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The search for new drugs requires a deep understanding of the molecular basis of drug
action, being necessary the elucidation of the mechanism of action with the understanding
of the relationship between structure and activity. In the present study, we evaluated the
pro-apoptotic activity of 7,8-dihydroxy-4-methylcoumarin (DHMC) and its underlying
mechanisms in human leukemic cells. Here, we present evidence that DHMC induced
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Leukemia totic effect of DHMC was mediated by activation of the JNKs and inhibition of the ERK1/2 and
Hydroxycoumarins PI3K/Akt pathways, with no participation of the p38 cascade after 24 h of treatment. Indeed,
DHMC down-regulation of the proto-oncogene c-myc as well as induction of the cell cycle inhibitor

p21WAFCIPL through a p53 independent mechanism were observed in U-937 cells. These
findings suggest that DHCM may have a potential therapeutic role in the future treatment of
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Signal transduction
hematological malignancies.
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1. Introduction numerous progresses achieved in the treatment of leukemias

over the last years, many problems as cellular heterogeneity,

In leukemias early hematopoietic progenitors fail to respond
to external stimuli within the bone marrow microenviron-
ment. They do not undergo programmed cell death (apoptosis)
and fail to differentiate into discrete types of blood cells,
acquire immortality, self-perpetuate at the expense of other
cells, and then spill into the peripheral blood [1]. Despite the

development of multidrug-resistance, heterogeneous mole-
cular abnormalities, and lack of selective action of antineo-
plastic agents still remain [2]. Nowadays, a variety of
anticancer drugs including ara-C, cisplatin, etoposide, and
taxol which interact with diverse intracellular molecular
targets have been shown to engage the final common pathway
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of programmed cell death, resulting in the apoptosis of human
leukemic cells [3-5]. These conventional therapies cause
serious side effects and, at best, merely extend the patient’s
lifespan by a few years, supporting the necessity to develop
alternative therapeutic strategies. In our effort to discover and
develop new potential and selective anti-leukemic com-
pounds, we continue our studies using coumarins as leader
molecules.

Coumarins are a group of heterocyclic compounds synthe-
sized by numerous green plant species as well as by some
bacteria and fungi [6], that have been widely used as a
fragrance in food and cosmetic products [7]. Numerous
biological activities have been attributed to simple coumarins
and analogues as anti-coagulant [8], anti-inflammatory [9,10]
anti-viral [11] and antimicrobial effects [12,13], enzyme
inhibition [14,15], scavenging of reactive oxygen species
[16,17] and central nervous system actions [18].

Different natural and synthetic coumarins are of great
interest due to their described anti-tumoral properties in
sensitive neoplasm. Several authors reported that numerous
nitrated, hydroxylated or isopentenylated coumarins and
derived pyrano- and furanocoumarins show strong anti-
proliferative activity and induce apoptosis in various cancer
cell lines [19-22]. The hydroxylated coumarin, esculetin,
exhibits anti-tumoral effects by inhibiting cell cycle progres-
sion and inducing programmed cell death in HL-60 cells
[23,24]. Lopez-Gonzalez et al. [25] showed that coumarin and
its metabolite 7-hydroxycoumarin have cytostatic and pro-
apoptotic actions in non-small cell lung carcinoma. On the
other hand, several coumarins show synergistic effects with
retinoic acid on the differentiation of human leukemic HL-60
cells [26]. Furthermore, daphnetin behaves as a potent anti-
proliferative and differentiation agent in human renal cell
carcinoma [27]. We have previously reported that a group of
natural coumarins exhibit anti-proliferative and differentia-
tion activity in the promonocytic U-937 cell line [28] and more
recently we have observed that hydroxylated coumarins
induce apoptosis in human leukemic cells (unpublished
observations). These studies strongly support the potential
therapeutic applications of coumarins, making these mole-
cules attractive for their further evaluation as novel ther-
apeutic agents for cancer treatment.

However, the anti-tumor mechanisms of coumarins are not
well understood. Several researchers have investigated differ-
ent intracellular events in an attempt to elucidate the
mechanism of action of active coumarins in cancer cells.
Cellular events as modulation of mitogen-activated protein
kinases (MAPKSs) [29-31], inhibition of protein kinases including
EGF receptor tyrosine kinase, PKA and PKC [32] or topoisome-
rase II activity [30] have been evaluated. Chu et al. [23] reported
that esculetin induces apoptosis by the mitochondrial pathway
in the HL-60 cell line. Moreover, in the last years it has been
proposed that the pro-oxidant action of plant derived phenolics
rather than their antioxidant action may be an important
mechanism for their apoptosis-inducing properties in cancer
cells [33]. In scopoletin-induced apoptosis in HL-60 cells it has
been suggested that the generation of reactive oxygen species
may contribute to the induction of cell death [34].

In the present study, we focused on the effect of DHMC on
the major stress signaling pathways: the mitogen-activated

protein kinases, phosphoinositide-3-kinase/Akt signaling
cascade (PI3K/Akt) and c-myc proto-oncogene, which are
intimately involved in the regulation of cell growth, differ-
entiation and apoptosis in hematopoietic cells.

In this work, we present evidence that DHMC induced
selective apoptosis in human leukemic cells mediated by
activation of the JNKs pathway and inhibition of the ERK1/2
pathway, with no participation of the p38 cascade after 24 h of
treatment. Cell exposed to DHMC for 18 h showed inhibition of
the PI3K/Akt pathway, an important survival pathway in
leukemic cells. Furthermore, down-regulation of c-myc proto-
oncogene and induction of the cell cycle inhibitor p21WAF/CIP1
in a p53 independent mechanism was also observed.

2. Materials and methods
2.1.  Reagents and antibodies

Cell culture medium, antibiotics, bovine serum albumin (BSA),
phosphate-buffered saline (PBS), dibutyryl cyclic adenosine
monophosphate (dbcAMP), N-acetyl-L-cystein (NAC), dimethyl
sulfoxide (DMSO), proteinase K and 4B3-phorbol 12-myristate 13-
acetate (PMA) were obtained from Sigma Chemical Company
(St. Louis, MO). Fetal calf serum was purchased from Natocor
(Argentina). LY294002 was from Tocris Cookson (Ellisville, MO).
All other chemicals used were of analytical grade. Anti-c-Myc, -
phospho-Akt1/2/3, -ERK1, -caspase 3, -PARP, -actin, rabbit
antibodies; anti-p21, -phospho-p38, -phospho-ERK1/2, -phos-
pho-JNK, -Aktl, -p38, -JNK1 mouse antibodies and anti-CD88
goat antibodies were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA).

7,8-Dihydroxy-4-methylcoumarin (DHMC) was synthe-
sized through the Pechmann reaction between a properly
substituted phenol and ethyl acetoacetate. DHMC was
dissolved in 0.01% (v/v) DMSO and stored at —20 °C.

2.2. Cell culture

The human promonocytic U-937 cell line and the human
promyelocytic HL-60 cells (American Type Culture Collection,
Rockville, MD) were cultured at 37 °C in a humidified atmo-
sphere with 5% CO, in RPMI 1640 medium, supplemented with
10% fetal calf serum and 50 pg/ml gentamicin. The cell
suspension was split at the third day and diluted 1 day before
experimental procedures.

Peripheral blood mononuclear cells from heparinized
samples of healthy donors isolated by centrifugation on
Ficoll-Hypaque were provided by Dr. Ménica Vermeulen
(ITHEMA; Academia Nacional de Medicina, Buenos Aires,
Argentina). Cells were cultured at 37°C in a humidified
atmosphere with 5% CO, in RPMI 1640 medium, supplemented
with 10% fetal calf serum and 50 pg/ml gentamicin.

2.3.  Assessment of cell viability

Cell viability was monitored by the trypan blue exclusion
assay. Cells growing in exponential phase were seeded at 10°
cells in 1ml of RPMI 1640 in a 24 well culture plate and
incubated in a 5% CO, atmosphere. Cells were exposed to
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different concentrations of DHMC (0.15puM-2.0 mM) or
0.0001% (v/v) DMSO (control group). After incubation for
48 h, an aliquot of each treatment was collected and mixed
with an equal volume of 0.4% trypan blue and further
incubated for 5 min after which the number of viable cells
was estimated in a hemocytometer chamber. Cytotoxic
concentration 50 (CCso) values were calculated by the equation
for sigmoidal dose response using Prism 4.00 for Windows
(GraphPad Software, San Diego, CA). Assays were carried out
by triplicate in at least three independent experiments.

2.4. Cell growth experiments

Cells growing in exponential phase were seeded at 10* cells in
150 pl of RPMI 1640 in a 96 well culture plate and incubated in a
5% CO, atmosphere. U-937 cells were exposed to different
concentrations of DHMC ranging from 0.15 uM to 2.0 mM or to
0.0001% (v/v) DMSO (control group) for 48 h and followed by
incubation in the presence of 0.5 p.Ci of [*H] methyl-thymidine
(Specific Activity 740.0 GBg/mmol) (Perkin-Elmer, USA), added
12h before the end of the experiment. Cells were then
harvested in an automatic cell harvester (Nunc, Maryland,
USA). The incorporation of the radioactive nucleotide was
measured in a Pharmacia Wallac 1410 liquid scintillation
counter and expressed as incorporation percentage respect to
the control group (cells treated with DMSO). Inhibitory
proliferation concentration 50 (ICsp) values were calculated
with the equation for sigmoidal dose response using Prism
4.00 for Windows (GraphPad Software, San Diego, CA). Assays
were performed by quadruplicate in at least four independent
experiments. On the other hand, the number of cells was
determined using a cellular meter Coulter Z-1. Briefly,
10° cells/ml were seeded in 24 wells plates and treated with
different concentrations of DHMC, 400 uM dbcAMP (positive
control), or 0.0001% (v/v) DMSO (control group), for 3 days.
Cells were then collected at different times according to each
experiment and the number of cells was determined by a
cellular meter. Cell density in culture did not exceed
1.5 x 10° cells/ml.

2.5.  Detection of DNA fragmentation by gel electrophoresis

DNA from untreated or coumarin-treated cells was analyzed
for endonucleolytic DNA damage, using horizontal agarose gel
electrophoresis. Treated or untreated cells (3 x 10° cells)
incubated for 24 h were collected, washed with PBS and lysed
in a buffer containing 100 mM NacCl, 4 mM EDTA, 50 mM Tris-
HCl, 0.5% SDS pH 8, and proteinase K (100 mg/ml) at 55 °C for
2h. DNA was then extracted and purified as described by
Parborell et al. [35]. Electrophoresis was performed for 2.30 h at
40V in 1.8% agarose gels containing ethidium bromide at a
final concentration of 0.1 mg/ml in TBE buffer (89 mM Tris,
89 mM boric acid, 2 mM EDTA at pH 8.0). DNA banding was
visualized with an UV transilluminator.

2.6.  Evaluation of morphological changes
Cells growing in exponential phase were seeded at 10° cells in

2 ml of RPMI 1640 in a 24 well culture plate and incubated in a
5% CO, atmosphere. Cells were exposed to different DHMC

concentrations (0.15 pM-2.5 mM) or 0.0001% (v/v) DMSO
(control group). The morphology of treated and untreated
cells was examined following incubation for 24 or 48 h. Cells
(10°) were suspended in 100 pl PBS containing 2 pg/ml
Hoechst 33342 nuclear dye (HO; Sigma, St. Louis, USA) and
12 pg/ml propidium iodide (PI; Sigma, St. Louis, USA). After
incubation at 37 °C for 8 min, cells were observed in a
fluorescence microscope (Zeiss, Germany) under UV light at
430 nm (HO) and 630 nm (PI). The number of apoptotic or
necrotic cells was estimated by using a hemocytometer
chamber. Ten randomly selected fields were acquired from
each treatment and one hundred cells were minimally
counted. Assays were carried out by triplicate in at least
three independent experiments.

2.7.  Determination of U-937 cell differentiation markers

2.7.1. Nitrobluetetrazolium differentiation assay

U-937 cells (2 x 10°/ml) were exposed for 48h to different
concentrations of DHMC, 1 uM ATRA (positive control) or
0.0001% (v/v) DMSO (control group). Cells were then washed
and resuspended in 200 pl RPMI 1640 media containing 1 mg/
mlNBT and 1 pg/ml PMA. After incubation at 37 °C for 30 min,
cells were pelleted and dissolved in 200 pl DMSO and
absorbance determined at 570 nm.

2.7.2.  Surface myeloid CD11b antigen assay

The expression of CD11b was detected by direct inmuno-
fluorescence staining. U-937 cells (2 x 10° cells/ml) were
treated with different concentrations of DHMC, 400 M
dbcAMP (positive control) or 0.0001% (v/v) DMSO (control
group) for 48 h. Treated and control cells were washed twice in
PBS and incubated with a saturated concentration of phycoer-
ythrin anti-CD11b antibody (Coulter-Immunotech, France) or
an equivalent concentration of isotype-matched control at
4 °C for 30 min. Cells were washed twice with PBS supple-
mented with 1% FCS and immediately analyzed in a FACScan
flow cytometer (Becton-Dickinson, CA, USA). For each sample,
a minimum of 5000 events were acquired. Percentages of
positive cells between specific CD-immunolabelled cells and
their negative controls were established for both untreated
and treated cells.

2.7.3. Expression of the C5a receptor (CD88) assay
CD88 expression was evaluated by Western blot analysis using
an anti-CD88 goat antibody as detailed below.

2.8. Western blots

For Western blot assays cells were lysed in 50 mM Tris-HCl pH
6.8, 2% SDS, 100 mM 2-mercaptoethanol, 10% glycerol and
0.05% bromophenol blue and sonicated to shear DNA. Total
cell lysates were resolved by SDS-PAGE, immunoblotted with
the indicated primary antibodies, followed by horseradish
peroxidase conjugated anti-rabbit, anti-mouse or anti-goat
IgG (Santa Cruz Biotechnology, CA), and developed by
enhanced chemiluminesence (ECL) following the manufac-
turer’s instructions (Amersham Life Science, England). Band
intensity was quantified by densitometry using Scion Image
(Scion Corporation, Frederick, MD) software.



728 BIOCHEMICAL PHARMACOLOGY 75 (2008) 725-736

2.9. Statistical analysis

Results are expressed as the mean + S.E.M. of at least three
independent experiments. Statistical analysis was performed
by one-way ANOVA followed by the Student-Newman-Keuls
test. A p of 0.05 or less was considered statistically significant.

3. Results

3.1. 7,8-Dihydroxy-4-methylcoumarin caused growth
inhibition and apoptotic cell death in leukemic cells but not in
normal peripheral blood mononuclear cells

We have recently compared the pro-apoptotic activity of
diverse structurally related coumarins derivatives by perform-
ing a structure-activity relationship study, where we describe
the presence of two adjacent phenolic hydroxyl groups in the
coumarin nucleus as the mostimportant factor involved in the
pro-apoptotic activity in leukemic cells (unpublished observa-
tions). In order to gain insight into the mechanism of action in
the present work we studied the effect of DHMC on leukemic
cells, as leader molecule of this type of coumarins.

U-937 cell growth, assessed by [*H] thymidine incorpora-
tion, was inhibited by DHMC in a concentration-dependent
manner. The inhibitory concentration 50 (ICso) value was
48.65 + 1.50 pM whereas the cytotoxic concentration 50 (CCso)
was 165.40 + 1.80 uM, determined by the trypan blue dye
exclusion assay.

To determine whether DHMC-evoked decreased viability in
U-937 cells at cytotoxic micromolar concentrations resulted
from the induction of apoptosis, different assays were
performed. After 24 h of treatment, DHMC-treated U-937 cells
exhibited internucleosomal DNA fragmentation in a concen-
tration-dependent manner (Fig. 1A). Furthermore, DNA
fragmentation was not observed at 6 h but it was evident at
24 h supporting that the induction of DNA ladders was time-
dependent (Fig. 1B). Apoptotic and necrotic cells were
evaluated by chromatin condensation with Hoechst 33342
(HO) and by nuclear staining with propidium iodide (PI). In cell
incubated with concentrations of DHMC lower than 500 uM
apoptosis was the prevailing form of cell death whereas
necrosis was negligible (Fig. 2). U-937 cells showed intense
staining, cell shrinkage, chromatin condensation (pyknosis)
and nuclear segmentation, typical morphological changes
associated with the apoptotic process (Fig. 2, inset). However,
when cells were exposed to higher concentrations of DHMC
the percentage of necrotic cells increased (Fig. 2). These
findings suggest that DHMC induces apoptosis and/or sec-
ondary necrosis depending on the concentration.

Caspase 3 is a key enzyme involved in programmed cell
death. Fig. 3 shows that cells incubated with DHMC exhibited
at 24 h a decrease in inactive pro-caspase 3 and an increase in
caspase 3. Proteolytic cleavage of the 116 kDa, poly (ADP-
ribose)-polymerase protein (PARP) results in the separation of
the N-terminal binding domain (24 kDa) from its C-terminal
catalytic domain (89 kDa). Fig. 3 shows that cleaved PARP
(89 kDa) increased at 3 h. These results clearly indicate that
DHMC-induced apoptosis in U-937 cells through the activation
of the caspase pathway.

(A) (B)

Time (h)
0 6 24 36 48

Fig. 1 - Effect of DHMC on the induction of intermucleosomal
fragmentation. (A) Cells were incubated with increasing
concentrations of DHMC or 2% dimethylsulfoxide (positive
control) for 24 h and the genomic DNA from treated and
untreated cells was then subjected to agarose gel
electrophoresis. Similar results were obtained in three
separate experiments. (B) U-937 cells were treated with
250 pM DHMC for different time periods. After treatment,
the cells were harvested and the isolated DNA was
analyzed by agarose gel electrophoresis. Data are
representative of at least three independent experiments.
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Fig. 2 - Effect of DHMC concentrations on the type of cell
death in U-937 cells. Cells were incubated with increasing
concentrations of DHMGC for 24 h. Necrosis was assessed
by the staining of nuclei with PI ((J), whereas apoptosis
was visualized by the appropriate changes of nuclei
stained with Hoechst 33342 (H). Cells were observed in a
fluorescence microscope under UV light at 430 nm (HO)
and 630 nm (PI). Values are mean + S.E.M. (n =3); p <0.01
vs. necrosis. Inset: morphological changes in U-937 cells
associated with the apoptotic process induced by 250 pM
DHMC for 24 h, visualized by the blue staining with
Hoechst 33342. Arrows represent condensed chromatin,
fragment nuclei and apoptotic bodies. Each picture is
representative of three independent experiments.
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Fig. 3 — Effect of DHMC on the cleavage of pro-caspase 3 and
PARP. Cells were treated with 250 puM DHMC and
harvested at the indicated times. Equal amount of protein
were subjected to SDS-PAGE and analyzed by Western blot
with anti-caspase 3, PARP and actin antibodies. Data are
representative of at least three independent experiments.

In order to gain insight into the effect of DHMC on leukemic
cells, DHMC-induced apoptosis was evaluated in the human
promyelocytic cell line HL-60. In this cell line, the CCso of
DHMC was 145.704+1.00 uM, whereas the ICsy was
27.46 £+ 1.26 pM. The hydroxycoumarin-induced time-depen-
dent growth inhibition in HL-60 cells as observed in U-937 cells
(Fig. 4). To determine whether DHMC-induced apoptosis at
micromolar concentrations in HL-60 cells as in U-937 cells,
different assays were carried out. HL-60 cells were treated with
different concentrations of DHMC for 24 h and the genomic
DNA was then subjected to agarose gel electrophoresis. A
ladder-like pattern of DNA fragments was clearly observed at
250 uM DHMC (Fig. 5A). As in U-937 cells, 250 uM DHMC
increased the number of apoptotic cells and concentrations
higher than 1 mM increased the percentage of necrotic cells
(Fig. SB). At 250 pM DHMC most HL-60 cells depicted
morphological changes typically associated with the apoptotic
process as condensed chromatin, nuclear fragmentation and
typical apoptotic bodies (Fig. 5B, inset).

To assess the cell specificity of DHMC, we compared its
cytotoxicity in U-937, HL-60 and normal peripheral blood
mononuclear cells. Results showed that DHMC (250 pM) evoked
a significant less cytotoxic effect in normal mononuclear cells
after 24 h treatment than in leukemic cells (Fig. 6). Cytotoxic
values of DHMC treatment in normal cells were 31.6 + 5.9%
whereas in U-937 and HL-60 were 86.3 4+ 3.1 and 85.6 & 5.9%,
respectively. These data indicate that normal cells were more
resistant to DHMC treatment than human leukemic cells.

The cellular morphological changes, DNA fragmentation,
caspase activation and PARP cleavage observed in DHMC-
treated U-937 or HL-60 are hallmarks of cell death through
apoptosis. These findings support that DHMC, selectively
reduces the viability of leukemic cells through the induction of
apoptosis.

3.2. 7,8-Dihydroxy-4-methylcoumarin failed to
induce cell differentiation in U-937 cells

In addition to the conventional biological maturation inducers
such as retinoic acid or vitamin Ds, various cytotoxic agents
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Fig. 4 - Effect of DHMC on cell proliferation in U-937 (A) and
HL-60 (B) cell lines. Cells were treated with DHMC [50 pM
(®), 100 M (O), 250 M (A) pM)], 400 pM dbcAMP (C)
(positive control), or 0.0001% (v/v) DMSO (control group) (H)
for 24, 48 and 72 h, collected and the cell number
determined by a cellular meter Coulter Z-1. Results are the
mean * S.E.MM. (n = 3); "p < 0.01 vs. control group. Inset. U-
937 (A) or HL-60 (B) cell proliferation following 48 h DHMC
treatment. Data are expressed as proliferation percentage
respect to control group. Control group proliferation
considered 100% is showed as a dotted line. Results
represent the mean * S.E.M. (n = 3); p < 0.01 vs. control

group.

also trigger leukemic cell differentiation at low concentrations
[36]. Finn et al. [27] reported that treatment with daphnetin
(7,8-dihydroxycoumarin) at 10 and 50 uM, induces human
renal carcinoma cell differentiation. Therefore, we evaluated
whether low concentrations of DHMC (5-50 uM) triggered
differentiation in leukemic cells. Differentiation-induction as
a therapeutic strategy has the greatest impact on hemato-
poietic malignancies, most notably on leukemia. The U-937
cell line derived from a histiocytic lymphoma is an appro-
priated model to study the mechanism of cell differentiation
[37,38]. In this cell line, dibutyryl cAMP (dbcAMP) as all trans
retinoic acid (ATRA) induce monocyte maturation [37,38] and
it can be monitored by changes of morphological, biochemical,
and immunological properties.
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Fig. 5 - (A) Detection of internucleosomal DNA fragmentation in HL-60 cells. Cells were treated with different concentrations
of DHMC for 24 h. Cells were then harvested and the isolated DNA analyzed by agarose gel electrophoresis. Data are
representative of at least three independent experiments. (B) Effect of DHMC concentration on cell death in HL-60 cells. Cells
were incubated with increasing concentrations of DHMC for 24 h. Necrosis was assessed by the staining of nuclei with PI
(0O), whereas apoptosis was visualized by the appropriate changes of nuclei stained with Hoechst 33342 (H). Cells were
observed in a fluorescence microscope under UV light at 430 nm (HO) and 630 nm (PI). Values are mean + S.E.M. (n = 3);
“p < 0.01 vs. necrosis. Inset: morphological changes in HL-60 cells associated with the apoptotic process induced by 250 uM
DHMC for 24 h, visualized by the blue staining with Hoechst 33342. Arrows represent condensed chromatin, fragment
nuclei and apoptotic bodies. Each picture is representative of three independent experiments.

As shown in Table 1, pretreatment of cells with non-toxic
concentrations of DHMC (5-50 pM) for 48 h failed to induce U-
937 cell differentiation to monocytes. In U-937-treated cells
NBT reducing activity as well as CD11b and C5a receptor
(CD88) expression were similar to control cells (DMSO-treated
cells). These findings show that exposure of leukemic cells to
low concentrations of DHMC failed to induce cell maturation.

3.3. Regulation of c-myc proto-oncogene and cell cycle
inhibitor p21WAFYCIPL gfter 7 8-dihydroxy-4-methylcoumarin
treatment in U-937 cells

c-myc oncogene plays a central role in controlling the
proliferation and differentiation of many normal and neoplastic
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Fig. 6 — Effect of DHMC on cytotoxicity in U-937, HL-60 and
normal peripheral blood mononuclear cells. Cells were
treated with 250 xM DHMGC (J) or 0.0001% (v/v) DMSO
(control group) (M) during 24 h. Cellular toxicity was
evaluated by the trypan blue assay as detailed in Section 2.
Results represent the mean + S.E.M. (n=3); "p <0.01,
compared with U-937 or HL-60 cell lines.

tissues. Down-regulation of c-Myc expression results in
programmed cell death or acceleration of an ongoing apoptotic
response [39]. Our results showed that treatment of U-937 cells
with 250 uM DHMC induced a time-dependent down-regulation
of the c-Myc protein. The expression of c-Myc was decreased at
3 h after coumarin exposure (Fig. 7A and B), suggesting that this
oncogene was involved in DHMC-induced apoptosis. Interest-
ingly the co-treatment with the antioxidant N-acetyl-L-cysteine
(NAC) delayed the down-regulation of c-Myc, as shown in
Fig. 7C. A decrease in c-Myc expression was roughly detected
after treatment for 24 h. These findings suggest that these
events may represent downstream consequences of DHMC-
induced oxidative stress.

Cyclin-dependent kinase (CDK) inhibitors belonging to the
Cip/Kip family have been implicated in programmed cell death
and may be a link between the cell cycle and apoptosis [40].
Therefore, the time course of p21WAfVCIPl expression was
studied in U-937 cells. DHMC-treatment resulted in up-
regulation of the endogenous cyclin-dependent kinase inhi-
bitor p21WAFYCIFL after 6 h, when compared to U-937 control
cells (Fig. 7A and B).

3.4.  Regulation of PI3K/Akt signaling cascade by the
7,8-dihydroxy-4-methylcoumarin in U-937 cells

Phosphatidylinositol 3-kinase (PI3K) stimulation leads to the
activation of a serine/threonine kinase termed Akt or PKB. Akt
plays a central role in promoting survival of a wide range of cell
types. The phosphorylation of Akt substrates, as the Bcl2
family member BAD and the protease Caspase 9, suppresses
their pro-apoptotic function, thereby accounting at least in
part for the potent survival effects of Akt [41]. To address the
effect of DHMC on phosphorylated Akt (p-Akt), U-937 cells
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Table 1 - Effect of DHMC on U-937 cell differentiation markers

Cell differentiation markers

% of CD11b positive CD88 NBT reduction (absorbance 570 nm)
cells (mean + S.E.M.) (a) expression (b) (mean + S.E.M.) (c)

U-937 control 53.00 + 9.00 Negative 0.72 £ 0.02

5 uM DHMC 59.33 £5.13 Negative ND

25 uM DHMC 55.00 £ 5.57 Negative 0.70 £ 0.02

50 pM DHMC 55.63 + 6.66 Negative 0.69 + 0.05

400 uM db-cAMP 96.33 +9.022 Positive ND

1uM ATRA ND ND 1.26 +0.02°

U-937 cells were treated with DHMC (5-50 pM), 400 pM dbcAMP or 1 pM ATRA (positive controls), or 0.0001% (v/v) DMSO (control group) for 48 h.
Monocytic markers evaluated: (a) percentage of CD11b positive cells was determined in a flow cytometer as described in Section 2. Results
represent the mean + S.E.M. (n = 3); *p < 0.01 compared with the control group. (b) C5a receptor (CD88) expression was analyzed by Western
blot analysis with anti-CD88 antibody. Similar results were obtained in three independent experiments. (c) NBT reducing activity was
evaluated by formazan production measured by absorbance at 570 nm. Values are mean + S.EMM. (n = 3); °p < 0.01 compared with control
group. ND: not determined.

were treated with 250 pM DHMC at various time periods. As 3.5. Regulation of MAPKs signaling cascade by the
shown in Fig. 8A, the exposure of U-937 cells to DHMC caused 7,8-dihydroxy-4-methylcoumarin in U-937 cells

amarked decrease in p-Akt after 18 h. To further examine the

effect of phosphorylation of Akt on DHMC-induced apoptosis, Mitogen-activated protein kinases superfamily involves
we studied whether inhibitors of this pathway could three main and distinct signaling pathways: the extracellular
modulate DHMC response. To verify this hypothesis, signal-regulated protein kinases (ERKs), the c-Jun N-terminal
LY294002, a specific inhibitor of PI3K was used. The co- kinases or stress-activated protein kinases (JNKs/SAPK), and
treatment of DHMC and LY294002 caused substantial inhibi- the p38 family [42]. ERK pathway is activated by mitogens and
tion of p-Aktafter 16 h of treatment (Fig. 8B). Fig. 8C illustrates survival factors but ERKs are also activated by DNA damage
that U-937 cells grown in the presence of 30 uM LY294002 caused by UV, cisplatin, etoposide, and ara-C in several
were more sensitive to the apoptotic effect of 250 uM DHMC. cultured cells [43]. In vitro studies showed that JNKs and p38
PI3K/Akt inactivation by LY294002 increased the percentage activation are involved in diverse cellular responses such as
of apoptotic cells induced by DHMC (73.5+12.0%) as cell differentiation, inflammation, cell cycle arrest and
compared to that of DHMC or LY294002 alone (54.5+0.7 apoptosis, depending upon the cell types and the external

and 21.0 + 0.1%, respectively). stimuli [44,45].
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Fig. 7 - Effect of DHMC on c-Myc and p21WAF/CP1 expression. (A) Cells were treated with 250 M DHMC and harvested at the
indicated times. Equal amount of protein was subjected to SDS-PAGE and analyzed by Western blot with anti-c-Myc, -
p21WAFL/CIPL ap g -actin antibodies. Data are representative of at least three independent experiments. (B) Densitometric
analysis relative to actin intensity obtained with the Scion Image program. Data are mean + S.E.M. (n = 3); 'p < 0.01 respect
to basal expression. (C) Cells were treated with 250 puM DHMC and 10 mM NAC and harvested at the indicated times. Equal
amount of protein was subjected to SDS-PAGE and analyzed by Western blot with anti-c-Myc and actin antibodies. Data are
representative of at least three independent experiments.
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Fig. 8 - Effect of DHMC on p-Akt regulation. (A) Cells were treated with 250 pM DHMC and harvested at the indicated times.
Equal amounts of protein were subjected to SDS-PAGE and analyzed by Western blot with anti-p-Akt and Akt antibodies.
Data are representative of at least three independent experiments. (B) Cells were treated with 250 xM DHMC and 30 pM
LY294002, alone and in combination, for 16 h. Equal amounts of protein were subjected to SDS-PAGE and analyzed by
Western blot with anti-p-Akt and Akt antibodies. Densitometric analysis of p-Akt/Akt obtained with the Scion Image
program relative to U-937 control conditions intensity. Data are mean + S.E.M. (n = 3); " p < 0.01 respect to control, **p < 0.01
respect to cells treated with 250 uM DHMG or 30 pM LY294002 alone. (C) Cells that displayed nuclear fragmentation by
Hoechst 33342 staining were counted and expressed as the percentage of apoptotic cells, under control conditions (M) or
after 250 pM DHMC and 30 pM LY294002, alone and in combination treatment (H) during 16 h. Data are mean * S.E.M.
(n=3); “p < 0.01 respect to control, **p < 0.01 respect to cells treated with 250 uxM DHMC or 30 uM LY294002 alone.

In the present study, the effect of DHMC on MAPKs was studied times, suggesting that this kinase is not implicated in
studied in U-937 cells. DHMC caused specific inhibition of p- DHMC-induced apoptosis in U-937 cells (Fig. 9B). On the other
ERK1/2 after 6 h treatment (Fig. 9A). Those cells treated with hand, phosphorylated JNK, increased at 18 h (Fig. 9C). These
250 pM DHMC showed no phosphorylation of p38 at any findings support that ERKs and JNKs but not p38, are involved
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Fig. 9 - Effect of DHMC on the MAPK pathway. Cells were treated with 250 pM DHMC and harvested at the indicated times.
Equal amounts of protein were subjected to SDS-PAGE and analyzed by Western blot with (A) anti-p-ERK, -ERK, (B) -p-p38, -
P38, (C) -p-JNK and -JNK antibodies. Data are representative of at least three independent experiments. (D) Densitometric
analysis of p-ERK1/2/ERK (1), p-p38/p38 (O), -p-JNK/JNK (H) obtained with the Scion Image program relative to control
conditions (t = 0) intensity. Data are mean = S.E.M. (n = 3); "p < 0.01 respect to basal expression.
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in the transduction of cell death signals induced by DHMC in
U-937 cells.

4, Discussion

Leukemias are hematological malignancies that occur as acute
or chronic diseases. In leukemic states, transformed early
progenitors fail to respond to differentiation stimuli and
perpetuate presumably to an additional blockade of pro-
grammed cell death [2]. Therefore, the co-activation of
differentiation and apoptosis is a potential approach for the
treatment of leukemia.

Since the eighties, a number of in vivo studies have
investigated the possible use of coumarins in the treatment of
renal carcinoma [31], advanced malignant melanoma [46,47],
non-small cell lung cancer [48] and breast cancer [49] showing
in some of them a significant response rate. In our laboratory
we have initiated a rational study of natural and synthetic
coumarins as well as their analogues for the development of
possible therapeutic agents for the treatment of human
leukemias.

Leukemic cell differentiation can be stimulated by low
concentrations of cytotoxic agents such ara-C or hybrid polar
compounds as HMBA [50,51]. In addition, several coumarins
derivatives induce monocytic differentiation of human leu-
kemia cells [28,52]. Daphnetin (7,8-dihydroxycoumarin), a
DHMC structural related coumarin exerts potent anti-prolif-
erative and differentiation effects in a human renal cell
carcinoma line [27]. In the present study, we evaluated
whether DHMC at low concentrations induced the differentia-
tion of U-937 cells. The exposure of cells to DHMC for 48 h
failed to induce cell differentiation, evaluated through various
differentiation markers such increased of nitrobluetetrazo-
lium reduction and CD11b and CD88 expression (Table 1).

However, DHMC displayed anti-proliferative effects indu-
cing programmed cell death in different human leukemia cell
lines such U-937 and HL-60 (Fig. 4). This finding was
subsequently confirmed using a selection of biochemical
assays. DNA isolated from DHMC-treated U-937 or HL-60 cells
showed the characteristic ladder pattern on agarose gels. The
internucleosomal DNA degradation induced by DHMC was
concentration- and time-dependent (Figs. 1 and 5). In addition
morphological characteristics consistent with apoptotic cell
death were also observed in cells treated with the hydro-
xylated coumarin (Figs. 2 and 5, inset). The response to DHMC
in leukemic cells depended upon the concentration and
duration of the stimulus. In both U-937 and HL-60 cell lines,
concentrations of DHMC lower than 500 pM induced apoptosis
but higher concentrations increased the percentage of
necrotic cells (Figs. 2 and 5). Furthermore, an increased
activity of pro-apoptotic caspase 3 and increased cleavage
of PARP were observed in DHMC-treated U-937 cells (Fig. 3).

In accordance with present findings other studies show
that different coumarin derivatives induce apoptosis in renal
carcinoma cells, human leukemic cells and pancreatic cancer
cells [31,53,54]. However, despite numerous studies, little is
known about the cellular mechanism evoked by pro-apoptotic
coumarin compounds in cancer cells [23,31,34]. Further
studies will help to determine the exact mechanism of action

and eventually highlight their potential application as possible
therapeutics agents for the treatment in neoplasm.

Among the main stress signaling pathways in stress
response to oxidative insults are the MAPK cascades, the
PI3K/Akt, the nuclear factor kB (NF-kB) signaling system and
p53 activation [55]. In a recent study, Kim et al. [34] suggested
that oxygen radicals are likely implicated in scopoletin (6-
metoxy-7-hydroxycoumarin)-induced apoptosis in leukemic
cells and showed that NF-kB and caspase 3 are activated.

MAP kinase signaling pathways transduce extracellular
and intracellular stimuli into cellular responses. The relative
balance between ERKs, JNK and p38 signaling may determine
susceptibility to apoptosis induction [56]. In the present study,
DHMC-treated U-937 cells showed activation of the JNKs
pathway at 18 h but no detectable changes in phosphorylated-
p38. Furthermore, down-regulation of p-ERK1/2 was observed
at 6 h (Fig. 9). The underlying mechanism of DHMC-induced
changes in the activation of MAPK cascades remains presently
unknown although it is likely that coumarins act upstream of
the MAPK cascades. In this sense, it has been reported that the
anti-inflammatory and anticancer activity of certain coumarin
derivatives may result from their allosteric MEK1 inhibitor
activity [29]. Alternatively, it has been also suggested that
oxidative stress can induce inhibition of the survival cascades,
ERKs and PI3K/Akt, in different cellular models [55].

PI3K/Akt pathway is involved in cell survival signaling. This
may be in part through Akt-mediated phosphorylation and
functional inactivation of BAD, a pro-apoptotic Bcl-2 family
protein and inhibition of caspase 9 and 3 activation, likely
through direct phosphorylation of caspase 9. In addition, PI3K/
Akt signaling, via inhibition of glycogen synthase kinase (GSK-
3), increases the stability of the cyclin D1 and Myc proteins
[41,57]. Therefore, we studied the Akt phosphorylated status in
U-937 cells exposed to DHMC. Western blot analysis showed
that Akt was highly expressed and phosphorylated in control
cells, whereas in DHMC-treated cells Akt was inactivated at
least within 18 h (Fig. 8A). In addition, as expected, the co-
treatment with DHMC and LY294002 (a specific inhibitor of
PI3K/Akt pathway) augmented DHMC-induced apoptosis
(Fig. 8C) and Akt dephosphorylation (Fig. 8B). It has been
reported that Akt protects cancer cells from apoptosis induced
by anticancer therapies and that it is involved in drug-
resistance [58]. Present findings show that DHMC treatment
inactivates the Akt pathway, although further studies are
necessary in order to elucidate the mechanism in leukemic
cells. The proto-oncogene c-myc plays a pivotal role in cell
cycle regulation, metabolism, apoptosis, differentiation, cell
adhesion, and tumorigenesis, and further participates in the
regulation of hematopoietic homeostasis. It is a transcription
regulator that is part of an extensive network of interacting
factors [39]. In the present study, c-Myc levels decreased after
3 h when U-937 cells underwent apoptosis induced by DHMC
treatment (Fig. 7A and B). The decreased in c-Myc expression
was observed before DNA fragmentation or typical apoptotic
morphological changes, suggesting that variations in c-Myc
levels might be associated with the apoptotic process induced
by DHMC in human leukemia cells. On the other hand, the
inactivation of Akt activates GSK-3, which desestabilizes Myc
and targets it for ubiquitin-mediated degradation. Indeed,
NAC treatment delayed c-Myc expression, suggesting that this
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proto-oncogene pathway may be regulated as a result of a
possible oxidative stress induced by DHMC (Fig. 7C).

The development of cell resistance to chemotherapy is one
of the major causes of treatment failure in hematological
malignancies. Often, resistance develops when the p53 path-
way is impaired because several chemotherapeutic drugs
mediate their pro-apoptotic effects through this via. There-
fore, the development of new drugs that do not involve the p53
signaling pathway may constitute a novel therapeutic strategy
for overcoming multidrug-resistance in leukemias. In the
present work, we show that DHMC induced suicide by
programmed cell death through an independent p53 pathway,
because human leukemic HL-60 and U-937 cells are p53-null
cell lines [59]. In accordance with this finding it has been
previously reported that the cytostatic effect of coumarin
compounds is likely p53-independent in human lung carci-
noma cells [25].

The cell cycle progression is regulated by sequential
activation and inactivation of a series of cyclin-dependent
kinases (CDKs), which are positively regulated by cyclins and
negatively by cyclin-dependent kinase inhibitors (CDKIs) [40].
Several studies have established that coumarin derivatives
induce cell cycle disturbances in malignant cells [24,25,60,61].
Thus, we examined the expression of CDKI p21WAFV/CIPL ip
cells exposed to DHMC. An increase in p21WAF/CP1 expression
was observed following U-937 cells exposure to 250 pM DHMC
for 18 h (Fig. 7). Up-regulation of p21WAF/CIP1 has been shown
to correlate with an inhibition of cell growth and it is regarded
as an indirect marker of apoptosis in cell systems where G1
phase blockade contributes to cell death. Moreover, the
change in c-Myc levels observed after DHMC treatment,
may also alter the operation of the cell cycle checkpoints,
inducing arrest at G1 [40]. As it was previously discussed U-937
cell line is a p53-null leukemia cell line so the activation of
p21WAFVCIPL i dyced by DHMC occurred through an unknown
p53-independent mechanism.

In conclusion, human leukemia cells exposed to DHMC
showed activation of the JNK pathway with concomitant
inhibition of the ERKs pathway and other transducer systems
as PI3K/Akt as well as reduction of the early response gene c-
myc with an up-regulation of p21WAFY/C!P1 and caspase 3 in a
p53-independent mechanism. So, the integration of the pro-
survival and pro-apoptotic signaling pathways determines
the final outcome in DHMC-treated U-937 cells. The ther-
apeutic goal in cancer is to trigger tumor-selective cell death.
DHMC exhibits low toxicity in normal cells but possess pro-
apoptotic effect on malignant cells. Taken together, our
findings support the possibility that DHMC might be an
effective cytotoxic drugfor the combined treatment of human
leukemia. Nowadays, drug discovery requires knowledge of
the structure and the understanding of the drug action and in
time new drug-candidate molecules will emerge with this
approach.
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