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Abstract

 

We have used a human leukemia cell line that, after homol-
ogous recombination knockout of the gp91-phox subunit of
the phagocyte respiratory-burst oxidase cytochrome 

 

b

 

-558,
mimics chronic granulomatous disease (X-CGD) to study
the role of oxygen radicals in apoptosis. Camptothecin
(CPT), a topoisomerase I inhibitor, induced significantly
more apoptosis in PLB-985 cells than in X-CGD cells. Sen-
sitivity to CPT was enhanced after neutrophilic differentia-
tion, but was lost after monocytic differentiation. No differ-
ence between the two cell lines was observed after treatment
with other apoptosis inducers, including etoposide, ultraviolet
radiation, ionizing radiation, hydrogen peroxide, or 7-hydroxy-
staurosporine. After granulocytic differentiation of both cell
lines, CPT still induced apoptosis, suggesting independence
from replication in fully differentiated and growth-arrested
cells. Pyrrolidine dithiocarbamate (an antioxidant inhibitor
of NF-

 

k

 

B) and catalase partially inhibited CPT-induced
DNA fragmentation in granulocytic-differentiated PLB-985
cells, but had no effect in X-CGD cells. Flow cytometry
analysis revealed that reactive oxygen intermediates were
generated in CPT-treated PLB-985 cells. These data indicate
that oxygen radicals generated by NADPH oxidase may con-
tribute directly or indirectly to CPT-induced apoptosis in
human leukemia and in neutrophilic-differentiated cells.

 

(

 

J. Clin. Invest.

 

 

 

1998. 102:1961–1968.)

 

 

 

Key words: NADPH
oxidase

 

 • 

 

chronic granulomatous disease 

 

• 

 

reactive oxygen
intermediates 

 

• 

 

apoptosis

 

 • 

 

camptothecin

 

Introduction

 

Apoptosis, programmed cell death, is essential to develop and
maintain homeostasis during embryogenesis, cell growth, and
elimination of damaged cells in eukaryotic organisms. Insights
into the pathways that regulate apoptosis have been informa-
tive in elucidating basic processes of cell differentiation and
death. The dysregulation of apoptotic pathways has been fruit-
ful in understanding the pathogenesis of a spectrum of dis-
eases, including degenerative, autoimmune, and neoplastic dis-
orders (1). The generation of reactive oxygen intermediates

(ROIs)

 

1

 

 is indispensable for signal transduction and microbi-
cidal pathways, but at the same time may also be harmful to
the cell under aerobic conditions (2–6). Recently, it has been
proposed that ROIs may play a critical role in regulating apop-
tosis. ROIs are free radicals, such as hydroxyl radicals (OH

 

•

 

),
and also some nonradical derivatives, such as hydrogen perox-

 

ide (H

 

2

 

O

 

2

 

) and superoxide anion (O

 

2

 

2

 

). An important source
of ROIs common to all cells is the mitochondrial electron
transport system. Schulze-Osthoff et al. showed that ROIs
generated by mitochondria can contribute to TNF-induced cell
killing in mouse fibrosarcoma cells (7). Other reports also clar-
ified the function of mitochondrial oxidase during apoptosis
induced by ceramide and dexamethazone (8, 9).

The most important system for ROIs generation in phago-
cytic cells is the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase. Recently, several reports have suggested
that the phagocyte NADPH oxidase may contribute to the in-
duction of apoptosis in leukocytes (10, 11). The respiratory
burst oxidase, also known as the phagocyte NADPH oxidase,
catalyzes the NADPH-dependent reduction of oxygen to O

 

2

 

2

 

,
which in turn leads to the production of secondary derivatives
such as OH

 

•

 

 and H

 

2

 

O

 

2

 

. These radicals are critical for oxygen-
dependent antimicrobial defense against a wide range of in-
tra- and extracellular pathogens (12–15). Components of this
oxidase include the cytochrome 

 

b

 

-558, a membrane-bound fla-
vohemoprotein comprised of two subunits, gp91-phox and
p22-phox, and cytosolic proteins, p47-phox, p67-phox, and
p40-phox, and the small GTP-binding proteins, Rac1 or Rac2.
Assembly of the cytosolic components with the membrane-
bound flavohemoprotein at the cell membrane is necessary to
form an active complex upon stimulation (16, 17). Congenital
absence of one or more of the following components of the
NADPH oxidase, gp91-phox, p47-phox, p67-phox, or p22-
phox, leads to chronic granulomatous disease (CGD), a disor-
der of the host defense system (15). CGD is characterized by
recurrent and life-threatening infections and chronic forma-
tion of granulomas. Several recent reports have suggested that
the synthesis of gp91-phox and association with the other com-
ponent of the heterodimer, p22-phox, is important in the mat-
uration of phagocytic cells (18, 19).

A cell line, X-CGD, has been reported in which the gp91-
phox gene was disrupted by homologous recombination in the
human leukemia cell line, PLB-985 (18). PLB-985 and X-CGD,
which differ only by the disruption of the gp91-phox gene,
have biphenotypic potential for differentiation to neutrophils
or monocytes. Thus, the two cell lines offer an excellent in
vitro model for investigating the potential role of the NADPH
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oxidase in apoptosis in phagocytic cells. We compared the in-
duction of apoptotic DNA fragmentation in X-CGD cells and
its parent PLB-985 cells. A selection of inducers of apoptosis
were used to investigate the potential for ROIs to participate
in one or more specific apoptotic pathways. These included ex-
ogenous ROI sources, 

 

g

 

-rays and H

 

2

 

O

 

2

 

, ultraviolet (UV) radi-
ation, the protein kinase C inhibitor 7-hydroxystaurosporine
(UCN-01) (20–22), and the topoisomerase inhibitors camp-
tothecin (CPT) (23) and etoposide (VP-16) (24).

 

Methods

 

Chemicals.

 

CPT was a gift from Drs. M.E. Wall and M.C. Wani (Re-
search Triangle Institute, Research Triangle Park, NC). VP-16 was
a gift from Bristol-Myers-Squibb Laboratories (Wallingford, CT).
UCN-01 was provided by Dr. H. Nakano (Kyowa Hakko Co., Tokyo,
Japan) or the Drug Synthesis Chemistry Branch, Division of Cancer
Treatment, National Cancer Institute (Bethesda, MD). All agents were
dissolved in DMSO at 10 mM, aliquoted, frozen, and diluted further
in water immediately prior to each experiment. [2-

 

14

 

C]thymidine (2.2
GBq/mmol) was purchased from New England Nuclear (Boston,
MA). All other chemicals were reagent grade and purchased from ei-
ther Sigma Chemical Co. (St. Louis, MO) or other local sources.

 

Cell culture and differentiation.

 

Human myelomonoblastic cell line
PLB-985 cells were a gift from Dr. P. Newburger (University of Mas-
sachusetts, Worcester, MA). X-CGD cells were prepared from PLB-
985 cells after disruption of the X chromosome–linked gp91-phox
gene (18). Cells were cultured at 37

 

8

 

C in a 5% CO

 

2

 

 atmosphere, in
RPMI 1640 complete medium (GIBCO BRL, Grand Island, NY)
supplemented with 2 mM glutamine, 100 U/ml penicillin, and 100 

 

m

 

g/ml
streptomycin plus 10% FBS (Atlanta Biologicals, Norcross, GA). For
neutrophilic differentiation, logarithmically growing cells (5 

 

3

 

 10

 

5

 

/ml)
were incubated with 10 

 

m

 

M 9-

 

cis

 

-retinoic acid (RA) for 24 h, and
then by incubation with 0.5% dimethylformamide (DMF) for 4 d.
Under these conditions, PLB-985 cells acquired brisk respiratory
burst activity, as assayed by the nitro blue tetrazolium test. For mono-
cytic differentiation, logarithmically growing cells (5 

 

3

 

 10

 

5

 

/ml) were
exposed to 50 nM PMA for 5 d. After 5 d of monocytic differentia-
tion, PLB-985 cells exhibited brisk respiratory burst activity. In addi-
tion, both PLB-985 cells and X-CGD cells became adherent.

 

Detection of DNA fragmentation.

 

DNA fragmentation related to
apoptosis was measured by filter-elution assay as described previ-
ously (24, 25). Briefly, each sample was loaded onto a protein-absorb-
ing filter (vinyl/acrylic copolymers filters, Metricel, 0.8 

 

m

 

m pore size,
25-mm diameter; Gelman Sciences, Inc., Ann Arbor, MI). Filters
were washed with 5 ml of HBSS and lysed with 5 ml of LS-10 solution
(0.2% sodium sarkosyl, 2 M NaCl, 0.04 M EDTA, pH 10.0). After the
lysis had dripped through by gravity, filters and lysates were washed
with 5 ml of 0.02 N Na

 

2

 

 EDTA (pH 10.0). The cell deposition medium
and wash with HBSS (

 

W

 

), lysis samples (

 

L

 

), EDTA samples (

 

E

 

), and
filter samples (

 

F

 

) were collected and counted by liquid scintillation
(26). DNA fragmentation was calculated as the DNA eluting from
the filter as:

.

Results were expressed as the percentage of DNA fragmentation in
treated cells compared with DNA fragmented in control untreated
cells (background) using the formula:

where 

 

F

 

 and 

 

F

 

0

 

 represent DNA fragmentation in treated and control
cells, respectively.

 

Morphological change.

 

1,000,000 cells were harvested and washed
with 1

 

3

 

 PBS after drug treatment. Cells were fixed in 1% paraform-
aldehyde for 15 min on ice, washed with PBS, and resuspended in

DNA fragmentation F( ) W L E+ +( ) / W L E F+ + +( )=

% DNA fragmentation F F0/1 F0––( ) 100×=

 

70% ethanol. Cells were kept at 

 

2

 

20

 

8

 

C overnight. After removal of
the ethanol by centrifugation, the cells were resuspended in PBS and
stained with 2 

 

m

 

g/ml 4

 

9

 

,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) for 30 min at 37

 

8

 

C in the dark. After washing with PBS, the
cells were observed with a fluorescence microscope using a mercury
lamp with excitation and emission settings of 365 nm and 430 nm, re-
spectively.

 

Apoptosis detection with annexin V–FITC.

 

The annexin V–FITC
apoptosis detection kit was purchased from Oncogene Research
Products (Cambridge, MA). 1,000,000 cells were washed with PBS
and then incubated with 0.5 

 

m

 

g/ml annexin V–FITC in 0.5 ml of cold
binding buffer for 15 min at room temperature. Cells were centri-
fuged at 1,000 

 

g

 

 for 5 min at room temperature, and supernatant was
removed. Cells were resuspended in 0.5 ml of cold binding buffer, and
propidium iodide was added at the concentration of 0.6 

 

m

 

g/ml. FACS
analysis was performed immediately after staining.

 

Western blot analysis.

 

Monoclonal mouse anti–human topoisom-
erase I (top1) was obtained from Dr. Yung-Chi Cheng (Yale Univer-
sity, New Haven, CT). Anti–proliferating cell nuclear antigen mouse
mAb was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Cells were harvested and washed with ice-cold PBS. The cell
pellets were lysed with 3

 

3

 

 loading buffer (0.195 M Tris-HCl, pH 6.8,
30% glycerol, 9% SDS, 0.075% bromophenol blue, 0.2 M dithiothrei-
tol). The lysates were kept on ice for 30 min and then centrifuged
(12,000 rpm for 30 min at 4

 

8

 

C). The resulting supernatants were used
for immunoblot. For protein determination, the cells were lysed in
the loading buffer without bromophenol blue and dithiothreitol. Pro-
tein determination was performed using a protein assay kit according
to the manufacturer’s instructions (Bio-Rad, Melville, NY). 50 

 

m

 

g of
total protein was separated on a precast 10% polyacrylamide Tris-
glycine gel (NOVEX, San Diego, CA). After electrophoresis, pro-
teins were transferred to Immobilon membranes (Millipore, Bedford,
MA) for 2 h at 100 V. Membranes were blocked for 1 h in Tris-buff-
ered saline with 0.1% Tween-20 (TBS-T) containing 5% nonfat dry
milk. Membranes were then probed overnight at 4

 

8

 

C with anti–human
mouse mAb (1:1,000 dilution in TBS-T) followed by 1 h with anti–
mouse Ig horseradish peroxidase-conjugate (Amersham Life Science,
Arlington Heights, IL) (1:1,000 dilution in TBS-T). Proteins were vi-
sualized by enhanced chemiluminescence (Pierce, Rockford, IL) ac-
cording to the manufacturer’s instructions.

 

Measurement of ROIs.

 

Generation of reactive oxygen species
was measured using 2

 

9

 

,7

 

9

 

-dichlorodihydrofluorescein diacetate (H

 

2

 

-
DCFHDA; Molecular Probes, Inc., Eugene, OR) (27). This cell-per-
meable probe is hydrolyzed to a fluorescent derivative in cells and,
upon reaction with peroxide, the fluorescence of this agent is signifi-
cantly increased. Cells were incubated with 5 

 

m

 

M H

 

2

 

DCFHDA for 30
min at 37

 

8

 

C, then treated with CPT for 1 h. The harvested cells were
immediately analyzed by a FACScan flow cytometer (Becton Dickin-
son, Mountain View, CA) with excitation and emission settings of 488
nm and 530 nm, respectively. The intensity of fluorescence of each
sample was expressed as mean fluorescence intensity (MFI) calcu-
lated from each peak. The extent of ROIs production was indicated
as the difference between log

 

MFI

 

drug

 

 and log

 

MFI

 

control

 

 (

 

MFI

 

drug

 

 is the
MFI of CPT-treated cells, 

 

MFI

 

control

 

 is the MFI of control cells).

 

Statistical analysis.

 

Data are expressed as mean

 

6

 

SD. Differences
between data sets were evaluated by performing a unpaired Student’s

 

t

 

 test. A level of 

 

P

 

 

 

,

 

 0.05 was accepted as statistically significant.

 

Results

 

DNA fragmentation produced by apoptosis inducers in X-CGD
and PLB-985 cells.

 

Logarithmically growing X-CGD and PLB-
985 cells were exposed to various apoptosis inducers, and DNA
fragmentation was measured by filter-elution assay (25, 28)
(Fig. 1), which can detect both oligonucleosomes and large
DNA fragments (

 

,

 

 20–50 kbp; Shao, R.G., and Y. Pommier, un-
published data). Treatment with CPT (top1 inhibitor), VP-16
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(top2 inhibitor) or UCN-01 (protein kinase C inhibitor) was
for 6 h in complete medium before the DNA fragmentation as-
says. For H

 

2

 

O

 

2

 

, the cells were exposed in HBSS for 1 h and fur-
ther incubated in fresh medium for 12 h. For UV radiation,
cells were resuspended in HBSS without phenol red within 30
min prior to the irradiation. After UV irradiation, the HBSS
was replaced by fresh medium, and the cells were incubated
for 12 h before the DNA fragmentation assays. 

 

g

 

-irradiated
cells were assayed 72 h after irradiation. Fig. 1 showed that
CPT-treated X-CGD cells produced less DNA fragmentation
than PLB-985 cells. However, for the other inducers of apop-
tosis, there was no appreciable difference between the X-CGD
and PLB-985 cell lines. Only in response to CPT was the mea-
sured DNA fragmentation greater in the NADPH-competent
cells than in null cells. These results indicate that a functional
NADPH oxidase in phagocytic cells is not required for DNA
fragmentation induced by the topoisomerase II poison, VP-16,
UV radiation, ionizing radiation, H

 

2

 

O

 

2

 

, or UCN-01.
Fig. 2 shows the morphological changes of cells treated

with CPT. The nuclear changes were typical of apoptosis in
both cell lines. Scoring cells for apoptotic morphology indi-
cated a good correlation between percentage of apoptotic cells
and DNA fragmentation. For instance, the percentage of
apoptotic cells assessed morphologically after treatment with
10 

 

m

 

M CPT for 6 h was 50

 

6

 

1% for PLB-985 cells versus
58

 

6

 

1% for X-CGD cells. These numbers are comparable with
the percentage of DNA fragmentation detected by filter elu-
tion assay (Fig. 1 

 

A

 

), which suggests that the DNA filter elu-
tion assay measures the fraction of apoptotic cells. Additional
experiments using dual labeling with annexin V and propidium
iodide indicated that annexin V–positive cells corresponded to

 

z

 

 50% of the cells and that the annexin V–positive cells were
also positive for propidium iodide (Fig. 3). Together these data

Figure 1. Induction of 
apoptotic DNA fragmen-
tation in PLB-985 (gray 
circles) and X-CGD cells 
(filled squares). Cells 
were treated with CPT, 
VP-16, or UCN-01 for 6 h 
before being assayed for 
DNA fragmentation by 
filter elution. UV-irradi-
ated cells were incubated 
for 12 h before being as-
sayed for DNA fragmen-
tation. H2O2 treatments 
were for 30 min, after 
which cells were incu-
bated for 12 h before be-
ing assayed for DNA frag-
mentation. g-irradiated 
cells were incubated for 
72 h before being assayed 
for DNA fragmentation. 
Data in A and D are the 
means6SD obtained 
from four independent 
experiments (*P , 0.05, 
**P , 0.01). Data in B, C, 
E, and F are from repre-
sentative experiments 
that were reproduced in-
dependently.

 

indicate that CPT-induced DNA fragmentation reflects the
fraction of apoptotic cells.

 

Differential induction of apoptosis by CPT in granulocytic-
differentiated and monocytic-differentiated cells.

 

To obtain fur-

Figure 2. Morphological changes in cells treated with CPT. Cells 
were stained with DAPI. Upper panels show untreated X-CGD (A) 
and PLB-985 cells (B). Lower panels show X-CGD (C) and PLB-985 
cells (D) treated with 5 mM CPT for 6 h.
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ther information about the possible role of NADPH oxidase in
the induction of CPT-induced apoptosis, we repeated the
DNA fragmentation experiments under differentiation condi-
tions. PLB-985 myeloblastoma cells are known to differentiate
into granulocytic cells after treatment combination with RA
and DMF, and into monocytic cell lines after treatment with
PMA. In the course of differentiation, the expression of
NADPH components is significantly increased for gp91-phox,
p47-phox, and p67-phox, which leads to the ability to generate

more ROIs (19). Thus, if CPT-induced apoptosis is related to
NADPH oxidase function, the extent of DNA fragmentation
induced by NADPH oxidase would be expected to increase in
CPT-treated cells after differentiation. CPT or VP-16 treat-
ments and DNA fragmentation assays were performed 5 d af-
ter initiation of the differentiation treatments (Fig. 4). A signif-
icant difference between X-CGD and PLB-985 cells in the
production of DNA fragmentation was observed in CPT-
treated granulocytic cells (Fig. 4 

 

B

 

). The observed difference
that increased between the X-CGD and PLB-985 cells ap-
peared to be greater in the granulocyte-differentiated than in
the undifferentiated cells. These results suggest the possibility
of a specific role of NADPH-dependent oxygen radicals in
CPT-induced apoptosis. VP-16–induced DNA fragmentation
was markedly less in granulocytic-differentiated cells than in
undifferentiated cells, and the difference between the X-CGD
and PLB-985 cells was not significant in granulocytic-differen-
tiated cells. In the case of monocytic differentiated cells, CPT-
or VP-16–induced DNA fragmentation was strongly attenu-
ated for both CPT and VP-16 compared with undifferentiated
cells.

 

Expression of top1 in X-CGD and PLB-985 cells before
and after differentiation.

 

The cellular effects of CPT in differ-
ent cell lines is commonly attributable to differences in top1
protein levels (29). The greater the top1 level, the more top1-
mediated DNA damage is observed, which in turn is highly as-
sociated with enhanced cytotoxicity (23). Thus, a possible rea-
son for the differential response of X-CGD and PLB-985 to
CPT could be related to differences in top1 protein levels. Exam-
ination of top1 expression using Western blotting in X-CGD and
PLB-985 cells showed that top1 protein levels were compara-
ble in untreated X-CGD and PLB-985 cells (Fig. 5). After
granulocytic and monocytic differentiation, there was no sig-

Figure 3. Apoptosis detection with annexin V–FITC in CPT-treated 
cells. PLB-985 cells were treated as indicated above each panel. Cells 
conjugated with annexin V–FITC and stained with propidium iodide 
were analyzed by flow cytometry. Control viable cells (left panel) did 
not bind annexin V–FITC or propidium iodide as reflected in the 
lower left-hand quadrant of the dot plot. Both annexin V–FITC and 
propidium iodide positive cells were increased after incubation with 
10 mM CPT for 6 h (right panel).

Figure 4. Effects of differ-
entiating treatments on 
DNA fragmentation in-
duced by topoisomerase 
inhibitors in PLB-985 
(gray circles) and X-CGD 
(filled squares) cells. 
Cells were incubated with 
CPT or VP-16 for 6 h be-
fore being assayed for 
DNA fragmentation. For 
neutrophilic differentia-
tion (B and E), logarith-
mically growing cells (5 3 
105/ml) were incubated 
with 10 mM RA. After 24 h, 
0.5% DMF was added to 
the medium and the cells 
were incubated for four 
additional days. For 
monocytic differentiation 
(C and F), logarithmically 
growing cells (5 3 105/ml) 
were exposed to 50 nM 
PMA for 5 d. Data are ex-
pressed as the mean6SD 
obtained from four inde-
pendent experiments. 
*P , 0.05, **P , 0.01.
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nificant difference in top1 protein levels between X-CGD and
PLB-985 cells. These results suggest that the amount of top1
protein does not account for differences in sensitivity to CPT
between the two cell lines.

Inhibition of CPT-induced apoptosis by pyrrolidine dithio-
carbamate (PDTC). PDTC is an antioxidant that inhibits NF-
kB (4, 5). We examined whether PDTC affected CPT-induced
apoptosis in granulocytic-differentiated X-CGD and PLB-985
cells. Treatment with PDTC was initiated 1 h prior to the CPT
exposure and continued for the 6 h of CPT treatment. Fig. 6
shows that PDTC partially inhibited CPT-induced DNA
fragmentation in granulocytic-differentiated PLB-985 cells.
In X-CGD cells, DNA fragmentation was resistant to PDTC
treatment. It is notable that the DNA fragmentation results
with PLB-985 cells treated with CPT and PDTC were compa-
rable to the DNA fragmentation results observed in CPT-
treated X-CGD cells. This suggests that the mechanism of
CPT-induced apoptosis requires at least two or more indepen-
dent processes, one NADPH-oxidase dependent on PDTC

and one insensitive to PDTC, not necessarily linked to the
NADPH oxidase. The latter is present both in X-CGD and
PLB-985 cells.

Detection of ROIs in CPT-treated granulocytic-differenti-
ated cells. We directly measured ROI production by flow cy-
tometry using an H2DCFHDA-based technique. Fig. 7 shows
that CPT induced peroxide production in granulocytic differ-
entiated PLB-985 cells and that the generation of ROIs in-
creased with the CPT concentration. By contrast, no significant
peak shift was detectable in CPT-treated granulocytic X-CGD
cells (Fig. 7). ROIs were also detectable in undifferentiated
PLB-985 cells, but the amount of ROIs was significantly less
than in granulocytic differentiated cells (the maximum differ-
ence between logMFIdrug and logMFIcontrol was , 0.3) (data not
shown). In CPT-treated granulocytic PLB-985 cells, genera-
tion of ROIs was detected within the first 3 h of the CPT treat-
ment, while DNA fragmentation became detectable 4.5 h after
the beginning of the treatment (Fig. 8). These results indicate
that the generation of ROIs in CPT-treated granulocytic PLB-

Figure 5. Top1 expression in PLB-985 and 
X-CGD cells. Top1 levels were detected by West-
ern blotting before and after differentiation. For 
neutrophilic differentiation, cells were incubated 
with 10 mM RA. After 24 h, 0.5% DMF was added 
to the medium, and the cells were incubated for an 
additional 4 d. For monocytic differentiation, cells 
were exposed to 50 nM PMA for 5 d.

Figure 6. Effect of antiox-
idant on CPT-induced 
DNA fragmentation in 
PLB-985 and X-CGD 
cells after neutrophilic 
differentiation. Cells
were preincubated with 
PDTC, SOD, or catalase 
for 1 h, and then CPT was 
added to the medium. 
DNA fragmentation was 
measured 6 h later. (A) 
PLB-985 cells. (B) 
X-CGD cells. (C) CPT 
concentration was 25 
mM; SOD and catalase 
concentrations were 50
U/ml and 50 mg/ml, re-
spectively. Data are ex-
pressed as mean6SD 
obtained from four in-
dependent experiments. 
*P , 0.01.
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985 cells is derived from activation of the NADPH oxidase sys-
tem. Furthermore, the generation of ROIs is an immediate re-
sponse to exposure to CPT and therefore occurs very early in
apoptosis in CPT-treated PLB-985 cells.

Discussion

ROIs have been reported to be intermediates in signal trans-
duction during apoptosis in hematopoietic cells (2, 4, 5). In this
paper, we investigated the role of the phagocyte NADPH oxi-
dase in apoptosis in two human leukemia cells lines, X-CGD
and PLB-985, which differ only by the inactivation of an essen-
tial component, gp91-phox in X-CGD. Specifically, we com-
pared the effect of different inducers of apoptosis in the null
cell line (X-CGD) and the parental cell line, PLB-985. Our
data indicate that ROIs, generated by the NADPH oxidase,
contribute to apoptosis induced by the top1 inhibitor, CPT in
undifferentiated and granulocytic-differentiated PLB-985 cell
lines. In addition, the top1 inhibitor CPT did not influence
apoptosis in monocytic differentiated PLB-985 or X-CGD. In
cells undifferentiated and differentiated into either lineage,

NADPH oxidase activity did not appear to be important for
apoptosis in response to g-ray, UV radiation, H2O2, UCN-01,
and VP-16. This is despite the reports that ROIs may partici-
pate directly or indirectly in cell death response to UV radia-
tion or VP-16 (27, 30–33). One can surmise that other sources
of ROIs, such as mitochondrial oxidase, might be related to
UV- and VP-16–induced cell death.

Several antioxidants have been reported to effectively in-
hibit apoptosis (31, 34). In our study, PDTC partially pro-
tected PLB-985 cells from CPT-induced apoptosis. In addition
to being an ROI scavenger, PDTC is an inhibitor of NF-kB
(35, 36). A relationship between the generation of ROIs and
NF-kB activation has been suggested in ceramide-induced
apoptosis (9). CPT-induced apoptosis was also inhibited by
catalase, and this finding is consistent with the publication of
Kawahara et al. (11) showing inhibition of spontaneous and
CD95/apo-1–induced apoptosis by catalase in neutrophils. The
observation that the oxygen radical scavengers, PDTC and cat-
alase, each separately reduced DNA fragmentation in the pa-
rental cell line, PLB-985, to levels comparable with those of
X-CGD cells further supports a contribution of ROIs gener-

Figure 7. ROIs generation. Neutrophilic differentiated cells were preincubated with 5 mM H2DCFHDA for 30 min, before the addition of CPT. 
ROI levels were measured 1 h after CPT addition using a Becton Dickinson FACScan flow cytometer with excitation and emission settings of 
488 nm and 530 nm, respectively. The intensity of fluorescence of each sample was expressed as MFI calculated from each peak. (A) Shift of 
fluorescence in granulocytic-differentiated PLB-985 cells and X-CGD cells. (B) The extent of ROI production was computed as the difference 
(logMFIdrug 2 logMFIcontrol) (MFIdrug, MFI of CPT-treated cells; MFIcontrol, MFI of control cells). Data are expressed as mean6SD obtained from 
at least three independent experiments.

Figure 8. Time course of production 
of ROIs and DNA fragmentation in 
granulocytic-differentiated PLB-
985 cells treated with CPT. (A) Pro-
duction of ROIs. Cells were treated 
with CPT for the indicated time pe-
riods before flow cytometry analy-
sis. H2DCFHDA was added 1.5 h 
prior to the measurements. (B) Ki-
netics of DNA fragmentation. 
(filled squares) 5 mM CPT, (gray
circles) 10 mM CPT, (filled triangles) 
50 mM CPT.



Role of NADPH Oxidase–generated Oxygen Radicals in Apoptosis 1967

ated by NADPH oxidase in CPT-induced apoptosis in PLB-
985 cells.

The differential induction of apoptosis by CPT in granulo-
cytic but not monocytic differentiated cells that are both capa-
ble of generating large quantities of ROIs is consistent with
published studies in neutrophils isolated from individuals with
chronic granulomatous disease (15). In particular, neutrophils
from CGD patients are reported to be more resistant to spon-
taneous and Fas-induced apoptosis (11) compared with nor-
mal controls. Overexpression of Rac2 protein, which is a criti-
cal NADPH regulatory small GTP-binding protein, has been
reported to enhance the induction of apoptosis in chimeric
mice (37). Recently, components of the NADPH oxidase have
been identified in nonphagocytic cells. It has been suggested
that one or more components may contribute to signal trans-
duction pathways important for oxygen sensing or vascular sta-
bility (38, 39). It is also possible that at least one component of
the NADPH oxidase (or conceivably the entire enzyme) may
contribute to the regulation of apoptosis in nonphagocytic cells.

The apoptotic response of X-CGD cells to a variety of DNA
damaging agents and to UCN-01 and the observation that the
apoptosis response of X-CGD cells was not affected by radical
scavengers indicate the existence of an NADPH oxidase–inde-
pendent apoptotic pathway. This pathway is prevalent for the
X-CGD cells. It is probably also involved in the parental PLB-
985 cells because radical scavengers reduced CPT-induced
DNA fragmentation to the levels observed in X-CGD cells. In
addition, apoptotic DNA fragmentation was similarly induced
in X-CGD and PLB-985 cells by UV radiation, H2O2, VP-16,
or UCN-01. These observations indicate the importance of an
NADPH oxidase–independent pathway for apoptosis in my-
eloblastic-derived cell lines.

CPT is a selective top1 poison (23), and its derivatives have
recently been introduced in chemotherapy regimens for colon
and ovarian carcinomas (40–42). CPTs poison eukaryotic top1
by trapping the enzyme catalytic intermediates: the cleavage
(or cleavable) complexes (43, 44). The cytotoxicity of CPT re-
quires that the cleavage complexes be converted into DNA
damage (23). Until recently, it was assumed that the collision
of replication forks into the CPT-trapped cleavage complexes
was the main factor for CPT-induced cytotoxicity (23). This
conclusion was based on the observation that pharmacological
stalling of DNA replication abrogated CPT cytotoxicity and
that the cytotoxicity of CPT appeared S–phase dependent.
More recently, a DNA replication-independent component
has emerged for CPT cytotoxicity (45, 46). The present observa-
tion that differentiated cells remained sensitive to CPT-induced
apoptosis further argues that CPT-induced DNA damage and
cell death can be initiated by nonreplicative processes such as
transcription (47).
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