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Cell-free microRNAs (miRNAs) that circulate in the blood are promising surrogate biomarkers of disease
and physiological processes. The ease of quantifying specific miRNA species using made-to-order
approaches based on Taq-polymerase has led to numerous studies that have identified changes in the
abundance of circulating cell-free miRNA species that correlate with pathology or other events. The grow-
ing interest in developing miRNAs as blood biomarkers necessitates the careful consideration of the
unique properties of such body fluids that can make the reproducible and quantitative assessment of
RNA abundance challenging. For example, enzymes involved in the amplification and analysis of RNA
can be affected by blood components that copurify with miRNA. Thus, if miRNAs are to be effectively uti-
lized as biomarkers, it is important to establish standardized protocols for blood collection and miRNA
analysis to ensure accurate quantitation. Here we outline several considerations, including the type of
collection tube used in sampling, the influence of added anticoagulants and stabilizers, sample process-
ing, enrichment of vesicular and other miRNA species, RNA extraction approaches and enzyme selection,
that affect quantitation of miRNA isolated from plasma and should be considered in order to achieve
reproducible, sensitive and accurate quantitation.

� 2012 Published by Elsevier Inc.
1. Introduction qRT–PCR is a preferred approach for the identification and quanti-
MicroRNAs (miRNAs) are non-coding RNA molecules of 19–22
nucleotides that are deregulated in cancer [1,2] neurodegeneration
[3], and are temporally over- or underrepresented in physiological
conditions including pregnancy [4], aging [5], and longevity [6]. Cell
free miRNAs that circulate in blood serum and other body fluids have
emerged as promising markers of disease and physiological pro-
cesses [1,7–10]. The validation of circulating miRNAs as biomarkers
requires methods to accurately identify and quantify miRNAs in
complex samples collected from patients. The present protocol pro-
vides a standard operating procedure for collection and analysis of
blood-derived miRNAs. This protocol was developed based on rigor-
ous testing of the effects of variables on the accuracy and sensitivity
of circulating miRNA quantitation, including vacutainer choice,
plasma/serum preparation/fractionation, plasma quality control,
RNA extraction, and the use of a Taq polymerase mix resistant
to endogenous inhibitors of polymerases of plasma [11,12].

1.1. Quantitative RT–PCR

A common method used to quantify miRNAs is quantitative re-
verse-transcriptase polymerase chain reaction (qRT–PCR) [13].
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tation of blood biomarkers, because alternative approaches includ-
ing array platforms do not yet match the sensitivity of PCR-based
approaches [14]. Using a qRT–PCR approach, changes in plasma
and serum miRNA profiles have been reported to reflect various
physiological and pathological conditions, including diagnostic
and prognostic value for colorectal cancer, breast cancer, gastric
cancer, leukemia, lung cancer, lymphoma, oral cancer, ovarian can-
cer, pancreatic cancer, prostate cancer (reviewed in [1,7–10]) and
other diseases or conditions [15–18]. The rising interest in quanti-
fying cell-free circulating miRNA for diagnostic and prognostic pur-
poses requires assurance that the measured concentration
accurately represents the actual amounts in the samples. A major
consideration in the processing of RNA from plasma for analysis
by qRT–PCR is the sufficient removal of endogenous inhibitors of
polymerases, which include hemoglobin [19], lactoferrin [20],
immunoglobulin G [21], and calcium [22], which can co-purify
with nucleic acids [23].
1.2. Blood samples

Currently, retrospective studies (using existing samples and
data) to quantify cell-free circulating miRNAs frequently rely on
plasma collected in commonly used EDTA-tubes (i.e. BD vacutain-
er� tubes containing EDTA (7.2 mg, 4.0 ml) or blood serum col-
lected in the absence of anti-coagulants (i.e. BD SST™, BD
vacutainers�), both of which can produce satisfactory results.
dx.doi.org/10.1016/j.ymeth.2012.07.026
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Fig. 1. Plasma collection and processing for miRNA quantitation. For retrospective
studies, plasma collected into citrate or EDTA, or blood collected in the absence of
anti-coagulants (serum) provide acceptable data. The use of heparin as an
anticoagulant strongly interferes with miRNA quantitation. This inhibition can be
partially overcome by treating the samples with heparinase. For prospective
studies, collection into KOx/NaF can provide high reproducibility and sensitivity in
miRNA quantitation [11]. Plasma/serum cleared of most cells by centrifugation at
300g are analyzed for signs of hemolysis [27,31,32], and should be interpreted with
caution or eliminated from the study if excessive hemolysis is present. To remove
all cells and most cell debris from plasma, samples should be filtered. The choice of
cut-off sizes determines which of the known miRNA-containing plasma complexes
are included in the quantitation. For some collections, especially heparin-contain-
ing plasma, the best volume for purification and quantitation should be evaluated
to identify the highest miRNA: interfering contaminant ratio in the RNA prepara-
tion. A spiked RNA is added during TRIzol extraction to assess yield and
amplification efficiency for each RNA preparation. An additional phenol/chloroform
extraction and differential silica-absorption can increase purity and quantitation
efficiency several-fold. Spectroscopy is used to quantify RNA yield and purity.
Single-assay, or previously validated multiplex RT analyses using looped-primers
specifically designed to 30 ends of mature miRNAs are used for cDNA production.
Quantitative PCR with the addition of Hemo KlenTaq, which is much less sensitive
to blood-borne inhibitors of Taq polymerase, provides high sensitivity in miRNA
quantitation. MiRNAs to evaluate for quality control and yield include miR-16, miR-
451 and spiked RNA. Assay-specific normalizing miRNAs or other RNAs should be
quantified along with the miRNAs of interest. ⁄If cell pellet present in frozen
plasma/serum, physically separate cell free portion from cell pellet before thaw by
cutting cores. Italizised steps: not recommended if alternatives exist. Grey steps:
Should be empirically validated for benefits in each study.
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Another common plasma collection method, which uses heparin as
an anticoagulant, is undesirable, as heparin strongly interferes with
the quantitation of miRNAs and other RNA species using PCR-based
approaches [24]. This inhibition can be alleviated by digesting
heparin with lyase heparinase I prior to qRT–PCR [24,25], though
this alternative encumbers a high cost and low efficiency [11]. For
prospective studies (de novo design of study and collection), we
have found that collection of blood into citrate (sodium citrate,
0.105 M, 4.5 ml), or sodium fluoride and potassium oxalate (sodium
fluoride/potassium oxalate, 5/4 mg, 2 ml) can provide superior
miRNA quantitation and should be considered [11] (Fig. 1).

1.3. Proper serum and plasma handling

An important consideration in working with cell-free plasma is
to avoid contamination with cells and cell lysate during processing
of the sample, as the contribution of cellular miRNAs [26] and
other components will mask or confound the plasma miRNA pro-
file [27]. Common starting material is cell-free plasma or serum
in which the cell-free phase was promptly separated from the cell
pellet after phlebotomy to prevent loss of components [28] or
hemolysis [29]. In these cases, the cellular and cell-free proportion
is typically frozen separately, which minimizes artifactual cell pel-
let contribution to the plasma.

Alternatively, and especially appropriate in multi-center trials
where identical sample preparation procedures must be main-
tained, the cell mass may be pelleted from plasma by centrifuga-
tion, yet not separated prior to freezing. In this case, it is
important to separate the plasma from the cell pellet before thaw-
ing in order to avoid hemolysate contribution to the cell-free por-
tion of the plasma. One approach is to separate the cell-free plasma
from the pellet by cutting the vacutainer using a guillotine or ‘‘saw
before thaw’’. Regardless of the approach, the supernatant contains
some cells, which can be reduced using medium speed centrifuga-
tion (300–800g). Additionally, filtration through 1.2 lm-cut off fil-
ters will remove necrotic or apoptotic debris, as well platelets, if
elimination of these miRNA-containing particles is desired.

1.4. Sample quality control

Recent recommendations on proper plasma handling include
quality control to ensure the starting material is not contaminated
with cellular components that arise from cell lysis during blood
draw, storage, sample thaw, or extraction. For most applications,
excessive abundance of hemoglobin is a quantifiable measure to
assess the quality of the plasma. While blood cells may shed up
to 20% of their hemoglobin content [30], excessive abundance of
hemoglobin in plasma is indicative of improper sample handling
or disease, and will interfere with both proper polymerase function
[19], as well as interpretation of results [27,31]. Quantitation of
hemolysis visually [27], and by spectroscopy [31,32] are effective
methods by which to select high-quality samples (Fig. 1). In addi-
tion, excessive miR-16 and miR-451 concentrations, two miRNAs
that are common in blood cells, can be indicative of hemolysis
[27], if not disease [12]. Alternatively, detecting low or no miR-
16 can be indicative of sample degeneration or interfering sub-
stances [11], putting into question the utility of the plasma for
quantifying cell-free circulating miRNAs (Fig. 1).

1.5. Nature of cell-free miRNA complexes in plasma

MiRNAs in the plasma can be associated with vesicles or protein
complexes. MiRNAs are associated with a variety of microvesicles
[33], including well-characterized exosomes [34]. Alternatively,
miRNAs have been found to be associated with non-vesicular
lipoprotein complexes [35], which co-purify with microvesicles
Please cite this article in press as: M.L. Hastings et al., Methods (2012), http://
enriched by ultracentrifugation [36,37], other non-vesicular RNA-
binding proteins [38], or miRNA processing proteins [39,40]. The
majority of miRNAs detected in blood plasma are thought to be
associated with protein complexes rather than vesicles [39,40],
yet alternative findings have been reported [41]. Focusing analyses
on specific miRNA subpopulations may reveal signatures specific
to tissue or cell of origin, or allow the quantitation of changes in
miRNA concentrations that are otherwise concealed in the high
total miRNA concentration of plasma. However, it is important to
consider that particles and vesicles change in the blood which
dx.doi.org/10.1016/j.ymeth.2012.07.026
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includes the loss of surface antigens for enrichment [42]. Protocols
and tools for the isolation of plasma exosomes, and lipoprotein
complexes are available [35,37,43], and several commercial kits
are offered. It is not yet clear whether protein-associated miRNAs
are of value or an impediment in diagnosis or prognosis [39,40].
Most studies that aim to identify plasma biomarkers do not distin-
guish among the various plasma complexes that contain miRNA. It
is also important to note that during disease progression, the miR-
NAs that change the plasma signatures above or below homeo-
static levels may be of different origin, and may include platelets
[44] early in disease, liver origin during drug-administration [45],
and in the case of cancer, tumor-origin later in the disease. If micr-
ovesicles (100–1000 nm), or exosomes (50–100 nm), or lipoprotein
and other miRNA–protein complexes (<50 nm) are of interest [46],
different filters (1.2, 0.45, 0.2, or 0.1 lm) may aid in enrichment of
desired miRNA population. Alternative approaches such as gel
exclusion chromatography or gradients have been developed for
larger volumes in order to further purify the particles, lipoprotein
complexes and vesicles [39,40], yet whether the yield is sufficient
to analyze typically available plasma volumes of 100 ll–5 ml is not
clear.
1.6. Extraction methods

Extraction and purification of miRNAs from plasma must be suf-
ficient to remove endogenous inhibitors of polymerases, [19–22]
which can co-purify with nucleic acids [11,23]. A common ap-
proach is to use TRIzol reagent (Invitrogen) for extraction of RNA
[47], including miRNAs. Alternative approaches should be com-
pared side-by-side [11,48]. A recent report highlighted the impor-
tance of reagent choice, as different reagents extract specific
miRNA species selectively, especially at low RNA concentrations
[49].

Importantly, the nature of the complex containing the miRNAs
may determine the yield and enrichment of specific RNA subspe-
cies. For example, the extraction method used to purify RNA from
exosomes, including the choice of organic solvent for removal of
lipids and proteins, and the use of silica membranes to enrich for
RNA species affects the enrichment of some miRNA species over
others as well as the RNA yield and purity [48]. Some of the purest
miRNA preparations from whole plasma are produced using differ-
ential silica-adsorption. However, this approach increases the cost
of preparation [11], and may be unsuitable in situations where
other RNA species need to be quantified. The use of ribonuclease
inhibitors may help in maintaining RNA stability [50], however,
we have found no benefit in using RNAsin [11].

RNA yield can be established using spectroscopy or an Agilent
Bioanalyzer (Fig. 1). However, for plasma-derived samples, it is
not unusual to find high A320 nm readings, suggestive of low pur-
ity. The required purity for proper analyses should be established
empirically for miRNAs to quantify before undertaking large-scale
investments into both expensive purification and quantitation ap-
proaches on precious samples.
1.7. Volumes analyzed

Typically, 200 ll of plasma is sufficient for analyses by qRT–
PCR. Indeed using less volume, as low as 10 ll may provide supe-
rior amplification efficiency over larger volumes for some blood
collections, in part due to a balance between RNA yield and co-
purification of substances that interfere with quantitation [11].
However, the volume required depends on the number and abun-
dance of miRNAs to be quantified, whether the reverse transcrip-
tase reaction can be multiplexed, and the purification and
subfractionation requirements of the blood plasma.
Please cite this article in press as: M.L. Hastings et al., Methods (2012), http://
1.8. Normalization

In order to achieve accurate and reproducible quantitation of
miRNAs from blood plasma, several normalizing parameters
should be recorded in order to establish a base-line for comparison
across samples. Choices include total original plasma/serum vol-
ume, total RNA yield, endogenous invariant miRNA standards,
other RNAs or spiked RNAs. An advantage of normalizing to endog-
enous miRNAs is that their origin, processing and amplification are
very similar to the test-miRNA, and thus representative across
multiple variables. Which RNA species represent the best normal-
izing miRNAs or other noncoding RNAs is a matter of debate, and
may depend upon the specific application [27,51–53]. The use of
total RNA as a normalizer, while very useful in cell-culture and tis-
sue studies, is more problematic for RNA of plasma origin, as reli-
able quantitation is highly dependent on the purity of the sample
[13]. Identical concentrations of synthetic Caenorhabditis elegans
miR-39 miRNA mimic RNA oligonucleotides, or other synthetic
RNA sequences [11,13] spiked during preparation has the advan-
tage of detecting loss of sample, the presence of inhibitors of detec-
tion, and other issues involving miRNA preparation and analysis.
For full benefits of using spiked RNA, care must be taken that it
is used in the femtomolar-to attomolar range, the concentration
range of most plasma miRNAs, because more abundant RNA spe-
cies are less susceptible to inhibition by endogenous inhibitors of
polymerases [11].

Relative miRNA abundance can be measured using common ap-
proaches [54], or with correction for amplification efficiency based
on an exponential model of PCR [55,56]. However, miRNA abun-
dance is best measured by computing moles based on comparing
CT values of samples to dilutions of a synthetic DNA corresponding
to the cDNA produced by RT for each miRNA measured [57] to
make a standard curve, or by using an RNA oligonucleotide as a
standard. Furthermore, the calculation of the amplification effi-
ciency using the equation ðT2=T1Þð1=ðCT2�ave�CT1�aveÞÞ � 1 can detect
the presence of some inhibitors, as they may significantly reduce
the amplification efficiency below one [56].
1.9. Taq polymerase

Intact Taq polymerase activity is sensitive to blood-borne inhib-
itors [58]. An alternative approach to avoid interference from such
inhibitors of PCR is to use different polymerases [20,22,23,58,59].
One enzyme in particular, Hemo KlenTaq, has a 100-fold lower
sensitivity to blood inhibitors than wild-type Taq [58]. However,
reduced proofreading [60] limits the utility of Hemo KlenTaq in
quantitative PCR (qPCR). This limitation can be overcome by the
use of a Taq polymerase cocktail of normal and Hemo KlenTaq
which improves sensitivity up to 30-fold [11], thus reducing the
need of stringent purification (Fig. 1).

Whatever the quantitative approach, it is important to go be-
yond ‘‘blind-faith’’ when one considers TaqMan approaches, and
to optimize the qPCR approach empirically to produce a single
band of the correct size by native PAGE in order to confirm the
specificity and purity of amplified and quantitated products
[11,12].
2. Methodological overview

The following protocol is optimized for quantitation of six miR-
NA species in frozen or fresh cell-free blood plasma of human or
murine origin [11,12] (Fig. 1). The protocol includes the following
steps: (1) Blood collection; (2) removal of debris from plasma using
a combination of low-speed centrifugation and filtration; (3) sepa-
ration of protein-complex associated miRNAs from microvesicle
dx.doi.org/10.1016/j.ymeth.2012.07.026
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and lipoprotein-complex associated miRNAs; (4) extraction of RNA
from fractions; (5) multiplex reverse-transcription of miRNA with
stem-loops, and (6) amplification of cDNA using a polymerase
cocktail resistant to plasma-inhibitors. At each point, empirical
evaluation of additional steps that we have determined to affect
quantitation are advised to the user in cases where the outcome
is not satisfactory.
3. Protocol

3.1. Physical separation of tasks

To achieve the sensitivity necessary to measure attomolar RNA
concentrations faithfully, physical separation of each procedural
step is advisable to avoid cross-contamination of samples, synthetic
oligonucleotides, reagents, cDNA or environmental components. It
is strongly advised that the different steps in the protocol are carried
out at different benches, hoods or rooms. For example, Area 1 is re-
stricted for use in preparing and separating plasma and is equipped
with a hood and bench-top, and dedicated pipettors. Area 2 includes
three separate areas dedicated to different operations of the project.
Area 2.1 is a bench-top used for aliquotting primers, standards and
control oligonucleotides. Area 2.2 is a hood dedicated for RT-
reaction set-up. Area 2.3 is a bench-top used for the sole purpose
of setting up microwell plate PCR-reactions. Area 3 is used for RT,
PCR, RNA gels, RNA quantitation and other support for the project.
3.2. Blood collection

1. Plasma and serum samples are collected by venipuncture using
BD Vacutainer� tubes containing sodium fluoride/potassium
oxalate, 5/4 mg, 2 ml, (BD, 367921) for human samples, or Cap-
iject T-MPS tubes (Terumo, Somerset, NJ) for mouse samples.
Collection as serum, citrate, or EDTA plasma produces different
efficiencies and specificities of miRNA quantitation and should
not be interchanged [11]. Tubes are inverted several times for
anticoagulants to be evenly distributed, and incubated for
15 min at room temperature (r.t.).

2. Cell-free plasma is obtained by centrifugation of blood samples
at 200g for 15 min at 4 �C. Supernatants are removed and col-
lected in 15 ml (or smaller as appropriate) polypropylene tubes.
All steps from here on are carried out on ice (or alternatively
chilled on sterilized Bath Armor Beads, (Lab Armor, 42370) Cor-
nelius, OR), unless otherwise specified. The plasma is further
centrifuged twice at 800g for 15 min at 4 �C to obtain cell-free
plasma.

3. Remaining cell debris is removed by passing through detergent-
free filters. For small volumes (<500 ll) use millipore dura-
pore� centrifugal filter 0.22 lm cut-off (UFC30GV00), 0.45 lm
cut-off (UFC30HV00), or 0.65 lm cut-off (UFC30DV00) and cen-
trifuge for 4 min at 12,000g at 4 �C. Alternatively, use 1.2, 0.45,
or 0.2 lm pore-size cut-off syringe filters (Supor� Membrane,
PALL, Port Washington, NY 4656, 4654, or 4652 respectively)
depending on the plasma component to be quantified, as out-
lined in Section 1.4.

4. Plasma is inspected visually for any pink hue, which is indica-
tive of hemolysis, or, if sample volumes are generous, by spec-
trophotometry [61].

5. Plasma is preferably processed immediately, especially if sub-
fractionated. Alternatively, plasma is flash-frozen in liquid
nitrogen for future processing. It is advisable to store samples
in the vapor phase of liquid nitrogen in the case of vial rupture,
which would contaminate the contents of the ruptured vial, as
well as raise the possibility that the spilled content can contam-
inate other vials in storage if stored in the liquid phase.
Please cite this article in press as: M.L. Hastings et al., Methods (2012), http://
3.3. Plasma processing

If starting with frozen plasma supernatant, with no further pro-
cessing, thaw plasma slowly on ice. Process 500 ll if available. Cen-
trifuge at 4 �C for 15 min at 300g, and filter through durapore�
filter 0.45 lm cut off (Millipore, UFC30HV00) for 4 min at
12,000g at 4 �C, or as outlined in 3.1.3. Transfer 450 ll to a fresh
tube (VWR, 87003-294) and process.

Emperical consideration: Addition of 1.0 lg NaF/0.8 lg KOx per
ll of centrifuged and filtered serum/plasma, (NaF (Sigma–Aldrich
Corp., S-6776;) and KOx (Aqua Solutions, Deer Park, TX, P5311))
can improve detection of miRNAs up to 2.4-fold for serum and
3.6-fold for EDTA plasma when quantifying by standard SYBR
Green or TaqMan approaches [11].
3.4. Separation of particulate from soluble miRNA complexes and
extraction

Emperical consideration: The addition of a single acidic phenol–
chloroform (Amresco, Solon, OH; 0966) extraction, followed by
absorption, and differential elution from a silica resin (Invitrogen
PureLink miRNA Isolation Kit, K1570-01) can raise sensitivity
about 4-fold, but will nearly double the cost of extraction [11].

If quantifying total cell-free plasma, replace steps 1–3 (of Sec-
tion 3.3), by the addition of 500 ll TRIzol (Invitrogen, 15596-
018) reagent directly to the plasma and incubation for 10 min at r.t.

1. If vesicular/lipoprotein associated miRNAs are to be quantified
separately from soluble protein-complexed miRNAs, transfer
each sample into appropriate SW60 tubes (Beckman, 328874)
or smaller that are designed for ultracentrifugation.

2. Centrifuge samples for 2 h at 100,000g in a swinging-bucket
rotor (Beckman, SW 60Ti rotor). Remove 400 ll of supernatant
promptly into a fresh VWR tube (VWR, 87003-294) labeled
‘‘S100’’ containing 500 ll TRIzol (Invitrogen, 15596-018)
reagent. Swinging buckets are preferred over fixed-angle rotors,
as pellets can easily dislodge from the side of tubes.

3. Remove the rest of the supernatant VERY CAREFULLY from the
pellet (most likely invisible) and discard. Add 500 ll TRIzol
reagent directly onto the pellet in the SW60 tube and mix by
pipetting. Transfer the pellet/TRIzol mix to an appropriate
VWR tube labeled ‘‘P100’’. Incubate at r.t. for 10 min.

4. To both tubes, add 100 ll chloroform (J.T. Baker, 9175-02) and
shake vigorously by hand for 15 s. Do NOT vortex. Incubate at
room temperature for 3 min. Centrifuge the samples at 300g
for 15 min at 4� C. Transfer as much as is possible of the clear,
upper, aqueous phase without disturbing the interphase, and
transfer into new, labeled 1.7 ml microfuge tube (Costar,
3620) or other low RNA-binding tubes are used for extracted
RNA). Leave about 50 ll of aqueous solution behind as not to
disturb the interphase. Transfer the same volume from each
sample within a study, which is usually between 250–350 ll.
Save the lower, pink, organic phase for later protein or DNA
extraction if desired, and store at �80 �C.

5. Add 750 ll (1.5� volume of TRIzol used) of isopropanol to each
aqueous sample. Mix well by shaking. Add 1 ll glycoblue
(Ambion, AM9515) to each sample. Mix well by shaking. Incu-
bate overnight at �80�. Centrifuge at 4� C for 40 min at
21,000g (or maximum speed on bench-top microfuge). Locate
the RNA pellets (blue) and very carefully remove the superna-
tant. Leave about 50 ll so as to not disturb the pellet. Add
1 ml of FRESHLY PREPARED high-grade 75% EtOH (OmniPur,
200 proof, 4450) in GIBCO water (10977) or other high-purity
water. Centrifuge at max speed for 5 min on the bench-top
microfuge and very carefully remove as much of the
dx.doi.org/10.1016/j.ymeth.2012.07.026
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supernatant as possible without disturbing the blue pellet. Cen-
trifuge again at maximum speed for 1 min on the bench top and
very carefully remove any remaining supernatant with a P20
pipettor, or similar size.

Note: We have observed that RNA isolated from serum and
plasma has variable stability when stored at �80� C in water. Thus,
long-term storage of RNA in isopropanol or ethanol is advisable.

6. Invert tubes on a Kimwipe (Kimtech, 34155) to dry. Be careful
not to over-dry, as completely dried pellets can be difficult to
resuspend. Drying should take as little as 3–50. Take care with
dried pellets and gloves, as static from gloves can cause pellets
to ‘‘jump’’ out of tubes.

7. Resuspend in 20 ll GIBCO water or other high purity water.
Measure 2 ll on a biophotometer (Eppendorf 22331, fitted with
a Hellma, 105.800 UVS Tray Cell, and 0.2 mm and/or 1 mm cap)
or other low-volume spectrophotometer. The typical yield for
the pellet is 2 lg/ml of plasma, and for the supernatant is
5 lg/ml of plasma. It is best to RT immediately. Alternatively
store in �80 �C ultra-low freezer.

3.5. Reverse transcription (RT)

Emperical consideration: (1) Multiplexing the RT reactions with
several reverse primers has the advantages of conserving precious
RNA sample, and can provide more direct correlation among the
different miRNAs that are reverse transcribed, by eliminating
tube-to-tube variation. However, it is imperative to exclude the
possibilities of primer–dimers, false-priming, synergistic amplifica-
tion or other artifacts that cannot be corrected for in retrospect.
Therefore, proper multiplex mixes, including the addition of spiked
RNA need to be confirmed by trial on control samples. Start by ana-
lyzing the sequences of the TaqMan RT-primers [57] for base-pair
overlaps that might lead to primer–dimers. Other alternatives in-
clude the use of the LNA system, which work on the basis of poly-
A tailed RNA.

(2) The inability to detect specific miRNAs in plasma or serum,
in many cases, reflects the low abundance of particular miRNAs in
the circulation. Alternatively, absence of detection may reflect that
release of some miRNAs from cells into blood is limited or selective
[12,62,63].

(1) Remove TaqMan MicroRNA reverse transcription kit compo-
nents from freezer and thaw on ice.

(2) Prepare the RT master mix (ABI 4366596) on ice in a Costar
microcentrifuge tube, per sample: 100 mM dNTPs (with
dTTP), 0.15 ll; MultiScribe reverse transcriptase, 50 U/ll,
1.0 ll; 10� reverse transcription buffer, 1.5 ll; RNase inhib-
itor, 20 U/ll; 0.19 ll, Gibco dH2O, 4.16 ll; RT Primer (20�)
0.75 ll; total volume, 10 ll (All ABI). Note: In the case of
RT primer multiplexing with more than two primers, it is
necessary to purchase the medium size TaqMan assays
(ABI, 4440887) in order to receive 20� rather than 5� RT
primer concentrations that are provided with the small size
TaqMan assay (ABI, 4427975).

(3) Mix master mix gently and centrifuge briefly to bring solu-
tion to bottom of tube. Keep master mix on ice until ready
to use. Label PCR strip tubes (VWR, 53509-304) and add
10 ll of master mix to each tube. Keep on ice (PCR plate cold
racks (Isofreeze, 5640-T4) work well for this). Add 5 ll of
RNA (on average, 0.4 lg total RNA) to each labeled tube, then
mix by pipetting up and down. Cap tubes and centrifuge
briefly to collect solution down to bottom of tube.

(4) Incubate reactions on ice for 5 min. Load one step program
on thermal cycler (16 �C, 30 min, 42 �C, 30 min, 85 �C,
Please cite this article in press as: M.L. Hastings et al., Methods (2012), http://
5 min, 4 �C1) with reaction volume set to 15 ll. Load tubes
into thermal cycler and start. The reaction takes a little over
an hour.

3.6. Quantitative PCR (qPCR)

(1) Remove TaqMan MicroRNA assay kit and cDNA from freezer
and thaw on bath armor beads or ice. Produce a master mix
composed of TaqMan 2� universal PCR MM, no UNG,
10.0 ll; Gibco dH2O 7.07 ll; TaqMan MicroRNA Assay
(20�) 1.0 ll, Hemo KlenTaq™ [58] (New England BioLabs,
Ipswich, MA, M0332), 0.6 ll; cDNA 0.19 ll in a total volume
of 20 ll per reaction. It is recommended to measure each
sample/primer combination in triplicate. Note: If not multi-
plexing, leave out cDNA from the mastermix, and add to
appropriate well on the qPCR plate.

(2) Centrifuge plate for 5 min at 300g. Run TaqMan program on
the qPCR machine (95 �C, 10 min (1�); [95 �C, 15 s, 60 �C,
60 s (40�)].

Note: Commercial ABI PCR primers can only amplify properly
cDNA from miRNA produced with specific RT stem-loop primers
that match the ABI PCR primers. This is because the PCR primers
are designed to hybridize to portions of both the RT primer as well
as sequences that are specific to the 30 end of the miRNA [57] [41].
Therefore, cDNA templates produced by other means, including
tailing or linkering lack sequences required for efficient and spe-
cific binding of the 30 primer.
4. Pitfalls

Assurance of validity of plasma quantitation includes (1) elimi-
nation of sources of cross-over material contamination, (2) a bal-
ance of purity and yield, (3) removal of all organic material from
extracted RNA, (4) confirmation of the plasma origin of TaqMan
qRT–PCR products. More specifically:

(1) As outlined in Section 3.1, handling and storage of plasma,
RNA, DNA (primers), cDNA, and reagents in mutually exclu-
sive areas of the lab is required to prevent detrimental carry-
over of material into the test sample during the time ranging
from storage to the final PCR plate, and conversely into
reagents, stocks and standards.

(2) It is important to consider the cost, extra time and handling
of material, as each step carries a risk of degradation and
contamination [11].

(3) The effective exclusion of phenol, chloroform of other
organic phases from the aqueous RNA in Section 3.3.4. is
imperative for purity (A260/A280, A320), and to avoid inter-
ference with RT and/or PCR. It is advisable for researchers
with little experience in effective phase separation to add
absorption methods (such as PureLink (Invitrogen, K1570-
01), which can more definitively remove phenolic com-
pounds from the interrogated RNA.

(4) The ease of TaqMan or LNA technology, the pervasive use of
which has enabled biomarker discovery by qPCR the day
after serum/plasma collection, should not lead the investiga-
tor, who observes detectable gaps in the Ct curves of control
and test sample, to the conclusion that they represent the
true product of interest. Initially, all qRT–PCR products
should be validated by separation of the PCR products by
native PAGE [11,12], a process that takes 2 h. If more than
one band, or no band is visible, further work is required to
obtain specific qRT–PCR amplification.
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5. Concluding remarks

The current method addresses aspects that limit miRNA quanti-
tation in blood, including vacutainers, hemolysis, insufficient RNA
purification, limited volume, normalization procedure, quantita-
tion, and the use of polymerase cocktails that are not inhibited
by material that co-purifies with RNA. Following the protocol out-
lined above will circumvent these limitations and allows the quan-
titation of miRNAs that could not otherwise be accurately
quantitated.

As the technology to quantify miRNA with greater sensitivity
develops, enrichment of cell-free plasma miRNA subpopulations
may become valuable to quantify miRNA changes that are other-
wise hidden in the vast sea of plasma miRNAs. It is important to
recognize that the nature of the complex circulating miRNAs are
associated with [12,34,35,38,39,64–67], may affect their stability
[39] and determine how amenable these miRNA subpopulations
are to particular purification methods [48], or amplification by
polymerases. The improvements outlined here allow the quantita-
tion of miRNAs with very low abundance, where usual techniques
fail. The use of these approaches is expected to increase the reper-
toire of miRNAs that can be analyzed as potential biomarkers of
disease. This protocol is considered one step towards assuring that
the measured concentration represents the actual amounts in the
samples [68]. The applicability of any one method to another study
should be independently verified [69,70]. Recent developments
[71,72], using LNA approaches [14], and alternative qRT–PCR ap-
proaches [73] are expected to improve sensitivity.
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