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   Abstract
   The accurate and quantitative analysis of microRNA (miRNA) expression
   is critical for biomedical research and clinical theranostics. In this
   study, we report a novel sensor for the sensitive detection of miRNA
   based on a duplex-specific nuclease (DSN)-assisted dual signal
   amplification strategy. A chimeric probe (DNA/2-OMe-RNA) that consists
   of a miRNA recognition DNA sequence and a Taqman probe hybridization
   RNA sequence (2’-O-methyl RNA) was designed and synthesized. One
   molecule of target miRNA can trigger cyclical cleavage of the chimeric
   probes to produce 2’-O-methyl RNA by DSN in the first round of
   amplification. The 2’-O-methyl RNA molecules can subsequently
   hybridize with Taqman probes and initiate the second round of cyclical
   amplification to generate detectable fluorescence by DSN. The proposed
   strategy exhibits high specificity in discriminating cognate miRNAs,
   and the dual signal transduction process enables the detection of
   miRNA concentrations as low as 7.3 fM. We further applied this assay
   to miRNA quantification in cancer cells to confirm its applicability.
   The present study provides a sensitive, specific and simple method for
   miRNA detection and holds great potential for further application in
   biomedical research and in the clinical laboratory.
   Keywords: MicroRNA, Duplex-specific nuclease, Chimeric probes, Dual
   signal amplification, Magnetic microspheres
   1. Introduction
   MicroRNAs (miRNAs) belong to a class of endogenous small molecules
   that are involved in the regulation of gene expression in a variety of
   life processes(Baker 2010; Inui et al. 2010). The deregulation of
   miRNA expression in specific tissues has been reported in various
   pathological processes such as viral diseases, cardiovascular
   diseases, immune disorders and cancers(Arenz 2006; Jopling et al.
   2005). Recent studies have also confirmed that miRNAs are also
   present in the extracellular matrix of various tissues, including
   peripheral blood and other bioﬂuids(Grasedieck et al. 2013; Weber et
   al. 2010). Moreover, most of these extracellular miRNAs (ex-miRNAs)
   carry specific information and have been shown to be associated with various
   diseases. Since ex-miRNAs are easily accessible and relatively
   non-invasive, they are regarded as a promising new group of
   biomarkers.
   In comparison with other nucleic acids including DNA and messenger
   RNA, the unique characteristics of miRNAs, such as small size, sequence
   homology among family members (even single-base mismatch), and low
   abundance in biological samples, make accurate analysis a great
   challenge(Baker 2010). In the past decade, a variety of effective
   methods have been developed for miRNA detection, among which northern
   blotting is regarded as the gold standard(Valoczi et al. 2004),
   although it has limitations such as poor sensitivity, large sample
   consumption and a tedious experimental protocol. The microarray-based
   technique is another conventional assay which has the advantage of
   high throughput and multiplexing capacity (Thomson et al. 2004), but
   poor sensitivity and a lengthy hybridization time restrict its wide
   application. In order to improve the sensitivity and efficiency of
   miRNA detection, a variety of methods which rely on signal
   amplification strategies have been proposed, such as real-time PCR
   (RT-PCR)(Chen et al. 2005; Shi and Chiang 2005), exponential
   amplification reaction (EXPAR) (Jia et al. 2010) and rolling circle
   amplification (RCA) (Cheng et al. 2009; Zhou et al. 2010), among
   others. Among these approaches, RT-PCR methods, including stem-loop
   RT-PCR and polyA-tailed RT-PCR, are the most widely used miRNA
   analysis techniques, both of which have the advantage of high
   sensitivity and specificity. Unfortunately, these techniques require
   precise temperature control and the essential step of reverse
   transcription, which increases the experimental time and risk for
   RNase contamination. EXPAR, which was first devised by the Galas group
   for the efficient amplification of short oligonucleotides (8-16
   nucleotides)(Van Ness et al. 2003), has been successfully applied to
   miRNA real-time detection by Li and coworkers, with a detection limit
   of about 15 aM (Jia et al. 2010). However, this method is mainly
   limited by strong nonspecific background amplification, which is
   mainly caused by interactions between the template and DNA polymerase.
   RAC-based methods are also widely used in miRNA analysis owing to
   their high sensitivity (at the fM level) and specificity (able to
   discriminate single-base pair mismatches); however, these methods are
   very time-consuming. In a paper by Cheng et al., a detection limit of
   10 fM was achieved by allowing the experiment to proceed as long as 8
   h (Cheng et al. 2009). Therefore, the development of a rapid,
   convenient and sensitive miRNA detection method is still in great
   demand.
   Recently, a novel and stable enzyme called duplex-specific nuclease
   (DSN) was isolated from the hepatopancreas of the Kamchatka crab (Paralithodes
   camtschaticus) by Shagin et al. (Shagin et al. 2002). This nuclease
   exhibits a strong cleavage preference for double-stranded (ds) DNA and
   DNA in DNA-RNA hybrid duplexes, while it shows little activity toward
   single-stranded (ss) DNA or single- or double-stranded RNA. More
   interestingly, this enzyme has a good ability to discriminate between
   perfectly matched and slightly mismatched (up to one mismatch) short
   duplexes. Due to its unique enzymatic characteristics, DSN has
   attracted increasing interest and shows great potential for
   application in the biological and biomedical sciences. Using DSN, several
   fluorescence signal amplification methods for miRNA detection have
   been developed (Degliangeli et al. 2014; Yin et al. 2012). Despite
   their remarkable advantages, such as simple methodology, fast
   experimental protocols and high specificity, the detection limit of
   these methods remains in need of further improvement for more
   extensive application. A further improvement in sensitivity could be
   achieved by introducing a dual signal amplification process. Herein,
   on the basis of DNA/2-OMe-RNA chimeric probes (DR-CPs) and a DSN-assisted
   cascade signal amplification strategy, we report a novel and more
   sensitive fluorescence method for the quantitative detection of miRNA.
   In this study, due to the ultrahigh selectivity of DSN, the proposed
   strategy can distinguish between varied homologous sequences that
   contain as little as a single base mismatch. Meanwhile, by the prominent
   signal amplification efficiency of DR-CPs assisted dual signal
   amplification strategy, the proposed sensitive method allows for the
   detection of target miRNA in a wide dynamic range of 10 fM to 10 pM
   and has a detection limit as low as 7.3 fM, making this method
   advantageous for analyzing biological samples. Moreover, we
   successfully applied this method for analyzing total RNA samples from
   human cancer cell clines, demonstrating its potential application in
   practical sample analysis.
     2. 
       Experimental Methods
   2.1. Materials and reagents
   The HPLC-purified microRNAs, DNA/2-OMe-RNA chimeric probes, Taqman
   probes and other oligonucleotide probes were synthesized by Takara
   Biotechnology Co. Ltd. (Dalian, China). All oligonucleotide sequences
   are listed in Table S1 (Supporting Information). RNase inhibitor and
   DEPC-treated water were obtained from Sangon Biotech Co., Ltd.
   (Shanghai, China). Streptavidin-coated magnetic microspheres (MMS,
   ~0.8 μm in diameter, 10 mg/mL) were purchased from Bangs laboratories,
   Inc. (Indiana, USA). DSN was obtained from Newborn Co. Ltd. (Shenzhen,
   China). All chemicals were purchased from Sigma-Aldrich, Inc. (Saint
   Louis, MO, USA) and used without further purification.
   2.2 Procedure for miRNA detection
   First, the detection of miRNA was performed in a 30 μL amplification
   reaction mixture containing 1 × DSN buffer (50 mM Tris-HCl pH 8.0, 10
   mM MgCl2 and 1 mM DTT), 0.2 U DSN (dissolved in 25 mM Tris-HCl, pH
   8.0; 50% glycerol), 20 U RNase inhibitor, 3 μL prepared functional MMs
   and different concentrations of target miRNA at 60 °C for 30 min.
   After that, the MMs were separated from the reaction solution using a
   magnetic separation rack, and the solution (27 μL) was transferred to
   a new centrifuge tube. This was followed by the addition of Taqman
   probes (3 μL, 3 μM) to a final concentration of 300 nM. Subsequently,
   the reaction mixture was incubated at 60 °C for 30 min prior to the
   fluorescence measurement.
   2.3 Fluorescence measurement
   The amplification products (30 μL) were diluted to a final volume of
   60 μL with 30 μL 10 mM EDTA. Fluorescence measurements were carried
   out on a Perkin- Elmer LS-55 fluorometer equipped with a xenon lamp
   excitation source. The excitation wavelength was 495 nm, and the
   spectra were recorded between 500 and 650 nm. The fluorescence
   intensity at 517 nm was chosen as the optimal experimental condition
   for data analysis.
   2.4 Gel electrophoresis
   Products of the DSN enzymatic amplification reaction were analyzed by
   3% agarose gel electrophoresis in 0.5 × TBE buffer (45 mM Tris-boric
   acid, 1 mM EDTA, pH 8.0) at a 110 V constant voltage at room
   temperature for 40 min. The gels were stained by 4S Red Plus and
   analyzed using a UVItec Platinum Gel Imaging system (Cambridge, UK).
   3. Results and Discussion
   3.1 Principle of the miRNA assay
   The principle behind the miRNA assay based on DR-CPs and DSN-assisted
   dual signal amplification is shown in detail in Scheme 1. DR-CP with a
   biotin group at its 3’ terminus was rationally designed, consisting of
   two main regions: a target miRNA recognition DNA sequence at its 3’
   end and a Taqman probe recognition 2’-O-methyl RNA sequence at its 5’
   end (Scheme 1B). This probe attached to the surface of
   streptavidin-coated MMs through a biotin/streptavidin interaction. When
   the target miRNA is added to the reaction solution, it hybridizes with
   the DR-CP to form a DR-CP/miRNA duplex. Once the DNA/RNA heteroduplex
   is formed, the target recognition sequence of the DR-CP is selectively
   hydrolyzed by DSN. As a result, the 2-OMe-RNA fragments are released
   and the target miRNA strands are recycled, thus forming a
   target-recycling amplification through which thousands of 2-OMe-RNA
   fragments are cleaved off the MMs by one target miRNA strand during
   hybridization/DSN incubation. Afterwards, the MMs together with the
   unreacted DR-CPs are separated from the reaction solution using a magnetic
   separation rack. This is followed by the addition of Taqman probes (as
   a signal output). Similarly, the 2-OMe-RNA fragments and Taqman probes
   also form DNA/RNA heteroduplexes, thus initiating a new
   target-recycling cycle that results in further signal amplification. Under
   optimal conditions, the amount of the 2-OMe-RNA fragments and hence
   the number of cleaved Taqman probes are directly associated with the
   initial target miRNA concentration, resulting in the quantitative
   detection of the target miRNA. In the absence of target miRNA, neither
   DR-CPs nor Taqman probes are hydrolyzed by DSN, and no fluorescent
   enhancement will be observed.
   
   Scheme 1
   3.2 Feasibility
   Recently, MMs, a useful tool in many fields of biological research
   such as protein purification, specific cell isolation and nucleic acid
   detection, have attracted a lot of attention. As well as being
   magnetic, a property that allows for efficient separation from the
   reaction mixture via an external magnet, they also serve as excellent
   micro-carriers, helping to conjugate various biomolecules. In this
   work, streptavidin-coated MMs were utilized as vehicles to load DR-CPs
   through the interaction between biotin/streptavidin and the functional
   magnetic microspheres (MMs) were prepared according to the
   manufacturer’s protocol with minor modifications (See Supporting
   Information). In order to characterize these composite microspheres
   and verify the successful conjugation of biotinylated oligonucleotides
   and streptavidin-coated MMs, a FAM-labeled DNA probe (FAL-DP) with a
   biotin group at its 3’ terminus and a FAM group at its 5’ terminus was
   prepared as a model. Thus, we were able to characterize these
   functional MMs through confocal laser scanning microscopy performed in
   a FV10i-W system (Olympus, Japan). As illustrated in Figure 1, a
   comparison between a fluorescent image of MMs (B) and MMs modified
   with FAL-DPs (D) showed a greatly enhanced fluorescence signal,
   suggesting the successful and efficient conjugation of the
   biotinylated oligonucleotides on the surface of well-dispersed MMs.
   
   Figure 1
   In our approach, DR-CP connects the two rounds of target
   amplification; it acts as a signal probe in the first cycle and a
   target probe in the second one. Recent studies have suggested that DSN
   exhibits a strong cleavage preference for DNA duplexes and DNA in
   DNA/RNA hybrid duplexes, and is practically inactive towards ssDNA or
   single or double-stranded RNA. However, there is no evidence that DSN
   also shows a cleavage preference for DNA in DNA/2-OMe-RNA hybrid
   duplexes. In view of the important value of DR-CP, it is necessary to
   establish whether DSN can recognize and cleave DNA in DNA/2-OMe-RNA
   hybrid duplexes. Thus, agarose gel electrophoresis was performed to
   analyze the effects of DSN on DNA/RNA and DNA/2-OMe-RNA hybrid
   duplexes, respectively. As shown in Figure 2, in the absence of DSN,
   the DNA/RNA and DNA/2-OMe-RNA hybrid duplex bands were observed (lane
   1 and 4). However, in the presence of DSN, the bands began to fade and
   eventually disappeared after a period of incubation (lanes 2 and 3),
   indicating that the DNA in the DNA/RNA and DNA/2-OMe-RNA hybrid
   duplexes was cleaved by DSN. These results clearly show that DSN has
   no significant difference in its preference for DNA/RNA or DNA/2-OMe-RNA
   hybrid duplexes.
   
   Figure 2
   3.3 Optimization of assay conditions
   To obtain the best performance, the concentration of Taqman probes,
   the reaction temperature, and the amount of DSN were optimized in turn.
   Among them, the reaction temperature was a crucial factor influencing
   both the activity of DSN and the stability of RNA/DNA hybrid duplexes.
   As shown in Figure S1, the F/F0 value increased as the reaction
   temperature increased from 50 to 60°C, followed by a decrease as the
   temperature rose beyond 60°C. F and F0 represent the fluorescence
   intensity in the presence and absence of miR-21, respectively. A
   reaction temperature of 60°C was used because this was the temperature
   at which the F/F0 was highest. A high concentration of Taqman probes
   results in high hybridization efficiency and high fluorescence
   enhancement, but it is also accompanied by a high background signal. Therefore,
   the concentration of the Taqman probe should be optimized as well. As
   shown in Figure S2, the F/F0 value increased as the concentration of
   the Taqman probe increased from 100 to 300 nM, but beyond this
   concentration, the F/F0 value decreased. Thus, 300 nM of Taqman probe
   was used in subsequent research. We further investigated the effect of
   the amount of DSN upon the amplification efficiency. Although a higher
   concentration of DSN would achieve a higher fluorescence signal, the
   background noise would also increase correspondingly. To optimize the
   amount of DSN, we examined the variance of the F/F0 value as a
   function of the amount of DSN. As shown in Figure S3, the highest
   change was observed when the amount of DSN was 0.2 U. Therefore, 0.2 U
   DSN was considered to be the optimum amount that was then used in
   subsequent experiments.
   3.4 Analytical performance of the assay
   We subsequently assessed the sensitivity of the proposed method by
   measuring miR-21 at various concentrations under optimal conditions.
   As shown in Figure 3A, a gradual increase in fluorescence intensity
   was observed by increasing the miR-21 concentrations in the range of
   0-10 nM. Figure 3B shows the relationship between the fluorescence
   intensity and the concentration of miR-21. As the inset in Figure 3B
   depicts, the fluorescence intensity exhibits a positive linear
   correlation with the concentration of miR-21 within the range of 10 fM
   to 10 pM. The correlation equation is F = 82.64 + 17.57 log10 C with a
   correlation coefficient of 0.9702, where F is the fluorescence
   intensity and C is the concentration of miR-21. The detection limit of
   this method is calculated to be 7.3 fM based on the average signal of
   the blanks plus there times the standard deviation. Notably, compared
   to previous fluorescence assays based on DSN signal amplification, the
   proposed method achieved a lower detection limit. With this technique,
   the sensitivity has been demonstrated to be improved by as much as 3
   orders of magnitude compared to that of the DNA- gold nanoparticle
   probe-based assay (Degliangeli et al. 2014) 2 orders of magnitude
   compared to that of the molecular beacon- based method (Lin et al.
   2013) and the WS2 nanosheet-based method(Xi et al. 2014; Guo et al.
   2014)(Table S2, Supporting Information). The high sensitivity
   achieved by our method mainly relies on cascade amplification and the
   strong cleavage activity of DSN.
   
   Figure 3
   The capacity to distinguish miRNA family members is particularly
   important in gaining a better understanding of the biological
   functions of individual miRNAs. However, this has been challenging due
   to their small size and high sequence homology. To investigate the
   detection specificity of our strategy, several RNA sequences,
   including miR-21 (target miRNA), M1 (one-base-mismatched, middle), M2
   (one-base-mismatched, close to one end), M3 (two-base-mismatched), M4
   (there-base-mismatched) and miR-141 as a random sequence, were
   selected. As shown in Figure 5, all of these similar sequences led to
   unremarkable fluorescence responses, which were similar to the signal
   of the random sequence and much lower than that of miR-21, suggesting
   that this method is highly specific as an miRNA assay.
   
   Figure 4
   3.5 Real sample analysis
   Finally, to test the efficiency of the newly developed method in the
   analysis of real sample, we extracted miRNAs from MCF-7 (human breast
   adenocarcinoma), HeLa (human epitheloid cervix carcinoma), and BGC-823
   (human gastric carcinoma) cells. These three cell lines were
   cultivated under suitable conditions and harvested every 3 days(See
   Supporting Information). A further analysis of miR-21 expression level
   was also performed by using qRT-PCR. As shown in Figure 6, the results
   obtained with the proposed method were consistent with those of
   qRT-PCR, implying the potential of the developed technology for miRNA
   quantification in real complex samples. In addition, it was also
   revealed that miR-21 had different expression levels in these cancer
   cell lines. The human breast cancer cell line MCF-7 had the highest
   expression of miR-21 in the three cell lines, which was in good
   agreement with the data previously reported(Lu et al. 2005).
   
   Figure 5
   4. Conclusions
   In conclusion, based on DR-CPs and DSN-assisted dual signal
   amplification, we have developed a rapid, highly sensitive and
   specific miRNA detection strategy. Due to the ultra-high selectivity
   of DSN and the signal amplification efficiency of DR-CP-assisted dual
   signal amplification strategy, the proposed new method can detect a
   concentration of miR-21 as low as 7.3 fM and exhibits an excellent
   discrimination ability even for the differentiation of highly similar
   miRNA sequences with a single base difference. These features,
   together with other advantages such as operational convenience, a fast
   protocol and simple design, make this method a promising candidate for
   miRNA detection and early disease diagnosis. Moreover, since DSN does
   not require a specific recognition sequence, the developed method can
   be applied to all miRNAs through rationally designing the DR-CPs
   according to the target miRNAs. Therefore, we believe that our novel
   sensing strategy will offer a new platform for highly sensitive and
   specific detection of miRNA and holds great potential for further
   application in biomedical research and early clinical diagnosis.
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   Captions and legends
   Scheme 1. (A) Schematic illustration of miRNA detection based on DR-CP-assisted
   duplex-specific nuclease signal amplification. (B) The structure of
   the DR-CP: a target miRNA recognition DNA sequence at the 3’ end and a
   Taqman probe recognition 2’-O-methyl RNA sequence at the 5’ end.
   Figure 1. Confocal images of MMs coated with and without FAM labeled
   DNA probes (FAL-DPs). Bright-field images of (A) uncoated MMs and (C)
   FAL-DPs coated MMs. (B, D) Fluorescent images corresponding to the
   panels of A and C, respectively. Excitation wavelength: 495 nm.
   Figure 2. Effects of DSN on DNA/RNA hybrid duplexes and DNA/2-OMe-RNA
   heteroduplex analyzed by 3% agarose gel electrophoresis. The reaction
   time is 15 min (A) and 30 min (B), respectively. Lane M is the DNA
   ladder marker. Lane 1, 2, 3 and lane 4 represent the products of
   2-OMe-RNA fragment + synthesized DNA, 2-OMe-RNA fragment + synthesized
   DNA + DSN, synthesized RNA + synthesized DNA + DSN, and synthesized
   RNA + synthesized DNA, respectively. The sequence of 2-OMe-RNA fragment
   is the same with synthesized RNA and complementary to synthesized DNA.
   Figure 3. (A) Fluorescent spectra of the assay with different
   concentrations of miR-21. (B) Changes in the fluorescence intensity at
   517 nm with different concentrations of miR-21. Inset: linear region
   of the intensity to miR-21.
   Figure 4. Variance of fluorescence intensity in response to miR-21,
   M1, M2, M3, M4, and miR-141 samples. The concentration of each RNA
   sample is 1nM. Error bares show the standard deviation of three
   repetitive experiments. The concentrations of all miRNAs are each 1nM.
   Figure 5. Analysis of miR-21 in total RNA extracted from there
   different cultured cell lines. The error bar indicates the standard
   deviation of three repetitive experiments.
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