
Chromatin Collapse during Caspase-dependent Apoptotic
Cell Death Requires DNA Fragmentation Factor, 40-kDa
Subunit-/Caspase-activated Deoxyribonuclease-mediated
3�-OH Single-strand DNA Breaks*□S

Received for publication, August 17, 2012, and in revised form, February 6, 2013 Published, JBC Papers in Press, February 21, 2013, DOI 10.1074/jbc.M112.411371

Victoria Iglesias-Guimarais‡§¶, Estel Gil-Guiñon‡, María Sánchez-Osuna‡1, Elisenda Casanelles‡§¶1,
Mercè García-Belinchón‡, Joan X. Comella§¶, and Victor J. Yuste‡¶2

From the ‡Cell Death, Senescence, and Survival Group, Departament de Bioquímica i Biologia Molecular and Institut de
Neurociències, Facultat de Medicina, Universitat Autònoma de Barcelona, 08193 Barcelona, Spain, the §Cell Signalling and
Apoptosis Group, Vall d’Hebron-Institut de Recerca, 08035 Barcelona, Spain, and the ¶Centro de Investigación Biomédica en Red
sobre Enfermedades Neurodegenerativas (CIBERNED) , 08035 Barcelona, Spain

Background: Apoptotic nuclear morphology can occur independently of DFF40/CAD-mediated DNA fragmentation.
Results: DFF40/CAD induces 3�-OH single-strand DNA nicks/breaks and nuclear collapse during caspase-dependent
apoptosis.
Conclusion:Caspase-dependent apoptotic nuclear collapse is prompted byDFF40/CAD-mediated single-strandDNAdamage.
Significance: The knowledge of how apoptotic nuclear collapse occurs should be relevant to understand the final steps of cell
demise and its influence on the cellular environment.

Apoptotic nuclear morphology and oligonucleosomal dou-
ble-strandDNA fragments (also known asDNA ladder) are con-
sidered the hallmarks of apoptotic cell death. From a classic
point of view, these two processes occur concomitantly. Once
activated, DNA fragmentation factor, 40-kDa subunit (DFF40)/
caspase-activated DNase (CAD) endonuclease hydrolyzes the
DNA into oligonucleosomal-size pieces, facilitating the chro-
matin package. However, the dogma that the apoptotic nuclear
morphology depends on DNA fragmentation has been ques-
tioned. Here, we use different cellular models, including MEF
CAD�/� cells, to unravel the mechanism by which DFF40/
CAD influences chromatin condensation and nuclear collapse
during apoptosis. Upon apoptotic insult, SK-N-AS cells display
caspase-dependent apoptotic nuclear alterations in the absence
of internucleosomal DNA degradation. The overexpression of a
wild-type form of DFF40/CAD endonuclease, but not of differ-
ent catalytic-null mutants, restores the cellular ability to

degrade the chromatin into oligonucleosomal-length frag-
ments. We show that apoptotic nuclear collapse requires a
3�-OH endonucleolytic activity even though the internucleo-
somal DNA degradation is impaired. Moreover, alkaline
unwinding electrophoresis and In Situ End-Labeling (ISEL)/In
Situ Nick Translation (ISNT) assays reveal that the apoptotic
DNA damage observed in the DNA ladder-deficient SK-N-AS
cells is characterized by the presence of single-strand nicks/
breaks. Apoptotic single-strand breaks can be impaired by
DFF40/CAD knockdown, abrogating nuclear collapse and dis-
assembly. In conclusion, the highest order of chromatin com-
paction observed in the later steps of caspase-dependent apo-
ptosis relies on DFF40/CAD-mediated DNA damage by
generating 3�-OH ends in single-strand rather than double-
strand DNA nicks/breaks.

Apoptosis is a type of regulated cell death that results in the
orderly removal of unneeded, senescent, or defective cells that
are, therefore, destined to die. This programmed cell death is an
evolutionarily and genetically conserved biological process that
is required during embryogenesis, tissue homeostasis, develop-
ment of the nervous system, and regulation of the immune sys-
tem (1, 2). An imbalance in this biological process plays an
important role in several human pathological situations,
including cancer and degenerative neuronal diseases (3). The
key mediators of the apoptotic program are a family of cysteine
peptidases called caspases, which remain inactive as zymogens
in healthy cells. Once activated by cleavage, caspases will proc-
ess a set of intracellular proteins in which limited proteolysis
will determine the apoptotic features, yielding different mor-
phological and biochemical alterations (4, 5). These alterations,
considered as the hallmarks of canonical apoptotic cell death
(6), include distinctive nuclear morphological modifications
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and internucleosomal double-strand cleavage of genomic
DNA, yielding laddered patterns of oligonucleosomal-size frag-
ments when resolved by conventional agarose gel electropho-
resis (2, 7, 8). The main nuclease responsible for genomic DNA
fragmentation during caspase-dependent apoptosis is known
as DNA fragmentation factor, 40-kDa subunit (DFF40)3,
caspase-activated nuclease in humans, and caspase-activated
DNase (CAD) inmice (9–11). DFF40/CAD is amagnesium-de-
pendent endonuclease specific for double-stranded DNA,
which generates double-strand breaks (DSBs) with 3�-hydroxyl
(3�-OH) ends in vitro (12). In growing non-apoptotic cells,
DFF40/CAD is complexed with its chaperone-inhibitor, ICAD
(13), also known as DNA fragmentation factor, 45-kDa subunit
(DFF45) (11, 14). Two alternatively spliced isoforms of ICAD
have been described, the long (ICADL) and the short (ICADS)
variants. During apoptosis, caspase-3 cleaves and inhibits
DFF45/ICADL, allowing the release and activation of DFF40/
CAD endonuclease (11, 13, 14).
Besides DNA fragmentation, the nucleus adopts characteris-

tic traits during caspase-dependent apoptosis, those being the
other hallmark of apoptotic cell death (6). These changes
include chromatin condensation (nuclear collapse) and shrink-
age and fragmentation of the nucleus (nuclear disassembly).
These apoptotic nuclear alterations have also been divided into
early stage (stage I) (peripheral chromatin condensation) and
late stage (stage II) (nuclear collapse and disassembly) (15).
Both stages are caspase-dependent, and stage II nuclear mor-
phology often arises concomitantly with DFF40/CAD-medi-
ated DNA degradation (16). Indeed, the generation of oligo-
nucleosomal double-strand DNA fragments by DFF40/CAD
has been considered to be responsible for stage II but not for
stage I nuclear morphology (15). Indeed, genetically modified
CAD�/� DT40 chicken cells do not reach stage II chromatin
condensation after apoptotic stimuli (17). Conversely, some
studies indicate that stage II chromatin condensation and the
oligonucleosomal DNA degradation processes can occur sepa-
rately (18–23). Therefore, how DFF40/CAD endonuclease
influences stage II chromatin condensation during caspase-de-
pendent apoptotic cell death still remains elusive.
We have recently characterized the type of cell death that

SK-N-AS cells suffer after apoptotic insult. They undergo an
incomplete caspase-dependent apoptosis with highly com-
pacted chromatin in the absence of DNA laddering (22). Find-
ing such apoptotic behavior should provide new insights on
how the final apoptotic chromatin compaction takes place and
whether DFF40/CAD plays a role in this process. Here we
report that the specific down-regulation of DFF40/CAD in SK-
N-AS cells is sufficient to avoid nuclear collapse and disassem-
bly (stage II nuclear morphology), thus reducing the number of
apoptotic nuclei after STP treatment. The analysis of the nuclei
in STP-treated MEFs from CAD knockout mice corroborates

the relevance of endonuclease for stage II apoptotic nuclear
morphology. In addition, the enzymatic activity of DFF40/CAD
is necessary to reach stage II because the overexpression of
different catalytic-null mutants of murine CAD in IMR-5 cells,
a ladder- and stage II-deficient cellular model, does not pro-
mote apoptotic nuclear changes after treatment with STP. By
TUNEL assay we have shown that STP induces a DFF40/CAD-
dependent endonuclease activity. We also demonstrate that
this endonuclease is responsible for single-strand break (SSB)
generation during caspase-dependent cell death. Altogether,
we demonstrate that apoptotic oligonucleosomal DNA degra-
dation and stage II nuclear morphology both depend on
DFF40/CAD activation. However, although the first process
requires the classical nucleolytic action described for DFF40/
CAD, i.e. generation of DSBs with 3�-OH ends, the occurrence
of apoptotic chromatin collapse relies on 3�-OH SSBs in the
DNA.

EXPERIMENTAL PROCEDURES

Reagents—All chemicals were obtained from Sigma-Aldrich
Quimica SA (Madrid, Spain) unless indicated otherwise. The
pan-caspase inhibitor N-(2-Quinolyl)valyl-aspartyl-(2,6-dif-
luorophenoxy)methyl ketone was from MP Biomedicals
Europe (Illkirch, France). Anti-actin antibody (clone E361)
(catalog no. BS1002, 1:5000) was from Bioworld Technology,
Inc. (St. Louis Park,MN). Antibodies against DFF40/CAD (cat-
alog no. AB16926, 1:500) and DNA, single strand-specific
(clone F7-26) (catalog no. MAB3299, 1:50) were obtained from
Millipore Iberica S.A.U. (Madrid, Spain). Antibody against
DFF45/ICAD (clone 6B8) (catalog no. M037-3, 1:40,000) was
fromMBL (Naka-ku Nagoya, Japan). Peroxidase (POD)-conju-
gated secondary antibodies against mouse IgG (catalog no.
A9044, 1:10,000) and rabbit IgG (catalog no. A0545, 1:20,000)
were purchased from Sigma. The secondary antibody Alexa
Fluor 594 goat anti-mouse IgM (catalog no. A21044, 1:1000)
was fromMolecular Probes (Barcelona, Spain).
Cell Lines and Culture Procedures—All cell lines used in this

study were routinely grown in 100-mm culture dishes (BD Fal-
con, Madrid, Spain) containing 10 ml of DMEM supplemented
with penicillin/streptomycin (100 units/ml and 100 �g/ml,
respectively) and 10% heat-inactivated FBS (Invitrogen).
Medium was routinely changed every 3 days. Cells were main-
tained at 37 °C in a saturating humidity atmosphere containing
95% air and 5% CO2. For the different experiments, cells were
grown at the adequate cell densities in culture dishes or multi-
well plates (BD Falcon) using the same culture conditions as
described above.
Trypan Blue Exclusion Assay and Chromatin Staining with

Hoechst 33258—A trypan blue exclusion assay as well as
nuclear morphology staining by Hoechst 33258 were per-
formed as established previously (24). Normal or apoptotic
cell nuclei stained with Hoechst 33258 were visualized with a
Nikon ECLIPSE TE2000-E microscope equipped with epif-
luorescence optics under UV illumination and a Hamamatsu
ORCA-ER photographic camera. The altered nuclei were
counted and scored as stage I (partial chromatin condensa-
tion) or stage II (high chromatin compaction). The y-axis

3 The abbreviations used are: DFF40, DNA fragmentation factor, 40-kDa sub-
unit; CAD, caspase-activated DNase; DSB, double-strand break; ICAD,
inhibitor of caspase-activated DNase; ICADL, inhibitor of caspase-activated
DNase, long variant; ICADS, inhibitor of caspase-activated DNase, short var-
iant; STP, staurosporine; MEF, mouse embryonic fibroblasts; SSB, single-
strand break; mCAD, mouse caspase-activated DNase; NR, non-relevant;
ssDNA, single-stranded DNA; HMW, high molecular weight.
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title “apoptotic nuclei” in the corresponding graphs refers to
stage II nuclear morphology.
Low Molecular Weight DNA Degradation Analysis—The

DNA fragmentation assays were carried out as described pre-
viously (22). DNA was stained in ethidium bromide and then
visualized using a Syngene Gene Genius UV transilluminator
equipped with a photographic camera.
Total Protein Extractions and Western Blotting—Approxi-

mately 1 � 106 cells/condition were detached from the 35-mm
culture dishes, pelleted at 600 � g for 5 min, and washed once
with PBS. Then, cells were lysed with 100 �l of SET buffer (10
mMTris-HCl (pH6.8), 150mMNaCl, 1mMEDTA, 1%SDS) and
heated at 95 °C for 10 min to get total protein extracts. The
protein concentration in the supernatants was quantified by a
modified Lowry assay (DC protein assay, Bio-Rad), and 15–30
�g of protein was loaded in SDS-polyacrylamide gels. The pro-
teins were electrophoresed and electrotransferred onto a pro-
tran nitrocellulose transfermembrane (WhatmanGmbH, Das-
sel, Germany). After blocking with TBS/0.1% Tween 20
containing 5% nonfat dry milk, the membranes were probed
with the appropriate specific primary antibodies and incubated
with the adequate secondary antibodies conjugated with horse-
radish peroxidase. Finally, immunoblots were developed with
an EZ-ECL chemiluminescence detection kit (Biological Indus-
tries, Kibbutz Beit-Haemek, Israel).
Subcloning and Stable Transfection of mCADMutants—The

pBluescript vectors carrying the open reading frames of mouse
CAD (mCAD), the wild type (WT) form or different catalyti-
cally inactive mutants (H242A, H263A and H313A) were pro-
vided by Dr. Shigekazu Nagata (Kyoto University, Kyoto,
Japan). (25). The mCADH242Amutant abrogates Zn2� incor-
poration, avoiding CAD dimerization and DNA binding (25).
ThemCADH263Amutant lacks endonuclease activity because
His-263 is the general base of the active site (26). The mCAD
H313A mutant impedes Mg2� binding, avoiding transition
state stabilization without affecting CAD dimerization or DNA
binding (27).
The cDNA inserts described above were subcloned into the

pcDNA3 mammalian expression vector (Invitrogen). The con-
structs were named pcDNA3/mCAD WT, pcDNA3/mCAD
H242A, pcDNA3/mCAD H263A, and pcDNA3/mCAD
H313A. Cells were transfected with the different constructs or
pcDNA3 vector alone (Neo) using Lipofectamine transfection
reagent (Invitrogen). Stably transfected cells were selected with
500 �g/ml G-418 (geneticin) (Invitrogen) and were used as a
pool. The cDNA of mCAD WT was also subcloned into the
pAG3 mammalian expression vector (provided by Dr. Carles
Saura, Universitat Autònoma de Barcelona, Spain). The con-
struct was named pAG3/mCADWT. MEF CAD�/� cells were
transfected with the pAG3 empty vector alone (Zeo) or the
pAG3/mCAD WT construct by using Attractene transfection
reagent (Qiagen) according to the instructions of the manufac-
turer. Stably transfectedMEF cells were selected for amonth in
the presence of 0.4mg/ml Zeocin (Invitrogen) andwere used as
a pool. The expression of mCAD was assessed byWestern blot
analysis in total protein extracts.
Design and Transfection of siRNAs—siRNA transfection was

performed in SK-N-AS and SH-SY5Y cells using DharmaFECT

1 siRNA transfection reagent (Fisher Scientific, Madrid, Spain)
in DMEM without serum and antibiotics according to the
instructions of the manufacturer. Briefly, the day before trans-
fection, 3 � 105 SK-N-AS cells (2 � 105 SH-SY5Y cells) were
seeded in 60-mm culture dishes in DMEM with 10% FBS but
without antibiotics. The final concentration of the selected
siRNA (see below) or negative control (NR siRNA) was 140 nM,
and 10�l ofDharmafect 1 reagentwas employed for each trans-
fection. After 5 h of transfection, serum was added to a final
concentration of 10%. Four days after transfection, cells were
detached from culture dishes, reseeded in adequate plates, and
treated the next daywith STP. To evaluate the extent of DFF40/
CAD, ICADL, or ICADSprotein down-regulation,Western blot
analyses of total protein lysates were performed 4 days after
transfection. The sequences of the different siRNAs employed
were as follows: 5�-GAGCUACAGAGGAGGACAU-3�
(human ICADS (hICADS) siRNA-1), 5�-UGUCAAUGUCAC-
AGGAAAA-3� (hICADS siRNA-2), 5�-GUGUAAAGAGGUA-
ACAUAA-3� (hICADS siRNA-3), 5�-CAGGAUUUGGAGUU-
GGUUA-3� (hICADL siRNA), 5�-CCAGAGGGCUUGAGGA-
CAU-3� (CAD siRNA-1), 5�-GGAACAAGAUGGAAGAGA-
A-3� (CAD siRNA-2), 5�-GGCUAAUGUUUGUAUUUUU-3�
(CAD siRNA-3), 5�-CCACCUUGCUUGAGGGACA-3� (CAD
siRNA-4), 5�-GAUUCAACCUGAUACAUUU-3� (CAD siRNA-
5), and 5�-GUAAGACACGACUUAUCGC-3� (NR siRNA
(28)).
TUNEL Assay—The TUNEL assays were performed as

described previously with some modifications (29). Briefly,
SH-SY5Y, SK-N-AS, andMEF CAD�/� cells were seeded onto
8-wells Lab-Tek chamber slides (Nalge Nunc International
Corp., Rochester, NY) and treated with STP as indicated in the
respective figure legends.Detection ofDNA fragments carrying
3�-OH groups was carried out by fixing cells in freshly prepared
2% paraformaldehyde for 30min at 4 °C and, after washingwith
PBS, fixed cells were permeabilizedwith 0.1%TritonX-100 and
0.1% sodium citrate for 90 min at 4 °C. Then, cells were rinsed
with PBS containing 0.1%TritonX-100 and incubatedwith 100
�l of a reaction mixture containing 0.025 nmol fluorescein-12-
dUTP, 0.25 nmol dATP, 2.5mMCoCl2, 40 units of recombinant
terminal deoxynucleotidyl transferase and 1X terminal deoxy-
nucleotidyl transferase reaction buffer (RocheApplied Science)
for 1 h at 37 °C. The reaction was ended by adding 20 mM

EGTA. Cells were washed twice with PBS, counterstained with
0.05 �g/ml Hoechst 33258 in 20 mM EGTA, and microphoto-
graphs were taken under fluorescein-isothiocyanate or UV fil-
ters in an epifluorescence microscope (Nikon ECLIPSE
TE2000-E) coupled to a Hamamatsu ORCA-ER camera.
Alkaline Agarose Gel Electrophoresis for SSB Detection—For

alkaline agarose gel analysis, SH-SY5Y and SK-N-AS cells were
seeded in 12multiwell plates, and after 12 h of treatment with 1
�M STP, DNA from cells was extracted according to the low
molecular weight DNAdegradation analysismethod. DNAwas
resuspended in 50 �l of 1 mM EDTA (pH 8.0) and 20 �g/ml
DNase-free RNase A and heated at 50 °C for 20 min. Alkaline
electrophoresis was carried out as described previously with
minor modifications (30). Briefly, a 10-cm 0.9% agarose gel,
prepared in 50 mM NaCl and 1 mM EDTA, was equilibrated
for � 1 h at room temperature in freshly prepared alkaline gel
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running buffer (50 mM NaOH, 1 mM EDTA (pH 8.0)). Prior to
loading, 10 �l of DNA were mixed with 2 �l of 6� alkaline gel
loading buffer (300mMNaOH, 6mMEDTA, 60% glycerol). Gels
were run at 20 V (2 V/cm) for 10–12 h at room temperature.
After electrophoresis, the gel surface was rinsed in distilled
water and incubated in neutralizing solution (0.1 M Tris-HCl
(pH 8.0)) for 20 min. Neutralization continued for 40 min with
fresh 0.1 M Tris-HCl (pH 8.0). Then, the gel was stained in
ethidium bromide (1 �g/ml) for 15 min, rinsed twice with dis-
tilled water for 10 min each, and DNA was visualized using an
UV transilluminator.
Single-strand DNA Damage Measurements with F7-26 Anti-

body by Flow Cytometry—For ssDNA damage measurements,
cells were cultured in 35-mm culture dishes (1 � 106 cells/
condition) in the presence or absence of STP as indicated in the
respective figure legends. Cells were then fixed in ice-cold
methanol-PBS (6:1) (�20 °C) and analyzed 24 h later. Fixed
cells were centrifuged at 400 � g for 5 min, and the pellet
obtained was resuspended in 0.25 ml of formamide and heated
in awater bath at 75 °C for 10min. The cells were then returned
to room temperature for 5 min and incubated with 2 ml of 1%
nonfat dry milk in PBS for 15 min, also at room temperature.
Then, cells were centrifuged at 400� g for 5min, and the pellet
was resuspended in 100 �l anti-ssDNA F7-26 antibody (1:10)
diluted in PBS plus 5% FBS and incubated for 25 min at room
temperature. 2 �l of Alexa Fluor 594-conjugated goat anti-
mouse IgM (� chain) antibody (1:50) (Invitrogen) was added,
and the cell suspensionwas further incubated for 25min, also at
room temperature. Then, 900�l of PBSwas added to each tube,
and cells were analyzed by flow cytometry. Flow cytometry
analyses were conducted using a Cytomics FC 500 (Beckman
Coulter). Red fluorescence in labeled and non-labeled cells was
determined by excitation at 488 nm and emission at 620 nm
(FL3detector). Datawere acquired and analyzedwithCXP soft-
ware. During the analyses, 10,000 events (cells) were analyzed.
Density plots representing size (FCS, y axis, in a logarithm
scale) versus intensity of red fluorescence (x axis, in a logarithm
scale) were plotted. Cell density (events) was shown on a
pseudocolor scale from minimum density (blue) to maximum
density (red).
Transmission Electron Microscopy—Transmission electron

microscopy was used to examine the nuclear morphology from
SK-N-AS cells transfected with NR or CAD siRNA and left
untreated or treated with STP for 6 h. Pellets of cells from all
conditions were fixed with 2.5% (v/v) glutaraldehyde and 2%
(v/v) paraformaldehyde (EM grade, TAAB Laboratories, Berk-
shire, UK) in 100mM PBS (pH 7.4) for 2 h and rinsed four times
with 100 mM PBS. Pellets were then post-fixed in 1% (w/v)
osmium tetroxide (TAAB Laboratories) containing 0.8% (w/v)
potassium hexacyanoferrate (III) (Sigma) for 2 h and washed
with 100mM PBS. These steps were performed at 4 °C. Samples
were dehydrated through a graded acetone series, embedded in
Epon resin, and polymerized for 48 h at 60 °C. Ultrathin sec-
tions were mounted in copper grids (200 mesh), contrasted
with uranyl acetate and lead citrate solutions, and evaluated
with a transmission electron microscope (Jeol JEM-1400
equipped with a Gatan Ultrascan ES1000 charge-coupled
device (CCD) camera).

Statistical Analysis—All experiments were repeated at least
three times. Values are expressed as means � S.E. Student’s
t-tests were used to determine the statistical significance in cell
deathmeasurements. p� 0.01 was considered to be significant.

RESULTS

DFF40/CAD Is Required for Stage II Nuclear Morphology
Even in the Absence of Oligonucleosomal DNA Fragmentation—
Wehave recently identified SK-N-AS cells, a humanneuroblas-
toma-derived cell line, as a cellular model that undergoes
incomplete apoptotic cell death after cytotoxic stimuli, charac-
terized by the presence of apoptotic nuclei in the absence of
DNA laddering (22). First, we established that the aspect of
these nuclei depends on the activation of caspases (supplemen-
tal Fig. S1). Therefore, we wanted to ascertain whether DFF40/
CAD played a role in the observed apoptotic nuclear morphol-
ogy. For this, we designed five siRNAs against human DFF40/
CADmRNA (see “Experimental Procedures”). As shown in Fig.
1A, all siRNAs down-regulated the protein levels of the endo-
nuclease without affecting the expression of either the long
(ICADL) or the short (ICADS) isoforms of ICAD. Among the
siRNAs tested, number 2 was the most effective at decreasing
DFF40/CAD protein levels (Fig. 1A). When apoptotic nuclear
morphology induced by STP was analyzed by Hoechst 33258
staining, we observed that the specific down-regulation of
DFF40/CAD prevented nuclear collapse/disassembly (stage II
nuclear morphology) but not chromatin condensation against
the nuclear periphery (stage I) (Fig. 1B). Ultrastructurally, the
cells transfected with an NR siRNA displayed aggregates of
highly condensed granular chromatin, frequently associated
with the appearance of dense semilunar caps after STP treat-
ment (Fig. 1C). However, in CAD siRNA-transfected cells, the
chromatin appeared marginal and homogenously distributed
beneath the nuclear envelope, forming irregular and intercon-
nectedmasses of heterochromatin in a coarse pattern (Fig. 1C).
Irrespective of the morphological features observed, the profile
of cell death was comparable between both transfected cells,
establishing that the effect of DFF40/CAD down-regulation on
the nuclear morphology was not due to a reduction in the indi-
ces of cell death (Fig. 1D).
Apoptotic nuclear collapse is impaired in cells overexpress-

ing several caspase-resistant ICADmutants (31, 32). Therefore,
we wanted to analyze the individual contribution of the ICADL
and ICADS isoforms on STP-induced apoptotic nuclear mor-
phology in SK-N-AS cells. Fig. 2A schematizes the ICADL and
ICADS mRNAs and the position of each siRNAs employed. As
shown in Fig. 2B, the siRNA against ICADL was effective at
reducing its protein levels without affecting those of ICADS.On
the other hand, among the three siRNAs chosen to down-reg-
ulate ICADS, only siRNA number 1 was effective at reducing
the protein levels of this isoform without altering ICADL
expression (Fig. 2B). Analysis of the nuclear morphology
revealed that ICADL siRNA, but not ICADS siRNA, prevented
stage II nuclear collapse in SK-N-AS cells treatedwith STP (Fig.
2C). The effect of ICADL siRNA on the apoptotic nuclear mor-
phology is due to the decrease observed in the endogenous pro-
tein levels of DFF40/CAD (Fig. 2B). This fact is in agreement
with previous data establishing the role of ICADL, but not
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ICADS, as a chaperone for DFF40/CAD (33) and, therefore,
regulating the expression of the endonuclease (34). Regardless
of the effect provoked on the aspect of the nuclei, none of the
siRNAs designed avoided the STP-induced DNA degradation
profile into high molecular weight (HMW) fragments (supple-
mental Fig. S2).
DFF40/CAD Catalytic Activity Is Required to Promote Apo-

ptotic Nuclear Morphology—At this point, we demonstrated
that SK-N-AS cells required DFF40/CAD to reach a high order
of chromatin compaction during caspase-dependent apoptosis.
Because apoptotic DNA degradation is a consequence of the
endonucleolytic action of DFF40/CAD, we wanted to assess
whether DFF40/CAD also required its enzymatic activity to
promote stage II nuclear morphology after STP treatment. For
this reason, we overexpressed several catalytically inactive
mutants of mCAD (25) in human neuroblastoma-derived
IMR-5 cells, a cellularmodel that, upon STP treatment, displays
an incomplete apoptotic cell death characterized by the
absence of both stage II nuclear morphology and oligonucleo-
somal DNA degradation (35). Therefore, we proceeded with

the stable overexpression of mCADH242A, H263A, or H313A
mutants as well as the pcDNA3-empty vector (Neo) or wild-
type mCAD in IMR-5 cells. As depicted in Fig. 3A, mCAD or
the different mutants were efficiently overexpressed. As
expected, only IMR-5 cells that overexpress the wild-type form
of mCAD were able to degrade their chromatin into oligo-
nucleosomal DNA fragments after treatment with STP (Fig.
3B). As shown in Fig. 3C, the analysis of the nuclearmorphology
revealed that only IMR-5 cells overexpressing the wild-type
formof the endonuclease recovered their ability to display stage
II chromatin condensation when challenged with STP. These
results indicate that nuclear collapse and disassembly observed
through apoptotic cell death, were strictly dependent on the
enzymatic activity of mCAD. Therefore, the hydrolytic action
of DFF40/CAD on chromatin is required to provoke both DNA
laddering and nuclear morphological changes after apoptotic
insult.
Staurosporine Provokes DNA Damage in SK-N-AS Cells by

Introducing Single-strand DNA Breaks with free 3�-OH Ends—
Taking into account the results obtained, and because the

FIGURE 1. The apoptotic nuclear collapse and disassembly induced by STP in SK-N-AS cells requires the expression of DFF40/CAD endonuclease.
A, SK-N-AS cells were transfected with an NR siRNA or five different CAD siRNAs (1–5). Total protein extracts of the different conditions were obtained, and
DFF40/CAD protein levels (upper panel) were analyzed by Western blot analyses 5 days after transfection. The membrane was reprobed with anti-ICAD
antibody (lower panel). B, SK-N-AS cells transfected with NR siRNA or CAD siRNA number 2 were treated with 1 �M STP for 6 h or left untreated (Control), and
nuclear morphology was analyzed by staining the nuclei with Hoechst 33258. Scale bar � 40 �m. In each condition of treatment, the lower panels are
magnifications of the insets in the upper panels. C, electron microscopy from SK-N-AS cells transfected and treated as in B. Scale bars � 40 �m. D, time course
analysis of cell death by trypan blue exclusion assay. SK-N-AS cells transfected with NR (white bars) or DFF40/CAD (black bars) siRNA were treated with 1 �M STP.
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endonuclease activity of DFF40/CAD generates free 3�-OH
group DNA ends (12), we wanted to explore whether the apo-
ptotic nuclearmorphology observed in SK-N-AS cells after STP
treatment correlated with the generation of 3�-OH DNA ends.
For this, we took advantage of the TUNEL assay, which allows
the detection of free 3�-OH termini by labeling with modified
nucleotides, e.g. FITC-dUTP. Interestingly, as shown in Fig. 4A,
TUNEL reactivity was detected in both SK-N-AS and SH-SY5Y
cells treated with STP for 12 h. Moreover, the percentage of
TUNEL-positive nuclei was comparable between both cell
lines, a result that directly correlated with the number of cells
displaying stage II apoptotic nuclearmorphology (Fig. 4B). Sub-
sequently, we wanted to determine the DNA damage occur-
rence in SK-N-AS cells challenged with STP. Isolated DNA
fromuntreated or STP-treated cells was electrophoresed under
alkaline/denaturing conditions to unwind strand breaks or
labile sites present in double-stranded DNA, yielding ssDNA
(36). As shown in Fig. 4C, genomic DNA isolated from STP-
treated SK-N-AS or SH-SY5Y cells migrated faster on alkaline
agarose gels than their respective untreated controls, evidenc-
ing that, regardless of the extent of DSBs, the alkaloid provoked
DNA damage. Although SSBs revealed by the alkaline unwind-
ing gel electrophoresis assay are usually interpreted as an
evidence of DNA damage, we took advantage of the F7-26

monoclonal antibody, which does not recognize DNA in dou-
ble-stranded conformations but specifically reveals exoge-
nously induced ssDNA damage (37). Flow cytometry analysis
demonstrated that after STP treatment, either SK-N-AS or
SH-SY5Y cells showed a new cell population with higher reac-
tivity to the F7-26 antibody, indicating the presence of ssDNA
stretches (Fig. 4D). The generation of ssDNAnicks/breaks with
3�-OH ends was evidenced in SK-N-AS and SH-SY5Y cells by
employing in vitro polymerization assays using either DNA
polymerase I or its (large) Klenow fragment (supplemental Figs.
S3 and S4).
DNA SSBs Produced during Apoptotic Cell Death Correlate

with a Proper Condensation of the Chromatin, Leading to
Nuclear Collapse—With the aim to establish a correlation be-
tween the occurrence of DNA damage by SSBs and the pres-
ence of apoptotic collapsed nuclei, we took advantage of the
intrinsic properties of IMR-5 cells (35). SK-N-AS and IMR-5
cells were cultured in the presence of STP for 6 h, and ssDNA
damagewas assessed by flow cytometry analysis using the F7-26
monoclonal antibody. As depicted in Fig. 5A, the presence of
STP in the culture medium provoked a minor percentage of
IMR-5 cells to display ssDNA damage when compared with
SK-N-AS cells. These results correlated with the limited num-
ber of TUNEL-positive and apoptotic nuclei observed in STP-
treated IMR-5 cells compared with those obtained in STP-
treated SK-N-AS cells (Fig. 5, B and C). IMR-5 cells, which fail
to activate DFF40/CAD at the final steps of caspase-dependent
cell death (35), displayed stage II nuclear morphology and deg-
radation of their chromatin into oligonucleosomal-size pieces
after apoptotic insult only when DFF40/CAD wild-type was
overexpressed (Fig. 3). As shown in Fig. 6A, the overexpression
of mCAD provoked a marked increase in the number of cells
displaying ssDNAdamage after STP treatmentwhen compared
with empty-pcDNA3 IMR-5 (IMR-5 Neo) cells. These results
directly correlated with the data obtained by the TUNEL assay.
In this sense, the number of TUNEL-positive nuclei increased
in IMR-5mCAD cells comparedwith IMR-5Neo cells (Fig. 6,B
and C). As observed in Fig. 6C, the percentage of TUNEL-pos-
itive nuclei in both IMR-5-transfected cells correlated directly
with the percentage of apoptotic nuclei afforded upon STP
treatment (Fig. 6,B andC). Therefore, the results obtained sup-
port the concept that DFF40/CAD activity might be necessary
to induce DNA damage during caspase-dependent cell death.
DFF40/CAD Is the Main Endonuclease Responsible for Sin-

gle-strand DNA Damage during Apoptosis—The results ob-
tained indicated that apoptotic nuclear changes strongly corre-
lated with the generation of DNA SSBs carrying 3�-OH-free
ends. Moreover, the results shown in Fig. 6, A and B, strongly
suggest that DFF40/CAD could be the main endonuclease
implicated in the DNA damage process observed. First, we
sought to analyze whether the overexpression of mCAD (Fig.
7A) could increase the percentage of SK-N-AS cells generating
ssDNA damage after STP treatment. Although DFF40/CAD-
overexpressed SK-N-AS cells digested their chromatin into oli-
gonucleosomal double-stranded fragments (Fig. 7B), the num-
ber of cells carrying ssDNA damage did not increase when
compared with empty-pcDNA3-transfected (Neo) cells (C).
Moreover, neither the number of TUNEL-positive nor of apo-

FIGURE 2. Knockdown of ICADL, but not of ICADS, impedes stage II apo-
ptotic nuclear morphology in SK-N-AS cells treated with STP. A, sche-
matic illustrating ICADL and ICADS mRNAs showing the position against
which the different siRNAs were designed. The numbers pictured in each
mRNA (1-6, empty segments) represent the exons. The intron 5 (filled segment)
is only preserved in ICADS mRNA. The specific siRNAs designed against ICADS
are complementary to intron 5, whereas the ICADL siRNA is complementary
to the exon-5/exon-6 junction. The start and stop codons are indicated in
both mRNAs. B, SK-N-AS cells were transfected with NR siRNA, ICADL siRNA, or
three different ICADS siRNAs (1-3). Total protein extracts of the different con-
ditions were obtained, and ICADL and ICADS protein levels (upper panel) were
analyzed by Western blot analysis 5 days after transfection. The membrane
was reprobed with anti-DFF40/CAD antibody (lower panel). C, SK-N-AS cells
transfected with NR siRNA, ICADL siRNA, or ICADS siRNA number 1 were
treated with 1 �M STP for 24 h or left untreated (Control), and nuclear mor-
phology was analyzed by staining the nuclei with Hoechst 33258. The right
panels are magnifications of the insets in the center panels. Scale bars � 40 �m.
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ptotic nuclei was altered by the overexpression of endonuclease
(Fig. 7,D and E). Altogether, these results pointed out that both
3�-OH DNA breaks and stage II nuclear morphology observed
during caspase-dependent apoptosis relied on DNA SSB gen-
eration rather than on DSB oligonucleosomal DNA fragmenta-
tion.Moreover, as shown in Fig. 7, the overexpression ofmCAD
in SK-N-AS cells failed to demonstrate a direct implication of
endonuclease on apoptotic ssDNA damage. Consequently, to

confirmwhetherDFF40/CADplayed a role in the generation of
SSBs during STP-induced DNA damage, we proceeded with its
specific knockdown in SK-N-AS cells (Fig. 8A). As shown in Fig.
8B, the ssDNA damage induced by STP in SK-N-AS cells trans-
fected with an NR siRNA was almost completely abolished in
cells in which DFF40/CAD protein levels were previously
down-regulated (CAD siRNA) (Fig. 8A). Accordingly, with this
result, the generation of 3�-OH ends in DFF40/CAD knock-

FIGURE 3. The endonuclease activity of DFF40/CAD is necessary for apoptotic nuclear collapse and disassembly. IMR-5 cells stably transfected with
empty pcDNA3 (Neo), pcDNA3-mCAD wild-type (mCAD WT), pcDNA3-mCADH242A (mCAD H242A), pcDNA3-mCADH263A (mCAD H263A), or
pcDNA3-mCADH313A (mCAD H313A) plasmids were treated with 1 �M STP for 24 h or left untreated. A, total protein extracts from the different cell lines
generated were analyzed by Western blot analysis to confirm the overexpression of the different mCAD variants. The membrane was reprobed with an
antibody against actin as a loading control. B, genomic DNA analysis of the different stably transfected cell lines treated with STP (�) or left untreated (�).
C, morphological aspect of the nuclei of the different cell lines stained with Hoechst 33258 after STP treatment or no treatment (Control). In each condition, the
right panels are magnifications of the insets in the left panels. Scale bar � 40 �m.
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down cells was also impeded (Fig. 8,C andD). As expected, and
contrary toNR siRNA-transfected SK-N-AS cells,most of CAD
siRNA-transfected cells displayed stage I instead of stage II
nuclear morphology after STP treatment (Fig. 8, C and E). The
same results were obtained in CAD siRNA-transfected and
STP-treated SH-SY5Y cells (supplemental Fig. S5).
To expand the results obtainedwe usedMEF cells fromCAD

knockout mice. For this purpose, we proceeded to stably trans-
fect the cells with the pAG3-mCAD or pAG3-empty (Zeo) vec-
tors. The expression of mCAD was assessed by Western blot
analysis in total protein extracts (Fig. 9A). As shown in Fig. 9B,
mCAD and Zeo cells underwent comparable morphological
changes upon treatmentwith 1�MSTP for 10 h. The analysis of
ssDNA damage by flow cytometry revealed that STP did not
induce ssDNA breaks in cells lacking DFF40/CAD expression
(Zeo cells) (Fig. 9C). This result correlated with a minimal

detection of free 3�-OHDNA ends and the absence of chroma-
tin collapse in MEF CAD�/� Zeo cells challenged with STP
(Fig. 9D). On the other hand, upon STP insult, the overexpres-
sion ofmCADmadeMEFCAD�/� cells competent to generate
ssDNA damage (Fig. 9C) and to display stage II nuclear mor-
phology with free 3�-OH DNA ends (D).
The data presented indicate that the DNA damage observed

during caspase-dependent apoptosis is mainly due to the acti-
vation of DFF40/CAD endonuclease, which introduces 3�-OH
SSBs into the DNA facilitating nuclear collapse (stage II). A
major degree of DFF40/CAD activity should lead to a more
advanced step in the apoptotic DNA fragmentation, i.e. DSBs
into oligonucleosomal DNA fragments or DNA laddering. On
the other hand, DFF40/CAD seems to not be involved in
peripheral chromatin condensation (stage I) or HMW DNA
degradation, at least in our human cellular models (Fig. 10). Of

FIGURE 4. STP induces endonuclease activity in SK-N-AS cells that is evidenced by the generation of SSBs and free 3�-OH ends in the DNA. A, TUNEL
reactivity and Hoechst nuclear staining in SH-SY5Y or SK-N-AS cells treated (STP) or not treated (Control) with 1 �M STP for 12 h. The right panels are magnifi-
cations of the insets in the center panels. The arrows show non-apoptotic nuclei that are negative for TUNEL reactivity. The arrowheads indicate apoptotic and
TUNEL-positive nuclei. Scale bar � 40 �m. B, quantification of the data presented in A representing TUNEL-positive nuclei (upper panel) and apoptotic nuclei
(lower panel) in SH-SY5Y (white bars) and SK-N-AS (black bars) cells upon STP treatment. The means � S.E. of three independent experiments are shown.
C, SH-SY5Y (SH) and SK-N-AS (SK) cells were left untreated (-) or treated (�) with 1 �M STP for 12 h. Genomic DNA was extracted and analyzed by neutral
conventional (left panel) or alkaline (right panel) agarose gel electrophoresis and subsequent ethidium bromide staining (see “Experimental Procedures”).
D, flow cytometry analysis of ssDNA damage using the monoclonal antibody F7-26 in SK-N-AS and SH-SY5Y cells left untreated (Control) or treated with 1 �M

STP for 12 h and fixed immediately (see “Experimental Procedures”). Flow cytometry data are shown as density plots representing size (y axis, in a logarithm
scale) versus intensity of red fluorescence (x axis, in a logarithm scale). FSC, forward scatter of light. Cell density (events) is shown on a pseudocolor scale from
minimum density (blue) to maximum density (red). The circled populations correspond to cells presenting ssDNA damage. The percentage of gated cells in each
condition is indicated. The experiment was repeated three times with a low variability (� 5%).
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note, it has been reported that HMW DNA degradation does
not take place in cells from CAD knockout mice (38). This dif-
ference could be explained by an exclusive role of DFF40/CAD
during embryogenesis, being the sole endonuclease able to
carry out HMW DNA degradation. This function seems to be
replaced by other non-characterized nuclease/s in malignant
(adult) cells. In any case, our data point to a non-redundant
cellular function of DFF40/CAD for the generation of 3�-OH
SSBs, chromatin compaction, and LMW DNA degradation
during caspase-dependent apoptotic cell death, at least under
our experimental conditions.

DISCUSSION

Here, we have taken advantage of the responsiveness ofMEF
CAD�/� cells and three human-derived neuroblastoma cells
toward the same apoptotic stimulus to unravel the mechanism
by which DFF40/CAD influences the nuclear morphological
changes observed throughout caspase-dependent apoptotic
cell death. We have previously characterized SH-SY5Y cells
that undergo canonical apoptotic cell death after different
external insults (39–41). On the other hand, IMR-5 cells dis-
play caspase-dependent cell death in the absence of oligo-
nucleosomal DNA degradation and stage II nuclear morphol-
ogy, only showing marginal chromatin condensation inside of
the nucleus (stage I) after apoptotic stimuli (32, 35, 39). More
recently, we have identified SK-N-AS cells as an interesting
cellular model to elucidate how stage II apoptotic nuclear mor-
phology takes place. Indeed, these cells hold a defect in the
hydrolysis of their chromatin into oligonucleosomal-size frag-
ments, albeit the presence of stage II apoptotic nuclei upon
cytotoxic insult (22). We show here that DFF40/CAD knock-
down in SK-N-AS cells completely avoids caspase-dependent
nuclear collapse and disassembly without affecting the initial
ring-like marginalization of the chromatin inside the nucleus
(stage I). Accordingly, MEF CAD�/� cells only display stage I
nuclear morphology upon apoptotic stimulus, and the overex-
pression of a wild-type form of DFF40/CAD restores stage II. In
fact, apoptotic nuclear collapse/disassembly requires a fully
functional wild-type form of DFF40/CAD because the overex-
pression of different catalytic-null mutants in IMR-5 cells do
not promote stage II nor DNA laddering after apoptotic insult.
Hence, caspase-dependent stage II apoptotic nuclear morphol-
ogy needs the catalytic activity of DFF40/CAD.
The nuclear changes observed during apoptosis have

attracted many researchers in this field. As a consequence,
besides DFF40/CAD, other factors coupling to stage II chroma-
tin condensation have been identified, e.g. the caspase-gener-
ated N-terminal fragment of gelsolin (42) and acinus (43) and
the release of nuclear actin (44). However, the exact contribu-

FIGURE 5. The absence of stage II nuclear morphology in injured IMR-5
cells correlates with reduced DNA damage in 3�-OH SSBs. SK-N-AS and
IMR-5 cells were left untreated (Control) or treated with 1 �M STP for 6 h.
A, flow cytometry analysis of ssDNA damage using the monoclonal antibody
F7-26. Data are shown as density plots representing size (y axis, in a logarithm
scale) versus intensity of red fluorescence (x axis, in a logarithm scale). FSC,
forward scatter of light. Cell density (events) is shown on a pseudocolor scale
from minimum density (blue) to maximum density (red). The circled popula-
tions correspond to cells presenting ssDNA damage. The percentage of gated

cells in each condition is indicated. The experiment was repeated three times
with a low variability (� 10%). B, TUNEL reactivity and Hoechst nuclear stain-
ing in SK-N-AS or IMR-5 cells untreated (Control) or treated with STP. The right
panels are magnifications of the insets in the center panels. The arrows show
stage I nuclei negative for TUNEL reactivity. The arrowheads indicate repre-
sentative apoptotic stage II and TUNEL-positive nuclei. Scale bar � 40 �m. C,
quantification of the data presented in B representing TUNEL-positive nuclei
(left panel) and apoptotic nuclei (right panel) in SK-N-AS (white bars) and IMR-5
(black bars) cells upon STP treatment. The means � S.E. of three independent
experiments are represented. Asterisks indicate p � 0.01.
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tion of each factor still remains controversial. The different
stimuli employed, the metabolic state of each individual in a
population of cells, or even the particular subcellular contexts
could be determinants for the player/s that will trigger chroma-
tin condensation upon cytotoxic insult. However, we can also
speculate that the abovementioned molecules (and probably
others that remain to be identified) could be parts of intracel-
lular pathways that are somehow interconnected. In this con-
text, a correlation between DFF40/CAD activity and other
caspase-dependent stage II-mediating factors, such as acinus,
gelsolin, or even nuclear actin, should be plausible. Therefore, it
would be of outstanding interest for the field to know whether
there exists any molecular relationship between DFF40/CAD
and the abovementioned condensing factors tomediate stage II
chromatin compaction.
Although the presence of multiple single-strand cuts in the

double helix of DNA of apoptotic cells has been observed pre-
viously (45), the nuclease implicated and, more importantly, its
biological significance, remained largely unsolved.During STP-
induced apoptotic cell death, SK-N-AS and SH-SY5Y cells
undergo a process ofDNAhydrolysis characterized by the pres-
ence of SSBs with 3�-OH termini. The fact that SK-N-AS cells
are defective in degrading their chromatin into oligonucleo-
somal-length DSBs fragments but effective in generating stage
II chromatin condensation after caspase activation demon-

strates that stage II nuclear morphology can take place inde-
pendently of internucleosomal DNA degradation. This fact is
further supported by the specific down-regulation of DFF40/
CAD in SK-N-AS cells that precludes the occurrence of SSBs
with 3�-OH DNA ends. The absence of 3�-OH DNA SSBs
avoids the progression toward chromatin collapse of the nuclei
during apoptotic cell death. Therefore, the results presented
here point to DFF40/CAD endonuclease as the key molecule
controlling stage II nuclear morphology by introducing single-
strand cuts in the DNA of preapoptotic cells. The observations
reported here are in agreement with the finding that DFF40/
CAD can indeed introduce single-strand nicks in DNA in vitro
(46).
How the endonuclease independently controls both apopto-

tic hallmarks should be linked to the degree of its activation/
activity or its protein levels. The degree of DFF40/CAD activa-
tion is directly related to the proteolytic action of caspases, and
its enzymatic activity is further regulated by other factors,
including histone H1 (11, 47), HMG-1 (11), CIIA (48), or
nucleophosmin/B23 (49). On the other hand, we have recently
described that SK-N-AS cells show higher DFF40/CADprotein
amounts than IMR-5 cells but less than SH-SY5Y cells (22).
Therefore, it should be plausible that stage II nuclear morphol-
ogy (mediated by the induction of ssDNA nicks/breaks) or
DNA laddering require different amounts of DFF40/CAD pro-

FIGURE 6. The apoptotic nuclear morphology observed in STP-treated IMR-5 cells overexpressing mCAD correlates with a higher percentage of cells
carrying 3�-OH SSBs and DNA damage. IMR-5 cells stably transfected with empty pcDNA3 (Neo) or pcDNA3-mCAD wild-type (mCAD WT) were left untreated
(Control) or treated with 1 �M STP for 4 h. A, flow cytometry analysis of ssDNA damage using the monoclonal antibody F7-26. Data are shown as density plots
representing size (y axis, in a logarithm scale) versus intensity of red fluorescence (x axis, in a logarithm scale). FSC, forward scatter of light. Cell density (events)
is shown on a pseudocolor scale from minimum density (blue) to maximum density (red). The circled populations correspond to cells presenting ssDNA damage.
The percentage of gated cells in each condition is indicated. The experiment was repeated three times with a low variability (� 10%). B, TUNEL reactivity and
Hoechst nuclear staining of IMR-5 Neo or IMR-5 mCAD WT cells left untreated (Control) or treated with STP. The right panels are magnifications of the insets in
the center panels. The arrowheads indicate representative apoptotic stage II and TUNEL-positive nuclei. Scale bar � 40 �m. C, quantification of the data
presented in B representing TUNEL-positive nuclei (left panel) and apoptotic nuclei (right panel) in IMR-5 Neo (white bars) or IMR-5 mCAD WT (black bars) cells
upon STP treatment. The means � S.E. of three independent experiments are represented. Asterisks indicate p � 0.01.
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tein for it to take place. In this regard, cells with a high protein
content of DFF40/CAD (e.g. SH-SY5Y cells) display ssDNA
nicks/breaks, stage II nuclearmorphology, andDNA laddering.
Cells showing a medium content of the endonuclease (e.g. SK-
N-AS cells) are able to generate ssDNA nicks/breaks and chro-
matin collapse but not DNA laddering. Finally, cells containing
low levels of DFF40/CAD (e.g. IMR-5 cells) do not display
ssDNA nicks/breaks, stage II nuclear morphology, or DNA
laddering.
However, another interesting aspect is the subcellular local-

ization of this endonuclease. In this regard, we also described
that apoptotic oligonucleosomal DNA degradation relies on a
cytosolic, rather than a nucleoplasmic, pool of DFF40/CAD
(22). Although theDFF40/CADcytosolic pool is highly reduced
in SK-N-AS cells when compared with SH-SY5Y cells (22), it

might still be enough tomediate ssDNA nicks/breaks and, sub-
sequently, the topological changes in the chromatin of apopto-
tic SK-N-AS cells. However, the amount of DFF40/CAD in the
cytosolic fraction of IMR-5 cells is similar to that observed in
SK-N-AS cells (22). Therefore, an interesting question arises
from these observations regarding the potential role of the
nucleoplasmic pool of DFF40/CAD. In this regard, the
SK-N-AS cells present nucleoplasmic amounts of DFF40/CAD
comparable with that observed in SH-SY5Y cells (22). Interest-
ingly,DFF40/CAD is not detected in the nucleoplasmic fraction
of healthy IMR-5 cells.4 Therefore, the nucleoplasmic pool of
DFF40/CAD could also play a role in the generation of the

4 V. Iglesias-Guimarais and V. J. Yuste, unpublished results.

FIGURE 7. mCAD overexpression in SK-N-AS cells does not alter the percentage of STP-treated cells displaying ssDNA damage even though oligo-
nucleosomal DNA degradation is observed. SK-N-AS cells stably transfected with empty pcDNA3 (Neo) or pcDNA3-mCAD wild-type (mCAD WT) were left
untreated (Control) or treated with 1 �M STP for 4 h. A, total protein extracts from untreated cells were analyzed by Western blot analysis to confirm the
overexpression of mCAD. The membrane was reprobed with an antibody against actin as a loading control. B, genomic DNA analysis of both stably transfected
cell lines after treatment with STP (�) or no treatment (�). C, flow cytometry analysis of ssDNA damage using the monoclonal antibody F7-26. Data is shown
as density plots representing size (y axis, in a logarithm scale) versus intensity of red fluorescence (x axis, in a logarithm scale). FSC, forward scatter of light. Cell
density (events) is shown on a pseudocolor scale from minimum density (blue) to maximum density (red). The circled populations correspond to cells present-
ing ssDNA damage. The percentage of gated cells in each condition is indicated. The experiment was repeated three times with a low variability (� 5%).
D, TUNEL reactivity and Hoechst nuclear staining from control and STP-treated cells were assessed. Representative images are indicated. The right panels are
magnifications of the insets in the center panels. The arrowheads indicate apoptotic nuclei, which are also positive for TUNEL reactivity. Scale bar � 40 �m.
E, quantification of TUNEL-positive nuclei (upper panel) and apoptotic nuclei (lower panel) in SK-N-AS Neo (white bars) and SK-N-AS mCAD WT (black bars) cells
from D. The means � S.E. of three independent experiments are represented.
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apoptotic hallmarks, at least for the highly chromatin com-
paction occurrence induced by the generation of ssDNA
nicks/breaks. Another interesting open question is whether
the DNA laddering comes from previous DFF40/CAD-me-
diated ssDNA breaks. In this sense, Widlak and Garrard (46)
reported that, depending on the in vitro conditions employed,
DFF40/CAD may also cleave each strand of DNA stepwise.
Therefore, the results presented here support the notion that
DFF40/CAD acts similarly in cellula, first by introducing sin-
gle-strand nicks/breaks and later by cleaving the adjacent sec-
ond strand, yielding laddered patterns of oligonucleosomal-size
fragments (see Fig. 10).
The presence of single-strand (transient) DNA lesions that

permit the rearrangement of genetic material has also been

observed during cell differentiation (50–53).More recently, the
SSBs generated during terminal differentiation of skeletal mus-
cle cells have been attributed to DFF40/CAD (54, 55). These
DNA strand breaks commonly accumulate in specific DNA
sequences placed at the nuclear matrix attachment regions
(56). Interestingly, during apoptosis, and once activated by
caspases, DFF40/CAD also associates with matrix attachment
regions (57), promoting the detachment of interchromatin
granule clusters via cleavage of susceptible A/T-rich matrix
attachment regions of chromatin (58). Thus, DFF40/CAD
nucleolytic action should apparently take place in matrix
attachment regions, either in cell differentiation or apoptotic
cell death processes. Therefore, the role of DFF40/CAD in apo-
ptosis or differentiation should rely directly on its catalytic

FIGURE 8. DFF40/CAD is a key effector for 3�-OH SSBs DNA damage occurrence and nuclear collapse during apoptosis. SK-N-AS cells were transfected
with NR siRNA or CAD siRNA (see “Experimental Procedures”). Then, cells were left untreated (Control) or treated with 1 �M STP for 4 h. A, total protein extracts
from untreated cells were analyzed by Western blot analysis to confirm the down-regulation of DFF40/CAD. The membrane was reprobed with an antibody
against actin as a loading control. B, flow cytometry analysis of ssDNA damage using the monoclonal antibody F7-26. Data are shown as density plots
representing size (y axis, in a logarithm scale) versus intensity of red fluorescence (x axis, in a logarithm scale). FSC, forward scatter of light. Cell density (events)
is shown on a pseudocolor scale from minimum density (blue) to maximum density (red). The circled populations correspond to cells presenting ssDNA damage.
The percentage of gated cells in each condition is indicated. The experiment was repeated three times with a low variability (� 5%). C, TUNEL reactivity and
Hoechst nuclear staining were performed. The right panels are magnifications of the insets in the center panels. The arrowheads indicate apoptotic nuclei that
are positive for TUNEL. The arrows show stage I apoptotic nuclei that are negative for TUNEL reactivity. Scale bar � 40 �m. D, quantification of TUNEL-positive
nuclei in SK-N-AS NR siRNA (white bars) and SK-N-AS CAD siRNA (black bars) cells treated with STP or left untreated (Control). E, stage I and stage II nuclear
morphology of untreated (Control) or STP-treated SK-N-AS NR siRNA (white bars) or SK-N-AS CAD siRNA (black bars) cells were quantified. In D and E, the
means � S.E. of three independent experiments are shown. Asterisks indicate p � 0.01.
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function. Although DNA damage observed during cell differ-
entiation is a reversible controlled process (59), we show here
that SSBs generated during apoptosis persist over time. The
transient nature of the SSBs generated during cytodifferentia-
tion probably relies on an efficient DNA repair system
(reviewed in Refs. 56 and 60). In contrast, many key compo-
nents of theDNA repairmachinery are processed and inhibited
during apoptosis by the proteolytic action of caspases (reviewed
inRef. 61). Alternatively, DFF40/CADcould be regulated by the
negative (21, 48, 49, 62–64) or positive (65) modulators
explained above to reach the required enzymatic activity for cell
differentiation or apoptotic cell death. Besides, the amount of
DFF40/CAD bound to the chromatin should also be crucial for
the generation of SSBs or DSBs upon apoptotic insult. In this
sense, we have recently demonstrated that DFF40/CAD binds
to the chromatin in both SK-N-AS and SH-SY5Y cells after
apoptotic stimuli. However, a minor amount of the endonu-
clease associated with the chromatin in SK-N-AS cells leads to
a defect in oligonucleosomal DSBs generation upon apoptotic
challenge (22). Nevertheless, we demonstrate here that this
amount of chromatin-associated DFF40/CAD is enough to

generate a percentage of cells displayingDNASSBs comparable
with that observed in SH-SY5Y cells.
From amore functional point of view, although caspase-me-

diated activation ofDFF40/CADplays an active and crucial role
during skeletal muscle differentiation (54), the endonuclease
seems relegated to a more passive function during apoptosis.
Indeed, it is well known that DFF40/CAD action is dispensable
for caspase-dependent cell death (38, 66), whereas DFF40/
CAD-mediated apoptotic DNA degradation has been classi-
cally considered as the point of no return of apoptosis. Taking
into account the role of DFF40/CAD in cell differentiation, and
on theoretical grounds, we could envisage a more active role of
this endonuclease during apoptotic cell death, mainly when
macromolecular synthesis is involved (7, 67). Indeed, because
many of the proteins implicated in macromolecular synthesis
are neither cleaved nor inhibited during apoptosis (61), it seems
reasonable to think that the DNA stretches in SK-N-AS cells
highlighted by DNA polymerase I could also serve as templates
for non-inhibited endogenous polymerases, at the beginning of
the apoptotic process. Irrespective of these theoretical consid-
erations, the detailed study of the molecular mechanisms con-

FIGURE 9. MEF CAD�/� cells develop the ability to display 3�-OH ssDNA damage and stage II apoptotic nuclear morphology after STP treatment when
mCAD is overexpressed. A–D, MEF CAD�/� cells stably transfected with empty pAG3 (Zeo) or pAG3-mCAD wild-type (mCAD WT) were left untreated (Control)
or treated with 1 �M STP for 10 h. A, total protein extracts from untreated cells were analyzed by Western blot analysis to confirm the overexpression of mCAD
WT. The membrane was reprobed with an antibody against actin as a loading control. B, microphotographs using a phase contrast microscopy showing the
morphological appearance of MEF CAD�/� Zeo or mCAD WT cells after the indicated treatment. The right panels are magnifications of the insets in the center
panels. C, flow cytometry analysis of ssDNA damage using the monoclonal antibody F7-26. The data are shown as density plots representing size (y axis, in a
logarithm scale) versus intensity of red fluorescence (x axis, in a logarithm scale). FSC, forward scatter of light. Cell density (events) is shown on a pseudocolor
scale from minimum density (blue) to maximum density (red). The circled populations correspond to cells presenting ssDNA damage. The percentage of gated
cells in each condition is indicated. The experiment was repeated three times with a low variability (� 5%). D, TUNEL reactivity and Hoechst nuclear staining
were performed. The right panels are magnifications of the insets in the center panels. The arrowheads indicate an apoptotic nucleus that is positive for TUNEL.
Scale bars � 40 �m.
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trolling nuclear collapse/disassembly during caspase-depend-
ent apoptosis should be of outstanding interest to comprehend
how chromatin is being compacted inside the nucleus of a cell
committed to die. The physiopathological relevance relies on
the fact that accurate packaging of the DNA (fragmented or
not) would potentially minimize the spreading of harmful
genes, such as oncogenes or viral DNA, through horizontal
gene transfer (68).
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