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Abstract

The BCR-ABL tyrosine kinase has been implicated as the
cause of Philadelphia chromosome (Ph')-positive leukemias.
We report herein that CGP 57148, a selective inhibitor of the
ABL tyrosine kinase, caused apoptosis specifically in ber-
abl-positive chronic myelogenous leukemia (CML) cells, K562
and KYO-1. Upon treatment with CGP 57148, CRKL, a specific
substrate for BCR-ABL that propagates signals via
phosphatidylinositol-3' kinase (PI3K), was dephosphorylated,
indicating inhibition of BCR-ABL tyrosine kinase at the
cellularlevel. Likewise, MAPK/ERK, adownstream mediator of
Ras, was also dephosphorylated. Caspase activation and
cleavage of retinoblastoma protein (pRB) accompanied the
development of CGP 57148-induced apoptosis. Inhibition of
caspase suppressed apoptosis and the cleavage of pRB, and
in turn arrested cells in the G; phase. These results indicate
that CGP 57148 shows apoptogenic and anti-proliferative
effects on bcr-abl-positive cells by blocking BCR-ABL-
initiated signaling pathways.
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Introduction

Chronic myelogenous leukemia (CML) is a malignant disease
of a pluripotent hematopoietic stem cell and is characterized
by excessive proliferation of the myeloid lineage. The
hallmark of CML is the Philadelphia chromosome (Ph'),

which is detected in virtually all cases. It is formed by a
translocation between chromosome 9 and 22 (de Klein et al,
1982; Heisterkamp et al, 1983). This translocation results in a
production of the BCR—ABL fusion protein with enhanced
tyrosine kinase activity, which is a major factor in the
pathophysiology of CML (Heisterkamp et al, 1985; 1990).

The BCR—ABL tyrosine kinase phosphorylates cellular
proteins such as CRKL and CBL (Andoniou et al, 1994;
Nichols et al, 1994; Oda et al, 1994). The phosphorylated
CRKL and CBL form a stable complex including BCR—ABL
and phosphatidylinositol-3' kinase (PI3K) (Sattler et al,
1996), which in turn activates PI3K to promote cell
proliferation (Skorski et al, 1995). BCR-ABL is also
shown to activate Ras-dependent signaling pathways
(Pendergast et al, 1993). The activated Ras is involved in
an anti-apoptotic and proliferative signal initiated by BCR—
ABL (Cortez et al, 1996).

Since BCR—-ABL plays a key role in transforming cells in
CML patients, treatment with a selective inhibitor of the
BCR—ABL tyrosine kinase could be a promising therapeu-
tic approach to this disease. One of the most selective and
potent inhibitors of BCR—ABL tyrosine kinase is CGP
57148 (Buchdunger et al, 1996). This compound specifi-
cally inhibits cellular proliferation of Ph'-positive K562 cells
in vitro and tumor formation by BCR—ABL-expressing cells
in vivo (Druker et al, 1996). Because BCR—ABL tyrosine
kinase shows the anti-apoptotic activity in CML cells, we
postulated that CGP 57148 could induce apoptosis in Ph'-
positive CML cells. We report herein that CGP 57148
selectively induces cell death via apoptosis in Ph'-positive
CML cell lines, K562 and KYO-1, but not in such Ph'-
negative cell lines as U937, THP-1 and HL-60. As we
expected, CGP 57148 has potential as a therapeutic drug
against Ph'-positive leukemias.

Results

Selective induction of apoptosis in CML cells by
CGP 57148

The K562 cell line is known to be resistant to cell death via
apoptosis, irrespective of the inducing agents. Figure 1a
shows the morphologic changes in K562 and U937 cells after
treatment with VP-16, adriamycin and CGP 57148. VP-16 and
adriamycin, both clinically useful anticancer drugs, induced
apoptotic morphologic changes in U937 cells but not in K562
cells. However, treating the cells with 10 uM CGP 57148 for
48 h caused apoptotic changes in K562 cells, but not in U937
cells. Figure 1b shows the flow-cytometric analysis of the cells
treated with CGP 57148. The subdiploid population of K562
cells increased after 24 h and 48 h of treatment with CGP
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Figure 1 (a) Phase contrast micrographs of K562 and U937 cells treated with

various anticancer agents (10 ug/ml VP-16 for 4 h, 0.5 ug/ml adriamycin (ADM)
for 18h, and 10 uM CGP 57148 for 48h). CGP 57148 induced blebbing of cell
membrane and formation of apoptotic bodies in K562 but not in U937 cells. In
contrast, K562 showed a much decreased susceptibility against VP-16 and
adriamycin, compared with U937. (b) Flow cytometric analysis of K562, U937
and KYO-1 cells treated with 10uM CGP 57148 for the indicated time.
Indicated number in each FACS profile is the percentage of subdiploid cells

57148, while no increase of the subdiploid cells was observed
in U937 cells. The subdiploid cells were also observed upon
treatment of CGP 57148 in another CML cell line, KYO-1.
To confirm that the cell death of CML cells triggered by
CGP 57148 was due to apoptosis, DNA fragmentation
assay was performed. The oligonucleosomal DNA ladder,
which is one of the hallmarks of apoptosis, was observed in
K562 cells and KYO-1 cells after 24 h of treatment with
10 uM CGP 57148 (Figure 2a). We next examined the
dose-dependent effect of CGP 57148. The DNA ladder was
observed when K562 cells were treated with 0.3 uM CGP
57148 or higher. Meanwhile, Ph'-negative leukemia cell
lines, U937, HL-60 and THP-1, did not show DNA ladders,
even if the cells were treated with 10 yM CGP 57148
(Figure 2b). VP-16 caused DNA ladder to appear in U937,
HL-60 and THP-1 but not in K562 cells (Figure 2c).
Staurosporine, a potent inducer of apoptosis that selec-
tively inhibits protein kinase C, could not induce apoptosis
in K562 cells, either (Figure 2d). These results indicate that
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Figure 2 DNA fragmentation assay upon treatment with CGP 57148, VP-16
and staurosporine. (a) K562 cells (2x10°cells/ml) and KYO-1 cells
(1x 10%cells/ml) were treated with 10 uM CGP 57148 for the indicated time.
Oligonucleosomal DNA ladder was observed within 24 h after treatment. (b)
Dose dependence of CGP 57148 to trigger DNA fragmentation. K562 and
other leukemic cell lines, U937, HL-60 and THP-1, were treated with CGP
57148 for 48h at the indicated concentrations. (¢) K562, U937, HL-60 and
THP-1 cells were treated with 10 pg/ml VP-16 for the indicated time. (d) U937
and K562 cells were treated with 0.3 xg/ml staurosporine for the indicated time

CML cells undergo apoptosis upon CGP 57148 treatment
but not upon treatment with other anticancer drugs.

Inhibition of BCR—- ABL tyrosine kinase at the
cellular level

The transformation and cellular proliferation due to BCR—
ABL was shown to be mediated via both Ras- and PI3K-
dependent signaling pathways. CGP 57148 is a selective
inhibitor of ABL tyrosine kinase and would be expected to
inhibit the growth signals initiated by BCR —ABL by blocking
its kinase activity. To determine if CGP 57148 inhibits tyrosine
kinase activity of BCR— ABL at the cellular level, we analyzed
the phosphorylation of a CRKL protein, which is a major
substrate of BCR— ABL tyrosine kinase and is involved in the
PI3K-dependent signaling pathway (Figure 3). The upper
band represents the tyrosine phosphorylated form of CRKL.
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The amount of phosphorylated protein band was reduced
upon treatment with 0.3 M CGP 57148; at this concentration,
apoptosis could be induced (Figure 2b). The band completely
dissapeared when cells were treated with 1 M CGP 57148 or
higher. The result indicates that CGP 57148 effectively
inhibited BCR—ABL tyrosine kinase activity in K562 cells at
the cellular level.

We further examined the phosphorylation of the
mitogen-activated protein kinase/extracellular signal-regu-
lated kinase (MAPK/ERK), a downstream mediator of the
Ras-dependent signaling cascade (Figure 4). Although
CGP 57148 treatment did not affect the amount of MAPK/
ERK, it did diminish the amount of phosphorylated MAPK/
ERK in a dose-dependent manner. In effect, the
phosphorylated form of MAPK/ERK vanished when cells
were treated with 0.3 yM CGP 57148 or higher. These
results suggested that both PI3K- and Ras-dependent
signaling pathways intiated by BCR—ABL were blocked by
CGP 57148.

Caspase activation by CGP 57148

In most cell systems, caspase activation accompanies the
development of apoptosis (Martin and Green, 1995; Vaux and
Strasser, 1996). Therefore, we examined the cleavage activity
of DEVD - MCA, a fluorogenic substrate specific to caspase-3
(CPP32/Yama/Apopain) (Mashima et al, 1995a), during the
course of K562 apoptosis initiated by CGP 57148 (Figure 5a).
The DEVD —MCA cleavage activity greatly increased in CGP
57148-treated K562 cells, in accordance with the apoptosis
development. U937 and THP-1 treated with CGP 57148 did
not show the DEVD — MCA cleavage activity. In contrast, VP-
16 induced cleavage activity in U937 and THP-1 cells but not
in K562 cells (Figure 5b). These results indicate that caspase
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Figure 3 Western blot analysis of the CRKL protein, a major substrate of
BCR-ABL. K562 cells were treated with CGP 57148 at the indicated
concentrations for 24h. Lysate was prepared from each sample and
immunoblotted with anti-CRKL antibody. The highest molecular weight
species designated ‘I’, or the tyrosine phosphorylated form of CRKL, declined
in a dose-dependent manner
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Figure 4 Inactivation of MAPK/ERK upon treatment of CGP 57148 in K562
cells. K562 cells were treated with CGP 57148 at the indicated concentrations
for 24 h. Total cell lysate was prepared and immunoblotted with anti-ERK2
(upper panel) and anti-phospho-specific MAP kinase antibody (lower panel).
The phosphorylated active form of MAPK/ERK declined in a dose-dependent
manner.

activation accompanies the development of K562 apoptosis
induced by CGP 57148.

We next examined the effect of Z-Asp-CH,-DCB (Z-Asp),
a specific caspase inhibitor, on CGP 57148-induced
apoptosis of K562 cells and found that it effectively
suppressed formation of apoptotic bodies. Meanwhile, the
co-treated cells were smaller than the untreated or Z-Asp-
treated K562 cells, suggesting that the cell cycle
progression was disturbed (Figure 6a). Therefore, we used
flow cytometry to examine the effect of Z-Asp on the cell
cycle progression. K562 cells treated with CGP 57148
alone showed a substantial population of subdiploid cells,
indicating the development of apoptosis. On the other hand,
the cells treated with CGP 57148 and Z-Asp accumulated
in the G, phase, and the emergence of subdiploid cells was
suppressed. Z-Asp alone had no effect on the cell cycle
distribution of K562 cells (Figure 6b). These results indicate
that Z-Asp inhibits CGP 57148-induced apoptosis of K562
cells, which results in the Gy arrest of K562 cells.
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Figure 5 Elevation of cleavage activity of DEVD-MCA, a specific substrate
for caspase-3. K562 (closed circles), U937 (open circles) and THP-1 (closed
squares) were treated with 10 uM CGP 57148 (a) or 10 ug/ml VP-16 (b) for the
indicated time. Cell extract corresponding 10 ug was used for the DEVD - MCA
assay
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Figure 6 Phase contrast micrographs (a) and flow cytometric analysis (b) of
K562 cells treated with DMSO (A), 10 xM CGP 57148 (B), 10 uM CGP 57148
and 100 ug/ml Z-Asp-CH,-DCB (Z-Asp) (C), and Z-Asp alone (D) for 36 h. The
indicated numbers are the percentages of apoptotic subdiploid cells (sub-G+)
and cells in the G4 phase of cell cycle (Gy), respectively. Z-Asp suppressed
the formation of apoptotic bodies induced by CGP 57148 treatment, and in
turn, arrested cells in the G4 phase



pRB dephosphorylation and cleavage

Recent studies demonstrated that phosphorylation of the
retinoblastoma protein (pRB) regulates G+/S transition in cell
cycle progression. In addition, pRB is cleaved during
apoptosis development (An and Dou, 1996; Janicke et al,
1996). Therefore, we examined the phosphorylation and
cleavage of pRB in K562 cells treated with CGP 57148 and Z-
Asp (Figure 7). In the untreated or the Z-Asp-treated K562
cells, the majority of pRB was hyperphosphorylated. When
K562 cells were co-treated with CGP 57148 and Z-Asp, the
hyperphosphorylated pRB band shifted to the hypopho-
sphorylated band in a time-dependent manner, concomitant
with the cell cycle arrest in G; phase. In K562 cells treated
with CGP 57148 alone, the hypophosphorylated pRB also
appeared in a time-dependent manner. After 36 and 48 h,
pRB was cleaved to generate p48 and p30 fragments, and the
intact pRB band reciprocally disappeared. These results
suggest that Z-Asp prevents the cleavage of pRB, leaving the
hypophosphorylated form of pRB and consequently inhibits
the entry of CGP 57148-treated K562 cells from G into S
phase.

Discussion

BCR - ABL tyrosine kinase plays a central role in tumorigen-
esis of CML cells. Almost all CML patients exibit the Ph'
chromosome, which generates the expression of the BCR—
ABL fusion gene. When expressed in hematopoietic cells, the
BCR-ABL causes cytokine-independent proliferation, induces
tumorigenic growth and prevents apoptosis in response to
cytokine deprivation or DNA damage (McGahon et al, 1994).
Therefore, a therapeutic approach targeting the BCR—ABL
could hold promise as a treatment modality for CML. In fact,
CGP 57148, an inhibitor of BCR—ABL tyrosine kinase,
selectively inhibits tumor formation and cellular proliferation
by BCR-ABL-expressing cells in vitro and in vivo
(Buchdunger et al, 1996). Moreover, human megakaryocytic
MOQO7 cells and murine factor-dependent 32D cells trans-
formed with BCR — ABL resulted in cell death upon treatment
of CGP 57148, while no inhibition of proliferation was
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Figure 7 Western blot analysis of pRB. K562 cells were continuously treated
with 10 uM CGP 57148 and/or 100 ug/ml Z-Asp-CH,-DCB (Z-Asp) for the
indicated time. Total cell lysate was prepared from each sample and
electrophoresed in a 7.5% (a) or 4-20% gradient (b) SDS-polyacrylamide
gel and immunoblotted with anti-pRB antibody
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observed in their parental cell lines (Buchdunger et al,
1996). Since BCR—-ABL shows anti-apoptotic activity, we
assume that CGP 57148 causes apoptosis of BCR—ABL-
expressing cells. We demonstrated by morphological and
biochemical studies that the cell death of BCR—ABL-
expressing cells by CGP 57148 is due to apoptosis by using
two distinct BCR—ABL-expressing CML cells, K562 and
KYO-1. Since the ability of CGP 57148 to induce growth arrest
and apoptosis is highly selective to BCR—ABL-expressing
cells, this compound could be a selective drug without serious
cytotoxicity to normal cells.

The molecular mechanism of BCR— ABL in tumorigenesis
has been well studied. One of the signaling pathways initiated
by BCR—-ABL is a Ras-dependent signaling cascade. BCR -
ABL was shown to elevate the ratio of the guanosine
triphosphate (GTP)-bound active form of Ras p21 (Manda-
nas et al, 1993). This pathway was reported to be involved in
tumorigenic growth and apoptosis prevention (Cortez et al,
1996). Another signaling pathway is PI3K, which promotes
cellular proliferation. BCR—-ABL has been suggested to
induce the formation of multimeric complexes of signalling
proteins, which include CBL, PI3K, CRKL and BCR—ABL
itself, and activate PI3K activity in a BCR—ABL tyrosine
kinase-dependent manner (Sattler et al, 1996). Furthermore,
the selective PI3K inhibitor wortmannin, or antisense
oligonucleotides against PI3K p85, abolishes cellular
proliferation of bcr—abl-positive cells (Skorski et al, 1995).
In this study, inhibition of BCR—ABL tyrosine kinase by CGP
57148 resulted in dephosphorylation of CRKL and MAPK/
ERK, involved in the signaling pathways via PI3K and Ras,
respectively. Furthermore, the dephosphorylation of these
proteins correlated well with the incidence of CGP 57148-
induced apoptosis. These results suggest that CGP 57148
inhibited both signals via Ras and PI3K, which were initiated
by BCR—ABL tyrosine kinase, and consequently triggered
apoptosis of ber—abl-positive cells.

Like apoptosis development in other cellular systems,
caspase-3-like activity increased during CGP 57148-
induced apoptosis of BCR—ABL-positive K562 cells. Co-
treatment with the caspase inhibitor Z-Asp inhibited the
CGP 57148-induced apoptosis and arrested the cells in the
G; phase. Furthermore, the Gy arrest coincided with
hypophosphorylation of pRB, which controls the G4/S
transition. When K562 cells were treated with CGP 57148
alone, pRB was cleaved into fragments. Inversely, the
fragmentation of pRB is probably mediated by a caspase(s)
since the cleavage was suppressed by the caspase
inhibitor Z-Asp. An and Dou reported that pRB was
cleaved into at least two fragments, p68 and p48, during
apoptosis (An and Dou, 1996). In our study, p30 fragment
was detected along with p48, which indicated pRB was
cleaved into at least three fragments during K562 apoptosis
initiated by CGP 57148. The roles of the dephosphorylation
and pRB cleavage in apoptosis are not yet clear, but pRB
has been shown to suppress apoptosis in some cellular
systems (Berry et al, 1996; McConkey et al, 1996; Wang et
al, 1997). Therefore, the fragmentation of pRB is probably
involved in converting the arrested cells to apoptotic cells.
These observations indicate that CGP 57148 causes anti-
proliferative as well as apoptogenic activity in K562 cells.
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These effects of CGP 57148 on Ph'-positive K562 cells
that trigger apoptosis or G arrest could be explained by
the molecular function of BCR—ABL tyrosine kinase and its
inhibition by CGP 57148, as described above. However, we
can not rule out that CGP 57148 has some other functions
distinct from BCR — ABL inhibition, which are involved in the
apoptosis development of BCR—ABL positive cells. In
particular, it is still unclear whether the activation of
caspase-3 is dependent on the inhibition of BCR—ABL
tyrosine kinase activity by this compound. Further studies
are needed to clarify the molecular mechanism of CGP
57148, a selective anticancer drug for treating CML.

Materials and Methods

Materials

CGP 57148B (the methane sulfonate salt of CGP 57148) was obtained
from Novartis Pharma Inc., Basel, Switzerland. A stock solution of
CGP 57148B was prepared at a concentration of 10 mM by dissolving
the compound in sterile phosphate-buffered saline (PBS) or
dimethylsulfoxide (DMSO). VP-16 and adriamycin were kindly
provided from Bristol-Myers Squibb Co., Ltd (Tokyo, Japan) and
Kyowa Hakko Kogyo (Tokyo, Japan), respectively. Staurosporine was
obtained from Sigma Chemical Co. (St. Louis, MO). Z-Asp-CH,-DCB
was obtained from Funakoshi (Tokyo, Japan). The antibody against
CRKL (C-20) and anti-ERK2 were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Anti-phospho-specific MAP
kinase antibody was obtained from New England Biolabs, Inc.
(Beverly, MA). The pRB antibody (G3-245) was purchased from
Pharmingen (San Diego, CA).

Cell lines and cell culture

Chronic myelogenous leukemia cell lines, K562 and KYO-1, and
other human leukemic cell lines, U937, HL-60, and THP-1, were
grown in RPMI 1640 medium (Nissui Co., Ltd., Tokyo, Japan)
supplemented with 10% heat inactivated fetal bovine serum and
100 ug/ml kanamycin in a humidified atmosphere of 5% CO, and
95% air at 37°C. All the experiments were carried out using cells in
their exponential growth phase and were repeated at least three
times.

DNA fragmentation assay

Cells were harvested and treated with proteinase K and RNase A, as
previously described (Fujita et al, 1993). The resulting DNA was
electrophoresed in an agarose gel and visualized by staining with
ethidium bromide.

DEVD-MCA cleavage assay (AMC assay)

Cells were harvested and cell extracts were prepared, as described
(Mashima et al, 1995b). Briefly, 10 ug of cytosolic fraction from each
sample was mixed in 50 ul of ICE buffer containing 20 mM HEPES -
NaOH (pH 7.5), 2 mM dithiothreitol, 10% v/v glycerol and 1 mM
DEVD-MCA (Peptide Institute, Osaka, Japan) as a substrate
(Noguchi et al, 1996). The reaction mixture was incubated at 37°C
for 30 min and increase in the AMC fluorescence was measured using
a Hitachi F-2000 fluorometer (1ex=380 nm, lem=460 nm).

FACScan analysis of cell cycle distribution

Cells were harvested, washed with PBS and fixed in 70% ethanol, as
previously described (Naito et al, 1997). The fixed cells were washed
with PBS and resuspended in 1 mg/ml ribonuclease A in PBS,
followed by incubation at 37°C for 30 min. Cells were stained in Pl
solution (50 pg/ml propidium iodide, 0.1% sodium citrate, 0.1%
Nonidet P-40) and analyzed by using a Becton Dickinson FACScan
flow-cytometer with Cell Quest software (Braintree, MA).

Preparation of cell extracts and Western blotting

Total extract was prepared, as described elsewere (Tomida et al,
1996). In brief, cells were harvested, and washed with PBS. The cell
pellet was resuspended in 1 x SDS sample buffer (10% v/v glycerol,
5% 2-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), 62.5 mM
Tris-HCI pH 6.8) and boiled for 5 min. The protein assay was carried
out using a BIO-RAD protein assay kit. Equal amounts of protein were
subjected to SDS-polyacrylamide gel electrophoresis (SDS—-PAGE)
and transferred onto a nitrocellulose membrane (Schleider & Schuell,
Dassel, Germany). The membrane was incubated with primary
antibody indicated in each experiment. Detection was accomplished
using an appropriate anti-mouse or rabbit immunoglobulin secondary
antibody and the enhanced chemiluminescence detection system
(Amersham Japan, Ltd., Tokyo, Japan).
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