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Activation of the granulocyte colony-stimulating
factor receptor (G-CSF-R) leads to tyrosine-phos-
phorylation of multiple cytoplasmic components. To
date, the kinases Jak1, Jak2, Tyk2, Lyn, and Syk have
been implicated in this process. However, it is un-
known if other kinases might be involved in the di-
verse responses from the G-CSF-R, which include mi-
togenesis, survival, differentiation, and functional
activation of responsive cells. The hematopoietic cell
kinase (Hck) is a member of the Src-family of kinases
known to be expressed in cells of the granulocytic
lineage. It also interacts with the gp130 subunit of the
LIF/IL-6 receptors, which is closely related to the
G-CSF-R, and so represents a good candidate for me-
diating at least some of the downstream signaling
from the G-CSF-R. Therefore, we investigated the ac-
tivation of Hck by the G-CSF-R in intact cells as well as
in vitro. These studies revealed recruitment of Hck to
activated G-CSF-R, mediated by direct binding via its
SH2 domain to multiple phosphotyrosines of the re-
ceptor. In addition, we show that Hck becomes acti-
vated upon G-CSF treatment and is, in turn, able to
phosphorylate the G-CSF-R, indicating a clear func-
tional and physical involvement in G-CSF signal-
ing. © 1998 Academic Press
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The granulocyte colony-stimulating factor receptor
(G-CSF-R) is a member of the hematopoietin receptor
superfamily which forms homodimeric complexes upon
ligand binding (1, 2). The G-CSF-R stimulates the pro-
liferation, survival, maturation and functional activa-
tion of cells of the granulocytic lineage and is therefore
pivotal in the regulation of granulopoiesis (3–5). Like
other hematopoietin receptors, the G-CSF-R lacks in-
trinsic tyrosine kinase activity, but has been shown to
activate multiple cytoplasmic tyrosine kinases, includ-
ing the Janus tyrosine kinases Jak1, Jak2, and Tyk2
(6–10), the Src-family kinase Lyn, and Syk (11, 12). Of
these, Lyn and Jak1 seem to be constitutively-
associated, while Syk and Jak2 are recruited to the
activated receptor complex (6, 11). However, the full
repertoire of kinases involved in the diverse signaling
of the G-CSF-R at different stages of granulocytic de-
velopment remains unknown.

The hematopoietic cell kinase (Hck), a member of the
Src family of membrane-associated, intracellular pro-
tein tyrosine kinases, is expressed primarily in hema-
topoietic cells of the myeloid and B-cell lineage, as well
as in undifferentiated ES cells (13–16). In both the
granulocytic and monocytic lineages, Hck expression is
highest in more differentiated cells, suggesting that
the protein might function in myeloid differentiation or
activation (17, 18). In support of this idea, it has been
shown that Hck is vital in the response of macrophages
to LPS and interferon-g (19), while it is also a compo-
nent of the FcgRI receptor mediated signaling in hu-
man granulocytes (20). In contrast, expression of acti-
vated or wild-type Hck in 32Dcl3 myeloid cells blocked
granulocytic differentiation in response to G-CSF,
while prolonging survival (21). Hence, like the
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G-CSF-R itself, Hck may have distinct roles at various
stages of granulocytic development.

Hck has been shown to be physically and function-
ally associated with the gp130 subunit of the LIF/IL-6
receptor (16), which is closely related structurally to
the G-CSF-R. Therefore, we sought to investigate
whether Hck might interact with the G-CSF-R com-
plex. In this report we show that Hck is activated by
stimulation with G-CSF in intact cells, and is able to
directly phosphorylate a G-CSF-R fusion protein in
vitro. In addition, Hck shows inducible recruitment to
the G-CSF-R complex in intact cells. Finally, using a
tyrosine-phosphorylated G-CSF-R fusion protein, we
show that Hck is able to bind directly to the G-CSF-R
in a tyrosine-dependent manner, via its Src-homology 2
(SH2) domain. Together these data demonstrate a
clear physical and functional interaction of Hck with
the G-CSF-R.

MATERIALS AND METHODS

Cells and culture conditions. The IL-3-dependent murine my-
eloid cell line NFS-60 (22) was maintained in DMEM medium sup-
plemented with 10% (v/v) fetal calf serum (FCS) and 10 ng of human
G-CSF per ml at 37°C and 5% (v/v) CO2.

Plasmid construction. A DNA fragment corresponding to the re-
gion coding for the cytoplasmic domain of the murine G-CSF receptor
(aa 632-812) was amplified from plasmid pJ17 (1) by PCR with the
oligonucleotide primers 59-CTGGATCCTTCTGGTCAGAT and 59-
CTGAATTCTAGAAACCCCCT. This fragment was then cleaved
with BamHI and EcoRI and subcloned into pGEX2TK (Pharmacia,
Uppsala, Sweden), to generate a plasmid designated p2TK-GR. In
addition, the following GST-fusion constructs were made utilizing
standard PCR protocols to amplify the appropriate coding regions,
which were cloned into pGEX-2T or pGEX-2TH: Lck-SH2 (aa 126–
223 of murine Lck), Lyn-SH2 (aa 128–225 of murine Lyn), Fyn-SH2
(aa 148–245 of human Fyn), Yes-SH2 (aa 156–253 of chicken Yes),
Src-SH2 (aa 145–248 of viral Src), Hck-SH2 (aa 142–250 of murine
Hck), Hck-SH3 (aa 83–132), Hck-USH3 (aa 1–132), Hck-SH3SH2 (aa
83–250), and Hck-USH3SH2 (aa 1–250). The authenticity of all
constructs was verified by DNA sequencing.

Expression of GST-fusion proteins. For routine expression, plas-
mids were transformed into the E. coli strain XL-1 Blue (Strat-
agene, La Jolla, CA). Exponentially growing cultures were in-
duced with 0.1 mM IPTG (isopropyl b-D-thiogalactopyranoside)
for 4 h at 37°C. The cells were then washed in TBS and lysed by
sonication in TEND (TBS, 1 mM EDTA, 0.5% NP-40, 1 mM DTT).
The lysate was centrifuged at 12,000 rpm for 20 min and incu-
bated with glutathione Sepharose 4B beads (Pharmacia; AMRAD,
Melbourne, Australia) for 30 min. The beads were washed exten-
sively with TEND, before elution of the purified fusion proteins
with 25 mM Glutathione in TE. For the production of tyrosine-
phosphorylated G-CSF-R cytoplasmic domain, plasmid p2TK-GR
was introduced into the strain TKX1 (Stratagene), which contains
an inducible tyrosine kinase. Fusion protein was produced as
described above, except a second induction was carried out in TK
induction media for 2 h at 30°C, according to the manufacturer’s
instructions. The protein was then 32P-labeled with heart muscle
kinase and cleaved with thrombin to remove the GST tag, as
described previously (23, 24).

Far Western blot analysis. GST fusions were purified as de-
scribed above, then electrophoresed on 10% SDS–PAGE gels (25),

and electrophoretically transferred to Hybond-C membranes (Amer-
sham Nederland BV, Den Bosch, The Netherlands; Amersham, Syd-
ney, Australia). These were processed through a denaturation–
renaturation cycle (26) and probed with the 32P-labeled G-CSF-R, as
described (24).

Preparation of cell lysates, immunoprecipitation and Western blot-
ting. Before stimulation, cells were deprived of G-CSF for 14 h at
37°C, then stimulated with 100 ng/ml G-CSF. Subsequently, cells
were pelleted and lysed by incubation for 30 min at 4°C in lysis
buffer (20 mM Tris–HCl pH 8.0, 137 mM NaCl, 10 mM EDTA, 100
mM NaF, 1% Nonidet P-40, 10% glycerol, 2 mM Na3VO4, 1 mM
Pefabloc SC, 50 mg/ml aprotinin, 50 mg/ml leupeptin, 50 mg/ml
bacitracin and 50 mg/ml iodoacetamide). Insoluble materials were
removed by centrifugation at 4°C for 15 min at 15,000g. Immuno-
precipitations were performed on the clarified cell lysates by in-
cubation overnight at 4°C with anti-Hck antibodies (Santa Cruz
Biotechnology Inc., Santa Cruz, CA). Protein A-Sepharose beads
(Pharmacia, Uppsala, Sweden) were then added for 1 h at 4°C.
After washing the beads with ice-cold lysis buffer 4 times, and
once with PBS, bound proteins were eluted by boiling for 5 min in
sodium dodecyl sulphate (SDS) sample buffer. Following SDS–
polyacrylamide gel electrophoresis (SDS–PAGE), proteins were
transferred onto nitrocellulose (0.2 mm; Schleicher & Schuell,
Dassel, Germany). Filters were blocked by incubation in TBST (10
mM Tris–HCl pH 7.4, 150 mM NaCl, 0.05% (v/v) Tween-20) con-
taining 0.6% (w/v) BSA. Antibodies used for Western blotting were
anti-phosphotyrosine antibody 4G10 (Upstate Biotechnology Inc.,
Lake Placid, NY) and anti-G-CSF-R (Santa Cruz) and were diluted
in TBST containing 0.6% (w/v) BSA. After washing with TBST,
immune complexes were detected with horseradish peroxidase-
conjugated species-specific antiserum (DAKO, Glostrup, Den-
mark), followed by enhanced chemiluminescence reaction (Du-
Pont, Boston, MA). In some instances, membranes were stripped
in 62.5 mM Tris–HCl pH 6.7, 2% SDS and 100 mM
b-mercaptoethanol at 50°C for 30 min, reblocked, washed, and
reprobed.

Kinase assays. Immunoprecipitation-kinase assays were per-
formed by incubating immunoprecipitate pellets for 20 min at 25°C
in 50 ml kinase assay buffer containing 20 mM HEPES pH 7.4, 10
mM MnCl2, 0.2 mM ATP, 0.2 mM NaF, 0.1 mM sodium orthovana-
date and 10 mCi (g-32P)-ATP. In some experiments, 1 mg enolase
(Sigma) or GST-G-CSF-R were added as exogenous substrates. Re-
actions were stopped by the addition of SDS–PAGE sample buffer.
Samples were boiled for 5 min and subjected to SDS–PAGE, stained
with Coomassie Brilliant Blue R-250 (Bio-RAD Laboratories, Rich-
mond, CA), dried and exposed to X-ray film.

RESULTS

Activation of Hck following G-CSF treatment. Pre-
vious studies have shown G-CSF-mediated activation
of the Src kinase, Lyn, as well as other non-receptor
tyrosine kinases, Jak1, Jak2, Tyk2 and Syk (6–12).
However, it was unknown if other kinases might also
be involved. As a first step to investigating a potential
role for alternate kinases in G-CSF-R signaling, we
determined whether other Src-family kinases were ac-
tivated following G-CSF treatment of murine NFS-60
cells, which have provided a convenient model for the
study of signaling pathways from the G-CSF-R (27, 28).
Stimulation of NFS-60 cells with G-CSF resulted in a
rapid and transient activation of Hck, as shown in an
immunoprecipitation-autokinase assay, with a peak of
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3.7-fold induction at 1 min (Fig. 1A). While this repre-
sents the values for total Hck, the fold-stimulation was
similar for each of the isoforms (data not shown). West-
ern blot analysis was used to standardize for equal
loading of Hck. In agreement with other studies (11,
12), activation of Lyn was also observed, and with
similar kinetics. In contrast, no activation of Src, Fyn
or Yes was seen (data not shown).

Phosphorylation of GST-G-CSF-R by Hck in vitro.
In preliminary studies aimed at detecting kinases able
to phosphorylate the G-CSF-R, we incubated a recom-
binant GST-G-CSF-R fusion protein with lysates from
NFS-60 cells stimulated with G-CSF for different
times. Strong, inducible phosphorylation of the fusion
protein was observed, following similar kinetics to Hck
activation (data not shown), which suggested that at
least one of the kinases responsible for G-CSF-R phos-
phorylation might be Hck. Therefore, we added the
GST-G-CSF-R as an exogenous substrate in an anti-

Hck immunoprecipitation kinase assay. Under these
conditions, the fusion protein was strongly phosphory-
lated with the same kinetics as Hck autokinase activity
(Fig. 1B). This suggests that the G-CSF-R may repre-
sent an in vivo target of Hck.

Hck and G-CSF-R co-immunoprecipitate following
G-CSF stimulation. Since Hck was activated so rap-
idly by G-CSF treatment, we wondered if it was phys-
ically associated with the G-CSF-R complex, as is the
case with the gp130 component of the LIF-R complex
(16), and the b-subunit of the IL-3 receptor (29). Im-
munoprecipitation experiments with anti-Hck followed
by probing with antiphosphotyrosine antibody re-
vealed major bands at 56/59 kDa, representing Hck.
On a longer exposure, the only reproducible banding
observed was of a size consistent with the G-CSF-R.
Re-probing with anti-G-CSF-R antisera confirmed its
identity (Fig. 2). This inducible interaction is in con-
trast to the constitutive association of another family
member, Lyn, to the G-CSF-R (11).

Hck binds directly to the G-CSF-R via its SH2 do-
main. Given the strong, inducible association of Hck
with the G-CSF-R, we sought to determine if this in-
volved a direct interaction, or occurred through an
intermediate. To investigate this further, we produced
a 32P-labeled, tyrosine-phosphorylated GST-G-CSF-R
cytoplasmic fusion protein and, after cleavage to re-
move the GST-tag, used this to probe isolated domains
derived from Hck (Fig. 3A) which were produced in
bacteria and immobilised on nitrocellulose. Only con-
structs containing the Src-homology 2 (SH2) domain of
Hck bound to the receptor, with the SH3 and unique
(U) domains not required for binding, although the
SH3-SH2 construct bound slightly less than either the
SH2 or U-SH3-SH2 constructs (Fig. 3B). As controls,
neither GST or non-tyrosine-phosphorylated GST-G-
CSF-R showed any binding (data not shown). These
data demonstrate direct binding of the SH2 domain of
Hck with specific phosphotyrosines of the G-CSF-R.

FIG. 2. Co-immunoprecipitation of Hck with the G-CSF-R. Anti-
Hck immunoprecipitates of NFS-60 cell lysates produced as de-
scribed in the legend to Fig. 1A were separated by SDS–PAGE,
before transferring to nitrocellulose. The Western blot was hybrid-
ized with anti-G-CSF-R, before stripping and reprobing with anti-
Hck antibodies to confirm equal loading of Hck. Similar results were
obtained in two other experiments.

FIG. 1. Time course of G-CSF-dependent activation of Hck and
phosphorylation of recombinant G-CSF-R in vitro. (A) Quiescent
NFS-60 cells were stimulated with 100 ng/ml G-CSF for the indi-
cated times, and cell lysates analyzed for autophosphorylation
activity following immunoprecipitation with anti-Hck. Reaction
products were separated by SDS–PAGE, with gels stained with
Coomassie before drying and autoradiography, with the intensity
of radiolabeled p56/p59Hck quantified with a phosphoimager. Val-
ues shown are the mean and standard error of three independent
experiments. (B) Anti-Hck immunoprecipitates of NFS-60 cell ly-
sates produced as described in Fig. 1A were subjected to an
exogenous kinase assay utilizing GST-G-CSF-R as a substrate.
These were analyzed by SDS–PAGE, with gels stained with Coo-
massie before drying and autoradiography. The position of the
GST-G-CSF-R is indicated. The gel shown is a representative of
three independent experiments.
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This is different to the interaction of Hck with, for
instance, the bc subunit of IL-3 receptor, which in-
volves both tyrosine-dependent and independent
mechanisms involving the unique, SH3 and SH2 do-
mains (29). Finally, to test the specificity of binding of
the Hck SH2 domain, we also examined the SH2 do-
mains from a number of Src family members (Fig. 3B,
Fig. 4). In addition to Hck, only Lck showed binding to
the phosphorylated G-CSF-R cytoplasmic domain pro-
tein.

DISCUSSION

In this report we show recruitment of Hck to acti-
vated G-CSF-R in NFS-60 cells, mediated by direct
binding via its SH2 domain to multiple phosphoty-
rosines of the receptor. In addition, we show that Hck
becomes activated upon G-CSF treatment and is, in
turn, able to phosphorylate the G-CSF-R. This has a
number of implications for our understanding of
G-CSF signaling.

First, given the array of kinases activated by the
G-CSF-R, an important question is which of these are
required for G-CSF signaling. In this regard, over-
expression and knockout studies have provided impor-
tant answers. English has shown that enforced expres-
sion of constitutively-active Hck completely blocks
G-CSF-mediated granulocytic differentiation of 32Dcl3
(21), while a recent paper has shown that Lyn was
absolutely required for mitogenic signaling from the
G-CSF receptor (12). In the latter report, Lyn-deficient,
but not Syk-deficient, cell-lines failed to incorporate
thymidine in response to G-CSF, although Jak1 and
Jak2 were still activated. In addition, expression of
kinase-inactive Lyn, but not kinase-inactive Jak2, also
blocked G-CSF-induced thymidine incorporation. This
is in agreement with studies on Jak1 and Jak2 knock-
outs which showed a normal G-CSF response (30, 31),
and other reports which failed to find Jak activation in
response to G-CSF in human neutrophils (32, 33).
However, other studies in Jak-deficient cell lines have
indicated that Jak1 is critical with Jak2 and Tyk2

FIG. 3. Analysis of interactions between tyrosine-phosphorylated GST-G-CSF-R and isolated Hck domains. (A) Schematic repre-
sentation of Hck with domain structure indicated; U: unique region; SH3: Src homology 3 region; SH2: Src homology 2 region; kinase:
tyrosine kinase catalytic domain. (B) Purified GST-fusions with the indicated Hck domains were separated by SDS–PAGE and
transferred to nitrocellulose before probing with 32P-labeled, tyrosine-phosphorylated GST-G-CSF-R, and subsequent autoradiography.
This result was repeated.

FIG. 4. Far Western blot analysis of tyrosine-phosphorylated GST-G-CSF-R binding to the SH2 domains from different Src family
members. Purified GST-SH2 domain fusions were subjected to Far-Western analysis, as described in the legend to Fig. 3B. This result was
confirmed in an independent experiment.
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fulfilling more minor roles (10). Taken together, these
studies suggest that the relative importance of the
various kinases which associate with the G-CSF-R may
change depending on the cell type, and the cellular
response, such that at times a particular kinase is
critical, while at other times it is redundant.

Second, Hck clearly fulfills several important roles in
the proper functioning of mature cells, especially neu-
trophils and macrophages. Indeed, its expression in-
creases during granulocytic differentiation of NB4 cells
(34) and monocytic differentiation of cell lines (35). In
neutrophils it is activated by a range of stimuli, includ-
ing GM-CSF, b2 and b3 integrins, CD63, CD50 (ICAM-
3), hypotonic challenge, opsonized zymosan and cal-
cium ionophore (34, 36-40), and is associated with the
FcgRI receptor upon receptor engagement (41). Hck
also becomes activated by CD45 in macrophages (42).
Furthermore, Hck/Fgr deficient mice show defective
neutrophil adhesion functions (37), while there is evi-
dence for a direct role for Hck in degranulation (34).
These data suggest that Hck is a central player in the
activation of these cells. However, other data suggests
that Hck fulfills quite a different role in less mature
cells, where it is involved in mitogenic signaling. Thus,
increased Hck expression increases GM-CSF-mediated
proliferative responses (43), while expression in ES
cells reduces the concentration of LIF require to main-
tain them in a proliferative, rather than differentiating
state (16). In addition, we have seen expression of Hck
in cell-lines which proliferate in response to G-CSF (for
example, NFS-60 and Ba/F3 cells), but not in 32D cells,
which differentiate in response to G-CSF (data not
shown), and, as described earlier, enforced Hck expres-
sion blocked granulocytic differentiation in response to
G-CSF in these cells (21). This suggests that Hck pro-
vides different functions in immature and mature cells,
and so could conceivably contribute to both mitogenic
and activation signaling from the G-CSF-R depending
on cell type.

We have conclusively shown direct binding of Hck
via its SH2 domain to tyrosine-phosphorylated
G-CSF-R, and phosphorylation of the receptor by
Hck in vitro. Analysis of the sequences surrounding
the four cytoplasmic tyrosine residues of the
G-CSF-R can offer some explanation for these obser-
vations (Table 1). First, Y763 closely matches the
YEEI consensus binding site for Src family members
(44), and so is a good candidate for Hck binding.
However, when we probed Hck-SH2 blots with a
GST-G-CSF-R fusion in which this tyrosine was mu-
tated to phenylalanine, some binding was still seen
(data not shown). This suggests that Hck interacts
with at least one other phosphotyrosine of the
G-CSF-R. It is not obvious from the sequence which
is the most likely, since Hck is apparently able to
dock to phosphotyrosines in a diverse array of se-

quence contexts if we consider, for example, its bind-
ing to gp130 (16), and the b-subunit of the IL-3
receptor (29). However, Y728 matches the optimal
Lck phosphorylation site (I/V/L-Y-G-X-L/V/F/I), and
since it is known that Src kinases preferentially
phosphorylate peptides recognized by their SH2 do-
mains (45), Y728 represents a likely second site.
With regard to the ability of Hck to phosphorylate
the G-CSF-R in vitro, both Y728 and Y763 fit the Src
consensus phosphorylation site (Y-hydrophilic-
hydrophilic-hydrophobic), while the sequence adja-
cent to Y728 is also close to the YGVV of cdc-20, a
known Hck substrate (46), and as mentioned above
also matches the Lck optimal site.

Finally, it was of interest that the Lyn SH2 domain
did not bind to tyrosine-phosphorylated G-CSF-R. This
is consistent with other data that Src SH2 domains
show overlapping, but not identical binding (45, 46). In
addition, as discussed earlier, Lyn kinase activity is
stimulated by G-CSF in human neutrophils, but Lyn
appears to be constitutively-associated with the recep-
tor (11). Thus, it is perhaps not surprising that it does
not bind via its SH2 domain, but rather uses other
domains to facilitate non-tyrosine-dependent binding.
Therefore, it appears that the scenario of Src-kinase
activation by the G-CSF-R is similar to that observed
with the FcgRIIa receptor, in which Lyn is
constitutively-associated with the receptor, while Hck
is recruited only after receptor activation (47). This
suggests that Lyn might be important for the initial
receptor phosphorylation which creates a docking
site(s) for Hck. This would not only facilitate the asso-
ciation of Hck with the G-CSF-R complex, but also
remove the inhibition of Hck kinase activity as a con-
sequence of intramolecular interactions between its
SH2 linker and SH3 domains (48). However, since we
found that association of Hck with the G-CSF-R con-
tinues well after the peak of Hck kinase activity, addi-
tional mechanisms to control Hck activation, rather
than simply receptor docking are likely to exist. In
addition, we consistently observed that the SH3-SH2
construct bound less efficiently than the SH2 or
U-SH3-SH2 constructs. From the crystal structure of
Hck, it is known that the SH3 domain interacts with
the SH2-linker peptide in a manner to block accessi-

TABLE 1

Sequence Context of the Four Cytoplasmic Tyrosines
of the Murine G-CSF-R

Position Sequence

703 LVQAYVLQG
728 DQVLYGQVL
743 GVMQYIRSD
763 SPKSYENIW
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bility to the SH2 domain (48). Since the constructs
used contain part of this linker peptide, it is feasible
that some residual SH3-linker interaction inhibits the
SH2/phosphotyrosine interactions. The addition of the
U region must then relieve this inhibition. Therefore,
other structural constraints are likely to be important
in determining the accessibility of SH2 domains to
particular docking sites, as also suggested by others
(46, 48).
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