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The JAK2V617F mutation has emerged as an essential
molecular determinant of myeloproliferative neo-
plasms (MPNs). The aim of this study was to evaluate
the analytical and clinical performances of a real-time
PCR (qPCR) assay using a combination of hydrolysis
probes and a wild-type blocking oligonucleotide, all
containing locked nucleic acid (LNA) bases. More-
over, we validated a procedure for precise quantifica-
tion of the JAK2V617F allele burden. We used DNA
samples from patients suspected to suffer from MPN
and dilutions of HEL cells, carrying the mutation, to
compare the LNA-qPCR assay to two previously pub-
lished methods. All assays detected the same 36
JAK2V617F positive patients of 116 suspected MPN
diagnostic samples. No amplification of normal do-
nor DNA was observed in the LNA-qPCR, and the
assay was able to detect and reproducibly quantify as
few as 0.4% of the JAK2V617F allele in wild-type al-
leles. Quantification of the JAK2V617F allele burden
showed similar proportion levels among the different
MPN entities as described by other groups. In conclu-
sion, the LNA-qPCR is a rapid, robust, sensitive, and
highly specific assay for quantitative JAK2V617F de-
termination that can be easily implemented in clinical
molecular diagnostic laboratories. Moreover, precise
quantification allows determination of JAK2V617F
burden at diagnosis as well as the evaluation of re-
sponse to JAK2 inhibitors. (J Mol Diagn 2010, 12:512–519;
DOI: 10.2353/jmoldx.2010.090137)

Myeloproliferative neoplasms (MPNs) are clonal stem cell
disorders encompassing a heterogeneous group of entities
characterized by an increased and effective proliferation of
one to three hematopoietic cell lineages in the bone mar-

row, resulting in increased peripheral blood counts. The
differential diagnosis of the three Philadelphia chromosome
(Ph) negative MPNs (i.e., polycythemia vera [PV], essential
thrombocythemia [ET], and primary myelofibrosis [PMF]) is
hampered by mutual morphological similarities and overlap
with reactive proliferations. An even more heterogeneous
spectrum of clinical presentations follows the continuous
progress of disease, eventually resulting in ineffective he-
matopoiesis, bone marrow failure attributable to myelofibro-
sis, or transformation into acute leukemia.1

Since the first publications early 2005, the JAK2V617F
mutation has emerged as an essential molecular deter-
minant of MPNs, occurring in the majority of patients with
PV (�95%) and approximately half of ET or PMF cases.
This acquired mutation corresponds to a single-nucle-
otide change of the nucleotide 1849 in exon 14 of the
Janus tyrosine kinase 2 (JAK2) gene, leading to a valine
(V) to phenylalanine (F) substitution at amino acid posi-
tion 617. The mutation in the JH2 pseudokinase autoin-
hibitory domain results in a constitutive activation of JAK2
tyrosine kinase, responsible for a cytokine-independent
activation of the JAK-STAT signaling pathway. Conse-
quently, the hematopoietic precursors bearing this muta-
tion acquire a proliferation and survival advantage.2–5

The high frequency of this mutation, together with the
100% specificity for clonal disease, resulted in both sim-
plification and accuracy of the diagnostic process in
MPNs. Therefore, the presence of the JAK2V617F muta-
tion is now considered as a major diagnostic criterion in
the revised World Health Organization diagnostic criteria
for PV, whereas it is considered as a clonal marker for the
diagnosis in ET and PMF.6,7

Although the precise pathogenic contribution of
JAK2V617F to MPNs is not fully elucidated, a certain
degree of genotype–phenotype relationship has been
described in ET or PV patients.8–11 Homozygosity for the
JAK2V617F mutation as a result of mitotic recombination
is rarely observed in ET (2 to 4%), whereas it is now

Accepted for publication February 22, 2010.

Supplemental material for this article can be found on http://jmd.
amjpathol.org.

Address reprint requests to Barbara Denys, Clinical Biologist Ghent Uni-
versity Hospital, De Pintelaan 185 (2P8), B-9000 Gent, Belgium. E-mail:
barbara.denys@ugent.be.

Journal of Molecular Diagnostics, Vol. 12, No. 4, July 2010

Copyright © American Society for Investigative Pathology

and the Association for Molecular Pathology

DOI: 10.2353/jmoldx.2010.090137

512



established that the majority of patients with PV and PMF
harbor a subpopulation of JAK2V617F homozygous cells,
which however do not always predominate.2–5,12,13 In PV,
this status is associated with higher hemoglobin levels
and leukocyte count, lower platelet count, and presence
of pruritus.12 Not merely the presence of the mutation but
also the allele burden of JAK2V617F is likely to be an
independent parameter with clinical significance in ET
and PV.8,14–17 Although current evidence is inconclusive
regarding the prognostic relevance of either the pres-
ence of JAK2V617F or its allele burden, most studies
concluded that a higher mutant allele burden is an ad-
verse prognostic factor for fibrotic transformation and
thrombosis in ET and PV patients.8,10,11,18 In contrast, low
JAK2V617F allele burden in PMF is associated with an
inferior overall and leukemia-free survival.19,20

Therefore, quantification of mutant allele burden might
be clinically relevant. Moreover, clinical studies using
JAK2V617F targeted therapies are ongoing and ex-
pected to become available in the near future.21 As the
acquired mutation may be present in only a small pro-
portion of hematopoietic cells at diagnosis, and monitor-
ing of the allele burden in response to JAK2 inhibitors will
be necessary, sensitive and accurate quantification is
needed. Several groups developed assays to enable
detection of JAK2V617F mutation. Some are inappropri-
ate for the routine diagnostic laboratories because they
are too labor-intensive or complex.2–4,22,23 Other ap-
proaches, although sensitive, are not quantitative.24–30

Therefore, real-time PCR (qPCR) methods have been
introduced with mutation-specific primers or probes.31–35

Unfortunately, qPCR assays can suffer from nonspe-
cific amplification. In addition, maintaining specificity
and sensitivity when adapting qPCR assays to different
PCR equipment and reagents may be difficult and
time-consuming.

In this study, we improved and evaluated a qPCR
assay36 including a locked nucleic acid (LNA)-modified
wild-type blocking oligonucleotide and dual-labeled hy-
drolysis probe for sensitive and specific detection of the
JAK2V617F mutation. LNA is a nucleic acid analog that
contains an internal 2�-O, 4�-C methylene bridge, which
locks the ribose ring into a C3�-endo conformation. Intro-
duction of LNA analogs into oligonucleotides increases
thermal stability of heteroduplexes with � 3 to � 8°C per
modification.37 Because of high affinity hybridization of
the LNA oligonucleotide to the wild-type target template,
amplification is limited in the mutation-specific reaction.
Moreover, the mutation-specific hydrolysis probe con-
tains LNA monomers leading to increased specificity of
allelic discrimination. We validated our method by com-
paring the results with conventional sequencing for ac-
curacy determination and with two previously published
methods in terms of analytical and clinical sensitivity and
specificity. We have also introduced a control PCR to
normalize the obtained results, allowing precise quantifi-
cation of the JAK2V617F allele burden. Finally, this quan-
tification approach was clinically validated by comparing
the V617F allele proportions between the different MPN
entities.

Materials and Methods

Samples

We included peripheral blood or bone marrow samples
from 116 consecutive patients, suspected to suffer from a
MPN, received in our laboratory from May 2007 until
March 2008. Patients were classified based on their di-
agnosis into five categories: PV (n � 13), ET (n � 20),
PMF (n � 11), post-polycythemic myelofibrosis (post-PV
MF) (n � 3), and non-MPN (n � 69), encompassing a
heterogeneous group of reactive thrombocythemia, sec-
ondary polycythemia, chronic myeloid leukemia (CML)
patients, three cases with chronic myelomonocytic leu-
kemia and one refractory anemia with ringed sideroblasts
(RARS). Diagnosis was based on World Health Organi-
zation 2001 criteria.38 Consent was given by the Ethics
Committee of our hospital for saving sample leftovers for
further analysis. Peripheral blood samples were obtained
from 20 healthy individuals. All samples were collected
into EDTA-containing blood sampling tubes (Terumo,
Leuven, Belgium) and immediately transported to the
laboratory at room temperature. The processing of the
samples was initiated within 12 hours after collection.

Sample Preparation

Genomic DNA was isolated from samples using the
QIAamp DNA mini kit (Qiagen, Paisley, UK) according to
the manufacturer’s instructions. DNA concentrations
were measured by UV spectrophotometry.

LNA-Based qPCR

Both qPCR reactions were performed in a final volume of
25 �l using an iQ5 real-time PCR detection system (Bio-
Rad, Hercules, CA). The reaction mixtures contained a
maximum of 250 ng genomic DNA and final concentra-
tion of reagents were: 300 nmol/L of each primer, 100
nmol/L of both dual-labeled probes in a separate reac-
tion, 1 �mol/L LNA oligonucleotide (mutation-specific re-
action only), 400 �mol/L dNTPs, 4 mmol/L MgCl2, and
0.025 U/�L TaqDNA polymerase in PCR reaction buffer
(Eurogentec, Seraing, Belgium). The sequences of the
primers and probes are provided in Table 1. The PCR
cycle parameters were as follows: an initial denaturing
step at 95°C for 10 minutes and 45 cycles of 95°C for 15
seconds and 60°C for 1 minute. All samples, including
positive and negative controls, were run in duplicate.

JAK2V617F Quantification

The amount of JAK2V617F allele was reported as the
proportion of JAK2V617F versus all JAK2 (mutated and
wild-type in control PCR reaction) (i.e., JAK2V617F/
JAK2V617F � JAK2WT). This JAK2V617F percentage
was calculated using plasmid standards for calibrations.
PCR fragments of wild-type or JAK2V617F DNA, cloned into
the pGEM T easy vector plasmids carrying AmpR selection
gene (Promega, Madison, WI), were kindly provided by Dr.
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Serge Carillo from the Laboratoire de Cytologie Clinique et
Cytogénétique (CHU, Nimes, France).39 The % JAK2V617F
was corrected for the % neutrophils in whole blood to esti-
mate the % JAK2V617F in the granulocyte fraction accord-
ing to the following formula: % JAK2V617F corrected �
(observed % JAK2V617F / % neutrophils) � 100.

Determination of Analytical Sensitivity and
Reaction Efficiency

The analytical sensitivity of the methods compared was
measured with a 1:2 serial dilution of HEL cells into JAK2
wild-type peripheral blood white blood cells. Because of
chromosomal amplification, the JAK2V617F copy number
depends on the cell line clone.40 Plasmid dilution exper-
iments indicated that our HEL cell line clone carries 18
copies of JAK2V617F (data not shown). After correction
for copy number, the proportion of mutant DNA in HEL
dilutions ranged from 100% to 0.01%. Moreover, to prove
an increased sensitivity with 250 ng DNA input, different
DNA amounts of the HEL dilutions were tested. The limit
of quantification was defined as the lowest dilution that
generated an unequivocal and consistently positive
JAK2V617F result within mean � 2SD (see results inter-
assay variation). The limit of detection was defined as the
maximum obtained sensitivity.

Efficiency of the LNA-based qPCR reactions were de-
termined by constructing a standard curve using a 1:10
serial dilution of HEL cell DNA into water.

Accuracy Determination

To validate the LNA-based qPCR assay, 77 randomly
selected patient samples of 116 were genotyped for the
JAK2V617F mutation using conventional sequencing. The
target DNA sequence of the JAK2 genewas amplified using
a set of sequencing primers (Table 1) to generate a 177-bp
amplicon. PCR was performed using a maximum of 250 ng

of genomic DNA in 25 �l reaction with final concentrations
of 200 nmol/L each of the primers, 200 �mol/L of dNTPs, 4
mmol/L MgCl2, and 0.06 U/�L TaqDNA polymerase in PCR
buffer (Applied Biosystems, Foster City, CA). PCR condi-
tions were: 1 cycle at 95°C for 3 min followed by 40 cycles
at 95°C for 15 s, 55°C for 30 s and 72°C for 30 s, and final
extension at 72°C for 10 min. Amplicons were purified (Wiz-
ard SV Gel and PCR Clean-Up System, Promega, Madison,
WI) and used as a template for the cycle sequence reac-
tion. Forward and reverse sequencing were performed us-
ing Big Dye Terminator version 3.1 kit (Applied Biosystems)
with the same primers above mentioned as follows: 1 cycle
at 96°C for 1 min followed by 25 cycles at 96°C for 10 s,
50°C for 5 s and 60°C for 4 min. After cycle sequencing,
products were ethanol precipitated and, after addition of
Hi-Di formamide (Applied Biosystems), analyzed on an ABI
3130 XL sequencer (Applied Biosystems).

Statistical Analysis

The intra- and interassay variation was obtained by calcu-
lating the coefficient of variation on allelic burden values.

The nonparametric Mann–Whitney test for indepen-
dent samples was used to compare JAK2V617F allele
burden between MPN categories. Data were analyzed
using MedCalc Version 9.3.2.0 (MedCalc Software, Mari-
akerke, Belgium). A P value of �0.05 was considered as
statistically significant.

Results

LNA-Based qPCR

We introduce a qPCR assay that combines the LNA and
fluorescent hydrolysis probe technologies for sensitive
JAK2V617F point mutation detection. This qPCR, modi-
fied from the molecular beacon technology as described
by Sidon et al, enhances allelic discrimination by limiting

Table 1. PCR Primers/Probes and Sequencing Primers Used in this Study

Primer set Primer sequence

LNA-based qPCR
JAK2 forward primer 5�-AGCAGCAAGTATGATGAGCAAG-3�
JAK2 reverse primer 5�-GAGAAAGGCATTAGAAAGCCTGTAG-3�
Mutation probe 5�-TGGAGTATGTTTCTGTGGA-3�
LNA oligonucleotide 5�-TATGTGTCTGT	3�
Control probe 5�-ACAAGCATTTGGTTTTAAATTATGGAG-3�

AS-PCR25

JAK2 WT forward primer 5�-GGTTTTAAATTATGGAGTATGTG-3�
JAK2V617F forward primer 5�-GGTTTTAAATTATGGAGTATGTT-3�
JAK2 reverse primer 5�-TACACTGACACCTAGCTGTGA-3�

Larsen-qPCR35

JAK2 forward primer 5�-CTTTCTTTGAAGCAGCAAGTATGA-3�
JAK2 WT reverse primer 5�-GTAGTTTTACTTACTCTCGTCTCCACATAC-3�
JAK2V617F reverse primer 5�-GTAGTTTTACTTACTCTCGTCTCCACATAA 	3�
JAK2 probe 5�-TGAGCAAGCTTTCTCACAAGCATTTGGTTT-3�

Sequencing primers
JAK2 forward primer 5�-TTCCTTAGTCTTTCTTTGAAGCA-3�
JAK2 reverse primer 5�-GTGATCCTGAAACTGAATTTTCT-3�

The nucleotide at bp position 1849 is bold. The intended mismatches for the Larsen-qPCR are italic. Capital letters indicate normal bases, and
underlined capital letters are LNA bases. AS indicates allele-specific; LNA, locked nucleic acid; WT, wild-type.
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wild-type JAK2 sequences from amplification using a
LNA oligonucleotide.36 A mutation-specific probe is la-
beled with a 5� 6-carboxyfluorescein (FAM) reporter dye
and 3� black hole quencher (BHQ1) dye (probes and
primers sequences are given in Table 1). During PCR
cycling, amplification of wild-type allele is limited by the
high affinity of the LNA oligonucleotide for this sequence.
In contrast, a mutation detection probe in the PCR reac-
tion reveals a signal when V617F alleles are present, not
being affected by the LNA oligonucleotide (Figure 1).

Additionally, a control PCR reaction was performed for
all samples for total JAK2 DNA quantification and to
exclude false-negative results by an inhibition or attribut-
able to insufficient quality or quantity. This control ampli-
fication was performed in a separate reaction, using the
same forward and reverse primer as in the mutation-
specific PCR reaction but with a probe located upstream
of nucleotide 1849, able to detect both wild-type and
mutant alleles.

Comparison of Analytical Specificity of the
Detection Methods Used

Sensitive detection of a point mutation in the presence of
abundant wild-type sequences is a challenge. A qPCR
method according to Larsen et al (Larsen-qPCR)35 that
uses a hydrolysis probe and two sets of primers (a com-
mon forward primer and wild-type or mutation-specific
reverse primers containing an intended mismatch at the
third base from the 3� end to improve hybridization strin-
gency) was not specific in our hands, even when using
SDS-PAGE purified primers. Therefore, we optimized a
LNA-based qPCR to tackle the specificity problem and
compared it to an allele-specific (AS) semiquantitative
PCR followed by capillary electrophoresis, according to

McClure et al25 and the Larsen-qPCR. The sequences of
all primers and probes are provided in Table 1.

Twenty peripheral blood samples from normal volun-
teers were analyzed. All DNA samples did not contain the
JAK2V617F mutation according to the AS-PCR and did
not show any amplification in the mutation-specific LNA-
based qPCR reaction. In contrast, 19 of 20 showed an
amplification signal with the V617F mutation-specific
Larsen-qPCR SDS-PAGE purified primer set (see supple-
mental Figure S1A at http://jmd.amjpathol.org). This un-
derlines the need to define a Ct cut-off value to differen-
tiate between JAK2V617F-positive and negative samples
when using this method. The mean Ct value of the 19
positive healthy individuals was 42.4 � 2.1 (mean � SD).
Based on a 3-SD confidence interval (CI), a threshold Ct
value of 36 was defined, below which a sample was
considered JAK2V617F positive with the mutation-spe-
cific Larsen-qPCR.

Comparison of Analytical Sensitivity

The sensitivity of the assay was determined by measuring
a dilution series of JAK2V617F mutant cells in wild-type
cells, expressed as % mutant alleles. The LNA-based
qPCR showed a limit of JAK2V617F quantification equal
to 0.4% and reached a maximum sensitivity of 0.2%.
Moreover, different DNA amounts of the serial dilution
series were tested, achieving the highest sensitivity using
250 ng template DNA (data not shown). The AS-PCR
yielded a reproducible mutation peak on capillary elec-
trophoresis for samples with 3.6% mutant alleles. Further
dilutions diminished this peak, visible in only 1 of 6 re-
peats at 1.8% mutant DNA. Because of nonspecificity,
the limit of detection could not be determined for the
Larsen-qPCR. However, based on a Ct cut-off point of 36
(see results analytical specificity) a limit of quantification
of 0.8% could be demonstrated, because this dilution of
mutant DNA yielded all four Ct values below 36.

Reproducibility and Efficiency Determination of
the LNA-Based qPCR

To determine the intraassay variability, DNA obtained
from a patient carrying JAK2V617F was analyzed 20
times within one run. The SD of the mutation-specific and
control qPCR reaction were 0.086 and 0.070, respec-
tively. The mean JAK2V617F allelic ratio was 44.5% with
a coefficient of variation value of 6.7%. To evaluate the
interassay variability, another mutant patient DNA (mean
JAK2V617F allele burden of 81%) was analyzed in dupli-
cate over four different runs. This resulted in an inter-run
coefficient of variation value of 7.0% for the JAK2V617F
allelic ratio according to plasmid standards.

Assessment of the efficiency of the LNA-based qPCR
method with a LNA oligonucleotide concentration of 1
�mol/L showed an efficiency of amplification of 97% and
96% for the mutation-specific and control LNA-based
qPCR reaction, respectively (data not shown).

Figure 1. Schematic overview of the mutation-specific LNA-based qPCR
reaction. At the left part of the figure, the perfect matching between the
hydrolysis probe and the mutated DNA sequence allows annealing of the
probe to the target DNA and consequently the Taq polymerase can hydrolyze
the probe. In contrast, the single bp mismatch between the LNA oligonucle-
otide sequence and the mutated DNA sequence prevents specifically its
annealing. At the right part of the figure, the LNA oligonucleotide anneals to
wild-type target DNA, thereby preventing the detection of wild-type JAK2
sequences. The LNA oligonucleotide thus allows preferential amplification of
the mutated DNA if present. Moreover, the mutated specific hydrolysis probe
cannot efficiently hybridize to wild-type target because of a single bp mis-
match between both. LNA indicates locked nucleic acid.
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JAK2V617F Genotype Distribution in Clinical
Samples

Next, we evaluated 116 samples from patients suspected
to suffer from a MPN. All samples were tested for the
presence of the JAK2V617F mutation by the AS-PCR,
Larsen-qPCR, and LNA-based qPCR. A summary of these
results according to the MPN categories is given in Table
2. Using the LNA-based qPCR approach, 36/116 (31%)
of the samples gave a positive result and were concor-
dant with the results obtained by the AS-PCR, resulting in
a 100% overall agreement. All 36 samples were also
detected by the Larsen-qPCR method. However, 79 of
the remaining 80 samples, found negative by both AS-
PCR and LNA-based qPCR, showed an amplification
signal in the mutation-specific Larsen-qPCR (see supple-
mental Figure S1B at http://jmd.amjpathol.org). Conse-
quently, using a Ct cut-off value of 36 (see results ana-
lytical specificity), 5 of those 79 patients were reported to
carry the JAK2V617F mutation, and may be considered
as false positive results when compared with LNA-based
qPCR and AS-PCR (Table 2).

To confirm the accuracy of the assay, 77 samples were
sequenced and the results were compared with those
obtained by the LNA-based qPCR and the AS-PCR. This
showed a good correlation between the PCR and se-
quencing data (Table 2). However, a discrepancy was
observed for 5 samples for which the mutation could not
be discerned from the background JAK2 sequence.
Knowing that the allele burden for JAK2V617F can be
low, the limited analytical sensitivity of sequencing, re-
ported to be 10 to 20%,4,26 may explain these discordant
results.

Quantitative JAK2V617F Allele Burden
Determination by the LNA-Based qPCR

The corrected JAK2V617F allelic ratio was calculated
for the 36 positive samples. Box-and-Whisker plot pre-
sentation of the JAK2 mutant allele burden in the dif-
ferent disease entities is presented in Figure 2. Of the
13 patients with PV, 11 carried the JAK2V617F muta-
tion (Table 2) with a median burden of 58.2% (95% CI:
25.4% to 71.8%). In total, 7 of 11 patients (64%) dis-
played �50% mutant alleles and could be considered
homozygous. The 14 JAK2V617F-positive ET patients
(Table 2) had a lower median JAK2V617F allele burden
as compared with the PV group, although not reaching

statistical significance (P value � 0.14). A median
mutant JAK2 allele ratio of 36.3% (95% CI: 28.6% to
52.3%) was observed. Moreover, the level found in ET
patients was significantly lower than the level found in
patients with PMF or post-PV MF (P value of 0.003 and
0.008, respectively). The median proportion of mutated
alleles in patients with PMF (n � 8) was 69.4% (95% CI:
48.2% to 90.5%), and increased to 99.7% (n � 3) when
restricted to post-PV MF.

Discussion

Specific quantification of JAK2V617F mutational burden
provides an opportunity to evaluate the prognostic sig-
nificance of the mutation burden at diagnosis and raises
the possibility to monitor disease progression or efficacy
of therapy. Although several real-time PCR methods for
quantitative detection of JAK2V617F have been pub-
lished,31–35 diagnostics labs can face nonspecific ampli-
fication, leading to false positive results. This could have
significant clinical consequence because JAK2V617F is
being incorporated into diagnostic algorithms for the

Table 2. Overview of Parallel JAK2V617F Results by the Different Mutation Detection Techniques in the Four MPN Categories

Patient classification AS-PCR25 Larsen-qPCR*35 LNA-based qPCR Sequencing

PV 11/13 11/13 11/13 9/12
ET 14/20 14/20 14/20 11/16
PMF 8/11 9/11 8/11 8/9
Post-PV MF 3/3 3/3 3/3 3/3
Non-MPN 0/69 4/69 0/69 0/37
Total 36/116 (31%) 41/116 (35%) 36/116 (31%) 31/77 (40%)

The table shows positive samples over all patients tested per classification versus technique applied. Asterisk indicates using the defined CT cut-off
of 36 to differentiate between positive and negative results; MPN, chronic myeloproliferative disorder; AS, allele-specific; LNA, locked nucleic acid; PV,
polycythemia vera; ET, essential thrombocythemia; PMF, primary myelofibrosis; post-PV MF, post-polycythemic myelofibrosis.

Figure 2. Proportion of JAK2V617F allele burden of the 36 JAK2 mutant
patients included in this study. Box-and-Whisker presentation of the results
from patients with PV (n � 11), ET (n � 14), PMF (n � 8), and post-PV MF
(n � 3). The central box represents 25th to 75th percentile, and the middle
line the median. The black vertical line extends from the minimum to the
maximum value, excluding “outside” and “far out” values. P values are
represented for comparisons between all disease entities. PV indicates poly-
cythemia vera; ET, essential thrombocythemia; PMF, primary myelofibrosis;
post-PV MF, post-polycythemic myelofibrosis.
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identification and classification of MPNs.6 False positive
results may be explained by the inadequate adaption of
published qPCR protocols to local PCR equipment and
reagents. Therefore, to ensure specificity, we tested a
novel qPCR method for sensitive and specific quantifica-
tion of JAK2V617F that uses a wild-type blocking LNA-
oligonucleotide. The wild-type blocking LNA-oligonucle-
otide used allows, in combination with a mutation-specific
detection probe, to detect very low levels of JAK2V617F
alleles with 100% specificity in peripheral blood and in
bone marrow samples. This method has been adapted
from the assay described by Sidon et al with molecular
beacon technology.36 However, compared with hydroly-
sis probes, molecular beacon probes yield less fluores-
cence, as no physical separation of fluorophore from
quencher occurs. Our experience shows that it is very
difficult to obtain good reproducibility between batches
with these probes. In addition, hydrolysis probes are
more widespread and more accessible because of less
complex synthesis.

Moreover, we developed a procedure for accurate
quantification of the allele burden. By adding a control
JAK2 PCR reaction, we express the results as a pro-
portion of JAK2V617F to total JAK2. The study of Lip-
pert et al39 underlined the necessity to use a universal
expression of results and reported the lowest lab-to-lab
variation when JAK2V617F allelic burden results were
expressed as a percentage of total JAK2 DNA and not,
for example, in relation to other genes. Additionally,
this control JAK2 PCR reaction allows exclusion of
false-negative results attributable to, for example, PCR
inhibition.

As B and T lymphocytes typically do not express
JAK2V617F,2–4,33,34 the JAK2 tumor burden is likely to be
underestimated in whole blood assays. In routine analy-
ses, granulocyte purification is time-consuming and
whole blood extraction is preferred. Whole blood is, how-
ever, only suitable for the diagnosis of MPNs when the
JAK2V617F allelic ratio is adjusted using the percentage
neutrophils, like we did in our study. Nonetheless, for the
purpose of monitoring disease progression and of effi-
cacy of newly developed therapies, purification of blood
granulocytes remains necessary.41

Kroger et al31 showed the importance of monitoring
patients with myelofibrosis after allogenic stem cell trans-
plantation by JAK2V617F quantification. Broad applica-
tion of the JAK2V617F mutation as a molecular marker for
minimal residual disease detection to monitor disease
progression in all MPN entities or in response to novel
JAK2 inhibitors will require highly sensitive PCR methods.
With an analytical quantitative sensitivity of 0.4%, the
LNA-based qPCR assay resulted in the highest sensitivity
as compared with the established AS-PCR method vali-
dated by McClure et al25 and the qPCR method accord-
ing to Larsen et al,35 evaluated in this study. Furthermore,
the multicenter comparative study of JAK2V617F assays
published by Lippert et al39 demonstrated that only two
TaqMan AS-qPCR assays with primer-based specificity
had a reproducible quantitative sensitivity of 0.2%. How-
ever, in our hands, one assay was prone to nonspecific
amplification (data not shown). This may be attributable

to suboptimal adaptation of the assay to our qPCR equip-
ment, which illustrates the advantage of using a wild-type
LNA oligonucleotide to block wild-type JAK2 sequences
from amplification. Moreover, the other assay showed a
false positive result in the study of Lippert et al.39 Fur-
thermore, we reported a limit of detection of 0.4% with
reproducible assessment of the JAK2V617F allele bur-
den, defined as the limit of quantification. However, our
assay reached a maximum sensitivity of 0.2%, however
without consistent positive results.

As part of the assay validation, JAK2V617F genotype
distribution was determined for patients from the various
diagnostic MPN categories and for the non-MPN pa-
tients. A parallel evaluation of the LNA-based qPCR as-
say with the AS-PCR revealed that these methods yielded
concordant results. Moreover, the quantitative results
showed a distribution of V617F allele burden among the
different MPN entities as described by other groups.15,16

Figure 2 depicts that the lowest and highest values are
expressed by patients with ET and PMF or post-PV MF,
respectively, whereas an intermediate allele burden is
found in patients with PV.

Finally, the relatively low intra- and interassay variabil-
ities indicate the robustness of our assay, which renders
it suitable for quantitative analyses of JAK2V617F in rou-
tine clinical laboratories. Moreover, this method is also
convenient for quick and accurate identification of pa-
tients who carry the mutation because this test is less
time consuming than, for example, the AS-PCR that re-
quires electrophoresis postamplification.

In conclusion, the LNA-based qPCR is a rapid and highly
specific assay. This technique is suitable for JAK2V617F
mutation detection in the routine diagnostic laboratory, be-
cause it uses standard equipment and is technically easy to
perform with few sample manipulation steps. Our optimized
method allows quantification of the JAK2V617F allele bur-
den on DNA extracted from peripheral whole blood sam-
ples for diagnostic purposes with a reproducible quantita-
tive sensitivity of 0.4%.
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