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Bcr-Abl Exerts Its Antiapoptotic Effect Against Diverse Apoptotic
Stimuli Through Blockage of Mitochondrial Release of Cytochrome C
and Activation of Caspase-3

By Gustavo P. Amarante-Mendes, Caryn Naekyung Kim, Linda Liu, Yue Huang, Charles L. Perkins,
Douglas R. Green, and Kapil Bhalla

Bcr-Abl expression in leukemic cells is known to exert a
potent effect against apoptosis due to antileukemic drugs,
but its mechanism has not been elucidated. Recent reports
have indicated that a variety of apoptotic stimuli cause the
preapoptotic mitochondrial release of cytochrome c (cyt c)
into cytosol, which mediates the cleavage and activity of
caspase-3 involved in the execution of apoptosis. Whether
Bcr-Abl exerts its antiapoptotic effect upstream to the cleav-
age and activation of caspase-3 or acts downstream by
blocking the ensuing degradation of substrates resulting in
apoptosis, has been the focus of the present studies. In
these, we used (1) the human acute myelogenous leukemia
(AML) HL-60 cells that are stably transfected with the bcr-abl
gene (HL-60/Bcr-Abl) and express p185 Bcr-Abl; and (2) the
chronic myelogenous leukemia (CML)-blast crisis K562 cells,
which have endogenous expression of p210 Bcr-Abl. Expo-
sure of the control AML HL-60 cells to high-dose Ara-C
(HIDAC), etoposide, or sphingoid bases (including C, ce-
ramide, sphingosine, or sphinganine) caused the accumula-
tion of cyt c in the cytosol, loss of mitochondrial membrane
potential (MMP), and increase in the reactive oxygen species

(ROS). These preapoptotic events were associated with the
cleavage and activity of caspase-3, resulting in the degrada-
tion of poly (adenosine diphosphate [ADP]-ribose) polymer-
ase (PARP) and DNA fragmentation factor (DFF), internucleo-
somal DNA fragmentation, and morphologic features of
apoptosis. In contrast, in HL-60/Bcr-Abl and K562 cells, these
apoptotic stimuli failed to cause the cytosolic accumulation
of cyt c and other associated mitochondrial perturbations, as
well as the failure to induce the activation of caspase-3 and
apoptosis. While the control HL-60 cells showed high levels
of Bcl-2 and barely detectable Bcl-x., HL-60/Bcr-Abl cells
expressed high levels of Bcl-x, and undetectable levels of
Bcl-2, a pattern of expression similar to the one in K562 cells.
Bax and caspase-3 expressions were not significantly differ-
ent between HL-60/Bcr-Abl or K562 versus HL-60 cells. These
findings indicate that Bcr-Abl expression blocks apoptosis
due to diverse apoptotic stimuli upstream by preventing the
cytosolic accumulation of cyt ¢ and other preapoptotic
mitochondrial perturbations, thereby inhibiting the activa-
tion of caspase-3 and execution of apoptosis.

© 1998 by The American Society of Hematology.

HRONIC MYELOGENOUS leukemia (CML) is a malig- ment of human acute myelogenous leukemia (AML) HL-60
nancy of pluripotent hematopoietic cells caused by thecells with high-dose Ara-C (HIDAC) and etoposide causes

dysregulated activity of the tyrosine kinase (TK) encoded by thecleavage and activity of caspase-3, which results in the degrada-
chimericbcr-abl gene! This fusion gene either encodes for the tion of a number of substrates, including poly (adenine diphos-
p210 or p185 TK. These are implicated in the pathogenesis of phate [ADP]-ribose) polymerase (PARP) and lamins, producing
CML and approximately 25% of the adult lymphoblastic the morphologic features of apopto&iCaspase-3 activity has
leukemia (ALL), respectively. Bcr-Abl—expressing leukemic  3so been shown to cleave and activate a recently cloned DNA
blasts are highly resistant to different classes of Chemome"ape‘fragmentation factor (DFF), which results in the DNA fragmen-
tic drugs?* Consistent with this, cells derived from patients (4tion of apoptosié? More recent reports have also shown that
with CML in blast crisis (CML-BC), eg, K562 cells, which after treatment with antileukemic drugs, the cleavage and
express p210 Bcr-AbI,_ have e_llso been ShOWU to be h'ghlyactivity of caspase-3 is promoted by the mitochondrial release
resistant to antileukemic drug-induced apopt6Sigddition- and accumulation of cyt c into the cytos$éit3This is associated

gl(l:}ll‘xthisui r?gllségr; l}nh?gvrr:q;o O;ﬁgexcpors;isba?g tsc;::gq{‘?‘ft'%vith the mitochondrial permeability transition, resulting in the
L ) y partly loss of membrane potential and increase in reactive oxygen

resistance of these ceII; to high doses of antileukemic druggpeCieS (ROSY:1 The three-dimensional structure of Bcl-2
such as Ara-C or etoposide.

Previous studies from our laboratory have shown that treat-and Bq% he_ls similarity FO the pore-forming domain of the
bacterial toxins, suggesting that Bcl-2 and Bgl-may be
channel proteins that regulate the transport of ions and small
proteins, like cyt c, across the outer mitochondrial membtane.
Overexpression of Bcl-2 or Bclyxblocks the mitochondrial

release of cyt ¢, thereby preventing the activation of caspase-3
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MATERIALS AND METHODS Measurement of mitochondrial potential and RO$ the untreated

Reagants. Ara-C and etoposide were purchased from Siama Chemi—and drug-treated HL-60/neo, HL-60/Bcr-Abl, and K562 cells, to assess
g ) P P 9 the changes in mitochondrial potential and ROS< 8. cells were

cals (St Louis, MO). Fas agonist CH11 (IgM) antibody was purchased.

from Kamiya Corp (Seattle, WA). The tetrapeptide caspase inhibitor,IcnC;nt?s;e?oggis(g;ga:;a;g; ;:W::)I‘}I(_) gﬁﬁ:gﬁ-gﬂeﬁgﬁiﬁ:ﬁ;n
zVAD-fmk, was purchased from Bachem, Inc (Torrance, CA). C y H y

ceramide (N-acetyl sphingosine), D-erythrosphingosine (SO), and d,I—dIa.Cetate (DCFH._DA)' respectively gnd anal.yzed by fluorescence-
erythro-dihydrosphingosine (Sphinganine, SA) were purchased fromactlvated cell sorting (FACS) as described previodsfy™®
n Y phing phing ' P In vitro PARP cleavage activity of caspase-3n vitro translated,

Matreya, Inc (Pleasant Gap, PAy-Interferon was purchaseq from 35S-labeled PARP was prepared as described previdti$lye caspase
GIBCO (Grand Island, NY). Drugs were stored and reconstituted for_ . . : . . .
activity of caspase-3 was determined by its ability to degrade the in

experlments as prewously de_scnt?eRabbn anti-Bel-x and ant qu vitro-translated3®S-labeled PARP into its 85- and 31-kD fragments, as
antisera and anti—Bcr-Abl antibody were purchased from Pharmingen ) . 1
. - . described previousH/!

(San Diego, CA). Monoclonal anti-Bcl-2 (No. 124) was obtained from - ) . .

L . Detection of internucleosomal fragmentation of genomic DNA by
DAKO Corp (Carpinteria, CA). Dr Ronald Jemmerson of the Univer- . . ) . .

. . . - ) ) . agarose gel electrophoresis After incubations with the designated

sity of Minnesota Medical School (Minneapolis, MN) kindly provided concentrations and schedules of the drugs, 10° cells were pelleted
the monoclonal antibody (MoAb) to cyfAnti—caspase-3 and anti-Fas g5, P ’

ligand (FasL) antibodies were purchased from Transduction Laborato:rhe genomic DNA was extracted and purified, and its purity was

ries (Lexington, KY). Anti-Fas antibody was purchased from Santadetermined spectrophotometrica?ngarose g.el electrophoresis of 1.0
Cruz Biotechnology, Inc (Santa Cruz, CA). Rabbit anti-DFF antiseraH9 of DNAwas performed as described previouSly.

was kindly provided by Dr Xiaodong Wang of the University of Texas d Morspgoli)ggy Olfl apoptotic rfe:jls'fo‘: I(irBtSrea:_r'n;e r;t Wi:jh or witho;t di
Southwestern School of Medicine (Dallas, TX). rug, S0x cells were washed wit (pH 7.3) and resuspended in

Cells and transfection of the bcr-abl geneHuman acute myeloid the same buffer. Cytospin preparations of the cell suspensions were

leukemia HL-60/Bcr-Abl and HL-60/neo cells were created by transfec-ﬁxe_d and _stained with Wright st_ain. CeII_ morphology was determined
tion of thebcr-abl gene encoding the p185 Ber-Abl and/or neomycin- by light microscopy. In all, five different fields were randoml)_/ selected
resistant gene and passaged twice per week, as previously deééribedf.or counting of at least 509 cells. The pgrcentage of apoptotic cells was
K562 cells were passaged as previously repdttedgarithmically calculated for each experiment, as previously descried.

growing cells were used for the studies described below.

Western analyses of prot_einsWestern analyse_s of BcI—_Z_, BcLTx RESULTS
Bax, Bcr-Abl, DFF, and3-actin were performed using specific antisera ) .
or MoAbs (see above), as previously describeBriefly, protein was Effect of HIDAC or etoposide on Bcr-Abl expression, cyto-

extracted from cells with lysis buffer (142.5 mmol/L KCI, 5 mmol/L Solic accumulation of cyt ¢, caspase-3 activity and apoptosis.
MgCl,, 10 mmol/L HEPES (pH 7.2), 1 mmol/L EGTA, 0.2% NP40, and The effects of HIDAC and etoposide treatment on the mitochon-
0.2 mmol/L phenylmethylsulfonly fluoride [PMSF]) supplemented with drial release of cyt ¢, with resultant activation of the caspase-3
0.2 trypsin inhibitory units/mL aprotinin, 0.7 ug/mL pepstatin, and 1 activity, DNA fragmentation, and the morphologic features of
pg/mL leupeptin. Appropriate protein amounts (20 pg) were SUbjeCtedapoptosis were compared in HL-60/Bcr-Abl and K562 cells

to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-VerSus the control HL-60/neo cells. Figure 1A shows that

PAGE) (10% gel). After electrophoresis, proteins were transferred to, . )
nitrocellulose sheets (0.5 A at 100 V; 4°C) for 1 to 3 hours. The blotsfo“OWIng. an expo_sure to 100 .“mOVL Ara-C for 4 hours, a.
marked increase in the cytosolic cyt c level was observed in

were blocked in 5% nonfat dry milk solution for 3 hours at room AN
temperature with gentle shaking (5% nonfat milk [wt/vol)/phosphate- HL-60/n€o cells, but not in either the HL-60/Bcr-Abl or K562

buffered saline [PBS}/0.02% sodium azide [pH 7.4]). This was followed Cells. Although not shown here, after exposure to apoptotic
by incubation with the respective antibody (1:1,000 dilution) at room Stimuli, the cytosolic accumulation of the cyt c is due to its
temperature and then with antirabbit or antimouse peroxidasetelease from the mitochondr&!® The ability of HIDAC-
conjugated secondary 1gG antibodies. Immune complexes were demediated accumulation of cytosolic cyt ¢ to trigger the protease
tected with an enhanced chemiluminescence detection method byctivity of caspase-3 was determined by examining (1) whether
immersing the blot for 1 minute in a 1:1 mixture of chemiluminescencehe S-100 fraction from the untreated or HIDAC-treated cells
reagents A and B (Amersham UK, Little Chalfont, UK) and then ;14 hromote the degradation of the in vitro-translated PARP
exposing to Kodak X-OMAT film (Eastman Kodak Co, Rochester, NY) into its 85-kD and 31-kD cleaved products; or (2) whether the
for a few seconds. Horizontal scanning densitometry was performed oré 100 fracti Id show the cl ft’h 45-kD subunit of
Western blots by using acquisition into Adobe Photo Shop (Apple, Inc,> " raction would showthe ¢ eavagz_e orthe 45-k subunit o
Cupertino, CA) and analysis by the NIH Image Program (US National D_FF into 30-kD and, later, completely into ll-I_(D fragmetits.
Institutes of Health, Bethesda, MD). Figure 1B and C show that the S-100 fraction of onl_y the
Preparation of S-100 fraction and Western analysis for cytochrome c.HIDAC-treated HL-60/neo cells produced the degradation of
Untreated and drug-treated cells were harvested by centrifugation dhe in vitro-translated PARP (Fig 1B) and showed the complete
1,00Q for 10 minutes at 4°C. The cell pellets were washed once withcleavage of the 45-kD subunit of DFF into its 11-kD fragment
ice-cold PBS and resuspended with 5 vol of buffer (20 mmol/L (Fig 1C), which is known to promote the DNA fragmentation of
HEPES-KOH, pH 7.5, 10 mmol/L KCI, 1.5 mmol/L KCl, 1.5 mmollL - gn0pt0sig? Neither the PARP nor DFF cleavage was observed
MgCl,, 1 mmol/L sodium EDTA, 1 mmol/L sodium EGTA, 1 mmollL ;1 5100 fractions of the HIDAC-treated HL-60/Bcr-Abl or
dithiothreitol, and 0.1 mmol/L PMSF), containing 250 mmol/L sucrose. K562 cells or of the untreated three cell-types (Fig 1B and C)

The cells were homogenized with a 22-gauge needle, and the homog . .
nates were centrifuged at 100,@06r 15 minutes at 4°C (S-100 %orrespondlngly, HIDAC treatment caused internucleosomal

fraction). The supernatants were collected and the protein ConcentmpNAfragmentation in HL-60/neo cglls (Fig 1D, lane 2), but not
tions of S-100 were determined by Bradford method (Bio-Rad,in HL-60/Bcr-Abland K562 cells (Fig 1D, lanes 4 and 6). Lanes

Hercules, CA). Atotal of 20 to 30 ug of S-100 was used for Western blot1, 3, and 5 contain DNA from untreated HL-60/neo, HL-60/Bcr-
analysis of cyt c, as described previously. Abl, and K562 cells, respectively. Figure 1E and F show that
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Fig 1. Western analysis of cytosolic levels of cyt ¢ (A); 116-kD
35S-labeled, in vitro-translated PARP or its cleaved products (B); 45-kD
DFF subunit or its 11-kD cleavage fragment (C); as well as the
internucleosomal DNA fragmentation in the untreated and HIDAC-
treated HL-60/neo (D, lanes 1 and 2), HL-60/Bcr-Abl (lanes 3 and 4), or
K562 cells (lanes 5 and 6). Lane M in (D) represents the 123-bp marker
DNA ladder. (E and F) Show Western analyses of the levels of
cytosolic cyt ¢ (E) and PARP or its cleaved products (F) in the
untreated or etoposide-treated HL-60/neo or HL-60/Bcr-Abl cells.
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after the exposure to 50 umol/L etoposide for 4 hours, only the
HL-60/neo cells showed the cytosolic accumulation of cyt ¢c and
the degradation of the in vitro-translated PARP into its cleaved
products. Again, this was not observed in the etoposide-treated
HL-60/Bcr-Abl (Fig 1E and F) or K562 cells (not shown). The
S-100 fractions of etoposide-treated HL-60/neo cells also
showed the cleavage of the 45-kD DFF subunit into its 11-kD
fragment, which was not observed in HL-60/Bcr-Abl or K562
cells (data not shown). The concentrations of Ara-C and
etoposide selected for these experiments have been previously
shown to be potent inducers of DNA fragmentation and the
morphologic features of apoptosis in the control HL-60
cells8811.20 The results presented in Fig 1A through F are
representative of three separate experiments.

Loss of mitochondrial membrane potential (MMP) and
increase in ROS during apoptosisWe have recently reported
that HIDAC- or etoposide-induced cytosolic accumulation of
cyt ¢ is followed by a decrease in the inner MMP and an
increase in the ROS, while these preapoptotic mitochondrial
perturbations are blocked by overexpression of Bclaxd
Bcl-2.1113 Figure 2 shows the effect of HIDAC treatment (100
pmol/L for 4 hours) on the percentage of HL-60/neo, HL-60/Bcr-
Abl, or K562 cells that displayed either low MMR¥M) or
increased ROS, as detected by the cellular uptake of the
fluorochrome, DiOg (for MMP), or the staining by DCFH-DA
(for ROS), respectively. As shown, HIDAC treatment caused a
significant increase in the percentage of cells (39%; control,
3.5%) showing low MMP and significantly higher levels of
ROS (133%; control< 2.0%) in the HL-60/neo cells, but not in
the HL-60/Bcr-Abl or K562 cell population$(< .001, paired
t-test). Similar results were obtained in etoposide-treated HL-60/
neo versus HL-60/Bcr-Abl or K562 cells (data not shown).

These findings are representative of three separate experiments.
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Fig2. Reduction of the inner mitochondrial membrane potential (AWM, A) and production of ROS (B) in untreated control or Ara-C-treated (4
hours) HL-60/neo, HL-60/Bcr-Abl, and K562 cells. Ara-C treatment increased the percentage of HL-60/neo, but not HL-60/Bcr-Abl or K562 cells,
which displayed either low AWM (DiOCg[3] uptake) or high ROS production (staining by DCFH-DA). The open peak (indicated by the arrow)

represents the positive control after treatment with 10 mmol/L H,0,.
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Expression of Bcr-Abl, caspase-3, Bgl-Bcl-2, and Bax.
The levels of Ber-Abl, Abl, caspase-3, Bgl;xBcl-2, and Bax
were determined by Western analyses of the protein extracts of
untreated or HIDAC-treated HL-60/neo, HL-60/Bcr-Abl, and
K562 cells. Figure 3A shows that HL-60/Bcr-Abl and K562, but
not HL-60/neo, cells express p185 and p210 Bcr-Abl, respec-
tively. In contrast, all of the cell-types express pl145 Abl.
Following Ara-C treatment for 4 hours, neither Bcr-Abl nor Abl
levels were altered in any of the cell-types (Fig 3A). In contrast,
exposure to Ara-C resulted in a significant decline in the level of
32-kD caspase-3 levels due to its cleavage and activation in
HL-60/neo, but not in HL-60/Bcr-Abl or K562 cells (Fig 3B). It
is noteworthy that although the latter two cell types are resistant®
to apoptosis, their 32-kD caspase-3 levels are not significantly
different from those in HL-60/neo cells (Fig 3B), when ¢
normalized for the levels d§ actin serving as the control. We
have previously reported that HIDAC-induced downregulation
of the 32-kD caspase-3 levels in HL-60/neo cells is due to its
cleavage into 20- and 12-kD fragmefitds previously noted Fig 4. Western analyses of the levels of cytosolic cyt ¢ (A) and 116
for HL-60 cells, Fig 3C and D show that HL-60/neo cells have kD 35s-labeled, in vitro-translated PARP or its cleaved products (B) in
high Bcl-2, but barely detectable Bcj-fevels® Confirming our  untreated and sphingosine (SO), sphinganine (SA), or C, ceramide-
previous finding$8 the enforced expression of p185 Bcr-Abl in treatec_i HL-60/neo, HL—_GO/Bcr—AbI, ar_wd K562 cells. (C) Shows Western
HL-60 cells resulted in a dramatic downregulation of Bcl-2 and analysis of the (?ytOSOhC cytc Ieve.ls in HL-60/neo cells after exposure

) ; i to SO, C, ceramide, or zZVAD alone; or zVAD plus SO or C, ceramide (C)

an associated upregulation of Bgl-At is noteworthy that a  (see text).
similar pattern of expression of these proteins has been ob-
served in K562 cell8.There was no significant difference in
Bax levels among the various cell types, when normalized to theamide (50 pmol/L), sphingosine (10 umol/L), or sphinganine
intracellular B actin levels serving as the control. It is also (10 pmol/L) for 6 hours, which have been previously shown to
noteworthy that, except for the caspase-3 levels, HIDACjnduce apoptosis in HL-60 celts,clearly caused significant
treatment did not affect the levels of these prOteinS in any of thQ:ytoso"C accumulation of Cyt c (F|g 4A) and the generation of
cell types (Fig 3A, C, D, and E). the in vitro-translated PARP cleavage activity of caspase-3 (Fig

Cytosolic cyt ¢ accumulation and caspase-3 activity cause). These molecular events were blocked in HL-60/Bcr-Abl
by sphingolipids. We next determined whether apoptotic and K562 cells. Figure 4C shows that in HL-60/neo cells
stimuli other than the antileukemic drugs Ara-C and etoposide;otreatment with zZVAD-fmk, a tetrapeptide inhibitor of caspases
cause cyt ¢ accumulation in the cytosol and trigger caspase-fhcluding caspase-3,did not affect the cytosolic accumulation
activity in HL-60/neo cells, as well as whether these are affectechf cyt ¢ due to G ceramide, sphingosine (Fig 4, lanes 5 and 6),
by the expression of Ber-Abl in HL-60/Bcr-Abl or K562 cells.  and sphinganine (not shown); but prevented the PARP cleavage
Exposure of HL-60/neo cells to the sphingoid basesc€  activity of caspase-3 and the DNA fragmentation of apoptosis

due to these sphingoid bases (data not shown).
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Although previous reports have shown that Bcr-Abl expres-
sion confers resistance against the antileukemic drug-induced
DNA fragmentation and morphologic features of apoptosis, the

~%%- hrs, Ara-C 100 uM

- 210kd Ber- Abl
~a%- 185kd Bcr-Abl

- e Gl GND s WD ok 145kd AbI mechanism or the step at which this antiapoptotic effect is
exerted has not been clearly defifé&esults of present studies
B. - . a» ew @aw @ - 32kdcaspase using the human AML HL-60 cells have highlighted several

novel findings. We show for the first time that (1) treatment with
the antileukemia drugs, Ara-C or etoposide, as well as exposure
to sphingoid bases ¢&eramide, sphingosine, or sphinganine)
cause the mitochondrial release and cytosolic accumulation of
cyt c; (2) Ara-C or etoposide treatment also induces the
cleavage and activity of DFF, which promotes the DNA
fragmentation of apoptosis; and (3) Bcr-Abl expression results
in the inhibition of the preapoptotic mitochondrial perturba-
tions, thereby blocking the generation of caspase activity and

C. “:il®d@P® -« xdisi

~4- 26kd Bcl-2

E. oo e apomew @ o 21kdBax

Fig 3. Western analyses of Bcr-Abl, Abl, 32 kD caspase-3, Bcl-x,,
Bcl-2, and Bax levels in the untreated or Ara-C-treated HL-60/neo,
HL-60/Bcr-Abl or K562 cells.

apoptosis.
The precise mechanism by which apoptotic stimuli cause the
egress of cyt ¢ from the inner mitochondrial membrane to the
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cytosol, followed by the loss of MMP and increase in ROS, haschemotherapeutic drugéTaken together, the alterations in the
not been elucidatetf. The mechanism by which the cytosolic levels of Bcl-2 and Bcl-x observed in association with Ber-Abl
cyt ¢ brings about the cleavage and activation of caspase-3 iexpression do not appear to be the sole mechanisms underlying
the presence of deoxy adenosine triphosphate (dATP) (or deoxthe blockage of the preapoptotic mitochondrial perturbations
ADP [dADP]) and two additional apoptotic protease activation observed in the HL-60/Bcr-Abl and K562 cells.

factors (APAF-1 and APAF-3) has also not been determifed. A previous report had indicated that Bcr-Abl expression in
More recently, however, a clearer picture of this has emergedmyeloid leukemia cells prevents Fas-induced apopfdsihut
Human APAF-1 has been shown to have nucleotide bindingdoes not prevent apoptotic death mediated by cytotoxic T cells,
sites and to bind cyt c. APAF-1 also possesses in its N terminusuman natural killer, or lymphokine-activated céfld? Re-
domains sequence homology to the proapoptdit 4andced  cently, we have confirmed that Bcr-Abl expression confers
3 genes ofCaenorhabditis eleganshe latter gene is homolo- resistance against Fas-induced apoptosis (data not shown).
gous to caspase43Nonetheless, it remains unclear how the TK Treatment of HL-60 cells by-interferon (400 U for 48 hours)
encoded by Bcr-Abl either blocks the stimulus for the release offollowed by CH11 anti-Fas agonist antibody (1 pg/mL for 24
cyt ¢ from mitochondria or prevents its accumulation in the hours), which triggers FasR-mediated signalling, caused the
cytosol. Phosphorylation of Bcl-2 and Bcl-has also been cytosolic accumulation of cyt ¢ and induced the PARP cleavage
shown to affect their antiapoptotic effects, perhaps through amctivity of caspase-3. These cytosolic events were blocked in
alteration of their function as the channel proteins residing inHL-60/Bcr-Abl cells (data not shown). During apoptosis due to
the outer mitochondrial membrane and regulating the traffick-treatment with sphingoid bases or the triggering of Fas death-
ing of ions and small molecular weight proteins such as cytreceptor signalling, the direct cleavage and activation of
c152326-30 Byt, there is no evidence that Ber-Abl causes acaspase-3 had been previously repofted. Our findings
posttranslational modification of Bcl-2, Bc|-xor Bax by  highlight the contribution of the cytosolic accumulation of cyt ¢
affecting their phosphorylation status (Fig 3). Phosphorylationdue to these apoptotic stimuli in promoting the cleavage and
of Bad, a proapoptotic member that heterodimerizes withactivity of caspase-3. These data are also consistent with the
Bcl-x_ or Bcl-2, has been shown to be a potential mechanisnprevious observations showing that Bcl-2 or Belaverexpres-
through which interleukin (IL)-3 mediates its antiapoptotic Sion inhibits cytosolic accumulation of cyt c, thereby inhibiting
effect on the bone marrow progenitor céfl$2 Whether Ber-  apoptosis due to Fas signalling or sphingoid bd$é5In this

Abl initiates a cascade of events that results in phosphorylatiofontext, the upstream inhibitory effect of Ber-Abl on the
of Bad is currently under investigation. It seems unlikely that molecular cascade of apoptosis indicates an additional mecha-
Ber-Abl would directly phosphorylate Bad, as this was shown nism of resistance to sphingoid bases or Fas-induced apopto-
to occur on the serine residues. However, it is possible that &is™’

serine/threonine kinase such as Raf-1 could be activated by

Bcr-Abl and be responsible for at least part of its antiapoptotic REFERENCES

effect. The ectopic expression of p210 Bcr-Abl into MO7,

32Dc.13,_ and FDC-P1 cells has been shown to result in q:ifteenth Richard and Hilda Rosenthal Foundation award lecture.
constitutively hyperphosphorylated and activated R&fRaf-1 Cancer Res 53-485. 1993

is known to phosphorylate Bad, although on a different residue 5 e PR, Grosveld G, Canaani E, Goldman JM: Chronic myelog-

from the one phosphorylated by IL-3—initiated signalling path- enous leukemia: Biology and therapy. Leukemia 7:653, 1993

way3* A previous report had indicated that in the mouse 3. BediA, Barber JP, Bedi GC, El-Deiry WS, Sidransky D, Vala MS,

hematopoietic Ba/-cells, Bcr-Abl expression induces Bcl-2 Akhtar AJ, Hilton J, Jones RJ: BCR-ABL-mediated inhibition of

mRNA expression, thereby suppressing apoptosis of these cellpoptosis with delay of G2/M transition after DNA damage: A

resulting from IL-3 withdrawaf® Again, this is not the case in mechanism of resistance to multiple anticancer agents. Blood 86:1148,

the Ber-Abl-expressing human HL-60/Bcr-Abl or K562 cells. 1995 _ ,

In HL-60/Bcr-Abl cells, Bcl-2 protein levels are almost com- _ 4- McGahon A, Bissonnette R, Schmitt M, Cotter KM, Green DR,

pletely downregulated by the enforced expression of Ber-Abl Cotter TG: BCR-ABL mglntams resistance of chronic myelogenous
L . . 'leukemia cells to apoptotic cell death. Blood 83:1179, 1994

while in K562 cells, the endogenous expression of Ber-Abl is

. i 5. Lozzio CB, Lozzio BB: Human chronic myelogenous leukemia
associated with barely detectable levels of Bcl-2 (Ray‘edrad cell line with positive Philadelphia chromosome. Blood 45:321, 1975

Fig 3). However, both in HL-60Bcr-Abl and K562 cells, Bal-X 6. Ray S, Bullock G, Ntiez G, Tang C, Ibrado AM, Huang Y, Bhalla
is upregulated (Fig 3). Because marked suppression of Bcl-2(: Enforced expression of Belginduces differentiation and sensitizes
which like Bcl-x_has also been shown to inhibit the mitochon- CML-blast crisis K562 cells to Ara-C mediated differentiation and
drial release of cyt ¢, occurred concomitantly with Bcr-Abl— apoptosis. Cell Growth Differ 7:1617, 1996

mediated induction of Bclx the latter is unlikely to be the sole 7. Benito A, Silva M, Grillot D, Nuez G, Ferfndez-Luna J:
explanation for the inhibition of cytosolic accumulation of cyt ¢ APOPtosis induced by erythroid differentiation of human leukemia cell
due to various apoptotic stimuli. This is also supported by our"eS is inhibited by Bel-x. Blood 87:3837, 1996 .
previously reported observation that the enforced expression oécszlgiagg AN:n;':;?tZ%TaFgTE d(lsj’clé':; E’P?Dhsazul‘?(;'ngviget:z;?:;?ng
the proapoptotic Bclx in K562 cells, which cancels the o P f

. . L : - and apoptosis of human acute myelogenous leukemia HL-60 cells.
antiapoptotic activity of Bcl-x, only partially sensitizes K562  5ncer Res 56:4743. 1996

cells to dr_Ug'i_ndUCEd apoptosishlso, other cell types that 9. Ibrado AM, Huang Y, Fang G, Bhalla K: Bckoverexpression
possess high intracellular levels of both Beland Bcl-2 still  inhibits taxol-induced Yama protease activity and apoptosis. Cell
retain the ability to undergo apoptosis after exposure toGrowth Differ 7:1087, 1996

1. Witte ON: Role of theBCR-ABLoncogene in human leukemia:

%20z Ae 0g uo 3sanb Aq ypd 002 1/209.1L11/00L LIS/ 6/pd-8JolIE/POO|qARU SUOKEDIGNdYSE//:d]Y WOl papeojumoq



BCR-ABL BLOCKS ACTIVATION OF CASPASE-3 1705

10. Liu X, Zou H, Slaughter C, Wang X: DFF, a heterodimeric Higgs PI, Neckers L, Fojo T: Raf-1/bcl-2 phosphorylation: A step from
protein that functions downstream of caspase-3 to trigger DNAmicrotubule damage to cell death. Cancer Res 57:130, 1997
fragmentation during apoptosis. Cell 89:175, 1997 29. Ito T, Deng X, Carr B, May WS: Bcl-2 phosphorylation required

11. Kim CN, Wang X, Huang Y, Ibrado AM, Liu L, Fang G, Bhalla for anti-apoptosis function. J Biol Chem 272:11671, 1997
K: Overexpression of Bclxinhibits Ara-C-induced mitochondrial loss 30. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD: The
of cytochrome ¢ and other perturbations that activate the molecularelease of cytochrome ¢ from mitochondria: A primary site for Bcl-2
cascade of apoptosis. Cancer Res 57:3115, 1997 regulation of apoptosis. Science 275:1132, 1997

12. Liu X, Kim CN, Yang J, Jemmerson R, Wang X: Induction of ~ 31. Gajewski TF, Thompson CB: Apoptosis meets signal transduc-
apoptotic program in cell-free extracts: Requirement for dATP andtion: Elimination of a BAD influence. Cell 87:589, 1996
cytochrome c. Cell 86:147, 1996 32. Zha J, Harada H, Yang E, Jockel J, Korsmeyer SJ: Serine

13. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng T-l, phosphorylation of death agonist BAD in response to survival factor
Jones DP, Wang X: Prevention of apoptosis by Bcl-2: Release ofggyits in binding to 14-3-3 not BclxCell 87:619, 1996
cytochrome c from mitochondria blocked. Science 275:1129, 1997 33. Okuda K, Matulonis U, Salgia R, Kanakura Y, Druker B, Griffin

14. Decaudin D, Geley S, Hirsch T, Castedo M, Marchetti P, Macho jp: Factor independence of human myeloid leukemia cell lines is

A, Kofler R, Kroemer G: Bcl-2 and Belpantagonize the mitochondrial - associated with increased phosphorylation of the proto-oncogene Raf-1.
dysfunction preceding nuclear apoptosis induced by chemotherapeutlgxp Hematol 22t111.1994

agents. Cancer Res 57:62, 1997 ) _ 34. Wang HG, Rapp UR, Reed JC: Bcl-2 targets the protein kinase
15. Minn AJ, Vaez P, Schendel SL, Liang H, Muchmore SW, Fesik Raf-1 to mitochondria. Cell 87:629. 1996
SW, Fill M, Thompson CB: Bcl-x forms an ion channel in synthetic '

lipid membranes. Nature 385:353, 1997 o . ABL oncogenes is mediated by BCL2. Proc Natl Acad Sci USA
16. Amarante-Mendes GP, Jascur T, Nishioka WK, Mustelin T, 92:5287 1995

Green DR: Ber-Abl-mediated resistance to apoptosis is independent of 36. HuangY, Ray S, Reed JC, Ibrado AM, Tang C, Nawabi A, Bhalla

PI 3-kinase activity. Cell Growth Differ 4:548, 1997 K: Estrogen increases intracellular p26Bcl-2 or p21Bax ratios and

Poln?r{aihe::avK’Tc:-SiEirrgE -Il-f)l?ag doCAl?/leIfBSI‘IoSI?yGSY\/v’\i/III?:Or?:r)r/] l\lclE inhibits taxol-induced apoptosis of human breast cancer MCF-7 cells.
P ’ ’ ' . g " Breast Cancer Res Treat 42:73, 1997

Characterization of a human myeloid leukemia cell line highly resistant 37. McGahon AJ, Nishioka WK, Martin SJ, Mahboubi A, Cotter TG,

to taxol. Leukemia 8:465, 1994 ) . .
18. Xiang J. Chao DT, Korsmeyer SJ: BAX-induced cell death may G.reen DR: Regulation of the Fas apoptotic cell death pathway by Abl. J
not require interleukin @-converting enzyme-like proteases. Proc Natl Biol Chem 270:22625, 1995
d genzy P ' 38. Amarante-Mendes GP, McGahon AJ, Nishioka WK, Afar DE,

Acad Sci USA 93:14559, 1996 Witte ON. G DR: Bal-2 ind dent Ber-Abl-mediated resi
19. Wang X, Zelenski NG, Yang J, Sakai J, Brown MS, Goldstein JL: itte ON, =reen DR: BCl-2 Indepen ent BCr-Abl-me 'a_te resistance
poptosis: Protection is correlated with up-regulation of Bcl-x

Cleavage of sterol regulatory element binding proteins (SREBPs) b)}o a -
CPP32 during apoptosis. EMBO J 15:1012, 1996 Oncogene (in press) _

20. Ray S, Ponnathpur V, Huang Y, Tang C, Mahoney ME, Ibrado 39. Fuchs EJ, Bedi A,. Jones RJ, Hess AD: Cytgtoxm T cells
AM, Bullock G, Bhalla K: 18-D-arabinofuranosylcytosine-, mitoxan- overcome BCR-ABL-mediated resistance to apoptosis. Cancer Res
trone-, and paclitaxel-induced apoptosis in HL-60 cells: Improved55:463' 1995 )
method for detection of internucleosomal DNA fragmentation. Cancer 40- Roger R, Issaad C, Pallardy M, dlse M-C, Turhan AG,
Chemother Pharmacol 34:365, 1994 Bertoglio J, Bfeard J: BCR-ABL does not prevent apoptotic death

21. Jarvis WD, Fornari FA Jr, Traylor RS, Martin HA, Kramer LB, induced by human natural killer or lymphokine-activated cells. Blood
Erukulla RK, Bittman R, Grant S: Induction of apoptosis and potentia- 87:1113, 1996
tion of ceramide-mediated cytotoxicity by sphingolipid bases in human 41. Hannun YA: Functions of ceramide in coordinating cellular
myeloid leukemia cells. J Biol Chem 271:8275, 1996 responses to stress. Science 274:1855, 1996

22. Armstrong RC, Aja T, Xiang J, Gaur S, Krebs JF, Hoang K, Bai  42. Nagata S: Apoptosis by death factor. Cell 88:355, 1997
X, Korsmeyer SJ, Karanewsky DS, Fritz LC, Tomaselli KJ: Fas- 43. Dubrez L, Savoy I, Hamman A, Solary E: Pivotal role of a
induced activation of the cell death-related protease CPP32 is inhibite@EVD-sensitive step in etoposide-induced and Fas-mediated apoptotic
by Bcl-2 and by ICE family protease inhibitors. J Biol Chem 271: pathways. EMBO J 15:5504, 1996
16850, 1996 44. Boise LH, Thompson CB: Bclrxcan inhibit apoptosis in cells

23. Fernandes RS, Gorman AM, McGahon A, Lawlor M, McCann S, that have undergone Fas-induced protease activation. Proc Natl Acad
Cotter TG: The repression of apoptosis by activated abl oncogenes ici USA 94:3759, 1997
chronic myelogenous leukaemia. Leukemia 10:S17, 1996 (suppl 2) 45. Datta R, Manome Y, Taneja N, Boise LH, Weichselbaum R,

24. Golstein P: Controlling cell death. Science 275:1081, 1997 Thompson CB, Slapak CA, Kufe D: Overexpression of Bclby

25. Zou H, Henzel WJ, Liu X, Lutschg A, Wang X: Apaf-1, a human cytotoxic drug exposure confers resistance to ionizing radiation-
protein homologous t&. elegansCED-4, participates in cytochrome induced internucleosomal DNA fragmentation. Cell Growth Differ
c-dependent activation of caspase-3. Cell 90:405, 1997 6:363, 1995

26. Reed JC: Double identity for proteins of the Bcl-2 family. Nature ~ 46. Jarvis WD, Grant S, Kolesnick RN: Ceramide and the induction
387:773, 1997 of apoptosis. Clin Cancer Res 2:1, 1996

27. Haldar S, Jena N, Croce CM: Inactivation of Bcl-2 by phosphor-  47. Landowski TH, Gleason-Guzman MC, Dalton WS: Selection for
ylation. Proc Natl Acad Sci USA 92:4507, 1995 drug resistance results in resistance to Fas-mediated apoptosis. Blood

28. Blagosklonny MV, Giannakakou P, El-Deiry WS, Kingston DGI, 89:1854, 1997

35. Sanchez-Garcia |, Grutz G: Tumorigenic activity of the BCL-

%20z Ae 0g uo 3sanb Aq ypd 002 1/209.1L11/00L LIS/ 6/pd-8JolIE/POO|qARU SUOKEDIGNdYSE//:d]Y WOl papeojumoq



