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Background and purpose: Several anticancer drugs with diverse chemical structures can induce differentiation of cancer cells.
This study was undertaken to explore the potential contribution of caspase-3 to pharmacologically-induced differentiation of
K562 cells.

Experimental approach: We assessed differentiation by measuring the expression of glycophorin A and haemoglobin
synthesis in K562 cells treated with low concentrations of doxorubicin, hydroxyurea, cytosine arabinoside, cisplatin and
haemin. Caspase-3 activation, mitochondrial membrane potential dissipation and viability were assessed by FACS. GATA-1-
binding activity was evaluated by EMSA.

Key results: Treatment of K562 cells with low concentrations of the tested drugs activated caspase-3 but did not trigger
detectable apoptosis. Instead, elevated levels of haemoglobin-positive and glycophorin A/caspase-3-double-positive cells were
observed, suggesting involvement of caspase-3 in drug-induced differentiation. Inhibition of caspase-3 activity significantly
reduced the ability of K562 cells to execute the differentiation programme. Mitochondrial membrane potential dissipation was
observed, indicating involvement of the mitochondrial pathway. Binding activity of GATA-1, transcription factor responsible for
differentiation and cell survival, was not diminished by increased caspase-3 activity during drug-stimulated differentiation.
Conclusions and implications: Our results could explain how anticancer drugs, with diverse structures and modes of action,
can stimulate erythroid differentiation in leukaemic cells with appropriate genetic backgrounds. Our findings imply that some
similarities exist between pharmacologically-induced differentiation of erythroleukaemic cells and normal erythropoiesis, both
involving caspase-3 activation at high levels of anti-apoptotic protein Bcl-X, and chaperone protein Hsp70 (heat shock protein
70). Therefore, the functions of caspase-3, unrelated to cell death, can be extended to pharmacologically-induced differen-
tiation of some cancer cells.

British Journal of Pharmacology (2009) 157, 1451-1462; doi:10.1111/j.1476-5381.2009.00333.x; published online 20
July 2009

Keywords: caspase-3; differentiation; K562 cells; doxorubicin; Ara-C; hydroxyurea; cisplatin; haemin

Abbreviations: AY., mitochondrial transmembrane potential; AO, acridine orange; Ara-C, cytosine arabinoside; Bcl-X,,
Bcl-2-related gene, long isoform; cisPt, cisplatin; CML, chronic myelogenous leukaemia; DOX, doxorubicin;
EB, ethidium bromide; EMSA, electrophoretic mobility shift assay; Epo, erythropoietin; FACS, fluorescence-
activated cell sorting; FITC, fluorescein isothiocyanate; GPA, glycophorin A; Hsp70, heat shock protein 70; HU,
hydroxyurea; PE, phycoerythrin; Pl, propidium iodide; TMRE, tetramethylrhodamine ethyl ester; PARP, poly

(ADP-ribose) polymerase

Introduction

The human K562 cell line represents a widely used in vitro
model system for chronic myelogenous leukaemia (CML).
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Several studies have indicated that many compounds, very
diverse in their chemical structure, can induce differentiation
of K562 cells at low non-toxic concentrations. For example,
12-0-tetradecanoylphorbol-13-acetate (TPA) stimulates mega-
karyocytic development, while anthracyclines, haemin,
hydroxyurea, GTP, cyclopentenyl cytosine (CPEC), cytosine
arabinoside (Ara-C), cisplatin, imatinib (STI571) and butyric
acid have been shown to cause erythroid differentiation of
K562 cells (Morceau etal., 1996; Belhacéne etal., 1998;
Cortesi et al., 1999; Bianchi et al., 2000; Witt et al., 2000; Park
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etal., 2001; Jacquel et al., 2003; Huang et al., 2004; Woess-
mann et al., 2004; Czyz et al., 2005; 2008; Moosavi et al.,
2007). However, it is unclear how such diverse drugs can
trigger differentiation of K562 cells. Our recent study has
indicated that caspase-3 activation is required for erythroid
differentiation of K562 cells induced by doxorubicin (Czyz
et al., 2008), whereas differentiation stimulated by STI571, an
inhibitor of Bcr-Abl kinase, is not associated with caspase-3
activation (Jacquel et al., 2007; Czyz et al., 2008). To further
explore caspase-3 involvement in pharmacologically-induced
differentiation, we have chosen well-recognized inducers of
K562 differentiation. Their distinct mechanisms of drug
action were the basis for the selection of cytostatic com-
pounds in the current study. Doxorubicin mainly intercalates
into DNA and inhibits topoisomerase II (Gewirtz, 1999), cis-
platin interferes with replication by interaction with DNA via
intrastrand cross links with two neighbouring guanosines
(Siddik, 2003), hydroxyurea inhibits ribonucleotide reduc-
tase, which catalyses the reduction of ribonucleotides to the
corresponding deoxyribonucleotides required for DNA syn-
thesis (King, 2003), and Ara-C inhibits replication by incor-
porating into DNA (Iwasaki et al., 1997). Only haemin, an
iron-containing porphyrin, which is the prosthetic moiety for
a broad range of proteins involved in oxygen delivery, is not
employed in anticancer chemotherapy as a cytostatic drug,
but is used in acute porphyria and in patients with thalas-
saemia intermedia (Nakamichi et al., 2005). In each case, dif-
ferentiation of K562 cells appeared to be a common outcome
when tested drugs were used at low non-toxic concentrations
(Morceau et al., 1996; Cortesi et al., 1999; Bianchi et al., 2000;
Park et al., 2001; Woessmann and Mivechi, 2001; Czyz et al.,
2005; 2008; Di Pietro et al., 2007).

In this study, glycophorin A (GPA) expression and haemo-
globin synthesis were related to changes in mitochondrial
transmembrane potential (A¥,,) and caspase-3 activity. It was
presumed that induction of caspase-3 activity via the mito-
chondrial pathway could be a common feature of the tested
drugs resulting in pharmacologically-induced erythroid
differentiation of K562 cells.

Methods

Cell culture conditions, cell growth and viability assays

Human K562 cells were grown in a humidified atmosphere of
5% CO, at 37°C in RPMI 1640, supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 50 mg-mL™" genta-
mycin. For experiments, K562 cells were seeded at the density
3.5x10*mL™, and 22 h later tested drugs at indicated con-
centrations were added. In some experiments, the caspase-3
inhibitor zDEVD-fmk at the final concentrations of 50 uM or
DMSO (0.25%) were added 30 min prior to the various tested
compounds. Cell growth and viability were determined by
Trypan blue dye exclusion assay. In the cell growth assay, only
viable cells were taken into account. For each experimental
condition, comparisons were made relative to values obtained
for untreated controls, and expressed as percentages of
control. In the viability assay, the number of dead cells taking
up Trypan blue is expressed as a percentage of the total cell
number (viable and dead) in each experimental condition.
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Each experiment was conducted in triplicate and repeated
four times. All subsequent experiments were performed at
drug concentrations for which cell viability higher than 90%
on day 3 was observed.

Benzidine staining

Cells were incubated with tested drugs for up to 5 days. In
selected experiments, culture medium was supplemented
with the caspase inhibitor zDEVD-fmk or DMSO as described
above. To assess erythroid differentiation of K562 cells, the
benzidine/H,0O, reaction was used. Cells were collected on
days 3, 4 and 5, washed with ice-cold phosphate-buffered
saline (PBS) and resuspended in 0.9% NaCl; 0.2% benzidine
solution in 0.5 M acetic acid supplemented with 0.6% H,O,
was used to start the reaction. After 30 min of incubation at
room temperature, 400 cells were counted to determine the
percentage of blue haeme-containing cells.

Acridine orange/ethidium bromide staining

Cell death was studied morphologically by using fluorescent
dyes: acridine orange (AO) and ethidium bromide (EB).
Briefly, the cells were cultured for 5 days with or without the
test drugs at indicated concentrations. Cells (1 x 10°) were
collected by centrifugation and resuspended in 30 pL of stain-
ing solution, a mixture (1:1) of EB (100 ug-mL™) and AO
(100 pg-mL™). Then, they were examined by ultraviolet fluo-
rescence microscopy (Olympus BX 41). In each experiment,
more than 300 cells were analysed, and then percentages of
early/late apoptotic or necrotic cells were calculated.

Flow cytometry
All stained cells were analysed by using the standard optics of
a FACSCalibur flow cytometer and CellQuest software.

Assessment of GPA expression and caspase-3 activity. K562 cells
were treated with 100 nM doxorubicin, 5 uM cisplatin,
250 nM Ara-C, 600 uM hydroxyurea or 30 uM haemin for 3, 4
and 5 days. In selected experiments, culture medium was
supplemented with the caspase inhibitor zDEVD-fmk or
DMSO as described above. In experiments presented in
Figure 2, where only caspase-3 activity is demonstrated, pro-
pidium iodide (PI)-positive cells were excluded. To relate dif-
ferentiation with caspase-3 activation, cells were double-
stained with fluorescein isothiocyanate (FITC)-conjugated
NucView 488 caspase-3 substrate to detect caspase-3 activity
and with phycoerythrin (PE)-conjugated mouse monoclonal
antibody to the human GPA antigen to detect a cell surface
marker of erythroid differentiation. In these experiments,
cells were washed with PBS, and 3 puL of NucView was added
to 1 x 10° cells in 0.2 mL PBS. After 20 min of incubation
(room temperature, darkness) cells were centrifuged, washed
with PBS containing 2% FBS and resuspended in PBS contain-
ing 2% FBS. Five microlitres of PE-conjugated mouse mono-
clonal antibody to the human GPA antigen was added to
0.1 mL of the cell suspension. After 15 min of incubation
(room temperature, darkness) cells were washed and resus-
pended in 0.3 mL PBS containing 2% FBS and analysed by



flow cytometry. FL1 and FL2 channels were used for detection
of caspase-3 activity and GPA expression, respectively.

Apoptosis assessment by Annexin-V/PI staining. To assess apo-
ptosis, staining with Annexin V and PI (Annexin-V-FLUOS
Staining Kit) was used. After drug treatment for 4 days, 1 x 10°
cells were washed in cold PBS and incubated for 10 min with
50 uL staining solution containing 2 pL Annexin V-FITC.
Next, 50 uL staining solution containing 2 uL PI was added.
Cells were analysed by flow cytometry by using FL1 and FL2
channels.

Propidium iodide staining. Propidium iodide staining was
employed to assess the percentage of dead cells. After drug
treatment, cells were harvested (1 x 10° cells), centrifuged and
resuspended with 0.3 mL of PI (8 ug-mL™) in PBS. After
10 min of incubation at room temperature in darkness, cells
were analysed by flow cytometry (FL2 channel).

Mitochondrial transmembrane potential dissipation (A¥,). To
monitor changes in A¥,,, drug-treated or untreated cells were
loaded with tetramethylrhodamine ethyl ester (TMRE) at
25 nM concentration for 20 min at 37°C and analysed by flow
cytometry (FL2 channel).

Electrophoretic mobility shift assay (EMSA)

Preparation of nuclear extracts from either untreated or drug-
treated K562 cells was performed as described previously
(Moll et al., 1995). The extracts were frozen in aliquots and
stored at —80°C. Double-stranded oligonucleotide: 5’-AAT TAA
GGC GGA TTT GAA TGT AG-3’ containing GATA-1-binding
site (underlined) from Bcl-2-related gene (Bcl-X;) promoter
was labelled by using [0-**P]-dATP and purified as described
previously (Szulawska et al., 2005). Labelled oligonucleotides
(100 000 cpm), 12 pg nuclear extracts, 2 ug of non-specific
competitor poly[dI-dC]-poly[dI-dC] and binding buffer (Czyz
and Gniazdowski, 1998) were incubated for 20 min at room
temperature in a final volume of 20 uL. The reaction mixtures
were analysed by electrophoresis on 5% polyacrylamide gel in
1x Tris-borate buffer. Gels were vacuum-dried and visualized
by phosphorimaging (Molecular Imager). The specificity of
the complex was confirmed by competition experiments by
using a 100-fold excess of non-radioactive GATA-1 oligonucle-
otide as specific competitor or oligonucleotide with unrelated
sequence: 5-AAT TGC CTG GGA AAG TCC CCT CAA CT-3’
[nuclear factor kB (NF«kB)-binding site] as non-specific one.
Relative band intensity was quantified by the densitometric
analysis using Quantity One version 4.4.1. Software (BioRad,
Hercules, CA, USA). The data from three independent experi-
ments were expressed as means * SD.

Statistical analysis

The data from at least three independent experiments were
expressed as means = SD. Student’s one-tailed t-test was used
to determine the statistical significance of differences between
means. Differences were considered as significant when
P <0.05.
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Drugs and materials

Doxorubicin was kindly provided by Dr Irena Oszczapowicz
and Dr Malgorzata Wasowska-Lukawska from the Institute of
Biotechnology and Antibiotics, Warsaw. Ara-C, hydroxyurea
and haemin were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). Stock solutions of each compound (doxorubicin,
Ara-C and hydroxyurea in sterile water and haemin in 0.1 M
NaOH) were stored at —20°C and diluted in RPMI 1640
medium immediately before use. Cisplatin (0.5 mg-mL™ in
0.9% NaCl) was from EBEWE Arzneimittel G.m.b.H (Unter-
ach, Austria).

Human K562 cells were a gift from Professor Jean Claude
D’Halluin (INSERM 125, Lille, France); RPMI 1640 and FBS,
Gibco (Scotland, UK); gentamycin, Polfa (Tarchomin,
Poland); zDEVD-fmk, BD Pharmingen (CA, USA); Trypan blue
dye exclusion assay, AO and benzidine solution, Sigma-
Aldrich (St. Louis, MO, USA); FACSCalibur flow cytometer and
CellQuest software, Becton Dickinson (San Jose, CA, USA);
FITC-conjugated NucView 488 caspase-3 substrate, Biotium,
Inc. (Hayward, CA, USA); PE-conjugated mouse monoclonal
antibody, Caltag Laboratories (Invitrogen Corporation, USA);
Annexin-V-FLUOS Staining Kit, Roche Diagnostics (Man-
nheim, Germany); TMRE, Molecular Probes (Invitrogen, OR,
USA); Molecular Imager, BioRad.

Results

Doxorubicin, cisplatin, Ara-C, hydroxyurea inhibit proliferation
and induce differentiation of K562 cells

To determine optimal concentrations for induction of differ-
entiation while keeping a high viability level, K562 cells were
treated with drugs at various concentrations for 4 days
(Figure 1A). Erythroid differentiation was assessed by benzi-
dine staining for haemoglobin synthesis. The highest percent-
ages of benzidine-positive cells were obtained in cultures
treated with 100 nM doxorubicin, 5 uM cisplatin, 250 nM
Ara-C, 600 uM hydroxyurea and 30 uM haemin. At those
concentrations 46%, 32%, 35%, 23% and 31% of cells were
benzidine-positive respectively. Increasing the concentrations
of cisplatin and hydroxyurea reduced the percentage of
benzidine-positive cells, whereas higher concentrations of
doxorubicin increased the number of differentiated cells but
at the expense of reduced viability (not shown). As already
published by us (Czyz et al., 2005) and others (Cortesi et al.,
1999; Bianchi et al., 2000; Rodrigue et al., 2001; Grebenova
et al., 2006; Moosavi et al., 2007), differentiation of K562 cells
decreases the number of cells able to proliferate. After treat-
ment with 100 nM doxorubicin, 5uM cisplatin, 250 nM
Ara-C or 600 uM hydroxyurea, cell growth was reduced to
about 10% of control (Figure 1A).

Surprisingly, haemin used at a concentration of 30 uM
reduced cell growth only to about 80% of control. This raised
the question as to whether the method applied to evaluate
differentiation induced by haemin was the correct one.
Haemin is the Fe** oxidation product of haeme, and eventu-
ally might be reduced to haeme in cells. Therefore, it is pos-
sible that the benzidine test used to assess the effects of
adding haemin into the culture could produce false positives.
To test this hypothesis, we estimated the percentage of cells
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that were benzidine-positive after 2, 6 and 24 h of treatment
with 30, 60 and 100 uM haemin; after the first 2 h of treat-
ment, 7%, 15% and 20% of cells were ‘benzidine-positive’
respectively. After 6 h, the results were almost identical. Even
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Figure 1 (A) Concentration-dependent effect of DOX, cisPt, Ara-C,
HU and haemin on cell growth, viability and differentiation of K562
cells. Cells were cultured in the presence of various concentrations of
DOX, cisPt, Ara-C, HU and haemin. After 3 days, cell growth and
viability were determined. To evaluate erythroid differentiation, the
percentage of haeme-containing cells was assessed by benzidine
staining. Cell growth and viability were determined by Trypan blue
exclusion assay. (B) Time-dependent effect of drugs on differentiation
of K562 cells. Cells were cultured in the presence of selected concen-
trations of drugs: 100 nM DOX, 5 uM cisPt, 250 nM Ara-C, 600 uM
HU and 30 uM haemin for 3, 4 and 5 days. The percentage of
differentiated cells was determined by benzidine staining. (C) Time-
dependent effect of drugs on viability of K562 cells. Untreated cells or
cells treated for 3, 4 and 5 days with 100 nM DOX, 5 uM cisPt,
250 nM Ara-C, 600 uM HU or 30 uM haemin were stained with
propidium iodide and analysed by flow cytometry. Data represent the
mean = SD of at least three independent experiments carried out in
triplicate. Significant differences (P < 0.001) from the control data
points were obtained for all values shown in the figure. Ara-C,
cytosine arabinoside; cisPt, cisplatin; DOX, doxorubicin; HU, hydrox-
yurea; Pl, propidium iodide.

<

if the differentiation programme had already been triggered,
the endogenous synthesis of haeme seemed unlikely. After
24 h of treatment the percentages were raised to about 25%
for all concentrations tested. In all experiments only 1% of
control cells were benzidine-positive. This strongly suggested
that haemin, when diffusing into cells, could become a sub-
strate in the benzidine reaction and therefore only a number
of the cells, counted as benzidine-positive, could be consid-
ered as truly differentiated cells. Haemin was included in all
other experiments, but possible misleading results were taken
into account.

Prolonged incubation with tested drugs (up to S days)
increased the percentages of benzidine-positive cells
(Figure 1B) without decreasing cellular viability below 90%,
except for doxorubicin, as assessed by PI staining and flow
cytometry (Figure 1C). Further prolongation of treatment
markedly reduced viability of cells (not shown).

Activation of caspase-3 in K562 cells treated with

doxorubicin, cisplatin, Ara-C, hydroxyurea and haemin is not
related to apoptosis

To determine whether caspase-3 was activated in K562 cells
treated with low concentrations of doxorubicin, cisplatin,
Ara-C, hydroxyurea and haemin, the cleavage of a cell
membrane-permeable fluorogenic, NucViewTM 488 caspase-3
substrate, was monitored by fluorescence-activated cell
sorting (FACS). This method detects caspase-3 activity within
individual intact cells. Non-fluorescent caspase-3 substrate
enters the cell cytoplasm, where it is cleaved by caspase-3 to
form a fluorescent high-affinity DNA dye able to stain the
nucleus. The mean fluorescence intensity produced by the
cleavage of the FITC-conjugated caspase-3 substrate increased
from 4.3 in untreated cells to 19.5, 25.3, 22.8, 17.8 in cells
treated with doxorubicin, Ara-C, cisplatin, hydroxyurea for 4
days respectively (Figure 2A). Because viability was high, there
were no marked differences between mean values obtained
for the whole population of drug-treated cells and those
PI-negative (not shown). In this way, false positives due to
autofluorescence of dead cells were excluded. The effects of
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Figure 2 Activation of caspase-3 in K562 cells treated with DOX,
cisPt, Ara-C, HU and haemin is not related to apoptosis. (A) Untreated
cells or cells treated with 100 nM DOX, 5 uM cisPt, 250 nM Ara-C,
600 uM HU and 30 uM haemin for 4 days were stained with Nuc-
ViewTM 488 caspase-3 substrate and analysed by flow cytometry
(FLT channel). Pl-positive cells were excluded from the analysis. The
histograms represent results from a single typical experiment. (B)
Untreated cells or cells treated with tested drugs for 5 days were
stained with acridine orange and ethidium bromide and examined by
fluorescence microscopy. The numbers of apoptotic or necrotic cells
were below 4% as assessed in 300 cells. Representative microscopic
fields are shown. (C) Untreated K562 cells or cells treated with tested
drugs for 4 days were stained with Annexin V and Pl and analysed by
flow cytometry (FL1 and FL2 channel respectively). Histograms rep-
resent results from a single typical experiment. Ara-C, cytosine ara-
binoside; cisPt, cisplatin; DOX, doxorubicin; FITC, fluorescein
isothiocyanate; HU, hydroxyurea; PI, propidium iodide.

haemin on caspase-3 activity were weak in comparison with
other tested drugs; it induced a mean intensity of FITC fluo-
rescence of 7.3. These data indicate that doxorubicin, cispl-
atin, Ara-C and hydroxyurea induced caspase-3 activation
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within 4 days and haemin was less efficient than the other
drugs. To exclude the possibility that the observed caspase-3
activation resulted in apoptosis, cells were treated with drugs
for 5 days and then analysed by fluorescence microscopy after
AO/EB staining (Figure 2B). All tested drugs, except haemin,
caused an increase in cell size (no pyknosis) and in 300 cells
the percentages of apoptotic or necrotic cells were still below
4% (not shown). The induction of apoptosis in K562 cells
after drug treatment was also evaluated by Annexin V/PI
staining (Figure 2C). The present results and those published
previously (Czyz etal., 2008) exclude the possibility that
caspase-3 activation triggered by low concentrations of anti-
cancer drugs may favour apoptosis in K562 cells.

Drug-induced differentiation of K562 cells is associated with
caspase-3 activation

To relate differentiation to caspase-3 activity, double-staining
for activated caspase-3 and GPA was employed in flow cytom-
etry. PE-conjugated mouse monoclonal antibody to the
human GPA, a surface marker of erythroid differentiation, was
used together with the fluorogenic substrate for detecting
caspase-3 activity within living cells. A marked increase in
the percentages of GPA/caspase-3-double-positive cells was
observed in cultures treated for 3 days with tested compounds
(Figure 3A). They were raised from 1% in the control culture
to about 51%, 39%, 47% and 36% in the cultures stimulated
with 100 nM doxorubicin, 5 uM cisplatin, 250 nM Ara-C and
600 uM hydroxyurea respectively. The percentage of double-
positive cells was not significantly increased after haemin
treatment. Activation of caspase-3 was a much slower process
in haemin-treated cells than observed in cells treated with
other tested drugs, and a marked increase was observed on
day 5. GPA expression in haemin-treated cells was still at a
similar level to that observed in untreated cells and therefore
no double-positive cells were visible on day 5. Most of the
cells stimulated with other drugs were already double-
positive, simultaneously carrying a marker for differentiation
and expressing caspase-3 activity. To further confirm the
involvement of caspase-3 in erythroid differentiation, an irre-
versible and specific caspase-3 inhibitor zDEVD-fmk was
added to the cultures 30 min prior to tested drugs. The
optimal concentrations of drugs were used to stimulate dif-
ferentiation of K562 cells. Neither the DMSO vehicle nor the
caspase inhibitor was toxic to the K562 cells or increased cell
viability (not shown). In addition, they did not influence the
differentiation level of K562 cells. After 4 days, zDEVD-fmk
restrained caspase-3 activation in more than 50% of cells
treated with cisplatin, Ara-C, hydroxyurea and haemin and in
about 40% of cells treated with doxorubicin (Figure 3B). In
parallel, a marked reduction in the percentages of cells with
evidence of differentiation was observed. As shown in
Figure 3C, zDEVD-fmk significantly reduced the level of GPA-
positive cells in cultures treated with doxorubicin, cisplatin,
hydroxyurea and Ara-C. The percentages of benzidine-
positive cells were also significantly decreased by caspase-3
inhibitor (Figure 3E). In haemin-treated cultures, the decrease
in the percentages of benzidine-positive cells or GPA-positive
cells was not statistically significant (P > 0.05). After caspase-3
inhibition, the pool of double-positive cells in doxorubicin-,
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Figure 3 Caspase-3 is involved in the pharmacologically-induced differentiation of K562 cells. (A) Untreated cells or cells treated for 3, 4 and
5 days with 100 nM DOX, 5 uM cisPt, 250 nM Ara-C, 600 uM HU and 30 uM haemin were incubated with FITC-conjugated NucView caspase-3
substrate and PE-conjugated anti-GPA monoclonal antibodies and analysed by flow cytometry (FL1 and FL2 channels respectively). In selected
experiments, the caspase-3 inhibitor zDEVD-fmk (50 uM) was added to the cultures 30 min prior to drug applications and incubated with drugs
for 4 days. Density plots are from a single typical experiment. The percentage of caspase-3-positive (B), GPA-positive (C) and GPA/caspase-3-
double-positive (D) cells were determined from density plots obtained in drug-treated cultures with or without zDEVD-fmk. (E) K562 cells were
treated with tested drugs at selected concentrations for 4 days with or without zDEVD-fmk (50 uM). Next, differentiation was assessed by
benzidine staining. Data represent the mean = SD of at least three independent experiments carried out in triplicate. Asterisks indicate significant
differences (*P <0.05; **P <0.01; ***P <0.001) for the data points obtained with versus without zDEVD-fmk. Ara-C, cytosine arabinoside; cisPt,
cisplatin; DOX, doxorubicin; FITC, fluorescein isothiocyanate; GPA, glycophorin A; HU, hydroxyurea; PE, phycoerythrin; Pl, propidium iodide.
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cisplatin- and hydroxyurea-treated cultures was decreased by
more than 60%, and in Ara-C-treated cultures by more than
40% (Figure 3D). These results clearly indicate that the
caspase-3 inhibitor zDEVD-fmk suppressed erythroid differen-
tiation induced by doxorubicin, hydroxyurea, Ara-C and cis-
platin. Haemin (30 uM) did not induce differentiation within
5 days, as indicated by the low level of GPA-positive cells. In
addition, the caspase-3 inhibitor did not reduce the high level
of benzidine-positive cells.

Doxorubicin, cisplatin, Ara-C, hydroxyurea and haemin
treatment of K562 cells caused mitochondrial transmembrane
potential dissipation (A,

Caspase-3 can be activated along two major pathways:
the extrinsic (death receptor-mediated) and intrinsic
(mitochondria-dependent) pathways. Of these two, the
mitochondrial pathway is commonly triggered during
chemotherapy-induced apoptosis. To determine whether
caspase-3 is activated along the mitochondrial pathway in
drug-induced differentiation, changes in A¥,, were assessed in
K562 cells treated with 100 nM doxorubicin, 5 uM cisplatin,
250 nM Ara-C, 600 uM hydroxyurea and 30 uM haemin. All
tested drugs caused a progressive loss of A¥,, in K562 cells
(Figure 4). Already on day 3, more than 10% of cells treated
with doxorubicin, Ara-C, cisplatin and hydroxyurea exerted
AY,, dissipation. Only in haemin-treated cells, was the AY,,
not affected on day 3. On day 5, as much as 54% of
doxorubicin-treated cells exhibited low A¥,,. Cisplatin, Ara-C,
hydroxyurea and haemin decreased A¥,, in 50%, 48%, 45%
and 26% of cells, respectively. At the same time, only about
10% of cells were PI-positive, as assessed by FACS (Figure 1C).
The addition of zDEVD-fmk to the drug-treated cultures did
not significantly affect the dissipation of the AY¥, (not
shown).

GATA-1 activity was not diminished with increased caspase-3
activity upon treatment of K562 cells with doxorubicin,
hydroxyurea, cisplatin, Ara-C and haemin

GATA-1 transcription factor is essential for cell survival and
maturation of erythroid progenitors. On the other hand, it is
a target of caspase-3, and it is cleaved upon erythropoietin
(Epo) starvation or induction of death receptor Fas (De Maria
et al., 1999; Gregoli and Bondurant, 1999). Using the EMSA
we investigated the levels of GATA-1-binding activity in
nuclear extracts prepared from K562 cells after 3 days of
treatment with doxorubicin, hydroxyurea, cisplatin, Ara-C
and haemin at the indicated concentrations. EMSA, using the
double-stranded oligonucleotide containing GATA-1-binding
site from the Bcl-X; promoter, was performed on equal
amounts of protein from nuclear extracts. The specificity of
the protein-DNA complexes was confirmed by competition
with ds-oligonucleotides: specific and non-specific (NF«B-
binding site). The results revealed that the binding of GATA-1
to DNA was not lost but rather slightly increased on day 3,
when the high activity of caspase-3 was already observed
(Figure 5). Band intensities quantified by densitometric analy-
sis were increased in cells treated with haemin by 1.34 *=
0.18-fold, cisplatin 1.44 = 0.15-fold, Ara-C 1.58 = 0.59-fold,
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Figure 4 Mitochondrial transmembrane potential (A¥.,) dissipation
is observed in cells treated with DOX, cisPt, Ara-C, HU and haemin.
Cells were cultured in the presence of 100 nM DOX, 5 uM cisPt,
250 nM Ara-C, 600 uM HU and 30 uM haemin for 3, 4 and 5 days at
indicated concentrations. After treatment, cells were loaded with
TMRE and analysed by flow cytometry (FL2 channel). (A) Histograms
are shown from a single typical experiment. (B) Quantitative data are
presented as means *= SD of percentages of cells with low TMRE
fluorescence intensity (<2 x 10%) from at least three independent
experiments. Significant differences (P <0.001) from the control data
points were obtained, except for haemin on days 3 and 4 (P > 0.05).
Ara-C, cytosine arabinoside; cisPt, cisplatin; DOX, doxorubicin; HU,
hydroxyurea; TMRE, tetramethylrhodamine ethyl! ester.

doxorubicin 1.61 % 0.44-fold and hydroxyurea 1.70 = 0.69-
fold. This suggests that even if induction of GATA-1 and
activation of caspase-3 by cytostatic compounds were coinci-
dent, caspase-3 did not diminish the activity of GATA-1 by
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Figure 5 EMSA comparing the level of GATA-1-binding activity in
nuclear extracts of untreated and DOX-, HU-, Ara-C-, cisPt- and
haemin-treated K562 cells. EMSA was performed after incubation of
32p-labelled GATA-1 ds-oligonucleotides with nuclear extracts as
described in Methods. Competition experiments showing the speci-
ficity of the protein-DNA complexes are included: lane 1 contains
unrelated ds-oligonucleotide denoted as ‘ns’, and lane 2 contains
specific competitor (non-radioactive GATA-1 ds-oligonucleotide)
denoted as ‘s’. The position of DNA-GATA-1 complexes and the free
DNA probe are indicated by arrows. Quantitative results from three
independent experiments showing band intensity obtained with
nuclear extracts from drug-treated versus control cells are presented
in the Results section. Ara-C, cytosine arabinoside; cisPt, cisplatin;
DOX, doxorubicin; EMSA, electrophoretic mobility shift assay; HU,
hydroxyurea.

cleavage of this erythroid transcription factor. These results
are in line with previously published ones (Szulawska et al.,
2007) showing an enhancement of GATA-1 DNA-binding
activity, and an increase in GATA-1 and y-globin mRNA levels
in doxorubicin-treated K562 cells.

Discussion and conclusions

Caspases play a central role in apoptosis. In addition, they
have been found to be essential for cell survival, differentia-
tion, proliferation, NFxB activation and homeostasis in a
variety of cells. Recent reports indicate that they are involved
in differentiation of embryonic keratinocytes (Okuyama et al.,
2004), neural stem cells (Fernando et al., 2005), lens cells
(Weber and Menko, 2005; Zandy et al., 2005), monocytes into
macrophages (Sordet et al., 2002), skeletal muscles (Fernando
et al., 2002) and osteoblasts (Miura et al., 2004). Caspase-3 is
needed to mediate differentiation of embryonic stem cells
(Fujita et al., 2008). Several reviews have summarized the
importance of caspases in cellular differentiation (Schwerk
and Schulze-Osthoff, 2003; Launay et al., 2005; Kuranaga and
Miura, 2007; Lamkanfi et al., 2007; Droin et al., 2008; Galluzzi
et al., 2008). In addition, the apoptotic machinery is involved
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in normal erythropoiesis. A non-apoptotic role for active
caspase-3 was proven to be essential for erythroid differentia-
tion (Zermati et al., 2001; Aispuru et al., 2008). Caspase-3 is
transiently activated through the mitochondrial pathway
(Zermati et al., 2001), and its activity peaks at the erythroid
colony-forming unit (CFU-E) stage (Carlile et al., 2004). To
counterbalance the appearance of pro-apoptotic molecules,
Epo promotes erythroid precursor survival by maintaining
the expression of Bcl-X; (Zermati et al., 2001). Bcl-X,, acts by
preventing the release of pro-apoptotic molecules from mito-
chondria (Gregoli and Bondurant, 1999). The transcription
factor GATA-1 is involved in Epo-mediated up-regulation of
Bcl-X, (Gregory et al., 1999) and positively regulates expres-
sion of erythroid genes (Pevny et al., 1991). This transcription
factor is a target for caspases in cells undergoing death upon
Epo starvation or induction of death receptor Fas (De Maria
etal., 1999; Gregoli and Bondurant, 1999), but it remains
uncleaved during cell differentiation stimulated with Epo
(Zermati et al., 2001; Carlile et al., 2004). The chaperone
protein Hsp70 (heat shock protein 70) protects GATA-1 from
caspase-3 cleavage in erythroid precursors undergoing differ-
entiation (Ribeil et al., 2007). It was shown that the use of
Hsp70-targeting siRNA in Epo-treated cultures of erythroid
precursors led to GATA-1 cleavage, a decrease in haemoglobin
content, down-regulation of Bcl-X, and cell death by apopto-
sis (Ribeil et al., 2007).

Several genetic alterations present in cancer cells introduce
changes to the mechanisms responsible for cell fate. K562, an
erythroleukaemic cell line derived from a patient with CML in
blast crisis, bears interesting examples of such alterations. In
this clearly defined genetic background, pharmacologically-
induced differentiation has been studied extensively
(Morceau et al., 1996; Belhacene et al., 1998; Cortesi et al.,
1999; Bianchi et al., 2000; Witt et al., 2000; Park et al., 2001;
Jacquel etal., 2003; Huang etal., 2004, Woessmann et al.,
2004; Czyz et al., 2005; 2008; Moosavi et al., 2007; Szulawska
et al., 2007; Jakubowska et al., 2008). Due to the constitutive
activity of the fusion kinase Bcr-Abl, K562 cells overexpress
anti-apoptotic protein Bcl-X;, independently from Epo. A
high expression of Bcl-X; and a mutation in the p53 gene
make K562 cells resistant to apoptosis induced by anticancer
drugs.

The fact that caspase-3 is activated during Epo-induced
differentiation of erythroid progenitors (Zermati et al., 2001;
Droin et al., 2008) raised the question as to whether it could
be also involved in pharmacologically-induced differentiation
of erythroleukaemic cells. To investigate this possibility, K562
cells were used to assess the induction of caspase-3 activity
simultaneously with the induction of differentiation. A dis-
tinct increase in caspase-3 activity accompanied differentia-
tion not apoptosis. GPA, a marker of erythroid cells, which
appears during erythropoiesis at the basophilic normoblast
stage of development and then increases throughout the rest
of erythroid differentiation, was detected on day 3 in drug-
treated K562 cells (Figure 3). The GPA levels increased during
the following 2 days of treatment, and the highest change was
observed for doxorubicin, from 54% on day 3 to 72% on day
5. The number of haemoglobin-positive cells was also
growing (Figure 1B). To further substantiate the role of
caspase-3 in pharmacologically-induced differentiation, a



specific inhibitor of caspase-3 zDEVD-fmk was used (Figure 3).
Along with caspase-3 inhibition, percentages of GPA-positive
and haemoglobinized cells were decreased. Our results
attempt to provide evidence that caspase-3 is a prerequisite
for drug-induced differentiation of erythroleukaemic cells. As
in normal erythropoiesis, the involvement of the mitochon-
dria in the pathway leading to the drug-induced caspase-3
activation was shown (Figure 4).

Another important point addressed in this study pertained
to the role of caspase-3 in the proteolysis of molecules impor-
tant for erythroid differentiation. The non-apoptotic pro-
cesses controlled by caspase-3 require the cleavage of selected
targets but are different from those needed for apoptosis
(Launay et al., 2005). For instance, during normal erythro-
poiesis, GATA-1 is not cleaved by caspase-3 but it is a substrate
of this protease in progenitors undergoing apoptosis upon
Epo starvation (De Maria et al., 1999). Accordingly, our results
indicate that GATA-1 was not a target of caspase-3 during
pharmacologically-induced differentiation of K562 cells.
GATA-1 can be activated in K562 cells by several drugs includ-
ing butyrate (Chénais, 1998), N-acetylcysteine (Partington
and Patient, 1999) and anthracyclines (Jeannesson et al.,
1997); (Gillet etal., 2002). The mRNA level of GATA-1 is
increased by more than twofold in the presence of doxorubi-
cin or its morpholine derivatives as assessed by real-time PCR
(Szulawska and Czyz, 2007). Also, expression of the GATA-1-
dependent gene was enhanced, as shown previously for
v-globin in doxorubicin-stimulated cells (Szulawska et al.,
2007). In the present study, GATA-1 activity was also slightly
increased upon treatment with doxorubicin, hydroxyurea,
cisplatin, Ara-C and haemin (Figure 5). This might be con-
nected with increased stability of GATA-1 mRNA, as shown
previously for doxorubicin (Szulawska et al., 2007). The influ-
ence of other drugs used in the study on GATA-1 mRNA
stability were not tested and distinct mechanisms such as
increased transcription rate, as observed for instance in the
case of aclarubicin treatment (Jeannesson et al., 1997), should
also be considered. Nevertheless, in pharmacologically-
induced differentiation that is accompanied by increased
caspase-3 activity, the DNA-binding activity of GATA-1 was
not diminished, but rather increased (Figure 5). The chaper-
one protein Hsp70 should be considered as a protective mol-
ecule for GATA-1, as it exerts its anti-apoptotic function
downstream of caspase-3 activation (Jaatteld etal., 1998).
Indeed, K562 cells contain an elevated level of endogenous
Hsp70 (Guo etal.,, 2005), which could protect GATA-1
from caspase-3 cleavage, similarly to normal erythroid
development.

Among other anti-apoptotic events, GATA-1-dependent
expression of Bcl-X; is required for the survival of erythroid
cells during differentiation (Gregoli and Bondurant, 1997).
Our recent findings (Czyz et al., 2008) have indicated the
importance of Bcl-X;, which is also overexpressed in K562
cells (Benito et al., 1996), in keeping cells on the differentia-
tion track after stimulation with cytostatic drugs. It was
shown that doxorubicin alone induced differentiation,
whereas in combination with STI571 it induced apoptosis in
about 50% of K562 cells and differentiation in only a few
percent of cells (Czyz et al., 2008). The inhibition of Bcr-Abl
activity by STIS71 could decrease the activity of Bcl-X, to a
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level that is not sufficient to counterbalance the massive
release of pro-apoptotic molecules induced by stimulation
with doxorubicin. We cannot exclude the possibility that
caspase-3 activation in response to cytostatic drugs is limited,
at least partially, by the lower level of Apaf-1 in K562 cells, the
protein important for apoptosome formation (Fu et al., 2003)
or the failure of Bax targeting to mitochondria, as was
observed for K562 cells stimulated with etoposide (Jia et al.,
2001).

Results obtained for haemin-treated K562 cells are contro-
versial. Although in our experiments haemin led to the
appearance of benzidine-positive cells (Figure 1), as shown
previously (Baliga et al., 1993; Addya et al., 2004), we were not
able to detect a substantial percentage of GPA-positive cells
after treatment with 30 uM haemin for 5 days (Figure 3). In
this respect, there is a contradiction between our results and
those previously obtained for 30 uM haemin, where about
50% of K562 cells were CD71/GPA-positive after 4 days of
treatment (Di Pietro et al., 2007). On the other hand, the
possibility that benzidine positivity after haemin treatment
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Figure 6 A hypothetical model of caspase-3 involvement in
pharmacologically-induced erythroid differentiation of K562 cells.
Cytostatic drugs trigger activity of transcription factor GATA-1
(Figure 5; Jeannesson et al, 1997; Chénais, 1998; Partington and
Patient, 1999; Gillet et al., 2002; Szulawska et al., 2007). Caspase-3
activity is simultaneously induced via mitochondrial pathway
(Figure 4; Czyz et al., 2008). However, an elevated level of Bcl-X, in
K562 (Benito et al., 1996) can prevent the massive release of apop-
totic molecules from mitochondria to the cytosol. High endogenous
levels of chaperone protein Hsp70 (Guo et al., 2005) can protect
GATA-1 and Bcl-X, from caspase-3-mediated proteolysis. In turn,
GATA-1 can promote expression of erythroid and anti-apoptotic
genes (Weiss and Orkin, 1995; Szulawska etal, 2007). A
pharmacologically-induced differentiation is, therefore, similar to
normal erythropoiesis, also involving the GATA-1, Bcl-X, and Hsp70
proteins (Ribeil et al., 2007), but as the Bcl-X, and Hsp70 proteins are
overexpressed in K562, erythropoietin is not needed to trigger the
signalling cascades leading to the differentiation of erythroleukaemic
cells. Thus, both proteins Bcl-X, and Hsp70, which are expressed in
K562 cells at high levels, might be important for keeping cells on
track of differentiation in the presence of drug-activated caspases.
The importance of Bcl-X. is also supported by the observation that
inhibition of Bcr-Abl by STI571 induces apoptosis in CML cells by
down-regulation of Bcl-X, (Oetzel et al., 2000). Grey boxes — changes
induced by cytotoxic drugs; black boxes — proteins already present at
high levels in K562 cells. A¥,, mitochondrial transmembrane
potential;, Bcl-X,, Bcl-2-related gene, long isoform; CML, chronic
myelogenous leukaemia; Hsp70, heat shock protein 70.
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could be due to the presence of free haemin being taken up by
the cells from the medium should be taken into account (Cioe
etal., 1981). Our results do not exclude the possibility that
haemin is a weak inducer of differentiation, and in our experi-
mental system a longer time would be necessary to stimulate
erythroid markers. This notion is supported by the delay in
the AY,, dissipation observed in haemin-treated K562 cells
(Figure 4). Caspase-3 activity was also increased later than in
cultures treated with the other drugs (Figure 3). In addition, it
has been found that haemin-induced differentiation is revers-
ible (Dean et al., 1981) and does not involve up-regulation of
GATA-1 and NF-E2 transcription factors (Morceau etal.,
1996).

Taken together, our data obtained for four diverse antican-
cer drugs: doxorubicin, hydroxyurea, cisplatin and Ara-C
indicate that: (i) caspase-3 is involved in pharmacologically-
induced differentiation of the CML cell line K562; (ii) as with
the apoptotic response to many anticancer drugs, mitochon-
drial membrane potential dissipation seems to be necessary to
activate caspase-3 for this non-apoptotic function; and (iii)
GATA-1 is not a target for activated caspase-3 as its DNA-
binding activity is increased rather than diminished. In addi-
tion, we could speculate, that the observed phenomena
depend on the specific genetic background of K562 cells such
as an elevated level of chaperone protein Hsp70 and a high
level of anti-apoptotic protein Bcl-X, (Figure 6). Apart from its
significance in the regulation of growth of cancer cells, these
findings may also have some impact on our understanding of
how important the genetic background of cancer cells is for
the type of response to cytotoxic drugs. Future studies are
needed to elucidate the specific role of caspase-3 in
pharmacologically-induced differentiation, which would
provide a valuable insight into the function of other pro- and
anti-apoptotic molecules in the context of cell differentiation
mediated by anticancer drugs. For instance, differentiation of
erythroid progenitors is associated with the caspase-mediated
proteolysis of several proteins otherwise involved in the apo-
ptotic process such as poly (ADP-ribose) polymerase (PARP)1,
lamin B and acinus (Droin et al., 2008). It would be of interest
to evaluate whether the drug-induced caspase-3 activity is
sufficient to trigger proteolysis of these substrates. It has been
demonstrated, for instance, that a dose-dependent increase in
cleaved caspase-3 and cleaved PARP levels occurs in K562 cells
treated with atiprimod (Faderl et al., 2007). Pretreatment with
the differentiating agent sodium butyrate has also been found
to enhance PARP cleavage in etoposide-treated K562 cells
(Kurz etal.,, 2001). Cleavage of these targets is thought to
induce enucleation during erythropoiesis (Droin et al., 2008).
However, the pharmacologically-induced differentiation of
K562 cells, which results in the inhibition of cell growth and
the induction of the haemoglobin synthesis, never leads to
the appearance of enucleated mature erythrocytes.
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