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Abstract
3-Deazaadenosine (DZA), one of the potent inhibi-
tors of S-adenosylhomocysteine hydrolase, is known
to possess several biological properties including
an induction of apoptosis. To evaluate a possibility
that DZA may be utilized for the treatment of human
leukemia, we studied molecular events of cell death
induced by DZA in human leukemia HL-60 and U-937
cells. DZA induced a specific cleavage of poly ADP-
ribose polymerase (PARP) and an activation of the
cysteine protease caspase-3/CPP32 which is known
to cleave PARP. DZA-mediated nuclear DNA-frag-
mentation was completely blocked in the presence
of a universal inhibitor of caspases (z-VAD-fmk) or
the specific inhibitor of caspase-3 (z-DEVD-fmk) un-
like of cycloheximide (CHX). DNA fragmentation was
preceded by the lowering of c-myc mRNA in the DZA
treated cells. In addition, DZA-induced apoptosis was
blocked by pretreatment with adenosine transporter
inhibitors such as nitrobenzylthioinosine (NBTI) and
dipyridamole (DPD). Taken together, these results
demonstrate that DZA-induced apoptosis initiated
through an active transport of DZA into human leu-
kemia cells, is dependent on the caspase-3-like
activity without de novo synthesis of proteins and

possibly involves c-myc down-regulation.
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Introduction

Apoptosis (i.e., programmed cell death) is known as an
important biologic mechanism that contributes to the
maintenance of the integrity of multicellular organisms. It
is induced by a wide variety of cellular stresses such as
DNA damage, UV radiation, ionizing radiation and oxid-
ative stress (Nagata, 1997), and is morphologically dis-
tinct from necrosis in many of its characteristic changes
as follows; DNA fragmentation, chromatin condensation,
cytoplasmic membrane blebbing, and cell shrinkage.
Antitumor agents also induce apoptosis in some cancer
cells both in vitro and in vivo, indicating that apoptosis
plays a very important role in cancer chemotherapy
(Kaufmann, 1989; Meyn et al., 1995).

Various stimuli of apoptosis lead to an activation of
cytoplasmic cysteine proteases with specificity for as-
partic acid residues, namely caspases. The activated
caspases can cleave structural proteins and enzymes
necessary for the survival of both proliferating and rest-
ing cells (Cohen, 1997; Nicholson and Thornberry, 1997;
Thornberry and Lazebnik, 1998). In addition, caspases
have been shown to activate the endonuclease respon-
sible for the internucleosomal cleavage of genomic DNA,
a hallmark of apoptosis (Liu et al., 1997; Enari et al.,
1998). An important pathway of cell-death involves the
release of cytochrome c from mitochondria to the cyto-
sol, thereby triggering caspase-3 activation and initiation
of the apoptotic program at a relatively late stage (Liu et
al., 1996; Kluck et al., 1997; Yang et al., 1997). One
important component of the caspase cascade is cas-
pase-3 which is activated by two sequential proteolytic
events that cleave the 32 kD precursor at aspartic acid
residues to generate an active heterodimer of 20- and
12 kD subunits (Salvesen and Dixit, 1997). The activ-
ation can either be autocatalytic or occur via a caspase
cascade. 

The protooncogene c-myc encoding a nuclear phos-
phoprotein (c-Myc) of the helix-loop-helix/leucine-zipper
family, when dimerized with its binding partner Max,
binds to specific DNA sequences (Iguchi-Ariga et al.,
1987; Kato and Dang, 1992). Many recent researches
on c-Myc have focused on how it drives apoptosis. c-
Myc is widely known as a crucial regulator of cell*These authors contributed equally to this work
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proliferation in normal and neoplastic cells, but until
recently its apoptotic properties, which appear to be
intrinsic, were not fully appreciated (Thompson, 1998;
Prendergast, 1999).

3-Deazaadenosine (DZA) was developed as one of the
potent inhibitors of S-adenosylhomocysteine (Ado-Hcy)
hydrolase (EC 3.3.1.1) (Chiang et al., 1977). This agent
binds to Ado-Hcy hydrolase resulting in the accumu-
lation of Ado-Hcy and S-adenosylmethionine (Ado-Met),
and serves as a substrate for that enzyme resulting in
the huge accumulation of 3-deazaadenosylhomocysteine
(DZA-Hcy) in cultured cells (Chiang et al., 1977; Aksamit
et al., 1982), especially in the liver tissue (Chiang and
Cantoni, 1979). DZA exerts a number of interesting bio-
logical properties such as anti-human immunodeficiency
virus (HIV) activity (Flexner et al., 1992; Mayers et al.,
1995), immunosuppressive and anti-inflammatory effects
(Medzihradsky et al., 1982; Krenitsky et al., 1986), inhi-
bition of lymphocyte-mediated cytolysis (Zimmerman et
al., 1978), inhibition of cytokine expression including
tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-
1β) (Jeong et al., 1996), inhibition of cell adhesion mole-
cule expression (Jurgensen et al., 1990; Shankar et al.,
1992), inhibition of nuclear factor-κB (NF-κB) transcrip-
tional activity (Jeong et al., 1999), and induction of
apoptosis in human and mouse leukemia cells (Endresen
et al., 1993; Kim et al., 1997).

Although the potent apoptosis-inducing effect of DZA
highlights the possibility that DZA might be applied for
the treatment of human leukemia, the mechanism based
on molecular events in the DZA-induced human leuke-
mic apoptosis has not been fully elucidated. Thus, to
evaluate the possibility, we have investigated the apop-
totic mechanism of DZA in human leukemia HL-60 and
U-937 cells by determining alterations of apoptosis-
related molecules such as caspase-3 and c-myc. 

Materials and Methods

Materials and reagents 

DZA and 3-deaza-(±)-aristeromycin (DZAri) were do-
nated by Dr. Chiang of the Walter Reed Army Institute
of Research, Washington DC., and inhibitors of cas-
pases were obtained from Bio-Rad Laboratories (Her-
cules, CA). Mouse anti-poly(ADP-ribose) polymerase
was obtained from Serotec (Oxford, UK) and anti-
caspase-3 (H-277) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Unless specified other-
wise, all reagents were purchased from Sigma Chemi-
cal Co. (St. Louis, MO).

Cell culture 

Human promyelocytic leukemia HL-60 and human mono-
cytic macrophage U-937 cells were obtained from the

American Type Culture Collection (ATCC, Rockville, MD).
Both cells were cultured in RPMI 1640 medium supple-
mented with 20 mM N-(2-hydroxyethyl) piperazine-N'-2-
ethanesulphonic acid (HEPES), 25 mM sodium bi-
carbonate, 100 units/ml penicillin, 100 µg/ml streptomy-
cin sulfate and 10% heat-inactivated (56oC for 30 min)
fetal bovine serum (Hyclone Laboratories Inc., Logan,
UT) at 37oC in an atmosphere of 5% CO2. 

Determination of cell death 

Induction of apoptosis was determined by fragmentation
of genomic DNA through agarose gel electrophoresis.
Cells were treated with DZA or DZA plus other com-
pounds for desired times, and then genomic DNA was
extracted using DNA extraction buffer [5 mM Tris-Cl pH
8.0, 20 mM EDTA pH 8.0, 1% sodium dodecyl sulfate
(SDS), 50 µg/ml proteinase K] and extraction with phenol-
ethanol. DNA pellet was dissolved in TE buffer (10 mM
Tris-Cl pH 8.0, 1 mM EDTA pH 8.0) containing 20 µg/ml
of RNase A, and incubated at 37oC for 1 h. Five micro-
grams of DNA was separated on 2% agarose gels with
0.5x TAE (20 mM Tris-acetate, 1 mM EDTA). Ethidium
bromide (EtBr)-stained DNA in the gel was visualized
under UV light and photographed. The ratio of DZA-
induced cell death was evaluated by cell counting with
hemocytometer. Cells with intact cytoplasmic membrane
and diameter within the range of control cells were
judged as viable cells. 

Western blot analysis 

Cells after treatments were harvested and lysed with 2x
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer. Aliquots of total cell lysates were sub-
jected to 10% SDS-PAGE for PARP or 12.5% SDS-
PAGE for caspase-3 proteins, and transferred to a nitro-
cellulose membrane in transfer buffer (25 mM Tris base,
193 mM glycine, 20% methanol). The membrane was
blocked in 5% nonfat dried milk in phosphate-buffered
saline (PBS) and then incubated with primary antibody
in blocking solution at room temperature for 2 h, follow-
ed by extensive washing in PBS containing 0.1% Tween-
20. The blot was then incubated with peroxidase-conju-
gated secondary antibody in blocking solution, followed
by washing in PBS containing 0.1% Tween-20. Antigen
was detected using the enhanced chemiluminescence
western blotting detection system (Amersham-Pharmar-
cia, Buckinghamshire, UK). 

Northern blot analysis 

Total cellular RNA was isolated from cells treated with
DZA according to the previously described method
(Chomczynski and Sacchi, 1987). Five micrograms of
total RNA was separated on 1% agarose gels contain-
ing 2.2 M formaldehyde. After electrophoresis RNA was
transferred to a nylon membrane (Boehringer Mannheim,
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Mannheim, Germany) by capillary transfer in the pre-
sence of 20x SSC. Then the filter which was UV-
crosslinked with UV-stratalinker 1800 (Stratagene, La
Jolla, CA) was prehybridized and hybridized with Digoxi-
genin (DIG; Boehringer Mannheim, Mannheim, Germany)
labeled probe in high SDS hybridization buffer at 50oC
overnight. DIG-labeled probes were prepared from clon-
ed cDNA by polymerase chain reaction (PCR). After
hybridization the nylon membrane was rinsed with 2x
SSC, 0.1% SDS followed by 0.1x SSC, 0.1% SDS and
hybridized probe was detected by chemiluminescent
method with anti-DIG Fab fragments alkaline phosphat-
ase-conjugated (Boehringer Mannheim) and CSPD
(Boehringer Mannheim), a substrate of alkaline pho-
sphatase. 

Results

DZA induces apoptosis in human leukemia cells

To estimate the apoptosis-inducing effect of DZA, human
leukemia HL-60 and U-937 cells were treated with 100
µM of DZA for various times. After treatment of DZA,
genomic DNA was isolated and subjected to agarose
gel electrophoresis. As shown in Figure 1, the treatment
of 100 µM of DZA led to the internucleosomal cleavage
of genomic DNA very rapidly in both cells resulting in
DNA ladder in agarose gel electrophoresis that is the
major evidence of apoptosis, indicating DZA potently
induces apoptosis in human leukemia cells. The induc-
tion of apoptosis in HL-60 cells was more rapid and
potent than that in U-937 cells. The death proportion

compared to control cells were evaluated as described
in materials and methods, and indicated in Figure 1.

Activation of caspase-3-like enzymes is essential in
DZA-induced apoptosis 

To determine whether caspase-like activities including
caspase-3 are involved in human leukemic apoptosis
induced by DZA, we first examined the cleavage of
procaspase-3 during DZA-induced apoptosis in HL-60
and U-937 cells. After cells were treated with 100 µM of
DZA to induce apoptosis as indicated in time-courses,
total cell lysates were prepared with 2 x SDS-PAGE
loading buffer and then Western blot analysis was
performed with these lysates using specific antibodies to
caspase-3 and PARP (Figure 2). In both cells, procasp-
ase-3 was gradually reduced as time passed in the
presence of DZA. PARP, the substrate of caspase-3
was also cleaved corresponding to the cleavage of pro-
caspase-3 during DZA-induced apoptosis in these cells.
These results show that caspase-3 is activated and its
substrate PARP is also processed in apoptotic human
leukemia cells induced by DZA. We used inhibitors of
caspases in order to determine whether the activation of
caspase-3 is necessarily involved in the induction of
apoptosis by DZA. Z-VAD-fmk, a general inhibitor of
caspases completely blocked the formation of DNA
fragmentation mediated by the treatment of DZA in both
HL-60 and U-937 cells (Figure 3a), proving that casp-
ase-like activities are involved in this induction of
apoptosis. Z-DEVD-fmk, a specific inhibitor of caspase-
3-like enzymes totally abolished the DNA fragmentation
induced by the treatment of DZA, indicating that the
caspase-3-like activity is necessary to DZA-induced
human leukemic cellular apoptosis (Figure 3a). When
the cleavages of genomic DNA induced by DZA in these
cells were blocked by inhibitors of caspases, neither
procaspase-3 nor its substrate PARP was reduced
(Figure 3b). The observation under the light-microscope
revealed that the morphological changes of apoptosis
induced by DZA in both cells were not shown in the cells
pretreated with inhibitors of caspases (data not shown).

Figure 1. DZA induces cell death with DNA fragmentation in human
leukemia cells. Cells were treated with 100 µM of DZA for the indicated
times. Genomic DNA was extracted as described in ‘Materials and
Methods’, and then 5 µg of DNA was separated into 2% agarose gel. Death
% was determined by cell counting with a hemocytometer. M: molecular-
weight marker.

Figure 2. Caspase-3 activation by DZA. Cells were treated with 100 µM of
DZA for the indicated times. Cell lysate was prepared with 2x SDS-PAGE
sample buffer and then Western blot analysis was performed with specific
antibodies against pro-caspase-3 and PARP as described in ‘Materials and
Methods’.
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These results indicate that the caspase activity, especi-
ally caspase-3-like activity, is necessary to induce apop-
tosis by DZA in human leukemia cells.

c-myc and puf are down-regulated during DZA-
induced apoptosis 

The alteration of c-myc was shown to be involved in the
apoptosis of HL-60 cells (Kimura et al., 1995) and U-937
cells (Bergan et al., 1996) and the expression of c-myc
was diminished during adenosine-induced apoptosis in
HL-60 cells (Hong et al., 1997). Possible relationships
with the c-myc expression with DZA-induced apoptosis
in both human leukemia HL-60 and U-937 cells were
explored. The expression of puf, a transcriptional regu-
lator of c-myc was also examined. After cells were
treated with 100 µM of DZA for various times, total RNA
was extracted and subjected to Northern blot analysis
using DIG-labeled c-myc and puf probe. As shown in
Figure 4, the expressions of c-myc and puf mRNA were
dramatically decreased when cells underwent apoptosis
by DZA in both cells. The decrease of c-myc was faster

Figure 3. Inhibition of DZA-induced apoptosis by caspase inhibitors. Cells
were pretreated with caspase inhibitors (100 µM of z-VAD-fmk or 100 µM
of z-DEVD-fmk) for 1 h and then treated with 100 µM of DZA for 4.5 h (HL-
60) or 6 h (U-937). (a) Genomic DNA was extracted and separated into 2%
agarose gel. (b) Cell lysate was prepared with 2x SDS-PAGE sample buffer
and then Western blot analysis was performed with specific antibodies
against pro-caspase-3 or PARP.

Figure 4. Down-regulation of c-myc and puf by DZA. Cells were treated with
100 µM of DZA for the indicated times. Total RNA was extracted and
separated into 1% agarose/ formaldehyde gel. Northern blot analysis was
performed with DIG-labeled c-myc or puf probes as described in ‘Materials
and Methods’.

Figure 5. The effects of Ado transporter inhibitors on the DZA-induced
apoptosis. Cells were pretreated with the compounds indicated (DZAri; 200
µM of 3-deaza-(±)-aristeromycin, Adox; 100 µM of adenosine periodate
oxidized, NBTI; 10 µM of nitrobenzylthioinosine, DPD; 100 µM of
dipyridamole, CHX; 1 µg/ml of cycloheximide) for 1 h and then treated with
100 µM of DZA for 6 h (a; HL-60) or 8 h (b; U-937). Genomic DNA was
extracted and separated into 2% agarose gel. 
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than the induction of DNA fragmentation suggesting that
the decrease of c-myc mRNA expression might be
associated with the apoptosis induced by DZA in human
leukemia cells.

The effects of adenosine transporter inhibitors on
DZA-induced apoptosis 

It has been reported that when cells are treated with
DZA, DZA is catalyzed to 3-deazaadenosylhomocysteine
(DZA-Hcy) and it is largely accumulated in cells (Chiang
et al., 1977; Aksamit et al., 1982) as well as in HL-60
cells (Aarbakke et al., 1985). To determinate whether
this accumulation of DZA-Hcy is linked to the DZA-
induced apoptosis in human leukemia cells, we used 3-
deaza-(±)-aristeromycin (DZAri) (Endresen et al., 1996)
and adenosine periodate oxidized (Adox) (Zimmerman
et al., 1984) which have been known to be inhibitors of
S-adenosylhomocysteine hydrolase and block the con-
version of DZA to DZA-Hcy. As shown in Figure 5,
DZAri and Adox failed to inhibit the apoptosis induced
by DZA in HL-60 cells. Similarly, DZAri did not block
DZA-induced apoptosis in U-937 cells. Adox brought
about apoptosis by itself implying that there may be
another effect to induce apoptosis within Adox in HL-60
cells and U-937 cells. These results show that the
accumulation of intracellular DZA-Hcy is not required for
the induction of apoptosis by DZA in human leukemia
cells. Additionally we used inhibitors (Deckert et al.,
1988) of the Ado transporter such as dipyridamole (DPD)
and nitrobenzylthioinosine (NBTI) in order to investigate
whether DZA initiates apoptosis in these cells through
active transportation. All of Ado transporters in cancer
cells were reported to be sensitive to DPD unlike NBTI
(Deckert et al., 1988). Although DZA-induced apoptosis
in HL-60 cells was not inhibited by NBTI, the apoptosis
was completely inhibited by DPD (Figure 5a). In U-937
cells, both inhibitors totally blocked DZA-induced apop-
tosis (Figure 5b). These results revealed that DZA is
actively transported into cells by Ado transporters in
human leukemic cells. In HL-60 cells there are no NBTI-
sensitive Ado transporters and therfore NBTI did not
inhibit the apoptosis induced by DZA transported through
NBTI-insensitive Ado transporters. To establish whether
de novo synthesis of proteins is involved in the DZA-
induced apoptosis in human leukemia cells, we treated
cells with cycloheximide (CHX). Exposure to CHX did
not diminish the apoptosis induced by DZA in both cells,
indicating that de novo synthesis of proteins is not
required for the induction of apoptosis by DZA in these
cells.

Discussion

Although the apoptosis-inducing activity of DZA has
been suggested as a possible agent for the treatment of

human diseases such as leukemia (Sherman et al.,
1985; Endresen et al., 1993), the mechanism based on
the molecular level has not been clearly elucidated. In
this study, we have investigated molecular events of the
DZA-induced apoptosis in human leukemia cells in an
effort to evaluate DZA as an potential drug.

Among members of the caspase family, caspase-3 is
an effector caspase which plays a role of an executioner
in the apoptotic pathway. Human leukemia HL-60 and
U-937 cells treated with DZA underwent apoptosis and
the activation of caspase-3. The apoptosis was complete-
ly blocked by inhibitors of caspases, especially caspase-
3. Additional treatment of cells with CHX failed to elimi-
nate DZA-induced apoptosis, indicating this induction of
apoptosis doesn’t require the expression of additional
proteins, but requires the activation of caspase cascade.
Considering these results, DZA-induced apoptosis in
human leukemia cells appears to be closely linked with
the activation of caspase cascade.

c-Myc, a member of the Myc family proteins, regulates
cell proliferation and apoptosis. Reduction of c-myc ex-
pression and its inappropriate expression can be associ-
ated with cellular apoptosis (Thompson, 1998). It has
been reported that c-myc mRNA levels can be reduced
by the use of a short antisense oligonucleotide and this
reduction is sufficient to initiate apoptosis in HL-60
(Dean et al., 1988; Kimura et al., 1995) and U-937 cells
(Bergan et al., 1996). Regarding these reports, the rapid
disappearance of c-myc during DZA-induced apoptosis
in human leukemia HL-60 and U-937 cells indicates that
the reduction of c-myc expression is associated with the
induction of this apoptosis. Although inhibitors of caspases
abolished DZA-induced apoptosis in these cells, they
did not recover the reduced level of c-myc expression
(data not shown). Thus, reduction of c-myc might activ-
ate caspases or be upstream of caspase cascade in the
apoptosis induced by DZA in human leukemia cells.
But, there was a discrepancy between c-myc down-
regulation and apoptosis induced by DZA in that where-
as c-myc was down-regulated more rapidly in U-937
cells than HL-60 cells, DNA fragmentation and caspase-
3 activation were induced more easily in HL-60 cells
than U937 cells. Therefore, it can not exclude the possi-
bility that c-myc down-regulation is an another effect of
DZA not associated with the apoptosis or not the critical
event in the DZA-induced apoptosis, and more exten-
sive experiments including over-expression and knock-
out studies should be performed to assess the role of c-
myc in detail.

According to the results of this study, the accumu-
lation of intracellular DZA-Hcy is not required for the
induction of apoptosis by DZA in human leukemia cells.
We previously reported that DZA inhibited lipopoly-
saccharide (LPS)-induced NF-κB transcriptional activity
through hindrance of p65 (Rel-A) phosphorylation by the
accumulation of DZA-Hcy in mouse macrophage cells
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treated with DZA (Jeong et al., 1999). It has been well
known that NF-κB has an anti-apoptotic property (Antwerp
et al., 1996; Beg and Baltimore, 1996; Wang et al.,
1996). Additionally, c-myc transcription which is marked-
ly reduced at the early stage of apoptosis induced by
DZA in HL-60 and U-937 cells, is a downstream target
of NF-κB (Duyao et al., 1990). It has also been previ-
ously reported that treatment with 100 µM of DZA
resulted in significant accumulation of DZA-Hcy in HL-
60 cells (Aarbakke et al., 1985). Although DZA-Hcy
accumulated by the treatment of DZA doesn’t directly
mediate this induction of apoptosis, an inhibition of NF-
κB transcriptional activity by the accumulation of DZA-
Hcy might co-operate to induce apoptosis by DZA.

We have determined that DZA-induced apoptosis in
human leukemia cells is initiated through the active
transport of DZA into cells. Since CHX could not block
the DZA-induced apoptosis in human leukemia cells, it
appears that up-regulated genes are not as important in
the induction of apoptosis by DZA as down-regulated
genes such as c-myc.

The apoptosis-inducing activity of DZA shown in this
experiment was greater than those of other anti-leuke-
mic drugs such as daunorubicin, mitoxantrone, etopo-
side and Ara-C (data not shown), although the concen-
tration of DZA, 100 µM, was the highest among those of
the tested drugs. Following the administration of DZA to
culture cells or animals, the uptake of DZA was found to
be rapid and the net result was the accumulation of
Ado-Hcy and DZA-Hcy (Im et al., 1979; Pritchard et al.,
1982; Wiesmann et al., 1985) in tissues or organs.
Thus, it may be difficult to measure the concentration or
maintain the high concentration of administered DZA in
blood. The extending pharmacokinetic modification of
DZA should be developed to maintain the concentration
of DZA at 100 µM in blood to utilize it as an effective
anti-leukemia drug.

In conclusion, when human leukemia cells are exposed
to DZA, it is actively transported into cells, reduces the
level of c-myc mRNA, activates caspase cascade, and
finally induces cell death by apoptosis without de novo
synthesis of proteins. Our results support the possibility
that DZA might be an effective drug for the treatment of
human leukemia.
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