
ABBREVIATIONS: VP-16, etoposide; DMSO, dimethylsulfoxide; FIGE, field inversion gel electrophoresis; QFIGE, quantitative field inversion gel
electrophoresis; CHX, cycloheximide; ISBE, in situ break extension; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; bp, base
pair(s); HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid.
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SUMMARY

Higher order DNA fragmentation may be an essential signal in
apoptosis. We found that etoposide (VP-i 6) induced apoptosis
in human DU-145 prostatic carcinoma cells in a time- and
concentration-dependent manner. Chromatin condensation
was morphologically evident only when cells detached from the
monolayer; untreated or VP-i 6-treated attached cells retained
a normal morphology. We describe a radiolabeled a/u-I se-
quence-based quantitative field inversion gel electrophoresis
(QFIGE) method that permitted observation and quantification
of discrete high molecular weight DNA fragments in detached
(apoptotic) and attached (preapoptotic) DU-i 45 cells. The DNA
fragments generated during the apoptotic death of these cells
were �i (mega-base pairs) mbp, 450-600 (kilo-base pairs)
kbp, and 30-50 kbp; we observed that these DNA fragments

increased 9 ± 2-, 8 ± 2-, and 25 ± 1 i -fold versus control,
respectively, with a 24-hr exposure to 30 �M VP-i 6 in attached
cell populations. In detached VP-i 6-treated cells, there was
accrual of 30-50-kbp DNA fragments with a concomitant loss
of the �i -mbp and 450-600-kbp fragments; internucleosomal
DNA cleavage was never observed. This pattern of high mo-
lecular weight DNA fragmentation was inhibited by cyclohexi-
mide treatment and was common to other apoptotic agents,
including melphalan and bleomycin. These findings suggest
that the �i -mbp and 450-600-kbp DNA fragments are prod-
ucts of endonuclease activation and are not topoisomerase
Il/DNA interactions. Finally, the generation of the 30-50-kbp
DNA fragments may mediate chromatin condensation, which
characterizes apoptosis.

Apoptosis is a genetically regulated form of cell death; it
occurs in tissues without the production of inflammation or
secondary tissue damage. It is therefore considered the phys-
iobogicab form ofcell death and is the homeostatic mechanism

that offsets cellular proliferation. Cells undergo apoptosis
after they receive appropriate cell death signals. These sig-
nals are either extracellular, as in apoptosis of T cell hybri-

domas after activation of the CD3 receptor complex (1), or

intracellular, as in chemotherapeutic induction of apoptosis

in tumor cells (2). Alternatively, cells undergo apoptosis after
the withdrawal ofcell survival signals, such as the regression

of prostatic carcinomas after either surgical or pharmacolog-
ical androgen ablation therapy (3).

Morphological changes during apoptosis include cell

shrinkage and convolution of the plasma membrane, ubti-

mately producing apoptotic bodies. It was the extensive nu-

clear changes, however, that were the paramount feature in

the original description of apoptosis (4). Although consider-
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able effort has been directed toward defining the biochemical

basis for these morphological changes associated with apop-

tosis, no consensus has been achieved. Internucleosomal

DNA fragmentation was once considered the hallmark of

apoptosis and possibly causal in the morphological changes
(5); this conclusion now seems unlikely with the demonstra-

tion of morphological apoptosis in the absence of internucleo-

somal DNA fragmentation in some cell types (6-14). Despite

the universal presence of nuclear morphological changes, it
has been suggested that the nucleus is nonessential for ap-

optosis (15, 16). Heralding this notion is the observation that

some cytoplasmic changes associated with apoptosis are ob-

served in enucleated cells after exposure to either an anti-
APO-1/Fas antibody (15) or staurosporine (16). Genotoxic

damage, however, is a powerful apoptotic stimulus, and it

seems likely that the nucleus contains important mediators

of the early events of apoptosis triggered by these agents.

Indeed, some investigators have noted high molecular weight
DNA fragments in apoptotic cells (6, 7, 17-21) and postulated

that high molecular weight fragments could be an early crit-

ical event in apoptosis (7, 18).
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The origins of higher order chromatin damage are un-

known. Therefore, we examined DNA fragmentation in an-

drogen-independent DU-145 cells and observed high molec-

ular weight DNA breaks of � 1 mbp, 450-600 kbp, and
30-50 kbp in attached cells that did not yet exhibit the

morphological features of apoptosis. We believe that the at-

tached cells having higher order DNA fragmentation repre-

sent a preapoptotic cell population. After cellular detach-

ment, however, the �1-mbp and 450-600-kbp fragments

were virtually undetectable, but there was an accrual of

30-50-kbp DNA fragments in cells that exhibited frank mor-
phological evidence of apoptosis. Furthermore, as we found
no indication of internucleosomal DNA cleavage in these

apoptotic DU-145 cells, the generation of these 30-50-kbp

DNA fragments may be essential for chromatin condensation

and margination.
Finally, we tested the hypothesis that these � 1-mbp and

450-600-kbp DNA fragments resulted from activation of an

endonuclease rather than DNA double-strand breaks due to

increased topoisomerase IIIDNA cleavable religation com-

plex formation. Importantly, topoisomerase II is a critical

enzyme required for DNA replication, recombination, segre-
gation of chromosomes, proper structure of DNA, and chro-

matin condensation and decondensation (22). Despite the
lack of an identified role of topoisomerase II in mediating
apoptosis, it is plausible that topoisomerase II participates in

apoptosis by promoting chromatin condensation or facilitat-

ing endonuclease digestion of the genome. Moreover, VP-16-

mediated stabilization ofthis religation complex has recently

been reported to produce DNA fragments ranging from 600
kbp to >1 mbp (20, 21, 23). Our data support the hypothesis

that these higher order DNA fragments were generated by

endonuclease action and are not the result of topoisomerase

Il/DNA interactions.

Materials and Methods

Cell culture. Human DU-145 prostatic carcinoma cells (24) were
obtained from American Type Culture Collection at passage 59 and
were carried for no longer than 20 passages. The cells were grown in

RPMI-1640 (GIBCO-BRL) containing 10% fetal bovine serum (Hy-

Clone), 100 units/mb penicillin G sodium, and 100 pg/mi streptomy-

cm (GIBCO-BRL) at 37#{176}under an atmosphere of95% air/5% CO2. To
remove attached cells from the monolayer, we washed them three

times with PBS and briefly treated them with 0.05% trypsiri/2 nmi

EDTA at room temperature. After the addition of at least twice-
volume of complete medium containing 10% fetal bovine serum, the

cells were centrifuged at 1000 x g for 5 mm. In some studies, cells

already detached from the monolayer were harvested from the me-

dium by centrifugation and were treated with trypsin, as indicated

above, to control for the possible effects ofthe trypsin treatment. The
cells were routinely tested and found to be free of Mycoplasma

contamination.

Cell detachment studies. Cells were plated at a density of 1 x

iO� cells/cm2 in 75-cm2 flasks with 10 ml of complete medium. After

48 hr, the medium was removed, and fresh drug-containing medium

(20 ml) was added. VP-16 was resuspended in DMSO and mixed with

the medium to a final DMSO concentration of 0.1%. CHX (Sigma
Chemical Co.) was added from a 5 mM stock in PBS to a final
concentration of 5 ,.tM. Control cultures received an equal amount of
vehicle in all experiments. At indicated times, the detached cells
were harvested by centrifugation at 1000 X g for 5 mm, and the

original medium was returned to the flask. Cells were counted with
the use of a hemocytometer after the addition of 0.2% Trypan blue

(final concentration) in PBS. For determination of protein synthesis
inhibition, cells were plated at a density of 7.5 X i0’� cells/9.6 cm2

into six-well plates (Falcon); 48 hr later, CHX was added at indicated

concentrations, and protein synthesis was determined at indicated
time points as previously described (25).

Morphological examination of cells. Attached and detached
cells were harvested and centrifuged at 1000 X g for 5 mm and
resuspended in Puck’s Saline A (GIBCO-BRL) containing 20 .tg/ml

Hoechst 33342 (Molecular Probes) for 15 mm at room temperature.
Nuclei were visualized using a Nikon Microphot-PX photomicroscope

with an epifluorescence attachment. Electron microscopy was per-
formed on attached cells in situ (50-100 cells were examined) and on

sections of pelleted detached cells (50-100 cells were examined) as

previously described (26).

DNA fragmentation. Attached cells either alone or in combina-
tion with detached cells from the same flask were harvested as above

and centrifuged at 1000 x g for 5 mm. The resulting cell pellet was
lysed for 15 mm in 100 jtl (-)-n-octyl-/3 -glucopyranoside (0.75%;

Boehringer Mannheim), 5 mr�i EDTA, and 5 mM Tris, pH 7.4, at 4#{176}.
After adjustment of the volume of the lysate to 4 ml, an aliquot was

taken for determination oftotal DNA, and a second aliquot that had

been centrifuged at 27,000 x g for 20 mm was taken for determina-
tion of fragmented DNA in the supernatant (27). Both of these

aliquots were reconstituted to 4 ml with 2 M NaC1, 5 m�t EDTA, and

5 mM Tris, pH 7.4 (final concentrations), containing either 1.0 or 0.1
pg/ml Hoechst 33258 (Molecular Probes) to determine total and

fragmented DNA, respectively, as previously described (28). DNA

concentrations were determined from standard curves that routinely

gave a correlation coefficient of �0.996 from 1.0 to 10 �g/ml for 1.0

;Lg/ml Hoechst 33258 and from 10 to 750 ng/ml for 0.1 j�g/ml Hoechst
33258. Alternatively, cells were labeled with 0.1 �Ci/ml [3H-methylj-
thymidine (Amersham) for 48 hr. Cells were washed three times and
incubated with fresh medium without radioisotope. After 2 hr, the

medium was replaced, and drug was added. Attached cells were
washed three times with PBS and harvested by trypsin treatment.

Cells were then lysed with 0.5% Triton X-100 (molecular biology

grade; Sigma), 5 mM EDTA, and 5 mM Tris, pH 7.4. Total and

fragmented DNA were prepared as described above, and triplicate

aliquots were counted with the use of a Beckman LS 1801 liquid

scintillation counter.

Internucleosomal DNA cleavage. Cells were treated for 24, 48,

and 72 hr with 1, 10, and 100 �M VP-16. Attached and detached cells
were harvested as described above and analyzed for internucleoso-
mal DNA cleavage as previously described (29).

QFIGE. Cells were harvested as in the above assay for DNA

fragmentation; however, after centrifugation, cells were suspended
to a final concentration of 2.5 x 10” cells/gil in a buffer containing 20

mM NaC1, 50 mM EDTA, and 10 mr�t Tris, pH 7.2, and equilibrated to
50#{176}.An equal volume of 2% InCert (50#{176})agarose (FMC) was added,

and plugs were cast (1 x 106 cells/plug) for QFIGE in disposable

molds (Bio-Rad). After solidification at 4#{176},plugs were incubated at

50#{176}overnight in 4.8 mM (0.2%) sodium deoxycholate, 1% sodium
lauryl sarcosine, 100 mist EDTA, pH 8.0, and 1 mg/mb Proteinase K
(Boehringer Mannheim) and then washed four times with 50 ml of 50

mM EDTA and 20 mM Tris, pH 8.0. For electrophoresis, plugs were
uniformly cut so that 5 x i0� cells/lane were electrophoresed. Elec-

trophoresis was performed with the use of an FIGE Mapper Electro-

phoresis System (Bio-Rad) in 1.5% Pulsed Field Certified Agarose

(Bio-Rad) with a 0.5x Tns/boratefEDTA solution (45 mM Tris, 45 mM

boric acid, 1 nmt EDTA, pH 8.3) that was recirculated at 400 mI/mm
through a 6#{176}water bath. During electrophoresis, the buffer was

maintained at a constant temperature of 10 ± 0.5#{176}in the electro-

phoresis chamber. An initial 12-mm pulse of forward voltage at 150
V was applied to promote migration of the DNA from the plug into
the gel. This initial pulse was followed by electrophoresis for 30 hr at
150 V using a 21% ramp from 0.9 to 30 sec in the forward direction
and from 0.3 to 10 sec in the reverse direction at 10#{176}(30). With a 21%

ramp, the midpoint of the switch time ramp was reached after 21%
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of the run time past. This nonlinearly shaped ramp was conducted in Statistical analysis. All statistical analyses were performed us-

both the forward and reverse directions, always producing a 3:1 ing InStat (GraphPad). Unless otherwise indicated, data were ana-

forward/reverse ratio, and allowed increased resolution of higher lyzed by analysis of variance followed by either Dunnett’s or Stu-
molecular weight DNA compared with a linear (50%) ramp. After dent-Newman-Keuls multiple-comparison post hoc tests. Dunnett’s

electrophoresis, gels were stained with 1.0 �.tg/ml ethidium bromide post hoc tests were used when experimental groups were compared

for 1 hr. The gels were viewed with the use of a UV transilluminator with a control group, whereas Student-Newman-Keuls post hoc tests

and photographed. After photography, the gels were exposed to an were used when multiple comparisons between different experimen-

additional 10 mm of UV radiation on the transilluminator to allow tal groups were required.

sufficient nicking ofDNA for alkali (0.4 N NaOH, 1.5 M NaC1, 24-36

hr) transfer of DNA to Zeta-Probe GT nylon membrane (Bio-Rad)

through capillary action. Under these conditions, transfer of mi-
grated DNA was complete, as indicated by the absence of ethidium

bromide staining of agarose gels. Transfer of DNA that remained in

the well was usually complete; however, the agarose near the wells
. . .

was deformed due to surface tension of the agarose while casting the

gel. This deformation sometimes resulted in incomplete transfer of

nonmigrating DNA. The nylon membrane was neutralized by being

soaked in 0.5 M Tris, pH 7.0, and then washed twice with 2x stan-

dard saline citrate (0.15 M NaCl, 0.015 M sodium citrate). After a

v.p-16 induced apoptosis in DU-145 cells. Initial cbono-

genic assays demonstrated that DU-145 cells were sensitive
. . .

to the epipodophylbotoxrn VP-16. Colony formation was in-
. . .

hibited with an IC50 of -0.2 itM after a 7-day continuous

VP16 exposure (data not shown). Examination of cell sur-

vival after a 24-, 48-, or 72-hr VP-16 exposure revealed that

DU-145 cells had a decrease in cell survival that was not only

4-16-hr prehybridization (50% formamide, 5X standard saline/phos- concentration but also time dependent (data not shown).
phate/EDTA [0.18 M NaC1, 10 mM NaH2 P04, 10 mM EDTA, pH 7.4] Concomitant with a decrease in cell survival was an increase
2x Denhardt’s reagent, 0.1% SDS), 25 ng of alu-I sequence probe

(Oncogene Science) labeled with ks-32PIdCTP (Amersham) was

added. After overnight hybridization, the membranes were washed
twice with lx standard saline citrate and 0.1% SDS at 42#{176}.The

in the number of detached cells (Fig. 1A). After VP-16 expo-

sure cells asynchronously detached from the monolayer; the

rate of detachment was greatest between 24 and 41 hr after

membranes were enveloped in plastic wrap and transferred to a

phosphorimaging cassette for a 24-72-hr exposure. The phosphorim-

aging cassette was scanned with a model 425 Phosphorlmager (Mo-

lecular Dynamics), and the resulting luminescence was quantified

using ImageQuant (Molecular Dynamics). We tested this system on

4 f 2.5

�. 20
�

#{176}

two separate occasions with a standard curve of [a-32P]dCTP and
found it to be linear > i0� units, with each standard curve yielding

correlation coefficients of �0.999. Molecular weight size standards
were Saccharomyces cerevisiae chromosomes (225-2200 kbp, Bio-

Had) and A phage digested with EcoRI and Hindill (8-48.5 kbp,

GIBCO-BRL). Molecular weight standards were assigned to QFIGE
gels based on migration distances of ethidium bromide-stained gels.

ISBE. Cells for ISBE were plated at a density of 1 X i0� cells/cm2
in each well of a eight-well chamber slide (Nunc). After 48 hr, the

medium was replaced with drug-containing medium and incubated

for 2 hr at 37#{176}.The cells were washed three times with PBS at 4#{176}and
subsequently fixed with 1% formaldehyde/PBS at 4#{176}for 15 mm,
permeabilized by overnight incubation in 70% ethanol at -20#{176},and

analyzed for DNA damage with 10 mM fluorescein-12-dUTP (Strat-
B �r

�

agene) and 200 units/ml terminal deoxynucleotidyl transferase, as

previously described (31).

DNA Topoisomerase IIIDNA covalent complex formation z 10
assay. DU-145 cells were plated as above and were labeled for 48 hr

with 0.5 �tCiIml [3H-methyl]thymidine (0.5 Ci/mM) and 0.1 �tCi/ml

[U�i4Clleucine (318 mCi/mmol) in complete medium. After 48 hr,

cells were washed three times with complete medium, resuspended

�,

.�

C

in fresh medium, and incubated for 1 hr at 37#{176}.After 1 hr, the

medium was replaced with fresh medium, and the cells were then
grown in the presence or absence ofmelphalan (100 �.tM) or bleomycin

(7 .LM). After 24 hr, preapoptotic monolayer cells were washed three
times with PBS and gently detached from the flask by scraping;

detached apoptotic cells were discarded. After centrifugation (1000 x
g), cell pellets were resuspended in a pH 7.4 buffer (buffer L; 110 mM
NaCl, 5 mM KC1, 1 mM MgC12, 5 mM NaH2PO4, 25 mM HEPES, and

10 mM glucose) at a final concentration of 5 x i0� celllml. VP-16 (20
j.tM) or DMSO (0.4%) was added to 2 ml of cell suspension, and the

cells were incubated for 30 mm at 37#{176}.After incubation, cells were

pelleted by centrifugation (1000 x g) and lysed, cellular DNA was
sheared by passage (four times) through a 22-gauge needle, and

protein/DNA complexes were precipitated with SDS and KCI as
previously described (32). DNA topoisomerase ILI[3HIIDNA com-
plexes were quantified relative to i4C4abeled protein by scintillation
counting of KCIJSDS precipitates (32).

Time (h)

.� � �

C C) C�

(� > >06

Fig. I . Time-dependent VP-16-induced monolayer detachment and
inhibition by cycloheximide. Exponentially growing DU-1 45 cells were

treated with vehicle alone (#{149}),5 �M CHX (0), 30 �M VP-16 4, or 30 �tM

VP-16 with 5 �M CHX (A). A, Cell counts on detached cells were
performed at 8-10-hr intervals over 74 hr. The number of cells do-
tached in VP-i 6-treated cultures was significantly greater (p < 0.05) at
all time points of �24 hr. Cultures treated with VP-16 and CHX were
significantly different than VP-16-alone cultures at all time points of
�24 hr; they also were significantly different from control cultures at all

time points of �41 hr. B, Monolayer cell number in the flasks used for
detachment studies after 74 hr of treatment. *, Significance versus

control cultures at 74 hr. t Significance versus 30 �M VP-16. Data
represent cell counts from triplicate experiments; error bars, standard
error.
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VP-16 exposure, with -60% of all cells detaching during this

interval. Cotreatment with 5 ,tM CHX prevented much of the

VP-16-induced detachment of cells from the monolayer, as

demonstrated by a decrease in the number of detached cells

(Fig. 1A). CHX treatment alone, however, was unable to

lessen the basal rate of cell detachment, as CHX treatment

did not suppress the number of detached cells versus control

cultures. Furthermore, CHX only partially inhibited the de-

tachment of cells from the monolayer as the CHX and VP-16
cotreatment resulted in significantly more detached cells

than did CHX alone after 41 hr (Fig. 1A). Concomitant with

the detachment ofcells from the monolayer, VP-16 treatment

caused a marked decrease in cells on the monolayer (Fig. 1B).

Treatment with 5 ,.�M CHX also caused a decrease in the

number of cells on the monolayer, consistent with inhibition

of protein synthesis. CHX treatment, however, partially

blocked the VP-16-induced decrease in monolayer cell num-

ber to the level of CHX alone (Fig. 1B). The partial response

of CHX may reflect incomplete blockage of protein synthesis;

5 p.M CHX inhibited 85 ± 4% of protein synthesis at 0-8 hr,

78 ± 5% at 24 hr, and 72 ± 2% at 72 hr of continuous CHX

exposure. Because treatment with 5 �M CHX alone caused

inhibition ofcell proliferation (Fig. 1B), we did not use higher

concentrations of CHX to avoid toxicity during the time

course.

The asynchronous detachment of these cells was further

investigated with the use oftime-lapse cinematography (data

not shown). Before detachment from the monolayer, cells

condensed, rounded, and developed numerous protuberances

of the plasma membrane, until the cell ultimately detached

from the monolayer. Further examination of attached and

detached cells after staining with the DNA-binding fluoro-

chrome Hoechst 33342 revealed DNA condensation and mar-

gination consistent with cell death via apoptosis in the VP-

16-treated detached cells (Fig. 2C). Control DMSO-treated

(Fig. 2A) and VP-16-treated (Fig. 2B) attached cells, however,

had nuclear morphology that was characteristic of normal

cells. Furthermore, attached control DMSO-treated cells or

Fig. 2. Morphology of control and VP-16-treated DU-145 cells. Expo-

nentially growing DU-145 cells were treated with 30 �M VP-16; after 24

hr, any detached cells were removed via centrifugation at 1 000 x g for
5 mm, the medium was replaced, and newly detached cells were
collected over the next 4 hr. Therefore, all cells were incubated with 30
j.tM VP-16 or DMSO (controls) for a total of 28 hr. The newly detached
cells were pelleted by centrifugation and either stained with Hoechst
33342 or fixed for electron microscopy. Attached cell populations were
harvested by Trypsin treatment, pelleted by centrifugation, and stained

with Hoechst 33342; alternatively, cells were fixed in situ for electron
microscopy. A and D, Control attached cells. B and E, VP-1 6-treated
attached cells. C and F, VP-1 6-treated detached cells. Final magnifi-

cation: A-C, 600x; D and E, 2600x; and F, 4950x.

attached VP-16-treated cells exhibited normal nuclear chro-
matin structure when viewed with transmission electron mi-

croscopy (Fig. 2, D and E). In contrast, chromatin condensa-

tion and margination were readily observable in detached
cell populations, as were numerous apoptotic bodies (Fig. 2F).

From these data, we concluded that VP-16 induced apoptotic
cell death in DU-145 cells.

Evaluation ofDNA fragmentation. Exposure of DU-145

cells to VP-16 caused a concentration- and time-dependent

increase in DNA fragmentation (Fig. 3A). VP-16 concentra-

tions of �3 �tM produced statistically significant (p < 0.05)

increases in DNA fragmentation after 72 hr of continuous

drug exposure. Higher concentrations of VP-16 (30-100 jiM)

induced statistically significant increases in DNA fragmen-
tation by 24 hr. Interestingly, there was a concentration-

dependent increase in DNA fragmentation in attached DU-

A
a)
03
(5
>
(5

C.)
C

Cs
E
2

C-)

0 0.1 1 3 10 30 100

[VP-16] (jiM)

0 1 3 10 30 100

(VP-16] (jiM)

Fig. 3. Concentration- and time-dependent VP-16 induction of DNA
fragmentation in DU-145 cells. Exponentially growing DU-145 cells
were treated with VP-1 6; attached and detached cells were harvested
and processed as described in Materials and Methods. Data represent
mean DNA fragmentation (i.e., percentage of DNA not sedimented after
a 27,000 x g centrifugation for 20 mm) from five experiments (A) and
three experiments (B); error bars, standard error. A, DNA fragmentation
from attached and detached cells at 24 hr (open bars), 48 hr (shaded
bars), and 72 hr (solid bars). B, DNA fragmentation from attached cells
only 24 hr after VP-16 treatment. *, Significance versus DMSO (p <

0.05).
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145 cells (Fig. 3B); these cell populations had normal

morphology as determined with Hoechst 33342 staining (Fig.
2B) or transmission electron microscopy (Fig. 2E). Analysis of
DNA from VP-16-treated DU-145 cells by conventional gel

electrophoresis demonstrated an absence of internucleoso-

mal DNA cleavage (data not shown).

Further examination of DNA fragmentation in attached

VP-16-treated DU-145 cells with the use of QFIGE revealed

production of discrete DNA fragments of � 1 mbp, 450-600

kbp, and 30-50 kbp (Fig. 4A). Provocatively, each of these

fragments was observed by QFIGE, in small quantities, in

attached control cell populations (Fig. 4A), which may repre-

sent the basal apoptotic rate in control cell populations (Fig.

Alt

�. �o 0 8
- m m

I 3 10 30 100

f�nD�16J (riM)

Fig. 4. QFIGE analysis of DNA fragmentation in DU-145 cells. A, Ex-
ponentially growing cells were treated with indicated concentrations of
VP-i 6. After 24 hr, attached and detached cells were independently
harvested, and agarose plugs were prepared as detailed in Materials
and Methods. This figure is representative of three independent gels. B,
Quantification of the DNA fragmentation observed from attached cells
in A. Open bars, �i -mbp DNA fragments; shaded bars, 450-600-kbp

DNA fragments; solid bars, 30-50-kbp DNA fragments. Error bars,
standard error. *, Significance versus DMSO alone (p < 0.05).

1A). Analysis of these attached cell populations revealed a
concentration-dependent increase in higher order DNA frag-

mentation (Fig. 4B). ISBE and confocal microscopy also re-

vealed a concentration-dependent increase in DNA strand

breaks, with -30% of the attached cells being positive 24 hr

after exposure to 30 jiM VP-16 (Fig. 5). In detached VP-16-

treated cell populations, however, the � 1-mbp and 450-600-

kbp DNA fragments were virtually absent, and there was a

tremendous accumulation of the 30-50-kbp DNA fragments

(Fig. 4A). TrypsinfEDTA treatment of the detached cells did

not affect the DNA fragmentation pattern (data not shown).

We investigated the possibility that these high molecular
weight DNA fragments resulted from increased topoisomer-

ase 11/DNA interactions. First, kinetic analysis revealed that

the increase in the � 1-mbp and 450-600-kbp DNA fragments

occurred simultaneously and was significant (p < 0.05) only

after 10 hr ofcontinuous exposure to 30 jiM VP-16 (Fig. 6). In

addition, the generation of the � 1-mbp and 450-600-kbp

DNA fragments was followed by a later (�-�2 hr) generation of

the 30-50-kbp fragments. Second, the production of the � 1-

mbp, 450-600-kbp, and 30-50-kbp DNA fragments was also

found to be partially inhibited (-50%) after a 24-hr continu-

ous exposure to VP-16 by cotreatment with 5 jiM CHX (Fig.

7). Further analysis of topoisomerase II levels by Western
blot analysis using attached cell populations revealed no

significant decrease in the amounts of topoisomerase II en-

zyme levels in 24-hr CHX-treated cells (data not shown). We
also investigated the short term effects of CHX on inhibition

of high molecular weight DNA fragmentation. With the use

of ISBE, we observed an elevation of the mean fluorescence

intensity in attached cells to 497 ± 15 arbitrary fluorescence

units at 2 hr after the addition of 30 jiM VP-16. This increase

in fluorescence was totally abrogated when cells were simul-

taneously exposed to 30 jiM VP-16 and 5 jiM CHX, as the

mean fluorescence intensity of attached cells was reduced to

373 ± 6, which was identical to the fluorescence intensity

(377 ± 11) observed after exposure to only 5 jiM CHX. Fur-

thermore, CHX cotreatment also reduced the amount of DNA

fragmentation observed with the use of QFIGE in the � 1-

mbp, 450-600-kbp, and the 30-50-kbp DNA fragments by 54

± 1, 56 ± 3, and 36 ± 17, respectively. Finally, we investi-

gated the ability of other agents to produce a similar profile

of DNA fragmentation in these cells. In addition to VP-16,

��/P-I6� (pM)

Fig. 5. DNA strand breaks in attached DU-145 cells 24 hr after treat-
ment with VP-i 6. After 24-hr treatment, cells were processed for ISBE,
and nuclear fluorescence intensity was measured. #{149},Mean fluores-
cence intensity above DMSO alone. Error bars, standard error. *, Sig-
nificance compared with DMSO alone (p < 0.05). Values in parenthe-

ses, percentage of cells with nuclear fluorescence intensity of �i 000
arbitrary units.
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Fig. 6. Kinetic analysis of the production of �1 -mbp, 450-600-kbp,
and 30-50-kbp DNA fragments by QFIGE. Exponentially growing DU-
145 cells were treated with 30 jiM VP-i 6; at the indicated time points,
attached cells were harvested and prepared in agarose plugs as de-
scribed in Materials and Methods. Data were derived from quantifica-

tion of three experiments. *, Significance compared with DMSO con-
trols (p < 0.05). Open bars represent the �l-mbp DNA fragments.
Shaded bars, 450-600-kbp DNA fragments; solid bars, 30-50-kbp

DNA fragments.

melphalan (100 jiM) and bleomycin (7 jiM) not only produced

a similar profile of high molecular weight DNA fragments

but also produced -5-fold more of each of the � 1-mbp and
450-600-kbp DNA fragments compared with VP-16 (Fig. 8).

The increased production of these fragments was not related

to efficacy, as these agents were either as efficacious (mel-

phalan) or less efficacious (bleomycin) than 30 jiM VP-16 for
induction of apoptotic morphology at 24 hr. Furthermore, all

of these agents produced characteristic chromatin condensa-
tion and margination in detached cell populations, as shown

in Fig. 2C, after Hoechst 33342 staining (data not shown).

Also, to investigate whether melphalan and bleomycin were

increasing topoisomerase II binding to DNA by a yet-unde-

scribed pathway, we measured DNA/protein complexes in the

absence or presence of2O jiM VP-16 after cells were incubated

with melphalan or bleomycin for 24 hr. We observed no

significant (p < 0.05) increase in DNA/protein binding in

DMSO- or VP-16-treated cells regardless of whether these
cells had been previously treated with melphalan or bleomy-

cm (data not shown). Finally, there was no significant (p <

0.05) difference in topoisomerase II protein levels as assessed

with Western blot analysis in attached (preapoptotic) mel-

phalan- or bleomycin-treated cells (data not shown).

Discussion

The role of DNA fragmentation in apoptosis is highly de-

bated. Internucleosomal DNA fragmentation, once consid-
ered the sine qua non of apoptosis, is actually a dispensable

element of the apoptotic process in a variety of cell types

(7-14). This finding antiquates the notion that internucleo-

somal DNA fragmentation is required for apoptosis. DNA

fragmentation, however, remains a universal finding in nu-

cleated cells during apoptosis; it has been suggested that
DNA degradation during apoptosis may be a multistep pro-

cess (7, 21, 33). Internucleosomal DNA cleavage may there-

fore represent a form of DNA fragmentation that is unnec-

essary, yet prevalent in many cell types undergoing

apoptosis.

Results from several cell types reveal DNA fragments of

-5 mbp (6), >1 mbp (21), 700-800 kbp (19, 20), >600 kbp

10

fVP-16J (pM)

Fig. 7. Quantitative effect of cycloheximide on the VP-i 6-induced for-
mation �i-mbp, 450-600-kbp, and 30-50-kbp DNA fragments as
determined by QFIGE. The amount of fragmented DNA from QFIGE
was determined as described in Materials and Methods. Data were
obtained from quantification of the three independent experiments. A,
�l -mbp DNA fragment. B, 450-600-kbp DNA fragment. C, 30-50-kbp
DNA fragment. U, Treatment with VP-i 6 alone. #{149},Cotreatment with
VP-16 and 5 jiM. a, Significant reduction in DNA fragmentation com-
pared with treatment with VP-i 6 alone (p < 0.05, paired Student’s
test).
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Fig. 8. Effect of melphalan and bleomycin on generation of high mo-
lecular weight DNA fragments. Exponentially growing cells were treated

with 100 jiM melphalan or 7 jiM bleomycin. After 24 hr, cells were
washed three times with PBS, attached cells were harvested, and
agarose plugs were prepared as detailed in Materials and Methods.
This figure is representative of three independent gels.

(23), �460 kbp (33), 200-300 kbp (7, 18-21, 33), 30-50 kbp

(7, 18-21, 33), and 180 bp (and multiples thereof) occurring

in apoptosis. Taken together with our results, these findings

indicate that DNA fragmentation during apoptosis can be

tentatively classified into four groups: class I, internucleoso-

mal (180 bp) fragments, which does not occur in DU-145 cells;

class II, 30-50-kbp DNA fragments; class III, 200-300-kbp

DNA fragments; and class IV, >400-kbp DNA fragments.
Furthermore, diversity ofhigher ordered DNA fragmentation

may occur in different cell types, perhaps mediated by acti-

vation of different endonucleases. Nevertheless, some cell

types have the capacity to produce fragments of multiple

classes; for example, teniposide-treated murine lymphocytes

produce DNA fragments of 700, 300, and 50 kbp and undergo

internucleosomal DNA cleavage (20). The lack ofclass I DNA

fragments in DU-145 cells, we believe, make them an attrac-

tive and useful model.

The observed differences in sizes of high molecular weight
DNA fragments among various cell lines may represent dif-

ferences in the endonucleases in these diverse cell types.

Surprisingly, the enzymes responsible for DNA degradation

during apoptosis are not known. Putative enzymes that produce

internucleosomal (class I) fragments include a Ca2�/Mg�-de-

pendent endonuclease (34, 35), DNase I (36), DNase II (37), and

NUC-18 (38). An Mg��dependentJCa2tindependent endonu-

clease has been identified in rat thymocytes that may be re-

sponsible for some higher order chromatin cleavage (33).

Investigation of higher order DNA fragmentation in DU-

145 human prostatic tumor cells revealed the production of

discrete and quantifiable DNA fragments of � 1 mbp, 450-

600 kbp, and 30-50 kbp in the absence of internucleosomal
DNA fragmentation. In prior studies, the presence of the

>1-mbp, 700-800-kbp, and >600-kbp DNA fragments have

been attributed to inhibition of the cleavable/religation reac-

tion catalyzed by topoisomerase II (20, 21, 23). Supporting

this idea is the loss of these large fragments if the topoi-

somerase-interactive drug teniposide is removed by washing

(20, 21). The decline of the >1-mbp and 700-800-kbp frag-

ments after drug removal in those particular studies was

ascribed to the resealing of the topoisomerase II-cleavable

complexes. In the present study, however, we observed DNA

fragments of similar sizes (� 1 mbp and 450-600 kbp) that

persisted after the removal of VP-16 by washing with PBS.

Also, several results of the present study provide compelling

evidence that these higher order DNA fragments in DU-145

cells are not generated as a result of increased topoisomerase

11/DNA interactions during the induction of apoptosis but

rather are likely to be generated by endonuclease activation.

First, the increased generation of these class II and IV DNA

fragments correlated temporally with induction of apoptosis

and were not observed soon after VP-16 addition, as might be

predicted if these DNA fragments were a result of VP-16-

mediated stabilization of the DNA/topoisomerase II complex

(Figs. 1 and 6). Second, formation of the high molecular

weight DNA fragments was reduced at both 2 and 24 hr after

VP-16 treatment by CHX coincubation, thereby demonstrat-

ing the essential role of protein synthesis. Third, the � 1-mbp

and 450-600-kbp DNA fragments were found after treat-

ment with several pharmacological agents (i.e., meiphalan

and bleomycin) that are not thought to alter topoisomerase II

activity (Fig. 8). Furthermore, the increased formation of the

�1-mbp and 450-600-kbp DNA fragments in melphalan-

and bleomycin-treated cells was not associated with in-

creased topoisomerase Il/DNA interactions (data not shown).

Therefore, these results suggest a second interpretation of

the aforementioned studies (20, 21), i.e., the loss of impetus

for generation of the > 1-mbp and 700-800-kbp fragments

with the coordinated degradation of the > 1-mbp and 700-

800-kbp DNA fragments to 30-50-kbp DNA fragments.

In addition, it has recently been reported that a >600-kbp
DNA fragment was produced soon (2 hr) after treatment of

the human T lymphoblastoid cell line MOLT-4 with VP-16

(23). The abundance of this fragment was rapidly (�5 mm)

reduced by washing with drug-free medium, a finding con-

sistent with the reversible nature of topoisomerase IT/DNA

interactions. The generation of high molecular weight DNA

fragmentation in the MOLT-4 cell line is in opposition to our

findings in DU-145 cells with respect to several important

elements. We observed the production of these high molecu-

lar weight DNA fragments only after prolonged incubation

with VP-16 in DU-145 cells (Fig. 6) compared with relatively

rapid (2 hr) formation of the >600-kbp DNA fragment in

MOLT-4 cells. Furthermore, we detected a similar pattern of
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DNA fragmentation in DU-145 cells when treated with

agents (i.e., melphalan and bleomycin) that are not thought

to act through topoisomerase II and were found not to either

increase basal DNA/protein complex formation or alter the

ability of VP-16 to induce covalent complex formation.

MOLT-4 cells grow in suspension rather than as a mono-

layer, as do the DU-145 cells and most other non-leukemic/

lymphoid cell types. Matrix attachment can affect the apop-
totic process (31); thus, further investigation of these
differences is warranted. In particular, it would be interest-

ing to induce apoptosis in MOLT-4 cells using a variety of

agents, including melphalan and bleomycin, to gain further

insight into the apparent topoisomerase IT-mediated genera-

tion of the >600-kbp DNA fragment in this suspension cell

type.

In summary, we found that apoptosis induced by VP-16,

meiphalan, and bleomycin in DU-145 cells is characterized

by the cleavage of DNA into �1-mbp and 450-600-kbp frag-

ments before cell detachment or morphological changes in

chromatin structure. Quantification of discrete high molecu-

lar weight DNA fragments with the use of QFIGE illustrates
the usefulness of this new tool for investigating early events
(i.e., before morphological changes) in apoptosis. Accrual of
30-50-kbp DNA fragments in detached cell populations,

however, is coincident with chromatin condensation, and

from kinetic analysis we conclude that the �1-mbp and 450-
600-kbp DNA fragments are precursors to these fragments.
Furthermore, the lack of apoptotic morphology in attached

cells and the lack of further DNA degradation onto oligonu-

cleosomal-sized DNA fragments in this cell line designate the
30-50-kbp DNA fragments as possible mediators of the
changes in nuclear morphology, which define apoptosis. Fi-

nally, in androgen-independent human prostatic carcinoma

cells, DNA fragmentation is the earliest identified marker of

apoptosis. The presence of high molecular weight DNA frag-

mentation in attached cells may demarcate a preapoptotic
cell population and may also represent a concomitant event
in drug-induced apoptosis.
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