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Fast Apoptosis and Erythroid Differentiation Induced by
Imatinib Mesylate in JURL-MK1 Cells
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Abstract We compare the effects of Imatinib mesylate (Glivec1) on chronic myeloid leukemia derived cell lines
K562 and JURL-MK1. In both cell lines, the cell cycle arrests in G1/G0 phase within 24 h after the addition of 1mM Imatinib.
This is followed by a decrease of Ki-67 expression and the induction of apoptosis. In JURL-MK1 cells, the apoptosis is faster
in comparison with K562 cells: the caspase-3 activity reaches the peak value (20 to 30 fold of the control) after about 40 h
and the apoptosis proceeds to its culmination point, the DNA fragmentation, within 48 h following 1mM Imatinib addition.
Unlike K562 cells, JURL-MK1 cells possess a probably functional p53 protein inducible by TPA (tetradecanoyl phorbol
acetate) or UV-B irradiation. However, no increase in p53 expression was observed in Imatinib-treated JURL-MK1 cells
indicating that the difference in the apoptosis rate between the two cell lines is not due to the lack of p53 in K562 cells.
Imatinib also triggers erythroid differentiation both in JURL-MK1 and K562 cells. Glycophorin A expression occurred
simultaneously with the apoptosis, even at the single cell level. In K562 cells, but not in JURL-MK1 cells, the differentiation
process involved increased hemoglobin synthesis. However, during spontaneous evolution of JURL-MK1 cells in culture,
the effects produced by Imatinib progressively changed from the fast apoptosis to the more complete erythroid
differentiation. We suggest that the apoptosis and the erythroid differentiation are parallel effects of Imatinib and their
relative contributions, kinetics and completeness are related to the differentiation stage of the treated cells. J. Cell.
Biochem. 95: 268–280, 2005. � 2005 Wiley-Liss, Inc.
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Imatinib mesylate (Glivec1, STI571) is con-
sidered to be the most effective and a relatively
safe drug,whichhas so far beenused to treat the
chronic phase of chronic myelogenous leukemia
(CML). This low molecular weight compound
acts as an inhibitor of Bcr-Abl protein kinase,
which is the molecular cause of the disease in
the majority of patients [Goldman and Melo,
2003]. CML develops when a single pluripotent
hematopoietic cell acquires the chromosomal
translocation designated t(9;22)(q34;q11) giv-
ing rise to a unique fusion gene, termed bcr-abl.

The deregulated tyrosine kinase activity of the
Bcr-Abl proteinmaintains in permanent activa-
tion several signal transduction pathways,
namely the JAK/STAT, Ras/MEK/ERK, and
PI3/Akt pathway [Calabretta and Perrotti,
2004; Steelman et al., 2004]. As a result, the
cell escapes from the regulation mechanisms of
cell cycle progression and apoptosis and gains a
proliferative and survival advantage over the
cells not bearing the aberrant chromosome.

The mechanism of Imatinib action is only
partially elucidated. The drug binds to theATP-
binding site of Bcr-Abl thereby inhibiting its
tyrosine kinase activity. As expected, the
Bcr-Abl protein is rapidly dephosphorylated,
becomes inactive and the constitutive activa-
tion of the above mentioned signaling cascades
is interrupted. Subsequently, the cell cycle
progression is arrested and the cell frequently
undergoes apoptosis [Deininger et al., 1997;
Gambacorti-Passerini et al., 1997; Fang et al.,
2000; Horita et al., 2000; Pattacini et al., 2004].

K562 cell line, which is probably the most
widely used experimental model of CML, was
established in 1970 from a CML patient in blast
crisis [Lozzio and Lozzio, 1975]. This cell line is
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unusual in that the t(9;22)(q34;q11) cytogenetic
products usually associated with CML are
absent. However, the abnormal CML-specific
bcr-abl fusion gene is present and amplified by
tandem repeats [Wu et al., 1995; Rodley et al.,
1997; Drexler et al., 1999]. The resistance of
these cells to apoptosis is further strengthened
due to the lack of a functional p53 protein. In
fact, one of p53 alleles is lost while the other one
carries a frameshift mutation causing a pre-
mature translation stop [Law et al., 1993]. K562
cells have been used especially for studies of
leukemic differentiation, but a large number of
papers reporting on different effects of Imatinib
mesylate on this cell line have emerged during
the past few years. As for some other CML lines
andpatients’ primary cells, Imatinibwas shown
to induce a cell cycle arrest in the G1/G0 phase,
a decrease in the mitochondrial membrane
potential, phosphatidylserine externalization,
caspases activation and DNA fragmentation
[Gambacorti-Passerini et al., 1997; Dan et al.,
1998;Mow et al., 2002; Jacquel et al., 2003]. The
effect of Imatinib onK562 cells is at least in part
mediated by dephosphorylation of various pro-
teins involved in signal transduction pathways,
including ERK1/2 [Jacquel et al., 2003; Traina
et al., 2003], STAT5 [Horita et al., 2000; Jacquel
et al., 2003], and IRS1 [Traina et al., 2003]. The
cytotoxic effect of Imatinib appears to be further
increased by caspase-dependent cleavage of the
inhibited Bcr-Abl protein [Jacquel et al., 2003].
Besides apoptosis, Imatinibmesylatewas found
to also trigger the erythroid differentiation of
K562 cells as documented by an increase in the
hemoglobin content [Fang et al., 2000], an
upregulation of glycophorin A gene expression
and positive benzidine staining of the treated
cells [Jacquel et al., 2003; Kohmura et al.,
2004]. A necrosis-like, caspase-independent
cell death was observed in Imatinib-treated
K562 and BV173 cells if the apoptosis was
blocked by pan-caspase inhibitors [Okada et al.,
2004].
The JURL-MK1 cell line was established in

1994 [Di Noto et al., 1997] and remains almost
unexplored [only the work by Catani et al.
2001 was published to date]. To our knowledge,
this is the first report about Imatinib treatment
of this cell line. Unlike K562 cells, no defect of
the gene encoding for p53 protein is known in
JURL-MK1 cells. Megakaryocytic differentia-
tion of JURL-MK1 cells can be obtained by the
phorbol ester TPA while other inducers of dif-

ferentiation (hemin, DMSO, Ara-C, ATRA) were
reported to produce no effect [Di Noto et al.,
1997].

In this study, we describe the kinetics of dif-
ferent processes induced by Imatinib mesylate
inJURL-MK1andK562 cells.We found that the
apoptosis as well as the loss of Ki-67 expression
is faster andmore complete in JURL-MK1 cells.
This difference is probably not due to the
absence of a functional p53 in K562 cells as we
detected no increase in p53 expression during
the incubation of JURL-MK1 cells with Imati-
nib.We also show that erythroid differentiation
occurs, at least partially, in both cell lines and
that the apoptosis and the erythroid differentia-
tion are notmutually exclusive at the single cell
level. Finally, we suggest that the relative con-
tribution of the two processes to overall Ima-
tinib effect depend on the cell differentiation
stage. The apoptosis becomes slower and the
erythroid differentiation more complete during
spontaneous cell progression along the ery-
throid differentiation pathway.

MATERIALS AND METHODS

Chemicals

Imatinib mesylate (formerly STI571,
Glivec1) was kindly provided by Novartis
(Basel, Switzerland). It was dissolved in dis-
tilled sterile water at 10mM stock and stored at
�208C. Propidium iodide and fluorogenic sub-
strate Ac-DEVD-AFC were purchased from
Sigma (Prague, Czech Republic), FIX&PERM
cell permeabilization kit from An Der Grub
(Kaumberg, Austria), FITC-conjugated mouse
anti-human Ki-67 antibody set from BD Bios-
ciences (San Diego, CA). FITC-conjugated anti-
glycophorin A and APO 2.7 Kit were obtained
from Coulter/Immunotech (Prague, Czech
Republic). Themouse anti-p53monoclonal anti-
body from Stressgen (Victoria, BC, Canada) is
known to detect 53 kDa protein on Western-
blots with samples from humans, mice, rats,
hamsters, and monkeys. The FITC-conjugated
anti-p53 monoclonal antibody (Dako A/S,
Denmark), which we used for flow-cytometry
staining, recognizes an epitope in the N-termi-
nus of the human p53 protein (both wild type
and mutant type).

Cell Culture

K562 cells were purchased from the European
Collection of Animal Cell Cultures (Salisbury,
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UK), JURL-MK1 cells from DSMZ (German
Collection ofMicroorganismsandCellCultures,
Braunschweig, Germany). Cells were cultured
in RPMI 1640 medium supplemented with 10%
fetal calf serum, 100 U/ml penicillin, and 50 mg/
ml streptomycin at 378C in 5% CO2 humidified
atmosphere. They were diluted to a density of
2� 105 cells per ml (2 to 4� 105 for JURL-MK1
cells) three times aweek. The observed doubling
time was 20 to 30 h for both cell lines.

Cell Viability

Loss of cell viability after Imatinib treatment
was assessed by flow cytometry of propidium
iodide (PI) stained cells using a Coulter Epics
XL flow cytometer as previously described
[Grebeňová et al., 1998].

Cell Cycle Analysis

The cells (3� 105) were collected by centrifu-
gation, suspended in 4.5 ml of cold 70% ethanol,
incubated for 30 min at 108C and kept for 5 to
7 days at �208C. The sample was then washed
once in PBS and incubated for 30 min at room
temperature in 1 ml of the modified Vindelovs
propidium iodide buffer (10 mM Tris, pH 8,
1mMNaCl, 0.1%TritonX-100, 20 mg/ml PI, and
10Kunits ribonucleaseA). The red fluorescence
excited at 488 nm was then measured using
Coulter Epics XL flow cytometer. The histo-
grams of DNA content were analyzed using the
G1/G2M Only Fit method.

Ki-67 Staining

Ki-67 expression in control and Imatinib-
treated cells were assessed using a FITC-
conjugated anti-human Ki-67 antibody. The
cells (1� 106) were washed, fixed, permeabi-
lized, and labeled following the methanol
modification of the staining protocol provided
with the FIX&PERM permeabilization kit
(modified protocol from Biozol Diagnostica
Vertrieb GmbH, Germany). The fraction of
Ki-67 expressing cells was determined by flow
cytometry.

Caspase-3 Activity

Caspase-3 activity was determined by fluoro-
metric measurement of the kinetics of 7-amino-
4-trifluoromethyl coumarin (AFC) release from
the fluorogenic substrate Ac-DEVD-AFC in the
presence of cell lysates as previously described
[Grebeňová et al., 2003].

DNA Fragmentation

The fraction of cells containing apoptotic
DNA breaks was measured by TUNEL assay
employing the In Situ Cell Death Detection
Kit, Fluorescein (Roche Diagnostics GmbH,
Mannheim, Germany) following the standard
manufacturer’s protocol. The extent of DNA
labelingwithfluorescein-dUTPwasdetermined
by flow cytometry.

p53 Expression

For Western-blot analysis of p53 expression,
the cells (5� 106) were suspended in a lysis
buffer containing 0.15 M NaCl, 1 mM phenyl-
methylsulfonylfluoride (PMSF), and 0.5% Tri-
ton X-100 and kept for 30 min on ice. Western
blots were prepared as previously described
[Grebeňová et al., 2003], incubated with anti-
p53 antibody, washed in TBS-T (Tris-buffered
saline, 0.1% Tween 20) and incubated with the
horseradish peroxidase-conjugated anti-mouse
secondary antibody. The antigen was detected
using the enhanced chemiluminescence Wes-
tern blotting detection system ECLþPLUS
(Amersham Pharmacia Biotech, UK) according
to the manufacturer’s instructions and visua-
lized by autoradiography on X-ray film.

The expression level of p53 protein was also
assessed using a FITC-conjugated monoclonal
mouse anti-human p53 antibody. The cells (1�
106) were fixed and permeabilized (FIX&PERM
kit), labeled by the antibody and analyzed using
Coulter Epics XL flow-cytometer.

Glycophorin A and 7A6 Expression

The cells (1� 106) were harvested, washed
in PBS, and fixed using reagent A of the
FIX&PERM permeabilization kit according to
the standard manufacturer’s protocol. They
were labeled by FITC-conjugated anti-glyco-
phorinAantibody,washedandanalyzed byflow
cytometry. Alternatively, the fixed primary
labeled cells were permeabilized employing
reagent B of the FIX&PERM kit and further
labeled byPE-APO2.7, the antibody against the
mitochondrial apoptotic marker 7A6. The red
and green fluorescence signals from individual
cellswere then simultaneously analyzed byflow
cytometry.

Hemoglobin Content

The increase in hemoglobin content was
documented by changes which occurred in the
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absorption spectra of cell lysates after 65 h
incubation with Imatinib. Both control and
Imatinib-treated cells (5� 106 cells in each
sample) were washed in PBS, lysed in 1 ml
distilled water by repeated freezing and thaw-
ing (3 cycles) and homogenized using a 25G
injection needle. The supernatant was isolated
by 10 min centrifugation at 2,500g (at 48C) and
further centrifuged for 45 min at 15,000g. The
absorption spectra were recorded from 300 to
600 nm employing a Phillips PU 8710 spectro-
photometer (Cambridge, UK). The spectrum of
control cells contained essentially a large back-
ground progressively decreasing from 300 to
600 nm. Only a slight irregularity around
414 nm indicated the presence of a small
amount of hemoglobin. On the contrary, the
absorption spectrum of the lysate obtained from
Imatinib-treated cells exhibited well-shaped
peaks characteristic of hemoglobin which were
superimposed on the background. The intensity
of the main peak centered at 414 nm was
of 0.15 A (after the background subtraction).
The overall protein concentration was mea-
sured using Bio-Rad Protein Assay (Bio-Rad,
München, Germany).
Catalytic activity of hemoglobin in the oxida-

tion of tetramethylbenzidine (TMB) substrate is
the basis of the method allowing for sensitive
and well reproducible determination of the re-
lative amount of hemoglobin in the cell lysate
(kit Plasma hemoglobin, Sigma, Prague, Czech
Republic). The cell lysates were prepared as for
caspase-3 activity measurements: 5� 106 cells
were washed in PBS and lysed in 50 ml lysis
buffer (10 mM HEPES, pH 7.4, 2 mM EDTA,
0.1% CHAPS, 5 mM DTT, 10 mg/ml pepstatin,
10 mg/ml aprotinin, and 1 mM PMSF) by re-
peated freezing and thawing. The supernatant
was isolatedby30min centrifugationat 13,000g
and diluted 25 fold in glacial acetic acid (90%)
containing 5 mg/ml TMB. The sample was
mixed quickly with 0.3% hydrogen peroxide
(1:1) and increasing absorbance at 600 nm was
continuously monitored for 10 min. The slope of
the linear absorbance increase (in A/min) was
usedas the relative value of hemoglobin amount
in the sample.
The proportionality coefficient between the

relative values of hemoglobin content obtained
from absorption spectra and from the kinetics of
TMBoxidationwas determined by themeasure-
ment of Imatinib-treated K562 cells (giving a
high signal). The concentration of hemoglobin

was calculated using the known molar absorp-
tion coefficient of hemoglobin, emM(414 nm)¼
0.128 [Gibson and Carey, 1977].

RESULTS

Dosing Conditions

Todetermine the optimal drugdose,we tested
the effect of different Imatinib concentrations
on the cell proliferation rate and viability
(Fig. 1). The results obtained by cell counting
(Fig. 1A,C) and propidium iodide (PI) perme-
ability measurements (Fig. 1B,D) show that
1 mM Imatinib concentration, which is fre-
quently used in in vitro studies, is suitable
for both JURL-MK1 and K562 cells. This
concentration was used in all subsequent
experiments.

Cell Cycle Analysis

The fractions of cells in individual cell cycle
phases were assessed during the incubation
with Imatinib. Representative histograms of
controls and Imatinib-treated cells are shown in
Figure 2. A marked decrease of the cell fraction
with partly or fully replicated DNA (SþG2/M
phases) occurs within the first 22 h after Ima-
tinib addition (Fig. 2B,F). Later on, an increas-
ing number of cells accumulates in the sub-G1

region of the cell cycle histograms. The pattern
of DNA content distribution is different in
JURL-MK1 and K562 cells: a well-defined sub-
G1 peak near the original G1 position is formed
in JURL-MK1 cell line (Fig. 2C)while a smear of
cells with very low DNA content is present in
K562 cell cycle histograms (Fig. 2G). The evol-
ution of the cell fractions in the phases involving
DNA replication (SþG2/M) and that in G1/G0

phase is represented in Figure 2D,H. The
apoptotic cell fraction emerging in the sub-G1

region is shown in Figure 5B.

Ki-67 Expression

For further characterization of the perturba-
tion of cell proliferation, we studied the effect
of Imatinib on the expression of the nuclear
and nucleolar proliferation marker Ki-67 as
can be seen in Figure 3. Ki-67 staining is
completely lost from JURL-MK1 cells after
48 h incubation with Imatinib. A significant,
but less pronounced decrease in Ki-67 expres-
sion also occurs in K562 cells treated with
the drug. No change in Ki-67 staining was
observed in the controls.
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Fig. 1. Effect of Imatinib on the cell proliferation and cell death. A, B: JURL-MK1 cells, (C, D) K562 cells.
Relative cell density (A, C) and propidium iodide positive cell fraction (B, D) were determined after 24 h
(open circles), 48 h (closed circles), and 65 h (squares) of incubation with 0–5 mM Imatinib. The cell density
of all samples was expressed as relative to the actual cell density of controls in the corresponding time points
(100%). Results are representative from three experiments.

Fig. 2. Cell cycle analysis after Imatinib treatment. Representative histograms of JURL-MK1 cells (A–C) and
K562 cells (E–G). A, E: Controls at 22 h; (B, F) cells after 22 h incubation with 1 mM Imatinib; (C, G) cells after
64 h incubation with 1 mM Imatinib. The evolution of the cell fraction in G1/G0 phases (open symbols) and
SþG2/M phases (closed symbols) during Imatinib treatment is shown in panels (D) (JURL-MK1) and (H)
(K562). The cell fraction in pre-G1 phase is shown in Figure 5B.

272 Ku�zzelová et al.



Caspase-3 Activation

One of the most important apoptotic events,
the caspase-3 activation, was monitored by the
measurement of caspase-3mediated cleavage of
fluorogenic substrate. In JURL-MK1 cells, the
caspase-3 activity reaches the maximal value
(about 20 fold increase over the control) after
about 40 h of incubation with Imatinib (Fig. 4).
In K562 cells, the caspase-3 activation is more
moderate and increases gradually for at least
64 h following the addition of Imatinib (about
6 fold increase over the control after 64 h).

DNA Fragmentation

DNA fragmentation is considered to be the
hallmark of the culminating apoptotic process.
The fraction of cells having reached this stage of
the ordered autodestruction can be determined
by the TUNEL method based on the enzymatic
fluorescence labeling of DNA strand breaks.
The results of theTUNELanalysis performedat
different time intervals after Imatinib addition
to JURL-MK1 and K562 cells are presented
in Figure 5A. Again, we observed substantial
difference in the apoptosis progression between
the two cell lines. In JURL-MK1 cells, the DNA
fragmentation is always achieved in 48 h after
the addition of Imatinib. In contrast, K562 cells
with fragmented DNA appear after more than
24 h incubation with Imatinib. The TUNEL
positive cell fraction then progressively in-
creases and it reaches 20%–50% within 64 h
after the addition of Imatinib.
The fraction of cells undergoing DNA frag-

mentation can also be determined from the

histograms of DNA content (like those present-
ed in Fig. 2C,G). The kinetic behavior of the sub-
G1 cell fraction (Fig. 5B) is in agreement with
the data obtained by TUNEL method (Fig. 5A).

Plasma Membrane Permeabilization

The late stage of the apoptotic cell death is
accompanied by a destabilization of the cell
plasma membrane followed by the loss of cell
integrity. Perturbation of the plasma mem-
brane was assessed by the flow-cytometric mea-
surement of PI uptake. In the controls, the
fraction of PI stainable cells is always below 5%
for both cell lines. The fraction of PI positive
cells remains low during the first 40 h incuba-
tionwith Imatinib. Later on, it starts to increase
regularly (see e.g. closed circles and squares in
Fig. 1B,D corresponding to PI positive cell

Fig. 3. Changes in Ki-67 expression during Imatinib treatment
of JURL-MK1 (circles) and K562 cells (squares). Open symbols,
controls; closed symbols, 1 mM Imatinib. Representative from
three experiments.

Fig. 4. Caspase-3 activation in JURL-MK1 (A) and K562 cells (B)
during 1 mM Imatinib treatment. Representative of three
independent experiments. Relative values of caspase-3 activity
were determined from the rate of cleavage of fluorogenic
substrate Ac-DEVD-AFC in presence of lysate obtained from
control cells (open symbols) or Imatinib-treated cells (closed
symbols).
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fractions at 48 and 65 h, respectively). In 65 h
after 1 mM Imatinib has been added, the cell
populations contains 46� 5% and 23� 4% of
PI positive cells in JURL-MK1 and K562
line, respectively (means and s.d. from seven
experiments).

p53 Expression

The expression level of p53 protein in JURL-
MK1 cells was assessed both by Western-
blotting and by flow cytometry employing a
FITC-conjugated anti-p53 antibody. As illu-
strated in Figure 6A, no increase in p53
expression level was observed for up to 48 h of
Imatinib treatment (tested every 3 to 4 h up to
24 h). This was confirmed by the flow-cytometry
analysis (representative traces are shown in
Fig. 6B). As a positive control of p53 expression,

we included a sample of JURL-MK1 cells
treated by 10�7 M TPA for 65 h (Fig. 6A: lane
8) or irradiated by 1 J/cm2 dose of UV-B and
subsequently incubated for12hat378C(Fig. 6B:
trace c).

Erythroid Differentiation

Besides triggering apoptosis, Imatinib was
also reported to induce erythroid differentiation
in K562 cells [Fang et al., 2000; Jacquel et al.,
2003; Kohmura et al., 2004]. We thus studied
two processes characteristic of the erythroid
differentiation: glycophorin A expression on the
cell surface and hemoglobin synthesis. The
results for both JURL-MK1 and K562 cell lines
are represented in Figure 7. It follows that the
fraction of cells exhibiting the erythroid surface
marker glycophorin A markedly increases dur-
ing Imatinib treatment in both JURL-MK1 and
K562 cells (Fig. 7A).

The increase inhemoglobin content due to the
Imatinib treatment was first documented by
changes in the absorption spectra of the lysates
obtained from K562 cells (see ‘‘Materials and
Methods: Hemoglobin content’’). Much more

Fig. 6. p53 expression in JURL-MK1 cells during treatment with
1 mM Imatinib. Expression level of p53 protein was assessed by
Western-blotting (panel A) and flow-cytometry (panel B). A:
Lanes 1–7: Cells after 0, 3, 6, 10, 14, 18, and 24 h with Imatinib,
(lane 8) cells treated by 10�7 M TPA for 65 h. B: Representative
examples of traces obtained by flow-cytometric analysis follow-
ing anti-p53 labeling.a: Control cells, (b) cells treated by Imatinib
for 12 h, (c) cells irradiated with 1 J/cm2 UV-B, 12 h after
irradiation.

Fig. 5. Apoptotic DNA fragmentation induced by 1 mM
Imatinib in JURL-MK1 (circles) and K562 cells (squares). A: Cell
fraction with fragmented DNA as assessed using TUNEL method.
Results are representative from three experiments. Open
symbols, controls; closed symbols, Imatinib-treated cells. B: Cell
fraction in pre-G1 region of cell cycle histograms (examples
shown in Fig. 2).
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sensitive determination of the relative hemo-
globin content can be obtained by the method
based on the catalytic activity of hemoglobin in
the oxidation of TMB substrate. Using this
method, we found that the basal hemoglobin
level in JURL-MK1 cells is at least 20 fold lower
than in K562 cells; the measured value (below
0.001 A/min) approaches the detection limit of
the method. In the case of K562 cells, the
hemoglobin content markedly increases during
Imatinib treatment (Fig. 7B). In opposition to
this finding, Imatinib failed to produce any
change to the low basal hemoglobin level in
JURL-MK1 cells.

Using the relation coefficient between the
relative values of hemoglobin content obtained
from absorption spectra and from the kinetics of
TMB oxidation and knowing the molar extinc-
tion coefficient of hemoglobin, we were able to
estimate the average number of hemoglobin
molecules in one single cell (Table I).

Correlation of Apoptosis and
Erythroid Differentiation

Erythroid differentiation of K562 cells in-
duced by Imatinib was suggested to be an alter-
native to the apoptosis [Jacquel et al., 2003].
However, regarding the large proportion of cells
exhibiting both apoptotic and differentiation
hallmarks, we concluded that these two path-
ways are likely to be activated simultaneously.
To verify this hypothesis, we performed the
parallel analysis of an apoptotic and a differ-
entiation parameter in individual cells by
means of flow-cytometry. We used a PE-labeled
APO2.7antibody recognizinganearly apoptotic
marker (the mitochondrial antigen 7A6) simul-
taneously with the FITC-conjugated anti-gly-
cophorin A antibody. Representative dotplots
of JURL-MK1 and K562 cells, both control
and incubated for 40 hwith Imatinib, are shown
in Figure 8. The control cells are both APO 2.7
and glycophorin A negative (LL quadrant). In
JURL-MK1 cells, Imatinib treatment clearly
triggers the simultaneous expression of both
markers in a large number of cells (33%, UR
quadrant). About a quarter of cells appears to
only undergo the erythroid differentiation (LR
quadrant). Only a small fraction of JURL-MK1
cells is slightly APO 2.7 positive without exhi-
biting glycophorin A staining (UL quadrant).
After 65 h of Imatinib treatment, the prevailing
fraction of cells (52%) was APO 2.7 and gly-
cophorin A positive, while 21% and 6% of cells
were in LR andUL quadrants (data not shown).

TABLE I. Hemoglobin Content in K562 and
JURL-MK1 Cells

Hb molecules� 10�6/cell

JURL-MK1 basal level �0.4
K562 basal level 7–15
K562þ65 h Imatinib 130–180

The relative value of hemoglobin content in the cell lysate was
assessed using spectroscopic measurement of TMB substrate
oxidation. The results were then expressed as an average
number of hemoglobin copies in a single cell using the
established correlation between the slope of the kinetic records
and the hemoglobin absorption spectrum of Imatinib-treated
cells. Given ranges correspond to limit values obtained from at
least five independent experiments.

Fig. 7. Erythroid differentiation of JURL-MK1 and K562 cells
induced by 1 mM Imatinib.A: Fraction of JURL-MK1 (circles) and
K562 (squares) cells expressing glycophorin A. Control cells
(open symbols) and cells with Imatinib (closed symbols) were
labeled using FITC-conjugated anti-glycophorin A antibody and
analyzed by flow-cytometry. Results are representative from
three experiments. B: Relative hemoglobin content in the cell
lysate obtained from control (open symbols) and Imatinib-treated
(closed symbols) K562 cells as determined using TMB substrate
oxidation. In JURL-MK1 cells, absorbance slope did not exceed
0.001 A/min both in control and Imatinib-treated cells. The
points represent means and s.d. of three independent experi-
ments.

Imatinib Mesylate Effects on CML Cells 275



In the case of K562 cells, Imatinib firstly in-
duces the glycophorin A expression (Fig. 8D, LR
quadrant).However, this is later followed by the
expression ofAPO2.7 (13%cells inURquadrant
65 h after Imatinib addition, data not shown).
Similarly as for JURL-MK1 cells, the fraction of
K562 cells undergoing apoptosis without gly-
cophorin A expression is very low (about 2%
after 65 h).

Spontaneous Evolution of
JURL-MK1 Cells in Culture

We noted that some properties of JURL-MK1
cells were spontaneously modified after a pro-
longed cultivation in RPMI medium (described
in ‘‘Materials and Methods’’). The changes be-
came apparent already after 5months (about 70

passages) and striking differences have emerg-
ed from the comparison of freshly refrozen
JURL-MK1 cells (about 10 passages) and an
‘‘aged’’ cell population (9months in culture, split
about 110 fold). The apoptotic process induced
by Imatinib in ‘‘aged’’ cells was markedly
delayed in comparison with the ‘‘fresh’’ cells.
The kinetics and extent of changes detected in
the individual apoptotic parameters (caspase-3
activation, expression of APO 2.7, DNA frag-
mentation—TUNEL)were very similar to those
observed in K562 cells (see Figs. 4, 8, and 5).
Furthermore, the basal level of hemoglobin in
the ‘‘aged’’ cells determined using TMB sub-
strate was at least 70 fold higher than the basal
hemoglobin level in freshly refrozen JURL-
MK1 cells, even exceeding that found in K562

Fig. 8. Simultaneous induction of apoptosis and erythroid differentiation by 1 mM Imatinib. JURL-MK1
(A, B) and K562 (C,D) cells were labeled by FITC-conjugated anti-glycophorin A (x-axis) and PE-conjugated
APO 2.7 (y-axis) antibodies and analyzed by flow-cytometry. A & C, Control cells; B & D, cells after 40 h
incubation with Imatinib. Numbers indicate fraction of cells in the individual quadrants (in %). The
experiment was repeated twice with similar results.
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cells. Consistently, Imatinib treatment of the
‘‘aged’’ JURL-MK1 population not only caused
glycophorinAexpression on the cell surface, but
also enhanced hemoglobin synthesis. The re-
lative hemoglobin content found in ‘‘aged’’
JURL-MK1 cells steadily increases during the
Imatinib treatment and it reaches the value of
about 0.3 A/min after 65 h. This corresponds to
about 120 millions of hemoglobin molecules per
cell (cf Fig. 7B and Table I for K562 cells). Thus,
both apoptosis and erythroid differentiation
induced by Imatinib proceed in a very similar
way in ‘‘aged’’ JURL-MK1 and K562 cells.
We also noted that the spontaneous evolution

of JURL-MK1 cell population is accompanied by
a marked increase of the cell size which thus
becomes comparable to that of K562 cells. In
agreementwith this finding, theprotein content
in the ‘‘aged’’ JURL-MK1 cells was more than
2 fold higher compared to the original cells (data
not shown).

DISCUSSION

To date, little information is available about
the JURL-MK1 cell line, which represents an
interesting alternative to the widely used and
well characterized line K562. The aim of this
study was to investigate the processes induced
both in JURL-MK1 and K562 cells by Imatinib
mesylate, currently the leading compound in
the treatment of CML in its chronic phase. We
have compared the responses of the two cell
lines to Imatinib and discuss possible reasons
for the observed differences.
As in many other cell lines, Imatinib was

found to stop the proliferation of both JURL-
MK1 andK562 cells and to induce cell death. As
is shown in Figure 1, these effects are dose-
dependent and achieve a plateau phase for
Imatinib concentration higher than 1 mM. This
dose (1 mM Imatinib) was subsequently used in
all experiments. The cell cycle analysis revealed
that the cell cycle of Imatinib-treated cells
arrests in the G1/G0 phase within the first 22 h
of the treatment (Fig. 2B,F). The cell prolifera-
tion is tightly associated with the nuclear and
nucleolar protein Ki-67. Although its function
remains unclear, this protein was shown to be
vital for cell proliferation [see Brown and
Gatter, 2002, for a recent review]. Its complex
and specific localization pattern within the
nucleus changes during the cell cycle and its
amount in the cell is highly regulated. In

histopathology, the index of Ki-67 expression
is commonly used in identifying tumors with
malignant potential. To date, no data describing
the effect of Imatinib mesylate on Ki-67 expres-
sion has been published to our knowledge. We
found that Ki-67 staining is progressively lost
from both JURL-MK1 and K562 cells during
Imatinib treatment (Fig. 3). The decrease of
the cell fraction expressing Ki-67 is faster and
more complete in JURL-MK1 cells. The time
frame and the extent of changes in Ki-67
staining appear to be tightly correlated with
the increase of apoptotic cell fraction (cf Fig. 5).
In comparison with K562 cells, the JURL-MK1
cell response to Imatinib treatment was also
faster in all studied parameters related to
apoptosis, i. e. caspase-3 activation (Fig. 4),
expression of the apoptosis-related mitochon-
drial antigen 7A6 (Fig. 8) and DNA fragmenta-
tion (Fig. 5).

It has been shown that cooperation among
Ras, STAT5 and PI3-K is required for full
leukemogenic activities of Bcr-Abl [Sonoyama
et al., 2002]. Among these signal pathways, Raf/
MEK/ERK seems to be themost important. The
ERK kinase cascade is a well recognized key
regulator of mammalian cell proliferation pro-
moting cell growth and inhibiting apoptosis. In
addition, it is also involved in the regulation
of differentiation processes [Woessmann and
Mivechi, 2001]. In K562 cells, the constitutive
activation of Raf/MEK/ERK by Bcr-Abl is
rapidly disrupted by Imatinib treatment [Dan
et al., 1998; Jacquel et al., 2003; Traina et al.,
2003; Kohmura et al., 2004]. ERK1/2 depho-
sphorylation was shown to be dose-dependent;
the maximal effect is achieved at 2 mM Imatinib
[Traina et al., 2003]. JURL-MK1 cells carry only
two copies of the bcr-abl gene, whereas more
than 20 copies of bcr-abl were found in K562
cells [Wu et al., 1995; Rodley et al., 1997, and
information obtained from the cell line provi-
der]. Hypothetically, a higher amount of Bcr-
Abl protein could account for a higher degree of
activation of the above mentioned signaling
pathways and it could explain lower efficiency of
Imatinib in K562 cells. However, higher Imati-
nib concentration (up to 5 mM) only slightly
accelerated the apoptosis in K562 cells: the
maximal increase in the apoptotic cell fraction
was about 20% of the value obtained for 1 mM
Imatinib (data not shown, see Fig. 1 for the ef-
fect of Imatinib dose on the plasma membrane
permeabilization). This indicates that the large
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difference in apoptosis rate between JURL-
MK1 and K562 cells cannot be explained by an
incomplete inhibition ofBcr-Abl protein by 1mM
Imatinib in the latter cell line.

Another possible reason of this difference lies
in the absence of the apoptosis activator p53 in
K562 cells. The p53 tumor suppressor plays a
critical role in the prevention of human cancer.
In non-perturbed cells, the p53 protein is
maintained at a low steady-state level through
the action ofMdm2 protein, which promotes the
ubiquitination and degradation of p53 by the
proteasome. In response to various types of
stress, p53 becomes stabilized and accumulates
to a relatively high concentration. As a conse-
quence, cells can undergo marked changes,
ranging from increasedDNArepair to apoptosis
[Oren, 2003]. Previous studies have demon-
strated a functional relationship between Bcr-
Abl and p53. Effects of the constitutive tyrosine
kinase activity of Bcr-Abl on protein expression
were studied in systems containing inducible
Bcr-Abl. Pierce et al. [2000] reported a decrease
in p53 protein level after a prolonged exposure
of FDCP-Mix cells to Bcr-Abl activity. In bcr-abl
transformed BaF3 cells, Imatinib treatment
resulted in a down-regulation of Mdm2 preced-
ing the induction of apoptosis, which was
partially p53-dependent [Goetz et al., 2001].
We therefore monitored the expression level of
p53 protein during Imatinib treatment of
JURL-MK1 cells by means of Western-blotting
and flow-cytometry. Surprisingly, no detectable
increase of p53 expression level occurred for up
to 72 h of Imatinib treatment (representative
examples are shown in Fig. 6A,B), although it
was tested every 3 to 4hup to 24h.The response
of JURL-MK1 cells to Imatinib is thus not
mediated by an increase in p53 level and the
difference in the apoptosis rate between JURL-
MK1 and K562 cells can hardly be attributed to
the presence or absence of this protein. In order
to verify that p53 can be expressed in JURL-
MK1 cells, we treated the cells also by TPA,
which induces megakaryocytic differentiation
[Di Noto et al., 1997], and by UV-B irradiation,
which is known to induce p53 expression in
manycell types.Thesepositivecontrols (Fig. 6A:
lane 8; Fig. 6B: trace c) confirm that p53
expression in JURL-MK1 cells probably occurs
normally.

In the following part of this study, we focused
on erythroid differentiation as a possible effect
of Imatinib treatment, as it was presented in

previously published reports [Fang et al., 2000;
Jacquel et al., 2003; Kohmura et al., 2004]. The
activation of p38 MAPK was recently shown to
be crucial for Imatinib-induced erythroid differ-
entiation, but not for the inhibition of prolifera-
tion in K562 cells [Kohmura et al., 2004].
Although the induction of erythroid differentia-
tion in JURL-MK1 cells has not been described
so far, our results show that JURL-MK1 is not
only a megakaryocytic, but also an erythroid
lineage. Actually, both JURL-MK1 and K562
cells exhibit marks of erythroid differentiation
upon Imatinib treatment. Especially, the ex-
pression level of glycophorin A markedly in-
creases in the majority of Imatinib-treated cells
(Fig. 7A). It follows from the flow-cytometric
analysis of double-labeled cells that erythroid
differentiation and apoptosis are not mutually
exclusive at the single cell level, as the early
apoptotic marker 7A6 (detected by APO 2.7
antibody) andglycophorinAare simultaneously
expressed in a large fraction of cells (Fig. 8).
Another process characteristic of erythroid
differentiation is the onset of hemoglobin
synthesis. In K562 cells, the hemoglobin con-
tent increases in a similar way as the glyco-
phorin A expression (Fig. 7B). The relative
amount of hemoglobin measured employing
TMB substrate oxidation was calibrated using
the intensity of the absorption peak at 414 nm
along with the known absorption coefficient of
hemoglobin. We thus could calculate the aver-
age number of hemoglobinmolecules in a single
cell (Table I). In the case of Imatinib-treated
cells, this number can be somewhat under-
estimated due to the lower total protein yield. In
fact, the protein content in samples obtained
from Imatinib-treated cells is about 2 fold lower
in comparisonwith control cells. In any case, the
number of hemoglobin molecules estimated to
be present in a K562 cell after 65 h of Imatinib
treatment is of the same order as the hemoglo-
bin content in a mature erythrocyte (about 280
millions Hb molecules per cell). On the other
hand, the results obtained for JURL-MK1 cells
are quite different. The basal hemoglobin level
of these cells is at least 20 fold lower in com-
parison with K562 cells and no increase of
hemoglobin content was observed during Ima-
tinib treatment. Thus, the erythroid differen-
tiation induced by Imatinib in JURL-MK1 cells
is incomplete, involving the glycophorin A ex-
pression, but not enhanced hemoglobin synth-
esis. We speculate that the rapidly processing
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apoptosis in JURL-MK1 cells may not leave
enough time to achieve erythroid maturation.
Surprisingly, the properties of JURL-MK1

cells change dramatically after several months
of culture in RPMI 1640 medium. Besides an
evident increase in the cell size, the progressive
spontaneous evolution results in changes in the
response to Imatinib treatment: the apoptosis is
markedly delayed while the erythroid differen-
tiation becomes more complete, also involving
an increase of hemoglobin synthesis. With the
exception of p53 expression after UV-B irradia-
tion, the properties of these ‘‘aged’’ JURL-MK1
cells are very similar to that ofK562 cells. As the
basal hemoglobin level is also markedly ele-
vated and even exceeds that found inK562 cells,
we suggest that the observed evolution of JURL-
MK1 cells corresponds to spontaneous pro-
gression along the erythroid differentiation
pathway. In this case, the observed variability
in the cell response to Imatinib treatment could
be related to changes in thedifferentiation stage
of the cell. Thus, it is possible that Imatinib
induces fast apoptosis and partial erythroid
differentiation in the early erythroid cells. On
the other hand, the apoptosis can be reduced
and the erythroid differentiation can become
more complete when the cell is closer to the
mature erythrocyte. This idea is supported by
recent findings that inducers of differentiation
prevent, at least partially, apoptosis and cell
death caused by Imatinib in K562 cells. The
simultaneous addition of phorbol esters inhibits
Imatinib-mediated apoptosis and redirects dif-
ferentiation of K562 cells towards the mega-
karyocytic program [Jacquel et al., 2003].
Erythropoietin, an endogenous factor required
in erythroid differentiation, delays cell death
induced by Imatinib and allows for establishing
Imatinib-resistant clones of K562 cells [Kirsch-
ner and Baltensperger, 2003].
The overexpression of Bcr-Abl via genomic

amplification was reported to be the predomi-
nant mechanism of resistance to Imatinib in
in vitro models [Shah and Sawyers, 2003].
We cannot exclude the possibility that the
observed spontaneous change of JURL-MK1
cells corresponds to a clonal evolution resulting
in a multiplication of bcr-abl copies in a sub-
population of the ‘‘aged’’ JURL-MK1 cells.
However, in this case, at least two separate cell
populations should coexist in the culture and
the kinetics of apoptotic changes would com-
prise several phases. As JURL-MK1 evolution

involved an increase of the basal hemoglobin
level, we think that the changes are more likely
to be due to partial erythroid maturation.

In conclusion, the addition of Imatinib mesy-
late to JURL-MK1 cells results in simultaneous
triggering of the apoptosis and the partial
erythroid differentiation. The apoptosis pro-
ceeds markedly faster in comparison with
K562 cells. This difference seems to be neither
due to different number of bcr-abl gene copies
nor to the lack of p53 protein in K562 cells.
On the other hand, erythroid differentiation
induced by Imatinib in JURL-MK1 cells is in-
complete, as the increase of glycophorin A
expression is not accompanied by a detectable
increase of hemoglobin content. However, the
spontaneous evolution of JURL-MK1 cells leads
to amodification of cell response to Imatinib: the
apoptosis is delayed, whereas erythroid differ-
entiation becomes more complete including the
onset of hemoglobin synthesis. We suggest that
the apoptosis and the erythroid differentiation
are parallel effects of Imatinib on proerythroid
cells and that the relative contributions,
kinetics and completeness of these processes
are related to the differentiation stage of the
treated cells.
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