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Chapter I: 

Preface 
 
 

MicroRNAs (miRNAs) are functional small non-coding RNAs of 19−24 

nucleotides. The miRNAs have the function of post-transcriptional gene silencing by 

regulating the translation of mRNA into proteins [1]. Although only 26 years have 

passed since the discovery of the first miRNA, the findings that miRNAs play important 

roles in many intracellular regulatory processes have accumulated. In addition, miRNAs 

are highly expected to bring a breakthrough in the medical field of diagnosis and 

treatment of diseases. Before going into the main topic of this thesis, I would like to 

give an overview of the history of research on miRNAs so far. 

 

History of research on miRNAs in the regulatory processes 

In 1993, the first miRNA, lin-4 was discovered as a negative regulator in 

developmental timing in the nematode Caenorhabditis elegans [2, 3]. It was suggested 

that lin-4 down-regulated lin-14 mRNA translation via an antisense RNA-RNA 

interaction with their 3′ untranslated regions. In 2000, let-7 was discovered as a 

heterochronic switch gene in C. elegans as a second miRNA. The let-7 regulated 

developmental timing by repressing the translation of heterochronic gene, especially 

lin-41 [4]. The successive regulation of heterochronic gene activities by the lin-4 and 

let-7 in C. elegans is summarized in Fig. 1. The expression levels of LIN-14 and LIN-28 
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proteins are decreased by the lin-4 expression at the end of first larval stage of C. 

elegans, which is caused by the hybridization of the lin-4 to mRNA of lin-14 and lin-28. 

This change of the expression progresses the larval stages. The expression level of 

LIN-41 protein is decreased by the let-7 expression at the late larval stage, which is 

caused by the hybridization of the let-7 to mRNA of lin-41. The expression level of 

LIN-29 protein is increased by the decrease of LIN-41 protein. This leads to progression 

to the adult stage of C. elegans [4]. The let-7 was highly conserved in a wide range of 

species, including human, mouse, chicken, frog, zebrafish, flies, abalone and sea urchin 

[5]. Since then, hundreds of miRNAs were found in worms, flies, fish, frogs, mammals 

and flowering plants [6]. Although most miRNAs in zebrafish were expressed in a 

highly tissue-specific manner during segmentation and later stages, they were not 

expressed during early development. This finding indicated that the function of 

miRNAs was differentiation or maintenance of tissue identity, not establishment of 

tissue fate [7]. The role of miRNAs is to regulate many processes such as proliferation, 

differentiation, apoptosis and development [1, 7−8].  

The first evidence of the relationship between miRNA and cancer was reported in 

2002. The expression levels of miR-15 and miR-16 in human tissues of chronic 

lymphocytic leukemia (CLL) decreased due to the deletion of chromosome 13q14 

which had the cluster of miR-15 and miR-16 [9]. The miR-15 and miR-16 induced 

apoptosis by interacting with the mRNA of B cell lymphoma 2 (BCL2) at a 

posttranscriptional level. The decrease of expression levels of miR-15 and miR-16 led 

to carcinogenesis [10]. These miRNAs are designated as tumor suppressive miRNAs 
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because the targets of miRNAs are oncogenes. After that, many kinds of miRNAs 

closely related to various types of cancers were identified from the miRNA expression 

profile analysis in the cancer tissues [11−16]. 

I would like to introduce good examples of miRNAs that are deeply involved in 

the process of cancer metastasis. The invasion and metastasis are triggered by the 

transition from epithelial phenotype to mesenchymal phenotype of cells [17]. The EMT 

(Epithelial to Mesenchymal Transition) is controlled by the interaction between 

Zinc-finger E-box-binding homeobox 1 (ZEB1), ZEB2 which are E-cadherin 

transcriptional repressors and miR-200 family (miR-200a, -200b, -200c, -141 and -429) 

shown in Fig. 2. The miR-200 family inhibits the translation of mRNA of ZEB1 and 

ZEB2. Reciprocally, ZEB1 and ZEB2 proteins repress the transcription of miR-200 

family [18]. This double negative feedback loop controls EMT in tumorigenesis and 

MET in development [17]. The miRNAs and mRNAs form a complicated gene 

expression regulatory network to maintain homeostasis of the organisms. 

The relationships between aberrant expression of miRNAs and diseases are not 

confined to cancers. The different expression patterns of miRNAs were found in the 

tissues of cardiovascular diseases and neurological disorders [19−20]. 

 

History of research on miRNAs in blood 

In 2007, Valadi et al. [21] reported that exosomes which were membrane vesicles 

of endocytic origin released by many cells into blood contained both mRNAs and 

miRNAs. In 2008, Mitchell et al. [22] reported that miRNAs were present in plasma in 
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a stable form that was protected from ribonuclease activity. They also found that the 

concentration of miR-141 in serum distinguished prostate cancer patients from healthy 

people [22]. Their findings opened the field of miRNA studies in blood. As a 

mechanism of stable existence of miRNA in blood, the following two reasons have been 

identified. One reason is that most of miRNAs are bound to protective proteins such as 

Argonaute complexes, high density lipoprotein (HDL) and other RNA-binding proteins 

[22−25]. The other reason is that some miRNAs are inside or outside membrane 

vesicles such as exosomes (diameter 50−150 nm), microvesicles (diameter 100−1000 

nm) and apoptotic bodies [22−26]. The circulating miRNAs in serum and plasma 

became new potential biomarkers for cancer diagnosis, prognosis and detection of 

recurrence [27−29]. Furthermore, in 2016, circulating miRNAs have been considered as 

a new type of signaling molecules [26]. The miRNAs secreted as form of extracellular 

vesicles by cells are transported by blood and received by distant cells. The transported 

miRNAs change gene expression of the recipient cells such as hormones or cytokines. 

The miR-210 containing extracellular vesicles which were secreted from cancer cells 

promoted angiogenesis in endothelial cells [30]. These findings show a possibility that 

cancer metastasis can be diagnosed by measuring miRNAs in blood [31].  

In summary, there is a possibility that miRNAs become useful cancer diagnostic 

markers because miRNAs have the following characteristics: First, aberrant expression 

of miRNAs in tissues and bodily fluids is cancer specific. Second, aberrant expression 

of miRNAs occurs in the early stage of the cancer. Third, miRNAs were stable in blood, 

urine and saliva even ribonucleases are present. As of August in 2019, 2654 human 
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miRNAs are registered in the miRNA database, miRBase ver.22.1 [32, 33]. 

 

My research theme on miRNAs 

From the above findings, I have come to think that miRNAs may show good 

diagnostic performances beyond existing cancer markers. Therefore, my research theme 

was set for the studies on a method to measure miRNA as a diagnostic marker.  

Current miRNA studies fall into three categories. The first category is fundamental 

research which elucidates the function of miRNAs in the regulatory processes of 

proliferation, differentiation, apoptosis and development. The second category of the 

research is to identify the relationships between miRNAs and diseases and to conduct 

clinical research with miRNAs as a diagnostic marker or a therapeutic drug in medical 

laboratories. The third category of the research is to establish an analytical method of 

miRNAs in a sample, which is the basis of other research. My research falls into the 

third category. The ultimate goal of my research is that my proposed measurement 

method of miRNAs becomes one of standard measurement methods of miRNAs in 

clinical laboratories. 

 

Review of diagnostic performances of miRNAs 

I would like to review previous research results on the diagnostic performance of 

miRNA in blood for the detection of colorectal cancer and pancreatic cancer. 

As a serum diagnostic marker for a colorectal cancer, miR-92, miR-23a, miR-1246, 

miR-200c, miR-21, let-7 g, miR-181b, miR-92a, miR-203 were identified [16].  
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The miR-21 is one of the most important oncogenic miRNAs which is found in many 

types of cancer. The one of targets of miR-21 is mRNA of tumor suppressors 

(Phosphatase and tensin homologue (PTEN), Cylindromatosis (CYLD)) and leads to 

increase of Nuclear Factor-kappa B (NF-kB) activity which results in an 

inflammatory disease and cancer [16]. The accuracy and clinical value of miR-21 in 

serum and plasma as a diagnostic marker for a colorectal cancer was assessed by 

conducting meta-analysis [34]. In seven studies, the pooled clinical sensitivity of 

miR-21 for the detection of colorectal cancer was 75% (each study was from 52% to 

90%). The pooled clinical specificity was 84% (each study was from 74% to 91%). The 

pooled area under the receiver operating characteristic curve (AUROC) was 0.86 (each 

study was from 0.653 to 0.927). The results suggest that miR-21 in serum and plasma is 

a diagnostic marker for colorectal cancer with moderate clinical sensitivity and clinical 

specificity [34]. As an existing colorectal cancer marker, Carcinoembryonic antigen 

(CEA) is used with clinical sensitivity of ~ 80%, a clinical specificity of ~ 70% for 

detecting recurrent colorectal cancer [35]. 

Pancreatic cancer is a 4th leading cancer in death in Japan and the number of 

deceased people by pancreatic cancer was 31,809 in 2015 [36]. The best validated and 

most clinically useful diagnostic marker of pancreatic cancer is Carbohydrate antigen 

19-9 (CA19-9) [37]. The clinical sensitivity of CA19-9 was 79−81% and the clinical 

specificity of CA19-9 was 80−90% in symptomatic patients [37]. However, the clinical 

sensitivity of CA19-9 in stage I and II patients were 40−47% and 58−78% respectively, 

which showed that CA19-9 was not an effective marker for early detection of pancreatic 
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cancer [38, 39]. At the current situation, the poor detection of early stage of pancreatic 

cancer resulted in the 5-year survival rate of only 12% which was the worst in all 

organ-specific cancers [40]. When pancreatic cancer was diagnosed at stage 0, Ia and Ib, 

the 5-year survival rate improved 86%, 69% and 60%, respectively [40]. Therefore, a 

serological diagnostic marker exceeding CA19-9 for the early detection of pancreatic 

cancer is required [38]. 

The review paper showed that miR-16, miR-155, miR-196a, miR-200a, miR-200b, 

miR-210 and miR-18a were identified as pancreatic cancer markers in blood [41]. Other 

validation studies showed that the clinical sensitivity of pancreatic cancer ranged from 

83% to 95% by using 7 miRNAs (miR-20a, miR-21, miR-24, miR-25, miR-99a, 

miR-185, miR-191) [42], 10 miRNAs (miR-26b, miR-34a, miR-122, miR-126, 

miR-145, miR-150, miR-223, miR-505, miR-636, miR-885.5p) [43], 3 miRNAs 

(miR-486-5p, miR-126-3p, miR-106b-3p) [44] and 9 miRNAs (miR-16, miR-24, 

miR-27a, miR-30a.5p, miR-323.3p, miR-20a, miR-25, miR-29c, miR-483.5p) [45]. The 

validation studies showed that the clinical specificity of pancreatic cancer ranged from 

42% to 90% [42−45]. In addition, Kojima et al. [46] studied the diagnostic value of 

miRNAs in serum for the detection of pancreatic cancer. The results showed that a 

combination of eight miRNAs (miR-6075, miR-4294, miR-6880-5p, miR-6799-5p, 

miR-125a-3p, miR-4530, miR-6836-3p, and miR-4476) achieved clinical sensitivity, 

clinical specificity and AUROC for pancreatic cancer as 80%, 98% and 0.953 

respectively [46]. The results of CA19-9 in the same test cohort showed clinical 

sensitivity of 66%, specificity of 93%, and AUROC of 0.682, respectively. This study 
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showed that the combination of eight miRNAs were clinically more valuable rather than 

CA19-9 to identify patients with pancreatic cancers [46]. 

 

Existing measurement methods of miRNAs 

A lot of researches on a measurement method of miRNAs have been conducted 

worldwide. However, the measurement of miRNAs is still challenging because miRNAs 

have unique characteristics of short length (19−24 nucleotides), low concentration and 

sequence homology among the miRNA family [47]. Research activities have been 

conducted to develop a miRNA quantification method for practical use [48−51]. Current 

three major measurement methods of miRNAs are quantitative reverse-transcription 

PCR (qRT-PCR), microarray and next generation sequencing (NGS) [32, 52]. These 

three major methods and three novel methods with new emerging technologies for 

measuring miRNA are described briefly in the below. 

To measure miRNA in a sample by qRT-PCR assay, the extraction and purification 

of miRNA is conducted. In TaqMan miRNA qRT-PCR assay, stem-loop primer is used 

for capturing miRNA. When the stem-loop primer is hybridized with miRNA, the 3′ end 

of the stem-loop primer is extended by reverse transcription reaction and the 

complementary DNA (cDNA) is generated. The generated cDNA is amplified by PCR 

with a miRNA-specific forward primer and a reverse primer in a thermal cycler. The 

amplified DNA is detected by hybridization of TaqMan fluorescent probe. In other 

SYBR-green-based qRT-PCR assay, miRNA is polyadenylated at the 3′ end and 

oligo-d(T) is used as a reverse transcription primer. Reverse transcription reaction is 



9 
 

performed, and the cDNA is generated. The generated cDNA is amplified by PCR and 

detected by intercalation of SYBR green dye to the double stranded DNA [32].  

To measure miRNAs in a sample by microarray assay, the extraction and 

purification of miRNA is conducted. The miRNAs purified from a sample are labeled 

with fluorescent dye. The fluorescent dye-labeled miRNAs hybridize with the 

complementary cDNA sequences which are attached on a slide. After washing, the 

fluorescent intensity by the hybridized miRNAs with the attached cDNA sequences is 

measured. The advantage of microarray assay is that many kinds of miRNAs can be 

detected at one time with low cost. The disadvantage of microarray assay is that the 

specificity of miRNAs which have similar sequences is imperfect and absolute 

quantification is not achieved [32].  

To measure miRNAs in a sample by RNA sequencing assay, the extraction and 

purification of miRNA is conducted. The miRNAs are reverse transcribed to cDNA 

library. Adaptor ligation is conducted to cDNA library. The cDNA with adaptor is 

immobilized on surface and solid-phase PCR is conducted. The amplified DNA is 

measured by next-generation sequencing platforms. RNA sequencing assay has several 

advantages. First, high accuracy is achieved in distinguishing miRNAs that are very 

similar in sequence. Second, novel miRNAs can be identified. On the other hand, the 

disadvantages of RNA sequencing assay are the computational support for data analysis 

is required, and the measurement cost is high. Due to these disadvantages, it is not 

suitable for clinical laboratory tests for daily use [32].  

These three major measurement methods require time-consuming pretreatment, 
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manual operation and a standalone instrument. Among the three methods, qRT-PCR is 

most frequently used for diagnostic purposes due to a highly sensitive and quantitative 

assay. However, the measurement cost of qRT-PCR is high and the throughput is low. 

The details are described in Chapter II. 

 

New measurement methods of miRNAs 

The alternative measurement methods of miRNAs to overcome the above 

disadvantages have been expected and are being developed [32]. The two novel 

methods which don’t require the amplification and labeling of miRNAs are described 

briefly in the below. 

In a splinted ligation assay for miRNAs, both 3′ end of a miRNA and 5′ end of an 

oligonucleotide hybridizes with ‘bridge’ oligonucleotide. The schematic illustrations of 

the assay are shown in Fig. 3. The gap between miRNA and the oligonucleotide is 

ligated by T4 DNA ligase. The ligated oligonucleotide hybridizes with a complementary 

biotinylated capture probe and a fluorescence probe. The set of the biotinylated capture 

probe with the ligated oligonucleotide and the fluorescence probe binds to a streptavidin 

coated surface. After washing, fluorescence intensity is measured [32]. 

In RNA-primed, array based Klenow enzyme (RAKE) assay for miRNA, a miRNA 

hybridizes with a complementary DNA which is attached to a microarray slide. The 

schematic illustrations of the assay are shown in Fig. 4. Exonuclease I degrades 

unhybridized DNA probes. After washing, Klenow DNA polymerase I extends DNA 

strand from 3′ end of a miRNA with incorporation of the biotinylated dATPs. 
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Fluorescent dye-labeled streptavidin is added. After washing, fluorescence intensity is 

measured [54]. 

 

Existing isothermal amplification of a nucleic acid 

In my research, I adapted a new isothermal DNA amplification to a fully automated 

immunoassay analyzer for miRNA measurement. Therefore, I would like to overview 

existing isothermal amplification methods developed so far. An isothermal amplification 

of a nucleic acid is a method to amplify a nucleic acid at a constant temperature without 

raising or lowering the temperature of reaction solutions. The following isothermal 

amplification methods have been developed since the early 1990s to overcome the 

disadvantages of qRT-PCR. Loop-mediated isothermal amplification (LAMP), strand 

displacement amplification (SDA), rolling circle amplification (RCA), 

helicase-dependent amplification (HDA), nucleic acid sequence-based amplification 

(NASBA), recombinase polymerase amplification (RPA) and signal mediated 

amplification of RNA technology (SMART). The advantages of the isothermal 

amplification methods are that simplified protocols can be applied and minimal sample 

preparation is acceptable [55−57]. 

The common feature of the isothermal amplification methods is to use polymerase 

which has strand displacement activity with lack of 5′ → 3′ exonuclease activity. The 

strand displacement activity synthesizes a new DNA strand while dissociating the 

hydrogen bond of the double stranded template DNA by itself. The former DNA strand 

is displaced without degradation. DNA can be synthesized at a constant temperature and 
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the synthesis is not inhibited by the secondary structure of DNA [58]. As representative 

isothermal amplification methods using polymerase with the strand displacement 

activity, one emerging assay for the detection of miRNAs and two clinically approved 

assays for the detection of nucleic acids of infectious diseases are described in the 

below.  

Rolling circle amplification (RCA) assay for miRNA is an isothermal amplification 

method by which many research reports have been published [55−57]. The schematic 

illustrations of the principle of RCA assay are shown in Fig. 5. A miRNA hybridizes 

with a padlock probe by cooling down from around 65 oC to room temperature gradually. 

After annealing, T4 DNA ligase is added and circular DNA is formed by the ligation. 

Then, phi29 DNA polymerase with the strand displacement activity is added. As a 

miRNA serves as a primer, a long single-stranded DNA with multiple copies of the 

complementary sequence of circular DNA is generated. Fluorescence probes hybridize 

with the amplified sequences and after washing, the fluorescence intensity is measured 

[32, 53].  

 

Clinically approved nucleic acid assay with an isothermal amplification 

Among isothermal amplification methods, there are only two methods which are 

used in a clinically approved assay. The two methods are explained briefly in the below. 

Loop-mediated isothermal amplification (LAMP) method is used in a clinically 

approved assay. The in-vitro diagnostic products with LAMP method by Eiken 

Chemical Co., Ltd. are used in clinical laboratories for detecting SARS corona virus, 
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Influenza virus, mycoplasma pneumoniae, legionella, Mycobacterium tuberculosis and 

other infectious diseases [59]. LAMP assay achieves highly efficient amplification and 

sensitive detection of nucleic acids of infectious diseases, which are measured in one 

pot with 60 oC incubation in less than one hour. The schematic illustrations of the 

principle of an amplification method of LAMP are shown in Fig. 6. The LAMP method 

needs four different primers in a target gene. The inner primer F1c-F2 hybridizes with 

the 3′ end of the target gene to initiate an extension reaction. The extended strand is 

displaced from the target gene by DNA polymerization from the outer primer F3 with 

DNA polymerase. A stem loop structure is formed at the 5′ end of the extended strand. A 

third primer (B1c-B2) hybridizes with the 3′ end of the extended strand to initiate an 

extension reaction. The newly extended strand is displaced from the previous extended 

strand by DNA polymerization from a fourth primer B3. The double stem loop 

structures at both 3′ end and 5′ end are formed in single-stranded DNA. This DNA with 

dumbbell-like structure has self-amplification activity by the following two extension 

reactions. The one extension reaction is polymerization from the 3′ end of stem loop 

structure. The second extension reaction occurs after two inner primers (F1c-F2, 

B1c-B2) hybridize with the two loop portions. These two extension reactions occur in 

succession at a constant temperature and sequences complementary to each other are 

alternately and repeatedly generated in large quantities [55−57, 59]. However, LAMP 

method cannot be applied for the detection of miRNAs because it needs four different 

primers in a target gene to start amplification. The four different primers cannot be set in 

the short length miRNA of only 19−24 nucleotides. 
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Strand displacement amplification (SDA) method is other isothermal amplification 

method which is used in a clinically approved assay. The in-vitro diagnostic products 

with SDA method by Becton Dickinson and company Ltd. are used in clinical 

laboratories for detecting Chlamydia trachomatis and Neisseria Gonorrhoeae [55−57, 

60]. The SDA assay achieves highly efficient amplification and sensitive detection of 

nucleic acids of infectious diseases, which are measured with 54 oC incubation. The 

schematic illustrations of the principle of an amplification method of SDA are shown in 

Fig. 7. The SDA method needs four different primers in a target gene. The inner primers 

(S1, S2) hybridize with the 3′ end of the target gene to start an extension reaction. The 

extended strands are displaced from the target gene by DNA polymerization from the 

outer primers (B1, B2) with DNA polymerase. The opposite synthesized DNAs 

hybridize and double-stranded DNA which has S1 and S2 is formed. The outer primers 

(B1, B2) and the inner primers (S1, S2) hybridize with the double-stranded DNA and 

primer extensions are started. After hybridization of the opposite synthesized DNAs, 

short double-stranded DNA which has S1 and S2 is formed. Restriction endonuclease 

cleaves only the original S1 and S2 sequence because the restriction endonuclease can 

not cleave synthesized DNA sequence in which thiol-modified deoxycytidine 

triphosphate (dCsTP) is incorporated. The deoxyribonucleotide triphosphate (dNTP) 

used in the SDA method consist of dATP, dGTP, dTTP and dCsTP. Nicking reaction 

occurs in the original inner primer sequence on one strand and from this portion, the 

extension of the strand is started. The inner primers (S1, S2) hybridize with the 

synthesized DNAs and the primer extension is started. Nicking reaction and 
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polymerization occur alternately and repeatedly. These reactions occur in succession at 

a constant temperature and the sequences are generated in large quantities [55−57, 60]. 

However, SDA method cannot be applied for the detection of miRNAs because it needs 

four different primers in a target gene to start amplification. The four different primers 

cannot be set in the short length miRNA of only 19−24 nucleotides. 

 

New isothermal amplification method used in my studies 

A novel isothermal DNA amplification method, low-temperature amplification 

(L-TEAM) was proposed by Komiya [61]. The isothermal amplification method was 

filed as a patent (PCT/JP2011/078717, WO/2012/077819, filing date: 2011-12-12) 

under the name “Method and kit for detecting target nucleic acid”. The L-TEAM 

method was granted Japanese patent (No. 6126381, grant date: 2017-4-14) and US 

patent (No. 09845495, grant date: 2017-12-19). The L-TEAM method needs 2 DNA 

templates (Sequence conversion DNA and Signal amplification DNA), DNA 

polymerase, nicking endonuclease and dNTP (dATP, dGTP, dCTP and dTTP). The 

schematic illustrations of the principle of L-TEAM method are shown in Fig. 8. 

The first template (Sequence conversion DNA) is composed of a first arbitrary 

sequence, an endonuclease recognition sequence which is used for a nicking reaction 

and a sequence complementary to the target nucleic acid in the direction from 5′ to 3′. 

The second template (Signal amplification DNA) is composed of the same first arbitrary 

sequence, an endonuclease recognition sequence which is used for a nicking reaction 

and the same first arbitrary sequence. A target nucleic acid hybridizes with the 
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complementary portion of the Sequence conversion DNA, the target nucleic acid serves 

as a primer to start an extension reaction by DNA polymerase. Next, an endonuclease 

cleaves the sequence and from this position, the oligonucleotide is synthesized by DNA 

polymerase. The previous synthesized sequence is displaced. The repeat of DNA 

polymerization and nicking reaction generate a sequence complementary to the first 

arbitrary sequence, which is called a Signal DNA with linear amplification. 

Subsequently, the Signal DNA from the Sequence conversion DNA hybridizes with the 

sequence of the Signal amplification DNA. DNA polymerization occurs, and a nicking 

endonuclease cleaves the sequence. From this position, the oligonucleotide is 

synthesized by DNA polymerase. The previous synthesized Signal DNA is displaced. 

The repeat of DNA polymerization and nicking reaction generate Signal DNAs with 

exponential amplification [61]. This exponential amplification method may cause false 

positive results because the amplified Signal DNAs may contaminate other reaction 

vessels due to the open system of immunoassay analyzers. I modified L-TEAM to a 

cascade reaction that consists only of linear amplification and adapted it to an 

immunoassay analyzer, ARCHITECT i system (Abbott Japan, Tokyo, Japan) to measure 

miRNAs. The details are described in Chapter II.  

 

Unique features of enzymes used in my studies 

The DNA polymerase with strand displacement activity and nicking endonuclease 

used in my research have the following unique features: I used Bacillus 

stearothermophilus (Bst) DNA Polymerase, Large Fragment which lacks the N-terminal 
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5´ → 3´ exonuclease domain of Bst DNA Polymerase, Full Length. The Bst DNA 

Polymerase, Full Length originally lacks 3´ → 5´ proofreading exonuclease activity. 

So, Bst Polymerase, Large Fragment has neither 5´ → 3´ exonuclease activity nor 3´ 

→ 5´ proofreading exonuclease activity [62]. Taq DNA Polymerase has 5´ → 3´ 

exonuclease activity, which means Taq DNA Polymerase does not have strand 

displacement activity. Bst DNA Polymerase, Large Fragment has other unique ability of 

extending DNA sequence to RNA primer. Taq DNA Polymerase does not have the 

ability of extending DNA sequence to RNA primer [63]. 

I used Nb.BbvCl as nicking endonuclease, which was a mutant of R.BbvCl from 

Bacillus brevis. R.BbvCl is an unusual restriction endonuclease in that it recognizes the 

asymmetric seven base-pair sequence in double-stranded DNA and cleaves as follows; 

CCTCAGC / GCTGAGG → CC^TCAGC / GC^TGAGG. The cleaved site is shown 

in ^. R.BbvCl is a heterodimer and possesses two different catalytic sites for strand 

hydrolysis. Nb.BbvCl is a genetically engineered mutant in which R2 subunit of 

R.BbvCl is catalytically inactivated by mutagenesis and R1subunit remains functional. 

Nb.BbvCl recognizes the asymmetric seven base-pair sequence in double-stranded 

DNA and cleaves only one strand of the sequence as follows; CCTCAGC / GCTGAGG 

→ CCTCAGC / GC^TGAGG [64, 65]. 

 

Evaluation items in my studies 

I developed a fully automated miRNA assay by adapting an isothermal DNA 
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amplification method to standard immunoassay analyzers. To develop the assay, I 

investigated the following evaluation items. The first evaluation item was an 

improvement of detection sensitivity of Signal DNA by hybridization reaction. The 

factors which were investigated for the improvement of detection sensitivity were 1) 

sequences and length of Signal DNA, 2) length of the capture DNA probes and 

chemiluminescent detection DNA probes, 3) concentration of the capture DNA probes 

and chemiluminescent detection DNA probes, 4) ingredients of reaction solution. The 

second evaluation item was an improvement of specific amplification reaction of Signal 

DNA from miRNA and reduction of non-specific amplification reaction. The factors 

which were investigated for the improvement of specific amplification and the reduction 

of non-specific amplification were 1) sequences and length of Signal DNA, 2) length of 

Converter DNA and Cascade DNA, 3) concentration of Converter DNA and Cascade 

DNA, 4) types of polymerase and nicking endonuclease, 5) concentration of polymerase 

and nicking endonuclease. 6) dNTP concentration, 7) amplification method, 8) assay 

protocol.  

 

Patents 

During the research period, the following four PCT patent applications were filed. 

The 1, 2 and 3 were granted US patent. The 4 is being examined by US patent office. 

All applications are being examined by Japan and European patent office. 

1.  “Covered sequence conversion DNA and detection methods” - Inventor: Ken 

Komiya, Makoto Komori, Toru Yoshimura, PCT application No.: WO/2015/114469, 
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PCT filing date: 2015-1-15, US patent No.: 10036077, US patent grant date: 2018-7-31. 

2.  “Sequence conversion and signal amplifier DNA having locked nucleic acids and 

detection” - Inventor: Ken Komiya, Makoto Komori, Toru Yoshimura, PCT application 

No.: WO/2016/059473, PCT filing date: 2015-10-13, US patent No.: 10208333, 

US patent grant date: 2019-2-19. 

3.  “Sequence conversion and signal amplifier DNA having poly DNA spacer 

sequences and detection methods using same” - Inventor: Ken Komiya, Makoto Komori, 

Toru Yoshimura, PCT application No.: WO/2016/059474, PCT filing date: 2015-10-13, 

US patent No.: 10316353, US Patent grant date: 2019-6-11. 

4.  “Sequence conversion and signal amplifier DNA cascade reactions and detection 

methods using same” - Inventor: Makoto Komori, Toru Yoshimura, PCT application 

No.: WO/2016/103234, PCT filing date: 2015-12-24. 
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Chapter II: 

Measurement of microRNA with isothermal DNA amplification on fully automated 

immunoassay analyzers 

 

Summary 

MicroRNAs (miRNAs) in a blood sample are usually measured by quantitative 

reverse transcription PCR (qRT-PCR), microarray and next generation sequencing 

(NGS) which requires time-consuming pretreatment, manual operation and a standalone 

instrument. To overcome these disadvantages, miRNA testing has been developed using 

the automated analyzers routinely used in clinical laboratories. An isothermal DNA 

amplification reaction was adapted to a fully-automated immunoassay analyzer that 

conducts extraction, amplification and detection processes at 37°C in 44 minutes. In a 

reaction vessel, a pre-designed single-stranded signal DNA was amplified in the 

presence of miRNA, using DNA templates, DNA polymerase, and nicking endonuclease. 

Then, the amplified signal DNA was hybridized by one DNA probe attached to a 

magnetic particle and another DNA probe labeled with acridinium ester. After the 

chemiluminescence reaction, luminescence intensity was automatically measured. The 

automated assays of cancer-related miRNAs were implemented on the analyzer with 

throughput of 66 tests per hour. In the assays with one-step amplification, three 

miRNAs (miR-21-5p, miR-18a-5p and miR-500a-3p) at concentrations lower than 100 

fM were automatically detected and the cross reactivity for miR-21-5p with fifteen 

similar miRNAs was not higher than 0.02%. In the assay with two-step amplification, 
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detection sensitivity and amplification rate for miR-21-5p were 3 fM and 103-fold, 

respectively. The coefficient of variations (CVs) in the measurement at the target 

concentrations from 5 fM to 1000 pM were less than 8%. Furthermore, I also achieved 

automated nucleic acid detection in human serum. The proposed fully-automated 

miRNA assays showed high sensitivity, low cross reactivity and reproducibility suitable 

for clinical use. 

 

Introduction 

MicroRNAs (miRNAs) are functional small non-coding RNAs of 19−24 nucleotides 

that are involved in regulating many biological processes, including proliferation, 

differentiation, apoptosis and development [1, 32]. The aberrant expression of miRNAs 

is closely related to cancer [10, 12−14]. The miRNAs are stable in blood because most 

of miRNAs are bound to protective proteins such as Argonaute complexes and some 

miRNAs are inside or outside membrane vesicles such as exosomes [22−25]. Recently, 

circulating miRNAs have attracted attention as new potential biomarkers for cancer 

diagnosis, prognosis and detection of recurrence [27, 42, 66−70]. However, the 

measurement of miRNAs is still challenging because miRNAs have cumbersome 

characteristics; short length (19−24 nucleotides), low concentration and sequence 

homology among the miRNA family [47]. Research activities have been conducted to 

develop a miRNA quantification method for practical use [48−51]. 

The current major measurement methods of miRNAs are quantitative 

reverse-transcription PCR (qRT-PCR), microarray and next generation sequencing 
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(NGS) [32, 52]. While both microarray and NGS are suitable for screening and 

discovery purposes, qRT-PCR is still the first choice for validation and clinical tests 

with a high number of samples [70]. The qRT-PCR has been preferably used due to its 

high sensitivity and high specificity [32]. But qRT-PCR in clinical laboratories has 

several disadvantages. First, a large qRT-PCR instrument used only for detecting 

nucleic acids is needed [55, 71]. Second, measurement cost is high due to the expensive 

instrument and the manual operation required for extraction and purification processes 

[72, 73]. Third, throughput is decreased by the long purification process due to blood 

coagulation under high-temperature conditions [73]. These disadvantages of qRT-PCR 

make it difficult to introduce miRNAs into clinical laboratories as cancer diagnostic 

markers [74, 75]. In addition, the manual operation has risk of human error.  

Fully-automated immunoassay analyzers are widely used in clinical laboratories to 

measure various proteins and chemical compounds as diagnostic markers in biological 

samples including serum, plasma and urine [76−78]. In most fully-automated 

immunoassay analyzers, luminescence intensity of chemiluminescent substrates is 

detected, such as acridinium ester, ruthenium-complex and luminol, after the labeled 

antibodies or antigens bind to the analytes [79]. The existing fully-automated 

immunoassay analyzers can be used to process and measure miRNAs in serum under 

physiological temperature conditions. This avoids blood coagulation and the long 

purification process, eliminates the need to perform manual extraction processes and 

eliminates the need to transfer the sample to the standalone qRT-PCR instrument. 

Implementation of miRNA testing on the automated immunoassay analyzers will lead to 



23 
 

shorter test time and cost reduction, and thus, is significantly advantageous both for 

medical facilities and patients [74, 75].  

According to the meta-analysis of clinical studies about miR-21-5p as a gastric 

cancer marker in serum and plasma, the cut off concentrations of miR-21-5p were 37.3 

fM, 50 fM and 59.5 fM at three sites [67]. Therefore, a miR-21-5p assay needs a 

detection sensitivity around 50 fM. A previous study reported a detection sensitivity of 

miRNA at 1 pM using an acridinium labeled antibody to a heterohybrid of miRNA and 

DNA on a fully-automated immunoassay analyzer without DNA amplification [74]. To 

establish a more sensitive miRNA measurement, development of a method for DNA 

amplification is needed. However, the clinically approved methods of DNA 

amplification, such as loop-mediated isothermal amplification (LAMP) and strand 

displacement amplification (SDA), require the high reaction temperature at 60°C and 

54°C, respectively [59, 80]. Although rolling circle amplification (RCA) achieves DNA 

amplification at 30−37°C, it requires several hours for ligation reaction of padlock 

probe before DNA amplification [81, 82]. 

Dr. Komiya recently proposed a novel isothermal DNA amplification method, 

low-temperature amplification (L-TEAM) and demonstrated leak-free amplification 

[83]. In this method, pre-designed signal DNA is amplified exponentially in the 

presence of a target nucleic acid at constant 37°C with the use of two DNA templates. In 

the present study, I adapted the miRNA measurement via L-TEAM for use with a 

fully-automated immunoassay analyzer.  

The exponential DNA amplification using immunoassay analyzers could lead to 
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false positive results because the automated immunoassay analyzers are open systems. 

There is a possibility that the amplified signal sequence may contaminate other reaction 

vessels via a pipette or aerosol in the analyzer. In the reaction design of exponential 

amplification including PCR and L-TEAM, in which the end product as an amplified 

signal triggers amplification of the end product itself, contamination severely interferes 

amplification results. To minimize potential false positive results due to contamination, I 

modified L-TEAM to a cascade reaction that consists only of linear amplification. In the 

cascade reaction, successive sequence conversion of the generated single-stranded 

DNAs (ssDNAs) reduces the risk of false positive results by avoiding self-triggered 

exponential amplification and achieves higher amplification rates in comparison to 

one-step linear amplification.  

In this paper, I first describe the automated assays for three miRNAs, i.e., 

miR-21-5p, miR-18a-5p and miR-500a-3p, that were reported as cancer diagnostic 

markers [27, 66, 68], implemented on a fully-automated immunoassay analyzer with 

one-step amplification reaction. Then, I report the assay performances upon the 

detection of miR-21-5p and miR-200 families that were reported as colorectal cancer 

markers [84, 85] on the analyzer with two-step amplification reaction.  
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Materials and methods 

 

Materials for amplification and detection 

All oligodeoxyribonucleotides and oligoribonucleotides were synthesized by Gene 

Design (Ibaraki, Japan). The Converter DNA and Cascade DNA were purified via ion 

exchange HPLC. The sequences of oligodeoxyribonucleotides and oligoribonucleotides 

and the chemical modification are described in Table 1. Bst DNA Polymerase, Large 

Fragment, Nb.BbvCI, NEB Buffer 2 (final concentration of 10 mM Tris-HCl, 50 mM 

NaCl, 10 mM MgCl2, 1 mM DTT, 0.1% Tween 20, pH 7.9) and dNTPs were purchased 

from New England Biolabs Japan (Tokyo, Japan). Streptavidin-coated magnetic particle, 

Dynabeads® M-270 Streptavidin was purchased from Thermo Fisher Scientific K. K. 

(Kanagawa, Japan). The magnetic particles are uniform in size, having a diameter of 2.8 

µm [86]. 

 

Scheme of Signal DNA amplification  

The isothermal one-step signal DNA amplification (one-step amplification) reaction 

for miRNA detection requires one DNA template called Converter DNA, DNA 

polymerase having strand displacement activity, nicking endonuclease, dNTPs and a 

target miRNA. Converter DNA comprises Signal DNA1 generation sequence, nicking 

endonuclease recognition sequence (NERS), cover sequence 1 (CS1) which is 

complementary to Signal DNA1 generation sequence, and target binding sequence 

(TBS) which is complementary to a target miRNA in the 5′ to 3′ direction (Fig. 9a). At 
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the reaction temperature, Converter DNA forms a hairpin structure comprising an 18-bp 

stem and avoids binding of Signal DNA1 released from a Converter DNA to the Signal 

DNA1 generation sequence of another Converter DNA.  

When miRNA hybridizes with the TBS of Converter DNA, DNA extension occurs 

from the 3′ end of miRNA by DNA polymerase (step i, ii in Fig. 9b). During DNA 

extension, the hairpin structure is opened due to the strand displacement activity of 

DNA Polymerase, and the DNA strand complementary to Converter DNA is generated 

(step iii). Then, nicking endonuclease recognizes its recognition sequence in the 

double-stranded form. Upon nicking reaction, Signal DNA1 is generated (step iv). After 

that, DNA extension occurs again from the 3′ end of nicked position. As a consequence, 

the formerly-generated Signal DNA1 is released because of the strand displacement 

activity of DNA Polymerase (step v). These polymerization and nicking reactions 

repetitively occur and linearly amplify Signal DNA1, only in the presence of miRNA 

without the needs of reverse transcription reaction and tag-adding reaction for 

generating primer-binding sequence that are required in qRT-PCR.  

The isothermal two-step cascade signal DNA amplification (two-step amplification) 

reaction is also achieved by layering two consecutive linear signal DNA amplification 

reactions (Fig. 9b, c). In the second step reaction, hybridization of Signal DNA1 with 

the Signal DNA1 binding sequence of Cascade DNA further triggers the next linear 

amplification of Signal DNA2, whose sequence is different from that of Signal DNA1, 

via the repetitive polymerization and nicking reaction similarly to the first step reaction. 
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Investigation on the effect of cover sequence introduction to Converter DNA and 

comparison of nicking endonucleases 

I investigated the amplification behavior in the one-step amplification assay for 

miR-24-3p using Converter DNAs with and without cover sequence (Table 1a). 

Amplification of Signal DNA was monitored by detecting the fluorescence emitted 

upon hybridization with the molecular beacon on a real-time PCR system, CFX 96 

(BioRad Japan, Tokyo, Japan). The amplification reaction was performed at constant 

37.0oC in 25-μL reaction mixtures of NEB Buffer 2 (final concentration of 10 mM 

Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.1% Tween 20, pH 7.9), with a 

target single-stranded DNA having the sequence same as miR-24-3p termed miD-24-3p, 

Converter DNAs with or without cover sequence, Bst DNA Polymerase, Large 

Fragment, Nt.AlwI or Nb.BbvCI, and dNTPs. Fluorescence detection was implemented 

at intervals of about 69 seconds for 120 times. The final concentrations of Bst DNA 

Polymerase, Large Fragment, Nt.AlwI or Nb.BbvCI, and dNTPs were 0.08 units/μL,0.1 

units/μL, and 200 μM each, respectively. The final concentrations of the target DNA, 

Converter DNAs, and the molecular beacon were 1, 100, and 100 nM, respectively.  

 

Preparation of Capture DNA probe attached to magnetic particles 

Capture DNA probe (13 nucleotides (nt) in length) labeled with biotin-triethylene glycol 

spacer at its 3′ end was incubated with streptavidin-coated magnetic particles for 30 

minutes at a room temperature. After washing the magnetic particles under magnetic 

attraction, a 0.05% (w/v) particle solution was prepared.  
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Preparation of Chemiluminescence DNA probe 

Chemiluminescence DNA probe (10 nt) modified with amino group-six carbon spacer 

at its 5′ end was reacted with NHS-conjugated acridinium ester provided by Abbott 

Laboratories (IL, USA) for overnight at a room temperature. The resulting 

Chemiluminescence DNA probe labelled with acridinium ester was separated by reverse 

phase HPLC (Nihon Waters K.K., Tokyo, Japan), and diluted to 100 nM. 

 

Automated miRNA detection on the analyzer  

   A fully-automated immunoassay analyzer, ARCHITECT i system (Abbott Japan, 

Tokyo, Japan) is used for measuring proteins and chemical compounds in serum, plasma 

and urine as diagnostic markers in about 30 minutes at clinical laboratories [76]. In the 

present study, automated miRNA assays were implemented on the immunoassay 

analyzer as follows. One sample solution and six operational solutions were placed on 

the analyzer, and the miRNA assay was started. Initially, a 40-μL sample solution 

containing synthetic miRNA in 10 mM Tris-HCl and 0.01% BSA (pH 8.0) was 

dispensed into a reaction vessel. Then, a 50-μL solution containing detergent was mixed 

for 7 minutes at 37°C on the fully-automated analyzer. The role of detergent is to 

liberate miRNAs when the sample is serum. A 30-μL solution of this mixture was 

transferred to another reaction vessel. Next, a 40-μL solution of Converter DNA, a 

40-μL pre-mixed solution of Bst DNA Polymerase, Large Fragment and Nb.BbvCl, and 

a 20-μL dNTPs solution were dispensed into the reaction vessel and incubated for 7 



29 
 

minutes at 37°C. In this amplification reaction mixture containing Bst DNA Polymerase, 

Large Fragment and Nb.BbvCI at 0.07 and 0.09 units/μL, respectively, hybridization of 

target miRNA to Converter DNA primes DNA extension and Signal DNA1 is linearly 

amplified by the repetitive polymerization and nicking reaction. After 7 minutes, 70-μL 

of this reaction mixture was transferred to the other reaction vessel. A 50-μL solution of 

Capture DNA probe attached to the magnetic particle was dispensed in the reaction 

vessel and incubated for 18 minutes at 37°C. In this amplification and capturing 

reaction mixture containing Bst DNA Polymerase, Large Fragment and Nb.BbvCI at 

0.04 and 0.05 units/μL, respectively, amplification of Signal DNA1 continues and 

hybridization of Signal DNA1 to a capture DNA probe concurrently occurs (Fig. 10). 

After washing the magnetic particles under magnetic attraction, a 50-μL solution of 

acridinium-labeled Chemiluminescence DNA probe was dispensed and incubated for 4 

minutes at 37°C. In this hybridization reaction mixture, Chemiluminescence DNA 

probe hybridizes to Signal DNA1 captured by Capture DNA probe on the magnetic 

particle. After washing the magnetic particles again under magnetic attraction, 

Pre-trigger solution containing hydrogen peroxide and Trigger solution containing 

sodium hydroxide of ARCHITECT i system (Abbott Japan) were dispensed and 

incubated for 18 seconds at 37°C. The chemiluminescence of acridinium at the 

wavelengths in the range of 400 to 500 nm is measured by the optical system of the 

analyzer. In principle, the intensity of chemiluminescence is proportional to the amount 

of amplified Signal DNA1. In the one-step amplification assays, Converter DNA-21, 

Converter DNA-18 and Converter DNA-500, which were designed for the 
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corresponding target miRNAs (miR-21-5p, miR-18a-5p and miR-500a-3p), were used. 

The final concentrations of Converter DNA and each dNTP were 1.4 nM and 100 μM, 

respectively. In the two-step amplification assays for miR-21-5p and miR-200 family, 

the reaction was performed similarly as the above described with the Converter DNAs, 

each having the TBS for the corresponding target miRNA (miR-21-5p, miR-200a, 

miR-200b and miR-200c), except for the final concentrations of Cascade DNA and each 

dNTP were 4.2 nM and 10 μM, respectively.  

 

Generation of the calibration curve for estimating the amplification rate 

   The serially diluted Signal DNA solutions were spiked in 10 mM Tris-HCl, 0.01% 

BSA (pH 8.0) and automatically measured similarly to the corresponding miRNA 

assays with Converter DNA, DNA polymerase, nicking endonuclease, dNTPs, Capture 

DNA probe, and Chemiluminescence DNA probe.  

 

Automated nucleic acid detection in human serum on the analyzer 

The ssDNA having the sequence the same as miR-21-5p, termed miD-21-5p, was 

spiked directly into normal human serum. The sample was measured via the two-step 

amplification assay for miR-21-5p.  
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Results and discussion 

 

The effect of cover sequence introduction to Converter DNA and comparison of 

nicking endonucleases in efficiency of amplification reaction 

Fluorescence intensity representing the Signal DNA amplification in the isothermal 

one-step amplification assay of the target miD-24-3p increased in the order of Converter 

DNA-24-1 without the cover sequence and with the recognition sequence of Nt.AlwI, 

Converter DNA-24-2 with the cover sequence and the recognition sequence of Nt.AlwI, 

and Converter DNA-24-3 with the cover sequence and the recognition sequence of 

Nb.BbvCI. (Fig. 11). I concluded that the introduction of the cover sequence to 

Converter DNA promoted the Signal DNA amplification and the amplification 

efficiency with Nb.BbvCI is higher than that with Nt.AlwI in the reaction at constant 37 

oC.  

 

Automated miRNA detection with one-step amplification on the analyzer  

I measured different concentrations of synthetic miR-21-5p from 0.01 to 1000 pM in 

triplicate, and 0 pM in replicates of 5 via the one-step amplification assay for 

miR-21-5p using Converter DNA-21 (Table 1b). The Converter DNA was designed to 

form a hairpin structure by the introduction of Cover sequence as shown in Fig. 9. The 

hairpin structure accelerates DNA amplification by preventing Signal DNA released into 

the solution from hybridizing to Signal generation sequence of intact Converter DNA 

(Fig. 11). The assay results were obtained in 44 minutes after initial sample dispense 
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with throughput of 66 tests per hour. The resulting dose response curve of the 

miR-21-5p assay is shown in Fig. 12a. The coefficient of variations (CVs) of 

chemiluminescence intensity (CI) for the target at concentrations of 1 pM and higher 

were less than 6%. The CVs of CI even at low target concentrations both of 10 and 100 

fM were 10% and that of the background CI at 0 pM was 13%. The detection sensitivity 

was in the range from 10 to 100 fM. Similarly, I also measured miR-18a-5p and 

miR-500a-3p on the analyzer with Converter DNA-18 and Converter DNA-500, 

respectively (Fig. 12a). 

The one-step amplification assays for miR-18a-5p and miR-500a-3p, which were 

developed by changing the TBS of Converter DNA-21, exhibited comparable sensitivity 

as shown in the dose response curves (Fig. 12a). In the present assay system, the target 

miRNA is easily altered only by changing the TBS of Converter DNA since miRNA is 

converted to the common Signal DNA to be detected with the common Capture DNA 

probe and Chemiluminescence DNA probe. More than a hundred circulating miRNAs 

in blood have been so far identified as diagnostic, prognostic, or predictive biomarkers 

for different types of cancers [69]. The proposed assay allows the use of a common 

detection system and promotes the development of multiple miRNA assays. 

Next, I investigated the cross reactivity of the one-step amplification assay for 

miR-21-5p to evaluate the sequence specificity. I selected fifteen human miRNAs which 

have sequences similar to that of miR-21-5p according to the miRNA database, 

miRBase [32, 33]. The numbers of bases identical to those in miR-21-5p sequence 

ranged from 8 to 14 (Table 2). I measured the samples of each synthetic miRNA at the 
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concentrations from 0 to 1000 pM. The RLU obtained with the synthetic miRNA was 

read off of the dose response curve of miR-21-5p and represents the interfering 

miR-21-5p concentration (Fig. 12b). The cross reactivity was evaluated with the ratio of 

the interfering miR-21-5p concentration to each synthetic miRNA concentration. No 

cross reactivity was observed for fourteen miRNAs (miR-15a-5p, miR-30a-3p, 

miR-195-5p, miR-491-3p, miR-16-1-3p, miR-34a-5p, miR-200a-3p, miR-337-5p, 

miR-340-5p, miR-425-5p, miR-9-1-5p, miR-338-3p, miR-505-5p, miR-660-5p) (Fig. 

12b). At the highest, 0.02% of cross reactivity was found in miR-590-5p at the 

concentration of 1000 pM, which has 13 bases identical to those in miR-21-5p sequence. 

These results indicated high sequence specificity of the proposed miR-21-5p assay.  

 

Automated miR-21-5p detection with two-step amplification on the analyzer  

The detection sensitivity of the one-step amplification assay for miR-21-5p in the 

range from 10 to 100 fM was not sufficient because the cut off concentration of 

miR-21-5p in serum and plasma for cancer diagnosis is around 50 fM [67]. I extended 

the one-step amplification assay to the two-step amplification assay by layering linear 

amplification reactions [87]. I measured different concentrations of synthetic miR-21-5p 

from 0 to 1,000 pM in replicates of 5 on the analyzer (Table 1c). The obtained dose 

response curve is shown in Fig. 13a. The curve fitting of the dose response curve with 

fitted equation and correlation coefficient is shown in Fig. 13b. For determining the 

precise detection limit, I further measured different concentrations of synthetic 

miR-21-5p from 0 to 50 fM in the samples in replicates of 20 (Fig. 13c). The sample 
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with 0-fM (blank) and 3-fM miR-21-5p showed the mean CI of 79 relative light unit 

(RLU) (standard deviation (SD) 15) and 322 RLU (SD 30), respectively. The 3 fM of 

miR-21-5p was distinguished from the blank sample (P (two-tailed unpaired t-test) < 

10-21). The two-step amplification assay achieved the detection sensitivity value of 3 fM 

for miR-21-5p, significantly lower than the cut off concentrations in serum around 50 

fM [67]. This highly sensitive detection is attributed not only to the introduction of 

Cover sequence and layering linear amplification reactions, but also to the application 

of chemiluminescence reaction with Capture DNA probe and Chemiluminescence DNA 

probe emulating the common sandwich assay in immunoassay. This reaction design is 

suitable for the fully-automated immunoassay analyzer.  

In Fig. 13a, the CVs of CI for the target at concentrations from 0.01 pM to 1000 pM 

were less than 8%. The CV of CI even at low target concentration of 0.001 pM and that 

of the background CI at 0 pM were both 18%. In Fig. 13b, the CVs of CI for the target 

at concentrations of 3 fM were 9%, and those at five concentrations from 5 to 50 fM 

were less than 8%. These results indicated the high sensitivity and reproducibility of the 

assay.  

Amplification rates as the ratios of amplified Signal DNA2 concentration to the 

target miR-21-5p concentration were estimated by using the calibration curve of Signal 

DNA2. The calibration curve of Signal DNA2 was generated in the measurement with 

serially diluted Signal DNA2 in 10 mM Tris-HCl, 0.01% BSA (pH 8.0) (Fig. 14a). The 

mean amplification rate for the target concentrations from 0.1 to 10 pM was 103-folds 

(Fig. 14b). For comparison, I also estimated the amplification rate in the one-step 
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amplification assay based on the results shown in Fig. 12a. The obtained mean 

amplification rate for the target miR-21-5p at concentrations from 0.1 to 10 pM was 26- 

folds (Fig. 15a, 15b). The cascading of Signal DNA generation achieved the higher 

amplification rate in the two-step amplification assay for miR-21-5p than that in the 

one-step amplification assay. 

I also investigated whether precursor miR-21-5p (60 nt), which contains mature 

miR-21-5p sequence and forms a secondary structure, and mature miR-21-5p (22 nt) 

were distinguished in the two-step amplification assay. The samples of synthetic 

precursor miR-21-5p and mature miR-21-5p at the concentrations from 0 to 1000 pM 

were measured. The cross reactivity evaluated as the ratio of interfering concentration 

of precursor miR-21-5p to the concentration of mature miR-21-5p was, at the highest, 

0.01% at the concentration of 1000 pM (Fig. 16). The result indicated that the 

miR-21-5p assay with Converter DNA-21 preferably detected mature miR-21-5p than 

precursor miR-21-5p. 

 

Automated miR-200 family detection with two-step amplification on the analyzer 

The miR-200 family consists of miR-200a, miR-200b, miR-200c, miR-141 and 

miR-429 which have highly homologous sequences (Table 1c) [85]. I investigated the 

cross reactivity of the two-step amplification assays for miR-200a, miR-200b and 

miR-200c by evaluating the ratio of interfering concentrations of the other members of 

miR-200 family to the concentration of the target miRNA. The samples of synthetic 

miRNAs, each containing miR-200a, miR-200b, miR-200c, miR-141 or miR-429 at the 
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concentrations from 0 to 1000 pM, were measured in three respective assays with 

Converter DNAs having TBS for miR-200a, miR-200b and miR-200c. In the assay for 

miR-200a, the cross reactivity values were not higher than 0.20, 0.01, 0.30 and 0.19% 

for miR-200b, miR-200c, miR-141 and miR-429, respectively (Fig. 17a). In the assay 

for miR-200b, the cross reactivity values were not higher than 0.06, 0.64, 0.02 and 

0.01% for miR-200a, miR-200c, miR-141 and miR-429, respectively (Fig. 17b). In the 

assay for miR-200c, the cross reactivity values were 0.003, 0.44, 0.07 and 0.002% for 

miR-200a, miR-200b, miR-141 and miR-429, respectively (Fig. 17c). The similar 

miRNA sequences did not cause the false positive signal higher than 0.64%, showing 

high sequence specificity of the two-step amplification assays for miR-200 family 

detection. 

These results indicated that my miRNA assays with two-step amplification on the 

analyzer have high reproducibility and sequence specificity and could be clinically 

useful in cancer detection. 

 

Automated nucleic acid detection in human serum on the analyzer 

I performed the two-step amplification assay in normal human serum containing the 

ssDNA on the analyzer. MiD-21-5p spiked in serum samples at different concentrations 

from 0.001 to 1000 pM and a blank at 0 pM were measured in replicates of 10 and 20, 

respectively on the automated analyzer. The obtained dose response curve is shown in 

Fig. 18a. The curve fitting of the dose response curve with fitted equation and 

correlation coefficient is shown in Fig. 18b. 
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To determine the sensitivity of the assay, I further measured different concentrations 

of miD-21-5p in serum samples from 1 to 100 fM in replicates of 10 and a blank at 0 fM 

in replicates of 20 (Fig. 18c). The mean CI calculated for the target miD-21-5p at the 

concentrations of 0 and 10 fM were 840 RLU (SD 60) and 1101 RLU (SD 100), 

respectively. The 10 fM of miD-21-5p in serum was distinguished from the blank serum 

sample (P (two-tailed unpaired t-test) < 10-8). The CVs of CI in the measurement with 

the target miD-21-5p in serum at concentrations from 0 to 1000 pM were less than 8% 

except for 9% at 0.01 pM, which again represented the high reproducibility of the assay. 

The mean amplification rate for the target concentrations from 0.1 to 10 pM was 126- 

fold (Fig. 19a, 19b). These results indicated that the two-step amplification assay for 

ssDNA in normal human serum had high detection sensitivity and reproducibility. 

The physiological temperature condition of constant 37oC eliminated the need to 

purify the miRNA due to blood clotting caused by high-temperature conditions. Also, 

detergent addition, which is required for detaching miRNAs from the protein or 

breaking down exosomes in human serum [88], was implemented in the 

fully-automated process.  

 

Conclusions 

 

The fully-automated miRNA measurement was developed by adapting an isothermal 

DNA amplification reaction to the existing automated immunoassay analyzer, 

ARCHITECT i system. The reaction temperature at constant 37oC eliminates the 
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purification process and results in a testing time of 44 minutes and a throughput of 66 

tests per hour. The proposed assay for a cancer-related miRNA showed high detection 

sensitivity, high reproducibility and low cross reactivity. Implementation of the 

measurement of miRNAs as potential cancer markers together with immunoassays for 

the conventional protein markers on the single automated analyzer would allow the 

precise diagnosis and reduce the cost of nucleic acid test. I believe my work will enable 

early cancer diagnosis based on high throughput measurement of multiple biomarkers in 

full automation, which is useful both for patients and clinical laboratories in terms of 

testing time, cost, and accurate diagnosis.  
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Fig. 1  The schematic illustrations of successive regulation of heterochronic gene 

activities by the lin-4 and let-7 in C. elegans. The expression levels of LIN-14 and 

LIN-28 proteins are decreased by the lin-4 expression at the end of first larval stage. 

The expression level of LIN-41 protein is decreased by the let-7 expression at the late 

larval stage. The expression level of LIN-29 protein is increased by the decrease of 

LIN-41 protein. Fig. 1 was drawn by modifying the Figure 5 in [4]. 
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Fig. 2  The schematic illustrations of double negative Zinc-finger E-box-binding 

homeobox 1 (ZEB1) and ZEB2 which are E-cadherin transcriptional repressors and 

miR-200 family (miR-200a, -200b, -200c, -141 and -429) feedback loop of TGFβ 

pathway. EMT (epithelial to mesenchymal transition) is induced by the repression of 

Cadherin. The Fig. 2 was drawn by modifying the Figure 1 in [17].  
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Fig. 3  The schematic illustrations of the principle of a splinted ligation assay for 

miRNAs. The splinted ligation assay is a new measurement method of miRNAs which 

doesn’t require the amplification and labeling of miRNAs.   
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Fig. 4  The schematic illustrations of the principle of a RNA-primed, array based 

Klenow enzyme (RAKE) assay for miRNAs. The RAKE assay is a new measurement 

method of miRNAs which does not require the amplification and labeling of miRNAs. 
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Fig. 5  The schematic illustrations of the principle of an isothermal DNA 

amplification method, rolling circle amplification (RCA) assay for miRNAs. The RCA 

assay is an emerging miRNA method which uses polymerase with the strand 

displacement activity.  
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Fig. 6  The schematic illustrations of the principle of an isothermal DNA 

amplification method, loop-mediated isothermal amplification (LAMP). The LAMP 
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method is used in a clinically approved assay. The LAMP assay achieves highly 

efficient amplification and sensitive detection of nucleic acids of infectious diseases, 

which are measured in one pot with 60 oC incubation in less than one hour. 
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Fig. 7  The schematic illustrations of the principle of an isothermal DNA 

amplification method, strand displacement amplification (SDA). The SDA method is 

used in a clinically approved assay. The SDA assay achieves highly efficient 

amplification and sensitive detection of nucleic acids of infectious diseases, which are 

measured with 54 oC incubation. 
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.  

 

 

Fig. 8  The schematic illustrations of the principle of an isothermal DNA 

amplification method, low-temperature amplification (L-TEAM) proposed by Komiya. 

The method generates exponential amplification of Signal DNAs with 37 oC incubation.  
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Table 1  (a) Oligodeoxyribonucleotide sequences used for investigating the effect of 

cover sequence introduction to Converter DNA and comparison of nicking 

endonucleases. The underlined and double-underlined letters of Converter-24-1, 24-2 

and Converter-24-3 represent the recognition sequences of Nt.AlwI and Nb.BbvCl, 

respectively. Converter-24-1 has no cover sequence. Converter-24-2 and Converter-24-3 

were designed to form the hairpin structure with 18-bp stems. (F) and (D) represent 

6-carboxyfluorescein (6-FAM), and dabcyl, respectively. The molecular beacon, which 

was designed to form the hairpin structure with a 5-bp stem, has the sequence 

a
one-step amplification assay on the real-time PCR system

miD-24-3p 5' TGGCTCAGTTCAGCAGGAACAG 3'
Converter-24-1 5' TGATAGCCCTGTACAATGCTGCTCAGAGATCCCTGTTCCTGCTGAACTGAGCCA-(I) 3'
Converter-24-2 5' TGATAGCCCTGTACAATGCTGCTCAGAGATCCATTGTACAGGGCTATCACTGTTCCTGCTGAACTGAGCCA-(I) 3'
Converter-24-3 5' TGATAGCCCTGTACAATGCCTCAGCCATTGTACAGGGCTATCACTGTTCCTGCTGAACTGAGCCA-(I) 3'
Molecular beacon 5' (F)-CGCGATGATAGCCCTGTACAATGCTGCTTCGCG-(D) 3'

b
one-step amplification assay on the immunoassay analyzer

miR-21-5p 5' UAGCUUAUCAGACUGAUGUUGA 3'
miR-18a-5p 5' UAAGGUGCAUCUAGUGCAGAUAG 3'
miR-500a-3p 5' AUGCACCUGGGCAAGGAUUCUG 3'
Converter-21 5' TCTTGCGTATCTTCTCCACCTCAGCTGGAGAAGATACGCAAGATCAACATCAGTCTGATAAGCTA-(I)-(I) 3'
Converter-18 5' TCTTGCGTATCTTCTCCACCTCAGCTGGAGAAGATACGCAAGACTATCTGCACTAGATGCACCTTA-(I)-(I) 3'
Converter-500 5' TCTTGCGTATCTTCTCCACCTCAGCTGGAGAAGATACGCAAGACAGAATCCTTGCCCAGGTGCAT-(I)-(I) 3'
Signal DNA1 5' TGAGGTGGAGAAGATACGCAAGA 3'
Capture DNA probe 1 5' CTTCTCCACCTCA-(B-TEG) 3'
Chemiluminescence DNA probe 1 5' (NH2-C6)-TLCLTTGCLGTAT 3'

c
two-step amplification assay on the immunoassay analyzer

miR-21-5p 5' UAGCUUAUCAGACUGAUGUUGA 3'
miD-21-5p 5' TAGCTTATCAGACTGATGTTGA 3'
Precursor miR-21-5p 5' UAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUCGAUGGGCUGUC 3'
miR-200a 5' UAACACUGUCUGGUAACGAUGUU 3'
miR-200b 5' UAAUACUGCCUGGUAAUGAUGAC 3'
miR-200c 5' UAAUACUGCCGGGUAAUGAUGGA 3'
miR-141 5' UAACACUGUCUGGUAAAGAUGGC 3'
miR-429 5' UAAUACUGUCUGGUAAAACCGU 3'
Converter-21S 5' TCTTGCGTATCTTCTCCACCTCAGCGCAAGATCAACATCAGTCTGATAAGCTA-(I)-(I) 3'
Converter-200a 5' TCTTGCGTATCTTCTCCACCTCAGCGCAAGAAACATCGTTACCAGACAGTGTTA-(I)-(I) 3'
Converter-200b 5' TCTTGCGTATCTTCTCCACCTCAGCGCAAGAGTCATCATTACCAGGCAGTATTA-(I)-(I) 3'
Converter-200c 5' TCTTGCGTATCTTCTCCACCTCAGCGCAAGATCCATCATTACCCGGCAGTATTA-(I)-(I) 3'
Cascade DNA 5' AGCAGCAACATAGCAGAACCTCAGCGCTGCTTCTTGCGTATCTTCTCCA-(I)-(I) 3'
Signal DNA2 5' TGAGGTTCTGCTATGTTGCTGCT 3'
Capture DNA probe 2 5' TAGCAGAACCTCA-(B-TEG) 3'
Chemiluminescence DNA probe 2 5' (NH2-C6)-AGCAGCAACA 3'
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complementary to that of Signal DNA. Upon hybridization to the Signal DNA, the 

fluorophore, 6-FAM and the quencher, dabcyl attached to the 5′ and 3′ end ends of the 

molecular beacon becomes apart, resulting in fluorescence emission. 

Oligodeoxyribonucleotide and oligoribonucleotide sequences used in the (b) one-step 

and (c) two-step amplification assays for miRNA measurement on the analyzer. The 3′ 

end of Converter DNA and Cascade DNA were chemically modified with two 

consecutive inverted deoxyribothymidines, represented by (I)-(I), to avoid unexpected 

extension reactions. Since the GC-content of Chemiluminescence DNA probe 1 was low, 

Locked Nucleic Acid, which is an artificial nucleic acid having a bridged structure in 

the ribose portion, was introduced into it as indicated by the superscript L symbol for 

assuring high detection sensitivity. (B-TEG) and (NH2-C6) represent biotin with 

triethylene glycol spacer and primary amine with six carbon spacer, respectively. The 

underlined letters represent the recognition sequences of Nb.BbvCl. 
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c 

 
 

Fig. 9  The schematic illustrations of (a) the sequence domains of Converter DNA 

and Cascade DNA, (b) linear signal DNA amplification reaction in the one-step 

amplification assay or the first step of the two-step amplification assay, (c) linear signal 

DNA amplification reaction in the second step of the two-step amplification assay. Red 

vertical lines represent base pairings. 
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Fig. 10  The schematic illustrations of capturing of Signal DNA followed by 

chemiluminescence reaction on the fully-automated immunoassay analyzer. The 

analyzer is used for measuring proteins and chemical compounds in serum, plasma and 

urine as diagnostic markers in about 30 minutes at clinical laboratories. 
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Fig. 11  Mean fluorescence curves in the isothermal one-step amplification assay of the 

target miD-24-3p with Converter DNA-24-1 without the cover sequence and with the 

recognition sequence of Nt.AlwI, Converter DNA-24-2 with the cover sequence and the 

recognition sequence of Nt.AlwI, and Converter DNA-24-3 with the cover sequence 

and the recognition sequence of Nb.BbvCl. Each sample was measured in triplicate and 

averaged. 
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b 

 
 

Fig. 12  (a) Dose responses in the respective one-step amplification assays for 

miR-21-5p, miR-18a-5p, and miR-500a-3p on the analyzer. The bar shows ± 2 standard 

deviations. Each sample was measured in triplicate except for the blank sample 
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(replicate (rep.) = 5). (b) Cross reactivity test of fifteen human miRNAs which have 

sequences similar to that of miR-21-5p in the one-step amplification assay for 

miR-21-5p on the analyzer. The bar shows ± 2 standard deviations. Each miRNA 

sample was measured in triplicate except for the blank sample (rep. = 5). 
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Table 2  miRNA sequences used in the cross reactivity test by one-step amplification 

assay on the analyzer. The symbol * indicates bases identical to those of miR-21-5p. 

The numbers of identical bases range from 8 to 14. The highest number of consecutive 

identical bases is 8. 

 

 

Human
miRNAs

Number of
identical bases

miR-21-5p 5' U A G C U U A U C A G A C U G A U G U U G A 3' 

* * * * * * * * * * *
miR-15a-5p 11 5' U A G C A G C A C A U A A U G G U U U G U G 3' 

* * * * * * * * * * * * * *
miR-30a-3p 14 5' C U U - U C A G U C G G A U G U U U G C A G C 3' 

* * * * * * * * * * * * *
miR-195-5p 13 5' U A G C A G C A C A G A A - - A U A U U G G C 3' 

* * * * * * * * * * * *
miR-16-1-3p 12 5' C C A G - U A U U A A C U G U G C U G C U G A 3' 

* * * * * * * * *
miR-200a-3p 9 5' U A A C A C U G U C U G G U A A C G A U G U 3' 

* * * * * * * * * * *
miR-340-5p 11 5' U U A U A A A G C A A U G A G A C U G A U U 3' 

* * * * * * * *
miR-425-5p 8 5' A A U G A C A C G A U C A C U C C C G U U G A 3' 

* * * * * * * * * * * * *
miR-9-1-5p 13 5' U C U U U G G U U A U C U A G C U G U - - A U G A 3' 

* * * * * * * *
miR-505-5p 8 5' G G G A G C C A G G A A G U A U U G A U G U 3' 

* * * * * * * * * * *
miR-491-3p 8 5' C U U A U A A G A U U C C C U U C U A C 3' 

G
C

* * * * * * * * * * * * * *miR-34a-5p 14 5' U G G C A U G U C U U A C U G - - G U U G U 3' 
G G

* * * * * * * * * * *
miR-337-5p 11 5' G A A C G C U U C A U A C A G G A G U U 3' 

G

* * * * * * * * * * * * *miR-590-5p 13 5' G A G C U U A U C A U A A A A G U G C A G 3' 
U

* * * * * * * * * * * * * *miR-338-3p 14 5' U C C A G C A U C A G - - U G A U G U U G 3' 
U
U
U

* * * * * * * * * * * *miR-660-5p 12 5' U A C C C U U G C A U A U C G G A G U U G 3' 
A

Sequences
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c 

 
 
Fig. 13  (a) Dose response in the two-step amplification assay for miR-21-5p at the 

concentrations from 0 to 1,000 pM on the analyzer. The bar shows ± 2 standard 

deviations. Each sample was measured in replicates of 5. (b) The four parameter logistic 

(4PL) curve fitting of the dose response curve in the two-step amplification assay for 

miR-21-5p at the concentrations from 0 pM to 100 pM on the analyzer. The fitted 

equation was Y = 6521131 + (69.73642 – 6521131) / (1 + (X/241.1466) 0.9764099). The 

correlation coefficient was 1.0. Each sample was measured in replicates of 5. (c) Dose 

response for the detection sensitivity test in the two-step amplification assay for 

miR-21-5p at the concentrations from 0 to 50 pM on the analyzer. The bar shows ± 2 

standard deviations. Each sample was measured in replicates of 20. 
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b 

 

Fig. 14  (a) Calibration curve of Signal DNA2 spiked in the unreacted samples that 

were prepared same as the two-step amplification assay for miR-21-5p on the analyzer 

for calculating the amplification rates shown in Fig. 14 (b). The bar shows ± 2 standard 

deviations. Each sample was measured in triplicate. (b) Plot of amplification rates of 
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Signal DNA2 concentrations to those of the target miR-21-5p in the two-step 

amplification assay for miR-21-5p on the analyzer. The bar shows ± 2 standard 

deviation of the amplification rate. The samples containing the target miR-21-5p at 

concentrations from 0.001 to 0.1 pM were measured in replicates of 20. Those at 

concentrations from 1 to 100 pM were measured in replicates of 5. 
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b 

 
 
Fig. 15  (a) Calibration curve of Signal DNA1 spiked in the unreacted samples that 

were prepared same as the one-step amplification assay for miR-21-5p on the analyzer 

for calculating the amplification rates shown in Fig. 15 (b). The bar shows ± 2 standard 

deviations. Each sample was measured in triplicate. (b) Plot of amplification rates of 
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Signal DNA1 concentrations to those of the target miR-21-5p in the one-step 

amplification assay for miR-21-5p on the analyzer. The bar shows ± 2 standard 

deviation of the amplification rate. Each sample was measured in triplicate. 
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Fig. 16  Cross reactivity test of precursor miR-21-5p in the two-step amplification 

assay for miR-21-5p on the analyzer. The bar shows ± 2 standard deviations. Each 

sample was measured in triplicate except for the blank sample (rep. = 5). 
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Fig. 17  (a) Cross reactivity test of four miRNAs (miR-200b, miR-200c, miR-141, 

miR-429) in miR-200 family in the two-step amplification assay for miR-200a on the 

analyzer. The bar shows ± 2 standard deviations. Each sample was measured in 

triplicate except for the blank sample (rep. = 5). (b) Cross reactivity test of four 

miRNAs (miR-200a, miR-200c, miR-141, miR-429) in the two-step amplification assay 

for miR-200b on the analyzer. The bar shows ± 2 standard deviations. Each sample was 

measured in triplicate except for the blank sample (rep. = 5). (c) Cross reactivity test of 

four miRNAs (miR-200a, miR-200b, miR-141, miR-429) in the two-step amplification 

assay for miR-200c on the analyzer. The bar shows ± 2 standard deviations. Each 

sample was measured in triplicate except for the blank sample (rep. = 5). 
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Fig. 18  (a) Dose response on the spiked miD-21-5p, which was the single-stranded 

DNA with the same sequence as miR-21-5p, in human serum at the concentrations from 

0 to 1,000 pM in the two-step amplification assay for miR-21-5p on the analyzer. The 

bar shows ± 2 standard deviations. Each sample was measured in replicates of 10 except 

for the blank serum sample (rep. = 20). (b) The four parameter logistic curve fitting of 

the dose response curve in the two-step amplification assay for miD-21-5p at the 

concentrations from 0 pM to 100 pM on the analyzer. The fitted equation was Y = 

5437186 + (810.5592 – 5437186) / (1 + (X/154.5906) 1.016908). The correlation 

coefficient was 1.0. Each sample was measured in replicates of 5. (c) Dose response for 

the detection sensitivity test on the spiked miD-21-5p in human serum at the 

concentrations from 0 to 100 fM in the two-step amplification assay for miR-21-5p on 

the analyzer. The bar shows ± 2 standard deviations. Each sample was measured in 

replicates of 10 except for the blank serum sample (rep. = 20). 
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Fig. 19  (a) Calibration curve of Signal DNA2 spiked in the unreacted samples that 

were prepared same as the two-step amplification assay for miR-21-5p on the analyzer 

for calculating the amplification rates shown in Fig. 19 (b). The bar shows ± 2 standard 

deviations. Each sample was measured in triplicate. (b) Plot of amplification rates of 
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Signal DNA2 concentrations to those of the target miD-21-5p in human serum in the 

two-step amplification assay for miR-21-5p on the analyzer. The bar shows ± 2 standard 

deviation of the amplification rate. Each sample was measured in replicates of 10.  
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Chapter III: 

     

Concluding Remarks 

 

The circulating miRNAs in blood have attracted attention as new potential 

biomarkers for cancer diagnosis, prognosis and detection of recurrence. However, the 

current measurement methods of miRNAs including qRT-PCR, microarray and next 

generation sequencing have several disadvantages such as time-consuming pretreatment, 

manual operation, a standalone instrument, low throughput and expensive test cost, 

which make it difficult to introduce a miRNA test as a cancer biomarker into clinical 

laboratories. In this research shown in the Chapter II, I adapted an isothermal DNA 

amplification reaction to a fully automated immunoassay analyzer, ARCHITECT i 

system (Abbott Japan, Tokyo, Japan) which was widely used in clinical laboratories to 

measure proteins and chemical compounds as diagnostic markers. In a reaction vessel, 

miRNA was converted to a pre-designed single-stranded DNA as a signal by using DNA 

templates, DNA polymerase with strand displacement activity and nicking endonuclease. 

The Signal DNA was amplified by the repetitive enzymatic reaction. Then, the 

amplified Signal DNA was hybridized by one DNA probe attached to a magnetic 

particle and another DNA probe labeled with acridinium ester. After the 

chemiluminescence reaction, luminescence intensity was automatically measured. 

I developed three assays of cancer related miRNAs (miR-21-5p, miR-18a-5p and 

miR-500a-3p) by only changing the target binding sequence of Converter DNA with 
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one-step amplification on the fully automated immunoassay analyzers. The testing time 

was 44 minutes. The throughput was 66 tests per hour. The cross reactivity for 

miR-21-5p with fifteen similar human miRNAs which had identical bases from 8 to 14 

was not higher than 0.02%.  

To improve detection sensitivity, I extended the one-step amplification assay to the 

two-step amplification assay by layering linear amplification reactions. The two-step 

amplification assay achieved the detection sensitivity value of 3 fM for miR-21-5p, 

significantly lower than the cut off concentrations in serum around 50 fM. This highly 

sensitive detection is attributed not only to the introduction of Cover sequence and 

layering linear amplification reactions, but also to the application of chemiluminescence 

reaction with Capture DNA probe and Chemiluminescence DNA probe emulating the 

common sandwich assay in immunoassay. This reaction design is suitable for the 

fully-automated immunoassay analyzer. The CVs in the measurement of miR-21-5p at 

the target concentrations from 5 fM to 1000 pM were less than 8%.  

I investigated the discrimination of the precursor and mature microRNA. The assay 

detected the mature miR-21-5p than the precursor miR-21-5p.  

I investigated the cross reactivity for miR-200 family which have highly 

homologous sequences with the two-step amplification. The similar miRNA sequences 

did not cause the false positive signal higher than 0.64%. 

These results indicated that the proposed fully-automated miRNA assays showed 

high sensitivity, low cross reactivity and reproducibility suitable for clinical use. 

Furthermore, I achieved the automated nucleic acid detection in human serum. As a 



74 
 

next step, the automated native miRNA detection in human serum on the analyzer is 

planned. 

This method has huge potential to resolve the current disadvantages of miRNA 

measurement method, such as time-consuming pretreatment, manual operation, a 

standalone instrument, high measurement cost and low throughput. The characteristics 

of this method are that 1) purification is not required, 2) manual operation is not 

required, 3) existing fully automated immunoassay analyzers in clinical laboratories can 

be used, 4) short testing time (44 minutes) and high throughput (66 tests per hour). 

This method would make it possible to measure potential diagnostic nucleic acid 

markers like miRNAs together with conventional protein markers on existing fully 

automated immunoassay analyzers in clinical laboratories. It is useful for patients and 

clinical laboratories in terms of testing time, cost, and accurate diagnosis.  
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Perspectives  

 

Factors to cause differences of miRNA test results 

A lot of research papers on miRNAs have been published as potential diagnostic 

markers for many diseases. However, very few miRNAs have been introduced into 

clinical laboratories as diagnostic markers. One of the reasons is that the test results 

about concentrations of same miRNAs in human blood samples were different between 

various clinical studies. The reasons for the difference in miRNA concentration are that 

the following factors were not considered sufficiently in the clinical studies. First factor 

is the characteristics of patient population in terms of age, sex, ethnic group, disease 

stage and disease category. Second factor is the measurement method such as qRT-PCR, 

microarray and NGS, and the product of reagents and instruments for the measurement 

methods. Third factor is the pre-analytical processing method of a blood sample such as 

blood collection tube type, standing time and temperature after blood drawing, 

centrifugation speed / time for separation of blood cells and sample storage conditions 

before miRNA testing [89, 90]. The reason why the difference of pre-analytical 

processing conditions affect miRNA concentration is that majority of solid 

tumor-associated circulating miRNAs are highly expressed in blood cells such as red 

blood cells, platelets, myeloid cells and lymphoid cells [89, 91]. The cell contamination 

and cell disruption like hemolysis in the pre-analytical processing of a blood sample 

impact the test results of miRNA concentration [91].  
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Standardization of pre-analytical processing of a blood sample and a 

normalization method 

The standardization of the pre-analytical processing of a blood sample is important 

for reducing the differences of miRNA measurement concentrations between the clinical 

studies. The degree to which each parameter of the pre-analytical processing affects 

miRNA measurement concentrations should be investigated. From the results, 

acceptable conditions of each parameter are clarified, and standardized method of the 

pre-analytical processing is established.  

The standardization of a normalization method is also important for reducing the 

differences of miRNA measurement concentrations between the clinical studies. The 

normalization methods with endogenous controls and spike-in controls are used for 

minimizing the technical variability and removing systemic bias among different 

measurements. The small nuclear RNA such as RNU6B, RNU44 and RNU48 or miR-16, 

let-7a, miR-142-3p, 18S rRNA are often used as endogenous controls. The C. elegans 

miRNAs such as cel-miR-39, -43, -54 and -238 are used for spike-in controls. The 

differences of normalization controls cause the differences of miRNA concentration 

[89]. The common normalization control should be established to compare miRNA 

concentrations in blood samples accurately in the different clinical studies. 

The investigation for standardization of the pre-analytical processing and 

normalization method of a blood sample is necessary to measure miRNA concentrations 

accurately in clinical laboratories. When a miRNA diagnostic product using my 

measurement method on the fully automated immunoassay analyzers come to market 
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and available for customers, the product would be expected to contribute to 

investigating the standardization method of the pre-analytical processing and the 

normalization method. 
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