Jpn. J. Cancer Res. 86, 677-684, July 1995
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Internucleosomal DNA fragmentation and morphological changes in nuclei typical of apoptosis were
observed in L1210 cells incubated with 1.0 gg/ml of 1-5-D-arabinofuranosylcytosine (ara-C). To
investigate the mechanisms involved, we examined the activities of endogenous endonuecleases in
nuclei and cytoplasm. Both fractions of control cells contained Ca’*-dependent endonuclease which
was capable of mediating internucleosomal DNA fragmentation. The assay system using two kinds of
target substrates, i.e., nuclear chromatin of CCRF-CEM cells and naked DNA purified from the
same cells, revealed that the activity of Ca’*-dependent endonuclease was enhanced in the crude
nuclear extracts of cells treated with 1.0 g2g/ml of ara-C for 24 h or 48 h. The activity was extracted
more easily from ara-C-treated cells than contre! cells without sonication of the nuclear fraction.
On the other hand, in the cytoplasmic fraction of the cells, the activity towards naked DNA was
unchanged, whereas that towards nuclear chromatin was clearly enhanced. These results suggest that
internucleosomal DNA fragmentation induced by ara-C treatment is associated with enhancement and

activation of constitutively expressed Ca®"-dependent endonuclease in L1210 cells,
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1-8-p-Arabinofuranosylcytosine (ara-C) is one of the
most effective agents against acute myeloblastic leuke-
mia. It is converted to an active metabolite, ara-C tri-
phosphate (ara-CTP),"? and is in part misincorporated
into newly synthesized DNA of the cells in the S-phase™ ¥
resulting in interference with chain elongation,” and
causing inhibition of DNA synthesis,” dysfunction of
DNA,” and a decrease in clonogenic survival.>® Thus,
the primary action mechanisms and cellular targets of
ara-C have been extensively studied for years, but the
precise pathway leading from these cellular changes to
the final cell death remains unclear.

Recently, great interest has been focused on apoptosis
as a mode of cell death both in physiological circum-
stances and in pathological situations induced by a vari-
ety of anti-cancer agents.¥'” In human levkemic cell
lines, ara-C has been reported to induce apoptosis with
internucleosomal DNA fragmentation,® ''» which is
considered as a biological hallmark of apoptosis.'*!®
However, the precise mechanisms of internucleosomal
DNA cleavage involved in apoptosis, as well as the
endonucleases involved have not been clearly identified,
though some candidate endonucleases have been re-
ported.'®*? Among them, Ca®*- or Ca?* /Mg?*-dependent
endonucleases have been reported to be responsible for
nucleosomal DNA cleavage in thymocyte or lymphoid
cell apoptosis induced by glucocorticoid treatment,' 2029

1-3-D-Arabinofuranosyleytosine

— DNA fragmentation —

or by irradiation.” ¥ In the present study, we examined
the activities of endogenous Ca’*-dependent endo-
nuclease in nuclei and cytoplasm during the process of
ara-C-induced apoptosis in 11210 cells.

MATERIALS AND METHODS

Chemicals ara-C and RNase A were purchased from
Sigma (8t. Louis, MQ). Proteinase K was from Merck
(Darmstadt, Germany). All the other chemicals were
obtained from Nacalai Tesque (Kyoto), unless otherwise
indicated.

Cell culture Murine leukemia L1210 cells were cultured
in RPMI 1640 medium (Nissui Pharmaceutical, Tokyo)
supplemented with 109 heat-inactivated fetal calf serum
(GIBCO, Grand Island, NY), 100 gg/ml kanamycin
{Meiji Seika, Tokyo) at 37°C under 5% CO, in humidi-
fied air. For ara-C treatment, exponentially growing cells
were sedimented at 200g and resuspended in fresh
medjum at 1 X 10° cells/ml. Human T-lymphoblastic leu-
kemia CCRF-CEM cell line was maintained similarly.
The viable cells were counted by the trypan blue dye
exclusion method.

Clonogenic assay After exposure to ara-C, cells were
washed three times with the medium and plated in qua-
druplicate on 24-well plates (Falcon #3047, Becton
Dickinson, Lincoln Park, NJ) at 200 cells/well in 0.4 ml
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of the culture medium supplemented with 15% fetal calf
serum, and 0.8% methylcellulose. Colonies (> 50 cells)
were counted after six days of culture.

Extraction of DNA and agarose gel electrophoresis
After incubation with ara-C, cells were spun down,
washed twice with phosphate-buffered saline (PBS) and
incubated in the lysis buffer (10 mM Tris-HCI, pH 8.0, 20
mM EDTA, 1% sodium dodecyl! sulfate and 0.5 mg/ml
of proteinase K) at 42°C for 24 h. DNA was extracted
with phenol/chloroform/isoamyl alcohol as described
previously®® with slight modifications, and treated with
100 gg/ml of RNase A for 1 h at 37°C. Precipitated
DNA with ethanol at —20°C overnight was pelleted by
centrifugation at 12,000¢ for 20 min and dissolved in TE
buffer (10 mM Tris HC], pH 8.0 and 1 mM EDTA).
DNA concentrations were estimated by measuring the
Ajys. DNA (2.5 up) was loaded onto 1.2% agarose gels
(FMC BioProducts, Rockland, ME) and electrophoresis
was performed in 0.5 X TAE buffer (20 mM Tris-acetate
and 1 mM EDTA) for 75 min at 50 V. The gels were
stained with 1 pg/ml of ethidium bromide and photo-
graphed under UV light.

Preparation of cytoplasm and nuclei The preparation
was performed by the method of Kauffman® and Ber-
trand et al?” with slight modifications. Cells were
harvested by centrifugation, washed twice with PBS,
incubated on ice for 20 min at a density of 1.3 X 107 cells/
ml in STKM buffer (250 mM sucrose, 50 mM Tris-HCY,
pH 7.5, 25 mM KCl and 5 mM MgCl,) containing 0.25%
Triton X-100, and centrifuged at 1,800g for 8 min at 4°C.
The supernatant was harvested as a cytoplasmic fraction
and was either used immediately after preparation or
stored for up to two weeks at —30°C. The pellet (nuclear
fraction) was then resuspended at 5X10° nuclei/ml in
STKM buffer and the Triton X-100 treatment was re-
peated. Finally sedimented nuclei were suspended in
STKM buffer and examined under a microscope with a
drop of 0.1% azur-C on a slide glass. Assay of glucose-6-
phosphatase, a marker enzyme of microsomes, showed
that there was less than 5% microsomal contamination in
the nuclear fraction. In the cytoplasmic fraction, little
contamination of DNA was detected by agarose gel
electrophoresis,

Preparation of crunde nuclear extracts Isolated L1210
cell nuclei were extracted in 0.1 ml/10” nuclei of extrac-
tion buffer (20 mM Tris HCL, pH 7.5, 1 mM EGTA, 0.35
M NaCl, 5 mM MgCl,, 1 mM phenylmethanesulfonyl
fluoride and 1 mM 2-mercapioethanol) at 4°C for 60 min,
and centrifuged at 105,000g for 2 h. Occasionally, where
indicated, they were sonicated (Ultrasonics, NY) for 5 s
X 3 with 15-s cooling intervals before incubation at 4°C.
The supernatants were collected as nuclear extracts and
stored at —80°C for up to two weeks. Protein concentra-
tions were determined by the method of Lowry.?®

678

Autodigestion of nuclei 1.1210 cell nuclei were incubated
at 37°C in STKM buffer in the presence of 1 mM EGTA
or various concentrations of CaCl, for 60 min. The
reaction was stopped by adding the lysis buffer and DNA
was extracted as mentioned above except for 2-h treat-
ment with proteinase K.
Endeonuclease assay To examine how endonucleases
work on DNA which sustains chromatin conformation
and on naked DNA, two kinds of exogenocus target
substrates were employed. One is nuclei of CEM cells,
which showed little endogeneous Ca*- or Ca**/Mg?*-
dependent endonuclease activity,”™ and the other is
naked DNA purified from intact CEM cells. The assay
mixture in a volume of 100 gl contained 5 mM MgCl,,
indicated concentrations of CaCl,, enzyme-containing
extracts {cytoplasm prepared from 10° cells, or 40 yg
proteins of nuclear extract), and target substrate (10°
CEM nuclei suspended in STKM buffer or 10 ug of
naked DNA). The reaction was performed at 37°C for
the indicated time, and was stopped by adding the lysis
buffer. The target DNA was isolated and fragmentation
patterns were detected by agarose gel electrophoresis as
described above. The quantification of fragmented DNA
was done according to the method of Alnemri and
Litwack'” with slight modifications. Photographic nega-
tives were scanned and the divided areas at the molecular
weight marker position of 1.9 kilobase pairs were in-
tegrated by FAST SCAN, Personal Scanning Imager
(Molecular Dynamics, Sunny Vale, CA}. The percentage
of fragmented DNA was determined by dividing the area
in the region of under 1.9 kilobase pairs by the total area,
Each experiment was done at least three times and
electrophoretic patterns were confirmed to be the same in
a series of experiments.

RESULTS

Apoptosis induced by ara-C treatment Table I shows that
treaiment with 1.0 ¢zg/ml of ara-C slowly decreased the
cell viability and it was effective in clonogenic assays,
This treatment triggered apoptosis, as was confirmed by
observation of nuclear morphology and the electropho-
retic patterns of extracted DNA. Cells stained with the
DNA-specific fluorochrome diamidino-2-phenylindole
(DAPT) were observed by confocal laser scanning mi-
croscopy (LSM-GB200, Olympus, Tokyo) (Fig. 1). Chro-
matin condensation typical of apoptosis was observed as
intensely fluorescent granules of different sizes in ara-C-
treated cells. However, the nuclei of control cells kept an
intact round form, and fine fluorescent grains were dis-
persed almost evenly in all parts of the nucleus. In
electrophoretic analysis, isolated DNA of ara-C-treated
cells was partly cleaved into 180-200 base pair units
which showed mono- and oligonucleosomal fragments,



and this DNA fragmentation was prominent at 48 h
(Fig. 2).

Ca’*-dependent endonuclease activities in nnclei and
cytoplasm Nuclei of L1210 cells were autodigested in
STKM buffer with 1 mM EGTA or various concentra-
tions of CaCl,. Electrophoretic analysis revealed that in
the presence of 5 mM Mg?*, nuclear DNA was not
degraded with | mM EGTA, while it was digested into
nucleosomal units most prominently with 1 mM Ca’*,
The optimum concentration of Ca?' ranged from 1 mM
to 2 mM in more precise experiments (data not shown),
and it was inhibited by co-incubation with 50 uM Zn**
(Fig. 3). Zn** is known to inhibit endonuclease activity
and the concentration for inhibition was at the same level
as in the cases of thymocyte nuclei®® > and human spleen
cell nuclei.® On the other hand, when CEM nuclei were
used as an exogenous target substrate in a nuclease assay,

Table I. Effects of 1.0 gg/ml of ara-C Treatment in L1210
Cells
Treatment time with Viability® Clonogenic survival?
ara-C (h) (%) (%)
0 95.81+0.8 99.7+6.3
24 91.044 3.8%0.6
48 83.21+3.5 3.60.8

@) MeantSD of two separate experiments performed in
triplicate.

b) Mean*SD of two separate experiments performed in
quadruplicate.

Endonuclease in ara-C-induced Apoptosis

Ca**-dependent endonuclease activity was also detected
in cytoplasm (5 mM Mg was included), and its charac-
ter was similar to that of the activity in nuclei, i.e., the
optimal concentration of Ca?" was 1 mM, and it was
inhibited by 50 M Zn** (Fig. 4). The requirement for
Mg** was not studied because it was necessary for prep-
aration of the cytoplasm,

Effect of ara-C treatment on Ca’*-dependent endonu-
clease activity in nuclear extract To study the effect of
ara-C treatment of cells on the Ca’*-dependent endo-
nuclease activity in nuclei, we extracted nuclear proteins
with 0.35 M NaCl and examined its activity using both
naked DNA and chromatin DNA of nuclei from CEM
cells as target substrates. In control cells, this endo-
nuclease could not be extracted effectively without
sonication, since the substrates were not degraded (Fig.
5A, lane 1 of each panel). Increasing the protein amount
of nuclear extracts did not induce any visible nucleo-
somal DNA fragmentation (data not shown). In con-
trast, nuclear extracts prepared from ara-C-treated cells
digested naked DNA effectively, and chromatin DNA. of
CEM nuclei was degraded into nucleosomal units (Fig,
5A, lanes 2 and 3 of each panel). These results indicate
that Ca®*-dependent endonuclease is extractable from
nuclei of ara-C-ireated cells. When the sonication process
was added in the preparation of nuclear extracts, this
endonuclease was detected in control nuclear extracts
(Fig. 3B, lane 1 of each panel), while its activity to digest
both kinds of substrate DNA was prominent in the
nuclear extracts from ara-C-treated cells (Fig. 5B, lanes
2 and 3 of each panel), and was inhibited by 50 uM Zn"

Fig. 1.

UV fluorescence photographs of L1210 cells. (A) Control. (B) Apoptotic nuclear fragmentation of cells treated with 1

pg/ml of ara-C for 24 h. Afier drug treatment, cells were stained with 1 gg/ml of the DNA-specific fluorescent dye DAPI and
were observed with a laser confocal scanning microscope. Original magnification was X 400.
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(Fig. 5B, lane 4 of each panel). In addition, densito-
metric quantification demonstrated the enhancement of
Ca’*.dependent endonuclease activity in nuclear extracts
of ara-C-treated cells (Fig. 5, C and D). In the extracts
of ara-C-treated cells (24-h treatment), the percentage of
fragmented chromatin DNA was 2.5 times the control

Time (h)
M 0 12 24 48

Fig. 2. Time course of ara-C-induced internucleosomal
DNA fragmentation in LI210 cells. Cells were incubated
with 1 gg/ml of ara-C for 0, 12, 24 or 48 h. Each DNA was
isolated and 1.2% agarose gel electrophoresis was performed.
M, molecular weight markers expressed in base pairs.

Fig. 3. Autodigestions of nuclei of L1210 cells, Tncubation
of 10° nuclei in 100 gl of STKM buffer with 1 mM EGTA
(lane 1), 0.1, 1.0, 10 mM of CaCl, (lane 2, lane 3, and lane 4
respectively), or 1 mM CaCl; and 50 uM ZnCl; (lene 5) was
conducted at 37°C for 60 min, Each DNA was isolated and
1.29 agarose gel electrophoresis was performed.
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in non-sonicated extracts, whereras it was 1.3 times the
control in sonicated extracts.

Effect of ara-C treatment on Ca’'-dependent endo-
nuclease activity in cytoplasm Activity of cytoplasmic
Ca’"-dependent endonuclease to digest naked DNA
during reaction for 20 min was not changed by ara-C
treatment of cells (Fig. 6A), and in the reaction for 60
min, each DNA was equally digested into the smallest
size seen in the electrophoretic patterns (data not
shown). In contrast, when CEM nuclei were used as
target substrates in the assay, Ca’"-dependent endo-
nuclease activity to induce internucleosomal fragmenta-
tion was clearly enhanced depending on the incubation
time with ara-C, and it was inhibited by 50 yM Zn?*
(Fig. 6B).

DISCUSSION

Cell death induced by anticancer agents had been
considered to be passively brought about by cellular
damage subsequent to the attack of the agents, each of
which has its own targets, mechanisms of action, and
primary effects.’® However, common characteristics
have been recognized in the process of cell death caused
by a variety of anticancer agents, such as induction of
c-jun expression which occurred almost immediately
after drug treatment,'>'3-3 involvement of p53*® or
bel-2' in the death response, and easily recognizable

012345

Fig. 4. Detection of endonuclease activity in cytoplasm of
L1210 cells. Incubation of 10° nuclei of CEM cells was done
in STKM buffer with 1 mM CaCl, (lane 0) or in a cyto-
plasmic fraction prepared from 10° L1210 cells with 1 mM
EGTA (lane 1), 0.1, 1.0, 10 mM CaCl, (lane 2, lane 3, and
lane 4 respectively), or 1 mM CaCl, and 50 uM ZnCl, (lane
5) at 37°C for 120 min. Each DNA was isolated and 1.2%
agarose gel electrophoresis was performed,
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Fig. 5. (A) and (B). Effect of ara-C treatment on Ca’*-dependent endonuclease activity in nuclear extracts prepared with (B)
or without (A) sonication. The assay mixture contained 40 g of proteins of each nuclear extract, 1.6 mM CaCl, and the target
substrate (10 ¢g of naked DNA or 10° nuclei of CEM cells), and was incubated at 37°C for 120 min. Each DNA. was extracted
and 1.2% agarose gel electrophoresis was performed. Lane 0 in (A) is the reaction blank (STKM buffer instead of nuclear
extracts). Lanes 1-3 in each panel show the reactions in nuclear extracts from cells with ara-C-treatment for 0 h {control), 24
b, or 48 h respectively. Lane 4 in (B) has 50 uM ZnCl, in addition to the same reaction components as in lane 3 of (B). (C)
and (D). The percentage of fragmented DNA (smaller than 1.9 kilobase pairs) determined from denmsitometric scans. Nuclear
extracts from cells after ara-C treatment for 0, 24 or 48 h were prepared with (D) or without (C) sonication, and fragmenta-
tion of naked DNA (open circles) and chromatin DNA in nuclei (closed circles) was examined. These data are representative
of three experiments.
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Fig. 6. Effect of ara-C treatment on Ca’*-dependent endo-
nuclease activity in cytoplasm. (A) Digestion of naked DNA.
(B) Digestion of chromatin DNA in CEM cell nuclei. The
assay mixture contained each cytoplasmic fraction prepared
from 10° cells as the enzyme source, 1 mM CaCl, and the
target substrate, and it was incubated at 37°C for 20 min in
{A), and for 120 min in (B). Each DNA was extracted and
1.2% agarose gel electrophoresis was performed. Lane 0 is
the reaction blank (STKM buffer). Lanes 1-3 in each panel
show reactions in cytoplasmic fractions of cells with ara-C-
treatment for O h (control), 24 h, or 48 h respectively. Lane
4 in (B) has 50 gM ZnCl, in addition to the same reaction
components as in lane 3 of (B).

chromatin condensation and internucleosomal DNA
fragmentation.® '3 Now it is accepted that many anti-
cancer agents induce apoptosis within a therapeutic
range of concentrations. Among apoptotic characteris-
tics, internucleosomal DNA fragmentation is considered
as one of the most useful hallmarks in spite of recent
reports of its absence in apoptosis.®** 37

Our results show that Ca®’'-dependent endonuclease
may be responsible for the internucleosomal DNA frag-
mentation seen in the process of ara-C-induced apoptosis
in L1210 cells. This cell line was found to possess Ca®*-
dependent endonuclease activity both in nuclei and in
cytoplasm; the activity was inhibited by 50 uM Zn®", and
was enhanced in the nuclear extract of ara-C-treated
cells. In addition, it was more readily extractable in
nuclei of ara-C-treated cells than in control nuclei, from
which it was not effectively extracted without sonication,
While Ca**-dependent endonuclease is normally tightly
bound to chromatin,*® *? in ara-C-treated cells the activa-
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tion of this endonuclease might be accompanied with
alteration in its conformation and/or in its interaction
with chromatin, causing it to be extractable. Hashida
et al.*® reported that some DNA-binding proteins
stimulated the activity of Ca?*/Mg?"-dependent endo-
nuclease and stabilized the enzyme ir vitro, so the interac-
tion between the enzyme and chromatin may be modified
by these proteins, which might be involved in the activa-
tion process of the enzyme. Endonucleases of the Ca®*/
Mg?"-dependent class related to apoptosis were extracted
from the nuclei of rat thymocytes® % and human
spleen,” and the activity was detected in nuclear extracts
of lymphoid celis?™ and small-cell lung cancer cell lines.*”
Gaido and Cidlowski®® purified a Ca’*-dependent endo-
nuclease (NUCI18) from both coentrol and glucocorti-
coid-treated rat thymocytes as a high-molecular-weight
complex, and a low-molecular active form was found
only in glucocorticoid-treated cells; they mentioned that
there was difference in association with DNA between
these two types of the nuclease. Nikonova et al*® re-
ported that Ca®" /Mn*"- or Ca?* /Mg?*-dependent endo-
nuclease was extracted from thymocyte nuclei of irra-
diated rats with 0.35 M NaCl, but from control nuclei
with 0.5 M NaCl. It seems clear that there is a relation-
ship between the extractability of the nuclease and its
increased activity in apoptotic cells.

Regarding Ca’"-dependent endonuclease activity in
cytoplasm, ara-C treatment produced different results in
the nuclease assays with the two kinds of target sub-
strates. That is to say, unchanged activity to digest naked
DNA. and enhanced activity to cleave chromatin DNA
into oligonucleosomes were observed. Similar results on
cytoplasmic nuclease activities were obtained in apop-
totic L1210 cells incubated with daunorubicin or cam-
ptothecin, but not in cytoplasm of control cells incuo-
bated with ara-CTP in vitro (data not shown), suggesting
that there is no direct action of ara-C. The existence
of activating factor(s) of Ca’*-dependent endonuclease
can explain these results. Although latent Ca?"-dependent
endonuclease may be constantly expressed in nucleus and
cytoplasm, once a cell is switched into apoptosis by ara-C
treaiment, some factor(s) may be induced or be
modulated, either in the nucleus or in the cytoplasm, to
activate the endonuclease by releasing it from an in-
hibitor and/or by changing the interaction of chromatin
DNA with the nuclease as mentioned above. In the latter
case, it would presumably act on only chromatin DNA
not on naked DNA in the endonuclease assay of cyto-
plasm of ara-C-treated cells, If the putative activating
factor(s) is associated with a rigid structure of the nu-
cleus as an inactive form, this factor(s) itself may be
released during apoptosis and leak out into the cyto-
plasm. If such a factor(s) is induced or activated in the
cytoplasm, it may be transferred to the nucleus and act



on a substrate there. Recently it has been reported that
protease inhibitors blocked internucleosomal DNA deg-
radation not only in apoptosis of thymocytes or HL-60
cells,** but also in autodigestion of liver nuclei with
Ca’" and Mg*",*» suggesting that internucleosomal
DNA fragmentation is dependent upon proteolysis. A
protease or its activator might be the putative activating
factor(s) in our study. There have been a few reports
about the induction of such activity by antineoplastic
agents.””
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