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A Small, Nonpeptidyl Mimic of
Granulocyte-Colony-
Stimulating Factor

Shin-Shay Tian,* Peter Lamb,*{ Andrew G. King,
Stephen G. Miller, Linda Kessler, Juan I. Luengo, Laurie Averill,
Randall K. Johnson, John G. Gleason, Louis M. Pelus,
Susan B. Dillon, Jonathan Rosen

A nonpeptidyl small molecule SB 247464, capable of activating granulocyte—
colony-stimulating factor (G-CSF) signal transduction pathways, was identified
in a high-throughput assay in cultured cells. Like G-CSF, SB 247464 induced
tyrosine phosphorylation of multiple signaling proteins and stimulated primary
murine bone marrow cells to form granulocytic colonies in vitro. It also elevated
peripheral blood neutrophil counts in mice. The extracellular domain of the
murine G-CSF receptor was required for the activity of SB 247464, suggesting
that the compound acts by oligomerizing receptor chains. The results indicate
that a small molecule can activate a receptor that normally binds a relatively

large protein ligand.

Activation of transmembrane receptors for
growth factors and cytokines occurs when oli-
gomerization of receptor chains is triggered by
binding of a protein ligand to a specific ligand-
binding domain on the receptor (/, 2). The
resultant clustering of tyrosine kinase domains
on the cytoplasmic side of the receptor initiates
a series of signal transduction events that ulti-
mately alter cellular phenotype. Receptors can
also be activated by bivalent receptor antibodies
(2, 3) and by dimeric peptides that interact with
the ligand binding domain (4), which also in-
duce receptor oligomerization. Activation of
receptors by small, nonpeptidyl molecules ame-
nable to chemical synthesis would make possi-
ble the development of orally available growth
factor and cytokine mimics.

The protein hormone granulocyte—colony-
stimulating factor (G-CSF) has a primary role
in the production and activation of cells of the
granulocytic lineage (5). Recombinant G-CSF
is used to treat a variety of congenital and
iatrogenic-human neutropenias (6). Binding of
G-CSF to its receptor triggers receptor ho-
modimerization, which leads to activation of
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two members of the JAK family of protein
tyrosine kinases, JAK1 and JAK2, which asso-
ciate with the cytoplasmic domain of the recep-
tor (7, 8). The activated JAKs phosphorylate
tyrosine residues on the cytoplasmic face of the
receptor, which then serve as the binding sites
for signaling proteins. The JAKs are then pre-
sumed to phosphorylate the receptor-associated
proteins, among which are the STATs (signal
transducers and activators of transcription). Af-
ter phosphorylation on tyrosine, the STATs
dimerize, translocate to the nucleus, and bind to
specific DNA sequences in the promoters of
responsive genes, thereby regulating transcrip-
tion (7, 9, 10).

We developed a high-throughput, cell-
based screen to detect compounds that acti-
vate the G-CSF receptor. The screen relies on
a reporter gene driven by a synthetic STAT-
responsive promoter that is stably transfected
into a G-CSF-responsive cell line. We isolat-
ed a drug-resistant clone of the murine my-
eloid cell line NFS60 that contained a G-
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Fig. 1. Structure of SB 247464. The benzimid-
azole groups are arbitrarily shown in the trans
configuration.

CSF-responsive reporter construct consisting
of four copies of a synthetic STAT-binding
element linked to a minimal promoter and the
gene for luciferase (/7). This clone, 4B6,
exhibited a 20-fold increase in luciferase ac-
tivity in response to G-CSF and a pattern of
JAK and STAT activation similar to that seen
in the parental NFS60 cells (9). For screen-
ing, 4B6 cells were exposed to individual
synthetic organic compounds at a concentra-
tion of 10 wM, and one compound, SB
247464 (Fig. 1), was selected for further
study. In the luciferase assay, SB 247464 (1
M) had an efficacy 30% of that of G-CSF
and exhibited a biphasic dose-response curve
(Fig. 2). The activity of SB 247464 was
evaluated on a second NFS60-based stable
cell line, RSVluc, which contains stably in-
tegrated copies of a reporter plasmid that
produces luciferase constitutively (/2). The
level of luciferase activity in this line is not
affected by G-CSF or SB 247464 (13). Like-
wise, SB 247464 had no effect in stable cell
lines containing STAT-responsive reporters
that increase luciferase activity in response to
either erythropoietin, interferon «, or interfer-
on vy (/3).

We tested whether SB 247464 caused ac-
tivation of signal transduction pathways nor-
mally activated by G-CSF. Proteins from ly-
sates of NFS60 cells treated with SB 247464
or G-CSF were precipitated with antisera to
JAK1, JAK2, G-CSF receptor, STAT3, or
STATS5 and detected with an antibody to
phosphotyrosine. Like G-CSF, SB 247464
caused tyrosine phosphorylation of both
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Fig. 2. Activity of G-CSF and SB 247464 in
NFS60 cell luciferase assays. Dose-response
curves are shown for G-CSF and SB 247464 in
NFS60 cells containing a G-CSF-responsive re-
porter. Cytokine-independent NFS60 cells con-
taining a stably integrated G-CSF-responsive
luciferase reporter plasmid were plated in 96-
well plates in Roswell Park Memorial Institute
(RPMI) 1640 media containing fetal bovine se-
rum (FBS) (0.5%), then treated with the indi-
cated concentration of human G-CSF (A) or SB
247464 (OJ) in the presence of 0.1% dimethyl
sulfoxide (DMSO) for 2.5 hours. Cells were
lysed, and luciferase activity was measured. All
determinations were made in triplicate.
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JAK1 and JAK2 (Fig. 3A). SB 247464 also
caused tyrosine phosphorylation of the G-
CSF receptor, but not the interleukin-3 (IL-3)
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247464 induced tyrosine phosphorylation of
STAT3 and STATS (Fig. 3C). The two bands
that became tyrosine phosphorylated in the
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Fig. 3. Phosphorylation of signaling proteins in

cells treated with SB 247464 or G-CSF. (A)
Tyrosine phosphorylation of JAKs. Preparation
of lysates and immunoprecipitations was done
as described (70). NFS60 cells were treated
with G-CSF (10 ng/ml) or 1 pM SB 247464 for
10 min, or were left untreated. Proteins from
lysates were immunoprecipitated with anti-
bodies to either JAK1 or JAK2 (Pharmingen).
Immunoprecipitated proteins were separated
by electrophoresis (8% gel), blotted onto a membrane, and detected with an antibody to
phosphotyrosine (4G10, Upstate Biotech, Lake Placid, NY). (B) Tyrosine phosphorylation of the
G-CSF receptor. NFS60 cells were treated for 10 min with G-CSF (10 ng/ml), IL-3 (10 ng/ml), IL-6
(10 ng/ml), or 1 uM SB 247464 in RPMI containing FBS (0.5%) and 0.1% DMSO. Lysates were made
and processed as in (A), except that a polyclonal antisera to the cytoplasmic domain of the murine
G-CSF receptor (75) or to the B-chain of the IL-3 receptor (Santa Cruz) was used for immunopre-
cipitations. (C) Tyrosine phosphorylation of STAT proteins. NFS60 cells in RPMI containing FBS
(0.5%) were treated with G-CSF (10 ng/ml) or 1 uM SB 247464 for the indicated times, or were
left untreated. Lysates were prepared and immunoprecipitated as described in (A) with antibodies
to either STAT3 (). Darnell, Upstate Biotechnologys) or STATS (Santa Cruz).
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Fig. 4. The murine G-CSF receptor confers re-
sponsiveness to SB 247464. (A) UT7Epo cells
(G-CSFr —ve) and UT7Epo cells stably trans-
fected with the murine G-CSF receptor cDNA
(G-CSFr +ve) were treated with G-CSF (10
ng/ml) or 1 wM SB 247464 for 30 min, or were
left untreated. Nuclear extracts were prepared
and incubated with a radiolabeled STAT-bind-
ing element, and STAT DNA complexes were
separated from unbound DNA by nondenatur-
ing gel electrophoresis. The gel was dried and
exposed to x-ray film. (B) HepG2 cells were
transfected with either 4xIRFtkluc (reporter) or
with 4xIRFtkluc plus a vector directing the ex-
pression of the murine G-CSF receptor (70, 16)
by the calcium phosphate method. Transfected
cells were allowed to recover overnight, then
were treated for 4 hours with either 10 ng/ml
G-CSF (white bars) or 1 uM SB 247464 (gray
bars). Control transfected cells were left un-
treated. Cells were then lysed, and luciferase
levels were determined. Fold inductions were
calculated by dividing the activity present in
treated cells by that present in untreated cells.
All transfections were performed in triplicate.
(C) Domain structure of murine and chimeric
G-CSF receptors. The location of the extracellular, cytoplasmic, and
transmembrane (TM) domains are indicated. In the chimeric receptor,
murine sequences are shown in white and human sequences are in
black. The chimeric murine-human G-CSF receptor construct A was
obtained by replacing the extracellular domain and the first 11 amino
acids of the transmembrane domain of the human receptor with the
Hind Ill (nucleotide 165) to Sca | (nucleotide 2087) fragment of the
murine receptor(76). The chimeric receptor construct B was obtained
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STAT3 isoforms (/4). The time course of
STAT activation in response to SB 247464 or
G-CSF was very similar.

We tested whether ectopic expression of the
murine G-CSF receptor was sufficient to confer
sensitivity to SB 247464 on nonresponsive
cells. The human megakaryocytic cell line
UT7Epo (15) does not express the G-CSF re-
ceptor, and STATs were not activated after
G-CSF or SB 247464 treatment (Fig. 4A).
However, UT7Epo cells stably transfected with
an expression vector containing the murine G-
CSF receptor cDNA (10, 16) became respon-
sive to both G-CSF and SB 247464, demon-
strated by the induction of STAT-DNA com-
plexes (Fig. 4A). Transfection of the human
hepatoma cell line HepG2 (/7) with a murine
G-CSF receptor expression vector also con-
ferred sensitivity to either G-CSF or SB
247464, as measured using a STAT-responsive
luciferase reporter (Fig. 4B).

In a number of human myeloid G-CSF-
responsive cell lines, SB 247464 failed to show
measurable activity as judged by induction of
activated STATs or G-CSF early response
genes (/3). This is in contrast to the lack of
mouse-human species specificity exhibited by
G-CSF itself. We exploited the species speci-
ficity of SB 247464 to determine whether it
requires the extracellular or intracellular do-
main of the murine G-CSF receptor for activity.
A chimeric murine-human G-CSF receptor was
constructed by replacing the sequences encod-
ing the extracellular domain and part of the
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by replacing the NH,-terminal half of the extracellular domain of the
human receptor (up to amino acid 339) with the Hind Il (nucleotide
165) to Pml | (nucleotide 1199) fragment of the murine receptor. (D)
The chimeric receptor constructs or the wild-type murine receptor
construct were transfected into HepG2 cells with the 4xIRFtkluc
reporter, treated, and processed as described in (B). Response to
G-CSF is shown by the white bars; response to SB 247464 is shown by
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transmembrane domain of the human receptor
with the corresponding murine sequences (Fig.
4C). This chimeric construct was then trans-
fected into HepG2 cells together with a STAT-
responsive reporter. The chimeric receptor con-
struct conferred a response to both G-CSF and
SB 247464 on the HepG2 cells (Fig. 4D). This
result implies that SB 247464 requires the ex-
tracellular domain of the murine G-CSF recep-
tor for activity. A construct in which the NH,-
terminal half of the extracellular domain com-
prising the G-CSF binding region (/&) is mu-
rine in origin, and the remainder of the receptor,
which is human, did not confer responsiveness
to SB 247464. This shows that the murine
G-CSF receptor sequences required for SB
247464 activity are distinct from those required
for G-CSF binding.

G-CSF normally acts on granulocytic pre-
cursor cells in the bone marrow, supporting
their proliferation and differentiation. In a
primary marrow colony-forming unit-granu-
locyte (CFU-G) assay (/9), G-CSF and SB
247464 supported the formation of granulo-
cytic colonies (Fig. 5). The peak efficacy of
SB 247464 varied between 25 to 80% of that
of G-CSF in different experiments. Colonies
stimulated by SB 247464 appeared uniformly
smaller than those stimulated by G-CSF, but
were consistently larger than 30 cells.

Subcutaneous administration of 50 g of
G-CSF per kilogram of body weight twice a
day to normal mice results in a fourfold in-
crease in peripheral blood neutrophil counts
after 4 days (Fig. 6). SB 247464 also caused a
dose-dependent increase in peripheral blood
neutrophils. No significant changes were noted
in other blood cell populations. The efficacy of
SB 247464 at 30 mg/kg is equivalent to that of
50 pg/kg of G-CSF, raising neutrophil counts
approximately fourfold over baseline (Fig. 6).
This fold-increase is equivalent to the increase
seen when 5 to 30 pgkg/day of G-CSF is
administered to normal or neutropenic humans.

G-CSF, like other cytokines in the same
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family, acts by triggering dimerization or higher
order oligomerization of its receptor chains (2,
20). The precise mechanism by which it does
this is unclear, as is the mechanism by which
SB 247464 is able to mimic the protein cyto-
kine G-CSF. However, the fact that SB 247464
rapidly activates early events in the G-CSF
signal transduction pathway, together with the
ability of the transfected murine G-CSF recep-
tor cDNA to confer both G-CSF and SB
247464 response to nonresponsive cells, shows
that SB 247464 acts through the receptor. The
twofold rotational symmetry of SB 247464 is
compatible with a model in which it functions
in some way as a ligand to effect dimerization
of G-CSF receptor chains. This model of SB
247464 action would account for the biphasic
dose response, as has been described for growth
hormone (2). Although in longer term assays
SB 247464 appears toxic at the highest concen-
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Fig. 6. Granulopoietic activity of SB 247464 in
vivo. Female BDF-1 mice were given subcutane-
ous injections twice daily, of either G-CSF (50
pg/kg) in phosphate-buffered saline or SB
247464 dissolved in acidified H,O (pH 4.0). Con-
trol animals received only acidified H,O. After 4
days, blood was drawn and the number of neu-
trophils were counted using a Technicon hema-
tology analyzer. Each bar represents the average
of five mice; error bars show SEM. Asterisks indi-
cate neutrophil counts that differ from those in
untreated controls with a P < 0.001 by analysis
of variance.
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Fig. 5. Granulocytic colony formation in response to SB 247464 in vitro. Bone marrow cells (100,000
cells per 0.5 ml) obtained from female C57Bl/6 mice were incubated with either G-CSF or SB 247464
in McCoy's 5a media containing with FBS (15%) and 0.3% agar for 7 days at 37°C in a humidified
incubator. Colonies of cells (>30 cells) were counted by microscopy. Data shown are the relative
number of CFU-G colonies per 10* cells induced by each treatment. The relative number of colonies is
the number of colonies in cultures of treated cells minus the number of colonies formed by control,
untreated cells. Error bars indicate the standard error of the mean (SEM; n = 6).
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trations used, this is not seen in short-term
assays, indicating that the shape of the dose-
response curve is not simply due to toxicity.
The discovery of SB 247464 demonstrates
that a small, nonpeptidyl molecule is capable
of inducing activities normally associated
with a protein hormone, both in vitro and in
vivo. Our findings indicate that a small mol-
ecule can trigger the activation of a large
(~120 kD) receptor protein that requires
dimerization for activation, through a domain
not involved in binding the natural ligand.

References and Notes

1. C.-H. Heldin, Cell 80, 213 (1995).

2. ). A. Wells and A. M. d. Vos, Annu. Rev. Biochem. 65,
609 (1996).

3. M. Fourcin et al., J. Biol. Chem. 271, 11756 (1996); T.
Takahashi et al., ibid., p. 17555.

4. N. C. Wrighton et al., Science 273, 458 (1996); S. E.
Cwirla et al., ibid. 276, 1696 (1997).

5. G.D. Demetri and . D. Griffin, Blood 78, 2791 (1991);
P. Anderlini, D. Przepiorka, R. Champlin, M. Korbling,
ibid. 88, 2819 (1996).

6. K. Welte, J. Gabrilove, M. H. Bronchud, E. Platzer, G.
Morstyn, ibid. 88, 1907 (1996).

7. J. N. |hle, B. A. Witthuhn, F. W. Quelle, K. Yamamoto,
O. Silvennoinen, Annu. Rev. Immunol. 13, 369 (1995).

8. S.-S. Tian, P. Lamb, H. M. Seidel, R. B. Stein, J. Rosen,
Blood 84, 1760 (1994); S. E. Nicholson, U. Novak, S. F.
Ziegler, ). E. Layton, ibid. 86, 3698 (1995); K. Shimoda
et al., ibid. 90, 597 (1997).

9. C. Schindler and J. E. Darnell, Annu. Rev. Biochem. 64,
621 (1995).

10. S.-S. Tian et al., Blood 88, 4435 (1996).

11. IL-3 was withdrawn from NFS60 cells. A cytokine-
independent variant of NFS60 grew out, which was
used for transfection experiments. The G-CSF signal-
ing characteristics of this line are similar to the
parental NFS60s. This line was transfected by elec-
troporation with the plasmid 4xT TCC1Ctkluc, which
contains four copies of the STAT-binding element
5'-GATCTGCTTCCCGGAACGT-3" cloned into the
plasmid tk-luc (27), and the plasmid pSV2neo, which
confers neomycin resistance. Single drug-resistant
clones were isolated by limiting dilution and screened
for increased luciferase expression after a 2.5-hour
exposure to 10 ng/ml G-CSF.

12. The plasmid RSVluc, containing the Rous sarcoma
virus long terminal repeat linked to luciferase, was
transfected into the cytokine-independent NFS60
line with the plasmid pSV2neo conferring neomycin
resistance. Single drug-resistant clones were isolated
by limiting dilution and were screened for luciferase
production before and after a 2.5-hour treatment
with 10 ng/ml G-CSF. A clone showing no response
to G-CSF was expanded.

13. S.-S. Tian et al. data not shown.

14. Z. Zhong, Z. Wen, J. E. Darnell, Science 264, 95
(1994).

15. N. Komatsu et al., Blood 82, 456 (1993).

16. R. Fukunaga, E. Ishizaka-lkeda, Y. Seto, S. Nagata, Cell
61, 341 (1990).

17. D. P. Aden, A. Fogel, S. Plotkin, |. Damjanov, B. B.
Knowles, Nature 282, 615 (1979).

18. R. Fukunaga, E. Ishizaka-lkeda, C.-X. Pan; Y. Seto, S.
Nagata, EMBO J. 10, 2855 (1991).

19. D. Metcalf and N. A. Nicola, J. Cell. Physiol. 116, 198
(1983).

20. T. Horan et al., Biochemistry 35, 4886 (1996); O.
Hiraoka, H. Anaguchi, Y. Ota, FEBS Lett. 356, 255
(1994).

21. H. M. Seidel et al., Proc. Natl. Acad. Sci. U.S.A. 92,
3041 (1995).

22. We thank C. Sincich and P. Sanders for technical
assistance and R. Chedester for help with the
manuscript.

4 February 1998; accepted 2 June 1998

10 JULY 1998





