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Fig. 2. Quantitative real-time reverse transcription—PCR analysis. The cDNA was prepared from the right atrial appendages of the patients: control group (C,
open bar), pressure overload group (P, hatched bar), and volume overload group (V, closed bar), and then subjected to real-time PCR with primers specific for
cyclin-dependent kinase inhibitor 1A, mitogen-activated protein kinase phosphatase-1, glutathione S-transferase theta 1, small inducible cytokine AS or
B-actin. The ratio of the abundance of each transcript to that of the B-actin transcript was calculated, and the amount of mRNA expression was expressed as
relative change standardized to control group. Bar graphs with error bars represent the mean £ S.D. (n=3). *P<0.05 vs. control. 1P <0.05 vs. volume overload

group.

interleukin 6, interleukin 8, and tumor necrosis factor o
were not significantly different among the three groups.

3.3. Quantitation of the selected genes by real-time PCR

To confirm the preferential expression of the selected
genes in pressure overload group, we prepared cDNAs from
the same RNA as that used in microarray analysis, and then
subjected these ¢cDNAs to “real-time” PCR analysis with
primers specific for CDKI1A, MKP-1, glutathione S-trans-
ferase theta 1, small inducible cytokine A5 and p-actin (Fig.
2). The abundance of CDKILA (2.4 + 0.5-fold vs. control)
mRNA relative to that of B-actin mRNA in pressure
overload group was markedly greater than that in control
{ P<0.05) or volume overload group (0.3 % 0.4-fold,
P <.05). The abundance of MKP-1 (6.2 + 4.7-fold) mRNA
relative to that of B-actin mRNA in pressure overload group
was significantly greater than that in control (P <0.05), but
not in volume overload group (6.2 * 5.5-fold). However,
the abundance of glutathione S-transferase theta I and small
inducible cytokine A5 mRNA was not significant different
among three groups (glutathione S-transferase theta 1:
pressure overload group, 1.1 £ 1.5-fold vs. control; volume
overload group, 0.3 + 0.2-fold and small inducible cytokine
A3: pressure overload group, 1.0 + 1.0-fold vs. control;
volume overload group, 0.9 + 0.6-fold). Thus, these find-
ings demonstrated that gene expressions of CDKIIA and
MKZP-1 are increased in the human atrial myocardium with
pressure overload.

3.4. Effects of mechanical strain on CDKIlA and MKP-1
protein accumulation

Next, we investigated whether CDKIIA and MKP-1
proteins were induced by mechanical strain in cardiac
myocytes. The expressions of CDKIIA and MKP-1
proteins were analyzed by immunoblotting with anti-
CDKI1A and MKP-1 antibodies, respectively. As shown
in Fig. 3, mechanical strain at a frequency of 1 Hz
induced CDKIIA and MKP-1 protein expressions in an
amplitude-dependent manner.

Strain (%) 0 1 3 5 8 10
CDKI1A
MKP-1 s — S

Fig. 3. Effects of mechanical strain on cyclin-dependent kinase inhibitor
1A (CDKI1A) and mitogen-activated protein kinase phosphatase-1 (MKP-
1} protein expressions in cardiac myocytes. Cardiac myocytes were plated
on 2 ug/ml of fibronectin in Dulbecco™s modified Eagle’s medium
containing 7% fetal calf serum for 24 h, After serum deprivation for 24 h,
myocytes were exposed to 0%, 1%, 3%, 5%, 8%, or 10% cyclic
mechanical strain {1 Hz) for 2 h. Cell extracts were subjected to SDS—
PAGE followed by immunoblot analysis using the anti-CDKILA or MKP-
1 antibody. Data are representative of two independent experiments with
nearly identical results.
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4. Discussion

Most previous studies have focused on the activation of
pathways of signal transduction in the cardiac hypertrophy or
remodeling. In the present study, gene expressions of
CDKITA and MKP-1, but not growth factors, were induced
in chronic pressurc-overloaded myocardium. In addition,
mechanical strain induced CDKIIA and MKP-1 at a protein
level in cultured rat cardiac myocytes in an amplitude-
dependent manner. These findings suggest that negative
regulators of cell cycle or cell proliferation also may play an
important role in the pathophysiology of pressure overload.

Relatively little is known about the molecular changes
assoctated with volume-overload hypertrophy, Lattion et al.
[18] reported that acrtocaval fistula in rat caused a highly
significant increase in atrial natriuretic factor gene expression
in the left ventricle. In addition, Calderone et al. [19] reported
that pressure overload, but not volume overload, increased
mRNA levels for B-myosin heavy chain and skeletal a-actin
in rats, while both pressure overload and volume overload
caused comparable increases in left ventricular weight. Our
results also demonstrated that there are molecular differences
between pressure- and volume-overloaded myocardium,

Many intracellular signaling pathways are thought to play
important roles in mechanotransduction. Recent studies of
myocardial hypertrophy have focused on activation of protein
kinases including protein kinase C, Raf-1 kinase, S6 peptide
kinase and mitogen-activated protein (MAP) kinases, which
precede an increase in specific gene expression and protein
synthesis [20-22]. The MAP kinase signaling pathways
consist of three major phosphorylation cascades: the extracel-
lular signaling-regulated protein kinases, the ¢-Jun NH,-
terminal kinases, and the p38-MAP kinases [23]. MKP-1 has
dual catalytic activity toward phosphotyrosine- and phospho-
threonine-containing proteins and is known to inactivate
extracellular signaling-regulated protein kinases, possibly c-
Jun NH;-terminal kinases and p38-MAP kinases [24-27],
MKP-1 is an important member of the dual specificity phos-
phatase family that is expressed in the heart, Transient trans-
fection of an MKP-1-encoding expression vector into cardiac
myocytes was shown to downregulate multiple hypertrophy-
induced promoter constructs in vitro [28,29]. Recently, Bueno
etal, [30] reported that transgenic mice constitutively express-
ing MKP-1 in the heart showed attenuation in normal devel-
opmental hypertrophy and concomitant ventricular dilation,
and demonstrated that adult MKP-1 transgenic mice failed to
mount a significant hypertrophic response when stressed by
pressure overload or isoproterenol infusion, Interestingly, in
the present study, MKP-1 mRNA and protein expressions
were induced in chronic human pressure-overloaded myocar-
dium and mechanically stimulated cardiac myocytes, respec-
tively. Taken together, these findings suggest that MKP-1 as
well as MAP kinase pathway may be a critical regulator of
cardiac hypertrophy or remodeling.

Cyclin/cyclin-dependent kinase complexes facilitate pro-
gression through the cell cycle and are activated at specific

points during the cell cycle [31]. CDKI1A (also named
WAFI, and CIP1), p21, is involved in regulating cell cycle
progression. CDKI1A, which functions by binding to and
inactivating a number of the ¢yclin/cyclin-dependent kinase
complexes including cyclin-dependent kinase 2, is a regu-
lator of the G,—S cell cycle checkpoint. Poolman and
Brooks [32] reported that CDKILA is induced during the
2-5-day developmental period in rat cardiac myocytes. The
induction and sustained expression of CDKI1A is consid-
ered to be a contributory mechanism by which myocytes
irreversibly exit the cell cycle upon terminal differentiation
[33]. However, cell cycle in adult cardiac myocytes, partic-
ularly when stimulated by hypertrophic stimuli, remains
fully undefined. Recently, Liao et al. [34] demonstrated that
cardiac overexpression of cyclin-dependent kinase 2
resulted in increased numbers of smaller, less-differentiated
mononuclear cardiac myocytes in adult hearts, and that
surgically induced pressure overload caused an exaggerated
maladaptive hypertrophic response in transgenic mice, Bel-
trami et al, [35] reported that a subpopulation of human
adult myocytes evidently reentered the cell cycle and
underwent nuclear mitotic division early after myocardial
infarction. The present study demonstrated that CDKI1A
mRNA expression was induced in chronic human pressure-
overloaded myocardium and that CDKI1A protein expres-
sion was induced by mechanical strain in cardiac myocytes
in an amplitude-dependent manner. Therefore, it is likely
that the mechanism of cell ¢ycle withdrawal is not irrevers-
ible in cardiac myocytes.

4.1, Study Limitations

The number of patients in this study was small and might
not be representative for conditions investigated. In addi-
tion, we used the atrial samples, because it is very difficult
to obtain human left ventricles.

A greater understanding of the cell cyele or cell prolif-
eration that is related to cardiac hypertrophy or remodeling
will be critical for implementing novel and more effective
therapeutic strategies in the future. However, the mechanism
of cell cycle or cell proliferation in cardiac myocytes,
particularly adult cardiac myocytes, is complicated and
poorly understood. The present study demonstrates that
gene expressions of CDKI1A and MKP-1, but not growth
factors, are induced in chronic pressure-overloaded myocar-
dium and suggests that suppressors of cell cycle or cell
proliferation may modulate the pathophysiology of pressure
overload. Furthermore, additional studies are needed to
clarify the mechanism of cell cycle or cell proliferation in
the heart.
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Abstract Pemetrexed is 2 novel multitargeted antifolate
with significant clinical activity against a variety of
tumors. We studied the schedule-dependent cytotoxic
effects of pemetrexed in combination with paclitaxel in
vitro to improve our understanding of how this combi-
nation might be used clinically. Human lung cancer
A549 cells, breast cancer MCF7, ovarian cancer PAI,
and colon cancer WiDr cells were exposed to both
pemetrexed and paclitaxel in vitro. Cell growth inhibi-
tion after 5 days was determined and the effects of drug
combinations were analyzed by the isobologram method
(Steel and Peckham). Simultaneous exposure to
pemetrexed and paclitaxel for 24 h produced antago-
nistic effects in A549 and PAIl cells, additive/antago-
nistic effects in MCF7 cells, and additive effects in WiDr
cells. Pemetrexed for 24 h followed by paclitaxel for 24 h
produced synergistic effects in A54% and MCF7 cells and
additive effects in PA1 and WiDr cells, while the reverse
sequence produced additive effects in all four cell lines.
Cell cycle analysis supported these observations. Our
findings suggest that the simultaneous administration of
pemetrexed and paclitaxel is suboptimal. The optimal
schedule of pemetrexed in combination with paclitaxel is
the sequential administration of pemetrexed followed by
paclitaxel, and this schedule should be assessed in clin-
ical trials for the treatment of solid tumors.
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Introduction

The development of several new antifolates with dis-
tinctive chemical features and target enzymes has pro-
vided new opportunities to expand the role of antifolates
in cancer chemotherapy. Multitargeted antifolate
(MTA, pemetrexed) is a pyrrole-pyrimidine analogue of
folate [33] currently in broad clinical evaluation.
Pemetrexed is transported into cells mainly through the
reduced folate carrier system and metabolized to
polyglutamated forms [7] which inhibit thymidylate
synthase, dihydrofolate reductase, and glycinamide
ribonucleotide formyl transferase [30, 31], and has an-
tithymidylate and antipurine effects [5]. Preclinical
studies of pemetrexed have demonstrated its antitumor
activity against a varicty of human cancer cells [2, 29].
Phase I studies have shown that the dose-limiting
toxicity includes neutropenia and thrombocytopenia,
and other toxicities which are manageable, such as
mucositis, skin rashes and transient elevations of trans-
aminases [18, 23-25]. Daily and weekly schedules are
associated with severe toxicity and 500 mg/m? of
pemetrexed every 3 weeks was selected as the optimal
schedule and dose for the further development of
pemetrexed. Patients with a folate-deficient state showed
severe toxicity. In preclinical models, folate supplemen-
tation reduced toxicity while maintaining antitumor
activity. Based on these observations, folate and cobal-
amin administration before pemetrexed has been routine
in recent clinical trials of pemetrexed [9, 26]. Pharma-
cokinetic studies have shown that pemetrexed undergoes
biphasic plasma clearance with a terminal half-life of
1.1-3.1 h, depending on the schedule of administration
[23]. The findings from the phase II trial results are
encouraging: clear responses were observed in colorectal
cancer, pancreatic cancer, lung cancer, breast cancer,
mesothelioma, etc. [3, 4, 8, 10, 19-21, 26, 37]. A recent
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phase III study has shown that treatment with pemetr-
exed and cisplatin results in survival times superior to
those achieved with cisplatin alone in patients with
malignant pleural mesothelioma [39].

Paclitaxel is an established anticancer agent with
activity against a variety of solid tumors [1, 6]. Paclitaxel
is a mitotic inhibitor that promotes the polymerization
and stabilization of tubulin to microtubules [27]. Clinical
studies have indicated that neutropenia is the dose-lim-
iting toxicity of paclitaxel [1, 6]. Other toxicities include
hypersensitivity reactions, neurotoxicity, mucositis, mild
nausea and vomiting, and cardiac injury.

The combination of pemetrexed and paclitaxel may
have a major role in the treatment of a variety of solid
tumors. The wide range of antitumor activity of pemetr-
exed and paclitaxel, their different cytotoxic mechanisms
and toxic profiles, and the absence of cross-resistance,
provide the rationale for using combinations of these
agents. Since pemetrexed and paclitaxel are cell cycle-
specific agents [17, 38], the disturbances of the cell cycle
produced by these agents may influence the cytotoxic ef-
fects of each agent, and the drug schedule may play a
significant role in the outcome. Therefore, the design of a
protocol using them in combination requires careful
consideration. As expected, experimental studies for the
combination of pemetrexed [22, 30, 36] or paclitaxel [13—
15} with other agents have shown schedule-dependent
interactions.

The aim of the present study was to elucidate the
cytotoxic effects of combinations of pemetrexed and
paclitaxel in various schedules on four human carci-
noma cell lines. The data obtained were analyzed using
the isobologram method of Steel and Peckham [32]. The
combination showed schedule-dependent synergism and
antagonism.

Materials and methods
Cell lines

Experiments were conducted with the human lung cancer
A549, breast cancer MCF7, ovarian cancer PAI, and
colon cancer WiDr cell lines. These cells were obtained
from the American Type Culture Collection (Rockville,
Md.) and maintained in 75-cm? plastic tissue culture flasks
containing RPMI-1640 medium (Sigma Chemical Co., St
Louis, Mo.) supplemented with 10% bheat-inactivated
fetal bovine serum (FBS) (Grand Island Biological Co.)
and antibiotics. The cells used were devoid of mycoplasma
infection. The doubling times of A549, MCF7, PA1, and
WiDr cells under our experimental conditions were in the
range 20-24 h.

Drugs

Pemetrexed was kindly provided by Eli Lilly and Com-
pany (Indianapolis, Ind.). Paclitaxel was purchased from

Bristol-Myers Squibb Japan Co. (Tokyo). The drugs, at
a concentration of 1 mM, were stored at —20°C and
diluted with RPMI-1640 plus 10% FBS prior to use.

Cell growth inhibition using combined anticancer agents

On day 0, cells growing in the exponential phase were
harvested with 0.05% trypsin and 0.02% EDTA and
resuspended to a final concentration of 5.0x10° cells/ml
in fresh medium containing 10% FBS and antibiotics.
Cell suspensions (100 pl) were dispensed into the indi-
vidual wells of a 96-well tissue culture plate (Falcon,
Oxnard, Calif.). Each plate had one eight-well control
column containing medium alone and one eight-well
control column containing cells without drug. Eight
plates were prepared for each drug combination. The
cells were preincubated overnight to allow attachment.

Simultaneous exposure to pemetrexed and paclitaxel

After the overnight incubation for cell attachment,
solutions of pemetrexed and paclitaxel (50 ul) at differ-
ent concentrations were added to the individual wells.
The plates were also incubated under the same condi-
tions for 24 h. The cells were then washed twice with
culture medium containing 1% FBS, and then fresh
medium containing 10% FBS (200 pl) and antibiotics
was added. The cells were incubated again for 4 days.

Sequential exposure to pemetrexed followed
by paclitaxel or the reverse sequence

After overnight incubation, medium containing 10%
FBS (50 pl) and solutions (50 pl) of pemetrexed (or
paclitaxel) at different concentrations was added to
individual wells. The plates were then incubated under
the same conditions for 24 h. The cells were washed
twice with culture medium containing 1% FBS; then
fresh medium containing 10% FBS (150 pl) and anti-
biotics was added, followed by the addition of solutions
(50 pl) of paclitaxel (or pemetrexed) at different con-
centrations. The plates were incubated again under the
same conditions for 24 h. The cells were then washed
twice with culture medium, and fresh medium contain-
ing 10% FBS (200 pl) and antibiotics was added. The
cells were then incubated again for 3 days.

MTT assay

Viable cell growth was determined by the 3-(4,5-dim-
ethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay as described previously [12]. For all four
cell lines examined, we were able to establish a linear
relationship between the MTT assay value and the cell
number within the range shown.



Isobologram

The dose-response interactions between pemetrexed and
paclitaxel for the MCF7, PAl and WiDr cells were
evaluated at the ICgy level by the isobologram method
(Fig. 1) [32]. The ICg, was defined as the concentration
of drug that produced 80% cell growth inhibition, i.e.,
an 80% reduction of absorbance. Since the AS549 cells
were resistant to pemetrexed and the 1Cqq level was not
obtained, the interactions between pemetrexed and
paclitaxel were evaluated at the ICs;, level. We used the
isobologram method of Steel and Peckham because this
method can cope with any agents with unclear cytotoxic
mechanisms and a variety of dose-response curves of
anticancer agents [32]. The concept of the isobologram
has been described in detail previously {11, 16].

Three isoeffect curves, mode I and mode II, were
constructed, based upon the dose-response curves of
pemetrexed and paclitaxel (Fig. 1). Mode I and mode II
were generated by the assumption regarding overlap and
non-overlap damage in combinations, respectively.
Thus, when the data points of the drug combination fell
within the area surrounded by mode I and/or mode II
lines (i.e., within the envelope of additivity), the com-
bination was described as additive. We used this enve-
lope not only to evaluate the simultaneous exposure
combinations of pemetrexed and paclitaxel, but also to
evaluate the sequential exposure combinations, since the

protection
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Fig. 1 Schematic representation of an isobologram (Steel and
Peckham) [32]. The envelope of additivity, surrounded by mode I
(solid line) and mode Il (dotted lines) isobologram lines, was
constructed from the dose-response curves of MTA and paclitaxel.
The concentrations which produced 80% cell growth inhibition are
shown as 1.0 on the ordinate and the abscissa of all isobolograms
for MCF7, PA1, and WiDr cells, while the concentrations which
produced 50% cell growth inhibition are shown as 1.0 on the
ordinate and the abscissa of all isobolograms for AS549 cells.
Combined data points Pa, Pb, Pc, and Pd show supraadditive,
additive, subadditive, and protective effects, respectively
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second agent under our experimental conditions could
modulate the cytotoxicity of the first agent.

A combination that gives data points to the left of the
envelope of additivity (i.e., the combined effect is caused
by lower doses of the two agents than is predicted) can
confidently be described as supraadditive (synergistic). A
combination that gives data points to the right of the
envelope of additivity, but within the square or on the
line of the square can be described as subadditive (i.e.,
the combination is superior or equal to a single agent
but is less than additive). A combination that gives data
points outside the square can be described as protective
(i.e., the combination is inferior in cytotoxic action to a
single agent). A combination with both subadditive and/
or protective interactions can confidently be described as
antagonistic. The Steel and Peckham isobologram is
generally more strict regarding synergism and antago-
nism than other methods.

Data analysis

The findings were analyzed as described previously [14].
When the observed data points of the combinations
mainly fell in the area of supraadditivity or in the areas
of subadditivity and protection, i.e., the mean value of
the observed data was smaller than that of the predicted
minimum values or larger than that of the predicted
maximum values, the combinations were considered to
have a synergistic or antagonistic effect, respectively. To
determine whether the condition of synergism (or
antagonism) truly existed, a statistical analysis was
performed. The Wilcoxon signed-ranks test was used for
comparing the observed data with the predicted mini-
mum (or maximum) values for additive effects, which
were closest to the observed data (i.e., the data on the
boundary (mode I or mode II lines) between the additive
area and supraadditive area (or subadditive and pro-
tective areas). Probability (P) values <0.05 were con-
sidered significant. Combinations with P20.05 were
regarded as indicating additive to synergistic (or additive
to antagonistic) effects. All statistical analyses were
performed using the Stat View 4.01 software program
(Abacus Concepts, Berkeley, Calif.). o

Results

The ICg, values of pemetrexed for a 24-h exposure
against MCF7, PAl, and WiDr cells were 3.3+0.4,
0.15£0.02, and 0.45+0.04 pM, respectively, while those
of paclitaxel against MCF7, PAl, and WiDr cells were
59+04,2.5+0.06, and 5.8 £0.06 nM, respectively. The
ICso values of pemetrexed and paclitaxel for a 24-h
exposure against A549 cells were 2.5+0.3 pM and
3.4+£0.3 nM, respectively.

Figure 2 shows the dose-response curves obtained
from simultaneous exposure and sequential exposure
to pemetrexed and paclitaxe! for the MCF7 cells. The
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Fig. 2 Schedule dependence of the interaction between MTA and
paclitaxel in MCF7 cells. Cells were exposed to (a) these two drugs
simultaneously for 24 h, (b) MTA first for 24 h followed by
paclitaxel for 24 h, or (c) the reverse sequence. The cell number
after 5 days was measured using the MTT assay and was plotted as
a percentage of the control (cells not exposed to drugs). The
concentrations of MTA are shown on the abscissa. The concen-
trations of paclitaxel were 0 (open circles), 1 (filled circles), 2 (filled
squares), 3 {filled uptriangles), 4 (filled downtriangles), 6 (filled
diamonds), and 8 (crosses) nM, respectively. Data are the mean
values for three independent experiments; SE was <20%

dose-response curves were plotted on a semilog scale as a
percentage of the control, the cell number of which was
obtained from the samples not expased to the drugs
administered simultaneously. The pemetrexed concen-
trations are shown on the abscissa. Dose-response
curves in which paclitaxel concentrations are shown on
the abscissa could be made based on the same data
(figure not shown).

Based upon the dose-response curves of pemetrexed
alone and paclitaxel alone, three isoeffect curves (mode I
and mode II lines) were constructed. Isobolograms at
the ICg, and 1Csq levels were generated based upon these
dose-response curves for the combinations.

Simultaneous exposure to pemetrexed
and paclitaxel for 24 h

Figure 3 shows the isobolograms of the A3549, MCF7,
PAl, and WiDr cells exposed to both agents simulta-
neously. For the A549 and PAI cells, all or most com-
bined data points fell in the areas of subadditivity and
protection (Fig. 3a,c). The mean values of the data were
larger than those of the predicted maximum data (Ta-
ble 1). The differences were significant (P<0.05 and
P <0.05), indicating antagonistic effects. For the MCF7
cells, the combined data points fell within the envelope
of additivity and in the areas of subadditivity and pro-
tection (Fig. 3b; Table 1). The mean value of the data
was larger than that of the predicted maximum data.
The difference was not significant (P=0.05), indicating

additive/antagonistic effects. For the WiDr cells, the
combined data points fell mainly within the envelope of
additivity (Fig. 3d). The mean value of the data was
larger than that of the predicted minimum data and
smaller than that of the predicted maximum data
(Table 1), indicating additive effects. A quite similar
tendency was observed in the ICsy isobologram of the
MCE7, PAl, and WiDr cells (not shown).

Sequential exposure to pemetrexed for 24 h
followed by paclitaxel for 24 h

Figure 4 shows the isobolograms of the four cell lines
exposed first to pemetrexed and then to paclitaxel. For
the A549 and MCF7 cells, the combined data points fell
in the area of supraadditivity and within the envelope of
additivity (Fig. 4a,b). The mean values of the data were
smaller than those of the predicted minimum data
(Table 1). The differences were significant (P <0.05 and
P<0.05), indicating synergistic effects. For the PAl
cells, the combined data points fell within the envelope
of additivity (Fig. 4c), indicating additive eflects
{Table 1}. For the WiDr cells, the combined data points
fell within the envelope of additivity and in the area
of supraadditivity (Fig. 4d). The mean value of the
data was smaller than that of the predicted maximum
data and larger than that of the predicted minimum data
(Table 1), indicating additive effects. A quite similar
tendency was observed in the ICsp isobologram of the
MCF7, PAl, and WiDr cells (not shown).

Sequential exposure to paclitaxel for 24 h
followed by pemetrexed for 24 h

Figure 5 shows the isobolograms of cells exposed first to
paclitaxel and then to pemetrexed. For all four cell lines,
all or most of the data points fell within the envelope of
additivity, indicating additive effects (Table 1). A quite



Fig. 3 Isobolograms of N
simultaneous exposure to MTA =
and paclitaxel for 24 h in (a)

AS549, (b) MCF7, () PAI, and

(d) WiDr cells. For the A549, 1.0
and PA1 cells, all or most

combined data points fell in the 0.8
areas of subadditivity and ©
protection. For the MCF7 cells, ﬁ 0.6
combined data points fell ="
within the envelope of 2 0.4
additivity and in the areas of [ S

subadditivity and protection.
For the WiDr cells, combined
data points fell mainly within

0.2

509

L®
12 ¢
L J
b. MCF-7
1.0
_ o038
2
T06
3
S04

the envelope of additivity, Data 0.0 ! 0.0 . !
are the mean values for at least 0.0 02 04 06 08 10 1.2 6o 02 04 06 08 1.0 1.2
three independent experiments; MTA MTA
SE was <30%
12 1.2 -
1.0 4 1.0
- 0.8 0.8
o o
506 806
p 5
% 0.4
S Soa
0.2 0.2
0.0 ! 0.0 -
00 02 04 06 08 1.0 1, 00 02 04 06 08 1.0 1.

similar tendency was observed in the ICs, isobologram
of the MCF7, PA1, and WiDr cells.

Discussion

We studied the cytotoxic activity of various schedules of
pemetrexed in combination with paclitaxel in culture to
investigate the optimal! schedule of this combination.
The analysis of the effects of drug—drug interaction was
carried out using the isobologram method of Steel and

MTA

MTA

Peckham [32]. Among the solid tumor cell lines studied,
PA1 was most sensitive to pemetrexed, while A549 was
most resistant to pemetrexed. The pemetrexed concen-
trations required for 1Cg and/or ICsy were well within
the range that can be attained in human plasma using
standard dosing regimens [23].

We demonstrated that cytotoxic interactions between
pemetrexed and paclitaxel were schedule-dependent and
cell line-dependent. Simultaneous exposure to pemetr-
exed and paclitaxel showed antagonistic effects in A549
and PA! cells, additive/antagonistic effects in MCF7

Table 1 Mean values of

observed data, predicted Schedule Cellline n  Observed Pre(_iipted data for an Effect
minimum, and predicted U ' data additive effect
maximum values of MTA in =~ - * % Mini Maxi
combination with paclitaxel at ‘ B nmum axmmum
ICs for MC O e S ey MTA + paclicarel  ASS9 6 >092 02 0.69 Antagonism (P <0.05)
MCF7 1 061 0.42 0.52 Additive/antagonism
PA1 7 071 0.33 0.60 Antagonism (P <0.05)
o WiDr 9 06l 0.29 0.78 Additive
MTA — paclitaxel AS549 § 031 0.36 0.80 Synergism (P <0.05)
MCF7 8§ 045 0.60 0.66 Synergism (P <0.05)
PAl 7 041 0.32 0.70 Additive
WiDr 10 034 0.33 0.83 Additive
Paclitaxel —» MTA AS49 6 078 0.31 0.82 Additive
MCF7 & 0.58 0.44 0.66 Additive
PAl 6 0.55 0.44 0.67 Additive
WiDr 9 0.64 0.25 0.93 Additive
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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 PA1 and WiDr cells. However, the
combined data points in PAl 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 paclitaxe! 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 §, 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

51

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 G»/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 Go/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 dihydrefolate
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 1Cg or 1Csq levels with sequential exposure
to pemetrexed followed by paclitaxel are less than 70%
of the drug doses required for ICy; 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 simultancous 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 FLK-1,
o VEGF receptor. The ICsq for both ErbB2 and FLK-1 is around 1 uM. AG 879, in combi-
nation of PP1 {an inhibitor specific for Src kinase familyl, suppresses almost completely
the growth of RAS-induced sarcomas in nude mice. In this paper we demonstrate that AG
879 even at 10 nM blacks the specific interaction between the Tyr-kinase ETK and PAKI
{o CDC42/ Rac-dependent Ser/Thr kinase) in cell culture. This interaction is essential for
both the RAS-induced PAK1 activation and ftransformation 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-PAK1 pathway by targeting a highly sensi-
tive kinase upstream of ETK. Although the Tyr-kinases Srec and FAK are known to activate
ETK directly, Src is insensifive to AG 879, and FAK is inhibited by 100 nM AG 879, but
not by 10 nM AGB879. The structure-function relationship analysis of AG 879 derivatives
has revealed that both thic and tertbutyl 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 bicactive cffinity ligand useful for identifying the primary terget of this drug.

INTRODUCTION

PAKI1, 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.1? Several distince pathways appear to be
essential for v-Ha-RAS-induced activation of PAK1 in these cells.2 One of these pathways
involves PI-3 kinase which produces phosphatidyl-inesitol 3,4,5 trisphosphate (PIP3) that
activates both CDC42 and Rac GTDases through a GDP-disseciation stimulator (GDS)
called VAV, A second pathway involves PIX, an SH3 protein which binds a
Pro-rich motif (tesidues 186-203, PAK18) located berween the N-terminal GTPase-binding
domain and C-terminal kinase domain of PAK1.? PIX binds another protein called CAT
which is a substrate of Src family kinases.* A third pathway involves an SH2/SH3
adapror 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 receptor/ErbB1.5 Thus, when ErbBl is activated by EGE PAKI1 is
translocated to the plasma membrane through NCK. The involvement of both Src
family kinases and ErbB1 in the PAK1 activation is alse supported by our finding that
both PP1 (inhibitor of Stc family kinases) and AG1478 (ErbB1-specific inhibitor) block
the RAS-induced PAK1 activation and transformation in vitro and in vivo.2$ A fourth
pathway involves ErbB2, a member of ErbB family Tyr kinases.2 We have previously
shown that AG 825 (ErbB2-specific inhibitor} blocks RAS-induced activation of PAK1
and malignant transformation with the 1C,; 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 PL-3 kinase-independent manner.” In this pathway, RAS directly binds Tiam1 which in
turn activates Rac.’

Another possible pathway involves f1-integtin, FAK and ETK. Bl-integrin activaces
the Tyr kinase FAK, which in turn phosphorylates and activates ETK,3 a member of
TEC/BTK family Tyr kinases.>!'9 ETK carries an N-terminal pleckstrin homology (PH)
domain followed by a TEC homology domain.”!® Activated ETK binds PAKI through
the PH domain, phosphorylates and activates PAK1.!! 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 In this paper
we demonstrate that AG879 inhibits selectively the activation of
ETK (IC;; 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, ie., Dulbecco’s modi-
fied Eagle’s medium in the presence or absence of 10% fetal calf serum as
described previously.2¢ 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): 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 Insticure, 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. '

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
103 cells per plate into 0.35% top agar containing different concentrations
of AG879 (from 1 nM 1o 1 pM) and incubating for 3 weeks as described
previously. 2515 At the end of 3 weeks, the colonies formed in the agar were
stained and counted. The effect of AG 879 on anchorage-dependenc growth
of RAS cells and normal NTH/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.261%

PAK and ETK Kinase Assays. For the PAK kinase assay, RAS cells were
serum-starved overnight, and then treared with different concentrations of
AGB879 for 1 hour as described in the text. The cells were lysed in the lysis
buffer (40 mM HEPES, pH 7.4, 1% Nonidet P40, | mM EDTA, 100 mM
NaCl, 25 mM NaF, 100 pM NaVO;, 1 mM phenylmethylsulfonyl fluoride
{PMSF), and 100 units/m! 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.!2516 The direct effect of AG 879
on PAKI 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% Nonidet P40, 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 associared
with ETK as a substrate in the presence or absence of different concentrasions
of AG879 or its derivatives such as AG 1584, Immuno-blotting was
performed to determine the protein levels for PAKL 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.28:t118 The
proteins in immuno-precipitates were separated on 4-12% NuPage gel
{Invitrogen) electrophoresis and cransferred 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 ar room remperature with
different first antibodies as described in the text. After washing with PBST,
the blots were incubated with horseradish peroxidase-conjugated znti-mouse
or anti-rabbit (Bio-Rad) secondary antibodies. The bound antibodies were
visualised using ECL reagents (Amersham Pharmacia Biotech)., Some
membrancs were stripped and reblotted'? with different ancibodies as
described in the text.

The ETK Baculo Viral Construct and its Affinity-Purification. The
plasmid encoding the full-length ETK (residues 1-674) 14 was constructed in
pBacPAKS transfer vector (Clontech, Palo Alte, CA) and recombinant virus
was made by Dr. Chi-Ying F. Huang (NHRI, Taiwan). S0 insect cells
infected with the recombinant virus were harvested and disrupred 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). From the
clear supernatant of the cell lysate obtained by censrifuging ar 40,000xg for
45 min, ETK was affinity-purified by the 6xHis purification kirs (Caz. No.
21474K, Pharmingen, San Diego, CA} according 1o the supplier’s instruction.

Autophosphorylation of Recombinant ETK Constructs In Vitre. GST
fusion protein of human ETKC, a constitutively activared ETK mutant
(residues 243-674) which lacks che N-terminal PH domain was affinigy-
purified from bacteria (E. coli}. The GST-ETKC (0.6 pg) was incubated in
the kinase buffer containing 10 uM ATP (with or withour 5 uCi of fy-32P}-
ATP) as described previously® in the presence or absence of AG879 (10 aM
or 1-10 mM} ar 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 ug of full-length ETK purified from the
insect cells was incubated in the buffer containing 30 mM PIPES, pH 7.0,
10 kM MnCI2, 30 uM AT, 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.20-2! 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 inhibicor
specific for both EtbB2 and VEGF recepror FLK-1 {IC50 is around
1 mM}'213 and appears 1o be merabolically more stable than AG825 in vivo
as it strongly suppresses the growth of RAS-sarcomas in nude mice.?
However, the ICqy of AG879 for inhibiting PAK1 activation and RAS
transformation in vitro still remained to be determined.

10 nM AGB879 strongly blocks PAK1 kinase activity in RAS cells with-
out affecting the PAK! protein level (Fig. 1A). However, AG879 does not
inhibir the kinase activity of the purified GST-PAK] fusion protein directly
even at 1 pM (Fig. 1B). These observarions suggest that ErbB2 is not
involved in the inactivation by AG879 of PAKI] in cells. Interestingly,
AGB79 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
AGB879 is not due to non-specific inhibition on cell growth, as ar even 100
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Figure 2. AG879 blocks the Tyrphosphorylation of ETK and its association
with PAK1. {A] Serum-starved RAS cells were first incubated with AG879
{0.01-1 uM] for Thr. The cells lysates [CL} were then immuno-precipitated [IP}
with the anti-ETK antibody os described under “Materials & Methods”,
followed by immunoblot (IB) with antiphospho-Tyr {PY} antibody. (B)
Alternatively, the CL were IP with the onti-PAK1 (top panel} or anti-PY
{bottom panel) antibodies, followed by 1B with antiETK [top panel} or anfi-PAK1
{bottom panel] antibodies. The tatal PAKT protein level of the bottam panel
was determined by IBing each CL directly. Simitar results were obiained
from two or three independent experiments.

oM AG879 does not affect the anchorage-dependent growth of cither
normal or RAS-transformed NIH 3T3 cells (Fig. 1D}. These results suggest
that the suppression by AG 879 of both RAS-induced malignant transfor-
mation and PAKI activation is not due to blocking ErbB2, but another
kinase(s) associated wich PAK1,

AGB879 Inhibits the Tyr-Phosphorylation of ETK and Its Association
with PAK1. The Tyr-phosphorylation of PAK] is required for its Ser/Thr
kinase activity as the trearment of PAK1with a Tyr-phosphatase reduces its
kinase activicy.?? Activared ETK associates with PAK1 through its PH
domain and activates PAK1 by the Tyr phosphorylacion.!! To test whether
the Tyr kinase activity of ETK is affected by AG879, scrum-starved RAS
cells were treated with AG879 (0.01-1 puM)} in culture for Thr. Cell lysates
were then immunc-precipitated with the anti-ETK antibody, followed by
immuno-blotting with the anti-phospho-Tyr or anti-ETK antibody. AG879
inhibits the Tyt-phosphorylation of ETK at 10 nM, bur does not affect the
ETK protein level (Fig. 2A). Furthermore, using the anti-PAK1 ancibody,
we found that AG879 significantly suppresses the ETK-PAKI associarion
(Fig.2B, top pancl) and reduced the Tyr-phosphorylation of PAK1 in cells
at 10 nM (Fig.2B, bottom panel). These results suggese that AG879 inhibits
somehow the kinase activity of ETK, thus blocking its auto-phosphoryla-
tion, and association wich PAKI, and the Tyr-phosphorylation of PAKL by
ETK.

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

Figure 1. [A) AG879 inhibits the activation of PAK in cells. Serum-starved RAS cells were incubated with AGB79 {0.01-10 uM) for Thr. The cell lysates
were subjected to PAK kinase assoy as described under *Materials & Methods™. 10 aM AG 879 clearly inhibited the PAKT activity [phosphorylation of
MBP) in cells [top panel). Similar levels of PAK1 protein were detected in all lanes as judged by immuno-blal {bottom panel). {B) PAK] is not a direct target
of AG B79. 1 uM AG 879 foils to inhibit significantly the kinase activity of GSTFAK1 in vitro. [C) AGB79 inhibits anchorage-independent growth of RAS
cells. RAS cells were planted in soft agar with or without AG879 [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 ancharage-dependent cell growth.
The growth of either normal or RASHransformed cells in liquid cullure 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 antiETK antibody. The immunc-pre-
cipitates {IB) were subjected to an in vitro kinose assay in the presence or
absence of AG879 (A, 10 or 100 nM; B, 1 to 10 nM] as described under
*Materials & Methads”. The ETK activity (Tyr-phosphorylation of PAK1) was
monitored by immuno-blot (B} with anti-PY antibody. Similar protein levels of
ETK werse detected in all lanes by 1B with the anti-ETK antibody. Similor
results were cblained from wa 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
AGB79 (0.001-10 uM) as described in the “Materials and Methods”,
AGS879 (10 nM) strongly inhibits the Tyr-phosphorylation of PAK1 by
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Figure 4. Recombinant ETK proteins alone ore for less sensitive o AG 879
in vilro. [A) Effect of AG879 on the ETKC from bacteria. The GSTETKC was
auto-phosphorylated in the presence of AG 879 {0, 1 ond 10 pM] in vitro
as described under “Materials and Methods”, (B) Effect of AG879 on full-
length ETK from insect cells. The fulllength ETK was auto-phospharylated in
the presence of AG 879 {0, 1 pM and 1mM] in vitro os 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 PAK1. Serum-starved RAS cells were incubated with
AG879 (0.01-1 puM] for 1hr, The cell lysates were immuno-precipitated {IP)
with anti-FAK antibody as described under *Materials & Methods”, followed
by immuno-blot {IB) with anti-phosphe-Tyr [PY), anfi-ETK or anti-PAK antibod-
ies. Similar protein levels were defected in all lanes by IB with the anti-FAK
ontibody. 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 cﬂﬁcct on any other members of TEC family kinases
such as TEC, BTK or ITK, ¢ven at 10 pM 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 nM) Does Not Inhibit Recombinant ETK from Bacteria or
Insect Cells. To darify whether ETK itself is the primary rarget of ETK, two
different recombinant ETK samples of human origin were purified from
bacteria or insect cells: a coastitutively 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 significandy inhibired at 1-10 uM
(see Fig. 4). Furthermore, in vitro binding of PAK1 in RAS cell lysates to
either the PH domain of ETK or a kinase-dead murant of ETK (calted

AG 306

N NHZ
CN

AG 1584

= NH2
CN

Figure &. Chemical siructure 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 fo an in vilro kinose assay in the absence of any
drug [CONT) or presence of either AGBZ9 (10 nM) or four other derivatives
{10 M} as described in Figure 3. Only AG 879 inhibits the ETK activity
(Tyr-phosphorylation of PAK1} monitored by immunoblot {IB} with anti-PY
antibody. Similar protein levels of ETK were detected in all lanes by IB with
the ani-ETK antibody. Similor results were oblained 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 PAK]
kinase assay described in Fig. 1B. GL-2002 strongly inhibited PAKY 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, bur rather its associated upstream activator to be identified.

AG879 Inhibits the Tyr-Phosphorylation of FAK and Its Association
with ETK and PAK!. ETK is a cytoplasmic (non-receptor) Tyr kinase
which is activated at the plasma membranes.1° The N-terminus of FAK
shares significant sequence homology with FERM domains, which are
involved in linking cyroplasmic proteins to the membranes.?*24 Ir was
shown recentdy that the activation of ETK by extracellular martrix (ECM) is
regulaced 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.8

To test whether the FAK-ETK inceraction is affected by AG879, serum-
starved RAS cells were meared with AG879 {0.01~1puM). Cell lysates were
then immuno-precipitated with anti-FAK antibedy, followed by blotting
with anti-phospho-Tyr, and-ETK or anti-PAK] antibodies separately. As
shown in Figure 5, AG879 suppresses both the Tyr-phosphorylation of FAK
and its association wich ETK at 100 nM, but not ar 10 nM, whereas AG879

100
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Figure 8. RASinduced up-regulation of ETK. Upper panel: Up-regulation of
ETK by the Doxycyline-induced vHa-RAS expression in normal NIH/3T3
cells. Dox-minus, the confrel (no doxycyclineodded); Dox-plus, 2 pg/mi
doxycycline odded. Lower panel: Enhanced expression of ETK in v-HaRAS-
rransformants. N, normal NIH/3T3 cells; R, v-HaRAStransformants. The
arrow indicates the ETK band. Both stable and inducible RAS upregulate the
ETK protein level,

inhibits the FAK-PAK1 interaction at 10 nM. These results suggest that
PAK1 associates with FAK probably through ETK, and PAK! 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 inhibiror”, we have
examined the anti-ETK activiry of several AG879 derivatives shown in
Figure 6. However, none of these derivatives other than AG879 iwself
inhibits ETK activity in vitro even at 10 uM (see Fig. 7A). These results
indicare that 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 AGB25 is distantly related 1o AGB79, bur like
AG306, lacks both the thio and rert buryl groups, and in fact shows no anti-
ETK activity at even 1 pM in vitro {data not shown). However, when the
free (thio) amino group of AG87% 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 PAK] activation in RAS cells even ar 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 1o
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 sclectively inac-
tivates the cyroplasmic Tyr kinase ETK with IC,; of about 5 nM.
The inactivation of ETK by AG879 blocks the ETK-PAK] 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 ICSU of this
drug for recombinant ETK proteins alone is 1-10 pM, instead of
5 nM, it is most likely that the primary targer of AG879 is not ETK,
FAK or ErbB2 themselves, but an as yer unidentified activacor 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 tighdy rto 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 3T3
cells caused by a partially activated c-Src mutant.23 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.?5 In this study we have estab-
lished that ETK is essential for RAS transformation: the concentra-
tion of AG879 that inhibits both RAS-induced PAK] activation and
anchorage-independent growth is similar 1o 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 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 prostare
and breast carcinoma cell lines such as PC3M which carry oncogenic
Ki-RAS murants.® Since RAS cells in general are both metastatic and
angiogenic, it is conceivable that ar least a part of the reason for the
high expression of ETK in these cell lines might be due to the
constitutive RAS acrivation. 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 SUOB79) sup-
presses angiogenesis by blocking VEGF receptor 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 angiogeresis
primarily by blocking ETK, rather than FLK-1. Since oncogenic
RAS mutants up-regulate expression of VEGF through Raf-MEK-
MAP kinase eascade,2® and VEGF in turn activates ETK through
FLK-lin 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 PAKI is essential for angio-
genesis. A cell-permeable peptide which blocks selectively the- NCK-
PAKI interaction inhibits bBFGF-induced angiogenesis.?”
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HEMATOPOQIESIS

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 Chishi,
Kazuhiro Nishii, Masahiro Masuya, Nobuyuki Minami, Tsutomu Noberi, and Hiroshi Shiku

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 cuftured
with granulocyte macrophage—calony-
stimulating factor, tumor necrosis fac-
tor-a, Interferon-vy, and interleukin-4, and
subsequently with macrophage colony-
stimulating factor alone, the resultant cells
had morphologic, cytochemical, and phe-

trast to the starting population, they were
negative for myeloperoxidase, specific
esterase, and lacteferrin, and they up-
regulated nonspecific esterase activity
and the expression of macrophage
colony-stimulating factor receptor, man-
nose receptor, and HLA-DR. CD15+CD14-
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
CD15*CD14~ neutrophils did not result
from a contamination of progenitors for
macrophages. Our data show that in re-
sponse to ¢ytokines, postmitotic neutro-
phils can become macrophages. This may
represent another differentiation pathway
toward macrophages in human postnatal
hematopoiesis. (Blood. 2004;103:2973-2980)
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notypic features of macrophages. In con-

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.!2 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 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.” 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-
cages 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 )17 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.'®*2® 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® 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
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 human
mature blood cells may, at least in part, be relevant to normal
hematopoietic differentiation.

Materiais and methods
Cytokines

Recombinant human maerophage colony-stimulating factor (M-CSF) and
interferon-y (IFN-v) 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 hurnan tumor necrosis factor-a (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 IU/mL;
GM-CSF, 10 ng/mL; TNF-«, 20 ng/mL; and 1L.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 Ca?*-, Mg?* -free phosphate-
buffered saline (PBS), and suspended in PBS with 0.1% bovine serum
albumin (BSA) (Sigma Chemical, St Louis, MQ), CD15*CD14~ cetls were
separated from PBMCs using CD14 and CD15 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
CD15*CDI4~,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). CDI5+CD14~ cells (1 X 10%mL} were cultured with desig-
nated combinations of ¢cytokines in a 24-well tissue culture plate (Nune,
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;
on day 11 of culture, the cells were washed 3 times with PBS and replated in
cultures containing M-CSFE. CD14* and CD15*CD14~ cells (1 X 10°%/mL)
were ctltured 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
{oc-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 Culwre 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 antibedies (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-fms/M-CSF receptor (anti~c-fms/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 IgG2b-
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 IgGl-FITC, 1gG1-PE, and IgG2a-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 minues at 4°C with formaldehyde-based fixation medium,
washed, resuspended in permeabilization buffer containing sodium azide
and saponin, and stained with mAbs fer 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 dma acquisition and analysis,

BrdU and carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling

For BrdU pulse labeling, freshly isolated and cultured cells (1 X 105mL)
were incubated with 5 wg/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 HC/0.5% Tween-2( at room
temperature for 20 minutes for DNA denaturation. Acid was neuiralized
with 0.1 M Na,B,C+. 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 % 105/mL) were labeled for 10
minutes at 37°C with 0.5 pM 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 CDI5S*CD14~
cells were cultured as described above. CD8* cells (1 X 10%mlL.) were
labeled with CFSE, washed with 10% FBS RPM! 1640, and cultured with
T-cell expander beads (CD3/CD28 T-cell expander; DynalBiotech, Cslo,
Norway) at a 1:3 bead-te-cell ratio for 5 days, CFSE-labeled freshly
isolated and cultured cells were analyzed for fluorescence intensity using a
FACSCalibur cytometer.2

Microarray

Microarray assay was carried out as described.??” Total RNA extracted
from freshly isclated and cultured cells by the acid guanidinium method
was used to synthesize double-stranded cDNA. Biotin-labeled cRNA was
prepared from each ¢<DNA by ENZO BioArray High-Yield RNA Transcript
Labeling kit (Affymerrix, Santa Clara, CA), and hybridized with a
GeneChip HGU133A microarray {Affymetrix) harboring more than 22 000
huran 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).



