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Somatic mutations in the Jak2 protein, such as V617F,
cause aberrant Jak/STAT signaling and can lead to the devel-
opment of myeloproliferative neoplasms. This discovery has
led to the search for small molecule inhibitors that target
Jak2. Using structure-based virtual screening, our group
recently identified a novel small molecule inhibitor of Jak2
named G6. Here, we identified a structure-function correla-
tion of this compound. Specifically, five derivative com-
pounds of G6 having structural similarity to the original lead
compound were obtained and analyzed for their ability to (i)
inhibit Jak2-V617F-mediated cell growth, (ii) inhibit the lev-
els of phospho-Jak2, phospho-STAT3, and phospho-STAT5;
(iii) induce apoptosis in human erythroleukemia cells; and
(iv) suppress pathologic cell growth of Jak2-V617F-expressing
human bone marrow cells ex vivo. Additionally, we computa-
tionally examined the interactions of these compounds with the
ATP-binding pocket of the Jak2 kinase domain. We found that
the stilbenoid core-containing derivatives of G6 significantly
inhibited Jak2-V617F-mediated cell proliferation in a time- and
dose-dependent manner. They also inhibited phosphorylation
of Jak2, STAT3, and STAT5 proteins within cells, resulting in
higher levels of apoptosis via the intrinsic apoptotic pathway.
Finally, the stilbenoid derivatives inhibited the pathologic
growth of Jak2-V617F-expressing human bone marrow cells ex
vivo. Collectively, our data demonstrate that G6 has a stilbenoid
core that is indispensable for maintaining its Jak2 inhibitory
potential.

Jak2 plays a critical role in animal development, becausemice
that are devoid of a functional Jak2 allele die during embryonic
development because of a lack of hematopoiesis (1, 2). Deregu-
lation of the Jak/STAT signaling pathway promotes cell growth
and prevents apoptosis in a variety of solid tumors and hema-
tological malignancies such as acute lymphoid leukemia and
chronic myeloid leukemia (3–6). Additionally, a somatic Jak2
mutation (Jak2-V617F) is found in a high number of myelopro-
liferative neoplasm (MPN)2 patients including 90% of poly-
cythemia vera patients and �50% of patients with essential
thrombocythemia and primarymyelofibrosis (7–11).MPNs are
a group of heterogeneous diseases arising from a transformed
hematopoietic stem cell and characterized by excessive num-
bers of one or more terminally differentiated blood cells of the
myeloid lineage such as erythrocytes, thrombocytes, or white
blood cells. A guanine to thymine mutation in hematopoietic
stem cells results in a substitution of valine to phenylalanine at
codon 617 in exon 14 of the JH2 pseudokinase domain of Jak2.
It is believed that this mutation allows the kinase to evade neg-
ative feedback inhibition, thereby leading to a constitutively
active Jak/STAT signaling pathway characterized by growth
factor-independent cell growth (8, 10).
Given the critical role that Jak2 plays in the pathophysiology

of MPNs, identification of specific Jak2 inhibitors has become
an important step toward the development of an effective tar-
geted therapy for these disorders. Using structure-based virtual
screening, our group recently identified a novel small molecule
inhibitor of Jak2 named G6 (12). We showed that G6 has a
specific inhibitory effect on Jak2 kinase activity as measured by
in vitro enzyme assays and an immunoassay ELISA (12). Exam-
ination of the chemical structure of G6 revealed the presence of
a central stilbenoid core. Stilbenoids are a group of naturally
occurring compounds having a wide range of biological activi-
ties. For example, resveratrol, piceatannol, 3,4,5,4�-tetrame-
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thoxystilbene, and 3,5,4�-trimethoxy-trans-stilbene are all stil-
benoids and are known to have cytotoxic, anti-proliferative,
pro-apoptotic, anti-angiogenic, or tumor-suppressive effects
(13–17).
We hypothesized that the central stilbenoid core in the G6

structure has a critical role to play in mediating its Jak2 inhibi-
tory potential. To test this, five derivative compounds of G6,
namely D21, D23, D25, D28, and D30, having structural simi-
larity to the original lead compound, were procured from the
NCI, National Institutes of Health. Two of these compounds,
D28 and D30, have a stilbenoid core present in their chemical
structure similar to G6, whereas the three other compounds,
D21, D23, and D25, lack the stilbenoid core. We report here
that the core stilbenoid structure present in G6 is essential for
maintaining its ability to inhibit Jak2 kinase activity.

EXPERIMENTAL PROCEDURES

Drugs—G6 and its five structurally related derivative com-
pounds (D21, D23, D25, D28, and D30) were obtained from the
National Institutes of Health NCI/Developmental Therapeu-
tics Program, which maintains a repository of �140,000 com-
pounds. Each compound was solubilized in dimethyl sulfoxide
at a concentration of 10 mM and stored at �20°C.
Cell Culture—Human erythroleukemia (HEL) cells were

purchased from the American Type Culture Collection. Ba/F3-
EpoR-Jak2-V617F cells were created as described before (18).
Both cell lineswere cultured in RPMI 1640 (Mediatech) supple-
mented with 10% FBS, penicillin, streptomycin, and L-gluta-
mine at 37°C and 5% CO2.
Cell Proliferation Assay—HEL cells or Ba/F3-EpoR-Jak2-

V617F cells were plated in 96-well plates and treatedwith either
0.25% DMSO or varying concentrations of G6 and its deriva-
tives for the indicated periods of time. Cell viability was
assessed either by trypan blue exclusion staining or by MTS
(Promega) as per the manufacturer’s protocol.
ELISA—HEL cells were treated with either 0.25% DMSO or

25 �M of the inhibitor compounds for 48 h, and the cell lysates
were analyzed by ELISA for detection of phospho-Jak2, phos-
pho-STAT3, and phospho-STAT5. Jak2 (Tyr(P)1007/Tyr(P)1008),
STAT3 (Tyr(P)705), and STAT5b (Tyr(P)699) ELISA kits were
purchased from Invitrogen and used according to themanufac-
turer’s protocol.
Cell Lysis and Immunoprecipitation—HEL cells were treated

with the different drugs for the indicated periods of time. The
cells (� 107) were then lysed in 0.8 ml of ice-cold radioimmu-
noprecipitation assay buffer, and protein concentrationwas de-
termined using a Bradford assay (Bio-Rad). The cell lysates
(�2500 �g) were then immunoprecipitated by incubation with
2�g of the appropriate antibody and 20�l of proteinA/Gbeads
(Santa Cruz Biotechnology) for 4 h at 4 °C with constant shak-
ing. The protein complexes were washed thrice with immuno-
precipitation wash buffer (25 mM Tris, pH 7.5, 150 mM NaCl,
and 0.1% Triton X-100) and then resuspended in SDS sample
buffer. Immunoprecipitated proteins were separated by SDS-
PAGE and then transferred onto nitrocellulose membranes.
The anti-STAT3 and anti-STAT5 antibodies used for immuno-
precipitation were from Santa Cruz Biotechnology. For whole
cell protein lysates,�50�g of soluble protein was separated via

SDS-PAGE and then transferred to nitrocellulose membranes
for analysis by Western blotting.
Western Blotting—Nitrocellulose membranes were first

blocked with 5%milk/TBST solution and then probed with the
different primary antibodies. The immunoreactive bands were
then visualized using the enhanced chemiluminescence system
(Western Lightning Ultra; PerkinElmer Life Sciences). The
following antibodies were used at the indicated dilutions: phos-
pho-STAT3 (Santa Cruz Biotechnology and Cell Signaling,
1:500), STAT3 (Santa Cruz Biotechnology, 1:1000), phospho-
STAT5 (Cell Signaling, 1:500), STAT5 (Santa Cruz Biotechnol-
ogy, 1:1000), and STAT1 (Santa Cruz Biotechnology, 1:1000).
The following were all obtained fromCell Signaling and used at
a 1:500 dilution; poly(ADP-ribose) polymerase, Bcl-2, Bax, Bim,
and Bid.
Apoptosis Assay—Induction of apoptosis in HEL cells was

determined with the FITC annexin V apoptosis detection kit
(BD Pharmigen) per the manufacturer’s protocol. The cells
were incubated with 0.25% DMSO or 25 �M of inhibitors for
48 h and then analyzed using a FACSCalibur flow cytometer
(BD Biosciences).
Real Time PCR Analysis—The mRNA levels of Bcl-xL and

glyceraldehyde-3-phosphate dehydrogenase were measured by
quantitative real time PCR analysis. Total RNA was extracted
fromHEL cells and treatedwith 25�Mof the different drugs for
8 and 24 h, using an RNeasy mini kit (Qiagen) as per the man-
ufacturer’s protocol. 2�g of eachRNAsamplewas reverse tran-
scribed into cDNA in a final reaction volume of 20 �l using a
high capacity cDNA reverse transcription kit (Applied Biosys-
tems). TaqMan gene expression assays (Applied Biosystems)
Hs02758991_g1 (glyceraldehyde-3-phosphate dehydrogenase)
and Hs00236329_m1 (Bcl-xL) were used to detect the levels of
expression of these genes. Glyceraldehyde-3-phosphate dehy-
drogenase gene expression was used as an internal loading con-
trol. Real time PCRwas then performedwithTaqManuniversal
PCR Master Mix (Applied Biosystems) in a final reaction vol-
ume of 20 �l in a StepOne real time PCR system as per the
manufacturer’s protocol.
Patient Sample—Bonemarrow aspirates consisting ofmono-

nuclear cells were obtained from a de-identified Jak2-V617F-
positive female diagnosed with polycythemia vera (World
Health Organization criteria) at the University of Florida &
Shands Teaching Hospital as per an institutional review board-
approved protocol.
Colony Forming Unit-Erythroid Colony Formation Assay—

Marrow-derived mononuclear cells were washed in Iscove’s
modified Dulbecco’s medium and cultured in human methyl-
cellulose completemediumwithout erythropoietin (R & DSys-
tems) at a concentration of�4� 105 cells/ml in the presence or
absence ofG6or its structurally related derivatives. 0.9ml of the
cultures was placed in 35-mm Petri dishes and incubated at
37°C and 5% CO2 in a humidified atmosphere for 14 days, after
which the number of erythroid colony-forming units was
determined.
Computational Docking—The molecular docking program

DOCK6 (19, 20) was used to study the interactions of Jak2 with
ATP, the ATP analog ACP, G6, and the structurally related
derivative compounds. The template usedwas the crystal struc-
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ture of Jak2 kinase domain in complex with the Jak2 inhibitor
5B3 (Protein Data Bank code 3E64) (21). The coordinates for
ATP, ACP, and each of the small molecules were generated and
energy-minimized using PRODRG (22). Subsequently, Chi-
mera (23) was used to add atomic charges to these small mole-
cules. After removing the 5B3 molecule, the coordinates of the
Jak2 kinase domainwere saved in ProteinData Bank format. To
prepare the protein for docking, hydrogen atoms and partial
electrostatic charges were first added to themolecule. Amolec-
ular surface of the Jak2 kinase domainwas then generated using
the DMS tool in Chimera. The program SPHGEN was used to
generate spheres around the active site for identification of the
target pocket on the protein for small molecule docking. The
GRID file, necessary for rapid GRID-based energy score evalu-
ation, was then generated around the identified docking site
using the GRID module in DOCK6. Each compound was
docked in 1000 different orientations using flexible dock, and a
net energyGRID scorewas generated for each, based on the van
der Waal’s and electrostatic interactions between the com-
pound and the residues in the binding pocket. The favorable
binding orientations were selected on the basis of the energy
GRID scores generated for each orientation, wherein a favor-
able binding orientation would have a more negative score.
Finally, the docking results were analyzed visually using COOT
(24) and Chimera. Surface electrostatic potentials were calcu-
lated using APBS (25), and PyMol (26) was used to generate the
figures.
Statistical Analysis—For statistical evaluation of time-de-

pendent responses to the different inhibitor compounds, a two-
way analysis of variance was used. For analysis of inhibition of
phosphorylation, induction of apoptosis, modulation of gene
expression, and suppression of pathologic cell growth ex vivo, a
Student’s t test was employed. The data were assumed to be
statistically significant when p � 0.05.

RESULTS

A Stilbenoid Core Is Essential for Time- and Dose-dependent
Inhibition of Jak2-V617F-dependent Cell Growth—The human
erythroleukemia (HEL 92.1.7) cell line is homozygous for the
Jak2-V617F mutation, and this gain-of-function mutation
is responsible for its transformed phenotype (27, 28). Prolif-
eration of HEL cells is mediated by the constitutively active
Jak2-V617F signaling, which promotes a G1/S phase transition,
thereby leading to increased cellular proliferation (29). G6
and its five structurally related derivatives were therefore first
analyzed for their ability to inhibit the Jak2-V617F-dependent
proliferation ofHEL cells. Viable cell numberswere determined
by trypan blue exclusion and hemocytometer after 72 h. Each
sample was measured in triplicate. Inhibition by G6 was arbi-
trarily set at 100%, and the percentage of inhibition for all of
the other compounds relative to G6 was defined as 1.00 � (�
drug/� vehicle control). Supplemental Table S1 summarizes
the percentage of growth inhibition for each of the six com-
pounds. We found that the stilbene-containing derivatives
(D28 and D30) had high growth inhibition potentials, whereas
those compounds lacking the stilbenoid core (D21, D23, and
D25) had low growth inhibition potentials.

To determine the ability of each of these compounds to
inhibit Jak2-V617F-mediated HEL cell proliferation, the
cells were treated either for varying periods of time or with
increasing concentrations of G6 or its derivatives. Viable cell
numbers for each treatment were determined. When com-
pared with vehicle-treated cells, we found that G6 and its stil-
benoid derivatives (D28 and D30) significantly reduced viable
cell numbers in a time-dependent manner, whereas the non-
stilbenoid derivatives (D21,D23, andD25) did not (Fig. 1A).We
also found that G6 and the two stilbenoid derivatives (D28 and
D30) markedly inhibited the growth of HEL cells in a dose-de-
pendent manner (Fig. 1B), whereas the three non-stilbenoid
derivatives (D21, D23, and D25) showed no growth inhibition
of HEL cells (Fig. 1C).
Phosphorylation of Jak2 at tyrosine residues 1007/1008 is

concomitant with higher kinase activity and increased cellu-
lar proliferation (11). Therefore, we next wanted to determine
whether the presence of the stilbenoid core is critical for reduc-
tion of phospho-Jak2 levels within treated cells. Phospho-Jak2
levels were measured 48 h after drug exposure rather than
the 72 h used in Fig. 1 (A–C), because far fewer viable cells
exist at the longer time point. Exposure of HEL cells to stil-
benoid core-bearing compounds (G6, D28, and D30) signif-
icantly decreased the levels of phospho-Jak2 (Fig. 1D) when
compared with those derivatives that lack the stilbenoid core
(D21, D23, and D25).
We next wanted to determine whether the ability of G6 to

inhibit Jak2-V617F-mediated cell proliferation was valid for
other cell lines with constitutively active Jak2. For this, we stud-
ied the ability of these compounds to inhibit Ba/F3 cells stably
expressing Jak2-V617F. The introduction of the Jak2-V617F
cDNA into these cells via retroviral transduction confers cyto-
kine-independent growth that is entirely Jak2-V617F-depen-
dent (18). The cells were treated with various doses of the dif-
ferent drugs, and viable cell numbers were assessed after 72 h
using anMTS assay. G6 and its stilbenoid derivatives (D28 and
D30) showed significant inhibition of cell growth in a dose-de-
pendent manner (Fig. 2A) when compared with the non-stilbe-
noid derivatives (D21, D23, and D25) (Fig. 2B). Collectively,
these data demonstrate that the stilbenoid core is essential for
maintaining the ability of G6 to inhibit Jak2-V617F-dependent
cell growth, and the reduced cell growth correlates with signif-
icantly reduced levels of phospho-Jak2.
Indispensability of the Stilbenoid Core in Decreasing Phos-

phorylation of STAT3 and STAT5—In the canonical Jak/STAT
signaling pathway, an active Jak2 phosphorylates STAT pro-
teins such as STAT3 and STAT5, which ultimately translocate
to the nucleus andmodulate gene transcription (10). Hence, we
wanted to determine whether the stilbenoid core is critical for
the inhibition of STATphosphorylation.HEL cellswere treated
for 48 h with the different compounds, and phospho-STAT
levels were determined. G6 and its stilbenoid derivatives (D28
and D30) significantly decreased phospho-STAT3 levels as
measured by ELISA (Fig. 3A) and Western blot analysis (Fig.
3B). Similarly, only the stilbenoid-containing compounds (G6,
D28 andD30) significantly decreased phospho-STAT5 levels as
measured by ELISA (Fig. 3C) and Western blot analysis (Fig.
3D). As such, these data confirm the ability of G6 and its stilbe-
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noid derivatives to down-regulate the phosphorylation of key
signaling molecules involved in Jak2-dependent pathological
cell growth, namely STAT3 and STAT5.

Induction of Apoptosis in HELCells by G6 and Its Derivatives—
Deregulation of the Jak/STAT signaling pathway is known to
promote cell proliferation and prevent apoptosis in several dif-

FIGURE 1. Time- and dose-dependent effect of G6 and its derivatives on the HEL cell proliferation and Jak2 phosphorylation. A, HEL cells were treated with
either 0.25% DMSO or with 25 �M of G6 or its derivatives for 0, 24, 48, or 72 h. The number of viable cells in each sample was measured by trypan blue exclusion. Each
sample was measured in triplicate. p � 1.22 � 10�10 (D23 versus G6). B and C, HEL cells were treated for 72 h either with DMSO or with 0.01, 0.03, 0.1, 0.3, 1, 3, 10, and
30 �M of the indicated compounds. The viable cell numbers for each treatment were determined in triplicate. Shown is one of two sets of representative results. D, HEL
cells were treated with 25 �M of the different drugs for 48 h. The cells were then analyzed by ELISA for the detection of phospho-Jak2 (Tyr(P)1007/Tyr(P)1008). Each
experiment was run in triplicate. Shown is one of two sets of representative results. *, p � 0.05 with respect to DMSO; #, p � 0.05 with respect to non-stilbenoids.

FIGURE 2. Dose-dependent effect of G6 and its derivatives on the proliferation of Ba/F3-EpoR-Jak2-V617F cells. Ba/F3-EpoR-Jak2-V617F cells were
treated for 72 hours either with DMSO or with 0.01, 0.03, 0.1, 0.3, 1, 3, 10, and 30 �M of the indicated compounds. A, treatment with the stilbenoids G6, D30, and
D28. B, treatment with G6 and the non-stilbenoids D21, D23, D25. The viable cell numbers for each treatment were determined in triplicate using an MTS assay.
Shown is one of two representative results.

Stilbenoid Core Is Essential for Jak2 Inhibition by G6

31402 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 41 • OCTOBER 8, 2010



ferent cancers (30). Given that G6 and its stilbenoid core-con-
taining derivatives inhibited Jak2-V617F-dependent cell prolif-
eration and Jak/STAT activation, we next wanted to determine

whether these drugs induce apopto-
tic death. HEL cells treated with G6
and the stilbenoid derivatives (D28
and D30) exhibited a significant
increase in the percentage of cells in
early apoptosis when compared
with the DMSO or the non-stilbe-
noid-treated (D21, D23, and D25)
cells (Fig. 4A). Fig. 4B is a quantita-
tive graph of four independent
experiments showing the amount of
apoptosis plotted as a function of
treatment condition. We observed
that the percentage of cells in early
apoptosis increased from 7.45% in
the DMSO-treated control to 27.8%
inG6-treated, 31.3% inD28-treated,
and 34.2% in D30-treated HEL cells,
whereas it remained almost un-
changed for the non-stilbenoid-
treated cells (Fig. 4B).
Jak2/STAT signaling is known

to positively regulate cell growth
by directly increasing expression
of the anti-apoptotic marker, Bcl-
xL, via STAT-binding elements pre-
sent in its promoter region (31, 32).
To determine whether the presence
of the stilbenoid core correlates
with reduced levels of Bcl-xL, we
measured Bcl-xL mRNA levels in
cells treated with the different com-
pounds. The stilbenoids (G6, D28,
and D30) significantly decreased
Bcl-xL expression inHEL cellswhen
compared with DMSO or the non-
stilbenoids (D21, D23, and D25) at
both 8 h (Fig. 5A) and 24 h (Fig. 5B)
of treatment. As such, these data
indicate that the presence of the stil-
benoid core does in fact correlate
with markedly reduced levels of the
proliferative marker, Bcl-xL.
The intrinsic apoptotic pathway

is regulated by members of the
Bcl-2 family (33). Therefore, we
next monitored the expression of
Bcl-2 family members in HEL cells
treated with 25 �M of the different
compounds for 24 h. As expected,
the stilbenoid derivates (G6, D28,
and D30) induced greater cleavage
of poly(ADP-ribose) polymerase, a
marker of apoptosis, when com-
pared with the non-stilbenoids (D21,

D23, and D25) (Fig. 5C). We also observed a stilbenoid-depen-
dent increase in the protein levels of Bim, a pro-apoptoticmem-
ber of the Bcl-2 family (Fig. 5D).

FIGURE 3. Inhibition of phosphorylation of STAT3 and STAT5 by G6 and its derivatives. HEL cells were
treated with 25 �M of the different drugs for 48 h. The cells were then analyzed for the detection of phospho-
STAT3 and phospho-STAT5 by both ELISA (A and C) and Western blot analysis (B and D). Stilbenoid-containing
compounds (G6, D28, and D30) effectively inhibited phosphorylation of STAT3 (A and B), and phosphorylation
of STAT5b (C and D). Shown is one of two sets of representative results for each. *, p � 0.05 with respect to
DMSO; #, p � 0.05 with respect to non-stilbenoids. IP, immunoprecipitation; IB, immunoblot.

FIGURE 4. Induction of apoptosis in HEL cells by G6 and its derivatives. HEL cells were treated with 25 �M of
the different drugs for 48 h and then stained with annexin V-FITC and propidium iodide followed by flow
cytometric analysis. A, shown are representative flow cytometry profiles from one of four independent results.
B, quantification of the number of cells in early apoptosis (i.e. annexin V-positive and propidium iodide-nega-
tive). The data shown are the means � S.D. from four independent experiments. *, p � 0.05 with respect to
DMSO; #, p � 0.05 with respect to non-stilbenoids.
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The pro-apoptotic protein, Bid, is present in the cytosol as
an inactive precursor. Upon proteolytic cleavage, its active
form is generated, which translocates to the mitochondria and
induces mitochondrial damage and destabilization (34). We
found that the stilbenoid compounds decreased the levels of the
inactive precursor form of Bid, a hallmark of Bid cleavage and
subsequent apoptosis. We found that the protein levels of Bax
and Bcl-2 did not change with any treatment (Fig. 5D). Lastly,
the samples were blottedwith an anti-STAT1 antibody to dem-
onstrate equal protein loading across all lanes (Fig. 5D). Overall,
the data in Figs. 4 and 5 indicate that the stilbenoid core of G6 is
critical for its ability to induce apoptotic cell death in HEL cells
via the intrinsic apoptotic pathway by down-regulation of anti-
apoptotic Bcl-xL, up-regulation of pro-apoptotic Bim, and
cleavage of Bid.
Stilbenoid Core-bearing Derivatives of G6 Suppress Patho-

logic Cell Growth of Patient-derived BoneMarrowCells ex Vivo—
We next wanted to determine whether the stilbene core is
also essential for its ability to inhibit pathologic cell growth of
patient-derived bone marrow cells ex vivo. For this, we used a
colony formation assay that measures the number of eryth-
roid colony-forming units that are produced when marrow-
derived stem cells are cultured ex vivo. Stem cells isolated

from a normal individual will be unable to grow in the
absence of exogenously added cytokine. However, the Jak2-
V617F mutation confers cytokine-independent cell growth.
Here, mononuclear cells isolated from the bone marrow of a
Jak2-V617F-positive female polycythemia vera patient were
cultured in medium lacking erythropoietin. DMSO or 5 �M

of inhibitor was added as indicated. Our previous work has
shown that 5 �M of G6 inhibits �50% of the cytokine-inde-
pendent growth of Jak2-V617F-expressing, marrow-derived
stem cells (12). The results here show that treatment of the
primary cultures with either G6 or the stilbenoids (D28 and
D30) significantly blocked cytokine-independent pathologic
cell growth when compared with the DMSO and non-stilbe-
noid-treated (D21, D23, and D25) samples (Fig. 6). As such,
the data in Fig. 6 demonstrate that the stilbenoid core of G6
is essential for reducing Jak2-dependent pathologic cell
growth of human bone marrow mononuclear cells cultured
ex vivo.
Computational Docking of G6 and Its Derivatives into the

ATP-binding Pocket of the Jak2 Kinase Domain—Using the
known structure of the Jak2 kinase domain (21), ATP, the ATP
analog ACP, G6, and each of its five structurally related deriv-
atives were docked into the ATP-binding pocket. The goal was

FIGURE 5. Treatment with G6 or its stilbenoid derivatives leads to HEL cell death via the intrinsic apoptotic pathway. HEL cells were treated with 25 �M

of the different drugs for either 8 h (A) or 24 h (B). Bcl-xL mRNA levels were normalized to those of glyceraldehyde-3-phosphate dehydrogenase and plotted as
the fold change over DMSO control. Each sample was run in duplicate. Shown is one of two sets of representative results. *, p � 0.05 with respect to DMSO.
C, cells were treated with either DMSO or 25 �M of the different drugs for 24 h. The whole cell lysates were then analyzed by Western blotting with an
anti-poly(ADP-ribose) polymerase (PARP) antibody. Shown is one of three sets of representative results. D, cells were treated with either DMSO or 25 �M of the
different drugs for 24 h. Whole cell lysates were then serially analyzed by Western blot analysis for the indicated proteins. Shown is one of three sets of
representative results.
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to analyze the potential interactions of these compounds with
amino acids in this binding region.
The ATP-binding pocket of Jak2 and the important residues

clustered in this pocket have been described previously (35, 36).
Generation of the electrostatic surface potential for the Jak2
kinase domain showed the predicted presence of acidic and
basic patch residues clustered at the ATP-binding pocket
(supplemental Fig. S1). We found that both ATP and ACP
docked extremely well into this pocket (Fig. 7A) with GRID
scores of �76.81 and �62.37 kcal/mol, respectively. Further-
more, the docked molecules showed excellent correlation with
the known crystal structures of ACP and ATP complexed with
the kinase domains of other proteins (37–40).
We found that the stilbenoids had higher binding affinities

when compared with the non-stilbenoids as indicated by their
more negative energy scores. G6, D28, D30, D21, D23, and
D25 had energy scores of �75.46, �63.24, �72.26, �27.69,
�38.90, and �48.91 kcal/mol, respectively. The docking ori-

entations of G6, D28, and D30 into
the pocket (Fig. 7B) were very
similar to that of ATP/ACP
(supplemental Fig. S1) and dis-
tinctly different from those of the
non-stilbenoids (Fig. 7C). The dock-
ing conformation of each of the stil-
benoid inhibitors into the ATP-
binding pocket also correlated well
(root mean square deviation of �2
Å) with the previously reported
structure of another Jak2 inhibitor,
5B3, in complexwith the Jak2 kinase
domain (Fig. 7D).
Examination of the most favor-

able docking orientations for G6
and each of its derivatives showed
the presence of hydrogen bonds
(�3.5 Å) and van der Waal’s inter-
actions between the stilbenoid
derivatives and the ATP-binding
pocket of Jak2 (Fig. 8). Specifically,
the stilbenoid core-containing de-
rivatives exhibited van der Waal’s
interactions with many of the
hydrophobic residues in the binding
pocket such as Val863, Leu855,
Leu983, Leu932, Tyr931, Ala880, and
Val911. The stilbenoid-containing
derivatives also formed hydrogen
bond interactions with several
important surrounding residues
including Asp994, Arg980, Glu930,
and Leu932. The non-stilbenoid
derivatives, however, did not show
any such hydrogen bond interac-
tions with these critical residues of
the Jak2ATP-binding pocket. Over-
all, these data demonstrate the
importance of the stilbenoid core

FIGURE 6. Suppression of Jak2-V617F-mediated pathologic cell growth in
patient-derived bone marrow cells by G6 and its derivatives ex vivo. Mar-
row-derived mononuclear cells were cultured in semisolid medium in the
presence or absence of 5 �M G6 and its structurally related derivatives. At the
end of 14 days of culture, the numbers of erythroid colony-forming units
(CFU-E) were counted. Each condition was measured in duplicate. *, p � 0.05
with respect to DMSO; #, p � 0.05 with respect to non-stilbenoids.

FIGURE 7. Molecular docking of G6 and its derivatives into the ATP-binding pocket of Jak2. ATP, the ATP
analog ACP, G6, and each of its structurally related derivatives were docked into the ATP-binding pocket of the
known crystal structure of Jak2 kinase domain (Protein Data Bank code 3E64). A, coiled representation of the
structure of Jak2 with ATP and ACP docked into the ATP-binding pocket. The nucleotide binding loop is blue,
the hinge region is cyan, the catalytic loop is magenta, and the activation loop is red. Residues within this pocket
that are critical for interactions with ATP and other docked drugs have been represented as spheres. Phosphor-
ylation of Tyr1007 within the activation loop is necessary for the activation of kinase activity of Jak2. ATP
(yellow) and ACP (green) had strong interactions with the pocket as indicated by their highly negative GRID
scores. B, G6 (pink), D28 (gray), and D30 (yellow) docked at the ATP-binding pocket of Jak2. C, D21 (orange),
D23 (magenta), and D25 (green) docked at the ATP-binding pocket of Jak2. D, comparison of the docking
of ATP (yellow), ATP analog ACP (green), and G6 (pink) with the crystal structure of a Jak2 inhibitor (5B3)
(blue) in complex with Jak2 kinase domain showed good correlation (root mean square deviation of �2 Å)
between the structures.
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structure for stronger docking interactions of the drug with the
ATP-binding pocket of Jak2.

DISCUSSION

Somatic Jak2 mutations, such as the Jak2-V617F, which result
inderegulated Jak/STATsignaling, havebeen identified innumer-
ous patients withmyeloproliferative neoplasms and are known to
play a primary role in the pathogenesis of these diseases (7–11).
Therefore, identification of novel compounds having inhibitory
effects against hyperkinetic Jak2 has become an attractive ther-
apeutic strategy in MPN. Using structure-based virtual screen-
ing, our group recently identified a novel Jak2 small molecule
inhibitor called G6 (12).
In this report, we describe a structure-function correlation of

this inhibitor compound. We demonstrate that it has a central
stilbenoid core in its structure that is indispensable for main-
taining its ability to inhibit Jak2 kinase activity. G6 and its stil-
benoid core-containing derivatives (D28 and D30) effectively
inhibit Jak2-V617F-mediated HEL cell proliferation in a time-
and dose-dependent manner. Correspondingly, they are also
capable of suppressing the phosphorylation of Jak2, STAT3,
and STAT5 proteins. Furthermore, these stilbenoids signifi-
cantly induce apoptosis in treated cells via the intrinsic pathway
and possess the ability to block ex vivo pathologic cell growth of
bone marrow cells isolated from a Jak2-V617F-positive MPN
patient.
Stilbenes are a group of compounds with a wide range of

diverse biological activities. Stilbenoids, such as resveratrol,
piceatannol, and diethylstilbestrol, are reported to have anti-
proliferative, anti-oxidative, anti-neovascularization, and

tumor-suppressive effects (13–15). Resveratrol has beneficial
cardiovascular effects (41), whereas diethylstilbestrol is known
to have estrogen activity (42). Piceatannol, a naturally occurring
phenolic stilbenoid, is the only stilbenoid that is a known pro-
tein-tyrosine kinase inhibitor. It inhibits LMP2A, a viral tyro-
sine kinase implicated in diseases associated with the Epstein-
Barr virus as well as the nonreceptor tyrosine kinases Syk and
Lck (43, 44). Here, we report that G6, which is also a stilbene,
has anti-Jak2 tyrosine kinase activity. More importantly, the
trans-stilbenoid core identified in all of the active compounds is
now being subjected to bioisosteric replacements (45) that
would result in new Jak2 chemotypes with improved druglike
properties.
Computational docking of G6 and its structurally related

derivatives into the ATP-binding pocket of Jak2 revealed im-
portant interactions between the inhibitors and specific resi-
dues within Jak2. For example, Glu930 and Leu932 are part of the
important hinge region of the Jak2 kinase domain and are
known to be involved in adenine binding. We found that these
residues were occupied by the stilbenoid-containing com-
pounds but not the non-stilbenoids. Another amino acid that
interacted with the docked stilbenoid inhibitors was Asp994,
located in the highly conserved DFGmotif. This motif is part of
the critical activation loop of the kinase, and our group was the
first to identify the importance of this residue as it relates to
Jak2 kinase inhibition (12). We show here that the stilbenoid
core-bearing inhibitors also had a hydrogen bond interaction
with Arg980, which is a part of the catalytic loop and is known to
be one of the residues involved in the coordination of magne-
sium ions (35, 36). Thus, the ability of the stilbenoid derivatives

FIGURE 8. Docking of G6 and its derivatives into the ATP-binding pocket of Jak2. G6 (pink) and its stilbenoid derivatives D28 (gray) and D30 (yellow) showed
hydrogen bond interactions (�3.5 Å) with several critical residues (Glu930, Leu932, Arg980, and Asp994) that make up the ATP-binding pocket of Jak2. However,
the nonstilbenoid derivatives D21 (magenta), D23 (orange), and D25 (yellow) show no such hydrogen bond interactions.
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to simultaneously interact, in silico, with the hinge region, the
DFGmotif, and the catalytic loop suggests that they may inter-
fere with both ATP-binding function and activation loop phos-
phorylation, thereby making them potent Jak2 inhibitors. In
summary, our data collectively show that the central stilbenoid
core structure is indispensable formaintaining anti-Jak2 kinase
activity of the small molecule inhibitor G6.
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