Myeloproliferative neoplasms
and JAK2 mutations

BACKGROUND The relationship between the JAK2V617F mutation and myeloproliferative
neoplasms was described in 2005, and has since paved the way for a new understanding

of these diseases. The purpose of the study was to determine the prevalence of JAK2V617F
in a Norwegian patient cohort assessed for myeloproliferative neoplasia, and to investigate
potential clinical and biochemical differences between mutation-positive and mutation-

negative patients.

MATERIAL AND METHOD Since 2006, the Laboratory for Clinical Biochemistry at Haukeland
University Hospital has been performing analyses for the JAK2V617F mutation in real time
polymerase chain reactions (PCR). In the present study, we retrieved the results of all
JAK2V61T7F mutation analyses performed in the period 2006-2012. The results were compa-
red with clinical data from electronic patient records.

RESULTS Of 803 patients who underwent analysis, 156 were found to have the mutation
(19.4 %), while 216 were diagnosed as having a myeloproliferative disorder. Eighty-one of 108
patients diagnosed as having polycythaemia vera (75.0 %), 55 of 92 with essential thrombo-
cytosis (59.8 %) and eight of 16 patients with myelofibrosis (50.0 %) had the mutation. Muta-
tion-positive patients with polycythaemia vera had high levels of platelets and leukocytes. The
age of onset of mutation-negative patients was lower, and they were more often smokers.
Mutation-positive patients with essential thrombocytosis had high levels of haemoglobin,

haematocrit and leukocytes.

INTERPRETATION JAK2V617F is an essential diagnostic marker of myeloproliferative neo-
plasms and is associated with differences in the phenotypes of these disorders.

Myeloproliferative neoplasms are a group of
disorders characterised by clonal growth in
one or more haematopoietic cell lines. The
group includes chronic myelogenic leukae-
mia, polycythaemia vera, essential thrombo-
cytosis and primary myelofibrosis. Chronic
myelogenic leukaemia has a different aetio-
logy from the other three, and is associated
with a reciprocal translocation between chro-
mosome 9 and chromosome 22 which leads
to the formation of a Philadelphia chromo-
some. Thus we distinguish between Phila-
delphia chromosome-positive and Philadel-
phia chromosome-negative myeloprolifera-
tive neoplasms.

The annual incidence of the two combi-
ned is about 2—3/100 000 (1-3). As poly-
cythaemia vera and essential thrombocyto-
sis have a low malignancy, their prevalence
is higher than their incidence, at around 50/
100 000 for both. Myelofibrosis is a more
highly malignant disease with a poorer pro-
gnosis and a prevalence of around 5/100 000
(1-4).

The diseases are characterised by over-
production of mature, functional blood cells,
from one or more of the myeloid cell lines in
the bone marrow, often also in the liver and
spleen. The clinical course is long, with a
risk of thrombosis and haemorrhage and a
tendency to the development of fibrosis and
in rarer cases transformation into more
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highly malignant blood diseases such as
myelodysplastic syndrome and acute mye-
logenic leukaemia (5).

The kinship among the Philadelphia chro-
mosome-negative myeloproliferative dis-
eases is also reflected in their molecular
pathogenesis. The JAK2 gene is located in
position 24 on chromosome 9 and codes for
a tyrosine kinase that signals downstream to
activate cytokine receptors (Fig. 1). Know-
ledge of the role of JAK?2 in signalling path-
ways related to haematopoiesis led to the
hypothesis that a mutation in this gene could
be linked to pathogenesis.

In 2005, four independent research groups
found a somatic mutation in the JAK2 gene
that caused a valine-to-phenylalanine substi-
tution in codon 617, and hence increased
tyrosine phosphorylation and activity
through intracellular signalling pathways
(6—10). The nomenclature is therefore writ-
ten JAK2V617F, hereafter called the JAK2
mutation. The mutation makes haematopoie-
tic cells more sensitive to growth factors
such as erythropoietin and thrombopoietin,
resulting in increased proliferation of mye-
loid cell lines. Detection of the J4K2 muta-
tion was one of the World Health Organiza-
tion (WHO)’s diagnostic criteria for myelo-
proliferative neoplasms in 2008 (11, 12).

Patients with a JAK2-positive myelopro-
liferative disorder have previously been
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MAIN POINTS

Myeloproliferative neoplasms are charac-
terised by increased production of one or
more myeloid cell lines, often associated
with a point mutation in the JAKZ gene on
chromosome 9

This mutation was found in 19 % of a cohort
of 803 patients examined at Haukeland Uni-
versity Hospital in the period 2006-2012

JAK2V617F-positive and JAK2V617F-nega-
tive myeloid neoplasms had different clini-
cal and biochemical characteristics

The mutation was found to be less prevalent
in polycythaemia vera cases than previously
reported, which makes it likely that not all
the patients would have met the present day
diagnostic criterion for the disease
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Figure 1 JAK2 signalling. JAK2 is a kinase expressed in haematopoietic cells that is stimulated by the binding of cytokines or haematopoietic growth factors. Activation
causes a change in conformation, with subsequent phosphorylation and activation of intracellular signalling pathways, particularly the STAT signalling pathway [signal
transducer and activator of transcription). Cells with mutated JAK2 show a sustained constant increase in signalling via this pathway, which accelerates the production

and differentiation of myeloid cells

found to have different phenotypic characte-
ristics from patients with J4K2-negative
disease (13—15). JAK2 mutation analysis
was available in Norway in 2006. The pur-
pose of the present study was to examine the
prevalence of the mutation in a cohort of
Norwegian patients who were assessed for
myeloproliferative neoplasia, and to investi-
gate whether detection of the mutation was
characterised by particular biochemical or
clinical factors.

Material and method

Since 2006, the Laboratory for Clinical
Biochemistry, Haukeland University Hospi-
tal, has offered J4K2 mutation analysis, per-
formed on DNA isolated from leukocytes in
whole blood (16). The method is based on a
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real time polymerase chain reaction (PCR)
(16), and the results are reported as allele
burden (amount of mutated JAK2 as a per-
centage of total JAK?2). The detection cut-off
limit is 0.1 % and patients with results lower
than this are defined as JAK2-negative. A
low allele burden is defined as percentage
ratio 0.1 < € < 25, a high allele burden as
percentage ratio 25 < € < 100. In the period
2006-2008, the JAK2-mutation analysis
was performed using a different PCR
method, with a detection cut-off of 2 % (17).

With the approval of the Regional Com-
mittee for Medical and Health Research
Ethics (REC West, reference number 2011/
2278) we gathered clinical information
about patients for whom the J4K2-mutation
analyses were performed in the period

2006—2012. Duplicates (same patient) and
tests from individuals who were not patients
of the Bergen Hospital Trust were not inclu-
ded in the 1 613 registered tests, as clinical
information was only available from the
electronic patient record system (DIPS)
belonging to the Bergen Hospital Trust. The
total study population was 803 patients.

Clinical data collected consisted of dia-
gnoses made by the doctor providing treat-
ment and the following variables at the time
of diagnosis: age, mutation status, allele
burden, haematological blood tests, smo-
king status and complications. A bone mar-
row biopsy and if relevant further diagnostic
assessment were performed where the doc-
tor providing treatment believed it was indi-
cated.
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The statistics software SPSS15.0 was
used for calculations and graphical presenta-
tion. The chi-squared test, Fisher’s exact test
and the t-test were used for statistical analy-
ses. P-values of < 0.05 were regarded as sta-
tistically significant.

Results

Diagnosis of myeloproliferative neoplasms
Of'the 803 patients, 156 (19.4 %) were found
to have the J4K2 mutation. The number dia-
gnosed on the basis of data from electronic
patient records as having a myeloprolifera-
tive disorder was 216. Of these, 144 (66.7 %)
were JAK2V617F-positive and 72 (33.3 %)
were JAK2V617F-negative (Fig. 2).

Diagnostic distribution

The following diagnoses were registered for
the 216 patients diagnosed as having a mye-
loproliferative disorder: 108 polycythaemia
vera (50.0 %), 92 essential thrombocytosis
(42.6 %) and 16 myelofibrosis (7.4 %).

The proportion of patients with a J4K2
mutation differed among the various diagno-
ses (Fig. 3). Eighty-one of the 108 patients
with polycythaemia vera (75.0 %), 55 of the
92 with essential thrombocytosis (59.9 %)
and eight of the 16 with myelofibrosis
(50.0 %) were found to have the mutation.
As few patients had been diagnosed with
myelofibrosis, further analyses were only
conducted on the other patient data.

Biochemical and clinical variables
associated with polycythaemia vera

The average thrombocyte count of patients
with polycythaemia vera at the time of dia-
gnosis was more than twice as high in muta-
tion-positive as in mutation-negative pa-
tients (Table 1). Leukocyte and lactate dehy-
drogenase levels were also significantly
higher in mutation-positive patients. Age at
the time of diagnosis was distinctly lower in
mutation-negative patients, and they were
also more often smokers.

There was a preponderance of mutation-
positive women, and a slight majority of
mutation-negative men. There was no clear
difference between the mutation groups
with respect to haemoglobin and erythrocyte
volume fraction (EVF). No correlation was
found between mutation status and throm-
bosis prevalence (Table 2).

Biochemical and clinical variables
associated with essential thrombocytosis
On average, the haemoglobin level at the
time of diagnosis was higher in the muta-
tion-positive than in the mutation-negative
group. Significantly higher values were also
found for erythrocyte volume fraction and
leukocytes in the mutation-positive group
(Table 1). There was a higher prevalence of
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Figure 2 Overview of patient population, positive/negative status for myeloproliferative neoplasms and JAK2-

mutation

arterial thrombosis in the mutation-positive
group, but the finding was not statistically
significant (Table 2).

There were no significant differences
between the subgroups for the remaining
variables.

High allele burden

and higher risk of complications

Data on the allele burden of 143 patients
were registered. Thirty-nine (27 %) had a
high allele burden, while that of the other
104 (73 %) was low.

‘We found no significant difference between
these groups in the incidence of thromboses,
but there was a higher incidence of transfor-
mation to a higher grade cancer among those

Polycythaemia vera
(n=108)

(n=92)

Essential thrombocytosis

with a high allele burden compared with those
with a low burden: 13.9 % and 4.0 %, respec-
tively (p = 0.046).

Discussion
In this study we have looked at the preva-
lence of the JAK2 mutation in a large patient
cohort examined for suspected myeloproli-
ferative neoplasm. The mutation was detec-
ted in around a fifth of the patients. This
does not necessarily mean that none of those
with negative results had a myeloprolifera-
tive disease. In addition to the classic JAK2
mutation, JAK2V617F, a number of other
mutations related to these disorders have
been discovered in recent years.

Previous studies have found mutation in

W JAK2V617F-positive Il JAK2V617F-negative

Total
(n=216)

Primary myelofibrosis
(h=16)

Figure 3 JAK2-mutation status in patients with myeloproliferative neoplasm. Distribution of JAK2 mutation-
positive status among patients with polycythaemia vera (81 of 108; 75.0 %), essential thrombocytosis (55 of 92;
59.8 %), primary myelofibrosis (8 of 16; 50.0 %) and all patients with detected myeloproliferative neoplasms (144
of 216; 66.7 %]
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Table 1 Differences in haematological variables and age for JAK2V617F-positive and JAK2V617F-negative patients with polycythaemia vera and
essential thrombocytosis. P-values based on t-test (two-tailed). The frequency varies substantially due to incomplete patient data

Polycythaemia vera,

Essential thrombo-
cytosis, JAK2 V617F-

Polycythaemia vera,

Essential thrombo-
cytosis, JAKZ V617F-

JAKZ2V617F-positive JAK2V617F-negative positive negative
Average Average Average Average

(SD) Number (SD) Number P-value (SD) Number (SD)  Number  P-value
Haemoglobin (g/100 ml) 17.0 (2.5) 65 17.5 (1.6) 18 0.43 14.4.(1.6) 48 13.1(1.3) 34 <0.01
EVF 0.54 (0.08) 54 0.52 (0.05) 14 0.64 0.43(0.06) 23 0.39 (0.04) 24 0.01
Leukocytes (- 10/U) 12.9(7.5) 62 8.6 (3.1) 17 0.02 11.8(5.8) 48 8.8(3.7) 34 <0.01
Thrombocytes, (- 10/U) 551 (290) 63 268 (87) 17 <0.01 842 (273) 50 859 (329) 35 0.79
Lactate dehydrogenase
(U 289 (130) 34 198 (48) 13 0.02 235 (73) 26 244 (80) 25 0.68
Age (years) 66.6 (15.0) 72 55.0 (14.8) 23 <0.01 66.0(13.8) 51 61.3(19.5) 35 0.23

exon 12 of the JAK2 gene in about 3 % of pa-
tients with polycythaemia vera, while muta-
tions in the gene that codes for the thrombo-
poietin receptor (MPL) (19) have been
found in about 3 % of those with essential
thrombocytosis and in 10 % of those with
primary myelofibrosis. Nonetheless, the
situation before 2013 was that no causal
explanation had been found for 30—45 % of
patients with essential thrombocytosis and
primary myelofibrosis. In 2016, two
research teams using exon sequencing have
found somatic mutations in the CALR gene
in 25-35 % of these patients (20, 21).

On the basis of these results it is therefore

possible today to explain up to 97 % of all
cases of myeloproliferative neoplasm with
mutations in the JAK2, MPL or CALR genes
(20). Analysis of mutations in the MPL and
CALR genes is now available at Haukeland
University Hospital, but no results have
been included in this study.

The possibility that an alternative distinc-
tion, between J4K2-mutation-positive and
JAK2-mutation-negative myeloproliferative
neoplasms, might be more appropriate has
been discussed. The reason for this is that
mutation-negative status has a distinctly dif-
ferent phenotype. Another idea is that muta-
tion-positive myeloproliferative neoplasms

are distributed along a continuum according
to allele burden. Tests from animal models
have previously shown that the level of
expression of the JAK2 mutation has a
bearing on the development of a particular
disease (22, 23).

As JAK2 mutation analysis has been
established as an integral part of the assess-
ment of patients with suspected myeloproli-
ferative neoplasms (11), all those suspected
of having these disorders in the Bergen Hos-
pital Trust between the period February
2006 and February 2012 should have under-
gone this analysis.

It is striking that as many as 25 % of those

Table 2 Differences in gender, smoking habits and detected venous and arterial thrombosis between JAK2V617F-positive and JAK2V617F-negative
patients with polycythaemia vera and essential thrombocytosis in numbers and percentages. P-values based on chi-squared test and Fisher’s exact
test (two-tailed). The frequency (n) varies substantially due to incomplete patient data

Polycythaemia vera

Essential thrombocytosis

Variable JAK2V617F-positive JAK2V617F-negative  P-value JAK2V617F-positive JAK2V617F-negative  P-value
Gender 0.12 0.16
Male 34 (42) 16 (59) 16 (29) 16 (43)

Female 47 (58 11 (41) 39 (71) 21 (57)

Smoking 0.01 0.31
Yes 23 (38) 17 (68 26 (55) 14 (44)

No 38 (62) 8 (32) 21 (44) 18 (56)

Thrombosis 0.55 0.10
None 34 (42) 1 (41) 22 (41) 21 (57)

Arterial 33 (41) 11 (41) 27 (51) 13 (35)

Venous 6 (7] 4 (15) T (2 3 (8

Arterial and venous 8 (10) 1T (4) 3 (6 0 -
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with polycythaemia vera were mutation-
negative, as this was inconsistent with fin-
dings in the international literature, where
<10 % was reported (20, 24). It is unlikely
that the discrepancy is due to the analytical
method, errors in previous papers or an
epidemiology peculiar to Norway. A more
likely explanation is a certain amount of
overdiagnosis of polycythaemia vera, and
that patients with other types of polycythae-
mia were incorrectly given this diagnosis.

Polycythaemia is a collective designation
for disorders with elevated haematocrit, and a
distinction is made between absolute and rela-
tive polycythaemias (25). In absolute poly-
cythaemia, the total erythrocyte volume is
pathologically high, as in polycythaemia vera,
while in relative polycythaemias the erythro-
cyte volume is normal, but haematocrit is still
elevated. Secondary polycythaemias are abso-
lute polycythaemias that are often due to
hypoxia related to underlying heart and lung
disease. Relative polycythaemia is associated
with smoking, and heavy smoking may be a
cause of secondary polycythaemia (25).

The fact that there are almost twice as
many smokers among those with JAK2 muta-
tion-negative polycythaemia vera (38%
compared with 68 %) and a lower degree of
leuko- or thrombocytosis in the JAK2 muta-
tion-negative group provides support for the
overdiagnosis theory. Patients with poly-
cythaemia vera also often have a certain
degree of thrombocytosis and leukocytosis,
in contrast to those with other types of poly-
cythaemia (24). On the other hand, those who
are positive for the JAK2 exon 12 mutation
often have isolated erythrocytosis (18, 26).

As further support, the PCR analyses per-
formed in the initial period (2006—2008)
had a higher detection threshold for the
JAK?2 mutation (17), which may have led to
some patients with a low allele burden not
being classified as JAK2 mutation-positive
up to 2008. Other limitations implicit in the
study are that the diagnosis applied is based
on the judgement of the doctor providing
treatment and is not tested further.

Previous research found a higher haemo-
globin level, lower erythropoietin level and
higher leukocytes for JAK2 mutation-posi-
tive patients than for C4ALR-positive patients
with essential thrombocytosis (27). MPL
and CALR mutations were not investigated
in our patient cohort, but we assume that a
large proportion of the J4K2 mutation-nega-
tive patients with essential thrombocytosis
or primary myelofibrosis would test positive
for these markers. Our data show signi-
ficantly elevated levels of haemoglobin,
haematocrit and leukocytes in the JAK2 mu-
tation-positive patient cohort. This is consis-
tent with the belief that the JAK2V617F mu-
tation is related to a more aggressive sub-
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group of essential thrombocytosis than other
mutations (28).

Since 2005, the JAK2 mutation has proved
to be an important marker in the diagnosis of
myeloproliferative neoplasms. The previous
WHO diagnostic criteria did not include
MPL or CALR mutations (12), but these are
now incorporated in the new WHO classifi-
cation (24, 29) and implemented in the dia-
gnostic criteria in the Norwegian national
action programme with guidelines for the
diagnosis, treatment and follow-up of malig-
nant blood diseases (30). Monitoring of the
JAK?2 mutation allele burden may also be
indicated after an allogeneic bone marrow
graft to treat primary myelofibrosis, and in
the future may also play a part by identifying
patients with a higher risk of relapse (4, 31).

JAK2V617F analyses together with other
mutation analyses — for JAK2 exon 12, MPL
and CALR — are central markers in the
assessment of patients suspected of having
myeloproliferative neoplasms. Our study
has shown that there has probably been
overdiagnosis of polycythaemia vera, with
the result that not all those who have previ-
ously received the diagnosis would have met
the present criteria. JAK2 mutation-positive
myeloproliferative neoplasms have clinical
features that distinguish them from muta-
tion-negative, and future risk classification
and treatment algorithms may take account
of this.
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