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Mutual Regulation of PTP20 and Tec

Fic. 10. Working hypothesis for interaction of PTP20 with Tec. I, upon stimuli or ectopic expression of Tee, Tec becomes tyrosine-
phosphorylated and activated through autophosphorylation and other PTK catalytic activity. In turn, Tec phosphorylates tyrosine residues
(Tyr-281, Tyr-303, Tyr-354, Tyr-381) on PTP20, II, phosphorylated PTP20 associates with Tec SH2 domain of remaining inactive Tec, thereby
activating the Tec kinases. Interaction of Tec with PTP20 increases a pool of activated Teec and PTP20. IIT, activated PTP20 by phosphorylation
then dephospherylates Tec as well as PTP20 itself. Note that free of phosphorylated tyrosine 281 from association with Tec SH2 domain might be
necessary for expression of PTP20 dephosphorylation activity. IV, finally, both Tec and PTP20 return to basal and inactive states.

dues on PTP20 caused no changes in catalytic activity by in
vitro phosphatase assay. We have also showed that PTP20 was
tyrosine-phosphorylated by Lck and Sre and was associated
with the PTKs (Fig. 2). However, neither the SH2 nor the SH3
domain of Lck was shown to be involved in the association with
PTP20 (data not shown). Recently, another cytosolic protein-
tyrosine kinase c-Abl also was shown to phesphorylate PTP20
and in turn to be dephosphorylated by PTP20 (10). Although
PTP20-Tec and PTP20-¢cAbl interactions seem to be analogous,
association between PTP20 and c-Abl is indirect, and PSTPIP,
which is also a substrate of PTP20, instead serves as an
adapter by bridging PTP20 to ¢-Abl. In contrast, association
between PTP20 and Tec kinase seems to be direct, and involve-
ment of adaptor molecules such as PSTPIPs is unlikely because
the Tec SH2 domain alone could capture tyrosine-phosphoryl-
ated PTP20 (Fig. 3D) and, consistently, substitution of tyrosine
residues on PTP20 dramatically reduced the mutual binding
{Fig. 5B). These imply that PTP20 might be differentially ty-
rosine-phosphorylated by Lek, Tec, and c-Abl kinases depend-
ing on cellular context.

The Tec kinase was initially isclated from mouse liver (40)
and was subsequently shown to be expressed in many tissues,
including spleen, lung, brain, and kidney (41). Four Tec-related
PTKs, including Btk (42, 43), Itk (also known as Emt or Tsk)
{(44—46), Bmx (47), and Txk (or Rlk) (48, 49), have also been
molecularly cloned. Tec and the related kinases can be acti-
vated by cytokine receptors, lymphocyte surface antigens, G
protein-coupled receptors, receptor type PTKs, or integrins (13,
20, 22-28). However, little is known about how the inactivation
of Tec kinase is achieved. In this study, we have showed that
PTP20 is a potential negative regulator in Tec-mediated sig-
naling pathway and that the Tec SH2 domain is essential for

the negative regulation by PTP20. Itk, another member of Tec
family, might also be regulated by PTP20 in T cells in a similar
fashion,? whereas Btk and Bmx seem not to interact with
PTP20 (Fig. 1). Recently, the Tec SH2 domain has been shown
to bind to Dok-1, which is tyrosine-phosphorylated by Tee,
causing inhibition of BCR-mediated ¢-fos promoter activation
(18). Another publication has demonsirated that a docking
protein, BRDGL, binds to the Tec SH2 domain and acts down-
stream of Te¢ in a positive fashion in BCR signaling (50). Thus,
the Tec SH2 domain might differentially participate in BCR
signaling in a positive or negative way.

PTP D1, which comprises another subfamily of cytosolic
PTPs, is shown to be a potential regulator and effector for not
only Bmx/Etk kinase but alse Tec kinase (51). The PH but not
SH2 domain of Bmx/Etk is involved in the interaction with the
central portion (residues 726—848) of PTP D1, and such bind-
ing is phosphotyrosine-independent, unlike PTP20-Tec inter-
action. Interaction between Bmx/Etk and PTP D1 stimulates
the kinase activity of Bmx/Etk, resulting in an increased phos-
photyrosine content in both proteins. Although it is obvious
that PTP D1 is a substrate of Bmx/Etk and Tec, PTP D1
appears not to dephosphorylate the kinases. Rather, PTP D1 is
a positive regulator in Bn/Etk- and Tec-mediated signaling
pathway leading to STAT3 activation. By co-transfection ex-
periments, we cbserved that PTP36, which belongs to the same
PTP subfamily as PTPD1, was tyrosine-phosphorylated by Tec
kinase (data not shown). Thus, Tec-mediated signaling could be
negatively or positively regulated by interacting with PTPs.

In conclusion, PTP20 appears to play & negative role in the

25, Yamasaki and N. Aoki, unpublished data.
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Tec-mediated, in particular in BCR, signaling pathways and
the tyrosine phosphorylation-dependent interaction between
Tee and PTP20 might form a negative feedback loop. To our
knowledge this is the first report demonstrating that tyrosine
phosphorylation-dependent interaction between PTK and PTP
is relevant for their mutual state in some cellular context.
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The Janus kinase (Jak)-Stat pathway plays an essen-
tial role in cytokine signaling. Granulocyte colony-stim-
ulating factor (G-CSF) promotes granulopoiesis and
granulocytic differentiation, and Stat3 is the principle
Stat protein activated by G-CSF. Upon treatment with
G-CSF, the interleukin-3-dependent cell line 32D clone
3(32Dcl3) differentiates into neutrophils, and 32Del3
cells expressing dominant-negative Stat3 (32Dcl3/
DNStat3) proliferate in G-CSF without differentiation.
Gene expression profile and quantitative PCR analysis
of G-CSF-stimulated cell lines revealed that the expres-
sion of C/EBPa was up-regulated by the activation of
Stat3. In addition, activated Stat3 bound to CCAAT/en-
hancer-binding protein (C/EBP)e, leading to the en-
hancement of the transcription activity of C/EBPa. Con-
ditional expression of C/EBPa in 32Dcl3/DNStat3 cells
after G-CSF stimulation abolishes the G-CSF-dependent
cell proliferation and induces granulocytic differentia-
tion. Although granulocyte-specific genes, such as the
G-CSF receptor, lysozymé M, and neutrophil gelatinase-
associated lipocalin precursor (NGAL) are regulated by
Stat3, only NGAL was induced by the restoration of
C/EBPa after stimulation with G-CSF in 32Dcl3/DNStat3
cells. These results show that one of the major roles of
Stat3 in the G-CSF signaling pathway is to augment the
function of C/EBPa, which is essential for myeloid dif-
ferentiation. Additionally, cooperation of C/EBPa with
other Stat3-activated proteins are required for the in-
duction of some G-CSF responsive genes including ly-
sozyme M and the G-CSF receptor.

The proliferation and differentiation of hematopoietic pro-
genitor cells are regulated by cytokines (1). Among these, gran-

ulocyte colony-stimulating factor (G-CSF)! specifically stimu-
lates cells that are commitied to the myeloid lineage (2). The
importance of G-CSF to the regulation of granulopoiesis has
been confirmed by the observation of severe neutropenia in
mice carrying homozygous deletions of their G-CSF or G-CSF
receptor genes {3, 4). Cytokines activate several intracellular
signaling pathways, and the Janus kinase (Jak) signal trans-
ducers and activators of transcription (Stat) pathway is essen-
tial for cytokine function (5, 6). The binding of G-CSF to cell
surface G-CSF receptors activates Jakl, Jak2, and Tyk2 fol-
lowed by the activation of Statl, Stat3, and Stat5 (7-9). Stat3
is the principle protein activated by G-CS¥F (8, 10). Phospho-
rylated Stats translocate from the cytoplasm into the nucleus
and induce transeription of their target genes within a short
period of time. 32Dcl3 cells differentiate to neutrophils follow-
ing treatment with G~CSF. In contrast to their parental cells,
32Dcl3 cells expressing dominant-negative Stat3 (32Dcl3/
DNStatd) proliferate in the presence of G-CSF, but they main-
tain immature morphologic characteristics without evidence of
differentiation (11). Additionally, transgenic mice with a tar-
geted mutation of their G-CSF receptor that abolishes G-CSF-
dependent Statd activation show severe néutropenia with an
accumulation of immature myeloid precursors in their bhone
marrows (12). To clarify the role of Stat3 in the G-CSF signal-
ing pathway, we wished to identify target genes of Stat3.

We found that the levels of CCAAT/enhancer-binding protein
(C/EBP) @ mRNA were up-regulated following G-CSF stimula-
tion in 32D¢l3 but were unchanged in 32Dcl3/DNStat3. In
addition, the activation of Stat3 augmented the function of
C/EBPa, which is the essential transcriptional factor for mye-
loid differentiation. G-CSF-induced granulocytic differentia-
tion was restored in 32Dcl3/DNStat3 cells by the conditional
expression of C/EBPea. These results show that one of the major

* This work was supported by a grant of the Japan Leukemia Re-
search Foundation (2002) and Grants-in-aid for Scientific Research
11307015 and 15390302 from the Ministry of Education, Science,
Sports, and Culture in Japan. The costs of publication of this article
were defrayed in part by the payment of page ¢charges. This article must
therefore be hereby marked “advertisernent” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.
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5230; Fax: 81-92-642-5247; E-mail: kshimoda@intmed1 med.kyushu-u.
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This paper is available on [ine at http://www.jbc.org

1 The abbreviations used are: G-CSF, granulocyte colony-stimulating
factor; IL, interleukin; C/EBPa, CCAAT/enhancer-binding protein;
NGAL, neutrophil gelatinase-associated lipocalin precursor; Jak, Janus
kinase; Stat, signal transducers and activators of transcription;
DNStat3, dominant-negative Stat3; IRES, internal ribosome entry site;
GFP, green fluorescent protein; ER, endoplasmic reticulum; IFN, inter-
feron; PBS, phosphate-buffered saline; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; FACS, fluorescence-activated cell sorter; LUC,
luciferase; ERK, extracellular signal-regulated kinase; MAP, mitogen-
activated protein; TK, thymidine kinase; 4-HT, 4-hydroxytamoxifen.
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roles of Stat3 in the G-CSF signaling pathway is to enhance the
function of C/EBPa. : -

* MATERIALS AND METHODS

Cell Culture, Expression Plasmid, end Cytokines—32D clone 3
{32D¢13) and 32Dc13/DNStatd cells (DNStat3 deletes the transactiva-
tion domain of Stat3) were cultured in RPMI 1640 supplemented with
10% heat-inactivated fetal bovine serum (ICN, Osaka, Japan), penicil-
lin/streptomycin (Invitrogen), recombinant murine interleukin-3 (IL-3)
(Kirin Brewery, Takasaki, Japan), and recombinant human G-CSF
{Chugai Pharmaceutical, Tokyo, Japan). 293T cells were cultured in
Dulbeceo's modified Eagle’s medium containing 10% feta] bovine serum,
penicillin/streptomycin, and L-glutamine. )

For the construction of pTag2A-G-CSF receptor, the human G-CSF
receptor cDNA (13) (pHQ3, kindly provided by S. Nagata and R. Fuku-
naga) was excited from the pBluescipt vector and inserted into the
FLAG-tagged mammalian expression plasmid pCMV-Tag2A (Clon-
tech). pcDNA3-rat C/EBPa was described before (14). Stat3 ¢DNA was
amplified by PCR and inserted into pCMV-HA vector (Clontech). Stat3e
cDNA was elicited from RCMV-Stat3c (15), kindly given from Dr. Dar-
rell, and inserted into pcDNA3.1 (Clontech). For the construction of
pMY-IRES-GFP/C/EBP«-ER, full-length human C/EBEPa ¢DNA was
fused in-frame with ligand-binding domain (amino acids 281-599) of
mouse estrogen receptor harboring a mutation (G525R) that confers
selective responsiveness to 4-hydroxytamoxifen (4-HT). A reporter con-
struct of a minimal TK promoter with CEBP-binding sites (p(C/
EBP)2TK) was described previously (14).

Murine recombinant leukemia inhibitory factor, natural IFN-a, and
recombinant IFN-y were purchased from Sigma, HyCult Biotechnology
{Uden, The Netherlands}, and Peprotech (Rocky Hill, NJ), respectively,
For Western blotting, 32Dcl3 cells or 32Dcl3/DNStat3 cells were de-
prived of IL-3 for 12 h. Then cells were stimulated with G-CSF (10
ng/ml), IL-3 (10 ng/ml), leukemia inhibitory factor {10 ng/ml), IFN-a
(1,000 units/ml), or IFN-y {1,000 units/ml) for 30 min.

Microarray Analysis—32D ¢13 and 32Dcl3/DNStat3 cells maintained
in IL-3 were washed twice with PBS and starved of cytokine in RPMI
1640 containing 10% fetal bovine serum for 8 h and then stimulated
with 10 ng/m] G-CSF, Total RNA was extracted, by the acid guani-
dinium method, from 32Dcl3 and 32Dcl3/DNStat3 cells before or after
the stimulation for 2 h with G-CSF. Double-stranded cDNA synthesized
from the total RNA (20 pg/sample) was then used te prepare biotin-
labeled ¢cRNA for the hybridization with GeneChip MGU74Avs2 mi-
croarrays (Affymetrix, Santa Clara, CA} harboring oligenucleotides cor-
responding to ~6000 known genes as well as ~6000 expressed sequence
tag sequences. Hybridization, washing, and detection of signals on the
arrays were performed with the GeneChip system (Affymetrix).

Quantitative Real-time Reverse Transcription-PCR Assay—32Dcl3
and 32D¢l3/DNStat3 cells maintained in IL-3, were washed twice with
PES and starved of eytokines for 8 h and then stimulated with 10 ng/ml
G-CSF. Cells were harvested at the indicated times, and total RNA was
isolated using Isogen (Nippon gene, Tokyo, Japan) according to the
manufacturer’s instructions. One microgram of extracted RNA was
transcribed in & 20-u] cDNA synthesis reaction using an RNA PCR kit
(AMV) (Takara, Tokyo, Japan), Real-time PCR for (VEBP«, G-CSF
receptor, lysozyme M, neutrophil gelatinase-associated lipocalin pre-
cursor (NGAL), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was performed by a TagMan assay on an ABI 7000 system,
PCR primers and probes were designed as follows: murine C/EBPe,
gense, 5'-CCA TGT GGT AGG AGA CAG AGA CCT A-3', and antisense,
5.CTC TGG GAT GGA TCG ATT GTG-3'; probe FAM-5'-CGG CTG
GCG ACA TAC AGT ACA CAC AAG-3-TAMRA, and sense, 5'-CCA
AGA AGT CGG TGG ACA AGA-3, and antisense, 5'-CGG TCA TTG
TCA CTG GTC AAC T-3'; probe FAM-5"-AGC ACC TTC TGT TGC GTC
TCC ACG TT-3'-TAMRA; murine G-CSF receptor, sense, 5'-CTA AAC
ATC TCC CTC CAT GAC TT-¥, and antisense, 5°-GGC CAT GAG GTA
GAC ATG ATA CAA-3'; probe FAM-5'-CAT CTT CTC TGT CCC CAC
CGA CCA A-3-TAMRA; murine lysozyme M, sense, 5'-TGC CTG TGG
GAT CAA TTG C-3', and antisense, 5'-ATG CCA CCC ATG CTC GAA
T-3'; probe 5-FAM-CAG TGA TGT CAT CCT GCA GAC CA-TAMRA-
3’; murine NGAL, sense, 5'-GGC CTC AAG GAC GAC AAC A-3", and
antisense, 5'-CAC CAC CCA TTC AGT TGT CAA T-3'; probe 5-FAM-
CAT CTT CTC TGT CCC CAC CGA CCA A-TAMRA-3’, and murine
GAFDH sense, 5'-ACG GCA AAT TCA ACG GCA-2’, and antisense,
5'-AGA TGG TGA TGG GCT TCC-3'; probe 5'-FAM-AGG CCG AGA
ATG GGA AGC TTG TCA TC-TAMRA-3'. PCR amplifications were
performed in a 50-ul volume, containing 4 pl of cDNA template, 50 mM
KC), 10 mm Tris-HCHpH 8.3), 10 mm EDTA, 60 nn, 200 pm dNTPs, 3
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FIG. 1. The effect of dominant-negative Stat3 on G-CSF signal-
ing pathway, A, transient transfection in 293T cells with a reporter
construct with o2-macroglobulin promoter (STATt3-LUC), dominant-
negative Stat3, and G-CSF receptor. Twelve hours after transfection,
cells were stimulated with 10 ng/ml G-CSF. Promoter activity was
measured as luciferase activity 36 h after transfection. The vertical axis
number is the fold induction when compared with control. B, 32D¢l3
cells or 32D¢l3/DNStat3 cells were cultured with IL-3 and then de-
prived of IL-3 for 12 h. Cells were treated with the G-CSF for 30 min
and lysed. Post-nuclear supernatants were resclved by 10% SDS-PAGE
and transferred to nitrocellulose membranes. Membranes were probed

using the indicated antibodies. p-ERK1/2, phosphorylated ERK1/2.

. oM MgCl,, 200 nM each primer, 0.625 units of AmpliTaqGold, and 0.25

units of AmpErase uracil N-glycosylase. Each amplification reaction
also contained 100 nM appropriate detection prebe. Each PCR amplifi-
cation was performed in duplicate, using conditions of 50 °C for 2 min
preceding 95 °C for 10 min followed by 40 cycles of amplification (95 °C
for 15 s, 60 °C for 1 min). In each reaction, GAPDH was amplified as a
housekeeping gene to calculate a standard curve and allow for the
correction for variations in target sample quantities. Relative copy
numbers were calculated for each sample from the standard curve after
normalization to GAPDH by the instrument software.

Conditional C/EBPa Expression—pMY-IRES-GFP/C/EBPo-ER was
transfected into 32Dc]3 and 32D¢l3/DNStat3 cells by electroporation.
5 X 10° cells were transfected with 20 pg of expression vector, and
GFP-positive cells were sorted by FACS Vantage (BD Biosciences).
Expression of C/EBPa was determined by Western blotting analysis
(see below).

Luciferase Assay—293T cells were transfected by the calcium phos-
phate precipitation method in 6-well plates, and luciferase activity was
assayed using a luminometer Lumat LB9507 (Berthold Techrologies,
Bad Wildbad, Germany) according to the manufacturer’s protocol. Each
expression plasmid amount was 50-100 ng/well, and the same amount
of empty expression vector was used as contro), respectively. Results of
reporter assays represent the average values for relative luciferase
activity generated from five independent experiments.

Flow Cytometry—1 X 107 cells were incubated with 5 ul of recombi-
nant phosphatidylethanolamine-conjugated rabbit anti-murine Grl
ronoclonal antibody (BD Biosciences) for 3¢ min at 4 °C, washed twice
in PBS, and analyzed on a FACS Calibur (BD Biosciences).

Immunoprecipitation and Immunoblotting—Cells were lysed with
lysis buffer, and lysates were immunoprecipitated with anti C/EBPB
(Santa Cruz Biotechnology, Santa Cruz, CA) as described previously (8).
Total cell lysates or the immunoprecipitates were resolved by 10%
SDS-PAGE and transferred to a nitrocellulose membrane. Membranes
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TabLE I
Microarray analysis
32De¢l3 and 32Dcl3/DNStat3 cells were starved of cytokines for 8 b and then stimulated or left unstimulated with 10 ng/ml G-CSF. Total RNA
was extracted from each fraction and was subjected to the hybridization with high-density oligonuclectide micrearrays (MGU74Av2). Fold
induction means a rate of increase in gene expression level by G-CS8F stimulation. Candidate genes were identified as transeripts that were
up-regulated in 32Dcl3 cells and down-regulated or unchanged in 32Dcl3/DNStat3 cells after G-CSF stimulation.

Fold induction

with the indicated cytokines for 30 min and lysed. Post-nuclear super-

Gene product name Abbreviation Accession number
32D¢l3 32Dcl3/DNStat3
Bell leukemia/lymphoma & Bel2 L31532 35.6 0.0629
CyclinEl Cerel NM0G7633 29.7 0.690
Serotonin-gated ion channel SHT3 MT74425 27.2 0.592
KIF33B protein kif3b D26077 215 0.921
Protein kinase, serine/arginine-specific 1 Srpkl AB012290 18.7 0.321
MAP kinase-interacting serine/threonine kinase 1 Mknk1 ¥11091 15.7 0.845
Protein tyrosine phosphatase Pipnl3 D83966 12.4 0.964
Transferrin receptor Trr X57349 10.6 0.964
Lymphocyte antigen 57 Lys57 AF068182 9.62 0.968
Macrophage stimulating 1 receptor Mstir X74736 8.83 0.762
Mitogen-activated protein kinase kinase 7 MKKT ABO05654 8.14 0.980
RAR-related orphan receptor alpha Rora Us3228 7.94 0.861
Hemoglobin Y, g-like embryonic chain Hbb-y V00726 7.38 0.375
Runt related transeription factor 1 Runxi NMO009821 7.01 0.226
Mierotubule-associated protein 6 Mtapb Y14754 5.06 0.885
CCAAT/enhancer binding protein & C/EBPa M62362 2.05 0.840
Ecotoropic viral integration site 1 Evil M21829 1.55 0.239
Integrin alpha L Iigal M60778 '1.35 0.567
Ninjurin 1 Ninj1 U%1513 1.34 0.783
Interleukin 17 receptor ILI7R 31993 1.24 0.449
Mucosal addressin MAdCAM D50434 1.14 0.527
Carbon catabolite repression 4 homelog Cerd X16670 1.06 0.0768
Friend leukemia integration 1 FIi1 X59421 1.01 0.305
- 6 A
E A G-CSF 32013 32DcI3DNSw3
g 7 I 1 patate 1
z 4 - LIF IFNa IFNy - LIF IFNa JFNy
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z
L o ! |
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] 5
o ff s
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l I- .y - S Fic. 3. The effect of the abrogation of Stat3 on other cytokine
d N — signaling pathway. 32Dcl3 cells or 32Dc]3/DNStat3 cells were cul-
I] 1] P e — S tured with IL-3 and then deprived of IL-3 for 12 h. Cells were treated
0 - . — ..
0 2

& hour

Fic. 2. Expression of C/EBPa« mRNA in G-CSF-stimulated
32D¢l3 and 32Dcl3/DNStat3 cells. A and B, 32Dcl3 and 32Dcl3/
DNStat3 cells maintained in IL-3 were washed twice with PBS and
starved of cytokines for 8 h and stimulated with 10 ng/ml G-CSF (A} or
10 ng/ml G-CSF and 10 pg/ml cycloheximide (B). Total RNA was iso-
Jated from both cell lines at the indicated times and transcribed to
¢DNA, which was subjected to real-time PCR for murine C/EBPea. The
numbers given on the vertical axis represent the fold induction of the
ratios of GAPDH-normalized expression values when compared with
those before G-CSF stimulation. Results are expressed as mean fold of
two independent experiments.

were probed using the indicated antibodiés followed by an IgG-horse-
radish peroxidase-conjugated secondary antibody (Amersham Bio-
sciences) and visualized with the ECL detection system (Amersham
Biosciences}). Anti-phospho-ERKL/2 antibodies were purchased from
Cell Signaling (Beverly, MA). Anti-phospho-Statl and -Stat5 antibodies
were obtained from New England Biolabs (Beverly, MA), and anti-
Statl, -Stat3, and -C/EEPa antibodies were purchased from Sante Cruz
Biotechnology. Membranes were probed using and visualizes with the

natants were resolved by 10% SDS-PAGE and transferred to nitrocel-
lulose membranes. Membranes were probed using the indicated anti-
bodies. LIF, leukemia inhibitory factor.

ECL detection system (Amersham Biosciences).

Proliferation Assay—=32D ¢]3 and 32Del3/DNStat3 cells maintained
in IL-3 were washed twice with PBS and starved of eytokine for 8 h
and then stimulated with 16 ng/ml G-CSF. The number of viable cells
was determined by trypan blue dye exclusion using a hemocytometer.
[*H[Thymidine incorporaticn assays were also performed. Briefly,
cells (1 X 10%) in 100 ;1 of medium stimulated with murine IL-3 (1.0
ng/ml) or recombinant human G-CSF (10 ng/ml) were cultured for
48 h. During the final 4 h, [*H]thymidine (1uCi/well) was added. Cells
were then harvested by filtration, and radioactivity was counted by
scintillation spectrophotometer.

RESULTS

G-CSF-induced Intrecellular Signal Response in 32Del3/
DNStat3 Cells—32Dcl3 cells differentiate into neutrophils fol-
lowing treatment with G-CSF, but 32Dcl3 cells expressing a



12624

250

Stat3 Augments C/EBPa Function in G-CSF Signaling

100
A B
£z = .
= w0 3 80
g 0 Z 60 f
g 5
g . 10 2 4
EX £EX
£E % EE 2
0 0
G-CSF - - + - + Empty-vector ¥ + - -
G-CSFR - + + + + C/EBPa - - + +
C/EBPu - - - + + Em]:ly-vector + - + -
P(C/EBP)2TK Stat-¢ . + . +
P(C/EBP)2TK
100 b
? 50 GCSF - - -4
5 60 GCSF-R  + + + +
£ HA-Stat3 - + + +
g CEBPe + - + +
Eg 20 &= sua
T IP:C/EBPR, Blot:Stat3
Empty-vector - C/EBPa
Static IP:C/EBPS, Blot:C/EBPu
CTBPa
P{C/EBP)2TX

F16, 4, Activated Stat3 makes complex with C/EBPa, leading to the enhancement of C/EBPa-induced transcription. A, transient
transfection in 293T cells with a reporter construct of a minimal TK promoter with CEBP-binding sites (p(C/EBP2TK), C/EBPa, and G-CSF
receptor (G-CSFR). Twelve hours after transfection, cells were stimulated with 10 ng/ml G-CSF. Promoter activity was measured as luciferase
activity 36 h after transfection. The vertical axis nuember is the fold induction when compared with control. B and C, transient transfection in 203T
cells with a reporter construct of a minimal TK promoter with CEBP-binding sites {(p{C/EBP)2TK), C/EBPx, Stat3c, and control vectors. Promoter
activity was measured as luciferase activity 24 h after transfection. The vertical axis number is the fold induction when compared with control. D,
transient transfection in 293T cells with a construct of G-CSF receptor, HA-Stat3, and C/EBPa and control vectors. After 24 h, cells were lysed and
immunoprecipitated (IP) with anti C/EBPS. Cells were stimulated with G-CSF during the final 9 h in the culture. The immunoprecipitates were
resolved by 10% SDS-PAGE and transferred to a nitrocellulose membrane, Stat3 was detected by immunoblotting.

dominant-negative Stat3 (32Dcl3/DNStat3) proliferate follow-
ing G-CSF treatment. These cells maintain immature morpho-
logic characteristics without evidence of differentiation (11).
First, we examined the effect of dominant-negative Stat3, car-
boxyl-truncated Stat3 that lacked 55 amino acids including the
transactivation domain. We transfected reporter construct of
STATt3-LUC, in which the ¢2-macroglobulin promoter (16)
drives expression of the luciferase (LUC) reporter gene and
G-CSF receptor, together with empty vector (pcDNA3) or
DNStat3 to 293T cells. After 12 h of transfection, cells were
stimulated with 10 ng/ml G-CSF. Cells were cultured for more
24 h, and luciferase assay was performed. As shown in Fig. 14,
G-CSF induced the transeriptional activity of Stat3 by 150-fold,
and DNStat3 inhibited this G-CSF-induced Stat3 activation in
a dose-dependent manner.

G-CSF mainly induces the phosphorylation of Stat3, but it
also phosphorylates Statl and Stat5 in some cells among the
Stats family (8) and induces the activation of MAP kinases. In
both 32D¢13 cells and 32Dcl3/DNStat3 cells, neither Statl nor
Stat5 was phosphorylated in response to G-CSF (data not
shown). As for the MAP kinase activation, the degree of the
phosphorylation of ERK1/2 by G-CSF stimulation in 32Dcl3/
DNStat3 cells was stronger than that in 32D¢l3 cells (Fig. 1B).

Identification of Genes Regulated by Stat3 in the G-CSF
Signaling Pathway by Oligonucleotide Array Analysis—To
identify Stat3-regulated genes involved in granulocytic differ-
entiation, we compared gene expression change in both cell
lines using microarray analysis. 32D ¢13 and 32Dcl3/DNStat3
cells maintained in I1-3 were washed twice with PBS and
starved in RPMI 1640 containing 10% fetal bovine serum lack-
ing cytokine for 8 h and then stimulated with 10 ng/ml G-CSF.

Total RNA was isolated from 32Dcl3 cells and 32Dcl3/DNStat3
cells treated with G-CSF after 0 and 2 h, transcribed to biotin-
labeled ¢cRNA, and hybridized to GeneChip MGU74Av2 arrays
to compare the expression profile of ~12,000 murine genes. The
fold induction in the expression level of each gene was calcu-
lated as the ratio of GAPDH-normalized fluorescence intensity
value of G-CSF-stimulated cells when compared with those
before G-CSF stimulation. As shown in Table I, we could iden-
tify a set of candidate genes for Stat3 targets, expression of
which was up-regulated in 32D cl3 cells but down-regulated or
unchanged in 32Dcl3/DNStat3 cells. Such Stat3-dependent ex-
pression profiles were confirmed in triplicate experiments.

C/EBPa Is a Target Gene for Stat3 in G-CSF Signeling
Pathwaey—Among the identified genes, it was decided to focus
further efforts on C/EBPa. C/EBPa has been shown to be crit-
ical for early granulocytic differentiation (17-19), and the fac-
tors regulating its activity are unclear. The expression of |
C/EBPa was examined by real-time quantitative reverse tran-
seription-PCR. C/EBPa mRNA levels are rapidly up-regulated
in 32D¢l3 cells, being elevated 2.39-fold after 6 h and 4.20-fold
after 48 h (Fig. 24). In contrast to 32Dcl3 cells, the C/EBPa
mRENA levels were not changed in 32Dcl3/DNStat3 cells after
G-CSF stimulation (Fig. 2A). A similar expression pattern was
seen in separate experiments with independently designed
primers and probes {(data not shown). Levels of C/EBPa mRNA
were unaffected by cycloheximide treatment (Fig. 2B). The
expression level of the sum of Stat3 plus dominant-negative
Stat3 in 32Dcl3/DNStat3 cells is a little larger than that of
Stat3 in 32Dcl3 cells (Fig. 2C).

Activated Stat3 Binds to C/EBPa and Enhances the Tran-
seription Activity of C/EBPa—We next examined the effect of
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F1G. 5. Proliferation of 32Dcl3 and 32D¢13/DNStat3 by restoration of C/EBPa. A, the expression vector pMY-IRES-GFP/C/EBPa-ER was
transfected into 32Dcl2 and 32Dcl3/DNStat3 cells. The expression of C/EBPo-ER was examined by Western blotting (WB) using anti-C/EBPa
polyclonal antiserum. Lane I, 32Dcl3; lane 2, 32D/CEBPA; lane 3, 32Dcl3/DNStat3; lane 4, 32DcI3/DNStat3/CEBPA. B, growth curve of 32Dcl3,
32Dcl3/CEBPA cells (upper panel), and 32Dcl3/DNStat3, 32Dc13/DNStat3/CEBPA cells {(lower panel). Cells maintained in IL-3 were washed twice
with PBS and starved of cytokines for § h and stimulated with 10 ng/ml G-CSF plus 0.5 um 4-HT or vehicle. Viable cells were counted daily by
trypan blue dye exclusion method at the indicated times. The numbers given on the vertical axis represent the mean cell counts (X10%well) of
triplicate wells, Standard deviations (S.D).) were less than 15% of each mean. Three independent experiments were performed, and similar results
were obtained. Data shown are representative of these results. C, *H incorporation assays in 32Dcl3, 32Dcl3/CEBPA (upper panel) and
32Dcl3/DNStat3 and 32Dcl3/DNStat3/CEBPA cells {lower panel). Cells maintained in IL-3 were washed twice with PBS and starved of cytokines
for 8 h and stimulated with 10 ng/ml G-CSF plus 0.5 M 4-HT or vehicle for 48 h. During the final 4 h, 1 uCi of [PHlthymidine was added, cells
were harvested by filtration, and radioactivity was counted by scintillation spectrophotometer. Results are expressed as mean cpm of triplicate
wells = S.D. Three independent experiments were performed, and similar results were obtained. Data shown are representative of these results.

Stat3 abrogation on the balance of intracellular signals in other
cytokine pathways. Although Statl was not phosphorylated by
leukemia inhibitory factor stimulation in neither 32Dcl3 cells
nor 32Dcl3/DNStat3 cells, its activation in response to IFN-y
cecurred at the same degree in both 32¢l3 cells and 32D¢l3/
DNStat3 cells (Fig. 34). As for the Stat5 activation, the phos-
phorylation of Stat5 by IL-3 stimulation in 32Dcl3 cells was
stronger than that in 32Dcl3/DNStat3 cells (Fig. 3B). These
data indicated that there was the possibility that abrogation of
Stat3 signaling can alter the balance of intracellular signals in
other cytokine signaling pathways. The transcription of
C/EBPua is regulated by C/EBPa itself (20, 21). Then we exam-
ined whether activated Stat3 in G-CSF signaling enhance
C/EBPa activity or not.

We transfected a reporter construct of a minimal TK pro-
moter with CEBP-binding sites (p(C/EBP)2TK), C/EBPa, and
G-CSF receptor to 292T cells. After 12 h of transfection, cells
were stimulated with 10 ng/ml G-CSF. Cells were cultured for
more 24 h, and a luciferase assay was performed. C/EBPa
up-regulated the C/EBPa-dependent gene expression, and the
G-CSF stimulation enhanced this C/EBPa-dependent gene ex-
pression (Fig. 4A). Next we examined the effect of constitutive

active Stat3 (Stat3C) on the augmentation of C/EBPa tran-
scriptional activity instead of the G-CSF stimulation. We trans-
fected reporter construct p(C/EBP)2TK, C/EBP«, and Stat3C to
293T cells. After 24 h of transfection, luciferase assay was
performed. Stat3C augmented the C/EBPa-dependent gene ex-
pression, although Stat3C alone had no influence on the lucif-
erase activity (Fig. 4, B and C).

As p(C/EBP)2TK contains only a C/EBPa-binding site and
does not contain a Stat3-binding sequence, the possibility that
Stat3C makes a complex with C/EBPa and augments the fune-
tion of C/EBPu is raised. Then we transfected C/EBP«, Stat3,
and G-CSF receptor to 293T cells and stimulated cells with
G-CSF for 6 h. There is no detectable level of endogenous
C/EBPa or C/EBPS protein in 293T cells. Cells were lysed and
immunoprecipitated with C/EBPS antibody (this antibody
cross-reacts with C/EBP«). As shown in Fig. 4D, immunopre-
cipitants with anti-C/EBPS contain Stat3. In addition, the com-
plex formation between C/EBPa and Stat3 is augmented by
G-CSF stimulation, indicating that activated Stat3 makes the
complex with C/EBPa.

C/EBPua Restores G-CSF-induced Granulocytic Differentia-
tion in 32Dcl3/DNStat3 Cells—To analyze the role of Stat3-
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FiG.6. Morphologic features of
32D¢l3/DNStat3 and 32Dcl3/DNStatd/
CEBPA cells. Granulocytic differentia-
tion of 32Dcl3/DNStat3 cells after induec-
tion of C/EBPa is shown. Cells were
maintained in 1L-3 and washed twice
with PBES and then starved of eytokines
for 8 h and stimulated with 10 ng/m] G-
CSF plus 0.5 uM 4-HT or vehicle for 5 or 8

32DcIYDNStat3

Day$

days. The cells were eytospun and stained
with May-Grunwald and Giemsa stain
(original magnification, X400).

TasLe IT
Differential count of 32Dcl3/DNStat3 and
32Dcl3/ DNStat3/CEBPA cells

32Del3/DNStat3 and32Dc13/DNStat3/CEBPA cells were maintained
in IL-3 and starved of cytokines for 8 h and stimulated with 10 ng/ml
G-CSF plus 0.5 uM 4-HT or vehicle for 5 days. Differential count was
perfermed by May-Grunwald and Giemsa stain. Values are the mean *
S.D. percent of cells from three independent experiments. Myelocyte
includes promyelocytes, myelecytes, and metamyelocytes. Band(seg)
includes band and segmented neutrophils.

Cells G-CSF+Vehicle G-CSF+4HT

32Dcl3/DNStat3

Myeloblasts 980+0 99,3 = 0.47

Myelocytes 13 +0.94 0.67 = 0.47

Band(seg) 0.67 = 0.94 0=
32Dcl3/DNStat3/CEBPA

Myeloblasts 907+ 3.3 30=28

Myelocytes 5.0 = 0.82 543 *24

Band(seg) 43x26 42.7 + 0.47

regulated C/EBPx function in the G-CSF signaling pathway,
we transfected a C/EBPa-tamoxifen receptor fusion protein
(C/EBPa-ER) into 32Dcl3 and 32Dc13/DNStat3 cells (32Dcl3/
CEBPA. cells, 32Del3/DNStat3/CEBPA cells, respectively). The
expression of C/EBPa-ER in these cells was verified by Western
blotting (Fig. 5A). C/EBPa-ER localizes to the cytoplasm and is
in an inactive form in the absence of tamoxifen. Upon treat-
ment with tamoxifen, it translocates from eytoplasm to nucleus
and becomes active, 32Dcl3, 32Dc13/CEBPA, 32Dcl3/DNStat3,
and 32Dcl3/DNStat3/CEBPA cells were cultured with G-CSF
in the presence or absence of tamoxifen, and cell proliferation
was examined by both counting viable cells and [*Hjthymidine
incorporation. 32Dcl3/DNStat3 proliferated in response to G-
CSF, and proliferation was not affected by the presence of
tamoxifen. Conversely, G-CSF-induced proliferation of 32Dcl3/
DNStat3/CEBPA cells in the presence of tamoxifen was dra-
matically reduced (Fig. 5, B and C).

32Dcl3/DNStat3 cells maintain morphologically immature
characteristics and proliferate without granulocytic differenti-
ation after G-CSF stimulation. We examined the morphological
changes in 32Dc!3 and 32Dcl3/DNStat3 cells induced by G-CSF
after translocation of C/EBPa from the cytoplasm to the nu-
cleus. When tamoxifen was added to medium containing G-
CSF, 32Dcl3/DNStat3/CEBPA cells rapidly began to differen-
tiate into granulocytes, and 5 days later, about 40% of the cells
were morphologically similar to mature neutrophils. In con-
trast, 32Dcl3/DNStat3/CEBPA cells cultured in G-CSF-con-

taining medium without tamoxifen appeared immature with
blast-like morphologic features (Fig. 6, Table II). To quantita-
tively analyze the difference in granulocyte maturation in
32Dcl3/DNStat3/CEBPA cells stimulated by G-CSF in the
presence of tamoxifen, the mature granulocyte marker Gr-1
was monitored by FACS analysis, 32Dcl3 cells differentiate
into Gr-1-positive neutrophils in response to G-CSF (Fig. 74).
As shown in Fig. 7D, Gr-1-positive cells were increased by the
addition of tamoxifen in 32Dcl3/DNStat3/CEBPA cells treated
with G-CSF, although low levels were detected in the absence
of tamoxifen.

C/!EBPa Up-regulates Genes That Are Related to Granulo-
cytic Differentietion—In a conditional expression system, in-
duction of C/EBPa leads to expression of granulocyte-specific
genes, such as neutrophil primary granule genes (lysozyme M,
NGAL) and the G-CSF receptor gene (17). In 32Dcl3/DNStat3
cells, the expression of these genes following G-CSF stimula-
tion was inhibited (Fig. 8, A, C, and E). Interestingly, only
NGAL was up-regulated by G-CSF in 32Dcl3/DNStat3/CEBPA
cells following the restoration of C/EBP« {Fig. 8B). Conversely,
the expression of lysozyme M and the G-CS¥F receptor were not
changed by the restoration of C/EBPe (Fig. 8, D and F). These
data suggest that regulatory factors in addition to C/EBPa may
be involved in the induction of expression of granulocyte-spe-
cific genes by G-CSF.

DISCUSSION

G-CSF plays a pivotal role in granulopoiesis and granulo-
eytic differentiation. The binding of G-CSF to its receptor leads
to the activation of the Jak-Stat pathway, phosphatidylinosi-
tol-3 kinase pathway, and Ras-MAF kinase cascade (22). In the
Jak-Stat pathway, G-CSF activates Jakl, Jak2, and Tyk2 fol-
lowed by the activation of Statl, Stat3, and Stat5 (7, 8).

Dominant-negative Stat2 inhibits G-CSF-induced transcrip-
tional activity of Stat3 (Fig. 1A), as does G-CSF-induced granu-
locytic differentiation in vitro (11). Also, more transgenic mice
with a targeted mutation of their G-CSF receptor that abolishes
G-CSF-dependent Stat3 activation show severe neutropenia with
an accumulation of immature myeloid precursors in their bone
marrows {12). Consequently, Stat3 is thought to play an essential
role in G-CSF-induced granulocytic differentiation.

32Dcl3 cells differentiate into neutrophils after treatment
with G-CSF, and 32Dcl3/DNStat3 cells (32Del3 cells expressing
dominant-negative Stat3) proliferate in G-CSF without differ-
entiation. The degree of the phosphorylation of ERKL/2 by
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F1G. 7. The expression of Gr-1 on 32D¢l3, 32Dcl3/DNStat3, and 32Dcl3/DNStat3/CEBPA cells, 32Dcl3 (4) and 32Dcl3/DNStat3 cells (B)
maintained in [1-3 (broken line} were starved of cytckines for 8 h and stimulated with 10 ng/ml G-CSF fer 5 days (solid lire). 32Dcl3/DNStat3/
CEBPA (C) cells maintained in IL-3 were starved of cytokine for 8 h and stimulated with 1.0 ng/m! IL-3 (C) or 10 ngiml G-CSF (D) plus 0.5 uM 4-HT

(solid line) or vehicle {(broken lire) for 5 days.

G-CSF stimulation in 32Dcl3/DNStat3 cells was stronger than
that in 32D¢13 cells (Fig. 1B). We reported that Stat3 null bone
marrow cells displayed a significant activation of ERK1/2 after
G-CSF stimulation than wild-type bone marrow cells did using
Stat3 conditional deficient mice {23). Then the augmented
phosphorylation of ERK1/2 in response to G-CSF in 32Dcl3/
DNStat3 cells might be caused by the functional abrogation of
Stat3 in 32Dcl13/DNStat3 cells,

We compared gene profiles between two cell lines, 32Dcl3
and 32Dcl3/DNStat3 cells, to identify target genes of Stat3 in
G-CSF signaling. We found that C/EBPa mRNA levels are
rapidly up-regulated in 32Dcl3 cells following G-CSF treat-
ment; these levels are increased 2.39-fold after € h and 4.20-
fold after 48 h of treatment. In contrast to 32Dcl3 cells, C/EBPa
mRNA levels are not changed in 32Dcl3/DNStat3 cells after
G-CSF stimulation (Fig. 24). The observation that cyclohexi-
mide does not inhibit G-CSF-induced increases in C/EBPa
transcript levels (Fig. 2B) suggests that C/EBPe is induced by
G-CSF directly downstream of Stat3. Dahl et al. (24) also re-
ported that G-CSF induced the expression of C/EBP« in IL-3-
dependent progenitors. SOCS3 is one of the major target genes
of Stat3. We previously reported that the expression level of
S0CS3 protein in Stat3-deficient bone marrow cells is a trace,
and it is not augmented by G-CSF stimulation (23). Contrary to
this suppression of SOCS3 in Stat3-deficient cells, the induc-
tion of SOCS3 by G-CSF is not abelished in 32Dcl3/DNStat3
cells (data not shown). ]

The phosphorylation of ERK1/2 by G-CSF is stronger and the
phosphorylation of Stat5 by IL-3 is weaker in 32Dcl3/DNStat3
cells when compared with those in 32D/CI3 celis, although
Statl phosphorylation by IFN-y was not changed between
these two cells (Figs. 1B and 3). Then there is the possibility
that the transfection of dominant-negative Stat3 affects other
signaling pathways in 32Dcl3/DNStat3 cells, resulting in the
change of C/EBP« regulation. To clarify whether Stat3 directly
up-regulates C/EBPa in the G-CSF signaling pathway in
32Dcl3 cells or not, we examined the effect of Stat3C on the
transcription of C/EBPa. C/EBPa up-regulated the C/EBPa-de-
pendent gene expression, and the G-CSF stimulation enhanced
this C/EBPa-dependent gene expression (Fig. 44). Strikingly,
Stat3C augmented the C/EBPa-dependent gene expression as
G-CSF stimulation did (Fig. 4, B and C). This means that
G-CSF-induced up-regulation of C/EBPa-dependent gene ex-
pression is, at least partly, due to the activation of Stat3.

Two possibilities arise for the mechanism of the induction of
C/EBPa transcription by activated Stat3 in the G-CSF signal-
ing pathway. One is that activated Stat3 binds to the promoter
region of C/EBPa« and induces the transcription of C/EBPa.
Analysis of the reported murine C/EBPa promoter sequence
(20) identified no Stat-responsive elements (TTN5AA) (25, 26),
but we found six Stat-responsive elements between 6 and 4 kb
upstream of the C/EBPa transcription initiation site. Activated
Stat3 might bind these Stat-responsive elements between 6
and 4 kb upstream of the C/EBPa transcription initiation site.
The other possibility is that activated Stat3 might form the
complex with C/EBPa and augment the transcriptional activity
of C/EBPx because C/EBPa itself is the only protein reported to
activate the murine C/EBPa promoter (20, 21). When a mini-
mal TK promoter with CEBP-binding sites (p(C/EBP)2TK) to-
gether with C/EBPa was transfected to 293T cells, C/EBPx
up-regulated C/EBPa-dependent gene expression. Activated
Stat3 (8tat3C) enhanced this C/EBPa-dependent gene expres-
sion in collaboration with C/EBPa, although only Stat3C has
no transcriptional activity on p(C/EBP)2TK (Fig. 4, B and C).
In addition, the stimulation of G-CSF allows Stat3 to make the
complex with C/EBPa (Fig. 4D). Then activated Stat3 by G-
CSF makes the complex with C/EBP« and augments the tran-
scriptional activity of C/EBPa. This is one of the reasons why
induction of C/EBPw« transeript through Stat3 activation by
G-CSF occurred in 32Dcl3 eells. Several reports have described
factors that repress C/EBPa promoter activity, such as SP1
(27), AP2A (28), or MYC (29). We show here for the first time
that Stat3 augments the C/EBPa promoter activity.

Intracellular transcript levels of several genes were changed
following G-CSF treatment downstream of Stat3 activation (Ta-
ble I). To better identify the role of C/EBPa in Stat3-mediated
signaling in G-CSF-induced granulocyte differentiation,
C/EBPo-ER (C/EBPa-tamoxifen receptor fusion protein) was sta-
bly expressed in 32Dcl3 and 32Dcl3/DNStat3 cells, C/EBPa-ER
translocates from the cytoplasm to the nucleus and becomes
activated upon treatment with tamoxifen. Strikingly, transfec-
tion of C/EBPa-ER into 32D¢l3/DNStat3 cells abolished prolifer-
ation and induced myeloid differentiation by G-CSF without
Stat3 activation (Figs. 5, B and C, and 6). These data indicate
that VJEBPa activation induced by G-CSF through Stat3 plays
an essential role in stopping the cell proliferation and inducing
the differentiation to the myeloid lineage.
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F1c. 8. Granulocyte-specific gene expressions after C/EBPa induction. The time course of NGAL (A and B), G-CSF receptor (G-CSFR)
(C and D), and lysozyme M (E and ) mRNA expression following G-CSF stimulaticn in 32Dcl3 and 32Dcl3/DNStat3 cells (A, C, and E) or by G-CSF
stimulation with 4-HT or vehicle in 32Dcl3/DNStat3/CEBPA cells (B, D, and F) is shown. Cells maintained in IL-3 were starved of eytokines for
8 h and stimulated with G-CSF, G-CS¥F, plus 4-HT and G-CSF plus vehicle. Total RNA was isolated at the indicated times after the stimulation
and transcribed to cDNA, which was subjected to real-time PCR. The numbers given on the vertical axis represent the fold induction of ratios of
average GAPDH-normalized expression values when compared with those before stimulation, Three independent experiments were performed,
and similar results were obtained and shown data are the representative of them.

The CEBP family of transcription factor is expressed in
multiple cell types, including hepatocytes, adipocytes, kerati-
nocytes, enterocytes, and cells of the lung (30, 31). C/EBP«
transactivates the promoters of hepatocyte- and adipocyte-spe-
cific genes, which are important for energy homeostasis (32,
33), and C/EBPua-deficient mice lack hepatic glycogen stores
and die from hypoglycemia within 8 h of birth (34). In the
hematopoietic system, C/EBPa is exclusively expressed in my-
elomonocytic eells (35, 36). C/EBPa expression is prominent in
mature myeloid cells, and previous investigations found that
C/EBPu« is critical for early granulocytic differentiation. Mice
with a targeted disruption of the C/EBPa gene demonstrate an
early block in granuloeytic differentiation, but they develop
normal monocytes (19). Conditional expression of C/EBPe is
sufficient to induce granulocytic differentiation (17). In con-
trast to the essential role of C/EBPa in granulocytic differen-
tiation, the role of Stat in granulopoiesis is controversial. Stat3
is the principle Stat protein activated by G-CSF, with Statb
and Statl also activated to a lesser degree (8, 10). In mice
lacking Stat5a and Stat5h, the number of colonies produced in
response to G-CSF was reduced 2-fold despite normal circulat-
ing numbers of neutrophils (9). Myeloid cell lines expressing
dominant-negative forms of Stat3 (11, 37, 38) and transgenic
mice with a targeted mutation of the G-CSF receptor that
abolishes G-CSF-dependent Stat3 activation (12) demonstrate
that Stat3-activation is required for G-CSF-dependent granu-
locytic proliferation and differentiation.

In the present study, we clearly demonstrate that the expres-
sion of C/EBP« mRNA is up-regulated through the activation of

Stat3 in response to G-CSF, and the Stat3-C/EBPa signaling
cascade plays an important role in G-CSF-induced differentia-
tion. Contrary to these data, however, we and others showed
that mice conditionally lacking Stat3 in their hematopoietic
progenitors developed neutrophilia, and bone marrow cells
were hyper-responsive to G-CSF stimulation (23, 39). Addition-
ally, mice with tissue-specific disruption of Stat3 in bone mar-
row cells die within 4-6 weeks after birth with Crohn’s dis-
ease-like pathogenesis (40). These mice exhibit phenotypes
with dramatic expansion of myeloid cells, leading to massive
infiltration of the intestine with neutrophils, macrophages, and
eosinophils. Cells of the myeloid lineage also demonstrate auv-
tonemous proliferation. These apparently disparate results
may be explained by the need for molecules in addition to Stat3
to regulate C/EBP« expression in vivo, the in vive functional
redundancy among C/EBPa regulators, or the absence of the
abrogation of SOCS3 induction by G-CSF in 32Dcl3/DNStat3
cells. In 32D¢13 cells, the Stat3-C/EBP« pathway might be
favored, and other pathways may contribute little to granulo-
cytic differentiation in response to G-CSF.

Among C/EBP family, C/EBPe is important for late phase of
granulocytic differentiation, and its expression is up-regulated
by G-CSF independent of Stat3 (11}, A previous report showed
that C/EBPe is a transcriptional target of C/EBPe in 32Dcl3
cells (41). From these reports and our results, we speculated
that a small amount of C/EBPe is enough for the induction of
the transeription of C/EBPe by G-CSF or that there are multi-
ple signaling steps except for Stat3-C/EBPe« to induce the tran-
scription of C/EBPe by G-CSF.
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Induction of C/EBPx led to not only morphologic differenti-
ation but also expression of granulocyte-specific genes (17). In
32Dc13/DNStat3 cells, the induction of the G-CSF receptor,
lysozyme M, and NGAL in response to G-CSF was abrogated
(Fig. 8). Restoration of C/EBPa in these cells led to expression
of only the NGAL gene, and thus, 32Dcl3/DNStat3 cells differ-
entiated by the induction of C/EBP« may not be functional as
mature neutrophils. In these cells, therefore, activation of
C/EBP« is not sufficient for the induction of lysozyme M or
G-CSF receptor genes, and the presence of other melecules
appears to be required for their expression.
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Abstract

A chimeric toxin in which the cell- surfaoe bmdmg domain of Pseudoimonas exotoxin A was replaced with matufe human
granulocyte colony-stimulating factor (G-CSF) was produced in Escherichia colf, purified and tested for its biological activity on the
human G-CSF-responswe myeloid leukemia cell line, UT7/GR. This fusion protein, terthed G-CSF-PE40; showed potent cyto-
toxicity in the cell line in a dose-dependent manner. G-CSF-PE40 displaced binding of bitinylated G-CSF to its receptor, and the
cytotoxicity of G-CSF-PE40) wa$ neutralized by an excess of wild-type G-CSF, indicating the receptor-medlated effects of this
chimeric toxin. When G-CSF-PE40 was injected into normal mice, they showed transient heutropenia but no significant changes in
the numbers of red blood cells or p]atelcts Furthermore, G-CS8F-PEAQ prolonged the survival of mice transplanted with syngeneic
myeloid leukemia cells. These observations suggest that G-CSF-PE40 may be useful in targeted therapy of myeloid leukemia cells

expressing G-CSF receptors.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Targeting therapy; Granulocyte colony-stimulating factor; G-CSF receplor; Pseudomonas exotoxin A; Acute myeloid ledkemia

Bacterial and plant toxins have been attached chem-
ically or genetically to monoclonal antibodies and
polypeptide hormones to target their cytotoxicity to-
ward specific eukaryotic cells [1 2]. One such toxin,
Pseudomonas exotoxin A (PE), is composed of three
structural domains [3): domain Ia is essential for binding
to the cell-surface receptor, domain I for translocation
across the cell membrane into the cytoplasm, and do-
main III for ADP-ribosylation of elongation factor 2,
the process essential for cell death [2,4}. The role of
domain Ib has vet to be determined [5]. A 40-kDa mu-

* Abbreviations: G-CSF, granulocyte colony-stimulating factor;
PE, Pseudomonas exotoxin A; AML, acute myeloid leukemia; SCT,
stem ccll transplantation. ’
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tant of PE lacking domain Ia (PE40) was shown previ-
ously to retain full enzymatic activity but showed no
cytotoxicity due to the lack of endocytosis [4]. The cy-
totoxic activity of PEA40 can be restored by fusing the
gene segment encoding PE40 to ¢cDNAs encoding sev-
eral growth factors, including transforming growth
factor-¢i [4,6), interleukin-2 [7], interleukin-4 [B], inter-
leukin-6 [9], and interleukin-13 [10], and expressing these
chimeric genes in Escherichia coli.

Granulocyte colony-stimulating factor (G-CSF) is a
20-kDa glycoprotéin, which i§ produced by activated
macrophages, endothelial cells, and fibroblasts [11~13].
G-CSF primarily régulates production of nheutrophilic
granulocytes, enhances their maturation, and activates
their function [13]. In fact, injection of pharmacological
doses of G-CSF into normal mice results in marked
increases in the numbers of granulocytes and their
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committed progenitors without significant effects on
other types_of hematopoietic cells [12]. Furthermore,
mice Jacking either G-CSF or its receptor have chronic
neutropenia, myeloid progenitor cell deficiency, and
impaired neutrophil mobilization [14,15]). G-CSF also
stimulates clonogenic growth of myeloid leukemia cells
in vitro [16,17). The numbers of G-CSF receptors and
responses to G-CSF in leukemia are controversial [12].

G-CSF specifically binds’ to its cell-surface receptor,

which can be detected mainly in myeloid cells, including
mature neutrophils and their progenitors, as well as the
majority of myeloid leukemia cells. Thus, G-CSF ap-
pears to be an ideal vehicle for delivering certain bio-
logical substances into not only normal myeloid cells but
also myeloid leukemia cells. Conjugatlon of a cytotoxic
agent, such as PE40, to G-CSF would allow thé devel-
opment of novel lethal weapons against a subtype of
acute myeloid leukemia (AML) cells-in which surface
expression of G-CSF receptors is abnormally up-regu-
lated [18].

Here, we report the construction, expression, and
purification of G-CSF-PE40. As expected, this toxin was
active on myeloid leukemia cell line, which is dependent
on G-CSF for growth and survival. Furthermore, in-
jection of the G-CSF toxin resulted in not only transient
neutropenia in normal mice but also prelonged survival
of myeloid leukemic mice. The possibility of clinical
application of G-CSF-PE40 is also discussed.

Materials and methods

Materials. Enzymes and chemicals were purchased from TaKaRa
Bio (Ohtsu, Japan), New England Biolabs (Beverly, MA), Sigma—
Aldrich (8t. Louis, MO), or Amersham Biosciences (Piscataway, NJI),
and used under the conditions recommended by the suppliers. Human
recombinant G-CSF and a goat anti-human G-CSF antibody were
provided by Chugai Pharmaceutical (Tokyo, Japan). A goat anti-PE
antibody was obtained from Invitrogen (Carlsbad, CA). [*H]Leucine
was purchased from Amersham Biosciences.

Plasmids, bacterial strains, and cell lines. E. coli strain DH5a
(Invitrogen) was used for transformation and amplification of plas-
mids, BL21{ADE3) (Invitrogen}, which carries a T7 RNA polymerase
gene in lysogenic and inducible form, was used for the synthesis of G-
CSF-PE40. Plasmid pVC38H, which carries the human transforming
growth factor-o cDNA under control of the phage T7 late promoter,
was a kind gift from Dr. Pastan (National Cancer Institute, Bethesda,
MD) [6]. Human G-CSF ¢cDNA was a gift from Dr. Nataga (Osaka
University, Osaka, Japan). The human myeloil leukemia cell line
UT-7 (referred to as UT-7/EPO in the ongmal report [19]) and its
derivative, UT-7/GR (originally referred to as UT-7/EPO G-full),
transformed with the human G-CSF receptor, were kind gifts from Dr.
Komatsu (Jichi Medical School, Tochigi, Japan), and were maintained
in Iscove’s modified Dulbecco’s medium with 10% fetal calf serum and
1 U/ml] human erythropoietin (Chugai Pharmaceutical, Tokvo, Japan)
as described previcusly [19]. )

Plasmid construction. The chimeric gene encoding G-CSF-PE40
was constructed as summarized in Fig, 1A, First, we created an Ndel
site at the 5’ end and a HindI1l site at the ¥ end of the G-CSF coding
sequence by polymerase chain reactipn: using a pair of primers: sense,
§-T GGA ATT CAT ATG ACa CCa tTa GGC CCT GCC AGC-3;

A

SD\ Ndel Hindl! EcoRlI
T
—
Hind!ll
PCR
Ndel Hindhl, Ndel Hindlll
digestion '
' Linearized pVC38H
Ndel Hindlll
T4 DNA Ligase
SD\ Ndel Hind!ll' EcoRlI

hG-CSF 151411

B ow=G.CSF = m— PEAQ m—
* -1 174 * * * 253 613
Met-Thr==----- Pro- Lys -Ala-Phe-Gly~----- Lys -

Fig. 1. (A) Scheme for construction of expresston plasmid pGLALI,
encoding G-CSF-PE40. (B) Part of the amino acid sequence of G-

. CSF-PE40. One amino acid (¥) was added at the amino-terminus of G-
_CSF to create an initiation codon. Three amino acids (¥) were added
between G-CSF and PEA40 to create a HindIIl site. Abbreviations: SD,

Shine-Dalgamo sequence; hTGF-«, ¢cDNA enceding human tumor
growth factor &; AMP, ampicillin resistance gene.

antisense, 5'-CC TAA_GCT TTG GGC TGG GCA AGG TGG CG-
3. (Restriction sites are underlined, and the mutated codons in the
sense primer are indicated by lowercase letters, while these changes are
silent for amino actd sequences of G-CSF.) After 30 cycles of poly-
merase chain reaction using linearized human G-CSF cDNA as a
template, amplified DNA fragments were cut with Ndel and Hindlll.
After separation on a low-melting-point agarose gel, the 0.5kb DNA
fragment was eluted and subcloned into the corresponding sites of
pVC38H, which carries the human transforming growth factor-a
¢DNA under control of the phage T7 late promoter. The resulting
plasmid (pGL411} encoded an additional three amino acids between
G-CSF and PE40 (Fig. 1B). .

Expression and purification of G- CSF PE40. We induced, refolded,
and purified G-CSF-PE40) by techniques similar to those described
previously [10,20-22}. BL21(ADE3) cells were transformed with the
plasmid pGLA411, cultured in 1000ml LB broth (BioWittaker, Walk-
ersville, MD) supplemented with carbenicillin (50 pg/ml) for 3h, at
which time optical density at 595nm (ODss) was 1.272, and then
expression of the recombinant protein was induced by incubation with
1mM isopropyl p-p-thiogalactoside for 150min. The following pro-
cedures were performed at 4°C unless otherwise stated. Cells were
collected by centrifugation at 6000g for 30min. The cell pellet was
treated with 75 ml of ice-cold sucrose buffer (20% sucrose, 30mM Tris,
pH 8.0, and 1 mM EDTA) for 10min and centrifuged at 8000g for
20min. The cell pellet was resuspended in 150ml of ice-cold water,
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incubated for 10min, and centrifuged at 15,000g for 20 min. Finally,
the Tlet was suspended in 180 ml of 50/20 TE builer (50mM Tris, pH

and 20mM EDTA) and treated with 200 pg/ml lysozyme for
60mm at room temperature with intermittent shaking. Then, the
suspension was homogenized after inactivation of lysozyme by addi-
tion of 4ml of 5M sodium chloride and centrifuged at 50,000¢ for
30 min. The resulting pellet was resuspended with 180ml of 50/20 TE
buffer supplemented with 0.1% Triton X-100 and collected by centri-
fugdtion at 50,000g for 30 min. This washing procedure was repeated
five times. The resulting pellet was the inclusion body and was used as
the bource of G-CSF-PE40 fusion protein.

Solubilization and renaturation of the protein. The inclusion body
was denatured in 15ml of solubilization buffer (7TM guanidine hy-
drochloride,. 0.1 M Tuis, pH 8.0, and 2mM EDTA). The solubilized
inclusion body supernatant including approximately 100mg protein
was reduced by adding 100 mg of dry dithioerythritol and incubated at
room temperature for 24 h. The reduced protein was diluted in 1000 ml
of refolding buffer (1.5M urea, 75mM Tris, pH 8.0, 500mM vL-argi-
nine, 1 mM oxidized glutathione, and 1.5mM EDTA) and incubated
at 10°C for 48 h. The solution including refolded protein was dialyzed
against 12 L of dialysis buffer (20 mM Tris, pH 8.0, and 100 mM urea)
with three buffer changes in 24h, The dialysat¢ was centrifuged at
2500g for 30min and filtered through a 0.45-pm filter.

Jon exchange chromatography on Q-Sepharose and MonoQ. The
refolded and dialyzed protein solution was loaded onto an 8ml
Q-SepharoseFF column (Amersham Biosciences) attached to a fast
protein liquid chromatograph (Amersham Biosciences) and eluted with
a linear gradient of sodium chloride (0-1.0 M NaCl in 20mM Tris, pH
8.0) in 8 column volumes, Half-column volume fractions were collected
at a flow rate of 4.0ml/min, and the eluted proteins were concentrated
in two fractions, dialyzed against 20mM Tris, pH 8.0, and then loaded
ontd a MonoQ column (Amersham Biosciences). The samples were
eluted with a similar linear gradient of sodium chloride in 15 column
volumes. One-column volume fractions were collected at a flow rate
0.5mlmin. The purified fusion protein was analyzed for the presence
of G-CSF-PE40 by SDS-PAGE and immunoblotting. The fractions
containing the fusion protein were dialyzed against phosphate-buffered
saline and filter sterilized for further biological assays. .

Quantification of G-CSF-PE40. Protein concentration was mea-
sured using a Bradford protein assay kit (Bio-Rad) with bovme serum
albumin as a standard.

Gel electrophoresis and immunoblotting. SDS-PAGE on 10-20%
gradiént Tricine gels (Invitrogen) was performed according té the
manufacturer’s instructions. The geis were stained with Coomassie
blue. For immunoblotting, the electrophoresed samples were trans-
ferred onto PVDF membranes (Millipore) and processed using anti-
Bodies to native PE or to human G-CSF. Detection was performed with
ECL Western blotting detection reagents (Amersham Biosciences).

Cytotoxicity assay. We tested the biological activities of the chi-
meric toxin using UT-7, and its derivative, UT-7/GR [19]. While UT-%/
GR expresses G-CSF receptors, UT-7 does not, UT-7 or UT-7/GR
cells were washed 2-3 times with phosphate-buffered saline and then
cultured at a density of 2.5 x 10° cells/well in 96-well plates in Iscove’s
modified Dulbecco’s medium containing 10% fetal calf serom, Varying
concentrations of G-CSF-PE40 were added to the wells and the cells
were cultured for 2 days. Aliquots of 10pi of WST-1 solution
(TaKaRa Bio) were added to each well and 4 h later the OD at 440-
600nm of each well was read with a Spectra Max 340 (Molecular
Devices, Sunnyvale, CA). In the competition assay, cells were incu-
bated with various concentrations of G-CSF-PE40 and a constant
concentration (12.5pg/ml) wild-type human G-CSF (Fig. 4A) or a
constant concentration (1.0pg/ml) of G-CSF-PE40 and various con-
centrations of competitive wild-type human G-CSF (Fig. 4B). Tritiated
leucine uptake assay was performed to test protem synthesis as de-
scribed previously [10,20-22].

Receptor binding assay. G-CSF receptor binding of G- CSF-PE40
was performed as described previously [23-25]. Briefly, 2.5 x 10° UT-¥

GR and 100rg/ml of biotin-labeled G-CSF with or without various
concentrations of G-CSF-PE40 were incubated for 1h on ice. After
washing with phosphate-buflered saline containing 5% fetal calf serum,
cells were incubated with 10% streptavidin-phycoerythrin conjugate
{Becton-Dickinson, San Jose, CA). We confirmed that a 100-fold ex-
cess of unlabeled G-CSF completely competed for biotin-labeled
G-CSF binding. Fluorescence intensity was measured with LSR
{Becton-Dickinson). The data were collected for 10,000 évents. Then,
gated cells were analyzed using CellQuest software (Betton—Dickin-
son). N¢ apoplotic population was detected after short-term incuba-
tion with G-CSF-PE40 {data not shown). "+ ° :

Animal models. C57/BL mice were obtained from the Animal
Center, Kyushu University (Fukuoka, Japan). We injected 3.5png/
day of G-CSF-PE40 into C57/BL mice intraperitoneally for 3 con-
tinuous days and then examined neutrophil count, ly-mphocyte
count, hemoglobin level, and thrombocyte counts. SJL-J mice and
the L-103 leukemia cell line were kind gifts from Dr. Tamura
(Chugai Pharmaceutical). The mice and cells were maintained as
described previously [13,26,27}. The $JL-§ mice were transplanted
with 1 x 10° L-103 cells, and then 114ng/body/day of G-CSF-PE40
was admunistered intraperitoneally for the following 3 continuous
days. Overall survival of the L-103 leukemia-transplanted mice was
monitored.

Results

Construction, expression, and purgﬁcauon of G-CSF-
PE40

The expression vector for G-CSF-PE40 was con-
structed esseéntially as described previously (Fig. 1A)
[10,20-22). The resulting fusion protein, G-CSF-PE40,
was composed of an amino-terminal methionine residue,
amine-acids 1-174 of mature human G-CSF fused to
amino acids 253-613 of PE through a thrée-amino acid
linker, lysine-alanine—phenylalanine (Fig. 1B). The cal-
culated molecular mass of G-CSF-PE40 was 66kDa.
BL21(ADE3) cells transformed with pGLA41l were
treated with isopropyl B-D-thiogalactoside, collected,
and processed as described in Materials and methods.
Aliquots were dissolved in SDS-PAGE sample buffer
(whole-cell extract) and analyzed by electrophoresis. A
protein of approximately 66kDa was induced (Fig. 2A),
and the antigenicity of the protein was confirmed by
Western blotting using anti-G-CSF antibody and anti-
PE40 antibody (Fig. 2B). - G-CSF-PE40 was highly
concentrated into an inclusion body (Fig. 2C). We pu-
rified the protein from the inclusion body to a purity of
more than 95% as determined by visual estimation
(Fig. 2D). This highly purified protein was used to
determine the bioactivity of G-CSF-PE40.

G-CSF-PE40 is cyfotoxic to cells expressing G-CSF
receptors

G-CSF-PE40 showed cytotoxicity against UT-7/GR
cells, which express a large number of G-CSF receptors
{Fig. 3A) [19]. After incubation with 1.0 pg/ml G-CSF-
PE40 for 48h, the cytoplasm of most cells contained
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Fig. 2. SDS-PAGE of G-CSF-PE40 expressed in E. coli BL21(ADE3).
A Coomassie blue-stained gel (A) and the results of immunoblotting
with an antibody to G-CSF (B, upper) or PE (B, lower) are shown.
Molecular masses of the standards are indicated in kDa. Arrows in-
dicate G-CSF-PE40, which migrated to a position corresponding to a
mass of approximately 66 kDa. (C) The expressed G-CSF-PE40 frac-
tionated into the periplasmic fraction (PPF) and the inclusion body
(IB) were visualized by Coomassie blue staining, which indicated that
expressed G-CSF-PE40 was concentrated in the inclusion body rather
than the periplasmic fraction. (D) Highly purified G-CSF-PE40 indi-
cated more than 95% purity on visnal inspection. We utilized this
purified G-CSF-PE40 in subsequent analyses. Abbreviations: MK,
multimark molecular size marker (Invitrogen); IPTG, isopropyl p-n-
thiogalactoside; PPF, periplasmic fraction; IB, inclusion body.

transparent granules, and in some cells, the nuclei
seemed scattered (Fig. 3A).

To examine the receptor spec1ﬁ01ty, we admmlstered
G-CSF-PE40 and wild-type PE to UT-7 cells, which do
not express G-CSF receptors, and UT-7/GR cells, which
show high-level expression of G-CSF receptors [19].
Wild-type PE was almost equally cytotoxic to both cell
lines independent of G-CSF receptor expression. On the
other hand, G-CSF-PE40 was cytotoxic only to UT-7/
GR and showed no effect on UT-7 (Figs. 3B and C).
These results simply suggest the receptor specificity of
the cytotoxicity of G-CSF-PE40.

Cytotoxicity of G-CSF-PE40 is G-CSF receptor-specific

To confirm the G-CSF receptor specificity of G-CSF-
PE40, we conducted three further assays. First, we
neutralized the cytotoxicity of G-CSF-PE40 by the ad-
dition of 12.5 ug/m! of wild-type G-CSF (Fig. 4A). The
presence of a constant concentration of G-CSF
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‘ " ipg/mi G-CSF-PE40
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g
g
= 301 —e—cesrpedo
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Fig. 3. Cytotoxicity of G-CSF-PE40. (A) UT-7/GR cells cultured for
48h with (right panels) or without (left panel) 1.0 pgfml of G-CSF-
PE40 were visnalized with Wright~Giemsa stain. Both pictures were
obtained under equal power (400x ), Most cells incubated with G-CSF-
PE40 carried clear vesicles in their cytoplasm, and the nuclei of some
cells were scattered, (B) The effects of G-CSF-PE40 and wild-type PE
on UT-7 without G-CSF receptor expression. While wild-type PE was
toxic to this cell line, G-CSF-PE40 was not. (C) The eflects of G-CSF-
PE40 and wild-type PE on UT-7/GR with G-CSF receptor expression.
Both wild-type PE and G-CSF-PE40 were toxic to this cell line.

neutralized the cytotoxicity of G-CSF-PE40. The
cytotoxicity of a constant concentration (1.0 pg/ml) of
G-CSF-PEAQ was also suppressed by various concen-
trations of wild-type G-CSF (Fig. 4B). Wild-type human
G-CSF at a concentration of 1.0pg/ml neutralized
1.0 pug/ml G-CSF-PE40 almost completely. This sug-
gested reduced receptor affinity of G-CSF-PE40 com-
pared with that of wild-type human G-CSF. Receptor
binding was tested using biotin-labeled human G-CSF.
Biotin-labeled G-CSF bound to cells expressing G-CSF
receptor can be detected by flow-cytometry [23-25]. The
binding was suppressed by G-CSF-PE40 in a concen-
tration-dependent manner. Figs. 4C and D show mean
fluorescence intensity and percent of gated population,
representing the mean amount of biotin-labeled G-CSF
bound to UT-7/GR cells and the proportion of cells with
biotin-labeled G-CSF, respectively. As biotin-labeled G-
CSF and wild-type G-CSF bind to the same binding
sites in a competitive manner, suppression of biotin-la-
beled G-CSF by G-CSF-PEA40 indicates binding between
G-CSF-PE40 and G-CSF receptor. The data described
in this section suggest that G-CSF-PE40 binds to
G-CSF receptors, and its cytotoxicity is mediated
through G-CSF receptor binding. It is possible that G-
CSF stimulates proliferation of myeloid leukemia cells.
However, enhanced cell-cycle progression of leukemia
cells by G-CSF signal can result in chemosensitivity to
S-phase specific agents such as cytosine arabinoside
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Fig. 4. G-CSF receptor specificity of G-CSF-PE4( on UT-7/GR de-
termined by competitive assay using wild-type G-CSF or biotin-labeled
G-CSF. (A) A constant concentration (12.5 pg/ml) of wild-type G-CSF
competitively inhibited the cytotoxicity of G-CSF-PE40 up to | pg/ml.
(B) The cytotoxicity of a constant concentration (1.0 pg/ml) of G-CSF-
PEA40 was neutralized by & high concentration of wild-type G-CSF. {C)
The mean fluorescence intensity (MFI) that represents biotin-labeled
G-CSF bound to G-CSF receptor expressed on the UT-7/GR cell
surface was competitively suppressed by G-CSF-PE40 in a dose-de-
pendent manner. (D) Similarly, %GATED represents the population
of cells binding bictin-labeled G-CSF through their G-CSF receptor.
The number of these cells was reduced by G-CSF-PE40 in a dose-de-
pendent manner.

(AraC) in vitro and in vivo, We previously discussed
the application of this chemosensitization effect in the
publications listed below. We also expect that the
combination of AraC with G-CSF-PE40 instead of
G-CSF may be more attractive regimen against myeloid
leukemias [28-30].

G-CSF-PE40 is cytotoxic to neutrop?zil and leukemia cells
in vivo

One of the major obstacles in targeted therapy, such
as antibody-based regimens or thosé using immuno-
toxins, is the suitability of murine models. As human
tumor-associated antigens and other target molecules
are generally not present in normal mouse tissues,
murine models are usually not applicable for assess-
ment of adverse reactions in such cases [31,32]. On the
other hand, as mentioned above, murine G-CSF re-
ceptor has been shown to interact with human G-CSF,
and therefore murine models will be applicable in
many respects to test G-CSF-PE40. To clarify this
point, we administered G-CSF-PE40 to healthy and
leukemic mice. As normal murine neutrophils express a
large number of G-CSF receptors, they may be specific
targets of G-CSF-PE40 in vivo. As c¢xpected, healthy

C57/BL mice administered G-CSF-PE40) showed severe
neutropenia, réecovery from which took over one
month (Fig. 5A). As the period of neutrophil turnover
is only a few days, and their recovery took as long as
one mornth, G-CSF-PE40 must have damaged not only
neutrophils but also their committed progenitors. The
mice also showed mild lymphocytosis and anemia
(Figs. 5B and C). As lymphocytes and erythrocytes do
not express G-CSF receptors [11), these mild transient
reactions may have been nonspec1ﬁc e.g., volume
overload or nonspecxﬁc immune reactions against
contaminating molecules; We are currently p]annmg to
perform further experiments in a murine model using
much more highly purified G-CSF-PE40 to clarify
these points. Thrombotyte count was not significantly
affected by administration of G-CSF-PE40 (Fig. 5D).
Fmal]y, we administered G-CSF-PE40 to SJL-J leuke-
mic mice: Thésé mice inoculated with 1x 105 L-103
cells usually died of leukemia within 2-3 weeks. The
survival pefiod without tréatment in this assay was
consistent with that reported previously [26]. SIL-J
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Fig. 5. Effects of G-CSF-PE40 on normal mice (A-D) and myeloid
Jeukemic mice (E). (A-D} Four C57/BL mice were injected with 3.5 pg
G-CSF-PE40 on days 1, 2, and 3. The neutrophil counts (A), lym-
phocyte counts (B), hemoglobin (Hb) concentration (C), and throm-
bocyte (PLT) counts (D) were monitored, (E) Three SJL-J myeloid
leukemic mice were treated with G-CSF-PE40 (-O-) or with vehicle
alone (-M-) as described in Materials and methods. The survival after
transplantation of L-103 cells is shown in Kaplan-Meyer plots.
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leukemic mice. treated with G-CSF-PE40 survived for
as long as 2945 days (Fig. 5E). We are also plannmg
to conduct further therapeutic expenments using this
murine leukemJa model to obtain longer survival pe-
riods and to assess the potential adverse effects of this
chimeric molecule.

Discussion

We constructed a fusion. protein between human
G-CSF and PE40, and demonstrated its potent cyto-
toxic effects against murine and human myeloid leuke-
mia cells. Furthermore, we observed the in vivo activity
of this cmmenc toxin in normal and leukemic mice.

In native PE, the receptor-binding domain (domam
Ia) is located at the 5'-end of the gene and the amino-
terminus of the protein [4]. G-CSF was placed at ‘the
amino-terminus of PE40, so that G-CSF oocupmd the
same pos:t:on as domain Ia. Another group constructed
a chimeric toxin, DAB486-G-CSF, in which. human
G-CSF replaced the carboxy-terminus of diphtheria
toxin [33]. DAB486-G-CSF was reported to bind to the
G-CSF receptor with 200-fold less affinity than wild-
type G-CSF, suggesting that fusion of a macromolecule
to the amino-terminus of G-CSF may interfere with its
tertiary structure responsible for receptor binding. The
tertiary structure of G-CSF is composed of four major
e-helix bundles [34]. In this context, the residues of helix
A as well as the vacant space around the amino-termi-
nus of G-CSF appear to play essential roles in interac-
tion with its receptor [35-40]. In contrast, our previous
study indicated that the bioactivity of G-CSF is not
affected by addition of extra amino acid residues at the
carboxy-terminus [41]. Together with the results of the
present study, these observations indicate that genetic
modification of the carboxy-terminus of G-CSF is a
rational approach to target the G-CSF receptor.

~ Although recent advances in leukemia therapy have
improved the overall prognosis of patients, some pa-
tients still have refractory leukemia, with high relapse
rates even after stem cell transplantation (SCT). Treat-
ment of these leukemias has two major problems. First,
leukemia cells are naturally resistant or acquire resis-
tance to chemotherapeutic agents. Second, a significant
portion of leukemia cells are non-dividing or dormant
cells [42], which are insensitive to chemotherapy. Toxins
have different mechanisms of action from conventional
chemotherapeutic drugs and can kill non-dividing cells
[1,2]. These common properties of the toxins make them
attractive for use in leukemia therapy.

Although the correlation between the abundance of
G-CSF receptor expression and the proliferative re-
sponse to G-CSF is controversial, G-CSF stimulates
clonogenic growth of myeloid leukemia cells. We
reported previously that blast cells expressed G-CSF

receptors and showed mitogenic responses to G-CSF in
approximately 75% of patients with acute myeloid leu-
kemia [28). Targeting of PE to G-CSF receptors natu-
rally results in elimination of myeloid leukemia cells as
well as normal myeloid progenitor cells. In addition,
physiological expression of G-CSF receptor is also ob-
served in the placenta, endothelial cells, and platelets
(11,12,43-45]. However, in the present study, pharma-
cological doses of G-CSF-PE40 did not induce severe
adverse events except for transient neutropenia in nor-
mal mice. More extensive dosc-escalation studies and
repetitive treatment are required to confirm the safety
and efficacy of this toxin in animal models.

(G-CSF-PE40 is an attractive agent in conditioning
regimens for SCT, in which normal progenitor cells are
transplanted after total eradication of recipients’ normal
hemopoietic cells as well as leukemia cells. Neutralizing
antibody production is a major problem in clinical ap-
plication of chimeric toxins. The immunosuppressive
agent deoxyspergualin was reported to completely sup-
press anti-PE40 neutralizing antibody production [46).
Almost all recipients in allogeneic SCT routinely receive
immunosuppressive agents including cyclosporin A and
tacrolimus. Generation of neutralizing anti-PE anti-
bodies, which is evoked after a period of at least 2-3
weeks, usually by week 16 after the first administration
of CD22-PE38 [47}, is negligible in such cases.
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