An auxiliary mode of apoptotic DNA
fragmentation provided by phagocytes
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CAD (caspase-activated DNase) can cause DNA fragmentation in apoptotic cells. Transgenic mice that
ubiquitously express a caspase-resistant form of the CAD inhibitor (ICAD) were generated. Thymocytes
prepared from the mice were resistant to DNA fragmentation induced by a variety of stimuli. However,
similar numbers of TUNEL-positive cells were present in adult tissues of transgenic and wild-type mice.
Exposure to y-irradiation caused a striking increase in the number of TUNEL-positive cells in the thymus of
wild-type, but not transgenic, mice. TUNEL-positive nuclei in transgenic mice were confined to thymic
macrophages. When apoptotic thymocytes from the transgenic mice were cocultured with macrophages, the
thymocytes underwent phagocytosis and their chromosomal DNA underwent fragmentation. This DNA
fragmentation was sensitive to inhibitors that block the acidification of lysosomes. Hence, we conclude that
the DNA fragmentation that occurs during apoptosis not only can result cell-autonomously from CAD
activity but can also be attributed to a lysosomal acid DNase(s), most likely DNase II, after the apoptotic cells

are engulfed.
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Programmed cell death, or apoptosis, is the principal
mechanism by which superfluous or potentially harmful
cells are eliminated in metazoans (Jacobson et al. 1997,
Vaux and Korsmeyer 1999). Signals that can induce apop-
tosis are relatively diverse and include the ligation of cell
death receptors at the cell surface, growth factor starva-
tion, DNA damage, and oxidative stress (Nagata 1997,
Ashkenazi and Dixit 1998; Green and Reed 1998; Raff
1998). Regardless of the origin of the apoptotic stimulus,
commitment to apoptosis occurs through the activation
of caspases, a family of cysteine proteases present in
growing cells as inactive precursors (Thornberry and La-
zebnik 1998). The initiator caspases are activated by
forming heteromeric complexes with accessory mol-
ecules. For example, caspase 8 combines with Fas and
FADD to form the DISC (death-inducing signaling com-
plex), whereas caspase 9 becomes active when com-
plexed with cytochrome ¢ and Apafl in a structure
termed the apoptosome. This is followed by the cleavage
and subsequent activation of downstream caspases such
as 3 and 6. Cleavage of a select group of substrates by
downstream caspases (Stroh and Schulze-Osthoff 1998)
is responsible for the dismantling of essential cell com-
ponents, which results in the morphological and bio-
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chemical changes that characterize apoptotic cell death:
cytoskeletal rearrangement, cell membrane disruption
and blebbing, nuclear condensation, and DNA fragmen-
tation.

The degradation of nuclear DNA into nucleosomal
units is one of the best-characterized biochemical fea-
tures of apoptotic cell death (Wyllie 1980; Earnshaw
1995). It occurs in a wide variety of cell types and serves
as the basis for the techniques that are most commonly
used to detect apoptotic cells in situ (Gavrieli et al.
1992). The relationship between caspase activation and
nuclear DNA fragmentation was elucidated by the puri-
fication and cloning of a caspase-activated DNase (CAD),
and its inhibitor (ICAD) (Enari et al. 1998). The full-
length form of mouse ICAD (ICAD-L), also called DNA
fragmentation factor (DFF-45) (Liu et al. 1997), is a 45-kD
protein composed of 331 amino acids. A short form
(ICAD-S), which consists of amino acids 1-265 of ICAD-
L, is generated by alternative splicing and is also ex-
pressed in a number of different cells (Enari et al. 1998;
Sabol et al. 1998; Gu et al. 1999; Kawane et al. 1999).
CAD has an intrinsic DNase activity but is present in
growing cells as a complex with ICAD-L (Enari et al.
1998; Liu et al. 1998; Sakahira et al. 1999a). Caspase
3-mediated cleavage of ICAD at amino acids Asp-117
and Asp-224 dissociates the CAD:ICAD-L complex and
allows CAD to cleave chromosomal DNA (Enari et al.
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1998). The expression of caspase-resistant mutant ICAD
inhibits the DNA fragmentation induced by diverse
apoptotic stimuli (Sakahira et al. 1998; Mcllroy et al.
1999) and inhibits DNA cleavage into both large-scale
and nucleosomal fragments (Sakahira et al. 1999b), con-
firming that CAD is the major DNase responsible for the
cell-autonomous nuclear DNA fragmentation that oc-
curs in apoptotic cells.

To determine the role of apoptotic DNA fragmenta-
tion in vivo, and thereby shed light on the biological
raison d’etre of the CAD:ICAD system, we established a
line of transgenic mice that express caspase-resistant
mutant ICAD. The cell-autonomous DNA fragmenta-
tion in apoptotic cells was blocked in the cells from
transgenic mice. However, DNA fragmentation in situ,
revealed by the TUNEL reaction, was still observed in
these mice. Coculturing apoptotic thymocytes with
macrophages indicated that the lysosomal DNase of en-
gulfing cells could cause DNA fragmentation in apop-
totic cells that had undergone phagocytosis. This result
agrees with previous reports suggesting that the nuc-1

A

gene product involved in DNA fragmentation during
programmed cell death of Caenorhabditis elegans works
after engulfment of dying cells (Hedgecock et al. 1983;
Ellis and Horvitz 1986).

Results
Generation of ICAD-Sdm transgenic mice

Previously we showed that the transformant cell lines
expressing caspase-resistant ICAD-L or ICAD-S protein
are resistant to DNA fragmentation during apoptosis (Sa-
kahira et al. 1998; Mcllroy et al. 1999). To test the effects
of a similar block in CAD function in whole animals, we
generated transgenic mice expressing caspase-resistant
ICAD-Sdm protein under the control of the human EF-
l1a promoter (Fig. 1A), which drives ubiquitous gene ex-
pression (Hanaoka et al. 1991). Independent lines with
germ-line transmission were identified by PCR (as de-
scribed in Materials and Methods) and screened for trans-
gene expression by Western blotting of thymus and liver
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Figure 1. Ubiquitous expression of caspase-resistant
ICAD-S in transgenic mice and its effect on in vitro B
apoptosis. (A) A schematic view of the expression plas- F
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(B) Ubiquitous expression of the ICAD-Sdm protein. pemperpndundenbibbbmnbad - | 2:... 2 ICAD-Sdm
The cell lysates were prepared from the indicated tis- 30 =
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Gy/min) and cultured for the indicated periods of time.

Cells were then stained with FITC-labeled annexin V 0 2 4 6 8 0 2 4 6 8
for apoptotic cells () or with ApopTag fluorescein for Time (hr) Time (hr)
TUNEL-positive cells (B) and analyzed by flow cytom-

etry. The results are plotted as percentages of total cells. D E

(D-E) No DNA fragmentation in the transgenic thymo- Wild-type Sdm Wild-type Sdm

cytes by treatment with dexamethasone or anti-Fas an-

tibody. Mouse thymocytes (1 x 107 cells) from the
ICAD-Sdm transgenic mice or wild-type littermates
were treated for the indicated periods of time with ei-
ther 10 pM dexamethasone (D) or 1 ng/ml of anti-Fas
antibody in the presence of 30 uM cycloheximide (E).
The chromosomal DNA was analyzed by electrophore-
sis on an agarose gel.
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extracts using the M2 anti-Flag antibody. The line show-
ing the highest level of transgene expression (line ICAD-
Sdm) was selected for further study. ICAD-Sdm trans-
genic mice developed normally, and both sexes were fer-
tile when crossed with wild-type B6 mice.

To confirm the expression of the ICAD-Sdm protein
in transgenic mice, cell lysates were prepared from vari-
ous tissues from adult mice and analyzed by Western
blotting using an anti-mouse ICAD antibody. As shown
in Figure 1B, all tissues expressed the endogenous
ICAD-S and ICAD-L proteins (35- and 45-kD proteins),
which agrees with the observation that ICAD-L and
ICAD-S mRNAs are ubiquitously expressed in mouse
tissues (Kawane et al. 1999). The cell lysates from all
tissues of transgenic mice, but not from wild-type mice,
showed an extra band at 38 kD. This band was also rec-
ognized by the anti-Flag antibody (data not shown), in-
dicating that the 38-kD protein was the transgene prod-
uct. The expression level of ICAD-Sdm was slightly
higher than that of the endogenous ICAD (ICAD-L and
ICAD-S) in all tissues.

DNA fragmentation in vitro

Thymocytes undergo apoptosis accompanied by DNA
fragmentation in response to various stimuli. To exam-
ine the effect of ICAD-Sdm on these events, thymocytes
were prepared from ICAD-Sdm transgenic and wild-type
mice, and exposed to y-irradiation. As shown in Figure
1C, the irradiated wild-type thymocytes became annexin
V and TUNEL positive with the same time course. On
the other hand, no TUNEL-positive population was
found in the thymocytes from ICAD-Sdm mice at 6 hr
after y-irradiation, even though 70% of the thymocyte

Wild-type Sdm
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Corpus
Luteum

Follicle

Apoptotic DNA fragmentation by phagocytes

population was annexin V positive at this time point. A
similar blockage of apoptotic DNA fragmentation in thy-
mocytes in these mice was observed after treatment
with dexamethasone or with anti-Fas antibody (Fig.
1D,E). That is, both stimuli caused DNA fragmentation
within 6 hr in wild-type thymocytes but not in thymo-
cytes expressing ICAD-Sdm (Fig. 1D,E). Furthermore,
large-scale chromosomal degradation, assessed by pulse-
field gel electrophoresis, was barely detectable within 6
hr in glucocorticoid-treated thymocytes from ICAD-
Sdm mice, although it occurred within 1 hr in wild-type
thymocytes (data not shown). The inhibitory effect of
ICAD-Sdm on apoptotic DNA fragmentation was dose
dependent. That is, the thymocytes from other trans-
genic mouse lines that expressed a lower level of
caspase-resistant ICAD showed significant DNA frag-
mentation in response to apoptotic stimuli (data not
shown).

DNA fragmentation in vivo

DNA fragmentation in vivo was assessed next by
TUNEL staining of tissues in which apoptosis occurs
under normal conditions (Surh and Sprent 1994; Ume-
mura et al. 1996). In adult ICAD-Sdm transgenic mice,
TUNEL-positive cells were found in the thymic cortex
and medulla and in both the corpus luteum and the gran-
ulosa cells of ovarian follicles (Fig. 2). The number of
TUNEL-positive cells in these adult tissues did not differ
between ICAD-Sdm transgenic mice and nontransgenic
littermates. Hence, apoptosis accompanied by DNA frag-
mentation in two different tissues appeared to be normal
in vivo in ICAD-Sdm transgenic mice.

However, when the mice were exposed to y-irradiation

Figure 2. TUNEL-positive cells in various tis-
sues of wild-type and ICAD-Sdm transgenic
mice. Paraffin sections were prepared from the
thymus and ovary of adult wild-type or ICAD-
Sdm transgenic mice. TUNEL-positive cells
were detected using an Apotag kit, and DAB-
black as a peroxidase substrate. Nuclei were
counterstained with hematoxylin. Original
magnifications: thymus, 100x; corpus luteum,
100x; ovarian follicules, 150x.
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to induce thymocyte apoptosis, a clear difference
emerged between ICAD-Sdm transgenic mice and their
wild-type littermates. In wild-type mice, 4 hr after expo-
sure to 13 Gy v-irradiation, large numbers of cells be-
came TUNEL positive in the thymus with extremely
high numbers in the cortex (Fig. 3A), in agreement with
a previous report (Surh and Sprent 1994). In contrast, the
same treatment of [CAD-Sdm transgenic mice generated
markedly fewer TUNEL-positive cells in the thymus.
The positive cells were clustered together, and the nuclei
outside these clusters were uniformly TUNEL negative
until 8 hr after irradiation. Thymocytes were then pre-
pared from the mice at different time points after irra-
diation and analyzed by flow cytometry for TUNEL, an-
nexin V binding and activated caspase 3. As shown in
Figure 3B, the proportion of thymocytes containing ac-
tivated caspase 3 and that binding annexin V increased
steadily after irradiation in both wild-type and ICAD-
Sdm transgenic mice, reaching 45%-60% by 8 hr. The
TUNEL-positive cell population also increased in wild-
type mice, whereas that from the transgenic mice re-
mained at a low level (<10%).

Involvement of phagocytes in DNA degradation
in apoptotic cells

A close examination of thymus sections from nonirradi-
ated and irradiated ICAD-Sdm transgenic mice indicated
that TUNEL-positive cells were engulfed by phagocytic

A
t=0
(hr)
Figure 3. Effect of y-irradiation on TUNEL-
positive cells in the thymus. (A) In situ detec-
tion of TUNEL-positive cells in the thymus.
Wild-type and ICAD-Sdm transgenic mice t=4
were left untreated or exposed for 11 min to (hr)
y-rays (1.2 Gy/min). After 4 hr, the mice were
sacrificed, and paraffin sections of the thymic
cortex were immunohistochemically stained
for TUNEL reaction, using an Apotag kit. The
sections were then counterstained with B

methyl green. Original magnifications, 400x.
(B) Apoptosis of thymocytes after -y-irradia-
tion. Wild-type (left) and ICAD-Sdm (right)
mice were irradiated as above. Thymocytes
were prepared from the irradiated mice at the
indicated time. Aliquots of 1 x 10° cells were
stained with FITC-conjugated annexin V (A),
ApopTag-fluorescein for TUNEL-positive
cells (#), or PhiPhiLux-G1D2 for the acti-

% +ve cells

cells. Double staining of thymic sections for TUNEL and
for macrophage-specific F4/80 antigen (Austyn and Gor-
don 1981) indicated that all TUNEL-positive cells in the
thymic cortex of untreated and y-irradiated ICAD-Sdm
transgenic mice were inside F4/80-positive macrophages
(Fig. 4A; data not shown). In contrast, large numbers of
TUNEL-positive thymocytes were located outside F4/
80" macrophages in irradiated wild-type mice.

To examine whether macrophages can cause DNA
fragmentation in apoptotic cells, thymocytes were in-
duced to become apoptotic by glucocorticoid treatment
and fed to peritoneal macrophages. Phagocytosis was al-
lowed to proceed for 1 hr, during which the apoptotic
thymocytes from wild-type and ICAD-Sdm transgenic
mice underwent phagocytosis with similar efficiency
(data not shown). The transmission electron microscope
analysis indicated that macrophages carry three to five
apoptotic thymocytes (Fig. 4C). The thymocytes from
both wild-type and ICAD-Sdm transgenic mice were
TUNEL positive (Fig. 4B, b and c). The appearance of the
TUNEL-positive cells was blocked when thymocytes
from ICAD-Sdm mice were cocultured with macro-
phages in the presence of chloroquine (e). Monensin at 30
1M which, like chloroquine, inhibits lysosome acidifica-
tion, also blocked generation of TUNEL-positive cells
from ICAD-Sdm thymocytes (data not shown), indicat-
ing that lysosomal acidic DNase was responsible for the
DNA fragmentation in these cells. In contrast, the wild-
type thymocytes that underwent phagocytosis were

Wild-type

vated caspase 3 (H), and analyzed by flow cy-
tometry. The results are expressed as percent-
ages of total cells.
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(a)

TUNEL positive even in the presence of chloroquine (d),
as their chromosomal DNA could be independently
cleaved by CAD. The same results were obtained using
peritoneal macrophages from ICAD-Sdm transgenic
mice as phagocytes (data not shown).

Bafilomycin Al is a specific irreversible inhibitor of
vacuolar H*/ATPase and thus inhibits acidification in
endosomes, as well as in lysosomes (Bowman et al. 1988;
Clague et al. 1994). To determine whether lysosomal
DNase from apoptotic thymocytes or phagocytes was re-
sponsible for generating TUNEL-positive cells, thymo-
cytes or macrophages were preincubated for 1 hr with 50
nMm bafilomycin. After removing bafilomycin, the apop-
totic thymocytes were cocultured with macrophages as
described above. As shown in Figure 5f, bafilomycin-
treated thymocytes from ICAD-Sdm mice became
TUNEL-positive after coculture with untreated macro-
phages. In contrast, treatment of macrophages with ba-
filomycin inhibited their ability to generate TUNEL-
positive ICAD-Sdm thymocytes (Fig. 5¢), although the
macrophages still efficiently engulfed the apoptotic thy-

Apoptotic DNA fragmentation by phagocytes

Figure 4. TUNEL-positive thymocytes in
macrophages. (A) Ingestion of TUNEL-posi-
tive cells in thymuses of ICAD-Sdm trans-
genic mice by macrophages. Wild-type (top)
and ICAD-Sdm transgenic mice (bottom)
were exposed for 11 min to vy-rays (1.2 Gy/
min). Four hours later, cryosections of the
thymus were double-stained for TUNEL-posi-
tive cells (green) and F4/80 antigen (red).
Original magnifications, 400x. (B) In vitro
generation of TUNEL-positive cells by mac-
rophages. Thioglycollate-elicited peritoneal
macrophages were resuspended in RPMI me-
dium containing 10% FCS, distributed in
eight-well glass chamber slides, and cultured
overnight at 37°C. Mouse thymocytes from
wild-type (b,d) or ICAD-Sdm (c,e) mice were
incubated at 37°C for 3.5 hr with 10 um dexa-
methasone in RPMI medium containing 10%
FCS. Apoptotic thymocytes were then added
to macrophage cultures, and phagocytosis
was allowed to proceed for 1 hr in the absence
(b,c) or presence (d,e) of 100 um chloroquine.
Cells not undergoing phagocytosis were re-
moved, and the adherent macrophages were
fixed with 1% paraformaldehyde, and stained
using the TUNEL reaction, and lightly coun-
terstained with Wright’s stain. As a control,
macrophages without thymocytes were sub-
jected to the TUNEL staining procedure (a).
Original magnifications, 400x. (C) Electron
micrograph of macrophages carrying thymo-
cytes that underwent phagocytosis. The apop-
totic thymocytes from wild-type mice under-
went phagocytosis by macrophages as de-
scribed above. The cells were fixed, stained
with uranyl acetate, and examined using a Hi-
tachi H7100 transmission electron micro-
scope.

mocytes. As expected from the functional CAD system,
the engulfed wild-type thymocytes were TUNEL posi-
tive irrespective of whether or not macrophages or thy-
mocytes were treated with bafilomycin (Fig. 5a—c). These
results indicate that acid lysosomal DNase in macro-
phages is responsible for the generation of TUNEL-posi-
tive cells.

DNA fragmentation by phagocytes

To confirm DNA fragmentation by macrophages, thy-
mocytes whose DNA was labeled in vivo with BrdU
were then used as targets. After coculturing these thy-
mocytes with macrophages, the DNA of phagocytosed or
nonphagocytosed thymocytes was separated by electro-
phoresis on an agarose gel and visualized by Western
blotting with an anti-BrdU antibody. As shown in Figure
6, the apoptotic thymocytes from wild-type mice
showed DNA fragmentation whether or not they under-
went phagocytosis (lanes 3,4), and this DNA fragmenta-
tion was not inhibited by chloroquine (lane 5). In con-
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Figure 5. Effect of bafilomycin on macrophage-induced genera-
tion of TUNEL-positive cells. Thymocytes from wild-type (a—c)
or ICAD-Sdm (d—f) mice were incubated at 37°C for 3.5 hr with
10 um dexamethasone in RPMI medium containing 10% FCS.
Bafilomycin Al at 50 nm was added to the culture for the last
hour of incubation in ¢ and f. Thioglycollate-elicited peritoneal
macrophages were resuspended in RPMI medium containing
10% FCS, distributed in eight-well glass chamber slides, cul-
tured overnight, and incubated at 37°C for 1 hr in the presence
(b,e) or absence (a,c,d,e) of 50 nm bafilomycin Al. Thymocytes
and macrophages were washed to remove bafilomycin, cocul-
tured at 37°C for 1 hr, and stained using the TUNEL reaction as
described in Materials and Methods. Original magnification,
400x.

trast, when thymocytes from transgenic mice were used
as targets, DNA fragmentation was observed only in
cells that underwent phagocytosis (lanes 8,9). This DNA
fragmentation was blocked when the coculture was car-
ried out in the presence of chloroquine (lane 10). These
results indicate that acid DNase provided by phagocytes
caused DNA fragmentation in apoptotic thymocytes.

Discussion

Apoptosis is known to be a cell death process that occurs
cell-autonomously. That is, cells have a mechanism for
committing suicide or are programmed to die. Various
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apoptotic stimuli activate caspase cascades that lead
to cleavage of >60 death-related substrates (Stroh and
Schulze-Osthoff 1998) and to activation of the CAD
DNase that causes DNA fragmentation (Enari et al. 1998).
In this report we show that DNA fragmentation can be
induced not only cell-autonomously by CAD but also by
phagocytic cells after apoptotic cells have undergone
phagocytosis. This may explain, at least in part, why
ICAD-null (Zhang et al. 1998) or ICAD-Sdm transgenic
(this report) mice, which cannot produce functional
CAD, have no abnormal phenotype during development.

Cell-autonomous DNA fragmentation in wild-type
mice generated TUNEL-positive cells and was not inhib-
ited by chloroquine or bafilomycin, which blocks acidi-
fication of lysosomes. Terminal transferase used for
TUNEL reaction extends 3’-hydroxyl ends of DNA (Roy-
choudhury et al. 1976). CAD is active at neutral pH (M.
Enari and S. Nagata, unpubl.) and cleaves DNA leaving
5'-phosphate and 3’-hydroxyl ends (Liu et al. 1999), con-
firming that CAD is responsible for the cell autonomous
generation of TUNEL-reactive DNA fragments. No
TUNEL-positive cells were generated cell-autonomously
in thymocytes from ICAD-Sdm mice, indicating that no
alternative DNase can cause DNA fragmentation in dy-
ing cells under these conditions. DNA fragmentation in
apoptotic thymocytes caused by coculture with macro-
phages was inhibited by agents that block the acidifica-
tion of lysosomes, suggesting that acid DNase in the
lysosomes of phagocytic cells was responsible for DNA
fragmentation. The most likely candidate for the acid
DNase in lysosomes that causes DNA fragmentation is
DNase II (Barry and Eastman 1993; Baker et al. 1998;
Krieser and Eastman 1998; Wang et al. 1998; Yasuda
et al. 1998). However, it is unlikely that the action of
DNase II directly generates TUNEL-positive cells, be-

Figure 6. DNA fragmentation in thymocytes after phagocyto-
sis by macrophages. Wild-type (lanes 1-5) and ICAD-Sdm trans-
genic (lanes 6-10) mice were given BrdU for 7 days in drinking
water, and their thymocytes were prepared. The thymocytes
were left untreated (lanes 1,6) or treated (lanes 2-5,7-10) with 10
1M dexamethasone as described above. The apoptotic thymo-
cytes were then added to the culture of peritoneal macrophages
from wild-type B6 mice, and incubated at 37°C for 1 hr in the
absence (lanes 3,4,8,9) or presence (lanes 5,10) of 100 um chlo-
roquine. DNA was prepared from nonadherent (lanes 3,8) or
adherent (lanes 4,5,9,10) cells, separated by electrophoresis on
an agarose gel, transferred to a Hybond-N membrane, and
probed with a peroxidase-conjugated anti-BrdU monoclonal an-
tibody. Bands were revealed by chemiluminescence.



cause cleavage of DNA by DNase II generates 5'-hy-
droxyl and 3’-phosphate ends that cannot be used as a
substrate for terminal transferase. Lysosomes are rich in
acid phosphatases, which can remove the phosphate
group from the 3’ end of DNA fragments. Thus, it is
reasonable to assume that DNase II, in combination
with acid phosphatase in lysosomes, generates TUNEL-
reactive ends.

Wu et al. (2000) report that Nuc-1, one of the gene
products required for DNA degradation during pro-
grammed cell death in the C. elegans system, is DNase
II. According to them, the apoptotic DNA degradation in
C. elegans proceeds in three steps. In apoptotic dying
cells, an as yet unidentified CAD-like DNase produces
TUNEL-positive DNA ends; the CAD-like DNase is fol-
lowed by Nuc-1/DNase II, which renders the TUNEL-
positive ends TUNEL negative. Finally, DNA is degraded
completely by an enzyme(s) provided by engulfing cells.
The postulation of CAD-like DNase in the apoptotic
cellsin C. elegans agrees with our model developed with
mammalian cells. However, the function of DNase II in
dying cells in C. elegans apparently contradicts our re-
sults. It is known that if apoptotic mammalian cells do
not undergo phagocytosis, they undergo autophagy and
lysosomes rupture (Ohsawa et al. 1998; Neuzil et al.
1999). Under these conditions, DNase Il may cause DNA
fragmentation in dying cells. We suspect that if the apop-
totic cells undergo phagocytosis rapidly (see below),
DNase II is provided primarily by engulfing cells to cause
DNA fragmentation in dying cells. In any case, we sur-
mise that in both mammalian and C. elegans systems, at
least two DNases are involved in apoptotic DNA frag-
mentation. It is likely that further genetic and cellular
analysis will reveal the evolutional conservation of the
molecular mechanism of this process in mammalian and
C. elegans systems.

The role of engulfment by phagocytes has been
thought to be solely to remove unnecessary cell corpses,
that is, to act as a passive scavenger. However, all of the
TUNEL-positive cells in the thymus were found inside
macrophages in both wild-type and ICAD-Sdm trans-
genic mice, supporting the idea that macrophages are
actively involved in the destruction of apoptotic cells
(Aliprantis et al. 1996; Diez-Roux and Lang 1997). If mac-
rophages can degrade the chromosomal DNA of the tar-
get cells, why do apoptotic cells have a cell-autonomous
mechanism (the CAD/ICAD system) for degrading chro-
mosomal DNA? In particular, nucleosomes produced by
the cleavage of chromosomal DNA in the apoptotic cells
are known to be released from the cells and to activate an
immune reaction, which may cause autoimmunity (Bell
et al. 1990; Casciola-Rosen et al. 1995). In the develop-
mental setting, phagocytes seem to recognize apoptotic
cells efficiently at a very early stage, when no apparent
morphological changes or DNA fragmentation have oc-
curred (Durrieu et al. 1998). Thus, all of the apoptotic
events, such as DNA fragmentation by CAD and cleav-
age of the many death-related substrates by caspases, oc-
cur inside the phagocytes, and this process could be fa-
cilitated by lysosomal enzymes. On the other hand,

Apoptotic DNA fragmentation by phagocytes

when the mice were exposed to y-irradiation, most of the
apoptotic cells were not engulfed by macrophages, sug-
gesting that an unphysiologically large load of apoptotic
cells exceeded the local phagocytic clearance capacity. In
these situations, which may occur not only as a result of
y-irradiation but also during ischemia or acute infection,
cell-autonomous cleavage of chromosomal DNA by
CAD may be more beneficial for the organisms than re-
leasing intact DNA into the circulation. Alternatively,
CAD may be necessary to destroy DNA in apoptotic
cells before their engulfment by phagocytes, thereby pre-
venting the transfer of potentially dangerous viral or on-
cogenic DNA to phagocytes (Holmgren et al. 1999).

Thymocytes treated with glucocorticoids, but not un-
treated thymocytes, underwent phagocytosis efficiently
by macrophages (D. Mcllroy, M. Tanaka, and S. Nagata,
unpubl.), suggesting that apoptotic cells present “eat
me” signal (Platt et al. 1998; Ren and Savill 1998) to
phagocytes. DNA fragmentation was initially considered
as one such signal. However, the apoptotic thymocytes
from wild-type and ICAD-Sdm transgenic mice under-
went phagocytosis with the same efficiency, indicating
that DNA fragmentation of the apoptotic cells is not a
marker used by phagocytes to recognize dying cells.

In summary, we have shown that there is a backup
system for cleaving chromosomal DNA during apopto-
sis. This system seems to be operated by lysosomal en-
zymes in phagocytic cells. The availability of ICAD-
Sdm transgenic mice described in this report and ICAD-
null mice established by Zhang et al. (1998), will be
useful for elucidating the role of CAD-mediated DNA
fragmentation in situations where this backup system
becomes overloaded.

Materials and methods

Generation of ICAD-Sdm transgenic mice

The mouse ICAD-S ¢cDNA in which the codons for Asp-117 and
Asp-224 were changed to those for Glu has been described pre-
viously (Sakahira et al. 1998). A DNA fragment coding for a Flag
epitope was ligated in-frame to the 5’ end of the ICAD coding
sequence and placed under the promoter of the human EF-1«
gene of the pEF321 vector (Kim et al. 1990) to generate pEF3-F-
ICADSdm. The plasmid pEF3-F-ICADSdm was digested with
HindIll and Pvul, and the 4.0-kb fragment carrying the ICAD
c¢DNA was microinjected into fertilized mouse eggs collected
after mating C57BL/6 with DBA2 mice, as described previously
(Yamamura et al. 1984). Transgenic offspring were identified by
PCR, using a forward primer (5'-CAAGCCTCAGACAGTG-
GTTC-3’) carrying a sequence on the EF-1«a promoter (Uetsuki
et al. 1989) and a reverse primer (5-TCCACTTCTCATTG-
CAGGCC-3') specific for mouse ICAD cDNA (Enari et al.
1998). PCR was carried out with Tag polymerase (Amersham/
Pharmacia) as described previously (Adachi et al. 1995). The
transgenic mouse lines were maintained by crossing with wild-
type C57BL/6 mice, and transgenic offspring and wild-type lit-
termates were used at age 5-12 weeks.

Western blotting

Mouse tissues were homogenized using a Polytron (Kinematica
AG) in 50 mm Tris-HCI buffer (pH 8.0) containing 150 mm
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NaCl, 1% NP-40, 1 mm PMSF, 2 mm o-phenanthroline, 3 ng/ml
leupeptin, and 3 pg/ml pepstatin. Homogenates were cleared by
centrifugation at 30,000g for 15 min, and mouse IgG was re-
moved with protein A- and protein G-Sepharose beads (Amer-
sham-Pharmacia). The cell lysates were separated by electro-
phoresis on a 10%-20% gradient polyacrylamide gel and trans-
ferred to a PVDF membrane by semidry blotting. Membranes
were probed with 0.9 ng/ml rabbit anti-mouse ICAD antibody
(Sakahira et al. 1999a), followed by peroxidase-conjugated sec-
ondary antibodies (Dako), and bands were revealed by chemilu-
minescence using a Renaissance kit (GIBCO/NEN).

Induction and detection of apoptosis

To induce apoptosis, mouse thymocytes were suspended at
1 x 107 cells/ml in RPMI medium containing 10% FCS and
treated with either dexamethasone, anti-mouse Fas antibody
(Jo2) (Ogasawara et al. 1993), or wy-irradiation using a Cs'®’
source Gammacell 40 Exactor (Nordion International Inc.).
Apoptosis of thymocytes was also induced in vivo by exposing
the mice to y-irradiation.

Apoptotic cells were quantified by the binding of FITC-con-
jugated annexin V using an Apoptosis Detection kit (R+D Sys-
tems), followed by flow cytometry. Activation of caspase 3 in
the cells was detected using the cell-permeable fluorescent
caspase 3 substrate PhiPhiLux-G,D, (Oncolmmunin Inc.) ac-
cording to the manufacturer’s instructions. DNA fragmentation
in thymocytes was detected by a modified TUNEL procedure
using an ApopTag—fluorescein in situ apoptosis detection kit
(Intergen) followed by flow cytometry. The flow cytometry was
carried out using a FACS Calibur from Becton-Dickinson. DNA
cleavage into nucleosomal fragments was also assessed by frac-
tionating DNA on an agarose gel as described previously (Itoh et
al. 1991). In brief, cells were lysed in 100 mm Tris-HCI buffer
(pH 8.5) containing 5 mm EDTA, 0.2% SDS, 200 mm NaCl, and
200 pg/ml proteinase K and incubated overnight at 37°C.
Nucleic acids were recovered by precipitation with one volume
of isopropanol, and DNA equivalent to 1 x 10° cells was frac-
tionated by electrophoresis on a 1.5% agarose gel.

Immunohistochemistry

A rat monoclonal antibody against mouse F4/80 antigen was
prepared by growing an F4/80 hybridoma (Austyn and Gordon
1981) in RPMI1640 medium containing 10% FCS. Paraffin tis-
sue sections (4 pm thick) were subjected to the TUNEL reaction
using an Apoptag kit (Intergen) and DAB-black (Zymed) as the
peroxidase substrate. For double staining for TUNEL and F4/80
antigen, cryosections (5 pm thick) of mouse tissues were first
labeled with DIG-dUTP and blocked with 0.5% BSA and 10%
rabbit normal serum in PBS. The sections were then incubated
with undiluted F4/80 hybridoma supernatant, followed by per-
oxidase-conjugated rabbit anti-rat secondary antibody (Dako),
followed by Cy3-labeled tyramide as the peroxidase substrate.
Finally, TUNEL-positive cells were detected with FITC-conju-
gated anti-DIG antibodies (Intergen).

In vitro phagocytosis assay

Resident or thioglycollate-elicited peritoneal macrophages were
resuspended in RPMI medium containing 10% FCS, distributed
at 1x10° cells per well in eight-well glass chamber slides
(Nalge-Nunc), and cultured overnight at 37°C. Mouse thymo-
cytes were incubated at 37°C for 3.5 hr with 10 pm dexameth-
asone in RPMI medium containing 10% FCS. The apoptotic
thymocytes were added to macrophage cultures (2 x 10° thymo-
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cytes per well), and phagocytosis was allowed to proceed for 1
hr. Cells not undergoing phagocytosis were removed by washing
in PBS containing 0.7 mm Ca®* and 0.5 mm Mg?*, and the ad-
herent macrophages were fixed in PBS containing 1% paraform-
aldehyde and stained using the TUNEL technique, as described
above.

To detect DNA fragmentation in thymocytes in the mixed
culture with macrophages, thymocyte DNA was labeled with
BrdU. In brief, mice were given BrdU (Sigma Chemical) for 7
days in their drinking water at a concentration of 0.8 mg/ml.
The BrdU was dissolved in sterile water, which was changed
daily. After coculturing the BrdU-labeled thymocytes with mac-
rophages, the DNA was extracted and separated by electropho-
resis on a 1.5% agarose gel. The DNA was transferred to a Hy-
bond-N membrane (Amersham-Pharmacia) and probed with a
peroxidase-conjugated anti-BrdU monoclonal antibody (Boeh-
ringer Mannheim). Bands were revealed by chemiluminescence
using a Renaissance kit.
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