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ABSTRACT

Cleavage of cellular DNA into high molecular weight (predominantly
50 kb) fragments is an early event during apoptosis. We previously

reported that this fragmentation was a Ca2'-independent process during
apoptosis, which was induced by anticancer agents in human leukemia

cells. The present study demonstrated that a high molecular weight DNA
fragmentation activity (HDFA) was induced in the drug-treated cells and,
uponfusionofthe drug-treatedcellswithuntreatedtargetcellsprelabeled
with t'4Clthymidine, caused fragmentation of the labeled DNA in the
target cells. Furthermore, extracts of the drug-treated cells caused high
molecular weight DNA fragmentation In nuclei isolated from untreated
cells. Biochemical characterization of HDFA revealed the following prop
erties: HDFA was proteinaceous in nature, as evidenced by its inactivation
by heating or by digestion with protelnase K; HDFA required Mg@@for
optimal activity but was inhibited by Zn2@ and K@; HDFA was active in
vitro at pH 6.0â€”8.0and was inactive under more acidic conditions
(pH < 6.0); addition of ATP (0.5-2 mM)substantially potentiated HDFA
activity in isolated nuclei; and HDFA was not inhibited by actin (an
inhibitor of DNase I) but was inhibited by the extracts from K562 cells,
which were resistant to drug-induced apoptosis. The specific inhibitor of
cystelne proteases (Interleukin lfi-converting enzyme protease family)
blocked the generation of drug-induced high molecular weight DNA
fragmentation in whole cells, whereas in isolated nuclei, the cysteine

proteaseinhibitorsdid not preventthe cleavageof chromatinby exoge
nous HDFA. These resWts suggest that, once HDFA is activated during

apoptosis, it does not require the presence of cystelne proteases for its
endonucleolytic activity and that the cysteine proteases may be involved in
the apoptoticprocessupstreamof the activationof HDFAin wholecells.

INTRODUCTION

Fragmentation of cellular DNA at the internucleosomal linker re
gions has been observed in cells undergoing apoptosis, which was
induced by a variety of agents (1â€”6).This cleavage produces ladders
of DNA fragments that are the sizes of integer multiples of a nucleo
some length (180â€”200 bp). Because of their characteristic patterns
revealed by agarose gel electrophoresis, these nucleosomal DNA
ladders are widely used as biochemical markers of apoptosis. It has
been postulated that a Ca2@IMg2@-dependent endonuclease (3, 7, 8),
DNase I (9, 10), or DNase II (1 1, 12) may be involved in the
internucleosomal DNA fragmentation process. Poly(ADP-ribosyl)a
tion of histone Hl protein during apoptosis is thought to facilitate
internucleosomal cleavage by increasing the susceptibility of chroma
tin to endonuclease (13). Inhibition of cerine/threonine protein phos
phatases seems to block the apoptotic events (14). However, in vitro
studies suggest that intemucleosomal DNA fragmentation may be a
later event of DNA degradation in the apoptotic pathway (15â€”18)and
that the nucleosomal DNA ladders are not always associated with
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apoptosis (10, 19â€”22).Furthermore, studies in patients with leukemia
undergoing chemotherapy demonstrated the lack of detectable nucleo
somal DNA fragmentation, despite a rapid decrease in the peripheral
leukemic cell counts after drug administration (23, 24). Our previous
studies demonstrated that leukemia cells exposed to anticancer drugs
undergo apoptosis, even when the nucleosomal DNA fragmentation
process was inhibited either by the intracellular Ca2@ chelator
BAPTA-AM3 or by the phorbol ester, phorbol 12-myristate 13-acetate
(25).Thesein vitro andin vivoobservationssuggestthat nucleosomal
DNA fragmentation may not be an essential element required for the
execution of the cell death program.

Recent studies suggest that cleavage of cellular DNA into HMW
(50â€”300-kb) fragments may be the initial DNA degradation event that

is associated with apoptosis in a variety of experimental systems (15,
16, 22, 25â€”27).Experiments with isolated rat thymocytes demon
strated that HMW DNA fragmentation was a key committed step of
apoptosis (26), which was inhibited by in vivo administration of
cycloheximide (28). In earlier studies, we demonstrated that, in con
trast to the Ca2@-dependent nucleosomal DNA fragmentation, the
cleavage of DNA into 11MW fragments was a Ca2tindependent
process in human leukemia cells induced to undergo apoptosis by the
anticancer drugs F-ara-A (the more soluble formulation of this com
pound, F-ara-AMP, is known as fludarabine for clinical use) and
dFdC (gemcitabine; Refs. 16 and 25). We further demonstrated that
HMW DNA fragments are detectable in chronic lymphocytic leuke
mia cells from patients undergoing chemotherapy with fludarabine
and that the amount of HMW DNA fragments is significantly corre
lated with the decrease of peripheral leukemic cell counts during
therapy (25). Incorporation of F-nra-A and dFdC into DNA is required
for induction of HMW DNA fragmentation and apoptotic morphology
(27). In the present study, we used a cell fusion technique and an in
vitro assay with isolated nuclei to identify and characterize the protein
activity responsible for HMW DNA fragmentation during drug-in
duced apoptosis.

MATERIALS AND METHODS

Materials. F-ara-A was obtained from Dr. V. L. Narayanan (Drug Synthe
sis and Chemistry Branch, Division of Cancer Treatment, National Cancer
Institute, Bethesda, MD). dFdC was kindly provided by Dr. L. W. Hertel (Lilly
Research Laboratories, Indianapolis, IN). PMSF, n-tosyl-L-phenylalaninechlo
romethyl ketone, leupeptin, iodoacetamide, aphidicolin, cycloheximide, and
AlP were purchased from Sigma Chemical Co. (St. Louis, MO). The tetrapep
tide YVAD (Z-Tyr-Val-Ala-Asp-FK) and tripeptide Z-VAD (Z-Val-Ala-Asp

CH,F), the specific inhibitors of ICE-like protease, was purchased from
Enzyme Systems Products (Dublin, CA). BAPTA-AM was purchased from
Molecular Probes (Eugene, OR). Proteinase K and RNase (DNase-free) were
from Boehringer Mannheim (Indianapolis, IN). Highly purified DNase I and
actin were from Worthington Biochemical Corporation (Freehold, NJ).

[â€˜4ClThymdinewas from ICN Radiochemicals (Irvine, CA). The Betascope
603 blot analyzer, used in the quantitation of radioactivity in dried agarose
gels, was a product of Betagen (Waltham, MA).

3 The abbreviations used are: BAPTA-AM, bis-(o-aminophenoxy)ethane-N,N,N'.N'

tetraacetic acid, tetra(acetoxymethyl)ester; 11MW, high molecular weight; F-ara-A. 943-
o-arabinofuranosyl-2-fluoroadenine; dFdC. 2',2'-difluorodeoxycytidine; HDFA, HMW
DNA fragmentation activity; PMSF, phenylmethylsulfonyl fluoride; ICE, interleukin
lf3-converting enzyme; PEG, polyethylene glycol.
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Cell Culture, Drug Exposures, and Examination of Cell Morphology.

ThehumanT-lymphoblastoidcell line,CCRF-CEM,wasmaintainedinexpo
nential growth in RPMI 1640 suspension culture medium, supplemented with

5% fetal bovine serum. Cell doubling time was approximately 24 h under these
culture conditions. To prelabel cellular DNA, exponentially growing cells were
incubated with [â€˜4Clthymidine for two cell cycles (0.02 pCi/ml every 12 h,
four times over 48 h) before exposure to drugs. Cells were incubated with a
variety of DNA-damaging agents, as indicated in the text and in the figure
legends. In some experiments. cells were synchronized at the G1-S boundary
by a double aphidicolin block as described previously (27, 29) to increase the
proportion of CEM cells that were sensitive to induction of apoptosis by
nucleoside analogues (27). Aliquots of cells were centrifuged onto glass slides,

fixed with methanol, and stained with Wright-Giemsa stain. Cell morphology
was examined by light microscopy using a Nikon HFX-II microscope.

Cell Fusion. The [â€˜4C]thymidine-labeledtargetcells (withoutdrug treat
ment) were fused with drug-treated cells not labeled with radioisotope, using
a PEG-mediated cell fusion technique described previously (30, 31), with the
following modifications. Approximately 2 X l0@ drug-treated cells and
4 X 106 [â€˜4C]thymidine-labeled target cells were washed separately with

serum-free medium (RPMI 1640) and resuspended in 3 ml ofthe same medium
containing 2 p@ aphidicolin. The cells were mixed and centrifuged in a 60-mm
Petri dish at 400 X g for 10 mm. The medium was aspirated without disturbing
the cells attached to the bottom of the Petri dish. Three ml of PEG 1500
(Boehringer Mannheim; 50% in 75 nmi HEPES) were added to the dish along

the side wall without disturbing the cell layer. Cells were allowed to be
exposed to PEG for 60 s, rinsed twice with culture medium containing 5% fetal
bovine serum and 2 @.LMaphidicolin without disturbing the cell layer, and then

incubated at 37Â°Cin the same medium. Aphidicolin (2 @xM)was included in the
washing and culture medium to prevent incorporation of F-ara-A from the
drug-treated cells into the DNA of the target cells after fusion. At the desig
nated time, cells were processed for DNA fragmentation assay as described
below.

Isolation of Nuclei. CEM cells were prelabeled with [â€˜4C]thymidine as

described above, without drug treatment. Cell nuclei were isolated as described
previously (32, 33). Nuclei were freshly prepared for each experiment and used
within 2 h after isolation. Unless otherwise indicated, the standard suspension
buffer contained 50 nmi Tns-HCI (pH 7.8), 25% glycerol, 5 mistMgCl2,5 mM
DTT, and 0.1 ms@EDTA. MgCI2was omitted from the suspension buffer in the
experiments testing the ion requirement for DNA fragmentation activity.

Compared with the nuclei suspended in standard buffer, the nuclei suspended

in the ion-free buffer were more prone to lysis, were unable to sustain washing,

and had lower DNA fragmentation activity in response to incubation with cell
extracts containing HDFA.

Preparation of Cell Extracts. Approximately 7.5 X l0@each of control or
drug-treated cells were resuspended in 3 ml of hypotonic buffer containing 10
mM Tris-HC1 (pH 7.8), 2 mt@iDli', 0.2 mM PMSF, and 10 @xg/m1leupeptin,

kept in an ice bath for 10 mm, and homogenized in a Dounce tissue grinder
(pestle A) with 20 strokes. KCI was then added to the sample at a final
concentration of 200 mM, mixed well, and then placed in an ice bath for an
additional 15 mm. The cell extracts were then centrifuged at 14,000 X g for 30

mm. The supernatant was recovered and stored at â€”20Â°C or was further

enriched for HDFA by differential precipitation with ammonium sulfate (cut at
25â€”50%saturation). Salts in the cell extracts were eliminated by dialysis
against a buffer containing 20 mi@iTris-HC1 (pH 7.4), 10% glycerol, 1 mr@t

DTT, I @g/mlleupeptin, and 0.2 msi PMSF for 3 h with a buffer change every

hour. The HDFA in the cell extracts prepared by these procedures was stable
for at least 6 months at â€”20Â°C.

DNA Fragmentation Assays. Cells or isolatednuclei exposed to different
conditions as indicated in the text were embedded in 0.6% low melting point

agarose plugs containing 75 mM NaCl, 5 mrsi EDTA, and 5 mM Tris-HC1 (pH
7.8). The plugs were cooled to 4Â°Cfor 20 rain and then incubated in a buffer

containing I % sarkosyl, 50 mM EDTA, 50 mM Tris-HC1 (pH 7.8), and 0.1

mg/mI proteinase K at 45Â°C for 16 h. After washing with 10 mM Tris-HCI

buffer (pH 7.8) containing 1 mMEDTA for 3 h with buffer changes each hour,
the cellular DNA in the plugs were analyzed with a CHEF-DR III pulsed-field
gel electrophoresis system (Bio-Rad Laboratories, Richmond, CA) at 5 V/cm
for 16 h at 10Â°C,with an initial switch time of 50 s and a final switch time of
100 s. The electrophoresis buffer contained 50 misiTris-borate (pH 8.2) and I
mM EDTA. These electrophoresis conditions were adapted from that recom

mended by the manufacturer of CHEF-DR III pulsed-field gel electrophoresis
system (Bio-Rad). We tested several conditions by altering the switch times,
voltages, and buffer temperatures and showed that the conditions described
above produced satisfactory separation results for DNA with a molecular size
in the range of 4.4â€”600 kb. The gel was then stained with ethidium bromide

and photographed. The radioactivity associated with the HMW DNA frag
ments in the region of 5â€”500kb, including the predominant 50-kb region, was
quantitated by Betascope after the gel was dried at 60Â°Cunder vacuum.

A two-concentration gel was used to simultaneously detect both the nucleo
somal and HMW DNA fragments. The initial portion of the gel (the first 40%
of the gel length) contained 1% agarose and the remaining 60% of the gel
contained 2% agarose. Cells were embedded in agarose plugs as described

above. The plugs were incubated in lysing solution containing 0.3 mg/mI
proteinase K at 37Â°Cfor 4 h, washed three times with 20 mMTris-HC1buffer
(pH7.8), and then incubated in the Tns-HC1buffer containing 10 @xg/mlRNase
(DNase-free) for 1 h. The plugs were immediately analyzed in a CHER-DR III
pulsed-field gel electrophoresis system, using the following two time-switch
programs in series: 10 h at 6 V/cm with an initial switch time of6O s and a final
switch time of 30 s; and 6 h at 4 V/cm with an initial switch time of 3 s and

a final switch time of 1 s. These conditions were shown to produce satisfactory
separation of both nucleosomal and HMW DNA fragments (separation range,

0.4â€”600kb) in our preliminary experiments, which tested different electra
phoresis conditions [switch times, voltages, run time, and the relative lengths
(proportions) of the 1% and 2% agarose gelj.

RESULTS

Previous studies demonstrated that incorporation of the nucleoside
analogues F-ara-A and dFdC into DNA causes leukemia cells to

undergo apoptosis, which is associated with two types of DNA cleav
age, nucleosomal and HMW DNA fragmentation (25, 27, 34). In the
present study, we developed a pulsed-field gel electrophoresis method
(see â€œMaterialsand Methodsâ€•)to simultaneously reveal both types of
DNA fragmentation in a single gel so that the temporal relationship
between nucleosomal and HMW DNA fragmentation can be evalu
ated. As demonstrated in Fig. 1, incubation of CEM cells with 10 p.M
F-ara-A caused a progressive degradation of cellular DNA, as cvi
denced by the decreasing amount of intact DNA retained in the plugs
and the production of both HMW and nucleosomal DNA fragments.
HMW DNA (predominantly 30â€”50kb) fragments appeared as early
as 3 h after drug incubation (Fig. 1, Lane 4), whereas nucleosomal
DNA fragmentation was a relatively late event, detectable 2 h after the
generation of HMW fragments (Fig. 1, Lane 6). These results are in
agreement with the observations in other experimental systems (15,
17) and support the hypothesis that HMW DNA fragmentation occurs

proximal to nucleosomal cleavage and is perhaps a committed step
during apoptosis (25, 26). Because small DNA fragments bind fewer
ethidium bromide molecules than HMW DNA fragments, this staining
method may have a relatively low sensitivity in detecting small DNA
fragments. Thus, it is possible that a small amount of nucleosomal
DNA fragments might have been produced in the cells before the 5-h
time point and was not detected by ethidium staining.

In a separate experiment, we observed that a variety of other
DNA-damaging agents were able to induce the same type of HMW
DNA fragmentation in CEM cells (data not shown). The agents tested
include 2 p.M l-@3-D-arabinofuranosylcytosine (4 h), 50 p.M etoposide
(4 h), 3 p.M mitoxantrone (4 h), 10 p.M cisplatin (24 h), 20 J of UV
radiation, and 10 and 100 Gy ofy-radiation. These results indicate that
induction of HMW DNA fragmentation is not limited to nucleoside
analogues. Furthermore, the protein synthesis inhibitor cycloheximide
(at 5 p.g/ml) almost completely blocked the drug-induced DNA frag
mentation (data not shown), suggesting that new protein synthesis
may be required for the DNA fragmentation activity.

Two approaches were designed to identify and characterize the
enzyme activity responsible for HMW DNA fragmentation during
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aphidicolin alone did not cause DNA fragmentation. A second exper
iment was conducted to test whether the HDFA induced in drug
treated cells was able to cause DNA cleavage in the [â€˜4C]thymidine
labeled target cells in a mixed culture without fusion. The
autoradiograph in Fig. 2B demonstrates that mixing of F-ara-A-treated
cells with target cells did not result in fragmentation of the [â€˜4CJDNA
from target cells (Lanes 5â€”7).However, ethidium staining of the same
gel clearly shows fragmentation of DNA from the drug-treated cells
(Fig. 2C, Lanes 5â€”7).These data indicate that although HDFA was
induced in the drug-treated cells, it was not able to gain access to the
target cell DNA in mixed culture without cell fusion.

To further characterize the drug-induced HDFA, cell extracts were
prepared from either control or F-am-A-treated cells and then incu
bated with nuclei isolated from target cells without drug treatment. As
shown in Fig. 3, DNA of the control nuclei remained in the agarose
plug after pulsed-field gel electrophoresis, indicating that the isolation
procedures did not result in fragmentation of nuclear DNA (Lane 1).
Incubation of the isolated nuclei with extracts of F-ara-A-treated cells
caused a fragmentation of nuclear DNA into HMW fragments, pre
dominantly at 50 kb (Lanes 3 and 4). The molecular size distribution
of these DNA fragments were identical to those observed in intact
cells (Fig. 2), suggesting that the same enzyme activity was respon
sible for the fragmentation activity seen in whole cells and in nuclei.

The biochemical properties of HDFA were quantitatively evaluated
by measuring the radioactivity associated with the DNA fragments

from the [â€˜4C]thymidine-labeled target nuclei incubated with cell
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Fig. I. Temporal relationship between BMW and nucleosomal DNA fragmentation
during drug-induced apoptosis. CEM cells were incubated with 10 @xMF-ara-A for various
times and then embedded in 0.6% agarose plugs. Cellular DNA in the plugs was analyzed
by pulsed-field gel electrophoresis with two concentrations of agarose in a single gel block
as described in â€œMaterialsand Methods.â€•The line cross the middle portion of the gel
indicates the interphase between the two agarose gel concentrations (I and 2%). Lanes M,
and M2, high and middle molecular weight markers, respectively; Lane 1. control CEM
cells; Lanes 2â€”8,cells incubated with 10 pM F-ara-A for I, 2, 3, 4, 5, 6, and 7 h,
respectively.
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Fig. 2. Induction of HMW DNA fragmentation by fusion of target cells with F-am
A-treated cells. A, CEM cells prelabeled with [â€˜4Clthymidine were fused with either
control cells (Lanes 1â€”5)or F-am-A-treated (10 p.M for 4 h) cells (Lanes 6â€”JO)and then
incubated at 37Â°Cfor the indicated times. Aphidicolin (2 jiM) was included to prevent
incorporation of F-ara-ATP into target cell DNA. Cellular DNA was analyzed by pulse
field gel electrophoresis, and autoradiographs were made by exposing an X-ray film to the
dry gel. B. cells prelabeled with [â€˜4Clthymidine were mixed with either control cells or
F-am-A-treated (10 p.Mfor 4 h) cells without fusion and then incubated at 37Â°C.Cellular
DNA was analyzed by pulse-field gel electrophoresis. and an autoradiograph was made
after the gel was dried. Lane 1, [â€˜4Cithymidine-labeled cells alone; Lanes 2â€”4.cells
prelabeled with l'4Clthymidine mixed with control cells for 30, 60, and 120 mm.
respectively; Lanes 5â€”7,cells prelabeled with l'4Clthymidmnemixed with F-am-A-treated
cells for 30, 60, and 120 mm. respectively. C, photograph of the same gel stained with
ethidium bromide.
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drug-induced apoptosis. First, target cells without drug treatment were
incubated with [â€˜4Clthymidinefor a period of two cell cycles (48 h)
to label cellular DNA. The labeled cells were washed and then fused
with drug-treated (10 p.MF-am-A for 4 h) CEM cells, which were not
labeled with [â€˜4C]thymidine.The rationale for this experimental de
sign was that, if a HDFA was induced in the drug-treated cells, it
might gain access to the target nucleus after cell fusion and cause the
cleavage of â€˜4C-labeledDNA, which is readily detected by gel elec
trophoresis and autoradiography. The second approach involved the
preparation of extracts from drug-induced apoptotic cells, incubation
of the extracts with nuclei isolated from â€˜4C-labeledtarget cells, and
assay for radioactive HMW DNA fragments. Fig. 2A demonstrates
that, as early as 30 mm (Lane 6) after cell fusion, an enzyme activity
induced in the drug-treated cells was transferred to the target cell
nuclei and caused fragmentation of the â€˜4C-labeledDNA into HMW
(range, 5â€”500kb; predominantly 50 kb) fragments. Quantitation of
the radioactivity associated with these DNA fragments (5â€”500kb
region) showed that the amount of DNA fragments increased as the
fused cells were cultured at 37Â°Cfor longer periods (Lanes 7â€”10).The
percentages of fragmented DNA at 0.5, 1, 2.5, 4, and 6 h (Lanes 6â€”JO)
were2l Â±l.l%,55 Â±6.9%,66 Â±5.5%,65 Â±4.l%,and68 Â±5.1%,
respectively (n = 3â€”5).Because it is possible that the triphosphate of
F-ara-A (F-ara-ATP) formed in the drug-treated cells could be incor

porated into the target cell DNA after cell fusion and cause DNA
fragmentation, the DNA synthesis inhibitor aphidicolin (at 2 p.M)was
added to the samples to prevent possible F-ara-ATP incorporation into
DNA during the cell fusion process and subsequent incubation. The
control experiment, as shown in Fig. 2A, Lanes Jâ€”5,demonstrates that
the fusion procedures per se and the subsequent incubation with
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HMW DNA FRAGMENTATION AC'FIVITY DURING APOPTOSIS

sodium acetate at low pH, all other experiments were carried out with
either KH2PO4/K2HPO4 or Tris-HC1 buffer. Fig. 4C demonstrates that
5 mM Mg2@ was able to support the full activity of HDFA without
addition of exogenous Ca2@. When 50 p.M BAPTA-AM, a specific
intracellular chelator of Ca2@, was added to chelate the trace amount
of endogenous Ca2@ in the nuclei, HDFA remained fully active in the
presence of 5 mM Mg2@ (data not shown), indicating that HMW DNA
fragmentation is a Ca2tindependent process. This agrees with pre
vious observations in intact cells (16, 25, 28). When the target nuclei
were incubated with the HDFA-containing extracts in the presence of
5 mM Ca2@ without Mg2@, fewer DNA fragments (1684 Â± 35 dpm

compared to 2234 Â±63 dpm in the sample incubated with Mg2@

3410

Fig. 3. HMW DNA fragmentation in isolated nuclei induced by HDFA-containing cell
extracts. The enriched HDFA cell extracts were prepared and incubated with target nuclei
isolatedfromcellsnotexposedto drugunderconditionsindicatedbelow.LaneM,DNA
molecular weight markers; Lane 1, control nuclei; Lane 2, nuclei incubated with buffer
alone at 37Â°Cfor 60 mm; Lanes 3 and 4, nuclei incubated at 37Â°Cwith the HDFA
enriched extracts of F-am-A-treated cells for 30 and 60 mm, respectively.
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Fig. 4. Biochemical characterization of HDFA in vitro. A, nuclei isolated from cells
prelabeled with [â€˜4C]thymidinewere incubated at 37Â°Cfor I h with extracts from either
control cells or F-am-A-treated cells. The cell extracts were pretreated as indicated. Prot.
K, proteinase K (0.1 mg/mI for 30 mm); dialys., dialysis at a cutoff size of Mr 12,000
14,000; heat, 100Â°Cfor 3 mm. B. effect of pH on HDFA in vitro. [â€˜4ClThymidine-labeled
target nuclei were incubated with HDFA-containing cell extracts in a potassium phos
phate-buffering system at the indicated pH for 60 mm. C, effects of Mg2, Ca2@,Zn2@,
and AlP on HDFA in isolated nuclei. HMW DNA fragments were analyzed and
quantitated as described in â€œMaterialsand Methods.â€• Columns, means of two to four
separate experiments; bars, SD.
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extracts under various conditions. As shown in Fig. 4A, incubation of
nuclei with extracts from control cells did not result in generation of
HMW DNA fragments. In contrast, extracts of F-ara-A-treated cells
caused a significant amount of DNA fragmentation in the isolated
nuclei. When the extracts from F-ara-A-treated cells were heated at
100Â°Cfor 3 mm or digested with proteinase K, the HDFA was
abolished. These data suggest that HDFA is most likely a protein.
After extensive dialysis of the cell extracts in a membrane tubing with
a molecular cutoff size of Mr l2,000l4,000, the DNA fragmentation
activity in the cell extracts almost doubled (Fig. 4A). This suggests
that HDFA is a macromolecule that was not eliminated by dialysis,
again consistent with the indication that it is a protein. The increased
enzyme activity observed after dialysis was likely due to the removal
of KC1 from cell extracts, which contained 200 mt@iKC1 in the
undialyzed stock. The final concentration of KC1 in the reaction with
isolated nuclei was 50 mM. In a separate experiment, we demonstrated
that 50 and 100 mM KC1 inhibited HDFA activity by 46 Â±4% and
72 Â±2%, respectively (data not shown). Because dialysis also re
moved F-ara-A and its active metabolite F-ara-ATP (Mr <600) from
the cell extracts, this experiment excludes the possibility that the
HMW DNA fragmentation observed in this experiment might be the
result of direct action of the analogue triphosphate on the isolated
nuclei.

To investigate the conditions required for optimal activity of
HDFA, the ability of extracts from F-ara-A-treated cells to induce
HMW DNA fragmentation in [â€˜4C]thymidine-labeledtarget nuclei
was tested at different pH levels and with different metal ions. As
demonstrated in Fig. 4B, HDFA exhibited DNA fragmentation activ
ity at pH 6.0â€”8.0, with optimal activity at pH 7.1. HDFA was
essentially inactive at pH <6.0. The target nuclei showed no signif
icant autodigestion of DNA at the pH range tested when K.H2P04/
K2HPO4, pH 5.2â€”8.0, or Tris-HCI, pH 6.8â€”8.0, was used as the
buffering system. For an unknown reason, autodigestion of nuclear
DNA was noted at pH 5.2 when 50 nmi sodium acetate was used as the
buffer without addition of HDFA-containing cell extracts (data not
shown). To avoid the complication of autodigestion associated with
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resembling the ICE (prICE) in chicken DU249 cells after sequential
S-M-phase synchronization. This cysteine cysteine protease, also
known as Yama/CPP32/apopain, was able to cleave poly(ADP-ribose)
polymerase and was shown to be involved in apoptosis in a variety of
experimental systems (41â€”43).To investigate the possible role of the
cysteine proteases in HMW DNA fragmentation during drug-induced
apoptosis, CEM cells were incubated with F-am-A in the presence of
various concentrations of Z-VAD-CH2F, an intracellularly active in
hibitor of the ICE family proteases. As shown in Fig. 6, typical HMW
DNA fragments were induced by a 4-h incubation with 10 p.MF-ara-A
(Lane 2). The drug-induced HMW DNA fragmentation was partially
inhibited by S p.M Z-VAD-CH,F (Lane 4) and was completely sup
pressed by 10 p.M of the inhibitor (Lane 5). Z-VAD-CH2F itself did

not cause generation of HMW DNA fragments (Lane 6). The kinetics
of this inhibition was further evaluated by a sequential drug incuba
tion experiment, in which CEM was first treated with F-ara-A fol
lowed by the addition of Z-VAD-CH2F at various intervals. The
incubation was continued for a total of 4 h, and DNA fragmentation
was analyzed. Fig. 6 demonstrated that, when Z-VAD-CH2F was
added 0.5, 1, 1.5, and 2 h after F-ara-A incubation, HMW DNA
fragmentation was prevented (Lanes 8â€”i1). However, the 50-kb DNA
fragments were generated if Z-VAD-CH2F was added 2.5 h after
F-ara-A incubation (Lane 12). These results suggest that the ICE-like
cysteine proteases may be involved in the pathway that leads to HMW
DNA fragmentation and that the time for the protease to activate the
enzyme or pathway responsible for HMW DNA fragmentation ap
peared to be between 2 and 2.5 h after F-ara-A incubation in CEM
cells.

The possibility that the ICE-like cysteine proteases might be di
rectly involved in chromatin cleavage was further investigated by
incubation of target nuclei with HDFA-containing extracts in the
presence of different protease inhibitors. As shown in Fig. 7, none of
the protease inhibitors tested, including the inhibitors of ICE family
cysteine proteases Z-VAD-CH2F, YVAD, and iodoacetamide, dem
onstrated any inhibitory effect on HMW DNA fragmentation induced

by HDFA in isolated nuclei. Thus, it appears that, once HDFA had

been activated, the ICE-like cysteine protease was no longer needed
for the HMW DNA fragmentation process. The inhibitory effect of

Fig. 5. Effects of actin and K562 cell extracts on the activity of HDFA-containing cell
extracts and DNase I in vitro. [â€˜4ClThymidine-labeledtarget nuclei were incubated with
the indicated reagents at 37Â°Cfor 45 mm (Lanes 2â€”11). Two control samples were nuclei
kept in ice-bath (Lane I) and nuclei incubated in buffer at 37Â°Cfor 45 mm (Lane 12).
HMW DNA fragments were analyzed and quantitated as described in â€œMaterialsand
Methods.â€•To calculate the relative DNA fragmentation activity, the amount of HMW
DNA fragments in the reaction with enzyme (HDFA or DNase I) alone without inhibitor
was designated as 100% activity. The protein stock concentrations were: HDFA-contain
ing extracts, 4.5 mg/mI; K562 cell extracts, 5 mg/mI; actin, 1 mg/mI; DNase I, 6 units/ml.
The % DNA fragmentation activity of each lane represents the average of two separate
experiments with duplicate gel analyses for each experiment.

lane: I 2 3 4 5 6 7 8 9 101112

â€”â€”@ :=::@ @=: :@::
kb

48.5â€”
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Z-VAD:

lime:

Fig. 6. Inhibition of drug-induced HMW DNA frdgmentation by the cysteine protease
inhibitor Z.VAD-CH2F in whole cells. CEM cells were incubated with the indicated
concentrations of F-ara-A and Z-VAD-CH2F at 37Â°Cfor the indicated time. Lanes 1â€”6,
cells incubated with F-am-A and Z-VAD-CH2F simultaneously for 4 h. In the sequential
incubation experiment (Lanes 7â€”12),cells were first incubated with F-ara-A. followed by
addition of Z-VAD-CH,F at the indicated times. The incubation was continued to a total
of 4 h. HMW DNA fragments were analyzed as described in â€˜Materialsand Methods.'
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Lane:1 2 3 4 5 6 7 8 9 101112
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Activity:0 100 88 65 91 100 100101103 70 45 0 (%)

alone; P = 0.0166, two-tailed Student's t test). When both Mg2@ and
Ca2@ were included in the reaction mixture, the amount of HMW
DNA fragments (2597 Â± 134 dpm) was not significantly different
from that obtained in reaction with Mg2@ alone (2234 Â±63 dpm;
P = 0.1328, two-tailed Student's t test). When Zn2@ (1 or 5 nmi) was
included in the reaction with both Mg2@ and Ca2@, the HDFA was
substantially inhibited. The generation of HMW DNA fragments was

completely prevented by S mt@iZn2@ (Fig. 40. In contrast, HDFA
was significantly enhanced by addition of ATP to the reactions. This
stimulation by AlP was concentration dependent (Fig. 4C). For
example, in the presence of 0.5, 1, and 2 mrvtAlP, the generations of
HMW DNA fragments were 129, 192, and 228%, respectively, of that
without AlP.

Recent studies suggested that DNase I, an enzyme sensitive to
inhibition by actin, may be involved in degradation of DNA during
apoptosis (9, 10, 35, 36). In the present study, we compared the ability
of HDFA and DNase I to induce HMW DNA fragmentation in
isolated nuclei. As demonstrated in Fig. 5, both HDFA and DNase I
caused a cleavage of nuclear DNA to 50-kb fragments (Lanes 2 and
7). However, addition of different concentrations of actin to the
reactions only inhibited the activity of DNase I (Lanes JO and Ji) but
did not affect HDFA (Lanes 5 and 6). Furthermore, extracts of K562
cells, a cell line that is resistant to drug-induced apoptosis (37, 38),
preferentially inhibited the activity of HDFA (Lanes 3 and 4) but not
that of DNase I (Lanes 8 and 9). Because the K562 cell extracts were
dialyzed extensively before adding to the reaction, it is unlikely that
the inhibition was due to a salt effect on HDFA. These results suggest
that HDFA is different from DNase I. It also suggests that the K562
cell extracts contain a substance capable of blocking the HDFA in
CEM cell extracts. The resistance of K562 cells to induction of HMW
DNA fragmentation by F-ara-A was demonstrated by incubating
K562 cells with 10 p.MF-ara-A for various intervals in comparison
with CEM cells in parallel experiments. No HMW DNA fragments
were detected in K562 cells up to 12 h of incubation, whereas
substantial DNA fragments were generated in CEM cells within 4 h of
drug incubation (data not shown).

Recent work by Lazebnik et a!. (39, 40) identified a protease
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the present time. It is possible that the HDFA inhibitory molecule in
K562 cells may contributeto apoptosis resistance.Anotherbiochem
ical feature of HDFA is that the enzyme was active at pH 6.0â€”8.0
with the optimal value of 7.1. The enzyme activity diminished at pH
values below 6.0 (Fig. 4B). These data suggest that HDFA is distin
guished from DNase II, which causes nucleosomal DNA fragmenta
tion at pH 3â€”6,but is inactive at pH >6.5 (12).

HDFA seems to require Mg2@for its optimal activity. Experiments
with the Ca2@ chelator BAPTA-AM suggest that, in the presence of
Mg2@, Ca2@ is not required for HDFA activity. However, the role of
Ca2@ as an alternate cation to support HDFA activity is unclear.
Although Fig. 4C shows that HDFA appeared to have suboptimal
activity in the presence of Ca2@, this result should be interpreted with
caution. Because the integrity of isolated nuclei could not be sustained
after a thorough wash in ion-free buffer, the presence of a trace
amount of endogenous Mg2@ in the nuclei without wash is likely to
contribute to the HDFA activity observed. Thus, the absolute role of
Ca2@in supporting HDFA cannot be concluded from this experiment
due to the lack of strictly Mg2@-free condition. Nevertheless, Ca2@
seems not to be the ion required for optimal HFDA activity. When
both Mg2@ and Ca2@ were included in the reaction mixture, the
amount of HMW DNA fragments was similar to that obtained in
reaction with Mg2@ alone (Fig. 4C). A similar Mg2@-dependent
endonuclease activity associated with HMW DNA fragmentation was
observed in thymocytes (28). It is of interest to note that HDFA was
significantly enhanced by addition of ATP to the in vitro reaction with
isolated nuclei (Fig. 4C). Although the mechanism by which AlP
stimulates HDFA is unknown at present, these results are in agree
ment with the theory that apoptosis is an active cellular process that
requires metabolic energy for synthesis of new macromolecules (2,
47) and for degradation of DNA (44, 48).

Previous studies by Gaido and Cidlowski (49) using a radioactive
gel assay for nuclease activity identified a calcium-dependent endo
nuclease (NUC18) from apoptotic rat thymocytes. NUC18 was sub
sequently shown to be homologous to cyclophilins in peptide Se
quences (50). Recent studies demonstrated that members of the
cyclophilin family possess nuclease activity in the radioactive gel
assay and are able to induce HMW DNA fragmentation (50 kb) in
isolated nuclei during a 5-h incubation (51). Similar to the HDFA
reported here, the nuclease activity of cyclophilins is optimal when
both Ca2@ and Mg2@ are present. The nuclease activity of cyclophi
lins is also inhibited by Zn2@. However, Ca2@ seems to be a better ion
than Mg2@ to support the activity of cyclophilins A and B, whereas
Mg2@ appears more effective than Ca2@in supporting the activity of
cyclophilin C (51). Our study showed that Mg2@ is the preferred ion
for the activity of HDFA and that the optimum pH is 7.1. In contrast,
the optimum pH values for the nuclease activity of cyclophilins are in
the range of 7.5â€”9.5,with substantially reduced activity at pH 7.0
(5 1). Thus, the biochemical properties of HDFA and cyclophilins
seem to share some similarities, but they do not appear to be identical.

It appears that the active HDFA was not present in cells under
normal culture conditions without drug incubation or other stress. This
is supported by the observations that no 1-1MWDNA fragments were
generated in control cells (Fig. 1) or in isolated nuclei incubated with
buffer (Fig. 3). Furthermore, low concentration (5 p.g/ml) of the
protein synthesis inhibitor cycloheximide suppressed the induction of
HDFA in culture cells (25) and in animals (28). Although it seems
likely that HDFA is a newly synthesized protein during apoptosis, it
is also possible that a preexisting pro-HDFA may be converted to its
active form during the cell death process. Recent studies demonstrated
that the enzyme cascade involving granzyme B and ICE/CPP32
cysteine proteases may play an important role in apoptosis (42, 43,
52â€”54).One possible mechanism is that the protease cascade leads to
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Fig. 7. Effects of protease inhibitors on HDFA in isolated nuclei. [â€˜4Clmymidine
labeled target nuclei were incubated with HDFA-containing cell extracts in the presence
of the indicated protease inhibitors at 37Â°Cfor 45 mm. HMW DNA fragments were
analyzed and quantitated as described under â€œMaterialsand Methods.â€•Cont (+), nuclei
incubated with HDFA-containing extracts; cont (â€”).nuclei incubated with control buffer:
Z-VAD, cysteine protease inhibitor Z-VAD-CH2F; YVAD. tetrapeptide Z-Tyr-Val-Ala
Asp-FK; TPCK, n-tosyl-llDl-phenylalanine chloromethyl ketone; Io, iodoacetamide; Le,
leupeptin; Ph, PMSF. Columns, means of two or three separate experiments; bars. SD.

Z-VAD-CH2F seen in intact cells (Fig. 6) suggests that the involve
ment of cysteine protease in HMW DNA fragmentation may be at the
step upstream of HDFA activation.

DISCUSSION

The cleavage of cellular DNA into HMW fragments has recently
been recognized as an early event in chromatin degradation during
apoptosis. Studies in a variety of experimental systems suggest that
HMW DNA fragmentation may be a committed step in the apoptotic
cell death process (15, 25â€”27).However, the enzyme activity respon
sible for this process has not been well characterized, probably due to
the technical difficulty of the in vitro assay for HMW DNA fragmen
tation, which requires native chromatin DNA as the enzyme substrate
and pulsed-field gel electrophoresis for the analysis of HMW DNA
fragments. Here, we used freshly isolated nuclei containing native
DNA as the substrate of the HMW DNA fragmentation enzyme
activity extracted from drug-induced apoptotic cells. This technique
enabled the biochemical characterization of the enzyme activity and
may be used as an enzyme screening assay for further purification of
HDFA from apoptotic cells. Isolated nuclei, however, contained many
proteins that may potentially complicate the interpretation of the
results. For example, the isolated nuclei might contain endogenous
nucleases that can result in autodigestion of the nuclear DNA. Auto
digestion of the nuclear DNA has been observed under certain con
ditions in which nuclei were incubated with Ca2@ (3, 44). In contrast,
experiments under different incubation conditions demonstrated that
the endonuclease activity causing autodigestion appeared to be absent
from nuclei isolated from HL-60 cells (5). In our study, freshly
isolated CEM nuclei appeared to be free of DNA autodigestion (Figs.
3, 4, and 7). Thus, under appropriate experimental conditions, fresh
nuclei can be used as the substrate for in vitro assay of the enzyme
activity responsible for HMW DNA fragmentation.

The biochemical characterization of HDFA in isolated nuclei sug
gests that this enzyme activity is different from DNase I and DNase II.
Unlike DNase I, the HDFA activity was not inhibited by actin.
Furthermore, extracts of K562 cells preferentially inhibited HDFA in
CEM cell extracts, whereas DNase I was not affected by K562 cell
extracts (Fig. 5). Although it is well known that the K562 cells harbor
bcr-abl gene and are relatively resistant to apoptosis induction (37, 38,
45, 46), the identity of the molecule that inhibits HDFA is unclear at
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the activation of DNA fragmentation enzymes by proteolytic
cleavage of pro-HDFA, which may be preexisting or newly syn
thesized. Alternatively, activation of the protease cascade might
cause degradation of nuclear protein and result in collapse of the
chromatin and exposure of DNA to preexisting DNases, such as
DNases I and II. Our data seem to support the first possibility.
HMW DNA fragments were generated when nuclei were incubated
with HDFA in the presence or absence of cysteine protease inhib
itors (Fig. 7). If digestion of nuclear protein by cysteine proteases
is required for the cleavage of DNA into HMW fragments, one
would expect that inhibition of cysteine proteases should prevent
DNA fragmentation in nuclei. However, our study demonstrated
that none of the cysteine protease inhibitors tested was able to
reduce the generation of HMW DNA fragments in nuclei incubated
with HDFA-containing cell extracts (Fig. 7), suggesting that the
active HDFA was able to cleave nuclear DNA in the absence of
cysteine protease activity. These results also exclude the remote
possibility that HDFA might be a cysteine protease.

In whole cells, it is possible that HDFA may first be synthesized as
an inactive proenzyme, which might subsequently be converted to
active HDFA by proteolytic cleavage by cysteine protease as the
apoptotic process advances. Although there is no direct evidence to
prove the activation of HDFA by cysteine proteases, the observations
that the cysteine protease inhibitor Z-VAD-CH2F prevented the gen
eration of HMW DNA fragments in whole cells and that, once the
active HDFA was generated, the cysteine protease inhibitor was no
longer able to suppress DNA fragmentation (Figs. 6 and 7) are in
agreement with this hypothesis. In CEM cells, it appears that HDFA
was synthesized and converted to the active form within 2.5 h of drug
incubation, as evidenced by the sequential drug incubation experi
ments described in Fig. 6. Because different cell types may have
different cysteine protease activities and alternative regulatory mech
anisms, the time required for the generation of active HDFA may vary
among cell lines. Furthermore, a calcium-dependent, ICE inhibitor
insensitive enzyme activity that causes lamin B 1 degradation and
DNA fragmentation has been reported (55).

In summary, we have demonstrated that a HMW DNA fragmenta
tion activity was induced during drug-induced apoptosis in human
leukemia cells. HDFA was identified as a protein that was transferable
from apoptotic cells to target cells upon cell fusion. This protein was
also active in isolated target nuclei. HDFA required Mg2@ and AlP
for optimal activity but was inhibited by Zn2@ and KC1. HDFA is
distinct from DNase I and DNase H. We postulate that during apop
tosis HDFA may be initially synthesized as a proendonuclease and
subsequenfly converted to its active form, possibly by the proteolytic
action of cysteine proteases. We are currently using a variety of
approaches to purify and further characterize this enzyme, which
appears to be integral to apoptosis induced by anticancer drugs.
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