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Using structure-based virtual screening, we previously iden-
tified a novel stilbenoid inhibitor of Jak2 tyrosine kinase
named G6. Here, we hypothesized that G6 suppresses Jak2-
V617F-mediated human pathological cell growth in vitro and
in vivo. We found that G6 inhibited proliferation of the Jak2-
V617F expressing human erythroleukemia (HEL) cell line by
promoting marked cell cycle arrest and inducing apoptosis.
The G6-dependent increase in apoptosis levels was concomi-
tant with increased caspase 3/7 activity and cleavage of PARP.
G6 also selectively inhibited phosphorylation of STAT5, a
downstream signaling target of Jak2. Using a mouse model of
Jak2-V617F-mediated hyperplasia, we found that G6 signifi-
cantly decreased the percentage of blast cells in the peripheral
blood, reduced splenomegaly, and corrected a pathologically
low myeloid to erythroid ratio in the bone marrow by eliminat-
ing HEL cell engraftment in this tissue. In addition, drug effi-
cacy correlated with the presence of G6 in the plasma, marrow,
and spleen. Collectively, these data demonstrate that the stil-
benoid compound, G6, suppresses Jak2-V617F-mediated aber-
rant cell growth. As such, G6 may be a potential therapeutic
lead candidate against Jak2-mediated, human disease.

Hyperkinetic Jak2 tyrosine kinase signaling is a contributor
to several human diseases including specific forms of leuke-
mia, lymphoma, myeloma, and the myeloproliferative neo-
plasms (MPNs).3 MPNs are clonal disorders of multipotent

hematopoietic progenitors characterized by increased hema-
topoiesis. The classic MPNs include polycythemia vera (PV),
essential thrombocythemeia (ET), and primary meylofibrosis
(PMF). A mutation resulting in a valine to phenylalanine sub-
stitution within the pseudokinase domain of Jak2 (Jak2-
V617F) was identified in a large number of PV, ET, and PMF
patients (1–5). This mutation has also been reported in
chronic myelomonocytic leukemia, myelodysplastic syn-
drome, systemic mastocytosis, chronic neutrophilic leukemia,
acute myeloid leukemia, and erythroleukemia (6–8). The mu-
tation causes constitutive activation of the Jak2 signaling
pathway when expressed in cells (2–5). Furthermore, its ex-
pression in murine bone marrow results in a neoplastic phe-
notype (9–11).
Because of its pathogenicity, the Jak2-V617F mutation is a

target for therapeutic drug development. A number of labora-
tories have designed and/or identified small molecule inhibi-
tors that have potential Jak2 therapeutic efficacy (10, 12–16).
Our laboratory has also identified small molecules with anti-
Jak2 tyrosine kinase activity (17, 18). In our most recent work,
structure-based virtual screening was employed to identify a
novel Jak2 inhibitor named G6 (19). Using a cell-free system,
we found that G6 demonstrated good potency and specificity
at suppressing Jak2-V617F kinase activity (19). Based on that
work, we hypothesized that G6 would have therapeutic effi-
cacy against Jak2-V617F-mediated pathogenesis. Here, we
tested this hypothesis and found that G6 did indeed suppress
Jak2-V617F-mediated pathological cell growth in vitro and in
vivo.

EXPERIMENTAL PROCEDURES

Compound Synthesis—G6 was synthesized following Reac-
tion 1 (next page). The final product, obtained with a 91%
yield was �99% pure. 1H NMR (DMSO-d6, 250 MHz): � 6.9
(dd, 2H, J � 1.5 Hz), 6.8 (d, 4H, J � 8 Hz), 3.8 (S, 4H), 2.6 (q,
8H, J � 7.25 Hz), 2.1 (q, 4H, J � 7.5 Hz), 1.1 (t, 12H, J � 7.25
Hz), 0.8 (t, 6H, J � 7.5 Hz); 13C NMR (DMSO-d6, 62.5 MHz):
� 156.5, 138.7, 133.4, 128.7, 128.5, 121.5, 115.4, 57.1, 46.4,
28.6, 13.6, 11.4. The dried powder was stored at 4 °C and dis-
solved in dimethyl sulfoxide (DMSO, Sigma) as needed.
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Cell Culture—Human erythroleukemia 92.1.7 (HEL) cells
were purchased from ATCC. The cells were cultured in RPMI
1640 medium containing 10% fetal bovine serum at 37 °C in a
5% CO2 humidified atmosphere. Cell proliferation assays,
DNA cell cycle analysis, and annexin V/propidium iodide
apoptotic levels were measured as we have described previ-
ously (18).
Caspase 3/7 Activity Assay—HEL cells were plated in 96-

well plates at 104 cells per well and treated with G6 for the
indicated periods of time. Caspase Glo 3/7 reagent (Promega)
was then added to each well as per the manufacturer’s proto-
col and caspase proteolytic activity was measured using a
multi-plate luminescent reader (Spectramax M5, Molecular
Devices).
Measurement of Cleaved PARP—107 HEL cells were seeded

in 100-mm dishes and subsequently treated with G6 for the
indicated periods of time. The cells were lysed in RIPA buffer,
and whole cell protein lysates were prepared. 20 �g of soluble
protein was separated via SDS-PAGE, transferred onto nitro-
cellulose membranes, and blotted with an anti-PARP anti-
body (Cell Signaling). Specific protein bands were visualized
using the enhanced chemiluminescence system (Perkin-
Elmer). The same membranes were re-probed with anti-�-
actin antibody (Cell Signaling) to confirm equal loading of
protein.
Phospho-STAT Analysis—Phospho-STAT1 [pY701],

STAT3 [pY705], and STAT5a/b [pY694/699] ([pY694] for
STAT5a and [pY699] for STAT5b) were similarly measured
using the STAT1, 3, 5a/b Phospho 3-Plex assay kit, a solid
phase sandwich immunoassay, following the manufacturer’s
instructions (Invitrogen). The spectral properties of the 3
bead regions specific for each analyte were monitored with a
Luminex� 100TM instrument.
In Vivo Animal Model—The in vivo efficacy of G6 was de-

termined using a mouse model of Jak2-V617F mediated, hu-
man erythroleukemia. All experimental protocols were per-
formed according to NIH standards established in the Guide
for the Care and Use of Laboratory Animals and approved by
the Institutional Animal Care Use Committee at the Univer-
sity of Florida. The experimental approach is outlined in sup-
plemental Fig. S1. Thirty-six male adult (3 months old) NOD/
SCID mice were purchased from Jackson Laboratory. After
arrival and acclimation, baseline body weights and peripheral
blood samples were obtained, and the mice were subsequently
randomized into 6 groups (n � 6 per group). Mice were inoc-
ulated intravenously via the lateral tail vein with 2 � 106 HEL
cells expressing the Jak2-V617F mutation. Body weights and
blood samples were obtained each week to monitor disease

progression. Three weeks after HEL cell injection, the mice
received daily intra-peritoneal injections of G6 at dosage rates
of 0.1, 1 and 10 mg/kg/day, respectively, for 21 days. Three
separate control groups were also included. The first received
HEL cells and subsequent daily injections of vehicle alone
(DMSO). The second group never received HEL cells, but
received G6 at the 10 mg/kg/day dosage over the same 3 week
period of drug administration. The third group was com-
pletely naïve to any treatment. After the 3 week period of drug
or vehicle administration, all groups were euthanized by CO2
asphyxiation and cervical dislocation. Spleen weight to body
weight ratios were obtained. A bone marrow aspirate from
one femur was obtained for flow cytometry analysis and de-
termination of HEL cell engraftment. Tissue samples (brain,
lung, liver, kidney, spleen, and bone marrow) were fixed in
10% neutral-buffered formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin for histologi-
cal analysis.
Analysis of Peripheral Blood Cells—A blood sample was

obtained each week (�25 �l) via sub-mandibular bleeding
into a capillary tube. The samples were then smeared onto
glass slides and stained using DipQuick (Jorgensen Laborato-
ries). Total white blood cell (WBC) counts, as well as percent-
ages of immature granular leukocytes, monocytes, and nucle-
ated red blood cells (RBC) were counted by a veterinary
pathologist using a light microscope.
Histopathological Analysis—Hematoxylin and eosin stained

sections (liver, kidney, lung, brain, spleen, and bone marrow)
were examined for normal histological appearance as well as
any lesions via standard light microscopy.
Bone Marrow Flow Cytometry—At the time of euthanasia,

bone marrow was harvested from one femur and teased apart
into single cell suspension in staining buffer by filtering it
through a 50-�m nylon mesh following the manufacturer’s
protocol (eBioscience). Cell suspensions were incubated on
ice with APC conjugated anti-human CD45 antibody (BD
Biosciences), washed, and subjected to flow cytometry.
Bone Marrow Immunohistochemistry—Immunochemistry

was carried out on tissue fixed in 10% neutral-buffered forma-
lin and paraffin-embedded. For detection of active STAT5,
mouse monoclonal anti-phospho-STAT5a/b (Y694/99; Ad-
vantex BioReagents LLP) was diluted 1:500 and incubated on
sections overnight at 4 °C. Detection of the antigen-antibody
complexes was done by biotinylated secondary antibodies and
streptavidin-peroxidase complex (DAKO). Hematoxylin was
used for counterstaining. Antigen retrieval was done by heat-
ing (95 °C, 20 min) with the BioGenex AR10 retrieval buffer.
The staining intensity was quantified using the NIS-Element
D software. Apoptotic cells in the tissue were identified via
TUNEL. All TUNEL reagents were part of the ApopTag Kit
(Millipore). TUNEL-positive cells appeared as highly stained,
brown nuclei against the methyl green counterstain.
Pharmacokinetic and Pharmacodynamic Analysis of G6 in

Mice—Baseline body weights and peripheral blood samples
were obtained from three-month-old male NOD-SCID mice.
The mice (n � 12) were then injected in the tail vein with 2 �
106 HEL cells. Three weeks later, peripheral blood samples
were again obtained in order to confirm that the animals were

REACTION 1. Reagents and Conditions. (i) Zn, TiCl4, dry THF, 0 °C to reflux.
(ii) Diethylamine, paraformaldehyde, MeOH, reflux.
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in blast crisis. Once this was validated, the animals began re-
ceiving either vehicle control (DMSO) or G6 (1 mg/kg/day)
via single, daily IP injections for the next 14 days (n � 6 mice
per group). The mice were subsequently euthanized and
tissues (plasma, marrow, and spleen) were prepared. The
concentration of G6 was determined via liquid chromatog-
raphy-mass spectrometry using a quadratic standard curve
(r � 0.9902).
Statistical Analysis—Results are expressed as mean � S.E.

Statistical comparisons were performed by Student’s t test or
the Mann-Whitney Rank Sum Test. Changes in peripheral
blood cell counts and bone marrow cellularity following HEL
cell and drug treatment were analyzed by a repeated measures
ANOVA followed by Bonferroni and Student-Newman-Keuls
post hoc test for multiple comparisons. p values of less than
0.05 were considered statistically significant.

RESULTS

G6 Inhibits Jak2-V617F-dependent Cell Proliferation—Us-
ing structure-based virtual screening, we recently identified a
Jak2 tyrosine kinase inhibitor called G6 (19). This stilbenoid
compound demonstrated good potency and specificity for
Jak2 tyrosine kinase as it inhibited Jak2-V617F enzymatic ac-
tivity (IC50 � 60 nM) while having no effect on c-Src tyrosine
kinase activity at concentrations as high as 25 �M (19). Fur-
thermore, it significantly inhibited the growth of cells whose
proliferation was driven by the Jak2-V617F mutation while
having little to no effect on cells whose proliferation was
driven by other mechanisms including a JAK3-A572V-acti-
vating mutation, a c-Myc gene translocation, or immortaliza-

tion via the SV-40 large T antigen (19). As such, we hypothe-
sized that G6 would suppress Jak2-V617F-mediated
pathological cell growth.
To test this, we utilized the HEL cell line in vitro. This cell

line is homozygous for the V617F mutation which induces
constitutive Jak2 phosphorylation and drives HEL cell prolif-
eration. Here, 5 � 104 HEL cells were treated with either
DMSO or increasing concentrations of G6 for 72 h. The num-
ber of viable cells was then determined. We found that G6
inhibited HEL cell growth in a dose-dependent manner with
an IC50 of �4.0 �M (Fig. 1A). To determine if G6 could sup-
press HEL cell growth in a time dependent manner, cells were
treated with 25 �M G6 for increasing periods of time. We
found that G6 inhibited HEL cell growth in a time-dependent
manner with 50% inhibition being achieved after �12 h of
treatment (Fig. 1B). We next wanted to determine whether
the effects of G6 on HEL cell growth were reversible. For this,
cells were exposed to 25 �M of G6 for 0, 6, 24, 48, and 72 h. At
the end of each time point, the cells were collected, washed
extensively, and allowed to grow for an additional 72 h in the
absence of any inhibitor. Viable cell numbers were then deter-
mined. We found that for cells that were exposed to G6 for
only 6 h, nearly all of them were able to proliferate after they
were removed from the drug (Fig. 1C). Analysis of the recov-
ery curve suggested that �16 h exposure to G6 prevented 50%
of the cells from recovering. For those cells that were exposed
to G6 for 48 h, virtually none were able to subsequently grow
after the drug was removed from the media. This suggested
that a 48 h exposure of the cells to G6 committed them to a

FIGURE 1. G6 inhibits Jak2-V617F-dependent HEL cell proliferation, in vitro. A, HEL cells were treated with increasing doses of G6 for 72 h, and the num-
ber of viable cells was determined. B, HEL cells were treated 25 �M G6 for 0, 6, 24, 48, and 72 h and cell numbers were determined. C, HEL cells were treated
with 25 �M of G6 for 0, 6, 12, 24, 48, and 72 h. At the end of each time point, the cells were placed in medium lacking inhibitor for an additional 72 h. The
number of viable cells was then determined. Shown are mean � S.E. for three independent experiments, each run in triplicate.
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fate from which they could not recover. Collectively, these
data indicate that G6 inhibits HEL cell growth in both a dose-
and time-dependent manner, and exposure of HEL cells to 25
�M G6 for 48 h is sufficient to prevent subsequent Jak2-V617F
mediated cell growth.
G6 Suppresses HEL Cell Growth by Inducing G1 Phase Cell

Cycle Arrest and Intrinsic Apoptosis—To determine the
mechanism by which G6 reduces HEL cell growth, we first
measured cell cycle properties as a function of G6 treatment.
Specifically, 5 � 105 HEL cells were treated with G6 as a func-
tion of either dose or time. Three independent experiments,
each measured in triplicate, were averaged and the aggregate
data were graphed as a function of G6 concentration or G6
exposure time. We found that G6 dose-dependently increased
the percentage of cells in G1 phase (Fig. 2A), decreased cells
in S phase (Fig. 2B), and increased cells in apoptosis (Fig. 2C).
With respect to the time course study, we found that G6 pro-
moted a time-dependent increase in G1 phase (Fig. 2D), a
decrease in S phase (Fig. 2E), and an increase in apoptosis
(Fig. 2F) when compared with DMSO control treated cells.
The apoptosis measurements in Fig. 2, C and F represent

fragmented DNA, which is only suggestive of late stage apo-
ptosis. Therefore, to fully confirm the induction of apoptosis
by G6, we used annexin V/propidium iodide double staining.
The values from three independent dose- and time-course
experiments were tabulated and graphed. We found that G6
significantly induced apoptosis in both a dose- (Fig. 3A) and

time- (Fig. 3B) dependent manner as measured by the number
of cells that were annexin V-positive and propidium
iodide-negative.
A hallmark of apoptosis is the activation of caspase 3/7 and

the subsequent downstream cleavage of PARP. To determine
whether G6 treatment of HEL cells is concomitant with the
activation of caspase 3/7 and the cleavage of PARP, HEL cells
were treated with 25 �M of G6 for increasing periods of time
and caspase 3/7 proteolytic activity was measured using a lu-
minescence-based assay. We found that treatment of HEL
cells with G6 significantly increased caspase 3/7 activity over
time (Fig. 3C). To determine if G6 treatment is sufficient to
cleave PARP, HEL cells were treated with 25 �M G6 for in-
creasing periods of time and whole cell protein lysates were
prepared. The samples were subsequently Western blotted
with an anti-PARP antibody that recognizes both the full-
length and cleaved forms of the protein. We found that treat-
ment of the Jak2-V617F expressing HEL cells with G6 re-
sulted in the cleavage of PARP over time (Fig. 3D, top). To
confirm equal loading of all lanes, the same membrane was
blotted with an anti �-actin antibody (Fig. 3D, bottom). Col-
lectively, these data indicate that the mechanism by which G6
reduces HEL cell growth is via marked cell cycle arrest and
induction of apoptosis.
G6 Inhibits Jak2-V617F-dependent Constitutive Activation

of STAT5—We previously showed that G6-mediated reduc-
tion in HEL cell numbers directly correlates with suppression

FIGURE 2. G6 suppresses HEL cell growth by inducing G1 phase cell cycle arrest. HEL cells were treated with increasing doses of G6 for 72 h or with 25
�M G6 for increasing times. Cellular DNA contents were then determined by flow cytometry. Three independent experiments, each measured in triplicate,
were averaged and the aggregate cell cycle data were graphed as a function of G6 concentration (A–C) or G6 exposure time (D–F). Shown are the percent-
age of cells in G1 phase (A and D), S phase (B and E), and apoptosis (C and F). Shown are mean � S.E.
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of Jak2 kinase activity (19). We now wanted to determine
whether treatment with G6 and subsequent HEL cell growth
inhibition also correlated with reduced STAT signaling. This
is important as it is possible that G6 could work through
mechanisms that are independent of the Jak/STAT signaling
pathway. Here, HEL cells were treated with either increasing
concentrations of G6 or with 25 �M G6 for increasing periods
of time. The levels of phospho-STAT1 (pY701), phospho-
STAT3 (pY705), and phospho-STAT5a/b (pY694/699) were
then simultaneously measured. We found that the dose- and
time-dependent inhibition of phospho-STAT1 had little to no
correlation with the reduced levels of HEL cell growth (Fig.
4A). The dose- and time-dependent inhibition of phospho-
STAT3 exhibited only a modest correlation with the reduced
levels of HEL cell growth (Fig. 4B). Finally, we observed that
the dose- and time-dependent inhibition of phospho-
STAT5a/b correlated very well with the G6-dependent inhibi-
tion of HEL cell growth (Fig. 4C). Thus, these results suggest
that STAT1, STAT3 and STAT5a/b are differentially affected
by G6 treatment, with STAT5 being the most sensitive. Fur-
thermore, the reduction in phospho-STAT5 correlates very
well with G6-mediated reduction in HEL cell growth (Fig. 1)
and inhibition of Jak2 kinase activity (19). As such, our data
suggest that G6 inhibits HEL cell growth via a Jak2/STAT5-
dependent mechanism.
G6 Reduces Blast Cells in the Peripheral Blood and the

Spleen Weight to Body Weight Ratio in a Murine Model of
Jak2-V617F-dependent Hyperplasia—To test the in vivo effi-
cacy of G6 at inhibiting Jak2-V617F-mediated pathologic cell
growth, we generated a mouse model of human, Jak2-V617F-
mediated hyperplasia by injecting 2 � 106 HEL cells into the
tail vein of immunodeficient NOD/SCID mice. We then

treated the mice with increasing concentrations of G6 to de-
termine the therapeutic efficacy of this stilbenoid compound.
Mice injected with HEL cells followed by vehicle control in-
jections rapidly developed a fully penetrant hematopoietic
disease. Specifically, we found that injection of HEL cells re-
sulted in the pathological appearance of blast cells in the pe-
ripheral blood and G6 treatment significantly reduced this
pathological effect, in a dose-dependent manner (Fig. 5A).
To determine the efficacy of G6 at inhibiting Jak2-V617F-

dependent hyperplasia via alternate means, spleen weight to
body weight ratios were determined. We found that HEL cell
injection and subsequent administration of vehicle control
solution resulted in an increased spleen weight to body weight
ratio and this deleterious effect was abrogated with G6 treat-
ment (Fig. 5B). These data indicate that G6 suppresses Jak2-
V617F-mediated pathologic cell growth in vivo, as evidenced
by reduced blast cells in the peripheral blood and reduced
spleen weight to body weight ratios.
G6 Corrects a Pathologically Low Myeloid to Erythroid Ra-

tio by Reducing the Number of Mutant HEL Cells in the Bone
Marrow of Mice—The in vivo anti-tumor activity of G6 was
further investigated using histopathological analysis. Tissue
sections from brain, liver, lungs and kidney appeared histolog-
ically normal and indistinguishable across all six treatment
groups suggesting that G6 is not globally cytotoxic even at the
10 mg/kg dosage (data not shown). However, quantification of
cellular elements of the bone marrow revealed marked chang-
es; representative histological sections for each treatment
group are shown (Fig. 6A). In mice that received HEL cells
followed by vehicle control, two distinct populations of neo-
plastic cells were observed. The first were consistent with
erythroblast morphology. These cells were �15 �m with a

FIGURE 3. G6 induces the intrinsic apoptotic pathway in HEL cells. For apoptotic measurements, Annexin V/propidium iodide double staining was em-
ployed. The values from three independent dose response (A) or time course (B) experiments were graphed. C, caspase 3/7 activity was measured as a func-
tion of G6 exposure time. D, after exposure to G6 for the indicated periods of time, whole cell protein lysates were Western blotted with either anti-PARP
(top) or anti �-actin antibodies (bottom). Shown is one of three (A and B) or two (C and D) representative experiments. For A–C, the data are presented as the
mean � S.E.
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dark gray blue round nucleus and moderate, bluish cytoplasm
(black arrows). The second population of cells was myleoid
blasts (monoblasts or myeloblasts). These atypical myeloid
cells were large (15–20 �m) with irregular nuclei that were
frequently clefted. The chromatin pattern was finely stippled
and lacy. Nucleoli were prominent and occasionally multiple.
The nuclear to cytoplasmic ratio was high and the cytoplasm
was pink (white arrows).
The absolute numbers of myeloid and erythroid cells for

each treatment group were determined (Fig. 6B) and subse-
quently plotted as the myeloid to erythroid (M:E) ratio (Fig.
6C). For the naïve group of animals, the M:E ratio was �1.4
(Fig. 6C). Injection of HEL cells and subsequent treatment
with vehicle control caused a significant reduction of the M:E
ratio that was driven by myeloid suppression and increased

numbers of erythroid cells. The 0.1 mg/kg dosage of G6 was
without effect on the cellular composition of the bone mar-
row as evidenced by the unchanged M:E ratio. However, for
the 1 and 10 mg/kg doses, there was a significant correction of
the M:E ratio that was driven by restoration of myeloid cells
and suppression of erythroid cells. With respect to the mice
that received G6 alone, we observed a small reduction in
erythroid cell numbers and a moderate reduction in myeloid
cells. However, the M:E ratio of this group was not signifi-
cantly different from that of the naïve mice.
We reasoned that the therapeutic correction of the M:E

ratio by G6 was due to reductions in the engraftment of the
Jak2-V617F expressing HEL cells in the bone marrow. To val-
idate this, we carried out flow cytometry analysis of bone mar-
row aspirates from the various treatment groups to identify

FIGURE 4. G6 preferentially inhibits Jak2-V617F dependent constitutive activation of STAT5. HEL cells were treated with either increasing concentra-
tions of G6 or with 25 �M G6 for increasing periods of time. The levels of phospho-STAT1 (pY701), phospho-STAT3 (pY705), and phospho-STAT5a/b (pY694/
699) were then simultaneously measured. Dose- and time-dependent inhibition of phospho-STAT1 (A), phospho-STAT3 (B), and phospho-STAT5a/b (C) are
shown. *, p � 0.05 versus DMSO control.
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the percentage of cells that were human CD45-positive; a
marker found on HEL cells, but not on any of the mouse cells
(data not shown). Representative profiles of individual ani-
mals are shown (Fig. 6D) and the aggregate data for all ani-
mals were graphed as a function of treatment group (Fig. 6E).
We found that HEL cell injection alone resulted in robust
bone marrow engraftment as evidenced by the appearance of
human CD45� cells in the aspirates. The 0.1 mg/kg dose was
largely without effect. However, the 1 and 10 mg/kg dosages
eliminated all human CD45� cells from the marrow.
Overall, the data in Fig. 6 demonstrate that intravenous

injection of HEL cells into NOD/SCID mice results in marked
Jak2-V617F-mediated pathogenesis as evidenced by engraft-
ment of these cells in the bone marrow and a skewing of the
M:E ratio. However, G6 corrected these pathologies as evi-
denced by reduced numbers of HEL cells in the bone marrow
and subsequent correction of the M:E ratio.
G6 Reduces the Levels of Phospho-STAT5 and Induces Cel-

lular Apoptosis, in Vivo—The data in Figs. 2–4 demonstrate
that in vitro, G6 suppresses pathologic HEL cell growth via a
mechanism that involves inhibition of STAT5 phosphoryla-
tion and induction of apoptosis. We hypothesized that this
also occurs in vivo. To confirm this, we performed anti-phos-
pho-STAT5a/b immunohistochemistry on bone marrow sec-
tions of animals from all the treatment groups. Representative
sections from all treatment groups are shown (Fig. 7A). The
relative phospho-STAT5 signal (brown colored stain) was

then quantitated and graphed as a function of treatment
group (Fig. 7B). We found that HEL cell injection alone re-
sulted in a significant increase in phospho-STAT5 staining,
suggestive of an increased proliferative state. However, G6
treatment at the 1 and 10 mg/kg doses significantly reduced
this effect, suggesting that G6 suppresses STAT5 phosphory-
lation in vivo.
To determine whether G6 induces apoptosis in vivo, bone

marrow sections were analyzed via TUNEL staining. Repre-
sentative sections for the six groups are shown (Fig. 7C). The
number of TUNEL-positive cells were then counted and plot-
ted as a function of treatment group (Fig. 7D). We found that
G6 induced apoptosis in a dose-dependent manner. Overall,
the data in Fig. 7 demonstrate that in vivo, G6 inhibits STAT5
phosphorylation and induces cellular apoptosis, two events
that are essential for suppressing Jak2-V617F-mediated
pathologic cell growth.
G6 Treatment Results in Normalization of Hematopoiesis in

the Spleen—To determine the effect of G6 on the spleen, his-
tological sections were prepared and viewed at 10� (Fig. 8A)
and 100� (Fig. 8B) magnifications. Mice that received HEL
cells � DMSO displayed neoplastic erythroid morphology
when compared with naïve animals. Specifically, we observed
large cells with lacy, vesicular chromatin (white arrows). Mice
that received HEL cells and the 0.1 mg/kg/day dosage exhib-
ited fewer neoplastic cells. Mice receiving HEL cells at the 1
and 10 mg/kg/day dosages of G6 had even fewer neoplastic
cells as well as increasing megakaryopoietic activity, indicat-
ing a normalization of hematopoiesis within the spleen. Fi-
nally, in the cohort of mice that received G6 alone, four of the
spleens were histologically normal, but two displayed some
necrosis and edema; one of those two is shown.
To obtain a quantitative measure for the efficacy of G6 in

the spleen, the number of pathological erythroblast foci was
determined by computer-assisted morphometric analysis and
then plotted as a function of treatment group (Fig. 8C). We
found that G6 treatment provided significant therapeutic
benefit as evidenced by a significant reduction in the number
of erythroblast foci. Furthermore, these results had a positive
correlation with spleen size; namely, the reduction in splenic
erythroblast numbers directly correlated with decreased
spleen size. Thus, the data in Fig. 8 suggest that G6 provides
therapeutic benefit to the spleen in a mouse model of Jak2-
V617F-mediated hyperplasia.
The Presence of G6 in the Plasma, Marrow and Spleen Cor-

relates with Indicators of Therapeutic Efficacy—Finally, we
wanted correlate the presence of G6 in hematopoietic tissues
with indicators of therapeutic efficacy. For this, baseline body
weights and peripheral blood samples were obtained from
twelve NOD-SCID mice. The mice were subsequently in-
jected, intravenously, with 2 � 106 HEL cells. Three weeks
later, peripheral blood samples were again obtained to con-
firm that the animals were in blast crisis, at which time the
animals began receiving either vehicle control (DMSO) or G6
(1 mg/kg/day) via single, daily IP injections. After 2 weeks of
injection, analysis of peripheral blood samples indicated that
the G6-treated mice had significantly fewer blast cells in the
peripheral blood when compared with the DMSO-injected

FIGURE 5. G6 decreases the percentage of blast cells in the peripheral
blood and reduces the spleen weight to body weight ratio in a mouse
model of Jak2-V617F-mediated hyperplasia. A, percentages of blast cells
in the peripheral blood plotted as a function of both treatment group and
days of treatment. *, p � 1.0 � 10�4 versus DMSO-treated mice. B, spleen to
body weight ratio was obtained and plotted as a function of treatment
group. #, p � 0.05 versus naïve mice; *, p � 0.05 versus HEL�DMSO.
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mice (Fig. 9A). The mice were euthanized the following day,
and the spleen weight to body weight ratios were determined
for both treatment groups (Fig. 9B). We found that for the
mice that received G6, the spleen weight to body weight ratio
was reduced by �40% when compared with the mice that
received vehicle control.
To correlate these efficacious indicators to the presence of

G6, the concentration of G6 in the plasma, marrow and
spleen was determined. Analysis of the plasma samples that
were collected at baseline and after HEL cell injection, but
prior to any vehicle/drug injection, completely lacked G6
(data not shown). For the terminal plasma samples that were
collected at euthanasia along with the marrow and spleen, G6
was completely absent in the samples that came from vehicle
control-injected mice, but present in the samples that came
from G6-treated mice (Table 1). Overall, the data in Fig. 9 and
Table 1 correlate therapeutic efficacy in the form of decreased
blast cells in the peripheral blood and reduced spleen weight

to body weight ratios with the presence of G6 in the plasma,
marrow and spleen.

DISCUSSION

The main finding of this work is that G6 suppresses Jak2-
V617F mediated hyperplasia, in vitro and in vivo. Chemically,
G6 is classified as a stilbenoid. Stilbenoids are diarylethenes,
that is, a hydrocarbon consisting of an ethene double bond
substituted with a phenyl group on both carbon atoms of the
double bond. Stilbenoids are known to have beneficial proper-
ties including anti-oxidative, anti-proliferative, and tumor-
suppressive effects (20–22). Resveratrol, a naturally occurring
stilbenoid found in the skin of red grapes, reduces the incidence
of cardiovascular disease (23). Piceatannol, a naturally occurring
phenolic stilbenoid, exhibits anti-tyrosine kinase activity. Specifi-
cally, it inhibits LMP2A, a tyrosine kinase associated with Ep-
stein-Barr virus infections (24, 25). The significance of these re-
ports is that there is marked precedent for stilbene compounds

FIGURE 6. G6 improves the M:E ratio in a mouse model of Jak2-V617F-mediated hyperplasia by reducing HEL cell engraftment in the bone marrow.
After a 3-week period of drug or vehicle administration, all groups were euthanized and histological sections of the femurs were prepared. A, representative
H&E stained bone marrow sections for each treatment group. B, number of mature myeloid and erythroid cells was determined. #, p � 0.05 relative to
naïve; *, p � 0.05 relative to HEL�DMSO. C, myeloid and erythroid cell numbers plotted as the M:E ratio. #, p � 0.05 relative to naïve; *, p � 0.05 relative to
HEL�DMSO. D, representative flow cytometry profiles of human CD45� cells from each treatment group are shown. E, average percentages of human
CD45� cells present in the bone marrow were plotted as a function of treatment group.
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such as G6 possessing beneficial biological activity in general,
and anti tyrosine kinase activity in particular.
Evaluation of the in vivo data suggests that we have identi-

fied dosages of G6 that range from subtherapeutic through
toxic. Specifically, the 0.1 mg/kg/day dosage provided some
observable benefit. This low dosage reduced the percentage of
blast cells in the peripheral blood and neoplastic cells in the
spleen. However, it was unable to alleviate the splenomegly or
significantly reduce the numbers of HEL cells in the marrow.
The 1 mg/kg/day dosage was highly therapeutic as evidenced
by reductions of blast cells in the peripheral blood, reduced
splenomegaly, elimination of HEL cells from the marrow with
a corresponding correction of the M:E ratio, neoplastic re-
gression in the spleen, and signs of return to normal hemato-
poiesis. Additionally, animals treated at this dose displayed
absolutely no signs of histological toxicity. Finally, while the
10 mg/kg/day dosage clearly provided therapeutic benefit, one
animal receiving this dose exhibited some splenic necrosis.
However, the brains, lungs, kidneys, and livers from all these
animals were histologically normal, indicating the G6-medi-
ated cytotoxicity might be targeted to hematopoietic
organs at this dose. For the mice that received the high dose

of G6 alone, the marrow was hypo-cellular with two of six
animals exhibiting some bone marrow necrosis. Overall, the
spleen weight to body weight ratio for this cohort was in-
creased (Fig. 5B). Two of the six spleens from this group were
necrotic and edematous. However, the brains, lungs, kidneys,
and livers from these mice were histologically normal. As
such, the data suggest that when given alone at the 10 mg/kg/
day dosage, G6 can be cytotoxic to hematopoietic tissues.
An important consideration is understanding the precise

linkage between G6-mediated Jak2 inhibition, suppression of
STAT5 phosphorylation and apoptosis within HEL cells as it
relates to our xenograft model. Jak2/STAT signaling is known
to positively regulate cell growth by directly increasing ex-
pression of the anti-apoptotic marker, Bcl-xL, via STAT-bind-
ing elements located in its proximal promoter region (26, 27).
In a recently published work, we reported that G6 inhibits HEL
cell growth via the down-regulation of Bcl-xL and this correlates
with significantly reduced phospho-STAT5 levels (28). Further-
more, we showed that G6 treatment of HEL cells results in up-
regulation of pro-apoptotic Bim, and cleavage of pro-apoptotic
Bid, from its inactive precursor to its active form (28). In our
work here, we show that G6 treatment results in reduced STAT5

FIGURE 7. G6 reduces the levels of phospho-STAT5 and induces cellular apoptosis in the bone marrow. A, representative anti phospho-STAT5 immu-
nohistochemistry bone marrow sections from the indicated treatment groups. B, anti-phospho-STAT5 staining was quantified and plotted as a function of
treatment group. *, p � 0.05 versus naïve; #, p � 0.05 versus HEL�DMSO. C, representative TUNEL stained bone marrow sections from each treatment
group. D, bone marrow TUNEL-positive cells were counted and plotted as a function of treatment group. *, p � 0.05 versus HEL�DMSO.
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phosphorylation within HEL cells (Fig. 4C) and within the bone
marrow (Fig. 7,A and B). Additionally, we show here that treat-
ment of HEL cells with G6 results in increased apoptosis (Fig. 3,
A and B), increased caspase 3/7 activity (Fig. 3C), cleavage of
PARP (Fig. 3D), and a dose-dependent increase of apoptosis lev-
els within the bonemarrow of treatedmice (Fig. 7,C andD). As
such, we believe that the underlyingmechanism that allows G6
to provide therapeutic efficacy involves the direct inhibition of
Jak2, the corresponding suppression of STAT5 phosphorylation,

down-regulation of anti-apoptotic Bcl-xL, up-regulation of pro-
apoptotic Bim, and cleavage of Bid.
Recent works have reported paradoxical effects regarding

the efficacy of Jak2 inhibitors when tested in vitro versus in
vivo. For example, while the Jak2 inhibitor CEP-701 exhibited
good Jak2 efficacy in vitro, Santos et al. (29) reported that it
failed to improve the marrow fibrosis or alleviate the burden
of marrow derived Jak2-V617F mutant clones in humans suf-
fering from PMF. Similarly, while the Jak2 inhibitor

FIGURE 8. G6 treatment results in neoplastic regression and normalization of hematopoiesis in the spleen. Histological sections of the spleen were
prepared from each treatment group and viewed at 10� magnification (A) and 100� magnification (B). Injection of HEL cells resulted in the appearance of
neoplastic cells in the spleen (arrowheads in panel B) and this was reduced with G6 treatment. C, number of erythroblast foci were counted and plotted as a
function of treatment group. *, p � 0.05 versus naïve; #, p � 0.05 versus HEL�DMSO.

FIGURE 9. Therapeutic indicators of G6 efficacy correlate with the present of G6 in the plasma, marrow, and spleen. A, percentages of blast cells in
the peripheral blood plotted as a function of both treatment group and time. *, p � 0.05 versus DMSO-treated mice. B, spleen to body weight ratio was ob-
tained and plotted as a function of treatment group.
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INCB16562 exhibited good Jak2 efficacy in vitro, Koppikar et
al. (30) reported that it was unable to reduce the number of
malignant clones in the bone marrow using a mouse model of
MPLW515L-induced thrombocytosis and myelofibrosis. Like-
wise, while the Jak2 inhibitor compound CYT387 exhibited
good Jak2 efficacy in vitro (15), work by Tyner et al. showed
that it was unable to eliminate Jak2-V617F mutant clones in
vivo using a murine myeloproliferative neoplasm model (31).
This collective inability of putative Jak2 inhibitors to reduce
the mutant Jak2 allele burden in the marrow was the focus of
a very recent review (32). Our work here is significant in that
we show that G6 not only exhibits excellent therapeutic effi-
cacy in vitro, but also in vivo as measured by the critical elimi-
nation of mutant clones from the marrow of mice (Fig. 6D)
and a corresponding correction of the M:E ratio (Fig. 6C). As
such, our work suggests that stilbenoid-based compounds
such as G6 may possess unique Jak2 inhibitory properties that
other compounds lack.
In summary, we show that the stilbenoid compound, G6,

has therapeutic efficacy against Jak2-V617F-mediated human
pathogenesis in vitro and in vivo. As such, this compound
may have practical applications in Jak2-related research and
as a potential therapeutic agent.
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