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Abstract
Hyperkinetic Jak2 tyrosine kinase signaling has been implicated in several hematological
disorders including the myeloproliferative neoplasms (MPNs). Effective Jak2 inhibitors can thus
have significant therapeutic potential. Here, using structure based virtual screening, we identified a
benzothiophene derived Jak2 inhibitor named A46. We hypothesized that this compound would
inhibit Jak2-V617F mediated pathologic cell growth. To test this, A46 was analyzed for its ability
to i) inhibit recombinant Jak2 protein catalysis ii) suppress Jak2-mediated pathogenic cell growth
in vitro iii) inhibit the aberrant ex vivo growth of Jak2-V617F expressing primary human bone
marrow cells and iv) inhibit Jak2-mediated pathogenesis in vivo. To this end, we found that A46
selectively inhibited Jak2-V617F protein when compared to wild type Jak2 protein. The drug also
selectively inhibited the proliferation of Jak2-V617F expressing cells in both a time- and dose-
dependent manner and this correlated with decreased Jak2 and STAT5 phosphorylation within
treated cells. The Jak2-V617F cell growth inhibition correlated with an induction of cell cycle
arrest and promotion of apoptosis. A46 also inhibited the pathologic growth of primary Jak2-
V617F expressing bone marrow cells, ex vivo. Lastly, using a mouse model of Jak2-V617F
mediated MPN, A46 significantly reduced the splenomegaly and megakaryocytic hyperplasia in
the spleens of treated mice and the levels of IL-6 in the plasma. Collectively, our data demonstrate
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that the benzothiophene based compound, A46, suppresses Jak2-mediated pathogenesis, thereby
making it a potential candidate drug against Jak2-mediated disorders.
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INTRODUCTION
Jak2, a member of the Janus family of cytoplasmic tyrosine kinases, is ubiquitously
expressed and is a key mediator of signal transduction and gene transcription. A variety of
cytokines, growth factors and GPCR ligands can activate Jak2, trigger the canonical Jak/
STAT signaling cascade and cause physiological effects such as regulation of cell survival,
development, growth, and proliferation.

The critical role of Jak2 in embryonic development was demonstrated by gene deletion
studies in which Jak2 knock-out mice were found to be embryonic lethal due to absence of
definitive erythropoiesis that led to profound anemia [1, 2]. Conversely, constitutive
activation of Jak2 promotes aberrant cell proliferation and can lead to the development of
hematological malignancies and myeloproliferative neoplasms (MPNs) [3–5]. Philadelphia
chromosome negative MPNs include three pathogenetically related disorders; polycythemia
vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF). These
disorders arise from a transformed hematopoietic stem cell and are characterized by
increased production of blood cells of the myeloid origin.

A somatic Jak2 mutation (Jak2-V617F) was identified in ~90% of PV patients and about
50% of patients with ET and PMF [6–10]. In hematopoietic stem cells, a valine to
phenylalanine substitution at codon 617 (V617F) in the pseudokinase domain of Jak2 results
in a constitutively active Jak-STAT signaling pathway which in turn promotes the cytokine
independent growth of these cells. The presence of this mutation has also been detected in
other hematological malignancies such as acute myeloid leukemia, chronic myelomonocytic
leukemia, and chronic neutrophilic leukemia [11]. The co-expression of Jak2-V617F and an
ectopic erythropoietin receptor (EpoR) in the IL-3-dependent hematopoietic cell line, Ba/F3,
is sufficient to confer cytokine independent growth [12]. Subsequently, it has also been
shown that expression of this mutation in both murine bone marrow transplant models [13,
14] as well as transgenic models [15–18] is sufficient for the development of MPN-like
phenotypes in recipient mice. These reports strongly suggest that the Jak2-V617F mutation
plays a causative role in the pathogenesis of myeloproliferative neoplasms.

The presence of the Jak2-V617F mutation in a majority of MPN patients suggests that
identification of Jak2 specific inhibitors is an important step towards developing an effective
targeted therapy for MPNs. Our laboratory has been actively involved in the identification of
Jak2 inhibitors and has previously reported three small molecules with anti-Jak2 activity
[19–23]. Here, we used structure-based drug design to identify a novel benzothiophene
based structure, 1-benzothiophen-2-yl-(4-dimethylaminophenyl)methanol (termed as A46),
and show that this compound suppresses Jak2-mediated pathological cell growth in vitro, ex
vivo, and in vivo.
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MATERIALS AND METHODS
Drugs

The small molecule A46 was obtained from the National Cancer Institute/Developmental
Therapeutics Program (NCI/DTP), solubilized in dimethyl sulfoxide (DMSO) at a
concentration of 10 mM and stored at −20°C. PP2, a c-Src inhibitor, was purchased from
Calbiochem, solubilized in DMSO at a concentration of 10 mM and also stored at −20°C.

In Vitro Kinase Assay
Approximately 300 ng of recombinant protein was incubated in 40 μl of in vitro kinase
reaction buffer (60 mM HEPES pH 7.5, 5 mM MgCl2, 5 mM MnCl2, 3 μM Na3VO4, 2.5
mM dithiothreitol and 1 mM ATP) for 30 min at room temperature, either in the presence or
the absence of inhibitors, as indicated. Kinase reactions were terminated by the addition of
SDS-sample buffer and were subsequently analyzed by western blotting with the indicated
antibodies as described below. Jak2-WT/JH1+JH2 (wild-type Jak2), Jak2-V617F/JH1+JH2
(mutant Jak2), and c-Src recombinant proteins were all purchased from Invitrogen.

Cell Culture
HEL and Raji cells were purchased from the American Type Culture Collection (ATCC)
and CMK cells from the German Collection of Microorganisms and Cell Cultures, DSMZ.
SET-2 cells were a kind gift from Dr. Gary Reuther at the Moffitt Cancer Center and
Research Institute, Tampa, FL. Cells were cultured in RPMI 1640 (Mediatech)
supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin and L-glutamine
at 37°C and 5% CO2.

Cell Proliferation Assay
HEL, Raji, CMK and SET-2 cells were plated in 96-well plates at a concentration of
approximately 5 × 104 cells per well and treated with either 0.25% DMSO or A46 for the
indicated periods of time or concentrations. Cell viability was assessed by trypan blue
exclusion staining and hemocytometer.

ELISA
HEL cells, treated with either 0.25% DMSO or increasing doses of A46 for 48 hrs, were
lysed and analyzed by ELISA for detection of phospho-Jak2 and phospho-STAT5 protein
levels. For this, Jak2 [pY1007/pY1008] and STAT5b [pY699] ELISA kits (Invitrogen) were
used according to the manufacturer’s protocol.

Cell Cycle Assay
The CycleTEST™ PLUS DNA Reagent Kit (BD Biosciences) was used to analyze the DNA
obtained from HEL cells suspensions. The cells were first incubated with 0.25% DMSO or
increasing doses of A46 for 48 hrs and then analyzed using a FACSCalibur flow cytometer
(BD Biosciences) as per the manufacturer’s protocol.

Apoptosis Assay
Induction of apoptosis in HEL cells was determined with the FITC AnnexinV Apoptosis
Detection Kit (BD Pharmigen) as per the manufacturer’s protocol. The cells were incubated
with either 0.25% DMSO or increasing doses of A46 for 48 hrs, stained with AnnexinV and
Propidium Iodide (PI) and then analyzed using a FACSCalibur flow cytometer (BD
Biosciences) to determine the percentage of cells undergoing apoptosis.
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Western Blotting
HEL cells were treated with the indicated concentrations of A46 for 24 hrs. The cells (~107)
were then lysed in 0.8 ml of ice-cold RIPA buffer and protein concentration was determined
using a Bradford assay (Bio-Rad). Protein samples (~50 μg) were separated by gel
electrophoresis. The separated proteins were then transferred to nitrocellulose membranes
and blotted with the indicated antibodies. All the antibodies used were purchased from Cell
Signaling Technology except for those noted below; the anti-cyclin D1 was from Santa Cruz
Biotechnology, the anti-Jak2 pY1007/pY1008 antibody was from Invitrogen, the anti-c-Src
pY418 was obtained from BioSource. A cocktail of polyclonal antibodies from Santa Cruz
Biotechnology and BD Transduction Laboratories and a cocktail of antibodies from
Millipore and BioSource were used to detect total c-Src and total Jak2 protein, respectively.

Colony Formation Assay
Following an Institutional Review Board approved protocol, a residual bone marrow
aspirate was obtained from a de-identified Jak2-V617F positive female diagnosed with
Essential Thrombocythemia. The marrow-derived mononuclear cells were first washed in
Iscove’s Modified Dulbecco’s Medium (IMDM) and then cultured in human
methylcellulose complete medium lacking erythropoietin and thrombopoietin (R&D
Systems). Cells were plated in 35-mm petri dishes at a concentration of approximately 4 ×
104 cells/ml in the absence or presence of increasing doses of A46. Thrombopoietin (50 ng/
ml) was added to the indicated samples. The dishes were incubated at 37°C and 5% CO2 in a
humidified atmosphere for 14 days following which the number of colony forming units-
megakaryocytes (CFU-Megs) were counted.

Clonogenic Assay
Bone marrow cells from wild type or Jak2-V617F transgenic mice [16] were harvested,
cultured ex vivo in Iscove’s Modified Dulbecco’s Medium (IMDM), and treated ex vivo with
the indicated concentrations of A46 for 24 hrs. Post treatment, the drug was extensively
washed away and the cells (approximately 3 × 104 cells/35 mm dish) were plated in
MethoCult medium (Stem Cell Technologies) containing recombinant cytokines, but lacking
erythropoietin. Recombinant mouse erythropoietin (R&D Systems) was added at a final
concentration of 50 ng/ml where indicated. Five days later, the number of erythroid burst
forming units were counted and plotted as a function of treatment group.

In Vivo Analysis
All animal procedures were approved by the Institutional Animal Care and Use Committee
at the University of Florida. Animals were maintained in accordance with NIH standards
established in the Guidelines for the Care and Use of Experimental Animals. Briefly, 6–8
month old transgenic mice homozygous for the Jak2-V617F mutation generated on a
C57BL/6 background were used to assess the in vivo efficacy of A46. Age-matched non-
transgenic C57BL/6 mice were used as wild type controls. The Jak2-V617F allele was
detected by genomic PCR using primers 5′-TACAACCTCAGTGGGACAAAGAAGAAC
and 5′-CCATGCCAACTGTTTAGCAACTTCA. Transgenic mice received daily IP
injections of either DMSO vehicle control (n=3) or 1 mg/kg/day of A46 (n=3) for 17 days,
at which time the mice were euthanized. For histological analysis, spleens were fixed
overnight in buffered formalin, dehydrated through a graded ethanol series, paraffin-
embedded and sectioned (4 μm). Tissue sections were stained with hematoxylin and eosin
(H&E) and observed under a light microscope for overall morphology and quantitative
assessment of megakaryocytic hyperplasia. At euthanasia, terminal blood samples were
obtained and placed into tubes containing potassium salt of ethylenediamine tetraacetic acid
(EDTA). The blood was centrifuged at 10,000 × g for 10 minutes and the level of IL-6 in
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each sample was measured using a commercially available mouse IL-6 ELISA kit
(Invitrogen).

Statistical Analysis
Results are expressed as mean +/− SEM. For statistical evaluation of time-dependent
responses to A46, a two-way analysis of variance (ANOVA) was used. For the analysis of
inhibition of phosphorylation, induction of cell cycle arrest, induction of apoptosis and
suppression of pathologic cell growth and clonogenic potential ex vivo, a Student’s t-test
was employed. Data were assumed to be statistically significant when p < 0.05.

RESULTS
A46 specifically inhibits Jak2 kinase activity

Using an in silico structure based drug design approach, we screened a library of small
molecules from the NCI/DTP repository as described previously [20] and identified a small
molecule, termed A46, which bound the ATP-binding pocket of Jak2 with a favorable
energy score. Table 1 lists the chemical name, NSC number, chemical structure, and
molecular weight of this compound.

To determine whether this compound had any Jak2-V617F inhibitory potential, we first
conducted in vitro kinase assays using recombinant Jak2-V617F protein. After termination
of the reactions, kinase activity was determined via anti-phospho-Jak2 (pY1007/pY1008)
western blot analysis. In the absence of ATP, the Jak2-V617F protein had an inherent level
of autophosphorylation, and this was increased with the addition of ATP (Fig. 1A).
Exposure to A46 decreased the kinase activity of Jak2-V617F in a dose-dependent manner.

To determine whether this inhibitory potential was unique to Jak2-V617F, we repeated the
kinase reactions, but this time used Jak2 wild type protein. We found that A46 also inhibited
the kinase activity of Jak2 wild type, but with what appeared to be less potency (Fig. 1B).
To quantify these data, the blots representing Figs. 1A and 1B were subjected to
densitometry and the data were then plotted as a function of A46 concentration. We found
that A46 induced a dose-dependent decrease in the phosphorylation levels of both Jak2-
V617F and Jak2 wild type proteins with an IC50 of ~0.1 μM and ~1 μM, respectively (Fig.
1C). These data thereby suggest that A46 is about 10-fold more selective for inhibiting the
Jak2-V617F mutant protein when compared to the wild-type protein.

We next wanted to determine whether this compound was selective for suppressing Jak2
autophosphorylation when compared to other ubiquitous, cytoplasmic tyrosine kinases. For
this, recombinant c-Src protein was subjected to similar in vitro kinase reactions in the
presence of either A46 or PP2, an inhibitor of Src family kinases. Fig. 1D is a representative
blot showing the phospho-c-Src levels and Fig. 1E is a quantification of all blots normalized
to total protein. We found that while PP2 reduced c-Src kinase activity in a dose-dependent
manner, A46 was without effect. These data therefore demonstrate that A46 selectively
inhibits Jak2 tyrosine kinase when compared to c-Src.

Overall, the data in Fig. 1 indicate that A46 preferentially inhibits Jak2-V617F when
compared to Jak2 wild type. Furthermore, A46 has no effect on c-Src tyrosine kinase at
doses that maximally inhibit Jak2-V617F.

A46 inhibits Jak2-V617F-dependent cell proliferation
We next wanted to test the ability of this compound to suppress Jak2-V617-mediated cell
proliferation. For this, we used the human erythroleukemia (HEL 92.1.7) cell line, which is
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homozygous for the Jak2-V617F mutation [24] and has a transformed proliferative
phenotype that is driven by constitutively active Jak2-V617F signaling [25]. HEL cells were
treated either with DMSO or with 10 μM of A46 for increasing periods of time. Viable cell
numbers for each treatment were determined using trypan blue exclusion and a
hemocytometer. When compared to vehicle treated cells, we found that A46 significantly
reduced viable cell numbers in a time-dependent manner (Fig. 2A).

We next wanted to determine if the suppressive effects of A46 treatment on HEL cell
growth were reversible. For this, HEL cells were first exposed to 10 μM of A46 for 0, 8, 12,
24, 48 and 72 hrs. At the end of each time point, the drug was washed away and the cells
were resuspended in fresh growth medium. They were then allowed to grow for an
additional 72 hrs in the absence of the inhibitor. Viable cell numbers were determined at the
end of the 72 hour recovery period. We found that ~19 hrs of initial exposure to A46
prevented 50% of the cells from recovering from the treatment (Fig. 2B). For cells that had
been treated with A46 for 48 hrs or more, fewer than 20% were able to recover after
removal of the drug (Fig. 1B), suggesting that after a finite time of initial treatment, the
effect of the drug on HEL cell growth is largely irreversible.

To determine the specificity of A46 for Jak2-V617F in cultured cells, the drug was applied
to four different cell lines and cell viability was assessed. The cell lines were (i) HEL which
are homozygous for the Jak2-V617F mutation, (ii) Raji which are a Burkitt’s lymphoma cell
line that harbors a translocation between the c-Myc gene on chromosome 8 and the heavy
chain locus on chromosome 14, (iii) SET-2 which are essential thrombocythemia cells and
are heterozygous for the Jak2-V617F mutation, and (iv) CMK which are acute
megakaryocytic leukemia cells that harbor a Jak3-A572V mutation. Each cell line was
treated with increasing doses of A46 for 48 and 72 hours. A46 treatment for 48 hours caused
a dose-dependent decrease in HEL (Fig. 2C) and SET2 (Fig. 2C) cell viability, had
intermediate effect on the viability of CMK cells (Fig. 2C), but had no effect on the viability
of Raji cells (Fig. 2C). Similarly, we found that 72 hrs of A46 treatment markedly inhibited
the growth of the Jak2-V617F expressing HEL (Fig. 2D) and SET-2 (Fig. 2D) cells in a dose
dependent manner with a GI50 of ~ 400 nM for both cell types. The viability of Raji cells
(Fig. 2D) was, however, not affected by A46 treatment (GI50 > 25,000 nM). On the other
hand, the Jak3-A572V expressing CMK cells had intermediate susceptibility to the drug
(Fig. 2D) with a GI50 of ~2,500 nM, suggesting that A46 is selective for Jak2-V617F
expressing cell lines over Jak3 and c-Myc mutated cell lines.

Collectively, the data in Fig. 2 demonstrate that A46 selectively inhibits Jak2-V617F
dependent cell growth, and this inhibitory effect on HEL cell growth is largely irreversible
after a determinate period of initial drug exposure.

A46 specifically inhibits the Jak/STAT signaling pathway
Phosphorylation of Jak2 on tyrosine residues 1007/1008 is concomitant with increased Jak2
kinase activity. Activated Jak2 can in turn phosphorylate and activate downstream signaling
targets such as STAT5. Hence, we next wanted to determine if the A46 mediated reduction
in HEL cell numbers directly correlated with the suppression of the Jak/STAT signaling
pathway. This study is important in order to exclude the possibility that A46 exerts its cell
growth inhibitory effect via mechanisms that are independent of the Jak/STAT signaling
pathway. For this, we treated HEL cells with increasing concentrations of A46 for 48 hours
and then measured the levels of phospho-Jak2 and phospho-STAT5 proteins in these cells
using an ELISA-based assay. It is important to note that the phospho-protein levels were
measured 48 hrs after drug exposure rather than 72 hrs, as far fewer viable cells exist at the
longer time point. We observed that A46 significantly reduced levels of both phospho-Jak2
(Fig. 3A) and phospho-STAT5 (Fig. 3B) proteins in a dose-dependent manner, and the
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reductions in levels of phosphorylated proteins of the Jak/STAT signaling pathway
correlated well with the A46-mediated reductions in HEL cell numbers.

Thus, the data in Fig. 3 indicate that A46 inhibits HEL cell growth by selectively down
regulating the phosphorylation of key signaling molecules of the aberrant Jak/STAT
signaling pathway; namely, Jak2-V617F and STAT5.

A46 induces G1/S cell cycle arrest in HEL cells
To determine the mechanism of A46-mediated suppression of HEL cell growth, we first
analyzed the cell cycle distribution of cells as a function of drug treatment. Here, we treated
HEL cells with increasing doses of A46 for 48 hours and then performed cell cycle analysis
via flow cytometry. Again, analysis was performed 48 hours after drug exposure because far
fewer viable cells exist at longer time points. We found that exposure to A46 increased the
percentage of cells in G1 phase and correspondingly decreased the percentage of cells in S
phase, and this effect was dose-dependent (Fig. 4A).

Cell cycle progression is driven and regulated by the cyclic expression of cyclin/CDK
complexes [26]. Cyclin D1 levels play a critical role in promoting the progression of the cell
cycle from G1 to S phase [27] and is also known to be a downstream target of STAT5
transcriptional regulation [28]. Therefore, in order to confirm the induction of G1 phase
arrest in these cells, we performed anti-cyclin D1 western blot analysis on HEL cells that
had been treated with increasing doses of A46 for 24 hours. We found that A46 treatment
decreased the levels of cyclin D1 protein in a dose-dependent manner (Fig. 4B, upper panel),
thereby confirming the A46-induced arrest of HEL cells in the G1 phase of the cell cycle.
Analysis of the same samples with an anti β-actin antibody was used as a loading control
(Fig. 4B, bottom panel).

Overall, the data in Fig. 4 demonstrate that A46 treatment induces G1/S cell cycle arrest in
HEL cells which correlates with the down regulation of cyclin D1.

A46 induces apoptosis in HEL cells
The Jak/STAT signaling pathway is known to have direct effects on cell survival and
apoptosis [28]. Having shown that A46 inhibited HEL cell growth (Fig 2) and induced cell
cycle arrest (Fig. 4), we next wanted to determine if this drug causes apoptotic cell death in
HEL cells. For this, we used Annexin V/Propidium Iodide (PI) double staining and flow
cytometry. The treatment conditions were the same as in Fig. 4A. The data in Fig. 5A show
representative apoptosis assay staining profiles from one experiment while Fig 5B is a
quantitative graph of two independent experiments showing the percentage of cells in early
apoptosis (Annexin V positive/PI negative) plotted as a function of treatment condition.
These data show that A46 induces apoptosis in HEL cells in a dose-dependent manner.

Cleavage of procaspases converts these proteins into their functionally active forms. Active
caspases can then act on and cleave their substrates, such as the DNA repair enzyme PARP,
thereby affecting the integrity of the cell and triggering apoptosis [29]. Cleavage of
procaspases and PARP are therefore considered hallmarks of apoptotic induction. In order to
confirm the induction of apoptosis by A46, we analyzed the effect of A46 treatment on the
cleavage of procaspase 3 and its downstream substrate, PARP. HEL cells were treated with
increasing doses of A46 for 24 hours and the protein levels of procaspase-3, PARP, and β-
actin were then determined. We found that A46 induced a dose-dependent cleavage of
PARP and a decrease in procaspase 3 expression, but had no effect on β-actin levels (Fig.
6A). As such, these data corroborate the Annexin V/PI apoptosis assay in Fig. 5.
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Having confirmed the ability of A46 to induce apoptosis in HEL cells, we next wanted to
determine the mechanism by which this drug causes apoptotic cell death. Apoptosis is
regulated by members of the Bcl-2 family, many of which are direct downstream gene
targets of the Jak/STAT signaling pathway [28]. Therefore, we next monitored the
expression of Bcl-2 family members in HEL cells exposed to different doses of A46 for 24
hours via western blot analysis. We observed an A46-induced dose-dependent decrease in
expression BimEL, a pro-apoptotic member of the Bcl-2 family (Fig. 6B). Although Bim is a
pro-apoptotic protein, its disappearance/down regulation has been shown to be associated
with the generation of cleaved pro-apoptotic forms that positively regulate and amplify
apoptotic signaling [30, 31]. Another pro-apoptotic Bcl-2 family protein, Bax, was down
regulated in response to A46 treatment, but this decrease was not statistically significant
(Fig. 6B). Cleavage of Bax in response to apoptotic cues is not uncommon and is known to
enhance its cell death function [32, 33]. Additionally, we found that A46 decreased the
levels of the inactive precursor form of Bid (Fig. 6B), which is yet another pro-apoptotic
protein that is activated upon cleavage [34]. Levels of anti-apoptotic Bcl-2 protein did not
change with A46 treatment (Fig. 6B). Lastly, the samples were blotted with an anti β-actin
antibody to demonstrate equal protein loading across all lanes (Fig. 6B).

In summary, the data in Figs. 5 and 6 indicate that A46 induces apoptotic cell death in HEL
cells via the down regulation/cleavage of Bcl-2 family proteins Bim and Bid. Thus, from the
data in Figs. 4, 5, and 6, we conclude that A46 inhibits HEL cell proliferation by arresting
the cells at G1/S transition and inducing apoptosis.

A46 suppresses cytokine-independent pathologic cell growth of Jak2-V617F positive bone
marrow cells, ex vivo

We next wanted to determine the ability of A46 to inhibit the pathologic cell growth of
patient-derived Jak2-V617F positive bone marrow cells, ex vivo. For this, mononuclear cells
isolated from the bone-marrow of a female ET patient, who was Jak2-V617F positive, were
cultured in the presence of increasing doses of A46. Hematopoietic progenitor cells isolated
from a normal individual are unable to grow in the absence of exogenously added cytokines.
However, the V617F positive progenitor cells grow under such conditions because the Jak2-
V617F mutation confers cytokine-independent growth [35, 36]. The ET patient derived bone
marrow cells were also cultured in the presence or absence of the exogenously added
thrombopoietin. The results show that treatment of the mutant bone marrow cells with A46
significantly suppressed the Jak2-V617F, pathologic cell growth, in a dose-dependent
manner (Fig. 7A). We also observed that exposure of this patient’s marrow derived cells to
exogenous thrombopoietin significantly increased the number of colonies formed (Fig. 7A),
and this was also inhibited by A46.

To better understand the Jak2 inhibitory properties of A46, we also carried out clonogenic
assays whereby bone marrow cells were isolated from wild type and Jak2-V617F transgenic
mice and then cultured ex vivo in the presence of increasing concentrations of A46, either
with or without recombinant erythropoietin. We found that cells taken from wild type mice
had a visible clonogenic growth potential and this was increased with erythropoietin (Fig.
7B). Furthermore, A46 decreased the clonogenic growth potential of these cells by 50% –
67% at 25 μM. In contrast to this, cells harvested from the marrow of Jak2-V617F mice
exhibited a higher degree of clonogenic growth potential, an insensitivity to exogenously
added erythropoietin, but a higher sensitivity to A46 (Fig. 7C).

As such, data in Fig. 7 demonstrate that A46 inhibits Jak2-V617F-dependent pathologic cell
growth of patient derived bone marrow cells and preferentially suppresses the clonogenic
growth potential of Jak2-V617F-positive, bone marrow cells from MPN mice.
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A46 attenuates the myeloproliferative phenotype in Jak2-V617F transgenic mice
To demonstrate in vivo efficacy of A46, Jak2-V617F transgenic MPN mice [16] were
treated with either vehicle solution or 1 mg/kg/day of A46 for 17 days, at which time the
mice were euthanized and several efficacy endpoints were determined. First, A46 treatment
resulted in a significant reduction in the spleen to body weight ratio when compared to
DMSO vehicle treated animals (Fig. 8A). Second, a common characteristic of the MPN
phenotype is megakaryocytic hyperplasia [37]. Fig. 8B shows representative spleen sections
for each condition while Fig. 8C shows the average number of megakaryocytes per 0.043
mm2 of spleen tissue. We found that MPN transgenic mice treated with vehicle control
solution had marked megakaryocytic hyperplasia when compared to wild type controls, and
this was significantly reduced with A46 treatment. Lastly, increased levels of interleukin-6
(IL-6) and/or its cognate receptor have previously been implicated in the pathogenesis of the
MPNs [1, 38, 39]. Therefore, we measured IL-6 levels in the plasma of the mice at
euthanasia. We found that when compared to wild type mice, the MPN mice receiving
vehicle control solution had significantly elevated levels of IL-6, and this was significantly
reduced with A46 treatment (Fig. 8D).

Overall, data in Fig. 8 demonstrate the in vivo therapeutic efficacy of A46 in alleviating the
MPN phenotype in Jak2-V617F expressing transgenic mice.

DISCUSSION
Aberrant Jak2 kinase activity has been linked to human disorders including several
hematological malignancies and the MPNs [3–5]. A Jak2 gain-of-function mutation (Jak2-
V617F) has been detected in over 90% of patients with PV and greater than 50% of patients
with ET and PMF [6–10]. Jak2-V617F-negative MPN patients often carry other activating
mutations either in Jak2 [40–42] or in upstream signaling molecules, such as the
thrombopoietin receptor, MPL [43, 44]. The critical role of Jak2 in the pathogenesis of these
disorders coupled with the fact that there are no curative treatment options currently
available for MPN patients, has generated a considerable amount of interest in developing
Jak2 inhibitors as potential therapeutics for MPNs.

In this study, we characterized a novel benzothiophene inhibitor of Jak2 that was identified
by in silico structure based drug screening. We show that this compound preferentially
inhibits Jak2-V617F protein when compared to Jak2 wild type protein (~10 fold) and it has
no effect on c-Src protein (Fig. 1). It also inhibits Jak2-V617F mediated cell proliferation
both time and dose dependently (Fig. 2A, 2C & 2D) and this inhibitory effect of the drug on
HEL cell growth is largely irreversible after ~48 hrs of initial exposure (Fig. 2B). An
important parameter used in evaluating the effectiveness and safety of a drug is its
specificity since more selective drugs can be safely administered at higher doses without
causing severe side-effects. In the past, Jak2 inhibitors have been reported to have non-
specific off target effects. For example, AG490, one of the first Jak2 inhibitors identified,
was a potent Jak2 inhibitor, but had poor specificity [45–47]. Our cell based data here show
that the Jak2-V617F positive cell lines, HEL and SET2, are significantly more sensitive to
inhibition by A46 (GI50 ~400 nM, Fig. 2D) when compared to Jak3-dependent CMK cells
(GI50 ~2,500 nM, Fig. 2D) or c-myc-dependent Raji cells (GI50 > 25,000 nM, Fig. 2D),
thereby suggesting that A46 selectively inhibits the proliferation of Jak2-V617F-dependent
cell lines while having little to no effect on other cells lines whose proliferation is driven by
Jak2-independent mechanisms.

We have also shown that the A46-induced cell growth inhibition correlates with direct
suppression of the Jak/STAT signaling (Fig. 3A & 3B) which eliminates the possibility that
A46 might be exerting its cell growth inhibitory effect via mechanisms that are independent
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of this pathway. Our results indicate that the mechanism by which A46 suppresses Jak2-
V617F-mediated HEL cell proliferation is via the induction of both G1/S cell cycle arrest
(Fig. 4) and apoptosis (Fig. 5). Deregulation of Jak/STAT signaling promotes cell
proliferation and blocks apoptosis resulting in disease pathogenesis. Hence, a better
understanding of the mechanism of Jak2-inhibition induced cell death may lead to the
development of more effective therapeutic strategies for treating MPN patients, including
combination therapies of Jak2 inhibitor and apoptotic modulator mimetics. Here, we also
show that A46 induces apoptotic cell death in HEL cells via the down regulation/cleavage of
Bcl-2 family proteins Bim and Bid. There are conflicting reports on the effect of apoptosis
induction on the expression of the proapoptotic protein Bim; some studies suggest that Bim
is up regulated during apoptosis [48, 49] whereas others suggest that Bim is cleaved during
apoptosis generating active and proapoptotic cleaved fragments [30, 31].

Our in vivo data demonstrate the therapeutic efficacy of A46 in MPN transgenic mice
expressing the Jak2-V617F mutant protein (Fig. 8). We show that in these animals, A46
treatment is able to significantly reduce MPN-associated pathologic symptoms such as a
high spleen to body weight ratio (Fig. 8A), megakaryocytic hyperplasia (Fig. 8B & 8C) and
elevated IL-6 levels (Fig. 8D). Moreover, the data in Fig. 7 demonstrate that exposure of
Jak2-V617F bone marrow cells to A46 subsequently alter the clonogenic growth potential of
those cells. Overall, these data indicate efficacy of A46 in the spleen, peripheral blood, and
bone marrow.

Jak2 small molecule inhibitors currently represent a diverse number of chemical structures
including pyrazines, pyrimidines, azaindoles, aminoindazoles, deazapurines, stilbenes,
benzoxazoles, and quinoxalines [50]. Our work here is significant in that it is the first report
indicating that benzothiophene based compounds, such as A46, possess Jak2 inhibitory
potential. Benzothiophenes are heterocyclic structures known to have pro- and anti-
estrogenic [51], anti-lipoxygenase [52] and anti-fungal properties [53]. Not surprisingly,
several approved pharmaceuticals including raloxifene, zileuton, and sertaconazole have
benzothiophene based chemical structures. Molecules with a benzothiophene core have also
been reported to inhibit tubulin, cysteine and serine proteases, herpes simplex virus type I
replication and opioid receptor analgesics [54]. These heterocyclic structures are relatively
stable and their reactive site allows for subsequent derivatization, suggesting that A46 is
quite amenable to future lead optimization. As such, benzothiophenes may be a new class of
scaffolds for Jak2 small molecule inhibitors.

In summary, our data collectively show that the novel benzothiophene small molecule
inhibitor of Jak2, A46, inhibits Jak2-V617F-mediated pathological cell growth in vitro, ex
vivo, and in vivo. As such, this compound may perhaps serve as a lead therapeutic agent for
the treatment of Jak2-V617F mediated pathogenesis.
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Figure 1. A46 selectively inhibits Jak2-V617F protein in a cell-free system
Recombinant Jak2-JH1+JH2-V617F (mutant) (A) and Jak2-JH1+JH2 (wild-type) (B)
proteins were incubated in a kinase reaction buffer, either with DMSO or with the indicated
doses of A46. The kinase reactions were then separated on an SDS-PAGE and
immunoblotted with a phospho-Jak2 (pY1007/pY1008) antibody (A & B, top panels). The
membranes were stripped and reprobed with an anti-Jak2 antibody to demonstrate equal
loading of protein across all lanes (A & B, bottom panels). Shown is one of four
representative results for each. C. Densitometric analysis was done on four representative
Western blots to quantify A46-mediated inhibition of Jak2-V617F and Jak2 wild-type
phosphorylation at the Tyr1007 residue. The ratio of phosphorylated Jak2 to total Jak2 was
expressed as % control and plotted as a function of treatment condition. Shown are the
means ± S.D. of four independent experiments. D. Recombinant c-Src protein was incubated
in a kinase reaction buffer, either with DMSO or with the indicated doses of PP2 and A46.
The kinase reactions were then separated on an SDS-PAGE and immunoblotted with a
phospho-Src (pY418) antibody (D, top panel) or with an anti-Src antibody to demonstrate
equal loading of protein across all lanes (D, bottom panel). Shown is one of three
representative results. E. Densitometric analysis was done on the Western blots to quantify
A46-mediated inhibition of c-Src phosphorylation at the Tyr418 residue. The ratio of
phosphorylated Src to total Src was expressed as % control and plotted as a function of
treatment condition. Shown are the means ± S.D. of three independent experiments.
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Figure 2. A46 inhibits Jak2-V617F-dependent cell proliferation
A. HEL cells were treated with either DMSO or 10 μM A46 for 0, 24, 48 or 72 hours.
Viable cell numbers for each treatment were determined by trypan blue exclusion staining
using a hemocytometer. Each sample was measured in triplicate. Shown is one of two sets of
representative results. *p < 0.05 with respect to DMSO. B. HEL cells were treated with 10
μM A46 for 0, 8, 12, 24, 48 and 72 hours. At the end of each treatment, the cells were
washed, placed in fresh medium and cultured in the absence of the inhibitor for an additional
72 hours. The number of viable cells in each sample was then determined. Each sample was
measured in triplicate. Shown are the means ± S.E. from two independent experiments.
HEL, SET-2, Raji and CMK cells were treated with increasing doses of A46 for 48 (C) or 72
(D) hours. The percent viable cells from each condition were determined either by trypan
blue exclusion staining. Each sample was measured in triplicate.
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Figure 3. A46 inhibits the Jak2/STAT5 phosphorylation
HEL cells were treated with 0, 0.09, 0.3, 0.9, 3, 9 and 30 μM of A46 for 48 hours. The cell
lysates were then analyzed by ELISA for the measurement of phospho-Jak2 [pY1007/
pY1008] (A) and phospho-STAT5 [pY699] (B) protein levels. Each condition was run in
triplicate. Shown are the means ± S.D. of two independent experiments.
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Figure 4. A46 arrests HEL cells in G1 phase of the cell cycle
HEL cells were treated with 0, 0.1, 0.3, 1, 3, 10 and 30 μM of A46. A. After 48 hrs of
treatment, cell cycle distribution of treated cells was determined as a function of drug
treatment using flow cytometry. Shown are the means ± S.E. of two independent
experiments. B. Following 24 hrs of treatment with the indicated concentrations of A46,
cells were lysed and analyzed by immunoblotting with an anti-cyclin D1 (top) or an anti-β-
actin antibody (bottom). Shown is one of two representative results.
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Figure 5. A46 induces apoptosis in HEL cells
HEL cells were treated with 0, 0.1, 0.3, 1, 3, 10 and 30 μM of A46 for 48 hours, stained with
annexin V-FITC and propidium iodide and then analyzed by flow cytometry to determine
the level of apoptosis in the treated cells. A. Shown are representative flow cytometry
profiles from one of two independent experiments. B. Quantification of the percentage of
cells in early apoptosis as a function of drug treatment. Shown are the means ± S.E. of two
independent experiments.
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Figure 6. A46-induced apoptosis is mediated by the down regulation/cleavage of Bcl-2 family
proteins Bim, Bax and Bid
HEL cells were treated with 0, 0.1, 0.3, 1, 3, 10 and 30 μM of A46 for 24 hours. The whole
cell lysates were then analyzed by western blotting with a series of antibodies as indicated:
A. anti-poly(ADP-ribose) polymerase (PARP), anti-caspase 3 and anti-β-actin, B. anti-Bim,
-Bax, -Bid, -Bcl-2 and -β-actin. Shown are the results from one of two independent
experiments for each.
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Figure 7. A46 suppresses cytokine-independent pathologic cell growth of Jak2-V617F positive
bone marrow cells, ex vivo
A. Patient-derived bone marrow mononuclear cells were cultured in semisolid medium in
the presence of increasing doses of A46, with or without thrombopoietin (TPO). At the end
of 14 days, the numbers of megakaryocyte colony-forming units (CFU-Megs) were counted
and plotted as a function of treatment condition. Each condition was measured in duplicate.
*p < 0.05 with respect to 0 μM A46 (−TPO), #p < 0.05 with respect to 0 μM A46 (+TPO),
and §p < 0.05 (+ TPO) vs. (−TPO). B and C. Bone marrow aspirates obtained from either
Jak2-WT or Jak2-V617F transgenic mice were treated with 0, 2.5, or 25 μM A46 for 24
hours, ex vivo. The drug was then washed away and the cells were cultured in drug-free
semi-solid medium for an additional 5 days. The numbers of erythroid burst-forming units
(BFU-E) in each sample were then plotted as a function of genotype. Each point was
measured in duplicate. *, p<0.05 vs. − EPO 0 μM control;, p<0.05 vs. + EPO 0 μM control;
#, p<0.05 vs. − EPO, within same drug treatment group.
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Figure 8. A46 treatment alleviates Jak2-V617F mediated pathogenesis in vivo
A. Spleen weight to body weight ratios of wild-type, vehicle treated and A46 treated MPN
transgenic animals. B. Representative images of H&E stained spleen histological sections
from each of these different treatment groups at 100X (Inset images: 4X). C. Quantification
of the number of megakaryocytes in the spleen plotted as a function of the treatment group.
D. IL-6 levels in the plasma plotted as a function of the treatment group. *p<0.05, **p<0.01.
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Table 1
Chemical characteristics of A46

A46 is shown here along with its chemical name, NSC #, chemical structure, and molecular weight.

Compound Name Chemical Name NSC # Structure Molecular Weight

A46 1-benzothiophen-2-yl-(4-dimethylaminophenyl)methanol 40282 283.3874
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