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Abstract

Ber-Abl is one of the most potent antiapoptotic molecules and
is the tyrosine-kinase implicated in Philadelphia (Ph)
chromosome-positive leukemia. It is still obscure how Ber-
Abl provides the leukemic cell a strong resistance to
chemotherapeutic drugs. A rational drug development
produced a specific inhibitor of the catalytic activity of Ber-
Abl called STI571. This drug was shown to eliminate Ber-Abl-
positive cells both in vitro and in vivo, although resistant cells
may appear in culture and relapse occurs in some patients. In
the study described here, Ber-Abl-positive cells treated with
tyrosine-kinase inhibitors such as herbimycin A, genistein or
STI571 lost their phosphotyrosine-containing proteins, but
were still extremely resistant to apoptosis. Therefore, in the
absence of tyrosine-kinase activity, Bcr-Abl-positive cells
continue to signal biochemically to prevent apoptosis
induced by chemotherapeutic drugs. We propose that
secondary antiapoptotic signals are entirely responsible for
the resistance of Ber-Abl-positive cells. Precise determination
of such signals and rational drug development against them
should improve the means to combat Ph chromosome-
positive leukemia.
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Introduction

Apoptosis is a genetically controlled form of cell death that
plays a fundamental role during the development and in tissue
homeostasis in multicellular organisms.” During tumorigen-
esis, the expansion of a transformed cell population is directly
related to the difference of the rates of proliferation and cell
death presented by these cells.? Therefore, interference with
the apoptotic machinery resulting in increased survival ability
of a certain cell population contributes to the malignant
phenotype found in some forms of cancer. This seems to be
the case of the Philadelphia (Ph) chromosome-positive
leukemia.

Over 95% of cases of chronic myelogenous leukemia
(CML) and 15-35% of acute lymphocytic leukemia (ALL) are
associated with the Ph chromosome, the outcome of a
reciprocal translocation between chromosomes 9 and 22,
which generates the chimeric Ber-Abl molecule with intrinsic
tyrosine-kinase activity and altered subcellular compartmen-
talization.® Ber-Abl molecules exist in two major isoforms: a
210-kDa protein detected in CML and a 185-kDa fusion
protein in ALL. In addition, a more rare protein of 230 kDa is
associated with some forms of chronic neutrophilic leukemia
(CNL). In every case, Bcr-Abl has been implicated in cellular
transformation and inhibition of apoptosis.*~®

Transformation by Bcr-Abl requires its tyrosine-kinase
activity”® as well as the action of the multiple functional
domains presented in this molecule to couple downstream
signal transduction pathways.>%'3

Many molecular targets have been described to account, at
least in part, for the resistance to apoptosis found in Ber-Abl-
positive cells. We have found that Bcr-Abl induces the
expression of the antiapoptotic protein Bcl-x,, and that
downregulation of Bcl-x. by antisense oligonucleotides
partially sensitize Ber-Abl-positive cells to apoptosis.'* Later,
it was shown that Ber-Abl activates the transcription of bel-x;
through the activation of Stat5.'>"'” The PI3K/Akt pathway
was also suggested to participate in the Bcr-Abl-mediated
resistance to apoptosis,'®'® although it is important to
mention that in our experimental system, using HL-60 cells
transfected with p185°°3® the strong antiapoptotic signal is
clearly independent of PI3K activity.2’° Another molecule
potentially involved in the apoptosis protection found in Bcr-
Abl-positive cells is the transcription factor NF-xB, which is
implicated in the induction of endogenous caspase inhibitors
of the IAP family?' and was shown to be required by Bcr-Abl-
mediated transformation.?%23

Although many more work has been published on Bcr-Abl-
mediated signaling cascades, we still know very little about
how this molecule interferes with the apoptotic machinery. In
particular, it is not known whether Ber-Abl tyrosine-kinase is
required to be constantly active in order to maintain the
resistance to apoptosis observed in Ber-Abl-expressing cells.
Therefore, in the present study, we use tyrosine-kinase



inhibitors to address whether the presence of phosphotyr-
osine (pY)-containing proteins is necessary to prevent
apoptosis induced by a variety of apoptogenic insults.

Results

Broad-spectrum inhibitors of tyrosine-kinases
block phosphotyrosine-containing proteins but
not the resistance to apoptosis of HL-60.Bcr-Abl
cells

To investigate the role of pY-containing proteins in Bcr-Abl-
mediated resistance to apoptosis, we treated HL-60 and HL-
60.Bcr-Abl cells with two broad-spectrum tyrosine-kinase
inhibitors, namely herbimycin A and genistein. Both drugs
were able to inhibit the appearance of pY-containing proteins
in a dose-dependent manner, as assessed by Western blots
using anti-pY antibodies. Herbimycin A was most efficient at
100ng/ml (Figure 1a), whereas genistein was capable to
significantly reduce the levels of pY-containing proteins at
250 pg/ml  (Figure 2a). Incubation for 24h with either
herbimycin A or genistein alone did not induce cell death in
both HL-60 and HL-60.Bcr-Abl cells (Figures 1b and 2b, left
panels). Interestingly, even in the presence of 100 ng/mi
herbimycin A (Figure 1b, center and right panels) or 250 ug/ml
genistein (Figure 2b, center and right panels), HL-60.Bcr-Abl
cells were extremely resistant to apoptosis induced by 100 um
CHX or 50 um VP16.
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Figure 1 Herbimycin A inhibits pY-containing proteins but does not interfere

with the resistance of HL-60.Bcr-Abl cells. HL-60 and HL-60.Bcr-Abl cells were
pretreated for 1h with different concentration of herbimycin A (a) and
subsequently incubated overnight in the presence of 100 um CHX or 50 um
VP-16 (b). Percentage of cell death was estimated by the analysis of DNA
content, as described in Materials and Methods. These results are from a
representative of two different experiments done in triplicates
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Bcer-Abl-mediated resistance to apoptosis is
preserved in HL-60 cells treated with STI571

Since HL-60.Bcr-Abl cells were still resistant to apoptosis in
situations where the level of pY-containing proteins dropped
substantially, we decided to broaden our investigation and test
whether a specific Ber-Abl tyrosine-kinase inhibitor would
provide different results than herbimycin A and genistein.
STI571 is a very potent Ber-Abl kinase inhibitor that has been
used with great success in clinical trials to treat Ph
chromosome-positive leukemia (reviewed in Mauro and
Druker24). In addition, it has been shown that cell lines
derived from Ph chromosome-positive leukemia patients die
upon treatment for a few days with STI571.2% 26

We therefore incubated HL-60 and HL60.Bcr-Abl cells with
10 uM STI571 and inspected the levels of Ber-Abl and pY-
containing proteins after 2 and 24 h. As we can see in Figure 3,
HL-60 cells are very meager in pY-containing proteins. In
contrast, HL-60.Bcr-Abl exhibited a great amount of these
molecules, which disappeared after 2h in the presence of
STI571 and remained almost undetectable at least for the
following 22 h. With these results in mind, we pretreated HL-
60 and HL60.Bcr-Abl cells with STI571 for 2h and then
incubated each of them in the presence or absence of VM26,
VP16, CHX or STS for 22h. At the end of the assay, we
evaluated the level of apoptosis in each experimental situation
by quantify phosphatidylserine externalization. Although the
STI571 blocked the Bcer-Abl tyrosine-kinase activity, and the
consequent appearance of pY-containing proteins, prior to
apoptogenic drug administration, it did not interfere with the
resistance to apoptosis of HL-60.Bcr-Abl for the following 22 h
(Figure 4).
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Figure 2 Genistein inhibits pY-containing proteins but does not interfere with
the resistance of HL-60.Bcr-Abl cells. HL-60 and HL-60.Bcr-Abl cells were
pretreated for 45min with different concentration of genistein (a) and
subsequently incubated overnight in the presence of 100 um CHX or 50 um
VP16 (b). Percentage of cell death was estimated by the analysis of DNA
content, as described in Materials and Methods. These results are from a
representative of two different experiments done in triplicates
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Figure 3 The Bcr-Abl tyrosine-kinase inhibitor STI571 suppresses pY-
containing proteins in HL-60.Bcr-Abl cells without interfering with Ber-Abl levels.
HL-60 and HL-60.Bcr-Abl cells were treated with 10 um STI571 and samples
were prepared for Western-blot analysis as described in Materials and Methods,
after 2 and 24 h.
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Figure 4 STI571 does not sensitize HL-60.Bcr-Abl cells to apoptosis. HL-60
and HL-60.Bcr-Abl cells were treated for 2h with 10 um STI571 and then
incubated for another 22 h in the presence or absence of VM26 (10 uM), VP16
(50 M), CHX (50 um) or STS (1 um). STI571 remained in the culture for the
duration of the experiment. The level of apoptosis was quantified by the analysis
of phosphatidylserine externalization. These results are representative of three
independent experiments done in triplicates

STI571 does not sensitize Ber-Abl-positive cells to
caspase activation following chemotherapeutic
drugs

It is well known that the apoptosis program is executed by
members of the caspase family of proteases, in particular
caspase-3. Therefore, we investigated whether caspase-3
could be activated in Bcr-Abl-positive cells by chemother-
apeutic drugs in the presence of STI571. Figure 5 shows the
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Figure 5 STI571 does not sensitize Ber-Abl-positive cells to caspase activation
following chemotherapeutic drugs. Cells were treated or not for 2h with 10 um
STI571 and then incubated for another 22 h in the presence or absence of VM26
(10 um). STI571 remained in the culture for the duration of the experiment.
Western-blot analysis was performed as described in Materials and Methods

Western-blot analysis of caspase-3 activation and cleavage of
two apoptotic substrates. As expected, VM26 induced both
caspase-3 activation and cleavage of PARP and fodrin in HL-
60 cells, but not in the Bcr-Abl-positive cell lines. In
accordance to our results mentioned above, STI571 alone
was not able to induce either caspase-3 activation or the
cleavage of PARP or fodrin associated with apoptosis, in all of
the Bcr-Abl-positive cells tested. Although STI571 blocked
Ber-Abl tyrosine-kinase activity and the associated appear-
ance of pY-containing proteins in HL-60.Bcr-Abl, KCL22 and
K562 cells, as revealed by the anti-pY blots, STI571 did not
sensitize these Ber-Abl-positive cells for caspase-3 activation
after VM26. Moreover, these results were corroborated by the
analysis of DNA fragmentation of five different Bcr-Abl-
positive cell lines incubated with VM26 (Figure 6) or Act-D,
CHX or STS (not shown). In every case tested, Bcr-Abl-
positive cells maintained their resistance to apoptosis in the
presence of STI571.

Resistance to apoptosis in the presence of STI571
does not involve Bcl-2 or Bel-x.

We have previously shown that part of the antiapoptotic effect
of the expression of Ber-Abl in HL-60 cells was because of an
upregulation of Bcl-x_.'* Therefore, in order to gain insight
about the mechanism by which Bcr-Abl-positive cells remain
resistant to apoptosis in the absence of Bcr-Abl tyrosine-
kinase activity, we decided to look at the levels of Bcl-x, after
incubation with STI571. As shown in Figure 7, the disap-
pearance of pY-containing proteins observed in the presence
of STI571 was correlated with a reduction of the levels of Bcl-
x_ in all three different Bcr-Abl-positive cells, namely HL-
60.Bcr-Abl, K562 and LAMAB84. Ber-Abl-positive cells were all
devoid of detectable Bcl-2 protein in the presence or absence
of STI571 (Figure 7).
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Figure 6 Resistance to apoptosis in Bcr-Abl-positive leukemia lines is not
prevented by STI571. Cells were treated (closed bars) or not (open bars) for 2 h
with 10 um STI571 and then incubated for another 16-22 h in the presence or
absence of VM26 (10 uM). STI571 remained in the culture for the duration of the
experiment. The level of apoptosis was estimated by the analysis of DNA content,
as described in Materials and Methods. These results are from a representative
of three different experiments done in triplicates
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Figure 7 Treatment with STI571 inhibits the expression of Bcl-x,. Cells were
treated or not for 16 h with 10 um STI571 and then prepared for Western-blot
analysis as described in Materials and Methods

Discussion

Since the tyrosine-kinase activity of the Bcr-Abl molecule was
shown to be necessary for the transforming ability of this
oncogenic molecule,”®'° it was expected that pharmacologi-
cal intervention with its catalytic domain would produce a
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beneficial clinical effect for Ph chromosome-positive patients.
In fact, as a result of rational drug development, STI571, a 2-
phenylamino pyrimidine that interfere with the ATP-binding
site of the Abl kinases,® has emerged as a very efficient drug
against Ber-Abl-positive leukemia.?#27:28

Although CML patients at the chronic phase of the
disease responded in general well and persistently to the
drug, blast crisis patients often relapse even if the STI571
treatment is continued.?® Part of the reason that the
disease relapses in some patients seems to be due to a
progressive bcr-abl gene amplification or to a single amino-
acid substitution in the ATP-binding pocket of the Abl kinase
domain, critical to the interaction with the STI571.30-33
Moreover, in at least one case, the resistance of Bcr-Abl-
positive cells to STI571 appears to be associated
with an increased expression of the multidrug-resistance
P-glycoprotein (Pgp).®! Lastly, some STI571-resistant cell
lines generated in vitro presented no bcr-abl gene amplifica-
tion or mutation and no Pgp upregulation, therefore raising
the possibility that compensatory alterations in other
survival genes might account for the resistance to
STI571.3

Here, we found out that Bcr-Abl-positive cells, despite
responding to herbimycin A, genistein and STI571 with a
blockage of Bcr-Abl kinase activity and consequent disap-
pearance of pY-containing proteins, remain extremely resis-
tant to apoptogenic insults under these circumstances. Our
data suggest that pY-containing proteins may not be
responsible for the antiapoptotic effect of Ber-Abl. However,
it is important to mention that subdetectable amount of
tyrosine-phosphorylated Bcr-Abl targets may exist and could
be still effective in protecting cells from apoptosis. Alterna-
tively, such pY-containing proteins may participate only earlier
in the transduction of downstream antiapoptotic signaling
events that can be active for a short period of time in the
absence of both Ber-Abl kinase activity and tyrosine-phos-
phorylated proteins. Thus, secondary antiapoptotic signals
initiated by the activity of the Bcr-Abl tyrosine-kinase might
entirely account for the resistance to chemotherapeutic drugs
observed in Ber-Abl-positive cells. The identification of such
survival signals will definitely help to understand the nature of
the Bcer-Abl-mediated resistance to apoptosis, and to design
new strategies for the treatment of Ph chromosome-positive
leukemia.

It is important to mention that, in a long term, these
antiapoptotic signals probably need a restimulation by the Ber-
Abl tyrosine-kinase, since all of our Bcr-Abl-positive cells lines
displayed a high frequency of cell death after 2—4 days in the
presence of high doses of STI571 (Bueno-da-Silva, AEB and
Amarante-Mendes, GP, unpublished observations). These
results are similar to the earlier findings in the literature
showing that treatment with STI571 induces a time-depen-
dent apoptosis in a variety of Ber-Abl-positive cells.2%:28:34
Interestingly enough, it was demonstrated that STI571
sensitizes HL-60.Bcr-Abl cells to apoptosis induced by Ara-
C or doxorubicin.® Although in seeming contradiction to our
own observation, Fang and collaborators treated HL-60.Bcr-
Abl cells with a much lower dose of STI571 (0.25 uM) and for a
longer period of time (48h). It is conceivable that the
downstream signaling event responsible for the antiapoptotic
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effect of Ber-Abl is not capable of enduring for that long in the
absence of Ber-Abl kinase activity.

Recently, it was shown that apoptosis mediated by STI571
is correlated with inhibition of Stat5 activity and further
downregulation of Bcl-x..® Importantly, we have previously
shown that Bcl-x, is upregulated by Ber-Abl in a variety of cell
lines and account in part for the resistant phenotype observed
in Ber-Abl-positive cells.'* However, our results shown here
suggest that Bcl—x,_is notinvolved in the short-term resistance
to apoptosis observed in the absence of Bcr-Abl tyrosine-
kinase, since Bcr-Abl cells maintained their resistant pheno-
type under conditions where STI571 induced a significant
downregulation of Bcl-x_.

Another important point to make is that perhaps some
survival signals emerging from the expression of Bcr-Abl
might be independent of its catalytic activity. In this regard, it
was previously reported that some functions of c-Abl are
independent of its tyrosine-kinase activity.3”-*8 Although it was
not under the scope of this work, we envision the possibility
that antiapoptotic signals can be triggered by the expression
of a kinase-deficient Ber-Abl molecule, provided a high level of
expression can be achieved.

At a first sight, our hypothesis would contrast with the well-
established paradigm that Bcr-Abl tyrosine-kinase activity is
essential to transformation. However, we should keep in mind
that even though low levels of Ber-Abl are enough to provide
growth factor independence, only high levels of Bcr-Abl
support additional protection against apoptogenic stimuli.3®
Therefore, there must be qualitative differences between
signals that provide transformation (growth factor and/or
anchorage independence) and resistance to apoptosis. In
fact, these same authors showed that addition of growth
factors to low Bcr-Abl-expressing cells did not afford the
samS% degree of resistance to apoptosis as high levels of Ber-
Abl.

Our data presented here clearly show that (a) pY-containing
proteins does not directly participate in the resistance to
apoptosis in Ber-Abl-positive cells and (b) pharmacological
inhibition of Bcr-Abl tyrosine-kinase, even by the specific
inhibitor STI571, does not alter the resistance to apoptosisin a
short term, providing the rationale and the model for
investigating secondary antiapoptotic signals that might
contribute to the resistance to chemotherapy found in Ph
chromosome-positive leukemia.

Materials and Methods

Cell culture

HL-60 and K562 cells were obtained from ATCC. LAMA84 cells were a gift
from Dr. James Griffin (Dana-Farber Cancer Institute, USA), whereas
KCL22 were kindly provided by Dr. Owen Witte (UCLA, USA). HL-60.Bcr-
Abl cells were derived from wild-type HL-60 by retroviral transfection with
pSRaMSVp185°ltkneo'**° and HL-60.Ber-AbllJW cells were derived
by retroviral transfection with pSLXCMVp185°“*#"' (which has a human
Bcr/mouse c-Abl fusion protein, provided by Dr. Jean Wang, UCSD, USA).
Cells were routinely cultured in RPMI-1640 supplemented with 10% fetal
calf serum (FCS), 25 mm Hepes, 2 mm L-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin.
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Antibodies and reagents

Etoposide (VP 16), teniposide (VM 26) and staurosporine (STS) were
prepared as 100, 10 and 1 mm solutions in dimethyl sulfoxide (DMSO),
respectively. Cycloheximide (CHX) was prepared in ethanol as 50 mm
solution. Genistein and herbimycin A were prepared in DMSO at 25 and
0.5mg/ml, respectively. STI571 was generously provided by Dr. Anna
Maria Suter (Novartis Pharma AG, Switzerland), and prepared as 10 mm
stock solution in DMSO. Annexin-V-FITC was obtained from BioWhittaker,
Inc. (Walkersville, MD, USA).

Antibodies were obtained from different sources. Anti-caspase-3, anti-
PARP, anti-Bcl-2, anti-Bel-x_ Polyclonal antibodies (pAbs) (Pharmingen,
San Diego, CA, USA), anti-pY monoclonal antibody (mAb) (Upstate
Biotech Inc., Lake Placid, NY, USA), anti-c-Abl mAb (Calbiochem, San
Diego, CA, USA), anti-fodrin mAb (Chemicon International), anti-actin
mAb (ICN, Costa Mesa, CA, USA), anti-mouse IgG-HRP and anti-rabbit
Ig-HRP (Amersham Pharmacia Biotech, Uppsala, Sweden) were used as
suggested by the manufacturers.

Analysis of DNA content by flow cytometry

DNA fragmentation as an indicative of apoptosis was evaluated according
to Nicoletti et al.*' Briefly, 2-3 x 10° cells were harvested, washed in PBS
and resuspended in 300 ul of a hypotonic fluorochrome solution (HFS,
50 pg/ml propidium iodide in 0.1% sodium citrate plus 0.1% Triton X-100).
The fluorescence of individual nuclei was measured using a FACScalibur
flow cytometer (Becton-Dickinson, Mountain View, CA, USA). The results
represent the average percentage of hypodiploid nuclei in triplicate
samples. The variations among the triplicates were always less than 10%.
Every experiment was repeated at least three times.

Annexin V staining of apoptotic cells

The translocation of phosphatidylserine (PS) residues from the inner to the
outer leaflet of plasma membrane, as an early indicative of apoptosis, *>4®
was assessed by reaction with Annexin V - FITC and scored in a
FACScalibur flow cytometer (Becton-Dickinson, Mountain View, CA,
USA).

Western-blot analysis

Cells were harvested, washed once in ice-cold PBS, lysed directly in SDS-
sample buffer (50 mm Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 2.5% 2-
ME) and boiled for 5min. Samples were resolved under reducing
conditions for 2 h at 80 V in SDS-polyacrylamide gels. Separated proteins
were then blotted onto polyvinylidene difluoride membranes at 80 mA
overnight. Blots were blocked for 2h in TBST (10 mm Tris-HCI, pH 7.4,
150 mm NaCl, 0.05% Tween) containing 0.1% sodium azide and 5%
nonfat dried milk or 5% bovine serum albumin (BSA) and then probed for
2h with an appropriate dilution of the primary antibody. Reactions were
detected with suitable secondary antibody conjugated to horseradish
peroxidase (Jackson Laboratory, Bar Harbor, ME, USA and Amersham,
Arlington, IL, USA) using enhanced chemiluminescence (Pierce, Rock-
ford, IL, USA).
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