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Table 1

Design of primers for real-time PCR

Gene Primer sequences PCR product {bp)

CDKI1A Sense 5§ -GACCTGTCACTGTCTTGTACCCTT-¥ 120
Antisense ¥ -GTAGAAATCTGTCATGCTGGTCTG-Y

MKP-1 Sense § -TITTGAGGGTCACTACCAGTACAA-Y 191
Antisense §' -TAGTCCTCATAAGGTAAGCAAGGC-Y

GSTTI Sense 5 -GTAGCCATCACGGAGCTGAT-¥ 146
Antisense & -CTTGGCCTTCAGAATGACCT-¥

SCYAS Sense 5§ -AAGGAGTATTTCTACACCAGTGGC-¥ 132
Antisense 5 -GCTCATCTCCAAAGAGTTGATGTA-Y

CDKI1A, cyclin-dependent kinase inhibitor 1A; GSTT1, glutathione S-transferase theta 1; MEKP-1, mitogen-activated protein kinase phosphatase-1; SCYAS,

small inducibie cytokine AS.

for small inducible cytokine A3 for 1 min, respectively.
The increase in the fluorescence signal is proportional to
the amount of specific product [15]. The intensity of
emission signals in each sample was normalized to that of
pB-actin as an internal control.

2.6. Culture of neonatal rat ventricular myocytes (NRVM)

NRVM from l-day-old Sprague—Dawley rats were
isolated by previously described methods [16]. The
ventricles were excised from the rat, cut into several
pieces, and incubated overnight at 4 °C in 1 mg/ml of
1:300 trypsin in Hanks’ balanced salt solution. The
ventricular tissue was then digested with 1 mg/ml of
collagenase type II (239 U/mg, Worthington Biochemi-
cals, Freehold, NI} in Hanks’ balanced salt solution,
centrifuged twice at 50 X g to remove less dense cells
such fibroblasts, and then plated. The cells were cultured
at 37 °C, 5% CO, in Dulbecco’s modified Eagle’s
medium (BioWhittaker, Walkersville, MD) containing
7% fetal calf serum, 50 U/ml penicillin and 50 pg/ml
streptomycin. We routinely obtained primary cultures
with >95% myocytes, as assessed by microscopic obser-
vation of spontaneous contraction and by immunofluo-
rescence staining with a monoclonal human ventricular
myosin heavy chain antibody (Biogenesis, Poole, UK)
{16]).

This investigation was performed according to the Guide
Jor the Care and Use of Laboratory Animals published by
US National Institutes of Health (NIH publication No. 85-23,
revised 1996).

2.7. Mechanical strain device and preparation of cells

Mechanical deformation was applied to a thin and
transparent membrane on which cells were cultured, an
approach which produces controlled cellular strain as well
as visualization of cells [17].

For the preparation of NRVM to be subjected to
mechanical strain, autoclaved membrane dishes were
coated with 2 pg/ml of fibronectin in 13 ml of Hanks’
balanced salt solution for 6-12 h at 4 °C and then

washed twice with 10 ml of phosphate-buffered saline.
NRVM were plated on the coated membrane dish at a
density of 2,000,000 cells/dish in 13 ml of Dulbecco’s
modified Eagle’s medium containing 7% fetal calf serum
and incubated 48 h. NRVM were then made quiescent
by washing with 10 ml of Hanks’ balanced salt solution
twice and incubating with 10 ml of Dulbecco’s modified
Eagle’s medium containing 1% insulin, transferrin, sele-
nium media supplement (ITS; Sigma), 50 U/m! penicil-
lin, and 50 pg/ml streptomycin. All experiments were
performed on NRVM that had been serum-starved for
24 h.

2.8. Western analysis

NRVM were lysed directly in each dish by applica-
tion of a buffer containing 50 mM Tris—HCI (pH 7.5),
1 mM EDTA, 1 puM leupeptin, 1 pM pepstatin A, 0.1
mM phenylmethylsulfonyl fluoride, and 1 mM dithio-
threitel, and sonicated. The homogenates were then
centrifiged at 100,000 x g for 20 min. Total protein
concentration was measured by the Bradford method
(Bio-Rad Laboratories, Hercules, CA) and equal quanti-
ties of total protein were loaded on a 13% SDS-
polyacrylamide gel and transferred to a nitrocellulose
membrane in 25 mM Tris base (pH 8.5), 0.2 M glycine,
and 20% methanol. The nitrocellulose membrane was
blocked by 5% non fat dried milk in Tris-buffered
saline washing buffer containing 20 mM Tris base (pH
7.6), 137 mM NaCl, and 0.1% Tween 20 for 2 h. For
the detection of CDKIIA and MKP-1, the membrane
was incubated with 1:1000 diluted mouse monoclonal
anti-CDKI1A antibody (sc-6246, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) or rabbit polyclonal anti-MKP-1
antibody (sc-1199, Santa Cruz Biotechnology) for 1 h at
37 °C and washed with Tris-buffered saline washing
buffer for 30 min, After application of sheep anti-mouse
IgG {Amersham Life Science, Arlington Heights, IL) or
goat anti-rabbit IgG (Santa Cruz Biotechnology) coupled
to peroxidase, the membrane was developed with the
enhanced chemiluminescent method {(Amersham Life
Science).
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Table 2
Patient characteristics

Patient Age Sex Diagnosis mRAP Systolic PAP TR grade

(no.) (years) (mm Hg)} (mm Hg)

Congrol

1 44 M AR 3 19 trivial

2 70 F MR 4 28 trivial

3 60 M AS 6 34 trivial
Pressure overload

1 64 M MR 10 52 mild

2 74 F MR, AS 15 65 mild

3 75 M MR, AR 8 53 mild
Volume overload ‘

1 6d F MR 4 32 moderate
2 64 F AR, MR 5 32 severe

3 15 M ASD 5 23 moderate

AR, aortic regurgitation; AS, aortic stencsis; ASD, atrial septal defect,
F, female; M, male; MR, mitral regurgitation; mRAP, mean right atrial
pressure; PAP, pulmonary artery pressure; TR, tricuspid regurgitation.

2.9. Statistical analysis

Data are expressed as mean + S.D. The data were ana-
lyzed by nonparametric Kruskal-Wallis methods for the
group comparisons to avoid assumptions about the distri-
bution of the measured variables. Subsequent pairwise
comparisons were made with the Mann—Whitney U test.
A P value <0.05 was considered significant.
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3. Results
3.1. Clinical characteristics of participating subjects

On the basis of pressure data of Swan—Ganz cath-
eters and echocardiographic findings, the patients were
divided into the following three groups: control group
(n=3), pressure overload group (mean right atrial
pressure of >7 mm Hg, n=3), and volume overload
group (moderate or severe tricuspid regurgitation, n=3)
(Table 2).

3.2. DNA microarray analysis

Among the 2139 well-characterized genes with putative
functions, expression of genes of CDKI1A (11.7 £+ 3.1-fold
vs. control), MKP-1 (26.2 + 2.1-fold), glutathione S-trans-
ferase theta 1 (65.1 £ 29.7-fold) and small inducible cyto-
kine AS (8.3 % 1.8-fold) in the pressure overload group
significantly increased compared with those in control
{P<0.05) or volume overload group (CDXIIA, 3.0+ 2.0-
fold vs. control; MKP-1, 8.1 £ 6.5-fold; glutathione S-
transferase theta 1, 19.2 & 10.1-fold; small inducible cyto-
kine AS, 2.1 +£0.7-fold, P<0.05), as shown in Fig. 1. In
contrast, transcripts of growth factors such as fibroblast
growth factor, hepatocyte growth factor, insulin-like growth
factor, platelet-derived growth factor and vascular endothe-
lial growth factor, and cytokines including interleukin 1,
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Fig. 1. Oligonucleotide microarray analysis of pressure- or volume-overloaded human myocardium. Total RNA was obtained 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), Preparation of biotin-labeled
cRNA probes was performed as described in the Methods. The DNA microarray hybridization of bictin-labeled cRINA was performed using ExpressChip HO1
and HO2 arrays (Mcrgen). The chips were subjected to the laser scanning and signal detection by the GMS418 Array Scanner (Takara Biomedicals). The
intensity of emission signals in each oligonucleotide hybridization was normalized to that of the glyceraldehyde-3 phosphate dehydrogenase signal, and
analyzed using the GeneSpring software package (Silicon Genetics). The 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 or volume overload group.
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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 A5 or
B-actin. The ratio of the abundance of each transcript to that of the R-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. (2=23). *P<0.05 vs. control. TP <0.05 vs. volume overload

group.

interleukin 6, interlevkin &, and tumor necrosis factor «
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 ¢DNAs to “real-time” PCR analysis with
primers specific for CDKI1A, MKP-1, glutathione S-trans-
ferase theta 1, small inducible cytokine AS and B-actin (Fig.
2). The abundance of CDKIIA (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 <0.05). 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 1 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
AS5: 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 CDKI1A and
MKP-1 are increased in the human atrial myocardium with
pressure overload.

3.4. Effects of mechanical strain on CDKIIA and MKP-1

protein accumulation

Next, we investigated whether CDKI1A and MKP-1
proteins were induced by mechanical strain in cardiac
myocytes. The expressions of CDKI1A and MKP-1
proteins were analyzed by immunoblotting with anti-
CDKIIA 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 — e

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 pg/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 immmunoblot anabysis using the anti-CDKI1A 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
CDKI1A and MKP-1, but not growth factors, were induced
in chronic pressure-overloaded myocardium. In addition,
mechanical strain induced CDKIA 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
associated with volume-overload hypertrophy. Lattion et al.
[18] reported that aortocaval 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 c-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
extracellnlar signaling-regulated protein kinases, possibly ¢-
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
et al. [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 z significant hypertrophic response when stressed by
pressure overload or isoprotereno! 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]. CDKIIA (also named
WAF1, and CIP1), p21, is involved in regulating cell cycle
progression. CDKI1A, which functions by binding to and
inactivating a number of the cyclin‘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 CDKI1A is induced during the
2-5-day developmental period in rat cardiac myocytes. The
induction and sustained expression of CDKIIA 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 cycle 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 condifions 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 cycle or cell prolif-
eration that is refated 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 CDKIIA 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 a 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 PA1,
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). Simultancous exposure to
pemetrexed and paclitaxel for 24 h produced antago-
nistic effects in A549 and PA1 cells, additive/antago-
nistic effects in MCF7 cells, and additive effects in Wilr
cells. Pemetrexed for 24 h followed by paclitaxel for 24 h
produced synergistic effects in A549 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 simultanecous 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 variety 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, ete. [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 [, 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 ofa
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% heat-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, PAl, and
WiDr cells under our experimental conditions were in the
range 2024 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 mAM, 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 ul} 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 ul) 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.



Iscbologram

The dose-response interactions between pemetrexed and
paclitaxel for the MCF7, PAl and WiDr cells were
evaluated at the ICg; level by the isobologram method
(Fig. 1) [32). The ICgp was defined as the concentration
of drug that produced 80% cell growth inhibition, i.e.,
an 80% reduction of absorbance. Since the A549 cells
were resistant to pemetrexed and the ICg, level was not
obtained, the interactions between pemetrexed and
paclitaxel were evaluated at the ICsy 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
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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 II (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, PAL, 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 isobolograums for AS549 cells.
Combined data points Pa, Pb, Pc, and Pd show supraadditive,
additive, subadditive, and protective effects, respectively

envelope of additivity
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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 cansed
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-
nismm 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.). '

Results

The ICg, values of pemetrexed for a 24-h exposure
against MCF7, PAl, and WiDr cells were 3.3+0.4,
.15+ 0.02, and 0.45+0.04 pM, respectively, while those
of paclitaxel against MCF7, PAl, and WiDr cells were
5.9+04, 2.5+0.06, and 5.8 £0.06 nM, respectively, The
ICsp 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 paclitaxel for the MCF7 cells. The
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a. MTA + Paclitaxel

b. MTA — Paclitaxel

c. Paclitaxel = MTA
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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 (¢) the reverse sequence. The cell number
after 5 days was measured vsing 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
squaresy, 3 (filled upwriangles), & (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 exposed 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 ICgq and ICs, 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 A549, MCF7,
PAIl, and WiDr cells exposed to both agents simulta-
neously. For the A549 and PA1 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

MTA (uM)

MTA (ul)

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 ICsq isobologram of the
MCF7, PAI, 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. 4¢), indicating additive effects
(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 ICsq isobologram of the
MCF7, PAI, 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
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Fig. 3 Isobolograms of L
simultaneous exposure to MTA =
and paclitaxel for 24 h in {a) 1.2 - 1.2
A549, (b) MCF7, (¢) PAL, and
{d) WiDr cells. For the A549, 1.0 1.0
and PA1 cells, all or most
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similar tendency was observed in the ICsq isobologram
of the MCF7, PAl, 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 ICyy and/or ICs, 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 PA1 cells, additive/antagonistic effects in MCF7

Table 1 Mean values of

observed data, predicted Schedule Cellline n  Observed Predicted data for an Effect
minimum, and predicted - S data additive effect
maximum values of MTA in PR . .
combination with paclitaxel at Minimum  Maximum
ICso for MCET, PALand Wibr L eclitaxel A5 6 >092 022 0.69 Antagonism (P <0.05)
cells and at ICso for A349 cells = MCF7 11 06l 0.42 0.52 Additive/antagonism
PAl 7 071 0.33 0.60 Antagonism (P < 0.05)
o WiDr 9 061 0.29 0.78 Additive
MTA — paclitaxel AS549 § 031 0.36 0.80 Synergism (P < 0.05)
MCF7 & 045 0.60 .66 Synergism (P < 0.05)
PAI 7 041 0.32 0.70 Additive
WiDr 10 0.34 0.33 0.83 Additive
Paclitaxel - MTA A549 6 0.78 0.31 0.82 Additive
MCF7 & (.58 0.44 0.66 Additive
PAI 6 0.55 0.44 0.67 Additive
WiDr 9 064 0.25 0.93 Additive
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Fig. 4 Isobolograms of
sequential exposure to MTA
(24 h) followed by paclitaxel
(24 h) in (a) AS49, (b) MCF7,
(c¢) PAI, and (d) WiDr cells. For
the A549 and MCF7 cells, most
data points of the combinations
fell in the area of
supraadditivity. For the PAl
cells, all the data peints feil
within the envelope of
additivity. For the WiDr cells,
the data points fell within the
envelope of additivity and in the
area of supraadditivity. Data
are the mean values for at least
three independent experiments;
SE was <20%

Fig. 5 Isobolograms of
sequential exposure to
paclitaxel {24 h) followed by
MTA (24 h) in (a) A549, (b)
MCF7, {c) PAl, and (d) WiDr
cells. For all four cells, all or
most data points of the
combinations fell within the
envelope of additivity. Data are
the mean values for at least
three independent experiments;
SE was <25%
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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 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 {s 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 PAI 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
438 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 injtially 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 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. Qur 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 ICy, or ICs, 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 paciitaxel
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,
a VEGF receptor. The ICy; for both ErbB2 and FLK-1 is arcund 1 uM. AG 879, in combi-
nation of PP1 (an inhibiter specific for Sre kinase family], suppresses almost completely
the growih 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 PAK!
{a CDC42/ Rac-dependent Ser/Thr kinase] in cell culture. This interaction is essential for
both the RAS-induced PAK1 activation ond transformation of NIH 3T3 fibroblasts.
However, AG 879 at 10 nM does not inhibit either the purified ETK or PAKT directly in
vitro, suggesting that this drug blacks the ETK-PAKT pathway by targeting a highly sensi-
tive kinase upsiream of ETK. Although the Tyr-kinases Src ond FAK are known to activate
ETK directly, Src is insensitive to AG 879, and FAK is inhibited by 100 nM AG 879, but
not by 10 nM AG879. The structure-function relationship analysis of AG B79 derivatives
has revealed that both thio and tertbutyl groups of AG 879, but not (thio] amide group,
are essential for its biclogical function (blocking the ETK-PAKT pathway], suggesting that
through the {thic} amide group, AG 879 can be covalently linked to agarose beads to
form a bioactive offinity ligand useful for identifying the primary target of this drug.

INTRODUCTION

PAK]1, a2 member of CDC42/Rac-dependent Ser/Thr kinase family (PAKSs), is activated
by oncogenic RAS murants such as v-Ha-RAS, and is essential for RAS-transformation of
fibroblasts such as Rar-1 and NIH 3T3 cells.!? Several distinct pathways appear to be
essential for v-Ha-RAS-induced activation of PAK in these cells.? 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 2 GDP-dissociation stimulator (GDS)
called VAV. A second pathway involves PIX, an SH3 protein which binds a
Pro-rich motif (residues 186-203, PAK18) locared between 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
adapror protein called NCK.? The SH3 domain of NCK binds another Pro-rich motif of
PAKI located near the N-terminus, while the SH2 domain of NCK binds the Tyr-phos-
phorylated EGF receptor/ErbB1.5 Thus, when ErbB1 is activated by EGF, PAKI is
translocated to the plasma membrane through NCK. The involvement of both Src
family kinases and ErbB1 in the PAK]I activation is also supported by our finding that
both PP1 (inhibitor of Stc family kinases) and AG1478 (ErbB1-specific inhibitor) block
the RAS-induced PAK1 acrivation and transformarion in vitro and in vivo.26 A fourth
pathway involves ErbB2, a member of ErbB family Tyr kinases.? We have previously
shown that AG 825 (EtbB2-specific inhibitor} blocks RAS-induced activation of PAKI
and malignant transformation with the IC, around 0.35 uM.2 A fifth pathway has been
recently discovered in which RAS activates PAK] through Tiam1, a Rac-specific GDS , in
a PI-3 kinase-independent manner.” In this pathway, RAS directly binds Tiam! which in
turn activates Rac./

Another possible pathway involves f§1-integrin, FAK and ETK. pl-integrin activates
the Tyr kinase FAK, which in tuen phosphorylates and acrivares ETK® a member of
TEC/BTK family Fyr kinases.®1® ETK carries an N-terminal pleckstrin homology {PH)
domain followed by a TEC homology domain.®10 Activated ETK binds PAK1 chrough
the PH domain, phosphorylates and activares 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 2 standard medium, Le., Dulbecco’s modi-
fied Eagle’s medium in the presence or absence of 10% fetal calf serum as
described previously.>¢ The Tyr kinase inhibitor AG879 and its derivarives
(AG 306 and AG 1584 ) were synchesized as described previously,!2 The
novel derivative GL-2002 was synthesized analogousty, and full syncheric
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 obrained from Santa Cruz Biotechnology (Sanza
Cruz,CA): and-PAK] andbody, anti-phospho-Tyr antibody (PY99) and
goat-anti-ETK anribody. The rabbic anti-FAK antibody was a generous gift
of D, David Schiaepfer (The Scripps Research Institute, La Joila, CA). The
mouse anti-ETK ancibody was purchased from Becton Dickinson
Biosciences (North Ryde, NSW, Australia). The rabbir 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 uM) and incubating for 3 weeks as described
previously.26!3 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 NTH/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,2:6:1%

PAK and ETK Kinase Assays. For the PAK kinase assay, RAS cells were
serum-starved overnight, and then treated with different concentrations of
AGB79 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, 1 mM EDTA, 100 mM
NaCl, 25 mM NzF, 100 pM NaVQ,, 1 mM phenylmethylsulfonyl fluoride
(PMSE), and 100 unirts/ml aprotinin), The lysates conraining 1 mg of
proteins (measured by Bradford assay) were immuno-precipitated with the
anti-PAKI antibody, and the immuno-precipitates were subjected to the
PAK kinase assay as described previously.!-26-16 The direct effect of AG 879
on PAK1 was determined in virro, using GST-PAKI 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 pM 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 PAKI associaced
with ETK as a substrare in the presence or absence of different concentrations
of AG879 or its derivatives such as AG 1584, Immuno-bloring was
performed to determine the protein levels for PAK1 and ETK (see below).

Immuno-Precipitation and Immuno-Blotting. Serum-starved RAS cells
were treated with different concentrations of AG879 as indicated in the rext.
The cells were lysed in two different lysis buffers mentionced above. The cell
lysates containing 1.5-2.0 mg of protein (measured by Bradford assay} were
incubated with protein A-Sepharose beads {(Amersham Pharmacia Biotech)
and anti-PAK1, anti-ETK or anti-FAK antibodies separately.2-811-8 The
proteins in immuno-precipitates were scparated on 4-12% NuPage gel
(Invirrogen) electrophoresis and transferred 1o a nitrocellulose membrane

www.landesbioscience.com

(Micron Separaticns, Inc.). The membranes were blocked with 10% (wiv)
skim milk in phosphate-buffered saline containing 0.04% Tween20
(PBST), followed by an incubation for 1 hr at room temperature wich
different first antibodies as described in the texr. After washing wich PBST,
the blors were incubared 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 reblorted'? with different antibodies as
described in the text.

The ETK Bacule Viral Construct and its Affinity-Purification. The
plasmid encoding the full-length ETK (residues 1-674)!4 was constructed in
pBacPAKS rransfer vector (Clongech, Palo Alro, CA) and recombinant virus
was made by Dr. Chi-Ying F Huang (NHRI, Taiwan). $f 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 cockeail (Pharmingen, San Diego, CA). From the
clear supernarant of the cell lysate obtained by cenuifuging at 40,000xg for
45 min, ETK was affinity-purified by the 6xHis purification kits (Car. No.
21474K, Pharmingen, San Diego, CA) according to the supplier's instruction.

Autophesphorylation of Recombinant ETK Constructs In Vitro. GST
fusion protein of human ETKC, a constitutively activated ETK mucant
(residues 243-674) which lacks the N-terminal PH domain was affiniry-
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 {y-32P)-
ATP) as described previously? in the presence or absence of AG879 (10 nM
or 1-10 mM) ar 37°C for 40 min. The auto-phosphorylarion was then
monitored by immuno-blotting the protein separated by the SDS-PAGE
and transferred onto nitrocellulose with anti-phosphe-Tyr antibady (or by
radio-autography). Similarly 3 pg of full-length ETK purified from the
insect cells was incubated in the buffer conraining 30 mM PIPES, pH 7.0,
10 pM MnCl, 30 pM ATE 5 pCi of [y -32P) ATD t 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 protcin levels were compared
becween normal NIH/3T3 cells and two distiner v-Ha-RAS transformed
cell lines, excluding the possible clonal difference in the ETK levels: stable
v-Ha-RAS cell line (RAS cells) and doxycycline-inducible v-Ha-RAS trans-
formants prepared as described previously. 2! The lysates of both normal
and RAS cells (20 ug 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 lysace (20 pg protrein) 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 ErbB2 and VEGF receptor FLK-1 (IC50 is around
1 mM)'213 and 2ppears to be metabolically more stable chan AG825 in vivo
as it strongly suppresses the growth of RAS-sarcomas in nude mice?
However, the IC,, of AGB79 for inhibiting PAK1 activation and RAS
transformation in vitro still remained to be determined.

10 nM AGS879 strongly blocks PAK1 kinase activity in RAS ceils with-
our affecting the PAK1 protein level (Fig. 1A). However, AG879 does not
inhibit the kinase activity of the purified GST-PAKI fusion protein directly
even at 1 pM (Fig. 1B). These observations suggest that ErbB2 is not
involved in the inactivation by AG879 of PAKI in cells. Interestingly,
AG879 also suppresses the anchorage-independent growth of RAS cells in
soft agar (Fig. 1C). The IC,;, of AG879 for the large colony formation is
1-10 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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2 Figure 2. AG879 blocks the Tyr-phosphorylation of ETK and its asseciation
2 o- with PAK1. [A] Serum-starved RAS cells were first incubated with AG879
a {0.01-1 uM] for Thr. The cells lysates [CL) were then immuno-precipitated (IP}
v with the anti-ETK ontibody as described under “Moterials & Methods”,
¥ 20" followed by immuncblat {IB) with anti-phosphoTyr (PY} anfibody. (B)
& Alternatively, the CL were IP with the anti-PAK1 (top panel] or anti-PY

{bottom pasnel} antibodies, followed by (B with anfi-ETK {top panel) or antiPAK1
(bottom panel] antibodies. The tatal PAKT protein level of the bottom panel
was determined by Bing each CL directly. Similar results were obtained
from two or three independent experiments,

nM AGE79 does not affect the anchorage-dependent growth of either
normal or RAS-transformed NIH 3T3 cells {Fig. 1 D). These results supgest
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 with PAK1.

Colany Formation {% of conlrol}

20+ AG879 Inhibits the Tyr-Phosphorylation of ETK and Its Association

with PAK1I. The Tyr-phosphorylation of PAKI is requized for its Ser/Thr

91 kinase activiey as the trearment of PAK1with a Tyr-phospharase reduces its

0.001 0.01 ol kinase activity.2? Activated ETK associates with PAK1 chrough its PH

AGA79 (zM) domain and activates PAK1 by the Tyr phosphorylation.!! To test whether

the Tyr kinase activity of ETK is affecred by AG879, serum-starved RAS

AG 879100 nM: —  + - & D cells were treated with AG879 (0.01-1 pM) in culeure for 1he Cell lysates

240 were then immuno-precipitated with the anti-ETK antibedy, followed by

P immuno-blotting with the anti-phospho-Tyr or anti-ETK antibody. AG879

o inhibits the Tyr-phosphorylation of ETK at 10 nM, but does not affect the

X w0 ETK protein level (Fig. 24). Furthermore, using the and-PAK1 antibody,

5 we found that AG879 significantly suppresses the ETK-PAK1 association

£ o1 (Fig.2B, top panel) and reduced the Tyr-phosphorylation of PAK1 in cells

2 at 10 oM (Fig.2B, bottom panel}, These results suggest that AG879 inhibits

= ol somehow the kinase activity of ETK, thus blocking its auto-phosphoryla-

o tion, and association with PAK1, and the Tyr-phosphorylation of PAK1 by
B ETK.

ol ) AG879 Inactivates ETK In Vitro. To determine whether AG879 directly

N R inhibits the kinase activity of ETK or not, RAS cells were lysed and

Figure 1. (A] AGB79 inhibits the acivation of PAK1 in cells, Serum-starved RAS cells were incubated with AGB79 {0.01-10 uM) for Thr. The cell lysotes
were subjected to PAK kinase assoy as described under “Materials & Methods”. 10 nM AG 879 clearly inhibited the PAK1 activity (phosphorylafion of
MBP} in cells [top panel). Similar levels of PAK1 protein were detected in cll lones as judged by immuno-blot (botiom panel). (B} PAK1 is not a direct torget
of AG 879. 1 uM AG 879 fails to inhibit significantly the kinase activity of GST-PAKT in vitre, (C] AG879 inhibits anchorage-independent growth of RAS
cells. RAS cells were planted in soft agar with or without AGB79 (0.001—100 uM) as described under "Materials & Methods”, The colony formation was
measured in comparison with that of the confrol {non-treated) cells. Cnly large colonies consisting more than 100 cells per colony were counted. The
presented values are the average of tase abtained from two independent experiments, (D} AG 879 has no effect on the anchorage-dependent cell growth.
The growth of either normal or RAStransformed cells in liquid culture wos monitored in the presence or absence of 100 nM AG 879 as described under
"Materials & Methods”.
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Figure 3. AGB79 inhibits the kinase activity of ETK in vitro. The lysates of
RAS cells were immuno-precipitated by anfi.ETK antibody. The immuno-pre-
cipitates (18] were subjected to an in vitro kinase assay in the presence or
absence of AGB7% {A, 10 or 1C0 nM; B, 1 to 10 nM]} as described under
“Materials & Methods”, The ETK activity (Tyr-phosphorylation of PAKT) was
monilored by immuno-blot {IB} with anti-PY antibody. Similar protein levels of
ETK were defected in oll lanes by IB with the anti-ETK antibody. Similar
results were obtained from two independent experiments.

immuno-precipitated with the anti-ETK antibody. The immuno-precipi-
tates were subjected 1o an in vitro kinase assay in the presence or absence of
AG879 (0.001-10 puM) as described in the “Materials and Methods®,
AG879 (10 nM) swongly inhibits the Tyr-phosphorylation of PAKL by
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Figure 5. AG879 suppresses tha Tyr-phosphorylafion of FAK and its associ-
afion with ETK and PAK1, Serum-starved RAS cells were incubcted with
AGB79 [0.01-1 uM] for 1hr. The cell lysates were immuno-precipitated (IP)
with anti-FAK antibody as described under “Materials & Methods”, followed
by immuno-blot (1B} with anti-phospho-Tyr (PY], anti-ETK or anti-PAK antibod-
ies. Similar pratein levels were detecied in all lanes by IB with the anti-FAK
antibody. Similar results were cbtained from two independent experiments.

ETK (Fig.3A), and the IC o for ETK is around 5 nM (Fig. 3B). Purthermore,
AG 879 has no direce effect on any other members of TEC family kinases
such as TEC, BTK or ITK, even 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 and-ETK antibody could precipitates not only ETK
itself, but also any proteins forming a right complex wicth ETK such as
PAKI1 and FAK, we cannot exclude the possibility that the primary target of
AG 879 might be 2 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 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 activared muranc 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 ot the full-length ETK were not inhibited by
AG 879 at 10 nM, although they were significancly inhibited at 1-10 uM
{see Fig. 4). Furthermore, in vitro binding of PAK1 in RAS cell lysates to
cither the PH domain of ETK or a kinase-dead mutant of ETK (called

AG 306
A s 2 B o)
2 o
- -— =
c g o ZE Ny” “NH;
E @ o - - CN
o O O T o o HO'
O < << = B
L . - O
B S GO
LR O < =< AG213 AG 1584
et e
S Ty HO
E o 4-ETKC ~ NH, ~ NH2
' ot : HO H
AG 879
Figure 4. Recombinant ETK proteins alone are for less sensitive to AG 879 ~ NH,
in vilro. {A) Effect of AGB79 on the ETKC from bacteria, The GST-ETKC wos CN
outo-phosphorylated in the presence of AG 879 {0, 1 and 10 uM) in vitro HO
as described under “Materials and Methods”. (B) Effect of AGB79 on full-
length ETK from insect cells. The fulllength ETK was auto-phosphorylated in
the presence of AG 879 (0, 1 uM and 1mM] in vitro as described under
"Materials and Methods”. Figure 6. Chemical structure of AG 879 derivatives.
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Figure 7. Anti-ETK activity of AG 879 derivatives. [A] The lysates of RAS
cells were immuno-precipitated by anti-ETK antibady. The immuno-precipi-
tates {IP) were subjected fo an in viiro kinase assay in the absence of any
drug {CONT) or presence of either AG879 {10 nM] or four other derivatives
{10 uM]} as described in Figure 3. Only AG 879 inhibits the ETK activity
[Tyr-phosphorylation of PAK1) monitored by immune-blot (IB] with anfiPY
onfibody. Similar protein levels of ETK were detected in all lones by IB with
the anti-ETK antibody. Similar results 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 vilro PAK]
kinase assay described in Fig. 1B. GL-2002 strongly inhibited PAK? acliva-
tion os did AG 879, Similar resulis were obiained 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 aliogether suggest that the primary target of AG879 is rot
ETK tuself, bur rather its associated upstream activator to be identified.

AGS879 Inhibits the Tyr-Phosphorylation of FAK and Its Association
with ETK and PAK1. ETK is a cywplasmic (non-recepror} Tyr kinase
which is activated at the plasma membranes.*'9 The N-terminus of FAK
shares significant sequence homology with FERM domains, which are
involved in linking cytoplasmic proteins to the membranes.232% It was
shown recently that the activation of ETK by extracellular matrix (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
clevates the Tyr-phosphorylation of ETK.®

To test whether the FAK-ETK interaction is affected by AG879, serum-
starved RAS cells were treated with AG879 (0.01-1pM). Cell lysates were
then immuno-precipitated with anti-FAK antibody, followed by bloting
with anti-phospho-Tyr, anti-ETK or anti-PAK1 antibodies separately. As
shown in Figure 5, AGB79 suppresses both the Tyr-phosphorylation of FAK
and its association with ETK at 100 nM, buc not at 10 nM, whereas AG879
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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 control [no doxycycline-added); Dox-plus, 2 ug/ml
doxycycline added. Lower panel: Enhanced expression of ETK in v-Ha-RAS-
transformants. N, normal NIH/313 cells; R, v-HoRASHransformanis. The
arrow indicates the ETK band. Both stable and inducible RAS upregulate the
ETK protein level.

inhibits the FAK-PAKI interaction at 10 aM. These results suggest that
PAK] associates with FAK probably through ETK, and PAK]1 can no longer
interacr with FAK when the PAK1-ETK complex is distupted by AG879.

The Structure-Function Analysis of AG879 Derivacives 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 anci-ETK acuivity of several AGB79 derivatives shown in
Figure 6. However, none of these derivarives other than AGB79 itself
inhibits ETK activity in vitro even at 10 uM (sce Fig. 7A). These resules
indicare that at least both tert butyl groups at positions 3 and 5, and the thio
group are absolutely essential for AG879 to inhibit ETK. Interestingly, the
ErbB2-specific inhibitor AG825 is distantly relared ro AG879, bur like
AG306, lacks both the thio and tert butyl groups, and in fact shows no anti-
ETK activirty at even 1 gM in vitro (data not shown). However, when the
free (thio} amino group of AG879 was atkylared with an amino-hexane
chain, the resulting derivative called GL-2002 was still able to show a strong
anti-ETK acrivity that blocks the PAK1 activation in RAS cells even at 10
nM (Fig. 7B), suggesting thar, unlike other side chains, this free amine
group of AG879 is not essential for its anti-ETK activity. Thus, we are
currently generating a scrics of bioactive immobilized AG 879 {or its water-
soluble N-hexylamine derivative, called GL-2003) by coupling them to
agarose beads through the amino group so that we can use the AGB79/
GL-2003 bead asa 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 picrure of this mech-
anism still remains to be unveiled , we found that v-Ha-RAS upregulates the
protcin 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 cyroplasmic Tyr kinase ETK with ICg; of abour 5 nM.
The inactivation of ETK by AG879 blocks the ETK-PAKI interac-
tion, thereby blocking the Tyr-phosphorylation of PAK1 and its
kinase acrivity. Interestingly at this concentration AG879 does not
inhibit directly any other kinases including FAK, PAK, ErbB2,
EtbBl, TRK, TEC, BTK and ITK. However, since the IC50 of this
drug for recombinant ETK proteins alone is 1-10 uM, instead of
5 nM, it is most likely that the primary target of AG879 is not ETK,
FAK or ErbB2 themselves, but an as yet unidentified activaror of
ETK. Thus, we are currently identifying this highly AG879-sensitive
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target among the kinases which are associated with ETK, T}’l’-PhOS- 7. Lambert ], Lambere Q, Reucher G, Mallici A, Siderovski D, Sondek ), et al. Tiami medi-
. ates RAS activation of Rac by a PI-3 kinasc-independent mechanism. Nae Cell Biol 2002

phorylate the kinase-dead (non-auto-phosphorylatable) muranc of 6218

ETK (ETK-KQ), and bind tightly to the AGE79/GL-2003 beads. B. Chen R. Kim O. Li M. Xiong X. Guan JL. Kung H], et al. Regulation of the PH-domain-

Qur prcliminary dara suggest thar the Pl—imary target 15 a Ty’l‘-phOS- coneaining ryrosine kinase Exk by focal adhesion kinase through the FERM domain. Nat

horvl rotel . _ Cell Biol 2001; 3:439-44.

f? l"l)r(}lr at;d p O.IICll‘I of 62 kDa (Hirokawa Y and Maruta 1, unPUb 9. Qiu Y. Kung HJ. Signaling netwaork of the Brk family kinases. Oncogene 2000; 19:5651-61.
1shed o .Ser"a“_o“)- 10. Smith CI, Islam TC, Martsson PT, Mohamed AJ, Nore BE, Vihinen M, The Tec family of
ETKis ECqull'Cd for the anchorage-indcpcndcnt and tumorigcnic cytoplasmic ryrosine kinases: mamemalian Bik. Bmx, Itk, Tec, Txk and homologs in other
growth of human breast cancer cells.!! Although ETK alone is not species. Bioessays 2001; 23:436-46.
transforming, it enhan ali f . £ NIH 3T3 11. Bagheri-Yarmand R, Mandal M, Taludker AH, Wang RA, Vadlamudi RK, Kung H},
ansio g en a ces m ignant trans ormazl:;on o . Kumar R. Eck/Bmx tyrosine kinase activates Pakl and regulates tumorigenicity of breast
cells caused by a partially activated ¢-Src murant.?> ETK can also be cancer cells. | Biol Chem 2001; 276:29403-9.
activated b}r Src famlly kinases and is responsible for Sre activation 2. Levirzki A, Gazit A. Tyrosine kinase inhibition: an approach to drug development. Science
of signal transducer and activator of wranscription factor 3 (STAT3) 1995: 267:1782.8. .
. . 25 X 13, Strawn L. McMahon G, App H. Schreck R, et al. Flk-1 as a targer for cumor growth inhi-
and v-Src-induced transformation.?? In this study we have estab- bition. Cancer Res 1996: $6:3540-5,
lished that ETK is essential for RAS transformation: the concentra- 14. Qiu Y, Robinson D, Pretlow T, Kung HJ. Etk/Bmzx, a ryrosine kinase with 2 pleckstrin-
tion of AG879 that inhibits both RAS-induced PAK! activation and hom.n]ng).' domain, is an eﬁ'cctc.nr nfghosph?n(_iyhnoslrd 3'-kinase and is involved in inter-
ch ind d wih is simil he IC.. for ETK both leukin 6-induced neuraendocrine differentiation of prostate cancer cells. Proc Natl Acad
.aﬂ -OragC'ln- Cp-cn cne gl’o 15 sitmular o the 50 or [4]8 Sci USA 1998; 95:3644-9,
in vitro and in vivo. 15. Maruta H, Holden ], Sizeland A, D¥Abaco G. The residues of Ras and Rap proteins that
We have cstablished here that RAS signalling involves ETK by determine their GAP specificiies. ] Biol Chem 1991; 266:11661-8.
dcmonstral:ing that RAS signiﬁcantly up-regulates the ETK protein 16. Obermeier A, {lhmed S, Manser E, Yen SC, Hail C, Lim L. PAK promotes morphological
) N changes by acting upstream of Rac. EMBO ] 1998; 17:4328-39.
level. To understand further the derailed mechanism, we are currently 17. Nheu T. He H, Hirokawa Y, Tamaki K. et af. The K252a derivatives, inhibitors for the
investiga[ing whether this rcgu]a_tion is ar either [ranscriptional or PAK/MLK kinase family, selectively block the growth of RAS transformants. Cancer |
translational levels or its stability {turn-over rate). In chis context, it 2002; 8:328-35. o . ) _
. [h . h . h. hl d . . 18. 8ellis SL, Miller JT, Turner CE. Characterizarion of ryrosine phosphorylation ofpaxlilln in
Is worth noting that ETK is 1ghly expressed In metrastatic prostate vitro by focal adhesion kinase. ] Biol Chem 1995; 270:17437-41.
and breast carcinoma cell lines such as PC3M which carry oncogenic 19. He H, Leviczki A, Zhu HJ, Walker F, Busgess A, Marura H. Plareler-decived growth factor
Ki-RAS mutants.® Since RAS cells in gencral are both metastatic and requires epidermal growth facror recepror to acrivate p21-activated kinase family kinases, |
. P ivable th 1 £ ch f h Biol Chem 2001; 276: 267414,
anglogenic, It Is conceivable that at least 4 part of the 1eason for the oy 74, 1y Laria ], Sizeland A Smad7 differentially regulaes TGF-B-mediated signaliing
high expression of ETK in these cell lines might be due to the pathways. ] Biol Chem 1999; 274:32258-64.
constitutive RAS activation. Thus, it would be of great interest to 21. Zhu HJ, NheuT, Cheng HC, faria ], Simpson R, Maruta H, Burgess AW, Oncogenic RAS
determine whether AG879 inhibits the merastasis of these RAS cancer transformation downzcgulates the expressian of the PTEN tumor suppressor. Cancer Res
A L, 2003; [n press.
cell lines in vivo. 22. McManus M), Boerner JL, Danielsen A], Wang Z, Matsumura F, Maihle NJ. An onco-
It was suggested earlier that AG879 (also called SU0879) sup- genic epidermai grawth factor receptor signals via a p21-activated kinase-caldesmon-
presses angiogenesis by blocking VEGF recepror FLK-1.13 However, myosin phosphoryrosine complex. J Biof Chem 2000: 275:35328-34, )

B th VEGF a] d d . ETKlO h. h . l'h 23, Chishri AH, Kim AC, Marfaria SM, et al. The FERM domain: 3 unique module involved
:‘anici € receptor also direc y acrivates s wiic 'lS €n in the linkage of cytoplasmic proteins to the membrane. Trends Biochem Sci 1998: 23:281-2.
inhibired by AG87% ar 5 nM (200 times more sensitive to this drug 24, Girault JA, Labesse G, Mornon JB Catlebaut 1, The N-retmini of FAK and JAKs contain
than FLK-1}, it is more likely that AG879 suppresses angiogenesis divergent band 4.1 domains. Trends Biochem Sci 1999, 24:54-7,
primarily by blocking ETK, rather than FLK-1. Since oncogenic 25, Toai YT, Su YH, Fang $5, Huang TN, Qiu Y, Jou Y5, $hih HM, Kung H], Chen RH. B1k,

R a Btk family ryrasine kinase, mediaces cellular transformation by linking Src to STAT3 acti-
RAS mutants up-regulate expression of VEGF through Raf-MEK- vation. Mal Cell Biol 2000; 20:2043-54,
MAP kinase cascade,”® and VEGF in wurn activates ETK through 26. Grugel S, Finkenaeller G, Weindel K, ¢t al, Both v-Ha-Ras and v-Raf stimulate expression.
FLK-1in endothelial cells, RAS transformation can induce angio- of the vascular endothelial growth facror in NIH 313 cells, ) Biol Chem. 1995;270:25915-9.
. . ', . . . 27, Kiosses W, Hood ], Yang 8, ¢t ab, A dominant-negative PAK pepride inhibits angiogenesis,
genesis through this paracrine pathway. Thus, it is conceivable that Circ Res 2002: 90:697-702.
the suppression of RAS sarcomas growth by AG879 in mice? mighe
be at least in part due ro its anti-angiogenic action, (in addition ro
blocking the anchorage-independent growth of RAS cells per se).
Interestingly it was recently shown chat PAKI is essential for angio-
genesis. A cell-permeable pepride which blocks selectively the NCK-
PAK1 interaction inhibits bFGF-induced angiogenesis.?”
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