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ABSTRACT The DNA fragmentation factor 45 (DFF45) is
a subunit of a heterodimeric nuclease complex critical for the
induction of DNA fragmentation in vitro. To understand the in
vivo role of DFF45 in programmed cell death, we generated
DFF45 mutant mice. DNA fragmentation activity is com-
pletely abolished in cell extracts from DFF45 mutant tissues.
In response to apoptotic stimuli, splenocytes, thymocytes, and
granulocytes from DFF45 mutant mice are resistant to DNA
fragmentation, and splenocytes and thymocytes are also re-
sistant to chromatin condensation. Nevertheless, development
of the immune system in the DFF45 mutant mice is normal.
These results demonstrate that DFF45 is critical for the
induction of DNA fragmentation and chromatin condensation
in vivo, but is not required for normal immune system devel-
opment.

Programmed cell death or apoptosis is a highly regulated
physiological process critical in cellular differentiation and
development. Insufficient or excess apoptosis may result in
diseases such as neoplasia or neurodegeneration, respectively
(1-4). The hallmarks of apoptosis include membrane blebbing,
cytoplasmic and nuclear chromatin condensation, and cleav-
age of chromatin into nucleosomal fragments, i.e., DNA
fragmentation (5). Genetic and biochemical analyses revealed
that apoptosis is controlled by a molecular machinery that is
highly conserved from nematode Caenorhabditis elegans to
humans. The molecular mechanisms underlying apoptosis
include regulation of the ced-9/bcl-2 family of genes, cyto-
chrome c release, activation of caspases, chromatin conden-
sation, DNA fragmentation and phagocytosis of dead cells,
and debris by scavenger cells (6-19).

Recent in vitro biochemical studies have demonstrated that,
upon induction of apoptosis, DNA fragmentation and chro-
matin condensation depend on a heterodimeric protein com-
posed of DNA fragmentation factors 45 and 40 (DFF45 and
DFF40, also called ICAD and CAD, respectively; refs. 20-23).
Although DFF40 contains an intrinsic DNase activity, both
DFF40 and DFF45 are required to generate this activity.
DFF45 has been postulated to stabilize the synthesis of DFF40
(21, 23) or, alternatively, mediate correct folding and chro-
matin localization of DFF40 (22). Upon induction of apopto-
sis, DFF45 is cleaved by caspase-3 at amino acids 117 and 224
and dissociates from DFF40, resulting in the induction of
DFF40 nuclease activity (20-23). Overexpression of DFF45
was shown to inhibit endogenous nuclease activity (21, 23).

DNA fragmentation in vivo may be an important step for
disposal of large fragments of DNA from dying cells, which
may be critical in maintaining normal tissue homeostasis
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(24-26). However, whether DFF45 is important for induction
of DNA fragmentation in vivo, how DNA fragmentation plays
a role in execution and regulation of apoptosis, and how
disregulation of apoptosis at the stage of DNA fragmentation
contributes to development and diseases remain unknown.

To address these issues, we have generated mutant mice
carrying a deletion of the first three exons of the DFF45 gene.
In vitro analyses indicate that DFF40 nuclease activity is
completely abolished in tissues from the DFF45 mutant mice.
Moreover, DFF45 mutant cells are resistant to DNA fragmen-
tation and chromatin condensation in response to apoptotic
stimuli. However, development of the immune cells in the
DFF45 mutant mice appears normal. These findings suggest
that DFF45 is essential in mediating DNA fragmentation and
chromatin condensation in vivo, but is not required for normal
immune system development.

MATERIALS AND METHODS

The DFF45 Gene, Targeting Construct, and ES Cell Ho-
mologous Recombinants. Two oligonucleotide primers were
used in PCRs with a mouse T cell cDNA library (CLON-
TECH) as the template. The sequences of these primers, which
were chosen from the human DFF45 gene (20), are 5'-
GGGAATTCTCGGCCTCTCAAACCGTGTCTGC and 5'-
GGGGATCCCATCTGCCTCAAAGGACTCTTGG, re-
spectively. The resulting PCR product contained part of the
mouse DFF45 cDNA sequence and was used to clone the first
three exons of the mouse DFF45 gene and the flanking
sequences from a mouse 129 genomic library.

To make a DFF45 gene-targeting construct, four-piece
DNA ligation was performed. The following DNA fragments
were used: a 3.8-kb Sall-Bg/II fragment containing DNA from
the 5" end of the DFF45 gene, a 1.8-kb fragment containing a
neo gene driven by the phosphoglycerate kinase (PGK) pro-
moter, and an 8.0-kb EcoRI fragment containing DNA 3’ of
the first three exons of the DFF45 gene and the plasmid
pBluescript (Stratagene).

To obtain homologous recombinants, mouse J1 embryonic
stem (ES) cells were transfected with 50 ug of linearized targeting
construct by electroporation using a Bio-Rad Gene Pulser at 800
V and 3 uF. G418 selection was applied 24 hr after transfection
at 200 pwg/ml. G418-resistant colonies were picked and genomic
DNA samples were isolated and digested with Bg/II and hybrid-
ized with a 5" probe (Fig. 14). Candidate homologous recombi-
nants were confirmed by digesting their genomic DNA with
EcoRV and hybridizing with a 3’ probe (Fig. 14), and with Bg/II
followed by hybridizing with an exon probe covering the first
three exons of the DFF45 gene (Fig. 1A4).

Abbreviations: DFF45, 45-kDa subunit of DNA fragmentation factor;

ES, embryonic stem.
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DFF45 Mutant Mice. ES cells amplified from the homolo-
gous recombinants were injected into blastocysts isolated from
C57BL/6 female mice. The injected blastocysts were im-
planted back into the uteri of B6xDBA2 F1 females. The
resulting male chimeric mice were bred repeatedly with
C57BL/6 females, and germ-line transmission was identified
initially by screening for agouti offspring. Mice heterozygous
for the DFF45 gene mutation were confirmed by genomic
Southern analyses of DNA isolated from their tails. Finally,
mice homozygous for DFF45 gene mutation were produced by
crossing heterozygous mutant animals and were identified by
Southern blotting. Mutant and their wild-type control litter-
mates 8 weeks of age were used for all subsequent analyses.

Western Blot Analysis. Whole-cell extracts from spleen,
thymus, heart, and liver were prepared by homogenizing and
boiling in SDS gel loading buffer. Equal amounts of protein
were analyzed by 12% acrylamide—-SDS/PAGE and immuno-
blotted by rabbit polyclonal antibodies against human DFF45
(1:10,000), human DFF40 (1:2,000), and hamster caspase-3
(1:4,500), respectively (17, 20, 22). All immunoblots were
visualized by enhanced chemiluminescence Western blotting
detection reagents (Amersham).

Assay for DFF40 Nuclease Activity in Vitro. Tissues includ-
ing spleen, thymus, and testes from DFF45 mutant and
wild-type mice were rinsed with 0.5 ml buffer A (20 mM
Hepes'KOH, pH 7.5/1.5 mM MgCl,/10 mM KCl/0.5 mM
EDTA/0.5 mM EGTA/1 mM DTT/1 mM phenylmethylsul-
fonyl fluoride) and dounced in 0.5 ml buffer A for 20 strokes
in a 5-ml Wheaton douncer. The lysates were centrifuged at full
speed in a microcentrifuge at 4°C for 10 min. The supernatants
were centrifuged further at 100,000 X g for 30 min at 4°C in a
TLA120 rotor. The supernatants were designated as S-100
fractions. An aliquot of 250 ug of S-100 fractions was incu-
bated with 6 ul of hamster liver nuclei in the absence or
presence of 150 ug caspase-3 at 37°C for 2 hr in a final volume
of 60 ul buffer A. After all reactions, genomic DNA samples
were extracted out, analyzed, and visualized as described
previously (20).

DNA Fragmentation Analysis and Visualization of Chro-
matin Condensation. Splenocytes and thymocytes were pre-
pared from DFF45 mutant and wild-type mice. Cells (2 X
10°/ml) were resuspended in DMEM and were cultured in the
absence or presence of actinomycin D (500 nM), etoposide (50
uM), or staurosporin (2 uM) for different lengths of time at
37°C. Bone marrow cells depleted of red blood cells were
cultured in RPMI 1640 medium at 3 X 10° cells/ml in the
presence or absence of cycloheximide (10 wg/ml) for 3 hr at
37°C. DNA samples then were extracted from 1 X 10° cells by
overnight incubation at 56°C in 0.1 ml of lysis buffer (50 mM
Tris'HCL, pH 7.5/10 mM EDTA/150 mM NaCl/50 ug/ml of
freshly made proteinase K). All DNA samples were recovered
by isopropanol precipitation, resuspended in TE-RNase, an-
alyzed on 1.5% agarose gels, and visualized by ethidium
bromide staining.

Another 1 X 10° cells from the same treatments were fixed
with 3.7% formaldehyde in PBS, washed with Tris-buffered
saline, and stained with 1 ug/ml 4,6-diamidino-2-phenylindole
(DAPI). Two hundred cells were examined for each sample.
Images of the condensation states of the chromatin were taken
with a fluorescence microscope coupled to a charge-coupled
device camera.

Flow Cytometric Analyses. For immune cell development
analysis, single-cell suspensions were made from thymus,
spleen, mesenteric lymph nodes, Peyer’s patches, bone mar-
row, and blood by using standard procedures. After depletion
of erythrocytes by hypotonic lysis, approximately 1 X 10° cells
were analyzed for cell surface marker expression and/or cell
viability. Staining was carried out in PBS containing 1% FCS
at 4°C with the following mAbs (all from PharMingen): T cell
receptor (TCR) a/B-fluorescein isothiocyanate (FITC),
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CD8a-Cychrome, CD8a-FITC, CD4-PE, B220-PE, Mac-1-
PE, Gr-1-FITC, IgD-FITC, and IgM-biotin. After staining,
cells were incubated with streptavidin-PE (PharMingen)
where required. Flow cytometric analysis was performed at the
Howard Hughes Medical Institute Flow Cytometry Core
(Vanderbilt University) by using a FACSCalibur system (Bec-
ton Dickinson) and CELLQUEST 3.1 software. Plots shown
represent staining patterns of cells within the white blood cell
gate based on light-scattering characteristics.

RESULTS

Cloning of Mouse DFF45 Gene and Generation of DFF45
Mutant Mice. A 300-bp DNA fragment containing part of the
first three exons of DFF45 was generated by PCR (data not
shown). Genomic Southern blot analysis using this DNA
fragment as the exon probe (Fig. 14) revealed that the DFF45
gene is present as a single-copy gene with no closely related
pseudogenes (data not shown). The DFF45 exon probe then
was used to screen a mouse 129 genomic library to obtain part
of the mouse DFF45 gene and its flanking sequences. A
restriction map of the relevant mouse DFF45 gene is shown in

A

EcoRl EcoRV _EcoRl EcoRl

g vector L |
neo

Byl
\ N
N
! \
Sall EcoRl EcaRl Ecofll EcoRV
1 | T ] ]
L |
Bgi Bl Bg

wild-type ‘I“-‘"‘

Mutant  Gole oo 9.4 kb
Wild-type ks Milswis M 80kb

C exon probe

D spleen thymus heart liver
¥ ' + i + '
TF B4 % oA
e — » - DFF45

- e e M‘ caspase-3

FiG. 1. Generation of DFF45 mutant mice. (4) Genomic DNA
locus surrounding the first three exons (black boxes) of the DFF45
gene, the targeting vector, the mutant DFF45 gene locus, and the 5’
and 3’ hybridization probes. The exon probe contains 90, 170, and 40
bp from the first, second, and third exons of the DFF45 gene,
respectively. (B and C) Identification of DFF45 mutant mice. Tail
DNA samples from one litter of heterozygous intercross were digested
with BgllI, hybridized with a 5" probe (B) or the exon probe (C). (D)
Western blot analyses using spleen, thymus, heart, and liver extracts
from wild-type (+/+) and DFF45 mutant mice (—/—) for the
expression of DFF45 and caspase-3 (n = 4 mice each). Blots were
probed with polyclonal antibodies against DFF45 or caspase-3, re-
spectively.
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FiG. 2. Lack of DFF40 nuclease activity in DFF45 mutant mice.
Cell extracts from spleen, thymus, and testes from both DFF45 mutant
(=/-) and control (+/+) mice (n = 3 each) were isolated. DFF40
nuclease activity in these extracts was assayed by using hamster liver
nuclei in the presence or absence of activated caspase-3. Genomic
DNA samples were extracted, separated on 1.5% agarose gels, and
visualized by ethidium bromide staining.

Fig. 1A4. Sequence analysis indicated that the first three exons
of the mouse DFF45 gene share 79% sequence identity with
their human counterparts and are 97% identical to the pub-
lished mouse DFF45 sequence (refs. 20 and 21; data not
shown).

The DFF45 gene-targeting construct was designed to delete
the first three exons of the DFF45 gene, which encode the first
142 aa, including the first caspase-3 cleavage site (Fig. 1A4).
Nine ES cell clones harboring the desired homologous recom-
bination were identified. ES cells amplified from four of the
homologous recombinants were used to generate male chi-
meric mice, which were bred with C57BL/6 females to obtain
heterozygous mutant mice. Mice homozygous for the DFF45
gene mutation were obtained by sibling-mating of heterozy-
gotes. Genomic Southern blotting with either a 5’ probe (Fig.
1B) or the DFF45 exon probe (Fig. 1C) both identified and
confirmed the desired gene mutation. Western blot analyses
indicated that the DFF45 protein was absent from tissues of
mutant mice, while DFF40 (data not shown) and caspase-3
(Fig. 1D) levels were largely unaffected.

The DFF45 mutant mice appeared healthy and did not show
any obvious growth abnormalities compared with their normal
or heterozygous littermates. The genotype distribution of the
first 66 offspring produced by heterozygous breeding was 19
wild-type mice, 32 heterozygous mutants, and 15 homozygous
mutants, indicating no segregation distortion. Both male and
female DFF45 mutant mice were fertile when crossed with
wild-type mice, and normal numbers of pups were obtained
with no obvious sex bias. The DFF45 mutant females nursed
their offspring to adulthood.
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Fi1G. 3. Resistance to DNA fragmentation in cells from DFF45
mutant mice. Genomic DNA samples were isolated from splenocytes
(A) and thymocytes (B) from both mutant (—/—) and control (+/+)
mice with or without actinomycin D, etoposide, and staurosporine
treatment (n = 5 mice each), and from granulocytes with or without
cycloheximide treatment (C, n = 3 mice each). All DNA samples were
extracted, separated on 1.5% agarose gels, and visualized by ethidium
bromide staining. N, no treatment; A, actinomycin D; E, etoposide; S,
staurosporine; C, cycloheximide.
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Lack of DFF40 Nuclease Activity in Extracts from DFF45
Mutant Tissues. In normal cells, DFF45 is associated with
DFF40. Upon induction of apoptosis, DFF45 is cleaved away
by caspase-3, resulting in the induction of DFF40 nuclease
activity (21, 22). To investigate the effects of DFF45 deficiency
on DFF40 nuclease activity in vivo, we isolated extracts from
spleen, thymus, and testes from DFF45 mutant and wild-type
control mice (n = 3 each). We then assayed for DFF40
nuclease activity in vitro in the presence or absence of activated
caspase-3, as described previously (20). As shown in Fig. 2,
there was abundant DFF40 nuclease activity in tissues from
control mice in the presence of caspase-3 based on DNA
laddering. In contrast, this activity was completely absent in
tissue extracts prepared from mutant spleen, thymus, and
testes. Thus, mutating the DFF45 gene led to the inactivation
of DFF40 nuclease activity, as judged by this assay, indicating
that DFF45 is essential for normal expression of DFF40
nuclease activity in these tissues in vivo.

Resistance to DNA Fragmentation and Chromatin Conden-
sation in DFF45 Mutant Cells. To understand the conse-
quences of DFF45 gene mutation on apoptosis, we measured
the extent of DNA fragmentation and chromatin condensation
in response to various apoptotic stimuli by using cells from
DFF45 mutant mice. We first isolated DNA from multiple
tissues, including brain, liver, kidney, heart, testis, ovary,
uterus, and skin and measured steady-state levels of sponta-
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F1G. 4. Resistance to chromatin condensation in cells from DFF45
mutant mice. Splenocytes and thymocytes from both DFF45 mutant
(=/—) and wild-type control (+/+) mice (n = 3 each) were cultured
in the absence or presence of actinomycin D, etoposide, and stauro-
sporine. DAPI stainings of these cells were visualized under a fluo-
rescence microscope, and 200 cells for each treatment condition were
observed (A4). Percentage of cells exhibiting chromatin condensation
was counted and plotted (B). N, no treatment; A, actinomycin D; E,
etoposide; S, staurosporine.
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neous DNA fragmentation in both DFF45 mutant and control
mice by gel electrophoresis (n = 5 each). No significant
spontaneous DNA fragmentation was observed in any tissues
from DFF45 mutant mice, which is similar to that found for
normal control mice (data not shown).

We next isolated cells from spleen and thymus from mutant
and wild-type mice and exposed these cells to actinomycin D,
etoposide, and staurosporine for different time periods. Sam-
ples were then divided into two parts and analyzed for DNA
fragmentation or for chromatin condensation. To assay for
DNA fragmentation, DNA samples were isolated from one-
half of the cells and analyzed on agarose gels and compared
with DNA samples from untreated cells. After 10 hr of drug
treatment, the DNA samples from splenocytes and thymocytes
from DFF45 mutant mice were devoid of DNA fragmentation,
similar to those from the untreated cells. In contrast, the DNA
samples from wild-type control cells exhibited standard DNA
laddering under these experimental conditions (Fig. 3 4 and
B). After 24 hr of treatment, DNA samples from thymocytes
were still intact and those from the splenocytes started un-
dergoing some DNA fragmentation, but at a much more
reduced level compared with the wild-type cells (data not
shown). These results suggest that, upon induction of apopto-
sis, DFF45 is required for DNA fragmentation in splenocytes
and thymocytes in vivo.

The second half of the cells was used to assess chromatin
condensation. After 10 hr of drug treatment, chromatin con-
densation in mutant cells was severely impaired as shown by
DAPI staining of the nuclear DNA (Fig. 4 4 and B). Only after
prolonged incubation of the DFF45-deficient cells in culture
medium (24 hr) was some chromatin condensation observable,
but at a much reduced level compared with the wild-type cells
(data not shown). Splenocytes and thymocytes from three
mutant and three control mice all gave consistent results,
respectively, suggesting that DFF45 is required for chromatin
condensation in splenocytes and thymocytes in vivo.

Inflammatory responses are regulated in part by elimination
and clearance of immune effector cells through apoptosis (27).
Since granulocytes represent a major subset of inflammatory
mediators, we investigated the possible role of DFF45 in
granulocyte apoptosis. Since cycloheximide treatment of bone
marrow granulocytes rapidly induces apoptosis (28), we ex-
amined cycloheximide-induced apoptosis of bone marrow cells
from DFF45 mutant mice and wild-type littermates. We
treated bone marrow granulocytes (GR-1-positive cells) with
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cycloheximide for 3 hr as described (29). DNA samples were
harvested and analyzed by agarose gel electrophoresis. As
shown in Fig. 3C, the DFF45 mutant granulocytes consistently
showed less DNA fragmentation than the wild-type control
granulocytes. Granulocytes from three mutant and three
control mice gave consistent results, respectively. This result
parallels those from the splenocytes and thymocytes, suggest-
ing that DFF45 is required for DNA fragmentation in gran-
ulocytes in vivo.

No Overt Alterations in the Development of the Immune
System in DFF45 Mutant Mice. Since programmed cell death
plays a prominent role during the development of the immune
system (30), we analyzed the effects of DFF45 deficiency on
immune system development in more detail. Lymphoid tissues
including thymus, spleen, lymph nodes, and Peyer’s patches
from the mutant mice were similar in size to those from normal
littermate controls. Flow cytometric analyses of thymus,
spleen, lymph nodes, Peyer’s patches, blood, and bone marrow
from mutant and wild-type mice at 8 weeks of age then were
performed. Total numbers of immune cells recovered from
DFF45 mutant animals were not significantly different from
those of the wild-type animals (data not shown). White blood
cells derived from these tissues were analyzed for the expres-
sion of selective cell surface markers (Fig. 5). The distribution
of T and B lineage cells in all lymphoid compartments tested
appeared similar in mutant and wild-type animals. Similarly,
myeloid populations also were largely unaffected, except for a
small increase of granulocytes (Mac-1"/Gr-1") in the blood of
DFF45 mutant animals. Although this modest increase was
seen in two independent experiments, more animals will need
to be analyzed to assess the significance of this finding. Thus,
it appears that the presence of DFF45 is not obligatory for the
development of the immune system.

Peripheral blood cell counts from DFF45 mutant mice also
appeared normal. Cell types surveyed included total white
blood cells, red blood cells, and platelets. Among the white
blood cells, percentages of neutrophils, lymphocytes, mono-
cytes, eosinophils, and basophils all fell within normal range
(data not shown). A preliminary histological survey of all the
major internal organs in DFF45 mutant mice revealed no
significant alterations, including hypertrophy, when compared
with those from the control mice (G. Boivin and M.X,
unpublished results). Thus, all the major organ systems in
DFF45 mutant mice appeared to have developed normally
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FIG. 5. Normal immune system development in DFF45 mutant mice. Cells were harvested from lymphoid organs from wild-type (+/+) and
DFF45 mutant (—/—) mice and analyzed for the expression of the indicated cell surface markers. Each plot shown is representative of results from
three DFF45 mutant and three control mice, except for Peyer’s Patch, which is representative of results from two DFF45 mutant and two control

mice. Numbers indicate the percentage of cells in each quadrant.



12484  Genetics: Zhang et al.

despite defects in DNA fragmentation and chromatin conden-
sation in response to apoptotic stimuli.

DISCUSSION

To understand the in vivo function of DFF45 in programmed
cell death, we generated DFF45 mutant mice by using targeted
homologous recombination in ES cells. Analysis of the mutant
mice indicated that cell extracts from DFF45 mutant mice lack
in vitro DNA fragmentation activity. DFF45 mutant cells are
strikingly resistant to DNA fragmentation and chromatin
condensation in response to apoptotic stimuli. Despite this
inability to undergo DNA fragmentation, development of the
immune system appears normal. These results indicate that
DFF45 is essential for the induction of DNA fragmentation
and chromatin condensation in vivo, but is not required for the
immune system development.

DFF45 in DNA Fragmentation, Chromatin Condensation,
and Apoptosis. Our findings that DFF45 mutant cells are
resistant to DNA fragmentation and chromatin condensation
in response to several apoptotic stimuli strongly suggest that
DFF45 plays a critical role in vivo in internucleosomal cleavage
of DNA and in the induction of chromatin condensation
during apoptosis. Moreover, these findings indicate that
DFF45 function cannot be fully compensated by other mech-
anisms, such as the existence of DFF45 homologs or other
nuclease systems, in DFF45 mutant mice.

Previous studies suggested that DFF45 may function both as
a specific inhibitor and a molecular chaperone for the DFF40
nuclease (21, 22, 31). On the one hand, the inhibitory activity
of DFF45 may ensure that no DFF40 nuclease would be active
until an apoptotic signal activates caspase-3, which results in
cleavage and dissociation of DFF45. On the other hand,
DFF45 may be required for DFF40 synthesis, correct folding,
or recruitment to proper chromosomal locations (21, 22, 31).
Our results suggest that this latter molecular chaperone func-
tion of DFF45 is more dominant in vivo, since we did not detect
any DFF40 nuclease activity in DFF45 mutant cell extracts.
How DFF45 fulfills these functions will require further bio-
chemical investigations.

At present, we do not know whether DFF45 also plays a role
in the feedback regulation of programmed cell death. A
previous study showed that an intact cell nucleus and DNA
fragmentation are not required for apoptosis under certain
conditions (32). Consistent with this view, we have noted early
plasma membrane changes and activation of caspase-3 in the
absence of DFF45 (J.Z. and M.X., unpublished results). To-
gether, these findings suggest that upstream events for apo-
ptosis in DFF45 mutant cells could occur in response to certain
apoptotic stimuli. Nevertheless, it remains to be determined
whether these upstream events occur at a reduced level in
DFF45 mutant cells.

DFF45 Function in Development. We found that develop-
ment of the immune system appears normal in DFF45 mutant
mice. Moreover, these mutant mice stayed healthy for up to at
least 8 weeks of age and none of them developed any apparent
abnormalities. Our preliminary histological analyses suggest
that DFF45 is dispensable for the development of all the major
organ systems. Together, these observations indicate that
resistance to DNA fragmentation and chromatin condensation
has not produced detectable detrimental effects to the devel-
opment of the immune system and likely other systems up to
this age in DFF45 mutant mice. This raises the critical question
of whether the endogenous system for DNA removal after
apoptosis is critical for normal development and maintenance
of tissue homeostasis, or whether such DNA removal system is
equally effective for both small (fragmented) and large (un-
fragmented) DNA. A systematic analysis of development in
DFF45 mutant mice at different ages will be essential to
resolve these issues.
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Alternatively, there may be compensatory mechanisms or
redundant pathways for DNA fragmentation and chromatin
condensation that allow normal development of the immune
system and possibly other systems in DFF45 mutant mice. Such
developmental compensation or redundancy has been ob-
served previously in many mutant mice lacking apoptotic
executioner molecules, including caspases-1 and 3 (29, 33-36).
Possible compensatory or redundant mechanisms for DNA
fragmentation may involve the existence of other nucleases
that produce DNA fragmentation in apoptosis (37-39). Alter-
natively, redundant DFF45 activity may exist to partially
compensate for the loss of DFF45 in the mutant mice. The
recent identification of CIDE-A and CIDE-B indicates that
DFF45 homologs do exist (40). Whether there is an up-
regulation of CIDE activity in DFF45 mutant mice and
whether CIDEs directly interact with DFF40 to regulate
DFF40 nuclease activity remain to be investigated.

Despite these unresolved issues, the DFF45 mutant mice
provide valuable new tools for studying the role of defective
DNA fragmentation in various biological and pathological
processes, including normal development, neurodegeneration
triggered by excitatory signals or free radicals, normal and
autoimmune responses, genomic instability in various tissues
induced by adverse conditions, and tumorigenesis.
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