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GMCSF activates NF-�B via direct interaction of the GMCSF receptor
with I�B kinase �
Karin Ebner, Alexander Bandion, Bernd R. Binder, Rainer de Martin, and Johannes A. Schmid

Granulocyte-macrophage colony-stimu-
lating factor (GMCSF) has a central role in
proliferation and differentiation of hema-
topoetic cells. Furthermore, it influences
the proliferation and migration of endothe-
lial cells. GMCSF elicits these functions
by activating a receptor consisting of a
ligand-specific �-chain and a �-chain,
which is common for GMCSF, interleu-
kin-3 (IL-3), and IL-5. It is known that
various signaling molecules such as Ja-
nus kinase 2 or transcription factors of
the signal transducer and activator of
transcription (STAT) family bind to the

common �-chain and initiate signaling
cascades. However, �-chain–specific sig-
nal transduction adapters have to be pos-
tulated given that IL-3, IL-5, and GMCSF
induce partly distinct biologic responses.
Using a yeast 2-hybrid system, we identi-
fied the �-chain of the GMCSF receptor
(GMR�) as putative interaction partner of
I�B kinase �, one of the central signaling
kinases activating the transcription fac-
tor nuclear factor–�B (NF-�B). Using en-
dogenous protein levels of endothelial
cell extracts, we could verify the interac-
tion by coimmunoprecipitation experi-

ments. Fluorescence resonance energy
transfer (FRET) microscopy confirmed the
direct interaction of CFP-IKK� and YFP-
GMR� in living cells. Functional studies
demonstrated GMCSF-dependent activa-
tion of I�B kinase activity in endothelial
cells, degradation of I�B, and activation
of NF-�B. Further biologic studies using
GMCSF-dependent TF-1 cells indicated
that GMCSF-triggered activation of NF-�B
is important for cell survival and prolifera-
tion. (Blood. 2003;102:192-199)
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Introduction

Granulocyte-macrophage colony-stimulating factor (GMCSF) is a
cytokine that was initially described by its ability to induce
colonies of granulocytes and macrophages from myeloid progeni-
tor cells. It is involved in proliferation, maturation, and differentia-
tion of these cells and acts via specific receptors on the cell
surface.1-3 The GMCSF receptor (GMR) belongs to the class 1
subgroup of the cytokine receptor superfamily and is not only
expressed on cells of the granulocyte-macrophage lineage but also
on endothelial cells, where it was postulated to have a role in
proliferation and migration.4,5 It is composed of 2 glycoprotein
subunits: a 60- to 80-kDa �-chain, which by itself exhibits only
low-affinity binding of the ligand, and a 120- to 140-kDa �-chain,
which does not bind GMCSF itself but is essential for high-affinity
binding in conjunction with the �-chain.6-8 Recent data indicate
that 2 �-chains associate with 1 or 2 �-chains9,10 and that this
ternary GMCSF receptor complex is already preformed in the
absence of ligand.11 While the �-chain is specific for GMCSF, the
�-chain is common for the receptors of GMCSF, interleukin-3
(IL-3), and IL-5, which explains some of the overlapping effects of
these 3 cytokines. However, an important contribution of the
�-chains of these receptors to the intracellular signaling was
postulated, and some important differences have been reported for
the effects of IL-3, IL-5, and GMCSF.1,3,12-16 For all 3 receptors the
�-chains exhibit rather short cytoplasmic domains as compared
with the �-chain, which made it difficult to identify signaling
partners for the ligand-specific �-chains. Recently, an adapter

molecule was characterized as interaction partner of the IL-5
receptor �-chain,17 and it could be shown that it is essential for
IL-5–mediated signaling to the Sox4 transcription factor, proving
the important role of the ligand-specific �-chain for certain
signaling pathways. Similarly, a recent yeast 2-hybrid screening for
interaction partners of the GMCSF receptor �-chain identified a
molecule termed GRAP (GMCSF receptor � subunit–associated
protein).18 However, a contribution of this protein to GMCSF-
mediated signaling could not be demonstrated and its role remained
enigmatic. In contrast to the so far unsolved question of the
function of the GMCSF receptor �-chain in signal transduction, the
role of the common �-chain was clearly demonstrated and charac-
terized in detail. It is known that the common �-chain (�c) is able to
interact with various receptor-associated proteins that are important
for the signaling downstream of the receptor.3,19,20 One prominent
interaction partner is Janus kinase 2 (JAK2), a tyrosine kinase that
binds to the common �-chain after stimulation with IL-3, IL-5, or
GMCSF followed by transphosphorylation and activation. Subse-
quently, activated JAK2 phosphorylates tyrosine residues of
�-chains and generates binding sites for Src-homology 2 (SH2)
domains of other proteins such as members of the signal transducer
and activator of transcription (STAT) family. JAK2 also phos-
phorylates STAT proteins themselves, which leads to their
dimerization, activation, and translocation to the nucleus, where
they act as transcription factors for responsive genes. In parallel,
additional signaling pathways can be activated, such as the
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Stadt Wien”), Austria.

Reprints: Johannes A. Schmid, Department of Vascular Biology and
Thrombosis Research, University of Vienna, Brunnerstr 59, A-1235 Vienna,
Austria; e-mail: johannes.schmid@univie.ac.at.

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 U.S.C. section 1734.

© 2003 by The American Society of Hematology

192 BLOOD, 1 JULY 2003 � VOLUME 102, NUMBER 1



Ras–Raf–extracellular signal-regulated kinase (Ras-Raf-ERK) path-
way, which is important for triggering the cell cycle and is activated
by binding of the adapter proteins Shc and Grb2 to the common
�-chain. Another signaling pathway triggered by the �-chain is that
emerging from phosphatidylinositol-3 kinase (PI-3K), which has a
role in regulation of apoptosis and cell survival.3,21 Moreover, some
evidence indicated that also the nuclear factor–�B (NF-�B)
signaling pathway can be activated by GMCSF,22-27 although the
molecular mechanism for this signal transduction could not be
clearly elucidated. Most of the signals that activate NF-�B act on a
crucial kinase complex, the I�B kinase signalosome, consisting of
the 3 main components IKK�, IKK�, and IKK�, which upon
activation phosphorylate I�B, the inhibitor of NF-�B, leading to its
ubiquitination and degradation.28-31 I�B kinases can be activated by
a variety of upstream signaling kinases, such as NIK (NF-�B
inducing kinase), MEKK1 (mitogen-activated protein kinase
[MAPK]/ERK kinase kinase 1), RIP (TNF receptor interacting
protein), or TAK1 (transforming growth factor [TGF]–� activated
kinase 1), which themselves can be activated by adapter proteins
after binding to cell surface receptors following their oligomeriza-
tion. Furthermore, it was shown that I�B kinases can be directly
recruited to the tumor necrosis factor (TNF) receptor complex
leading to their activation.32,33

In our group, we focused our interest on the elucidation of
signaling pathways involving the central I�B kinase, IKK�. Using
the C-terminal part of IKK� as bait in a yeast 2-hybrid screening,
we identified the ligand-specific �-chain of the GMCSF receptor as
interaction partner and we could confirm this interaction and its
biologic role in GMCSF-triggered NF-�B activation. Thus, we
provide evidence that IKK� has an important role in GMCSF
receptor–mediated signaling.

Materials and methods

Materials

Human umbilical vein endothelial cells (HUVECs) were isolated and
cultured as described.34 For stimulation, recombinant human GMCSF was
used at a final concentration of 100 ng/mL. GMCSF was kindly provided by
F. Kalthoff (Novartis Research Institute, Vienna, Austria). TF-1 cells
(DMSZ, Braunschweig, Germany), a human GMCSF-dependent myeloid
leukemic cell line, were cultured at 37°C, 5% CO2, in RPMI 1640 plus 10%
fetal calf serum (FCS) (Invitrogen, Karlsruhe, Germany) and 2 ng/mL
GMCSF. HeLa cells were cultured in Dulbecco modified Eagle medium
(DMEM), 10% FCS containing 2 mM glutamine. The ECFP chimera of
IKK� was cloned from IKK�-EYFP35 by replacing EYFP with ECFP using
AgeI and XbaI. The EYFP fusion construct of the GMCSF receptor �-chain
(GMR�) was generated by cloning the GMR� coding sequence without
stop codon into pEYFP-N1 (Clontech, Palo Alto, CA).

Yeast 2-hybrid screen

The yeast 2-hybrid screening was performed with components of the
Matchmaker 2-Hybrid System 2 (Clontech). The C-terminal domain of
IKK� (amino acids 466 to 756; comprising the leucine zipper and
helix-loop-helix [HLH] domains) was cloned by polymerase chain reaction
(PCR) into pAS2-1 (Clontech), and the resulting construct was verified by
sequencing. The PJ69 reporter yeast strain was transformed with the bait
construct using the method of Gietz et al,36,37 and autoactivation was
excluded by transformation with an empty library vector. The 2-hybrid
screen was performed using a library from phytohemagglutinin (PHA)–
stimulated leukocytes (3 � 106 independent clones, Clontech, cat. no.
HL4021AB) with bacterial RNA as carrier nucleotides as described by
Brondyk and Macara,38 resulting in about 2 � 106 transformants. For the
primary selection, colonies were grown on media lacking leucine, trypto-

phan, and adenine (selecting for the presence of both bait and prey plasmids
and for the interaction between bait and prey proteins). Positive clones were
transferred to quadruplicate selection plates (also lacking histidine) and
were tested for �-galactosidase activity. Yeast DNA was prepared by the
method of Liang and Richardson,39 followed by electrotransformation into
HB101 bacteria and sequence analysis of lacZ-positive interaction partners.

Coimmunoprecipitation

HUVECs were stimulated with 100 ng/mL GMCSF for 10 minutes, washed
with phosphate-buffered saline (PBS), and lysed with PBS/0.5% Nonidet
P-40 (NP-40) containing Complete Protease Inhibitor Cocktail (Roche,
Mannheim, Germany) for 20 minutes at 4°C. Cell extracts were precleared
under rotating conditions with protein A–Sepharose (Amersham Pharmacia
Biotech, United Kingdom) for 1 hour at 4°C. The supernatants were
incubated with anti-IKK� (Santa Cruz Biotechnology, Santa Cruz, CA;
polyclonal antirabbit, 1 �g/mL) or an unrelated antibody as negative
control (anti-myc, Upstate Biotechnology, MA; polyclonal antirabbit 1
�g/mL) for 1 hour at 4°C followed by addition of fresh protein A–Sepha-
rose and immunoprecipitation for 1 hour at 4°C. Alternatively, IKK
signalosomes were immunoprecipitated with agarose-conjugated anti-
IKK� antibodies (M-280, Santa Cruz Biotechnology). Beads were washed
4 times with cold PBS, and bound proteins were eluted by heating to 95°C
with sodium dodecyl sulfate (SDS) sample buffer. Proteins were resolved
on 10% SDS–polyacrylamide gels and blotted on nitrocellulose followed
by immunodetection with antibodies against GMR� (Santa Cruz Biotech-
nology; monoclonal antimouse, 1 �g/mL).

In vitro kinase assays

HUVECs (7 � 106 cells) were incubated with 100 ng/mL GMCSF for
different periods of time, washed with ice-cold PBS, and lysed in 1 mL lysis
buffer containing 20 mM Tris (tris(hydroxymethyl)aminomethane)–HCl
(pH 7.5), 150 mM NaCl, 25 mM �-glycerophosphate, 2 mM EDTA
(ethylenediaminetetraacetic acid), 2 mM pyrophosphate, 1 mM orthovana-
date, 1% Triton X-100, 1 mM dithiothreitol (DTT), 1 mM NaF, and protease
inhibitors. The cell extracts were immunoprecipitated at 4°C for 2 hours
with anti-IKK� agarose (Santa Cruz Biotechnology), which precipitates
both IKK� and IKK�. Agarose beads were washed 3 times with PBS and
once with kinase buffer containing 20 mM Tris-HCl (pH 7.5), 20 mM
�-glycerophosphate, 10 mM MgCl2, 100 �M orthovanadate, 50 mM NaCl,
1 mM DTT, 50 �M adenosine triphosphate (ATP), and 1 mM NaF. After
washing of the beads, 1 �g glutathione-S-transferase (GST)–I�B� was
added as substrate (or GST-I�B� mutant with Ser32 and Ser36 mutated to
alanine, as negative control). Then, 10 �L kinase buffer plus 10 �Ci (0.37
MBq) [32P-�]ATP (Amersham Biosciences, United Kingdom) per sample
was preincubated for 10 minutes at 37°C, subsequently mixed with the
beads and the substrate, and incubated at 37°C for 1 hour. Proteins were
eluted with SDS buffer at 95°C and separated on a 12% SDS–polyacrylamide
gel. The gel was fixed with methanol/acetic acid (10%, respectively), dried, and
exposed on a phosphor screen followed by quantification with PhosphorIm-
ager equipment (Molecular Dynamics, Germany).

Western blot detection of I�B� degradation

TF-1 cells were starved by cultivation in the absence of serum and GMCSF
for 24 hours, followed by incubation in the presence of GMCSF (2 ng/mL)
for different periods of time. Similarly, HUVECs were stimulated for
different time periods by addition of GMCSF (100 ng/mL). After incuba-
tion, cells were washed with cold PBS, lysed in cold PBS containing 0.5%
NP-40, and centrifuged for 15 minutes, 14 000 rpm at 4°C to remove nuclei.
Cytoplasmic proteins were separated on a 12% SDS–polyacrylamide gel
and blotted on nitrocellulose membrane. Endogenous I�B� was detected
with anti-I�B� antibodies (Santa Cruz Biotechnology, clone C-21) using a
concentration of 0.4 �g/mL.

Reporter gene assays

HUVECs were transiently transfected with a luciferase reporter construct
containing 5 NF-�B promoter sites and a �-galactosidase construct
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comprising a ubiquitin promoter (as normalization control) using Lipo-
fectAMINE Plus (Life Technologies) as transfection reagent. A total of 106

cells were transfected with 1.5 �g DNA, 4 �L LipofectAMINE, and 8 �L
Plus Reagent. Twenty-four hours after transfection, cells were stimulated
with GMCSF or TNF-� for different periods of time, and luciferase activity
was determined as described40 and normalized to �-galactosidase activity
determined by colorimetric detection with chlorophenol red �-D-
galactopyranosid as substrate.35

Flow analysis

For cell cycle analysis via propidium iodide staining, TF-1 cells were
cultured in the absence of GMCSF for 24 hours, followed by incubation in
the presence or absence of 2 ng/mL GMCSF, TNF-�, or the NF-�B
inhibitor BAY 11-7082 (5 �M; Santos et al41) for another 24 hours. After
stimulation, cells were pelleted by centrifugation, resuspended in PBS,
fixed by suspension in ethanol (absolute ethanol precooled to �20°C,
resulting in a final concentration of 70%), incubated on ice for 15 minutes,
and again centrifuged. The cell pellet was stained with 0.5 mL of a solution
containing 50 �g/mL propidium iodide, 0.1 mg/mL RNAse A, and 0.5
�L/mL Triton X-100 in PBS for 40 minutes at 37°C. The propidium iodide
fluorescence of DNA revealing the cell cycle profile as well as apoptotic
cells (sub-G0/G1 population) was determined by flow analysis using
FACSort equipment (Becton Dickinson, CA). The alternative detection of
apoptotic cells by staining with annexin V–fluorescein isothiocyanate
(FITC) (BD Biosciences, Palo Alto, CA) was performed as recommended
by the manufacturer.

Electrophoretic mobility shift assay (EMSA)

HUVECs (1.1 � 107 cells) were incubated with 100 ng/mL GMCSF for 0,
15, 30, and 45 minutes. Nuclear extracts were prepared essentially as
described.42 Protein concentrations of the nuclear extracts were measured
with Coomassie staining reagent (BioRad), and 5 �g protein was used for
the EMSA. Oligonucleotides with a binding site for NF-�B were labeled
with 32P using Klenow enzyme to a specific activity of about 105 cpm/ng
and incubated for 20 minutes at room temperature with nuclear abstracts in
the absence or presence of a 50 � molar excess of unlabeled competitor
DNA sequence (1 ng of oligonucleotide per sample). Protein-DNA
complexes were resolved by native polyacrylamide gel electrophoresis (PAGE)
using a 10% separation gel (pH 8.8) and a 4% stacking gel (pH 7.0).

The gel was fixed, dried, and exposed to a phosphor screen, followed by
analysis on PhosphorImager equipment (Molecular Dynamics).

Fluorescence microscopy

HeLa cells were seeded on 23-mm round glass coverslips in 6-well plates
(400 000 cells per well) and transfected with IKK�-ECFP, GMR�-EYFP,
and untagged GMR� using the calcium precipitation method.

One day after transfection, coverslips were mounted on a perfusion
chamber and living cells were imaged by fluorescence microscopy as
described35,43,44 using a Nikon Diaphot inverted microscope equipped with
a cooled CCD camera (Kappa, Bad Gleichen, Germany) and filter sets that
discriminate between ECFP and EYFP fluorescence (Omega Optical, VT).
GMCSF was added to the cells at a concentration of 100 ng/mL, and the
images were taken after different time points. Fluorescence resonance
energy transfer (FRET) microscopy was performed by monitoring the
increase in donor (ECFP) fluorescence after photobleaching of the acceptor.
For that purpose, cells were examined with an oil immersion objective
(60 � or 100 �) and images were taken with the donor filter at reduced
excitation light (using a 90% neutral density filter to prevent donor
bleaching) followed by photodestruction of the FRET acceptor (EYFP)
with the appropriate filter set under full excitation energy (100 W Mercury
lamp) for about 45 to 60 seconds. Subsequently, the neutral density filter
was again included in the excitation light path, and another image was taken
with the ECFP filter set under the same camera setting as the first one. An
increase in the donor fluorescence intensity was visualized by calculating a
ratio image of the ECFP image before and after acceptor photobleaching

using NIH-Image software or the Windows-equivalent ScionImage
(Scion, MD).

Results

Because nearly all signaling pathways that trigger activation of
NF-�B converge at the level of the I�B kinase complex with IKK�
being the most important component of it, we aimed to identify
binding partners of this kinase by yeast 2-hybrid screening using
the C-terminal half of IKK�. This part of the protein contains a
leucine zipper and an HLH motif representing potential interaction
domains (Figure 1A). Screening a library from activated lympho-
cytes resulted in about 2 million transformants from which 78
colonies grew on triple selection plates (lacking leucine, trypto-
phan, and adenine). Further increasing the stringency by plating on
media that also lacked histidine resulted in 14 clearly positive
clones. One of the strongest interaction candidates was identified as
a C-terminal fragment of the GMCSF receptor �1-chain. This
fragment included the short cytoplasmic tail of the �1-chain as well
as the transmembrane domain and part of the extracellular moiety
of the receptor. To exclude a potential artificial interaction mediated
by the transmembrane or extracellular regions, we generated a
yeast 2-hybrid construct containing only the short cytoplasmic tail
comprising 54 amino acids linked to the Gal4 activation domain
and tested this construct for interaction with the IKK� Gal4-
binding domain protein as compared with the empty Gal4-binding
domain vector. By that means, we could verify that IKK� is
capable of interacting specifically with the cytoplasmic domain of
the ligand-specific �-chain of the GMCSF receptor in the yeast
system (Figure 1B). Subsequently, we generated a Gal4 activation
domain construct comprising the cytosolic domain of the common
�-chain. A yeast 2-hybrid test of this construct together with the
IKK� bait or an empty bait vector indicated that the �-chain of the
GMCSF receptor is able to interact with IKK� as well (Figure 1B).
These data would indicate that IKK� is able to associate with the
functional GMCSF receptor containing both �- and �-chains.

After identification of the IKK�-GMR interaction in the yeast
2-hybrid system, we aimed to verify this association for endoge-
nous levels of interaction partners in mammalian cells. For that
purpose we used endothelial cells, which were reported to contain

Figure 1. Interaction between IKK� and the GMCSF receptor in the yeast
2-hybrid system. (A) Schematic drawing of the IKK� protein: the part that was used
as bait in the yeast 2-hybrid screening is indicated as well as leucine zipper (LZ) and
helix-loop-helix (HLH) motifs. (B) Interaction between the cytoplasmic domains of
GMR� or GMR� and IKK� in the yeast 2-hybrid system. Control transformations
contained GMR� or GMR� combined with empty Gal4-binding domain vector
(Gal4BD) lacking IKK�.
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both �- and �-chains of the GMR.4,5,45 Because we assumed that
the interaction might be ligand dependent, we added GMCSF to
part of the samples and immunoprecipitated the IKK signalosome
with anti-IKK�, anti-IKK� antibodies or negative control antibod-
ies, washed the beads extensively, and performed SDS-PAGE and
immunoblotting using an antibody against the �-chain of the
GMCSF receptor. This experiment proved that endogenous levels
of the GMCSF receptor can be coprecipitated with both IKK� and
IKK�. In these coimmunoprecipitation experiments we observed a
basal ligand-independent association of IKK proteins with the
GMCSF receptor. However, the interaction appeared to be slightly
enhanced in the presence of GMCSF (Figure 2A).

Our next aim was to visualize and characterize the interaction
between the GMCSF receptor and the IKK complex in living cells
using ECFP and EYFP fusion proteins of IKK� and GMR�,
respectively. Expression of GMR�-EYFP in various mammalian

cells (293, HeLa, HUVECs) resulted in fluorescence at the cell
surface and in intracellular compartments of the secretory pathway,
indicating functional incorporation of the fusion protein into the
endoplasmic reticulum and correct transport to the cytoplasmic
membrane. This pattern was very similar to that observed for an
EYFP chimera of the TNF-�-receptor 2, which was functional in
vivo (data not shown). Coexpression of IKK�-ECFP did not
significantly change the distribution of GMR�-EYFP and revealed
a predominant cytosolic localization of the IKK�-ECFP chimera.
However, after addition of GMCSF, we observed a faint recruit-
ment of IKK� to the cell surface pointing to ligand-enhanced
association, and after some time (about 15 minutes) we noted the
occurrence of vesicular structures, where IKK�-ECFP and GMR�-
EYFP clearly colocalized (Figure 2B). Because it is known that
GMCSF induces the internalization of its receptor,46 we assume
that these vesicles represent endosomes, where the GMCSF
receptor and IKK� bound to the cytoplasmic tail of it are
concentrated.

In addition to colocalization studies, we used the ECFP and
EYFP fusion proteins of IKK� and GMR� for testing the
interaction by means of FRET microscopy: bleaching of EYFP, the
energy acceptor, resulted in a distinct increase of the IKK�-ECFP
fluorescence exactly at the sites of colocalization (Figure 2C). This
phenomenon is known as donor recovery after acceptor photobleach-
ing and is a clear indication for an energy transfer due to close
proximity of appropriate fluorophores. It occurs in the case of an
interaction between ECFP and EYFP chimeras.47

The direct interaction between the cytoplasmic domains of the
GMCSF receptor and IKK� and the fact that this association was
enhanced in the presence of ligand prompted us to investigate
whether IKK� is activated by the interaction. For that purpose, we
performed in vitro kinase assays using endogenous I�B kinases
that were immunoprecipitated from endothelial cells at different
time points after GMCSF addition. Administration of GMCSF
clearly resulted in a specific increase in I�B phosphorylating
activity with a peak approximately after 10 minutes (Figure 3A).
The kinetics of IKK� activation are very similar to those induced
by TNF-�, where the peak activity was reported to be in the range
of 10 minutes.48,49 We next aimed to verify whether this GMCSF-
induced up-regulation of IKK activity also results in degradation of
I�B�. Primary endothelial cells were treated for different periods
of time with GMCSF, and I�B� was determined in cell extracts by
immunoblotting. A clear down-regulation of I�B� immunoreactiv-
ity was observed about 20 to 30 minutes after addition of GMCSF,
followed by a subsequent resynthesis, which is typical after
activation of NF-�B. Similar results were obtained for the GMCSF-
dependent TF-1 cell line after withdrawal of GMCSF for 24 hours,
readdition of GMCSF for different periods of time, and analysis of
I�B� in cell extracts (Figure 3B). The GMCSF-dependent degrada-
tion of I�B� in HUVECs and TF-1 cells pointed to a liberation and
activation of NF-�B, which could be confirmed by electrophoretic
mobility shift assays showing an increase in NF-�B–specific
binding activity in nuclear extracts of GMCSF-treated endothelial
cells (Figure 4A).

Subsequently, we investigated the activation of NF-�B using
reporter gene assays with NF-�B–dependent luciferase reporter
constructs. In this case, a clear up-regulation of luciferase activity
was detected about 24 hours after addition of GMCSF, while
TNF-� led to induction of luciferase already at earlier time points
(Figure 4B). Taken together, these data indicate that GMCSF is
able to activate the transcription factor NF-�B via direct binding of
I�B kinases to the GMCSF receptor and induction of the kinase

Figure 2. Interaction between IKKs and the GMCSF receptor in mammalian
cells. (A) Coimmunoprecipitation of endogenous proteins: HUVECs were incubated
in the presence or absence of GMCSF for 10 minutes, followed by preparation of cell
extracts, immunoprecipitation with anti-IKK� agarose, anti-IKK� or control antibod-
ies, and immunoblotting with anti-GMR� antibodies. Equal amounts of proteins were
applied. (B) Colocalization of GMR�-EYFP and IKK�-ECFP after addition of GMCSF.
HeLa cells were transfected with the indicated fluorescent protein chimeras and
investigated by fluorescence microscopy using filter sets discriminating between CFP
and YFP fluorescence. Representative cells before (� GMCSF) and 20 minutes after
addition of GMCSF (�GMCSF) are shown. (C) FRET microscopy demonstrates
interaction between GMR�-EYFP and IKK�-ECFP. HeLa cells expressing the
fluorescent fusion proteins were treated with GMCSF and subjected to FRET
microscopy as described in “Materials and methods.” Specific bleaching of the
acceptor fluorophore (EYFP) resulted in a significant increase of the donor fluores-
cence (ECFP) exactly at the sites of colocalization. A ratio image of the CFP
fluorescence before and after YFP photobleaching of representative cells (20
minutes after GMCSF addition) visualizes the fluorescence resonance energy transfer
as indicated by arrows. Images were captured using a � 60 oil immersion objective.
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activity. The activation of the NF-�B signaling pathway by
GMCSF implies that it might have a role in biologic functions that
are exerted by this cytokine apart from the role of the JAK2-STAT
signaling pathway. To answer this question, we investigated the
effect of the specific NF-�B inhibitor BAY 11-7082 on prolifera-
tion and apoptosis of the GMCSF-dependent cell line TF-1.
Addition of BAY 11-7082 to the culture medium strongly reduced
the cell numbers in the presence of GMCSF, similar to the values
obtained in the absence of the cytokine (Figure 5A), indicating that
NF-�B plays a role in survival or proliferation of the cells. Addition
of TNF-� in the absence of GMCSF could restore the cell numbers
to some extent, implying that activation of the NF-�B pathway by

Figure 5. Functional role of the GMCSF-mediated NF-�B activation. (A) Effect of
NF-�B inhibition or GMCSF withdrawal on the proliferation of TF-1 cells. Cells were
incubated for 3 days in the presence or absence of GMCSF (2 ng/mL), in the
presence of GMCSF and the specific NF-�B inhibitor Bay 11-7082 (BAY; 5 �M), or in
the absence of GMCSF but in the presence of TNF-� (200 U/mL). Cell numbers were
recorded by flow analytic counting of cells at defined flow rates. (B) Cell cycle analysis
of TF-1 cells. Cells were GMCSF-starved for 24 hours followed by readdition of
GMCSF in the absence or presence of the NF-�B inhibitor Bay 11-7082. Alternatively,
cells were further incubated in the absence of GMCSF with or without addition of
TNF-�. After 24 hours, cells were fixed and permeabilized, followed by propidium
iodide staining in the presence of RNAse to label DNA. Cells containing less than the
diploid DNA content (M1; sub-G0/G1) represent apoptotic cells. The positions of G0/G1

(M2), S-phase (M3), as well as G2/M-phase cells (M4) are indicated. (C) Apoptosis of
TF-1 cells after inhibition of NF-�B. Cells were incubated in the presence of GMCSF
with or without addition of the NF-�B inhibitor Bay 11-7082 for 27 hours. Apoptotic
cells were detected by flow analysis after binding of FITC-labeled annexin V.

Figure 3. Activation of IKK activity by GMCSF. (A) HUVECs were treated with
GMCSF for the indicated time periods, followed by immunoprecipitation of endoge-
nous I�B kinases with anti-IKK agarose. In vitro kinase assays were done with
recombinant wild-type GST-I�B� or mutant I�B� (with Ser32 and Ser36 mutated to
alanine) as described in “Materials and methods.” Radioactively labeled I�B� was
resolved by SDS-PAGE, detected with PhosphorImager equipment, and quantified
as indicated in the lower panel. (B) Degradation of I�B�: HUVECs or TF-1 cells
(GMCSF-starved for 24 hours) were treated with GMCSF as indicated, followed by
preparation of cell extracts, SDS-PAGE, and immunoblotting for detection of
endogenous I�B�.

Figure 4. Activation of NF-�B activity by GMCSF. (A) HUVECs were incubated in
the presence of GMCSF as indicated, followed by preparation of nuclear extracts and
electrophoretic mobility shift assay with 32P-labeled NF-�B binding oligonucleotides
in the absence or presence of an excess of unlabeled competitor oligonucleotides.
(B) HUVECs were transfected with an NF-�B–dependent luciferase reporter con-
struct containing 5 tandem repeats of the NF-�B binding site and an NF-�B–
independent �-galactosidase vector as normalization control. One day after transfec-
tion, GMCSF or TNF-� was added and cell extracts were prepared after the time
points indicated, followed by measurement of luciferase and �-galactosidase activity.
The stimulation of NF-�B activity as compared with the vector control is given. Data
represent the averages of 2 independent experiments.
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alternate pathways is at least in part functional with respect to cell
survival. For a clearer discrimination between effects on cell
proliferation versus those on apoptosis, we performed cell cycle
analysis by propidium iodide staining of permeabilized cells. TF-1
cells were cultured for 24 hours in the absence of GMCSF to stop
cell cycle progression and accumulate the cells in the G0 phase.
Subsequently, cells were further cultured in the absence or presence
of GMCSF, TNF-�, or the NF-�B inhibitor BAY 11-7082 for
another 24 hours. As assessed by the number of cells in the
sub-G0/G1 region representing apoptotic cells with fragmented
DNA, GMCSF withdrawal for 48 hours induced a significant
increase in apoptosis (Figure 5B). In contrast, readdition of
GMCSF after 24 hours caused a distinct release from the G0/G1

phase and a clear increase of cells in S and G2/M phase. Similarly,
some release from the G0/G1 stage was observed for cells treated
with TNF-�. Cultivation of TF-1 cells in the presence of GMCSF
and the NF-�B inhibitor resulted in a cell cycle profile that
indicated nearly complete apoptosis of the cells. To confirm this
observation, we applied a different method of detecting apoptotic
cells, using annexin V staining and flow analysis, which identifies
apoptotic cells based on the binding of fluorescently tagged
annexin V to phosphatidylserine residues, which occur on the outer
face of the membrane at a rather early stage of apoptosis.50

Cultivation of TF-1 cells in the presence of BAY 11-7082 and
GMCSF resulted in a complete shift of the annexin V staining and
thus occurrence of apoptotic cells as compared with control cells
incubated in the absence of the NF-�B inhibitor (Figure 5C). These
data indicate that GMCSF-mediated activation of the NF-�B
signaling pathway is crucial for cell survival. Moreover, NF-�B
might also have some direct effects on cell proliferation given that
activation of the NF-�B pathway by TNF-� also resulted in some
induction of proliferation—an effect that might also involve
autocrine mechanisms via GMCSF.51

Discussion

The transcription factor NF-�B is of fundamental importance in
inflammation and immune cell development. The central role of
IKK� as a converging point in the activation of NF-�B prompted
us to search for interaction partners of this enzyme using a yeast
2-hybrid approach. One of the strongest interaction partners that
could be identified was the �-chain and thus the ligand-specific
moiety of the GMCSF receptor. The interaction occurred with the
C-terminal part of IKK� including a leucine zipper and a helix-loop-
helix motif, which are known to serve as contact sites in many
different protein interactions. The short cytoplasmic domain of the
�-chain comprising only 54 amino acids was sufficient to mediate
specific interaction in the yeast system. Further investigation for a
potential interaction between IKK� and the �-chain of the receptor,
which is also part of the IL-3 and the IL-5 receptor, revealed that
the cytoplasmic domain of the common �-chain is interacting with
IKK� as well (Figure 1). This observation indicates that the actual
binding surface for IKK� is the combination of �- and �-chains.
However, the interaction of IKK� with the �-chain was of
particular interest for us because an interaction partner with a clear
signaling function could not be identified yet for the ligand-specific
�-chain, whereas signaling molecules are known to interact with
the common �-chain, the most prominent ones being JAK2 and
STAT proteins. There is only one previous report on an interaction
partner of the �-chain, which describes a protein termed GRAP.18

However, this protein did not exhibit any enzymatic domain and

showed no clear indication for a role in GMCSF-dependent
signaling. Our observation on IKK� as an interaction partner of the
ligand-specific �-chain raises the possibility that IKK� might be
responsible for at least some of the GMCSF-specific effects that are
not observed for IL-3 or IL-5.12-14 Molecular interactions that are
identified by yeast 2-hybrid screening have to be verified for
mammalian cells in order to exclude false-positive results that
might be caused by the heterologous expression and assay system.
In many cases, this is achieved by overexpression of tagged
proteins in mammalian cells using transient transfection ap-
proaches and coimmunoprecipitation experiments. However, over-
expression of proteins might also lead to rather artificial interac-
tions due to high levels of transfected proteins. In our case, we
could successfully coprecipitate endogenous levels of IKK proteins
and GMCSF receptors, proving the physiological significance and
importance of the interaction. These studies indicated some consti-
tutive, ligand-independent association of IKK proteins with the
GMCSF receptor. However, in coprecipitation experiments the
interaction was slightly enhanced after addition of GMCSF (Figure
2A), and our experiments with ECFP and EYFP chimeras of IKK�
and GMR� in living cells furthermore implied that the association
and subsequent colocalization in endocytic structures is favored by
binding of GMCSF to the receptor (Figure 2B). Although we
observed constitutive association of IKK proteins with the GMCSF
receptor in the absence of GMCSF in coimmunoprecipitation
experiments, the clear induction of IKK activity after administra-
tion of GMCSF (Figure 3A) indicates that a conformational change
of the receptor upon ligand binding obviously activates the kinase
activity of associated IKK�.

Our studies using fluorescence microscopy of ECFP and EYFP
fusion proteins in living cells support the notion that binding of
GMCSF to its receptor stimulates its internalization46 into endo-
cytic compartments, where it colocalizes with IKK� bound to the
cytoplasmic tail of the receptor. As a consequence endosomes
might also serve as signaling surfaces apart from the cytoplasmic
membrane. Similar models of signaling-active endosomes were
postulated for other receptors such as the EGF receptor52 and imply
that the signaling-active surface, which is available for recruitment
of adapter proteins or signaling molecules, is much larger than the
cell surface. Besides colocalization of IKK� and GMR� on
endocytic vesicles, we could also demonstrate a direct interaction
of these 2 molecules based on fluorescence resonance energy
transfer (Figure 2C), which occurs only between ECFP and EYFP
tags that are in very close proximity (less than 10 nm). Moreover,
this observation also suggests that the interaction is a direct one
without any bridging molecule in between, because in the latter
case the distance of the fluorophores most likely would be too far
for giving a clear FRET signal. This notion is also in line with the
data obtained in the yeast system, because it is rather unlikely that
endogenous proteins of yeast would be able to mediate an
interaction between 2 human signaling proteins that are phylogeneti-
cally rather young.

Furthermore, GMCSF is able to activate endogenous levels of
I�B kinases, as revealed by in vitro kinase assays after immunopre-
cipitation of IKK proteins from cells following GMCSF addition
(Figure 3A). The peak of kinase activity occurred about 10 minutes
after addition of GMCSF, which is very similar to the reported
kinetics of IKK� activation after addition of TNF-�.48,49 In line
with these data, we could also detect a rapid degradation of I�B�
followed by resynthesis (Figure 3B), which is typical for this
NF-�B–regulated inhibitor of NF-�B activation.40 Moreover, the
resynthesis of I�B� is an indication for a normal activation of
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NF-�B, including liberation from its inhibitor, nuclear transloca-
tion, binding to corresponding promoter elements, and induction of
transcription. This was also confirmed by electrophoretic mobility
shift assays proving the induction of NF-�B DNA binding activity
rapidly after addition of GMCSF (Figure 4A). However, in many
reporter gene assays based on NF-�B–dependent expression of
luciferase, we observed a somewhat slower induction as compared
with TNF-�. One possible explanation for this observation is that
additional stimulatory pathways are activated by TNF-� that are
not induced by GMCSF. It was reported that full activation of
NF-�B requires not only liberation of the transcription factor from
its inhibitor but also the phosphorylation of NF-�B itself and the
presence of coactivators such as CBP (for review, see Baldwin30

and Silverman and Maniatis53). These additional activation path-
ways are triggered by TNF-�–mediated signaling, whereas it is not
clear whether they are also activated by the GMCSF receptor.
Another possibility is that a rather low induction of NF-�B by
GMCSF results in the expression of TNF-� leading to a subsequent
autocrine activation of NF-�B with a certain delay.

The observation of a direct interaction between the GMCSF
receptor and IKK� and the GMCSF-dependent activation of the
kinase activity raises the question about the biologic roles of
GMCSF-mediated NF-�B activation. Our results on inhibition of
the NF-�B pathway in GMCSF-dependent TF-1 cells indicate that
a main role of this signaling pathway is to activate the survival
mechanisms that are known to be induced by NF-�B.29,30 Blocking
the NF-�B activation pathway with the specific inhibitor BAY
11-7082 in the presence of GMCSF resulted in a clear induction of
apoptosis as revealed by staining with annexin V and the occur-
rence of fragmented DNA (Figure 5B-C). This effect was similar to
that of prolonged GMCSF withdrawal or even more pronounced,
which might be an indication for some additional proapoptotic
effect of BAY 11-7082. Addition of TNF-� instead of GMCSF had
some intermediate effect supporting cell survival but could not
completely replace GMCSF. This might be due to additional effects
of the JAK-STAT pathway that is activated by GMCSF but not
TNF-�. Alternatively, proapoptotic signaling mechanisms induced
by TNF-� via tumor necrosis factor receptor 1 (TNFR1) might overrule
some of the antiapoptotic effects mediated by NF-�B activation.

Apart from activation of the NF-�B pathway and survival
mechanisms by GMCSF, the binding of IKK� to the activated
GMCSF receptor might have additional biologic roles as indicated
by the observation that mutation of all tyrosine residues in the
common �-chain could not fully prevent signaling pathways that
lead to activation of STAT5.54 This implies that the tyrosine kinase
JAK2 is not the only important signaling molecule in this context,
and it is in line with reports that phosphorylation of serine residues
(which might be achieved by the serine kinase IKK�) has an
important additional role in GMCSF-mediated signaling.55 This
concept is strengthened by 2 recent reports that support a functional
link between the IKK complex and the JAK-STAT pathway based
on the effect of vitamin C on both NF-�B and STAT5 activation.
One report demonstrated that vitamin C inhibits TNF-�–induced
NF-�B activation via IKK�,56 whereas the other report could prove
that vitamin C suppresses GMCSF-mediated STAT5 phosphoryla-
tion,57 which might be explained by a contribution of IKK� to
activation of JAK2 and STAT5.

In conclusion, our data suggest IKK� as an important interac-
tion partner of the GMCSF receptor including both the ligand-
specific �-chain and the common �-chain, which transfers the
signal of ligand binding into an activation of the kinase activity of
IKK� resulting in activation of the NF-�B pathway. Furthermore,
binding of IKK� to the GMCSF receptor and its activation might
explain some of the reported signaling crosstalk between the
NF-�B and the JAK2-STAT pathway.26,58 This crosstalk might
include reciprocal phosphorylation events leading to mutual regula-
tion of these important pathways—a model that has to be further
investigated in the future.

Acknowledgments

We gratefully acknowledge the expert technical assistance of Peter
Gold, Eva Hörandner, and Hannah Neumeier. We thank Drs
Bussolino and Mantovani for providing expression plasmids cod-
ing for �- and �-chains of the GMCSF receptor, and we thank
Herbert Strobl and Barbara Platzer for many fruitful discussions
and our colleagues for their continuous support.

References

1. Arai KI, Lee F, Miyajima A, Miyatake S, Arai N,
Yokota T. Cytokines: coordinators of immune and
inflammatory responses. Annu Rev Biochem.
1990;59:783-836.

2. Hamilton JA. GM-CSF in inflammation and auto-
immunity. Trends Immunol. 2002;23:403-408.

3. de Groot RP, Coffer PJ, Koenderman L. Regula-
tion of proliferation, differentiation and survival by
the IL-3/IL-5/GM-CSF receptor family. Cell Signal.
1998;10:619-628.

4. Bussolino F, Ziche M, Wang JM, et al. In vitro and
in vivo activation of endothelial cells by colony-
stimulating factors. J Clin Invest. 1991;87:986-
995.

5. Valdembri D, Serini G, Vacca A, Ribatti D, Busso-
lino F. In vivo activation of JAK2/STAT-3 pathway
during angiogenesis induced by GM-CSF.
FASEB J. 2002;16:225-227.

6. Gearing DP, King JA, Gough NM, Nicola NA. Ex-
pression cloning of a receptor for human granulo-
cyte-macrophage colony-stimulating factor.
EMBO J. 1989;8:3667-3676.

7. Haman A, Cadieux C, Wilkes B, et al. Molecular
determinants of the granulocyte-macrophage
colony-stimulating factor receptor complex as-
sembly. J Biol Chem. 1999;274:34155-34163.

8. D’Andrea RJ, Gonda TJ. A model for assembly

and activation of the GM-CSF, IL-3 and IL-5 re-
ceptors: insights from activated mutants of the
common beta subunit. Exp Hematol. 2000;28:
231-243.

9. Muto A, Watanabe S, Miyajima A, Yokota T, Arai
K. The beta subunit of human granulocyte-macro-
phage colony-stimulating factor receptor forms a
homodimer and is activated via association with
the alpha subunit. J Exp Med. 1996;183:1911-
1916.

10. Lia F, Rajotte D, Clark SC, Hoang T. A dominant
negative granulocyte-macrophage colony-stimu-
lating factor receptor alpha chain reveals the mul-
timeric structure of the receptor complex. J Biol
Chem. 1996;271:28287-28293.

11. Woodcock JM, McClure BJ, Stomski FC, Elliott
MJ, Bagley CJ, Lopez AF. The human granulo-
cyte-macrophage colony-stimulating factor (GM-
CSF) receptor exists as a preformed receptor
complex that can be activated by GM-CSF, inter-
leukin-3, or interleukin-5. Blood. 1997;90:3005-
3017.

12. Mire-Sluis A, Page LA, Wadhwa M, Thorpe R.
Evidence for a signaling role for the alpha chains
of granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin-3 (IL-3), and IL-5
receptors: divergent signaling pathways between

GM-CSF/IL-3 and IL-5. Blood. 1995;86:2679-
2688.

13. Zheng X, Karsan A, Duronio V, et al. Interleukin-3,
but not granulocyte-macrophage colony-stimulat-
ing factor and interleukin-5, inhibits apoptosis of
human basophils through phosphatidylinositol
3-kinase: requirement of NF-kappaB-dependent
and -independent pathways. Immunology. 2002;
107:306-315.

14. Evans CA, Ariffin S, Pierce A, Whetton AD. Identi-
fication of primary structural features that define
the differential actions of IL-3 and GM-CSF re-
ceptors. Blood. 2002;100:3164-3174.

15. Doyle SE, Gasson JC. Characterization of the
role of the human granulocyte-macrophage
colony-stimulating factor receptor alpha subunit
in the activation of JAK2 and STAT5. Blood. 1998;
92:867-876.

16. Matsuguchi T, Zhao Y, Lilly MB, Kraft AS. The cy-
toplasmic domain of granulocyte-macrophage
colony-stimulating factor (GM-CSF) receptor al-
pha subunit is essential for both GM-CSF-medi-
ated growth and differentiation. J Biol Chem.
1997;272:17450-17459.

17. Geijsen N, Uings IJ, Pals C, et al.
Cytokine-specific transcriptional regulation

198 EBNER et al BLOOD, 1 JULY 2003 � VOLUME 102, NUMBER 1



through an IL-5Ralpha interacting protein. Sci-
ence. 2001;293:1136-1138.

18. Tu J, Karasavvas N, Heaney ML, Vera JC, Golde
DW. Molecular characterization of a granulocyte
macrophage-colony-stimulating factor receptor
alpha subunit-associated protein, GRAP. Blood.
2000;96:794-799.

19. Aronica SM, Broxmeyer HE. Advances in under-
standing the postreceptor mechanisms of action
of GM-CSF, G-CSF, and Steel factor. Curr Opin
Hematol. 1996;3:185-190.

20. Quelle FW, Sato N, Witthuhn BA, et al. JAK2 as-
sociates with the beta c chain of the receptor for
granulocyte-macrophage colony-stimulating fac-
tor, and its activation requires the membrane-
proximal region. Mol Cell Biol. 1994;14:4335-
4341.

21. Lanfrancone L, Pelicci G, Brizzi MF, et al. Overex-
pression of Shc proteins potentiates the prolifera-
tive response to the granulocyte-macrophage
colony-stimulating factor and recruitment of Grb2/
SoS and Grb2/p140 complexes to the beta recep-
tor subunit. Oncogene. 1995;10:907-917.

22. Cruz MT, Duarte CB, Goncalo M, Figueiredo A,
Carvalho AP, Lopes MC. Granulocyte-macro-
phage colony-stimulating factor activates the
transcription of nuclear factor kappa B and in-
duces the expression of nitric oxide synthase in a
skin dendritic cell line. Immunol Cell Biol. 2001;
79:590-596.

23. Bozinovski S, Jones JE, Vlahos R, Hamilton JA,
Anderson GP. Granulocyte/macrophage-colony-
stimulating factor (GM-CSF) regulates lung in-
nate immunity to lipopolysaccharide through Akt/
Erk activation of NFkappa B and AP-1 in vivo.
J Biol Chem. 2002;277:42808-42814.

24. Zhang MY, Harhaj EW, Bell L, Sun SC, Miller BA.
Bcl-3 expression and nuclear translocation are
induced by granulocyte-macrophage colony-
stimulating factor and erythropoietin in proliferat-
ing human erythroid precursors. Blood. 1998;92:
1225-1234.

25. Zhang MY, Sun SC, Bell L, Miller BA. NF-kappaB
transcription factors are involved in normal eryth-
ropoiesis. Blood. 1998;91:4136-4144.

26. Nakamura T, Ouchida R, Kodama T, et al. Cyto-
kine receptor common beta subunit-mediated
STAT5 activation confers NF-kappa B activation
in murine proB cell line Ba/F3 cells. J Biol Chem.
2002;277:6254-6265.

27. Chaturvedi MM, Higuchi M, Aggarwal BB. Effect
of tumor necrosis factors, interferons, interleu-
kins, and growth factors on the activation of NF-
kappa B: evidence for lack of correlation with cell
proliferation. Lymphokine Cytokine Res. 1994;13:
309-313.

28. De Martin R, Hoeth M, Hofer-Warbinek R,
Schmid JA. The transcription factor NF-kappa B
and the regulation of vascular cell function. Arte-
rioscler Thromb Vasc Biol. 2000;20:E83-E88.

29. de Martin R, Schmid JA, Hofer-Warbinek R. The
NF-kappaB/Rel family of transcription factors in
oncogenic transformation and apoptosis. Mutat
Res. 1999;437:231-243.

30. Baldwin AS Jr. The NF-kappa B and I kappa B
proteins: new discoveries and insights. Annu Rev
Immunol. 1996;14:649-683.

31. Siebenlist U, Franzoso G, Brown K. Structure,
regulation and function of NF-kappa B. Annu Rev
Cell Biol. 1994;10:405-455.

32. Devin A, Lin Y, Yamaoka S, Li Z, Karin M, Liu Z.
The alpha and beta subunits of IkappaB kinase
(IKK) mediate TRAF2-dependent IKK recruitment
to tumor necrosis factor (TNF) receptor 1 in re-
sponse to TNF. Mol Cell Biol. 2001;21:3986-
3994.

33. Zhang SQ, Kovalenko A, Cantarella G, Wallach
D. Recruitment of the IKK signalosome to the p55
TNF receptor: RIP and A20 bind to NEMO (IKK-
gamma) upon receptor stimulation. Immunity.
2000;12:301-311.

34. Zhang JC, Fabry A, Paucz L, Wojta J, Binder BR.
Human fibroblasts downregulate plasminogen
activator inhibitor type-1 in cultured human mac-
rovascular and microvascular endothelial cells.
Blood. 1996;88:3880-3886.

35. Birbach A, Gold P, Binder BR, Hofer E, de Martin
R, Schmid JA. Signaling molecules of the NF-
kappa B pathway shuttle constitutively between
cytoplasm and nucleus. J Biol Chem. 2002;277:
10842-10851.

36. Gietz RD, Triggs-Raine B, Robbins A, Graham
KC, Woods RA. Identification of proteins that in-
teract with a protein of interest: applications of the
yeast two-hybrid system. Mol Cell Biochem.
1997;172:67-79.

37. Gietz RD, Schiestl RH, Willems AR, Woods RA.
Studies on the transformation of intact yeast cells
by the LiAc/SS-DNA/PEG procedure. Yeast.
1995;11:355-360.

38. Brondyk WH, Macara IG. Use of two-hybrid sys-
tem to identify Rab binding proteins. Methods En-
zymol. 1995;257:200-208.

39. Liang Q, Richardson T. A simple and rapid
method for screening transformant yeast colonies
using PCR. Biotechniques. 1992;13:730-732,
735.

40. de Martin R, Vanhove B, Cheng Q, et al. Cyto-
kine-inducible expression in endothelial cells of
an I kappa B alpha-like gene is regulated by NF
kappa B. EMBO J. 1993;12:2773-2779.

41. Santos SC, Monni R, Bouchaert I, et al. Involve-
ment of the NF-kappaB pathway in the transform-
ing properties of the TEL-Jak2 leukemogenic fu-
sion protein. FEBS Lett. 2001;497:148-152.

42. Moll T, Czyz M, Holzmüller H, et al. Regulation of
the tissue factor promoter in endothelial cells.
J Biol Chem. 1995;270:3849-3857.

43. Schmid JA, Birbach A, Hofer-Warbinek R, et al.
Dynamics of NF kappa B and Ikappa Balpha
studied with green fluorescent protein (GFP) fu-
sion proteins: investigation of GFP-p65 binding to
DNa by fluorescence resonance energy transfer.
J Biol Chem. 2000;275:17035-17042.

44. Schmid JA, Scholze P, Kudlacek O, Freissmuth
M, Singer EA, Sitte HH. Oligomerization of the
human serotonin transporter and of the rat GABA
transporter 1 visualized by fluorescence reso-

nance energy transfer microscopy in living cells.
J Biol Chem. 2001;276:3805-3810.

45. Soldi R, Primo L, Brizzi MF, et al. Activation of
JAK2 in human vascular endothelial cells by
granulocyte-macrophage colony-stimulating fac-
tor. Blood. 1997;89:863-872.

46. Nicola NA, Peterson L, Hilton DJ, Metcalf D. Cel-
lular processing of murine colony-stimulating fac-
tor (multi-CSF, GM-CSF, G-CSF) receptors by
normal hemopoietic cells and cell lines. Growth
Factors. 1988;1:41-49.

47. Schmid JA, Sitte HH. Fluorescence resonance
energy transfer in the study of cancer pathways.
Curr Opin Oncol. 2003;15:55-64.

48. Zandi E, Rothwarf DM, Delhase M, Hayakawa M,
Karin M. The IkappaB kinase complex (IKK) con-
tains two kinase subunits, IKKalpha and IKKbeta,
necessary for IkappaB phosphorylation and NF-
kappaB activation. Cell. 1997;91:243-252.

49. Mercurio F, Zhu H, Murray BW, et al. IKK-1 and
IKK-2: cytokine-activated IkappaB kinases essen-
tial for NF-kappaB activation. Science. 1997;278:
860-866.

50. Vermes I, Haanen C, Steffens-Nakken H, Reutel-
ingsperger C. A novel assay for apoptosis: flow
cytometric detection of phosphatidylserine ex-
pression on early apoptotic cells using fluorescein
labelled annexin V. J Immunol Methods. 1995;
184:39-51.

51. Quentmeier H, Dirks WG, Fleckenstein D, Zabor-
ski M, Drexler HG. Tumor necrosis factor-alpha-
induced proliferation requires synthesis of granu-
locyte-macrophage colony-stimulating factor. Exp
Hematol. 2000;28:1008-1015.

52. Jiang X, Sorkin A. Coordinated traffic of Grb2 and
Ras during epidermal growth factor receptor en-
docytosis visualized in living cells. Mol Biol Cell.
2002;13:1522-1535.

53. Silverman N, Maniatis T. NF-kappaB signaling
pathways in mammalian and insect innate immu-
nity. Genes Dev. 2001;15:2321-2342.

54. Okuda K, Smith L, Griffin JD, Foster R. Signaling
functions of the tyrosine residues in the betac
chain of the granulocyte-macrophage colony-
stimulating factor receptor. Blood. 1997;90:4759-
4766.

55. Stomski FC, Dottore M, Winnall W, et al. Identifi-
cation of a 14-3-3 binding sequence in the com-
mon beta chain of the granulocyte-macrophage
colony-stimulating factor (GM-CSF), interleukin-3
(IL-3), and IL-5 receptors that is serine-phosphor-
ylated by GM-CSF. Blood. 1999;94:1933-1942.

56. Carcamo JM, Pedraza A, Borquez-Ojeda O,
Golde DW. Vitamin C suppresses TNFalpha-
induced NFkappaB activation by inhibiting Ikap-
paBalpha phosphorylation. Biochemistry. 2002;
41:12995-13002.

57. Carcamo JM, Borquez-Ojeda O, Golde DW. Vita-
min C inhibits granulocyte macrophage-colony-
stimulating factor-induced signaling pathways.
Blood. 2002;99:3205-3212.

58. Digicaylioglu M, Lipton SA. Erythropoietin-medi-
ated neuroprotection involves cross-talk between
Jak2 and NF-kappaB signalling cascades.
Nature. 2001;412:641-647.

GMCSF ACTIVATES NF-�B VIA GMR-IKK� INTERACTION 199BLOOD, 1 JULY 2003 � VOLUME 102, NUMBER 1


