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Dedicata a:
quel bimbo che sogna di volare.
Indossa le sue ali di cartone, il cappello e gli occhiali da aviatore
e inizia correre in un campo di grano.
Il vento soffia sul suo viso, ma non è quello che lo sostiene e lui lo sa.
La sua forza risiede in quegli sguardi rivolti verso il cielo,
negli occhi di coloro cha sanno che lui ci riuscirà.
Da lassù....lui dedicherà e regalerà il suo sorriso a tutti loro.
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Abstract
Regulation of the necrotic cell death is a highly debated issue and several questions are still open
about mechanisms, genes and pathways involved. The aim of this PhD thesis was to explore the
necrotic response by comparing two different stimuli: DMNQ, a generator of oxidative stress, and
G5, an isopeptidases inhibitor and inducer of alterations in cell adhesion and of actin cytoskeleton.
We took advantage of U87MG glioblastoma cells expressing Bcl-xL, as model of human cells that
die through necrosis. Our results show that necrosis can be governed by completely different
signaling pathways. DMNQ necrotic cell death relies on the RIP1 kinase activity, whereas G5necrosis is RIP1-independent. Mitochondria play crucial role in energy metabolism and cell
survival; furthermore alterations in mitochondrial bio-energetic activity and morphology have
been observed during necrosis. Analysis of mitochondrial fragmentation in U87MG cells revealed
that both necrotic insults triggered mitochondrial fragmentation. This fragmentation was not
accompanied by MOMP, as verified by Smac release. G5 mitochondrial fragmentation occurred
before the appearance of cytoplasmic vacuolization, thus representing an early marker of the
necrotic response. To understand the role of mitochondrial fragmentation, we used Mdivi-1, an
inhibitor of the mitochondrial fission protein Drp-1. Drp-1 inhibition reduced the necrotic death
induced by DMNQ, but was unable to counteract the necrotic effect of G5. In fact, U87MG/Bcl-xL
cells overexpressing the dominant negative mutant (K38A) of Drp1 showed that only DMNQ
necrotic effect depends on Drp1 activity. Moreover, the inhibition of RIP1, using necrostatin-1,
demonstrated that two distinct necrotic pathways were activated by DMNQ and G5. Indeed, Nec-1
efficiently rescued only DMNQ-induced cell death. To gain insight into necrotic effect elicited by
G5, we analyzed different stress or pro-survival signaling pathways. p38, ERKs and Akt were
transiently activated but only Akt dephosphorylation status was paired with the necrotic outcome.
Next, we simultaneously evaluated PP2A, which can dephosphorylate and inactivate Akt.
Interestingly, we showed an increase of its catalytic subunit amount and of its activity in response
to G5. This led us to identify PP2A as a regulator of necrotic cell death. In fact, siRNA mediated
down-regulation of PP2Ac reduced G5 cell death while increased DMNQ necrotic effect. Necrotic
response induced by G5 provoked a re-localization of PP2Ac, with a reduced nuclear localization
and increased cytoplasmatic shuttling. This was paired with the release of HMGB1 from the
nucleus, a well-established necrotic marker. Finally, we investigated the link between the dramatic
reorganization of the actin cytoskeleton induced by G5 and a possible role of PP2A in this context.
For this purpose, we used U87MG/Bcl-xL cells overexpressing phospho mutants of cofilin, an actin
de-polymerizing protein substrate of PP2A. Our results demonstrated that phosho-mimetic
mutant (S3D) of cofilin slightly decreased G5 induced cell death, so defining a connection in this
necrotic mechanism. In conclusion, these results describe alternative necrotic program beyond the
actually well defined “programmed necrosis” (necroptoptic) pathways. DMNQ necrotic cell death
is dependent on the canonical necroptotic elements while G5 relies on different players. We finally
proved for the first time a connection between PP2A, actin cytoskeleton remodeling and necrotic
outcome.
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Theoretical Background
Programmed cell death: evolution of the concept over the time
“Nascimur uno modo, multis morimu: “in one way we are born, in many ways we die”, and
certainly there is not a unique form of programmed cell death (adapted from [1]). This field of
research gave rise to a great implementation of knowledge about cellular demise. “Apoptosis: the
programmed form of cell death”: this concept has been the groundbreaking and most defined
sentence, between 1970 and 1990s [2]. The notion of apoptosis, as the tightly organized
mechanism evolved to govern development and homeostasis of the multi-cellular organisms, is
still one of the milestone of the biological research [3]. Since the beginning, the role of apoptosis
has been clearly associated with disease especially with cancer progression and chemoresistance
[3-5].
However, the surprise was at least comparable when knockout mice models of fundamental
apoptotic players revealed no overall deficit in the development [6], raising the question: is this
the unique mode of programmed cell death? In other words, has the evolution ensured other
backup systems for tissue homeostasis? From this starting point, researchers began to define and
characterize alternative physiological and pathological mechanisms of cell death, revisiting the
concept of programmed cell death as the synonym of apoptosis.
Surprisingly, the answer came from an uncontrollable and unwanted mechanism, with proinflammatory effects, not manageable and generally elicited by uncontrollable stress, which
causes cell and tissue destruction: the necrotic cell death. Forty years ago necrosis was the term to
describe all the types of cell death [7]. Nevertheless, today apoptotic cell death is the bestunderstood and characterized form of cellular demise while necrosis and, in particular, its
regulated form still needs to be molecularly defined and physiologically elucidated. Actually,
necrosis is considered a programmed type of cell death (PCD) [7, 8].
Programmed Cell Death: a concept for three main actors
PCD appears with multicellular organisms and can be defined as an ordered schedule of events
aimed to drive the cellular demise. Many evidences demonstrated the importance of PCD in all
tissues that compose an organism. Cell death is therefore one of the major tools of multi-cellular
organisms to modulate tissue homeostasis through the lifespan. In other words, PCD is a key
6
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instrument to manoeuvre development, to remove damaged cells and to protect against disease.
At least tree forms of PCD have been characterized in eukaryotic cells: type I cell death, the
apoptotic cell death; type II cell death, autophagy that can be considered both a form of survival
response and a death outcome generally linked to nutrient deprivation; type III cell death known
as necrotic cell death [8].
Apoptosis: the cellular suicide
The groundbreaking paper of Kerr, Currie and Wyllie [9] gave the first description of apoptosis
as a regulated way to govern cell death. This work, published in a cancer journal, predicted
immediately the fundamental role of cell death defects during tumorigenesis.
Apoptosis is a multi step and highly regulated mechanism, responsible for cell death during
development but also in adult organisms, essential to regulate cell number and tissue
homeostasis. Kerr described cells undergoing apoptotic cell death through specific and still
accepted morphological features. Cell shrinkage, chromatin condensation and fragmentation of
the organelles are hallmarks of this cell suicide. The generation of the apoptotic bodies is the goal
of the process. Cell fragmentation facilitates the engulfment by macrophages and neighbouring
cells, which ensures a death without tissue damage and without inflammatory response [2]. The
molecular determinant sustaining this complex rearrangement of the cell’s architecture is a class
of cysteine proteases called caspases. Synthesized as zymogens and activated by proteolytical
processing or assembling into multiproteins complexes, caspases are the effector enzymes, which
dictate the dismantling of the cells. They are classified in initiator caspases and executioner
caspases. Initiators mainly cleave and activate executioner caspases. The executioners process
many different substrates destabilizing all cellular structures [2, 10]. Apoptosis is induced by
different stimuli: DNA damage, ligand-receptor specific interactions, nutrient and growth factors
deprivation, altered ions homeostasis, viral infections and various cellular stresses. Signalling
events controlling apoptotic cell death can be distinguished in the extrinsic and intrinsic pathways.
Extrinsic apoptotic pathway
The extrinsic apoptotic pathway is engaged by extracellular signals, which are recognised and
propagated by specific transmembrane receptors. Ligands such as FASL/CD95L, TNF-α, TNFSF10
(APO1/CD95/TRAIL) are well-characterized stimuli that bind their specific receptors and induce the
formation of multiproteins complexes, which recruit and activate caspases (Fig. 1). The interaction
7
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between the ligands and the receptors, which are trimerics, stabilizes the complex, favouring the
aggregation of several ligand/receptor complexes. Engagement of Death Receptors guarantees the
recruitment of adaptors proteins, such as FADD, which in turn recruit and aggregate several
molecules of caspase-8 and caspase-10, thereby promoting their auto-processing and activation.
This platform, called DISC (Death Inducing Signalling Complex), is the main player of extrinsic
apoptotic pathway [11]. Regulatory mechanisms of extrinsic apoptosis have been characterized,
such as the FLIP proteins, which compete for initiator caspases recruitment, or the expression of
decoy receptors on plasma membrane, which do not transmit ligands death stimulus [11].
Noteworthy, the composition of DISC determines not only the apoptotic outcome but, based on
the elements recruited, many different biological processes: such as NF-kB activation, pro-survival
programs or non-apoptotic cell death [7, 12, 13].

Figure 1: Simplified representation of apoptotic process. Extrinsic and intrinsic apoptotic cell death are the
two distinct but interconnected pathways activated in response to different stimuli that are involved in
cellular suicide.
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A short guide to the Intrinsic apoptotic pathway
The cellular demise could be dictated also by internal stimuli, which represent the self-control
mechanisms to govern lifespan and tissue homeostasis. DNA damages, altered metabolism,
organelles dysfunction, oxidative stress and intracellular pathogens activate specific pathways
which trigger caspases activation [14] [2]. Intrinsic apoptotic process relies on the surveillance role
elicited by mitochondria, whose integrity and functionality mirror the cell survival or cell death
commitment. The maintenance of mitochondrial integrity and the choice between the
survival/death fates are guaranteed by Bcl-2 family members, which operate at the mitochondrial
outer membrane (MOM). Mitochondria control the compartmentalization of pro- and antiapoptotic factors; while lethal signals alter MOM permeability favouring the release of such
molecules in the cytoplasm, thus leading to the activation of initiator caspases. Members of the
Bcl-2 family of proteins are the guardians of mitochondrial integrity and the modulators of the cell
suicide. This family is divided into pro- and anti-apoptotic factors: the regulation of their mutual
interactions dictate survival or commitment to apoptosis [15]. Anti-apoptotic Bcl-2 proteins
contain four BH homology domains (BH1-4), localize generally to MOM and are named Bcl-2, BclxL, Bcl-w, A1 and Mcl-1. Pro-apoptotic factors can be subdivided in multidomains pro-apoptotic
members, containing BH1, BH2 and BH3 domains and BH3-only proteins. BAX and BAK belong to
the first class and their property consists in the ability to oligomerize on the surface of the MOM,
thus generating a channel that allows the release of mitochondrial pro-apoptotic factors into the
cytoplasm. This process is defined MOM permeabilization (MOMP). On the other hand, BH3-only
proteins are responsible for the binding of anti-apoptotic members in order to block their
inhibitory effect on BAX and BAK. Certain BH3-only members can also interact with Bax and Bak to
promote their oligomerization. The final event of intrinsic pathway is the translocation into the
cytosol of pro-apoptotic factors such as cytochrome C and SMAC/Diablo, with the subsequent
activation of caspases. MOMP is considered the point of no return in the apoptotic process: it
leads to the formation of the apoptosome, a multiproteins complex composed by APAF-1,
caspase-9 and cytochrome C. Concomitantly, the release of SMAC/Diablo removes the block
performed by caspases inhibitors (IAPs). MOMP often coincides with mitochondria fragmentation,
underscoring the tight relationship between Bcl-2 family and the dynamics of this organelle.
However BAX and BAK can promote mitochondrial fission without MOMP execution, especially in
presence of Bcl-xL antagonistic activity [16].
9
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Necrosis: not a merely accidental cell death
In 1971, Kerr defined the morphological aspects of an unusual form of cell death which he
called “shrinkage necrosis” [3], without any further characterization. However, this type of cell
death has been renamed apoptosis. Consequently, the term necrosis has been used to describe
pathological and unregulated forms of cell death. Since that moment, necrosis remained the less
defined type of cell death. Until recent years, it was restrained as a merely outcome of excessive
stress or physico-chemical injuries and therefore defined as uncontrolled and purely accidental
process [7]. Although the description of necrosis evolved during the last decade, acquiring also
precise morphological features, its experimental definition still begin with the exclusion of the
apoptotic features. The involvement of caspases remains the first and the principal read-out to
distinguish between Type I and Type III cell death.
Morphological representation
Morphologically, a necrotic cell is defined by cellular and organelle swelling, translucent
cytoplasm and membrane rupture with cytoplasmic content leakage in the extracellular milieu
(Fig. 2B). All these features perfectly depicted a cellular explosion; however, this phenomenon is
not always uncontrolled and not merely accidental. Necrosis can rely on a complex network of
interconnected players involving several signalling pathways and different organelles (Fig. 8).

Figure 2: Morphological features that distinguish apoptotosis and necrosis. Electron microscopy picture,
on the left (part a) apoptotic cell: cell shrinkage and condensation with formation of apoptotic bodies; on
the right (part b) necrotic cell: swelling of the cell and organelles, with plasma membrane permeabilization
10
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and condensation of nuclear membrane with chromatin condensation in defined patches. Adapted from
[7].

The “roots” of necrosis as PCD: reasons for investigation
Chautan and colleagues in 1999 [6], for the first time showed that a non-apoptotic cell death
can ensure a correct organism development, a backup system when apoptosis is deficient. Indeed,
using Hammertoe mutant, or mice homozygous for a mutation in the gene encoding APAF-1,
interdigital cell death still occurred. This cell death was negative for the terminal-deoxynucleotidylmediated dUTP nick end-labelling (TUNEL) assay and there was no overall cell condensation. The
electron microscopy analysis revealed typical signs of classical necrotic cell death, such as no cell
condensation, chromatin alterations and marked mitochondrial and membrane lesions. Thus, in
this developmental context, although caspase activity confers cell death with an apoptotic
phenotype, a caspase-independent mechanism can also ensure cell death, but with a necrotic
phenotype. Another groundbreaking step in necrosis was the discovery of necrostatins, as
inhibitors of non-apoptotic cell death elicited under specific circumstances by TNF-α stimulation or
in vivo using brain ischemic models [17-19]. After these evidences, many other scientific reports
confirmed physiological roles of necrosis in intestinal shaping [20], longitudinal bones formation
[21], as well as the pathological consequences of its alteration. Activation or dysfunction of
necrotic processes have been documented in ischemia-reperfusion injury [19], neurodegenerative
disease [22], myopaties [23], in response to pathogen infection [24] and in cancer [25]. The
identification of the molecular players, which are involved in the transduction of necrotic signals
fostered new interest in the comprehension of this form of cell death.
Summarizing, two main aspects justify the study of the necrotic cell death:
1) The Novelty. The discovery of the fundamental genes and regulators of necrotic cell death,
forced people to consider it as a PCD, but many aspects of the mechanism are still obscures and
only few elements of the necrotic signalling pathways have been identified [7, 8];
2) Clinical Applications. Failure of anti-cancer agents to induce apoptosis, due to acquired
resistance, has driven the research toward the determination of the molecular mechanisms
governing necrosis. The hope is to develop new drugs that can engage necrotic forms of cell death
for alternative anticancer therapies. On the other hand, neurodegenerative disorders, ischemia-
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reperfusion injuries and myopathies, are characterized for the excessive cell loss by necrosis.
Hence, the development of anti-necrotic drugs could result in a clinical benefit [17, 18].
In 1995 [26], Majno and Jolis presented the image below (Fig.3), describing necrosis as a merely
consequence and a secondary effect of cell death. They exactly wrote “Necrosis should not be used
to define a mode of cell death.….In other words cells die long time before any necrotic changes can
be seen by light microscopy. To say cell death by necrosis implies that the cell dies when they
become necrotic, which is patently untrue.”. Nowadays, in 2014, the concept of necrotic cell death
has been totally revolutionized.

Figure 3: The oversimplification of cell death concept in 1990s by Majno e Jolis.

In 2011, Welz, Zhang [27, 28] and Bonnet [29] separately gave three of the most convincing
evidences of the role of the necrotic death in tissue development and homeostasis and highlighted
an interconnection between the scaffold protein (FADD), fundamental in apoptosis, and a
regulated form of necrosis. These evidences confirmed once more the fundamental role of two
serine/threonine kinases during programmed necrosis (RIP1 and RIP3), as it will be described later.
Zhang and Welz, separately described the relationship between RIP1 or RIP3 and FADD during
12
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development and tissue homeostasis. FADD-/- embryos have elevated levels of RIP1 and exhibit
massive necrosis, while RIP1 deletion in this model rescues embryonic lethality. Moreover, RIP3
has been defined as a key regulator of the necrotic demise in intestinal epithelial cells,
underscoring a possible connection between necrosis and inflammatory bowel disease. Finally,
Bonnet provided an in vivo demonstration that the regulation of programmed necrosis in
keratinocytes represents a relevant mechanism to prevent chronic inflammation of the skin and to
ensure an immune homeostasis. Indeed, mice with epidermis-specific FADD deficiency develop
severe skin inflammation, with an important role of keratinocytes necrotic death (no evidences of
caspase-3 activation). This work highlighted that the disease induced by FADD deficiency is
provoked by necrotic cell death driven by RIP3, with the involvement of TNFR1 signalling pathway
and the de-ubiquitinating activity of CYLD.
In table 1, the early classical signs of cell death in several models of necrosis are shown.
Mitochondrial dysfunctions, such as ROS over-production, organelles swelling and peri-nuclear
clustering, ATP depletion, altered Ca2+ homeostasis and finally activation of different proteases
following lysosomal alteration [8], represent the multitude of effects elicited by necrotic insults.

Table 1. Models and morphological aspects analyzed to describe and identify different necrotic processes.

Receptor mediated necrosis: NECROPTOSIS as the first example of regulated necrosis.
Another milestone in the necrotic field was the discovery of the pathway linking death
receptors stimulation to necrotic death. In the late 1990s, TNF-α was identified as both an
apoptotic and necrotic inducer [13]. In fact, depending on the cell type, TNF-α was shown to kill
the cells with an apoptotic or a necrotic phenotype. Subsequent studies demonstrated that other
death receptors, such as CD95 [30], TNFR2 [31], TRAILR1 and TRAILR2 [32] can also transmit
13
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necrotic stimuli. Since this mechanism shows a similarity with apoptosis, the term necroptosis was
coined to describe the merging between the necrotic outcome and the regulated character of the
process.
TNF-α is the most used stimulus to study necroptotic cell death. In different cell types, TNFR
stimulation can directly cause a necrotic outcome, whereas stimulation of FAS, TRAILR1/2 requires
caspases inhibition and the presence of caspase-8 adaptor protein FADD [30]. Fas ligand–induced
caspase-independent death is absent in T cells that are deficient in either Fas-associated death
domain (FADD) or RIP1; this type of cell death resembles necrotic death [30]. However, in vivo
experiments performed demonstrated that FADD deletion provokes high epithelial cell necrosis
[27, 29]. Such complex scenario highlights that the mechanism could differ depending on cell
models and contexts.
Hence ligands stimulation induces the formation of multi protein complexes, whose specific
composition determine either pro-survival response or cell death, but the mechanism by which
this decision between is taken remained unknown till 10 years ago. The elucidation of the
mechanism started with the description of the two-step nature of TNFR1 signalling. Ligand
stimulation first promotes the formation complex I, a plasma membrane bound complex, which
consists of TNFR1, the adaptor TRADD, the kinase RIP1, cIAPs and TRAF2 and leads to a rapid
activation of NF-kB pathway. In a second step, TRADD and RIP1 associate with FADD, RIP3 and
caspase-8, forming a cytoplasmic complex, complex II. The NF-kB signaling is activated through
complex I, here the extrinsic apoptotic regulator FLIPL block the apoptotic induction by complex II.
On the contrary, when the initial signal (via complex I, NF-kB) fails to be activated, using HT1080
fibrosarcoma cell line that is defective in NF-kB activation due to the expression of an proteosomal
resistant I-kBα (an inhibitor of NF-kB), complex II ensures a checkpoint to provoke the cellular
demise [33]. Moreover, the cytosolic complex II is considered a double edge sword that could
determine both apoptotic and necrotic cell death. The platform called “necrosome” is essentially
the complex II, but this machinery stimulates necroptosis and is dependent on RIP1/RIP3
(Receptor Interacting Kinase 1 and 3) activity, as will be described later.

14

Tesi di Dottorato di Andrea Tomasella discussa presso l'Università degli studi di Udine

Figure 4. Life or death: the decision depend on complex I and complex II. Description of the dual step of
TNFRI signaling pathway as model to understand the basis of programmed necrosis concept evolution [33].

Hence, TNFR1 can switch between different patterns of response, depending on the cell type,
cell activation state and microenvironment factors. Complex I is highly regulated, in particular
stability, post translational modifications and the kinase activity of RIP1 are strictly regulated
depending on the context and on the stimuli. RIP1 Lys-63 poly-ubiquitylation is the fundamental
step for the formation of the canonical platform for NF-kB activation (Fig. 5), cIAP1/2 promote
RIP1 poly-ubiquitination permitting its interaction with the pro-survival kinase TAK1 [34] [35].
Transcription of cytoprotective genes mediated by NF-kB stimulates cell survival. However, the
internalization of complex I, due to limited survival signalling stimulation, changes the composition
of the platform and gives up to the formation of complex II [33, 36]. This complex regulates cell
death by either apoptosis or necrosis (Fig. 4 and Fig. 5). Inhibition of cIAPs prevents RIP1
ubiquitylation and together with CYLD de-ubiquitinating activity favors the formation of complex
II. This complex supports RIP1 association with caspase-8 and stimulates apoptosis. By contrast,
when the apoptotic mode is down-regulated complex II triggers necrotic cell death [30, 31].
Nowadays, RIP1 and RIP3 are considered the necroptotic core and their mutual activity governs
15
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the initial steps of programmed necrosis [37] (Fig. 5 and Fig. 6), while during apoptosis they result
to be dispensable.
Other receptors can be engaged to trigger necrosis. Two examples are lymphotoxin-β receptor
(LTβR) and TWEAK. LTβR induces a caspases independent cell death that requires the kinase
activity of ASK1 (Fig. 9). The mechanism is based on the recruitment of TRAF5 and TRAF3, the
activation of ASK1 and finally the ROS-mediated, caspase-3 independent cell death [38]. This
mechanism can involve RIP1, as it works upstream to ASK1. In the case of TWEAK the necrotic
response may be due to an endogenous TNF production; although the mechanism is not so clear,
it may rely on RIP1-FADD-caspase-8 complex in presence of caspases inhibition [7].
Necrosome or Ripoptosome: platforms for regulated necrosis
At the moment of the formation of complex II, caspase activity is the determinant of the
subsequent mode of cellular demise. Caspase-8 activation leads to apoptotic cell death and, at the
same time, to RIP1 and RIP3 cleavage thus abolishing their kinase activity required during necrosis
[39, 40]. The caspase cleavage sites are Asp324 and Asp328 residues of RIP1 and RIP3 respectively
[39]. On the contrary, without caspase activation, RIP1 and RIP3 kinases trigger multiple
downstream effectors provoking necrotic cell death. When caspase activity is blocked, complex II
is also called necrosome to underscore its pro-necrotic activity.

16
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Figure 5: Molecular platforms that govern distinctly apoptotic or necroptotic cascade upon receptor
stimulation. The composition of the cytoplasmic structure and the activation of caspases are the
determinants of cell demise. RIP1 and RIP3 are considered fundamental actors of the pathway [7].

The K63 polyubiquitination of RIP1 is fundamental to regulate the transition from complex I to
complex II; this post-translational modification is carried out by the action of the E3-ligases cIAP1
and cIAP2 (inhibitors of apoptosis proteins) [34, 41]. Deubiquitylating enzymes CYLD and A20
counteract the action of cIPA1 and cIAP2. This process is clearly demonstrated in response to
receptors stimulation [34, 42, 43]. The down-regulation of IAPs with Smac mimetics causes the
spontaneous formation of a cytosolic complex also in the absence of receptors stimulation [44]:
this complex is named “ripoptosome” [41] [44], of which RIP1-FADD-caspase 8 are the core
elements, and is able to induce either apoptotic or necrotic cell death in different cell lines. The
ripoptosome activity is determined also by the two isoforms of FLIP. FLIPL prevents complex
formation while FLIPS promotes its aggregation [41]. Tenev and colleagues demonstrated the
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requirement of RIP1 kinase activity in this context, essential to regulate the formation of the
ripoptosome.
RIP1/RIP3: the blues brothers of necroptosis
In 2000 and 2009 Holler, He and Cho, respectively identified RIP1 and RIP3 as essential
modulators of necroptosis, in different cellular models. These proteins are members of Receptor
Interacting Protein (RIP) kinases: a family of seven members, all of which contain a kinase domain
(KD). RIP1 is composed by N-terminal KD, an intermediate domain containing a RHIM domain that
permits the interaction with RIP3 and a C-terminal DD important for the binding with several
death receptors [45]. RIP1-/- mice display extensive apoptosis and die 1-3 after birth, while RIP1-/cultured cells are highly sensitive to TNF-induced cell death, possibly due to limited NF-kB prosurvival pathway activation [46]. However, RIP1 has been identified as a crucial element during
FAS-L, TRAIL and TNF induced necrotic cell death in Jurkat cells [30]; this study demonstrated for
the first time that the kinase activity of RIP1 is required to activate necrosis in these cells.
Moreover, this protein has emerged as a strategic regulator over multiple cellular pathways of
inflammation and cell death [47]. In 2005, Degterev and colleagues demonstrated the inhibition of
necroptosis by the new small molecules Necrostatin-1 and they next characterized RIP1 as the
molecular target of this drug [17, 18]. Recently, the crystal structure of necrostatin-1 and RIP1 has
been solved, defining the molecular basis for the action of the anti-necrotic drug [48]. In
particular, necrostatin-1 cages the kinase domain of RIP1 stabilizing the protein in an inactive
conformation: Ser161 residue has been identified as the target site of drug activity. The
identification of necrostatin-1 as a necroptotic inhibitor, was demonstrated by the selective
inhibition of cell death in response to TNF-α, of two of the most characterized necrotic models
(FADD-deficient Jurkat cells and in L929 murine fibrosarcoma cells). Moreover, Necrostatin-1
delays necrotic morphological appearance and hinders the onset of ischemic brain injury [17]. The
allosteric inhibition of RIP1 was demonstrated by three necrostatins analogs which operated with
distinct mechanisms [18].
Many cultured cell lines are protected against TNF-induced apoptosis by z-VAD treatment,
whereas others undergo TNF-induced necroptosis [45]: RIP1 and RIP3 kinase activity has been
implicated in this caspase-independent mode of cell death [40]. Mice lacking RIP3 do not exhibit
defects in development, NF-κB activation or apoptosis [49]. FADD-deficient Jurkat cells were used
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as necrotic model to identify regulators of necroptosis. A small interfering RNA (siRNA) screening
permitted the discovery of RIP3 as a necrotic player that specifically turn on the RIP1 kinase
activity [37]. In this study, RIP3 is defined as member of complex II upon necrosis induction.
Moreover, RIP3 is shown to control ROS production and results to be important in response to
virus-induced cell death. RIP3 has been also described as the essential energy metabolism
regulator that switches TNF-induced cell death from apoptosis to necrosis. Zhang and colleagues
used NIH-3T3 cells as model to discover the role of RIP3 during necroptosis. Although NIH-3T3
cells (termed A cells) usually undergo apoptosis upon TNF-α stimulation, a caspase-independent
cell death is described in a particular NIH-3T3 clone, called N cells. RIP3 expression is detectable
only in N cells and its down-regulation abrogates cell death in response to necrotic stimuli [50].
Reintroduction of RIP3, but not its catalytically inactive mutant, in NIH-3T3/A cells sensitizes them
to necrotic cell death. Additionally, this work defined RIP1- and RIP3-requirement for TNF-α
induced necrosis; indeed, RIP1 expression alone causes a caspase-dependent cell death but the
concomitant expression of RIP3 redirects cell death toward necrosis.
The correlation between expression level of RIP3 and propensity to undergo necrosis was
demonstrated by He et al in 2009 using a large panel of cell lines [24]. This work demonstrated the
perfect match between RIP3 protein expression levels and sensitivity to necrotic cell death.
Cho and colleagues demonstrated that RIP1 and the RIP3 phosphorylation drive the
stabilization of necrosome complex. They described that upon TNF-α/z-VAD stimulation, RIP3 is
recruited at the necrosome, where it controls the binding of RIP1 to the complex and sustains
RIP1-dependent pro-necrotic kinase activity. Jurkat cells overexpressing TNFR2 [32] or MEF cells
require the phosphorylation of both kinases to enter necrosis. The oligomerization of RIP1 and
RIP3, through the RHIM (RIP homotypic interaction motif) domain, seems to be fundamental in
this scenario [37]. An interesting work published in 2012, reported that the RHIMs of RIP1 and
RIP3 mediate the assembly of heterodimeric filamentous structures, which exhibit the classical
features of β-amyloid fibrils [51]. Different experimental approaches defined these ultrastable
structures and demonstrated that the mutation of RHIM domains compromise their formation
with a consequent reduced kinase activity of the complex and reduced necrotic cell death in vivo.
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Figure 6. RIP Kinases at the crossroads of cell death. Representation of RIP1 and RIP3 mechanism of action,
with their involvement in apoptosis or necrosis. Adapted from [46].

Recently, also the mutual dependency between RIP1/RIP3 in triggering necrotic cell death has
been questioned. In specific context, the process could be dictated by only one of the two
elements [50, 52]. RIP1-independent but RIP3-dependent necrotic cell death has been described
and characterized in response to viral infection [50, 52, 53]. MCMV (Mouse cytomegalovirus)
encodes for the structural proteins viral Inhibitor of RIP Activation (vIRA), which has the ability to
interact with RIP1 and RIP3 inhibiting necrosome-induced cell death. Mutant forms of vIRA in its
RHIM domain show less viral replication and reduced viral pathogenesis. Upton et al.
demonstrated that vIRA suppresses TNF-α RIP1-RIP3 dependent necroptosis as well as RIP3dependent but RIP1-independent viral induced necrosis [52]. Furthermore, in condition of RIP1
and caspase-8 or TRADD down-regulation, TNF-α induces a RIP3-dependent necrotic cell death in
L929 murine fibrosarcoma cells. Finally, the overexpression of a catalytically active RIP3 has been
associated with necrotic ethanol-induced liver injury liver: inhibition of RIP1 does not affect cell
death while RIP3 lacking mice are protected [54], underscoring a not absolute requirement of
RIP1. Moreover, RIP3 has been identified as the molecular switch between apoptosis and necrosis;
cells with high expression of RIP3 reflect the predisposition for necrotic response and apoptosis
resistance and vice versa [50]. Interestingly, RIP3 is the determinant of embryonic lethality of
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caspase-8-/- mice [55]: caspase-8-/- RIP3-/- mice develop normally with a complete formation of the
immune compartment. This study defined the mandatory role of RIP3 together with caspase-8 for
a correct mammalian development. Oberst attributed the deleterious phenotype of caspase-8
knock-out to RIP3-mediated necrosis; indeed, RIP3 ablation rescues this dramatic effect [56]. In
this condition, the intriguing ability of caspase-8/FLIP eterodimer to block RIP3 necrotic cell death
without promoting apoptosis has been determined. All these results explain the dependency of
regulated necrosis on RIP1 and RIP3, but still little is known about alternative regulated necrotic
pathways.
Many evidences highlight the involvement of RIP1 and RIP3 in different pathological conditions
with experimental observations using in vivo models. For example, recent publications evoke a
role of RIP3 in atherosclerosis development [57] and in Gaucher’s disease [58]. The generation of
atherosclerosis prone mice deficient for RIP3, Ldlr-/- RIP3-/- and Apoe-/- RIP3-/-, linked advanced
atherosclerotic lesions to RIP3-dependent necrotic cell death of macrophages recruited to the
plaques, thus leading to inflammation and atherogenic progression. Furthermore, Vitner and
colleagues demonstrated that RIP3 represents a reliable therapeutic target in Gaucher’s disease
(GD). Caused by mutations in the glucocerebrosidase gene (GBA), GD is the most common
lysosomal storage disease: loss of neuronal cells is one of the manifestations of the alteration but
the mode of death was unknown. Vitner’s work defined RIP1 and RIP3 involvement in GD
pathological events. They demonstrated an augmented expression of RIP3 in microglia of
Gbaflox/flox nestin-Cre mice, which goes in parallel with the appearance of cell death. Furthermore,
RIP3 deficiency reduces the pathological injuries. RIP1 has been recently demonstrated being the
critical mediator of Motor Neuron death both in familiar and sporadic models of amyotrophic
lateral sclerosis (ALS) [59]. The authors use a coculture of human adult primary sporadic ALS (sALS)
astrocytes and human embryonic stem-cell-derived MNs (Motor Neurons) to demonstrate that
the loss of MNs was due to necroptotic process. sALS astrocytes specifically kill human ES-MNs
and this mechanism of programmed necrosis is governed by RIP1; in fact, its down-regulation or
inhibition with Nec-1 reduces neuronal loss. Moreover, the specific inhibition of MLKL, a
downstream target of RIP1, reduces by 90% the toxicity of sALS astrocytes for hES-MNs.
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Downstream effectors in necroptosis: just the tip of the iceberg
Recently, a growing number of reports have identified multiple effectors of the necroptosis. In
2012, two papers demonstrated the involvement of MLKL (mixed lineage kinase domain like
protein) and PGAM5 (phosho glycerate mutase 5) in necrosis. Sun and colleagues identified NSA
(called Necrosulfonamide) as a potent inhibitor of necroptosis [60]. Both an affinity probe derived
from Necrosulfonamide and co-immunoprecipitation using anti-RIP3 antibodies permitted to
identify MLKL as target downstream RIP3 activation in programmed necrosis. These experiments
show the involvement of MLKL as an essential target of necrosome and characterize threonine 357
and serine 358 human residues as target residues of RIP3 activity. NSA treatment or siRNAmediated MLKL down-regulation blocks necroptosis at a precise step with the formation of
discrete RIP3 punctae. MLKL is a dead kinase closely related to mixed lineage kinases that function
as MAPKKs; deficient mice develop normally without any haematological alteration or pathologies
but, interestingly, cells derived from them resulted to be necrotic resistant [61]. Phosphorylationdriven structural changes of its pseudoactive site determine a RIP3-independent necrotic pathway
in HeLa cells, in particular K219 and Q343A residues of murine polypeptide chain cause a
conformational change within MLKL that mimics RIPK3-mediated activation of MLKL to induce
spontaneous, RIPK3-independent necroptosis. Upon necrotic stimulation, MLKL is recruited to the
necrosome complex. MLKL is essential for the formation and the activity of RIP1/RIP3 complex,
towards the downstream substrates.
Necroptotic stimuli promote the trimerization of MLKL [62]. This work elucidates the molecular
mechanism of necroptosis, defining the requirement of RIP1 and RIP3 for MLKL trimerization: in
particular, the kinase activity of RIP3 is essential in this context. Finally, Cai et al demonstrated the
plasma membrane translocation of the MLKL trimer, where it governs Ca2+ influx through the
control of TRPM2 activity.
The study, published by Wang [63], proposed PGAM5 (a peculiar phosphoglycerate mutase
functioning as Ser/Thr phosphatase [64]) as possible point of convergence for multiple necrotic
stimuli [63]. The authors used Hela cells with an inducible expression of RIP3 (HeLa cells normally
do not express RIP3); this system recapitulates other necrotic models, such as HT29 cells, where
the high expression of RIP3 is considered the necrotic determinant. PGAM5 activity augments and
results to be relevant during necrosis in response to different stimuli. Two PGAM5 isoforms,
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PGAM5-L and PGAM5-S, have been identified as downstream players of RIP3 kinase activity [63],
both isoforms are also involved during necrosis provoked by ROS generators or calcium ionophore.
Activation of this new key player directs insults to mitochondria, leading to Drp1 activation, Drp-1mediated mitochondrial fragmentation (Fig. 7) and, finally, necrotic cell death. The dephosphorylation of Drp1 by PGAM5 is proved in vitro in response to TNF-α/Smac mimetics/z-VAD;
however, this work does not explain how mitochondrial fragmentation represents a crucial step
during necrosis.

Figure 7. MLKL and PGAM5: two downstream effectors of necroptosis. Receptor mediated necrosis
activates the necrosome and a conceivable mechanism of action could be the recruitment of PGAM5 and
MLKL and mitochondrial fragmentation and dysfunction. Adapted from [63].

Other downstream effectors of necroptotosis are represented by alteration of metabolic
function or energetic production. One of the main features that distinguishes apoptosis and
necrosis is the dependence on ATP [65] [66]. In particular, energy depletion during type III cell
death is caused by the effect on several biological processes. RIP1 has been associated with the
induction of ROS both at mitochondrial and cytosolic level. In U937 cells, TNF-α/z-VAD-induced
necrotic death revealed the role of RIP1 on ATP production. RIP1 reduces ANT (adenine nucleotide
translocase) activity and interaction with CyPD (cyclophilin-D), resulting in ATP depletion,
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energetic deficit and necrosis [67]. This phenomenon correlates with a transient increase in ∆ψm
(mitochondrial transmembrane potential) during necrosis, observed in different experimental
settings [66, 67]. This hypothesis links the necrotic machinery with the permeability transition
pore complex (PTPC) (Fig. 8). The mitochondrial permeability transition is considered a key event
both in apoptosis and necrosis, but considerably CyPD (a component of the PTPC) null cells die
normally in response to different apoptotic stimuli; in addition, Bid- and Bax-induced cytochrome c
release is not blocked by CyPD deficiency and does not affect many forms of apoptotic cell death.
On the other side, the CyPD-/- cells result resistant to necrotic insults such as ROS and calcium
overload [68]. Moreover, C57BL/6J CyPD-/- mice are more resistant against ischemia-reperfusion
injury [68], a classical necrotic insult, with an increased tolerance to calcium increase (without loss
of ∆ψ) and resistance to ROS-induced damages. One interesting report by Xu et al. also identified
the connection between RIP1 and JNK1 kinase, underscoring the importance of PARP-1-RIP1-JNK1
axis during necrosis in MEF cells. The proposed model implied over-activation of PARP1 by MNNG,
which causes depletion of NAD+ and ATP, activation of RIP1/TRAF2 complex and JNK1
phosphorylation and, finally, mitochondrial dysfunction. This cascade indeed alters MPT and
triggers AIF release which, finally, provokes necrosis [69]. JNK phosphorylation during necroptosis
is demonstrated also downstream MLKL activation, in response to TNF-α/Smac mimetics/z-VAD in
HT29 cells, but the role of JNK-mediated ROS accumulation is not considered an absolute
determinant of cell death [70]. Moreover, JNK1 activation is responsible for the degradation of
ferritin and the increase of labile iron pool, thus causing oxidative stress and cytotoxicity (Fig.8).
Another mechanism based on RIP3 activity evokes the alteration of metabolic functions through
three possible targets such as PYGL (glycogen phosphorylase), GLUL (glutamate-ammonia ligase)
and GLUD1 (glutamate dehydrogenase 1). Indeed, by activating key enzymes of metabolic
pathways, RIP3 governs ROS generation in response to TNF-α, which contributes to cell death [50].
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Figure 8: General representation of the pathways and of the key players involved in initiation,
amplification and execution of necrosis. ROS, metabolism, necrosome formation and the involvement of
mitochondria and lysosomes describe the interconnection and the different insults inducing type III cell
death. From [7].

Virus- and pathogens-induced necrosis
Not only cytokines but also multiple viruses, such as HIV-1, HSV-1, WNV and MCMV, are able to
induce necrotic cell death. Our knowledge is still in the infancy and different mechanisms have
been proposed. Depending on virus type, RIP1 and/or RIP3 kinase activities have been considered
fundamental in distinct experimental settings [37] and the polyubiquitylation of RIP1 induced by
viral dsRNA is an obligated step during the process. One precise molecular characterization of the
necrotic cell death is linked to M45 protein. This viral protein has a RHIM domain and is able to
interact with RIP1 and RIP3, interfering with their activity. Indeed, virus mutated in this domain
causes a RIP3 dependent necrosis [71]. All these evidences suggest an essential role of necrosome
in inflammatory response to activate antiviral host defence [72]. Caspase 1 activation can trigger
pyroptosis, a highly inflammatory form of programmed cell death in which dying cells release their
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cytoplasmic contents, including inflammatory cytokines, into the extracellular space. Pyroptosis
provokes the release of IL-1β, a highly inflammatory cytokine. Recently, pyroptosis has been
identified as the main type of cell demise of CD4 T-cell during HIV-1 infection [73].
Pathogens-induced necrotic cell death has been identified but many questions are still opened
on this topic. The current debate is about pyroptosis and necrosis as response to microbial
infections. Pyronecrosis, the so called necrotic counterpart of pyroptosis, is independent of
caspase-1 and caspase-11, but dependent on the inflammasome component ASC (apoptosisassociated speck-like protein containing a CARD) and the lysosomal protein CTSB (cathepsin B),
and results in the secretion of the pro-inflammatory mediator HMGB1 (high mobility group box 1)
[74, 75]. In some experimental models, ASC/NLRP3-dependent necrotic death is crucial to support
the response against pulmonary infection and the release of pro-inflammatory molecules that can
reduce mortality against K. Pneumonia [75] (Fig. 9). Other pathogens have been demonstrated to
induce a similar form of cell death but the molecular characterization need to be deepened, in
order to understand the involvement of inflammatory caspases, necrosome complex and
cathepsins.
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Figure 9: Internal and external stimuli that trigger necrotic cell death. The complex network involved in
necrotic cell death. a, b, c and d boxes represent the initiator mechanism of necrosis while the central
square depict the execution mechanism of necrosis. Adapted from [72].

Programmed necrosis: not only necroptosis
Other forms of regulated necrosis exist. As common determinant, they have been described to
occur independently from RIPK1 or RIPK3, or in the presence of RIPK1 or RIPK3 inhibitors.
Mitochondria: the core of necrosis
Mitochondrial and ROS relevance in necrotic cell death
ROS and radicals can also be viewed as a second messengers. ROS could mediate many
different responses in eukaryotic cells depending on the range of ROS production. The generation
of radicals species is physiologic throughout cell life during energy supply; moreover, they are
essential mediators of different processes from senescence, to proliferation and transcriptional
activation of target genes, for example during the immune response [1].
On the other hand, in response to a plethora of stimuli, cell death appears to be mediated and
determined by ROS damages and overproduction. The oxidative stress is not an immediate inducer
27

Tesi di Dottorato di Andrea Tomasella discussa presso l'Università degli studi di Udine

of cell death but the disequilibrium between production and detoxification at last provokes
damage to proteins, DNA, and lipids causing profound alterations of cellular functions. The
consequences are linked with inflammation, tumor promotion, ischemia/reperfusion injury (IRI)
and neurodegeneration.
MPTP- and CyPD - dependent regulated necrosis
ROS generation is an important effector of necrotic cell death. ROS can induce lipid
peroxidation or alter the function of different biological processes leading to necrotic cell injury
[76]. TNF-α stimulation of L929 cells provokes cytolysis with the involvement of free radicals
production but also the participation of arachidonate metabolism [77]. An early mitochondrial
degeneration with alteration of mitochondrial electrons transfer chain is demonstrated to be
responsible for cytolysis. Electron micrographs show the necrotic phenotype of L929 cells with
specific mitochondrial swelling [78].
MPTP has been described as an important step during necroptosis but this phenomenon is
tightly regulated also during necrosome-independent programmed necrosis. CyPD gained
attention as regulator of this multiproteins complex [79] and for the demonstrated benefits
elicited by its inhibition. Cyclosporine A or sanglifehrin A ameliorate necrosis during ischemiareperfusion injury [80]. CyPD null mice require more calcium to force MPTP opening and MEF cells
derived from these mice resulted to be protected against calcium release from endoplasmic
reticulum or H2O2 treatment. Nakagawa and colleagues showed that CyPD deficiency does not
block Bax- and Bak-induced mitochondrial permeability transition and apoptotic cell death, while
lack of CyPD protects mice from ischemia-reperfusion necrotic damages in heart and kidney [68,
81]. The role of CyPD/PTP has been demonstrated to be critical during of brain injury in the adult,
whereas Bax-dependent mechanisms prevail in the immature brain [82]. Hence, the function of
CyPD shifts from pro-survival to a cell death mediator in immature and adult brain of mice
respectively. Ca2+ and ROS are key mediators of IRI but CyPD-deficient mitochondria accumulate
Ca2+ without losing ∆ψ; moreover, hepatocytes result resistant to necrotic cell death stimulated by
the Ca2+ ionophore A23187 or H2O2 [68]. On the other hand, overexpression of CyPD provokes
cardiac mitochondrial swelling and spontaneous cell death in vivo. The mechanism relies again on
the regulation MPTP opening [83] and on the decrease in ATP production [81] (Fig. 10). Additional
roles of CyPD have been suggested by the identification of amyloid-β protein (Aβ) [84] and p53
[84] as two CyPD binding partners during neuronal and MEF Bak/Bak-/- cell death respectively [85].
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The interaction between Aβ and CyPD augments mitochondrial dysfunction and neuronal stress,
while CyPD-lacking mitochondria are protected from Aβ-induced cell death and an Alzheimer’s
disease mouse model deficient for CyPD shows better neurological performances. Implication of
MPTP and CyPD in multiple sclerosis (MS) disease has been also demonstrated; indeed, neurons
from CyPD-knockout mice are resistant to reactive oxygen and nitrogen species insults and brain
mitochondria accumulate high levels of Ca2+ [86]. These results define CyPD and MPTP as
therapeutical targets for neurodegenerative diseases. During oxidative stress-induced necrosis a
rapid stabilization and translocation of p53 to mitochondria, where it interacts with CyPD and
regulates MPTP opening, has been proposed [85].

Figure 10. Regulated necrosis: necrosome-independent mechanisms. A) Ferroptosis/excitotoxicity. B) NOXmediated ROS production and cell death. C) MPTP-regulated necrotic cell death D) Parthanatos: PARP1
programmed necrosis. Adapted from [87]
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Parthanatos: PARP1 programmed necrosis
Genomic DNA damage, induced by UV, ROS inducers and alkylating agents (such as MNNG) [88,
89], activates PARPs proteins that transfer ADP-ribose groups from NAD+ to their targets. In
particular, PARP1 (poly (ADP-ribose) polymerase-1) regulates many biological processes through
poly(ADP-ribosyl)ation

(PARylation)

to

ensure

cellular

homeostasis;

nevertheless,

its

overactivation provokes programmed necrosis, called also parthanatos. Oxidants provoke PARPmediated mitochondrial perturbations, with depletion of NAD+ and subsequently reduction of ATP
levels. Necrotic death of thymocytes could be pharmacologically controlled for example with PARP
inhibitors [90]; as described in U937, they prevent necrosis and activated apoptosis [91]. One
mechanism of action has been proposed through the sequential action of PARP-1, calpain-4 and
Bax, which finally provokes AIF translocation and necrotic cell death [89]. Subsequent to AIF
release from mitochondria and re-localization to the nucleus, MEF cells undergo necrosis upon
MNNG treatment. Calpains involvement has been questioned and they have different relevance in
AIF release in different experimental settings [89, 92]. However, PARP-1/AIF response resembles a
vicious circle with a continuous DNA damage and ROS production. Oxidative stress generated after
IR or due to exposure to ROS inducers (i.e. H2O2) is dependent on PARP-1 activity to elicit necrotic
cell death and consequently to the depletion of endogenous ATP [72]. Taken together, these
observations define PARP-1 as one of the critical enzymes involved in necrosis and a molecular
switch between type III and type I cell death. The overactivation of this protein depletes cellular
energy resources, inhibiting glycolysis or indirectly destabilizing oxidative phosphorylation process.
Consequently, ATP depletion limits ATP-dependent processes, i.e. caspases activation, promoting
caspase-independent cell death. Cellular membranes represent important targets of ROS; lipids
peroxidation provokes alteration of mitochondrial functionality, causing loss of barrier properties,
compromising molecules compartmentalization and failure of Ca2+ buffering. In addition to
mitochondria, ER and lysosomes are compromised by ROS with the consequent release of
protease and ions in the cytosol.
The role of RIP1 is controversial. In vivo the pre-treatment with Nec-1 reduces IR tissue damage
[17], but this effect was not confirmed in vitro in different cell lines [30, 66]. However, RIP1 and
RIP3 have been reported to localize to the mitochondria and to target specific metabolic enzymes
(PYGL, GLUL, GLUD1 as described above), supporting a direct link with metabolic impairment and
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ROS production. Interestingly, ROS-driven necrosis is not fundamental in all cell lines models:
scavengers do not protect U937 lymphoma, HT-29 and JURKAT from cell death [24, 67].
Ferroptosis and excitotoxicity
In a particular model of RAS-driven transformation, a new form of non-apoptotic cell death,
which depends on intracellular iron metabolism and termed ferroptosis, has been revealed [93].
The characteristics of ferroptosis are different from a classical necrotic phenotype, with specific
phenotypic, genetic and biochemical properties. Fenton reaction, the ferrous ion (Fe2+)-dependent
decomposition of dihydrogen peroxide generating the highly reactive hydroxyl radical (Fe 2+ + H2O2
→ Fe3+ + OH•+ OH–), is considered the mechanism, which leads to ROS generation and ferroptotic
cell death. Erastin, the first identified small molecule inducer of ferroptosis, has been found to
induce lethality in cells overexpressing oncogenic RAS. It provokes metabolic dysfunctions that
stimulate the generation of cytosolic ROS, reacting with phospholipids at the PM, independent of
mitochondria but dependent on NADPH oxidases (NOX) in some cellular contexts [93]. Erastininduced ferroptosis is strongly suppressed by NOX inhibitors or inhibition of the NADPHgenerating pentose phosphate pathway. This alternative non-apoptotic cell death, specifically
inducible in transformed cells, might also be relevant during neurodegeneration. Recently, a wide
screening identifies a second generation of ferroptotic inducers (II-FINs) and, at the same time,
defines the determinants of this cell death. Certain II-FINs impact on GPX4 (Glutathione (GSH)
peroxidase 4) function thus causing a depletion of Glutathione. As a consequence ROS are
augmented and lipid peroxidation occurs, thus provoking cell death [94]. Taken together, these
evidences describe GPX4 as a central regulator of ferroptosis: its down-modulation either by IIFINs or by RNAi-mediated knockdown induces cell death. A common mechanism of regulation of
ferroptosis, as well as of H2O2 necrotic cell death, is iron chelation (i.e. deferoxamine (DFO)) [66]
thus defining a possible mechanism of intervention for clinical purposes.
The use of animal models to study neurodegeneration shows that the large part of neuronal
death resembles necrosis [95], [96]. Excitotoxicity, the cell death provoked by excessive
stimulation by excitatory amino acids, is often recognized as cell loss mechanism during
neurodegenerative disease. The inhibition of Xc-Cys/Glu antiporter system is observed also during
this type of cell death. In this condition, ROS generation leads to an increase of the second
messenger cGMP, which provokes the opening of Ca2+ channels allowing a massive influx of this
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ion. Calpains activation and finally lysosomal membrane permeabilization determine the type of
death [87].
Other sources of ROS can contribute to necrotic cell death, showing again the NOX
involvement, as its localization at the plasma membrane links RIP1 and non-mitochondrial reactive
species thus contributing to TNFR-mediated necrosis [97]. Results are still confusing, since NOX1
shuttles between cytoplasm and membrane but many evidences show its role in necrosis and also
identify a possible amplification loop for ROS production with mitochondria [7]. A possible
connection between ROS and Iron labile pool could be the JNK mediated degradation of ferritin,
which reduces the sensibility to Iron reactive species. MEF RIP1-/- do not show any increase in iron
labile pool, but the role of RIP1 in this mechanism need to be further characterized [7].

Mitochondria: morphology and necrosis
Mitochondrial morphology is determined by the dynamic equilibrium between fission and
fusion, repeated cycles of which redistribute mitochondrial constituents in order to maintain
mitochondrial structure and function. Fission is mediated by dynamin-related protein 1 (Drp1), a
GTPase that transits from citosol to mitochondria, and Fis1, an outer mitochondrial membrane
protein. Fusion is controlled by three dynamin-related GTPases: Mfn1 and Mfn2 in the outer
mitochondrial membrane and Opa1 in the inner mitochondrial membrane [98]. The relationships
between mitochondrial morphology and cell death are still poorly understood, and alterations of
this structure has been observed also during necrosis. Both apoptotic and necrotic stimuli cause
mitochondrial fragmentation; however, if this morphological alteration is a mechanism of rescue
of induction or rather a consequence of cell death is debated [63, 99]. Moreover, necrotic and
apoptotic deaths could be differently linked to mitochondrial fission as demonstrated by Young
and colleagues, at least in neurons [100]. Drp1 has been described as modulator of fragmentation
and consequently, of cell death. Drp1 has been identified as the downstream effector of the
necrosome activity. PGAM5 activates Drp1 leading to mitochondrial fragmentation and ROSmediated cell death [63]. On the contrary, another recent publication identifies the role of Bax in
primary necrosis after myocardial infarct in vivo. These data indicate that Bax governs
mitochondrial fusion state, being critical in cell death; moreover, the authors supposed distinct
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role of this protein during apoptotic or necrotic cell death [101]. In conclusion, cell- and contextspecific mechanisms determine necrotic death dependence on fusion/fission dynamics.
Pills of metabolic consequences
Physico-chemical stress such as hypoxia, ischemia and dramatic temperature changes are
generally considered insults that cause necrotic cell death. Ischemia reperfusion (IR) injury is one
of the best example and represents one of the main driving forces to understand the molecular
mechanism of necrosis. During IR, low oxygen supply blocks oxidative phosphorylation and ATP
synthesis. Cells shift to glycolysis to restore ATP production. However, this process is inefficient
during ischemic conditions due to the low levels of oxygen and glucose flow. The direct
consequence is the drop of intracellular pH owing to lactate accumulation; hence, cells increase
Na+ influx through Na+/H+ antiporter [76]. Ca2+ counterbalances Na+ accumulation, while causing
mitochondria overload, thus compromising their functionality with a rise in NADH levels and ROS
over-production. Oxidative stress and uncontrolled pH, combined with calcium overload and other
factors, such as high phosphate concentrations and low adenine nucleotide levels, trigger the
opening of mitochondria permeability transition pore as previously described.

Involvement of LMP in the execution of necroptosis
Beyond to the fundamental role of mitochondria in necrotic cell death, lysosome function is
considered a critical point for caspase-independent cell death. Lysosomes are the source of many
proteases, which target many cellular structures upon release into the cytoplasm; moreover,
lysosomes are the site in which redox-active iron are stored. Hence, the lysosomal membrane
permeabilization (LMP) is a critical event for cell lifespan. During necrosis two main stimuli cause
LMP: ceramide accumulation and calpains activity [7, 88]. In response to different triggers, such as
TNF-α and FAS-L, ceramide accumulates in cells and induces ROS production, thus being converted
to sphingosine. The latter possesses lysomotropic properties and destabilizes lysosomal
membrane. TNF-α/z-VAD or TNF-α/CHX/z-VAD treatments increase intracellular ceramide in L929,
Jurkat and NIH-3T3 cells eliciting caspase-independent death with necrotic morphological
features. These results have been confirmed by two independent approaches: i) the
overexpression of acid ceramidase, which degrades ceramide, confers resistance to TNF/z-VAD
cytotoxic effect; ii) pharmacological inhibitors of A-SMase, an enzyme that generates ceramide,
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reduces necrotic cell death [102]. This study also revealed the indispensable role of RIP1 in this
programmed cell death, whereas ∆ψ or cytochrome-C release are not key events. Sphingosine
accumulates within the lysosomes, where it can permeabilize the membrane by a detergent-like
mechanism, causing LMP in a dose-dependent manner [103] and necrosis at high doses in Jurkat
cells.
On the other hand, calpains are a family of cistein-proteases constitutively and ubiquitously
expressed in mammalian cells. Their activity is regulated by cytosolic calcium, which converts the
inactive precursors to active enzymes that cleave many substrates, thus influencing different
signalling pathways. In several animal and cellular models calpains have been described as
important mediators of necrotic cell death [95, 104], mainly provoking lysosomal membrane
permeabilization. Upon LMP, the necrotic effect is elicited by cathepsins. Yamashima and
colleagues postulated their relationship with calpains and calcium overload to induce LMPmediated necrotic cell death [104]. The characterization of post-ischemic cell death of Cornu
Ammonis (CA) 1 neurons of hippocampus revealed that μ-calpain is responsible for lysosomal
membrane rupture and subsequently activation of cathepsin-B. Another example of the
contribution of cathepsins has been described in response to death receptors stimulation [105].
Necrotic death & Immune response
The early rupture and permeabilization of the plasma membrane during necrosis provoke the
release of many immuno-stimulatory factors in the extracellular milieu, which mount a proinflammatory response. SAP130, heat shock proteins (HSP90, HSP70), HMGB1 and molecules such
as DNA, RNA and monosodium urate crystals bind different pattern recognition receptors on the
surface of immune cells, in particular dendritic cells and macrophages, thus modulating their
activities. An historically difference between apoptosis and necrosis is explained by HMGB1
release. During late apoptosis (secondary necrosis) HMGB1 is secreted after being oxidized, thus
losing its pro-inflammatory properties, whereas the rapid leakage of the protein during necrosis
determines an unaltered capacity to engage macrophages [106, 107]. The inflammatory response
is also stimulated by an active secretion of cytokines from necrotic cells. IL-6 was found to be
actively released just before the membrane rupture [108].
During apoptosis, phosphatidylserine (PS) exposure works as the principal signal to switch on
the “eat-me” response of the immune cells. The removal and the disposal of necrotic cells/debris
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instead of phagocytosis seem to be carried out by macropinocytosis. PS exposure is not sufficient
to remove the necrotic cells, and their clearance is less efficient and delayed. “Eat-me” signals
represent the alarm from necrotic cells to be detected and to update the immune system about
viral or microbial infection. Alterations of this mechanism result in degenerative disease, sepsis
and autoimmune disease. Biological evidences of the immune response exerted by necrosis are
well described in RIP3-/- mice models, where necrotic deficiency leads to a less efficient anti-viral
response and reduced overall survival of the animals [37].
Pathophysiological aspects
Soon after its discovery, apoptosis has been considered for its pathological implications and the
interest was immediately directed to investigate the therapeutic perspectives. In contrast, only the
discovery of necrostatins in 2005, introduced necrosis as a relevant mechanism that can be
targeted for drug development. In recent years, different studies described necrosis relevance in
development and pathological conditions [109].
During development, necrosis could be a main tool to govern both organism shaping and
tissues homeostasis. Roach and colleagues defined that chondrocytes cell death also occurs by a
non-apoptotic cell death ensuring a physiological development of mammalian organism. A
detailed electron microscopy analysis defined the morphological features of chondrocytes death,
excluding the typical apoptotic phenotype [21]. Moreover, the use of RIP3 knockout mice and
colonscopies from healthy human samples describe the necrosis of intestinal cells as the common
and physiological mechanism ensuring tissue maintenance [20, 27]. Necrotic cell death can be
engaged as a backup mechanism in a condition of apoptotic deficiency. The apoptotic cell death in
the interdigital cells and thymocytes selection is rescued in Apaf-/- mice by necrosis, thus ensuring
a correct shaping of the organism [6] and a proper selection of the immune system. The extent
and the timing of the cellular demise resemble the correct development of the embryo.
Necrosis is associated with different pathological conditions, such neurodegeneration,
ischemia-reperfusion and microbial and virus infection [109]. Excessive stresses including
excitotoxicity and mitochondrial dysfunction are implicated in stroke, Alzheimer [84], Huntington’s
and Parkinson’s disease [22, 23], as well as Gaucher’s disease and atherosclerosis [57, 58].
Interestingly, necrosis appears to have a prominent role during the control of virus and microbial
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infection [37, 71] preventing the mortality through the release of cytokines necessary to stimulate
a prompt immune response.
As essential modulator of necrosis, RIP1 should be more studied despite of the non-viable
knockout mice. Inhibitors, such as necrostatins and geldamycin, are able to ensure cytoprotective
effect in different pathological and experimental settings, showing conceivable clinical
perspectives in brain or heart ischemia and in brain trauma in vivo [17, 19]. Moreover, loss of CyPD
or its inhibition with cyclosporine A attenuates damages in response to well established
pathological models of cerebral ischemia and stroke, as well as in response to necrotic stimuli in
vivo [68, 110, 111]. These and future results will provide candidate targets for a therapeutic
intervention. Indeed, many critical nodes in necrotic cell death are promising candidates and,
hopefully, specific inhibitors of RIP1/3, PARP-1, CyPD might be clinically relevant.
Necrosis and cancer
The major goal of anticancer therapies is to kill malignant cells. During the last decades,
researchers implied a plethora of chemotherapeutic agents to induce cell death of transformed
cells. Unfortunately, many tumours show primary or acquired resistance to therapies thus forcing
researchers to better understand all the molecular mechanisms governing cell demise. The aim is
to design agents able to hit multiple hubs of the network in order to overcome tumour resistance.
Generally, all the anti cancer drugs were contemplated for the ability to induce apoptosis and
combinatory treatments have been tested to improve the efficacy in the presence of refractory
malignancies. Since the discovery of the regulated necrotic death, new innovative targets have
emerged and drug development started to be more focused on necrotic cell death response when
cancer cells showed apoptotic resistance.
Mounting evidences suggest that necrotic process are disturbed in human malignancies.
Chronic lymphocytic leukemia (CLL) exhibits defects in key signalling components: RIP3 and CYLD
are frequently down-regulated; this effect could be mediated by the trascriptional repressor LEF-1
[25]. Another example is represented by a single nucleotide polymorphism located in RIP3 gene,
which correlates with high risk of non-Hodgkin lymphoma [112]. The compounds capable of
triggering necrosis in cancer cells are in an exponential phase of growth, although the
comprehension of their mechanisms of action is still at the infancy. One interesting sphingolipid
analog, FTY720, targets SET oncoprotein causing the re-activation of PP2A and the induction of cell
36

Tesi di Dottorato di Andrea Tomasella discussa presso l'Università degli studi di Udine

death [113]. The induction of necroptosis is mediated by the kinase activity of RIP1. Different
reports show that SMAC mimetics (IAPs proteins inhibitors) are responsible for the induction of
both apoptotic and necrotic cell death. These molecules sensitise FADD- and caspase 8-lacking
cells to TNF-α induced necroptosis in a synergistic fashion. Besides the common anti-cancer drugs,
also photodynamic therapy has been shown to provoke necrotic cell death in glioblastoma cells
(reviewed in [114]). Finally, a small molecule inhibitor of Bcl-2 proteins, called Obatoclax (GX15070), induces autophagy-mediated necroptosis in resistant ALL [115]. This interesting result
demonstrates the link between Atg5 and RIP1/RIP3 and hence defines the connection between
the two programmed cell deaths [116].
Isopeptidases: new targets inside the ubiquitin-proteosome system
Proteins homeostasis is essential to regulate a great number of biological processes. The
ubiquitin-proteasome system is the major mechanism responsible for the degradation of the
proteins in eukaryotic. Key event in this process is the conjugation of the small protein ubiquitin to
target polypeptides. Ubiquitination represents a reversible post-translation modification that, in
addition to the essential role in the degradation of target proteins, is involved in many others
biological processes. Moreover, several ubiquitin-like proteins (UBLs) have been identified (i.e.
ISG15, SUMO, NEDD8, Atg12). Although UBLs share a common structure, they have distinct roles
compared with ubiquitin and from each other.
UB or UBL conjugation in general operates an isopeptide bound between the COOH terminus of
the glycine on UB/UBL and the-amino group of a lysine within the target protein.
Poly-ubiquitin chains are assembled between the carboxy-terminal of glycine on UB and one of
the seven internal lysine residues of UB itself (Lys 6,11,27,29,33,48,63). All this forms, together
with linear poly-ubiquitylation have been found in eukaryotes, but the most studied are K48 and
K63 polyubiquitination. The conjugation of UB or UBLs is governed by a multistep reaction that
involves three enzymes called E1, E2 and E3 ligases, which finally creates the isopeptide linkage.
This post-translational modification is reversible. The human genome encodes for
approximately 100 isopeptidases: enzymes that reverse the conjugation of UB/UBL to target
proteins. Deubiquitinating enzymes (DUBs) are subdivided into six classes based on sequence and
structural similarities. Ubiquitin specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs),
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ovarian tumor proteases and Machado-Josef proteases are cistein proteases while JAMM are
metalloproteases. Finally, a recently discovered class was referred as monocyte chemotactic
protein-induced proteins (MCPIPs). DUBs are responsible for different functions. These enzymes
are required for the processing of ubiquitin or UBL precursors: they recycle the poly-ubiquitin
chains, just before the degradation of the target protein, to maintain the free ubiquitin pool. DUBs
remove this signal or edit it by changing the conformation of the poly-ubiquitin chains. In this
manner isopeptidases influence several biological processes (signal transduction, DNA repair,
epigenetic, membrane trafficking) not linked to the control of protein-turnover (Fig. 11).

Figure 11: The different functions of DUBs. The de-ubiquitinating enzymes have a role in different steps of
UPS. Processing of UB or UBLs precursors, removing of UB/UBL from targets proteins, recycling and editing
of poli-Ub chains, not limited to K48 conjugation are all duties of the isopeptidases. From [117].

Biological processes regulated by DUBs
The ubiquitination process regulates different biological responses; consequently, the
reversible nature of this modification renders the DUBs critical regulators of many aspects of cell
life. Cell cycle regulation is one of the most critical events in cell growth and in tumorigenesis. The
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ubiquitin ligases complex, called APC, targets Skp2 to delay the progression of cell cycle and USP44
counteracts this block. For example, USP13 regulates c-Myc degradation, key modulator of cell
proliferation. During the DNA damage response USP1 mediates stabilization of Chk1, additionally
the rescue of p53 degradation is operated by USP28 and, finally, USP47 participates in BER (base
excision repair) by removing ubiquitin chain from Pol-β. As described above, some isopeptidases
control the NF-kB pathway. CYLD and A20 remove or edit ubiquitin chains to turn on or shut off
the TNF signaling through their influence on complex II (Fig. 12). This activity governs the
apoptotic or necrotic outcome of this pathway. Another interesting role of DUBs is the regulation
of the localization and recycling of the plasma membrane receptors. USP8 stabilizes RTKs (tyrosine
kinase receptors) and affects their trafficking to the plasma membrane. USP18 and AMSH in other
ways are involved in the same biological process.

Figure 12: Examples of biological processes in which the de-ubiquitinase activity is an important
mechanism of regulation of signalling pathways. a) USP8 is involved in the recycle of RTks by stabilizing
the target proteins. b) CYLD is a fundamental regulator of NF-kB signal transduction, removing of poly-Ub
chain and thus blocking the downstream pathway. c) USP7 fundamental role in the regulation of MDM2p53 interaction d) editing of poli-Ub chain by A20/OTU in the NF-kB activation. Adapted from [117].

39

Tesi di Dottorato di Andrea Tomasella discussa presso l'Università degli studi di Udine

Cell death pathways activated by UPSI
The multiple biological processes regulated by the ubiquitin-proteasome have open interest to
evaluate the UPS as a therapeutic target. The breaking point has been determined by the
encouraging anti-cancer effect of bortezomib in multiple myeloma treatment and its approval for
clinical use. Nowadays many different inhibitors have been developed and are in preclinical or
clinical trials for anticancer therapies [118] [119, 120]. The definition of the cell death mechanisms
elicited by the inhibitors of the ubiquitin-proteasome system (UPSIs) and the design of more
selective inhibitors to target specific E3 ligase or isopeptidases are the aims of this field of
research.
The ability of UPSIs to induce apoptosis in tumor cells is well established. It has been widely
confirmed that the induction of apoptosis is the critical response for the antineoplastic efficacy of
the UPSIs [119-123]. However, growing evidences suggest that alternative pathways of cell death
could be elicited by UPSIs. As described above, many biological processes are regulated by
ubiquitin-proteasome system; hence, also several elements of cell death pathways resulted to be
modulated. For this reason, they represent broad inducers of apoptosis: they are considered nonspecific modulators of the expression/activity of various components of the apoptotic machinery
and can simultaneously favor the accumulation of pro- and anti-apoptotic factors. Regarding the
extrinsic apoptotic pathway, UPSIs promote death receptors expression and activation [124, 125],
stabilization of the cleaved form of BID (tBID) [126]; they engage p53 and thus all the apoptotic
players under its direct control; they sustain Smac cytosolic level [127]; they elicit ER-stress and
thus promoting Noxa transcription, they can also stabilize Bim and Nbk proteins. On the other
hand, UPSIs can also elicit unwanted effects by blocking the proteasome dependent degradation
of IAPs, or of Mcl-1.
The detailed definition of molecular mechanisms controlling turnover of key pro- and antiapoptotic proteins will be instrumental in the design of more specific inhibitors. For instance,
these new inhibitors could target the relative E3-ligases or the relative DUBs in order to obtain a
more selective modulation of the specific elements and pathways leading to cancer cell death. The
promising activity of DUBs inhibitors is the main driving force of this thesis and, behind the
discovery of new cellular responses and pathways to control cell survival, the perspective of
possible applications in therapy fully justify my interest in this research.
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AIM of the Thesis

Necrotic cell death is the highly inflammatory and unregulated form of cell death. This is an
ancient concept. Recently necrosis has been included in the programmed forms of cell death,
together with autophagy and the well-established apoptotic demise. Thus, the interest on necrosis
started to grow and nowadays the implications in several pathological conditions are continuously
emerging.
The aim of this thesis fits in this scenario; indeed, we have identified a pan isopeptidases
inhibitor G5, with the peculiar ability to elicit different modes of cell death. In particular, G5
interesting feature is the ability to kill apoptotic resistant cancer cells through a necrotic
mechanism. However, G5-mediated necrotic cell death differs from the emerging pathway of
programmed necrosis, such as necroptosis, parthanatos and CypD-regulated necrosis. G5 resulted
to be insensitive to RIP1, JNK, PARP inhibitors, unconditioned by Ca2+ scavengers and anti-oxidant
agents, but characterized by a rapid and dramatic cytoskeletal alteration and counteracted by
extracellular matrix elements. Therefore, the aim of this thesis is to address the molecular
determinants and the biological mechanisms of this alternative form of necrotic cell death.
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Results

Characterization of necrosis as induced by the non-selective isopeptidases inhibitor G5 and the
redox cycling quinone, 2,3-dimethoxy-1,4-naphthoquinone (DMNQ)

To explore the existence of different necrotic signaling pathways, we used two different
chemical stressors: the isopeptidases inhibitor G5, an inducer of alterations in cell adhesion and
actin cytoskeleton and DMNQ a generator of ROS at mitochondrial level.
As cellular model to study necrosis, we selected U87MG glioblastoma cells, because of their
intrinsic resistance to apoptosis and the tendency to die by necrosis [128]. In addition, we also
overexpressed Bcl-xL to further suppress apoptosis and impinging on the necrotic response. Cells
were treated with escalating doses of G5 or DMNQ and cell death was scored by trypan blue assay
(Fig. 13 A). The observed cell death was unaffected by caspase inhibition (Fig. 13 B).
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Figure 13. Cell death in U87MG GBM cells in response to G5 or DMNQ treatments. A) U87MG/Hygro and
U87MG/Bcl-xL cells were treated with the indicated concentrations for 24 hours (hrs) and the appearance
of cell death was scored by trypan blue staining. Columns, mean (n = 3); bars, SD. B) U87MG/Bcl-xL cells
were pre-treated with pan caspase inhibitor BOC-D-fmk 50μM for 2hrs and then G5 5μM, DMNQ 20μM and
PS341 1μM were added for 36hrs. Appearance of cell death was scored by trypan blue staining. Columns,
mean (n = 2); bars, SD.
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Next we evaluated the mitochondrial morphology using MitoTracker Red CMXRos, in relation to
mitochondrial outer membrane permeabilization (MOMP). As marker of MOMP we explored Smac
localization. Both necrotic stimuli induced a dramatic mitochondrial fragmentation (Fig. 14), with
the quantitative analysis reported in figure 15 C. Smac was usually localized in the mitochondria
(Fig. 14 and 15 A), thus proving the absence of MOMP. Curiously in the case of DMNQ a fraction of
cells (10%) presented intact MOM but decreased MitoTracker staining, thus indicating that ∆ψ
collapse occurs before MOMP (Fig. 14 arrow and Fig. 15 B).
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Figure 14. Mitochondrial fragmentation without MOMP in U87MG/Bcl-xL cells. U87MG/Bcl-xL cells were
treated with G5 5μM or DMNQ 20μM for 16hrs, MitoTracker Red CMXRos was added to the medium 1hr
before fixing. Immunofluorescences were performed to visualize SMAC subcellular localization and
mitochondrial morphology. Cells were analyzed at confocal microscopy. Arrows point to cells with evident
alterations in ∆ψ as depicted by reduced MitoTracker Red CMXRos staining. Scale bar, 50μM.
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Figure 15. Quantification of mitochondrial fragmentation and Smac release. A) Quantitative analysis of
Smac localization in U87MG/Bcl-xL and U87MG/Hygro cells treated as indicated. B) and C) Quantitative
analysis of mitochondrial morphology and Smac release in U87MG/Bcl-xL and U87MG/Hygro cells treated
as indicated in figure 14. MitoTracker Red CMXRos staining was used to score mitochondrial fragmentation.
After immunofluorescence 300 cells have been classified for each treatment in three independent
experiments. Columns, mean (n = 3); bars, SD.
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Cytoplasmic vacuolization, as consequence of ER stress, occurs in response to the engagement
of the unfolded protein response by UPS inhibitors [129]. As shown in figure 16, glioma cells
incubated with G5 exhibit cytoplasmic vacuolization (arrows).

Figure 16. Extensive cytoplasmic vacuolization and mitochondrial fragmentation in U87MG/Bcl-xL.
U87MG/Bcl-xL cells were treated with G5 5μM for 12hrs. Immunofluorescence analysis was performed to
visualize cytosolic vacuolization, using Concavanalin A (ConA), a lectin that stains the ER, and mitochondria
morphology, using anti-ATP synthase antibody. The arrows point to cells with evident cytoplasmic
vacuolization. Scale bar, 50μM.

However, when a comparison was performed by time-course analysis, it was clear that
mitochondrial fragmentation precedes cytoplasmic vacuolization (Fig. 17). In conclusion,
mitochondrial fragmentation represents an early event during cell death induced by G5 treatment.
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Figure 17. Mitochondrial fragmentation precedes cytoplasmic vacuolization. Time course analysis of
changes observed, as exemplified in fig. 16, following treatment of U87MG/Bcl-xL cells with G5 5μM. After
immunofluorescence 300 cells have been classified for each treatment in two independent experiments.
Columns, mean (n = 2); bars, SD.

G5 and DMNQ activate distinct necrotic pathways
To elucidate the contribution of the mitochondrial fragmentation to the necrotic death induced
by G5 and DMNQ, we employed different experimental settings. First U87MG/Bcl-xL cells were
treated with the Drp1 inhibitor, mdivi-1 [63]. Interestingly, mdivi-1 attenuated necrosis only in
response to DMNQ (Fig. 18).

Figure 18. Drp1 inhibition affect only DMNQ-mediated necrotic cell death. U87MG/Bcl-xL cells were pretreated with the Drp1 inhibitor mdivi-1 (50µM) for 1hr. Next, G5 (indicated concentrations) and DMNQ
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30µM were added for 24hrs. A) Appearance of cell death was scored by trypan blue staining. Data are
presented as mean ± SD; n = 4. B) Cell survival was scored by resazurin assay. Columns, mean (n = 4); bars,
SD.

To confirm this result we generated U87MG/Bcl-xL cells expressing a dominant negative mutant
(K38A) of Drp1 (Fig 19 A). Treatment with G5 or with DMNQ of Drp1-K38A overexpressing cells
confirmed the result obtained with the Drp1 inhibitor. The dependence from Drp1 activity to fully
elicit necrosis was observed only in the case of DMNQ treatment (Fig. 19 B).

Figure 19. The dominant negative form of Drp1 (K38A) suppresses only DMNQ induced cell death. A)
Immunoblot analysis of U87MG/Bcl-xL cells expressing the Drp1 mutant K38A or Puro gene. Cellular lysates
were generated and immunoblot analysis performed as indicated. B) U87MG/Bcl-xL/Drp1K38A and
U87MG/Bcl-xL/Puro control cells were treated with 5µM G5 and DMNQ 30µM. Appearance of cell death
was scored by trypan blue staining. Data are presented as mean ± SD; n = 3
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Finally to further prove that two distinct necrotic pathways are involved in DMNQ or G5
induced cell death, we evaluated the contribution of RIP1 by treating cells with the specific
inhibitor Nec-1. Cell death was efficiently blocked by Nec-1 only when induced by DMNQ (Fig. 20).
Together these results demonstrate that two different necrotic pathways are activated by DMNQ
and G5, underscoring the existence of alternative mechanisms beyond necroptosis.

Figure 20. Inhibition of RIP1 confirmed that DMNQ and G5 elicit two alternative necrotic pathways.
U87MG/Bcl-xL cells were pre-treated with RIP1 inhibitor Necrostatin-1 (10µM) for 1hr and then G5 5µM
and DMNQ 30µM were added for 24hrs. Appearance of cell death was scored by trypan blue staining
[columns, mean (n = 3); bars, SD].

Cellular responses to G5 treatment
To gain insight into the necrotic pathway elicited by G5, we decided to monitor the activation of
signaling pathway transducing stress and pro-survival signals in G5-treated cells. We evaluated
activation or ERKs, p38, JNK and Akt. ERKs and p38, but not JUNK, were transiently activated in
response to G5. However, these activations anticipated without mirroring, the appearance of
necrosis (Fig. 21).

50

Tesi di Dottorato di Andrea Tomasella discussa presso l'Università degli studi di Udine

Figure 21. Multiple signaling pathways are activated in response to G5 treatment. A) U87MG/Bcl-xL cells
were treated with 10µM of G5 for the indicated times. Cellular lysates were generated and immunoblots
performed with the indicated antibodies. In parallel, cell death was scored by trypan blue staining at the
same time points; percentage are represented at the bottom. B) Immuno-precipitation of PP2Ac and
fluorimetric assay using DiFMUP substrate. U87MG/Bcl-xL cells were treated with 10µM of G5 or DMSO
(DM) for 1hr before immuno-precipitation. As control, immuno-complexes were pre-incubated with
Okadaic Acid as indicated in M&M. Immunocomplexes were next resolved in SDS/PAGE electrophoresis and
immunoblotted to verify the amount of PP2Ac. Data are presented as mean ± SD; n = 3.

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. 21 A). This result suggests that inhibition of Akt could be
linked to G5-induced necrosis.
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Protein phosphatase 2A (PP2A) can dephosphorylate and inactivate Akt [130]. Hence, we
monitored PP2A subunits levels in cells treated with G5. Levels of PP2Ac catalytic subunit were
increased until 3 hours from G5 treatment, with a drop at 6 hours, after the advent of necrosis
(Fig. 21 A). By contrast, levels of the scaffold subunit A (PR65) were unaffected (Fig. 21 A). Having
discovered an increase of the PP2Ac subunit, we next evaluated whether PP2A enzymatic activity
was augmented after G5 treatment, thus explaining Akt dephosphorylation and inactivation.
Figure 21 B 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. 22 B). PP2Ac is
required for necrosis in response to G5, but it can counteract necrosis in response to DMNQ. This
evidence further strengthened the hypothesis that cells can engage multiple necrotic pathways.
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Figure 22. PP2A plays a key role in the necrotic response to G5 and DMNQ treatment. A) and C)
Immunoblot analysis to evaluate PP2Ac down-regulation with two different siRNAs. Cells were grown in the
presence of the siRNAs for 40hrs, immunoblot analysis was performed to evaluate PP2Ac down-regulation,
by using the indicated antibodies. B) and D) U87MG/Bcl-xL cells were grown for 40hrs in the presence of
the indicated siRNAs and next treated for 24hrs with G5 5μM or 10µM and 30µM of DMNQ. Appearance of
cell death was scored by trypan blue staining. Columns, mean (n = 3); bars, SD.

The impact of PP2A in G5-induced necrosis was also evident at the level of mitochondrial
fragmentation (Fig. 23). In cells with reduced PP2Ac expression, mitochondria fragmentation is
much less pronounced. To confirm the role of PP2A we used another siRNA, which 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. 22 D).
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Figure 23. PP2Ac down regulation reduced mitochondrial fragmentation and HMGB1 re-localization in
U87MG/Bcl-xL cells treated with G5. U87MG/Bcl-xL cells, transfected with the indicated siRNAs were
grown on glass coverslip for 40hrs. Cells were next treated for 18hrs with G5 5µM. After
immunofluorescences with anti-ATP synthase antibodies, confocal microscopy was used to score
mitochondrial fragmentation. After immunofluorescence 300 cells have been classified for each treatment
in three independent experiments. Data are presented as mean ± SD; n = 3.

The impact of PP2A on G5-induced necrosis could be related to the status of Akt activation;
hence, we evaluated Akt phosphorylation in cells silenced for PP2Ac and treated with G5 for 1
hour. Western blot and quantitative analysis in figure 24 evidence that phosphorylation at
threonine 308 was increased after G5 treatment in PP2Ac silenced cells.
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Figure 24. Akt phosphorylation at threonine 308 was increased after G5 treatment in PP2Ac silenced cells.
Akt activation in U87MG/Bcl-xL cells treated with G5 and silenced for PP2Ac. Cells were silenced for 48hrs
and next treated with 10µM G5 for 1hr. A) Cellular lysates were generated and probed with the indicated
antibodies. B) Quantitative densitometric analysis of immunoblots. Data are presented as mean of two
experiments.

In addition to its well-established anti-apoptotic role, Akt has been reported to impact on some
kinds of necrotic death [131, 132]. 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 insufficient for triggering death
of U87MG/Bcl-xL cells (Fig. 25).
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Figure 25. Inhibition of the PI3K-Akt axis is not enough to induce necrotic cell death in U87MG/Bcl-xl cells.
A) U87MG/Bcl-xL cells were treated with the indicated concentrations of LY or G5 for 24 and 48hrs. The
appearance of cell death was scored by trypan blue staining. Data are presented as mean ± SD; n = 3. B)
Immunoblot analysis of Akt phosphorylation status upon LY treatment in U87MG/Bcl-xL cells. Cellular
lysates were generated and probed with the indicated antibodies.

Second, G5-induced necrosis was unaffected by the overexpression of a constitutive active
form of Akt (Fig. 26 A). 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. (Fig. 25 and 26).
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Figure 26. The constitutive form of Akt does not influence G5-mediated death of U87MG cells. A) U87MG
cells overexpressing Myr-Akt or GFP were generated and next treated with G5 5µM for 24hrs. The
appearance of cell death was scored by Trypan blue staining. Data are presented as mean ± SD; n = 3. B)
Characterization of U87MG expressing myristoylated-Akt (Myr-Akt), a constitutively active form of Akt.
Cellular lysates were generated and probed with the indicated antibodies.

Necrosis promotes the cytoplasmic accumulation of PP2Ac
To further characterize the role of PP2Ac during G5-induced necrosis, we analyzed its
subcellular localization in comparison with HMGB1, a well-known necrotic marker, which
translocates from the nucleus into the cytoplasm in response to necrosis [133]. In untreated cells
PP2Ac evidences a nuclear or a pan (both nuclear and cytoplasmic) localization (Fig. 27 A) and
quantified in figure 27 B. During G5-induced necrosis cells, presenting an exclusively cytoplasmatic
localization of PP2Ac, emerge (Fig. 27 A arrow); contemporarily, cells with prominent nuclear
PP2Ac disappear (Fig. 27 B). Cells showing accumulation of PP2Ac into the cytosol, similarly
translocate HMGB1 from the nucleus into the cytoplasm (Fig. 27 A arrow and 27 C). Interestingly,
as shown above, silencing of PP2Ac reduced the percentage of cells exhibiting cytosolic
translocation of HMGB1 in response to G5 treatment.
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Figure 27. Subcellular re-localization of PP2Ac during G5-induced necrosis. A)U87MG/Bcl-xL cells were
treated for 5hrs with G5 5µM. After immunofluorescence, 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 re-localization during G5-induced necrosis. Percentage of cells with pan,
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cytoplasmic or nuclear PP2Ac localization in untreated or G5 treated cells. C) Comparison between cells
with cytosolic accumulation of PP2Ac and HMGB1 in G5 treated and untreated cells. Data are presented as
mean ± SD of two experiments, at least 200 cells were counted. Scale bar, 50μM.

The PP2A substrate Cofilin-1 influences in a phosphorylation-dependent manner necrosis
induced by G5
PP2A enacts pleiotropic activities in different cellular context, which reflect the considerable
number of substrates under its supervision. On the other side G5 treatment induces profound
changes in cell spreading and actin cytoskeleton as exemplified in Fig 28 A. Quantitative analysis
confirmed the dramatic and rapid alterations in cell morphology upon compound treatment (Fig.
28 B). We also evaluated the contribution of PP2A to the modification of actin cytoskeleton. Cells
were silenced for PP2Ac expression and evaluated for changes in adhesion/spreading. As
illustrated in figure 28 C and quantified in 28 D, down-regulation of PP2Ac promoted reorganization of actin cytoskeleton and augmented cell spreading. Silencing of PP2Ac was also
sufficient to delay the reduction of cell spreading as operated by G5 (Fig 28 D right).

Figure 28. The role of actin cytoskeleton in the necrotic death elicited by G5. A)U87MG/Bcl-xL cells were
treated for 5hrs with G5 5µM. Immunofluorescence analysis were performed to visualize HMGB1
subcellular localization and TRITC-phalloidin was used to decorate actin filaments. B) Cells treated as in A)
were analyzed by MetaMorph software to score cell spread area. 70 cells were analyzed for each
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treatment, data are presented as median. C) U87MG/Bcl-xL cells, transfected with the indicated siRNAs
were grown on glass coverslip for 40hrs. Immunofluorescences were performed to visualize HMGB1
subcellular localization and TRITC-phalloidin was used to decorate actin filaments. D) U87MG/Bcl-xL cells,
transfected with the indicated siRNAs were grown on glass coverslip for 40hrs and next treated for 9hrs
with DMSO or G5 5μM. Immunofluorescences were analyzed by MetaMorph software to score cell spread
area, 100 cells were analyzed for each treatment, data are presented as median. Scale bar, 50μM.

To identify PP2A substrates that could be involved in transducing the necrotic signal we focused
our attention to regulators of microfilaments dynamic. Cofilin-1, an actin binding protein with
severing activity towards actin filaments was characterized as a PP2A substrate [134]. The
activation of cofilin-1 actin depolymerizing function relies on the de-phosphorylation of a serine
residue at position 3. Hence, we evaluated the status of cofilin-1 Ser 3 phosphorylation in
response to G5. Figure 29 A illustrates that upon G5 treatment cofilin-1 is rapidly dephosphorylated at serine 3. Next, we evaluated whether in U87MG cells PP2A controls this
phosphorylation. In cells silenced for PP2A phosphorylation of Ser 3 is augmented and, following
G5 treatment dephosphorylation of this residue is less pronounced (Fig. 29 B). Finally to prove the
contribution of cofilin-1 dephosphorylation to the necrotic death elicited by G5 we generated
glioblastoma cells stably expressing cofilin-1 wt, phosphomimic S/D substitution and
dephosphomimic S/A substitution of serine 3. Immunoblot proved that the different constructs
were expressed in U87MG cells, although the levels of the S3D mutant was in general reduced
respect to the others (Fig. 29 C). When transgenic cells were treated with G5 necrotic cell death
was partially but significantly reduced only in cells expressing the phophomimic S3D mutant that is
impaired in the depolymerizing activity (Fig. 29 D).
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Figure 29. The role of actin cytoskeleton in the necrotic death elicited by G5. A) U87MG/Bcl-xL cells were
treated with 10µM of G5 for the indicated times. Cellular lysates were generated and immunoblots
performed with the indicated antibodies. B) U87MG/Bcl-xL cells treated with G5 and silenced for PP2Ac
Cells were silenced for 48hrs and next treated with 10µM G5 for 1hr. Cellular lysates were generated and
probed with the indicated antibodies. C) Characterization U87MG/Bcl-xL cells overexpressing GFP-cofilin
WT, S3A or S3D phospho mutants, and GFP alone. Cellular lysates were generated and probed with the
indicated antibodies. D) U87MG/Bcl-xL cells overexpressing GFP-cofilin WT, S3A or S3D phospho mutants,
and GFP alone were generated and next treated with G5 5µM for 24hrs. The appearance of cell death was
scored by Trypan blue staining. Data are presented as mean ± SD; n = 5.
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Discussion
Traditionally considered a form of non-regulated cellular demise, necrosis has only recently
become a recognized type of programmed cell death. During the past decade the traditional point
of view radically changed, defining necrosis as a regulated mechanism with relevance during
development and tissue homeostasis. A growing body of evidences describe alternative pathways
of necrosis identifying different mediators and regulators for this form of cell death [87]. In this
scenario, it is important to understand the signaling pathways and the molecular mechanisms that
govern the regulated forms of necrosis in order to impact when their dysregulation is causative of
diseases.
One of the cancer hallmarks is represented by the resistance to death, partly due to
accumulation of mutations in the apoptotic machinery [135, 136]. It is mandatory for anti-cancer
research to develop new drugs with the ability to kill cancer cells through alternative mechanisms,
in particular through regulated forms of necrosis. Inhibition of the ubiquitin-proteasome system
(UPS) represents a promising therapeutic opportunity. Inhibitors of the UPS usually exert antitumor activities by promoting apoptosis through multiple mechanisms. Induction of ER stress,
activation of the death receptors and of the JNK pathway, suppression of NF-kB, induction of p53
and of the BH3-only proteins Noxa, Bim, and NBK/Bik [137]; they are all part of the complex stress
response elicited by the block of protein-turnover.
We identified G5, as a non-selective isopeptidases inhibitor (NS-II) capable of eliciting different
types of cell death [122, 128, 138]. Interestingly, G5 kills apoptosis-resistant cells with a peculiar
necrotic cell death, regardless of common anti-necrotic agents, anti-oxidants or Ca2+ scavengers,
overcoming JNK and PARP inhibition. Main feature of G5-induced necrosis is an early and dramatic
actin/cytoskeleton alteration coupled to impairment in cell adhesion [128, 138].
The present work describes an alternative mechanism of programmed necrosis in U87MG
glioblastoma cells. I have characterized the main cellular effects and identified in the Ser/Thr
phosphatase PP2A a necrotic regulator, which possesses distinct functions in response to different
insults. I have described two alternative pathways of regulated necrosis in response to
isopeptidases inhibition and ROS induction, highlighting the existence of a distinct mechanism
beyond necroptosis. G5 was previously characterized for its ability to elicit necrotic cell death in
apoptotic resistant U87MG glioblastoma cells, but the underlying mechanisms of this effect
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remained elusive [128]. Over-expression of Bcl-xL in U87MG cells, to enforce the anti-apoptotic
character of U87MG cells, has no influence on the appearance of necrosis in response to both G5
and DMNQ. Moreover, caspases inhibition does not block G5-induced cell death. Thus, neither
enhancement of anti-apoptotic machinery nor caspase inhibition block G5 and DMNQ necrotic
triggers. Glioblastoma is widely described as an apoptotic resistant cancer, with limited response
to conventional chemotherapy and the marked ability to escape from apoptotic stimuli. However
concomitantly, high index of necrotic death represents a peculiar characteristic of glioblastoma
multiforme. Here I have demonstrated that the pan isopeptidases inhibitor G5 and the ROS
inducer DMNQ have the ability to by-pass the apoptotic resistance forcing glioma cells to undergo
necrotic cell death.
To gain insight into the necrotic response, we initially evaluated the mitochondrial alteration
previously associated to necroptosis and other necrotic deaths [139]. Mitochondria represent a
key compartment for cell survival and are considered the main guardians of cell survival,
representing the central node for the decision between life or death: energetic supply,
compartmentalization of pro-apoptotic factors, source of ROS, ions buffering are fundamental
processes governed by this organelle [98]. Mitochondria relevance during necrosis is well
established. Alterations in metabolic processes [50], loss ∆ψ and MPT [100], depletion of ATP
production [65] and finally modification of the mitochondrial tubular network [63, 122] are well
known necrotic markers. Mitochondrial morphology lies on the balance between fission and
fusion, maintained by Dynamin-like proteins. Alterations in the continuous and repetitive cycle of
fusion and fission processes contribute to mitochondrial dysfunction and cell death [63] [101].
Fragmentation has been described during necrotic process provoking ROS over-production [63].
Confocal microscopy analysis of U87MG/Bcl-xL cells revealed that both stimuli trigger a dramatic
mitochondrial fragmentation: 80% of the cells is characterized by mitochondrial fragmentation
with peri-nuclear clusterization. However, this alteration is not paired with Smac release into the
cytoplasm, indicating absence of MOMP and thus no release of apoptogens for the downstream
activation of apoptosis.
A particular response to DMNQ treatment, recognized in a little percentage of cells was the
overt alteration in mitochondria functionality, without MOMP (as scored by Smac release). This
observation highlights that DMNQ can induce mitochondrial dysfunction and necrotic death,
without MOMP. The investigation of mitochondrial fragmentation in response to G5, revealed that
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its appearance precedes another peculiar response to UPSIs treatment: cytoplasmic vacuolization.
Indeed treatments with ubiquitin-proteasome inhibitors induce endoplasmic reticulum (ER) stress,
with engulfment and enlargement of the ER, which results in extensive cytoplasmic vacuolization
[140].
Mitochondrial fragmentation has been defined as an obligate step during necroptotic process
[63], thus we determined its requirement in response G5 and DMNQ. Interestingly programmed
necrosis evoked by G5 does not rely on mitochondrial fragmentation for the completion of the
process. On the opposite, DMNQ is tightly linked to mitochondrial fragmentation for the execution
of regulated necrosis. Indeed the inhibition of Drp-1 fission protein, using its specific allosteric
inhibitor Mdivi-1 or the over-expression of the dominant negative form of Drp-1 (K38A),
significantly reduced cell death in response to DMNQ, while G5-mediated cell death was
unaffected. In summary, mitochondrial fragmentation seems to be only a secondary effect during
G5 induced necrosis.
The necroptotic pathway relies on the formation of the necrosome complex and on the activity
of RIP1 to activate the downstream executioners. Using Necrostatin-1, a specific RIP1 inhibitor, we
demonstrate once more the hypothesis that distinct pathways govern DMNQ and G5 regulated
necrosis. DMNQ relies on necroptotic players with the involvement of the RIP1-Drp-1 axis and
mitochondrial fragmentation, while G5 works independently from this pathway. These
observations demonstrate the existence of alternative necrotic pathways beyond necroptosis, in
which both RIP1 and Drp-1 resulted to be dispensable.
A plethora of biological processes is regulated by isopeptidases [117], thus not surprisingly
several immediate responses are stimulated by NS-II. Upon G5 different pro-survival signalling
pathway and stress response are engaged. Here we observed the rapid and transient activation of
p38, ERK and Akt pathways while JNK phosphorylation was not observed during G5 treatment. JNK
kinase is a mediator of certain necrotic responses [69] but the lack of its activation in glioblastoma
cells confirms also previous results, where although JNK was activated its inhibition did not
influenced G5 necrotic death [138].
Interestingly, after an initial increase dephosphorylation of Akt at Thr308 is coupled to necrosis
appearance and it parallels the increase of PP2A catalytic subunit. PP2A is a pleiotropic enzyme
controlling a huge number of activities including cell cycle progression, survival and apoptosis
[141]. The heterotrimeric PP2A holoenzyme exhibits substrate specificity, on the basis of the
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several alternative regulatory subunits found in the complex [142]. This heterogeneous molecular
architecture could explain the apparent paradox of the antagonistic responses.
Via negative control of PI3K/Akt pathway and regulating anti-apoptotic Bcl-2 proteins and
activating pro-apoptotic factors, such as BAD and BIM, PP2A can influence survival [143]. A prodeath role of PP2A has been reported in response for death receptor stimulation, impinging on
different signalling cascades, such MAPKs or NF-kB. PP2A activating drugs has been recently
demonstrated to markedly reduce survival and self-renewal of CML quiescent HSCs, while sparing
normal HSCs [144]. The re-activation of PP2A in CML cells provoked apoptosis.
The down-regulation of PP2Ac highlighted its “double edge sword” role during necrosis. PP2A is
required during G5-mediated cell death, while it counteracts necrotic death provoked by DMNQ.
As I observed in the case of ROS inducer DMNQ, the protective role of PP2A was similarly
demonstrated upon H2O2 treatment [145]. The role of PP2A was confirmed by the reduction of
mitochondrial fragmentation and the diminished release of nuclear HMGB1, markers of G5mediated necrotic cell death.
Here I determined the accumulation/activation of the catalytic subunit upon G5 treatment,
moreover interestingly we determined a re-localization of the protein into the cytoplasm early
during necrosis. The accumulation of PP2A into the cytosol is timely coupled with HMGB1 release.
This phenomenon needs to be further characterized to discern between a stress response with an
indiscriminate release of several molecules or a specific spatial and temporal regulation of PP2Ac
localization during the necrotic response. Certainly, in addition to the increased activity linked to
G5 treatment also enzyme redistribution could contribute to generate a necrotic specific
phosphoproteome.
The outstanding effect of PP2A during G5-mediated necrosis was observed at the level of actin
cytoskeleton organization of U87MG cells. PP2A down-regulation increases the spreading area and
consequently reduces the early and dramatic detachment of the cells in response to isopeptidases
inhibition. My observation on PP2A sustains previous studies on G5-induced necrosis where actin
de-polymerazion was reported [138]. Furthermore, G5-induced necrosis is highly dependent from
adhesion signals [128, 138]. Interestingly G5 is not a unique signal capable of eliciting a
cytoskeletal-dependent apoptosis (i.e. Citochalasins, Lantruculin, Nocodazole, Paclitaxel).
Curiously, although relationships between PP2A and actin/cytoskeleton or microtubules
structures have been studied in the past, very few substrates influencing the cytoskeleton have
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been identified. Cofilin-1, an actin binding protein with severing activity towards actin filaments, is
a PP2A substrate [134]. The activation of actin depolymerizing function of cofilin-1 relies on the
de-phosphorylation of serine residue at position 3. In this thesis, I observed a partial but
reproducible anti-necrotic effect of the phospho-mimic mutant of Cofilin-1. Interestingly, G5
treatment elicited a rapid decrease of Cofilin-1 Ser3 phosphorylation. The down-regulation of
PP2Ac increased Ser 3 phosphorylation and the concomitant treatment with G5 attenuated the
de-phosphorylation/activation of Cofilin respect to control. However, the modest protective effect
observed with the phosphor-mimic mutant of Cofilin-1 during G5-induced cell death leads to
consider that other biological targets of PP2Ac and actin/cytoskeleton elements are involved in
the PP2A dependent modulation of adhesion in glioblastoma cells.
A specific investigation should be addressed to clarify how adhesion to the extracellular matrix,
elements of the actin/cytoskeleton and PP2A create a cellular state resistant or susceptible to G5
mediated cell death. PP2Ac was previously proposed as a regulator of adhesion properties and
actin/cytoskeleton organization [146, 147], possibly through its influence on integrins signaling or
DAPK and RhoA/ROCK/MLC signaling pathways.

Akt was previously recognized as a modulator of necrotic death [131, 132], with different roles,
either pro- or anti-necrotic. G5 treatment, provokes a concomitant increased of Thr308 and
reduced Ser473 phosphorylation in U87MG cells which represent a PTEN mutated context, thus
highlighting a possible peculiar regulation of its kinase activity. However, although the downregulation of PP2A sustains the phosphorylation of Thr308 of Akt, this kinase does not play a
critical role during necrosis in response to G5 and DMNQ.
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Conclusions
The definition of necroptosis represented the starting point for introducing the new concept of
regulated necrosis. However, regulated necrosis is not limited merely to necroptosis. The results
obtained in this thesis describe and sustain the existence of alternative necrotic programs. DMNQ
necrotic cell death is dependent on the canonical necroptotic elements while G5 relies on
different players. In glioblastoma cells, we identify PP2Ac, which could be considered a new
mediator of the necrotic cell death. However, in our experimental models, not surprisingly, PP2Ac
acts with opposite consequences depending from the specific context. Moreover, I finally proved
for the first time a connection between PP2A, actin/cytoskeleton remodeling and necrotic death,
thus defining a signaling pathway that could be pharmaceutically targeted. It will be important to
investigate whether this necrotic signaling is linked to specific pathological status.
Our focus on the necrotic cell death induced by the non-selective isopeptidases inhibitor G5 is
motivated by the therapeutic implications. The stimulation of necrosis as a strategy to overcome
apoptotic resistance of cancer cells represents an interesting opportunity that needs to be fully
verified in vivo.
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Materials & Methods

Cell Culture Conditions, Cell Death, and Retroviral Infection
Human GBM cell lines U87MG were grown in DMEM supplemented with 10% fetal bovine
serum, penicillin (100 U/mL), glutamine (2 mmol/L), and streptomycin (100 μg/mL) at 37°C in 5%
CO2 atmosphere. U87MG cells expressing Bcl-xL, Drp1 K38A, GFP, Cofilin constructs,
myristoylated-Akt, were generated by retroviral infection (12). pBABE-puro-hDrp1(K38A), were
bought from Addgene (plasmid #37243). pMXS PURO vectors encoding GFP, cofilin-1-GFP, cofilin-1
S3A-GFP, cofilin-1 S3D-GFP were received from prof. Anne Blangy [148], Montpellier, France.
Briefly, retroviral vectors were transfected in the amphotropic packaging cell line LinXa with the
calcium phosphate method. After 60 h post-transfection, viral supernatants were collected,
filtered, supplemented with 8 μg/ml Polybrene, and combined with fresh medium in order to
infect U87MG cells.
In all trypan blue exclusion assays, at least 400 cells from three independent samples were
counted for each data point. Data were represented as arithmetic mean±SD for at least three
independent experiments. Resazurin assay was performed adding resazurin sodium salt (Sigma
Aldrich) to the medium for 1hr (final concentration 10μM) and analyzed by EnSpire Multimode
Plate Reader.
RNA interference
Stealth RNA interference (RNAi) were purchased from Invitrogen (Carlsbad, CA) and from
Dharmacon. Stealth RNAi were purchased from Invitrogen: PP2A/C RNAi (base pairs PP2A, FW 5′GCAAGAGGUUCGAUGUCCAGUUACU-3′; RV 5′-AGUAACUGGACAUCGAACCUCUUGC-3′); scramble
control siRNA CCAGTATTTGCTTAGGAAGCACTAT. Dharmacon RNAi: ON-target plus PP2Ac (target
sequence CCGGAAUGUAGUAACGAUU) or ON-target plus non-targeting control #1 (Dharmacon,
Thermo Fisher Scientific). Cells were transfected 24 hours after plating by adding the Opti-MEM
medium containing LipofectAMINE (Invitrogen) plus RNAi oligos at final concentrations 50-100nM.
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Western Blotting
Proteins obtained after an SDS denaturating lysis and sonication were transferred to a 0.2-μmpore-sized nitrocellulose membrane and incubated with the specific primary antibodies. After
several washes, blots were incubated with peroxidase-conjugated goat anti-rabbit or goat antimouse (Sigma) for 1 h at room temperature. Finally, blots were developed with Super Signal West
Dura, as recommended by the vendor (Pierce). For primary antibody stripping, blots were
incubated for 30 min at 60°C in stripping solution (62.5mM Tris-HCl pH 6.8, 2% SDS) containing 100
mM β-mercaptoethanol. Quantitative densitometric analysis of immunoblots were performed by
ChemiDoc software (BioRad).
PPase assay
Cells were lysed directly in Petri dishes with lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl,
2 mM EDTA, and 1% (v/v) Igepal CA-630, PMSF and proteases inhibitor cocktail (Sigma)), collected
with cell scraper and subjected to immunoprecipitation. Whole cell lysates were incubated over
night with total of 1.5 μg of anti-PP2Ac or anti-FLAG as a control IgG of immunoprecipitation. After
1 h of incubation with protein A-beads (GE healtcare), several washes were performed with Lysis
buffer. Beads immuno-complexes were resuspended in phosphatase assay buffer (50 mM Tris-HCl
pH 7.0, and 0.1 mM CaCl2), incubated for 30 min at 37°C with or without Okadaic acid–sodium salt
100nM (Alexis USA, San Diego, CA), in presence of 1mM NiCl2 and 0.125 mg/mL BSA and then
analyzed by fluorimetric assay using 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP;
Molecular Probes, Eugene, OR) substrate as described in [149], with EnSpire Multimode Plate
Reader using 96 multiwells black plates (excitation: 358nm emission: 455nm wavelengths).
Immunocomplexes were recollected after the fluorimetric assay and next resolved in SDS/PAGE
electrophoresis and immunoblotted to verify the amount of PP2Ac.
Reagents and Antibodies
The following chemicals were used (the final concentrations are indicated): LY (LY294002; LC
laboratories), BOC-D-fluoromethylketone (Imgenex), Velcade/Bortezomib (LC laboratories) 2,3Dimethoxy-1,4-naphthoquinone (DMNQ), Necrostatin-1; resazurin sodium salt, Mdivi-1 and
dimethyl sulfoxide (DMSO) (all from Sigma-Aldrich), Mitotraker Red CMXRos (Molecular Probes
Probes, Inc. Eugene, OR). Primary antibodies: anti hemagglutinin (anti-HA), anti-FLAG and antiActin (Sigma-Aldrich), anti-nucleoporin p62, anti-RAN, anti-Bcl-xL, anti-Drp1 (DLP1) (BD,
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Bioscences), anti-JNK pThr183/Tyr185, anti-JNK, anti-p38, anti-phospho p38, anti-Erk, ant-pErk,
anti-Akt, anti-Akt p473, anti-Akt p308 (Cell Signaling), anti-F1-ATP synthase, anti-cofilin-1 and antiSer3 phospho cofilin-1 (Santa Cruz Biotechnologies), anti-Smac/DIABLO [150], anti-PP2A/C
subunit, anti-PP2A/A subunit (Upstate, Lake Placid, NY); anti-HMGB1 (AbCam, Cambridge, UK).
Immunofluorescence microscopy.
Mitochondria were labeled in vivo for 1 hour with 25 nmol/L MitoTracker Red CMXRos
(Molecular Probes, Eugene, OR). Concavanalin-A biotin conjugated from Sigma was used to stain
cytoplasmic structures, Alexa Fluor 488 streptavidin (Molecular Probes, Eugene, OR). PhalloidinTRITC (Sigma) was used to visualize actin filaments (Molecular Probes, Eugene, OR). After 16 hours
of treatment with the different compounds, cells were fixed with 3% paraformaldehyde in PBS for
20 minutes at room temperature. Fixed cells were washed with PBS/ 0.1 mol/L glycine (pH 7.5)
and then permeabilized with 0.1%-0.5% Triton X-100 in PBS for 5 minutes. The coverslips were
treated with specific antibodies diluted in PBS for 45 minutes in a moist chamber at 37°C. They
were then washed twice with PBS and incubated with Alexa Fluor 488–conjugated secondary
antibodies (Molecular Probes) for 30 minutes at 37°C. Cells were examined by epifluorescence and
images were collected with a cooled CCD camera mounted on a time-lapse imaging system (Leica
AF6000 LX), and they were analyzed using MetaMorph software or with a Zeiss (Oberkochen,
Germany) Axiovert 35 microscope or with a Leica (Wetzlar, Germany) SP laser scan microscope
equipped with a 488-nm argon laser and a 543-nm helium neon laser. Cell images for
deconvolution were
taken using the Leica AF6000 LX microscope at X63 magnification and z-stacks were captured for
each cell. The LAS AF Deconvolution software was used for image deconvolution and threedimensional view reconstruction. Quantification analysis were performed by counting at least 200
cells in three different experiments, or by MetaMorph software.

Statistical analysis
Results are expressed as the means ± SD, Student’s t test was performed with Excel software. pvalues are represented as: * p < 0.05, ** p < 0.01, *** p < 0.005. Data of spreading area in Fig. 28
were analyzed using Non-parametric Mann-Whitney test (Prism GraphPad Software); *** p <
0.0001.
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Abstract
The regulation of the necrotic death and its relevance in
anticancer therapy are largely unknown. Here, we have
investigated the proapoptotic and pronecrotic activities
of two ubiquitin-proteasome system inhibitors: bortezomib and G5. The present study points out that the glioblastoma cell lines U87MG and T98G are useful models
to study the susceptibility to apoptosis and necrosis in
response to ubiquitin-proteasome system inhibitors.
U87MG cells show resistance to apoptosis induced by
bortezomib and G5, but they are more susceptible to necrosis induced by G5. Conversely, T98G cells are more
susceptible to apoptosis induced by both inhibitors but
show some resistance to G5-induced necrosis. No overt
differences in the induction of Noxa and Mcl-1 or in the
expression levels of other components of the apoptotic
machinery were observed between U87MG and T98G
cells. Instead, by comparing the transcriptional profiles
of the two cell lines, we have found that the resistance
to G5-induced necrosis could arise from differences in
glutathione synthesis/utilization and in the microenvironment. In particular, collagen IV, which is highly expressed i n T98G cell s, and fi bronectin, whose
adhesive function is counteracted by tenascin-C in
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U87MG cells, can restrain the necrotic response to G5.
Collectively, our results provide an initial characterization of the molecular signals governing cell death by necrosis in glioblastoma cell lines. [Mol Cancer Ther
2009;8(11):3140–50]

Introduction
Glioblastomas (GBM) are among the most lethal tumors.
In particular, grade IV GBMs (WHO grade 4) are highly
recalcitrant to radiotherapies and chemotherapies, exhibiting robust angiogenesis, resistance to apoptosis, and propensity to necrosis. Median survival is about 1 year from
the time of diagnosis, and despite great efforts during the
last decade, improvement in survival of patients has been
modest (1, 2).
A large body of evidences has established that inhibition
of the ubiquitin-proteasome system (UPS) promotes cancer
cell death by apoptosis (3). Food and Drug Administration
and European Medicine Agency approval of the UPS inhibitor (UPSI) bortezomib for the treatment of multiple myeloma has validated the UPS as a novel target in anticancer
therapy (4). Isopeptidases are attractive alternative targets
of the UPS for developing new antitumor therapies (5). Isopeptidases can be generally subdivided into deubiquitinating enzymes and ubiquitin-like (Ubl) specific proteases,
which, respectively, deconjugate ubiquitin or Ubl molecules,
such as SUMO, NEDD8, or ISG15, from target proteins.
These enzymes modulate several biological processes
through the control of the lifetime, localization, and activity
of ubiquitin or Ubl-modified proteins (6, 7).
We have recently identified two new isopeptidase inhibitors, F6 and G5 (8). F6 and G5 inhibit isopeptidases by reacting with the sulfhydryl group of the catalytic cysteine (9).
Because the vast majority of ubiquitin and Ubl proteases are
cystein proteases (6), G5 and F6 are rather broad (nonselective) isopeptidase inhibitors (10).
G5, differently from bortezomib, can induce a necrotic
death in cells resistant to apoptosis (11). Apoptosis resistance and susceptibility to necrosis are distinctive features
of GBM (1). Hence, GBM cell lines represent the ideal model
to investigate the pronecrotic activity of G5. In the present
study, we have characterized the prodeath activities of bortezomib and G5 in two GBM cell lines and discovered the
transcriptome differences that govern the necrotic susceptibility to G5.

Materials and Methods
Reagents
Information on antibodies and reagents is provided in
Supplementary Data.
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Cell Culture Conditions, Time-Lapse Analysis, Cell
Death, and Retroviral Infection
Human GBM cell lines U87MG and T98G, tested by microarray analysis, were grown in DMEM supplemented
with 10% fetal bovine serum, penicillin (100 U/mL), glutamine (2 mmol/L), and streptomycin (100 μg/mL) at 37°C in
5% CO2 atmosphere. U87MG cells expressing mutant p53
and Bcl-xL were generated by retroviral infection (12), after
cloning mutant p53R175H and bcl-xL, respectively, into
pWZL-hygro and pWZL-Neo retroviral vectors.
For studying the role of extracellular matrix (ECM) on
G5-induced necrosis plates were coated with fibronectin,
collagen IV, or bovine serum albumin (10 μg/mL). Cells
were seeded at 15 × 104/mL and were then allowed to adhere for 6 h at 37°C before treatments. In all trypan blue exclusion assays, 400 cells, from three independent samples,
were counted for each data point.
Western Blotting
Proteins obtained after an SDS denaturating lysis and
sonication were transferred to a 0.2-μm-pore-sized nitrocellulose membrane and incubated with the specific primary antibodies. After several washes, blots were incubated
with peroxidase-conjugated goat anti-rabbit or goat antimouse (Euroclone Milano I) for 1 h at room temperature.
Finally, blots were developed with Super Signal West Pico,
as recommended by the vendor (Pierce).
RNA Expression Array and Data Analysis
Total RNA was isolated using TRIzol (Invitrogen) according to manufacturer's instructions, and purified with the
RNeasy Mini kit (Qiagen). A 6-μg-amount of each total
RNA sample was labeled according to the standard onecycle amplification and labeling protocol (Affymetrix).
Hybridization and analysis methods are detailed in the
Supplementary Data.

Results
Death of GBM Cells in Response to G5 and Bortezomib
To study the prodeath activities of bortezomib and G5,
we selected two GBM cell lines: T98G cells, mutated for
p53, and U87MG cells, wild-type for p53 (13). Cells were
treated with different concentrations of the drugs, and cell
death was analyzed 20 hours later. Both compounds similarly induced the accumulation of polyubiquitinated proteins (data not shown).
Dose-dependent studies showed that U87MG cells are
more prone to die in response to G5 compared with
T98G cells (Fig. 1A). Incubation with 10 μmol/L of G5
elicited death in >90% of U87MG cells, whereas death
was around 40% in T98G cells. In particular, in T98G
cells, death was only marginally increased, despite dose
escalation from 2.5 up to 10 μmol/L of G5. Surprisingly,
bortezomib achieved an opposite effect. U87MG cells
were more resistant to cell death (∼30% of dead cells after
incubation with 10 μmol/L of bortezomib), whereas T98G
cells were more sensitive (>80% of death under the same
conditions).

Next, we evaluated caspase-3 and caspase-7 activities
(DEVDase). In cells treated with bortezomib, there is a
perfect correlation between the DEVDase activity and the
appearance of cell death (Fig. 1B). During the time of the
analysis in the responsive T98G cells, bortezomib activates
caspases and induces cell death, whereas in U87MG cells
caspase activity is negligible.
In response to low doses of G5 (0.6 and 1.25 μmol/L), caspase activity parallels the induction of death in both cell
lines (Fig. 1B). On the contrary, at higher doses of G5
(5 and 10μmol/L) that promptly kills U87MG cells, caspase
activity declines.
To confirm the pattern of caspase activity, we investigated
caspase-2 and HDAC4 proteolytic processing by immunoblots. As shown Fig. 1C and D, cleavages of HDAC4 and
caspase-2 in response to different doses of G5 or bortezomib
can be superimposed to the DEVDase activities shown
in Fig. 1B. In particular, higher doses of G5 suppressed
caspase-2 and HDAC4 processing in U87MG cells. Analogous results were acquired when caspase-3 processing
was investigated by immunoblot (data not shown).
G5 Induces a Caspase-Independent Necrotic Death in
Apoptosis-Resistant U87MG Cells
The progressive decline of caspase activities observed in
U87MG cells treated with escalating doses of G5 is reminiscent of a caspase-independent necrotic death. To prove this
hypothesis, we evaluated the ability of a pan-caspase inhibitor to influence death of U87MG and T98G cells in response
to G5 or bortezomib.
The caspase inhibitor did not influence death of U87MG
cells in response to G5, whereas cell death in response to
bortezomib was partially impaired (Fig. 2A, top). In T98G
cells, bortezomib-induced death was strongly affected by
the caspase inhibitor, whereas death in response to G5
was inhibited to some extent (Fig. 2A, bottom). These results
suggest that death in U87MG cells is prevalently caspase independent (necrotic), whereas in T98G cells it is prevalently
caspase dependent (apoptotic).
Apoptosis in response to proteasome inhibition requires
the synthesis of new proteins such as the BH3-only Noxa
(3). Figure 2B shows that G5-induced death in T98G cells
was inhibited by the protein synthesis inhibitor CHX,
whereas the same treatment was ineffective in preventing
death of U87MG cells. This result further suggests that G5
induces different types of death in U87MG and T98G
cells.
High concentrations of the redox cycling quinone DMNQ
can induce necrosis and kill cells mutated for Bax and Bak
(11). G5 diverges from DMNQ because it can induce necrosis without eliciting oxidative stress. To understand whether
U87MG cells are in general more prone to die by necrosis,
we assessed cell death in response to DMNQ and G5 treatments. Figure 2C illustrates that U87MG cells are more
prone to die in response to G5 compared with DMNQ,
whereas T98G cells, on the opposite, are more prone to
die in response to DMNQ. These data indicate that
U87MG cells are highly susceptible to G5-induced necrosis
but resistant to a redox-dependent necrotic insult.
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Finally, the induction of necrosis in U87MG cells was unambiguously proved by time-lapse epifluorescence microscopy in living cells, which discriminates the appearance of
necrosis, apoptosis, and secondary necrosis as a consequence of apoptosis (Supplementary Fig. S1).
Expression of Bcl-2 Family Members in Response to
G5 or Bortezomib Treatments
The delicate balance among Bax and Bak proteins and
their antagonists, Bcl-2, Bcl-xL, and Mcl-1, dictates the apoptotic susceptibility to UPSIs (3). Hence, we investigated
Bcl-2, Bcl-xL, Mcl-1, Bax, and Bak levels in U87MG and
T98G cells treated with bortezomib or G5. We also analyzed
expression levels of direct (p53) and indirect (the BH3-only
protein Noxa) targets of bortezomib and G5. Since certain
Bcl-2 family members are cleaved and downregulated by
caspases, as an effect of the amplificatory mechanisms
(14), to avoid massive caspase activation, incubations were
done for limited times and with low concentrations of G5 or
bortezomib.
Overall Bcl-2, Bcl-xL, Bax, and Bak were similarly
expressed in the two GBM cell lines (Fig. 3A). Only minor
differences can be observed. Bak and Bcl-xL levels were
increased in T98G cells, whereas Bcl-2 and Bax were

augmented in U87MG cells. Mcl-1 and Noxa were similarly
induced by G5 and bortezomib treatments in both cell lines,
and as expected, p53 was stabilized only in U87MG cells,
but here again at comparable levels by the two inhibitors.
The only exception concerned the downregulation of
Bcl-xL levels in U87MG cells treated with G5. To prove
whether the downregulation of Bcl-xL in response to G5
could be important for the manifestation of necrosis, cells
overexpressing Bcl-xL were generated by retroviral infection (Fig. 3B). Moreover, because T98G and U87MG cells
differ for the p53 status, we investigated the role of p53
in G5-induced death by producing U87MG cells expressing the hotspot mutation of p53 R175H (Fig. 3B).
Initially, we verified the ability of mutated p53 and Bcl-xL
to modulate apoptosis in response to DNA damage. As recently observed (15), we confirmed that downregulation of
wild-type p53 promotes death of U87MG cells in response
to DNA-damaging agents. However, the introduced p53
mutant did not influence the necrotic response activated
by G5 (Fig. 3C and D). Similarly, overexpressed Bcl-xL
was able to reduce cell death in response to DNA damage,
but it failed in counteracting G5-induced necrosis (Fig. 3C
and D).

Figure 1. Cell death in GBM cells in response to G5 or bortezomib treatments. A, U87MG and T98G cells were treated with the indicated concentrations
of G5 or bortezomib for 20 h, and the appearance of cell death was scored by trypan blue staining [columns, mean (n = 3); bars, SD]. B, caspase-3/7
(DEVDase) activity in U87MG and T98G cells treated with the indicated concentrations of G5 or bortezomib for 20 h [columns, mean (n = 3); bars, SD].
Processing of caspase-2 and HDAC4 in U87MG (C) or T98G (D) cells treated for 20 h with escalating concentrations of G5 or bortezomib as in A and B,
respectively. Equal amounts of cell lysates were subjected to SDS-PAGE electrophoresis. Immunoblots were done using the indicated antibodies. Tubulin
was used as loading control.
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Figure 2. G5 but not bortezomib can activate a
caspase independent necrotic death in U87MG cells.
A, U87MG and T98G cells were treated for 20 h
with the indicated concentrations of G5 or bortezomib in the presence or not of the caspase inhibitor
zVAD.fmk. Cell death was scored by trypan blue
staining [columns, mean; (n = 4); bars, SD]. *,
P < 0 . 0 5 . B, U 8 7 M G a n d T 9 8 G c e l l s w e r e
pretreated for 1 h with CHX (1 μg/mL) and then
incubated with the indicated concentration of G5.
Cell death was scored 20 h later. Columns, mean
(n = 5); b a r s , S D . * , P < 0 .0 5 . C, U 8 7M G
and T98G cells were treated with the indicated
concentrations of G5 and DMNQ. Cell death was
scored 20 h later.

Transcriptome Analysis of U87MG and T98G Cells
To understand the gene expression basis of the divergent
death responses elicited by UPSIs in U87MG and T98G cells,
we compared the gene expression profiles of the two cell lines
using Affymetrix GeneChip Human Genome U133A 2.0 Arrays. After statistical test, probe sets with signal intensities
displaying over 2-fold difference between the two cell lines
were selected. Overall, 2,522 genes appear differentially expressed between U87MG and T98G cells, thus confirming a
certain degree of genetic heterogeneity in GBM cell lines, as
observed in other gene expression profile studies (16). The
top 20 upregulated and downregulated genes are shown in
Table 1. Many of these genes point to relevant differences in
the microenvironment as generated by soluble and insoluble
factors secreted by the two cell lines and in the detoxification
systems (see also Supplementary Tables S2–4). Although
T98G and U87MG cells differ profoundly for the susceptibility
to apoptosis in response to UPSIs, expression profile analysis
of apoptosis regulators, including inhibitor of apoptosis cas-

pases and Bcl-2 family members, has not revealed overt differences between the two cell lines (Supplementary Table S1).
U87MG cells harbor a homozygous deletion of the entire
IFNA/IFNW gene cluster and of the IFNB1 gene (17). The
microarray analysis confirmed that the expression of many
IFN-induced genes is higher in T98G cells; however, treatment of U87MG cells with IFN-α does not influence cell
death induced by G5 or bortezomib (data not shown).
Glutathione Depletion Sensitizes Gliobastoma Cells
to G5-Induced Death
Genes regulating oxidative stress (GSTM3, PXDN, and
GPX3) are among the 20 highest differentially expressed
genes in T98G compared with U87MG cells (Table 1). We also
analyzed in detail the expression levels of genes involved in
glutathione (GSH) synthesis and use (Supplementary Table S2).
In particular, T98G cells express higher levels of GSH transferase M3 (GSTM3) and of glutamate-cysteine ligase
(GCLC) transcripts, whereas U87MG express other GSH
S-transferase (GST) isoforms. Differences in the expression
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Figure 3.

Regulation of Bcl-2 family member expression in GBM cells in response to G5 or bortezomib. A, time course analysis of the expression levels
of Bcl-2 family members and p53. Lysates from U87MG and T98G cells treated with G5 or bortezomib for the indicated times were prepared and subjected
to immunoblot analysis using the specific antibodies. B, generation of U87MG cells expressing dominant-negative p53 or Bcl-xL. Equal amounts of cellular
lysates from U87MG cells expressing bcl-xL, p53R175H, or the relative resistance genes were subjected to SDS-PAGE electrophoresis. Immunoblots were
done using the indicated antibodies. C, U87MG cells expressing p53R175H mutant, Bcl-xL, or the relative control genes were treated for 24 h with MMS
(100 μg/mL), or for 48 h with cisplatin (250 μmol/L) or topotecan (1 μmol/L). Cell death was scored by trypan blue staining [columns, mean (n = 3); bars,
SD]. *, P < 0.05. D, U87MG cells expressing p53R175H mutant, Bcl-xL, or the relative control genes were treated with the indicated concentrations of
G5 for 20 h, and the appearance of cell death was scored by trypan blue staining [columns, mean (n = 3); bars, SD].
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Table 1. Top 20 upregulated and top 20 downregulated genes in T98G cells relative to U87MG cells
Fold
difference*

Gene name

Function

Localization

ProbeSet ID

P

IGFBP5

8,64

Signaling

Secreted

211959_at

6,20E-09

CDH6

7,89

Adhesion

1,53E.-08

7,88
7,38

Adhesion/signaling
Adhesion

Plasma
membrane
Secreted/ECM
Plasma membrane

205532_s_at

THBS1
CDH11

201109_s_at
207173_x_at

2.30E-08
7,51E-08

TNFRSF11B

6,83

Signaling

Secreted

204933_s_at

2,3OE-08

GSTM3
CXCL12

6,81
6,70

Redox
Signaling

Intracellular
Secreted

202554_s_at
209687_at

2,30E-08
5,85E-08

GPX3

6,64

Redox

Secreted

201348_at

9.93E-09

MYH10

6,51

Cytoskelelon

cytoplasmic

212372_at

3,52E-06

PDGFD

6,44

Signaling

Secreted

219304_s_at

7,71E-08

COLEC12

6,31

Host defense

7,51E-08

6,26

Redox

Plasma
membrane
Secreted/ECM

221019_s_at

PXDN

212013_at

2.13E-08

HSPA1A

6,25

Chaperon

Intracellular

200799_at

2,30E-08

SLC2A10

6,23

Transport

3,98E-07

6,18
6,10
6,07

202007_at
213423_x_at
219489_s_at

7,51E-08
2,30E-08
7,67E-08

GABRA2

5,92

Plasma
membrane
Secreted/ECM
ER
Plasma
membrane
Plasma
membrane
Secreted
Intracellular
Secreted
Secreted

221024_s_at

NIDI
TUSC3
RHBDL2

Insulin-like growth factor
binding protein 5
Cadherin 6, type 2,
K-cadherin (fetal kidney)
Thrombospondin 1
Cadherin 11, type 2,
OR-cadherin (osteoblast)
Tumor necrosis factor receptor
superfamily, member 11b
GST M3 (brain)
Chemokine(C-X-Cmotif) ligand
12 (stromal cell–derived factor 1)
Glutathione peroxidase 3
(plasma)
Myosin, heavy chain 10,
nonmuscle
Platelet-derived growth
factor D
Collectin subfamily
member 12
Peroxidasin homologue
(Drosophila)
Heat shock 70 kDa
protein 1A
Solute currier family 2 (facilitated
glucose transporter), member 10
Nidogen 1
Tumor suppressor candidate 3
Rhomboid, veinlet-like 2
(Drosophila)
γ-Aminobutyric acid (GABA)
A receptor, α 2
Cytokine-like 1
Neuronal pentraxin I
Epiregulin
Gremlin 1, cysteine knot superfamily,
homologue (Xenopus laevis)
Protease, serine, 7 (enterokinase)

207014_at

2,77E-06

219837_s_at
204684_at
205767_at
218468_s_at

1,53E-08
5,82E-08
3,14E-08
7,68E-08

207638_at

5,39E-08

202345_s_at

1,57E-08

218888_s_at

5,32E-08

219557_s_at

5.82E-08

Gene symbol

CYTL1
NPTX1
EREG
GREM1

5,84
5,78
−8,27
−7,90

PRSS7

−7,38

FABP5

−7,22

NETO2

−6,91

NRIP3

−6,73

ETVl
C3orf14

−6,62
−6,42

SVIL

−6,41

PLAGL1

−5,86

PKIA

−5,67

MCTP1

−5,65

Fatty acid binding protein 5
(psoriasis associated)
Neuropilin (NRP) and tolloid
(TLL)-like 2
Nuclear receptor interacting
protein 3
Ets variant gene 1
Chromosome 3 open
reading frame 14
Supervillin
Pleiomorphic adenoma
gene-like 1
Protein kinase (CAMP-dependent,
catalytic) inhibitor α
Multiple C2 domains,
transmembrane 1

Adhesion
N-Glycosylation
Signaling
Ion transport
Signaling
Synaptic transmission
Signaling
Signaling
Proteolysis
Transport
Signaling?
Unknown

Plasma
Membrane
Cytoplasmic
Plasma
Membrane
Unknown

Trancription
Unknown

Nuclear
Unknown

221911_at
219288_at

7,68E-08
8,02E-08

Cytoskeleton

202565_s_at

373E-08

Trancription

Plasma
Membrane
Nuclear/Cytoplasm.

209318_x_at

1.11E-06

Signaling

Nuclear/Cytoplasm.

204612_at

2,55E-08

220122_at

8.54E-07

Unknown

Plasma
Membrane

(Continued on the following page)
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Table 1. Top 20 upregulated and top 20 downregulated genes in T98G cells relative to U87MG cells (Cont'd)
Gene symbol

Fold
difference*

MYO1B
HGF

−5,64
−5,55

ABCA1

−5,50

AHNAK2
PLTP
PRRX1
HS3ST3A1

−5,47
−5,45
−5,38
−5,35

UGT8

−5,34

Gene name

Myosin IB
Hepatneyte growth factor
(hepapoietin A; scatter factor)
ATP-binding cassette,
subfamily A (ABC1), member 1
AHNAK nucleoprotein 2
Phospholipid transfer protein
Paired related homeobox 1
Heparan sulfate (glucosamine)
3-O-sulfotransferase 3A1
UDP glycosyltransferase 8

Function

Localization

ProbeSet ID

P

Cytoskeleton
Signaling

Cytoplasmic
Secreted

212364_at
210997_at

167E-07
2,55E-08

Transport

Plasma
Membrane
Secreted
Nuclear/Cytoplasm.
Nuclear
Plasma
Membrane
ER

203504_s_at

5.94E-08

212992_at
202075_s_at
205991_s_at
219985_at

8,35E-08
8,29E-08
1,13E-07
6,19E-08

208358_s_at

3,43E-07

Transport
Scaffolding
Trancription
ECM modifier
Sphingolipids
biosynth.

*(log2) − mean fold differences.

levels of the GST enzymes were also confirmed by affinity
purification and by measuring enzymatic activities (Supplementary Fig. S2).
GSTs are crucial enzymes in the detoxification process,
catalyzing the nucleophilic attack of GSH on toxic electrophilic substrates (18). De novo GSH synthesis is governed
by γ-glutamylcysteine synthetase, a heterodimer constituted by a catalytic subunit (GCLC) and a modulatory subunit
(GCLM; ref. 19).
The GSH system can modulate chemoresistance (20, 21);
hence, differential detoxification abilities between the two
cell lines could explain the resistance to G5-dependent necrosis observed in T98G cells. To answer this question, cells
were depleted of GSH, by pretreatment with buthionine sulfoximine (BSO), a selective inhibitor of γ-glutamylcysteine
synthetase (22). The appearance of death was then analyzed
in response to G5 or bortezomib.
As shown in Fig. 4A, in agreement with previous studies
(23), GSH depletion does not induce cell death. However,
when GSH-depleted cells were treated with G5, cell death
was similarly augmented in T98G and U87MG cells. On
the contrary, cell death induced by bortezomib was unaffected by BSO treatment.
Next, we evaluated whether the death of T98G cells in the
presence of BSO was still caspase dependent. As shown in
Fig. 4B, in response to 2.5 μmol/L of G5, death of T98G cells
was caspase dependent, whereas at 10 μmol/L, it was
largely caspase independent. Caspase inhibitors failed to
block apoptosis induced by 2.5 μmol/L of G5 when BSO
was present. As observed in other models (24), caspase inhibitors augmented necrosis in response to 10 μmol/L of
G5, possibly by suppressing autophagy (25). Finally, as described before (Fig. 2), death of U87MG was largely caspase
independent.
The Extracellular Environment Modulates the
Susceptibility to Necrosis
The most prominent group of highly differential expressed genes between U87MG and T98G cells comprises
components of the microenvironment, including elements

of the ECM (Supplementary Tables S3 and S4; Table 1).
Transcripts for thrombospondin (THBS1), collagen type III,
IV, and XVIII (CL3A1, COL18A1, and COL4A1) are the top
highest expressed ECM components in T98G cells (Supplementary Table S4). Transcripts for osteopontin (SPP1), mesotypsin (PRRS3), tenascin C (TNC), and collagen I
(COL1A) are the top highest expressed ECM components
in U87MG cells (Supplementary Table S3). Differential expression of TNC and collagen IV in U87MG and T98G cells
was validated at protein levels (Fig. 5A and B).
We have recently shown that ECM components collagen
and fibronectin can counteract G5-dependent necrosis (11).
Therefore, different types of ECM, as produced by the GBM
cell lines, could influence the susceptibility to G5-induced
necrosis. To answer this question, U87MG and T98G cells
were plated on fibronectin, collagen IV, or on bovine serum
albumin–coated Petri dishes and next treated with G5.
Figure 5C illustrates that collagen IV and fibronectin can
counteract the necrotic response to G5 in U87MG cells. An
~40% reduction in necrosis is manifested by both ECM components in U87MG cells treated for 24 hours with 10 μmol/
L of G5. Death of T98G cells was less influenced by fibronectin and collagen IV (Fig. 5D), presumably because it is also
apoptotic. An ~30% reduction with collagen IV and a 22%
reduction with fibronectin were observed in the presence of
high concentrations of G5.

Discussion
Apoptosis and necrosis represent the most common forms
of cell death. Traditionally, apoptosis is considered a form
of regulated cellular mechanism in contrast to necrosis,
which is described as a form of passive death. Necrosis appears when cells suffer excessive stresses that finally cause
the rupture of the plasma membrane and the spillage of cellular macromolecules, which act as proinflammatory signals
(26, 27). More recent data have challenged this view and the
existence of regulated forms of necrosis is becoming evident
(27, 28).
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Figure 4. GSH depletion modulates cell death in response to G5 and the apoptotic/necrotic switch. A,
U87MG or T98G cells were pretreated with BSO for
24 h. Next, G5 or bortezomib were added for further
24 h. Cell death was scored by trypan blue staining
[columns, mean (n = 3); bars, SD]. *, P < 0.05. B,
U87MG or T98G cells were pretreated with BSO for
24 h followed by 1 h of pretreatment with zVAD.fmk
(100 μmol/L). Next, G5 or bortezomib was added for
further 24 h as indicated. Cell death was scored by trypan blue staining [columns, mean (n = 3); bars, SD].
*, P < 0.05.

Apoptosis
U87MG cells show resistance to apoptosis but they are
susceptible to die by G5-induced necrosis. In contrast,
T98G cells are susceptible to die by apoptosis in response
to both inhibitors but show some resistance to G5-induced
necrosis. Interestingly, a difference in the apoptotic response
to bortezomib, between these cell lines, can also be appreciated from previous studies (29, 30).
Our data do not disclose robust alterations in the expression or modulation of components of the apoptotic machinery between T98G and U87MG cells. Bax and Bak, which
are necessary for apoptosis in response to UPSIs (11), are
similarly expressed in the two cell lines. Noxa and Mcl-1,
two Bcl-2 family members under the regulation of UPSIs,
are alike induced by the two insults. Moreover, expression
profile studies did not evidence overt differences in the expression levels of Bcl-2 family members, caspases, and inhibitors of apoptosis. Moreover, we noted that bortezomib
failed to induce mitochondrial outer membrane permeabilization in U87MG cells.3 Hence, it is possible that other
mechanisms, acting upstream of mitochondria, are responsible for the divergences in the apoptotic responsiveness.
Necrosis
U87MG cells are susceptible to G5-induced necrosis,
whereas T98G cells show some resistance. This necrotic

3

C. Foti, unpublished observation.

susceptibility was specific for G5. In fact, in response to oxidative stress, T98G cells were more prone to die by necrosis
compared with U87MG cells, thus ruling out that U87MG
cells are in general more susceptible to necrosis. This observation indicates that cells can activate different necrotic
responses.
G5 triggers the upregulation of wild-type p53 and downregulation of Bcl-xL in U87MG cells. However, neither of
these two proteins can modulate the necrotic response to G5.
Combining expressional profile studies and functional
studies has permitted to disclose that differences in the necrotic responsiveness could arise from diversity in the GSH
detoxification system and in the microenvironment and, in
particular, in the type of ECM proteins.
U87MG and T98G cells differ profoundly for the classes
of GST enzymes expressed. GSTM3 is abundantly expressed in T98G cells, and also, the γ-glutamylcysteine
synthetase is expressed at higher levels in this cell line. Depletion experiments have indicated that GSH can modulate
at least two events: (a) the rate of cell death in response to
G5, possibly by G5 detoxification, (b) the decision about
the particular type of death in response to G5, necrosis
versus apoptosis.
Depending on the cellular context and the death insult,
GSH depletion can synergize to induce apoptosis, necrosis,
or can also switch the mode of death versus necrosis (20,
31, 32). GSH depletion can generate reactive oxygen species, increase the irreversible oxidation of cysteine residues,
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and can also influence the formation of protein-GSH mixed
disulphides (S-glutathionylation; ref. 23). However, because the cotreatment with BSO and G5 failed to elicit oxidative damage in T98G cells (Supplementary Fig. S2C),
something different from ROS generation should be evoked
to explain the shift toward necrosis.
Interestingly, recent data have shown that S-glutathionylation of Fas increases its accumulation in lipid rafts and
strengthens the death signal (33). Because G5 engages the extrinsic pathway to induce apoptosis (8, 11), we hypothesize
that a reduction in S-glutathionylation of Fas could promote
the appearance of necrosis in T98G cells treated with G5.
We also found that the microenvironment, as generated
through the secretion of ECM components, differs profoundly between T98G and U87MG cells.
Interestingly, gene expression profile studies in brain tumors in comparison with normal brain tissue have revealed
that GBMs overexpress genes of the microenvironment,

including growth factor–related and structural/ECM-related
genes (34–36). Differences in the microenvironment mark
also different subtypes of GBMs. Primary GBMs with respect to secondary GBMs express genes characteristic of
mesenchymal-derived tissues and stromal response (36, 37).
Among ECM genes highly expressed in the necrosisresistant T98G cells, a consistent group was also identified
as more expressed in primary GBM compared with normal
brain tissue (38). This list includes COL3A1, COL4A1,
POSTN, COL4A2, LAMB1, and MGP (38). COL4A1 and
COL4A2 were also more expressed in primary GBMs with
respect to secondary GBMs (36, 37). On the contrary, this
list was extremely reduced in U87MG cells including only
TNC and TIMP1 genes.
Protection from G5-induced necrosis can be elicited in
U87MG cells after adhesion to ECM. Adhesion to collagen
IV, which is more expressed in T98G cells or to exogenousadded fibronectin, significantly rescued cells from death. It

Figure 5. The microenvironment regulates the susceptibility to G5-induced necrosis. A, lysates from U87MG and T98G
cells were prepared and subjected to immunoblot analysis using anti–tenascin-C antibody. Anti-tubulin was used as loading
control. B, confocal microscopic analysis
of U87MG and T98G cells 96 h after plating
using rabbit anti–collagen IV antibody. The
immunocomplexes were visualized with
an anti-rabbit FITC-conjugated antibody
and actin filaments with phalloidin-TRITC.
Deposition of collagen IV can be visualized
only in T98G cells. C, U87MG or (D) T98G
cells were grown on fibronectin, collagen IV,
or bovine serum albumin (BSA) as indicated.
Six hours after seeding, cells were incubated
with G5 (2.5 or 10 μmol/L) for 12 or 24 h. Cell
death was scored by trypan blue staining [columns, means (n = 3); bars, SD]. *, P < 0.05.
Mol Cancer Ther 2009;8(11). November 2009
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is important to note that, although tenascin C (Tnc)
enhances proliferation of glioma cells, it also inhibits cell
spreading on fibronectin (39). This effect explains the
antinecrotic role of exogenously added fibronectin, which
can compete with the high levels of Tnc secreted by
U87MG cells to promote adhesion. A role confirmed after
the downregulation of Tnc expression by siRNA transfection, which, similarly to fibronectin addition, reduced G5induced necrosis in U87MG cells (Supplementary Fig. S3).
We have recently shown that G5 can trigger necrosis in
apoptotic-resistant cells (11). This necrotic death was likewise inhibited by adhesion to ECM. G5-induced necrosis
was independent from common necrotic regulators such
as oxidative stress, calcium, c-Jun-NH2-kinase, and RIP1. Instead, it is characterized by an early and dramatic reorganization of actin cytoskeleton. We have similarly noted that
G5 triggers dramatic changes in actin organization in
U87MG but not in T98G cells. Before the appearances of necrotic markers, cells reduce actin projections, become polygonal, and next, with time, they eventually round up and
detach (see Supplementary Fig. S4). The impact of G5 on actin dynamics and cell adhesion was corroborated by the diminished random migration scored in U87MG cells treated
with low doses of G5 (see Supplementary Fig. S5). In the
future, to define this necrotic pathway in more detail, it will
be important to exclude off-target effects of G5, possibly
through the development of more specific isopeptidase
inhibitors.
Necrotic deaths that rely on microfilament/adhesion
changes, as in the case of G5, have been recently observed
(40). Necrotic death of lymphocytes, in response to mycophenolic, which involves Rho-GTPase Cdc42 activity and
actin polymerization, shares some features with G5. In fact,
it is Bcl-2, c-Jun-NH2-kinase, and RIP independent (41).
Despite aggressive approaches, treatment of GBM patients represents an ongoing challenge (1, 2). Characterization of new necrotic pathways is important to overcome the
resistance to apoptosis typical of GBMs. In addition, considering the necrotic propensity of GBMs, understanding the
molecular mechanisms that govern necrosis is instrumental
to design new therapeutic treatments. By characterizing the
death response of GBM cell lines to G5 and bortezomib, we
have provided a contribution to these important issues.
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Abstract Deletion of type I IFN genes and resistance to
apoptosis induced by type I IFNs are common in glioblastoma. Here we have investigated the importance of the
constitutive weak IFN-signaling in the apoptotic response
to IFN-a in glioblastoma cells. U87MG cells hold a deletion of type I IFN genes, whereas in T98G cells the
spontaneous IFN signaling is intact. In response to IFN-a
U87MG cells produce much less TRAIL, while other IFNinducible genes were efficiently up-regulated. Alterations
in TRAIL promoter sequence and activity were not
observed. DNA methylation can influence TRAIL transcription but without overt differences between the two cell
lines. We also discovered that TRAIL mRNA stability is
influenced by IFN-a, but again no differences can be
appreciated between the two cell lines. By silencing
IFNAR1 we provide evidences that the spontaneous IFN
signaling loop is required to sustain elevated levels of
TRAIL expression, possibly through the regulation of IRF1. Despite the presence/absence of the constitutive IFN
signaling, both cell lines were resistant to IFN-a induced
apoptosis. Targeting the deisgylase USP18 can overcome
resistance to IFN-induced apoptosis only in T98G cells.
Alterations in elements of the extrinsic apoptotic pathway,
such as Bid and c-FLIP contribute to apoptotic resistance
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of U87MG cells. Down-regulation of USP18 expression
together with the induction of ER-stress efficiently restored
apoptosis in U87MG cells. Finally, we demonstrated that
the BH3-only protein Noxa provides an important contribution in the apoptotic response to ER-stress in USP18
silenced cells.
Keywords USP18  Spontaneous  Glioma  Caspase 
TRAIL  Apoptosis  Noxa  IRF1  PML  ER-stress 
Interferon  DR5

Introduction
Type I IFNs are in clinical use for biotherapy against
various malignancies. This family of cytokines influences
several cellular responses including: differentiation, proliferation and apoptosis [1]. The anti-tumor activity of type
I IFNs can be accomplished directly, by promoting growth
arrest and apoptosis of neoplastic cells; or indirectly, by
stimulating the host immune response [2]. Unfortunately, a
substantial number of patients fail to respond to IFN
therapy. Resistance commonly appears because cancer
cells accumulate mutations in signaling elements of the
IFN pathway or, in regulators of the apoptotic program
[1, 2].
Glioblastoma multiforme (GBM) is among the most
aggressive human cancers. After surgical resection, chemotherapeutic treatments show limited effect and relapse
generally appears. Glioblastoma cells show a stubborn
apoptotic resistance to several treatments, as well as to
IFNs [3, 4]. Clinical studies have demonstrated only marginal benefits of type I IFNs in GBM treatment [5, 6].
Unfortunately, also in those tumors, where IFNs exert good
clinical outcomes, a large proportion of patients fails to
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respond [1]. Hence, defining the mechanisms of IFNs
resistance is pivotal to improve their use in vivo.
Homozygous deletions of the IFNa/x genes are frequently observed in GBM [7–9], thus underlining an
important suppressive role of these cytokines in glioblastoma development. In this respect, it is important to
remember that although expression of type I IFNs is dramatically induced in response to viral and non-viral
pathogens [1], cells constitutively secrete low levels of
these cytokines [10]. It has been proposed that the constitutive IFNs signaling is essential for an efficient and timely
response to pathogens [11]. Whether or not this constitutive
signaling contributes to the apoptotic responsiveness of
cancer cells to IFNs, is not defined.
USP18 is an IFN-responsive gene, which encodes for an
isopeptidase involved in the deconjugation of the ubiquitinlike protein ISG15, from target proteins. In response to
IFNs cells produce the whole enzymatic machinery controlling protein isgylation/deisgylation [12]. In addition,
USP18 is a negative regulator of the IFN response in a
catalytic-independent manner [13, 14]. USP18 can compete with Janus-activated kinase (JAK) for the binding to
the cytosolic domain of the IFNAR2, a subunit of type I
IFNs receptor. This association mitigates the IFN signaling
[14].
In this study we have evaluated the contribution of the
autocrine IFN loop in the apoptotic response to IFN-a.
Since U87MG glioblastoma cells harbour a homozygous
deletion of the entire IFNa/IFNx gene cluster and of the
IFNb gene, they were selected for these studies. U87MG
were compared to T98G cells in which, as we demonstrate, the spontaneous IFN signaling is active. We have
also investigated the rational of targeting USP18 to
overcame apoptosis resistance in the two glioblastoma cell
lines.

Quantitative reverse transcription-PCR
cDNAs were synthesized from 1 lg of total RNA, obtained
by Trizol (Invitrogen) extraction, using the First-Strand
cDNA Synthesis kit (Invitrogen). Real-time PCR was
performed using the KAPA SYBRÒ FAST Master Mix
(Kapabiosytems) on a CFX96 Real-Time System (BioRad). The obtained data were analyzed using the DDCt
method. The geometric average of HPRT1 (hypoxanthine
phosphoribosyltransferase 1) and ACTB (b-actin) was used
for normalization. Data were expressed as fold change
from the untreated sample, when a single cell line was
analyzed, or as fold change from the untreated sample of
U87MG cells, when gene expression levels were compared
between T98G and U87MG cells.
DNA cloning and sequencing
For cloning TRAIL promoters of U87MG and T98G cells,
PCRs were made using the relative genomic DNAs, as
templates. The resulting fragments were cloned in the
pGL3 vector (Promega). All constructs were sequenced
with the kit Big DyeÒ Terminator Sequencing RR-100 on
TM
ABI PRISM 310 Genetic Analyzer platform (Applied
Biosystem).
siRNA, transfection and luciferase assay
siRNAs (Invitrogen) were transfected using Lipofectamine
2000 (Invitrogen). In the case of promoter reporter experiments cells were transfected with the Luc Reporter constructs for 24 h and then treated with interferon for further
16 h. Firefly luciferase activity in cell lysates was measured and normalized for Renilla luciferase activity using
the Dual-Luciferase Reporter Assay System according to
the vendor’s instructions (Promega).

Materials and methods

Immunofluorescence and immunoblotting

Cell culture, drug treatments and apoptosis

Cells grown directly onto coverslips were fixed in 3%
paraformaldehyde. After washes with PBS/0.1 mol/l glycine, pH 7.5, cells were permeabilized with 0.1% TritonX100 in PBS for 5 min. Next coverslips were treated with
the anti-USP18 antibody and biotinylated WGA (Boehringer). Finally they were then washed twice with PBS and
incubated with 488-Alexa conjugated secondary antibodies
(Molecular Probes) and Streptavidin TRITC (Molecular
Probes). Cells were examined with a Leica SP confocal
microscope equipped with a 488 k argon laser and a 543 k
helium neon. Immunoblotting was done as described previously [15]. Blots were developed with SuperSignal West
Dura (Pierce). Antibodies used in this work were anti:
TRAIL (Imgenex), Bid (BD Biosciences), FLIP (mouse,

T98G and U87MG cell lines were propagated as previously
described [15]. Drugs used were IFN-a 2a (1,000 units/ml;
Jena Bioscience), Actinomycin D (5 lg/ml; Sigma), 20 -Deoxy5-azacytidine (Decitabine) (2.2 lM; Sigma), Tunicamycin
(2 lg/ml, Sigma) and G5 (0.2 lM) [15]. For Decitabine
experiments, cells were grown for 5 days in the presence of
the drug before further treatments. For trypan blue exclusion assays, 400 cells from three independent experiments
were counted for each data point. The DEVDase activity was evaluated using the Apo-ONE Assay (Promega).
Recombinant histidine 6-tagged TRAIL(114-281) was purified by affinity chromatography [16].
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Alexis) USP18 [17], Noxa (Calbiochem), Ran (BD Biosciences), USP33 (Millipore).
Oncomine data analysis
Genes co-expressed with TRAIL in glioblastoma tumors
and in several cancer cell lines [18] were analyzed using
the Oncomine database and gene microarray analysis tool
[19]. Details of standardized normalization techniques and
statistical calculations can be found on the Oncomine web
site (https://www.oncomine.com/).

Results
Analysis of the IFN-a response in U87MG and T98G
glioblastoma cells
U87MG cells harbour a deletion of type I IFN genes [9].
Hence, this cell line represents a useful model to explore
the importance of the spontaneous IFN signaling in the
apoptotic response to IFN-a. We used microarray analysis
[15] to evaluate the existence of the spontaneous IFNresponse in T98G cells. Several interferon responsive
genes were highly expressed in T98G compared to U87MG
cells, thus demonstrating the presence of the spontaneous
IFN signaling (Supplementary Table S1).
Next we decided to analyze the activation of the IFN
response in the two cell lines, as engaged by IFN-a. As
similarly observed for IFN-b [20], U87MG and T98G cells
were both resistant to IFN-a induced apoptosis (data not
shown and Fig. 5a). To evaluate the response to IFN-a the
kinetics of up-regulation of the transcription factors, IRF-7
and IRF-9 (Interferon Regulatory Factors) and of the IFNs
inducible genes USP18, PML and TRAIL [21] were analyzed, by qRT-PCR (Fig. 1a).
Overall IRF-7, IRF-9 and PML were similarly up-regulated in the two cell lines. A divergence was apparent at
longer times, in particular for IRF-7. In U87MG cells IRF7 expression declined 24 h after stimulation, whereas in
T98G cells, IRF-7 expression augmented over the time
and its level was still high, 24 h after IFN-a addition.
Surprisingly, TRAIL induction was overtly impaired in
U87MG cells. Although the pattern of up-regulation was
comparable, with a rapid and transient rise of TRAIL
mRNA, this response was much more pronounced in T98G
cells. By contrast, USP18 transcripts showed an opposite
behaviour, being induced at higher levels in U87MG cells
as compared to T98G cells (Fig. 1a).
Next we decided to verify the differential induction of
TRAIL and USP18 by immunoblot analysis. Figure 1b
confirms that T98G cells express higher levels of TRAIL
and that they accumulate higher amounts of the death
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ligand after IFN treatment. Despite differences in terms of
mRNA expression, accumulation of USP18 protein, in
response to IFN-a was comparable between the two cell
lines. Finally, we also analyzed USP18 up-regulation and
localization by immunofluorescence. The increase of
USP18 levels after IFN-a addition can be appreciated in
Fig. 1c. USP18 shows a diffuse cytosolic staining, which is
dramatically increased in both cell lines, upon IFN-a
treatment.
Transcription from the TRAIL promoter in U87MG
and T98G cells
Our data indicate that certain IFN-inducible genes were
similarly turned-on in the two cell lines in response to IFN-a.
By contrast, up-regulation of TRAIL was less pronounced
in U87MG cells. To comprehend at which step TRAIL
induction in response to IFN-a was impaired in this cell line,
we analyzed the transcriptional activity of TRAIL promoter
[22]. Cells were transfected with a luciferase reporter gene
driven by TRAIL promoter and next treated or not with IFNa. In the absence of IFN-a, transcription from TRAIL promoter was similar in the two cell lines (Fig. 2a). Addition of
IFN sustained luciferase transcription in both cell lines and,
paradoxically, more strongly in U87MG cells.
Transcription from TRAIL promoter does not emulate
the difference in TRAIL levels observed in the two cell
lines. It is possible that genomic mutations, accumulated
within the TRAIL promoter of U87MG cells, could be
responsible for the observed defects in TRAIL expression.
Hence, we decided to clone the TRAIL promoters from
T98G and U87MG genomic DNA to monitor their relative
transcriptional activities. Figure 2b illustrates that TRAIL
promoters, isolated from U87MG and T98G cells, and
transfected in both cell lines were indistinguishable in
terms of basal and IFN-induced transcriptional activity.
Furthermore, DNA sequencing analysis of the TRAIL
promoters isolated from T98G and U87MG cells has not
revealed overt alterations (Fig. 3), thus confirming the
luciferase experiments.
We have also sequenced part of the first intron in which
a new putative ISRE motif has been identified. Alignment
with the previous published sequence of TRAIL promoter
[22] has showed four bases substitutions and a single base
insertion (-825/-824), in T98G cells. On the other side,
five bases substitutions and two single base insertions
(-1191/-1190 and ?69/?70) were found in U87MG
cells. Not surprisingly, different repetitions numbers of the
polymorphic tetranucleotide repeat, (AAAG) were discovered in the three promoters. Among all these changes
only the G/A (-76 and -11) substitutions in the U87MG
promoter are placed within putative transcription factor
cores (SP1 and IRF-E respectively).
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Fig. 1 The interferon response in U87MG and T98G glioblastoma
cells. a Regulation of IRF-7, IRF-9, TRAIL, PML and USP18 mRNAs
expression by IFN-a in glioblastoma cells. qRT-PCR analysis was
performed to quantify IRF-1, IRF-2, IRF-3, IRF-7, IRF-9, TRAIL,
PML and USP18 mRNAs. T98G and U87MG cells treated for the
indicated times with IFN-a were lysed and mRNAs extracted.
Samples were normalized as described in MM. (means ± SD, n = 4).
b Time course analysis of TRAIL and USP18 induction in U87MG

and T98G cells by immunoblots using the specific antibodies. Lysates
were generated from U87MG and T98G cells treated for the indicated
times with IFN-a. USP33 was used as loading control. A long
exposure of TRAIL immunoblot is shown (L.E). c Immunofluorescence analysis investigating USP18 induction and subcellular localization in T98G and U87MG cells. WGA (wheat germ agglutinin)
was used to stain plasma membrane and Golgi apparatus
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Fig. 2 TRAIL transcription in the glioblastoma cells. a Relative
luciferase activity from co-transfection of the reporter plasmid
pTRAIL-luc (-1523/?55) in T98G and U87MG cells, treated with
IFN-a for the indicated times. The renilla luciferase plasmid was used
as internal control (means ± SD, n = 3). b Relative luciferase activity
from co-transfection of the reporter plasmids pTRAIL-U-luc containing the TRAIL promoter (-1508/?55) isolated from U87MG cells and
pTRAIL-T-luc isolated from T98G cells (-1496/?55). The two
glioblastoma cell lines were transfected with the indicated plasmids
and next treated or not with IFN-a for 12 h. The renilla luciferase
plasmid was used as internal control (means ±SD, n = 3)

Having excluded that mutations in the promoter
sequence could be responsible for TRAIL defective
expression in U87MG cells, we decided to investigate the
contribution of epigenetic modifications.
Several studies have shown that DNA methylation can
influence the IFN response and TRAIL up-regulation [23].
Furthermore there are several CpG sites within the TRAIL
promoter (Fig. 3). Therefore we assessed the capability of
the demethylating agent 5-aza-20 -deoxycytidine (5-AzadC)
to influence TRAIL expression in glioblastoma cells
(Fig. 4a). 5-AzadC augmented the expression of TRAIL
(p \ 0.05) and IRF-7 (p \ 0.05) in U87MG cells stimulated
with IFN. However, TRAIL levels remained far below those
observed in IFN-treated T98G cells. Surprisingly, in IFNtreated T98G cells 5-AzadC sustained IRF-7 transcription
(p \ 0.01) but diminished TRAIL expression (p \ 0.05).
In conclusion our studies indicate that, although DNA
methylation influences TRAIL expression and IFN signaling in glioblastoma cells, additional mechanisms are
responsible for the TRAIL deficit observed in U87MG cells.
TRAIL mRNA stability
Having excluded explicit alterations in TRAIL transcription, we investigated whether differences in mRNA
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stability could account for its defective expression in
U87MG cells. To explore this possibility the two glioblastoma cell lines were treated for 3 h with IFN-a and
next actinomycin-D (Act-D) was added to block transcription. qRT-PCR was used to compare the stability of
TRAIL mRNA in the two cell lines (Fig. 4b).
When the analysis was performed 3 h after IFN-a
addition the mRNA for TRAIL appeared to be stable, with
a half-life longer than 12 h. By contrast, in the absence of
IFN-a TRAIL mRNA was unstable, with a half-life of less
than 3 h. This behaviour was analogous in the two cell
lines.
The long half-life of TRAIL mRNA in IFN-treated cells
was unexpected. In fact, after a rapid induction with a peak
at 6 h, TRAIL mRNA rapidly drops down, 12 h after
stimulation (Fig. 1a). This result clearly suggests a rapid
decay of TRAIL mRNA stability also in the presence of
IFN. Hence, to clarify this point we decided to evaluate the
stability of TRAIL mRNA 10 h after IFN-a stimulation.
Figure 4c demonstrates that 10 h after IFN-a stimulation
TRAIL transcript showed a reduced stability, thus indicating that IFN-a stabilization of TRAIL mRNA is a
transient event. In conclusion these data suggest that also
the regulation of mRNA stability is under IFN control.
Nevertheless, differences in TRAIL mRNA stability cannot
be appreciated between the two cell lines.
The spontaneous IFN-signaling supports TRAIL
expression in T98G cells
Our studies indicate that despite the huge difference in the
amount of TRAIL protein between T98G and U87MG
cells, differences in TRAIL transcription and TRAIL
mRNA stability cannot be observed. Looking more carefully at the time-course showed in Fig. 1a, we noted that
the strongest discrepancy in terms of TRAIL mRNA levels,
between the two cell lines can be observed in the absence
of IFN (see also the microarray data in Supplementary
Table S2). This data can be more clearly illustrated, when
the levels of TRAIL transcripts were represented as a ratio
between the two cell lines (Fig. 5a). At time 0 TRAIL was
24 fold less expressed in U87MG compared to T98G cells.
This dramatic difference of TRAIL levels in untreated
cells could be the result of the absence of the spontaneous
interferon response in U87MG cells. To evaluate this
hypothesis we decided to switch-off type I IFNs signaling
in T98G cells by silencing the expression of IFNAR1, a
subunit of the receptor for type I IFNs. Levels of TRAIL,
IRF-1, IRF-7 and IRF-9 mRNAs were evaluated and
compared to the levels present in U87MG cells. Figure 5b
proves that switching off the constitutive type I IFN signaling has profound effects on the expression of TRAIL,
IRF-1, IRF-7 and IRF-9. In T98G cells silenced for

123
Tesi di Dottorato di Andrea Tomasella discussa presso l'Università degli studi di Udine

1234

Apoptosis (2011) 16:1229–1244

Fig. 3 Nucleotide sequence
analysis of the human
TNSF10(TRAIL) promoter
region from glioblastoma cell
lines U87MG and T98G. The
reference sequence of the
TRAIL promoter region is
based on the sequences
published on NCBI
(AF178756.1) [21] as well as on
sequences published in Ensembl
(ENSG00000121858). Putative
and verified binding sites for
transcription factors are
underlined, as previously
described [21, 23]. Boxes
evidence the identified
mutations. Putative CG
methylation sites are
represented in bold. Arrows
highlight transcription/
translation start sites and the
onset of the first intron, as
predicted by Ensembl. The
alignments, carried out with
blast nucleotide algorithm on
NCBI site, show regions of
deletion/insertion present in
U87MG and T98G promoter
regions of hTRAIL. The
nucleotide sequence of the first
transcribed 541 bp region is
included. We have also
identified another putative ISRE
sequence inside the first intron
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Fig. 4 Analysis of TRAIL mRNA stability in T98G and U87MG
cells. a Regulation of IRF-7 and TRAIL mRNAs expression by IFN-a
in glioblastoma cells pre-treated with 5-AzadC. Before IFN-a
addition cells were grown for 5 days in the presence of 5-AzadC
(2.2 lM). qRT-PCR analysis was performed to quantify IRF-7 and
TRAIL mRNAs. T98G and U87MG cells treated or not for 12 h with
IFN-a were lysed and mRNAs extracted. Samples were normalized as
described in MM. (means ± SD, n = 4). *P \ 0.05; **P \ 0.01.

b Act-D (5 lg/ml) was added to cells pre-treated or not for 3 h with
IFN-a. RNA was extracted at the different times, as indicated. qRTPCR analysis was performed to quantify TRAIL mRNA. Samples
were normalized as described in MM. (means ± SD, n = 3). c Act-D
(5 lg/ml) was added to cells pre-treated for 10 h with IFN-a. RNA
was extracted at the different times, as indicated. qRT-PCR analysis
was performed to quantify TRAIL mRNA. Samples were normalized
as described in MM. (means ± SD, n = 3)

IFNAR1 mRNAs levels of IRF-1, IRF-7 and TRAIL were
similar to those observed in U87MG cells. Curiously IRF-9
mRNA levels were higher in U87MG cells, possibly
highlighting an IFN-independent regulation of its
expression.
IRF-1 is an important regulator of TRAIL transcription
[24]. Having identified that IRF-1 expression is highly susceptible to the spontaneous IFN signaling we decided to
compare its up-regulation in response to IFN-a in the two cell
lines. As shown in Fig. 5c, the pattern of IRF-1 mRNA in
response to IFN-a, in both cell lines, is very similar to those
of TRAIL mRNA (Fig. 1a). IRF-1 up-regulation, similarly
to TRAIL is largely impaired in U87MG cells (Fig. 5c).
Next, to prove the contribution of IRF-1 to the spontaneous interferon signaling and to the control of TRAIL
expression we transfected T98G cells with a siRNA against

IRF-1. The experiments were also performed in cells
treated with IFN-a. In T98G cells silenced for IRF-1 there
was a reduction of TRAIL levels (Fig. 5d). However this
reduction was less pronounced compared to cells silenced
for IFNAR1. These results indicate that IRF-1 plays a role
in the regulation of TRAIL expression but also indicate that
additional interferon-regulated factors are implicated.
Similarly, in cells silenced for IRF-1 and treated with IFNa, TRAIL up-regulation was partially impaired (Fig. 5d).
To understand whether the relationship between IRF-1
and TRAIL expression was not limited to the examined
glioblastoma cells, we took advantage of the oncomine
database [19]. Initially we analyzed the TCGA Brain data,
which include the analysis of mRNA expression for 144
glioblastoma and an anaplastic astrocytoma, using the
human genome U133A array. Results of the analysis are
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Fig. 5 The spontaneous IFN signaling is required to sustain TRAIL
expression in T98G cells. a Cells were incubated with IFN-a for
the indicated times. qRT-PCR analysis was performed to quantify
TRAIL mRNA. Samples were normalized as described in MM.
(means ± SD, n = 4). Data are reported as the ratio of TRAIL
mRNAs levels between T98G and U87MG cells. b IRF-1, IRF-7,
IRF-9 and TRAIL mRNAs levels in T98G cells after silencing of
IFNAR1. mRNAs levels are shown relative to those of T98G cells
transfected with control siRNA. mRNA levels of the same genes in
U87MG cells are included for comparison. Levels of IFNAR1 mRNA
were investigated to prove silencing effectiveness. c Regulation of

IRF-1 mRNAs expression by IFN-a in T98G and U87MG cells. qRTPCR analysis was performed to quantify IRF-1 mRNAs. Cells treated
for the indicated times with IFN-a were lysed and mRNAs extracted.
Samples were normalized as described in MM. (means ± SD, n = 4).
d TRAIL mRNAs levels in T98G cells after silencing of IRF-1. 44 h
after transfection cells were treated or not for further 6 h with IFN-a.
TRAIL and IRF-1 mRNAs levels are shown relative to those of T98G
cells transfected with control siRNA. mRNA levels of the two genes
in U87MG cells are included for comparison. Samples were
normalized as described in MM (means ± SD, n = 3)

shown in Table 1 and expressed as co-expression values.
We have reported the absolute best score and the best
scores for genes regulated by IFNs. The IFN-inducible
gene IL15RA (IL-15 receptor alpha-chain) showed the
greatest co-expression value with TRAIL. IRF-1 was the
third hit of the list. In general, there were several correlations with genes of the IFN response (USP18, ISG20,
ISG15) thus possibly indicating that in the selected tumors
an inflammatory response was engaged [25].
To restrict the co-expression analysis to conditions
where only the spontaneous IFN signalling should be
active, we selected the Wagner cell lines data, which
comprise the expression profiles of 119 different cancer
cell lines [18]. In this case the best score, in terms of
co-expression with TRAIL, was for SMAD6 and among the

IFNs inducible genes IRF-1 was the second best score after
IL15. In the analyzed cancer cell lines several IFN-inducible genes such ISG15, XAF1, PML and UBA7 did not
evidenced significant co-expression values with TRAIL.
In conclusion these studies suggest that the spontaneous
IFN signaling, possibly through the regulation of IRF-1
levels could contribute to sustain TRAIL expression in
glioblastoma cells.
Down-regulation of USP18 sensitizes T98G
but not U87MG cells to IFN-a induced apoptosis
Despite TRAIL was highly induced in T98G compared to
U87MG cells, IFN was incapable of eliciting apoptosis in
both cell lines (Fig. 6a, b). USP18, a negative regulator of
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Table 1 TCGA BRAIN 145 samples: 144 Glioblastoma and 1
Anaplastic Astrocytoma, Wagner cell lines 119 samples
Gene

Co-expression
value*

Gene

Co-expression
value*

TRAIL/TNFSF10

1.00

TRAIL/TNFSF10

1.00

IL15RA

0.698

SMAD6

0.588

UBA7

0.619

IL-15

0.449

IRF-1

0.549

IRF-1

0.402

CASP1

0.549

IRF-6

0.378

CASP4

0.549

IRF-8

0.261

ISG20

0.502

ISG20

0.202

USP18

0.467

OAS1

ISG15

0.467

PML

0.202
-0.062

XAF1

0.467

UBA7

-0.062

IRF-9

0.467

XAF1

-0.062

STAT-1

0.328

ISG15

-0.062

* The coexpression value is derived from average linkage hierarchical
clustering and represents the correlation value of the node that includes the
query gene and at least 10 other reporters

the IFN response can increase the susceptibility to IFNinduced apoptosis [17]. Hence, we investigated whether
down-regulation of USP18 was sufficient to sensitize
U87MG and T98G cells to apoptosis in response to IFN
treatment. Silencing of USP18 efficiently promoted IFN-a
induced apoptosis and caspase activation in T98G, but not
in U87MG cells (Fig. 6a, b). This apoptotic response was
largely dependent on TRAIL. In fact, silencing of TRAIL
impaired IFN-a induced apoptosis and caspase activation,
in T98G cells with down-regulated USP18 expression
(Fig. 6c).
To evaluate TRAIL levels after USP18 down-regulation,
immunoblot analysis was performed at 8 and 24 h from
IFN-a addition. In T98G cells, USP18 down-regulation
augmented TRAIL expression already after 8 h from IFN
treatment. Furthermore, silencing of USP18 dramatically
sustained TRAIL levels at 24 h from stimulation (Fig. 6d).
Similarly, in U87MG cells silencing of USP18 endorsed
TRAIL expression. After 8 h from IFN-a treatment, its
level was comparable to those observed in T98G cells
transfected with the control siRNA. However, in these
cells, down-regulation of USP18 was insufficient to
maintain TRAIL expression at later time from IFN-a
addition. 24 h after treatment expression of TRAIL was
almost undetectable, irrespectively from the presence or
not of USP18 (Fig. 6d).
To exclude that the limited up-regulation of TRAIL in
U87MG cells, following USP18 silencing, could be the
consequence of its shedding from the plasma membrane as
provoked by proteases [21], we also analyzed the accumulation of TRAIL in the medium of the two cell lines
(Fig. 6d lower panel). TRAIL was detected in the SN of

T98G cells silenced for USP18 and treated with IFN-a,
whereas only a faint band was visualized in the SN of
U87MG cells silenced for USP18 and treated with IFN-a.
Hence, shedding from the PM is not responsible for the
partial effect of USP18 silencing on TRAIL levels in
U87MG cells.
ER stress sensitizes U87MG cells to TRAIL induced
apoptosis
Targeting USP18 can efficiently sensitize T98G cells to
IFN induced apoptosis, whereas it was ineffective in
U87MG cells. Resistance of U87MG cells could be the
result of the imperfect up-regulation of TRAIL but also of
an intrinsic resistance to TRAIL apoptotic signaling.
Hence, we evaluated the response to TRAIL-induced
apoptosis in these cell lines. Figure 7a and b demonstrate
that T98G cells are sensitive to TRAIL induced apoptosis,
whereas U87MG cells are resistant, as previously observed
in certain studies [26]. This behaviour could be the consequence of alterations in elements of the extrinsic pathway, such as Bid and FLIPL as highlighted by immunoblot
(Fig. 7c) and microarray analysis (supplementary table
S2).
Having proved an intrinsic resistance to TRAIL signaling in U87MG cells we decided to evaluate the ability of
different compounds, well-known TRAIL sensitizers, of
rendering these cells responsive to TRAIL-induced apoptosis. Since TRAIL is an important element of the apoptotic response to IFN, these compounds should also
synergize with IFNs to trigger apoptosis.
We observed that the isopeptidase inhibitor G5 [15]
and tunicamycin, an inducer of ER-stress could sensitize
U87MG cells to TRAIL-induced apoptosis (Fig. 7d, e).
Since also G5 can induce ER-stress we focused our
attention on tunicamycin. USP18 was depleted by RNAi
in U87MG cells and next, tunicamycin was added for 24
or 48 h. Cells were also treated or not with IFN-a for 24
or 48 h. Appearance of cell death was scored by trypan
blue staining. Figure 7f demonstrates that in U87MG
cells IFN-a did not influence ER-stress induced cell
death. However, silencing of USP18 greatly increased
cell death, in cells grown for 48 h in the presence of
tunicamycin. This effect was not influenced by the
addition of IFN-a.
Several studies have shown that ER-stress can sustain
TRAIL induced apoptosis through different mechanisms
[27]. It is well known that expression of the TRAIL
receptor DR5/TRAIL-R2 and of the BH3-only protein
Noxa is increased in response to ER-stress [28]. Hence,
DR5/TRAIL-R2 and Noxa induction in response to tunicamycin treatment was evaluated in U87MG cells. Figure 7g
shows that expression of both proteins was augmented after
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Fig. 6 USP18 down-regulation promotes TRAIL induction and
apoptosis in response to IFN-a in T98G but not in U87MG cells.
a T98G and U87MG cells were transfected with the siRNAs specific
for USP18 or the control siRNA as indicated. 24 h after transfection
cells were treated or not, for further 24 h with IFN-a. Cell death was
evaluated by trypan blue staining (means ± SD, n = 3). b T98G and
U87MG cells were transfected with the siRNAs specific for USP18 or
the control siRNA as indicated. 24 h after transfection cells were
treated or not, for further 24 h with IFN-a. Apoptosis was evaluated
by scoring caspase activity (DEVDase activity). c T98G cells were
transfected with combinations of the two different siRNAs as

indicated. 24 h after transfection cells were treated or not, for further
24 h with IFN-a. Cell death was scored after trypan blue staining and
by Caspase-3/7 (DEVDase) activity (means ± SD, n = 3). d Analysis
of the expression levels of USP18 and TRAIL in U87MG and T98G
cells down-regulated for USP18 expression. Lysates from T98G and
U87MG cells silenced as indicated and treated for 8 or 24 h with IFNa were prepared and subjected to immunoblot analysis using the
specific antibodies. Tubulin was used as loading control. Culture
media of the same experiment were analysed by immunoblotting to
detect the soluble form of TRAIL (lower panel)
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induction of ER-stress. By contrast TRAIL expression was
not induced after tunicamycin treatment (Supplementary
Fig. S1).
Finally we decided to analyse the contribution of Noxa
and TRAIL-signaling during apoptosis elicited by the
combination of ER-stress and USP18 down-regulation.
Cells were double silenced for USP18 and TRAIL or Noxa
and the induction of cell death, following tunicamycin
treatment was evaluated. Silencing of TRAIL poorly
attenuated the pro-death effect of USP18 down-regulation.
Abrogation of Noxa caused a more effective reduction of
cell death in USP18 silenced U87MG cells (Fig. 7h).
Hence both TRAIL signaling and Noxa activities are
involved in the death response of glioblastoma cells, as
elicited by ER-stress in the absence of USP18.

Discussion
Type I IFNs can elicit apoptosis in neoplastic cells, however the pro-death effect of these cytokines is indirect and
mainly depends on the transcriptional modulation of a set
of pro-apoptotic genes. Several ISGs with pro-apoptotic
functions have been characterized and a central role is
played by the death ligand TRAIL [1, 2].
Cancer cells frequently acquire resistance to IFN treatment. Resistance to IFN can arise from defects in the IFN
signaling pathway or from alterations in the apoptotic
circuits. Defects in IRF-9 and STAT2 expression or epigenetic changes are responsible for resistance to IFNmediated anti-tumor activity and for apoptotic insensitivity
[29–33]. On the other side, up-regulation of anti-apoptotic
Bcl-2 family members and activation of the NF-kB pathway can also confer resistance to IFN-mediated cell death
[34–36].
In this work we hypothesized that deletions of the type I
IFN genes, which abrogate the spontaneous IFN signaling
and frequently occur in glioblastoma could endorse apoptotic resistance to IFN treatment. It is well known that type
I IFNs can exert biological effects at low, constitutive
levels of expression [11]. For example, the weak IFN-bmediated signaling augments IFN-a/b induction in
response to virus, through a positive feedback, involving
autocrine/paracrine up-regulation of IRF-7 [37]. The constitutive IFN signaling can also prevent oncogenic transformation [38] and it is abrogated during spontaneous
cellular transformation [39]. Also apoptosis in serum
deprived macrophage depends on the autocrine secretion of
type I IFNs [40].
We have demonstrated that glioblastoma cells deleted
for type I IFN genes are defective for TRAIL up-regulation
in response to IFN-a compared to glioblastoma cells, in
which the autocrine loop is active. Other IFN-inducible
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genes such as IRF-9, USP18 and PML were similarly upregulated in the two cell lines.
We have excluded that the defect observed in U87MG
cells could stem from alterations in TRAIL promoter, or
from differences in TRAIL mRNA stability. Interestingly,
we have demonstrated that also the stability of TRAIL
mRNA is under the influence of the IFN signaling.
Epigenetic changes, such as DNA methylation can
influence TRAIL expression in certain cancer cell lines
[39]. The TRAIL promoter contains several CG motifs but
treatments with 5-AzadC slightly up-regulated TRAIL
expression in U87MG cells in response to IFN. Although
DNA methylation can influence TRAIL expression, it is
not the sole responsible for the reduced and temporally
restricted gene transcription, observed in U87MG cells.
We provide evidences that TRAIL levels are highly
susceptible to the spontaneous IFN signaling. Abrogation
of this autocrine loop has a profound effect on TRAIL
levels. IRF-1 expression, similarly to TRAIL is impaired in
U87MG cells following IFN-a treatment and is dependent
on the spontaneous IFN signaling. Previous studies have
indicated that IRF-1 is an important regulator of TRAIL
transcription [24, 41, 42]. Clarke and co-authors have
suggested that complex interactive structures, resembling
the IFNb enhanceosome [43] could be organized at the
TRAIL promoter.
We have showed that in T98G cells IRF-1 is required for
an efficient TRAIL expression, both in the presence and
absence of IFN-a. However, switching-off the spontaneous
IFN signalling, through the silencing of IFNAR1 has a
more profound effect on TRAIL, compared to the silencing
of IRF-1. These results indicate that additional interferonregulated factors are implicated in TRAIL transcription. In
U87MG cells the limited availability of IRF-1 and of
additional factors could contribute to temporally restrict the
robust up-regulation of TRAIL in response to IFN-a.
IRF-1 expression is under the control of both type I and
II IFNs [44] and subjected to multiple mechanisms
of regulation, including interaction with MyD88 [45] or
SUMOylation [46]. IRF-1 is a bona-fine tumor suppressor
gene controlling apoptosis, and inactivating mutations have
been identified in tumors [47–49]. Using the publicly
available Oncomine microarray database [19, 50] we have
observed a significant correlation between the levels of
expression of IRF-1 and TRAIL in several cancer cell lines
and glioblastoma tumors. Hence, the correlation between
TRAIL and IRF-1, emerging from our data could be of
broader significance than a simple difference between two
glioblastoma cell lines.
Curiously, experiments using the transfected TRAIL
promoter in the two cell lines failed to recapitulate the
defect in TRAIL up-regulation. We do not have an
explanation for this apparent contradictory result. It is
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b Fig. 7 USP18 influence ER-stress induced cell death in U87MG

cells. a Glioblastoma cell lines were treated or not for 24 h, with the
indicated amounts of rTRAIL. Cell death was scored by trypan blue
staining (means ± SD, n = 3). b Glioblastoma cell lines were treated
or not for 24 h, with the indicated amounts of rTRAIL. Caspase
activity (DEVDase) was evaluated using a fluorogenic assay
(means ± SD, n = 3). c Expression levels of some components of
extrinsic pathway by immunoblot analysis. Lysates were generated
from U87MG and T98G cells and used for the immunoblot. Tubulin
was used ad loading control. d T98G and U87MG cells were treated
or not for 24 h with G5 (20 nM) or with tunicamycin (2 lg/ml). Next,
indicated amounts of rTRAIL were added and incubation was
prolonged for further 24 h. Cell death was scored by trypan blue
staining (means ±SD, n = 3). e) T98G and U87MG cells were treated
or not for 24 h with G5 (20 nM) or with tunicamycin (2 lg/ml). Next
indicated amounts of rTRAIL were added and incubation was
prolonged for further 12 h. Caspase activity (DEVDase) was evaluated using a fluorogenic assay (means ± SD, n = 3). f U87MG cells
were transfected with the siRNAs specific for USP18 or the control
siRNA as indicated. 24 h after transfection cells were treated or not,
for further 24 or 48 h with tunicamycin, IFN-a, or a combination of
both molecules, as indicated. Cell death was evaluated by trypan blue
staining (means ± SD, n = 3). g Analysis of the expression levels of
DR5/TRAIL-R2 and Noxa in U87MG cells treated with tunicamycin.
Cellular lysates were prepared at different times from tunicamycin
addition and subjected to immunoblot analysis using the specific
antibodies. Ran was used as loading control. h U87MG cells were
transfected with combinations of the two different siRNAs as
indicated. 24 h after transfection cells were treated or not, for further
48 h with tunicamycin. Cell death was scored after trypan blue
staining (means ±SD, n = 4)

possible that the limited amount of transcription factors
cannot promote transcriptional difference from transient
transfected TRAIL promoter or other factors, such as epigenetic changes, could also influence transcription from
transiently transfected promoters [51]. It is evident that our
knowledge of the temporal assembling of transcriptional
regulators, at the TRAIL promoter is limited and further
studies are necessary. Therefore, it is unclear if the
ectopically expressed TRAIL promoters faithfully recapitulate all the fine regulative changes that operate on the
endogenous promoter.
In conclusion we suggest that turning off the spontaneous IFN signaling provide an additional advantage to
cancer cells conferring resistance to the pro-apoptotic
effect of type I IFNs. Resistance, that largely stems from
the limited up-regulation of the death ligand TRAIL.
Irrespective from the presence or absence of the spontaneous IFN signaling, both cell lines were resistant to IFNa induced apoptosis. However, the autocrine IFN loop
could be responsible also for overcoming the apoptotic
resistance to IFNs. In fact, silencing of USP18 was sufficient to allow entrance in apoptosis only in T98G cells.
This apoptotic response was largely dependent on TRAIL
(Fig. 8). USP18 plays a critical role in limiting temporally
and quantitatively TRAIL up-regulation. This negative
function of USP18 is evident in both glioblastoma cell

Fig. 8 Summary of the differences in terms of TRAIL up-regulation and
responsiveness, between T98G and U87MG glioblastoma cells. T98G cells
express higher levels of Bid and TRAIL, whereas U87MG cells show
increased amounts of FLIP (see arrows). The autocrine loop is defective in
U87MG cells. Following IFN-a treatment TRAIL expression is augmented,
but at higher levels in T98G cells (compare arrows). This increase is
insufficient to elicit apoptosis. Combining USP18 silencing and IFN-a
treatment raises TRAIL levels to a greater extent, particularly in T98G cells
(larger arrow) that now die by apoptosis. The increase in TRAIL observed in
U87MG cells is insufficient to trigger apoptosis, also because of the low Bid
levels and the high FLIP expression. ER stress, as induced by tunicamycin
promotes Noxa and DR5 up-regulation, which, in combination with USP18
down-regulation, efficiently promote apoptosis in U87MG cells
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lines. However, in U87MG cells TRAIL up-regulation,
elicited by the removal of USP18 is less pronounced and
insufficient to sustain apoptosis.
In addition to the limited up-regulation of TRAIL,
U87MG cells have accumulated alterations in some elements of the extrinsic pathway, including Bid and FLIPL
(Fig. 8). Resistance to TRAIL–induced apoptosis is frequent in glioblastoma [52]. Different studies have evaluated the ability of several treatments and drugs to synergize
with TRAIL to kill glioblastoma cells [53–56]. We have
identified two compounds: the isopeptidase inhibitor G5
and the inducer of ER-stress tunicamycin, capable of
restoring apoptotic sensitivity to TRAIL in U87MG cells.
As previously shown in other models [57, 58], tunicamycin promoted the up-regulation of DR5/TRAIL-R2 and
Noxa, which possibly facilitate the induction of apoptosis
in response to TRAIL. Up-regulation of DR5/TRAIL-R2 is
also the mechanism through which arsenic trioxide abrogates the resistance to TRAIL induced apoptosis in glioblastoma [56].
When tunicamycin was tested in combination with IFN-a,
additive effects were not observed. Surprisingly, when
USP18 expression was down-regulated tunicamycin alone
potently promoted apoptosis but again, addition of IFN-a
was irrelevant. It is possible that in a context of activation of
the UPR (unfolded protein response), solely the removal of
USP18 is sufficient to sustain a full apoptotic response [58].
In conclusion our data provide some explanations for the
different apoptotic susceptibility of glioblastoma cells to
IFN-a treatment. Moreover, they also establish USP18, as
an important target to boost the pro-apoptotic effect of type
I IFNs in glioblastoma. Targeting USP18 could be an
interesting approach also in glioblastoma showing a stubborn apoptotic resistance, as exemplified by U87MG cells.
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to TRAIL-induced apoptosis
Dipartimento di Scienze Mediche e Biologiche and MATI Center of Excellence; Università degli Studi di Udine; Udine, Italy
†

These authors contributed equally to this work.

Keywords: IFN-α, TRAIL, USP18, autocrine loop, IFNAR, TRAIL-R2

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a promising molecule for anti-cancer
therapies. Unfortunately, cancer cells frequently acquire resistance to rhTRAIL. Various co-treatments have been proposed
to overcome apoptosis resistance to TRAIL. Here we show that downregulation of the deISGylase USP18 sensitizes cancer
cells to rhTRAIL, whereas, elevate levels of USP18 inhibit TRAIL-induced apoptosis, in a deISGylase independent manner.
USP18 influences TRAIL signaling through the control of the IFN autocrine loop. In fact, cells with downregulated USP18
expression augment the expression of cellular TRAIL. Downregulation of cellular TRAIL abrogates the synergism between
TRAIL and USP18 siRNA and also limits cell death induced by rhTRAIL. By comparing the apoptotic responsiveness to TRAIL
in a panel of cancer cell lines, we have discovered a correlation between TRAIL levels and the apoptotic susceptibility
to rhTRAIL, In cells expressing high levels of TRAIL-R2 susceptibility to rhTRAIL correlates with TRAIL expression. In
conclusion, we propose that cellular TRAIL is an additional factor that can influence the apoptotic response to rhTRAIL.

Introduction
Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) belongs to the TNF superfamily of extracellular
signals. TRAIL has been subjected of intense research because
of its specific pro-apoptotic activity against transformed cells.1
TRAIL is exposed at the surface of many cell types and its
expression is stimulated by IFNs.2,3 Five TRAIL receptors have
been identified, of which only two: DR4/TRAIL-R1 and DR5/
TRAIL-R2 can engage the extrinsic apoptotic pathway.4-6
The resistance to TRAIL induced apoptosis, frequently
acquired by cancer cells has limited the therapeutic possibilities of
recombinant human TRAIL (rhTRAIL), or agonistic antibodies
against its receptors.1,7 Neoplastic cells adapt different strategies
to limit the apoptotic influence of TRAIL including increased
expression of: decoy receptors,8 cFLIP,9 X-linked inhibitor of
apoptosis (XIAP) and of anti-apoptotic Bcl-2 family members.10-12
Also the engagement of different signaling pathways such as the
NFκB and the PI3K/Akt can influence the responsiveness to
TRAIL.13,14
Several research groups have explored the use of different
compounds or treatments to overcome resistance to TRAIL
induced apoptosis. A combined approach could represent an ideal

therapy to elicit apoptosis in resistant cells.1,7 Histone deacetylase
inhibitors, the proteasome inhibitor bortezomib, or compounds
that trigger ER-stress can synergize with TRAIL to kill resistant
cells.15-17 Bortezomib, for example can sustain TRAIL induced
apoptosis through multiple mechanisms. In several cancer cells
bortezomib can elicit ER-stress, Noxa and DR5 accumulation,18,19
in glioblastoma cells bortezomib stabilizes the cleaved form of
Bid (tBid)20 and inhibits the NFκB pathway.21 In malignant B
cells it can suppress Bax degradation.22
Also interferons can sensitize neoplastic cells to the proapoptotic efforts of TRAIL.23 Moreover, TRAIL is an ISG
(interferon stimulated gene), which plays a key role in the
apoptotic response to IFNs.24,25 Hence cells treated with IFN
express higher amounts of TRAIL and are more prone to die in
response to TRAIL. However, it is unclear whether the boost of
TRAIL production sensitizes cells to treatments with exogenous
TRAIL.
ISGs production, including TRAIL, in response to IFNs
is a timely regulated process that operates through negative
feedback loops. The ISG USP18 is an important element of these
negative feed-back loops. USP18 is a component of the molecular
machinery that modifies protein through the addition of the Ubl
protein ISG15.26 Viral infection and the interferon response elicit
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this manuscript we have investigated the ability of USP18 to
modulate TRAIL-induced apoptosis in the glioblastoma cell
line T98G. Our data indicate that USP18 limits the apoptotic
influence of rhTRAIL.

Figure 1. IFN-α pretreatment sensitizes T98G glioblastoma cells to
TRAIL-induced apoptosis. (A) T98G cells were pre-treated with IFN-α
(1000 units/ml). Twelve hours later cells were treated or not, for further
24 h with increasing doses of rhTRAIL as indicated. Cell death was evaluated by trypan blue staining. Columns, mean (n = 3); bars, ± SD (B) T98G
cells were pre-treated with IFN-α. Twelve hours later cells were treated
or not, for further 24 h with increasing doses of rhTRAIL as indicated.
Apoptosis was evaluated by scoring caspase activity (DEVDase activity).

protein ISGylation through an enzymatic cascade similar to the
system for poly-ubiquitination, with dedicated E1, E2, and E3
enzymes.27 This response is an important piece of the antiviral
defense system. USP18 reverse protein ISGylation by removing
the conjugated ISG15 from target proteins.26 In addition to the
deISGylase function, USP18 acts as negative regulator of IFNsignaling by suppressing STAT activation.28
We have recently identified in USP18 an important
regulator of the apoptotic response to interferons and to other
pro-death stimuli such as proteasome inhibitors and genotoxic
stresses.29 The pro-survival function of USP18 depends on
its ability to buffer the spontaneous interferon signaling. In

2

INF-α pretreatment sensitizes T98G glioblastoma cells to
TRAIL-induced apoptosis
T98G glioblastoma cells are susceptible to TRAIL-induced
apoptosis and in this cell line is active the spontaneous interferon
response.30 Hence, they represent a good model to investigate the
synergisms between TRAIL ad the IFN signaling. To evaluate
the effect of the IFN-α treatment on apoptosis responsiveness
to TRAIL, T98G cells were treated with IFN-α and next
incubated with increasing amounts of rhTRAIL. Cell death was
scored by trypan blue staining 24 h later. Figure 1A illustrates
that pre-treatment with IFN-α sensitizes T98G cells to cell
death induced by rhTRAIL. To prove that cell death under the
described experimental conditions assumed the characteristic of
apoptosis, we also evaluated caspase-3/-7 activation. Also in this
case caspase activity in response to TRAIL was augmented in
cells pre-incubated with IFN-α (Fig. 1B).
USP18 downregulation increases the responsiveness to
TRAIL-induced apoptosis
USP18 is a negative regulator of the IFN signaling.
Downregulation of USP18 increases apoptosis in response to
different stimuli including: DNA damage, inhibition of protein
degradation and ER-stress. The pro-survival effect of USP18
is correlated with its function as inhibitor of the spontaneous
interferon signaling.29
To evaluate whether USP18 can influence TRAIL induced
apoptosis we generated T98G cells stably expressing a shRNA
specific for USP18. Clones were isolated and treated with IFN-α
to evaluate the robustness of silencing. In the isolated clones
sh#3 and sh#12, upregulation of USP18 was impaired compared
with a clone expressing the control shRNA (Fig. 2A). Next we
evaluated the apoptotic response to IFN-α treatment. T98G cells
with impaired USP18 expression entered cell death after IFN-α
treatment, whereas the control cell line was resistant (Fig. 2B).
Finally we explored whether impaired USP18 expression could
augment apoptosis in response to TRAIL treatment. The
different cell lines were incubated with increasing amounts of
rhTRAIL and cell death was scored 24 h later. Figure 2C shows
that TRAIL-induced cell death was increased in cells with
reduced levels of USP18. The observed cell death assumed the
characteristic of apoptosis, as testified by the caspase assay in
Figure 2D.
USP18 suppresses TRAIL induced apoptosis with a catalysis
independent mechanism
USP18 is a cysteine-protease that removes the Ubl protein
ISG15, from target proteins. To confirm the influence of
USP18 to TRAIL-induced apoptosis and to clarify whether
the enzymatic activity of USP18 is required for this outcome,
we generated T98G cells stably expressing USP18-wt or the
catalytic inactive mutant C64S. After retroviral infection T98G
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Figure 2. USP18 downregulation increases the responsiveness to TRAIL-induced apoptosis. (A) Analysis of the expression levels of USP18 in T98G cells
expressing a shRNA against USP18 or a control shRNA (shPuro). Lysates from T98G clones silenced as indicated and treated for 24 h with IFN-α were prepared and subjected to immunoblot analysis using the anti-USP18 antibody. Nucleoporin p62 was used as loading control. (B) T98G clones expressing
a shRNA against USP18 or a control shRNA (shPuro) were treated or not, for 24 h with IFN-α. Cell death was evaluated by trypan blue staining. (C) T98G
clones expressing a shRNA against USP18 or a control shRNA (shPuro) were treated or not for 24 h with increasing doses of rhTRAIL. Cell death was evaluated by trypan blue staining. (D) T98G clones expressing a shRNA against USP18 or a control shRNA (shPuro) were treated or not for 24 h with increasing
doses of rhTRAIL. Apoptosis was evaluated by scoring caspase activity (DEVDase activity). Columns, mean (n = 3); bars, ± SD (E) Analysis of the expression levels of USP18 in T98G cells expressing USP18-wt, its catalytic inactive mutant USP18-C64S or the resistance gene. Lysates from T98G clones were
prepared and subjected to immunoblot analysis using the anti-USP18 antibody. Nucleoporin p62 was used as loading control. (F) T98G cells expressing
USP18-wt, its catalytic inactive mutant USP18-C64S or the resistance gene were treated or not, for 24 h with increasing doses of rhTRAIL. Cell death was
evaluated by trypan blue staining. (G) T98G cells expressing USP18-wt, its catalytic inactive mutant USP18-C64S or the resistance gene were treated or
not, for 24 h with increasing doses of rhTRAIL. Apoptosis was evaluated by scoring caspase activity (DEVDase activity).

cell lines expressing USP18-wt, its catalytic mutant C64S or the
hygromicin resistance gene were isolated (Fig. 2E). To evaluate
the apoptotic response to rhTRAIL cells were treated with
increasing doses of the death ligand (Fig. 2F). USP18 was able
to limit the apoptotic response to rhTRAIL. Furthermore T98G
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cells overexpressing USP18 or the C64S mutant were equally
resistant to TRAIL induced apoptosis, both in terms of trypan
blue assay and of DEVDase activity (Fig. 2G). Hence these
results confirm that USP18 influences TRAIL induced apoptosis
and evidence a deISGylase independent activity.
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Cellular TRAIL is required to augment the apoptotic
response to rhTRAIL in USP18 silenced cells
In fibroblasts transformed with the oncogene E1A, USP18 can
increase the apoptotic susceptibility to different apoptotic stimuli
in a TRAIL-dependent manner, by augmenting the spontaneous
interferon response.29 Hence, we decided to explore whether
also the improved apoptotic response to rhTRAIL, observed in
cells with reduced USP18 expression was dependent on cellular
TRAIL. E1A-transformed fibroblasts were co-transfected with
two different RNAi specific for USP18 and for TRAIL, or the
relative controls (Fig. 3).

4

Downregulation of USP18 augmented cell death and caspase
activity in response to rhTRAIL in E1A cells. The simultaneous
downregulation of TRAIL abrogated the sensitizing effect of
USP18 silencing (Fig. 3A).
Similarly, a TRAIL-dependent effect of USP18 downregulation
on rhTRAIL-dependent apoptosis was also observed when T98G
glioblastoma cells were transiently co-transfected with RNAi
specific for USP18 and TRAIL (Fig. 3B).
Having confirmed that TRAIL levels can influence rhTRAILinduced apoptosis we analyzed whether, in T98G cells with
downregulated USP18 expression, cellular TRAIL levels were
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Figure 3. Cellular TRAIL is required to augment the apoptotic response to rhTRAIL in USP18 silenced cells. (A) IMR90-E1A cells were transfected with
combinations of the three different siRNAs as indicated. Twenty-four hours after transfection, cells were treated or not, for a further 20 h, with rhTRAIL
(100 ng/ml). Cell death was scored by trypan blue staining and DEVDase assay. (B) T98G cells were transfected with combinations of the three different
siRNAs as indicated. Twenty-four hours after transfection, cells were treated or not, for a further 20 h, with rhTRAIL (100 ng/ml). Cell death was scored
by trypan blue staining and DEVDase assay. (C) USP18-dependent regulation of TRAIL mRNAs expression in glioblastoma cells. qRT-PCR analysis was
performed to quantify TRAIL mRNA in T98G clones expressing the shRNA against USP18 or the control shRNA. Cells were lysed and mRNAs extracted.
Samples were normalized as described in MM. (D) T98G cells were transfected with a siRNA against TRAIL or a control. Twenty-four hours later cells were
treated or not, for 24 h with increasing doses of rhTRAIL. Cell death was evaluated by trypan blue staining.
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Figure 4. Comparative analysis of DISC components expression in cells
silenced for TRAIL. Analysis of the expression levels of the indicated DISC
elements in T98G cells transfected with RNAi against TRAIL or control.
Lysates were prepared and subjected to immunoblot analysis using the
indicated antibodies. Actin was used as loading control.

XIAP, and resistance/sensitivity to TRAIL treatment. We found
that only TRAIL-R1, TRAIL-R2, CASP-8, and BID expression
correlate significantly with TRAIL sensitivity (Fig. 5C).
To explore our assumption, next we focused the attention to
cancer cell lines expressing high levels of genes correlated with
TRAIL responsiveness (TRAIL-R1, TRAIL-R2, CASP-8, and
BID). As a cut-off we selected cancer cells in which the expression
levels of these genes were above the median value reached in the
susceptible cell lines. The selected cell lines were again subdivided
between resistant and susceptible to TRAIL-induced apoptosis.
After these selections, we found that specifically in cells
expressing elevated TRAIL-R2 levels, TRAIL expression
correlates with sensitivity to rhTRAIL treatment (Fig. 5D).
This correlation was not observed in cells where the expression
of the other critical elements of the extrinsic pathway, namely
TRAIL-R1, CASP-8, and BID was above the median of the
susceptible sub-population.
Cells expressing high levels of USP18 disconnected from the
IFN response show resistance to rhTRAIL induced apoptosis
with higher frequency
Finally we decided to evaluate the correlation between USP18
expression levels and the susceptibility to rhTRAIL induced
apoptosis in the 111 cell lines of the Wagner data set. Since the
IFN response can strengthen TRAIL induced apoptosis, before
evaluating the correlation between USP18 and TRAIL sensitivity,
it was necessary to explore whether a positive correlation with the
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augmented. qRT-PCR analysis was performed and, as illustrated
in Figure 3C, expression of TRAIL was increased in cells (sh#3
and sh#12) with reduced USP18 expression.
If the cellular levels of TRAIL, as modulated by USP18
play an important role in sensitizing cells to TRAIL-induced
apoptosis, similarly TRAIL-induced apoptosis should be
influenced by siRNA against TRAIL, also independently form
USP18. Hence, we again took advantage from T98G cells, which
express a detectable level of TRAIL and, after downregulating
its expression using the specific siRNA (Fig. 4), we evaluated
the activation of apoptosis in response to rhTRAIL. Figure 3D
illustrates that downregulation of cellular TRAIL levels impairs
apoptosis when is induced by incubation with rhTRAIL.
As a first step to understand how cellular TRAIL can influence
TRAIL responsiveness, we analyzed the expression levels of
different DISC elements in T98G cells with downregulated
TRAIL expression, as obtained by the specific siRNA. Figure 4
shows that the level of cellular TRAIL does not influence the
expression of the tested DISC components.
TRAIL levels correlates with the responsiveness to TRAILinduced apoptosis
Cancer cells frequently accumulate mutations in pro-apoptotic
genes to acquire resistance in the tumor microenvironment. Since
our studies have discovered that cellular levels of TRAIL affect
the apoptotic response to TRAIL, a correlation between TRAIL
expression and resistance to TRAIL-induced cell death should be
noted in cancer cell lines.
To explore this possibility, we took advantage from microarray
experiments performed by Wagner and co-authors.31 In their
studies cancer cell lines of various origin were clustered on the
basis of TRAIL sensitivity, in resistant and sensitive. Next gene
expression profiles were acquired in order to unveil the genetic
origins of the resistance.31
To test for a correlation between TRAIL sensitivity and
TRAIL expression levels, we used the robust non-parametric
Wilcoxon rank sum test. As is shown in Figure 5A the test
failed in identifying a correlation between the expression levels
of TRAIL and the responsiveness to TRAIL induced apoptosis
(Fig. 5A). Since the cancer cell lines used in the study are of
heterogeneous origin, we also analyzed the data according to
the different tissue origin. As shown in Figure 5B, when cancer
cells were subdivided considering the tissue of origin, there is a
slight increase, although not statistically significant, of TRAIL
levels in the sensitive compared with the resistant cells. The only
exception was noted in the lung cancer cells.
It is well known that alterations in specific elements of the
death signaling pathway can confer resistance to TRAIL.1,7,32
Hence, we reasoned that, being TRAIL the upstream element
of the pathway, a correlation between cellular TRAIL levels and
the apoptotic susceptibility to rhTRAIL could emerge only when
alterations in downstream elements of the extrinsic pathway are
not present.
To address this matter, we first analyzed the correlation
between the expression levels of several components of
the extrinsic apoptotic pathway: TRAIL-R1, TRAIL-R2,
TRAIL-R3, TRAIL-R4, OPG, CASP-8, FADD, FLIP, BID,

IFN response could be observed. To monitor the activation of the
IFN response, in the different cell lines, we used a signature of 10
IFN-inducible genes, excluding USP18.

6

As expected, a significant correlation was scored between the
expression levels of the IFN signature and apoptosis in response
to rhTRAIL (Fig. 6A). By contrast USP18 levels in the tested
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Figure 5. Correlation studies between TRAIL expression and resistance to TRAIL-induced apoptosis. (A) Boxplots/stripchart of TRAIL expression levels in
cells resistant or susceptible to rhTRAIL induced apoptosis. Data are from the Wagner data set (n = 111) excluding the intermediate susceptible cell lines
(n = 8). (B) Same analysis as in (A) but data are stratified for cancer tissue origin. Single dots in the stripchart represent individual observations (single cell
line array experiments). Dark horizontal lines represent the median, with the box representing the first and third quartiles, the whiskers the maximum
and minimum. Values below 1.5 IQR (interquartile range) of the first quartile or above 1.5 IQR of the third quartile are represented as single dots above
or below the whiskers. (C) Boxplots/stripchart of TRAIL-R1, TRAIL-R2, Caspase-8, and BID expression levels in cells resistant or susceptible to rhTRAIL
induced apoptosis. Data are from the Wagner data set (n = 111). (D) The same as in (A) but the analysis was performed with a subset of the Wagner data
set in which the expression levels of TRAIL-R1, TRAIL-R2, Caspase-8, and BID, were above or equal to the median of the susceptible sub-population. For
every binary comparison resistant vs. susceptible, a Wilcoxon rank sum test was performed and the corresponding W statistic and P value were reported.

cell lines do not correlate with rhTRAIL susceptibility (Fig. 6B).
This result suggests that in some cells USP18 expression could be
disconnected from the IFN response.
Hence, we performed a correlation study between USP18 and
the IFN signature in the different cell lines and in relation to
rhTRAIL susceptibility. The dot-plot in Figure 6C illustrates
such analysis and demonstrates that in the susceptible cell
lines USP18 expression shows a good correlation with the IFN
response (Pearson = 0.60, P = 0.0003), whereas in the resistant
cells the correlation is much weaker (Pearson = 0.23, P = 0.014).
Next we focused our attention on those cell lines, which
express high levels of USP18 (expression levels between 2 and 4),
in the absence of a robust IFN response (expression levels of IFN
signature from 0 to 2). Twelve cell lines (Fig. 6C) shared these
features and only one entered apoptosis in response to rhTRAIL
(8% of the cell lines). By contrast 29% of the 111 cell lines
analyzed are responsive to TRAIL-induced apoptosis. Hence we
can conclude that USP18 expression, when uncoupled with the
IFN response correlates with resistance to rhTRAIL treatment.

Discussion
In this work, by investigating the ability of the deISGylase
USP18 to influence rhTRAIL-induced apoptosis, we have
discovered a role of the cellular TRAIL in influencing the
apoptotic response to rhTRAIL.
It is well known that type I IFNs can sustain the pro-apoptotic
activity of TRAIL.23 We have confirmed this observation and
also demonstrated that, through the downregulation of USP18,
a negative regulator of the IFN signaling, it is possible to
sustain the spontaneous interferon response29 and to strengthen
apoptosis induced by rhTRAIL. Analysis of gene expression
profiles in several cancer cell lines corroborated that cells
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expressing high levels of USP18 exhibit resistance to rhTRAILinduced apoptosis.
Several studies have proved that TRAIL is an important
player of the apoptotic response to IFNs.24,25 TRAIL itself is
an interferon inducible gene.2 Interestingly, analysis of gene
expression signatures from several tumors has revealed that
the interferon response is frequently upregulated in cancer.
Under the same circumstances expression of TRAIL is instead
downregulated, thus possibly limiting the anti-proliferative
potency of IFNs.27
Surprisingly we have found that TRAIL expression, which is
augmented in cells with downregulated USP18 is an important
determinant also when apoptosis is triggered by ectopically added
rhTRAIL. This conclusion is sustained by the observation that:
(1) the simultaneous downregulation of USP18 and TRAIL
abrogates the increase in apoptosis in response rhTRAIL, and (2)
downregulation of TRAIL alone reduces apoptosis in response
to rhTRAIL
By analyzing the gene expression profiles of cancer cells
resistant or responsive to rhTRAIL, a statistic significant
correlation between TRAIL levels and apoptosis can be
evidenced only in cells with elevated levels of TRAIL-R2
expression. This result is not surprisingly since, being TRAIL
the uppermost element of the signaling pathway, alterations
in the downstream effectors could impair apoptosis also in
the presence of elevated levels of cellular TRAIL. Surprisingly
the correlation was not observed with TRAIL-R1. Although
we cannot exclude that with an enlarged number of samples
a correlation could be found also with this receptor. It is
important to note that TRAIL-R1 and TRAIL-R2 show some
peculiarities. For example for the mechanisms controlling the
trafficking to the PM,33 the recruitment to the membrane rafts34
and their internalization.
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Figure 6. Correlation studies between the IFN response, USP18 expression and resistance to TRAIL-induced apoptosis. (A) Boxplots/stripchart of the IFN
signature expression in cells resistant or susceptible to rhTRAIL induced apoptosis. The Interferon signature represents the average of the expression
levels of 10 interferon-responsive genes (IRF9, ISG15, UBE2L6, UBA7, STAT1, MX1, OAS1, TRAIL, XAF1, and IRF7). Data are from the Wagner data set (n = 111).
(B) Boxplots/stripchart of the USP18 expression levels in cells resistant or susceptible to rhTRAIL induced apoptosis. (C) Scatterplot of USP18 expression
levels vs. the IFN signature in cell-resistant or -susceptible. The Pearson correlation index for USP18/IFN in the two subpopulations (resistant and susceptible) is reported. The area of the graph highlighted with dotted squares clusters cell lines with high USP18 expression levels and low IFN activation.

Materials and Methods
Cell culture and apoptosis
T98G and IMR90-E1A were propagated in the Dulbecco’s
modified Eagle medium supplemented with L-glutamine (2 mM),
penicillin (100 U/ml), streptomycin (100 μg/ml), and 10% fetal
bovine serum at 37 °C in 5% CO2, as previously described.29,38
Stealth RNA interference RNAi for USP18, TRAIL, and nontargeting shRNA were purchased from Invitrogen. Cells were
transfected 24 h after plating by adding the medium OptiMem,
containing Lipofectamine 2000 (Invitrogen) plus the stealth
RNAi oligos. IFN-α2a (Jena Bioscience) was used at 1000 units/
ml, final concentration. In all trypan blue exclusion assays, 400
cells from three independent samples were counted for each data
point. Data were represented as arithmetic mean ± SD for at
least three independent experiments. The DEVDase activity was
evaluated using the Apo-ONE assay (Promega). For experimental
data the Student t-test was employed. P < 0.05 was chosen as
statistical limit of significance. We marked with *P < 0.05, **P <
0.01, and ***P < 0.001. Unless otherwise indicated, all the data in
the figures were represented as arithmetic mean ± SD of at least
three independent experiments.
Generation of T98G cells stably expressing USP18-wt,
USP18C64S or USP18shRNA
The USP18 point mutant C64S29 was cloned into a pLPC
retroviral vector. USP18shRNA and non-targeting control
shRNA were obtained by cloning double stranded oligos into
the pSUPER.retro puro, retroviral vector, purchased from
OligoEngine. Retroviral supernatants were produced after
2.
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transfection of 293T packaging cell line, using the calcium
phosphate method. At 72 h after transfection, viral supernatants
were collected, filtered by 0.45 μm filter and used as medium
to infect target cells, after addition of 8 μg/ml polybrene. The
infected cells were incubated at 32 °C for 24 h and selected with
puromycin (1 μg/ml), until the formation of single clones.
Immunoblotting
Proteins obtained after an SDS denaturating lysis and
sonication were transferred to a 0.2 μm pore sized nitro-cellulose
membrane (Schleicher and Schuell) using a semidry blotting
apparatus (Amersham Pharmacia Biotech) (transfer buffer:
20% methanol, 48 mM Tris, 39 mM glycine, and 0.0375%
SDS). The nitrocellulose membranes were saturated for 1 h in
Blotto-Tween 20 (50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5%
nonfat dry milk, and 0.1% Tween 20) and incubated overnight
at room temperature using the primary antibodies. Membranes
were then rinsed three times with Blotto-Tween 20 and incubated
with peroxidase-conjugated goat anti-rabbit (Sigma) or goat antimouse (Sigma) for 1 h at room temperature. After 4 washes
by Blotto-Tween 20, the membranes were rinsed in phosphate
buffered saline and developed with Super Signal West Pico, as
recommended by the vendor (Pierce).
Quantitative reverse transcription-PCR
cDNAs were synthesized from 1 μg of total RNA, obtained
by Trizol (Invitrogen) extraction, using the First-Strand cDNA
Synthesis kit (Invitrogen). Real-time PCR was performed using
the KAPA SYBR® FAST Master Mix (Kapabiosytems) on a
CFX96 Real-Time System (Bio-Rad). The obtained data were
analyzed using the ΔΔCt method. The geometric average of
HPRT1 (hypoxanthine phosphoribosyltransferase 1) GAPDH
and ACTB (β-actin) was used for normalization. Data were
expressed as fold change from the T98G cells expressing the
control shRNA.
Bioinformatic analysis
For gene arrays analysis the free software R with the
GEOquery package for downloading gene expression data from
Geo portal (http://www.ncbi.nlm.nih.gov/geo) was used. In the
case of multiple probe set for a given gene the best probe set was
selected using the PLANdbAffy database.39 The calculation of
the Wilcoxon test P values, the graphics, and all the following
analysis were also performed with R.
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