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Abstract
Background: Imatinib mesylate, a TK inhibitor, is the main treatment for chronic myelogenous leukemia (CML), but
patients may develop drug resistance. Mutations within the Abl kinase domain, increased expression of BCR-ABL or
other regulatory mechanisms were suggested to be involved. However, recently the importance of BCR-ABL independent
mechanisms in Imatinib resistance has been suggested. Exploring the role of proteins involved in BCR-ABL independent
resistance is of great importance in designing new modalities to overcome resistance or potentiate TKI efficacy.
Cell model and Methods: In order to investigate the mechanisms of resistance, we developed an Imatinib resistant K562
cell line (K562-R). We focused on the involvement of BCR-ABL protein and p38 phosphorylation in K562-R resistance
and the response to histone deacetylase inhibitor (HDACI). Cellular and molecular studies were conducted using flow
cytometer, protein array, and RT-PCR and sequence analysis.
Results: Continuous exposure of K562-S to Imatinib mesylate resulted in an emerging sub-clone resistant to the drug. The
acquired resistance was found to be independent of BCR-ABL. K562-R exhibited elevated spontaneous apoptosis in
correlation with elevated levels of phosphor-p38 and a significant decrease in the expression of Wilms' tumor (WT1).
Interestingly, the extent of apoptosis induction by HDACI was significantly higher in K562-R than in K562-S cells.
HDACI induced phosphorylation of p38 in both cells. Nevertheless, inhibition of phosphor-p38 by SB203510 did not
affect the response to HDACI neither in K562-S nor in K562-R cells.
Conclusions: Our data suggests that phospor-p38 do not play a major role in the apoptosis induced by this HDACI in
K562-S and K562-R cells. However, the potentiated response of HDACI in K562-R cells may have an implication for
combined therapy design in CML treatment. Further investigation on the role of proteins associated with apoptosis
pathways may have important implications in future design of new modalities to overcome resistance or potentiate TKI
efficacy.
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1 Introduction
Chronic myelogenous leukemia (CML) is associated with the chimeric, BCR-ABL protein, with high tyrosine-kinase
(TK) activity [1]. Imatinib mesylate is a TK inhibitor and serves as the main treatment for CML. However, 5-10% of
patients acquire resistance to the drug, and suboptimal response is observed in up to 20% of the patients. This may be due
to either increased expression or mutations in BCR-ABL TK domain. However, other Imatinib resistance mechanisms that
do not involve BCR-ABL have been described [2-4]. Studies of these mechanisms are of great importance in the design of
drug therapy for CML.
One possible approach to overcome Imatinib resistance involves the combination of Histone Deacetylase Inhibitors
(HDACI). Many malignancies, particularly leukemia, are associated with aberrant recruitment of HDAC [5]. It has been
also shown that the transcription factor Wilms' tumor (WT1), which is highly expressed in leukemia and is induced by
oncogenic signaling from BCR-ABL, contributes to the resistance against apoptosis induction by Imatinib [6].
Recent studies have suggested the involvement of the mitogen-activated protein kinase (MAPK) family in Imatinib
resistance. The proper functioning of members of the p38 family of MAPK is required for regulation of apoptosis, cell
cycle arrest and induction of cell differentiation in response to stress signals [7]. Therefore, the involvement of p38 in
imatinib resistance and Imatinib and HDACI induced apoptosis was investigated. As a model for CML resistance we
developed an Imatinib-resistant variant of K562 (K562-R) which is a CML cell line expressing BCR-ABL.
The aim of the study was to determine whether BCR-ABL kinase domain mutation, or over expression of it or its target
proteins are involved in the acquired resistance of K562-R cells, and whether the p38 pathway contributes to the
resistance. The effect of HDACI on K562-R cells was studied as well.

2 Cell model and methods
2.1 Cell cultures
As a model for CML resistance we developed an Imatinib-resistant variant of K562. This was achieved by culturing K562
parental (K562-S) cells in RPMI medium with 10% FCS and 1% glutamine in the presence of gradually elevated
concentrations of Imatinib (0.1 µM to the final concentration of 2 µM) for 7 months based on previous experience [5, 8]. The
cells were under the same conditions as K562-S cells, but supplemented with 2 µM Imatinib. K562-R cells were incubated
in the absence of Imatinib in the medium for 3 days prior to all experiments. Both cell lines were cultured at 2.5×105
cells/mL, at 37℃ in a humidified 5% CO2 incubator for various intervals with or without pivaloyloxymethyl butyrate, a
HDACI, and Imatinib.

2.2 Viable cell number analysis
Cell viability assays were conducted in order to evaluate K562-R resistance to Imatinib and the response to other agents.
Viable cells were determined by trypan blue exclusion test and Alamar blue, according to the manufacturer’s instructions
(SeroTec BFU012B). The results are presented as percentage of control values.

2.3 Apoptosis induction
Apoptosis induction was measured by 2 methods:
I. IQ Phosphatidyl Serine Detection kit (Annexin V; IQP Products Groningen, Netherland). The analysis was conducted
by flow cytometer according to the manufacturer’s instructions and analyzed with Lysis software (Becton Dickinson,
Franklin Lakes, NJ, USA).
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II. Caspase-3 activity: Caspase activity was analyzed in cell lysates containing 30-100 μg protein incubated with 100 μM
of substrate (Ac-DEVD-AMC) at 37°C. The hydrolysis of the substrate was followed by fluorescence detection: 380 nm
(excitation) and 460 (emission) in a CytoFluor fluorescence plate reader.

2.4 BCR-ABL protein and transcript
BCR ABL protein and transcript levels, as well as mutation status were analyzed in order to determine the possible
involvement of this main CML target in the resistance. The immediate phosphor targets of BCR-ABL cascade were also
analyzed.

2.5 BCR-ABL protein analysis by immunoblotting
Two primary antibodies were used for detection of the BCR-ABL chimeric protein: anti-Bcr mouse monoclonal antibody
(Ab-2, OP26) and anti-Abl mouse monoclonal antibody (Ab-2, OP19) (Oncogene Science, Bar Harbor, MA, USA), at
2 µg/mL each. Secondary fluorescent antibodies were: goat anti-mouse (Oncogen Science, MA, USA) at a dilution of
1:500-1:1000 and goat anti-rabbit (New England Biolabs, Ipswich, MA, USA) at a dilution of 1:500. Western blot analysis
was performed as previously described [9]. Beta-actin was used to standardise the amount of protein loaded on the gel.
Non-saturated bands were scanned using a densitometer, and the results were expressed as a percent of control (untreated
cells).

2.6 Quantitative assessment of BCR-ABL transcripts
BCR-ABL expression level was determined by RQ-PCR using TaqMan probes for BCR-ABL and ABL and primers as
described [10]. Absolute quantification was achieved using the Ipsogen plasmid standard curves.

2.7 BCR-ABL mutation status
Mass-array genotyping was performed in order to evaluate the mutation status in the BCR-ABL TK domain in K562-S and
K562-R cells, using a chip-based matrix-assisted laser desorption-time of flight mass spectrometer (MALDI-TOF).
Multiplex SNP assays were designed for the main 45 reported mutations that confer Imatinib resistance [11]. The whole
Abl-kinase domain was screened, from amino acid 220 to 500 [11].

2.8 Phosphor-BCR-ABL targets protein analysis
The immediate targets of phosphor-BCR-ABL: Stat5, and crkl were evaluated. PathScan BCR-ABL Activity Assay kit
(purchased from Upstate Cell Signaling). This assay was used to detect phosphor-c-Abl, phosphor-Stat5, and
phosphor-Crkl. Analyses were performed according to the manufacturer's instructions.

2.9 Quantitative assessment of WT1
Assessment of the amount of WT1 transcript was performed by RQ-PCR using TaqMan-based technology, primers and
probes were used, as described [12]. The amount of WT1 transcript was normalized with respect to the amount of ABL
transcript. We used the comparative ∆∆Ct method to calculate the RQ-PCR results. In brief, the Ct of WT1 in the resistant
cells was normalized by subtracting the Ct of ABL (∆Ctresistant) and subsequently normalized by the ∆Ctsensitive
(CtWT1-CtABL) of the sensitive cells, that is, ∆∆Ct (∆Ctresistant - ∆Ctsensitive). The value was transformed into the relative
quantitative value (2-∆∆Ct), presented as the RQ of sensitive cells (%) [13].

2.10 Levels of P38 and phosphor-p38 proteins and the effect of inhibition by SB203580
Two primary unstained antibodies were used: anti- phosphor p38 mouse monoclonal antibody (Sigma) at 1:3500 dilution
and anti- total p38 polyclonal antibody (cell-signaling) at 1: 500 dilutions. Fluorescent antibodies: goat anti-mouse (PN
926-32210) and goat anti-Rabbit (926-32211) for Odyssey system from LI-COR biosciences, USA. Western blot analysis
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was performed as previously described [9]. Beta-actin was used for normalization of the amount of protein loaded on the
gel. The results are calculated as % of phosphor-p38 from total p38. Non saturated bands were scanned using a scanning
densitometer, and the results were expressed as a percent of control (untreated cells).
The involvement of p38 was examined by the effect of SB203580, a phospho-p38 inhibitor (Alexis Biochemicals San
Diego, CA, USA).

2.11 Statistical analysis
Results are expressed as mean±SE. Student's t-test was performed to compare two samples. For more than two samples,
one way ANOVA was used, in which all samples were compared to the corresponding control sample.

3 Results
3.1 Imatinib resistance, evidenced by cell viability and apoptosis
K562-S and K562-R cells were exposed to Imatinib at different concentrations for 48h. The calculated IC50 for Imatinib
was 33 times higher for K562-R than K562-S cells as shown by viability assays with trypan blue, 11 µM and 0.3 µM,
respectively (Figure 1A). Similar results were obtained with Alamar blue. Exposure to 0.5 μM Imatinib resulted in a
marked apoptosis and enhanced caspase activity in K562-S cells. As expected, it did not cause significant apoptosis in
K562-R cells (Figures 1B and C). However, at a 16-fold higher concentration, Imatinib induced apoptosis in K562-R cells
similar to that induced in K562-S cells by 0.5 μM Imatinib (data not shown). Spontaneous programmed cell death with
apoptotic features, as shown by DAPI staining, was higher in K562-R (10.9±0.41) than in K562-S cells (5.4±0.6) at 48h
(p=0.0002). Similar results were obtained with Annexin V staining (p<0.001, Figure 1B). Partial reversal of the resistance
occurred upon removal of Imatinib from the culture medium of K562-R cells after 20 passages. This was shown by the
reduced IC50 to 2μM.

Figure 1. Viability and apoptosis of K562-S and K562-R
A. Viability: K562- S (○) and K562-R (●) cells were incubated in the
presence of 0.125-32 µM Imatinib and tested for viability by trypan blue
assay. Samples were withdrawn every 24 h for evaluation of viability. Cell
viability at 48h of exposure up to 4 µM Imatinib is shown. B. The
percentage of apoptosis was measured by Anexin V staining at 72h
following culturing of K562-S (□) and K562- R (▀) cells in fresh medium
with the indicated concentrations of Imatinib. C. Caspase 3 activity of
K562-S ( □ ) and K562- R cells (▀) exposed to 2µM Imatinib was
measured using fluorometer. The results are expressed as fold increase of
the control value of caspase 3 activity per milligram protein at the
indicated time of exposure. #, p<0.05 difference between K562-S and
K562- R cells at the same condition.
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3.2 BCR-ABL, protein and phosphor-protein, BCR-ABL transcripts and
Tyrosine kinase domain mutation screening
BCR-ABL protein, evaluated by Western blot (Figures 2A and 2B) and BCR-ABL transcripts, (Figure 2C) measured by
quantitative RT-PCR, at steady state were similar in both cell lines (Figure 2, p>0.5). No significant difference was
demonstrated in the phosphorylated BCR-ABL at 24h of exposure to fresh medium (Figure 3). Mass-assay genotyping
with MALDI-TOF did not reveal any mutations in either cell lines.

Figure 2. The expression of BCR-ABL in K562-S and
K562-R cells.
The expression of total BCR-ABL in K562-S (□) and K562-R (▀)
cells was determined by Western blot analysis after 48h of
exposure to fresh medium with or without Imatinib and
normalized by βeta-actin. A. Representative blot. B. Total
BCR-ABL of 4 separate experiments (mean±SE). C. BCR-ABL
transcripts normalized by ABL of 3 separate experiments
(mean±SE).

Exposure of the cells to Imatinib at the indicated concentrations for 24-72h had no significant effect on BCR-ABL protein
levels in both cell lines. Figure 2B shows the results at 48h. Levels of phosphorylated BCR-ABL were reduced in both cell
lines by about 35% after 20 min of exposure to 2 μM Imatinib and about 50% after 24h of exposure (Figure 3).

3.3 Phospho-Stat5 and phosphor–crkl
The immediate targets of phosphor-BCR-ABL: Stat5 and crkl were phosphorylated similarly in both cell lines. Exposure
to Imatinib for 20min and 24h induced similar changes in these proteins in both cell lines as evaluated by densitometry
(Figure 3).

3.4 Effect of HDACI
In order to determine the specificity of Imatinib resistance mechanism in K562-R cells, K-562-S and K562-R cells were
exposed to other agents, such as Pivaloyl-oxymethyl Butyrate, a HDACI and arsenate trioxide (As2O3). Exposure to 2.0
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μM of As2O3, showed reduction in viability (about 75%) and apoptosis (about 26%) in both cell lines. However, HDACI
induced 2 times higher loss of viability in K562-R cells (35% vs. 16% for K562-R and K562-S, respectively, p=0.0001)
and higher apoptosis (Figure 4A).

Figure 3. The expression of phosphor-BCR-ABL and its
target proteins.
The expression of phosphor-BCR-ABL and its target proteins,
phosphor-Stat5 and phosphor-Crkl, were evaluated by
Pathscan Multiplex Western detection kit. The expression of
the phosphor-proteins was determined at 20min and 24h
following the exposure to medium or Imatinib. Elongation
initiation factor protein (elF4E) antibodies were used to
normalize the protein loading. A representative data from 4
separate experiments is shown.

3.5 WT1 gene expression
WT is highly expressed in leukemic cells and induced by oncogenic signalling from BCR-ABL. The expression of WT1
was reduced by 63% in K562-R cells compared to K562-S cells (37±4% in K562-R compared to K562-S, p<0.00001). The
addition of 0.25 µM Imatinib reduced the expression of WT1 in K562-S cells by 67%, but it failed to affect the K562-R
cells (Figure 4B). K562-R and K562-S showed a similar reduction (35%) in the expression of WT1, in the presence of the
same concentration of HDACI (data not shown).
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Figure 4. Apoptosis induction, WT1 expression and the levels of phosphor-p38.
A. The percentage of apoptosis was determined by Anexin V staining in K562-S (□) and K562- R (▀) cells exposed to various
concentrations of HDACI. Data are presented as mean ±SE of 4 experiments. B. The expression of WT1 normalized by ABL in both cell
lines following exposure to Imatinib. C. The expression of phosphor-p38 normalized by total p38 protein in K562-R and K562-S cells
after 48h of exposure to imatinib and HDACI is shown (mean ±SE of 4 experiments) *p<0.05. D. A representative Western blots after
48h of exposure to fresh medium with or without 100 µM HDACI and 0.5 µM Imatinib.

Figure 5. The effect of SB203510 on the response to HDACI and Imatinib.
Cells were incubated in the presence or absence of Imatinib and HDACI at the indicated concentrations with or without the SB203510
for 3 days. A. Apoptosis was determined by Anexin V staining at 72h. B. Cell viability was determined by trypan blue assay after 48h.
The results represent the percentage of control value. The number of cells/mL in control samples was 1.3 *106 and 1.27× 106 for K562-S
and K562-R respectively. * p<0.05.

3.6 Phosphorylated p38
The levels of phosphor-p38 MAPK at steady state were by 73±14% higher in K562-R than in K562-S cells as shown by
Western blot analysis (p< 0.006).
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Exposure of K562-S cells to Imatinib resulted in a 50% increase in phosphor-p38 from control values (p<0.001), while
K562-R cells showed only an insignificant enhancement of 5% (Figure 4C). In both cell lines, the exposure to HDACI
caused an increase in the levels of phosphor-p38 protein. The increase was higher in K562-S cells, Figure 4D (p<0.02).

3.7 Inhibition of phosphorylated p38 by SB203580
In order to shed light on the involvement of p38 in response to Imatinib and HDACI, in K562-R cells, we examined the
effect of p38 inhibition on apoptosis and viability.
SB203580, a phosphor- p38 inhibitor, enhanced the viability of K562-S and K562-R cells by 25% and 32% respectively
(p=0.007). The combination of the inhibitor with Imatinib enhanced cell viability and reduced apoptosis induction in
K562-S cells compared to Imatinib (p<0.001). Imatinib in combination with the inhibitor had no effect in K562-R cells
(Figure 5)
Neither the apoptosis induction nor the viability losses by HDACI were affected by the inhibitor in both cell lines.

4 Discussion
TK Domain inhibitors are the most effective agents in the treatment of CML. Nevertheless, the sequence of molecular
events downstream to the blockage of the TK domain is, in part, still unknown. Although most cases of Imatinib resistance
stem from kinase domain mutations and/or over expression of the BCR-ABL gene, BCR-ABL-independent mechanisms
have been recognized as well [14, 15]. Our data show that BCR-ABL protein, phosphor-protein and transcripts levels in the
K562-R cells were similar to those of K562-S cells. Same levels of the immediate target proteins of phosphor-BCR-ABL
(phosphor-Stat5 and phosphor–crkl) were shown in both cell lines. These suggest that K562-R cells are
BCR-ABL-independent. Furthermore, the absence of mutations in the Abl kinase catalytic domain in the
Imatinib-resistant variant excludes the possibility that this resistance was due to mutation in the TK domain.
Our data show that the expression of MDR- Pgp protein (CD243-RPE) and the activity (determined by Rh123 efflux) was
similar in both cell lines (data not shown). Therefore, MDR is probably not involved in the observed resistance. However,
interesting data arises from comparing K562-R and K562-S cells. K562–R cells were shown to have a more apoptotic
phenotype than K562-S cells. Phospor-p38 was higher in K562-R compared to K562-S. Enhanced expression of
Phospor-p38 induced by Imatinib in BCR-ABL expressing cells has been shown by Parmar & al. Their findings suggested
for the first time the involvement of p38 pathway in the response to Imatinib [16]. Moreover, also WT1 expression was
lower significantly in K562-R compared to K562-S. These changes in Phospor-p38 and WT1 may explain the elevated
basal apoptosis of K562-R.
The induction of apoptosis in K562-R cells, by Pivaloyl-oxymethyl Butyrate, a HDACI, and Arsenate trioxide, but not by
Imatinib, suggests that the apoptosis pathway is altered only in response to Imatinib. These results indicate a partial
interference in the apoptosis cascade in these resistant cells.
Interestingly, higher apoptosis was induced by HDACI in K562-R cells and higher phospor-p38 levels were found in these
cells compared to K562-S cells. Parmar & al. [16] and Olaf & al. [17] have shown enhanced phospor-p38 in response to
Imatinib and butyrate and suggested that phospor-p38 is a mediator of their anti-leukemic effect. It was shown that the
proper function of p38 family is required for regulation of apoptosis, cell cycle arrest and induction of cell differentiation
in response to stress signals [7]. Therefore, involvement of p38 in the apoptosis induced by HDACI in K562-R cells was
investigated. HDACI induced phospor-p38 only slightly in K562-R cells in comparison to its effect on K562-S cells. This
could stem from the already high phospor-p38 in K562-R cells. As expected, inhibition of phospor-p38 by pyridinyl
imidazole compound (SB203510) inhibited Imatinib induced apoptosis in K562-S. Similar suppression of Imatinib effect,
by inhibition of phospor-p38, was demonstrated in primary leukemic cells from CML patients [16]. But inhibition of
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phospor-p38 had no effect neither on viability nor on apoptosis induction by HDACI in both K562-R and K562-S cells.
Our data suggests that phospor-p38 does not play a major role in the apoptosis induced by this HDACI in K562-S and
K562-R cells.
In summary, we describe a CML Imatinib-resistant, BCR-ABL independent, cell line with high levels of phosphor-p38.
Elevated levels of apoptosis induced by HDACI in these cells were demonstrated. Further investigation on the role of
proteins associated with apoptosis pathways may have important implications, in future design, of new modalities either to
overcome resistance or potentiate TKI efficacy.
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