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Neurosciences, Universitat Autònoma de Barcelona, Barcelona, Spain (R.V., J.B.); Neuropathology Institute, Hospital Universitari de
Bellvitge, Barcelona, Spain (N.V.); Neuro-Immunity Group, Department of Biochemistry and Molecular Biology and Institute of
Neurosciences, Faculty of Medicine, Universitat Autònoma de Barcelona, Barcelona, Spain (C.B.)
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Background. Glioblastoma (GBM) or grade IV astrocytoma is one of the most devastating human cancers. The loss of DFF40/CAD,
the key endonuclease that triggers oligonucleosomal DNA fragmentation during apoptosis, has been linked to genomic instability
and cell survival after radiation. Despite the near inevitability of GBM tumor recurrence after treatment, the relationship between
DFF40/CAD and GBM remains unexplored.

Methods. We studied the apoptotic behavior of human GBM-derived cells after apoptotic insult. We analyzed caspase activation
and the protein levels and subcellular localization of DFF40/CAD apoptotic endonuclease. DFF40/CAD was also evaluated in his-
tological sections from astrocytic tumors and nontumoral human brain.

Results. We showed that GBM cells undergo incomplete apoptosis without generating oligonucleosomal DNA degradation despite
the correct activation of executioner caspases. The major defect of GBM cells relied on the improper accumulation of DFF40/CAD at
the nucleoplasmic subcellular compartment. Supporting this finding, DFF40/CAD overexpression allowed GBM cells to display oligo-
nucleosomal DNA degradation after apoptotic challenge. Moreover, the analysis of histological slices from astrocytic tumors showed
that DFF40/CAD immunoreactivity in tumoral GFAP-positive cells was markedly reduced when compared with nontumoral samples.

Conclusions. Our data highlight the low expression levels of DFF40/CAD and the absence of DNA laddering as common molecular
traits in GBM. These findings could be of major importance for understanding the malignant behavior of remaining tumor cells after
radiochemotherapy.

Keywords: apoptosis, caspase-dependent DNase (DFF40/CAD), caspase-dependent cell death, glioblastoma, oligonucleosomal
DNA degradation.

Gliomas, tumors arising from glial cells, represent 80% of
malignant brain tumors.1 According to their aggressiveness,
the World Health Organization (WHO) classifies gliomas into 4

different grades (I–IV).2,3 Grades I and II are grouped together
as low-grade gliomas and grades III and IV as high-grade glio-
mas. Glioblastoma (GBM) or grade IV astrocytoma represents
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the most frequent and aggressive brain tumor. Microvascular
proliferation and necrotic areas, often surrounded by radially
oriented, densely packed, small fusiform glial cells in a pseudo-
palisading pattern, are considered histopathological hallmarks
of GBM.4 Although the origin of the necrotic areas in GBM re-
mains controversial, some evidence points to abortive apoptotic
processes as a potential cause driving GBM cells to necrosis.5 –7,8

Apoptosis, triggered by the activation of caspases (reviewed in9),
is characterized by oligonucleosomal DNA fragmentation. Execu-
tioner caspase-3, -6, and -7 trigger apoptotic hydrolysis of DNA
through activation of DFF40/CAD (DNA fragmentation factor,
40-kDa subunit10/caspase-activated DNase11) endonuclease.
In resting cells, DFF40/CAD is associated with its inhibitor, ICAD,
which becomes processed and inactivated after caspase-3-
mediated cleavage.10,12,13 Since activation of caspase-3 mainly
occurs at the cytosol, the ICAD/CAD complex should be located
at this subcellular compartment to become properly activated.14

Here, we treated human GBM-derived cells with staurosporine,
a strong apoptotic insult. None of the staurosporine-treated GBM
cells displayed oligonucleosomal DNA degradation, not even
those in which caspases were correctly activated. All GBM cells
showed limited cytosolic DFF40/CAD protein levels. Thus, the
sole overexpression of the endonuclease was sufficient to
enable injured GBM cells to display oligonucleosomal DNA frag-
mentation. Finally, GFAP-positive cells from patients affected
with astrocytic tumors showed reduced DFF40/CAD immunore-
activity compared with GFAP-positive cells from nontumoral
brain tissue. Altogether, our results demonstrate that GBM cells
are unable to complete classical apoptosis because of limited cy-
tosolic DFF40/CAD protein levels.

Materials and Methods

Reagents

Pan-caspase inhibitor q-VD-OPh was purchased from MP Biomed-
icals Europe. All chemicals were obtained from Sigma-Aldrich
unless otherwise indicated. Antibodies used in this study are sum-
marized in Supplementary Table S1.

Cell Lines and Culture Procedures

Human GBM-derived cell lines A172, LN-18, LN-229, U87-MG
(ATCC, 2010), T98G (ATCC, 2004), and U251-MG (ECACC, 2013),
as well as human neuroblastoma-derived SH-SY5Y (ATCC,
2009), were used up to 2 months after having been thawed.
Cells were routinely grown in Dulbecco’s modified Eagle’s medi-
um supplemented with 100 U/mL penicillin, 100 mg/mL strepto-
mycin, and 10% heat-inactivated fetal bovine serum (Invitrogen).
Cells were maintained at 378C in a saturated-humidity atmo-
sphere containing 95% air and 5% CO2.

Patient-derived Glioblastoma Cell Cultures

Patient-derived noncommercial GBM cells #30 (passages 8–17),
#35 (passages 16–19), #45 (passages 11–12), and #52 (passages
9–16) were previously obtained.15 For obtaining cells #04, tumor
sample (around 1 cm3) was rinsed with phosphate-buffered saline
(PBS), mechanically dissociated into pieces, and incubated with
trypsin (0.025% trypsin and 0.01% EDTA [Life Technologies]) for

3 minutes at 378C. The cellular suspension was carefully recovered
without disturbing non-dissociated aggregates and mixed with
complete medium. The trypsinization process was repeated 4
times with the remaining pellets. Cellular suspensions were centri-
fuged at 200×g for 5 minutes and incubated in Red Blood Lysis
Buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) for 10 min-
utes. After centrifugation, the cells were resuspended and plated in
a 25 cm2 flask. Clinical data from all participants are summarized
in Supplementary Table S2.

Trypan Blue Exclusion Assay

Trypan blue exclusion assay was performed as previously estab-
lished.16 Cell death was expressed as a percentage of blue-
positive (dead) over total (blue-positive and blue-negative) cells.

Oligonucleosomal DNA Degradation Analysis

Oligonucleosomal DNA degradation analysis was carried out as
previously described.17

DEVD-directed Caspase-like Activity

Quantitative DEVD-directed activity assay was performed as
previously described.18

Protein Extractions and Western Blotting

Cells were detached, pelleted at 500×g for 5 minutes, and
washed once with PBS. Cells were lysed with Igepal buffer
(50 mm Tris-HCl, pH 6.8, 1 mm EDTA, 150 mm NaCl, 1% Igepal
CA-630, 1X protease inhibitor cocktail) for cytosolic protein extracts
or SET buffer (10 mm Tris-HCl, pH 6.8, 150 mm NaCl, 1 mm EDTA,
1% SDS) to obtain total protein extracts as described previously.18

Otherwise, cytosolic, nucleoplasmic, and chromatin-enriched frac-
tions were obtained as previously established.14 Protein extracts
were loaded into SDS-polyacrylamide gels, electrophoresed, and
electrotransferred. Membranes were incubated with the appropri-
ate primary and secondary antibodies. Finally, membranes were
stained with naphthol blue, allowed to dry, and scanned. Image
J software was used for the quantification analysis of Western
blots in Supplementary Table S3 and Supplementary Fig. S2.

Transfection of DFF40/CAD

Cells were transfected with the eukaryotic expression vector
pcDNA3 (Invitrogen) carrying DFF40/CAD cDNA or with the
empty vector16 by using Lipofectamine 2000 Reagent (Invitro-
gen) and Attractene Transfection Reagent (Qiagen) for com-
mercial and noncommercial cells, respectively, according to
the manufacturer’s instructions.

Hematoxylin and Eosin Staining

Immediately after surgery, tumor samples were fixed with formalin
and embedded in paraffin blocks. Next, slices of 5-mm thick were
sectioned and conventionally stained with hematoxylin-eosin
according to Hospital de Bellvitge’s standard protocols.
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Immunofluorescence in Paraffin-embedded
Tissue Sections

Paraffin-embedded tissue sections (5 mm thick) underwent dew-
axing and rehydration. For antigen retrieval, slices were heated in
a microwave (250 W) oven for 8 minutes in a buffer containing
10 mM sodium citrate (pH 6.0) and 0.05% Tween-20. After pre-
incubation with blocking solution (5% normal goat serum and
0.02% triton X-100 in PBS), slices were incubated with antibodies
against DFF40/CAD and GFAP (overnight at 48C) and then with the
appropriate secondary antibodies in the presence of 1 mg/mL
4,6-diamidino-2-phenylindole (DAPI). Finally, sections were
mounted with an aqueous mounting medium (FluorSave
reagent, Calbiochem) and examined using a laser confocal micro-
scope (Zeiss LSM 700, Carl Zeiss) and the specific confocal soft-
ware (ZEN, Carl Zeiss). For quantification of DFF40/CAD signal,
images were analyzed with IMARIS 8 software. DFF40/CAD
immunolabeling was evaluated only in GFAP-positive areas.

Immunofluorescence of Thick Floating Sections
in Tumoral and Nontumoral Tissues

Sections of 60 mm thick from nontumoral (individual without
neoplastic disease) human brain cortex or GBM were processed
for high-resolution confocal analysis and 3D reconstruction.
The immunofluorescence protocol in thick floating sections,
laser scanning settings, and rendering have been previously de-
scribed.19,20 3D image rotations were rendered with a-blending
software IllucidaFX (Illucida LLC).

Statistical Analysis

A publicly available dataset containing 284 samples (including gli-
omas and nontumoral brain [R2: microarray analysis and visuali-
zation platform http://r2.amc.nl]) (Tumor Glioma French database,
GSE16011)21 was used to analyze DFF40/CAD mRNA levels. The
results obtained are shown in Supplementary Fig. S4. The influ-
ence of DFF40/CAD mRNA expression levels on the overall survival
of GBM patients (graphed in Supplementary Fig. S3) was assessed
by using The Cancer Genome Atlas glioblastoma dataset (n¼
540). Univariate analysis was performed by constructing probabil-
ity curves according to the Kaplan-Meier method and comparing
them using the log-rank test. Multiple comparisons between
groups in Fig. 5C and Supplementary Figs. S4 and S5 were per-
formed using 1-way ANOVA and Tukey’s test as post hoc test.

Study Approval

Prior to their participation in the study, all participants provided
informed consent in accordance with the Hospital Universitari
de Bellvitge Ethics Committee. Paraffin tissues were obtained
from the archives of the Institute of Neuropathology, Hospital
Universitari de Bellvitge, according to the tissue bank regula-
tions of the same center and were used after approval by the
local regulatory authorities. The study involving thick floating
sections was carried out according to the approved protocols,
and the institutional authorization of the Scientific & Ethics
Committee of the Consorci Hospital General Universitari de Va-
lència and written informed consent were obtained from all
participants and/or their relatives.

Results

Glioblastoma-derived Cells Undergo Caspase-dependent
Cell Death in the Absence of Oligonucleosomal DNA
Degradation After Staurosporine Treatment

We have recently reported that GBM-derived LN-18 cells undergo
caspase-dependent cell death without showing oligonucleoso-
mal DNA fragmentation after challenge with apoptotic stimuli.18

Hence, we asked whether this behavior was also shared by other
GBM-derived cells. Once it was corroborated that staurosporine
provoked cytotoxicity in other well-established GBM-derived
cells (Fig. 1A), DNA integrity was analyzed. As shown in Fig. 1B,
none of the GBM-derived cell lines employed showed DNA lad-
dering upon staurosporine treatment; thus, corroborating this
constituted a common feature among GBM-derived cell lines
rather than a specific trait of LN-18 cells. Since the absence of
DNA laddering could be explained by a lack in caspase activation,
we analyzed whether GBM cells could activate these proteases
after staurosporine challenge. DEVD-AFC fluorogenic peptide
cleavage indicated caspase-like activity in all staurosporine-
treated GBM cells (Supplementary Fig. S1). Moreover, the detec-
tion of caspase-mediated p120 (from a-fodrin cleavage), p47/37
(from lamin A/C cleavage), and p17 (from co-chaperone p23
cleavage) fragments by Western blot confirmed the activation
of caspases-3, -6, and -7, respectively, after staurosporine treat-
ment (Fig. 1C). Accordingly, the addition of the pan-caspase in-
hibitor q-VD-OPh to the culture media prevented both the
appearance of the above-mentioned caspase-mediated frag-
ments (Fig. 1C) and the cytotoxicity induced by the alkaloid
(Fig. 1F). Thus, the lack of DNA laddering in injured GBM-derived
cell lines was not due to a deficiency in caspase activation but
was more likely due to downstream impairment in the hydrolysis
of their genomic content.

Since repeated in vitro subcultured cancer cell lines often differ
from the original primary human tumors,22–25 we extended our
results to patient-derived noncommercial GBM cells with a reduced
number of cell passages in culture (, 20). The addition of stauro-
sporine to the culture media of these cells (#04, #30, #35, #45, and
#52) was also unable to induce DNA laddering (Fig. 1D) despite the
high cytotoxicity observed (Fig. 1G). After treatment, GBM-derived
#04, #35, and #52 cells showed activation of caspase-3, -6, and -7
as inferred from the detection of their specific caspase-mediated
proteolytic fragments (Fig. 1E). In #30 cells, staurosporine induced
the cleavage of a-fodrin and co-chaperone p23 but not lamin A/C,
pointing to a particular impairment in caspase-6 activation
(Fig. 1E). In #45 cells, the caspase-triggered cleavage of these 3
specific substrates was completely absent. In agreement with
these results, the addition of q-VD-OPh to the culture media suc-
cessfully avoided staurosporine-induced cytotoxicity in #04, #30,
#35, and #52 cells (Fig. 1G).

Glioblastoma Cells Exhibit Low Levels of Cytosolic
DFF40/CAD Albeit Caspase-3/ICAD/CAD Axis Is
Correctly Activated

During apoptosis, caspase-3 cleaves ICAD, allowing DFF40/
CAD endonuclease release and activation.10,13 As shown in
Fig. 2A and B, GBM-derived cells showed caspase-3, ICAD
(long [ICADL] and short [ICADS] isoforms), and DFF40/CAD
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Fig. 1. Glioblastoma (GBM) cells are unable to hydrolyze DNA into oligonucleosome-sized fragments during staurosporine-triggered apoptosis.
Cells were treated with 1 mM staurosporine (STP, S or +), with 1 mM staurosporine plus 10 mM q-VD-OPh (Q) or left untreated (Control, C or -) as
indicated. (A) After 24 hours, cell death was evaluated by LDH release assay. Results are represented as the means+SD (n¼ 4). (B and D) After
6 hours, DNA was extracted and electrophoresed. Staurosporine-treated human neuroblastoma-derived SH-SY5Y cells were used as proficient cells
displaying oligonucleosomal DNA fragmentation. (C and E) After 6 hours, protein extracts were obtained, and immunoblots against fodrin, lamin A/
C, and p23 co-chaperone were carried out to assess the activation of caspases-3, -6, and -7, respectively (35 mg). Naphthol blue staining of
membranes was used to demonstrate equal loading. (F and G) Trypan blue assay was performed after 24 hours (or 48 h in the case of #52
cells). The graph represents the means+SD of at least 300 cells (n¼ 3).
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expression. Moreover, staurosporine-treated cells undergoing
caspase-3 activation also displayed caspase-3-mediated
ICAD processing (Fig. 2A). Since the presence of serum can in-
duce pronounced phenotypic and genotypic differences in

GBM cells from passage 3,25 we evaluated DFF40/CAD protein
expression at different passages. As shown in Fig. 2C, DFF40/
CAD protein levels remained stable over cell culture for at least
20 passages (Fig. 2C).

Fig. 2. Glioblastoma (GBM) cells show proper ICAD processing after staurosporine treatment but display low DFF40/CAD protein levels. (A) Cells
were treated with 1 mM staurosporine (STP, +) or left untreated (2) for 6 hours. Protein extracts were obtained, and immunoblots against
caspase-3 and ICAD were performed (35 mg). (B) DFF40/CAD total protein levels were assessed (35 mg). Naphthol blue staining of membranes
was used to demonstrate equal loading in A and B. (C) Patient-derived GBM #04 cells were cultured from its dissociation (passage 1) to
passage 20. Protein extracts were obtained from every passage, and immunoblots against DFF40/CAD were performed (25 mg). Anti-b-actin
was used as loading control. *: bands from a previous blot.
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Due to the relevance of DFF40/CAD cytosolic pool for oligonu-
cleosomal DNA hydrolysis during apoptosis,14 we evaluated
caspase-3, ICAD, and DFF40/CAD intracellular distribution in cyto-
solic, nucleoplasmic, and chromatin-enriched fractions. In un-
treated cells, procaspase-3 and ICAD were detected at both
cytosolic and nucleoplasmic fractions. However, despite certain
amounts being observed at the cytosol, DFF40/CAD was mainly
found at the nucleoplasmic fraction (Fig. 3). Indeed, the cytoplas-
mic/nucleoplasmic DFF40/CAD ratio was lower than 1 in all
GBM cells, contrary to that observed in apoptotic-proficient
neuroblastoma-derived SH-SY5Y cells (Supplementary Table. S3).

After apoptotic insult, caspase-3 active fragments and ICAD pro-
cessing were observed at the cytosolic fraction, being only slightly
detected at the nucleoplasmic and completely absent at the
chromatin-enriched fractions (Fig. 3). After staurosporine treat-
ment, cytosolic DFF40/CAD disappeared, nucleoplasmic DFF40/
CAD remained unaltered, and certain levels of the endonuclease
appeared in the chromatin-enriched fraction (Fig. 3). So far, these
results indicated that DFF40/CAD subcellular localization in GBM
cells (mostly nucleoplasmic) did not match with the subcellular
compartment (cytosol) in which caspase-3 activation and ICAD
fragmentation occurred preferentially.

Fig. 3. DFF40/CAD is mainly located at the nucleoplasmic fraction rather than the cytosolic fraction in glioblastoma (GBM) cells. Cells were treated
with staurosporine for 6 hours (STP) or left untreated (control); cytosolic (C), nucleoplasmic (N), and chromatin-enriched (Ch) fractions were
obtained. Caspase-3, ICAD, and DFF40/CAD were assessed through Western blot in all fractions. PKM2 and histone H1 were used as markers of
cytosolic and chromatin-enriched fractions, respectively. Note that DFF40/CAD mobilizes from the cytosolic fraction to the chromatin-enriched
fraction after treatment. *: unspecific bands.
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DFF40/CAD Overexpression Allows Injured Glioblastoma
Cells to Degrade DNA Into Oligonucleosome-sized
Fragments

Next, we overexpressed the endonuclease in GBM-derived cells.
DFF40/CAD overexpression enabled GBM cells to hydrolyze their
DNA into oligonucleosome-sized pieces after staurosporine
treatment (Fig. 4), correlating with an increase in the cytoplas-
mic levels of DFF40/CAD (Supplementary Fig. S2). However, as
already observed in nontransfected cells, the cytosolic/nucleo-
plasmic DFF40/CAD ratio in GBM-transfected cells was still
lower than 1 (Supplementary Fig. S2). Therefore, the defect of
GBM cells in displaying DNA laddering after apoptotic stimulus
seemed to be linked to the low DFF40/CAD protein levels, par-
ticularly in the cytosolic compartment.

DFF40/CAD Is Barely Detected in Histological Slices From
Glioblastoma-affected Participants

Next, we carried out immunohistofluorescence against DFF40/
CAD in histological samples from patients #04, #30, #45, and
#52. All GBM slices showed low immunoreactivity for DFF40/
CAD (Supplementary Fig. S5). By taking advantage of
hematoxylin-eosin staining and GFAP immunoreactivity, we de-
tected 3 differential histopathological areas in patient #35. One
of these was characterized by high-grade glial proliferation with

marked pleomorphism, mitosis, necrotic areas, and microvas-
cular proliferation2 (Fig. 5A left), few giant cells, and low GFAP
immunoreactivity26 (Fig. 5A right). The other 2 regions, which
corresponded to adjacent cerebral cortex, showed no signs of
high-grade glial proliferation. One of them exhibited low-grade
glial proliferation (intermediate GFAP immunoreactivity26 with-
out signs of microvascular proliferation or necrosis2) intermin-
gled with reactive gliosis (high GFAP immunoreactivity26). The
other area was classified as a tumor-free piece of cortex, accord-
ing to the high-level organization of the cellular architecture and
the lack of anaplasia, nuclear atypia, cellular pleomorphism, and
mitotic activity2 (Fig. 5A, left). In this tumor-free region, most
GFAP-positive cells exhibited high DFF40/CAD immunoreactivity
(Fig. 5B and C). However, GFAP-positive cells did not harbor im-
munoreactivity for anti-DFF40/CAD antibody in the high-grade
tumoral region. Interestingly, the low-grade tumoral portion
contained areas where DFF40/CAD immunoreactivity was similar
to that observed in the tumor-free section and others in which
the signal was lower (Fig. 5B and C). At that point, we analyzed
DFF40/CAD in nontumoral samples. Non-neoplastic cortex,
showing well-structured GFAP-positive cells, displayed high levels
of DFF40/CAD labeling (Fig. 6A and B). This signal contrasted with
the noticeably reduced immunostaining observed in the tumor-
igenic areas from GBM. In the core areas of the tumor, as evi-
denced by a marked cellularity, aberrant mitosis, and
gemistocytic-like GFAP-positive cells, the labeling for DFF40/

Fig. 4. DFF40/CAD overexpression allows apoptotic glioblastoma (GBM) cells to hydrolyze DNA into oligonucleosome-sized fragments. Cells
transfected with a eukaryotic expression vector carrying the human DFF40/CAD (CAD) or with the empty vector (mock) were treated with 1 mM
staurosporine (+) or left untreated (2). Western blot against DFF40/CAD was performed to corroborate the overexpression of the endonuclease in
untreated cells. b-actin was used as loading control. After 6 hours of treatment, DNA was extracted and electrophoresed. Note that DNA laddering
only appears in staurosporine-treated GBM cells that overexpress DFF40/CAD.
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Fig. 5. DFF40/CAD immunoreactivity in a tumoral area exhibiting high-grade glial proliferation is reduced compared with the signal observed in a
tumor-free region from the same participant. (A) Hematoxylin and eosin (H&E) staining (left) or immunostaining against DFF40/CAD (green) and
GFAP (red), and DAPI nuclear staining (blue) (right) were performed in paraffin-embedded slices from participant #35. Images shown are
composites of 150 microphotographs for H&E staining or 303 microphotographs, 101 in each color, for immunohistofluorescence. Note the 3
histopathologically differentiated regions observed in the slice and classified as “high grade,” “low grade gliosis,” and “tumor-free.” Note that
hemorrhagic areas, probably caused by the surgery, were unspecifically recognized by the DFF40/CAD antibody. (B) Representative confocal
scanning images from each condition are shown. Scale bar¼ 10 mm. Arrowheads indicate GFAP-positive DFF40/CAD-positive cells. Arrows
indicate GFAP-positive DFF40/CAD-negative cells. (C) Microphotographs from each histopathological region were processed with Imaris 8.1
software, and the intensity sum from the channel corresponding to DFF40/CAD signal was calculated. Graph represents the mean of arbitrary
units of fluorescence (a.u.f.)+SD (n¼ 10). *¼ a , 0.05; **¼ a , 0.01.
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Fig. 6. Histological slices from glioblastoma (GBM) patients display less cytosolic DFF40/CAD immunoreactivity than nontumoral samples;
60 mm-thick sections from a nontumoral brain or neoplastic GBM cortex were immunostained with specific antibodies against DFF40/CAD (red)
and GFAP (green), and DAPI (blue). Representative confocal scanning images from each condition are shown. (A) Panoramic views of the
histological slices. (B) Detailed microphotographs showing GFAP-positive cells. (C) Confocal images from B, processed with a 3D rendering
software are shown. In B and C, the microphotographs from DFF40/CAD immunostaining in the neoplastic tissue were obtained under a laser
excitation 2 points higher than that used for the nontumoral cortex. Scale bars: A¼ 100 mm; B and C¼ 10 mm.
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CAD was lower or even absent (Fig. 6A and B). Moreover, this re-
duced DFF40/CAD immunostaining in GFAP-positive tumoral
cells localized at the perinuclear space, which was in sharp con-
trast with the strong cytosolic signal observed in GFAP-positive
cells from nontumoral human cortex (Fig. 6C). Altogether,
these results pointed the limited expression of DFF40/CAD in
the cytosol as the major biochemical trait shared by GBM cells,
supporting the lack of DNA laddering during caspase-dependent
cell death.

Discussion
Here we stress that GBM-derived cells do not display oligonu-
cleosomal DNA degradation after caspase-dependent apopto-
tic insult. This defect relies on the subcellular localization of
DFF40/CAD endonuclease. To be properly activated, DFF40/
CAD should reside in the same subcellular compartment (cyto-
sol) where caspase-3 and ICAD are processed.14 In GBM cells,
DFF40/CAD accumulates at the nucleoplasmic fraction; albeit,
caspase-3 and ICAD are mainly cytosolic. Moreover, DFF40/
CAD-overexpressing cells still accumulate the endonuclease
preferentially at the nucleus, revealing an intrinsic cellular
defect that retains DFF40/CAD at the cytosol. DFF40/CAD nucle-
ar import is regulated by interaction of the importin a/
b-heterodimer with the C-terminus from both DFF40/CAD and
ICAD.27 The importin-a isoform expression is upregulated in
GBM cells,28 which could explain the nuclear accumulation of
DFF40/CAD. Interestingly, upregulation of the gene encoding
importin a (KPNA2) is associated with poor prognosis in astro-
cytomas.28 Low mRNA levels of DFF40/CAD also correlate with
worse overall survival in GBM patients (Supplementary Fig. S3).
Overall, these findings suggest that either improper DFF40/CAD
nuclear accumulation or low DFF40/CAD protein expression (as
a consequence of low mRNA levels) could affect tumor progres-
sion. On the other hand, when analyzing the Tumor Glioma
French dataset (GSE16011),21 no significant differences are ob-
served in DFF40/CAD mRNA levels between astrocytic tumors
and nontumoral brain samples (Supplementary Fig. S4).
This suggests that dysregulation of the endonuclease in astro-
cytomas might be mainly due to (post)translational mecha-
nisms rather than genetic or epigenetic control.

Besides its role as apoptotic endonuclease, the absence of
DFF40/CAD has been linked to genomic instability and tumori-
genesis.29 We have observed that DFF40/CAD downregulation is
not a genetic event in GBM cells but is instead a translation-
regulated event. It can then be argued that the loss of
DFF40/CAD could be an adaptive biochemical process facilitat-
ing genomic instability in response to not yet characterized ex-
tracellular stresses. This allows tumoral cells to acquire
mutations that could contribute to aggressiveness and drug-
resistant phenotypes in GBM.29 – 31 On the other hand, since re-
duced DFF40/CAD immunostaining is observed not only in GBM,
but also in grades II and III astrocytomas (Supplementary
Fig. S5), the loss of DFF40/CAD expression may reflect a molec-
ular peculiarity already present in a common premalignant cell
precursor. Although DFF40/CAD-null mice do not develop tu-
mors spontaneously, they exhibit higher cancer susceptibility
when exposed to carcinogens or genotoxic stress.29 Likewise,
genetically modified mice lacking only one tumor-suppressor

gene, such as gadd45, p16INK4a, chk2, or ku80, do not develop
tumors spontaneously32 – 35; however, when these genes are
knocked out in genetically modified mice that develop cancer
spontaneously, tumors arise at a higher frequency.33,35 On the-
oretical grounds, it is exciting to speculate that the DFF40/CAD
downregulation observed in GBM cells may be intimately relat-
ed to gliomagenesis and thus drive the initial steps of tumoral
transformation.29,36 In this regard, progressive loss of DFF40/
CAD immunoreactivity is observed in histological slices being
more pronounced in the core of the tumor, indicating that
DFF40/CAD expression correlates inversely with histopatholog-
ical malignancy grade. These findings were clearly evident in
participant #35, in whom 3 distinct histopathological areas
could be distinguished including nontumoral, low-grade gliosis,
and high-grade glial proliferation.

In any case, the loss of DFF40/CAD emerges as a newly dis-
covered molecular alteration that is common to astrocytomas.
Consequently, injured GBM cells are unable to display DNA lad-
dering after apoptotic insult. To the best of our knowledge, this
is the first report of such homogeneous cytotoxic behavior
within the same class of tumors. This fact is particularly rele-
vant when considering the high biochemical and molecular
heterogeneity that characterizes GBM cells (reviewed in31). All
GBM-derived cells employed in this study lacked DNA laddering
after apoptotic insult regardless of the particular mutations ex-
hibited.37 An interesting question arising from these findings
turns around on the potential (dis)advantages derived from
an incomplete degradation of the genomic content during
caspase-dependent cell death. It has always been assumed
that proper DNA degradation into oligonucleosome-sized piec-
es would facilitate phagocytosis of packaged chromatin and
thus minimizing the risk of oncogenic transfer.38 We have re-
cently reported that GBM-derived LN-18 cells lost nuclear enve-
lope integrity after apoptotic insult.18 This fact, together with
the necrotic biology of GBM, makes it reasonable to consider
that the genomic fragments generated during caspase-
dependent cell death could be found in either the cytoplasm
or outside the cell. Supporting this, the amount of long, but
not small, DNA fragments in cerebrospinal fluid from glioma
patients is approximately twice that found in healthy individu-
als.39 It has also been reported that oxidized DNA circulating in
the serum could favor survival and stress resistance of the re-
maining malignant cells in different kinds of tumors.40 Since re-
duced DFF40/CAD immunostaining is observed in both GBM and
grades II and III astrocytomas, we might assume that these
tumors could potentially release their genetic content indepen-
dent of their clinical grade. However, GBM shows increased lev-
els of oxidative DNA damage (by 8-oxoguanine) compared with
lower-grade astrocytomas and normal brain.41 Therefore, it is
plausible that not just DNA release, but the release of oxidized
DNA, constitute an important aspect for understanding the
clinical differences observed between GBM and other astrocyto-
mas. In this sense, either spontaneously- or therapeutically-in-
jured GBM cells are a potential source of oxidized DNA, which
could impair the effectiveness of current therapies. Our results
show that DFF40/CAD overexpression allows GBM cells to frag-
ment DNA into small pieces after apoptotic insult. Therefore,
we hypothesize that proper endogenous DFF40/CAD activity
would maximize the amount of DNA fragments packaged
into closed, blebbed apoptotic bodies, minimizing the risk of
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DNA spread and preventing oxidized DNA-driven radiochemo-
therapy resistance.

In summary, we identified the improper expression of DFF40/
CAD endonuclease and the subsequent lack of oligonucleosomal
DNA fragmentation as being the unifying molecular signatures
of this highly heterogeneous disease.42,43 Drs. T. Ozawa and
E. C. Holland wrote “ . . . Rather than narrowly treating specific
mutations and subtypes, we should be looking for therapies
that address the biology of gliomas as a whole. We should target
the things that unify this disease rather than those that appear to
subdivide it.”44 Accordingly, our findings could be of the utmost
relevance. Indeed, because DFF40/CAD deficiency improves cell
survival after radiation29 and the radiochemotherapy-induced
spread of oxidized DNA from dying cells could diminish the effica-
cy of treatment,40 our results question if the current therapeutic
approaches are optimal for treating GBM.

Supplementary Material
Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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