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ABSTRACT:

The Janus kinase / signal transducer and activator of transcription (Jak/
STAT) pathway can be activated by many different cytokines, among them all
members of the Interleukin (IL-)6 family. Dysregulation of this pathway, resulting
in its constitutive activation, is associated with chronic inflammation and cancer
development. In the present study, we show that activity of protein kinase II (CK2),
a ubiquitously expressed serine/threonine kinase, is needed for induced activation
of STAT1 and STAT3 by IL-6 classic and trans-signaling, IL-11, IL-27, oncostatin M
(OSM), leukemia inhibitory factor (LIF) and cardiotrophin-1 (CT-1). Inhibition of
CK?2 efficiently prevented STAT phosphorylation and inhibited cytokine-dependent
cell proliferation in a Jakl-dependent manner. Conversely, forced activation of CK2
alone was not sufficient to induce activation of the Jak/STAT signaling pathway.
Inhibition of CK2 in turn inhibited Jakl-dependent STAT activation by oncogenic
gp130 mutations. Furthermore, CK2 inhibition diminished the Jakl1l- and Src kinase-
dependent phosphorylation of a constitutively active STAT3 mutant recently described
in human large granular lymphocytic leukemia. In conclusion, we characterize CK2
as an essential component of the Jak/STAT pathway. Pharmacologic inhibition of
this kinase is therefore a promising strategy to treat human inflammatory diseases
and malignancies associated with constitutive activation of the Jak/STAT pathway.

INTRODUCTION

Activation of the Janus kinase / signal transducer
and activator of transcription (Jak/STAT) pathway is
induced by numerous biological factors, among them
cytokines, interferons and growth factors [1]. Jak/STAT
signaling is important for development, growth control
and cellular homeostasis [2]. Overshooting activation is
prevented through several intracellular negative feedback
mechanisms [3]. Nevertheless, there are several mutations

described in key proteins of this signaling pathway that
confer constitutive activation of Jak/STAT signaling,
which lead to chronic inflammatory diseases and cancer
development [4, 5].

The pleiotropic cytokines of the Interleukin
6 (IL-6) family are critically involved in numerous
physiologic as well as pathophysiologic conditions,
thereby facilitating pro- as well as anti-inflammatory
properties [3, 6]. The family consists of its members IL-
6, IL-11, IL-27, IL-30, IL-31, leukemia inhibitory factor
(LIF), oncostatin M (OSM), ciliary neurotrophic factor
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(CNTF), cardiotrophin-1 (CT-1) and -cardiotrophin-
like cytokine (CLC) [3]. All cytokines bind to specific
receptor complexes on their target cells. With the
exception of IL-31, which signals through a heterodimer
of GPL and OSMR, all IL-6 type cytokines engage
at least one molecule of the ubiquitously expressed
B-receptor glycoprotein 130 (gp130). Gp130 can build up
a homodimer (induced by IL-6, IL-11 or IL-30 [7, 8]), or
form heterodimers with WSX-1 (induced by IL-27 [9]),
LIFR (induced by CT-1, OSM or LIF) or OSMR (induced
by OSM). Thus, gp130 possesses a remarkable cytokine
plasticity, which enables a single cytokine receptor to
engage signaling by different ligands via multiple defined
interaction sites [3].

IL-6 type cytokine signaling complex formation,
irrespective of the B-receptor composition that is used by
the individual cytokines, activates the Jak/STAT pathway
through Jakl, Jak2 and Tyk2 kinases. Depending on
stimulus and cell type, the phosphatidyl-inositol-3-kinase
(PI3K)-cascade and the mitogen activated protein kinase
(MAPK)-cascade are also activated. Janus kinases are
constitutively associated with gp130 [10, 11], and their
activation leads to tyrosine phosphorylation of specific
motifs within the intracellular domain of gp130 (for a
detailed review see [12]). These phosphorylated motifs
serve as docking sites for STAT proteins, which are in turn
phosphorylated by JAKs and translocate into the nucleus
after homo- and/or heterodimerization. IL-6 activates gene
transcription mainly via STAT1 and STAT3 proteins [13].
Whether all cytokines activate the same pattern of STAT
proteins and whether there are differences concerning
strength and duration of this activation is largely unknown
and furthermore might be cell-type specific.

Several intracellular proteins have been described
that are needed for efficient termination of cytokine-
induced signaling, including members of the suppressor
of cytokine signaling (SOCS) family or phosphatases such
as SHP2 [3]. Interestingly, catalytic activity of protein
kinase II (formerly termed casein kinase II (CK2)) was
recently shown to be a prerequisite for activation of the
Jak/STAT signaling pathway by OSM [14]. CK2 consists
of two catalytic a- and two regulatory B-subunits. CK2
is ubiquitously expressed and phosphorylates more than
300 substrates on serine and threonine residues [15,
16]. Genetic knockout of both CK2a and CK2p results
in mouse embryonic lethality [17-19], underlining the
pivotal role of CK2 in diverse cellular processes such as
proliferation, apoptosis and cell division. Furthermore,
dysregulated activity of CK2 has been implicated in the
development and progression of several hematopoietic
tumors, including chronic lymphatic leukemia, multiple
myeloma and chronic myeloproliferative neoplasms [20].
Overall, overexpression and increased activity of CK2
has been implicated in the pathogenesis of several types
of tumors [21]. Therefore, specific inhibition of CK2 in
tumor cells might be an appropriate therapeutic option

[22]. CX-4945 (developed by Cylene Pharmaceuticals,
San Diego, CA, USA), which blocks CK2a in an ATP-
competitive manner, has recently successfully passed
phase I clinical trials [23], and the cell-permeable peptide
inhibitor CIGB-300 has been shown to be efficient in vitro
and in vivo [24].

In this study, we show that CK2 activity is needed
for initiation of Jak/STAT signaling by IL-6 classic and
trans-signaling, IL-11, IL-27, oncostatin M (OSM),
leukemia inhibitory factor (LIF), and cardiotrophin-1
(CT-1), and that interfering with this signaling pathway
critically depends on Jak1. Blockade of CK2 also inhibited
a constitutive gp130 variant found in human inflammatory
hepatocellular adenomas as well as a constitutive active
STAT3 mutant recently described in human large granular
lymphocytic leukemia. In summary, we characterize CK2
as an essential component of the Jak/STAT signaling
pathway.

RESULTS

Activity of protein kinase II (CK2) is necessary
for STAT-activation by IL-6 family cytokines

Activation of the Jak/STAT signaling pathway is a
hallmark of all IL-6 family cytokines (Figure 1A). Among
the seven members of the STAT family, predominantly
STAT1 and STAT3 are phosphorylated in response to
cytokine-receptor activation [3]. Although this pathway
is known for more than 20 years [1], protein kinase II
(CK2, casein kinase II) has only recently been shown
to be needed for oncostatin-M (OSM)-meditated STAT
activation [14]. To verify this, we incubated human liver
carcinoma cells (HepG2) with increasing amounts of
either Emodin or 4,5,6,7-Tetrabromo-2-azabenzimidazole
(TBB), two specific CK2 inhibitors. After 90 min, we
stimulated the cells with 10 ng/ml OSM for 15 min und
determined STAT3 activation via Western blotting. As
shown in Figure 1B, both inhibitors prevented STAT3
phosphorylation in a concentration-dependent manner.

Next, we asked if the CK2-dependent
phosphorylation of STAT3 is restricted to OSM, which
signals through either gpl130/LIFR or gpl130/OSMR
heterodimers. To address this, we stimulated HepG2 cells
with Hyper-IL-6. Hyper-1L-6 is a fusion protein of I1L.-6
and the soluble IL-6R, which mimics IL-6 trans-signaling
and activates a gp130 homodimer [25]. Both inhibitors
led to a dose-dependent reduction of Hyper-1L-6-induced
STAT3 phosphorylation (Figure 1C). These data suggest a
requirement of CK2 for other members of the IL-6 family
of cytokines.

Therefore, we decided to systematically address
whether CK2 activity is required for the initiation of
Jak/STAT signaling by IL-6 family cytokines. IL-6-type
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cytokines activate distinct B-receptor complexes that are
homo- or heterodimers of the trans-membrane receptors
gp130, WSX-1, LIFR and OSMR (Figure 1A) and mainly
induce STAT1 and STAT3 phosphorylation (Figure 1A).
First, we investigated signaling of IL-6, IL-11 and Hyper-
IL-6, which all activate a gpl130 homodimer (Figure
1A). Stimulation of HepG2 cells with IL-6 resulted in
phosphorylation of STAT1 and STAT3 (Figure 2A). Since
emodin and TBB were equally efficient to suppress STAT3
activation (Fig. 1B and C), we conducted the following
experiments with 100 uM TBB. Pre-incubation of the cells
with this inhibitor almost completely blocked STAT1/
STAT3 phosphorylation (Figure 2A), and the same was
seen when Hel a cells were stimulated with IL-6 (Figure
2A). HepG2 cells express only little IL-11R and did not
respond robustly towards stimulation with 10 ng/ml IL-
11 (Figure 2B). HeLa cells, however, have been shown to

Classic- Trans-

endogenously express IL-11R [26], and stimulation with
IL-11 resulted in STAT1 and STAT3 phosphorylation,
which was prevented by CK2 inhibition (Figure 2B).
Finally, phosphorylation of STAT1 and STAT3 induced
by Hyper-IL-6 was also largely absent in both HepG2 and
HeLa cells when CK2 was blocked by TBB (Figure 2C).
Interleukin-27 is the only known cytokine that
signals through the B-receptor combination gp130/WSX-1
(Figure 1A) and has been shown to predominantly activate
STAT1 [9, 27]. Therefore, we tested whether also Jak/
STAT activation by this B-receptor composition relies on
CK2 activity. As shown in Figure 2D, IL-27 treatment of
HepG2 and HeL a cells led to a strong increase in pSTAT1
and pSTAT3, which was again largely absent when CK2
was blocked by TBB. For the last B-receptor complex,
gp130/LIFR, we tested the three known ligands LIF, CT-1
and OSM (Figure 1A). As shown in Figures 2E-G, all three
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Fig 1: CK2 is involved in STAT3 activation by OSM and Hyper-IL-6. (A) Schematic overview of the members of the IL-6
cytokine family and their receptors investigated in this study. IL-6 can activate a homodimer of glycoprotein 130 (gp130) either via the
membrane-bound IL-6R (classic signaling) or via the soluble IL-6R (trans-signaling), whereas IL-11 acts only via a membrane-bound
IL-11R. IL-27 (p28/IL-30 and EBI3) engages a gp130/WSX-1 heterodimer. The three members CT-1, OSM and LIF share a heterodimer
of gp130/LIFR as signal transduction complex, while OSM can in addition also activate gp130 in combination with OSMR. IL-6 family
cytokines activate the three kinases Jakl, Jak2 and Tyk2, which in turn phosphorylate STAT1 and STAT3. The influence of CK2 on this
signaling pathway is investigated in the current study. (B) HepG2 cells were treated with different concentrations of the two CK2-inhibitors
Emodin and TBB for 90 min. Cells were afterwards stimulated with 10 ng/ml OSM for 15 min. Phosphorylation of STAT3 was assessed by
Western blotting. (C) HepG2 cells were treated as described under panel B, but were stimulated with 10 ng/ml Hyper-IL-6. Phosphorylation
of STAT3 was assessed by Western blotting. One representative experiment of two performed is shown.
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cytokines induced STAT1 and STAT3 phosphorylation in
both HepG2 and HeLa cells, and STAT activation was
again prevented when cells were pre-treated with TBB.

We concluded from these experiments that CK2 is
generally needed for activation of the Jak/STAT pathway
by IL-6 type cytokines, and that this is independent from
the individual composition of the B-receptor complex.

Blockade of CK2 inhibits activation of MAPK
and PI3K signaling pathways

Besides Jak/STAT, IL-6-type cytokines activate
the  phosphatidyl-inositol-3-kinase ~ (PI3K)-cascade
and the mitogen activated protein kinase (MAPK)-

cascade. CK2 activity has been shown to be required
for efficient initiation of the ERK-MAPK-cascade
through its interaction with the molecular scaffold kinase
suppressor of ras (KSR) [28]. Furthermore, CK2 is able
to phosphorylate Akt, and this phosphorylation is needed
for activation of the PI3K cascade [29]. Based on this,
we asked whether IL-6 type cytokine-induced activation
of ERK and Akt is blocked through inhibition of CK2.
As shown in Figure 3A, stimulation of HepG2 cells with
Hyper-IL-6 induced a time-dependent phosphorylation
of Akt, which peaked 30 min after stimulation. Cells
pre-treated with TBB did not show any increase in Akt
phosphorylation. Interestingly, the basal phosphorylation
of Akt observed in HepG?2 cells without any stimulus was
absent after treatment of the cells with TBB for 90 min.
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Fig 2: Inhibition of CK2 blocks IL-6 family induced STAT signaling. Serum-starved HepG2 or HeLa cells were stimulated with
the indicated cytokines for 15 min: (A) HepG2: 10 ng/ml IL-6; HeLa: 20 ng/ml IL-6, (B) HepG2: 10 ng/ml IL-11; HeLa: 20 ng/ml IL-11,
(C) 10 ng/ml Hyper-IL-6, (D) 10 ng/ml IL-27, (E) 10 ng/ml LIF, (F) 10 ng/ml CT-1 and (G) 10 ng/ml OSM. The cells were pre-incubated
with the CK2 inhibitor TBB (100 uM) for 90 min where indicated. Phosphorylation of STAT1 and STAT3 was assessed by Western
blotting, and STAT1/STAT3 served as internal loading control, respectively. One representative Western blot from at least three independent

experiments is shown.
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Furthermore, the protein level of Akt declined over time
in TBB-treated cells, which is in line with previous reports
[23,29].

We verified these observations in a second cell
line. Ba/F3 cells are murine pre B cells, which only grow
in the presence of IL-3. WSX-1 is the only IL-6 family
cytokine receptor that is endogenously expressed in these
cells, but stable transduction with other cytokine receptors
renders them responsive to the respective cytokines [30].
Ba/F3 cells stably transduced with gp130 (Ba/F3-gp130)
can be activated by Hyper-IL-6 (via gp130/gp130) and
IL-27 (WSX-1/gp130), and the cells showed a profound
phosphorylation of Akt after stimulation with Hyper-
IL-6 or IL-27 (Figure 3B, C). Again, pre-treatment with

TBB almost completely blocked the cytokine-induced
phosphorylation (Figure 3B, C). Next, we transduced
these cells with a cDNA coding for the LIFR (Ba/F3-
gp130-LIFR), which renders them responsive towards
CT-1, OSM and LIF stimulation (Figure 1A). In line with
our previous findings, CT-1 stimulation led to a substantial
activation of Akt signaling pathways, which was prevented
by CK2 inhibition (Figure 3D).

Activation of the Ras/Raf/MAPK/ERK pathway
was also seen after stimulation of Ba/F3 cells with
Hyper-1L-6, IL-27 or CT-1 (Figure 3E-G). As expected,
inhibition of CK2 prevented ERK phosphorylation. In
HepG2 cells, we observed nearly no ERK activation
after 15 min of cytokine stimulation, and pERK was only
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Fig 3: Inhibition of CK2 blocks ERK and Akt signaling. (A) HepG2 cells were stimulated with 10 ng/ml Hyper-IL-6, and
cells were harvested after 0, 15, 30 and 60min. Cells were either pre-treated with 100 uM TBB for 90 min or with DMSO as control.
Phosphorylation and expression level of Akt were assessed by Western blotting, and -Actin served as internal loading control. (B, C) Ba/
F3-gp130 cells were stimulated with 10 ng/ml Hyper-IL-6 or 10 ng/ml IL-27. Cells were either pre-treated with 100 uM TBB for 90 min or
with DMSO as control. Phosphorylation of Akt was assessed by Western blotting. (D) The experiment was performed as described under
panel C, but Ba/F3-gp130-LIFR cells were stimulated with 10 ng/ml CT-1. (E-G) The experiments were performed as described under panel
B-D. Phosphorylation and expression level of ERK were assessed by Western blotting, and B-actin served as internal loading control. (H)
HepG2 cells were stimulated with 10 ng/ml Hyper-IL-6, and cells were harvested after 0, 15, 30 and 60 min. Cells were either pre-treated
with 100 uM TBB for 90 min or with DMSO as control. Phosphorylation and expression levels of ERK were assessed by Western blotting,
and B-actin served as internal loading control. One representative Western blot from at least three independent experiments is shown.
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slightly increased after 60 min stimulation with Hyper-
IL-6 (Figure 3H). Pre-treatment of HepG2 cells with
TBB increased the basal pERK level, but again no strong

Blockade of CK2 inhibits cytokine-dependent
proliferation and STAT activation in Ba/F3-gp130
cells

induction of ERK activity was visible (Figure 3H).

In conclusion, our data highlight an important role
for CK2 in the activation of ERK and Akt signaling by
IL-6 family cytokines.

One of the many functions of IL-6 family cytokines
is the induction of cellular proliferation. As mentioned
above, Ba/F3 cells represent an ideal tool to investigate
cytokine-dependent cellular proliferation, since they
grow only in the presence of certain cytokines and
undergo apoptosis without cytokine stimulation. Thus,
Ba/F3-gp130 cells grow in the presence of either Hyper-
IL-6 or IL-27, but not IL-6 or without cytokine (Suppl.
Figure 1A). To test whether inhibition of CK2 affects
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Fig 4: Inhibition of CK2 prevents cytokine-dependent proliferation of Ba/F3-gp130 cells. (A) Equal amounts of Ba/F3-gp130
cells were incubated with 10 ng/ml Hyper-IL-6 or 10 ng/ml IL-27 and either increasing amounts of TBB (0-250 uM) or the corresponding
amount of DMSO as control. Cellular proliferation was determined as described in Material and Methods. (B) Equal amounts of Ba/F3-
gp130 cells were serum-starved for 3 h and either left untreated or where stimulated with 10 ng/ml IL-6, 10 ng/ml Hyper-IL-6 or 10 ng/
ml IL-27. Where indicated, cells were pretreated with 100 uM TBB for 90 min prior to cytokine stimulation. Phosphorylation of STAT1
and STAT3 was assessed by Western blotting, and STAT1/STAT3 served as internal loading control, respectively. (C) Equal amounts of
Ba/F3-gp130-hIL-6R cells were incubated with 10 ng/ml Hyper-IL-6 or 10 ng/ml IL-6 and either increasing amounts of TBB (0-250 pM)
or the corresponding amount of DMSO as control. Cellular proliferation was determined as described in Material and Methods. (D) Equal
amounts of Ba/F3-gp130-hIL-6R cells were treated as described in panel (B). Phosphorylation of STAT1 and STAT3 was assessed by
Western blotting, and STAT1/STAT3 served as internal loading control, respectively. (E) Equal amounts of Ba/F3-gp130-LIFR cells were
incubated with 10 ng/ml Hyper-IL-6, 10 ng/ml LIF or 10 ng/ml CT-1 and increasing amounts of TBB (0-250 pM). Cellular proliferation
was determined as described in Material and Methods. (F) Equal amount of Ba/F3-gp130-LIFR cells were treated as described in panel
(B). Phosphorylation of STAT1 and STAT3 was assessed by Western blotting, and STAT1/STAT3 served as internal loading control,
respectively. Proliferation assays as well as Western Blots show one representative experiment of three performed.
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cytokine-dependent proliferation of Ba/F3-gp130 cells, whether the cells were stimulated with Hyper-IL-6 (IC_:

we incubated the cells with a constant amount of either 79 £ 2 uM), LIF (IC: 147 = 24 uM) or CT-1 (IC,: 162
Hyper-IL-6 or IL-27 and increasing amounts of TBB (0 — + 7 uM) (Figure 4E). As shown in Figure 4F, LIF and
250 uM). We observed a reduction of cellular proliferation CT-1 induced a robust phosphorylation of STAT3 in Ba/
through CK2-blockade towards Hyper-IL-6 (IC_: 220 = 59 F3-gp130-LIFR cells, and this was completely prevented
uM) and IL-27 (IC,: 154 + 82 pM) in a dose-dependent by pre-treatment with TBB. Both cytokines induced only
manner (Figure 4A). As shown before in HepG2 and HeLa a weak phosphorylation of STAT1, but again this was
cells, TBB blocked the Hyper-IL-6- and I1L-27-induced completely abrogated when CK2 was inhibited (Figure
phosphorylation of STAT1 and STAT3 also in Ba/F3- 4F).
gp130 cells (Figure 4B). Next, we tested the effect of TBB We have previously shown that Ba/F3-gp130-
on Ba/F3-gp130-hIL-6R cells, which grow in response hIL-6RAE317 T352 cells, which lack 36 amino acids
to IL-6 stimulation (Suppl. Figure 1B and [31]). Again, within the stalk region of the human IL-6R, proliferate
TBB decreased cellular proliferation in a dose-dependent only in response to high concentrations of IL-6 [32].
manner when cells were stimulated either with Hyper-1L-6 We therefore asked whether high concentrations of
(IC,: 119 £ 30 uM) or IL-6 (IC,: 187 + 80 uM) (Figure IL-6 family cytokines would be able to induce cellular
4C), and cytokine-dependent phosphorylation of STAT1 proliferation even if CK2 is blocked and incubated Ba/
and STAT3 was largely absent when cells were pre-treated F3-gp130 cells with a constant amount of TBB (125 pM)
with TBB (Figure 4D). Finally, we used Ba/F3-gp130 and increasing concentrations of different cytokines (0
cells stably transduced with LIFR, which made them — 100 ng/ml). We did not observe a significant increase
responsive towards stimulation with LIF and CT-1 (Suppl. in cellular proliferation when cells were stimulated with
Figure 1C). Also in this cell line, TBB decreased cellular physiological concentrations of IL-6, Hyper-IL-6 or IL-
proliferation in a dose-dependent manner, irrespective 27 (Suppl. Figure 2A-B). However, high concentrations
B
A
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Fig 5: Activation of CK2 does not induce Jak/STAT signaling. (A) HepG2 cells were serum starved for 3 h and stimulated
with either 10 ng/ml Hyper-IL6 for 15 min, anisomycin for 30 min or left unstimulated. The CK2 inhibitor TBB was added 60 min prior
to stimulation where indicated. (B) HepG2 cells were serum-starved for 3 h and stimulated with either 10 ng/ml Hyper-IL6 for 15 min,
anisomycin for 30 min or left unstimulated. The p38 MAPK inhibitor SB203580 was added 60 min prior to stimulation where indicated.
(C) HepG2 cells were serum-starved for 3 h and either left untreated, were stimulated with 10 ng/ml Hyper-IL-6 or 10 uM anisomycin for
15 min. Furthermore, either untreated or anisomycin-stimulated cells were harvested after 30, 60 or 120 min. (D) HepG2 cells were serum-
starved for 3 h and either left untreated, were stimulated with 10 ng/ml Hyper-IL-6 or 500 mM sorbitol for 15 min. Furthermore, either
untreated or sorbitol-stimulated cells were harvested after 30, 60 or 120 min. (E) HepG2 cells were serum-starved for 3 h and stimulated
with either 10 ng/ml Hyper-IL-6 for 15 min or left unstimulated. The p38 MAPK inhibitor SB203580 was added 60 min prior to stimulation
where indicated. Phosphorylation of STAT1 and STAT3 was assessed by Western blotting, and STAT1/STAT3 served as internal loading
control, respectively. Shown is one representative Western blot from at least three independent experiments.
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of 100 ng/ml LIF and CT-1 induced weak cellular
proliferation (Suppl. Figure 2C).

In conclusion, our data show that pharmacological
inhibition of CK2 induces a permanent block of the Jak/
STAT signaling pathway that cannot be overcome even at
high concentrations of cytokines.

Activation of CK2 does not induce Jak/STAT
activation on its own

Up to this point, our data show that activity of CK2
is necessary for cytokine-induced activation of the Jak/
STAT pathway. Next, we asked whether the reciprocal

event is possible, i.e. if forced activation of CK2 alone
is able to activate Jak/STAT signaling without an
extracellular cytokine stimulus. CK2 is constitutively
active, but its activity can be enhanced through certain
stimuli. The antibiotic anisomycin is known to activate
p38 MAPK, which then in turn phosphorylates and
activates CK2 [33]. We serum-starved HepG2 cells to
reduce the background amount of pSTAT3 and stimulated
the cells for 30 min with 1 pM and 10 uM anisomycin.
In contrast to stimulation with Hyper-IL-6 for 15 min, we
observed no phosphorylation of STAT3 after anisomycin
stimulation, and pre-treatment with TBB did not show an
effect (Figure 5A). To exclude a role of p38 MAPK in our
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Fig 6: Jakl, but not Jak2, is required for STAT activation by IL-6 family cytokines. (A) Jak2- MEFs were transiently

transfected with a plasmid coding for eGFP or Jak2. Expression
transiently transfected with eGFP or Jak2 were stimulated with

of Jak2 was assessed by Western blotting 48 h later. (B) Jak2"- MEFs
increasing concentrations of Hyper-IL-6 (0-20 ng/ml) for 15 min. (C)

Jak2”~ MEFs transiently transfected with Jak2 were stimulated with 10 ng/ml Hyper-IL-6, CT-1 or OSM for 15 min. Cells were pre-treated
with 100 pM TBB for 90 min where indicated. (D, E) Jakl”, Jak2"- and wildtype MEFs were stimulated with different concentrations
(0-10 ng/ml) of Hyper-IL-6 or CT-1 for 15 min. Cells were pre-treated with 100 pM TBB for 90 min where indicated. (F) Jak1’- MEFs

were transiently transfected with a plasmid coding for eGFP or
Lysate of wildtype MEFs served as positive control. (G) Jak1”
increasing concentrations of Hyper-IL-6 (0-20 ng/ml) for 15 min

Jakl. Expression of Jak2 was assessed by Western blotting 48 h later.
MEFs transiently transfected with eGFP or Jak2 were stimulated with
. Cells were pre-treated with 100 uM TBB for 90 min where indicated.

Phosphorylation of STAT3 was determined in all experiments by Western blotting, and STAT3 as well as 3-actin served as loading controls.
Shown is one representative Western blot from at least three independent experiments.
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experimental setup, we incubated HepG2 cells with the
p38 MAPK specific inhibitor SB203580, but again did not
detect any phosphorylation of STAT3 (Figure 5B).
Activation of the Jak/STAT pathway by cytokines
is a rapid mechanism, and usually the first traces of
phosphorylated STAT proteins are detected after a few
minutes. In contrast, it might be possible that CK2-
triggered STAT-phosphorylation is slow and that therefore
the 30 min time point in our initial experiments might be
inappropriate. We stimulated HepG2 cells with 10 uM

sorbitol, which is also known to activate CK2 [34, 35].
Again, we could not detect phosphorylated STAT3 over
a period of up to 2 h (Figure 5D). Since p38 MAPK and
CK2 seem to be functionally connected, we asked whether
inhibition of p38 MAPK altered Jak/STAT signaling. As
shown in Figure 5E, SB203580 did not block Hyper-IL-
6-induced phosphorylation of STAT3 in HepG2 cells. We
concluded from these experiments that forced activation
of CK2 alone was not sufficient to induce Jak/STAT
signaling, and that the observed effects solely depended

anisomycin and monitored pSTAT3 over a time period of
15-120 min, but did not observe any activation (Figure
5C). Next, we repeated the experiment with 500 mM

on CK2, but not on p38 MAPK.

40000
3
x 30000
o
& 20000 @no cytokine
T
gp130/gp130AYY £ 10000 @Hyper-IL-6
G : 0
Ba/F3- BalF3- BalF3-
D Jaki, Jak2, Tyk2 cKkn'? gp130  gp130-  gp130-
- " gp130-  gp130-
G AYY-myc  myc
pSTAT1/pSTAT3
C = 40000 without cytokine D gp130- gp130-
& 30000 myc  AYY-myc
E 20000 " + + TBB
T
E 10000 | — | psTATS
| 4

2
15.6

o
31.25

._
62.5

0

a
125 250 TBB [uM] |- -— - -ISTATB

——gp130-myc + TBB ——gp130-myc + DMSO
—4—gp130AYY-myc + TBB —@—gp130AYY-myc + DMSO

130- 130-

40000 + Hyper-IL-6 F gﬁqyc A%(e(-myc
o 30000
o + + + + Hy-IL-6
& 20000
= = + - + TBB
£ 10000
5 ] . _ _ . - - | psTATS

0 15.6 31.25 62.5 125

250 TBB [uM
WM = | gra7;
—4—gp130-myc + TBB —i—gp130-myc + DMSO

—a—gp130AYY-myc + TBB —@—gp130AYY-myc + DMSO

Fig 7: Jakl-dependent STAT-activation of the constitutively active gp130AYY-mutant depends on CK2. (A) Schematic
representation of the gp130AY Y-mutant harboring a deletion in domain 2. The kinase leading to constitutive STAT activation and the
role of CK2 in this are unknown. (B) Equal amounts of Ba/F3-gp130, Ba/F3-gp130-gp130-myc and Ba/F3-gp130-gp130AY Y-myc cells
were incubated with or without 10 ng/ml Hyper-I1L-6. (C) Equal amounts of Ba/F3-gp130-gp130-myc and Ba/F3-gp130-gp130AY Y-myc
cells were incubated with either increasing amounts of TBB (0-250 uM) or the corresponding amount of DMSO as control without any
cytokine. (D) Equal amounts of Ba/F3-gp130-gp130-myc and Ba/F3-gp130-gp130AY Y-myc cells were serum-starved for 3 h, and cells
were pretreated with 100 pM TBB for 90 min prior to cytokine stimulation where indicated. Phosphorylation of STAT1 and STAT3 was
assessed by Western blotting, and STAT1/STAT3 served as internal loading control, respectively. (E) Cells were treated as described under
panel (B), but 10 ng/ml Hyper-IL-6 was added. (F) Cells were treated as described under panel (D), but cells were stimulated with 10 ng/
ml Hyper-IL-6 for 15min. Phosphorylation of STAT1 and STAT3 was assessed by Western blotting, and STAT1/STAT3 served as internal
loading control, respectively. Cellular proliferation in all assays shown was determined as described in Material and Methods. Proliferation
assays as well as Western Blots are one representative experiment of three performed.
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Jakl, but not Jak2, is required for CK2-dependent embryonic fibroblasts (MEFs). Zheng et al. suggested
STAT activation by IL-6 type cytokines that blockade of CK2 impairs the ability of Jak2 to
phosphorylate STAT1 and STAT3 [14]. This seemed rather
unlikely, as Jak1 has been shown to be the dominant kinase

. . X - in gp130-mediated signaling [36]. Jak2"- MEFs express
STAT1 and STAT3 proteins. Cytokines which signal no detectable Jak2 protein, but can be reconstituted via

through gp130 can activate Jakl', Jak2 and Tyk2, which overexpression of a Jak2 coding cDNA (Figure 6A).
subsequently phosphorylate certain STATS [2]. To address After stimulation with Hyper-IL-6, both Jak2”~ and Jak2-

the involyement of different kinas'es in CKZ'-depend'ent reconstituted Jak2’-MEFs induced STAT3 phosphorylation
STAT activation, we made use of kinase-deficient murine

Several kinases are able to phosphorylate
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Fig 8: Activity of CK2 is required for phosphorylation of a constitutively active STAT3 mutant. (A) HepG2 cells were
transiently transfected with eGFP, STAT3wt or STAT3Y640F. Two days later, cells were serum-starved for Sh and stimulated with either
10 ng/ml Hyper-IL-6 or were pre-treated with 100 uM TBB for 90min where indicated. (B) Ba/F3-gp130 cells stably transduced with
STAT3wt or STAT3Y640F were serum-starved for 3 h and stimulated with either 10 ng/ml Hyper-IL-6 or were pre-treated with 100 pM
TBB for 90 min where indicated. Phosphorylation of STAT1 and STAT3 was determined by Western blotting, and STAT1/3 served as
internal loading control. (C) Jak2" or Jak1”- MEFs were transiently transfected with a plasmid coding for eGFP, STAT3wt or STAT3Y 640F.
Two days later, cells were serum-starved for 5 h and stimulated with either 10 ng/ml Hyper-IL-6 or were pre-treated with 75 uM TBB for 90
min where indicated. Phosphorylation of STAT3 was determined by Western blotting, and STAT3/B-actin served as internal loading control.
(D, E) Jak2™" or Jak 1~ MEFs were transiently transfected with a plasmid coding for eGFP, STAT3wt or STAT3Y640F. Two days later, cells
were serum-starved for 5 h and treated with Src-inhibitor alone or Src-inhibitor in combination with TBB for 90 min. Phosphorylation of
STAT3 was determined by Western blotting, and STAT3/B-actin served as internal loading control. Western Blots show one representative
experiment of three performed.
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(Figure 6B). Furthermore, stimulation with CT-1 and
OSM induced STAT3 phosphorylation in the absence
of Jak2, which was inhibited by blockade of CK2 with
TBB (Figure 6C). These results suggest that Jak2 is not
the main kinase activated after stimulation with Hyper-
IL-6, CT-1 or OSM, questioning the proposed mechanism
by Zheng et al. [14]. Therefore, we repeated these
experiments with Jak1”- MEFs. As shown in Figure 6D,
phosphorylated STAT3 was detected in a concentration-
dependent manner when we stimulated wildtype or
Jak2"- MEFs. A small portion of phosphorylated STAT3
appeared in Jakl”™ MEFs only with strongly enhanced
contrast (Figure 6D, lower panel). We obtained similar
results with CT-1 (Figure 6E). Importantly, in Jak1’- MEFs
reconstituted with Jak1 (Figure 6F), we observed STAT3
phosphorylation after treatment with Hyper-IL-6, and this
could be blocked by inhibition of CK2 (Figure 6G). In
conclusion, we showed that Jak1, rather than Jak2 is the
kinase that is affected by inhibition of CK2 upon IL-6 type
cytokine stimulation. Our data did, however, not exclude a
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Fig 9: CK2 is the central lynchpin of the signaling
pathways investigated in this study. The schematic
overview shows that IL-6 family cytokines activate the three
major signaling pathways Jak/STAT, Ras/Raf/MEK/ERK, and
Akt/PI3K. All of them need CK2 activity for the initiation
of downstream signaling. The gpl30AYY-mutant, which is
constitutively active and signals from the cell membrane and
from intracellular compartments, solely activates Jak/STAT
signaling, and this can be efficiently blocked through CK2
blockade. A constitutively active STAT3 mutant (STAT3Y640F),
which is constitutively phosphorylated by Jak1 and Src kinase,
also needs CK2 activity

functional role of CK2 in Jak2 activation.

Signaling of a constitutively active gp130 variant
is blocked by CK2 inhibition

Next, we asked whether cytokine-independent
activation of the Jak/STAT signaling pathway can also
be blocked by CK2 inhibition. Many inflammatory
hepatocellular adenomas (IHCAs) have been described
to be often characterized by gain-of-function mutations
within gp130, which led to ligand-independent
constitutive activation [37]. Introduction of one of these
mutants, which harbors a deletion of Tyr-186 to Tyr-190
(gp130AYY), into Ba/F3-gp130 cells led to cytokine-
independent phosphorylation of STAT3 and cellular
proliferation, which was blocked by an anti-gp130
antibody which specifically neutralizes IL-11 signaling in
wildtype gp130 [38]. The responsible kinase was recently
identified as Jak1 [39], but it is unknown whether CK2 is
needed for the constitutive gp130 activation (Figure 7A).

As shown before [38, 40, 41], Ba/F3-gp130 cells
stably transduced with gpl30AYY grew -cytokine-
independently, whereas the parental Ba/F3-gp130 cell line
or Ba/F3-gp130 cells stably transduced for a second time
with wild-type gp130 only proliferated in the presence of
Hyper-IL-6 (Figure 7B). Next, we incubated Ba/F3-gp130-
gp130AY Y-myc cells with increasing amounts of TBB (0
— 250 uM) without any cytokine (Figure 7C) and observed
a TBB-concentration-dependent inhibition of cellular
proliferation (IC,: 70 + 15 uM). As expected, the control
cell line Ba/F3-gp130-gp130-myc showed no proliferation
without cytokine stimulation (Figure 7C). In line with
this, TBB was able to reduce the amount of constitutively
phosphorylated STAT1 and STAT3 in Ba/F3-gp130-
gp130AY Y-myec cells (Figure 7D). We performed a similar
experiment with an additional stimulation by Hyper-1L-6,
but observed again a TBB-concentration-dependent
inhibition of cellular proliferation of Ba/F3-gp130-
gp130AYY-myc (IC,: 65 £ 6 uM) and Ba/F3-gp130-
gp130-myc (IC_: 150 + 23 uM) cells (Figure 7E). This
was accompanied by reduction of pSTAT1 and pSTAT3
in both cell lines upon TBB treatment (Figure 7F). Thus,
our results conclusively showed that TBB suppressed
Jak1-dependent signaling of a constitutively active gp130
variant, and that this inhibition could not be overcome by
the addition of exogenous Hyper-1L-6.

The constitutively active STAT3 variant
STAT3Y640F needs CK2 activity for signaling

Recently, somatic STAT3 mutations have been
found in human inflammatory hepatocellular adenomas
[42] and large granular lymphocytic leukemia [43]. These
mutations resulted in an increase in hydrophobicity within
the Src homology 2 (SH2) domain of STAT3, which is

www.impactjournals.com/oncotarget

2141

Oncotarget



required for STAT3 dimerization. As a consequence, the
mutations led to increased STAT3 phosphorylation in the
absence of any stimulus.

We asked whether phosphorylation of the
constitutive STAT3 variant Y640F was also dependent
on CK2 activity and therefore introduced the Y640F
mutation into STAT3, which is the most frequently found
mutation in STAT3 [43]. First, we transfected HepG2 cells
with either eGFP, wildtype STAT3 (STAT3wt) or STAT3
with the Y640F mutation (STAT3Y640F) (Figure 8A).
No constitutive STAT3 phosphorylation was observed in
eGFP or STAT3wt transfected cells. In contrast, HepG2
cells transfected with STAT3Y640F displayed constitutive
STAT3 phosphorylation. Importantly, no STATI
phosphorylation was detectable in all three cell lines.
We could significantly reduce pSTAT3 in STAT3Y640F
transfected cells by TBB (Figure 8A), which strongly
suggests an involvement of CK2 in the constitutive
phosphorylation of STAT3Y640F. As a control, Hyper-
IL-6 induced pSTAT1 and pSTAT3 in all three cell lines.

To confirm our results obtained in HepG2 cells,
we generated stably transduced Ba/F3-gp130 cells with
either wildtype STAT3 or STAT3Y 640F. In line with our
previous findings, overexpression of STAT3Y640F led to
constitutive STAT3 phosphorylation, which was blocked
by TBB-induced CK2-inhibition. Again, we observed
no STAT1 phosphorylation when STAT3Y640F was
overexpressed, and no constitutive STAT activation in the
STAT3wt expressing cells (Figure 8B).

To identify the kinase that activates and
phosphorylates STAT3Y 640F, we transiently transfected
Jak2” and Jak1” MEFs with STAT3wt and STAT3Y 640F
(Figure 8C). STAT3Y640F was constitutively
phosphorylated in Jak2” cells, showing again that Jak2
was not among the responsible kinases. Interestingly,
STAT3Y640F was also phosphorylated in Jak1”- MEFs,
although to a lesser degree than in Jak2”- MEFs. However,
transfection of the different STAT3 variants into Jak1™”
MEFs was less effective, hampering a direct comparison.
Nevertheless, a previous report by Pilati et al. showed that
Jak1 contributes to the constitutive phosphorylation of
STAT3Y640F [42]. Furthermore, the authors suggested
the involvement of Src kinase. To address this, we treated
STAT3wt- and STAT3Y 640F-transfected Jak1”- and Jak2-
~ MEFs with the Src kinase inhibitor 1, which reduced
constitutive phosphorylation of STAT3Y640F in both
MEFs (Figure 8D, E). It should be noted, however, that
in Jak2”- MEFs STAT3Y640F phosphorylation was
still detectable when Src was inhibited, underlining the
major contribution of Jak1. In Jak1”~ MEFs, the already
low constitutive phosphorylation of STAT3Y640F was
further reduced by Src kinase inhibition (Figure 8E).
Most strikingly, when we combined Src kinase and CK2
inhibitors, the phosphorylation of STAT3Y640F was
completely reduced to baseline levels.

In summary, our data indicate that although Jak1

and Src kinase are involved in the phosphorylation
of STAT3Y640F, also here CK2 plays a pivotal role.
It is tempting to speculate that either CK2 activates
an additional kinase that in turn phosphorylates
STAT3Y640F, or that STAT3Y640F is a direct substrate
of CK2.

DISCUSSION

Cytokines of the IL-6 family are profound activators
of intracellular signaling pathways, notably the Jak/STAT
pathway. This signaling cascade is tightly controlled
through several negative feedback loops, and dysregulated
Jak/STAT signaling is associated with inflammation and
cancer [6, 44].

Among the seven members of the STAT family,
the phosphorylation of STAT1 and STAT3 seems to be
of major importance with regard to IL-6 type cytokines
[3]. Activation of STAT1 and STAT3 leads to target
gene transcription, and thus is a key driver of cellular
proliferation. Binding of IL-6 family cytokines to their
specific receptor complexes on the cell surface leads to
B-receptor homo- or heterodimerization and subsequently
activation of specific kinases, namely Jakl, Jak2 and
Tyk2, which are constitutively associated with gp130,
LIFR, OSMR and WSX-1. Receptor dimerization
results in auto-/transphosphorylaton of the Jak kinases
and of specific tyrosine residues within the intracellular
domains of the B-receptors, which in turn serve as docking
sites for STAT family proteins. Subsequently, JAKs
phosphorylate STATS, resulting in STAT-dissociation from
the receptor chain, formation of homo- and heterodimers,
and translocation into the nucleus where they act as
transcription factors. Thus, several inhibitors of Jak family
members have been developed and are currently used
therapeutically [2, 45].

In the current study, we add another player to the
complex intracellular network that controls proper Jak/
STAT signaling (Figure 9). Inhibition of CK2 efficiently
prevented the phosphorylation of STAT1 and STAT3
induced by all members of the IL-6 family of cytokines.
This shows that the activity of CK2 is a prerequisite to
allow activation of the Jak/STAT signaling pathway,
irrespective of the cytokine stimulus. Accordingly,
blockade of CK2 inhibited the proliferation of different
Ba/F3-gp130 cell lines, which depend upon appropriate
cytokine stimulation for proliferation.

Three different members of the Jak family (Jakl,
Jak2 and Tyk2) have been implicated in IL-6 type
cytokine signal transduction [46]. Recently, Zheng et
al. have proposed a CK2-dependent role for Jak2 in
OSM-mediated signaling [14], and they demonstrated
a physical interaction between CK2 and Jak2 as well as
Jak1. Furthermore, autophosphorylation of JAK2V617F, a
constitutive active Jak2 variant found in myeloproliferative
diseases, was inhibited after CK2 suppression [14]. The
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authors predicted several CK2 dependent phosphorylation
sites in Jak2, which, however, were not characterized on
molecular and functional level thus far.

The activity of Jak2 is, however, dispensable for
signal transduction by LIF, IL-6 and other IL-6 family
cytokines ([47] and this study). In line with these previous
findings, we detected unaltered STAT3 phosphorylation in
MEFs deficient for Jak2. Importantly, IL-6 type cytokine-
induced STAT3 phosphorylation was dependent on CK2
in Jak2-deficient MEFs. In sharp contrast, Jak1 deficiency
resulted in a nearly complete loss of STAT3 activation
when cells were treated with Hyper-IL-6 or CT-1, arguing
that Jak1, but not Jak2, is the critical kinase which needs
CK2 activity to phosphorylate its substrates.

Besides induced activation of STAT3 by IL-6
type cytokines, STAT3 can be constitutively activated
through permanently dimerized gp130. First described
in an artificial cell system [48], small somatic deletions
in gpl30 that lead to constitutive dimerization have
later been shown to be involved in the development of
human inflammatory hepatocellular adenomas [37]. The
constitutive activation of STAT3 was blocked with an anti-
gp130 antibody that selectively inhibits IL-11 signaling
[38], or a small chemical inhibitor of Jak kinases [41].
Recently, it was shown that this activation of STAT3 was
dependent upon Jak1, but not Jak2 or Tyk2 activity [39],
which supported our conclusions. Interestingly, STAT3
phosphorylation and cellular proliferation of Ba/F3 cells
induced by the ligand-independent gpl130YY variant
was also blocked after inhibition of CK2, suggesting that
inhibition of CK2 might be a therapeutic option for the
treatment of constitutive-active gp130-dependent hepatic
adenomas.

Recently, mutations of STAT3 have been described
that lead to the development of human inflammatory
hepatocellular adenomas [42] or large granular lymphotic
leukemia [43]. The mutation STAT3Y640F, which
was observed most frequently, confers constitutive
STAT3 phosphorylation. Tyrosine phosphorylation of
the constitutive active STAT3Y640F variant was also
detected in Jak1 and Jak2 deficient MEFs. CK2 inhibition
almost completely blocked STAT3Y640F phosphorylation
in Jak1 deficient MEFs and to a lesser extent in Jak2
deficient MEFs. It was recently described that Src kinase
contributes to phosphorylation of STAT3Y640F [42].
Whereas Scr inhibition partly inhibited phosphorylation
of STAT3Y 640F, co-inhibition of Src and CK2 completely
blocked phosphorylation of STAT3Y640F. Currently, it is
unclear whether CK2 activates an additional kinase that in
turn phosphorylates STAT3Y640F, or if STAT3Y640F is a
direct substrate of CK2. Irrespective of this, CK2 blockade
might be a valuable therapeutic option in the treatment of
STAT3Y 640F-driven leukemia.

Constitutively — active gpl130 mutants and
STAT3Y640F are examples of mutations in the gp130/
Jak/STAT signaling cascade which are directly associated

with human cancer development. In addition, expression
of IL-6 family cytokines is upregulated in many human
cancers. For example, IL-6 was increased in patients
suffering from colitis-associated cancer (CAC) [49],
and autocrine 1L-6 signaling was shown to be critically
involved in lung and breast cancer development [50, 51].
Thus, inhibition of IL-6/gp130 signaling is considered as
a valuable therapeutic strategy [52]. Increased expression
of IL-11 was found in biopsies from human gastric
cancer patients [53], and IL-11 has been shown to be the
critical IL-6 family cytokine in gastric tumor formation
[54]. Therapeutic targeting of IL-11 was also beneficial
in gastrointestinal tumorigenesis [55]. These examples
demonstrate that increased IL-6 family signaling is highly
associated with tumor initiation and progression.

The ability of dimerized STAT3 to transform cells
has led to the assumption that STAT3 can be considered
an oncogene [56]. The activity and expression of CK2
is increased in many human tumors [20]. Our data show
a close connection between the activity of CK2 and the
constitutive and induced activation of the Jak/STAT
signaling pathway. Several chemical compounds, which
act as ATP-competitive inhibitors, have been shown
to selectively target CK2. One of them, CX-4945, has
recently completed phase I clinical studies with promising
results for the treatment of different solid tumors [57].

In conclusion, our data highlight an important role
of CK2 in Jak/STAT signaling and favor the inhibition
of CK2 as a valid therapeutic option in STAT3-driven
malignancies (Figure 9).

MATERIALS AND METHODS

Cells and Reagents

The parental Ba/F3-gp130 cells and retroviral
transduced Ba/F3-gp130-hIL-6R and Ba/F3-gp130-LIFR
cells have been described previously [58, 59]. HepG2 and
HeLa cells were obtained from DMSZ (Braunschweig,
Germany). All cells used in this study were grown in
DMEM high glucose culture medium (Gibco, Life
Technologies, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum, penicillin (60 mg/l) and
streptomycin (100 mg/l) at 37°C in an incubator with
5% CO, in a water-saturated atmosphere. Ba/F3-gp130
cells were cultured using 10 ng/ml recombinant Hyper-
IL-6 (fusion protein of IL-6 and the sIL-6R connected by
a peptide linker), which was expressed and purified as
described previously [25, 60]. After stable transduction
with hIL-6R, cells were cultured with 10 ng/ml
recombinant human IL-6. Human IL-6 was expressed
and purified as described previously [61]. Recombinant
IL-11 and OSM were purchased from ImmunoTools
(Friesoythe, Germany). IL-27 and CT-1 were from

www.impactjournals.com/oncotarget

2143

Oncotarget



R&D Systems (Minneapolis, MN, USA). Emodin,
TBB, anisomycin, sorbitol, 4-(4’-Phenoxyanilino)-
6,7-dimethoxyquinazoline,6,7-Dimethoxy-N-(4-
phenoxyphenyl)-4-quinazolinamine (Src Inhibitor-1)
and SB203580 were purchased from Sigma-Aldrich
(Steinheim, Germany). Plasmids coding for the gp130
mutant AYY and stable transduced Ba/F3-gp130 cells
thereof have been described previously [38]. Expression
plasmids for murine Jak1 and Jak2 have been described
previously [62]. Jakl”~ MEFs have been described
previously [47]. The anti-phospho STAT1 (Y701) (58D6),
anti-STAT1, anti-phospho STAT3 (Y705) (D3A7), anti-
STAT3 (124H6), anti-Jak1 (6G4), anti-Jak2 (D2E12), anti-
phospho-ERK1/2 (T202/Y204), anti ERK, anti-phospho-
Akt (S473) (D9E) and anti-Akt mAbs were purchased
from Cell Signaling Technology. Anti-B-Actin (C4) mAb
was obtained from Santa Cruz.

LIF production

Human leukemia inhibitory factor (LIF) was
expressed in pGEX2T vector as a glutathione S-transferase
(GST) fusion protein as described previously [63] with
minor changes in BL21(DE3) E. coli cells. Briefly, freshly
transformed cells were grown to an O.D.  of 0.5 and
induced by 400 uM IPTG at 30°C for 12 h. Cells were
harvested, sonicated, and treated with DNasel (7.5 pg/ml)
and lysozyme (75 pg/ml). The LIF-GST fusion protein
was captured with glutathione-Sepharose 4B beads (GE
Healthcare, Munich, Germany) and the LIF moiety was
released by thrombin cleavage (GE Healthcare). Purity
of sterile filtered LIF was checked via Coomassie stained
SDS-PAGE, concentration was determined with Bradford
assay, and biological activity was tested using Ba/F3-
gp130-LIFR cells and mouse ES cell line EB5 [63, 64]. A
detailed protocol is available on request.

Plasmid construction

The ¢cDNA for STAT3 was excised from pcEP4
with Kpnl and EcoRV and the sticky ends were blunted
using Klenow fragment (Thermo Scientific). The
resulting DNA fragment was subcloned into pCR-
Script vector. Mutagenesis for the generation of STAT3
Y640F was performed using standard techniques
with the following primers: 1Fwd: AGAAGCTCCT
AGGGCCTGGT, 2Rev: TGCTTGGTGAATGGCTCTAC,
3Fwd: GTAGAGCCATTCACCAAGCA, 4Rev:
TATCATGTCTGGATCCCCCA. The PCR product was
cloned into pCR-Script using Avrll and BamHI and
subcloned into the expression vector pcEP4 applying Notl
and BamHI.

Transient transfection of HepG2 cells and murine
embryonic fibroblasts (MEFs)

For transient transfection cells were seeded on
10 cm dishes at a density of 6x10° (HepG2) or 7x10°
(MEFs) the day before. TurboFect (Thermo Scientific)
or JetPrime (Polyplus) were used as transfection reagents
according to the manufacturer’s instructions.

Cytokine stimulation of HepG2, HeLLa, MEF and
Ba/F3-gp130 cells

HepG2 and HeLa cells were seeded on 6-well-plates
at a density of 7.5x10° cells/well and 2.5x10° cells/well
respectively. For stimulation of MEFs 4x10° cells were
seeded per well. After 16 h, cells were washed and starved
in serum-free medium for 5 h. In case of CK2-inhibition
TBB was added at a concentration of 100 uM (or 75 uM
for MEFs) 90 min prior to cytokine stimulation. When not
indicated, the concentration of cytokines was 10 ng/ml and
cells were stimulated for 15 min at 37°C.

Cell lysis and Western blotting

After stimulation cells were scraped in 1 ml PBS
on ice. The pellet was lysed in 75 pl or 250 ul (6-well or
10 cm dish respectively) lysis buffer containing 50 mM
Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM NaF,
1 mM Na,VO,, 1% IGEPAL [NP-40], 1% Triton X-100
and complete protease inhibitor cocktail tablets (Roche,
Grenzach, Germany). The concentration of total protein
in the lysates was determined using BCA Protein Assay
kit (Thermo Scientific) following the manufacturer’s
instructions. 50 ug protein were loaded onto an 8 or
10% SDS-Gel and subsequently blotted onto a PVDF
membrane. The membranes were then blocked with 5%
skim milk powder in TBS-T (10 mM Tris-HCI, pH 7.6,
150 mM NaCl, and 0.05% Tween 20) for 1 h at room
temperature. Primary antibodies were applied overnight
at 4°C in 5% skim milk powder or 5% BSA in TBS-T.

Between incubation with two different primary
antibodies membranes were incubated with stripping
buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 0.1%
B-mercaptoethanol) for 30 min at 65°C and subsequently
washed in TBS-T and blocked again. The detection of
proteins was performed using ECL prime reagent (GE
Healthcare).

Retroviral transduction of murine Ba/F3-gp130
cells

Retroviral transduction using Phoenix Eco cell
supernatant has been described elsewhere [65, 66]. Here,
STAT3wt and STAT3Y640F were subcloned into the
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retroviral pMOWS vector, Phoenix cells were transiently
transfected, supernatants collected, and Ba/F3-gp130 cells
transduced. Cells were selected afterwards for puromycin
resistance and cultivated in the presence of 10 ng/
ml Hyper-1L-6 throughout the transduction.

Proliferation assays

The Cell Titer Blue Cell viability assay reagent
(Promega, Karlsruhe, Germany) was applied as
described previously [7, 31] to determine proliferation
of the different Ba/F3-gp130 cell lines according to the
manufacturer’s protocol. To measure the extinction, a
Tecan infinite M200 PRO reader (excitation 560 nm,
emission 590 nm, gain 90, i-control 1.7 software, Tecan
AG, Maennedorf, Switzerland) was used. Normalization
of relative light units (RLU) was achieved by subtraction
of negative control values. All values were measured in
triplicates per experiment.

Calculation of IC50 values

The IC, values, indicating the amount of inhibitor
necessary to block half of the cellular proliferation, were
calculated with GraphPad Prism 5 (GraphPad Software
Inc., La Jolla, CA, USA).

ACKNOWLEDGEMENTS

The authors would like to thank Hakima Ezzahoini
for excellent technical assistance. Work on IL-11 in the
lab of CG is supported by a grant from the Deutsche
Forschungsgemeinschaft (DFG, GA 2048/1-1). SRIJ
is funded by the Deutsche Forschungsgemeinschaft
(SFB841, project C1; SFB877, project Al and by the
Cluster of Excellence ‘Inflammation at Interfaces’). JS is
funded by the Deutsche Forschungsgemeinschaft (SCHE
907/2-1). Jak1”- MEFs were kindly provided by Robert
Schreiber (Department of Pathology & Immunology,
Washington University School of Medicine, USA).

REFERENCES

1. Stark G and Darnell J. The JAK-STAT pathway at twenty.
Immunity. 2012; 36(4):503-514.

2. O’Shea J and Plenge R. JAK and STAT Signaling
Molecules in Immunoregulation and Immune-Mediated
Disease. Immunity. 2012; 36(4):542-550.

3.  Garbers C, Hermanns H, Schaper F, Miiller-Newen G,
Grotzinger J, Rose-John S and Scheller J. Plasticity and
cross-talk of Interleukin 6-type cytokines. Cytokine Growth
Factor Rev. 2012; 23(3):85-182.

4. ChenE, Staudt L and Green A. Janus kinase deregulation in
leukemia and lymphoma. Immunity. 2012; 36(4):529-541.

10.

11.

12.

13.

14.

15.

16.

Casanova J-L, Holland S and Notarangelo L. Inborn errors
of human JAKs and STATs. Immunity. 2012; 36(4):515-
528.

Scheller J, Chalaris A, Schmidt-Arras D and Rose-John S.
The pro- and anti-inflammatory properties of the cytokine
interleukin-6. Biochim Biophys Acta. 2011; 1813(5):878-
888.

Garbers C, Spudy B, Aparicio-Siegmund S, Waetzig
GH, Sommer J, Holscher C, Rose-John S, Grotzinger
J, Lorenzen I and Scheller J. An Interleukin-6 Receptor-
dependent Molecular Switch Mediates Signal Transduction
of the IL-27 Cytokine Subunit p28 (IL-30) via a gp130
Protein Receptor Homodimer. J Biol Chem. 2013;
288(6):4346-4354.

Crabé S, Guay-Giroux A, Tormo AJ, Duluc D, Lissilaa R,
Guilhot F, Mavoungou-Bigouagou U, Lefouili F, Cognet I,
Ferlin WG, Elson G, Jeannin P and Gauchat JF. The IL-27
p28 subunit binds cytokine-like factor 1 to form a cytokine
regulating NK and T cell activities requiring IL-6R for
signaling. J Immunol. 2009; 183(12):7692-7702.

Pflanz S, Hibbert L, Mattson J, Rosales R, Vaisberg E,
Bazan JF, Phillips JH, McClanahan TK, de Waal Malefyt R
and Kastelein RA. WSX-1 and glycoprotein 130 constitute
a signal-transducing receptor for IL-27. J Immunol. 2004;
172(4):2225-2231.

Lutticken C, Wegenka UM, Yuan J, Buschmann J, Schindler
C, Ziemiecki A, Harpur AG, Wilks AF, Yasukawa K, Taga
T and et al. Association of transcription factor APRF and
protein kinase Jak1 with the interleukin-6 signal transducer
gp130. Science. 1994; 263(5143):89-92.

Stahl N, Boulton TG, Farruggella T, Ip NY, Davis S,
Witthuhn BA, Quelle FW, Silvennoinen O, Barbieri G,
Pellegrini S and et al. Association and activation of Jak-
Tyk kinases by CNTF-LIF-OSM-IL-6 beta receptor
components. Science. 1994; 263(5143):92-95.

Eulenfeld R, Dittrich A, Khouri C, Muller PJ, Mutze B,
Wolf A and Schaper F. Interleukin-6 signalling: more than
Jaks and STATSs. Eur J Cell Biol. 2012; 91(6-7):486-495.

Gerhartz C, Heesel B, Sasse J, Hemmann U, Landgraf C,
Schneider-Mergener J, Horn F, Heinrich PC and Graeve
L. Differential activation of acute phase response factor/
STAT3 and STATI via the cytoplasmic domain of the
interleukin 6 signal transducer gp130. I. Definition of a
novel phosphotyrosine motif mediating STAT1 activation.
J Biol Chem. 1996; 271(22):12991-12998.

Zheng Y, Qin H, Frank S, Deng L, Litchfield D, Tefferi
A, Pardanani A, Lin F-T, Li J, Sha B and Benveniste E.
A CK2-dependent mechanism for activation of the JAK-
STAT signaling pathway. Blood. 2011; 118(1):156-166.
Pinna L. The raison d’étre of constitutively active protein
kinases: the lesson of CK2. Acc Chem Res. 2003;
36(6):378-384.

Meggio F and Pinna L. One-thousand-and-one substrates of
protein kinase CK2? FASEB J. 2003; 17(3):349-368.

www.impactjournals.com/oncotarget

2145

Oncotarget



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Buchou T, Vernet M, Blond O, Jensen H, Pointu H, Olsen
B, Cochet C, Issinger O-G and Boldyreff B. Disruption of
the regulatory beta subunit of protein kinase CK2 in mice
leads to a cell-autonomous defect and early embryonic
lethality. Mol Cell Biol. 2003; 23(3):908-915.

Lou D, Dominguez I, Toselli P, Landesman-Bollag E,
O’Brien C and Seldin D. The alpha catalytic subunit of
protein kinase CK2 is required for mouse embryonic
development. Mol Cell Biol. 2008; 28(1):131-139.

Seldin D, Lou D, Toselli P, Landesman-Bollag E and
Dominguez I. Gene targeting of CK2 catalytic subunits.
Mol Cell Biochem. 2008; 316(1-2):141-147.

Piazza F, Manni S, Ruzzene M, Pinna L, Gurrieri C
and Semenzato G. Protein kinase CK2 in hematologic
malignancies: reliance on a pivotal cell survival regulator
by oncogenic signaling pathways. Leukemia. 2012;
26(6):1174-1179.

Trembley J, Wang G, Unger G, Slaton J and Ahmed K.
Protein kinase CK2 in health and disease: CK2: a key player
in cancer biology. Cell Mol Life Sci. 2009; 66(11-12):1858-
1867.

Moucadel V, Prudent R, Sautel CF, Teillet F, Barette
C, Lafanechere L, Receveur-Brechot V and Cochet C.
Antitumoral activity of allosteric inhibitors of protein
kinase CK2. Oncotarget. 2011; 2(12):997-1010.

Martins L, Lacio P, Meldo A, Antunes I, Cardoso B,
Stansfield R, Bertilaccio M, Ghia P, Drygin D, Silva M
and Barata J. Activity of the clinical-stage CK2-specific
inhibitor CX-4945 against chronic lymphocytic leukemia.
Leukemia. 2014; 28(1):179-182.

Martins LR, Perera Y, Lucio P, Silva MG, Perea SE and
Barata JT. Targeting chronic lymphocytic leukemia using
CIGB-300, a clinical-stage CK2-specific cell-permeable
peptide inhibitor. Oncotarget. 2013.

Fischer M, Goldschmitt J, Peschel C, Brakenhoff JP,
Kallen KJ, Wollmer A, Grotzinger J and Rose-John S. L.
A bioactive designer cytokine for human hematopoietic
progenitor cell expansion. Nat Biotechnol. 1997; 15(2):142-
145.

Blanc C, Vusio P, Schleinkofer K, Boisteau O, Pflanz S,
Minvielle S, Grétzinger J, Miiller-Newen G, Heinrich P,
Jacques Y and Montero-Julian F. Monoclonal antibodies
against the human interleukin-11 receptor alpha-chain (IL-
11Ralpha) and their use in studies of human mononuclear
cells. J Immunol Methods. 2000; 241(1-2):43-59.

Pflanz S, Timans JC, Cheung J, Rosales R, Kanzler H,
Gilbert J, Hibbert L, Churakova T, Travis M, Vaisberg
E, Blumenschein WM, Mattson JD, Wagner JL, To W,
Zurawski S, McClanahan TK, et al. IL-27, a heterodimeric
cytokine composed of EBI3 and p28 protein, induces
proliferation of naive CD4(+) T cells. Immunity. 2002;
16(6):779-790.

Ritt D, Zhou M, Conrads T, Veenstra T, Copeland T and
Morrison D. CK2 Is a component of the KSR1 scaffold

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

complex that contributes to Raf kinase activation. Curr Biol.
2007; 17(2):179-184.

Di Maira G, Salvi M, Arrigoni G, Marin O, Sarno S,
Brustolon F, Pinna L and Ruzzene M. Protein kinase CK2
phosphorylates and upregulates Akt/PKB. Cell Death Diff.
2005; 12(6):668-677.

Gearing DP, Ziegler SF, Comeau MR, Friend D, Thoma B,
Cosman D, Park L and Mosley B. Proliferative responses
and binding properties of hematopoietic cells transfected
with low-affinity receptors for leukemia inhibitory factor,
oncostatin M, and ciliary neurotrophic factor. Proc Natl
Acad SciU S A. 1994; 91(3):1119-1123.

Garbers C, Thaiss W, Jones GW, Waetzig GH, Lorenzen I,
Guilhot F, Lissilaa R, Ferlin WG, Grotzinger J, Jones SA,
Rose-John S and Scheller J. Inhibition of classic signaling
is a novel function of soluble glycoprotein 130 (sgp130),
which is controlled by the ratio of interleukin 6 and soluble
interleukin 6 receptor. J Biol Chem. 2011; 286(50):42959-
42970.

Baran P, Nitz R, Grotzinger J, Scheller J and Garbers C.
Minimal interleukin (IL-)6 receptor stalk composition for
IL-6R shedding and IL-6 classic signaling. J Biol Chem.
2013; 288(21):14756-14768.

Sayed M, Kim S, Salh B, Issinger O and Pelech S.
Stress-induced activation of protein kinase CK2 by direct
interaction with p38 mitogen-activated protein kinase. J
Biol Chem. 2000; 275(22):16569-16573.

Fernandez-Saiz V, Targosz B-S, Lemeer S, Eichner R,
Langer C, Bullinger L, Reiter C, Slotta-Huspenina J,
Schroeder S, Knorn A-M, Kurutz J, Peschel C, Pagano
M, Kuster B and Bassermann F. SCF(Fbx09) and CK2
direct the cellular response to growth factor withdrawal
via Tel2/Ttil degradation and promote survival in multiple
myeloma. Nat Cell Biol. 2012.

Scaglioni P, Yung T, Cai L, Erdjument-Bromage H,
Kaufman A, Singh B, Teruya-Feldstein J, Tempst P and
Pandolfi P. A CK2-dependent mechanism for degradation
of the PML tumor suppressor. Cell. 2006; 126(2):269-283.
Guschin D, Rogers N, Briscoe J, Witthuhn B, Watling D,
Horn F, Pellegrini S, Yasukawa K, Heinrich P and Stark
G. A major role for the protein tyrosine kinase JAKI in
the JAK/STAT signal transduction pathway in response to
interleukin-6. EMBO J. 1995; 14(7):1421-1429.
Rebouissou S, Amessou M, Couchy G, Poussin K,
Imbeaud S, Pilati C, Izard T, Balabaud C, Bioulac-Sage P
and Zucman-Rossi J. Frequent in-frame somatic deletions
activate gp130 in inflammatory hepatocellular tumours.
Nature. 2009; 457(7226):200-204.

Sommer J, Effenberger T, Volpi E, Waetzig G, Bernhardt
M, Suthaus J, Garbers C, Rose-John S, Floss D and Scheller
J. Constitutively active mutant gp130 receptor protein from
inflammatory hepatocellular adenoma is inhibited by an
anti-gp130 antibody that specifically neutralizes interleukin
11 signaling. J Biol Chem. 2012; 287(17):13743-13751.

WWW

.impactjournals.com/oncotarget

2146

Oncotarget



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Poussin K, Pilati C, Couchy G, Calderaro J, Bioulac-Sage P,
Bacq Y, Paradis V, Leteurtre E, Sturm N, Ramos J, Guettier
C, Bardier-Dupas A, Boulai A, Wendum D, Selves J, Izard
T, et al. Biochemical and functional analyses of gp130
mutants unveil JAK1 as a novel therapeutic target in human
inflammatory hepatocellular adenoma. Oncoimmunology.
2013; 2(12).

Schmidt-Arras D, Miiller M, Stevanovic M, Horn S,
Schiitt A, Bergmann J, Wilkens R, Lickert A and Rose-
John S. Oncogenic deletion mutants of gp130 signal from
intracellular compartments. J Cell Sci. 2013; 127(15):341-
353.

Schiitt A, Zacharias M, Schneider N, Horn S, Grotzinger
J, Rose-John S and Schmidt-Arras D. gp130 activation is
regulated by D2-D3 interdomain connectivity. Biochem J.
2013; 450(3):487-496.

Pilati C, Amessou M, Bihl M, Balabaud C, Nhieu J, Paradis
V, Nault J, Izard T, Bioulac-Sage P, Couchy G, Poussin K
and Zucman-Rossi J. Somatic mutations activating STAT3
in human inflammatory hepatocellular adenomas. J Exp
Med. 2011; 208(7):1359-1366.

Koskela H, Eldfors S, Ellonen P, van Adrichem A,
Kuusanmédki H, Andersson E, Lagstrom S, Clemente M,
Olson T, Jalkanen S, Majumder M, Almusa H, Edgren
H, Lepistdo M, Mattila P, Guinta K, et al. Somatic STAT3
mutations in large granular lymphocytic leukemia. N Engl
J Med. 2012; 366(20):1905-1913.

Garbers C and Scheller J. Interleukin-6 and interleukin-11:
same same but different. Biol Chem. 2013; 394(9):1145-
1161.

Yan S, Li Z and Thiele CJ. Inhibition of STAT3 with orally
active JAK inhibitor, AZD1480, decreases tumor growth in
Neuroblastoma and Pediatric Sarcomas In vitro and In vivo.
Oncotarget. 2013; 4(3):433-445.

Heinrich P, Behrmann I, Haan S, Hermanns H, Miiller-
Newen G and Schaper F. Principles of interleukin (IL)-
6-type cytokine signalling and its regulation. Biochem J.
2003; 374(Pt 1):1-20.

Rodig SJ, Meraz MA, White MJ, Lampe PA, Riley JK,
Arthur CD, King KL, Sheechan KCF, Yin L, Pennica D,
Johnson EM and Schreiber RD. Disruption of the Jakl
Gene Demonstrates Obligatory and Nonredundant Roles
of the Jaks in Cytokine-Induced Biologic Responses. Cell.
1998; 93.

Stuhlmann-Laeisz C, Lang S, Chalaris A, Krzysztof P, Enge
S, Eichler J, Klingmiiller U, Samuel M, Ernst M, Rose-
John S and Scheller J. Forced dimerization of gp130 leads
to constitutive STAT3 activation, cytokine-independent
growth, and blockade of differentiation of embryonic stem
cells. Mol Biol Cell. 2006; 17(7):2986-2995.

Mitsuyama K, Sasaki E, Toyonaga A, lkeda H, Tsuruta
O, Irie A, Arima N, Oriishi T, Harada K and Fujisaki K.

Colonic mucosal interleukin-6 in inflammatory bowel
disease. Digestion. 1991; 50(2):104-111.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sansone P, Storci G, Tavolari S, Guarnieri T, Giovannini C,
Taffurelli M, Ceccarelli C, Santini D, Paterini P, Marcu K,
Chieco P and Bonafé M. IL-6 triggers malignant features in
mammospheres from human ductal breast carcinoma and
normal mammary gland. J Clin Invest. 2007; 117(12):3988-
4002.

Gao S, Mark K, Leslie K, Pao W, Motoi N, Gerald W,
Travis W, Bornmann W, Veach D, Clarkson B and
Bromberg J. Mutations in the EGFR kinase domain mediate
STAT3 activation via IL-6 production in human lung
adenocarcinomas. J Clin Invest. 2007; 117(12):3846-3856.

Jones SA, Scheller J and Rose-John S. Therapeutic
strategies for the clinical blockade of IL-6/gp130 signaling.
J Clin Invest. 2011; 121(9):3375-3383.

Howlett M, Giraud A, Lescesen H, Jackson C, Kalantzis A,
Van Driel I, Robb L, Van der Hoek M, Ernst M, Minamoto
T, Boussioutas A, Oshima H, Oshima M and Judd L. The
interleukin-6 family cytokine interleukin-11 regulates
homeostatic epithelial cell turnover and promotes gastric
tumor development. Gastroenterology. 2009; 136(3):967-
977.

Ernst M, Najdovska M, Grail D, Lundgren-May T, Buchert
M, Tye H, Matthews V, Armes J, Bhathal P, Hughes N,
Marcusson E, Karras J, Na S, Sedgwick J, Hertzog P and
Jenkins B. STAT3 and STAT1 mediate IL-11-dependent
and inflammation-associated gastric tumorigenesis in gp130
receptor mutant mice. J Clin Invest. 2008; 118(5):1727-
1738.

Putoczki T, Thiem S, Loving A, Busuttil R, Wilson N,
Ziegler P, Nguyen P, Preaudet A, Farid R, Edwards K,
Boglev Y, Luwor R, Jarnicki A, Horst D, Boussioutas A,
Heath J, et al. Interleukin-11 Is the Dominant IL-6 Family
Cytokine during Gastrointestinal Tumorigenesis and Can
Be Targeted Therapeutically. Cancer Cell. 2013; 24(2):257-
271.

Bromberg J, Wrzeszczynska M, Devgan G, Zhao Y, Pestell
R, Albanese C and Darnell J. Stat3 as an oncogene. Cell.
1999; 98(3):295-303.

Marschke R, Borad M, McFarland R, Alvarez R, Lim J and
Padgett C. Findings from the Phase I clinical trials of CX-
4945, an orally bioavailable inhibitor of CK2. J Clin Oncol
2011; 29(Suppl):3087.

Garbers C, Janner N, Chalaris A, Moss ML, Floss DM,
Meyer D, Koch-Nolte F, Rose-John S and Scheller J.
Species specificity of ADAM10 and ADAM17 proteins
in interleukin-6 (IL-6) trans-signaling and novel role
of ADAMI10 in inducible IL-6 receptor shedding. J Biol
Chem. 2011; 286(17):14804-14811.

Kallen K, Grétzinger J, Leliévre E, Vollmer P, Aasland D,
Renné C, Miillberg J, Meyer zum Biischenfelde K, Gascan
H and Rose-John S. Receptor recognition sites of cytokines
are organized as exchangeable modules. Transfer of the
leukemia inhibitory factor receptor-binding site from ciliary
neurotrophic factor to interleukin-6. J Biol Chem. 1999;
274(17):11859-11867.

WWW

.impactjournals.com/oncotarget

2147

Oncotarget



60.

61.

62.

63.

64.

65.

66.

Schroers A, Hecht O, Kallen KJ, Pachta M, Rose-John S
and Grotzinger J. Dynamics of the gp130 cytokine complex:
a model for assembly on the cellular membrane. Protein Sci.
2005; 14(3):783-790.

Mackiewicz A, Schooltink H, Heinrich PC and Rose-John
S. Complex of soluble human IL-6-receptor/IL-6 up-
regulates expression of acute-phase proteins. J Immunol.
1992; 149(6):2021-2027.

Keil E, Finkenstddt D, Wufka C, Trilling M, Liebfried
P, Strobl B, Miiller M and Pfeffer K. Important scaffold
function of the Janus kinase 2 uncovered by a novel mouse
model harboring a Jak2 activation loop mutation. Blood.
2013; 123(4):520-529.

Robinson R, Grey L, Staunton D, Vankelecom H, Vernallis
A, Moreau J, Stuart D, Heath J and Jones E. The crystal
structure and biological function of leukemia inhibitory
factor: implications for receptor binding. Cell. 1994;
77(7):1101-1116.

Martini S, Bernoth K, Main H, Ortega G, Lendahl U, Just
U and Schwanbeck R. A critical role for Sox9 in notch-
induced astrogliogenesis and stem cell maintenance. Stem
Cells. 2013; 31(4):741-751.

Ketteler R, Glaser S, Sandra O, Martens UM and
Klingmuller U. Enhanced transgene expression in primitive
hematopoietic progenitor cells and embryonic stem cells
efficiently transduced by optimized retroviral hybrid
vectors. Gene Ther. 2002; 9(8):477-487.

Suthaus J, Tillmann A, Lorenzen I, Bulanova E, Rose-John
S and Scheller J. Forced homo- and heterodimerization of
all gp130-type receptor complexes leads to constitutive
ligand-independent signaling and cytokine-independent
growth. Mol Biol Cell. 2010; 21(15):2797-2807.

www.impactjournals.com/oncotarget

2148

Oncotarget



