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ABSTRACT

AG 879 has been widely used as a Tyr kinase inhibitor specific for ErbB2 and FILK-1,
a VEGF receptor. The ICs, for both ErbB2 and FiK-1 is around T uM. AG 879, in combi-
natfion of PP1 {an inhibitor specific for Src kinase family}, suppresses almost completely
the growth of RAS-induced sarcomas in nude mice. In this paper we demonstrate that AG
879 even at 10 nM blocks the specific inferaction between the Tyrkinase ETK and PAKI
[a CDC42/ Rac-dependent Ser/Thr kinase) in cell culture. This interaction is essential for
both the RAS-induced PAK1 activation and transformation of NIH 373 fibroblasts.
However, AG 879 at 10 nM does not inhibit either the purified ETK or PAK1 directly in
vifro, suggesting that this drug blocks the ETK-PAK1 pathway by targeting a highly sensi-
tive kinase upstream of ETK. Although the Tyrkinases Src and FAK are known to activate
ETK directly, Src is insensitive to AG 879, and FAK is inhibited by 100 nM AG 879, but
not by 10 nM AG879. The structure-function relationship analysis of AG 879 derivatives
has revealed that both thio and tert-butyl groups of AG 879, but not (thio} amide group,
are essential for its biological function (blocking the ETK-PAKT pathway}, suggesting that
through the (thio) amide group, AG 879 can be covalently linked to agarose beads to
form a bioactive affinity ligand useful for identifying the primary target of this drug.

INTRODUCTION
PAK1, a member of CDC42/Rac-dependent Ser/Thr kinase family (PAKSs), is activated

by oncogenic RAS mutants such as v-Ha-RAS, and is essential for RAS-transformation of
fibroblasts such as Rat-1 and NTH 3T3 cells.1? Several distinct pathways appear to be
essential for v-Ha-RAS-induced activation of PAK1 in these cells.> One of these pathways
involves PI-3 kinase which produces phosphatidyl-inositol 3,4,5 trisphosphate (PIP3) that
activates boch CDC42 and Rac GTPases through a GDP-dissociation stimulator (GDS)
called VAV. A seccond pathway involves PIX, an SH3 protein which binds a
Pro-rich motif (residues 186-203, PAK18) located berween the N-terminal GTPase-binding
domain and C-terminal kinase domain of PAK1.3 PIX binds another protein called CAT
which is a substrate of Src family kinases.* A third pathway involves an SH2/SH3
adaptor protein called NCK.? The SH3 domain of NCK binds another Pro-rich motif of
PAK1 located near the N-terminus, while the SH2 domain of NCK binds the Tyr-phos-
phorylated EGF 1receptor/ErbBl.5 Thus, when ErbB1 is activated by EGE PAKI is
translocated to the plasma membrane through NCK. The involvement of both Src
family kinases and ErbB1 in the PAKI activation is also supported by our finding that
both PP1 (inhibitor of Src family kinases) and AG1478 (ErbB1-specific inhibitor) block
the RAS-induced PAK 1 activation and transformation in vitro and in vivo.2¢ A fourth
pathway involves ErbB2, a member of ErbB family Tyr kinases.> We have previously
shown that AG 825 (ErbB2-specific inhibitor) blocks RAS-induced activation of PAK1
and malignant transformation with the 1Cy, around 0.35 uM.2 A fifth pathway has been
recently discovered in which RAS activates PAK1 through Tiam1, a Rac-specific GDS , in
a PI-3 kinase-independent manner.” In this pathway, RAS directly binds Tiam1 which in
turn activates Rac.”

Another possible pathway involves [1-integrin, FAK and ETK. Bl-integrin activates
the Tyr kinase FAK, which in turn phosphorylates and activates ETK.® a member of
TEC/BTK family Tyr kinases.210 ETK carries an N-terminal pleckstrin homology (PH)
domain followed by a TEC homology domain.?!0 Activated ETK binds PAK] through
the PH domain, phosphorylates and activates PAK1.1! However, it still remains to be
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clarified (1) whether RAS requires this integrin/FAK/ ETK pathway
for its oncogenicity, and (2) how RAS activates this pathway.

To suppress the growth of RAS-induced sarcomas in vivo (in
nude mice), we previously used AG 879, a Tyr-kinase inhibitor
specific for ErbB2 and VEGF receptor FLK-1.2!%13 In this paper
we demonstrate that AG879 inhibits selectively the activation of
ETK (ICSO around 5 nM), blocking RAS-induced ETK-mediated
activation (Tyr phosphorylation) of PAK1 to suppress RAS transfor-

mation.

MATERIALS AND METHODS

Cell Culture and Reagents. v-Ha-RAS-transformed NIH 3T3 fibrob-
lasts (RAS cells) were grown in a standard medium, i.e., Dulbecco’s modi-
fied Eagle’s medium in the presence or absence of 10% fetal calf serum as
described previously.>¢ The Tyr kinase inhibitor AG879 and its derivatives
(AG 306 and AG 1584 ) were synthesized as described previously.!? The
novel derivative GL-2002 was synthesized analogously, and full syntheric
details will be published in due course. Two other AG 879 derivatives (AG 99
and AG 213) were purchased from Calbiochem (Croydon, Australia). The
following antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz,CA): anti-PAK1 antibody, anti-phospho-Tyr antibody (PY99) and
goat-anti-ETK antibody. The rabbit anti-FAK antibody was a generous gift
of Dr. David Schlaepfer (The Scripps Research Institute, La Jolla, CA), The
mouse anti-ETK antibody was purchased from Becton Dickinson
_ Biosciences (North Ryde, NSW, Australia). The rabbit anti-ETK antibody
was prepared as described previously. 4

Assay for the Effect of AG 879 on Cell Growth. The effect of AG879
on anchorage-independent growth of RAS cells was determined by seeding
102 cells per plate into 0.35% top agar containing different concentrations
of AG879 (from 1 nM to 1 uM) and incubating for 3 weeks as described
previously.>®1% At the end of 3 weeks, the colonies formed in the agar were
stained and counted. The effect of AG 879 on anchorage-dependent growth
of RAS cells and normal NIH/3T3 fibroblasts was examined by seeding 10°
cells per plate in the medium containing 1-100 nM AG 879, incubating for
5 days and counting as described previously. 2615

PAK and ETK Kinase Assays. For the PAK kinase assay, RAS cells were
serum-starved overnight, and then treated with different concentrations of
AG879 for 1 hour as described in the text. The cells were lysed in the lysis
buffer (40 mM HEPES, pH 7.4, 1% Nonidet P-40, 1 mM EDTA, 100 mM
NaCl, 25 mM NaF, 100 pM NaVO,, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 100 units/ml aprotinin). The lysates containing 1 mg of
proteins {measured by Bradford assay) were immuno-precipitated with the
anti-PAK1 antibody, and the immuno-precipitates were subjected to the
PAK kinase assay as described previously.)>% !0 The direct effect of AG 879
on PAK1 was determined in vitro, using GST-PAK1 fusion protein as
described previously.'” For ETK kinase assay, serum-starved RAS cells were
lysed in a buffer containing 20 mM Tiis-HCl (pH 7.5), 100 mM NaCl,
10% glycerol, 1% Nonidet P-40, 10 mM NaF 100 uM NaVO,, 1 mM
PMSE, and 100 units/ml aprotinin. The cell lysates were immuno-precipi-
tated with the rabbit anti-ETK antibody, and the ETK kinase assay was
performed as described previously®'! using the endogenous PAK1 associated
with ETK as a substrate in the presence or absence of different concentrations
of AG879 or its derivatives such as AG 1584. Immuno-blotting was
performed to determine the protein levels for PAK1 and ETK (see below).

Immuno-Precipitation and Immuno-Blotting. Serum-starved RAS cells
were treated with different concentrations of AG879 as indicated in the text.
The cells were lysed in two different lysis buffers mentioned above. The cell
lysates containing 1.5-2.0 mg of protein {measured by Bradford assay) were
incubated with protein A-Sepharose beads (Amersham Pharmacia Biotech)
and anti-PAK1, anti-ETK or anti-FAK antibodies separately.2:81%.18 The
proteins in immuno-precipitates were separated on 4-12% NuPage gel
(Invitrogen) electrophoresis and transferred to a nitrocellulose membrane
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(Micron Separations, Inc.). The membranes were blocked with 10% (w/v)
skim milk in phosphate-buffered saline containing 0.04% Tween20
(PBST), followed by an incubation for 1 hr at room temperature with
different first antibodies as described in the text. After washing with PBST,
the blots were incubated with horseradish peroxidase-conjugated anti-mouse
or anti-rabbit (Bio-Rad) secondary antibodies. The bound antibodies were
visualised using ECL reagents (Amersham Pharmacia Biotech). Some
membranes were stripped and reblotted!? with different antibodies as
described in the text.

The ETK Baculo Viral Construct and its Affinity-Purification. The
plasmid encoding the full-length ETK (residues 1-674)'# was constructed in
pBacPAKS transfer vector (Clontech, Palo Alto, CA) and recombinant virus
was made by Dr. Chi-Ying F. Huang (NHRI, Taiwan). Sf9 insect cells
infected with the recombinant virus were harvested and disrupted with
ice-cold lysis buffer containing 10 mM Tris pH, 7.5; 130 mM NaCl; 1%
Triton X-100; 10 mM NaF; 10 mM Na phosphate; 10 mM Na pyro-phosphate
and protease inhibitor cocktail (Pharmingen, San Diego, CA). Fiom the
clear supernatant of the cell lysate obtained by centrifuging ar 40,000xg for
45 min, ETK was affinity-purified by the 6xHis purification kits (Cat. No.
21474K, Pharmingen, San Diego, CA) according to the supplier’s instruction.

Autophosphorylation of Recombinant ETK Constructs In Vitro. GST
fusion protein of human ETKC, a constitutively activated ETK mutane
(residues 243-674) which lacks the N-terminal PH domain was affinicy-
purified from bacteria (E. coli). The GST-ETKC (0.6 ng) was incubated in
the kinase buffer containing 10 uM ATP (with or without 5 uCi of [y-32P}-
ATP) as described previously® in the presence or absence of AG879 (10 nM
or 1-10 mM) at 37°C for 40 min. The auto-phosphorylation was then
monitored by immuno-blotting the protein separated by the SDS-PAGE
and transferred onto nitrocellulose with anti-phospho-Tyr antibody (or by
radio-autography). Similarly 3 pg of full-length ETK purified from the
insect cells was incubated in the buffer containing 30 mM PIPES, pH 7.0,
10 uM MnClI?, 30 uM ATB 5 uCi of [y -32P] ATE, 1 mM Na, VO, for 20
min at 30°C, in the presence or absence of AG879 (10 nM~1 mM), and the
auto-phosphorylation was measured by radio-autography of the proteins
separated on SDS-PAGE.

Upregulation of ETK by RAS. The ETK protein levels were compared
between normal NIH/3T3 cells and two distinct v-Ha-RAS transformed
cell lines, excluding the possible clonal difference in the ETK levels: stable
v-Ha-RAS cell line (RAS cells) and doxycycline-inducible v-Ha-RAS trans-
formants prepared as described previously.?%2! The lysates of both normal
and RAS cells (20 pg protein of each) were subjected to SDS-PAGE and
immuno-blotted by the anti-ETK antibody. In the case of doxycycline-
inducible RAS transformants, cells were incubated for 2-3 days in the pres-
ence or absence of 2 pg/ml doxycycline, and each lysate (20 pg protein) was
subjected to the SDS-PAGE/ immuno-blot with the anti-ETK.

RESULTS

AG879 (10 nM) Blocks the Activation of PAK1 and Suppresses RAS-
Induced Malignant Transformation. AG879 was reported as an inhibitor
specific for both ErbB2 and VEGF receptor FLK-1 (IC50 is around
1 mM)'?13 and appears to be merabolically more stable than AG825 in vivo
as it strongly suppresses the growth of RAS-sarcomas in nude mice.”
However, the ICs; of AG879 for inhibiting PAK1 activation and RAS
transformation in vitro still remained to be determined.

10 nM AG879 strongly blocks PAKI kinase activity in RAS cells with-
out affecting the PAK1 protein level (Fig. 1A). However, AG879 does not
inhibit the kinase activity of the purified GST-PAKT fusion protein directly
even at 1 uM (Fig. 1B). These observations suggest that ErbB2 is not
involved in the inactivation by AG879 of PAKI in cells. Interestingly,
AG879 also suppresses the anchorage-independent growth of RAS cells in
soft agar (Fig. 1C). The IC; of AG879 for the large colony formation is
1-10 oM. However, the inhibition of anchorage-independent growth by
AG879 is not due to non-specific inhibition on cell growth, as at even 100
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oM AG879 does not affect the anchorage-dependent growth of either
normal or RAS-transformed NTH 3T3 cells (Fig. 1D). These results suggest
that the suppression by AG 879 of both RAS-induced malignant transfor-
mation and PAK1 activation is not due to blocking ErbB2, but another
kinase(s) associated with PAK1.

AG879 Inhibits the Tyr-Phosphorylation of ETK and Its Association
with PAK1. The Tyr-phosphorylation of PAK1 is required for its Ser/Thr
kinase activity as the treatment of PAK1with a Tyr-phospharase reduces its
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the Tyr kinase activity of ETK is affected by AG879, serum-starved RAS

AG 879 100 oM ~ + — + D cells were treated with AG879 (0.01-1 uM) in culture for 1hr. Cell lysates

were then immuno-precipitated with the anti-ETK antibody, followed by
immuno-blotting with the anti-phospho-Tyr or anti-ETK antibody. AG879
inhibits the Tyr-phosphorylation of ETK at 10 nM, bur does not affect the
ETK protein level (Fig. 2A). Furthermore, using the anti-PAK1 antibody,
we found that AG879 significantly suppresses the ETK-PAK1 association
(Fig.2B, top panel) and reduced the Tyr-phosphorylation of PAK1 in cells
at 10 nM (Fig.2B, botrom panel), These results suggest that AG879 inhibits
somehow the kinase activity of ETK, thus blocking its auto-phosphoryla-
' , tion, and association with PAK1, and the Tyr-phosphorylation of PAK1 by

20+ . - ETK.
. R _ . AG879 Inactivates ETK In Vitro. To determine whether AG879 directly
N R inhibits the kinase activity of ETK or not, RAS cells were lysed and
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Figure 1. [A) AG879 inhibits the activation of PAKT in cells. Serum-starved RAS cells were incubated with AG879 (0.01-10 uM] for 1hr. The cell lysates
were subjecied to PAK kinase assay as described under “Materials & Methods”. 10 nM AG 879 dlearly inhibited the PAKT acfivity {phosphorylation of
MBP) in cells (lop panel). Similar levels of PAKT prolein were defected in ail lanes as judged by immuno-blot {(bottom panel). (B) PAKT is not a direct target
of AG 879. 1 uM AG 879 fails to inhibit significantly the kinase activity of GST-PAK] in vitro. (C) AGB79 inhibits anchorage-independent growth of RAS
cells. RAS cells were planted in soft agar with or without AGB79 {0.001—100 uM) as described under “Materials & Methods”. The colony formation was
measured in comparison with that of the control {non-treated) cells. Only large colonies consisting more than 100 cells per colony were counted. The
presented values are the average of those obtained from two independent experiments. (D) AG 879 has no effect on the anchorage-dependent cell growth.
The growth of either normal or RAS-ransformed cells in liquid culture was monitored in the presence or absence of 100 nM AG 879 as described under
“Materials & Methods”.
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Figure 3. AGB79 inhibits the kinase activity of ETK in vitro. The lysates of
RAS cells were immuno-precipitated by anfi-ETK antibody. The immuno-pre-
cipitafes (1B} were subjected to an in vitro kinase assay in the presence or
absence of AG879 (A, 10 or 100 nM; B, 1 to 10 nM) as described under
“Materials & Methods”. The ETK activity {Tyr-phosphorylation of PAK1) was
monitored by immuno-blot (B} with anti-PY antibody. Similar protein levels of
ETK were detected in alf lanes by 1B with the anti-ETK antibody. Similar
results were obtained from two independent experiments,

immuno-precipitated with the anti-ETK antibody. The immuno-precipi-
tates were subjected to an in vitro kinase assay in the presence or absence of
AGS879 (0.001-10 uM) as described in the “Materials and Methods”.
AG879 (10 nM) strongly inhibits the Tyr-phosphorylation of PAK1 by

AGSB79 (M)
Tyr-phosphorylated

ETK bound
PAK bound

Total FAK

Figure 5. AG879 suppresses the Tyr-phosphorylation of FAK and its associ-
afion with ETK and PAK1. Serum-starved RAS cells were incubated with
AG879 (0.01-1 uM) for Thr. The cell lysates were immuno-precipitated (IP)
with anti-FAK anfibody as described under “Materials & Methods”, followed
by immuno-blot (IB) with anti-phospho-Tyr PY), anti-ETK or anti-PAK anibod-
ies. Similar protein levels were detected in all lanes by IB with the anti-FAK
antibody. Similar results were obtained from two independent experiments,

ETK (Fig.3A), and the IC,, for ETK is around 5 nM (Fig. 3B). Furthermore,
AG 879 has no direct effect on any other members of TEC family kinases
such as TEC, BTK or ITK, even at 10 uM in vitro (data not shown). These
results suggest that ETK is so far most sensitive to the action of AG879.
However, since the anti-ETK antibody could precipitates not only ETK
itself, but also any proteins forming a tight complex with ETK such as
PAK1 and FAK, we cannot exclude the possibility that the primary target of
AG 879 might be a third Tyr-kinase which is associated with ETK, and
responsible for the ETK activation.

AG879 (5 aM) Does Not Inhibit Recombinant ETK from Bacteria or
Insect Cells. To clarify whether ETK itself is the primary target of ETK, two
different recombinant ETK samples of human origin were purified from
bacteria or insect cells: a constitutively activated mutant of ETK called
ETKC (residues 243-674) which lacks the N-terminal PH domain purified
from bacteria as a GST fusion protein, and full-length ETK purified from
insect cells. Either the ETKC or the full-length ETK were not inhibited by
AG 879 at 10 nM, although they were significantly inhibited at 1-10 uM
(see Fig. 4). Furthermore, in vitro binding of PAKI in RAS cell lysates to
either the PH domain of ETK or a kinase-dead mutant of ETK (called

A = % B AG 306 o
.
Lo
(I > o = B ) N,
20RO~
= o) o] e CN
o O O 6 o o HO
O o« = R o
. [ . B 2
e G O
O < < AG 213 AG 1534
O
<ETKC H O Xy N XYy SNH,
CN
HO CN HO
AG 879
Figure 4. Recombinant ETK proteins alone are far less sensitive to AG 879 ~ NH,
in vitro. (A} Effect of AG879 on the ETKC from bacteria. The GSTETKC was CN
auto-phosphorylated in the presence of AG 879 (0, 1 and 10 M in vitro HO
as described under "Materials and Methods”. {B) Effect of AG879 on full
length ETK from insect cells. The fulllength ETK was auto-phosphorylated in
the presence of AG 879 (0, 1 uM and TmM) in vitro as described under
"Materials and Methods”. Figure 6. Chemical structure of AG 879 derivatives.
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Figure 7. Anti-ETK activity of AG 879 derivatives. (A} The lysates of RAS
cells were immuno-precipitated by anti-ETK antibody. The immuno-precipi-
tates (IP) were subjected to an in vilro kinase assay in the absence of any
drug (CONT) or presence of either AG879 (10 nM} or four other derivatives
(10 uM) as described in Figure 3. Only AG 879 inhibits the ETK activity
{Tyr-phosphorylation of PAK1) monitored by immuno-blot (1B} with anti-PY
antibody. Similar protein levels of ETK were detected in all lanes by IB with
the anti-ETK antibody. Similar results were obtained from two independent
experiments. (B} After RAS cells were freated with either 10 nM GL-2002 or
AG 879 for 1.5 hrs, each cell lysate was subjected o the in vitro PAK]
kinase assay described in Fig. 1B. GL-2002 strongly inhibited PAK1 activa-
tion as did AG 879. Similar results were obtained from three independent
experiments,

ETK/KQ) as a GST-fusion protein was not inhibited by 10 nM AG879
(Hirokawa Y, He H, Maruta H, unpublished observation, 2002). These
observations altogether suggest that the primary targer of AG879 is not
ETK itself, but rather its associated upstream activator to be identified.

AG879 Inhibits the Tyr-Phosphorylation of FAK and Its Association
with ETK and PAKI. ETK is a cytoplasmic (non-receptor) Tyr kinase
which is activated at the plasma membranes.”!® The N-terminus of FAK
shares significant sequence homology with FERM domains, which are
involved in linking cytoplasmic proteins to the membranes.224 It was
shown recently that the activation of ETK by extracellular matrix (ECM) is
regulared by FAK through the interaction between the PH domain of ETK
and the FERM domain of FAK, and that activated FAK binds ETK and
elevates the Tyr-phosphorylation of ETK.8

To test whether the FAK-ETK interaction is affected by AG879, serum-
starved RAS cells were treated with AG879 (0.01-1uM). Cell lysates were
then immuno-precipitated with anti-FAK antibody, followed by blotting
with anti-phospho-Tyr, anti-ETK or anti-PAK1 antibodies separately. As
shown in Figure 5, AG879 suppresses both the Tyr-phosphorylation of FAK
and its association with ETK at 100 nM, but not at 10 nM, whereas AG879

100
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Figure 8. RAS-induced up-regulation of ETK. Upper panel: Up-regulation of
ETK by the Doxycylineiinduced v-Ha-RAS expression in normal NIH/3T3
cells. Dox-minus, the control {no doxycycline-added); Dox-plus, 2 ug/ml
doxycycline added. Lower panel: Enhanced expression of ETK in v-Ha-RAS-
transformanis. N, normal NIH/3T3 cells; R, v-Ha-RAS4ransformants. The
arrow indicates the ETK band. Both stable and inducible RAS up-regulate the
ETK profein level.

inhibits the FAK-PAK1 interaction at 10 nM. These results suggest that
PAXK1 associates with FAK probably through ETK, and PAK1 can no longer
interact with FAK when the PAKI-ETK complex is disrupted by AG879.

The Structure-Function Analysis of AG879 Derivatives in Inhibiting
ETK. To determine which side chains of AG879 are essential for the ETK
inhibition, and further screen for a more potent “ETK inhibitor”, we have
examined the anti-ETK activity of several AG879 derivatives shown in
Figure 6. However, none of these derivatives other than AG879 itself
inhibits ETK activity in vitro even at 10 pM (see Fig. 7A). These resuls
indicate that at least both tert butyl groups at positions 3 and 5, and the thio
group are absolutely essential for AG879 to inhibit ETK. Interestingly, the
ErbB2-specific inhibitor AG825 is distantly related to AG879, but like
AG306, lacks both the thio and rert butyl groups, and in fact shows no anti-
ETK activity at even | uM in vitro (dara not shown). However, when the
free (thio) amino group of AG879 was alkylated with an amino-hexane
chain, the resulting derivative called GL-2002 was still able to show a strong
anti-ETK activity that blocks the PAK1 activation in RAS cells even at 10
nM (Fig. 7B), suggesting that, unlike other side chains, this free amino
group of AG879 is not essential for its anti-ETK activity. Thus, we are
currently generating a series of bioactive immobilized AG 879 (or its water-
soluble N-hexylamine derivative, called GL-2003) by coupling them to
agarose beads through the amino group so that we can use the AG879/
GL-2003 bead as a ligand for fishing a high-affinity AG879-binding protein(s).

Upregulation of ETK Protein Level by RAS. How does RAS activate
this integrin/FAK/ETK pathway? Although the whole picture of this mech-
anism still remains to be unveiled , we found that v-Ha-RAS upregulates the
protein level of ETK several folds, using both doxycycline-inducible v-Ha-RAS
transformants and stable v-Ha-RAS transformants derived from normal
NIH/3T3 cells (see Fig. 8), clearly indicating that oncogenic RAS signalling
involves ETK.

DISCUSSION

In this study, we have demonstrated that AG879 selectively inac-
tivates the cytoplasmic Tyr kinase ETK with ICq, of about 5 nM.
The inactivation of ETK by AG879 blocks the ETK-PAK]1 interac-
tion, thereby blocking the Tyr-phosphorylation of PAKI and its
kinase activity. Interestingly at this concentration AG879 does not
inhibit directly any other kinases including FAK, PAK, ErbB2,
ErbB1, TRK, TEC, BTK and ITK. However, since the ICSO of this
drug for recombinant ETK proteins alone is 1-10 uM, instead of
5 nM, it is most likely that the primary target of AG879 is not ETK,
FAK or ErbB2 themselves, but an as yet unidentified activator of
ETK. Thus, we are currently identifying this highly AG879-sensitive
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target among the kinases which are associated with ETK, Tyr-phos-
phorylate the kinase-dead (non-auto-phosphorylatable) mutant of
ETK (ETK-KQ), and bind tightly to the AG879/GL-2003 beads.
Our preliminary data suggest that the primary target is a Tyr-phos-
phorylated protein of 62 kDa (Hirokawa Y and Maruta H, unpub-
lished observation).

ETK is required for the anchorage-independent and tumorigenic
growth of human breast cancer cells.'! Although ETK alone is not
transforming, it enhances malignant transformation of NIH 3713
cells caused by a partially activated c-Src mutant.?> ETK can also be
activated by Src family kinases and is responsible for Src activation
of signal transducer and activator of transcription factor 3 (STAT3)
and v-Src-induced transformation.?> In this study we have estab-
lished that ETK is essential for RAS transformation: the concentra-
tion of AG879 that inhibits both RAS-induced PAK1 activation and
anchorage-independent growth is similar to the IC,, for ETK both
in vitro and in vivo.

We have established here that RAS signalling involves ETK by
demonstrating that RAS significantly up-regulates the ETK protein
level. To understand further the derailed mechanism, we are currently
investigating whether this regulation is at either transcriptional or
translational levels or its stability (turn-over rate). In this context, it
is worth noting that ETK is highly expressed in metastatic prostate
and breast carcinoma cell lines such as PC3M which carry oncogenic
Ki-RAS mutants.? Since RAS cells in general are both metastatic and
angiogenic, it is conceivable that at least a part of the reason for the
high expression of ETK in these cell lines might be due to the
constitutive RAS activation. Thus, it would be of great interest to
determine whether AG879 inhibits the metastasis of these RAS cancer
cell lines in vivo.

It was suggested carlier that AG879 (also called SU0879) sup-
presses angiogenesis by blocking VEGF receptor FLK-1.'3 However,
since the VEGF receptor also directly activates ETK!® which is then
inhibited by AG879 at 5 nM (200 times more sensitive to this drug
than FLK-1), it is more likely thar AG879 suppresses angiogenesis
primarily by blocking ETK, rather than FLK-1. Since oncogenic
RAS mutants up-regulate expression of VEGF through Raf-MEK-
MAP kinase cascade,?6 and VEGF in turn activates ETK through
FLK-1in endothelial cells, RAS transformation can induce angio-
genesis through this paracrine pathway. Thus, it is conceivable that
the suppression of RAS sarcomas growth by AG879 in mice? might
be at least in part due to its anti-angiogenic action, (in addition to
blocking the anchorage-independent growth of RAS cells per se).
Interestingly it was recently shown that PAK1 is essential for angio-
genesis. A cell-permeable peptide which blocks selectively the NCK-
PAK1 interaction inhibits bFGF-induced angiogenesis.27
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HEMATOPOIESIS

Reprogramming of human postmitotic neutrophils into macrophages by

growth factors

Hiroto Araki, Naoyuki Katayama, Yoshihiro Yamashita, Hiroyuki Mano, Atsushi Fujieda, Eiji Usui, Hidetsugu Mitani, Kohshi Ohishi,
Kazuhiro Nishii, Masahiro Masuya, Nobuyuki Minami, Tsutomu Nobori, and Hiroshi Shiku

lt is generally recognized that postmitotic
neutrophils give rise to polymorpho-
nuclear neutrophils alone. We obtained
evidence for a lineage switch of human
postmitotic neutrophils into macrophages
in culture. When the CD15"CD14~ celi
population, which predominantly con-
sists of band neutrophils, was cultured
with granulocyte macrophage—colony-
stimulating factor, tumor necrosis fac-
tor-c, interferon-y, and interleukin-4, and
subsequently with macrophage colony-
stimulating factor alone, the resultant cells
had morphologic, cytochemical, and phe-
notypic features of macrophages. In con-

trast to the starting population, they were
negative for myeloperoxidase, specific
esterase, and lactoferrin, and they up-
regulated nonspecific esterase activity
and the expression of macrophage
colony-stimuiating factor receptor, man-
nose receptor, and HLA-DR. CD15*CD14~
cells proceeded to macrophages through
the CD15-CD14- cell popuiation. Microar-
ray analysis of gene expression also dis-
closed the lineage conversion from neu-
trophils to macrophages. Macrophages
derived from CD15*CD14- neutrophils
had phagocytic function. Data obtained
using 3 different techniques, including

Ki-67 staining, bromodeoxyuridine incor-
poration, and cytoplasmic dye labeling,
together with the yield of cells, indicated
that the generation of macrophages from
CD15*CD14~ neutrophils did not result
from a contamination of progenitors for
macrophages. Our data show that in re-
sponse to cytokines, postmitotic neutro-
phils can become macrophages. This may
represent another differentiation pathway
toward macrophages in human postnatal
hematopoiesis. (Blood. 2004;103:2973-2980)

© 2004 by The American Society of Hematology

introduction

One apparent characteristic of the hematopoietic system is that all
types of mature cells with distinct functions are continuously
replaced by cells derived from hematopoietic stem cells that reside
mainly in the bone marrow and have the ability for self-renewal
and multilineage differentiation.!? In the process of differentiation,
hematopoietic stem cells sequentially lose multilineage potential
and generate lineage-committed progenitors with limited develop-
mental capacity. Lineage-committed progenitors give rise to
precursors that eventually differentiate into mature blood cells.
After commitment to specific lineages, hematopoietic progenitor
cells are incapable of producing mature celis of other lineages.
For example, neutrophilic monopotent progenitors proliferate
and differentiate into neutrophils, and progenitors restricted to
a macrophage lineage cannot give rise to mature cells other
than macrophages.

Several studies have focused on a lineage switch in the
hematopoietic differentiation pathway. Boyd and Schrader? re-
ported that murine pre-B-cell lines differentiate into macrophage-
like cells in response to the demethylating drug, 5-azacytidine.
B-lineage cells have been also shown to transit into neutrophils or
natural killer (NK)/T-lineage cells.*® Furthermore, the macrophage
cell line differentiates into B-lineage cells.” Common lymphoid
progenitors that exogenously express cytokine receptors or transcrip-
tional factors develop myeloid lineage cells.!®!? In addition to

these lineage switches, lineage conversions within myeloid lin-
eages have also been observed in experiments using cell lines and
transformed cells. Enforced expression of transcriptional factors
such as GATA-1 and PU.1 leads to the lineage switch of myeloid
cells to cells with another myeloid phenotype.!*!7 These lineage
switches include myeloid to megakaryocytic, myeloid to eosino-
philic, myeloid to erythroid, and erythroid to myeloid conversions.
The ectopic expression of PU.1 and C/EBP also results in the
commitment of hematopoietic progenitors to an eosinophilic
lineage.!®% With respect to normal primary cells, it has been
reported-that murine B-cell precursor cells acquire the potential to
differentiate into macrophage-like cells when they are transferred
to myeloid culture conditions.?! Normal murine early T progenitor
cells also generate macrophages in cultures supplemented with
conditioned medium from a thymic stromal cell line or in the
presence of cytokines.?? Thus, normal murine lymphoid progeni-
tors may retain the potential to differentiate into macrophages.
Reynaud et al?3 reported that human cord blood~derived pro-B
cells with DJy rearrangements of the immunoglobulin (Ig) locus
generate macrophages, NK cells, and T cells. However, it is
unknown whether the lineage switch occurs in normal human
mature hematopoietic cells.

We conducted research to determine whether normal postmi-
totic neutrophils are able to differentiate into other types of mature
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cells. We found that human postmitotic neutrophils switched their
differentiation program and acquired the features of macrophages
i cultures supplemented with cytokines. These data support the
possibility that postmitotic neutrophils commonly thought to be
restricted to the neutrophilic differentiation pathway can become
macrophages, and we argue that the lineage switch of human
mature blood cells may, at least in part, be relevant to normal
hematopoietic differentiation.

Materials and methods
Cytokines

Recombinant human macrophage colony-stimulating factor (M-CSF) and
interferon-y (IFN-y) were purchased from R&D Systems (Minneapolis,
MN). Recombinant human granulocyte macrophage—colony-stimulating
factor (GM-CSF) was provided by Kirin Brewery (Tokyo, Japan). Recom-
binant human tumor necrosis factor-a (TNF-«) was a gift from Dainippon
Pharmaceutical (Suita, Japan). Recombinant human interleukin-4 (IL-4)
was provided by Ono Pharmaceutical (Osaka, Japan). Cytokines were used
at the following concentrations: M-CSF, 100 ng/mL; IFN-y, 25 [U/mL;
GM-CSF, 10 ng/mL; TNF-a, 20 ng/mlL; and IL-4, 10 ng/mL.

Cell preparation

Peripheral blood was obtained from healthy Japanese donors given
subcutaneous injections of granulocyte colony-stimulating factor (G-CSF)
to harvest peripheral blood stem cells. Each donor gave written, informed
consent. Peripheral blood mononuclear cells (PBMCs) were separated by
centrifugation on Ficoll-Hypaque, washed with Ca2*-, Mg?* -free phosphate-
buffered saline (PBS), and suspended in PBS with 0.1% bovine serum
albumin (BSA) (Sigma Chemical, St Louis, MO). CD15CD14~ cells were
separated from PBMCs using CD14 and CDI5 immunomagnetic beads
(MACS; Miltenyi Biotec, Auburn, CA), according to the manufacturer’s
instructions. CD14" and CD8™ cells were also separated from PBMCs
using CD14 and CD8 immunomagnetic beads (MACS; Miltenyi Biotec),
respectively. Healthy donors gave written, informed consent. The purity of
CDI5*CD147,CD14*, or CD8" cells exceeded 99%.

Culture

Culture medium was RPMI 1640 (Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 2 mM L-glutamine, 50 U/mL penicillin, 50 pg/mL
streptomycin, and 10% fetal bovine serum (FBS) (HyClone Laboratories,
Logan, UT). CD15*CD14" cells (1 X 10%mL) were cultured with desig-
nated combinations of cytokines in a 24-well tissue culture plate (Nunc,
Roskilde, Denmark) for 18 days. Half of the culture medium was replaced
with fresh medium containing cytokines every 3 to 4 days. In some
experiments, cells were plated with designated combinations of cytokines;
onday 11 of culture, the cells were washed 3 times with PBS and replated in
cultures containing M-CSF. CD14* and CD15+*CD14 cells (1 X 105/mL)
were cultured in the presence of M-CSF for 7 days. Viable cells were
counted using trypan blue dye exclusion methods.

Morphologic cell analysis

Cytospin preparations of freshly isolated and cultured cells were stained
with May-Griinwald-Giemsa solution, myeloperoxidase (MPO) staining
kit, and double-specific (naphthol AS-D chloroacetate esterase)/nonspecific
(a-naphthyl butyrate esterase) esterase staining kit.

Cell cycle analysis

Cell cycle analysis was made using the CycleTEST PLUS DNA Reagent
Kit (Becton Dickinson, San Jose, CA) according to the manufacturer’s
instructions. Nuclear DNA content of freshly isolated CD15+CD14~ cells
was analyzed on a FACSCalibur flow cytometer (Becton Dickinson) with
ModFit software (Verity Software House, Topsham, ME). HPB-NULL cells
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(American Type Culture Collection, Manassas, VA) were used as a control.
HPB-NULL cells were passaged every 24 hours for 3 days before use to
minimize differences among experimental conditions.

Flow cytometric analysis

The following murine or rat monoclonal antibodies (mAbs) were used:
anti-CD14-phycoerythrin (anti-CD14-PE), anti-CD15-fluorescein isothio-
cyanate (anti-CD15-FITC), and anti-HLA-DR-PE (Becton Dickinson);
anti-MPO-FITC (DAKO, Glostrup, Denmark); anti-lactoferrin-PE (Immu-
notech, Marseille, France); anti—c-fins/M-CSF receptor (anti—c-fins/M-
CSFR) (Oncogene Research, Boston, MA); anti-mannose receptor-PE,
anti-Ki-67-FITC, which reacts with a proliferation-associated nuclear
antigen, antibromodeoxyuridine (anti-BrdU)-FITC, and anti-rat 1gG2b-
FITC (Becton Dickinson PharMingen, San Diego, CA). Rat immunoglobu-
lin and FITC- or PE-labeled mouse immunoglobulin served as isotype
control: rat IgG2b and mouse IgM-FITC (Becton Dickinson PharMingen);
mouse IgG1-FITC, [gG1-PE, and [gG2a-PE (Becton Dickinson); and
mouse [gG2b-PE (Coulter, Miami, FL).

For membrane staining, cells were incubated with mAbs for 30 minutes
on ice and washed 3 times with PBS. Intracellular molecules were stained,
using Cytofix/Cytoperm Kit (PharMingen, San Diego, CA). Cells were
fixed for 20 minutes at 4°C with formaldehyde-based fixation medium,
washed, resuspended in permeabilization buffer containing sodium azide
and saponin, and stained with mAbs for 30 minutes at 4°C. Cells were
washed with the permeabilization buffer and PBS. HPB-NULL cells were
used as a positive control for Ki-67 staining. Flow cytometric analysis was
performed, using a FACSCalibur flow cytometer. CellQuest software
(Becton Dickinson) was used for data acquisition and analysis.

BrdU and carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling

For BrdU pulse labeling, freshly isolated and cultured cells (1 X 105/mL)
were incubated with 5 pg/mL BrdU (Sigma Chemical) for 40 minutes. The
cells were washed with 0.1% BSA PBS, fixed with ice-cold 70% ethanol for
30 minutes at —20°C, and treated with 4 N HCI/0.5% Tween-20 at room
temperature for 20 minutes for DNA denaturation. Acid was neutralized
with 0.1 M Na,B,0. After washing with 0.1% BSA PBS, the cells were
stained with FITC-conjugated anti-BrdU mAb. BrdU incorporation was
analyzed using a FACSCalibur cytometer.2* HPB-NULL cells served as a
positive control for BrdU labeling.

Freshly isolated CD15¥CD14~ cells (1 X 10%mL) were labeled for 10
minutes at 37°C with 0.5 uM CFSE (Lambda, Graz, Austria) PBS, a
cytoplasmic dye that is equally diluted between daughter cells, and were
washed 3 times with 10% FBS RPMI 1640, CFSE-labeled CD15*CD14~
cells were cultured as described above. CD8* cells (1 X 105/mL) were
labeled with CFSE, washed with 10% FBS RPMI 1640, and cultured with
T-cell expander beads (CD3/CD28 T-cell expander; DynalBiotech, Oslo,
Norway) at a 1:3 bead-to-cell ratio for 5 days. CFSE-labeled freshly
isolated and cultured cells were analyzed for fluorescence intensity using a
FACSCalibur cytometer,?s

Microarray

Microarray assay was carried out as described.2627 Total RNA extracted
from freshly isolated and cultured cells by the acid guanidinium method
was used to synthesize double-stranded cDNA. Biotin-labeled cRNA was
prepared from each cDNA by ENZO BioArray High-Yield RNA Transcript
Labeling kit (Affymetrix, Santa Clara, CA), and hybridized with a
GeneChip HGU133A microarray (Affymetrix) harboring more than 22 000
human probe sets. Hybridization, washing, and detection of signals on the
arrays were performed using the GeneChip system (Affymetrix) according
to the manufacturer’s protocols. Fluorescence intensity for each gene was
normalized on the basis of the median expression value of the positive
control genes (Affymetrix; HGU133Anorm.MSK) in each hybridization.
Every microarray analysis was repeated twice. Hierarchical clustering and
Welch analysis of variance (ANOVA) of the data set were conducted by
using GeneSpring 6.0 software (Silicon Genetics, Redwood, CA).
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Phagocytosis

Cultured cells (2 X 10%/mL) were incubated with FITC-dextran (40 000
molecular weight; Sigma Chemical) or FITC-latex beads (2 pm; Poly-
sciences, Warrington, PA) for 1 hour at 37°C or 4°C. The uptake of
FITC-dextran and FITC-latex beads was halted by the addition of cold 1%
FBS PBS. After washing 3 times with 19% FBS PBS, cells were analyzed on

- 2829

a FACS flow cytometer.

Results
CD15*CD14- neutrophils generate macrophages

We isolated CDI5*CDI14~ cells from human blood samples.
Portions of May-Griinwald-Giemsa—~, MPO-, and double-specific/
nonspecific esterase-stained preparations are presented in Figure
1A. The CDI5*CDI4~ cell fraction consisted of myelocytes,
metamyelocytes, band cells, and segmented cells. Proportions of
myelocytes, metamyelocytes, band cells, and segmented cells were
0.6% * 0.2%, 92% = 2.5%, 87.6% = 2.5%, and 2.6% = 0.4%,
respectively (n = 5). CDI5¥CDI4~ cells were positive for MPO
and specific esterase but negative for nonspecific esterase. These
staining patterns were found in all portions of cytospin prepara-
tions. We analyzed the cell cycle characteristics of CD15¥CD 14~
cells. All CD15*CDI14~ cells were found in G, phase of the cell
cycle (Figure 1B), supporting the notion that these cells are
postmitotic. The expression of MPO, M-CSFR, lactoferrin, man-
nose receptor, and HLA-DR was assessed by phenotypic analysis
(Figure 1C). CD15*CD14~ cells were MPO*, M-CSFR ~, lactofer-
rin*, mannose receptor”, and HLA-DR™, a finding compatible with
typical features of mature neutrophils. CD14* cells were also prepared
from blood samples. Cultures of CD14* cells in the presence of M-CSE
gave rise to cells with small nuclei and intracytoplasmic vacuoles. These
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Figure 1. Cytochemistry and phenotype of freshly isolated CD15*CD1 4- cells.
(A) Photographs of May-Griinwald-Giemsa—, MPO-, and double-specific/nonspecific
esterase—stained cytospin preparations; original magnification, x 400. (B) Nuclear
DNA analysis of CD15*CD14~ cells was performed using a FACSCalibur flow
cytometer. HPB-NULL cells were used as contrals. Cell cycle distribution of
HPB-NULL cells was as follows: with G, phase, 42.9%; S phase, 30.5%; and Gz/M
phase, 26.6%. (C) The expression of CD15/CD14, MPO, M-CSFR, lactoferrin,
mannose receptor, and HLA-DR was analyzed using a FACSCalibur flow cytometer.
in the histograms, the thick and thin lines show the expression of the indicated
molecules and isotype controls, respectively. Representative data from 5 indepen-
dent experiments are shown.
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Figure 2. Cytochemistry and phenotype of cells obtained from 7-day cuiture of
freshiy isolated CD14* cells with M-CSF. (A) Photographs of May-Grinwald-
Giemsa—, MPO-, and double specific/nonspecific esterase—stained cytospin prepara-
tions; original magnification, x 400, (B) The expression of CD15/CD14, MPO,
M-CSFR, lactoferrin, mannose receptor, and HLA-DR was analyzed using a FACS-
Calibur flow cytometer. In the histograms, the thick and thin lines show the expression of the
indicated molecules and isotype controls, respectively. Yield of culiured cells was
52.8% + 9.8% (n = 5). Representative data from 5 independent experiments are shown.

cells showed nonspecific esterase activity but not MPO or specific
esterase activity (Figure 2A), and they exhibited the phenotype of
CD15- CD14*, MPO~, M-CSFR *, lactoferrin~, mannose receptor™,
and HLA-DR* (Figure 2B), which suggested that the resultant cells
were macrophages. CD157CD14"~ cells were also cultured in the
presence of M-CSF for 7 days. The yield was less than 2% of the
starting population. Surviving cells retained the features of neutro-
phils (data not shown).

To determine whether postmitotic neutrophils have the potential
to alter the lineage, we attempted to drive CD15*CD14~ cells to
become cells of a monocyte/macrophage lineage, using cultures
supplemented with cytokines. The combination of GM-CSF, M-
CSF, TNF-«, and IFN-y was chosen because GM-CSF, M-CSF,
TNF-«, and IFN-y are known to favor the differentiation of
monocytes and their progenitors into macrophages.!30-36 Because
M-CSF is a cytokine specific for, and late-acting in, a monocyte/
macrophage lineage, we cultured CDI5*CDIl4~ cells in the
presence of GM-CSF, TNF-a, and IFN-y for 11 days and subse-
quently replated the cells in cultures with M-CSF alone. On day 18
after the initiation of culture, cultured cells were harvested and
characterized in morphologic, cytochemical, and phenotypic analy-
ses. These cells had macrophage morphology (Figure 3A). Their
MPO or specific esterase activity was not detected using light
microscopy; however, the nonspecific esterase reaction was posi-
tive. CD14 expression was induced in a substantial, although not
the entire, population of the resultant cells, but CD15 expression
was completely lost (Figure 3B). When compared with freshly
isolated CD15*CD14~ cells, the resultant cells did not entirely
down-regulate MPO and lactoferrin yet they considerably up-
regulated M-CSFR, mannose receptor, and HLA-DR. This culture
condition yielded 1.8% % 0.6% (n = 5) of the starting CDI5S*CDI4~
cell population. These data suggest thal GM-CSF, TNF-o, [FN-y, and
M-CSF allow CD157CD 14~ cells to become macrophages.
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Figure 3. Cytochemistry and phenotype of cells obtained from culture of freshly isolated CD15*CD14~ neutrophils. {(A-B) Freshly isolated CD15+*CD14~ neutrophils
were cultured with GM-CSF, TNF-«, and IFN-y for 11 days, followed by additional 7-day culture with M-CSF alone. (C-D) Freshly isolated CD15+CD14~ neutrophils were
cultured with GM-CSF, TNF-o, IFN-v, and IL-4 for 11 days, followed by additional 7-day culture with M-CSF alone. (A,C) Photographs of May-Griinwald-Giemsa-, MPO-, and
double specific/nonspecific esterase—stained cytospin preparations; original magnification, X 400. (B,D) The expression of CD15/CD14, MPO, M-CSFR, lactoferrin, mannose
receptor, and HLA-DR was analyzed using a FACSCalibur flow cytometer. In the histograms, the thick and thin lines show the expression of the indicated molecules and isotype

controls, respectively. Representative data from 5 independent experiments are shown.

Next, we searched for cytokine(s). The addition of cytokines to
cultures would allow cells derived from CDI5*CDI14~ cells to
acquire features more typical of macrophages. After testing several
cytokines, we found that the appropriate conditions could be
satisfied by supplementation with IL.-4. When cultured with
GM-CSF, TNF-o, IFN-v, and IL-4 for 11 days and with M-CSF
alone for 7 days, CDI5*CDI14~ cells gave rise to cells with
morphologic characteristics of macrophages. The resultant cells
were negative for MPO and specific esterase activities and positive
for nonspecific esterase activity on cytospin preparations (Figure
3C). Phenotypic analysis showed that the resultant cells lacked
CD135 and exclusively expressed CD14. MPO and lactoferrin were
completely down-regulated, whereas the high levels of M-CSFR,
mannose receptor, and HLA-DR expression were retained (Figure
3D), as in the macrophage phenotype induced from CD 14" cells by
M-CSE Strikingly, the yield increased to 15.1% * 3.6% (n = 5) of
the starting CD15*CD14~ cell population. These observations unam-
biguously demonstrated a cytokine-induced lineage switch of postmi-
totic neutrophils to macrophages. We also cultured CD15*CD14~ cells
in the presence of GM-CSF, TNF-«, [FN-y, and II.-4 for 11 days and
analyzed their phenotypes using flow cytometry. Cultured cells ex-
pressed neither CD15 nor CD 14 (Figure 4A). MPO and lactoferrin were
detected at low levels, whereas the expression levels of M-CSFR,
mannose receptor, and HLA-DR were high (Figure 4B). These data
suggest that the expression levels of molecules that characterize
postmitotic neutrophils or macrophages are not simultaneously altered
during this lineage switch program.

Gene expression profiles of CD15*CD14™ neutrophils
and macrophages

Given that the combination of cytokines consisting of GM-CSF,
TNF-o, IFN-v, IL-4, and M-CSF allowed for the generation of
macrophages from CDI57CDI14~ neutrophils, as determined by
morphologic, cytochemical, and phenotypic analyses, we com-

pared the gene expression profiles of freshly isolated CD15*CD14~
neutrophils, CD15*CD 14~ neutrophil-derived macrophages, and
CD14* cell-derived macrophages using high-density oligonucleo-
tide microarrays. Because every microarray was repeated twice, the
mean expression intensity was calculated for each gene and was
used for the following analysis. Among our expression data set,
first searched were the genes expressed abundantly in CD15*CD14~
neutrophils but not in CD14* cell-derived macrophages. Table 1
shows 10 such genes that had an expression level of more than 100
arbitrary units in CD15*CD14~ neutrophils and the highest ratio of
the expression level between CD15+CD 14~ neutrophils and CD14*
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Figure 4. Cytochemistry and phenotype of cells obtained from culture of
freshly isolated CD15+*CD14- neutrophils with GM-CSF, TNF-«, IFN-y, and [L.-4
for 11 days. (A} Expression pattern of CD15/CD14. (B) The expression of CD15/
CD14, MPO, lactoferrin, M-CSFR, mannose receptor, and HLA-DR was analyzed
using a FACSCalibur flow cytometer. In the histograms, the thick and thin lines show
the expression of the indicated molecules and isotype controls, respectively.
Representative data from 5 independent experiments are shown.
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Table 1. Genes specifically expressed in CD15*CD14~ neutrophils

REPROGRAMMING NEUTROPHILS INTO MACROPHAGES 2977

CD15+*CD14- neutrophil/

GenBank CD14+ celi-derived CcD15*CD14- CD14+ cell-derived CD15+CD14- neutrophil-
Gene symbol accession no. macrophage ratio neutrophils macrophages derived macrophages
bA209J19.1 AL390736 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 9.65
S100P NM_005980 1099.67 3188.05 2.90 28.05
SGP28 NM_006061 699.78 314.90 0.45 0.45
CEACAMS M33326 588.24 1323.55 2.25 3.30
LCN2 NM_005564 550.64 2945,90 5.35 8.90
DEFA4 NM_001925 499.83 2849.05 5.70 3.85
CD24 BG327863 474.81 769.70 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- neutrophi/CD14* cell-derived macrophage ratio.

cell—derived macrophages. Interestingly, all these CD15*CD14~
neutrophil-specific genes were also transcriptionally silent in
CD15+CD14- 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 CD15¥CDI14~ neutrophils but not in CDI5*CD14~
neutrophil-derived macrophages or CD14% celi-derived macro-
phages. Conversely, we also tried to extract CDI147 cell-derived,
macrophage-specific genes by comparing CDI14% cell-derived
macrophages and CD!5¥CD14~ neutrophils (Table 2). Again,
expression levels of these genes in the CDI57CDI14~ neutrophil—
derived macrophages were highly similar to those in CDl4+
celi—derived macrophages. A monocyte/macrophage-specific cell
surface antigen, CD163 (Z222969), was abundantly expressed in the
CD15+CD14" neutrophil-derived macrophages and the CD147
cell—derived macrophages, but not in the CD{5*CDI14~ neutro-
phils. Hierarchical clustering analysis of these lineage-specific
genes showed the similarity between gene expression profiles of
CD15*CD14~ neutrophil-derived macrophages and CD14™ cell-
derived macrophages (Figure 5A). Next, to statisticaily examine
this similarity, we directly compared the 4 expression data sels of
CD15+CD14" neutrophils (n = 2) and CDI14* 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 CD14*
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,
CD15*CD14~ neutrophil-derived macrophages were similar to

CD14* cell-derived macrophages, separated from CDI5*
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-«, [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 CD15*CD14~ neutrophil-derived macrophages to
incorporate dextran and latex beads was comparable to that of
CD!4* cell-derived macrophages (Figure 6).

Proliferative characteristics during culture

It is possible that macrophages induced from CDi5*CDl14~
neutrophils were derived 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.’*3® 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 succinimidyl ester

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

CD14* ceil-derived

GenBank macrophage/CD15*CD14~ CD14+ cell-derived CcD15+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
CcD163 722969 256.43 2602.75 10.15 1034.35
ME1 NM_002395 197.02 551.65 2.80 310.10
CCL2 869738 196.38 1708.50 8.70 351.10
ATP1B1 BC000006 180.35 775.50 4.30 408.85
FNT1 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+*CD14- neutrophil~derived macrophages are shown in
arbitrary units. The ratio between the first 2 is indicated in the CD14~ celi-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* celi-derived macrophages (top panel) or in CD14* celi-derived
macrophages (bottorn panef). 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 botiom, 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 CD15*CD14~ 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 CDI5*CD 14~ 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, IFN-y, and IL-4 and subsequently with
M-CSF alone. These data indicate that the generation of macro-
phages from the CD15*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 BC001312

ARL7 NM_005737
PRKACB AA130247
FLJ14517 AV7113053

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-derived macrophages with
FITC~dextran and FITC-latex beads. (A) CD15*CD14" neutrophil- and CD14+ cel-
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 IL-3, IL-6, ¢-kit ligand, and GM-CSE.
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-v, and IL-4 for 11 days, washed, and recultured
with M-CSF alone for an additional 7 days. CD15+*CD14~ neutrophils and the cultured celis
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 culiured cells
are also indicated. Representative data from 5 independent experiments are shown.
(B) CD15*CD14~ neutrophils were cultured with GM-CSF, TNF-a, IFN-y, and IL-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 pattems 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 positive controls,
Experiments were repeated 5 times with identical resufts.
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macrophages in the presence of M-CSF, IL-6, and IL-7 in vitro. A
recent report stated that human B-cell progenitors obtained from
cultures of cord blood CD34*CDI10"CD19~ cells gave rise to
macrophages, NK cells, and T cells when exposed to the appropri-
ate culture conditions.?® Qur 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*
cell-derived macrophages.

When we first cultured CD15*CDI4~ neutrophils in the
presence of GM-CSFE, 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 IL-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 IL-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
IL-4 on the development of monocytes/macrophages from progeni-
tors supported by GM-CSE¥40 [L-4 has the potential to suppress
TNF-a—induced effects on hematopoietic cells.*! [L-4 also down-
regulates the expression of 2 distinct receptors for TNF-«, p60, and
p80 and induces shedding of these receptors, resulting in blockage
of the cellular signaling elicited by TNF-a.*> Moreover, several
investigators have shown that IL-4 antagonizes [FN-y-induced
responses in human myeloid progenitor and mature cells.¥*
Therefore, we have no plausible explanation for the mechanism of
action of 1L-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 CD15+*CD14~ neutrophils turn their lineage
toward macrophages, they lose CD15 expression and acquire
CD 14. This finding demonstrates that the down-regulation of CD15
occurs before the up-regulation of CD14. The cascade of several
different events may lead to the lineage conversion of CD15*CD14~
neutrophils to macrophages.

Our concern was whether a rare population of hematopoietic
progenitors, contaminating the CD15*CD14~ fraction, could pro-
liferate and differentiate into macrophages. If such were the case,
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the cultured 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*
not BrdU* cells were detectable throughout culture, suggesting
that cell division did not occur. In 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
assumed 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 CDI5*CD14~ neutro-
phils with GM-CSF, TNF-«, IFN-y, 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 CD15+*CD14~ cell population. The yield
in culture of CD15*CD14~ 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
macrophages raises the issue of developmental origin of human
macrophages and may represent another developmental pathway
from hematopoietic stem cells toward macrophages. However, it is
unclear whether such a neutrophil-to-macrophage lineage switch
occurs under physiologic conditions. Such a lineage switch may
occur under specified conditions, such as inflammation, because
GM-CSFE, TNF-a, IFN-y, IL-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, IL-4, and TNF-a. Our results indicated that when
CD157CD14- cells were cultured with GM-CSF, TNF-a, IFN-y,
and IL-4, the resultant cells exhibited a partial appearance of
macrophages. 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 hematopoiesis.
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PTP20, also known as HSCF/protein-tyrosine phos-
phatase Ki/fetal liver phosphatase 1/brain-derived
phosphatase 1, is a cytosolic protein-tyrosine phospha-
tase with currently unknown biclogical 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-354, and Tyr-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 cell line Ramos. Finally, the Tyr-281 residue of
PTP20 was shown to be critical for deactivating Tec 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 ¢cDNA 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 1in 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
specific 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 c-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 Src-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 dephosphorylating 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 Lck 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 biological 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

EReagents—Antibodies to hemagglutinin (HA) epitope (Y-11), phos-
photyrosine (PY99), glutathione S-transferase (GST) (Z-5), Sre (SRC2),
Lek (2102), JAK2 (M-126), JAK3 (C-21), Csk (C-20), and ZAP70 (LR)
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Antibodies to Tec, Itk, 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 Tec
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 proteins were previously described (18). HA epitope tag-
ging to PTP20 at its N terminus 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 BamHT 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. Thle (St. Jude Children’s Research
Hospital, Memphis, TN), respectively. Expression plasmids for mouse
Sre, Lek, Itk, Btk, Bmx, ZAP-70, and JAKS were described elsewhere.

Cell Culture and Transfection—COST 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 105 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 calcium 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
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum for
another 24 h under humidified 5% CO, and 95% air.

Cell Lysis, Immunoprecipitation, GST Pull-down, and Western Blot-
ting—The transfected cells were lysed with lysis buffer containing 50
muM 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 ug/ml leupeptin. Lysates were directly sub-
Jjected to immunoblotting, 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 g of the pfos/luc reporter plasmid (20)
plus 10 ug 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 a 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 cytosolic PTKs including Src and Lek 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. 1A,
PTP20 was tyrosine-phosphorylated by Src and Leck and co-
immunoprecipitated with proteins with 56 and 60 kDa, likely
corresponding to Lek and Sre, respectively. In the case of ec-
topic Lck expression, endogenous Src 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 JAKS 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 Tec in more detail, Tec was
co-transfected with WT or a catalytically inactive (/S form of
PTP20 into COS7 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 COSY 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. 4,
COS7 cells were transiently transfected with HA-PTP20 C/S together
with either Lck, Sre, JAK2, JAK3, Tec, Itk, Btk, 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
immunoblotted 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-phosphotyrosine 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 ASH2 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 (F'ig. 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 aboelished 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
either 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
COST7T 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. 8, 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 COS7 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-

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
mM 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 integrins 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
transfected 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’)y 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 cfos 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
physiological relevance of PTP20 tyrosine phosphorylation,
substitution of the tyrosine residues with phenylalanine in
PTP20 WT was performed. The YF mutants of HA-PTP20 WT
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