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Table 1. Genes specifically expressed in CD15+CD14~ neutrophils
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CD15+CD14~ neutrophil/

GenBank CD14* cell-derived CD15+CD14- CD14* cell-derived CD15*CD14~ neutrophil-

Gene symbol accession no. macrophage ratio neutrophils macrophages derived macrophages
bA209J19.1 AL390738 5412.83 1623.85 0.30 0.60

LTF NM_002343 2795.52 3773.95 1.35 1.50

DEFA3 NM_004084 1142.16 15761.80 13.80 8.65

S100P NM_005980 1099.67 3189.05 2.90 28.05

SGP28 NM_006061 699.78 314.90 0.45 0.45
CEACAMS8 M33326 588.24 1323.55 2.25 3.30

LCN2 NM_005564 550.64 2945.90 56.35 8.90

DEFA4 NM_001925 499.83 2849.05 5.70 3.85

cD24 B(G327863 474.81 759.70 1.60 8.75

FIZZ3 NM_020415 452.96 1223.00 2,70 5.90

Mean expression levels of genes in CD15'CD14 " neutrophils, CD14 " cell-derived macrophages, and CD15'CD14  neutrophil-derived macrophages are shown in
arbitrary units. The ratio between the first 2 is indicated in the CD15+*CD14 ™ neutrophil/CD14" cell-derived macrophage ratio.

cell-derived macrophages. Interestingly, all these CD15*CD14~
neutrophil-specific genes were also transcriptionally silent in
CDI57CD14™ neutrophil-derived macrophages, as in CD14*
cell-derived macrophages. A well-known marker for granulocytes,
CD24 (GenBank accession number AA761181) was only ex-
pressed in CD15YCDI14~ neutrophils but not in CDI5*CD14~
neutrophil-derived macrophages or CD14% cell-derived macro-
phages. Conversely, we also tried to extract CD147 cell-derived,
macrophage-specific genes by comparing CD14*% cell-derived
macrophages and CD15*CD14~ neutrophils (Table 2). Again,
expression levels of these genes in the CD15*CD 14~ neutrophil—
derived macrophages were highly similar to those in CDI14%
cell-derived macrophages. A monocyte/macrophage-specific cell
surface antigen, CD163 (222969), was abundantly expressed in the
CD15*CD14" neutrophil-derived macrophages and the CD14*
cell-derived macrophages, but not in the CD15*CD14~ neutro-
phils. Hierarchical clustering analysis of these lineage-specific
genes showed the similarity between gene expression profiles of
CDI157CD14~ neutrophil-derived macrophages and CD14* cell-
derived macrophages (Figure 5A). Next, to statistically examine
this similarity, we directly compared the 4 expression data sets of
CD157CD14™ neutrophils (n = 2) and CD14* cell-derived macro-
phages (n=2) and attempted to identify the genes, whose
expression was different in the 2 groups (Welch ANOVA, P < .001).
The expression profiles of such 9 lineage-dependent genes (Table
3) were then used to measure the similarity between CDI147"
cell-derived macrophages and the other 2 groups. As shown in
Figure 5B, 2-way clustering analysis’” of 6 data sets (3 groups)
clearly indicated that, with regard to gene expression profile,
CDI15*CD14~ neutrophil-derived macrophages were similar to

CD14* cell-derived macrophages, scparated from CDI15*
CD14~ neutrophils.

Phagocytic activity of CD15+*CD14~ neutrophil-derived
macrophages

Morphology, cytochemistry, phenotype, and gene expression of
cultured cells in the presence of GM-CSF, TNF-a, [FN-y, IL-4, and
M-CSF indicated that CD15*CD14™ neutrophils became macro-
phages. Therefore, we next evaluated the phagocytic activity of
these macrophages using FITC-dextran and FITC-latex beads. The
potential for CDI5TCD14~ neutrophil-derived macrophages to
incorporate dextran and latex beads was comparable to that of
CD14% cell-derived macrophages (Figure 6).

Proliferative characteristics during culture

Tt is possible that macrophages induced from CDI5*CD14~
neutrophils were detived from a small number of hematopoietic
progenitor cells for macrophages that contaminated the
CDI15*CD14~ cell population and consequently proliferated. To
exclude this possibility, we analyzed proliferative characteristics of
the cultured cells; representative data are presented in Figure 7. In
Figure 7A, the yield of cultured cells was 15.1%, on day 18 of
culture. Reactivity with Ki-67 and incorporation of BrdU were
tested on the indicated days of culture.>**® Ki-67% or BrdU™ cells
were not evident throughout the culture. Ki-67 expression and
BrdU incorporation were observed most and approximately 30%,
respectively, of HPB-NULL cells, which served as positive controls.
We also used the carboxyfluorescein diacetate succinimidy! ester

Table 2. Genes specifically expressed in CD14* cell-derived macrophages

CD14* cell-derived

GenBank macrophage/CD15+CD14- CD14* cell-derived CD15*CD14- CD15+*CD14~ neutrophil-
Gene symbol accession no. neutrophil ratio macrophages neutrophils derived macrophages
SEPP1 NM_005410 643.60 1769.90 275 1373.45
DAB2 NM_001343 307.52 1183.95 3.85 513.20
D163 722969 256,43 2602.75 10,15 $034.35
ME1 NM_002395 197.02 651.65 2.80 310.10
CCL2 869738 196.38 1708.50 8.70 351.10
ATP1B1 BC000006 180.35 775.50 4.30 408.85
FN1 BC005858 169.67 972.70 5.75 155.60
FN1 AK026737 162.44 1210.15 7.45 191.65
TGFBI NM_000358 131.99 4045.55 30.65 3030.45
PMP22 103203 129.14 1091.25 8.45 59.20

Mean expression levels of the genes in CD14* cell-derived macrophages, CD15*CD14~ neutrophils, and CD15°CD 14~ neutrophil-derived macrophages are shown in
arbitrary units, The ratio between the first 2 is indicated in the CD14' cell-derived macrophage/CD15'CD14 - neutrophil ratio.
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Figure 5. Expression profiles of neutrophil- and macrophage-specific genes.
(A) Hierarchical clustering based on the expression intensities in CD15"'CD14 " neutro-
phils, CD15+¥CD14~ neutrophil-derived macrophages, and CD14~ cell-derived macro-
phages was conducted for 10 genes with a specific expression in CD15'CD14
neutrophils and CD14* cell-derived macrophages (top panel) or in CD14* cell-derived
macrophages (bottom panel). Each row represents a single gene on the microarray, and
each column represents a separate sample. Expression intensity of each gene is shown
color coded, according to the scale at the bottom, and the gene symbols are indicated on
the right. Expression data of these genes are available on request, (B) The gene tree was
constructed using 2-way clustering analysis of the genes that are differentially (Welch
ANOVA, P < .001) expressed between CD157CD14~ neutrophils and CD14* cel—
derived macrophages. Each row represents a single gene on the microarray, and each
column represents a separate sample. Expression intensity of each gene is shown color
coded, according to the scale in panel A.

(CFSE) labeling technique to confirm that CD15"CDI14~ neutro-
phils passed through no cell division during culture.>* Analysis of
the CFSE labeling pattern in CD8" T cells, which had elicited
several rounds of the cell cycle in response to CD3/CD28 T-cell
expander beads, displayed a number of peaks of fluorescence
(Figure 7B). However, the CFSE fluorescence remained a single
peak in the cells generated by culturing CD15*CD 14" neutrophils
with GM-CSF, TNF-a, [FN-v, and IL-4 and subsequently with
M-CSF alone. These data indicate that the generation of macro-
phages from the CDI5*CD14~ cell population in culture is not
associated with cell division.

Discussion

Lineage switch of normal primary cells has been noted in murine
lymphoid progenitor cells.?>> Montecino-Rodriguez et al*! ob-

Table 3. Genes with statistically different expression between
CD15+CD14~ neutrophils and CD14* cell-derived macrophages

Gene symbol GenBank accession no.

MPO J02694

H2BFJ NM_003524

MME NM_007287
NCUBE1 AF151039

ITIH4 D38535

P5 BCO01312

ARL7 NM_005737
PRKACB AA130247
FLJ14517 AV71130563

Gene symbols and GenBank accession numbers are shown for genes that
exhibited significant differences in expression level between the 2 groups (Welch
ANOVA, P < .001).
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Figure 6, Phagocytic assay of CD15*CD14- neutrophil-darived macrophages with
FITC-dextran and FITC-latex beads. (A) CD15*CD14" neutrophil- and CD14* cell-
derived macrophages were incubated with FITC-dextran for 1 hour at 37°C or 4°C, washed
with cold PBS supplemented with 1% FBS, and analyzed using a FACSCalibur flow
cytometer. Data are presented using histograms. (B) CD15'CD14~ neutrophil- and
CD14* cell-derived macrophages were incubated with FITC-latex beads for 1 hour at
37°C or 4°C, washed with cold PBS supplemented with 1% FBS, and analyzed with a
FACSCalibur flow cytometer. Data are expressed as percentage of positive cells.
Experiments were repeated 5 times with identical results.

served that a subpopulation of B-cell precursors in the bone
marrow gave rise not only to B cells but also to macrophages in
cultures supplemented with TL-3, 1L-6, ¢-kit ligand, and GM-CSF.
Lee et al*® demonstrated that fetal thymocytes differentiate into
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Figure 7. Analysis of proliferation profile. (A) CD15°CD14~ neutrophils were
cultured with GM-CSF, TNF-«, IFN-y, and IL-4 for 11 days, washed, and recultured
with M-CSF alone for an additional 7 days. CD15*CD14 " neutrophils and the cultured cells
were tested for Ki-67 staining and BrdU incorporation. Ki-67* and BrdU™* cells were
counted using a FACSCalibur flow cytometer, and the numbers were expressed as
percentages. HPB-NULL cells were used as positive controls. Numbers of cultured cells
are also indicated. Representative data from 5 independent experiments are shown.
(B) CD157CD14~ neutrophils were cultured with GM-CSF, TNF-a, IFN-y, and (L-4 for 11
days, washed, and recultured with M-CSF alone for another 7 days. CD15°CD14~
neutrophils and the cultured cells were incubated with CFSE. Cell division patterns were
analyzed using a FACSCalibur flow cytometer. CD8* cells that underwent several rounds
of the cell cycle in response to CD3/CD28 beads were used as posilive controls.
Experiments were repeated 5 times with identical results.
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macrophages in the presence of M-CSF, [L-6, and [L-7 in vitro. A
recent report stated that human B-cell progenitors obtained from
cultres of cord blood CD34+*CD10-CD19~ cells gave rise to
macrophages, NK cells, and T cells when exposed to the appropri-
ate culture conditions.”® Our study shows the lineage switch of
human primary postnatal cells and further extends the existence of
lineage switch to postmitotic cells. This notion is also supported by
our observations in the microarray analysis that gene expression
profiles of the resultant cells differed from those of the starting
CD15*CD14"~ neutrophils and were similar to those of CD14"
celi-derived macrophages.

When we first cultured CDI57CDI4~ neutrophils in the
presence of GM-CST, TNF-a, IFN-y, and M-CSF, the resultant
cells displayed morphologic and cytochemical features of macro-
phages. However, they preserved a low level of MPO activity and
lactoferrin expression, as determined by flow cytometry. These data
suggest that the resultant cells did not fully exhibit the phenotypic
characteristics of macrophages. Our surprise was that the addition
of TL-4 to cultures was sufficient for the resultant cells to acquire
typical features of macrophages. It is also of note that in the
presence of IL-4, the yield of the resultant cells increased to
approximately 15%. The phagocytic activity of macrophages
generated in TL-4-containing cultures was of a similar magnitude
compared with that observed with CD14" cell-derived macro-
phages. Previous studies demonstrated the inhibitory activities of
1L-4 on the development of monocytes/macrophages from progeni-
tors supported by GM-CSF.?>#0 1.-4 has the potential to suppress
TNF-a—induced effects on hematopoietic cells.*' 1L.-4 aiso down-
regulates the expression of 2 distinct receptors for TNF-a, p60, and
p80 and induces shedding of these receptors, resulting in blockage
of the cellular signaling elicited by TNF-a.*2 Moreover, several
imvestigators have shown that IL-4 antagonizes [FN-y-induced
responses in human myeloid progenitor and mature cells. 3
Therefore, we have no plausible explanation for the mechanism of
action of IL-4 on CD15*CD14~ neutrophils during their lineage
switch to macrophages. Complex networks by multiple cytokines
may be involved in the generation of macrophages from
CD15+*CD14~ neutrophils. Interestingly, phenotypic analysis indi-
cated that when CDI57CDI14" neutrophils turn their lineage
toward macrophages, they lose CDI15 expression and acquire
CD14. This finding demonstrates that the down-regulation of CD15
oceurs before the up-regulation of CD14. The cascade of several
different events may lead to the lineage conversion of CD157CD14~
neutrophils to macrophages.

Our concern was whether a rare population of hematopoictic
progenitors, contaminating the CD15*CD14~ fraction, could pro-
liferate and differentiate into macrophages. If such were the case,
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the cuttured cells would show signs of proliferation at several time
points during culture. To address this issue, we used Ki-67 antibody
staining, BrdU incorporation, and CFSE labeling. Neither Ki-67*
nor BrdU" cells were detectable throughout culture, suggesting
that cell division did not occur. Tn addition, if cultured cells had a
history of successive cell divisions, we would have expected to
observe separate peaks of CFSE fluorescence in the histogram.
However, the narrow peak was observed with the resultant cells, as
was the peak seen with the starting cell population. On the basis of
these data and because the yield was approximately 15%, we
assuined it was not possible for the cultured cells to have undergone
more than one division throughout culture. Therefore, we propose
that the generation of macrophages from CDI57CD14~ neutro-
phils with GM-CSF, TNF-a, IFN-vy, IL-4, and M-CSF was not
caused by contamination of progenitor cells for macrophages but
was the result of their lineage switch to macrophages. It was also
possible that a small number of monocyte/macrophage precursors
contaminated the starting CD157CD14~ cell population. The yield
in culture of CDISYCD14™ cells with M-CSF and neutrophilic
features of a marginal number of the surviving cells could
conceivably exclude this possibility.

Our observation that postmitotic neutrophils could generate
mactophages raises the issue of developmental origin of human
macrophages and may represent another developmental pathway
from hematopoictic stem cells toward macrophages. However, it is
unclear whether such a neutrophil-to-macrophage lineage switch
occurs under physiologic conditions. Such a lincage switch may
occur under specified conditions, such as inflammation, because
GM-CSF, TNF-a, IFN-y, I1L-4, and M-CSF are inflammatory
cytokines. Oehler et al*® demonstrate that neutrophil granulocyte-
committed cells acquire dendritic cell features in the presence of
GM-CSF, TL-4, and TNF-a. Qur results indicated that when
CDI15+*CD14" cells were cultured with GM-CSF, TNF-«, [FN-vy,
and IL-4, the resultant cells exhibited a partial appearance of
mactrophages. IFN-y may play a crucial role in the conversion of
neutrophils into the macrophage lineage. In addition, it seems that
neutrophils are capable of generating more types of mature cells
than is generally recognized. Further studies on the reprogramming
of already differentiated cells into other cell types are expected to
yield new insights into events related to human hematopofesis.
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PTP20, also known as HSCF/protein-tyrosine phos-
phatase Kl/fetal liver phosphatase 1/brain-derived
phosphatase 1, is a cytosolic protein-tyrosine phospha-
tase with currently unknown biological relevance. We
have identified that the nonreceptor protein-tyrosine
kinase Tec-phosphorylated PTP20 on tyrosines and co-
immunoprecipitated with the phosphatase in a phos-
photyrosine-dependent manner. The interaction be-
tween the two proteins involved the Tec SH2 domain
and the C-terminal tyrosine residues Tyr-281, Tyr-303,
Tyr-854, and Tyyr-381 of PTP20, which were also neces-
sary for tyrosine phosphorylation/dephosphorylation.
Association between endogenous PTP20 and Tec was
also tyrosine phosphorylation-dependent in the imma-
ture B ceil line Ramos. Finally, the Tyr-281 residue of
PTP20 was shown to be critical for deactivating Teec in
Ramos cells upon B cell receptor ligation as well as
dephosphorylation and deactivation of Tec and PTP20
itself in transfected COS7 cells. Taken together, PTP20
appears to play a negative role in Tec-mediated signal-
ing, and Tec-PTP20 interaction might represent a neg-
ative feedback mechanism.

Protein-tyrosine phosphatases (PTPs)! are a large and struc-
turally diverse family of enzymes that catalyze the dephospho-
rylation of tyrosine-phosphorylated proteins (1, 2). Biochemical
and kinetic studies have documented that Cys and an Asp
residues in the catalytic domain are essential for the PTP
activity. PTPs have been shown to participate as either positive
or negative regulators of signaling pathways in a wide range of
physiological processes, including cellular growth, differentia-
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tion, migration, and survival (1, 2). Despite their important
roles in such fundamental cellular processes, the mechanisms
by which PTPs exert their effects are largely not understood.
PTP20 (3), which is also known as hematopoietic stem cell
fraction (HSCF) (4), PTP-K1 (5), fetal liver phosphatase 1 (6),
and brain-derived phosphatase 1 (7), comprises the PEST fam-
ily of PTPs together with PTP-PEST and PEP PTP and was
originally isolated by screening a PC12 ¢DNA library. Overex-
pression of PTP20 in PC12 cells results in a more rapid and
robust neurite outgrowth in response to nerve growth factor
treatment, suggesting that PTP20 is involved in cytoskeletal
reorganization (3). Mostly consistent with this observation,
overexpression of a dominant negative mutant of fetal liver
phosphatase 1 in K562 hematopoietic progenitor cells results in
an inhibition of cell spreading and substrate adhesion in re-
sponse to phorbol ester (6). Recently, through yeast two-hybrid
screening the proline, serine, threonine phosphatase-interact-
ing protein (PSTPIP) and PSTPIP2 have been identified to be
gpecific in vivo substrates for HSCF, because the phosphoty-
rosine (Tyr(P)) level of PSTPIP1 is significantly enhanced by
coexpression of the catalytically inactive mutant (Cys to Ser) of
PTP20 (8, 9). PSTPIP is tyrosine-phosphorylated both in BaF3
cells and in v-Src-transfected COS cells and is shown to be
co-localized with the cortical actin cytoskeleton, lamellipodia,
and actin-rich cytokinetic cleavage furrow (8), strongly sup-
porting the idea that PTP20/HSCF is a potential regulator of
cytokinesis. PSTPIP also interacts with the C-terminal part of
the cytosolic protein-tyrosine kinase (PTK) c-Abl, serves as a
substrate for ¢-Abl, and can bridge interactions between c-Abl
and PTP20 with the dephosphorylation of ¢c-Abl by PTP20 (10).
It has also been reported that PTP20 associates with the neg-
ative Sre-family kinase regulator Csk via its Src homology 2
(SH2) domain and two putative sites of tyrosine phosphoryla-
tion of the phosphatase (11). This association is thought to
allow Csk and PTP20 to synergistically inhibit Sre-family ki-
nase activity by phosphorylating and dephesphorylating nega-
tive and positive regulatory tyrosine residues, respectively.
Regarding post-translational regulation of the PEST family
PTPs, it has been documented that phosphorylation of an N-
terminal serine residue, which is well conserved in all members
of the PEST PTP family, by protein kinase A results in the
inhibition of its catalytic activity (12). In addition to proline,
serine, and threonine residues in the C-terminal PEST domain
of PTP20, a large number of tyrosine residues exist in that
region, suggesting the possibility that PTP20 is tyrosine-phos-
phorylated. Indeed, previous studies reveal that PTP20/HSCF
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becomes tyrosine-phosphorylated by constitutively active
forms of Lek and v-Sre kinases in transfected cells (8, 11) even
though the physiological relevance of tyrosine phosphorylation
on PTP20 remains unclear.

In this study we addressed the question of PTP20 regula-
tion with special emphasis on the relevance of tyrosine phos-
phorylation and its bioclogical impact. Through co-expression
with nonreceptor PTKs we found that Tec kinase strongly
tyrosine-phosphorylated the catalytically inactive form of
PTP20 and that Tec physically interacted with PTP20 in a
tyrosine phosphorylation-dependent manner in transfected
COS7 cells. Further analyses with a variety of mutants of
PTP20 and Tec revealed that C-terminal tyrosine residues of
PTP20 and the Tec SH2 domain were necessary in the regu-
lation of respective state of phosphorylation. Ectopic expres-
sion of PTP20 in human immature Ramos B cells resulted in
suppression of B-cell receptor-induced c¢-fos promoter activ-
ity. Moreover, we determined that tyrosine 281 of PTP20
played a role in the dephosphorylation activity of PTP20
against both Tec and PTP20 itself. Our findings suggest a
negative feedback mechanism that mutually controls the ty-
rosine phosphorylation of Tec and PTP20 and regulates Tec
activity and B cell receptor (BCR) signaling.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies to hemagglutinin (HA) epitope (Y-11), phos-
photyrosine (PY99), glutathione S-transferase (GST) (Z-5), Sre (SRC2),
Lek (2102), JAK2 (M-126), JAKS (C-21), Csk (C-20), and ZAP70 (LR)
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Antibodies to Tec, Ttk, Btk, and Bmx were as described previously (13).
Antibody to PTP20 was prepared by immunizing rabbits with the N-
terminal peptide of PTP20 (MSRQSDLVRSFLEQQEARDH), to which a
cysteine residue was added to the C terminus, coupled to keyhole limpet
hemocyanin {14). Anti-human IgM antibody (Fab’), fragment was ob-
tained from Southern Biotechnology Associates (Birmingham, AL). All
other reagents were from Sigma unless otherwise noted.

Plasmid Construction—The pSR-based expression vectors for Tee
wild-type (WT), Tec kinase mutant, TecY187F, TecY518F, and Tec
proteins lacking each subdomain were described previously (15, 16%
pEBG plasmids (17) encoding each subdomain of Tec to express the
GST-tagged proteing were previously deseribed (18). HA epitope tag-
ging to PTP20 at its N teyminus and subsequently all the mutations
(cysteine to serine, aspartic acid to alanine, and tyrosine to phenylala-
nine) in PTP20 were carried out by PCR-based strategy. To express
GST-tagged PTP20 in mammalian cells, full-length PTP20 (amino acids
2—453), PTP catalytic domain (amino acids 2-308), and the C-terminal
noncatalytic PEST domain (amino acids 271-453) were amplified by
PCR and ligated into pEBG vector via the BamHI site. All the plasmids
newly constructed were confirmed by sequencing. Expression plasmids
for rat Csk and mouse JAK2 were generous gifts from Drs. M. Okada
(Osaka University, Japan) and J. N. Ihle (St. Jude Children’s Research
Hospital, Memphis, TN), respectively. Expression plasmids for mouse
Src, Lek, Itk, Btk, Bmx, ZAP-70, and JAK3 were described elsewhere,

Cell Culture and Transfection—COS7 cells were cultured in Dulbec-
co’s modified Eagle’s medium (high glucose, Sigma) supplemented with
10% fetal calf serum. Ramos cells (American Type Culture Collection,
Manassas, VA) were maintained in RPMI 1640 medium (Invitrogen)
supplemented with 10% fetal calf serum. Upon transfection experi-
ments COS7 cells were inoculated at a density of 4 X 10° cells/6-cm dish
and grown overnight in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum. Expression plasmids were transfected into the
cells by the modified calciwum phosphate precipitation method (19). After
incubation under 3% CO,, 97% air for 18 h, the transfected cells were
washed with phosphate-buffered saline twice and cultured in fresh
Dulbeceo’s modified Eagle’s medium containing 10% fetal calf serum for
another 24 h under humidified 5% CO, and 95% air.

Cell Lysts, Immunoprecipitation, GST Pull-down, and Western Blot-
ting—The transfected cells were lysed with lysis buffer containing 50
mm Tris-HCl (pH 7.5), 5 mm EDTA, 150 mm NaCl, 10 mM sodium
phosphate, 10 mM sodium fluoride, 1% Triton X-100, 1 mM phenylmeth-
ylsulfonyl fluoride, and 10 pg/ml leupeptin, Lysates were directly sub-
jected to immuneblotting, immunoprecipitation with the indicated an-
tibodies plus protein G- or Protein A-Sepharose beads (Amersham
Bioscience), or precipitation with GSH-Sepharose beads (Amersham
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Bioscience). Proteins in the immunoprecipitates and precipitates were
further analyzed by immunoblotting with the indicated antibodies. The
protein bands were visualized with an enhanced chemiluminescence
(ECL) detection kit (Amersham Bioscience) and light capture system
(AE-6962, ATTO, Tokyo, Japan).

c-fos Promoter Assay—Ramos cells (1 X 107/experiment) were sub-
jected to electroporation with 2 ug of the pfos/luc reporter plasmid (20)
plus 10 pg of expression plasmids for PTP20 or its mutants. Five hours
after transfection cells were incubated for 5 h in the absence or presence
of antibodies to human IgM (10 pg/ml). Luciferase activity was meas-
ured with the use of the dual luciferase assay system (Promega,
Madison, WI).

RESULTS

Tec Is « Potent Regulator of PTP20—Although PTP20 has
been shown to be a substrate of v-Src (8) and constitutively
active Lek (11), the physiological relevance of PTP20 tyrosine
phosphorylation remains unknown. Northern blot analysis re-
vealed that PTP20 was abundantly expressed in spleen, sug-
gesting a role in the immune system (data not shown). There-
fore, it was reasoned that other PTKs of immune cells might be
involved in PTP20 regulation by tyrosine phosphorylation. To
examine this possibility HA-tagged PTP20 was co-expressed
with various eytosolic PTKs including Sre and Lck in COS7
cells. We used a catalytically inactive form of PTP20 for this
experiment because autodephosphorylation activity of PTP20
has been previously reported (8). Cells were lysed, PTP20 was
immunoprecipitated with anti-HA antibody, and the immune
complexes were subjected to SDS-PAGE and immunoblotting
with anti-phosphotyrosine antibody. As shown in Fig. 14,
PTP20 was tyrosine-phosphorylated by Src and Lck and co-
immunoprecipitated with proteins with 56 and 60 kDa, likely
corresponding to Lck and Sre, respectively. In the case of ec-
topic Lck expression, endogenous Sre seemed to be included in
the immune complex, as suggested by the presence of a 66-kDa
phosphotyrosine-containing band. PTP20 was slightly tyro-
sine-phosphorylated by Csk and co-immunoprecipitated with a
faintly tyrosine-phosphorylated 70-kDa band, which seemed
unlikely to be Csk. JAK2 but not JAK3 also tyrosine-phospho-
rylated PTP20 and appeared to be co-immunoprecipitated with
PTP20. Most notably, PTP20 was strongly tyrosine-phospho-
rylated by Tec and co-immunoprecipitated with a heavily ty-
rosine-phosphorylated protein of 74 kDa and other minor pro-
teins of 120 and 35 kDa. Based on the molecular mass, the
74-kDa protein was likely to represent Tec. Itk, another mem-
ber of Tec/Btk family, also tyrosine-phosphorylated PTP20 to a
lesser extent and was co-immunoprecipitated, whereas related
PTKs Btk and Bmx did not tyrosine phosphorylate PTP20 and
were not co-immunoprecipitated. Because all the transfected
PTKs were obviously expressed as compared with mock trans-
fectant (Fig. 1, panel B), it was suggested that Tec tyrosine-
phosphorylated PTP20 with the greatest efficiency.

Tec Is a Potential Substrate of PTP20—To examine the re-
lationship between PTP20 and Tee in more detail, Tee was
co-transfected with WT or a catalytically inactive C/S form of
PTP20 into COST7 cells, and either PTP20 or Tec was immuno-
precipitated followed by immunoblotting with anti-phosphoty-
rosine antibody. When HA-PTP20 WT was expressed, no phos-
phorylated bands were visible in both anti-HA and anti-Tec
immunoprecipitates, possibly due to dephosphorylation activ-
ity of PTP20 against both Tec and itself (Fig. 2). Two major
bands with 74 and 50 kDa in the anti-HA and anti-Tec immune
complexes were detected with anti-phosphotyrosine antibody
only when the PTP20 C/S mutant was co-transfected with Tec,
Reprobing with anti-Tec and anti-HA antibodies clearly re-
vealed that the bands represent Tec and HA-PTP20. No phos-
phorylation of Tec was observed when Tec alone was intro-
duced into COS7 cells, suggesting that the interaction between
Tec and PTP20 was required for Tec phosphorylation and pos-
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Fic. 1. Tyrosine phosphorylation of PTP20 by various PTKs. A,
COS7 cells were transiently transfected with HA-PTP20 C/S together
with either Lck, Sre, JAK2, JAK3, Tec, Itk, Bik, Bmx, Csk, or ZAP70.
Cells were lysed, and PTP20 was immunoprecipitated (IP) with an-
ti-HA antibody followed by immunoblotting (WB) with anti-phosphoty-
rosine antibody (PY99 (apY)). The same membrane was reprobed with
anti-HA antibody after stripping. B, an aliquot of the cell lysates was
immunocblotted with the indicated antibodies to confirm substantial
expression of each PTK.

sibly activation. These results suggest that PTP20 is a sub-
strate of Tec and that Tec is also a substrate of PTP20.
Phosphotyrosine-dependent Interaction between PTP20 and
Tec—Tec is composed of several distinct domains including
pleckstrin homology (PH), Tec homology (TH), SH3, SH2, and
kinase (KD) domains (Fig. 3, panel A). All of these domains are
necessary for full function of Tec under physiological conditions
(15, 16). To examine which domains are involved in interaction
with PTP20, Tec mutants each lacking one of the domains were
co-transfected with the catalytically inactive form of PTP20
into COS7 cells. A kinase mutant as well as two mutants
(Y187F and Y518F) where tyrosine residues were replaced by
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phenylalanines were also included. Cells were lysed, and -
PTP20 was immunoprecipitated followed by immunoblotting
with anti-phosphotyresine antibody. PTP20 was tyrosine-phos-
phorylated by the Y187F mutant as well as mutants lacking
PH, TH, and SH3 domains to a similar extent as compared with
Tec WT (Fig. 3, panel B). As expected, the Y518F mutant,
which is missing the autophosphorylation site for Tec activa-
tion, and the inactive mutant of a kinase mutant could not
tyrosine phosphorylate PTP20. Interestingly, the APH mutant
could tyrosine phosphorylate PTP20 but was not co-immuno-
precipitated with PTP20. Most strikingly, the ASH2 mutant
could not tyrosine phosphorylate PTP20 and was not co-immu-
noprecipitated with PTP20. When a membrane on which ali-
quots of total cell lysates were blotted was probed with anti-
phosphotyrosine antibody, it was revealed that co-expression of
the Tec ASHZ mutant and PTP20 resulted in no tyrosine phos-
phorylation on both molecules and that the Tec APH mutant
tyrosine-phosphorylated (Fig. 3, panel C). Tec SH2 domain-de-
pendent interaction with PTP20 was further investigated by
co-transfecting the PTP20 C/S mutant with plasmids encoding
GST fusion proteins of Tec domains in the presence or absence
of Tec into COS7 cells. Cell lysates were subjected to pull-down
experiments with GSH-Sepharose beads. Precipitates were
separated by SDS-PAGE followed by immunoblotting with the
indicated antibodies. In the absence of full-length Tec co-ex-
pression, no substantial binding of PTP20 to any of the Tec
domains was apparent (Fig. 3, panel D). In contrast, in the
presence of full-length Tec, phosphorylated PTP20 bound to
only the SH2 domain of Tec. Given that co-expression of Tec
should result in marked tyrosine phosphorylation of PTP20 in
COS7 cells, these data indicate that the PTP20-Tec interaction
is mediated predominantly by the SH2 domain of Tec and
phosphotyrosine residues of PTP20.

Next, we tried to identify the binding site(s) for Tec in
PTP20. Because the interaction of Tec with PTP20 was medi-
ated by the Tec SH2 domain, potential tyrosine residues of
phosphorylation were first taken into consideration. There are
13 tyrosine residues (Tyr-62, Tyr-68, Tyr-86, Tyr-101, Tyr-144,
Tyr-192, Tyr-244, Tyr-281, Tyr-285, Tyr-303, Tyr-354, Tyr-381,
Tyr-419) in the PTP20 sequence, and all the residues are per-
fectly conserved among human and mouse orthologs (Fig. 4).
We focused our attention on the tyrosine residues Tyr-281,
Tyr-285, Tyr-303, Tyr-354, Tyr-381, and Tyr-419 located in the
C-terminal PEST domain of PTP20, and 6 residues were indi-
vidually mutated.

First, the mutants were tested for the extent of tyrosine
phosphorylation by Tec in transfected COS7 cells. Total cell
lysates were subjected to anti-phosphotyrosine blotting. Fig. 5,
panel A, demonstrates that the PTP20 mutants (Y281F,
Y303F, Y354F, Y381F) in which Tyr-281, Tyr-303, Tyr-354,
and Tyr-381 were individually mutated exhibited dramatic
reduction in tyrosine phosphorylation levels, whereas no ap-
parent reduction for Y285F and Y419F was observed. Combi-
national mutation of Tyr-281, Tyr-303, Tyr-354, and Tyr-381
totally abolished tyrosine phosphorylation of PTP20. In keep-
ing with these data, anti-phosphotyrosine blotting also demon-
strated that tyrosine phosphorylation of Tec was concomitantly
reduced. This observation was further extended by GST pull-
down experiments using the Tec SH2 domain. COS7 cells were
then transfected with PTP20 YF variants together with Tec
and Tec-Tec SH2, as outlined in Fig. 3, panel C. Mutation of
gither Tyr-281, Tyr-303, Tyr-354, or Tyr-381 of PTP20 resulted
in reduced binding capacity of PTP20 to the Tec SH2 domain,
and again, such binding was completely abrogated by substi-
tuting all the tyrosine residues (Fig. 5, panel B). Together these
data clearly indicate that four tyrosine residues in the C-ter-
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minal non-catalytic region of PTP20 are involved in not only
binding to the Tec SH2 domain but also in the phosphorylation
and subsequent activation of Tec.

We asked whether the C-terminal non-catalytic region of
PTP20 was enough for phosphorylation and activation of Tec.
To this end, PTP20 deletion mutants lacking either an N-
terminal catalytic or a C-terminal non-catalytic segment were
made, but the resultant constructs could not be expressed in
COS8T cells, although comparable amounts of transcripts were
detected (data not shown). To solve this problem, the N-termi-
nal PTP domain and the C-terminal PEST domain were in-
serted into pEBG vector and were expressed as GST fusion
proteins in COS7 cells. These pEBG plasmids encoding the
PTP domain and full length of PTP20 C/S mutant and the
PEST domain of PTP20 were co-transfected into COS7 together
with Tec. Anti-phosphotyrosine blotting documented that Tec
was highly tyrosine-phosphorylated with the full-length but
not the PTP domain of the PTP20 C/S mutant (Fig. 6, panel A),
supporting previous data shown in Fig. 5, where the C-terminal
part of PTP20 was essential for tyrosine phosphorylation of
Tec. Interestingly, the presence of the PEST domain of PTP20
caused tyrosine phosphorylation of PTP20, but the extent was
lower than in the presence of the full-length PTP20 C/S mu-
tant. Equivalent expression of each construct was confirmed by
Western blotting with anti-Tec and anti-GST antibodies. To
further examine the involvement of the PEST domain, lysates
were precipitated with GSH-Sepharose beads followed by im-
munoblotting with anti-phosphotyrosine antibody. A phospho-
rylated 74-kDa band, which was shown to be Tec by immuno-
blotting, was co-precipitated with full-length PTP20 C/S
mutant, whereas the PTP domain alone could not capture Tec
(Fig. 6, panel B). A faint tyrosine-phosphorylated band with the
same mobility of 74 kDa that co-precipitated with the PEST
domain appeared to be Tec but could not be detected by our
anti-Tec antibody presumably due to sensitivity. These results
suggest that the PEST domain of PTP20 is necessary but not
sufficient for not only hyperphosphorylation and activation of,
but also association with Tec.

Negative Regulatory Roles of PTP20 in BCR Signaling—All
the experiments documented above were conducted in trans-
fected COS7T cells. To demonstrate a physiological relevance of
the PTP20-Tec interaction, evidence of such an association in
non-transfected cells was required. To this end we selected
human Ramos immature B cells, because it has been reported
that they express relatively high amounts of endogenous Tec
(21). As shown above, interaction of PTP20 with Tec is medi-
ated by tyrosine phosphorylation of PTP20, and PTP20 has
autodephosphorylation activity, implying that it would be dif-
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ficult to detect a phosphotyrosine-dependent interaction of
PTP20 with other molecules including Tec endogenously. To
overcome this experimental difficulty, protein-tyrosine phos-
phorylation was induced in Ramos cells by treatment with
pervanadate (POV). Cells were starved for 16 h in serum-free
medium and then either left unstimulated or treated with 0.1
muM POV for 30 min and lysed. Cell lysates were immunopre-
cipitated with either anti-phosphotyrosine antibody or anti-Tec
antibody. Our PTP20-specific antibody could not be used due to
its inability in immunoprecipitation experiments. In anti-phos-
photyrosine immunoprecipitates, specific bands with 74 and 50
kDa corresponding to human Tec and PTP20 were detected
only upon POV treatment (Fig. 7). A tyrosine-phosphorylated
band with 50 kDa in the anti-Tec immunoprecipitates was
readily detected by the anti-PTP20 antibody but only when
cells received POV pretreatment (Fig. 7). These results indicate
that endogenous Tec and PTP20 interact with each other in a
phosphotyrosine-dependent manner in Ramos B cells.
Although upstream regulators such as cytokine receptors,
lymphocyte surface antigens, G protein-coupled receptors, re-
ceptor type PTKs, or integring for Tec in blood cells including
Ramos B cells have been relatively well investigated (13, 20,
22-26), only limited information regarding downstream regu-
lators of Tec has been available so far. If the data obtained in
transtected COS7 cells are true, PTP20 would be thought to
play a negative regulatory role in Tec-mediated signaling. To
examine this, either the PTP20 WT, the inactive C/S mutant, or
another form of catalytically inactive mutant D/A was tran-
siently co-transfected with the pfos/luc reporter plasmid into
Ramos cells, because the promoter of the c-fos proto-oncogene is
activated in response to BCR cross-linking in the cells. Cells
were either left unstimulated or treated with anti-human IgM
F(ab'), fragments for 5 h. Cell lysates were assayed for lucif-
erase activity. BCR cross-linking induced a marked activation
of the c-fos promoter (Fig. 8). Expression of PTP20 WT totally
inhibited BCR-induced activation of the c-fos promoter as well
as its basal activity, whereas only about 20% inhibition of the
promoter activation was observed in the co-expression of cata-
lytically inactive forms of PTP20, strongly indicating that
PTP20 is a negative regulator of BCR-Tec-c-fos signaling.
Tyrosine Phosphorylation of PTP20 by Tec Modulates Its
Catalytic Activity against Tec as Well as Itself—We demon-
strated that specific tyrosine residues Tyr-281, Tyr-303, Tyr-
354, and Tyr-381 of PTP20 could be phosphorylated by Tec and
served as Tec binding sites (Fig. 5). To further investigate
physiclogical relevanee of PTP20 tyrosine phosphorylation,
substitution of the tyrosine residues with phenylalanine in
PTP20 WT was performed. The YF mutants of HA-PTP20 WT



Fig. 3. Tec SH2 domain is essential
for both tyrosine phosphorylation of
PTP20 and association of Tec with
PTP20. A, schematic organization of
mouse Tec into PH, TH, SH3, SH2, and
kinase (KD) domains. B, COS7 cells were
transiently transfected with either empty
vector (mock) or HA-PTP20 C/S together
with the indicated Tec mutants. Cells
were lysed, and HA-PTP20 was immuno-
precipitated (IP) followed by immunoblot-
ting (IB) with anti-phosphotyrosine anti-
body (PY99 (apY)). The same membrane
was sequentially reprobed with anti-Tec
and anti-HA antibodies after stripping. C,
aliquots of the total cell lysates (T'CL)
were separated by SDS-PAGE followed by
immunoblotting with indicated antibod-
ies. D, COS7 cells were transiently trans-
fected with pEBG empty vector (GST) or
bearing each of Tec domains (PH, TH,
SH3, SH2, and KD) in the absence or
presernice of Tec plasmid. Cells were lysed,
and GST fusion proteins were precipi-
tated by GSH-Sepharose beads followed
by immunoblot analysis with anti-phos-
photyrosine (pY) antibody. The same
membrane was sequentially reprobed
with indicated antibodies. Expression of
PTP20 and Tec was confirmed using ali-
quots of total cell lysates (I'CL) by immu-
noblotting as indicated.
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Fig. 4. Sequence alignment of PTP20 with its human (brain-derived phosphatase 1 (BDP1)) and mouse (HSCF) orthologs. The 13
conserved tyrosine residues are boxed and numbered based on the amino acid sequence of PTP20. PTP catalytic domains are indicated by gray

shading.

were co-transfected with Tec and the PTP20 C/S mutant with-
out epitope tagging, and effects on the extent of tyrosine phos-
phorylation on Tec were analyzed by anti-phosphotyrosine blot-
ting. As shown in Fig. 94, substitution of Tyr-281 with
phenylalanine (Y281F) resulted in dramatic loss of PTP20 de-
phosphorylation activity against Tec. On the other hand, Tec
could be dephosphorylated by Y303F, Y354F, and Y381F to
nearly the same extent by PTP20 WT. The PTP20 Y281F/
Y303F/Y354/F381F mutant in which 4 tyrosine residues were
substituted by phenylalanine also exhibited apparently no de-
phosphorylation activity against Tec. Equivalent expression of
HA-PTP20 was confirmed by immunoblotting (lowest panel).
Next, the autodephosphorylation activity of the YF mutants of
HA-PTP20 WT was assessed by co-transfecting Tec and-PEST
encoding the GST-PTP20 PEST domain into COS7 cells, as
GST-PTP20 PEST alone became tyrosine-phosphorylated in
the presence of Tec (Fig. 6). Cells were lysed and GST-PTP20
PEST was precipitated with GSH-Sepharose beads followed by
anti-phosphotyrosine blotting. Again, PTP20 Y281F as well as
PTP20 Y281F/Y303F/Y354/F381F showed no dephosphoryl-
ation activity against GST-PTP20 PEST, whereas PTP20
Y303F, Y354F, and Y381F as well as PTP20 WT could dephos-
phorylate GST-PTP20 PEST (Fig. 9B). These YF mutants also
were transfected into Ramos B cells, and c-fos promoter activity
was assayed after BCR ligation. Ectopic expression of PTP20
Y281F and Y281F/Y303F/Y354/F381F mutants still inhibited
c-fos promoter activity (about 50%, relative to mock transfee-
tants), but the extent was significantly lower than that of WT

as well as other YF mutants. These results strongly suggest
that phosphorylation of Tyr-281 on PTP20 is essential for ex-
pression of catalytic activity against not only Tec but also
PTP20 itself in transfected COS7 cells as well as in Ramos B
cells, although other tyrosine residues, Tyr-303, Tyr-354, and
Tyr-381, are also phosphorylated by Tec.

DISCUSSION

Many signaling pathways triggered by PTKs can be poten-
tially modulated by PTPs in a negative or positive manner
under cellular context. In some cases phosphorylation on the
tyrosine residues of PTPs themselves can modulate their cat-
alytic activities. For example, SH2 domain-containing PTP
SHP-2 is tyrosine-phosphorylated upon stimulation by a vari-
ety of growth factors (27-29) and cytokines (30-35). Once
SHP-2 becomes tyrosine-phosphorylated, their catalytic activ-
ity might be increased and modulated its own tyrosine phos-
phorylation level by autodephosphorylation activity (36, 37). It
also has been reported that tyrosine phosphorylation of PTP1B
upon insulin and epidermal growth factor treatment causes
reduction in its catalytic activity, thereby enhancing apparent
insulin receptor- and epidermal growth factor receptor-medi-
ated signaling pathways (38, 39). Thus, tyrosine phosphoryla-
tion of PTPs appeared to be critical for the regulation of their
biological functions.

Among the PEST family PTPs, PTP20 is an only member
that gets phosphorylated on tyrosine residues, whereas no ty-
rosine phosphorylation of other members, PTP-PEST and PTP-
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Fia. 5. Specific tyrosine residues of PTP20 are necessary for
tyrosine phosphorylation of Tec and association with Tec SH2
domain. A, HA-PTP20 C/S or its YF (tyrosine to phenylalanine substi-
tution) mutants as indicated were co-transfected into COS7 cells with
Tec. Aliquots of total cell lysates (TCL) were immunoblotted (WB) with
anti-phosphotyrosine (apY) antibady. The same membrane was sequen-
tially reprobed with anti-Tec and -HA antibodies. B, COS7 cells were
co-transfected with expression plasmids for HA-PTP20 C/S or its YF
mutants, Tec, and GST-Tec-SH2 domain, Cells were lysed, and GST-
Tee-SH2 domain was precipitated with GSH-Sepharose beads followed
by immunoblot analysis by sequential probing with anti-phosphoty-
rosine, anti-HA, and anti-GST antibodies. Expression of nearly the
same amounts of PTP20 was confirmed by immunoblotting of aliquots
of total cell lysates with anti-HA antibody.

PEP, has been reported. In the present study, we clearly dem-
onstrated that PTP20 was tyrosine-phosphorylated by a
cytosolic Tec kinase. As previously reported for phosphoryla-
tion of PTP20 by constitutively active Src family kinases (8,
11), the catalytically inactive form of PTP20 was found to be
tyrosine-phosphorylated to a greater extent by Tec, whereas
apparently no phosphorylation on PTP20 WT was obvious,
possibly due to its autodephosphorylation activity. Src and Lek
indeed tyrosine-phosphorylated PTP20, but the extent of tyro-
sine phosphorylation of PTP20 by Tec was shown to be the
greatest (Fig. 1). Moreover, related Itk did tyrosine-phospho-
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rylate PTP20 to a lesser extent, but Btk and Bmx did not (Fig.
1). These results suggest that Tec kinase tyrosine phosphoryl-
ates PTP20 more specifically and preferentially than Sre family
kinases and its related kinases do.

Without ectopic PTP20 expression, tyrosine phosphorylation
of Tec kinase was not detected in transfected COS7 cells (Fig.
2). Although co-expression of PTP20 WT did not induce tyro-
sine phosphorylation of Tec, the catalytically inactive C/S var-
iant of PTP20 caused tyrosine phosphorylation of Tec and co-
immunoprecipitated with Tec. These results strongly suggest
that a dominant-negative effect of PTP20 C/S expression on Tec
tyrosine phosphorylation seems to be unlikely and, rather, that
Tec was possibly autophosphorylated and further activated by
interacting with PTP20 and then was immediately dephospho-
rylated and deactivated by PTP20, which might also be acti-
vated throughinteraction with Tecin a tyrosine phosphorylation-
dependent manner. A deletion of the Tec SH2 domain
abrogated tyrosine phosphorylation of Tec as well as PTP20
and association between Tec and PTP20 (Fig. 3). Likewise,
substitution of individual tyrosine residues Tyr-281, Tyr-303,
Tyr-354, and Tyr-381 with phenylalanines of PTP20 reduced
not only tyrosine phosphorylation of Tec and PTP20 itself but
also association of PTP20 with the Tec SH2 domain (Fig. 5).
Substitution of all the four tyrosine residues (Fig. 5) as well as
a deletion of the C-terminal non-catalytic segment (Fig. 6)
completely abolished those events, and the C-terminal segment
alone partially induced Tec tyrosine phosphorylation (Fig. 6),
supporting the idea that phosphotyrosine-dependent interac-
tion between PTP20 and Tec is essential for determining a
mutual state of phosphorylation and activation. Taken to-
gether, we propose a working hypothesis of tyrosine phospho-
rylation-dependent interaction between PTP20 and Tec kinase
(Fig. 10).

PTPs exhibit elaborate substrate specificity in vivo. This
specificity can be achieved at two levels. First, the phosphatase
catalytic domain itself displays an intrinsic specificity for its
substrate. However, the affinity between the catalytic domain
and its substrate is often low. Actually, the PTP domain of the
catalytically inactive PTP20 alone could not capture a potential
substrate Tec kinase (Fig. 6). A further enhancement of the
specificity is achieved by protein-protein targeting; the Tec
SH2 domain and phosphorylated tyrosine residues on PTP20
could enhance the interaction between the two molecules. In
Ramos B cells, we could detect tyrosine phosphorylation-de-
pendent interaction between PTP20 and Tec only when cells
were treated with pervanadate (Fig. 7). In this case, however,
apparent binding might have resulted from a sole interaction of
phosphorylated tyrosines of PTP20 C-terminal with the Tec
SH2 domain and, therefore, underestimated because vanadate
can get into the catalytic pocket of PTP20 reversibly and inhibit
interaction between the PTP domain segment of PTP20 and
tyrosine-phosphorylated Tec kinase. Upon physiological stim-
ulation both PTP20 catalytic domain-Tec phosphotyrosine(s)
and PTP20 phesphotyrosine-Tec SH2 domain bindings could
play an essential role.

Most interestingly, tyrosine phosphorylation of PTP20 ap-
pears to regulate its catalytic activity against Tec and PTP20
itself. Among the tyrosine residues phosphorylated by Tec ki-
nase, tyrosine 281 might be critical for dephosphorylation ac-
tivity of PTP20 in transfected COS7 cells as well as in Ramos B
cells (Fig. 9). In the case of ectopic expression in COS7 cells,
substitution of the Tyr-281 nearly abolished dephosphorylation
activity against both PTP20 and Tec (Fig. 9, A and B). On the
ather hand Y281F as well as Y281F/Y303F/Y354/F381F mu-
tants exhibited reduced, but still ~50% dephosphorylation ac-
tivity as compared with mock transfectants when expressed in
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Fia. 7. Tyrosine phosphorylation-dependent interaction of en-
dogenous PTP20 with endogenous Tec in Ramos B cells. Ramos
cells were treated with 0.1 mM POV for 15 min at 37 °C, lysed, and
subjected to immunoprecipitation with either anti-phosphotyrosine
(apY) or anti-Tec antibody. The immunoprecipitates (IP) were immu-
noblotted (WB) by anti-phosphotyrosine antibody. The same mem-
hranes were sequentially reprobed with anti-PTP20 and -Tec antibod-
ies. The bands corresponding to Tec and PTP20 are indicated by
arrowheads.

Ramos B cells (Fig. 9C), suggesting that other direct or indirect
mechanisms to regulate PTP20 activity are involved in dephos-
phorylation and deactivation of Tec in the cells. However, we
cannot exclude the possibility that phosphorylation on serine
and threonine residues rich in the C-terminal region of PTP20
might affect catalytic activity of PTP20, as PTP20 can be reg-
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Fic. 8. Negative role of PTP20 in BCR signaling. Ramos cells
(1 X 107) were subjected to electroporation with 2 pg of the pfos/luc
reporter plasmid together with 10 pg of pcDNAS3 vector (mock) or
bearing PTP20 WT, C/S, or D/A mutant. Five hours after transfection
cells were incubated for an additional 5 h in the absence (open bars) or
presence (closed bars) of anti-IgM (ab’) (10 pg/ml). Cells lysates were
then assayed for luciferase aclivity. Data are expressed as mean + S.D.
of triplicate determinations.

ulated under the control of follicle-stimulating hormone in rat
ovarian granulosa cells, where no tyrosine phosphorylation on
PTP20 was observed (14).

It has been reported that constitutively active Lck phospho-
rylates tyrosine residues 354 and 381 on PTP20, which are in
turn recognized by the Csk SH2 domain (11). In that report it
was also documented that mutation of both the tyrosine resi-



Fig. 9. Tyrosine 281 is eritical for in
vivo phosphatase activity of PTP20.
A, COS7 cells were co-transfected with
Tec, PTP20 C/S, and HA-PTP20 WT or its
YF mutants. HA-PTP20 C/S was also in-
cluded as a negative control. Cells were
lysed, and Tec was immunoprecipitated
with anti-Tec antibody. The immunopre-
cipitates (IP) were separated by SDS-
PAGE: followed by immunoblotting (WB)
with indicated antibodies. Expression of
HA-PTP20 was confirmed using aliquots
of total cell lysates (TCL) with anti-HA
antibody. apY, anti-phosphotyrosine anti-
body. B, COS7 cells were transfected as
above, but PEST-encoding GST-PTP20
PEST domain (GST-PEST) in place of
PTP20 C/S was included. Cell lysates
were subjected to precipitation with GSH-
Sepharose beads and immunoblotted with
the indicated antibodies. Expression of
HA-PTP20 was confirmed using aliquots
of total cell lysates (T'CL) with anti-HA
antibody. C, Ramos cells were transfected
by electroporation with 2 ug of the pfos/
lue reporter plasmid together with 10 pg
of pcDNA3 vector (mock) or hearing
PTP20 WT or its YF mutant and pro-
cessed as described in legend to Fig. 8.
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F1G. 10. Working hypothesis for interaction of PTP20 with Tec. I, upon stimuli or ectopic expression of Tec, Tec becomes lyrosine-
phosphorylated and activated through autophosphorylation and other PTK catalytic activity. In twrn, 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 Tec and PTP20. I7I, activated PTP20 by phosphorylation
then dephosphorylates 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 Lek and Sre and was associated
with the PTKs (Fig. 2). However, neither the SH2 nor the SH3
domain of Lek was shown to be involved in the association with
PTP20 (data not shown). Recently, another cytosolic protein-
tyrosine kinase ¢-Abl also was shown to phosphorylate 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 c-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 Lck, Tec, and c-Abl kinases depend-
ing on cellular context,

The Tec kinase was initially isolated 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, 22-26). 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 Tec,
causing inhibition of BCR-mediated cfos promoter activation
(18). Another publication has demonstrated that a decking
protein, BRDG1, binds to the Tec SH2 domain and acts down-
stream of Tec 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 also 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 Bmx/Etk- and Tec-mediated signaling
pathway leading to STAT3 activation. By co-transfection ex-
periments, we observed 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 a negative role in the

2 8. 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
Tec and PTP20 might form a negative feedback loop. To our
knowledge this is the first vreport demonstrating that tyrosine
phosphorylation-dependent interaction between PTK and PTP
is relevant for their mutual state in some cellular context.
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Abstract

A chimeric toxin in which the cell-surface binding domain of Pseudomonas exotoxin A was replaced with mature human
granulocyte colony-stimulating factor (G-CSF) was produced in Escherichia coli, purified and tested for its biological activity on the
human G-CSF-responsive myeloid leukemia cell line, UT7/GR. This fusion protein, termed G-CSF-PE40, showed potent cyto-
toxicity in the cell line in a dose-dependent manner. G-CSF-PE40 displaced binding of biotinylated G-CSF to its receptor, and the
cytotoxicity of G-CSF-PE40 was neutralized by an excess of wild-type G-CSF, indicating the receptor-mediated effects of this
chimeric toxin. When G-CSF-PE40 was injected into normal mice, they showed transient neutropenia but no significant changes in
the numbers of red blood cells or platelets. Furthermore, G-CSF-PE40 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.
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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 II 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 yet 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 cell transplantation.

* Corresponding author. Fax: +81-354-49-5429.
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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 PE40 can be restored by fusing the
gene segment encoding PE40 to cDNAs encoding sev-
eral growth factors, including transforming growth
factor-a [4,6], interleukin-2 [7), interleukin-4 [8], 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 glycoprotein, which is produced by activated
macrophages, endothelial cells, and fibroblasts [11-13].
G-CSF primarily regulates production of neutrophilic
granulocytes, enharices 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 lacking 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. Conjugation of a cytotoxic
agent, such as PE40, to G-CSF would allow the 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 prolonged 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 (St. Louis, MO), or Amersham Biosciences (Piscataway, NJ),
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 DH5o
(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 myeloid leukemia cell line
UT-7 (referred to as UT-7/EPO in the original 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, Tokyo, Japan)
as described previously [19].

Plasmid construction. The chimeric gene encoding G-CSF-PE4Q
was constructed as summarized in Fig. 1A, First, we created an Ndel
site at the 5’ end and a HindI1l site at the 3’ end of the G-CSF coding
sequence by polymerase chain reaction using a pair of primers: sense,
5-T GGA ATT CAT ATG ACa CCa tTa GGC CCT GCC AGC-3;

hG-CSF

A Ndel
SDN p g Hindlll ECoRI Ndel

B PE40  J=y

ThTGF-o

Hindlll
PCR
Ndel Hindili Ndel Hindill
digestion _' ’
Linearized pVC38H
Ndel Hindlli
T4 DNA Ligase
SDN Nde|l Hindlll‘ EcoRI
| PE40 Y

hG-CSF pGL4A11

AMP
* 1 174 * * * 253 613
Met-Thr------ Pro-Lys-Ala-Phe-Gly----- Lys

Fig. 1. (A) Scheme for construction of expression plasmid pGL411,
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 PE40 to create a Hindlll site. Abbreviations: SD,
Shine-Dalgarno sequence; hTGF-o, ¢cDNA encoding human tumor
growth factor o; 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 acid 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 HindIII.
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-o
c¢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 pGL411, cultured in 1000ml LB broth (BioWittaker, Walk-
ersville, MD) supplemented with carbenicillin (50 ug/ml) for 3h, at
which time optical density at 595nm (ODsgs) was 1.272, and then
expression of the recombinant protein was induced by incubation with
1mM isopropyl B-p-thiogalactoside for 150 min. The following pro-
cedures were performed at 4°C unless otherwise stated. Cells were
collected by centrifugation at 6000g for 30 min. The cell pellet was
treated with 75 ml of ice-cold sucrose buffer (20% sucrose, 30 mM Tris,
pH 8.0, and 1mM 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 pellet was suspended in 180 ml of 50/20 TE bufler (50 mM Tris, pH
8.0, and 20mM EDTA) and treated with 200 pg/ml lysozyme for
60min at room temperature with intermittent shaking. Then, the
suspension was honiogenized after inactivation of lysozyme by addi-
tion of 4ml of 5M sodium chloride and centrifuged at 50,000g for
30 min. The resulting pellet was resuspended with 180 mi of 50/20 TE
buffer supplemented with 0.1% Triton X-100 and collected by ceniri-
fugation 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 source of G-CSF-PE40 fusion protein.

Solubilization and renaturation of the protein. The inclusion body
was denatured in 15ml of solubilization buffer (7M guanidine hy-
drochloride, 0.1 M Tris, pH 8.0, and 2mM EDTA). The solubilized
inclusion body supernatant including approximately 100mg protein
was reduced by adding 100 mg of dry dithicerythritol 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 L-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 100mM urea)
with three buffer changes in 24 h. The dialysate was centrifuged at
2500g for 30min and filtered through a 0.45-um filter.

Ton exchange chromatography on Q-Sepharose and MonoQ. The
refolded and dialyzed protein solution was loaded onto an 8ml
Q-SepharoseFF column (Amérsham 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 20 mM Tris, pH
8.0) in 8 column volumes. Half-column volume fractions were collected
at a flow rate of 4.0 ml/min, and the eluted proteins were concentrated
in two fractions, dialyzed against 20mM Tris, pH 8.0, and then loaded
onto 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
0.5 mVmin, The purified fusion protein was analyzed for the presence
of G-CSF-PE40 by SDS-PAGE and immunoblotting. The fractions
containing thé fusion protein were dialyzed against phosphate-buffered
saliné 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 bovine serum
albumin as a standard. )

Gel electrophoresis and immunoblotting. SDS-PAGE on 10-20%
gradient Tricine gels (Invitrogen) was performed according to the
manufacturer’s instructions. The gels 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-
rheric toxin using UT-7, and its derivative, UT-7/GR [19]. While UT-7/
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 serum. Varying
concentrations of G-CSF-PE40 were added to the wells and the cells
were cultured for 2 days. Aliquots of 10pl 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 (12.5 pg/mi) 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 protein 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-7/

GR and 100ng/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-buffered 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 events. Then,
gated cells were analyzed using CellQuest software (Becton-Dickin-
son). No apoptotic 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 3.5 png/
day of G-CSF-PE40 into C57/BL mice intraperitoneally for 3 con-
tinuous days and then examined neutrophil count, lymphocyte
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 SJL-J mice were transplanted
with 1 x 10° L-103 cells, and then 114 ng/body/day of G-CSF-PE40
was administered intraperitoneally for the following 3 continuous
days. Overall survival of the L-103 lenkemia-transplanted mice was
monitored.

Results

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

The expression vector for G-CSF-PE40 was con-
structed essentially as described previously (Fig. 1A)
[10,20-22]. The resulting fusion protein, G-CSF-PE40,
was composed of an amino-terminal methionine residue,
amino acids 1-174 of mature human G-CSF fused to
amino acids 253-613 of PE through a three-amino acid
linker, lysine—alanine-phenylalanine (Fig. 1B). The cal-
culated molecular mass of G-CSF-PE40 was 66kDa.
BL21(ADE3) cells transformed with pGL411 were
treated with isopropyl B-p-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
proteih of approximately 66 kDa 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 cytotoxic 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-PEAQ 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 visual inspection. We utilized this
purified G-CSF-PE40 in subsequent analyses. Abbreviations: MK,
multimark molecular size marker (Invitrogen); IPTG, isopropy! B-p-
thiogalactoside; PPF, periplasmic fraction; IB, inclusion body.

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

To examine the receptor specificity, we administered
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 ng/ml of wild-type G-CSF (Fig. 4A). The
presence of a constant concentration of G-CSF

A
= Comy UT7/GR

; =
8%

TR : 5 B
No G-CSF-PE40 1pg/mi G-CSF-PE40
B C
110 urz ¢ . UT7/GR
100
%
—~ .30
S 870
: © 60
g g 50
g gg &~ G-CSF-PEAD %38 =0 G-CSF-PE40
20 wild-type PE ] 20 = Wild-type PE
10 10
0+ e e ———rs 3 03 e R
o 10° 100 10° 10 0 107 100 ¢ 107

Toxin (ng/ml) Toxin (ng/ml)

Fig. 3. Cytotoxicity of G-CSF-PEAQ. (A) UT-7/GR cells cultured for
48h with (right panels) or without (left panel) 1.0 pg/ml of G-CSF-
PE40 were visualized 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 effects of G-CSP-
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-PE40 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 pg/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-PE40 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-PE40 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
cornpetitively inhibited the cytotoxicity of G-CSF-PE40 up to 1 pg/ml.
(B) The cytotoxicity of a constant concentration (1.0 ug/ml) of G-CSF-
PE40 was neutralized by a 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, %6GATED represents the population
of cells binding biotin-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 neutrophil and leukemia cells
in vivo

One of the major obstacles in targeted therapy, such
as antibody-based regimens or those 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 expected, healthy

C57/BL mice administered G-CSF-PE40 showed severe
neutropenia, recovery from which took over one
month (Fig. 5A). As the peériod of neutrophil turnover
is only a few days, and their recovery took as long as
one month, 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 nonspecific; e.g., volume
overload " or nonspecific immune reactions against
contaminating molecules. We are currently planning to
perform further experiments in a murine model using
much more highly purified G-CSF-PE40 to clarify
these points. Thrombocyte count was not significantly
affected by administration of G-CSF-PE40 (Fig. 5D).
Finally, we administered G-CSF-PE40 to SJL-J leuke-
mic mice. These mice inoculated with 1x 10° L-103
cells usually died of leukemia within 2-3 weeks. The
survival period without treatment in this assay was
consistent with that reported previously [26]. SJL-J
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Fig. 5. Effects of G-CSF-PE40 on normal mice (A-D) and myeloid
leukemic mice (E). (A-D) Four C57/BL mice were injected with 3.5 ug
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 (-#-) as described in Materials and methods. The survival after
transplantation of L-103 cells is shown in Kaplan—Meyer plots.



