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The chimaeric protein Bcr/Abl, the hallmark of chronic myeloid
leukaemia, has been connected with several signalling pathways,
such as those involving protein kinase B/Akt, JNK (c-Jun N-ter-
minal kinase) or ERKs (extracellular-signal-regulated kinases) 1
and 2. However, no data about the p38 MAPK (mitogen-activated
protein kinase) have been reported. Here, we present evidence
showing that Bcr/Abl is able to modulate this signalling pathway.
Transient transfection experiments indicated that overexpression
of Bcr/Abl in 293T cells is able to activate p38 MAPK or induce
p73 stabilization, suggesting that c-Abl and Bcr/Abl share some
biological substrates. Interestingly, the control exerted by Bcr/Abl
on the p38 MAPK pathway was not only mediated by the tyrosine
kinase activity of Bcr/Abl, as the use of STI571 demonstrated. In
fact, Bcr alone was able to induce p38 MAPK activation speci-
fically through MKK3 (MAP kinase kinase 3). Supporting these

observations, chronic myeloid leukaemia-derived K562 cells or
BaF 3 cells stably transfected with Bcr/Abl showed higher levels
of phosphorylated p38 MAPK compared with Bcr/Abl-negative
cells. While Bcr/Abl-negative cells activated p38 MAPK in re-
sponse to Ara-C (1-β-D-arabinofuranosylcytosine), Bcr/Abl-posi-
tive cells were unable to activate p38 MAPK, suggesting that the
p38 MAPK pathway is not sensitive to Abl-dependent stimuli in
Bcr/Abl-positive cells. Our results demonstrate that the involve-
ment of Bcr/Abl in the p38 MAPK pathway is a key mechanism for
explaining resistance to Ara-C, and could provide a clue for new
therapeutic approaches based on the use of specific Abl inhibitors.
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INTRODUCTION

Chronic myeloid leukaemia (CML) is one of the most studied hu-
man malignancies. Originating in a haematopoietic stem progeni-
tor cell by a reciprocal translocation between chromosome 9 and
22 t(9:22)(q34:11), it produces the Philadelphia chromosome.
This translocation joins the c-Abl tyrosine kinase on chromo-
some 9, and the BCR (break-point cluster region) on chromosome
22. The consequence of this translocation is the production of a
chimaeric Bcr/Abl protein with deregulated activity, which plays
an essential role in the pathogenesis of the disease (for a review,
see [1]).

Deregulation induced by this chimaeric protein affects the func-
tion of several signalling pathways implicated in the malignant
phenotype. Consistent with this, activation of the JNK (c-Jun
N-terminal kinase), ERKs (extracellular-signal-regulated kinases)
1 and 2, PI3K (phosphoinositide 3-kinase)/Akt (or protein ki-
nase B) and STAT5 pathways by Bcr/Abl has been reported as a
mechanism of survival and proliferation independent of growth
factors [2–4]. However, no clear relationship has been established
with the p38 MAPK (mitogen activated protein kinase) in terms of
signal transduction, although recent evidence supports a role for
p38 MAPK in interferon response in Bcr/Abl-positive cells [5].
This kinase, one of the SAPKs (stress-activated protein kinases),
has been shown to be activated by different types of stress,
including genotoxic stress mediated by chemotherapy. Further-
more, this kinase is also implicated in cellular processes, such

as cell cycle regulation, differentiation and morphogenesis (for a
review, see [6–9]). Moreover, it has recently been demonstrated
that this pathway can control the phosphorylation status of the
tumour suppressor protein p53 after DNA damage [10], and that
blockage of this pathway in the presence of oncogenic Ras can be a
mechanism of tumour promotion [11]. Among several molecules
upstream of this pathway, c-Abl has been shown to be one of
the key regulators of the p38 MAPK pathway in the activation
mediated by genotoxic stress induced by DNA-damaging agents
such as cisplatin or Ara-C (1-β-D-arabinofuranosylcytosine; for
a review, see [12]). It should be mentioned that Ara-C is a classic
anti-neoplasic agent widely used in the treatment of CML blast
crisis, which provides a typical example of genotoxic stress
mediated through p38 MAPK and c-Abl [13–16].

Therefore we decided to investigate the possible connection
between Bcr/Abl and the p38 MAPK pathway, and the impli-
cations of this in terms of Ara-C-based therapy. Our results
demonstrate a connection between Bcr/Abl and the p38 MAPK
pathway, which mediates resistance to Ara-C in CML cells.

EXPERIMENTAL

Chemicals and antibodies

Antibodies against the phosphorylated forms of p38 MAPK
and MKK (MAP kinase kinase) 3/6 were purchased from Cell

Abbreviations used: Ara-C, 1-β-D-arabinofuranosylcytosine; BCR, break-point cluster region; CML, chronic myeloid leukaemia; ERK, extracellular-signal-
regulated kinase; GFP, green fluorescent protein; HA, haemagglutinin; IL-3, interleukin-3; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein
kinase; MKK, MAP kinase kinase; PI3K, phosphoinositide 3-kinase; SAPK, stress-activated protein kinase.
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Signalling Technology. Antibodies against the non-phosphoryl-
ated forms of p38 MAPK, MKK3, Bcr and HA (haemagglutinin)
were purchased from Santa Cruz Biotechnology. Antibodies
against Abl and E1a were from Oncogene Science, phospho-
tyrosine (4G10) was from Upstate Biotech, SKF86002 was from
Calbiochem and Ara-C was from Pharmacia. STI571 was kindly
supplied by Elisabeth Buchdunger (Novartis-Pharma, Basel,
Switzerland).

Cell lines and plasmids

293T cells were maintained in 5% CO2 at 37 ◦C in Dulbecco’s
modified Eagle’s medium (BioWhittaker) supplemented with
10% (v/v) fetal bovine serum plus antibiotics (BioWhittaker).
BaF3, BaF3210 (kindly supplied by Dr Pérez Roger, University
of Cardenal Herrera-CEU, Valencia, Spain), U937 and K562 cells
were maintained in RPMI medium supplemented with 10% fetal
bovine serum plus antibiotics. BaF3 cells were supplemented with
10% conditioned medium from Wehi cells. Plasmids for c-Abl,
p38 MAPK, GFP (green fluorescent protein), c-Abl and p73 have
been described previously [17]. HA-tagged MKK3 and MKK6
were kindly supplied by Professor J. Woodgett (Experimental
Therapeutics, Ontario Cancer Center, Toronto, ON, Canada). The
expression vector for Bcr/Abl (p210) was kindly supplied by
Dr J. Wang (University of San Francisco, CA, U.S.A.). The
plasmid for Bcr was generously given by Dr Ralph B. Arlinghaus
(MD Anderson Cancer Center, The University of Texas, TX,
U.S.A.).

Western blotting and immunoprecipitation assays

Cells were treated and collected in lysis buffer [25 mM Hepes
(pH 7.5)/0.3 M NaCl/1.5 mM MgCl2/0.2 mM EDTA/1% Triton
X-100/0.1% SDS/0.5% deoxycholic acid/20 mM β-glycerol
phosphate] in the presence of protease and phosphatase inhibitors
(0.2 µg/ml leupeptin, 2 µg/ml aprotinin, 1 mM PMSF and
0.1 mM Na3VO4). Samples (50 µg) were loaded on to SDS/10%
polyacrylamide gels, transferred to nitrocellulose filters and blot-
ted against the different proteins using specific antibodies against
the phosphorylated form or the total protein. In the immuno-
precipitation assay, extracts were pre-cleared and soluble fractions
were incubated with anti-HA or anti-p38 MAPK antibody. After
at least 2 h, extracts were incubated for 45 min in the presence
of Protein G (Gamma-bind Sepharose; Pharmacia Biotech), and
then washed three times in the same lysis buffer. Then, immuno-
complexes were resuspended in loading buffer and loaded on to
SDS/10% polyacrylamide gels. Western blots were quantified
using Scion software.

In vitro kinase assays

Kinase assays for p38 MAPK were performed using the p38
MAPK kinase assay kit (non-radioactive) from Cell Signalling
Technology. Cells were treated with Ara-c for the indicated times,
and processed by following the manufacturer’s instructions.

Transfections

293T cells were transiently transfected using LipofectamineTM

(Invitrogen) following the manufacturer’s instructions. The total
amount of DNA was normalized using an empty vector. Cells
were lysed 36 h after transfection and samples were processed
for immunoprecipitation or Western blot analysis, as described
above.

Figure 1 Bcr/Abl activates p38 MAPK and stabilizes p73

(A) 293T cells were transiently transfected with HA–p38 MAPK (0.5 µg), plus GFP or Bcr/Abl
(0, 2 or 4 µg) using LIPOFECTAMINETM. After transfection (36 h), cells were collected in lysis
buffer. Anti-HA immunoprecipitates were immunoblotted against phospho (P)-p38 (upper centre
panel), and as a loading control membranes were re-probed against HA (lower centre panel).
Bcr/Abl expression was evaluated by Western blotting (top panel). In vitro kinase assays
were performed under the same conditions. HA–p38 MAPK was immunoprecipitated and
incubated for 30 min at 30◦C with 1 µg of GST–ATF2 fusion protein in the presence of cold
ATP. Reactions were stopped by adding 50 µl of 5× loading buffer. Samples were blotted
against phospho-antibody Thr71 of ATF-2 (bottom panel). (B) 293T cells were transiently
transfected with HA-p73 (0.5 µg) and increasing amounts of Bcr/Abl (0, 2 or 4 µg) using
LIPOFECTAMINETM. After 36 h, cells were collected in lysis buffer. Samples were immunoblotted
against HA and E1A or immunoprecipitated and blotted against phosphotyrosine (P-Tyr). Bcr/Abl
was able to stabilize HA–p73 in a dose-dependent fashion, correlating with an increase in
tyrosine phosphorylation. As a loading control, lysates were blotted against E1a. The autoradio-
grams are from a representative experiment that was repeated three times with nearly identical
results.

Flow cytometry assays

Cells were washed with PBS and fixed with 70% (v/v) ethanol
for 30 min at −20 ◦C. Then, cells were washed and finally resus-
pended in 1 ml of PBS with propidium iodide (10 µg/ml) and
RNAse (20 µg/ml). Samples were analysed with Epics XL
(Coulter Electronics). Cells with low DNA stainability (sub-G1

peak lower than of G1 cells) were considered as an apoptotic popu-
lation. The apoptotic population was considered to be the peak
prior to the G0/G1 population.

RESULTS

Bcr/Abl activates p38 MAPK and stabilizes p73

Although the chimaeric Bcr/Abl protein has been connected to
other signal transduction pathways, no relationship has been
demonstrated with the p38 MAPK pathway. p38 MAPK is
extensively related to c-Abl in terms of DNA damage [13], and
both molecules have been shown to share biological substrates
such as p73 [17]. Therefore we decided to investigate whether
Bcr/Abl is able to activate p38 MAPK in transient transfection
assays. 293T cells were transiently transfected with HA-tagged
p38 MAPKα plus GFP, as a negative control for immunopre-
cipitation, or Bcr/Abl. Then, 36 h later, the cells were processed to
measure p38 MAPK phosphorylation. Clearly, Bcr/Abl was able
to activate p38 MAPK, indicating that p38 MAPK is a downstream
effector of Bcr/Abl (Figure 1A).

To validate our results with specific phospho-antibodies, an
in vitro kinase assay of the transfected HA–p38 MAPK using as
a substrate a GST–ATF2 fusion protein was performed, yielding
similar results (Figure 1A, bottom panel). Following a similar
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Figure 2 Bcr/Abl activates p38 MAPK through MKK3 and MKK6 pathways in a Abl-dependent and -independent fashion

(A) 293T cells were transiently co-transfected with HA–MKK6 or HA–MKK3 (0.5 µg) plus increasing amounts of Bcr/Abl (0, 2 or 4 µg) using LIPOFECTAMINETM. After 36 h, cells were collected
in lysis buffer and immunoprecipitated against HA. Immunocomplexes were blotted against phospho (P)-MKK6/3, and membranes were re-probed against HA. Bcr/Abl activates both p38 MAPK
upstream kinases in a dose-dependent fashion. (B) 293T cells were transiently co-transfected with 0.5 µg of HA-p38 MAPK and GFP, or Bcr/Abl (2 µg) using LIPOFECTAMINETM. After 24 h, cells
were incubated in the presence/absence of STI571 (10 µM for 8 h). Samples were collected in lysis buffer with or without STI571, and immunoprecipitated against HA. Immunoprecipitates were
blotted against P-p38, and re-probed against HA. Total cell lysates were blotted against P-Bcr/Abl and re-probed against Bcr/Abl. STI571 partially blocks the activation of p38 MAPK. (C) 293T
cells were transiently transfected with HA-p38 MAPK (0.5 µg), and Bcr (0, 2 or 4 µg) using LIPOFECTAMINETM. After transfection (36 h), cells were collected in lysis buffer. Anti-HA immunoprecipitates
were immunoblotted against P-p38, and as a loading control membranes were re-probed against HA. Bcr expression was evaluated by Western blotting in total cell lysates. (D) 293T cells were
transiently transfected using LIPOFECTAMINETM, with 0.5 µg of HA–MKK6 or HA–MKK3 or with 2 µg of GFP, Bcr or c-Abl. After transfection (36 h), cells were collected in lysis buffer and
immunoprecipitated against HA. Anti-HA immunoprecipitates were immunoblotted against P-MKK3/MKK6, and as a loading control membranes were re-probed against HA. The autoradiograms are
from a representative experiment that was repeated three times with nearly identical results.

approach, we decided to see whether Bcr/Abl was able to stabil-
ize p73. This member of the p53 family appears to be stabilized
through tyrosine phosphorylation mediated by c-Abl, causing
an increase in the half-life of the protein [18–20]. 293T cells
were transiently transfected with GFP or Bcr/Abl plus HA-tagged
p73α; 36 h later, the cells were lysed to measure p73 levels and
tyrosine phosphorylation. Bcr/Abl was able to stabilize p73 in a
dose-dependent fashion, which correlates with an increase in tyro-
sine phosphorylation, as the use of HA and phospho-tyrosine
antibodies indicates (Figure 1B). These experiments support the
hypothesis that Bcr/Abl and c-Abl are utilizing similar biological
substrates.

Bcr/Abl mediates p38 MAPK activation by Abl-dependent
and -independent pathways

Previous work demonstrated that c-Abl-dependent p38 MAPK
activation is mediated through the upstream activator MKK6, with
no apparent implication of the other upstream kinase MKK3 [21].
This observation was obtained after treatment with cisplatin, a
classic c-Abl stimulus [13]. We decided to study which upstream
molecules mediate the p38 MAPK activation in the context of Bcr/
Abl expression. Therefore 293T cells were transfected with
MKK3 or MKK6 in the presence or absence of Bcr/Abl. Interest-
ingly, both p38 MAPK upstream activators were activated by Bcr/
Abl (Figure 2A). To evaluate the participation of c-Abl in the

Bcr/Abl-mediated p38 MAPK activation, we decided to use
the c-Abl-specific inhibitor STI571 [22,23], an extremely selec-
tive drug that only affects Bcr/Abl-positive cells [24]. 293T cells
were transfected with HA-p38 MAPK plus GFP or Bcr/Abl. After
24 h, the cells were incubated in the presence/absence of STI571
for 8 h, and then collected in lysis buffer with STI571 in order to
keep Bcr/Abl-mediated tyrosine phosphorylation blocked (Fig-
ure 2B). As a control for non-specific inhibition, the same ap-
proach was performed without STI571 in lysis buffer. Immuno-
precipitated samples were blotted against the active form of p38
MAPK. Pre-treatment with STI571, regardless of its presence in
the immunoprecipitation buffer, partially blocked the activation
of p38 MAPK (by approx. 50 %) in the presence of Bcr/Abl
(Figure 2B). These data suggest the possibility of activation in a
Bcr-dependent manner. Therefore we overexpressed Bcr in 293T
cells, and an obvious activation of p38 MAPK was detected
(Figure 2C). These results, together with our previous observation
with STI517, supports the co-existence of Abl-dependent and Bcr-
dependent pathways in p38 MAPK activation mediated through
Bcr/Abl. Finally, we studied which p38 MAPK upstream mol-
ecules were implicated in the activation of p38 by Bcr (Figure 2D).
As expected, Abl was able only to activate MKK6, with almost
no effect on MKK3, whereas Bcr preferentially activated MKK3.
These data confirmed our observations, and demonstrated the
existence of two different mechanisms for the activation of p38
MAPK by Bcr/Abl.
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Figure 3 Constitutive expression of Bcr/Abl blocks activation of p38 MAPK by Ara-C

(A) U937 and K562 cells were cultured at 2 × 105 cells/ml and treated with Ara-C (50 µM) for 3 or 6 h. Cells were collected in lysis buffer, and total cell lysates were blotted against phospho (P)-p38
MAPK and P-MKK3/6. Different basal levels in p38 MAPK and MKK3/6 phosphorylation were observed between U937 and K562 cells. K562 cells showed a lack of activation in response to Ara-C.
Membranes were re-blotted against total p38 and MKK3 as loading control. (B) Similar conditions were used for an in vitro kinase assay using as a substrate GST–ATF2. Total p38 MAPK was
immunoprecipitated and incubated for 30 min at 30◦C with 1 µg of GST–ATF2 fusion protein in the presence of cold ATP. Reactions were stopped by adding 50 µl of 5× loading buffer. Samples
were blotted against phospho-antibody Thr71 of ATF-2. Total p38 MAPK immunoprecipitated was used as a loading control. (C) U937 and K562 cells were cultured at 2 × 105 cells/ml for 16 h, and
then treated with Ara-C (50 µM) for 24 h. Apoptosis was evaluated by flow cytometry. U937 cells underwent apoptosis, whereas no effect was observed in K562 cells. The results presented in the
histogram are the average of three independent experiments; the bars represent S.D. (D) U937 and K562 cells were cultured at 2 × 105 cells/ml for 24 h, after which cells were treated with NaCl
(200 mM) for 20 min and collected in lysis buffer. Total cell lysates were blotted against P-p38 MAPK and p38 MAPK. Cells were able to activate p38 MAPK regardless of Bcr/Abl expression.

Constitutive expression of Bcr/Abl blocks activation
of p38 MAPK by Ara-C

In order to evaluate the biological implications of our previous
findings, we decided to study whether the p38 MAPK pathway
was altered in Bcr/Abl-expressing cells. As a first approach, we
evaluated the status of the p38 MAPK pathway in K562 (Bcr/
Abl-positive) and U937 (Bcr/Abl-negative) cell lines. Cells ex-
pressing endogenous Bcr/Abl showed an increase in levels of
phosphorylated p38 MAPK (Figure 3A), supporting our first ob-
servation in 293T cells.

We decided to study the implications of our observations in
terms of CML therapy; among several therapeutic stimuli known
to activate p38 MAPK, Ara-C has been widely studied. It has
been reported that Ara-C induces apoptotic effects through the
SAPK pathway mediated by c-Abl, with a very-well-established
role for JNK [13–16]. Thus we studied the role of p38 MAPK in
the response to Ara-C in the presence/absence of Bcr/Abl. Cells
were treated with Ara-C (50 µM), and p38 MAPK activation was
evaluated after 3 or 6 h. While a clear activation was observed in
U937 cells, K562 showed a lack of activation (Figure 3A). In order
to validate our previous observation with phospho-antibodies,
we evaluated the kinase activity of p38 MAPK in both cell lines.
As expected, U937 showed lower basal levels of endogenous
p38 MAPK activity that were increased in the presence of Ara-C
(50 µM), whereas K562 had a higher level of activity that was
not affected by the presence of Ara-C (Figure 3B). Therefore
we decided to correlate p38 MAPK activation with the response
to Ara-C in terms of viability/apoptosis. U937 cells, which are
human myeloid leukaemia cells but do not express Bcr/Abl,
underwent apoptosis, whereas a minimal effect on cell death was
observed in K562 (Figure 3C). These data correlate the lack of
p38 MAPK activation with resistance to Ara-C. To exclude the
possibility of a constitutive blockage of the pathway, we ana-
lysed the response to another p38 MAPK stimulus that is not
c-Abl-dependent, such as exposure to a high concentration of
NaCl. Cells were incubated with NaCl (200 mM) for 20 min,
and p38 MAPK activation was measured (Figure 3D). In this

case, both cell lines were able to activate p38 MAPK, regardless
of Bcr/Abl expression, indicating that the pathway was not
completely abolished.

Given that both cell lines have extremely different backgrounds,
we decided to use a model with an identical genetic background,
in which the only difference was the expression of Bcr/Abl.
Therefore we used BaF3 cells with or without Bcr/Abl p210
expression (BaF3 210). We performed experiments similar to
those using K562 and U937 cells, which gave nearly identical
results (Figures 4A–4C), corroborating our previous observations.
To validate the effects of Bcr/Abl on p38 MAPK activation in our
experimental model of Baf3 cells, we decided to challenge other
signalling pathways also activated by Bcr/Abl, such as PI3K/Akt
[4]. In this case, we used conditioned medium from Wehi cells
as a source of IL-3 (interleukin-3), which is a potent inducer
of Akt activity in this cell type in a c-Abl-independent fashion
[25]. From previous observations, Bcr/Abl-expressing cells have
been shown to have higher levels of phosphorylated Akt in basal
conditions, but after treatment with IL-3 both cell lines activated
Akt in a similar fashion (Figure 4D). This result is similar to
the one observed for p38 MAPK with NaCl. Therefore our data
suggest that interference induced by Bcr/Abl in the p38 MAPK
pathway is similar to that observed in the PI3K/Akt pathway,
rendering a constitutive activation of the pathway, depending on
the stimulus used.

Inhibition of p38 MAPK activation induces resistance to Ara-C

Our previous results prompted us to investigate whether the p38
MAPK pathway is implicated in the cellular resistance to Ara-C.
Therefore we decided to block the p38 MAPK pathway using
the specific inhibitor SKF86002. This inhibitor is able to block
activation of the four members of the p38 MAPK family, due to
the blockage of upstream molecules such as MKK6 [26], and is
easily evaluated by Western blotting with an antibody against the
activated form of p38 MAPK members [27]. Therefore BaF3 210
and BaF3 cells were treated with Ara-C in the presence/absence of
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Figure 4 BaF3 and BaF3 p210 cells showed the same features as U937 and K562 cells

(A) BaF3 and BaF3 p210 cells were cultured at 2 × 105 cells/ml. After 24 h, cells were treated with Ara-C (10 or 50 µM). After 6 h, cells were collected in lysis buffer and immunoblotted against
phospho (P)-p38 MAPK. As a loading control, lysates were blotted against p38. Cells expressing Bcr/Abl showed a slight increase in the levels of phosphorylated p38 MAPK. (B) BaF3 and BaF3
p210 cells were cultured at 2 × 105 cells/ml for 16 h and then treated with Ara-C (50 µM) for 24 h to analyse apoptosis by propidium iodide in a FACS apparatus. Bcr/Abl-negative cells underwent
apoptosis, while a minimal effect was observed in BaF3 p210 cells. The results shown are the average of three independent experiments; bars represent the S.D. (C) BaF3 and BaF3 p210 cells were
cultured at 2 × 105 cells/ml. After 24 h, cells were treated with NaCl (200 mM) for 20 min, and then collected in lysis buffer and immunoblotted against phospho (P)-p38 MAPK and p38 MAPK.
Cells were able to activate p38 MAPK regardless of Bcr/Abl expression. (D) BaF3 and BaF3 p210 cells were cultured at 2 × 105 cells/ml for 5 h in the absence of serum and conditioned media, and
then cells were treated with conditioned medium from Wehi cells for 30 min. Cells were collected in lysis buffer and immunoblotted against P-Akt (Ser473). Cells expressing Bcr/Abl p210 showed an
increase in the levels of P-Akt under basal conditions, but after treatment with conditioned medium from Wehi cells, both cell lines activate Akt.

SKF86002, and after 6 h samples were collected for biochemical
analysis or exposed for 24 h prior to flow cytometry. As expec-
ted, no apoptotic effect was observed in p210-expressing cells
(Figure 5A). However, SKF86002-mediated inhibition of p38
MAPK induced a marked resistance to Ara-C in BaF3 cells (Fig-
ure 5A). To evaluate p38 MAPK status, we performed Western
blotting using phospho-p38 MAPK antibody in the presence of
Ara-C with or without SKF86002 in BaF3 cells, which corrobor-
ated the lack of activation with higher survival rates (Figure 5B).
As a control, BaF3 210 cells were exposed to Ara-C and p38
MAPK phosphorylation was evaluated, showing higher basal
levels and no activation by Ara-C, as expected. Similar results
were obtained for U937 and K562 cells (results not shown), which
supported our observations with BaF3 cells and allowed us to
consider lack of p38 MAPK activation as a general mechanism
for Ara-C resistance, as had been proposed previously [15].

STI571 blocks p38 MAPK activation mediated by Ara-C and induces
resistance in U937 cells

According to our previous results with Bcr/Abl-negative cells,
inhibition of Abl should block p38 MAPK activity and confer res-
istance to Ara-C. Therefore we decided to challenge the Bcr/Abl-
negative cell line U937 with STI571 in order to increase resistance
to Ara-C. Cells were pre-incubated with STI571(10 µM) for 24 h,
and then Ara-C (10 µM) was added for 6 h and activation of
p38 MAPK was evaluated. p38 MAPK activation was clearly
abolished in cells treated with STI571 (Figure 6A). Similar results
were obtained after 1 h of incubation (results not shown). These

results prompted us to evaluate the effects of STI571 in terms of
viability. Again, U937 cells were pre-treated for 24 h with STI571
(10 µM) and then co-incubated with Ara-C (10 µM) up to 72 h.
As a positive control for STI571 functionality, K562 cells were
incubated with the same amount of STI571 for 24 h, showing an
apoptotic fraction close to 90 % (Figure 6B, right panel), whereas
no effect was observed in U937 cells, as described previously [24].
In the presence of Ara-C alone, U937 cells showed an apoptotic
fraction close to 55 %, but in the presence of STI571 there was a
reduction in the apoptotic fraction to 35% (Figure 6B, left panel),
indicating that inhibition of c-Abl can also render resistance to
Ara-C. These results, in agreement with those reported on JNK
activation mediated by Ara-C [28], support an important role for
the SAPK family (JNK and p38 MAPK) in apoptosis mediated
by c-Abl in response to Ara-C in Bcr/Abl-negative cells.

DISCUSSION

Bcr/Abl has been widely studied in terms of its signal transduction
pathways. While a clear relationship has been established with
other signal transduction pathways, such as Akt [4], JNK [3] and
ERK1/2 [29]. However, no link has been established with the p38
MAPK pathway in terms of signalling; only in the response to
interferon has a connection been shown between these molecules
[5]. Our results show for the first time that Bcr/Abl is able to
interfere with this pathway. From a mechanistic point of view, the
control of p38 MAPK by Bcr/Abl could be based on the ability
of c-Abl to induce activation of this pathway; therefore it seems
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Figure 5 Inhibition of p38 MAPK activation induces resistance to Ara-C

(A) BaF3 and BaF3 p210 cells were cultured at 2 × 105 cells/ml. After 24 h, cells were treated
with Ara-C (50 µM), SKF86002 (10 µM) or Ara-C plus SKF86002 for 24 h. Apoptosis was
measured by propidium iodide in Epics XL. SKF86002 induced a marked resistance to Ara-C
in BaF3 cells, whereas no effect was observed in BaF3 p210 cells. The results are the average
of three independent experiments. (B) BaF3 cells were cultured at 2 × 105 cells/ml. After 24 h,
cells were treated with Ara-C (50 µM), SKF86002 (10 µM) or Ara-C plus SKF86002. Cells
were collected after 6 h in lysis buffer and immunoblotted against phospho (P)-p38 MAPK. As
a loading control lysates were blotted against p38 MAPK. There was a correlation between the
lack of p38 MAPK activation and Ara-C resistance. As a control, BaF3 p210 cells were treated
with Ara-C.

Figure 6 STI571 blocks p38 MAPK activation mediated by Ara-C and
induces resistance in U937 cells

(A) U937 cells were cultured at 2 × 105 cells/ml and pre-treated with STI571 (10 µM) or the
same concentration of DMSO for 24 h. Then, Ara-C (10 µM) was added for 6 h. Cells were
collected in lysis buffer and immunoblotted against phospho (P)-p38 MAPK. As a loading
control, lysates were blotted against p38. The activation of p38 MAPK was abolished by STI571.
(B) U937 were cultured at 2 × 105 cells/ml. Cells were pre-treated with STI571 (10 µM) for
24 h and then treated with Ara-C (10 µM) for 72 h. The combination of Ara-C plus STI571
reduced the apoptotic U937 population. K562 cells were treated with STI571 (10 µM for 24 h)
as a control for drug activity. Lethality was close to 80 %. The results are the average of three
independent experiments; Bars represent S.D.

logical that Bcr/Abl retains most of the biochemical properties
of c-Abl. However, recent evidence suggests that stable overex-
pression of Bcr is able to activate p38 MAPK, which mediates
activation of NF-κβ (nuclear factor κB) [30], indicating that Bcr
may be implicated in p38 MAPK activation. Our data, evaluating
both p38 MAPK activators, the use of STI571 and the transient
transfection experiments in 293T cells overexpressing Bcr alone,
suggest that both partners of the chimaeric protein are implicated
in the final activation of p38 MAPK. Our results support the
hypothesis that c-Abl activates p38 MAPK in a MKK6-dependent
manner [21], and that Bcr activates p38 MAPK in a MKK3-
dependent manner; therefore the final situation is an increase in
p38 MAPK phosphorylation mediated by both MKK6 and MKK3
pathways.

The other c-Abl substrate studied, p73, is also liable to be modi-
fied by Bcr/Abl with the same effect as that of c-Abl [18,20,21].
These results, activation of the p38 MAPK pathway and phos-
phorylation of p73 support the idea that Bcr/Abl retains most of
the biochemical properties of c-Abl.

The correlation between Bcr/Abl and other signalling path-
ways, such as Akt [31], seems to be extremely consistent with a
transformed phenotype. Interestingly, p38 MAPK has been widely
related to apoptosis in different experimental systems, especially
after stress. Therefore activation of this pathway seems to be
opposite from that of a transformed phenotype. However, several
points should be considered, such as an anti-apoptotic role for p38
MAPK in neutrophils [32]. p38 MAPK is also implicated in the
proliferation/differentiation of the immune system [33]. Further-
more, other apoptotic pathways, such as JNK, have been described
as downstream effectors for Bcr/Abl, and seem to be critical for
the transformed phenotype and maintenance of survival [34]. Our
data indicate that this pathway could be modified by the presence
of Bcr/Abl, rendering an insensitive p38 MAPK pathway, at least
in response to Ara-C. In fact, the lack of a fully functional p38
MAPK pathway, for example by overexpression of the phos-
phatase PPM1 (protein phosphatase methyltransferase 1) [11],
could be implicated in a transformed phenotype, and in our ex-
perimental model we demonstrate a lack of function for the p38
MAPK pathway. Furthermore, the same explanation may be used
for the p73 protein, again supporting the idea that constitutive activ-
ation, through phosphorylation, can render a deregulated func-
tion. Taking into account that stabilization seems to be a key
event in the biological properties of this type of protein [35–37],
constitutive stabilization probably blocks the function of this
protein, as has been demonstrated in the case of the p53 protein
[38]. Further studies are necessary to clarify the implications of
p73 stabilization mediated by Bcr/Abl.

From a clinical point of view, our data support a role for p38
MAPK in Ara-C-based therapy. In this sense, Ara-C is not the
most successful therapy for CML, and probably a lack of p38
MAPK activation is involved in this poor response, inducing a
resistant phenotype. Ara-C-induced apoptosis is mediated through
c-Abl [16] via p38 MAPK activation [13,15]. Accordingly, our
data fit in perfectly with these observations, as Bcr/Abl-positive
cells have a high level of phosphorylated p38 MAPK that is not
increased after Ara-C treatment. It is important to note that higher
basal levels of p38 MAPK do not correlate with a more toxic effect
in Bcr/Abl-positive cells, probably because other signals related
to survival, such as Akt, are also triggered. In fact, other SAPK
pathways implicated in the Ara-C-mediated apoptosis, such as
JNK, are also activated in Bcr/Abl-positive cells [34]. Therefore
we propose a model in which Bcr/Abl induces constitutive activ-
ation of the p38 MAPK pathway, rendering it insensitive to further
activation in response to Ara-C. Our results using a specific
inhibitor of p38 MAPK support a critical role for p38 MAPK in
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Ara-C-based therapy; this observation is not restricted to Ara-C,
as we show here. Recent evidence also supports a role for this
signalling pathway in the interferon inhibitory effect [5], suggest-
ing that the p38 MAPK pathway could be a new target in the
treatment of CML. A key event in CML therapy is the development
of c-Abl inhibitors, such as STI571. As previously described [39],
a combination of STI571 with Ara-C leads to an increased death
rate of Bcr/Abl-positive cells, with little or no effect on Bcr/Abl-
negative cells. Our data demonstrate that this combination is even
protective in Bcr/Abl-negative cells. In fact, we also observed the
same effect in HL60 cells, although in other experimental systems
such as RAMOS, KG-1 and REH, we did not detect any protective
effect; however, no potentiation of Ara-C toxicity was observed
(results not shown). Considering these data, the combination of the
two therapies could be extremely potent against leukaemic cells
but less effective, or even protective, in normal cells. However, it
should be mentioned that this protective effect is not only due to
the inhibition of p38 MAPK, since the JNK pathway is also known
to be implicated [28]. The increased sensitivity to Ara-C mediated
by STI571 in Bcr/Abl-positive cells is probably p38 MAPK/JNK-
independent, at least in K562 cells, where it has been reported that
STI571 is able to activate ERK1/2, but is unable to activate p38
MAPK and JNK [40]. Moreover, it has been reported recently
that inhibition of the PI3K pathway promotes the toxic effect of
STI571, indicating that this signalling pathway is implicated in
sensitivity to this drug [41].

Finally, a relation between Bcr/Abl and the p38 MAPK pathway
has also been observed recently [42]. Interestingly, these authors
showed down-regulation of p38 MAPK expression in embryonic
stem cells, using an inducible system for Bcr/Abl expression, and
the subsequent lack of p38 MAPK activity. However, several
differences should be noted. First, we have used cells either
derived from patients (K562) or stably transfected with Bcr/Abl
(BaF 3). Secondly, other signalling pathways, such as Akt, seem
to be differently regulated by Bcr/Abl in embryonic stem cells
than in the model reported by others ([42], and the present study).
Thirdly, although IL-3 is able to activate p38 MAPK, it probably
is not the best activator of this signalling pathway clearly related
to stress. In fact, it has been reported that the withdrawal of IL-3
is able to activate p38 MAPK in the pro-B cell line FL5.12 A
[43]. Taken together, our data and those from Wong et al. [42]
open up a new and exciting field of research by demonstrating a
lack of normal functioning in the p38 MAPK pathway in Bcr/Abl-
transformed cells.

In summary, our data show that p38 MAPK is a downstream
effector of the chimaeric protein Bcr/Abl. This interference leads
to an insensitive p38 MAPK pathway in response to Ara-C,
suggesting a role for p38 MAPK in the resistance to Ara-C in CML
therapy. Further studies are necessary to evaluate the implication
of this pathway in the genesis, prognosis and treatment of CML.
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