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ABSTRACT: Accurate quantitation of microRNA (miRNA) in tissue samples is required for
validation and clinical use of miRNA-based disease biomarkers. Since sample processing, such as
RNA extraction, introduces undesirable biases, it is advantageous to measure miRNA in a crude
cell lysate. Here, we report on accurate miRNA quantitation in crude cell lysate by a CE-based
hybridization assay termed direct quantitative analysis of multiple miRNAs (DQAMmiR). DPQAMmIR
Accuracy and precision of miRNA quantitation were determined for miRNA samples in a crude
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cell lysate, RNA extract from the lysate, and a pure buffer. The results showed that the

measurements were matrix-independent with inaccuracies of below 13% from true values and relative standard deviations of
below 11% from the mean values in a miRNA concentration range of 2 orders of magnitude. We compared DQAMmiR-derived
results with those obtained by a benchmark miRNA-quantitation method—quantitative reverse transcription-polymerase chain
reaction (QRT-PCR). qRT-PCR-based measurements revealed multifold inaccuracies and relative standard deviations of up to
70% in crude cell lysate. Robustness of DQAMmiR to changes in sample matrix makes it a perfect candidate for validation and

clinical use of miRNA-based disease biomarkers.

Analysis of molecular biomarkers in tissue samples is a
promising approach for diagnosis, prognosis, and therapy
guidance of cancer and other diseases." Inaccuracies in analysis
of molecular biomarkers lead to difficulties with their validation
and, conse(%uently, slow down their regulatory approvals for
clinical use.” Analysis of molecular biomarkers in tissue samples
typically involves three major steps: (i) sample collection
(tissue excision and storage), (ii) sample preparation (e.g, cell
lysis, removal of cell debris, and purification/preconcentration
of target molecules), and (iii) sample analysis (quantification of
target molecules). Failure to repeat each sample-preparation
substep in an accurate/reproducible manner is often the main
or sole reason for the inaccuracy or irreproducibility of the final
analytical result.” Minimizing sample preparation is pivotal to
making reliable molecular-biomarker analysis of tissue samples.
Ideally, the analysis should be applicable to crude cell lysates.
MicroRNAs (miRNAs) are short (18—25 nucleotides),
single-strand, noncoding RNA sequences that function as
post-transcriptional regulators of gene expression.” Subsets of
disease-specific deregulated miRNAs (miRNA fingerprints)
have been proposed as molecular biomarkers of cancers,”™’
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Alzheimer’s disease,”” heart diseases, ~ etc. "~ Accurate

quantitative analysis of multiple miRNAs is required for
validating and using miRNA fingerprints. Accordingly, a
significant research effort aims at developing analytical
approaches for quantitative analysis of multiple miRNAs."*~"
With very few exceptions,'®*” sample preparation includes both
cell lysis and RNA extraction. The use of commercially available
RNA extraction kits results in varying qualities of isolated RNA
and different amounts of residual matrix components in the
analytical sample.”'~** Consequently, the RNA extraction stage
introduces systematic errors to quantitation of miRNAs. Ideally,
sample preparation should only consist of cell lysis and the
analysis should be applicable directly to the lysate. While
avoiding errors associated with RNA extraction, the application
of miRNA analysis to a crude cell lysate may introduce another
type of inaccuracy, which is associated with the interference of
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Figure 1. Schematic of DQAMmiR. An excess of DNA probes is employed to specifically bind to target miRNAs forming duplex hybrids. Then the
reaction mixture is introduced into CE-instrument to separate unreacted free probes from hybrids and hybrids of different miRNAs from each other.
These separations are facilitated by adding single-strand DNA binding protein (SSB) to the run buffer and by modifying probes with drag tags to
alter their migration time. The DNA probes are labeled with a fluorophore for laser-induced fluorescence (LIF) detection. The quantification of
miRNAs can be achieved by processing the information about the corresponding hybrids in the electropherogram. Adapted from ref 29. Copyright
2011 by John Wiley Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.

the cell lysate with the assay components. This interference is
important, in particular, for quantitative reverse-transcription
polymerase chain reaction (qRT-PCR),”*® which is a
benchmark method for quantitative analysis of multiple
miRNAs.””**

We have recently introduced direct quantitative analysis of
multiple miRNAs (DQAMmiR), a capillary electrophoresis
(CE)-based hybridization assay (Figure 1).** Universal
extendable drag-tags were developed to facilitate analysis of
multiple miRNAs.””*" The limit of detection was improved by
designing new detection schemes and sample preconcentra-
tion.””*> The analysis time was reduced to under 1 h,>* and
single-nucleotide specificity was achieved by utilizing lock
nucleic acid (LNA)-containing probes and developing a dual-
temperature CE separation regime.” In a number of examples,
we also demonstrated that sampling the cell lysate did not
greatly affect the CE separation pattern.””*> These results led
us to a hypothesis that DQAMmiR may be robust to changes in
the sample matrix and potentially allow highly accurate miRNA
analysis in crude cell lysates. Here, we test this hypothesis by
investigating the influence of the sample matrix on accuracy and
precision of the miRNA analysis. To put our results into a
context of the benchmark method, we conducted similar
experiments for qRT-PCR. Our results showed that DQAM-
miR quantitates miRNA equally well in a pure buffer, RNA
extract from the cell lysate, and the crude cell lysate prepared
from MCEF-7 cultured cells. The DQAMmiR measurements
were accurate to within 13% for miRNA concentrations ranging
within 2 orders of magnitude. The standard deviations were
below 11%. qRT-PCR, in contrast, revealed multifold
inaccuracies and standard deviations of up to 70%. These
results suggest that the complexity of sample matrix has
negligible effect on the analytical performance of DQAMmiR.
The robustness of DQAMmiR to the changes in sample matrix
indicates that this method can directly quantitate miRNAs in
crude samples without the need of bias-prone RNA extractions,
making DQAMmiR a very promising candidate for validation
and clinical use of miRNA-based disease biomarkers.

B MATERIALS AND METHODS

MicroRNA and DNA Probe. MicroRNA (cel-miR-39-3p,
$'-UCA CCG GGU GUA AAU CAG CUU G-3') and its
complementary DNA probe (5'-Alexa488-CAA GCT GAT
TTA CAC CCG GTG A-3') were custom-synthesized by IDT
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(Coralville, IA, USA). The concentrations of miRNA and DNA
probe in stock solutions were determined from light absorbance
at 260 nm measured with a Nano-Drop ND-1000 spectropho-
tometer (Thermo-Fisher Scientificc Waltham, MA, USA);
molar extinction coeflicients were provided by IDT. Working
solutions were prepared from stock solutions by dilution.
“Actual concentrations” of working solutions were calculated as
stock concentrations divided by dilution factors.

Cell Lysate and RNA Extract. MCF-7 cells were purchased
from American Type Culture Collection (ATCC, Manassas,
VA, USA). The cells were grown in the DMEM media
(Invitrogen, CA, USA) supplemented with fetal bovine serum
(FBS, 10%), penicillin (100 units/mL), and streptomycin (100
ug/mL) at 37 °C in a humidified atmosphere of 5% CO, in air.
Cells were harvested at 50—70% confluency using trypsin/
EDTA (0.25%/0.53 mM) and centrifuged at 1500 rpm (375 X
g) for S min to form a pellet. The pellet was washed twice with
PBS. The cells were counted with a hemocytometer. The cells
were lysed with 1% Triton in a TAE buffer (50 mM Tris-
Acetate, SO mM NaCl, 10 mM EDTA, pH 8.2) with 10 uM
masking RNA (tRNA library from baker’s yeast, Sigma-Aldrich,
St. Louis, MO, USA) which was used to suppress the
degradation of spiked-in miRNA target (cel-miR-39-3p) for
the following analysis. Total RNA was extracted by mirVana
miRNA isolation kit (Ambion, TX, USA). 1.6 X 10° cells were
used to produce 4 mL of cell lysate. The same amount of cells
was used to generate 4 mL of RNA extract. Cell lysates and
total RNA extract were aliquoted and stored at —80 °C for
further analysis.

DQAMMIR. The hybridization step was carried out in a
Mastercycler 5332 thermocycler (Eppendorf, Hamburg,
Germany). Cel-miR-39-3p at varying concentrations was
incubated with 100 nM DNA probe. For hybridization, a
previously demonstrated temperature program was used.”” The
temperature was increased to a denaturing temperature of 80
°C and then lowered to 37 °C at a rate of 20 °C/min and was
held at 37 °C to allow annealing. The optimal hybridization
time was derived and used for each sample matrix (see Results
and Discussion section). To minimize miRNA degradation the
handling of miRNA samples was carried out in a nuclease-free
environment.

We used a P/ACE MDQ capillary electrophoresis system
(Beckman-Coulter, Brea, CA, USA) with laser-induced
fluorescence detection to carry out separation of the miRNA-
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probe hybrid from the excess of the probe. Bare fused-silica
capillaries with an outer diameter of 36S ym, an inner diameter
of 75 um, and a total length of S0 cm were utilized. The
distance from the injection end of the capillary to the detector
was 40 cm. The capillary was flushed prior to every CE run with
0.1 M HCL, 0.1 M NaOH, deionized H,O and run buffer (25
mM Borax, pH 9.2) for 1 min each under a 20 psi pressure.
Samples were injected by a pressure pulse of 0.5 psi X5 s; the
volume of the injected sample was 26 nL. Electrophoresis was
driven by an electric field of 500 V/cm with positive polarity at
the inlet. Fluorescence of the Alexa488 label on the probe was
excited by 488 nm light generated with a continuous-wave
solid-state laser (JDSU, Milpitas, CA, USA). Electropherograms
were analyzed using 32 Karat Software. Peak areas were divided
by the corresponding migration times to compensate for the
dependence of the residence time in the detector on the
electrophoretic velocity of the analyte. Only one miRNA was
used in this study; thus, the quantity of miRNA was calculated
using the following equation (which is a simplified version of
the general equation published elsewhere):**

[P]OAH

[miRNA] = [hybrid] = — 071
AH + AP‘ZH/ qp

(1)

where [P]; is the initial concentration of DNA probe, Ay is the
peak area corresponding to the miRNA-probe hybrid, Ap is the
peak area of the SSB-bound DNA probe, gy is the relative
quantum yield of the hybrid with respect to the free probe, and
gp is the relative quantum yield of the probe in the presence of
SSB with respect to the free probe. The relative quantum yields
were determined in a set of separate experiments described in
the Supporting Information. The original procedure for finding
the quantum yields was described in detail elsewhere.”

Quantitative Reverse Transcription-Polymerase Chain
Reaction (qRT-PCR). TagMan MicroRNA Reverse Tran-
scription Kit and the stem-loop RT primers for cel-miR-39-3p
were purchased from Applied Biosystems (Foster City, CA,
USA) and used to synthesize ¢cDNA according to the
manufacturer’s instructions. The reaction mix was incubated
at 16 °C for 30 min, followed by 30 min incubation at 42 °C in
the iCycler thermocycler (Bio-Rad, Hercules, CA, USA). The
RT products were stored at —20 °C before PCR amplification.
Real-time PCR of cDNA from cel-miR-39-3p was performed
with an iCycler real-time PCR system (Bio-Rad, CA, USA)
using TagMan-Universal-Master-MixII-no-UNG and TagMan
MicroRNA Assays (both from Applied Biosystems, Foster City,
CA, USA). The PCR was started at 95 °C for 10 min followed
by 40 amplification cycles each of 15 s at 95 °C and 1 min at 60
°C. 1.5 pL of RT product was used for each 20 uL of PCR
reaction.

B RESULTS AND DISCUSSION

DQAMmiR involves 3 major steps: (i) hybridization of
miRNAs with the probes (the latter taken in excess), (ii)
separation of miRNA-probe hybrids from each other and from
the unreacted probes, and (jii) quantitative detection of the
separated species (Figure 1). In the hybridization step, the
complete binding (>90%) of the target miRNAs by the
corresponding probes should be reached without appreciable
degradation of the miRNAs or the probes. The slower or
incomplete binding and the degradation can affect accuracy of
miRNA quantitation in DQAMmiR.
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The sample matrix can potentially lead to (i) slower or
incomplete hybridization becuase of the influence of RNA- and
DNA-binding proteins, pH, salts, etc.,’® and (ii) the
degradation of the target miRNAs and DNA probes by
nucleases.”” Thus, for every new sample matrix, the incubation
time that is sufficient for the hybridization of >90% of target
miRNAs must be found, and insignificant degradation of the
target miRNAs and DNA probes during this time must be
confirmed.

The adverse effects of the sample matrix on the quality of the
hybridization step can be minimized by shortening the
incubation time while still ensuring >90% hybridization. The
required incubation time can, in turn, be shortened by
increasing probe concentrations.”* Increasing probe concen-
trations, however, decreases the limit of quantitation (LOQ) of
miRNAs because of interferences of signals from the impurities
(present in the probes and comigrating with the hybrids) with
signals from the hybrids. Therefore, the maximum concen-
trations of the probes that allow the required LOQ must be
chosen first; the incubation time that is sufficient for
hybridization of >90% target miRNA must be determined
after that.

In this work, we used a single nonhuman miRNA, cel-miR-
39-3p, as target miRNA and, accordingly, a single fluorescently
labeled complementary to cel-miR-39-3p DNA as a hybrid-
ization probe. Cel-miR-39-3p is commonly used as a miRNA
mimic in analyses of human miRNA.”® We set LOQ at a level
of 0.1 nM of cel-miR-39-3p. The impurity level in the DNA
probe was measured (see Figure S1), and the maximum DNA
probe concentration that allowed us to achieve the set LOQ
was found to be 100 nM. This probe concentration was used in
all further experiments.

With the probe concentration being defined, we studied the
influence of sample matrix on the incubation time required for
hybridization of >90% of target miRNA. Three matrices were
investigated: a pure TAE buffer (50 mM Tris-acetate, 50 mM
NaCl, 10 mM EDTA, pH 8.2), an RNA extract from the cell
lysate of MCF-7 cultured cells (obtained with a commercial
miRNA isolation kit), and the crude lysate from the MCF-7
cells. Cel-miR-39-3p, which is foreign for MCF-7 cells, and its
fluorescently labeled complementary DNA probe were spiked
into the 3 matrices at final concentrations of 10 and 100 nM,
respectively. The incubation time was varied between 10 and
150 min. CE separation and hybrid quantitation with eq 1 were
then conducted. Hybrid concentrations as functions of
incubation time for the 3 matrices are shown in Figure 2.
Incubation times below 30 min were insufficient for reaching
hybrid concentration of 9 nM (90% hybridization of 10 nM
miRNA). Upon reaching its maximum hybrid concentration
does not change significantly for the pure buffer but gradually
decreases for the RNA extract and the cell lysate. The decrease
is likely associated with the degradation of the target miRNA
which is in agreement with the fact that the decrease rate is
significantly higher for the cell lysate. For our specific case,
incubation times in a range of 30—60 min were suitable for all 3
sample matrices—they ensured miRNA integrity and >90%
hybridization. For further experiments we chose incubation
time of 45 min as the optimum one.

As we mentioned above, the accuracy of miRNA quantitation
also depends on the integrity of the DNA probe. We, thus,
studied probe degradation in the 3 matrices. 100 nM DNA
probe was spiked into each matrix along with fluorescein as an
internal standard and incubated for varying times before

DOI: 10.1021/acs.analchem.7b00707
Anal. Chem. 2017, 89, 47434748


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b00707/suppl_file/ac7b00707_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b00707/suppl_file/ac7b00707_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b00707

Analytical Chemistry

<

=

Q

s

x £

€

59

| e

S8

£%

c g

8 6+ —=—TAE buffer
S —e— RNA extract 1
(@] 51 —A—Cell lysate

T T
0 30 60 120 150

Incubation time (min)

90

Figure 2. Effect of sample matrix on miRNA hybridization. Both 10
nM miRNA and 100 nM DNA probe were spiked into the 3 matrixes
and incubated for varying times; after that, the hybrid was separated
from the unreacted probe by CE and hybrid concentration was
calculated with eq 1. The dashed line shows the level of 90%
hybridization of the spiked 10 nM miRNA. Error bar represents
standard deviation of three repetitions.

sampling for CE separation. We found that expectedly probe
degradation was very slow in all the matrices (Figure 3). Even

100 ‘W
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Figure 3. Integrity of the DNA probe in each matrix over time. 100
nM DNA probe and S0 nM fluorescein (as internal standard) were
spiked into the 3 matrices, following incubation for varying times and
analyzed by CE. The integrity of the DNA probe was calculated by
using the relative peak area of the DNA probe. The integrity of the
DNA probe without incubation was set as 100%. Error bar represents
standard deviation of three repetitions.

when incubated in the cell lysate for 2-h, 90% of the probe was
still intact suggesting that probe degradation should not
significantly affect accuracy of miRNA quantitation by
DQAMmiR. If significant probe degradation is observed, the
use of masking DNA can suppress this degradation.” For the
purpose of this work, the above experiments confirmed that the
hybridization step with 45 min incubation is sufficient for >90%
hybridization and guarantees no significant degradation of the
target miRNA or DNA probe.

We further studied the performance of DQAMmiR in
different sample matrices by measuring spiked-in miRNA
target, cel-miR-39-3p in a range of concentrations. The range of
miRNA concentrations was set 0.1—10 nM, while the probe
concentration was 100 nM in all experiments. DQAMmIR
electropherograms obtained for the 3 matrices (Figure 4 and
Figure S2) indicate that there was no significant matrix-
associated effect on CE separation. Quantifiable peaks of the
miRNA-probe hybrid were successfully produced in all matrices
for all miRNA concentrations (0.1—10 nM).
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Figure 4. Electropherograms of DQAMmiR measurements in the
TAE buffer. Concentration range of miRNA is 0.1—10 nM. The inset
shows the zoom-in of the hybrid peak while [miRNA] = 0.1 nM for
clarity.

The results of DQAMmiR experiments were compared with
the results of the qRT-PCR assay, which is a benchmark
method for miRNA quantification. According to standard
procedures, a standard curve is required for gRT-PCR for
absolute quantification.””** Here we built the standard curve
using standard samples prepared by serial dilution in TAE
buffer (Figure S3). The concentration range of standards was
selected to cover the range of interest in this study (0.1—10
nM). The reason why the standard curve must be built for the
pure buffer is that in a real case scenario, RNA extract and cell
lysate from the real sample contain endogenous target miRNA.
Bar graphs in Figures 5 compare the concentrations of miRNA
measured by DQAMmiR and qRT-PCR with actual concen-
trations for the three sample matrices. Note that the vertical
axis is in the logarithmic scale. In the TAE buffer (Figure Sa),
DQAMmiR could perfectly recover miRNA concentrations in
their whole range with inaccuracy below 10% and relative
standard deviation (RSD) below 9%. The results of qRT-PCR
showed slightly worse accuracy (inaccuracy of 22%) and
precision (RSD of 34%), specifically at lower miRNA
concentrations. For miRNA samples in the RNA extract and
cell lysate, the differences between DQAMmIR and qRT-PCR
were drastic (Figures Sb and c). Measurements by DQAMmiR
were still accurate (maximum inaccuracy of 13%) and precise
(maximum RSD of 11%). In contrast, 5-fold inaccuracies and
RSD of up to 70% were observed in the qRT-PCR results.
DQAMmiR proved to be perfectly robust to changes of the
sample matrix, while qRT-PCR showed the lack of robustness.

In contrast to DQAMmIiR, qRT-PCR requires a standard
curve for absolute quantification. This requirement makes qRT-
PCR an indirect method'® and can result in profound
inaccuracy and imprecision. In this study, the differences in
accuracy between the 3 matrices suggest that the main source of
this inaccuracy was from the mismatch of the matrices, the
standard curve was built for miRNA spiked in the pure buffer.
(We would like to emphasize again that in a real case scenario,
it is impossible to build a calibration curve in the matrix of a
biological sample as it already contains the target miRNA and,
thus, does not allow one to control the concentration of target
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miRNA.) In contrast to the pure TAE buffer, the crude cell
lysate contains molecules (proteins, nucleases, and RNA/DNA,
etc.), which can influence the activity of the two enzymes
(reverse transcriptase and DNA polymerase) employed in qRT-
PCR.*® Typically, preanalytical purifications, such as RNA
isolations, are used to purify cell lysates and reduce this
interference from the matrices, however, our investigation of
samples with RNA extract as a matrix indicated that the
extraction kits might not be able to completely remove these
interfering contents from crude samples. Moreover, these
additional processes for sample preparation could also
introduce unpredicted variances in the analyte amount,
resulting in an unreliable miRNA expression profile.*’ In
contrast, the hybridization in the DQAMmIR assay is an
enzyme-free reaction, the conditions of which could be easily
altered and optimized without disturbing its quantitative
characteristics in crude matrices.

To conclude, the excellent accuracy and precision of
DQAMmiR in cell lysate confirmed that DQAMmiR is
applicable to crude cell lysate and is very robust to changes
of sample matrices. Therefore, DQAMmIR can facilitate highly
accurate analyses of crude clinical samples without additional
sample preparation. Such analyses, in turn, will facilitate
validation of “miRNA fingerprints” for disease diagnostics.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acs.anal-
chem.7b00707.

Results of quantum yield measurements, electrophero-
grams of DQAMmiR measurements in RNA extract and
cell lysate, standard curve of qRT-PCR, and measured
results by two methods (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: skrylov@yorku.ca.

ORCID
Liang Hu: 0000-0003-4507-8525

Sergey N. Krylov: 0000-0003-3270-2130

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Canadian Institutes of Health Research and Natural
Sciences and Engineering Research Council of Canada for
financial support.

B REFERENCES

(1) Hayes, D. F. Ann. Oncol. 1993, 4, 807—819.

(2) Pennello, G. A. Clin. Trials 2013, 10, 666—676.

(3) Horvatovich, P.; Mischoff, R. Eur. Mass Spectrom. 2010, 16, 101—
121.

(4) He, L; Hannon, G. J. Nat. Rev. Genet. 2004, S, 522—531.

(5) Torio, M. V.; Ferracin, M.; Liu, C. G.; Veronese, A.; Spizzo, R;;
Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M,; Campiglio, M,;
Menard, S.; Palazzo, J. P.; Rosenberg, A.; Musiani, P.; Volinia, S,;
Nendi, I; Calin, G. A;; Querzoli, P.; Negrini, M.; Croce, C. M. Cancer
Res. 2008, 65, 7065—7070.

(6) Volinia, S.; Calin, G. A; Liu, C. G.; Ambs, S.; Cimmino, A.;
Petrocca, F.; Visone, R.; Iorio, M.; Roldo, C.; Ferracin, M.; Prueitt, R.
L.; et al. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 2257—2261.

(7) White, N. M. A;; Bao, T. T.; Grigull, J.; Youssef, Y. M.; Girgis, A.;
Diamandis, M.; Fatoohi, E.; Metias, M.; Honey, R. J.; Stewart, R.; Pace,
K. T.; Bjarnason, G. A.; Yousef, G. M. J. Urol. 2011, 186, 1077—1083.

(8) Cogswell, J. P; Ward, J; Taylor, I. A,; Waters, M.; Shi, Y,;
Cannon, B.; Kelnar, K;; Kemppainen, J.; Brown, D.; Chen, C.; Prinjha,
R. K. J. Alzheimers Dis. 2008, 14, 27—41.

(9) Nelson, P. T.; Wang, W. X.; Rajeev, B. W. Brain Pathol. 2008, 18,
130—138.

(10) Yang, B.; Lin, H,; Xiao, J.; Lu, Y.; Luo, X,; Li, B.; Zhang, Y.; Xu,
C.; Bai, Y.; Wang, H,; Chen, G.; Wang, Z. Nat. Med. 2007, 13, 486—
491.

(11) Thum, T.; Gross, C.; Fiedler, J.; Fischer, T.; Kissler, S.; Bussen,
M,; Galuppo, P.; Just, S,; Rottbauer, W.; Frantz, S.; Castoldi, M,;
Soutschek, J.; Koteliansky, V.; Rosenwald, A.; Basson, M. A,; Licht, J.
D,; Pena, J. T. R; Rouhanifard, S. H.; Muckenthaler, M. U.; Tuschl, T.;

DOI: 10.1021/acs.analchem.7b00707
Anal. Chem. 2017, 89, 47434748


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.7b00707
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.7b00707
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b00707/suppl_file/ac7b00707_si_001.pdf
mailto:skrylov@yorku.ca
http://orcid.org/0000-0003-4507-8525
http://orcid.org/0000-0003-3270-2130
http://dx.doi.org/10.1021/acs.analchem.7b00707

Analytical Chemistry

Martin, G. R; Bauersachs, J.; Engelhardt, S. Nature 2008, 456, 980—
984.

(12) Vasilescu, C.; Rossi, S.; Shimizu, M.; Tudor, S.; Veronese, A.;
Ferracin, M.; Nicoloso, M. S.; Barbarotto, E.; Popa, M.; Stanciulea, O.;
Fernandez, M. H.; et al. PLoS One 2009, 4, e740S.

(13) Kacperska, M. J.; Walenczak, J.; Tomasik, B. Adv. Clin. Exp. Med.
2016, 25, 775—779.

(14) Wegman, D. W.; Krylov, S. N. TrAC, Trends Anal. Chem. 2013,
44, 121—130.

(15) Arefian, E.; Kiani, J.; Soleimani, M.; Shariati, S. A. M.; Aghaee-
Bakhtiari, S. H.; Atashi, A.; Gheisari, Y.; Ahmadbeigi, N.; Banaei-
Moghaddam, A. M.; Naderi, M.; Namvarasl, N.; et al. Nucleic Acids Res.
2011, 39, €80.

(16) Labib, M.; Khan, N.; Ghobadloo, S. M.; Cheng, J.; Pezacki, J. P.;
Berezovski, M. V. J. Am. Chem. Soc. 2013, 135, 3027—3038.

(17) Hong, C.; Baek, A;; Hah, S. S.; Jung, W.; Kim, D. E. Anal. Chem.
2016, 88, 2999—3003.

(18) Lee, H.; Shapiro, S. J.; Chapin, S. C.; Doyle, P. S. Anal. Chem.
2016, 88, 3075—3081.

(19) Qavi, A. J; Bailey, R. C. Angew. Chem., Int. Ed. 2010, 49, 4608—
4611.

(20) Ren, Y,; Deng, H.; Shen, W.,; Gao, Z. Anal. Chem. 2013, 85,
4784—4789.

(21) Mraz, M; Malinova, K; Mayer, J.; Pospisilova, S. Biochem.
Biophys. Res. Commun. 2009, 390, 1—4.

(22) Jahn, C. E.; Charkowski, A. O.; Willis, D. K. J. Microbiol. Methods
2008, 75, 318—324.

(23) Wang, W. X,; Wilfred, B. R;; Baldwin, D. A; Isett, R. B.; Ren, N;
Stromberg, A.; Nelson, P. T. Biochim. Biophys. Acta, Gene Regul. Mech.
2008, 1779, 749—757.

(24) Nagy, Z. B.; Wichmann, B.; Kalmér, A.; Bartak, B. K.; Tulassay,
Z.; Molnar, B. Pathol. Oncol. Res. 2016, 22, 505—513.

(25) Tichopad, A.; Didier, A.; Pfaffl, M. W. Mol. Cell. Probes 2004, 18,
45-50.

(26) Pfaf, M. W. In Quantitative Real-Time PCR in Applied
Microbiology; Filion, M., Ed; Caister Academic Press: Norfolk, 2012;
pp S3—62.

(27) Chen, C; Ridzon, D. A;; Broomer, A. J.; Zhou, Z.; Lee, D. H.;
Nguyen, J. T.; Barbisin, M.; Xu, N. L.; Mahuvakar, V. R.; Andersen, M.
R.; Lao, K. Q. Nucleic Acids Res. 2008, 33, e179.

(28) Shi, R;; Chiang, V. L. BioTechniques 2005, 39, 519—525.

(29) Wegman, D. W.; Krylov, S. N. Angew. Chem., Int. Ed. 2011, 50,
10335—10339.

(30) Cherney, L. T.; Krylov, S. N. Analyst 2013, 138, 553—558.

(31) Wegman, D. W,; Cherney, L. T.; Yousef, G.; Krylov, S. N. Anal.
Chem. 2013, 85, 6518—6523.

(32) Dodgson, B. J.; Mazouchi, A.; Wegman, D. W.; Gradinaru, C.
C.; Krylov, S. N. Anal. Chem. 2012, 84, 5470—5474.

(33) Wegman, D. W.; Ghasemi, F.; Khorshidi, A.; Yang, B. B,; Liu, S.
K; Yousef, G. M,; Krylov, S. N. Anal. Chem. 20185, 87, 1404—1410.

(34) Ghasemi, F.; Wegman, D. W.; Kanoatov, M.; Yang, B. B,; Liu, S.
K.; Yousef, G. M,; Krylov, S. N. Anal. Chem. 2013, 85, 10062—10066.

(35) Wegman, D. W.; Ghasemi, F.; Stasheuski, A. S.; Khorshidi, A.;
Yang, B. B.; Liu, S. K; Yousef, G. M.; Krylov, S. N. Anal. Chem. 2016,
88, 2472-2477.

(36) Wetmur, J. G.; Fresco, J. Crit. Rev. Biochem. Mol. Biol. 1991, 26,
227-259.

(37) Ibberson, D.; Benes, V.; Muckenthaler, M. U.; Castoldi, M.
BMC Biotechnol. 2009, 9, 102.

(38) Labib, M.; Khan, N.; Berezovski, M. V. Anal. Chem. 2015, 87,
1395—1403.

(39) Javaherian, S.; Musheev, M. U.; Kanoatov, M.; Berezovski, M.
V.; Krylov, S. N. Nucleic Acids Res. 2009, 37, e62.

(40) Podolska, A.; Kaczkowski, B.; Litman, T.; Fredholm, M.; Cirera,
S. Acta Biochim. Polym. 2011, 58, $35—540.

4748

DOI: 10.1021/acs.analchem.7b00707
Anal. Chem. 2017, 89, 47434748


http://dx.doi.org/10.1021/acs.analchem.7b00707

