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Abstract

An angiogenic factor, platelet-derived endothelial cell growth factor/thymidine phosphorylase (TP), stimulates the chemotaxis of
endothelial cells and confers resistance to apoptosis induced by hypoxia. 2-Deoxy-D-ribose, a degradation product of thymidine gener-
ated by TP enzymatic activity, partially prevented hypoxia-induced apoptosis. 2-Deoxy-D-ribose inhibited hypoxia-induced phosphory-
lation of p38 mitogen-activated protein kinase (MAPK) but not c-jun NH,-terminal kinase/stress-activated protein kinase in human
leukemia HL-60 cells. 2-Deoxy-D-ribose also suppressed the levels of Bax attached to mitochondria under hypoxic conditions.
SB203580, a specific inhibitor of the p38 MAPK, suppressed the hypoxia-induced apoptosis of HL-60 cells. These findings suggest that
one of the molecular bases for resistance to hypoxia-induced apoptosis conferred by 2-deoxy-p-ribose is the inhibition of the p38 signal-
ing pathway. The expression levels of TP are elevated in many malignant solid tumors and thus the 2-deoxy-p-ribose generated by TP in

these tumors may play an important role in tumor progression by preventing hypoxia-induced apoptosis.

© 2006 Elsevier Inc. All rights reserved.
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Thymidine phosphorylase (TP; EC 2.4.2.4) catalyzes the
reversible conversion of thymidine, deoxyuridine, and their
analogs to their respective bases and 2-deoxy-D-ribose-1-
phosphate [1]. TP is identical to an angiogenic factor, plate-
let-derived endothelial cell growth factor (PD-ECGF) [2,3].
TP stimulates chemotaxis of endothelial cells in vitro and
has an angiogenic activity in vivo [4-7]. Recently, we have
demonstrated that TP enzymatic activity is indispensable
for angiogenic activity [4,7]. Among the degradation prod-
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ucts generated by TP enzymatic activity, 2-deoxy-Dp-ribose,
a dephosphorylated product derived from 2-deoxy-D-
ribose-1-phosphate, also displays chemotactic activity in
vitro and angiogenic activity in vivo. TP is expressed at
higher levels in a wide variety of tumors than in the adja-
cent non-neoplastic tissues [8—10]. 2-Deoxy-D-ribose was
able to partially prevent hypoxia-induced apoptosis indi-
cating that another function of TP besides angiogenesis is
to inhibit the apoptosis of tumor cells under hypoxic con-
ditions [11,12].

Mitogen-activated protein kinases (MAPK) comprise a
family of serine/threonine kinases that function as critical
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mediators of signal transduction pathways [13]. Members
of the MAP kinase superfamily include extracellular sig-
nal-regulated kinase (ERKs), Jun NH,-terminal kinase
(JNK), and p38 MAPK. ERKs (ERK1 and ERK?2) are
activated in response to mitogen or growth factor stimula-
tion [14]. In contrast, JNK and p38 MAPK are activated
by a variety of cellular stresses including hypoxia, ultravio-
let light, hyperosmolarity, heat shock, and proinflamma-
tory cytokines [15]. The p38 MAPK pathway mediates
apoptosis following UV irradiation by inducing the release
of mitochondrial cytochrome ¢ into the cytosol, followed
by pro-caspase 3 activation [16]. The inhibition of p38
counteracted both apoptosis and cytochrome ¢ release as
well as caspase 3 activity without affecting the processing
of pro-caspase 8 [16].

To elucidate the mechanism by which 2-deoxy-p-ribose
can prevent hypoxia-induced apoptosis, we examined the
effect of 2-deoxy-D-ribose on key regulators of hypoxia-
induced apoptosis including MAPK.

Materials and methods

Reagents and antibodies. 2-Deoxy-D-ribose was purchased from Sigma
Chemicals Co. (St. Louis, MO). Monoclonal anti-Bax (B-9), anti-ERK1,
anti-JNK, anti-p38, phospho-ERK1, anti-phospho-JNK, and anti-phos-
pho-p38 antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). SB203580 was from Calbiochem (San Diego, CA).

Cell lines and induction of hypoxia. Human leukemia HL-60 and Jurkat
cells were maintained in RPMI1640 containing 10% fetal calf serum.
2-Deoxy-D-ribose or SB203580 was added to the culture medium and then
hypoxia was induced with a Gas Pak Pouch Anaerobic System (Becton
Dickinson and Company, Cockeysville, MD).

Immunoblot analysis. Samples were subjected to 12.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to the
method of Laemmli [17]. Proteins were electrophoretically transferred
onto polyvinylidene difluoride membranes (Immobilon-P transfer mem-
brane; Millipore, Bedford, MA) using Bio-Rad Transblot SD apparatus
[18]. The membrane was treated with buffer A (350 mM NaCl, 10 mM
Tris—HCI [pH 8.0], and 0.05% Tween 20) containing 3% skimmed milk for
1 h and incubated with the indicated antibody (1:1000) in buffer A con-
taining 3% skimmed milk for 1 h. Following four washes with buffer A
(10 min each), the membrane was incubated with a peroxidase-conjugated
horse anti-mouse IgG diluted 1:1000 in buffer A containing 3% skimmed
milk for 1 h. The membrane was washed with buffer A and developed
using the enhanced chemiluminescence Western blotting detection system
(Amersham Biosciences, Buckinghamshire, UK).

Measurement of apoptotic cells. Apoptotic cells were quantitatively
evaluated by flow cytometry. Cells were cultured under normoxic or
hypoxic conditions, then harvested and washed once with PBS. For flow
cytometry, cells (1 x 10®) were suspended in 100 pul of PBS, thoroughly
mixed with 100 pl of COULTER DNA-Prep LPR (COULTER, Miami,
FA), and then 2 ml of COULTER DNA-Prep Stain was added and again
mixed thoroughly. The mixtures were incubated for 15 min at room
temperature. The DNA content and the sub-G, fraction, representing
apoptotic cells, were determined as previously described [11].

Measurement of mitochondrial membrane potential. To quantify the
mitochondrial membrane potential, cells were incubated in buffer con-
taining 1 pl MitoSensor for 30 min at 37 °C. The cells were washed with
PBS and analyzed by flow cytometry. Fluorescence was observed with Jex
at 488 nm and A, at 530 nm.

Subcellular fractionation from HL-60 cells. Human leukemia HL-60
cells (5 % 105/ml) were washed twice with ice-cold PBS and then resus-
pended in 2 volumes of buffer B [20 mM Hepes-KOH (pH 7.5), 10 mM

KCl, 1.5 mM MgCl,, | mM EDTA-2Na, 1 mg/ml aprotinin ,and 1 mM
p-aminophenylmethanesulfonylfluoride (APMSF)]. Following incubation
on ice for 15 min, the cells were disrupted by passage through a 29-gauge
needle 40 times. The nuclei were centrifuged at 750g for 10 min at 4 °C.
The supernatant was centrifuged at 10,000g for 25 min at 4 °C. This pellet
was resuspended in buffer B and used as the mitochondrial fraction. The
supernatant was further centrifuged at 100,000g for 60 min at 4 °C and the
resulting supernatant from this final centrifugation was used as the S100
fraction.

Acridine Orange staining. Apoptosis was evaluated by acridine orange
staining [19]. Cells were incubated for 24 h at 37 °C in RPMI 1640 con-
taining 10% fetal calf serum in the presence or absence of 10 uM 2-deoxy-
p-ribose under hypoxic conditions. The cells were stained with 3 uM
acridine orange for 15 min, then washed with PBS and examined by
confocal microscopy with A at 488 nm [19].

RT-PCR method. Total cellular RNA was extracted using Trizol
reagent according to the manufacturer’s instructions (Invitrogen, Carls-
bad, CA). RT-PCR was performed with the SuperScript One-Step
RT-PCR system and gene-specific primers according to the manufactur-
er’s instructions (Invitrogen). Reaction mixtures containing total RNA
(500 ng of each), 0.2 mM dNTPs, 0.2 uM of each primer, enzyme mixture
including SuperScript II RT, Platinum 7aqg DNA polymerase, and
1x buffer with 1.2 mM MgSO,4 were maintained at 50 °C for 20 min, then
at 94 °C for 2 min, and PCR was performed as follows: the PCR profile
was 30 cycles at 94 °C for 15, 55 °C for 30s, and 70 °C for 30s. The
primers for RT-PCRs were designed based on human sequences in Gen-
Bank. These sequences used the following primers: Bax, 5'-GCCGCC
GTGGACACAGACTCCC-3', and 5-AGATGGTGAGCGAGGCGG
TGAG-3’; GAPDH, 5-AGAACATCATCCCTGCCTCTACTGG-3' and
5'-AAAGGTGGAGGAGTGGGTGTCGCTG-3'.

Statistical analysis. Difference between groups was tested by 1-way
ANOVA. Data are presented as means & SD. Differences were considered
significant at p <0.05.

Results

The effect of 2-deoxy-p-ribose on cell morphology under
normoxic and hypoxic conditions

The effect of 2-deoxy-Dp-ribose on cell morphology under
normoxic or hypoxic conditions was determined in Jurkat
cells by staining with acridine orange. Under normoxic
conditions, no apoptotic cells were observed in non-treated
Jurkat cells and treatment with 2-deoxy-p-ribose had no
effect on cell morphology (Figs. 1A and B). In hypoxic con-
ditions, chromatin condensation in apoptotic bodies was
observed in Jurkat cells (Fig. 1C). 2-Deoxy-D-ribose pre-
vented this hypoxia-induced change in morphology
(Fig. 1D).

The effect of 2-deoxy-p-ribose on hypoxia-induced apoptosis
in HL-60 cells

To investigate the effect of 2-deoxy-p-ribose on hypox-
ia-induced apoptosis, we measured the sub-G; propor-
tion of HL-60 cells by flow cytometric analysis.
Hypoxia increased the proportion of the sub-G; fraction
in HL-60 cells in a time-dependent manner. The propor-
tion of the sub-G; fraction of HL-60 cells treated with
2-deoxy-D-ribose was also increased under hypoxic condi-
tion, but it was lower than that of HL-60 cells without
2-deoxy-p-ribose (Fig. 2).
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Fig. 1. The effect of 2-deoxy-D-ribose on hypoxia-induced cell morphol-
ogy. Representative morphology of Jurkat cells grown under normoxic
(A,B) or hypoxic (C,D) conditions for 24 h in the absence (A,C) or
presence (B,D) of 2-deoxy-p-ribose. Fluorescence micrographs of cells
stained with acridine orange are shown. No apoptotic nuclei were
observed in untreated Jurkat cells under normoxic conditions. Hypoxia-
induced nuclear DNA condensation is observed in untreated Jurkat cells,
but not in cells treated with 2-deoxy-p-ribose. Bar = 10 pm.

The effect of 2-deoxy-p-ribose on mitochondria
depolarization induced by hypoxia in HL-60 cells

Mitochondrial membrane alterations are a characteristic
of apoptotic cell death. We therefore examined the effect of
2-deoxy-D-ribose on the mitochondrial membrane poten-
tial of HL-60 cells under normoxic or hypoxic condition.
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Fig. 3. The effect of 2-deoxy-p-ribose on mitochondria depolarization
induced by hypoxia in HL-60 cells. HL-60 cells were incubated in the
presence or absence of 10 uM 2-deoxy-D-ribose under normoxic or
hypoxic conditions for 36 h. Mitochondrial membrane potential was
quantified by flow cytometry following staining with the potentiometric
dye Mitosensor. The cells were analyzed by flow cytometry. Fluorescence
was observed with ., at 488 nm and /., at 530 nm.

Green fluorescence of the mitochondrial-specific dye Mito-
sensor in the cells under hypoxic condition was more inten-
sive than in the cells under normoxic condition (Fig. 3).
These findings suggest that hypoxia caused mitochondrial
depolarization in HL-60 cells. Cells treated with 2-deoxy-
D-ribose inhibited the hypoxia-induced loss of mitochon-
drial membrane potential in HL-60 cells.

The effect of 2-deoxy-p-ribose on the phosphorylation of p38
MAPK, JNK, and ERK under hypoxic conditions

One of the mechanisms of hypoxia-induced apoptosis is
the activation of JNK and p38 MAPK [20,21]. The
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Fig. 2. The effect of 2-deoxy-p-ribose on the proportion of sub-G; fraction.

HL-60 cells were cultured under normoxic conditions or hypoxic conditions

for indicated times in the presence or absence of 2-deoxy-D-ribose and analyzed by flow cytometry (A). The numbers in the figure indicate the proportion
of the sub-G; cell fraction. The proportion of sub-G fraction in HL-60 cells treated with 2-deoxy-p-ribose for 24 h was less than in non-treated cells (B).
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Fig. 4. The effect of 2-deoxy-D-ribose on the activation of MAP kinase in
HL-60 cells under hypoxic conditions. HL-60 cells treated with 2-deoxy-p-
ribose (10 tM) were incubated under normoxic or hypoxic conditions for
12 h. Cell lysates were prepared and the activation of p38, INK, and ERK
was assessed by Western blotting using phospho-specific antibodies. The
total amount of each MAP kinase was assessed using specific antibodies
against non-phosphorylated protein.

dominant negative mutant of JNK inhibited hypoxia-in-
duced apoptosis [21]. To determine the potential role of
p38 MAPK, JNK, and ERK in hypoxia-induced apopto-
sis, we first examined the effects of hypoxia on the phos-
phorylation of p38 MAPK, JNK, and ERK. As shown in
Fig. 4A, the phosphorylation of p38 MAPK and JNK,
but not ERK, was increased under hypoxic condition.
The phosphorylation of p38 was observed when cells were
incubated in a hypoxic environment for 12 h. After 24 h of
hypoxia, the level of phosphorylated p38 was considerably
decreased. 2-Deoxy-D-ribose suppressed the phosphoryla-
tion of p38 MAPK in cells under hypoxic condition. Phos-
phorylated p38 MAPK was not detected after incubation
for 24 h in the presence of 2-deoxy-p-ribose under hypoxic
condition (Fig. 4B).

The effect of SB203580 on hypoxia-induced apoptosis in
HL-60 cells

To investigate the role of p38 MAPK in apoptosis, we
compared the proportion of apoptotic cells in the presence
or absence of p38 MAPK inhibitor SB203580 under norm-
oxic or hypoxic conditions. The cells treated with
SB203580 strongly reduced the proportion of sub-G, frac-
tion under hypoxic conditions (Fig. 5). These results sug-
gested that the phosphorylation of p38 MAPK caused
apoptosis in HL-60 cells.

The effect of 2-deoxy-p-ribose on Bax translocation under
hypoxic conditions

The activation of p38 MAPK promoted translocation of
Bax from cytosol to mitochondria and cell death [22,23].

SB203580
0 10 20 30 40 50 (%)
Sub-G1

Fig. 5. The effect of p38 MAP kinase inhibitor SB203580 on hypoxia-
induced apoptosis. HL-60 cells were cultured under normoxic or hypoxic
conditions as indicated in the presence or absence of 10 uM SB203580 for
30 h. The sub-G;, fractions were measured by flow cytometric analysis.
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Fig. 6. The effect of 2-deoxy-p-ribose on the hypoxia-induced Bax protein
level associated with mitochondria and cytosol. HL-60 cells were
incubated under normoxic or hypoxic conditions in the presence or
absence of 2-deoxy-D-ribose. To determine the protein levels, mitochon-
drial fractions and cytosol fraction were prepared and subjected to
immunoblot analysis using an antibody against Bax as indicated (A). The
expression of Bax in HL-60 cells under normoxic or hypoxic condition in
the presence or absence of 2-deoxy-p-ribose. Total RNA was extracted,
and RT-PCR was performed with Bax and GAPDH (B).

We therefore examined the effect of 2-deoxy-p-ribose on
Bax translocation from cytosol to the mitochondria under
hypoxic conditions. The cells were first incubated for 18 h
under hypoxic conditions. Mitochondrial fractions and
cytosol fraction were then prepared and subjected to
immunoblot analysis using an anti-Bax antibody. The
immunoblot analysis showed that significant amounts of
Bax levels were observed in the cytosol under normoxic
or hypoxic condition in the HL-60 cells. The levels of
Bax attached to mitochondria were increased under hypox-
ic conditions (Fig. 6A). 2-Deoxy-D-ribose considerably
decreased the level of Bax attached to mitochondria under
hypoxic conditions. As shown in Fig. 6B, total RNA was



284 R. Tkeda et al. | Biochemical and Biophysical Research Communications 342 (2006) 280-285

extracted under normoxic or hypoxic condition for 24 h in
the presence or absence of 2-deoxy-Dp-ribose in HL-60 cells,
and then RT-PCR was performed. 2-Deoxy-D-ribose failed
to reduce the expression of Bax mRNA in HL-60 cells
under hypoxic condition (Fig. 6B).

Discussion

Previous studies demonstrated that TP confers resis-
tance to apoptosis induced by hypoxia and that the
enzymatic activity of TP is required for this effect. 2-De-
oxy-D-ribose, a degradation product of thymidine generat-
ed by TP activity, can also prevent hypoxia-induced
apoptosis in human epidermoid carcinoma KB cells [11].
Both TP and 2-deoxy-p-ribose inhibited the up-regulation
of hypoxia-inducible factor (HIF)-1a, the down-regulation
of Bcl-2 and Bcl-X;, mitochondrial cytochrome ¢ release,
and caspase 3 activation. 2-Deoxy-D-ribose also prevented
the hypoxia-induced apoptosis of human leukemia HL-60
cells [12]. Our findings suggest that 2-deoxy-p-ribose is a
downstream mediator of TP function [11,12].

The activation of p38 MAPK by cellular stresses was
coupled to apoptosis signaling [24] but also to cell survival
[25,26]. These findings suggest that distinct p38 MAPK iso-
forms are selectively involved in the cell death and survival
signal pathways. Exposure of the cells to moderate hypoxia
stimulated the phosphorylation of p38a and vy [27]. p38a
and p38p MAPK isoforms were specifically blocked by
SB203580, which suppressed hypoxia-induced apoptosis.
Cells lacking p38a MAPK are more resistant to apoptosis
induced by serum deprivation and an anti-Fas monoclonal
antibody, indicating that p38a has an important role in
apoptosis [24].

The activation of p38 MAPK was required for translo-
cation of Bax to mitochondria, cytochrome ¢ release, and
apoptosis induced by UVB irradiation in human keratino-
cytes [23]. The p38 MAPK activity was indispensable for
NO-mediated apoptosis and the regulation of Bax translo-
cation to the mitochondria in neurons [22]. Hypoxia was
shown to cause translocation of Bax to mitochondria and
the release of cytochrome ¢ into cytosol in HeLa cells
[28]. p38 MAPK phosphorylation was also enhanced by
hypoxia in this study. Exposure of HL-60 cells to hypoxia
increased the level of the proapoptotic Bcl-2 family mem-
ber Bax attached to the mitochondria. These findings indi-
cated that the p38 MAPK-Bax pathway plays a critical
role in apoptosis induced by different stimuli in different
cells.

Bax induced the release of cytochrome ¢ from mitochon-
dria into cytosol and caused mitochondria dysfunction
[28-31]. Proapoptotic Bax is a critical mediator of the mito-
chondrial pathway of caspase activation. We therefore
examined the effect of 2-deoxy-p-ribose on the levels of
Bax attached to mitochondria in cells incubated under
hypoxic conditions. 2-Deoxy-D-ribose inhibited the hypox-
ia-induced translocation of Bax from the cytosol to the
mitochondria under hypoxic conditions.

These findings suggest that the inhibition of Bax translo-
cation from the cytosol to mitochondria by 2-deoxy-
p-ribose may be mediated by the inhibition of p38
activation. The effect of 2-deoxy-p-ribose on apoptosis
may therefore be mediated by decreasing the phosphoryla-
tion of p38 MAPK. Further study is needed to elucidate
the mechanism of the suppression of the p38 MAPK
phosphorylation by 2-deoxy-p-ribose.

2-Deoxy-p-ribose is produced by the catalytic action of
TP, which is expressed at high levels in a wide variety of
solid tumors compared to the adjacent non-neoplastic
tissues. We have previously demonstrated that 2-deoxy-
D-ribose as well as TP promoted the angiogenesis and
chemotaxis of endothelial cells [7]. TP may thus play an
important role in the progression of tumors by producing
2-deoxy-p-ribose from thymidine.
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