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Abstract. The detection of a V617F mutation (G to T exchange 
at nucleotide 1,849) in the JAK2 gene is crucial for the diagnosis 
of myeloproliferative neoplasms (MPN) such as polycythemia 
vera. Although sequence analysis is the standard method for 
detection, it is not suitable for clinical examinations due to 
the requirement of expensive equipment. In this study, we 
evaluated the efficiencies of four PCR-based methods to detect 
JAK2 V617F: allele-specific PCR (AS-PCR), PCR-restriction 
fragment length polymorphism (PCR-RFLP), high-resolution 
melting analysis (HRM) and the quenching probe method 
(QP). The HEL cell line, which harbors a homozygous JAK2 
V617F mutation, as well as bone marrow samples from 
16 MPN patients and normal control samples, were used in 
this assessment. The sensitivity of the detection limit of all 
four methods was also examined using samples of HEL cells 
mixed in a variety of ratios with cells containing wild‑type 
JAK2. The results of all four methods were found to be concor-
dant. AS-PCR was shown to be the most sensitive; however, it 
produced false positive results. Although PCR-RFLP demon-
strated high specificity, it was time consuming. By contrast, 
results were obtained using HRM and QP in only 2 h. It was 
easier to recognize the curves derived from the mutant allele 
obtained using QP. QP is also suitable for the rough estimation 
of allele burden. JAK2 V617F assays are mainly used for diag-
nosis at presentation in clinical settings. We therefore conclude 
that in situations where high sensitivity is not required, QP is 
the preferable method for the detection of JAK2 V617F. To the 
best of our knowledge, this is the first report to demonstrate 
the efficiency of the QP method for the detection of JAK2 
V617F using a standard thermal cycler.

Introduction

Janus kinase 2 (JAK2) is a cytoplasmic tyrosine kinase that has 
roles in hematopoietic growth factor signaling pathways such 
as those stimulated by erythropoietin and interleukin-3. An 
acquired mutation of G to T at nucleotide 1,849 of JAK2, JAK2 
V617F, constitutively activates signaling in hematopoietic 
stem cells and leads to the development of myeloproliferative 
neoplasms (MPN) such as polycythemia vera (PV), essential 
thrombocythemia (ET), and primary myelofibrosis (PMF). 
Indeed, JAK2 mutation is included in the diagnostic criteria of 
these three diseases (1).

Although sequence analysis is currently the standard 
method for the detection of JAK2 mutation, this technique is 
not suitable for clinical examinations in hospital laboratories as 
it requires expensive equipment and takes time. Moreover, the 
sensitivity of the detection limit of sequencing is not less than 
10-20% (2). Therefore, the use of various PCR-based methods 
such as allele-specific PCR (AS-PCR), PCR-restriction frag-
ment length polymorphism (PCR-RFLP) and high-resolution 
melting analysis (HRM) has been investigated. Recently, the 
quenching probe method (QP) has been attracting attention 
as a novel technique capable of detecting single nucleotide 
polymorphisms and mutations (3). 

In QP, an oligonucleotide with a cytosine modified by 
fluorescent dye at the 3' end (Q probe) is used as the probe. 
Following completion of PCR, a melting curve analysis is 
performed. At low temperature, the probes hybridize with 
PCR products and their fluorescence is quenched by an elec-
tron transfer to adjacent guanine bases in the PCR products. 
As the temperature is raised, the probes dissociate from the 
PCR products and the fluorescent signal increases. Since 
the probes dissociate from unmatched products at lower 
temperatures than perfectly matched products, it is possible 
to detect mutations.

In this study, we performed a comparative evaluation of 
the efficiency and sensitivity of four PCR-based methods to 
detect JAK2 V617F. To the best of our knowledge, this is the 
first study to demonstrate the efficiency of the QP method for 
the detection of JAK2 V617F using a standard thermal cycler.

Materials and methods

Cells and DNA extraction. Two leukemia cell lines were used. 
HEL, an erythroid leukemia cell line with a homozygous JAK2 
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V617F mutation, was supplied by the Japanese Collection 
of Research Bioresources (Ibaraki, Japan). KOPT-K1, a 
T-lymphoblastic leukemia cell line with wild‑type JAK2, was 
donated by Drs. Harashima and Orita (Fujisaki Cell Center, 
Japan). To investigate the sensitivity of the detection limit, 
samples of HEL cells and KOPT-K1 cells mixed at various 
ratios were used. We obtained bone marrow samples from 
16 MPN patients (six PV, eight ET, one PMF, and one unclassi-
fiable MPN) with informed consent. Blood samples from two 
normal volunteers were used as a control. DNA was extracted 
from cells following the spin column method using QIAamp 
DNA Blood Mini kit (Qiagen, Germantown, MD, USA).

AS-PCR. The schematic outlines of all four PCR methods 
are shown in Fig. 1, while the primer sequences used are 
presented in Table  I. The AS-PCR method used in this 
study was modified from a previously reported protocol (4) 
and the mutant primer contained an intentional mismatch at 
the third nucleotide from the 3' end to improve specificity. 
Amplifications were performed in a 50 µl reaction volume 
with 0.2 µg DNA, 1.5 mM MgCl2, 0.2 mM dNTP, 0.5 µM 
primers, and 1 unit Taq polymerase (Takara, Japan), and 
the resulting PCR products were electrophoresed in a 2% 
agarose gel and stained with ethidium bromide. The assay 
was repeated at least three times to ascertain the reproduc-
ibility of this method. 

PCR-RFLP. The PCR-RFLP method used in this study was 
modified from a previously reported protocol (5). The first 
round of nested PCR was performed in a 50 µl reaction volume 
with 0.2 µg DNA sample, 1.5 mM MgCl2, 0.2 mM dNTP, 
0.5 µM primers, and 1 unit Taq polymerase. The second round 
of PCR was performed in a 50 µl reaction volume containing 
2 µl of the first round products. The resulting products were 
digested with BsaXI (New England Biolabs, Hitchin, UK), and 

the PCR products and BsaXI-treated products were electro-
phoresed as described above. 

HRM. HRM was performed using a LightCycler Nano (Roche 
Diagnostics, Mannheim, Germany) according to a previously 
reported protocol, with modifications (6). Amplifications were 
performed in a 20 µl reaction volume with 30 ng DNA sample, 
3 mM MgCl2, 0.2 µM primers and 10 µl Master Mix [LC 480 
High Resolution Melting Master (Roche)] following incuba-
tion for 10 min at 95˚C. Melting conditions were as follows: 
denaturation at 95˚C for 1 min, renaturation at 40˚C for 1 min, 
and melting at a gradient from 60-95˚C with 50 fluorescent 
acquisitions per 1˚C. The normalized and temperature-shifted 
difference curves were determined using LightCycler Nano 
HRM software (Roche).

QP. The QP method was performed with modifications to a 
previously reported protocol (7) using a LightCycler Nano. 
Following incubation for 10 min at 95˚C, amplifications were 
performed in a 20 µl reaction volume with 30 ng DNA sample, 
1.5 mM MgCl2, 0.2 µM primers, 0.1 µM Q probe, and 10 µl 
reaction mix [LC  480 Genotyping Master (Roche)]. The 
Q probe was labeled with BODIPY FL at its 3' end, and had 
a sequence complementary to the mutant allele. Following 
completion of PCR, the temperature was maintained at 95˚C 
for 1 min, 40˚C for 1 min, and then gradually increased to 
90˚C at the rate of 0.05˚C/sec, during which the fluorescence 
signal was continually acquired. The curves for degree of fluo-
rescence increase (dF/dT) were obtained from the data using 
LightCycler Nano software (Roche).

Direct sequencing. To confirm the G to T mutation at nucleo-
tide 1,849, the PCR products from selected samples were 
sequenced using a 3130xl Genetic Analyzer and BigDye v3.1 
(Applied Biosystems, Foster City, CA, USA).

Table I. Primers, probes and PCR protocols.

Method	 Primer sequence	 No. of cycles	 Melting point temperature	 Ref.

AS-PCR	 For: 5'-atctatagtcatgctgaaagtaggagaaag-3'	 40	 94˚C 1 min, 57˚C 1 min, 72˚C 1 min	 4
	 Mut: 5'-agcatttggttttaaattatggagtatatt-3'
	 Rev: 5'-ctgaatagtcctacagtgttttcagtttca-3'
PCR-RFLP
  First round	 For: 5'-ggtttcctcagaacgttgatgg-3'	 35	 94˚C 1 min, 55˚C 1 min, 72˚C 1 min	 5
	 Rev: 5'-ttgtttgggcattgtaaccttc-3'
  Second round	 For: 5'-tgctgaaagtaggagaaagtgcat-3'	 25	 94˚C 1 min, 60˚C 1 min, 72˚C 1 min
	 Rev: 5'-tcctacagtgttttcagtttcaaaaa-3'
HRM	 For: 5'-agcaagctttctcacaagca-3'	 45	 95˚C 15 sec, 58˚C 15 sec, 72˚C 15 sec	 6
	 Rev: 5'-ctgacacctagctgtgatcctg-3'
QP	 For: 5'-gcagcaagtatgatgagcaagctttctc-3'	 45	 95˚C 15 sec, 58˚C 15 sec, 72˚C 15 sec	 7
	 Rev: 5'-gctctgagaaaggcattagaaagcctg-3'
	 Probe: 5'-agtatgtttctgtggagac-(BODIPY FL)-3'

The primer and probe sequences correspond to those in the indicated references. The base corresponding to the mutated nucleotide 1,849 is 
underlined. 
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Results

Discrimination between wild‑type and mutant alleles. The 
AS-PCR method produced a 364-bp band from wild‑type and 
mutant alleles, as well as a 203-bp band from the mutant allele 
(upper panel of Fig. 2). The nested PCR products obtained by 
PCR-RFLP were 373 bp in size. Following BsaXI digestion, 
the products from the wild‑type allele were cut into 203-bp 
and 170-bp fragments while the products from the mutant 
allele remained unchanged (lower panel of Fig. 2). With the 
HRM method, the melting profile of the wild‑type control 
was designated as the horizontal line to which the normalized 
and temperature-shifted difference curves were drawn. The 
samples containing mutant products are distinguishable by 
their concave-up curves (left panel of Fig. 3). Finally, with 
the QP method, the wild‑type allele produced concave-up 
curves with the lowest point at 51˚C, while the mutant allele 
produced concave-up curves with the lowest point at 60˚C 
(right panel of Fig. 3).

Detection of the JAK2 V617F mutation in patient samples. 
Of the 16 patient samples, 7 (3 PV, 3 ET, zero PMF, and one 
unclassifiable MPN) were determined to be V617F-positive. 
Although the results obtained by AS-PCR from a few samples 
were initially discrepant with those obtained via the other 
methods, this was settled by adjusting the MgCl2 concentra-
tion and annealing temperature. The results from the four 
PCR-based methods and direct sequencing were ultimately 
found to be concordant.

Sensitivity of detection. We examined the sensitivity of the 
detection limit using DNA extracted from samples containing 
mixtures of HEL and KOPT-K1 cells in various ratios. Fig. 2 
shows representative results from AS-PCR and PCR-RFLP. 
The numbers indicate the percentage of HEL cells in the given 
sample. Although the mutant bands obtained by AS-PCR 
from low percentage samples are not clearly visible in this 
photograph, the bands from the 0.2-0.5% mutant samples were 
visible on a transilluminator. The PCR-RFLP method detected 

mutants in 1-2% samples. As shown in the left panel of Fig. 3, 
the samples containing 1-5% mutant allele were distinguishable 
by their concave-up curves on HRM. Finally, QP detected the 
mutant allele in samples containing 5% mutant, as evidenced 
by the concave-up curves with the lowest point at 60˚C of the 
samples (right panel of Fig. 3). 

Figure 3. Sensitivity of HRM and QP for the detection of JAK2 V617F 
mutation. DNA extracted from samples containing mixtures of HEL and 
KOPT-K1 cells was used; numbers indicate the percentage of HEL cells in 
the given sample. 

Figure 2. Sensitivity of detection limit of AS-PCR and PCR-RFLP for JAK2 
V617F mutation. DNA extracted from samples containing mixtures of HEL 
and KOPT-K1 cells was used; numbers indicate the percentage of HEL cells 
in the given sample. The PCR products (upper panel) and the nested PCR 
products digested with BsaXI (lower panel) were electrophoresed in an aga-
rose gel. M, 100 bp marker. 

Figure 1. Schematic outline of four PCR-based detection methods for JAK2 V617F mutation. 
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Discussion

In this study, we compared the efficiency of four PCR-based 
methods to detect JAK2 V617F (Table II). AS-PCR was found 
to be the most sensitive method of the four, although this 
method did have weaknesses. Firstly, this method was initially 
found to produce false-positive results in a small number 
of samples due to the annealing of the mutant primer to the 
wild‑type allele. Secondly, it is not possible to estimate the 
mutant allele burden using this method. To cope with this 
weakness, another AS-PCR was carried out according to a 
previously reported protocol using two primers for the mutant 
allele and wild‑type allele individually, in addition to the outer 
forward and reverse primers (8). However, the sensitivity and 
reproducibility were not as good with this protocol, likely due 
to competition of the primers (data not shown). 

The PCR-RFLP method did not result in false-positive and 
false-negative results in this study. Furthermore, this method 
was able to approximately estimate the mutant allele burden 
by comparing the density of the digested bands and undigested 
band. However, the weakness of this method is that it is time 
consuming, taking 9.5 h to obtain results. While it was possible 
to obtain results after the first round of PCR and subsequent 
enzyme digestion from cell line samples, detection in patient 
samples required nested PCR.

By contrast, HRM and QP are able to produce results in 2 h 
as there is no need for gel electrophoresis with these methods. 
However, high purity DNA samples are required; crude DNA 
samples did not produce clear results due to non-specific PCR 
products that caused the vacillation of the curves. Therefore, a 
spin-column method should be used for DNA extraction rather 
than a phenol/chloroform or agglutination partition method. 
When HRM and QP were compared, it was easier to recognize 
the curves derived from the mutant alleles using the QP method 
as the curves created by the wild‑type allele and mutant allele 
have different positions on the temperature axis. Moreover, 
it is possible to roughly estimate allele burden quantification 
following QP by comparing the sizes of the curves at 51˚C to 
those at 60˚C, as well as the proportions of two curves from a 
given patient sample to that shown in Fig. 3.

Taken together, AS-PCR was found to be the best method 
for the detection of JAK2 V617F in terms of sensitivity, while 
QP was the best method in terms of promptness and ease 

of interpretation. In clinical settings, JAK2 V617F assays 
are mainly used for diagnosis at presentation rather than for 
detecting minimal residual diseases. As cells expressing the 
mutant allele usually account for more than 10% of the samples 
in these cases, high sensitivity is not necessarily required. We 
therefore suggest that QP would be the preferable method for 
JAK2 V617F detection in clinical examination in hospitals. 
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Table II. Comparison of PCR methods.

Method	 Sensitivity (%)	 Time (h)	 Strengths	 Weaknesses

AS-PCR	 0.2-0.5	 4.5	 High sensitivity	 Possible false positive
PCR-RFLP	 1-2	 9.5	 High specificity	 Time consuming
HRM	 1-5	 2.0	 Fast results	 Difficult to identify the mutant
				    curve at low percentages
QP	 5	 2.0	 Easy to recognize the	 Requires high quality DNA
			   mutant curve

Sensitivity refers to the detection limit obtained in experiments using samples of mixed HEL and KOPT-K1 cells. Time is the number of hours 
required for results to be obtained after DNA extraction.


