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A variety of endonucleases has been implicated in apoptotic DNA fragmentation. DNA
fragmentation factor (DFF) is one of the endonucleases responsible for DNA fragmenta-
tion. Since an oligonucleosomal DNA ladder is not induced in apoptotic Molt-4 cells, we
investigated whether or not the absence of ladder formation is related to an inability of
DFF endonuclease in the cells. Semiquantitative RT-PCR analysis showed that the
mRNA level of DFF-40 and DFF-45 in Molt-4 cells was approximately the same, com-
pared with in other cells, which exhibit different levels of the fragmentation in apopto-
sis. When Molt-4 cells were induced to undergo apoptosis by neocarzinostatin (NCS)
treatment, both caspase-3 activation and DFF-45 cleavage were observed. Furthermore,
DFF immunoprecipitated from Molt-4 cells exhibited DNA degradation activity. These
results suggest that functional expression of DFF is not sufficient for the induction of
DNA fragmentation in Molt-4 cells.
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Apoptosis is the programmed cell death for maintaining
normal development, tissue homeostasis, and regulation of
the immune system (1). Although many stimuli, including
cytokines, hormones, growth factor withdrawal, and DNA-
damaging agents, can trigger a variety of pathways to apo-
ptosis, all the pathways converge to a common process in-
volving the activation of cysteine aspartate proteases (cas-
pases) (2, 3). Caspases usually exist in all living cells as
inactive precursors that become activated when cells re-
ceive a signal to undergo apoptosis (2, 3). The activated cas-
pases cleave multiple substrates, such as poly (ADP-ribose)
polymerase (PARP), lamin, gelsolin, focal adhesion kinase,
and DNA fragmentation factor-45 (DFF-45) (2-7). The acti-
vation of these caspases is linked to many of the well-char-
acterized morphological changes associated with apoptosis,
including cell shrinkage, apoptotic body formation, cytosk-
eletal changes, chromatin condensation, and DNA frag-
mentation (2, 3).

Oligonucleosomal DNA fragmentation is one of the hall-
marks of apoptosis (8, 9). The DNA fragmentation results
from activation of a variety of endogenous nucleases. Sev-
eral nucleases have been proposed to be candidate apop-
totic endonucleases, including caspase-activated endonu-
cleases (4-7), Ca2+/Mg2+-dependent endonucleases (10, 11),
acidic endonuclease (DNase II) (12, 13), and DNase y (14).
Among them, it has been weD demonstrated that a cas-
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pase-activated endonuclease, DNA fragmentation factor-40
(DFF-40/CAD/CPAN), is associated with the internudeoso-
mal cleavage of DNA during apoptosis (4-7).

DFF is a heterodimeric protein composed of DFTM0 and
DFF-45 (ICAD) (4-7). DFF-45 is a dual function protein,
serving as both an inhibitor of DFF-40 and as a specific
molecular chaperone to mediate the correct folding of DFF-
40 (4-7, 15, 16). Upon induction of apoptosis, DFF-45 is
cleaved by caspase-3 at two sites and dissociates from DFF-
40, resulting in the activation of DFF-40 endonuclease and
leading to oligonucleosomal DNA fragmentation (4-7, 17-
19).

hi the present study, we have examined whether or not
DFF is responsible for induction of oligonucleosomal DNA
fragmentation in human leukemia Molt-4 cells, which are
often used as a cell line exhibiting defective oligonucleoso-
mal DNA fragmentation in apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture—Human promyelocytic leukemia HL-60,
acute T-cell leukemia Jurkat, lymphoblastic leukemia Molt-
4, non-B, non-T acute lymphoblastic leukemia NALL-l,and
prostatic carcinoma LNCaP cells were cultured in RPMI-
1640 medium containing 10% fetal calf serum under a hu-
midified atmosphere of 5% CO2 in air.

Cell Proliferation—Cell proliferation was evaluated by
measuring the fluorescence intensity in the presence of
Alamar Blue (Wako Pure Chemical Industries) (20). Cells
were seeded in 96-well multidishes (Costar) at a density of
1.8 x 104 cells per well in culture medium, incubated over-
night, and then treated with neocarzinostatin (NCS) for 24
h. To each well, 20 uJ of Alamar Blue was added, and then
the plate was preincubated for 4 h. The fluorescence inten-
sity was measured using a Cytofluor 2350 with excitation
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at 530 run and emission at 590 nm.
Assaying ofApoptosis by Nuclear Staining—Cells were

treated with NCS for the indicated times, collected, and
then washed twice with ice-cold phosphate-buffered saline
(PBS). The cells were fixed with 1% glutaraldehyde in PBS
for 30 min and then washed twice with PBS. After washing,
the cells were stained with 0.2 mM Hoechst 33258 in PBS,
and then photographed by fluorescence microscopy under a
Zwiss Axioplan microscope.

Assaying of Apoptosis by Annexin Staining—Annexin
staining was performed as described previously (20).
Briefly, after NCS treatment, Molt-4 cells were collected,
and washed twice with PBS and then once with a binding
buffer (Hepes-buffered saline solution supplemented with
2.5 mM calcium chloride). The cells were resuspended in
the binding buffer at the concentration of 1 x 106 cells/ml.
Propidium iodide and fluorescein isothiocyanate (FTTC)-
labeled annexin V were added to the solution, and then
samples were incubated for 15 min before being analyzed
within 1 h with a FACScan (Becton-Dickinson) using
LYSYS-2.

DNA Fragmentation Assay—5 x 106 cells were collected
at 600 xg for 5 min, and then washed twice with ice-cold
PBS. The cell pellets were lysed in 400 [xl buffer (10 mM
Tris-HCl, pH 7.4, 10 mM EDTA, 0.5% Triton X100), and
treated with 100 ng/ml proteinase K for 5 h at 37°C and
then with 50 jig/ml RNase overnight at 37°C. Proteins were
removed, and the DNA was precipitated with ethanol. The
DNA was separated by electrophoresis on 2.0% gels and
visualized by staining with ethidium bromide.

Semiquantitative RT-PCR—Total cellular RNA was iso-
lated using TRIzol reagent (Life Technologies) according to
the manufacturer's instructions. The extracted RNA was
dissolved in diethylpyrocarbonate (DEPC)-treated water
and then quantified by measuring the absorbance at 260
nm. One microgram of total RNA was used to synthesize
the first strand cDNA using a Superscript E (Life Technol-
ogies), and PCR amplification was performed in a thermal
cycler. The numbers of PCR cycles and conditions for dena-
turation, annealing and extension were 28 cycles, 1 min at
94°C, 1 min at 52°C, 1 min at 72°C for DFF-45; 28 cycles, 1
min at 94°C, 1 min at 60°C, 1 min at 72°C for DFF-40; and
26 cycles, 45 s at 94°C, 45 s at 60°C, 2 min at 72°C for
G3PDH. The primers used in this study were 5'-GATG-
CAGTAGACACGGGTATC-3' and 5'-AAAATTGGTGGAA-
CGGCGTA-3' for DFF-i5; 5'-CTCTGGGGTACTCGTTGG-
AT-3' and 5'-ACTGCTGTTCAGATCCGCGT-3' for DFF-40;
and 5'-TGAAGGTCGGAGTCAACG^ATTTGGT-3' and 5'-
CATGTGGGCCATGAGGTCCACCAC-3' for glyceralde-
hyde-3-phosphate dehydrogenase (G3PDH). Amplification
was performed under the described conditions, and fol-
lowed a linear relationship (data not shown). The control
reaction for RT-PCR was performed by replacing the RNA
sample with DEPC-treated water. G3PDH served as an
internal RNA control. The amplified DNA was then electro-
phoresed on 2.0% agarose gels and visualized with ethid-
ium bromide. Band intensity analysis was performed with
a Macintosh computer using the public domain NTH Image
program.

Immunoprecipitation—HL-60 and Molt-4 cells were col-
lected and lysed with buffer A (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% Nonidet P-40,1 mM PMSF, 1 jig/ml leu-
peptin, 1 jig/ml pepstatin) for 15 min on ice and then homo-

genized. The cell extracts were centrifuged at 15,000 xg for
10 min. To abolish the non-specific binding to protein A/G-
agarose (Santa Cruz), the cell extracts (2 mg protein) were
incubated with a 20 (xl aliquot of protein A/G-agarose at
4°C overnight, and then supernatants were collected by
centrifugation. The protein A/G-treated cell extracts were
used for immunoprecipitation.

A 20 jxl aliquot protein A/G-agarose was incubated with 5
(jj of preimmune or immune serum for DFF-45 at 4CC for 2
h. The antibody-protein A/G-agarose beads were pelleted by
centrifugation. After washing four times with buffer A con-
taining 1 mg/ml BSA, the antibody-protein A/G agarose
beads were incubated with the protein A/G-agarose-treated
cell extracts at 4°C for 8 h, and then washed six times with
buffer A. For the DNase assay, the beads were resuspended
in 25 jJ of buffer B (10 mM Hepes-NaOH, pH 7.4, 1 mM
EGTA, 5 mM MgCL,, 50 mM NaCl, 1 mg/ml BSA), and then
incubated with or without 370 ng recombinant caspase-3
(MBL) and 1 jjLg plasmid DNA. After 2 h, plasmid digestion
was analyzed by 1.75% agarose gel electrophoresis.

Caspase-3-Like Protease Assay—The caspase activity in
cell lysates was determined as described previously (20).
Briefly, cells were lysed in extraction buffer (25 mM Hepes,
pH 7.4, 5 mM EDTA, 2 mM MgCL,, 1 mM EGTA, 5 mM
DTT, 1 mM PMSF, 10 ng/ml pepstatin) for 20 min on ice
and then sonicated. The lysates were centrifuged at 15,000
xg for 15 min and supernatants were collected. The result-
ing cell extracts (100 \xg protein) were incubated with 50
JJLM acetyl-Asp-Glu-Val-Asp-MCA (Ac-DEVD-MCA; Pep-
tide Institute) at 37°C for 60 min, the formation of amino-4-
methylcoumarin being monitored fluorometrically with
excitation at 380 nm and emission at 460 nm. Protein con-
centrations were determined by the Bradford assay (21)
using BSA as a standard.

Western Blot Analysis—Cells (5 x 10s) were collected by
centrifugation, washed twice with ice-cold PBS, resus-
pended in 20 JJLI of SDS-sample buffer, and then boiled for 5
min. Samples were subjected to SDS-PAGE with 12% poly-
acrylamide. The proteins were then transferred to a nitro-
cellulose membrane, and probed with an antd-DFF-45
rabbit polyclonal antibody (MBL) or antd-caspase-3 rabbit
polyclonal antibody (Pharmingen). Detection was accom-
plished with a horseradish peroxidase-conjugated goat
anti-rabbit IgG and an ECL detection system (Amersham
Life Science).

RESULTS

Effects ofAntitumor Drugs on the Cell Growth of Various
Human Cell Lines—The effects of antitumor drugs on cell
viability were examined by means of the Alamar Blue
assay. Antitumor drugs etoposide and NCS are inhibitors of
DNA topoisomerase II and a DNA damaging agent, respec-
tively (22, 23). As shown in Fig. 1A, NCS and etoposide
reduced the cell viability in a dose-dependent manner.
Molt-4 cells were more sensitive to the two antitumor
drugs than the other cells, LNCaP cells exhibiting the low-
est sensitivity. HL-60, Jurkat and NALL-1 cells exhibited
intermediate sensitivity.

To determine whether or not the antitumor drug-induced
cell death is apoptosis, the nuclear morphology of NCS-
treated cells was investigated by fluorescent staining of cel-
lular DNA with Hoechst 33258. As shown in Fig. IB, when
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the cells were treated with NCS, nuclear chromosome con-
densation, a typical morphological characteristic of apopto-
sis, was observed. TD further confirm the cell death is apop-
tosis, the phosphatidylserine externalization of NCS-treat-
ed Molt-4 cells was examined. The externalization of phos-
phatidylserine could be detected on FITC-labeled annexin
V staining since annexin binds phosphatidylserine exposed
to the outer membrane in apoptotdc cells (24). As shown in
Fig. 1C, annexin-positive cells increased among NCS-treat-
ed cells. These results indicate that NCS induces apoptosis
in these human cancer cell lines.

Lack of Oligonucleosomal DNA Fragmentation in NCS-
Treated Molt-4 Cells—Nucleosomal DNA fragmentation is
one of the major biochemical events for apoptosis. However,
the fragmentation does not always occur in apoptotic cells
(25, 26). To determine whether or not DNA fragmentation
occurs in NCS-induced apoptotic cells, cellular DNA was
extracted and electrophoresed in agarose gels. NCS was ex-
amined because it induces cell death more effectively than
etoposide (Fig. 1A). The IC^ and ICgo values were used for
the DNA fragmentation experiment, being approximately
0.3 and 1 \ig/m[ for HL-60, 0.5 and 1 jig/ml for Jurkat, 0.2

and 0.3 u^/ml for Molt-4, 0.3 and 0.5 jig/ml for NALL-1,
and 5.0 and 10.0 (Ag/ml for LNCaP cells (Fig. 1A). Oligonu-
cleosomal DNA fragmentation was observed in NCS-treat-
ed HL-60, Jurkat, NALL-1, and LNCaP cells (Fig. 2). On
the other hand, in apoptotic Molt-4 cells, a high molecular
weight DNA smear but no oligonucleosomal DNA fragmen-
tation was detected (Fig. 2).

Activation of DFF in NCS-Treated Molt-4 Cells—It is
known that an endonuclease (DFF-40/CAD) is activated on
cleavage the inhibitor of DFF-45/ICAD, resulting in DNA
fragmentation during apoptosis (4-7). Therefore, it is possi-
ble that induction of DNA fragmentation may be related to
the expression level of DFF-40 or DFF-45. To determine
whether the different levels of DNA fragmentation were
correlated with different levels of the DNase or its inhibitor
expression, we examined the expression level of DFF-40
and DFF-45 mRNA in various human cell lines.

After amplifying DFF-40 and DFF-45 mRNA by RT-PCR
within a linear reaction rate range, mRNA expression was
examined by agarose gel electrophoresis (Fig. 3A), and the
mRNA levels were determined with NIH-image (Fig. 3B).
The levels of DFF-40 mRNA in Jurkat and Molt-4 cells,
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Fig. 1. Induction of apoptosis by antitumor drugs in various
human cell lines. (A) Cytotoxic effects of antitumor drugs. HL-60
(•), Jurkat (o), Molt-4 (A), NALL-1 (A), and LNCaP (•) cells were
treated with the indicated concentrations of NCS or etoposide for 24
h, and then cell growth was examined by means of the Alamar Blue
assay. Each value represents the mean for five cultures. (B) Nuclear

MoH-4

NALL-1

LNCaP

morphological analysis. The cells were treated with NCS for 24 h and
stained with Hoechst 33258, and then examined under a fluorescence
microscope. (C) Phosphatidylserine externalization. Molt-4 cells were
treated with NCS for 24 h. The treated cells were stained with FITC-
annexin V and propidium iodide, and then examined by flow cytorae-
try-
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and DFF-45 mRNA in HL-60, Jurkat, and Molt-4 cells
were approximately the same, but in LNCaP cells, the lev-
els of both DFF-40 and DFF-45 were higher than in the
other cells (Fig. 3, A and B). Similar results were obtained
on Western blot analysis of DFF-45 (data not shown). The

HL-60 Jurkat Molt-4 NALL-1 LNCaP

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fig. 2. DNA fragmentation analysis of NCS-treated cells. Cells
were treated with NCS for 24 h and then cellular DNA was electro-
phoresed on a 2.0% agarose gel. Lanes 1, 4, 7, 10, and 13, control un-
treated-cells; lanes 2, 3, 5, 6, 8, 9, 11, 12, 14, and 15, treated with
concentrations 0.3, 1.0, 0 5, 1.0, 0.2, 0.3, 0.3, 0.5, 5.0, and 10 (ig/ml
NCS, respectively. Lane M, DNA marker.

results show that the expression levels of DFF-40 and
DFF-45 in Molt-4 cells were not significantly different from
those in other cell lines.

To determine whether or not DFF^IO in Molt-4 cells func-
tions as a DNase, the DFF complex was immunoprecipi-
tated using antdserum against DFF-45 and nuclease activ-
ity of the inimunoprecipitated protein was examined as to
the ability to degrade plasmid DNA substrate in the pres-
ence and absence of caspase-3. As shown in Fig. 3C, the
DFF complex immnoprecipitated from control HL-60 and
Molt-4 cells exhibited endonucleolytdc activity in the pres-
ence of recombinant caspase-3.

It is well known that the inhibitor (DFF-45) is cleaved by
active caspase-3 (4-7, 17-19). Therefore, we assessed
whether or not caspase-3 was activated in NCS-treated
Molt-4 cells (Fig. 4, A and B). The activation of caspase-3
was examined using DEVD-MCA as a substrate and by
means of proteolysis of procaspase-3. As shown in Fig. 4A,
the caspase-3-like protease activities in the extract of Molt-
4 cells increased in a time-dependent manner after NCS
treatment. In addition, procaspase-3 was completely
cleaved and converted to an active form in the cells (Fig.
4B).

Next, we examined whether or not DFF-45 is cleaved in
NCS-treated cells, and found that it is (Fig. 4C). Although
the inhibitor of DNase (DFF-45) was cleaved in apoptotic
Molt-4 cells and DFF-40 in Molt-4 cells functions as a
DNase, ladder formation was not detected (Fig. 2). These

(A) (C)

DFF^iO

DFF-45

G3PDH

Caspase-3

(B)

2 -

Control HL-60 Mott-4

Fig. 3. DFF expression in various
human cell lines. (A and B) Relative
abundance of DFF-45 and DFF-40
mRNA transcripts. (A) Constitutive
expression of DFF-45, DFF-40, and
G3PDH mRNA was analyzed by RT-
PCR with specific primers, as de-
scribed under "EXPERIMENTAL
PROCEDURES" (B) Band intensity
analysis was performed using the
NIH Image program. Columns indi-
cate band intensities relative to the
minimum intensity. The intensities
were normalized as to the G3PDH
standards. Each value represents the
mean ± SD value for three analyses.
(C) DNase activities of DFF immuno-
precipitated with DFF^5. HL-60 and
Molt-4 cytosol was immunoprecipi-
tated with anti-DFF-46 IgG. The
DNase activities were assayed in the
presence or absence of 370 ng cas-
pase-3.
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Fig. 4. Activation of caspase-3 and cleavage of
DFF-45 in NCS-treated Molt-4 cells. (A) Molt-4
cells were treated with 0.5 jig/ml NCS for the indi-
cated times and then cell extracts were incubated
at 37°C for 60 min with 50 (JLM AC-DEVD-MCA as a
substrate. (B) Molt-4 cells were treated with NCS
for 24 h, and then cell extracts were subjected to
SDS-PAGE, transferred to a membrane, and then
probed with anti-caspase-3 antibodies. (C) Molt-4
cells were treated with NCS for 24 h and then ana-
lyzed by Western blotting with anti-DFTM5 anti-
bodies.

results suggest that the cleavage of DFF-45 by caspase-3
and the following activation of DFF-40 are not sufficient for
the induction of oligonudeosomal DNA fragmentation in
NCS-treated Molt-4 cells.

DISCUSSION

Oligonudeosomal DNA fragmentation has been implicated
as a in biological characteristic of apoptosis (8, 9). There are
many candidates for enzymes responsible for the induction
of oligonudeosomal DNA fragmentation. These include
Ca2+/Mg2+-dependent endonudeases (10,11), a caspase-acti-
vated endonuclease (DFF^O/CAD/CPAN) (4-7), a cation-
independent aridic endonudease (DNase II) (12,13), and so
on. Among these endonudeases, DFF-40 is a more likely
candidate apoptotic DNase. Here, we showed that the func-
tional expression of DFF is not suflkient for the induction
of oligonudeosomal DNA fragmentation in NCS-mediated
apoptotic Molt-4 cells.

It has been reported that equal expression of DFF-40
and DFF-45 is indispensable for DFF-40 to function as a
DNase (5, 6, 15, 16). Not only a defect of DFF-40 but also
low or overexpression of DFF-45 does not result in DNA
fragmentation, because DFF-45 acts as both a specific
chaperone and an inhibitor of DFF-40 for regulating endo-
nudeotyic activity. We therefore examined whether or not
abnormal expression of DFF-40 and/or DFF-45 corresponds
to no DNA ladder formation in Molt-4 cells. Unexpectedly,
the results obtained on RT-PCR analysis revealed that
DFF-40 and DFF-45 were expressed in all cell lines, the
ratio of DFF-40 and DFF-45 not differing among the cell
lines (Fig. 3, A and B). Moreover, the sequence of DFF-40
cDNA in Molt-4 cells was found to be identical to that in
HL-60 cells (data not shown), and the DFF immunoprecipi-
tated from Molt-4 cells retained DNase activity, which is
activated by caspase-3 (Fig. 3C). These results indicated
that the resistance to induction of oligonudeosomal DNA
fragmentation in Molt-4 cells is not due to the lack of func-

tional expression of DFF. To our knowledge, this is the first
report that oligonudeosomal DNA fragmentation was not
detected despite the expression of functional DFF.

It has been reported that caspase-3 activates the endonu-
dease (DFF-40), responsible for DNA fragmentation by
specifically cleaving and inactivating DFF-45, the inhibitor
of DFF^tO (17-19). MCF-7 cells, which do not express
detectable level of caspase-3, exhibit no DNA fragmenta-
tion (17). TUR cells are also resistant to DNA fragmenta-
tion because of defective caspase-3 activation (28). We
therefore examined whether or not the caspase-3 activation
and DFF-45 cleavage occur in NCS-treated Molt-4 cells.
The results we obtained on Western blot analysis revealed
that caspase-3 and DFF-45 were normally expressed and
cleaved into the active or inactive form upon NCS-treat-
ment (Fig. 4, B and C). These observations suggest that
neither caspase-3 activation nor cleavage of DFF-45 was
suffirient to cause DNA fragmentation upon NCS-treat-
ment in Molt-4 cells. Similar observations have been re-
ported fort tetra-butylhydroperoxide-treated Raji cells (27)
and Cl" efflux-prevented Jurkat cells (28).

Why is oligonudeosomal DNA fragmentation not in-
duced in apoptotic Molt-4 cells although the possible apop-
totic DNase, DFF, is activated? Four possibilities can be
envisaged to explain this observation. First, another co-fac-
tor for DFF^40 is necessary for nucleosomal DNA fragmen-
tation and the factor is absent in Molt-4 cells. Specific
chromosomal proteins, such as histone HI or HMG-1/2, and
topoisomerase II are known to further activate DFF nu-
dease on naked DNA substrates (29-31). CIDE-B (cell
death-inducing DFF-45-like effector) protein regulates
DFF enzymatic activity in vitro (32). Cl" efflux was also
reported to be a necessary co-factor for the activation of
DFF nudease (28). Second, the nuclear DNA of WkAt-4 cells
could be resistant to endonudease. In fact, the chromatin
structure in Molt-4 cells was reported to be more resistant
to exogenously added endonudeases compared with that in
other cell lines (33). Third, other nucleases could be in-
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volved in NCS-induced apoptosis. For example, activation
of acidic nucleases, such as DNase II, has been reported to
be associated with apoptotic DNA fragmentation (12, 13).
Since intracellular acidification is known to occur concomi-
tantly with apoptosis in some types of cells (34-36), it is
convenient for the activation of acidic nuclease in apoptosis.
In preliminary studies, we found that intraceUular acidifi-
cation occurs in NCS-treated HL-60 cells but not in NCS-
treated Molt-4 cells (data not shown). Moreover, induction
of cellular DNA digestion in Nonidet P-40-treated Molt^i
cells occurred at acidic pH, but not at neutral pH (data not
shown, 37). Fourth, DFF degrades DNA into 50 kbp DNA,
and subsequently other DNases such as Ca2+/Mg2+-depen-
dent endonudeases or acid DNases cleave the latter into
oligonucleosomal DNA fragments. In apoptotic Molt-4 cells,
the intracellular DNA is known to be degraded into a 50
kbp DNA fragment {38, 39), which is possibly mediated by
DFF (40). DFF may be related to the 50 kbp fragmentation,
and not to the following oligonucleosomal DNA fragmenta-
tion in NCS-treated cells. Molt^l cells may lack the endonu-
clease for inducing oligonucleosomal DNA fragmentation.

In this report, we have first demonstrated that Molt-4
cells, which are resistant to DNA fragmentation, exhibit a
normal level of DFF, cleavage of DFF-45 and functional
DFF-40, suggesting that suitable expression of DFF is not
sufficient to induce oligonucleosomal DNA fragmentation
in Molt^l cells. Recently, a paper appeared that showed the
absence of a DNA ladder, but cleavage of DFF-45 in stauro-
sporine-treated neuroblastoma IMR-5 cells (41).

REFERENCES

1. Raff, M.C. (1992) Social controls on cell survival and cell death.
Nature 356, 397^00

2. Earnshaw, W.C., Martins, L.M., and Kaufinann, S.H. (1999)
Mammalian caspases: structure, activation, substrates, and
functions during apoptosis. Annu. Rev. Biochem. 68, 383-424

3. Thornberry, NA and Lazebnik, Y. (1998) Caspases: Enemies
within. Science 281, 1312-1316

4. Liu, X., Zou, H., Slaughter, C, and Wang, X. (1997) DFF, a het-
erodimeric protein that functions downstream of caspase-3 to
trigger DNA fragmentation during apoptosis. Cell 89, 175-184

5. Enari, M., Sakahira, H., Yokoyama, H., Okawa, K, Iwamatsu,
A., and Nagata, S. (1998) A caspase-activated DNase that de-
grades DNA during apoptosis, and its inhibitor ICAD. Nature
391,43-50

6. Liu, X., Li, P., Widlak, P., Zou, H., Luo, X., Garrard, W.T., and
Wang, X. (1998) The 40-kDa subunit of DNA fragmentation fac-
tor induces DNA fragmentation and chromatin condensation
during apoptosis. Proc Nail. Acad. Sa. USA 95, 8461-8466

7. Sakahira, H., Enari, M., and Nagata, S. (1998) Cleavage of
CAD inhibitor in CAD activation and DNA degradation during
apoptosis. Nature 391, 96-99

8. Wyllie, A.H., Kerr, J.F.R., and Currie, A.R. (1980) Cell death:
the significance of apoptosis. Int. Rev. Cytol. 68, 251—306

9. Wyllie, A.H. (1980) Glucocorticoid-induced thymocyte apoptosis
is associated with endogenous endonudease activation. Nature
284,555-556

10. Gaido, M.L. and Cidlowski, J.A. (1991) Identification, purifica-
tion, and characterization of a calcium-dependent endonudease
(NUC18) from apoptotic rat thymocytes. J. Bol. Chem. 266,
18580-18585

11. Pandey, S., Walker, P.R., and Sikorska, M. (1997) Identification
of a novel 97 kDa endonudease capable of internudeosomal
DNA cleavage. Biochemistry 36, 711-720

12. Barry, M_A. and Eastman, A. (1993) Identification of deoxyribo-
nuclease El as an endonudease involved in apoptosis. Arch. Bio-

chem. Biophys. 300, 440-450
13. Torriglia, A., Perani, P., Bross, J.Y., Chaudun, E., Treton, J.,

Courtois, Y, and Counis, M. (1998) L-DNase n, a molecule that
links proteases and endonudeases in apoptosis, derives from
the ubiquitous serpin leukocyte elastase inhibitor Mol. Cell
Biol. 18, 3612-3619

14. Shiokawa, D., Ohyama, H., Yamada, T., and Tanuma, S. (1997)
Purification and properties of DNase y from apoptotic rat thy-
mocytes. Biochem. J. 326, 675-681

15. Sakahira, H., Iwamatsu, A., and Nagata, S. (2000) Specific
chaperone-like activity of inhibitor of caspase-activated DNase
for caspase-activated DNase. J. Biol. Chem. 275, 8091-8096

16. Zhang, J., Liu, X., Scherer, D.C., Kaer, L., Wang, X., and Xu, M.
(1998) Resistance to DNA fragmentation and chromatin con-
densation in mice lacking the DNA fragmentation factor 45.
Proc Nad. Acad. Sci. USA 95, 12480-12484.

17. Janicke, R.U., Sprengart, M.L., Wati, M.R., and Porter, A.G.
(1998) Caspase-3 is required for DNA fragmentation and mor-
phological changes associated with apoptosis. J. Biol. Chem.
273,9357-9360

18. Meinhardt, G., Roth, J., Totok, G., Auner, H., Emmerich, B., and
Hass, R. (1999) Signaling defect in the activation of caspase-3
and PKC in human TUR leukemia cells is associated with re-
sistance to apoptosis. Exp. Cell Res. 247', 534-542

19. Wolf, B.B., Schuler, M., Echeverri, F., and Green, D.R. (1999)
Caspase-3 is the primary activator of apoptotic DNA fragmen-
tation via DNA fragmentation factor-45/inhibitor of caspase-
activated DNase inactivation. J. Biol. Chem. 27'4, 30651-30656

20. Hamatake, M., Iguchi, K., Hirano, K., and Ishida, R. (2000)
Zinc induces mixed types of cell death, necrosis, and apoptosis,
in Molt-4 cells. J. Biochem. 128, 933-939

21. Bradford, M.M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248-254

22. Drlica, K. and Franco, R.J. (1988) Inhibitor of DNA topoi-
somerases. Biochemistry 27, 2253-2259

23. Tanabe, K., Ikegami, Y, Ishida, R., and Andoh, T. (1991) Inhibi-
tion of topoisomerase II by antitumor agents bis(2,6-dioxopiper-
azine) derivatives. Cancer Res. 51, 4903-4908.

24. Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., Bratton,
D.L., and Henson, P.M. (1992) Exposure of phosphatidylserine
on the surface of apoptotic lymphocytes triggers specific recog-
nition and removal by macrophages. J. Immunol. 148, 2207-
2216

25. Zamai, L., Falcieri, E., Marhefka, G., and Vitale, M. (1996)
Supravital exposure to propidium iodide identifies apoptotic
cells in the absence of nudeosomal DNA fragmentation. Cytom-
etry 23, 303-311

26. Falcieri, E., Martelli, A.M., Bareggi, R., Cataldi, A., and Cocco,
L. (1993) The protein kinase inhibitor staurosporine induces
morphological changes typical of apoptosis in M0LT4 cells
without concomitant DNA fragmentation. Biochem. Biophys.
Res. Commun. 193, 19-25

27. Kawabata, Y, Hirokawa, M., Kitabayashi, A,, Horiuchi, T,
Kuroki, J., and Miura, A. B. (1999) Defective apoptotic signal
transduction pathway downstream of caspase-3 in human B-
lymphoma cells: a novel mechanism of nudear apoptosis resis-
tance. Blood 94, 3523-3530

28. Rasola, A., Far, D F, Hofman, P., and Rossi, B. (1999) Lack of
internucleosoma] DNA fragmentation is related to Or efflux
impairment in hematopoietic cell apoptosia FASEB J. 13,
1711-1723.

29. Toh, S.Y., Wang, X., and Li, P. (1998) Identification of the nu-
clear factor HMG2 as an activator for DFF nudease activity.
Biochem. Biophys. Res. Commun. 250, 598-601

30. Liu, X., Zou, H., Widlak, P., Garrard, W, and Wang, X. (1999)
Activation of the apoptotic endonudease DFF40 (Caspase-acti-
vated DNase or nudease). J. Biol. Chem. 274, 13836-13840

31. Durrieu, F, Samejima, K, Fortune, J.M., Kandels-Lewis, S.,
Osheroff, N, and Earnshaw, W.C. (2000) DNA topoisomerase
Ha interacts with CAD nudease and is involved in chromatin
condensation during apoptotic execution. Curr. Biol. 10, 923—

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Proteolytic Cleavage ofDFF and No Oligonucleosomal DNA Fragmentation 475

926
32. Lugovskoy, A_A_, Zhou, P., Chou, J.J., McCarty, J.S., Li, P., and

Wagner, G. (1999) Solution structure of the CIDE-N domain of 38.
CEDE-B and a model for CIDE-N/CIDE-N interactions in the
DNA fragmentation pathway of apoptosis. Cell 99, 747-755

33. Kuribayashi, N., Sakagami, H., Iida, M., and Takeda, M. (1996)
Chromatin structure and endonudease sensitivity in human
leukemic cell lines. Anticancer Res. 16, 1225-1230 39.

34. Barry, MA, Reynolds, J.E., and Eastman, A. (1993) Etoposide-
induced apoptosis in human HL-60 cells is associated with in-
tracellular acidification. Cancer Res. 53, 2349-2357

35. Gottlieb, RA., Nordberg, J., Skowronski, E., and Babior, B.M.
(1996) Apoptosis induced in Jurkat cells by several agents is 40.
preceded by intracellular acidification. Proc. Natl. Acad. Sci.
USA 93, 654-658

36. Matsuyama, S., Llopis, J., Deveraux, Q.L., Tsien, R.Y., and
Reed, J.C. (2000) Changes in intramitochondrial and cytosolic 41.
pH: early events that modulate caspase activation during apop-
tosis. Nat. Cell BM. 2, 318-325

37. Yanagisawa-Shiota, F., Sakagami, H., Kuribayashi, N., Iida, M.,
Sakagami, T., and Takeda, M. (1995) Endonudease activity and

induction of DNA fragmentation in human myeolgenous leuke-
mic cell lines. Anticancer Res. 15, 259-266
Kataoka, A., Kubota, M., Wakazono, Y., Okuda, A., Bessho, R.,
Lin, Y.W., Usami, I., Akiyama, Y, and Furusho, K. (1995) Asso-
ciation of high molecular weight DNA fragmentation with apo-
ptotic or non-apoptotic cell death induced by calcium ionophore.
FEBS Lett. 364, 264-267
Beere, H.M., Chresta, CM., Alejo-Herberg, A., Skladanowski,
A., Dive, C, Larsen, A.K., and ffickman, J.A. (1995) Investiga-
tion of the medianism of higher order chromatin fragmentation
observed in drug-induced apoptosis. Mol. Pharmacol. 47, 986-
996
Zhang, J., Lee, H., Lou, D.W., Bovin, G.P., and Xu, M. (2000)
Lack of obvious 50 kilobase pair DNA fragments in DNA frag-
mentation factor 45-deficient thymocytes upon activation of
apoptosis. Biochem. Biophys. Res. Commun. 274, 225-229
Yuste, V.J., Bayascas, J.R., Llecha, N., Sanchez-L6pez, I., Boix,
J., and Cornelia, J.X. (2001) The absence of oligonudeosomal
DNA fragmentation during apoptosis of IMR-5 neuroblastoma
cells. J. Biol. Chem. 276, 22323-22331

Vol. 131, No. 3, 2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

