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The DNA fragmentation factor 45 (DFF45/ICAD) is a
ey subunit of a heterodimeric DNase complex critical
or the induction of DNA fragmentation during apop-
osis in vivo. To further assess the importance of
FF45 in chromosomal DNA degradation, we induced
poptosis in wild-type control and DFF45 deficient
hymocytes and compared the cleavage of chromo-
omal DNA to 50 kilobase pair size fragments. We
ound that there is a lack of obvious large chromo-
omal DNA fragments upon treatments by various
poptotic agents in DFF45 deficient thymocytes. The
ajor organ systems in the DFF45 mutant mice either

wo months or fifteen months of age appear normal.
hese results suggest that functional DFF45 is re-
uired for cleavage of DNA into both large size and
ligonucleosomal size fragments in thymocytes during
poptosis. However, deficiency in DFF45 apparently
oes not significantly affect normal mouse develop-
ent and tissue homeostasis. © 2000 Academic Press

Key Words: DFF45; apoptosis; thymocytes; 50 kb DNA
ragments; development; tissue homeostasis.

Programmed cell death or apoptosis is a precisely
egulated cellular process critical in development and
issue homeostasis (1–4). Alteration of apoptosis is im-
licated in many human diseases, including cancer and
eurodegenerative diseases (5). The main biochemical
allmark of apoptosis is degradation of chromosomal
NA into oligonucleosomal sizes (6, 7). DNA fragmen-

ation and chromatin condensation depend critically on
heterodimeric protein composed of DNA fragmenta-

ion factors 45 and 40 (DFF45 or ICAD and DFF40 or
AD, respectively; 8–11) in vitro. DFF40 contains an

ntrinsic DNase activity whereas DFF45 serves both as
molecular chaperone and as an inhibitor of DFF40 (8,

1 To whom correspondence should be addressed. Fax: 513-558-
454. E-mail: ming.xu@uc.edu.
225
omal DNA to 50 kilobase pair (kb) size fragments
ccurs prior to oligonucleosomal DNA fragmentation
uring apoptosis (12). Candidate endonucleases for
uch large size chromosomal degradation have also
een proposed (13). We previously generated DFF45
utant mice and showed that DFF45 is essential for
NA fragmentation into oligonucleosomal sizes in vivo

14–16). However, whether degrading chromosomal
NA into 50 kb size fragments during apoptosis re-
uires a functional DFF45 remains unclear.
DNA fragmentation in vivo may be an important

tep for disposal of large fragments of DNA from dying
ells, which may be critical in maintaining normal
issue homeostasis (17–19). We previously showed that
hymocytes from DFF45 mutant mice exhibit slower
ate of apoptosis than wild-type control thymocytes in
esponse to multiple apoptotic stimuli (16). Moreover,
e found that both the granule cell density and total
ranule cell number in the hippocampal dentate gyrus
egion are higher in the DFF45 mutant brains than in
he wild-type brains (20). Furthermore, the increased
ranule cell number correlated with enhanced spatial
earning and memory in DFF45 mutant mice compared
o wild-type mice (20). Thus, at least in the case of the
entral nervous system, a lack of DFF45 affected nor-
al neuronal cell number and function. Whether
FF45 plays a role in general development and tissue
omeostasis elsewhere remain unknown.
We have used the DFF45 mutant mice to address

hese two key issues. We found that there is a lack of
bvious 50 kb chromosomal DNA fragments upon
reatments by various apoptotic agents in DFF45 defi-
ient thymocytes. The major organ systems in the
FF45 mutant mice either two months or fifteen
onths of age appear normal. These results suggest

hat a functional DFF45 is required for cleavage of
NA into both large size and oligonucleosomal size

ragments in thymocytes during apoptosis. However,
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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antly affect normal mouse development and tissue
omeostasis.

ATERIALS AND METHODS

DFF45 mutant mice. All mice were housed in the animal facility
n a 12-h light/dark cycle with food and water available ad libitum.
FF45 mutant mice and wild-type control mice were generated by

rossing heterozygous mutant animals and were identified by
enomic Southern blotting as described previously (14). Unless spec-
fied, DFF45 mutant and wild-type control litter-mates eight to
welve weeks of age were used for all subsequent analyses.

Primary cell culture and genomic DNA isolation. Primary thy-
ocytes from both DFF45 mutant and wild-type control mice were

solated and resuspended at 2 3 106/ml in DMEM and were cultured
n the absence or presence of dexamethasone (1 mM), etoposide (50
M) or staurosporine (2 mM) respectively for different lengths of time
t 37°C (14). DNA samples were then extracted by overnight incu-
ation at 56°C in 0.1 ml of lysis buffer (50 mM Tris–HCl at pH 7.5,
0 mM EDTA, 150 mM NaCl, 50 mg/ml of freshly made proteinase
). These DNA samples were recovered by isopropanol precipitation,

esuspended in TE-RNase as described (14).

Pulsed-field gel and conventional gel analysis of DNA. Detection
f large size DNA fragments was carried out by using a Bio-Rad
HEF Mapper XA Pulsed Field Electrophoresis system. DNA sam-
les were loaded onto 1% agarose gels and run in 0.5 3 TBE buffer
89 mM Tris–borate, 89 mM boric acid and 2 mM EDTA at pH 8.0)
t 14°C for 20 h at a voltage gradient of 6V/cm with a linear switch
nterval ramp from 0.5 to 45.0 s. Parameters were chosen to opti-

ally separate 10 kb to 500 kb DNA fragments (13). Detection of
ligonucleosomal size DNA fragments was carried by using 1.0%
garose gels (14). All DNA samples were visualized by ethidium
romide staining.

Histological analysis. Histological examination was performed
n representative tissues from all major organ systems as described
reviously (21). Tissues were fixed in 10% neutral buffered formalin,
ehydrated through a gradient of alcohols and embedded in paraffin.
ections were cut at a thickness of 4–5 mm and stained with haema-
oxylin and eosin. Age-matched DFF45 mutant and wild-type control
itter-mates were used in the study. Sections were examined and
hotographed under light microscopy using different magnifications.

ESULTS AND DISCUSSION

Lack of obvious 50 kilobase pair DNA fragments in
FF45 deficient thymocytes upon apoptotic exposure.

t has been reported that prior to oligonucleosomal size
NA fragmentation, chromosomal DNA degrades into
0 kb size fragments upon activation of apoptosis (12).
ore recently, Cidlowski and colleagues demonstrated

hat cyclophilin C can produce 50 kb DNA fragments
ut not oligonucleosomal DNA fragments (13). While
he physiological importance of the initial DNA degra-
ation into 50 kb sizes remains unknown, we investi-
ated whether such DNA degradation depends on a
unctional DFF45. We treated DFF45 deficient and
ild-type control thymocytes for different lengths of

ime with etoposide and separated the resulting DNA
amples together with those from untreated thymo-
ytes using pulsed-field gel electrophoresis as de-
cribed (13). As shown in Fig. 1A, etoposide induced
226
bundant DNA fragmentation after 8 h of exposure in
ild-type control thymocytes. In sharp contrast, etopo-

ide treatment produced very little 50 kb DNA frag-
ents in DFF45 deficient thymocytes at this time

oint. To be certain that etoposide was effective in
nducing apoptosis, we also checked the DNA samples
rom the above treated thymocytes for oligonucleoso-

al size DNA fragmentation using conventional gel
lectrophoresis. Etoposide treatment produced an ex-
ected time-dependent increase in DNA fragmentation
n the wild-type thymocytes but not in the DFF45
eficient thymocytes (Fig. 1B). Thus, our results sug-
est that a functional DFF45 is required for cleavage of
NA into 50 kb size fragments during apoptosis.
To strengthen this conclusion, we performed similar

ulsed-field gel electrophoresis experiments using ei-
her dexamethasone or staurosporine as additional
poptotic stimuli. Whereas both dexamethasone and
taurosporine induced abundant DNA degradation af-
er 8 h of exposure in wild-type control thymocytes,
hey failed to induce any DNA degradation in DFF45

FIG. 1. Lack of obvious 50 kilobase pair size DNA fragments in
FF45 deficient thymocytes upon activation of apoptosis. Wild-type

1/1) and DFF45 deficient (2/2) thymocytes (n 5 8 mice each) were
solated and treated with etoposide (50 mM) for different lengths of
ime. DNA samples were extracted. Pulsed-field gel electrophoresis
f the DNA was performed using the Bio-Rad CHEF Mapper XA
ystem in 0.5 3 TBE buffer at 14°C for 20 h at a voltage gradient of
V/cm (A). Conventional gel electrophoresis was performed using

.0% agarose gels (B). All DNA samples were visualized by ethidium
romide staining. The lambda phage DNA was used as a molecular
eight marker. h, hour.
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eficient thymocytes after the same apoptotic treat-
ents (data not shown). Indeed, unlike in the wild-

ype thymocytes, etoposide, dexamethasone or stauro-
porine treatment all failed to induce the appearance of
0 kb DNA fragments in DFF45 deficient thymocytes
ven after 24 h of apoptotic exposure (Fig. 2). Addi-
ional experiments showed that both dexamethasone
nd staurosporine produced a time-dependent increase
n oligonucleosomal size DNA fragmentation in wild-
ype thymocytes but not in DFF45 deficient thymo-
ytes, indicating the effectiveness of the apoptotic stim-
li (data not shown).
Our findings suggest that a functional DFF45 is re-

uired for cleavage of DNA into both 50 kb size and
ligonucleosomal size fragments during apoptosis in
hymocytes. Nagata and colleagues reported that a
aspase-resistant DFF45/ICAD can inhibit both large-
cale (50–200 kb) and oligonucleosomal DNA fragmen-
ation in staurosporine-treated Jurkat cells (22). More
ecently, the same group reported in primary thymo-
ytes isolated from a DFF45/ICAD dominant-negative
ransgenic mouse, 50 kb DNA fragments could be
arely detected after 6 h of glucocorticoid treatment
23). Thus, inhibition of the endogenous DFF45 activ-
ty at least attenuated the appearance of 50 kb DNA
ragments upon activation of apoptosis. These results
rom the dominant-negative studies are consistent
ith our findings.
How might DFF45 function in influencing the pro-

uction of 50 kb size DNA fragments during apoptosis
s currently unknown. One possibility is that DFF45

ay somehow mediate signaling events to the endo-
uclease(s) responsible for the large size DNA degra-
ation upon activation of apoptosis in the thymus. Al-
ernatively, DFF45 may be an integral part of a large

FIG. 2. Lack of obvious 50 kilobase pair size DNA fragments in
FF45 deficient thymocytes upon activation of apoptosis. Wild-type
nd DFF45 deficient thymocytes (n 5 8 mice each) were treated with
toposide (50 mM), dexamethasone (1 mM) or staurosporine (2 mM) for
4 h. Pulsed-field gel electrophoresis of DNA was performed and DNA
amples were visualized by ethidium bromide staining as in Fig. 1. N,
o treatment; D, dexamethasone; E, etoposide; S, staurosporine.
227
oth 50 kb size and oligonucleosomal size fragments
uring apoptosis. Due to the complexity of the mam-
alian system, different cell types may also use a

lightly different machinery during apoptosis. Whether
FF45 is required for cleavage of DNA into 50 kb size

ragments during apoptosis in other tissues and in
ther species remain to be investigated.

Normal development and homeostasis of major organ
ystems in DFF45 mutant mice. We previously showed
hat DFF45 mRNA is ubiquitously expressed through-
ut mouse development (16). Moreover, thymocytes
rom DFF45 mutant mice exhibit slower rate of apop-
osis than wild-type control thymocytes in response to
ultiple apoptotic stimuli. To investigate the possible

n vivo consequences of decreased DNA fragmentation
nd cell death on major organ systems in mouse devel-
pment and tissue homeostasis, we performed a sys-
ematic histological survey of all the major internal
rgans using DFF45 mutant mice either two months or
fteen months of age. In two months old DFF45 mu-
ant mice, there were no significant alterations includ-
ng hypertrophy in brain, muscle, eye, thymus, spleen,
iver, heart, lung, kidney, and colon organs when com-
ared to those from the litter-mate control mice (Figs.
A–3J). No major differences in uteri and testes were
bserved although subtle changes in spermatogenesis
ay exist in the testes from the DFF45 mutant mice

data not shown). A more detailed analysis of spermat-
genesis is currently underway to determine the sig-
ificance of these changes in DFF45 mutant mice.
hus, the major organ systems developed normally
espite defects in proper DNA fragmentation and cell
eath in response to apoptotic stimuli.
In fifteen months old DFF45 mutant mice (n 5 4),

here were again no significant alterations including
ypertrophy in any of the above organs when compared
o those from the litter-mate control mice. Two DFF45
utant females had successfully given births to about

0 litters each and they were pregnant at the time of
istological analysis, indicating they were still capable
f reproducing at this age. The only notable changes we
bserved in the DFF45 mutant mice were severe
erivascular lymphocyte cuffing in the salivary gland
nd lung. There were also mild to moderate lympho-
yte cuffing in kidney and liver of the mutant mice.
inally, there were multifocal areas of mineralization

n the uterine myometrium in the DFF45 mutant fe-
ales. These are common aging changes of mice.
herefore, the DFF45 mutation apparently does not
ignificantly affect tissue homeostasis in the mutant
ice.
Our histological analyses indicate that DFF45 is not

ndispensable for the development and tissue ho-
eostasis of virtually all major organ systems in vivo.
here are two possible reasons for our findings. One
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ossibility is that altered DNA fragmentation and cell
eath are not detrimental to development and tissue
omeostasis of these systems. Studies of apoptotic
egulating or executioner molecules, such as p53,
aspases-1, 2 and 11, have shown that a lack of any of
hese molecules individually does not significantly
ffect mouse development despite their key roles in
poptosis (24).

FIG. 3. Normal development of major organs in DFF45 mutan
rgans from wild-type control (n 5 2) and DFF45 mutant mice (n 5
, liver; G, heart; H, lung; I, kidney; J, colon. Wild-type control sectio
, 2.53; B, 253; C, 103; D–J, 253.
228
A more likely possibility is that there may be addi-
ional ways to degrade chromosomal DNA from dying
ells in DFF45 mutant mice. Nagata and colleagues
ecently reported that, in a dominant-negative DFF45
ransgenic mouse in which the DFF45 activity is inhib-
ted, DNA fragmentation in phagocytes could occur and
Nase II is the likely endonuclease for degrading DNA
fter the apoptotic cells have been engulfed (23). Hor-

ice. Hematoxylin and eosin (H&E)-stained sections from different
wo months of age. A, brain; B, muscle; C, eye; D, thymus; E, spleen;
are on the left and mutant sections are on the right. Magnifications:
t m
4) t
ns



vitz and colleagues also showed that the completion of
D
a
i
D
e
a
M
a
t
T
s
D

A

A
B
p
a
i
o

R

1

1

12. Oberhammer, F., Wilson, J. W., Dive, C., Morris, I. D., Hickman,

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

Vol. 274, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
NA degradation requires activity from engulfing cells
nd NUC-1 (25). NUC-1 is a homolog of DNase II and
t plays an important role in an intermediate step of
NA degradation upon activation of apoptosis in C.
legans (25). Moreover, candidate apoptotic endonucle-
ses, such as DNase I (26), inducible-lymphocyte Ca21/
g21-dependent endonuclease (27), cyclophilins (13),

s well as yet to be identified nucleases could all con-
ribute to DNA fragmentation during apoptosis in vivo.
he DFF45 mutant mice provide a very useful model
ystem to address the significance of these systems in
NA degradation during apoptosis in the future.
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