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Chromatin condensation andoligonucleosomalDNAfragmenta-
tion are the nuclear hallmarks of apoptosis. A proteolytic fragment
of the apoptotic chromatin condensation inducer in the nucleus
(Acinus), which is generated by caspase cleavage, has been impli-
cated inmediating apoptotic chromatin condensationprior toDNA
fragmentation.Acinus is also involved inmRNAsplicing and a com-
ponent of the apoptosis and splicing-associated protein (ASAP)
complex. To study the role of Acinus for apoptotic nuclear alter-
ations, we generated stable cell lines in which Acinus isoforms were
knocked down by inducible and reversible RNA interference. We
show that Acinus is not required for nuclear localization and inter-
action of the other ASAP subunits SAP18 and RNPS1; however,
knockdownofAcinus leads to a reduction in cell growth.Most strik-
ingly, down-regulation of Acinus did not inhibit apoptotic chroma-
tin condensation either in intact cells or in a cell-free system. In
contrast, although apoptosis proceeds rapidly, analysis of nuclear
DNA from apoptotic Acinus knockdown cells shows inhibition of
oligonucleosomal DNA fragmentation. Our results therefore sug-
gest that Acinus is not involved in DNA condensation but rather
point to a contribution of Acinus in internucleosomal DNA cleav-
age during programmed cell death.

Activation of a family of cysteinyl aspartate-specific proteases, called
caspases, is central to the cellular process of apoptosis or programmed
cell death (1, 2). Activated caspases execute cell death via cleavage of
specific target proteins, which results in characteristic cytoplasmic and
nuclear morphological alterations (3). Whereas cytoplasmic changes
include cell shrinkage and membrane blebbing, cleavage of the nuclear
lamina, oligonucleosomal laddering of DNA, and condensation of chro-
matin are the typical nuclear alterations of apoptosis (4, 5).
Several proteins have been described to participate in nuclear

changes during cell death (6, 7). One major factor involved in the apop-
totic oligonucleosomal fragmentation of nuclear DNA is the caspase-
activated DNase (CAD),2 which in healthy cells exists as a dimer bound
to its inhibitor, ICAD (8, 9). During apoptosis ICAD is cleaved by active

caspase-3 leading to release and activation of CAD. Activated CAD
cleaves nuclear DNA at the boundaries between nucleosomes and pro-
duces the oligonucleosomal DNA ladder characteristic for apoptotic
cells (10, 11). DNA fragmentation by CAD has been also implicated in
apoptotic chromatin condensation, because in many cases elimination
of CAD activity impairs condensation of chromatin (12–14). Because
chromatin condensation at the nuclear periphery can still be observed
in the absence of CAD activity, additional factors involved in apoptotic
chromatin condensation have been proposed (13, 14). Other mediators
involved in apoptotic DNA degradation include the apoptosis-inducing
factor (AIF) and endonuclease G (7, 15–18). AIF, which after induction
of cell death translocates from the mitochondria to the nucleus, might
be responsible for peripheral chromatin condensation in apoptotic cells
lacking CAD activity (19).
Another target protein of caspases during apoptosis implicated in

nuclear changes is the apoptotic chromatin condensation inducer in the
nucleus (Acinus) (20). Acinus is expressed in different isoforms, which
are most likely generated by alternative splicing. During apoptosis Aci-
nus is cleaved by caspase-3 and a still unknown protease to produce a
23-kDa fragment (p23) that is contained in all described nonapoptotic
isoforms of Acinus. Importantly, Acinus-p23 has been reported to
mediate apoptotic chromatin condensation prior to DNA fragmenta-
tion in an in vitro system utilizing permeabilized cells (20). Cleavage of
Acinus might also be involved in nonapoptotic functions of caspases,
e.g. during terminal erythroid differentiation, consistent with a potential
role in enucleation during erythropoiesis (21, 22).
In subsequent experiments Acinus was identified as a component of

functional spliceosomes and as a subunit of a novel apoptosis and splic-
ing-associated protein (ASAP) complex (23–25). In addition to Acinus,
the ASAP complex is composed of RNPS1, a general activator of RNA
splicing, and SAP18, which has been originally identified as part of the
Sin3-histone deacetylase complex (23, 26, 27). Recently, ASAP has also
been identified as part of the exon junction complex, a multiprotein
complex that is deposited at exon-exon junctions during RNA splicing
(28). Thus, these findings suggest that Acinusmight be involved in both
apoptosis and pre-mRNA processing, which are not necessarily exclu-
sive. Accordingly, Acinus is located in nuclear compartments, termed
interchromatin granule clusters, which are thought to function as stor-
age sites for splicing factors (29).
To address the role of Acinus during apoptosis in more detail, we

report here the consequences of down-regulation of the nonapoptotic
isoforms of Acinus employing an inducible RNA interference (RNAi)
system. Knockdown of Acinus causes a slow growth phenotype in HeLa
cells. However, depletion of Acinus did not inhibit apoptotic chromatin
condensation in vivo aswell as in vitro. Interestingly, although activation
of caspases and cleavage of substrates proceeded rapidly, oligonucleo-
somal DNA fragmentation was inhibited in the Acinus knockdown
cells. Our results point to a physiologically significant contribution of
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Acinus to the activity of apoptotic nucleases or their access to DNA
during apoptosis.

MATERIALS AND METHODS

Plasmid Construction—A 19-nucleotide oligonucleotide targeted
against nucleotides 3121–3140 of the Acinus mRNA (5�-GAGGCCT-
TCTGGATTGACA-3�) was designed using the workstation software
fromOligoEngine (Seattle, WA). The 64-nucleotide short hairpin RNA
sense primer 5�-GATCCCCGAGGCCTTCTGGATTGACATTCAA-
GAGATGTCAATCCAGAAGGCCTCTTTTTGGAAA-3� and the
antisense primer 5�-AGCTTTTCCAAAAAGAGGCCTTCTGGATT-
GACATCTCTTGAATGTCAATCCAGAAGGCCTCGGG-3� were
annealed and ligated into the pSUPERIORvector (OligoEngine) accord-
ing to the manufacturer’s instructions.

Tissue Culture, Transfection, and Biological Reagents—HeLa T-REx
cells stably expressing the tetracycline repressor were obtained from
Invitrogen. Cells were maintained in Dulbecco’s modified Eagle’s
medium with high glucose, supplemented with 10% tetracycline-re-
duced fetal bovine serum, 100 units/ml penicillin, 0.1mg/ml streptomy-
cin (all from PAA Laboratories GmbH, Pasching, Austria), and 5 �g/ml
blasticidin (Invitrogen). Cells were transfected using FuGENE 6 reagent
(Roche Diagnostics) according to the manufacturer’s instructions. 24 h
after transfection, the transfected cells were selected using geneticin
(G418 solution; PAA Laboratories GmbH).
Staurosporine was obtained from Sigma, and recombinant human

TNF-� with a specific activity of 4 � 107 units/mg was from Knoll AG
(Ludwigshafen, Germany). Monoclonal antibodies against Mcl-1 and
PARP were purchased from Pharmingen and those against c-FLIP were
from Alexis Biochemicals (Lausen, Switzerland). An antibody against
RNPS-1 (27) was a gift fromAkilaMayeda. The antibody against Acinus
has been described before (23). Goat antibodies recognizing caspase-3
were obtained fromR&DSystems (Wiesbaden, Germany). Rabbit anti-
bodies against SAP18 and ICAD were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). The antibody against phospho-H2A.X
(Ser-139) was obtained from Upstate Biotechnology, Inc. (Lake Placid,
NY).

Knockdown of Acinus and Survival Assay—Knockdown of Acinus in
the HeLa-A3121 stable cell lines was induced by addition of 1 �g/ml
tetracycline (Invitrogen). Cells transfected with the empty pSUPERIOR
vector control were treated similarly. Maximal RNA interference and
knockdownofAcinus in theA3121 cells were observed after 4–5 days of
tetracycline treatment. For experimental analysis, A3121 and pSUPE-
RIOR cells weremaintained in tetracycline for 72 h or extended periods.
For measurement of cell numbers, cells were either counted or 1 � 104

cells were seeded into 96-well plates in triplicate and were serially
diluted 1:1. After 8 days cells were stained with 0.5% crystal violet and
20% methanol for 20 min and washed extensively. Stained cells were
solubilized with 33% acetic acid, and the absorbance was measured at
560 nm.
Cell viability after staurosporine treatment was determined by meas-

urement of the release of lactate dehydroxygenase (LDH) employing a
cytotoxicity detection kit following the instructions of themanufacturer
(Roche Diagnostics).

Immunoprecipitations—Extracts for immunoprecipitation were pre-
pared as follows: 1 � 107 cells were collected, and the cell pellets were
resuspended in a buffer containing 10mMHEPES, pH 7.9, 5 mMMgCl2,
0.25 M sucrose, 10 mM �-mercaptoethanol, and complete protease
inhibitor mixture (Roche Diagnostics). Nonidet P-40 was added to a
final concentration of 0.1%, and the cells were lysed by freezing and
thawing followed by incubation on ice for 10 min. The supernatant or

cytosolic fractionwas collected after centrifugation in amicrocentrifuge
at 14,000 rpm for 5 min at 4 °C. The pellet was dissolved in a buffer
containing 10 mMHEPES, pH 7.9, 25% glycerol, 1.5 mMMgCl2, 0.1 mM

EDTA, 10 mM �-mercaptoethanol, and complete protease inhibitor
mixture. NaCl was added to a final concentration of 400 mM, and the
sample was incubated on ice for 30min. The sample was freeze-thawed,
centrifuged at 14,000 rpm for 15 min at 4 °C, and the supernatants used
as input material for immunoprecipitations.
SAP18 antibodies were bound to 10 �l of protein G-Sepharose beads

(Amersham Biosciences) equilibrated in buffer C (20 mM Tris-HCl, pH
7.9, 0.25 mM EDTA, 10% glycerol, 0.5 mM DTT, and 0.2 mM phenyl-
methylsulfonyl fluoride) containing 100 mM KCl. The beads were incu-
bated for 12 h with 100 �l of the input material at 4 °C. Following four
washes with buffer C containing 500 mM KCl, 0.5 mM DTT, 0.2 mM

phenylmethylsulfonyl fluoride, and 0.05% Nonidet P-40, protein com-
plexes were eluted from the beads with 2� SDS sample buffer and
analyzed by SDS-PAGE and Western blotting.

Cell Extracts, Western Blotting, and Caspase Assays—Cells were
washed in phosphate-buffered saline (PBS) and lysed in a high salt buffer
containing 1%Nonidet P-40, 20 mMHEPES, pH 7.9, 350 mMNaCl, 20%
glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, and complete
protease inhibitor mixture. The protein content was determined, and
equal amounts of proteins were subsequently separated under reducing
conditions by SDS-PAGE (4–15% gradient gels) and blotted onto a
polyvinylidene difluoride membrane (Amersham Biosciences). Mem-
branes were blocked for 1 h with 5% nonfat dry milk in Tris-buffered
saline with 0.05% Tween 20 and then immunoblotted overnight at 4 °C
using the respective primary antibody.
Caspase-3 activity in apoptotic cells was determined by incubating

cell lysateswith 50�Mof a fluorogenic substrateN-acetyl-Asp-Glu-Val-
Asp-aminomethylcoumarin (Bachem, Heidelberg, Germany) in 200 �l
of buffer containing 50 mMHEPES, pH 7.3, 100 mMNaCl, 10% sucrose,
0.1% CHAPS, and 10 mM DTT. The release of aminomethylcoumarin
wasmeasured by fluorometry using an excitation wavelength of 360 nm
and an emission wavelength of 475 nm.

RT-PCR—Total cellular RNA was extracted from 6 � 105 cells using
the RNeasy mini kit (Qiagen GmbH, Hilden, Germany). The amount of
total RNA was spectrophotometrically determined. 1 �g of RNA was
reverse-transcribed and amplified in a one-step reaction using the
TITANIUMOne-stepRT-PCRkit (Pharmingen) according to theman-
ufacturer’s instructions. For amplification of Acinus, primers targeting
the following sequences at the C-terminal end of Acinus-L (product
size, 326 bp) were used: forward primer 5�-CAGATCGTTCAGAAA-
GAGG-3� and reverse primer 5�-CGGGGTGGGCGCCGC-3�. For the
amplification of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (product size, 329 bp), the following primer pair was
used: forward primer 5�-GTGGAAGGACTCATGACCACAG-3� and
reverse primer 5�-CTGGTGCTCAGTGTAGCCCAG-3�

DNA Laddering Assays—DNA for detection of apoptotic oligonu-
cleosomal DNA fragmentation was prepared according to the protocol
of Hirt (30). Briefly, 2 � 106 cells seeded in 60-mm dishes were washed
with PBS and lysed in 1 ml of lysing solution containing 0.5% SDS, 0.1 M

NaCl, 5 mM EDTA, 10 mM Tris-HCl, pH 8.0, and 0.1 mg/ml proteinase
K, followed by incubation at 37 °C for 2 h. NaCl was added to a final
concentration of 1 M, and after overnight incubation at 4 °C, the precip-
itated salt and SDS were pelleted at 25,000 rpm for 20 min in an ultra-
centrifuge. The supernatant was extracted with phenol/chloroform,
and the DNA was precipitated with ethanol. DNA laddering was then
analyzed on 1% agarose gels.
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Pulsed-field Gel Electrophoresis (PFGE)—Plugs for PFGE were pre-
pared using the CHEF mammalian genomic DNA plug kit (Bio-Rad)
according to the manufacturer’s instructions. PFGE was performed
using the Gene Path System (Bio-Rad). 1% certified megabase-agarose
(Bio-Rad) horizontal gels were run at 14 °C with program no. 18 for the
separation of 50 kb to 1 Mb DNA fragments for 19.5 h.

In Vitro Chromatin Condensation Assays—Cytoplasmic extracts for
in vitro chromatin condensation assays were prepared as described (31)
with slight alterations. Briefly, cells werewashedwith PBS andharvested
by scraping from the tissue culture dishes. After one more wash with
PBS, cells were suspendedwith cold buffer B (50mMHEPES, pH7.5, 110
mM potassium acetate, 2 mM magnesium acetate, 2 mM EGTA) and
resuspended in 1.5 volume of buffer A (50 mM HEPES, pH 7.5, 10 mM

potassium acetate, 2mMmagnesium acetate, 2mMEGTA) containing 2
mM DTT and protease inhibitor mixture. After swelling on ice for 30
min, the cells were lysed by douncing. Subsequently, nuclei and cell
debris were spun down at 1500 � g for 10 min. The supernatant was
spun again at 100,000 � g for 30 min. In the final supernatant the
potassium acetate concentration was adjusted to 110 mM. For perme-
abilization, cells were rinsed twice with buffer B and then treated with
buffer B containing 2 mM DTT, 20 �g/ml digitonin, and 1 �g/ml DAPI
for 45 min at room temperature, followed by two washing steps with
buffer B containing 2 mM DTT.

For in vitro chromatin condensation assays 25 �l of reaction mixture
was added to the permeabilized cells and sealed with a coverslip. The
reaction mixture contained 300 �g of cytoplasmic extract, 5 �M phos-
phocreatine, 20 units/ml creatine kinase, 1 mM ATP and, where indi-
cated, 1 �g of recombinant caspase-3. Control reactions were per-
formed in the absence of cytoplasmic extract. The reactions were

incubated for 3 h at 37 °C and analyzed using an Axiovert135 micro-
scope (Zeiss, Germany) equippedwithOpenLab software (Improvision,
Tübingen, Germany).

RESULTS

Stable Vector-mediated, Inducible, and Reversible Knockdown of
Acinus—To achieve an inducible knockdown of Acinus, we stably
transfectedHeLaT-REx cells with a tetracycline-regulated pSUPERIOR
RNAi construct (A3121), which was directed against a sequence con-
tained in all described isoforms of Acinus. As experimental control, the
empty pSUPERIOR plasmid was stably introduced into HeLa T-REx
cells. After selection of cells with stable integration of the plasmids,
individual clones were analyzed for down-regulation of Acinus. Signif-
icant knockdown of both the long and short isoform of Acinus was
detected in three individual clones on the level of protein (Fig. 1a) aswell
as RNA (Fig. 1b) after 48–72 h of induction of RNA interference with
tetracycline when compared with a control clone containing only the
empty vector. The three clones exhibited comparable results in all anal-
yses presented below.
Because the reduction of target proteins in RNAi experiments is

directly related to protein turnover rates, we examined the stability of
Acinus by treatment of cells with cycloheximide. As can be seen in Fig.
1c, Acinus as well as the ASAP subunit SAP18 displayed a rather slow
turnover rate when compared with the Bcl-2 protein Mcl-1 or the
caspase-8 inhibitor FLIP-s. Thus, maximal reduction of Acinus requires
induction of RNAi over a longer period of time. This was confirmed by
examination of three independent long term tetracycline-treated Aci-
nus knockdown clones, which allowed reduction of Acinus isoforms to
�95% (Fig. 1d). We reproducibly observed that also in absence of tetra-

FIGURE 1. A stable, inducible, and reversible knockdown of Acinus in mammalian cells. a, time course of Acinus expression after tetracycline (Tet) treatment of two Acinus
knockdown (HeLa-A3121) clones. HeLa cell clones were treated with tetracycline for 0, 24, and 48 h. Subsequently, whole cell lysates were analyzed for the presence of both Acinus
isoforms, SAP18 and �-actin. As a control, extracts of noninduced cells were analyzed after 48 h. b, RT-PCR analysis of Acinus knockdown cells. HeLa-pSUPERIOR control cells and
HeLa-A3121 cells (clone 1) were induced for RNAi with tetracycline for the indicated periods of time. Acinus transcripts were detected by RT-PCR. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) transcripts were analyzed as control. c, analysis of the turnover rate of the ASAP components Acinus and SAP18. HeLa cells were incubated in the presence
of cycloheximide (Chx) for the indicated time. Subsequently, whole cell extracts were analyzed for the presence of the indicated proteins by Western blotting. Although the apoptosis
inhibitors Mcl-1 and FLIP-s demonstrated a fast protein turnover rate, the amounts of both Acinus isoforms and SAP18 remained virtually unchanged. An unspecific protein detected
by the Acinus antibody is indicated by an asterisk. d, long term tetracycline treatment of HeLa-pSUPERIOR cells and three independent HeLa-A3121 clones. HeLa cells were treated
with tetracycline for 8 days and subsequently examined for the presence of the indicated proteins by Western blot analysis. Noninduced cells were analyzed as control. An unspecific
protein detected by the Acinus antibody is indicated by an asterisk. e, the Acinus knockdown is reversible. HeLa-A3121 cells were released from tetracycline treatment and grown for
several days. Extracts from cells either untreated (�), induced for knockdown (�), or released from knockdown (re) were analyzed by Western blot.
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cycline the amounts of Acinus in HeLa-A3121 cells were lower com-
pared with the control cells, indicating that some background RNAi
occurred even in noninduced cells (Fig. 1d and data not shown). Addi-
tionally, it is noteworthy that knockdown of Acinus led to a slight but
reproducible reduction of SAP18, an interaction partner ofAcinus, in all
three clones (Fig. 1d). Reduction of subunits of a multiprotein complex
after knockdown of another subunit has been described before (32).
Knockdown of Acinus was reversible, because removal of tetracycline
restored Acinus expression (Fig. 1e).
Subsequently experiments were performed with long term tetracy-

cline-treated cells to achieve a maximum reduction of Acinus isoforms.
Additionally, cells induced for RNAi against Acinus for 72 h were used
to demonstrate that results obtained with the knockdown cells are not
because of secondary effects caused by long term depletion of Acinus.

Acinus Is Not Required for Maintaining a Nuclear SAP18-RNPS1
Complex—Nuclear ASAP complexes are composed of the subunits
SAP18, RNPS1, and distinct Acinus isoforms (23). To examine whether
depletion of Acinus influences the cellular localization of the other
ASAP subunits aswell as the interaction betweenRNPS1 and SAP18,we
generated cytoplasmic and nuclear fractions from HeLa-pSUPERIOR
and HeLa-A3121 cells cultured in the absence and presence of tetracy-
cline.Western blot analysis showed that components of theASAP com-
plex are exclusively detectable in the nuclear fraction under all condi-
tions investigated, indicating that Acinus is not required for nuclear
localization of SAP18 and RNPS1 (Fig. 2). To determine whether an
interaction between SAP18 and RNPS1 is maintained in the absence of
Acinus, we performed immunoprecipitation experiments employing an
antibody directed against SAP18. Significantly, although comparable
amounts of RNPS1 were co-immunoprecipitated with SAP18 under all
conditions, virtually no Acinus isoforms could be detected by Western
blotting in the eluates from the immunoprecipitations (Fig. 2). Similar
results were obtained with HeLa-A3121 cells induced with tetracycline
for 72 h, although due to less complete knockdown small amounts of
Acinus isoforms co-immunoprecipitated with SAP18 (data not shown).
These results implicate that an interaction between SAP18 and RNPS1
persists after depletion of Acinus isoforms.

Induction of Acinus Knockdown Leads to a Slow Growth Phenotype—
One of the first observations when analyzing the RNAi clones was a
clear reduction of cell growth after induction of Acinus knockdown by
treatment of HeLa-A3121 cells with tetracycline. The growth charac-
teristics of HeLa-A3121 cells cultured in the presence and absence of
tetracycline compared with HeLa-pSUPERIOR cells are shown in Fig.
3a. To allow a quantification of cell growth, we performed serial dilu-
tions of three independent Acinus knockdown clones as well as pSUPE-
RIOR control cells in the presence and absence of tetracycline. An eval-
uation of cell growth after crystal violet staining and subsequent
densitometric analysis is shown in Fig. 3b. Addition of tetracycline
caused a significant reduction of cell growth in three independent
HeLa-A3121 clones, but not in HeLa-pSUPERIOR control cells. Note-
worthy, the reduced cell growth of the Acinus knockdown cells was not
because of induction of cellular senescence, as determined by a senes-
cence-associated �-galactosidase assay (data not shown).

Caspase Activation and Substrate Cleavage Proceed Rapidly in Aci-
nus Knockdown Cells—In its original description Acinus had been iden-
tified as a factor involved in nuclear apoptotic processes (20). To analyze
whether knockdown of Acinus has a general influence on the progress
of apoptosis, we produced whole cell extracts from HeLa-pSUPERIOR
and HeLa-A3121 cells grown in the presence or absence of tetracycline.
The cells had been treated with the apoptosis inducer staurosporine for
different amounts of time. Because a hallmark of apoptosis is the acti-

FIGURE 2. Acinus isoforms are not required for complex formation and nuclear
localization of SAP18 and RNPS1. Nuclear (nuc) and cytoplasmic (cyt) extracts were
prepared from HeLa-pSUPERIOR and HeLa-A3121 cells (clone 1) grown in the absence or
presence (Tet�) of tetracycline. Antibodies against SAP18 (IP) but not empty control
beads (C) co-immunoprecipitate RNPS1 and Acinus isoforms. The presence of SAP18,
RNPS1, and Acinus isoforms in the cellular fractions and IP eluates was examined by
Western blot analysis. An unspecific protein detected by the Acinus antibody is indicated
by an asterisk. The slightly different mobility of the proteins in the lysates and immuno-
precipitation reactions is because of different salt concentrations.

FIGURE 3. Knockdown of Acinus causes a slow growth phenotype. a, growth charac-
teristics for HeLa-pSUPERIOR and HeLa-A3121 (clone 1). Cells were cultured in the pres-
ence or absence of tetracycline (Tet) for 9 days and counted every 3 days. The bar diagram
shows the average values � S.D. of two independent experiments. b, serial dilutions
were performed for HeLa-pSUPERIOR as well as HeLa-A3121 cells, which had been cul-
tured in the presence (Tet�) or absence of tetracycline. Appropriate wells were stained
with crystal violet after 8 days, and cell growth was evaluated by densitometric analysis.
The bar diagram shows the average values � S.D. from three independent experiments
with HeLa-pSUPERIOR cells and three HeLa-A3121 clones. The cell number of untreated
HeLa-pSUPERIOR cells was set as 1. n.s., not significant; *, p � 0.05; **, p � 0.01; t test for
related samples.
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vation of caspases, we employed a substrate assay to determine caspase-
3-like activity in the cell extracts. As can be seen in Fig. 4a, caspase-3-
like proteases were rapidly activated in Acinus knockdown cells with
substrate cleavage clearly detectable already after 1.5 h of staurosporine
treatment. A close inspection of the progress of substrate cleavage indi-
cated that even a slight acceleration of caspase activation might have
occurred.
We next investigated whether activation of caspases was accompa-

nied by cleavage of target proteins in Acinus knock-down cells. Analysis
of the caspase substrates PARP (Fig. 4b) and ICAD (Fig. 4c) byWestern
blotting confirmed cleavage during the progress of apoptosis, which
paralleled the activation of caspases seen in the substrate assay, again
indicating a slight acceleration of cell death might have occurred in the

Acinus knockdown cells. For instance, whereas only partial PARP cleav-
age was detectable in the control or noninduced HeLa-A3121 cells 2 h
after staurosporine treatment, Acinus knockdown cells revealed com-
plete PARP cleavage already after 1.5 h of treatment, accompanied by
significant loss of the full-length form of ICAD. Significant lactate dehy-
droxygenase release was detected after 24 h (Fig. 4d), showing that the
cells died after incubation with staurosporine.

Apoptotic Chromatin Condensation Is Not Inhibited by Depletion of
Acinus—Condensation of nuclear chromatin is a phenomenon
observed late during apoptosis following activation of caspases and
cleavage of substrates. Because Acinus had been implicated to function
in apoptotic chromatin condensation (20), we analyzed the progress of
chromatin condensation during apoptosis in Acinus knockdown cells.

FIGURE 4. Activation of caspases and cleavage of substrates in apoptotic Acinus knockdown cells. HeLa-pSUPERIOR cells as well as three independent HeLa-A3121 clones were
grown in the presence (Tet�) or absence of tetracycline and induced for cell death with the kinase inhibitor staurosporine (STS). Cell extracts were analyzed for markers of apoptosis
at the indicated time points. a, measurement of caspase-3-like activity. Caspase-3-like proteases are activated rapidly in Acinus knockdown cells. b and c, analysis of substrate cleavage
in apoptotic HeLa-pSUPERIOR and HeLa-A3121 cells. Cleavage of the caspase substrates PARP (b) and ICAD (c) as well as caspase-3 processing in cells treated with STS for the indicated
time was investigated by Western blotting with the antibodies indicated at the right. Cleavage of PARP and ICAD correlates with activation of caspases in Acinus knockdown cells. d,
LDH release from HeLa-pSUPERIOR and HeLa-A3121 cells (not induced or induced for RNAi for 4 days) treated with 1 �M staurosporine for 24 h. Measurements were performed in
triplicate. Shown is the percentage of release compared with the maximum possible release. Cytotoxicity was determined by the release of LDH into supernatants and calculated as
percentage of total cellular LDH activity.
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For that purposeHeLa-pSUPERIORandHeLa-A3121 cells were treated
with staurosporine. After different incubation times, the level of apop-
totic chromatin condensation was determined by DAPI staining and
scored in three sequential stages (noncondensed, partially condensed,
and completely condensed chromatin; Fig. 5a). As can be seen in Fig. 5,
depletion of Acinus by RNAi did not inhibit condensation of chromatin

after induction of apoptosis but did rather cause a slight acceleration of
chromatin condensation, possibly related to earlier activation of
caspases. This effect could be observed in cells induced for knockdown
for 72 h (Fig. 5b) as well as in long term induced cells (Fig. 5c). Titration
of staurosporine from 0.25 to 1 �M revealed a similarly accelerated
condensation of chromatin in the Acinus-depleted cells under all con-

FIGURE 5. Apoptotic chromatin condensation in
Acinus knockdown cells. a, tetracycline-treated
(Tet�) or untreated HeLa-pSUPERIOR and HeLa-
A3121 cells were induced to undergo apoptosis
with 1 �M staurosporine (STS) for the indicated
time and then stained with DAPI. Stained nuclei
were visualized by fluorescence microscopy.
Nuclei were classified as noncondensed, partially
condensed, or completely condensed. Cells with
partially condensed chromatin display beginning
of chromatin condensation at the nuclear periph-
ery, whereas in cells with complete chromatin con-
densation the chromatin masses separate from
each other into discrete clumps. b, quantitative
analysis of apoptotic chromatin condensation.
HeLa-pSUPERIOR and HeLa-A3121 cells had been
cultured in the presence of tetracycline for 72 h.
Results show the mean values � S.D. from tripli-
cates with an average of 150 nuclei counted per
condition. c, same as in b, except long term treated
cells were used. Results show the mean values �
S.D. from quadruplicates with 200 nuclei counted
per condition. d, fluorescence microscopic visual-
ization of apoptotic chromatin condensation in
long term treated cells.
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ditions investigated, although apoptosis was delayed at lower stauros-
porine concentrations (data not shown). Furthermore, we did not
observe inhibition of chromatin condensation in Acinus knockdown
cells employing tumor necrosis factor� plus cycloheximide as apoptotic
stimulus (data not shown). pSUPERIOR control cells grown in the
absence and presence of tetracycline exhibited identical apoptotic chro-
matin condensation under all conditions analyzed.
Acinus has been reported to be required for apoptotic chromatin

condensation in a cell-free system using permeabilized nuclei (20).
Because we did not observe an inhibition of apoptotic chromatin con-
densation in HeLa-A3121 cells after tetracycline treatment (Fig. 5), we
employed a cell-free system to analyze the influence of the Acinus
knockdown on chromatin condensation in vitro. For these experiments
HeLa-A3121 cells containingAcinus or depleted ofAcinus by treatment
with tetracycline for 72 h (Fig. 6) or by long term treatment (Fig. 7),
respectively, as well as HeLa-pSUPERIOR control cells were used. After
permeabilization with digitonin, chromatin condensation reactions
were initiated by addition of a cytoplasmic HeLa cell extract devoid of
Acinus isoforms in the presence and absence of recombinant active
caspase-3. Control reactions were performed with recombinant
caspase-3 alone. The efficiency of the Acinus knockdown in the digito-
nin-permeabilized cells (Figs. 6a and 7a) aswell as the absence ofAcinus
in the cytoplasmic extracts (Figs. 6b and 7b) were controlled byWestern
blotting. As can be seen in Figs. 6c and 7c, significant apoptotic chro-
matin condensationwas detectable in the permeabilized cells onlywhen
both the cytoplasmic extract and active caspase-3 were added. How-
ever, regardless of the presence or absence of Acinus, comparable levels
of chromatin condensation could be observed under all conditions (Fig.
6c and 7c). Thus, both in vivo and in vitro chromatin condensation is not
affected by depletion of Acinus.

Acinus Knockdown Inhibits Apoptotic DNA Fragmentation—Oligo-
nucleosomal laddering of nuclear DNA during cell death is caused by
CAD (7, 10, 11). To analyze involvement of Acinus in apoptotic DNA
fragmentation, we prepared DNA from HeLa-A3121 cells grown in the

presence and absence of tetracycline, which had been treated with stau-
rosporine for different amounts of time. Surprisingly, as can be seen in
Fig. 8, a and b, oligonucleosomal DNA fragmentation was impaired in
HeLa-A3121 cells when knockdown of Acinus was caused by tetracy-
cline treatment. In contrast, HeLa-A3121 cells expressing Acinus as
well as HeLa-pSUPERIOR control cells, which were either grown in
absence or presence of tetracycline, showed no inhibition of DNA frag-
mentation during cell death.
Additionally to oligonucleosomal DNA laddering by activated CAD,

apoptotic DNA fragmentation displays high molecular weight cleavage
potentially involving further nucleases, e.g. AIF and endonuclease G (7,
15–18). To examinewhether highmolecularweight cleavage still occurs
in the Acinus knockdown cells, we separated DNA prepared fromHeLa
A3121 cells grown in the presence and absence of tetracycline by
pulsed-field gel electrophoresis. As can be seen in Fig. 9a, high molec-
ular weight DNA fragments above 50 kb comparable with uninduced
HeLa-A3121 or pSUPERIOR control cells still occurred in cells depleted
for Acinus after treatment with staurosporine.
Phosphorylation of the histone variant H2A.X at serine 139 is a

marker for the appearance of DNA double strand breaks during apo-
ptosis. Appearance of H2A.X phosphorylation coincides with the gen-
eration of high molecular weight DNA fragments (33). To investigate
whether H2A.X phosphorylation still occurs in the Acinus knockdown
cells after induction of apoptosis, extracts from cells grown in the pres-
ence and absence of tetracycline were analyzed by Western blotting
with an antibody recognizing H2A.X phosphorylated at serine 139. As
can be seen in Fig. 9b, similar amounts of H2A.X phosphorylation could
be detected after induction of apoptosis under all conditions analyzed,
confirming that DNA double strand breaks still occur in the Acinus-
depleted cells. Consistent with the results obtained in Acinus knock-
down cells, phosphorylation of H2A.X was also observed in MCF7
breast carcinoma cells (data not shown), which are devoid of oligonu-
cleosomal DNA fragmentation during apoptosis due to lack of
caspase-3 activity (34).

FIGURE 6. Induction of apoptotic chromatin condensation in a cell-free in vitro system depleted of Acinus for 72 h. a and b, Western blot analyses of cellular extracts employed
in the in vitro chromatin condensation assay. a, whole cell extracts were prepared from HeLa-pSUPERIOR and HeLa-A3121 cells grown in the presence or absence of tetracycline (tet)
for 72 h and analyzed with the antibodies indicated at the right. b, cytoplasmic extracts were prepared from HeLa cells and added to in vitro chromatin condensation assays where
indicated. Also, recombinant caspase-3 (casp-3) was added to some of the reactions. The reaction mixtures were analyzed by Western blotting with the antibodies indicated at the
right. A nuclear pellet (n.p.) fraction from HeLa cells was loaded as control. c, in vitro chromatin condensation assay employing permeabilized HeLa-pSUPERIOR and HeLa-A3121 cells
grown in the absence and presence (Tet�) of tetracycline. Cytoplasmic extracts were added to the permeabilized cells in the presence or absence of recombinant active caspase-3.
Control reactions were performed in the presence of caspase-3 only. After incubation for 3 h DAPI-stained nuclei were analyzed by fluorescence microscopy. Nuclei were classified
as noncondensed or condensed. Results show the mean values � S.D. of triplicates with an average of 300 nuclei counted per condition.
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DISCUSSION

Fragmentation and condensation of nuclear DNA are hallmarks of
apoptotic cell death. The nuclear protein Acinus, which is a target of
caspases during apoptosis, had been proposed previously as an impor-
tant factor involved in apoptotic chromatin condensation (20).We have
employed an inducible RNA interference approach to further analyze

functions of Acinus during programmed cell death. By using this
method we were able to achieve very efficient depletion of Acinus iso-
forms to an extent of �95% after induction of RNAi with tetracycline, a
process that was completely reversible.
During analysis of the Acinus knockdown clones, it was obvious that

the cells displayed a reduced growth rate when Acinus was depleted.
This effect was not because of an increase in senescence (data not
shown). Because Acinus is involved in apoptotic processes, we analyzed
the response of Acinus knockdown cells to apoptotic stimuli. Different
markers of cell death, including activation of caspases and cleavage of
the caspase substrates PARP and ICAD, showed that cells depleted for
Acinus proceed rapidly into cell death. A close inspection of the pro-
gress of apoptosis indicated that a slight acceleration of cell deathmight
have occurred in the Acinus knockdown cells, suggesting that the
decreased growth rate of Acinus-depleted cells is caused by a higher
background rate of spontaneous apoptosis.
Concomitant with caspase activation and substrate cleavage Acinus

knockdown cells exhibited normal or even higher levels of apoptotic
condensation of chromatin in vivo. We could confirm this result in a
cell-free system employing active recombinant caspase-3 and a cell
extract, which was devoid of detectable Acinus. This result was surpris-
ing, because a 23-kDa fragment of Acinus (p23), which is produced
during apoptosis, has been shown to be required for apoptotic chroma-
tin condensation in an in vitro assay (20). Furthermore, in that study
antisense-mediated depletion of Acinus has been reported to effectively
delay DNA condensation. Additionally, in a recent study reduction of
chromatin condensation was observed in an Acinus knockdown system
(35). Although we cannot rule out that trace amounts of Acinus left in
the knockdown cells were sufficient to mediate condensation of chro-
matin, we believe that Acinus is not required for chromatin condensa-
tion during apoptosis in our system.We could not observe reduction of
chromatin condensation despite the fact that Acinus was virtually com-
pletely depleted in our experimental system. The reason for the discrep-
ancy to the published data (20, 35) is currently unknown, but it might be
due to different experimental setups and/or cell types. It is also conceiv-

FIGURE 7. Induction of apoptotic chromatin
condensation in a cell-free in vitro system
employing extracts from cells depleted long
term for Acinus. a and b, Western blot analyses of
cellular extracts employed in the in vitro chromatin
condensation assay were performed as in Fig. 6.
c, in vitro chromatin condensation assay employ-
ing permeabilized HeLa-pSUPERIOR and HeLa-
A3121 cells grown in the absence and presence
(Tet�) of tetracycline were performed as in Fig. 6.
After incubation for 3 h, DAPI-stained nuclei were
analyzed by fluorescence microscopy and photo-
graphed. n.p., nuclear pellet; casp-3, caspase-3.

FIGURE 8. Oligonucleosomal DNA fragmentation is inhibited in apoptotic Acinus
knockdown cells. HeLa-pSUPERIOR and HeLa-A3121 cells grown in the absence or pres-
ence (Tet�) of tetracycline were treated with staurosporine (STS) for the indicated peri-
ods of time. Subsequently, DNA was prepared as described under “Materials and Meth-
ods” and separated on an 1% agarose gel. HeLa-A3121 cells (a, clone 1; b, clones 2 and 3)
depleted for Acinus demonstrate an inhibition of apoptotic oligonucleosomal DNA
fragmentation.
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able that inhibition of apoptotic chromatin condensation described in
some in vivo systems reflects impairment of DNA fragmentation that
we observe in the Acinus knockdown cells. It should be also noted that
a more recent study (36) reported that caspase-6-mediated cleavage of
lamin A is essential for chromatin condensation.
Two different pathways are thought to mediate nuclear DNA frag-

mentation and condensation during apoptosis (19). In one pathway,
leading to condensation of chromatin at the nuclear periphery, theDNA
is cleaved into high molecular weight fragments of about 50–300 kb.
Nucleases or cofactors, which are proposed to be involved in this path-
way, include AIF and endonuclease G, topoisomerase II, and cyclophi-
lins (7). Internucleosomal cleavage of DNA additionally to large scale
DNA fragmentation occurs in the second pathway. This process can be
visualized on agarose gels as an oligonucleosomal DNA ladder, which is
typical for cells undergoing apoptosis. Executive in this pathway is CAD,
which is activated after cleavage of its inhibitor, ICAD. Although the
mechanisms of high molecular weight DNA fragmentation are less
established, the two pathways may function in parallel, but presumably
mostly occur in a stepwise fashion (19).
Importantly, we observed an impairment of oligonucleosomal DNA

fragmentation in the Acinus knockdown cells, which is most likely due
to inhibition of the nucleolytic activity of CAD. The observed inhibition
of oligonucleosomal DNA fragmentation is not caused by a reduction of
apoptosis, because the progress of apoptosis (including activation of
caspases and cleavage of substrates) was not inhibited in Acinus knock-
down cells.
DNA double strand breaks still occurred after induction of cell death

as detected by the appearance of high molecular weight DNA fragmen-
tation and concomitant H2A.X phosphorylation. This observation is in
agreement with the detection of apoptotic chromatin condensation in
the knockdown cells. It is possible that depletion ofAcinus impairs CAD
activity by interfering with the access of CAD to the nuclear DNA. Also,
DNA binding of the CAD�ICAD complex prior to induction of cell
death has been shown to stimulate the activity of CAD after cleavage of
ICAD (37). Alternatively, Acinus might directly influence CAD activity.
Along this line, biochemical experiments have suggested that interac-
tions with other nuclear proteins, including histone H1, high mobility
group proteins 1/2, and topoisomerase II, may regulate the nuclease
activity of CAD (38–40). Experiments employing a CAD-GFP fusion
protein have proposed that upon induction of caspase-3-dependent
apoptosis activated CAD associates with a subnuclear compartment
defined as the nuclear matrix (41). Noteworthy, DNA at nuclear matrix
regions is most exposed and A/T-rich, and CAD displays a preference
for A/T-rich DNA regions (reviewed in Ref. 10). Interestingly, the long
isoform of Acinus (Acinus-L) contains at its N terminus a SAP domain,
which constitutes a proposedDNA-binding domainwith preference for
A/T-rich sequences (42, 43). It is therefore possible that depletion of
Acinus by knockdown interferes with cleavage of nuclear DNA at A/T-
rich regions prior to degradation of the DNA into nucleosomal units.
The observation that loss of Acinus leads to an inhibition of DNA

fragmentation, whereas caspases are rapidly activated, seems contradic-
tory at first view. However, there are several possibilities that could
explain this finding. We have shown previously that Acinus is a subunit
of an ASAP complex (23). This is in line with the localization of Acinus
in functional spliceosomes (24, 25) as well as the presence of ASAP in
the exon junction complex (28) and implicates a function of Acinus in
splicing regulation. It is known that a large number of apoptotic factors
is regulated by alternative splicing (44), including the CAD-regulatory
factor ICAD, which is expressed in two isoformswith putatively distinct
regulatory potential (45). Importantly and in line with our data, a recent

study demonstrated that loss of the splicing factor ASF/SF2 causes apo-
ptosis despite a concomitant inhibition of oligonucleosomal DNA frag-
mentation in a chicken cell line (35). Inhibition of DNA fragmentation
correlated with a shift in ICAD isoform expression. It is therefore pos-
sible that depletion of Acinus also influences the splicing patterns of
apoptotic factors involved in DNA degradation during cell death, e.g.
ICAD. This might involve the splicing-activating function of the ASAP
subunit RNPS1 (27), whose presence in the nucleus persists afterAcinus
knockdown.
Dysfunction of the splicing machinery by gene targeting of splicing

factors has been also reported to result in lethality in Caenorhabditis
elegans (46). In insect cells, genetic inactivation of the SR protein splic-
ing factor ASF/SF2 causes cell death (47). Defects in the splicing
machinery result most likely in the activation of a DNA damage-re-
sponse pathway. Dysfunctional mRNA splicing, for instance by inacti-
vation of ASF/SF2, has been shown to cause DNA double strand breaks
and genomic instability because of formation of DNA/RNA hybrid R
loop structures, which are formed between nascent transcripts and
DNA (48). Thus, in analogy to chemotherapeutic drugs, DNA damage
might trigger activation of the mitochondrial death pathway. However,
because the exact role of Acinus in RNA splicing regulation is unknown,
it is currently unclear whether increased DNA damage is also responsi-
ble for the acceleration of caspase activation upon Acinus depletion. In
summary, although the exact role ofAcinus during apoptotic chromatin
condensation remains to be deciphered, we have discovered a novel and
unexpected function of Acinus in DNA degradation during pro-
grammed cell death.

FIGURE 9. High molecular weight DNA cleavage still occurs in apoptotic Acinus
knockdown cells. a, HeLa-pSUPERIOR and HeLa-A3121 cells grown in the absence or
presence of tetracycline (Tet�) were treated with staurosporine (STS) for the indicated
periods of time. Subsequently, DNA was prepared and separated by pulsed-field gel
electrophoresis as described under “Materials and Methods.” b, analysis of H2A.X phos-
phorylation at serine 139 in HeLa-pSUPERIOR and HeLa-A3121 cells. Cells had been
induced for RNAi with tetracycline or left uninduced. Apoptosis was induced with 1 �M

staurosporine, and samples were taken at the indicated time points and analyzed by
Western blotting for the proteins indicated at the right.
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