The high level of specificity and
reproducibility of such probe-based assays make them the
superior choice for the quantification of circulating miRNAs.
Although this oligonucleotide probe technology was first
described in 1991,6 until recently, fiscal barriers have
precluded many researchers from employing it.

Choice of Technologies
Currently, quantitative estimation of microRNAs can be
carried out using multiple platforms/technologies. Some of
these include the Light cycler (Roche), ViiA7 or Quant Studio
Open Array systems (Life Technologies), dynamic arrays
(Fluidigm Corporation), or the nCounter system (Nanostring
Technologies Inc). Although the latter technologies are
still gaining popularity, the majority of research articles
published until now have used the light cycler, ViiA7, or
equivalent platforms for real-time PCR. Other platforms such
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as low-density arrays also offer a higher throughput. Consid-
ering these different platforms, one of the important concerns
is the efficiency of PCR reaction with differences in illumina-
tion and detection sources (lasers, halogen lamp, and LEDs
for PMTs or CCDs). The inherent differences between such
platforms should be understood before comparing 2 or more
studies that employ different platforms. Users should also
keep in mind the total reaction volumes for their PCR
reactions as some of these technologies (eg, dynamic arrays)
have very low reaction volumes (15 nL/reaction). The choice
of detection platform and the use of pre-amplification
workflows would directly affect the relative levels of a
microRNA presented in different studies.

Data Presentation
Data normalization is the first step and a major challenge in
data analysis, because there are no universal/well accepted
control/“housekeeping” transcripts for normalization of cir-
culating miRNA data. This lack of consensus has resulted in
the generation of various normalization strategies. One
popular approach is to use a stably expressed transcript as
a control. Small nuclear/nucleolar RNAs, such as RNU6-2
(RNU6B),7,8 RNU44,9,10 or RNU48,11,12 are often chosen.
Although these transcripts demonstrate constant expression
among different biological replicates, their levels of expres-
sion cannot be assured under different experimental condi-
tions. Recently, Chen and colleagues have proposed using a
combination of let-7d, let-7g, and let-7i to normalize data.13

In our experience, when working with candidate microRNAs, it
is essential to screen for multiple “housekeeping” miRs in the
sample set before analyzing the data. Another popular
method for normalization of microRNA data is “global
normalization” and was described by Mestdagh and col-
leagues in 2009.14 This method is highly recommended when
dealing with discovery miRNA expression studies where
several hundreds of microRNAs are analyzed. As demon-
strated by Mestdagh et al, this method of global normaliza-
tion outperforms the current candidate, small RNA control
method. However, global normalization cannot be applied for
datasets that assess only a limited set of microRNAs in a
sample. It is best recommended to identify miRNAs/ncRNAs
that resemble the mean expression value and are predefined
for normalization before analysis of smaller datasets.

Once the data is normalized the next part is analyzing this
data and presenting it in a graphical form. A common
method, as indicated by the boxed outline in the Figure, is the
“% expression” method. The Figure presents a hypothetical
data set wherein 2 different datasets are presented across
panels A and B. The raw data (cycle threshold or Ct values)
are presented in the left panel while the common presenta-
tion method, seen in several articles, is presented in the

center panel for both data sets (A and B). As presented here,
data plotted in the center panel looks identical for both the
data sets (A and B), although the level of detection is 10
cycles or approximately over 1000-fold apart. The “fold-over-
control” method thus fails to bring out the difference in the
level of detection and should be avoided. It is difficult to
understand if the differences presented (center panel for A
and B) are biologically relevant. There are 2 reasons to argue
against such data presentation method: (1) as presented in
the center panel (Figure), the differences in Control 1 versus
Test 1 and Control 2 versus Test 2 are identical. However,
these data indicate that there is a 2-fold difference (�100%
versus 200%). Most methods for quantitating the differences
rely on quantitative real-time PCR, the smallest unit of
reliable measurement for which is 2-fold (at ideal efficiencies,
1 cycle=2-fold increase in product). Thus, a 2-fold change is
actually the smallest reliable measure that is possible by real-
time PCR. In spite of this, we do see data presented with
significance in differences among the groups attributed to
insignificant (eg, 100% versus 170%) changes in the levels of
miRNA transcripts. A suggested method is to present the
data obtained as “fold-over-detectable”. Here, the term
“detectable” indicates the highest cycle number above which
the linear relationship between copy number and cycle-
threshold is lost. This “detectable” Ct value will differ based
on the type of platform used for qPCR. We suggest
calculating this by performing serial dilution and assessing
the Ct-value above which linear amplification of the gene
assessed is not observed. We find that for most TaqMan-
based assays on 96-well plate platforms with 5 to 10 lL of
total reaction volume, a linear relationship is lost by �39
cycles. Therefore, a “fold-over detectable” in this case can be
defined as the net fold change over a detectable limit of
39 Ct value. This method of data presentation thus allows
the reader to back-calculate the actual Ct values for the gene
transcripts thereby maintaining clarity of information of the
data presented and interpret these findings better. (2) The
next question that comes to mind is the biological relevance.
The data presented in Figure A shows a control sample that is
barely detectable (Ct value of �36) and a Test sample that
shows an increase in abundance by an average of 1 cycle.
Thus in reality, we are looking at a couple of microRNA gene
transcripts/cell that increase to say 4 transcripts/cell
(assuming homogeneous distribution of copies across cells).
A major consideration when dealing with such low copy
transcripts is the Poisson distribution of transcripts, which
predicts that in a large number of replicates containing an
average of 1 copy of starting template, approximately 37%
should actually have no copies, only 37% should contain 1
copy, and 18% should contain 2 copies. Thus, for reliable
detection of low copy gene transcripts in any sample sets, a
large number of replicates are critical to assess statistical
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significance and overcome the limitations of Poisson distri-
bution. On the other hand, the data in Figure B presents a
similar 1-cycle difference between the Control 2 and Test 2
sample sets. However, in this case, we are probably looking
at say �2000 copies/cell increasing to �4000 copies/cell.
The latter case (Figure B) presents with a more biologically
relevant scenario than the former (Figure A). These differ-
ences could only be understood if such a method for
presentation of microRNA/transcript data is followed. It does
not mean that data presenting with single-cycle differences in
gene transcripts are irrelevant. However, it would help the
reader understand the biological significance/relevance of
such differences and compare the findings presented with
more confidence.

Conclusion
The measurement of circulating microRNA is an important and
exciting area of research. However, such studies should be
carried out taking into consideration the factors discussed
herein. Proper experimental conditions including a no
template control, sufficiently powered biological replicates,
no RT control, use of appropriate normalization methodology
and transparent data presentation approach must be applied

before presenting any scientific data. In order to achieve
better performance in evaluation of real-time PCR data, it is
also recommended to carry out serial dilution with 5-log
dilutions to achieve a slope of ��3.3, so as to confirm the
efficiency of your PCR reaction. It is also recommended to
have an SD<0.17 between replicates for better precision and
to increase the number of replicates for gene transcripts that
are detected at lower copies in the samples. Understanding
these limits and incorporating them in studies dealing with
circulating microRNAs/ncRNAs would help in achieving a
better understanding of biologically relevant data for identi-
fying the potential of microRNAs as biomarkers and/or
regulators of disease.
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Figure. Two theoretical data sets (A and B) plotted as raw data/cycle-threshold (Ct) values (left panel), fold over control (center panel) and fold
over detectable (right panel). See text for details on the Data Presentation methods and flaws in clarity of presentation for the most popular
(fold-over-control) method.
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Circulating MicroRNAs: Understanding the Limits for Quantitative
Measurement by Real-Time PCR

T he article by Hardikar et al, “Circulating microRNAs:
Understanding the Limits for Quantitative Measurement

by Real-Time PCR,” which was published online on February
26, 2014, and appears with the February 2014 issue (J Am
Heart Assoc. 2014;3:e000792 doi: 10.1161/JAHA.113.

000792), was originally published without the author’s
corrections.

The corrections have been made to the current online
version of the article, which is available at http://jaha.aha-
journals.org/content/3/1.toc. The Publisher regrets the error.

CORRECTION
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