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JAK-STAT signaling is involved in the
regulation of cell survival, proliferation,
and differentiation. JAK tyrosine kinases
can be transiently activated by cytokines
or growth factors in normal cells, whereas
they become constitutively activated as a
result of mutations that affect their
function in tumors. Specifically, the
JAK2V617F mutation is present in the
majority of patients with myeloprolifera-
tive disorders (MPDs) and is implicated in
the pathogenesis of these diseases. In
the present study, we report that the

kinase CK2 is a novel interaction partner
of JAKs and is essential for JAK-STAT
activation. We demonstrate that cytokine-
induced activation of JAKs and STATs
and the expression of suppressor of cyto-
kine signaling 3 (SOCS-3), a downstream
target, are inhibited by CK2 small interfer-
ing RNAs or pharmacologic inhibitors.
Endogenous CK2 is associated with JAK2
and JAK1 and phosphorylates JAK2 in
vitro. To extend these findings, we demon-
strate that CK2 interacts with JAK2V617F
and that CK2 inhibitors suppress

JAK2V617F autophosphorylation and
downstream signaling in HEL92.1.7 cells
(HEL) and primary cells from polycythe-
mia vera (PV) patients. Furthermore, CK2
inhibitors potently induce apoptosis of
HEL cells and PV cells. Our data provide
evidence for novel cross-talk between
CK2 and JAK-STAT signaling, with impli-
cations for therapeutic intervention in
JAK2V617F-positive MPDs. (Blood. 2011;
118(1):156-166)

Introduction

The JAK-STAT pathway is crucial in transmitting signals from
many cytokines and growth factors into the nucleus, regulating
gene expression. Cytokines of the IL-6 family, type I and II IFNs,
and growth factors such as growth hormone (GH) activate the
JAK-STAT signaling pathway. Oncostatin M (OSM), a cytokine
belonging to the IL-6 family, is a potent activator of the JAK-STAT
signaling pathway.1 Binding of OSM induces heterodimerization of
its receptors, gp130 and OSMR�, and the receptor-associated
JAKs, JAK1 and JAK2, become activated, leading to phosphoryla-
tion of gp130 tyrosine residues. The phosphorylated residues direct
the recruitment of STAT proteins, including STAT-3, STAT-1, and
STAT-5, which in turn become JAK substrates. Activated tyrosine–
phosphorylated STATs form homodimers or heterodimers, translo-
cate to the nucleus, and bind to consensus sequences in the
promoters of OSM-responsive genes, inducing transcription.2

The JAK tyrosine kinase family comprises 4 mammalian
members: JAK1, JAK2, JAK3, and TYK2. JAK2 is essential in
erythropoiesis,3 and its dysfunction has been implicated in myelopro-
liferative disorders (MPDs) and leukemias.4 MPDs are a group of
clonal hematopoietic disorders including polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis (PMF).4

Recent studies have revealed that JAK2V617F, a somatic, activat-
ing point mutation, occurs in most PV patients and in � 50% of ET
and PMF patients, and is involved in the pathogenesis of MPDs.5-8

Overexpression of JAK2V617F in murine Ba/F3 cells leads to
cytokine-independent growth,5 and expression of JAK2V617F in
mice recapitulates many pathologic characteristics observed in PV,
ET, and PMF patients.9-11 Among the signaling pathways activated

by JAK2V617F are the STATs, predominantly STAT-5.12 There-
fore, JAK2V617F represents an ideal target for therapeutic interven-
tion, especially in JAK2V617F-positive MPDs.

Protein kinase CK2 (formerly known as casein kinase 2 or II) is
a ubiquitous, highly conserved serine/threonine kinase, and recent
studies have shown that it can also phosphorylate tyrosine resi-
dues.13 CK2 phosphorylates � 300 substrates involved in DNA
replication, gene transcription, signal transduction, and cell growth
and apoptosis.14,15 CK2 presents as a tetramer composed of 2
catalytic subunits (� or ��) and 2 � regulatory subunits. CK2 is
essential for cell viability, because disruption of either CK2� or
CK2� is embryonically lethal.16,17

CK2 expression and activity are up-regulated in blood tumors,
including multiple myeloma18 and leukemia,19 and in solid tumors,
including kidney, mammary gland, lung, prostate, and head and neck
cancers.20 In mouse models, CK2 cooperatively promotes oncogenesis
and tumor progression with overexpression of other oncogenes such as
c-myc,21 or with loss of tumor suppressors such as p53.22 Prosurvival
genes such as �-catenin; oncogenes such as c-Myc, c-Myb, and c-Jun;
and tumor suppressors such as promyelocytic leukemia (PML) protein,
phosphatase and tensin homolog (PTEN), and p53 have been shown to
be targets and/or interactors of CK2.20 Several signaling pathways, such
as the NF-�B, Wnt, and PI3K pathways, are regulated by CK2 in a
manner that promotes cell survival signaling.20

Both CK2 and JAK-STAT signaling play pivotal roles in cell
survival, proliferation, and antiapoptotic mechanisms, and their
dysregulation is associated with human malignancies. However,
little is known of potential cross-talk between CK2 and the

Submitted January 22, 2010; accepted April 14, 2011. Prepublished online as
Blood First Edition paper, April 28, 2011; DOI 10.1182/blood-2010-01-266320.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2011 by The American Society of Hematology

156 BLOOD, 7 JULY 2011 � VOLUME 118, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/118/1/156/1340027/zh802711000156.pdf by guest on 02 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2010-01-266320&domain=pdf&date_stamp=2011-07-07


JAK-STAT pathway. To test this, we used small interfering RNA
(siRNA) against CK2� and/or CK2�, as well as the pharmacologic
inhibitors 4,5,6,7-tetrabromobenzotriazole (TBB) and emodin to
knock down CK2 expression or inhibit its activity, respectively, and
then examined the effects on activation of the JAK-STAT pathway.
Our results indicate that OSM-, IFN-�-, and GH-induced JAK-
STAT activation are dependent on the presence or activity of CK2.
In addition, CK2 is constitutively associated with JAK2 and JAK1,
but not STAT-3. In vitro kinase assays suggest that JAK2 is
phosphorylated by CK2, which is inhibited in the presence of TBB.
Identifying CK2 as a novel interactor of JAKs and a positive
regulator of JAK and STAT activation, we extended these studies to
examine JAK2V617F activation in MPD cells. Using JAK2V617F-
expressing erythroid leukemia cells HEL as a model, we demon-
strate that the CK2 inhibitor TBB suppresses autonomous
JAK2V617F activation and downstream signaling and also po-
tently induces apoptosis of HEL cells. Furthermore, TBB sup-
presses constitutive activation of STAT-3, STAT-5, and ERK in
primary cells from PV patients and induces apoptosis. These results
suggest that CK2 inhibitors are of potential value for the treatment
of JAK2V617F-positive MPDs.

Methods

Recombinant proteins and reagents

Recombinant human and murine OSM and human and murine IFN-� were
obtained from R&D Systems. Recombinant human full-length JAK2 was
purchased from OriGene Technologies, and recombinant human CK2
(� and �) was from New England Biolabs. Antibodies to p-Y-STAT-3, total
STAT-3, p-Y-STAT-1, p-Y-STAT-5, total STAT-5, p-JAK1, p-ERK, ERK,
and caspase 8 were from Cell Signaling Technology. Antibodies to gp130,
OSMR�, p-Y1007/1008-JAK2, CK2�, JAK1, and IFN-� receptor-1
(IFNGR1) were from Santa Cruz Biotechnology. STAT-1, JAK2, and
anti-phosphotyrosine antibodies were from Millipore. Antibodies to caspase
3 were from Abcam. TBB (218697), P6, and antibody to CK2� were from
EMD Biosciences. Emodin and antibodies to actin and hemagglutinin (HA)
were from Sigma-Aldrich. Monoclonal antibodies specific for Bcl-xL were
the generous gift of Dr Tong Zhou (University of Alabama at Birmingham).
Murine CK2� and CK2� siRNA and transfection reagents were from
Dharmacon.

Cells

Primary or immortalized mouse embryonic fibroblasts (MEFs) were kindly
provided by Dr P-P. Pandolfi (Harvard University, Boston, MA). The
CH235-MG human astroglioma cell line was cultured as described
previously.23 �2A-JAK2 is a JAK2-deficient human fibrosarcoma cell line
(�2A) that was stably transfected with JAK2, and �2A-GHR-JAK2 (clone
14) is a �2A cell line that was stably transfected with JAK2 and GH
receptor (GHR) and maintained as described previously.24 �2A-GHR-
JAK2KD cells were maintained as described previously.25 MDA-MB-231
and 293T cells were maintained in DMEM and HEL 92.1.7 cells were
maintained in RPMI 1640 medium. Primary murine astrocytes were
prepared as described previously.26 Peripheral blood samples were obtained
from the Mayo Clinic Cell Bank facility. All cells were collected under
Mayo Clinic institutional review board–approved protocols for both
collection to store and permission to use. Mononuclear cells from blood
were obtained from JAK2V617F-positive PV patients as described previ-
ously,27 and maintained in StemSpan H3000 medium supplemented with
CC100 cytokine cocktail (StemCell Technologies).

Plasmid constructs

HA-CK2� and the HA-CK2�-inhibitor–resistant mutant, which contains
V66A and I174A double mutations, were constructed as described previ-

ously.28 HA-tagged full-length and deletion constructs of JAK2 were
prepared as described previously.29

RNA interference

MEFs were seeded at 0.5 � 105/well in 6-well plates overnight and
transfected with 100nM CK2� or CK2� siRNA or 50nM CK2� plus �
siRNA for 48 hours using Dharmacon transfection reagent 4 according to
the protocol provided by the manufacturer.

Immunoprecipitation and immunoblotting

For co-immunoprecipitation (co-IP) assays, confluent cells in 150-mm
dishes were harvested in cell lysis buffer containing 50mM Tris (pH 7.5),
150mM NaCl, 1% Ipegal, 2mM EDTA, 1mM PMSF, 25 �g/mL of
aprotinin, 25 �g/mL of leupeptin, and 1 � phosphatase inhibitor (Thermo-
Scientific). Cell lysate (1-2 mg) was incubated with 1-2 �g of antibody
overnight at 4°C and then with 35 �L of protein A/G beads for 1 hour. The
beads were washed, boiled in 2 � loading buffer, separated by SDS-PAGE
gel, and immunoblotted with antibody. For immunoblotting, 	 20-30 �g of
total protein was used to detect STATs or CK2 on 8% or 10% gels,
respectively, and 	 50-80 �g of total protein was used to detect JAK2,
JAK1, gp130, or OSMR� on 6% gels.

ELISA

Cell lysates were prepared from MEFs, HEL, and primary PV cells, and
65 �g of total protein was assayed using the JAK2 pYpY1007/ 1008 ELISA
kit (Invitrogen) according to the protocol provided.

RNA isolation, riboprobes, RPA, and RT-PCR

Total RNA was extracted using TRIzol (Invitrogen). Riboprobes for murine
suppressor of cytokine signaling 3 (SOCS-3) and GAPDH were prepared
and the RNase protection assay (RPA) was performed as described
previously.30 For RT-PCR, 1 �g of total RNA was used and the primer pairs
5�-aggagagcggattctactgga-3� and 5�-tggccgttgacagtcttccgaca-3� were used
to amplify murine SOCS-3.

Apoptosis assay

HEL and primary PV cells were treated with TBB for 24 hours, stained with
Annexin V and propidium iodide using the ApoAlert Annexin V-FITC
Apoptosis Kit (Clontech), and examined by flow cytometry. The percentage
of annexin V–positive cells was determined using FlowJo 7.5.5 software.

Cell-cycle analysis

HEL cells were treated with TBB for 24 hours, fixed with 70% ethanol
overnight, stained with propidium iodide, digested with RNase for
45 minutes, and examined by flow cytometry. The percentage of cells in
different stages was determined with FlowJo 7.5.5 software.

Cell-survival assay

Primary PV cells were seeded in triplicate at 1 � 105/mL in a 100-�L
volume in the absence or presence of TBB; then, 10 �L of WST-1 (Roche)
was added to the cells and absorbance was measured at 450 nm against
655 nm after 2 hours.

CK2 kinase activity assay

Cell lysates were prepared, immunoprecipitated, and assayed according to
the provided protocol using a CK2 assay kit (17-132; Upstate
Biotechnology).

In vitro phosphorylation assay

Purified recombinant human JAK2 was incubated with CK2 reaction buffer,
200�M ATP, 5 �Ci �–labeled ATP, and recombinant CK2 (� and �) at 30°C
for 2 hours, boiled in 2 � loading buffer, separated by SDS-PAGE gel, and
subjected to autoradiography.
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Densitometric and statistical analysis

Densitometric quantitation of immunoblotting, RPA, or RT-PCR images in
the linear range was performed using an image analysis program (ImageJ
1.41o; National Institutes of Health). Levels of significance for comparison
between samples were determined by Student t test distribution. P � .05
was considered statistically significant. All experiments were performed a
minimum of 3 times.

Results

CK2 is required for cytokine-induced STAT activation and
downstream gene expression

Previous studies in our laboratory identified the tumor suppressor
PML as a regulator of the JAK-STAT pathway.31 Furthermore,
PML was shown to be a substrate of CK2 and targeted for
degradation by the proteosome.32 Therefore, we were interested in
determining whether the JAK-STAT pathway is regulated by CK2

in a PML-dependent or a PML-independent manner. To investigate
whether there is cross-talk between CK2 and the JAK-STAT
pathway, we initially examined whether CK2 is involved in the
regulation of STAT-3 activation. We used siRNA to specifically
inhibit expression of CK2� and/or CK2�, and then examined the
influence on OSM-induced signaling cascades. MEFs were trans-
fected with 100nM CK2� or CK2� siRNAs, or 50nM CK2� and
CK2� siRNAs for 48 hours, stimulated with OSM, and assayed for
phospho-tyrosine STAT-3 and total STAT-3 levels. Silencing of
CK2� or CK2� expression led to reduced OSM-induced STAT-3
activation (Figure 1A). The inhibitory effect was most pronounced
when both CK2� and CK2� were diminished in expression
(Figure 1A lane 8). We observed that CK2� siRNA also inhibited
CK2� levels (Figure 1A lanes 3-4). This has been previously
observed in vivo with CK2� knockout mice16 and in vitro in MCF7
cells.33 The CK2 pharmacologic inhibitor TBB is one of most
selective inhibitors of CK2 available. We confirmed that TBB
suppresses CK2 catalytic activity in a dose-dependent manner

Figure 1. CK2 is required for OSM-induced STAT activation and gene expression. (A-E) Cell lysates were immunoblotted with the indicated antibodies. (A) MEFs were
transfected with nontarget (NT) siRNA (100nM), CK2� siRNA (100nM), CK2� siRNA (100nM), or CK2� (50nM) plus CK2� siRNA (50nM) for 48 hours, then stimulated with
1 ng/mL of OSM for 10 minutes. The densitometric ratios of p-Y-STAT-3 versus STAT-3 were calculated. The values shown in lanes 4, 6, and 8 were compared with that of lane
2 (control, no inhibition) and the percentage of inhibition was determined. (B) MEFs were pretreated with 25-100�M TBB for 2 hours and then stimulated with 1 ng/mL of OSM
for 10 minutes. The densitometric ratios of p-Y-STAT-3 versus STAT-3 were calculated. The values shown in lanes 3, 4, and 5 were compared with that of lane 2 (control, no
inhibition) and the percentage of inhibition was determined. (C) MEFs were pretreated with TBB (50�M) for 2 and 4 hours and then stimulated with 0.1 ng/mL of OSM for
30 minutes. (D) MEFs were transfected with HA-CK2� or CK2�-inhibitor–resistant constructs for 24 hours, pretreated with TBB (50�M) for 2 hours and then stimulated with
1 ng/mL of OSM for 30 minutes. (E) MEFs were pretreated with CK2 inhibitors for 2 hours and then treated with OSM (10 ng/mL) for 30 minutes. (F) MEFs were transfected with
nontarget (NT) siRNA (100nM), CK2� siRNA (100nM), CK2� siRNA (100nM), or CK2� (50nM) plus CK2� siRNA (50nM) for 48 hours, then stimulated with 0.1 ng/mL of OSM
for 30 minutes. RNA was prepared and analyzed by RT-PCR for expression of SOCS-3 and GAPDH. The densitometric ratios of SOCS-3 versus GAPDH were calculated. The
values of lanes 4, 6, and 8 were compared with that of lane 2 (control, no inhibition) and the percentage of inhibition was determined. (G) MEFs were pretreated with TBB
(50�M) for 2 hours and then stimulated with different concentrations of OSM (0.1-0.5 ng/mL). Total mRNA was extracted and analyzed by RPA with probes specific to SOCS-3
and GAPDH (loading control). The densitometric ratios of SOCS-3 versus GAPDH were calculated. The value of lane 4 was compared with that of lane 3 (control, no inhibition),
the value of lane 6 was compared with that of lane 5, and the percentage of inhibition was determined.
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(supplemental Figure 1A, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). MEFs
pretreated with TBB for 30 minutes exhibited reduced OSM-
induced STAT-3 tyrosine phosphorylation in a dose-dependent
manner (Figure 1B). Longer preincubation times with TBB (2 and
4 hours) completely inhibited OSM-induced STAT-3 activation
(Figure 1C lanes 3 and 5) without any observable toxic effect on
cell survival of MEFs. Comparable results were obtained using
PML
/
 MEFs (data not shown), indicating that CK2-mediated
effects on STAT activation occurred in a PML-independent manner.
To confirm that the inhibitory effect of TBB on STAT-3 activation
is dependent on the inhibition of CK2, we overexpressed either
wild-type CK2� or CK2�-inhibitor resistant, which contains V66A
and I174A double mutations, thus rendering cells resistant to
3 specific CK2 inhibitors including TBB.28 As shown in Figure 1D,
TBB inhibited OSM-induced STAT-3 activation in HA-CK2�–
transfected cells (Figure 1D compare lanes 3 and 2), whereas the
inhibitory effect of TBB on STAT-3 activation was abolished by
introducing HA-CK2�-inhibitor resistant (Figure 1D compare
lanes 6 and 5). We conclude that CK2 expression and activity is
required for OSM-induced STAT-3 tyrosine phosphorylation.

We next investigated whether the activation of other STATs,
including STAT-1 and STAT-5, is also dependent on CK2. As
shown in Figure 1E, OSM-induced activation of STAT-1 and
STAT-5 tyrosine phosphorylation was inhibited by TBB or emodin,
another CK2 inhibitor that inhibits CK2 catalytic activity in a
dose-dependent manner (supplemental Figure 1B). We examined
the effect of inhibition of CK2 on SOCS-3, a downstream STAT
target gene. OSM induced expression of SOCS-3 mRNA (Figure 1F
lane 2 and Figure 1G lanes 3 and 5), which was inhibited by CK2

siRNAs (Figure 1F lanes 4, 6, and 8) or TBB (Figure 1G lanes 4
and 6). These observations indicate that OSM-induced SOCS-3
gene expression is dependent on CK2.

We also observed the inhibitory effects of CK2 inhibitors on
OSM-induced STAT-3 tyrosine phosphorylation in human cancer
cell lines, including CH235-MG human astroglioma cells, �2A-
JAK2 human fibrosarcoma cells, and MDA-MB-231 breast tumor
cells (Figure 2), indicating that this effect is not restricted to MEFs.

We next examined whether signaling by other cytokines was
affected by CK2. We used IFN-�, an activator of STAT-1 and
STAT-3, and GH, an activator of STAT-5. As shown in Figure 3, the
CK2 inhibitors TBB and emodin suppressed IFN-�–induced ty-
rosine phosphorylation of both STAT-1 and STAT-3, and GH-
induced tyrosine phosphorylation of STAT-5. These results indicate
that CK2 is required for cytokine (OSM and IFN-�)- and GH-
induced activation of the JAK-STAT signaling pathway.

Given that OSM-induced activation of 3 STATs, STAT-3,
STAT-1, and STAT-5, is suppressed by inhibiting CK2 expression
or activity, the inhibitory effect may involve a common mediator(s)
capable of activating the different STAT proteins, which could be
JAKs or the cytokine receptors.

OSM-induced activation of JAKs is dependent on CK2

OSM binds to the gp130 receptor subunit, and recruits the OSMR�
subunit.1 The receptor-associated JAK tyrosine kinases JAK1 and
JAK2 are tyrosine phosphorylated and activated and then phosphor-
ylate gp130. To determine the effect of CK2 siRNAs or inhibitors
on JAK2 activation, we assayed JAK2 tyrosine phosphorylation

Figure 2. Inhibition of OSM-induced STAT-3 activation in human solid tumor cell lines by CK2 inhibitors. (A-C) Cell lysates were immunoblotted with the indicated
antibodies. (A) CH235 human astroglioma cells were pretreated with TBB (50�M) for 2 hours and then stimulated with different concentrations of human OSM (0.5 and
1 ng/mL) for 30 minutes. The densitometric ratios of p-Y-STAT-3 versus STAT-3 were calculated. The value of lane 4 was compared with that of lane 3 (control, no inhibition), the
value of lane 6 was compared with that of lane 5, and the percentage of inhibition was determined. �2A-JAK2 human fibrosarcoma cells (B) and MDA-MB-231 human breast
cancer cells (C) were pretreated with TBB (50�M) or emodin (50�M) for 2 hours and then stimulated with 0.5 ng/mL of human OSM for 30 minutes. The densitometric ratios of
P-Y-STAT-3 versus STAT-3 were calculated. The values of lanes 3 and 4 were compared with that of lane 2 (control, no inhibition) and the percentage of inhibition was
determined.
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using ELISA (Figure 4A-B). Because of the low level of phosphor-
ylation of JAKs and gp130, higher concentrations of OSM were
used to examine JAK and gp130 activation. OSM induced JAK2
tyrosine phosphorylation (Figure 4A-B column 2), which was
inhibited by CK2 siRNAs (Figure 4A columns 6 and 8) or by
preincubation with TBB or emodin (Figure 4B columns 3-4). OSM
also induced JAK1 tyrosine phosphorylation (Figure 4C lane 2),
which was inhibited by preincubation with TBB or emodin
(Figure 4C lanes 3-4). Total levels of JAK2 (Figure 4B lower
panel) and JAK1 (Figure 4C) were not affected by treatment with
TBB or emodin. OSM stimulation induced gp130 tyrosine phosphor-
ylation (Figure 4D lane 2), which was inhibited by TBB (Figure 4D
lane 3). Total levels of gp130 were also slightly inhibited
(Figure 4D lane 3). OSM treatment did not affect the total levels of
OSMR� (Figure 4E lane 2), which were also largely unaffected by
treatment with TBB or emodin (Figure 4E lanes 3-4). These
findings suggest that CK2 may function to regulate JAK activation,
thus controlling the activation of STATs and the expression of
downstream genes.

CK2 is associated with JAK2 and JAK1

Our results thus far suggested that JAK activation may be directly
or indirectly dependent on the presence/activity of CK2. Therefore,
we tested the possible association between endogenous JAKs and
CK2 using co-IP experiments. JAK2 forms a complex with
endogenous CK2� and CK2� (Figure 5A-B) in �2A-JAK2 cells,
and this association was enhanced in response to OSM (Figure 5B

lane 3). We also observed an association between endogenous
JAK2 and CK2� in MEFs, MDA-MB-231 cells, and primary
astrocytes (supplemental Figure 2). In addition, to determine
whether the association between JAK2 and CK2 is dependent on
JAK2 kinase activity, we used a �2A-JAK2KD stable cell line
expressing kinase-dead JAK2.25 As shown in Figure 5C, CK2� was
capable of associating with JAK2KD (Figure 5C lane 3), which
suggests that JAK2 kinase activity is not required for association
with CK2�. To identify the domain(s) of JAK2 that interacts with
CK2, 293T cells were transfected with HA-tagged wild-type JAK2
and JAK2 deletion constructs (Figure 5D) and the co-IP experiment
was performed. �JH1 and �JH2, which lack the JH1 and JH2
domains, respectively, co-precipitate with endogenous CK2�
(Figure 5D lanes 3-4), whereas �AflII, which lacks the JH4 and
JH5 domains and partial sequences of JH3 and JH6, does not
(Figure 5D lane 5). This suggests that the JAK2 regions deleted in
�AflII (JH3-JH6) are required for interaction with CK2. In addition
to JAK2, endogenous CK2� and CK2� associate with JAK1
(Figure 5E-F). Co-IP experiments did not indicate an association
between endogenous STAT-3 and CK2� or CK2� (Figure 5G-H).
The association between JAKs and CK2 suggests that JAKs may be
a substrate of CK2. Purified recombinant human JAK2, which was
expressed in HEK293 cells, was examined in an in vitro phosphor-
ylation assay. As shown in Figure 5I, JAK2 was phosphorylated by
CK2 (Figure 5I lane 2), and inclusion of TBB inhibited JAK2
phosphorylation (Figure 5I lane 3). These findings suggest that
JAK2 is a substrate for CK2.

Figure 3. Inhibition of IFN-� and GH signaling pathways by CK2 inhibitors. (A-C) Cell lysates were immunoblotted with the indicated antibodies. (A) MEFs were pretreated
with TBB (50�M) or emodin (50�M) for 2 hours and then stimulated with 5 ng/mL of IFN-� for 30 minutes. The densitometric ratios of P-Y-STAT-1 versus STAT-1 were
calculated. The values of lanes 3 and 4 were compared with that of lane 2 (control, no inhibition) and the percentage of inhibition was determined. (B) MEFs were pretreated
with TBB (50�M) or emodin (50�M) for 2 hours and then stimulated with 5 ng/mL of IFN-� for 30 minutes. (C) �2A-GHR-JAK2 cells were pretreated with TBB (50�M) or emodin
(50�M) for 2 hours and then stimulated with 250 ng/mL of GH for 10 minutes. The densitometric ratios of P-Y-STAT-5 versus ACTIN were calculated. The values of lanes 3 and
4 were compared with that of lane 2 (control, no inhibition) and the percentage of inhibition was determined.
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Our results indicate that CK2 is required for IFN-�–induced
STAT-1 and STAT-3 activation (Figure 3A-B) and that it is
associated with JAK1 (Figure 5E-F). IFN-�–induced signaling
requires ligand binding to the IFNGR1 subunit of the receptor. The
IFNGR1 intracellular domain binds to JAK1 with different affini-
ties in different cell types. Therefore, one issue that needed to be
addressed was whether CK2 is associated with IFNGR1. A co-IP
assay was performed in �2A-JAK2 cells, and the results indicated
that IFNGR1 does not co-precipitate with CK2� in these cells
(supplemental Figure 3)

CK2 is required for JAK2V617F phosphorylation, JAK-STAT
signaling, and survival of HEL cells

CK2 and JAKs are dysregulated in different types of blood tumors
and in solid tumors. JAK2V617F, an acquired point mutation
causing constitutive activation of JAK2 and STAT-5, is implicated
in the pathogenesis of MPDs.5-8 Based on our findings that JAK2
activation is dependent on CK2 and that CK2 is constitutively

associated with JAK2, we hypothesized that JAK2V617F activa-
tion may also depend on CK2. We first examined whether
JAK2V617F could associate with CK2. We used the JAK2V617F
mutant–expressing erythroid leukemia cell line HEL because it
expresses homozygous JAK2V617F. As shown in Figure 6A,
endogenous JAK2V617F is associated with CK2�. Furthermore,
treatment with the CK2 inhibitor TBB for 4 hours suppressed
autonomous JAK2V617F tyrosine phosphorylation in a dose-
dependent manner in HEL cells (Figure 6B) without affecting the
total levels of JAK2 (Figure 6C). We also detected constitutive
activation of STAT-5, STAT-3, and ERK, which were inhibited by
TBB at all concentrations (Figure 6C). Constitutive expression of
the downstream antiapoptotic protein Bcl-xL was inhibited by TBB
in a dose-dependent manner (Figure 6C lanes 2-4).

Given that JAK2V617F phosphorylation, STAT activation, and
downstream protein expression of Bcl-xL can be inhibited by TBB,
we hypothesized that inhibition of CK2 may promote apoptosis of
HEL cells. As shown in Figure 6D, TBB induced an increase in

Figure 4. CK2 is required for OSM-induced JAK2 and JAK1 activation. (A) MEFs were transfected with nontarget (NT) siRNA (100nM), CK2� siRNA (100nM), CK2� siRNA
(100nM), or CK2� (50nM) plus CK2� siRNA (50nM) for 48 hours and then stimulated with 5 ng/mL of OSM for 10 minutes. (B-C) MEFs were pretreated with TBB (50�M) or
emodin (50�M) for 2 hours and then stimulated with 5 ng/mL OSM for 10 minutes. (A-B) The protein concentration of the cell lysates was measured in duplicate and 65 �g of
total protein was analyzed for JAK2 pYpY 1007/1008 expression by ELISA and normalized to JAK2 expression, which is not affected by CK2 siRNAs. The value of the untreated
sample was arbitrarily set as 1. Three independent experiments were performed and error bars show � SD. *P  .05. Cell lysates were immunoblotted with the indicated
antibodies (lower panels). (C) Cell lysates were blotted with the indicated antibodies. (D) MEFs were pretreated with TBB (50�M) for 2 hours and then stimulated with 10 ng/mL
of OSM for 30 minutes. Lysates were immunoprecipitated with anti-gp130 antibody and analyzed by immunoblotting. The blot was detected with anti-phosphotyrosine antibody
and then reprobed with gp130 antibody after stripping. (E) MEFs were pretreated with TBB (50�M) or emodin (50�M) for 2 hours and then stimulated with 0.1 ng/mL of OSM for
30 minutes. Cell lysates were immunoblotted with the indicated antibodies.
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apoptosis of HEL cells in a dose-dependent manner within
24 hours, as assayed by Annexin V staining. Cell-cycle analysis
also showed that the number of HEL cells in the sub-G1 phase,
which is used as an index for the degree of apoptosis, increased
with TBB treatment in a dose-dependent manner (Figure 6E). The
percentage of cells in each phase of the cell cycle was altered, and
fewer cells were present in the G1 and G2/M phase after treatment
with TBB (Figure 6E). To further confirm the incidence of
apoptosis, we evaluated caspase activation by immunoblotting.
After treatment with TBB for 24 hours, HEL cells displayed
caspase 8 and caspase 3 activation (Figure 6F), indicating that TBB
potently induces apoptosis in HEL cells.

CK2 is required for autonomous activation of JAK-STAT
signaling and survival of PV patient primary cells

We next examined the effects of inhibition of CK2 on JAK-STAT
activation in mononuclear cells from JAK2V617F-positive PV
patients. Treatment with TBB for 4 hours suppressed constitutive
activation of JAK2 (Figure 7A), STAT-5, STAT-3, and ERK
(Figure 7B). Furthermore, treatment with TBB for 24 hours

suppressed cell survival (Figure 7C) and induced apoptosis
(Figure 7D) in primary PV cells in a dose-dependent manner. These
data indicate that CK2 is required for constitutive activation of
JAK2V617F signaling and survival not only in HEL cells, but also
in primary cells from JAK2V617F-positive PV patients.

Discussion

We provide evidence that activation of the JAK-STAT signaling
pathway is dependent on the presence and/or activity of CK2 in
normal and tumor cells. Silencing CK2 expression with CK2
siRNA or inhibiting CK2 activity with CK2 inhibitors abrogates
OSM-induced activation of JAK2, STAT-3, STAT-1, and STAT-5,
and expression of the SOCS-3 gene. In addition to OSM signaling,
CK2 activity is also required for IFN-� and GH activation of the
JAK-STAT pathway. Furthermore, constitutive activation of the
mutant JAK2 (JAK2V617F) and constitutive STAT-3, STAT-5, and
ERK signaling were also abrogated by inhibition of CK2 in HEL
cells and primary cells from PV patients. The suppressive effects of

Figure 5. Co-IP of endogenous CK2 with JAK1 and JAK2 and phosphorylation of JAK2 by CK2 in vitro. Lysates of �2A-JAK2 cells were immunoprecipitated (IP) with
anti-CK2� and normal goat IgG (G-IgG, negative control) (A, E, H) or with anti-STAT-3, anti-JAK1, or normal rabbit IgG (R-IgG, negative control) (F-G). (B) �2A-JAK2 cells were
untreated or treated with 5 ng/mL of OSM for 15 minutes. Cell lysates were immunoprecipitated with the indicated antibodies. (C) Lysates of �2A-GHR-JAK2 cells (lane 2) and
�2A-GHR-JAK2KD cells (lanes 1 and 3) were immunoprecipitated with the indicated antibodies. (D) Left panel: 293T cells were transfected with HA-tagged JAK2 full-length or
deletion constructs, immunoprecipitated, and immunoblotted (IB) with the indicated antibodies. Right panel: schematic presentation of the proteins encoded by JAK2
constructs. The deleted amino acids are indicated. (I) 0.5 �g of JAK2 was incubated with 500 U of CK2 (� and �) in the absence or presence of 50�M of TBB and resolved by
6% SDS-PAGE, followed by autoradiography (top panel) and Coomassie blue staining (bottom panel).
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CK2 inhibition on activation of JAK-STAT signaling were ob-
served in normal cells such as MEFs; in solid tumor cell lines such
as CH235-MG, �2A-JAK2, and MDA-MB-231; and in blood
tumor cells such as HEL cells and primary cells from PV patients.
This suggests that CK2-dependent activation of JAKs is a general
regulatory mechanism of the JAK-STAT signaling pathway in
different cell types. We also demonstrated that CK2� and CK2�
are constitutively associated with JAK2 and JAK1, but not with
STAT-3, suggesting that JAKs are the regulatory node linking CK2
and the JAK-STAT signaling pathway. To our knowledge, our
studies are the first to demonstrate cross-talk between CK2 and the
JAK-STAT pathway. Because JAK2 serves as a critical checkpoint
for definitive erythropoiesis,34 it will be interesting to find out
whether this physiologic process requires CK2 by performing in
vivo studies in the future.

CK2 associates with a wide array of proteins. CK2� has an
interaction network consisting of 154 proteins in yeast and
43 proteins in humans identified thus far, which are potential

regulators or targets of CK2.35 We demonstrated that CK2 is
constitutively associated with JAKs, which identifies JAKs as new
members of the CK2 interactome. We have shown that JAK2
kinase activity is not required for the association of JAK2 with
CK2, because kinase-dead JAK2 and JAK2 lacking the kinase
domain (�JH1) are still associated with CK2. JAK2 kinase activity
is also not required for CK2 activity, because pharmacologic
inhibition of JAK2 by P6, a pan JAK inhibitor, does not affect CK2
catalytic activity (supplemental Figure 4). These results suggest
that although CK2 and JAK2 interact, JAK2 may not be a regulator
of CK2 activity. The JH6 and JH7 domains of JAKs mediate
binding to cytokine and growth factor receptors.2 We determined
that the JH3-JH6 domains of JAK2 mediate its interactions with
CK2, suggesting that JAKs bind to CK2 and receptors through
different N-terminal regions.

In the present study, we have shown that CK2 can phosphory-
late JAK2 directly in vitro. JAK2 undergoes multisite phosphoryla-
tion after cytokine stimulation, including tyrosine and serine/

Figure 6. Inhibition of autonomous activation of JAK-STAT signaling and induction of apoptosis in HEL cells by the CK2 inhibitor TBB. (A) Lysates of HEL cells were
immunoprecipitated with anti-JAK2 and R-IgG and then immunoblotted with the indicated antibodies. (B) HEL cells were treated with different concentrations of TBB (10-50�M)
for 4 hours. The protein concentration of cell lysates was measured in duplicate, and 65 �g of total protein was analyzed for JAK2 pYpY 1007/1008 expression with ELISA, and
then normalized to JAK2 expression. The value of the untreated sample was arbitrarily set as 1. Three independent experiments were performed and error bars show � SD.
*P  .05. (C) HEL cells were treated with different concentrations of TBB (10-50�M) for 4 hours. Cell lysates were immunoblotted with the indicated antibodies. (D-F) HEL cells
were treated with different concentrations of TBB (5-25�M) for 24 hours. (D) Cells were stained with annexin V and propidium iodide and examined by flow cytometry.
Experiments were performed in triplicate and error bars show � SD. *P  .05. (E) HEL cells were fixed overnight, stained with propidium iodide, and digested with RNase. The
percentage of cells in the sub-G1, G1, S, and G2/M phases was examined by flow cytometry. (F) Cell lysates were immunoblotted with the indicated antibodies.
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threonine phosphorylation.36 Using the Scansite prediction program
(http://scansite.mit.edu), T308, T310, and T817 of JAK2 were
predicted to be potential CK2 sites, and are in agreement with
consensus CK2 sites in that there are several negatively charged
amino acids downstream from serine/threonine, especially at the
n � 3 position, and there are no positively charged residues
nearby.15 Our preliminary mass spectrometry (MS) results suggest
that T308, T310, and T817 of human JAK2 are not phosphorylated
by CK2. In addition, recent data have suggested that CK2 can
phosphorylate tyrosine resides.13 Preliminary MS results suggest
that CK2 may phosphorylate JAK2 on several tyrosine and serine
residues. Experiments are ongoing to definitively identify the
JAK2 site(s) phosphorylated by CK2 and to examine how this
site(s) affects JAK2 function in cells. CK2 also regulates JAK-
STAT signaling by targeting other regulators of this pathway.
PIAS1, a negative regulator of activated STAT-1, is also a CK2
substrate, and its regulation of transcription factor function is
affected by CK2 phosphorylation.37

Persistent STAT-3 and STAT-5 phosphorylation is prevalent in
many types of human solid tumors and hematopoietic tumors,
contributing to promoting the survival, growth, anti-apoptotic
mechanisms, angiogenesis, and immune evasion of tumor cells.38 A
recent study demonstrated that the JAKs, especially JAK2, are
essential for constitutive STAT-3 signaling in solid tumor cells.39

Using CK2 siRNA and/or inhibitors, we found that cytokine-
induced JAK2 phosphorylation and constitutive JAK2V617F phos-
phorylation are dependent on the presence or activity of CK2.
OSM-induced JAK1 phosphorylation, which also contributes to
STAT phosphorylation, is suppressed by inhibition of CK2. There-
fore, inhibition of CK2 could be used to control persistent STAT
phosphorylation in several types of tumors.

CK2 protects cells from apoptosis through the regulation of
tumor suppressors and oncogenes; therefore, down-regulation of
CK2 using various strategies potently induces apoptosis and
inhibits tumor growth in several types of cancer.40 CK2 inhibitors
such as TBB, TBCA, and DMAT induce apoptosis through
activation of caspases in a variety of cancer cells.41-43 In a study
using CK2 inhibitors to investigate the antitumorigenic function of
PML, emodin was shown to inhibit tumor growth in a mouse model
of lung cancer.32 Antisense CK2� oligodeoxynucleotides potently
induced cell apoptosis and suppressed tumor growth in a xenograft
mouse model of human prostate cancer.44 Considering the potential
problems of drug resistance, human cancer therapy is moving away
from drug monotherapy to treatment with more than one drug.
Panobiostat, a pan-histone deacetylase inhibitor that can suppress
the chaperone function of heat shock protein 90, has recently been
proposed for combination therapy with JAK2V617F inhibitors
because it can deplete mRNA levels and promote proteosomal

Figure 7. Inhibition of autonomous activation of JAK-STAT signaling and induction of apoptosis in primary PV cells by the CK2 inhibitor TBB. (A) Primary PV cells
were treated with 10 or 50�M of TBB for 4 hours. The protein concentration of cell lysates was measured in duplicate and 100 �g of total protein was analyzed for JAK2 pYpY
1007/1008 expression with ELISA and then normalized to JAK2 expression. The value of the untreated sample was arbitrarily set as 1. Three independent experiments were
performed and error bars show � SD. *P  .05. (B) Primary PV cells were treated with 10 or 50�M TBB for 4 hours. Cell lysates were immunoblotted with the indicated
antibodies. The densitometric ratios of P-Y-STAT-3 versus STAT-3, P-Y-STAT-5 versus STAT-5, and P-ERK versus ERK were calculated. The values of lanes 2 and 3 were
compared with that of lane 1 (control, no inhibition) and the percentage of inhibition was determined. (C) Primary PV cells were treated with different concentrations of TBB
(10-50�M) for the indicated times and cell survival was measured with the WST-1 assay. The value of the untreated sample (8 hours) was arbitrarily set as 1. Experiments were
performed in triplicate and error bars show � SD. *P  .05. (D) Primary PV cells were treated with 10 or 50�M TBB for 24 hours. Cells were stained with annexin V and
propidium iodide and examined by flow cytometry. Experiments were performed in triplicate and error bars show � SD. *P  .05.
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degradation of JAK2V617F.45 CK2� has been shown to interact
with the Bcr/Abl oncogene and promote proliferation of Bcr/Abl–
expressing cells.46 Treatment of PLC1 Bcr/Abl lymphoblast leuke-
mia cells with the CK2 inhibitor DMAT in combination with the
Bcr/Abl inhibitor imatinib leads to a synergistic reduction of cell
viability.47 We have shown that inhibition of CK2 is particularly
potent in inducing apoptosis in JAK2V617F-expressing HEL cells
and primary cells from PV patients, which is associated with
suppression of constitutive activation of JAK2V617F, STAT-3,
STAT-5, and ERK. Preclinical and clinical trials using several
small-molecule JAK2 inhibitors has been reported for the treatment
of MPDs.48 CK2 could be an additional therapeutic target for
JAK2V617F-positive MPDs. In particular, CK2 inhibitors may be
effective in tumors that display aberrant CK2, JAK, and STAT
activation.
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