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Abstract
U937 leukemic cells treated for 24 h with 16 nM 12-O-
tetradecanoylphorbol 13-acetate (TPA), that induces their
macrophagic terminal differentiation, become resistant to
etoposide-induced apoptosis. Exposure of undifferentiated
U937 cells to50 mMetoposide for6 h, that triggersapoptosis in
80% cells, activates procaspase-2L, -3 and -8, induces the
mitochondrial release of cytochrome c and decreases Mcl-1
expression without modifying Bcl-2, Bcl-xL and Bax protein
levels. All these events are inhibited in TPA-differentiated
U937 cells that are also resistant to vinblastine-induced and
Fas-mediated cell death. Interestingly, these cells are not
inherently resistant to apoptosis induction. Exposure of TPA-
differentiated U937 cells to 0.8 mg/ml cycloheximide for 24 h,
that triggers apoptosis in 50% cells, activates procaspase-2L,
-3 and -8, induces the mitochondrial release of cytochrome c
and decreases Bcl-xL expression without modifying Bcl-2,
Mcl-1 and Bax protein levels. All these events are not observed
in undifferentiated cells treated in similar conditions. These
results indicate that the apoptotic pathway that involves the
release of cytochrome c from mitochondria and the cleavage
of procaspases remains functional in TPA-differentiated cells.
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Introduction

Human myeloid leukemia cell lines can be induced to
differentiate along the macrophagic pathway by treatment
with the phorbol ester 12-O-tetradecanoylphorbol 13-acetate
(TPA).1 This process of differentiation is associated with
activation of protein kinase C,2 down-regulation of c-myc3 and
cdc25 expression,4 induction of c-fos, c-jun and c-fms

transcripts5 ± 7 and cell cycle exit.8 Although differentiated
cells ultimately die by apoptosis,9 we have previously shown
that HL-60 cells induced to differentiate by TPA became
resistant to drug induced cell death.10 A resistance to drug-
induced apoptosis has been also observed in vitamin D3-
differentiated HL-60 cells.11 Thus, terminally differentiated
leukemic cells can be used as a model for comparing drug-
sensitivity of undifferentiated proliferating and differentiated
quiescent tumor cells.

Apoptosis is the mode of cell death usually triggered by
chemotherapeutic drugs in leukemic cells.12 ± 14 It results
from the activation of a genetically encoded suicide
program that leads to a series of characteristic events
including morphological changes, DNA fragmentation,
externalization of phosphatidylserine on the outer leaflet
of the plasma membrane and proteolysis of cellular
substrates. We have previously identified a proteolytic
cascade that was responsible for most of these events in
etoposide-treated U937 leukemic cells.15 A family of
cysteine proteases, referred to as caspases, plays a
central role in this proteolytic cascade.16 Generation of
active caspases requires limited proteolysis of a proenzyme
at internal aspartate residues to give a heterodimeric
enzyme with both chains containing essential components
of the catalytic machinery.17 Whereas a few caspases are
primarily involved in procytokine activation, most of them
are considered to promote pathways to apoptosis.
Caspases activate downstream procaspases in a cascade
that induces a limited proteolysis of a number of cellular
proteins including poly(ADP-ribose)polymerase (PARP),18

the retinoblastoma protein (RB)19 and the cyclin-dependent
kinase inhibitor p27Kip1 (Eymin et al, submitted).

Activation of some caspases such as caspase-3 is
modulated by members of the Bcl-2 family of proteins that
either promote or inhibit apoptosis. Antiapoptotic members
such as Bcl-2 itself, Bcl-xL and Mcl-1 prevent apoptosis in
response to a variety of stimuli whereas proapoptotic
proteins such as Bax accelerate the death process.20 ± 22

Most of these proteins are localized to the outer membrane
of mitochondria and nucleus as a result of a carboxy-
terminal membrane anchor.22 Many of the biochemical
changes associated with apoptosis can result from
alterations in mitochondrial function.23,24 A current picture
of cell death regulation is that most apoptotic signals
converge on a common final pathway in which Bcl-2-related
proteins modulate the release of resident mitochondrial
proteins such as cytochrome c and apoptosis-inducing
factor.25 ± 29 In the cytosol, cytochrome c combines with the
protein Apaf-1 and caspase-9 to activate procaspase-3 and
the proteolytic cascade that leads to apoptosis.30

In the present study, we compared the sensitivity of U937
parental cells and their TPA-differentiated counterpart to
drug-induced and Fas-mediated apoptosis. We show that
apoptosis triggered by etoposide, vinblastine and soluble
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Figure 1 Inhibition of etoposide-induced apoptosis in TPA-differentiated U937 cells. Parental undifferentiated (UD, *) and TPA-differentiated (D, ~) U937 cells
were treated with 50 mM etoposide for indicated times. (A) Apoptotic DNA fragmentation was quantified using filter elution assay [One of two independent
experiments is shown (mean+S.D. of triplicate samples)] (left panel) and visualized by agarose gel electrophoresis (right panels). Insert: quantification of apoptotic
DNA fragmentation in U937 cells pre-incubated for indicated times with 16 nM TPA, washed, then treated with 50 mM etoposide for 6 h. [One of two independent
experiments is shown (mean+S.D. of triplicate samples)]. (B) Quantitative analysis by flow cytometry of phosphatidylserine externalization on the plasma
membrane. Phosphatidylserine was identified by labeling the cells with annexin V-FITC (black symbols) and plasma membrane permeability was checked by co-
labeling the cells with propidium iodide (open symbols). (C) Cleavage of PARP, p27Kip1 and RB proteins is visualized by Western blot analysis. Numbers are
molecular weights in kDa. *Indicates the cleavage products. Loading was checked by using an anti-human HSP70 monoclonal antibody. One of three independent
experiments is shown
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Fas-ligand (Fas-L) is blocked upstream of this final common
pathway. However, this final pathway remains functional and
TPA-differentiated cells are highly sensitive to apoptosis
induced by the protein synthesis inhibitor cycloheximide.

Results

Etoposide-induced apoptosis is inhibited in U937
cells by TPA-mediated differentiation

Exposure of U937 cells to 16 nM TPA induced a time-
dependent decrease of etoposide-induced apoptosis (Figure
1A, insert). After a 24 h exposure to 16 nM TPA, more than
90% cells demonstrate an adherent phenotype, indicating
their differentiation along a macrophagic pathway. At this
time, cells that were not attached to the culture flask were
removed. Attached cells (=TPA differentiated) were continu-
ously treated for 1.5 ± 24 h with 50 mM etoposide and DNA
fragmentation was quantified by filter elution assay (Figure
1A, left panel). These results were compared to those
obtained in undifferentiated U937 cells treated in the same
conditions. After a 6 h exposure to the drug, DNA was
fragmented in about 80% undifferentiated cells whereas no
DNA-fragmentation was observed in TPA-treated cells. This
inhibition of etoposide-induced DNA fragmentation was
confirmed by agarose gel electrophoresis (Figure 1A, right
panels). Whereas a characteristic ladder of nucleosome-size
DNA fragments was observed in undifferentiated cells
exposed for 6 h to the drug, no DNA ladder was detectable
in TPA-differentiated cells treated in the same conditions.
Inhibition of etoposide-induced apoptosis in adherent TPA-
differentiated cells was further demonstrated by showing the
inhibition of phosphatidylserine externalization on the outer
plasma membrane leaflet, 6 h after the beginning of etoposide
treatment (Figure 1B). At this time point, Annexin V-labeling in
the presence of calcium31 was observed in 80% undiffer-
entiated cells compared to 20% differentiated cells. After 24 h
of drug exposure, some differentiated cells demonstrated
Annexin V-labeling, suggesting that drug-induced apoptosis
was delayed rather than completely inhibited in these cells.
Therefore, we focused on the mechanisms that prevent cell
death induced by a 6-h exposure to 50 mM etoposide. At this
time, the DNA repair enzyme PARP, the cyclin-dependent
kinase inhibitor p27Kip1 and the RB protein were cleaved in
parental cells but not in differentiated cells (Figure 1C). In
combination with the lack of characteristic morphological
changes (data not shown), these data demonstrate that, in
contrast to parental cells, TPA-differentiated U937 cells do not
undergo apoptosis after a 6 h exposure to 50 mM etoposide.

Etoposide-induced apoptosis is inhibited upstream
of procaspase-3 activation in TPA-differentiated
U937 cells

Caspase-3 is a key protease involved in the protein cleavage
associated with apoptosis.32 In undifferentiated U937 cells,
etoposide exposure (50 mM, 6 h) induced a decrease of the
proenzyme form, procaspase-3, and its cleavage/activation
into a p19 and a p17 fragments (Figure 2). These events were
not observed in TPA-differentiated cells treated in the same

conditions. We have shown recently that etoposide-induced
apoptosis was associated with a decrease of procaspase-2L
in undifferentiated cells.33 In the present study, we confirmed
this result and showed that this event was not observed in
etoposide-treated TPA-differentiated U937 cells (Figure 2). It
has been reported that etoposide induced apoptosis was
associated with procaspase-8 processing.34 TPA-mediated
differentiation of U937 cells prevented the decrease of
procaspase-8 expression induced by a 6 h exposure to
etoposide (Figure 2).

TPA-induced differentiation of U937 cells
increases Bcl-xL expression and prevents
etoposide-induced decrease of Mcl-1 protein level

Bcl-2 and Bcl-2-related proteins have been demonstrated to
modulate activation of procaspase-3 and the caspase
cascade.27,35 Modulation of Bcl-2-related protein levels has
been associated with leukemic cell differentiation20,27,36,37

and cell treatment with cytotoxic drugs.38 Therefore, we
examined the effect of TPA and etoposide exposure on Bcl-2,
Bcl-xL, Mcl-1 and Bax expression in U937 cells. TPA induced
a significant increase of Bxl-xL and Mcl-1 expression, as soon
as 1 h after the beginning of U937 cell treatment. Bcl-xL
remained increased in U937 cells examined after a 24-h
exposure to TPA whereas Mcl-1 expression returned to the

Figure 2 Western blot analysis of caspases. Analysis of procaspase-3
expression and its cleavage products and procaspases- 2L, and -8 expression
in parental undifferentiated (UD) and TPA-differentiated (D) U937 cells treated
with 50 mM etoposide for 6 h. Numbers are molecular weights in kDa.
*Indicates the cleavage products. Loading was checked by using an anti-
human HSP70 monoclonal antibody. One of three independent experiments is
shown
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basal level as the cells progress towards a differentiated
phenotype. Other consequences of TPA-mediated differentia-
tion included a slight decrease of Bcl-2 and Bax expression
(Figure 3A).

These four proteins were also monitored in parental and
TPA-differentiated cells treated for 1.5 ± 24 h with 50 mM
etoposide. Whereas the drug induced a progressive
decrease in Mcl-1 expression in parental cells, this effect

was not observed in TPA-differentiated cells. In both
parental and TPA-differentiated cells, the expression of
the three other proteins was not modified during the first
hours of etoposide exposure (Figure 3B). In undifferentiated
cells, both anti-Bcl-2 and anti-Bax antibodies cross-reacted
with a lower molecular weight protein that could correspond
to a cleavage fragment39,40 after 24 h of etoposide
treatment (Figure 3B).

Figure 3 Western blot analysis of Bcl-2 and Bcl-2-related proteins. (A) Expression of Bcl-2, Bcl-xL, Mcl-1 and Bax in U937 cells incubated with 16 nM TPA for
indicated times. (B) Bcl-2, Bxl-xL, Mcl-1 and Bax expression in UD and D U937 cells treated with 50 mM etoposide for indicated times. Numbers are molecular
weights in kDa. *Indicates a cleavage product. Loading was checked by using an anti-human HSP70 monoclonal antibody. One of three independent experiments
is shown
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TPA-induced differentiation of U937 cells prevents
cytochrome c release from mitochondria induced
by etoposide

Release of cytochrome c from the mitochondrial intermem-
brane space to the cytosol has been proposed as an early
central event in apoptotic cell death.41 This event could be
prevented by the antiapoptotic protein Bcl-225,26 and Bcl-
xL.28,29 Here, we confirmed that cytochrome c was released
from mitochondria into the cytosol of U937 parental cells
treated for 4 h with 50 mM etoposide. Cytochrome c
disappeared from the mitochondrial fraction and partitions
with the S100 (cytosolic) fraction (Figure 4). Conversely,
etoposide did not induce cytochrome c release in both Bcl-2-
transfected and TPA-differentiated U937 cells (Figure 4).
These results indicated that the resistance of TPA-differ-
entiated cells to etoposide induced apoptosis was associated
with the blockade of cytochrome c release from the
mitochondria.

Adhesion of TPA-differentiated U937 cells to
plastic is not responsible for the inhibition of
etoposide-induced apoptosis

Adhesion to the extracellular matrix has been demonstrated to
inhibit apoptosis of epithelial cells.42 Since TPA-mediated
differentiation of U937 floating cells induces their attachment
to the plastic of culture flasks, we checked whether this
adherent phenotype could be responsible for the resistance to
etoposide-induced cell death. Therefore, U937 cells were
induced to differentiate by TPA exposure in flasks whose
plastic had been recovered with poly-HEMA, a polyacryla-
mide coating that prevents cell adhesion. Then, etoposide-
induced apoptotic DNA fragmentation was quantified by filter
elution assay. Exposure to 50 mM etoposide for 6 h failed to
induce apoptotic DNA fragmentation in TPA-differentiated
cells, either adherent to the plastic of culture flasks or not,
indicating that cell attachment to substrate is not responsible
for the resistance of TPA-differentiating cells to etoposide-
induced cell death (not shown).

TPA-differentiated cells are also resistant to
vinblastine-induced and Fas-ligand-mediated
apoptosis

We have shown previously that the reduction of etoposide-
induced topoisomerase II-mediated DNA breaks observed in
TPA-differentiated HL-60 leukemic cells could not account for
the strong inhibition of etoposide-induced apoptosis in these
cells.10 To further exclude the role of changes in DNA breaks
induced by etoposide in TPA-differentiated U937 cells, we
checked whether these cells were resistant to apoptotic
stimuli that do not induce DNA damage. Exposure of parental
U937 cells to 10 ng/ml vinblastine for 24 h induced 80% DNA
fragmentation, as measured by filter elution assay. In
contrast, in TPA-differentiated cells, no vinblastine-induced
DNA fragmentation was detected.

Exposure of U937 cells to soluble Fas-L induces about
60% DNA fragmentation after a 48-h exposure. TPA-
induced differentiation upregulated Fas-L expression
(Figure 5A). This effect was observed 18 ± 24 h after the
beginning of cell treatment by TPA. Exposure to etoposide
also increased Fas-L expression in both undifferentiated
and TPA-differentiated U937 cells (Figure 5B). Never-
theless, TPA-differentiated cells demonstrated partial
resistance to Fas-L-mediated cell death (Figure 6A).

The decreased apoptotic DNA fragmentation observed in
TPA-differentiated U937 cells treated with vinblastine or
Fas-L was associated with an inhibition of PARP cleavage
(not shown), caspase-3 p17 active fragment appearance
and procaspase-3, procaspase-2L and procaspase-8
protein level decrease (Figure 6B).

Figure 4 Mitochondrial changes in parental undifferentiated and TPA-
differentiated U937 cells. Western blot analysis of cytochrome c expression in
mitochondrial (MIT) and cytosolic (CYT) fractions of parental undifferentiated
(UD), Bcl-2-transfected (U4) and TPA-differentiated U937 cells (D) treated for
4 h with 50 mM etoposide

Figure 5 Fas-ligand expression in parental and TPA-differentiated U937
cells. Western blot analysis of Fas-L expression in U937 cells exposed to
16 nM TPA for indicated times (A) and undifferentiated (UD) or TPA-
differentiated (D) U937 cells exposed to 50 mM etoposide for 6 h (B).
(HSP70=checking of protein loading)
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Figure 6 Inhibition of vinblastine-induced and Fas-ligand-mediated apoptosis in TPA-differentiated cells. Parental undifferentiated (UD) and TPA-differentiated
(D) U937 cells were treated for 24 h with 10 ng/ml vinblastine or for 48 h with 5 units soluble Fas-L produced by Neuro2A-transfected cells. (A) Apoptotic DNA
fragmentation was quantified using filter elution assay in undifferentiated (&) and differentiated (&) cells. One of two independent experiments is shown
(mean+S.D. of triplicate samples). (B) Western blot analysis of procaspase-3 expression and its cleavage fragments and procaspase-2L and -8 expression.
Numbers are molecular weights in kDa. *Indicates the cleavage products. Loading was checked by using an anti-human HSP70 monoclonal antibody
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TPA-differentiated cells are highly sensitive to
apoptosis triggered by cycloheximide

We observed that TPA-differentiated cells were more
sensitive than parental U937 cells to cell death induced by
cycloheximide concentrations ranging from 0.5 ± 10 mg/ml
(Figure 7A). About 40% DNA fragmentation was detected in
TPA-differentiated cells, as measured by filter elution assay,
after a 24-h exposure to 0.8 mg/ml cycloheximide (Figure 7A)
whereas parental cells did not demonstrate apoptotic DNA
fragmentation at this time. Cycloheximide-induced apoptosis
of TPA-differentiated cells was associated with a cleavage of
PARP, a cleavage/activation of procaspase-3 and a decrease
of procaspase-2L and procaspase-8 protein levels, as
demonstrated by Western blot. All these proteins remained
unchanged in parental cells treated in the same conditions
(Figure 7B). In these conditions, cycloheximide decreased

Bcl-xL expression in TPA-differentiated cells, not in control
cells whereas the protein level of Bcl-2, Bax and Mcl-1
remained unchanged in both control and TPA-differentiated
U937 cells (Figure 7C). Lastly, at this concentration,
cycloheximide specifically induced the release of cytochrome
c from mitochondria in TPA-differentiated cells (Figure 7D).

Discussion

The present study confirms that the terminal differentiation of
myeloid leukemic cells can induce a resistance phenotype to
cytotoxic drug-induced apoptosis.10,11 Chemotherapeutic
agents such as etoposide and vinblastine with distinct
mechanisms of action failed to activate the final common
pathway that leads to the execution phase of apoptosis in
TPA-differentiated cells. These cells were also less sensitive
to Fas-mediated apoptosis. Interestingly, the final apoptotic

Figure 7 Sensitivity of TPA-differentiated cells to cycloheximide-induced apoptosis. (A) Parental undifferentiated (UD, *) and TPA-differentiated (D,~) U937
cells were treated with increasing concentrations of cycloheximide (CHX) for 24 h (left panel) or with 0.8 mg/ml cycloheximide for indicated time (right panel).
Apoptotic DNA fragmentation was quantified using filter elution assay. One of two independent experiments is shown (mean+S.D. of triplicate samples). (B)
Western blot analysis of PARP cleavage, procaspase-3 expression and its cleavage fragments and procaspase-2L and -8 expression in UD and D U937 cells
treated with 0.8 mg/ml cycloheximide for 24 h. Numbers are molecular weights in kDa. *Indicates the cleavage products. Loading was checked by using an anti-
human HSP70 monoclonal antibody. (C) Bcl-2, Bcl-xL, Mcl-1 and Bax expression in UD and D U937 cells treated with 0.8 mg/ml cycloheximide for indicated times.
Numbers are molecular weights in kDa. One representative of three distinct experiments is shown. (D) Western blot analysis of cytochrome c expression in
mitochondrial (MIT) and cytosolic (CYT) fractions in TPA-differentiated U937 cells treated with 0.8 mg/ml cycloheximide for 24 h
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pathway, that involves cytochrome c release from mitochon-
dria to the cytosol and activation of caspases under the
control of Bcl-2-related proteins, remained highly sensitive to
low doses of cycloheximide in TPA-differentiated cells.

We and others10,43 have shown that leukemic cells
induced to differentiate along various pathways ultimately
die by apoptosis. Between acquisition of the differentiated
phenotype and ultimate death, these cells demonstrate
resistance to exogenous apoptotic stimuli.10 Inhibition of
cell death pathways appears as a general feature of
differentiation.27,44,45

TPA is a well-characterized activator of protein kinase C
(PKC), a key enzyme for transduction of extracellular and
phospholipid-mediated signals as well as for tumor
production. Short term exposure to TPA either induces
apoptosis, e.g. in isolated thymocytes,46 or prevents
apoptosis, e.g. in interleukin-3-deprived myeloid cells47

and in U937 cells treated with TNFa, calphostin C48 or
etoposide (this study). Additional evidence for a role of PKC
in apoptosis is that several isoenzymes of PKC can be
activated during the cell death process and that many PKC
activators such as staurosporine and its 7-hydroxy
derivative, UCN-01, are potent inducers of apoptosis.49

However, the functional significance of the activation of
PKC isoenzymes in cells undergoing apoptosis remains
poorly understood.

The short-term effects of TPA exposure might be
distinguished from those related to acquisition differen-
tiated phenotype. Analysis of TPA-resistant clones of U937
cells has demonstrated that the differentiation process
involved several events downstream of PKC isoforms
activation and translocation.50 Monocytic differentiation of
U937 cells induced by 1,25-dihydroxyvitamin D3 also
protects cells from apoptosis induced by chemotherapeutic
drugs27 and Fas agonists.51 Differentiation of myocytes
also induces resistance to growth factor deprivation-
induced cell death.44 Inhibition of drug-induced and Fas-
mediated apoptosis, as well as sensitization to cyclohex-
imide, that are reported in the present study, are rather a
consequence of the differentiation phenotype than a direct
effect of PKC activation.10

The phenotype of TPA-differentiated U937 cells includes
their attachment to the culture flasks. Extracellular matrix
was shown to regulate apoptosis in many cell types,
including epithelial cells, endothelial cells and muscle cells
through an integrin-dependent negative regulation of
caspases involving MEKK-1 activation.42,52 Here, we show
that the adherent phenotype of TPA-differentiated cells is
not necessary for their spontaneous survival, nor is it
responsible for their resistance to etoposide-induced
apoptosis. In addition, both attached and unattached
differentiated cells are equally sensitive to cycloheximide-
induced cell death (not shown). Thus, this attached
phenotype is not reponsible for the modulation of
apoptosis in TPA-differentiated U937 cells.

We have demonstrated the role of a DEVD-sensitive
caspase in the proteolytic cascade that leads to PARP
and p27Kip1 cleavage in etoposide-treated U937 cells,15

(Eymin et al, submitted). One of the caspases which are
sensitive to the tetrapeptide DEVD is a procaspase-3.32

This cytosolic protein normally exists as a 32 kDa inactive
precursor. In etoposide-treated U937 parental cells,
procaspase-3 is cleaved proteolytically at aspartic resi-
dues to generate the 17 kDa fragment involved in the
formation of the active heterodimeric caspase. Here, we
show that TPA-induced differentiation prevents the
activation of procaspase-3 induced by etoposide, vinblas-
tine and Fas-L. Recent studies have demonstrated that
procaspase-3 processing could be triggered by the release
of cytochrome c from mitochondria.30 This release is
inhibited in TPA-differentiated U937 cells treated with
etoposide. Nevertheless, the ability of cycloheximide to
induce cytochrome c release and procaspase-3 activation
in TPA-differentiated cells clearly indicates that this
pathway remains functional. Altogether, these results
indicate that drug-induced and Fas-mediated apoptotic
pathways are inhibited upstream of procaspase-3 activa-
tion by a blockage of cytochrome c release from
mitochondria in TPA-differentiated cells.

The molecular ordering of the proteolytic cascade that
leads to apoptosis remains poorly understood. Both
procaspase-2L53 and procaspase-834 are processed in
cells undergoing apoptosis. Whether these procaspases
are activated upstream or downstream of procaspase-3 and
whether their activation requires the mitochondrial release
of pro-apoptotic factors or not could depend on the
apoptotic stimulus.53,54 We show here that TPA-mediated
differentiation of U937 cells prevents the activation of both
procaspase-2L and procaspase-8 by cytotoxic drugs and
Fas-L.

Bcl-2 and Bcl-2-related antiapoptotic proteins such as
Bcl-xL and Mcl-1 function upstream of procaspase-3.27,35

Both Bcl-2 and Bcl-xL were shown to prevent the release of
cytochrome c from mitochondria25,26,28,29 whereas the
proapoptotic member Bax causes death through direct
mitochondrial effects.55 U937 exposure to TPA rapidly
increased Mcl-1 and Bxl-xL expression. Mcl-1 returned to
the basal level whereas Bcl-xL remained elevated as the
cells acquired their differentiated phenotype. These results
suggest that Mcl-1 could be involved only in the short term
effects of TPA whereas Bcl-xL could play a role in both its
short and long term effects. Bcl-xL expression remained
unchanged upon etoposide treatment whereas it decreased
upon cycloheximide exposure. The specific ability of
cycloheximide to down-regulate Bcl-xL protein level in
TPA-differentiated cells could contribute to cytochrome c
release from mitochondria, activation of caspases and
apoptosis. A similar decrease in Bcl-xL expression was
involved in apoptosis induced by growth-factor deprivation
in leukemic cells.56 Mcl-1 expression remains stable when
TPA-differentiated cells undergoing cycloheximide-induced
apoptosis whereas its expression decreases in undiffer-
entiated cells undergoing etoposide-induced cell death.
These observations suggest that modulation of Bcl-2-
related proteins associated with apoptosis depends on
both the apoptotic stimulus and the level of differentiation of
the target cell.

TPA-induced differentiation of U937 cells is associated
with an increased expression of Fas-ligand. Whether
interaction of this ligand with its receptor Fas plays a role
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in drug-induced cell death57 or not58 remains a controver-
sial issue. We confirm that etoposide increases Fas-ligand
expression in undifferentiated U937 cells59 and demon-
strate that TPA-mediated differentiation does not prevent
this upregulation. However, apoptosis induced by interac-
tion of Fas-ligand with its receptor is partly inhibited by the
differentiation process.

In conclusion, drug-induced and Fas-mediated apoptotic
pathways are blocked upstream of the mitochondrial
release of cytochrome c and activation of caspase-2L,
caspase-3 and caspase-8 in TPA-differentiated U937 cells.
The ability of low doses cycloheximide to trigger these
events in differentiated cells indicates that (1) the final
pathway common to many apoptotic stimuli remains
functional in these cells, and (2) undifferentiated and
differentiated cells are sensitive to distinct apoptotic
stimuli. These observations might be taken into account
in therapeutic strategies combining chemotherapy and
differentiating agents.

Materials and Methods

Drugs and chemical reagents

Etoposide (VP-16), cycloheximide (CHX) and 12-O-tetradecanoyl-
phorbol 13-acetate (TPA) were obtained from Sigma-Aldrich
laboratories (St Quentin Fallavier, France). Stock solutions were
prepared by diluting these reagents in dimethyl sulfoxide (DMSO) and
stored at 7208C. Further dilutions were made in culture medium just
before use. The final concentration of DMSO in culture medium did not
exceed 0.1% (v/v), which was non-toxic to the cells. [2-14C]-thymidine
(56 mCi/mM) was obtained from Amersham (Les Ulis, France). All
other chemicals were of reagent grade and purchased from local
sources.

Murine Fas-Ligand (Fas-L) production

Murine Fas-L was collected from FasL-transfected Neuro2A murine
cells supernatant (kindly provided by Dr A. Fontana, Zurich,
Switzerland) after 2 days of culture in Dulbecco-MEM medium
(Biowhittaker, Fontenay-sous-bois, France) containing a 1% fetal
bovine serum. This supernatant was concentrated 100-fold using the
ultrafree-15 centrifugal filter device biomax-10K membrane (Millipore,
Molsheim, France). Control supernatant from mock-transfected cells
obtained in the same conditions did not induce any cytotoxicity of
U937 cells. One arbitrary unit of Fas-L or mock supernatant was
defined as 1 mL of a 100-fold concentrated supernatant of Neuro2A
cells that had been confluent for 48 h. A unique pool of Fas-L or mock
supernatant was used throughout the present study.

Antibodies

Antibodies used included anti-human HSP70 (StressGen, Victoria,
Canada), retinoblastoma protein (RB), procaspase-2, procaspase-8,
cytochrome c (Pharmingen, San Diego, CA), p27Kip1, procaspase-3,
Bcl-xL (Transduction Laboratories, Lexington, KY, USA), Bcl-2 (Dako,
Trappes, France) and Bax (Immunotech, Marseille, France) mouse
monoclonal antibodies and anti-human Mcl-1 and Fas-L (clone N20)
rabbit polyclonal antibodies (Santa Cruz Biotechnology, California,
USA). The 116 kDa native PARP protein and its 85 kDa cleavage

product were detected using anti-human PARP rabbit polyclonal
antibody (Boehringer-Mannheim, Germany). A rabbit polyclonal anti-
apopain/caspase-3-p17 antibody (kindly provided by Dr D. Nicholson,
Merck Co, Quebec, Canada) that recognizes both caspases-3
proenzyme and its p19 and p17 subunits60 was used to detect
procaspase-3 activation in apoptotic U937 cells.

Cell culture

The human leukemic U937 cells were grown in suspension in RPMI
1640 medium (BioWhittaker) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 2 mM L-glutamine in an
atmosphere of 95% air and 5% CO2 at 378C. Cell viability was
determined using the trypan blue exclusion test. To ensure
exponential growth, cells were resuspended at a density of 0.56106

cells/ml in fresh medium 24 h before each treatment. To induce
differentiation, cells were cultured in the presence of 16 nM TPA for
24 h. Then, adherent TPA-differentiated cells were treated in TPA-free
medium. After treatment, adherent cells were harvested using a cell
scraper. To cope with cellular adhesion influence, cells were induced
to differentiate by TPA in flasks that were covered with 0.6% Poly-
HEMA [poly(2-hydroxyethyl methacrylate), Sigma] in order to prevent
their adhesion.

Quanti®cation of DNA fragmentation

DNA fragmentation was measured using a previously reported
filter elution assay.61 Briefly, exponentially growing cells were
incubated with 0.02 mCi/ml of [2-14C]-thymidine and cultured at
378C for 2 days. Then, cells were chased in isotope-free medium
overnight, resuspended in fresh medium and treated with different
agents before or after TPA-treatment. Approximately 1.06106

treated or untreated labeled cells were loaded onto a protein
absorbing filter (Polyvinylidene fluorure filters, 0.65 mm pore size,
25 mm diameter; Durapore membrane, Millipore). Cells were then
washed once with ice-cold phosphate-buffered saline (PBS) and
subsequently lysed in 0.2% sodium sarkosyl, 2 M NaCl, 0.04 M
EDTA, pH 10.0. Filters were washed with 0.02 M EDTA, pH 10.0.
DNA was depurinated by incubation of filters in 1 M HCl at 658C
for 45 min, then released from the filters with 0.4 M NaOH for
45 min at room temperature. Radioactivity was counted by liquid
scintillation spectrometry in each fraction (wash, lysis, EDTA wash
and filter).

Analysis of DNA fragmentation by agarose gel
electrophoresis

Cellular DNA was extracted by a salting-out procedure as described
previously.62 Electrophoresis was performed in 1.8% agarose gel in
Tris-borate-EDTA buffer (pH 8.0) at 20 V for 14 h. After electrophor-
esis, DNA was visualized by ethidium bromide staining.

Western blot analysis

After treatment, cells were washed twice in PBS, lysed in Ripa buffer
(150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 0.1% Na-SDS, 0.5% Na-
desoxycholate) in the presence of protease inhibitors [0.1 mM
phenylmethylsulfonylfluoride (PMSF), 2.5 mg/ml pepstatin, 10 mg/ml
aprotinin, 2.5 mg/ml trypsine inhibitor, 5 mg/ml leupeptine] for 30 min
and then centrifuged (20 min, 15 0006g. Fifty mg proteins of
supernatants were incubated in loading buffer (125 mM Tris-HCl, pH
6.8, 10% b-mercapto-ethanol, 4.6% SDS, 20% glycerol and 0.003%
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bromophenol blue), separated by sodium dodecyl sulfate polyacryla-
mide gel (SDS ± PAGE) and electroblotted to PVDF membrane
(BioRad, Ivry sur Seine, France). After blocking non-specific binding
sites overnight by 5% nonfat milk in TPBS (PBS, Tween 20 0.1%), the
membrane was incubated for 2 h at room temperature with primary
antibody. After two washes in TPBS, the membrane was incubated
with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit
antibodies (Jackson ImmunResearch Laboratories, West Grove, PE)
for 30 min at room temperature and then washed twice in TBPS.
Immunoblot was revealed using enhanced chemioluminescence
detection kit (Amersham, Les Ulis, France) by autoradiography. For
the PARP cleavage analysis, cells were lysed in boiling lysis solution
(1% SDS, 1 mM Na-vanadate, 10 mM Tris pH 7.4) in the presence of
protease inhibitors as described above. The viscosity of the samples is
reduced by several passages through a 26 gauge needle.

Analysis of apoptosis-associated membrane
alterations

Exposure of phosphatidylserine on the outer plasma membrane leaflet
was determined by the use of the annexin V-FITC kit (Bioproducts,
Boehringer Ingelheim, Heidelberg). Briefly, after treatment, 106 cells
were incubated in labeled buffer (10 mM HEPES/NaOH, pH 7.4,
140 mM NaCl, 2.5 mM CaCl2) in the presence of both annexin V-FITC
1 mg/ml and propidium iodide 1 mg/ml for 10 min in the dark. Cells were
washed once in PBS and resuspended in 1 ml labeled buffer. Analysis
was performed using a FACScan flow cytometer (Becton Dickinson,
Le Pont de Claix, France).

Cell fractionation

Mitochondrial and cytosolic (S100) fractions for cytochrome c release
studies were prepared by resuspending the cells in ice cold buffer A
[sucrose 250 mM HEPES 20 mM, KCl 10 mM, MgCl2 1.5 mM, EDTA
1 mM, EGTA 1 M, DTT 1 mM, PMSF 17 mg/ml, aprotinin 8 mg/ml,
leupeptine 2 mg/ml (pH 7.4) before passing them through an ice-cold
cell homogenizer. Unlysed cells and nuclei were pelleted via a 10 min
7506g spin. The supernatant was centrifuged at 10 0006g for
25 min, and the resulting mitochondria pellet was resuspended in
buffer A and frozen at 7808C. The supernatant of the 10 0006g spin
was further centrifuged at 100 0006g for 1 h and the resulting
supernatant (S100 fraction) was frozen at 7808C.
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