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Chapter 1

General Introduction

1.1. Background and objectives

Biomarkers are defined as materials that reflect or indicate the existence of particular
diseases or the condition in the body. Various materials can be candidate of the
biomarker such as nucleic acids, peptides, proteins, and lipid metabolites. In particular,
biomarkers of nucleic acids (genetic markers) are relatively easily detected and/or
quantified owing to the development and diffusion of nucleic acid quantification
methods [1-5]. Therefore, genetic markers are now being employed in the clinical fields
as diagnostics of the diseases, prognostics of the therapy, and the monitoring of the
minimal residual disease (MRD). These trials are aggressively performed in the cancer
therapies, especially in the hematopoietic malignancies. For example, BCR/ABL
chimeric gene is observed in >90% of the patients with chronic myeloid leukemia
(CML) [6-8]. BCR/ABL chimeric gene is therefore a powerful genetic marker for the
diagnostic of CML. Also, the chimeric gene can be used as a marker of the effective
drug selection by detecting the point mutations at the ABL kinase domain, and helps
prognostic of the therapy. Moreover, BCR/ABL chimeric gene is used for the monitoring

of the MRD after the administration of several molecular-targeted drugs such as
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imatinib [9]. As described above, genetic markers are used not only as the marker for
the diagnostic of the diseases but also as the prognostic of the therapy and the
monitoring of the diseases. Here, it is expected that the screening and the identification
of novel genetic markers, and the methods for detection and/or quantification of
identified genetic markers would be in the important position. In fact, newly developed
comprehensive genome analysis enabled us to explore and discover novel genetic
markers in a few decades [10, 11]. Along with the findings, the quantification of the
genetic markers is highly needed in terms of the definite diagnosis, the disease

prognosis, and the MRD monitoring.

In this study, the genetic markers of acute leukemias and myeloproliferative neoplasms
were focused on. The objective of this study is to construct the quantification methods
for these genetic markers. In acute leukemias, a messenger ribonucleic acid (mRNA),
Wilms’ tumor gene 1 mRNA (WT1 mRNA), is overexpressed in the patients with
leukemia in comparison with the healthy donors [12] (Chapter 2). On the other hand, a
point gene mutation in Janus kinase gene 2 (J4K2) is reported in the myeloproliferative
neoplasms [13-15] (Chapter 3 and 4). These two types cover the almost of genetic
markers; therefore, the procedures constructed on this study would be able to be applied

on other genetic markers (Figure 1.1).
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Figure 1.1. Overview of this study
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1.2. Genetic markers
In the section, genetic markers of the acute leukemias and the myeloproliferative
neoplasms are described. I also focus on the role of the transcripts of these genetic

markers in each disease.

1.2.1. Genetic markers for acute leukemia

In acute type leukemias, leukemia type-specific fusion genetic markers such as
AMLI/ETO, CBFp/MYHI1, and PML/RARc were reported [16-18]. However, more
than 50% of all acute myeloid leukemia (AML) samples lack one of these specific
fusion genes. Hence, it is crucial to find more universal molecular targets for MRD
detection and quantification in leukemia. In 1994, Inoue et al. reported that the WTI
mRNA was aberrantly expressed in patients with various types of leukemias thereby the

mRNA would be expected as a promising pan-leukemia genetic marker [12].

The WT1 gene was isolated as a gene responsible for a pediatric renal cancer, Wilms’
tumor. The WT1 gene encodes 10 exons and generates a 3 kb mRNA [19, 20]. WT1
mRNA encodes four zinc-finger transcription factors affecting the cell proliferation and
differentiation, apoptosis and organ development [21]. Although the WTI1 gene had
been originally defined as a tumor suppressor gene, the gene seemed to play an
oncogenic role rather than a tumor suppressor in leukemias. Based on the actual status,
the MRD monitoring method for AML had been developed by quantifying the
expression level of WT1 mRNA [21]. The method is based on the quantitative reverse
transcription polymerase chain reaction (QRT-PCR) and the expression level of WT1
mRNA in the peripheral blood sample is quantified. The lower limit of the

quantification of this method is determined as 50 copies/pug of total RNA. In 2007, the
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method was covered by insurance in Japan; therefore, the quantification of the WTI
mRNA expression level is usually performed in terms of the follow up after the
therapies. Furthermore, since the WT1 mRNA is aberrantly expressed in patients with
leukemias, the WTI1 is expected as a candidate for immunotherapy [22, 23]. Some
research groups reported that the WT1 peptide vaccination was effective on the patients

with AML or myelodysplastic syndrome (MDS) [22, 23].

It is yet unclear how WT1 affects the kinetics of leukemia [21], but Wagner et al.
showed that the WT1 might affect the vascularization in solid tumors [24]. In the study,
it was suggested that transcriptional activation of tumor angiogenesis factor, ETS-1, by
the WT1 is a crucial step in tumor vascularization via regulation of endothelial cell
proliferation and migration [24]. Moreover, WT1 mRNA was regulated by the
hypoxia-inducible factor 1 (HIF-1) [25]. Therefore, it is considered that the
vascularization of tumor cells is regulated as follows: first, HIF-1 is induced by the
hypoxic condition of the tumor cells, then WT1 mRNA is overexpressed via HIF-1,
finally ETS-1 is regulated by WT1. Think around the case of leukemias, MRDs usually
remain in the depth of the bone marrow, which is under the hypoxic condition thereby
HIF-1 is possibly expressed in MRDs. As described above, HIF-1 regulates the
expression of WTI mRNA; therefore, WT1 might affect the tumorigenesis of
hematopoietic cells. However, no reports exist that clarifies the relationship of WT1 and

hematopoietic cells.
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1.2.2. Genetic markers for myeloproliferative neoplasms

The discovery of JAK2 point mutation at JAK2 exon 14 was the first break in
myeloproliferative neoplasms (MPNs) expect for CML [13-15]. After the findings,
various gene deletions or mutations were reported by use of comprehensive genome
analysis methods such as microarrays and pyrosequencing [10, 11]. In this subsection,
JAK2 mutations and mutations other than JAK2, and also their roles in MPNs are

described.

1.2.2.1. JAK2 mutations

Two mainly JAK2 mutations in MPNs, essential thrombocythemia (ET), polycythemia
vera (PV), and primary myelofibrosis (PMF), are discovered up to date. One is a
somatic JAK2 point mutation, JAK2V617F [13-15]. The JAK2V617F is the alteration
of the guanine base (G) to the thymine base (T) in the locus of the 73rd base of the exon
14. The reported JAK2V617F is found in 45% of patients with ET, in 95% with PV,
and in ~50% with PMF [26]. JAK2 is a non-reporter tyrosine kinase. JAK2 has been
implicated in signaling by the single chain receptors (e.g. Epo-R; erythropoietin
receptor, Tpo-R; thrombopoietin receptor). JAK2 regulates the hematopoiesis thorough
the phosphorylation of several signal transductions (e.g. the signal transducers and
activator of transcription). JAK2V617F locates on the JH2 domain that negatively
regulates the JAK2 kinase activity [27]. Therefore, the mutation triggers the
homeostatic activation of the JAK2, which results in the overexpression of several
hematopoietic cells [28]. Along with these findings, detection of JAK2V617F was
added into one of the major criteria for MPNs diagnosis of the 2008 world health

organization (WHO) classification (Figure 1.2).
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Polycythemia vera

Major criteria 1 Hemoglobin >18.5 g/dL in men, 16.5 g/dL in women or other evidence of increased red cell volume
* Hemoglobin or hematocrit greater than 99th percentile of method-specific reference range for age,
sex, altitude of residence
" Hemoglobin >17 g/dL in men, 15 g/dL in women if associated with a documented and sustained
increase of at least 2 g/ dL from an individual's baseline value that can not be attritude to
correction of iron deficiency
* Elevated red cell mass greater than 25% above mean normal predicted value

2 Presence of JAK2V617F or other functionally similar mutation such as JAK2 exon 12 mutation
Minor criteria | Bone marrow biopsy showing hypercellularity for age with trilineage growth (panmyelosis)
with prominent erythloid, granulocytic, and megakaryocytic proliferation
2 Serum erythlopoietin level below the reference range of normal
3 Endogenous erythloid colony formation in vitro
Not Diagnosis requires the presence of both major criteria and 1 minor criterion or the presence of
ote:

the first major criterion together with 2 minor criteria.

Essential thrombocythemia

1

Sustained platelet count =450000/uL

Bone marrow biopsy specimen showing proliferation mainly of the megakaryocytic lineage with
increased number of enlarged, mature megakaryocytes; no significant increase or left-shift of
neutrophil granulopoiesis or erythlopoiesis

Not meeting WHO criteria for PV, PMF, CML, MDS, or other myeloid neoplasm

Demonstration of JAK2V617F or other clonal marker, or in the absence of a clonal marker, no
evidence for reactive thrombocytosis

Note: Diagnosis requires meeting all 4 criteria.

Primary myelofibrosis

Major criteria

Minor criteria

2
3
4

Presence of megakaryocyte proliferation and atypia, usually accompanied by either reticulin and/or
collagen fibrosis, or, in the absence of significant reticulin fibrosis, the megakaryocyte changes
must be accompanied by an increased bone marrow cellularity characterized by granulocytic
proliferation and often decreased erythlopoiesis (i.e. prefibrotic cellular-phase disease)

No meeting WHO criteria for PV, CML, MDS, or other myeloid neoplasm

Demonstration of JAK2V617F or other clonal marker (e.g. MPLWS515L/K), or in the absence of a
clonal marker, no evidence of bone marrow fibrosis due to underlying inflammatory or other
neoplastic diseases

Leukoerythroblastosis
Increase in serum lactate dehydrogenase level
Anemia

Palpable splenomegary

Note: Diagnosis requires meeting all 3 major criteria and 3 minor criteria.

Figure 1.2. Criteria for MPNs diagnosis of the 2008 WHO classification




|| F
General Introduction

The other mutation is JAK2 exon 12 mutation [29]. The mutation has a various types of
mutations including repetition or deletion of certain sequences. The mutational variation
was reported as a rare case of European patients; however, it was also reported that the

mutational variation was often detected in Asian patients [30].

1.2.2.2. Mutations other than JAK2

As described above, JAK2V617F is not detected in approximately half of the patients
with ET and PMF. Exploration of other gene mutations than J4K2 discovered several
gene mutations such as MPL, LNK, and TET2 [31-33]. MPL mutations (MPLW515L/K)
occur to the Tpo-R. The Tpo-R regulates the differentiation of megakaryocytes through
the binding of thrombopoietin (TPO). Therefore, it is considered that MPLWS515L/K
trigger the homeostatic activation of Tpo-R and then the homeostatic activated Tpo-R
results in the overexpression of megakaryocytes. MPLWS515L/K are detected in >5% of
ET, and 10% of PMF but are not detected in PV [31]. LNK is an adapter protein that
has SH2 domain and pleckstrin homology (PH) domain. The protein negatively
regulates the JAK/STAT signaling after the stimulation of TPO [34]. In 2010, Oh et al.
identified the LNK mutations [32]. They reported that the LNK mutations were detected
1/14 in ET, 1/18 in PMF. In the study, LNK mutation in ET was a point mutation of the
guanine to cytosine alternation, caused E208Q alternation of the amino acids. The
mutation in PMF caused deletion of both SH2 and PH domains in LNK. Both two LNK
mutations induced the excessive activation of the JAK/STAT signaling [32]. TET2
mutations were found in 2009 and several deletions and mutations of the gene were
detected in MPNs [33]. The mechanism of TET2 had been unclear; however, it was
reported that S-methylcytosine on mammalian DNA was converted to

5-hyroxymethylcytosine by TET1 [35]. It has been suggested that TET2 also has such
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epigenetic function because both TET1 and TET2 are in the TET family. Then, sure
enough, Jankowska et al. more recently indicated that mutated TET2 caused the

epigenetic abnormality and triggered MPNs [36].

As described above, various type of gene mutations have been detected in MPNs, and
moreover, the role of these gene mutations are becoming clear owing to the contribution
of the recent researches (Figure 1.3). In the soon future, the researches about the

correlation between gene mutation ratio and the diseases would be conducted.




s R

General Introduction

Figure 1.3. The role of mutated proteins in MPN
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1.3. Nucleic acids quantification methods

In this study, the quantification methods for WT1 mRNA and JAK2V617F are
established utilizing Loop-mediated isothermal amplification (LAMP) [37], Alternately
binding probe Competitive PCR (ABC-PCR) [38], and digital PCR [40]. The principle

of each method is described below.

1.3.1. LAMP

LAMP is an isothermal DNA amplification method that is performed at ranging from
60-65°C in a short time (15-60 min) [37]. The method relies on autocycling strand
displacement DNA synthesis by the Bst DNA polymerase with a set of three outer and
inner primers (Figure 1.4), guaranteeing the specificity of LAMP [41, 42]. The method
is able to amplify target sequences to 10°—10'" times within 30 min. The efficiency is
approximately 100 times higher than that of PCR. LAMP is also useful for RNA
template detection with the use of reverse transcriptase together with DNA polymerase
[43, 44]. However, it is quite difficult to define the efficient combination of the primer
recognition region and design the sufficient primer set for LAMP. In the case of the
quantification utilizing LAMP, real-time turbidimetry LAMP is usually employed [41].
In the real-time turbidimetry LAMP, the turbidity derived from magnesium
pyrophosphate, which is a byproduct of LAMP, is monitored in real-time by measuring

the absorbance of the aliquot at 650 nm (Figure 1.5).
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1.3.2. ABC-PCR

The detailed principle of ABC-PCR is described in the Ph.D. thesis written by Tani [38].
Concisely, ABC-PCR was developed as a reliable quantification of nucleic acids in
biological samples that contain PCR inhibitors and eliminates false negative results [39].
A scheme of the ABC-PCR is shown in Figure 1.7. ABC-PCR is the competitive PCR
based nucleic acids quantification method. Competitive PCR uses a deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA) fragment (competitor) that is coamplified with
the gene of interest (target). In competitive PCRs, the ratio of the target to the
competitor is maintained. Because the stating quantity of the competitor is known, the
starting quantity of the target can be calculated by measuring of the target ratio to the
competitor. The target ratio to the competitor is measured by use of a fluorescent probe
that binds to either the target or the competitor in ABC-PCR [39]. The fluorescent probe,
named alternately binding probe (AB-Probe), is an oligonucleotide with a green dye
(BODIPY-FL, excitation/emission = 505/513 nm) at a 5'-end, and a red dye (TAMRA,
excitation/emission = 555/580 nm) at a 3'-end. These fluorescent dyes have a property
of being notably quenched by the photo-induced electron transfer (PeT) to a guanine
base at the particular position [45, 46]. The competitor used for ABC-PCR is identical
to the corresponding region of the target except for three bases located outside position
of the binding site for the 5'-side of the probe. These three bases are replaced to guanine.
Therefore, the fluorescence intensity of the AB-Probe behaves as follows (also shown in
Figure 1.6):

(1) When the probe is free in solution, its green fluorescence intensity (Gy) is quenched
via fluorescence resonance energy transfer (FRET) to the red dye (Ry).

(i1) When the probe binds to the target, the green fluorescence emits (Gr) because of the

reduction of FRET, and the red fluorescence quenches by the effect of PeT to the
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guanine base (Rr).

(ii1)) When the probe binds to the competitor, the green fluorescence is notably quenched
(Gc) by the effect of PeT, and the red fluorescence is also quenched (Rc).

Taken together, the green dye reflects the target ratio to the competitor, and the red dye

reflects the ratio of the amount of the unbound probe to that of the bound probe.

target
Gr Rt
P Qo
BODIPY-FL TAMRA (
FRET @ 3’ C TCT G 57
Gu q Ru
5 14 A C 3 ’
U competitor
Ge Rc
AB-Probe O\ A s /Q
3 ’ T G 5 ’
] target

== o IV OR I

relative fluorescence intensity (-)

initial quantity of the target (copies)

Figure 1.6. Schematic illustration of the ABC-PCR
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1.3.3. digital PCR

Digital PCR is a newly developed technology [40], which is performed by the
massively parallel nano-litter scaled PCR amplification across a large number of
partitions. Each partition contains theoretically 0.5 copies of the target, resulting in
binary (i.e. positive/negative) signals. Counting up the positive signals, DNA “absolute”
copy number can be estimated (Figure 1.7) [47]. Digital PCR is attracted to the medical
field. For example, digital PCR is reported to utilize for the screening of drug resistance
in patients with CML by estimating the copy number variation [48] or for the antenatal
diagnosis of fetal chromosomal aneuploidy by detecting low copy number DNA
sequences in maternal plasma [49]. Because of its quantitative accuracy and sensitivity,

the digital PCR is also used for the investigation of the number of library molecules
applied to next-generation sequencing [50]. However, the method has limitations at the
point of throughput and running cost. Further technological developments are ongoing

to overcome these shortcomings [51, 52].
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Figure 1.7. Schematic illustration of the digital PCR
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Chapter 2

Rapid and simple quantification method
targeting WT1 mRNA for the minimal
residual disease monitoring in acute

leukemias

2.1. Introduction

A prognosis in leukemia during post-remission therapy is very difficult because the
number of leukemia cells cannot be detected by light microscopy during this period [1].
Instead of the diagnosis by light microscopy, minimal residual disease (MRD)
monitoring is of growing importance for risk stratification and the early detection of
relapse in leukemia. For MRD monitoring, several different techniques have been
introduced, such as quantitative polymerase chain reaction (PCR), flow cytometry, and
cytogenetic measurements [2]. The most sensitive technique appears to be quantitative
PCR. Thus, the molecular monitoring of MRD by quantitative PCR was shown to have
great potentials to identify patients groups at high risk of relapse and therefore provides

a window for therapeutic intervention [3].

Common targets for MRD monitoring by quantitative PCR include leukemia
type-specific fusion gene markers such as BCR/ABL in chronic myeloid leukemia

(CML) [4], AMLI/ETO, and PML/RARc in acute myeloid leukemia (AML) [5].
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However, more than 50% of all AML samples lack one of these specific fusion genes.
Hence, it is crucial to find more universal molecular targets for MRD detection and
quantification in leukemia. The Wilms’ tumor gene (WT1) has been reported to be a
pan-leukemia marker. Because WT1 mRNA is aberrantly expressed in patients with
various types of leukemia [6, 7], the molecular monitoring of this gene may have
potentials to elucidate accurately and reproducibly the behaviors of leukemia cells in

patients.

The WT1 gene encodes 10 exons and generates a 3 kb mRNA [8, 9]. WT1 mRNA
encodes four zinc-finger transcription factors affecting the expression of several growth
factors and their corresponding receptors [3]. Although several modifications can occur
during mRNA transcription, two predominant alternative splicing regions exist. The
first alternative splicing introduces exon 5, encoding 17 amino acids (17AA), just
proximal to the first of the four zinc fingers. The second one results in an insertion of
three amino acids, lysine, threonine, and serine (KTS) between the third and fourth zinc
fingers, the 3’ end of the exon 9 [8, 9]. The alternative splicing of these two sites
triggers four different protein isoforms designated as (+/+), (+/-), (—/+), and (—/-),
representing the presence or absence of exon 5 and KTS insert [9]. It is yet unclear
which isoform affects the kinetics of leukemia [3]; therefore, all of the four WTI

mRNA isoforms should be quantified.

WT1 mRNA quantification using real-time RT-PCR has already been used for MRD
monitoring because of its high sensitivity. However, the method is based on the 2 step
RT-PCR and furthermore, the quantification of the GAPDH in the separated assay is

required. Therefore, the method requires a lot of time and hands. Moreover, the cross
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contamination would threatens to affect to the reliability of the assay. In contrast, two
novel approaches, which are able to quantify target DNA, have a potential to overcome
these shortcomings. The one is the loop-mediated isothermal amplification (LAMP)
[10] that allows DNA amplification with high specificity, sensitivity, and rapidity under
isothermal conditions ranging from 60-65°C in a short time (15-60 min) [11, 12]. The
LAMP is also useful for RNA amplification with only adding the reverse transcriptase
to LAMP mixture [13, 14]. The other is the alternately binding quenching probe
competitive PCR (ABC-PCR) [15] that enables us to quantify target of the interest
despite the existence of the PCR amplification inhibitors. The method is based on the
competitive PCR and the target DNA/RNA is quantified by use of a simple fluorometer
at the end of the reaction. Therefore, the ABC-PCR can be performed simply. Moreover,
the method is possibly able to utilize the roughly extracted DNA/RNA samples because

the method has robustness to several PCR amplification inhibitors.

In this study, the two methods for the simple and rapid WT1 mRNA quantitation were
established as follows: First, I designed a LAMP primer set, which amplifies a target
sequence in WT1 mRNA for MRD monitoring. The primer/probe set for the ABC
RT-PCR was also designed. Second, I assessed the specificity, rapidity, and sensitivity
of the RT-LAMP assay in comparison with those of RT-PCR [16]. Also, the MRD
monitorings of two patients with acute leukemias were performed using ABC RT-PCR.
Finally, I discussed the advantages of the two methods for MRD monitoring in

comparison with real-time RT-PCR.
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2.2. Materials and Methods

2.2.1. Oligonucleotides

The sequences of primers and AB-Probe are listed in Table 2.1. All the primers were
purchased from Tsukuba Oligo Services Co., Ltd., Ibaraki, Japan. The AB-Probe
labeled at a 5" end with TAMRA and at a 3’ end with BODIPY FL was purchased from
J-Bio 21 Corp., Ibaraki, Japan. The specificity of the primers and AB-Probe were

verified by a database search using BLAST from the DNA data bank of Japan (DDBJ).

2.2.2. Sample

The NIH Mammalian Gene Collection (MGC) Clone was purchased from Invitrogen,
CA, USA and used in this study. The MGC Clone contains the WT1 cDNA isoform B
(GenBank accession no. BC032861) in the pCMV+eSPORT6 plasmid vector transformed
in T1-phage-resistant Escherichia coli. The E. coli was cultured in LB/ampicillin liquid
medium at 37°C for 16 hours. Then the plasmid DNA was isolated from 1.5 mL of
cultured cells using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany). PCR
was performed using the plasmid DNA. The primers for this assay, F-SP6-WT1 and
R-WTI, were designed between the two alternative splicing regions (17AA and KTS),
and the SP6 promoter was attached to the forward primer for the in vitro transcription.
The primers were purchased from Hokkaido System Science Co., Ltd., Hokkaido, Japan.
The final concentrations of the reagents in 50 pL of PCR reaction mixture were 10 mM
Tris-HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCl,, 0.5 uM of each primer, 0.2 mM of
each dNTP, 1.25 units of TaKaRa 7ag HS DNA polymerase (TaKaRa Bio, Shiga,
Japan), and 1 puL of template DNA. The thermal profiles for PCR were as follows: 94°C
for 5 min, followed by 30 cycles of 94°C for 30 s, 52°C for 30 s and 72°C for 60 s, and a

final extension cycle at 72°C for 2 min. The PCR product was purified using Microcon
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Table 2.1. Oligonucleotide primers and probe for quantifying WT'1l mRNA

Name

*Position Sequences (5'-3") Used for Reference
Primer
F-SP6-WT1 att tag gtg aca cta tag aat aca cga gag cga taa cca cac aa standard RNA construction this study
R-WT1 gat cag cta tgg ctc ttc tta ¢ standard RNA construction this study
F3-WTl1 688-707 gga gee caa tac aga atg ca RT-LAMP this study
B3-WTl1 919-939 acg aga aaa cct tcg ttc aca RT-LAMP/ABC RT-PCR this study
FIP-WT1 F2:713-731 tga agg gge gtt tct cac tac ggt gtc ttc aga ggc at RT-LAMP this study
F1:793-811
BIP-WTI1 BI1: 817-837 get tac cca gge tge aat aag cct tga agt cac act ggt atg g RT-LAMP this study
B2: 895-916
FLP-WT1 770-791 gte tca gat gee gac cgtacaa RT-LAMP this study
BLP-WTI1 862-883 cag atg cac agc agg aag cac a RT-LAMP this study
Fabc-WT1 825-850 agg ctg caa taa gag ata ttt taa gc ABC RT-PCR this study
Probe
ABP-WT1 859-886 (TAMRA)-cag tgt gct tcc tge tgt gea tet gta a-(BODIPY-FL) ABC RT-PCR this study

* Genome position according to the Homo Sapiens WT1 mRNA complete cds (GenBank

accession No. BC032861)
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The concentration of the product was measured using Agilent 2100 Bioanalyzer
(Agilent Technology, CA, USA) and then prepared as 1.0 pg/pL. WT1 mRNA was
transcribed in vitro from 1 pL of the PCR product using Riboprobe” System-SP6
(Promega, WI, USA) and the phenol/chloroform extraction was performed on the
resulting liquid. After measuring the concentration of WT1 mRNA using Agilent 2100

Bioanalyzer (Agilent Technology), the mRNA was stored at —80°C until use.

2.2.3. Real-time turbidimetry RT-LAMP

Real-time turbidimetry RT-LAMP was performed using the spectrophotometric analysis
with the Loopamp real-time turbidimeter LA-200 (Teramecs, Kyoyo, Japan). This
apparatus is for the real-time monitoring of the increase in turbidity derived from
magnesium pyrophosphate, which is a byproduct of LAMP. The reaction mixture (25
uL) consists of 20 mM Tris-HCI (pH 8.8), 10 mM KCI, 10 mM (NH4),SO4, 8 mM
MgSOy4, 1 M betaine (Kanto Chemical, Tokyo, Japan), 0.4 mM dNTP Mix, 0.2 uM each
of F3-WT1 and B3-WTI, 0.8 uM each of inner primer FIP-WT1 and BIP-WT1, 0.8 uM
each of FLP-WT1 and BLP-WTI, 8 units of Bst DNA polymerase (New England
BioLabs, MA, USA), 0.5 units of Avian myeloblastosis virus (AMV) Reverse
Transcriptase XL (TaKaRa Bio), and 1 pL of template mRNA. The template mRNA
was diluted with DEPC-treated water to prepare serial 10-fold dilutions of template
mRNA ranging from 6.8 x 10 to 6.8 x 10’ copies, and then added into the mixture. The
no-template control contained water instead of the template, and the no-reverse
transcriptase (RTase) control, in which 10° copies of template mRNA was added,
contained water instead of the RTase. The mixture was incubated at 62°C for 60 min.

Real-time RT-LAMP was performed in triplicate for each template mRNA.
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2.2.4. Real-time RT-PCR

Real-time RT-PCR was performed using One Step SYBR* PrimeScript* RT-PCR Kit II
(TaKaRa Bio) and LightCycler® ST300 (Roche Diagnostics, Basel, Switzerland). The
reaction mixture (20 pL) contained 0.4 uM each of F3-WT1 and B3-WT]1, 10 pL of 1 x
One Step SYBR® RT-PCR buffer 4, and 0.8 pL of PrimeScript® one step Enzyme Mix
2. The thermal cycling profile consisted of a 10-min reverse transcription step at 42°C,
10 s of RTase inactivation at 95°C, followed by 40 cycles of PCR consisting of
denaturing for 5 s at 95°C, annealing for 10 s at 55°C, and extension for 15 s at 72°C.
Real-time RT-PCR was performed in triplicate for each template mRNA. Results were

analyzed using LightCycler software version 3.5 (Roche Diagnostics).

2.2.5. ABC RT-PCR

ABC RT-PCR was carried out according to the description by Tani [17]. In detail, the
PCR mixture (25 pL) contained 20 U SuperScript® III RTase (Invitrogen), 1x
TITANIUM Taq DNA polymerase (Clontech, Shiga, Japan), 1.0 uL of 1 x TITANIUM
buffer, 200 uM of each dNTPs mix (TaKaRa Bio, Shiga, Japan), 0.12 uM of ABP-WT]I,
0.5 uM of Fabc-WT1, 0.15 pM of B3-WT1, 10’ copies of competitor RNA, and 1 pL of
template mRNA. The PCR conditions were as follows: reverse transcription at 42°C for
30 min, initial denaturation at 94°C for 3 min; 50 cycles of denaturation at 94°C for 20 s,
annealing at 61°C for 20 s, and extension at 72°C for 20 s; and a final extension at 72°C
for 2 min. The PCR was performed using the Veriti® 96-well (Applied Biosystems, CA,
USA) in triplicate for each template mRNA, and the no-temlate control (NTC)
contained DEPC treated water instead of the target and competitor RNA. After the PCR
amplification, the fluorescence intensity of each aliquot was measured using ABI 7500

(Applied Biosystems) at 95°C and 55°C. The fluorescence raw data was analyzed
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according to the previous study [15]. The fluorescence intensity of the green dye (Gos)
and the red dye (Ros) at 95°C represented the intensities before hybridization, whereas
those of the green dye (Gss) and the red dye (Rss) at 55°C represented the intensities
after hybridization. In order to normalize for non-PCR-related fluorescence intensity
fluctuations occurring between reaction tubes, Gss and Rss were then divided by Gos and
Ros, respectively. The measured fluorescence intensities of the green dye (Gss/Gos) and
the red dye (Rss/Ros) are the sum of the fluorescence intensities from the unbound probe
(Gu or Ry), the hybridized probe with the target (Gt or Rr), and the hybridized probe
with the competitor (G¢ or Rc). The standard curves were obtained by fitting the
relationship between [(Gss/Gos) — Gu]/[Ru — (Rss/Res)] and starting quantity of the

target to a sigmoid curve.
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2.3. Results

2.3.1. Primer design

Primers and probe were designed on the basis of the sequences between the 17AA and
KTS regions to establish RT-LAMP assay and ABC RT-PCR that can detect all of the
four WT1 mRNA isoforms (Figure 2.1). The nucleotide sequence of WT1 cDNA
(GenBank accession no. BC032861) was used for the primer/probe design. A set of six
primers comprising two outer (F3-WT1 and B3-WT1), two inner (FIP-WTI and
BIP-WT1), and two loop primers (FLP-WT and BLP-WTI1) was designed using

PrimerEXplorer V3 (URL: http://primerexplorer.jp/e/). FIP-WT1 consists of the

complementary sequence of F1-WT1 and the sequence of F2-WT1. BIP-WT1 consists
of the sequence of BI-WT1 and the complementary sequence of B2-WT1. F3-WT1 and
B3-WT1 were located outside F2-WT1 and B2-WT1, respectively. A pair of loop
primers (FLP-WT1 and BLP-WT1) was used to shorten the reaction time. FLP-WT1
was located between the 3' end of the F2-WT1 region and the 5' end of the F1-WT1
region. BLP-WT1 was located between the 3' end of the BI-WTI region and the 5' end
of the B2-WT1 region. Figure 2.2 shows the locations of the primers for RT-LAMP
along with the alignment of the WT1 ¢cDNA sequence. Furthermore, a database search
using BLAST from the DNA Data Bank of Japan (DDBJ) showed that all the primers

and the probe were specific only to WT1 mRNA.
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isoform (+/+) /17AA KTS

I A}
—exon1HHexon2 H exon34 exon4||exoen5| | exon 6 H exon 7 [ exon 8 | exon 8| [exon 10—

isoform (+/-)

— o - — - f-- — —

isoform (-/+)

— — — — - - - f—

isoform (-/-)

— 4 — — k= b = —

Primer recognition region

Figure 2.1. A schematic of WT1 mRNA. 17AA and KTS regions, at which alternative splicing
can occur, are in gray. Alternative splicing generates four isoforms designated as (+/+), (+/-),
(-/+), and (/). The dotted area indicates the common region of the four isoforms. The primer
recognition region is located in the dotted area.
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651 gtacgagagc
F3-WT1l—>
701 gaatgcacac
751 cctggagtag
801 acgcccctte

851 tgtcccactt

901 cagtgtgact

gataaccaca caacgcccat cctctgcgga

F2-WT1l—>»
gcacggtgtec ttcagaggca ttcaggatgt

Hinfl «—FLP-WT1

ccc tgtacggtcg gcatctgaga

Bl-WT1l—»
atgtgtgett acccaggctg caataagaga

BLP-WT1l—»
acagatgcac agcaggaagc acactggtga

-«+—B3-WT1
tcaaggactg tgaacgaagg ttttctegtt
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gcccaataca

gcggcecgtgtg
«+—F1-WT1
ccagtgagaa
tattttaagc
«+—B2-WT1

gaaaccatac

cagaccagct

Figure 2.2. A schematic showing the location of primers for RT-LAMP. The DNA
sequences of the primer recognition regions are shadowed, and the arrow indicates the direction

of the primer extension. The Hinfl target site is shown in a box. The sequence was obtained
from GenBank with accession number BC032861; the genome position was 688—939.
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2.3.2. RT-LAMP Quantification

Real-time RT-LAMP was performed to determine the detection limit, quantification
limit, and dynamic range of this assay. The template mRNA was prepared as serial
10-fold dilutions ranging from 6.8 x 10 to 6.8 x 10’ copies and then added into the
RT-LAMP mixture. Each turbidity curve increases with the increase in the copy number
of the template mRNA. Moreover, all turbidity curves exceed the threshold time (7%)
within approximately 30 min (Figure 2.3.A). 7t is defined as the time at which the
turbidity exceeds a certain value. In this study, I determined that the value to be 0.03.
Even in the case of 6.8 x 10 copies, the template mRNA can be detected by RT-LAMP
(Figure 2.3.A); therefore, the detection limit was determined to be 6.8 x 10 copies per

reaction tube.

The standard curve was plotted with the log copy numbers of the initial template mRNA
versus 7t. Figure 2.3.B shows the linear relationship between the logarithmic copy
numbers of the initial template mRNA and the 77 with a correlation coefficient of R* >
0.994 ranging from 6.8 x 10 to 6.8 x 10° copies. Consequently, the lower quantification
limit and the dynamic range were determined to be 6.8 x 10 copies and 9 orders of

magnitude, respectively.




—— '-.:
Chapter 2

o
© n ©
N W

Turbidity
o
o

123456789
10 11

[/

10 20 36 40 50 60
Time (min)

'C)O
o B o

o

40

0 2 4 6 8 10
log (initial template mRNA)

Figure 2.3. Real-time RT-LAMP with serial 10-fold dilutions of WT1 mRNA. A: Turbidity
profiles. Serial 10-fold dilutions: (1) 6.8 x 10°, (2) 6.8 x 10%, (3) 6.8 x 107, (4) 6.8 x 10°, (5) 6.8
x 10°, (6) 6.8 x 10%, (7) 6.8 x 10°, (8) 6.8 x 107, and (9) 6.8 x 10 copies of WT1 mRNA were
amplified using RT-LAMP in triplicate. No turbidities of the no-RTase (10) and the no-template
(11) controls were detected. B: Typical standard curve. The standard curve was obtained by
fitting the data points linearly. y = —1.7861x + 37.06; R* was calculated as 0.9945. Data points

and cross bars represent the means and standard deviations, respectively.
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2.3.3. Accuracy of RT-LAMP

To determine the accuracy of RT-LAMP, 2.5, 25, and 250 fg of WT1 mRNA were
mixed with 0.1 ng of total HeLa RNA and quantified using RT-LAMP. Real-time
RT-PCR was also applied to the same sample, and the results were compared. The
experiments were repeated three times, and the mean number of WT1 mRNA copies
and SD for each amount of RNA were calculated. Each amount of WT1 mRNA (2.5, 25,
and 250 fg) corresponds to 5.0 x 10°, 5.0 x 10, and 5.0 x 10° copies, respectively.
Figure 2.4 shows that the results of RT-LAMP strongly correlated with true values and
those of real-time RT-PCR. Furthermore, the RSD values for 2.5, 25, and 250 fg in the
case of RT-LAMP were 22, 21, and 35 %, while those in the case of real-time RT-PCR
were 59, 16, and 23 %, respectively. These results indicate that RT-LAMP can
accurately quantify specific mRNA sequences and has an accuracy similar to that of

real-time RT-PCR.




'-.:
Chapter 2
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Figure 2.4. Quantification of WT1 mRNA in crude samples. WT1 mRNA was mixed with
0.1 ng of total HeLa RNA and quantified using RT-LAMP (solid circles) and real-time RT-PCR
(open circles) in triplicate. All experiments were performed three times. The dashed line
corresponds to the true values. The error bars represent the standard deviation of three
independent experiments.
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2.3.4 Monitoring of WT1 mRNA expression level by ABC RT-PCR

I constructed a standard curve for quantifying the expression level of WT1 mRNA.
Various amounts of the WT1 mRNA as target, ranging form 10-10° copies in the
presence of 10° copies of competitor RNA, were prepared. The RNA mixtures were
amplified by RT-PCR, and then the florescence intensity of each aliquot was measured.
After measuring the fluorescence intensity, [(Gss/Gos) — Gul/[Ry — (Rss/Ros)] was
plotted against the copy number of the initial quantity of WT1 mRNA (Figure 2.5). The
results showed that the [(Gss/Gos) — Gy]/[Ru = (Rss/Ros)] values obtained from triplicate
samples showed good fitting to a sigmoid curve with a correlation coefficient (R’) of
0.997. The standard deviation (SD) of triplicate determinations was less than 0.079 for

10 to 10° copies.

Next, total RNA was extracted from the bone marrow samples of 2 patients with acute
leukemia (the one is acute promyelocytic leukemia, the other is refractory acute myeloid
leukemia) attending the University of Yamanashi Hospital (Chuo, Yamanashi, Japan).
Institutional Ethics Committee approval was obtained at the institution and written
informed consent was obtained from each patient. The bone marrow samples were
obtained during the follow-up of each patient. The WT1 mRNA expression level of
each patient was quantified using ABC RT-PCR, then the quantified values were
represented as the expression level per 1.0 pg total RNA. The expression level of WT1

mRNA closely linked to the conditions of each patient (Figure 2.6 A, B).
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2.5

[G55/G95 - Gu)/[Ru - R55/R95] (-)

O 1 1 1 1
10 102 10° 10* 10°
initial quantity of WT1 mRNA (copies)

Figure 2.5. Typical standard curve. A fixed amount of the competitor (10’ copies) was
coamplified with various amounts of the target WT1 mRNA (10, 10%, 3.3 x 10%, 10°, 3.3 x 10°,
10*, and 10° copies) in triplicate samples. Gy and Ry were measured from the fluorescence
intensities of the green and the red dyes of the NTC, respectively. The standard curve was
obtained by fitting the data points to a sigmoid curve. y = — 1468.7/[888.7 + x] + 2.14; the
correlation coefficient (R”) was calculated to be 0.997. The error bars represent the SD of
triplicate determinations per dilution.
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Figure 2.6. Transition of WT1 expression level in patients with acute leukemias using ABC
RT-PCR. Fuchsia line indicates the lower quantitation limit of the conventional real-time
RT-PCR. ATRA, all-trans retinoic acid therapy; and consolidation, consolidation therapy. A:
Patient with acute promyelocytic leukemia, B: Patient with refractory acute myeloid leukemia.
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2.4. Discussion

A universal leukemia marker is crucial for monitoring MRD comprehensively in
various types of leukemia. Several fusion genes have been raised as candidate markers
for MRD monitoring; however, these genes are expressed in specific types of leukemia.
Therefore, fusion genes are not appropriate as universal markers. In contrast, WT1
mRNA can be used as such a universal marker because this gene is highly expressed in
various types of leukemia [18]. In this study, the quantification of WT1 mRNA using
two methods is described. The one is RT-LAMP, which can be performed specifically,
rapidly, and simply, and the other is ABC RT-PCR, which can be performed simply

with high flexibility to the samples.

All the primers for RT-LAMP and ABC RT-PCR were designed so that all the four
WT1 mRNA isoforms can be quantified. This is because various WT1 mRNA isoforms
are overexpressed in leukemia patients and it is yet unclear which isoform affects
leukemia kinetics [3]. The result of a database search with BLAST strongly suggests

that the designed primer set binds to target sequences specifically.

RT-LAMP is completed within 30 min in this study (Figure 2.3.A). Real-time RT-PCR
usually requires 2—-3 hours to finish; therefore, RT-LAMP is a more rapid assay than
PCR. The rapid quantification of WT1 mRNA can be used to effectively monitor MRD
and provide frequent feedback concerning the treatment. Moreover, MRD monitoring
can be carried out simply by RT-LAMP because cDNA synthesis and follow-up
amplification can be achieved in a single tube with only basic equipment such as a
water bath or heated block [13, 14]. Because of its rapidity and simplicity, RT-LAMP

has the potential to be used for bedside MRD monitoring.
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The lower limits of detection and quantification are both determined as 10 copies in a
reaction tube. The dynamic range of this assay was also estimated to be 9 orders of
magnitude (Figure 2.3.A, B). The quantification of WT1 mRNA expression level using
real-time RT-PCR has been reported [16], in which the lower limits of detection and
quantification and dynamic range of the assay were determined to be 10 copies per
reaction and 7 orders in magnitude, respectively. Therefore, the lower quantitative limit
of RT-LAMP is the same as that of real-time RT-PCR, and RT-LAMP is better than
real-time RT-PCR in terms of the dynamic range. Moreover, the accuracy of RT-LAMP
was compared with that of real-time RT-PCR. In this experiment, 2.5, 25, and 250 fg of
WT1 mRNA were quantified using both RT-LAMP and real-time RT-PCR in the
presence of 0.1 ng of total HeLa RNA, which was used as a background RNA. Results
showed that RT-LAMP was able to specifically quantify WT1 mRNA in crude samples
because the amount of total HeLa RNA was sufficient against those of WT1 mRNA,
and the accuracy of RT-LAMP was similar to that of real-time RT-PCR (Figure 2.4).
These results suggest that RT-LAMP has an outstanding lower limit of quantification,

wide dynamic range, and sufficient accuracy for quantifying target mRNA.

The expression level of WT1 mRNA in patients with acute leukemia closely linked to
the therapeutic events (Figure 2.6 A, B). However, in the remission or the consolidation
therapy events, WT1 mRNA could not be quantified by use of the ABC RT-PCR
because the fluorescence intensities of the samples were out of range of the standard
curves. The bone marrow samples use in this study was originally collected for other
purposes. Therefore, the samples were stored without any RNA stabilizing treatments
for approximately a year. This might lead to the degradation of RNAs in the samples.

Despite the fact, the MRD monitoring managed to be performed using ABC RT-PCR.
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Two reasons may be taken into consideration. First, the RNA samples were derived
from bone marrow. The WT1 mRNA expression level in bone marrow is generally
higher than those in peripheral blood [19]. Therefore, RNA compartment could be
avoided from the complete degradation. Second, the ABC RT-PCR has the flexibility to
the conditions of the target. The ABC assay is able to accurately quantify target nucleic
acid even in the existence of the PCR amplification inhibitors [15]. Therefore, the WT1

expression level of so-called old samples might be quantified using ABC RT-PCR.

2.5. Conclusion

In summary, the pan-leukemia marker WT1 mRNA can be quantified using two novel
developed methods. The RT-LAMP can be performed specifically, rapidly, and simply.
Moreover, the quantitative range of RT-LAMP was found to be the same as that of
real-time RT-PCR. The ABC RT-PCR has a potential to monitor the MRD of the acute
leukemia. Several methods for the MRD monitoring such as the methods developed in

this study would be contribute to widening the selection of the method on demand.
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Simple, cost-effective, and accurate
JAK?2 allele burden quantification for

the myeloproliferative neoplasms

3.1. Introduction

Classical myeloproliferative neoplasms (MPNs), essential thrombocythemia (ET),
polycythemia vera (PV), and primary myelofibrosis (PMF) have a common somatic
point mutation, JAK2V617F [1-3]. JAK2V617F is the alteration of the guanine base (G)
to the thymine base (T) in the 73rd base of exon 14. This mutation triggers the
homeostatic activation of the JAK2 protein [4]. JAK2V617F is found in 45% of ET
patients, 95% of PV patients, and ~50% of PMF patients [5]. The discovery of this gene
mutation has markedly improved the diagnosis of MPNs. The detection of JAK2V617F
i1s now one of the major criteria for the diagnosis of MPNs [6]. However, the detection
of JAK2V617F would not be sufficient because heterozygous JAK2V617F cells,
homozygous JAK2V617F cells, and wild type cells are randomly and simultaneously
detected in a single MPNs patient [7]. Therefore, the quantification of the ratio of the
copy number of the JAK2V617F allele to the total copy number of JAK?2 alleles (JAK2
allele burden) would be required for the assessment of the size of a
JAK2V617F-positive clone. A study using transgenic mice expressing various JAK2

allele burdens showed intriguing results [8]. In that study, mice with low JAK2 allele
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burdens showed an ET-like phenotype, whereas mice with higher JAK?2 allele burdens
showed a PV-like phenotype [8]. Furthermore, quantification of JAK2 allele burden
may also be important in the follow-up of patients treated with soon-to-be-available

JAK? inhibitors [9, 10].

Several methods for detecting and/or quantifying JAK2 allele burden have been
developed to date, such as melting peak analysis [11] and TagMan allele-specific
quantitative PCR (TagMan AS-qPCR) [12]. However, these methods have both
advantages and disadvantages. The former method can be performed simply to detect
JAK2V617F, but cannot quantify JAK2 allele burden. The latter is a highly sensitive
(0.1-3%) quantitative method, but requires complicated operations and expensive

equipment and reagents [13].

Here, we propose alternately binding probe competitive PCR (ABC-PCR) as a simple,
cost-effective, and accurate method of quantifying JAK?2 allele burden [14]. ABC-PCR
was originally established for the accurate quantification of DNA in samples that
contain PCR inhibitors [14, 15]. The method involves the combined use of competitive
PCR and a sequence-specific fluorescent probe named an alternately binding probe
(AB-Probe). In the case of the quantification of JAK2 allele burden by ABC-PCR, the
target JAK2 wild type and mutant type are competitively amplified in a single reaction
tube using the same primer set in the presence of the AB-Probe, and then fluorescence
intensity is measured at the end point of the PCR. The AB-Probe is labeled at the 5’ end
with a red dye (6-carboxytetramethylrhodamine; TAMRA) and at the 3’ end with a
green dye (BODIPY FL). The fluorescent dyes are notably quenched by an electron

transfer to a guanine base at a particular position [16]. JAK2V617F is an alteration of G
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(wild type) to T (mutant type); therefore, fluorescence intensity decreases as the amount
of the JAK2 wild type in the target increases. Thus, green fluorescence intensity is in
proportion to target JAK2 allele burden (Figure 3.1). Red fluorescence intensity is used
for normalizing the aliquot and checking the PCR amplification products. Thus, JAK2
allele burden can be directly quantified from the fluorescence intensity of the AB-Probe
at the end point of the PCR. The use of ABC-PCR has mainly three benefits for the
quantification of JAK2 allele burden. First, target JAK2 allele burden can be simply
quantified by ABC-PCR. As described above, target JAK2 allele burden can be
quantified in a single reaction tube. This can reduce the preparation steps of the assay to
half those of other assays because other assays usually require two reactions for each
target to quantify target JAK2 allele burden. Second, ABC-PCR markedly reduces
running cost. The JAK2 allele burden quantification by ABC-PCR assay can be
completed with one reaction for each target. Thus, the amount of reagents used in
ABC-PCR can be reduced to half. Finally, ABC-PCR can accurately quantify target
JAK2 allele burden. The target JAK2 wild type and mutant type are coamplified in a
single reaction tube using the same primer set, and target JAK2 allele burden can be
directly quantified from the fluorescence intensity of the AB-Probe without quantifying
the copy number of each JAK?2 allele. Therefore, ABC-PCR can avoid several intrinsic
biases such as the difference in tube-to-tube amplification efficiency. On this basis, we

hypothesized that target JAK?2 allele burden can be accurately quantified by ABC-PCR.

In this study, we have established the ABC-PCR methodology to quantify JAK?2 allele
burden as follows. First, primers and an AB-Probe for the assay were designed. Then,
the range of target JAK2 allele burdens that can be accurately quantified by ABC-PCR

was determined using cell-line-derived DNA. Finally, the JAK2 allele burdens in 14
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JAK2V617F-positive patients and 10 healthy controls were quantified by ABC-PCR

and TagMan AS-qPCR and compared.

i) Competitive PCR ii) AB-Probe binding
BODIPY-FL .\ TAMRA
“ U
AB-QProbe

g Annealing

JAK2 wild type
JAK2 wild type
JAK2V617F
Gwr Rwrt
iii) Fluorescence measurement LN A & P
| |
5—GTGT G—3
OR
JAK2V617F
Gve17F Rve17F
\'?‘ (I:/.
5—GTT T G—3

Figure 3.1. Schematic presentation of ABC-PCR assay for quantifying JAK2 allele
burden. The blue wavy lines indicate the JAK2 wild-type allele, and the black wavy lines
indicate the JAK2V617F allele. Italic characters represent the fluorescence intensities of the
dyes under each condition. The underlined bold G and T are the JAK2V617F mutation
points. ABC-PCR is performed as follows: i) Competitive amplification of the JAK2 wild
type and JAK2V617F sequence using the same primer set. The target allele burden does not
change before and after the amplification. ii) The AB-Probe binds to both the JAK2 wild
type and JAK2V617F sequence with the same efficiency, and the green fluorescence
markedly quenches when the probe binds to the JAK2 wild type. The red fluorescence
quenches when the probe binds to both JAK? alleles, indicating the ratio of the amount of
the unbound probe to that of the hybridized probe. iii) The green fluorescence intensity of
the AB-Probe reflects the target allele burden.
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3.2. Materials and Methods

3.2.1. Cell lines

The UT-7 cell line, which has homozygous JAK2 wild-type alleles, and the HEL cell
line, which has homozygous JAK2V617F alleles, were used in this study. UT-7 cells
were cultured in IMDM medium (GIBCO, MD, USA) with 10% fetal calf serum (FCS)
(GIBCO), 10 ng/ml erythropoietin (EPO), 100 units/ml penicillin (GIBCO), and 100
ug/ml streptomycin (GIBCO) at 37°C in 5% CO,. HEL cells were cultured in RPMI
1640 medium (SIGMA, MO, USA) with 10% FCS (GIBCO), 10 ng/ml EPO, 100
units/ml penicillin (GIBCO), and 100 ug/ml streptomycin (GIBCO) at 37°C in 5% CO,.
EPO was kindly provided by Kyowa Hakko Kirin, Tokyo, Japan. The medium was
changed every 3 days. Each culture was centrifuged at 200 x g for 5 min, and then the
supernatant was removed. The cells were resuspended in 2 mL of phosphate-buffered
saline (PBS) (GIBCO) and then DNAs were extracted from the UT-7 and HEL cells
using a QIAamp DNA Mini kit (Qiagen, Hilden, Germany) in accordance with the
manufacturer’s instructions. After measuring the concentrations of the extracted DNAs
using a NanoDrop 1000 spectrophotometer (Thermo Scientific, DE, USA), the DNAs

were stored at —80°C until use.

3.2.2. Oligonucleotides

The sequences of the primers, AB-Probe, and TagMan probe used are listed in Table 3.1.
The relative positions of the primers and probes are shown in Figure 3.2. All the
primers were purchased from Tsukuba Oligo Services Co., Ltd., Ibaraki, Japan. The
AB-Probe labeled at the 5" end with TAMRA and the 3" end with BODIPY FL was
purchased from J-Bio 21 Corp., Ibaraki, Japan. The TagMan probe was purchased from

Applied Biosystems, CA, USA. The specificities of the primers, AB-Probe, and
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TagMan probe were verified by a database search using BLAST from the DNA data

bank of Japan (DDBJ).

Table 3.1. Sequence of primers and probes used in this study

Name Sequence (5'-3") "Position Used for Note Reference

Primer

Standard Forward primer for

F-JAK2-std cac ttt gat ctc catatt cca g 54772-54793 sample. both TAK?2 alleles this study
construction
Standard .
R-JAK2-std ctg cca taa tet ctt ttg ¢ 55365-55347 sample Reverse primer for “thi
& & p'e both JAK2 alleles ~ this study
construction
Forward primer for
F-JAK2 atc tat agt cat gct gaa agt agg aga aag 54871-54900  ABC-PCR both JAK?2 alleles 1
TaqMan AS-  Forward primer for
FTQ-JAK2 tgat, ttt ct 55011-55030 “thi
Q &3 lga gea ago i cle ac gPCR both JAK? alleles this study
TagMan AS-  Forward primer for
FAS-JAK2mt tt tgg ttt t: tt at, tat att 55032-55061 1
S m agcatt feg f faa atl alg gag fat @ qPCR JAK?2 mutant allele
ABC- Reverse primer for
%
R-JAK2 ctg aat agt cct aca gtg ttt tca gtt tca 55234-55205 PCR/TagMan P 1
both JAK?2 alleles
AS-qPCR
Probe
(TAMRA)-cct gta gtt tta ctt act ctc gtc tcc aca
ABP-JAK2 55093-55062  ABC-PCR AB-Prob “thi
a-(BODIPY) robe this study
TaqMan AS-
TQ-JAK2 (FAM)-tgt gga gac gag agt aa-(MGB) 55064-55080 PCR TagMan Probe 17
q

* The position is based on the sequence obtained from GenBank Accession No. AL161450.
** The specificities of all the primers and probes designed in this study were validated by a
database search using BLAST from the DNA data bank of Japan (DDBJ).
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FAS-JAK2mt
F-JAKZ2  FTQ-JAK2 JAK2V617F R-JAK2
F-JAK2-std : § / ")"4 R-JAK2-std
el . : ; ’ <o
JAK2 — ; T — G/T ; :

; ; ; O ABP-JAK2
: : : C—=0 TQJAK2 :

L ; ; 364 bp

: 224 bp ;
b 2030p ——d :

594 bp |

Figure 3.2. Relative positions of primers and probes, and amplicon sizes. Each arrow
represents the primers, and the directions of the arrows indicate the direction of the primer
extension. Dumbbell-shaped symbols represent the fluorescence-labeled probes. The black
symbols are the primer/probe set used for ABC-PCR, the white symbols are the primer/probe
sets for TagMan AS-qPCR. R-JAK2 (striped arrow) is the common reverse primer for
ABC-PCR and TagMan AS-qPCR. The gray arrows are used for the construction of the
standard samples.
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3.2.3. Preparation of standard samples

The DNAs extracted from the UT-7 and HEL cells were amplified by PCR using a
Veriti® 96-well Thermal Cycler (Applied Biosystems, CA, USA) to obtain a 594 bp
DNA fragment. The reaction mixture (50 uL) contained 1x TaKaRa Taq HS (TaKaRa
Bio, Shiga, Japan), 5.0 uL of 10x PCR buffer, 200 uM each of dNTPs (TaKaRa Bio),
0.5 uM each of F-JAK2-std and R-JAK2-std, and 1 pL of extracted DNA. The PCR
conditions were as follows: initial denaturation at 95°C for 2 min; 30 cycles of
denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 40 s;
and a final extension at 72°C for 2 min. Subsequently, the obtained PCR products were
purified using a Microcon YM-50 (Millipore, MA, USA). The fragment length and
concentration of the purified products were determined using an Agilent 2100
Bioanalyzer (Agilent Technologies, CA, USA). The PCR products obtained from the
UT-7 and HEL cells were mixed in different proportions (99%, 90%, 70%, 50%, 30%,
10%, 5%, and 1% JAK2 allele burdens) at a concentration of 10° copies/ul and then
used as the standard samples for ABC-PCR. Serial 10-fold dilutions of the PCR product
from HEL cells at 10-10° copies/ul were prepared as the standard samples for use in

TagMan AS-qPCR.

3.2.4. DNA with known JAK2 allele burden

DNA samples with known JAK2 allele burdens were prepared by mixing the DNA
from UT-7 and HEL cells. We considered that the JAK2 copy numbers of the two cell
lines were different because the UT-7 and HEL cell lines were derived from
megakaryoblastic leukemia and erythroleukemia, respectively. Therefore, the JAK2
copy number of each extracted DNA sample was quantified by quantitative PCR. The

reaction mixture (25 uL) contained 0.5 uM each of FTQ-JAK2 and R-JAK2, 1x
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TagMan® Universal PCR Master Mix (Applied Biosystems, CA, USA), 0.2 uM
TQ-JAK2, and 1 pL of template DNA. Serial 10-fold dilutions of the PCR product from
HEL cells at 10-10° copies/ul were used as standard references. The thermal cycling
profiles were as follows: 50°C for 2 min; initial denaturation at 95°C for 10 min; 50
cycles of denaturation at 95°C for 40 s, annealing at 58°C for 40 s, and extension at
72°C for 40 s. The extracted DNAs were mixed in different proportions (100%, 90%,
80%, 75%, 50%, 30%, 10%, 5%, 1%, and 0% JAK2 allele burdens), which were based

on the quantified JAK2 copy numbers.

3.2.5. MPNs patients’ DNA

DNAs from 14 MPNs patients attending Juntendo Medical Hospital (Hongo, Tokyo,
Japan) and 10 healthy volunteers were used. Institutional Ethics Committee approval
was obtained at the institution and written informed consent was obtained from each
patient and healthy volunteer. Granulocytes were separated from the blood samples
from the patients and healthy volunteers using a RosetteSep® Human Granulocyte
Enrichment kit (Stemcell Technologies Inc., Vancouver, Canada) in accordance with
the manufacturer’s instruction. DNA was extracted from the granulocytes using a
QIAamp DNA Mini kit (Qiagen, Hilden, Germany) in accordance with the
manufacturer’s instruction. After measuring the concentrations of the DNAs using a
NanoDrop 1000 spectrophotometer (Thermo Scientific, DE, USA), the DNAs were

stored at —80°C until use.
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3.2.6. ABC-PCR

ABC-PCR was performed using a CFX96™ Real-Time PCR detection system (BioRad,
CA, USA). The PCR mixture (10 pL) contained 1x titatium Taq DNA polymerase
(Clontech, Shiga, Japan), 1.0 pL of 10x titanium buffer, 200 uM each of dNTPs
(TaKaRa Bio, Shiga, Japan), 0.12 uM ABP-JAK2, 0.5 uM F-JAK2, 0.15 uM R-JAK2,
and 1 pL of template DNA. The PCR conditions were as follows: initial denaturation at
94°C for 3 min; 50 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s,
and extension at 72°C for 30 s; and a final extension at 72°C for 2 min. PCR was
performed in triplicate for each template DNA, and the no-template control (NTC)
contained sterilized water instead of the template DNA. After the PCR amplification,
the fluorescence intensity of each aliquot was measured at 95°C and 55°C. Excitation
was performed at 450—490 and 515-535 nm, using 515-530 and 560—580 nm emission
filters for green fluorescence and red fluorescence, respectively. Fluorescence raw data
were analyzed according to previous studies with slight modification [14, 15]. The
fluorescence intensities of the green dye (Gos) and red dye (Ros) at 95°C represented the
intensities before hybridization, whereas those of the green dye (Gss) and red dye (Rss)
at 55°C represented the intensities after hybridization. To normalize for
non-PCR-related fluorescence intensity fluctuations occurring between reaction tubes,
Gss and Rss were then divided by Gos and Ros, respectively. The measured fluorescence
intensities of the green dye (Gss/Gos) and red dye (Rss/Ros) are the sum of the
fluorescence intensities from the unbound probe (Gy or Ry), the hybridized probe with
the JAK2 wild-type allele (Gwt or Rwr), and the hybridized probe with the homozygous
JAK2V617F allele (Gyei7r or Ryei7r). Therefore, Gss/Gos and Rss/Ros are expressed

respectively as

(@)}
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[G55/Gos] = Gu (1 =) + Gwr [W/(W + M)] y + Gver7r [M/(W + M)] y (1)

[Rss/Ros] = Ry (1 = y) + Rwr [W/(W + M)] y + Rye17¢ [M/(W + M)] y. (2)

W and M represent the starting quantities of the sequences of the JAK2 wild type and
JAK2 mutant type in the individual target, respectively. y is the ratio of the amount of
the bound probe to the total amount of the probe. In equations (1) and (2), [M/(W + M)]
indicates the JAK?2 allele burden; therefore, these two equations can be converted to
[Gss/Gos] = Gu (1 =) + Gwr [1 = X]y + Gverrr Xy, 3)

and

[Rs5/Ros] = Ru (1 = y) + Rwr [1 = X] ¥ + Rvei7r X, 4)

where X is the target JAK?2 allele burden. At this point,

Rwr = Rve17r. )

Therefore, equation (4) can be converted to

v =[Ru = (Rss/Ros)]/(Ry = Rwr). (6)

Substituting the y value into equation (3), the following is obtained.

[(Gs5/Gos) — Gul/[Ru = (Rss/Ros)] = [(Gve7r — Gwr)/(Ru = Rwr)] X = [(Gu = Gwr)/(Ru
= Rwr)] (7

This equation shows that [(Gss/Gos) — Gu)/[Ru — (Rss/Res)] and X have a linear

relationship.

3.2.7. TagMan AS-gPCR

TagMan AS-qPCR was performed using a CFX96™ Real-Time PCR detection system
(BioRad, CA, USA). The reaction mixture (15 uL) contained 0.5 uM each of
FTQ-JAK2 and R-JAK2 (for the entire JAK2 gene), or 0.5 uM each of FAS-JAK2mt
and R-JAK2 (for JAK2V617F gene), 1x TagMan® Universal PCR Master Mix (Applied

Biosystems, CA, USA), 0.2 uM TQ-JAK2, and 1 uL of template DNA. The thermal
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cycling profile were as follows: 50°C for 2 min; initial denaturation at 95°C for 10 min;
50 cycles of denaturation at 95°C for 40 s, annealing at 58°C for 40 s, and extension at
72°C for 40 s. TagMan AS-qPCR was performed in triplicate for each template DNA.

Results were analyzed using CFX Manager software (BioRad).
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3.3. Results

3.3.1. Standard curve for the ABC-PCR

I constructed a standard curve for the quantification of JAK2 allele burden. On the basis
of the PCR products from the two cell lines, eight standard mixtures with 1-99% JAK2
allele burdens were prepared at a concentration of 10° copies/ul and were used as
template DNAs for the analytical validation of ABC-PCR. The template DNA was
amplified by PCR, and then the florescence intensity of each aliquot was measured.
After measuring the fluorescence intensity, [(Gss/Gos) — Gul/[Ry — (Rss/Ros)] was
plotted against the JAK2 allele burden of the standard DNA template. The results
showed a linear relationship between [(Gss/Gos) — Gy)/[Ru = (Rss/Ros)] and JAK?2 allele
burden with a correlation coefficient of R® > 0.996 for JAK2 allele burdens ranging

from 1% to 99% (Figure 3.3).

3.3.2. Flexibility in terms of the initial amount of the template DNA

The ABC-PCR enables the quantification of target JAK?2 allele burden regardless of the
initial amount of template DNA added into the solution because ABC-PCR is a method
based on competitive PCR. The cell line DNAs whose expected JAK?2 allele burdens
were 30%, 60%, and 75% were subjected to serial 10-fold dilutions to obtain 3.5 ng,
0.35 ng, and 35 pg of cell line DNAs. The JAK2 allele burdens of the serial 10-fold
dilutions of the three samples were quantified by ABC-PCR. As a result, the JAK2
allele burdens of the three samples showed excellent agreement with the expected

values regardless of the initial amount of the template DNA (Figure 3.4).
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Figure 3.3. Typical standard curve of ABC-PCR for quantifying JAK?2 allele burden. A
series of samples (99%, 90%, 70%, 50%, 30%, 10%, 5%, and 1% JAK2 allele burden) were
amplified in triplicate. Gy and Ry were measured from the fluorescence intensities of the green
and red dyes of NTC, respectively. The standard curve was obtained by fitting the data points to
a linear relationship. y = 8.36 x 10~ x — 0.257; the correlation coefficient (R°) was calculated to
be 0.996. The error bars represent the standard deviation (SD) of triplicate determinations per
dilution.
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Figure 3.4. The measured JAK2 allele burdens are approximately the same regardless of
the initial copy number of the target. The known JAK?2 allele burdens of three samples (30%,
60%, and 75%) were quantified by ABC-PCR at different initial amounts (circle, 3.5 ng; square,
0.35 ng; and triangle, 35 pg). Error bars represent the standard deviation of the three replicates.
The dashed line corresponds to the expected JAK?2 allele burdens.
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3.3.3. Comparison with the TagMan AS-qPCR

The JAK?2 allele burdens of the cell line samples were quantified by ABC-PCR and
TagMan AS-qPCR. The cell line samples were a mixture of DNAs from UT-7 and HEL
cells with JAK?2 allele burdens of 0-100%. The experiments were repeated three times,
and mean JAK2 allele burden was calculated. As a result, the JAK2 allele burdens
measured by ABC-PCR and TagMan AS-qPCR were not significantly different (Table
3.2). Moreover, the JAK?2 allele burdens measured by ABC-PCR were closer to the
expected JAK? allele burdens in the range of 10—100% than those measured by TagMan
AS-gPCR (Table 3.2). The relative standard deviations (RSDs) of ABC-PCR and
TagMan AS-qPCR were also calculated. The RSDs of ABC-PCR were significantly
smaller than those of TagMan AS-qPCR for the expected JAK?2 allele burdens higher
than 5% (Table 3.2). However, the RSD of ABC-PCR increased with decreasing
measured JAK?2 allele burden. The RSDs of TagMan AS-qPCR varied from 10% to

40% regardless of the corresponding measured JAK?2 allele burden (Table 3.2).
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Table 3.2. Comparison of the JAK2 allele burdens measured by ABC-PCR and TagqMan AS-qPCR

with the expected values

“Expected allele burden (%) ABC-PCR TagMan AS-qPCR
Mean= “SD (%)  'RSD (%) Meanz= SD (%)  'RSD (%)

100 99.5£0.3 0.3 > 100 -
90 91.4+0.6 0.6 > 100 -
80 82615 1.8 81.3+16.0 19.7
75 78.6 2.1 2.7 82.0=x113 13.8
50 53.8+2.8 5.3 62.0+8.7 14.1
30 31244 34 305113 37.2
10 11.9+1.2 15 123+0.9 7.3
5 79=+1.1 12.1 6.7+13 19.3
1 26x1.0 26.3 1.6+0.3 16.4
0 ND - 0.8+0.3 42.7

Abbreviations indicated by *, ** 1, and 1 are as follows: SD, standard deviation; RSD,
relative standard deviation; and ND, not determined, respectively.

* Expected JAK?2 allele burdens were determined as follows: JAK2 copy numbers of UT-7- and
HEL-derived DNAs were quantified by qPCR, and then the DNAs were mixed at intended
JAK?2 allele burdens.

** Each sample was quantified in triplicate, and its SD was calculated.

+ RSD indicates the quantitative assay-to-assay variation. Quantitative experiments by
ABC-PCR and TagMan AS-qPCR were repeated three times, and the RSD of each assay was
calculated.

11 The fluorescence intensity was out of range.
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3.3.4. The MPNs patients’ JAK?2 allele burden

The JAK2 allele burdens in the 14 MPNs patients and 10 healthy volunteers were
quantified by ABC-PCR. The experiments were repeated three times, and the measured
JAK?2 allele burdens were calculated. TagMan AS-qPCR was also applied to the same
samples, and the values obtained by the two assays were compared. As a result, the
JAK2 allele burdens measured by ABC-PCR and TagqMan AS-qPCR were
approximately the same (Figure 3.5). In the case of the MPNs cohort, most of the RSDs
of ABC-PCR were smaller than those of TagMan AS-qPCR (Figure 3.5 and Table 3.3).
In contrast, the JAK?2 allele burdens of the healthy cohort measured by ABC-PCR were
larger than those measured by TagMan AS-qPCR (0-7% determined by ABC-PCR,

0.8% at most determined by TagMan AS-qPCR) (Table 3.3).
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Figure 3.5. JAK2 allele burden in the 14 patients with MPNs and 10 healthy volunteers in
this study. Solid circles represent the JAK?2 allele burdens of individual patients with MPNs.
Open triangles represent the JAK?2 allele burdens of healthy volunteers. The horizontal axis
represents the values measured by ABC-PCR, and the vertical axis represents those measured
by TagMan AS-qPCR. The dashed line represents the same measured values between the two
methods. The horizontal and vertical error bars represent the standard deviations of ABC-PCR
and TagMan AS-qPCR, respectively.
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Table 3.3. JAK2 allele burdens of 14 MPNs cohort and 10 healthy cohort

sample No. ABC-PCR TagMAn AS-qPCR
MEAN = 'SD (%) “RSD (%) MEAN='SD (%) ~RSD (%)

1 99.2 + 3.6 3.6 89.6 + 15.9 17.8
2 >100 13.1 >100 25.7
3 86.2+3.2 3.7 83.7+10.2 12.2
4 90.9+ 1.9 2.1 65.9+5.0 7.6
5 523%59 11.2 60.5+ 7.1 11.7
6 >100 4.4 >100 10.2
7 22645 19.9 18423 12.6
8 17.1+3.1 18.1 13.1+£24 17.9
9 44373 16.5 355+ 4.4 12.3
10 26.6 5.6 21.2 26.5+8.6 32.4
11 8.1x2.1 25.5 3.0+0.8 252
12 62938 6.1 63.9 9.4 14.6
13 10.0+2.3 23.1 0.8=0.1 16.1
14 32633 10.2 25.6+3.8 14.7
15 02+2.5 1250 1003 32.7
16 69+32 46.4 0.7+0.2 30
17 6.0+22 37 0.7+0.2 27.1
18 6.0x44 73.9 0.7+0.2 23.7
19 7.0+2.8 40.7 0.6=0.1 21
20 69=23 33.6 0.5+0.2 46.1
21 55+22 40.4 0.8=0.2 27.1
22 23+36 152 0.5+0.3 52.5
23 1.6=1.5 91.3 0.7+0.3 35.4
24 4.8+2.0 42 0.6=0.4 66.2

Sample numbers 1 to 14 indicate MPNs cohort (colored in white), sample numbers 15 and
higher indicate healthy cohort (colored in gray).

Abbreviations indicated by * and ** are as follows: SD, standard deviation and RSD, relative
standard deviation, respectively.

* Each sample was quantified in triplicate, and its SD was calculated.

** RSD indicates the quantitative assay-to-assay variation. Quantitative experiments by
ABC-PCR and TagMan AS-qPCR were repeated three times, and the RSD of each assay was
calculated.
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3.4. Discussion

The development of a simple, cost-effective, and accurate method for quantifying JAK2
allele burden is expected to contribute to the monitoring of JAK2V617F-positive MPNs
following stem cell transplantation or administration of soon-to-be-available JAK2
inhibitors. In this study, we propose ABC-PCR as such a method. We first constructed
the ABC-PCR standard curve, then we validated the range of target JAK?2 allele burdens
that can be accurately quantified by ABC-PCR using DNAs extracted from cell lines. In
addition, we quantified the JAK2 allele burdens in patients with MPNs by ABC-PCR
and TagMan AS-qPCR. Finally, we discuss the characteristics of ABC-PCR in terms of

operative complexity, running cost, and accuracy of quantification.

The standard curves for ABC-PCR showed a linear relationship between [(Gss/Gos) —
Gul)/[Ru = (Rss/Ros)] and JAK?2 allele burden (Figure 3.3). The standard curve had a
correlation coefficient (R?) of at least 0.996 and an SD of less than 0.049. The results
indicate that ABC-PCR can be used for quantification and can reproducibly measure
JAK2 allele burden. Furthermore, ABC-PCR can be performed using a common
thermal cycler and a simple fluorometer, and target JAK2 allele burden can be
quantified regardless of the initial amount of the target DNA added into the solution
(Figure 3.4). Moreover, target JAK2 allele burden can be quantified in a single reaction
because the G allele (JAK2 wild type) causes a dose-dependent decrease in the
fluorescence intensity of the AB-Probe. Taken together, the throughput of ABC-PCR is
approximately twice as high as that of TagMan AS-qPCR; moreover, the running cost

can be reduced to half.
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The RSDs were no more than 15% for JAK?2 allele burdens =5% in the DNAs extracted
from the cell lines (Table 3.2). However, the RSD at 1% JAK2 allele burden was
markedly high, i.e., 26.3% (Table 3.2). At low JAK2 allele burdens, almost all of the
JAK2 alleles are G alleles; therefore, the green fluorescence intensity notably decreases.
In this situation, the small fluctuation of fluorescence intensity causes large quantitative
errors. Therefore, ABC-PCR may lack accuracy of quantification of JAK2 allele
burdens less than 5%. On the other hand, ABC-PCR is more accurate than TagMan
AS-qPCR for JAK2 allele burdens =10%. The JAK2 allele burdens measured by
ABC-PCR were quite close to the expected values =10% (Table 3.2). In contrast, those
measured by TagMan AS-qPCR varied widely in this range (Table 3.2). In TagMan
AS-gqPCR, JAK2 allele burden is calculated by dividing the copy number of the
JAK2V617F allele by that of the total JAK2 alleles. The copy number of each allele is
quantified by separate assays; therefore, amplification efficiency may differ in each
reaction. The fluctuation of amplification efficiency may cause the quantitative
variation in TagMan AS-qPCR. In particular, we were unable to differentiate between
the known JAK2 allele burdens of 75% and 80% by TagMan AS-qPCR, whereas we
were able to fairly differentiate them in ABC-PCR (Table 3.2). These findings suggest
that ABC-PCR is more accurate than TagMan AS-qPCR when the target JAK?2 allele
burdens are =10%, although the lower quantification limit of ABC-PCR is not as much
as that of TagqMan AS-qPCR. It would be crucial that a target JAK?2 allele burden =10%,
particularly around 50%, can be accurately quantified with a small assay-to-assay
quantitative variation because patients whose JAK?2 allele burden is >50% are at a much
higher risk of their PV progressing to PMF than patients whose JAK2 allele burden is

<50% [18].
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In the case of the healthy cohort, the JAK?2 allele burdens measured by ABC-PCR were
generally higher than those measured by TagMan AS-qPCR (Table 3.3). The reason for
this result is similar to that for the experiments performed using the cell line DNAs.
That is, a small fluorescent fluctuation causes large errors. A cross check using other
methods would be required when the JAK2 allele burden measured by ABC-PCR is
around 10%. This check is required not only for ABC-PCR but also for TagMan
AS-qPCR. For example, the JAK2 allele burdens of the sample Nos. 13 and 15
measured by TagMan AS-qPCR were 0.8% and 1.0%, respectively; however, sample
No. 13 was from an MPN patient and sample No. 15 was from a healthy volunteer
(Table 3.3). The diagnosis of the patients with low JAK2 allele burdens should be
considered carefully. In the clinical study of the MPNs cohort, no significant difference
was observed between the JAK2 allele burdens measured by ABC-PCR and those
measured by TagMan AS-qPCR when the JAK?2 allele burdens were >10% (Figure 3.5).
Furthermore, most of the RSDs of ABC-PCR were smaller than those of TagMan
AS-gPCR (Table 3.3). These findings suggest that the adequacy of ABC-PCR for
quantification is proved not only retrospectively but also prospectively. This means that
ABC-PCR has potential use for quantifying the JAK2 allele burdens of unknown

samples fairly accurately.

3.5. Conclusion

In summary, we have established a simple, cost-effective, and accurate JAK2 allele
burden quantification method by ABC-PCR. The method can be performed using a
simple thermal cycler and a fluorometer without optimizing the initial amount of target
DNA; moreover, the method can accurately quantify the target JAK2 allele burdens

=10%. ABC-PCR has a potential to be used as a powerful tool for quantifying JAK2
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allele burden.
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Digital PCR is appropriate as the
primary measurement of the standard

samples for nucleic acid quantification

4.1. Introduction

Almost all of the methods including quantitative polymerase chain reaction (qQPCR)
[1-3] and alternately binding probe competitive PCR (ABC-PCR) [4] require standard
samples for the quantification of nucleic acids of the interests. Such methods are always
shadowed by the uncertainty derived from the variations of standard samples. Several
absolute quantification methods such as an absorbance measurement do not require
standard samples; however, these methods cannot quantify the amount of particular
target. Recently, an innovative method named digital PCR, that achieves the absolute
quantification of the nucleic acids of the interest has been developed [5, 6]. Target
absolute copy number can be quantified using digital PCR by directly counting the
positive signals of partitions; therefore, no standard samples are required. Furthermore,
the method can determine the difference of few copy numbers of the target. Because of
its quantitative accuracy and sensitivity, the digital PCR is also used for the clinical
applications or the investigation of the number of library molecules applied to
next-generation sequencing [7-9]. However, the method has limitations at the point of

throughput and running cost. Further technological developments are ongoing to
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overcome these shortcomings [10, 11]; however, it is still difficult to use the method in

practical.

Here, 1 have constructed the standard samples for ABC-PCR using digital PCR.
ABC-PCR can be used as a simple, cost-effective, and accurate JAK2 allele burden
quantification. However, ABC-PCR requires standard samples of which JAK2 allele
burdens are rigidly defined because the variations from the standard samples critically
causes the large deviations from the expected values. Utilizing digital PCR, JAK?2 allele
burdens of the standard samples for ABC-PCR are strictly determined. Therefore, such
usage of the digital PCR would contribute to not only the increase of the quantitative

reliability of ABC-PCR but also the restraint on the digital PCR.

In this study, I have constructed the rigidly validated standard samples for ABC-PCR to
quantify the JAK?2 allele burden. First, the extracted DNAs from UT-7 and HEL cell
lines were amplified using PCR and the concentrations of the amplified products were
determined using digital PCR. Then the PCR products were mixed with different
proportions based on the JAK2 copy numbers. Finally ABC-PCR was performed to the
cell line DNAs with given JAK2 allele burdens using the standard samples calibrated by
digital PCR and other two methods, and then the measured values of each method were

compared.
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4.2. Materials and Methods

4.2.1. Cell lines

UT-7 cell lines, which have homozygous JAK2 wild type alleles, and HEL cell lines,
which have homozygous JAK2V617F alleles, were used in this study. UT-7 was
cultured in IMDM medium (GIBCO, MD, USA) with 10% fetal calf serum (FCS)
(GIBCO), 10 ng/ml erythropoietin (EPO), 100 units/ml of penicillin (GIBCO), and 100
ug/ml of streptomycin (GIBCO) at 37°C in 5% CO,. HEL was cultured in RPMI 1640
medium (SIGMA, MO, USA) with 10% FCS (GIBCO), 10 ng/ml EPO, 100 units/ml of
penicillin (GIBCO), and 100 ng/ml of streptomycin (GIBCO) at 37°C in 5% CO,. EPO
was kindly provided by Kyowa Hakko Kirin, Tokyo, Japan. Medium change was

conducted every 3 days.

4.2.2. Oligonucleotides

The sequences of primers, probes are listed in Table 4.1. All the primers were purchased
from Tsukuba Oligo Services Co., Ltd., Ibaraki, Japan. The AB-Probe labeled at a 5’
end with TAMRA and at a 3’ end with BODIPY FL was purchased from J-Bio 21 Corp.,
Ibaraki, Japan. The TagMan probe was purchased from Applied Biosystems, CA, USA.
The specificity of the primers, AB-Probe, and TagMan probe were verified by a

database search using BLAST from the DNA data bank of Japan (DDBJ).
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Table 4.1. Oligonucleotide primers and probes used in this study

Name Sequence (5'-3") "Position Used for Note Reference
Primer
Standard Forward primer for
F-JAK2-std cac ttt gat ctc catatt cca g 54772-54793 sample. both JAK? alleles this study
construction
Standard .
R-JAK2-std ctg cca taa tct ctt ttg ¢ 55365-55347 sample Reverse primer for “thi
& & p'e both JAK2 alleles ~ this study
construction
Forward primer for
F-JAK2 atc tat agt cat gct gaa agt agg aga aag 54871-54900  ABC-PCR both JAK?2 alleles 10
TaqMan AS-  Forward primer for
FTQ-JAK2 tgat, ttt ct 55011-55030 “thi
Q &3 lga gea ago i cle ac gPCR both JAK? alleles this study

TagMan AS-  Forward primer for

FAS-JAK2wt tt tgg ttt t: tt at, tat at 55032-55061 **thi
S-JAKZw ageatt feg f faa atl alg gag fat ate gPCR  JAK2 wild type allele  this study
TaqMan AS-  Forward primer for
FAS-JAK2mt tt tgg ttt taa att at tat att 55032-55061 10
m ageaftiggttl faa aft atg gag fat & qPCR JAK2 mutant allele
ABC- Reverse primer for
R-JAK2 ctg aat agt cct aca gtg ttt tca gtt tca 55234-55205 PCR/TagMan P 10
both JAK2 alleles
AS-gPCR
Probe
(TAMRA)-cct gta gtt tta ctt act ctc gtc tcc aca -
ABP-JAK2 2a-(BODIPY) 55093-55062  ABC-PCR AB-Probe this study
TQ-JAK2 (FAM)-tgt gga gac gag agt aa-(MGB) 55064-55080 Taqcll\;)[gri{AS- TaqMan Probe 11

* The position is based on the sequence obtained from GenBank Accession No. AL161450.
** The specificities of all the primers and probes designed in this study were validated by a
database search using BLAST from the DNA data bank of Japan (DDBJ).
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4.2.3. DNA extraction

Each of the UT-7 and the HEL culture was centrifuged at 200 x g for 5 min, and then
the supernatant was removed. The cell lines were resuspended in 2 mL of phosphate
buffered saline (PBS) (GIBCO) and then DNAs were extracted from UT-7 and HEL
cell lines using a QIAamp DNA Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The concentrations of the extracted DNAs were measured
using a NanoDrop 1000 spectrophotometer (Thermo Scientific, DE, USA). The
extracted DNAs were then amplified by PCR using Veriti® 96-well Thermal Cycler
(Applied Biosystems, CA, USA) to obtain a 597 bp DNA fragment. The reaction
mixture (50 pL) contained 1x TaKaRa Taq HS (TaKaRa Bio, Shiga, Japan), 5.0 pL of
10x PCR buffer, 200 uM each of dNTPs mix (TaKaRa Bio), 0.5 uM each of
F-JAK2-std and R-JAK2-std, and 1 pL of extracted DNA. The PCR conditions were as
follows: initial denaturation at 95°C for 2 min; 30 cycles of denaturation at 95°C for 30 s,
annealing at 58°C for 30 s, and extension at 72°C for 40 s; and a final extension at 72°C
for 2 min. Subsequently, the PCR products were purified using a Microcon YM-50
(Millipore, MA, USA). The fragment length and approximate concentration of the
purified products were estimated using a NanoDrop 2000 spectrophotometer (Thermo

Scientific) and an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA).

4.2.4. Digital PCR

Digital PCR was performed using the 12.765 Digital Arrays on the BioMark System
(Fluidgm, CA, USA). The array provides 4.6 pL of reaction mixture into 765 individual
partitions (approximately 6.0 nL per partition) using the NanoFlex IFC Controller
(Fluidigm). The PCR reaction mix (10 puL) contains 1 x TagMan Universal Master Mix

IT (Applied Biosystems), 1 x GE sample loading reagent (Fluidigm), 0.5 uM of each
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FTQ-JAK2 and R-JAK2, 200 nM of TQ-JAK2, and 1 pL template DNA. The DNA
samples were gravimetrically diluted to 300 copies based on the values by the Agilent
2100 Bioanalyzer (Agilent Technologies). After dispensing the reaction mixture to the
partitions, the massively parallel PCR was performed. The PCR thermal conditions is as
follows: 50°C for 2 min, 95°C for 10 min, 45 cycles of 40 sec at 95°C for denaturation,
40 sec at 58°C for annealing, and 40 sec at 72°C for extension. After the PCR
amplification, the digital the fluorescence intensity of each partition was measured
using the BioMark System EP1 (Fluidigm). The data was analyzed using Digital PCR

analysis software ver. 2.1 (Fluidigm).

4.2.5. Standard samples

The PCR products obtained from UT-7 and HEL cell lines were mixed in different
proportions (99%, 90%, 70%, 50%, 30%, 10%, 5% and 1% of JAK2 allele burdens), of
which concentrations were 10° copies/ul. The standard samples were prepared based on
the copy number derived from the NanoDrop 2000 spectrophotometer (Thermo
Scientific), the Agilent 2100 Bioanalyzer (Agilent Technologies), and the digital PCR

(Fluidigm).

4.2.6. ABC-PCR

The PCR mixture (25 pL) contained 1x titanium Taq DNA polymerase (Clontech,
Shiga, Japan), 2.5 uL of 10x titanium buffer, 200 uM each of ANTPs mix (TaKaRa Bio),
0.12 uM of ABP-JAK2, 0.5 uM of F-JAK2, 0.15 uM of R-JAK2, and 1 pL of template
DNA. PCR amplification was performed using Veriti® 96-well Thermal Cycler
(Applied Biosystems) with the following program: initial denaturation at 94°C for 3

min; 50 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s, and
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extension at 72°C for 30 s; and a final extension at 72°C for 2 min. The PCR was
performed in triplicate for each template DNA, and the no-template control (NTC)
contained sterilized water instead of the template DNA. After the PCR amplification,
the fluorescence intensity of each aliquot was measured by use of LightCycler480
(Roche Diagnostics, Basel, Switzerland) at 95°C and 55°C. Excitation was performed at
450-495 and 522-555 nm, using 505-537 and 565605 nm emission filters for green
fluorescence and red fluorescence, respectively. The fluorescence raw data was

analyzed according to the description in Chapter 3.
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4.3. Results

4.3.1. DNA concentration

DNAs extracted from UT-7 and HEL cell lines were amplified using PCR, then the
concentrations of the PCR products were quantified using the NanoDrop 2000
spectrophotometer (Thermo Scientific) and the Agilent 2100 Bioanalyzer (Agilent
Technologies). The DNA concentrations were converted into the copy number using the

following equation:
Cn=[xx 107 x NAJ/[A x B]

where Cyn: copy number [copies/ul], x: DNA concentration [g/ul], Na: Avogadro’s
number [copies/mol], A: length of the amplicon [bp], B: average molecular weight of a

base pair [Da].

The copy number by the digital PCR (Fluidigm) was quantified as follows. The number
of the positive partitions was counted from the plate image (Figure 4.1) and the number
was treated with the Poisson distribution to obtain the estimated copy number of the
target. Each method was performed in quintuplicate, and the mean and the standard
deviations (SDs) were calculated. The estimated copy number of the PCR products by
the three samples was slightly different from each other (Table 4.2). The amount

derived from HEL was generally greater than that of UT-7.
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Figure 4.1. Plate image of digital PCR. Each panel is separated to 765 partitions. The
reaction mixture (6.0 nL) was dispensed to each partition, and then the massive
simultaneous PCR was performed. Red dots represent the hit partitions, which include the
JAK2 DNA. Gray dots represent the non-hit partitions. After counting the hit partitions of
each panel, estimated copy number of the target was quantified by dealing the counts with
Poisson distribution. Panel 01-05; PCR product derived from DNA extracted from UT-7
cell line. Panel 07—11; PCR product derived from DNA extracted from HEL cell line. Panel
06 and 12; no-template control.

Table 4.2. JAK2 copy number by the three methods.

copy number (copies)

method

UT-7 HEL
digital PCR 3.9 x 10" 5.7 x 10"
Agilent 2100 2.4 x 10" 3.2 x 10"
NanoDrop 2000 5.7 x 10" 6.6 x10"
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4.3.2. JAK? allele burdens of the standard samples

Standard samples were constructed by mixing the PCR products derived from UT-7 and
HEL, based on the copy numbers by the three methods. The combined use of the
TagMan AS-qPCR and the digital PCR (digital AS-PCR) was performed to validate the
JAK2 allele burdens of the standards by digital PCR. Two Allele Specific primers
(FAS-JAK2mt for JAK2V617F gene, and FAS-JAK2wt for JAK2 wild type gene) were
used as the forward primers instead of the use of FTQ-JAK2 primer in the digital
AS-PCR. The digital AS-PCR assay revealed that the standard samples certainly

indicated the values around the expected JAK?2 allele burdens (Table 4.3).

Table 4.3. JAK2 allele burdens of the standard samples validated by the digital AS-PCR

copy number (copies)

expected JAK2 allele burden (%) JAK?2 allele burden (%)

UT-7 HEL

100 30 65344 100.0
99 528 58046 99.1
90 5037 36503 87.9
70 11089 20828 65.3
50 13886 16524 54.3
30 30035 16657 35.7
10 48398 4371 8.3
5 42682 2414 5.4

41798 528 1.2
0 43064 50 0.1
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4.3.3. Comparison of the measured JAK?2 allele burdens with the three standards

The standard curves for ABC-PCR were constructed. Three series of the standard
samples were used. Each standard was prepared based on the copy numbers shown in
Table 4.2, ranging from 1-99% JAK2 allele burdens at a concentration of 10° copies/pl.
The three standard curves were fitted to linear relationships with similar slope/intercept

(Figure 4.2).

ABC-PCR was performed by use of the standard samples derived from three methods.
The cell line DNAs with given JAK?2 allele burden (0%, 1%, 5%, 10%, 20%, 60%, and
95%) were quantified by using the each standard curve. The SDs of the targets were
also calculated. The measured JAK2 allele burdens by the three standards indicated
approximately the same values although the values from the Agilent 2100 Bioanalyzer

were slightly higher than those from other two methods (Table 4.4).

Table 4.4. Measured JAK?2 allele burdens by the three standard samples

digital PCR Agilent 2100 NanoDrop 2000
expected allele burden (%)
JAK2 allele burden (%) SD (%) JAK2 allele burden (%) SD (%) JAK?2 allele burden (%) SD (%)

95 93.1 0.74 95.4 0.75 93.6 0.75
60 63.0 0.76 65.2 0.76 63.0 0.77
20 24.4 2.39 26.4 2.40 23.9 2.42
10 11.2 0.30 13.1 0.30 10.5 0.30
5 4.7 0.92 6.6 0.93 39 0.93
1 N.D. 0.61 14 0.61 N.D. 0.62
0 N.D. 1.61 0.5 1.62 N.D. 1.63

N. D: not determined. The fluorescence intensity was out of range.
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Figure 4.2. Standard plots obtained from the three methods. Azure circle: standard samples
validated by use of the digital PCR. The standard curve was fitted to the linear relationship
between the JAK?2 allele burden and the [Gss/Gos — Gu]/[Ryu — Rss/Ros] value. y = 6.6 x 10° x -
0.193; the correlation coefficient (R°) was calculated to be 0.998. Yellow square: standard
samples validated by use of the Agilent 2100 Bioanalyzer. The standard curve was obtained as
the same to the digital PCR. y = 6.6 x 10~ x — 0.205; the correlation coefficient (R’) was
calculated to be 0.999. Fuchsia triangle: standard samples validated by use of the NanoDrop
2000 spectrophotometer. The standard curve was expressed as y = 6.5 x 10° x — 0.188; the
correlation coefficient (R”) was calculated to be 0.998. The error bars represent the standard
deviation (SD) of triplicate determinations per dilution.
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4.4. Discussion

It is very important to construct the standard samples of which expected values are
rigidly determined for improving the reliability and the certainty of the quantitative
methods. However, no methods existed that can be utilized to validate the own values of
the standard samples. Digital PCR is such the promising method because the method
can be performed to quantify target DNA/RNA without using the standard samples. In
this study, the standard samples for the quantification of the JAK2 allele burden were
constructed using the digital PCR. Three series of standard samples were constructed by
mixing two PCR products, based on the copy number that was determined using the
digital PCR, the Agilent 2100 Bioanalyzer, and the NanoDrop 200 spectrophotometer.
The ABC-PCR was performed to the cell line DNAs with given JAK?2 allele burdens by
use of the three standard series, and then the measured values of each method were

compared.

The each estimated copy number of the PCR products was different depending on the
measurement methods although the products were the same samples (Table 4.2). The
numbers in decreasing order were the ones by the NanoDrop 2000 spectrophotometer,
by the digital PCR, and by the Agilent 2100 Bioanalyzer. The shift is caused from the
uncertainty of each measurement method. In the NanoDrop 2000 spectrophotometer,
the concentration of the target is quantified using the absorbance. Therefore, the non
nucleic acids specific absorbance causes the overestimation of the value. The Agilent
2100 Bioanalyzer is the method based on the requirement of the sample. Such method
often causes the measurement shift from the expected value. The digital PCR also has
several uncertainties such as the PCR bias. The results suggest that the cross check

using the plural methods is essential for improving the reliability of the measured
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values.

Contrastingly, the standard curves obtained from the three standard series were fitted to
the similar linearity (Figure 4.2). Furthermore, the measured JAK?2 allele burdens of the
cell line DNAs by the standards showed no significant differences (Table 4.4). 1
simulated the JAK2 allele burdens of the standard based on the copy numbers
determined by the Agilent 2100 and the NanoDrop 2000 spectrophoeter, assuming the
numbers by the digital PCR are the true values. The PCR products from UT-7 DNA
were diluted 2.4 x 10°fold in the case of the Agilent 2100 Bioanalyzer, and 3.2 x
10°-fold in the case of the NanoDrop 2000 spectrophotometer. As a result, the true copy
number of the PCR products were 1.6x 10° copies/ul in the Agilent 2100 Bioanalyzer,
and 0.7 x 10° copies/ul in the NanoDrop 2000 spectrophotometer. Likewise, the true
copy number of the PCR products from HEL were 1.8 x 10° copies/ul in the Agilent
2100 Bioanalyzer, and 0.8 x 10’ copies/pl in the NanoDrop 2000 spectrophotometer.
Calculating the true JAK?2 allele burdens of the standard samples based on these copy
numbers, the true JAK2 allele burden shifted approximately 3% higher than the
expected JAK?2 allele burden in maximum (Table 4.5 and 4.6). The maximum shift
caused at the JAK2 allele burden around 50%. In contrast, the shift was quite small (1%
at most) at the high or low JAK2 allele burdens (Table 4.5 and 4.6). The trend by the
simulation was good agreement with the result obtained from the experiment (Figure
4.2). This suggests that the measured JAK2 allele burdens may contain a little
uncertainty depending on the standard samples in ABC-PCR. The shift is considered
quite little; however, it is also suggested that the shift possibly causes serious
quantitative variation to the true value in the case of the copy number quantification

such as quantitative PCR. From the simulation based on the experimental values, it is
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possible that the measured copy number indicates approximately twice as high value as
the true value (Table 4.5, HEL copy number column). Therefore, I considered that the
cross check by use of the plural methods to the standard samples is crucial to minimize

the effect derived from the standard samples.

Table 4.5. Simulated copy numbers and the JAK2 allele burdens by the Agilent 2100
Bioanalyzer

copy number (copies)

expected JAK?2 allele burden (%) true JAK?2 allele burden (%)
UT-7 HEL
99 1.6 x 10° 1.8 x 10° 99.1
90 1.6 x 10* 1.6 x 10° 90.9
70 4.8 x10* 1.3 x10° 73.0
50 8.0 x 10* 9.0 x10* 53.0
30 1.1 x10° 5.4 x 10* 33.0
10 1.4 % 10° 1.8 x10* 11.3
5 1.5%10° 9.0 % 10° 5.7
1.6 x 10° 1.8 x 10° 1.1

Table 4.6. Simulated copy numbers and the JAK2 allele burdens by the NanoDrop 2000
spectrophotometer

copy number (copies)

expected JAK?2 allele burden (%) true JAK2 allele burden (%)
UT-7 HEL
99 7.0 x 10° 7.9 x 10 99.1
90 7.0 x 10° 7.2 x 10" 91.1
70 2.1 x 10* 5.6 x 10 72.7
50 3.5 x 10" 4.0 x 10* 53.3
30 4.9 x10* 2.4 % 10* 32.9
10 6.3 x 10* 8.0 x 10° 11.3
5 6.7 x 10* 4.0 x 10° 5.6
6.9 x 10 8.0 x 107 1.1
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4.5. Conclusion

In this study, the standard samples were constructed by use of the three methods. It is
strongly suggested that the standard samples for the quantification of the nucleic acids
should be checked carefully by use of plural methods. The trend will be the global
standard because the validation methodology for the standard samples is not established

in the field of life science so far.

:..- 90




— '-.:
Chapter 4

References

1.

10.

Morrison T. B., Weis J. J., and Witter C. T. Quantification of low-copy transcripts
by continuous SYBR®™ green I monitoring during amplification. Biotechniques
1998; 24: 954-62.

Lee L. G., Connell C. R., and Bloch W. Allelic discrimination by nick-translation
PCR with fluorogenic probes. Nucleic Acids Res. 1993; 21: 3761-6.

Tyagi S. and Kramer F. R. Molecular beacons: Probes that fluoresce upon
hybridization. Nat. Biotechnol. 1996; 14: 303-8.

Tani H., Kanagawa K., Kurata S., et al. Quantitative method for specific nucleic
acid sequences using competitive polymerase chain reaction with an alternately
binding probe. Anal. Chem. 2007; 79: 974-9.

Vogelstein B. and Kinzler K. W. Digital PCR. Proc. Natl. Acad. Sci. U.S.A. 1999;
96: 9236-42.

Pohl G. and Shie Ie M. Principle and applications of digital PCR. Expert Rev. Mol.
Diagn. 2004; 4: 41-7.

Ohler V. G., Qin J., Ramakrishnan R., et al. Absolute quantitative detection of
ABL tyrosine kinase domain point mutation in chronic myeloid leukemia using a
novel nanofluidic platform and mutation-specific PCR. Leukemia 2009; 23: 396-9.

Dennis Lo Y. M., Lun F. M. F., Allen Chan K. C., et al. Digital PCR for the
molecular detection of fetal chromosomal aneuploidy. Proc. Natl. Acad. Sci. U.S.A.
2007; 104: 13116-21.

White R. A. III, Blainey P. C., Fan H. C., and Quake S. R. Digital PCR provides
sensitive and absolute calibration for high throughput sequencing. BMC Genomics
2009; 10: 116-27.

Zang Y., Novak R., Shuga J., Smith M. T., and Mathies R. A. High-performance

91 -..:




|
-.f Validation methodology for the certainty of the standard samples

1.

single cell genetic analysis using microfluidic emulsion generator arrays. Anal.

Chem. 2010; 82: 3183-90.

Sandberg S. O., Witter C. T., Gao C., and Gale B. K. Spinning disk platform for

microfluidic digital polymerase chain reaction. Anal. Chem. 2010; 82: 1546-50.

92




Chapter 5

General conclusions and perspectives







— ",
Chapter 5

Chapter 5

General conclusions and Perspectives

5.1. General conclusions

Genetic markers are widely employed as diagnostics and prognostics. Novel genetic
markers are now being identified by use of the exhaustive genome analysis methods
such as DNA/RNA microarray and pyrosequencing. For the next stage, exploring the
role of these newly found genetic markers would be progressed. Hence, the methods for

detection and/or quantification of identified genetic markers are highly needed.

In this study, I aimed to develop analytical methods, which are able to cover the two
types of the genetic markers. The one of the genetic marker is a type in which the
mRNA is overexpressed in the particular patients. I focused on the WT1 mRNA such
genetic marker. The mRNA is overexpressed in the patients with various types of
leukemias but has no mutations. The expression level of the mRNA links to the
conditions of the leukemia progression; therefore, the mRNA is particularly focused on
the MRD monitoring of leukemia, especially in the acute type leukemias. That is
because there are no highly specific genetic markers in acute type leukemias. The other
has mutations and the transcripts of them trigger the diseases. I focused on JAK2V617F
such genetic marker. JAK2V617F is a JAK2 gene with a point mutation in exon 14 and

is a remarkable genetic marker of MPN.
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In chapter 2, I described the development of two methods for the quantification of WT1
mRNA, which is the one of the remarkable genetic markers for acute leukemia. The one
is real-time turbidimetry RT-LAMP that allows WT1 mRNA quantification with high
specificity, simplicity, and rapidity under 62°C within 30 min. The standard curve of the
real-time turbidimetry RT-LAMP was expressed as a linear relationship between the log
copy numbers of WT1 mRNA ranging from 6.8 x 10 to 6.8 x 10° copies and the
threshold time with a correlation coefficient of R* > 0.994. The measured values
obtained by real-time turbidimetry RT-LAMP strongly correlated with those obtained
by real-time RT-PCR. The other is ABC RT-PCR that enables us to quantify target of
the interest despite the existence of the PCR amplification inhibitors. The standard
curve of the ABC RT-PCR was expressed as a sigmoid curve between the initial
quantity of WT1 mRNA ranging from 10 to 10> copies and the relative fluorescence
intensity with a correlation coefficient of R* > 0.997. The WT1 expression levels of two
patients with acute leukemia correlated with the clinical events. To summarize, the
pan-leukemia marker WT1 mRNA can be quantified using two novel developed
methods. The RT-LAMP can be performed specifically, rapidly, and simply.
Moreover, the quantitative range of RT-LAMP was found to be the same as that of
real-time RT-PCR. The ABC RT-PCR has a potential to monitor the MRD of the acute
leukemia. Several methods for the MRD monitoring such as the methods developed in

this study would be contribute to widening the selection of the method on demand.

In chapter 3, I described the development of the simple, cost-effective, and accurate
JAK?2 allele burden quantification method using ABC-PCR with a slightly modification
to the analytical equation. It is currently prerequisite now to quantify target JAK?2 allele

burden of the myeloproliferative neoplasms (MPN) patients. The standard curve by the
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ABC-PCR was expressed as a linear relationship between the JAK2 allele burden
ranging from 1 to 99% and the relative fluorescence intensity with a correlation
coefficient of R* > 0.996. The quantification of the samples with given JAK2 allele
burdens revealed that the ABC-PCR had low assay-to-assay variation at JAK2 allele
burden =5% and that the ABC-PCR was more accurate than the TagMan AS-qPCR
ranging 10%-100% of JAK2 allele burden. The ABC-PCR can be performed to
quantify target JAK2 allele burden in a single reaction by use of a conventional thermal
cycler and a simple fluorometer; therefore, the throughput of the ABC-PCR is
approximately twice as large and the running cost of the ABC-PCR is reduced to the
half compared with TagMan AS-qPCR. The measured JAK?2 allele burdens of the MPN
patients indicated approximately same values between the ABC-PCR and the TagMan
AS-gPCR. These results strongly suggest that the ABC-PCR assay would be a powerful

tool for quantifying the target JAK?2 allele burden.

In chapter 4, I described the construction of the standard samples for quantifying the
JAK?2 allele burden using digital PCR, Agilent 2100 Bioanalyzer, and NanoDrop 2000
spectrophotometer, and then the certainty of the standard was validated. The PCR

products derived from UT-7 and HEL cell lines were used to construct the standard
samples. The copy numbers of each PCR product were determined as different amounts
between the three methods. The PCR products were mixed in different proportions,
JAK?2 allele burdens 1-99%, of which concentrations were 10° copies/ul. The standard
samples were prepared based on the copy number derived from the three samples. The
standard curves by the ABC-PCR obtained from the three standard series were fitted to
the similar linearity. Simulating the experimental data, the maximum variation of the

standard was approximately 3% at the JAK2 allele burden around 50% and the variation
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was quite small (1% at most) at the high or low JAK2 allele burdens. The trend by the
simulation was good agreement with the result obtained from the experiment. It is
strongly suggested that the standard samples for the quantification of the nucleic acids
should be checked carefully by use of plural methods. The trend will be the global
standard because the validation methodology for the standard samples is not establied in

the field of life science so far.

5.2. Perspectives

Candidate genetic markers will be found thick and fast in the near future. The
methodology and the knowledge described in the study can be applied to almost all of
the quantification of those genetic markers. Furthermore, the methods can be performed
simply, accurately, and rapidly compared with the conventional nucleic acids
quantification methods. Therefore, these methods will be widely employed not only in

the scientific field but also in the clinical field.

In this study, I have developed the methodologies for two types of the genetic marker
and have proposed how to construct the standard samples for the methods. The targeted
genetic markers are the type of aberrant expression and of point mutation. However,
candidate genetic markers other than these two types such as JAK2 exon 12, LNK
mutations, and TET2 mutations, were identified recently. For example, JAK2 exon 12
mutational variations include the deletion and duplication of the genes in the particular
regions. The variation is also thought to contribute to the development of the MPN for
the same mechanism as JAK2V617F; however, the reason why these variations exist or

the clinical difference between JAK2V617F and JAK2 exon 12 is unclear.
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Therefore, an innovative method is desired, by which can be identified/quantified these
candidates. The massively parallel genome sequencing technologies such as 454
sequencing, Solexa, and SOLiD™ system, will enable us to both identify the genomic
variation and quantify the amount of such genes in the individual patient. However,
these technologies require the DNA/cDNA library of which amount is rigidly identified.
At this point, the plural methods for evaluating the quality of the obtained samples will
be essential. Digital PCR would be the powerful tools for the purpose. On the other
hand, novel methodologies for the gene specific techniques are still developed for the
genetic markers that include the mutational variation. Zhang W. et al. reported the
challenging trial at the 52" American Society of Hematology (ASH) annual meeting.
They have developed the combined use of the PCR fragment analysis and AS-PCR, and
achieved a robust and sensitive detection of JAK2 exon 12 mutations. In the future, the
next generation sequencing and the conventional gene specific quantification methods
will be principal pillars for the genetic markers. Of course, the standardization of these
identification/quantification methods will also be a global standard on the life science
field. The procedure, the knowledge, and the proposal described in the study will

contribute to the stream (Figure 5.1).
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mRNA OfE - iR EEREZMEL /~, RT-LAMP £iX reverse transcription
polymerase chain reaction (RT-PCR) D L S ICIREER(Z LE L&, FRG5MH
T CdSEaF BT IEGEFEEFIETHD, £/, RT-PCR £ TIX
RNA OGRS & £ DR OWIRRICE Ml 2 IC KT 2 L8N H D05 L,
RT-LAMP #HEEFHBRIETH 2720, WG RS & RIS AR IZEZ D,
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WHERER CRIGHET T2 W A2 HT 5, &512, B FHIERIEDE
EMNTHLIER Y VIRV VRV LDERBEEBELE LTI TAE A LIZHET
HIETC, ABOELEFREXTETHAILE LA TCHSL, 20 L) 2FEICEYy,
RT-LAMP k% WT1 mRNA EE&~JSH & nil, A - S EL A MK OHRIET =
ZU T INAREIZED E SN D, WTI mRNA 28 RNICHIESY D X9 28
HDNAFY T (FT714~—) Oy FEg&stL, T b % W T RT-LAMP &I
£ % WT1 mRNA O#EZHA-LE 25, 10 2 —D WT1 mRNA % 30 735 £ C
B CT& 7=, &512, HeLa Bl RNA i2 WT1 mRNA #EEMBREAIHELZLO
rRTERY T ELTHEL, ZhbH 7 H O WT1 mRNA &% RT-LAMP
EBLRVTAVLEZALRT-PCRETENTFREER L, TOME, Mkt HE
WIZHEWEERT ZERHALNE R, ZRHOFKRIZEY, RT-LAMP ikiX
UF7NEALRT-PCRIELFEFOEBRKELARLZ22/0 6 LV RE - FEICH D
MOREZE=F Y I TELFETHLIIENRBINTL, 2250V T, EIVIiE
WHRIF/EET =2V L VEBEOD, BETOHEBHEEMERATTHIEHZER
TEEMDAIRE R F{E TH D Alternately Binding probe Competitive (ABC) %
RT-PCR ik & #1452t (ABC RT-PCR %), WTI mRNA Offif& - Efg2E &8 Tk
OS2 772, ABC RT-PCRETIH, ®MRELDIBMRT &% LWL R TH
GEICHE S D NEEEEE T2 mME, MIGRICEHEML, RIEE21T o5, ik
RICIF T 7=V BELOETFBEBICL D RHAERENE LIHELET O2MHEEERF 72
HHEERNT AL INZTa—T7BENERTEY, BEN S % O 8 658 T 53 %
SEETENTEEBRTOHAEZRMT 2720, XGBETEEZRMHOTE S,
AFERKOBREIINTGEEETHIZDICERF OB ESDE ORE L KF
FIWZHTBET ZEDTELRRTHY, MAEFEHELEKRLT, IVEEREENT
RELd, AMERMBHEEFE 24 LV ERENICERRLEZFEY 7L L0 =21
RNA L, b8 7 HF o WT1I mRNA FH &% ABC RT-PCR #E12 T
ERmLIEEZA, HFAxOBEOFREICHE > T WT1 mRNA BB &N 5T
DR I, ABCRT-PCREIC IV HMBEOREET =2 L F7RA[@ETHD Z &
DR i,

3 ® T, BRI M IES (myeloproliferative neoplasm : MPN) {233 1> T 2005
FIREENTZBE T~ — D —TH D Janus Kinase 2 (JAK2) B T DR ERE
# (JAK2V617F) O 7 LA A~"—F v ((ER JAK2 BT & JAK2 28T &)
x100%) {Z-D5WT, fliff - K2 A« EREEFEOBELIT /L, H2EIZ
Tt/ ABC k% PCRiIk &M A A (ABC-PCR L), JAK2 7 L LN —F VIE
BEANSAT 221 L0, BMAEOFHLEEEL T, LYK= X T, o,
ERIZA SO JAK2 T LAANA—F v 2 EETHI ENAETH S, ABC-PCR LT
3, WIRRISEORLERN G ED T L AA—F ko> TET 728, PCRIE
IR 05O DNA Zlg L, #ORICENNBELZHET D20H THED JAK2
TULAR—F U AFBETAIENARETHD, £/, AN—T v NPBEFEFET
HLIVTNEA LT U AEERE PCR (U7 V% A & Allele Specific PCR : U 7 /1
% A 5 AS-PCR) DR 2ETHLD, =7 aRXAbEBRlEFERICMA
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HIZENTED, ABC-PCRIEDERZHEMA D28, UT-7# (JAK2 ¥4 B EER)
fi i DNA & HEL #& (JAK2 ZRBER) #ii DNA A EEOT7 LA AR—=F i D
LH9ICHEAL, BEEEY VTV EZHEBELLZ, ZTROHO JAK2 7 L ANRN—F %
ABC-PCR LU 7% 4 A AS-PCR CEEL, TOMEHMEKBR L, T DR
B, ABC-PCREIZT LA AR—=F >10%D#FAICHBWTY 74 A 4 AS-PCR X
DHHEMA LS KM UZMEERL, U7X A5 AS-PCRIZHIEBEOEMMN S
DFNEHFETRET LT U TIRME 1%ETERAETHL LV IFERE
Bz, THiZ &Y, ABC-PCRIEIZER FIRIZEBWTIHEBEFFIEILL LD, T L
N—=F 210%D#IATE, BFEFEIV D ERICHTRZOT LAA—F 2 ERA
B ThH LN TN, BEIC, MPNEBE L@EE LI VERLAEZOLEY 7
NI DNAZHHBL, ThLOH o 7 Add JAK2 7 L V3 —5 % ABC i%,
U744 5LAS-PCRIETENTFNEREL, TOMELEKELL, ZTOFKE, 7L
NA—=F FRE 10%E TCBOTHMHFDOEERRICITHEAMERH -2, Zhi
X9, ABC-PCREHBFEFELEEBL, 7L —=F >10%D & CIL, fHE -
B Ak EFEICKRD JAK2 T LAAR—F U 2 EBTXAHFETH DL I &N FR
aEhiz,

FHAT T, H3BICTHSY L7 ABC-PCR k12 L2 JAK2 7 LV AN—F U E
BODOEES T LOER - MM FEEARE L, B8, EEHEEZH WV
xR 2 ERE (A ERE) THEHARLS, BENREE EXERE) (X o THHEOD
BEFREMNET HH-ARFE(FCZAPCRE) DI SN, KFEIZLY,
HNBROBLBTITHOTLAANA—TFT UV 2HEERBTHIENAETHLIN, 7=
Jar D@ELAL—TFy NMEORENE, BEERE L TORAITHL W,
FIT, TVHNPCRIELZT LAN—FT VOEEPRIESNTIZEY T LE-D
HIIZERAT A 2B, ZThiCkoT, 22X E2K/IABCWMZSD, E&
DIEfEMEAMKETEDL LMMFESN D, £, AS-PCR #Jfz 2 L TF ¥ ¥ /L PCR
EBIZEY JAKR2 T UAN—F U2 EETEDL LI RRISEHEEZHRFTLE, 2230
T, ZhEHAWTHAEMN JAK2 & F & & ZRM JAK2 Bz T &% 7 ¥ % /L PCR
ETERL, *OEEMEAZDH LT ABC-PCR D= DOFEAEY 7L 2 {ERI L /=,
BHIZ, ERLL-E#EY L2 AT ABC-PCR (2 EM L, 7 L N—5F
DEMEZREIXMLIEZERFEREBOND ZE2HRA L,

FHECTIHARMILERE L,

PLE, KimsrciEmasiER, Ficatamy & FrEmtiERE o &ExR 1T~ —
B— MRz AN BRI EETEDFEOMHLEZIT 72, KR
SEBRIDICEHERANZIN TP bOETHEINLIExDEBF~Y— A — DK -
TE~LIGHAARTHY, BEAREEZONHICKRELS FE5TE22L0 L HHX
ns,

103 Jf
[ |



L .
Appendices ...-

[ ]

(1) (¥#R30) Hidenori Tani, Ryo Miyata, Kouhei Ichikawa, Soji Morishita, Shinya Kurata, Kazunori
Nakamura, Satoshi Tsuneda, Yuji Sekiguchi, and Naohiro Noda, Universal quenching probe system:
flexible, specific, and cost-effective real-time PCR method, Analytical Chemistry 2009; 81:
5678-5685.

(2) (#30) Soji Morishita, Hidenori Tani, Shinya Kurata, Kazunori Nakamura, Yuji Sekiguchi,
Satoshi Tsuneda, and Naohiro Noda, Real-time reverse transcription loop-mediated isothermal
amplification for rapid and simple quantification of WT1 mRNA, Clinical Biochemistry 2009; 42:
515-520.

[ (EERER) ]

(1) Soji Morishita, Naohiro Noda, Yuji Sekiguchi, Aya H. Koda, Yuriko Yahata, Keita Kirito,
Satoshi Tsuneda, and Norio Komatsu, Alternately Binding Quenching Probe Competitive PCR:
Simple, Sensitive, and Cost-Effective JAK2 Allele Burden Quantification Method, The 52 ASH
annual meeting, Orlando, FL, USA, December 2010.

[FEs (EP)]

(1) &% F #F], & b, @l F4, PR fE, Em R, 8o s, vl W2,
RT-LAMP 2 = H i~ — 0 —WT1 mRNA OE - B{# E 2 ITORE, (k2 TFEEE
74 4, REiE, 2009 4= 3 A

(2) &~ #FE], & Ty, A EH, PR OME, FE R, B0 S, BWE R,

Reverse transcription loop-mediated isothermal amplification (RT-LAMP)7% % VM= F L~ —
77 —WT1 mRNA DGR « @i EREIMTOMIE, 25 60 MAEY T FE2 Rz, i, 2008 4F 8
bE|

(3) A& T #a], o #uh, FH FEW, B B, FH T, EE G, bR OfmE, &)1 &,
BN B, BFH EE, S8 AT E&TFIEABC-LAMP ORI, (b2 T2 E - sk
HhE AR K2, BT, 2007 4 11 H
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() B3P oM w7z, B0 B, & T RE, FE B, /MM Bk, #ER ¥, W5 8
K, JAK2E(A T D RMMT Fik, FFE2010-174571

(2) CErElB#HE) Amdm, 30 CRERME, HIRFEFEDKE, 2008458A°

3) (ZE) FK 19 FEFITF2%AEE, 2007 F 11 A
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o &

R FELR D I ARG X OER T, REARFEER T2 ER EmER THL
WHMREBEICCTITONE L, KFRZEDHICHTY, BRI o F~ I
LoOBEE) TER#FHOBEEZRL ET,

AR D DICHTY, REL AL THRELEFE W E LAFRRBRARIC
DO EHWTZUES,

KR EEDHDICHIZ0, BREBRFE TP ERER#ER, IRKEH
B - REB TN MEMERRR, MXERFEFZHDERAR  DRAR#HRR
WIHRIEON GO BERTHRE I 2 W E L, BES<HALPL BT
E
FEXHMBEMBET AA A AT 4 DAFREMAALA A AT Yy =TV —T
MAEBOBHMET LT, RENLRHAEOED T NPLH 2 O RIEEIZED F
T, BIZAEERIRBE A2V, HHICho THIRAETRA X Z T EEE L
. BATEGER L B ET,

PEXTINB AR AN A 4 AT ¢ B A RIS IR o A Fo &L, R
REMANA XAy =PRI NV—T7 V) —F—OB O FEHME L, (LFKPEFLIM
W EBNEOR PSRBT, PRI T 57 1Y 70— 0L OERK
WELFET, REBEELRIFE2>WEEEE L, LILVEHME L B EA,

FEXERINREMRTREOBEHALVWFIA, SHEMTFI A, KERARKLF A
FIAFZepr ki B B o RKIGEW F S A, SWEMS A, NE (IBENE) A& A
ENDET DAL T AT A DNAVMBRHMANA T ATy =BT N —T, YT
T AMIEE M A G IR R L — T OEREIZIE, B X O REORTICH
720, ZRZZWHAELHEBME N EE L,

WAL K PEFE MK - BENBREO /NEmE S A, ST B o LIRS E
Sh, BARKRSALZIEILD LT IRARPMIK - BHENHERE OB, IHRE
RFEFHMBENBREOARK TSI A, - MRFPEFHICHZOEE (I
MRH) 200 & 2R RERFEFHMLENRIERBOHEKRIZE, EH
RVWRE TOMEAETRTEZ LT T EEE LI,

FEXPWRAEMEIC TMEARZILIC L, FHFREOREHRE L (F
KR KRFETA Y F—=7REE 7 - RHERBRMBKOCTREE L RE), 22 BH
+ (- HEL), FHEMRK, FERRI A, IHRE®HK, BEEMLK, AR
K, WAERK, DNA F v 70T SERT O 2 Mot il -, &M SR RERER L
PHREPRE AT LAHKOB KER IALILE, AR EBICER2D2THHEM
FLAEWEEXE L,

it
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HHMEEMEORTILT I A, EHM TS A, MITKCH L, §HmEE L,
B REZME L, SLEriFL, sAWAZHE L, TBFEESH L, FRAERE L, X
WA, SRR, BRI, RAELE S, MROKEFREZIECD
ETAEHAFRZEOERIZIT, B2 O ROZITIZHZY, bl LS,
REABRERERZVWEZEEE L,

COLEEREIIUD ET D, e i O IIC L o TARWR & R
HIENRTEELE, LD TLHLELEHB LT ET,

REIC, RCHROTEZENCATY, FLALRIENL TS s RKKIZ
DB B LR L BT £,

2011 4 2 A
HE
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