cells and additive effects in WiDr cells. Sequential
exposure to pemetrexed for 24 h followed by paclitaxel
showed synergistic effects in A549 and MCF7 cells and
additive effects in PA1l and WiDr cells. However, the
combined data points in PA1 and WiDr cells were close
to the borderlines between supraadditive and additive
areas (Fig. 4), and the observed data were close to the
predicted minimum values for an additive effect (Ta-
ble 1). The combined data points in WiDr cells fell both
in the area of supraadditivity and within the envelope of
additivity (Fig. 4). Since the isobologram of Steel and
Peckham is more strict for synergism and antagonism
than other methods for evaluating the effects of drug
combinations, simultaneous exposure to pemetrexed and
paclitaxel and sequential exposure to pemetrexed fol-
lowed by paclitaxel would be defined as having antag-
onistic and synergistic effects, respectively, using other
methods.

On the other hand, sequential exposure to paclitaxel
followed by pemetrexed showed additive effects in all
four cell lines tested. The results of flow cytometric
analysis of PA1 cells were consistent with these findings.
Enhanced apoptosis was observed only in the pemetr-
exed—paclitaxel sequence (data not shown).

Our findings suggest that the simultaneous adminis-
tration of pemetrexed and paclitaxel on the same day is
convenient for clinical use but is suboptimal. The
sequential administration of pemetrexed followed by
paclitaxel may be the optimal schedule for these com-
binations. For example, administrations of pemetrexed
on day | and paclitaxel on day 2 would be worthy of
clinical investigation. Several in vitro and in vivo studies
of combinations of pemetrexed with paclitaxel have been
reported [28, 34, 35]. Schultz et al. observed synergistic
effects when pemetrexed exposure preceded paclitaxel
exposure by 24 h, while the reverse order produced only
additive effects in three human cancer cells in vitro [28].
Although the detailed experimental systems are not
described in the abstract, our data support their findings.

Teicher et al. studied the combination of pemetrexed
and paclitaxel in vivo against EMT-6 murine mammary
carcinoma using a tumor cell survival assay [34]. They
observed that pemetrexed administered four times over
48 h with paclitaxel administered with the third dose of
pemetrexed produced an additive or more than additive
tumor response. They further studied the combination
of pemetrexed and paclitaxel in human tumor xenografts
[35]. Administration of pemetrexed (days 7-11,
days 14-18) along with paclitaxel (days 8, 10, 12, and
15) produced greater-than-additive effects on human
lung cancer H460 tumor growth delay, while that of
pemetrexed (days 7—-11) along with paclitaxel (days 7, 9,
11, and 13) produced additive effects on human breast
cancer MX-1 tumor growth delay. Since the schedules of
administration of pemetrexed with paclitaxel were quite
different from ours, comparison seems difficult.

The mechanisms underlying the schedule-dependent
synergism and antagonism of the combination of
pemetrexed and paclitaxel are unclear. Cell cycle
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analysis showed that initially exposing cells to pemetr-
exed leads to synchronization in the S phase (data not
shown). Cells in the S phase are sensitive to paclitaxel, in
addition to cells in Go/M phase [17]. This may explain
the synergistic effects of sequential exposure to pemetr-
exed followed by paclitaxel. Simultaneous exposure to
pemetrexed and paclitaxel produced antagonistic effects.
Pemetrexed has a cytotoxic effect by blocking cells in the
S phase [38], while paclitaxel has cytotoxic effects by
blocking cells in the G,/M phase [17, 27]. Thus, one
agent might reduce the cytotoxicity of the other agent by
preventing cells from entering the specific phase in which
the cells are most cytotoxic to the other agent. Inter-
estingly, we have observed similar cytotoxic interactions
between methotrexate and paclitaxel [15]. Simultaneous
exposure to methotrexate and paclitaxel produces
antagonistic effects, while the methotrexate/paclitaxel
sequence produces synergistic effects and the reverse
sequence produces additive effects. These experimental
data suggest that antifolates, which inhibit dihydrofolate
reductase, may enhance the cytotoxic action of paclit-
axel in sequential administration.

It should be noted that in vitro studies cannot eval-
uate toxic and pharmacokinetic interactions. Thus, in
vivo studies are required to confirm whether the
pemetrexed—paclitaxel sequence is optimal or not. In
clinical oncology, drug interaction may result in syner-
gism, not only in terms of efficacy but also in terms of
toxic side effects. If the toxicities of the drug combina-
tions were compared between the schedules of syner-
gistic and antagonistic interactions at the same doses,
the schedules with antagonistic interactions may pro-
duce less toxicity than the schedules with synergistic
interactions. Our data showed that the drug doses
required for ICgq or ICs levels with sequential exposure
to pemetrexed followed by paclitaxel are less than 70%
of the drug doses required for ICgy or ICsy with simul-
taneous exposure to the two agents (Figs. 3 and 4). This
suggests that the optimal doses for sequential adminis-
tration of pemetrexed followed by paclitaxel may be
lower than those for the simultaneous administration of
the two agents. This is important and must be kept in
mind for translating in vitro data to clinical applications,
since the schedule showing antagonistic effects of the
combination may be selected because of less toxicity
during the first stage of clinical study.

In conclusion, our findings suggest that the cytotoxic
effects of the combination of pemetrexed and paclitaxel
are schedule-dependent. The optimal schedule of
pemetrexed in combination with paclitaxel is the
sequential administration of pemetrexed followed by
paclitaxel. Although there are a number of difficulties in
the translation of results from in vitro to clinical ther-
apy, this schedule should be assessed in clinical trials for
the treatment of solid tumors.
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ABSTRACT

AG 879 has been widely used as a Tyr kinase inhibitor specific for ErbB2 and FIK-1,
a VEGF receptor. The ICy for both ErbB2 and FLK-1 is around 1 pM. AG 879, in combi-
nation 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 interaction between the Tyr-kinase ETK and PAK1
{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 3T3 fibroblasts.
However, AG 879 at 10 nM does not inhibit either the purified ETK or PAK1 directly in
vitro, suggesting that this drug blocks the ETK-PAKT pathway by targeting a highly sensi-
tive kinase upstream of ETK. Although the Tyrkinases Src and FAK are known fo 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 [thic) amide group,
are essential for its biological function {blocking the ETK-PAK1 pathwayl, suggesting that
through the {thio) amide group, AG 879 can be covalently linked to agarose beads to
form a biocactive offinity ligand useful for identifying the primary target of this drug.

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

by oncogenic RAS mutants such as v-Ha-RAS, and is essential for RAS-transformation of
fibroblasts such as Rat-1 and NIH 3T3 cells.!* Several distinct pathways appear to be
essential for v-Ha-RAS-induced activation of PAK] in these cells.2 One of these pathways
involves PI-3 kinase which produces phosphatidyl-inositol 3,4,5 trisphosphate (PIP3) that
activates both CDC42 and Rac GTPases through a GDP-dissociation stimulator (GDS)
called VAV. A second 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.5 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 receptor/ErbB1.”> Thus, when ErbB1 is activated by EGE, PAK1 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 PAK1 activation and transformation in vitro and in vivo.>® 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 1Cs 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 B1-integrin, FAK and ETK. B1-integrin acrivates
the Tyr kinase FAK, which in turn phosphorylates and activates ETK,8 a member of
TEC/BTK family Tyr kinases.>!® ETK carries an N-terminal pleckstrin homology (PH)
domain followed by a TEC homology domain.?1% Activated ETK binds PAK1 through
the PH domain, phosphorylates and activates PAK1.7! 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-1.21213 5 this paper
we demonstrate that AG879 inhibits selectively the activation of
ETK (ICg; around 5 nM), blocking RAS-induced ETK-mediated

activation (Tyr phosphorylation) of PAK! 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. 26 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 synthetic
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): anii-PAK] 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 and-ETK antibody was purchased from Becton Dickinson
Biosciences (North Ryde, NSW, Australia). The rabbit anti-ETK antibody
was prepared as described previously.'

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
10° cells per plate into 0.35% top agar containing different concentrations
of AG879 (from 1 nM to 1 pM) and incubating for 3 weeks as described
previously. 261> 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 103
cells per plate in the medium containing 1-100 nM AG 879, incubating for
5 days and counting as described previously.2%5

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 uM 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-PAK] antibody, and the immuno-precipitates were subjected to the
PAK kinase assay as described previously.! 2616 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 Tris-HCl (pH 7.5), 100 mM NaCl,
10% glycerol, 1% Nonider 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 PAK] 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
Jysates containing 1.5~2.0 mg of protein (measured by Bradford assay) were
incubated with protein A-Sepharose beads (Amersham Pharmacia Biotech)
and anti-PAX1, anti-ETX or anti-FAK antibodies separately. 81118 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 rext. 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)1% 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 cockrail (Pharmingen, San Dicgo, CA). From the
clear supernatant of the cell lysate obrained by centrifuging at 40,000xg for
45 min, ETK was affinicy-purified by the 6xHis purificarion kits (Cat. No.
21474K, Pharmingen, San Diego, CA) according to the suppliers instruction.

Autophosphorylation of Recombinant ETK Constructs In Vitro. GST
fusion protein of human ETKC, a constitutively activared ETK murant
(residues 243-674) which lacks the N-terminal PH domain was affinicy-
purified from bacteria (E. coli). The GST-ETKC (0.6 pg) was incubared 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). Simitarly 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 MnCl, 30 uM ATP 5 uGi of [y -32P) ATP, 1 mM NagVO, 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
berween 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.20! The lysates of both normal
and RAS cells (20 pg protein of each) were subjected to SDS-PAGE and
immuno-blotred by the ant-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 pig protein} was
subjected to the SDS-PAGE/ immuno-blot with the and-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 metabolically more stable than AG825 in vivo
as it strongly suppresses the growth of RAS-sarcomas in nude mice.”
However, the 1C,, of AG879 for inhibiting PAK] activation and RAS
transformation in vitro still remained to be determined.

10 nM AG879 strongly blocks PAKT 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-PAK1 fusion protein directly
even at 1 UM (Fig. 1B). These observations suggest that ErbB2 is not
involved in the inactivation by AG879 of PAK1 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 nM. 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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Figure 2. AG879 blocks the Tyr-phosphorylation of ETK and its association
with PAK1. [A) Serum-starved RAS cells were first incubated with AG879
[0.01-1 pM) for Thr. The cells lysates [CL) were then immuno-precipitated (IP)
with the anti-ETK antibody as described under “Materials & Methods”,
followed by immuno-blot (B} with anti-phosphoTyr (PY) antibody. (B}
Alternatively, the CL were IP with the anti-PAK1 (top panel] or anti-PY
{bottom panel} antibodies, followed by IB with anti-ETK {top panel} or antiPAKT
[bottom panel} antibedies. The total PAK1 protein level of the bottom panef
was determined by IBing each CL directly. Similar results were obtained
from two or three independent experiments.

nM 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 lis Association
with PAK1. The Tyr-phosphorvlation of PAK]1 is required for its Ser/Thr
kinase activity as the treatment of PAK1with a Tyr-phosphatase reduces its
kinase acriviry?? Activated ETK associates with PAKI through its PH
domain and activates PAK1 by the Tyr phosphorytation.!! To test whether
the Tyr kinase activity of ETK is affected by AG879, serum-starved RAS
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, but does not affect che
ETK protein level (Fig. 2A). Furthermore, using the anti-PAK1 antibody,
we found that AG879 significantly suppresses the ETK-PAKI association
(Fig.2B, top panel) and reduced the Tyrr-phosphorylation of PAK1 in cells
at 10 nM (Fig.2B, bottom panel). These results suggest that AG879 inhibits
somehow the kinase activity of ETK, thus blocking its auto-phosphoryla-
tion, and association with PAK]1, and the Tyr-phosphorylation of PAK1 by
ETK.

AGB879 Inactivates ETK In Vitro. To determine whether AG879 direcdly
inhibits the kinase activity of ETK or not, RAS cells were lysed and

Figure 1. (A} AG879 inhibits the activation of PAKT in cells. Serum-starved RAS cells were incubated with AG879 [0.01-10 uM) for Thr. The cell lysates
were subjected fo PAK kinase assay as described under "Materials & Methods”. 10 nsM AG 879 clearly inhibited the PAK1 activity {phosphorylation of
MBP) in cells {top panel). Similar levels of PAKY protein were detected in all lanes os judged by immuno-blot [bottom panel). {B) PAK1 is not a direct target
of AG 879. 1 uM AG 879 fails to irhibit significantly the kinase activity of GST-PAK] in vitro. [C} AG879 inhibits anchorage-independent growth of RAS
cells. RAS cells were planted in soft agar with or without AG879 [0.001—-100 pM) as described under “Materials & Methods”. The colony formation was
measured in comparison with that of the control [nontreated) 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 RAS4ransformed 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. AG879 inhibits the kinase activity of ETK in vitro. The lysates of
RAS cells were immuno-precipitated by anti-ETK antibody. The immuno-pre-
cipitates {IB) 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 (1B} with anti-PY antibody. Similar protein levels of
ETK were defected in all lanes by IB with the anti-ETK anfibody. Similar
results were obtained from two independent experiments.

immuno-precipitated with the anti-ETK antibody. The immuno-precipi-
tates were subjected 10 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) suongly inhibits the Tyr-phosphorylation of PAK1 by
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Figure 4. Recombinant ETK proteins alone are far less sensitive to AG 879
in vitro. [A} Effect of AG879 on the ETKC from bacteria. The GSTETKC was
auto-phosphorylated in the presence of AG 879 (0, 1 and 10 uM) in vitro
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”.
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Figure 5. AG879 suppresses the Tyr-phosphorylation of FAK and its associ-
ation with ETK and PAKT. Serum-starved RAS cells were: incuboted with
AG879 {0.01-1 uM} for Thr. The cell lysates were immuno-precipitated {IP)
with anti-FAK ontibody as described under "Materials & Methods”, followed
by immuno-blot [1B) with anti-phospho-Tyr [PY), anti-ETK or anti-PAK antibod-
ies. Similar protein levels were detected in all lanes by 1B with the anti-FAK
antibody. Similar results were obtained from two independent experiments.

ETK (Fig.3A), and the 1C,, 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 pM in vitro (dara not shown). These
results suggese thac 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 rarget of
AG 879 might be a chird Tyr-kinase which is associated with ETK, and
responsible for the ETK activation.

AG879 (5 nM) 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 gM
(see Fig. 4). Furthermore, in vitro binding of PAK1 in RAS cell lysates to
either the PH domain of ETK or a kinase-dead mutant of ETK (called

AG 306
0
B NH,
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AG 213 AG 1584 i
HO x NH2 = NHQ
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Figure 6. Chemical siructure of AG 879 derivatives.
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Figure 7. Anti-ETK activity of AG 879 derivatives. [A) The lysotes of RAS
cells were immuno-precipitated by anti-ETK antibody. The immuno-precipi-
tates [IP} were subjected to an in vitro kinase assay in the absence of any
drug [CONT) or presence of either AG879 {10 nM) or four other derivatives
{10 uM) os 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 (B with
the anti-ETK antibody. Similar resuits were obtained from two independent
experiments. [B} After RAS cells were treated with either 10 nM GL-2002 or
AG 879 for 1.5 hrs, each cell lysate was subjected to the in vitro PAK1
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, Marura H, unpublished observation, 2002). These
observations altogether suggest that the primary target 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 PAK1. 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.?324 Tt was
shown recently thar the activation of ETK by extracellular matrix (ECM) is
regulated by FAK through the interaction berween the PH domain of ETK
and the FERM domain of FAK, and that activated FAK binds ETK and
elevates the Tyr-phosphorylation of ETK.®

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

Cancer Biology & Therapy

Dox: - +

RS e

Figure 8. RAS-induced up-regulation of ETK. Upper panel: Up-regulation of
ETK by the Doxycyline-induced v-Ha-RAS expression in normal NIH/3T3
cells. Dox-minus, the confrol {no doxycycline-added); Dox-plus, 2 pg/ml
doxyeycline added. Llower panel: Enhanced expression of ETK in v-Ha-RAS-
transformants. N, normal NIH/3T3 cells; R, v-Ha-RAStransformants. The
arrow indicates the ETK band. Both stable and inducible RAS up-regulate the
ETK protein level.

inhibits the FAK-PAK1 interaction at 10 nM. These results suggest that
PAK1 associates with FAK probably through ETK, and PAK1 can no longer
interact with FAK when the PAK1-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 uM (see Fig. 7A). These results
indicate thar at least both tert buryl 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, bur like
AG306, lacks both the thio and tert butyl groups, and in fact shows na anti-
ETK activity at even 1 UM in vitro (data 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 activicy. Thus, we are
currently generating a series of bioactive immobilized AG 879 (or its water-
sofuble 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 IC; of about 5 nM.
The inactivation of ETK by AG879 blocks the ETK-PAK1 interac-
tion, thereby blocking the Tyr-phosphorylation of PAK1 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 IC,; of this
drug for recombinant ETK proteins alone is 1-10 iM, instead of
5 nM, it is most likely that the primary target of AG879 is not ETK,
FAK or EtbB2 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 dara 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 3T3
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 I1Cq, 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 detailed 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 earlier that AG879 (also called SU0879) sup-
presses angiogenesis by blocking VEGF recepror FLK-1 13 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 that 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,2® 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-
PAK] interaction inhibits bFGF-induced amgiogenesis.27
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ORIGINAL ARTICLE

Genistein-Induced Changes in Gene Expression in Panc 1
Cells at Physiological Concentrations of Genistein

Jianfeng Bai, MD,*{ Naohiro Sata, MD, PhD,* Hideo Nagai, MD, PhD,* Tomoaki Wada, MD, PhD,
Koji Yoshida, MD, PhD,§ Hirovuki Mano, MD, PhD,§ Fumihiro Sata, MD, PhD,'1
and Reiko Kishi, MD, PhD'

Objectives: To investigate the effect of genistein on gene expres-
sion in Panc 1 cells using microarray technology.

Methods: Panc | cells were treated with 10 pmol/L genistein or
DMSO (vehicle contral) for 0, 1, 3, 6, or 12 hours. Total RNA from
each sample was isolated, and biotin-labeled probes were hybridized
to the human genome U133A chip, after which the chip was washed
and scanned. Data were analyzed using DMT software (Affymetrix).
For genes that showed large changes in expression due to genistein,
these changes were confirmed using teal-time PCR assays.

Results: Two independent microarray experiments showed that
genistein significantly changed the expression of 47 genes: up-
regulating of egr-1 and TL-8 and down-regulating of EGF-R AKT2,
CYPIBL, NELL2, SCD, DNA ligase I1I, Rad as well as 18s and 28s
rRNA and others. These alterations in expression were confirmed us-
ing real-time PCR, although the increase in change was not exactly
the same in the 2 assays.

Conclusions: Our data suggest the reported apparent ability of
genistein to inhibit carcinogenesis may involve a number of path-
ways. The most obvious target is the EGF-R signaling pathway since
the expression of 5 genes related to this pathway was reduced (EGFR,
egr-1, AKT2, CYPIBI, and NELL2). Genistein may also act by dis-
abling cancer cell self-protection by inhibiting expression of AKT2,
CYPIBL, and DNA ligase {I[. Furtherimore, genistein may inhibit car-
cinogenesis by inhibiting expression of SCD. Finally, our data sup-
port findings indicating that genistein inhibits fRNA formation,
which is an important mechanism by which genistein regulates tumor
cell growth.
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G enistein, a component of soybeans, has received much
attention because of its possible health benefits. Epide-
miological reports and laboratory data have associated genis-
tein with reduced incidence of endometrial, breast, prostate,
and pancreatic cancers; cardiovascular disease and osteoporo-
sis; and lower total blood cholesterol.! Genistein has been re-
ported as a clinically effective and well-tolerated anticancer
drug in advanced cases of chemotherapy-resistant acute child-
hood lymphoblastic leukemia as well as adult chronic lympho-
cytic leukemia.” Genistein has previously been reported as an
antagonist of estrogen receptors and shown to inhibit the ac-
tivity of protein tyrosine kinases, DNA topoisomerase I, and
tyrosine autophosphorylation of epidermal growth factor, and
expression of transforming growth factor B, somatostatin in
vitro.*® Furthermore, genistein can regulate cell cycle pro-
gression and cause G,-M arrest.” Genistein also inhibits
nucleic acid ribose synthesis through the nonoxidative reac-
tions of the pentose cycle.® However, most of these activities
have been observed only at genistein concentrations in excess
of those attainable physiologically in humans, eg, 18.5 umol/L
or 5 pg/mL.°

While a number of reports are consistent with the pos-
sible anticancer effects of genistein, there are reports suggest-
ing the contrary. Ju et al'® showed that physiological concen-
trations of dietary genistein enhanced the growth of implanted
tumors because of its estrogenic effect. Others report that di-
etary genistein negated the inhibitory effect of tamoxifen on
the growth ot estrogen-dependent human breast cancer (MCF)
cells implanted in athymic mice.'' The reasons for the differ-
ent activities of genistein remain to be ascertained.

If genistein contained in soybeans does contribute to a
lower incidence of some diseases in Asian populations, this
would reflect its effect at physiological concentrations. In the
present study, we used microatray technology to examine the
effects of a physiological concentration of genistein (10
pumol/L) on gene expression in Pancl cells.
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MATERIALS AND METHODS

Cell Culture and Growth Inhibition

Panc 1 cell lines were cultured in D-MEM/F-12 media
(GIBCO, Life Technologies, Tokyo, Japan) supplemented
with 10% fetal bovine serum (GIBCO) and 1% penicillin and
streptomycin (GIBCO) in a 5% CO, atmosphere at 37°C.
Genistein (Sigma-Aldrich, Tokyo, Japan) was dissolved in
DMSO to make a [0 mmol/L stock solution for experiments.
To examine the effect of genistein concentration on prolifera-
tion, 1 x 10° Panc 1 cells were plated in 10-cm dishes and 24
hours later treated with 10, 20, 50, 100, and 200 pmol/L genis-
tein or DMSO (vehicle control) for a further 1 to 4 days. Cell
survival was determined by counting cell numbers in a count-
ing chamber. Each sample had 3 replicates, and each experi-
ment was performed 3 times.

Oligomicroarray Analysis of Gene
Expression Profiles

Panc 1 cells were treated with 10 pmol/L genistein or
DMSO for 0, 1, 3, 6, or 12 hours. Purified total RNA from each
sample was isolated using the RNeasy Mini Kit (QTAGEN,
Tokyo, Japan) and the RNase-free DNase Set (QIAGEN), ac-
cording to the manufacturer’s protocols. cDNA was synthe-
sized using the Superscript cDNA Synthesis Kit (Invitrogen
Japan, Nihonbashi, Japan), using T7-dT primer in place of the
oligo(dT) provided in the kit, and this double-stranded cDNA
was purified using the QIAquick PCR Purification Kit
(QIAGEN). Using this cDNA, biotin-labeled cRNA was tran-
scribed using the ENZO BioArray Labeling Kit (Affymetrix,
Los Angeles, CA)and purified using the RNeasy Mini Kit, The
cRNA was fragmented in 5" fragmentation buffer at 94°C for
35 minutes and chilled on ice. The fragmented biotin-labeled
c¢RNA was hybridized to the human genome U133 A chip (Af-
fymetrix) in a Genechip 640 hybridization oven (A (fymetrix)
for 16 hours. Washing and staining of the chip were done in a
Genechip Fluidics Station 400 (Affymetrix). Finally, the chip
was scanned using an Affymetrix array scanner. This proce-
dure was performed twice.

Microarray Data Normalization and Analysis

The signals of samples were normalized and analyzed
using Microarray Suite and Data Mining Tool software (Af-
fymetrix). Genes whose signal values were less than 15 at all
five time points were considered as not or pootly expressed in
Panc 1 cell lines and were not involved in further analysis. The
value of 15 was decided on as a result of our experience with
this system. Results were exported as .txt files. Complete-
linkage hierarchical clustering and display of the exported data
were applied using the free downloadable software Cluster and
TreeView (Michael Eisen http:/rana.lbl.gov/EisenSoftware.
htm).

Verification by Real-Time PCR

Total RNA used for microarray was also used for real-
time PCR analysis. First, primers were designed for the genes
of interest using GENETYX software. Then, PCR conditions
were optimized for each pair of primers (QuantiTec SYBR
Green PCR Kit; QIAGEN). After that, first strand cDNA was
synthesized from 2 pg total RNA (Superscript First Strand
c¢DNA Synthesis Kit), and 1 pL RT-PCR product was used in
real-time PCR under the optimized reaction conditions. The
components of the 50 uL reaction mixture were 25 pl. SYBR
Green PCR Master Mix, 1 pL sense primer, | pL antisense
primer, | ul. cDNA, 0.5 pL uracil-N-glycosylase, and 21.5 pL.
RNase-free water. The real-time cycler conditions were 50°C
(2 minutes) — 95°C (10 minutes) — [94°C (15 seconds) —
optimized annealing temperature (30 seconds) — 72°C (30
seconds), 50 cycles]. B-actin was used as control to normalize
the amount of ¢cDNA used. After the reaction, products were
analyzed using 2% agarose gel electrophoresis to confirm that
the signals detected by the GeneAmp PCR system 7700 were
from the expected products. Three independent experiments were
performed. Sequences of some primers are listed in Table 1.

RESULTS

Genistein Inhibition of Panc T Cell Proliferation
We compared surviving cells observed in control vehi-
cle~treated cultures of Panc 1 cells with those in cultares

TABLE 1. Sequences of Primers for Checked Genes

Gene Sense

Antisense

B-actin

AATCTGGCACCACACCTTCTAC
cgr-1 CAGTGGCCTAGTGAGCATGA

GCTTCTCCTTAATGTCACGCAC
AGTAGACAGAGGGGTTAGCGA

AKT2 CCATGAATGAGGTGTCTGTC ACGGAGAAGTTGTTTAAGGG
EGFR TGCGGTTCAGCAACAACCCT GCTGGGCACAGATGATTTTGGTC
CYPIBI TCTTGCCCTAGGCAAAGGTC GATAGTGGCCGGTACGTTCT
NELL2 AGAGGGAGACGATGGACTGA TGATGGCTAAGGAGAGCTTGT
Ligase 111 ATGGCTGAGCAACGGTTCTG GCCAGTGGTTGTCAACTTAGCC
94 © 2004 Lippincott Williams & Wilkins
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treated with increasing doses of genistein. Cell counting
showed that genistein inhibited cell proliferation at concentra-
tions equal to and greater than 20 pmol/L (Fig. 1).

Genistein Alters Panc 1 Gene Expression

The proliferation studies indicated there was no effect of
genistein below 20 umol/L. Despite this, we examined the ef-
fect of 10 pmol/L genistein on gene expression as we believe
this concentration is closer to physiological values. Total RNA
was extracted from 10 umol/L genistein-treated and vehicle-
treated 1 x 107 Panc 1 cells, respectively, followed by cDNA
synthesis, labeling, hybridization, and scanning. Two indepen-
dent experiments showed that 47 points met the filter criteria
described in the Materials and Methods section (Fig. 2). In this
human genome U133 chip analysis, 1 gene was represented by
several oligo segments, indicating sonie of the 47 points re-
ferred the same gene. The cluster map of these points clearly
showed that all repeated points referring to the same gene were
clustered together. The microarray analysis indicated changes
in expression of the following genes: up-regulation of egr-1
(early growth response 1) and TL-8 (interleukin-8); down-
regulation of EGF-R (epidermal growth factor receptor),
AKT2 (v-akt murine thymoma viral oncogene homolog 2),
CYPIBI (cytochrome P450, family 1, subfamily B, polypep-
tide 1), NELL2 (nel chicken-like 2), SCD (stearoyl-CoA de-
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160
140
(=3
8120 oo0uM
g B 10uM
¥ 100 B20uM
é 80 B 50uM
2 B 100uM |
3 60 B 200uM |
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FIGURE 1. The growth inhibition curves for Panc 1 cells by
genistein: 1 x 10° Panc 1 cells were maintained in 10-cm
culture dishes for 24 hours, followed by the addition of genis-
tein (in DMSO) to the supernatants of the culture cells to the
concentrations indicated. The cells were treated for another 1
to 4 days and then subjected to cell proliferation analysis. The
number of surviving cells in each experimental condition was
expressed as mean = SEM of 3 independent experiments with
3 repeats. It showed that the proliferation of Panc 1 cells is
significantly inhibited by genistein at the concentration of 20
ymol/L and higher compared with DMSO (vehicle)-treated
cells (%P < 0.05, %% P < 0.01). Panc 1 cells still retain a rather
rapid proliferation rate at 20 pmol/L, while 50 pmol/L and
higher concentrations keep the Panc 1 cells at low levels even
after 4 days culture. Genistein (10 pmol/L) does not inhibit
Panc 1 cell proliferation significantly at any time point.
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FIGURE 2. Cluster map of 47 points that passed the filter cri-
teria described in Materials and Methods. These genes, with
their symbols and identification numbers, are listed on the side
of their expression profiles that are presented by different in-
tensities of black and white colors. The bar indicator showing
lighter color represents the greater folds of induction or re-
pression (up to eight-fold), respectively, as compared to time
0, whereas the unchanged gene expression levels (1:1) are
indicated by the black color code. Points referred to the same
gene or similar functions are clustered together. After treated
with 10 uM genistein for 1 and 3 h, Panc 1 cells show self-
protection, because expressions of most genes during this pe-
riod increase transiently. At 6 h, genes that show induction or
depression are almost one to one. At 12 h, most genes are
depressed.
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saturase), DNA ligase 1II, and Rad (Ras-related associated
with diabetes). There were also down-regulation in [8s and
28s rRNA levels.

We used real-time PCR analysis to confirm the changes
in gene expression observed using the microarray assay. We
found that real-time PCR analysis showed alterations in ex-
pression similar to those observed in the microarray assay fora
number of genes (Fig. 3), yet the increase in change in expres-
sion levels was not exactly the same between the 2 assays.

DISCUSSION
The present study is, to our knowledge, the first to ex-
amine the effect of a physiologically relevant concentration of
genistein on gene expression using microarray analysis. Many

EGFR

AKT2

—I'C—wa

-2
-3
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CYPIB1 DNA tigase (I}

Thr  3hr  6hr  12hr thr ~ 3hr  6hr  12hr

FIGURE 3. The real-time PCR analyses (@) for the checked 6
genes were in agreement with the microarray data (B). The
same RNA used in microarray is used in the real-time PCR. The
y-axis indicates the log 2 transformed ratio of mMRNA expres-
sion, which was compared with the vehicle-treated control
group. The fluctuations of mRNA expression in Panc 1 cells
treated with 10 pmol/L genistein for 1, 3, 6, and 12 hours are
in these 2 different analytic methads, although the increase in
change in expression levels is not exactly the same.
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researchers choose 50 pmol/L because lower doses of genis-
tein did not cause observable changes in cell proliferation.
However, 10 pmol/L is the high end of physiologically achiev-
able genistein, so we chose to carry out a microarray analysis
of cells exposed to this level.

In tissue culture experiments, the condition of cells is
critical since subtle growth differences can greatly influence
gene expression profiles. Hughes et al'? identified a number of
transcripts that exhibited inherent fluctuation in isogenic un-
treated yeast cultures that appeared to have no phenotypic dif-
ferences. Taking this into account, only genes that showed
more than a fourfold change in expression by genistein were
chosen for further analysis in the present study.

‘We found that genistein altered the expression of a num-
ber of genes known to be involved in the epidermal growth
factor pathway, namely EGF-R, egr-1, AKT2, CYP1BI, and
NELL2.

Genistein is a protein tyrosine kinase inhibitor. Tyrosine
kinase activity of EGF-R is directly responsible for most cel-
lular events mediated by EGF."* EGF-R is overexpressed in
many malignancies, including pancreatic cancer, from which
Panc 1 cells are derived. Tn breast cancer, intrinsic or acquired
resistance to antiestrogens is often associated with elevated ex-
pression of EGF-R." Dalu et al'® found that genistein inhib-
ited EGF-R expression in the rat dorsolateral prostate.

AKT2 can be activated by EGF, and overexpression of
AKT2 contributes to the malignant phenotype in a subset of
human ductal pancreatic cancers.'® AKT2 up-regulation can
be considered a self-protective mechanism after exposure to
stress stimuli.'” Our observed lowering of AKT2 expression
by genistein suggests that it disables protective mechanisms in
cancer cells.

egr-1 is also an important member of the EGF signaling
cascade.'® egr-1 gene expression has been monitored in many
cell types in response to mitogens'? and has also been con-
nected with development of human cancers. Overexpression
of egr-1 has been observed in the majority of human prostate
cancer.”® In our study, the expression profile of egr-1 matched
the reported immediate early transcription of egr-1,2" indicat-
ing that the microarray chip hybridization data concur with
data generated using other methods. This conclusion is also
supported by the expression profiles of FOS and FOSB in the
current study, which match previous reports showing they are
usually induced within 15 minutes and became undetectable
after 1 hour.”?

NELL? contains EGF-like repeats and is a member of
the epidermal growth factor gene family.”® Others have shown
NELL2 mRNA is abundantly expressed in Burkitt lymphoma,
Raji cells, and colorectal adenocarcinoma SW480 cells.* Our
observation that genistein inhibited NELL2 expression would
likely result in decreased EGF signaling.

A role for cytochrome P-450 has been identified in the
EGF-R signaling pathway.> Cells with active P-450 demon-

© 2004 Lippincott Williams & Wilkins
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strated marked increases in both the extent and sensitivity of
DNA synthesis in response to EGF. CYP1BI belongs to the
multigene family cytochrome P-450, which can influence the
response of established tunors to anticancer drugs by metabo-
lizing those drugs.*® CYP1B1 shows increased expression in a
wide range of human tumors, including breast and colon can-
cers and is specifically located in tumor cells.”” Cytochrome
P-450 can deactivate a wide variety of environmental chemi-
cals and can thus can be considered as a self-protecting mecha-
nism. Inhibition of CYP1B1 expression further suggests genis-
tein can disable cancer cell protective mechanisms.

In addition to repression of a number of genes related to
EGF signaling, we also observed that genistein inhibited ex-
pression of DNA ligase TI1, which plays an important role in
DNA replication, recombination, and repair. After exposure to
DNA-darmaging agents, such as topoisomerase inhibitor, cell
death signals are initiated. Genistein has been reported to in-
hibit topoisomerase II activity both in vitro and in vivo.”®?° In
addition to its structural role in restoring the integrity of the
nuclear genome, DNA ligase II also plays an importantrole in
fine-tuning the trigger point of the cell death cascade.*® Our
observation that genistein inhibited DNA ligase TIT gene ex-
pression suggests that genistein may block DNA replication,
recombination, and repair in cancer cells.

Tn human breast cancer and melanoma cells, Rad acts to
increase serum-stimulated DNA synthesis.?! Although a de-
crease in Rad expression may decrease DNA synthesis, it in-
creases the ability of cells to recruit glucose, which facilitates
cancer growth.>? However, Boros et al*? reported that genis-
tein could shift glucose carbons from cell proliferation-related
structural and functional macromolecules (eg, RNA, DNA),
which are synthesized through nonoxidative pathways, to di-
rect oxidative degradation of glucose and thus diminished pro-
liferation and survival of pancreatic adenocarcinoma cells in
culture. Inhibiting the formation of ribose from glucose blocks
ribosome formation and is one of the important underlying
mechanisms by which genistein regulates tumor cell growth>*
Consistent with those findings, the present study showed that
genistein lowered levels of 18s and 28s rRNA after 12 hours.
Lower 18s and 28s TRNA levels would not only reduce protein
synthesis in general but also enhance the effect of genistein-
lowering levels of specific mRNA species.

SCD overexpression is associated with genetic predis-
position to hepatocarcinogenesis in mice and rats.>® Overex-
pression of SCD has also been reported in rat mammary carci-
nomas, and sterculic acid, an SCD activity inhibitor, inhibits
rat mammary carcinogenesis.*® The possibility of SCD in-
volvement in mammary carcinogenesis is strengthened by a
case~control study suggesting a decrcased risk of breast cancer
in women with low SCD enzyme activity.?” High SCD activity
has been implicated in a wide range of disorders including dia-
betes, atherosclerosis, obesity, and viral infection. Qur obser-
vation that genistein lowered SCD expression might explain

© 2004 Lippincott Williams & Wilkins

the difference in the incidence of these diseases between Asian
and Western populations.®*-?

IL-8 has recently been shown not only to be overex-
pressed in vartous human cancers and cancer cell lines but also
to contribute to human cancer progression.*” Elevated TL-8 se-
cretion may not only directly stimulate tumor cell proliferation
but may also support tumor mass expansion via direct or indi-
rect induction of tumor vessel formation.*' Although TL-8 is
associated with cancer progression, here we found that IL-8
gene expression was up-regulated about Avefold after 3 hours
genistein treatment. This may explain why physiological lev-
els of genistein can stimulate growth of solid tumors.** Thus, it
appears genistein may be useful in preventing carcinogenesis
but not usetul as a chemotherapeutic agent for solid tumors.

In conclusion, the current data suggest genistein may in-
hibit carcinogenesis in several ways. The most obvious way is
by interfering with the EGF-R signaling pathway. In addition,
genistein appears capable of disabling cancer cell self-
protective mechanisms. Furthermore, genistein may inhibit
carcinogenesis by inhibiting DNA repair mechanisms. Finally,
our data support findings indicating that genistein inhibits
rRNA formation, which is an important mechanism by which
genistein regulates tumor cell growth.

However, this work only addressed to cancer cells in
vitro. Any attempt to apply this conclusion to normal cells or in
vivo should be made with caution. Further experiments focus-
ing on those aspects are needed.

REFERENCES

1. Goodman MT, Wilkens LR, Hankin JH, et al. Association of soy and fiber
consumplion with the risk of endometrial cancer. Am J Epidemiol. 1997,
146:294-305.

2. Uckun FM, Messinger Y, Chen CL, et al. Treatment of therapy-refractory
B-lincage acute lymphoblastic leukemia with an apoptosis-inducing
CD19-directed tyrosine kinase inhibitor, Clin Cancer Res. 1999;5:3906—
3913.

. Kim H, Peterson TG, Barnes S, Mechanisms of action of the soy igofla-
vone genistein: emerging role for its effects via transforming growth fac-
tor B signaling pathways. Am J Clin Nutr. 1998;68(suppl): 1418514258,

4. Lamartiniere CA. Protection against breast cancer with genistein: a com-
ponent of soy. Am J Clin Nutri. 2000;71:1705S-1707S.

5. Polkowski K, Mazurek AP. Biological properties of genistein. A review

of in vitro and in vivo data. Acta Pol Pharm, 2000;57:135-155.

El-Zarruk AA, van den Berg HW. The anti-proliferative effects of (yro-

sine kinase inhibitors towards tamoxifen-sensitive and tamoxifen-

resistant human breast cancer cell lines in relation to the epidermal growth
factor receptors (EGF-R) and the inhibition of EGF-R tyrosine kinase.

Cancer Lett. 1999;142:185-193.

7. Lian F, Bhuiyan M, Li YW, et al. Genistein-induced G,-M arrest,
p2 1A ypregulation, and apoptosis in a non-small-cell lung cancer cell
line. Nutr Cancer. 1998;31:184-191.

8. Boros LG, Torday IS, Lim S, ct al. Transforming growth factor $2 pro-
motes glucose catbon incorporation into nucleic acid ribose through the
nonoxidative pentose cycle in lung epithelial cells. Canrcer Res. 2000;60:
1183-1185.

9. Peterson G. Evaluation of the biochemical targets of genistein in tumor
cells. J Nuir. 1995:125:7845-7898.

10. Ju YH, Allred CD, Allred KF, et al. Physiological concentrations of di-
etary genistein dose-dependently stimulate growth of estrogen-dependent
human breast cancer (MCF) tumors implanted in athymic nude mice. J
Nir. 2001;131:2957-2962.

[5%)

6.

97



Bai et al

Pancreas » Volume 29, Number 2, August 2004

21.

22.

23,

24,

25,

26.

98

. JuYH, Doerge DR, Allred KF, et al. Dietary genistein negates the inhibi-

tory effect of tamoxifen on growth of estrogen-dependent human breast
cancer (MCF-7) cells implanted in athymic mice. Cuncer Res. 2002;62:
2474-2477.

. Hughes TR, Marton MJ, Jones AR, et al. Functional discovery via a com-

pendium of expression profiles. Cell. 2000;102:109-126.

. Carpenter G, Walil ML The epidermal growth factor family. In: Sporn

MB, Roberts AB, ed. Pepiide growth fuctors and their receptors I. New
York: Springer-Verlag; 1990:69-171.

. Nicholson S. Epidermal growth factor receptor (EGFr) status associated

with failure of primary endocrine therapy in elderly postmenopausal pa-
lients with breast cancer. Br.J Cancer. 1988;58:810-814.

. Dalu A, Haskell JF, Coward L, et al. Genislein, a component of soy, in-

hibits the expression of the EGF and ErbB/Neu receptors in the rat dor-
solateral prostate. Prosiate. 1998;37:36-43.

. Ruggeri BA, Huang L, Wood M, et al. Amplification and overexpression

of the AKT2 oncogene in a subset of human pancreatic ductal adenocar-
cinomas. Mol Carcinog. 1998;21:81-86.

. Yuan ZQ, Feldman R, Sun M, et al. Inhibition of INK by celfular stress-

and tumor necrosis factor c-induced AKT2 through activation of the NF
kB pathway in human cpithelial cells. J Biol Chem. 2002;277:29973—
29982.

. Kaufmaun K, Thiel G. Epidermal growth factor and thrombin induced

proliferation of immortalized human keratinocytes is coupled to the syn-
thesis of egr-1, a ziuc finger transcriptional regulator. J Cell Biochem.
2002;85:381-391.

. Kaufinann K, Thiel G. Epidermal growth factor and platelet-derived

growth factor induce expression of egr-1, a zinc finger transcription fac-
tor, in human malighant glioma cells. J Neurol Sci. 2001:1889:83-91.

. Eid MA, Kumar MV, Iczkowski KA, et al. Expression of early growth

response genes in human prostate cancer. Cancer Res. 1998;58:2461—
2408.

Liu JW, Lacy J, Sukhatme VP, et al. Granulocyte-macrophage colony-
stimulating factor induces transcriptional activation of Egr-1 in murine
peritoneal macrophages. J Biol Chem. 1991;266:5929-5933.

Kovary K, Bravo R. Existence of different Fos/Jun complexes during the
GO-to-G1 transition and during exponential growth in mouse fibroblasts:
differential role of Fos proteins. Mol Cell Biol. 1992;12:5015-5023.
Watanabe TK, Katagiri T, Suzuki M, et al. Cloning and characterization
of two novel human cDNAs (NELL1 and NELL2) encoding proteins with
six EGF-like repeats, Genomics. 1996,38:273-276.

Kuroda S, Oyasu M, Kawakami M, et al. Biochemical characterization
and expression analysis of neural thrombospondin- 1 -like proteins NELL 1
and NELL2. Biochem Biophys Res Commun. 1999;265:79-86.

Chen JK, Wang DW, Falck JR, et al. Transtection of an active cytochrome
P450 arachidonic acid epoxygenase indicates that 14.15-epoxyeicosa-
trienoic acid functions as an intracellular second messenger in response to
cpidermal growth factor. J Biol Chem. 1999;274:4764-4769.

Kivisto KT, Kroemer HK, Eichelbaum M. The role of liunan cytochrome

30.

3t

33.

34,

35,

36.

37.

38.

39.

40.

41,

42.

P450 enzymes in the metabolism of anticancer agents: implications for
drug interactions. Br J Clin Pharmacol. 1995;40:523-530.

. Murray GI, Taylor MC, McFadyen MC, et al. Tumor-specific expression

of cytochrome P450 CYPIBI. Cancer Res. 1997,57:3026-3031.

. Markovits J, Linassier C, Fosse P, et al. Inhibitory effects of the tyrosine

kinase inhibitor genistein on mammalian DNA topoisomerase I, Cancer
Res. 1989;49:5111-5117,

. Salti GI, Grewal S, Mehta RR, et al. Genistein induces apoptosis and to-

poisomerase IT-mediated DNA breakage in colon cancer cells. Eur.J Can-
cer. 2000;36:796--802.

Bordone L, Campbell C. DNA ligase I is degraded by calpain during cell
death induced by DNA-damaging agents..J Biol Chem. 2002;277:26673—-
26680.

Zhu J, Tseng YH, Kantor JD, et al. Interaction of the Ras-related protein
associated with diabeles Rad and the putative tumor metastasis suppressor
NM23 provides a novel mechanism of GTPase regulation. Proc Nail Acad
Sci US 4. 1999:96:14911-14918.

. Moyers IS, Bilan PJ, Reynet C, et al. Overexpression of Rad inhibits glu-

cose uptake in cultured wuscle and fat cells. J Bio Chem. 1996;271:
23111-23116.

Boros LG, Bassilian S, Lim S, ct al. Genistein inhibits nonoxidative ribose
synthesis in MIA pancreatic adenocarcinoma cells: a new mechanism of
controlling tamor growth. Pancreas. 2001;22:1-7.

Boros LG, Lapis K, Szende B. Wheat germ extract decrease glucose up-
take and RNA ribose formation but increase fatty acid synthesis in MIA
pancreatic adenocarcinoma cells. Pancreas. 2001;23:141--147.

Falvella FS, Pascale RM, Gariboldi M, et al. Stearoyl-Coa desaturase 1
(Scdl) gene overexpression is associated with genetic predisposition to
hepatocarcinogenesis in mice and rats. Carcinogenesis. 2002:23:1933~
1936.

Lu J, Pei H, Kaeck M, et al. Gene expression changes associated with
chemically induced rat mammary carcinogenesis. Mol Carcinog. 1997,
20:204-215.

Chajes V, Hulten K. Van Kappel AL, et al. Fatty-acid composition in
serum phospholipids and risk of breast cancer: an incident case-control
study in Sweden. Int J Cancer. 1999;83:585-590.

Adlercreutz H, Mazur W. Phyto-oestrogens and Western diseases. Ann
Med. 1997;29:95-120.

Barnes S. Evolution of the health benefits of soy isoflavones. Proc Soc
Exp Med. 1998;217:386-392.

Xie KP. Interleukin-8 and human cancer biology. Cytokine Growth Fac-
tor Rev. 2001;12:375-391.

Yoshida S, Ono M, Shono T, et al. Involvement of interleukin-8, vascular
endothelial growth factor, and basic fibroblast growth factor in tumor ne-
crosis factor alpha-dependent angiogenesis. Mol Cell Biol. 1997;17:
4015-4023.

Heiferich WG. Paradoxical effects of the soy phytoestrogen genistein on
growth of human breast cancer celis in vitro and in vivo. Am J Clin Nutr.
1998:68:15245-15258.

© 2004 Lippincott Williams & Wilkins



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,
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it 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- cell
population, which predominantly con-
sists of band neutrophils, was cultured
with granulocyte macrophage—colony-
stimulating factor, tumor necrosis fac-
tor-c, interferon-vy, 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-stimulating factor receptor, man-
nose receptor, and HLA-DR. CD157CD14-
cells proceeded to macrophages through
the CD15-CD14~ cell population. 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
CD157CD14- 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 trom hematopoictic 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-conunitted 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 cells 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.® Comumon lymphoid
progenitors that exogenously express cytokine receptors or transcrip-
tional factors develop myeloid lineage cells,!%'2 In addition to

these lineage switches, lineage conversions within myeloid lin-
cages have also been observed in experiments using cell lines and
transformed celis. 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.'2!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 ecosinophilic
lineage.'S2 With rtespect 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?® reported that human cord blood-derived pro-B
cells with DJy rearrangements of the immunoglobulin (Tg) 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
in 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 humaun
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-o (TNF-a) 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 TU/miL;
GM-CSF, 10 ng/mL; TNF-a, 20 ng/mL; and TL-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 wrilten, informed
consent. Peripheral blood mononuclear cells (PBMCs) were separated by
centrifugation on Ficoll-Hypaque, washed with Ca?*-, Mg?*-free phosphate-
buffered saline (PBS), and suspended in PBS with 0.1% bovine serun
albumin (BSA) (Sigma Chemical, St Louis, MO). CD157CD14™ 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*CDI147, CDI14™", or CD8* cells exceeded 99%.

Culture

Culture medium was RPMT 1640 (Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 2 mM r-glutamine, 50 U/mL penicillin, 50 pg/mL
streptomyecin, and 10% fetal bovine scrum (FBS) (HyClonc Laboratories,
Logan, UT). CD157CD14~ cells (1 X 10%mL) were cultured with desig-
nated combinations of cytokines in a 24-well tissuc culture platc (Nunc,
Roskilde, Denmark) for 18 days. Half of the culture medinm was replaced
with fresh medium containing cytokines every 3 to 4 days. In some
experiments, cells were plated with designated combinations of cytokines;
on day 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 109/mL)
were cultured in the presence of M-CSF for 7 days. Viable cells were
counted using trypan blue dye exclusion metliods.

Morphologic cell analysis

Cytospin preparations of freshly isolated and cultured cells were stained
with May-Griinwald-Giemsa solution, miycloperoxidase (MPO) staining
kit, and double-specific (naphthol AS-D chloroacetate esterase)/nouspecific
(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 CD15CDI14~ cells
was analyzed on a FACSCalibur flow cytometer (Becton Dickinson) with
ModFit software (Verily 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 antibodics (mAbs) were uscd:
anti-CD14-phycoerythrin (anti~CD14-PE), anti-CD15-fluorescein isothio-
cyanate (anti-CDI1S-FITC), and anti-HLA-DR-PE (Becton Dickinson);
anti-MPO-FITC (DAKO, Glostrup, Denmark); anti-lactoferrin-PE (Immu-
notech, Marseille, France); anti-¢-fins/M-CSF receptor (anti—c-fhis/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 innmunoglobu-
lin and FITC- or PE-labeled mouse immunoglobulin served as isotype
control: rat IgG2b and mouse IgM-FITC (Becton Dickinson PharMingen):
mouse [gG1-FITC, TgG1-PE, and 1gG2a-PE (Becton Dickinson); and
mouse IgG2b-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 carboxyfluarescein diacetate succinimidyl ester
(CFSE) labeling

For BrdU pulse labeling, freshly isolated and cultured cells (1 X 10%/mL)
were lncubated with 5 pg/mL BrdU (Sigma Chemical) for 40 minutes. The
cells were washed with 0.1% BSAPBS, fixed with ice-cold 70% ethanol for
30 minutes at —20°C, and treated with 4 N HCl/0.5% Tween-20 at room
temperature for 20 minutes for DNA denaluration. Acid was neutralized
with 0.1 M Na.B4O;. After washing with 0.1% BSA PBS, the cells were
stained with FITC-corjugated anti-BrdU mAb. BrdU incorporation was
analyzed using a FACSCalibur cytometer. HPB-NULL cells served as a
positive control for BrdU labeling.

Freshly isolated CDIS*CD14™ cells (1 X 10%mL) were labeled for 10
minutes at 37°C with 0.5 wM 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 CD157CD14~
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 intensily using a
FACSCalibur cytometer.2’

Microarray

Microarray assay was carried out as described.2%7 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 BioAtray 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 (A ffymetrix) 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 1% FBS PBS, cells were analyzed on
a FACS flow cytometer.28:29

Resuits
CD15*CD14~ neutrophils generate macrophages

We isolated CD15*CD14~ cells from human blood samples.
Portions of May-Griinwald-Giemsa—, MPO-, and double-specific/
nonspecific esterase—stained preparations are presented in Figure
{A. The CDI15*CD14™ cell fraction consisted of myeclocytes,
metamyelocytes, band cells, and segmented cells. Proportions of
myelocytes, metamyelocytes, band cells, and segmented cells were
0.6% = 0.2%, 9.2% =+ 2.5%, 87.6% * 2.5%, and 2.6% = 0.4%,
respectively (n = 5). CDISYCDI14~ 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*CD14~
cells. All CDI5*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). CDI5*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-CSF
gave rise to cells with small nuclei and intracytoplasmic vacuoles. These
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Figure 1. Cytochemistry and phenotype of freshly isolated CD15+CD14~ 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 CD157CD14~ cells was performed using a FACSCalibur flow
cytometer. HPB-NULL cells were used as controls. Cell cycle distribution of
HPB-NULL cells was as follows: with Gy phase, 42.9%; S phase, 30.5%; and G,/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 culture of
freshly isolated CD14+ cells with M-CSF. (A) Photographs of May-Griinwald-
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 cultured 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-q, and TFN-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.'2%3¢ Because
M-CSF is a cytokine specific for, and late-acting in, a monocyte/
macrophage lineage, we cultured CDISTCDI14~ cells in the
presence of GM-CSF, TNF-«, and TFN-y for 1 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 CDI15"CD14~ cells, the resultant cells did not entirely
down-regulate MPO and lactofertin 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 CD157CD14~
cell population. These data suggest that GM-CSF, TNF-«, IFN-y, and
M-CSF allow CD15+CD14~ 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-u, and IFN-y for 11 days, followed by additional 7-day culture with M-CSF alone. (C-D) Freshly isolated CD15°CD 14~ neutrophils were
cultured with GM-CSF, TNF-«, 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*CD14~ cells to
acquire features more typical of macrophages. After testing several
cytokines, we found that the appropriate conditions could be
satisfied by supplementation with TL-4. When cultured with
GM-CSF, TNF-a, IFN-y, and IL-4 for 11 days and with M-CSF
alone for 7 days, CDI57CD14~ 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
CD15 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 CD14* cells by
M-CSF. 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 CD151CD14" cells
in the presence of GM-CSF, TNF-«, IFN-y, and [L-4 for 11 days and
analyzed their phenotypes using flow cytornetry. Cultured cells ex-
pressed neither CD15 nor CD14 (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
postinitotic neutrophils or macrophages are not sinmltaneously 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-a, TFN-~y, IL-4, and M-CSF allowed for the generation of
mactrophages from CDI5*CD14~ neutrophils, as determined by
morphologic, cytochemical, and phenotypic analyses, we com-

pared the gene expression profiles of freshly isolated CD15+CD14~
neutrophils, CD157CD 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 CD157CD14 ™ neutrophils and the highest ratio of
the expression level between CD157CD14 ™ neutrophils and CD 147"
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Figure 4, Cytochemistry and phenotype of cells obtained from culture of
freshly isolated CD15*CD14~ neutrophils with GM-CSF, TNF-w, IFN-y, and IL.-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.



