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necrotic signaling pathway in glioblastoma cells.

and to alternatively kill neoplastic cells.
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(Bacl(ground: Regulation of necrosis is incompletely understood.
Results: PP2A by controlling actin cytoskeleton, also through Cofilin-1 dephosphorylation, influences a RIP1-independent

Conclusion: By comparing two different necrotic triggers we define distinct necrotic players and signaling pathways.
Significance: Understanding necrosis is fundamental to comprehend different diseases characterized by dysregulated cell loss
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Cell death by necrosis is emerging not merely as a passive
phenomenon but as a cell-regulated process. Here, by using dif-
ferent necrotic triggers, we prove the existence of two distinct
necrotic pathways. The mitochondrial reactive oxygen species
generator 2,3-dimethoxy-1,4-naphthoquinone elicits necrosis
characterized by the involvement of RIP1 and Drpl. However,
G5, a non-selective isopeptidase inhibitor, triggers a distinct
necrotic pathway that depends on the protein phosphatase
PP2A and the actin cytoskeleton. PP2A catalytic subunit is sta-
bilized by G5 treatment, and its activity is increased. Further-
more, PP2Ac accumulates into the cytoplasm during necrosis
similarly to HMGB1. We have also defined in the actin-binding
protein cofilin-1 a link between PP2A, actin cytoskeleton, and
necrotic death. Cofilin-1-severing/depolymerization activity is
negatively regulated by phosphorylation of serine 3. PP2A con-
tributes to the dephosphorylation of serine 3 elicited by G5.
Finally, a cofilin mutant that mimics phosphorylated Ser-3 can
partially rescue necrosis in response to G5.

Cell death by necrosis is characterized by organelle swelling
and plasma membrane rupture, with the consequent release of
cellular components in the microenvironment and the activa-
tion of the inflammatory response (1). Until recently necrosis
was considered a passive accidental type of cell death generally
observed in the presence of severe cellular stress/damage. More
recently, data have been accumulated pointing to the existence
of a regulated necrotic response, with dedicated genes and sig-
naling pathways (2).

TNF-« (tumor necrosis factor) has been helpful in discover-
ing the cellular components controlling a regulated version of
necrotic death. Under particular circumstances this cytokine
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can trigger necrosis (3). TNF-« can stimulate the assembling of
the necrosome, a signaling complex that includes the kinases
RIP1,®> R1P3, and MLKL (mixed lineage kinase domain-like)
(4-7). This complex is regulated by phosphorylation, acetyla-
tion, and ubiquitination (5, 8). Necrosome-elicited death
response has been defined as necroptosis, and the RIP1 inhibi-
tor necrostatin has been instrumental in unveiling the contri-
bution of necroptosis under different death circumstances (9).

Mitochondrial dysfunctions also mark necrosis. It was pro-
posed that the necrosome could influence mitochondrial shape
and function through the modulation of Drp1, a GTPase that
controls mitochondrial fission. The mitochondrial protein
PGAMS5 (phosphoglycerate mutase 5), which is under the con-
trol of MLKL, could act as a downstream effector of the necrop-
totic signaling by dephosphorylating and thus activating Drp1
(10). This model is debated, and recently the contribution of
Drpl to necroptosis has been questioned (11, 12).

Although some hints have accumulated on cytokine- and
pathogen-induced necrosis, other varieties, engaged by cellular
stresses, triggered by physical agents or chemicals are still
obscure (2). In addition to elements of the necroptotic pathway,
further players could be involved in the stress-induced necrotic
response. Lysosomal proteases released into the cytosol after
lysosomal membrane permeabilization (13) and calpains, pro-
teolytic enzymes activated by increase of Ca*>*, have been pro-
posed as necrotic regulators (14, 15). In particular, the poly-
(ADP-ribose) polymerase 1 (PARP-1) and cyclophilin D (CypD)
have been linked in some studies to RIP1 in models of oxidative
stress-induced necrosis (16, 17).

It has been proposed that the phosphoglycerate mutase 5
(PGAMS5)/Drpl axis could represent a convergent node for dif-

3 The abbreviations used are: RIP1, receptor-interacting protein 1; MLKL,
mixed lineage kinase-like; PP2A, protein phosphatase 2A; Nec-1, necrosta-
tin-1; DMNQ, 2,3-dimethoxy-1,4-naphthoquinone; DiFMUP, 6,8-difluoro-
4-methylumbelliferyl phosphate; TRITC, tetramethylrhodamine isothio-
cyanate; NSA, necrosulfonamide; Boc-fmk, butoxycarbonyl-fluoromethyl
ketone; Smac, second mitochondria-derived activator of caspases.
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ferent necrotic pathways (10). To clarify whether or not multi-
ple necrotic pathways exist, we have compared the necrotic
responses elicited by two different chemical stresses. Our stud-
ies indicate the existence of different necrotic pathways and
identify in the protein phosphatase 2A (PP2A)-cofilin-actin
axis a new regulator of a specific form of necrotic death.

EXPERIMENTAL PROCEDURES

Cell Culture, Cell Death, Retroviral Infection, and siRNA—
U87MG, U-118MG@G, HT29, and IMR90-E1A/Bcl2/CIDN cells
were grown in DMEM supplemented with 10% FBS, penicillin
(100 units/ml), glutamine (2 mmol/liter ), and streptomycin
(100 pg/ml) at 37 °C in 5% CO, atmosphere. US7MG cells
expressing Bcl-xL, Drpl K38A, GFP, Cofilin constructs, and
myristoylated Akt were generated by retroviral infection (18).
In all trypan blue exclusion assays, at least 400 cells from three
independent samples were counted. RNA oligos for interfer-
ence (RNAi) were purchased from Invitrogen, Dharmacon, and
Qiagen. Cells were transfected 24 h after plating by adding the
Opti-MEM medium containing Lipofectamine 2000 (Invitro-
gen) plus RNAI oligos.

Reagents and Antibodies—The following chemicals were
used: LY (LY294002; LC Laboratories), BOC-D(OMe)-fmk
(Imgenex), bortezomib (LC Laboratories), necrostatin-1
(Nec-1) (Enzo Life Sciences), cytochalasin D, cucurbitacin E,
2,3-dimethoxy-1,4-naphthoquinone (DMNQ), Mdivi-1, bioti-
nylated concanavalin A, and DMSO (Sigma), MitoTracker
Red/CMXRos, 6,8-difluoro-4-methylumbelliferyl phosphate
(DiEMUP), streptavidin-FITC, phalloidin-TRITC (Invitrogen/
Molecular Probes), okadaic acid (Enzo Life Sciences), and
necrosulfonamide (NSA) (Merck Millipore). Primary antibod-
ies were anti-FLAG and anti-actin (Sigma), anti-nucleoporin
p62, anti-Ran (RAS-related nuclear protein), anti-Bcl-xL, anti-
Drpl (DLP1) (BD Biosciences), anti-JNK Thr(P)-183/Tyr-185,
anti-JNK, anti-p38, anti-pp38, anti-Erk, anti-pErk, anti-Akt,
anti-Akt p473, anti-Akt p308 (Cell Signaling), anti-F1-ATP
synthase, anti-cofilin-1, anti-pCofilin-1 (Santa Cruz Biotech-
nologies), anti-Smac/DIABLO (19), anti-PP2A/C subunit, anti-
PP2A/A subunit (Upstate Biotechnology, Lake Placid, NY), and
anti-HMGB1 (AbCam, Cambridge, UK). Secondary anti-
mouse and anti-rabbit antibodies were Alexa Fluor 488- and
Alexa Fluor 546-conjugated (Invitrogen).

Western Blotting—Cell lysates after SDS/PAGE were trans-
ferred to a 0.2-um nitrocellulose membrane and incubated
with the specific primary antibodies. For primary antibody
stripping, blots were incubated for 30 min at 60 °C in stripping
solution (62.5 mm Tris-HCl, pH 6.8, 2% SDS, 100 mm 3-mer-
captoethanol). Quantitative densitometric analysis of the
immunoblots was performed by ChemiDoc software (Bio-Rad).

Phosphatase Assay—Cells were lysed directly in Petri dishes
with lysis buffer (50 mm Tris-HCI, pH 8.0, 100 mm NaCl, 2 mm
EDTA, and 1% (v/v) Igepal CA-630, PMSF, and a protease
inhibitor mixture (Sigma). Whole cell lysates were incubated
with anti-PP2Ac antibody (ON). After incubation with protein
A beads the immunocomplexes were washed four times with
lysis buffer. Beads were resuspended in phosphatase assay
buffer (50 mm Tris-HCI, pH 7.0, and 0.1 mm CaCl,), incubated
for 30 min at 37 °C with or without okadaic acid 100 nMm in
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presence of 1 mm NiCl, and 0.125 mg/ml BSA, and then ana-
lyzed by fluorimetric assay using DiFMUP substrate as
described (20). Immunocomplexes were recollected after the
fluorimetric assay and next resolved in SDS/PAGE electropho-
resis and immunoblotted.

Immunofluorescence Microscopy—Mitochondria were labeled
in vivo for 1 h with 25 nmol/liter MitoTracker Red. Cells were
fixed with 3% paraformaldehyde and permeabilized with 0.5%
Triton X-100 and incubated with the primary antibody, phal-
loidin-TRITC. After washes, coverslips were incubated with
the relative secondary antibodies. Cells were imaged with a
Leica confocal scanner SP equipped with a 488 A Ar laser and a
543-633 A HeNe laser. The image analysis was performed
using the MetaMorph 6.04 software. Cell images for deconvo-
lution were taken using the Leica AF6000 LX microscope.
Deconvolution software was used for image deconvolution and
three-dimensional view reconstruction.

RNA Extraction and Quantitative Real-time-PCR—Cells
were lysed using TRI-REAGENT (Molecular Research Center).
1.0 pg of total RNA was retro-transcribed by using 100 units of
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen). Quantitative real-time-PCRs were performed using the
Bio-Rad CFX96 and SYBR Green technology. Data were ana-
lyzed by a comparative threshold cycle using hypoxanthine-
guanine phosphoribosyltransferase and B-actin as normalizer
genes. All reactions were done in triplicate.

Statistical Analysis—Results are expressed as the means *
S.D. Student’s ¢ test was performed with Excel software. p values
are represented as: *, p < 0.05; **, p < 0.01; ***, p < 0.005. Data of
the spreading area were analyzed using Non-parametric Mann-
Whitney test (Prism GraphPad Software); ***, p < 0.0001.

RESULTS

Characterization of Necrosis as Induced by the Non-selective
Isopeptidase Inhibitor G5 and the Redox Cycling Quinone,
DMNQ—To explore the existence of different necrotic signal-
ing pathways, we used two different chemical stressors: the iso-
peptidases inhibitor G5, an inducer of alterations in cell adhe-
sion and actin cytoskeleton (18, 21, 22), and DMNQ, a
generator of reactive oxygen species at mitochondrial level (23).

As the cellular model to study necrosis we selected U87MG
glioblastoma cells because of their intrinsic resistance to apo-
ptosis and the tendency to die by necrosis (18). In addition, we
overexpressed Bcl-xL to further suppress apoptosis.

Cells were treated with escalating doses of G5 or DMNQ), and
cell death was scored by a trypan blue assay (Fig. 1A). In general
5 um G5 and 20 um DMNQ were employed for the subsequent
studies. Contrary to bortezomib, G5- or DMNQ-induced cell
death was unaffected by caspase inhibitors (Fig. 1B).

Next we evaluated the mitochondrial morphology using
MitoTracker in relation to mitochondrial outer membrane per-
meabilization. As a marker of mitochondrial outer membrane
permeabilization, we explored Smac localization. Both necrotic
stimuli induced a dramatic mitochondrial fragmentation (Fig.
1C), with the quantitative analysis reported in Fig. 1D. Smac
was usually retained in the mitochondria, thus proving the
absence of mitochondrial outer membrane permeabilization
(Fig. 1E). Curiously in the case of DMNQ a fraction of cells
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FIGURE 1. Cell death in U87MG cells in response to G5 or DMNQ treatments. A, U87MG/Hygro and U87MG/Bcl-xL cells were treated with the indicated
concentrations for 24 h, and the appearance of cell death was scored by trypan blue staining. Columns, mean (n = 3); bars, S.D. B, U87MG/Bcl-xL cells were
pretreated for 2 h with 50 um pan caspase inhibitor Boc-fmk, then 5 um G5, 20 um DMNQ, and 1 um bortezomib were added for 36 h. The appearance of cell
death was scored by trypan blue staining. Columns, mean (n = 3); bars, S.D. C, U87MG/Bcl-xL cells were treated with G5 or DMNQ for 16 h, and MitoTracker Red
was added to the medium 1 h before fixing. Immunofluorescence was performed to visualize Smac subcellular localization and mitochondrial morphology.
Cells were analyzed at confocal microscopy. Arrows point to cells with evident alterations in Ayym as depicted by reduced MitoTracker Red staining. D,
quantitative analysis of mitochondrial morphology in U87MG/Bcl-xL and U87MG/Hygro cells treated as indicated in C. MitoTracker staining was used to score
mitochondrial fragmentation. £, quantitative analysis of Smac localization in U87MG/Bcl-xL and U87MG/Hygro cells treated as indicated in C. After immuno-
fluorescence 300 cells were classified for each treatment. F, quantitative analysis of Smac localization and MitoTracker staining in U87MG/Bcl-xL and U87MG/
Hygro cells were treated as indicated in C. G, U87MG/Bcl-xL cells were treated with G5 5 um for 12 h. Immunofluorescence analysis was performed to visualize
cytosolic vacuolization using concanavalin A (ConA), a lectin that stains the endoplasmic reticulum, and mitochondria morphology using anti-ATP synthase
antibodies. The arrows point to cells with evident cytoplasmic vacuolization. H, time course analysis of changes observed, as exemplified in G after treatment
of U87MG/Bcl-xL cells with G5.

(10%) presented intact mitochondrial outer membrane but Cytoplasmic vacuolization, as a consequence of endoplasmic
decreased MitoTracker staining, thus indicating that A, col-  reticulum stress, occurs in response to the engagement of the
lapse occurs before mitochondrial outer membrane permeabi- unfolded response by UPS inhibitors (24). As shown in Fig. 1G,
lization (Fig. 1F). glioma cells incubated with G5 exhibit cytoplasmic vacuoliza-
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tion. However, when a time course analysis was performed, it
was evident that mitochondrial fragmentation precedes cyto-
plasmic vacuolization (Fig. 1H). In conclusion, mitochondrial
fragmentation is an early event during cell death induced either
by G5 or DMNQ treatment.

G5 and DMNQ Activate Distinct Necrotic Pathways—To elu-
cidate the contribution of mitochondrial fragmentation to G5-
and DMNQ-induced necrosis, cells were treated with the Drp1
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inhibitor Mdivi-1 (25). Mdivi-1 attenuated necrosis only in
response to DMNQ (Fig. 2A4). To confirm this result we gener-
ated U87MG/Bcl-xL cells expressing a dominant negative
mutant (K38A) of Drpl (Fig. 2B). Treatment with G5 or with
DMNQ of Drpl-K38A-overexpressing cells confirmed the
result obtained with the Drp1 inhibitor. The dependence from
Drpl activity to fully elicit necrosis was observed only in the
case of DMNQ treatment (Fig. 2C).
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To further prove that necrosis elicited by DMNQ or G5
engages two distinct pathways, we evaluated the contribution
of RIP1 by treating cells with the specific inhibitor Nec-1 (9).
Cell death was efficiently rescued by Nec-1 only when elicited
by DMNQ (Fig. 2D). These results demonstrate that two dis-
tinct necrotic pathways are activated by DMNQ and G5.

We also investigated the ability of NSA, a MLKL inhibitor
that blocks necrosis downstream of RIP3 activation (4), to dif-
ferentially influence G5- and DMNQ-induced necrosis. Inhibi-
tion of MLKL did not suppress the appearance of cell death in
response to G5 and, surprisingly, in DMNQ-treated cells as well
(Fig. 2E). To prove inhibitor efficiency, we treated U87MG/
Bcl-xL cells with a classic necroptotic stimulus: the combina-
tion TNF-«, Smac mimetic (26), and Boc-fmk, as caspase inhib-
itor). US7MG cells were unresponsive to the TNF-a, Smac
mimetic, and Boc-fmk combination (Fig. 2F). We also used cy-
clohexamide instead of Smac in the combination (TNF-¢, cy-
clohexamide, Boc-fmk). Here again cell death was undetectable
(Fig. 2G). Finally we used staurosporine, a recently suggested
necroptotic trigger (27). Staurosporine induced both apoptosis
and necrosis in U87MG/Bcl-xL cells (Fig. 2H); however, this
necrotic response was unaffected by RIP1 and MLKL inhibi-
tion. When the same necrotic triggers were evaluated in
IMR90-E1A cells, the vast majority of the cells died by apopto-
sis, as proved by the effectiveness of the caspase inhibitor (Fig. 2,
I-K). We also examined colon cancer HT29 cells, commonly
utilized for necroptotic experiments. These cells died by
necroptosis in response to the TNF-«, Smac mimetic, and Boc-
fmk combination. Nec-1 efficiently abrogated this cell death,
and NSA was active, although less potent compared with Nec-1
(Fig. 2L). These results prove that HT29 cells can die through
necroptosis and that the two inhibitors are valuable. When we
analyzed G5- and DMNQ-induced death in HT29 cells, simi-
larly to U87MG cells the two drugs exhibited differential sus-
ceptibility to RIP1 and MLKL inhibition. G5-induced cell death
was unaffected, whereas DMNQ was partially counteracted by

PP2A Influences a Necrotic Response

the two inhibitors, with Nec-1 showing a stronger effect (Fig.
2M). Overall these results further confirm the existence of dif-
ferent necrotic responses.

Finally, we discovered that the divergent responsiveness of
HT29 and U87MG cells to necroptotic stimuli and the different
responsiveness to MLKL inhibition, in the case of DMNQ-in-
duced necrosis, could be explained by the differential expres-
sion of RIP3. In fact, when we interrogated public available gene
expression profiles from U87MG and HT29 cells for necrop-
totic gene mRNA levels (Fig. 2N), RIP3 mRNA was clearly
reduced in U87MG compared with HT29 cells. Quantitative
real-time-PCR experiments proved the dramatic reduction
(~400 times respect to HT29 cells) of RIP3 mRNA in U87MG
cells (Fig. 20).

Cellular Responses to G5 Treatment—To gain insight into the
necrotic pathway elicited by G5, we decided to monitor the
activation of signaling pathways transducing stress and prosur-
vival signals (28) in G5-treated cells. We evaluated activations
of ERKSs, p38, JUNK, and Akt. ERKs and p38 but not JUNK were
transiently activated in response to G5. However, these activa-
tions were anticipated without mirroring the appearance of
necrosis (Fig. 34).

When the status of Akt activation was evaluated, it emerged
that the kinetic of dephosphorylation of serine 473 and also of
threonine 308 (after a transient up-regulation) was paired to the
appearance of necrosis (Fig. 2E). This result suggests that inhi-
bition of Akt could be linked to G5-induced necrosis.

PP2A can dephosphorylate and inactivate Akt (29, 30).
Hence, we monitored PP2A subunit levels in cells treated with
G5. Levels of PP2Ac catalytic subunit were increased until 3 h
from G5 treatment with a drop at 6 h, after the advent of necro-
sis. By contrast levels of the scaffold subunit A (PR65) were
unaffected. Having discovered an increase of the PP2Ac sub-
unit, we next evaluated whether PP2A enzymatic activity was
augmented after G5 treatment, thus explaining Akt dephos-

FIGURE 2. DMNQ and G5 trigger distinct necrotic types of cell death. A, U87MG/Bcl-xL cells were pretreated with the Drp1 inhibitor Mdivi-1 (50 um) for 1 h.
Next, G5 (indicated concentrations) and DMNQ 30 um were added for 24 h. The appearance of cell death was scored by trypan blue staining. Data are presented
asthe mean * S.D.; n = 4. B,immunoblot analysis of U87MG/Bcl-xL cells expressing the DrpT mutant K38A or Puro gene. Cellular lysates were generated, and
an immunoblot analysis performed as indicated. C, U87MG/Bcl-xL/Drp1K38A and U87MG/Bcl-xL/Hygro control cells were treated with 5 um G5 and DMNQ 30
um for 24 h. The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.; n = 3. D, U87MG/Bcl-xL cells were
pretreated with the RIP1 inhibitor Nec-1 (10 um) for 1 h. Next, 5 um G5 and DMNQ 30 um were added for 24 h. The appearance of cell death was scored by trypan
blue staining. Data are presented as the mean = S.D.; n = 3. E, U87MG/Bcl-xL cells were pretreated with the MLKL inhibitor NSA at the indicated concentrations
for 1 h.Next, 5 um G5 and DMNQ 30 um were added for 24 h. The appearance of cell death was scored by trypan blue staining. Data are presented as the mean =
S.D.; n = 3. F, UB7MG/Bcl-xL cells were subjected to the indicated treatments for 48 h. Concentrations used were TNF-a (50 ng/ml), Smac mimetic (100 nwm),
Boc-fmk (50 um). The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.; n = 3. G, U87MG/Bcl-xL cells were
subjected to the indicated treatments for 36 h. Concentrations used were TNF-a (50 ng/ml), cyclohexamide (CHX; 10 ng/ml), Boc-fmk (50 um), Nec-1 (10 um),
NSA (5 um). Appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.; n = 3. H, U87MG/Bcl-xL cells were subjected
to the indicated treatments for 48 h. Concentrations used staurosporine (5 um), Boc-fmk (50 um), Nec-1 (10 um), and NSA (2 um). The appearance of cell death
was scored by trypan blue staining. Data are presented as the mean = S.D; n = 3./, IMR90-E1A cells were subjected to the indicated treatments for 36 h.
Concentrations used were TNF-« (50 ng/ml), Smac mimetic (100 nm), and Boc-fmk (50 um). The appearance of cell death was scored by trypan blue staining.
Data are presented as the mean * S.D.; n = 3.J, IMR90-E1A cells were subjected to the indicated treatments for 36 h. Concentrations used were TNF-« (50
ng/ml), cyclohexamide (10 ng/ml), Boc-fmk (50 um), Nec-1 (10 um), and NSA (5 um). The appearance of cell death was scored by trypan blue staining. Data are
presented as the mean = S.D.; n = 3.K, U87MG/Bcl-xL cells were subjected to the indicated treatments for 36 h. Concentrations used were staurosporine (1 um),
Boc-fmk (50 wm), Nec-1 (10 um), and NSA (5 um). The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.;n =
3.L,HT29 cells were subjected to the indicated treatments for 36 h. Concentrations used were TNF-a (20 ng/ml), Smac mimetic (100 nm), Boc-fmk (50 um), Nec-1
(10 wm), and NSA (2 um). The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.; n = 3. M, HT29 cells were
subjected to the indicated treatments for 36 h. Concentrations used were TNF-a (20 ng/ml), Smac mimetic (100 nm), Boc-fmk (50 um), G5 (5 um), DMNQ (30 um),
Nec-1 (10 um), and NSA (2 um). The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.; n = 3. N, mRNA
expression levels of RIP1, RIP3,and MLKL in HT29 and U87MG cell lines. Data were derived from public available microarray experiments (GSE48433, GSE23806,
GSE14889, and GSE9171). Values are the average of two array chips for U87MG and three for HT29 cells. Errors bars represent S.D. O, mRNA expression level of
RIP3 was measured in U87MG- and HT29-expressing cells using quantitative real-time-PCR. mRNA level was relative to U87MG cells. Values are shown in a
logarithmic scale, Data are presented as the mean = S.D.; n = 3.
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phorylation and inactivation. Fig. 3B illustrates that PP2A
phosphatase activity is augmented in cells treated with G5.

Differential Requirements of PP2Ac during Necrotic Death
Induced by G5 and DMNQ—To evaluate the contribution of
PP2A to G5-induced necrosis, we silenced the expression of the
catalytic subunit and next incubated U87MG/Bcl-xL cells with
G5 or DMNQ. Down-regulation of PP2Ac impacted both
necrotic responses, although with opposite effects (Fig. 4A).
PP2Ac is required for necrosis in response to G5, but it coun-
teracts necrosis in response to DMNQ. This evidence further
strengthens the hypothesis that cells can engage multiple
necrotic pathways.

The impact of PP2A in G5-induced necrosis was also evident
at the level of mitochondrial fragmentation (Fig. 4B). In cells
with reduced PP2Ac expression, mitochondria fragmentation
is much less pronounced. To confirm the role of PP2A we used
another siRNA that targets a different region of PP2Ac. Again,
down-regulation of PP2Ac limited necrosis in response to G5
and favored necrosis in response to DMNQ (Fig. 4C).

The impact of PP2A on G5-induced necrosis could be related
to the status of Akt activation; hence, we evaluated Akt phos-
phorylation in cells silenced for PP2Ac and treated with G5 for
1 h. Fig. 4D and the quantitative analysis in Fig. 4F evidence that
phosphorylation at threonine 308 was higher after G5 treat-
ment in PP2Ac-silenced cells.

In addition to its well established anti-apoptotic role, Akt has
been reported to counteract some kinds of necrotic death (31,
32). Hence, we explored whether the pro-necrotic role of PP2A
in G5-treated cells could be explicated through the inhibition of
Akt activity. First, by using the PI3K inhibitor LY, we observed
that suppression of the PI3K-Akt axis was insulfficient for trig-
gering the death of U87MG/Bcl-xL cells (Fig. 4, F and G). Sec-
ond, G5-induced necrosis was unaffected by the overexpression
of a constitutive active form of Akt (Fig. 4, H and ]). In summary,
although Akt activity is down-regulated by G5 treatment and
PP2A contributes to this modulation, this kinase does not play
a major role during G5-induced necrotic death.

The contribution of PP2A to G5-induced necrosis was con-
firmed in U-118 MG cells, another glioblastoma cell line (Fig.
4J). By contrast, in a different apoptosis-resistant cell line rep-
resented by human fibroblasts expressing E1A and Bcl2 onco-
genes and a catalytic inactive dominant negative mutant of
Caspase-9 (19), PP2A was dispensable (Fig. 4K). Not surpris-
ingly, as for other cellular processes under PP2A influence, in
particular the regulation of the RAS/RAF/MAPK pathway, the
outcome is dependent on the genotype (33).

Necrosis Promotes the Cytoplasmic Accumulation of PP2Ac—
To further characterize PP2Ac functions during G5-induced
necrosis, we analyzed its subcellular localization in comparison
with HMGBI, a well known necrotic marker, which translo-
cates from the nucleus into the cytoplasm in response to necro-
sis (34, 35). In untreated cells PP2Ac evidences a nuclear or a

before immunoprecipitation. As the control, immunocomplexes were prein-
cubated with okadaic acid as indicated under “Experimental Procedures.”
Immunocomplexes were next resolved in SDS/PAGE electrophoresis and
immunoblotted to verify the amount of PP2Ac. Data are presented as the
mean = S.D,;n = 2.
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pan (both nuclear and cytoplasmic) localization (Fig. 54), as quan-
tified in Fig. 5B. During G5-induced necrosis, cells presenting an
exclusively cytoplasmic localization of PP2Ac emerged (Fig. 54,
arrow), and cells with prominent nuclear PP2Ac disappeared (Fig.
5B). Cells showing accumulation of PP2Ac into the cytosol simi-
larly translocate HMGBL1 from the nucleus into the cytoplasm (Fig.
5,A and C). Interestingly, silencing of PP2Ac reduced the percent-
age of cells exhibiting cytosolic translocation of HMGBI in
response to G5 treatment (Fig. 5D).

The PP2A Substrate Cofilin-1 Influences in a Phosphoryla-
tion-dependent Manner Necrosis Induced by G5—PP2A enacts
pleiotropic activities in different cellular contexts, which
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reflects the considerable number of substrates under its super-
vision (36). On the other side G5 treatment induces profound
changes in cell spreading and actin cytoskeleton (18, 22) as
exemplified in Fig. 6A. Quantitative analysis confirmed the dra-
matic and rapid alterations in cell morphology upon compound
treatment (Fig. 6B). We also evaluated the contribution of
PP2A to the modification of actin cytoskeleton. Cells were
silenced for PP2Ac expression and monitored for changes in
adhesion/spreading. As illustrated in Fig. 6C and quantified in
Fig. 6D, down-regulation of PP2Ac promoted reorganization of
actin cytoskeleton and augmented cell spreading. Silencing of
PP2Ac was also sufficient to constrain in part the reduction
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FIGURE 5. Subcellular relocalization of PP2Ac during G5-induced necrosis. A, U87MG/Bcl-xL cells were treated for 5 h with G5 5 um. After immunofluores-
cence, epifluorescence microscopy followed by deconvolution analysis was used to visualize PP2Ac and HMGB1 localization. Hoechst 33258 staining was
applied to mark nuclei. The arrow points to a cell with evident PP2Ac cytosolic accumulation. B, quantitative analysis of PP2Ac and HMGBT1 re-localization
during G5-induced necrosis. Data are the percentage of cells with pan, cytoplasmic, or nuclear PP2Ac localization in untreated or G5 treated cells. C, comparison
between cells with cytosolic accumulation of PP2Acand HMGB1 in G5 treated and untreated cells. D, U87MG/Bcl-xL cells transfected with the indicated siRNAs
were grown on coverslips for 40 h. Cells were next treated for 18 h with G5 5 um. HMGB1 localization was scored after immunofluorescence analysis Data are
presented as the mean = S.D.;n = 3.

of cell spreading as operated by G5. Furthermore, promoting To identify PP2A substrates that could be involved in trans-
actin depolymerization using cytochalasin D amplified necrosis ~ ducing the necrotic signal to the actin cytoskeleton, we focused
in response to G5. The opposite, favoring actin polymerization, our attention on regulators of microfilament dynamics. Cofi-
using cucurbitacin E restrained G5-induced necrotic death lin-1, an actin-binding protein with severing activity toward
(Fig. 6E). actin filaments, is a PP2A substrate (37, 38). Activation of Cofi-

FIGURE 4. PP2A plays a key role in the necrotic response to G5 treatment. A, U87MG/Bcl-xL cells were grown for 40 h in the presence of the indicated siRNAs
and next treated for 24 h with G5, 5 or 10 um and 30 um DMNQ. The appearance of cell death was scored by trypan blue staining. Columns, mean (n = 3); bars,
S.D. Immunoblot analysis was performed to evaluate PP2Ac down-regulation by using the indicated antibodies. B, U87MG/Bcl-xL cells, transfected with the
indicated siRNAs, were grown on glass coverslips for 40 h. Cells were next treated for 18 h with G5 5 um. After immunofluorescence with anti-ATP synthase
antibodies, confocal microscopy was used to score mitochondrial fragmentation. Data are presented as the mean = S.D.; n = 3. C, UB7MG/Bcl-xL cells were
grown for 40 h in the presence of the indicated siRNAs and next treated for 24 h with G5, 5 or 10 um and 30 um DMNQ. The appearance of cell death was scored
by trypan blue staining. Data are presented as the mean = S.D.;n = 3. D, Akt activation in U87MG/Bcl-xL cells treated with G5 and silenced for PP2Ac. Cells were
silenced for 48 h and next treated with 10 um G5 for 1 h. Cellular lysates were generated and probed with the indicated antibodies. £, quantitative densitometric
analysis ofimmunoblots. Data are presented as the mean of two experiments. F, U87MG/Bcl-xL cells were treated with the indicated concentrations of LY or G5
for 24 and 48 h. The appearance of cell death was scored by trypan blue staining. Data are presented as mean = S.D.; n = 3. G, immunoblot analysis of Akt
phosphorylation status upon LY treatment in U87MG/Bcl-xL cells. Cellular lysates were generated and probed with the indicated antibodies. H, characteriza-
tion of UB7MG expressing myristoylated-Akt (Myr-Akt), a constitutively active form of Akt. Cellular lysates were generated and probed with the indicated
antibodies. I, U87MG cells overexpressing Myr-Akt or GFP were generated and next treated with G5 5 um for 24 h. The appearance of cell death was scored by
trypan blue staining. Data are presented as the mean = S.D.; n = 3. J, U-118MG cells were grown for 36 h in the presence of the indicated siRNAs and next
treated for 24 h with G5, 5 or 2.5 um. The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.;n = 3.Immunoblot
analysis was performed to evaluate PP2Ac down-regulation by using the indicated antibodies. K, IMR90 cells expressing E1A, Bcl2, and Casp9 dominant
negative mutant (C9DN) were grown for 40 h in the presence of the indicated siRNAs and next treated for 24 h with 5 um G5. Cell death was scored by trypan
blue staining. Data are presented as the mean = S.D.; n = 3.Immunoblot analysis was performed to evaluate PP2Ac down-regulation in cells treated or not with
G5 by using the indicated antibodies.
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lin-1 actin depolymerizing function relies on the dephosphory- ~ G5. Fig. 6F illustrates that upon G5 treatment Cofilin is rapidly
lation of a serine residue at position 3 (39, 40). Hence we eval- dephosphorylated at Ser-3. Next we evaluated whether PP2A
uated the status of Cofilin Ser-3 phosphorylation in response to  controls this phosphorylation in U87MG@G cells. In cells silenced
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for PP2A, phosphorylation of Ser-3 is augmented, and after G5
treatment dephosphorylation of this residue is less pronounced
(Fig. 6G). Finally to prove the contribution of Cofilin-1 dephos-
phorylation to the necrotic death elicited by G5, we generated
glioblastoma cells stably expressing Cofilin-1 wt, phosphomi-
metic S3D substitution, and dephosphomimetic S3A substitu-
tion. The immunoblot proved that the different constructs
were expressed in U87MG cells (Fig. 6H), although the levels of
the S3D mutant were in general reduced with respect to the
others. When transgenic cells were treated with G5, necrotic
cell death was partially but significantly reduced only in cells
expressing the phosphomimic S3D mutant that is impaired in
the depolymerizating activity (Fig. 6).

DISCUSSION

In this manuscript we have demonstrated the existence of
different forms of necrotic death and characterized a new type
of regulated necrosis. We demonstrated that DMNQ, a mito-
chondrial reactive oxygen species inducer, relies on necroptotic
components with the involvement of the RIP1, Drp1, and mito-
chondrial fragmentation, whereas G5, although promoting
mitochondrial fragmentation, works independently from this
pathway. We have demonstrated that PP2A and its substrate
Cofilin-1 influence G5-induced necrosis.

Although the involvement of Drp1 in classical necroptosis is
debated (11, 12), our observations indicate an important con-
tribution of the GTPase during DMNQ-induced necrosis (Fig.
6/). This contribution could reflect the specific generation of
mitochondrial stress as recently proposed (41-43). Peculiari-
ties in the DMNQ-induced necrosis emerged also after com-
paring HT29 and U87MG cells. Although in the colon cancer
cells DMNQ requires RIP1 and MLKL, in U87MG cells, which
express extremely low levels of RIP3, it can induce necrosis
without the apparent involvement of MLKL (12). Further stud-
ies are necessary to clarify these points.

G5 belongs to a family of small compounds that share the
same pharmacophore capable of reacting with cellular cys-
teines (21, 44, 45). These molecules promote accumulation of
polyubiquitinated proteins but through different mechanisms
with respect to inhibitors of the proteasome catalytic core (21,
46). Recently it has been shown that a G5-like compound reacts
with Cys-88 of RPN13, a subunit of the 19 S proteasome com-
plex involved in recognizing K-48 polyubiquitinated peptides
(44). This reaction impacts on protein degradation and explains

the accumulation of the catalytic subunit of Ser/Thr phospha-
tase PP2A, which is under proteasomal control (47). G5 does
not simply stabilize PP2Ac but also augments its catalytic
activity.

PP2A up-regulation can also take place in response to bort-
ezomib. However bortezomib is much less potent as necrotic
inducer compared with G5 (18, 22). This observation suggests
that in glioblastoma cells treated with G5 additional stresses,
perturbations are present that require the activity of PP2A for
an efficient death. In fact in vitro studies have highlighted that
nonselective isopeptidase inhibitors (NS-II) can inhibit differ-
ent deubiquitinases (DUBs) and also SUMO (small ubiquitin-
like modifier) proteases (46), all isopeptidases characterized by
the presence of a cysteine in the catalytic core.

Our results demonstrate that PP2A can act as necrotic regu-
lator showing opposite outcomes in response to different
insults. PP2A is pro-necrotic in the case of G5 but anti-necrotic
in the case of DMNQ. In agreement with our result, a protective
role of PP2A was demonstrated upon H,O, treatment (48).
Diverse outcomes are not surprising for PP2A. Different signal-
ing pathways operating in a specific cellular context and the
blend of regulative subunits, which constitute the active
enzyme, could explain the opposite influences of PP2A on
necrosis (36). In fact, PP2A are holoenzymes composed of a
scaffolding/structural subunit, a catalytic subunit, and a vari-
able regulatory subunit with several family members (49).

We also observed a translocation of nuclear PP2Ac into the
cytoplasm early during necrosis, which is timely coupled to the
nuclear release HMGB1, a well known necrotic marker (34, 35).
This phenomenon needs to be further investigated to discern
between an indiscriminate release of several nuclear factors and
a specific spatial/temporal regulation of PP2Ac localization.
Certainly, in addition to the increased activity linked to G5
treatment, enzyme redistribution could also contribute to gen-
erate a necrotic specific phosphoproteome.

Akt, an important PP2A substrate, in which phosphorylation
is modulated by G5 treatment, does not play a key role during
this necrotic response. Instead, the most outstanding effect of
PP2Ac down-regulation in U87MG glioblastoma cells was the
reorganization of actin cytoskeleton and of cell adhesion. PP2A
down-regulation increased the number of stress fibers and the
spreading area and counteracted the dramatic changes of actin
architecture and adhesion observed in cells treated with isopep-

FIGURE 6. The role of actin cytoskeleton in the necrotic death elicited by G5. A, confocal pictures of U87MG/Bcl-xL cells treated or not for 5 h with G5 5 um.
Immunofluorescence analysis was performed to visualize HMGB1 subcellular localization, and TRITC-phalloidin was used to decorate actin filaments. B,
quantitative analysis of changes in cell adhesion after treatment for 5 h with G5 5 um. Cell spread area was quantified using MetaMorph. Results shown are from
three independent experiments. C, confocal pictures of U87MG/Bcl-xL cells transfected with a siRNA against PP2A or control siRNA. Immunofluorescence
analysis was performed to visualize HMGB1 subcellular localization (green), and TRITC-phalloidin was used to decorate actin filaments (red). Images are shown
in pseudocolors. D, quantitative analysis of changes in cell adhesion after treatment for 5 h with G5 5 um. Cells were transfected as in C and fixed, immunofluo-
rescence analysis was performed, and finally the coverslips were subjected to the quantitative analysis. The cell spread area was quantified using MetaMorph.
Results shown are from three independent experiments. £, U87MG/Bcl-xL cells were treated with 50 um cytochalasin D or 50 nm CucE for the 48 h. When used
in combination with G5, cell death was scored after 24 h and 1 h of pretreatment before G5 addition was applied. The appearance of cell death was scored by
trypan blue staining. Data are presented as the mean = S.D.; n = 3. F, U87MG/Bcl-xL cells were treated with 10 um G5 for the indicated times. Cellular lysates
were generated, and immunoblots performed with the indicated antibodies. G, U87MG/Bcl-xL cells were silenced for 48 h and next treated with 10 um G5 for
1 h. Cellular lysates were generated and probed with the indicated antibodies. H, immunoblot analysis of U87MG/Bcl-xL cells expressing the cofilin-1 fused to
GFP, the S3A or Asp mutants, and the GFP alone as control. Cellular lysates were generated, and immunoblot analysis performed using an anti-GFP antibody.
Two different retroviral infections were used. /, U87MG/Bcl-xL cells expressing the different transgenes were treated with the indicated concentrations of G5
and DMNQ 30 um for 24 h. The appearance of cell death was scored by trypan blue staining. Data are presented as the mean = S.D.; n = 4. J, summary of the
different necrotic pathways engaged by DMNQ and G5. ROS, reactive oxygen species.
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tidase inhibitors. Furthermore, modulation of the actin cyto-
skeleton can influence the magnitude of the G5-necrotic
response. These results confirm our previous studies on the
involvement of the extracellular matrix in the regulation of this
necrotic death (18, 22).

Although relationships between PP2A and actin/cytoskele-
ton have been studied in the past, few substrates influencing the
cytoskeleton have been identified. Among them there is Cofi-
lin-1, an actin-binding protein with severing activity toward
actin filaments (37). The activation of the actin depolymerizing
function of Cofilin-1 relies on the dephosphorylation of a serine
residue at position 3 (39, 40, 50). G5 treatment elicited a rapid
decrease of Cofilin-1 Ser-3 phosphorylation. The down-regula-
tion of PP2Ac increased Ser-3 phosphorylation, and the con-
comitant treatment with G5 attenuated the de-phosphoryla-
tion/activation of Cofilin with respect to control. Silencing of
PP2Ac did not abrogate Cofilin dephosphorylation, thus imply-
ing the contribution of additional phosphatases, such as the
slingshot (SSH) family of protein phosphatases (39).

The protective effect observed with the Cofilin phospho-
mimic mutant during G5-induced cell death was partial. Fur-
thermore, cells stably expressing this mutant do not evidence
the profound reorganization of actin cytoskeleton and adhesion
observed after PP2Ac silencing. This observation indicates that
although Cofilin-1 is a player of this necrotic death, additional
PP2A substrates must be involved. For example, a contribution
of p21-activated kinases (PAKs), well known orchestrators of
actin cytoskeleton and PP2A partners, could be hypothesized
(51). Additional PP2A targets should be searched among integ-
rins and the effectors of the signaling pathway engaged by the
adhesion to the extracellular matrix (38, 52, 53).

In conclusion we have identified new pieces of the necrotic
puzzle. It is evident that further studies are necessary to com-
plete the final picture. Definition the complexity of the necrotic
response is an important step of the research with possible
implications for understanding human diseases characterized
by altered rates of cell death but could also represent a reward-
ing option to overcome apoptotic resistance of cancer cells.

Acknowledgment—We thank Raffaella Picco for helping with the
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