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BCR-ABL fusion gene is implicated in the pathogenesis of chronic myeloid leukemia (CML), encoding the
oncoprotein p210BCR-ABL with anti-apoptotic activity. The inability to undergo apoptosis is an important
mechanism of drug resistance and neoplastic evolution in CML. The gene transcript expression of
mitochondrial apoptotic related genes BAX and BCL-XL was evaluated by quantitative Real Time PCR (qPCR)
in vitro in K562 cells and in vivo in peripheral blood of 66 CML patients in different stages of the disease: 13
cases at diagnosis, 34 in chronic phase (CP), 10 in accelerated phase (AP) and 9 in blast crisis (BC).
Our results in K562 cells showed that all treatments with different tyrosine kinase inhibitors (TKIs) induced a
decreased expression of the antiapoptotic oncogene BCL-XL, whereas the proapoptotic gene BAX remains
constant with minor modifications.
A significantly lower BAX/BCL-XL expression ratio (mean±SEM) than a group of healthy individuals (4.8±0.59)
were observed in CML patients at diagnosis (1.28 ± 0.16), in AP (1.14±0.20), in BC (1.16±0.30) and in 18% of
cases of patients in CP (2.71±0.40). Most CP cases (82%) showed a significantly increased ratio (10.03±1.30),
indicating that the treatment with TKIs efficiently inhibited the expression of BCL-XL by blocking BCR-ABL
oncoprotein.
The BAX/BCL-XL ratio showed a significant inverse correlation (Spearman Pb0.0001) with BCR-ABL/ABL relative
expression indicating that low BAX/BCL-XL was associated with disease progression. Accordingly, the follow up
of a cohort of eight cases during 6 months from diagnosis showed that while the BAX/BCL-XL ratio rapidly
increased after treatment in seven cases with good evolution, it decreased in the single case that showed rapid
evolution and short survival.
Our data suggest thatBAX/BCL-XL expression ratiomay be a sensitivemonitor of disease progression and an early
predictor of TKI therapy responsiveness in CML patients.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Chronic myeloid leukemia (CML) is a hematological malignancy
characterized by the chimeric BCR-ABL fusion gene, which encodes for
a constitutively activated tyrosine kinase (p210BCR-ABL.) with anti-
apoptotic activity.

The tumor expansion is directly related to the imbalance between
proliferation and cell death [1]. Defects in the apoptotic machinery
may contribute to the malignant phenotype in CML.

Apoptosis is regulated by BCL-2 family members, which consist of
antiapoptotic genes such as BCL-2, BCL-XL and MCL-1 and proapopto-
tic genes such as BAX, BAK and BAD. The relative expression of these

proteins is essential in the regulation of cytochrome c release from the
mitochondria, a key step for apoptotic activation [2]. Aberrant
expression patterns of these proteins in cancer cells may result in
growth and persistence of tumor cells due to apoptosis inhibition. The
overexpression of BCL-2 has been associated with drug resistance in
hematological malignancies [3,4]. In acute myeloid leukemia (AML)
the upregulation of BCL2 has been associated with shorter survival
[3,5], whereas a high Bax protein expression level is considered a good
prognostic indicator in AML [6]. Moreover, CML derived cells
expressing p210 showed antileukemic-drug resistance by overex-
pression of the antiapoptotic gene BCL-XL instead of BCL-2 [7,8].
However, the actual contribution of BCL-XL to the transforming
phenotype in CML is still unclear, with conflicting published data
[9,10].

Taking into account that the inability to undergo apoptosis is an
important mechanism of drug resistance and neoplastic evolution, we
studied the transcript expression profile of BAX and BCL-XL genes in
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CML derived cells treated in vitro with different tyrosine kinase
inhibitors (TKI) and in peripheral blood samples of CML patients in
different stages of the disease. Therefore, the aim of this study was to
investigate the relationship between the expression of BAX and BCL-
XL genes and the progression to more aggressive phases in CML.

Materials and methods

K562 cell culture

K562 (ATCC catalog No. CCL-243) is a cell line derived from a
patient with chronic myeloid leukemia BCR-ABL positive [11]. These
cells were maintained in 5% CO2 atmosphere at 37 °C in RPMI 1640
medium supplemented with 10% of fetal bovine serum. K562 cultures
were treated with different in vitro treatments; Imatinib (IMA) 1, 2.5,
5 and 20 μM, Dasatinib (DAS) 1 μM, Nilotinib (NIL) 1 μM, Homo-
harringtonina (HHT) 10 μg/ml during 48 h and the quantification of
BAX, BCL-XL, β-ACTIN transcript levels were assessed.

Patients and controls

A total of 66 peripheral blood samples from CML patients in
different phases of the disease (Table 1) and 10 healthy individuals
were studied. All cases had signed a written informed consent and the
study was approved by the Ethics Committee of National Academy of
Medicine of Buenos Aires. Thirteen patient's samples were taken at
diagnosis prior treatment, 34 in chronic phase (CP), 10 in accelerated
phase (AP) and 9 in blast crisis (BC), all cases were treated with
imatinib mesylate.

Total RNA was extracted and purified from peripheral blood
leukocytes by TRIZOL (Invitrogen) method according to manufac-
turer's instructions. Total unselected cDNA was synthesized from 2 μg
of total RNA using random hexamer primers and MMLV reverse
transcriptase during 1 h at 37 °C; followed by incubation at 72 °C for
5 min and stored at−20 °C. Aliquots of 5 μl were used for quantitative
Real Time PCR amplification analysis.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed using the
LightCycler 2.0 (Roche Diagnostics, Mannheim, Germany), based on
the SYBR-Greenmethod. Total volume of 20 μl qPCR reactionmixtures
contained 5 μl of sample cDNA, 1× PCR Mix (LC FastStart DNA Master
SYBR Green I, Roche), 3.5 mM MgCl2 and 0.25 μM of each primer.

Molecular response assessment was achieved by calculation of the
ratio between BCR-ABL and ABL transcript levels.

Optimal reaction conditions for amplifying both BCR-ABL and ABL
cDNAs were as follows: 50 cycles of a 4-step PCR (95 °C 5 s, 60 °C 3 s,
72 °C 12 s, 80 °C 1 s) after an initial denaturation (95 °C 10 min).BCR-ABL
and ABL forward and reverse primers used in this study were published
by Gutierrez et al. [12] and Beillard et al. [13], respectively.

Todetermine the expressionof apoptosis-related geneswedesigned
oligonucleotides to amplify BAX, BCL-XL and β-ACTIN (control) genes
using PrimerSelect (DNA Star Lasergene ver 7.0) and Oligo version 4.1
software.

Optimal reaction conditions for amplifying these genes were as
follows: 50 cycles of a 4-step PCR (95 °C 5 s, 62 °C 3 s by 5 cycles and
57 °C 3 s by 45 cycles, 72 °C 15 s, 84 °C 1 s) after an initial denaturation
(95 °C 10 min). Designed primers were: BAX forward: 5′-GGG ACG AAC
TGG ACA GTA ACA-3′, BAX reverse: 5′-CCG CCA CAA AGA TGG TCA C-3′,
BCL-XL forward 5′-ACT GTG CGT GGA AAG CGT AG-3′, BCL-XL reverse
5′-GGT TCT CCT GGT GGC AAT G-3′, β-ACTIN forward 5′-ATG TTT GAG
ACC TTC AAC ACC CC-3′ and β-ACTIN reverse 5′-GCC ATC TCT TGC TCG
AAG TCC AG-3′.

K562 cells were used as positive control and lymphocyte cells from
healthy donors as controls for reproducibility and accurateness of the
expression levels. Calibration curves were performed to estimate
qPCR amplification efficiencies and to quantify BAX and BCL-XL
transcripts within the dynamic range (Supplementary Fig. S1).

Statistical analysis

Statistical analyses were carried out by use of Student's t-test.
Correlation between BCR-ABL/ABL and BAX/BCL-XL ratios was
analyzed using Spearman non-parametrical analysis. A one-way
ANOVA was also applied. Data analyses were achieved by use of
GraphPad version 4.0 software.

Results

In vitro studies

In order to evaluate the dynamic response to treatment of BAX and
BCL-XL gene expressions in CML-derived cells, we conducted qPCR
measurements of BAX/BCL-XL ratio in K562 cell line exposed to
different TKI during 48 h in three separated experiments as follows:
(a) Different concentrations of Imatinib (IMA); 1, 2.5, 5 and 20 μM
(Fig. 1a). (b) Different TKI; IMA 1 μM, Dasatinib (DAS) 1 μM, Nilotinib
(NIL) 1 μM and Homoharringtonina (HHT) 10 μg/ml (Fig. 1b).

BAX/BCL-XL ratio was significantly lower in the control (mean±
SEM: 0.37±0.04) culturewith respect to each treated culture: 1 μMIMA
(2.8±0.8), 2.5 μM IMA (4.06±0.6), 5 μM IMA (5.85±0.9), 20 μM IMA
(9.7±0.1), 1 μMDAS (3.03±0.04), 1 μMNIL (3.05±0.05) and 10 μg/ml
HHT (1.57±0.07). The observed increment in the ratiowith the different
TKI is due to the downregulation of BCL-XL after treatment through BCR-
ABL blocking.

In order to determine whether BAX or BCL-XL (or both) were
responsible for the observed increased levels of BAX/BCL-XL ratio after
treatment, each one of these gene transcripts were quantified with
respect to β-ACTIN as a control gene. Our results showed that BCL-XL
gene expression significantly decreased in all treated cultures,
whereas BAX remained mostly constant with no significant changes
(Supplementary Fig. S2). These observations indicate that the
differences in the BAX/BCL-XL expression ratio are directly related
to major variations in BCL-XL transcript levels.

In vivo studies

CML phase group analysis
All 66 patients were diagnosed as CML and all of them showed the

Philadelphia chromosome and BCR-ABL molecular rearrangement. All
patients were treated with imatinib 400 mg daily, and those cases
with treatment failure or suboptimal response were switched to a
second generation TKI [14].

The relative expression levels for BCR-ABL vs. ABL and the
apoptosis-related genes, BAX vs. BCL-XL, are expressed as qPCR ratios.
The mean ratio BAX/BCL-XL in 10 healthy volunteers was 4.82±0.59

Table 1
Patient's characteristics.

Total patients 66
Males 35
Females 31

Median age (years) 49.03
Range age (years) 19–79
At diagnosisa 13
In CPb 34
In APb 10
In BCb 9

a Untreated.
b Treated with TKIs.
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(X±SEM). This ratio was significantly lower in CML cases at
diagnosis, patients in AP and patients in BC. Remarkably, patients in
CP showed a mean ratio higher than the control group. This feature
may be attributed to the action of the effective treatment with
proapoptotic TKI. However, in CP two subgroups can be easily
recognized: one with low BAX/BCL-XL ratio (6 cases) and the other
one with high ratio (28 cases) (Table 2; Fig. 2).

Relative quantification BCR-ABL/ABL in each group of CML patients
are shown in Table 3 and Fig. 3. The mean BCR-ABL/ABL value at
diagnosis (76.62%), in AP (32.11%) and in BC (23.08%) were found to
be significantly higher than patients in CP (5.89%) (pb0.003). In the

group of CP patients, it is noteworthy the dispersion of data indicating
a substantial heterogeneity in the molecular outcome and/or
response to imatinib therapy. This characteristic may be related to
the fact that CP includes cases with complete, major, minor or null
molecular response to imatinib therapy.

Correlation analysis between BAX/BCL-XL vs. BCR-ABL/ABL
In order to estimate the utility of BAX/BCL-XL ratio, we address an

analysis of correlation between BAX/BCL-XL vs. BCR-ABL/ABL (Fig. 4).
As a result we observed a significant inverse correlation (Spearman
pb0.0001).

While most of CML patients in CP (82%) showed an increase in
BAX/BCL-XL ratio, patients at diagnosis , AP, BC and six patients in CP
(under the shaded rectangle) showed a significant reduction in BAX/
BCL-XL ratio (Fig. 4).

Patients in CP are the most heterogeneous group; in fact they are
distributed in three out of the four possible quadrants of BAX/BCL-XL–
BCR-ABL/ABL combinations (i.e., high–low, low–low and high–high,
respectively) but consistently lacks low–high ratios. Interestingly, the
last one ratios includes only patients in AP, BC and at diagnosis
indicating that low values of BAX/BCL-XL and high of BCR-ABL/ABL
may be used as a marker of more aggressive disease.

These data indicate that BAX/BCL-XL ratio can identify a subset of
cases in CP with poor response to tyrosine kinase inhibitors although
in some cases they showed low level of BCR-ABL fusion gene
transcripts.

BAX/BCL-XL ratio during follow up of CML patients treated with TKI
The ratio BAX/BCL-XL at diagnosis was periodically evaluated during

a follow up of 6 month in a group of eight patients. In all cases, the ratio
exceeded the mean BAX/BCL-XL ratio of healthy donors (4.8±0.59) in
the first month of treatment with TKI (Supplementary Fig. S3). In the
second and third evaluation after treatment, the BAX/BCL-XL ratio
showed some fluctuations with values above 4.8 in seven out of eight
cases. All these cases showed good response to treatment. Only one out
of the eight cases (case 3 in Supplementary Fig. S3) showed a very low
ratio at third month after imatinib treatment. Notably, this latter case
developed a progression to an AP and died in BC five months later.

Fig. 1. In vitro analysis of the BAX/BCL-XL expression ratio. (a) K-562 cells treated with
different concentrations of Imatinib (IMA) (1, 2, 2.5, 5 and 20 μM). (b) K-562 cells
treated with effective concentrations of different TKIs: IMA, Dasatinib (DAS), Nilotinib
(NIL) and Homoharringtonine (HHT). Student's t-test significant limits are indicated as
*Pb0.05, **Pb0.01 and ***Pb0.001.

Table 2
BAX/BCL-XL ratios and CML phases.

CML phase BAX/BCL-XL ratio (X±SEM)

Healthy donors (controls) (n=10) 4.82±0.59
Patients at diagnosis (n=13)*** 1.28±0.16
Patients in chronic phase (n=34)** 8.73±1.21
Subgroup high ratio (n=28) 10.03±1.30
Subgroup low ratio (n=6) 2.71±0.40

Patients in accelerated phase (n=10)*** 1.14±0.20
Patients in blastic crisis (n=9)*** 1.16±0.30

Significant differences respect to control group **pb0.01, and ***pb0.001.

Fig. 2. BAX/BCL-XL expression ratio in chronic myeloid leukemia (CML) and controls.
Patients with CML and controls classified: Healthy donors (HD), at diagnosis, chronic
phase (CP), accelerated phase (AP) and blastic crisis (BC).

Table 3
BCR-ABL/ABL ratio in CML phases.

CML phase group BCR-ABL/ABL(%) (X±SEM)

Patients at diagnosis (untreated) (n=13)** 76.62±8.6
Patients in chronic phase (n=34) 5.89±1.5
Patients in accelerate phase (n=10)** 32.11±9.8
Patients in blastic crisis (n=9)** 23.08±9.8

Significant differences respect to patients in chronic phase **pb0.01.
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In order to gain insight into the biology of TKI treatment in CML,
BCR-ABL/ABL expressionwas assessed in parallel in this cohort of eight
cases. The comparison of this classical progression monitor, BCR-ABL/
ABL, withBAX/BCL-XL expression ratio showed that the latter rendered
an immediate augment in response to TKI, whereas the former, a
delayed decrease in BCR-ABL/ABL relative expression following the
proapoptotic tendency. These results agree with the theoretical time
course of biological events in TKI treated CML cells: (a) TKI induced
inhibition of p210BCR-ABL, (b) extensive modification of transcript
expression of apoptosis-related genes, such as BAX and BCL-XL, (c)
activation of the apoptotic machinery, (d) cell death of p210BCR-ABL

positive clones resulting ultimately in lower values of BCR-ABL/ABL.

Discussion

Chronic Myeloid Leukemia (CML) is a malignant disease of the
human hematopoietic stem cell characterized by the presence of the
Philadelphia chromosome, t(9:22)(q34:q11), resulting in the BCR-ABL
fusion gene [15]. Patients who develop CML are currently treated with
tyrosine kinase inhibitors (TKIs), which inhibit the function of the
oncogene BCR/ABL. Most CML cells undergo apoptosis when BCR/ABL
tyrosine kinase activity is suppressed by TKIs. Cells surviving drug

treatment are either stem cells (CML in early phase) or cells with BCR/
ABL-dependent or -independent mechanisms of drug resistance (CML
in advanced phase) [16–18]. The presence of BCR-ABL rearrangement
has been linked to downregulation of pro-apoptotic genes (as BAX)
and up-regulation of anti-apoptotic genes (as BCL-XL) [19,20].

In acute myeloid leukemia (AML), it is known that apoptosis plays
a role in response to chemotherapy, suggesting an association
between therapy-induced apoptosis and therapeutic efficacy. Conse-
quently, the analysis of mitochondrial apoptotic proteins may
represent a significant prognostic tool to predict outcome. In AML,
low BAX/BCL2 ratio is correlated with poor cytogenetics risk, whereas
high ratios correlates with longer overall survival and disease free
survival [21]. However, in CML the contribution of apoptotic genes in
the transforming phenotype is still unclear.

In this study wemeasured transcript expression of BAX and BCL-XL
genes in K562 cell line treated in vitro with different TKIs, and also in
CML patients in different phases of the disease. Our results in K562
cells showed that all in vitro treatments induced a decreased
expression of the antiapoptotic oncogene BCL-XL, which determines
an increase in BAX/BCL-XL ratio after treatment. These results
encouraged us to characterize this ratio in CML patients in treatment
with different TKIs.

We detected an important variation of BAX/BCL-XL ratio among
patients in different stages of CML.We observed a significant decrease
in the BAX/BCL-XL ratio in all CML patients at diagnosis (1.28±0.16),
AP (1.14±0.20), BC (1.16±0.30) and 18% of cases in CP (2.71±0.40),
with respect to a group of healthy individuals (4.82±0.59). This low
ratio in CP patients is due to high expression of BCL-XL, which was not
associated with changes at the cellular or clinical level. In the majority
of CP cases (82%), this ratio increased significantly (10.03±1.30),
indicating that the treatment with TKIs efficiently blocked the
oncoprotein p210BCR-ABL, and consequently BCL-XL expression was
inhibited, and apoptosis occurred. These data show similarities with
those reported by other authors [10,22], who detected an increase in
BCL-XL during disease evolution. The BAX/BCL-XL ratio showed an
inverse significant correlation (Spearman Pb0.0001) with the level in
BCR-ABL/ABL transcripts, indicating that lower BAX/BCL-XL ratio was
related to disease progression.

Despite the vast literature on the biochemical signals triggered by
BCR-ABL very little is known about the mechanism by which BCR-ABL
inhibits apoptosis. An experimental model developed by Amarante et
al. [8] has shown that the ectopic expression of BCR-ABL leads to
upregulation of BCL-XL.

In CML, the expression of BCL-XL is induced by BCR-ABL protein
kinase through activation of the signal transducer and activator of
transcription-5 protein (STAT5) [10]. The proliferation rate has been
related to a terminal leukemia clinical stage, blastic crisis, and to high
levels of STAT5 activity [22]. Cases of CP with high expression of BCL-
XL and a lower BAX/BCL-XL ratio might be therefore considered at
high risk. Our results expressed as an index (BAX/BCL-XL) may be
useful, because scores lower than the control value were observed in
cases with disease progression. We considered that the study of the
expression of apoptosis-related genes by qPCR in CML could be an
important test in the follow up of patients because it permits
identification of predictive factors of response to treatment.

Our data about the follow up of eight patients showed that the
increase of BAX/BCL-XL ratio represents an immediate marker of the
proapoptotic changes, whereas the delayed reduction in BCR-ABL/ABL
relative expression reflects the final fate of the BCR-ABL positive
clones.

It is interesting to note that the relationship BAX/BCL-XL can identify
a subgroup of patients in chronic phase with low ratio and loss of
response to TKIs.

Prospective studies would be necessary to demonstrate the clinical
implications of the expression of apoptotic-related genes in CMLdisease
progression.

Fig. 3. Typical measurements of BCR-ABL/ABL relative expression in chronic myeloid
leukemia (CML) at different disease stages. Patients are studied at the following stages:
at diagnosis, chronic phase (CP), accelerated phase (AP) and blastic crisis (BC).

Fig. 4. Correlation between BAX/BCLX-L and BCR-ABL/ABL values in chronic myeloid
leukemia (CML) at different stages. Spearman correlation test of the entire cohort of
CML patients renders Pb0.0001. The shaded quadrant selects six cases in CP associated
with low BCR-ABL/ABL and low BAX/BCL-XL ratio. Dotted horizontal line indicates BAX/
BCL-XL ratio mean obtained from healthy donor samples. Patients with CML are
classified at different stages of the disease: at diagnosis (DX), chronic phase (CP),
accelerated phase (AP) and blastic crisis (BC).
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Although chromosome aberrations other than t[9,22] were detected
in CML progression, a specific molecular marker has not been
characterized yet.

Our data suggest that BAX/BCL-XL expression ratio may be a
sensitive monitor of disease progression and an early predictor of TKI
therapy responsiveness in CML patients.
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