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Chronic Myeloproliferative Disorders

Introduction

Chromosomal translocations targeting JAK2 are rare but
recurrent abnormalities are seen in myeloproliferative neo-
plasms (MPN), acute myeloid leukemia, acute lymphoblastic
leukemia and lymphoma.1-7 Three fusion variants in MPN,
namely PCM1-JAK2, BCR-JAK2 and ETV6-JAK2, are thought
to be constitutively activated drivers of the disease process
analogous to BCR-ABL1 in chronic myeloid leukemia. JAK2-
rearranged malignancies are typically aggressive and, apart
from stem cell transplantation, current therapies have limited
efficacy.

Ruxolitinib (INC424) (Novartis/Incyte) is an orally avail-
able, selective JAK1/2 inhibitor recently approved by the
United States Food and Drug Administration for the treat-
ment of intermediate or high-risk myelofibrosis. JAK2
inhibitors are obvious candidates for treatment of patients
with JAK2 fusion genes8 and, therefore, we have examined
the activity of ruxolitinib in primary patient material and cell
line models. We present data showing that ruxolitinib is a
promising candidate for treatment of patients with MPN and
chromosomal abnormalities involving JAK2. 

Design and Methods

To assess response to ruxolitinib in cell line models, Ba/F3 cells were
transfected with pcDNA3.1-ETV6-JAK2 (ETV6 amino acid 154 fused
to JAK2 amino acid 534; kindly provided by Dr Dwayne Barber,
Ontario Cancer Institute, Toronto, Canada).  Clones were isolated and

transformed to IL3 independence. Ba/F3 cells transformed to IL3 inde-
pendence by BCR-ABL1 (kindly provided by Dr Junia Melo,
University of Adelaide, Australia), ZMYM2-FGFR19 or SPTBN1-
FLT310 and the KG1A cell line were used as controls. All cell lines were
grown in RPMI-1640 plus 10% serum. 

To assess proliferative response to ruxolitinib (provided by
Novartis, Basel, Switzerland), cell lines were grown in 96-well plates
(Ba/F3 lines at 1x105/mL, KG1A at 2-3x105/mL) with concentrations
of 10 nM to 10 mM at half-log intervals in triplicate in 100 ml vol-
umes. CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(MTS) (Promega, Madison, WI, USA) was used to measure live cells
at 0 and 48 h. Absorbance was measured using an MRX Microplate
Reader (Thermo Labsystems, Waltham, MA, USA). Each experiment
was performed three times. Cellular IC50 values were calculated
using GraphPad Prism 4 software (GraphPad Software, San Diego,
CA, USA).

The effect of ruxolitinib on phosphorylation was assessed by
Western blot. Cells were washed of serum then incubated with
inhibitor for 4 h. At each inhibitor concentration equal numbers of
cells were lysed in SDS-lysis buffer (62.5 mM Tris pH 6.8, 2% SDS,
10% glycerol, 0.1% bromphenol blue) with addition of protease
inhibitors. Proteins were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). Antibodies were:
anti-STAT5 (#9363, Cell Signalling Technology, Beverley, MA, USA),
anti-phospho-STAT5 (#9359, Cell Signalling Technology), anti-ERK
(sc-94, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phos-
pho-ERK (sc-7383, Santa Cruz Biotechnology, CA, USA), anti-AKT
(ab8805, Abcam, Cambridge, UK), anti-phospho-AKT (ab66138,
Abcam), anti-JAK2 (#2863-1, Epitomics, Burlingame, CA, USA) and
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anti-phospho-JAK2 (#TA303559, Origene, Rockville, MD, USA).
Signals were detected using enhanced chemiluminescence (ECL)
plus Western blotting detection reagent (Amersham Biosciences,
Little Chalfont, UK). 

Primary peripheral blood mononuclear cells from 2 patients
with JAK2 rearrangements and one patient with a JAK2 amplifica-
tion were used in in vitro response assays. Peripheral blood samples
from 7 healthy individuals and bone marrow samples from 3
chronic myeloid leukemia (CML) patients were used as controls.
The study was approved by the relevant internal review boards
and/or ethics committees, and informed consent was provided
according to the Declaration of Helsinki.

Case #1
A 51-year old male presented with a history of night sweats.

Peripheral blood showed left-shifted leukocytosis of 12×109/L
with a hemoglobin level of 13.7g/dL and a platelet count of

138×109/L. Eosinophils and basophils were not elevated. Spleen
size was increased (20x10 cm). Bone marrow was hypercellular
with pronounced granulopoiesis, prominent eosinophilia, and
reduced numbers of megakaryocytes and dysplastic erythro-
poiesis. Marrow fibrosis was grade 2. Cytogenetic analysis
revealed a 46,XY,t(8;9)(p22;p24) in 17 of 20 metaphases and real-
time polymerase chain reaction (RT-PCR) amplified a chimeric
mRNA with JAK2 exon 11 fused to PCM1 exon 36.

Case #2
The peripheral blood of a 68-year old male patient showed left-

shifted leukocytosis (39×109/L) with 9% eosinophils (absolute
numbers 3.5x109/L), thrombocytosis (780×109/L) and normal
hemoglobin (13 g/dL). Liver and spleen were slightly enlarged
(13x8 cm). Trephine biopsy revealed a hypercellular marrow with
pronounced granulopoiesis predominantly caused by eosinophils
and reduced numbers of erythropoietic precursors and megakary-
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Figure 1. Ruxolitinib is active against Ba/F3 cells transformed by ETV6-JAK2. (A) KG1A cells (which contain FGFR1OP2-FGFR1) and Ba/F3
cells transformed to IL3-independence by the fusion genes ETV6-JAK2, SPTBN1-FLT3, ZMYM2-FGFR1 or BCR-ABL1 were exposed to ruxolitinib
for 48 h. Values are means +/- SE of 3 independent experiments. (B) Expression as a percentage of Day 0 MTS reading (where line crosses
y-axis at 100%) indicates a net reduction in numbers of Ba/F3-ETV6-JAK2 cells over 48 h. Values are means +/- SE of 2 independent exper-
iments. (C) Treatment of cells with ruxolitinib for 4 h resulted in a dose-dependent reduction in phosphorylation of ETV6-JAK2, ERK, STAT5
and AKT. Translation from an internal methionine results in two isoforms of ETV6-JAK2;2 we found only the larger to be phosphorylated.
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Figure 3. Ruxolitinib inhibits colony growth of JAK2 rearranged or amplified primary cells. (A) Colony numbers of samples from 3 patients
with JAK2 rearrangements or amplification, 7 healthy controls and 3 CML controls were counted at Days 7 and 14. The y-axis response index
is the mean reduction in Days 7 and 14 colony counts in ruxolitinib-treated methylcellulose cultures compared to untreated cultures for all
ruxolitinib concentrations. (B) Comparison of JAK2 cases and healthy controls showed a progressive reduction in colony numbers with increas-
ing ruxolitinib concentrations. In cases 1 (C) and 2 (D) a subset of colonies were plucked on Day 14 for JAK2 FISH analysis allowing the size
of the JAK2-rearrangement positive and negative fractions to be estimated.  In both cases, the number of JAK2-rearrangement positive
colonies fell at lower ruxolitinib concentrations than JAK2-rearrangement negative colonies. 

Figure 2. Amplification of JAK2 in case 3 with myelodysplastic syndrome. Comparative genomic hybridization using a NimbleGen CGH
6x630K Whole-Genome Tiling Array (NimbleGen Inc., Madison, WI, USA) (A) and fluorescence in situ hybridization (FISH) with probes flanking
the JAK2 locus (Kreatech, Amsterdam, The Netherlands) (B) revealed a JAK2 amplification contained within a single chromosome (⇨) and a
non-amplified JAK2 allele (→).
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ocytes. Blasts were slightly elevated. 
Marrow fibrosis was grade 1. Cytogenetic analysis revealed

46,XY,t(9;18)(p24;q12),t(14;18)(q21;q23)[24]. A rearrangement of
JAK2 was confirmed by fluorescence in situ hybridization (FISH)
with probes flanking the JAK2 gene (Kreatech, Amsterdam, The
Netherlands). The putative JAK2 fusion partner remains to be
identified.

Case #3
A 71-year old male patient presented with moderate leukocy-

topenia (3.4x109/L), transfusion-dependent anemia (Hb 7.6 g/dl)
and thrombocytopenia (53x109/L). The spleen was slightly
enlarged. Bone marrow biopsy showed approximately 50%
ringed sideroblasts with dysplastic granulopoiesis and megakary-
opoesis leading to refractory cytopenia with multilineage dyspla-
sia. No marrow fibrosis could be detected. 

Cytogenetics revealed a complex karyotype
(46,XY,der(5)t(3;5)(q26;q14)[1]/46,XY,der(5)t(3;5)(q26;q14),
der(7)t(7;9)(q21;p24),r(9)(p13q34),der(12)t(12;18)(p12;p11),r(18)(p1
1q21)[19). FISH and comparative genomic hybridization (CGH)
analysis revealed overamplification of JAK2 and genetic analysis
showed the patient to be negative for JAK2 V617F. 

Primary cells were set up at 2x105/mL in methylcellulose with
cytokines without erythropoietin (Stem Cell Technologies,
Vancouver, BC, Canada) in triplicate for each inhibitor dose.
Colonies greater than 50 cells were counted on Day 7 and colonies
greater than 100 cells were counted on Day 14. An index of
growth response was calculated as described previously.11 FISH
was used to assess any differential effect of ruxolitinib upon
colonies with or without rearranged or amplified JAK2. Colonies
were plucked into 3:1 methanol/acetic acid, stored at -20°C until
required, and then pipetted onto slides. Split-apart FISH with dif-
ferentially labeled bacmid probes RP11-3H3 (5´ JAK2) and RP11-
28A9 (3´ JAK2) was performed according to established tech-
niques12 with the addition of a 70% acetic acid wash immediately
after slide making and a refix in 1% paraformaldehyde in PBS for
10 min before hybridization. 

Results and Discussion

The IL3-dependent Ba/F3 cell line can be transformed to
IL3 independence by expression of activated oncogenes
such as ETV6-JAK2 and thereby provides a model system
for assessing tyrosine kinase inhibitors.1 In initial experi-
ments, Ba/F3-ETV6-JAK2 clones and untransformed Ba/F3
cells (grown with IL3) showed similar responses to ruxoli-
tinib consistent with the requirement of JAK2 for IL3 sig-
naling.13 We therefore used the FGFR1OP2-FGFR1 posi-
tive KG1A cell line14 plus Ba/F3 cells transformed to IL3
independence by BCR-ABL1, SPTBN1-FLT3 and ZMYM2-
FGFR1 as negative controls since FGFR1, ABL1 and FLT3
are ruxolitinib insensitive. The mean cellular IC50 value
for the two Ba/F3-ETV6-JAK2 clones was 370 nM whilst
for all other cell lines the IC50 was over 10,000 nM (Figure
1A). A net loss of cells over the 48-h experimental period
was seen with Ba/F3-ETV6-JAK2 at higher ruxolitinib con-
centrations, i.e. where the MTS reading at 48 h falls below
100% of the Day 0 MTS reading (Figure 1B). In contrast,
almost no reduction was seen in survival of control cell
lines. Increasing inhibitor concentration was accompanied
by reduced phosphorylation of the JAK2 fusion protein,
ERK, STAT5 and AKT (Figure 1C). Together with previous
findings on ruxolitinib pharmacology (25 mg dose gives a

Cmax of 934 nM),15 our data therefore, suggest that effective
inhibition of JAK2 fusion proteins would be readily
obtainable in vivo.

Ruxolitinib was then assessed in in vitro assays using
primary material from 2 patients with JAK2 rearrange-
ments, one patient with JAK2 amplification, 7 healthy
controls and 3 CML controls. JAK2 amplification is very
rare in hematologic malignancies and has not previously
been described in myelodysplastic syndrome. CGH and
FISH showed amplification of a region on chromosome 9
containing JAK2 (Figure 2A and B). The total number of
copies of JAK2 was estimated at 6-7 per cell suggesting
increased JAK2 signaling and a potential response to rux-
olitinib. Cells from all 3 patients were grown for two
weeks in methylcellulose in the presence of ruxolitinib.
An overall reduction in colony growth was seen in
patients compared with healthy controls (t-test, P<0.05)
and CML controls (Figure 3A) which was progressive
with increasing ruxolitinib concentration (Figure 3B and
Online Supplementary Table S1). Colonies were plucked
into fixative followed by FISH analysis using split-apart
JAK2 probes to assess the proportions of JAK2-rearrange-
ment positive and negative cells at each ruxolitinib con-
centration and these data were combined with colony
counts to show the relative dynamics of the JAK2-
rearrangement positive and negative fractions (Figure 3C
and D; calculations are provided in Online Supplementary
Table S2). In both cases 1 and 2, the reduction in JAK2-
rearrangement positive cells occurs at lower ruxolitinib
concentrations and is greater than that seen in JAK2-
rearrangement negative cells at all concentrations. Both
patients with JAK2 rearrangements showed an overall
reduction in JAK2 rearranged colonies (c2 test; case 1,
P<0.02; case 2, P<0.05). In case 1, complete eradication of
PCM1-JAK2 positive colonies at 500 nM ruxolitinib was
seen. For case 3, only JAK2-amplified colonies were seen
(65 and 11 colonies analyzed by FISH from 100 nM and
500 nM ruxolitinib-treated cultures, respectively) suggest-
ing that the level of cells negative for the JAK2-amplifica-
tion may be too low to allow detection of a differential
effect using this assay. 

In summary, we have shown by in vitro assays using
both cell line models and primary patient material that
ruxolitinib has significant activity against JAK2 activated
by gene rearrangement and present evidence for potential
activity against cells with JAK2 amplification. Since aber-
rant activation of JAK2 has also been demonstrated in
lymphoid disorders, e.g. by JAK2 rearrangement or
SOCS1 mutation in lymphoma7,16 and CRLF2, IL7R and
JAK family mutations in acute lymphoblastic leukemia,17,18

it is possible that treatment with ruxolitinib will have
wider potential applicability in addition to the treatment
of patients with JAK2 rearrangement-positive MPN
described here.
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