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Abstract

MicroRNAs have been proposed to be a class of biomarkers of disease as expression levels are
significantly altered in various tissues and body fluids when compared to healthy controls. As
such, the detection and quantification of microRNAs is imperative. While many methods have
been established for quantification of microRNAs, they typically rely on time consuming handling
such as RNA extraction, purification, or ligation. Here we describe a novel method for
quantification of microRNAs using direct amplification in body fluids without upstream sample
preparation. Tested with a point-of-care device (termed Gene-Z), the presence of microRNA
promotes base-stacking hybridization, and subsequent amplification between two universal
strands. The base-stacking approach, which was achieved in <60 min, provided a sensitivity of 1.4
fmol per reaction. Tested in various percentages of whole blood, plasma, and faeces, precision
(coefficient of variation = 2.6%) was maintained and comparable to amplification in pristine
samples. Overall, the developed method represents a significant step towards rapid, one-step
detection of microRNAs.
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1 Introduction

Point-of-care (POC) nucleic acids-based methods and technologies have the potential to
offer minimally invasive alternatives to biopsies and routine examinations allowing early
detection and therapeutics. MicroRNAs (short, non-coding RNA molecules) are one such
potential marker of disease and cancer with varied expression levels in tissues (Esquela-
Kerscher and Slack 2006; Gaur et al. 2007), faeces (Link et al. 2012; Link et al. 2010), saliva
(Michael et al. 2010; Shao et al. 2012), and blood (Schwarzenbach et al. 2014) between
patient samples and healthy controls; depending on the disease (Ruepp et al. 2010). For
example, increased expression of miR-30b, miR-29b, miR-142-2p, miR-144, miR-203, and
miR-223 (> eight fold in some instances) has been observed in oral squamous samples
collected from cell carcinoma patients compared to healthy controls (Manikandan et al.
2016). In serum, miR-141 expression levels up to 46 fold between patients with prostate
cancer and healthy controls (Mitchell et al. 2008). Thousands of microRNAs have been
identified in humans (Griffiths-Jones et al. 2008; Griffiths-Jones et al. 2006; Griffiths-Jones
2004) and efforts to associate microRNAs to various types of cancer and disease is extensive
and ongoing (Ruepp et al. 2010).

Methods to quantify microRNA require superior limit of detection, large dynamic range, and
precision (Tricoli and Jacobson 2007). Existing amplification-based methods for
measurement of microRNAs include stem-loop reverse transcription polymerase chain
reaction (RT-PCR) (Chen et al. 2005) and reverse transcription-free PCR (Lu et al. 2011).
Isothermal approaches such as rolling circle amplification (Harcourt and Kool 2012; Liu et
al. 2013; Zhou et al. 2010), loop-mediated isothermal amplification (LAMP) (Li et al. 2011),
exponential amplification reaction (EXPAR) (Wang et al. 2014; Zhang and Zhang 2012),
and others have also been described for microRNA (Table 1). Isothermal approaches have
the advantage of simplicity in terms of constant temperature and high amplicon yields (Mori
et al. 2001), which allow for quantification with relatively simpler devices (e.g. turbidity
meters, lllumigene, NucleSENSE easyQ, Gene-Z). However, upstream sample preparation
for microRNA is challenging. This is because amplification-based techniques typically
require RNA isolation by skilled personnel in a centralized laboratories. However,
isothermal polymerases (e.g. Bst) are more robust and less impacted by inhibitory substrates
compared to PCR polymerases (Kostic et al. 2015; Stedtfeld et al. 2014). Thus, an
isothermal direct amplification approach has the potential to reduce analysis time and costs,
without isolation and purification, and is therefore well suited for use outside of laboratories
with specialized infrastructures (Njiru 2012).

The developed isothermal technique for direct microRNA detection is a variant of a gPCR-
based approach reported by Lu and coauthors (Lu et al. 2011) and enhanced by Yu and
coauthors (Yu et al. 2013). In detail, the presence of microRNA promotes a base-stacking,
hybridization of two universal strands and amplification under isothermal conditions (Fig.
1a). The developed approach for microRNAs was demonstrated in a conventional thermal
cycler and a compact, low-cost real time isothermal amplification device (termed Gene-Z)
that uses disposable microfluidic cards (Fig. 1b; Stedtfeld et al. 2012). The direct
amplification method was also tested in mouse body fluids (whole blood, plasma, and
faeces) using real time fluorescence and confirmed via gel electrophoresis.
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2 Methods and materials

Single-stranded universal template sequences were obtained from Integrated DNA
Technologies (Coralville, 1A) as HPLC-purified 4 nmole ultramers and rehydrated in
nuclease-free water. Loop-mediated isothermal amplification primers specific to the
universal strands, were designed using Primer Explorer Software V4 and obtained from
Integrated DNA Technologies (Table 2). A 10X primer mix was created with 16 uM forward
inner primer (FIP) and backward inner primer (BIP) and 2 pM forward (F) and reverse (R)
primers. The final 2X reaction included 1X primer mix, 2X Isothermal Buffer (New England
Biolabs; Ipswich, MA), 0.28 mM dNTPs (Invitrogen; Carlsbad, CA), 1.6 mM Betaine
solution (Sigma-Aldrich; St. Louis, MO), 12 mM MgSO,4 (New England Biolabs; Ipswich,
MA\) and sterile water (Thermo Fisher Scientific; Waltham, MA). A final 10 pl isothermal
amplification reaction contained 1X reaction mix, 16 units Bst2.0 Polymerase (New
England Biolabs, Ipswich, MA), 20 uM SYTO82 orange fluorescent nucleic acid stain
(Invitrogen), 3.75% formamide (Sigma-Aldrich; St. Louis, MO), 4 ug bovine serum albumin
(BSA; New England Biolabs; Ipswich, MA), 0.4% Pluronic F-68 (Life Technologies;
Carlsbad, CA), 1 ul clinical sample or water, 0.25 pM universal strands, and 1 pl microRNA.

Reactions in the commercial real-time PCR machine were conducted in 96-well plates.
Cycling included 58 s incubation at 65 °C followed by a plate read, and repeated for 60
cycles. For reactions in the microfluidic chip, primers were dispensed into wells, dried at

70 °C for 5 min, and sealed with optical adhesive film (Stedtfeld et al. 2015) (Applied
Biosystems; Foster City, CA). Pluronic and BSA were not used in experiments conducted in
the microfluidic chip. Reaction mixture was injected into the chip and the chip was inserted
into Gene-Z™. After reaching 65 °C, fluorescence was measured every 16 s for 60 min
(Stedtfeld et al. 2012). The sample is then added to the reaction mixture, mixed and then
injected into the chip using a pipette. Once completed, raw data is emailed from the iPod to
a PC for data processing and analysis.

Gene-Z performance has been demonstrated for many applications including bacterial
pathogens important to water safety, human health, and assessing bioremediation
performance in contaminated acquifers (Kostic et al. 2015; Stedtfeld et al. 2014). The work
described here is its first demonstration for microRNA detection. Features of this real time
device include: i) simple microfluidic chips consisting of up to 64 reaction wells each with 1
to 20 ul (Stedtfeld et al. 2015) ii) real time monitoring of amplification in less than 1 h, iii)
potential for wireless communication, automated data processing and reporting using a
smartphone user interface, and iv) a hand-held format with internal rechargeable battery.

Experiments involving samples collected from mice were conducted in compliance with
relevant laws and institutional guidelines, under Animal Use Form (AUF) Approval No.
02/14-030-00. Fecal pellets were collected, frozen, and stored at =80 °C. priorto direct
amplification, fecal pellets were hydrated with nuclease free water, crudely lysed using a
pestle, and vortexed for 1 min to homogenize. A portion of the whole blood was used for
collection of plasma, via centrifugation at 2000 x g for 10 min.
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To verify true positive amplification in blood samples spiked with microRNA, reactions
were also analyzed using 1% agarose gel electrophoresis in 1 x TAE buffer at 110 Vat room
temperature for 1 h. The gels were stained with SYBR safe, and images were captured using
a smartphone.

All data was analyzed by calculating the signal to noise ratio (SNR). For the commercial real
time PCR machine, the SNR was defined as a ratio between the differences in signal from
the mean background to the difference in signal from the maximum signal. The
amplification time was thus defined as the time the SNR crossed a threshold of 0.1. The
amplification time (Tt) was defined as the time where the signal crossed a threshold of 5.
The difference in amplification time between the target assay and the no template control
(NTC) was defined as ATt.

Base-stacking isothermal amplification method

The isothermal amplification method includes two universal strands, approximately 100 and
80 nucleotides in length, one that has a complementary region to the microRNA of interest
(Fig. 1a). The other is a universal strand that can be used for detection of any microRNA.
Directly adjacent to the microRNA-specific region at the 5” end of the left strand is a five
nucleotide long overhang sequence that is complementary to the first five nucleotides on the
3’ of the right strand. When the target microRNA is present in the reaction, it stabilizes the
heterodimer (based on nearest neighbor base stacking interactions), thus allowing the
binding of the overhangs to occur. When it is not present, annealing conditions are not
favored — especially at the high reaction temperature (65 °C), thus resulting in a significant
delay in amplification time. Primers for the isothermal amplification were designed
according to requirements for a one h loop-mediated isothermal amplification (LAMP)
(Mori et al. 2001; Notomi et al. 2000), which utilizes Bst polymerase, an enzyme minimally
inhibited by complex sample components (Koloren et al. 2011; Stedtfeld et al. 2015;
Stedtfeld et al. 2014). The forward primer (F) and forward-inner-primers (FIP) have the
same sequences as universal strand 1, so are unable to bind and begin amplifying until the
overhang connection has allowed the formation of its complementary strand. The same is
true for the reverse primer (R) and the backward-inner primer (BIP) for universal strand 2
(Table 2).

Method optimization

Two aspects of the isothermal amplification reaction chemistry were systematically tested
including overhang length and reaction chemistry. An overhang length of five nucleotides
was determined to the optimal length to increase ATt (Fig. 2a). This overhang length was
similarly observed to be optimal for the reverse transcription-free qPCR method developed
by Lu and coauthors (Lu et al. 2011). The addition of formamide in DNA amplification
reactions lowers the melting temperature of DNA by ~2.4 °C/mol of formamide and is
destabilizing (Blake and Delcourt 1996). In our system, it greatly increased the ATt at 3.75%
(Fig. 2b) but increased the amplification time at concentrations higher than 5%. Formamide
concentrations above 7% resulted in no amplification. In addition, loop primers, which are
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typically used to decrease the amplification time (Nagamine et al. 2002), were not used as
they also decreased the ATt.

Sensitivity and specificity

To validate the optimized method, a dilution series of miR-141 was prepared with four
concentrations. Tested on a commercial real time cycler (used isothermally), the dynamic
range was 1.4 fmol — 1.4 pmol per 10 pl reaction (Fig. 3a). No template control (NTC)
amplified after 65 min but amplification time compared to 1.4 fmol was significantly higher
(pvalue <0.05). Thus a detection limit of 1.4 fmol was observed using this technique with
the miR-141 assay.

Specificity is crucial to the development of microRNA assays. Some amplification-based
strategies that employ intercalating dyes may be unable to correctly differentiate one
nucleotide mismatches, particularly when located near the 5° end (Shen et al. 2015). To
assess specificity among closely related microRNAs, a universal strand specific to miR-141
was tested with members of the miR-8 family, which differ by 1-6 nucleotides, including
miR-200a, miR-429, miR-200a, miR-200b, and miR-200c (Fig. 3b). The concentration of
microRNAs used for the specificity experiments was 14 fmol. There was no difference
between the no template control (NTC) and the assay targeting miR-429, while the ATt
ranged from 1.3 to 3 min. A ATt of 10 min was observed for miR-141 compared to the NTC.
Thus, the assay is indeed specific to miR-141.

Serial dilutions of microRNA were also tested on the Gene-Z device. The chip was divided
into 8 groups (7= 4 wells each) and was preloaded with a ten-fold dilution series of the
miR-141, and one group (/7= 4 wells) was loaded without template to serve as the NTC.
Results in Gene-Z were similar to the conventional thermal cycler with a significantly
different ATt down to 1.4 fmol per reaction compared to the NTC. In a specificity
experiment on the microfluidic chip used in Gene-Z, assays targeting miR-141 and miR-92
amplified in respective wells in which target microRNA was loaded. (Fig. 3c). Thus
specificity and sensitivity were maintained for assays tested using the Gene-Z device.

Direct amplification of microRNA from body fluids

To test the suitability of the developed methodology for use with clinical samples, miR-141
was spiked into hydrated faeces, whole blood, and plasma. The amount of body sample used
per reaction was also tested for each matrix. Complete inhibition was only observed at
higher concentrations of faeces (23 and 2.3 ug/ul; Fig. 4a). Complete inhibition was not
observed for any of the tested concentrations of whole blood and plasma though a slight
delay in amplification time was observed in reactions with more blood and plasma. The
NTC control was also delayed in higher concentrations of blood and plasma per reaction
indicating that assay sensitivity was not influenced by direct amplification. For samples
spiked with miR-141, gel electrophoresis of the reaction after 48 min of incubation further
confirms correct amplification in body sample matrices (Fig. 4b). Though still positive
amplification product, the signal intensity of the amplicons on the gel was lower for faeces
compared to the signal intensities for amplicons for whole blood and plasma.
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4 Discussion

The described method appears to be well-suited for detection of microRNA via direct
amplification from unprocessed biological samples, as Bst polymerase is less influenced by
inhibition compared to gPCR (Koloren et al. 2011; Stedtfeld et al. 2015; Stedtfeld et al.
2014). To our knowledge, this is the most rapid method (< 60 min) described for direct
quantitative detection of microRNAs in body fluids (Table 1). The time to result was mainly
achieved by eliminating sample processing and RNA extraction. A majority of previously
described methods for microRNA require RNA extraction, ligation, and other steps that
involve opening tubes and sample manipulation (Table 1). Two other studies described direct
isothermal amplification; one of which required an incubation time of 4 h (Li et al. 2013).
The other method appears to be comparable in terms of hands-on-time, and was tested with
cell extracts from lung; however, both precision and detection limits were questionable in
that replication was not described, nor was a subsequent proof of amplification other than
real-time fluorescence curves (Li et al. 2013).

A sensitivity of 1.4 fmol per reaction was observed using our base-stacking isothermal
amplification method, which is comparable to other direct isothermal amplification studies
(Table 1). Although sensitivity is important, it is not the most vital factor determining the
clinical utility of a microRNA assay. For example, a single cell of human tissue may contain
anywhere from 100,000-500,000 copies (0.5-1 amol) of total microRNAs or 0-40,000
copies (0-0.1 amol) of a single microRNA (Liang et al. 2007). This suggests that only ~103
cells would be required to measure microRNAs in higher abundance. Using a larger sample
volume is always a possibility with human samples. For example, to measure 2.38 x 10°
copies (4 amol) miR-224 per pl urine required to distinguish Type 1 diabetes mellitus
patients from healthy controls (Bacon et al. 2015), approximately 350 pl of urine will be
required.

Precision is a more important factor as the fold difference between diseased and cohort
samples may be smaller for some microRNA/disease associations. Targeting mR-141 with
our method, the slope of the standard curve was 6.74 min per 10 fold difference in template
concentration. This slope is 2 times higher compared to conventional methods of gPCR
(which is typically 3.3 cycles per 10 fold change in template concentration). This allows
greater distinction between levels of microRNA. The coefficient of variation among all
tested samples was also low (mean CV = 2.6%), which is near or below the CV observed in
other studies using isothermal amplification following DNA extraction (Bosward et al. 2016;
Brotons et al. 2016) or directly from groundwater samples (Stedtfeld et al. 2016).

Implications of having a direct isothermal approach for measuring microRNAs are far
reaching. For example, oral cancer is among the leading causes of death in India due to use
of chewing tobacco and betel nuts (Sen et al. 2002; Sinha et al. 2016). Thus, a simple
microRNA-based test for early detection of oral cancer may influence timely treatment.
Although the benefit of prostate specific antigen (PSA) assay are being questioned routinely,
more than 30 million PSA tests are still conducted in the United States alone (Andriole et al.
2009). MicroRNA markers such as miR-141 reported by Mitchell and coauthors appears to
be an extremely viable marker for prostate cancer (Mitchell et al. 2008). Using a rapid and
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easy to use direct amplification method, marker validation studies could potentially be
extended to larger populations at a significantly lower cost.

Based on the review of literature presented in Table 1, an important observation was related
to the usefulness of a NTC. It was noted that nearly all isothermal microRNA amplification
approaches result in NTC amplification over an extended incubation period (Li et al. 2011;
Ma et al. 2014). Thus, to establish the clinical utility of isothermal methods at the limit of
detection, inclusion of NTC along with the standard deviations of NTC as well as the lowest
concentration standard is critical. This information was not always available in many
reported studies and must be included as part of any isothermal amplification method
development for microRNAs.

5 Conclusions and prospective

The <60 min time to results achieved with the base-stacking isothermal amplification
method is among the most rapid methods currently known for quantification of microRNAs.
Direct amplification of microRNAs from blood, plasma, sputum, or other body fluids could
reduce the necessity for hands-on training as well as need for sophisticated instruments.
Combined with comparable sensitivities (Ma et al. 2014) and an inexpensive and
quantitative device (Gene-Z; Stedtfeld et al. 2012), this method highlights the potential for
microRNAs- based diagnostics under limited resource settings. Further validation is
warranted using clinical specimens to establish clinical sensitivity, specificity, performance,
and ruggedness under field conditions.
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Fig. 1.
a Schematic description of base-stacking microRNAs isothermal amplification. b Real-time,

Gene-Z and microfluidic chip for POC microRNA quantification
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Fig. 2.

Ogtimization of the base-stacking microRNA isothermal amplification approach. a Standard
curves with formamide concentrations of 2.5%, 3.75%, and 5%. b Standard curves obtained
with various overhang lengths (four, five, and seven nucleotides) and five base overhang
with AT content or GC content. No amplification was observed at 7% and above. Points
represent average and error bars are standard deviation of three technical replicates
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Fig. 3.

Segnsitivity and specificity of base-stacking isothermal amplification method targeting
miR-141. a Dynamic range of isothermal amplification assay with miR-141 from 1.4-1400
fmol/reaction. b Specificity of the miR-141 assay when tested with closely related members
of the miR-8 family (14 fmol each). Points represent average and error bars are standard
deviation of three technical replicates. ¢ Specificity is shown via imaging the Gene-Z
microfluidic chip with a CCD
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Fig. 4.
Precision and gel electrophoresis verifying utility of direct isothermal amplification in body

samples spiked with miR-141. a Amplification time (Tt) results after spiking 140 fmol
miR-141 into different body sample matrices. Final concentration indicates amount of body
matrix added to the amplification reaction (feaces indicate ug per ul). Error bars indicate
standard deviation of three techinal replicates and CVindicates coeffiecint of variation (%).
b Gel electrophoresis 48 min of incubation of base-stacking isothermal amplification for
body fluids spiked with or without miR-141
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Table 2

Isothermal microRNA assay sequences, including universal strands, primers and oligos used in validation

experiments

Name

Sequence5’-3

miR-141 Specific Strand 1 *
miR-92 Specific Strand 1™

miR-141 Specific Strand 1 *
(Lower GC Content Overhang)

miR-141 Specific Strand 1 *(7
bp Overhang)

miR-141 Specific Strand 1 *(4
bp Overhang)

Universal Strand 2

Universal Strand 2 (Lower GC
Content Overhang)

Universal Primer F3
Universal Primer B3
Universal Primer FIP
Universal Primer BIP
Has-miR-141-3p
Has-miR-29a-3p
Has-miR-92 miR-8 Family **
Has-miR-141-3p
Has-miR-200a-3p
Has-miR-200b-3p
Has-miR-200c-3p
Has-miR-429

TGCTTAATGCTTTGATCGGCCTTGAGCACCATAAGGCAACCACCACAGAAGTATTTAAATGG
GATGGGGAAAAAAGGCTATTCCCAG CCATCTTTACCAGACAGTGTTA GGTCG

TGCTTAATGCTTTGATCGGCCTTGAGCACCATAAGGCAACCACCACAGAAGTATTTAAATGG
GATGGGGAAAAAAGGCTATTCCCAG ACAGGCCGGGACAAGTGCAATA GGTCG

TGCTTAATGCTTTGATCGGCCTTGAGCACCATAAGGCAACCACCACAGAAGTATTTAAATGG
GATGGGGAAAAAAGGCTATTCCCAG CCATCTTTACCAGACAGTGTTA TGTCG

TGCTTAATGCTTTGATCGGCCTTGAGCACCATAAGGCAACCACCACAGAAGTATTTAAATGG
GATGGGGAAAAAAGGCTATTCCCAG CCATCTTTACCAGACAGTGTTA GGTCGCA

TGCTTAATGCTTTGATCGGCCTTGAGCACCATAAGGCAACCACCACAGAAGTATTTAAATGG
GATGGGGAAAAAAGGCTATTCCCAG CCATCTTTACCAGACAGTGTTA GGTC

CACTTCCTTAGACATGAGCTATACGACGAGCTAAATCTTGATCGCCTAGGGTCATGTTCTTCGACC
CACTTCCTTAGACATGAGCTATACGACGAGCTAAATCTTGATCGCCTAGGGTCATGTTCTT CGACA

TGCTTAATGCTTTGATCGG

CACTTCCTTAGACATGAGCT
CTGGGAATAGCCTTTTTTCCCCACTTGAGCACCATAAGGCAA
AAGAACATGACCCTAGGCGAATACGACGAGCTAAATCTTGA
UAACACUGUCUGGUAAAGAUGG
UAGCACCAUCUGAAAUCGGUUA
UAUUGCACUUGUCCCGGCCUGU

UAACACUGUCUGGUAAAGAUGG
UAACACUGUCUGGUAACGAUGU
UAAUACUGCCUGGUAAUGAUGA
UAAUACUGCCGGGUAAUGAUGGA
UAAUACUGUCUGGUAAAACCGU

*
Underline represents microRNA-complementary regions. Italics represents overhangs

*ok

Underline represents nucleotides that differ from miR-141-3p.
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