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JAK2 mutation 1849G�T is rare in acute leukemias but can be found in CMML,
Philadelphia chromosome–negative CML, and megakaryocytic leukemia
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Elihu Estey, Hagop M. Kantarjian, and Jean-Pierre J. Issa

An activating 1849G>T mutation of JAK2
(Janus kinase 2) tyrosine kinase was re-
cently described in chronic myeloprolif-
erative disorders (MPDs). Its role in other
hematologic neoplasms is unclear. We
developed a quantitative pyrosequencing
assay and analyzed 374 samples of hema-
tologic neoplasms. The mutation was fre-
quent in polycythemia vera (PV) (86%)
and myelofibrosis (95%) but less preva-
lent in acute myeloid leukemia (AML) with

an antecedent PV or myelofibrosis (5
[36%] of 14 patients). JAK2 mutation was
also detected in 3 (19%) of 16 patients
with Philadelphia-chromosome (Ph)–nega-
tive chronic myelogenous leukemia (CML),
2 (18%) of 11 patients with megakaryocytic
AML, 7 (13%) of 52 patients with chronic
myelomonocytic leukemia, and 1 (1%) of 68
patients with myelodysplastic syndromes.
No mutation was found in Ph�CML (99 pa-
tients), AML M0-M6 (28 patients), or acute

lymphoblastic leukemia (20 patients). We
conclude that the JAK2 1849G>T mutation
is common in Ph� MPD but not critical for
transformation to the acute phase of these
diseases and that it is generally rare in
aggressive leukemias. (Blood. 2005;106:
3370-3373)
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Introduction

Janus kinase 2 (JAK2) is a tyrosine kinase involved in the
transduction of cellular growth stimuli.1,2 Chromosomal transloca-
tions resulting in fusions deregulating JAK2 activity are implicated
in leukemias.3-5 A somatic activating mutation, 1849G�T
(Val617Phe), in the JAK2 gene was recently described in most
patients with polycythemia vera (PV) and in approximately half
those with essential thrombocythemia (ET) and myelofibrosis
(MF).6-10 Mutation of both JAK2 alleles has been reported in
approximately 30% of the patients.6-10 It has been proposed that
wild-type JAK2 suppresses the transformation properties of mutant
JAK2, providing a selective advantage to loss of heterozygosity at
this locus.6 PV can progress to MF and to acute myelogenous
leukemia (AML),11 and MF can also progress to AML.12 The role
of JAK2 mutations in the transformation of myeloproliferative
disorders to acute leukemia and in de novo acute leukemias, as well
as in other hematologic malignancies, remains unclear. Infrequent
occurrence of this unique JAK2 mutation has been reported
recently in chronic myelomonocytic leukemia (CMML), atypical
or unclassified myeloproliferative disorder (MPD), myelodysplas-
tic syndrome (MDS), systemic mastocytosis, and chronic neutro-
philic leukemia.13,14

Pyrosequencing is a rapid and quantitative technique suitable
for detecting single nucleotide polymorphisms.15 We developed a
pyrosequencing assay for the detection of the JAK2 1849G�T
mutation in leukocyte genomic DNA and studied its prevalence in
MPD and other hematologic malignancies.

Study design

Patient samples

Samples were obtained from peripheral blood (n � 330) or bone marrow
cells (n � 9) stored in a tissue bank in the Leukemia Department at M.D.
Anderson Cancer Center and from Baylor College of Medicine. All patients
gave consent for donation of samples to the tissue bank, in accordance with
policies at the M.D. Anderson Cancer Center and Baylor College of
Medicine. In 35 samples, DNA was extracted from paraffin-embedded
diagnostic bone marrow biopsy specimens by heating paraffin slices at
100°C for 20 minutes in the solution containing 2% sodium dodecyl sulfate
and 25 mM EDTA (ethylenediaminetetraacetic acid), followed by digestion
at 50°C with proteinase K. Protein was removed by precipitation with 0.33
vol of 10 M ammonium acetate and centrifugation. DNA was recovered
from the supernatant by alcohol precipitation.
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Pyrosequencing

We developed 2 independent assays to detect the 1849G�T JAK2 mutation
on the sense and antisense DNA strands. Exon 12 of JAK2 was amplified by
polymerase chain reaction (PCR) from genomic DNA by primers JAK200F
5�-GCAGAGAGAATTTTCTGAACTAT and JAK200Rbio 5�biotin-CTCT-
GAGAAAGGCATTAGAAAG for the sense assay and JAK115Fbio 5�bi-
otin-GCAGCAAGTATGATGAGCA and JAK115R 5�-CTCTGAGAAAG-
GCATTAGAAAG for the antisense assay. After PCR, the biotinylated
strand was captured on streptavidin Sepharose beads (Amersham Bio-
sciences, Uppsala, Sweden) and annealed with the sequencing primers
JAK200S 5�-GGTTTTAAATTATGGAGTATGT for the sense strand and
JAK115S 5�-TCTCGTCTCCACAGA for the antisense strand. Pyrosequenc-
ing was performed separately for the sense and antisense strands using PSQ
HS 96 Gold SNP Reagents and the PSQ HS 96 pyrosequencing machine
(Biotage, Uppsala, Sweden). The protocol for sample preparation and
pyrosequencing is described in detail by Jones et al.14

Statistical analysis

The correlation between the pyrosequencing assays detecting the 1849G�T
mutation on the sense and antisense strands and the linearity of the assays
were assessed by linear regression analysis. Differences in clinical parame-
ters between the groups of patients with or without the mutation were
analyzed by parametric or nonparametric t tests.

Results and discussion

JAK2 1849G�T mutation status was analyzed by 2 independent
pyrosequencing assays in 374 samples of patients with hematologic
neoplasms, 21 leukemic cell lines, and 40 healthy controls.
Examples of pyrograms are shown in Figure 1A. We observed a
nearly perfect correlation of the results from the pyrosequencing
assays on the sense and antisense DNA strands (Figure 1B),
confirming the accuracy and reproducibility (r2 � 0.99; P � .001)
of the method. To examine the linearity of the assay, we performed
titrations by mixing DNA from healthy controls with DNA from
patients with 50% or 80% of mutant allele, respectively. DNA
mixes containing different ratios of healthy control and patient
DNA were amplified by PCR and analyzed by pyrosequencing.
Figure 1C demonstrates a linear relationship between the content of
patient DNA and the quantity of mutant allele detected by

pyrosequencing (r2 � 0.99). The experiments suggested the lower
detection limit of 5% to 10% mutant allele.

Our analysis of various hematologic malignancies confirmed
the high prevalence of JAK2 mutation in PV (25 [86%] of 29
patients), MF (18 [95%] of 19 patients), and ET (3 [30%] of 10
patients). We next analyzed the role of the JAK2 mutation in the
progression of these disorders to AML. In 22 AML patients with
preexisting PV, ET, or MF, 12 (55%) had the JAK2 mutation. This
prevalence of the JAK2 mutation was lower compared with that in
all ET/PV/MF patients studied in whom the JAK2 mutation was
present (46 [79%] of 58 patients). This difference was significant
by the Fisher exact test (2-sided; P � .047). When broken into
individual MPD diagnoses, the prevalence of the JAK2 mutation in
9 AML patients with antecedent PV was lower (5 [56%] of 9
patients) than in the total group of PV patients studied (25 [86%] of
29; P � .07). This difference was even more striking in patients
with myelofibrosis. None of 5 AML patients with preceding
myelofibrosis had the JAK2 mutation, whereas the mutation was
present in 18 (95%) of 19 of our patients with myelofibrosis
(P � .001). Interestingly, a reverse pattern was seen in patients
with ET. A higher prevalence of the JAK2 mutation was observed in
AML patients than in those with antecedent ET (7 [88%] of 8),
whereas we found the mutation in only 3 of 10 ET patients studied.
Remarkably, the age at diagnosis of AML with antecedent PV/
ET/MF was significantly lower (P � .04; t test) in patients lacking
the JAK2 mutation (median, 58 years; range, 40-73 years) than in
patients carrying the mutation (median, 68 years; range, 57-82
years), suggesting a more aggressive disease in MF and PV patients
without the JAK2 mutation. In these patients, there also was an
8-year difference in the median age at PV, ET, or MF diagnosis in
patients without the JAK2 mutation (age, 50 years; range, 24-71
years) than in those with the mutation (age, 58 years; range, 41-68
years), but this difference was not significant (P � .15).

In 4 patients, we had access to samples at MPD and progression
from the same patients. The mutation was present in PV and
progression samples at approximately the same proportions as in
mutant allele (32% and 71% at PV, compared with 49% and 74% at
MF, and 0% and 85% at PV, compared with 0% and 85% in AML).
These data suggest the deviation from the expected 50% and 100%
results from contamination of the clonal cells by polyclonal cells
not bearing the somatic JAK2 mutation (eg, T cells, stromal cells)16

Figure 1. Pyrosequencing assay for detection of 1849G>T JAK2 mutation. (A) Examples of pyrosequencing results. The sequence read is (G/T)TCTGTGG. The mutation
site with the adjacent T nucleotide is shaded. Peak heights are proportional to the amount of nucleotide present in the sequenced DNA. (top panel) Results from healthy control
showing equal heights of the 1849G and the following T peak. The last peak is of double height, reflecting 2 adjacent G nucleotides. (middle panel) Ph� CML, with the normal G
allele constituting 40% and the mutant T allele 60% of the total amplified DNA. (bottom panel) HEL cell line showing 0% of normal G allele and 100% of mutant T allele. The
height of the T peak is 200% (100% from the mutant allele and 100% from the adjacent T allele). (B) Reproducibility of quantitative analysis of the JAK2 mutation. Two
independent PCR and pyrosequencing reactions were performed to quantify the presence of A on the antisense strand (x-axis) and T on the sense strand (y-axis). Correlation
between the assays was nearly perfect (r 2 � 0.99). (C) Titration experiments showed linearity of the pyrosequencing assay. Healthy control DNA was mixed with 10%, 25%,
50%, and 75% DNA from a patient with MF carrying 50% of the mutant allele (E, broken line) or from a patient with PV whose DNA contained 80% of the mutant allele (F, solid
line). Linear regression showed slopes of 0.47 and 0.77 and correlation coefficients (r 2) of 0.98 and 0.99, respectively. (D) JAK2 gene is amplified in HEL erythroleukemic cell
line. Healthy control DNA mixed with 25%, 50%, and 75% HEL DNA showed 40%, 67%, and 85% of mutant allele (E), indicating that the HEL cell line carries 4 mutant alleles
and no normal allele. After correction for copy number, the dilution experiment showed a straight line (F, solid line).
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and that the mutation occurs early in disease development.
Overall, the data suggest the JAK2 1849G�T mutation is common
in MPD but not critical for transformation to the acute phase of
these diseases. Further studies in larger sets of patients and
multivariate analysis for confounding factors are needed to confirm
this observation.

No mutations were found in 99 patients with Philadelphia
chromosome (Ph)–positive CML (including 55 patients with ima-
tinib-resistant disease), AML M0-M5 (20 patients), erythroleuke-
mia (8 patients), or ALL (20 patients), but 2 of 11 patients with
megakaryocytic leukemia (AML M7) were positive for the
1849G�T JAK2 mutation. In Ph� CML, we found the mutation in
3 (19%) of 16 patients. In CMML, 7 (13%) of 52 patients had the
mutation. In MDS, the mutation was found in only 1 of 68 patients.
None of these patients had an antecedent history of PV or MF.
Individual characteristics of the non–PV/ET/MF patients carrying
the 1849G�T JAK2 mutation are summarized in Table 1.17,18 In 4
patients, the proportion of mutant allele was lower than 20%,
suggesting the presence of minor populations of cells carrying the
mutation. We confirmed the presence of the mutant allele in all
these patients by cloning PCR products in a plasmid vector and
pyrosequencing 50 clones for each patient. In 9 of 13 patients, the
sample studied was obtained within 6 months of diagnosis,
indicating that the abnormality was acquired early rather than at
disease progression. Mutation status for N-RAS and K-RAS was

available in 79 patients studied here. JAK2 mutation was found in
none of 9 patients positive for RAS mutations, compared with 7 of
70 patients free of RAS mutations. This difference was not
statistically significant.

Finally, we analyzed 21 leukemia cell lines. We detected the
mutation in only the HEL erythroleukemic cell line, as reported,8

and showed amplification of the mutant allele (Figure 1D). No
mutation was found in 12 other myeloid (BV173, HL60, K562,
K5MBR, KG1, KG1a, ML1, MV4:11, NB4, OCI-AML3, TF1,
U937), 4 T-cell (CEM, Jurkat, MOLT4, TALL), or 3 B-cell lines
(BJAB, Raji, RS4:11).

In summary, our results confirm previous reports on the
prevalence of JAK2 mutations in PV, MF, ET, CMML, and
MDS.6-10,13,14 Our data suggest that the JAK2 mutation is acquired
early, indicating that other molecular events are required for
progression. JAK2 mutation was found in a lower proportion of
patients whose MF or PV progressed to AML, and the age of AML
onset was 10 years lower in patients lacking the JAK2 mutation.
This may indicate that patients with MF and PV but without the
JAK2 mutation represent a subgroup with more aggressive disease
or that AML developed from a different subpopulation of stem cells
than did PV. JAK2 mutation is rare in other hematologic malignan-
cies except CMML, Ph� CML, and megakaryocytic leukemia.
Further studies of the clinical significance of the JAK2 mutation in
these diseases will be of interest.
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